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Depending on the species, the availability of oxy-
gen, and the concentration of glucose in the medium,
yeasts can utilize this sugar either through fermentation
or through oxidative phosphorylation. In the presence
of oxygen, 

 

Saccharomyces cerevisiae

 

 and related
yeasts utilize glucose largely through its fermentation
to ethanol. In this case, cell respiration is suppressed
(the so-called glucose repression of respiration or the
Crabtree effect) [1]. Glucose, even at high concentra-
tions, does not completely suppress cell respiration.
Unlike glucose, galactose (and some other sugars)
inhibits fermentative processes and enhances the respi-
ration of fermentative yeasts [2]. Other yeasts, such as

 

Debaryomyces vanriji

 

 (presently 

 

D. vanrijiae

 

) [3] and

 

Rhodotorula rubra

 

 [4], utilize glucose and other sugars
solely through oxidative phosphorylation.

In our earlier studies, we showed that the inhibition
of mitochondria with sodium azide and cyanide (inhib-
itors of the cytochrome oxidase complex of the mito-
chondrial respiratory chain) considerably diminished
the thermotolerance of the 

 

D. vanrijiae

 

 and 

 

R. rubra

 

yeasts incubated in the presence of glucose. Under the
same conditions, cyanide did not influence the thermo-
tolerance of 

 

S. cerevisiae

 

 [5], whereas azide even
enhanced the thermotolerance of the yeasts 

 

S. cerevi-
siae

 

 and 

 

Candida albicans

 

 [5, 6]. Taking into account
the fact that, unlike 

 

S. cerevisiae

 

 and 

 

C. albicans

 

, the
yeasts 

 

D. vanrijiae

 

 and 

 

R. rubra

 

 are unable to ferment
glucose, we inferred that the effect of respiratory inhib-
itors on the thermotolerance of yeasts depends on the
way (either oxidative or fermentative) by which these
yeasts utilize the source of carbon and energy. More-
over, we suggested that the thermotolerance of actively
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respiring yeast cells is determined by the activity of
mitochondria, so that their impairment is catastrophic
to cells [5].

It is known that heat shock enhances the generation
of reactive oxygen species (ROS) in cells [7, 8]. Since
both azide and cyanide inhibit the antioxidant enzymes
catalase and superoxide dismutase (antioxidant
enzymes prevent the excessive accumulation of ROS in
cells to toxic levels), there is the possibility that azide
and cyanide diminish the thermotolerance of 

 

D. vanr-
ijiae

 

 and 

 

R. rubra

 

 through the suppression of the anti-
oxidant enzymes [5].

This work was undertaken to study the effect of
sodium malonate on the thermotolerance of the yeasts

 

R. rubra

 

 and 

 

S. cerevisiae

 

 differing in the way of glu-
cose utilization. The choice of sodium malonate was
dictated by the fact that it is a specific inhibitor of the
succinate dehydrogenase complex of the respiratory
chain of mitochondria [9] and, to the best of our knowl-
edge, does not inhibit antioxidant enzymes.

MATERIALS AND METHODS

Experiments were carried out with two yeasts,

 

Rhodotorula rubra

 

 Dz40-1, isolated from a hot spring
in Buryatia, and 

 

Saccharomyces cerevisiae

 

 

 

Ψ

 

-74-D694,
kindly provided by S. Lindquist from the University of
Chicago, United States. The yeasts were grown in a
YEPD medium containing (g/l) yeast extract, 5; pep-
tone, 10; and glucose, 20. When required, the medium
was solidified with 15 g/l agar. During experiments, the
yeasts were maintained on a YEPD medium at 

 

30°ë

 

.
Cells for inoculation were grown on a shaker at

 

30°ë

 

 in a YEPD medium for 14–16 h (the so-called
overnight culture) and transferred, in a certain amount,
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to a fresh YEPD (or YEPGal, in which glucose was sub-
stituted by an equivalent amount of galactose) medium.
The medium was incubated for 3–4 h, during which the
culture density increased to about 

 

10

 

7

 

 cells/ml (OD =
0.3–0.4).

Cell respiration was measured at 

 

30°ë

 

 in the YEPD
medium (1.4 ml) using a Clark-type oxygen electrode.
Sodium malonate was added to the cell suspension at
final concentrations of 1, 5, and 10 mM. The respiration
rate was expressed in nmol O

 

2

 

 consumed by 10

 

7

 

 cells in
one minute.

To study the effect of malonate on the thermotoler-
ance of yeast cells, it was added at a concentration of
5 mM to test tubes containing 1 ml of the cell suspen-
sion prepared using either a YEPD or YEPGal medium.
After exposing cells to heat shock at 45 or 50

 

°

 

C over a
specified period, the cell suspension was cooled, appro-
priately diluted, and plated onto YEPD agar. The num-
ber of colonies grown on the plates was determined
after 24–48 h of incubation at 30

 

°

 

C. The survival rate
was calculated as a percent of colonies grown from
heat-exposed cells relative to the number of colonies
grown from unexposed yeast cells.

