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Abstract

:

Prions are misfolded, self-replicating, and transmissible proteins capable of causing different conditions that affect the brain and nervous system in humans and animals. Yeasts are the perfect model to study prion formation, dissemination, and the structure of protein aggregates. Yeast prions are related to stress resistance, cell fitness, and viability. Applying a pulsed electric field (PEF) as a factor capable of disintegrating the amyloid aggregates arises from the fact that the amyloid aggregates form via noncovalent bonds and stabilize via electrostatic interactions. In this research, we applied 2–26 kV/cm PEF delivered in sequences of 5 pulses of 1 ms duration to the Saccharomyces cerevisiae cell without prions and containing strong and weak variants of the [PSI+] prion (prion form of Sup35 translation termination factor). We determined that prions significantly increase cell survivability and resistance to PEF treatment. The application of PEF to the purified Sup35NM fibrils showed that the electric field causes significant reductions in the length of fibrils and the full disintegration of fibrils to Sup35 oligomers can be achieved in higher fields.
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1. Introduction


Prions are misfolded, self-replicating, and transmissible proteins that are related to the loss of function of the native protein. Originally, the concept of the prion was used to describe transmissible spongiform encephalopathies: human neurodegenerative diseases Creutzfeldt-Jakob, scrapie in sheep, the chronic wasting disease in deer, and bovine spongiform encephalopathy in cattle (known as “mad cow disease”) [1]. Structurally, prions are amyloid-like aggregated state. Yeast prions have become important research objects in elucidating the underlying mechanisms of human amyloid disease [2]. Saccharomyces cerevisiae is common to model systems for prion research. Almost all prions in yeast are found in infectious amyloid conformation [3] and prions in yeast can appear spontaneously with the different variants [4]. Amyloid yeast prions are rare in wild-type strains. A single prion protein sequence may have several different prion variants, have a parallel β-fold amyloid structure, are harmful to their hosts by causing them stress, and are the subject of prion disease research [4,5]. Variants of [PSI+] yeast prion (an amyloid form of Sup35 translation termination factor) capable to manifest themselves as strong and weak forms that can be discriminated by their phenotypic intensity and stability during cell division [6]. It is shown that a full-length protein is not necessary for the formation of aggregate inside the cells. In SUP35 protein, the Sup35NM domain, located at 1–253 residues of the amino acid sequence, is capable of inducing and propagating the prion state of the [PSI+] prion [5,7]. Mutations in ADE1 and ADE2 mutant stains allow for the discrimination of different prion variants by color. In 2014, it was confirmed that the weak and strong variants of prions differ in the M middle domain, which is 40% more dynamic in weak prions than in strong. Those conformational changes have an impact on the interaction of the amyloid fibrils, chaperons, and fibril functions [8,9,10]. The functions and biological meaning of the prion proteins are still under discussion. How can the elements cause cell death and resist its evolutional elimination? Prions are related to various cell functions: stress resistance, copper homeostasis, cellular differentiation, proliferation, adhesion, control of cell morphology, and cell fitness, thus providing adaptation benefits in the changing environment [11,12,13,14,15]. In this research, we subjected yeast cells containing no prions and strong or weak prion variants to the pulsed electric field (PEF) of varied strength. PEF is proven to be an effective technique in drug delivery during electrochemotherapy [16,17,18], various microorganism transformation [19,20,21], electrofusion [22,23,24], as well as biocontrol of microorganisms in food protection and biotechnology [25,26,27]. It can provide a rapid and nonselective method for the elimination of various types of yeast. The PEF conditions can be easily optimized for each cell type for the most efficient effect.



Proteins in the amyloid conformation are highly resistant to various inactivation mechanisms and substances such as heat shock or proteases [14]. Electrostatic interactions, such as salt bridges (a combination of two non-covalent interactions: hydrogen and ionic bonding between the same amino acid residues) and self-energy, are key factors in stabilizing the secondary and tertiary structure-forming elements in prion proteins [28]. Therefore, in this research, it was investigated how the electric field can affect the polymeric form of the [PSI+] prion fibril. Ideally, the fibril could be cleaved to Sup35NM oligomers, which would enable an alternative method of prion treatment or a new tool for the amyloid disintegration in vitro. It is also important to note that the prion fibril does not contain any covalent bonds that would not be theoretically capable of breaking down by an electric field.




