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Abstract—Effect of calcium ions on heat tolerance of Saccharomyces cerevisiae and on the induction of
Hsp104 synthesis by this microorganism was studied. Short-term (30 min) treatment with CaCl, at 30°C
enhanced the heat tolerance to the lethal heat shock (50°C); the synthesis of Hsp104 was induced as well. The
effect of Ca2* on the heat tolerance and Hsp104 synthesis was shown to be ion-specific and was inhibited by
LaCls, which is known to block calcium ion channels on the cytoplasmic membrane. The effect of Ca?*
depended on the potential of the inner mitochondrial membrane. When the cells were treated with sodium
azide, which reduced the electrochemical potential, the effect of calcium both on heat tolerance and Hsp104
synthesis was suppressed. Depending on the concentration of exogenous Ca?* and the ambient conditions,
calcium ions may either induce or inhibit the expression of the stress genes and cell viability.
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Under optimal conditions, the level of calcium in
the cytosol of yeast cells is 100—200 nM. Maintaining
the low calcium concentration is extremely important
for normal cell functions. A short-term increase in
Ca’* concentration under various physiological stim-
uli is necessary for the regulation of Ca?*-dependent
enzymes, for the cell growth cycle and activation of the
stress genes expression. Long-term incubation with
the sexual pheromone (a factor), hypotonic shock,
addition of glucose to the starving cells, amiodarone
treatment, etc., were shown to cause an increase of
calcium concentration in the yeast cytoplasm. This
increase may due either to calcium inflow from the
external medium or to its release from the inner stores
such as vacuole and endoplasmic reticulum [1]. Long-
term increase of calcium level in the cytosol may lead
to programmed cell death (PCD) [2].

The microarray method was used to demonstrate
that incubation of yeast cells with calcium induced the
expression of more than 160 genes [3]. The proteins
encoded by these genes participate in the regulation of
a set of metabolic pathways and in the transport of ions
or small molecules that regulate the ion homeosta-
sis:PMC1 coding for Ca?* AT Pase responsible for Ca%*
transport of into the vacuole; PMRI coding for the car-
rier of Ca>* and Mn?* to the Golgi apparatus; ENAI
coding for Na*/Li ATPase from the cytoplasmic mem-
brane, etc. Transcription of these genes is necessary for
the growth of yeast at high concentrations of calcium
in the medium. Their expression is controlled by
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Ca’*/calmodulin-dependent  phosphatase  (cal-
cineurin) [1] participating in activation of the Crzl
transcriptional factor [1, 3].

Synthesis of the heat shock proteins (HSPs) is
induced under heat shock thus promoting the devel-
opment of induced heat tolerance to the subsequent
lethal heat treatment. The role of the Hsp104 protein
from S. cerevisiae in the process is well enough studied.
In yeast cells, Hsp104 causes dissociation of the pro-
teins aggregated by the heat shock. This results in
enhanced cell viability after the lethal heat shock [4].
Transcription of the heat shock genes in eukaryotes is
regulated by binding of the heat shock transcriptional
factor (Hsf) to the heat shock elements (HSE) located
in promoters of the corresponding genes [5]. In S. cer-
evisiae, heat shock and other stresses activate an Hsf-
independent mechanism for activation of HSP genes'
expression. Two highly homologous transcriptional
factors, Msn2 and Msn4, participate in this process via
association with the stress-sensitive element STRE [6].

The nature of the signal activating transcriptional
factors involved in the heat shock response is still
unknown. Denaturation of intracellular proteins [7]
and intensified generation of reactive oxygen species
(ROS) are suggested to play the role of a signal [8].
Fluctuations in the level of intracellular calcium con-
centration in plant [9] and animal cells [5, 10] under
heat shock are also considered as possible signals
affecting Hsf transcriptional activity. Heat shock in
plant and animal cells was found to cause an increase
of calcium concentration in the cytosol followed by
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induction of heat shock proteins. Introduction of cal-
cium chelators or calcium channels blockers sup-
pressed the induction [11, 12].

Data regarding the changes in calcium concentra-
tion in the cytosol of yeast cells in response to heat
shock are not presently available. The role of calcium
ions in heat stress tolerance of the yeast and in the reg-
ulation of Hsp104 synthesis is unknown as well. Thus,
the objective of this study was to elucidate the role of
calcium in heat tolerance and Hspl104 biosynthesis
regulation in S. cerevisiae.

