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SUMMARY

Yopa, ATSUNOBU AND SHIZUKO YODA: Suppression by sodium, potassium or nucleo-
tides of binding between cardiac steroid (digoxigenin) and sodium- and potassium-
dependent adenosine triphosphatase formed in the presence of magnesium and
phosphate. Mol. Pharmacol., 16: 120-134, (1979).

The cardiotonic steroid binding to (Na* + K*)-ATPase formed in the presence of the
Mg?* and P; (type II binding) is suppressed by the Na*, K*, or nucleotides in different
ways. In the ouabain binding at real equilibrium, such effects were difficult to detect
because of the high affinity of its sugar moiety to the enzyme. The apparent number of
binding sites according to Scatchard plots of digoxigenin binding and the association rate
of digoxigenin were reduced by the Na* at pH 6.5 and 8.5. This Na*-effect was delayed in
the initial phase at pH 6.5, when the Na* was added after the phosphorylation of the
enzyme was accomplished by the Mg?* and P:. Therefore, the Na* seems to bind with the
nonphosphorylated form of the enzyme, and to reduce level of the phosphorylated
enzyme, the active form for digoxigenin binding. In contrast to the Na*, the K* increased
the apparent binding constant according to Scatchard plot of digoxigenin binding at pH
6.5 and 8.5; the K* seems to bind with the phosphorylated form of enzyme, causing the
insensitive complex not to bind with digoxigenin. Unlike either the Na* or K*, triphos-
phonucleotides suppressed the type II digoxigenin binding only partially. The potencies
of ATP and B,y-methylene ATP were similar; both were most potent among the triphos-
phonucleotides (its half-maximum concentration + 0.2 mM). GTP and ITP were less
potent while AMP was almost ineffective. ADP was as effective as ATP in less than 0.8
mM, but in higher concentratlons, ADP increased the inhibition of digoxigenin binding,
reducing the increment of the increase, while ATP showed saturation. According to
Scatchard plots, ATP decreased only the apparent number of binding sites below pH 8.0,
but it increased only the apparent binding constant above pH 8.0. 8,y-Methylene ATP
reduced the association rate of digoxigenin at pH 7.0 and 8.3, but did not seem to change
the level of phosphorylated protein by the Mg?>* and P; and the dissociation rate of
digoxigenin-enzyme complex at both pHs. Therefore, such nucleotide-effect seems to be
one of the low-affinity effects of ATP, and seems to include some conformational changes
of phosphorylated active form produced by the Mg?* and P;, reducing its affinity to
cardiotonic steroids.

INTRODUCTION active transport of the Na* and K* in ani-

(Na* + K*)-ATPase is integral to the mal cells, and is inhibited by specific bind-
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formed using cardiac glycosides, specifically
ouabain, although the aglycone moiety is
responsible for the physiological effects of
glycoside. The ouabain binding is depend-
ent on the presence of certain ligands; the
most effective ligand systems are the Na™*-
Mg?*-ATP (type I) and the Mg**-P; (type
II) systems (1-7). Since the type I ligand
system is well known as a phosphorylating
mixture of the enzyme, and the addition of
the K* reduces the level of both the phos-
phorylated protein and the binding of oua-
bain, it has been suggested that the phos-
phorylated forms of the enzyme are the
active form of the enzyme for the binding
of ouabain. Post et al. gave evidence that
not only the phosphorylated protein formed
by the type I system, but also the phospho-
rylated protein formed by the type II sys-
tem could bind with ouabain in the absence
of magnesium (8).

On the other hand, our kinetic rate stud-
ies on the (Na* + K*)-ATPase complexes
with various cardiac glycosides (9-11) in-
dicated that cardiac glycosides were bound
to the enzyme at two sites, one specific for
the steroid moiety and the other for the
sugar. The binding of the steroid moiety
results in activation of the sugar binding
site, with consequent binding of the glyco-
side portion. The inhibitory action of car-
diac glycoside is associated with the steroid
moiety, and the sugar moiety stabilizes the
enzyme-cardiac glycoside complex. This
stabilizing effect is remarkable; in the case
of beef brain microsomes, the dissociation
rate constant of ouabagenin is about 80
times greater than that of ouabain (ouaba-
genin rhamnoside) if the drug-enzyme com-
plex is formed in the type II system (12).
To eliminate such effects of sugar moiety
in the cardiac glycoside, we studied the
binding of [12a-*H]digoxigenin instead of
[*H]ouabain (13), and the association and
dissociation rates of several cardiac agly-
cones in the type II system (12). Studies of
this association rate and the pH effect on
the digoxigenin binding (14) show strong
correlation of the digoxigenin binding to
the phosphorylation of the enzyme, and
suggest that this enzyme phosphorylation
is essential to the binding of the steroid
moiety as Post et al. indicated in the case
of ouabain (8).
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In this report, the reduction of digoxi-
genin binding in the type II system by the
low concentrations of Na*, K* or nucleo-
tides was studied in order to obtain more
precise information on the binding mecha-
nism of cardiac steroids and (Na* + K*)-
ATPase.

