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Abstract—The dependence of the catalytic properties of lactate dehydrogenase (LDH, EC 1.1.1.27) from a
halophilic alga Dunaliella salina, a glycophilic a ga Chlamydomonas reinhardtii, and from porcine muscle on
glycerol concentration, medium pH, and temperature was investigated. Several chemical properties of the
enzymefrom D. salina differentiated it from the LDH preparation obtained from C. reinhardtii and any homol-
ogous enzymes of plant, animal, and bacterial origin. (1) Vs Of pyruvate reduction manifested low sensitivity
to the major intracellular osmolyte, glycerol. (2) The affinity of LDH for its coenzyme NADH dropped in the
physiological pH region of 6-8. Above pH 8, NADH virtually did not bind to LDH, while the enzyme affinity
for pyruvate did not change considerably. (3) The enzyme thermostability was extremely low: LDH was com-
pletely inactivated at room temperature within 30 min. The optimum temperature for pyruvate reduction (32°C)
was considerably lower than with the enzyme preparations from C. reinhardtii (52°C) and porcine muscle
(61°C). (4) NADH greatly stahilized LDH: the ratio of LDH inactivation constants in the absence of the coen-
zyme and after NADH addition at the optimum temperaturein the preparation from D. salina exceeded the cor-
responding indices of LDH preparations from C. reinhardtii twelve times and from porcine muscle eight times.
The authors believe that these LDH properties match the specific metabolism of D. salina which is set at rapid
glycerol synthesis under hyperosmotic stress conditions. The increase of cytoplasmic pH value produced in D.
salina by the hyperosmotic shock can switch off the terminal reaction of the glycolytic pathway and thus pro-
vide for the most efficient utilization of NADH in the cycle of glycerol synthesis. AsLDH isdestabilized in the
absence of NADH, thisreaction isalso switched off. In the course of alga adaptation to the hyperosmotic shock,
glycerol accumulation and the neutralization of intracellular pH stabilize LDH, thus creating the conditions for

restoring the complete glycolytic cycle.
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INTRODUCTION

As compared to other extremely halophilic organ-
isms, in particular bacteria, the unicellular aga
Dunaliella salina possesses a unique ability to survive
awiderange of salt concentrations (0.1t0 5.5 M NaCl)
in the external medium [1], while extremely halophilic
bacteriaperish at 1.5 M NaCl [2]. Such aunique capac-
ity for adaptation isfacilitated by the synthesis of glyc-
erol: at high intracellular concentration, glycerol coun-
terbalances the high osmotic pressure of the medium.
Glycerol synthesisin D. salina starts by starch degrada-
tion to dihydroxyacetone phosphate, and the subse-

T Deceased.

Abbreviations: DHAK—dihydroxyacetone kinase; GAPDH—
glyceraldehyde phosphate dehydrogenase; GPase—glycerol
phosphatase; GPDH—qglycerol phosphate  dehydrogenase;
L DH—Ilactate dehydrogenase.

guent steps of glycerol synthesis and degradation are
mediated by several enzymes |3, 4].

Whet is the trigger of rapid glycerol synthesis and
dissimilation (glycerol is completely synthesized or
degraded in about 30 min [1])? This question is among
the basic issues of osmoregulation in Dunaliella. Due
to the biochemica mechanisms of osmoregulation,
when many enzyme activities are highly dependent on
pH value, the changes in intracellular pH values regu-
late the direction of enzyme reactions engaged in the
cycle of glycerol synthesis and degradation. Thus, in
the illuminated cells of D. parva, D. acidophila, and
D. tertiolecta, the cytoplasm is adkalized by 0.5 pH
unit, whereas the shift of 0.2 pH units was produced by
saline stressboth in thelight and darkness|[5, 6]. Mean-
while many enzymes are known to respond to minute
functional pH fluctuations (0.2 to 0.4 units) when non-
specific changes of protein solubility in the water—
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organic solutions alter the equilibrium between the free
soluble enzyme and the enzymes bound to membranes
or compartmentalized in the enzyme complexes [7].
Moreover, pH values affect the steric configuration of
the active enzyme center and thus determine its affinity
for substrate [8]. To illustrate, let’s take a well-known
case of a-stat regulation by the substrate semisaturation
characteristic of some enzymes, including LDH,
regardless of the intracellular conditions [9]. This
mechanism of LDH control was demonstrated in mam-
malsand fish [9]. However, there are no datafor the cat-
alytic propertiesof LDH from D. salina cells. Also, we
do not understand the role of glycolytic enzymes in
glycerol synthesis, nor the glycerol effects on the cata-
lytic properties of glycolytic enzymes.

The presence of osmolytes (polyols and sugars) in
the cell helps maintain its osmotic status. These com-
pounds are traditionally regarded as neutral osmolytes
because they do not participate in intracellular chemi-
cal reactions[1, 9]. The previous reports [10-16] dem-
onstrated that both polyols and sugars might regulate
catalytic processes by creating the optimum conditions
for enzyme functioning under conditions of osmotic
stress.

Our goal is to elucidate the molecular mechanisms
of algae adaptation to the extremely high saline concen-
trations in their habitats. We focused the present study
on the catalytic properties of LDH from the halophilic
alga D. salina as compared to LDH from a nonhalo-
philic aga C. reinhardtii, which belongs to the same
class of algae. Two other tasks of this study were to
clarify the role of glycerol as the major intracellular
osmolyte in stabilizing the cytoplasmic enzymes of
D. salina and to investigate whether the halophilic
algae manifested the phenomenon of a-stat regulation.

