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Abstract-The half-lives of rabbit kidney and dog brain (Na+ + K+) adenosine 
triphosphatase (ATPase)-ouabain complexes were 10 and 89 min respectively. The 
ratios between these half-lives and those previously reported for guinea-pig kidney and 
rat brain enzyme-ouabain are more than sufficient to account for the differences in the 
Ko., values for ouabain and those enzymes reported in the literature. The Ko., values 
for the ouabain-enxyme interaction could be reduced up to 12-fold by pre-incubating 
the enzyme with Na+, Mg2+, ATP and ouabain prior to the addition of K+ to start 
the enzyme assay. These differences show that the K o.5 values are not obtained under 
equilibrium conditions and suggest that the true equilibrium position is intermediate 
between the measured Ko.5 values. K, values estimated from the dissociation rates of 
enzyme-ouabain fall between the measured K o.5 values. It appears that the differences 
in the dissociation rates alone are sufficient to account for the observed differences in 
the Ko.s values. The experiments also show a marked difference in glycoside sensitivity 
between rat brain and heart (Na+ + K+) ATPase. 

RECENTLY, evidence has been accumulating in the literature which shows that the 
(Na+ + K+) ATPase (ATP h p osp o y o ase; EC 3.6.1.3)-ouabain interaction is, h h dr 1 
at least under some conditions, a reversible interaction and that the half-life of the 
enzyme-glycoside complex (EOu) may differ considerably among enzyme preparations 
from different tissues and species. l--6 These differences are interesting in view of the 
earlier suggestions of Allen and Schwartz’, that species differences in the “stability” 
OF rates of dissociation of the enzyme-glycoside complex may account for the 
observed species differences in sensitivity to the glycosides.s However, a preliminary 
examination of the published rates of dissociation of enzymeouabain3** and those 
reported here showed that these differences were more than sufficient to account for 
the reported differences in glycoside concentrations required to half-maximally 
inhibit this enzyme (K,., values) from different species.* 

Recently, however, Akera6 has shown that if the & estimation is altered so that 
the glycoside is pre-incubated with the enzyme in the absence of K+, before the 
(Na+ + K+) ATPase assay is started, a much lower K,,., value is obtained than if the 
assay is started with free enzyme and glycoside, the standard procedure. These 
observations suggest that the K 0.5 values previously obtained are underestimates of 
the true a5nity of these enzymes for ouabain. In this communication we show that, 
when the K,,., determination is altered by the method of Akera,6 the K,., values of 
ouabain for these enzymes are reduced up to 1Zfold. The K,., differences are now 
greater than the differences in the dissociation rates. The data suggest that the true 
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Ki values for the (Na+ + K+) ATPase-glycoside interactions are between the Kc,.5 
values obtained by both assay methods and that the differences in dissociation rates 
can account for the differences in inhibitory potency of ouabain on the enzyme 
preparations investigated. 

The experiments also show an approximately 2400-fold difference between the 
slowest half-life measured (dog brain) and fastest estimated (rat heart) rates of dis- 
sociation. An approximately 600-fold difference in sensitivity to ouabain between rat 
heart and brain preparations is demonstrated, which may explain the susceptibility of 
the rat to the neurotoxic effects of ouabain. Finally, the relative instability of the 
ouabain-enzyme complex at low temperatures in an enzyme preparation from a 
ouabain-insensitive tissue is demonstrated. A preliminary report has been com- 
municated.g 

