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Abstract 

Alpha-synuclein (αSyn) in a misfolded state is the main component of Lewy bodies 

(LBs). These filamentous cytoplasmic inclusions are the neuropathological hallmark of 

Parkinson’s disease (PD). αSyn aggregates in LBs are prominently phosphorylated at 

serine 129 (pS129), suggesting that this posttranslational modification is linked to 

pathogenicity. Increasing amounts of toxic αSyn species indicate significant 

perturbation of protein homeostasis in PD. The central question of this thesis focuses 

on the analysis of the interplay of αSyn with two important components of a functional 

26S proteasome: (i) the Rpn14 proteasome assembly chaperone and (ii) the Rpn11 

deubiquitinase. The budding yeast Saccharomyces cerevisiae was used as eukaryotic 

reference cell to investigate the impact of αSyn on protein homeostasis and the 

interplay between αSyn and proteins associated with 26S proteasome. Expression of 

αSyn in yeast results in growth impairment and cytoplasmic protein inclusions 

resembling the aggregates observed within LBs. A tandem fluorescent protein timer 

(tFT) was exploited to perform a high-throughput screen for proteins with altered 

turnover upon expression of αSyn or a phosphorylation-deficient S129A mutant. The 

impact of αSyn on the changes in protein stability was more significant than that of 

S129A.  

One of the top hits with different stability depending on the phosphorylation state of 

αSyn was the Rpn14 assembly chaperone of the 26S proteasome. αSyn expression 

increased the stability of Rpn14, whereas S129A had an opposite effect. High levels 

of Rpn14 were deleterious to yeast cells and enhanced αSyn-induced growth 

retardation. Elevated Rpn14 or αSyn levels increased the accumulation of ubiquitin 

conjugates upon depletion of the proteasome base subunits Rpt2, Rpt4 or Rpt6. Rpn14 

overexpression resulted in accumulation of pS129, suggesting that Rpn14 is directly 

involved in the turnover of phosphorylated αSyn. Bimolecular Fluorescence 

Complementation assay (BiFC) revealed a physical interaction between Rpn14 and 

αSyn. Expression of αSyn and an increased Rpn14 level resulted in decreased 26S 

activity. The effect was specific for pS129 αSyn. These results demonstrate that 

inhibition of the proteasomal activity by phosphorylated αSyn in yeast is mediated by 

the proteasome chaperone Rpn14.  

Rpn11 is a deubiquitinating enzyme of the 26S proteasome. Downregulation of the 

corresponding RPN11 gene in combination with high levels of αSyn resulted in 

depletion of the pool of cellular ubiquitinated proteins and enhanced αSyn mediated 

toxicity. Rpn11 deubiquitinase promotes the degradation of phosphorylated αSyn. In 

absence of the intrinsically disordered Sem1 proteasome subunit that is required for 

stabilization of Rpn11, stabilization of αSyn was observed. Expression of αSyn upon 

deletion of SEM1 resulted in increased accumulation of ubiquitinated conjugates. This 

indicates a complex crosstalk between αSyn and Rpn11.  

This study corroborates a complex mechanistic interplay between proteasome and 

pS129 αSyn causing a substantial altered protein homeostasis in yeast as model for 

PD.  
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Zusammenfassung 

Alpha-Synuclein (αSyn) in fehlgefaltetem Zustand ist der Hauptbestandteil der Lewy 

Bodies (LBs). Diese fadenförmigen zytoplasmatischen Einschlüsse sind das 

neuropathologische Markenzeichen der Morbus Parkinson. αSyn-Aggregate in LBs 

sind in hohem Maße an Serin 129 (pS129) phosphoryliert, was darauf hindeutet, dass 

diese posttranslationale Modifikation mit der Pathogenität verbunden ist. Zunehmende 

Mengen toxischer αSyn-Spezies weisen auf eine erhebliche Störung der 

Proteinhomöostase bei Morbus Parkinson hin. Die zentrale Fragestellung dieser Arbeit 

konzentriert sich auf die Analyse des Zusammenspiels von αSyn mit zwei wichtigen 

Komponenten eines funktionellen 26S-Proteasoms: (i) dem Rpn14-Chaperon für die 

Proteasom-Assemblierung und (ii) der Rpn11-Dubiquitinase. Die Knospenhefe 

Saccharomyces cerevisiae wurde als eukaryotische Referenzzelle verwendet, um die 

Auswirkungen von αSyn auf die Proteinhomöostase und das Zusammenspiel 

zwischen αSyn und mit dem 26S-Proteasom assoziierten Proteinen zu untersuchen. 

Die Expression von αSyn in Hefe führt zu Wachstumsstörungen und 

zytoplasmatischen Proteineinschlüssen, die den in LBs beobachteten Aggregaten 

ähneln. Mit Hilfe eines Tandem-Fluoreszenzprotein-Timers (tFT) wurde ein 

Hochdurchsatz-Screening nach Proteinen mit verändertem Umsatz bei Expression 

von αSyn oder einer phosphorylierungsdefizienten S129A-Mutante durchgeführt. Der 

Einfluss von αSyn auf die Veränderungen der Proteinstabilität war deutlicher als der 

von S129A.  

Einer der Top-Treffer mit unterschiedlicher Stabilität in Abhängigkeit vom 

Phosphorylierungszustand von αSyn war das Montagechaperon Rpn14 des 26S-

Proteasoms. Die Expression von αSyn erhöhte die Stabilität von Rpn14, während 

S129A einen gegenteiligen Effekt hatte. Hohe Rpn14-Konzentrationen waren für 

Hefezellen schädlich und verstärkten die αSyn-induzierte Wachstumsverzögerung. 

Erhöhte Rpn14- oder αSyn-Konzentrationen verstärkten die Anhäufung von Ubiquitin-

Konjugaten nach Ausschaltung der Proteasom-Basisuntereinheiten Rpt2, Rpt4 oder 

Rpt6. Die Überexpression von Rpn14 führte zu einer Akkumulation von pS129, was 

darauf hindeutet, dass Rpn14 direkt am Umsatz von phosphoryliertem αSyn beteiligt 

ist. Der Bimolekulare Fluoreszenz-Komplementations-Assay (BiFC) zeigte eine 

physikalische Interaktion zwischen Rpn14 und αSyn. Die Expression von αSyn und ein 

erhöhter Rpn14-Spiegel führten zu einer verringerten 26S-Aktivität. Der Effekt war 

spezifisch für pS129 αSyn. Diese Ergebnisse zeigen, dass die Hemmung der 

proteasomalen Aktivität durch phosphoryliertes αSyn in Hefe durch das Proteasom-

Chaperon Rpn14 vermittelt wird.  

Rpn11 ist ein deubiquitinierendes Enzym des 26S-Proteasoms. Die 

Herunterregulierung des entsprechenden RPN11-Gens in Kombination mit hohen 

αSyn-Spiegeln führte zu einer Verarmung des Pools an zellulären ubiquitinierten 

Proteinen und zu einer verstärkten αSyn-vermittelten Toxizität. Die Rpn11-

Dubiquitinase fördert den Abbau von phosphoryliertem αSyn. In Abwesenheit der 



 Zusammenfassung
  
 

3 
 

intrinsisch gestörten Proteasom-Untereinheit Sem1, die für die Stabilisierung von 

Rpn11 erforderlich ist, wurde eine Stabilisierung von αSyn beobachtet. Die Expression 

von αSyn nach Deletion von SEM1 führte zu einer erhöhten Akkumulation von 

ubiquitinierten Konjugaten. Dies deutet auf eine komplexe Wechselwirkung zwischen 

αSyn und Rpn11 hin.  

Diese Studie bestätigt ein komplexes mechanistisches Zusammenspiel zwischen 

Proteasom und pS129 αSyn, das eine erheblich veränderte Proteinhomöostase in 

Hefe als Modell für Morbus Parkinson verursacht.  

 

 

  



 Introduction
  
 

4 
 

1. Introduction 

 

1.1. Parkinson’s disease 

1.1.1. Epidemiology 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder 

after Alzheimer’s disease and the most common movement disorder (Kalia & Lang, 

2015). PD has the fastest increase in incidence and disability among neurological 

disorders, with the disease becoming one of the major causes of disability worldwide 

in the recent years (Feigin et al, 2017). According to the Global Burden of Disease 

(GBD) incident cases were 1.02 million in 2017, whereas 6.1 million PD patients were 

reported globally (Feigin et al, 2019; James et al, 2018). The cause of PD remains 

unclear. Several risk factors such as aging, environmental factors and genetic 

susceptibility were identified to contribute to the disease onset characterized by 

bradykinesia, rigidity, tremor and also nonmotor characteristics including, among 

others, fatigue, anxiety, dementia and depression (Kouli et al, 2018). Development of 

PD predominantly begins between the ages of 55 to 65 years and is diagnosed in 1%-

2% of people over the age of 60. The number rises to 3.5% of people aged 85-89 

years, therefore PD is regarded as an age-related disease (de Lau & Breteler, 2006; 

Rizek et al, 2016; Dextera & Jenner, 2013) (Table 1). Amongst PD patients, 95% are 

diagnosed with the disease with an idiopathic background. Onset before age 40 occurs 

in less than 5% of the cases and is observed in genetic variants of the disease 

(Wijeratne et al, 2021). Familial cases of PD are caused by point missense mutations 

and multiplications of a number of genes, such as SNCA encoding the α-synuclein 

protein, Parkin, PINK1, LRRK2, DJ-1 and ATP13A2 (Bonifati et al, 2003; di Fonzo et 

al, 2007; Kitada et al, 1998; Polymeropoulos et al, 1997; Valente et al, 2001; Zimprich 

et al, 2004; Kouli et al, 2018). 

PD is twice more frequent in men than women, but women suffer faster disease 

progression and a higher mortality rate (Baldereschi et al, 2000; Solla et al, 2012; 

Dahodwala et al, 2018). In addition, there are intracultural differences, with prevalence 

being higher in Europe, North America and South America in comparison to Asian, 

African and Arabic countries (Kalia & Lang, 2015). Studies predict that the burden of 
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PD will increase significantly in the coming decades (Kowal et al, 2013; Wanneveich 

et al, 2018; Wijeratne et al, 2021). 

 

Table 1.  Global age and sex distribution of Parkinson’s disease prevalence 
(Orozco et al, 2020). 

Age 

 

 

Prevalence estimates per 100.000  

Global Male Female 

All ages 157,92 175 141,91 

30-39 2,9 3,9 1,9 

40-49 19,5 25,7 13,5 

50-59 91,6 115,0 70,1 

60-69 336,8 408,8 272,9 

70-79 1081,9 1303,9 906,5 

80-89 1786,1 2236,9 1508,6 

90+ 1579,7 1747,4 1492,2 

 

 

 

1.1.2. Pathophysiology and etiology 

A characteristic pathological feature of PD and essential for its diagnosis is the loss of 

dopaminergic neurons of the substantia nigra pars compacta (SNpc) located in 

midbrain with simultaneous loss of their axons, which project to the striatum along the 

nigrostriatal pathway. The process can be observed as loss of the typically dark black 

pigment in the substantia nigra and locus ceruleus. Pigment loss correlates with loss 

of dopaminergic neurons in SNpc and noradrenergic neurons in the locus ceruleus 

(Dickson, 2012). This leads to a loss of the neurotransmitter dopamine, resulting in the 

primary motor manifestations of PD, described for the first time in 1817 by James 

Parkinson (Parkinson, 2002; Fearnley & Lees, 1991). The symptoms manifest clinically 

when striatal dopamine levels are reduced by 50-70% and include bradykinesia, 

tremor, ataxia, rigidity, and postural instability (Fearnley & Lees, 1991). Dopamine loss, 

in increasing severity of PD, results in further alteration of basal ganglia pathways, 
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including changes in the function of other basal ganglia neurotransmitters such as 

glutamate, glutamate or γ-aminobutyric acid (GABA), and serotonin, which leads to 

mental disorders often observed in PD patients, such as emotional instability and 

depression (Gasparini et al, 2013).  

Another pathologic hallmark of PD is the cellular accumulation of Lewy bodies (LBs). 

LBs are protein depositions clusters in the cytoplasm of neurons in the substantia 

nigra and other brain regions (Braak et al, 2003). A major constituent of Lewy bodies 

is the protein α-synuclein (αSyn) with various post-translational modifications 

(Spillantini et al, 1997). 

 

1.2. α-synuclein in Parkinson’s disease 

Abnormal accumulation and aggregation of αSyn protein in LB is the neuropathological 

hallmark of PD (Xu et al, 2016). Pathological aggregation of αSyn is a common 

characteristic of a number of neurodegenerative diseases, which are referred to as 

synucleinopathies, such as PD, dementia with Lewy bodies (DLB) and multiple system 

atrophy (MSA) (Goedert et al, 2017).  

αSyn is a highly soluble small protein of 140 amino acids encoded by the SNCA gene 

in the PARK1 gene locus. It is highly expressed in the presynaptic terminals of the 

nervous system. Although the precise role of αSyn remains substantially unknown, it 

is presumably involved in the regulation of SNARE-complex assembly of presynaptic 

vesicles and neurotransmitters release (Abeliovich et al, 2000; Lourenço Venda et al, 

2010; Lundblad et al, 2012; Burré et al, 2018). Physiological release of endogenous 

αSyn is dynamically regulated by neuronal/synaptic activity, and thus increased 

neuronal activity increases αSyn release (Yamada & Iwatsubo, 2018). 

The pathogenic role of αSyn in PD is indicated by several lines of evidence. Alongside 

being the major component of LB, polymorphic variants of SCNA gene are a significant 

risk factor for the development of idiopathic PD and duplication or triplication of the 

SNCA gene as well as point mutations (A30P, E46K, H50Q, G51D, A53T, and A53E) 

result in autosomal dominant forms of PD (Appel-Cresswell et al, 2013; Krüger et al, 

1998; Lesage et al, 2013; Singleton et al, 2003; Chartier-Harlin et al, 2004; 

Polymeropoulos et al, 1997). 



 Introduction
  
 

7 
 

αSyn consists of three domains: the N-terminal domain, which is a positively charged 

α-helical lipid-binding motif, the central non-amyloid-β component (NAC) domain, 

which is highly hydrophobic and has the ability to form β-helical structures, and the C-

terminal domain, which is a negatively charged and disordered (Emamzadeh, 2016; 

Xu et al, 2016) (Figure 1). The native αSyn in physiological conditions is in dynamic 

balance between unfolded monomers and tetramerically folded α-helices with a low 

tendency to aggregate (Lashuel et al, 2013). An increase in the monomer to tetramer 

ratio and thus an increase in the amount of unfolded αSyn monomers promotes αSyn 

aggregation (Nuber et al, 2018). The process of αSyn aggregation consists of a 

conformational transition that adopts a structure rich in β-sheet, which promotes its 

aggregation into oligomers, protofibrils, and insoluble fibrils that eventually accumulate 

in LB. It still remains unclear which species of αSyn are cytotoxic. Whereas both, the 

oligomeric and fibrillar forms of αSyn, have been shown to be toxic, recent studies 

imply that species formed during the initial stages of the aggregation process, 

oligomers and protofibrils, are the neurotoxic species that lead to cell death in PD. 

Contrarily, αSyn fibrils are the species that appear to be most efficient at spreading, 

consequently promoting the propagation and progression of the disease (Mehra et al, 

2019). 

The propensity of αSyn to aggregate depends on many factors. It is influenced by 

mutations in the SCNA gene, abundant post-translational modifications of αSyn, 

imbalance between synthesis and degradation of the protein, and environmental 

factors. The A53T mutation was identified first and is linked to early onset PD 

(Polymeropoulos et al, 1997). The presence of the E46K mutation is a factor leading 

to the development of severe parkinsonism with dementia and extensively spread large 

number of LBs (Zarranz et al, 2004). Both mutations promote aggregation of αSyn 

protein by modifying the structure of the αSyn (Tosatto et al, 2015; Li et al, 2001; 

Greenbaum et al, 2005). 
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Figure 1. Schematic representation of the three distinct domains of human αSyn. 
N-terminus (yellow) contains a motif binding the phospholipids, the central NAC 
domain: non-amyloid-β component (green), is strongly hydrophobic and promotes 
aggregation, C-terminal domain (orange) is acidic and promotes the protein solubility. 
 

1.3. Phosphorylation of α-synuclein 

A large number of posttranslational modifications (PTMs) are present in the relatively 

small αSyn protein (Figure 2). PTMs are chemical modifications of amino acid residues 

that can potentially modify the structure of proteins by changes in protein size, 

structure, or charge and regulate their activity, binding affinity, localization or 

degradation (Beyer, 2006; Prabakaran et al, 2012; Beck-Sickinger & Mörl, 2006; 

Schmid et al, 2013). Major αSyn PTMs include phosphorylation, ubiquitination, 

nitration, sumoylation, glycosylation, and acetylation (Bartels et al, 2014; Dorval & 

Fraser, 2006; Duda et al, 2000; Fujiwara et al, 2002; Giasson et al, 2000; Guerrero et 

al, 2013; Hasegawa et al, 2002; Shimura et al, 2001). PTMs modulate the degradation 

of proteins prone to misfolding and aggregation through various proteolytic pathways. 

PTMs contribute to maintaining normal αSyn function in the healthy brain, affect αSyn 

degradation as well as aggregation formation and PD pathology (Pajarillo et al, 2019). 

PTMs such as phosphorylation, ubiquitination or sumoylation have the potential to 

determine protein fate and their preference for particular protein degradation pathways 

acting as molecular switches (Pratt et al, 2015; Clark et al, 2005; Yang et al, 2016). 

Nitration has been observed to promote αSyn oligomerization and act as trigger for 

αSyn toxicity (Burai et al, 2015; Kleinknecht et al, 2016), whereas sumoylation tends 

to have an inhibitory effect on toxicity as it promotes the protein solubility 

(Shahpasandzadeh et al, 2014; Krumova et al, 2011). 
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Figure 2. Schematic representation of the major posttranslational modifications 
(PTMs) of human αSyn at corresponding amino acid residues.  
αSyn is abundantly modified by various PTMs including acetylation (at N-terminus), 
ubiquitination (U), nitration (N), phosphorylation (P) and sumoylation (S). 
 
 
Protein phosphorylation is one of the most prevalent and potentially the most important 

posttranslational modification. Phosphorylation is considered to have an important role 

in the regulation of αSyn susceptibility to aggregation and neurotoxicity (Oueslati, 

2016; Paleologou et al, 2010). αSyn undergoes phosphorylation at one or more sites, 

at both serine (S87, S129) and tyrosine residues (Y39, Y125, Y133, Y136) (Fujiwara 

et al, 2002; Okochi et al, 2000; Pronin et al, 2000). Studies of postmortem human 

brains have shown that phosphorylation at S129 is the predominant PTMs of αSyn 

(Anderson et al, 2006). Approximately 90% of αSyn found in LBs is phosphorylated at 

this residue in comparison to 4% of αSyn under physiological conditions (Fujiwara et 

al, 2002). Phosphorylation at S129 has been shown to be an important regulator for 

αSyn localization, aggregation and toxicity. However, the exact effect of pS129 αSyn 

and its importance in pathogenicity is still a matter of debate as the results of various 

studies in different systems are in some respects controversial. 

Expression of αSyn phosphorylated at S129 (pS129) has been shown to lead to 

inclusion formation and enhanced neurotoxicity and in D. melanogaster, when 

compared to αSyn phosphorylation deficient mutant (Chen & Feany, 2005). In contrast, 

studies in rats and C. elegans have shown reduced neurotoxicity and protective effects 
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of pS129, in comparison to wild type αSyn or S129A mutant expression (Gorbatyuk et 

al, 2008; Kuwahara et al, 2012). Studies in mouse and yeast models have also 

indicated protective role of pS129 as it may play important role in delaying inclusion 

(Kleinknecht et al, 2016; Tenreiro et al, 2014b). Expression of pS129 αSyn does not 

affect zebrafish motility, where phosphorylation at this residue is unlikely to promote 

αSyn aggregation (Weston et al, 2021). 

There are several kinases involved in S129 phosphorylation of αSyn in human cells, 

including polo-like kinases (PLKs) 1-3, G protein-coupled receptor kinases (GRKs), 

casein kinases (CKs) 1 and 2, and leucine-rich repeat kinase 2 (LRRK2) (Oueslati et 

al, 2013; Qing et al, 2009; Waxman & Giasson, 2008; Pronin et al, 2000). 

Phosphorylation of αSyn by GRK5 has a key role in the underlying pathogenesis of PD 

(Arawaka et al, 2006).  PLK2 was identified as the most potent polo-like kinase that 

phosphorylates αSyn at S129 site (Inglis et al, 2009; Mbefo et al, 2010; Salvi et al, 

2012). αSyn expressed in yeast is also phosphorylated at the conserved S129 residue 

by endogenous kinases. PLKs and CKs have orthologs in yeast. Cdc5, yeast PLK2 

ortholog, and Yck3, yeast CK-1 ortholog, phosphorylate αSyn at S129 and 

overexpression of the kinases rescues αSyn toxicity (Gitler et al, 2009; Wang et al, 

2012; Zabrocki et al, 2008). Heterologous expression of human kinases PLK2 or GRK5 

in yeast and co-expression of αSyn significantly increased phosphorylation of αSyn at 

S129 residue (Shahpasandzadeh et al, 2014). Protective role of S129 phosphorylation 

in yeast was confirmed in studies where expression of phosphorylation-deficient 

variants of αSyn, S129A or S129G, was found to promote αSyn-induced toxicity and 

inclusion formation (Tenreiro et al, 2014a). 

 

1.4. Degradation pathways of α-synuclein 

αSyn clearance mechanisms play crucial roles in balancing protein levels and 

represent a key issue for understanding and potentially ultimately treating PD. 

Ineffective protein clearance caused by impaired degradation pathways is sufficient to 

cause neurotoxicity (Vilchez et al, 2014). Accumulation of misfolded and aggregated 

αSyn leads to overloading of the proteostasis network and significant perturbation of 

proteostasis in PD. Cellular αSyn levels are dependent on the equilibrium between the 

rates of αSyn synthesis, oligomerization, aggregation, and degradation. Degradation 
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of malfunctioning or potentially toxic proteins in eukaryotic cells involves two pathways: 

the ubiquitin-proteasome or the autophagy-lysosome/vacuole system (Figure 3; 

Goldberg, 2003; Klionsky & Emr, 2000). It has been suggested that both of these 

pathways contribute to degradation of αSyn (Webb et al, 2003). αSyn can be degraded 

by the 26S proteasome complex under physiological conditions in vivo. The autophagy 

system is involved when expression of αSyn is increased (Ebrahimi-Fakhari et al, 

2011; Petroi et al, 2012). The exact factors that distribute αSyn degradation between 

these specific degradation pathways are still not entirely clear (Stefanis et al, 2019).  

PTMs act as molecular switches, determining the preference of αSyn for degradation 

by a specific proteolytic pathway. De-ubiquitinated αSyn has been shown to favour 

degradation by the autophagy system, whereas monoubiquitinated αSyn is 

preferentially degraded by the proteasome (Rott et al, 2011). αSyn phosphorylated at 

S129 residue is directed for degradation by the 26S proteasome in a ubiquitin-

independent manner (Machiya et al, 2010). The increased, PLK2-mediated 

phosphorylation of αSyn leads to aggregate clearance by the autophagy pathway and 

suppression of cytotoxicity (Oueslati et al, 2013). Studies in yeast have also shown 

that sumoylated αSyn aggregates are preferentially degraded by the autophagy-

vacuole system, and the impairment of αSyn sumoylation leads to enhanced aggregate 

formation and growth suppression (Shahpasandzadeh et al, 2014; Popova et al, 2015) 

(Figure 3). This defect is suppressed by phosphorylation at S129, which by leading to 

increased ubiquitination shifts the αSyn degradation to the proteasome. 

 

1.4.1. Autophagy 

The autophagy system includes the formation of double membraned autophagosomes 

and degrades long-lived proteins, cytosolic components, and cellular organelles after 

fusion with lysosomes/vacuoles through various types of proteases, lipases, and 

nucleases (Reggiori & Klionsky, 2013; Xilouri et al, 2013). The impairment of the 

autophagy lysosomal pathway (ALP) leads to the accumulation of αSyn aggregates 

and ultimately to cell death (Lee et al, 2004). ALP potentially serves as a major pathway 

for degradation of misfolded and aggregated αSyn under pathological conditions when 

the ubiquitin-proteasome system (UPS) is compromised and αSyn levels are elevated. 

Oligomeric αSyn intermediates, but not fibril inclusion bodies, can be removed by ALP 
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(Ebrahimi-Fakhari et al, 2011; Lee et al, 2004). Furthermore, it has been shown that 

the clearance αSyn aggregates in yeast depends more on the autophagy pathway and 

that αSyn can inhibit this pathway as well (Petroi et al, 2012). Since a significant 

amount of αSyn is presumed to be degraded by ALP, it has been suggested that 

impairment of this degradation pathway contributes to PD pathology (Xilouri et al, 

2013). However, the exact contribution of ALP to PD pathology is yet elusive as various 

studies show contradictory outcomes (Stefanis et al, 2019). 

 

 

Figure 3. Schematic representation of αSyn protein degradation pathways in 
yeast.  
The autophagy/vacuole and the proteasome represent two major intracellular 
pathways for protein degradation. Soluble αSyn monomer degradation proceeds via 
both of these pathways. The inhibition of sumoylation of αSyn prolongs the protein 
monomers half-life, inhibits degradation through both pathways, and leads to inefficient 
aggregate clearance through autophagy pathway. Degradation of soluble αSyn is 
promoted by phosphorylation at serine 129 (S129). Moreover, phosphorylation at this 
residue enhances ubiquitination and decreased stability of αSyn. Upregulation of S129 
phosphorylation by expression of GRK5 or PLK2 rescues aggregate clearance by 
autophagy and further promotes proteasomal degradation. S = sumoylation; P = 
phosphorylation; U = ubiquitination. 
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1.4.2. Proteasome 

Numerous studies support a role of proteasome dysfunction in Parkinson’s disease 

pathology (Bentea et al, 2017; Chu et al, 2009; McNaught & Jenner, 2001; McNaught 

et al, 2002, McNaught et al, 2006; Tofaris et al, 2003). The finding of αSyn, as well as 

ubiquitin and proteasomal subunits as components of LBs, has firmly linked αSyn 

degradation by ubiquitin-proteasome system to PD pathology (Ii et al, 1997). Exclusive 

αSyn degradation by UPS was presumed until studies showed that the autophagy 

pathway may be more important than previously thought (Wales et al, 2013; Petroi et 

al, 2012). The degradation of αSyn by the proteasome has been suggested to occur 

under endogenous conditions (Ebrahimi-Fakhari et al, 2011). Nevertheless, several 

studies with pharmacological inhibitors have shown that soluble oligomeric 

intermediate forms of αSyn can be degraded by the 26S proteasome complex 

(Emmanouilidou et al, 2010; Webb et al, 2003). However, ubiquitin-proteasome system 

and autophagy can be modulated differently in response to physiological conditions. 

Proteasomes themselves can a substrate for autophagy. In this process, called 

proteaphagy, ALP reduces the abundance of proteasomes and defective particles 

(Marshall & Vierstra, 2019; Waite et al, 2022). A synchronized and complementary 

interplay between proteasome degradation and synthesis can be critical under 

proteostatic stress conditions (Marshall & Vierstra, 2018; Cohen-Kaplan et al, 2016; 

Peters et al, 2015). Mutated or aggregated forms of αSyn can bind to the proteasome 

and impair of proteasomal activity (Stefanis et al, 2001; Tanaka et al, 2001; 

Emmanouilidou et al, 2010; Snyder et al, 2003). Thus, proteasomes that attempted 

αSyn degradation and were damaged by αSyn can be removed by proteaphagy. 

Therefore, it can be difficult to distinguish whether αSyn has reached the 

autophagosome directly or with defective proteasomes. 

The proteasome complex is composed of a 20S core particle (CP) and a 19S 

regulatory particle (RP) (Figure 4). The 19S RP binds to one or both ends of the 20S 

proteasome to form a multicatalytic 26S proteasome that in a multistep process 

degrades proteins to small peptides. The 20S CP carries the catalytic activity and is 

formed of two outer α-rings and two inner β-rings, each composed of seven distinct 

subunits arranged in an α7-β7-β7-α7 arrangement. The 19S RP subunit is required for 

the recognition and binding of ubiquitinated protein substrates and has the ability for 
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deubiquitinating and unfolding these substrates for further ATP-dependent 

translocation into the 20S CP cylinder (Murata et al, 2009). Proteins are directed to the 

proteasome predominantly by attachment of polyubiquitin chains to a lysine side chain. 

A chain of at least four ubiquitin molecules linked together by isopeptide bonds 

between the C-terminus of one ubiquitin and lysine 48 (K48) of the next is the standard 

target signal for the proteasomal degradation (Chau et al, 1989; Thrower et al, 2000). 

The 19S particle can be separated into two subunits: lid and base, which can be 

subclassified into two groups: Regulatory Particle of Non-ATPase (RPN) subunits and 

Regulatory Particle of Triple-ATPase (RPT) subunits (Glickman & Ciechanover, 2002; 

Glickman et al, 1998; Hanna & Finley, 2007). The base consists of six related AAA-

ATPase unfoldase subunits (Rpt1-6) and four non-ATPase subunits (Rpn1, Rpn2, 

Rpn10, and Rpn13), whereas the lid contains nine non-ATPase subunits (Rpn3, Rpn5-

9, Rpn11, Rpn12, and Rpn15/Sem1) (Glickman et al, 1998; Schmidt et al, 2005). The 

19S base complex has three functions: protein capture through ubiquitin recognition, 

substrate unfolding, and opening of the channel in the ring. The ATPase subunits 

(Rpt1-6) of the base are organized into a hexameric ring that promotes gate opening 

and unfolding, which allows the substrate to reach the catalytic sites in the 20S particle 

(Förster et al, 2005). Three 19S ATPases, Rpt2, Rpt3 and Rpt5, contain a conserved 

C-terminal hydrophobic-tyrosine-X (HbYX) motif, essential for gate opening (Smith et 

al, 2007; Rabl et al, 2008; Saeki & Tanaka, 2007). 

The lid is responsible for recognition and deubiquitylation of captured substrates. The 

metalloisopeptidase Rpn11 cleaves as deubiquitinase (DUB) as prerequisite for 

recycling of the ubiquitin moieties (Verma et al, 2002; Hu et al, 2005; Hamazaki et al, 

2006; Yao et al, 2006). Rpn11 is stabilized by another proteasome subunit, Sem1 

(Kolog Gulko et al, 2018). 

Assembly of the 26S proteasome is assisted by molecular chaperones. The 19S RP 

assembly in yeast is controlled by four proteasome-interacting proteins Nas2, Nas6, 

Rpn14 and Hsm3, which correspond in mammals to p27, gankyrin, PAAF1 and S5b, 

respectively. These proteins bind to C-terminal ends of specific Rpt proteins and 

mediate the interaction between the Rpt subunits and the α-subunits of 20S CP. The 

chaperons also interact genetically with each other (Saeki et al, 2009; Park et al, 2009; 

Madura, 2009; Funakoshi et al, 2009; Roelofs et al, 2009). 
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Figure 4. Schematic representation of the yeast 26S proteasome.  
The 26S proteasome consists of the 20S catalytic core complex, which includes α- and 
β-subunits, and two 19S regulatory particles. The regulatory particle is subdivided into 
base and lid subcomplexes, which consist of subunits of the regulatory particle triple A 
(RPT) and the regulatory particle non-ATPase (RPN). 26S assembly requires 
chaperones as the indicated Rpn14. Cellular protein degradation is an essential step 
in the coordination of diverse signal transduction pathways. Peptides are formed in the 
degradation process, which are further degraded to amino acids and used in the 
synthesis of new proteins. Proteasome subunits indicated in the figure are important 
for this work.  
 

1.5. Saccharomyces cerevisiae as reference cell for the study of α-

synuclein aggregate formation  

The eukaryotic budding yeast Saccharomyces cerevisiae represents an established 

and valuable reference cell for studying fundamental questions regarding the 

pathogenetic role of human proteins in neurodegenerative diseases such as PD. Using 

a simple and single-celled organism such as budding yeast to study a complex brain 

disorder such as PD may not seem apparent. It has its limitations as yeast cannot 

recreate the complex cellular interactions ongoing in the human brain. However, yeast 

cells share numerous cellular pathways that control crucial aspects of eukaryotic cell 

biology. Among these are the mechanisms of protein folding, degradation pathways, 

mitochondrial function and oxidative stress, as well as the mechanisms of cell death 

(Bonifacino & Glick, 2004; Botstein et al, 1997; Brodsky & Skach, 2011; Hartwell, 2002; 

Munoz et al, 2012). The yeast genome is well characterized. It is composed of 16 

chromosomes with 6217 genes and 44% of yeast genes show significantly similar 

sequences to human genes (Goffeau et al, 1996; Hughes, 2002). Thus, many of the 
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key processes that are most relevant to PD pathology can be effectively studied in a 

well-established yeast model. Furthermore, yeast model has several distinct benefits 

over higher model organisms due to its high susceptibility to genetic manipulations and 

its rapid growth with generation time of approximately 90 minutes. This allows for rapid 

and simple upscaling, which is advantageous for high-throughput genetic and small 

molecule studies (Sherman, 2002; Mager & Winderickx, 2005). 

