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Abstract—The placement of pea plants (Pisum sativum L.) under flooding conditions led to an increase in lac-
tate dehydrogenase (EC 1.1.1.27) activity in the roots. The enzyme was purified to an electrophoretic homo-
geneous state by a multistage purification method including ammonium sulfate fractionation, ion exchange
chromatography on DEAE-Sephacel, and gel chromatography on Sephadex G-200. The degree of purifica-
tion was 43.4, the yield was 2.5%, and the specific activity was 80.5 U/mg protein. Its physicochemical prop-
erties were studied: the molecular weight of the native lactate dehydrogenase molecule was 138 kDa. The
molecular weight of the subunits was determined by PAGE by electrophoresis in the presence of DDS-Na.
Its value was 34 kDa, which indicates that the enzyme is a homotetramer. The kinetic and regulatory proper-
ties of the enzyme and the values of the Michaelis constants were established. he effect of the concentration
of hydrogen ions and temperature on direct and reverse reactions catalyzed by it was obtained. It was deter-
mined that lactate dehydrogenase inhibited ATP.
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INTRODUCTION

Lactate dehydrogenase (LDH, EC 1.1.1.27) cata-
lyzes the conversion of lactate to pyruvate and back,
which is followed by NADH and NAD™ turnover.
Since pyruvate is a key intermediate of the carbohy-
drate metabolism, this enzyme is widespread in
nature. An important LDH function is regulation of
the NAD*/NADH ratio, because its value affects the
rate of a number of catalytic reactions [1].

Animal LDH is presently well studied. In most
mammals it is represented by five isoforms, each of
which is a tetramer consisting of four subunits of two
types, muscle (M and A) and heart (H and B), in
accordance with their localization. These subunits are
encoded by two genes: ldh A and Idh B [2]. The loci of
both the Idh-A and 1dh-B genes occurred in evolution
as a result of the duplication of a common ancestor
gene, Idh [3, 4], due to the necessity of animal adapta-
tion to the environmental conditions. Indeed, the
LDH-5 homotetramer was found in tissues that
underwent oxygen deficiency (i.e., performed their
functions under anaerobic conditions) [5].

Electrophoretic analysis of LDH of different plants
revealed several protein components that possessed
enzymatic activity. These observations were inter-

preted as the presence of isoenzymes, which were rep-
resented by tetramers formed by two different peptide
sequences [6]. Analysis of hypoxic roots and sprouts of
rice revealed two subunits [7].

There are currently limited data on the physico-
chemical properties, kinetics, and regulation of LDH
activity in the majority of plants. To analyze these
properties, it is necessary to obtain electrophoretically
pure enzyme preparation, because lactate utilization
in some plants is coupled with the glycolate oxidase
pathway [8].

The goal of this work was to isolate and purify elec-
trophoretically homogenous LDH from pea roots
grown under hypoxic conditions and to study its phys-
icochemical and regulatory proteins.

MATERIALS AND METHODS

Plant material. The objects of study were 20-day-
old pea shoots (Pisum sativum L., cultivar Ambrosia)
cultivated hydroponically at 25°C. The shoots were
placed in water 2—3 cm above the root collar in order
to model oxygen deficiency. After 72 h of incubation,
plants were used for the experiments [9].

The enzyme was extracted from homogenized
plant roots. The extract was separated first by gel fil-
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Table 1. Stages of purification of lactate dehydrogenase from pea roots

Total . ..
Stages of purification volume, | Total activity, U | Protein, mg Spem{f}jrictlvny, Purity | Yield, %

mL &
Supernatant 35 304.5+9.135 |(164.2+4.92 1.9 £0.05 1.0 100
Ammonia sulfate precipitation

+ + +

(60—80%) 6 91.35+2.74 20.2+0.6 4.5+0.13 2.5 30
Gel-filtration, Sephadex G-25 2 60.9 + 1.8 7.3+0.21 8.4 £0.25 4.6 20
Ion-exchange chromatography, " " i
DEAE-cellulose 1 8.41 £ 0.25 0.3 £0.009 26.1 £0.78 14.1 2.8
Gel-filtration, Sephadex G-200 0.5 7.51 £0.23 0.09 £ 0.003 80.53 £2.42 43.4 2.5

tration on a G-25 sephadex column (1.5 X 20 cm)
(Pharmacia, Switzerland) and then by ion-exchange
chromatography on a DEAE-cellulose column (1.5 X
15 cm) (GE Healthcare, Switzerland) equilibrated
with 50 mM Tris-HCI buffer, pH 7.4. The target pro-
tein was eluted by a linear gradient of 0.1-0.35 M
NacCl and further purified by gel-filtration chromatog-
raphy on a G-200 sephadex column (2.0 X 30 cm) (GE
Healthcare, Switzerland) as described in [10, 11].