MATERIALS AND METHODS

Plant material. We investigated two species of algae
bel onging the same class, Chlorophyceae: an extremely
hal ophilic Dunaliella salina Teod. (strain IPPAS D-209
from the IPPA S collection of microalgae at the Institute
of Plant Physiology, RAS), which produces glycerol as
an intracellular osmolyte, and a nonhal ophilic Chlamy-
domonas reinhardtii Dang (strain IPF K*(137+) from
the collection of microalgae at the Institute of the Fun-
damental Biological Problems, RAS [17]). For further
comparison of algal to mammal cells, porcine muscle
was used.

D. salina cells were grown and monitored as
described in [17] in a medium containing 2.5 M NaCl
with a pH of about 7.5 maintained throughout the
course of culturing. C. reinhardtii cells were grown as
described in [18] in a medium containing 0.1 M NaCl
with the pH maintained at 7.5.

Cell-free extract preparation. Cells of D. salina
washed preliminarily with 0.9 M NaCl were broken
down at 0°C in the medium containing the 0.1 M Na—
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phosphate buffer, pH 7.5, 1 mM EDTA, 5 mM dithio-
threitol, 0.2 mM NADH, and the inhibitors of protease
activities, 1 mM phenazine methosulfofluoride, 1 mM
benzomidin, and 5 mM aminocaproic acid. The homo-
genate was centrifuged for 15 min at 25000 g, and the
supernatant was used for assessing LDH activity. The
enzyme preparation diluted with glycerol by 50% (w/v)
maintained its activity for three weeks when kept at
—9°C. The LDH preparation from C. reinhardtii cells
was obtained following the same procedure, except that
NADH was omitted from the homogenizing medium.

LDH from porcine skeletal muscle (isoenzyme M,)
was isolated as described in [19]. The specific activity
of the electrophoretically homogeneous preparation
was 320 pumol NADH/(min mg protein) at 25°C and
pH 6.4.

Measurements of LDH activity. LDH activity was
determined by the rate of pyruvate to lactate reduction.
The changes in the optical density at 340 nm (NADH
absorption range) were followed using a Specord M40
spectrophotometer (Germany) in a thermostatic cell
against the control without pyruvate. Except in the
experiments stipulated below, the enzymatic reaction
was started with an aliquot of the cell-free extract. The
activity is presented as the change in the optical density
at 340 nm per min. The kinetic parameters, the maxi-
mum rate, and the Michaelis constant, were calculated
from 1/V by 1/Sdependence using the linear regression
eguations. The points on the curves and their bars cor-
respond to the means and their standard errors from
four or five experiments.

Measurements of LDH inactivation rate. To esti-
mate the constant of LDH (apoenzyme) inactivation,
we measured LDH activity in the buffer solution as
related to the period of enzyme exposure to the
assigned pH and temperature values. Fifty microliters
of the cell-free extracts in the 0.1 M Na-phosphate
buffer, pH 7.5, were added to 1.8 ml of the same buffer
at the particular pH and exposed to the particular tem-
perature for the assigned period. Next, the mixture was
rapidly cooled to 20°C, NADH and pyruvate were
added to the corresponding final concentrations of 0.2
and 1 mM, and LDH activity was measured. The expo-
sure ranged from one to ten minutes, with aone-minute
interval. The data were plotted as a dependence of
activity on exposure. This dependence could be
described asthe one-step irreversible enzymetransition
of the native enzyme N into the denatured form D. The
constant of inactivation k;, was calculated from an
exponential approximation of N to D transition. The
rate of holoenzyme (E-NADH) inactivation was esti-
mated in the same way, except that NADH was prelim-
inarily added to theincubation medium to thefinal con-
centration of 0.2 mM. The inactivation of the ternary
complex (E-NADH—pyruvate) was followed directly in
the spectrophotometer cell in the course of measuring
the activity of the enzymes. In this case, the cell-free
extract was added to the reaction mixture, thus starting
Vol. 47
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the reaction of pyruvate reduction. Enzyme inactivation
was followed by a decrease in the slope of the product—
time curve (without inactivation, this slope did not
change for several minutes). In this way, the time-
related decline of the slope (decrease in the first deriv-
ative of the product—time curve) characterized enzyme
inactivation. The selected concentrations of NADH and
pyruvate were high enough to saturate the enzyme in
the course of the whole inactivation period, and under
these conditions, the change in the pyruvate reduction
rate corresponds to the change in the catalytic stage of
the enzyme reaction, that is, V.

Measurements of the reversibility of glycerol effects
on the kinetic parameters of the LDH reaction. These
measurements were performed by diluting the reaction
mixture with avolume equal to theinitial volume of the
substrate solution (10 mM pyruvate and 0.02 mM
NADH in 0.1 M phosphate buffer, pH 7.5) without
glycerol and determining the enzyme activity. The
measurements thus obtained were doubled to account
for the diluted enzyme concentration. As a result, we
found that dilution did not change the adjusted rates of
pyruvate reduction by more than 5%. This evidence
shows that glycerol effects on LDH preparations from
two algae were completely reversible.

