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Abstract 
Exponential cells of the Saccharomyces cerevisiae tpsl mutant underwent a rapid loss of viability upon a non-lethal heat exposure (from 28 to 42°C). 

However, a further more severe heat stress (52.5’C 5 min) induced an increase in the fraction of viable cells. This mutant can not synthesize trehalose 
either at 28” C or at 42°C due to the lack of a functional trehalose-6P synthase complex. In control experiments carried out with the wild-type 
W303-lB, heat-stressed exponential phase cultures grown on YPgal at 28°C acquired thermotolerance to a higher extent than identical cultures grown 
on YPD, although in both cultures the level of stored trehalose was negligible. These data suggest that the bulk of trehalose accumulated in yeast 
upon mild heat treaments is not sufficient to account for the acquisition of thermotolerance. 
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1. Introduction 

Thermotolerance has been widely investigated in 
yeasts in connection with trehalose metabolism [l-5]. 
Saccharomyces cerevisiae cells growing exponentially on 
glucose (28-30°C) accumulate an enormous amount of 
trehalose (an up to 4- to j-fold increase) when subjected 
to heat-shock treatments (37-42”C). This accumulation 
plays a protective role in the cells during their further 
exposition to higher temperatures (> 50°C) [1,4,5]. Con- 
clusive genetic and biochemical data have provided a 
close correlation between the intracellular levels of treha- 
lose and the degree of acquired thermotolerance [4-61. 
The capacity of the cell to withstand other stress condi- 
tions, such as hyperosmotic shock and dehydratation, is 
also dependent on massive synthesis of trehalose (re- 
viewed in [7]). A similar role has been demonstrated in 
certain bacteria, which are able to store large concentra- 
tions of trehalose as the compatible solute in response to 
a variety of osmotic stresses (reviewed in [8]). 

Trehalose appears to act by preventing the deleterious 
effect caused by heating on membranes and proteins 
[5,9,10]. The disaccharide substitutes water and binds to 
the polar head groups of phospholipids, preserving the 
properties of a hydrated membrane [9]. Recent findings 
also show that trehalose added at physiological concen- 
trations efficiently increases the thermal stability of yeast 
proteins in vitro against several heat-shock treatments, 
as well as reducing the formation of heat-induced protein 
aggregates [lo]. 

Nevertheless, the direct relationship between changes 
in trehalose accumulation and reversible acquisition of 
thermotolerance has recently been challenged by utiliz- 
ing deletion mutants of the heat-shock protein HSP104 
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(hspZ04d) and neutral trehalase (nthld) [I 1,121. Both 
strains were heat-shock sensitive, despite the fact that 
they exhibited normal levels of trehalose. In this study, 
I have analyzed the thermotolerance response in a S. 
cerevisiae tpsl (formerly cifl) mutant [13], which is defi- 
cient in the small 56 kDa subunit of the T-6P synthase 
complex [14,15] and is therefore unable to synthesize 
endogenous trehalose. 

2. Materials and methods 

2.1. Yeast strains and culture conditions 
The following S. cerevisiae strains were used: wild-type W-303-1 B, 

Mat a ade2-1 his3-1 I,15 ura3-1 leu2 trpl-I TPSl, and the isogenic fpsl 
mutant WDC-3A, Mata ade2-I his3-ll,l5 ura3-1 leu2 trpl-1 
tpsl:tHZS3. They were kindly provided by Dr. C. Gancedo (Instituto 
de Investigaciones BiomCdicas, Madrid, Spain). The cells were grown 
at 28°C with shaking in 2% peptone, I % yeast extract and 2% glucose 
(YPD) or 2% galactose (YPgal). 

2.2. Heat-shock treatment and determination of thermotolerance 
When 200 ml of the cultures reached an OD,, = I .0-l .3 units (about 

1. l-l .5 x lo7 eels/ml) they were divided into two flasks of 100 ml each 
and placed into a shaking water bath at 28°C. After I5 min one flask 
was transferred to another water bath at 42°C. 

To determine thermotolerance, aliquots of both cultures (1 ml) were 
collected in prewarmed Eppendorf tubes, placed at 52.5’C for 5 min 
and quickly cooled in ice. The samples were appropriately diluted with 
sterile water and plated in triplicate on solid YPD or YPgal. Colonies 
were scored after incubation for 3-5 days at 30°C. In each case, the 
percentage of viability was referred to control samples from the same 
culture without exposure to 52.5”C (100% viability). 

2.3. Enzymatic assays 
Cell-free extracts in 25 mM MES. PH 7. I, were obtained and neutral 

trehalase was measured as descrided previously [16]. T-6P synthase 
activity was determined by the discontinuous procedure described else- 
where [17] except that the temperature of the assay was raised to 40°C. 

