

  applmicrobiol-03-00050




applmicrobiol-03-00050







Appl. Microbiol. 2023, 3(3), 722-734; doi:10.3390/applmicrobiol3030050




Article



Sugar-Induced Cell Death in the Yeast S. cerevisiae Is Accompanied by the Release of Octanoic Acid, Which Does Not Originate from the Fatty Acid Synthesis Type II Mitochondrial System



Alexander Avtukh 1, Boris Baskunov 1, Varlam Keshelava 2 and Airat Valiakhmetov 1,*





1



Skryabin Institute of Biochemistry and Physiology of Microorganisms, Federal Research Center “Pushchino Scientific Center for Biological Research of the Russian Academy of Sciences”, Pushchino 142290, Russia






2



Institute for Biological Instrumentation, Federal Research Center “Pushchino Scientific Center for Biological Research of the Russian Academy of Sciences”, Pushchino 142290, Russia









*



Correspondence: airatv@ibpm.ru







Academic Editor: Ian Connerton



Received: 20 June 2023 / Revised: 7 July 2023 / Accepted: 10 July 2023 / Published: 12 July 2023



Abstract

:

Incubation of the yeast S. cerevisiae with glucose, in the absence of other nutrients, leads to Sugar-Induced Cell Death (SICD), accompanied by the accumulation of Reactive Oxygen Species (ROS). Yeast acidifies the environment during glucose metabolism not only as a result of the activity of the H+-ATPase of the plasma membrane but also due to the release of carboxylic acids. Acetic acid is known to induce apoptosis in growing yeast. We analyzed the composition of the incubation medium and found octanoic acid (OA) but no other carboxylic acids. Its concentration (0.675 µM) was significantly lower than the one at which OA had a toxic effect on the cell. However, the theoretically calculated concentration of OA inside the cell (about 200 μM) was found to be high enough to lead to cell necrosis. To test the hypothesis that OA might cause SICD, we used a ΔACP1 strain incapable of synthesizing OA in the yeast mitochondrial Fatty Acid Synthesis type II system (FAS-II). The deletion of the ACP1 gene did not affect the OA content in the medium. But, on the other hand, OA is a precursor of lipoic acid, which has antioxidant properties. However, strains with deleted genes for lipoic acid biosynthesis from OA (ΔPPT2, ΔLIP2, ΔLIP5, and ΔSGV3) showed no change in ROS and SICD levels. Thus, lipoic acid synthesized in FAS-II does not protect cells from ROS accumulated during SICD. We conclude that OA synthesized in the mitochondrial FAS-II system and its derivative lipoic acid are not involved in SICD in yeast S. cerevisiae.
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1. Introduction


