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INDRODUCTION

Topic's significance. Metabolic regulation systems respond to various
environmental conditions. However, the dynamic changes in metabolic pathways
under stress conditions in yeast cells are not well understood. The cellular response
to environmental factors involves both specific and general mechanisms. The
biological goal of the stress response is to protect cells from potential harm and
prepare them for future detrimental effects of the same or different types of
environmental factors. Understanding the molecular basis of adaptation to stress
factors during fermentation is important for the successful construction of genetically
modified yeast strains. These strains can have multiple stress tolerances, making
them suitable for high-yield production of valuable end products like bioethanol. In
terms of production, obtaining a large quantity of biomass is crucial. However, yeast
viability can be affected by various factors, including temperature, nutrition, oxidative
transitions, inhibitory substances, osmotic pressure, sulfide levels, pH levels, and
oxygen limitation. Additionally, extreme changes in the environment throughout
fermentation stages, such as high sugar levels at the beginning and high alcohol
levels later, can also impact yeast cells. These factors can damage yeast cells, leading
to inhibition of biomass production and cell death, ultimately reducing the
production of desired products. Glycerol synthesis is an important factor in the
central metabolism and stress biology of S. cerevisiae. Further research is needed to
understand the cellular mechanisms involved in responding to and adapting to
osmotic stress induced by glycerol. Under osmotic stress conditions, the membrane
transitions into a gel state, resulting in reduced fluidity due to the adherence of
phospholipid heads. Therefore, studying ion channels under osmotic stress
conditions is relevant and can contribute to enhancing yeast adaptation. While the
role of antioxidant enzymes in aerobic conditions has been extensively studied,
limited information is available regarding their activation or activity in real
fermentation conditions. Developing yeast cells that are resistant to various stresses
is essential for increasing the yield of fermentable products and biofuels. However,
the systemic interactions between cellular maintenance, growth, and stressors are
still not well understood, and the precise mechanisms of adaptation remain unclear.
The increasing demand for renewable energy sources, such as bioethanol
production, is driven by the rising volumes of energy consumption, the accumulation
of greenhouse gases, and their impact on climate change. Biofuels are considered
environmentally friendly, have a lesser impact on global warming compared to fossil
fuels, and are sustainable and renewable. In 2019, the total annual ethanol
production reached 29 billion gallons. Therefore, it is crucial to study the growth
characteristics of yeast under conditions of high inhibitor content (such as
formaldehyde, acetic acid, heavy metals) and high osmotic conditions to assess the
utilization of waste in yeast-based production processes. Facilitating sustainable
ethanol production from raw materials and waste is particularly important



considering the lack of waste management systems in Armenia and the increasing
demand for renewable resources in the international market.

Research goals and tasks. The aim of the research was to investigate the impact
of glycerol-induced osmotic stress on the metabolic and bioenergetic parameters of
S. cerevisiae ATCC 9804 and ATCC 13007 strains and to elucidate the molecular
mechanisms of their adaptation depending on the growth conditions.

Constituted tasks of the research were:

e Investigating the influence of glycerol-induced osmotic stress on the growth
parameters of S. cerevisice ATCC 9804 and ATCC 13007 strains, including
specific growth rate, growth yield, and viability, depending on oxygen availability
and pH of the medium.

¢ Studying changes in the osmolality of the medium during the cultivation of S.
cerevisiae ATCC 9804 and ATCC 13007 strains under physiological and osmotic
stress conditions, depending on the growth conditions.

o Assessing the impact of glycerol-induced osmotic stress on the damage to
biomembranes by osmotic stress in S. cerevisiage ATCC 9804 and ATCC 13007
strains.

e Investigating the characteristics of potassium, sodium, and proton ion fluxes and
their transporters under glycerol-induced osmotic stress conditions in ATCC 9804
and ATCC 13007.

e |dentifying the influence of osmotic stress factors on the activity of antioxidant
enzymes and the mechanisms of their regulation in strains of S. cerevisiae ATCC
9804 and ATCC 13007 under conditions of respiratory and fermentative
metabolism.

¢ Studying the redox balance in S. cerevisiae ATCC 9804 and ATCC 13007 strains
under physiological and osmotic stress conditions, using the thiol/disulfide ratio as
a biomarker.

e Determining the impact of osmotic stress on yeast bioenergetic parameters,
particularly on total and DCCD-sensitive ATPase activity.

e Investigating possible metabolic shifts under osmotic stress by studying qualitative
and quantitative changes in end products.

Scientific novelty and practical value of the study. Two Crabtree-positive
industrial yeast strains, S. cerevisiae ATCC 9804 and ATCC 13007, were used in this
study due to their intriguing biotechnological potential. The ATCC 9804 strain was
isolated from palm wine or makgeolli, a traditional Korean rice wine, while the ATCC
13007 strain was isolated from Irish beer and could synthesize extracellular
glucoamylase. This characteristic makes it suitable for bioethanol production through
waste processing. However, there is a lack of literature on the functioning and
regulation of membrane transporters, metabolic pathways, and adaptation of these
strains under stress conditions. Therefore, this study aimed to investigate the
molecular mechanisms of stress response and adaptation pathways in these strains
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for the first time. Additionally, the researchers examined the metabolic
characteristics and differences in adaptation pathways of yeast under osmotic stress
conditions depending on growth conditions and oxygen availability. By uncovering
the metabolic dynamics of yeast in response to stress factors, this study provides
valuable insights into how yeast copes with environmental challenges. These findings
lay the foundation for the development of genetically modified stress-resistant yeast
strains, which could greatly contribute to the efficient production of ethanal,
biomass, and valuable materials derived from waste processing. Furthermore, data
on the activity of antioxidant enzymes, redox balance, and metabolic changes in
response to osmotic stress can be applied in biomedical research. Understanding the
molecular mechanisms underlying yeast adaptation to stress can provide valuable
insights into similar processes in higher eukaryotic organisms, leading to the
development of new therapeutic strategies for various diseases. Furthermore,
studying the mechanisms of yeast adaptation to osmotic stress can also be applied in
biotechnologies aimed at environmental protection. Therefore, the knowledge gained
from understanding how microorganisms respond to changing environmental
conditions can be applied to develop bioremediation strategies or create microbial
consortia for environmental restoration purposes.

