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SUMMARY

AKERA, TA!, KU, DAVID, T0BIN, THOMAS & BRODY, THEODORE M. (1976) The
complexes of ouabain with sodium- and potassium-activated adenosine triphospha-
tase formed with various ligands: relationship to the complex formed in the beating
heart. Mol. Pharmacol., 12, 101-114.

The characteristics of complexes of IlHiouabain with (Na* + K�)-ATPase 1Mg2’ -depen-
dent, (Nat, K�)-activated ATP phosphohydrolase, EC 3.6.1.3.] formed in vitro in the
presence of various ligands were compared using partially purified rat brain and

dog heart enzyme preparations and dog heart homogenates. The differences in

characteristics of the ouabain-enzyme complexes were detected by monitoring dissocia-
tion rates in media of low ionic strength. It appeared that there are at least three

different forms of the ouabain-enzyme complex prepared in vitro with rat brain enzyme.

The ouabain-enzyme complex formed with Mg2� and P was stable and unaffected by K�

added to the dissociation mixture. The ouabain-enzyme complex formed in the presence

of Mg2� and ATP had an intermediary dissociation rate in the absence of K� and was not

stabilized by Kt The addition of Na� to the binding mixture containing Mg2� and ATP
increased the ouabain binding and resulted in the formation of an unstable complex.
The addition ofK� to the mixture after the termination ofthe binding reaction stabilized

the complex. In contrast, the presence ofK� in the binding mixture with Nat, Mg2�, and
ATP resulted in a K�-insensitive, intermediary stable complex which was similar to

that formed in the presence of Mg2� and ATP. With dog heart enzyme, the ouabain-
enzyme complex formed in the presence of Na� , K� , Mg2� , and ATP had characteristics

similar to that formed in the presence of Na� , Mg2� , and ATP. Both complexes were
stabilized by K� added to the dissociation mixture. The [:IH]ouabaifl bound to ventricu-
lar tissue during the Langendorif perfusion of isolated puppy hearts and dissociated in
vitro was stabilized by the addition of K�, like the complex formed in vitro in the

presence of either Na� , Mg2� , and ATP or Na� , K� , Mg2� , and ATP, but unlike the
complex formed in the presence of Mg2� and P,, which was not stabilized by K�. It was

concluded that ouabain binds to different forms of the phosphoenzyme under various

ligand conditions, resulting in different forms of the ouabain-enzyme complex, and that
the ouabain-enzyme complex formed in the presence of Mg2� and P is not a suitable
model for the drug-enzyme interaction occurring in vivo. Additionally, the dissociation

characteristics of the ouabain-enzyme complex formed in vitro were not influenced by

the concentration of ouabain or by the duration of the drug-enzyme interaction.
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INTRODUCTION

Cardiac (Nat + K�)-ATPase [Mg2�-de-

pendent, (Na�,Ki-activated ATP phos-
phohydrolase, EC 3.6.1.31 has been postu-
lated to be a positive inotropic andior toxic
receptor for cardiac glycosides (1-6; see

also ref. 7). Such a hypothesis is based
upon the observations that (Nat + K�)-

ATPase is uniquely sensitive to cardiac
glycosides (see ref. 7), and that the inhibi-

tion of cardiac (Nat + K�)-ATPase is re-

lated to the positive inotropic response to
cardiac glycosides in dog and guinea pig

hearts (4, 8-10). Additionally, the charac-
teristics of interactions between cardiac
glycosides and isolated (Nat + K�)-ATP-

ase are similar to those between cardiac
glycosides and the inotropic receptor (4, 6,
11-15). More recently, we have demon-

strated that the inhibition of cardiac
(Nat + K�)-ATPase by RbCl is associated
with a positive inotropic response in
guinea pig atrial preparations (16). These

data indicate that cardiac (Nat + K�)-
ATPase is intimately related to the mo-
tropic receptor for cardiac glycosides. Thus

the interaction of cardiac glycosides with

(Nat + Ki-ATPase in vitro may be used
as a model for the glycoside-receptor in-

teraction occurring in vivo.

Cardiac glycosides, such as ouabain,
preferentially bind to (Na� + Ki-ATPase
in the presence of specific combinations of
ligands, namely, in the presence of Mg2�
and inorganic phosphate at low ionic con-
centrations or in the presence of Nat,
Mg2�, and ATP (17). The ouabain-
(Nat + Ki-ATPase complexes formed in

vitro seem to have different properties, de-

pending upon the ligand conditions which
prevail during the binding reaction. Such
differences may be detected by monitoring

the dissociation reaction of the ouabain-
enzyme complex in a mixture different

from the binding mixture but having a low

ionic strength (18). Under these conditions

the complex prepared in the presence of
Mg2� and P is stable and its dissociation

rate constant is unaffected by potassium.
The ouabain-enzyme complex prepared in
the presence of Nat, Mg2�, and ATP is
relatively unstable and is stabilized by the
addition of K� to the mixture in which

dissociation is monitored (18, 19). Whether
these differences represent different bind-
ing sites for ouabain on the (Nat + K�)-

ATPase or different conformational states

of the enzyme protein is unknown, al-
though several investigators have pro-

posed that binding sites on the enzyme are
the same for the complex prepared with

Mg2� and P and that prepared with Na�,
Mg2�, and ATP and treated with K� (20).

Since Nat, K�, Mg2�, and ATP are ap-
parently available to (Na� + K�)-ATPase

in intact cells, the ouabain-enzyme com-
plex formed in vitro in the presence of Nat,

K� , Mg2� , and ATP may represent the
complex formed in vivo or in the isolated
beating heart. However, little is known
regarding the characteristics of the oua-
bain-enzyme complex formed in vitro in
the presence of Nat, K�, Mg2�, and ATP.
In the presence of Mg2� and ATP,
[3Hjouabain binding to (Na� + K�)-ATP-
ase is stimulated by Na� and inhibited by
K� (17). Such effects of Na� and K4’ have
been suggested to result from their action
to increase or decrease the concentrations

of phosphoenzyme, to which ouabain binds
preferentially (21). Ifthis hypothesis is cor-
rect, the bulk of the ouabain-enzyme com-

plex formed in vitro in the presence of Nat,
K�, Mg2�, and ATP should be similar to

that formed in vitro in the presence of Nat,
Mg2� , and ATP, and may be representa-
tive of the binding of ouabain to
(Nat + K�i-ATPase in vivo.

