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Abstract: In this study, the mechanism of non-specific membrane permeability (yPTP) in the En-
domyces magnusii yeast mitochondria under oxidative stress due to blocking the key antioxidant
enzymes has been investigated. We used monitoring the membrane potential at the cellular (potential-
dependent staining) and mitochondrial levels and mitochondria ultra-structural images with trans-
mission electron microscopy (TEM) to demonstrate the mitochondrial permeability transition in-
duction due to the pore opening. Analysis of the yPTP opening upon respiring different substrates
showed that NAD(P)H completely blocked the development of the yPTP. The yPTP opening was
inhibited by 5–20 mM Pi, 5 mM Mg2+, adenine nucleotides (AN), 5 mM GSH, the inhibitor of the
Pi transporter (PiC), 100 µM mersalyl, the blockers of the adenine nucleotide transporter (ANT)
carboxyatractyloside (CATR), and bongkrekic acid (BA). We concluded that the non-specific mem-
brane permeability pore opens in the E. magnusii mitochondria under oxidative stress, and the
ANT and PiC are involved in its formation. The crucial role of the Ca2+ ions in the process has not
been confirmed. We showed that the Ca2+ ions affected the yPTP both with and without the Ca2+

ionophore ETH129 application insignificantly. This phenomenon in the E. magnusii yeast unites both
mitochondrial unselective channel (ScMUC) features in the Saccharomyces cerevisiae mitochondria and
the classical membrane pore in the mammalian ones (mPTP).

Keywords: Endomyces magnusii; mitochondria; permeability transition; yeast; antioxidant enzymes;
reactive oxygen species

1. Introduction

Non-specific membrane transition in animal mitochondria (mPTP) is a sudden increase
in permeability of the inner mitochondria membrane for the compounds of Mr ≤ 1500 Da [1,2].
The main features of the phenomenon have been investigated for about 40 years, since
its discovery in heart mitochondria by Haworth and Hunter in 1979 [3–5]. Currently, it is
considered that if the Ca2+ ions are bound under pathological conditions, namely oxidative
stress, de-energization, depletion of the intra-mitochondria adenine nucleotides (AN),
Ca2+ overload during ischemia/reperfusion, and some others, the complex can open a
cyclosporin A (CsA)-sensitive membrane pore with a diameter of 2.6–2.9 nm. It can pass
the compounds with a low molecular weight, followed by the release of the accumulated
Ca2+, pyridine nucleotides depletion, mitochondria depolarization, and the ATP synthesis
block, which resulted in high amplitude mitochondria swelling, the release of pro-apoptotic
proteins, and complete damage of cell physiology [6,7]. The mPTP opening is currently
known as one of the pathways for active cation efflux from animal mitochondria upon
high loading, with cytosolic Ca2+ [8] being an initial event to launch the apoptosis key
reactions in animal cells [9]. The regulation of mPTP has been thoroughly studied. Besides
a specific blocker of CsA, working in sub-micromolar concentrations upon non-specific
transition [10,11], Mg2+ ions and the AN are considered pore inhibitors [12,13], as well as
polyamines [14–17] and bongkrekic acid (BA) [3]. Carboxyatractyloside (CATR) [14,15],
3-hydroxybutyrate/polyphosphate [16], and fatty acids [17], along with the Ca2+ and Pi
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ions, are regarded as mPTP inducers. The regulatory features of the mPTP permitted
investigating its structure and composition. The pore’s molecular composition and archi-
tecture are being studied in some leading laboratories; however, they remain unknown.
Non-specific transition is supposed to be provided by a multi-protein complex, which
is composed of an anion channel in an outer mitochondrial membrane (VDAC), ANT,
and cyclophilin D (CyPD), as well as hexokinase and proteins Bcl-2 [18,19].

The recent studies corroborated the ANT participation in the Ca2+-induced perme-
ability transition. In the paper [20], the authors using the Ca2+ uptake capacity in the
mitochondria from mouse liver, which were Ant1, Ant2, and Ant4 deficient, showed a
significant inhibition of mPTP induction. Another component, namely the phosphate
carrier (PiC), was proposed by Andrew Halestrap [21]. However, genetic experiments
using a mouse model with Slc25a3 deletion in the PiC gene showed that the PiC is not
a requisite mPTP component, although its depletion significantly blunts the response to
Ca+2 challenge, leading to desensitization of the pore complex [22]. In the early 2000s,
some researchers have proposed an entirely different model of the mPTP, where the pore
is formed from no specific proteins but rather due to the aggregation of misfolded inte-
gral membrane proteins damaged by oxidative and some other stresses [23]. However,
the proposed model explains no mechanism of the mPTP fine regulation by natural modu-
lators and inducers, as well as Ca2+ and pH. In recent studies, a new model of the mPTP
was shown based on the F0/F1-ATP-synthase dimer formation, first proposed by Paolo
Bernardi [24]. According to the hypothesis, the non-specific membrane mitochondria
transition pore complex includes matrix cyclophilin D (CyPD), which binds the lateral
stalk of the F0/F1-ATP synthase [24,25]. It is worth noting that F0/F1-ATP-synthase forms
supramolecular dimer complexes in the inner mitochondria membrane (IMM), closing their
trans-membrane F0-domains. Dimer location of F0/F1-ATP-synthase contributes to the
morphology of the mitochondria, organizing it for the energy-transduction bioenergetics
processes. F0/F1-ATP synthase can maintain a catalyzing activity of ATP hydrolysis by
binding a natural Mg2+ cofactor or any other bivalent cations. Some recent data show that
the F0/F1-ATP synthase directly participates in mPTP forming. Modeling the molecular
dynamics of the (αβ) 3-OSCP complex (oligomycin sensitivity conferral protein) in the F1
domain convincingly proves that the incorporation of Ca2+ into catalytic centers of the
enzyme if Ca2+ substitutes Mg2+ undergoes some confirmation changes that transfer the
F0 domain from hydrophilic F1 sector to the IMM. Thus, dimer dissociation, namely two
membrane F0-domains separation, results in mPTP, which forms at their separation border,
changing the cristae shape in the IMM [18,26]. Thus, dimer disassembly during mPTP
opening reduces the IMM cambering, which leads to the cristae retraction and changes
in the mitochondria morphology. Several key proteins interact with F0/F1-ATP synthase,
including the Bcl-2 family member Bcl-xL and CyPD, which is connected with the stator
region, OSCP, and possibly with some other subunits [27]. The key role of the F0/F1-ATP in
forming mPTP was partly corroborated by its inhibition by CsA as well as the high affinity
of CsA for CyPD, being a protein related to the F1FO ATP synthase [27].

Currently, the multiple hypothesis is trying to explain the contradictory data: (1) F0/F1-
ATP synthase can regulate mPTP by changing crista morphology and ADP level, (2) F0/F1-
ATP-ase and ANT can form two pores through the IMM, (3) ANT and F0/F1-ATP synthase
could be demanded for the right formation of the mPTP [28].