Although there is no yeast homologue of the human SNCA gene encoding αSyn, it can 

be expressed in yeast cells resulting in so called humanized yeast. Expression of this 

human protein in Saccharomyces cerevisiae mimics PD by recapitulating processes 

leading to aggregation and molecular mechanisms causing cellular toxicity. The yeast 

model of PD was established for the first time by Outeiro and Lindquist in 2003 (Outeiro 

& Lindquist, 2003). They showed that αSyn expression is toxic to yeast cells and the 

level of its toxicity is dependent on the gene dose. The threshold for αSyn cytotoxicity 

which is recognized as growth retardation in yeast has been established (Petroi et al, 

2012). Three integrated copies of wild type αSyn represent the causative level of αSyn 

that leads to cell death. Low expression level leads to plasma membrane localization 

without growth retardation in yeast, whereas high expression level leads to formation 

of cytoplasmic aggregates and to reduced growth. 

 

1.6. Aim of the study 

Proteostasis safeguards cells from misfolded and damaged proteins. Accumulation of 

misfolded and aggregated αSyn species in PD indicates a significant failure of the 

proteostasis network. The level of αSyn in the cells depends on the balance between 

αSyn synthesis, aggregation and clearance. Various posttranslational modifications 

(PTM) affect this equilibrium and modulate the clearance of the protein by the ubiquitin-

proteasome system (UPS) or autophagy. One of the most important PTMs of αSyn is 

phosphorylation at serine 129 (pS129).  

In this study, budding yeast was used as a reference eukaryotic cell to study the impact 

of αSyn expression and its phosphorylation at S129 on protein homeostasis, and it turn 

how those changes affect stability and toxicity of αSyn. The emphasis was on changes 
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in stability of the proteins involved in proteasomal degradation pathway to bring light 

to how αSyn interacts with the proteasome and thereby impairs proteasome function. 

In the first part of the thesis, a high-throughput screen was applied to study the overall 

impact of αSyn expression on protein stability and to examine which biological 

pathways are affected by its expression. Additionally, the non-phosphorylatable αSyn 

variant (S129A) was compared to study the impact of αSyn phosphorylation at S129 

on protein homeostasis. The goal was the identification of candidate genes and their 

respective proteins whose stability is affected by the heterologous expression of αSyn. 

This part of the thesis focuses on the Rpn14 chaperon of the 26S proteasome, which 

was identified in the screen as a protein significantly affected in stability by expression 

of αSyn and less by non-phosphorylatable S129A. As expression of αSyn was found 

to stabilize Rpn14, the study focused on elucidation of the consequences of its 

increased stability on 26S proteasomal activity and αSyn turnover.  

The second part of the thesis focuses on the deubiquitinating enzyme Rpn11, which 

we had identified as a modulator of αSyn toxicity (Popova et al, 2021a). Rpn11 is an 

important protein for ubiquitin recycling, because it removes ubiquitin from the 

proteasome substrates. The interplay between the proteasome subunit Rpn11 and 

αSyn was investigated. The impact of downregulation of RPN11 on αSyn turnover was 

examined, depending on its phosphorylation state, and how in turn these changes 

affect the overall proteasomal degradation. Furthermore, it was studied if the interplay 

between Rpn11 and αSyn is mediated by intrinsically disordered Rpn15/Sem1 as 26S 

proteasome subunit required for stabilization of Rpn11 (Kolog Gulko et al, 2018). 
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2. Materials and methods 

2.1. Materials 

2.1.1. Manufacturers of chemicals, biological material and equipment 

Chemicals for buffers, solutions and media were purchased from the companies Carl 

Roth GmbH & CO. KG (Karlsruhe, Germany), Invitrogen (Carlsbad, USA), Sigma-

Aldrich (St. Louis, USA), Roche (Basel, Switzerland), Merck KGaA (Darmstadt, 

Germany), AppliChem GmbH (Darmstadt, Germany) and Becton Dickinson (Franklin 

Lakes, USA). Agarose was obtained from Biozyme Scientific GmbH (Hessisch 

Oldendorf, Germany). “Roti®-Quant”, Bradford solution, for the determination of protein 

concentration, was used from Carl Roth GmbH & CO. KG (Karlsruhe, Germany).  

Restriction enzymes and polymerases were acquired from Thermo Fisher Scientific 

(Waltham, USA). RNase A from Roche (Basel, Switzerland) was used for RNA 

degradation. Primary antibodies were bought from Santa Cruz Biotechnology Inc 

(Dallas, USA), AnaSpec Inc (Fremont, USA), Wako Pure Chemical Industries Ltd 

(Osaka, Japan), Thermo Fisher Scientific (Waltham, USA), ChromoTek (Planegg, 

Germany) and EMD Milipore Corp (Burlington, USA). Secondary antibodies were 

obtained from Invitrogen (Carlsbad, USA) and Jackson ImmunoResearch Laboratories 

(West Grove, USA). Synthetic oligonucleotides were acquired from Sigma-Aldrich (St. 

Louis, USA). GeneArt® Seamless Cloning and Assembly Enzyme Mix from Invitrogen 

(Carlsbad, USA) was used for cloning. DNA-size and protein-weight standards the 

DNA-marker “GeneRuler 1kb DNA ladder” and the protein-marker “PageRuler 

Prestained Protein Ladder” were purchased from Thermo Fisher Scientific (Waltham, 

USA). Wild-type and deletion strains of Saccharomyces cerevisiae were acquired from 

EUROSCARF (Frankfurt, Germany).  

Solutions were sterilized using Filtropur S 0.2 and S 0.45 filters from Sarstedt AG & Co 

(Nümbrecht, Germany). Kits “QIAGEN Plasmid Mini Prep Kit” and “QIAquick Gel 

Extraction Kit” from QIAGEN (Hilden, Germany) were used for plasmid DNA 

purification from Escherichia coli and DNA extraction from agarose gels the. 

“NanoDrop ND-1000 photospectrometer” from Peqlab Biotechnologie GmbH 

(Erlangen, Germany) was used for DNA concentrations measurements. PCR reactions 
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were run in the “MWG Biotech Inc Primus 96 Thermal Cycler” from MWG-Biotech 

(Ebersberg, Germany). Gel electrophoresis was performed in the “Mini-Sub Cell GT” 

chamber using the “Powerpac 300” power supply from Bio-Rad Laboratories 

(Hercules, USA). “Mini-PROTEAN® 3 Cell”, “Mini Trans-Blot® Electrophoretic Cell” and 

the “Powerpac 300” power supply from Bio-Rad Laboratories (Hercules, USA) were 

used for SDS-PAGE and protein immunoblotting. Protein transfer was performed using 

the nitrocellulose membrane “AmershamTM ProtranTM 0.45 μm NC” from GE Healthcare 

(Little Chalfont, UK). “AmershamTM HyperfilmTM ECL” from GE Healthcare (Little 

Chalfont, UK) was used for detection of chemiluminescence. Exposure of HyperfilmsTM 

for immunoblotting techniques was performed using an "Optimax X-ray Film 

Processor" from PROTEC GmbH & Co. KG (Oberstenfeld, Germany). Measurement 

of optical density was performed with a T80 UV/VIS spectrometer from PG Instruments 

Ltd (Lutterworth, UK) or alternatively with an "Infinite® M200" microplate reader from 

Tecan Group (Männedorf, Switzerland). Centrifugation was performed in a "Biofuge 

pico" centrifuge from Heraeus (Hanau, Germany), a "Centrifuge 5804R" from 

Eppendorf AG (Hamburg, Germany), a "Centrifuge 4K15" from Sigma 

Laborzentrifugen GmbH (Osterode am Harz, Germany) or a "Sorvall RC-3B Plus 

Refrigerated Centrifuge" from Thermo Fisher Scientific (Waltham, USA). "BD 53/E2" 

incubator from BINDER GmbH (Tuttlingen, Germany) and "BE 400" incubator from 

Memmert GmbH + Co. KG (Schwabach, Germany) were used for incubation of the 

agar plates at 37°C and 30°C respectively. Additional equipment, manufacturers, or 

other variations are mentioned later in the work. 

 

2.1.2. Strains, plasmids and oligonucleotides  

Cloning procedures as well as plasmid purifications were performed using 

Escherichia coli (E. coli) DH5α [Δ80dlacZ ΔM15, recA1, endA1, gyrA96, thi-1, hsdR17 

(rK-, mK+), supE44, relA1, deoR, Δ(lacZYA-argF) U169]. Saccharomyces cerevisiae 

strains and plasmids as well as oligonucleotides which were used in this study are 

specified in Tables 2-4. 
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Table 2. Saccharomyces cerevisiae strains 

Name Genotype Source 

W303-1A MATa; ura3-1; trp1D2; leu2-3_112; his3-11; ade2-1; 
can1-100 

EUROSCARF 

BY4741 MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0 EUROSCARF 

Δrpn14 BY4741; MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; 
Δrpn14 

EUROSCARF 

Δnas6 BY4741; MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; 
Δnas6 

EUROSCARF 

Δrpn14 Δnas6 BY4741; MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; 
Δrpn14 Δnas6 

This study 

RH3466 W303 containing 1 genomic copy GAL1::SNCA::GFP in 
URA3 locus (KLID linker) 

(Petroi et al, 2012) 

RH3467 W303 containing 2 genomic copy GAL1::SNCA::GFP in 
URA3 locus (KLID linker) 

(Petroi et al, 2012) 

RH3468 W303 containing 3 genomic copy GAL1::SNCA::GFP in 
URA3 locus (KLID linker) 

(Petroi et al, 2012) 

yMaM330 MATα can1Δ::STE2pr-SpHIS5 lyp1Δ::STE3pr-LEU2 
his3Δ1 leu2Δ0::GAL1pr-I-SCEI-natNT2 ura3Δ0 

(Khmelinskii & 
Knop, 2014) 

YBP456 YER103W::mCherry::sfGFP in yMaM330 (SSA4-tfT) This study 

YBP458 YNR034W-A::mCherry::sfGFP in yMaM330 (EGO4-tfT) This study 

YBP459 YFL014W::mCherry::sfGFP in yMaM330 (HSP12-tfT) This study 

YBP460 YPR080W::mCherry::sfGFP in yMaM330 (TEF1-tfT) This study 

YBP462 YGL076C::mCherry::sfGFP in yMaM330 (RPL7A-tfT) This study 

YBP464 YGL256W::mCherry::sfGFP in yMaM330 (ADH4-tfT) This study 

YBP465 YJL167W::mCherry::sfGFP in yMaM330 (ERG20-tfT) This study 

YBP466 YDL204W::mCherry::sfGFP in yMaM330 (RTN2-tfT) This study 

YBP467 YPL223C::mCherry::sfGFP in yMaM330 (GRE1-tfT) This study 

YBP468 YDL022W::mCherry::sfGFP in yMaM330 (GPD1-tfT) This study 

YBP469 YGR019W::mCherry::sfGFP in yMaM330 (UGA1-tfT) This study 

YBP487 YBR118W::mCherry::sfGFP in yMaM330 (TEF2-tfT) This study 

YBP488 YLR327C::mCherry::sfGFP in yMaM330 (TMA10-tfT) This study 

YBP489 YDR533C::mCherry::sfGFP in yMaM330 (HSP31-tfT) This study 

YBP491 YBR088C::mCherry::sfGFP in yMaM330 (POL30-tfT) This study 
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YBP493 YPL129W::mCherry::sfGFP in yMaM330 (TAF14-tfT) This study 

YBP494 YLR340W::mCherry::sfGFP in yMaM330 (RPP0-tfT) This study 

YBP496 YKL145W::mCherry::sfGFP in yMaM330 (RPT1-tfT) This study 

YBP528 YDL087C::mCherry::sfGFP in yMaM330 (LUC7-tFT) This study 

YBP530 YBR193C::mCherry::sfGFP in yMaM330 (MED8-tFT) This study 

YBP539 YDL048C::mCherry::sfGFP in yMaM330 (STP4-tFT) This study 

YBP541 YGL065C::mCherry::sfGFP in yMaM330 (ALG2-tFT) 
This study 

YBP544  YGL004C::mCherry::sfGFP in yMaM330 (RPN14-tfT) 
This study 

YBP547  YLR023C::mCherry::sfGFP in yMaM330 (IZH3-tFT) 
This study 

YBP576 YHR171W::mCherry::sfGFP in yMaM330 (ATG7-tFT) 
This study 

YBP586 YLR127C::mCherry::sfGFP in yMaM330 (APC2-tFT) 
This study 

RPN14-GFP MATa; his3Δ1; leu2 Δ0; met15 Δ0; ura3Δ0; 
rpn14Δ::RPN14-GFP (HIS3) 

(Huh et al, 2003) 

R1158 MATa URA3::CMV-tTA his3-1 leu2-0 met15-0 
(kanMX4:G418R) 

yTHC collection, 
Horizon Discovery, 
UK 

yTHC-719 Tet-RPN11 in R1158 
yTHC collection, 
Horizon Discovery, 
UK 

yTHC-76 
Tet-RPT2 in R1158 

yTHC collection, 
Horizon Discovery, 
UK 

yTHC-24 Tet-RPT4 in R1158 yTHC collection, 
Horizon Discovery, 
UK 

yTHC-681 Tet-RPT6 in R1158 yTHC collection, 
Horizon Discovery, 
UK 
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Table 3. Plasmids 

Name Description Source 

pMaM17 pFA6a with with 
mCherry::sfGFP:ADH1term::kanMX 

(Khmelinskii et al, 
2012) 

pMaM432 pFA6a with 
mCherry::sfGFP(cp8)::ADH1term::kanMX 

(Khmelinskii et al, 
2012) 

pME2790 pRS415-GAL1pr, CYC1term, LEU2, CEN, pUC 
origin, AmpR 

(Sikorski & Hieter, 
1989) 

pME2792 pRS423-GAL1pr, CYC1term, HIS3, 2µm, pUC 
origin, AmpR  

(Sikorski & Hieter, 
1989) 

pME2794 pRS425-GAL1pr, CYC1term, LEU2, 2µm, pUC 
origin, AmpR 

(Sikorski & Hieter, 
1989) 

pME2795 pRS426-GAL1pr, CYC1term, URA3, 2µm, pUC 
origin, AmpR  

(Sikorski & Hieter, 
1989) 

pRS313 pBluescript, HIS3, CEN6, ARSH4 (Sikorski & Hieter, 
1989) 

pME3759 pME2795 with GAL1 pr::GFP (Petroi et al, 2012) 

pME3760 pME2795 with GAL1 pr::SNCAWT (Petroi et al, 2012) 

pME3763 pME2795 with GAL1 pr::SNCAWT::GFP (Petroi et al, 2012) 

pME5033 pRS423 (2µm, HIS3, CYC1term, AmpR) with 
GAL1pr::SNCA::VenusC 

(Tenreiro et al, 
2016) 

pME5034 pRS426 (2µm, URA3, GAL1pr, CYC1term, AmpR) 
with GAL1::VenusN::SNCA 

(Tenreiro et al, 
2016) 

pME5035 pRS423 (2µm, HIS3, CYC1term, AmpR) with 
GAL1pr::VenusC 

(Popova et al, 
2021b) 

pME5039 pRS425 (2µm, LEU2, CYC1term, AmpR) with 
GAL1pr::SNCA::GFP 

(Popova et al, 
2021b) 

pME5320 pME2795 with GAL1pr::SNCAS129A (Popova et al, 
2021a) 

pME5321 pMaM17 with GAL1pr::SNCAWT (Popova et al, 
2021a) 

pME5322 pMaM17 with GAL1pr::SNCAS129A (Popova et al, 
2021a) 

pME5323 pMaM17 with GAL1pr::SNCAY133F (Popova et al, 
2021a) 
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pBP476 pRS415-GPDpr (CEN, LEU2, CYC1term, AmpR) This study 

pBP477 pRS415-GPDpr-mCherry-sfGFP (CEN, LEU2, 
CYC1term, AmpR) 

(Khmelinskii et al, 
2016) 

pBP480 pRS415-GPDpr-Ubi-R-mCherry-sfGFP (CEN, 
LEU2, CYC1term, AmpR) 

(Khmelinskii et al, 
2016) 

pBP494 pRS425-GPDpr (2µm, LEU2, CYC1term, AmpR) This study 

pBP552 pME2790 with GAL1pr::SCNAWT::mCherry::sfGFP  This study 

pBP553 pME2790 with 
GAL1pr::SCNAS129A::mCherry::sfGFP  

This study 

pBP555 pME2790 with 
GAL1pr::SCNAS129A::mCherry::sfGFP 

This study 

pBP558 pME2790 with GAL1pr::mCherry::sfGFP This study 

pBP559 pRS415 (CEN, LEU2, CYC1term, AmpR) with 
GPDpr::RPN14::mCherry::sfGFP 

This study 

pBP561 pRS425 (2µm, LEU2, CYC1term, AmpR) with 
GPDpr::RPN14::mCherry::sfGFP 

This study 

pBP583 pRS415 (CEN, LEU2, GPDpr, CYC1term, AmpR) 
with RPN14::His6 

This study 

pBP591 pRS313 with GPDpr::CYC1 term (CEN, HIS3, 
AmpR) 

This study 

pBP592 pRS313 with GPDpr::RPN14::His6::CYC1term 
(CEN, HIS3, AmpR) 

This study 

pBP594 pRS426 (2µm, URA3, GAL1pr, CYC1term, AmpR) 
with GAL1::VenusN::RPN14 

This study 

pBP602 pRS423 (2µm, HIS3, CYC1term, AmpR) with 
GAL1::SNCAS129A::GFP 

This study 

pBP638 pRS423 (2µm, HIS3, CYC1term, AmpR) with 
GAL1pr::SNCAS129A::VenusC 

This study 

pBP646 pRS426 (2µm, URA3, GAL1pr, CYC1term, AmpR) 
with GAL1::VenusN::SNCAS129A 

This study 
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Table 4. Oligonucleotides 

Name Sequence (5’ - 3’) Use 

BP20 GTT AGA GCG GAT GTG GGG CYC1 reverse primer used for 
sequencing 

BP142 GCT GCA TAA CCA CTT TAA CTA GAL1 forward primer used for 
sequencing 

BP175 ACT AGT GGA TCC CCC ATG GAT 

GTA TTC ATG AAA G 

αSyn-tFT forward primer used for 
amplification of αSyn-tFT, S129A-tFT 
and Y133F-tFT for cloning in pME2790 

BP414 GAA TTC CTG CAG CCC TTA GGA 

TCC CTT ATA AAG 

 

αSyn-tFT reverse primer used for 
amplification of αSyn-tFT, S129A-tFT 
Y133F-tFT and tFT alone for cloning in 
pME2790 

BP415 ACT AGT GGA TCC CCC ATG GTG 

AGC AAG G 

tFT froward primer used for 
amplification of tFT for cloning in 
pME2790 

BP418 ACT AGT GGA TCC CCC ATG ACT 

AAG ACC ATC AC 

RPN14 forward primer used for 
amplification of RPN14 

BP416 CCA TGT CGA CAA GCT TAG GAT 
TAC TTA AGT TAT ACA AAG 

 

RPN14 reverse primer used for 
amplification of RPN14 on template 
genomic DNA (W303) 

BP417 AAG CTT GTC GAC ATG GTG AGC 

AAG G 

tFT forward primer used for 
amplification of tFT  

BP414 GAA TTC CTG CAG CCC TTA GGA 
TCC CTT ATA AAG 

tFT reverse primer used for 
amplification of tFT 

BP458 CAA AAG CTG GGT ACC GTC ATT 
ATC AAT ACT CG 

Forward primer used for amplification of 
GPDpr-MCS-CYC1term 

BP459 AGG GCG AAT TGG AGC TGC AAA 
TTA AAG CCT TCG 

Reverse primer used for amplification of 
GPDpr-MCS-CYC1term 

BP429 TTA ATG GTG ATG GTG ATG ATG 
AGG ATT ACT TAA GTT ATA C 

Reverse primer used for amplification of 
Rpn14-His6 

BP430 GAA TTC CTG CAG CCC TTA ATG 
GTG ATG GTG 

Reverse primer used for amplification of 
Rpn14-His6 

BP431 CTC GAT CTC GAA CTC GTG mCherry reverse primer for sequencing 

BP462 GAG GTG GTG GGT CCC TTA AGA 
TGA CTA AGA CCA TCA C 

RPN14 forward primer used for 
amplification of RPN14 
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BP461 CGA ATT CCT GCA GCC CTT AAG 
GAT TAC TTA AGT TAT ACA 

RPN14 reverse primer used for 
amplification of RPN14 

BP173 ACT AGT GGA TCC CCC ATG GTG 
AGC AAG GGC GAG 

VenusN forward primer used for 
amplification of VenusN 

BP463 GTG ATG GTC TTA GTC ATC TTA 
AGG GAC CCA CCA CCT C 

VenusN reverse primer used for 
amplification of VenusN 

BP464 TAA ATG CTA CAT AAA TGC ATG 
CCC TTA AAA CTG TAT AAC CGA 
CAT GGA GGC CCA G 

NatMX6 cassette forward primer used 
for amplification of NatMX6 cassette for 
knockout of NAS6 

BP465 AAT ATT GAT ATG TAA AGT TCT 
GTA ATA TGT AGT TTT GAA ATC 
CAG TAT AGC GAC CAG CA 

NatMX6 cassette reverse primer used 
for amplification of NatMX6 cassette for 
knockout of NAS6 

BP466 GTT GAC GTT GGT GAC CTC NatMX6 cassette forward primer used 
for knockout of NAS6 and RPN14 

BP467 ATT ACT CAT AGC AAT AGA GGA AG 3’ UTR of NAS6 reverse primer used 
for knockout of NAS6 

BP476 ACA TAT TAC AGG CGT CAG G 5’ UTR of RPN14 reverse primer used 
for knockout of RPN14 

BP59 GCT TAT GAA ATG CCT GCC GAG 
GAA GGG TAT CAA G 

Quick change mutagenesis forward 
primer used for substitution of 
serine129 to alanine in SNCA 

BP60 CTT GAT ACC CTT CCT CGG CAG 
GCA TTT CAT AAG C 

Quick change mutagenesis reverse 
primer used for substitution of 
serine129 to alanine in SNCA 

BP474 AGA AAG TAA AAA GAA ATA GCG 
AAG TAC AAT AGA AAC GAC AGA 
CAT GGA GGC CCA G 

NatMX6 cassette forward primer used 
for amplification of NatMX6 cassette for 
knockout of RPN14 

BP475 AAT ATT GAT ATG TAA AGT TCT 
GTA ATA TGT AGT TTT GAA ATC 
CAG TAT AGC GA CCA GCA 

NatMX6 cassette reverse primer used 
for amplification of NatMX6 cassette for 
knockout of RPN14 

BP484 AGT TTT CAA CCC TAA GAG CAG 
AAA GTA AAA AGA AAT AGC 

Nested forward primer for longer 
homology region for deletion of RPN14 

BP485 CAA GCT CAT GCA GCG AAG TGA 
ACT TTT TTG A 

Nested reverse primer for longer 
homology region for deletion of RPN14 

BP525 

 

CTT AAG GGA CCC ACC ACC TCC 
AGA GC 

VenusN forward primer used for 
amplification of VenusN 

BP526 

 

GGT GGG TCC CTT AAG ATG GAT 
GTA TTC ATG AAA GG 

VenusN reverse primer used for 
amplification of VenusN 
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2.1.3. Enzymes 

Enzymes used in this study are listed in Table 5. 
 

Table 5. Enzymes 

Enzyme (buffer) Concentration 

(activity) 

Company 

RNase A 50U/mg  Roche 

Phusion DNA polymerase 
(5x GC buffer) 

2 U/μL (500 U)  Thermo Fisher Scientific  

PfuTurbo Cx hotstart  DNA 
polymerase (10x Pfu 
Turbo Cx reaction buffer) 

2.5 U/μl (100 U) 
 

Agilent Technologies 
 

Bsp120I (10x Buffer B) 10 U/μL (1500 U) 
 

Thermo Fisher Scientific 
 

DpnI (10x Tango buffer) 10 U/μL (500 U) 
 

Thermo Fisher Scientific 

SacI (10x Buffer SacI) 10 U/μL (1200 U) 
 

Thermo Fisher Scientific 
 

SmaI (10x Tango buffer) 10 U/μL (1200 U) 
 

Thermo Fisher Scientific 
 

 
 

2.1.4. Media 

All media were dissolved in H2O before being autoclaved for 20 minutes at 121°C and 

2 bar. For cultivation of yeast strains and E. coli the following media were used. 

Substances that are thermally unstable were dissolved and filtered to sterility using 

Filtropur S 0.2 filters (Sarstedt AG & Co). The following media were used to culture 

bacterial and yeast strains. 
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Table 6. Media 

Medium Ingredients Agar plates Liquid medium 

LB medium  

(E. coli) 

 

Tryptone 
 

10 g 10 g 

Yeast extract 5 g 5 g 

NaCl 5 g 5 g 

Agar-Agar 15 g  - 

H2O 1000 ml 1000 ml 

SC medium 

(S. cerevisiae) 

YNB-aa-as (yeast nitrogen 
base w/o AA and AS) 

0.9 g         0.9 g                                                     

Ammonium sulfate 3 g 3 g  

Inositol (200 mM) 0.6 ml 0.6 ml 

AA-powder mix  1.2 g 1.2 g 

Glucose/Galactose/Raffinose 12 g 12 g  

Agar  9 g  - 

H2O 600 ml 600 ml 

YEPD 

(S. cerevisiae) 

Bacto-Peptone 6 g 6 g 

Yeast extract 3 g 3 g 

Glucose/Galactose 6 g 6 g 

Agar 6 g - 

H2O 300 ml 300 ml 

Amino acids 
/Nucleobases 
(2 g/l) 

Adenine (Ade) 
L-Alanine (Ala) 
L-Argenine (Arg) 
L-Asparagine (Asn) 
L-Aspartic acid (Asp) 
L-Cystein (Cys) 
L-Glutamine (Gln) 
L-Glutamic acid (Glu) 
Glycine (Gly) 
L-Isoleucine (Ile) 
L-Lysine (Lys) 
L-Methionine (Met) 
L-Phenylalanine (Phe) 
L-Prolin (Pro) 
L-Serine (Ser) 
L-Threonine (Thr) 
L-Tyrosine (Tyr) 
L-Valine (Val) 
para-Aminobenzoic acid (Paba)  

 

2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
0.2 g 

2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
2 g 
0.2 g 
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2.1.5. Antibiotics 

Stock solutions of all antibiotics used in this study were prepared for antibiotic 

selection. The autoclaved media were required to cool to approximately 50°C before 

the addition of the antibiotic stock solutions. The final concentrations of all antibiotics 

are given below. 

Table 7.  Antibiotics 

Name Stock Solution Final Concentration Storage 

Doxycycline 10 mg/ml 10 µg/ml and 2 µg/ml -20°C 

Ampicillin 100 mg/ml 100 µg/ml -20°C 

Cycloheximide 100 mg/ml 50 µg/ml -20°C 

G418 100 mg/ml 200 µg/ml -20°C 

ClonNAT 200 mg/ml 200 μg/ml -20°C 

 
 

2.1.6. Antibodies 

Table 8. Primary antibodies 

Antibody Organism Type Company Dilution 

Anti-α/β/γSyn rabbit polyclonal Santa Cruz 

Biotechnology 

1:2000 

Anti-αSyn mouse monoclonal BD Bioscience 1:2000 

Anti-ubiquitin mouse monoclonal EMD Milipore Corp 1:2000 

Anti-GAPDH mouse monoclonal Thermo Scientific  1:5000 

Anti-pS129 mouse monoclonal Wako Chemicals 1:3000 

Anti-GFP rat monoclonal ChromoTek 1:1000 
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Table 9. Secondary antibodies 

Antibody Type Company Dilution 

Peroxidase-conjugated 
AffiniPure Goat anti-Mouse 
IgG (H+L) 

polyclonal Jackson 

ImmunoResearch 

Laborato-ries 

1:5000 

HRP-conjugated Goat anti-
Rabbit IgG (H+L) 

polyclonal Invitrogen 1:5000 

HRP-conjugated Goat anti-
Rat IgG (H+L) 

polyclonal Invitrogen 1:1000 

 

 

2.2. Methods 

2.2.1. Cultivation of cells  

2.2.1.1. Cultivation of Escherichia coli  

Escherichia coli strains were cultured in 5 ml of Luria-Bertani (LB) medium containing 

1% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 1 % (w/v) NaCl on a rotation shaker 

(Infors AG) at 37°C overnight (Bertani G, 1951). Agar (2%) (Carl Roth GmbH & CO. 

KG) was added to obtain a solid medium. Escherichia coli DH5α strain was used for 

general cloning protocols and plasmid DNA purification. Ampicillin (100 μg/ml) (Carl 

Roth GmbH & CO. KG) was applied to the medium for selection of colonies harboring 

the plasmid of interest. 

 

2.2.1.2. Cultivation of Saccharomyces cerevisiae 

Saccharomyces cerevisiae strains were grown in 10 ml of YEPD medium (2% (w/v) 

bacto-peptone, 1% (w/v) yeast extract, 2% (w/v) glucose, for solid medium: 2% (w/v) 

agar) at 30°C on a rotation shaker (Fröbel Labortechnik GmbH) overnight. On YEPD 

solid medium, Saccharomyces cerevisiae strains were cultivated at 30°C for two to 

three days. To culture the Δrpn14, Δnas6 and Δrpn14Δnas6 strains, 200 μg/ml G418 

(Geneticin® Selective Antibiotic, Thermo Fisher Scientific) was added to YEPD 

medium. To select strains carrying the desired plasmid after transformation, cells were 

grown on Synthetic Complete (SC) medium (0.15% (w/v) YNB-aa-as (yeast 
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nitrogenous base without AA and AS), 0.5% (w/v) ammonium sulfate, 0.2 mM inositol, 

0. 2% (w/v) amino acid powder mixture, for liquid medium: 2% (w/v) raffinose, for solid 

medium: 2% (w/v) glucose, 1.5% (w/v) agar) supplemented with the appropriate amino 

acids (Guthrie & Fink, 1991). SC medium contained either 2% raffinose / 2% glucose 

for growth without αSyn induction or 2% galactose for induction of the GAL1 αSyn 

promoter as a carbon source. αSyn expression was induced for 6 hours by transferring 

overnight cultures from medium containing 2% raffinose to medium containing 2% 

galactose at an OD600 of 0.1 or 0.3. Alternatively, strains from yTHC collection were 

grown in galactose containing medium overnight in presence of 10 μg/ml doxycycline 

for downregulation of Tet-promoter. To control cell growth, optical density was 

measured at 600 nm with a T80 UV/VIS spectrometer (PG Instruments Ltd). 

 

2.2.1.3. Cell storage 

To ensure long-term storage, Escherichia coli and Saccharomyces cerevisiae strains 

were preserved at -80°C in 1.8 ml CryoPure tubes (Sarstedt AG & Co). To prevent 

freezing related damage, Escherichia coli and Saccharomyces cerevisiae cells were 

mixed with 50% (v/v) and 15% (v/v) glycerol (Carl Roth GmbH & CO. KG) respectively.  

 

2.2.1.4. Generation of tFT-library, expressing αSyn or S129A encoding 

genes 

The tFT library is a collection of 4044 yeast strains each expressing a different tFT-

tagged protein (Khmelinskii & Knop, 2014). Strains harboring two genomically 

integrated copies of GAL1-driven SNCAWT or SNCAS129A gene or empty vector (EV) 

control (query strains) were mated with the tFT library in a 1536-colony format, with 

four technical replicates that were arranged next to each other on the agar plates. 

Synthetic genetic assay (SGA) procedure (Tong & Boone, 2007) was used, and each 

query strain was crossed to an array of tFT clones in a high-throughput scale using 

robotic manipulation with a RoToR HDA pinning robot (Singer instruments, UK). 

Through several replica-pinning steps on appropriate selective media, haploid 

progenies of the desired genotype were obtained that simultaneously carry a tFT-

tagged protein and the query allele as described previously (Baryshnikova et al, 2010), 
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followed by seamless marker excision (Khmelinskii et al, 2011). The generation of the 

query strains and SGA procedure is described in detail elsewhere (Niederleithinger, 

2018).  

Yeast cells were pinned on galactose-containing plates in order to induce GAL1-driven 

αSyn expression and the plates were grown for 24 hours at 30°C. High-throughput 

fluorescence intensity measurement were conducted using a stacker for automated 

plate delivery to Infinite M1000 Pro plate reader (Tecan) in a custom temperature 

control chamber. Intensities were recorded in the mCherry and in the sfGFP channel. 

All plates were imaged using a PhenoBooth Colony Counter (Singer). 

The data set obtained in the high-throughput fluorescence intensity measurement was 

processed by the group of Prof. Knop. Colony segmentation was performed from plate 

images in order to determine the location of empty spots and colonies with atypical 

growth. Quality control was performed that removes plates with a high standard 

deviation of GFP signal. A total of 2980 tFT-strains successfully passed the quality 

control and filtering after data acquisition. Recorded fluorescence intensities were 

background corrected by subtracting the median of the local autofluorescence of EV 

controls on linear scale. Fluorescence intensity measurements were log-transformed. 