In the present study the characteristics
of the ouabain-(Na� + K1-ATPase com-
plexes prepared in vitro in the presence of
various ligands have been examined, us-
ing a partially purified rat brain enzyme

preparation. Subsequently the dissocia-
tion in vitro of ouabain from the cardiac
tissue following a dog heart Langendorff
perfusion was compared with that of the

ouabain-cardiac (Nat + Ki-ATPase com-
plexes formed in vitro in the presence of
various ligands.

MATERIALS AND METHODS

Rat brain (Nat + K�)-ATPase prepara-

tions. Sprague-Dawley rats, weighing
200-300 g, were killed by decapitation,
and the brains were rapidly removed.
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After the meninges had been wiped away,
brains were weighed and homogenized in a
Dounce ball-type homogenizer with 5 vol-
umes of ice-cold solution containing 0.25 M

sucrose, 5 mM histidine, 5 mM disodium

EDTA, 0. 15� sodium deoxycholate, and
0.01 mM dithiothreitol (pH adjusted to 6.8

with Tris base). Deoxycholic acid and dithi-
othreitol were added immediately before

use. Thorough homogenization with a
tight pestle is essential for a good yield and
high enzyme activity. The homogenate
was centrifuged at 10,000 x g for 15 mm,

and the resulting sediment was resus-

pended using a Dounce homogenizer in a

solution (6 ml/brain) similar to the above
homogenizing solution but containing

0. 1’3� sodium deoxycholate, and centri-
fuged again as above. The supernatants
from the two centrifugations were corn-

bined and centrifuged at 100,000 x g for 30
mm. The resulting sediment was resus-

pended using a Potter-Elvehjelm Teflon
homogenizer in a solution containing 0.25

M sucrose, 5 mM histidine, 1 rn� disodiurn
EDTA, and 0.01 mM dithiothreitol (pH 7.0)
to approximately the same volume as that
prior to centrifugation, and centrifuged at

20,000 x g for 20 mm. The resulting super-
natant was further centrifuged at 100,000
x g for 30 mm, and the sediment was

resuspended in a solution containing 2.0 M

NaI, 2.5 m� disodiurn EDTA, 3.0 mM

MgCl2, 5 m�t histidine, 2.0 m�i disodiurn

ATP, and 0.01 m� dithiothreitol (pH ad-
justed to 7.3 with Tris base). The mixture

was gently mixed for 30 mm at 00 and then
diluted with 2.5 volumes of 1 m�i disodiurn
EDTA and centrifuged at 100,000 x g for
30 mm. The resulting sediment was

washed twice by suspending it in 10 mM

Tris-HC1 buffer (pH 7.5) containing 1.0 mM

disodium EDTA and centrifuging it at 100,-
000 x g for 30 mm. The final sediment was
resuspended in a solution containing 0.25
M sucrose, 1.0 mM EDTA (acid, dissolved

in a Tris base solution), and 5 rn�vi histi-
dine (pH adjusted to 7.0 with Tris base)
and stored frozen at -20#{176}until use. All
preparative procedures were performed at
0-5#{176}.

The present enzyme preparations had
specific ATPase activities of approxi-
mately 350 jAmoles of inorganic phosphate

released from ATP per milligram of pro-

tein per hour in the presence of 100 m�i

NaCl, 15 m�t KC1, 5 mM MgCl2, 5 m� Tris-
ATP, and 50 mM Tris-HC1 buffer (pH 7.5)
at 37#{176}.Mg2�-ATPase activity, assayed in

the absence of added NaCl and KC1, was
less than 5� of the total ATPase activity
(for details ofATPase assay, see ref. 22).

Dog heart homogenates and

(Na � + K� )-A TPase preparations . Car-

diac homogenates were prepared from mon-
grel puppies of either sex weighing 500-
1000 g. Ventricular muscle was minced

and homogenized in 9 volumes of a solu-
tion containing 0.25 M sucrose, 1.0 mM

Tris-EDTA, and 5 mM histidine (pH 7.0),
using a Dounce ball-type homogenizer.

Cardiac (Nat + K� )-ATPase prepara-
tions were obtained from frozen dog hearts
(Pel-Freez Biologicals) by the method of

PiUs et al. (23). (Nat + K�i-ATPase activ-

ity ofcardiac enzyme preparations was ap-

proximately 100 jAmoles of inorganic phos-
phate released from ATP per milligram of
protein per hour. Mg2�-ATPase activity
was less than 10% of the total activity.

[:IH]Ouabain binding and release stud-

ies. The IiH]ouabamn�enzyme complex was

prepared by incubating the enzyme prepa-
ration or homogenate (0.2 mg of protein

per milliliter) and 0.01 jAM [:IH]ouabaifl
(New England Nuclear Corporation; spe-
cific activity, 13.2 Ci/mmole) in the pres-

ence of various ligands at 37#{176}for 10 mm
unless otherwise indicated (for details, see
ref. 19). The mixture was then centrifuged

at 100,000 x g for 30 mm at 0#{176},and the

sediment was suspended in 10 m�i Tris-
HC1 buffer (pH 7.5). The suspension was
kept in an ice bucket and the dissociation
reaction was studied immediately. In some
experiments the binding of the labeled oua-

bain was terminated by the addition of
nonradioacti ye ouabai n (final concentra-
tion, 0.1 mM) with a simultaneous 10-fold
dilution of the mixture.

The release of bound [:IH]ouabaifl from
(Nat + K� )-ATPase observed with these
two different methods may theoretically

represent two separate phenomena, i.e.,

dissociation of the ouabain-enzyme com-

plex and turnover of the bound ouabain.
These two methods, however, yielded simi-

lar rates of decline of the bound
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[3Hjouabain in a mixture containing the
same cation composition if dissociation
studies were performed under conditions
in which rebinding of released [tHlouabain

was negligible as a result of the absence of

Mg2� or by dilution of the released

[3Hlouabain with excess nonlabeled oua-
bain (19, 24, 25).i Thus it would appear
that nonradioactive ouabain does not ac-
tively displace bound [1Hlouabain from its

binding site and that values obtained with

either method represent the dissociation
reaction of the [:iH]ouabamn�enzyme corn-

plex.