The study of non-specific membrane transition in yeast mitochondria also has a
dramatic history. Dennis Jung et al. [29], using the S. cerevisiae mitochondria, stated that
no classical mPTP was similar to that in animal ones. The authors showed that yeast
mitochondria possess the Ca2+-insensitive, CsA-insensitive pore, which is induced upon
the substrates oxidation and at the presence of ATP simultaneously. They referred to the
PTP in the yeast mitochondria as YMUC. The regulation and molecular composition of
YMUC have still been under comprehensive discussion. However, most researchers accept
both a complete insensibility of the yeast mitochondria pore to the specific inhibitor of
mPTP CsA and Pi’s powerful inhibition. The effectors of ANT impact on YMUC just
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opposite to the mPTP, i.e., ATP and BA open YMUC [30,31], whereas for the mammal
mitochondria, their inhibitory actions were shown [32]. The role of Ca2+ in the YMUC
opening is not quite clear, as it prevents PTP in the S. cerevisiae yeast [33]. However,
the forced rapid load of the yeast mitochondria with Ca2+ using the Ca2+-ionophore
ETH129 triggers the YMUC opening [34]. The composition of YMUC has not been defined
yet. Manuel Gutierrez-Aguilar et al. [35], using the S. cerevisiae null-mutants in the PiC,
proved that the PiC is a requisite component in the YMUC channel formation. In Akiko
Yamada’s presentation [34], the authors demonstrated that under some experimental
conditions, the S. cerevisiae mitochondria can display evident signs of inner membrane
permeability, such as high amplitude swelling and cytochrome c release.

Thus, yPTP may be hardly considered a classical analog of the mammal one. A contra-
dictory composition of the mitochondrial pore complex does not permit the regulation and
high species peculiarities in many ascomycetes to assay completely, which is likely to be
the main problem for a definition of the non-specific permeability transition in the yeasts.
If one manages to solve the problem, yPTP could be a useful model and tool for studying
the molecular structure of the mPTP. The E. magnusii mitochondria possess a unique Ca2+

uptake system that includes an independent pathway for cation uptake and its release from
the loaded mitochondria [36–38]. AN, Mg2+ ions, and polyamines finely regulate both
Ca2+ uniporter work and its independent pathway of the efflux from the mitochondrial
matrix. Additionally, the E. magnusii yeast, being an obligate aerobe, possesses a full
respiratory system similar to the animal ones that makes it a unique tool for studying
the mechanisms of membrane transport. In the yeast with a fermentative metabolism
type, namely S. cerevisiae, the membrane and mitochondrial apparatus is ill-developed.
There are only scant large mitochondria with small cristae. Their yeast mitochondria have
fewer and irregular cristae. However, the yeast of pronounced aerobic metabolism, namely
E. magnusii, possesses a well-developed membrane system with abundant complicated
mitochondria with numerous well-pronounced cristae. All the obtained results define the
study’s novelty, which allows the authors to introduce new elements into the knowledge
of non-specific permeability of the yeast mitochondria.

In our studies [36], we found that under various conditions inducing endogenous
oxidative stress (in the presence of some inhibitors and pro-oxidants as well as if Ca2+

is overloaded), which led to crucial damages in animal mitochondria intactness (mPTP),
in the E. magnusii yeast, there were no signs of high-amplitude swelling, massive Ca2+

efflux, and decline in the ∆Ψ. However, our latest studies showed that upon blocking
the vital antioxidant enzymes (CATs and SODs), the E. magnusii mitochondria’s activity
displayed some evident signs of mPTP, followed by the damage to cell physiology [39].
Using the isolated mitochondria, we showed that inhibition of the antioxidant systems
under oxidative stress caused the ∆Ψ collapse and nearly double increase in the mitochon-
dria volume. It corroborated the results obtained before at the cellular level. Moreover,
we were able to show that the observed phenomenon was accompanied by typical signs of
early apoptosis such as chromatin marginalization, cytosolic vacuolization, and cytosolic
membrane distortion [39]. Later, we found that full and robust action of cell antioxidant
protective systems is the foundation stone for complete mitochondria functioning and
consequently normal cellular physiology under oxidative stress during the aging of the
culture [40].

In this study, we try to reveal the mechanism of the yPTP induced by oxidative stress
in the E. magnusii mitochondria and identify the participants in the process of membrane
permeability transition upon inhibiting the major antioxidant systems of a yeast cell.
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2. Materials and Methods
2.1. Yeast Strain and Culture Conditions

The E. magnusii yeast was grown in agitated Ehrlenmeyer flasks in batches of 100 mL
in glycerol (1%) containing a medium of the following composition (g/L): MgSO4—0.5,
(NH4)2SO4—0.3, KH2PO4—8.6, NaCl—0.1, CaCl2—0.05, yeast extract—2.0, L-histidine—
2.75 mg, L-methionine—2.75 mg, and L-tryptophan—2.75 mg at 28 ◦C as described pre-
viously [40]. pH was adjusted with 2 M K2HPO4 to 5.5. Absorbance was assessed in
cell suspension at the wavelength of 590 nm (A590) using a Specol-11 spectrophotome-
ter (Carl Zeiss, Oberkochen, Germany). Cells were harvested at the late exponential
(A590 = 2.6–2.7) stage of growth.

2.2. Respiration Assessment

Oxygen consumption by the yeast mitochondria was monitored in vitro at +25 ◦C
using a Clark-type electrode covered by a fluoroplastic film at a constant potential of 660 mV.
The incubation medium contained 0.6 M mannitol, 1 mM Tris phosphate (pH 7.4), 1 mM
EDTA, 20 mM pyruvate, 5 mM malate, and mitochondria corresponding to 0.3–0.5 mg
protein/mL. All shown data traces are representative of four to six replicates. Rate 4 is the
respiration rate in state 4 (initial respiration) before (4L) and after the phosphorylation cycle
(4Ch); rate 3 is the rate in state 3 (the phosphorylation after the ADP addition). The efficacy
of oxidative phosphorylation and the degree of the mitochondrial intactness were assayed
using the parameters of respiratory control (RC) [38]. We calculated the controls according
to Chance (RCCh) and Lardy (RCL) as the ratios of the respiratory rates in state 3 to those
in state 4 (before ADP addition, Chance) and (after phosphorylation cycle, Lardy).

2.3. Potential-Dependent Staining

Potential-dependent staining of mitochondria in the E. magnusii cells raised in the late
exponential growth phase was performed using rhodamine (Rh123). Cells were incubated
with 0.5 µM Rh123 and examined in 0, 15, 20, and 30 min. The incubation medium
contained 0.01 M phosphate saline buffer (PBS), pH 7.4, and 1% glycerol. Regions of high
mitochondrial polarization are indicated by red fluorescence due to the concentrated dye.
To examine the Rh123-stained preparations, filters 02 and 15 (Zeiss, Oberkochen, Germany)
were used (magnification ×100). The photos were taken using an AxioCam MRC camera
(Microvisioneer, Esslingen am Neckar, Germany).