Main points to present at the defense.

1. The response to osmotic stress varies depending on the yeast strain and
growth conditions. Yeast growth is suppressed by osmotic stress in microaerophilic
and acidic conditions.

2. Na‘*/K* exchange plays a key role in the stress response during aerobic
growth, while K*/H* exchange is important in microaerophilic conditions.

3. Inhibition of the plasma membrane and mitochondrial H*-ATPase disrupts
not only proton fluxes but also potassium and sodium fluxes across the yeast
membrane.

4.  The activity of antioxidant enzymes activity depends on the selected strain,
nutrient media composition, redox balance, and stress conditions. Superoxide
dismutase plays a major role in antioxidant defense processes in aerobic conditions
in both strains, while catalase enzyme activity is crucial in microaerophilic conditions.

5. Thiol groups play a key role in regulating the activity of antioxidant enzymes
in aerobic conditions compared to microaerophilic growth conditions.

Work approbation. Main results of the dissertation were discussed at seminars
in Department of Biochemistry, Microbiology and Biotechnology, Biology Faculty of
Yerevan State University, and at scientific conferences: Scientific Conference
“Biotechnology: Science and Practice, Innovation and Business” for Young
Researchers (Yerevan, Armenia, 2021), 46th FEBS Congress (Lisbon, Portugal,
2022) and 47th FEBS Congress (Tours, France, 2023).



Publications. According to experimental data observed in dissertation, 6
papers, including 1 article in peer-reviewed journal, 2 articles in a journal included in
the list of HESC of the RA and 3 abstracts were published.

Yolume and structure of dissertation. The dissertation contains the following
chapters: introduction, literature review (Chapter 1), experimental part (Chapter 2),
results and discussion (Chapter 3), conclusions and cited literature (total 151 papers
and books). The dissertation consists of 130 pages, 4 tables and 27 figures.

MATERIALS AND METHODS

Yeast, growth media and conditions. Research object: S. cerevisice ATCC
13007 (prototroph, pof+ STA, diploid, European Nucleotide Archive (ENA) -
ERR5358805) and ATCC 9804 (GenBank: 795939.1; ENA-ERR5285363) strains
have been purchased from Microbial Depository Center of Scientific and Production
Center “Armbiotechnology” NAS RA. Yeast strains were stored at -80°C in liquid
YPD (yeast extract: 10 g L', peptone: 20 g L', D-glucose: 20 g L) medium
containing 15% glycerol, and/or at 4°C on solid YPDA medium (yeast extract: 10 g L,
peptone: 20 g L, D-glucose: 20 g L, agar: 17 g L"). Yeasts were grown under
microaerophilic (flask-to-medium ratio of 1, without shaking) or aerobic (flask-to-
medium ratio of 1/2.5, with rotary shaking at 130 rpm) conditions at 30°C. Medium
pH (5; 6.5; 7.2) was adjusted by monopotassium phosphate or 0.1 N HCI (Shirvanyan
A. etal., 2021).

Determining the influence of osmotic stress on yeast specific growth yield
and viability. The overnight culture cells were transferred to fresh YPD medium at
a concentration of 1.5% (v/v) (physiological conditions). To create osmotic stress
conditions, yeast cells were grown similarly under aerobic or microaerophilic
conditions in peptone medium containing glycerol (YPG, yeast extract: 10 g L7,
peptone: 20 g L', glycerol: 5 g L). The specific growth rate (SGR) of cells was
determined using UV-VIS spectrophotometer (Cary 60, Agilent Technologies,
Germany) by monitoring changes in culture optical density at 600 nm relative to the
medium (Shirvanyan et. al., 2021). To assess the influence of osmotic stress on cell
viability, the colony-forming unit (CFU) was determined. The number of viable cells
was expressed in CFU mL".

Determination of the malondialdehyde (MDA) level. To study the processes of
lipid peroxidation in the cell the amount of MDA - one of its end end-products, were
determined spectrophotometrically at 532 nm using reaction with thiobarbituric acid.
The results were expressed in pM/mg of protein unit.

Determination of ion fluxes across the plasma membrane. H*, K*, and Na*
fluxes through the plasma membrane of intact cells (AJn:, Alk:, Alna: respectively)
were determined potentiometrically upon addition of glucose (aqueous solution, 20 g
L") or glycerol (aqueous solution, 5 g/L), as described. Proton flux was determined
using a pH electrode, potassium flux-using a potassium-selective electrode (HI4114,
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Hanna Instruments, Portugal) with the sensitive module HI4114-51, and sodium flux
using an Na*-selective electrode FC300B, connected to an HI 5222 pH-ISE-ORP
ionometer (Hanna Instruments, USA) (Shirvanyan et al., 2023). The results were
calculated using the calibration curve. To understand the relationship between the
changes in ion fluxes related to bioenergetic processes, cells were treated with a
specific inhibitor of H*-ATPase, N, N'dicyclohexylcarbodiimide (DCCD, 0.5 mM), for
15 minutes. Results were expressed in mmol mL" min per 10° cells.

