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Aim. To investigate the influence of carbonyl/oxidative stress induced by glyoxal, methylglyoxal and hydrogen
peroxide on the survival of Saccharomyces cerevisiae, defective for different parts of TOR- signaling pathway,
grown on glucose or fructose. Methods. The assessment of number of colony-forming units to determine the yeast
reproductive ability. Results. It was shown that at certain concentrations the mentioned above toxicants caused
an increase in yeast survival, indicating the hormetic effect. Conclusions. The TOR signaling pathway is invol-
ved in the hormetic effect, but it is specific for each strain and depends on the type of carbohydrate in the incuba-

tion medium.
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Introduction. The lack of nutrients and/or energy in the
cell alternating with periods of their sufficient amount
makes the cell to switch the stages of anabolism and ca-
tabolism [1]. TOR-pathway (target of rapamycin) is an
important mechanism to respond to these needs. For the
first time, this pathway has been described as a target of
rapamycin, which is produced by bacteria Streptomy-
ces hygroscopicus. Investigation of the S. cerevisae ra-
pamycine-resistant mutants has clarified the mechanism
of the antibiotic effects 2. It should be noted that the ba-
ker's yeast S. cerevisae is an effective model system to
study a variety of molecular mechanisms, because many
of them are similar to those in higher eukaryotes [3—6].
In the early 1990s, using genetic screening the TOR1
and TOR?2 proteins in baker's yeast were identified as
the mediators of the rapamycin toxic effects in the yeast
[7, 8]. TOR is a conservative atypical serine/threonine
kinase that «senses» different internal and external sig-
nals regulating cell growth, protein biosynthesis and
metabolism. TOR kinase can exist as two complexes:
the rapamycin-sensitive TORC1 and rapamycin-resis-
tant TORC2 [9, 10]. Furthermore, the complexes are
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controlled by different regulatory molecules and affect
the variety of anabolic and catabolic processes [11].
The identification of TOR as an integral component of
the signaling pathway PI3/AKT, suppressed at carcino-
genesis, and cross-action between the tumor-suppres-
sor p53-cascade and TOR, suggest a unique role of the
TOR complex in processes of cell growth. In fact, there
are various aspects of regulation of TOR kinase. One of
them may be interaction between the kinase and the
major signaling cascades of a cell, that allows its use as
a target in treatments of cancer, diabetes, and obesity
[12—14]. Although the TOR function is not well under-
stood, it is known that it is a central component of the
complex signaling system which regulates the size of
cell, its proliferation and the size of a whole organism
[14]. The connection between TOR-pathway and meta-
bolism of some proteins and other biomolecules has
been well studied [15, 16], whereas the interplay between
TOR signaling cascade and carbohydrate metabolism
is not clarified.

The inhibition or deletion of TOR signaling path-
way extends chronological and replicative lifespan of
yeast [17—19]. It is shown that the influence of TOR on
yeast lifespan is intracellular: blocking TORI1 leads to
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the increased mitochondrial respiration during the loga-
rithmic growth phase and simultaneously increases the
generation of reactive oxygen species. It is also known
that TOR takes part in the growth of yeast cells under
stress conditions, since it regulates the transcriptional
factor MSN2/4 [20, 21] which controls the gene expres-
sion in response to the environmental challenges, inclu-
ding heat shock and hydrogen peroxide exposure [22].
The cells lacking TOR1 are sensitive to osmotic stress,
oxidative stress, high external pH, and high or low tem-
perature [20].

There are several lines of evidence indicating that
genetic interference with TORCI or its translation ex-
tends life span. TORC1 inhibits the SKN-1 and DAF-16
expression and activity, at least partially by increasing
mRNA translation. TORC2 regulates the SKN-1 nuclear
occupancy in a nutrient-dependent manner. DAF-16 is
required for longevity that derives from inhibition of
TORCI1, but not TORC2. SKN-1 is essential for the
TORC1 or TORC?2 inhibition to extend life span. When
TORCI is inhibited, SKN-1 increases transcription of
the TORCI pathway genes in a feedback loop [23].

Why does TOR respond to the environmental stress?
One explanation is that TOR as a central controller of
cell growth may respond to several different types of
stress to ensure that growth occurs only when overall
conditions are favorable [20].

The phenomenon of hormesis as biphasic adaptive
response to low doses of stressors, including reactive
oxygen species, is widely known [24-26]. Hormesis ta-
kes part in the induction of cellular protection, and re-
cent studies suggest that these protective effects are ca-
pable of slow aging in model organisms [27]. Other pos-
sible way to increase lifespan of organisms is calorie
restriction, particularly restriction of carbohydrates,
which is considered to be the most replicable strategy
in the physiological aging slowdown and delay of the
age-related pathological changes [28].

