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SUMMARY

The rates of the association and dissociation reactions of ouabain with (Na+--
K+)-ATPase (ATP phosphohydrolase EC 3.6.1.3) were compared. The enzymes were
prepared from kidney, heart and brain tissues obtained from guinea pig, dog and cat.
The rate of dissociation of ouabain from (Nat + K+)-ATPase varied about 60-fold
between different species. The dissociation rate also differs between tissues within a
given species. The rate of association of ouabain with these enzyme preparations did
nog differ appreciably. The results suggest that the species differences in sensitivity
to the cardiac glycosides are principally related to the different rates of dissociation
of the drug-enzyme complex.

INTRODUCTION

Cardiac glycosides are specific inhibitors of the (Nat+ + K+)-ATPase!. Evidence
is accumulating in favour of the hypothesis that these glycosides exert their cardio-
tonic effect by inhibiting the membrane bound (Nat +4 Kt)-ATPase?3. There is,
however, a remarkable species difference in 2z vivo effects of these glycosides*. Similar
species differences have also been observed with isolated (Na+ 4 K+*)-ATPase
preparations®. A relatively stable and specific binding of ouabain and digoxin to various
preparations of (Nat -+ K+)-ATPase has been demonstrated®-°. Allen and
Schwartz!1:12, observing a stable binding to dog and beef heart enzymes and a
“loose” binding to rat heart preparations, suggested that the well documented species
differences in sensitivity to the cardiac glycosides might be related to differences in
stability of the glycoside—enzyme complex in these different species. In this communi-
cation, we report the rates of both association and dissociation reaction of ouabain
with (Nat + K+)-ATPase obtained from different species and also from different
tissues of the same species.

EXPERIMENTAL

Enzymes were prepared and (Na*+ 4 K+)-ATPase activity was measured by the

method of Post and Sen!3. Where “non-urea treated” is indicated, the top layer of the
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pellet after heparin treatment was suspended in buffer containing 10 mM imidazole,
5 mM HCl and o.1 mM H,EDTA (pH 7.0 + 0.1) to give the enzyme preparation.
Protein was determined by the method of Lowry ef al.}4. [3H]Ouabain binding was
estimated by the method of Matsui and Schwartz® as modified by Tobin and Senl.
For accurate time resolution (Fig. 3) the binding reactions were stopped by adding
6 ml of ice cold 1o mM imidazole-glycylglycine, pH 7.4, and 5-107*M unlabelled
ouabain. This rapidly reduced the temperature of the system to 1o °C, stabilizing the
enzyme-ouabain bond. Subsequent procedures were as in ref. 10. Rates of dissociation
were measured by allowing the enzyme to bind [®H]ouabain in the presence of 4 mM
Mg?t and 1 mM P; at 37 °C for 20 min!®. Enzyme-—ouabain complex was then cooled
to 0 °C and washed twice by alternate centrifugation (48000 x g, 10 min, o °C) and
resuspension in the same volume of buffer. Dissociation was started by adding 0.2 mi
of enzyme-ouabain to 0.8 ml of 10 mM imidazole-glycylglycine buffer, pH 7.4, at
37 °C, containing 2.5-10~* M unlabelled ouabain. The reaction was stopped by centri-
fugation at the required times and subsequent treatment was as in ref. 0. Ouabain
binding was calculated as pmoles [2H]Jouabain per mg protein. [3H]ouabain was from
New England Nuclear, (Boston, Mass.) and diluted with carrier ouabain (Sigma
Chemical Co., St. Louis, Mo.) to give 100 Ci/mole. Other chemicals and reagents were
obtained or prepared as described previously??.

RESULTS AND DISCUSSION

There is good evidence for non-covalent binding of ouabain to inhibited (Nat +
K+)-ATPase?%15, which dissociates with a half-life of about 2.5 min in guinea pig
kidney preparations!®1$, Fig. 1 shows that this exchange occurs at about the same
rate into media containing unlabelled ouabain and different ligands of this enzyme.
In other experiments the enzyme—ouabain complex dissociated at the same rate into
unlabelled ouabain or 5 mM EDTA6. It appears that in these preparations when the
enzyme—ouabain complex is formed in the presence of Mg?+ and P; the rate of disso-
ciation of the enzyme—ouabain complex is essentially constant, independent of the
medium into which it dissociates. Urea treatment appears to produce a small accele-
ration of the dissociation of the enzyme—ouabain complex. Since detergent treatment
does not increase specific glycoside binding'?, subsequent experiments were done on
non-urea treated enzymes unless otherwise indicated.