2. Materials and Methods


2.1. Yeast Strains. Saccharomyces Cerevisiae 74-D694


The genotype of this strain (MATa, ade1-14 (UGA), trp1-289, his3-Δ200, ura3-52, leu2-3,112) (Chernoff et al., 1995). Thus, this strain cannot produce adenine, tryptophan, histidine, uracil, and leucine de novo—these amino acids must be present in the culture medium. ADE1 and ADE2 mutant phenotypes allow the discrimination of the cells without prions or containing strong or weak prions by the color of the colonies, while grown under adenine limitation conditions (Figure 1). The following were used in this research: S. cerevisiae 74-D694 [psi−][PIN+] strain with [PIN+] prion but without Sup35 prion forms; S. cerevisiae 74-D694 [PSI+][PIN+]—strain with [PIN+] prion and strong Sup35 prion variant; S. cerevisiae 74-D694 [PSI+][PIN+]—strain with [PIN+] prion and weak Sup35 prion variant.



The literature states that [PIN+] facilitates the bypass of amyloid regulatory mechanisms by other proteins in vivo and thus promotes the formation of other amyloids [6,29,30,31]. The functions of the native protein are unknown, but it is not vital for cell survival. Cells without the [PIN+] prion were not used in the study, so the name of the strains were abbreviated according to the presence of [PSI+] prion: S. cerevisiae [PSI+] or S. cerevisiae [psi−], respectively.



The strain and its different variants were obtained from Dr. Young-Jun Choe at the Max–Planck Institute of Biochemistry, Germany.




2.2. Cell Growth Dynamics


S. cerevisiae cells with different prion variants of [PSI+] are plated on agarized YPD (rich medium) medium and grown for 48 h at 30 °C. One colony of the respective culture is then transferred to 5 mL of fresh YPD medium and grown overnight (~12 h) at 30 °C with aeration, at 130 rpm. The overnight culture is transferred to 50 mL of fresh synthetic complete (SC, medium, containing 2% glucose, 2% yeast nitrogen base without amino acids, and supplemented with the appropriate amino acids according to the genotype of the strains) or the YPD medium to the final optic density (OD) of 0.04 to 0.06 AU at a 600 nm wavelength. Culture samples are taken every 3 h and cell growth was measured with a biophotometer (Eppendorf, Germany). Growth dynamics were observed until culture reached the stationary growth phase. All the experiments were repeated independently 3 times.




2.3. PEF Permeabilization Assay


A unique square pulse wave PEF generator was developed at the Institute of High Magnetic Fields (Vilnius Gediminas Technical University Vilnius, Lithuania), generating 100 ns–1 ms pulses. Up to 30 kV was used in this research [32]. PEF experiments were performed in 1 M sorbitol. The impedance of the cuvette was in the range of 9.1 ± 0.1 kΩ, the highest expected current was in the range 0.02 to 0.3 A, corresponding to 2 and 26 kV/cm treatments. Temperature rise was measured using a Pt1000 sensor (InnovativeSensor Technology, Wattwil, Switzerland).



The summary of PEF treatments, including the energy of each protocol, is presented in Table 1.