Recently, it has been shown that the rate of aging
and reproductive ability of yeast [29, 30], as well as its
resistance to stress depend on the concentration and ty-
pe of monosaccharide in the cultivation medium [31].
Since the relationships between TOR-pathway and car-
bohydrates are not completely understood, the aim of
this work is to investigate the effect of carbonyl/oxi-
dative stress induced by glyoxal, methylglyoxal and
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hydrogen peroxide on the survival of yeast, defective in
different parts of TOR-signaling pathway and grown
on glucose or fructose.

Materials and methods. S. cerevisiae strains used
in the study were: wild type JK9-3da with the follow-
ing genotype MATa leu2—3,112 ura3—52 rmel trpl his4
GAL + SHI121 (JK9-3da, tor2::ADE2-3/YCplaclll:
:tor2-21ts) and SH221 (JK9-3da, torl::HIS3-3 tor2:
:ADE2-3/YCplaclll::tor2-21ts) kindly provided by
Professor Michael Hall (University of Basel, Switzer-
land). The strains are marked as follows: wt, Aforl, Ator2
and AtAoriAtor2. The JK9-3da were kept on YPD (yeast,
pepton, dextrose) rich cultivation medium, the other
three strains were kept on SD-Leu (synthetic dextrose
medium without leucine) to prevent loss of the plasmid
(YCplacl11) [32].

Chemicals used: yeast extract, peptone («Flukay,
Germany); glucose, fructose, glyoxal, methylglyoxal
(«Sigmay», USA). All other reagents were from local
suppliers (Ukraine) and were of analytical grade.

Yeast cells were grown at 28 °C with shaking at 175
rpm in a liquid medium YPD containing 1 % yeast ex-
tract, 2 % peptone, and 2 % glucose or fructose. Ali-
quots of experimental cultures were resuspended in the
medium with glyoxal, methylglyoxal or hydrogen pero-
xide at appropriate concentrations and incubated for 1 h
at 28 °C. Control cells were incubated in the same way
but without addition of toxicants. Reproductive ability
was analyzed after yeast treatment with the respective
reagent by plating in triplicate on YPD agar after pro-
per dilution.

The plates were incubated at 28 °C for one day and
the colony forming units (CFU) counted [33]. Repro-
ductive ability was expressed as percentage of total
amount of cells plating on YPD agar.

Results and discussion. The carbonyl/oxidative
stress is considered as a state resulting from the increa-
sing concentrations of reactive carbonyl compounds
and reactive oxygen species. They are harmful because
of their ability to participate in nonenzymatic processes
that are poorly controlled by cells. Such processes inclu-
de, first of all, free radical oxidation and nonenzymatic
glycation. The compounds like glyoxal, methylglyoxal,
and hydrogen peroxide cause carbonyl and oxidative
stress on the one hand, and on the other, they are the con-
sequence of the mentioned above stresses [34—37]. The
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activity of antioxidant enzymes increased in response to
the stressor effects. It is known that the TOR signaling
pathway may regulate stress resistance in yeast [38].

Fig. 1, 4, shows the survival of parental strain cells
(wf), incubated in a medium with glucose (left) or fruc-
tose (right) for 1 h under stress conditions. As can be
seen, the survival of yeast in most cases decreased as
compared to the control after cell incubation with all
toxicants used in this study. It should be mentioned that
the type of carbohydrate in the incubation medium also
affects the survival of yeast cells, since after the treat-
ment with glyoxal, methylglyoxal and hydrogen peroxi-
de the cells grown on fructose showed higher viability
than the glucose-grown cells. A similar effect was also
observed in the Ator ! strain (Fig. 1, B) — under the stress
conditions the fructose-grown cells (Fig. 1, B, right) sur-
vived better than yeast grown on glucose (Fig. 1, B, left).
In the case of the Ator2 mutant (Fig. 1, C), no significant
differences between yeast incubated with glucose and
fructose were observed. However, the survival of yeast
reduced after the incubation with glyoxal and methyl-
glyoxal as compared to the control, whereas the incuba-
tion with hydrogen peroxide led to the opposite effect.
This can be explained by the fact that hydrogen peroxi-
de is less harmful than glyoxal or methylglyoxal at the
concentrations used. In the case of the Ator1Ator2 doub-
le mutant (Fig. 1, D), we observed completely contrary
situation: the cells grown on glucose (left) survived bet-
ter than those grown on fructose (right). We suppose that
this peculiarity can be explained by some compensatory
mechanism in the AtorlAtor2 strain. For example, it is
known that proteinkinases Snflp/AMP, Sch9, PKA,
MAP similarly to the TOR are nutrient sensors, and per-
haps they promote better survival of cells grown in a
medium with glucose [39].

