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Interactions of Quabain and
Vanadate with (Na*,K™)ATPase
and Isolated Cardiac Muscle
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Summary: The interactions of ouabain and vanadate with (Na+,K+)ATPase were in-
vestigated at different potassium concentrations.Also,the contractile effects
of a mixture of these two inhibitors were compared to those produced by ouabain
or vanadate alone.The results from the enzyme and contractile studies sug-
gested that inhibition of sarcolemmal (Nat,k*)ATPase was involved in mediat-
ing the positive inotropic effect of vanadate.
INTRODUCTION

Vanadate and ouabain are inhibitors of (Na+,K+)ATPase acting at differ-
ent sites on the enzyme(1,2). Ouabain inhibits from the extracellular side of
the plasma membrane, and vanadate binds from the intracellular side(3,4). Since
vanadium levels in the micromolar range have been documented in mammalian tis-
sues, a two inhibitor system is conceivably operating in instances where a
person is exposed to the cardiac glycosides(5). An intriguing observation is
that potassium antagonizes ouabain inhibition but facilitates vanadate inhibi-
tion. This suggests that not only can potassium determine the power of these
ligands as inhibitors but it also controls the amount of inhibition by one ver-
sus the other when they are present together(6,7). Experiments were designed
to test the effects of potassium on the inhibition of (Na+,K+)ATPase by these
two inhibitors together.

Since the positive inotropic effect of ouabain has been linked to inhi-

bition of sarcolemmal (Na+,K+)ATPase, there is a tendency to associate the

positive inotropic effect of vanadate with inhibition of this enzyme(8,9). An
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assumption of this association is that ouabain and vanadate are specific inhi-
bitors of (Na+,K+)ATPase. Though this appears to be true for ouabain it is not
the case for vanadate. Previous studies show that vanadate inhibits a variety
of enzymes and stimulates adenylate cyclase(10,11,12,13). The multitude of ef-
fects seen with vanadate implies that something other than inhibition of
(Na+,K+)ATPase may be responsible for the positive inotropic effect. Borchard
et al conclude from their experiments in cardiac muscle that alterations of
transmembrane potential and(or) stimulation of adenylate cyclase may be the
primary biochemical event{s) mediating the positive inotropic effect of vana-

date(14). However, the results of Schmitz et al shed doubt on the involvement

of adenylate cyclase by showing that concentrations of vanadate producing a
maximum positive inotropic effect have virtually no effect on cAMP levels of
cardiac muscle(15). In studies with the atria of guinea pigs, Akera and co-
workers report that vanadate does not inhibit 86Rb uptake at a concentration
capable of inhibiting isolated (Na+,K+)ATPase(16). From this they conclude that
vanadate apparently does not produce positive inotropic effects via inhibition
of (Na+,K+)ATPase. However, the isolated guinea pig atrium responds differently
to vanadate than most other cardiac muscle and may not be suitable for studying
the positive inotropic effects of vanadate(14). In the light of these results,
our laboratory began to investigate the effects of vanadate in cardiac tissue
showing a positive inctropic response and to test whether or not these effects
could be Tinked to (Na+,K+)ATPa5e inhibition.
METHODS

The assay for inhibition of (Na+,K+)ATPase by ouabain and vanadate has
been‘previous1y described{17). The enzyme preparation was purchased from Sigma
Chemical Co. and consisted of (Na%,K*)ATPase isolated from canine kidney(lot
# c9750). The enzyme was received as a lyophilized powder which was suspended
in 1.0ml of a buffer containing 20.0mM Tris-C1(pH 7.4) with 1.0mM EDTA and kept
in a refrigerator. The protein content of this stock solution was 6.0mg/ml,and
the specific activity was 0.9umoles Pi/min/mg protein. For each assay the enz-
yme was diluted 1 to 10 in a buffer containing 20.2mM Tris-Ci{pH 7.4),5.2mM

MgCl,,and 0.2mM EDTA. Fifty microliters of this dilution was used per ml of the
reaction mixture.

