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TABLE 5

Effects of chelating agents and metal ions on [3H]-

etorphine stereospecific binding and lipid peroxide

f ormation in ascorbate treated homogenate

One percent guinea pig brain homogenates were

incubated with ions or reagents in the presence of 1

mM ascorbate for one hour at 22#{176},then aliquots were

removed and immediately assayed for either lipid per-

oxide formation, or assayed for stereospecific binding

with 2.5 nat [3H]etorphine.

Values represent m eans ± s.e.m. of (n) experiments.

Reagent % of ascorbate % of ascor-
induced de- bate induced
struction of lipid perox-

stereospecific ide forma-
binding tion

Control homoge-

nate 100±5 (11) 100± 14 (3)

M EDTA -3 ± 5 (3) -3 ± 2 (3)

i0� M EGTA -2 ± 5 (3) 0± 2 (3)

iO� M PPDA 26 ± 4 (3) 14 ± 2 (3)

i0� M Ca�2 104 ± 7 (3) 98 ± 5 (3)

i0� M Co’2 2 ± 7 (4) 6 ± 2 (3)

10_6 M Co’2 49 ± 6 (4) 44 ± 5 (3)

iO� M Cr�2 12 ± 7 (4) 8 ± 2 (3)

iO� M Cr�2 70 ± 8 (3) 88 ± 10 (3)

M 15 ± 13 (3) -3 ± 2 (3)

i0� M La’3 103 ± 3 (3) 95 ± 9 (3)

iO� M Mg�2 88 ± 3 (3) 99 ± 4 (3)

iO� M Mn�2 -6 ± 6 (3) -3 ± 6 (3)

10_6 M Mn’2 21 ± 22 (3) 6 ± 6 (3)

1 mM and 20 mM ascorbate in the presence
of 50 �tg/ml phosphatidyl serine to deter-
mine if this lipid selectively protected

against the slow or fast phase of ascorbate
destruction of SSB (Fig. 7). Preincubation
with phosphatidyl serine again gave signif-

icant protection against destruction by 1
mM ascorbate (p < 0.05), but offered no
protection from destruction of SSB by 20

mM ascorbate.
Opiate bioassays. Ascorbic acid was

tested in both guinea pig ileum-myenteric
plexus (12) and mouse vas deferens (13)
opiate bioassays and was found to be com-
pletely inert, displaying neither agonist nor

antagonist properties. Sodium ascorbate
had no effect on these preparatioffs up to a
concentration of 100 mM, which produced
spasmogenic effects. However, when ho-
mogenates of guinea pig ileum were pre-
pared for the opioid radioreceptor binding
assay, opioid stereospecific binding in these
homogenates was subject to complete in-

activation by 1 mM ascorbate (unpublished

data).

DISCUSSION

Log dose-response curves for ascorbate
inhibition of opioid SSB were observed to

be biphasic, with maximum inhibition of
[3H]etorphine, [3H]leu-enkephalin, and
[3H]naloxone SSB at around 1 mM ascor-

bate, then decreasing up to 10 mM ascor-
bate. No differences were found for destruc-

tion of [3H]etorphine and [3HJleu-enkeph-
alin SSB when homogenate was treated
with ascorbate either in the absence or

presence of 100 mM NaCl. Maximum inhi-
bition of[3H]naloxone was significantly less

in homogenate incubated with ascorbate in

the presence of 100 mM NaCl than in so-
dium free homogenate. However, it is not
clear whether this difference is due to a
differential ascorbate effect on agonist vs

antagonist receptors, or is simply a math-
festation of the intrinsic sodium effect on
antagonist binding.

Repeated washing of ascorbate treated
homogenates produced no regeneration of

ascorbate destroyed SSB. After the first
wash no ascorbate could be detected in the

supernatants ofsuccessive washes when an-
alyzed by HPLC; this would place the

ascorbate concentration below 0.01 mM,

which is less than that required to produce

any significant destruction of SSB. There-

fore, ascorbate appears to produce an irre-
versible loss of opioid SSB.

Scatchard plots showed both loss of

[3H]etorphine stereospecific binding sites,
and a trend toward decrease in ligand affin-
ity for residual sites in ascorbate treated
homogenates. The predominant effect was
loss of stereospecific binding sites, with the

number of sites being reduced from 14
fmol/mg tissue in control homogenate to 5
fmol/mg tissue incubated for 30 mm with
1 mr�i ascorbate. Homogenate incubated
with 20 mM ascorbate lost only 29% of

control binding sites, compared to a 64%
loss in homogenate incubated with 1 mM
ascorbate.

