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The influence of potassium ion (K*) on digoxin-induced inhibition
of porcine cerebral cortex Na*/K*-ATPase
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Abstract

The in vitro influence of potassium ion modulations, in the concentration range 2mM-500mM, on digoxin-induced
inhibition of porcine cerebral cortex Nat/K*-ATPase activity was studied. The response of enzymatic activity in the presence
of various K" concentrations to digoxin was biphasic, thereby, indicating the existence of two Nat/Kt-ATPase isoforms,
differing in the affinity towards the tested drug. Both isoforms showed higher sensitivity to digoxin in the presence of K* ions
below 20 mM in the medium assay. The ICs, values for high/low isoforms 2.77 X 10 °*M/8.56 X 10> M and 7.06 X 10~
M/1.87 X 107> M were obtained in the presence of optimal (20 mM) and 2 mM K™, respectively. However, preincubation in
the presence of elevated K* concentration (50 — 500 mM) in the medium assay prior to Na™/K -ATPase exposure to digoxin
did not prevent the inhibition, i.e. ICs, values for both isoforms was the same as in the presence of the optimal K"
concentration. On the contrary, addition of 200 mM K into the medium assay after 10 minutes exposure of Na*/K-ATPase
to digoxin, showed a time-dependent recovery effect on the inhibited enzymatic activity. Kinetic analysis showed that digoxin
inhibited Nat/K"-ATPase by reducing maximum enzymatic velocity (Vmayx) and K., implying an uncompetitive mode of
interaction.
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Introduction presence of some metal ions [5,6] and organic

Na™/Kt—ATPase (EC 3.6.1.37) is a cell membrane compounds Of. various structures, especially some
. . . drugs and pesticides [7—10].
located enzyme, which plays a key role in the active . . .
. + + The main pharmacological effect of digoxin, one of
transport of monovalent cations (Na" and K™) across . . .
. the most frequently used cardiac glycosides to improve
the membranes [1,2]. The enzyme is composed of an . i . i e
. .. . . cardiac contractility, is Na " /K"-ATPase inhibition
a-subunit, which is the residence of ATP-binding, [11-14]. Therapeutic effect is achieved with a digoxin
phosphorylation, Nat and K* binding as well as the : P g

e el . . . concentration that produces a moderate enzyme
specific inhibitor ouabain, and a B-subunit, which inhibition (about 35 er cent), whereas a t}c;xic
stabilises the K* binding cage [3]. Na'/K"-ATPase . oV p >

. . concentrations inhibit over 60 per cent of enzyme
acts as a dimer (af—ap). The most widely accepted

. . . . activity [15].
view related to such a dimer acts is a “flip-flop” model, v [15] .
. . . The present study was undertaken to examine the
in which both « subunits show complementary

. inhibition of porcine cerebral cortex Nat/K*-ATPase
conformation: . S .

activity by digoxin. Furthermore, it has been shown

EE; = E2E, that hypokalaemia lowers the threshold for digoxin-

where E is the conformation of each a-subunit [4]. induced cardiac arrhythmias i.e. it increases the

The activity of this enzyme is very sensitive to the likelihood of digoxin toxicity [12,16]. So we examined
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the inhibitor efficiency of digoxin in the presence of
below optimal potassium concentration. Conversely,
the ability of above optimal KV concentration to
prevent and recover digoxin-induced inhibition was
also investigated. In addition, extensive kinetic studies
were undertaken to determine the nature of enzyme
inhibition by digoxin.

Material and methods
Chemicals

All chemicals were of analytical grade. Na®/K*-
ATPase from porcine cortex brain with specific
Na®/K"-ATPase activity 2.75 pumol P;/h/mg protein,
was purchased by Sigma Chemicals Co.

