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Background. Improper folding and accumulation of α-synuclein aggregates are 
among the causes of Parkinson’s disease. The most important factor influencing the 
process of α-synuclein aggregation is the level of this protein in neurons which depends 
on the balance between its synthesis, degradation and secretion. Under certain condi-
tions, when α-synuclein is synthesized at a high level, monomers of this protein can 
aggregate on the lipid membrane, which leads to the formation of amyloids, fibrils and 
protofibrils unable to perform their physiological functions. Since it is virtually impossible 
to study the properties of α-synuclein in vivo, researchers are actively using model bio-
logical systems (single-celled microorganisms, human cell lines, animal models etc.).

The aim of this study was to construct a recombinant strain of Saccharomyces 
cerevisiae with controlled expression of human α-synuclein to study the regulation and 
properties of this protein and for screening for new low molecular weight chemical com-
pounds which can induce α-synuclein aggregation and/or degradation.

Materials and Methods. A recombinant strain of S.  cerevisiae with controlled 
expression of α-synuclein conjugated to a green fluorescent protein was isolated. 
Western blotting with specific anti-α-synuclein antibodies was used to detect recombi-
nant α-synuclein in yeast cells. Intracellular localization of heterologous chimeric green 
fluorescent protein conjugated to α-synuclein was also examined by fluorescence 
microscopy.

Results. To construct a recombinant strain of S. cerevisiae, the coding sequence 
of the human wild-type α-synuclein gene was expressed under the regulated promoter 
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of the ScMET25 gene. Analysis of the effect of different concentrations of exogenous 
methionine as a factor regulating the expression of the ScMET25 promoter on the con-
tent of recombinant protein showed that the expression of the human α-synuclein gene 
in S. cerevisiae is repressed in the presence of methionine at a concentration of 10 mg/L 
and higher. During long-term cultivation of yeast cells, this effect decreased due to the 
depletion of methionine in the growth medium. As a result, recombinant protein synthe-
sis was restored, and α-synuclein content in such cells approached that of cells grown 
in a medium with a low concentration of (5 mg/L), or without methionine. It was also 
found that overproduction of recombinant α-synuclein in S. cerevisiae cells had virtually 
no effect on culture growth, indicating the absence or a very weak toxic effect of human 
α-synuclein on yeast physiology.

Conclusions. The obtained data indicate a concentration-dependent effect of 
methionine on the level of recombinant α-synuclein synthesis in S. cerevisiae yeast 
cells. Such controlled expression of the studied protein can be used to screen for com-
pounds capable of promoting dose-dependent aggregation or degradation of α-synuclein 
in yeast cells and potentially in human cells as well.
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Registration number and Funding source. # 0117U001226, Grant “Investigation 
of the mechanisms of autophagic degradation of abnormal forms of human α-synuclein 
induced by low-molecular compounds in the model biosystems” and # 0115U004200, 
Grant “Modeling in the yeast cells of molecular processes of Parkinson’s disease and 
analysis of the influence of exo- and endogenous factors on the aggregation and deg-
radation of human α-synuclein” to Department of Cell Signaling of the Institute of Cell 
Biology, NAS of Ukraine.

INTRODUCTION
Today, a great achievement of microbiology, molecular biology, genetics and bio-

chemistry is the possibility of transferring pathological processes, which at the molecu-
lar and cellular levels of organization contribute to certain human diseases, into unicel-
lular eukaryotic organisms such as yeasts [4]. The special value of the yeast models lies 
in its utilization for the study of molecular mechanisms of human neurodegenerative 
diseases because such pathologies are difficult to model on multicellular systems as 
methods of their manipulation are painful and directly or indirectly lead to fatal conse-
quences. Therefore, modern researchers rely on artificial models of neurodegenerative 
diseases and Parkinson’s disease (PD) in particular. Interestingly, although distant in 
evolutionary terms from human, eukaryotic yeasts provide cellular environment and 
metabolism in many aspects identical to human neurons. Some cellular mechanisms 
and their features are similar in all eukaryotes, such as membrane transport, protein 
degradation, mitochondrial dysfunction, oxidative stress, regulation of transcription, and 
regulation of balance between newly synthesized proteins and proteins that must be 
degraded [6]. Yeasts are also able to efficiently produce human recombinant proteins [9]. 
Using molecular biological and cytogenetic methods, scientists thus can identify the 
causes and describe the pathogenesis of human neurodegenerative diseases such as 
PD, Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis, at the cel-
lular and molecular levels.
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Yeasts as a model of human neurodegenerative pathologies nevertheless have 
certain limitations, as their cells do not participate in complex intercellular interactions, 
unlike human neurons. They also do not possess some regulatory pathways that affect 
the development of multicellular organisms, specific to neurons. 

