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Abstract—Treatment of a purified (Na™ + K*)-dependent ATPase preparation from dog kidney medullu
with acetic anhydride or trinitrobenzene sulfonate (TNBS) produced a dose-dependent irreversible
inactivation of the (Na* + K*}-ATPase and K’ -phosphatase reactions catalyzed by the enzvme. Both
K™ and the cardioactive steroid strophanthidin protected against inactivation. Prior treatment with
concentrations of acetic anhydride or TNBS that produced only partial inactivation also moditied the
residual activity of the enzyme. as manifested by an increase in the K5 for K* as activator of the
phosphatase reaction (mediated through the moderate-affinity a-sites for K™} but not in the Ky, s for K*
as activator of the ATPase reaction (mediated through the high-affinity f-sites for K'): correspondingly,
the Iy values (concentrations required to produce 30 per cent inhibition) for ouabain and strophanthidin
as inhibitors of the ATPase reaction were increased, and the binding of [*H]ouabain was decreased,
by such treatment. Ouabain activated the phosphatase reaction in the absence of K™ and. after similar
treatment, the apparent affinity for ouabain as activator was also decreased. These experiments
demonstrate interactions between cardioactive steroids at their sites on the extraceliular face of this
transmembrane enzyme and K* at its moderate-affinity e-sites on the intracclular face. and further
indicate that K™ can modulate enzyme-~drug interactions at such sites. as well as through K "-sites on

the extracellular face of the enzyme.

The (Na* + K*)-dependent ATPase is the enzymatic
correlate of the plasma membrane sodium pump,
and both enzyme activity and cation transport are
inhibited by the pharmacologically important car-
dioactive steroids such as ouabain. which may exert
their therapeutic effects through this interaction |1-
5]. Inhibition of enzyme and pump and binding of
the steroids to the enzyme are sensitive to a variety
of ligands, most notably (i) an increased inhibition
and binding in the presence of Mg** plus inorganic
phosphate or of Mg>* plus Na* plus ATP, and (ii)
a decreased inhibition and binding in the presence
of K* [6-11]. A further indication of the intimate
interrelationships among enzyme, K*, and cardioac-
tive steroids is demonstrated in studies of the K*-
dependent phosphatase reaction that is also cata-
lyzed by this enzyme. Pitts and Askari [12,13]
showed that, although ouabain inhibits the phos-
phatase reaction in the presence of K*. it can activate
it in the absence of K* (presence of Mg** and
substrate).

Recently, we showed that treatment of the ATPase
with acetic anhydride or TNBST can lead to specific
modifications of enzymatic activity [14]. Thus, at
concentrations of either reagent that produce only
partial inactivation of the (Na* + K*)-ATPase or
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K*-phosphatase reactions, the residual enzymatic
activity displays a decreased apparent affinity for K*
as activator of the phosphatase reaction, an activa-
tion mediated through moderate-affinity a-sites for
K™ [15], but displays no decrease in apparent affinity
for K* as activator of the ATPase reaction, an acti-
vation mediated through high-affinity B-sites for K*
[15}].

Such modifications thus present the opportunity
for exploring further the relationships among the
therapeutically important cardioactive steroids, the
{Na’ + K*)-ATPase which may be their receptors,
and the modulating cation K*. In this paper we
describe experiments examining (i) the effects of
acetic anhydride and TNBS on cardioactive steroid
binding to, and inhibition of, the enzyme as well as
on K*-activation of enzymatic activity, (ii) the effects
of both cardioactive steroids and K* on inactivation
by those reagents, and (iii) the effects of those
reagents on cardioactive steroid-activation of the
phosphatase reaction.

METHODS

The enzyme preparation was obtained from the
medullae of frozen canine kidneys by a modification
[16] of the procedure of Jergensen [17]: purity,
estimated by sodium dodecylsulfate gel electropho-
resis, was approximately 85 per cent.

