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Turnover rates of the canine cardiac Na,K-ATPases
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Two functional isoforms « (a;) and o (a;) of the Na,K-ATPase catalytic subumit coexist 1n canine cardiac myocytes [J. Biol. Chem. (1987) 262,

8941-8943] The i vitro turnover rates of ATP hydrolysis have been determined in sarcolemma preparations by comparing [*H]Jouabain-binding

and Na,K-ATPase activity at various doses of ouabain (0.3-300 nM). The correlation between the occupancy of the ouabain-binding sites and

the degree of Na.K-ATPase inhibition was not linear. The results showed that the form of low-affinity for ouabain (K, = 300~700 nM) exhibited

a lower turnover rate (88 £ 10 vs. 147 £ 15 molecules of ATP hydrolyzed per second per ouabain-binding site) than the high affinity form (K, = 1-8
nM). Thus our results indicate this specific isoform kinetic difference could contribute to differences in the cardiac cellular function.

Digitalis; Molecular activity, Heart: Isoform

1. INTRODUCTION

The Na.-K-ATPase (EC 3.6.1.3) is the in vitro mani-
festation of the Na* pump responsible in vivo for the
ATP-dependent transport of both sodium and potas-
sium ions [1]. This system specifically inhibited by digi-
talis, consists of two subunits: a catalytic a-subunit
bearing the digitalis binding site, and a glycosylated
B-subunit. Three distinct isoforms of the a-subunit (¢,
a, and a;) have been identified by immunological tech-
niques and molecular genetics [2-4].

These isoforms are clearly distinguished by differ-
ences in electrophoretic mobility (reviewed in [2]). affin-
ity for ouabain, N-terminal amino acid sequence and
antigenic determinants. They also differ in their sensi-
tivity to proteases, N-ethylmaleimide, pyrithiamine,
hormonal regulations with insulin and thyroid hormone
and affinity for Na® ions [2,5]. In adult cardiac my-
ocytes from different species; rat, dog and ferret [6-10].
two functional isoforms of the a-subunit were also de-
tected. o, with faster electrophoretic mobility had a low
affinity for ouabain and a, with slower mobility exhib-
ited a high affinity for ouabain.

In dog heart, we have shown that the high-affinity
molecular form (a*) was the pharmacological receptor
exclusively related to positive inotropy of digitalis
whereas occupation by digitalis of the low-affinity form
(a)) led to toxicity [8,11]. The a form corresponds to
a, [12].

Inasmuch as ouabain specifically inhibits the Na K-
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ATPase activity, a constant ratio representing the turn-
over number should exist between the ouabain-sensitive
ATP hydrolysis and the ouabain-binding capacity. This
is exemplified by the linear relationship found with iso-
lated enzyme preparations [13-19]. According to these
different authors, the turnover rates of the Na,K-ATP-
ases varied from 60 to 200 s™'. However, this wide range
appeared to be dependent upon the species sensitivity
to ouabain. As shown in Table I, the purified Na,K-
ATPase of high affinity for digitalis (K,) values of the
10 nM) isolated from pig brain, beef heart and human
erythrocytes, had a higher turnover rate (150-200 s™')
than the enzyme of low affinity for ovabain (4M range)
(60-108 s') as found in the rectal gland of the dogfish,
dog kidney and duck nasal gland.

Our objective was to document whether the func-
tional ATPase isoforms o, and a; (of low and high
affinity for digitalis) present in canine cardiac ventricu-
lar membrane preparations exhibited the same turnover
rates. Our results show that two isoforms exhibit differ-
ent turnover numbers: 88 + 10 s and 147 £ 15 s7! for
a, and a,, respectively.

2. MATERIALS AND METHODS

2.1. Sarcolemmal prepurations

Na,K-ATPase enriched sarcolemma preparations from canine ven-
tricular muscle were isolated as previously described [8,11]. Left ven-
tricular tissue was obtained from pentobarbital anaesthetized mongrel
dogs. The mucrosomal fraction (a 32,000 x g, 30-min pellet) resus-
pended in 100 mM NaCl, 250 mM sucrose and 30 mM imidazole, pH
7.4, was frozen in hiquid nitrogen and stored at —80°C.