The discovery of apoptosis in yeast caused a significant increase in scientific interest in the phenomenon of cell death in lower eukaryotes [1]. In 1991, it was found that stationary cells of the yeast Saccharomyces cerevisiae die when incubated with glucose in the absence of other nutrients necessary for growth. Cell death had the nature of apoptosis and was called Sugar-Induced Cell Death—SICD [2] and was caused by an excess of ROS [3]. A deep study of SICD showed that it does not depend on ACP pathways [2] and includes the step of glucose or fructose phosphorylation [4]. The latter fact suggests that abnormalities in glucose catabolism are the cause of SICD. SICD of apoptotic nature has been described in several yeast strains, occurring at a wide range of temperatures and in the presence of various sugars [2,5]. Later, Lee and coworkers found that stationary S. cerevisiae cells, when incubated with glucose alone, consume 21 times more oxygen than exponentially growing cells growing in a rich environment [6], which explains the excess accumulation of ROS. It is hypothesized that the Crabtree effect includes competition between the mitochondrial respiratory chain and glycolytic enzymes for ADP and inorganic phosphate. The suppression of SICD in stationary yeast culture by exogenous phosphate and succinate, according to the authors, confirms this assumption. SICD can occur not only in aerobic culture but also under strictly anaerobic conditions. This was observed in bottom-fermenting yeast Saccharomyces pastorianus [7]. This study showed that ROS generated in the respiratory chain is not the only cause of SICD. We later showed that incubation of the exponentially growing yeast S. cerevisiae with glucose in the absence of other components necessary for growth also leads to SICD, which was of the nature of primary necrosis. Unlike stationary cells, SICD in exponentially growing yeast occurred much faster (minutes vs. days in cells in the stationary phase) as a result of ruptures in the nuclear, mitochondrial, and plasma membranes and affected only cells in the S-phase of the cell cycle [8]. The latter fact is the fundamental difference between SICD in exponentially growing cells and cells in the stationary phase. This fact also suggests the presence of SICD regulatory mechanisms associated with the yeast cell life cycle. Thus, we can talk about the manifestation of such a phenomenon as controlled primary necrosis [9]. A notable feature of SICD in growing culture was its sensitivity to extracellular pH and membrane potential. SICD was completely prevented when yeast was incubated with glucose in a medium with pH 7.0 (dissipation ΔpH) or in the presence of 150 mM KCl (dissipation ΔΨ) [10]. These facts cast doubt on the thesis that primary necrosis occurs only as a result of extreme external physical or chemical impact on the cell. In fact, SICD occurred under conditions where there were no extreme external impacts on the cell. Instead, an imbalance in the availability of all nutrients needed for growth led to SICD in the form of primary necrosis. Notably, the mitochondrial respiratory chain in exponentially growing yeast is not involved in the development of SICD. This was shown both in the case of petite mutants obtained by treating yeast cells with ethidium bromide and in the ΔAFO1 strain, which lacks a large mitochondrial ribosomal subunit [10].



When developing a SICD in an unbuffered environment, it is important to consider the following fact. During glycolysis, acidification of the medium occurs not only as a result of the release of protons by the H+-ATPase of the plasma membrane during ATP hydrolysis. The release of carboxylic acids also makes a significant contribution to the decrease in the pH of the medium [11,12]. Among these acids, of particular interest is acetic acid, which leads to apoptosis in exponentially growing yeast cell [13,14,15]. Incubation of S. cerevisiae cells with 20–80 mM acetic acid led to permeabilization of the mitochondrial membrane with the release of cytochrome C into the cytosol, accumulation of ROS, a decrease in oxygen consumption, and a drop in the mitochondrial membrane potential [14]. Thus, the destruction of mitochondria [14] induced by acetic acid is the initial stage characteristic of apoptosis. Therefore, determining the presence and concentration of acetic acid in the glucose incubation medium was the original goal of this study.



Octanoic acid (OA) is a highly toxic compound and is produced by yeasts during alcoholic fermentation under hypoxic conditions as by-products of lipid synthesis [16,17,18]. OA synthesis in the cytosol occurs in the large multidomain FAS-I complex as an intermediate step in the synthesis of Long Chain Fatty Acids. The amount of OA released into the incubation medium directly correlates with its intracellular content [17] and can reach concentrations as high as 0.11 mM upon incubation in a rich medium [16]. According to other data, 0.3 mM exogenous OA leads to a 25% decrease in the growth rate [19]. Exogenous OA inhibits yeast growth even more effectively in the presence of ethanol and in more acidic environments [16], and this presents a major problem for winemakers as it stops fermentation before all the sugar has been fermented to alcohol. The addition of so-called “Yeast Ghosts”—dried yeast—to the must is one of the most widespread ways to detoxify OA in grape must. Their protective effect against OA is based on the ability of the yeast cell wall to absorb OA [20]. However, the cell wall is not able to completely protect the cell from OA penetration through passive diffusion due to its high lipophilicity. In an intracellular environment with pH near to neutral, OA dissociates and causes acidification of the intracellular space and accumulation of a toxic anion [21]. H+-ATPase of the plasma membrane, the main regulator of intracellular pH, is activated to restore pH in the cytosol [22]. The lipophilicity of OA also accounts for its other cell-damaging property. OA causes membrane leakage but not a change in membrane fluidity or hydrophobicity [23,24]. As a result of damage to the integrity of the plasma membrane, the operation of transmembrane transport systems can be disrupted [25]. However, this severe disruption of membrane integrity can be mitigated by changing the lipid composition of the membrane. For example, incubation of yeast with OA and simultaneously with oleic acid resulted in yeast resistance to the toxic effects of OA and reduced membrane leakage [26]. The same effect was observed in the genetically modified yeast S. cerevisiae BY4741 with an increased synthesis of oleic acid [26]. The main defense mechanism of the yeast cell against the toxic effects of exogenous OA is the extrusion of OA from the cytosol [21,27] and the trapping of OA on the cell wall [20]. At the same time, OA, like other fatty acids, is of great interest for the production of biofuels. Biofuels represent a viable alternative to fossil fuels and much efforts are currently being made to increase the yield of free OA through genetically engineered modification of the cytosolic FAS-I complex [26,28,29,30].