The dissociation of the [:IH]ouabainen

zyme complex was monitored at 37#{176}.Ali-
quots were taken at appropriate time inter-
vals, and the amount ofbound [3H]ouabain

remaining undissociated was estimated us-
ing a Millipore filter system to separate
the unbound ouabain and liquid scintilla-
tion counting to assay radioactivity (19).
Millipore filters were dissolved in ethylene

glycol monomethyl ether before counting.
Counting efficiency (approximately 30%)
was monitored by the external standard

channel ratio, which was occasionally cali-

brated with internal standards. The levels
of phosphate ligand-independent binding

were estimated from the results of
[3H]ouabain binding and dissociation ex-
periments which were performed concur-
rently, excluding ATP or Tris-phosphate
from the [:iHlouabain binding mixture. Al-
though such ATP-independent (or P-inde-

pendent) binding represented less than 2%
of the total binding when the assay was
performed with low concentrations (0.01
jAM) of [3H]ouabain, the radioactivity in

the absence of nucleotide or inorganic phos-
phate was routinely subtracted from that
observed in its presence to calculate phos-
phate ligand-dependent (specific)
[3H]ouabain binding. It has been previ-

ously reported that ATP-dependent bind-
ing of [:IH]ouabain is the stoichiometric
binding to (Nat + Ki-ATPase (26). All
values reported in this paper are those due
to the ATP- or P-dependent portion of the
binding, except for those in Fig. 5.

Perfusion of isolated hearts. Langen-
dorif perfusions of isolated puppy hearts

were performed as previously described

(6). The hearts were perfused with Krebs-

Henseleit solution at 30#{176}at a constant flow

rate of 8 ml/min and electrically driven at

1.5 Hz with a square pusle of 5-msec dura-
tion and a voltage 10% above threshold.

Contractile force was monitored with an
FT-03 force displacement transducer
(Grass Instruments). [3H}Ouabain perfu-
sion was started after a 45-mm equilib-
rium period and terminated 20 mm later.
At that time the ventricular muscle was
excised, homogenized, centrifuged at 100,-
000 x g for 30 mm at 0#{176},and resuspended
in 10 mM Tris-HC1 buffer (pH 7.5), and the

release of {3Hjouabain from the resus-
pended homogenate was monitored at 37#{176}
in the presence and absence of added KC1
or NaCl.

Miscellaneous . Protein concentrations
were assayed by the method of Lowry et

al., using bovine serum albumin as the
standard (27). The results were analyzed

for statistical significance by Student’s t-

test. Tris-ATP and other reagents were
purchased from Sigma Chemical Corn-
pany.

RESULTS

Complexes ofouabain with partially pur-

ified rat brain (Nat + K�)-ATPase
f ormed in the presence of various ligands.
Figure 1A shows the rates of release of
[3Hjouabain previously bound to rat brain

(Nat + K�)-ATPase at 37#{176}under various
conditions and dissociated at the same tem-
perature in 10 mM Tris-HC1 buffer (pH 7.5)
in the absence of K�. In these experiments

[3Hjouabain-enzyme complexes were
formed by incubating the enzyme prepara-
tion with [:IH]ouabain in the presence of
various ligands for 10 mm at 37#{176}.Subse-

quently unbound [:IH]ouabain was re-
moved by centrifugation, washing, and re-

suspension of the pellet, and dissociation
of the bound ouabain was monitored at 37#{176}
in 10 mM Tris-HC1 buffer (pH 7.5). The
levels of bound [1H]ouabain at the begin-

ning of the dissociation reaction were dif-
ferent, depending upon the ligand condi-
tions which prevailed during the binding
reaction: high for those complexes pre-
pared in the presence of Nat, Mg2�, and
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Rat brain (Na’� + K�)-ATPase preparations were incubated with 0.01 jiM [3H]ouabain at 370 for 10 mm in

the presence of various ligands:#{149}, 1 m� MgCl2 and 1 ma� Tris-phosphate; 0, 20 m� NaCl, 5 m�i MgCl2, and

5 mM Tris-ATP;#{149}, 20 mas NaC1, 5 ma� KC1, 5 m�ns MgCl2, and 5 ma� Tris-ATP; LI, 5 m� MgCl2 and 5 m�s Tris-

ATP. The mixture was centrifuged at 100,000 x g for 30 mm at 0#{176},and the pellet was resuspended in 10 �

Tris-HC1 buffer (pH 7.5) containing no (A) or 5 mini KC1 (B). Dissociation was monitored at 37#{176}.Bound

[3H]ouabain for each preparation at the beginning of the dissociation reaction was set at lOOT. Vertical lines

indicate the standard errors of four experiments.

ATP or Mg2� and P�, and lower for those

prepared in the presence of Mg2� and ATP
or Na�, K�, Mg2�, and ATP. These differ-
ences in [3H]ouabain binding under var-
ious ligand conditions are in good agree-
ment with those reported earlier by

Schwartz et al. (17). In order to facilitate
the comparison of dissociation rate con-
stants, bound {3H]ouabain for each prepa-
ration at the beginning ofdissociation reac-
tion was set at 100% in Fig. 1. The
[3H]ouabain-enzyme complex formed in
the presence of Nat, Mg2, and ATP disso-
ciated most rapidly, with a half-life of less
than 5 mm. The ouabain-enzyme complex

formed in the presence of Mg2� and P disso-

ciated slowly, with a half-life of approxi-
mately 30 mm. These values are compara-
ble to half-lives reported earlier from our
laboratory (18). The complexes formed in
the presence of either Mg2� and ATP or
Na, K�, Mg2�, and ATP had intermediate

stabilities. The addition of 5 m� KC1 to
the dissociation mixture caused marked
stabilization of the complex formed in the
presence of Na’�, Mg2’�, and ATP; the half-
life of the complex in the presence of KC1
approached that of the complex prepared

with Mg2� and P (Fig. 1B). The addition of
5 mM KC1 to the dissociation mixture, how-
ever, failed to stabilize further the stable
ouabain-enzyme complex formed in the
presence of Mg2� and P (compare Fig. 1A

and B). These data are in good agreement
with previous reports (18, 28). The oua-

bain-enzyme complexes prepared in the
presence of Mg2� and ATP or Na� , K�,
Mg2�, and ATP were also minimally stabi-

lized by the addition of 5 m� KC1 to the
dissociation mixture, although these corn-
plexes were still less stable than those pre-
pared with Mg2� and P. These results in-

dicate that the ouabain-enzyme complexes
prepared in the presence of Mg2� and ATP

or Nat, K�, Mg2�, and ATP are different
from those prepared with Nat, Mg2�, and
ATP or with Mg2� and P.