2.4. Isolation of Mitochondria

Mitochondria were isolated using the method described in [37] with minor modifica-
tions. The mitochondria thus obtained met all known criteria of physiological intactness,
as inferred from high respiratory rates and ADP/O ratios close to their theoretically ex-
pected maxima. Mitochondria were fully active for at least 4 h after being isolated when
kept on ice. Briefly, cells were harvested at different growth phases, washed twice with
ice-cold water, resuspended (0.1 g wet cells/mL) in pre-spheroplast buffer (50 mM Tris-HCl
buffer; pH 8.6, 4 mM dithiothreitol), incubated at room temperature for 10–15 min, and then
diluted with ice-cold water, pelleted at 3000× g for 10 min, washed twice to remove excess
dithiothreitol, and incubated at 28 ◦C using gentle stirring for 15–20 min in spheroplast
buffer (10 mM HEPES-buffer, pH 7.2, 1.1 M sorbitol) with Novozym 20 T from Trichoderma
harzianum (Sigma-Aldrich, Saint-Luis, MO, USA) (2.5 mg/g cells) and lytic enzymes from
snail gut juice (50 mg/g cells). Spheroplast formation was monitored by measuring the
osmotic fragility in distilled water. The spheroplasts were rapidly cooled, pelleted by cen-
trifugation at 3000× g for 10 min, washed gently twice in a post-spheroplast buffer (1.2 M
sorbitol, 5 mM MgSO4, pH adjusted to 7.2), resuspended (0.1 g wet cells/mL) in a grinding
buffer (10 mM Tris-HCl, pH 7.2, containing 0.4 M mannitol, 1 mM EDTA, 0.05 mM EGTA,
and 4 mg/mL BSA), and disrupted in an all-glass Dounce homogenizer (Kontes, Vineland,
NJ, USA) with a low clearance pestle. The suspension was diluted with an isolation buffer
(10 mM Tris-HCl, pH 7.2, 0.6 M mannitol, 0.05 mM EDTA, 0.05 mM EGTA, and 4 mg/mL
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BSA) and centrifuged at 2000× g for 10 min. The supernatant was centrifuged once more
at 7000× g for 20 min. The resulting pellet of mitochondria was washed in 10 mM Tris-HCl,
pH 7.2, containing 0.6 M mannitol and 4 mg/mL BSA, resuspended in a smaller volume of
the same buffer, and used immediately.

Mitochondrial protein was assayed by Bradford’s method [41] with bovine serum
albumin as the standard.

2.5. Mitochondrial Membrane Potential Assay

∆Ψ was measured in isolated mitochondria (corresponding to 0.4 mg protein/mL)
with 10–20 µM safranin as a probe with a Hitachi-557 dual-beam spectrophotometer [42].
It was performed using λ511 and λ533 nm as the measuring and reference wavelength,
respectively. The incubation medium contained 0.4 M mannitol, 0.1 M KCl, 20 mM Tris-
acetate, pH 7.4; 20 mM Tris-pyruvate, 5 mM malate, and mitochondria corresponding
to 0.4 mg protein/mL. All data traces shown are representative of at least four to six
analytical replicates.

2.6. Transmission Electron Microscopy (TEM)

TEM analysis of untreated E. magnusii yeast cells was performed as described previ-
ously [36]. Briefly, the yeast cells raised in different growth phases were precipitated, fixed
with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for 2 h, and then
post-fixed in 1% OsO4 for an hour at room temperature. After dehydration, the samples
were embedded in Epon 812. Ultrathin sections were prepared with an LKB-8800 ultratome
(LKB-Produkter AB, Stockholm-Bromma, Sweden) using diamond knives. Thereafter,
the sections were stained with uranyl acetate for 60 min and post-stained, as described pre-
viously [39], and examined with a Jeol (JEM-100B) and Hitachi U-12 electron microscopes
(Hitachi, Tokyo, Japan).

2.7. ROS Generation Assay

The dynamics of mitochondria ROS production were monitored using the spectro-
scopic fluorescence probe of 10-acetyl-3,7-dihydroxyphenoxazine, Amplex Red (AR, Hy-
drogen Peroxide/Peroxidase Assay Kit, Sigma-Aldrich, Saint-Luis, MO, USA), which in the
presence of peroxidase reacts with H2O2 to produce the red-fluorescent oxidation product,
resorufin. A stock solution of 10 mM AR in dimethyl sulfoxide was added to the mitochon-
dria to a final concentration of 25 µM. The suspension was incubated in the medium con-
taining 0.4 M mannitol, 0.1 M KCl, 20 mM Tris-acetate, pH 7.4, 20 mM Tris-pyruvate, 5 mM
malate, and mitochondria corresponding to 0.4 mg protein/mL. The reaction was triggered
by the application of horseradish peroxidase (RZ = 0.6 = 150–170 U/mg), using a stock
solution of 1 mg/mL. The fluorescence was detected for 15 min using dual-wavelength
photometry at λ530±35 (λex)/ λ590±25 (λem) nm with a Synergy 2 (BioTek, Winooski, VT,
USA) microplate photofluorometer at a relative sensitivity of 100 followed by data analysis
in Microsoft Excel. The dynamics of the peroxide generation rate were nonlinear for the
first 10 min due to the development of the highest level of fluorescence reaching a plateau
in 15 min. Therefore, the AR fluorescence level was assessed in 15 min incubation of
mitochondria and correlated with the AR fluorescence level after the addition of fresh
hydrogen peroxide solution (100 nmol/mL, positive control).

2.8. Statistical Analysis

The experiments were performed in biological triplicates with a standard error of less
than 5% between the replicates. The Student t-test was used to analyze the significance
of differences for independent samples. Values were considered significant at p < 0.05.
Data are presented as the average ± the standard deviation in biological triplicates with
a standard error of less than 5%. The influence of the antioxidant enzyme inhibitors
on respiration rates and ROS level was estimated using Statistica version 8.0 (StatSoft
Inc., Tulsa, OK, USA). A one-way analysis of variance (ANOVA) followed by Duncan’s
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protected least significant difference (LSD) test was applied to examine differences between
amendment types at probability level p = 0.05.

3. Results
3.1. Influence of the Key Antioxidant Enzyme Inhibitors on Mitochondria Coupling Features

All the isolated yeast mitochondria demonstrated a high level of intactness, as seen
from high respiratory rates in respiration state 3 and relatively high respiratory RC (Table 1).
At first, we studied the effects of the inhibitors on respiration rates of the E. magnusii
mitochondria to exclude any non-specific impact of the reagents studied. Table 1 shows
that the addition of the CATs inhibitor 4 mM ATZ did not influence the respiration rate
of the mitochondria either in state 2 (the initial respiration in resting state) or in state 3
(stationary phosphorylation upon ADP addition). Moreover, the inhibitors’ application
affected no mitochondria respiratory controls serving as a marker of tightly coupled
mitochondria (Table 1). The inhibitor of the other key ROS scavenging enzyme SODs,
4–5 mM DDC being applied to the mitochondria provoked an insignificant (not more than
5–6%) increase in the respiration rates, which can be related to its slight uncoupling effect
on the mitochondria (Table 1). Nevertheless, the obtained results showed no pronounced
decline in the yeast mitochondria, causing some increase in respiratory ratio parameters
according to both Lardy and Chance.

Then, the assay of CATs and SODs inhibitors’ effects on functional mitochondria states
displayed no important influence.

Table 1. The effect of the antioxidant enzyme inhibitors on E. magnusii yeast mitochondria cou-
pling features.

