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CHAPTER 6 
______________________________________________________________________ 

ABSENCE OF GEM (MIRO) REDUCES ALPHA-SYNUCLEIN TOXICITY IN A 

YEAST MODEL TO STUDY PARKINSON´S DISEASE  

Thaiany Quevedo Melo, Flávio Romero Palma, Luís E.S. Netto and Merari F.R.Ferrari 

Department of Genetics and Evolutionary Biology, University of São Paulo, Brazil  
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Abstract 

Alpha-synuclein is the main constituent of Lewy bodies, which are protein clusters 

characteristic of Parkinson´s disease (PD). Point mutations in the protein generating 

A30P or A53T alpha-synuclein are known to exacerbate the toxicity of alpha-synuclein 

causing more severe cellular damage. Mitochondrial dysfunction, aberrant autophagy, 

and endoplasmic reticulum (ER) stress can be caused by alpha-synuclein toxicity. Gem 

(the yeast orthologue of mammalian Miro) coordinates mitochondrial dynamics and 

cross-talk with the ER, which is impaired in the presence of mutant alpha-synuclein and 

can subsequently lead to disturbed autophagy and ER stress. Saccharomyces cerevisiae 

(yeast) is widely used to investigate conservative cellular mechanisms that are altered in 

neurodegenerative disorders such as PD. In this study, we expressed A30P or A53T 

alpha-synuclein in normal yeast or in yeast in which the Gem gene was knocked-out 

(ΔGem). We found that in control yeast cells, A53T alpha-synuclein forms more 

aggregates than A30P alpha-synuclein and increases the likeliness of cell death. 

Moreover, the expression of both mutant alpha-synuclein impaired normal yeast growth, 

led to increased mitochondrial H2O2 production, and increased levels of glutathione 

disulfide (GSSG) and ER stress. However, the absence of Gem prevented high 

consumption of glutathione (GSH), decreasing the GSH/GSSG ratio. In the presence of 

both mutant alpha-synucleins, the ΔGem cells showed an increased growth and 

autophagic flux, preventing the formation of aggregates. The ratio of spliced and 

unspliced forms of Hac1 decreased, indicating that the deletion of Gem could alleviate 

ER stress, despite the activated UPR machinery due to increased Pdi1 and Ero1 levels. 

Moreover, ΔGem cells expressing A53T alpha-synuclein showed similar levels of 

mitochondrial H2O2 production as control cells, indicating that the absence of Gem 

prevented mitochondria dysfunction. Together, our results suggest that alpha-synuclein 

toxicity is dependent on Gem and that its deletion prevents cellular damage due to 

mitochondria dysfunction, inefficient autophagy, and ER stress, caused by the mutant 

alpha-synuclein.  
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INTRODUCTION 

The general life expectancy is increasing and consequently aging-related 

diseases are becoming more common. Parkinson’s disease (PD) is considered the most 

common age-related motor-neurodegenerative disease in the world (de Lau and 

Breteler, 2006) and is characterized by the presence of Lewy bodies and degeneration of 

dopaminergic neurons (DA) in the substantia nigra. Alpha-synuclein is the main 

component of Lewy bodies and it is thought to play a key role in the events linked to 

degeneration during PD (Giacomelli et al., 2017). Overexpression of alpha-synuclein or 

the expression of point-mutated forms, such as A30P or A53T alpha-synuclein, increase 

the propensity of oligomerization and aggregation of protein, which impairs 

mitochondria and endoplasmic reticulum (ER) function and leads to aberrant autophagy 

(Bose and Beal, 2016; Button et al., 2017; Mazzulli et al., 2016). It has been reported 

that A53T alpha-synuclein is more toxic and rapidly increases levels of reactive oxygen 

species (ROS) causing cell death (Bose and Beal, 2016; Colla et al., 2012; Smith et al., 

2005). Impairment of mitochondrial dynamics has been found in the post-mortem brains 

of PD patients and has also been shown in several PD models (Das and Sharma, 2016). 

Mitochondrial dynamics are dependent on Gem (the yeast orthologue of mammalian 

Miro), a calcium-dependent motor/adaptor protein associated with the mitochondrial 

outer membrane and a target for all proteins related to mitochondrial fission, fusion, and 

autophagy among other events (Aresta et al., 2002; Chen et al., 2015; Devine et al., 

2016; Wang et al., 2011). During autophagy, Atg8 (LC3 in mammals) triggers the 

formation of autophagosomes and degraded after fusion with a degradation vacuole in 

yeasts. Defectives in the mitochondria autophagy could impair the cellular homeostasis 

by impair ER function. Gem is also localized in contact sites between the mitochondria 

and ER and mediates the cross talk between these organelles (Bockler and Westermann, 

2014; Devine et al., 2016; Friedman et al., 2010; Hamasaki et al., 2013; Xie and Chung, 

2012). It has been shown that A30P and A53T alpha-synuclein diminish the contact sites 

between the organelles leading to the accumulation of defective mitochondria by 

impairing autophagy. Defective mitochondria produced high levels of ROS and through 

cross-talking with the ER lead to the organelle stress, which also start releasing high 

levels of ROS (Cali et al., 2012; Guardia-Laguarta et al., 2014; Manor et al., 2015). 
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Glutathione (GSH) is the main molecule responsible for maintaining the redox 

state in ER, mitochondria, and cytoplasm. When wild-type (WT), A30P, or A53T alpha-

synuclein accumulates in the ER, or mitochondria start releasing high levels of ROS, 

GSH oxidizes and activates the unfold protein response (UPR) to restore ER 

homeostasis. In yeast, Ire1 triggers the UPR that activates the chaperone disulfide 

isomerase (Pdi), the main protein involved in the folding protein machinery of the ER. 

Pdi overexpression is one of the main markers of ER stress. During the protein folding 

process, Pdi oxidizes and reduces using the enzyme endoplasmic reticulum 

oxidoreductase 1 (Ero1) generating hydrogen peroxide (H2O2). Additionally, 

accumulated protein in the ER favors calcium leakage to cytosol (Feissner et al., 2009; 

Haynes et al., 2004; Malhotra and Kaufman, 2007; Tu and Weissman, 2004). 