Screen normalization for spatial effects was performed to correct GFP and mCherry 

signals as a function of position. Standard deviations were regressed against the 

absolute fluorescence intensities. 

 

2.2.1.5. Evaluation of the tFT-screen 

The normalized and corrected intensities were used to calculate mCherry/sfGFP ratio 

for each single strain (R=log2(mCherry/GFP)). Changes in the protein stability were 

estimated by calculating the differences (RatioDiff - delta-score) between fluorescence 

measurements for each control strain (ORF-tFT with EV) and the corresponding strain, 

expressing αSyn or S129A (RatioDiff(EV-αSyn)=log2(REV)-log2(RαSyn)). Negative delta-

scores values indicate stabilization of the tFT-fusion protein upon αSyn expression, 

while positive values show destabilization of the tFT-fusion protein compared to the EV 

control. P-values were calculated using a moderated t-test and adjusted using the 



 Materials and methods
  
 

32 
 

Benjamini-Hochberg method controlling the false discovery rate. Significant 

differences in protein stability were considered when p ≤ 0,01.  

The GFP-signal intensity which is a measure for protein abundance was compared to 

the median of the background (bg) GFP intensity, and the fusion proteins were divided 

into three expression groups depending on the ratio Rb = GFP/bg: (i) low expression 

level (Rb = 1 to 3); (ii) middle expression level (Rb = 3 to 10); (iii) high expression level 

(Rb = 10 to 350). Following criteria were applied for selection of hits with significantly 

changed protein stability: p<0.01; cut-off delta-score: low expression level: -2,3; middle 

expression level: -1; high expression level: -0,5 (Table S1 to Table S3).  

 

2.2.2. Nucleic acid methods  

2.2.2.1. Purification of DNA  

Purification of linear DNA fragments was performed with QIAquick Gel Extraction Kit 

(QIAGEN) according to instructions of the manufacturer. Silica membrane in QIAquick 

kits binds DNA in a high-salt buffer and allows DNA elution with water. The purification 

procedure eliminates primers, nucleotides, enzymes, agarose, ethidium bromide, salts, 

mineral oil and other contaminants from DNA samples. For elution of DNA from the 

columns, 30 μl of dH2O was used. The concentration of the purified DNA was 

measured using a NanoDrop ND-1000 spectrophotometer (Peqlab Biotechnologie 

GmbH). Purified DNA was kept at -20°C or used directly for follow-up procedures. 

 

2.2.2.2. Isolation of plasmid DNA from Escherichia coli  

Escherichia coli cells harboring a plasmid with the gene of interest were cultured in 5 

ml of LB medium supplemented with 100 μg/ml ampicillin at 37°C overnight. Cells were 

harvested by centrifugation at 13000 rpm for 1 minute in a bench-top centrifuge 

(Biofuge pico, Heraeus) and plasmid DNA was extracted from the cells using the 

QIAprep Spin Miniprep Kit (QIAGEN) according to the instructions of the manufacturer. 

DNA was eluted from the columns using 30 μl dH2O. Following the purification, DNA 

concentration was measured using a NanoDrop ND-1000 spectrophotometer (Peqlab 

Biotechnologie GmbH). Purified plasmid DNA was kept at -20°C or used for follow-up 

procedures. 
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2.2.2.3. Isolation of genomic DNA from Saccharomyces cerevisiae  

Yeast genomic DNA isolation was carried out according to standard procedure 

(Hoffman & Winston, 1987). Saccharomyces cerevisiae cells were cultured in 10 ml of 

YEPD medium at 30°C overnight. After the cells were collected by centrifugation at 

3000 rpm for 3 minutes, the cell pellet was rinsed in 1 ml of TE buffer (10 mM Tris-HCl 

[pH 8.0], 1 mM EDTA [pH 8.0]). Then, 200 μl of smash buffer (2% (v/v) triton X-100, 

1% (w/v) SDS, 100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8.0]) was 

added to the cell precipitates along with 200 μl of phenol:chloroform:isoamyl alcohol 

(25:24:1) and 0.25-0.5 mm glass beads. Cells were disrupted by mechanical stirring at 

4°C for 10 minutes with a vortex mixer (Vortex-Genie 2, Scientific Industries Inc) and 

centrifuged at 13000 rpm at 4°C for 5 minutes. The supernatant was collected and 

mixed with 1 ml of cold ethanol (96%) to precipitate the DNA. After brief centrifugation, 

precipitates were then incubated in 400 μl TE buffer and 3 μl RNase (10 mg/ml, Roche) 

at 37°C for 1 hour. Subsequently, 1 ml of cold ethanol (96% (v/v)) and and 10 μl of 4 M 

ammonium acetate solution were applied and mixed. This was followed by 

centrifugation at 13000 rpm for 5 minutes and disposal of the supernatant. Then the 

cell pellet was incubated at room temperature for 5 minutes to allow the residual 

ethanol to evaporate. Lastly, the DNA pellet was dissolved in 50 μl of TE buffer and its 

concentration was determined using a NanoDrop photospectrometer (Peglab 

Biotechnologie GmbH). Genomic DNA samples were stored at -20°C and subjected 

agarose gel electrophoresis and PCR for its verification. 

 

2.2.2.4. DNA agarose gel electrophoresis  

Analytical and preparative DNA fragment separation was performed by agarose gel 

electrophoresis. In this procedure, DNA fragments run through the agarose gel under 

an electric field and are separated according to their size. Lower molecular weight 

nucleic acids migrate through the gel faster than larger fragments. Dye or radioactive 

tracers that specifically bind to DNA can be used for visualization of DNA fragments 

(Lee et al, 2012). In this study, a 1% agarose gel (1% (w/v) agarose, 0.001 mg/ml 

ethidium bromide) in 1x TAE buffer (40 mM Tris base, 20 mM acetic acid, 1 mM EDTA) 

supplemented with 0.001 mg/ml dye ethidium bromide subsequent visualization of 

DNA, was prepared in a Mini-Sub Cell GT chamber (Bio-Rad Laboratories GmbH). 
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Prior to applying DNA samples to the gel, 10x DNA loading dye was added (10% (v/v) 

ficoll typ 400, 0.25% (w/v) bromphenol blue, 0.25% (w/v) xylene cyanol ff, 200 mM 

EDTA [pH 8.0]). In addition, a size standard the GeneRuler 1 kb DNA ladder (250 to 

10 000 bp, MBI Fermentas) was loaded on the gel. The separation of DNA fragments 

was conducted in Mini-Sub Cell GT chamber (Bio-Rad Laboratories) filled with TAE 

buffer using a Bio-Rad Powerpac 300 (Bio-Rad Laboratories) in a 90 V electric field. 

UV light at 254 nm was then applied to detect DNA and imaging was performed using 

a gel documentation imager (Gel iX20 Imager Windows version, Intas Science Imaging 

Instruments GmbH). 

 

2.2.2.5. DNA isolation from agarose gels  

To purify the DNA fragments from the DNA mix, agarose gel electrophoresis was used 

to separate the fragments based on their length. The desired fragment was then cut 

from the gel and QIAquick Gel Extraction Kit (QIAGEN) was used for the purification. 

The DNA fragments were eluted with 30 μl dH2O from the column and stored at -20°C 

or used for further procedures. 

 

2.2.2.6. Polymerase chain reaction (PCR) 

PCR is a technique that allows in vitro amplification of DNA fragments with partially 

known sequences (Saiki et al, 1988). This technique allows synthesis of DNA 

fragments in chain reaction catalysed by a polymerase in the presence of a DNA 

template, a large molar excess of two oligonucleotide primers, and four 

deoxyribonucleoside triphosphates. For amplification of fragments from genomic or 

plasmid DNA templates, a high-fidelity Phusion DNA polymerase (Thermo Fisher 

Scientific) was used. Primers were purchased from Sigma-Aldrich (Table 4, St. Louis, 

USA). The annealing temperature varies depending on the melting temperature of the 

oligonucleotides used. Typically, the annealing temperature is 5°C lower than the 

melting point. Plasmid DNA or chromosomal DNA was applied as DNA template. The 

reaction was run in a Thermo Cycler thermal cycler (MWG Biotech Inc Primus 96 

Thermal Cycler, MWG-Biotech). In Table 10 and 11, an example of the Phusion 

reaction mix and PCR program can be found. 
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Table 10. Reaction mix for Phusion DNA polymerase. 

Component  50 μl Reaction  Final concentration  

5x HF buffer  10 μl  1 x  

dNTP mix  1 μl  200 μM each  

Primer 1  1 μl  0.2 μM  

Primer 2  1 μl  0.2 μM  

Template DNA  x μl  300-500 ng  

DMSO  1.5 μl  3%  

Phusion DNA polymerase  0.5 μl  0.02 U/μl  

 

Table 11. PCR program for Phusion DNA polymerase 

Cycle step  Temperature  Time  Cycles  

Initial denaturation  98°C  3 min  1  

Denaturation  98°C  30 sec  30  

Annealing  Tm - 5°C  30 sec  30  

Elongation  72°C  30 sec/kb  30  

Final extension  72°C  10 min  1  

Pause  4°C  ∞  1  

 
 

2.2.2.7. Digestion of DNA  

To digest the DNA molecules, restriction enzymes purchased from Thermo Fisher 

Scientific were used following the manufacturer's instructions. DNA fragments 

amplified with PCR and plasmid DNA were digested with the respective restriction 

enzymes. Restriction enzymes cleave DNA fragments at precise recognition 

sequences. Typically, 10 U of enzyme per 2-5 μg of DNA was used. Aliquots of 30 μl 

of the reaction mixture were incubated in the appropriate reaction buffer at 37°C for 2 

to 4 hours. The digested DNA fragments were then purified using the QIAquick Gel 

extraction kit (QIAGEN). 



 Materials and methods
  
 

36 
 

2.2.2.8. Cloning of DNA  

GeneArt® Seamless Cloning and Assembly Enzyme Mix (Invitrogen) was used for 

cloning of DNA inserts into vectors. In the ligation reaction, 100 ng of linearized vector 

DNA was mixed with 200 ng of insert DNA in 4 μl of 5x reaction buffer. The reaction 

mix was incubated at room temperature for 30 minutes after the total volume of 20 μl 

was adjusted with dH2O, and 1 μl of 10x enzyme was added. Lastly, Escherichia coli 

DH5α strain was transformed with 10 μl of the ligation mixture and incubated on 

selective LB solid medium containing 100 μg/ml ampicillin at 37°C overnight. To verify 

that integration of the insert into the vector was successful, plasmid DNA was isolated 

with the QIAprep Spin Miniprep Kit (QIAGEN) and sequenced as specified in section 

2.2.2.2. 

 

2.2.2.9. Quick change site-directed mutagenesis 

The quick-change site-directed mutagenesis system is used for modification of 

selected amino acids in proteins. Based on PCR amplification, this method allows 

multiple mutations, deletions and insertions to be introduced into genes in vitro (Wang 

& Malcolm, 1999). For this purpose, one pair of complementary oligonucleotide primers 

carrying the mutation of interest implements the mutation over the course of the PCR 

amplification process. They are individually designed depending on the desired 

mutation. Both 5´-phosphorylated mutagenic primers are supposed to have length 

between 25 and 45 bases and their melting point should be above or equal to 78°C. 

The desired mutagenic part should be located in the center of the primer and flanked 

on both sides by 10 to 20 bases complementary to the DNA used as a template. The 

thermostable high-fidelity DNA polymerase PfuTurbo Cx hotstart (Agilent 

Technologies) was used for the amplification of target DNA. The polymerase replicates 

the DNA without displacing mutagenic primers. A plasmid DNA carrying the gene of 

interest was used as DNA template in this study. Examples of the reaction mixture for 

the rapid site-directed mutagenesis and PCR program are shown in Table 12 and 13. 
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Table 12. Reaction mix for PCR with PfuTurbo Cx hotstart DNA polymerase  

Component Reaction (50 µL) Final concentration 

10x PfuTurbo Cx reaction 
buffer 

5 μL 1 x 

mutagenic primer I 1 μL 0.2 µM 

mutagenic primer II 1 μL 0.2 µM 

dNTP mix 1 μL 200 µM (each) 

DMSO 1.5 µL 3% 

plasmid DNA x µL 300-500 ng  

PfuTurbo Cx hotstart DNA 
polymerase 

1 µL 0.05 U/μL 

 

Table 13. PCR program with PfuTurbo Cx hotstart DNA polymerase 

Cycle step Temperature Time Number of cycles 

Denaturation 95°C 5 minutes 1 

Denaturation 95°C 30 seconds 20 

Annealing 60°C        1 minute 20 

Elongation 68°C 60 sec/kb 20 

Final extension 68°C 10 min 1 

Pause 4°C ∞ 1 

 

The PCR product was then purified using the QIAquick Gel extraction kit (QIAGEN). 

To remove the template DNA and extract the mutation-containing synthesized DNA, 2 

µl of DpnI endonuclease (20 U) and 2 µl of Tango buffer (Thermo Fisher Scientific) 

were applied directly to 16 µl of the mutagenesis reaction and incubated at 37°C for 2 

hours. This restriction enzyme digests methylated DNA specifically. Since DNA 

isolated from Escherichia coli strains is extensively methylated, the newly synthesized 

DNA is readily digestible by DpnI. As a control for the effective eradication of the 

parental DNA template, an additional reaction mixture was incubated simultaneously 
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in the absence of the restriction enzyme DpnI. Then 15 µl of the digested reaction 

mixture was used for transformation into Escherichia coli DH5α as described in section 

2.2.3.1. The cells were incubated on LB plates containing 100 µg/ml ampicillin at 37°C 

overnight. To verify mutant genes, the plasmid DNA was then isolated using the 

QIAprep Spin Miniprep Kit (QIAGEN) and sequenced as described in sections 2.2.2.1 

and 2.2.2.10.   

In this study, the method was used for introduction of mutation in αSyn-VenusC to 

create αSyn phosphorylation deficient mutant at serine 129 tagged with VenusC 

(S129A-VC). Primers used for that purpose are listed in Table 4. 

 

2.2.2.10. Sequencing of DNA  

All DNA constructs used in this work were verified by Seqlab-Microsynth GmbH 

(Göttingen, Germany) with the Sanger Cycle Sequencing Method (Sanger et al, 1977). 

Each DNA sample for sequencing contained 1000 ng of plasmid DNA in a volume of 

12 μl mixed with 3 μl of the corresponding sequencing primer (30 pmol). The derived 

sequences were analyzed with the MultAlin multiple sequence alignment tool (Corpet, 

1988). The chromosomal sequences of yeast were accessed from the Saccharomyces 

genome database (SGD) website (www.yeastgenome.org) (Cherry et al, 2012). 

 

2.2.3. Transformation of DNA into cells 

2.2.3.1. Transformation of plasmid DNA into Escherichia coli  

Transformation of Escherichia coli with plasmid DNA was performed with the heat 

shock method (Inoue et al, 1990). For the procedure, 100 μl of Escherichia coli DH5α 

competent cells were thawed on ice for 15 minutes and 0.5 μg of plasmid DNA or 10 

μl of ligation reaction, and the mixture was incubated for 10 minutes on ice. The cells 

were then heated at 42°C for 90 seconds and kept on ice for 5 minutes to facilitate the 

entry of DNA into cells. After the cells were transformed, they were supplemented with 

1 ml of LB medium and cultivated at 37°C for 45 minutes for recovery. Lastly, 100 μl of 

the cell suspension was applied on LB plates with appropriate antibiotics for a selection 

of transformants carrying the desired DNA plasmid. To obtain an adequate 

transformation efficiency, the remaining cell suspension was centrifuged at 13000 rpm 

in a benchtop centrifuge (Biofuge pico, Heraeus) for one minute and then most of the 
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supernatant was discarded, with about 100 μl remaining. The cell pellet was 

resuspended in the remaining supernatant and distributed on another LB plate. The 

LB plates were incubated at 37°C overnight. The grown Escherichia coli colonies were 

analyzed with PCR and sequencing as described in sections 2.2.2.6 and 2.2.2.10. 

 

2.2.3.2. Transformation of plasmid DNA into Saccharomyces 
cerevisiae  

Plasmid DNA was transformed into Saccharomyces cerevisiae cells using the LiAc/SS 

Carrier DNA/PEG method (Ito et al, 1983). This technique involves yeast cells treated 

with alkaline cations that take up plasmid DNA after a heat pulse in the presence of 

polyethylene glycol. Prior the transformation, yeast cells were grown overnight in 10 

ml YEPD medium and 800 μl of overnight culture was further grown in 10 ml of YEPD 

medium at 30°C on a rotation shaker (Fröbel Labortechnik GmbH) for 4 hours. The 

total cell culture was then harvested by centrifugation at 3000 rpm for 3 minutes 4°C 

using a 5804R centrifuge (Eppendorf AG). The cell pellet was washed three times with 

10 ml of LiOAc/TE buffer (100 mM LiOAc, 1 mM Tris-HCL [pH 8.0], 0.1 mM EDTA [pH 

8.0]) and resuspended in 400 μl of LiOAc/TE buffer. The yeast cells were competent 

for transformation by this point. 20 μl of preheated to 65°C for 20 minutes SS carrier 

DNA (single stranded salmon sperm DNA) was mixed with 200 μl of resuspended cells, 

15 μg (integrative) or 1,5 μg (non-integrative) plasmid DNA and 800 μl of 50% 

polyethylene glycol 4000 (PEG 4000, Carl Roth GmbH & CO. KG) dissolved in 

LiOAc/TE buffer. For each transformation, a control without plasmid DNA was 

generated. The mixture was then incubated at 30°C for 30 minutes and exposed to a 

heat shock for 25 minutes at 42°C. Subsequently, the DNA samples were centrifuged 

at 8000 rpm for 1 minute, the supernatant was discarded, and the cell pellet was 

supplemented with 1 ml of YEPD medium and incubated for 2 hours (integrative 

transformation) or 1 hour (non-integrative transformation) at 30°C for recovery. Then, 

the medium was removed after 1 minute of centrifugation at 4000 rpm, leaving 150 μl 

of supernatant to resuspend the pellet, allowing it to be distributed on a SC solid 

medium lacking the appropriate amino acid for the selection of colonies carrying the 

plasmid with corresponding auxotrophic marker. The plates were incubated for two to 

three days at 30°C and individual yeast colonies were streaked on a new solid SC 

medium to select colonies carrying the desired plasmid. Plates were incubated for two 
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to three days at 30°C, and individual yeast colonies were streaked onto new solid SC 

medium to select colonies harboring the required plasmid. 

 

2.2.4. Protein methods  

2.2.4.1. Yeast crude extracts preparation 

Prior the protein extraction, strains to be analyzed were cultured in 10 ml of SC medium 

containing selective amino acids and 2% raffinose at 30°C overnight. For F promoter 

induction, the cell pellet from the overnight culture was collected by centrifugation at 

3000 rpm for 3 minutes and resuspended in 10 ml of SC selective medium containing 

2% galactose and the cells were grown with rotation at 30°C for 6 hours. The samples 

were then kept on ice for 10 minutes and centrifuged at 3000 rpm for one minute at 

4°C. The cell pellet was then rinsed with 1 ml of TE buffer (10 mM Tris-HCl [pH 8.0], 1 

mM EDTA [pH 8.0]) and dissolved in 200 μl of R buffer (50 mM Tris-HCl [pH 7.5], 1 

mM EDTA [pH 8. 0], 50 mM DTT, 6 μl/ml protease inhibitor [1 tablet cocktail in 1 ml 

dH2O], 100 μl/ml phosphatase inhibitor [1 tablet cocktail in 1 ml dH2O]). Moreover, an 

equal amount of glass beads with a diameter of 0.25-0.5 mm was added to each 

mixture. To break the cells, the samples were vigorously shaken at 4°C using a vortex 

mixer (Vortex-Genie 2, Scientific Industries Inc) for 10 minutes. The suspension was 

then centrifuged at 13000 rpm for 15 minutes at 4°C, and the crude cell extract was 

recovered by collecting the supernatant. Once protein concentration was determined 

by the Bradford method (Bradford, 1976), protein samples were resuspended in 6x 

sample buffer (250 mM Tris-HCl [pH 6.8], 15% (v/v) β-mercaptoethanol, 7% (w/v) SDS, 

30% (v/v) glycerol, 0.3% (w/v) bromophenol blue) and boiled at 95°C for 10 minutes.  

Alternatively, denatured yeast protein extraction was performed by NaOH lysis/TCA 

precipitation. Yeast cells were cultured in a SC selective medium containing raffinose 

at 30°C overnight. The yeast cells were then harvested and transferred to SC selective 

medium containing 2% galactose for induction of αSyn expression to final OD600 = 3 

and grown for 6 hours. After the incubation, OD was measured again and the amount 

of the yeast cells, corresponding to OD600 = 3 was harvested by centrifugation at 4000 

rpm for 3 minutes at 4°C. The cell pellet was then resuspended in 1 ml of ice-cold water 

and 150 µl NAOH/BME (138.75 µl 1.85M NaOH, 7.5% (11.25 µl) BME (2-

mercaptoethanol) was added. The cells were kept on ice for 15 minutes and mixed 
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occasionally. Afterwards 150 µl 55% TCA (55% (w/v) trichloroacetic acid in H2O) was 

added and the cells were incubated on ice for 10 minutes. Following centrifugation at 

20000 rpm for 15 minutes at 4°C, the supernatant was removed and the cell pellet was 

resuspended in 100 µl HU buffer (200 mM Tris buffer, pH 6.8, 8 M urea, 5% w/v SDS, 

1 mM EDTA, 100mM DTT (or 1.5% DTT powder) added freshly). Finally, the samples 

were denatured at 65°C for 10 minutes. 

Isolated protein extracts were analyzed by loading on a SDS-polyacrylamide gel and 

separation by electrophoresis as described in section 2.2.4.5. 

 

2.2.4.2. Cycloheximide chase experiment  

Cycloheximide chase assays are performed to determine the degradation rate and 

protein turnover kinetics over a defined period of time, dependant on a protein half-life. 

The addition of cycloheximide inhibits ribosomal translocation and thus translation in 

the cell is arrested (Buchanan et al, 2016). Strains used for the procedure were first 

incubated overnight in a selective SC medium containing 2% raffinose and then 

switched to galactose containing SC selective medium for 6-hour expression of αSyn. 

Cells were then treated with 50 μg/ml cycloheximide and samples were collected at 

indicated time points after addition of cycloheximide. Afterwards, samples were 

subjected to protein extraction and western blot analysis. 

 

2.2.4.3. Determination of protein concentration  

To determine protein concentrations in protein extraction samples, the Bradford protein 

concentration assay was used, in which an absorption shift from maximum of 465 nm 

to 595 nm is monitored (Bradford, 1976). For measurement preparation, 0 μl, 1 μl, 4 

μl, 10 μl, 15 μl, and 20 μl of bovine serum albumin (BSA, Albumin Fraktion V, Carl Roth 

GmbH & CO KG) were mixed with 200 μl of 1:5 diluted Bradford reagent (Roti®-Quant, 

Carl Roth GmbH & CO. KG) to generate a standard curve. 2 μl of protein extracts were 

mixed with the same amount of diluted Bradford dye and both BSA and protein extracts 

were applied on a 96-well microtest plate which was then inserted into an Infinite M200 

microplate reader (TECAN Group Ltd.) to measure extinction at 595 nm. All samples 

were prepared in triplicates. 
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2.2.4.4. Trichloroacetic acid protein precipitation  

Treatment with 2,2,2-trichloroacetic acid (TCA) is commonly used to precipitate soluble 

proteins from aqueous solution. TCA induces protein precipitation by promoting 

hydrophobic aggregation (Sivaraman et al, 1997). For the protein precipitation, 100% 

TCA solution (500 g TCA in 350 ml dH2O) was applied to the protein sample at a ratio 

of 1:4 and incubated at 4°C for 10 minutes. The mixture was then centrifugated at 

13000 rpm for 5 minutes at 4°C, the supernatant was removed, and the protein pellet 

was rinsed with ice-cold acetone. The protein precipitate was then centrifuged at 13000 

rpm for 5 minutes at 4°C and washing with acetone was repeated. The precipitate was 

dried at 95°C for 5 minutes and dissolved in 3x sample buffer. After the protein 

precipitates were boiled at 95°C for 10 minutes, the samples were stored at -80°C or 

used for follow-up procedures. 

 

2.2.4.5. SDS-polyacrylamide gel electrophoresis   

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is an electrophoretic method 

that separates proteins according to their molecular weight by denaturing the proteins 

and consequently coating them with a negative charge (Laemmli, 1970). Protein 

charge as well as three-dimensional folds are imposed by of SDS. For this reason, 

proteins are separated on the basis of mass rather than charge. The SDS vertical gel 

used to separate proteins consists of a stacking gel and a separating gel. The stacking 

gel contains 5% polyacrylamide and enables proteins to migrate rapidly until they reach 

the separation gel containing 12% polyacrylamide. These concentrations of 

polyacrylamide are suitable for the separation of medium sized proteins. In order to 

prepare the SDS-PAGE gel, the separating gel (2.5 ml of 1.5 M Tris-HCl / 0.4% (w/v) 

SDS [pH 8.8], 3.5 ml of dH2O, 4 ml of acrylamide solution [30% acrylamide, 0.8% 

bisacrylamide], 30 μl of APS [10% (w/v)], 15 μl of TEMED) was first poured and 

covered with isopropanol. The isopropanol was removed after complete polymerization 

of the separation gel and the stacking gel (1.5 ml 500 mM Tris-HCl / 0.4% (w/v) SDS 

[pH 6.8], 3.9 ml dH2O, 0.6 ml acrylamide solution [30% acrylamide, 0.8% 

bisacrylamide], 40 μl APS [10% (w/v)], 20 μl TEMED) was poured over the separation 

gel. Depending on the volume and number of samples, a 1 mm or 1.5 mm 10-well 

comb or 15-well comb was placed into the stacking gel. Protein samples were mixed 

with 6x sample buffer and denatured at 95°C for 10 minutes before loading onto the 



 Materials and methods
  
 

43 
 

gel. Electrophoresis was conducted in running buffer (25 mM Tris base, 250 mM 

glycine, 0.1% (w/v) SDS) using a Mini-PROTEAN® 3 Cell and a Bio-Rad Powerpac 

300 (Bio-Rad Laboratories) at 100 V until the samples reached the end of stacking gel. 

The electrical current was then increased to 200 V and electrophoresis was conducted 

until the blue band of 6x sample buffer flowed out of the gel. To monitor protein 

separation, PageRuler Prestained Protein Ladder (10 to 180 kDa, Thermo Fisher 

Scientific) was applied. 

 

2.2.4.6. Protein immunoblotting  

The protein immunoblotting technique is applied for the identification of particular 

proteins in a protein mixture by specific antigen recognition provided by antibodies on 

a carrier membrane. Proteins separated in the SDS-PAGE gel were electrophoretically 

transferred on a nitrocellulose (AmershamTM ProtranTM 0.45 μm NC, GE Healthcare) 

for immunoblotting (Towbin et al, 1979). Transfer was carried out in transfer buffer (25 

mM Tris base, 192 mM glycine, 0.02% (w/v) SDS) containing 20% methanol with a 

Mini Trans-Blot® electrophoresis cell (Bio-Rad Laboratories). The proteins have a 

strong negative charge due to prior treatment with SDS. When 100 V electric current 

is applied to the blotting device for 1,5 hours, the proteins migrate to the anode, 

allowing them to be transferred to the membrane. Transfer control was performed with 

Ponceau S agent immediately after transfer was completed (Gallagher et al, 1998). 

Ponceau S agent was then washed from the membrane, which was subsequently 

blocked with 5% milk powder in TBST buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 

0.05% (v/v) tween-20) for 1 hour. Proteins from the milk block free binding sites on the 

membrane which prevents direct binding of an antibody to the membrane. The primary 

antibody, diluted in TBST buffer with 5% milk powder, was then applied on the 

membrane and incubated with the membrane overnight at 4°C. After the primary 

antibody was removed, the membrane was washed with TBST buffer three times for 

10 minutes. Subsequently, a secondary antibody diluted in TBST buffer with 5% (w/v) 

milk powder was applied on the membrane and incubated for 1 hour. Secondary 

antibodies bind specifically to the primary antibody and are conjugated to horseradish 

peroxidase. The primary and secondary antibodies that were used in this study are 

listed in Tables 8 and 9. The unbound antibody was removed by washing the 

membrane as described above and the proteins were detected by Enhanced 
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Chemiluminescence (ECL) technique. ECL solution (1 ml 1 M Tris [pH 8.5], 9 ml dH2O, 

45 μl paracoumaric acid [400 mM in DMSO], 100 μl luminol [250 mM in DMSO], 1 ml 

1 M Tris [pH 8.5], 9 ml dH2O, 6.2 μl H2O2) was applied on the membrane immediately 

after preparation and incubated for 2 minutes. This initiated the enzymatic reaction of 

horseradish peroxidase. This enzyme catalyzes the electron transfer from H2O2 to the 

luminol substrate, which then converts into a light-releasing substrate. Subsequently, 

the membrane was placed in foil and exposed in the dark on an AmershamTM 

HyperfilmTM-ECL (GE Healthcare) at intervals of several seconds and several 

minutes, leading to the imaging of chemiluminescence signals on the film. The 

detected bands were quantified using image processing software ImageJ (Wayne 

Rasband, National Institutes of Health). Prior using the membrane for incubation with 

another antibody, the ECL solution was removed my washing with TBST buffer and 

the antibodies were removed by incubation of the membrane in 10 ml of stripping 

solution (50 mM Tris-HCl [pH 7.0], 2% (w/v) SDS, 50 mM DTT) at 60°C for 30 minutes. 

The membrane was then washed again with TBST buffer, and free binding sites on the 

membrane were blocked by incubating the membrane in TBST buffer containing 5% 

(w/v) milk powder for at least 1 hour. 

 

2.2.4.7. Glycerol gradient analysis 

Prior to the experiments, yeast cell lysis with glass beads was performed (see section 

2.2.4.1.). The cells were lysed in R-buffer (50 mM Tris-HCl [pH 7.5], 1 mM EDTA [pH 

8.0], 5 mM DTT) containing 2 mM ATP (Enzo Life Science, Inc.) and 5 mM MgCl2 for 

preservation of the 26S proteasome complexes. The cells extracts (2 mg) were 

separated into 20 x 500 ml fractions by centrifugation at 24500 rpm for 22 hours at 4°C 

(Sorvall™ WX80 Ultracentrifuge with TH-641 rotor; Thermo Fisher Scientific) in 8-32% 

(v/v) glycerol linear gradient in 25 mM Tris-HCl buffer (pH 7,5) containing 1 mM DTT, 

2 mM ATP and 5 mM MgCl2 using Foxy Jr. Fraction Collector, Optical Unit Type 

11, Absorbance Detector UA-6, TRIS™ Pump (Teledyne Isco) and Gradient Master 

108 (BioComp Instruments). The fractionation was visualized with Peak Track 1 

(Teledyne Isco) software. After fractionation, 50 µl of the individual fractions were used 

for assay of Suc-LLVY-AMC hydrolysis (see section 2.2.4.8). 
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2.2.4.8. Proteasomal Activity Assay 

Peptidase activity was measured using a fluorescent peptide substrate Suc-LLVY-

AMC (Enzo Life Science, Inc.) at a final concentration of 100μM. A low concentration 

of SDS (0,025%) was used as an artificial activator of 20S proteasomes that are usually 

latent in cells. The degradation of fluorogenic peptide was measured by continuously 

monitoring the fluorescence of the reaction product, free 7-amino-4-methylcoumarin 

(AMC). The assay was performed in a protein extraction buffer supplemented with 2 

mM ATP (Enzo Life Science, Inc.). The rate of fluorescence increase was measured 

using a TECAN Infinite 200 microplate reader (Tecan Group Ltd., Männedorf, 

Switzerland) at 37°C for 30 minutes by the fluorescence excitation at the wavelength 

350 nm and the emission at the wavelength 440 nm. The values were expressed in 

arbitrary units. 

 

2.2.5. Phenotypical characterization  

2.2.5.1. Spotting assay  

Spotting assays were performed to analyze growth of yeast strains on a solid medium. 

Cells were cultured in selective SC medium with 2% raffinose at 30°C overnight. After 

cells were normalized to equal density (OD600 equal to 0.1), a series of 10-fold dilutions 

(10-1, 10-2, 10-3, 10-4) were prepared and spotted in a volume of 10 μl onto selective 

SC agar plates supplemented with 2% glucose or 2% galactose. Growth of strains 

derived from the yTHC collection was additionally observed in the presence of 

doxycycline (10 μg/ml).  The growth rate intensity was documented after 2-3 days of 

incubation at 30°C.  

