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Selenium (Se) and its compounds have toxic and carcinogenic effect on animal and human beings, but in small concentra-
tions this microelement is essential for life. Therefore, it is important to establish the molecular basis of Se toxicity and cell
resistance to this element. Many investigations of this problem have been carried out on bacteria. Genetic approaches,
available for the yeasts, made these eukaryotic microorganisms, especially S. cerevisiae, a convenient model for the investi-
gation of molecular mechanisms of Se tolerance. This review summarizes the knowledge of genetic mechanisms involved in

Se tolerance in yeasts.
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Introduction. Selenium is a vitally important microelement
for most organisms — from bacteria and algae to mammals.
Though it was discovered by J.J. Bercelius in 1817, it was
recognized as an important microelement only in 1957,
and before the toxicity of this element was the main subject
of researches. The study of selenium role in biology, medi-
cine and veterinary may be a vivid example of tight connec-
tion of basic and applied science. Selenium is an element of
the 4" group of Mendeleev’s periodic system, therefore, it
reveals non-metallic as well as metallic properties. It com-
poses chemical compounds (inorganic and organic) analo-
gous to sulfur compounds, namely selenite (SeO,"),
selenate (Se0,"), selenides, selenomethionine,
selenocysteine, efc. The main source of selenium for hu-
mans and animals is the plants that assimilate this element
depending on its concentration, availability, forms of sele-
nium in the ground, and plant variety. The most stable
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forms of selenium in the ground are selenite and selenate.
The total amount of selenium in the ground has a broad
range from 0.000005 to 1.2 g/kg. Such a broad range results
in the negative consequences for organisms which are in
the areas of ultimate concentrations — suffering from the
lack of selenium as a microelement or from its excessive
amount. Meanwhile the range of selenium concentrations
from minimal requirements to lethal dose is very narrow.
Thus, minimum fodder level for animals is about 0.05-0.10
mg/kg of dry fodder, while 2-5 mg/kg is toxic already [1].
Admissible concentrations of selenium in food products
for a human are considered to be 0.1-1.0 mg/kg, and rec-
ommended selenium dose for preventive treatment is 5
mg/kg of human weight [2]. A narrow range between useful
and harmful levels complicates preventive treatment and
therapeutic usage of selenocompounds for humans and an-
imals, so further researches of sensitivity/resistance mech-
anisms of organisms to selenium compounds are worth
considering.
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Selenium and its compounds are used in electronic in-
dustry at production of copying equipment and
photoelements, and in building industry at production of
glass architecture blocks, coloring agents within plastic and
paints, so there is an urgent question of bioremediation of
environment polluted by selenium, using yeast and other
microorganisms in particular, which obviously should have
maximum resistance to the toxic action of selenium. The
problem of tolerance arises also while using such metal-
loid-containing poisons as fungicides and insecticides, be-
cause pests and parasites often show undesired high resis-
tance to metalloids which prohibits effective processing [3,
4].

Inorganic selenium can be assimilated by all kinds of
organisms though the effectiveness of compounds
bioutilization depends on their chemical nature and kind
of organisms. Thus, assimilation of selenate which is the
main source of selenium in the ground occurs in plants as
well as in yeasts through the pathway of sulfate reduction,
as corresponding enzymes do not discriminate sulfur and
selenium: selenate u adenosyl-phosphoselenate u
adenosine-3-phospho-5-phosphoselenate 4 selenite u
selenide u selenocysteine (SeCys) u selenomethionine
(SeMet). In Archea and Eubacteria (probably, not in all of
them) and in animals (invertebrate and vertebrate) sele-
nium can be included into polypeptide chains as so called
twenty first amino acid SeCys [5]. Thus, the synthesis of
these proteins which are usually called selenoproteins
should include selenospecific mechanisms which would
differentiate between selenium and sulfur. UGA is the
codon which provides SeCys binding, and which functions
as nonsense-codon in other conditions (at the end of a
gene). This way of selenocysteine inclusion is specific — Se
becomes the component of active centers of a number of
selenoproteins, for instance, bacterial formate
dehydrogenases, eukaryotic glutathione peroxidases and
thioredoxin reductases functioning as catalytically active
heteroatom. During several decades after the discovery of
selenium as an important microelement, more than 20
eukaryotic and 15 prokaryotic selenoproteins containing
twenty first amino acid selenocysteine were identified. The
majority of these proteins participate in redox-reactions
through selenocysteine which acts as an important compo-
nent of the catalytic cycle. They play an important role in
the metabolism of malignant tumors, in the control of cell
division, oxygen metabolism, detoxification processes,
apoptosis induction, immune system functioning etc.
Selenoproteins have not been discovered in yeasts and
higher plants [6, 7].

The second way of selenium incorporation in proteins
is not specific — it can substitute sulfur with the formation
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of free amino acids of selenocysteine and
selenomethionine which are included non-specifically
into proteins instead of cysteine and methionine, respec-
tively. Such proteins are not called selenoproteins. With
the usage of bacteria as model systems it was shown that the
effect of substituting methionine and cysteine for their se-
lenium derivatives depended on the number of substitu-
tions and their location in polypeptide — they can either in-
crease or decrease its function even to zero, or not influ-
ence it [8-10]. This way functions at all the levels of living
systems, in yeasts, in particular, irrespective of the pres-
ence of synthesis mechanisms of selenoproteins in them.

Due to its antioxidant properties selenium supplement
to the diet in certain concentration protects human organ-
ism from cardiovascular diseases, viral infections, rheuma-
toid arthritis, liver diseases and some forms of cancer. The
presence of selenium in fodder in optimum concentrations
results in decrease of tumors occurrence frequency in ex-
perimental animals. Many years of the research in the USA
on 1300 patients showed that consumption of selenium for
6 years in the amount of 200 mg per day in the form of
Se-enriched yeast biomass decreased total frequency of
malignant tumors by 50% [11]. Its deficiency in food prod-
ucts and fodder for animals results in a number of diseases
(in humans — Keshan syndrome (cardiomiopathy),
Kashin-Beck (chondronecrosis)) efc. Epidemiologic study
in the USA showed the correlation between low amount of
selenium in food products and increased frequency of
some kinds of tumors in humans [11].