RESULTS

Sodium malonate added to yeast cell suspensions
inhibited cell respiration to a considerably lower degree
than azide or cyanide [5, 6]. Specifically, 10 mM mal-
onate inhibited the respiration of 

 

S. cerevisiae 

 

and

 

R. rubra

 

 cells by 33 and 24%, respectively (Fig. 1).
Such low inhibitory activity of malonate can be
accounted for by the fact that the transfer of electrons
to the ubiquinone pool of the yeast respiratory chain is
provided not only by succinate dehydrogenase (com-
plex II of the respiratory chain), but also by the roten-
one-insensitive dehydrogenase oxidizing external
NADH and, at least in the case of the yeast 

 

R. rubra

 

, the
rotenone-sensitive NADH dehydrogenase (complex I).
There is evidence that the respiratory chain of the yeast

 

S. cerevisiae

 

 lacks complex I [10].
According to earlier observations [5], heat shock at

45

 

°

 

C does not significantly affect the survival of

 

R. rubra

 

 cells. For this reason, the effect of malonate on
the thermotolerance of 

 

R. rubra

 

 cells was studied by
exposing them to heat shock at 50

 

°

 

C, which exerted a
profound lethal effect on 

 

R. rubra

 

 cells. The addition of
5 mM malonate considerably diminished the thermo-
tolerance of these cells, as is evident from the tenfold
smaller number of colonies grown from yeast cells
exposed to 15-min heat shock in the presence of mal-
onate (Fig. 2).

Unlike 

 

R. rubra

 

 cells, 

 

S. cerevisiae

 

 cells were fairly
sensitive to heat shock at 45

 

°

 

C. In contrast to the case
with 

 

R. rubra

 

, the addition of 5 mM malonate to 

 

S. cer-
evisiae

 

 cells exposed to heat shock in a YEPD medium
did not reduce the survival rate of these cells either at
45

 

°

 

C (Fig. 3a) or at 50

 

°

 

C (Fig. 3b). Moreover, as can be

seen from Fig. 3b, malonate exerted a slight protective
effect on 

 

S. cerevisiae

 

 cells exposed to heat shock at
50

 

°

 

C for 2 min, although already after the next 2 min of
exposure, the protective effect of malonate was statisti-
cally insignificant. The protective effect of malonate
resembles the protective effect of azide on the thermo-
tolerance of 

 

S. cerevisiae

 

 in glucose-containing media
[5, 6].

Thus, malonate diminished the thermotolerance of
the nonfermentative yeast 

 

R. rubra

 

 but did not influ-
ence (and sometimes even slightly increased) the ther-
motolerance of the glucose-fermenting yeast 

 

S. cerevi-
siae.

 

 Bearing in mind our earlier finding that sodium
azide exerts opposite effects on the survival of 

 

S. cere-
visiae

 

 cells incubated in the presence of glucose and
galactose [6], we performed some experiments on the
thermotolerance of these cells in the presence of galac-
tose.

In accordance with earlier observations [6], 

 

S. cere-
visiae

 

 cells incubated in the presence of galactose
(YEPGal medium) are more thermotolerant than the
cells incubated in the presence of glucose (YEPD
medium). Unlike the case with heat shock in the pres-
ence of glucose (Fig. 3), malonate significantly
decreased the thermotolerance of 

 

S. cerevisiae

 

 cells
exposed to heat shock in the presence of galactose
(Fig. 4). Therefore, when 

 

S. cerevisiae

 

 cells utilize a
carbon source (in the given case, galactose) predomi-
nantly through oxidative phosphorylation, malonate
impairs the functioning of mitochondria and, as in the
case of 

 

R. rubra

 

, enhances the damaging effect of heat
shock on yeast cells.
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Fig. 1.

 

 The effect of malonate (0, 1, 5, and 10 mM) on the
respiration rate of (1) 

 

R. rubra

 

 and (2) 

 

S. cerevisiae

 

 cells,
which were grown at 30

 

°

 

C in a YEPD medium to the loga-
rithmic growth phase. 
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DISCUSSION

The data obtained show that if yeast cells utilize glu-
cose through oxidative phosphorylation, the impair-
ment of the functioning of mitochondria by the succi-
nate dehydrogenase inhibitor malonate augments the
lethal action of heat shock. But if yeast cells utilize glu-
cose through fermentation, malonate does not influence
and sometimes even improves their thermotolerance.
Similar data were obtained earlier for the other respira-
tory inhibitors, azide and cyanide [5, 6]. Therefore,
there is a correlation between the thermotolerance of
yeast cells and the functional activity of mitochondria,
provided that these cells satisfy their energy require-
ments through oxidative phosphorylation.