The enzyme activity was assessed spectrophoto-
metrically by the rate of NADH oxidation at 340 nm
with a SF-56 spectrophotometer (LOMO, Russia).
The reaction mixture contained 2 mL of 50 mM Tris-
HCI buffer, pH 7.4, 0.06 mM NADH, and 1 mM
sodium pyruvate. The reaction was initiated by the
addition of sodium pyruvate [12]. The LDH activity in
the direct reaction was measured in 50 mM Tris-HCI
buffer, pH 7.4, which contained 0.5 mM NAD™" and
25 mM sodium lactate. The amount of enzyme that
either formed (direct reaction) or conversed (reverse
reaction) 1 uM NADH in 1 min at 25°C was consid-
ered the unit of enzymatic activity.

The molecular weight of the protein was estimated
by gel filtration on a G-200 sephadex column cali-
brated with Dextran blue (2000 kD). The molecular
weight was calculated as follows:

logMr = 6. 698 — 0.987 (V. /V,),

where V, is the protein elution volume and ¥} is the
interstitial volume.

The molecular weight of the subunits was estimated
by electrophoresis in 12% SDS-PAAG. A standard set
of proteins, which included B-galactosidase (116.0),
bovine serum albumin (BSA) (66.2), ovalbumin
(45.0), LDH (35.0), REase Bspl98 (25.0), B-lacto-
globulin (18.4), and lysozyme (14.4), was used as the
molecular weight standard. The protein bands in the
gel were stained with silver nitrate as described in [13].

The electrophoresis of LDH was also carried out in
8% PAAG by the Devis method under non-denaturing
conditions [14]. Protein bands were visualized by
staining with silver nitrogen [13]. The enzyme was spe-
cifically identified by the tetrazole test [15]. The pro-
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tein concentration was measured by the Lowry
method.

The effect of the pH of the rate of the enzymatic
reaction was assessed in 50 mM Tris-HCI buffer,
pH 5.0—-10.0 [6].

The kinetic constants (K,,) of the direct and reverse
reactions, which were catalyzed by LDH from the pea
leaves, were estimated by the Lineweaver—Burk
approach. The catalytic constants (K,,) for pyruvate and
L-lactate were estimated in the standard type reaction
mixture at pH 7.5 and 25°C. The concentration of the
substrates varied from 0 to 60.0 mM, while the concen-
trations of other components remained constant [8].

The effect of temperature on the LDH-catalyzed
reaction rate was assessed in the temperature range of
the reaction mixture from 15 to 80°C.

The experiments were carried out in four to six bio-
logical and three analytical repeats. The mean values
of three assays are shown in Table 1 and the figures.
The significance of differences was assessed by meth-
ods of variation statistics with the Student’s ¢-test. Sta-
tistically significant differences at p < 0.05 are dis-
cussed. Graphics are composed on the basis of data
processed with programs for linear and parabolic
approximation.

RESULTS AND DISCUSSION

The increase in the LDH activity in the pea roots,
which underwent hypoxia, was already observed 3 h
after the beginning of the experiment. The maximal
activity was registered after 2 days and remained for
4 days thereafter (Fig. 1). The LDH activity increased
by 11—12 times as compared with the control plants.
This may be due to adaptation to hypoxia by the cell
metabolism in the root tissues. A similar effect was
observed earlier in sorghum [7, 17] and pea leaves [ 18].

Pea roots were incubated under the conditions of
oxygen deficiency for three days. These roots were
then used to obtain a highly purified LDH prepara-
tion. Table 1 shows the data on LDA purification from
the pea roots.
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Fig. 1. Dynamics of LDH activity in pea roots in the control (/) and experimental (2) groups of plants.
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Fig. 2. PAAG electrophoresis of purified lactate dehydro-
genase, pH 7.5, stained with silver nitrogen (/) and specific
tetrazole blue (2); F—bromophenol blue.
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Fig. 3. SDS-PAAG electrophoresis of purified lactate dehy-
drogenase (/). Molecular weight standard proteins (kD):
2—Db-galactosydase (116.0); 3—bovine serum albumin
(BSA) (66.2); 4—ovalbumin (45.0); 5—LDH (35.0); 6—
REase Bspl98 (25.0); 7—b-lactoglobulin (18.4); §—Ilyso-
zyme (14.4).

The enzyme obtained by multistep purification
with a yield of 2.5% was electrophoretically homoge-
nous and demonstrated high level of specific activity
(80.53 U/mg protein). The maximal LDH amount
was eluted with 120—150 mM NacCl by ion-exchange
chromatography on DEAE-cellulose. PAAG-electro-
phoresis under non-denatured conditions revealed a
single protein component (R~—0.41), which was
stained with silver nitrate (Fig. 2). This component
interacted with tetrazolium blue, which is used to
reveal the specific LDH activity (Fig. 2). It was deter-
mined that the obtained LDH preparation was elec-
trophoretically homogenous and possessed LDH
activity. The previously isolated, purified, and electro-
phoretically homogenous LDH from the pea leaves
was characterized by a higher level of purity, higher
yield, and higher molecular weight [18].