Yeast as a model organism in the study of assimilation
and toxicity of selenium compounds. The role of selenium in
biology, medicine and veterinary is described more sub-
stantially in the reviews [1, 5, 6, 11, 12], where it mainly
goes about bacteria, plants and higher eukaryotes. The aim
of this review is to summarize the results of the study of se-
Ienium compounds influence on the yeast cells. These mi-
croorganisms are one of the most studied eukaryotic cells
which have a number of fundamental properties common
with the mammalian cells. This allows using them to study
metabolic processes which are not studied yet or enough in
lower, as well as in higher eukaryotes. In this review we
concentrated on the main concepts of physiology and bio-
chemistry of selenium in yeasts, mainly in Saccharomyces
cerevisiae, including selenium consumption and transport
as well as mechanisms of selenium toxicity and yeast toler-
ance to it.

As it was already stated, that selenium metabolism in
yeast does not include selenoproteins synthesis. Full se-
quencing of the yeast genome did not reveal intragenic opal
codons UGA, located in an open frame sequences with
AUG [5]. It should be noted that it concerns only
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Saccharomyces. Selenium metabolism in non-conven-
tional yeasts has not been studied until present, so it is pos-
sible that yeast selenoproteins would be revealed at further
study of numerous genera and species of these microorgan-
isms. Even recently, it was considered that plants do not
have selenoproteins either. This fact would mean that ei-
ther they lost the corresponding mechanism in the course
of evolution or insufficient amount of material was studied.
Evidently, the latter is true, as recently it has been proved
that in a representative of the vegetable kingdom
Chlamidomonas reinhardtii glutathione peroxidase con-
tains selenocysteine, the inclusion of which into
polypeptide occurs due to UGA codon [13].

The study of 404 yeast strains which belong to 40 gen-
era showed that their sensitivity/resistance to selenate var-
ies widely. The growth of some strains can be suppressed by
selenium even at the concentration of 0.1 mM, while some
others grow in the presence of 100 mM. Generally,
ascomycetes are more tolerant to selenium, than
basidiomycetic fungi. The chemical composition of the
media, in particular, the content of sulfate and sulfur-con-
taining amino acids, influences the sensitivity to this ele-
ment [14].

A considerable part of experimental works, dedicated
to the study of selenium influence on yeast, was performed
using selenate as its source. It was shown that this analogue
of sulfate influences the growth of S. cerevisiae depending
on its concentration. At the presence of 1-5 mM selenate in
a medium, the exponential growth of a culture slows down,
and its transition to the stationary phase occurs at a smaller
cells’ concentration. Life cycle of 60 % of cells treated with
selenate (5 mM) is stopped at the budding stage, though
the smaller part finishes their division with the separation
of doughter cells, which may testify the adaptation of a part
of the culture to the toxic action of selenite. Selenite has
also lethal action on cells of . cerevisiae depending on its
concentration in a medium. Evidently, a negative influ-
ence of selenite on the growth of yeast culture occurs
mainly due to suppression of mitosis as well as its lethal ac-
tion on cells [15]. Non-conventional flavinogenic yeast
Pichia guilliermondii is more sensitive to selenite than ..
cerevisiae — its growth in a synthetic medium is almost
completely blocked at its concentration of 0.5-1.0 mM
[16]. Mammalian cells are even more sensitive — selenite is
extremely toxic for them even in micromolar concentra-
tions [17]. Probably, one of the reasons of different sensi-
tivity of cells to selenite is their different capacity to
detoxicate it. The cells of Escherichia coli neutralize toxic
selenite by its reduction to elementary selenium (Se”) [18].
The process of reduction leads to the appearance of spe-

cific red color of culture and to the formation of H,0, and
O,’, which are considered [19] to cause the toxicity of sele-
nite in Salmonella typhimurium. The culture of S. cerevisiae

Table 1
Content (%) of inorganic and organic selenocompounds in the yeast bio-

mass (total selenium content — 1922 mg/kg of dry biomass) [28].

Compound %
Selenate Not detected
Selenite 1
Selenocystine 0.5
Selenocystathionine 1
Se-methylselenocysteine 0.5
?-Glutamyl-Se-methylcysteine 0.5
Selenomethionine 85
Se-adenosylselenohomocysteine 3
Selenolanthionine 1.5
Total selenium 93

also reddens during cultivation in a medium with selenite
because of the accumulation of red substance in vacuoles,
which, in the authors’ opinion [15], is elementary selenium
(Se®). It was shown that at cultivating yeast Candida
tropicalis in a medium with selenium (SeQ,) the granules of
free selenium accumulate in their vacuoles as well [20, 21].

The study of mutants, avoid of vacuoles as well as de-
fective in vacuolar H'-ATPase, also evidences an impor-
tant role of S. cerevisiae vacuole in selenium detoxication.
All three tested strains revealed an increased sensitivity to
the tellurite and chromate, because of oxyanions accumu-
lation in the cytosol. Evidently, their detoxification needs
intact vacuole which participates in metalloid
compartmentalization, as well as in regulation of cytosolic
detoxification processes, i.e. reduction. Vice versa, the mu-
tants accumulated less selenium and were more tolerant to
selenite than parent strain. According to the authors of [22]
this result shows that selenium accumulation occurs
mainly in vacuole and the activity of V-H -ATPase may be
involved in this process.

The collection of selenite-resistant (Sit) mutants of
the yeast P. guilliermondiiwas isolated, and the characteris-
tic feature of them, contrary to the parent strain, was quick
change of their biomass color from white to red during the
growth in a medium supplemented with comparatively low
concentrations of selenite [23]. The cells of the wild strain
can also change its color, but only to pink and only after
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long-term (>7 days) cultivation in the presence of
sublethal concentration of selenite. The previous charac-
terization of the selenite-induced stained substance iso-
lated from the mutant cells of P. guilliermondii evidences
the formation of a red form of Se” in them. These data indi-
rectly approve the existence of the reductive pathway of
selenite detoxification in yeast [23], but formation of ele-
mental Se° in the cells should be confirmed also by direct
chemical identification.