Functional studies were conducted using left atrial strips of rabbits.
The strips were clamped in a 25ml muscle bath and connected to an isometric
force transducer by a Tight jewelry chain. Electrical stimulation(60 per min)
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was at 10% above threshold voltage. The muscles were stretched to maintain a
resting tension of 1.0gm, and a cumulative concentration-response relationship
to ouabain,vanadate, or the mixture of the two was determined at 300C. The res-
ponse to any concentration of ouabain or vanadate was allowed to reach equili-
brium before the next concentration was added. Any muscle exhibiting an arrhy-
thmia was discarded from the study. The buffer was Krebs-Ringer(potassium con-
centration of 6.0mM) buffered with bicarbonate and gassed with 95%02/5%602.

RESULTS
Because potassium has been shown to exert a divergent effect on the
binding of ouabain and vanadate to (Na+,K+)ATPase, we investigated the effects
of this ion on enzyme activity in the presence of both inhibitors. Under con-
ditions of rate limiting potassium{0.25mM}, ouabain was a more potent inhibi-
tor than vanadate(Figure 1). The 150 was 16nM for ouabain and 50uM for vana-

2+and K+), Cantley

date. In conditions which optimized vanadate binding(high Mg
et al found a dissociation constant for vanadate of 4nM with the same enzyme
preparation(see ref.7) suggesting that high potassium increased the potency of
vanadate as an inhibitor. Adding a high concentration of potassium to enzyme
preparations partially inhibited by ouabain or vanadate pointed out the drama-
tic difference between these two inhibitors(see panels B and C of Fig.l). The
addition of potassium accelerated enzyme activity in the presence of ouabain
but virtually stopped the reaction in the presence of vanadate. Ouabain and
vanadate together followed the same pattern as vanadate alone suggesting that
under these conditions vanadate was the dominant component of the mixture(panel
D of Fig.1). The results using this combination also showed that ouabain and
vanadate were producing a cumulative inhibition since the mixture had to be
diluted four-fold to produce inhibition equal to that of ouabain or vanadate
alone(compare the concentrations in panel D with those in panels B and C).
These results combined with our previous observations(see Table 1 of ref.17)
showing cumulative inhibition by ouabain and vanadate at 20mM potassium implied
that this mixture could additively inhibit this enzyme over a wide range of

potassium concentrations. Potassium appeared to determine the relative potency

of these inhibitors when both were present.
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FIGURE 1. Contrasting effects of potassium on (NatK+) ATPase actlvity partially
inhibited by ouabain, vanadate, or a combination of the two. The
potassium concentration was 0.25 mM for the first forty minutes of
all reactions. The ordinates represent the measurements of inorganic
phosphate and are proportional to enzyme activity. Note that the ordin-
ates vary slightly from panel to panel. The amounts of inhibition pro-
duced by ouabain, vanadate, or the comblnation were equal before the
addition of potassium (38mM) or water at forty minutes. Panel A. Control
activity in the absence of ouabain or vanadate. The reaction was stim-
ulated by additional potassium. Panel B. Activity in the presence of
ouabain (16nM). The activity was stimulated by additional potassium.
Panel C. Activity in the presence of vanadate (50uM). The addition of
potassium halted enzyme activity. Panel D. Activity in the presence
of ouabain (4.0nM) and vanadate (12.5uM). Once agaln the addition of
potassium halted enzyme activity.