Mitochondrial
Respiration Stage

Respiration Rate
Control

Respiration Rate
(+4 mM ATZ)

Respiration Rate
(+4 mM DDC)

State 4L 19.6 ± 0.63 19.56 ± 1.39 20.78 ± 1.04
State 3 42.04 ± 0.08 42.81 ± 1.76 44.25 ± 2.02

State 4Ch 16.95 ± 0.77 16.93 ± 0.69 15.64 ± 1.02
RCL 2.17 ± 0.12 2.23 ± 0.12 2.13 ± 0.08

RCCh 2.48 ± 0.08 2.53 ± 0.17 2.83 ± 0.2

3.2. Generation upon Blocking Antioxidant Enzyme Activities and Influence of Ca2+ Ions on
Non-Specific Changes in Yeast Mitochondria Permeability

To check the main non-specific changes in the inner mitochondria membrane perme-
ability, which decrease mitochondrial ∆Ψ and high-amplitude swelling of mitochondria,
we monitored the ∆Ψ generation and mitochondria configuration upon inhibiting cell
antioxidant enzymes CATs and SODs. Respiring mitochondria could keep the trans-
membrane potential constant for a long time, more than 600 s (Figure 1A). To analyze the
Ca2+ effect on the antioxidant enzyme inhibitors, the mitochondria membrane potential
upon respiring on the pyruvate and malate system was monitored in the presence of these
agents (Figure 1A). It was shown that 4 mM ATZ and 4 mM DDC immediately declined
the ∆Ψ to about 13%, followed by a slow but irreversible collapse of the ∆Ψ up to 50% (of
the initial level) within 300 s after the addition of the inhibitors (Figure 1A). To assay the
impact of Ca2+ ions on the non-specific changes in the mitochondrial membrane, we stud-
ied the effect of high cation load (500 µM) on the maintenance of the ∆Ψ by the yeast
mitochondria. When 500 µM Ca2+ was added 100 s before the application of the inhibitors,
it caused a similar effect. However, ATZ and DDC combined action added after Ca2+

promoted a more rapid decline in the ∆Ψ (faster than 120 s). Unlike the control, it induced
its sudden and complete collapse, which could not be restored by suspension aeration
or any other additions (Figure 1A). While being added after the inhibitors, 500 µM Ca2+

had no influence on the action of the inhibitors (Figure S1). Furthermore, no significant
effect of Ca2+ on the changes in mitochondria volume was obtained if the antioxidant
enzyme inhibitors (Figure S2) were added. The E. magnusii mitochondria have a unique
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system of Ca2+ ions uptake including the independent pathways of cation uptake and its
efflux from the loaded mitochondria [38,43]. As we can see in the curves of the Ca2+ ions
load, if 75% of 100 µM cation is loaded in the presence of 20 mM acetate, it leads to the
massive efflux from the mitochondria (Figure 1B). It could decrease the sensitization of the
non-specific pore complex to the Ca2+ ions. Simultaneously, using 2 mM Pi as a penetrating
anion provided no immediate efflux of Ca2+ from the mitochondrial matrix (Figure 1B)
but could serve as the factor inhibiting the non-specific changes [6]. Based on the results,
we assayed the effect of the calcium ionophore ETH-129 transporting Ca2+ via an electro-
genic mechanism, unlike both A23187 and ionomycin, which functions in a charge-neutral
manner [44]. Figure 1C shows that the combined application of Ca2+ and ETH129 to the mi-
tochondria upon blocking the antioxidant enzymes impacts insignificantly on the decrease
in the mitochondria membrane potential. We assayed the effect of the Ca2+ on blocking
the ROS scavenging enzymes at the cellular level using potential-dependent fluorescent
staining of the E. magnusii cells (Figure 1D). For it, we used potentiometric fluorescent
dyes of rhodamine 123 (Rhod123), MitoTracker Red, CM–H2XRos, and JC-1. Figure 1D
demonstrates the micro-images of the yeast cells stained with Rhod123, where the intact
mitochondria in the energized cells were bright red. At large (×100) magnification, nu-
merous bright-fluorescent mitochondria are the most club-shaped, which indicated a high
energy potential of the culture under these conditions. The cell population exposed to the
antioxidant enzyme inhibitors for 30–60 min showed that most cells (nearly 90%) were
de-energized significantly (Figure 1D). The pre-incubation of the cells with 0.5–1.0 mM
Ca2+ led to a decrease in fluorescence intensity compared to that in the control (Figure 1D).
However, no total deenergization was observed. When the yeast cells were treated with
the cytochrome oxidase inhibitor, the potassium cyanide, the negative control, showed no
energization of mitochondria (Figure 1D). We could see some shadows of cells with hardly
visible contours in the micro-images, which appeared due to non-specific Rhod123 ad-
sorption on the cellular surface. It is noteworthy to say that all the experiments showed
negative staining with PI, confirming neither necrotic damages of the plasmic membrane
nor distortion of cellular physiology (Figure S3).

Thus, we showed that the inhibitors of the antioxidant systems caused the mitochon-
dria ∆Ψ collapse without the essential influence of the application of the Ca2+ ions.
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Figure 1. Effects of Ca2+, ATZ, and DDC on the ∆Ψ generated by the E. magnusii mitochondria respiring on a pyruvate +
malate system. Additions and amounts are given in the figure by large arrows. Panel (A): Incubation medium contained
0.4 M mannitol, 0.1 M KCl, 20 mM Tris-acetate, 20 µM safranin, pH 7.4, and 0.4 mg of mitochondria protein. Trace a—control;
trace b shows the effect of the addition of 500 µM Ca2+ on the ∆Ψ if the ions are taken up; trace c—the effect of a combined
action of 4 mM ATZ and 4 mM DDC on the membrane potential. Small arrows indicate stirring for aeration. Panel (B):
trace a shows 100 µM Ca2+ uptake. The medium was the same as that in Panel (A); instead of 20 µM safranin, 50 µM
murexide was added; trace b shows 100 µM Ca2+ uptake in the same medium as that in trace a. The red arrow indicates the
Ca2+ addition. Panel (C) incubation medium was the same as that in Panel (A). Trace a shows the effect of the addition
of 4 mM DDC and 4 mM ATZ; trace b shows the effect of the addition of 100 µM Ca2+ followed by a combined action of
5 µM ETH129, 4 mM DDC, and 4 mM ATZ. Small arrows indicate the stirring for aeration. Panel (D): Micro-images of the
potential-dependent stained’ mitochondria in the E. magnusii cells raised in the mid-exponential growth phase using Rh123.
The regions of high mitochondrial polarization are bright red due to concentrated dye. a—control, magnification 100×; b,
c—cells were pre-treated with both 4 mM ATZ and 4 mM DDC for 30 min, magnification 100×; c—the incubation medium
contained 1 mM Ca2+; d—incubation medium contained 2 mM KCN. To examine the Rh123-stained preparations, filters of
02 and 15 (Zeiss) were used (magnification ×100). The photos were taken using an AxioCamMR camera. Figure 1A has
been published in [37].

3.3. The Non-Specific Changes of Permeability Transition in the Yeast Mitochondria upon Using
Different Respiratory Substrates