Mitochondria uptakes the excessive calcium released from the ER and consequently, its 

metabolism increases as well as the production of H2O2. In DA neurons, the UPR also 

activates the x-box binding protein 1 (XBP1), yeast ortholog Hac1, which plays a role 

in activating gene expression to promote neuron survival. Alternatively, in the long-term 

presence of excessive or misfolded proteins, Ire1 gain a RNase activity promoting the 

alternative splicing of Hac1 mRNA, which is another main marker of ER stress (Delic 

et al., 2012; Grimm, 2012; Krols et al., 2016; Mercado et al., 2016; Nikawa et al., 1996; 

Szegezdi et al., 2006; Zeeshan et al., 2016). 

Alpha-synuclein toxicity has been widely investigated, however, the role of Gem 

and the link among mitochondrial, ER and autophagy dysfunction in the presence of 

alpha-synuclein is still unclear. In this study, we used Saccharomyces cerevisiae as a 

yeast humanized model ΔGem (no expression of Gem) to investigate the role of Gem in 

A30P and A53T alpha-synuclein toxicity by mitochondrial and ER stress.  

MATERIAL AND METHODS 

Transformation and viability and sensitivity essay of Saccharomyces cerevisiae 

The Saccharomyces cerevisiae strain used in this study was BY4741 (genotype: 

Matα; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YHR104w: kanMX4). The Δ strain used was 

ΔGem1 (homologous to human Miro) derived from BY4741. Cell lines were obtained 
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from the Euroscarf collection (Frankfurt, Germany), kindly donated by professor Luis 

Eduardo Soares Netto from the Institute of Biosciences-University of São Paulo. The 

strains were transformed using p426GPD empty plasmid (empty vector, cited as E.V.), 

or containing A30P or A53T alpha-synuclein (cited as A30P or A53T), and they were 

donated by Professor Susan Lindquist (Outeiro and Lindquist, 2003). Both genes are 

under control of the constitutive promoter GPD, Glyceraldehyde-3-phosphate 

dehydrogenase. It was obtained the followed groups: BY4741 or ΔGem expressing 

empty vector, cited as B. E.V. or G.E.V., or expressing A30P alpha-synuclein, cited as 

B. A30P or G. A30P, or expressing A53T alpha-synuclein, cited as B. A53T or G.53T, 

respectively. Selection markers of plasmids were ampicillin and uracil for bacteria and 

yeast, respectively. Yeast cells grew overnight on YPD containing 1% yeast extract, 2% 

peptone, 2% glucose or Synthetic Dropout Medium (SD) containing 0.67% yeast 

nitrogen base without amino acids, 2% glucose or galactose as carbon source and 0.13% 

amino acid mix. Cells were transformed with plasmids using the lithium acetate method 

based on Schiestl and Gietz (Schiestl and Gietz, 1989).  

Cells viability was analyzed through growth curves and serial dilution in 

fermentation medium, which is synthetic defined minimal medium (SD) containing 

20% of glucose, 1.7% of nitrogenous base, 1.3% of dropout which consisted of 0.67% 

yeast nitrogen base without amino acids, 2% glucose (SD), galactose (SG) or glycerol 

and ethanol (SGE) as carbon source and 0.13% amino acid mix) in the absence and 

presence of H2O2. Strains grew overnight in SD for 24h at 34°C in shaker, then diluted 

at 0.2 OD (optical density) and OD600 was measured at 0h, 2h, 4h, 6h, 8h, 10h, 12h and 

24h. In serial dilution, strains were plated from 1.0 OD600 in tenfold serial dilutions in 

solid SD medium for 4 days. Sensitivity assay was performed with control line 

BY4741. Cells were plated onto dishes containing 0mM, 0.5mM, 1.0mM, 1.5mM, 

2mM, or 3mM of H2O2. After 8 days, yeast growth was observed and registered through 

photomicrographs.  

Subcellular fractionation and alpha-synuclein localization  

In analyses when mitochondrial activity was necessary, we used SD medium in 

which glucose was replaced by galactose (SG medium) allowing the respiration and 

fermentation processes. Cells grew in SG medium and mitochondria, ER, nuclei and 
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cytosol were fractionated as previously described by Rieder and Emr (Rieder and Emr, 

2001). Alpha-synuclein localization was observed in the 6 fractions: total extract of cells 

(EX), no lysed cells, P1000 where oligomers, aggregates and nuclei can be found, 

isolated mitochondria extract (Mit) and isolated ER extract (ER). Western blotting was 

performed to assure that the protocol was effective and to identify in which fraction 

alpha-synuclein was present.    

Western blotting  

Three OD600 of cells were centrifuged at 1600 × g for 1 min at 4 °C. Cells were 

resuspended in ultrapure water followed by the addition of 2 M NaOH (sodium 

hydroxide) and 7.4% β-mercaptoethanol. Subsequently, cells were incubated on ice for 

10 min, then mixed with 50% trichloroacetic acid (TCA), followed by 10 min of 

incubation on ice. Cells were centrifuged at 16000 × g for 2 min at 4 °C, and the pellet 

was washed with 500 µl of 1 M Tris-Base. Samples were centrifuged at 16000 × g for 

10 seconds at 4 °C. The pellet was resuspended in 5× Laemmli sample buffer (60 mM 

of Tris-HCl pH 6.8, 20% glycerol, 2% SDS, 14.4 mM β-mercaptoethanol, and 0.1% 

bromophenol blue). DTT (1 mM) was added, and samples were incubated at 95 °C for 5 

min followed by incubation on ice. Thirty µg/lane of each sample was fractioned in 

12% Tris-HCl SDS-PAGE gels. Next, proteins were transferred to nitrocellulose. 