Selenium and sulfur have very similar physico-chemi-
cal properties, which allow consumption and assimilation
of selenium through the metabolic way for sulfur. Organic
compounds of selenium and selenium-containing amino

Table 2
Anticancerogenic efficiency of different selenium compounds for suppres-
sion of mammary tumors in rats [39]

Selenium dose (ppm) for

Component 50% suppression
Seleno-methyl-selenocysteine 2
Selenobethaine 2
Methyl ether of selenobethaine 2-3
Selenite 3
Selenomethionine 4-5
Selenocysteine 4-5

acids (bioselenium preparations) are considered to be the
most favorable sources of Se for humans and animals. At
corresponding conditions yeast can accumulate selenium
and include it into these compounds. At cultivating in a
medium with selenite at certain conditions about 60% of
organic selenium is located in structural compartments of
the yeast, namely, in the fraction of microsome mem-
branes, endoplasmic reticulum, Goldgi-vacuoles and
other organelles. Mitochondria also contain a considerable
amount of organic selenium. “Org-selenium” was found in
peptides, where selenium substitutes for sulfur, in lipid
fractions (membranous and non-membranous),
glycoprotein fractions of cellular walls and in structural
components of the yeast surface. There is still no definite
answer to the question, whether the efficacy of this compli-
cated biological system depends on the substitution of sul-
fur with selenium. Probably, as in the case of enzymes in
bacteria, the effect will depend on the amount and location
of substitutions.

As for quantitative ratio of different selenium com-
pounds in the biomass of “selenized” yeast, it depends on

the conditions of the yeast cultivation. It is possible to pro-
duce the baker’s yeast of a high quality enriched with sele-
nium at conditions providing a specific rate of its
assimilation near 40-50 mg-g"-hour". The content of un-
desired inorganic selenium in cells can be decreased to
5-6%, though the biomass yield will be 20% less [24, 25]. At
corresponding conditions (pH, t°, airation, selenium con-
tent in a medium, etc) the S. cerevisiae cells can accumu-
late selenium up to 1000-2000 mg/g of dry biomass, and
more than 80% of selenium can be in the form of SeMet
(Table 1). For the optimization of the yeast cultivation it is
profitable to use processes of continuous fermentation [26,
27].

SeMet is considered less toxic for organisms than inor-
ganic compounds of selenium [1]. However, this conclu-
sion seems to concern not all the kinds of organisms. Thus,
a comparative study of the influence of two selenium com-
pounds, organic (selenomethionine) and inorganic (sele-
nite), on the growth, viability and antioxidant status of .S.
cerevisiae cells showed that both forms of selenium at in-
creasing concentration in a medium decreased proportion-
ally the cells viability and their quantity in a culture, though
selenium content was increased in cells, and the effect of
selenomethionine was stronger [29].

Yeasts as the source of selenium for animals and humans
Selenized yeasts are more assimilated and therefore they
are a better source of selenium not only for humans but also
for animals. Therefore, to estimate the availability of dif-
ferent forms of selenium the male rats (4 weeks age, experi-
mental group) were fed for 4 weeks with fodder supple-
mented by selenium (0.04, 0.08, 0.16, and 0.32 mg/g) ei-
ther in the form of selenite or as enriched yeast biomass
(“SeY”). The control group was kept on non-selenium
diet. Selenium did not influence the growth and biochemi-
cal tests of blood and serum. Its content and the activity of
glutathione peroxidase in liver, serum, and erythrocytes in-
creased gradually according to selenium added. At low se-
lenium doses (0.04 and 0.08 mg/g), selenite provided a
greater content of selenium and a higher activity of
glutathione peroxidase when compared to SeY, though at
higher selenium level (0.32 mg/g) these values were greater
for SeY. It was shown that bioavailability of selenium as
SeY in comparison with selenite (100%) was higher in tis-
sues - 135-165 %, as well as for glutathione peroxidase ac-
tivity - 105-197 %, i.e. SeY is a better source of selenium for
rats than selenite [30].

The concentration of selenium in liver of pigs,
weighted about 24 kg, which were fed for 9 weeks with
selenized yeasts (0.3 mg selenium per kg) was considerably
higher than in the liver of those fed with the addition of sel-
enite (0.3 mg of selenium per kg) [31].
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The investigation of ability of selenite, selenate, and
SeY to increase the Se concentration in milk, serum and
blood of cows showed that the enrichment of fodder with
selenite and selenate had no significant influence on Se
amount in milk, and there was no difference between the
effects of these two selenium compounds. Instead, the ac-
tion of organic selenium (SeY) (comparing to inorganic se-
Ienium) was 2 or 3 times more effective in the increase of
selenium level in milk, blood, and serum [32-34].

Newborn lambs, the mothers of which were fed with
SeY, had a higher content of selenium and the activity of
glutathione peroxidase in blood, than those the mothers of
which were fed by selenite. The ewes fed with SeY had a
higher quantity of selenium in foremilk in comparison with
nourishing with selenite. Thus, selenium of SeY passed
easier into foremilk and foetuses of lambing ewes than in
form of selenite.

Though the need of humans and animals for selenium
is well-founded, still the question about its form for con-
sumption is under consideration. Preferably, the selenium
should be consumed in the form which is found in natural
products. As the natural products contain selenium mainly
as L-isomer of selenomethionine (SeMet), the synthetic
L-SeMet or food enriched by it can be used as additional
forms of selenium for humans. It is important not only for
adults but also for children. It is shown, for example, that
bioavailability of selenium in the form of SeY for prema-
ture infants is higher than other selenium compounds.
Children whose parents lived in the area of Hungary, defi-
cient in selenium, received 4.8 mg SeY (5 Mg of Se) every
day during first 14 days after birth. The authors did not
found any complications or side effects after giving chil-
dren the preparation of SeY [36, 37]. Still the question
arises which has no a grounded answer yet — how biologi-
cally active are other numerous compounds of selenium
(organic and inorganic)? Probably it is advantageous to use
not only SeMet, but also other selenium compounds for
different aethiologies. Selenium is known to reveal a num-
ber of antitumor effects but only some of them depend on
glutathione peroxidase, which protects DNA from the ac-
tions of mutagens, and on regulatory protein p53 (tumor
suppressor) which controls DNA reparation and the activ-
ity of which can be increased by SeMet as an
anticancerogenic factor in this case [38].

Itis still not known whether there are any other mecha-
nisms of selenium antitumor action. Evidently, they exist,
as it was shown in the experiments on higher eukaryotes
that selenocompounds can significantly differ by their
mode of influencing a cell [39-41]. For example, it was
shown that not selenomethionine and selenocysteine, but
other selenium compounds (inorganic selenite, in particu-

lar) can be more effective in preventing tumors in rats (Ta-
ble 2). It is worth mentioning that
selenomethylselenocysteine which was one of the effective
components in this experiment, as well as SeMet, is syn-
thesized by yeast cells and maybe it is possible to select
yeast strains, the biomass of which would be enriched with
this component and not SeMet (and, probably with both).