Five main substrate systems were under study: pyruvate and malate and α-ketoglutarate,
being oxidized via NADH-ubiquinone–oxidoreductase (Complex I of the respiratory sys-
tem); α-glycerol-phosphate and NAD(P)H, which are the substrates of the alternative
NAD(P)H-oxidoreductases oxidizing NAD(P)H in the cytosol; and succinate, being the
substrate of the succinate dehydrogenase (non-phosphorylating Complex II of the respira-
tory system). α-Glycerol-phosphate appeared to generate a low membrane potential in the
yeast mitochondria, half as much as that in the yeast mitochondria respiring pyruvate and
malate, the ∆Ψ was kept not longer than for 150 s and irreversibly decreased (Figure S4).
Based on the results, we could suppose that the mitochondrial glycerol-phosphate dehy-
drogenase in the E. magnusii mitochondria is of low activity, and the substrate itself is
non-preferable. Oxidation of the pyruvate and malate system showed that yeast mitochon-
dria could keep high ∆Ψ constant for longer than 600 s (Figure 1A). The application of ATZ
and DDC led to an instant and complete collapse of the potential and insensitive to aera-
tion (Figure 1A). Screening of the membrane potential upon oxidation of α-ketoglutarate
(Figure 2A) displayed similar dynamics; however, the ∆Ψ generation was one and half
times higher than that upon oxidizing the pyruvate and malate system (Figure 1A). It is
noteworthy to say that total action of the inhibitors provoked the decline of the membrane
potential up to 30% of the initial level, and it was more gradual and slow (Figure 2A). Succi-
nate oxidation could keep the ∆Ψ at a high level during the whole experiment (Figure 2B).
However, ATZ and DDC, the blocker of CATs and Cu-Zn-SOD, respectively, induced a
more rapid decline of the ∆Ψ (Figure 2B).
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The addition of NADPH to the mitochondria provided high ∆Ψ generation at nearly
the same level as that upon oxidizing NAD-related substrates (Figure 2C). Application
of the inhibitors of antioxidant systems caused no total collapse of potential upon using
this substrate (Figure 2C). The ∆Ψ generation upon applying NADPH to the mitochondria
was not very high. However, it was extremely resistant to the inhibition of CATs and
Cu-Zn-SOD, as well as in the case of NADH oxidation (Figure 2D).

Thus, the nature of oxidized substrates did not appear to affect the non-specific
permeability transition induced by antioxidant enzyme inhibition. NADPH was the only
exception, and its oxidation ensured stable mitochondria permeability and essentially
decreased the damage of membrane intactness caused by oxidative stress.
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Figure 2. Recording of ∆Ψ generated by the E. magnusii mitochondria respiring on a 20 mM α-ketoglutarate (Panel (A)),
10 mM succinate (Panel (B)), 10 mM NADPH (Panel (C)), and 10 mM NADH (Panel (D)). The incubation medium contained
0.4 M mannitol, 0.1 M KCl, 20 mM Tris-acetate, 0.4 mg of mitochondria protein, and pH 7.4. Additions and amounts are
indicated by large arrows. Trace a—control (solid line); trace b indicates the effect of the addition of 4 mM DDC, and of
4 mM ATZ (dashed line). The additions are indicated by arrows: the solid one for protonophore, 1 µM CCCP; the dashed
one for ATZ and DDC. Small arrows indicate stirring for aeration.

3.4. The Effect of Pi and Mersalyl on the Non-Specific Mitochondrial Permeability Transition in the
E. magnusii Yeast

In the E. magnusii mitochondria respiring on pyruvate and malate, 5 mM Pi sig-
nificantly inhibited de-energization of the mitochondria induced by the oxidative stress
(Figure 3A), whereas 2 and 4 mM Pi were much less efficient (Figure 3A). The addition
of 5 mM Pi not only reduced the decline rate more than 10-fold, but also provided its
stability at the level of about 43% of the initial one (Figure 3A). Of note, Pi’s effect was
less pronounced upon α-ketoglutarate oxidation and was negligible upon succinate one
(Figure S5).
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Mercurial sodium mersalyl is known to be a potent inhibitor of the phosphate trans-
porter into mitochondria [45]. However, since the observed level of ∆Ψ is supported by
both continuous work of the respiratory chain and ATP synthesis, and 2.5 mM mersalyl is
a powerful inhibitor of oxidative phosphorylation in mitochondria, we tested the effect of
minimal concentration of mersalyl (100 µM) on the non-specific permeability transition in
the mitochondria. We revealed that with the background of a slow potential decrease, the ef-
fect of antioxidant enzyme inhibitors was smoothed (Figure 3B) and could be compared to
that of 2 mM Pi (Figure 3A).

Thus, we showed that the PiC inhibitor and Pi had a powerful inhibitory effect on the
non-specific mitochondrial permeability transition in the E. magnusii yeast.
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Figure 3. Effects of phosphate (Pi) and mersalyl on non-specific permeability transition induction
in the E. magnusii mitochondria respiring on a pyruvate and malate system in the presence of the
antioxidant enzyme inhibitors. The incubation medium was the same as that in Figure 1, Panel (A):
incubation medium contained also 2 mM Pi (trace a), 4 mM Pi (trace b), and 5 mM Pi (trace c); Panel
(B): 100 µM mersalyl was added into the medium before the inhibitors. Addition of the inhibitors
mixture (4 mM DDC and 4 mM ATZ) is indicated by the arrow.

3.5. The Effect of Different Known Modulators of the mPTP on the Non-Specific Mitochondrial
Permeability Transition in the Yeast

The effect of AN definitely depends on the substrate’s nature (Figure 4). Its impact
was relatively weak upon succinate oxidation (Figure 4C), whereas upon NAD+-related
substrates 150 µM ADP 6.34-fold slowed the rate of the ∆Ψ decline and prevented it from
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a complete collapse upon pyruvate and malate system oxidation (Figure 4A). ADP addi-
tion was hardly efficient upon α-ketoglutarate oxidation (Figure 4B). The ATP influence
also differed upon various substrate oxidation: it was insignificant upon pyruvate and
malate system oxidation (Figure 4A), 1.6-fold decreased the decline rate, and reduced de-
energization of the mitochondria by 60% (Figure 4B). The influence of the ANT inhibitors
on the non-specific mitochondrial permeability transition induced by the antioxidant en-
zyme inhibitors application showed that upon pyruvate and malate system oxidation,
both inhibitors CATR and BA blocked the ∆Ψ decline (Figure 4D). BA looked more efficient.
Its addition decreased the de-energization rate by about 3.7-fold and inhibited the mem-
brane potential collapse by 30% (Figure 4D), whereas CATR decreased these parameters
2.23-fold and by 19%, respectively (Figure 4D).

Microbiol. Res. 2021, 12, FOR PEER REVIEW  11 
 

 

malate system oxidation (Figure 4A), 1.6-fold decreased the decline rate, and reduced de-

energization of the mitochondria by 60% (Figure 4В). The influence of the ANT inhibitors 

on the non-specific mitochondrial permeability transition induced by the antioxidant en-

zyme inhibitors application showed that upon pyruvate and malate system oxidation, 

both inhibitors CATR and BA blocked the ΔΨ decline (Figure 4D). BA looked more effi-

cient. Its addition decreased the de-energization rate by about 3.7-fold and inhibited the 

membrane potential collapse by 30% (Figure 4D), whereas CATR decreased these param-

eters 2.23-fold and by 19%, respectively (Figure 4D). 

 

Figure 4. Effects of AN and the inhibitors of the ANT on the non-specific permeability transition induction in the E. mag-

nusii mitochondria respiring on a pyruvate and malate system. (Panel (A)); αketoglutarate (Panel (B)), and succinate (Panel 

(C)) in the presence of the antioxidant enzyme inhibitors. The basic incubation medium also contained 150 μМ ATP (trace 

a) and 150 μМ ADP (trace b). Panel D the incubation medium also contained 0.4 μМ CATR (trace a) and 40 μМ BA (trace 

b). The addition of the inhibitors mixture (4 mM DDC and 4 mM ATZ) is indicated by the arrows. 

Mg2+ and polyamines are also powerful inhibitors of mPTP in animals [33] and 

strongly promoted the ΔΨ decrease by oxidative stress (Figure 5A). It decreased the mi-

tochondria de-energization 3.6-fold and restored the ΔΨ up to the level of about 40% of 

the initial potential. The polyamines of spermine and spermidine proved rather ineffi-

cient, although 40–100 μМ spermidine was promoted to keep the potential at the level of 

25% of the initial one (Figure 5A). 