The variations in K� sensitivity of the

ouabain-enzyme complexes prepared in
the presence of Na�, Mg2�, and ATP and
Nat, K�, Mg2�, and ATP appear to reflect
more than quantitative differences in the
affinity of the complexes for K�, since

large differences in K� concentration did
not appear to alter the dissociation rate

constants significantly (Fig. 2). In these
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experiments the enzyme preparation was
incubated with 0.01 jAM [3H]ouabain in the

presence of Nat, Mg2�, and ATP with or

without 5 m�i KC1 at 37#{176}for 10 mm. The

levels of bound [3Hjouabain in the absence

and presence of 5 m� KC1 were 18.4 ± 0.5
and 4.04±0.16 pmoles/mg of protein, re-

spectively. The binding of [3H]ouabain was
terminated by the addition of nonradioac-
tive ouabain, and the subsequent release
of [3H]ouabain was monitored in the pres-
ence of 0.5 m� MgCl2, 2 m� NaC1, 0.5 mM

Tris-ATP, 10 mr�i Tris-HC1 buffer (pH 7.5),
and various concentration of KC1. The
half-life of the ouabain-enzyme complex

formed in the presence of Nat, Mg2�, and
ATP and dissociated in the absence of KC1

(Fig. 2, 0 m� line) was somewhat longer
than the corresponding value shown in

Fig. 1A. This was due to the presence of 2
mM NaC1 in the dissociation mixture
rather than to differences in rates of disso-

C
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FIG. 2. Effects of K� on dissociation of ouabain-

ATPase complex

Rat brain (Nat + K�i-ATPase preparations were

incubated with 0.01 jiM [:iHjouabain at 37#{176}in the

presence of 20 mini NaCI, 5 mini MgC12, and 5 mM

Tris-ATP, without (--) or with 5 mini KC1 (-) in

addition. After a 10-mm incubation period, the mix-

ture was diluted 10-fold, nonlabeled ouabain was

added (final concentration, 0.1 mM) to terminate the

binding of labeled ouabain, and dissociation of the

[3Hlouabain-enzyme complex was monitored in the

presence of KCI. The final concentration of KCI in

the dissociation mixture is indicated along each

line. Vertical lines indicate the standard errors of

seven experiments.

ciation and turnover (see MATERIALS AND

METHODS). The NaCl was originally pres-

ent in each binding mixture and not
washed out but rather diluted 10-fold. A
relatively low concentration ( 1 mM) of

NaCl was shown to cause a slight stabiliza-
tion of the ouabain-enzyme complex

formed in the presence of Na� , Mg2’� , and
ATP (18). Potassium failed to stabilize the

complex prepared in the presence of Nat,

K�, Mg2�, and ATP, even at high concen-

trations, whereas it stabilized the complex
prepared in the presence of Na� , Mg2�’ , and

ATP in a concentration-dependent man-
ner. Obviously the effect of “zero” potas-

sium could not be determined in the corn-
plex prepared in the presence of 5 mmvi K�.

In Figs. 1 and 2 bound [3Hlouabain re-
maining after various incubation periods
is expressed as a percentage of that at the
onset of the dissociation reaction. Al-
though this makes it possible to compare
directly the dissociation rate constants of
various forms of the ouabain-enzyme corn-

plexes, dissociation rate constants may be
a function of the magnitude of ouabain-

enzyme interactions. Figure 3, however,
shows that the differences in initial levels
of bound [3H]ouabain or in the duration of
the drug-enzyme interaction per se did not

affect the dissociation of the ouabain-en-
zyme complex which had been stabilized
by Kt In these experiments the ouabain-
enzyme complex was prepared in the pres-

ence of Nat, Mg2�, and ATP by incubating
the enzyme preparation with different con-
centrations of [3H]ouabain, ranging from
0.01 to 1.0 jAM, for 10-30 mm at 37#{176},which
resulted in different levels of bound
[3Hjouabain. The dissociation rates were

estimated in the presence of 5 m� KC1
after terminating the binding of [tHIoua-
bain by adding 0.1 m� nonradioactive
ouabain to the mixture. Dissociation rate
constants of the ouabain-enzyme complex

were similar despite more than a 10-fold
difference in initial levels of bound [��JjJ
ouabain (Fig. 3, curves A, B, and C), as
indicated by the similar slopes of the semi-
logarithmic plots. An increase in the incu-
bation period for the binding reaction from
10 to 30 mm also failed to affect the disso-
ciation rate constants of this ouabain-

enzyme complex (Fig. 3, curve C vs. curve
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FIG. 3. Dissociation rates ofouabain-ATPase com-

plex

Rat brain (Na� + K�)-ATPase preparations (0.2

mg ofprotein) were incubated at 37#{176}in the presence

of 20 mini NaC1, 5 mM MgCl2, and 5 mini Tris-ATP

with 0.01 jiM ouabain (A), 0.1 jiM ouabain (B), or 1.0

jiM ouabain (C) for 10 mm, or with 1.0 jiM ouabain

for 30 mm (D), in a total volume of 1.0 ml. The

reaction was terminated at “zero” time by the addi-

tion of 9.0 ml of 10 mM Tris-HC1 buffer (pH 7.5) con-

taming 0.11 mM nonlabeled ouabain and 5.5 mini

KC1. Subsequent dissociation of the [:Hjouabain

enzyme complex was monitored by taking aliquots

at the indicated time points. Vertical lines indicate

the standard errors of five experiments.

D). Thus the dissociation half-times oh-
served in the presence of 5 m�i KC1 were
independent of the initial levels of hound

{3Hjouabain and therefore the lack of K�-
induced stabilization of the ouabain-en-
zyme complex formed in the presence of
Mg2� and ATP or Nat, K�, Mg2�, and ATP

shown in Figs. 1 and 2 was not due to the

lower initial levels of the [3Hjouabain-en-
zyme complexes associated with these li-
gand conditions. Regardless of the initial
levels of the {3Hjouabain-enzyme complex,
KC1 was capable of stabilizing the oua-
ham-enzyme complex formed in the pres-
ence of Nat, Mg2�, and ATP. Further-
more, the dissociation rate constants were
independent of the interaction time be-
tween ouabain and enzyme.