OA is also synthesized in mitochondria in the FAS-II system, which is completely independent of the cytosolic FAS-I system. FAS-II is present in both prokaryotes and eukaryotic mitochondria and is highly conserved [31,32,33,34]. In the mitochondrial FAS-II system, OA is synthesized as a precursor of lipoic acid, a sulfur-containing cofactor of several important multienzyme complexes [35,36,37,38]. OA synthesis in mitochondria is controlled by the ACP1 gene [35]. The subsequent synthesis of lipoic acid from OA is controlled by several genes: PPT2, LIP2, LIP5, GCV3 [38]. In the yeast S. cerevisiae, lipoic acid is attached as a cofactor to the E2p subunit of pyruvate dehydrogenase, the E2o subunit of α-ketoglutarate dehydrogenase, and to the H protein of the glycine cleavage enzyme [39]. In addition to its contribution to various enzyme complexes, lipoic acid can also protect the cell from oxidative stress, since it can be found in both reduced and oxidized forms [40]. The latter is of particular interest in relation to the excessive generation of ROS in SICD.



In light of the above facts, it was important to establish the relationship between carboxylic acids in the incubation medium and the development of SICD. In this study, we aimed to: (a) establish the presence and concentration of acetic acid (and/or other carboxylic acids) in the medium during the incubation of yeast with glucose and (b) estimate the role of OA derived from the FAS-II mitochondrial complex in the development of SICD.




2. Materials and Methods


2.1. Culture Growth


The S. cerevisiae strain BY4741 (MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0), BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0), and BY4742-derived null mutant strains (ΔACP1, ΔPPT2, ΔLIP2, ΔLIP5, ΔGCV3) were obtained from the Euroscarf collection. The culture grew on the standard YPD medium (Applichem, Darmstadt, Germany) for 15–17 h (mid exponential phase) and was twice washed with distilled water. Yeast cells were pelleted and suspended (1 g/10 mL w/w, 1.45 × 108 cells/mL) in MilliQ water.




2.2. 1,2,3,-Dihydrorhodamine (DHR) Staining


To estimate number of cells with elevated intracellular ROS level, we used DHR (Sigma-Aldrich, St. Louis, MO, USA). 5 µL of 0.5 mg/mL DHR in DMSO were added to 250 µL cell suspension in water. The samples were incubated in a ThermoMixer (Eppendorf, Hamburg, Germany) for 1 h at 30°. The cells were pelleted at 13,000× g for 1 min, and the supernatant was discarded. The cells were washed once with 0.5 mL of water, and the cell pellet was suspended in 250 µL water. Another 250 µL of cell suspension in water without addition of DHR was subjected to all above steps to obtain cells for propidium iodide (PI) staining (see below).