Determination of the activity of antioxidant enzymes. The total catalase
activity (CAT, 1.11.1.6) was determined spectrophotometrically by measuring the
decrease in hydrogen peroxide absorption at 240 nm. Results were expressed in
Units mg' protein. The total superoxide dismutase (SOD, 1.15.1.1) activity was
determined using Beauchamp and Fridovich method and expressed in Units mg’
protein. To understand the influence of redox processes on the activity of CAT and
SOD enzymes, the total CAT and SOD activity was also studied in samples treated
with a specific blocker of free SH-groups-N-ethylmaleimide (NEM, 0.5 mM).

SH groups determination. SH-groups were determined by the reaction of cell
extract with Ellmann’s reagent (5, 5'-dithiobis-2-nitrobenzoic acid) using glutathione
as a standard. Samples, treated with 0.5 mM NEM, a thiol-group specific modifier,
were measured by the same principle. Protein was measured by Lowry assay using
BSA as a standard. Accessible SH groups were determined as the difference of total
and NEM treated samples. SH groups level was determined according to Beer-
Lambert law and expressed in nmol L' mg' protein.

ATPase assay. Mitochondria were isolated using differential centrifugation.
Protein concentration was determined by the method of Lowry in whole cell extract
and mitochondrial fraction using BSA as a standard. The FoFi-ATPase activity was
determined by the increase of inorganic phosphorus in the incubation medium by
Taussky and Shorr method. Enzyme activity was expressed in nmol Pin mL" min' mg’
mitochondrial protein. In DCCD-treated (0.5 mM) samples ATPase activity was
measured in the same manner. In the assays, as a source of potassium, 100 mM KClI
was added when indicated (Gevorgyan H. et al., 2023).

Organic acids, alcohols, and sugar determination. Organic acids and alcohols
(ethanol, glycerol, acetate, and succinate) and sugars were determined by HPLC
(Agilent 1260 Infinity Il LC Bioinert with a refractive index detector (Agilent RID,
G1362A, set on positive polarity and optical unit temperature of 55°C) using
Macherey-Nagel EC 250/4.6 NUCLEOSIL 120-5 C18 column (250 x 4.6 mm,
MN720041.46, Diren, Germany)). Substrate utilization and metabolites production
rate was calculated as the difference in concentration (mmol) for the given growth
period. Carbon conversion efficiency (CCE) was determined by following equation:
CCE=AC2o/AC1¥100%, where ACy is the difference in substrate carbon concentrations
{(mmol) during a given growth period and AC; is the difference in metabolism
products carbon concentrations (mmol) during the same growth period.
Fermentation balance was calculated by the difference in carbon concentration at the
stationery and lag growth phase expressed in %.
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Chemicals and data processing. All chemicals of analytical grade were used.
Each data point represented was averaged from independent triplicate cultures: the
standard deviation was not more than 3%. Statistical analysis was performed by using
two-way ANOVA Tukey’s statistical test using GraphPad Prism 8.0.2 software (San
Diego, CA, USA) (Shirvanyan A. et al., 2023).

RESULTS AND DISCUSSION

The study of changes in SGR and viability of yeast depending on growth

conditions.

Enhancing the stress resistance of S. cerevisiae is a challenging task.
Understanding of the mechanisms of cellular regulation of cell protection in S
cerevisiae under various stress conditions is also important. The results indicate that
the oxygen availability and pH during growth significantly affect SGR of yeast, with
the pH having a more pronounced effect in microaerophilic compared to aerobic
growth conditions. In microaerophilic growth conditions, an increase in pH leads to a
decrease in SGR of yeast (see Figure 1).

Figure 1.The effect of
osmotic stress on the
SGR of S. cerevisiae
ATCC 9804 and ATCC
13007 strains under
aerobic (A) or
microaerophilic
growth depending on
pH. * p <0.05; **p <
0.01; ***p < 0.001, ns
- non significant
S. cerevisiae S. cerevisiae S. cerevisiae S. cerevisiae
ATCC 9804 ATCC 13007 ATCC 9804 ATCC 13007
Under physiological conditions, yeast optimally grows at pH 6.5 under aerobic
conditions and at pH 5 for microaerophilic conditions. SGR is approximately 1.4-fold
(ATCC 9804) and 1.5-fold (ATCC 13007) higher in aerobic conditions, compared to
the same parameter under microaerophilic conditions. In osmotic stress conditions,
pH 5 is unfavorable for microaerophilic growth of S. cerevisiae ATCC 9804, while
pH 5 and pH 6.5 are unfavorable for S. cerevisiae ATCC 13007 strains (Shirvanyan
et al.,, 2021). Thus, basic conditions (pH 7.2-7.5) are necessary for the growth of
yeast under microaerophilic osmotic stress conditions, where the SGR of ATCC 9804
and ATCC 13007 is suppressed by 85% and 60% respectively compared to
physiological conditions (Shirvanyan A. et al., 2021). Obtaining large volumes of
biomass is crucial for efficient production. The maximum number of viable cells is
present during aerobic growth of ATCC 9804 strain under physiological conditions,
which is twice as high as the number of viable cells of ATCC 13007 strain ( 6x1010
cells inLJ). The viability of yeast decreased by 2.6 and 1.7-fold in ATCC 9804 and
ATCC 13007 strains, respectively, under osmotic stress during aerobic growth

(Shirvanyan et al., 2023)



During microaerophilic growth under osmotic stress in acidic environments, the
number of viable cells sharply decreases in both strains, unlike physiological
conditions, where at pH 5, the viability of yeast in microaerophilic conditions is twice
as high as to aerobic conditions (Shirvanyan A. et al., 2023).

