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1. Introduction

Na K-ATPase (EC 3.6.1.3.) is an oligomeric mem-
brane-bound enzyme, whose substrate is an allosteric
modifier of activity [1—3]. The enzyme has two K,
values; its affinity for Na* and K* can be controlled
by ATP. The allosteric effect of ATP may be due to
the changes of the cooperative interactions in the
oligomeric complex of the Na-pump [4]. Here we
have studied the cooperative properties of brain
Na,K-ATPase by means of AFSPP, an ATP analog
capable of forming an enzyme—inhibitor complex
due to its covalent binding to the protein functional
groups. This compound was synthesized in [5] and
successfully used for the analysis of the ATP-binding
sites of the proteins [5,6].

We have found that AFSPP irreversibly inhibits the
activity of Na K-ATPase and decreases (np) for ATP
from 2.3—1.1 (at 30°C). The same influence of tem-
perature on the ny value for ATP was found: decrease
in temperature converts the cooperativity for ATP in
the Na,K-ATPase system from positive to negative.
We have concluded that the type of cooperative inter-
actions in the oligomeric complex of Na,K-ATPase
is controlled by the phase state of lipids and substrate
or its analogs.

Abbreviations: Na,K-ATPase, Na,K-activated, Mg-dependent
adenosine triphosphate phosphohydrolase; AFSPP, adeno-
sine-5"-(p-fluorosulfonylphenylphosphate); ny, Hill coeffi-
cient; K\, apparent Michaelis constant; ACES, N-(2-acet-
amido)-2-aminoethane sulfonic acid
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2. Materials and methods

Membrane preparations of Na,K-ATPase were
obtained from the grey matter of ox brain [7]. The
amounts of P; and protein were determined by stan-
dard procedures [8,9]. The values of K, and V for
the enzymatic reaction were calculated from the curve
obtained during a continuous pH-metre registration
of hydrolysis of limited amounts of ATP, using the
differential Michaelis-Menten equation [10—12]. The
ny values for ATP were calculated according to a
classical procedure [10], using the linear portion of
the curve:
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The ATPase activity was determined under optimal
conditions [13] in a medium, which contained:

1-3 mM ATP, 130 mM NaCl, 20 mM KCl, 3—5 mM
MgCl, and 10—30 mM imidazole (pH 7.4). The cor-
rection for Mg-ATPase, with an activity <5%, was
made using 1 mM ouabain. The enzyme preincuba-
tion with AFSPP was carried out at different time
intervals in the following medium: NaCl 150 mM,
MgCl, 3—5 mM, ACES 3 mM, 37°C within pH 4.0—6.5.
The samples were then incubated in the medium for
the Na K-ATPase activity measurement. The rate of
ATP hydrolysis was constant for 220 min. The con-
stants of Na,K-ATPase inhibition by AFSPP were
calculated according to [14]. Five different enzyme
preparations were used in the experiments. All the
experimental series were repeated at least 3 times;
each experimental point is the mean of two deter-
minations, the error <2%.
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3. Results and discussion

Preincubation of Na,K-ATPase with AFSPP pro-
gressively inhibits the enzyme activity. After a
100-fold dilution of the enzyme preincubated with
AFSPP the inhibition is not eliminated. Thus, the
effect of AFSPP is irreversible and the interaction
between AFSPP and Na K-ATPase can be described
by the following reaction:

k
E+] b E-T—2E-I

ks

Fig.1a shows the time-dependence of Na,K-ATPase
activity after enzyme preincubation with AFSPP, The
apparent inhibition constant (kapp) was calculated
from the formula:

0.693

Koo =7,

where T, , is the preincubation time required for
50% inactivation of ATPase at every concentration
of AFSPP [14]. The values of the true inhibition
constant (K;) and those for the formation of the
enzyme—inhibitor complex E—I (k,,) were deter-
mined from the reciprocal plot for the kg,
dependence versus the inhibitor concentration
(fig.1b). The first step of the reaction, i.e., formation
of the enzyme—inhibitor complex, is reversible and
the rate of inhibition is presumably limited by this
step. The K value equal to the k., /k _, determines
the inhibitor affinity for the enzyme. Here K| =

11 mM, and k., = 0.29 min~".

The presense of ATP in the preincubation medium
protects the enzyme against AFSPP (fig.1a, curves 2’
and 2""); the effective concentrations of AFSPP and
ATP are comparable. This may be due to the fact that
both compounds compete for the ATP-binding sites
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Fig.1. Inhibition of Na, K-ATPase activity by AFSPP. (a)
Dependence of inhibition on time of preincubation with
AFSPP (pH 6.5) in the absence of ATP (curves 1-4) and
after addition of 1.5 mM (curve 2) and 4 mM (curve 2'')
ATP. _[AFSPP]: none, curve 1; 0.75 mM, curves 2,2',2"";