 

2.2.5.2. Fluorescence microscopy  

To perform fluorescence microscopy, cells were pre-cultured in selective SC medium 

containing 2% raffinose at 30°C overnight and inoculated into SC medium containing 

2% galactose to an OD600 of 0.1 and grown for another 5 hours. 200 μl of cells were 

then subjected to fluorescence microscopy. Fluorescence images were acquired using 

a Zeiss Axio Observer microscope at 63x magnification. Z1 (Zeiss) equipped with a 

CSU-X1 A1 confocal scanner unit (Yokogawa), a QuantEM:512SC digital camera 

(Photometrics), and the SlideBook 6.0 software package (Intelligent Imaging 
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Innovations GmbH) were used. The filter used was s488G, s561R or 405qUV, 

depending on the fluorescence agent. For quantification of αSyn aggregation, at least 

300 cells were counted for each strain, and the number of cells showing αSyn 

aggregation was referred to the total number of cells counted.  

Cell staining with calcofluor white was performed to visualize chitin within the cells of 

Tet-RPN11 strain. One drop of white Calcofluor White Stain (Sigma-Aldrich) and one 

drop of 10% potassium were added to the cells. The mixture was incubated for 1 

minute and visualized with microscopy. 

Hoechst-staining (Thermo Fisher Scientific) was performed to visualize DNA within 

Tet-RPN11 cells. The cells were fixed for 1 hour at 23°C with 37% formaldehyde to a 

ratio of 1:10. Afterwards, they were centrifuged at 2000 rpm for 2 minutes and washed 

2 times with H2O. The cells were resuspended in 200 μl H2O and visualized with 

microscopy. 

Time-lapse fluorescence microscopy was performed with a CellASIC® ONIX 2 

microfluidic device (Merck, NJ, USA).  The cells were precultured in SC selective 

medium with raffinose, diluted to an OD600 of 0.1 in a total volume of 1 ml and loaded 

into a Y04C-02 microfluidic yeast plate (Merck, NJ, USA). The plate comprised four 

culture chambers for three-dimensionally trapping yeast cells. This allowed 

simultaneous observation of individual cells from different strains over time. The 

system was operated by the connected CellASIC® ONIX2 software (Merck). Default 

cell loading sequences applying a pressure of 55.1 kPa for 5 seconds were run until 

sufficient number of cells were observed within the culture chambers. Images were 

acquired every hour at preset XY-positions using autofocusing with the Differential 

Interference Contrast (DIC) channel.   

 

2.2.5.3. Flow cytometry  

Yeast cells were pre-cultured in selective SC medium containing 2% raffinose at 30°C 

until mid-logarithmic phase was reached. Expression of αSyn in tFT-strains was 

induced for 6 hours in SC medium supplemented with 2% galactose. Prior to flow 

cytometry measurement, cells were rinsed and resuspended in 50 mM trisodium citrate 

buffer, pH 7.0. Flow cytometry was performed with a BD FACSCANTO II instrument 

(Becton Dickinson, Franklin Lakes, NJ, USA). A total of 10000 events were counted in 
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each experiment.  Data was analyzed with BD FACSDIVA software (Becton Dickinson, 

Franklin Lakes, NJ, USA). 

 

2.2.5.4. Growth analysis in liquid culture  

For growth studies in liquid cultures, cells were pre-cultured in selective SC medium 

containing 2% raffinose at 30°C overnight. Subsequently, the overnight cultures were 

shift to SC medium containing 2% galactose at the final OD600 density of 0.1 for 

induction of αSyn expression. Measurements of optical density for 200 μl cell cultures 

were performed in triplicate in 96-well plates for 48 hours using a microplate reader 

(Infinite® M200, Tecan Group). 

 

2.2.5.5. Whole colony measurement 

For whole colony measurement, cells were inoculated in a SC selective medium 

containing 2% raffinose in a 96-well plate at 30°C overnight. The next day, the cells 

were pinned on a solid SC selective medium containing 2% galactose plate with and 

without doxycycline. The cells were further grown at 30°C. The measurement was 

performed with the Tecan reader "Infinite M200" with wavelengths of sfGFP and 

mCherry after 48 hours. 

 

2.2.5.6. Promoter shut-off assay  

Promoter shut-off analysis was performed to examine the capacity of yeast cells for 

degradation of αSyn. Yeast cells were pre-cultured in selective SC medium containing 

2% raffinose overnight and transferred to selective SC medium containing 2% 

galactose to induce αSyn expression for 4 hours. The cells were then transferred to 

selective SC medium containing 2% glucose for the promoter shut-off. The cells were 

visualized by fluorescence microscopy 4 hours after the promoter was shut-off and a 

reduction in the number of cells with αSyn inclusions was registered. To impair the 

proteasomal degradation system, carbobenzoxyl-leucine-leucine (MG132, Selleck 

Chemicals) dissolved in dimethylsulfoxide (DMSO) at a final concentration of 75 μM 

was added to the cell suspension. Equal volume of DMSO was administered to the 

cells in parallel as a control. When MG132 drug was used, galactose-containing 
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induction medium and glucose-containing shut-off medium were supplemented with 

0.003% (w/v) SDS and 0.1% (w/v) proline (Liu et al, 2007). 

 

2.2.6. Statistical analysis  

All data were analyzed with GraphPad Prism 6 software (San Diego, USA) and 

presented as means ± SEM from at least three independent experiments. The 

significance of differences was calculated using Student's t-test or one-way ANOVA 

with Bonferroni's multiple comparisons test. It was considered that a p value < 0.05 

indicated a significant difference. 
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3. Results 

 

3.1. Tandem fluorescent protein timer monitoring reveals that 

expression of p129 α-synuclein has greater impact on protein 

stabilization in yeast than its non-phosphorylated variant S129A 

Misfolding and aggregation of αSyn disturb cellular proteostasis. The exact molecular 

mechanisms of these processes are an important current subject of research. 

Increased amounts of toxic or aggregated αSyn species overload the cellular 

proteostasis network. These effects depend not only on the levels of αSyn, but also on 

the impact of αSyn proteins on other constituents of the proteostasis network. 

Increased αSyn decreases the abundance of 26S proteasomes and alters the levels 

of ubiquitin conjugates (Popova et al, 2021a). This raises the question whether the 

αSyn-mediated alteration of proteostasis is a consequence of altered protein stability. 

Consequently, it brings into question, which proteins are altered in their stabilities by 

αSyn. In addition, the molecular functions of αSyn PTMs in this process have to be 

addressed with a specific focus to the residue S129, which is essential for αSyn 

turnover. 

A novel type of tandem fluorescent protein timer (tFT) was applied to answer these 

questions. This timer served as a measure for protein age and stability upon 

expression αSyn and its phosphorylation deficient variant, S129A. 

 

3.1.1. Tandem fluorescent protein timers enable in vivo analysis of protein 

dynamics  

Tandem fluorescence protein timer (tFT) fusion genes were constructed and employed 

as a tool to monitor stabilities of marked cellular yeast proteins upon expression of 

either αSyn or its phosphorylation-deficient S129A variant. tFT is a tandem fusion of 

mCherry and superfolder green fluorescence protein (sfGFP). These two fluorescent 

proteins possess distinct kinetics of fluorophore maturation. This results in different 

quantitative read-outs corresponding to the age, abundance and localization of 

different proteins, which is reflected by traffic-light like color changes from green to 
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yellow to red over time (Khmelinskii et al, 2012) (Figure 5). The fluorophore of sfGFP 

matures rapidly and becomes green-fluorescent shortly after protein translation is 

completed (Figure 5A). In contrast, the fluorophore of mCherry matures slowly and the 

protein takes much longer than sfGFP to become red-fluorescent. The fluorescence 

intensities of the two proteins can be monitored and quantified independently of each 

other in vivo. The difference in mCherry fluorescence compared to sfGFP fluorescence 

intensity allows to measure differences in steady-state yeast protein stability: a 

decrease of the intensity ratio indicates an increase of the degradation rate of the tFT-

fusion protein, and vice versa. 

 

 
Figure 5. Tandem fluorescence timer labeled proteins report on their turnover 
kinetics.  
(A) Schematic diagram depicting a C-terminally tFT-tagged ORF and maturation steps 
of tFT. The tFT is composed of a faster-maturing green sfGFP (1) and slower-maturing 
red fluorophore mCherry (2). The ratio of both fluorescence intensities reports on the 
stability of the tagged protein. Maturation of both fluorophores leads to yellow 
fluorescence signal. (B) Fluorescence microscopy time series of yeast cells expressing 
single copy αSyn-tFT. The cells were trapped in a microfluidic device and the merge 
images show cells at the indicated time points after GAL1 promoter-mediated induction 
of αSyn-tFT expression. Scale bar = 5 μm. 
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Fluorescence microscopy can be used to visualize the age-dependent subcellular 

localization and maturation of tFT-fused protein, as exemplified in Figure 5B. Cells, 

expressing αSyn-tFT were trapped in a microfluidic device and the maturation of the 

fluorescent timer was followed within single cells with time. The pool of mCherry-sfGFP 

molecules was mostly green-fluorescent shortly after protein induction and gradually 

acquired yellow as intermediate color to finally reach red fluorescence over time. This 

corroborates that the ratio of red to green fluorescence is a function of the age of the 

corresponding yeast protein pool. 

 

3.1.2. High-throughput screening for proteins with changed turnover upon 

α-synuclein expression 

A high-throughput assay based on tFTs was performed to characterize the impact of 

αSyn expression on protein dynamics in yeast. The aim was to identify cellular 

pathways and candidate proteins whose stability is affected by the heterologous 

expression of αSyn. This was realized by conducting a high-throughput screening 

using a yeast library based on C-terminal tagging of proteins with this tandem 

fluorescent protein timer (tFT-library) and simultaneously expressing αSyn. 

Furthermore, the role of phosphorylation at S129 as the major PTM of αSyn and its 

contribution to the disturbance of protein homeostasis was investigated by performing 

a second screening for comparison with the phosphorylation deficient S129A variant. 

The employed yeast library consisted of 4044 strains, where each strain harbors a 

distinct tFT-tagged open reading frame (Khmelinskii et al, 2014). Query strains either 

conditionally expressing the αSyn-encoding gene or the S129A variant, as well as the 

empty vector as control were generated in the yMaM1234 background. The query 

strains harbored two copies of αSyn or S129A encoding genes driven by a regulatable 

GAL1 promoter, as expression from two gene copies is under the toxicity threshold, 

which enables similar growth and allowed to perform the screen under equal 

conditions. A spotting test of the query strains under inducing (galactose; “αSyn-ON”) 

and non-inducing (glucose; “αSyn-OFF”) conditions verified as control that expression 

of two copies of the genes did not affect yeast growth (Figure 6A). Immunoblotting with 

crude protein extracts from the two strains confirmed equal protein levels of αSyn and 

S129A within the corresponding yeasts (Figure 6B).  
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Each of the three query strains was crossed with the yeast tFT-library. Synthetic 

genetic array methodology (SGA) was used for generation of haploid double mutant 

strains (Tong & Boone, 2006). The SGA is an automated procedure, where an ordered 

array of yeast mutant strains is mated to a query strain using robotic pinning, followed 

by a series of replica-pinning procedures for selection of haploid double mutant strains. 

This resulted in generation of yeast strains, simultaneously expressing a single tFT-

ORF either with αSyn, S129A or empty vector. Finally, the cells were combined in 

1536-colony format with four technical replicates of each clone and pinned on selection 

plates containing 2% galactose in order to induce GAL1-driven αSyn expression. 

The plates were grown for 20 hours and 44 hours respectively at 30°C. Fluorescence 

intensities of mCherry and sfGFP signals of all colonies were measured after the two 

time points using an Infinite M1000 Pro microplate reader (Tecan). Colony 

segmentation was performed from previously taken plate images in order to determine 

the location of empty spots and colonies with atypical growth that were excluded from 

further evaluation. Subsequently, SGA quality check was conducted using control non-

fluorescent strains. A total of 2620 tFT-strains passed the stringent quality control and 

were further quantified.  

The ratios of mCherry/sfGFP fluorescence intensities of αSyn or S129A expressing 

strains were calculated and compared to the control. A total of 377 unique proteins 

were identified with significantly changed stability upon αSyn or S129A expression 

compared to the control strain (Table S1 to Table S3). Among them, there was an 

overlap of 49 proteins, which were affected in stability by both αSyn as well as the 

S129A variant. 318 of a total of 367 proteins had specifically changed stability upon 

αSyn expression. A total of 59 proteins was changed by expression of S129A, including 

ten proteins, which were exclusively affected by S129A (Figure 6C). These data reveal 

that the impact of αSyn (with intact S129 phosphorylation site) on the changes of 

protein stability is by far more significant than that of S129A.  
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Figure 6. Expression of αSyn has higher impact on yeast protein stabilities than 
the non-phosphorylated S129A variant.  
(A) Growth assays of yeast cells expressing GAL1-driven αSyn from two genomically 
integrated copies in yMaM1234 background, used as query strain in the tFT collection 
screen, with empty vector as control. Cells were spotted in 10-fold dilutions on selective 
plates containing glucose (αSyn-OFF) or galactose (αSyn-ON). (B) Immunodetection 
of proteins from (A) using αSyn-specific and pS129-specific antibody. GAPDH antibody 
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was used as a loading control. (C) Venn diagram depicting unique und shared 
proteome between pairwise comparisons of αSyn or S129A to the control (empty 
vector). (D) Spatial Analysis of Functional Enrichment (SAFE) 
(http://www.thecellmap.org) analysis of hits from (C). Specific biological processes that 
are enriched upon αSyn expression (green) or S129A expression (blue) are depicted 
on the network map. 1 - DNA replication and repair; 2 - mitosis; 3 - mRNA processing; 
4 - nuclear transport; 5 - mitochondria; 6 - glycosylation and protein folding; 7 -
transcription. 

 

3.1.3. Analysis of selected yeast proteins with changed stability upon α-

synuclein expression 

Individual strains from the tFT-collection were chosen and investigated as further proof 

of concept. Especially, the impacts of αSyn or S129A expression on protein stabilities 

of proteins from selected candidate genes from the tFT-screen with most significant 

changes were further examined. Additional selection criteria included corresponding 

candidate genes, which possess a human homologue, representatives of different 

functional categories and proteins, which are specifically affected in stability by either 

αSyn or S129A expression. 

The tFT library is based on a yeast strain harboring a conditional expression of a I-

SceI endonuclease with upstream CYC1 terminator which prevents expression of 

sfGFP within the tFT tag. This endonuclease has no endogenous target in S. cerevisiae 

and targets an auxiliar marker encoding orotidine-5'-phosphate decarboxylase (URA3) 

which disrupt mCherry sequence within the tFT tag. The resulting double-strand break 

caused by I-SceI is repaired by homologous recombination between the N-terminal 

sequence of the first truncated copy of mCherry and the second sequence encoding 

the N-terminal sequence of full-length mCherry. Consequently, clones that have 

successfully excised the URA3 marker exhibit both red and green fluorescence 

because sfGFP expression is no longer being prevented by upstream CYC1term 

(Khmelinskii et al, 2014, Kmelinskii et al, 2011).  

After excision of URA3 from tFT-ORF, the strains were transformed de novo with αSyn 

or S129A encoding plasmids or empty vector as a control. The strains were examined 

with fluorescence microscopy and immunoblotting analysis as a control to verify the 

steady-state protein level of tFT fusions and αSyn (Figure S1 and Figure S2).  
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Several top hits from the screening were verified with flow cytometry (Figure 7). Flow 

cytometry confirmed the results obtained in tFT-screen and showed that expression of 

αSyn affects protein stability either by increasing or decreasing it. Furthermore, it was 

corroborated that the effect of αSyn expression is considerably more profound in 

comparison to that of the S129A phosphorylation deficient variant. 

 

Figure 7. Fluorescence intensity ratios from flow cytometry data confirms 
results obtained in tFT-screen.  
Flow cytometry was conducted with selected tFT-strains expressing αSyn, S129A or 
empty vector control. Intensity of fluorescence signal derived from mCherry and sfGFP 
was measured for 10000 single cells. mCherry/GFP ratio was calculated for each of 
the three replicates. Control/αSyn and Control/S129A ratios were calculated. 
Significance of differences was calculated with t-test versus control cells (*p < 0.05; 
**p < 0.01; ***; p < 0.001). R1/R2 indicates ratio mCherry/GFP of control cells (R1) to 
ratio mCherry/GFP of αSyn or S129A expressing cells (R2) in log2. 

 

3.1.4. Proteasome chaperone Rpn14 is stabilized upon expression of α-

synuclein 

Two top candidate genes with opposing effects on stabilites of their resulting proteins 

were examined in more detail to further validate the tFT-screening. The stability of the 

Pol30 protein was decreased, whereas stability of Rpn14 was increased in presence 

of either αSyn or S129A in yeast cells (Figure S3 and Figure 7).  

Pol30 represents an auxiliary protein of DNA polymerase and is involved in DNA repair. 

Fluorescence microscopy and cycloheximide chase experiments corroborated the 
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decreased Pol30 stability observed by the tFT-screening and flow cytometry (Figure 

S3).  

One of the genes identified in the screening for top candidates of a stabilized protein 

was Rpn14. The proteasome-interacting protein Rpn14 is directly involved in protein 

homeostasis and acts as chaperone in 26S proteasome assembly. Rpn14 binds to the 

free 19S RP and helps to dissociate from 20S core by shifting the equilibrium 

proteasome assembly to disassembly as a negative regulator by interacting with with 

Rpt6 and Rpt4 base subunits (Park et al, 2009; Roelofs et al, 2009; Park et al, 2005; 

Shirozu et al, 2015) (Figure 4 and Figure 8A).  

Live cell fluorescence microscopy of yeast cells expressing Rpn14-tFT and GAL1-

driven αSyn or S129A confirmed the results obtained in the genomic screening as well 

as flow cytometry. The ratios of mCherry to sfGFP fluorescence signal indicated 

stronger effect on Rpn14 stabilization upon expression of αSyn versus expression of 

S129A (Figure 8B-D). 

The effect of αSyn expression on the stability of Rpn14 was assessed using 

cycloheximide-chase experiments (Figure 8E, F). Rpn14 tagged with GFP was used 

for this experiment in order to avoid the rather big tFT-tag. Yeast cells were treated 

with the translational inhibitor cycloheximide to arrest de novo protein synthesis after 

6 hours αSyn expression. This procedure allows visualization of the degradation 

kinetics of the steady-state population of cellular proteins. Samples were taken at 0 

hours time point, after 2 hours and 4 hours of cycloheximide treatment. The levels of 

Rpn14-GFP protein were evaluated by immunoblot analysis. Increased stability of 

Rpn14-GFP was observed upon expression of αSyn, whereas expression of S129A 

decreased the stability of Rpn14-GFP.  

The same results were obtained in live-cell fluorescence microscopy in which yeast 

cells were trapped in microfluidic device and treated with cycloheximide (Figure 8G, 

H). αSyn and S129A were expressed from a GAL1 promoter and abundance and 

degradation kinetics of Rpn14-tFT were followed in vivo by measurement of sfGFP 

signal for 25 hours. Increased stability of Rpn14 was observed upon expression of 

αSyn. These data corroborate the results from the screen and flow cytometry and 
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reveal that expression of αSyn significantly increases Rpn14 stability and that 

phosphorylation at S129 promotes this effect.  

 
  

Figure 8. Expression of αSyn increases the stability of Rpn14. 
(A) Schematic diagram depicting Rpn14 as 26S proteasome chaperon interacting with 
base subunits Rpt6 and Rpt4, which directs them to the core particle and interaction 
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between Rpt and α-subunit leads to displacement of the chaperone. (B) Live cell 
fluorescence microscopy of yeast cells, expressing Rpn14-tFT and GAL1-driven αSyn 
or S129A from 2 µm plasmid. Protein expression was induced for 6 h in galactose-
containing medium prior to microscopy. Control cells are transformed with empty 
vector. Scale bar: 5 µm. (C) Quantification of the fluorescence signal in cells from A. 
The GFP and mCherry fluorescence was measured using SlideBook6 software. For 
each individual cell the ratio mCherry/GFP was calculated. The bars represent mean 
values ± SD. Significance of differences was calculated with t-test versus control cells 
(***, p < 0.001; *, p < 0.01; n = 100). (D) Scatterplot of the intensity of all pixels in GFP 
channel versus the intensity of all pixels in mCherry channel. The points within the 
scatterplot are colored blue to red, where dark blue represents single pixel events and 
red represents many pixels with identical intensity values for both channels. The black 
line in the scatterplot represents a linear regression of the data in the 2D histogram. 
The slope of the line is related to the correlation of the two signals. r (Pearson’s 
Correlation Coefficient) indicates the extent to which the two variables (green and red 
fluorescence) are linearly related. A slope of 1 is defined as perfectly correlated signals 
where the intensity of both is proportionate in each channel at a given pixel. A slope of 
0 is defined as random correlation. (E) Immunoblot analysis of Rpn14-GFP treated with 
cycloheximide. Cells expressing GAL1-driven αSyn or S129A or empty vector control 
from 2 µm plasmid were induced for 6 h in galactose-containing medium prior to 
treatment with 50 μg/mL cycloheximide to stop de novo protein synthesis. 
Immunoblotting analysis was performed at the indicated time points after addition of 
cycloheximide with GFP antibody. Ponceau was used as a loading control. (F) 
Densitometric analysis of the immunodetection of the GFP signal. The GFP signal was 
normalized to each individual signal at 0 h. The significance of the differences was 
calculated with t-test (*, p < 0.05; **, p < 0.1). (G) Quantification of sfGFP fluorescence 
signal of Rpn14-tFT strain from fluorescence microcopy with microfluidic device. Yeast 
cells were trapped in the microfluidic device and expression of αSyn or S129A from 2 
µm plasmid was induced for 6 h in galactose-containing medium prior to treatment with 
50 μg/mL cycloheximide. Abundance and degradation kinetics of Rpn14-tFT were 
recorded in vivo by measurement of sfGFP signal for 25 h following cycloheximide 
treatment. The sfGFP signal was normalized to each individual signal at 0 h (n = 40). 
(H) Quantification of fold decrease of sfGFP signal from (G) after 14 h of cycloheximide 
treatment. Significance of differences was calculated with t-test versus empty vector 
(EV) control cells (**, p < 0.01; n = 30). 

 

3.2. High level of Rpn14 is deleterious to yeast cells and enhances α-

synuclein induced growth retardation 

The consequences of the increased stability of Rpn14 for yeast cells were assessed 

in more detail. We hypothesized that the αSyn-induced toxicity might be connected 

with the stabilization of the proteasome chaperone. To examine this, different 

expression levels of RPN14 were studied in yeast cells: (i) RPN14 at its native level; 

(ii) elevated level (from a low copy CEN plasmid); (iii) high level (from a high copy 2 μ 
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plasmid); (iv) or RPN14 deletion strain. The impact of different RPN14 expression 

levels was examined by yeast growth assays. Additionally, simultaneous expression 

of αSyn, S129A or empty vector control was studied. Expression of RPN14 at its native 

level and from a low copy plasmid did not influence yeast cell growth (Figure 9A). Also, 

deletion of RPN14 does not affect cell growth, regardless of αSyn or S129A expression 

(Figure 9B). The same results were obtained when the cells were grown in liquid 

selective medium (Figure 9C, D).  

 

Figure 9. Low Rpn14 protein levels do not affect α-synuclein induced yeast 
growth retardation.   
(A) Growth assay of yeast cells expressing GAL1-driven αSyn or S129A from a 2 µm 
plasmid and RPN14 from a low copy CEN plasmid in wild type (WT) yeast strain. (B) 
Growth assay of yeast cells expressing GAL1-driven αSyn or S129A in Δrpn14 yeast 
strain. Cells were spotted in 10-fold dilutions on selective plates containing glucose 
(αSyn-OFF) or galactose (αSyn-ON). The plates were incubated at 30°C for 5 days. 
(C) Cell growth comparison of yeast cells expressing GAL1-driven αSyn or S129A and 
RPN14 from a low copy plasmid (CEN) in wild type (WT) yeast strain in liquid selective 
medium containing galactose. (D) Cell growth comparison of yeast cells expressing 
GAL1-driven αSyn or S129A in Δrpn14 yeast strain in liquid selective medium 
containing galactose. Error bars indicate standard deviations of three independent 
experiments. 
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The effect of different RPN14 expression levels on αSyn toxicity was analyzed in 

strains with defined copy number of αSyn-encoding gene (Figure 10). Expression of 

RPN14 from a low copy CEN plasmid did not affect growth of cells, expressing αSyn 

from one, two or three gene copies, similar to the previous observations. However, 

when RPN14 was expressed from a high copy plasmid it enhanced αSyn-induced 

growth retardation upon expression of two copies of αSyn (Figure 10B). No difference 

in growth was observed when αSyn was expressed from one gene copy, which does 

not cause growth retardation. Expression from three copies of αSyn was above the 

toxicity threshold, as already reported (Petroi et al, 2012).  

 

Figure 10. High Rpn14 protein levels are harmful to yeast cells and enhance α-
synuclein induced growth retardation.  
(A) Growth assay of yeast cells expressing GAL1-driven αSyn-GFP from one (1x), two 
(2x) or three (3x) gene copies and RPN14 from a low copy plasmid (CEN) or a high 
copy plasmid (2μ) and (B) yeast with empty vector (EV) as a control. Cells were spotted 
in 10-fold dilutions on selective plates containing glucose (αSyn-OFF) or galactose 
(αSyn-ON). The plates were incubated at 30°C for 5 days. 
 

These results reveal that high levels of the proteasomal chaperon Rpn14, which 

promotes disassembly of the 26S particle enhances αSyn mediated growth retardation. 

This supports that increased stability of Rpn14 upon αSyn expression mediates toxicity 

and inhibits cellular growth. 

 

3.3. Rpn14 increases the toxicity of α-synuclein upon stress 

Rpn14 has a redundant function with Nas6, another proteasome chaperone. Nas6 

binds to the Rpt3 base subunit (Funakoshi et al, 2009; Saeki et al, 2009). The 

chaperone Nas6 antagonizes both lid-base association and base-CP association, and 
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the site-specificity of Nas6 activity depends on the nucleotide state of the base. Upon 

blocked ATP hydrolysis, Nas6 disrupts base-lid association and does not interfere with 

base-CP association, and vice versa. Nas6 provides a precisely regulated mechanism 

to organize proteasome assembly events over time (Li et al, 2017). Deletion of RPN14 

or NAS6 alone does not change the accumulation of polyubiquitinated proteins. 

However, double deletions result in significant accumulation of polyubiquitinated 

proteins, confirming their redundant function and suggesting that both Nas6 and Rpn14 

are important for the degradation of ubiquitinated proteins (Funakoshi et al, 2009; 

Saeki et al, 2009). Furthermore, a Δrpn14Δnas6 double-deletion mutant stain shows a 

severe growth defect at 37°C (Saeki et al, 2009).  

The impact of the deletion of RPN14 or NAS6 on yeast cell growth was examined at 

30°C, 33°C and 37°C in order to elucidate, if the observed enhancement of αSyn 

toxicity by high protein level of Rpn14 is specific for this chaperon (Figure 11A). In 

addition, double-deletion mutant Δrpn14Δnas6 was generated. Single deletion of 

either chaperon did not affect yeast cells growth, regardless the temperature. Growth 

retardation was observed upon deletion of both of chaperons at 37°C. 

Wild type yeast strain, Δrpn14 strain, Δnas6 strain and the double deletion 

Δrpn14Δnas6 strain were transformed with plasmids encoding αSyn, S129A or empty 

vector as a control and used for growth assays. Growth assays were performed at 

30°C and 37°C (Figure 11B). No effect on αSyn or S129A-induced toxicity was 

observed at 30oC in the deletion strains in comparison to the wild type. However, under 

deletion of RPN14, partial rescue of αSyn-induced toxicity at 37oC was observed. 

Similar growth rescue was not detected in Δnas6 deletion strain, suggesting that this 

effect is specific for Rpn14. Importantly, cells expressing S129A revealed similar 

growth phenotype in presence, as well as in absence of the proteasome chaperones.  

This is consistent with the previous observations that pS129 contributes to the 

increased stability of Rpn14, whereas expression of S129A decreases its stability. The 

results indicate that native expression of Rpn14 increases the toxicity of αSyn but not 

of S129A upon stress. This αSyn effect correlates with Rpn14 stability. 
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Figure 11. Deletion of RPN14 but not NAS6 rescues αSyn-induced toxicity at 
elevated temperature in yeast cells.  
(A) Growth assay of RPN14, NAS6 deletion and double deletion yeast strains, and wild 
type strain as a control. Cells were spotted in 10-fold dilutions on YEPD medium. The 
plates were incubated in parallel in 30°C, 33°C and 37°C for 3 days. (B) Growth assay 
of the strains from (A) expressing GAL1-driven αSyn or S129A from 2 µm plasmid. 
Cells were spotted in 10-fold dilutions on selective plates containing glucose (αSyn-
OFF) or galactose (αSyn-ON). The plates were incubated in parallel at 30°C and 37°C 
for 5 days. 
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3.3.5. Rpn14 interacts with α-synuclein 

Bimolecular Fluorescence Complementation assay (BiFC) was performed to analyze 

whether the stabilization of Rpn14 upon αSyn expression was due to their physical 

interaction (Figure 12).  

 

Figure 12. Bimolecular Fluorescence Complementation assay indicates a 
physical interaction between the 26S proteasome chaperon Rpn14 and αSyn.  
(A) Schematic representation of Bimolecular Fluorescence Complementation assay 
(BiFC) constructs. Rpn14, αSyn and S129A were fused to the non-fluorescent 
complementary N- and C-terminal fragments of fluorescent Venus reporter protein (VN 
and VC). (B) Fluorescence microscopy of yeast W303 cells expressing different 
combination of the fusion constructs 6 h post induction. BiFC with VC served as a 
negative control. The image display is scaled to the minimum and maximum pixel 
intensity values per image for optimal noise-to signal ratios. Scale bar = 1 μm. (C) 
Quantification of BIFC signal intensities emerging from VN-Rpn14 interaction with 
αSyn-VC or S129A-VC. Significance of differences was calculated with t-test (*, p < 
0.05, n=3). (D) Immunoblotting analysis of cells from A. The GFP antibody detects VC 
but not VN. GAPDH antibody was used as a loading control.  
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Rpn14, αSyn and S129A were fused to the non-fluorescent complementary N- and C-

terminal fragments of the fluorescent reporter protein Venus (VN and VC) (Figure 12A). 

Co-expression of αSyn-VC and VN-Rpn14 constructs in yeast yielded green 

fluorescence indicating reconstitution of the Venus fluorophore by the interaction of 

Rpn14 with αSyn (Figure 12B). Co-expression of S129A-VC and VN-Rpn14 revealed 

interaction also between Rpn14 and S129A. The intensity of the BiFC signal was 

evaluated using SlideBook6 software, revealing that αSyn-VC + VN-Rpn14 pair is 

more competent to interact in comparison to S129A-VC + VN-Rpn14 pair (Figure 12C). 

Western blot analysis confirmed the expression of the constructs in yeast cells (Figure 

12D). These results reveal that there is a direct interaction between αSyn and Rpn14 

and that pS129 promotes this interaction.  

 

3.3.6. Elevated level of Rpn14 has no significant effect on α-synuclein 

aggregate formation 

Fluorescence microscopy was used to study whether the Rpn14-dependant αSyn 

growth inhibition is accompanied by changes in αSyn inclusion formation. Elevated 

level of RPN14 which was expressed from a low copy plasmid in wild type yeast strain, 

expressing αSyn or S129A variant from the GAL1 promoter, had no significant effect 

on αSyn aggregates formation. Similarly, no effect on αSyn aggregates formation was 

observed in deletion RPN14 strain in comparison to aggregate formation of S129A 

variant (Figure 13). 
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Figure 13. Rpn14 function is independent of αSyn aggregates formation in yeast.  
(A) Fluorescence microscopy of yeast cells, expressing αSyn-GFP or S129A-GFP after 
6 hours of induction in galactose-containing medium at normal (WT) and elevated (WT 
+ Rpn14) level of Rpn14 or by deletion of RPN14. Scale bar: 5 μm. (B) Quantification 
of the percentage of cells displaying αSyn and S129A aggregates in wild type yeast 
strain expressing elevated level of RPN14 and RPN14 deletion strain (B) after 6 hours 
induction of αSyn expression in galactose-containing medium (n=200). 
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3.3.7. Increased levels of Rpn14 decrease α-synuclein aggregate 

clearance upon proteasome inhibition 

Inefficient αSyn inclusions clearance may lead to accumulation of toxic protein species 

resulting in cytotoxicity. Therefore, the impact of the Rpn14 chaperone on clearance of 

αSyn inclusions was analyzed by applying the proteasome inhibitor MG132 (Figure 

14). Promoter shut-off studies were performed by inducing αSyn expression for 4 hours 

in galactose-containing medium, followed by promoter shut-off in glucose-containing 

medium that represses the GAL1 promoter from which αSyn was expressed. 

Proteasomal degradation pathway was blocked by treating cells with MG132 after 

αSyn was induced. Clearance of αSyn inclusions was followed for 5 hours in 

comparison to control with DMSO. Cells expressing αSyn were unable to clear the 

inclusions, which suggests that the proteasome plays a major role in aggregate 

clearance of αSyn. Rpn14 increased the accumulation of αSyn aggregates, which 

indicates that increased levels of Rpn14 decreases αSyn aggregate clearance upon 

proteasome inhibition. 