The assessment of osmotic stress on membrane lipids peroxidation processes.
To assess the

MDA concentration [pM mg 1protein] impact of stress on

c biomembranes, it is

important to study

% wt the processes of
| § lipid peroxidation.
I 8 Results show a
0 significant increase

in the amount of
malondialdehyde,

doubling its

r quantity compared
§O to physiological
conditions for both

8 strains. This
df < emphasizes the
activation of

physiological condition osmotic stress oxidative processes

under osmotic

Figure 2: Heat map showing the change in MDA  gyess  conditions.
levels (pM per mg of protein) during the growth of 5. 1o amount  of
cerevisiae ATCC 9804 and ATCC 13007 under osmotic

e malondialdehyde
stress condition.

increases due to
oxygen limitation and osmotic stress (see Figure 2). These findings are also
consistent with the results of another study, where it was demonstrated that
adaptation to high levels of ethanol in yeast occurs through changes in the activity of
plasma membrane H+ATPase and lipid composition.

Investigation of H+ K+and Na+fluxes during growth of different strains of S.
cerevisiae under physiological and osmotic stress conditions.

Understanding the role of potassium, sodium, and proton transporters in stress
conditions is important for exploring yeast adaptation pathways to osmotic stress and
the functioning of metabolic regulatory systems. To investigate the role of ion
channels and transporters in the adaptation processes to stress conditions,
potassium, sodium, and proton fluxes in whole yeast cells were studied depending on
the presence of oxygen during growth. In all samples during glucose assimilation
under physiological conditions, potassium influx was observed, unlike osmotic stress
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conditions, where potassium fluxes were primarily directed towards the extracellular
environment (see Figure 3). The most intense potassium flux was confirmed during
microaerophilic growth under physiological conditions, where it exceeded the rate of
potassium flux under aerobic conditions by approximately 2.5 times for the ATCC
9804 strain and by ~3.4 times for the ATCC 13007 strain. The addition of glucose
stimulates accelerated potassium influx, which is important during the adaptation
phase to stressful conditions. Addition of the proton ATPase inhibitor DCCD disrupts
this process. In S. cerevisiae ATCC 9804, the ratio of DCCD-sensitive proton-
potassium fluxes remain stable under both physiological and osmotic stress
conditions during both aerobic and microaerophilic growth. Unlike the ATCC 13007
strain, potassium flux in physiological conditions during microaerophilic growth of
the ATCC 9804 strain is entirely DCCD-dependent. This suggests that the potassium
transport systems in the ATCC 9804 stain are related to or metabolically intersect
with proton ATPases such as Pmal/2 or FOR-ATPase, and these interactions may play
a key role in regulating yeast adaptation processes under osmotic stress conditions.
This demonstrates tightly regulated crosstalk between potassium and proton

transporters of the plasma membrane (Shirvanyan et al., 2023).
a B

Glue Gluc+DCCD Glyc Glyc+DCCD Glue Gluc+DCCD Glyc Glyc+DCCD Glue Gluc+DCCD Glyc Glyc+DCCD Glue Gluc+DCCD Glyc Glyc+DCCD

aerobic growth microaerophilic growth aerobic growth microaerophilic growth

Figure 3. The effect of osmotic stress on the potassium flux rate through the whole-cell membrane
of S. cerevisiae ATCC 9804 (A) and ATCC 13007 (B) yeast strains depending on the environmental
conditions. * p <0.05; ** p <0.01; *** p < 0.001, ns - non significant.

Unlike K+, proton flux in S. cerevisiae cells is directed towards the extracellular
environment (see Figure 4). This is consistent with previous studies showing that
under fermentation conditions, protons are pumped out of the cell, creating a proton
motive force. In both aerobic and microaerophilic growth conditions, cells subjected
to osmotic stress alone and treated with DCCD, adding glycerol to the experimental
medium stimulates proton influx in both strains, correlating with potassium efflux.
Irrespective of the growth conditions (physiological or osmotic stress), adding
glucose to the experimental medium stimulates proton efflux in S. cerevisiae ATCC
9804 cells, with the rate of proton flow decreasing by 1.3-fold in cells treated with
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DCCD. In all other samples, inhibiting the activity of the ATPase by DCCD disrupts
proton flux, reducing its rate and even, in some cases, altering the flux direction.
These are in good conformity with previous studies, demonstrating that glucose
transport in anaerobic S. cerevisiae occurs via a diffusion-mediated mechanism, and
maximal ethanol A 12 physiological condition
production is observed osmotic stress condition
when  transport is
proton-mediated, with 58
lower ATP  output
during sugar E6
dissimilation.
Suppression of proton
flux can occur due to
ethanol  accumulation
in the surrounding i 11
environment and its
increased impact on -
cellular membranes.

The results indicate B 12
(see Figure 5) that
sodium flux is 10
stimulated in  both
strains during aerobic
and microaerophilic
growth under osmotic
stress conditions.
However, the
stimulation of sodium
flux is lower (by 1.5
and 11 times) due to
oxygen limitation
during growth in ATCC Glue Gluc+DCCD Glyc Glyc+DCCD Glue Gluc+DCCD Glyc Glyc+DCCD

9804 and ATCC 13007 aerobic growth microaerophilic growth

strains, respectively, Figure 4. The effect of osmotic stress on the proton flux rate
; through the whole-cell membrane of S. cerevisiae ATCC 9804 (A)
compared t(_)_ aerobic and ATCC 13007 (B) yeast strains depending on the environmental
stress conditions  (by  conditions. * p < 0.05; ** p < 0.01; ** p < 0.001, ns - non
2.6-fold and 4.1-fold in significant.