Different prion variants of S. cerevisiae PSI+ and S. cerevisiae psi− prion-free strains were plated on agarized YPD mediums and grown for 48 h at 30 °C. One sterile colony was transferred to a tube with 5 mL of a YPD medium and grown in a shaker with aeration for 12 h at 30 °C, 130 rpm. The overnight culture was transferred again to a sterile 5 mL YPD tube and diluted to the final OD 0.2 and grown for 3–4 h until 0.5–0.6 OD was reached. This indicated a transition of the culture to an exponential growth phase. Then, yeast cells were harvested via centrifugation at 9000× g for 90 s. After centrifugation, all of the following steps were performed by keeping the cells cold, on ice, to slow down the metabolic reactions and cell division. To remove unnecessary salts and ions adhering to the cell wall that could increase the sample’s electrical conductivity, the cells were washed 3 times with 1.5 mL of cold 1 M sorbitol solution. The washed cells were suspended in 1 mL of 1 M sorbitol to the final concentration of 109. After cell suspension was transferred to the 1 mm gap electroporation cuvette and subjected to the PEF ranging from 2 kV/cm to 26 kV/cm, 5 pulses with the duration of 1 ms. After PEF treatment, cells were plated on a fresh medium and grown for 48–72 h, wherein colonies were counted and analyzed for the appearing prions, indicated by the switch of the colony’s color. In total, two controls were used in this research: the first control was prepared and plated before the PEF experiments, showing the number of the viable cells in the suspension; the second control had cells that were prepared and stored on ice throughout the duration of the experiment, showing a general survivability during the experimental procedure.




2.4. Expression and Purification


Sup35NM was performed similarly to the previously described method [33]. In brief, plasmid encoding C-terminally tagged 8x-histidine Sup35NM protein was transformed into BL21(DE3) one star Escherichia coli cells. Overnight culture of transformed cells was used for protein expression, which was carried out by inoculating 2.4 L of a auto-inductive Zym-5052 medium [34] containing ampicillin (100 µg/mL) and grown at 37 °C for 12 h. To collect the cell pellet, the cell suspension was centrifuged at 4000 g at 4 °C for 30 min. Then, the cell pellet was homogenized with a Potter–Elvehjem homogenizer in a 100 mL buffer (20 mM sodium phosphate, 6 M GuHCl, pH 8.0) and sonicated for 15 min on ice using Sonopuls 3100 (Bandelin) ultrasonic homogenizer equipped with a VS70/T tip (using 70% power, 30 s/30 s sonication and rest intervals). The cell suspension lysate was centrifuged at 18,000 g at 4 °C for 20 min and then the supernatant was filtered using 0.22 µm mixed cellulose syringe filters. Finally, the protein mixture was loaded on an immobilized metal affinity chromatography nickel column, which was equilibrated using a loading buffer (20 mM sodium phosphate, 6 M GuHCl, pH 8.0). The protein purification was performed using an imidazole step-gradient where protein eluted at 350 mM of imidazole. Imidazole was then removed from the solution by exchanging the buffer while concentrating the protein. Purified protein was concentrated to 250 µM in buffer (20 mM potassium phosphate, 50 mM NaCl, 6 M GuHCl, pH 7.4), filtered, and stored at –80 °C for further use.




2.5. Preparation of Sup35 Aggregates


Protein stock solution was mixed with aggregation buffer (20 mM KH2PO4, 50 mM NaCl, pH 7.4) to the final 10 µM protein concentration, stored in low-binding tubes, and incubated at 37 °C with constant mixing at 10 RPM for 48 h.




2.6. Atomic Force Microscopy


The following is how we prepared the microscopy: 50 μL of 10 μM purified Sup35NM in a buffer (20 mM KH2PO4, 50 mM NaCl, 0.24 M GdnHCl, pH 7.4) was transferred to a sterile 1 mm electroporation cuvette and subjected to 10 kV and 20 kV (±0.05 kV/cm) for 10 impulses of 1000 μs or 50 μs duration. Imaging of the sample topography via atomic force microscopy then occurred, where the sample was transfer to a 1 × 1 cm cleaved mica substrate (V grade, SPI supplies, West Chester, PA, USA) and incubated for 5–10 min until the proteins adhered to it. The plate was then washed with distilled H2O for 10 s and dried with nitrogen gas for 55 s, so the sample became fixed. Imaging of the samples was performed with a DimensionIcon (Bruker, MA, USA) atomic force microscope using a tapping mode in the air. The manufacturer′s (Bruker, MA, USA) probes were used: FESP (nominal elastic modulus 5 N/m) and TESP (nominal elastic modulus 40 N/m). Standard imaging parameters were used 10 µm × 10 μm area; 0.4 Hz speed; 512-pixel resolution. The obtained images were processed with the NanoScope Analysis (version 1.9) software package.




