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Trehalose inhibits ethanol effects on intact yeast cells and liposomes 
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Abstract 

The effect of ethanol on stability of intact yeast cells has been investigated. Several strains with differences in trehalose 
metabolism were examined for their ability to survive in the presence of 10% (v/v) ethanol. A positive correlation was observed 
between cell viability and trehalose concentration. When leakage of electrolytes from the cells was recorded by observing 
changes in conductivity of the medium, we found that ethanol increases leakage, but the presence of trehalose reverses that 
effect. Similar studies were done with liposomes of similar composition to those seen in intact cells in log and stationary phases. 
In the presence of ethanol, carboxyfluorescein trapped in the liposomes leaked to the medium. When trehalose was added 
inside, outside or on both sides of the membrane, the ethanol-induced leakage was strongly inhibited. More leakage was 
observed in liposomes in gel phase state than in liquid-crystalline phase, suggesting that the thermotropic behavior of the lipids 
in the plasm membrane, together with trehalose, plays a role in enhancing ethanol tolerance. 
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1. Introduction 

Ethanol production by microorganisms has been ex- 
ploited by man for millennia, but much is still not 
understood about this process. For example, during 
fermentation, when ethanol concentration is high, 
yeasts experience inhibition of cell growth, loss of cell 
viability, loss of nutrient uptake, decreased proton 
fluxes and impaired fermentat ion performance [1-5]. 

Several authors have proposed that the plasma 
membrane  can be one of the major target sites of 
ethanol toxicity [5-8]. Since ethanol and plasma mem- 

* Corresponding author (at Section of Molecular and Cellular Biol- 
ogy, Storer Hall, University of California, Davis, CA 95616, USA). 
Fax: + 1 (916) 7521449. E-mail: JJMANSURE@UCDAVIS. 
Abbreviations: PS, phosphatidylserine; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; Tes, (N-tris[hydroxymethyllmethyl-2- 
aminoethanesulfonic acid; POPC, 1-palmitoyl-2-oleoylphosphatidyl- 
choline; DOPC, dioleoylphosphatidylcholine; DPPC, dipalmitoyl- 
phosphatidyicholine; CF, carboxyfluorescein. 

0005-2736/94/$07.00 © 1994 Elsevier Science B.V. All fights reserved 
SSDI 0005-2736(94)00019-L 

brane lipids are both amphiphatic molecules, it is likely 
that they interact directly with each other during the 
course of fermentation, resulting in physiological 
changes to the membrane  [3]. 

A way in which ethanol could affect the permeabil-  
ity propert ies of a membrane  has been hypothesized 
[5]. If  we consider the hydrophobic interior of the 
membrane  as a primary permeabili ty barrier of the cell, 
preventing free exchange of polar molecules, intercala- 
tion of ethanol into this hydrophobic interior would 
tend to increase the polarity of this region, increasing 
permeability to water  soluble molecules. An increase in 
permeability to protons and ions would, among other 
things, result in an uncoupling that should contribute 
to the inhibition of a secondary active transport  across 
the yeast plasma membrane,  decreasing substrate accu- 
mulation. 

Ethanol can also induce changes in lipid composi- 
tion of yeast and bacterial membranes  as an adaptative 
response. In Escherichia  coli,  the presence of ethanol 
changes the ratio of saturated to unsaturated fatty 
acids, with an increase in the proport ion of vaccenic 
acid and a reduction of palmitic acid. The reduced 
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acid and a reduction of palmitic acid. The reduced 
level of saturated fatty acids has been suggested to be 
due to a decrease in the amount of saturated fatty 
acids available for phospholipid synthesis [9]. In yeast 
cells, the lipid composition of plasma membrane has 
been reported to affect ethanol tolerance [6,7]. Supple- 
mentation of cultures with ethanol at several concen- 
trations led to an increase in the proportion of mono- 
unsaturated fatty acid residues in cellular phospho- 
lipids, which was accompanied by a decrease in the 
proportion of saturated residues [2,10]. 