2.4. Analytical procedures 
Intracellular trehalose was extracted at 4°C with 5% trichloroacetic 

acid and estimated according to the anthrone method. Confirmation of 
its identity was performed by gas chromatography using the trimeth- 
ylsilyl derivatization technique including commercial trehalose (Merck) 
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as an external standard. Protein was measured according to Lowry et 
al. [I 81 with bovine serum albumin as the standard. 

3. Results 

3.1. Thermotolerance and trehalose content in the wild- 
type strain W303-IB 

Because the tpsl mutant (allelic to cijl, fdpl, bypl, glc6 
or ggsl) can not grow on glucose or fructose [13,19], 
galactose was used as an alternative carbon source. Ini- 
tial experiments were carried out in wild-type cells to 
analyze the degree of viability vs. the trehalose level after 
mild heat treatments in cultures grown on YPD and 
YPgal media. 

W303-1B cells pregrown at 28°C on YPgal showed a 
higher capacity for survival (about 20%) when subjected 
to a thermal stress (52.5”C for 5 min) with respect to that 
observed in identical cells pregrown on YPD (Fig. 1A). 
After a shift to 42°C and subsequent heat treatment, the 
percentage of viability increased in parallel in both cul- 
tures and became practically similar within 90 min of 
incubation (Fig. 1A). 

Exponential cells at 28°C contained low levels of tre- 
halose after growth either with glucose or galactose (Fig. 
1B). In YPD cultures, the change to 42°C induced a 
marked increase in the trehalose content (Fig. 1 B) which 
mirrored the rise in viability exhibited by these cells (Fig. 
1A). The pattern of trehalose synthesis in YPgal cultures 
followed the same trend, but the actual content of treha- 

0 30 60 90 120 

TM ( MIN ) 

lose was lower (Fig. 1B). This might be due to a minor 
concentration of the biosynthetic substrates of T-6P syn- 
thase (UDP-glucose and glucose-6P) in galactose than in 
glucose [20]. Therefore, in this case, there is not an exact 
correlation between acquisition of thermotolerance and 
trehalose storage upon sublethal heat-shock treatment. 

3.2. Thermotolerance response in the tpsl mutant 
Cells of the tpsl strain shifted from 28 to 42°C and 

further incubated at this temperature for various peri- 
ods, rapidly lost viability (Fig. 2). However, aliquots 
harvested from the culture incubated at 42°C and sub- 
mitted to a thermal shock (52.5”C, 5 min) (Fig. 3A) 
displayed a progressive increase in cellular viability, 
which was more evident when compared to the same 
samples obtained from the culture at 28°C (Fig. 3A). 
Recently, similar results were achieved with another tpsl 
strain growing on maltose instead of galactose [6]. Deter- 
mination of trehalose performed in cells maintained at 
28°C showed that tpsl cells did not accumulate detecta- 
ble amounts of this disaccharide (Fig. 3B). Since it has 
been proposed that another ADPG-dependent T-6P syn- 
thase activity is present in S. cerevisiae [21], I tested 
whether this pathway could be operative during the heat- 
shock process. However, no significant levels of treha- 
lose were measurable at 42°C either (Fig. 3B). Gas 
chromatography determinations confirmed the lack of 
intracellular trehalose in the tpsl mutant (data not 
shown). 

The response to heat shock of the enzymes involved 
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Fig. 1. Acquisition of thermotolerance (A) and trehalose accumulation (B) in S. cerevisiue wild-type cells grown in YPD (squares) or YPgal (circles) 
liquid media. Log-phase W303-1B cells were subjected to a preconditioning heating at 42“ C for various periods. Induction of thermotolerance was 
carried out at 52.5”C for 5 min and expressed as the percentage of survival respect to an identical, untreated sample (100%). Filled symbols, cells 
incubated at 28” C; (open symbols, cells incubated at 42” C. Error bars in (A) represent the S.D. of 3 measurements. Error bars from the data at 
28’C were omitted for the sake of clarity, but the SD. was lower than 8%. The error bar at the right in (B) represents the maximal SD. 
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Fig. 2. Effect of the non-lethal pretreatment at 42°C on cell viability 

in tpsl;:HIS3. Log-phase cultures pregrown at 28°C were maintained 

at this temperature (o), or transferred to 42’C (0). The values represent 

the mean + S.D. of three measurements. 

in trehalose metabolism was also examined. In galactose- 
grown W303-1B cells, basal T-6P synthase displayed 
values somewhat higher than those recorded in YPD 
(Fig. 4A) [17,22]. This is probably due to the fact that the 
T-6P synthase complex is subjected to glucose repression 
[13,22], which is partially alleviated in the presence of 
galactose. However, the enzyme could still be activated 
after transfer of the cultures to 42°C (Fig. 4A). As ex- 
pected, T-6P synthase in the tpsl mutant was barely 
detectable under both experimental conditions. 