Thus, the parental strain demonstrated the highest
sensitivity to glyoxal, methylglyoxal and hydrogen pe-
roxide as compared with its derivatives. This is in accor-
dance with the previous data showing that the inhibi-
tion of TOR genes promotes better survival due to com-
pensatory mechanisms [39].

The determination of the number of colony-for-
ming unit is a widely used test for the reproductive abi-
lity in yeast [33]. Therefore, next we compared the sur-
vival of yeast strains defective in different parts of TOR-
signaling pathway under carbonyl/oxidative stress indu-

ced by different concentrations of hydrogen peroxide,
glyoxal and methylglyoxal.

H,0, is a small, uncharged molecule, therefore it can
easily penetrate through the cell membrane and react
with the cellular components, far away from the place
of its synthesis. Hydrogen peroxide is a rather stable
compound with not very high reactivity. However, an
increase in the H,O, intracellular concentration can be
dangerous for the cell due to the production of highly re-
active hydroxyl radical ‘OH in the presence of transi-
tion metal ions [40].

Fig. 2 demonstrates that low concentration of hydro-
gen peroxide has hormetic effect. The parental strain (wf)
incubated with 25 mM hydrogen peroxide in glu- cose
had the highest colony-forming ability (CFU), whereas
the wt cells grown in medium with fructose de-
monstrated this phenomenon at 50 mM hydrogen pero-
xide. It is in accordance with the recent data, which show-
ed that fructose defends the yeast against H,O,-induced
stress better than glucose [31]. It also worth mentioning
that S. cerevisiae JK9-3da (wt) is found to be more resis-
tant to hydrogen peroxide than S. cerevisiae YPH250.
For example, the S. cerevisiae YPH250 ability to form
colonies increased by 30 % after yeast treatment with
2.5 mM H,O, comparing to untreated control cells [24].

In the case of AtoriAtor2, the highest CFU was found
at 5 mM hydrogen peroxide regardless of the type of
carbohydrate in the medium. Simultaneously, there was
no clear hormetic effect in the single mutant strains
Atorl and Ator2 exposed to the same conditions. How-
ever, in the presence of glucose CFU gradually increa-
sed with increasing hydrogen peroxide concentration
up to 2.5 mM, after which the CFU number decreased.
The single mutants grown in the presence of fructose
showed a decrease in the CFU number with increasing
concentrations of hydrogen peroxide, and the hormetic
effect was not found. It should also be noted that the sur-
vival of yeast incubated in fructose was significantly
higher in parental strain (wf) and single mutants (Ator!
and Ator2) under the mentioned above conditions. Per-
haps such yeast resistance to the stressors can be related
to a higher intensity of oxidative processes in the pre-
sence of fructose, which stimulates the defensive me-
chanisms against stress [31, 34—35]. There were no sig-
nificant differences for the AtorlAtor2 cells incubated
with different carbohydrates.
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Delution

Glyoxal is highly reactive dialdehyde, which is ma-
inly formed in the cell as an intermediate of glycation
[34, 41]. Its formation is also associated with the gly-
oxylate metabolism [37, 42].

Now let us consider the survival of yeast S. cerevisi-
ae, defective in different parts of TOR-signaling path-
way, under conditions of the carbonyl/oxidative stress
induced by glyoxal (Fig. 3). A significant increase in
survival was observed for the strains wt and Ator2 ex-
posed to glyoxal at concentration of 5 mM in the pre-
sence of glucose. At the same time, there were no hor-
metic effects in the yeast cells incubated in the presence
of fructose, as well as in Aforl and AforlAtor2 incuba-
ted with any carbohydrate used. Additionally, CFU for
wt and Ator?2 strains was higher in the presence of fruc-
tose than of glucose. There was opposite situation un-

361

Fig. 1. The effect of glyoxal,
methylglyoxal and hydro-
gen peroxide (1 h stress) on
the survival of S. cerevisiae
parental strain (wf) (A4),
Atorl (B), Ator2 (C) and
AtorlAtor2 (D) grown in me-
dium with glucose (left) or
fructose (right): K — Cont-
rol; 7 — 800 mM glyoxal; 2 —
20 mM methylglyoxal; 3 —
50 mM H,0,. Cells dilutions
in yeast suspension are in-
dicated on the vertical

der conditions with 5 mM glyoxal: the survival in the
presence of glucose was significantly higher compared
to fructose-grown cells. This trend continued at most
concentrations of glyoxal used in wild strain and single
mutants. We did not find any similar trend in the double
mutant strain.