To explore the possible link between inhibition of (Na+,K+)ATPase and
positive inotropic responses, the responses to a mixture of ouabain and vana-

date were studied in left atria isolated from rabbits and compared to those
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FIGURE 2. Comparison of the concentration-response relationships of ouabain,
vanadate, or the combination of the two in left atrial strips of
rabbits. The ordinate represents the change in developed force in
milligrams (multiplied by 100) from control (neither ouabain nor
vanadate present). The developed force in the control preparations
3id not vary significantly among the groups and averaged 830mg. The
concentrations producing the peak, positive inotropic effects were
560nM for ouabain, 180uM for vanadate, and 560nM plus 56uM vanadate
for the mixture. Higher concentrations produced either no further
increase or a decrease in developed force. Values shown represent
the mean t S.E.M. For vanadate alone these bars were deleted for the

sake of clarity but the variability was similar to the other two
groups. N=6 for vanadate alone, N=7 for the mixture, and N=13 for
ouabain.

responses produced by exposure to the individual inhibitors. The concentration-
response relationship to the mixture of ouabain plus vanadate was to the Teft
of those produced by exposure to either inhibitor alone(Figure 2). This finding
was consistent with the idea that the greater inotropic response produced by
the combination could be related to its cumulative inhibition of (Na+,K+)ATPase.
The maximum response with the mixture of ouabain and vanadate was not different
than that produced by ouabain or vanadate alone which supported a common mech-

anism for these inhibitors(Fig.2).

Since the enzyme studies showed that increased potassium enhanced vana-
date inhibition of (Na+,K+)ATPase, one could assume that the inotropic respon-
se produced by vanadate would vary as the potassium concentration is altered
if the binding of the inhibitor to (Na+,K+)ATPase is related to its positive
inotropic effect. Raising the potassium concentration not only increased the

potency of vanadate as an inhibitor of (Na+,K+)ATPase(refer to panel C of Fig.1)
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FIGURE 3. Effect of varying the potassium concentration on the concentration-
response relationship of rabbit left atrial strips to vanadate. The
ordinate represents the per cent of the maximal response which was
defined as the difference between the developed force at the peak of
the concentration-response relationship and control developed force
(no vanadate present). The control developed force and the peak devel~
oped force were not significantly different than the values shown in
Figure 2 for either potassium concentration. Values shown represent
the mean ¥ S.E.M. N=6 for 7.5mM potassium, N=5 for 2.5mM potassium.

but also caused a shift to the left of its concentration-inotropic response
relationship in the muscle bath(Figure 3), supporting a positive relationship
between (Na+,K+)ATPase inhibition and this positive inotropic effect. Several
investigators have reported a correlation between the potassium antagonism of
the inotropic effects of ocuabain and its antagonism of ouabain binding to iso-
lated (Na+,K+)ATPase(9). The effect of potassium on vanadate-enhanced con-
tractile function(Fig.3) appeared to correlate well with previous observations
of its effect on vanadate inhibition of (Na+,K+)ATPase suggesting a cause-ef-

fect relationship between these two phenomena.

DISCUSSION
There are several effects of vanadate on enzymes that theoretically
could mediate a positive inotropic effect. Some of these effects are: 1) in-
hibition of (Na+,K+)ATPase, 2) inhibition of Ca2+-ATPase of the sarcolemma,
and 3) stimulation of adenylate cyclase. A1l of these effects conceivably

will deliver increased amounts of calcium to the contractile proteins. Our
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results showing 1) the cumulative inhibition of (Na+,K+)ATPase and positive
inotropic effects by the combination of ouabain plus vanadate and 2) the
potassium effect on the response of cardiac muscle to vanadate Tead us to
conclude that inhibition of (Na+,K+)ATPase is the likely choice out of the
list. However, our results do not exclude other mechanisms from contributing
to the positive inotropic effect. Since inhibition of (Na+,K+)ATPase is ap-
parently involved in mediating the positive inotropic effect of vanadate, it
is conceivable that inhibition of myocardial (Na+,K+)ATPase by endogenous van-
adate can be a determinant of both the contractile state of the heart and its
sensitivity to the cardiac glycosides.

Our results do not suggest a mechanism for the negative inotropic ef-
fect of vanadate. Both Akera ¢t al and Borchard et al show that this effect
may be due to antagonism of calcium movements through the plasma membrane(14,16).
It is also intriguing that ouabain can overcome this effect of vanadate
in vitro which implies that inhibition of (Na+,K+)ATPase is not involved in

the negative inotropic actions of vanadate(13).
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