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Abstract

In this study, we investigated the relationship between target of rapamycin (TOR) and H,0O,-induced hormetic response in the
budding yeast Saccharomyces cerevisiae grown on glucose or fructose. In general, our data suggest that: (1) hydrogen peroxide
(H,0,) induces hormesis in a TOR-dependent manner; (2) the H,O;-induced hormetic dose—response in yeast depends on the
type of carbohydrate in growth medium; (3) the concentration-dependent effect of H,O, on yeast colony growth positively
correlates with the activity of glutathione reductase that suggests the enzyme involvement in the H,O;-induced hormetic
response; and (4) both TORI and TOR2 are involved in the reciprocal regulation of the activity of glucose-6-phosphate dehy-

drogenase and glyoxalase |.
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Introduction

Based on its intensity, stress can be considered as either ben-
eficial or harmful.'”> Mild stress can stimulate organisms’ bio-
logical functions and result in an acquisition of their resistance
to high doses of the same stressor (preadaptation) as well as
other stressing factors (cross-protection or cross-adapta-
tion)."**® This phenomenon also known as hormesis is
observed in a variety of organisms responding to a wide range
of chemical, physical, and biological stressors. A hormetic
response is usually limited to the 30% to 60% increase in
biological function under mild stress conditions.’

It was recently found that hydrogen peroxide (H,O,) plays a
crucial role in the induction of hormesis.® Stimulation of the
reproductive potential through hormesis-induced compounds,
like H,0,, appears to be an effective approach to improve yeast
survival and cross-adaptation to different stressors.”® In turn,
the physiological state of organism is critical in the mobiliza-
tion of stress-responsive defenses. As reported earlier, fructose-
grown yeast in the exponential phase (short-term model)
exposed to H,O, demonstrated higher survival than glucose-
grown cells.'® The phenomenon was explained by the
protective role of fructose, in spite of its more potent ability
to produce reactive oxygen and carbonyl species compared to
glucose.''"!* Short-term application of fructose has been sug-
gested to induce a mild carbonyl/oxidative stress stimulating

defense mechanisms responsible for cell survival under lethal
H,0, stress: a reduced level of reactive oxygen species in
fructose-grown cells after exposure to H,O, was consistent
with a broad peak of superoxide dismutase and catalase activa-
tion by H,O,. At the same time, cells grown on glucose demon-
strated an increase in the level of reactive oxygen species and a
sharp rise in the antioxidant enzyme activities followed by their
rapid inactivation.'® Unlike short-term model, in the stationary
phase (long-term model), a higher level of carbonyl/oxidative
stress markers has been detected, which was correlated with a
higher aging and mortality rate of fructose- compared to
glucose-grown yeast.'*

The specificity of stress response is also determined by the
nature of the stressor and the variety of downstream effectors
involved.'>!'® A hormesis suggests the existence of complex
mechanisms which sense and respond to different kinds of
stress. As one of the main signaling mechanisms, the target
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of rapamycin (TOR) pathway that regulates cell growth and
metabolism is involved in cellular responses to many types of
stress.®!72% In spite of the apparent and sometimes hotly
debated contradictions between the hormesis and TOR hypoth-
esis of aging and stress resistance, both are applied to explain
some common molecular mechanisms.?'"*

Target of rapamycin promotes cell growth in response to
nutrient availability.>> Most studies on nutrient-mediated acti-
vation of TOR were focused on nitrogen sources,”****> but
little attention was paid to carbohydrates. In addition, TOR,
as a central controller of cell growth, may respond to different
types of stress and play an important role under stressful con-
ditions other than nutrient limitation.**

Here we used TOR-deficient strains grown on glucose or
fructose to study the effects of different concentrations of H,O,
on yeast. It was shown that H,O, induced the hormetic dose—
response in Saccharomyces cerevisiae in a TOR-dependent
manner. The effect was also dependent on the type of carbo-
hydrate in growth medium. The potential role of glutathione
reductase (GR), glucose-6-phosphate dehydrogenase
(G6PDH), and glyoxalase 1 (GLO1), which are functionally
associated with metabolism of carbohydrates and H,0,,'3%62 ig
discussed.