For convenience, we will refer to the
phosphorylated protein formed by ATP in
the presence of the Na* and Mg** (the type
I system) as EP, and another phosphoryl-
ated protein formed by the P; in the pres-
ence of the Mg?* (the type II system) as
E.P.

MATERIALS AND METHODS

The (Na* + K*)-ATPase preparation
was NaSCN-treated microsomes prepared
from frozen beef brain (Pel Freeze Biologi-
cals) according to the method of Klodos et
al. (15). The specific enzyme activity was
50-70 umol of Pi/hr/mg protein at 30°
(equivalent to 80-110 umol/hr/mg protein
at 37°). The activity of ouabain-insensitive
ATPase was less than 2 pmol/hr/mg pro-
tein at 30°. When this enzyme preparation
was treated with ouabain in the presence of
4 mM Mg®* and 4 mM P;, the saturated
amount of bound ouabain was 270 + 50 p
mol/mg protein.

Digoxigenin and ouabain were purchased
from Boehringer-Mannheim, and Sigma,
respectively. [*HJouabain was obtained
from New England Nuclear, and [12a-
’H] digoxigenin was prepared by the re-
duction of 12-dehydrodigoxigenin with
NaB?®H,, as reported previously (13). ATP,
ITP, ADP, AMP and B,y-methylene ATP

! The abbreviations used are: EP, phosphorylated
protein formed by ATP in the presence of Na* and
Mg** (type I system); E,P, phosphorylated protein
formed by the P; in the presence of the Mg?* (the type
II system); (Na* + K*)-ATPase, sodium- and potas-
sium-dependent adenosin triphosphatase (EC 3.6.1.3);
Type I binding, cardiotonic steroid binding with (Na*
+ K*)-ATPase in the presence of Na*, Mg?* and ATP;
Type II binding, cardiotonic steroid binding with (Na*
+ K*)-ATPase in the presence of Mg** and P;; AMP
PCP, B,y-methylene ATP; N,, apparent number of
binding sites according to Scatchard plot; Ks, apparent
binding constant according to Scatchard plot; k., as-
sociation rate constant; kg, dissociation rate constant,
k’s, pseudo first-order association rate constant; TCA,
trichloroacetic acid.
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(AMP PCP) were obtained from P. L. Bio-
chemicals. GTP was purchased from
Sigma. All nucleotides were changed to Tris
salts by Dowex 50 Tris form. [r-*P]JATP
was prepared by the method of Post and
Sen (16), but [r-*P]JATP was eluted from
the Dowex-1 column by 0.20 N HCI and was
neutralized with Tris.

Binding of [*H]digoxigenin or [*H]oua-
bain was determined, as reported previ-
ously (13). The separation of bound digox-
igenin was performed by centrifugation
(105,000 g X 20 min) at 22°, and bound
digoxigenin was calculated by subtracting
the amount of [°H]digoxigenin in the su-
pernatant from the total amount of [*H]-
digoxigenin. A Scatchard plot was con-
structed from the results of the 12 different
concentrations of added digoxigenin (0.02
uM-0.5 uMm), and the apparent number of
sites (N,) and the apparent binding con-
stant (K,) were obtained. To examine the
time for the binding to reach equilibrium,
the values of bound digoxigenin were meas-
ured for various incubation periods (20 to
90 min) after the addition of 0.02 um digox-
igenin under each ligand condition. The
incubation period in each set of experimen-
tal conditions was selected as either 35 min
or 60 min.’

The association and dissociation rates of
ouabain were obtained from the changing
rate of enzyme activity after the termina-
tion of ouabain inhibition by dilution, as
reported (9, 10). Those rates of digoxigenin
were determined by rapid assay for the
active enzyme, as previously reported (12).
The assay of EP, which is influenced by the
amount of bound digoxigenin, is too rapid
to be affected by the change of the enzyme-
digoxigenin complex during the assay.
However, this method for the association
or dissociation rate constants (k, or kg)

2 In each set of experimental conditions, the binding
values after 20, 30, 45, and 60 min incubations were
duplicated and were examined under the following
conditions: (1) the coordinates of those values were
graphed horizontally; (2) the deviation from the mean
value was less than 3%. If these two conditions were
satisfied, the incubation period for that set of experi-
ments was 35 min. If the values after 30, 45, 60, and 90
min incubation periods were satisfied to the above two
conditions, the incubation period would be 60 min. In
this study, these conditions were satisfactorily met.
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cannot be applied for cases containing the
K* because of the sensitiveness of EP to
the K*; the method also cannot be applied
for ATP because it causes the dilution of
[y-*P]ATP. In these determinations of %,
and k4 of digoxigenin, the assay of EP was
performed by filtration and washing with
about 70 ml of ice-cold 5% TCA containing
unlabeled ATP and the P;; the use of the
semirapid mixing apparatus described by
Kanazawa et al. (17) improved the accuracy
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F16. 1. Time course of [*H] ouabain binding at
220