Miscosity of glycerol solutions of various concentra-
tions was determined from the reference tables as
described in [12].

Measurements of pH values were performed before
and following the determinations of LDH activities
using a PH-340 pH-meter (Russia) to the precision of
0.01 pH unit. The pyruvate and NADH solutions were
preliminarily brought by alkali and acid to the particu-
lar pH level used for an inactivation experiment. Start-
ing the enzymatic reaction with 30 to 50 pl of the cell-
free extract, pH 7.5, slightly shifted the pH of the reac-
tion mixture, and therefore the fina pH value was
determined after assessing the enzyme activity.

RESULTS
Glycerol Effectson LDH Activity

The study of glycerol effects on pyruvate reduction
to lactate catalyzed by LDH from D. salina (Fig. 1)
showed that glycerol affected both the maximum reac-
tion rate (V) and pyruvate affinity of the enzyme
(Y/Ky). Similar curves were obtained to describe the
pyruvate-reducing activity of LDH from D. salina as
depending on NADH concentration and to relate LDH
activity from C. reinhardtii to NADH and pyruvate
concentrations. Substrate inhibition of LDH, character-
istic of the porcine muscle enzyme [11] at pyruvate
concentrations exceeding 3—4 mM, was not observed in
algal LDH preparations at pyruvate concentrations as
high as 20 mM, with and without glycerol. All curves
fit well into the Michaelis-Menten kinetics, and there-
fore we could caculate Ky, and V,,, vaues for both
LDH preparations. As glycerol concentration
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Fig. 1. The activity of the LDH preparation from D. salina
asrelated to pyruvate and glycerol concentrations.

(1) Without glycerol; (2-5) respectively, 12.5, 25, 50, and
63% (w/v) glycerol in 0.1 M phosphate buffer, pH 7.5, con-
taining 0.2 MM NADH.

increased, the LDH affinity for pyruvate increased (K,
values decreased) in both preparations (Table 1). The
value of V., Was most evidently affected by glycerol:
at 63% glycerol concentration, the V,, value declined
morethan threefold in D. salina and fivefoldin C. rein-

Table 1. Thekinetic constants of pyruvate and NADH bind-
ing to the LDH from D. salina and C. reinhardtii as related
to the glycerol concentration in the reaction medium

Glycerol, K, mM Vo %
% (Whv) pyruvate NADH e
D. salina
0 0.70 £ 0.07 0.048 + 0.007 100
125 0.55 +0.06 - 95
25 0.42 +0.04 - 75
33 0.36 £ 0.04 - 66
50 0.26 £0.03 - 48
63 0.18 £0.02 0.034 + 0.005 32
C. reinhardtii
0 0.65 +0.07 0.030 + 0.005 100
12.5 0.53+0.05 — 78
25 0.42 £ 0.04 — 58
33 0.30+0.03 — 50
50 0.20 £ 0.03 0.039 £+ 0.005 30
63 0.09 £ 0.02 - 18

Note: NADH concentration for measuring Ky, for pyruvate was
0.2 mM; pyruvate concentration for measuring K,, for
NADH, 10 mM; mean Ky, values were calculated from four
replicates, — means no data available.
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Fig. 2. Therate of pyruvate reduction catalyzed by the LDH
preparations from various organisms as related to the vis-
cosity of the medium.

(Vg and V) The rates of reduction in the absence and pres-
ence of glycerol; (n) viscosity. The numbers at the curves
are d values.

hardtii LDH. The special experiments established that
the decrease in V,, in both cases was completely
reversible (see the Materials and Methods section).

Previously we investigated the catalytic properties
of porcine muscle LDH in severa organic solvents
varying in viscosity and dielectric conductance and
demonstrated that viscosity considerably affected the
enzymatic activity limited by the stage of conforma-
tional changes accompanying the catalysis[12].

Vmax &S the Function of Viscosity

Theanalysisof our data (Fig. 2) showed that V isthe
function of viscosity of the reaction medium. This
function is described with the Kremers equation

k = An—ée—Ea/RT’

where k is the rate constant and E, is the activation
energy of the pyruvate-reducing reaction, R is the uni-
versal gas constant, T is the Kelvin temperature, and A
and o are empirical constants. With V proportional to
the rate constant of the catalytic step (when the reaction
is saturated with substrates), the Kremers equation can
be presented as

V() = A fe SRT
or, in the logarithmic form,
InV(n) = InA* =dInn —E,/RT.

At the constant temperature, the former equation is
transformed into

InV(n) = InVy,-34Inn,
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where InV, = InA* — E/RT is a constant coefficient
independent of viscosity and equal to the logarithm of
the reaction rate in the absence of glycerol at n = 1,
whereas 6 isthe slope of the line describing the reaction
rate vs. viscosity in dual logarithmic coordinates.

The dopes of the graphsin Fig. 2 were used to esti-
mate the o values (0.42 and 0.66 for the LDH prepara-
tions correspondingly from D. salina and C. rein-
hardtii, as compared to the index of 0.98 previously
determined for the porcine muscle preparation [12]).