ATCC 9804 and ATCC 13007 strains, respectively). Comparing these data with the
results of potassium flux, which show the highest potassium flux in microaerophilic
growth conditions, it can be concluded that the exchange of Na#/K+ plays an
important role in yeast adaptation to stress factors in aerobic, and the exchange of
K+H+ in microaerophilic conditions. This fact corresponds to and is explained by the
evolutionary development of living organisms and the formation of adaptation
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mechanisms. Thus, it is corroborated that life originated in hydrothermal vents of the
World Ocean. These hydrothermal vents were rich in potassium, and the
concentration of small inorganic molecules and ions in protocells and their
surroundings was the same because the first cells did not have membrane pumps or
semi-permeable membranes. Having developed it, they obtained potassium-selective
transporters, which, in combination with protons, maintain membrane potential and
ATP synthesis. Later, the gradual transition of living organisms from deep-sea
hydrothermal vents to higher layers increased the need to adapt to high levels of
sodium, enabling transporters to transport sodium. Furthermore, it was shown that
yeast K+ or Na+ ATPases evolved from an earlier potassium ATPase through the
duplication of its gene to better adapt to sodium. They demonstrated that
Schizosaccharomyces pombe is the only known fungus lacking duplication of this
gene and lacking sodium ATPase activity. This duplication was constant for yeast until
they were constantly exposed to sodium-rich seawater or similar liquids, and the
former proton ATPase evolved into the current Na+K+ ATPase. Emerging from the
seas and adapting to aerobic conditions may have led to the predominance of the

role of NaVK1exchange systems in stress factor adjustment.
Al4

Glue GluctDCCD Glyc Glyc+tDCCD Glue GluctDCCD Glye GlyctDCCD Glue Gluc+DCCD Glye Glyc+DCCD Glue GluctDCCD Glye Glye+DCCD

aerobic growth microaerophilic growth aerobic growth microaerophilic growth
Figure 5. The effect of osmotic stress on the sodium flux rate through the whole-cell membrane of S. cerevisiae
ATCC 9804 and ATCC13007 yeast strains during aerobic (A) or microaerophilic (B) growth.' p<0.05;" p <0.01; **'
p< 0.001, ns-non significant.

The increase in sodium flux confirms the previously identified mechanism
whereby osmotic stress induced by HOG stimulation of cation transporters in plasma
and vacuolar membranes is essential for restoring normal cytosolic ion strength and
osmolarity. The latter ensures the generation of an effective transcriptional response
to stress factors. Upon the addition of glucose, sodium flux is entirely dependent on
DCCD during physiological aerobic growth in both strains. Such dependence is not
observed in the case of microaerophilic conditions. This indicates that sodium flux in
the processes of adaptation and/or response to stress in aerobic conditions is
associated with proton ATPases, and once again underscores the role of Na /K+
exchange systems, such as Na+, K+ATPase, in adapting to stress factors in aerobic
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conditions. A completely opposite phenomenon is observed when glucose or glycerol
is added to ATCC 9804 cells subjected to osmotic stress; in this case, the increase in
osmolarity of the medium stimulates DCCD-dependent sodium flux, indicating the
role of K#H+exchange systems in the stress-adaptation processes of this strain when
grown under oxygen limitation. In contrast to ATCC 9804 strain, sodium flux in
ATCC 13007 cells subjected to osmotic stress, regardless of oxygen availability
during growth, is DCCD-independent (Shirvanyan A. et al., 2023).

The impact of osmotic stress on the activity of antioxidant enzymes in S.

cerevisiae.

One of the targets of osmotic stress is the oxidative-reductive processes within
cells, and antioxidant enzymes play a significant role in cellular response and
adaptation to it, regulating the disrupted redox balance. During aerobic growth of
the ATCC 9804 strain, no significant changes in CAT activity were observed under
the influence of osmotic stress factors, unlike the ATCC 13007 strain, where the
enzyme activity increased by —1.5 times Removal of available sulfhydryl groups using
a unique inhibitor, NEM, stimulated enzyme activity under physiological conditions in
both aerobic and microaerophilic growth of the ATCC 9804 strain. Conversely,
binding of available sulfhydryl groups in the ATCC 13007 strain did not alter enzyme
activity (see Figure 6).

S. cerevisiae ATCC 9804 $. cerevisiae ATCC 13007 S. cerevisiae ATCC 9804 S. cerevisiae ATCC 13007
Figure 6. The effect of osmotic stress on the catalase activity in S. Cerevisiag yeast strains ATCC 9804 and ATCC 13007, cultivated under aerobic (A) or
microaerophilic (B) conditions.' p <0.05;“ p<0,01; ** p<0.001, ns * not significant

This indicates that the CAT enzyme activity in the ATCC 13007 strain is not
dependent on the quantity of available sulfhydryl groups under physiological
conditions. The role of sulfhydryl groups in regulation of CAT enzyme activity
increases under osmotic stress conditions, where binding of available SH groups in
both aerobic and microaerophilic growth conditions lead to a 24% decrease in
enzyme activity in ATCC 9804 and a 28% decrease in ATCC 13007. During growth
of the ATCC 9804 and 13007 strains under microaerophilic conditions, CAT activity
decreases by 2 and 1.5 times, respectively, compared to physiological aerobic growth
conditions. Under osmotic stress in microaerophilic conditions, the enzyme activity of
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the ATCC 9804 strain increases by 63%. In both strains, SOD is twice as active
under aerobic physiological conditions compared to microaerophilic conditions (see
Figure 7). Under osmotic stress, enzyme activity increases, especially in aerobic
conditions, where the ATCC 13007 strain exhibits T5 times higher SOD activity.
Binding of available SH groups during growth in both aerobic and microaerophilic
physiological conditions stimulate enzyme activity by 53% (aerobic) and 22%
(microaerophilic) in the ATCC 9804 strain and by 90% (aerobic) and 59%
(microaerophilic) in the ATCC 13007 strain. Remarkably, binding of available
sulfhydryl groups during aerobic growth of both strains under osmotic stress
increases SOD activity, unlike microaerophilic conditions. This indicates that
sulfhydryl groups play a distinct role in regulating enzyme activity under aerobic
conditions, which sharply differs from the regulation of enzyme activity under
microaerophilic conditions. The role of antioxidant enzymes under oxygen limitation
remains unclear, and increasing research is aimed at identifying it.