Membranes were blocked with 5% milk (Blotting Grade Blocker Non-Fat Dry Milk, 

BioRad) in TBS-T for 1 h at room temperature. To verify alpha-synuclein expression or 

localization and specific cellular fractions, membranes were incubated overnight at in 

TBS-T with the anti-alpha-synuclein (sc-7011R, Santa Cruz Biotechnology; 18 kDa) at 

1/1000, Pgk1 antibody as a cytoplasm marker (ab113687, Abcam; 44 kDa) incubated at 

1/10000, Dmp1 as an ER marker (MABD10, Life Technologies; 65kDa) incubated at 

1/2000 or with anti- porin1 as a mitochondria marker (16G9E6BC4, Life Technologies; 

35 kDa) at 1/1000. HRP-conjugated secondary antibodies used were anti-mouse 

(Amersham) at 1/6000 or anti-rabbit (1/10000) for 1h at room temperature in TBS-T. 

ECLTM Prime Western Blotting Detection (GE Healthcare) was used to visualize 

antigen-antibody complexes, followed by exposure to appropriated films (Hyperfilm 

ECL, Amersham Biosciences). ImageJ software (National Institutes of Health, USA) 

was used to quantify film data.  
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H2O2 levels measurement through Amplex RedTM oxidation in isolated 
mitochondria 

Mitochondrial isolation followed the protocol of Glick & Pon (1995). Briefly, 

samples with 100 µg/ml of suspension containing mitochondria were incubated with 50 

µM of Amplex Red (Molecular Probes) in the presence of 1.0 U/ml of horseradish 

peroxidase (HRP, Sigma-Aldrich) for 10 min in a shaker at 30 °C inside a fluorimeter 

(Cary 100 Bio, Varian). The quantitative values of H2O2 in arbitrary units of 

fluorescence were calculated from a calibration curve with different concentrations of 

H2O2 diluted 1/1000 from 30% of the chemical (v/v).  

HPLC (High Performance Liquid Chromatography) with electrochemical 
detection 

 The ratio between glutathione in reduced form (GSH) and oxidized form 

(GSSG) were measure using cells grown overnight in SD and then for 24h in SD which 

glucose was replaced by glycerol and ethanol (SGE medium), allowing only respiration. 

Next, samples were centrifuged at 1000 × g for 5 min and cells were resuspended in 

sulfosalicylic acid at the same volume of the pellet. To lyse cells, glass beads were 

added to samples that were vortexed for 20 min at 4 °C. Extracts of samples were 

centrifuged at 16000 × g for 40 min, and the supernatant, was collected for analysis. To 

measure the GSH/GSSG ratio, the Coulochem III HPLC-ECD system (ESA, Inc.) 

equipped with one guard cell (model 5020) and analytic cell with electrode BDD (boron 

doped diamond, model 5040) was used. Component elution was monitored by applying 

a potential of +1400 mV in the analytic cell and +900 mV in the guard cell, finalizing 

loading by applying a potential of +1900 mV for 30 s followed by rebalancing for 5 

min. GSH was used at 0, 0.5, 1, 2.5, 5, 7.5, and 10 mM and GSSG at 5, 10, 25, 50 mM, 

75, and 100 mM as quantitative standards to construct a calibration curve. Supernatants 

were filtered and 50 µl of each sample was injected in the machine. Chromatograms of 

total thiols and disulfide detections were analyzed, and the GSH and GSSG peaks were 

identified and quantified.  

Autophagy monitoring by GFP-Atg8 fusion analysis 

 Strains were transformed with the centromeric plasmid pCuGFPATG8415 

which expressed GFP-Atg8, using the lithium acetate method based on Schiestl and 
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Gietz (Schiestl and Gietz, 1989) as describe above. The levels of GFP-Atg8 and GFP 

free were analyzed by western blotting as described above, using the anti-GFP (Sigma) 

antibody incubated at 1/20000 overnight in TBS-T.    

Evaluation of UPR (unfolded protein response) and endoplasmic reticulum (ER) 
stress through alternative splicing of Hac1 and expression of Pdi and Ero1 
Reverse transcription PCR 

To evaluate unspliced and spliced Hac1 levels, strains grew in SGE medium and 

total RNA was extracted using hot phenols following a protocol published by Scherrer 

& Darnell (1962). Hac1 levels were evaluated through cDNA amplification using 2 µl 

o f c D N A a t 1 µ g / µ l , 1 µ l o f 1 0 µ M f o r w a r d  p r i m e r 

(TACAGGGATTTCCAGAGCACG) , 1 µ l o f 10 µM reverse p r imer 

(TGAAGTGATGAAGAAATCATTCAATTC), 1.5 µl of 10 mM dNTP mix, 5 µl of 10× 

PCR buffer, 1.5 µl of MgCl2 at 50 mM, 0.5 µl of Taq DNA polymerase at 5 U/L, and 

ultrapure water to dilute the solution to 50 µl. Samples were denatured at 94 °C for 2 

min, followed by 22 denaturation cycles at 94 °C for 30 seconds, an annealing cycle at 

54 °C for 30 seconds, and an extension cycle of 72 °C for 10 min. Samples were loaded 

into a 1% agarose gel, and images were analyzed in ImageJ (National Institutes of 

Health, Bethesda, Maryland, USA). cDNA of ADH4 (1369 base pairs) was amplified 

using the proper forward primer (TCACGACAATGCTAAGGCA) and reverse primer 

(AACACCATGAGGCAAGTGGT) and was used as a control to normalize Hac1 

expression, followed by the calculation of the ratio between the spliced form of SHac1 

(processed form of 450 base pairs) and the unspliced form of UHac1 (large form of 651 

base pairs). 

qRT-PCR 

Quantitative real-time PCR was performed to analyze the expression of Pdi and 

Ero1 genes and the housekeeping gene Act1. Strains grew in SD medium and cDNA 

was obtained as described above and was amplified using the following forward 

primers: AGTTATCGTCCAATCCGGTAAG, AACGCCGTTCTGATTGATTT and 

TTCCCAGGTATTGCCGAAA and reverse primers: GCGGAGGGCAAGTAAATAGA, 

GATTCACCAGTTTCGCCAAT and TTGTGGTGAACGATAGATGGA for Pdi, Ero1 

and Act1, respectively. The reactions were performed using SYBR Green Master Mix 
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(Applied Biosystems) mixed with forward and reverse primers and cDNA following 

manufactures intructions. The Applied Biosystems 7500 was used to detect the curves 

amplification that were analyzed in software 7500 System SDS v.1.2 (Applied 

Biosystems). The ΔCt, ΔΔCt and the final relative expression 2 -ΔΔCt  were calculate and 

statistic analyzed. 