ATPase assay

The influence of digoxin, within the concentration
range from 1 X 10 ' to 1 X 10°>M on Na™/K'-
ATPase activity was determined in a standard medium
containing 50 mM Tris—HCI (pH 7.4), 1 mM EDTA,
100mM NaCl, 20mM KCI, 5mM MgCl,, 2mM
ATP, 40 ng protein in a final volume of 200 ul.
Incubation mixtures were preincubated for 10 min at
37°C in the presence of the desired concentration of
digoxin or distilled water (control). The reaction was
started by the addition of ATP, allowed to proceed for
10 min, and interrupted by the addition of ice cold
HCIO, with immediate cooling on ice. Inorganic
orthophosphate (P;) liberated from the hydrolysis of
ATP was measured using a modified spectrophoto-
metric procedure [5,6], reading the absorbance at
690 nm.

The effect of a lower potassium concentration on
the inhibitory efficiency of digoxin was assayed in the
same standard medium containing 2 mM KCI.

The effect of above optimal concentration of K* on
prevention of digoxin-induced inhibition was
measured under the same conditions as described
above but with 50 mM, 200 mM and 500 mM KCI
added to the medium before the enzyme exposure to
digoxin.

The recovery of inhibited enzyme activity by K+ was
examined by adding a ten-fold higher concentration of
K™ to the base level already present in the experimental
tube, after 10 min in cubation in the presence of digoxin
at a concentration which induced complete enzyme
inhibition. The degree of reactivation, dependent on
the time of exposure of the sample to the higher
potassium concentration, was followed within the time
interval 10—60 min. For each time point there was a
control sample (without digoxin) which served as a
basis for calculating the per cent reactivation.

Kinetic parameters

Kinetic experiments were carried out according to the
slightly modified method of Philips [17]. The initial

velocities were measured in the same incubation
medium, as a function of rising concentrations of
MgATP?~ (0.1-4.0mM). The measurements were
performed in the absence and the presence of digoxin,
while maintaining the concentrations of other ions
(Na*t, K*, Mg®") constant. The experimental data
were fitted to the Michaelis-Menten equation by non-
linear regression analysis using EZ FIT [18]. V.« and
K,, values with standard errors were derived from a
Lineweaver-Burk plot.

Results

Influence of potassium modulations on digoxin-induced
inhibition of Na™ IK*-ATPase

The effect of digoxin, within the range 1 X 10~ !°-
1 X 107> M on ATP hydrolysis catalyzed by porcine
cerebral cortex Na /K -ATPase was investigated in the
presence of optimal and a ten-fold lower concentration
of K. As shown on Figure 1 the response of the
enzymatic activity to digoxin concentration in both
cases was biphasic, and could be approximated by the
sum of two overlapping sigmoid curves, separated by a
plateau.

The results indicate that the enzyme activity at each
digoxin concentration, in the presence of optimal as
well as a ten-fold lower concentration of K, represent
the sum of the activity of two Na'/K'-ATPase
isoforms, differing in their affinityi.e. in their sensitivity
towards digoxin. The first one, sensitive at a digoxin
concentration below 1 X 107> M, is denoted as the
“high affinity” Nat/K'-ATPase isoform, while
the second, sensitive at an inhibitor concentration
above 1 X 10 > M, is denoted as the “low affinity”
Nat/K*-ATPase isoform.

1 1 1 1 L 1

1x10° 1x10° 15107 1x10° 1x10° 1x10" 1x10*
[digoxin] (M)

Figure 1. Inhibition of porcine cerebral cortex Nat/K*-ATPase
activity by digoxin in the presence of 20mM KCI (O) and 2mM KCl
(). The experimental curves were analysed using the PC package
assuming a two site model fit [9]. The values given are the mean of at
least three experiments = SEM, done in duplicate.
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Figure 2. The theoretical curves for inhibition of “high-(1)”
and “low (2) affinity” Na'/K"-ATPase isoforms induced by
digoxin [9]. O — in the presence of 20 mM KCI; B in the presence
of 2mM KCl.

Experimental data presented in Figure 1 was
analyzed by a PC software package assuming a two-
site model fit [9]. The activity of the “high” digoxin
affinity isoenzyme was obtained by subtracting the
calculated low affinity values from the experimental
data. The theoretical curves for “high” and “low”
digoxin affinity isoforms in the presence of optimal
and a ten-fold lower concentration of K' are
presented in Figure 2.