In order to determine whether the oua-

bain-enzyme complexes formed in the pres-

ence of Na� , Mg2� , and ATP and those
formed in the presence of Nat, K�, Mg2�,

and ATP were interconvertible, attempts
were made to convert the latter ouabain-
enzyme complex from the relatively K�-
insensitive form to the highly K�-sensitive

form. When the [:lHlouahamnenzyme corn-
plex was formed in the presence of Nat,
K�, Mg2�, and ATP, centrifuged, and re-
suspended in 10 m�i Tris-HC1 buffer (pH
7.5), the complex dissociated at an interme-
diate rate and K� failed to stabilize it (Fig.
1A). With added KC1, the dissociation of
such a complex was significantly faster
than that of the complexes formed in the
presence of Na� , Mg2, and ATP and disso-
ciated in the presence of KC1 or those
formed in the presence of Mg2� and P (Fig.
1B), although the centrifugation and resus-

pension had been shown to remove K� ef-
fectively (19). Further attempts to convert
the complex by treatment with Na� and P
were only partially successful. (Nat
+ K�)-ATPase has been shown to be an

allosteric enzyme, and it is postulated

that Na� favors one configuration and that

K� induces the transition to another config-
uration (see ref. 18). Ouabain preferen-
tially binds to the Nat-induced form of the
phosphoenzyme (21, 29, 30) in an environ-
ment ofhigh ionic strength, and the result-

ing complex is unstable and highly sensi-
tive to the stabilizing action of K�’ ( 18, 19,
28). Thus, after the removal of K� by cen-
trifugation, washing, and resuspension of
the pellet, the ouabain-enzyme complex
formed in the presence of Na’� , K� , Mg2�,
and ATP was exposed to relatively high

concentrations of NaCl in an attempt to

convert it from the K�-induced form to the
Nat-induced form untjer conditions which

would phosphorylate the ouabain-enzyme

complex. Ouabain binds to the phosphoen-

zyme, forming a ouabain-phosphoenzyme

complex from which phosphate dissociates
more rapidly than ouabain (29). The addi-

tion of P,, but not ATP, has been shown to
rephosphorylate the complex (29). The oua-
ham-enzyme complex prepared in the pres-

ence of either Nat, K�, Mg2�, and ATP or
Mg2� and P was centrifuged at 100,000 x g

for 30 mm at 0#{176},resuspended in a mixture

containing 10 m� Tris-phosphate, 200 m�i
NaCl, and 10 m� Tris-HC1 buffer (pH 7.5),
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and incubated at 37#{176}for 5 mm. The mix-
ture was then centrifuged twice at 100,000
x g at 00, resuspending each time with 10

mM Tris-HC1 buffer (pH 7.5). The dissocia-
tion rates of these compl#{128}xes were ob-
served at 37#{176}.The slow dissociation of the
complex prepared with Mg2� and P, was

unchanged by treatment with Na� and P
and further centrifugation and resuspen-

sion (open squares, Fig. 4). Additionally, 5
mM KC1 failed to alter the stability of the

ouabain-enzyme complex prepared with
Mg2� and P, and then treated with Na� and

P1 (solid squares, Fig. 4). The stability,

observed in the absence of KC1, of the com-

plex prepared with Nat, K�, Mg2�, and

ATP appeared to be only slightly de-
creased after these treatments (compare
with Fig. 1). The addition of 5 m� KC1 to
the dissociation mixture caused a decrease

FIG. 4. Dissociation of ouabain-ATPase complex

treated with 10 mM P and 21X� mM NaCI

Rat brain (Na� + K�)-ATPase preparations were

incubated with 0.05 jiM L:IH]ouabain at 37#{176}for 10 mm
in the presence of either 20 mini NaC1, 5 mini KC1, 5

mM MgC1�, and 5 mini Tris-ATP or 1 mini MgCl2 and 1

mM Tris-phosphate. The mixture was centrifuged at

100,000 x g for 30 mm at 0#{176}.The resulting pellet was

resuspended in a medium containing 10 mini Tris-

phosphate and 200 mini NaCl, incubated at 37#{176}for 5

mm, and centrifuged twice at 100,000 x g for 30 mm

at 0#{176},resuspending each time with 10 mini Tris-HC1

buffer (pH 7.5). The final suspension was incubated

at 37#{176}and monitored for dissociation of the

13H]ouabain-enzyme complex in the presence and

absence of 5 mini KC1. Vertical lines indicate the

standard errors of four experiments.

in the dissociation rate constant, but failed
to stabilize the complex to the level of that
prepared in the presence of Mg2� and P

(Fig. 4) or that prepared in the presence of

Nat, Mg2�, and ATP and stabilized by KC1
(Fig. 1). Thus these treatments failed to

significantly convert the ouabain-enzyme
complex prepared in the presence of

Nat, K�, Mg2�, and ATP from the rela-

tively K�-insensitive form to the highly
K�-sensitive form. Treatment of the corn-

plex with either Na� or P. alone was also

unsuccessful (data not shown). These
treatments also failed to alter the stability
of the ouabain-enzyme complex formed in
the presence of Mg2� and P,.

Dissociation in vitro of ouabain from

cardiac tissue following dog heart Langen-
dorff perfusion, and dissociation of oua-
bain-cardiac (Na� + K�)-ATPase com-

plexes formed in vitro in the presence of

various ligands. In isolated puppy heart

Langendorff preparations, perfusion with
0.6 jAM [3H]ouabain for 20 mm produced a

29.1± 1.9% increase in isometric contrac-
tile force (mean ± standard error of four
experiments) under the present experimen-

tal conditions. At that time the ventricular
muscle was excised, homogenized, and cen-

trifuged at 100,000 x g for 30 mm at 0#{176},and

the pellet was resuspended in 10 m�i Tris-
HC1 buffer (pH 7.5) and assayed for the
release of [3Hjouabain at 37#{176}.The release

of [3Hlouabain in the absence of added KC1
was relatively slow: the half-time was ap-
proximately 25 mm (Fig. 5). It should be

pointed out that values in Fig. 5 represent

“total” ouabain binding to the particulate

fraction of ventricular tissue. Although it
was not possible to distinguish that por-

tion of [3H]ouabain which was specifically

bound to (Nat + K1-ATPase from that

nonspecifically bound to the tissue under

these experimental conditions, the addi-

tion of 5 m� KC1 markedly reduced the
rate of release of [3H]ouabain. The effects
of 5 m� NaC1 in reducing the rate of

release of [3H]ouabain were significantly

smaller (Fig. 5). These differential effects
of Na� and K� on the release of bound

ouabain closely resemble those on the dis-
sociation of the ouabain-(Na� + K�)-ATP-
ase complex formed in vitro in the pres-
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FIG. 5. Dissociation ofl:Hkuabain from ventricu-

lar tissue afterpuppy heartperfusion with the drug

Isolated puppy hearts were perfused with 0.6 jiM

13H]ouabain for 20 mm at 30#{176}.After perfusion of the

drug into puppy hearts, ventricular muscle was ho-

mogenized, centrifuged at 100,000 x g for 30 mm at

0#{176},resuspended in 10 mini Tris-HC1 buffer pH 7.5),

and assayed for the release of [3Hlouabain at 37#{176}in

the absence and presence of either KC1 or NaC1.