This problem is important also because there are data
about the presence of some factors (derivatives of selenium
metabolism?) in food and fodder, enriched by selenium,
which mediate selenium action in cancer aethiology (prob-
ably, in other aethiologies as well). There are antagonists of
selenium among them which suppress the antitumor ac-
tion not only of selenium but also of other antioxidants —
ascorbic acid, retinol, B-carotin, 6-tocopherol, that syner-
gistically interact as antitumor preparations [42].

Genotoxic and mutagenic potential of selenium. It is
known that selenium reveals two effects in the cells of
mammalian cells: in the nanomolar range it stimulates
cells growth, while micromolar concentrations are ex-
tremely toxic [17]. It also has a dual effect on yeast: at
ten-fold higher concentrations (in the micromolar range)
suppresses spontaneous mutagenesis, but becomes toxic,
genotoxic in particular, at milimolar concentrations. Sele-
nite in the concentration of 1-15 mmoles/plate suppressed
spontaneous mutagenesis completely in two independent
loci his1-7 (missense mutation) and Jys/- (amber muta-
tion) of S. cerevisiae [43]. The degree of suppression de-
pended on selenite concentration, strain and locus.
30-times higher selenite concentration was necessary to
suppress the frequency of spontaneous reversions in the
histidine locus, in comparison with the lysine locus. Both
loci reacted differently to two other inorganic selenium de-
rivatives. Spontaneous mutagenesis in the lysine locus was
suppressed completely by selenite in the concentration of 3
mmoles/plate while the histidine reversions were sup-
pressed only at 30 mmoles. Selenate suppressed reversions
in the lysine but not in the histidine locus. These results
show that exogenous additives (in this case selenium com-
pounds) can influence considerably genetically controlled
readiness of the organism to respond to mutagenesis and
they prove the complexity of such interactions. The mech-
anisms of suppressing the frequency of spontaneous muta-
tions by selenium in yeast are not known. Probably, the se-
Ienium compounds act as antioxidants, decreasing a pool
of mutagenic free radicals.

At higher concentration (1-10 mM) selenium acts as a
mutagen, revealing toxicity as well. In S. cerevisiae it in-
duces direct mutations in the CANI locus, which codes
arginine permease. The mutants can” are resistant to
canavanine and their registration can be easily performed
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in the medium with this toxic analogue of arginine. Their
frequency under the treatment of cells with a high concen-
tration of selenite (10 mM) increased 6 times and
amounted to about 80-10° [15]. The frequency of these di-
rect mutations was close to the frequency of back muta-
tions, induced by selenite [44].

In diploid strains of S. cerevisiae selenite, besides tox-
icity manifestation, revealed recombinogenic and
mutagenic effects: it induced gene conversion, mitotic
crossing-over, back mutations and appearance of aberrant
colonies [44]. Interestingly that selenomethionine, as well
as selenite, has mutagenic and antimutagenic effects in
haploid strains of S. cerevisiae — depending on the concen-
tration, and the latter is observed in both stationary and
logarithmic phases of the growth. The authors used hydro-
gen peroxide as a mutagen. The activity of catalase,
superoxide dismutase and glutathione peroxidase was
much higher in the presence of both selenium compounds
[45].

The mechanisms of selenite action as a mutagenic fac-
tor. As selenite influences negatively the growth of S.
cerevisiae by blocking mitosis, it was supposed [ 15] that this
action was caused by DNA damage, the reparation of
which demands prior delay in mitosis and which is known
to be controlled by the RAD9 gene. Indeed, a mutant rad9
was shown to be more sensitive to selenite than the wild
type strain. The conclusion was made that delay in mitosis
under the RADY control is necessary for the reparation of
DNA damage, induced by selenite. To understand the na-
ture of these damages, the sensitivity to selenite was deter-
mined for the mutants, defective in different ways of DNA
reparation. Taking into consideration a possible oxidizing
capacity of selenite, the sensitivity of strains defective in
the reparation of DNA oxidative damages (the reparation
by excision of bases) was first to study. None of the defec-
tive genes ogg I, ntgl, ntg2and apn I influenced resistance to
selenite considerably. Probably, the DNA damages caused
by selenite are not repaired by the products of wild type al-
leles of these genes.

Mutations in the genes RADS51and RAD52which code
for the components of reparation of the DNA dou-
ble-strand breaks did not increase significantly the sensitiv-
ity to selenite, which, then, does not cause such DNA
damage. A similar conclusion was made concerning RAD 1,
which participates in the DNA reparation by excision of
nucleotides. At last, it was revealed that only one of four
known ways of the DNA reparation participates in the
elimination of DNA damages, induced by selenite — the
one where DNA-polymerase x takes place [15]. Mutations
in the REV3 gene which codes for this enzyme, increased
considerably the sensitivity of cells to selenite. This repara-
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tion type is mutagenic, as the enzyme directs replication of
DNA on a damaged (probably by selenite) coding strand of
DNA during which a probability of inclusion into newly
synthesized strand of non-complementary nucleotide is
increased, which may be the cause of mutations in this site.
Asthe reparation of DNA, damaged by selenite, occurs not
by excision of bases but with the participation of the REV3
gene, the authors came to a conclusion that selenite gener-
ates in DNA not oxidized bases, but large adducts, which
can be avoided only by DNA-polymerase 3 [15].

It is not improbable that some of genotoxic selenite ef-
fects can be caused by hydrogen peroxide, which is pro-
duced due to the reaction of selenite with glutathione [19].
Selenite induces one-strand splits of DNA in the cells of
mammary tumors of mice [40].

Mutants resistant to selenate and chromate. The effec-
tive approach for revealing genes which determine sensi-
tivity/resistance of cells to some factors is the isolation of
mutant cells with a changed tolerance to these factors, the
genetic analysis of which in the combination with other
methods allows revealing specific reasons of their resis-
tance to the factors under study. In the work [46] the au-
thors used selenate and chromate as selective factors to ob-
tain cells, resistant to these toxic analogues of sulphur. It
was known [47], that the selection of strains, resistant to
chromate and selenate, mainly results in the isolation of
mutants, which are defective in the MET3 gene (which
codes for ATP-sulfurylase). To avoid this, the strain which
had additional copies of the MET3 gene on a multy-copies
plasmid, was used as the initial one. The cells of S.
cerevisiae, treated with ethylmethansulfonate, were plated
on synthetic medium which contained selenate (2 mM) or
chromate (0.1 mM) or both compounds simultaneously at
the same concentrations.