The inclusions were cleared in cells expressing the S129A variant in a similar manner 

as control cells without proteasome inhibitor treatment. This suggests that the 26S 

proteasome does not play a major function in the clearance of unphosphorylated 

S129A aggregates. Consistently, elevated levels of Rpn14 did not affect S129A 

aggregate clearance either. Both αSyn as well as S129A aggregates were cleared 

similarly upon deletion of RPN14, further corroborating that Rpn14 has an impact on 

αSyn inclusion clearance when the proteasome is inhibited. 
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Figure 14. αSyn aggregate clearance in yeast cells after promoter shut-off upon 
proteasome inhibition.  
(A) αSyn aggregate clearance after GAL1-pomoter shut-off of yeast cells expressing 
αSyn and S129A from a high copy plasmid (2 μ) in a wild type yeast strain and in 
RPN14 deletion strain (B). After 4 h induction of αSyn and S129A expression in 
galactose-containing medium, cells were shifted to a glucose medium to repress the 
GAL1 promoter. The glucose medium was supplemented with 75 μM MG132 dissolved 
in DMSO or with DMSO as a control. The cells with inclusions were counted at the time 
points 2 h, 3 h, 4 h and 5 h after GAL1-promoter shut-off and normalized to time point 
2 h. The significance of the differences was calculated with t-test (*, p < 0.05). 

 

3.3.8. Increased Rpn14 or αSyn levels upon proteasome inhibition result 

in accumulation of ubiquitin conjugates  

The proteasome chaperon Rpn14 interacts with the base ATPases Rpt4 and Rpt6 

leading to their translocation to the 20S CP (Saeki et al, 2009; Roelofs et al, 2009). 

Downregulation of essential proteasome subunits significantly enhances αSyn toxicity 

which is reflected by yeast cells growth retardation or impairment (Popova et al, 



 Results
  
 

68 
 

2021a). The strongest genetic interactions were observed upon downregulation of the 

base subunit genes RPT2, RPT4 and RPT6, in comparison with downregulation of 

other proteasome genes. αSyn was found in the proximity of Rpt2 and high levels of 

αSyn increased the pool of ubiquitinated substrates upon downregulation of RPT2 

(Popova et al, 2021a). The present study revealed that αSyn expression increases the 

stability of Rpn14 proteasome chaperone, which is deleterious to yeast cells. 

Therefore, it was examined, whether elevated levels of the Rpn14 chaperone disturb 

the function of the 26S proteasome and the degradation of ubiquitin conjugates. The 

interplay of Rpn14 and αSyn was examined under proteolytic stress conditions. 

Changes in the ubiquitin pool by downregulation of RPT2, RPT4 and RPT6 genes for 

proteasome base subunits and in presence or absence of Rpn14 and αSyn or S129A 

were examined. This analysis should clarify whether the impact of αSyn, which 

significantly alters ubiquitin homeostasis, is influenced by different protein levels of 

Rpn14. Additionally, the impact of Rpn14 on αSyn turnover was studied in these 

strains. 

Yeast strains from the Tet-Promoters Hughes collection (yTHC) were used, in which 

the endogenous promoter of the gene is replaced with Tet-titratable promoter in the 

genome (Mnaimneh et al, 2004). This promoter allows switching off the expression of 

Tet-RPT2, Tet-RPT4 and Tet-RPT6 genes encoding base subunits by addition of 

doxycycline to the yeast growth medium. Double mutant strains were generated in 

order to elucidate further the role of Rpn14 in proteasomal degradation, where RPN14 

gene was deleted in the background of the three Tet-strains. Expression of αSyn was 

induced overnight in the presence or absence of doxycycline that downregulates Tet-

promoter. The levels of ubiquitin conjugates were analyzed by immunoblotting (Figures 

15-17). 

 

3.3.8.1. Rpn14 is involved in the turnover of phosphorylated α-

synuclein   

Changes in the ubiquitin pool and αSyn turnover were first examined in Tet-RPT2 and 

Tet-RPT2 Δrpn14 background strains. The Rpt2 subunit of the RP is a part of the base 

essential for the assembly of the regulatory 19S particle as it is associated with other 

ATPases promoting their specific localization in the complex (Sakata et al, 2021). 
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Furthermore, it was found in a proximity to the αSyn subpopulation suggesting that 

αSyn may directly or indirectly physically interact with 19S RP, and thus may interfere 

with assembly of 26S proteasome (Popova et al, 2021a). 

Yeast Tet-RPT2 strain was transformed with 2 µm high copy plasmids, harboring αSyn-

GFP, S129A-GFP or an empty vector. Additionally, RPN14 was expressed from a low-

copy CEN plasmid. αSyn expression was induced in galactose-containing medium and 

the cells were incubated in absence or presence of doxycycline for downregulation of 

Tet-RPT2 overnight. The levels of ubiquitin conjugates were analyzed by 

immunoblotting (Figure 15A).  

Downregulation of the Tet-RPT2 had no effect on the level of ubiquitinated conjugates 

when compared to Tet-ON in the empty vector control (Figure 15B). Similarly, 

expression of αSyn or elevated level of Rpn14 did not alter the accumulation of 

ubiquitinated proteins upon Tet-ON. In contrast, downregulation of Tet-RPT2 upon 

expression αSyn, elevated level of Rpn14, or both resulted in a significant increase of 

the ubiquitin conjugates compared to the empty vector control. A synergistic effect of 

Rpn14 and αSyn expression was not observed. Significantly less accumulation of 

ubiquitin conjugates was observed when S129A was expressed in comparison to 

αSyn.  

The consequences of increased levels of Rpn14 on αSyn or S129A turnover were also 

analyzed by immunoblotting (Figure 15A, C). No changes in the steady-state protein 

levels of αSyn and S129A were found (Figure 15C). Next, the fraction of 

phosphorylated αSyn was probed using a specific antibody that recognizes only the 

phosphorylated form of the protein (pS129). Importantly, significant accumulation of 

phosphorylated αSyn was observed upon elevated protein level of Rpn14 (Figure 

15D). The effect was independent of the expression level of Tet-RPT2. This finding 

indicates that Rpn14 increases the accumulation of pS129 fraction, suggesting that it 

inhibits the turnover of phosphorylated αSyn. 
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Figure 15. Rpn14 is directly involved in pS129 α-synuclein turnover in yeast 
cells. 
(A) Immunoblot analysis of Tet-RPT2 strain harbouring GPD-driven RPN14 and GAL1-
driven αSyn-GFP, S129A-GFP and empty vector (EV) control plasmids. Yeast cells 
were grown overnight in a galactose-containing medium to induce αSyn expression. 
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The Tet promoter was downregulated by addition of 10 μg/mL doxycycline (Dox) to the 
growth medium. Immunoblotting analysis was performed with ubiquitin, αSyn and 
pS129 antibodies. GAPDH was used as a loading control. (B) Densitometric analysis 
of the immunodetection of the ubiquitin conjugates in Tet-RPT2 strain relative to the 
GAPDH control. The significance of differences was calculated with a t-test relative to 
EV control (*, p < 0.05**, p < 0.01; ***, p < 0.001). (C) Densitometric analysis of αSyn 
protein levels from Tet-RPT2 (A) relative to the GAPDH loading control. (D) 
Densitometric analysis of phosphorylated fractions of αSyn protein levels from Tet-
RPT2 strain (A) to αSyn. The level of αSyn, phosphorylated at S129 was probed using 
a specific antibody that recognizes only the phosphorylated form of the protein 
(pS129). Significance of differences was calculated with t-test (*, p < 0.05; **, p < 0.01). 
(E) Immunoblot analysis of Tet-RPT2 Δrpn14 strain harbouring Rpn14 and GAL1-
driven αSyn-GFP, S129A-GFP and empty vector (EV) control plasmid performed 
equally to (A). (F) Densitometric analysis of the immunodetection of the ubiquitin 
conjugates in Tet-RPT2 Δrpn14 strain relative to the GAPDH control. The significance 
of ubiquitin/GAPDH ratio was calculated with a t-test relative to EV control (*, p < 0.05). 
(G) Densitometric analysis of αSyn protein levels from Tet-RPT2 Δrpn14 (E) relative 
to the GAPDH loading control. (H) Densitometric analysis of phosphorylated fractions 
of αSyn protein levels from Tet-RPT2 Δrpn14 strain (E) to αSyn. The level of αSyn, 
phosphorylated at S129 was probed using a specific antibody that recognizes only the 
phosphorylated form of the protein (pS129).  
 

The accumulation of ubiquitinated proteins was then analyzed in Tet-RPT2 Δrpn14 

strain (Figure 15E, F). Accumulation of ubiquitin conjugates was observed with empty 

vector control upon downregulation of Tet-RPT2. Low copy RPN14 expression was 

exploited as a control to mimic native RPN14 expression. The accumulation of 

ubiquitinated proteins when αSyn or RPN14 were expressed was similar to that of the 

control cell, in contrast to the same conditions in Tet-RPT2 strain. These results 

indicate that the αSyn-induced accumulation of Ubi-conjugates when Rpt2 is depleted 

is mediated by Rpn14.  

The protein abundance of αSyn in Tet-RPT2 Δrpn14 strain was similar in all examined 

conditions independently from the RPT2 expression levels (Figure 15G). 

Immunoblotting with a pS129 antibody that specifically recognizes αSyn species that 

are phosphorylated at serine 129 revealed that protein level did not change in Tet-

RPT2 Δrpn14, in contrast to Tet-RPT2 strain with intact RPT14 (Figure 15H). These 

findings support the results obtained in the Tet-RPT2 background strain and suggest 

that Rpn14 is directly involved in the turnover of phosphorylated αSyn.  
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3.3.8.2. High level of Rpn14 leads to accumulation of ubiquitin 

conjugates upon downregulation of RPT4 

Next, changes in ubiquitin pool and αSyn turnover were examined in Tet-RPT4 and 

Tet-RPT4 Δrpn14 background strains. Rpt4 is one of the six distinct AAA-ATPases 

functioning as unfoldase at the ring base of the 19S regulatory particle. Rpt4 binds the 

Rpn14 chaperone and connects to the core particle (Roelofs et al, 2009). Therefore, 

the interplay between different levels of the base subunits and Rpn14 was studied. 

Yeast Tet-RPT4 strain was transformed with 2 µm plasmids, harboring αSyn-GFP, 

S129A-GFP or an empty vector. Rpn14 was expressed from a CEN plasmid or a native 

promoter. αSyn expression was induced in galactose-containing medium and the cells 

were grown without or with addition of doxycycline for downregulation of Tet-RPT4 

overnight. The levels of ubiquitin conjugates were analyzed by immunoblotting (Figure 

16A).  

The empty vector control of the Tet-RPT4 showed no differences in the levels of 

ubiquitin conjugates between Tet-ON and Tet-OFF, comparably to Tet-RPT2 (Figure 

16A, B). Similar to Tet-RPT2, an increase in the accumulation of ubiquitinated proteins 

could be observed under downregulation of Tet-RPT4 when αSyn was expressed and 

the level of Rpn14 was elevated. However, the differences between Tet-ON and Tet-

OFF were less prominent in comparison to Tet-RPT2. Expression of S129A resulted 

in increased accumulation of ubiquitinated proteins regardless of the protein levels of 

Rpt4 or Rpn14. No change in the steady-state αSyn protein levels were observed by 

both expression levels of Tet-RPT4. The levels of pS129 αSyn did not change in Tet-

RPT4 with or without downregulation of the Tet-promoter or by elevated level of Rpn14.  

Similar to Tet-RPT2, deletion of RPN14 in Tet-RPT4 background strain resulted in 

increase of ubiquitin conjugates under downregulation of RPT4 in empty vector control 

and expression of αSyn and RPN14 did not increased the level of ubiquitinated 

proteins in comparison to empty vector (Figure 16E, F). A significant increase in αSyn 

level in Tet-RPT4 Δrpn14 was observed when S129A was expressed upon 

downregulation of Tet-RPT4. No changes in pS129 αSyn levels were detected (Figure 

16G, H). These results further corroborate that elevated levels of the Rpn14  

chaperone contribute to proteasome dysfunction under proteotoxic stress conditions.  
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Figure 16. Expression of αSyn and high level of Rpn14 upon downregulation of 
Tet-RPT4 leads to accumulation of ubiquitinated proteins in yeast cells. 
(A) Immunoblot analysis of Tet-RPT4 strain harbouring GPD-driven RPN14 from CEN 
plasmid and GAL1-driven αSyn-GFP, S129A-GFP or empty vector (EV) control 
plasmids. Yeast cells were grown overnight in a galactose-containing medium to 
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induce αSyn expression. The Tet promoter was downregulated by addition of 10 μg/mL 
doxycycline (Dox) to the growth medium. Immunoblotting analysis was performed with 
ubiquitin, αSyn and pS129 antibodies. GAPDH was used as a loading control. (B) 
Densitometric analysis of the immunodetection of the ubiquitin conjugates in Tet-RPT4 
strain relative to the GAPDH control. The significance of differences was calculated 
with a t-test relative to EV control (*, p < 0.05; **, p < 0.01). (C) Densitometric analysis 
of αSyn protein levels from Tet-RPT4 (A) relative to the GAPDH loading control. (D) 
Densitometric analysis of phosphorylated fractions of αSyn protein levels from Tet-
RPT4 strain (A) to αSyn. The level of αSyn, phosphorylated at S129 was probed using 
a specific antibody that recognizes only the phosphorylated form of the protein 
(pS129). (E) Immunoblot analysis of Tet-RPT4 Δrpn14 strain harbouring RPN14 and 
GAL1-driven αSyn-GFP, S129A-GFP and empty vector (EV) control plasmid, 
performed as in (A). (F) Densitometric analysis of the immunodetection of the ubiquitin 
conjugates in Tet-RPT4 Δrpn14 strain relative to the GAPDH control. The significance 
of ubiquitin/GAPDH ratio was calculated with a t-test relative to EV control (**, p < 
0.01). (G) Densitometric analysis of αSyn protein levels from Tet-RPT4 Δrpn14 (E) 
relative to the GAPDH loading control. The significance of differences was calculated 
with a t-test (*, p < 0.05).  (H) Densitometric analysis of phosphorylated fractions of 
αSyn protein levels from Tet-RPT4 Δrpn14 strain (E) to αSyn. The level of αSyn, 
phosphorylated at S129 was probed using a specific antibody that recognizes only the 
phosphorylated form of the protein (pS129).  

 

3.3.8.3. Downregulation of RPT6 decreases turnover of 

phosphorylated α-synuclein 

Lastly, changes in ubiquitin pool and αSyn turnover were examined in Tet-RPT6 and 

Tet-RPT6 Δrpn14 background strains. Rpn14 binds to the C-terminal basic residues of 

the Rpt6 base unfoldase subunit with high affinity relocating it to α-subunits of the core 

particle (Ehlinger et al, 2013; Kim et al, 2010).  

Yeast Tet-RPT6 strain was transformed with 2 µm plasmids, harboring αSyn-GFP, 

S129A-GFP or an empty vector. Rpn14 was expressed from a low copy plasmid or a 

native promoter. αSyn expression was induced in galactose-containing medium and 

the cells were incubated in absence or presence of doxycycline for downregulation of 

Tet-RPT6 overnight. The levels of ubiquitin conjugates were analyzed by 

immunoblotting (Figure 17A).  

  



 Results
  
 

75 
 

 

Figure 17. Downregulation of Tet-RPT6 leads to accumulation of ubiquitin 
conjugates in yeast cells. 
(A) Immunoblot analysis of Tet-RPT6 strain harbouring Rpn14 and GAL1-driven αSyn-
GFP, S129A-GFP and empty vector (EV) control plasmids. Yeast cells were grown 
overnight in a galactose medium to induce αSyn expression. The Tet promoter was 
downregulated by addition of 10 μg/mL doxycycline (Dox) to the growth medium. 
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Immunoblotting analysis was performed with ubiquitin, αSyn and pS129 antibodies. 
GAPDH was used as a loading control. (B) Densitometric analysis of the 
immunodetection of the ubiquitin conjugates in Tet-RPT6 strain relative to the GAPDH 
control. The significance of ubiquitin/GAPDH ratio was calculated with a t-test relative 
to EV control (*, p < 0.05). (C) Densitometric analysis of αSyn protein levels from Tet-
RPT6 (A) relative to the GAPDH loading control. The significance of αSyn/GAPDH 
ratio was calculated with a t-test relative to EV control (**, p < 0.01). (D) Densitometric 
analysis of phosphorylated fractions of αSyn protein levels from Tet-RPT6 strain (A) to 
αSyn. The level of αSyn, phosphorylated at S129 was probed using a specific antibody 
that recognizes only the phosphorylated form of the protein (pS129). Significance of 
differences was calculated with t-test (*, p < 0.05). (E) Immunoblot analysis of Tet-
RPT6 Δrpn14 strain harbouring Rpn14 and GAL1-driven αSyn-GFP, S129A-GFP and 
empty vector (EV) control plasmid performed equally to (A). (F) Densitometric analysis 
of the immunodetection of the ubiquitin conjugates in Tet-RPT6 Δrpn14 strain relative 
to the GAPDH control. The significance of ubiquitin/GAPDH ratio was calculated with 
a t-test relative to EV control (*, p < 0.05). (G) Densitometric analysis of αSyn protein 
levels from Tet-RPT6 Δrpn14 (E) relative to the GAPDH loading control. The 
significance of ubiquitin/GAPDH ratio was calculated with a t-test (*, p < 0.05; **, p < 
0.01).  (H) Densitometric analysis of phosphorylated fractions of αSyn protein levels 
from Tet-RPT6 Δrpn14 strain (E) to αSyn. The level of αSyn, phosphorylated at S129 
was probed using a specific antibody that recognizes only the phosphorylated form of 
the protein (pS129). 

 

The levels of ubiquitin conjugates were not changed when Tet-RPT6 was expressed, 

both in absence or presence of αSyn, S129A or Rpn14 expression (Figure 17A, B). In 

contrast to Tet-RPT2 and Tet-RPT4, accumulation of ubiquitinated proteins occurred 

in the empty vector control, when the proteasome base subunit gene RPT6 was 

downregulated. The downregulation of Tet-RPT6 led to a slight increase in the pool of 

ubiquitinated proteins when αSyn and S129A were expressed, and under elevated 

level of Rpn14, but only upon expression of S129A the difference was significant in 

comparison to empty vector control. A significant increase in αSyn level was observed 

upon co-expression of S129A and RPN14 under downregulation of Tet-RPT6. 

Downregulation of Tet-RPT6 resulted in a significant increase of phosphorylated 

fraction of αSyn (Figure 17C, D).  

The pattern of accumulation of ubiquitin conjugates observed in Tet-RPT6 Δrpn14 was 

similar to Tet-RPT6 (Figure 17E, F). Similar to Tet-RPT2 Δrpn14 and Tet-RPT4 

Δrpn14, downregulation of Tet-RPT6 Δrpn14 resulted in increase of ubiquitin 

conjugates under downregulation of the base subunit in empty vector control and 

expression of αSyn and Rpn14 did not increased the levels of ubiquitinated proteins in 

comparison to empty vector. Observed changes in the levels of αSyn were comparable 
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to Tet-Rpt4, where the level of S129A was increased upon downregulation of RPT6 

and again no changes in pS129 αSyn were detected (Figure 17G, H). These results 

support the findings that elevated levels of Rpn14 inhibit the turnover of 

phosphorylated αSyn. Furthermore, the results indicate distinct cellular responses to 

the expression of Rpn14 and αSyn upon depletion of the three base subunits Rpt2, 

Rpt4 or Rpt6.  

 

3.3.8.4. Elevated protein levels of Rpn14 upon downregulation of RPT2 

and RPT4 is deleterious for yeast cells  

Immunoblotting analysis revealed that high level of proteasome chaperon Rpn14 as 

well as expression of αSyn strongly inhibit the degradation of ubiquitin conjugates upon 

downregulation of Tet-RPT2, and to a lesser extend Tet-RPT4 or Tet-RPT6. This 

deleterious effect on cells was further examined in growth assays employing Tet-

strains used for the immunoblot analysis (Figure 18).  

Yeast cells, expressing αSyn, S129A or RPN14 were spotted on glucose (αSyn-OFF) 

or galactose (αSyn-ON) containing plates, in presence or absence of doxycycline that 

downregulates the Tet-promoter. In all Tet-strain backgrounds with intact RPN14 gene, 

the observed growth impairment upon expression of αSyn was more severe than upon 

expression of S129A (Figure 18A). Downregulation of each of the three genes in 

presence of αSyn or S129A resulted in synthetic-sick phenotype. Furthermore, strong 

growth impairment was observed due to elevated protein level of Rpn14 upon 

downregulation of Tet-RPT2 and Tet-RPT4. High level of Rpn14 did not affect yeast 

growth upon downregulation of Tet-RPT6. The results corroborate the immunoblot 

analysis data where the strongest effect of elevated level of Rpn14 was observed in 

Tet-RPT2 background and less in Tet-RPT4 and Tet-RPT6 backgrounds. 

Growth assays in Tet-RPT2 Δrpn14, Tet-RPT4 Δrpn14 and Tet-RPT6 Δrpn14 revealed 

a strong synthetic-sick phenotype upon downregulation of each of the three genes 

(Figure 18B). Growth on galactose-containing plates resulted in very severe synthetic-

lethal phenotype by downregulation of the Tet-promoter.  

These results further demonstrate that yeast cells are highly sensitive to changed 

protein levels of Rpn14 and downregulation of the base subunit genes, indicating that 
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controlled normal protein levels of the Rpn14 chaperone are important for cellular well-

being upon proteasome stress conditions. 

 

Figure 18. High level of Rpn14 causes growth impairment in Tet-RPT2 and Tet-
RPT4 yeast strains and upon downregulation of Tet-RPT4 Δrpn14.  
(A) Growth assays of yeast cells expressing GPD-driven RPN14 from CEN plasmid 
and GAL1-driven αSyn or S129A from 2 μ plasmid with an empty vector (EV) as a 
control in Tet-RPT2, Tet-RPT4 and Tet-RPT6 yeast strains. (B) Growth assays of yeast 
cells expressing GPD-driven RPN14 from CEN plasmid and GAL1-driven αSyn or 
S129A from 2 μ plasmid with an empty vector (EV) as a control in Tet-RPT2 Δrpn14, 
Tet-RPT4 Δrpn14 and Tet-RPT6 Δrpn14 yeast strains. Cells were spotted in 10-fold 
dilutions on selective plates containing glucose (αSyn-OFF) or galactose (αSyn-ON), 
in the presence (Tet-OFF) or absence (Tet-ON) of 2 μg/mL doxycycline to repress the 
Tet-promoter. The plates were incubated at 30°C for 6 days. 
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3.3.9. Expression of α-synuclein and increased Rpn14 protein levels result 

in decreased 26S activity 

The 26S proteasomal degradation is an active, ubiquitin-dependent process. This 

degradation pathway is ATP-dependent, in which substrate proteins are tagged with a 

ubiquitin chain by a cascade of three different types of enzymes. This enables the 

proteins recognition and proteolysis by 26S proteasome. The 26S proteasome consist 

of 19S regulatory particle, which identifies the substrates, and 20S core particle, which 

has a proteolytic activity. Therefore, the 20S can degrade proteins without the 

assistance of the 19S regulatory particle in an unspecific, ubiquitin-independent 

degradation process (Ben-Nissan & Sharon, 2014; Goldberg, 2003; Schmidt et al, 

2005; Schwartz & Ciechanover, 1999). 

Overexpression of RPN14 or NAS6 results in a decrease of 26S proteasomal activity 

and increase of 20S activity presumably because the 26S proteasome is not efficiently 

assembled (Shirozu et al, 2015). This report showed that free 20S CP and free 19S 

RP levels are increased in yeast cells which suggests that high levels of Rpn14 or 

Nas6 inhibit the association between CP and RP. Therefore, the effect of elevated 

levels of Rpn14 on the proteasomal activity and its interplay with αSyn and S129A 

variant expression was determined. The proteasomal activity was measured using the 

fluorogenic peptide Succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (Suc-LLVY-

AMC). This peptide is a fluorogenic substrate for chymotrypsin-like proteases. 

Cleavage of the AMC peptide by the 26S proteasome releases the AMC fluorophore 

and its fluorescence intensity can be measured.  

The degradation of the fluorogenic peptide was measured by continuously monitoring 

the fluorescence of the reaction. The assay was performed in a protein extraction buffer 

supplemented with 2 mM ATP. ATP is required for stable interaction between the 20S 

CP and 19S RP. Therefore, the cell extracts were prepared in the presence of 2 mM 

ATP to keep 26S proteasomes intact. Low concentration of SDS was used as artificial 

activator of 20S proteasomes that are typically latent in cells (Tanahashi et al, 2000). 

The impact of Rpn14 and expression of αSyn or S129A on 26S and 20S proteasomal 

activity was examined in wild type yeast strain as well as RPN14 deletion strain. First, 

the proteasomal activities were measured in total protein extracts (Figure 19). The rate 
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of fluorescence increase was monitored for 25 minutes. The linear slope values 

represent the proteasomal activity of each sample (Figure 19C, E). Crude protein 

extracts, treated with the proteasome inhibitor MG132 as a control prior to the 

measurements revealed that the kinetic assay is specific for proteasome cleavage 

(Figure 19A, B). Significant decrease of the 26S proteasomal activity was observed 

upon expression of αSyn as well as upon RPN14 expression in wild type yeast strain. 

Both proteins decreased 26S proteasomal activity to similar level and no synergistic 

effect was observed. In contrast, no significant decrease in 26S proteasomal activity 

was found upon expression of S129A. Co-expression of RPN14 and S129A reduced 

the 26S activity, indicating that the major role for the 26S proteasome inhibition is due 

to elevated Rpn14 protein levels.  

Measurements of the 20S proteasomal activity were performed in presence of 0,025% 

SDS. No change of the 20S proteasomal activity was observed regardless expression 

of αSyn, S129A or Rpn14 (Figure 19E, F).  

The 26S proteasomal activity was measured in RPN14 deletion strain, in presence or 

absence of αSyn, S129A or plasmid-borne RPN14 expression (Figure 20A, B). 

Differences in 26S proteasomal activity were not observed. However, increased 

activity of 20S proteasome was detected upon αSyn expression in this genetic 

background (Figure 20C, D). These results reveal that αSyn does not affect 26S 

proteasomal activity, when RPN14 is absent and support that Rpn14 functions as 

mediator for αSyn-induced proteasome inhibition.  
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Figure 19. Expression of αSyn and elevated level of Rpn14 decrease 26S 
proteasomal activity in wild type yeast strain.  
(A) Wild type yeast cells (BY4741) expressing GPD-driven RPN14 from CEN plasmid 
and GAL1-driven αSyn or S129A from 2 μ plasmid with an empty vector (EV) as a 
control were collected after 6 hours of αSyn induction. The 26S proteasomal activity in 
total protein extracts was measured using Suc-LLVY-AMC by detecting relative 
fluorescence units (RFU). The assay was performed in a protein extraction buffer 
supplemented with 2 mM ATP. Crude protein extracts were treated with 100μM 
proteasome inhibitor MG132 as a control. (B) The crude protein extracts from (A) were 
complemented additionally with 0.025% SDS as artificial activator of 20S proteasomes 
and again with MG132 as a control. The 20S proteasomal activity in total protein 
extracts was measured using Suc-LLVY-AMC by detecting relative fluorescence units 
(RFU).  (C) The 26S proteasomal activity in total protein extracts from (A) was 
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measured using Suc-LLVY-AMC by detecting relative fluorescence units (RFU). The 
assay was performed in a protein extraction buffer supplemented with 2 mM ATP.  (D) 
Mean slope values of the curves from (C) reflect the relative proteasomal activity. 
Significance of differences was calculated with t-test versus EV (**, p < 0.01; ***, p < 
0.001; n=4).  (E) The yeast cells from (A) were treated additionally with 0.025% SDS 
as artificial activator of 20S proteasomes. The 20S proteasomal activity in total protein 
extracts was measured using Suc-LLVY-AMC by detecting relative fluorescence units 
(RFU). (F) Mean slope values of the curves from (E).  

 
 

 

Figure 20. Expression of αSyn increases 20S proteasomal activity in Δrpn14 
yeast strain.  
(A) RPN14 deletion strain expressing GPD-driven RPN14 from CEN plasmid and 
GAL1-driven αSyn or S129A from 2 μ plasmid with an empty vector (EV) as a control 
were collected after 6 hours of αSyn induction. The 26S proteasomal activity in total 
protein extracts was measured using Suc-LLVY-AMC by detecting relative 
fluorescence units (RFU). The assay was performed in a protein extraction buffer 
supplemented with 2 mM ATP. (B) Mean slope values of the curves from (A) reflect 
the relative proteasomal activity. (C) The yeast cells from (A) were complemented 
additionally with 0.025% of SDS as artificial activator of 20S proteasomes. The 20S 
proteasomal activity in total protein extracts was measured using Suc-LLVY-AMC by 
detecting relative fluorescence units (RFU). (D) Mean slope values of the curves from 
(C). Significance of differences was calculated with t-test (*, p < 0.05; **, p < 0.01, n=4). 
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A second experimental approach for proteasomal activity measurements was applied. 

26S and 20S proteasomes were separated by glycerol gradient centrifugation of cell 

extracts from strains expressing αSyn, S129A or control upon different levels of Rpn14 

(Figure 21). Equal amounts of crude protein extracts were separated into 20 fractions 

by 8-32% glycerol gradient centrifugation. Proteasomal activity measurements were 

performed with the collected fractions from wild type strain with intact RPN14 and 

RPN14 deletion strain. 20S proteasomal activity was detected in fractions 1 - 4, and 

26S - in fractions 7 - 12. 20S activity could be monitored after addition of 0,025% SDS. 

Elevated level of Rpn14 as well as expression of αSyn decreased the 26S proteasomal 

activity. Increase in 20S proteasomal activity was again observed upon expression of 

αSyn in Δrpn14 background. The results suggest that αSyn decreases the proteasomal 

activity of yeast cells by increasing the stability of Rpn14 chaperone. 

 

3.4. Toxicity of α-synuclein is enhanced in absence of the Rpn11 

deubiqitinase  

Expression of αSyn has a significant effect on the accumulation of ubiquitinated 

proteins in yeast. αSyn diminishes the pool of ubiquitin conjugates upon 

downregulation of Tet-RPN11. Rpn11 is a deubiquitinase which detaches K-48 

polyubiquitinated substrates of the 26S proteasome which acts as a modulator of αSyn 

toxicity. Downregulation of RPN11 enhances αSyn toxicity and aggregation which 

results in synthetic-sick phenotype (Popova et al, 2021a). Therefore, we assessed the 

impact of downregulation of RPN11 on αSyn turnover and the role of phosphorylation 

at S129 on the interplay between αSyn and Rpn11 on proteasomal degradation (Figure 

22 and Figure 4).  

Growth assays were performed to study if enhanced αSyn toxicity upon 

downregulation of Tet-RPN11 is linked to phosphorylation of αSyn at serine 129. 

Therefore, yeast cell growth was compared when αSyn or S129A were expressed 

upon depletion of Rpn11. Equal effects of expression of αSyn or S129A on yeast cell 

growth was observed. Both αSyn and S129A led to enhanced growth retardation when 

Tet-RPN11 was downregulated, resulting in synthetic sick phenotype (Figure 22B). 
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Figure 21. Expression of αSyn and high level of Rpn14 inhibit the 26S activity in 
yeast.  
(A) Crude protein extracts from wild type yeast cells expressing GPD-driven RPN14 
from CEN plasmid and GAL1-driven αSyn or S129A from 2 μ plasmid with an empty 
vector (EV) as a control were prepared after 6 hours of αSyn induction and 2 μg of the 
proteins were separated into 20 fractions by 8-32% glycerol gradient centrifugation. 
The fractions were assayed for Suc-LLVY-MCA hydrolyzing activity simultaneously 
with and without 0.025% SDS to measure the activities of 26S and 20S proteasomes. 
Values represent the mean ± SEM of two independent experiments. (B) The procedure 
from (A) was applied to measure the proteasomal activity of 26S and 20S in RPN14 
deletion strain. 
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Figure 22. Downregulation of RPN11 enhances αSyn toxicity in yeast.  
(A) Schematic diagram depicting Rpn11 as a part of 19S RP where it acts as 
metalloisopeptidase of the lid. Rpn11 removes K48 polyubiquitin residues from 
substrates to be degraded by the 26S proteasome. (B) Growth assay of yeast cells 
expressing GAL1-driven αSyn or S129A and empty vector control (EV) in Tet-RPN11 
yeast strain. Cells were spotted in 10-fold dilutions on selective plates containing 
glucose (αSyn-OFF) or galactose (αSyn-ON) in the presence (Tet-OFF) or absence 
(Tet-ON) of 10 μg/mL doxycycline to repress the Tet promoter. The plates were 
incubated at 30°C for 5 days. 

 

3.4.1. RPN11 expression is required for appropriate yeast cell morphology 

Downregulation of RPN11 enhances αSyn toxicity. Tet-RPN11 strain was used for live 

cell fluorescence microscopy to visualize expression of αSyn-tFT within single cells in 

presence and absence of Rpn11. The impact of phosphorylation at S129 was assessed 

by expression of S129A variant or Y133F variant, which is deficient for phosphorylation 

or nitration. Modification of the C-terminal Y133 residue is required for S129 

phosphorylation (Kleinknecht et al, 2016). Aberrant growth phenotypes were observed 

upon downregulation of Tet-RPN11 in presence of αSyn or PTM variants (Figure 23A). 