2.7. Statistical Analysis


At least 3 independent experimental sessions were performed for each unique set of parameters. Atomic force microscopy analysis represented the data from 3 independent experiments. Each time, the length of the fibrils was measured in 10 independent images and represented as an average. Statistical analysis was performed for all acquired data (OriginPro 8.5, OriginLab, Northhampton, MA, USA). The paired t-test was used to estimate the statistical significance. The results were considered statistically significant at p < 0.05.





3. Results


Yeast cells were grown until the culture reached the stationary phase (Figure 2). The results showed that yeast prions significantly affected cell growth dynamics. Psi− in the SC medium reached the stationary phase after 48 h of growth. The growth dynamics of the [PSI+] cells, with a weak variant of the prion, exhibited the same growth dynamics in the Lag and Log phase, but the Log phase was prolonged when compared to the [psi−] strain. The stationary phase reached 82 h of growth. A strong [PSI+] variant significantly altered the cell growth dynamics. The Lag phase was unusually extended, showing that prions affected cell adaptations in a new environment. The Log phase started after 48 h of growth; the stationary phase started after 78 h. S. cerevisiae strain containing a strong [PSI+] variant reached about 3 times higher cell density in the SC medium as compared to the weak prion and 6 times higher as compared to the [psi−] strain.



The PEF treatment results are presented in Figure 3. The presence of the prions in the yeast cells significantly increased cell resistance to PEF treatment. Further, [psi−] cells viability decreased to 40.55 ± 9.59% after applying 2 kV/cm 1000 μs pulse duration, 5 pulses; therefore, cells with strong and weak prions were not affected. Significant differences in cell viability between different prion variants were observed after applying 6 kV/cm PEF. Weak prions were less resistant to PEF as compared to strong ones. Even after 22 kV/cm PEF treatment, 9.58 ± 0.69% viability of strong [PSI+] variant was observed.



The stress-induced prionization analyses revealed that our conditions of PEF treatment did not induce the appearance of the [PSI+] prions in yeast cells or switches from the weak to the strong variant of the prion.



Different electric field strength and pulse duration were tested in the disintegration of the Sup35NM amyloids (Figure 4). Figure 4A presents the control sample of the purified Sup35NM fibrils. The concentration of 10 µM was suitable for atomic force analysis. Fibrils were visible and single amyloid are present in the field without interfering with each other.



The length of the PEF non-treated fibrils varies from 170 nm to 8.1 µm. Small white dots on the sample were the oligomers of Sup35NM. The diameter of the fibrils was 8.3 ± 2.19 nm. Application of 10 kV/cm, 50 μs pulse duration, and 10 pulses resulted in a length reduction in the amyloid fibrils when compared to the control (Figure 4B). The longest fibril found in the samples was 1.45 µm long and this was around four times less than the amyloid from the control samples. An increase in PEF pulse duration to 1000 µs resulted in higher fibril disintegration (Figure 4C). Fewer long amyloids and more oligomers were observed in the sample. Finally, 20 kV/cm, 1000 μs pulse duration, and 10 pulses were responsible for the full disintegration of the fibrils to oligomers (Figure 4D). It is important to point out that the diameter of the Sup35 fibrils increased according to the applied PEF duration. The diameter of 50 µs treated fibrils was 11.1 ± 3 nm and 1000 µs 20.4 ± 5 nm.




4. Discussion


The biological meaning and functions of prions are still under intensive discussion in the scientific community. [PSI+] yeast prion is a perfect model system to analyze the behavior and functions of the amyloid inside the cell. [PSI+] prion has mild pathogenicity, so the cell can survive longer and divide without lethal disturbances. Native Sup35 protein is a translation termination factor and [PSI+] prion helps to overcome STOP codon and prevents translation termination [35,36,37,38]. Strong and weak [PSI+] variants have different abilities to overcome translation termination. It is proven that strong prions form smaller aggregates as compared to weak ones, therefore giving more polymerization ends. Strong prions are more stable and better transmitted in the cell population [6,39].