N-Ethylmaleimide is a reagent that de-

stroys SSB by modification of a sulfhydryl
group in or near the opioid binding site (14).
Both NEM and ascorbate were observed to
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FIG. 6. Dose-response curves for ascorbate induced lipid peroxide formation and ascorbate destruction of

[3H]etorphine stereospecific binding at 22#{176}

Homogenates were incubated with increasing ascorbate concentrations for one hour at 22#{176}.Following

incubation, aliquots from each homogenate were immediately assayed for lipid peroxide formation, while the

remainder of each homogenate was washed 2 times and assayed for [3H]etorphine SSB. Values are means ±

s.e.m. of four experiments. Decrease in [3H]etorphine SSB in fmol/mg tissue (#{149})and increase in lipid peroxide

formation in pmol/mg tissue (A) are plotted against the logarithm of molar ascorbate concentration.

produce comparable destruction of SSB.

However, while preincubation with levor-
phanol gave significant protection from
NEM destruction of SSB, compared to dex-
trorphan preincubation, levorphanol gave
no protection against ascorbate destruction
of SSB. Therefore, ascorbate does not ap-
pear to modify any structures directly in, or
very near the opioid binding site.

The kinetics of ascorbate inactivation of
SSB were studied as a function of temper-
ature and ascorbate concentration. The in-
activation was observed to have two com-

ponents, an initial, rapid phase and a slower
phase which followed pseudo-first order ki-
netics. This finding suggests that ascorbate

inactivation of opioid SSB proceeds
through more than one mechanism. The

slow inactivation was concentration de-

p�nth�nt �nd biph*si� ut 379, A 10nf�ld �fln

�r�st� In fts�orb�itti con�n�ri�t1on from 0,1
to 1 mM produ�d i� 2,34o1d dt�rt�tss� in
r�t�tion h�lf4lnw, Wh#{248}nth� �srbint�
�on�nLnitIon wits in�rsss�s�d to 20 nmt, thi
slow iniwtiv�*tion of oplold SSB hoc�m�
n�gllgibl�, An Arrh�nlus plot of th� r�to
consU*nts for tht slow lniwtlv�tion of SSB
by 1 mM iis�orbiitt produe�sd it v,�lut.t of 20

kcal/mol for the activation energy of the

slow inactivation process, a value generally
associated with chemical reactions having
half-times on the order of minutes to hours
(15).

The pH dependence observed for ascor-

bate inactivation of opioid SSB suggests
that an enzyme or other protein containing
titratable residues may play some part in

the ascorbate inactivation of stereospecific
binding. Therefore, the effects of inhibitors
of various oxygen and/or energy-utilizing
enzymes on ascorbate destruction of SSB
were studied. All inhibitors tested were
found to be without effect on ascorbate
destruction of SSB. If an enzyme is in-
volved in ascorbate induced destruction of

SSB, it is not likely to be a cyclo-oxygenase
or mixed function oxidase.

Astorbie iwid is commonly ust’d its it bIn
otogit�it�l rtsduvtng it�ent, itnd cht�ntlc& rs�n
dtwtion wits txplort�d its it possibk n�wchitn
nism for its�orbittt di�struction of 55W Tht�

its�orbIc it�id/dt�hydro�scorbi� iwid rt�dox
systi�rn hits itn oxldittlonnrtduetlon pott�n�
ti�l (E’) of 0,06 volt itt pH 7,0 (16)� iind
otht�r �tht�mktitl ttnd biocht3ml�l rt�du�ing
itgt8nt� w�r� s�1t�ett�d to product8 it ritngt of
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TABLE 6

Effects ofpolar lipids on [3H]etorphine

stereospecific binding and ascorbate induced

destruction ofstereospecific binding in guinea pig

brain homogenate

One percent guinea pig brain homogenates contain-

ing polar lipids (50 �tg/ml) or polyunsaturated fatty

acids (5 �Lg/mJ) were incubated in the presence

(�Ascorbate) or absence (-Ascorbate) of 1 mat ascor-

bate for 15 mm at 37#{176},then washed free of ascorbate

and excess lipid by two rounds of centrifugation, re-

suspended to 1 (w/v)% in 100 mat Tris-HC1 buffer,

and assayed for stereospecific binding with 2.5 nat

[3H]etorphine.

Values represent means ± s.e.m. of (n) experiments.