The effect of viscous solutions on the reaction rate
was completely reversed when glycerol-containing
media were diluted with the buffer. It follows that the
multiple glycerol effects comprise of an enhanced
affinity for pyruvate (K, declined as the glycerol con-
centration increased) and of enzyme inhibition due to
an amost twofold k., decrease (V, . dropped at 33%
glycerol concentration in the reaction mixture, see
Table 1). These data demonstrated that glycerol, as an
osmotically active substance, is genuinely neutral, that
is, it does not considerably affect the rates of enzyme-
catalyzed reactions. However, such a neutral effect is
derived from summing up two reciprocal trends (the
increased substrate affinity and the decreased V,4)-
The comparison of the LDH preparations from two
algal species differing in their tolerance to saline stress
showed that the glycerol effect was the lowest in halo-
tolerant D. salina, with the neutral effect of glycerol
most evident both when LDH was saturated with the
substrate and under the low physiological pyruvate
concentrations.

pH Effects on LDH Activity

Ky values for pyruvate and NADH presented in
Figs. 3a and 3b were calculated from the curves
describing L DH saturation with the corresponding sub-
strates under the steady-state kinetics and varying pH
conditions. With two algal preparations of LDH, K,
values for pyruvate were not affected until the pH level
reached 8.9 (Fig. 3a). In contrast, Ky, valuesfor NADH
dramatically increased in D. salina LDH preparation
when the pH value exceeded 8, whereas with C. rein-
hardtii preparation, K,, values were not affected by a
pH as high as 10. The pH-dependencies of the K,, val-
ues for pyruvate and NADH in the preparation from
D. salina were similar to those of the K,, value for
pyruvate in the muscle LDH [11]. It is noteworthy that
in the latter case, the Ky, value for pyruvate depends on
ionization of Hisl195, which binds pyruvate in the
enzyme active center at pK of about 7.5t0 7.7, andisa
mechanism tuning mammalian cell metabolism [9].
The dramatic decreasein the affinity for NADH charac-
teristic of D. salina LDH preparation at the neutral
pH values is quite unique and was not observed with
the mammalian preparations [20] or the enzyme from
the nonhalophilic alga Chlamydomonas. We therefore
presume that the pH-stat regulation of LDH activity in
Vol. 47
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D. salina depends on the modul ated affinity for NADH
rather than pyruvate as in the mammalian preparations.

The V,,, values of LDH from D. salina did not
change within pH 6-8 and decreased at higher pH val-
ues (see Fig. 5 below) due to complete and irreversible
protein denaturation.

Effect of Temperature on LDH Activity

Using LDH preparationsfrom D. salinaand C. rein-
hardtii, we established the optimum conditions for
enzyme functioning in a wide range of temperatures
and investigated the effects of glycerol-water solutions
on the temperature-dependent enzyme activities. The
enzyme from D. salina, which is functional in vivo in
the presence of 4-5 M glycerol, was the least thermo-
stable, independent of the presence of glycerol. The
optimum temperature for the D. salina preparation
(31°C) was considerably lower than the corresponding
index for C. reinhardtii (52°C). Glycerol decreased

Vimax @nd practically did not affect the value of T, .

Such decrease in enzyme activity in the presence of
glycerol resulted from the higher viscosity of the
medium constraining the conformational changes in
the functional enzyme molecule, rather than from
enzyme degradation (Fig. 2). This conclusion was
drawn from the parallel studies of the various stages of
the reaction catalyzed by porcine muscle LDH when
affected by organic solvents that changed the viscosity
of the reaction medium [12]. Thus, V. decrease in
glycerol solutions does not mean reduced enzyme sta-
bility. The effect of glycerol stabilizing the protein
structure against various denaturing agents is well
known. Previously, we showed [13] that judging by the
constant of the inactivation rate, glycerol did stabilize
proteins; however, this effect was observed only at
room temperature. The stabilizing effect of glycerol
was the lowest in the D. salina preparation and the
highest with porcine LDH. It is noteworthy that, at
higher temperatures (over 50°C), glycerol no longer
stabilized proteins; on the contrary, it denatured pro-
teins. Apparently this phenomenon explains the fact
that the optimum temperature indices of the enzymes
under study were not affected by glyceral (Fig. 4).

The dataiillustrated in Fig. 4 showed that under the
supraoptimum temperatures, both enzyme preparations
were rapidly inactivated. The thermal inactivation at
these temperatures was accompanied with the disrup-
ture of enzyme secondary structure, as shown in the
porcine muscle LDH preparation investigated by circu-
lar dichroism at the optical band of peptide group
absorption [13]. We believe that similar processes were
characteristic of the two algal LDH preparations, asthe
enzyme inactivation at the temperature exceeding T,
was irreversible in all three LDH preparations under
study.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 47

765

20 (a)

—e— D. salina
—o— C. reinhardtii

Ky, MM, for pyruvate

0.30

Ky, mM, for NADH

()
0.012-

7, 0.008F

kin’

0.004 -

0(( ) M 1
7 8 9 10
pH
Fig. 3. The Michaelis constants of binding (a) pyruvate and
(b) NADH to LDH as depending on pH, and also (c) the

constants of inactivation rates for the LDH preparations
from D. salina and C. reinhardtii.

The values of k;, were calculated from the data presented in
Fig. 5.