Some information about basic mechanisms can be 
derived from simpler model studies. Using a multi- 
lamellar liposome model, some workers have described 
unusual thermotropic behavior for pure saturated 
phosphatidylcholines (PC) of various chain lengths 
[11-15] in the presence of ethanol. At low ethanol 
concentrations, the phase transition temperature de- 
creases as ethanol intercalates into the membrane and 
spreads the phospholipid headgroups apart, while at 
higher concentrations the ethanol spreads the lipids so 
much that the chains interdigitate. Additionally, 
ethanol has been shown to induce lateral phase separa- 
tion in mixed bilayers of PC and phosphatidylethanol- 
amine (PE) [15]. Clearly, such events could lead to loss 
of membrane function. 

Trehalose, a non-reducing disaccharide (c~-D-gluco- 
pyranosyl-a-o-glucopyranoside) has been considered 
for a long time as a storage carbohydrate in yeast 
[16,17]. However, an additional function has recently 
been proposed. This sugar is widely found in many 
organisms capable of surviving under several adverse 
environmental conditions such as freezing, heat shock 
and dehydration [18-26]. In Saccharomyces cerevisiae, 
accumulation of trehalose was observed when cells 
were shifted to temperatures above 28°C or exposed to 
either ethanol or hydrogen peroxide, suggesting that it 
might correspond to a general response to a physio- 
logical stress [27-29]. These observations have shifted 
the focus from trehalose as storage carbohydrate to a 
new role as a membrane and protein protectant. 

Other studies from this laboratory have shown that 
trehalose is highly effective in preserving structure and 
function in dry biological membranes. Further biophys- 
ical studies show that the sugar acts by forming hydro- 
gen bonds with the phospholipid head group, thereby 
maintaining the bilayer structure in a 'fluid' condition, 
preventing fusion during drying and phase transitions 
(which cause leakage) during rehydration [30-34]. 

In this report, we have investigated some mecha- 
nisms by which ethanol affects yeasts and liposomes. 
This study was undertaken to test the hypothesis that 
ethanol may be toxic to yeast because of its effects on 
lipid bilayers and that trehalose can partially or wholly 
reverse these effects, leading to decreased leakage and 
increased survival. 

2. Materials and methods 

Yeast strains. The control strain used in this study 
was D273-10B. The mutant strains had the following 
characteristics: Klg (cif) and Q6R2 (fdp) show no 
trehalose accumulation due to the lack of detectable 
UDPG trehalose-6-phosphate synthase activity (EC 
2.4.1.15) [35,36]. Strains 308Tx, 308T 2 and 308T 5 are 
mutants lacking the trehalose transporter [37]. 

Growth conditions. Growth media consisted of 1.3% 
yeast extract and 2% glucose (YED) supplemented 
with 0.2% (NH4)2804, 0.2% K H 2 P O  4 and the pH 
adjusted to 5.2. Cultures were incubated at 28°C on a 
rotary shaker at 160 rpm. Growth of cultures was 
followed by turbity measurements at 570 nm. 

Heat shock treatment (temperature shift). Cells grown 
at 28°C up to mid-log phase were submitted to a shift 
in temperature to 40°C for 60 min. 

Trehalose extraction and determination. Trehalose 
was extracted from 12 mg (dry weight) of cells with 0.5 
M trichloroacetic acid and determined by the antrone 
method according to Oliveira et al. [38]. 

Viability determination. Cell viability was determined 
after appropriate dilution and plating on solidified 
yeast extract-peptone-glucose medium (YPD). The 
colonies were counted after 48 h at 28°C. All plates 
were run in duplicate. 

Measurement of  conductivity. Cells were harvested 
30 mg (dry weight) and washed twice with cold distilled 
water. The cells suspension were dispensed in elec- 
trode systems with water; water and 2 M ethanol; 
water, 2 M ethanol and 100 mM trehalose. Changes in 
conductance were measured after 10 min with a con- 
ductivity meter (model YSI 35, Yellow Spring Instru- 
ments, OH) using alternating current at 60 Hz. 

Preparation of  liposomes. All phospholipids were 
purchased in chloroform from Avanti Polar Lipids and 
stored at -20°C. Liposomes were made by drying 20 
mg of phospholipids under dry nitrogen and then plac- 
ing them in a high vaccum for at least 2 h. The lipid 
was rehydrated with 10 mM Tes buffer (pH 7.5) and 
250 mM CF (carboxyfluorescein). When necessary, 100 
mM trehalose was also trapped in the liposomes. Uni- 
lamellar liposomes were prepared by a simple extru- 
sion method according to MacDonald et al. [39] through 
0.1/xm polycarbonate membrane filters, obtained from 
Poretics (Livermore, CA). 