S.cemlsiae ATCC 9804 S.csreWs/ae ATCC 13007 S.cemisiae ATCC 9804 S. cerev/sfag ATCC 13007

Figure 7, The effect of osmotic stress on the SOD activity in S, cmisiae yeast strains ATCC 9804 and ATCC 13007, cultivated under aerabic (A) or
microaerophilic (B) conditions.' p<0.05;" p<0.0%,“ p<0.001, s+ not significant

Our study demonstrates that not only glutathione peroxidase and thioredoxin

reductase depend on thiol groups but also play a significant role in the direct or

indirect regulation of CAT and SOD activity. The study reveals the role of antioxidant

enzymes and regulatory mechanisms of their activity under osmotic stress conditions.

The results can be used for effective manipulation of these enzymes in genetic
engineering to develop resilient strains (Shirvanyan A. et al., 2023).

The study of sulfhydryl groups level changes in yeast under physiological and
osmotic stress conditions.

To study redox changes under osmotic stress conditions, the ratio of reduced and
oxidized thiol groups in yeast cells grown under aerobic and microaerophilic
conditions and subjected to osmotic stress was investigated. The results (see Figure
8) show that the total number of oxidized thiol groups in the stationary growth phase
remains constant regardless of growth conditions, oxygen availability, or strain type,
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presumably due to disulfide bonds of constitutive proteins. In contrast, upon
transition from aerobic growth to microaerophilic growth, the number of reduced
thiol groups in physiological conditions increases in both strains, likely due to the
assimilation of a large amount of amino acids containing thiol groups from the
surrounding environment and the activation of glutathione biosynthesis. Under
osmotic stress during aerobic growth, the number of reduced thiol groups increases
by 45% and 34% in ATCC 9804 and ATCC 13007 strains, respectively. This increase
may be associated with the activation of non-enzymatic antioxidant glutathione
biosynthesis. A similar pattern was observed in other yeast strains such as Candida
utilis, where glutathione biosynthesis increased by 70% under osmotic stress induced
by sodium chloride. Under osmotic stress conditions during microaerophilic growth,
the number of thiol groups decreases by approximately 50% in both strains. This
suggests that peroxide enzymes, whose activity is regulated by these free thiol
groups, play a central role in yeast adaptation to aerobic rather than microaerophilic
growth conditions.
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Changes in the activity of mitochondrial ATPase under osmotic stress.
Results show that mitochondrial proton-ATPase (see Figure 9) reveals that it is
more active under aerobic conditions, approximately threefold higher than that
observed under microaerophilic physiological conditions in both strains. It should be
noted that during fermentative metabolism, ATPase acts in the direction of ATP
hydrolysis, whereas under aerobic respiration, it operates in the opposite direction,
toward ATP synthesis.

Figure 9. DCCD-sensitive mitochondrial FOF-ATPase activity of S. cerevisiae ATCC 9804 and ATCC13007 cells at physiological or
osmotic stress conditions during aerobic (A) or microaerophilic (B)growth. The DCCD (0.5 mM) and potassium ions (100 mM) were
added into the assay medium when indicated "D*" or "K*". *p<0.05; “ p<0.01; "p<0.001. ns-non significant.

During the growth of cells subjected to osmotic stress under oxygen-limiting
conditions, the overall activity of ATPase is significantly low and not dependent on
DCCD, indicating that other ATPases, such as V-type (vacuolar) ATPases or Na#/K+
ATPases, contribute more to these conditions. In all investigated conditions, the
addition of potassium to the experimental medium stimulated ATPase activity. The
latter increased by 21% during aerobic growth and approximately 1.7-fold during
microaerophilic growth of ATCC 13007 strain under physiological conditions,
correlating with potassium influx and proton and sodium efflux under these
conditions. Unlike ATCC 13007, the influence of potassium ions on ATPase activity in
aerobic conditions was negligible in the other studied strain. ATPase activity is
suppressed approximately fivefold under microaerophilic growth conditions of yeast
subjected to osmotic stress. This may be due to a decrease in mitochondrial biomass,
especially its protein mass, caused by oxygen limitation. Potassium also affects the
sensitivity of mitochondrial ATPase to DCCD: its effect increases DCCD sensitivity by
3-4 times during microaerophilic growth of different strains (Shirvanyan A. et al.,
2023).

16



Analysis of intermediate compounds of different yeast strains under
physiological and osmotic stress conditions.