MATERIALS AND METHODS

Saccharomyces cerevisiae, strain W-74-D694,
kindly supplied by Prof. S. Lindquist (Whitehead
Institute for Biomedical Research, United States),
was used throughout the study. The yeast were main-
tained on YEPD culture medium (yeast extract, 5 g/I;
peptone, 10 g/1; glucose, 20 g/1; agar, 15 g/1) at 30°C.

Yeast were cultivated at 30°C in 100-ml flasks con-
taining 25-ml liquid YEPD medium for 14—16 h. In
the experiments, the necessary volume of the 12-h cul-
ture was added to the fresh culture medium and incu-
bated to the concentration of 2 x 107 cell/ml.

To elucidate the role of Ca*", Mg?*, and Mn*" in
heat tolerance, the cells were harvested by centrifuga-
tion (5000 g, 5 min), suspended in fresh YEPD
medium containing 100—400 mM of CaCl,, MgCl, or
MnCl, (pH 5.5), and incubated at 30 or 39°C for the
specified time intervals. To block calcium channels
and mitochondrial activity, 0.2—1.0 mM of LaCl; and
0.15 mM of NaNj; were used, respectively. To remove
the blockers and ions, the cells were precipitated by
centrifugation and resuspended in fresh YEPD
medium. The suspension was distributed into
test tubes (1 ml per tube) and subjected to 50°C for
0—8 min on a thermostatic rotary shaker (110 rpm).
After heat shock, the suspension was cooled, diluted,
and plated on solid YEPD medium. The number of
colony-forming units (CFU) was counted after incu-
bation for 24—48 h at 30°C. The survival rate of the
cells was determined as the number of colonies from
the heat-treated cells to the number of colonies from
nontreated cells (expressed in percent).

To study the effect of Ca?*, Mg?*, and Mn?* on the
induction of Hsp104 and Ssa2 synthesis, the cells were
treated as described above, washed and kept at —70°C
prior to protein isolation. Then the cells were defro-
zen, resuspended in the buffer for protein purification
(0.1 M of Tris—HCI, 3 mM of SDS, 1 mM of B-mer-
captoethanol, pH 7.4—7.6), frozen with liquid nitro-
gen, and triturated with quartz sand. The crude cell
components were removed by centrifugation (15000 g,
15 min), the protein was precipitated with a triple vol-
ume of cooled acetone. The pellet was washed three
times with acetone and diluted in the buffer (0.625 M
of Tris—HCI, 8 mM of SDS, 0.1 M of B-mercaptoeth-
anol, 10% glycerol, 0.001% bromophenol blue,
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pH 6.8). The concentration of protein was determined
according to Lowry et al. [13]. Separation of proteins
by SDS-Na electrophoresis in 12% PAAG was fol-
lowed by immunoblotting with antibodies against
Hsp104 (SPA-8040, StressGen, United States) and
Ssa?2 (kindly provided by Prof. E. Craig, University of
Wisconsin, United States), in accordance with the
method described earlier [14].

All experiments were performed in triplicate. The
results obtained were statistically treated: the mean
values and P values were calculated.

RESULTS AND DISCUSSION

To elucidate the role of calcium in formation of the
heat shock response in yeast cell, the effect of CaCl, on
the synthesis of Hsp104 and heat tolerance at 50°C
(lethal heat shock) was studied. The yeast cells grown
at 30°C were pretreated with 200 mM of CaCl, for 30,
60, and 120 min, washed, and subjected to heat shock
(50°C). The heat shock at 50°C had a pronounced
lethal effect on the yeast cells (Fig. 1a). Treatment with
200 mM of CaCl, for 30 min resulted in an increased
survival rate of the cells. However, if the calcium treat-
ment was prolonged (120 min), the protecting effect
decreased significantly.

PAAG electrophoresis and immunoblotting
against Hsp104 (Fig. 1b) demonstrated the absence of
Hsp104 in the control (0 min). In accordance with the
literature [4], heat shock (39°C) caused dramatic acti-
vation of this protein synthesis. The treatment with
200 mM of CaCl, at 30°C for 30 min also led to an
increase in Hsp104 synthesis, though in a lesser extent
than the treatment at 39°C. However, prolonged incu-
bation (120 min) of the cells with calcium inhibited
the synthesis of this protein. No increase in Ssa2 syn-
thesis (one of the homologues of the yeast Hsp70 pro-
tein) was recorded in the cells of S. cerevisiae at 39°C if
compared with the control (Fig. 1b). The amount of
this protein did not change after the treatment with
200 mM of CaCl, as well. The level of Hsp104 in the
analyzed samples corresponded completely to the
ability of yeast to tolerate the heat shock. By varying
calcium concentrations, we found 400 mM of CaCl, to
be optimal for Hsp104 synthesis and heat tolerance
(Fig. 1c, Fig. 1d). Therefore, in further experiments
we used treatment of the cells with 400 mM of CaCl,
for 30 min.