Materials and Methods

Yeast Strains and Chemicals

The S. cerevisiae strains used were as follows: JK9-3da (wild
type MATa leu2-3, 112 ura3-52 rmel trpl his4 HMLa)* and
its derivatives MH349-3d (JK9-3da, torl:: LEU2-4),>° SH121
(JK9-3da, ade2 tor2:: ADE2-3/YCplaclll:: tor2-21%),>! and
SH221 (JK9-3da, ade2 his3 HIS4 torl:: HIS3 tor2:: ADE2-3/
YCplaclll:: tor2-21%),** kindly provided by Prof. Michael
Hall (University of Basel, Switzerland). Chemicals were
obtained from Sigma-Aldrich Chemical Co. (USA) and Fluka
(Germany). All chemicals were of analytical grade.

Growth Conditions, Stress Induction, and Cell Extracts

Yeast cells were grown at 28°C with shaking at 175 rpm in a
liquid medium containing 1% yeast extract, 2% peptone, and
2% glucose (YPD) for 24 hours. For experiments, the obtained
cultures were diluted to about 75 x 10° cells/mL in the same
medium. Aliquots of the main culture after 24 hours growth
were exposed to different concentrations of H,O, followed by
their incubation at 28°C for 1 hour. Control cells were incu-
bated under the same conditions but without H,O,. After incu-
bation, cells from experimental or control cultures were
collected by centrifugation (5 minutes, 8000g) and washed with
50 mmol/L potassium phosphate (K-phosphate) buffer
(pH 7.0). The yeast pellets were resuspended in lysis buffer
(50 mmol/L K-phosphate buffer, | mmol/L phenylmethylsul-
fonyl chloride, and 0.5 mmol/L EDTA). Cell extracts were
prepared by vortexing yeast suspensions with glass beads

(0.5 mm) as described earlier’® and kept on ice for
immediate use.

Reproductive Ability

Yeast reproductive ability was analyzed by plating in triplicate
on YPD agar after proper dilution. The plates were incubated at
28°C for 3 days and the colony-forming units counted.>*
Reproductive ability was expressed as percentage of total
amount of cells plating on YPD agar.

Enzymatic Activity Measurements

The parameters were measured spectrophotometrically with a
Spekol 211 spectrophotometer (Carl Zeiss, Germany) and
C®d-46 (JIOMO, USSR).

The activity of GR and G6PDH was measured by following
the consumption or production of nicotinamide adenine dinu-
cleotide phosphate reduced form (NADPH), respectively, at
340 nm. The extinction coefficient for the coenzyme of
6.22 mmol/L™"-cm ™" was used for calculations.>

The activity of GLO1 was measured by following the for-
mation of S-D-lactoylglutathione at 240 nm. The extinction
coefficient for S-D-lactoylglutathione of 3.1 mmol/L™'-cm ™!
was used for calculations.>

One unit of the activity of the enzymes was defined as the
amount of supernatant protein that produces or utilizes 1 pmol
of product or substrate per minute. The activities were mea-
sured at 25°C and expressed per milligram of soluble protein in
supernatant.

Protein Concentration Measurement
and Statistical Analysis

Protein concentration was determined by the Coomassie bril-
liant blue G-250 dye-binding method*® with bovine serum
albumin as the standard. Experimental data are expressed as
the mean value of 3 to 7 independent experiments + the stan-
dard error of the mean, and statistical testing was carried out
used Student 7 test.