Unipolar bud chains of 3 to 4 small buds, projecting from the mother cell were observed 

upon αSyn expression. Cells were stained with calcofluor white (CFW) to visualize chitin 

in septa of budding yeast cells. Septin rings were identified only by the mother cell. 

Percentage of the cell displaying the haploid adhesive growth did not differ among the 

αSyn variants (Figure 23B). 

The cells were then stained with Hoechst and fluorescence microscopy was performed 

to investigate if nuclear division takes place in the yeast cells displaying the haploid 

adhesive growth after 24 hours induction of αSyn expression and RPN11 
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downregulation. Filaments with one nucleus were observed which indicates repeated 

rounds of budding without nuclear division (Figure 23C). These results suggest that 

Rpn11 is required for accurate control of the cell division cycle in presence of αSyn.  

 

Figure 23. αSyn expression enhances haploid adhesive growth but inhibits 
nuclear division upon downregulation of Tet-RPN11.  
(A) Live cell fluorescence microscopy of Tet-RPN11 strain. Yeast cells expressing 
αSyn-tFT and its variants from CEN plasmids were grown for 24 hours in galactose-
containing medium in absence or presence of 10 μg/mL doxycycline. Cells were 
stained with calcofluor white (CFW) to visualize septa of budding yeast cells. White 
arrows indicate septin rings. Scale bar: 1 μm. (B) Quantification of the percentage of 
cells displaying haploid adhesive growth after 24 hours induction in galactose-
containing medium and treatment with 10 μg/ml doxycycline. Significance of 
differences was calculated with t-test relative to tFT control (**, p< 0.01; ***, p<0.001; 
n=100). (C) Fluorescence microscopy of Tet-RPN11 strain. Yeast cells expressing 
αSyn-tFT from a CEN plasmid were grown for 24 hours in galactose-containing 
medium in absence or presence of doxycycline. Cells were stained with Hoechst to 
visualize nuclei of budding yeast cells. Scale bar: 1 μm. 
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3.4.2. The RPN11 encoded isopeptidase destabilizes α-synuclein  

Turnover of αSyn upon downregulation of Tet-RPN11 was investigated with whole 

colony fluorescence measurements and flow cytometry (Figure 24). For both 

experiments yeast cells were grown in selective SC medium with raffinose overnight. 

For  the whole colony measurements, overnight cultures were pinned on SC selective 

solid medium with 2% galactose as a carbon source to induce expression of αSyn-tFT, 

S129A-tFT or Y133F-tFT in Tet-RPN11. Additionally, the medium was supplemented 

with doxycycline for downregulation of Tet-RPN11. The cells were grown for 48 hours 

(Figure 24A). For the flow cytometry, the overnight cultures with raffinose were used 

for inoculation of the cells into SC selective liquid medium containing galactose for 

induction of the expression of αSyn-tFT, S129A-tFT or Y133F-tFT in Tet-RPN11. The 

cells were grown in the absence and presence of doxycycline for the downregulation 

of Tet-RPN11 for 24 hours (Figure 24B). As control, Tet-RPN11 yeast strain was 

transformed with an empty vector plasmid harboring tFT tag itself. Two tFT constructs 

were used, expressing fusion proteins with N-terminal degrons that have different rate 

of degradation, depending on the N-terminal amino-acid residue according to the N-

end rule - arginine (unstable tFT) or tyrosine (stable tFT) (Khmelinskii et al, 2016). 

Afterwards, mCherry and sfGFP signals were measured for both experiments and 

ratios mCherry/GFP were calculated as a read-out for the turnover of αSyn-tFT, 

S129A-tFT and Y133F-tFT.  

Increased stability of αSyn upon downregulation of RPN11 was observed in both, 

whole colony and flow cytometry approaches. Downregulation of RPN11 has a higher 

impact on αSyn stability in comparison to the control (tFT). Downregulation of the gene 

increased drastically the stability of αSyn, S129A or Y133F variants, whereas the 

stability of tFT was increased less. No differences in αSyn turnover upon 

downregulation of Tet-RPN11 were observed between the αSyn variants. These 

results indicate that Rpn11 promotes degradation of αSyn and its variants. 
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Figure 24. αSyn is stabilized in yeast cells upon downregulation of Tet-RPN11 
lid deubiqitinase.  
(A) Whole colony measurements of the mCherry/sfGFP ratio after 48 hours yeast cells 
growth on a solid SC selective medium without or with 10 μg/ml doxycycline for 
downregulation of Tet-RPN11. Expression of αSyn-tFT, S129A-tFT or Y133F-tFT was 
induced by 2% galactose in the SC medium. Two tFT variants with different stabilities 
were used as controls. Significance of differences was calculated with t-test relative to 
tFT stable (EV-tFT) (***, p < 0.001). (B) Flow cytometry measurements of the 
mCherry/sfGFP ratio after 24 hours yeast cells growth with or without 10 μg/ml 
doxycycline in SC selective medium containing galactose for expression induction of 
αSyn-tFT, S129A-tFT or Y133F-tFT. Significance of differences was calculated with t-
test relative to tFT stable (EV-tFT) (***, p < 0.001). 

 

3.4.3. RPN11 expression promotes proteasomal degradation of α-

synuclein 

Tandem fluorescent protein timer (tFT) fusions can be employed as a tool to monitor 

the contribution of the two major degradation pathways - autophagy and proteasome, 

to degradation of αSyn-tFT monomers in vivo. Processed tFT fragments can be used 

as a marker because of the incomplete proteasomal degradation sfGFP from the tFT 

that resists proteasomal degradation due to the stability of the GFP fold (Khmelinskii 

et al, 2016). Presence of 33 kDa band is an indicator of proteasomal degradation of 

tFT whereas 26 kDa band indicates a vacuolar degradation (Klionsky et al, 2021). 

We followed the effect of αSyn PTMs on degradation pathways using immunoblotting 

analysis (Figure 25). Decreased proteasomal and vacuolar degradation of S129A-tFT 

was observed. Significant increase in 33 kDa band intensity was observed for Y133F-
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tFT when compared to αSyn-tFT, which indicates that Y133F is preferentially cleared 

by the proteasome. 

 

Figure 25. Tandem fluorescence timer monitoring reveals that phosphorylation 
at S129 promotes α-synuclein turnover in yeast.   
(A) Immunoblotting analysis of tFT-tagged αSyn variants and GFP as control, probed 
with GFP antibody, αSyn antibody or S129 phosphorylation-specific αSyn antibody 
(pS129) and GAPDH antibody as loading control. Signal at 33 kDa indicates 
proteasomal and the 26 kDa autophagy/vacuole-mediated degradation products. 
Asterisks indicates an mCherry∆N product resulting from mCherry hydrolysis during 
cell extract preparation. (B) Quantification of the specific αSyn-tFT degradation 
products. The relative amount of tFT degradation fragments to the total amount of 
loaded protein within one lane was calculated. Significance of the differences was 
determined with a t-test relative to αSyn (*, p< 0.05; n = 3). 

 

The above approach was applied to investigate an effect of RPN11 expression on 

αSyn turnover more thoroughly (Figure 26). The expression level of Tet-RPN11 was 

downregulated by addition of doxycycline to the growth medium. The yeast strain Tet-

RPN11 was transformed with αSyn-tFT, S129A-tFT or Y133F-tFT encoding plasmids.  

In a first approach, the degradation pathway of αSyn-tFT and its variants was followed 

using immunoblotting analysis by measurement of the band intensity of the 

degradation by-products after 6 hours of doxycycline treatment. A major 20 kDa 

degradation band was observed, along with faint 33 kDa and 26 kDa bands. The 20 

kDa band was attributed to proteasomal activity, since accumulation of the processed 

tFT fragment in control cells, expressing tFT alone was significantly reduced in cells, 

where the proteasome processivity is impaired by Rpn11 depletion (Figure 26A, B).  
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Quantification of the intensity of the 20 kDa band revealed significant decrease upon 

downregulation of Tet-RPN11 when αSyn was expressed. Less accumulation of 

processed tFT fragments upon RPN11 downregulation was observed for S129A-tFT 

in comparison to αSyn-tFT. Immunoblot analysis with ubiquitin antibody did not reveal 

differences in the accumulation of ubiquitinated proteins. These results indicate higher 

impact of Rpn11 on pS129 αSyn than on S129A degradation.Immunoblot analysis was 

performed with the same strains as above after 24 hours treatment with doxycycline. 

No degradation bands 33 kDa, 20 kDa and 26kDa were observed at that time point. 

Immunoblot analysis with ubiquitin antibody revealed differences in the accumulation 

of ubiquitinated proteins in comparison to 6 hours treatment (Figure 26C, D). 

Densitometric analysis of the immunodetection of the ubiquitin conjugates was done. 

Accumulation of ubiquitinated proteins was observed after 24-hour downregulation of 

RPN11, in contrast to 6 hours of downregulation, which indicates that prolonged 

downregulation of RPN11 inhibits protein turnover. These results corroborate previous 

findings and demonstrate that αSyn phosphorylated at S129 is preferentially degraded 

by the ubiquitin proteasome system.  

 

3.5. Expression of α-synuclein effects proteasomal degradation in 

deletion SEM1 mutant 

Degradation of αSyn requires the presence of Rpn11 deubiquitinating enzyme which, 

in turn, requires another proteasome subunit, Sem1, for its stabilization (Figure 27A 

and Figure 4). Sem1 maintains the association of the lid and base subcomplexes of 

the regulatory particle (Funakoshi et al, 2004). Sem1 is required for stabilization of the 

Rpn11 deubiquitinating enzyme, incorporation of the ubiquitin receptor Rpn10 into the 

19S regulatory particle and efficient 26S proteasome assembly (Kolog Gulko et al, 

2018). Yeast deletion SEM1 mutant accumulates polyubiquitinated proteins and is 

defective for proteasome mediated degradation (Funakoshi et al, 2004). 
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Figure 26. The Rpn11 deubiquitinase promotes degradation of α-synuclein 
phosphorylated at serine 129 in yeast.  
(A) Immunoblotting analysis of yeast cells expressing αSyn-tFT, S129A-tFT and 
Y133F-tFT in Tet-RPN11 strain. Expression of tFT alone was used as a control. Prior 
the analysis the expression of αSyn and its variants was induced in galactose 
containing medium for 6 hours. Simultaneously, the yeast cells were grown in parallel 
in presence and absence of 10 μg/ml doxycycline for 6 hours to downregulate Tet 
promoter. Immunoblotting analysis was performed with GFP, αSyn or ubiquitin (Ubi) 
antibodies. GAPDH antibody was used as a loading control. (B) Quantification of 20 
kDa band intensity from the blot probed with GFP antibody. The values were 
normalized to tFT without doxycycline. Significance of differences was determined with 
a t-test relative to normalized values of corresponding variant without doxycycline  (**, 
p < 0.01). (C) Immunoblotting analysis of yeast cells expressing αSyn-tFT, S129A-tFT, 
Y133F-tFT or tFT control in Tet-RPN11 strain. The expression of αSyn and its variants 
was induced in galactose-containing medium for 6 hours. Cells were grown in parallel 
in presence and absence of 10 μg/ml doxycycline for 24 hours to downregulate the 
Tet-promoter. Immunoblotting analysis was performed with GFP, αSyn or ubiquitin 
(Ubi) antibodies. GAPDH antibody was used as a loading control. (D) Densitometric 
analysis of the immunodetection of the ubiquitin conjugates in Tet-RPN11 strain 
relative to the GAPDH control. The significance of differences was calculated with a t-
test (*, p < 0.05; **, p < 0.1; ***, p < 0.001). 
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Growth assay was performed to study whether deletion of SEM1 has an impact on 

αSyn-induced toxicity. Wild type and yeast deletion SEM1 mutant (Δsem1) expressing 

αSyn, S129A or EV as a control were used (Figure 27B). No effect of Δsem1 on αSyn-

induced growth retardation was observed, regardless αSyn variant, in comparison to 

wild type control, supporting that Sem1 function is independent of the cellular growth 

effects caused by αSyn. 

 

Figure 27. Deletion of SEM1 does not affect αSyn-induced toxicity in yeast.  
(A) Schematic diagram depicting Sem1 as a component of 19S RP where it maintains 
the association of the lid and the base subcomplexes of the regulatory particle. Sem1 
is required for stabilization of Rpn11 deubiquitinase. (B) Growth assay of yeast cells 
expressing GAL1-driven αSyn or S129A and empty vector control (EV) in wild type 
(WT) and deletion SEM1 (Δsem1) yeast strains. Cells were spotted in 10-fold dilutions 
on selective plates containing glucose (αSyn-OFF) or galactose (αSyn-ON). The plates 
were incubated at 30°C for 5 days. 
 

For better understanding of the interplay between Rpn11 and αSyn turnover, the 

stability of αSyn-tFT and its variants S129A-tFT and Y133F-tFT was followed in 

presence and absence of Sem1. Wild type and deletion SEM1 yeast strains were 

transformed with αSyn-tFT, S129A-tFT or Y133F-tFT. Expression of αSyn was induced 

for 6 hours or 24 hours prior to immunoblotting analysis (Figure 28).  

Absence of Sem1 led to a different degradation pattern of αSyn-tFT after 6 hours of 

induction. The steady-state protein levels of αSyn-tFT and S129A-tFT were increased 

in absence of SEM1 after 6 hours expression and decreased after 24 hours expression 

in Δsem1 in comparison to SEM1 background. Upon deletion of SEM1 and 6-hour 

expression of αSyn-tFT and Y133F-tFT, increased accumulation of ubiquitinated 

proteins was detected. It was observed that Δsem1 mutant accumulates ubiquitinated 

proteins similar to RPN11 downregulation. 
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Figure 28. Deletion of SEM1 affects αSyn turnover and the accumulation of 
ubiquitinated protein upon expression of αSyn. 
(A) Immunoblotting analysis of yeast cells expressing αSyn-tFT, S129A-tFT or Y133F-
tFT for 6 or 24 hours in wild type yeast strain (BY4741) (+) and SEM1 deletion strain 
(-). Immunoblotting analysis was performed with GFP or ubiquitin (Ubi) antibodies. 
GAPDH antibody was used as a loading control. (B) Densitometric analysis of the 
immunodetection of GFP, derived from the tFT-tag to the GAPDH control. The 
significance of differences was calculated with t-test relative to tFT control (*, p < 0.05; 
**, p < 0.1). (C) Densitometric analysis of the immunodetection of the ubiquitin 
conjugates relative to the GAPDH control. The significance of differences was 
calculated with t-test (*p < 0.05). 
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These results demonstrate that Sem1 has a similar impact on the stability of αSyn and 

S129A, in contrast to Rpn11. This might be attributed to unspecific 20S protein 

degradation activity, since Sem1 is required for efficient 26S proteasome assembly 

and absence of Sem1 significantly increases the percentage of 20S proteasomes. This 

suggests that phosphorylation at S129 promotes the degradation by then26S 

proteasome, whereas degradation by the 20S activity is independent on pS129.  
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4. Discussion 

α-Synuclein (αSyn) is a protein of presynaptic neurons that is genetically and 

neuropathologically associated with development of Parkinson's disease (PD). This 

work shows that αSyn disturbs protein homeostasis in cells by changing stability of 

proteins. It reveals a complex interplay between αSyn and proteasomal subunits. 

Expression of αSyn increases the stability of the proteasomal chaperone Rpn14. The 

study reveals that Rpn14 is a mediator of αSyn-induced 26S proteasome inhibition. 

Furthermore, it demonstrates that another proteasomal subunit, Rpn11 deubiquitinase, 

promotes degradation of αSyn.  

With the aging population, a number of age-related neurodegenerative disorders are 

becoming a substantial public health problem. The improved hygiene and health care, 

healthier lifestyle, better nutrition and more advanced medical care in the developed 

and developing countries lead to increased life expectancy and fast-growing 

percentage of people older than 65 (Figure 29). Despite decades of extensive studies 

and resources invested in research and drug development, no curative treatments are 

available as most of the causative pathogenic factors are unknown. Therefore, 

research on human neurodegenerative diseases such as Parkinson's disease (PD) is 

emerging as an important topic. 

αSyn protein is considered to be one of the most important factors in the PD’s 

pathogenesis. This small intrinsically unfolded neuronal protein of 140 amino acids is 

found in high concentrations at presynaptic terminals in a soluble form or in fractions 

bound to the membrane. In pathological conditions αSyn aggregates and accumulates 

in Lewy bodies, intracellular protein inclusions, which are linked to the selective loss of 

dopaminergic neurons in the substantia nigra in PD. The propensity of αSyn for 

aggregation can be altered by multiple factors, including its abundant posttranslational 

modifications.  

Accumulation and aggregation of αSyn leads to defects in vesicle trafficking, impaired 

mitochondrial activity, cell membrane damage, proteasome dysfunction and 

aggregation of ubiquitinated proteins (Tenreiro et al, 2017; Cooper et al, 2006; Gitler 

et al, 2009, Gilter et al, 2008; Su et al, 2010; Soper et al, 2008; Zabrocki et al, 2008; 

Outeiro & Lindquist, 2003). Furthermore, it disrupts protein homeostasis, but the exact 
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mechanism of this process is not well understood. In this study, the effect of αSyn 

expression on protein stability was investigated in Saccharomyces cerevisiae as 

monitoring of these effects is much easier in this simple eukaryotic reference cell than 

in complex multicellular systems. Expression of αSyn in yeast leads to αSyn 

association with the plasma membrane in a highly selective manner and subsequent 

formation of cytoplasmic inclusions in a concentration-dependent process (Outeiro & 

Lindquist, 2003; Petroi et al, 2012). The cellular disorders in yeast mimic effects 

associated with αSyn accumulation in neuronal cells in PD (Menezes et al, 2015; 

Outeiro & Lindquist, 2003). 

 

Figure 29. Rising life expectancy around the world (1900-2019).  
The chart represents life expectancy at birth, which is defined as the average number 
of years newborns were expected to live if they were to pass through life subject to 
age-specific mortality rates over a defined period. It shows that the health transition 
began at varying times in different regions of the world. In contrast do developed 
regions, the life expectancy in Africa did not begin to increase until around 1920 and is 
lower up to the date (Riley, 2005; Zijdeman & Ribeira da Silva, 2015; Nations, 2019; 
retrieved from: 'https://ourworldindata.org/life-expectancy'). 

  

In this study, Saccharomyces cerevisiae was employed as a reference cell to examine 

the molecular mechanisms underlying αSyn induced toxicity and the role of 

phosphorylation at serine 129 (S129) as a major posttranslational modification of the 

protein. Proteasome is one of the pathways of αSyn degradation. Therefore, the 
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interplay between αSyn, the proteasome subunits, and proteasome interacting 

proteins was the subject of this study. Moreover, the role of S129 as a major 

posttranslational modification of αSyn, which affects degradation of the protein, was 

investigated (Figure 30).  

 

4.1. Impact of α-synuclein expression on protein homeostasis  

Proteostasis is crucial for the maintenance of cellular functions, which control protein 

synthesis, folding, translocation, and degradation. Impaired cellular proteostasis is 

associated with various neurodegenerative diseases, including Parkinson’s disease 

(Lehtonen et al, 2019). Perturbation of protein homeostasis in PD can be directly 

caused by αSyn when imbalance between synthesis and degradation of the protein 

occurs, and indirectly by affecting other components of the proteostasis network.  

αSyn in an aggregated form is a key component of Lewy bodies in the brain of PD 

patients and plays a crucial role in the disease progression (Poewe et al, 2017). 

Intracellular homeostasis of αSyn is maintained by endogenous regulatory 

mechanisms, including the ubiquitin-proteasome system (UPS) and the autophagy-

lysosome pathway (ALP). ALP appears to be preferred degradation pathway over UPS 

in the removal of oligomeric forms of αSyn. The accumulation of αSyn is strongly linked 

to the impairment of these degradation mechanisms (Xilouri et al, 2013). 

Consequently, aberrant proteins are likely to perturb UPS mechanisms, directly or 

indirectly, and subsequently impair the function of related pathways, resulting in 

irreversible alterations in the homeostasis of neuronal proteins and degeneration 

(Cookson, 2009; Sato et al, 2018).  

Tandem protein fluorescence is a novel technique to measure protein age and stability. 

It allows to discriminate between estimates of three types of protein populations which 

are either preferentially short-aged (visualized as green), medium-aged (visualized as 

yellow) or preferentially higher aged (visualized as red). In his work, tandem protein 

fluorescence measurement technique revealed that soluble fractions of αSyn 

phosphorylated at S129 residue is preferentially degraded by the proteasome. 

Therefore, phosphorylation of αSyn is involved directly in the maintenance of αSyn 

protein homeostasis. Expression of non-phosphorylated αSyn variant - S129A, 
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resulted in less significant changes in the yeast proteome, as it was shown in previous 

studies (Popova et al, 2021a). 

The global effect of αSyn expression on protein homeostasis has not been thoroughly 

researched and was subject of this study. The impact of αSyn expression on protein 

stability was investigated in yeast. The high-throughput screen using the tandem 

fluorescence timer (tFT) yeast gene library revealed more significant impact of αSyn 

expression on the changes of protein stability, than S129A variant. Identified proteins 

with changed stability were enriched in some common biological processes upon 

expression of αSyn and S129A, such as DNA replication and repair, mitosis and 

mitochondria. Notably, some biological processes were found to be unique for either 

αSyn or S129A. Expression of αSyn demonstrated an enrichment of the functional 

category of mRNA processing, whereas S129A expression was found to change the 

stability of proteins involved in glycosylation and protein folding. These results indicate 

that αSyn disturb protein homeostasis in yeast by changing stability of proteins 

involved in crucial cellular processes. This itself can lead to unpredictable 

consequences for maintaining a healthy cellular balance. Expression of αSyn 

overloads proteostasis network and might influence its own stability and degradation. 

Differences in cellular responses to αSyn and S129A expression indicate the 

importance of αSyn PTMs on the protein biological properties, with phosphorylation at 

S129 residue as major PTM conserved from human to the baker’s yeast as a 

eukaryotic reference cell for Morbus Parkinson. 

 

4.2. Impact of α-synuclein expression on 26S proteasome 

The proteasome is the key cellular pathway that is responsible for most protein 

degradation processes. Over the past decades, significant progress has been made in 

the study of the involvement of the proteasome in almost all aspects of biological 

processes. In fact, precise control of the proteasome abundance and its proper folding 

is necessary as aberrant increase or decrease in proteasomal activity is thought to be 

a causative factor in many diseases. Indeed, intracellular accumulation of proteins 

such as αSyn is a common feature of various neurodegenerative diseases, including 

Parkinson’s disease. Inhibition of proteasomal degradation leads to the formation of 
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abnormal protein aggregates, such as αSyn, which subsequently binds to the 

proteasome in a manner that is correlated with a reduction in protease activity 

(Dantuma & Bott, 2014; McKinnon et al, 2020). Thereby, this suggests the existence 

of a vicious cycle between proteasome dysfunction and the accumulation of proteins 

in the pathogenesis of PD. Therefore, it is conceivable for the proteasome to be an 

appealing target for intervention in PD (Thibaudeau & Smith, 2019; Mishra et al, 2018). 

On the one hand, activation of the proteasome could effectively remove aggregates 

and have a preventive effect on neurodegeneration in PD. On the other hand, 

understanding the mechanism by which αSyn aggregation disrupts proteasome 

function may have potential applications for the disease-modifying treatments. In this 

study, the impact of αSyn expression on proteasomal activity and interplay with 

proteasome subunits was investigated. 

It has been shown in various studies that αSyn can inhibit proteasomal activity, 

especially in form of fibrils or oligomers (McKinnon et al, 2020). Studies in rats have 

shown impairment of proteasomal chymotrypsin activity and perturbation of the 

ubiquitin-dependent degradation pathway, exhibiting an increase in ubiquitin-

conjugated aggregates when the A53T αSyn mutant was expressed (Stefanis et al, 

2001). Notably, also wild-type species of αSyn can lead to inhibition of the proteasome 

function. Study in human neuroblastoma cells have shown a ~50% reduction in 

ubiquitin-independent proteasomal degradation while wild-type αSyn was stably 

expressed (Snyder et al, 2003). Studies have shown the existence of proteasomal 

subunits and LBs in midbrain neurons of PD patients and even revealed direct binding 

of αSyn filaments, but not monomers, to the 20S proteasomal subunit (Lindersson et 

al, 2004). Furthermore, both monomeric and aggregated αSyn were found to bind in 

vitro to the 19S proteasomal subunit (Snyder et al, 2003). 

Overexpression of αSyn leads to an impairment of the catalytic activity of the 26S 

proteasome, which is linked to selective accumulation of αSyn phosphorylated at 

Ser129 and to the onset of degeneration of dopaminergic neurons and movement 

disorders (McKinnon et al, 2020). Nevertheless, that study suggested toxic effect of 

the phosphorylation which was also implied in other studies (Chen & Feany, 2005; 

Karampetsou et al, 2017; Ma et al, 2016). Although the impact of S129 phosphorylation 

on αSyn toxicity and aggregation is still controversial, various studies, including this 

study, support protective role of the phosphorylation  (Chau et al, 1989; Ghanem et al, 
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2022; Kuwahara et al, 2012; Paleologou et al, 2008; Popova et al, 2021a; Sancenon 

et al, 2012; Tenreiro et al, 2014b). Both 20S and 26S proteasomes degrade a fraction 

of αSyn; however, the preference to which proteasome αSyn is directed vary between 

αSyn species and experimental conditions. pS129 αSyn is selectively targeted for the 

proteasomal degradation. Pulse-chase experiments revealed that pS129 α-synuclein 

is characterized by a much shorter half-life (~55 minutes) than non-phosphorylated α-

synuclein (~17 hours). Nevertheless, upon inhibition of the proteasome, the half-life of 

pS129 is longer (Machiya et al, 2010). Studies have shown that proteasome drug 

inhibition leads to accumulation of soluble αSyn oligomers bound to 26S upon 

proteasomal inhibition (Emmanouilidou et al, 2010). Expression of αSyn resulted in a 

significant inhibition of proteasomal activity without affecting the levels or assembly of 

the 26S proteasome. These findings suggest that a subset of αSyn oligomers is 

targeted to the 26S proteasome for degradation and simultaneously inhibit its function, 

probably by hampering the access of other proteasomal substrates. 

Our study has shown accumulation of αSyn inclusion upon inhibition of the 

proteasome. Cells expressing αSyn failed to remove the inclusions, suggesting that 

the proteasome has a major role in clearance of αSyn aggregates. The proteasome 

inhibition did not affect clearance of S129A variant inclusions, suggesting that the 

proteasome is involved in the clearance of phosphorylated αSyn. Furthermore, 

decreased 26S proteasomal activity was demonstrated upon expression of αSyn and 

the effect was not observed upon expression of non-phosphorylated variant. This study 

proposes that accumulation of phosphorylated αSyn is a result of dysfunction of 

proteasome which is the preferential degradation pathway for S129 αSyn, and not a 

causative cytotoxicity factor.  

The existence of distinct α-syn strains characterized by different structural and kinetic 

properties may explain the different pathological features, disease progression time 

and α-synucleinopathies severity (Malfertheiner et al, 2021). Distinct effects of 

expression of phosphorylated or non-phosphorylated αSyn might be a result of 

different conformations of the protein aggregates or fibrils, dependent on PTMs. Suzuki 

et al. generated different αSyn fibrils from identical αSyn monomer, dependent on salt 

concentration. When injected into mouse brain, they induced different 

pathologies (Suzuki et al, 2020). The fibrils that were formed with salt induced 

accumulation of phosphorylated S129 and ubiquitinated proteins, as it is found in LBs. 
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Furthermore, the 26S activity was drastically reduced in the presence of these fibrils. 

Only αSyn fibrils grown without salt co-precipitated with purified 26S proteasomes and 

impaired its activity. The αSyn in these fibrils has more exposed C-terminal region due 

to electrostatic repulsion and shorter core region. The study suggested that the C-

terminal region of αSyn interacts with the 26S proteasome, resulting in impairment of 

its activity. This study supports our recent findings that αSyn interacts with the Rpt2 

proteasome base subunit (Popova et al, 2021a). The interaction involves primarily the 

phosphorylated form of αSyn, which presumably causes proteasome dysfunction and 

altered pool of ubiquitin conjugates. The mechanism of pS129-dependent αSyn 

interaction with the proteasome might be due to changed conformation of αSyn C-

terminal region, since phosphorylation at S129 gives negative charge to the C-terminal 

region. The phosphorylated αSyn has exposed C-terminal region with high electric 

repulsion, similarly to the fibrils formed without salt, which might promote the interaction 

of pS129 with the 26S proteasome and the inhibition of its activity. 

 

4.3. Interplay between proteasome chaperone Rpn14 and α-synuclein 

The inhibition of proteasome by αSyn may result from direct interaction with the 

proteasome subunits (Lindersson et al, 2004; Popova et al, 2021a; Snyder et al, 2003). 

For better understanding of the mechanism by which αSyn interferes with the 

proteasome function, we focused on the proteasome chaperone Rpn14. In this study, 

Rpn14 was identified as a protein whose stability increases upon expression of αSyn 

in contrast to non-phosphorylated S129A αSyn, which decreases the stability of 

Rpn14. We hypothesized that the interference of αSyn with the 26S proteasomal 

activity might occur on the 26S assembly stage.  

Rpn14 binds free 19S RP and assists the dissociation of 19S complexes from the 20S 

core, changing the balance between proteasome assembly and disassembly toward 

its disassembly. Increased stability of Rpn14 by αSyn might favor the conformation of 

the disassembled proteasome or might cause a failure to release Rpn14 from the 

complex and results in its retention on the proteasome (Figure 30). The expulsion 

mechanism is very precise. Rpn14 binds Rpt6 and, less robustly, Rpt4 and the function 

of the chaperon is tightly linked to the C-termini of the Rpt subunits (Park et al, 2009; 

Roelofs et al, 2009). Remarkably, insertion of a single residue into Rpt6 four residues 
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upstream from the C-terminus prevents expulsion of Rpn14 (Park et al, 2009). Faulty 

interactions between the templating ATPases, Rpt4 and Rpt6, and the core particle 

cause more severe proteasome-assembly defects than mutations in the other 

ATPases (Rpt1, Rpt2, Rpt3 and Rpt5) (Park et al, 2005). Increased stability of Rpn14 

due to αSyn expression might change the stability of the Rpn14-Rpt4 and Rpn14-Rpt6 

subcomplexes. Defects in the late-docking ATPases are expected to cause a milder 

defect in proteasome assembly because preceding core-particle interactions with Rpt4 

and Rpt6 would steer them towards interacting with specific α-subunits. This 

corroborates our recent findings, where downregulation of the base subunits Rpt2, 

Rpt4 or Rpt6 demonstrated a strong synthetic-sick phenotype upon αSyn expression 

and the effect was stronger than upon downregulation of the lid or or the core subunits 

(Popova et al, 2021a). αSyn might interfere with the 26S proteasome assembly by 

affecting the stability of Rpn14 or some of the intermediate complexes (Figure 30). In 

this study, BiFC assay indicated physical interaction between αSyn and Rpn14. Thus, 

αSyn might compete with the chaperon for its binding to Rpt6 and Rpt4 base 

subunits. Increased level of Rpn14 was shown to be harmful to yeast cells by causing 

growth retardation and by enhancing the growth retardation induced by αSyn. It 

suggests that the increased stability of Rpn14 caused by expression of αSyn can 

mediate the toxicity, given that upon expression of S129A the growth retardation was 

not observed as it decreases Rpn14 stability. Although Rpn14 has redundant function 

with another proteasome chaperon, Nas6, the observed effect was exclusive for 

Rpn14. It was previously shown that high-copy RPN14 enhanced the levels of free 

base but not the RP. High-copy RPN14 and NAS6 suppress rpt6 (cim3-1) growth 

defects, and overexpression of both genes in the same cells further enhances this 

suppression (Funakoshi et al, 2009) 

Increased level of Rpn14 led to decreased αSyn inclusion clearance upon inhibition of 

the proteasome. It suggests that αSyn undermine its own clearance in a complex 

mechanism as expression of the protein not only inhibits proteasomal activity, but at 

the same time it leads to increased stability of Rpn14. The effect was not observed 

when S129A was expressed, supporting previous findings that the proteasome is more 

involved in degradation of phosphorylated αSyn. Moreover, upon deletion of RPN14 

phosphorylated and non-phosphorylated αSyn inclusions were cleared from the cells 

in a similar manner, confirming the role of Rpn14 in pS129 αSyn inclusion clearance.  
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Figure 30. αSyn inhibition of 26S proteasomal activity in yeast is mediated by 
the proteasome assembly chaperone Rpn14.  
Phosphorylated αSyn is a substrate of the 26S proteasome. Rpn14 binds Rpt4 and 
Rpt6 base subunits, and escorts them to the core particle. The assembly of the base 
is highly orchestrated process assisted by the proteasomal chaperones with a precise 
expulsion mechanism. αSyn physically interacts with and stabilizes Rpn14, which on 
its turn results in proteasome dysfunction and accumulation of pS129 that is normally 
targeted to the proteasome for degradation. Phosphorylated αSyn and increased 
levels of Rpn14 lead to accumulation of ubiquitin conjugates when the function of the 
proteasome is compromised. Increased stability of Rpn14 might stabilize Rpn14 
subcomplexes with Rpt4 and Rpt6 and interfere with the expulsion of Rpn14 from the 
RP sub-complexes, leading to decreased levels of fully assembled proteasomes, 
accumulation of ubiquitinated proteins and decreased 26S proteasomal activity. 
Phosphorylated αSyn is in proximity to the Rpt2 base subunit, which probably leads to 
proteasome dysfunction and altered pool of ubiquitin conjugates. This effect is 
presumably mediated by elevated levels of Rpn14. 