Values are expressed as percentages of bound

[3H]ouabain at the start of the dissociation reaction.

Vertical lines indicate the standard errors of eight

(control and KC1) or four (NaCl) experiments.

ence of Na4, Mg2�, and ATP (18). While it

is possible that K� nonspecifically alters
the rate of release of bound ouabain which

is not associated with (Na� + K�)-ATP-
ase, the differential effects of K� and Na�
observed strongly suggest that the K�-sen-
sitive portion of bound ouabain is associ-

ated with (Nat + Ki-ATPase. The ATP-
dependent portion of bound [3H]ouabain

formed in the presence of Na� and Mg2�
has been shown to be associated with

(Na� + K4)-ATPase (26), whereas the
ATP-independent portion is considered to
be nonspecific. While the dissociation of

the ATP-dependent portion of bound oua-

ham is differentially affected by Na� and
K� (18), that of the ATP-independent por-

tion is affected by neither Na� nor K�
(data not shown). Furthermore, the

release of bound ouabain during the incu-

bation in vitro was accompanied by recov-
ery of the (Nat + K�i-ATPase activity esti-

mated from the initial velocity of

[3Hlouabain binding (data not shown; see,

however, ref. 10). Thus it appears reasona-
ble to conclude that the [3H]ouabain bound

to (Nat + K�)-ATPase during the perfu-

sion of isolated hearts was sensitive to K�
after a single centrifugation and resuspen-
sion. The portion ofbound [3Hlouabain sen-
sitive to K� constituted at least 30% of the

bound ouabain present in the particulate
fraction of ventricular tissue (Fig. 5). The
relatively slow release ofouabain from the
tissue preparations in the absence of added

KC1 depicted in Fig. 5 may have been due
to the presence of nonspecifically bound

ouabain, which appears to have a very
long dissociation half-time. The “looser”
binding is characteristic of specific oua-
ham binding to (Na� + K�)-ATPase (31).

It has been shown that the portion of
bound cardiac glycoside associated with

the inotropic response is less tightly bound
(32) and that the washout of ouabain
which is not associated with the inotropic
response is slower than the washout of the
inotropic response, i.e., slower than the

washout of ouabain bound to the inotropic
receptor (33).

While the ouabain-enzyme complexes
formed with Nat, Mg2�, and ATP or with

Na�, K�, Mg2�, and ATP were different in

rat brain, these complexes have similar
characteristics in dog heart: [3Hjouabain
bound to the dog heart homogenate in vi-
tro in the presence of Na� , K� , Mg2� , and

ATP was fully sensitive to K� after a sin-
gle centrifugation and resuspension (Fig.
6), in contrast to that bound to the rat

brain enzyme (Fig. 1). In these experi-
ments [3Hjouabain was incubated with dog

heart homogenate, centrifuged at 100,000
x g for 30 mm at 0#{176},and resuspended in 10

mM Tris-HC1 buffer (pH 7.5). The dissocia-
tion half-time of the [3H]ouabain-enzyme

complex formed in the presence of Nat,

K�, Mg2�, and ATP was longer than that
of the complex formed in the presence of
Nat, Mg2�, and ATP (Fig. 6). However,

the addition of 5 m�i KC1 stabilized both
complexes to the same level. Thus the oua-
bain-enzyme complexes formed with Nat,
Mg2�, and ATP in the presence and ab-
sence of K� were maximally stabilized by
KC1 added to the dissociation mixture
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Dog heart homogenate (0.2 mg ofprotein per milli-

liter) was incubated with 0.01 jiM [3H]ouabain at 37#{176}

for 20 mm in the presence of either 20 mini NaC1, 5

mM MgC12, and 5 mM Tris-ATP (0, I) or 20 mM

NaC1, 5 mM KC1, 5 mM MgCl2, and 5 mini Tris-ATP

(Eli, U). The mixture was centrifuged at 100,000 x g
for 30 mm at 0#{176},resuspended in 10 mini Tris-HC1

buffer (pH 7.5), and assayed for the release of

[3H]ouabain at 37#{176}in the absence (open symbols) or

presence of 5 mM KC1 (filled symbols). Values are

expressed as percentages of bound l3Hlouabain at

the start of the dissociation reaction. Vertical lines

indicate the standard errors of four experiments.

when dog heart homogenate was used as

the enzyme source.

In order to determine whether these

characteristics of the ouabain-enzyme com-
plex prepared with Na�, K�, Mg2�, and
ATP were due to the source of the enzyme

or to the use of the homogenate instead of

the partially purified enzyme preparation,

dissociation rates of the ouabain-enzyme

complex prepared with a partially purified

dog heart enzyme were studied. In the ab-

sence of KC1, dissociation of the
[3H]ouabain-enzyme comple�t prepared in
the presence of Nat, Mg2�, and ATP was

slightly slower (open circles, Fig. 7) than
dissociation of a similar complex prepared
from rat brain enzymes (Fig. 2). The addi-

tion of 5 m� KC1 stabilized the complex.
Dissociation of the complex prepared with
Nat, K�, Mg2�, and ATP in the presence of

0.5 mr�i KC1 was somewhat slower than

that prepared without K� in the binding
medium (filled circles, Fig. 7). It should be
noted that the [3H]ouabain binding reac-

tion was terminated by the addition of non-
radioactive ouabain in these experiments

and the dissociation reaction was moni-
tored without centrifugation and resuspen-
sion, in contrast to the experiments shown
in Fig. 6. Thus, when the binding reaction

was performed in the presence of 5 mM

KC1 and the dissociation was monitored

subsequently, the mixture inevitably con-

tained 0.5 m� KC1. When the

{3H]ouabain-enzyme complex was pre-

pared in the presence of Nat, K�, Mg2�,
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Ftc. 7. Dissociation of [3H]ouabain from dog

heart (Na� + K�)-ATPase preparation

Dog heart (Na� + K�)-ATPase preparations (0.2

mg of protein per milliliter) were incubated with

0.01 jiM [3H]ouabain at 37#{176}for 20 mm in the presence

of either 20 mini NaC1, 5 mini MgCl2, and 5 mini Tris-

ATP (0) or 20 mini NaC1, 5 mini KC1, 5 mM MgCl2,

and 5 IT1M Tris-ATP (#{149}).The binding of [3H]ouabain

was terminated by the addition of nonlabeled

ouabain (final concentration, 0.1 mM) and 10-fold

dilution of the incubation mixture. Subsequent dis-

sociation of the [3Hlouabain-enzyme complex was
monitored at 37#{176}in the presence (-) and absence

(----) of added KC1. Values are expressed as percent-

ages of bound [3H]ouabain at the start of the dissoci-
ation reaction. Vertical lines indicate the standard
errors of four experiments.