Results

Hormetic Effect of H,0, Depends on TOR
and Type of Carbohydrate in Yeast Growth Medium

According to the data on the vital effect of reducing monosac-
charides, glucose and fructose have various influences on cell
survival under stress conditions.'>*’**! Recently, we have
found that glucose- and fructose-supplemented growth differ-
ently affected S. cerevisiae YPH250 survival under oxidative
stress: after treatment with low concentrations of H,O,,
fructose-grown yeast in the exponential phase demonstrated
higher reproductive ability compared to glucose-grown yeast.'°
In the present study, we used S. cerevisiae JK9-3da and its TOR
mutants grown to early stationary phase on glucose or fructose
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Figure 1. Effect of hydrogen peroxide on reproductive ability of Saccharomyces cerevisiae JK9-3da wild type (A) and its mutants defective in target of
rapamycin (TOR): TORI (B), TOR 2 (C), and TORI TOR2 (D). Results are shown as the mean + standard error of the mean (SEM; n = 4-8).

in order to study the potential role of TOR in yeast resistance
to H202.

Figure 1 demonstrates the influence of different concentra-
tions of H,O, on the yeast reproductive ability. The biphasic
dose-response dependence, characterized by low-
concentration stimulation and high-concentration inhibition
of yeast colony growth, has been observed in all cases, except
fructose-grown TORI and TOR2 single mutants. As seen in
Figure 1A, both the studied wild-type cell groups (glucose- and
fructose-grown) demonstrated the peak hormetic response at
25 mmol/L and 50 mmol/L H,0,, respectively. At the hormetic
concentrations of H,0O,, yeast grown in glucose- and fructose-
containing medium showed about 155% and 130% of the initial
reproductive ability, respectively. However, at the highest
H,0, concentration used (100 mmol/L), both the studied
wild-type cell groups demonstrated significantly lower colony
growth as compared with control (without H,O,) cells (54%
and 33% of the initial reproductive ability of glucose- and
fructose-grown yeast, respectively).

Figure 1B and C presents the reproductive ability of the
TOR1 and TOR?2 single knockouts under the same experimental
conditions as for the wild type (Figure 1A). For both single
mutants, the peak hormetic response was seen after stress
induction by 2.5 mmol/L H,O, in the case of glucose-
supplemented yeast cultivation (122% and 136% of the control
reproductive ability for the TORI and TOR?2 single knockouts,
respectively). In fructose-grown TORI or TOR2 mutant cells,

H,0, did not demonstrate a hormetic effect at any concentra-
tion used; moreover, 2.5 mmol/L H,O, decreased the repro-
ductive ability of the yeast by 20% compared to the untreated
control cells. Independent of the type of monosaccharide in the
growth medium, both single mutants demonstrated the lowest
reproductive ability at the highest HO, concentration used
(100 mmol/L), but fructose- compared to glucose-grown single
mutants showed higher colony growth (~30% and ~2% of the
initial reproductive ability, respectively).

Exposure of the TORI TOR2 double mutant to H,O,
resulted in virtually the same patterns of reproduction in both
the studied cell groups (glucose- and fructose-grown; Figure
1D). The parameter increased significantly and reached a max-
imum value (130% of the control reproductive ability) in the
presence of 5 mmol/L H,0O,. At the higher H,O, concentrations
used, reproductive ability of the double mutant decreased by
50% compared to the control untreated cells. Thus, in S. cere-
visiae H,O, can induce monosaccharide- and TOR-dependent
hormetic dose—response.

Glutathione Reductase is Involved
in Hormetic Effect of H,0,

Next we examined the potential role of GR, G6PDH, and
GLO!1 in H,0;,-induced hormesis using glucose- and
fructose-grown S. cerevisiae JK9-3da and its TOR mutants. The
enzymes are important in the metabolism of carbohydrates and
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Figure 2. The activity of glutathione reductase in wild-type and target of rapamycin (TOR)-deficient Saccharomyces cerevisiae incubated with
hydrogen peroxide. Results are shown as the mean + standard error of the mean ( SEM; n = 3-6). Significantly different from respective values
“Yor wild type with P < .05, Sfor cells growing on glucose with P < .05, and %for corresponding control (without hydrogen peroxide [H,0,]) cells

growing on respective monosaccharide with P < .05.