2.3. SICD Assay and Flow Cytometry


SICD assay for DHR-stained and unstained cells was done in parallel series of tubes. 250 µL of cells obtained as described above was distributed in 50 µL into four tubes. This was the standard test kit for the SICD. Nothing was added to the first tube—this was the control. The second tube served as the main sample for checking the SICD. In the third tube, water was replaced with buffer (50 mM HEPES, pH 7.0) to test the effects of neutral pH on the SICD. 2.5 µL of 3 M KCl was added to the 4th tube to check the value of the membrane potential on SICD. Then, to induce SICD, 2.5 µL of 2 M glucose solution was added to all tubes (final [C] = 100 mM), except for the 1st one. The samples were incubated in a ThermoMixer (Eppendorf, Hamburg, Germany) at 30 °C for 1 h. To proceed to flow cytometry to the samples with DHR stained cells 1 mL of water was added. PI staining was used to determine the percentage of dead cells. To the samples with not DHR-stained cells, 150 µL of 4 µg/mL PI (Sigma-Aldrich, St. Louis, MO, USA) was added, and after brief (1–2 min) incubation at RT, 0.8 mL of water was added. All samples were kept on ice. A total of 100,000 cells were counted at each experimental point using NovoCyte Flow cytometer (Agilent, Santa Clara, CA, USA). DHR-stained cells were detected using 488 nm for excitation and 530/30 nm for emission. PI-stained cells were detected using 488 nm for excitation and 572/28 nm for emission. All assays were repeated three times, and the mean results are presented.




2.4. Preparation of FAME for Gas Chromatography


Cells were prepared as described in the culture growth section. To 10 mL of the cell suspension in water (1 g/10 mL, 1.45 × 109 cells total), 0.5 mL of 2 M glucose was added. The cells were incubated for 1 h at 30 °C in a water bath with occasional shaking. Cells were pelleted at 5000× g for 7 min. Toluene (0.4 mL) was added to the supernatant and vortexed for 2–3 min. After phase separation (3500× g, 5 min), the toluene fraction was used for methyl esterification according to [41]. Briefly, 0.4 mL toluene, mixed with 3 mL methanol and 0.6 mL 8.0% (w/v) HCl solution (diluted in methanol), was vortexed and incubated at 45 °C for 20 h to form fatty acid methyl esters (FAME). FAMEs were extracted from the mixture by the addition of 2 mL H2O and 2 mL hexane. After vortexing and phase separation, the organic phase was utilized for GC-MS analysis.




2.5. Mass Spectrometry and Gas Chromatography


The mass spectra of the compounds were recorded on an LCQ Advantage MAX quadrupole mass spectrometer (Thermo Finnigan, San Jose, CA, USA) using a single-channel syringe pump for direct injection of the sample into an atmospheric pressure chemical ionization (APCI) chamber. The collection and processing of mass spectrometric data was carried out using the Xcalibur software. More complete information on the structure of metabolites was obtained from the analysis of MS/MS spectra at a collision energy of 20–40% in positive ions.



The fatty acid composition was analyzed using a gas chromatograph–mass spectrometer 7890B + 5977B (Agilent, Santa Clara, CA, USA). FAME in hexane were separated on a 5% phenyl-methyl silicone capillary column HP-5MS (0.25 mm × 30 m) using a temperature gradient from 45 to 300 °C at 40 °C/min. Fatty acids and other lipid components were ionized by electron impact and analyzed in the scan mode. The compounds were identified using the NIST17 mass spectrometer library. Fatty acid content was determined as the percentage of the total ion current peak area.