 Statistical analyses  

Results were analyzed by one-way ANOVA followed by Tukey’s post-hoc test or 

t Test using GraphPad Prism (GraphPad Software Inc., version 4.00, CA). Differences 

were considered statistically significant at a p-value of ≤ 0.05. All data are expressed as 

percent of control or absolute values ± standard deviation (SD).  

RESULTS 

Transformation and viability of yeast strains 

To create a humanized yeast model to study PD, cells strains were successfully 

transformed with A30P or A53T alpha-synuclein. In order to verify alpha-synuclein 

expression in the cells, a protein extraction protocol was used based on NaOH which 

promotes increased permeabilization of the cell wall and total protein breakdown; this 

procedure results in an extraction ready to be loaded unto an SDS-PAGE gel. It is not an 

extraction method that can be used to analyze protein aggregates as it potentially causes 

the breakdown of aggregates (Zhang et al., 2011). As expected, all strains showed an 

18kDa band for both mutant alpha-synuclein proteins, corresponding to the monomeric 

form of alpha-synuclein. Interestingly, BY4741 expressing A53T alpha-synuclein 

showed an additional band in the stacking gel for A53T alpha- synuclein, indicating 

protein aggregation. The A53T band was absent in the stacking gel of ΔGem (Figure 

1A). From now the control BY4741 strain and the deletion of Gem will be represented 

in the graphs as B. and G., respectively. The viability of cells was analyzed using a 

dilution series and a growth curve in three different conditions: 1) using a fermentation 

medium, SD; 2) using SG medium to allow yeasts to ferment and respirate; and 3) using 

SGE medium to allow yeasts to respirate only to obtain energy. In the SD medium, cells 
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grew for 4 days. Alpha-synuclein expression inhibited the growth of the BY4741 

(Figure 1B). The deletion of the Gem gene inhibited yeast growth compared to control 

BY4741 expressing E.V. (control). Intriguingly, the expression of both A30P and A53T 

alpha-synuclein ameliorated ΔGem cells growth (Figure 1C).  

In the growth curve assay, A30P and A53T alpha-synuclein impaired the growth 

of BY4741 (Figure 1D). Following 24 h of growth, OD600 was measured again, which 

revealed that growth of BY4741 cells significantly decreased (Figure 1D1). Gem 

deletion significantly impaired normal growth of cells relative to BY4741 after 24 h 

(Figure 1H). However, the expression of A30P alpha-synuclein ameliorates the strain 

growth, while the expression of A53T alpha-synuclein did not change cells growth 

when compared with ΔGem cells expressing E.V. (Figure 1E and 1E1). These results 

suggest that deletion of the Gem protect cells against impairment in the growth caused 

by the expression of mutant alpha-synuclein. However, when we compared ΔGem cells 

grown in the solid medium for 4 days with those grown in the liquid medium for 24h it 

was clear that the expression of A53T alpha-synuclein delays yeast growth, which 

needed more than 24h to recover a normal growth range. In the viability assays using 

the SG medium, cells grew for 4 days. All cell strains grew less than cells grown in the 

SD medium, showing the yeast´s preference to grow in a fermentative environment 

(supplemental Figure 1A and B). In the dilution series performed with the SG medium, 

deletions in Gem gene impaired the normal growth of cells relative to the BY4741 cells 

(supplemental Figure 1B). Interestingly, A30P and A53T alpha-synuclein did not change 

ΔGem growth (supplemental Figure 1B), while A53T alpha- synuclein inhibited 

BY4741 cells growth (supplemental Figure 1A). In the growth curve assay, deletion of 

Gem significantly inhibited the normal growth of cells relative to the BY4741 cells 

following 24h of growth (supplemental Figure 1E). A30P and A53T alpha-synuclein did 

not change BY4741 growth (supplementary Figure 1C and C1), whereas they both 

significantly ameliorated the growth of ΔGem cells (supplemental Figure 1D and D1). 
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Figure 1. Alpha-synuclein (18kDa) and normalizer Pgk1(44kDa) expression and 
viability of cells expressing A30P or A53T α-synuclein. (A) Representative blotting of 
A30P and A53T α-synuclein expression from BY4741 and ΔGem cells. As expected, 
both strains showed an 18kDa band indicating expression. of monomeric alpha-
synuclein. BY4741 cells expressing A53T alpha-synuclein showed another band, in 
stacking gel, indicating protein aggregation. (B) dilution series from a concentration at 
1.0 OD, diluted at 1/10; 1/100; 1/1000; 1/10000 cultured for 4 days of BY4741. Cells 
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expressing mutant alpha-synuclein showed inhibited growth than cells expressing E.V. 
(C) dilution series from a concentration at 1.0 OD, diluted at 1/10; 1/100; 1/1000; 
1/10000 cultured for 4 days of ΔGem. Cells expressing mutant alpha-synuclein showed 
ameliorated growth than cells expressing E.V. (D and E) growth curve from a 
concentration at 0.2 OD (shown on vertical axis) measured every 2h of BY4741 and 
ΔGem cells, respectively. (D1) Quantification of growth curve at 24h of BY4741. Cells 
expressing mutant alpha-synuclein showed inhibited growth than cells expressing E.V. 
(E1) Quantification of growth curve at 24h of ΔGem. Cells expressing mutant A30P 
alpha-synuclein showed ameliorated growth than cells expressing E.V. or A53T alpha-
synuclein. (F) Quantification of growth curve at 24h comparing BY4741 and ΔGem 
cells expressing E.V. Absence of Gem impaired normal growth compared to BY4741. 
The values of 3 independent experiments (n=3) are expressed as percent to control 
(E.V.) ± SD. One-way ANOVA followed by Tukey post test (comparison of cells 
expressing E.V. or alpha-synuclein) or t test (comparison between BY4741 and ΔGem) 
were statistical test employed. *p≤0.05 compared with respective control. # p≤ 0.05 
compared with cells expressing A30P alpha-synuclein.  