10 out of 39 selected resistant mutants were
methinine-independent (phenotype Met) and 29 —
methinine auxotrophes (Met’). The results of the comple-
mentary analysis showed that each of 24 Met -strains con-
tained one of already known alleles met 1, met4, meti14 or
met16. One of the strains contained two mutations — met22
(already known) and sul3 (allele of a new gene SULJ3). 4
other Met -strains contained mutant alleles of a new gene
MET28 which codes for an activator of transcription.

Four most resistant strains were selected out of 10
methionine-independent strains for further analysis and it
was shown that two of them carried one allele of new genes
SUL3or SUL2, and two others were double mutants: one —
genes SUL2 and SUL 1 (already known), and the other —
genes SULI and METI4. Mutations in gene SUL3 are
dominant. It is noteworthy that there was no relationship
found between the quantity and the classes of above men-
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tioned mutants and the types of selective media — with
selenate, chromate or their mixture.

The rate of sulfate consumption by cells of the tested
strains (nmoles'min’-mg" of dry biomass) was for: wild
type — 5.9; sull — 4.4; sul2 — 3.4; sul3 — 2.9; sull sul2 - <
0.1; sull sul3 - <0.1; sul2 sul3 — 2.3. Thus, though in the
single mutants the rate of sulfate consumption was not
much lower than in the wild type, it was sufficient to iden-
tify them by resistance to sulphur analogues. Only the
combination of two mutations — sull sul2 or sull sul3 in
one genome resulted in considerable decrease in the effi-
cacy of sulfate consumption by the cells of such strains —
they were not able to grow in a medium with 1 mM sulfate
like a wild type, but demanded it in the concentration of 30
mM.

These double mutants were shown to be convenient for
the SUL genes cloning, the results of which demonstrated
that the gene SUL I is located on Il chromosome and codes
for a protein which contains 859 amino acid residues and
has 11 potential transmembrane domains. Its structure is
identical to the protein revealed by Smith [48]. The gene
SULZ2is located on XII chromosome and codes for a pro-
tein which contains 893 amino acids and has 10
transmembrane domains. Both proteins are highly homol-
ogous (62%).

The above mentioned results showed that yeast cells
have two high-affinity sulfate transporters which are coded
by the genes SULI and SULZ2. The function of the gene
SUL3 remained still undefined. The inability of double
mutants sull sul2 and sull sul3 to grow in a medium with 1
mM sulfate could mean that Sul3p regulates the activity of
SulZp or the expression of the gene SUL2. The kinetic study
of the genes SUL I and SULZ2 derepression in the wild type
strain and the su/3 showed that Su/3p activates the tran-
scription of the gene SUL2. A low level of the gene SUL2
transcription in the mutant sul3 explains why double mu-
tants sull sul2 and sull sul3 have the same phenotype. It is
still not known whether S. cerevisiae have a low-affinity
system of sulfate transport into the cell. The fact that the
mutant sull sul2 grows in the medium with a high content
of sulfate (30 mM) indicates the probability of its existence.
It is also not known why the mutant su/l, isolated in the
work [45], does not grow in a medium which contains less
than 5 mM sulfate. Probably, the initial strain was already
the mutant su/2? One more problem is that the mutant su/3
has a higher resistance to selenate than the strain su/2, so it
is not improbable that the gene SUL23 participates in the
regulation of other genes which take part in the sulphur
metabolism.

Selenate-anion turned out to be toxic for
Schizosaccharomyces pombe as well, which gave a possibil-

ity to isolate from this yeast selenate-resistant mutants,
which could not utilise sulfate, so they demanded for their
normal growth such sources of sulphur as sulfite,
thiosulfate, cysteine or glutathione, but not methionine
[49, 50].The mutants were transformed using the genome
library of S. pombe and the gene, which complemented
selenate resistance, was identified as the one which codes
for the enzyme ATP-sulfurylase, which in S.cerevisiae is
coded by the gene MET3. On the authors’ opinion, the in-
ability of the mutants to use methionine as the source of
sulphur is caused by the absence of reverse way of
transsulfurylatiton in this organism. The wild type strains
can use methionine as a source of sulphur after its degrada-
tion with the formation of sulfate. The authors did not use
the above mentioned method [46], which allows isolating
other mutants, besides MET3, which are defective in sul-
fate assimilation.

Resistance/sensitivity to sulfite. The research of mech-
anisms of cells tolerance, yeast in particular, to sulfites is of
theoretical and practical important. Sulfites are widely
used for food conservation, so it is important to know the
conditions under which their action on the microorgan-
isms (inhibit — do not inhibit) will be effective. Sulfite-re-
sistance is an important feature of the wine strains of S.
cerevisiae, and understanding its basis and the factors influ-
encing it, can provide better management of sulfite usage.
Sulfite is potentially toxic but at the same time it is a normal
metabolite of many animals, plants and microorganisms,
so they should have detoxification mechanisms selective
for this anion. It is important to know what are these mech-
anisms, and whether they are specific only for sulfite, or are
more general and prevent the negative influence of other
related metabolites as well (for example, selenium com-
pounds, selenite first of all). Finally, there is not much
known about the reasons of hypersensitivity of some peo-
ple to sulfites added to food products and drinks. It can be
expected that the study on the ways of sulfites metabolism
in yeast will become an important contribution into solving
this important problem as well. Though the sulfite metabo-
lism in humans and yeast occurs in different ways, it is not
improbable that cellular targets for sulfite (protein or other
molecules) may be similar in these organisms. The results
of complete sequencing of the human and S. cerevisiae
genomes showed that much can be learned about the hu-
man features, studying analogous processes in the yeast.

At the beginning of the study of the yeasts the authors
considered the following mechanisms of sulfite detoxifica-
tion as possible though not exceptional: 1) the assimilation
of sulfite trough increased formation of methionine and
cysteine — the main final products of a normal sulfite-gen-
erating metabolic pathway of the yeast; 2) increased syn-
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thesis of sulfite-binding agents — for example, acetic alde-
hyde; 3) decreased consumption of sulfite. At the first stage
of investigations, the sulfite-resistant and sulfite-sensitive
variants or mutants were isolated, the growth of which
would not be influenced by sulfite in the concentration
which is toxic to a parent strain or vice versa is more toxic
for the mutant than for a wild strain.

