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Trehalose, a disaccharide of glucose, is accumulated in yeast cytosol when this organism is
submitted to a stress condition. Recently it was shown that the level of trehalose increase up to
15 times when yeast cells are submitted to heat shock (De Virgilio et al., 1991). In this report
we give evidence how trehalose may play an important role on the stress-survival of yeasts
when submitted to a heat shock. We show that 1.5 M trehalose increases 13-fold the half-time
for thermal inactivation (z, ) of yeast cytosolic pyrophosphatase at 50 °C. This thermal pro-
tection conferred by trehalose is dose-dependent, after 10 min at 50 °C, a condition which
inactivated pyrophosphatase, the presence of 2 M trehalose preserves 95% of total activity.
Other carbohydrates were tested but were not so effective as trehalose. The presence of tre-
halose at high concentrations in the reaction medium at 35 °C inhibits pyrophosphatase activ-
ity. This inhibition is less effective at 50 °C suggesting that under this condition the enzyme is
temperature-protected and active.
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We have shown that carbohydrates can modu-
late the catalytic cycle of ion-transporting ATPases.
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Materials and Methods

Yeast inorganic pyrophosphatase, trehalose and
tris were purchased from Sigma Chemical Co.
Other reagents were of the higher purity available.

Pyrophosphatase activity was determined by
measuring the total Pi released in the end of reac-
tion.

Data points show the means of four experi-
ments, with standard errors of less than 10%. Fit-
ting were done using the non-linear regression
computer program Enzfitter (Elsevier, Biosoft).
Goodness of fit was assessed by computing re-
duced chi squares for the fits, as described in
(Motulsky and Ransnas, 1987).

Results

When yeast cytosolic pyrophosphatase was pre-
incubated at 50 “C its activity measured in a stand-

Fig. 1. Time course of thermal denaturation of pyro-
phosphatase at 50 “C. Yeast cytosolic pyrophosphatase
(40 pg/ml) was pre-incubated for the times indicated in
the abscissa in the absence (O) or in the presence (@) of
1.5 M trehalose. After pre-incubation, 50 vols. of reac-
tion medium was added, at 35 °C. Final concentrations
in the reaction medium were 100 mm Tris/HCl pH 7.5,
10 mm MgCl,, 2 mM pyrophosphate, 0 or 30 mMm trehal-
ose and 0.8 pg/ml pyrophosphatase. The reaction was
quenched after 1 min by addition of 2 vols of 20% (w/v)
trichloroacetic acid. After dilution, the activity (100%
on the ordinate) was 615 £ 50 nmol Pi-mg~'-min~! with
or without 30 mM trehalose. The data were fitted by non-
linear regression to the equation v= Vo-e ', where Vo is
the initial rate of pyrophosphate hydrolysis without pre-
incubation; k is the decay constant; ¢ is the pre-incuba-
tion time.

ard assay medium of 35 °C, decreased as a func-
tion of pre-incubation time. The addition of tre-
halose to the pre-incubation medium protected the
enzyme against inactivation, increasing its stability
at high temperature (Fig. 1). In the absence of tre-
halose less than 20% of the original activity re-
mained after pre-incubation for 25 min at 50 °C.
The addition of 1.5 M trehalose to the pre-incuba-
tion medium preserved 80% of the original activi-
ty under the same conditions. The degree of pro-
tection depended on the trehalose concentration:
after a 10 min pre-incubation at 50 °C in the pres-
ence of 0.4 M trehalose, half of the control activity
without pre-incubation was retained; with 2 M tre-
halose, activity was 95% of the control value
(Fig. 2).

The ability to stabilize pyrophosphatase at high
temperature was specific to trehalose. Table I
shows that other carbohydrates were not nearly so
effective. Whereas 1.5 M trehalose increased the
half-time (#,5) for temperature inactivation by
13-fold, the greatest effect detected with the other
carbohydrates used was a 3.3-fold increase in ¢ 5.