The incubation mixture containing 1.40 mg/ml (@,
X, A) or 0.48 mg/ml (O, A) of the enzyme protein, 50
mumM imidazole HCI (pH 6.5), 4 mmM Mg?*, 4 mm P; and
0.4 uM [°H] ouabain was incubated with each ligand as
shown. After the time intervals indicated, centrifuga-
tion of the mixture was started (105,000 X g for 20 min
at 22°). Bound ouabain was calculated from the dif-
ference between the radioactivity in the suspended
mixture (total ouabain) and that in the supernatant
(unbound ouabain). In the experiments of ATP-effect,
the enzyme concentrations was reduced to decrease
the hydrolysis of ATP by ouabain-insensitive ATPase
contaminated in the membrane preparation. After four
hour incubation shown in the figure, 40 to 50% ATP
was estimated in the supernatant by the Dowex 1
chromatography. The values shown are averages of
three sets of experiments; in each experiment, mea-
surements of bound ouabain were duplicated, and the
average of experimental error in each point was + 6
pmol/mg of protein, otherwise shown by bars in the
figure.
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of the results. Each coordinate shown in
Figs. 7-10, 15, and 16 was the average value
from the quadruplicate experiments.

RESULTS

Effect of Na*, K* and ATP on the type
II ouabain binding. The interaction of oua-
bain and (Na* + K*)-ATPase is nearly
irreversible; the interaction takes a long
period to reach equilibrium. The presence
of Na*, K* or ATP (Fig. 1) seemed not to
influence the value of bound ouabain in
equilibrium, even though the presence of
such ligands reduced the association rates
of ouabain and lengthened the period to
reach equilibrium. Under similar condi-
tions, 10 mm Na*, 0.5 mM K* or 0.2 mm
ATP reduced the initial rate of ouabain
inhibition to 52%, 46% or 45%, respectively.

In contrast to ouabain binding, digoxi-
genin binds with (Na* + K*)-ATPase re-
versibly. As shown in Fig. 2, the type II
digoxigenin binding in equilibrium was re-
duced in the presence of Na*, K* or ATP.
Apparently, ATP suppressed the digoxi-
genin binding only partially compared with
Na* or K*.

Effect of Na* and K* on the digoxigenin
binding. When the ligand effect was shown
as percentage decrease of the binding, the
Na*-effect was enhanced by the increase of
pH from 6.5 to 8.5; but the K*-effect under

00r

<

50

Relative Bound Digoxigenin (%)

123

the low concentration of K* (<0.5 mM) was
not influenced by the pH change (Fig. 3).
In the presence of 4 mM K*, the absolute
value of digoxigenin binding decreased and
was not influenced by the pH change (Fig.
4).

In order to detail the differences between
Na*-effect and K*-effect, these ion effects
on the digoxigenin binding were examined
at pH 6.5 and 8.0 by Scatchard plot (Figs.
5, 6). The K* increased the K, only in lower
concentrations, while the Na* decreased
only the N,. Similar effects of Na* and K*
were also observed at pH 8.5, using Tris
buffer (data not shown).

Effects of Na* on the association and
dissociation rates of digoxigenin. At pH
6.5, the time course of digoxigenin inhibi-
tion showed some lag in the Na* effect if
the inhibition had been started by the ad-
dition of digoxigenin to the mixture of the
enzyme with Mg?*, P; and Na*, and that lag
decreased with the increase of the Na* con-
centration (Fig. 7). At pH 8.0, however, the
presence of Na* reduced the inhibition rate
of digoxigenin without any lag (Fig. 8) and
Dixon plots of 1/&’, versus Na* concentra-
tion were linear.

As shown in Fig. 9, the dissociation rate
of the type II digoxigenin-enzyme complex
was not changed by the presence of Na* in
the dilution medium.

Na*

0.1 |

)
10 100
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F1G6. 2. Reduction of digoxigenin binding by the Na*, K* or ATP in equilibrium

The enzyme preparation (0.62 mg/ml) was treated with 0.25 uM [*H]digoxigenin, and various concentrations
of the Na*, K* or Mg ATP in the presence of 5 mM Mg**, 4 mM P;, and 40 muM imidazole HC buffer (pH 7.0) at
room temperature (22-23°). After 45 min of incubation, the suspension was centrifuged (105,000 g X 20 min at
23°), and the value of bound digoxigenin was calculated as Fig. 1. In absolute terms, 100% corresponds to 144
pmol digoxigenin/mg protein and the average values of triplicated experiments were cited.
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F1G. 3. Relative reduction of digoxigenin binding by the Na* or K* at pH 6.5 and pH 8.5

The enzyme preparation (1.16 mg/ml) was incubated with 0.1 uM [°H]digoxigenin, 4 mm Mg**, 4 mM P; and
various concentrations of Na* or K* in the presence of 50 mM imidazole-HC] (pH 6.5) or 50 mm Tris-HCI (pH
8.5) for 45 min at pH 6.5, or 90 min at pH 8.5. Other experimental conditions were the same as those in Fig. 2.
In absolute terms, 100% corresponds to 58.2 + 1.1 pmol/mg protein at pH 6.5 and to 29.0 + 0.7 pmol/mg at pH
8.5. The values shown are the averages of triplicated experiments.
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F1G. 4. Influence of the K* on the digoxigenin
binding at various pH