On the other hand, an increase in neutral trehalase 
upon heat-shock exposition was observed in tpsl cells, 
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although to a lower extent than that recorded in the 
wild-type cells (Fig. 4B). This result is consistent with the 

observation that although tpsl exhibits a greatly reduced 
glucose-induced CAMP signal [13,19], the pathway for 

CAMP synthesis remains intact [13]. 

4. Discussion 

Trehalose, considered for a long time as a reserve 

carbohydrate in yeasts [23], has recently been redis- 
covered as an efficient protectant of cell integrity against 
a variety of stresses [5,7]. In this context it is well docu- 
mented that S. cevevisiue proliferating cells submitted to 
a temperature shift (from 28-30°C to 3745°C) accumu- 
late trehalose which, in turn, results in an increase in the 
fraction of survivors during a further more severe heat 
stress ( > 50°C) [1,4,5]. Cellular resistance to dehydra- 
tion [24] or noxious chemicals [3] was also dependent on 
the concentration of trehalose. Nevertheless, other 
agents (i.e. ethanol or N6-(2-isopentenyl)adenosine) are 
able to induce the thermotolerant state without a con- 
comitant accumulation of trehalose [25]. Moreover, 
when the deletion mutants hspl04A and nthld were sub- 
mitted to heat stress (50°C for lo-20 min), they showed 
low thermotolerance, although the concentration of tre- 
halose was normal (hspl04A) or even higher (nthld) com- 
pared with the respective parent strains [11,12]. If we 
assume the existence of a common mechanism for pro- 
ducing a tolerant viable state under a wide range of 
circumstances, this would indicate that the trehalose 
stored during the preconditioning temperature shift may 
be only part of a general thermoprotective response. 

The results presented here suggest that with reference 
to the role of trehalose, a distinction should be made 
between the non-lethal heat treatment and the subse- 
quent thermal stress. Indeed, trehalose acts as a cellular 
protectant during the mild heat exposure, since cultures 
of a trehalose-deficient mutant (tpsl) quickly die when 
shifted from 28°C to 42°C (Fig. 2). However, it appears 
to be less evident that trehalose can, by itself, account for 
the resistance to the severe heat stress. Exponential wild- 
type cultures grown on YPgal showed higher survival 
after a 52.5”C exposure than the same cultures grown on 
YPD (Fig. IA), whereas the level of trehalose at 28°C 
was very low in both cases (Fig. 1B). In addition, the 
percentage of viability upon transfer to 42°C tended to 
be similar (Fig. IA), whereas YPD-grown cultures dis- 
played a higher accumulation of trehalose than YPgal- 
grown cultures (Fig. 1B). Furthermore, cells of the tpsf 
mutant preincubated at 42°C and then subjected to 
52.5’C acquired a certain degree of thermotolerance 
(about 30% increase in cellular viability) (Fig. 3A; [6]), 
despite tha fact that this strain is unable to synthesize 
trehalose either at 28°C or 42°C (Figs. 3B and 4). Meas- 
urements of neutral trehalase (Fig. 4) are consistent with 
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Fig. 3. Acquisition of thermotolerance (A) and trehalose accumulation (B) in the fpsl::HIS3 strain. Log-phase cultures were grown in YPgal at 28” 
C (filled symbols). At time zero, half of the wild-type culture and the tpsl mutant were transferred to 42” C (open symbols). Circles, wild-type 
W303-1B; squares, tpsl mutant. For other details see Fig. 1. 

the idea that the pathway for CAMP synthesis is opera- 
tive in this mutant [13,19]. 

In addition to trehalose, other factors synthesized dur- 
ing the sublethal heat exposition have to be directly in- 

volved in the acquisition of thermotolerance. An obvious 
candidate would be the set of heat-shock proteins (HSPs) 
(recently reviewed in [26]). Their involvement in the heat- 
shock response was previously questioned because, 
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Fig. 4. Changes in T-6P synthase (A) and trehalase (B) activities in the rpsI::HI.S3 strain. Log-phase cultures from the wild-type W303-lB or the 
tpsl mutant were grown in YPgal at 28” C (filled symbols). At time zero, half of each culture was transferred to 42°C (open symbols). Circles, 
wild-type; triangles, tpsl mutant. 
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under certain conditions, thermotolerance was induced 
in the absence of HSP synthesis [27]. However, a direct 
effect on the induced thermotolerance has been demon- 
strated in the case of HSP 104 [28]. Different lines of 
evidence have led to the proposal of a protective cooper- 
ation between some HSPs and trehalose: (i) trehalose 
accumulation occurs in parallel with HSP synthesis in 
mutants altered in the RAS-CAMP pathway [4]; (ii) the 
activity (or level of expression) of several HSPs nega- 
tively modulates the actual content of trehalose during 
the heat-shock stress and/or heat-shock recovery [20,29]; 
(iii) the genes TPSl and TPS2, which encode two sub- 
units of the T-6P synthase complex, belong to the group 
of HSPs [6,13,14]. 
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