The influence of the expression of several genes, the products of which are known 
to be involved in the development of PD, was studied in yeast models [11]. In particular, 
it was shown that the expression of a single copy of α-synuclein gene conjugated to 
green fluorescent protein gene did not affect the growth of the host. However, expres-
sion of two copies of the SNCA gene with the A53T mutation caused a marked delay in 
the growth of cells of the model S. cerevisiae strain. With that model, several phenotypic 
manifestations of PD were also observed which included the affected ubiquitin-protea-
somal system and altered lipid metabolism and vesicular transport [8,11,14]. Subse-
quently, this model was used to study the role of autophagy and posttranslational modi
fications of α-synuclein that also contribute to pathogenesis of PD [12]. These findings 
confirm the important potential of amyloid-producing yeast models in search for new drug 
compounds and for deciphering the molecular mechanisms underlying their actions [7].

We previously described an α-synuclein producing strain of an alternative yeast spe-
cies, Ogataea (Hansenula) polymorpha [2,10]. However, that recombinant human protein 
was overall non-toxic in this yeast. Therefore, we aimed herein to construct a recombi-
nant strain of S. cerevisiae with controlled expression of human α-synuclein as an alter-
native experimental PD model to screen for new low molecular weight chemical com-
pounds that affect α-synuclein aggregation and degradation.

MATERIALS AND METHODS
Strains, media and microbial techniques. S. cerevisiae strain used in this work 

was an auxotrophic wild-type strain FY2 (MATα ura3∆0) which is a direct descendant  
of S288C [13]. Yeast cells were cultivated at 30 °C on standard liquid or solid media: rich 
medium YPD (1% yeast extract, 2% bacto-peptone, 1% glucose) or synthetic YNB 
medium (Difco) – (0.17 % yeast nitrogen base without amino acids, 0.5 % ammonium 
sulfate). Solid media contained agar at 2% concentration. The concentration of carbon 
source (glucose) was 2% (w×v–1), unless indicated otherwise. Methionine was supple-
mented into the medium at 5–100 mg/L concentration immediately before yeast cultiva-
tion started. Cell density was determined by absorbance at 600 nm. 

Electrotransformation of the yeast S. cerevisiae. The method is based on the 
ability of yeast cells to absorb exogenous DNA under the influence of an electrical 
impulse. The culture of S. cerevisiae was grown in 300 mL of liquid YPD medium at 
30 °C to an optical density OD600 = 0.5–1.2 (1–2×107 cells/mL). The cells were pelleted 
at 3000 rpm for 10 min using Eppendorf 5417C Centrifuge, washed twice with sterile 
double-distilled H2O and resuspended in 200 µL of H2O. Then 100–150 ng of plasmid 
DNA (pKF48-SNCA) (Fig. 1) was added to 100 µL of the cell suspension. After that, 
250 µL of 50% PEG 4000 was added and mixed thoroughly. The resulting mixture was 
incubated at 42 °C for 15 min. After incubation, the mixture was transferred to a sterile 
0.2 cm electroporation cuvette and electroporated at 1.5 kV, 25 µF, 200 Ohm. Immedia
tely after electroporation, the liquid cooled YPD were added to the cells. For selection of 
transformants, the cells were seeded on plates with a selective medium and incubated 
for 3–4 days.
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N-terminally GFP-tagged α-synuclein detection by fluorescence microscopy. 
Axio Imager A1 fluorescence microscope (Carl Zeiss MicroImaging, Jena, Germany) 
and Axio Cam MRm digital camera (Carl Zeiss MicroImaging) were used to obtain fluo-
rescence micrographs of the studied yeast strain. The photos were taken at 600× mag-
nification. The resulting photos were processed using computer programs AxioVision 
4.5 (Carl Zeiss MicroImaging) and Adobe Photoshop CS5 (Adobe Systems, Mountain 
View, CA).