3. Results and Discussion


SICD in the exponentially growing yeast S. cerevisiae has the nature of primary necrosis, affects only cells in the S-phase, and is suppressed by dissipation of ΔpH or membrane potential [8,10]. But the specific molecular mechanism behind the development of SICD is still unclear. It is known that yeast cells acidify the medium during glucose metabolism not only due to the activity of PM H+-ATPase but also as a result of the release of carboxylic acids [11,12] and possibly acetic acid. We decided to test the possibility of induction of necrosis by acetic acid in exponentially growing cells, since it is known to induce apoptosis in exponentially growing yeast cells [42]. First, it was necessary to find out whether acetic acid appears at all in the medium during incubation with glucose. Mass spectrometric analysis of the medium after incubation of strain BY4741 with glucose showed that there were no peaks in molecular weights corresponding to acetic acid or Krebs cycle acids. However, mass spectrometry showed the presence of a compound with a molecular weight of 144 daltons in the medium. At the same time, this compound was not detected in the medium after cell incubation with glucose at pH 7 or in the presence of 150 mM KCl, i.e., when SICD was suppressed [10]. Thus, a compound with a mass of 144 daltons is released into the medium from cells with a damaged membrane and not as a result of the functioning of the putative transporters. After analyzing the metabolic pathways associated with glycolysis, the only suitable candidate was OA, a precursor of lipoic acid, which, in turn, is involved in many biosynthetic pathways as a cofactor. Later, when we acquired the technical capabilities, this assumption was confirmed using the GC-MS method (Supplementary Figure S1). The concentration of OA in the medium was 0.7 ± 0.07 μM. This is significantly lower than those concentrations that inhibit the growth rate of yeast cells [16,19], 0.11 and 0.3 mM, respectively. It should be noted here that these high concentrations of OA were found either in rich media or in synthetic media. But, in the above cases, the cells were able to grow in this medium, in contrast to our incubation medium consisting of 100 mM aqueous glucose solution. Nevertheless, we decided to test the possibility that OA in the medium (even at such a low concentration) could induce cell death because it is a toxic compound. For this, after a standard SICD induction procedure (1 h incubation of cells with glucose), the cells were pelleted and the supernatant was added to fresh cells (±100 mM glucose). To verify SICD, cells were incubated in parallel in 50 mM HEPES buffer pH 7.0 (±100 mM glucose) in which SICD was completely inhibited. The results are presented in Figure 1.



As can be seen, in the presence of glucose, the SICD in the sample with OA (super) did not differ from the level of SICD in the sample without OA (water). The observed difference is not significant (p > 0.05). At the same time, super with OA leads to a small but significant (p < 0.05) increase in dead cells in the medium without glucose. However, we believe that this is most likely an artifact resulting from the presence of glucose residues in the super (Supplementary Figure S2). Thus, this observed small but significant increase in the number of dead cells is most likely the result of SICD, but not the toxic effects of OA per se. We conclude that OA released from dead cells does not lead to additional cell death when it is present in the incubation medium. Obviously, the concentration of OA is too low to cause necrosis. But we must take into account that this is the concentration of OA, which appeared in 10 mL of the incubation medium after the death of a part of the cells and, therefore, is very highly diluted compared to the real intracellular one. We have attempted to calculate the possible intracellular concentration of OA. Cell suspension of 10 mL volume contains 1.45 × 109 cells. The average level of SICD in BY4741 cells is 24%. This means that 3.48 × 108 cells are dead, and their membrane is damaged. Given that the volume of one cell is 1 pL [43], we obtain 34.8 µL as the total volume of all dead cells. Based on the concentration of OA in the medium (0.7 µM), the intracellular concentration of OA is 194 µM. This is already a high enough concentration to lead to cell death. Naturally, the question arose about the source of OA in the cells of S. cerevisiae. In yeast, there are two independent pathways for OA synthesis. The first is the synthesis of OA in the FAS-I cytoplasmic complex during alcoholic fermentation as a result of the thioesterase activity of several enzymes [28]. The second is the synthesis in the mitochondrial FAS-II complex by the mitochondrial matrix acyl carrier protein encoded by the ACP1 gene [35]. In mitochondria, OA is a precursor for the synthesis of lipoic acid, which is necessary for the activity of three complexes: pyruvate dehydrogenase, which catalyzes the formation of acetyl-CoA from pyruvate; α-ketoglutarate dehydrogenase, which catalyzes the formation of succinate from α-ketoglutarate in the Krebs cycle; and the glycine cleavage system (GCV) involved in the utilization of glycine as the sole source of nitrogen. Another important characteristic of lipoic acid is its antioxidant properties [40], and SICD occurs in cells with an increased content of ROS [8]. To make our logic clear, it should be noted that the data published to date somehow consider mitochondria as a key element in the development of SICD. Moreover, in all the cases described, SICD had an apoptotic nature. Since it is not completely clear what and where is the trigger for the onset of necrosis in the form of SICD, we also decided to start by considering mitochondria as a possible locus of initiation of necrosis. We hypothesized that SICD is the result of some disturbance in the biosynthetic pathway for the synthesis of lipoic acid (Figure 2).