 

The results have shown decreased 26S proteasomal activity upon overexpression of 

RPN14. The inhibitory effect of excess Rpn14 was contributed, among others, to its 

role in preventing the association between a premature 19S RP and the 20S CP 

(Shirozu et al, 2015). Notably, it was demonstrated that overexpression of the 

mammalian homologue of RPN14, PAAF1, decreases the association between the 

20S CP and the 19S RP in a dose-dependent manner. It was suggested that PAAF1, 

by binding to Rpt subunits, might interfere with their association with the 20S CP, 
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leading to inhibition of the 26S proteasome assembly (Park et al, 2005b). These results 

were reflected in yeast. It was revealed that overexpression of RPN14 resulted in 

decreased 26S proteasomal activity and increased free 20S CP and free 19S RP, 

suggesting that overexpression of RPN14 inhibits the association between the 20S CP 

and the 19S RP in yeast as well (Shirozu et al, 2015). This study revealed that elevated 

level of Rpn14 disturbs the function of the 26S proteasome and the degradation of 

ubiquitin conjugates under proteolytic stress and demonstrated different cellular 

responses to the expression of RPN14 and αSyn upon depletion of one the three base 

subunits Rpt2, Rpt4 or Rpt6. The strongest effect was observed upon downregulation 

of RPT2, which led to accumulation of ubiquitin conjugates upon elevated level of 

Rpn14 and expression of αSyn. The observed effect was not synergistic, as co-

expression of αSyn and RPN14 led to similar level of accumulation of ubiquitinated 

proteins, compared to individual expression of αSyn or RPN14. This suggests that 

both, Rpn14 and αSyn, contribute to the impairment of the proteasome as part of the 

same mechanism. αSyn might render Rpn14 assembly chaperon a mediator of 

proteasome impairment. It is supported by the fact that non-phosphorylated αSyn has 

less impact on accumulation of ubiquitin conjugates. Notably, significant accumulation 

of phosphorylated αSyn was observed at elevated Rpn14 protein level, independently 

of RPT2 expression levels. This finding suggests that Rpn14 leads to the increased 

accumulation of the pS129 fraction by inhibition of phosphorylated αSyn turnover. 

Similar pattern in accumulation of ubiquitin conjugates was observed upon depletion 

of Rpt4. Nevertheless, the effect was milder that upon depletion of Rpt2, and no effect 

of S129A was observed. Downregulation of RPT6 itself resulted in accumulation of 

ubiquitinated proteins; however, expression of αSyn or RPN14 did not increase the 

level of ubiquitin conjugates in this background and the tendency was similar upon 

deletion of RPN14. Accumulation of pS129 fraction was again observed upon 

downregulation of RPT6 regardless the levels of Rpn14 protein.  

When excessive amounts of Rpn14 are present in the cell and either RPT2 or RPT4 

proteasomal base subunits are downregulated, Rpn14 acts as an inhibitor of the 

proteasome. Interestingly, studies have shown that deletion of only one of the 

proteasome assembly chaperons, such as RPN14, does not lead to cellular growth 

retardation (Funakoshi et al, 2009; Saeki et al, 2009). No impact of Rpn14 on cells 

growth was observed upon depletion of Rpt6, although Rpn14 strongly associates with 
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this proteasome base subunit (Roelofs et al, 2009). Different cellular responses to the 

expression of Rpn14 and αSyn upon depletion of different base subunits indicate that 

the mechanism of proteasome impairment by elevated levels of Rpn14 chaperone is 

not arbitrary. Although Rpt2 is not a direct interaction partner for Rpn14, we have 

shown that αSyn is in the close proximity to the Rpt2 base subunit and the interaction 

involves primarily the phosphorylated form of αSyn (Popova et al, 2021a). Rpt2 plays 

a distinct role in the formation and activation of the 26S proteasome by opening the 

CP 20S entry pore and allowing the translocation of protein substrates into the 

proteolytic channel for degradation (Grice & Nathan, 2016). Downregulation of this 

subunit resulted in strong toxicity enhancement even at low αSyn expression levels 

(Popova et al, 2021a). Rpt2 depletion caused αSyn accumulation and development of 

Lewy body-like inclusions in mice, and neurodegeneration and PD-like symptoms in 

Drosophila (Tanaka et al, 2001; Snyder et al, 2003). The stronger effect of Rpn14 

observed upon depletion of Rpt2 in comparison to the other base subunits may be a 

consequence of complex interplay between αSyn, Rpn14 and the base subunits. 

Rpn14 binds Rpt6 and Rpt4, and increased stability of the chaperone caused by αSyn 

expression may lead to higher stability of Rpn14-Rpt6 and Rpn14-Rpt4 subcomplexes, 

which in turn alters proteasome assembly. Previously it was reported that loss of the 

base chaperones results in significant reductions in 26S proteasome levels; however, 

the quadruple-mutant cells grow normally under physiological conditions (Saeki et al, 

2009). This result suggests that alternative mechanisms for the base assembly still 

exist in the cells and might explain why downregulation of RPT6 and RPT4 is not as 

harmful for the cells upon elevated levels of Rpn14 as downregulation of RPT2. 

Therefore, when RPT2 is downregulated, the effect might have been raised not only 

from the lack of this subunits, but also from simultaneous depravation of Rpt6 and Rpt4 

which are bound to Rpn14 in stable subcomplexes caused by αSyn expression. 

Subsequently, the effect was exclusively observed upon expression of pS129 αSyn, 

which is a substrate for the 26S proteasome. pS129 αSyn increases the stability of 

Rpn14 which in turn results in proteasome dysfunction and accumulation of pS129 that 

is normally targeted to the UPS for degradation. When RPN14 is deleted, αSyn has 

less impact on the proteasomal activity and the accumulation of ubiquitinated protein. 

Increased stability probably interferes with the expulsion of Rpn14 from the RP sub-

complex (Figure 30).  
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The main finding of this study is that αSyn may indirectly impair the proteasome by 

increasing the stability of the proteasome chaperone Rpn14. Proteasome impairment 

associated with neurodegeneration potentially can be caused by physical exposure of 

αSyn to the regulatory particle, leading to blocking of the proteasome complex at 

essential sites and changing the composition or stability of the proteasome. Depletion 

of RP subunits can alter the stoichiometry of the subunits in the cell and disrupt the 

assembly of the 26S proteasome, resulting in an increased number of compromised 

proteasomes (Tonoki et al, 2009). 

 

4.4. Interplay between Rpn14 and proteasomal activity 

Rpn14 is associated specifically with RP but not with the RP-CP holoenzyme (Roelofs 

et al, 2009). Mutation in Rpn14 resulted in proteasome loss-of-function in spite of its 

absence from the holoenzyme, which results from deficient RP assembly. Deletion of 

RPN14 showed reduced level of singly-capped and doubly capped proteasomes. 

Thus, Rpn14 chaperone is important for RP-CP assembly and for maintaining normal 

proteasome levels. The assembly of the base is a highly orchestrated process. All four 

chaperones (Rpn14, Nas6, Nas2, and Hsm3) bind to base subunits of the lid and 

associate with the C-domains of the Rpt-proteins and negatively regulate the 

interactions of the base with the CP. On one hand, the interaction is specifically 

required for assembly itself. Therefore, the chaperones control the timing and ordering 

of the maturation events by competing with CP for occupancy of the Rpt C-domain. 

This study revealed that αSyn affects the proteasomal activity of the cells by increasing 

the stability of Rpn14 chaperone and hence, the levels of fully assembled chaperones. 

Both expression of αSyn and elevated level of Rpn14 inhibit the 26S activity, and the 

effect is not synergistic. Notably, the effect was exclusive for pS129 αSyn and is not 

observed upon deletion of RPN14. No significant effect of S129A was observed. 

Considering that non-phosphorylated mutant of αSyn decreases the Rpn14 level and 

in RPN14 deletion strain αSyn does not increase 26S proteasomal activity, it 

corroborates the finding that the αSyn-induced decrease of the 26S proteasomal 

activity is mediated by Rpn14 (Figure 30). 
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Rpn14 has a redundant function with Nas6 and the excess of the two chaperones might 

be disadvantages to the cells. It was shown that increased Rpn14 level results in 

decreased 26S activity. Thus, excess of the chaperone (the same is true for Nas6) is 

a disadvantage for cells. Expression of RPN14 or NAS6 does not affect the amount of 

the CP or RP; however. an increased 20S activity and decreased 26S activity were 

observed (Shirozu et al, 2015). This indicates that the association of the CP with RP is 

inhibited upon elevated protein levels of Rpn14 or Nas6 in the cell.   

PAAF1 is the mammalian homolog of RPN14. PAAF1 co-purifies with the 19S RP, but 

not with 20S (Lassot et al, 2007; Park et al, 2005b). Under the same experimental 

conditions, 19S and 20S copurify together. This suggests that binding of PAAF1 with 

19S interferes with the stable interaction between the 19S complex and 20S and 

inhibits the association between them. PAAF1 was shown to inhibit the proteasomal 

activity and to lead to accumulation of ubiquitinated proteins.  

 

4.5. Role of Rpn11 on α-synuclein turnover 

Rpn11 is a 19S RP lid metalloisopeptidase that removes ubiquitin from substrates 

targeted for degradation by the 26S proteasome. The deubiquitinase activity of this 

proteasome subunit promotes degradation. Rpn11 is located in proximity to the 

ubiquitin receptor Rpn10 and to the ATPase ring within the RP, which form the 

proteasome substrate entry pore (Kolog Gulko et al, 2018). Active substrate 

translocation by ATPases supposedly delivers the ubiquitin chain to Rpn11, which cuts 

polyubiquitin at the base of the chain. Consequently, downregulation of Rpn11 leads 

to an accumulation of ubiquitinated proteins. This study revealed that Rpn11 

decreases the stability of αSyn and contributes to the degradation of pS129 αSyn. 

These results confirm previous findings and show that αSyn phosphorylated at S129 

residue is preferentially degraded by the ubiquitin proteasome system. High levels of 

αSyn lead to depletion of the pool of ubiquitinated proteins. It was suggested that αSyn 

may alter substrate translocation to the catalytic core and promote ubiquitin and the 

conjugated substrates degradation. Subsequently, αSyn may evade the DUB activity 

of Rpn11 and cause depletion of the cellular ubiquitin pool and ubiquitin wasting 

(Popova et al, 2021a). Ubiquitin depletion induces toxicity in yeast (Verma et al, 2002). 
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Impaired Rpn11 function in aged Drosophila melanogaster resulted in age-dependent 

premature accumulation of ubiquitinated proteins, reduced 26S proteasomal activity 

and intensified neurodegenerative phenotype. Notably, overexpression of Rpn11 

recovered 26S proteasomal activity, resulting in extended lifespan (Stefanis et al, 

2001). Rpn11 is required for appropriate yeast cell morphology, as downregulation of 

the deubiquitinase leads to aberrant growth upon expression of αSyn.  

Another proteasome subunit, Sem1, might indirectly affect αSyn degradation. The role 

of Sem1 is to maintain association of the lid and base subcomplexes of the regulatory 

particle (Funakoshi et al, 2004). Sem1 is required for stabilization of deubiquitinating 

enzyme Rpn11 and proper assembly of the 26S proteasome (Kolog Gulko et al, 2018). 

It was previously found that deletion of SEM1 leads to accumulation of ubiquitin 

conjugates and disturbs proteasome mediated degradation (Funakoshi et al, 2004). 

This study demonstrated that accumulation of ubiquitinated proteins has similar pattern 

in SEM1 deletion mutant and upon RPN11 downregulation, where accumulation 

occurred in the cells expressing phosphorylated αSyn. This suggests that the 

contribution of Rpn11 to αSyn degradation may be mediated by Sem1, by increasing 

the stability of Rpn11. Nevertheless, in contrast to Rpn11, Sem1 was found to be 

involved in stabilization of phosphorylated and non-phosphorylated αSyn. Since Sem1 

is involved in efficient assembly of the 26S proteasome, this effect could be associated 

with 20S degradation activity as lack of Sem1 in cells significantly increases the 

percentage of 20S proteasomes. This suggests that αSyn phosphorylation at S129 

residue promotes degradation by the 26S proteasome, whereas degradation by 20S 

proteasome is independent of pS129. 

 

4.6. Conclusions 

Imbalance in protein homeostasis is associated with the onset and progression of 

Parkinson’s disease. This work gives insights into the αSyn-dependent disturbances 

in cellular protein homeostasis. It reveals a complex interaction between the 

proteasome and αSyn causing vastly altered proteostasis in yeast as a eukaryotic 

reference cell for PD. The impact of αSyn on stability of proteins is dependent on the 

phosphorylation state of αSyn at serine 129 residue, where phosphorylated αSyn has 

higher influence on proteins stability. The interrelationship between αSyn accumulation 
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and imbalanced proteostasis are connected to changed protein turnover and 

proteasome modulation. The main finding of this study is that αSyn increases the 

stability of 26S proteasome chaperone Rpn14, which mediates the inhibition of the 

proteasomal activity. It revealed that the proteasomal deubiqutinase Rpn11 decreases 

αSyn stability and plays a role in the degradation of pS129 αSyn. Dysregulation of 

proteasomal activity can result in many human diseases, including PD (Bi et al, 2021). 

This work contributes to the understanding of the mechanism of proteasome inhibition 

by αSyn and provides basis for further studies in higher organisms. Future investigation 

on the interaction between αSyn and the human homologue of RPN14 (PAAF1) and 

RPN11 (PSMD14) can give an insight into the mechanism of PD onset and might have 

a possible medical relevance in human. 
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Supplementary material 

Table S1. Genes encoding proteins with significantly changed stability upon 
expression of αSyn in comparison to the empty vector (EV) control. 
Ratio represents log2 from mCherry/sfGFP fluorescence intensities. RatioDiff(EV-αSyn) 
represents log2(REV)-log2(RαSyn) and is a measure for changed stability. Negative 
RatioDiff indicates stabilization of the fusion protein upon αSyn expression.  
 

ORF Gene Name Ratio 
(EV) 

Ratio 
(αSyn) 

RatioDiff 
(EV- 
αSyn) 

p-value 
(EV- αSyn) 

YGR142W BTN2 BaTteN disease -5.27 0.85 -6.12 0.01 

YGL004C RPN14 Regulatory Particle Non-ATPase 0.52 6.01 -5.49 0.00 

YDR185C UPS3 UnProceSsed -2.89 2.55 -5.44 0.00 

YOR244W ESA1 Catalytic subunit of the histone 
acetyltransferase complex 

-0.73 4.46 -5.20 0.01 

YDL048C STP4 protein with similarity to Stp1p -5.28 -0.11 -5.18 0.00 

YPL026C SKS1 Suppressor Kinase of SNF3 -3.72 1.40 -5.12 0.00 

YOR344C TYE7 Ty1-mediated Expression -5.68 -0.74 -4.94 0.00 

YGR238C KEL2 KELch repeat -0.32 4.49 -4.80 0.00 

YDR523C SPS1 SPorulation Specific -2.14 2.62 -4.75 0.00 

YDR279W RNH202 RNase H 0.38 5.02 -4.64 0.00 

YCL039W GID7 Glucose Induced Degradation deficient -3.16 1.46 -4.63 0.00 

YDL063C SYO1 SYnchronized impOrt or SYmpOrtin 0.29 4.90 -4.61 0.01 

YFL007W BLM10 BLeoMycin resistance -2.63 1.96 -4.58 0.00 

YEL006W YEA6 Mitochondrial NAD+ transporter -3.27 1.26 -4.54 0.01 

YKR054C DYN1 DYNein -1.43 3.09 -4.52 0.00 

YNL172W APC1 Anaphase Promoting Complex subunit -2.51 2.00 -4.51 0.00 

YOL043C NTG2 eNdonuclease Three-like Glycosylase -0.60 3.90 -4.49 0.00 

YOL116W MSN1 Multicopy suppressor of SNF1 mutation -0.71 3.70 -4.42 0.00 

YCL061C MRC1 Mediator of the Replication Checkpoint -1.31 3.07 -4.38 0.00 

YMR199W CLN1 CycLiN -3.97 0.38 -4.35 0.01 

YGR044C RME1 Regulator of MEiosis -3.76 0.59 -4.35 0.00 

YIL087C AIM19 Altered Inheritance rate of Mitochondria -3.60 0.71 -4.31 0.00 

YHR061C GIC1 GTPase Interactive Component -2.67 1.61 -4.28 0.00 

YML099C ARG81 ARGinine requiring -2.76 1.46 -4.22 0.01 

YHR034C PIH1 Protein Interacting with Hsp90 -0.38 3.84 -4.21 0.00 

YMR135C GID8 Glucose Induced Degradation deficient -3.61 0.60 -4.21 0.00 

YNR031C SSK2 Suppressor of Sensor Kinase 0.99 5.18 -4.20 0.00 

YMR056C AAC1 ADP/ATP Carrier -3.13 1.05 -4.18 0.01 

YMR225C MRPL44 Mitochondrial Ribosomal Protein, Large 
subunit 

-0.99 3.15 -4.13 0.01 

YMR137C PSO2 PSOralen derivative sensitive -2.22 1.91 -4.13 0.00 

YBL084C CDC27 Cell Division Cycle -2.07 2.05 -4.12 0.00 

YDR026C NSI1 NTS1 SIlencing protein 1 -1.80 2.32 -4.12 0.00 
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YOR355W GDS1 Involved in histone H4 acetylation  -3.94 0.16 -4.10 0.00 

YLR247C IRC20 Increased Recombination Centers -1.43 2.66 -4.09 0.01 

YLR385C SWC7 SWr Complex 1.56 5.63 -4.07 0.00 

YPL141C FRK1 Fatty acyl-CoA synthetase and RNA 
processing-associated Kinase 

-1.83 2.24 -4.07 0.00 

YKL125W RRN3 Regulation of RNA polymerase I -2.73 1.31 -4.04 0.00 

YIR017C MET28 METhionine -2.96 1.06 -4.02 0.00 

YNL155W CUZ1 Cdc48-associated UBL/Zn-finger protein -3.71 0.29 -4.00 0.01 

YMR198W CIK1 Chromosome Instability and Karyogamy -2.49 1.51 -4.00 0.00 

YPL076W GPI2 GlycosylPhosphatidylInositol anchor 
biosynthesis 

-0.59 3.41 -4.00 0.01 

YER013W PRP22 Pre-mRNA Processing -2.63 1.35 -3.98 0.00 

YOR279C RFM1 Repression Factor of Middle sporulation 
element 

-2.73 1.24 -3.97 0.01 

YLR023C IZH3 Implicated in Zinc Homeostasis -4.08 -0.11 -3.96 0.01 

YNL082W PMS1 PostMeiotic Segregation -2.66 1.30 -3.95 0.00 

YKL185W ASH1 Asymmetric Synthesis of HO -3.08 0.87 -3.95 0.00 

YDR375C BCS1 ubiquinol-cytochrome c reductase (bc1) 
Synthesis 

-2.25 1.69 -3.94 0.00 

YGL139W FLC3 FLavin Carrier -1.46 2.47 -3.92 0.01 

YGL229C SAP4 Sit4 Associated Protein -2.03 1.86 -3.89 0.00 

YDR118W APC4 Anaphase Promoting Complex -1.73 2.15 -3.88 0.00 

YNL257C SIP3 SNF1-Interacting Protein -1.22 2.66 -3.88 0.00 

YDR266C HEL2 Histone E3 Ligase -1.61 2.24 -3.85 0.00 

YKL179C COY1 CASP Of Yeast -1.74 2.10 -3.84 0.00 

YJL025W RRN7 Regulation of RNA polymerase I -1.18 2.61 -3.79 0.00 

YML109W ZDS2 Zillion Different Screens -1.97 1.81 -3.78 0.00 

YER173W RAD24 RADiation sensitive -0.75 3.01 -3.76 0.00 

YOR346W REV1 REVersionless -0.39 3.37 -3.76 0.01 

YLR098C CHA4 Catabolism of Hydroxy Amino acids -1.65 2.11 -3.76 0.01 

YNR045W PET494 PETite colonies -1.57 2.17 -3.74 0.00 

YDR052C DBF4 DumbBell Former -2.24 1.50 -3.73 0.00 

YER124C DSE1 Daughter Specific Expression -4.10 -0.37 -3.73 0.00 

YDR443C SSN2 Suppressor of SNf1 -0.53 3.17 -3.70 0.00 

YMR048W CSM3 Chromosome Segregation in Meiosis -1.27 2.42 -3.69 0.01 

YKR022C NTR2 NineTeen complex Related protein -1.10 2.57 -3.66 0.00 

YLR003C CMS1 Complementation of Mcm-10 Suppressor -2.83 0.82 -3.65 0.00 

YIL050W PCL7 Pho85 CycLin -3.20 0.44 -3.64 0.00 

YDR076W RAD55 RADiation sensitive -1.28 2.33 -3.62 0.01 

YJL139C YUR1 Yeast Unknown Reading frame -1.43 2.18 -3.61 0.00 

YLR105C SEN2 Splicing ENdonuclease -1.56 2.02 -3.59 0.00 

YOR337W TEA1 Ty Enhancer Activator -1.71 1.86 -3.57 0.00 

YKL078W DHR2 DEAH-box RNA helicase -1.26 2.29 -3.55 0.00 

YGL162W SUT1 Sterol UpTake -1.10 2.44 -3.55 0.01 
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YLR135W SLX4 Synthetic Lethal of unknown (X) function -1.32 2.22 -3.54 0.00 

YDR439W LRS4 Loss of RDNA Silencing -1.87 1.67 -3.54 0.00 

YOR162C YRR1 Yeast Reveromycin-A Resistant -2.10 1.43 -3.54 0.00 

YDR125C ECM18 ExtraCellular Mutant -1.32 2.21 -3.53 0.00 

YBR008C FLR1 FLuconazole Resistance -1.90 1.63 -3.53 0.00 

YAR031W PRM9 Pheromone-Regulated Membrane protein -0.61 2.91 -3.52 0.00 

YFL004W VTC2 Vacuolar Transporter Chaperone -3.14 0.38 -3.52 0.00 

YIR005W IST3 Increased Sodium Tolerance -1.73 1.77 -3.50 0.00 

YBL063W KIP1 KInesin related Protein -1.13 2.36 -3.49 0.01 

YNL321W VNX1 Vacuolar Na+/H+ eXchanger -1.41 2.06 -3.48 0.00 

YBR042C CST26 Chromosome STability -1.08 2.39 -3.47 0.00 

YPL179W PPQ1 Protein Phosphatase Q -2.27 1.19 -3.46 0.00 

YKL074C MUD2 Mutant U1 Die -1.83 1.63 -3.46 0.00 

YOL100W PKH2 Pkb-activating Kinase Homolog -1.18 2.28 -3.46 0.00 

YJL110C GZF3 Gata Zinc Finger protein -2.43 1.02 -3.45 0.00 

YJR097W JJJ3 J-protein (Type III) -1.27 2.17 -3.44 0.00 

YKL043W PHD1 PseudoHyphal Determinant -1.66 1.77 -3.43 0.00 

YOR373W NUD1 Mitotic exit network (MEN) scaffold protein -0.69 2.74 -3.43 0.00 

YOR311C DGK1 DiacylGlycerol Kinase -0.90 2.53 -3.43 0.00 

YMR224C MRE11 Meiotic REcombination -1.29 2.13 -3.42 0.00 

YNL053W MSG5 Multicopy Suppressor of GPA1 -2.24 1.18 -3.42 0.00 

YOL105C WSC3 Cell wall integrity and Stress response 
Component 

-0.97 2.44 -3.41 0.00 

YHR036W BRL1 BRr6 Like protein -1.24 2.17 -3.41 0.00 

YKL101W HSL1 Histone Synthetic Lethal -1.28 2.11 -3.39 0.00 

YOR025W HST3 Homolog of SIR Two (SIR2) -2.60 0.77 -3.37 0.00 

YJL004C SYS1 Suppressor of Ypt Six -1.03 2.33 -3.37 0.00 

YCR018C SRD1 Involved in the processing of pre-rRNA -2.48 0.88 -3.37 0.00 

YKR077W MSA2 Mbf and Sbf Associated -3.19 0.17 -3.36 0.00 

YPL230W USV1 Up in StarVation -2.38 0.96 -3.35 0.00 

YDR184C ATC1 Aip Three Complex -1.78 1.57 -3.35 0.00 

YAL041W CDC24 Cell Division Cycle -0.33 2.99 -3.32 0.00 

YBR065C ECM2 ExtraCellular Mutant -0.87 2.45 -3.32 0.00 

YDR247W VHS1 Viable in a Hal3 Sit4 background -2.29 1.02 -3.31 0.00 

YLR193C UPS1 UnProceSsed -2.58 0.68 -3.26 0.00 

YER033C ZRG8 Zinc Regulated Gene -1.73 1.52 -3.24 0.00 

YKL033W TTI1 Two Tel2-Interacting protein -1.18 2.06 -3.24 0.00 

YIL017C VID28 Vacuolar Import and Degradation -1.24 1.99 -3.23 0.00 

YER167W BCK2 Bypass of C Kinase -1.34 1.88 -3.23 0.00 

YFL029C CAK1 Cdk-Activating Kinase -1.21 2.01 -3.22 0.01 

YLR183C TOS4 Target Of Sbf -2.44 0.78 -3.22 0.00 

YOL077W-A ATP19 ATP synthase -3.55 -0.33 -3.21 0.00 
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YOR127W RGA1 Rho GTPase Activating Protein -1.16 2.05 -3.21 0.01 

YDR323C PEP7 carboxyPEPtidase Y-deficient -1.17 2.03 -3.20 0.00 

YML071C COG8 Conserved Oligomeric Golgi complex -1.31 1.89 -3.20 0.01 

YGR206W MVB12 MultiVesicular Body sorting factor of 12 
kilodaltons 

-1.52 1.67 -3.19 0.00 

YGL222C EDC1 Enhancer of mRNA DeCapping -2.99 0.19 -3.18 0.00 

YPL242C IQG1 IQGAP-related protein -1.20 1.98 -3.18 0.00 

YNL230C ELA1 ELongin A -0.91 2.23 -3.13 0.00 

YLR442C SIR3 Silent Information Regulator -1.20 1.93 -3.13 0.00 

YJR089W BIR1 Baculoviral IAP Repeat-containing protein -1.05 2.07 -3.12 0.00 

YMR119W ASI1 Amino acid Sensor-Independent -0.56 2.56 -3.12 0.00 

YLR127C APC2 Anaphase Promoting Complex -1.52 1.60 -3.12 0.00 

YLR401C DUS3 DihydroUridine Synthase -1.26 1.86 -3.11 0.00 

YGR251W NOP19 NucleOlar Protein -0.49 2.62 -3.11 0.00 

YBR083W TEC1 Transposon Enhancement Control -1.54 1.57 -3.10 0.00 

YDR189W SLY1 Suppressor of Loss of Ypt1 0.19 3.29 -3.10 0.00 

YMR172W HOT1 High-Osmolarity-induced Transcription -1.19 1.89 -3.09 0.00 

YLR034C SMF3 Involved in iron homeostasis  -2.86 0.21 -3.07 0.00 

YMR268C PRP24 Pre-mRNA Processing -0.63 2.44 -3.07 0.01 

YPL133C RDS2 Regulator of Drug Sensitivity -1.65 1.39 -3.05 0.00 

YDL070W BDF2 BromoDomain Factor -2.25 0.79 -3.04 0.00 

YMR036C MIH1 Mitotic Inducer Homolog -0.34 2.69 -3.03 0.01 

YAL031C GIP4 Glc7 Interacting Protein -0.71 2.30 -3.02 0.00 

YFL033C RIM15 Regulator of IME2 -0.50 2.52 -3.02 0.00 

YGR169C PUS6 PseudoUridine Synthase -1.42 1.59 -3.01 0.00 

YOR271C FSF1 Fungal SideroFlexin 1 -0.35 2.66 -3.01 0.00 

YGR099W TEL2 TELomere maintenance -1.12 1.89 -3.00 0.00 

YJL198W PHO90 PHOsphate metabolism -1.18 1.82 -3.00 0.00 

YAL056W GPB2 Regulator of cAMP-PKA signaling  -0.51 2.47 -2.98 0.00 

YDR464W SPP41 Suppressor of PrP4 -0.90 2.08 -2.98 0.00 

YNL023C FAP1 FKBP12-Associated Protein -0.50 2.47 -2.97 0.00 

YGL175C SAE2 Sporulation in the Absence of spo Eleven -0.14 2.83 -2.97 0.01 

YBR179C FZO1 FuZzy Onions homolog -1.77 1.18 -2.95 0.00 

YIR015W RPR2 RNase P Ribonucleoprotein -1.75 1.20 -2.95 0.00 

YPR134W MSS18 Mitochondrial Splicing System -0.40 2.54 -2.94 0.00 

YNL063W MTQ1 Methyltransferase -0.80 2.13 -2.93 0.01 

YPR031W NTO1 NuA Three Orf -1.19 1.73 -2.92 0.00 

YMR232W FUS2 cell FUSion -1.22 1.70 -2.92 0.00 

YPL157W TGS1 TrimethylGuanosine Synthase -1.02 1.89 -2.91 0.00 

YNL133C FYV6 Function required for Yeast Viability -0.46 2.45 -2.91 0.00 

YPR140W TAZ1 TAfaZzin -0.75 2.16 -2.91 0.00 

YGL065C ALG2 Asparagine-Linked Glycosylation 0.22 3.13 -2.91 0.00 
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YIL061C SNP1 Component of U1 snRNP  -1.45 1.45 -2.91 0.00 

YBL102W SFT2 Suppressor of sed Five Ts 0.31 3.21 -2.90 0.00 

YGL240W DOC1 Destruction Of Cyclin B -0.62 2.28 -2.89 0.00 

YBR168W PEX32 PEroXisome related -0.73 2.15 -2.89 0.00 

YNR011C PRP2 Pre-mRNA Processing -1.55 1.32 -2.87 0.00 

YKL146W AVT3 Amino acid Vacuolar Transport -1.57 1.30 -2.87 0.00 

YLR371W ROM2 RhO1 Multicopy suppressor -1.11 1.75 -2.86 0.01 

YNL129W NRK1 Nicotinamide Riboside Kinase -1.36 1.50 -2.86 0.00 

YKR084C HBS1 Hsp70 subfamily B Suppressor -0.92 1.94 -2.86 0.00 

YPL022W RAD1 RADiation sensitive -0.49 2.37 -2.86 0.00 

YOR315W SFG1 SuperFicial pseudohyphal Growth -2.10 0.76 -2.86 0.00 

YDL111C RRP42 Ribosomal RNA Processing 0.86 3.70 -2.84 0.00 

YBR257W POP4 Processing Of Precursor RNAs -0.93 1.91 -2.84 0.00 

YDR448W ADA2 transcriptional ADAptor -1.44 1.39 -2.83 0.01 

YMR288W HSH155 Human Sap Homolog -0.51 2.33 -2.83 0.00 

YGR134W CAF130 CCR4 Associated Factor -1.04 1.79 -2.83 0.01 

YNL027W CRZ1 Calcineurin-Responsive Zinc finger -0.90 1.92 -2.83 0.00 

YLR068W FYV7 Function required for Yeast Viability -0.66 2.16 -2.82 0.01 

YDR252W BTT1 BTf Three -1.30 1.51 -2.81 0.00 

YCR082W AHC2 Ada Histone acetyltransferase complex 
Component 

-2.39 0.42 -2.81 0.00 

YAR003W SWD1 Set1c, WD40 repeat protein 0.24 3.05 -2.81 0.01 

YLR107W REX3 Rna EXonuclease -1.03 1.77 -2.80 0.00 

YJL056C ZAP1 Zinc-responsive Activator Protein -1.88 0.92 -2.80 0.00 

YER142C MAG1 3-MethylAdenine DNA Glycosylase -0.48 2.31 -2.79 0.00 

YOL028C YAP7 Yeast AP-1 -1.43 1.36 -2.79 0.00 

YBR095C RXT2 Component of histone deacetylase Rpd3L 
complex  

-0.46 2.32 -2.78 0.00 

YPL267W ACM1 APC/C[Cdh1] Modulator -1.99 0.78 -2.77 0.00 

YNL273W TOF1 TOpoisomerase I-interacting Factor -0.55 2.22 -2.77 0.00 

YLR215C CDC123 Cell Division Cycle -0.10 2.67 -2.76 0.00 

YNL068C FKH2 ForK head Homolog -1.23 1.53 -2.76 0.00 

YOL113W SKM1 STE20/PAK homologous Kinase related to 
Morphogenesis 

-0.85 1.91 -2.76 0.00 

YML076C WAR1 Weak Acid Resistance -0.79 1.97 -2.76 0.00 

YPL256C CLN2 CycLiN -2.34 0.40 -2.75 0.00 

YGR096W TPC1 Thiamine Pyrophosphate Carrier -0.50 2.25 -2.74 0.01 

YNL298W CLA4 CLn Activity dependant -0.28 2.45 -2.73 0.00 

YDR410C STE14 STErile 0.00 2.73 -2.73 0.00 

YOL072W THP1 Tho2/Hpr1 Phenotype -0.35 2.38 -2.73 0.01 

YNR023W SNF12 Sucrose NonFermenting -0.79 1.94 -2.73 0.00 

YNL213C RRG9 Required for Respiratory Growth -0.78 1.95 -2.73 0.00 

YPL155C KIP2 KInesin related Protein -0.97 1.75 -2.73 0.00 
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YEL059C-A SOM1 SOrting Mitochondrial -0.31 2.42 -2.72 0.00 