Gene FZFI. The collection of sulfite-resistant mutants
of S .cerevisiae was first obtained and characterized by a
group of Italian scientists [51-53]. The characteristic fea-
tures of mutants were increased intracellular content of
glutathione, higher glutathione reductase activity, smaller
concentration of extracellular glutathione and elevated
amount of extracellular acetic aldehyde in the presence as
well as in the absence of sulfite. The resistant strains had
considerably smaller ability to accumulate sulfite. No dif-
ference has been found between resistant and sensitive
strains in the sensitivity of their glyceraldehyde-3-phos-
phate dehydrogenase to sulfite or glutathione. It was shown
that resistance of seven mutants was inherited as one domi-
nant mutation and that all seven mutations are allelic, i.e.
they are located in one gene, which in the authors’ opinion
is vital in defining sensitivity/resistance of S. cerevisiae to
sulfite. The results of cloning and sequencing a gene
showed that it is identical to already described gene FZFI
[54], which codes for a protein with 5 zinc fingers, three of
which are located in tandem in N-terminal part of the pro-
tein. It indicates the protein belongs to the class of
transcriptional factors but the question of its role in the sul-
fite metabolism remains unknown.

Gene SSUI. New light on the mechanisms of sensitiv-
ity/resistance of yeast to sulfite was shed by the research on
one more mutants’ collection of S. cerevisiae, which in-
cluded the strains of two types — sensitive and resistant to
sulfite (1-2 mM) [55]. The genetic analysis showed that
mutations increasing cells sensitivity to sulfite are recessive
and located in 4 genes (SSU1, SSU2, SSU3, SSU4). None
of the sensitive mutants was defective in biosynthesis of
methionine or cysteine which excluded the loss of sul-
fite-reductase activity as a possible reason of sensitivity. All
the mutants of the group did not reveal sensitivity or resis-
tance to other tested antioxidants (reducing agents), be-
sides sulfite: cysteine, ascorbate, dithiothreitole, nitrite,
glutathione and thiosulfate.

Further research showed that SSUI gene, the mutant
alleles of which increase cells’ sensitivity to sulfite, codes
for protein of 458 amino acids, localized in the membrane
with 10 potential transmembrane domains. The conclu-
sion was made that SSUT codes for the transporter which
participates in extruding sulfite out of the cell, but not in its
assimilation. The fact that zero-mutants on SSU/ gene ac-
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cumulated more sulfite in cells, testified in favour of this
conclusion, and vice versa gene overexpression on
multi-copies plasmid resulted in considerable decreasing
its quantity in the cell in comparison with its wild counter-
part. The rate of extruding sulfite out of cells was more in-
tense in the case of SSUI expression on multi-copied
plasmid [56].

It was discovered that some dominant mutations in
earlier identified gene FZFI as compared to the wild type
allele increase the transcription of SSUT gene 8-fold, and
SSUT being multi-copied increases sulfite-resistance of
cells 3-8-fold. The rate of extruding bound sulfite from
cells of wild type, ssull and fzf1 mutants or cells with active
multi-copied SSUI did not differ noticeably. It is in accor-
dance with the conclusion that the protein Ssulp keeps a
low, non-toxic level of sulfite by removing solely its free
form out of the cells. A site of the gene SSUI promoter was
identified to which the protein FzfIp binds in vitro and reg-
ulates positively its transcription [57]. The role of FzfIp as
an activator of SSU] is proved by the fact that FzfIp sup-
presses sulfite sensitivity of different mutant classes but not
ssul. Thus, the overexpression of genes FZF1 or/and SSUI
is one of the effective ways to increase the yeast tolerance to
sulfite due to the increase of the Ssu Ip action as a “sulfite
pump” [58].

Similar transporters, known as Mdr (multidrug
resistance) or Pdr (pleiotropic drug resistance) are widely
spread in living nature — from bacteria to humans [59], but
Ssulp differs from them in structure and mode of action.
Transporters Mdr, on the contrary to Ssulp, need ATP en-
ergy to take a wide spectrum of toxic substances out of a
cell.

Can Ssulp remove some other toxic compounds, be-
sides sulfite, out of a cell? Polyfunctional abilities of this
protein as a pump were demonstrated by the increase of the
expression of the genes SSUI and FZF1 18-fold and 5-fold,
respectively, after treating the cells with alkylating com-
pound — methyl methanesulphonate, which is known to
damage nucleic acids and proteins [60]. It is still not known
whether Ssulp can identify and take this super-mutagen
out of the cell, but the very fact of activation of both genes
expression by it deserves special attention. Evidently,
Ssulp recognizes a toxic analogue of sulfite, selenite, as
well, as the increase of yeast resistance to the latter under
the condition of SSUI overexpression in cells was discov-
ered [15, 57].

The mutant ssu2 was shown to be an allele to already
known gene GRRI [56], involved in glucose metabolism
and other functions [61]. The mutation grr1 is pleiotropic:
it determines changing cells morphology, increased sensi-
tivity to reducing agents dithiothreitole, nitrites and
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thiosulfate, decreases excretion of acetic aldehyde and de-
creases the content of reduced glutathione in cells. Two
latter metabolites interact with sulfite and this could be the
way of its detoxification, but the sensitivity to sulfite of in-
dependently obtained mutant with considerably decreased
glutathione content was not decreased [55]. Probably, the
grrl mutants grow slowly on glucose because of the defect
in high-affinity system of its transport. Still the sensitivity
of the mutant grr! to sulfite is probably caused by this de-
fect only partially, since it showed an increased sensitivity
on other carbon sources as well (galactose, maltose, ace-
tate, ethanol and glycerol). Besides, a suppressor rg// of the
defect of glucose metabolism in the mutant grr/ did not
suppress its sensitivity to sulfite completely, though FZFI
gene on multi-copies plasmid suppressed the sulfite sensi-
tivity completely [55, 56]. Thereupon, the main reason of
sulfite sensitivity of mutant cells g/ (ssu2) is considered a
decreased pool of acetic aldehyde, the reaction of which
with sulfite generates a non-toxic product —
hydroxyethanesulfonate. Thus, the formation of acetic al-
dehyde by the yeast is an important way of sulfite detoxifi-
cation. In favour of this assumption is the above mentioned
fact of the excretion by sulfite-resistant mutants fzf7 (all the
mutations are dominant) of much higher amounts of acetic
aldehyde in comparison with the wild type cells [52]. It is
also known that exogenous sulfite induces excretion of this
metabolite by the cells of the wild type S. cerevisiae and
Saccharomycodes ludwigii [62].