In the SGE medium, all cell strains grew in a solid medium for 9 days. The SGE 

medium inhibited the growth of all cells (supplemental Figure 2). The growth of the 

BY4741 cells expressing A53T alpha-synuclein was completely inhibited (supplemental 

Figure 2A). However, A30P and A53T alpha-synuclein expression did not change ΔGem 

growth (supplemental Figure 2B). It was not possible to perform growth curve assays 

on these samples because the cells did not grow in the liquid SGE medium. Even after 

12 h of culture in liquid SGE medium, the OD600 did not change from 0.2.  

Next, BY4741 cells were exposed to H2O2 for 10 days. Cells were cultured in an SD 

medium and a dilution series was performed to analyze the viability/sensitivity of the 

cells to H2O2. ΔGem did not grow when exposed to H2O2 at 0.5mM or smaller 

concentrations. A sensitivity assay showed that in the absence of H2O2 or in the 

exposure of H2O2 at 0.5mM, A30P and A53T alpha-synuclein decreased BY4741 

viability (supplemental Figure 3A and B). However, 1mM of H2O2 decreased the 

viability of all groups (supplemental Figure 3C). Furthermore, BY4741 cells expressing 

A53T alpha-synuclein, which were exposed to 1.5mM, 2mM or 3mM H2O2 showed 

lower viability than cells expressing A30P alpha-synuclein (supplemental Figure 3D, E 

and F). These data suggest that A53T alpha-synuclein is more toxic to cells than A30P 

alpha-synuclein. 

Localization of oligomers and aggregates of alpha-synuclein in cellular 
fractionation 
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A30P and A53T alpha-synuclein mutations produce high levels of oligomers in 

cell lines (Marmolino et al., 2016). A53T alpha-synuclein oligomers interact with the 

membranes of organelles such as mitochondria (membrane-bound oligomers) (Miklya 

et al., 2014). In contrast, A30P alpha-synuclein does not have high membrane affinity 

(Ghio et al., 2016; Nakamura et al., 2008). It is possible to analyze the cellular fractions 

in which proteins clusters, oligomers and aggregates are present, therefore, we analyzed 

oligomers and aggregates presence and their interaction with organelles and 

membranes. In the BY4741 (control) and ΔGem cells both mutant A30P and A53T 

alpha-synuclein were found in the subcellular fractions corresponding to total extract 

(EX) of no lysed cells or P1000 where oligomers, aggregates, and nuclei can be found, 

indicating both alpha-synuclein are oligomerized and aggregated. A53T and A30P 

alpha-synuclein were also found in the isolated mitochondria extract (Mit), indicating a 

possible interaction of the proteins with the mitochondrial membrane that could lead to 

mitochondrial dysfunction. Curiously, both mutant proteins from the control and ΔGem 

were not found in the isolated ER fraction (Figure 2A and B).  
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Figure 2. Representative blottings of cellular fraction of BY4741 and ΔGem cells and 
localization of alpha-synuclein (18kDa) in the fractions. Porine (30kDa) and Dmp1 
(30kDa) were used to identify mitochondria and endoplasmic reticulum fractions, 
respectively. (A) Cellular fractions of BY4741 cells expressing E.V. or mutant alpha-
synuclein. (B) Cellular fractions of ΔGem cells expressing E.V. or mutant alpha-
synuclein. Alpha-synuclein was found in the fraction of total extract (EX), in the 
fraction containing no lysed cells, aggregates and nuclei (P1000) and in the fraction 
containing isolated mitochondria (Mit). A30P or A53T alpha-synuclein were not found 
in ER fraction.   

H2O2 production of isolated mitochondria  

The interaction of A53T oligomers with the mitochondrial membrane can lead to 

mitochondrial dysfunction and oxidative stress due to the high mitochondrial production 

of H2O2 (Chemerovski-Glikman et al., 2016; Byers et al., 2011). To investigate whether 

the presence of mutant alpha-synuclein could interfere with mitochondrial function, 
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mitochondria were isolated and the levels of H2O2 produced by mitochondria were 

analyzed. We found that, mitochondria from cells with the deletion of Gem gene 

produced higher levels of H2O2 in comparison to the mitochondria from BY4741 cells 

(Figure 3E). Mitochondria from BY4741 cells expressing A53T alpha-synuclein 

showed higher production of H2O2 than BY4741 cells expressing E.V. (Figure 3B) or 

A30P alpha-synuclein (Figure 3A). Conversely, mitochondria from ΔGem cells 

expressing A53T alpha-synuclein produced lower levels of H2O2 than cells expressing 

E.V. (Figure 3D) or A30P alpha-synuclein (Figure 3C), suggesting that the absence of 

Gem was protective against the mitochondrial dysfunction caused by A53T alpha-

synuclein. 
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Figure 3. Quantification of H
2
O

2 
levels produced by mitochondria using Amplex Red. 

(A) A30P alpha-synuclein expression did not change the mitochondria H
2
O

2
 production 

of BY4741 cells. (B) Mitochondria from BY4741 expressing A53T α-synuclein, 
produced higher levels of H

2
O

2
 compared to cells expressing E.V. (C) A30P alpha-

synuclein expression did not change the mitochondria H
2
O

2
 production of ∆Gem cells. 

(D) Mitochondria from ∆Gem cells expressing A53T α-synuclein produced lower levels 
of H

2
O

2
 compared to cells expressing E.V. (E) ∆Gem expressing E.V. showed higher 

levels of H
2
O

2
 compared to BY4741 expressing E.V. The values of 3 independent 

experiments (n=3) are expressed as absolute number ± SD and t test was statistical test 
employed. *p≤ 0.05 compared with respective control.  
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Total GSH/GSSG ratio measurements 

Increased levels of H2O2 changes the redox state of cells and potentially leads to 

an imbalance between the reduced (GSH) and oxidized forms of glutathione (GSSG). 