Fig. 2 shows the rates of dissociation of the enzyme-ouabain complex in different
tissues and species. The fastest rate observed was in guinea pig heart with a half-life of
about 2.0 min. It is interesting to note that a half-life of about 3.5 min for the inotropic
effect of w-strophanthidin on guinea pig heart has recently been reported by Fricke
and Klaus®®. The slowest dissociation observed was in dog kidney where the initial
decay had an apparent half-life of about 2 h. Except for the brain, the plotted disso-
ciations are approximately exponential. However, there appears to be a residual pool
of stable binding in the guinea pig heart preparation. In other experiments the
amounts of tritiated ouabain remaining at 4- and 8-h time periods to dog kidney
preparations were higher than those expected from a simple exponential dissociation.
The dissociation of ouabain from the guinea pig brain preparation appears to be multi-
exponential. The dissociation of ouabain from the enzyme is known to be associated
with recovery of phosphorylation and ATP-hydrolyzing activity!?.20,
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Fig. 1. Dissociation of enzyme-ouabain complex in the presence of different ions. Guinea pig
kidney (Nat + K+)-ATPase was allowed to bind ouabain in the presence of 4 mM Mg?+ and
1 mM Py. H]Ouabain—enzyme was then dissociated into 2.5-10~* unlabelled ouabain plus 2 mM
ATP (x), plus 16 mM KCl (O), or plus 16 mM Na+ ([1). The open triangles (A) show the rate of
exchange of label in a non-urea treated guinea pig kidney enzyme.

Fig. 2. Dissociation of enzyme-ouabain complex in different tissues and species: [*H]Ouabain—
enzyme was formed and its dissociation followed as indicated in Experimental. The symbols
indicate the percentage of the binding at zero time in a given tissue remaining at the times
indicated. The enzymes prepared from different tissues were as follows: A, guinea pig kidney;
@. guinea pig heart; LI, guinea pig brain; m dog heart; ¢, dog kidney; O, cat heart.

The order of decreasing rates of dissociation, guinea pig >cat>>dog is associated
with increasing glycoside sensitivity of the cardiac (Nat+ 4+ K*)-ATPases in these
species®2!, However, different rates of association would alter inhibitory effective-
ness?2, Therefore the rates of formation of the enzyme—ouabain complex in different
tissues and species was investigated. It was found experimentally convenient!® to use
2.5-10~" M ouabain and this concentration was used in all experiments. Fig. 3 shows
that under these conditions the initial rates of the enzyme—ouabain complex forma-
tion varied directly with the maximal number of binding sites filled. When these
curves were replotted as a per cent of the sites occupied at zoo s the time course for
occupation of the binding sites was relatively constant. The experiment suggests that
the rate of association of ouabain with the enzyme does not differ greatly between
different tissues or species.

The experiments support the suggestion of Allen and Schwartz!!.12 that the
species differences in effectiveness of the glycosides is due to a relatively unstable
binding in the insensitive species. They support the observation of Albers e al.8 that
binding is “essentially irreversible”” in the more sensitive species but indicate rever-
sibility in some tissues in the less sensitive species. The species most resistant to
glycosides, ¢.e. rat 421 was not investigated as reproducible specific binding to rat
kidney enzyme could not be demonstrated.
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Fig. 3. Rates of formation of enzyme—ouabain complex in different tissues. The inset shows the
time course of the labelling of 5 different enzyme preparations in the presence of Nat+ 200 mM,
Mg-ATP 4 mM and 2.5'10=7 M ouabain. The enzyme preparations were from: O, guinea pig
brain; @, guinea pig kidney (non-urea treated); x, guinea pig heart; A, dog kidney; M, dog heart.
The main figure shows these curves replotted as a per cent of the binding observed at 200 s.

The experiments show that the differences in the stability of the enzyme-
glycoside complexes are principally due to differences in the rate of dissociation of
the enzyme-ouabain complex. This is markedly different from the sulphonamide-
carbonic anhydrase complex where the rate of dissociation of different sulphonamides
from the enzyme varies much less than the rates of association??. Lastly, the experi-
ments suggest differences between tissues in a given species. The reason for these
differences is unknown. It could either be due to difference in the enzyme itself or to
the composition of the matrix in which the enzyme is imbedded. Further experimen-
tation is needed to arrive at the proper answer.
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