70
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and ATP and the dissociation rate was
subsequently monitored in the presence of

5 mM KC1, the dissociation rate constants
were exactly the same as those of the corn-

plexes prepared in the absence of KC1 and

dissociated in the presence of 5 mM KC1

(Fig. 7). Thus the ouabain-enzyme corn-
plex prepared from a partially purified dog

heart (Nat + Ki-ATPase in the presence

of Nat, K�, Mg2�, and ATP was K�-sensi-
tive and was fully stabilized by this cation.

Centrifugation and resuspension failed
to alter either the stability or the K� sensi-

tivity of the [3H]ouabain-enzyme complex

prepared with dog heart (Nat + K�)-ATP-

ase in the presence of Mg2� and P, (data
not shown). The [3H}ouabain-enzyme corn-

plex, prepared from the partially purified
dog heart enzyme in the presence of Mg2�

and P1, centrifuged at 100,000 x g for 30
mm at 0#{176},and resuspended in 10 m�i Tris-
HC1 buffer (pH 7.5), showed slow dissocia-
tion at 37#{176}in the absence of K� . The half-

time for the dissociation was approxi-

mately 30 mm. The addition of 5 m� KC1
to the dissociation mixture failed to influ-

ence the stability significantly. Thus cen-
trifugation and resuspension did not con-

vert this ouabain-enzyme complex from a
stable, K�-insensitive form to an unstable,

K�-sensitive form, indicating that the oua-
bain-enzyme complex formed in the pres-

ence of Mg2� and P1 has different character-
istics from that prepared in the presence of

either Nat, Mg2�, and ATP or Na4, K�,
Mg2�, and ATP.

DISCUSSION

It was shown previously that ouabain-

(Na� + K�)-ATPase complexes formed in

the presence of different ligands, such as

(Na� + Mg2� + ATP), (Mg2� + P1), Mn2�,

or (Mg2� + ATP), dissociate with similar
rate constants when the binding of labeled
ouabain is terminated by the addition of
excess nonlabeled ouabain and the disso-

ciation of the labeled complex is monitored

in the presence of binding ligands (34). The

ouabain-enzyme complex, however, ap-

pears to have different characteristics, de-

pending upon the ligands present during

the binding reaction (18). Such differences
may be detected by transferring the oua-

ham-enzyme complex into another environ-
ment, e.g., one with low ionic strength,

and monitoring the rate of dissociation.

Under the latter condition dissociation of

ouabain-enzyme complexes formed in the
presence of certain ligands are rapid and

markedly slowed by the addition of mono-

valent cations such as K�, Rb�, Cs�, NH4�,
or Tl� to the dissociation mixture (18). The

stabilizing effects of Na� or Li� were much
less, indicating that the ouabain-enzyme

complex discriminates among monovalent

cations in the same manner as does the
phosphoenzyme (see ref. 18). Although it is

not known which dissociation rate-the

slow rate in the presence of binding ii-
gands or the fast rate in the low ionic

milieu-is useful in predicting the disso-
ciation rate that determines the level of

ouabain-enzyme interaction in vivo, the

dissociation rate under the latter condition
is useful in studying the identity of the
ouabain-enzyme complexes formed under
various conditions, particularly in the beat-
ing mammalian heart.

The present data suggest that there are

at least three different forms of the corn-
plex ofouabain with rat brain (Nat + K�)-

ATPase, depending upon the presence or
absence cf ligands during the binding re-
action, namely, the complexes formed in
the presence of Mg2� and P, , in the pres-

ence of Nat, Mg2�, and ATP, and in the
presence of Mg2� and ATP. The complex

formed in the presence of Nat, K�, Mg2�,
and ATP appeared to be similar to that
formed in the presence of Mg2� and ATP
(Table 1).

The ouabain-enzyme complex formed

with rat brain enzyme in the presence of

Mg2� and ATP dissociated relatively rap-
idly in the absence and presence of K�, the

complex being relatively unstable and K�-
insensitive. The addition of Na� to the
binding mixture that contained Mg2� and

ATP stimulated ouabain binding, as re-
ported previously (17), and made the result-

ant complex unstable in the absence of Kt
The addition of K� to the dissociation mix-

ture stabilized this complex. Furthermore,

addition of K� to the binding mixture al-

tered the dissociation characteristics of the
resulting complex. These data may sup-
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TABLE I

Dissociation characteristics of ouabain -(Na � K )-ATPase complexes formed in the presence of various

ligands and dissociated in medium with low ionic strength

Ligands Stability Effects of K’

Mg2�, P, Stable None

Mg2�, ATP Intermediate None

Na#{176},Mg2�, ATP Unstable Marked stabilization

Na#{176},K�, Mg2’, ATP Intermediate Minimal stabilization

Marked stabilization’

Rat brain enzyme.

Dog heart enzyme.

port the hypothesis that ouabain binds to
various forms of (Na� + K�i-ATPase,

such as an ADP-sensitive phosphoenzyme,
a K�-sensitive phosphoenzyme, andlor a
K�-induced form. Ouabain binding to K�-
sensitive forms of the phosphoenzyme
appears to result in an unstable, K�-sensi-
tive complex, whereas binding to the ADP-
sensitive phosphoenzyme andlor the K�-

induced forms of the enzyme (i.e., K�-in-

sensitive forms) results in a relatively un-
stable, K�-insensitive complex. These dif-

ferent dissociation properties of the oua-

ham-enzyme complex may represent the

binding of ouabain to different sites on

(Nat + K�)-ATPase, as claimed by Tani-

guchi and lida (35). An alternative expla-
nation may be that these different forms
represent different conformations of the

ouabain-enzyme complex which have dif-
ferent accessibilities to ouabain binding

sites. The present data with dog heart
(Na� + K�)-ATPase would appear to sup-

port the latter contention. Under the pres-
ent experimental conditions, however, the

ouabain-enzyme complex prepared from
rat brain enzyme in the presence of Nat,

K�, Mg2�, and ATP or Mg2� and P, could

not be converted to a highly K�-sensitive

form, which is the characteristic of the

complex prepared in the presence of Nat,

Mg2� , and ATP. Thus, while it appears
that different forms ofthe ouabain-enzyme

complex represent different conforma-

tional states of the enzyme, these different
forms are not readily interconvertible.

