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Abstract—High concentration (1.25 M) of trehalose fully protects the activity of phosphoenolpyruvate car-
boxylase (PEPC, E C 4.1.1.31) from the C,-plant Cynodon dactylon against cold inactivation (at 0°) and heat
inactivation (at 37°). The concentration of glycerol needed for the same degree of protection was much higher
(2.7 M). Phosphates at 100 mM only partially protect the enzyme against cold inactivation and at 60 mM fully
protect it against heat inactivation. At temperatures higher than 45 the enzyme was better protected by

trehalose than glycerol or phosphates. © 1997 Elsevier Scierce Ltd

INTRODUCTION

Certain compounds, known as natural cosolutes, have
been widely used as stabilizers during extraction and
preservation of animal and plant oligomeric proteins,
protecting them against a variety of adverse con-
ditions in vitro [1-3]. Among them there is the non-
reducing disaccharide trehalose, widely distributed
among living organisms, which has been used as sta-
bilizer for nonplant proteins and organelles. 1t is
found at particularly high concentrations (20% dry
weight) in unhydrobiotic organisms [4]. It is also
found in desiccation tolerant organisms [S] and in
resurrection plants [6, 7], suggesting that this molecule
may be involved in the desiccation tolerance of these
organisms. In the last decade, the stabilizing effect of
trehalose as cosolvent has been used in cry-
opreservation of mouse embryos [8], yeast cells [9] and
as stabilizing agent on membrane phospholipids [10].
It has also been used as a stabilizer of the activity of
oligomeric enzymes such as methanol dehydrogenase
from Hypomicrobium X [11] and rabbit muscle pho-
sphofructokinase [12]. So far, trehalose has not been
used as a stabilizer of enzymes from plant sources.
This work attempts for the first time to use this natural
cosolute as stabilizer of the plant oligomeric enzyme
phospoenolpyruvate carboxylase (PEPC) which is

t Author to whom correspondence should be addressed.
t Deceased, September 1995.

known to be especially sensitive under low and high
temperatures [13, 14].

RESULTS AND DISCUSSION

In preliminary experiments, time courses of cold or
heat inactivation where performed in the absence of
stabilizers and at various protein concentrations in
order to determine the concentration of proteins in
which a considerable loss of activity was observed.
For cold inactivation experiments, samples of dilute
PEPC (14 ug ml™' protein) were incubated for 45 min
at 0° in the presence of increased concentrations of
trehalose (0.2 to 1.25 M), and the % residual activity
was measured (Table 1). The concentration of tre-

Table 1. Effect of trehalose, glycerol and phosphates on
PEPC cold inactivation. PEPC was incubated at 0°C and pH
7.2 for 45 min in the presence of trehalose, glycerol and
phosphates. Enzyme concentration was (14 ug ml~' protein)

Added substance % residual activity

None 3443
Trehalose (0.2 M) 4142
Trehalose (0.5 M) 67+2
Trehalose (1.0 M) 31+4
Trehalose (1.25 M) 9145
Glycerol (2.7 M) 9142
Phosphate (0.1 M) 6243
Phosphate (0.1 M)+ Trehalose (1.25 M) 30+4
Phosphate (0.1 M)+ Glycerol (2.7 M) 9343

1331



1332

halose that resulted in a near full protection (91%) of
PEPC activity against cold inactivation was .25 M.
Other additives were tested in place of trehalose as
indicated in Table 1. Glycerol gave the same degree of
protection as trehalose at a much higher concentration
(2.7 M), while high concentration of phosphates (100
mM) only partially protected (62%) the enzymic
activity. Phosphates in mixture with trehalose or gly-
cerol did not improve the protective effect that these
cosolvents had when used alone.

The in vitro cold inactivation of PEPC from C,
plants is well documented from previous workers [13,
15, 16]. Cold temperature, by weakening the hydro-
phobic intramolecular interactions and/or changing
the pK values of ionizable groups, decreases the enzy-
mic integrity, leading to inactivation (via dissociation)
of the protein molecule [13, 16]. This structural insta-
bility is independent of, and additive to that caused
by dilution-mediated deoligomerization [13]. There is
evidence consistent with the idea that PEPC exists at a
simple equilibrium between an active tetrameric form
and an inactive (or less active) dimeric form [17, 18].
Dilution (through mass action) favours the conversion
to the dimeric form and, thus causes inactivation.
There have been many reports with various enzymes
of inactivation due to dilution and/or cold-mediated
deoligomerization 3, 19, 20].