The Effect of the Medium pH on the LDH Sability
to Thermal Denaturation

The product—time exposure curves, at various pH
valuesfor the LDH preparation from D. salina, demon-
strated that at pH 7.5, this dependence waslinear within
thewhole period of the measurements (Fig. 5). Thismeans
that the reaction rate was steady for at least 2-3 min. At
pH 8 and above, the linear dependence was broken, and
the slope of the curves decreased in the experiments
with the D. salina preparation, while, with the enzyme
from C. reinhardtii, the reaction rates were not changed
within the whole pH range for a 3-min period (the data
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Fig. 4. The relative activities of the LDH preparations from
(1, 1) D. salina and (2, 2) C. reinhardtii as related to the
temperature (1, 2) in the absence and (1', 2') in the presence
of glycerol (63%, w/v).

At temperatures exceeding Ty, the reaction rate decreased
during the measurement period, and therefore V1 values
were determined within the initial 10-s period, VTopt’ the
reaction rate at the optimum temperature.

are not given). The analysis of the data derived from
these curves at each point of time vs. exposure showed
that the reaction rate declined with time, that is, the
enzyme was inactivated during the period of measure-
ments. Using the exponential approximation of this
decline vs. time, we estimated the exponents corre-
sponding to the constants of the enzyme inactivation
rate, ki, as the pH function. These data for the LDH
preparation from D. salina are presented in Fig. 3c. The
value of k;, was low in the neutral pH region and dra-
matically increased above pH 8. This enzyme inactiva
tion observed with the D. salina preparation was absent
in the case of LDH from C. reinhardtii (Fig. 3b) and
other plant cells[10]. Above pH 8, LDH from D. salina
was completely inactivated following 30-s exposure at
21°C, even in the presence of the coenzyme.

We investigated the reversion of LDH inactivation
when the value of pH was returned back from akaline
to neutral (so-called pH shock, see Materials and Meth-
ods). Such experiments were carried out at the very
beginning of the enzyme reaction and following several
time intervals. To do this, we suspended monitoring of
the reaction and diluted the reaction mixture twofold to
bring the pH down to 7.5. In al cases, that is, at the
beginning and the end of the reaction, the reaction rate
when calculated to account for protein content did not
increase notably, that is, did not exceed theinitial value
at pH 7.5 by more than 10%. This shows that the alka-
line denaturation was practically irreversible.
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Fig. 5. Pyruvate-actate transformation at 20°C catalyzed
by the LDH preparation from D. salina depending on pH
(pH values shown at the curves).

The constants of inactivation rates calculated by the expo-
nent approximation of thefirst derivative of these curvesare
presented in Fig. 3c. The reaction medium included 0.1 M
phosphate buffer, pH 7.5; 10 mM pyruvate; and 0.2 mM
NADH.

The question is what process would destabilize
LDH above pH 8? Either ionization of amino acid res-
idues into an electrostatic pattern unfavorable to the
native enzyme structure, or the dissociation of the coen-
zyme (at pK 7.8) could make LDH unstable. The sec-
ond hypothesis seems more probable as the pH depen-
dency for K,, for NADH and the pH dependency for ki,
coincide (cf. Figs. 3b and 3c). In addition, we will show
below that NADH binding to the LDH apoenzyme
from D. salina decreased the constant of the inactiva-
tion rate by almost an order of magnitude, that is, it
considerably stabilized the enzyme. This evidence also
supports the idea that the pH-dependent inactivation of
the enzyme preparation from D. salina is determined
mainly by the pH dependence of the enzyme affinity for
NADH: a pH increase resulted in NADH dissociation
from the enzyme, with the complete loss of the latter's
activity.

The Effect of LDH Substrates on the Enzyme Stability
to Thermal Denaturation

I nactivation curveswere obtained for the LDH prep-
arations from the two algae by following the enzyme
activity after the enzyme preparations were incubated
at the corresponding temperatures (Fig. 6). The inacti-
vation rate constants, calculated by the exponent
approximation of thefirst derivative of these curves, are
presented in Table 2. NADH addition to the reaction
mixture considerably stabilized the enzyme from
D. salina by bringing down the inactivation rate constant
Vol. 47
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from 0.45 to 0.037 min! (Table 2, Fig. 6a, curves 1, 2).
The subsequent pyruvate addition did not considerably
change the stability of the enzyme-NADH complex
(Fig. 6a, curve 3). In contrast, when NADH was added
to the LDH preparation from C. reinhardtii, it did not
enhance the stability of the enzyme protein, but rather
the stability slightly diminished (Fig. 6b, curves 1, 2),
whereas when both NADH and pyruvate were added,
LDH in this triple complex was stabilized (Fig. 6b,
curve 3), and k;, at 56°C dropped from 0.116 min~ in

the apoenzyme to 0.058 min= in the ternary complex
(Table 2).

Within the whol e range of temperatures under studly,
denaturation of the LDH preparations from the two
algae is described by the same exponentia eguation.
Therefore, we could calculate the inactivation rate con-
stants as the slopes of In activity against time curve.
Using k;,, values thus obtained, the values for activation

energy for the free enzyme Ej, the holoenzyme

EXx (NADH), and the ternary complex Ex (NADH +

pyruvate) were calculated from the Arrhenius plots.
The evidence presented in Table 3 and Fig. 6 shows that
the formation of the dua protein-NADH complex
playsthe major rolein stabilizing LDH from D. salina,
whereas in the case of the LDH preparation from
C. reinhardtii, only the ternary complex formation
could partidly stabilize the enzyme against thermal
denaturation. Our dataon LDH stabilization by NADH
and on pH dependence of the enzyme affinity for
NADH presume that, in the case of D. salina, the pH
control of LDH activity is carried out by modulating
the enzyme dffinity for NADH and, as a result, by
changing its activity, while the activity of enzyme prep-
arations from C. reinhardtii and mammalian cells are
attuned by an affinity for pyruvate.