It appeared that the hydrolysis of ATP
by rat brain (Nat + K�)-ATPase prepara-

tions during the ouabain binding reaction
was substantial when the binding reaction

was performed in the presence of Na� , K�,
Mg2�, and ATP, conditions optimal for
(Nat + K�)-ATPase activity. Ouabain did
not inhibit the enzyme activity signifi-

cantly, because of the low concentration
employed to reduce the level of nonspecific
binding. Concomitantly, the levels of the
ouabain-enzyme complex reached a peak
after approximately 10-15 mm of incuba-
tion and declined slightly thereafter (data

not shown). This phenomenon was not ob-

served with other combinations of the li-

gands. It is not likely, however, that the
ouabain-enzyme complex formed in the
presence of Na�, K�, Mg2�, and ATP is a
mixture of those formed with ATP-sup-

ported binding and P1-supported binding.
Inorganic phosphate failed to support oua-

ham binding in the presence ofNa�, K�, or

high ionic strength (36). With other combi-
nations of ligands or with dog heart en-

zyme or homogenate, the hydrolysis of
ATP was less significant.

While in some experiments less than
10% of the enzyme added to the mixture
formed a complex with ouabain, it appears
that K� was capable of stabilizing the oua-
bain-enzyme complex formed in the pres-
ence of Nat, Mg2�, and ATP independ-
ently of the initial level of the interaction.
It appears reasonable to assume that the
higher concentration of ouabain merely in-
creased the incidence of the ouabain-en-
zyme interaction but that the characteris-
tics of the resultant complex were unaf-

fected by the drug concentration. A similar
result was reported by Lane et al. (34). This
assumption is further supported by a
smooth, symmetrical curve with a mid-
point slope of approximately 0.5 on a semi-



OUABAIN-(Na� + K�i-ATPAsE COMPLEX 113

logarithmic plot of ouabain concentration

vs. (Nat + K�)-ATPase inhibition shown
in our previous report (Fig. 2, curve B, of
ref. 24), which tends to rule out a coopera-

tive interaction of ouabain with the en-
zyme. Barnett (21) reported that inhibition

of(Na� + K11-ATPase by ouabain and the
binding of [3H]ouabain to the enzyme prep-
aration are first-order in both enzyme and
ouabain concentrations. Lindenmayer and
Schwartz (25) confirmed that the rates of

ouabain binding adhere to pseudo-first-or-
der kinetics.

Although Na� stimulates ouabain bind-
ing to (Nat + K�i-ATPase, this does not

necessarily indicate that Na� enhances

the reaction rates between phosphoen-
zyme and ouabain. In the presence of Nat,
Mg2�, and ATP, it appears that a large
fraction of the enzyme is in the form of the

K�-sensitive phosphoenzyme (29), whereas
in the presence of Mg2� and ATP, or Nat,
K�, Mg2�, and ATP, only a small fraction

ofthe total enzyme may be in a form which
optimally binds ouabain. Thus differences
in ouabain binding may reflect the concen-
tration of binding forms of the enzyme, as
proposed by Barnett (21), rather than dif-

ferences in the binding reaction rate con-
stant. Present data, however, are incom-
patible, at least in the brain, with the
hypothesis that the K�-sensitive phos-
phoenzyme is the only form capable of bind-
ing ouabain in a milieu of high ionic

strength (21).
In contrast to the ouabain-enzyme com-

plex prepared from rat brain enzyme, the

complex of ouabain with dog heart enzyme

formed in vitro in the presence of Nat, K�,
Mg2�, and ATP and subjected to centrifuga-
tion and resuspension had dissociation
characteristics similar to the complex pre-

pared without K�. These differences may
be due to the characteristics of(Na� + K�)-
ATPase itself, namely, differences in the

ease or difficulty of interconversion be-
tween the ADP-sensitive, K�-insensitive

form of the phosphoenzyme and the ADP-
insensitive, K�-sensitive form. The exist-

ence of such differences among rat brain
and guinea pig kidney enzymes has been
reported (37).

Since the complexes of ouabain with dog
heart (Nat + K�)-ATPase formed in vitro

in the presence of either Na�, Mg2�, and

ATP or Nat, K�, Mg2�, and ATP had simi-
lar dissociation characteristics, either corn-
plex may be used in studies of the drug-

enzyme interaction. This however, may
not be true for the enzyme obtained from

sources such as brain. A significant por-
tion of �3HJouabain bound to ventricular

tissue during Langendorif perfusions of
puppy hearts was stabilized by the addi-
tion of K� to the dissociation mixture.
These characteristics are clearly different
from those of the complex formed from dog

heart (Nat + K1-ATPase in the presence

of Mg2� and P�, which was not K�-sensi-
tive. It is also well recognized that both the
intracellular and extracellular milieus con-

tam in excess of 20 mr�i Nat For these
reasons, and because Na� at these concen-
trations completely inhibits the binding of
ouabain to the enzyme in the presence of
Mg2� and P (36), the binding ofouabain to
(Nat + K�)-ATPase in vitro in the pres-
ence of Mg2� and P1 is not a suitable model
for drug-enzyme interactions occurring in
the functioning heart.
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Note.

Since the submission ofthe original man-

uscript, three papers pertinent to this

study appeared. Schwartz et al. (38) re-

ported that the release in vitro of

[3H]ouabain bound to a cat Langendorif

preparation was prevented by 10 m� KC1.

Inagaki, Lindenmayer, and Schwartz (39)

proposed that cardiac glycosides bind to a

particular (conformational) state of the en-

zyme and presented a scheme in which

ouabain binds to this state when the en-

zyme is bound to either Na� or K�, or is

free from monovalent cations They did

not describe the differences of the result-

ant complexes formed with different li-

gand-enzyme combinations, however.

Yoda and Yoda (40) reported a successful

conversion of the complex of beef brain

(Nat + K�)-ATPase with ouabain or digi-

toxigenin monodigitoxide, formed in the
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presence of Mg2� and P1, from the slowly

dissociating form to a rapidly dissociating

one, using an indirect method to estimate

the dissociation of the complex. These

data, however, are not inconsistent with

the present observations, since rapid disso-

ciation was observed only in the presence

of Na� and ATP, and the removal of Na�

and ATP resulted in a slow dissociation of

the complex as reported here. Since the

unstable ouabain-enzyme complex formed

in the presence of Nat, Mg2�, and ATP

remains unstable after centrifugation and

resuspension (Fig. 1), it appears that (Nat

+ ATP + EDTA) treatment of the complex

formed in the presence of Mg2� and P, does

not permanently convert this stable corn-

plex to an unstable one.
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