Yeast cell-free extracts preparation. To prepare cell-free extracts using trichloro-
acetic acid (TCA), 0.4 ml of 12.5% TCA was added to the precipitate of cells washed 
from the culture medium. The resulting cell suspension was kept for 2 h at -70 °C and 
precipitated by centrifugation for 3 min at 14000 rpm. The precipitate was washed twice 
with 0.5 ml of 80% acetone solution cooled to -20 °C and then dried at room tempera-
ture and resuspended in 0.1 ml of lysis buffer (1% SDS + 0.1 M NaOH). An equal vol-
ume of double Laemmli buffer (62.5 mM Tris-HCl (pH 6.8), 1 mM EDTA, 2% SDS, 5% 
β-mercaptoethanol, 10% glycerol, 0.4% bromophenol blue) was added to the obtained 
lysate. The strain biomass taken for Western blot analysis from media with different 
concentrations of methionine was the same for all time points.

Protein SDS-PAGE and immunoblot analysis. For electrophoretic separation of 
proteins, cell-free extracts were heated at 95 °C for 10 min in Laemmli buffer for sam-
ples. Protein electrophoresis was performed in 8% SDS page in the presence of SDS in 
the Laemmli buffer system. Transfer of proteins from SDS-PAGE to polyvinylide fluoride 
(PVDF) was performed for 2 h at the strength of the electric current of 250 mA in a buf-
fer containing: 25 mM Tris-HCl, pH 8.3, 192 mM glycine, 20% methanol. Free centers of 
binding antibodies on the membrane were blocked for 1 h with 5% skim milk in PBS-T 
(140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1% Tween-20). Sub-
sequently, the membrane was incubated with mouse primary anti-α-synuclein antibo
dies in blocking buffer (1:2500 dilution) overnight, followed by washing with blocking 
buffer 3 times for 10–15 min. Anti-mouse IgG conjugated to horseradish peroxidase at 
a 1:10,000 dilution in blocking buffer were used as secondary antibodies. Incubation with 
secondary antibodies was performed for 2–4 h, after which the membrane was washed 
with PBS-T 5 times for 10–15 minutes. Immunoreactive bands on blots were detected by 
ECL (solution I: 100 mM Tris-HCl (pH 8.5), 4.4% luminol, 1.5 n-coumaric acid, solution II: 
100 mM Tris-HCl (pH 8.5), 30% H2O2, solutions I and II were mixed in a ratio of 1:1 
immediately before use). The exposure time of the treated membranes on X-ray film 
depended on the intensity of chemiluminescence and ranged from 1 to 15 min. The 
films were developed in a standard phenidone-hydroquinone developer and fixed with 
acid fixation.

Statistical Analysis. Statistical analysis of the results was performed using Micro-
soft Excel 2016. The calculation of the main statistical indicators was performed on the 
basis of the direct quantitative data (arithmetic mean value – M; arithmetic mean stan-
dard error – m). To assess the probability of the difference between the statistical 
characteristics of the three alternative data sets (data of three independent experi-
ments), the Student’s ratio was calculated. The difference in the indications of probabi
lity p ≥ 0.95 (significance level) was considered probable at P < 0.05 after calculating  
t according to the table of Student’s t-distribution.
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RESULTS AND DISCUSSION
Studies indicate that one of the main reasons for the development of PD is the dys-

function of α-synuclein protein, which in the case of pathology is the main component of 
abnormal inclusions in dopaminergic neurons of the substantia nigra – Levy’s body [1]. 

Since in our previous studies [2,10] we failed to obtain model strains of O. polymor-
pha in which α-synuclein would form potentially cytotoxic aggregates, we constructed  
a model strain with regulated expression of the wild-type SNCA gene in S. cerevisiae.

To simulate the PD-like process in S. cerevisiae cells, we used a pre-engineered 
vector pKF48-SNCA [2], which contained a cassette of expression of the chimeric pro-
tein SNCA-GFP, under a promoter whose activity is negatively regulated by methionine 
content in the culture medium. The cassette consisted of the coding sequence of the 
human wild-type α-synuclein (SNCA) gene conjugated to the green fluorescent protein 
(yEGFP) gene (Fig. 1). This chimeric construct is useful for studying the processes of 
α-synuclein aggregation and degradation, as well as for monitoring intracellular locali
zation by fluorescence microscopy. The vector contains a 6×His-tag sequence, which 
allows detecting the chimeric protein by Western blot analysis and isolating it from cell 
lysates via affinity chromatography. The vector also contains the selective URA3 marker 
for S. cerevisiae and the ampicillin resistance gene (AmpR) for the selection of Esche-
richia coli transformants.