To elucidate the redox state of the cells, the amount of GSH, GSSG, and the balance 

between the two glutathione forms, the GSH/GSSG ratio, were analyzed. The GSH/

GSSG ratio was significantly lower in the ΔGem cells than in the BY4741 cells, 

indicating the deletion of Gem lead to higher levels of GSSG in the cells (Figure 4F). 

Moreover, BY4741 and ΔGem cells expressing either A30P or A53T alpha-synuclein 

showed lower ratio of GSH/GSSG, indicating an oxidative environment in the presence 

of mutant alpha-synuclein (figure 4D and E).  
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Figure 4. Quantification of GSH and GSSG levels and ratio between GSH/GSSG using 
HPLC-ECD. (A) BY4741 expressing A30P or A53T alpha-synuclein showed lower 
GSH levels and (B) higher GSSG levels compared to cells expressing E.V. (C) ∆Gem 
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expressing A30P or A53T alpha-synuclein showed lower levels of GSH and (D) higher 
levels of GSSG compared to cells expressing E.V. (E) BY4741 and (F) ∆Gem 
expressing A30P or A53T α-synuclein showed lower levels of GSH/GSSG ratio 
compared to their respective controls. (G) ∆Gem expressing E.V. showed lower GSH/
GSSG ratio compared to BY4741 expressing E.V. The values of 3 independent 
experiments (n=3) are expressed as absolute number ± SD. One-way ANOVA followed 
by Tukey post test or t Test were statistical test employed. *p≤ 0.05 compared with 
respective control. # p≤ 0.05 compared with cells expressing A30P alpha-synuclein.  

Autophagy flux  

To analyze autophagic flux, cells were successfully transformed with GFP-Atg8 

(39 kDa) as shown in the blotting in Figure 5A. Since GFP is resistant to degradation by 

vacuoles, only Atg8 is cleaved in the yeast degradation, which leaves the GFP molecule 

free (27 kDa). The ratio between free GFP and GFP-Atg8 was analyzed to measure 

autophagy flux. The ratio of GFP/GFP-Atg8 was higher in ΔGem cells than in BY4741, 

suggesting that autophagic flux is increased in these cells (Figure 5D). In the presence 

of both mutant alpha-synuclein, the ratio between GFP/GFP-Atg8 in the BY4741 was 

higher than in BY4741 expressing E.V. (Figure 5B). In ΔGem cells, the ratio between 

GFP/GFP-Atg8 was higher only in cells expressing A53T alpha-synuclein, while the 

ratio in cells expressing A30P alpha-synuclein did not change (Figure 5C). Decreased 

autophagic flux is thought to promote protein accumulation and consequently 

aggregation (Ritz et al., 2016). Therefore, these data indicate the absence of Gem by 

itself increases autophagy in yeasts, which consequently could prevent the formation of 

protein aggregates. 
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Figure 5: Autophagic flux analysis through evaluation of ratio between free GFP and 
GFP-Atg8. (A) Blotting showing the expression of GFP-Atg8 (39kDa), free GFP 
(27kDa) and normalizer Pgk1 (44kDa). (B) The expression of A30P or A53T alpha-
synuclein increased autophagic flux in BY4741 strain compared to its respective 
control. (C) ∆Gem cells expressing A53T showed increased autophagic flux compared 
to cells expressing E.V or A30P alpha-synuclein. (D) The deletion of Gem gene lead to 
higher autophagic flux. The values of 3 independent experiments (n=3) are expressed as 
percent of control ± SD. One-way ANOVA followed by Tukey post test or t Test were 
statistical test employed. *p≤ 0.05 compared with respective control. # p≤ 0.05 
compared with cells expressing A30P alpha-synuclein.  

UPR and ER stress analysis by evaluation of SHac1/UHac1, Pdi and Ero1 mRNA  

The presence of mutant alpha-synuclein, altered autophagy, and mitochondrial 

function and can lead to ER stress and UPR activation to restore the cellular 

homeostasis (Redmann et al., 2016; Colla et al., 2012; Winslow et al., 2011). To further 

investigate ER stress and UPR activation, levels of UHac1 and SHac1, Pdi1, and Ero1 

were analyzed and compared. All cells showed a spliced form of Hac1, except BY4741 

expressing A53T alpha-synuclein, suggesting that the toxicity of A53T alpha-synuclein 
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toxicity impedes the restoration of homeostasis (Figure 6A). BY4741 expressing A30P 

alpha-synuclein showed a stronger spliced Hac1 band, however, the UHac1/SHac1 ratio 

lower than cells expressing E.V. revealing that the presence of alpha-synuclein can lead 

to ER stress by increasing both forms of Hac1 (Figure 6B). When comparing the control 

with the Δ cells, the ΔGem cells showed higher SHac1/UHac1 ratio than BY4741, 

indicating the deletion of the Gem leads to stronger ER stress (Figure 6D). The ΔGem 

cells expressing A30P or A53T alpha-synuclein showed lower SHac1/UHac1 ratio than 

the ΔGem cells expressing E.V., revealing that the presence of mutant alpha-synuclein 

reduces ER stress in the absence of Gem (Figure 6C). The levels of Pdi1 mRNA were 

increased in the BY4741 cells expressing A53T alpha-synuclein, while cells expressing 

A30P alpha-synuclein did show a significant difference of Pdi1 expression compared to 

cells expressing E.V. (Figure 6E). ΔGem cells expressing both mutant alpha-synucleins 

showed increased expression of Pdi1 than cells expressing E.V. (Figure 6F). 