In this research, we tried to answer three main scientific questions.



	
Do [PSI+] prions increase PEF resistance in S. cerevisiae cells and how do different variants change this resistance? Our results show that S. cerevisiae cells containing [PSI+] prions exhibited extremely increased resistance to PEF treatment even in the case of weak prion variants (Figure 3). There is also a significant difference between survivability after PEF between strong and weak variants. Almost 10% viability was observed in the case of strong prions, even after applying 22 kV/cm, 1000 μs pulse duration for 5 pulses. Prions provided cells the ability to survive in such harsh treatment. Other authors agree that prions are related to stress resistance and improve cell viability in chronological aging [40,41]. Prions in the amyloid conformation are resistant to proteases, heat shock, and other inactivation methods [14]. Franzmann et al. showed that [PSI+] prion can regulate the phase separation of native Sup35 protein during stress [15]. In cell growth, Sup35 acts as a translation terminator. In the stress conditions, the prion and sensor domains act together to promote phase separation and to establish protective and reversible biomolecular condensates.



	
Can PEF induce the appearance of prions in the cell population de novo or change the type of prion from weak to strong by producing free amyloid ends for protein polymerization? There is a hypothesis that prions in the cell population can appear de novo in cells experiencing stress conditions [41,42] and prion variants can modulate prion-dependent proteomes in response to environmental stress [43], producing a facilitated adaptation of the cells by enhancing survival in rapidly changing environments [44,45,46]. We hypothesized that PEF could act as a factor capable of disrupting cell homeostasis and lead to prion induction. In the case of the cells already containing prions, it could serve as an agent that generates free amyloid ends for the more effective intake of the Sup35 to the amyloids. Analysis of the [psi−] and weak [PSI+] colonies after PEF treatment showed no signs of showing new prions or shift from weak to strong variants. This is the possibility that the PEF itself is not capable of inducing prionization in yeast cells, which makes PEF safe for the biocontrol of yeasts without the opportunity to induce prionization.



	
Is it possible to disintegrate [PSI+] amyloids by applying PEF to the purified proteins? There is no covalent bond in the formation of the secondary and tertiary structure between the fibril assembling prion proteins. Stabilizing factors are electrostatic interactions, such as salt bridges and self-energy [28]. Therefore, we hypothesized that those interactions can easily be broken by applying PEF. The ability to use PEF for fibril disintegration could provide universal methods to disintegrate [PSI+] amyloid aggregates. In our research, atomic force microscopy revealed that amyloids of Sup35NM can be successfully disintegrated by using PEF (Figure 4). Even after applying 10 kV/cm, 50 μs pulse duration, and 10 pulses, we observed a length reduction in the amyloid fibrils as compared to the untreated ones. The longest fibril found in the samples was 1.45 µm long, which was around four times less than the amyloid from the control samples. This shows that, for the disintegration of the long fibrils into the smaller aggregates 10 kV/cm, 50 µs, and 10 pulses were enough. The diameter of the fibrils indicates that they belong to a strong prion variant. More than 80% of the strong prion amyloids are thin (~11.5 nm) and around 68% of the weak prions produce thick ~16 nm fibrils [47]. Our research showed that treating the fibrils with longer pulse results not only disintegrates fibrils but increases their diameter as well. The shift from 50 µs to 1000 µs resulted in the doubling of the fibril diameter. An electric field affects the charged groups of amino acids in the molecule, causing a change of the conformation for the fibril itself.