MATERIALS AND METHODS 

Determination of Ko.s for ouabain from inhibition of (Na+ + K+) ATPase activity. 
Enzymes were prepared by the method of Akera et al.,* except for the guinea-pig 
kidney enzyme which was prepared by the method of Post and Sen.‘O Specific acti- 
vities of the various enzyme preparations in micromoles of P, per milligram of protein 
per hour were as follows: rat brain, 216348; rabbit kidney, 180-252; dog brain, 
138-179; guinea-pig kidney, 84-96; rat heart, 21-O; and dog heart, 10.2. The “normal” 
incubation medium contained 100 mM NaCl, 15 mM KCl, 5 mM MgATP and 16 pg 
enzyme protein in 50 mM tris-HCl buffer, pH 7.4. The incubation was for 10 min at 
37”. Except where indicated, the reaction was started by the addition of ATP and 
terminated at 10 min by the addition of 1 ml of 15% trichloroacetic acid. Where 
“pre-incubation” is indicated, ATP was added to Na+, Mg’+, ouabain (Ou) and 
enzyme at 37”, 5-15 min before the addition of K+, which started the (Na+ + K+) 
ATPase reaction. Since the rate of approach to equilibrium of an enzyme-inhibitor 
system at concentrations which half-maximally inhibit the system depends largely on 
the rate of dissociation of the enzyme-inhibitor complex,l l the pre-incubation period 
was longer in the ouabain-sensitive tissues. This allowed fuller development of inhi- 
bition at the low ouabain concentrations which are effective in these preparations. 
The pre-incubation times were 5.0 and 12.0 min for the rabbit kidney and rat brain 
enzyme respectively. Because of the exceptionally long half-life of ouabain binding 
to dog brain preparations (Table 1) pre-incubation was for 15 min in this species. 
The Pi released and (Na+ + K+) ATPase activity were estimated as previously des- 
cribed. Those concentrations of ouabain which produced 50 per cent inhibition of 
enzyme activity under the given conditions are referred to as the K,., values for that 
particular enzyme and assay procedure. 

Rate Of release of [3H]ouabain. Ouabain was bound to the enzyme by incubating 
2.5 mg enzyme protein with 2 x lo-* M [3H]ouabain (specific activity, 3.7 c/m-mole), 
80 mM NaCl, 2 mM MgATP in 50 mM tris-HCl buffer, pH 7.4; final volume 40 ml. 
The ouabain was allowed to bind at 37” for 20 min, after which the enzyme was 
centrifuged at 10s g for.30 min at 0”. The sediment was resuspended in 20 ml of 10 mM 
tris-HCl buffer, pH 7.4, and centrifuged as previously. The final sediment was re- 
suspended in 3 ml of 10 mM tris-HCl buffer, pH 7-4, and the protein content assayed.3 

To measure the rate of release, enzyme-ouabain complex containing O-2 mg 
protein was incubated in a solution containing O-1 mM unlabeled ouabain, 15 mM 
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KCI, and 50 mM tris-HCl buffer, pH 7.5; final volume 2.0 ml. The unlabeled ouabain 
was added to ensure that the actual rate of dissociation was being measured. KCI, 
15 mM, was added because this is the concentration of KC1 present in the K,,.5 
determination, and it produces maximal slowing of enzyme-glycoside dissociation in 
all the tissues used in these experiments. 3*12 The reaction was stopped by cooling and 
centrifugation at lo5 g for 30 mm at 0” at time periods between 0 and 60 min, depend- 
ing on the rate of dissociation being observed. Zero time determinations of radio- 
activity in the pellet were utilized as the 100 per cent value, and subsequent samples 
at each time period were calculated as a percentage of that value. The rate of loss of 
radioactivity was in all cases log linear, and half-lives were determined from the slopes 
of these dissociation curves. Because of the relative stability of the ouabain binding 
to some of these preparations, the measured half-lives in Table 1 are estimates from the 
initial rates of dissociation. 

RESULTS 

Rates of dissociation of the enzyme-ouabain complex prepared from various tissues. 
Recent experiments have shown that there is considerable variation in the rates of 
dissociation of the enzyme-ouabain complex in preparations of this enzyme from 
different species, and half-lives which vary from about 2.5 min in guinea-pig kidney 
preparations4 to about 2 hr in dog kidney preparations have been reported.12 Similarly 
Akera and Brody3 have reported ouabain binding half-lives of about 40 min in pre- 
parations of this enzyme from the dog heart and rat brain in the presence of K+. 