Below pH 8.0, 0.5 ml of the mixture containing
enzyme preparation (1.16 mg/ml), 4 mm Mg®*, 4 mm
P;, 0.1 um [*H]digoxigenin and 50 mM imidazole-HCl
buffer, which was adjusted to the pH as cited, was
incubated for 45 min at 23° and was centrifuged. Other
experimental conditions were the same as in Fig. 1. At
pH 8.0 and above that value, 50 mmM Tris-HCI buffer
was used and was incubated for 60 min. The values
are the averages of triplicated measurements.

Since the association rate of digoxigenin
at pH 6.5 is about four times higher than
that at pH 8.0 (14), the interaction of the
Na* might seem slow compared with the
association rate of digoxigenin at pH 6.5.
To examine this idea, the effect of an ad-

dition sequence of the Na* was studied. In
these experiments, the temperature was
kept low (10°), to slow down the interaction
between ions and the enyzme, and the con-
centration of digoxigenin was increased to
1.0 uM to keep the high association rate of
digoxigenin.

As shown in Fig. 10, line A, the decrease
of EP value was biphasic when the Mg**,
P; and digoxigenin reacted with the enzyme
at the same time. The first rapid decrease
of EP originated from the phosphorylation
of the enzyme by the P;, specifically the
formation of E.P, and the second slow
change originated from the inhibition by
digoxigenin (12). The addition of 5 mm Na*
at zero time with the Mg?* and P;, slowed
down these biphasic changes in both phases
(line B). When the enzyme was pretreated
with the Mg?* and P;, and the inhibition
was started by the addition of digoxigenin
with (line D) or without (line C) the Na*,
this Na*-effect on the EP change was not
observed within 30 sec. On the other hand,
if the digoxigenin was added to the enzyme
pretreated with the Mg?*, P;, and the Na*
(line E), the Na*-effect was observed with
some lag (same as Fig. 7). If the enzyme
was pretreated with Na*, but without the
Mg** and P;, the Na*-effect was enhanced
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F16. 5. Typical Scatchard plots of type II digoxigenin binding with or without the Na* or K*

A half milliliter of the incubation medium contained 50 mm imidazole-HCl (pH 6.5), 4 mmM Mg**, 4 mm P;, 20-
500 nM [*H]digoxigenin and enzyme preparation (0.40 mg). After 35 min (without Na* or K*) or 60 min (with
K* or Na*) incubation at 22-23°, the mixture was centrifuged. Both bound and free digoxigenin were calculated
as in Fig. 1.
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FiG. 6. Effect of the Na* and the K* on the type II digoxigenin binding
Panel A) Change of the apparent total number of binding sites. Panel B) Change of the apparent binding

iconstant. Conditions were the same as in Fig. 5, except that various concentrations of the Na* or K* were
tnmib«i at pH 6.5 and 8.0, and at pH 8.0, 50 mM Tris-HCl was used as a buffer instead of imidazole-HCl.
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F1G6. 7. Time course of (Na* + K*)-ATPase inhi-
bition by digoxigenin in the presence of Na* at pH
6.5

The inhibition was started at 25° by the addition of
0.1 ml of 2.0 umol digoxigenin into the 0.9 ml mixture
containing the enzyme (about 0.1 mg), 50 umol imid-
azole-HC buffer, 4 umol Mg**, and 4 umol Pi. At each
interval, the phosphorylating reagent (0.1 ml) contain-
ing about 0.3 mm [y-?PJATP, 1 M NaCl, and 2 mm
MgCl;, was added; after 3 sec, the enzyme was dena-
tured with 45% TCA (0.5 ml) containing 1 mmM P; and
0.1 mM unlabeled ATP. One ml of the reaction mixture
was filtered with a Millipore filter (pore size 0.45 um),
washed with 70 ml of ice-cold 5% TCA solution con-
taining 1 mM P; and 0.1 mM unlabeled ATP, and finally
washed with 10 ml of ice-cold water. The washed
precipitate on the filter was made soluble with 1.5 ml
of 2-methoxyethanol in a counting vial, and radioac-
tivity was measured with a Packard Tri-Carb liquid
scintillation counter, using 5 ml of scintillation medium
(5 g of 2.5-diphenyloxazole and 0.3 g of 1.4-bis [2-(5-
phenyloxazolyl) Jbenzene in 1 liter of toluene and 500
ml of Triton X-100.

and its lag disappeared (line F). Further-
more, when the e e was pretreated
with the Na* plus Mg**, or the Na* plus P;,
and the inhibition was started by the addi-
tion of digoxigenin with the P; or Mg?*,
respectively, both inhibition curves were
the same as line F (data not shown). Assum-

[l
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ing that pH and temperature do not change
the reaction scheme, it can be concluded
from these sequence studies that the Na*
does not react with E,P, but does react with
the nonphosphorylated enzyme. Na*-
bound enzyme seems to be insensitive to
phosphorylation by Mg?* and P;, and the
recoveries of free enzyme from Na*-bound
enzyme or E,P are slow.