Fig. 1.	 Scheme of the vector pKF48-SNCA for expression of the chimeric construct SNCA-EGFP [2]
Рис. 1.	Схема вектора pKF48-SNCA для експресії химерного конструкту SNCA-EGFP [2]

Selection of S. cerevisiae transformants was performed on a minimal mineral 
medium without the addition of uracil but at the presence of methionine in the concen-
tration of 50 mg/L for repression of PMET25 from which SNCA-EGFP fused genes are 
expressed. The presence of a chimeric form of GFP-conjugated α-synuclein in the cells 
of the model strain was confirmed by fluorescence microscopy (Fig. 2). 

Microscopic analysis of all obtained individual transformants did not reveal appa
rent aggregates of GFP-tagged α-synuclein. Instead, a uniform cytosolic localization  
of the soluble chimeric protein, which was most likely in the form of oligomers, was well 
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visible (Fig. 2). Since the death of dopaminergic neurons of the substantia nigra in the 
case of PD occurs under conditions of an increased synthesis of α-synuclein, for further 
work we selected a strain characterized by a higher fluorescence signal intensity visuali
zed by microscopy.

Fig. 2.	 Fluorescent microphotography of S. cerevisiae strain producing GFP-tagged human α-synuclein. 
Cells were grown on the medium containing 2% glucose as carbon source

Рис. 2.	Флуоресцентні мікрофотографії штаму S. cerevisiae, що продукує α-синуклеїн людини, мічений 
GFP. Клітини вирощували на середовищі, що містить 2% глюкози як джерело карбону

The presence of heterologous α-synuclein-GFP chimera of the predicted size in the 
cells of the model strain was also confirmed by Western blot analysis (Fig. 3). To do this, 
the cells of the model strain, pre-cultured on a rich nutrient medium YPD, were trans-
ferred into a mineral medium with the addition of methionine at concentrations of 5, 10, 
20, 30 and 50 mg/L. Because the chimeric SNCA-GFP construct is controlled by the 
methionine-repressed PMET25 promoter, α-synuclein levels in the cells of the model strain 
differed at different exogenous concentrations of methionine.  

Using antibodies to α-synuclein, we found that after 5 h of culturing S. cerevisiae 
cells on the medium with methionine at its concentrations of 10, 20, 30 and 50 mg/L 
α-synuclein levels were negligible. Under 5 mg/L of methionine in the growth medium, 
or its absence, there was an active synthesis of recombinant protein. At the depletion of 
methionine in the nutrient medium after 15 h of recombinant yeast strain cultivation, 
synthesis of α-synuclein was restored, as evidenced by the results of Western blot 
analysis (Fig. 3), most probably due to the exhaustion of methionine from the medium.

As mentioned above, modeling of molecular processes involved in the develop-
ment of PD in yeasts was first performed on S. cerevisiae. In this system, it was first 
found that, depending on the genotype of the strains expressing the SNCA gene, 
α-synuclein could have a negative or neutral effect on the growth of the host strain [3]. 
In view of this, we analyzed the growth kinetics of the S. cerevisiae strain that expresses 
heterologous human α-synuclein on a mineral medium with the addition of 2% glucose 
as a carbon source in the absence of methionine or with the addition of this amino acid 
in excess (100 mg/L) to inhibit the expression of α-synuclein (Fig. 4). As a control strain 
we used S. cerevisiae wild type strain (FY2) grown on a mineral medium containing 2% 
glucose at the presence or without methionine. Growth kinetics of the wild type strain 
was similar to that of the model strain (data is not shown). 

Light microscopy Fluorescence
microscopy Merged images
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Fig. 3.	 Western blot detection of α-synuclein in cells of the model yeast S. cerevisiae strain, cultured on rich 
medium (YP + 2% Glc), as well as on mineral medium (MM) without (-met) or with different concentra-
tions (5–50 mg/L) of methionine. The duration of yeast cultivation – 5 and 15 h

Рис. 3.	Вестерн-блот детекція α-синуклеїну в клітинах модельного штаму дріжджів S. cerevisiae, куль-
тивованих на багатому середовищі (YP + 2% Glc), а також на мінеральному середовищі (МС) 
без метіоніну (-met) або з різними концентраціями (5–50 мг/л) метіоніну. Тривалість вирощу-
вання біомаси дріжджів становила  5 і 15 год

Fig. 4.	 Growth kinetics of the model yeast S. cerevisiae strain on the medium with excess of methionine 
(YNB + 2% Glc + 100 mg/L met) and without amino acid (YNB + 2% Glc - met)