30 

min 

FIG. 1. Rates of dissociation of ouabin from rabbit kidney (n = 6) and dog brain (n = 4) preparations 
at 37”. [3H]ouabain was bound to the enzymes as described in Methods, washed and then allowed to 
dissociate in a medium containing 15 mM KCI, 2.5 x 10e4 M unlabeled ouabain and 50 mM tris- 
HC1, pH 7.4. The vertical bars are the S.E.M. The solid and broken lines indicate the rates of dis- 

sociation of ouabain from rat brain and guinea-pig kidney enzymes.3*4 
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Figure 1 shows a similar study with dog brain and rabbit kidney preparations. The 
half-lives of the enzyme-ouabain complexes are about 10 and 90 min, respectively, 
putting the values within the range of estimated half-lives of this complex in prepara- 
tions from different species.3*4*12 

Ko.5 values of ouabain for rat brain (Na+ + K+) ATPase. As shown in Fig. 1, the 
half-life of the enzyme-ouabain complex in preparations from rat brain is approxi- 
mately 40 min. This period (40 min) is much longer than the usual assay period for 
estimation of enzyme activity or glycoside K,,.5 values.*JO However, as shown by 
Akera and Brody,3 both the binding to and dissociation of ouabain from these enzyme 
preparations can be remarkably slow. Figure 2 shows how the Ko.5 of ouabain for the 
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FIG. 2. Ko.5 values of rat brain enzyme for ouabain when measured by the “normal” (open circles) 
and “pre-incubated” (open triangles) methods. Each point is the mean of five individual estimations 
and the vertical bars indicate the S.E.M. The solid circles show the apparent aflinity of rat heart 
enzyme for ouabain. The arrow indicates the “calculated Ko.5” value of ouabain for rat brain 

enzyme from Table 1. 

rat brain enzyme preparation is affected by altering the sequence of addition in the 
assay system. The curve indicated by the open circles in Fig. 2 shows a “normal” 
assay for inhibitor K,.,. Enzyme Na+, K+, M g 2+ and ouabain as indicated were 
allowed to temperature equilibrate for 12 min at 37”. Under these conditions, binding 
of ouabain to the enzyme does not occur. 4*13.14 After 12 min, the ATPase reaction 
was started by the addition of ATP and terminated after a IO-min incubation period. 
Under these conditions, the Ko.5 of ouabain for the rat brain enzyme is about 1.6 x 
lO-‘j M. The left-hand curve (open triangles) shows the Ko.5 value obtained if the 
enzyme is allowed to complex with ouabain prior to starting the enzyme reaction. In 
this experiment, Na+, Mg2 +, ATP an ouabain at the indicated concentrations were d 
incubated together for 12 min at 37”.6 Under these conditions, ouabain complexes 
rapidly with the enzyme and the relatively stable enzyme-ouabain complex is 
formed.4*13*14 At 12 min, the ATPase reaction was started by the addition of 15 mM 
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K+ and the reaction terminated at 10 min as previously. In this case, the K,,., of 
ouabain for the rat brain enzyme is about l-8 x lo-’ M, an approximate g-fold 
increase in the apparent al%nity of the enzyme for ouabain. These observations show 
that under normal assay conditions the K 0.5 of ouabain for rat brain enzyme may be 
varied simply by altering the sequence of additions in the assay and allowing ouabain 
to complex with the enzyme prior to starting the reaction. Figure 2 also shows another 
characteristic of rat (Na+ + K+) ATPase preparations, i.e. the much greater affinity 
of rat brain ATPase for ouabain than rat heart ATPase. Depending on the method of 
assay chosen for the brain enzyme, the difference in K,., values between rat heart and 
brain (Na+ + K+) ATPase varies between IOO- and lOOO-fold. 