[n addition, the in vitro heat inactivation has been
also studied in several oligomeric enzymes with a wide
range of thermal sensitivities [21, 22]. Heat inac-
tivation of PEPC from FEscherichia coli and of the
leaves of the C, plant Eleusine indica has been also
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studied {14, 23]. In subsequent experiments, portions
of the enzyme (14 ug m~' protein) were heated at 37°C
for various intervals of time up to 30 min and the
residual activity was recorded [Fig. 1(a)]. For testing
the effect of trehalose on PEPC heat inactivation, we
chose 20 min as the incubation control interval. at
which the residual activity of the enzyme was 17%.
The effect of different concentrations of trehalose and
glycerol [Fig. 1(b)] as well as those of phosphates [Fig.
1(c)} were tested on the residual activity of the enzvme
that was incubated under the previous control con-
ditions. The inclusion of 1.2 M trehalose, 2.7 glycerol
and 60 mM phosphates during incubation showed a
93 to 98% conservation of activity during heating.
Having established the optimal concentrations of
these stabilizing agents under these conditions, we
tested them at different temperatures (Fig. 2). The
unprotected enzyme completely [ost its activity at 45°,
while in the presence of the tested additives it pre-
served 80 to 98% of its activity up to 45". At higher
temperatures (47 and 50") trehalose proved to be a
better protectant of PEPC than glycerol and phos-
phates. Both cold and heat inactivation of oligomeric
enzymes, as well as their destabilization due to
dilution, has been diminished or prevented by the
inclusion of high concentrations of natural cosolutes
(glycerol, proline, sorbitol, PEGs and sugars) {17, 20,
21] and of phosphates [24] into the enzymic prep-
arations.

The data presented in this work clearly show that
trehalose at high concentrations (above 1.2 M) acts as
a very effective natural cosolute by protecting diluted
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Fig 1. Heat inactivation of PEPC at 37 and pH 7.2 in the presence of trehalose. glycerol and phosphates. (a) Enzyme heated

at different times in the absence of cosolutes. (b) Enzyme heated for 20 min in the presence of different concentrations of

trehalose () and glycerol (@). (c) Enzyme heated for 20 min in the presence of different concentrations of phosphate. The
concentration of enzyme was 14 g ml ™' protein.
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Fig 2. A histogram showing heat inactivation of PEPC. The
enzyme (14 ug ml™' protein) was incubated for 20 min at
different temperatures at pH 7.2 in the presence and absence
of 1.25 M trehalose, 2.7 M glycerol and 0.1 M phosphate.

PEPC preparations from Cyrodon dactylon leaves
from cold and heat inactivation. It confers better pro-
tection than glycerol or phosphates during cold (Table
1) and heat treatment (Figs 1 and 2). The molecular
basis of trehalose action on the quaternary structure
of diluted PEPC could be interpreted by the exclusion
volume theory [25]. According to this theory, tre-
halose stabilizes the enzyme through preferential
exclusion from the protein domain, resulting in a mut-
ual repulsion between the enzyme and the sugar mol-
ecule. The enzyme molecules are confined into a small
fraction of the total volume and the weak intrinsic
forces maintaining their structural integrity are streng-
thened, leading to increased apparent protein con-
centration. The use of natural cosolutes as stabilizers,
acting by increasing the apparent enzymic protein,
makes the in vitro studies more relevant to the in
vivo situation in a way that mimics experimentally the
aqueous microenvironment of the cell.

EXPERIMENTAL

Cynodon dactylon (L.) Pers. plants, grown in pots
in a greenhouse under natural illumination, were used
as experimental plants. For the partial purification of
PEPC, 6 ¢ of fully expanded leaves. taken during
daylight, were ground in a prechilled mortar with
purified sea sand, a small amount (0.6 g) of insoluble
PVP (M, 10000) and 30 ml of extraction medium (100
mM Tris-HCI, pH 7.2, | mM EDTA, 10 mM MgCl,,
3% PVP and 20% glycerol). The extract was cen-
trifuged at 18 000 g for 10 min. PEPC from the super-
natant was pptd between 7 and 30% PEG-6000. After
centrifugation the pellet was dissolved in 2.5 ml of 40
mM K-Pi buffer, pH 7.2 (plus 10 mM MgCl, and 20%
glycerol) and applied on a DEAE-cellulose column
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(1.8 x 10 cm) equilibrated with the same medium. Pro-
teins were elluted with a linear 40-400 mM K-Pi
buffer, pH 7.2 and 40 frs (4 ml each) were collected.
The most active frs were pooled together and the total
proteins were pptd with PEG-6000 (final concn of
30%) by centrifugation at 183000 g for 10 min. The
ppt was resuspended in 100 mM HEPES-KOH buffer,
pH 7.2 (plus 10 mM MgCl, and 5 mM DTT) and
desalted through a Sephadex G 25-300 column equi-
librated with the same buffer. The collected PEPC that
was used in our assays had sp. act. of 16 yumol min~'
mg~' protein at pH 8.0. All the above steps were
carried out at room temp. PEPC incubation con-
ditions at low or high temp. are indicted in Figs and
Table.

Assays for PEPC activity were run at 30" in 3 ml
(final vol.) of 100 mM Tris—HCIl, pH 8.0. 5 mM
NaHCO,, 5 mM MgCl.. 0.14 mM NADH, 4.5 units
of malate dehydrogenase (pig heart, Sigma), pho-
sphoenolpyruvate at 3.2 mM (substrate satn concn)
and other additives as indicated in Figs and Table.
The reaction was started with the addition of the
enzyme [26] and the reaction rate was measured by
the decrease in 4 at 340 nm (oxidation of NADH).
Protein measurements were made with the Folin phe-
nol reagent [27].
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