2 2. Measurements of sensitivity to ouubain
One day after the preparation, the vesicles were subjected to SDS
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treatments (0.2 mg/mg of protein, 30 min at 20°C) to render them
permeable to substrates and ligands prior to [‘HJouabain binding
studies and ATPase assays.

2.2.1. [’H]ouabain binding assays

Equilibrium binding of [*HJouabain was measured as previously
reported [8]. After a 60 min incubation at 37°C in 1 ml of a medium
containing 0.04 mg of protein with increasing ouabain concentrations
from 0.3 nM to 0.1 uM and specific radioactivity varying from 19
Ci/mmol to 0.6 Ci/mol, either in buffer 1: 4 mM MgCl,, 4 mM ATP,
100 mM NacCl, and 40 mM mmidazole-HCI, pH 7.4, or in buffer 2'1
mM MgCl,, | mM morganic phosphate and 50 mM Tris-HCI, pH 7.4
The receptor concentration was 170 pM except for [*H]Jouabain con-
centrations less than 1 nM. Under these conditions the final volume
was 10 ml instead of 1 ml and the receptor concentration was 17 pM.

2.2.2. Sensitivity of Na,K-ATPase to ouabain

Two different protocols have been devised. In protocol I, ouabain
was added after 1nitiation of the enzymatic reaction and the enzyme
inhibition was continuously monitored for 60 min. In protocol 2,
membranes were first preincubated for 60 min at 37°C with ouabain
in the presence of buffer 1 (ATP, Mg™*, Na*) and then assayed for
enzyme activity. The Na,K-ATPase activity in the absence or presence
of various concentrations of ouabain from 0.3 nM to 30 yuM was
determined using a coupling assay method as previously described
[20]. The final concentration of active Na.K-ATPase molecules was
15 pM.

2.3. Analysis methods
The experimental data were fitted using Enzfitter (Biosoft. Elsevier).
The following model was used.

V=1, (ICs + O)

where V'1s the observed velocity at a given inhibitor concentration (C)
and V. is the maximal velocity of the Na,K-ATPase. The best-fit
curve was calculated using non-linear least-squares regression The
experimental data were also fitted with one or a sum of two functions
assuming the presence of one or two sites [21]. The Ky and B,,,,, values
were computed assuming equilibrium conditions, using the same pro-
gram.

3. RESULTS

In the conditions used, equilibrium binding or steady
state level of enzyme inhibition was reached within 60
min of incubation at 37°C. [*H]ouabain binding meas-
ured with concentrations between 1 and 100 nM after
120- or 180-min incubations reached similar levels to
those found after 60 min (data not shown).

Enzyme activity and [*H]ouabain binding capacities
were determined under conditions as similar as possible,
i.e. at equilibrium. after the same period of time, at the
closest receptor concentration (i.e. 10-20 pM for enzy-
matic assays and 17-170 pM for binding assays) and at
the lowest receptor concentration compatible with de-
tection of both inhibition and binding signals.

Since ouabain-binding occurs on the phosphorylated
enzyme, ouabain-binding was carried out in the pres-
ence of either ATP + Mg> + Na* (complex 1, forward
phosphorylation). Note that to induce the formation of
complex 1, a pretreatment of the vesicles by SDS was
necessary to facilate free access of ATP to its site. In
contrast, this pretreatment was not required for the
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backward phosphorylation (complex 2) in the presence
of Mg™* and P,

For the same enzyme preparation, the maximal levels
of ouabain bound at equilibrium to complex 1 or to
complex 2 were the same (47 + 2.8 pmol/mg of protein).

As illustrated in Fig. 1. under both conditions, they
exhibited the same respective affinities and the same
proportional contributions (Table II).