Furthermore, Ero1 levels were higher in the BY4741 and ΔGem cells expressing both 

mutant alpha-synuclein, suggesting that Pdi1 activity can be enhanced in these cells 

(Figure 6G and H). Taken together, these results suggest that the pathway to alleviate 

ER stress through the UPR is activated, likely promoting BY4741 cell survival in the 

presence of A30P alpha-synuclein or in absence of the Gem and in the presence of both 

mutant alpha-synuclein.  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Figure 6: mRNA expression and ratio of 
S
Hac1 (650 bp) and 

U
Hac1 (splicing 450 bp) 

and loading control ADH4 (1369 bp) and qRT-PCR of Pdi1 and Ero1. (A) BY4741 and 
ΔGem cells showed Hac1 spliced indicating ER stress, except BY4741 cells expressing 
A53T alpha-synuclein. (B) BY4741 cells expressing A53T alpha-synuclein did not 
show Hac1 splicing and cells expressing A30P alpha-synuclein did not show 

significantly differences between 
S
Hac1/

U
Hac1 ratio compared to cells expressing E.V. 

(C) ΔGem cells expressing A30P or A53T alpha-synuclein showed lower 
S
Hac1/

U
Hac1 

ratio than its respective control expressing E.V. (D) ΔGem cells expressing E.V. showed 
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higher 
S
Hac1/

U
Hac1 ratio than BY4741 cells expressing E.V. (E) BY4741 expressing 

A53T alpha-synuclein showed higher Pdi1 mRNA levels compared to cells expressing 
E.V. or A30P alpha-synuclein. (F) ΔGem cells expressing A30P or A53T alpha-
synuclein showed higher Pdi1 mRNA levels compared to cells expressing E.V. (G) 
BY4741 expressing A30P or A53T alpha-synuclein showed higher Ero1 mRNA levels 
than cells expressing E.V. (H) ΔGem expressing A30P or A53T alpha-synuclein showed 
higher Ero1 mRNA levels than cells expressing E.V. The values of 3 independent 
experiments (n=3) are expressed as absolute number ± SD. One-way ANOVA followed 
by Tukey post test or t Test were statistical test employed. *p≤ 0.05 compared with 
respective control. # p≤ 0.05 compared with cells expressing A30P alpha-synuclein.  

DISCUSSION 

Most in vitro studies about PD utilize mammalian cells to investigate the cellular 

and molecular mechanisms of alpha-synuclein toxicity. However, the role of some 

genes, such as Miro (the mammalian orthologue of yeast Gem) in the presence of alpha-

synuclein could be better analyzed using a knockout model, which is impossible to 

create using mammalian cells (Guo et al., 2005). The simple humanized S. cerevisiae 

(yeast) model has been widely used to study neurodegenerative diseases and has 

produced useful data that have been used to clarify the mechanisms involved in the 

pathology of PD and other diseases (Ciaccioli et al., 2013; Franssens et al., 2013). 

Therefore, we used BY4741 (control) and BY4741 with Gem deletion (ΔGem) yeasts 

transformed with A30P or A53T alpha-synuclein to investigate mitochondrial, ER, and 

autophagy dysfunction. Our findings revealed that the presence of mutant alpha-

synuclein impaired the control yeast’s (BY4741 expressing E.V.) growth and led to an 

oxidative environment, aberrant autophagy, and ER stress. The toxic effect of A53T 

alpha-synuclein was even stronger, forming more aggregates and leading to higher H2O2 

levels produced by mitochondria, which corroborates with the results of other studies 

using yeast or other models  (Chen et al., 2015; Ciaccioli et al., 2013). Our study was 

the first to show that the deletion of the Gem gene in yeast led to a comparable state as 

the presence of A53T alpha-synuclein in the control strain. However, the presence of 

mutant proteins attenuates the effects of Gem deletion, revealing that Gem deletion 

promotes cell protection against the toxic effects caused by mutant alpha-synuclein and 

indicates that Gem could play a role in mitochondrial dysfunction caused by A53T 
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alpha-synuclein. 

It has been shown that A53T alpha-synuclein oligomerizes and forms aggregates 

faster and more readily than A30P or WT alpha-synuclein (Ostrerova-Golts et al., 2000; 

Stefanovic et al., 2015). Interesting, even it was used a known very effective protocol to 

break down proteins, the BY4741 cells expressing A53T alpha-synuclein showed a 

band in the stacking gel, which is a strong indicator of protein aggregation. Surprisingly, 

the ΔGem did not show any indication that A53T alpha-synuclein was aggregated 

(Figure 1A). However, in Figure 2 both mutant proteins were detected in fraction P1000 

in both lines, indicating the presence of oligomers and aggregates when a specific 

protocol to identify aggregates was used. Taken together these results suggest that A53T 

alpha-synuclein forms less aggregates in the ΔGem cells, likely due to higher autophagy 

flux in comparison to control cells; the autophagy flux was even higher in ΔGem cells 

expressing A53T alpha-synuclein as shown in Figure 5. It has been reported that 

autophagy inducers can decrease the amount of alpha-synuclein and prevent protein 

aggregation (Ebrahimi-Fakhari et al., 2013; Vilageliu and Grinberg, 2017). In Figure 5, 

we observed that BY4741 cells expressing mutant alpha-synuclein showed increased 

autophagic flux, while ΔGem cells expressing A30P or A53T alpha-synuclein showed 

even higher autophagic flux. These set of data indicates that both groups demonstrated 

protective mechanisms against alpha-synuclein accumulation, nevertheless, this 

mechanism seemed more effective in ΔGem cells suggesting that Gem deletion delays 

A53T alpha-synuclein aggregation. 