{(Na* + K*)-ATPase activity was measured at 37°
in terms of the production of inorganic phosphate,
as described previously [18]; the standard medium
contained 30 mM histidine - HCI-Tris (pH 7.8),3 mM
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ATP, 3mM MgCl,, 90 mM NaCl and 10 mM KClL
K-phosphatase activity was routinely measured in
terms of the production of p-nitrophenol from p-
nitrophenyl phosphate during incubations at 37°, as
described previously [19]; the standard medium con-
tained 30 mM histidine - HCl-Tris (pH 7.8). 3 mM
nitrophenyl phosphate, 3 mM MgCl. and 10 mM
KCl. In experiments measuring ouabain-activated
phosphatase activity, 0.2 mM umbelliferone phos-
phate was substituted for nitropheny! phospate as
the substrate, and KCl was omitted from the
medium; production of umbelliferone was measured
spectrophotofluorometrically, as described pre-
viously [20]. ['H]Ouabain binding was measured
according to Van Winkle et al. [21]: the standard
medium contained 30mM histidine - HCl-Tris
(pH 7.8), 2mM MgCl., I mM EDTA, and. rou-
tinely, 1 uM [*H]ouabain, plus either (i) 2mM ATP
and 50 mM NaCl, or (ii) 2 mM inorganic phosphate;
after incubation with the enzyme preparation for
S5min at 37°, 1-ml portions of the mixture were
filtered through Gelman membrane filters (pore size
0.45 um), which were then washed four times with
ice-cold water. The radioactivity remaining on the
filters was measured by liquid scintillation counting.
Non-specific binding under each experimental con-
dition was estimated in parallel incubations contain-
ing, in addition. 250 uM unlabeled ouabain.

For reaction with acetic anhvdride, the enzyme
preparation was first equilibrated at 0° in a medium
containing 30 mM imidazole - HCI (pH 7.8) plus
other reagents as noted, and the inactivation incu-
bation was then begun by adding, routinely, 0.15 ul
acetic anhydride/ml of medium. After incubation for
10 min at 0°, the mixture was diluted with 10 vol. of
0.25 M sucrose; the enzyme preparation was then
collected by centrifugation and resuspended in
0.25M sucrose for assay [14]. For reaction with
TNBS. the enzyme preparation was first equilibrated
at 25°in a medium containing 30 mM imidazole - HCl
(pH 7.8) plus other reagents as noted. and the inac-
tivation incubation was then begun by adding. rou-
tinely, 0.03% (w/v) TNBS. After incubation in the
dark for 15 min at 25°. the mixture was diluted with
sucrose and the enzyme was collected as described
above, except that the preparation was shielded from
light until completion of the assay [14]. With both
reagents, parallel control incubations were per-
formed with identical treatment except for the omis-
sion of acetic anhydride and TNBS.

Data presented are averages of four experiments,
each performed in duplicate or triplicate. + standard
error of the mean where appropriate.

RESULTS

As demonstrated previously with a partially pur-
ified enzyme preparation from brain [14]. acetic
anhydride and TNBS inhibited, in a dose-dependent
fashion, the (Na* + K*)-ATPase activity of a puri-
fied kidney enzyme preparation. Total inactivation
occured after incubation of the enzyme with 0.03%
(v/v) acetic anhydride for 10 min at 0°, although after
treatment with 0.015% acetic anhydride. one-fourth
of the (Na* + K*)-ATPase activity remained. Ana-
logously. incubation of the enzyme for 15 min at 25°
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Fig. 1. Protection by KCl against acetic anhydride-induced
loss of activity. The enzyme preparation was incubated for
10 min at 0° in media containing 30 mM imidazole - HCI,
0.015% acetic anhydride, and the concentrations of KCl
(@ or O) or NaCl (B or 0) indicated. After dilution,
collection by centrifugation. and resuspension, as described
under Methods, the residual (Na® + K*)-ATPase activity
(® or W) and [*H]ouabain binding activity in the presence
of Mg** plus P; (O or O) were measured. as described
under Methods. Data are presented as per cent of the
values for concurrent controls in which acetic anhvdride
was omitted.
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Fig. 2. Effects of acetic anhydride and TNBS on K™-acti-
vation of the phosphatase reaction. The enzyme prep-
aration was first treated with 0.015% acetic anhvdride
(©).0.03% TNBS (W) or neither reagent (@), as described
under Methods, and then the nitrophenyl phosphatase
activity was measured in the standard medium. but with
the concentrations of KCl indicated. Data are presented
in double-reciprocal form: for ease of comparison the
velocity with 10mM KCI was. in cach case, set at 1.0.
although after treatment with acetic anhydride this velocity
was 26 per cent of control values. and after treatment with
TNBS it was 54 per cent. The K, s values were, for control
preparations. 1.4mM: for acetic anhydride-treated,
4.0 mM: and for TNBS-treated. 2.7 mM.
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with 0.2% (w/v) TNBS totally inactivated the
enzyme, whereas incubation with 0.03% TNBS
reduced the (Na* + K*)-ATPase activity only by
half. With both reagents, at both concentrations. the
effects were irreversible: the loss of activity persisted
after dilution and successive washing of the treated
enzyme preparations.