Effects of ATP and AMP PCP on the
type II digoxigenin binding. As shown in
Fig. 11 and 12, several nucleotide-Mg**
complexes reduced the digoxigenin binding.
All triphosphonucleotides examined here
showed some saturation phenomena and
did not completely inhibit the binding. ATP
was the most potent among them at the
half-saturated concentration as well as on
the amount of inhibition at the saturated
concentration. Every triphosphate in-
creased its inhibitory potency in higher pH
(pH 8.3). Magnesium-ADP complex also
inhibited type II digoxigenin binding, and
its potency was enhanced in the basic con-
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Fic. 8. Time course of (Na* + K')-ATPase inhi
bition by digoxigenin in the presence of Na* at pH
8.0

Conditions were the same as in Fig. 7, except fo
the higher pH and the following: the inhibition w.
started by the addition of 4.0 uM digoxigenin i
of 2.0 um at pH 6.5. Fifty millimolar Tris was used
the buffer instead of imidazole and the concentratio:
of enzyme was 0.23-0.26 mg protein/ml. The i
shows the Dixon plot of Na*-effect on the pseudof
first-order association rate constant (k’y) of digoxi
genin.

1/Pseud First Order Rate Constont
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F16. 9. Effect of the Na* in the dilution medium
on the stability of type 11 digoxigenin enzyme complex
at 25°

The enzyme preparation (1.0-1.1 mg/ml) was in-
cubated at 25° with a mixture of 4 mM Mg?*, 4 mm P;,
0.8 uM digoxigenin and 50 mM imidazole, adjusted to
pH 6.5 (solid line). After 30 to 60 min of incubation,
the equilibrated mixture (0.1 ml) was diluted with 1
ml of 10 mM imidazole buffer (pH 6.5) containing 1
mM EDTA and Na* as indicated, and was phospho-
rylated at each interval. For experiments at pH 8.3
(dashed line), 50 mm Tris-HCl buffer and 1.25 pm
digoxigenin were used for the inhibition, and 10 mm
Tris buffer (pH 8.3) containing 1 mmM EDTA with (@,
%, O) or without (A, A) Na* was used for the dilution.
The procedures for phosphorylation and the EP assay
were the same as described for Fig. 7.

dition. At low concentration (less than 0.8
mpm), the inhibition by ADP was the same
as that by ATP, but at the concentration in
which ATP showed saturation, ADP in-
creased the inhibition while the increment
of the increase was reduced. AMP Mg**
inhibited digoxigenin binding only slightly
(Figs. 11, 12).

The ATP effect on type II digoxigenin
binding was examined at various pH by the
Scatchard plot. At pH 7.0, ATP suppressed
digoxigenin binding by the reduction of the
N,, but did not change the K; (Fig. 13A).
Similar reductions of N, by ATP were also
observed at pH 6.5 and 7.5. On the other
hand, at pH 8.3, ATP suppressed the digox-
igenin binding in a different way (the in-
of the K;), but did not change the
s Similar changes by ATP were also ob-
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served at pH 8.5. However, at pH 8.0, if
ATP were present, the Scatchard plots
were not linear (Fig. 13B), suggesting the
presence of two types of digoxigenin-en-
zyme complexes.

For the study of these effects of triphos-
phonucleotides on %', and kg of the digoxi-
genin complex, ATP is not a suitable tri-
phosphate because the presence of ATP
decreases the radioactivity of EP. In the
present case, however, AMP PCP, one of
the unhydrolysable ATP homologues, can

250

200

150

EP (pmole/mg protein)

Fi16. 10. Effect of sequence of addition of the Na*
on the type II inhibition of (Na* + K*)-ATPase by
digoxigenin

The sequence of addition of components to com-
plete the mixture was varied. In 1 ml at 10°, the
complete mixtures contained 0.15 mg of the enzyme
preparation, 4 umol MgCl;, 4 pmol P;, 1.0 nmol digox-
igenin, 50 umol imidazole (pH 6.5) with (—) or
without (- - -) 5 umol NaCl. After 3 min of pretreat-
ment of the enzyme, the mixture was completed at
zero time as shown below. At each interval indicated,
enzyme inhibition was determined by assaying the
formation of EP, as described for Fig. 7. See text for
experimental details.

line Components* Components
during the pre- added at zero
treatment of en- time with digox-
zZyme igenin
A (O---0) None Mg*, P;
B (X—X) None Mg*', P, Na*
C (A---4) Mg**, P; None
D (0—@) Mg, P; Na*
E (A—A) Mg**, P, Na* None
F (vV—V) Na* Mg*, P;
* except imidazole buffer
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F16. 11. Relative reduction of digoxigenin bind-
ing by Mg**-nucleotide complexes at pH 7.0