H,0,'3:?7:28:4243. powever, little is known about their role in
hormesis and functional relationship between TOR and these
enzymes. The activity of GR as well as the other 2 enzymes
was measured in the 4 strains under control conditions (without
H>0,) and after treatment with H,O,. The data are shown in
Figure 2.

In general, the activity of GR was not changed or somewhat
decreased during incubation of the yeast strains with as little as
1 mmol/L H,O, compared to the control untreated cells. At the
same time, the hormetic concentrations of H,O, (25 mmol/L
and 50 mmol/L H,O, for glucose- and fructose-grown wild
type, respectively) increased GR activity by about 1.4-fold in
the parental strain. Hormetic concentration of H,O, for
glucose-grown cells lacking TOR! or TOR2 (2.5 mmol/L
H,0,) in most cases did not change significantly the parameter
in the 2 single mutants grown on neither glucose nor fructose.
However, in fructose-grown TORI single mutant H,O, caused
the decline in GR activity by about 2-fold. In the double
mutant, GR activity was not changed in both the studied cell
groups (glucose- and fructose-grown) after their exposure to
the hormetic concentration of H,O, (5 mmol/L H,0,).

When compared the activities of GR in the parental and
mutant strains, it should be noted that under control conditions
the parameter was higher by 1.3-fold in the TOR1 single knock-
out than the wild type in both the studied cell groups (glucose-
and fructose-grown). After exposure to H,O,, the activity in the
TOR1 single mutant remained higher than in the parental strain
grown in glucose-supplemented medium, whereas fructose-
grown TORI single mutant demonstrated GR activity lower
than that in the wild type. At the same time, glucose-grown
TOR?2 single and TORI TOR2 double mutants in most cases
demonstrated GR activity lower than wild-type strain.

Fructose-grown TOR? single mutant, the TOR! TOR2 double
knockout, and wild type did not differ significantly from each
other in their GR activities, except the TOR2 mutant cells
treated with the hormetic concentration of H,O,.

Comparing the 2 studied cell types (glucose- and fructose-
grown), no significant difference was found between them
under control conditions (without H,O,) and at 1 mmol/L
H,0, in all cases, except the TORI mutant (1.7-fold higher
in glucose-grown cells). At the respective hormetic concentra-
tions of H,0,, GR activity was higher by 1.2- to 1.8-fold in
glucose- than fructose-grown wild-type, TORI and TOR2
mutant strains.

Interestingly, H,O, affected both the yeast colony growth
(Figure 1) and the GR activity (Figure 2) in a similar way under
all experimental conditions used in this study that suggested the
involvement of GR in hormetic effect of H,O,.

Mutation in Either TORI or TOR2 Genes Causes
Decline in the Activity of Glucose-6-Phosphate
Dehydrogenase

Like GR, G6PDH is involved in the stabilization of the pool of
reduced glutathione, important antioxidant and antiglycation
agent in the cell.>®*? Under stress conditions, GR and G6PDH
were found to demonstrate a strong relationship,*>** however
in the present study the enzymes showed different behaviors in
the yeast treated with H,O, (Figures 2 and 3). Unlike GR, the
activity of G6PDH was not affected by H,O, in neither
wild type nor TORI single knockout (both glucose- and
fructose-grown). In the TOR2 single mutant, H,O, at the 2
concentrations used increased G6PDH activity by 1.5-fold in
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Figure 3. The activity of glucose-6-phosphate in wild type and target of rapamycin (TOR)-deficient Saccharomyces cerevisiae incubated with
hydrogen peroxide. Results are shown as the mean + standard error of the mean (SEM; n = 3-7). Significantly different from respective values
“Yor wild type with P < .05, Sfor cells growing on glucose with P < .05, and %for corresponding control (without hydrogen peroxide [H,0,]) cells

growing on respective monosaccharide with P < .05.

glucose-supplemented medium, whereas did not affect the
parameter in fructose-grown TOR2 mutant cells. The activity
of G6PDH was slightly decreased in the TORI TOR2 double
mutant after incubation with the 2 concentrations of H,O,
(1 mmol/L and 5 mmol/L H,0,), independent of the type of
carbohydrate in the growth medium.