Taking into account the appearance of free OA in the incubation medium, we hypothesized that during incubation with glucose in the absence of other nutrients, OA is not converted to lipoic acid for unknown reasons. On the one hand, this leads to an excess of toxic OA, and on the other hand, to the accumulation of ROS in the cell. Both of these factors could well have caused SICD. To test our hypothesis, we determined the levels of OA, SICD, and ROS in the ΔACP1 strain. Acp1p is a mitochondrial acyl-carrying protein synthesizing OA (C8) from a shorter precursor [44]. We expected that the deletion of this gene would completely or partially prevent SICD due to the lack of OA synthesis in mitochondrial FAS-II. At the same time, we tested the levels of OA, SICD, and ROS in strain BY4742, since this strain is the parent strain of ΔACP1 and other strains involved in lipoic acid biosynthesis. The level of OA, SICD, and ROS in strain BY4741 has already been determined previously. The main difference between strains BY4741 and BY4742 is the mating type. BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) vs. BY4741 (MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0). The data obtained show that SICD and ROS generation are independent of S. cerevisiae mating type. The results on the level of SICD and ROS in strains BY4741, BY4742, and ΔACP1 are shown in Figure 3.



Although the numbers for the ΔACP1 strain are lower, the one-way ANOVA test showed that there was no significant difference in the level of SICD and ROS generation in the strains BY4742 and ΔACP1. A significant difference (p < 0.05) is observed only between the BY4741 and ΔACP1 strains. However, the BY4741 strain is not a parent strain of the ΔACP1 strain and therefore is not suitable for a correct comparison. Surprisingly, the deletion of the ACP1 gene did not significantly affect the concentration of OA in the medium-0.7 µM (Figure 4).



The observed difference in the concentration of OA in the incubation medium of these three strains is most likely the result of an error during the preparation of FAME, and the p-value was >0.05. The data obtained completely rule out the possible involvement of OA synthesized in mitochondrial FAS-II in the development of SICD. Therefore, OA released from cells as a result of SICD is a product of cytosolic multifunctional enzyme complexes FAS-I.



OA synthesized in the mitochondrial FAS-II system serves exclusively as a precursor of lipoic acid [36]. Lipoic acid, as noted above, has a pronounced antioxidant effect [40]. Recently, intensive biotechnological work has been carried out to improve the efficiency of obtaining lipoic acid from yeast as an important dietary supplement [45,46]. The conversion of OA to lipoic acid occurs due to the attachment of two thiol groups to 6 and 8 carbon atoms of the octanoyl domain by lipoyl synthetase encoded by the LIP5 gene [47,48]. The donor of thiol groups is S-adenosylmethionine [48], which is synthesized from ATP and methionine. Most bacteria, yeasts, and fungi use inorganic sulfate to synthesize sulfur-containing amino acids. It is important to note that most of the genes involved in methionine synthesis are expressed in the S-phase of the cell cycle (https://cyclebase.org/CyclebaseSearch accessed on 11 June 2023). SICD in exponentially growing yeast also occurs in S-phase [8] when incubated with glucose in the absence of other nutrients. It is possible that the lack of sulfate in the incubation medium resulted in OA not being converted to lipoic acid because cells in S phase do not have enough sulfur reserves to synthesize S-adenosylmethionine. To test this assumption, we evaluated the effect of inorganic sulfates on SICD levels (Figure 5).



