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The exposure of cells to elevated temperatures is
known to induce their tolerance to subsequent heat
shock [1]. The induction of thermotolerance is accom-
panied by the synthesis of heat-shock proteins (HSPs),
some of which are involved in the formation of the
heat-shock response of cells [2]. Chemical agents, such
as ethanol, heavy metals, sodium arsenite, and amino
acid analogues, can also induce the thermotolerance of
cells [2]. Many of these compounds are known to cause
protein denaturation; this fact led to the belief that the
thermal denaturation of protein molecules is the main
cause of the heat-induced death of cells [1, 2].

Mitochondria are obviously involved in the response
of cells to heat shock, since the inhibitors of the mito-
chondrial electron transport chain and oxidative phos-
phorylation induce the same changes in the genetic activ-
ity of the polytene chromosomes of the salivary glands of

 

Drosophila

 

 as the heat shock occurs [3].
The aim of the present work was to investigate the

effect of sodium azide (

 

NaN

 

3

 

), which is known to sup-
press the functioning of the mitochondrial respiratory
chain, on the thermotolerance of the yeasts 

 

Saccharo-
myces cerevisiae

 

 and 

 

Debaryomyces vanriji

 

. 

MATERIALS AND METHODS

Experiments were performed with 

 

Saccharomyces
cerevisiae

 

 

 

α 

 

w

 

+

 

303-1B

 

, which was kindly provided by
F. Lacroute from the Center of Molecular Genetics in
Gif-sur-Yvette (France), and 

 

Debaryomyces vanriji

 

GK46-2, which was isolated from a hot spring (

 

46°C

 

)

 

1
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near the town of Goryachinsk (Buryatia, Russia).
Yeasts were grown in YEPD medium containing (g/l)
yeast extract, 5; peptone, 10; and glucose, 20. They
were also grown in a minimal medium containing (g/l)
glucose, 20; 

 

KH

 

2

 

PO

 

4

 

, 0.9; 

 

K

 

2

 

HPO

 

4

 

, 0.1; 

 

MgSO

 

4

 

, 1.0;

 

(NH

 

4

 

)

 

2

 

SO

 

4

 

, 1.0; and 200 

 

µ

 

g/l thiamine. When neces-
sary, the media were solidified with 15 g/l agar. Culti-
vation was performed at 

 

30°C

 

 (

 

S. cerevisiae

 

) and at

 

40°C

 

 (

 

D. vanriji

 

).

Material for inoculation was prepared by growing
yeasts in liquid YEPD medium for 14–16 h at 

 

30°C

 

 on
a temperature-controlled shaker. Fresh nutrient medium
was inoculated with an aliquot of the overnight culture and
incubated to a culture turbidity of 0.5, which corresponded
to a concentration of 

 

2

 

 

 

×

 

 10

 

7

 

 cells/ml in the case of 

 

S. cer-
evisiae

 

 and to 

 

1 

 

×

 

 10

 

8

 

 cells/ml in the case of 

 

D. vanriji

 

. 

To estimate the effect of the sodium azide pretreat-
ment of yeast cells on their thermotolerance, the cell
suspensions of 

 

S. cerevisiae

 

 (

 

2 

 

×

 

 10

 

7

 

 cells/ml) and

 

D. vanriji

 

 (

 

1 

 

×

 

 10

 

8

 

 cells/ml) were incubated in the pres-
ence of 0.15 mM 

 

NaN

 

3

 

 for 30 min at 

 

30°C

 

. The suspen-
sions were then diluted at least 1000-fold to lower the
concentration of sodium azide, and 1-ml aliquots of the
diluted suspensions containing, respectively, 

 

10

 

3

 

 and

 

10

 

4

 

 cells/ml were transferred to test tubes and exposed
to 

 

45°C

 

 for 0, 15, 30, 45, and 60 min.

To study the combined effect of sodium azide and
heat shock on cell survival, 

 

NaN

 

3

 

 was added (to a
final concentration of 0.15 mM) to the cell suspen-
sions of 

 

S. cerevisiae

 

 (2 

 

×

 

 10

 

7

 

 cells/ml) and 

 

D. vanriji

 

(1 

 

×

 

 10

 

8

 

 cells/ml), after which the suspensions were
immediately exposed to heat shock as described above.
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Abstract

 

—The pretreatment of 

 

Saccharomyces cerevisiae

 

 and 

 

Debaryomyces vanriji

 

 with sodium azide was
found to induce thermotolerance in both yeasts, whereas sodium azide used in combination with heat shock
enhanced the thermotolerance of 

 

S. cerevisiae

 

 and substantially decreased the thermotolerance of 

 

D. vanriji.

 

 It
is suggested that the different responses of the yeasts to sodium azide during heat shock are due to the different
functional organizations of their mitochondrial apparatus.
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After heat treatment, the cell suspensions were
cooled, appropriately diluted, and plated onto minimal
agar medium. The plates were incubated at 

 

30°C

 

. The
grown colonies were enumerated after 24–28 h of incu-
bation. Cell survival was defined as the percentage of
colonies grown after the respective exposure period in
relation to the number of colonies grown in the control.