Рис. 4.	Кінетика росту модельного штаму дріжджів S. cerevisiae на середовищі з надлишком метіоніну 
(YNB + 2% Glc + 100 mg/L met) та без амінокислоти (YNB + 2% Glc - met)

It was found that the expression of the gene encoding α-synuclein apparently did 
not affect the growth of S. cerevisiae model strain or its viability. Despite the lack of 
cytotoxic effects of α-synuclein, we propose that this strain can be used to screen for 
mutations and chemical compounds that may increase the degree of aggregation of this 
human protein, or accelerate its degradation.
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CONCLUSIONS
We constructed a novel model strain of the baker’s yeast S. cerevisiae expressing 

recombinant human α-synuclein and demonstrated that, contrary to O. polymorpha 
counterpart produced with the same vector [2,10], in S. cerevisiae expression from the 
control of promoter of the MET25 biosynthetic gene is readily regulated by exogenous 
methionine. This effect decreased with the prolonged time of incubation and was 
accompanied by the resumption of recombinant protein biosynthesis. However, observed 
no apparent cytotoxic effect of the recombinant protein on its host at its highest level of 
expression. At the same time, the foreign protein did not form intracellular aggregates 
and exhibit uniform cytosolic localization. We propose that a version of α-synuclein car-
rying mutation A53T that renders it prone to aggregation [5] has to be compared with the 
current wild-type protein form. Alternatively, the developed S. cerevisiae strain can be 
used in further studies on screening intra- and extracellular factors which can induce 
α-synuclein aggregation or degradation.
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Вступ. Відомо, що однією з причин хвороби Паркінсона є неправильний фол-
динг і накопичення агрегатів α-синуклеїну. Найважливішим чинником, що впливає 
на процес агрегації α-синуклеїну, є рівень цього білка в нейронах, який залежить від 
балансу рівноваги між його синтезом, деградацією та секрецією. За певних умов, 
коли синтезується велика кількість α-синуклеїну, мономери цього білка можуть 
агрегувати на ліпідній мембрані, що призводить до утворення амілоїдів, фібрил  
і протофібрил, не здатних виконувати фізіологічні функції. Оскільки вивчення влас-
тивостей α-синуклеїну in vivo є неможливим, дослідники активно послуговуються 
модельними біологічними системами (одноклітинні мікроорганізми, лінії людських 
клітин, тваринні моделі тощо). 

Метою цього дослідження було сконструювати рекомбінантний штам S. cerevi
siae з регульованою експресією людського α-синуклеїну для дослідження власти-
востей цього білка в умовах in vivo та скринінгу низькомолекулярних сполук, що 
впливають на його агрегацію та деградацію.

Матеріали і методи. У цій роботі методом електротрансформації було отри-
мано рекомбінатний штам S. cerevisiae з регульованою експресією α-синуклеїну, 
кон’югованого зі зеленим флуоресцентним білком. Для виявлення рівня експресії 
відповідного білка застосовано метод Вестерн-блотингу зі специфічними антиті-
лами, а для доcлідження внутрішньоклітинної локалізації – метод флуоресцентної 
мікроскопії.

Результати. Унаслідок експериментальної роботи було сконструйовано 
рекомбінатний штам S. cerevisiae, в якого кодуюча послідовність гена α-синуклеїну 
людини експресувалася з-під регульованого промотора гена ScMET25. У ході ана-
лізу впливу різних концентрацій екзогенного метіоніну (як фактора регуляції екс-
пресії промотора ScMET25) на вміст рекомбінантного білка у клітинах дріжджів 
було виявлено, що експресія відповідного химерного гена у модельному штамі 
репресується за наявності метіоніну в концентрації 10 мг/л та вище. Під час трива-
лого культивування клітин дріжджів цей ефект зменшувався, імовірно, внаслідок 
вичерпання метіоніну в ростовому середовищі. Також встановлено, що продукція 
рекомбінантного α-синуклеїну в клітинах S. cerevisiae практично не впливала на 
ріст клітин хазяїна, що вказує на відсутність або незначний токсичний ефект люд-
ського α-синуклеїну для цього виду дріжджів.

Висновки. Регульована експресія рекомбінантного α-синуклеїну в клітинах 
дріжджів S. сerevisiae може бути використана з метою скринінгу нових сполук, 
здатних впливати на агрегацію чи деградацію α-синуклеїну в клітинах дріжджів.
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