The well-known antioxidant of 5 mM N-acetylcysteine was applied into the incuba-

tion medium either at the stage of the mitochondria de-energization or just before the 

addition of ROS scavenging enzyme inhibitors. However, no significant results in both 

experiments were obtained (Figure S6). Nevertheless, the reduced glutathione (GSH) be-

ing applied at the concentration of 5 mM completely blocked the non-specific mitochon-

drial permeability transition upon pyruvate and malate system oxidation (Figure 5B) and 

provoked the ΔΨ decrease only by 35.48% upon α-ketoglutarate oxidation (Figure 5C). 

The inhibitor of phospholipase А2 prevented the lipid peroxygenation of the mitochon-

drial membrane, whereas trifluoroperazine (TFP) also slowed the ΔΨ decline rate 3.89-

fold, but did not prevent a complete collapse of the potential (Figure S7). 

Figure 4. Effects of AN and the inhibitors of the ANT on the non-specific permeability transition induction in the E. magnusii
mitochondria respiring on a pyruvate and malate system. (Panel (A)); αketoglutarate (Panel (B)), and succinate (Panel (C))
in the presence of the antioxidant enzyme inhibitors. The basic incubation medium also contained 150 µM ATP (trace a) and
150 µM ADP (trace b). (Panel (D)) the incubation medium also contained 0.4 µM CATR (trace a) and 40 µM BA (trace b).
The addition of the inhibitors mixture (4 mM DDC and 4 mM ATZ) is indicated by the arrows.

Mg2+ and polyamines are also powerful inhibitors of mPTP in animals [33] and
strongly promoted the ∆Ψ decrease by oxidative stress (Figure 5A). It decreased the mi-
tochondria de-energization 3.6-fold and restored the ∆Ψ up to the level of about 40% of
the initial potential. The polyamines of spermine and spermidine proved rather inefficient,
although 40–100 µM spermidine was promoted to keep the potential at the level of 25% of
the initial one (Figure 5A).

The well-known antioxidant of 5 mM N-acetylcysteine was applied into the incubation
medium either at the stage of the mitochondria de-energization or just before the addition
of ROS scavenging enzyme inhibitors. However, no significant results in both experiments
were obtained (Figure S6). Nevertheless, the reduced glutathione (GSH) being applied at
the concentration of 5 mM completely blocked the non-specific mitochondrial permeability
transition upon pyruvate and malate system oxidation (Figure 5B) and provoked the ∆Ψ
decrease only by 35.48% upon α-ketoglutarate oxidation (Figure 5C). The inhibitor of
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phospholipase A2 prevented the lipid peroxygenation of the mitochondrial membrane,
whereas trifluoroperazine (TFP) also slowed the ∆Ψ decline rate 3.89-fold, but did not
prevent a complete collapse of the potential (Figure S7).
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E. magnusii mitochondria promoted by the application of the antioxidant enzyme inhibitors. Panel (A): the basic incubation
medium also contained 5 mM Mg2+ (trace a), 40 or 100 µM spermidine (trace b and c, respectively), or 5 mM GSH. The ∆Ψ
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Addition of the inhibitors mixture (4 mM DDC and 4 mM ATZ) is indicated by the dashed arrows.

We assayed the actions of two main inhibitors of porin VDAC, erastin and octylguani-
dine, on their possibility to restore the ∆Ψ or prevent its collapse due to the block of the
antioxidant systems. It was shown that 5.4 µM erastin (Figure S8A) and octylguanidine
(Figure S8A) were ineffective in inhibiting the membrane potential decline. The inhibitor
of ATP-synthase also appeared ineffective for blocking the membrane potential collapse
(Figure S8B).

Thus, we showed the inhibitory action of AN, the ANT inhibitors CATR and BA, Mg2+

and polyamines, and GSH on the non-specific mitochondrial permeability transition in the
yeast induced by blocking the antioxidant systems.

3.6. ROS Generation in the Presence of the Effectors of the Non-Specific Mitochondrial
Permeability Transition in the Yeast

The obtained effects of various modulators of the nonspecific mitochondrial perme-
ability were tested to affect the oxygen radicals level in the mitochondria. The ROS assay
in the E. magnusii mitochondria showed a high generation of peroxide derivatives of AR in
the control, reaching more than 1000 pmoles fluorescence units per 1 mg of mitochondrial
protein (Figure 6). In this case, in the positive control, where 100 nmols/mL hydrogen
peroxide was added, the ROS level increased six-fold compared to that in the control
mitochondria. The antioxidant systems inhibitors DDC and ATZ, added both separately
and together, led to a decrease in the peroxide generation level in the mitochondria by
about 20–30% compared to that in the control (without any other additives) (Figure 6).
The effect of the non-specific permeability modulators could be divided into two groups: (1)
the ones that affected no ROS level (Mg2+ ions, NAD(P)H), or did so insignificantly (GSH)
in the background of the application of the antioxidant enzyme inhibitors (ATZ+DDC);
(2) the modulators with a powerful antioxidant effect (Pi, mersalyl, BA, ADP, ATP, Ca2+

ions) (Figure 6). Mersalyl, ATP, and Ca2+, which authentically reduced the rate of ROS
generation by 83%, 73%, and 69%, respectively, were the most impactful compared to the
ATZ + DDC variants (Figure 6).
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Figure 6. Estimates of total ROS level in E. magnusii mitochondria. The dynamics of intracellular ROS production were
monitored using a spectroscopic fluorescence probe of AR. The incubation medium contained 0.4 M mannitol, 0.1 M KCl,
20 mM Tris-acetate, 0.4 mg of mitochondria protein, and pH 7.4. The incubation medium has been amended to indicate
4 mM ATZ, 4 mM DDC, 5 mM Pi, 5 mM GSH, 5 mM Mg, 10 mM NAD(P)H, 100 µM mersalyl, 5 µM BA, 150 µM ATP, 150 µM
ADP, and 500 µM Ca2+. Values are mean ±S.E.M from 5–6 independent experiments. The intensity of ROS production in
the version of “positive control” made up 5.89 pmols × min−1 × mg of protein−1. Values with different letters within a
column are significantly different at p < 0.05.

3.7. The Influence of the Inhibitors of the Non-Specific Permeability Transition on Ultra-Structural
Features of the Yeast Mitochondria

We detected the mitochondria volume increase upon applying the vital antioxidant
enzyme inhibitors to assay the ultrastructure changes in the yeast mitochondria. We mod-
eled the experiment described in Figure 1A, using the mitochondria, which were exposed
to both ATZ and DDC for 5 min. Then, the organelles were fixed and prepared as described
in Methods and Materials. It is noteworthy to say that the average mitochondria volume of
the control was about 0.83 µM (Figure 7A), but it increased nearly twice upon adding the
antioxidant enzyme inhibitors (up to 1.43–1.71 µM), disregarding the swollen mitochondria
with destroyed cristae (volume of 2.7 µM, Figure 7A). Micro-images of the mitochondria
using TEM showed that the inhibitors’ action led to a high increase in the matrix volume,
some changes of cristae structure, and even its complete disruption (Figure 7B, indicated
with black arrows). The inhibitors of the ∆Ψ decline due to the addition of both ATZ
and DDC caused the total mitochondria volume to decrease by up to 0.6–0.88 upon the
application of Mg2+ and restored GSH (Figure 7C,E, respectively) and up to 1.0–1.4 µM
upon 10 mM NADH addition (Figure 7D). Moreover, the addition of 10 mM GSH led to
the disruption of some organelles (Figure 7E, indicated by black arrows).