The incubation mixture contained the enzyme
preparation (0.79 mg/ml), 0.25 um [*H]digoxigenin, 5
mM Mg®*, 4 mM P;, 40 mm imidazole-HCl and various
concentrations of each Mg**-nucleotide complex,
which was the equimolar mixture of Mg®* and each
nucleotide. Its pH was adjusted to 7.0, and then it was
incubated for 45 min at 22°. Other experimental pro-
cedures were the same as in Fig. 2. In absolute terms,
100% corresponds to 164 pmol/mg protein, and the
average values of triplicated experiments were cited.

replace the inhibitory activity of ATP (Fig.
14) and does not interfere the assay of EP.

As shown in Fig. 14, AMP PCP itself did
not change the inhibition of EP level by
Mg** and P;, which is considered to corre-
spond to the E;P level (12), but did reduce
the association rate of digoxigenin at pH
7.0 and 8.3 (Fig. 15). The dissociation rate
of digoxigenin was not influenced with 1
mm AMP PCP in the dilution medium (F'ig.
16).

DISCUSSION

The suppression of type II ouabain bind-
ing by the Na* or K* has been studied by
several groups (6, 7), and the half-maximal
concentrations of these ions have been re-
ported to be different. However, the present
results concerning ouabain binding shows
that, at real equilibrium, the saturated
value of type II ouabain binding seems not
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to be influenced by the Na*, the K* or
ATP, even though a much longer incuba-
tion period is needed for it to reach equilib-
rium in the presence of such ligands (Fig.
1), as has been shown in the case of pH
effect (14). This result comes from the high
affinity of the sugar moiety on ouabain (a
cardiac glycoside) to the sugar specific site
on the enzyme (9, 11). Since the binding of
the steroid moiety in the cardiac glycoside
is a step prior to that of its sugar moiety
(10), the binding of digoxigenin (a cardiac
aglycone) is a more suitable process to
study the influences of Na*, K*, or nucleo-
tides than that of ouabain.

In the study of reverse reaction of ATP
hydrolysis, Post et al. (8) showed that the
(Na* + K*)-ATPase is phosphorylated into
E.P by P; in the presence of Mg?*, and that
this phosphorylation is suppressed with the
Na* or K*. Moreover, Post et al. presented
evidence that such an E,P can bind with
ouabain in the absence of Mg?*. According
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Bound Digoxigenin (%)
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Nucleotide (mM)
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F16. 12. Relative reduction of digoxigenin bind-
ing by Mg**-nucleotide complexes at pH 8.3

Each incubation mixture contained 0.62 mg/ml of|
the enzyme preparation, 0.20 um digoxigenin, and 40
muM Tris-HCI buffer (pH 8.3) in the presence of 5 mM
Mg**, 4 mm P, and various Mg®*-nucleotide complex.
The pH of the mixture was 8.3, and the incubation
time was 60 min at 22-23°. Other experimental con-
ditions were the same as in Fig. 11. In absolute terms,
100% corresponds to 80.5-82.4 pmol/mg and the av-
erage values of triplicated experiments were cited.
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F1G. 13. Scatchard plot of type II digoxigenin binding in the presence of ATP

A half ml of the mixture contained 4 mM Mg?*, 4 mm P;, 20-500 nM [*H]digoxigenin, 40 mm buffer, enzyme
preparation and various concentrations of ATP which was added with the equimolecular Mg?*, was incubated
at 22-23° for the following durations, and then was centrifuged to separate the unbound digoxigenin:

pH Buffer Enzyme Incubation
protein period
70 imidazole-HCl 388 mg 35 min
8.0 Tris-HC1 395 mg 60 min
8.3 Tris-HCl 420 mg 60 min

The other conditions were the same as in Fig. 5. The results at pH 7.0 and 8.3 are shown in panel A, and those
at pH 8.0 are in panel B.

to kinetic analysis by Kuriki et al. (18), ing, that E.P is the intermediate to bind
such an E.P is formed from the ternary with the cardiotonic steroid and is formed
complex of ATPase, the P; and Mg®**. At from the complex of enzyme, the Mg**, and
almost the same time, we indicated from P; (12). The following reaction scheme be-
the rate kinetics of cardiac aglycone bind- tween (Na* + K*)-ATPase and cardiac
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Bound Digoxigenin (e, x and &)
Decrease of EP Value (o and a)
(pmole/mg protein)

1 A
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pH 7.0 pH 70
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ATP-Mg2+ (x)  PH 83
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1
05 | 2 4
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F1G. 14. Effect of AMP PCP on digoxigenin binding and on the decrease of EP value

