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Abstract—Adaptation of loach Misgurnusfossilisfor 25 daysto low (5°C) and relatively high (18°C) tempera-
tures changed the thermodynamic properties of lactate dehydrogenase (L DH) from skeletal muscle, asrevealed
by differential scanning microcal orimetry. The enzyme purified from fish adapted to low temperature had greater
heat capacity. The denaturation temperature was the same for both LDH forms. The denaturation enthal py for
the enzyme from fish adapted to high temperature was greater than for the enzyme from fish adapted to low

temperature. The number of thermodynamic cooperative units (the ratio AH @/AH &) was about two for both

LDH forms.
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INTRODUCTION

Protein thermal stability is often correlated with
the environment temperature [1-5]. However, its func-
tional activity may be modified by brief temperature
exposures [1, 6-10]. Thus, a study of the influence of
temperature on the structural and functional properties
of proteins is important for understanding the mecha-
nisms of thermal adaptation and stability of these
molecules.

The changein protein thermal stability may result
from the amino acid substitutions and from interaction
of the protein with stabilizing factors (cations, coen-
zymes, membranes, peptides) [ 3]. Different mechanisms
seem to determine the thermal stability of homologous
proteins from the speciesliving in different thermal en-
vironments, and the change in thermal stability upon
short-term changes in temperature.

Thermal adaptation of the enzymes from poikilo-
thermic speciesisaccompanied by changesin their func-
tional (kinetic) and physicochemical properties (ther-
mal stability, tol eranceto denaturing agents) [6—10]. Par-
ticularly, we have studied lactate dehydrogenase (LDH)
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from fish skeletal muscle. The fish had been adapted
for several weeksto high and low environment tempera-
ture. We have found differences in the position of the
Michaelis constant (K,) minima. Activity of LDH
sample affected by temperature decreased in varying
degree, indicating differencesinthermal stability [8, 10].
However, the physicochemical, particularly thermody-
namic causes of such differences are still to be found.

Herewe present acomparative study of LDH ther-
modynamic properties for the samples from skeletal
muscle of loaches adapted to low and relatively high
environment temperature, using the differential scan-
ning microcal orimetry approach.

EXPERIMENTAL

Migurnus fossilis loaches were kept at low (5°C)
and comparatively high (18°C) temperaturesfor 25 days
to study their thermal adaptation. Skeletal muscle tis-
suewas minced, homogenizedinthecoldin0.1 M Tris-
HCI (pH 6.8), and centrifuged for 10 min at 15,000 g.
LDH was purified in two stages: fractionation with am-
monium sulfate (0.72, 0.55, 0.52, 0.50 saturation) [11]
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and column chromatography on CM-Toyopearl. Protein
concentration was determined according to Lowry [12].

We used DA SM-4 differential scanning microcalo-
rimeter (Institute for Biological Device Design, RAS)
for microca orimetric studiesof LDH solutions. Thetem-
perature range was 10-100°C at the protein concentra-
tion of 0.7-7.5 mg/ml; the scanning speeds were
0.5, 1.0, 2.0, 4.0°C/min at excess pressure of 4 atm. The
heat capacity scale was independently calibrated for
each experiment using Joul€'slaw. M ethanol-water so-
lutions were used as the calorimetric standard to check
additionally therdliability of theelectric calibration. Ther-
modynamic parameters for thermal denaturation of the
protein: T, (denaturation temperature), AH § (cal orimet-
ric denaturation enthalpy), AH &' (effective (van't Hoff
) denaturation enthalpy) were calculated from experi-
mental calorimetric curves according to the Privalov’s
technique [13, 14]. The effective denaturation enthal py
was calculated as

AHg" = 2RT,[C; - 05AC, 4 (T,)]*2, (1)

where C, isthe maximum thermogram ordinate, AC,

is the difference between protein heat capacitiesin na-
tive and denatured states. The number of cooperative
units R (energy domains) was determined as the ratio
AHPIAHE".

Partial heat capacities of protein solutions at 25°C
temperature were calculated by the equation [13, 14]:
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where VHZO and CvazO are respectively partial specific
volume and heat capacity of water; AC,,,, , and
AC, o @€ respectively differencesin heat capacity
between solvent and water and between protein solu-
tion and solvent; V,,, is the protein’s partial volume;
Vv is the operation volume of the calorimeter unit, and
misthe mass of the protein in the calorimeter unit.

The partial specific volume for LDH was calcu-
lated by adding group impacts of amino acid residues[15].
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Thedataontheamino acid composition of skeletal muscle
LDH from loach adapted for 25 daysto 5°C and to 18°C
were obtained in cooperation with |.A. Kashparov, Pro-
tein Research Institute, RAS.

RESULTSAND DISCUSSION

The heat capacity of native LDH in solution at
25°C, its denaturation parameters, calorimetric and ef-
fective (van't Hoff) denaturation enthal pies have been
determined to compare the thermodynamic properties
of skeletal muscle LDH from fishes adapted to low
(“cold” enzyme) and high (“warm” enzyme) tempera-
tures. We have also calculated the number of coopera-
tive units or energy domains (R) for the two forms of
the enzyme.