1.5 mM, curve 3; 2,3 mM, curve 4. After preincubation the
samples were diluted 100-fold and incubated 10 min in the
medium for Na,K-ATPase activity determination; then the
increase in P; was measured as in section 2. Abscissa, Na K-
ATPase activity (in log scale); ordinate, time of enzyme pre-
incubation with AFSPP. (b) Determination of Na,K-ATPase
activity inhibition constants by AFSPP. For explanation see
text.

of the enzyme. The value of Kapp depends on the pH
of the medium during the enzyme preincubation with
AFSPP. The group interacting with AFSPP has a

pK, value of 4.8 (fig.2). This indicates that the car-
boxylic group of the protein may be involved in the
reaction [10].
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Fig.2. Dependence of the apparent constant of Na,K-ATPase
inhibition by AFSPP on pH of the preincubation medium.
Conditions as in fig.1a. The pH of each sample was adjusted
to the required value by 2-amino, 2-methyl-1,3-propandiol.
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Fig.3. Arrhenius plot for Na,K-ATPase in normal conditions
(1) and after 20 min preincubation of the enzyme with
0.75 mM AFSPP [2]. The reaction rate was calculated from
the increase in p; under optimal conditions; MgCl,, 5 mM;
ATP, 1 mM.

Since the carboxylic group in the active center of
Na,K-ATPase is an immediate participant in ATP
hydrolysis, a question arises whether inhibition of the
activity by AFSPP results in taking the enzyme—
inhibitor complex out of the reaction as can be pro-
posed from fig.1. Fig.3 shows the Arrhenius plots for
Na,K-ATPase in the control samples (curve 1) and
after preincubation with 0.75 mM AFSPP, when the
enzyme activity at 37°C reaches ~50% of the control
value (curve 2). The conditions for ATPase activity
determination allowed us to measure the maximal
rate over the whole temperature range {13] and the
Arrhenius plots were linear in both cases. The values
of the activation energy were 17.5 + 0.2 kcal/mol in
the control and 22.9 % 0.1 kcal/mol in case of AFSPP,
i.e., they differed significantly. Thus, treatment of
the Na,K-ATPase preparations by AFSPP not only
inactivates but also partially modifies some of the
enzyme molecules.
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Fig.4. Arrhenius plot for two K, values for ATP determined
at low (<40 uM, a) and high (>60 uM, b) concentrations

of the substrate in normal conditions (1) and after enzyme
preincubation with AFSPP [2]. Conditions as in fig.1.

After preincubation of Na K-ATPase with AFSPP
the Michaelis constants for ATP are also changed.
Fig.4 demonstrates the temperature dependence of
both K, values of the control and after enzyme
modification by AFSPP, It is evident that AFSPP
treatment causes a decrease of K|, (at low concentra-
tions of ATP) and an increase of K, (at high concen-
trations of ATP).

At the same time the whole pattern of the
Arrhenius plots for both K, values is changed. The
increase in the activation energy of ATP hydrolysis in
the presence of AFSPP (fig.3) suggests that AFSPP
modifies the enzyme activity. This modification con-
sists in an alteration of the temperature dependence
of the E - I complex.

The straightening of the Arrhenius plot for K,
values (fig.4) may indicate that the sensitivity of the
complex to the phase state of the lipids is decreased.

Thus, the factors affecting the break in the
Arrhenius plot for K, at 20°C cease to be effective
in the presence of AFSPP. The second Michaelis con-
stant, K;,'l, may not have any precise physical mean-
ing; it only reflects the allosteric action of the sub-
strate on the oligomeric complex of the Na-pump
[1—4]. Based on the assumption that the break in
the Arrhenius plot for Na K-ATPase may be inter-
preted in terms of the effect of lipids on the inter-
actions in the oligomeric complex of the Na-pump
[4,13], we analyzed the cooperativity coefficient
(nyg) for ATP at various temperatures.
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Fig.5. Determination of the Hill coefficient (7py) for ATP at
low (<40 uM) and high (>60 uM) substrate concentrations
in normal conditions (1) and after 20 min enzyme preincu-
bation with 0.75 mM AFSPP [2]. Inset: Arrhenius plot for
nyy measured in the presence of high ATP concentrations,

The dependence of the Na,K-ATPase activity on
ATP concentration in Hill coordinates is shown in
fig.5a. ATP at 40—50 uM is critical, since ny at lower
[ATP] is <1, and at >60 uM ATP is >1. This suggests

that in the case when only the mfnlvhr gites of the

enzyme having high afﬁmty for the substrate are
saturated with ATP, negative cooperative interactions
may occur. An increase in ATP concentration changes
the type of subunit (or protomer) interactions and
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results in the appearance of positive cooperativity.

In order to measure the iy value over a wide
temperature range (fig.5b) we only used ATP at
60—500 uM. From 37°C the ny value for ATP
decreased to 2 (at 22°C) and then sharply falls to
0.53. A further lowering of temperature does not
significantly affect ny. Thus, the decrease of tem-
perature and/or ATP concentration changes the
positive cooperative interactions in the oligomeric
complex of Na,K-ATPase into negative ones. The tem-

perature region when the lipid phase of the mem-

brane becomes ordered (~20°C) is a critical one and
is when such a change occurs.