For digoxigenin binding, experimental conditions were the same as in Fig. 11 and 12 except that on the AMP
PCP-Mg™* complex was used instead of the various nucleotides. The ATP effects on that binding, which are the
same results as in Fig. 11 and 12, are shown also on the absolute scale. These values for binding are the averages
of triplicated experiments. For determination of the EP value, 0.5 ml of the reaction mixture, containing the
enzyme preparation (240 mg at pH 7.0, or 285 mg at pH 8.3), 50 mM buffer (imidazole-HCI at pH 7.0 or Tris-HCl
at pH 8.3), 5 mM Mg®*, 4 mM P; and various concentrations of AMP PCP were incubated for 2 min at 25°, and
then phosphorylated by 0.1 ml of the phosphorylating reagent (the same as in Fig. 7), for 3 sec. The decrease of
EP value was calculated from the EP value obtained in the absence of P, and AMP PCP. The other experimental
conditions for EP determination were the same as in Fig. 7. The values for the decrease of the EP value are the

averages of quadruplicated experiments.

aglycone in the presence of the Mg®* and P;
was proposed (12) (Fig. 17). From this
scheme, the Scatchard plots should repre-
sent the following equation, as reported
previously:

1 1

— 4 —
B= kb N

1+1+1+;(1+E)

ke ki ks k[M] ke )
1 k-2 k-k-2
E(1+E+_k1[M]kz) B

1+1+1+;(1+g)?

k: ki ks Kki[M] k.

where [M] = [Mg?**][Pi], B is the total

concentration of cardiac aglycone-enzyme
complex,

M
I.E

\p
F is the concentration of the unbound car-

diac aglycone (F = [I]), and N is the total
concentration of the enzyme;

B= +[EI] ’

g
N = [E] + [E-Mg?*-P{] + | E
\p

/Mg
I.E

\p

+

+ [EI].
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F1G6. 15. Time course of (Na* + K*)-ATPase inhi-
bition by digoxigenin in the presence of AMP PCP-
Mg** complex

The inhibition was started at 256° by the addition of
0.1 ml of enzyme preparation (145-180 ug protein at
pH 7.0, 267 ug protein at pH 8.3), into the 0.4 ml
mixture containing 2 umol Mg**, 2 umol P;, digoxigenin
(0.25 nmol at pH 7.0, 1.0 nmol at pH 8.3) and 25 umol
buffer (imidazole-HCI at pH 7.0, Tris-HCl at pH 8.3)
with (@, O) or without (A, A) 1 mM AMP PCP-Mg**.
Other experimental conditions were the same as in
Fig. 7. The pseudo-first-order association rate constant
was estimated by least squares.

The present study shows that the Na*
reduces the N, in equilibrium, but does not
change the K, (Fig. 5-7). Such Na*-effects
are unexpected from the reaction scheme
of ouabain binding representing a reversible
reaction (7), but they are similar to those
which occur in concentration changes of
Mg?* and/or P;, as reported previously (13).
Also, Na* seems to reduce the level of [E.
Mg?**.P;] in the scheme. This concept is
supported by the results obtain from exper-
iments for the effect of sequence of the Na*
addition at pH 6.5 (Fig. 10). From these
experiments, we may conclude that the Na*
may react with free enzyme, E, to form the
complex NaE as shown in the scheme. All
of the enzymes pretreated with the Na*
alone, the Na* plus Mg?* or the Na* plus P;
were inhibited with digoxigenin at the same
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initial rate (line F, in Fig. 10); this rate was
significantly lower than that of the enzyme
pretreated with the Na* plus Mg?* plus P;
(line E). This conclusion about the inter-
action of the Na* and free enzyme also
agrees with the results for the phosphoryl-
ation of (Na* + K*)-ATPase by the Mg**
and P;, which was reported by Post et al.
They reported that, in the presence of 16

70} 2~

50 -
S~o__ pH 8.3 no AMP PCP
\‘~\ (kg= 0.23-1)
“~o.

no AMP PCP
pH 70
(kg=039™")

Inhibition of EP Formation (%)

pH 70
ImM AMP PCP
301 (kg = 0.39™")
1 L 1
30 60 90
Sec

F16. 16. Effect of AMP PCP in the dilution me-
dium on the stability of type II digoxigenin complex
at 25°

The enzyme preparation (1.1-1.8 mg/ml) was in-
cubated at 25° in a mixture of 4 mM Mg**, 4 mM P;,
digoxigenin (0.3 or 0.25 uM at pH 7.0, 2.5, um at pH
8.3) and 50 mm buffer (imidazole-HCIl at pH 7.0, Tris-
HCI at pH 8.3). After 30 to 60 min of incubation, the
equilibrated mixture (0.1 ml) was diluted with 1 ml of
10 mM buffer (imidazole-HCI at pH 7.0, Tris-HCI at
pH 8.3) containing 1 mmM EDTA with (A, A) or without
(@, O) 1 mmM AMP PCP, and was phosphorylated at
each interval. Other experimental conditions were the
same as in Fig. 9. The dissociation rate constants were
estimated by least squares.