This inference agrees with the information available
in the literature that the repair of heat-induced damage
with molecular chaperones is an energy-dependent pro-
cess [11] and that ATP deficiency in cells may enhance
the damaging effect of heat shock [12]. Until now, there
have been no reports as to the involvement of mitochon-
dria in the protection of yeast cells from heat shock.
Moreover, based on the observation that the responses
of the wild-type 

 

S. cerevisiae

 

 and its respiratory mutant
to heat shock were similar, it was considered that yeast
thermotolerance does not require fully functional mito-
chondria [13, 14]. The experimental results presented
in this and earlier papers [5, 6] give grounds to believe
that mitochondria are not important in the protection
from heat shock of 

 

S. cerevisiae

 

 cells that obtain energy
through fermentation, but become very important when
these cells obtain energy through oxidative phosphory-
lation.

The beneficial effect of azide [5, 6] and malonate
(Fig. 3b) on the thermotolerance of the glucose-grown

 

S. cerevisiae

 

 cells is to be understood in depth, although
some relevant speculations can be made even now. It is
known that anaerobic 

 

S. cerevisiae

 

 cells are much more
tolerant to heat shock than are aerobic yeast cells [7]
and that elevated temperatures enhance the respiration
of yeast cells under aerobic conditions [8, 15–17]. It
was suggested that heat shock may raise the concentra-
tion of reactive oxygen species in cells due to enhanced
respiratory activity [8, 17], which is in agreement with
the fact that the main source of ROS in cells is the mito-
chondrial respiratory chain. It is unlikely that the pro-
tective effect of azide and malonate is merely due to the
inhibition of respiration, since cyanide is a very potent
respiratory inhibitor, but it does not exhibit protective
activity [5]. Nevertheless, we believe that azide and
malonate can prevent the excessive accumulation of
ROS in cells by interfering with the normal work of
mitochondria by some way or another. It should be
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 The effect of 5 mM malonate (M) on the thermotol-
erance of glucose-grown 

 

R. rubra

 

 cells, which were grown
at 30

 

°

 

C in a YEPD medium to the logarithmic growth phase
and then exposed to heat shock at 50

 

°

 

C. C is the control. 

 

Fig. 3.

 

 The effect of 5 mM malonate (M) on the thermotol-
erance of glucose-grown 

 

S. cerevisiae

 

 cells, which were
grown at 30

 

°

 

C in a YEPD medium to the logarithmic
growth phase and then exposed to heat shock at (a) 45 and
(b) 50

 

°

 

C. C is the control.
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noted in this regard that malonate inhibits the formation
of hydrogen peroxide in succinate-oxidizing mitochon-
dria [18].

It is likely that the role of mitochondria in cell ther-
motolerance is twofold. On the one hand, fully func-
tional mitochondria are necessary for the reactivation
of heat-damaged cellular structures and the mainte-
nance of cell survival. On the other hand, such mito-
chondria, generating ROS in response to heat shock, are
harmful to cells. In view of this, it is not surprising that
yeast cells exposed to heat shock die not only because
of protein denaturation [11] but also because of the
toxic action of ROS [7].

Let us discuss now the survival curve of S. cerevi-
siae cells exposed to heat shock at 50°C (Fig. 3b). As
can easily be seen, this curve is biphasic, the first phase
(exposure for 0–4 min) being characterized by a steeper
decrease in the cell survival rate than the second stage
(exposure for 4–8 min). Such a shape of the survival
curve was interpreted by van Uden as an indication that
the cell population contains a subpopulation of more
thermotolerant cells [19]. However, Schenberg-Fras-
cino and Moustacchi [20] showed that there are no
genetically stable subpopulations of yeast cells in the
population exposed to heat shock at 52°C. This is evi-
dent from the fact that the cells that survived long-term
exposure to 52°C and then were again exposed to heat
shock exhibited the same biphasic survival curve. In
our opinion, the biphasic survival curve is due to the
existence of different mechanisms of cell damage.
Indeed, according to our earlier observations [17], the
cell respiration of heat-exposed (50°C) cells drastically
increases within the first 2 min and then rapidly falls,
reaching (and then becoming below) the initial level

already after 4 min. The decrease in respiration is not
directly associated with a fall in the number of viable
cells, since nonviable cells can remain metabolically
active for some time [21, 22]. Thus, the first phase of
the survival curve, which is characterized by a rapid
decrease in the survival rate of yeast cells, corresponds
to a higher level of their respiration. In view of this, we
suggest that the enhanced respiration of yeast cells dur-
ing the first phase of cell response to heat shock is one
of the damaging factors. This explains why the protec-
tive effect of the respiratory inhibitor malonate on the
yeast cells exposed to heat shock at 50°C is profound
only within 2 min (Fig. 3b).
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