Comparison of G6PDH activities in the parental and mutant
strains clearly indicated that the parental strain had the highest
value, while both the single knockouts had the lowest values
(3-4-fold lower than wild type), independent of the experimen-
tal conditions. The double knockout and wild type did not
differ significantly from each other in their G6PDH activities
under control conditions, however the TORI TOR2 mutant had
somewhat lower activity of G6PDH than that in the wild type
after treatment with 5 mmol/L H,0,.

When compared the 2 studied cell groups (glucose- and
fructose-grown), no significant difference was observed
between them in all strains and under all experimental condi-
tions used in this study.

Mutation in Either TORI or TOR2 Genes Activates
Glyoxalase |

Glyoxalase 1 is functionally associated with GR and G6PDH
via reduced glutathione, since the latter is used by GLOI to
detoxify the reactive carbonyl metabolites produced during
carbohydrate metabolism.?”*® Figure 4 shows that H,O, did
not change GLOI1 activity under any experimental conditions
used in all strains studied, except the TOR2 mutant where the
parameter was overall decreased by 1.3- to 2.3-fold in H,O,-
treated cells compared to the respective controls.

Unlike G6PDH, GLO1 activity in the parental strain demon-
strated the lowest value, while both the single knockouts had

the highest parameters (2- to 11-fold higher than that in the
wild type), independent of the experimental conditions. Like
G6PDH, GLOL1 activities did not differ significantly in both the
wild type and the double knockout of all experimental groups
of cells.

Comparing the 2 studied cell groups (glucose- and fructose-
grown), no significant difference was observed between them
in the parental and double mutant strains, independent of H,O,
concentrations used. At the same time, both the single mutants
demonstrated GLO1 activity higher by 1.6- to 3.2-fold in glu-
cose- than fructose-supplemented medium at all H,O, concen-
trations used.

Discussion

Recent studies strongly support the notion that H,O, plays a
dual role in biological systems.®2!'*>%¢ Its effects can be con-
sidered as either beneficial or harmful, because at high concen-
trations H,O, causes a stress, when oxidative damage to cell
structures occurs, whereas at low concentrations it is a part of
many cellular signaling systems. At low concentrations, H,O,
also plays a crucial role in the induction of hormesis.®”-*"*’
The potential effect of H,O, depends not only on its concen-
tration but also on the physiological state of the cell. Using the
model organism S. cerevisiae, we have recently shown that
fructose-grown yeast exposed to low concentrations of H,O,
demonstrated higher reproductive ability than glucose-grown
cells.'®

The experiment mentioned earlier has been conducted with
an exponential culture of S. cerevisiae YPH250, whereas in this
study, we used S. cerevisiae JK9-3da and its derivatives TOR
mutants grown to early stationary phase. Although different
strains may have various sensitivities to oxidants, and
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stationary culture is more resistant to stress than exponential
one,*>*® the present study is consistent with the previous
work'? and extends it with the first report on the monosacchar-
ide- and TOR-dependent H,O,-induced hormetic response.