Fluorescence measurement. Fluorescence was mea- 
sured in a Perkin-Elmer LS-5 fluorescence spectro- 
photometer. The excitation wavelength was 460 nm 
and emission wavelength 550 nm. Maximal carboxy- 
fluorescein was determined by lysing the vesicles with 
0.1% Triton X-100. 

Special chemicals. Carboxyfluorescein was obtained 
from Eastman Kodak (Rochester, NY). Trehalose was 
purchased from Pfanstiehl Laboratories (Waukegan, 
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IL). All other chemicals were purchased from Sigma 
(St. Louis, MO). 

3. Results and discussion 

Trehalose and ethanol toxicity 
Trehalose has emerged as a protectant against 

ethanol toxicity, although the mechanism(s) of the pro- 
tection remain unknown. Cells of one wild-type and 
several mutant strains were grown at 28°C and har- 
vested at first log phase (before glucose exhaustion) 
when endogeneous trehalose is low [16-17]. Cells were 
rinsed, and one aliquot was subjected to a mild heat 
stress (40°C/1 h). Another aliquot was kept at 28°C. 
The temperature shift promotes a rapid trehalose ac- 
cumulation in Saccharomyces cerevisiae, which has been 
correlated with 3 fold-increase in the level of trehalose- 
6-phosphate synthase activity [27,40-44]. Both aliquots 
were then incubated for 24 h in 10% ethanol at 28°C. 
Trehalose content and survival were determined for all 
strains both before and after ethanol incubation and 
with and without heat stress. Results are shown in 
Table 1. 

As seen in Table 1, the wild-type D273-10B showed 
low trehalose and low survival when the temperature 
was not shifted. Following a temperature stress, tre- 
halose increased significantly with a further increase 
following ethanol stress. The high trehalose content 

Table 1 
Survival of several strains as a function of trehalose content, before 
and after 10% (v/v)  ethanol incubation for 24 h 

Strains Trehalose (mg /g  dry Survival 
wt. cells) (%) 

before after 
EtOH EtOH 

D27310-B no heat 3 3 6 
heat 46 65 60 

KLG 102 no heat 3 3 3 
heat 3 3 12 

Q6R2 no heat 3 3 3 
heat 3 3 3 

308 T1 no heat 3 21 15 
heat 30 20 19 

308 T2 no heat 3 19 42 
heat 29 26 45 

308 T3 no heat 3 32 22 
heat 48 36 31 

Cells grown at 28°C up to mid-log phase were submitted to a shift in 
temperature to 40°C for 60 min for heat-shocked samples. Trehaiose 
was extrated from 12 mg (dry weight) of cells with 0.5 M 
trichloroacetic acid and determined by the antrone method accord- 
ing to Oliveira et al. [38]. Cell viability was determined after appro- 
priate dilution and plating on YPD medium. The colonies were 
counted after 48 h at 28"C. Survival was obtained as percentage of 
control. 
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Fig. 1. Yeast cells survival as a function of trehalose content. A 
correlation coefficient, r 2 =  0.65704204, was obtained by a linear 
regression program. 

was accompanied by high survival following ethanol 
stress. Two strains (Klg-102 and Q6R2) which have no 
trehalose-6-phosphate synthase activity showed low 
trehalose and low survival under all conditions. Three 
other strains (308Tt, 308Tz, and 308T5), which are 
mutants lacking a trehalose transporter, showed low 
trehalose before both a heat and an ethanol stress. 
However, trehalose increased following these stresses 
in parallel with an increase in survival (compare sur- 
vival with wild-type). These results can be better visual- 
ized by plotting the survival data from all strains against 
trehalose content (Fig. 1), which shows a positive corre- 
lation between cell viability and trehalose concentra- 
tion. This finding indicates that depending on the 
strain, yeast cells can respond to heat and ethanol 
stress with increased trehalose content and increased 
survival. Similar effects have been reported in brewing 
strains that showed an increase in ethanol tolerance 
accompanied by an increase in the level of intracellular 
trehalose, when these cells were submitted to heat or 
ethanol stress [28,45]. 