To elucidate various metabolic pathways and the mechanisms regulating them in
yeast under osmotic stress conditions depending on the growth conditions, a high-
performance liquid chromatographic analysis of intermediates was conducted. The
results show that glucose assimilation in S. cerevisiae cells begins at the third hour of
growth, and by the 24th hour, it is completely assimilated by both strains under both
aerobic and microaerophilic growth conditions. For instance, the rate of glucose
assimilation during aerobic growth in physiological conditions is 4.6 mmol/h in all
samples, whereas under microaerophilic conditions, the rate of glucose assimilation
decreases by almost half in both strains. The maximum ethanol production (82.1+2.5
mmol (ATCC 9804); 117.25£3.5 mmol (ATCC 13007)) is observed at 24-32 hours of
growth under physiological conditions. In physiological conditions, the maximum
ethanol yield (mmol) per glucose (mmol} is 0.28 and 0.74 for ATCC 9804 strain and
0.37 and 1.06 for ATCC 13007 strain under aerobic and microaerophilic growth,
respectively. During aerobic growth in physiological conditions, the glycerol
production rate was 4 umol/h and 1.3 uymol/h in S. cerevisiae ATCC 9804 strains and
ATCC 13007, respectively, significantly lower than the glycerol production rate under
microaerophilic conditions (98 pmol/h and 175 pmol/h for the same strains). Under
oxygen-limiting conditions in physiological conditions, the ethanol/ (glycerol + acetic
acid) ratio, calculated per mole of glucose or glycerol, remains constant for both
yeasts. Under microaerophilic growth conditions, yeast subjected to osmotic stress
did not exhibit fermentation end products. However, a small formation of formic
acid, absent during glucose fermentation, was detected. The absorption of formic
acid by yeast was also observed by other groups. To assess the metabolic activity of
yeast, the ratio of each mole of glucose or glycerol (succinic+malic acid) /pyruvic acid
and ethanol/(glycerol + acetic acid) was determined under microaerophilic conditions
in the stationary growth phase. Under aerobic conditions, the ratio (succinic+malic
acid)/pyruvic acid, calculated per mole of glucose or glycerol, did not differ
significantly between ATCC 9804 and ATCC 13007 strains under both physiological
and osmotic stress conditions. However, under stress, the ratio decreased by 1.4
times compared to physiological conditions. The fermentation equilibrium, indicating
the rate of carbon transformation, was 75% in S. cerevisiae ATCC 13007 and 52% in
S. cerevisiae ATCC 9804 at 24-32 hours of growth under physiological conditions. In
the case of S. cerevisiae ATCC 13007, the low carbon transformation values may be
due to the high biomass production yield as well as the production of volatile
compounds such as ethanol, acetic acid, or carbon dioxide. In the case of S.
cerevisiae ATCC 9804 strains, the fermentation equilibrium remains open, likely due
to the production of other secondary intermediates such as organic acids, which
require further investigation for identification (Shirvanyan A. et al., 2023).
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CONCLUSIONS

The following conclusions were made based on experimentally obtained results:

1. The SGR of yeast cells subjected to osmotic stress decreases under oxygen
limitation and acidic conditions. Compared to physiological conditions, the SGR of
reduced by 85% and 60% in the S. cerevisiae ATCC 9804 and ATCC 13007 strains,
respectively.

2. In the stationary phase of microaerophilic growth of S. cerevisiae ATCC
9804 under physiological conditions, the medium osmolality exceeds that of aerobic
growth by 1.3 times. The change in medium osmolality depends on the nature of the
respiratory or fermentative metabolism of the yeast, the strain, and the availability of
oxygen during growth.

3. Unlike S. cerevisiae ATCC 13007, the potassium influx in ATCC 9804 strain
depends entirely on DCCD during growth under physiological microaerophilic
conditions. The affinity of potassium transporters to K* decreased when transitioning
from aerobic to microaerophilic growth, as well as under osmotic stress conditions,
and was particularly low in samples inhibited by DCCD. The highest affinity to
potassium was recorded under aerobic growth conditions for strain ATCC 9804
(Km=0.075 mmol), and the lowest was in microaerophilic growth conditions for
ATCC 13007 strain inhibited by DCCD (Km=1.12 mmol).

4. Sodium efflux increases under osmotic stress conditions. It is DCCD-
dependent in both strains during aerobic growth under physiological, but not stress
conditions. The Na*/K* exchange plays a decisive role in the adaptation of aerobic
yeast to osmotic stress conditions, while the K*/H* exchange plays a decisive role in
overcoming stress under oxygen limitation.

5. Both strains exhibit CAT and SOD activity twice as high under aerobic
physiological conditions compared to microaerophilic growth conditions. Under
osmotic stress conditions, enzyme activity increases, especially in aerobic conditions,
where ATCC 13007 strain exhibits 1.5 times higher SOD activity.

6. Binding of available SH-groups during growth in both aerobic and
microaerophilic physiological conditions stimulate enzyme activity by 53% (aerobic)
and 22% (microaerophilic) in ATCC 9804 strain, and by 90% (aerobic) and 59%
{microaerophilic} in ATCC 13007. Under aerobic growth, binding of available
sulfhydryl groups under osmotic stress increases enzyme activity, unlike
microaerophilic conditions.
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LLHUPBAHAH AHAUT AMBAPLLYMOBHA

BJIMAHUE PA3JNIMYHBLIX CTPECCOBbIX ®®PAKTOPOB HA NAPAMETPDI
POCTA 0,POMMEN U AKTUBHOCTb AHTUOKCUJAHTHBLIX EPMEHTOB

PE3HOME
Kntouesbie cnoea: S. cerevisiae, ocmomuvyeckull cmpecc, yOenbHaA CKOpoCcmb
pocma, u3HecnocobHoCMs, NOMOKU KaausA, Hampua u npomoHos, ATdasHasa
aKMUBHOCMb, KAMANAasa, cynepoxcudoucmymasa