Analysis of the molecular weight values of the non-
denatured LDH, which were obtained by gel-filtration
chromatography on a G-200 sephadex column, as well
as the data from SDS-PAAG electrophoresis (Fig. 3),
suggested that the enzyme molecule is characterized
by quaternary structure. Based on the molecular
weight (138 kD) and on the molecular weight of the
subunit (34 kD), one may conclude that the LDH
molecule from pea roots, like the LDH from pea
leaves, is represented by a homotetramer [18].

The study of catalytic characteristics of purified
LDH showed that the K, value for pyruvate was
35 uM, which indicates a lower affinity of the studied
enzyme to the substrate in comparison with LDH
from pea leaves [18]. The high affinity of LDH to
pyruvate may allow rapid oxidation of glycolytic
NADH [19].

It was shown that the K,; of LDH-5 from muscles
of the thorax of benthic isopod (Saduria entomon)
with respect to pyruvate as a substrate was 180 uM [20],
whereas it was 20 uM for the enzyme isolated from
skeletal muscles of lizard (Agama stellio) [21]. The Ky,
of LDH from pea roots with respect to NADH was
63 uM (Fig. 4), which indicates a quite high affinity of
LDH to this coenzyme. The K, of LDH-5 from the pig
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Fig. 4. Estimation of the Ky values of LDH obtained from pea roots that underwent 72 h oxygen deficiency: (a) pyruvate, (b) NADH,
(c) lactate, (d) NAD™.
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Fig. 5. Effect of temperature on the pea root LDH cata-

lyzed reaction rates: /—pyruvate reduction; 2—lactate oxi-
dation.
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Fig. 6. Dependence of pea root LDH catalyzed reaction
rates on pH: /—pyruvate reduction; 2—lactate oxidation.

brain and lizard muscles varied from 15.6 uM to 40 uM
respectively [21, 22].

Assessment of kinetic parameters of the isolated
LDH with respect to the reverse reaction substrates
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revealed much higher K, values in comparison with
the enzyme isolated from pea leaves [18]. For exam-
ple, the K, values of LDH isolated from roots was
33 mM and 5.1mM with respect to lactate and NAD™,
respectively (Fig. 4). The study of the affinity of LDH
isolated from other sources to the reverse reaction sub-
strates revealed similar results. Indeed, the K\; of LDH
obtained from goanna liver and benthic isopod with
respect to lactate were 12.4 mM [23] and 90.04 mM
[20], respectively, whereas the K,; values of LDHs
obtained from lizard muscles and rat liver were 20 uM
and 3.2 mM, respectively [21, 24].

It is noteworthy that the 4A isoform of LDH is
inhibited by ATP. It was shown that LDH-5 from soy
sprouts was inhibited by 30 uM of ATP [25]. The LDH
activity of the pea roots was partially inhibited by 30—
60 uM of ATP and totally inhibited by 240 uM ATP.
The obtained data may be considered evidence that
the studied enzyme is a homotetramer consisting of
four A-type subunits.

The effect of temperature on the activity of isolated
LDH was studied in the temperature range of 15—70°C.
The optimal temperature was 37°C for the direct reac-
tion and 42°C for the reverse reaction (Fig. 5). The
data correlated with optimal temperatures for LDHs
obtained from different organisms, which typically
vary from 30°C to 60°C [9, 21]. It was also shown that
the working temperature range of LDH-5 was lower
than that of LDH-1 [22].

The study of the effect of hydrogen ions on the
activity of isolated LDH showed that the optimal pH
was 7.2 for the direct reaction and 8.3 for the reverse
reaction (Fig. 6). It was shown that the pH values 7.5
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and 9.5 were optimal for direct and reverse reactions,
respectively, which were catalyzed by LDH-5 from the
goanna liver, whereas the pH values 6.8 and 9.5 were
optimal for direct and reverse reactions catalyzed by
the enzyme isolated from soy sprouts [23, 25].

It was determined that purified LDH remained sta-
ble for 6 months if stored at —74°C. It was also stable
at —20°C if supplemented with a mixture of 5 mM
EDTA and SmM MgCl,.

CONCLUSIONS

Hence, electrophoretically homogenous LDH was
isolated and purified from pea roots incubated under
hypoxic conditions. The study of the physicochemical
and regulatory properties of the obtained enzyme
revealed it to be different from enzymes obtained from
other sources. In particular, the LDH obtained from
pea roots was characterized by a higher affinity to
pyruvate as compared with lactate, which enabled its
participation with reoxidation of glycolytic NADH.
The optimal pH value was 7.2 for pyruvate reduction
and 8.3 for lactate oxidation. This may be considered
indirect evidence of the involvement of this enzymatic
system in the adaptation metabolism of the root [23,
25]. Analysis of the efficacy of ATP enzyme inhibition
allowed us to assign the purified LDH to the A-type of
these enzymes [25]. The data are considered to be
promising for research on the role of LDH (together
with LDH isolated from pea leaves) in the development
of adaptive reactions of the cellular metabolism to con-
ditions of hypoxia that occur during flooding [17].
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