Since SICD is voltage dependent, it was important to take into account the charge of the ions when evaluating their effect on SICD. Therefore, solutions of mono- and divalent salts were normalized by ionic strength. The effect of equimolar ion concentrations on SICD is shown in Supplementary Figure S3. We used solutions with an ionic strength of 50 mM. At the same solution ionic strength, sulfates were more effective at suppressing SICD than chlorides (p-value < 0.001). However, the overall suppression of SICD by inorganic salts was approximately at the same level, which suggests that this suppression is due to the modification of the membrane potential by ions [10] rather than the restoration of the conversion of OA to lipoic acid in the presence of the SO42− anion.



It is known that the deletion of ACP1 in yeast causes a significant decrease in the level of lipoic acid and results in a respiratory-deficient phenotype [35]. By itself, the respiratory-deficient phenotype did not affect SICD and ROS accumulation [10]. At the same time, lipoic acid was still detected in the ΔACP1 strain, although in a much smaller amount [36]. We hypothesized that this amount of lipoic acid is sufficient to effectively protect cells from ROS in G1 and G2 phases of the cell cycle, but not in the S phase, in which SICD is observed [8]. Then, blocking the lipoic acid biosynthesis pathway should have led to an increase in SICD level and accumulation of ROS due to the involvement of cells in G1 and/or G2 phases in these processes. To confirm this assumption, we tested the level of ROS and SICD in strains carrying one of the following deletions: ∆PPT2, ∆LIP2, ∆LIP5, and ∆SGV3. These genes are involved in the biosynthesis of lipoic acid at various stages (Figure 2). PPT2—phosphopantetheine:protein transferase that transfers 4′-phosphopantetheine prosthetic group from coenzyme A to the apo-ACP, converting it to holo-APC [49]. Similar to ΔACP1, cellular lipoic acid synthesis and respiration were abolished in ΔPPT2. LIP2—octanoyl-ACP:protein transferase, which transfers octanoyl domain from Acp1 to Gcv3 [37]. ΔLIP2 is a respiratory deficient strain. LIP5—is a lipoyl synthase, which catalyzes formation of lipoyl-ACP from octanoyl-ACP by the sulfur insertions on the octanoyl moiety [50]. ΔLIP5—is respiration-deficient strain. GCV3 is the H-subunit of the mitochondrial glycine decarboxylase complex [51]. After lipoylation, GCV3 transfers lipoyl-domain to other ketoacid dehydrogenase complexes [36,38]. ΔGCV3 strain is unable to utilize glycine as a nitrogen source [51] and displays a complete absence of protein lipoylation [36]. We expected that the lack of lipoic acid in any deletion strain would lead to an increase in the number of cells with an excess of ROS and a corresponding increase in SICD due to the death of some cells in the G1 and G2 phases. However, our expectations were not confirmed. The number of cells with excess ROS and the level of SICD in all tested strains were approximately the same (Figure 6).



p-value when comparing null mutants with BY4742 was >0.05. The number of cells with excess ROS in all cases slightly exceeded the number of dead cells. As we noted earlier, this is due to the fact that the time and/or sufficient concentration of ROS are necessary for the manifestation of the necrotic effect [8].



Thus, lipoic acid synthesized in yeast mitochondria is not involved in the regulation of ROS generation during the development of SICD. Taking into account that neither the respiratory chain nor octanoic acid originated from mitochondrial FAS-II, nor the deficiency of the antioxidant lipoic acid in any way affects the development of SICD and the concomitant generation of ROS, we can exclude mitochondria from the list of places in the cell where primary necrosis starts. This once again underlines the different nature of necrosis and apoptosis, in which the process of fatal cell changes begins in mitochondria. If the trigger for SICD is an excess of OA originated from the cytoplasmic FAS-I system, then it can be assumed that the initial events of primary necrosis begin in the yeast cytoplasm.