Methylglyoxal is a by-product of glycation, metabo-
lism of carbohydrates, ketone bodies, threonine catabo-
lism, efc. [37, 42, 43]. It is also known that methylgly-
oxal is formed as a result of nonenzymatic degradation
of phosphotriose — intermediates of glycolysis [36, 42,
43]. Formation of methylglyoxal in this case is due to
the elimination of phosphate with glyceraldehyde-3-
phosphate and dihydroxyacetone phosphate [37, 44].

Fig. 4 demonstrates the survival of S. cerevisiae
cells, defective in different parts of TOR-signaling path-
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Fig. 2. The effects of various con-
centrations of hydrogen peroxi-
de on the reproductive ability of
S. cerevisiae parental strain (wf)
and its derivatives (Aforl, Ator2,
and AtorlAtor2) grown on glu-
cose (/) or fructose (1) (M +m,n=
= 4-8). Significantly different
from the (*) respective glucose-
grown strain, (k) control (with-
out hydrogen peroxide), (#) pa-
rental strain with P <0.05

Fig. 3. The effects of various con-
centrations of glyoxal on the re-
productive ability of S. cerevi-
siae parental strain (w¢) and its de-
rivatives (Atorl, Ator2, and
AtorlAtor2) grown on glucose
(1) or fructose (II) (M + m, n =
= 3-6). Significantly different
from the (*) respective glucose-
grown strain, (k) control (with-
out glyoxal), (#) parental strain
with P <0.05

Fig. 4. The effects of various con-
centrations of methylglyoxal on
the reproductive ability of S. ce-
revisiae parental strain (wtf) and
its derivatives (Atorl, Ator2, and
AtorAtor2) grown on glucose (/)
or fructose (/) (M + m, n=3-7).
Significantly different from the
(*) respective glucose-grown
strain, (k) control (without me-
thylglyoxal), (#) parental strain
with P <0.05
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way, under methylglyoxal exposure. In the parental strain
(wt) the highest CFU was observed in the presence of
glucose and 0.5, 2, and 5 mM methylglyoxal, whereas
in the cells, grown on fructose, this phenomenon occur-
red at 1 and 5 mM methylglyoxal. In the AtoriAtor2,
hormetic effect occurred at 0.5 mM methylglyoxal in
the cells incubated with glucose, and in the Ator?2 it to-
ok place after incubation with 1 mM methylglyoxal on
the same carbohydrate. There was no hormetic effect in
another single mutant Afor! with any of the studied car-
bohydrates. Also, we found higher survival of mutant
cells grown in the presence of glucose than of those
grown with fructose in most cases.

Thus, comparing the influence of hydrogen peroxi-
de and glycation agents (glyoxal and methylglyoxal) on
the yeast grown on glucose or fructose one may suggest
that the toxicants demonstrate hormetic effects.

Moreover, the effect is specific for the strains and
depends on the type of carbohydrate in the incubation
medium. Hormetic effect was found in parental strain
(wt) at concentrations: 25 mM hydrogen peroxide (in-
creased by 55 % comparing to the control), 5 mM gly-
oxal (increased by 68 % comparing to the control) and
2 mM methylglyoxal (4.6-fold higher comparing to the
control) in glucose, whereas in the presence of fructose
the largest number of colonies was detected at 50 mM
hydrogen peroxide (increased by 28 % comparing to the
control) and 5 mM methylglyoxal (2.1-fold higher
comparing to the control). In the case of Ator/, the high-
est CFU was found at 2.5 mM of hydrogen peroxide
(increased by 22 % to the control) and 5 mM of glyoxal
(increased by 17 % comparing to the control) in the glu-
cose containing medium. In the Afor2 strain, hormetic
effects were revealed at 2.5 mM hydrogen peroxide (in-
creased by 50 % comparing to the control), 5 mM gly-
oxal (2.3-fold higher comparing to the control) and 1
mM methylglyoxal (increased by 48 % comparing to
the control) with glucose. The strain AzorAtor?2 incuba-
ted with 5 mM hydrogen peroxide (increased by 32 %
comparing to the control) and 0.5 mM methylglyoxal
(increased by 25 % comparing to the control) in glu-
cose had the highest CFU, whereas the cells, grown in
medium with fructose, demonstrated this phenomenon
only at 5 mM hydrogen peroxide (increased by 34 %
comparing to the control). The mutant strains are cha-
racterized by a higher proliferative activity, which may
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be explained by the involvement of important compen-
satory mechanisms, in particular, the kinases Snflp/
AMP, Sch9, PKA, MAP.
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YyTnusicts apixkiB Saccharomyces cerevisiae,
ne(eKTHHX 3a PISHEMH JiIIHKAMU CHrHaIbHOTo muisixy TOR,