Inclusion of KCl in the inactivation medium with
either acetic anhydride (Fig. 1) or TNBS (data not
shown) protected against inactivation by these
reagents; NaCl was ineffective. Moreover, the con-
centration of KCl required for half-maximal protec-
tion (Fig. 1) was, with both reagents, near 1 mM.
This value corresponds to the K, for K* at the
moderate-affinity a-sites of the enzyme [15].
(Although acetic anhydride and TNBS decrease the
apparent affinity for K* at the a-sites [14]. such an
effect would be minimal here if occupancy of the
a-sites by K* markedly decreases the likelihood of
inactivation by acetic anhydride, whereas enzyme
that previously reacted with acetic anhydride is
afforded negligible protection against further inac-
tivation by K* binding to a-sites of diminished affin-
ity. On the other hand, although the K for K*-
activation of the (Na* + K*)-ATPase reaction, an
effect mediated through the high-affinity B-sites [15],
is frequently reported as near 1 mM (e.g. Ref. 18),
such measurements are made in the presence of high
concentrations of Na*, and Na* acts as a competitor
toward K* at the B-sites; when the K, sfor K is
corrected to the absence of Na* [22]. the K, s for K*
is then 0.1 mM or lower. Moreover, treatment with
acetic anhydride and TNBS did not increase the K|
for K* at the B-sites (see below)).

Treatment of the enzyme preparation with 0.015%
acetic anhydride or 0.03% TNBS also affected the
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Fig. 3. Effects of acetic anhydride and TNBS on K "-acti-
vation of the (Na* + K*)-ATPase reaction. The enzyme
preparation was first treated with 0.015% acetic anhydride
(©). 0.03% TNBS (W) or neither reagent (@), as described
under Methods, and then the (Na* + K*)-ATPase activity
was measured in the standard medium but with the con-
centrations of KCl indicated. Data are presented in double-
reciprocal form; for ease of comparison the velocity with
10mM KCl was, in each case, set at 1.0, although after
treatment with acetic anhydride, the velocity was 24 per
cent of control values, and after treatment with TNBS it
was 59 per cent.
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Fig. 4. Effects of acetic anhydride and TNBS on Na™-

activation of the (Na* + K¥)-ATPase reaction. Experi-

ments were performed and the data are presented as in

Fig. 3, except that the NaCl concentration in the assay

incubation was varied as indicated. Key: preparation

treated with 0.015% acetic anhydride (O), or 0.03% TNBS
(M), or neither reagent (@).

kinetic properties of the residual K™-phosphatase
activity, most notably causing an increase in the K
for K*-activation (Fig. 2), an activation also
mediated through the moderate-affinity c-sites. By
contrast, the K, s values for K*- and Na*-activation
of the residual (Na® + K*)-ATPase reaction cata-
lyzed by the treated enzyme preparation were not
increased (Figs. 3 and 4). These findings thus confirm
earlier studies [14] with the partially purified enzyme
preparation from brain.

Since interactions betwen cardioactive steroid and
the enzyme are sensitive to K* [1-11], modification
of the enzyme with acetic anhydride and TNBS
(which, as shown above, is both sensitive to the
presence of K* at the a-sites and influences activation
at the a-sites) might alter such interactions as well.
This was the case, as shown in Table | and Figs. 1
and 5. Prior treatment of the enzyme preparation
with 0.015% acetic anhydride or 0.039% TNBS
increased the I5, (concentration required to produce
50 per cent inhibition) for the cardiac glycoside oua-
bain and the aglycone strophanthidin as inhibitors
of the residual enzymatic activity (Table 1). Simi-
larly, maximal binding of [*H]ouabain measured in
the presence of Mg”* plus Na* plus ATP was
reduced, and the apparent K, increased. by prior
treatment of the enzyme with acetic anhydride or
TNBS (Fig. 5). With both reagents the increases in
Kp correspond to the increases in 5, values noted
above (Table 1); however. the absolute Iy, values
are about 3-fold higher, probably reflecting the dif-
ferent experimental conditions in binding and kinetic
experiments. Treatment with these reagents pro-
duced similar changes in [3HJouabain binding meas-
ured in the presence of Mg** plus P; as well (data
not presented). The presence of K* in the inacti-
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Table 1. Effect of chemical modification of the enzyme on the s, for cardioac-
tive stercids™