Hill analysis was performed on the high and low
digoxin affinity parts of the inhibition curves. The half
maximum inhibition concentrations (ICs, values) as
well as the values of the Hill coefficients n for the
“high” and “low” inhibitor affinity isoforms respecti
vely, were calculated and are summarized in Table 1.

It can be noted that both Na"K*-ATPase isoforms
are more sensitive to digoxin inhibition in the low
potassium concentration sample in comparison to the
sample with an optimal concentration of potassium.

On the contrary, the protective effect of above
optimal concentrations of K' is not obtained. The
presence of 50 mM, 200 mM and 500 mM KCl in the
reaction medium before enzyme exposure to digoxin,

Table I.
in the presence of various K concentrations.
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Figure 3. The dependence of the recovery of Na™/K™-ATPase on
the time of exposure to an elevated potassium concentration.

did not prevent the digoxin-induced inhibition, i.e.
IC5, values were the same as in the presence of the
optimal K" concentration (Table I).

Recovery of digoxin-induced inhibition of Na*K*-
ATPase

The recovery of inhibited Na*K*-ATPase by a higher
potassium concentration was examined by adding a
ten-fold larger potassium concentration (200 mM
KCl) following the incubation period with digoxin at
a concentration (1 mM) which induced complete
enzyme inhibition. It was shown that exposure of
inhibited enzyme to a ten-fold larger potassium
concentration induced the recovery of enzymatic
activity within the time interval of 10—60 minutes
(Figure 3). The degree of reactivation vs. incubation
time was linearly proportional to the time of exposure.
However, complete recovery was not achieved even
after 60 minutes.

Kinetic analysis

In order to evaluate the nature of the Na*/K"-ATPase
inhibition induced by digoxin, kinetic parameters K.,
and V.« were determined by varying the concentra-
tion of MgATP? . The kinetic properties of the

1C5( values and Hill coefficients () as calculated from experimental data for “high”- and “low affinity” isoenzymes by Hill analysis

“High affinity”

“Low affinity”

[K+]: mM 1C50 (M) 1C50 (M) n

20 (2.77 = 0.20) X 10~° 1.43 + 0.35 (8.56 + 0.08) X 107> 1.29 * 0.09
2 (7.06 = 0.10) X 10”7 1.52 = 0.09 (1.87 = 0.08) X 107> 1.59 *+ 0.66
50% (2.71 = 0.20) X 10~° (8.66 + 0.08) X 107>

100* (2.87 = 0.20) X 10°° (8.58 + 0.08) X 10>

200% (2.75 £ 0.20) X 10~¢ (8.59 + 0.08) X 107>

* From the prevention of inhibition experiments.
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Figure 4. Porcine cerebral cortex Na'/K'-ATPase activity
dependence on (MgATP?") in the absence (M) and presence of
2 X 107° M digoxin (O). The values given are the mean of at least
three experiments = SEM, done in duplicate. The Lineweaver-
Burk transformation of the data is shown in the inset. *Taken from
ref. [9].

enzyme were determined in the presence of
2 x 10~ °M of digoxin, a concentration chosen from
the inhibition curves as the concentration that inhibits
the enzyme activity in the high affinity concentration
range. The dependence of the initial reaction rate vs.
substrate concentration in the presence and the
absence of inhibitor exhibited typical Michaelis—
Menten kinetics which is presented in Figure 4.
Kinetic constants were calculated from the exper-
imental data by a Lineweaver-Burk transformation
(Figure 4, inset) and are summarized in Table II. It is
clearly apparent that digoxin decreased the K., and
Vmax Values of the enzyme to the same extent.