To demonstrate that calcium ions are responsible
for the tolerance to lethal heat shock (50°C) and for
the induction of Hsp104 synthesis, as well as to show
the specificity of this effect, magnesium and manga-
nese ions were used in the following study. The yeast
grown at 30°C were treated with CaCl,, MgCl, and
MnCl, in concentrations of 400 mM for 30 min,
washed, and subjected to the heat shock (50°C). When
the heat shock duration was increased, the percentage
of viable cells in the control variant decreased drasti-
cally (Fig. 2a, curve /) while the cells treated with cal-

MICROBIOLOGY Wl. 79 No.2 2010



EFFECT OF CALCIUM IONS ON THE HSP104 SYNTHESIS 155

(@)

min

Min, 50°C

(b)

min
0 30 60 120

K39

~ yemmet  Hspl04

()
mM CaC12

200

100

400

PR ey — STy CR—— Ssn)  -RRRS Smee SIS, e e

Fig. 1. Effect of Ca2* on heat tolerance and Hsp104 synthesis in S. cerevisiae. The cells were treated either with 200 mM of CaCl,
at 30°C for 0, 30, 60, and 120 min (a, b) or with 100, 200, and 400 mM of CaCl, at 30°C for 30 min (c, d); survival rate after the
heat shock (50°C) (a, ¢); Hsp104 and Ssa2 synthesis in calcium-treated cells (b, d). At the right, synthesis of Hsp104 and Ssa2 at

39°C for 30 min is shown (K39).

cium acquired enhanced heat tolerance at 50°C
(Fig. 2a, curve 2). Magnesium and manganese exhib-
ited a significantly less pronounced effect (Fig. 2a,
curves 3, 4). Immunoblotting results showed that,
unlike calcium ions, magnesium and manganese ions
did not cause significant induction of Hsp104 synthe-
sis. Specific effect of calcium on induction of Hsp104
was confirmed in experiments with the blocker of cal-
cium channels, LaCl; (Fig. 3). Varying LaCl; concen-
trations, we found that induction of Hsp104 synthesis
after calcium treatment was effectively inhibited by
1 mM of LaCls,.

Short-term treatment with moderately high tem-
peratures is known to induce the tolerance of yeast to
the subsequent severe heat shock. This effect is named
acquired or induced heat tolerance, correlates with
Hspl104 synthesis and trehalose accumulation [15]
suggesting the protective function of Hsp104 [4]. In
order to study the effect of calcium treatment on
induced heat tolerance and heat-induced Hsp104, the
yeast grown at 30°C were incubated at 30 or 39°C for
30 min with or without 400 mM of CaCl,. As expected,
calcium treatment at 30°C induced Hsp104 synthesis
and enhanced the survival rates under the lethal heat
shock (50°C) (Fig. 4). On the contrary, in the case of
the 39°C heat shock, calcium-treated cells exhibited
suppression of the heat-induced Hsp104 synthesis and
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induction of heat tolerance if compared with non-
treated cells (Fig. 4). Therefore, depending on tem-
perature conditions, calcium may either induce or
inhibit the synthesis of Hsp104.

We have shown previously that induction of
Hsp104 synthesis by heat shock and development of
induced heat tolerance at 39°C were suppressed in
S. cerevisiae in the presence of mitochondrial blockers
and uncouplers [15, 17]. To find out the relation
between the mitochondrial dysfunctions and the abil-
ity of calcium to induce heat tolerance and Hsp104
synthesis, the yeast grown at 30°C were treated with
400 mM of CaCl, with or without 0.15 mM of NaN;,
(NaN; inhibits cytochrome oxidase activity and the
hydrolytic activity of F;, ATPase) [17]. The results
obtained indicated that NaN; inhibited the positive
effect of calcium treatment (400 mM of CaCl,), an
increase in survival rate following severe heat shock
and induction of Hsp104 synthesis (Fig. 5). Obviously,
impairment of the mitochondrial functions sup-
pressed the calcium effect on heat tolerance and
Hsp104 production.