The resistance mutations are revealed to be dominant
and located in the same gene, labelled as RSU[55], shown
to be identical to the gene FZF1 [53, 58]. The difference
between the mutants’ tolerance to sulfite appeared to be
small. Thus, the resistant mutant RSUI endures 3 times
higher concentration of sulfite than a wild type strain
which is twice more tolerant to sulfite than the most sensi-
tive mutants. The dominance of mutation FZF -4 makes it
convenient for the selection of industrial and laboratory
strains of S. cerevisiae [58].

While studying molecular mechanisms of selenite de-
toxification by the yeast cells, the authors [15] searched for
genes which being overexpressed would increase the resis-
tance to selenite. The wild strain S. cerevisiae was trans-
formed using a genome library on multi-copies plasmid.
About 60000 transformants were transfered to a minimum
medium, which contained 20 mM selenite. Two plasmids
were selected which provided increased resistance of cells
to selenite, each of them carried a single gene — already
known SSU1, ensuring cells resistance due to the mutation
[56], and GLRI which codes for NADPH-dependent
glutathione reductase. Overexpression of the latter, as well
as the former, increased the selenite resistance of cells.

Overexpression of both genes (SSUI and GLRI) simulta-
neously in the same cell caused a higher resistance to sele-
nite than overexpression of only one of two genes.
Therefore, both genes participate in the selenite detoxifi-
cation through an additive mechanism. Overexpression of
SSUIwas also found to increase the resistance of both wild
type strain and ycfI mutant, while overexpression of GLR1
influenced the sensitivity of only wild type strain, not ycf1.
Unexpectedly, the ycfI mutant was shown to be more resis-
tant to selenite in comparison with the wild type strain. The
reason seems to be an active transport of
selenodiglutathione into a vacuole in the wild-type cells
contrary to the ycfI mutants, that results in the exhaustion
of a pool of reduced glutathione in cytosol, which in its turn
causes a less effective reduction of toxic selenite.

As overexpression of glutathione reductase results in a
higher sulfite-resistance, it was studied, whether selenite
influences the activity of genes, which control the response
to the oxidative stress. It was shown that the expression of
TRR1 (which codes for cytosol thioredoxin reductase),
GLRI, and YCFI is increased by selenite 14, 4 and 2-fold,
respectively, and this process is Yaplp-dependent. Sele-
nite does not influence the activity of SSUI [15]. Thus, sel-
enite acts to yeast as an active oxidant, inducing genes
which defend the cell from oxidative stress (GLRI and
TRRI).

Wine yeast and SSUI. The study of mechanisms of sul-
fite sensitivity/resistance is being performed also with the
usage of wine yeast as a model object. In the course of thou-
sands of years this yeast was under selection to acquire such
properties as the ability to ferment must with a high content
of sugar quickly and effectively, be resistant to high con-
centrations of ethanol and sulphur dioxide, and high tem-
perature. Because of this they have unique genetic and bio-
chemical characteristics which differ them considerably
from the other yeasts, baker’s and brewer’s, in particular.
Unlike the laboratory strains S. cerevisiae, which are hap-
loids or diploids, the wine yeasts are mainly diploids,
aneuploids or polyploids, homotallic and highly heterozy-
gous [63, 64]. They reveal high polymorphism along the
chromosomes [65, 66] and the increased frequency of the
mitotic recombination [67]. It strengthens their ability to
reorganize its genome and provides a quick adaptation to
the changes of a medium.

Consequently an important question arose about a role
of sulfite in the genetic polymorphism of the wine yeast,
since it is used as an antibacterial agent at the production of
wine. The gene SSUI was the one being investigated be-
cause of its ability to modulate yeast sensitivity to selenite
as was stated earlier. It was shown to be expressed much
higher in the cells of wine strains as compared with the lab-
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Table 3.

The list of genes which modulate the yeast tolerance to selenium compounds and sulfite.

Genes Protein function Phenotype/Genotype of mutants Source
S. cerevisiae:
METI Uroporphyrinogene-3-methylase Sat" Chr Met’ 46
MET3 ATP-sulfurylase Sat" Chr" Met’ 46, 47
MET4 Regulatory gene Sat" Chr' Met’ 46
METI14 Adenosine-5'- phosphosulfite kinase ~ Sat" Chr’ Met 46
METI6 3'-phospho-5"-adenylylsulfate Sat’ Chr Met’ 46
MET22 reductase Sat" Chr" Met’ 46
Biphosphonucleoside
MET2S phosphohydralase Sat’ Chr' Met’ 46
SULI Transcription activator Sat" Chr' 46
SUL2 Sulfate transporter Sat" Chr' 46
SUL3 Sulfate transporter Sat’, Chr"; all mutants are dominant. 46
Gene SUL2transcription activator
FZFI (RSUI) Gene SUL I transcription activator Dominant mutants Sul’; the increased 51-54
glutathione content, the increased glutathione
reductase activity; the decreased quantity of
extracellular glutathione; the increased con-
centration of extracellular acetic aldehyde.
SSUI Transporter (“sulfate pump”): Recessive mutants: Sul’. The increased expression 14, 55-58
Takes out sulfite and selenite out of the in wine yeast cells. Amplifying SSUI: > Sul’, Sit" (3
cell; mM); ssul > Sul'.
SSU2 (GRR1) Unknown Mutant grrl pleiotropic Sul’, the change of cell 55, 56, 61
morphology, the increased sensitivity to re-
ducing agents, the decreased excretion of ace-
tic aldehyde, the decreased level of renewed
glutathione in cells, the decreased growth on
glucose.
SSU3 Unknown Sul’ 55
SSU4 Unknown Sul’ 55
ECM34 Unknown Duplication of promoter of this gene and its 68, 69
translocation in SSUI promoter leads to high
expression of the latter and therefore to
Sul’-phenotype.
GLRI NADPH-dependent Sit" 15
glutathionreductase
REV3 DNA-polymerase { Sit’ 15
RADY The mitosis delay before the completion Sit’ 15
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Genes Protein function Phenotype/Genotype of mutants Source
YCF1 Ycflp — vacuolar protein which performs the Sit" 15
role of pump, besides of cadmium detoxifica-
tion
TRR1 Cytosolic tioredoxin reductase Phenotype is unknown. Selenite de- 15
presses protein synthesis.
YAPI Transcription activator TRR1, GLRI, YCF1 Sit’ 15
Schizosaccha-ro
myces pombe:
MET3 ATP-sulfurylase Sat’ 49, 50
Pichia
guilliermondii
SIT1, SIT2 Unknown Sit’ 16, 23