To estimate the respiration rate of cells, 1.4 ml of the
suspension of cells grown on YEPD medium was
placed into a polarographic cell kept at 

 

30°C

 

. Oxygen
consumption was measured with a Clark-type oxygen
electrode. Sodium azide and benzohydroxamic acid
(BHA) were added to the polarographic cell to a final
concentration of 0.15 and 2 mM, respectively. The res-
piration rates were expressed in nanomoles of oxygen
consumed per min per 

 

10

 

7

 

 cells (

 

S. cerevisiae

 

) or per

 

10

 

8

 

 cells (

 

D. vanriji

 

), taking into account the solubility
of oxygen in water at different temperatures [4].

To assay catalase activity, yeast cells were precipi-
tated by centrifugation at 5000 

 

g

 

 for 5 min, washed
thrice with K,Na phosphate buffer (pH 7.0), again pre-
cipitated, and then stored at 

 

–20°C

 

 for one day to be
used for the preparation of the cell-free extract. To dis-
rupt the cell wall, the yeast biomass was resuspended in
K,Na phosphate buffer (pH 7.0), frozen in liquid nitro-

gen, and then ground with quartz sand. Protein fraction
was separated from cell debris by centrifugation at
15000 

 

g

 

 for 15 min. Catalase activity was assayed
polarographically by measuring the rate of the evolu-
tion of 

 

é

 

2

 

, which resulted from the decomposition of

 

ç

 

2

 

é

 

2

 

 by catalase [5]. Measurements were performed at
room temperature using the Clark-type electrode. For
this, 50 

 

µ

 

l of the cell homogenate was placed in the
polarographic cell, to which 10 

 

µ

 

l 

 

ç

 

2

 

é

 

2

 

 was added to
a final concentration of 0.0003%. Inhibition of catalase
activity was determined by adding sodium azide to the
polarographic cell to a final concentration of 0.15 mM.
Catalase activity was expressed in nanomoles of oxy-
gen produced per min per mg protein. Protein was
quantified by the method of Lowry 

 

et al.

 

 [9].

RESULTS AND DISCUSSION

The experiments performed in this work showed
that the pretreatment of 

 

S. cerevisiae

 

 and 

 

D. vanriji

 

with sodium azide made the yeasts more tolerant
(sometimes by a factor of two) to the subsequent heat
shock (Figs. 1a and 1b). A similar effect was induced
by sodium azide in 

 

Lactococcus lactis

 

 [7].

However, the two yeast species under study
responded differently to the combined treatment with
sodium azide and heat shock: the thermostability of
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Fig. 1.

 

 Survival of (a) 

 

S. cerevisiae

 

 and (b) 

 

D. vanriji

 

 cells
exposed to heat shock at 45

 

°

 

C either (

 

1

 

) before or (

 

2

 

) after
their pretreatment with 0.15 mM sodium azide at 30

 

°

 

C for
30 min.

 

Fig. 2. Survival of (a) S. cerevisiae and (b) D. vanriji cells
exposed to heat shock at 45°C either (2) in the presence of
0.15 mM sodium azide or (1) in its absence.
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S. cerevisiae increased (Fig. 2a), while that of D. vanriji
drastically decreased (Fig. 2b). It should be noted that
sodium azide produced no toxic effect on D. vanriji at
30°C, indicating that this inhibitor affected S. cerevi-
siae and D. vanriji cells in quite different ways.

It is known that heat shock induces the generation of
reactive oxygen species (ROS) [8, 9], such as superox-

ide anion ( ), hydrogen peroxide (H2O2), and

hydroxyl radical (é ), which impair cell membranes,
proteins, and DNA and eventually cause cell death.

Sodium azide inhibits heme-containing enzymes,
including catalase. Therefore, the 83% inhibition of the
catalase activity of D. vanriji cells by sodium azide
(Fig. 3b) should inevitably lead to an increase in the
concentration of hydrogen peroxide. The latter com-
pound may be largely responsible for the cell response
to heat shock, as was suggested by Dat et al. [5], who
studied the induction of the thermotolerance of the
Sinapis alba mustard seedlings by another catalase
inhibitor, salicylic acid.

Similarly, the decrease in the survival of the D. van-
riji cells exposed to the combined action of sodium
azide and heat shock can be explained by the inhibition
of catalase activity by sodium azide and the resulting
increase in the concentration of hydrogen peroxide to a

O2
–

H
.

toxic level. This suggestion is confirmed by the data of
Lord-Fontaine and Averill, who found that the inhibition
of the catalase activity of the cultured Chinese hamster
ovary cells by 3-amino-1,2,4-triazole decreased their ther-
motolerance [9].

However, in S. cerevisiae, the mechanism of the
action of sodium azide may be quite different, since, in
spite of the fact that sodium azide inhibited the catalase
activity of S. cerevisiae cells by 86% (Fig. 3a), the ther-
motolerance of this yeast not only failed to decrease,
but even increased (Fig. 2a).