No: k[Mo21][P] Mgt prms ke, MoK Mo
e K RES R TR
ks ks (1]
Mg
El———— 1€
L) \p

F16. 17. Type II binding scheme of (Na* + K*)-
ATPase and cardiac aglycone

E: free (Na* + K*)-ATPase which is not bound
with any ligands. I: cardiac aglycone. The parts shown
with solid lines were reported previously (12).
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mm Na*, the phosphorylation by the Mg**
and P; is abolished (8), but the amount of
phosphorylated protein formed by Mg?*
and P; in the absence of the Na* decreased
gradually after addition of the Na* (19).

In contrast to the Na*, the K* changes
the apparent binding constant of digoxi-
genin binding in the Scatchard plots, but
does not change the apparent number of
binding sites. Unfortunately, a suitable
method to estimate the association or dis-
sociation rates of digoxigenin to the enzyme
in the presence of the K* is not available at
the moment, and there is disagreement
about the K*-effect on E,P formation. Ku-
riki et al. reported that the K* enhanced
the level of E.P (18), in contrast to the
results reported by Post et al. (8). However,
the reaction mechanism shown in the
scheme may explain the binding results. On
equation 1 derived from the scheme, the K,
according to the Scatchard plot is the coef-
ficient of B/F and the N, is the whole term
of N including its coefficient. Therefore,
such K*-effect means that the K* changes
only the coefficient of B/F, that is, the K*
changes the k; and/or k-, and such
changes of k; or k_; may occur if the K*
M8

interacts with E.P, I:E ] as shown in

\p
the scheme. The result reported by Post et
al. that the phosphorylated enzyme formed
by the Mg?* and P; in the presence of the
K* cannot bind with ouabain (8) is favora-
ble to this formulary interpretation.

The presence of two different ATP sites
on the (Na* + K*)-ATPase is well known.
The high affinity site (K, = 0.2 uM) is for
ATP binding and EP formation, and acts
as a phosphate donor. Although another
low affinity site (K. = 0.1 mM) is suggested
to act as an activator for ATP hydrolysis,
there is some disagreement about the func-
tion of this site. Post et al. (20) reported
that ATP activates the dissociation of the
K* from the enzyme (“E; form”)-K* com-
plex and produces “E, form.” Simons’ study
of the K*-K* exchange at red cells sup-
ported this idea and indicated that no hy-
drolysis of phosphate bond occurred at the
low affinity site (21). Tonomura’s group has
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presented kinetical evidence that high con-
centration of ATP increased the EP level
and accelerated the “E, ATP” to “E; ATP”
in their scheme (17).

In the present study, the relationship of
nucleotide structure to this nucleotide-ef-
fect is different from that of the nucleosi-
dase activity (compare Table II in reference
22). Specifically, AMP PCP, the unhydro-
lyzable ATP homologue, is as active as
ATP, so that this nucleotide-effect does not
include the splitting of y-phosphate group
in the nucleotide. Moreover, the half-max-
imum concentration of ATP in this effect,
0.2 mp, is similar to that of ATPase and
apparently different from the values of
ATP binding or EP formation. Thus, this
nucleotide effects seems to be one of the
low-affinity effects of ATP and seems to
relate to the conformational change of the
enzyme similar to the case of the K*-K*
exchange at red cells (21).

From the experiments using AMP PCP,
inhibition of the type II digoxigenin binding
seems to originate from the decrease of the
association rate of digoxigenin (Fig. 15) and
not from the change of the dissociation rate
of the digoxigenin-enzyme complex (Fig.
16), as in the cases caused by the Na*.
However, the level of the E,P seems not to
be changed in the presence of AMP PCP
(Fig. 14), in contrast to the cases of the Na*
reported (8, 18). Another important differ-
ence of the nucleotide-effect from the ef-
fects of alkali ions is that no triphosphon-
ucleotide can overwhelm the digoxigenin
binding perfectly. Such saturation phenom-
ena of the triphosphonucleotide-effects and
the decrease of association rate may be
explained by assuming the formation of
another conformation of phosphorylated
protein, which can bind with digoxigenin at

M8
a lower association rate than E in the

\P
reaction scheme shown in Fig. 17. However,
more studies are needed to explain other
features of this effect by this scheme.

Although ADP is not as effective as ATP
in the K*-K* exchange (23), ADP inhibited
the type II digoxigenin binding, in a way
similar to that of ATP. If the concentration
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is higher than 1 mM, ADP increases the
inhibition, even though its increment is re-
duced, as opposed to the ATP, which shows
saturation in this range. The reasons for
such differences between ADP and ATP,
which may explain the differences between
such nucleotide-effect and the change from
“E; form” to “E, form” proposed by Post
(20) and Simons (21), remain undiscovered.

In conclusion, the Na*, K*, and ATP, the
activators of (Na* + K*)-ATPase for ATP
hydrolysis, suppress type II digoxigenin
binding in different ways. The Na* reduces
the E,P level by binding to the free form of
the enzyme, while the K* binds with the
E.P and suppresses the level of the active
form of the E,P. On the other hand, ATP
does not seem to reduce the total amount
of E.P, but changes the conformation of
active E,P, reducing its affinity to a cardiac
aglycone.
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