We established earlier that the heat shock caused an
increase of the potential on the inner mitochondrial
membrane (mtAY) in yeast cells and Arabidopsis
thaliana cell cultures. This reaction plays the role of a
signal activating HSP synthesis. The presence of
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Fig. 2. Effect of Ca2*, Mg2", and Mn2* on heat tolerance
and Hsp104 synthesis in S. cerevisiae. The cells were incu-
bated for 30 min in the absence (/) or presence of 400 mM
of CaCl, (2), MgCl, (3), or MnCl, (4) at 30 or 39° (5).
Survival rate after heat shock (50°C) determined as num-
ber of colony-forming units (CFU) (a); Hsp104 and Ssa2
synthesis in the cells in control (K30) and after treatment
with Ca?* (Ca30), MgZ* (Mg30), and Mn?* (Mn30) (b).
At the right, synthesis of Hsp104 and Ssa2 at 39°C for
30 min is shown (K39).

sodium azide and other mitochondrial blockers and
uncouplers in the medium during heat shock sup-
pressed the increase of the potential on the inner mito-
chondrial membrane, induction of HSP synthesis,
and induced heat tolerance [17—19]. This phenome-
non was confirmed by other studies [20], which dem-
onstrated that heat shock leads to hyperpolarization of
the inner mitochondrial membrane in animal cells and
to be accompanied by activation of Hsp70 expression.
Pozniakovsky et al. [2] found mtAY to be enhanced in
the yeast cells treated with amiodarone which disturbs
calcium homeostasis of the cell. The authors proposed
the enhancement of mtAY to result from the increase
in the level of cytosol calcium and its subsequent
transport to mitochondria. To prove that an increase of
mtAY under mild heat shock resulted from the
enhanced level of mitochondrial calcium, investiga-
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Fig. 3. Effect of various LaCl5 concentrations on Hsp104
synthesis in S. cerevisiae. The cells were incubated at 30°C
for 30 min with addition of 0, 0.2, 0.5, and 1 mM of LaCl;
and then incubated at 30°C for 30 min in the absence
(K30) or in the presence of 400 mM of CaCl, (Ca30). At
the right, synthesis of Hsp104 and Ssa2 at 39°C for 30 min
is shown (K39).

tion of the effect of extracellular calcium on Hsp104
synthesis and . cerevisiae heat tolerance was required.

The results obtained demonstrated that short-term
calcium treatment (30 min, 30°C) led to the increased
resistance of yeast cells to lethal heat shock (Figs. 1a,
Ic). Exogenous calcium also enhanced the tolerance
of S. cerevisiae to the effect of amiodarone [21] and
o factor [22]. At the same time, calcium treatment
increased heat resistance of tobacco plants [23].

Calcium is known to induce HSP synthesis in
plants and animals. Exogenous calcium caused the
increase in the activity of the B-glucuronidase gene,
which was expressed in Arabidopsis cells under the
AtHSP18.2 promoter [11]. Treatment with exogenous
Ca(l, activated HSP26 and HSP70 gene expression in
wheat, while calcium channels blockers (verapamil
and LaCl;) and EGTA suppressed it [24]. We obtained
the similar results: calcium treatment (30 min, 30°C)
caused induction of Hsp104 synthesis in S. cerevisiae
(Figs. 1b, d) whereas LaCl; led to its suppression
(Fig. 3). The effect on heat tolerance and Hsp104 syn-
thesis was found to be calcium-specific, since other
bivalent ions (manganese and magnesium) did not
manifest similar effects (Fig. 2). The data discussed
allowed us to suggest that calcium treatment-induced
Hsp104 synthesis resulted in enhanced heat tolerance
of the yeast. Nevertheless, calcium may be involved in
modulating of other heat tolerance mechanisms
including the increase in trehalose level.