4. Conclusions


The incubation medium after SICD was analyzed to determine the presence of carboxylic acids. The presence of acetate or carboxylic acids of the Krebs cycle was not detected. However, the presence of OA in the incubation medium was established. It has been shown that the mitochondrial FAS-II system is not responsible for the appearance of OA in the medium. It has been shown that blocking the biosynthesis of lipoic acid at any stage does not lead to an increase in the number of cells with excess ROS and does not increase the SICD level. In combination with earlier data, we suggest that:




	(1)

	
OA originated from mitochondrial FAS-II systems is not the cause of SICD;




	(2)

	
mitochondria are not the site of initiation of primary necrosis in the form of SICD.
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Figure 1. Effect of OA in the post-SICD media on the percentage of the PI-positive cells BY4741. After 1 h of incubation of the cells with 100 mM glucose, the cells were pelleted, and the OA-containing supernatant (super) was used to suspend fresh cells. Cells were incubated with either no glucose (left panel) or 100 mM glucose (right panel). For comparison with standard SICD assay, the fresh cells were incubated in parallel either in water (water) or in 50 mM HEPES pH7.0 (pH7). *—p-value < 0.05, **—p-value < 0.001. 
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Figure 2. The current model of the lipoylation process in yeast mitochondria. Octanoylated ACP1 generated in the FAS-II system. Phosphopantetheine:protein transferase PPT2 transfers the 4′-phosphopantetheine prosthetic group from coenzyme A to the apo-ACP1, converting it to holo-APC1. Holo-APC1 serves as a substrate for the transfer of the octanoyl domain by the octanoyl transferase Lip2 to Gcv3, the H protein of the GCS. Then, lipoyl synthase Lip5 adds the thiol groups to carbons 6 and 8, forming the lipoyl domain. Finally, Gcv3 transfers the lipoyl domain to the E2p subunit of pyruvate dehydrogenase, to the E2o subunit of α-ketoglutarate dehydrogenase, and the H protein of the glycine cleavage enzyme. Abbreviations: OA—octanoyl domain; PP—phosphopantetheine prosthetic group; LA—lipoyl domain; PDH—pyruvate dehydrogenase; α-KDH—α-ketoglutarate dehydrogenase; Co-A—coenzyme A. 
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Figure 3. Percentage of PI- and DHR-positive cells in BY4741, BY4742, and ΔACP1 strains. Cells were incubated with 100 mM glucose in water for 1 h. Cells were stained with PI for SICD detection and stained with DHR for ROS detection. *—p < 0.05 for ROS between BY4741 and ΔACP1. In all other cases, differences were insignificant. 
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Figure 4. OA content in the medium after incubation of BY4741, BY4742, and ΔACP1 cells with 100 mM glucose for 1 h. The one-way ANOVA test showed that there was no significant difference in the OA concentrations in the BY4741, BY4742, and ΔACP1 incubation media. 
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Figure 5. Comparison of SO42− and Cl− effect on SICD and ROS production in BY4741 strain. Cells were incubated with 100 mM glucose for 1 h in the presence of salts at the following concentrations: KCl, NaCl—200 mM; K2SO4, Na2SO4, MgCl2—70 mM; MgSO4—50 mM. At these concentrations, the ionic strength of all solutions was 50 mM. The difference between Cl− and SO42− salts was significant in all cases (p < 0.05), except for Mg salts (p > 0.05). 
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Figure 6. Percentage of PI- and DHR-positive cells in BY4742, ΔPPT2, ΔLIP2, ΔLIP5, and ΔSGV3 strains after incubation with 100 mM glucose in water during 1 h. The one-way ANOVA test showed that there was no significant difference in SICD and ROS production in all strains. 
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