Iy for L5, for
Treatment ouabain (uM) strophanthidin (uM)
None 1.2=0.1 0.41 £ 0.04
Acetic anhydride 23202 0.73 £ 0.09
TNBS 1.8§x203 0.64 = 0.11

* The concentration of ouabain and of strophanthidin required to produce
50 per cent inhibition of the (Na* + K*)-ATPase reaction, the Is,. was deter-
mined for untreated (control) enzyme preparations, and for those first reacted
with 0.015% acetic anhydride or 0.03% TNBS, as described under Methods.

Table 2. Effect of strophanthidin on chemical modification of the enzyme*

None 1.00 1.00

Strophanthidin, 10 uM

Acetic anhydride, 0.015%

Strophanthidin plus
acetic anhydride

1.01 = 0.03
0.26 = 0.02

0.36 = 0.02

0.92 % 0.05
0.31 +0.04

(.42 + 0.03

TNBS, 0.03% 0.53 = 0.05
Strophanthidin plus
TNBS 0.80 = 0.04

* The enzyme preparation was first incubated in 30 mM imidazole (pH 7.8). plus the
additions noted, for 10 min at 0° with acetic anhvdride or for 15 min at 25° with TNBS.
as described under Methods. The inactivation medium was then dituted with 10 vol. of
0.25 M sucrose and the enzyme prepamtmn was collected by Lenmtugatmn and resus-
pended in 0.25M sucrose. The residual (Na* + K*)-ATPase and ['H]ouabain binding (in
the presence of Mg>* plus Na* plus ATP) were measured as described under Methods:
data are presented relative to the control preparation (no additions to the inactivation

medium).

vation medium protected against this loss of [*Hj}-
ouabain binding, in the same concentration range
as it protected against the loss of enzymatic activity,
and again Na* was ineffective (Fig. 1).
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Fig. 5. Effects of acetic anhydnde and TNBS on the binding
of [*H]ouabain. Binding of [*H]ouabain to untreated
enzyme (@) or to that first reacted with 0.015% acetic
anhydride (O} or 0.03% TNBS (M) was measured as
described under Methods: the enzyme preparations were
incubated with the concentrations of [*H}ouabain indicated.
in the presence of 2mM MgCl;. 50 mM NaCl and 2 mM
ATP, for 5min at 37°. Data are presented relative to the
binding of 1 uM ouabain to the untreated enzyme defined
as 1.0

Further evidence for the interrelationship between
K*- and ouabain-binding sites was provided by
experiments testing whether the cardioactive steroids
could. like K*, protect against enzyme modification
by acetic anhydride and TNBS. In these experiments
strophanthidin was used because it is more easily
removed from the enzyme than ouabain [23]. Inclu-
sion of strophanthidin in the preincubation medium
protected against the loss of both enzyme activity
and of [*H]ouabain binding (Table 2).

Finally, the observations by Pitts and Askari
[12, 13] that cardioactive steroids could activate the
phosphatase reaction in the absence of K* afforded
another opportunity to test the relationship among
the modifying reagents, the cardioactive steroids.
and the K* at the a-sites. With the purified enzyme
preparation, phosphatase activity in the absence of
KCl was less than 1 per cent of that with the optimal
10 mM KCI, whereas addition of 0.1 mM ouabain
(Fig. 6) increased activity to nearly 20 per cent of
that with 10 mM KCl. (These measurements were
made with 0.2 mM umbelliferone phosphate as sub-
strate, since the stimulation by ouabain is greater at
non-saturating levels of substrate [12] and the fluo-
rometric assay of umbelliferone is more sensitive
than the colorimetric assay of nitrophenol formed
from the more usual substrate nitrophenyl phos-
phate.) Treatment of the enzyme preparation with
acetic anhydride reduced both the maximal level of
stimulation by ouabain and the apparent affinity for
ouabain, shifting the dose-response curve to the
right (Fig. 6), just as it did in the experiments measur-
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Fig. 6. Effect of ouabain on umbelliferone phosphatase
activity in the absence of KCIl. Umbelliferone phosphatase
activity was measured. as described under Methods. with
untreated control enzyme preparations (@) or with those
first reacted with 0.015% acetic anhydride (O). Assay
incubations were in the absence of KCl but in the presence
of the ouabain concentrations indicated. Phosphatase
activity is presented relative to that of untrcated control
enzyme preparations, incubated in the absence of ouabain
and the presence of 10 mM KCI, defined as 1.0,