Thus, we corroborated the inhibition of the described modulators on the yeast mito-
chondria ultra-structure.
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Figure 7. Micro-images of transmission electron microscopy of the E. magnusii mitochondria. (A)
—control, (B)—after a 3-min incubation with the antioxidant enzyme inhibitors of 4 mM ATZ and
4 mM DDC; (C)—after a 1-min incubation with 5 mM Mg2+ and 5 mM Pi followed by a 3-min
treatment with the antioxidant enzyme inhibitors of 4 mM ATZ and 4 mM DDC; (D)—after a 1-min
incubation with10 mM NADH followed by a 3-min treatment with the antioxidant enzyme inhibitors
of 4 mM ATZ and 4 mM DDC; (E)—after a 1-minute incubation with 5 mM GSH followed by a 3-min
treatment with the antioxidant enzyme inhibitors of 4 mM ATZ and 4 mM DDC.

4. Discussion

The mechanism of the mPTP complex formation, its architecture, and its composi-
tion are under keen discussion and have been studied rather well for animal mitochon-
dria [26–28]. Currently, some evident facts defining the phenomenon of mPTP have been
obtained: (1) it is CsA-insensitive [29,35,46]; (2) it is inhibited by Pi [29,46]; (3) it is induced
both upon oxidizing the substrates and in the presence of ATP [29,35,46]; (4) it does not
depend completely on Ca2+ additions [29,46]. Based on the results, we could conclude that
the yPTP is not related to any Ca2+ uptake and differs significantly from the classical and
well-defined animal mPTP.

In our studies, some aspects of the regulation of non-specific transition induced by
antioxidant systems inhibition in the E. magnusii yeast were revealed. We showed that
the disruption of mitochondria membrane transition due to antioxidant systems inhibi-
tion by ATZ and DDC is specific and is not related to direct distortion in the oxidative
phosphorylation (Table 1). Additionally, evident heterogeneity in their effects selective
for different organelles was the second important point of observation. The analysis of
the mitochondria using TEM showed that some of them (about 40% of the total number)
nearly double increased in the matrix volume with evident distortion of crista configu-
ration (Figure 2B), whereas the rest of the mitochondria showed no significant changes
in the ultrastructure. A similar phenomenon was described in Beatrice et al. [47] and
Petronilli et al. [48]. It supposes that various sub-populations of mitochondria display
different degrees of permeabilization. Our experiments showed the same heterogeneity,
which can be explained, on one hand, by different ages and sizes of the organelles in the
population, and on the other hand, by different levels of membrane intactness of various
mitochondria. Both electron microscopic images and some different rates of ∆Ψ decline in
the mitochondria can corroborate it (Figure 1A; Figure 3).

We have shown earlier that the SODs activity was relatively high and inhibited by
2 mM DDC, a specific inhibitor of the cytosolic SOD, by more than 60%. To distinguish the
activities of Cu/Zn-SOD (SOD1), located in the cytoplasm, and Mn-SOD (SOD2), located
in the mitochondria matrix, we measured the total enzyme activity in the presence of



Microbiol. Res. 2021, 12 433

KCN, which inhibits no mitochondrial SOD form, but blocks only the SOD1 form at low
concentrations. SOD1 isoform makes up about 60%, whereas SOD2 makes up nearly
40% [39]. Before, in the E. magnusii mitochondria, we revealed some unknown additional
SODs isoforms. One of them matched the activity of a marker enzyme (Cu/ZnSOD
from bovine erythrocytes). The sensitivity to the inhibitor DDC was different for various
enzyme isoforms. Isoforms 1–3 were sensitive to the DDC action, but 4–5 were sensitive to
KCN and insensitive to DDC. We may suppose that they belong to Mn-SOD (SOD2) [39].
We assume that Mn-SOD in the mitochondria, possibly even in two isoforms, is involved
in the ROS detoxification and other antioxidant enzymes, namely glutathione peroxidase 1,
thioredoxin peroxidase-3 (Trx3), thioredoxin reductase-2 (Trr2), and peroxiredoxins 3 and 5.
However, SOD1 is known to be responsible for protecting the yeast cells from exogenous
oxidative stress. Perhaps, in the E. magnusii mitochondria, some fraction of SOD1 is located
in the inter-membrane space [49]. It plays a pivotal role in detoxifying ROS, as the results
of our experiments show.

The assay of the ROS generation at the mitochondrial level showed that the application
of the antioxidant system inhibitors provoked no jump in endogenous oxygen radicals
(Figure 6). At first glance, such an unexpected result could be explained by the DDC and
ATZ inhibition of ∆Ψ generation, presented in all the variants studied, which, in turn,
led to the decreased ROS level generated by complexes I and III of the mitochondrial
respiratory chain [50]. Cabrera-Orefice and co-authors obtained similar data [46] while
studying the regulation of the mitochondrial unselective channel (ScMUC) in the S. cerevisiae
mitochondria. The authors using AR for peroxide detection showed that a pore inhibitor
4 mM Pi increased the ROS generation rate threefold more if the ScMUC was closed than
that if it was open. The pore blockers, namely the divalent Ca2+ and Mg2+ cations, and the
respiratory chain complex III inhibitor antimycin A in the presence of Pi, also increased
the ROS production [46]. Thus, we can assume that in our case, a decrease in the ROS
generation upon the open pore is a physiological mitochondria response, which protects
them from oxidative stress. Indeed, a certain role of some other antioxidant enzymes
located in the mitochondria matrix, which could function as the ROS scavengers causing
a decrease in oxygen radicals, cannot be excluded. For example, Mn-dependent SOD,
glutathione peroxidase 1, thioredoxin 2, and peroxiredoxins 3 and 5 can [51]. Powerful
inhibitors of the non-specific permeability in the yeast mitochondria, namely GSH, Mg2+

ions, and NAD(P)H, did not influence the ROS level, and in some cases even increased it
slightly, which could corroborate the speculation (Figure 6).

In the study, Ca2+ ions alone and Ca2+ and the ionophore ETH129 affected insignifi-
cantly non-specific changes in the E. magnusii mitochondria, having blocked the antioxidant
system (Figure 1C). However, potentiometric staining of yeast cells (Figure 1D) let us con-
clude that there was no pronounced influence of Ca2+ on the phenomenon upon blocking
the antioxidant systems at both the mitochondria and cellular levels. However, the ROS
generation decreased nearly fourfold if the cation was added (Figure 8), which cannot
exclude its participation in the yPTP openings.