The findings of the present study demonstrate that both the
cell types studied (glucose- and fructose-grown) respond dif-
ferently to exogenous H,0, (Figure 1A). Although in both
cases we observe typical biphasic concentration—response
curve, exhibiting a hormetic effect of H,O,, H,O, triggers the
hormetic response in the 2 cell groups at different concentra-
tions. While the reproductive ability of cells grown on glucose
reached a maximum value after yeast incubation with
25 mmol/L H,0,, in fructose-grown cells the peak hormetic
response shifted to a higher concentration of 50 mmol/L H,0,.
This is consistent with our previous suggestion on the ability of
fructose to induce a mild carbonyl/oxidative stress stimulating
cellular defensive mechanisms responsible for cell survival
under more severe stress.'®*! The last mechanism can be pos-
ited from the in vitro and in vivo studies reporting that fructose
is a more potent glycoxidation agent, than glucose, and
therefore capable of producing greater amounts of reactive
species.!'™*

The oxidative stress response in S. cerevisiae has been ana-
lyzed in detail at the transcriptome, posttranscriptome, pro-
teome, and postproteome levels. HO, induces the yeast
stimulon of at least 115 genes and suppresses another 52
genes.”® Cellular functions affected by H,0, are quite differ-
ent: from enzymes involved in the carbohydrate metabolism to
heat shock proteins and proteases.?®*° The antioxidant
enzymes induced by H,O, in S. cerevisiae at the transcription
and translation levels are Cu, Zn-, and Mn-containing super-
oxide dismutases; cytosolic catalase T; cytochrome ¢

peroxidase; GR; G6PDH; and so on.”®*->! Antiglycation
GLOI1 enzyme has not been found among the members of
H,0, regulon in S. cerevisiae; moreover, inhibition of GLO1
by exogenous and endogenous H,0, has been reported in sev-
eral experimental models.”*>?

An increasing number of studies have reported a lack of
correlation between gene expression at different levels of cel-
lular organization.’®>'**¢ The weak elevation in antioxidant
enzyme activities in yeast treated with sublethal concentrations
of H,0,'***%57 did not correspond to reported earlier high
level of synthesis of the respective enzyme molecules.*®>®
Exposure of microorganisms to low hormetic concentrations
of H,0, leads to the acquisition of cellular resistance to a
subsequent lethal stress.”®>® We may suppose a rapid reorga-
nization of gene expression and accumulation of nonactive
synthesized de novo stress-protectant molecules in yeast cells
exposed to low hormetic doses of H,O,, since a sudden
increase in the antioxidant activities could dramatically disturb
the intracellular redox homeostasis leading to other kinds of
stress, for instance reductive stress.** Nevertheless, such accu-
mulation provides the cells with the capability to respond
quickly and survive consequent lethal challenge via rapid post-
translational activation of synthesized de novo nonactive
proteins.

Manipulation of the reproductive potential through
hormesis-stimulating compounds, such as H,O,, appears to
be an effective approach to improve yeast survival and cross-
adaptation to different stresses.”® As one of the main signaling
mechanisms, the TOR pathway by regulating cell growth and
metabolism is involved in cellular response to many types of
stress.®!72% In spite of the apparent and sometimes hotly
debated contradictions between the hormesis and TOR
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theories, both are applied to explain some common mechan-
isms of aging as well as stress resistance.”'** Our study demon-
strates the involvement of the Torl and Tor2 proteins in the
hormetic effect of H,O, (Figure 1). The mutations in either
TORI (Figure 1B) or TOR?2 (Figure 1C) genes make yeast more
susceptible to H,O, that is reflected by the shift of the peak of
the hormetic curve to a lower H,O, concentration (glucose-
grown cells) or even the disappearance of the peak (fructose-
grown cells). Fructose- compared to glucose-cultivated single
knockouts, like the parental strain, are more resistant to high
concentrations of H,O, that corresponds well to the previous
data on the protective role of fructose against exogenous
stress.'®!#37-4! Similar behavior of the single mutants under
the same experimental conditions (Figure 1B and C) can be
explained by the fact that TOR1 and TOR2 share common
functions and therefore can compensate in some way the loss
of each other.!*-6061