Next, we observed that the deletion of Gem led to decreased cell viability 

compared to control cells, revealing that Gem is essential for the normal yeast cell 

cycle. As expected, the presence of both mutant proteins in BY4741 decreased control 

cell viability (Figure 1), which is in agreement with previous studies that have shown 

the toxic effects of A30P and A53T alpha-synuclein on yeast growth (Ciaccioli et al., 

2013; Fruhmann et al., 2017). Intriguingly, we found that expression of both mutant 

alpha-synuclein types in ΔGem did not affect cell viability, suggesting that the deletion 

of Gem protects cells against alpha-synuclein toxicity. Furthermore, the growth curve 

analysis demonstrated that control cells expressing A53T alpha-synuclein had even 

more difficulty to grow (Figure 1D and D1), indicating that these cells were more 
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vulnerable to A53T alpha-synuclein toxicity, which could impair the activation of 

mechanisms that prevent apoptosis, conferring susceptibility of cells to death, and 

impede the restoration of homeostasis. Indeed, BY4741 expressing A53T alpha-

synuclein cells were more susceptible to death than cells expressing E.V. or A30P alpha-

synuclein (Supplemental Figure 3). Moreover, UPR is considered one of the most 

important mechanisms to restore homeostasis when protein accumulates (Delic et al., 

2012) and in figure 6A it is shown that all strains expressed UHac1 and SHac1 except 

the control cells expressing A53T alpha-synuclein, indicating that mechanisms to 

restore homeostasis were not activated through the Hac1 pathway in these cells leaving 

them more prone to death. On the other hand, the folding machinery in the ER was 

activated as the mRNA of Pdi and Ero1 expression is increased in these cells (Figure 6E 

and G), as well as in the control cells expressing A30P alpha-synuclein and ΔGem cells 

expressing both mutant proteins. Curiously, both mutant alpha-synucleins were not 

found in the ER fraction (Figure 2). However, it is known that mitochondrial 

dysfunction and the production of H2O2 affect the ER and lead to ER stress via the 

cross-talk between the organelles, which is mediated by Gem, as cited previously. The 

activation of Pdi generates H2O2 that leads to an oxidative environment. Recent findings 

demonstrated that Pdi1 and Ero1 levels were increased in the presence of alpha-

synuclein and altered autophagy leading to ER stress. However, inhibition of Pdi1 

completed annihilated ER stress, decreased the levels of Ero1 and increased autophagic 

flux (Lehtonen et al., 2016). These data suggest that normal Pdi1 levels are crucial to 

prevent ER stress and to keep ER homeostasis. In fact, both groups expressing mutant 

alpha-synuclein had a lower ratio of GSH/GSSG, indicating an oxidative environment 

(Figure 4). The consumption of total GSH and generation of GSSG could also be due to 

higher H2O2 levels produced by the mitochondria. Mitochondrial dysfunction caused by 

the overexpression of alpha-synuclein or expression of mutated alpha-synuclein also 

increases ROS levels, such as H2O2 (Nakamura, 2013). In Figure 3 we observed that 

ΔGem mitochondria produced more H2O2 than control cells. Interestingly, BY4741 

expressing A53T alpha-synuclein showed higher levels of H2O2 produced by 

mitochondria being comparable with the H2O2 levels produced by mitochondria from 

ΔGem, while mitochondria from ΔGem expressing A53T alpha-synuclein produced 
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lower levels of H2O2, which were comparable to the H2O2 levels produced by 

mitochondria from control cells, suggesting that the deletion of the Gem allowed the 

cells to rescue basal levels of H2O2 production. Moreover, in the absence of Gem, the 
UHac1/SHac1 ratio was lower, indicating a disruption of the cross-talk between the 

mitochondria and ER, which could protect cells against ER stress caused by 

dysfunctional mitochondria. 

The mechanisms behind mitochondrial dysfunction caused by alpha-synuclein 

are still not completely clear. Nevertheless, it has been shown that A53T alpha-

synuclein damaged mitochondria more intensively by interacting with the mitochondrial 

membrane, generating pores, decreasing mitochondrial membrane potential, and leading 

to increased H2O2 production. Indeed, we found A53T alpha-synuclein in mitochondrial 

fractions, suggesting that the mutant protein could interact with mitochondrial 

membrane in both strains (Figure 2). However, A30P alpha-synuclein did not interact 

with the mitochondrial membrane and its toxicity was more related to proteasome 

inhibition (Smith et al., 2005). In fact, A30P alpha-synuclein did not change 

mitochondrial production of H2O2 in control or ΔGem cells, which may be because the 

protein does not directly damage the mitochondrial membrane. Taken together, these 

results suggest that mutant alpha-synuclein toxicity involves mitochondrial damage, ER 

stress and susceptibility to apoptosis, and that the deletion of the Gem gene could 

prevent alpha-synuclein toxicity related to mitochondrial and autophagy dysfunction 

events. 
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Supplementary figures: 

 
Supplemental Figure 1: Viability of cell strains expressing A30P or A53T α-synuclein 
cultured in SG medium. A and B: dilution series from a concentration at 1.0 OD, diluted 
at 1/10; 1/100; 1/1000; 1/10000 cultured for 4 days. C and D: growth curve from a 
concentration at 0.2 OD measured every 2h. C1, D1 and E: Quantification of growth 
curve at 24h. A53T alpha-synuclein impaired normal growth of BY4741 (A). Absence 
of Gem impaired normal growth of yeasts, compared to BY4741 (E). A30P and A53T 
alpha-synuclein ameliorate ∆Gem growth (D and D1). The values of 3 independent 
experiments (n=3) are expressed as percentage of control ± SD. One-way ANOVA 
followed by Tukey post test or t Test were statistical test employed. *p≤ 0.05 compared 
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with respective control. # p≤ 0.05 compared with cells expressing A30P alpha-
synuclein.  
 

Supplemental Figure 2: Viability of BY4741 or ∆Gem expressing A30P or A53T α-
synuclein cultured in SGE. A and B: dilution series from a concentration at 1.0 OD, 
diluted at 1/10; 1/100; 1/1000; 1/10000 cultured for 8 days. Both strains showed 
difficulties to grow in SGE medium.   

Supplemental Figure 3: Sensitivity assay of BY4741 expressing A30P or A53T α-
synuclein, cultured in SD medium. Cell lines were exposured to H

2
O

2
 at 0mM (A); 

0.5mM (B); 1.0mM (C); 1.5mM (D); 2.0mM (E); 3mM (F); for 8 days. Yeasts were 
plated in series dilution at 1/10; 1/100; 1/1000; 1/10000 from 1.0 O.D. A53T alpha-
synuclein impaired yeasts growth. Concentrations of H

2
O

2
 upon 1.0mM impaired 

normal growth in all cell lines.  
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