R e mark: Phenotype marking: Met ~ - methionine-dependence; Sat', Chr', selenate- or chromate-resistance, respectively; Sul’, Sul’ — sensitivity or

resistance to sulfite, respectively: Sit’, Sit' — sensitivity or resistance to selenite respectively.

oratory ones, besides the increased level of corresponding
mRNA correlated with a high tolerance of the strains tested
in respect to sulfite [68]. The results of cloning with subse-
quent sequencing of gene SSUI showed that a high sulfite
resistance of the strains was provided by a new allele of the
gene SSUI, called SSUI-R. It arises due to the reciprocal
translocation between VIII and XVI chromosomes as a re-
sult of unequal crossing-over between microhomologous
promoter regions of the genes ECM34and SSUI, which are
located on VIII and XIV chromosomes, respectively. Each
of such short sequences of 76 bp (so called “upper
activating sequence” — UAS) is the site for binding the
transcription activator, namely FzfIp. On the first stage of
the reorganization of two chromosomes the amount of
UAS in the ECM34 promoter increases by duplication(-s)
from one to several, after which as a result of translocation
they are relocated within the SSUI promoter, while the
single UAS is remained within the ECM34 promoter. It is
noteworthy that the function of the latter is not known yet
[69].

First, such reorganization leads to a high polymor-
phism of two pairs of homologous chromosomes of the
corresponding diploid: if before the translocation each of
the chromosomes of VIII pair had the length of 562 kbp,
after the translocation, one of them was extended till 921
kbp. Analogously, after the reorganization, one of the ho-
mologous chromosomes of XVI pair had only 599 kbp in-
stead of 948 kbp. Second, by means of the described
translocation the promoter of the gene SSU/ can contain

from 2 to 6 UAS, due to this the level of expression of the
gene SSUI increases rapidly in the comparison with the
wild type strain. A high positive correlation was shown be-
tween the amount of UAS and the level of sulfite resistance
of the corresponding yeast cell [69].

Non-homologous recombination, described above, is
a particularly rare phenomenon in the wild type strains. Its
frequency is considered not to exceed 3.5 x 10"°. In spite of
this all the studied wine strains (more than 10) contain al-
lele SSUI-R which appears as a result of such extremely
rare event, while the wild type strains do not have it [68,
69]. Evidently, sulfite in must is one of the important selec-
tive factors, in the presence of which the cells with rare mu-
tations of sulfite resistance have an advantage in the growth
rate over the parent cells, which contributes to their better
survival, and, thus, to the evolution of corresponding
strains of wine yeasts in the direction of the sulfite resis-
tance. It should be noted that polymorphism of a certain
strain in the length of chromosomes, which appeared as a
result of above mentioned translocation, can promote fur-
ther structural reorganization of chromosomes and, thus,
contribute to adaptation of the strain to other unfavourable
environmental conditions.

Totally, at present there are revealed 20 genes which
modulate the yeast tolerance to selenium compounds and
sulfite (Table 3). How complete is this list? It is very proba-
ble that it will be supplemented by other yet unknown
genes. The facts obtained in the study of arsenic influence
on yeast support this assumption. Arsenic and selenium
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have a number of similar features, neighbouring in the
fourth period of the periodic system of elements. Both are
necessary in trace amounts for metabolism and growth as
microelements, but they are toxic at higher concentrations.
It was shown [70], that the treatment of S. cerevisiae cells
during 2 hours with 0.1-1.0 mM solution of NaAsO, had
insignificant influence on the growth of the yeast, but the
expression of 829 genes out of 6240 studied was changed
for a rather long period. Three of them, which activate
transcription (MET4, MET2S8, and YAPI) are induced by
selenium as well. Probably, these three factors determine
cross-sensitivity/resistance of the cells to both metalloids.
One can not also exclude, that selenium itself modulates
the expression of not dozens but hundreds of genes which
control the yeast tolerance to it.

Therefore, the yeasts acquired certain mechanisms of
detoxification in order to survive at non- favorable condi-
tions, due to the presence of selenium oxianions and their
analogues, namely:

a control of their transport into and excretion out of the
cell;

the oxianions may be reduced inside the cell and me-
tabolized into different forms which are less toxic for the
cell (selenium-containing organic compounds, the ele-
mental form of selenium);

compartmentalization (sequestration) of their deriva-
tives in organelles;

complexation with cell metabolites to form less toxic
compounds;

oxianions’ activated transcription of genes which code
for the products protecting the cell at these conditions (an-
tioxidant system).

M. M. Cmenuyk, JI. b. Yaban, M. B. Tonuap

CeneH i ApiXIXKi. TEHETUYHI MEXaHi3MU TOJIEPAHTHOCTI
JIPIKIXKIB 10 CIOJIYK CeJIEHY Ta iX aHaJIOTiB

Pesiome

Cenen (Se) i 11020 cnoayKu nposigaoms MOKCU4HY | KanyepozeHHy 0ito Ha
OP2AHI3MU NMOOUHU | MBAPUH, 4 Y MANUX KINbKOCMAX 8iH € 6ANCAUBUM MIKDPO-
enemenmom 045 Jcugux icmom. Tomy 6axcaueo 6cCmaHo8UMU MOACKYAAPHI
0CHO8U moKcuuHoCcmi Se ma pe3ucmeHmHOCmi KAiMuH 00 Hb020. SHAYHA
Kinvkicmb docaioncens yiei npobnemu npogedeHa Ha bakmepisx i guceimae-
Ha 'y padi oensdie, Moxcaugicmo 6uKOpUCManHs MONEKYAAPHO-2eHEMUHHUX
Memodie 3pobuna opincoxci, 6 ocHosHomy Sacccharomyces cerevisiae, 3py4-
HOM MOOeAbHOI CUCIEMOO 045 00CAIONCEHHS MEXAHIZMIB pe3UCeHMHOCMI
eyKapiomu4HUX KAimuH 00 ceaery Ha MoNeKyAapHomy pieri. Tomy y yvomy
02150i nidcymosano 0aui, 0cobAUB0 eeHemuHuHi, NPO MeXaHizMu 4ymau-
socmi/pe3ucmeHmHocmi opincoucie 0o ceneHo8UX CROAYK.

Kniouosi cnoea: opiocdoci, ceaen, monsepanmuicmo; yeast, selenium,
tolerance.
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