High (a;) and low affinity (a,) sites exhibited K, val-
ues of 3 £ 2 and 500 + 200 nM, respectively. The contri-
bution of the high-affinity sites represented 28 pmol/mg
of protein. i.e. 60% of the total binding. Regardless of
the protocols used, no enzyme/ouabain preincubation
in the absence of K*, the dose-response curves of Na,K-
ATPase to ouabain were very similar. The ICjy, values
were 211 nM and 300 £ 100 nM. for the high- and
low-affinity forms, respectively. The high-affinity form
representing 66% of the total inhibitory process. Note
that the ICy, values in the presence of ATP + Mg™* +
Na" + K" were similar to the K, values found by
[*H]ouabain-binding measurements in the presence of
either Mg™" + P, or ATP + Mg>* + Na* (Fig. 1).

When Na.K-ATPase inhibition was plotted as a func-
tion of the occupancy of the specific ['H]Jouabain- bind-
ing sites, the correlation was not linear (Fig. 2). This
indicates that the rates of ATP hydrolysis associated
with each site type were not the same. For the a;-sub-
unit form involved at low ouabain concentrations, the
turnover rate was 147 + 12 s7! (i.e. 147 mol of ATP
hydrolyzed per second per mol of ouabain binding site).

At higher ouabain concentrations (100 nM), the high-
affinity form was completely inhibited and the remain-
ing activity corresponded to the low-affinity form (a,).
The turnover data for this site type was 88 *+ 10s™". The
rate of ATP hydrolysis per ouabain-binding site was
1.6-fold faster for the ¢, form than the o, form.

4. DISCUSSION
The data presented in this paper show that the two
canine cardiac, Na,K-ATPase isoenzymes have differ-

Table 1

Comparison of turnover rates, sensitivities of Na,K-ATPase prepara-
tions from different sources

Species Sensiivity to Turnover number References
digitalis (s71)

Pig brain High 203 [13]
Beef heart High 149 [14]
Beef heart High 142 [15]
Human red cells High 200 15]
Dog fish rectal

gland Low 98 [16]
Dog kidney Low 108 [17]
Dog kidney Low 60 [18]
Duck nasal salt

gland Low 91 [19]
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Fig. 1. Concentration dependence of ouabain binding and inhibition of canine heart membrane-bound Na,K-ATPase. Inhibition of Na,K-ATPase

activity (@) was assessed during ATP hydrolysis either in the presence of 100 mM NaCl, 10 mM KCl. 4 mM ATP, 4 mM MgCl, and the other

constituents used to couple the hydrolysis of ATP to the oxidation of NADH or after a 60 min preincubation period without KCl1n the presence

or absence of various ouabain concentrations. [ HJOuabain-binding equilibrium was activated in the same buffer without KCl (<) orin 1 mM MgCl.,

1 mM P, and 50 mM Tris-HCI. pH 7.4. The average + S.E. of at least 4 independent determinations are shown. The curves represent the best fit
of the data to a two-component inhibition model.

ent turnover rates. The turnover rate was higher for the
o, form with high affinity for ouabain (147 £ 15s7!) as
compared to that found for the o, form with low affinity
for ouabain (88 + 10 s7).

The first evidence for different turnover rates as
measured in vitro is supported by the comparison of
drug binding and enzyme assays carried out under very
similar conditions. However, several limitations associ-
ated with the method(s) used to determine the turnover
numbers may have induced erroneous differences be-
tween the isoforms.

One possibility is that ouabain-binding experiments
had not been carried out at equilibrium, and subse-
quently one population of binding sites was underesti-
mated. This is unlikely for the high-affinity (fast associ-
ation and slow dissociation) and the low-affinity forms

Table 11

Apparent affinities for ouabain and respective contributions by the
two digitalis receptor forms and turnover rates

Contribution Turnover
(% of binding) number
(s

ICs, Contribution K,
(nM) (% of activity) (nM)

o3 form 1-8 58 72 15 50-70 14715

a, form  100-500 23 33 300 700 30 50 88 = 10

(slow association and fast dissociation) as similar results
were obtained after incubations of 60, 120 and 180 min.
The binding equilibrium has already been reached in 60
min. Note that the sensitivity of Na,K-ATPase activity
to ouabain was also measured during 60 min.