The data presented in Tables 2 and 3 show that
NADH binding enhanced the enzyme thermostability
in the case of LDH from D. salina, while the stability
of LDH preparations from C. reinhardtii and porcine
muscle [10] was not affected. In the latter case, only
pyruvate binding with the formation of the ternary
enzyme-NADH-pyruvate complex could stabilize
these enzyme preparations against the effects of tem-
perature.

The stabilizing effect of NADH is a specific prop-
erty of LDH from D. salina (Fig. 6). This conclusion
does not exclude the possibility of the existence in the
alga cell of other, as yet unidentified metabolites pro-
tecting the enzyme protein from thermal inactivation.

DISCUSSION

Dehydrogenases comprise the class of enzymes
most conserved in their structure and functions across
all three kingdoms of plants, animals, and microorgan-
isms [14-16]. The conserved structure of the active
center, the configuration of the polypeptide backbone,
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Fig. 6. Effect of substrates on the kinetics of thermal inacti-
vation of the LDH preparations from (&) D. salina and
(b) C. reinhardtii at 30 and 56°C, respectively.

(1) Apoenzyme; (2) enzyme+ 0.025 mM NADH; (3) enzyme+
0.25 mM NADH + 10 mM pyruvate. Thereaction mixtureasin
Fig. 2.

and the regulatory centers binding the allosteric effec-
tors make these proteins especially valuable for com-
parative studies of their functions in the cells of organ-
isms adapted to extreme habitats during the process of
evolution. At present, the kinetic properties of LDH
from the halotolerant alga D. salina are not known, due
to the extreme instability of the enzyme. We found a
way to enhance LDH stability in cell-free extracts to a
level where one can assess some of its catalytic param-
eters, and evaluate the effects of glycerol, the major
intracellular osmolyte of D. salina, on these parame-
ters.

Cdll viahility depends on adaptational mechanisms
that evolved to meet environmenta changes. D. salina
cells respond to hyperosmotic shock by rapid glycerol
synthesis. Our data showed that such an increase in
glycerol synthesisin D. salina cells was produced by
shutting off one of the pathways of NADH expenditure,
glycolysis, and in particular, the step of pyruvateto lac-
tate transformation. Figure 7 illustrates schematically
the pathways of glycerol metabolism as derived from
the already published evidence[1, 22]. Glycerol issyn-
thesized from polysaccharides along the glycolytic
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Table 2. The constants of LDH inactivation rate, k;,,, in var-
ious complexes

Tempera- ki, I
ture, °C E E-NADH |E-NADH—pyruvate
D. salina
27 | 0.32+004 |0.028+£0.003] 0.027 +0.003
30 | 0.45+0.05 |0.037+0.005 0.031+0.005
32 | 0.54+0.06 |0.046 +0.006 -
35 | 0.75+0.08 |0.072 +0.006 -
39 | 0.92+0.12 |0.084 +0.009 -
C. reinhardtii
52 | 010£002 | 0.12+£001 | 0.080+0.010
56 |0.116+0.02 |0.175+0.02 | 0.058 % 0.007

Note: E, apoenzyme; E-NADH, enzyme in the presence of
0.2 mM NADH; E-NADH-pyruvate, the ternary complex.
The value of ki, was averaged from three independent
experiments; the standard error was estimated by approxi-
mating an experimental inactivation curve with the expo-
nential function; — means no data available.

pathway until the latter branches at dihydroxyacetone
phosphate, a common metabolite of glycolysis per se
and the pathway of glycerol synthesis. The coenzyme
NADH is essential for the further reduction of dihy-
droxyacetone phosphate to glycerol 3-phosphate. Thus,

[ Polysaccharides |

| Glucose 6-phosphate |

Y
| Dihydroxyacetone phosphate

GAPDH / NAD X
[Phosphoenol pyruvate] - =
Pyruvate ™ NADH
LDH
o
8
O
NAD
NAD
[Glycerol phosphate]
Lactate GPase

Glycerol

Glycerol synthetic cycle
Glycolysis

Fig. 7. The metabolic pathways of glycerol transformation
inD. salina célls.

The shaded area represents the segment of the glycolytic
pathway shut down by hyperosmotic shock to release
NADH for glycerol synthesis.

DHAK—dihydroxyacetone kinase; GAPDH—glyceralde-
hydephosphate dehydrogenase; GDH—qglycerol dehydro-
genase; GPase—qglycerolphosphatase; GPDH—glycerol-
phosphate dehydrogenase.
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Table 3. The values of energy activation for LDH denatur-
ation as (E) apoenzyme, holoenzyme (E-NADH), and the
ternary complex (E-NADH-pyruvate) calculated from the
temperature dependencies of the denaturation rate constants
measured with the corresponding complexes

Species EZ of denaturation, kJ/mol
of dgae E-NADH-
E E-NADH oyruvate
D. salina 67+6 155+ 20 168 £ 17
C.reinhardtii | 218 +20 231+25 243 £ 26

Note: Theprecision of EZ assessment depends on the precision of
extrapolating the dependence Ink;,, by reversed temperature

by thelinear function. The values of EZ arethe meansfrom
four replications.