ing [*H]ouabain binding (Fig. 5). The concentrations
of ouabain to produce half-maximal stimulation cor-
respond well with the I, values for ouabain (Table
1), also measured in kinetic experiments. The reduc-
tion in maximal activation by ouabain was less than
that by K*, although it corresponds to the reduction
in maximal binding of [*H]ouabain (Fig. 3).

DISCUSSION

Previous studies [ 14] demonstrated that, after par-
tial inactivation of the (Na* + K*)-ATPase by either
acetic anhydride or TNBS, the properties of the
residual enzymatic activity were also modified. Thus,
some of the enzyme molecules subjected to such
treatment retained at least part of their catalytic
activity, but their kinetic properties, and conse-
quently the aggregate kinetic properties of the entire
preparation, were irreversibly altered. Most notably,
the K, sfor K* as activator of the phosphatase reac-
tion was increased (Fig. 2). and the effect of K* on
the K,, for ATP was decreased [14]; both may be
attributed to a diminished effect of K™ at the a-sites
[15, 24]. Correspondingly, K+, with a concentration-
dependence fitting its occupancy of the a-sites, pro-
tected against inactivation (Fig. 1). By contrast, the
K, s for K* as activator of the (Na* + K7)-ATPase
reaction, an effect mediated through the B-sites [15],
was not increased (Fig. 3), nor was the K, s for Na*
as activator of the ATPase (Fig. 4) or the K, for Na*
as inhibitor of the phosphatase reaction [14]. The
experiments with the purified enzvme preparation
from kidney reported here confirm the earlier studies
and extend such considerations to the relationships
beteen the enzyme and the pharmacologically impor-
tant cardioactive steroids.
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The (Na* + K*)-ATPase spans the plasma mem-
brane in vivo, and has specific sites accessible from
either extracellular or intracellular media. Ouabain
binds only when added to the extracellular face [9]
and K* activates the ATPase reaction at sites (8-
sites) accessible from that face also [25]. In contrast
to earlier reports [26, 27], recent studies [28] localize
the K*-sites that activate the phosphatase reaction
(a-sites) to the intracellular face. On this basis, early
results [8] showing K* in the extracellular medium
antagonizing inhibition by cardioactive steroids
could not be attributable to K* at the a-sites. More
recent studies [11], however, indicate that K* at
intracellular sites (or Na* at intracellular sites) is
required for extracellular K* to exert its antagonism
to cardioactive steroids.

The experiments described here support such for-
mulations of interactions between cardioactive ster-
oids at their (extracellular) binding sites and K* at
its (probably intracellular) a-sites. First, cardioactive
steroids can, at their sites, substitute for K* at its
a-sites, as activator of the phosphatase reaction, as
originally demonstrated by Pitts and Askari [12, 13],
and the apparent affinities for both the cardioactive
steroids and K™ as activators are decreased by prior
treatment of the enzyme with acetic anhydride or
TNBS (Figs. 2 and 6). Second, binding of
[*H]ouabain to the enzyme and inhibition of the
enzymatic reactions by cardioactive steroids are both
modified by such treatment (Table 1; Fig. 5). Finally,
both K* (at concentrations corresponding to its fill-
ing of the a-sites) and cardioactive steroids protect
against the modification of acetic anhydride or TNBS
(Fig. 1; Table 2). The nature of the chemical modi-
fications produced by acetic anhydride and TNBS
that so affect enzyme activity and drug-receptor
interaction is an intriguing question awaiting further
study.
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