Effect of  trehalose and ethanol on leakage from cells 
Previous studies on ethanol toxicity for yeast have 

shown that it decreases the activity of glycolytic en- 
zymes in whole cells and cell extracts, while apparently 
not inhibiting glucose uptake at least up to 2 M ethanol 
[46]. One of the most important effects of ethanOl is to 
alter transmembrane proton flow, leading to changes in 
the transmembrane gradient [47], which can clearly 
affect solute accumulation, growth, and survival. Inter- 
estingly, the study by Cartwright et al. [47] found that 
older cultures were less affected by ethanol; these are 
the ceils that would be expected to have higher tre- 
halose contents [16-17]. 

Leakage from cells of D273-10B (wt) and Q6R2 
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Table 2 
Conductivity from cells of D273-10B and Q6R2 with different levels of intracellular trehalose 

Strain D277310-B Conductivity Trehalose Strain Q6R2 Conductivity Trehalose 
( / x m h o / g  cell) ( m g / g  cell) ( i x m h o / g  cell) ( m g / g  cell) 

A. Growth on glucose B. Growth on glucose 
Log phase, no heat Log phase,  no heat 

Control 2.0 6 Control 2.0 ,,~ 
2 M EtOH 2.4 6 2 M EtOH 3.0 4 
2 M EtOH + 100 mM trehalose 2.1 6 2 M EtOH + 100 mM trehalose 2.3 4 

Log phase,  heat  Log phase, heat  
Control 0.6 58 Control 0.7 5 
2 M EtOH 0.8 58 2 M EtOH 0.8 5 
2 M EtOH + 100 mM trehalose 0.7 58 2 M EtOH + 100 mM trehalose 0.7 5 

C. Growth on maltose 
Stationary phase Log phase 

Control 0.7 48 Control 1.8 40 
2 M EtOH 0.8 48 2 M EtOH 2.4 40 
2 M EtOH + 100 mM trehalose 0.7 48 2 M EtOH + 100 mM trehalose 2.3 40 

(fdp) were compared after exposure for ten minutes to 
either water, 2 M ethanol, or 2 M ethanol with 100 mM 
trehalose, and the increase in conductivity (a measure- 
ment of ions in the solution) of the solution was 
determined. Results are shown in Table 2. 

Both strains showed similarity in the effects of 
ethanol on leakage, as determined by conductivity of 
the medium; in general, the presence of trehalose 
decreased ethanol-induced leakage. Leakage from 
strain D273-10B collected during log phase is intrinsi- 
cally higher than in stationary phase. However, log 
phase cells submitted to heat stress (temperature shift), 
which promotes trehalose accumulation [27,40-44], 
showed levels of leakage similar to stationary phase 
cells. In the case of strain Q6R2 grown on glucose and 
collected at log phase (conditions under which the cells 
have low levels of internal trehalose), ethanol again 
increased the conductivity in the solution, and this 
effect was reversed when trehalose was added. When 
the same cells were grown on maltose as carbon source 
and collected at log phase the levels of conductivity in 
the presence of ethanol were lower compared to growth 
on glucose. Q6R2 produces trehalose when it is grown 
on maltose [48]. 

Despite the general pattern that trehalose decreases 
ethanol-induced leakage from the cells, the presence of 
the sugar trehalose does not seem to be the only factor 
promoting ethanol tolerance. Cells of Q6R2 grown on 
glucose and submitted to a temperature shift did not 
produce trehalose, but also showed low levels of leak- 
age compared with the control. Because this effect was 
induced by a temperature shift, it seems reasonable to 
assume that alterations in lipid compositon could be 
involved in the increased tolerance, a possibility that 
we have pursued with studies on model membranes. 

Effect of trehalose and ethanol on leakage from lipo- 
somes 

Control liposomes composed of egg PC and PS 

(9:1) do not leak trapped carboxyfluorescein during 
storage for 30 min at room temperature, but upon 
exposure to 2 M ethanol they leak about 30% of their 
contents over the same time (Fig. 2). Addition of 
trehalose significantly decreased the ethanol-caused 
leakage, regardless of whether the sugar was present 
only on the outside of the liposomes or on both sides of 
the bilayer (Fig. 2). 