We showed that NAD-dependent substrates (pyruvate and malate and α-ketoglutarate)
promote different mitochondria sensitivity to the inhibitors of antioxidant systems. The dy-
namics of membrane permeability changes due to oxidative stress upon oxidizing succinate
through complex II of the respiratory chain were similar to that one obtained while oxi-
dizing pyruvate and malate (Figure 3). The data contradict the idea that complex I plays
a key role in mPTP regulation and could even be a component of the pore complex [52].
Moreover, NAD(P)H oxidation significantly inhibited the ∆Ψ decline, promoted by the
SODs and CATs inhibition (Figure 2D). It let us assume that the support of electron trans-
port chain function at the expense of the exogenous NAD(P)H oxidation is necessary for
keeping redox balance in the mitochondria. Briston and colleagues [53] have investigated
the impact of mitochondria substrate availability on the probability of Ca2+-induced mPTP
opening and its consequences. The authors concluded that upon oxidizing the glutamate
and malate system, the mPTP opening caused a temporary increase in respiration followed
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by a decrease, which could be restored by the NADH or succinate addition. It was in good
agreement with the inhibition of the mitochondria’s respiratory activity due to the loss
of the matrix NADH. The same mechanism of restoration of the electron transport chain
activity could occur in the yeast mitochondria, especially taking into account their high
ability to oxidize effectively exogenous NAD(P)H [54].

The results on powerful inhibition of Pi on the yPTP (Figure 3A) and double decrease
of the ROS generation in the yeast mitochondria (Figure 6) agreed well with the data by
Yamada et al. [34,46]. They showed that the pore opening in the S. cerevisiae mitochondria
was inhibited by high Pi concentrations. Moreover, in our study, the collapse of mitochon-
dria function was significantly inhibited if a PiC inhibitor, 100 µM mersalyl (Figure 3B),
was applied. The results may support the hypothesis of the PiC participation in the pore
complex, declared in some papers [55]. Mersalyl influence decreased the ROS generation
in the mitochondria by 7.5 times (Figure 6), which corroborated the fact that the closed
yPTP decreases endogenous oxidative stress.

The ∆Ψ decline inhibition in the E. magnusii mitochondria by the antioxidants and
mPTP modulators known for the animal mitochondria (polyamines, Mg2+ ions, and ex-
ogenous GSH) (Figure 5) was of a different mechanism. The proposed mechanism of
polyamines’ interaction with the cardiomyocytes’ mitochondria under oxidative stress
supposes ROS’s direct suppression and prevention of apoptotic changes in the myocardium
under these conditions [56–58]. A similar effect of polyamines is likely to occur upon block-
ing antioxidant systems in the yeast mitochondria. As for the Mg2+ ions and exogenous
GSH, we observed no significant drop in the ROS levels if they were added (Figure 6).
It may indicate some other mechanisms of their action. In particular, GSH can participate in
some coupled reactions of glutathione peroxidase 1 (Grx1), the selenium-containing peroxi-
dase, using the compound as a reducing equivalent [59]. Moreover, NAD(P)H participates
in the glutathione system reactions, which reductase performs the redox reactions with
and possibly potentiates the antioxidant effect of GSH [59]. Antioxidant systems, namely
the thioredoxin-peroxidase-3 (Trx3), thioredoxin-reductase-2 (Trr2), and peroxiredoxins
3 and 5 [50], also function in the yeast mitochondria and may be involved in this process.
The Mg2+ ions’ action can be directly related to the influence on the pore composition [46].

The drop in the mitochondria potential of E. magnusii induced by the antioxidant
systems’ inhibition was significantly slowed by low concentrations of Pi, AN, and the
ANT blocker BA, whereas CATR weakly inhibited the decrease. These results are partly
consistent with the data by Jung et al., while defining the ATP-induced pore in the S.
cerevisiae mitochondria [29]. It was also highly dependent on low concentrations of Pi
and ADP; however, it was utterly insensitive to CATR. Our phenomenon features partly
agree with a modern concept of the mPTP structural model, which is a complex of hex-
okinase/VDAC/ANT and may include the outer membrane TSPO (formerly known as
peripheral benzodiazepine (Bz) receptor) and Bcl-2 family members [60,61].

The inhibitory effects of AN in our study also confirm the data obtained using the
mammal mitochondria that ATP/ADP can significantly reduce the mPTP sensitivity to
Ca2+. Moreover, the efficacy of the nucleotides as the mPTP inhibitors depends on their
functioning as the ANT substrates [62]. The effects of the ANT inhibitors are within this
hypothesis: BA reduces the possibility of the pore opening, while CATR increases it. The BA
application significantly decreases the ROS level, which is another argument in favor of
the hypothesis (Figure 6).

Our study confirmed no participation of the mitochondrial porin VDAC and the ATP-
ase in the nonspecific membrane permeability transition. However, now it is premature to
draw any conclusions about the non-participation of the components in the pore complex.
It is known that mersalyl blocks Pi transport into mitochondria generally reacting with the
PiC external thiols [63]. Moreover, along with this, it has been shown that monofunctional
thiol reagents, in particular, hydrophilic mersalyl and hydrophobic NEM, can interact with
both the same and different thiol groups of the inner mitochondrial membrane [64–66]
that cannot exclude its participation in any possible components of the pore, and in



Microbiol. Res. 2021, 12 435

particular, ATP-ase. Some researchers questioned the ATP synthase participation in the
Ca2+-dependent non-specific mitochondria permeability [67,68].

In their recent paper, Cabrera-Orefice and co-authors [46] described the non-specific
mitochondrial permeability using S. cerevisiae, called ScMUC, which appeared at high
oxygen uptake rates and was finely inhibited by the Ca2+, Mg2+, and Pi ions. According to
the authors, the physiological role of the phenomenon is to prevent the ROS overproduction
in the mitochondria. The ScMUC activity is dynamically regulated both by the ATP/Pi
ratio and by changes in the amount of the bivalent cations that provides a reversible
opening/closing of ScMUC and a concurrent decrease in the ROS production. Our results
agreed with those of Cabrera-Orefice et al. and Jung et al. [29,46] concerning the ATP-
induced pore in the S. cerevisiae mitochondria. However, we observed no triggering effect
of ATP and inhibition by Ca2+ ions. Moreover, on the contrary, AN and the high reducing
potential of mitochondria had an inhibitory effect on the yPTP opening. In this study,
the inhibition by Mg2+ and Pi may be related to a direct effect on the pore components,
which, as we can assume at the moment, are ANT and PiC.

5. Conclusions

Figure 8 shows a hypothetical yPTP pattern in the E. magnusii mitochondria. We sup-
pose that the increase in the ROS level in the mitochondrial matrix, induced by both
CATs’ and SODs’ inhibition, provokes some change in the composition of the putative
pore components, in particular, PiC, probably due to the cross-linked Cys159-Cys256 pro-
tein (simulated in the experiments by interaction with diamide and phenylarzine oxide).
A similar situation occurs if there is an excess of reducing equivalents in the mitochondria
respiratory chain under physiological conditions, or under pathological conditions [14].
Moreover, the ANT conformation in the “C”-position can also trigger the pore opening.
The physiological decrease in the ROS production due to their detoxification if the Mg2+

ions and AN are added, and the redox balance restoration due to the glutathione system
action at the conjugate participation of NAD(P)H, could restore the mitochondria intactness
and promote the yPTP closure. Direct inhibition of the pore components by the specific
BA inhibitors and mersalyl provides a similar closure in an experimental model (Figure 8).
We cannot exclude the participation of any other possible players in this complex. Thus,
the pore complex in the yeast mitochondria can be regulated by natural components of a
yeast cell, namely Mg2+, AN, Pi, NAD(P)H, GSH, possibly Ca2+ ions, and their ratio, which
ensure the yPTP opening and closing upon changing the oxygen radicals level both in the
cellular and in the mitochondria matrix. It can be the primary physiological role of this
phenomenon. We cannot exclude the concept that there are different models of non-specific
membrane distortion in the mitochondria of different yeast species.
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