TABLE 1. FCELATIONSHIPBETWEENOBSERVED Ko.s VALUES AND Ko.5 VALUES CALCULATEDPROM 
THEENZYMJ+OUABAINSTABILITYDATA* 

Enzyme source 
Measured Measured Ratio Calculated 

Treatment K0.S N T+ (mm) N of Tt KO., 

Dog brain 
Dog brain 

Dog heart 

Pm-incub. 6.4 x lo-* 4 
Normal 7.6 x lo-’ 4 87 4 l/35 1.1 x lo-’ 

Normal 7.9 x lo-’ 4 45 4 l/18 22 x 10-7 

Rat brain Pre-incub. 1.8 x lo-’ 5 
Rat brain Normal 1.6 x 1O-6 5 

> 
45 4 l/18 2.2 x lo-’ 

Rabbit kidney Pre-incub. 5.0 x 10-7 5 
Rabbit kidney Normal 1.5 x 10-6 5 > lo 5 l/4 1.0 x 10-e 

Guinea-pig kidney Normal 4.0 x 10-S 2.5 1 

Rat heart Normal 1.8 x lo-+ 4 o*ost 

+ The data on the dog and rat heart are from Akera, Larsen and Brady* and Akera and Brady.’ 
Guinea-pig kidney (Na+ + K+) ATPase was chosen as the standard, since the 2.5min half-life of 
ouabain binding to this enzyme4 is sufficiently fast to allow almost complete equilibration over the 
20-min assay period used for this enzyme.‘O Calculated K o.5 values were then extrapolated from the 
guinea-pig kidney Ko.5 in the ratios of the measured half-lives. The calculated Ko.s values fall between 
the Ko.s values obtained by the normal and pre-incubated assay methods. N = number of deter- 
minations. 

t The half-life of ouabain binding to rat heart (Na+ + K+) ATPase estimated from the Ko.a data. 

KC.5 values for ouabain of dog brain and rabbit kidney (Na+ + K+) ATPases. 
Similar experiments with rabbit kidney and dog brain (Na+ + K+) ATPase prepara- 
&ions yielded qualitatively similar results which are presented in Table 1. In rabbit 
kidney preparations, pre-incubation with Na+ and ATP for 5 min produced an 
approximate 3-fold shift in the K,,., value for ouabain (Table 1). In dog brain pre- 
parations, 15 min of pre-incubation produced a 1Zfold decrease in the K,,., value 
(Table 1). Interestingly, however, there was little difference in the apparent K,., 
values for the dog heart and brain enzymes, in agreement with the essentially similar 
dissociation rates for the enzyme+ouabain complexes in these preparations (Fig. 1 and 
reference 3). 

Instability of enzyme-ouabain complex in ouabain-insensitive species. Ouabain 
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Washes 

FIG. 3. Guinea-pig kidney enzyme was allowed to bind [3H]ouabain, 4 x 1Oms M, in the presence 
of Na+, Mg2+ and ATP. The enzyme was then washed as indicated in Methods by alternate centri- 
fugation and resuspension. After each wash, ouabain binding to the enzyme as picomoles/per milli- 
gram of protein was estimated and plotted as a percentage of the binding prior to the first wash. Each 

point is the mean of three individual experiments. 

administered in uiuo to dogs remains bound to the heart and kidney (Na+ + K+) 
ATPases during relatively prolonged preparation procedures at 0°.15*16 This does not 
seem true for preparations from glycoside-insensitive tissues. Figure 3 shows that 
ouabain is readily washed off guinea-pig kidney enzyme preparations even at 0”. 
Essentially similar effects have been observed with rabbit kidney preparations, though 
in this tissue the presence of alkali metal cations stabilized the binding to washing. 

DISCUSSION 

The ouabain-enzyme equilibrium has been successfully treated quantitatively in 
terms of a simple, reversible, 1: 1 (one drug molecule inhibits one enzyme molecule) 
Michaelas-Menten type of interaction by two groups of workers.‘p2 Thus the ouabain- 
enzyme equilibrium is represented as 

k+l 
E-P+Ou\ E - POu. (1) 

k-l 

The affinity constant for the reaction is, 

k-l 
K,=-= k + 1 (affinity of enzyme for ouabain under indicated conditions). (2) 