UzyueHne metabonnuecknux U3MeHEHWI LpOXCKEA B YCNOBMAX CTpecca ABNAETCA
KIIOYOM K  CO3J@HMIO  CTPECCOYCTOMUMBBIX LUTAMMOB W COBEpPLUEHCTBOBAHWIO
NPOU3BOACTBEHHbIX npoleccos. B paHHoI paboTe M3yyeHO BAMAHWE OCMOTUYECKOTO
cTpecca CTUMYNMPOBAHHOTO MNMLEPUHOM Ha wTammbl S. cerevisige ATCC 9804 wu
ATCC 13007, B yacTHOCTM Ha napameTpbl POCTa, MOTOKWM WMOHOB, MOBpEMAeHUe
6uomembpaHbl, aKTMBHOCTb  @HTUOKCUAAHTHbIX  (PEPMEHTOB,  OKUCIUTENLHO-
BOCCTaHOBUTE/bHbINA banaHc v OMoOsHepreTMyeckne nokasaTenu B 3aBUCUMOCTU OT
JocTynHocTu kucnopoda u pH so spema pocta (5; 6.5 n 7.2).

lMonyyeHHble pe3ynbTaTbl MOKA3bIBAKOT, YTO YAENbHAA CKOPOCTb POCTa APOMIKEN,
NOABEPTHYTBIX OCMOTMYECKOMY CTPECCY, CHWMKAeTCA B YCIOBUAX OrpaHuyeHuA
KUCNIOPOAA U KUCIOTHON cpefbl. Mo cpaBHEHUID C OU3MONOTUYECKUMW YCTIOBUAMM
yaenbHaa ckopocTb pocta wramma S. cerevisiae ATCC 9804 chmxaetca Ha 85 %, a B
cnydae wramma S. cerevisiae ATCC 13007 — Ha 60 %.

B otmmuve or wramma ATCC 13007 notok kanua y wramma ATCC 9804
nonHoctbro 3asucnT ot DCCD npu pocte B chusnonornyeckux MMKpoaspochuibHbIx
ycnosuax. OTTOK HaTpuA YBENMYMBAETCA B YCMOBWAX OCMOTUYecKoro cTpecca. OH
uyscteuteneH k DCCD y oboux wrtammoB BO Bpema aspobHoro pocta B
cpusnonornyecknx, Ho He cTpeccosbix ycnosuAx. Obmen Na*/K* urpaet pewatowyto
ponb B afanTauun K ycrnoBuAM ocMmoTuueckoro ctpecca S. cerevisiae ATCC 9804 u
ATCC 13007 B aspobHbIx ycnoeuax, Toraa kak odbmen K+/H* urpaet peluatolyro ponb
B MPeofoNeHnn CTpecca B YCIOBUAX OrpaHWYeHHOro kucnopoga. VHrubuposanwe
cpasbl H-ATda3bl HapyluaeT NOTOK MPOTOHOB, KaluA U HATPUA Yepes MeMbpaHbl.

Y wrammos S. cerevisiae ATCC 9804 n ATCC 13007 aktusHoctb COJl n KAT B
aspobHbIX (PM3MONOTMYECKNX YCNIOBUAX BABOE BbIIE, YEM B MUKPOA3POgUIbHbIX
ycnoBuAx pocTa. [lof BAMAHMEM OCMOTMYECKOrO CTpecca aKTWBHOCTb dhepMeHTa
BO3pacTaeT, 0cobeHHO B aapobHbIX yciosuax, rae wramMm ATCC 13007 npossnseT B
1.5 pasa 6onbliyto aktueHocte COJl. CasbiBaHue poctynHbix SH-rpynn B npouecce
pocTa Kak B aspobHbIX, Tak M B MUKPOaspOhUIbHbIX (PU3NONOTUUECKUX YCIOBUAX
CTUMYNIMPOBANO  aKkTMBHOCTb  bepmeHToB Ha  53%  (aspobHble) wu  22%
(mukpoaspocpunbhble) y wrtavma ATCC 9804 u na 90% (aspobHbie) n 59%
(Mukpoaspocpunbhble) y  wrtavma ATCC  13007. CeasbiBaHue  BOCTYMHbIX
CynbrMAapUIbHBIX TPYNn Mpu aspobHOM pocTe OBOMX LUTAMMOB MOA, BAWAHUEM
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OCMOTUYECKOTO CTpecca MNOBbIlAeT aKTMBHOCTb ()epMeHTa B  OT/vuMe  oT
MUKPOaspodIUbHbIX YCOBWIA.

Takvum 06pa3oM, M3ydeHWe MONEKY/ISPHbIX MEXaHW3MOB peakuun OPOXOKEBbLIX
KNeToK M ajanTaumu K WM3MEHSIIoLWMUMCA YCNOBUAM OKpyXaloleid cpefibl NO3BOAUT
ONTUMMN3MPOBATbL MNPON3BOACTBEHHbIE MNpoLecchl. [lonyyeHHble pe3ysbTaTbl MOryT
BHECTVM 6ONbLUOM BKMah B YBe/IMYEHUE BbIXOAA Pa3/IMYHbIX BELLECTB, Harpumep,
6roataHona, 6e1KoB, BUTaMUHOB B NMPOMbILLIEHHOCTU. Kpome TOoro, BbISICHEHME NyTel
peakuun APOXKEBbIX KNETOK Ha CTPECCOBblE YCMOBUS BaXHO ANs1 GUOMELULIMHCKMX
NPUMEHEeHWA 1 MOXEeT Ccrnoco6CTBOBaTbL  pa3paboTke CTpaTeruii  coxpaHeHus
OKpYXXalLLeli cpeapl 1 Tepanuu.
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