Inasmuch as K* ions, known to slow the ouabain-
association process [22] were present in the enzyme
assay medium but not during the binding, it is possible
that enzyme inhibition by ouabain was not complete
during the 60 min assay period. This possibility is also
unlikely. Indeed. conditions in protocol 2. (i.e. a 60 min
preincubation without K* ions) also led to the same
dose-response curves as in protocol 1 (data not shown).
Thus K* did not interfere in the level of equilibrium of
ouabain-binding.

Another objection would be that the K, values and
the number of low-affinity sites could not be accurately
measured by tritiated ouabain-binding methods due to
the very high level of non-specific binding (at least 50%
at 3 uM for [*H]ouabain). This objection is valid with
this type of site in rat, but not in the dog since in the
latter species the low-affinity site has a K value of 0.3
UM for ouabain. However, inasmuch as the total num-
ber of low-affinity sites can only be estimated, the true
turnover rate of this type of site might be slightly differ-
ent from that found here.

A reproductible and selective inactivation of the
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Fig. 2. Ouabain bmding and mhibition of Na,K-ATPase enzymatic activity m dog myocardial cell membranes. The two measurements were
determned with the same microsomal membrane preparations under equiibrium conditions. Specific ['Hlouabain-binding 1s not linearly correlated
to inhibition of Na,K-ATPase At low concentrations (less than 10 nM). a linear relation has been computed which corresponds to 147 + 15
molecules of ATP hydrolyzed per second per ouabamn-binding site. The same hinear regression applied between 20 and 30 umits of enzyme activity

corresponding to 20 to 40 pmol ouabain per mg of protein, gave a turnover rate of 88 £ 125

Na,K-ATPase with low affinity for ouabain would lead
to similar results. The specific enzymatic activity associ-
ated with Na,K-ATPase is more labile than the
ouabain-binding capacity. We can preserve the
ouabain-binding capacity for several weeks while no
Na.K-ATPase activity could be detected. Such an inac-
tivation of this enzyme isoform could occur during the
sarcolemma isolation procedure, before storage and
assay. These possibilities have been minimized, but not
excluded since we have used the same membrane frac-
tions at the same time (one day after the membrane
isolation) for the determination of both parameters.
sensitivity and binding. Conversely, note that the turno-
ver rate found for «, in dog heart is close to that re-
ported in the literature: 150 s™' per site compared to 203
in pig brain, 149 in beef heart and 200 in human red cells
(Tables I and II). All these Na,K-ATPases of high turn-
over rates are of high affinity for digitalis (K,) lower
than 10 nM).

The optimal conditions for evaluating one of the
isoforms could artifactually decrease its contribution in
the total process. This possibility cannot be excluded
here and is exemplified with guinea-pig cardiac Na. K-
ATPase [23]. The two types of Na,K-ATPases with high
and low sensitivity to ouabain have half-maximal phos-
phorylation stimulated by 69 and 4.5 mM Na®, respec-
tively. If this is also true in dog heart, at 100 mM Na™,
as used here, the turnover rate of the a; isoform would
in turn be underestimated. This in turn will further in-
crease the differences observed between a, and a,. A
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~'. Results are means + S.E.

pattern for differential Na* affinity between a, and a,
has been demonstrated in rat brain [24-26].

If one takes into account the fact that the ouabain-
binding reactions and enzymatic measurements are de-
pendent upon the formation of the phospharylated en-
zyme intermediate, the difference in turnover rates
could mean that o, and @, catalytic subunit in dog heart
differ in their phosphorylation and dephosphorylation
rates. The difference in the turnover rates seems to be
an intrinsic property of the protein. Consistent with our
data, it has been reported that in terms of phosphoryla-
tion. the o, form in shrimp has a better apparent affinity
for ATP than the ¢, form [27].

Our results strongly suggest that the Na,K-ATPase
of high affinity for ouabain (a,) have a higher turnover
rate than the «, isoforms. The low turnover rate of 88
s”! is consistent with the turnover rate found for a, in
canine kidney (Table 1). These enzymes forms with rel-
atively similar low turnover rates, apparently exhibit the
same range of low affinities for ouabain.

The involvement of these isoforms of different turno-
ver rates in the global Na pump activity in vivo as a
function of the ionic environment remains an open
question.
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