AFSPP affects the sensitivity of the system to the
state of the lipid environment (fig.4a); it would seem
reasonable to assume that its effect is coupled with
the disturbances in the cooperative interactions.
Indeed, an increase from 14-30°C increases the ny
from 0.48-2.3 in the contro} and from 0.1-1.1 after
enzyme preincubation with AFSPP (table 1). Con-
sequently, modification of Na K-ATPase by AFSPP
prevents the appearance of positive cooperative inter-
actions between the protomers of the Na-pump.

The Arrhenius plots for Na,K-ATPase from differ-
ent preparations shows a break [1,13,15], which may
be because the activity changes occur under non-
optimal conditions [2]. Calculation of the true maxi-
mal reaction rate (V) gives a linear Arrhenius plot
(fig.3, [2,16]). However, even under these conditions
(as can be seen from fig.4), the temperature depen-
dence of the kinetic parameters (K ) in the Arrhenius
plot is non-inear, which is due to a phase-structural
rearrangement of the membrane lipids [2,13]. The
changes of the cooperative properties of the system
within the same temperature region (fig.5) suggest

that the lipids control the interactions between the

Na-pump protomers. Therefore, when no coopera-
tivity for ATP is observed [15], this fact may be due
to specificity of the lipid composition of the mem-
brane preparation used.

Table 1
Hill coefficient (nyy) values for ATP over 60—500 uM substrate measured at
different temperatures {a typical experiment)

14°C 18°C 20°C

21°C 22°C 23°C 30°C

Control 0.
+ AFSPP 0

p S avd ity

— 0
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0.53

2.05

0.90 1.00

D
-
oo

The measurements were carried out under normal conditions or after 20 min pre-

o

incubation of protem with 0.75 mM AFSPP
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Based on the evidence on the oligomeric structure
of the Na-pump in the membrane [1-3], we may
suggest that under optimal conditions (37°C and
high ATP concentration) the minimal number of
protomers having a positive cooperativity, is 4. The
same was concluded in [17], whereas no cooperativity
for ATP was demonstrated in [15]. The decrease of
ATP concentration or temperature leads to a transi-
tion of positive cooperative interactions into negative
ones (probably, without change of number of pro-
tomers interacting). Presumably AFSPP interacts with
the low affinity ATP-binding sites of one or two
protomers of Na-pump in a similar manner to ATP,
thus disturbing the allosteric effect of the substrate.

Acknowledgements

The authors are thankful to Drs S. E. Severin,
E. S. Severin and N. N. Gulyaev for helpful discus-
sions and to Mrs R. L. Birnova for her valuable assis-
tance in preparing the English version of the manu-
script.

338

FEBS LETTERS

June 1980

References

[1] Skou, J. Ch. (1974) Ann. NY Acad. Sci. 242, 168—184.

[2] Boldyrev, A. A. and Tverdislov, V. A. (1978) in: Itogi
Nauki, Tek. ser. Biofizika 10, 147.

[3] Liang, S. M. and Winter, Ch. (1977) J. Biol. Chem. 252,
8278-8284.

[4] Boldyrev, A. A. (1979) Biol. Nauki 3, 5-17.

[5] Gulyaev, N. N., Tunitskaya, V. L., Baranova, L. A.,
Nesterova, M. V., Murtazaev, I. M. and Severin, E. S.
(1976) Biokhimiya 41, 12411249,

[6] Bulargina, T. V., Grivennikov, I. A. and Severin, E. S.
(1978) Short Rep. 1st All-Union Conf. Nucleoside and
Nucleotide Chemistry, Riga, pp. 83-84.

[7] Klodos, 1., Ottdlenghi, P. and Boldyrev, A. A. (1975)
Anal. Biochem. 57, 397-403.

[8] Rathbun, W. and Betlach, M. (1969) Anal. Biochem.
28,436-445.

[9] Lowry, O. H., Rosebrough, N. J., Farr, A. L. and
Randall, R. L. (1951) J. Biol. Chem. 193, 265-275.

[10] Yakovlev, V. A. (1965) Katalytic enzyme kinetics,
Nauka, Moscow.

{11] Yun, Sh.-L. and Suelter, C. H. (1977) Biochim. Bio-
phys. Acta 480, 1-13.

[12] Stojda, L. V. and Emelyanov, S. A. (1980) Bull. Exp.
Biol. Med. in press.

[13] Boldyrev, A. A., Ruuge, E. K., Smirnova, I. N, and
Tabak, M. (1977) FEBS Lett. 80, 303-307.

[14] Kitz, R. and Wilson, J. E. (1962) J. Biol. Chem. 237,
3245-3249.

[15] Gache, Ch., Rossi, B. and Lazdunski, M. (1976) Eur. J.
Biochem. 65, 293-306.

[16] Silvius, J. R., Read, B. D. and McElhaney, R. N. (1978)
Science 199, 902-904.

[17] Hansen, O., Jensen, J., Norby, J. and Ottolenghi, P.
(1979) Nature 280,410-412.