Discussion

The present study showed that digoxin, as previously
reported for rat brain [19], inhibits porcine cerebral
cortex Na'/K*-ATPase in a dose — dependent
manner. Additionally, biphasic inhibitory curves
were obtained which indicated the interference of
two distinct inhibitor binding sites. The heterogeneity
of digoxin binding sites has been reported in rat brain
and beef heart Na'/Kt-ATPase and was related to
two distinct isoforms of the o — subunit [19-21]. The
high affinity to digoxin can be attributed to the as—
isoform, which is known to be the most sensitive to
cardiac glycosides [9,22,23]. Moreover, it is well
known that the as—isoform is especially abundant in
brain [24,25] as well as some other vertebrate tissues

Table II.  Kinetic analysis of porcine cerebral cortex Nat/K " -ATPase
activity in the absence and presence of inhibitor (2 X 10~ M).

K, (mM) Vinax (WM Py/h/mg) K, /Vmax
Control 0.81 = 0.05 1.43 = 0.06 0.566
Digoxin 0.60 = 0.07 1.06 = 0.08 0.566

[15]. The low affinity to digoxin can be attributed to
the o;—isoform which shows the lowest affinity
toward cardiac glycosides and is present in almost
every animal cell [26].

Our study clearly showed that the inhibitory effect
of digoxin also depends on the concentration of
potassium in the reaction mixture. Two differential
effects in the presence of various K concentrations
were achieved: 1) the decreasing of the ICs, value of
digoxin-induced inhibition (K* concentration below
20mM) and 2) a time-dependent recovery effect of
enzymatic activity (concentration above 20 mM).
What is more, both isoforms showed higher sensitivity
towards digoxin in the presence of a ten-fold lower
potassium concentration. It is interesting to point out
that Hill values were elevated for both isoforms in
below optimal K* concentrations in comparison to
optimal conditions, which is an indication of a positive
cooperative effect for digoxin binding. As suggested
earlier, there are two possible mechanisms which
could explain the increased sensitivity of Nat/K*—
ATPase in the below optimal potassium conditions.
On the one hand, it has been reported [27-29] that
below optimal potassium concentrations reduce the
rate of Na'/K"—-ATPase turnover number and
subsequently exacerbate the sodium pump inhibition
caused by cardiac glycosides. On the other hand,
certain authors [30] suggest that digoxin binds to the
potassium binding sites, i.e. that digoxin competes
with potassium for the same binding site. Therefore,
digoxin binding and its physiological effects would be
augmented in the presence of low potassium
concentrations.

However, since the results of our study show that
elevated potassium concentrations did not display
protective effect in vitro, decreases the likelihood of
digoxin and potassium competing for a common
binding site. In fact, it is more probable that low
potassium concentrations in the presence of optimal
Na', Mg®" and ATP favour the E, conformation of
the catalytic a-subunit, which has a higher affinity
towards digoxin [7]. Furthermore, this hypothesis is
concordant with the results of kinetic analysis which
confirmed that digoxin is an uncompetitive inhibitor
in comparison to ATP as a substrate. In other words,
digoxin binds to the a-subunit of Na*/K"—ATPase
posterior to Nat and ATP binding, resulting in the
formation of a stable phosphoenzyme/digoxin com-
plex [E, —P digoxin] and, ultimately, prevents its
conversion to the E; conformation and consequently,
according to a “flip-flop” model [4], conversion of the
other catalytic subunit to the E, conformation.

Moreover, it has been recognized that digoxin-
induced inhibition is not only reversible, but also that
the enzyme could be reactivated by means of an
appropriate specific antidigoxin antibody [19]. Our
study has shown that elevated potassium concen-
trations are also able to reactivate the inhibited



enzyme to a certain extent, and that the reactivation is
proportional to the time of exposure to increased
potassium concentration. Furthermore, it can be
assumed that higher potassium concentrations
(in contrast to low potassium concentration) move
the chemical balance between E; and E, Na'/K™'-
ATPase conformations in favour of E; and, conse-
quently, enable the continuation of the digoxin-
impeded enzymatic cycle.

To summarize, it is quite plausible that factors such
as Mg®tand Na' concentrations as well as ATP
availability also affect digoxin-induced inhibition of
Na™/K-ATPase, which will be the subject of future
studies.
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