Since for the double mutant (Figure 1D) the peak hormetic
response is found in the both studied cell groups (glucose- and
fructose-grown) at somewhat higher concentration (5 mmol/L
H,0,) than for the respective single mutants (2.5 mmol/L
H,0,), a simultaneous loss of both TOR1 and TOR2 genes can
be suggested to activate some additional compensatory
mechanism(s). One obvious candidate for compensation for the
inactivation of TOR signaling is the protein kinase Sch9p that
has been found to act downstream or in parallel with the TOR
pathway.®"%? Previous data suggest that having TOR-
dependent and -independent roles in the general stress response
Sch9 is essential for yeast adaptation to stress conditions when
TOR is inactive.*%> When active, TOR as well as Sch9 inhi-
bits the Rim15p kinase that is found to activate its downstream
target Msn2/4p, which in turn induces expression of common
effectors of stress tolerance.!” Besides TOR and Sch9, the
activity of Rim15p can be controlled by at least such highly
conserved pathways as RAS and PKA.'”** The pathways men-
tioned earlier can be involved as compensatory mechanisms for
each other deficiency.

General mechanisms of yeast adaptation to stress and hor-
metic response to HO, can be suggested to involve enzymes
such as GR, G6PDH, and GLO1. Glutathione reductase plays a
crucial role in maintaining the proper range of such important
low-weight antioxidant agents as reduced glutathione. The
thiol group of reduced glutathione can directly or in concert
with other antioxidants reduce and detoxify reactive oxygen
species.”®%> Glucose-6-phosphate dehydrogenase produces the
reduced equivalents NADPH, which are used by GR to reduce
oxidized glutathione, and therefore G6PDH also plays a signif-
icant role in cell protection against HO, as well as other reac-
tive species. Besides its antioxidant role, reduced glutathione is
an important part of antiglycation system that eliminates reac-
tive carbonyl metabolites, which continuously produced during
metabolism of carbohydrates.'**”** Especially, utilization of
fructose can lead to high generation of reactive metabo-
lites."""'*!* For instance, reduced glutathione is consumed in
the reaction catalyzed by GLO1, the fundamental function of
which is the metabolism of reactive carbonyl species to less

1800 1 glucose
1600
1400 - . R? =0,9088
1200

1000 4

GLO1 activity, mU/mg protein

0 Ll Ll L) L]
0 S0 100 150

G6PDH activity, mU/mg protein

900 =
fructose
800 - .
798 . R?=0,7335
600 A
500 A
400 -
300 4

200 1

GLO1 activity, mU/mg protein

100 4

0 T T ]
0 S0 100

G6PDH activity, mU/mg protein

Figure 6. Correlation analysis of data obtained with wild type and
target of rapamycin (TOR)-deficient Saccharomyces cerevisiae strains
treated with different hydrogen peroxide (H,O;) concentrations:
correlating between glucose-6-phosphate dehydrogenase and glyoxalase
| activity.

reactive products.?’® In general, the enzymes mentioned pre-
viously are important in the metabolism of carbohydrates as
well as H,0,,'3?74%* however little is known about their role
in hormetic response as well as functional connection
with TOR.

Since GR is a member of H,0, stimulon in S. cerevi-
siae,”*>*>1 it is not surprising that the hormetic concentrations
of H,0O, increase the enzyme activity (Figure 2). Interestingly,
the GR activation accompanies the hormetic increase in the
yeast reproductive ability (Figure 1). In all experimental cell
types, including fructose-grown TORI and TOR?2 single
mutants (no H,O,-induced hormesis), a strong positive correla-
tion between GR activity and reproductive ability is found
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Figure 7. Relationship between hydrogen peroxide (H,O,)-induced hormetic response in Saccharomyces cerevisiae, target of rapamycin (TOR)
proteins, and enzymes involved in detoxification of either exogenous or produced during carbohydrate metabolism reactive species. G6PDH
indicates glucose-6-phosphate dehydrogenase; GLOI, glyoxalase |; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized
glutathione; RCS, reactive carbonyl species; ROS, reactive oxygen species.