It can be concluded that prions providing yeast cells significantly increase resistance, but prions containing cells can be successfully eliminated using 26 kV/cm and long duration pulses. PEF itself is not capable of inducing prion appearance in yeast cells. Finally, PEF can be used as a fast and safe method in the disintegration of prion aggregates in vitro.
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Figure 1. Phenotype of ADE1 mutants in the absence or presence of different variants of [PSI] prions in an synthetic complete (SC) medium. White—cells containing strong [PSI+] prion, pink—cells containing weak [PSI+] prion, and red—cells without prion ([psi−]). 
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Figure 2. Growth dynamics of S. cerevisiae cells in the SC medium. The orange line represents the growth of S. cerevisiae with a strong [PSI+] variant; the green line represents the growth of S. cerevisiae with a weak [PSI+] variant; the blue line represents growth of S. cerevisiae without [PSI+]. Data presented as average ±SE. 
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Figure 3. Viability (%) of the S. cerevisiae cells after exposure to a pulsed electric field (PEF) with different strength of electric field (kV/cm), 1 ms pulse duration, 5 pulses. Orange bars represent the viability of S. cerevisiae with a strong [PSI+] variant; green bars represent the viability of S. cerevisiae with a weak [PSI+] variant; blue bars represent the viability of S. cerevisiae without [PSI+]. Data presented as average ±SE. 
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Figure 4. Atomic force microscopy images of Sup35NM amyloid fibrils before (A) and after exposure to a pulsed electric field (PEF) using different parameters: (B) 10 kV/cm, 50 μs pulse duration, 10 pulses; (C) 10 kV/cm, 1000 μs pulse duration, 10 pulses; (D) 20 kV/cm, 1000 μs pulse duration, 10 pulses. The adjacent color scale indicates the height of the fibrils found in the samples. 
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Table 1. The summary of pulsed electric field (PEF) treatments.
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Electric Field (kV/cm)

	
Burst Duration

	
Pulsed Current * (A)

	
Energy (J)

	
Energy Density (kJ/L)

	
Temperature Rise (°C)






	
2

	
1 ms × 5 (1 Hz)

	
0.02

	
0.02

	
0.4

	
0 ± 0.1




	
4

	
0.04

	
0.09

	
1.8

	
0.3 ± 0.2




	
6

	
0.07

	
0.20

	
4

	
0.5 ± 0.2




	
8

	
0.09

	
0.35

	
7

	
0.8 ± 0.2




	
10

	
0.11

	
0.55

	
11

	
1 ± 0.3




	
12

	
0.13

	
0.79

	
15.8

	
1.2 ± 0.2




	
14

	
0.15

	
1.08

	
21.6

	
1.3 ± 0.6




	
16

	
0.18

	
1.41

	
28.2

	
1.5 ± 0.2




	
18

	
0.20

	
1.78

	
35.6

	
2.1 ± 0.4




	
20

	
0.22

	
2.20

	
44

	
2.3 ± 0.5




	
22

	
0.24

	
2.66

	
53.2

	
2.8 ± 0.4




	
24

	
0.26

	
3.16

	
63.2

	
3.6 ± 0.9




	
26

	
0.29

	
3.71

	
74.2

	
4.6 ± 1.2








* Estimated based on Ohm’s law and cuvette impedance of 9.1 kΩ.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
OD, 600 nm

Strong [PSI+] variant

20.0

Weak [PSI+] variant

[psi-]

17.5 -

15.0 -

7.5 1
5.0 -
2.5 -

0.0 -

10

20

30 40 50
Time, hours

60

70

80

90





nav.xhtml


  applsci-11-02684


  
    		
      applsci-11-02684
    


  




  





media/file2.png
[PSI+]
weak

[PSI+]
weak






media/file5.jpg
Viability, %

[ strong [PSI+] variant [[771] Weak [PSI+] variant [T"] [psi-]
100

80

@
3

8

N
S

0
0 2 4 6 810121416 1820222426 0

Electric field strength, kV/cm





media/file3.jpg
© Strong [PSI+] variant @ Weak [PSI+] variant " [psi-]
20.0

17.54

15.0

£ 125
c
8 10.0
©

7.54

a
o

0 10 20 30 40 50 60 70 80 90
Time, hours





media/file1.jpg





media/file7.jpg
60nm






media/file0.png





media/file8.png





media/file6.png
| |Strong [PSI+] variant[ | Weak [PSI+] variant| | [psi-]
100

80 ::'F:

Viability, %
S

NN
o

N
o

0 |t
0 2 4 6 8 1012 14 16 18 20 22 24 26 0

Electric field strength, kV/cm