The rate of association, k + 1, is expressed as litres, moles- ’ see- ’ and k- 1, the 
rate of dissociation is expressed as reciprocal time, set-I. Solving for K,,,, the time 
dimension is eliminated leaving K,,, as a molar concentration, the magnitude of which 
may vary directly with that of k- 1, the rate of dissociation. 
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The problem with this simple approach is that the observed differences in the rates 
of dissociation are more than sufficient to account for the observed differences in 
K,,., values. This relationship is indicated in Table 1, which shows a 5-fold difference 
between the K0.5 values for guinea-pig kidney and dog brain (Na+ + K+) ATPase, 
whereas there is a 35-fold difference between the half-lives of ouabain bound to these 
two enzymes. 

A solution to this dilemma is presented by the work of Akera6 and Akera and 
Brody.3 These authors have shown that the rate of equilibration of the enzyme- 
glycoside interaction can be very slow at the low glycoside concentrations which are 
effective in the glycoside-sensitive species.3 Thus, if the K,,., estimation is started from 
free enzyme and glycoside, the equilibrium point is not attained in 10 min3 and the 
measured K,,. 5 underestimates Kl.2*3*6J’ Conversely, if the system is pre-incubated 
with ouabain in the absence of K+, the K o.5 estimation now starts from the pre- 
formed enzyme-inhibitor complex and the equilibrium point is approached from the 
left-hand side of equation 1. The K,,., values obtained by both methods thus might 
be expected to bracket the true K* value. It turns out that if one calculates K,,., values 
from the guinea-pig K,,.5,17 in the ratios of the half-lives of the enzyme-ouabain 
complexes, these values are intermediate between the measured values. It appears 
reasonable to suggest that the discrepancy between the ratio of the K,., values 
obtained in “normal” assays and the ratio of the observed half-lives occurs because 
the K,,.5 values are underestimates of the true affinity of these glycosides for the 
(Na+ + K+) ATPase. Thus the differences between the true affinities, which are 
somewhere between the K,., values obtained by both assay methods, are probably 
accounted for in terms of differences in the dissociation rates alone. This is in agreement 
with earlier results which showed little difference in the rate constants for formation 
of the enzyme-ouabain complex in a number of different tissues and species.3*g Since 
these enzymes are relatively unstable at 37”,‘* direct estimation of Kt at 37” does not 
appear feasible for the stable enzyme-ouabain complexes. 

There appear to be a number of atypical effects in tissues from the less ouabain- 
sensitive species. The most marked of these is the large difference in apparent affinities 
of rat heart and brain enzymes for ouabain. These observations suggest that the 
susceptibility of the rat to the neurotoxic effects of ouabain is explainable in terms of 
(Na+ + K+) ATPase inhibition, further strengthening the hypothesis that this 
enzyme is the pharmacological receptor for the cardiac glycosides. Data of Friedman 
et aLI support this hypothesis. The latter investigators, studying the distribution of 
digoxin, observed no digoxin binding in dog brain, but observed a delayed entry of 
digoxin into rat brain at approximately one-tenth the level found in the heart. They 
attributed the delay to the blood-brain barrier. Further, the brain retained digoxin 
longer than any other tissue in the rat, which correlates well with the stable binding 
observed in the brain. Since dog brain ATPase is at least as sensitive to ouabain as 
cardiac ATPase (Table l), it is presumably the blood-brain barrier which renders the 
dog less susceptible to the neurotoxic effects of ouabain.20 

Lastly, it appears that, in the less glycoside-sensitive tissues, it is not possible to 
stabilize effectively the glycoside binding by lowering the temperature or by adding 
K+. In the sensitive species, glycoside binding to (Na+ + K+) ATPase preparations 
is apparently stable for several hours at 0°.1s*16 However, the Na+ATP-dependent 
binding to guinea-pig tissues is readily washed off at 0” in the presence or absence of 
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K+. This lack of stability of the bindiqg at 0” combined with its relatively high 
lability at 37” makes glycoside-insensitive tissues particularly unsuitable for the 
demonstration in vitro of binding or inhibition which has occurred in vivo. 
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