A second effect, also specific for trehalose, was
also observed: the presence of trehalose in the

Fig. 2. Trehalose concentration dependence for protec-
tion against thermal denaturation. (O) The enzyme was
pre-incubated for 10 min at 50 °C in the presence of the
concentrations of trehalose indicated on the abscissa.
Reaction was started as in Fig. 1, and the trehalose was
diluted 50-fold by addition of reaction medium, at
35 'C. (@) Reaction measured without pre-incubation.
Other conditions as in Fig. 1.
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Table I. Thermal denaturation of pyrophosphatase in
the absence and presence of different carbohydrates. The
enzyme was pre-incubated for different times at 50 °C in
the presence of the indicated concentrations of carbohy-
drates, then diluted in the reaction medium and tested
for pyrophosphatase activity as described in Fig. 1. The
fit and the equation used were the same as in Fig. 1. 7
represents the half-time for loss of pyrophosphatase
activity.

Carbohydrate present Concentration 7,5
during pre-incubation [M] [min]

None
Glucose
Fructose
Sucrose
Trehalose
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reaction medium inhibited the enzymatic activity
of pyrophosphatase (Fig. 3). At 35°C, 2 M tre-
halose reduced the activity to 10% of the control
value. Other carbohydrates were less inhibitory:
with the same concentration of sucrose (or twice
the concentration of glucose and fructose), 75% of
the control activity remained (Fig. 3A). When the
reaction was carried out at 50 °C, trehalose inhib-
ited less than at 35 °C (Fig. 3 B), whereas the other
carbohydrates had the same effect as before.

Discussion

The ability of carbohydrates to stabilize pro-
teins has been attributed to the preferential hydra-
tion of protein that occurs when it is dissolved in a
carbohydrate solution (Arakawa and Timasheff,
1982, 1983; Lee and Timasheft, 1981). This phe-

nomenon is due to the fact that polyols, in general,
and unlike destabilizing agents such as guanidi-
nium salts (Arakawa and Timasheff, 1984), solu-
bilize in bulk water. An increase in the concentra-
tion of carbohydrate in bulk water engages more
water molecules in solubilization and at high car-
bohydrate concentrations, protein and solutes be-
gin to compete for the available water. This com-
petition leads to a reduction in the protein solva-
tion layer, which results in a decrease in protein
apparent molal volume (Arakawa and Timasheff,
1982). As a result, the protein becomes more com-
pact and less susceptible to the destabilizing forces
of high temperature (Back ez al., 1979).

Preferential hydration studies have been done
with several carbohydrates but not trehalose (Ara-
kawa and Timasheff, 1982). The specificity of the
effects of trehalose shown in this study suggest
that this carbohydrate at high concentration can
interact directly with the protein. It may be that
this interaction stabilizes pyrophosphatase form-
ing thermodynamically stable structures in such
way that the resulting conformation has a low en-
zymatic activity (Klibanov, 1983). Inhibition of
enzyme catalysis by trehalose was more effective at
35°C than when activity was measured at 50 °C
(Fig. 3), suggesting that at the higher temperature,
increased protein mobility promoted recovery of
the catalytic activity of this enzyme.

The results shown here are consistent with the
idea that preferential hydration is not the only fac-
tor in stabilizing the native structure of proteins
(Arakawa and Timasheff, 1985; Arakawa et al.,
1990; Lee and Lee, 1987). The magnitude of the
stabilizing effect is shown here to depend on the

% of Control

Fig. 3. Effects of different mono- and disac-
charides on pyrophosphatase activity. (A)
Reaction at 35 °C. The activity in the absence
of sugars was 613 +48 nmol-mg~!-min~'. (B)
Reaction at 50 °C. The activity in the absence
of sugars was 942 + 80 nmol-mg~!-min~'. The
assay medium was the same as in Fig. 1. Reac-
tion was started by addition of soluble yeast
pyrophosphatase to a final concentration of

0.8 pg/ml, and concentrations of trehalose (O),
sucrose (@), glucose (OJ) and fructose (M) are
indicated on the abscissa. The reaction was
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5 quenched after 1 min, and pyrophosphatase
activity was determined as in Fig. 1.
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nature of the sugar, and may also depend on the
nature of the protein. The ability to promote ther-
mal stability and inhibit pyrophosphatase activity
may be related to the different physical properties
of the carbohydrates tested (Duda and Stevens,
1990).

The study of organisms that have adapted to
conditions of dehydration, heat, or high osmotic
activity provides a clue to how nature has ap-
proached the problem of maintaining a functional,
viable organism under conditions that might nor-
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