In yeast membranes, phosphatidylcholine (PC) is the 
most abundant phospholipid and quantitatively the 
most predominant fatty acids substituents of yeast 
phospholipids are 16:0 (palmitic acid); 16:1 (palmi- 
toleyl acid); 18 : 1 (oleic acid) and a smaller proportion 
of 18:0 (stearic acid) [49-50]. 
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Fig. 2. Leakage of carboxyfluorescein from P C / P S  (9:1), control (e). 
Measurements  were also made in the presence of 2 M ethanol: 
without trehalose (©); with 100 mM trehalose outside ( B )  or with 
100 mM trehalose on both sides of the membrane  ([]).  
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Fig. 3. Leakage of carboxyfluorescein from DPPC. (A) Increasing ethanol concentration, with (El) and without (11) addition of 100 mM 
trehalose. (B) Constant ethanol concentration at 2 M, with increasing trehalose concentration ( • ) .  

Some organisms change their plasma lipid composi- 
tion in response to high concentrations of ethanol in 
their growth medium. These changes include an in- 
crease in the proportion of mono-unsaturated fatty 
acids in cellular phospholipids, especially in C18 
residues which is accompanied by a decrease in the 
proportion of saturated residues as C16 [2,5,9,51,52] 
while a small effect has been observed in stearic acid 
(18 : 0) [28,53]. Therefore, studies were made of effects 
of ethanol on leakage in liposomes constituted with the 
major phospholipids identified in the yeast membrane. 
Furthermore, we varied the ethanol concentration, 

maintaining trehalose concentration constant, and then 
at a constant ethanol concentration we varied the 
trehalose concentration. 

An increase in the ethanol concentration was ac- 
companied by an increase in the permeability of all 
liposomes tested, regardless of the composition (Figs. 
3-7). In all liposomes tested, trehalose mitigated the 
ethanol-caused leakage, and this protective effect was 
dependent on trehalose concentration (Figs. 3-7). 

These results also show that liposomes prepared 
with unsaturated phospholipids showed less leakage 
than those containing saturated fatty acids (Figs. 3-7). 
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Fig. 4. Leakage of carboxyfluorescein from DOPC. (A) Increasing ethanol concentration, with ( n )  and without (11) addition of 100 mM 
trehalose. (B) Constant ethanol concentration at 2 M, with increasing trehalose concentration ( • ) .  
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Fig. 5. Leakage of carboxyfluorescein from POPC. (A) Increasing ethanol concentration, with ([3) and without (11) addition of 100 mM 
trehalose. (B) Constant ethanol concentration at 2 M, with increasing trehalose concentration ( • ) .  

Indeed, a mixture of two unsaturated phospholipids 
POPC and DOPC (1 : 1) showed a lower level of leak- 
age than a mixture including a third, saturated lipid 
P O P C / D O P C / D P P C  (1 : 1 : 1) (Figs. 6-7). One possi- 
ble explanation for this effect is that at room tempera- 
ture liposomes composed of saturated fatty acids 
(DPPC) are in gel phase state while liposomes contain- 
ing unsaturated fatty acids are in liquid-crystalline 
phase. Thus there may be some lipid phase separation, 
which could lead to increased permeability. However, 
since the controls made from this mixture showed low 

leakage rates, phase separation in itself would not 
seem to explain this effect. At present, we have no 
satisfactory explanation for this effect, but suggest that 
the more rigid acyl chains of DPPC may not accommo- 
date the presence of ethanol in the hydrophobic inte- 
rior of the bilayer without defects, while more fluid 
acyl chains could conceivably do so. In this regard, it is 
satisfying to note again the response of some organisms 
to the presence of ethanol by altering their lipid com- 
position with a increase in mono-unsaturated fatty 
acids and a decline in saturated fatty acids. 
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Fig. 6. Leakage of carboxyfluorescein from a mixture of POPC/DOPC (1 : 1). (A) Increasing ethanol concentration, with (D)  and without (m) 
addition of 100 mM trehalose. (B) Constant ethanol concentration at 2 M, with increasing trehalose concentration ( • ) .  
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Fig. 7. Leakage of carboxyfluorescein from a mixture of POPC/DOPC/DPPC (1:1:1). (A) Increasing ethanol concentration, with (D) and 
without ( • )  addition of 100 mM trehalose. (B) Constant ethanol concentration at 2 M, with increasing trehalose concentration ( • ) .  
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