(Figure 5). These data suggest an important role of GR in the
overall H,O,-induced stress response and hormetic response in
yeast.

Activity of G6PDH, another member of H,O,-stimulon in S.
cerevisiae,**>*>" usually tightly correlates with GR activity
under stress conditions.*>** However, in the present study, the
enzymes show different behaviors. Unlike GR (Figure 2), the
activity of G6PDH was not affected by H,O, (Figure 3).
One more interesting fact can be observed when compared the
activities of G6PDH in the strains used in this study—the TOR
and TOR?2 single knockouts have G6PDH activity significantly
lower than that in the parental strain, independent of the experi-
mental conditions used. Our current data on the reduced activ-
ity of G6PDH in the cells lacking either TOR! or TOR2 genes
correspond well to recent studies reported suppressed Gopd
gene induction as a result of TOR inhibition in mammalian
cells.**¢7 Using a combination of genomic, metabolomic, and
bioinformatic analysis, Diivel and coworkers found that mam-
malian target of rapamycin (mTOR) activation stimulated a
gene network controlling specific metabolic pathways such
as lipid biosynthesis, glycolysis, and pentose phosphate path-
way, whereas rapamycin treatment decreased the expression
levels of these genes.®® The mTOR signaling has been shown
to regulate the pentose phosphate pathway by controlling the
expression of the G6pd gene as well as the posttranscriptional
levels of G6PDH.®%” The authors have demonstrated that cell
treatment with rapamycin stimulated 75 genes (mTORCI1

repressed) and inhibited 130 other genes (mTORCI1 induced).
It was recently found that rapamycin and other TOR inhibitors
changed the level of 24 metabolites in S. cerevisiae.®® Meta-
bolic intermediates involved in the pentose phosphate pathway
were strongly downregulated in response to TOR2 inhibition
by rapamycin. Since the activity of GO6PDH in the TORI TOR?2
double mutant does not differ from that in the wild type (Figure
3), it is likely that some compensatory mechanisms help to
correct GOPDH activity and compensate for simultaneous loss
of both TORI and TOR?2 genes in the double knockout.

In spite of the functional relationship between GR, G6PDH,
and GLOI, the last one demonstrates a pattern of the activity
(Figure 4) quite different from GR (Figure 2) and G6PDH
(Figure 3). Moreover, when GLO1 activity was plotted against
the activity of G6PDH, a strong negative correlation between
the parameters can be seen (Figure 6). Unlike G6PDH, GLO1
activity in both TOR1 and TOR? single knockouts was signif-
icantly higher than that in the parental strain and the double
knockout. From the previous studies, it is known that glucose
and other nutrients activate Sch9-, Ras-, PKA-, and TOR-
dependent pathways that, in turn, inhibit the protein kinase
Rim15 and prevent Rim15-dependent induction of many
important genes, including those involved in the carbohydrate
metabolism.'”%%"° Earlier it was also shown that the basal level
of GLO1 messenger RNA was about 3-fold lower in Arimi5
mutant cells.”' Therefore, it can be suggested that in the wild-
type cells, active TOR suppresses Rim15-dependent activity of



10

Dose-Response: An International Journal

GLO1, whereas loss and inhibition of TOR1 or TOR2 lead to
GLOL1 activation. However, it is not case when both TORI and
TOR?2 are depleted simultaneously.

In summary (Figure 7), several interesting conclusions can
be drawn: (1) H,O,-induced hormetic response in S. cerevisiae
depends on the type of carbohydrate in the growth medium;
(2) H,0, induces hormesis in a TOR-dependent manner;
(3) concentration-dependent effect of H,O, on yeast colony
growth positively correlates with GR activity that suggests the
enzyme involvement in overall H,O,-induced stress response
and hormetic response in yeast; and (4) TOR1 and TOR2 are
involved in the positive regulation of G6PDH and the negative
regulation of GLOI.
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