First of all, we determined C, for the cold and warm
LDH forms. Todo this, we have substituted AC, experi-
mental vauesinto equation (2). Notethat AC, and hence
C, do not depend on the enzyme concentration (Fig. 1).
Values have been compared for two forms of LDH. For
the “cold” enzyme form C,is 1.39 + 0.03 Jg™* K and
for the“warm” formitis 1.14 + 0.05 Jg* K= The dif-
ference in the C, for two enzyme forms indicates the
“cold” enzyme to contain more total heat at 25°C rela
tivetothe“warm” form, and seemstorelatetothevaria-
tions in the enzyme surface properties. The “cold” en-
zyme appears to have higher conformational mobility
than the “warm” form, which allowsthe“ cold” form to
perform the reaction at lower temperature.

To study the thermal stability for the skeletal
muscle L DH upon temperature adaptation of the fishes,
we measured the dependence of the excess heat capac-
ity on temperature for both “cold” and “warm” enzyme
forms (Fig. 2). Each curve has one rather narrow heat
absorption peak in the range of 70-80°C. It corresponds
to molecule transition from native to denatured state.
The denaturation temperature (T,) is the same for the
two forms regardless of heating rate (table).

Our previous enzyme activity measurementsindi-
cated similar thermal inactivation of the “warm” and
“cold” forms of LDH from loach skeletal muscle. Both
enzyme forms were found to have the same tempera-
ture optimum [10]. As evident from the table, the dena-
turation temperature of thesetwo LDH formisalso the
same. The apparent denaturation temperature is almost
constant at low heating rates (0.5 and 1.0°C/min), but
increases slightly as the heating rate is raised.
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Fig. 1. Excess heat capacity for (1) “cold” and (2) “warm”
LDH forms at different protein concentration.

To characterize the denaturation process, we have
determined the specific denaturation enthal py (Ah,) for
both“cold” and “warm” enzymeformsat different heat-
ing rates. Note that Ah, for the “warm” form is higher
than for the “cold” form at al heating rates. As evident
from the table, Ah, grows with the increase of the heat-
ing rate, but the difference between the two enzyme
forms remains virtually constant.

We have also calculated the number of the coop-
erative units(energy domains) for the“cold” and “warm”
enzyme forms. In both cases Ris 1.8-1.9, which corre-
sponds to two energy domains in the LDH molecule.
This calculation agrees with the two-domain organiza-
tion of the fish LDH molecule found by X-ray analysis
[16], and with the study of pig LDH [17]. For rabbit
muscle LDH we have obtained an R value of unity [18].
However, in that study a high protein concentration
was used for calorimetric measurements (19-94 mg/ml);
this often resultsin a high impact of aggregation on the
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Fig. 2. Temperature dependence of the excess heat capac-
ity for (1) “cold” and (2) “warm” LDH forms.

denaturation process, affecting the experimental
valueof R.

The comparative study of “cold” and “warm” en-
zymeforms, revealsdifferencesintheir C,and Ah,. The
guestion of what modification in the enzyme structure
during temperature adaptation causes such differences
remains open.

The LDH molecule does not contain metal ions
[19, 20], hence it is unlikely that they act as ligands
changing the enzyme properties during fish tempera-
ture adaptation. However, LDH has been reported to
bind zincion [21, 22]. By means of X-ray fluorescence
technique, we have determined the content of calcium
in the “cold” and “warm” forms of loach skeletal
muscle LDH. This study has been performed in co-
operation with 1.A. Yamskov, Organoelement Com-

Denaturation parameters for LDH from skeletal muscle of loaches adapted to 5°C and 18°C

LDH form Hefj‘tciﬁirna[e’ T, °C Ah, Jg fyﬁl kAJ/"r':ZI R
Adapted to 5°C 05 737 20.1 2814 1505 187
1 738 214 2096 1666 1.80
2 752 20.4 2856 1626 176
4 76.2 23.8 3320 1731 192
Adapted to 18°C 05 737 216 3024 1634 185
1 738 228 3192 1760 181
2 752 23.4 3276 1764 1.86
4 76.2 255 3570 1848 1.93

BIOPHYSICS Vol. 43 No. 1 1998



THERMODYNAMIC PROPERTIES OF MUSCLE LACTATE DEHY DROGENASE

pounds Institute, RAS. Calcium is the frequent protein
ligand. The content of this element does not differ in
the two enzyme forms. Neither enzyme form contained
phosphorus, hence the enzyme was not phosphorylated.

The results obtained indicate a stable difference
between the thermodynamic parameters of two LDH
forms extracted from skeletal muscle of fishes adapted
to low and relatively high environment temperatures.
The denaturation transition temperatures do not vary,
but the enthalpy and heat capacity values are lower for
the“cold” enzymeat all heating rates studied. Thismay
relate to minor conformational changes in the thermo-
dynamically important enzyme regions. The other pos-
sible reason is the modification of the enzyme quater-
nary structure. It consists of four subunits arranged in
space according to symmetry of 222 in substrate-bound
apo and holo forms and according to symmetry of 2in
the complex with cofactor (NAD) [16].

It is interesting that the number of cooperatively
melting regions equals not the number of protein sub-
units, but the number of structural domains.

Thus, the differencein thermodynamic parameters
for enzymes obtained from skeletal muscle of fish
adapted to high and low environment temperature may
indicate structural differences of the enzyme forms,
which we believe to be localized at the surface regions
of the LDH molecule.
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