110 KapOOHITBHOT0/OKCHIATHBHOTO CTPECy
b. B. Banimkesuu

Pesrome

Mema. J[ocnioumu 6niue KapbOHINIbHO20/0OKCUOAMUBHO20 CIPeECY, iH-
O0YKOBAHO20 2NIOKCANeM, MEeMUuieiiokcanem ma nepokcuooM 600HIO,
Ha BUNCUBAHHS wmamig S. cerevisiae, 0eheKmHUX 3a PisHUMU OLISH-
xamu TOR-cuenanbno2o wisxy, 3a ymos ixubo2o pocmy y cepeoosuuji
i3 enokozorw uu @pykmosor. Memoou. Oyinka penpooyKmueHoOi
30aMHOCMI MeMOOOM GUIHAYEHHS KIIbKOCMI KOJIOHIEYMEOPIOBAIbHUX
oounuys. Pesynemamu. Iloxasano, wjo y nesHux KoHyenmpayiax ois
BULYE3AZHAYCHUX ACEHMIE GUKIUKAE NIOGUWCHHS PIBHS BUINCUBAHHS.
Le ceiouums npo nasgnicme 2opmemuynoco egexmy. Bucnosku.
LInsix TOR 3anyuenuii 00 copmemuuno2o egexmy 6Cix UKOPUCTAHUX
MOKCUKAHMIB, NPOMe HASGHICIb OAH020 edhekmy € cneyudiunoio 0is
KOJICHO20 Wmamy ma 3a1edcums 6i0 muny 6yenegooy y cepeooguuyi
inkyoayii.

Kuwuosi cnosa: Saccharomyces cerevisiae, 2nokosa, ppykmo-
3a, cuenanvrull wasax TOR, kapOoninbHull/okcudamusnuil cmpec.

YyBCTBUTENBHOCTD APOXKIKEN Saccharomyces cerevisiae,
Ie(eKTHBIX 0 PAa3INYHbIM y4acTKaM CHrHainbHoTo mytd TOR,

K KapOOHHMJIbHOMY/OKHCIUTEIBHOMY CTpecCy

b. B. Banumkesuu

Pestome

Lens. Hccneoosams nusnue KapoOOHUIbHO20/OKUCIUMENILHO20 CMPeC-
ca, UHOYYUPOBANHO2O 2IUOKCATIEM, MEMUNCTUOKCANEM U NEPOKCUOOM
8000pooa, Ha svlcusanue wmammos Saccharomyces cerevisiae, Oe-
Gexmmuvix no paznvim yuacmxamu TOR-cuenanvnoeo nymu, 6 yciogu-
5X UX pocma 6 cpeoe ¢ 2noK030u i pykmo3sou. Memoowt. Oyenka
PenpoOyKmusHoll cCnocobHOCMU 8 pe3yibmame onpeodenenus Koaude-
cmea KonoHuu-oopasyowux eounuy. Pesynemamet. [loxkasano, umo
onpeoeneHHbIX KOHYEHMpayusax Oeucmeue bluleynoMsIHymolx d2eH-
MO8 Gbl3bIEAC NOBLIUECHUE YPOBHS BbIJCUBAHUA, UMO CBUOEMENbCM-
gyem o Haauduy 2opmemuyeckoco aghgpexma. Boteoowt. [lyms TOR 6o-
slIeueH 8 2opMemuyeckull dSQPpexm cex ucnoIb306aHHbIX MOKCUKAH-
mos, 0OHAKO Haauyue OanHo20 I¢hexma aesemcs cneyudhuieckum
OJ15L KAX®CO020 WMamma u 3a8ucum om muna y21e600d 8 cpeoe UHK)-
bayuu.

Knwouesvie cnosa: Saccharomyces cerevisiae, 2nokosa, pyk-
mosza, TOR-cueHanbHblll nymb, KApOOHULbHBIU/OKUCIUMELbHBLL
cmpecc.
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