Calcium effect on Hsp104 synthesis in .S. cerevisiae
may be linked with the ability of Ca** to activate Hsf
(heat shock factor). In animal and plant cells, calcium
was shown to activate Hsf by initiating its binding to
HSE (heat shock element) [12, 25]. This phenomenon
may be due to the capability of human Ca®*/calmodu-
lin-dependent protein kinase (CaMK II) to phospho-
rylate Ser in the 230" position [26]. No data exist
regarding phosphorylation of Hsf of S. cerevisiae by
Ca’*/calmodulin-dependent protein kinase. How-
ever, deletion of the gene coding for this enzyme sup-
pressed the ability of yeast to obtain induced heat tol-
erance [27]. Calcium may also activate transcriptional
activity of the Msn2 and Msn4 factors. Activity of
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Fig. 4. Effect of calcium on heat tolerance and Hsp104
synthesis at 30 and 39°C in S. cerevisiae. The cells were
incubated at 30 or 39°C for 30 min in the absence (K30,
K39) orin the presence of 400 mM of CaCl, (Ca30, Ca39).
Survival rate after the heat shock (50°C) (a); Hsp104 and
Ssa2 synthesis (b).

Msn2 and Msn4 is negatively controlled by cAMP-
dependent protein kinase A—cAMP-PK [6].The
level of cAMP in the yeast cells is known to be affected
by heat shock [28], while the bcyl with cAMP-PK
hyperactivity did not demonstrate Ca?*/calmodulin-
dependent expression of the ENAI gene [29].

Accumulation of calcium in the cytosol under
stress conditions may switch on the protective pro-
gram and, consequently, to the activation of stress
genes expression [1]; however, the excess of calcium
may be harmful to the cell [2]. Actually, short-term
calcium treatment (30 min) induced heat tolerance
and Hsp104 synthesis in the yeast cells, while longer
exposure to calcium (120 min) suppressed both func-
tions (Figs. 1a, b).

Extrapolation of the results obtained for yeast sub-
jected to other growth-limiting stresses [1] and the
results regarding the plant and animal objects includ-
ing heat shock response [5, 23] suggests that elevated
calcium level in the cytosol under heat shock occurs in
yeast cells as well. This is in accordance with the fact
that under heat shock (39°C), when HSP and heat tol-
erance are induced, the presence of exogenous cal-
cium suppressed Hsp104 synthesis and induced heat
tolerance (Fig. 4). We suggest that the natural increase
in calcium concentration under heat shock, together
with the introduction of calcium to cytosol from exog-
enous CaCl, has an additive effect, and the increase of
calcium concentration above a certain level suppresses
HSP genes' expression.

It is likely that the effect of mitochondrial dysfunc-
tion on heat tolerance and Hsp104 synthesis may be
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Fig. 5. Effect of sodium azide on heat tolerance and
Hsp104 synthesis after calcium treatment of S. cerevisiae.
The cells were incubated at 30°C for 30 min in the absence
(K30) or in the presence of 400 mM of CaCl, (Ca30),
0.15 mM of NaN3(A30), 400 mM of CaCl,, and 0.15 mM
of NaN; (Ca + A30). Survival rate after the heat shock
(50°C) (a); Hsp104 and Ssa2 synthesis (b). At the right,
synthesis of Hsp104 and Ssa2 at 39°C for 30 min is shown
(K39).

explained the same way. Our experiments demon-
strated that the stimulating calcium effect on Hsp104
production and heat tolerance in yeast was suppressed
by addition of sodium azide, an mtAY¥Y inhibiting
agent. This substance also suppressed induction of
HSP synthesis and heat tolerance under mild heat
shock in yeast [15, 17, 18] and plant [19] cells. Ener-
gized animal mitochondria absorb Ca?* depending on
the electrochemical potential of the inner mitochon-
drial membrane. If the electrochemical potential of
the inner mitochondrial membrane is depolarized,
Ca?* influx into the mitochondrion of plant or animal
cell is reduced, resulting in the increase in the level of
calcium in the cytosol [30]. We suggest sodium azide
treatment in the presence of exogenous calcium to
inhibit the inflow of Ca?* into the mitochondria and
cause an increase of its level in the cytosol. This
implies that the transport of calcium ions from the
cytosol to the mitochondria acts as a signal for HSP
genes expression. In fact, in plant and animal cells, an
increase of the level of Ca?* in the cytosol under vari-
ous stresses was accompanied by an increased calcium
level in the mitochondria [30, 31]. The same process
may occur in yeast mitochondria under heat shock.
However, the mechanism of the transport of calcium
to the yeast mitochondria is unclear. Unlike mito-
chondria of the plant and animal cells, mitochondria
of the yeast in organello do not possess an active cal-
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cium transport system [32]. However, since calcium
treatment of permeabilized yeast cells under oxidative
stress was shown to cause the opening of a mitochon-
drial pore, yeast mitochondria are probably able to
accumulate calcium in vivo [33].
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