YNR055C HOL1 HistidinOl -0.42 2.30 -2.72 0.00 

YDR291W HRQ1 Homologous to RecQ protein -0.64 2.08 -2.72 0.00 

YDL087C LUC7 Lethal Unless Cap-binding complex is 
produced 

-1.37 1.34 -2.72 0.00 

YHR164C DNA2 DNA synthesis defective -0.04 2.67 -2.71 0.01 

YPL115C BEM3 Bud EMergence -0.82 1.87 -2.70 0.00 

YDR219C MFB1 Mitochondria-associated F-Box protein -1.62 1.08 -2.70 0.00 

YBR195C MSI1 Multicopy Suppressor of IRA1 -0.83 1.86 -2.69 0.00 

YDR376W ARH1 Adrenodoxin Reductase Homolog -0.20 2.48 -2.68 0.00 

YBR097W VPS15 Vacuolar Protein Sorting -0.85 1.83 -2.68 0.00 

YHR090C YNG2 Yeast iNG1 homolog -0.86 1.82 -2.68 0.00 

YLR265C NEJ1 Nonhomologous End-Joining defective -0.82 1.84 -2.67 0.00 

YMR127C SAS2 Something About Silencing 0.67 3.34 -2.66 0.00 

YCR092C MSH3 MutS Homolog -0.53 2.13 -2.66 0.00 

YMR138W CIN4 Chromosome INstability -1.01 1.65 -2.66 0.00 

YJL191W RPS14B Ribosomal Protein of the Small subunit -1.97 0.69 -2.66 0.00 

YGL113W SLD3 Synthetically Lethal with Dpb11-1 -0.17 2.49 -2.66 0.00 

YLR451W LEU3 LEUcine biosynthesis -1.58 1.07 -2.65 0.00 

YER107C GLE2 GLFG LEthal -1.29 1.35 -2.64 0.01 

YIL009W FAA3 Fatty Acid Activation -0.62 2.00 -2.62 0.00 

YER075C PTP3 Protein Tyrosine Phosphatase -0.85 1.78 -2.62 0.00 

YCR024C SLM5 Synthetic Lethal with Mss4 -0.10 2.52 -2.62 0.00 

YCL055W KAR4 KARyogamy -0.68 1.94 -2.62 0.00 

YLR115W CFT2 Cleavage Factor Two -0.51 2.10 -2.61 0.00 

YDR437W GPI19 Glycosyl PhosphatidylInositol anchor 
biosynthesis 

-1.03 1.58 -2.61 0.00 

YPL140C MKK2 Mitogen-activated Kinase Kinase -1.55 1.06 -2.61 0.00 

YHR171W ATG7 AuTophaGy related -0.40 2.21 -2.60 0.01 

YGR171C MSM1 Mitochondrial aminoacyl-tRNA Synthetase, 
Methionine 

-0.26 2.34 -2.60 0.00 

YDL080C THI3 THIamine metabolism -0.58 2.02 -2.59 0.01 

YKL114C APN1 APurinic/apyrimidinic eNdonuclease -0.94 1.65 -2.59 0.00 

YMR292W GOT1 GOlgi Transport 0.03 2.62 -2.59 0.00 

YKL004W AUR1 AUreobasidin A Resistance -0.70 1.89 -2.59 0.00 

YER132C PMD1 Paralog of MDS3 -0.58 2.00 -2.59 0.00 

YHR102W KIC1 Kinase that Interacts with Cdc31p -0.90 1.69 -2.59 0.01 

YJL091C GWT1 GPI-anchored Wall protein Transfer 0.02 2.61 -2.59 0.00 

YKR031C SPO14 SPOrulation 0.13 2.71 -2.58 0.01 

YDR440W DOT1 Disruptor Of Telomeric silencing 0.07 2.64 -2.58 0.00 

YBL060W YEL1 Yeast EFA6-Like -0.85 1.72 -2.57 0.00 

YDL036C PUS9 PseudoUridine Synthase -0.51 2.06 -2.57 0.00 

YMR285C NGL2 Involved in 5.8S rRNA processing  -1.49 1.07 -2.57 0.00 
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YBR239C ERT1 Ethanol Regulated Transcription factor -0.93 1.63 -2.56 0.00 

YLR452C SST2 SuperSensiTive -0.41 2.15 -2.56 0.00 

YHR031C RRM3 rDNA Recombination Mutation -0.93 1.63 -2.56 0.00 

YDR473C PRP3 Pre-mRNA Processing -1.03 1.52 -2.55 0.00 

YER054C GIP2 Glc7-Interacting Protein -1.27 1.27 -2.54 0.00 

YLR136C TIS11 similar to the mammalian TPA Induced 
Sequence gene family 

-2.36 0.18 -2.54 0.00 

YNL073W MSK1 Mitochondrial aminoacyl-tRNA Synthetase, 
lysine (K) 

0.63 3.16 -2.53 0.00 

YMR201C RAD14 RADiation sensitive -1.00 1.53 -2.53 0.00 

YDR206W EBS1 Est1-like Bcy1 Suppressor -0.91 1.61 -2.52 0.00 

YJL098W SAP185 Sit4 Associated Protein -1.13 1.40 -2.52 0.00 

YGR102C GTF1 Glutaminyl Transamidase subunit F -0.69 1.83 -2.52 0.00 

YMR280C CAT8 CATabolite repression -0.95 1.56 -2.52 0.00 

YMR060C SAM37 Sorting and Assembly Machinery -0.15 2.36 -2.51 0.00 

YER088C DOT6 Disruptor Of Telomeric silencing -1.57 0.94 -2.51 0.00 

YLR382C NAM2 Nuclear Accommodation of Mitochondria -0.38 2.13 -2.50 0.00 

YKL062W MSN4 Multicopy suppressor of SNF1 mutation -1.99 0.51 -2.50 0.00 

YGR002C SWC4 SWr Complex -1.42 1.08 -2.50 0.00 

YDR004W RAD57 RADiation sensitive -0.23 2.27 -2.50 0.00 

YGR062C COX18 Cytochrome c OXidase -1.08 1.40 -2.48 0.00 

YLR228C ECM22 ExtraCellular Mutant -1.14 1.34 -2.48 0.01 

YNL242W ATG2 AuTophaGy related -0.37 2.11 -2.48 0.00 

YDR423C CAD1 CADmium resistance -1.13 1.35 -2.47 0.00 

YLR085C ARP6 Actin-Related Protein -0.56 1.91 -2.47 0.01 

YMR211W DML1 Drosophila melanogaster Misato-Like protein -0.27 2.20 -2.47 0.01 

YER147C SCC4 Sister Chromatid Cohesion -0.59 1.88 -2.46 0.00 

YDR495C VPS3 Vacuolar Protein Sorting -0.21 2.25 -2.46 0.00 

YOL080C REX4 Rna EXonuclease 0.22 2.67 -2.46 0.00 

YNL233W BNI4 Bud Neck Involved -0.83 1.62 -2.45 0.00 

YNR004W SWM2 Synthetic With mud2-delta -0.53 1.92 -2.45 0.00 

YJR047C ANB1 ANaeroBically induced -0.43 2.02 -2.44 0.01 

YML111W BUL2 Binds Ubiquitin Ligase -0.18 2.26 -2.44 0.00 

YJR055W HIT1 HIgh Temperature growth -0.44 1.99 -2.43 0.00 

YDL030W PRP9 Pre-mRNA Processing -0.62 1.81 -2.42 0.00 

YLR272C YCS4 Yeast Condensin Subunit -1.08 1.35 -2.42 0.00 

YGL059W PKP2 Protein Kinase of PDH -1.07 1.35 -2.42 0.00 

YLR077W FMP25 Found in Mitochondrial Proteome -0.02 2.40 -2.41 0.00 

YKR049C FMP46 Found in Mitochondrial Proteome -0.55 1.86 -2.41 0.01 

YCR033W SNT1 SaNT domains -0.64 1.77 -2.41 0.00 

YBR193C MED8 MEDiator complex -0.59 1.81 -2.41 0.01 

YML059C NTE1 Neuropathy Target Esterase 0.04 2.44 -2.40 0.00 

YKL020C SPT23 SuPpressor of Ty -0.84 1.57 -2.40 0.00 
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YER162C RAD4 RADiation sensitive -0.16 2.23 -2.39 0.00 

YGL226C-A OST5 OligoSaccharylTransferase 0.39 2.77 -2.38 0.00 

YDL001W RMD1 Required for Meiotic nuclear Division -0.90 1.48 -2.38 0.00 

YGL166W CUP2 Copper-binding transcription factor -0.87 1.50 -2.37 0.00 

YDR288W NSE3 Non SMC Element -0.45 1.92 -2.37 0.00 

YOL056W GPM3 Glycerate PhosphoMutase -1.52 0.84 -2.36 0.00 

YPL138C SPP1 Set1c, Phd finger Protein -0.67 1.69 -2.36 0.00 

YLR188W MDL1 MultiDrug resistance-Like -0.99 1.37 -2.36 0.01 

YGL085W LCL3 Long Chronological Lifespan 3 -0.65 1.70 -2.36 0.01 

YOR228C MCP1 Mdm10 Complementing Protein -0.79 1.56 -2.35 0.00 

YPL072W UBP16 UBiquitin-specific Protease 0.11 2.46 -2.35 0.01 

YHR041C SRB2 Suppressor of RNA polymerase B -0.41 1.93 -2.34 0.00 

YHR116W COX23 Cytochrome OXidase 1.17 3.51 -2.34 0.00 

YOR249C APC5 Anaphase Promoting Complex -1.23 1.11 -2.34 0.00 

YLR051C FCF2 Faf1p Copurifying Factor -0.64 1.69 -2.33 0.01 

YLR086W SMC4 Structural Maintenance of Chromosomes -0.85 1.48 -2.33 0.00 

YIL079C AIR1 Arginine methyltransferase-Interacting RING 
finger protein 

-0.54 1.79 -2.33 0.00 

YNL078W NIS1 Neck protein Interacting with Septins -0.65 1.68 -2.33 0.00 

YBR055C PRP6 Pre-mRNA Processing -0.83 1.50 -2.32 0.00 

YIL056W VHR1 VHt1 Regulator -1.10 1.23 -2.32 0.00 

YFR048W RMD8 Required for Meiotic nuclear Division 0.56 2.89 -2.32 0.00 

YPL177C CUP9 Transcriptional repressor  -2.17 0.14 -2.31 0.00 

YLR130C ZRT2 Zinc-Regulated Transporter -0.85 1.46 -2.31 0.00 

YER111C SWI4 SWItching deficient -0.82 1.50 -2.31 0.00 

YJL203W PRP21 Pre-mRNA Processing -0.72 1.59 -2.31 0.00 

YHL025W SNF6 Sucrose NonFermenting -0.08 2.23 -2.31 0.00 

YPR147C YPR147C Bifunctional triacylglycerol lipase -1.72 0.34 -2.06 0.01 

YBR291C CTP1 Citrate Transport Protein -1.81 0.07 -1.88 0.00 

YOL013C HRD1 HMG-coA Reductase Degradation -0.30 1.56 -1.86 0.00 

YPR049C ATG11 AuTophaGy related 0.00 1.62 -1.62 0.00 

YNL185C MRPL19 Mitochondrial Ribosomal Protein, Large 
subunit 

-0.52 1.01 -1.53 0.00 

YPR174C CSA1 Cdc5 SPB Anchor 0.04 1.52 -1.48 0.00 

YGR084C MRP13 Mitochondrial Ribosomal Protein -0.02 1.37 -1.39 0.00 

YIL107C PFK26 6-PhosphoFructo-2-Kinase 0.04 1.35 -1.31 0.00 

YHR001W-
A 

QCR10 ubiQuinol-cytochrome C oxidoReductase -2.93 -1.64 -1.29 0.00 

YMR098C ATP25 ATPase 0.28 1.57 -1.29 0.00 

YPR114W YPR114W Similar to ceramide synthases 1.93 3.22 -1.28 0.00 

YLL008W DRS1 Deficiency of Ribosomal Subunits 0.41 1.60 -1.18 0.00 

YMR208W ERG12 ERGosterol biosynthesis -0.82 0.34 -1.17 0.00 

YOL082W ATG19 AuTophaGy related 0.09 1.07 -0.98 0.00 

YER035W EDC2 Enhancer of mRNA DeCapping -1.51 -0.54 -0.97 0.00 
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YDL222C FMP45 Found in Mitochondrial Proteome 0.46 1.41 -0.95 0.00 

YDL064W UBC9 UBiquitin-Conjugating 0.11 0.95 -0.84 0.00 

YCR021C HSP30 Heat Shock Protein 0.60 1.43 -0.83 0.00 

YNL137C NAM9 Nuclear Accommodation of Mitochondria -0.12 0.67 -0.79 0.01 

YIL111W COX5B Cytochrome c OXidase -0.28 0.45 -0.73 0.00 

YDR342C HXT7 HeXose Transporter 1.05 1.76 -0.70 0.00 

YDR343C HXT6 HeXose Transporter 0.42 1.07 -0.65 0.00 

YLR290C COQ11 COenzyme Q 0.19 0.81 -0.62 0.00 

YER103W SSA4 Stress-Seventy subfamily A -0.17 0.45 -0.61 0.00 

YML081C-A ATP18 ATP synthase -0.63 -0.07 -0.57 0.00 

YBR169C SSE2 Stress Seventy subfamily E 0.11 0.58 -0.46 0.00 

YNL052W COX5A Cytochrome c OXidase 0.20 0.66 -0.46 0.00 

YPL061W ALD6 ALdehyde Dehydrogenase -0.11 0.34 -0.46 0.00 

YPL004C LSP1 Long chain bases Stimulate Phosphorylation 0.31 0.76 -0.45 0.00 

YFL014W HSP12 Heat Shock Protein 0.29 0.72 -0.43 0.00 

YML128C MSC1 Meiotic Sister-Chromatid recombination 0.56 0.99 -0.43 0.00 

YDR432W NPL3 Nuclear Protein Localization 0.95 1.37 -0.42 0.00 

YBR072W HSP26 Heat Shock Protein 1.07 1.49 -0.42 0.00 

YNL055C POR1 PORin -3.14 -2.73 -0.41 0.00 

YMR175W SIP18 Salt Induced Protein 0.32 0.71 -0.40 0.00 

YDL223C HBT1 HuB1 Target 0.41 0.80 -0.39 0.00 

YDR225W HTA1 Histone h Two A 0.12 0.51 -0.39 0.00 

YGL245W GUS1 GlUtamyl-tRNA Synthetase -0.09 0.30 -0.38 0.00 

YPR069C SPE3 SPErmidine auxotroph 0.41 0.78 -0.38 0.01 

YDR033W MRH1 Membrane protein Related to Hsp30p 0.08 0.46 -0.37 0.00 

YNL016W PUB1 PolyUridylate Binding -0.10 0.27 -0.37 0.00 

YNR018W RCF2 Respiratory superComplex Factor 0.31 0.69 -0.37 0.00 

YMR092C AIP1 Actin Interacting Protein 0.01 0.38 -0.37 0.00 

YHR193C EGD2 Enhancer of Gal4 DNA binding -0.01 0.35 -0.37 0.00 

YKL035W UGP1 UDP-glucose pyrophosphorylase 0.14 0.51 -0.37 0.00 

YBL003C HTA2 Histone h Two A 0.01 0.37 -0.36 0.00 

YIL053W GPP1 Glycerol-3-Phosphate Phosphatase 0.05 0.40 -0.36 0.00 

YNR016C ACC1 Acetyl-CoA Carboxylase 0.14 0.50 -0.35 0.01 

YOR187W TUF1 Mitochondrial translation elongation factor Tu 
(EF-Tu) 

0.26 0.60 -0.34 0.00 

YJL088W ARG3 ARGinine requiring 0.41 0.75 -0.34 0.00 

YLR180W SAM1 S-AdenosylMethionine requiring 0.16 0.49 -0.33 0.00 

YFR053C HXK1 HeXoKinase 0.05 0.39 -0.33 0.00 

YOR232W MGE1 Mitochondrial GrpE 0.09 0.42 -0.33 0.00 

YBR011C IPP1 Inorganic PyroPhosphatase -0.11 0.22 -0.33 0.00 

YGL008C PMA1 Plasma Membrane ATPase 0.31 0.64 -0.33 0.00 

YDR012W RPL4B Ribosomal Protein of the Large subunit 0.05 0.38 -0.33 0.00 
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YGL105W ARC1 Aminoacyl-tRNA synthetase Cofactor -0.04 0.27 -0.31 0.00 

YHR087W RTC3 Restriction of Telomere Capping 0.43 0.73 -0.31 0.01 

YNL096C RPS7B Ribosomal Protein of the Small subunit 0.00 0.30 -0.31 0.00 

YBL002W HTB2 Histone h Two B 0.12 0.42 -0.31 0.00 

YGL256W ADH4 Alcohol DeHydrogenase 0.72 1.03 -0.30 0.00 

YBR088C POL30 POLymerase 0.72 0.49 0.22 0.01 

YJR121W ATP2 ATP synthase 1.11 0.75 0.36 0.01 

YLR304C ACO1 ACOnitase 1.31 0.53 0.78 0.01 

YOR062C YOR062C Similar to Reg1  0.37 -0.65 1.02 0.04 

YLR355C ILV5 IsoLeucine-plus-Valine requiring 4.63 3.58 1.04 0.01 

 

 

Table S2. Genes encoding proteins with significantly changed stability upon 
expression of S129A in comparison to the empty vector (EV) control.  
Ratio represents log2 from mCherry/sfGFP fluorescence intensities. RatioDiff(EV-S129A) 
represents log2(REV)-log2(RS129A) and is a measure for changed stability. Negative 
RatioDiff indicates stabilization of the fusion protein upon S129A expression. 
 
 

ORF Gene Name Ratio 

(EV) 

(EV) 

Ratio 
(S129A) 

RatioDiff 
(EV- 

S129A) 

p-value 
(EV- S129A) 

YDR185C UPS3 UnProceSsed -2.89 2.27 -5.16 0.01 

YGL139W FLC3 FLavin Carrier -1.46 3.58 -5.03 0.01 

YMR066W SOV1 Synthesis Of Var -0.73 4.00 -4.73 0.01 

YDR026C NSI1 NTS1 SIlencing protein 1 -1.80 2.62 -4.42 0.01 

YMR198W CIK1 Chromosome Instability and Karyogamy -2.49 1.63 -4.12 0.01 

YMR048W CSM3 Chromosome Segregation in Meiosis -1.27 2.81 -4.08 0.01 

YLR247C IRC20 Increased Recombination Centers -1.43 2.47 -3.90 0.01 

YGL162W SUT1 Sterol UpTake -1.10 2.55 -3.65 0.01 

YNL230C ELA1 ELongin A -0.91 2.74 -3.64 0.01 

YGR134W CAF130 CCR4 Associated Factor -1.04 2.54 -3.57 0.01 

YPL005W AEP3 ATPase ExPression 0.15 3.72 -3.57 0.01 

YPL139C UME1 Unscheduled Meiotic gene Expression -0.58 2.96 -3.54 0.01 

YER173W RAD24 RADiation sensitive -0.75 2.76 -3.51 0.01 

YGR200C ELP2 ELongator Protein 0.83 4.27 -3.45 0.01 

YIL098C FMC1 Formation of Mitochondrial Complexes -0.14 3.25 -3.39 0.01 

YDR076W RAD55 RADiation sensitive -1.28 2.07 -3.35 0.01 

YDR118W APC4 Anaphase Promoting Complex -1.73 1.58 -3.31 0.01 

YER013W PRP22 Pre-mRNA Processing -2.63 0.66 -3.29 0.01 

YBR257W POP4 Processing Of Precursor RNAs -0.93 2.27 -3.20 0.01 

YNL023C FAP1 FKBP12-Associated Protein -0.50 2.69 -3.19 0.01 

YDR125C ECM18 ExtraCellular Mutant -1.32 1.83 -3.15 0.01 
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YBR008C FLR1 FLuconazole Resistance -1.90 1.21 -3.11 0.01 

YKL033W TTI1 Two Tel2-Interacting protein -1.18 1.92 -3.10 0.01 

YMR223W UBP8 UBiquitin-specific processing Protease 0.66 3.64 -2.98 0.01 

YIR005W IST3 Increased Sodium Tolerance -1.73 1.20 -2.93 0.01 

YLR371W ROM2 RhO1 Multicopy suppressor -1.11 1.79 -2.89 0.01 

YHR164C DNA2 DNA synthesis defective -0.04 2.85 -2.89 0.01 

YGR206W MVB12 MultiVesicular Body sorting factor of 12 
kilodaltons 

-1.52 1.35 -2.87 0.01 

YKL125W RRN3 Regulation of RNA polymerase I -2.73 0.09 -2.82 0.01 

YNL321W VNX1 Vacuolar Na+/H+ eXchanger -1.41 1.40 -2.81 0.01 

YMR127C SAS2 Something About Silencing 0.67 3.47 -2.79 0.01 

YFL007W BLM10 BLeoMycin resistance -2.63 0.15 -2.77 0.01 

YGR251W NOP19 NucleOlar Protein -0.49 2.25 -2.74 0.01 

YBR065C ECM2 ExtraCellular Mutant -0.87 1.84 -2.72 0.01 

YNL082W PMS1 PostMeiotic Segregation -2.66 0.04 -2.70 0.01 

YGL240W DOC1 Destruction Of Cyclin B -0.62 2.07 -2.69 0.01 

YCL039W GID7 Glucose Induced Degradation deficient -3.16 -0.50 -2.67 0.01 

YKR093W PTR2 Peptide TRansport 0.49 3.13 -2.65 0.01 

YGR044C RME1 Regulator of MEiosis -3.76 -1.11 -2.64 0.01 

YBL084C CDC27 Cell Division Cycle -2.07 0.54 -2.61 0.01 

YKR084C HBS1 Hsp70 subfamily B Suppressor -0.92 1.67 -2.59 0.01 

YML076C WAR1 Weak Acid Resistance -0.79 1.76 -2.55 0.01 

YPR134W MSS18 Mitochondrial Splicing System -0.40 2.14 -2.54 0.01 

YKL078W DHR2 DEAH-box RNA helicase -1.26 1.25 -2.51 0.01 

YHR102W KIC1 Kinase that Interacts with Cdc31p -0.90 1.58 -2.48 0.01 

YKL185W ASH1 Asymmetric Synthesis of HO -3.08 -0.61 -2.47 0.01 

YER147C SCC4 Sister Chromatid Cohesion -0.59 1.86 -2.44 0.01 

YMR232W FUS2 cell FUSion -1.22 1.21 -2.43 0.01 

YLR115W CFT2 Cleavage Factor Two -0.51 1.90 -2.42 0.01 

YBL018C POP8 Processing Of Precursor RNAs -0.09 2.30 -2.39 0.01 

YAR014C BUD14 BUD site selection -0.49 1.89 -2.38 0.01 

YEL059C-A SOM1 SOrting Mitochondrial -0.31 2.02 -2.33 0.01 

YLR127C APC2 Anaphase Promoting Complex -1.52 0.78 -2.30 0.01 

YLR215C CDC123 Cell Division Cycle -0.10 2.08 -2.18 0.01 

YMR098C ATP25 ATPase 0.28 1.16 -0.88 0.01 

YLL008W DRS1 Deficiency of Ribosomal Subunits 0.41 1.18 -0.76 0.01 

YMR208W ERG12 ERGosterol biosynthesis -0.82 -0.35 -0.47 0.01 

YJR121W ATP2 ATP synthase 1.11 0.54 0.57 0.01 

YBR146W MRPS9 Mitochondrial Ribosomal Protein, Small 
subunit 

-0.65 -3.18 2.53 0.01 
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Table S3. Genes encoding proteins with significantly changed stability upon 
expression of S129A in comparison to αSyn.  
Ratio represents log2 from mCherry/sfGFP fluorescence intensities. RatioDiff(αSyn-S129A) 
represents log2(αSyn)-log2(RS129A) and is a measure for changed stability. Negative 
RatioDiff indicates stabilization of the fusion protein upon αSyn expression in 
comparison to S129A expression. 
 

ORF Gene Name Ratio 
(αSyn

) 

Ratio 
(S129A) 

RatioDiff 
(S129A- 

αSyn) 

p-value 
(S129A- 

αSyn 

YER032W FIR1 Factor Interacting with REF2 2.00 -2.12 -4.12 0.01 

YOR244W ESA1 Catalytic subunit of the histone 
acetyltransferase complex 

4.46 0.57 -3.89 0.02 

YNR031C SSK2 Suppressor of Sensor Kinase 5.18 1.29 -3.89 0.00 

YGL004C RPN14 Regulatory Particle Non-ATPase 6.01 2.22 -3.79 0.00 

YDR279W RNH202 RNase H 5.02 1.73 -3.29 0.01 

YOR064C YNG1 Yeast iNG1 homolog 2.02 -1.13 -3.15 0.01 

YGR238C KEL2 KELch repeat 4.49 1.43 -3.06 0.00 

YLR003C CMS1 Complementation of Mcm-10 Suppressor 0.82 -2.14 -2.96 0.00 

YKR054C DYN1 DYNein 3.09 0.35 -2.74 0.02 

YLR023C IZH3 Implicated in Zinc Homeostasis -0.11 -2.85 -2.73 0.01 

YBR146W MRPS9 Mitochondrial Ribosomal Protein, Small 
subunit 

-0.51 -3.18 -2.66 0.00 

YHR034C PIH1 Protein Interacting with Hsp90 3.84 1.18 -2.66 0.00 

YDR189W SLY1 Suppressor of Loss of Ypt1 3.29 0.67 -2.62 0.00 

YMR137C PSO2 PSOralen derivative sensitive 1.91 -0.71 -2.61 0.03 

YOL116W MSN1 Multicopy suppressor of SNF1 mutation 3.70 1.10 -2.60 0.01 

YPR147C  YPR147C Bifunctional triacylglycerol lipase 0.34 -2.18 -2.52 0.00 

YDR052C DBF4 DumbBell Former 1.50 -0.90 -2.39 0.01 

YBL102W SFT2 Suppressor of sed Five Ts 3.21 0.84 -2.37 0.00 

YOR265W RBL2 Rescues Beta-tubulin Lethality 4.53 2.23 -2.31 0.00 

YKL179C COY1 CASP Of Yeast 2.10 -0.21 -2.31 0.00 

YKR077W MSA2 Mbf and Sbf Associated 0.17 -2.09 -2.26 0.00 

YIL119C RPI1 Ras-cAMP Pathway Inhibitor 0.31 -1.91 -2.22 0.02 

YDR362C TFC6 Transcription Factor C 1.42 -0.73 -2.15 0.01 

YMR201C RAD14 RADiation sensitive 1.53 -0.62 -2.15 0.00 

YNL257C SIP3 SNF1-Interacting Protein 2.66 0.53 -2.13 0.01 

YDR043C NRG1 Negative Regulator of Glucose-repressed 
genes 

-0.29 -2.42 -2.12 0.00 

YGL065C ALG2 Asparagine-Linked Glycosylation 3.13 1.02 -2.11 0.00 

YKL184W SPE1 SPErmidine auxotroph -0.83 -2.94 -2.11 0.00 

YOR311C DGK1 DiacylGlycerol Kinase 2.53 0.44 -2.09 0.02 

YPL179W PPQ1 Protein Phosphatase Q 1.19 -0.90 -2.09 0.02 

YDL048C STP4 protein with similarity to Stp1p -0.11 -2.19 -2.08 0.00 

YAR031W PRM9 Pheromone-Regulated Membrane protein 2.91 0.84 -2.08 0.01 
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YDR375C BCS1 ubiquinol-cytochrome c reductase (bc1) 
Synthesis 

1.69 -0.37 -2.06 0.02 

YLR183C TOS4 Target Of Sbf 0.78 -1.25 -2.03 0.01 

YBR058C-A TSC3 Temperature-sensitive Suppressors of Csg2 
mutants 

0.55 -1.46 -2.02 0.00 

YML027W YOX1 Yeast homeobOX -0.56 -2.57 -2.01 0.02 

YOL013C HRD1 HMG-coA Reductase Degradation 1.56 0.08 -1.48 0.00 

YBR291C CTP1 Citrate Transport Protein 0.07 -1.26 -1.33 0.00 

YPR049C ATG11 AuTophaGy related 1.62 0.78 -0.84 0.01 

YIL107C PFK26 6-PhosphoFructo-2-Kinase 1.35 0.52 -0.83 0.00 

YNL185C MRPL19 Mitochondrial Ribosomal Protein, Large 
subunit 

1.01 0.18 -0.83 0.02 

YGR084C MRP13 Mitochondrial Ribosomal Protein 1.37 0.71 -0.66 0.00 

YDL064W UBC9 UBiquitin-Conjugating 0.95 0.40 -0.55 0.00 

YLR290C COQ11 COenzyme Q 0.81 0.40 -0.41 0.00 

YBR072W HSP26 Heat Shock Protein 1.49 1.17 -0.32 0.00 

YPL004C LSP1 Long chain bases Stimulate Phosphorylation 0.76 0.46 -0.30 0.00 

YNL055C POR1 PORin -2.73 -2.98 -0.26 0.00 

YKL173W SNU114 Small NUclear ribonucleoprotein associated -0.31 0.53 0.84 0.00 

YGL113W SLD3 Synthetically Lethal with Dpb11-1 2.49 3.40 0.92 0.02 

YLR355C ILV5 IsoLeucine-plus-Valine requiring 3.58 4.59 1.00 0.01 

YML116W ATR1 AminoTriazole Resistance 2.44 3.79 1.35 0.01 

YDL043C PRP11 Pre-mRNA Processing 1.36 2.98 1.62 0.01 

YMR223W UBP8 UBiquitin-specific processing Protease 1.87 3.64 1.77 0.02 

YGR016W  YGR016
W 

 Uncharacterized ORF 2.78 4.60 1.83 0.00 

YDR016C DAD1 Duo1 And Dam1 interacting 1.44 3.32 1.88 0.00 
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Figure S1. Immunoblotting analysis of the tFT-screen candidates from different 
functional categories and different groups expression levels.  
Crude protein extracts were prepared from yeast cells after 6 h induction of protein 
expression in galactose-containing medium. GFP antibody was used for detection of 
protein levels tagged with tFT. αSyn identifies the presence of the protein and anti-
GAPDH was used as a loading control. Crude protein extract from cells, expressing 
GFP were used as a control (EV).  
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Figure S2. Quantification of the steady-state proteins levels (from Figure II) upon 
αSyn or S129A expression in yeast.  
Protein levels were quantified from densitometric images of the immunodetection of 
GFP signal using ImageJ software. For each strain, the results were normalised to the 
corresponding empty vector control. Significance of differences was calculated with 2-
way ANOVA test versus control cells (*p < 0.05; **p < 0.01; ****p < 0.0001; n=2). 
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Figure S3. Expression of αSyn decreases stability of Pol30.  
(A) Life cell fluorescence microscopy of yeast cells, expressing Pol30-tFT. Yeast cells, 
expressing GAL1-driven αSyn or S129A from 2 µm plasmid were induced for 6 h in 
galactose-containing medium prior to microscopy. Control cells are transformed with 
empty vector. Scale bar: 5 µm. (B) Quantification of the fluorescence signals in cells 
from A. The GFP and mCherry fluorescence was measured using SlideBook6 
software. For each individual cell the ratio mCherry/GFP was calculated. The bars 
represent mean values ± SD. Significance of differences was calculated with t-test 
versus control cells (****p < 0.0001; n = 100). (C) Western blot analysis of Pol-tFT 
treated with cycloheximide. Cells expressing GAL1-driven αSyn or S129A or empty 
vector control from 2 µm plasmid were induced for 6 h in galactose-containing medium 
prior to treatment with 50 μg/mL cycloheximide to stop de novo protein synthesis. 
Immunoblotting analysis was performed at the indicated time points after addition of 
cycloheximide with GFP antibody. (E) Densitometric analysis of the immunodetection 
of the GFP signal from (C). The GFP signal was normalized to each individual signal 
at 0 h. The significance of the differences was calculated with t-test (***p < 0.001). 
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nm    nanometer  

nM    nanomolar  
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