NADH is utilized simultaneously in two metabolic
pathways, at the final stage of glycolysiswhich is cata-
lyzed by LDH, and in the glycerol-3-phosphate dehy-
drogenase stage of glycerol synthesis. The two meta-
bolic steps compete because of the similar values of
NADH-binding constants characteristic of two dehy-
drogenases. Ky, values for binding NADH at the stan-
dard conditions are 20 uM for LDH (our data) and
26 UM for glycerol-3-phosphate dehydrogenase [23].
Thus, the competition between the enzymes of the gly-
colytic and glycerol-synthesizing pathways is quite
probable.

When affected by hyperosmotic shock, the agal
cells mobilize their metabolic potential for rapid glyc-
erol synthesis and therefore must run out of NADH. To
make up for NADH deficiency, cells must lower their
expenditure in the glycolytic pathway. The unigue
properties of D. salina LDH provide for such regula-
tion: (a) the enzyme affinity for NADH declines as the
pH is increased from 7.5 to 8.0 due to the increased
alkalinity of the intracellular space caused by hyperos-
motic shock [5, 6]; (b) NADH deficiency caused by
glycerol synthesis decreases L DH stability. We conjec-
ture that when the cytoplasm is alkalized by the hyper-
osmotic shock, the catalytic properties of LDH help
shut down the final step of glycolysis (this segment of
the glycolytic pathway is shaded in Fig. 7).

With osmotic shock alleviated, D. salina cells were
shown to rapidly restore the initial metabolic indices.
Thefate of the accumulating metabolites, which would
shut down the reduction of pyruvate to lactate, is an
interesting problem, which is difficult to solve because
the concentrations of these metabolites rapidly change.
Apparently an enormous excess of carboxylases in
D. salina cells (about 70% of the total protein content
[24]) facilitates the rapid utilization of accumulated
metabolites, including pyruvate.
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Under a steady high state glycerol concentration,
cellsmust still have a source of energy, like ATP, avail-
ablefor the complete glycolytic cyclein the presence of
LDH. Glycerol does not considerably affect the affinity
of LDH preparation from D. salina for NADH (Table 1);
however, glycerol can greetly stabilize the enzyme [13],
especially at low levels of physiological temperature.

Glycolysisisof primary importance for energy gen-
eration in all cells, including the unicellular green aga
D. salina. The adaptation of halotolerant D. salina cells
to high external salinity depends on the rapid synthesis
of its basic osmolyte, glycerol, from starch, as the
major source of carbon. Enzyme responses to the con-
siderable changes in the intracellular glycerol concen-
tration must redirect the metabolic routes under the
osmotic stress conditions.

The present study demonstrated that endogenous
glycerol affected various facets of the catalytic process:
it increased the enzyme affinity for the substrate (Ky,
for pyruvate declined) and decreased V4. It is note-
worthy that although V,,,, declined in the presence of
glycerol, the stability of the protein structure was not
reduced, asin the case of denaturing agents; to the con-
trary it even increased. Other organic osmolytes, sorbi-
tol, sucrose, etc., produce similar effects: all these com-
pounds decrease the activities of NAD-dependent
dehydrogenases and other enzymes with the catalytic
activities restricted by conformational transitions. In
such cases, the decline in enzyme activity results from
the enhanced microviscosity of the medium [25, 26]
brought about by these organic osmolytes. Mean-
while, though the polymers of higher molecular
weight (over 1 kD) change the viscosity of the
medium, they do not change the microviscosity and
thus do not considerably affect catalysis[13].

Pick et al. [27] described an alternative mechanism
of osmoregulation in D. salina: instead of enhanced
glycerol synthesis, cells increase their inorganic phos-
phate concentration by reducing cell volume under the
hyperosmotic conditions. These authors believe that an
increase in phosphate concentration can directly or
indirectly trigger the enzymes of glycerol synthesis.
Glycerol synthesis in D. salina under hyperosmotic
shock is accompanied by polymerization of inorganic
orthophosphate to polyphosphate [28]. Such a process
decreases the asmolarity of the cell contents and there-
fore cannot promote osmoregulation. However, one can
interpret the combination of these processes by cell
inclination to maintain the necessary amount of water
and to accumulate more energy-rich compounds for
glycerol synthesis (the free energy of the phosphoanhy-
dride bond in polyphosphate is similar to that of ATP).
Furthermore, under alkaline stressinduced by the addi-
tion of ammonium chloride to the nutrient medium,
polyphosphates are rapidly hydrolyzed with concomi-
tant acidification and level off at the intracellular pH
status [28]. The study by Pick et al. [22, 28] demon-
strated the importance of the intracellular pH status as
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atrigger for glycerol synthesis and degradation and the
concomitant processes of coupled biochemica reac-
tions.