Inasmuch as the generation of ROS is mainly due to
the mitochondrial respiration [10] and sodium azide its
inhibitor, the different responses of D. vanriji and
S. cerevisiae cells to this compound can be explained
by the different functional organizations of mitochon-
dria in these two yeasts.

Sodium azide completely inhibited the respiration
of S. cerevisiae cells (Fig. 4a), which is obviously due
to the inhibition of the cytochrome oxidase of this
yeast. However, sodium azide only partially (by 72.3%)
inhibited the respiration of D. vanriji cells, and only the
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Fig. 3. The catalase activity of (a) S. cerevisiae and (b) D.
vanriji cells (2) in the presence of 0.15 mM sodium azide
and (1) in its absence.

Fig.  4. Oxygen consumption by (a) S. cerevisiae and (b) D. van-
riji cells. Arrows indicate the time of the addition of 0.15 mM
sodium azide or 2 mM BHA. Numerals along the curves
indicate the oxygen consumption rate expressed in nmoles
O2 per min per 107 and 108 cells of S. cerevisiae and D. van-
riji, respectively.
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concurrent addition of BHA to the polarographic cell
led to the complete inhibition of oxygen consumption
by D. vanriji cells (Fig. 4b). Similar data were obtained
with the use of another cytochrome oxidase inhibitor,
potassium cyanide. These findings are indicative of the
presence of an alternative pathway of electron transfer
in D. vanriji cells and of its absence in S. cerevisiae
cells [11]. The alternative pathway, which involves
alternative oxidase and branches from the main respira-
tory chain at the level of ubiquinone, is resistant to the
action of azide and cyanide but is completely inhibited
by BHA [12].

It is known that, depending on whether or not alter-
native oxidase is present or absent in yeasts, their
response to the inhibitors of electron transport chain
may vary. For instance, in Hansenula anomala, antimy-
cin A, which is also an inhibitor of the main mitochon-
drial electron transfer chain, induced more than a
100-fold increase in the concentration of superoxide
anion, thereby activating electron transfer through the
alternative oxidase [13]. However, the treatment of
S. cerevisiae cells, in which the alternative oxidase is
absent, with antimycin A did not change the concentra-
tion of ROS [14].

The absence of alternative oxidase in S. cerevisiae
can probably explain the fact that, in spite of being able
to induce the synthesis of HSPs, hydrogen peroxide
fails to induce the thermotolerance of this yeast [15]. At
the same time, the pretreatment of Neurospora crassa,
in which alternative oxidase is present [16], with H2O2
led to the development of thermotolerance [17]. This
suggests that the alternative oxidase may be involved in
the formation of the cell response to the action of
sodium azide during heat shock.

It remains, however, unclear why sodium azide sub-
stantially enhances the thermotolerance of S. cerevisiae
cells but fails to do this in the case of D. vanriji. The
possibility of the induction of HSP synthesis seems
unlikely, since the S. cerevisiae cells were exposed to
heat shock immediately after the addition of sodium
azide.

In view of this, it is worth noting that sodium azide
is also an inhibitor of the F0F1-ATPase of S. cerevisiae
[18]. F0F1-ATPase catalyzes the synthesis of ATP at the
expense of the transmembrane proton potential; how-
ever, under certain conditions, it hydrolyzes ATP and,
hence, can transfer protons across membranes in the
opposite direction, thereby hyperpolarizing the mito-
chondrial membrane and increasing the transmembrane
potential mt ∆ψ. Machida and Tanaka showed that the
isoprenoid compound farnesol inhibits the growth of
S. cerevisiae and increases the cellular level of ROS
due to the hyperpolarization of the mitochondrial mem-
brane [18]. Since sodium azide, but not potassium cya-
nide, prevented the effect of farnesol, these authors
related the farnesol-induced hyperpolarization of the
mitochondrial membrane to the hydrolysis of ATP by
ATPase [18]. Based on these findings, we suggest that

heat shock stimulates the ATP hydrolysis in S. cerevi-
siae cells, which leads to the hyperpolarization of their
mitochondrial membranes. The inhibition of ATPase by
sodium azide must prevent the generation of toxic
ROS, thereby enhancing the thermotolerance of S. cer-
evisiae cells.

Thus, by inhibiting catalase and ATPase, sodium
azide eliminates the sources of ROS in S. cerevisiae
cells exposed to heat shock. The different effect of
sodium azide on D. vanriji cells exposed to heat shock
suggests that ROS are generated in these cells by quite
a different mechanism than in S. cerevisiae cells or that
the ATPase of D. vanriji is resistant to sodium azide.

The results presented in this paper are in agreement
with the data obtained by Davidson et al. [8] and Lord-
Fontaine and Averill [9], who showed that heat shock is
accompanied by oxidative stress and that the genera-
tion of ROS at elevated temperatures is one of the
causes of the death of cells during heat shock. The dif-
ferent effects of sodium azide on D. vanriji and S. cer-
evisiae cells exposed to heat shock may be due to the
functioning of the alternative oxidase in D. vanriji, the
different regulation of mitochondrial ATPase, and the
different mechanisms of ROS generation in these two
yeasts.
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