Pronina and Semenenko [4] believe that cells of
D. parva and D. salina maintain a steady pH value
around 7.1 to 7.2 whatever changes might occur in the
environment, that is, CO, concentration, illumination,
and salinity. However, the dramatic changes in the
external condition can temporarily shift the intracellu-
lar pH, which later returns back to its initia value.
Thus, in D. tertiolecta cells, illumination produced a
short-term akalization by 0.5 pH units, yet the saline
stress alkalized the cytoplasm by 0.2 pH units both in
the darkness and in the light [6]. It follows from our
kinetic data (Fig. 3) that the alkalization in D. salina
cells may decrease LDH activity by reducing the
enzyme affinity for NADH. Detachment of the coen-
zyme results in the loss of enzyme stability, that is, it
curbs the pathway for pyruvate transformation into
lactate.

Numerous experiments by Alexandrov and his stu-
dents (see [29]) established the thermoresistance of
enzymes in thermophilic organisms. In the species
under study, the enzyme-denaturing temperatures
exceeded the temperatures characteristic for the habi-
tats by 30-40°C and the temperatures invoking cell
death by 15-20°C. Most enzymes maintain these dif-
ferences, and Alexandrov relatesit to the dynamic flex-
ibility of polypeptide chains essential for catalysis
under varying habitat temperatures.

The LDH preparation from D. salinaisarare excep-
tion to this trend. We demonstrated (Fig. 4) that, when
the halophilic algal cells of D. salina and the ordinary
algal cellsof C. reinhardtii are grown at the same tem-
perature, the enzymes produced in the two species dif-
fer in thermostability by 20°C. The question is why in
halophilic D. salina such athermol abile enzymeis nec-
essary for the last stage of the glycolytic pathway, while
other enzymes, e.g., carboanhydrase [30], carboxylase
[31], glycerol-3-phoshate dehydrogenase [32], and also
glycolytic enzymes are much less lahile? We tend to
explain such a characteristic trait of LDH in D. salina
by its peculiar mechanism of adaptation to the saline
stress using competition for NADH between LDH of
the glycolytic pathway and GAPDH in the pathway of
glycerol synthesis (Fig. 7). Let us add that the initial
stepsof glycolysisinD. salina cellsarelocalized inthe
chloroplast, whereas its fina step, that is, pyruvate
reduction, is localized in the cytoplasm [27, 33]. It is
noteworthy that, while in C. reinhardtii cells, the glyc-
olytic events are also compartmentalized, such segrega-
tion takes place at the earlier step of dihydroxyacetone
synthesis, with all subsequent processes of dihydroxy-
acetone reduction to glycerophosphate occurring in the
cytoplasm [34]. In the higher plants, all these enzymes,
including LDH, the terminal enzyme of glycolysis, are
cytosolic. We believe that the separation of catalytic
reactions between the two compartments provides bet-
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ter control over the “hot” steps of metabolic processes
under stress conditions induced by wider local changes
in proton or inorganic phosphate concentrations, which
can specifically regulate enzyme activitiesin the corre-
sponding compartments. The key question is whether
LDH isinactivated by strong alkalization in vivo to the
same extent asin vitro, as we cannot exclude the possi-
bility that the enzymeisadditionally stabilized by some
cell components.

Stabilization of enzymes, particularly of NAD-
dependent dehydrogenases, with their coenzyme, has
been demonstrated in most investigated organisms.
Thus, the comparative study of the coenzyme-induced
stabilization of NAD-dependent dehydrogenases from
endo- and ectothermic animals demonstrated different
stabilizing effects of the coenzyme [35]; the authors
believe that these differences are essential for adapta-
tion. Stabilization of the LDH preparation from
D. salina with NADH (Tables 2, 3) exceeded by many
times the effect of NADH on the enzymes of endother-
mic animals. Among other peculiar traits of the LDH
preparation from D. salina, the dramatic stabilizing
effect exerted by NADH is the most intriguing. In
response to the changes in the external saline concen-
tration, D. salina cells synthesize glycerol for about
two hours [36]. As the active glycerol synthesis comes
to its end, NADH concentration must increase as it is
not any longer consumed in the osmolyte synthesis. In
addition, pH value declines to its standard level of 7.2.
The decrease in pH value results in the enhanced LDH
affinity for NADH (Fig. 3b) and the lowered constant
rate of enzyme inactivation (Fig. 3c). Higher NADH
concentration and higher LDH affinity for NADH acti-
vate the enzyme and provide for the glycolytic path-
way, running its full length.

Thus, by comparing the osmolyte effects on the suc-
cessful stages of the reaction catalyzed by the LDH
preparations from D. salina and C. reinhardtii, we
come to the following conclusions:

(2) In the presence of glycerol, the affinity of both
LDH preparationsfor pyruvate increased several times,
while the affinity for NADH did not change. The glyc-
erol-exerted changes in viscosity affected the maxi-
mum rate of pyruvate reduction by the D. salina prepa-
ration to alesser extent than by C. reinhardtii LDH.

(2) The mechanisms for enzyme regulation by pH
level differ in the two algal species. While the affinity
for NADH ischanged in D. salina, the affinity for pyru-
vate is instrumental in C. reinhardtii and other organ-
isms.

(3) The kinetic study of thermal inactivation along
the range of temperatures demonstrated an extremely
low thermostability of the LDH preparation from
D. salina; in contrast to the preparations from other
organisms, the stability of the D. salina enzyme was
considerably enhanced by NADH.

These kinetic data presume that D. salina cells
maintain homeostasis in a wide range of intracellular
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glycerol concentrations by moaodifying the catalytic
enzyme constants of substrate binding and by enzyme
stabilization revealed at the stage of conformational
transitions.
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