Lipid Percent of Control Stere-
ospecific Binding

(-Ascor- (+Ascor-
bate) bate)

Control homogenate 100 ± 4 (8) 18 ± 2 (8)

Phosphatidyl choline 107 ± 5 (3) 12 ± 6 (3)

Phosphatidyl ethanol-

amine 110 ± 11(3) 8 ± 4 (3)

Phosphatidyl inositol 111 ± 18 (3) 20 ± 2 (3)

Phosphatidyl serine 102 ± 8 (8) 46 ± 2 (8)

Cerebroside sulfates 105 ± 9 (3) 21 ± 5 (3)

Cholesterol 96 ± 11(3) 13 ± 3 (3)

Sphingomyelin 111 ± 13 (3) 22 ± 3 (3)

Arachidonic acid 89 ± 7 (3) 5 + 1 (3)

Docosahexaenoic acid 88 ± 8 (3) 8 ± 3 (3)

redox potentials encompassing this value.
Only ascorbic acid produced any significant
loss of SSB, ruling out chemical reduction
as a possible mechanism for destruction of

SSB.
Structure-activity-relationship studies

were carried out with analogues of L-ascOr-
bic acid, the structures of which are shown
in Figure 4. Each analogue was tested alone
for intrinsic effects on opioid SSB, and in
combination with 1 mM ascorbate to deter-
mine if it antagonized ascorbate destruction

of SSB. The stereoisomer, D-isoascorbic
acid (II), produced SSB destruction iden-

tical to that produced by ascorbic acid.
Dehydroascorbic acid (III) produced a

small amount of destruction of SSB by
itself, but also provided significant protec-
tion against ascorbate destruction of SSB.
All other analogues tested neither de-
stroyed SSB, nor protected against ascor-
bate destruction of SSB. Since analogues
IV, VI, VII and VIII, in particular, have

structures very similar to ascorbic acid, it

seems unlikely that there is a specific re-
ceptor to which ascorbate binds, initiating

a sequence of biochemical events leading to
destruction of opioid SSB. Dehydroascor-
bic acid did produce significant inhibition

of SSB destruction, but this compound is
an intimate component of the ascorbate
redox system, and very possibly may act as

a chemical scavenger for some reactive
ascorbate intermediate involved in the de-
struction of opioid SSB.

Ascorbic acid catalyzes the utilization of
molecular oxygen in chemical and biochem-
ical reactions (17-19), and results of exper-

iments designed to determine if oxygen was
necessary for ascorbate destruction of SSB
are presented in Figure 5. These results
clearly prove that molecular oxygen is nec-
essary for ascorbate induced destruction of
opioid SSB. Ascorbic acid has been known
for years to catalyze the peroxidation of
biomembrane lipids, and this reaction can
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FIG. 7. Comparison ofphosphatidyl serineprotec-

tion of 2.5 fLM �H]etorphine stereospecific binding

against destruction by 1 mai and 20 mac ascorbate

Bar values are means ± s.e.m. of three experiments.

Open bars represent control homogenate incubated

with or without ascorbate for 15 min at 37#{176},and solid

bars represent homogenate containing 50 �ag/ml phos-

phatidyl serine, incubated with or without ascorbate

for 15 min at 37#{176}.Control: homogenate containing no

ascorbate; 1 mat: homogenate incubated with 1 mat

ascorbate; 20 mat: homogenate incubated with 20 mat

ascorbate.
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be inhibited by chelating agents such as
EDTA and EGTA, specific antioxidants

such as PPDA, and the metal ions, Co�2
and Mn�2 (20-25). Therefore, these agents,
as well as several additional metal ions,
were tested both for their effects on ascor-
bate induced lipid peroxidation and de-
struction of SSB. From the results pre-
sented in Table 5, it is immediately appar-
ent that all of the reagents previously
known to inhibit ascorbate induced lipid
peroxide formation were also potent inhib-
itors of ascorbate destruction of opioid
SSB. In addition, it was demonstrated for
the first time that the metal ions, Cr�2 and
La�3, also inhibit both lipid peroxidation
and ascorbate destruction of SSB. Those
metal ions which had no effect on lipid
peroxide formation, such as Ca�2 and Mg�2,
did not prevent ascorbate destruction of
stereospecific binding.

Dose-response curves for ascorbate in-
duced lipid peroxidation and destruction of

opioid SSB were almost identical up to 1
mM ascorbate, at which concentration both
maximum lipid peroxidation and destruc-

tion of SSB occur. With 20 mM ascorbate,
however, lipid peroxide formation is com-
pletely inhibited, while some destruction of

SSB still occurs. These observations are

consistent with the hypothesis that ascor-

bate destruction of opioid SSB occurs
through two separate mechanisms, and that
one of the two mechanisms involves ascor-

bate catalyzed lipid peroxidation.
Washing of treated homogenate removes

lipid peroxide but does not restore SSB,

eliminating blockage of the receptor bind-
ing site by lipid peroxide as the mechanism
for loss of SSB. While destruction of SSB

resulting from some other indirect conse-
quence of peroxidation of lipids unasso-
ciated with the opioid receptor cannot be
ruled out, a more likely hypothesis involves
peroxidation of lipid which is intimately

associated with the opioid receptor. An
ascorbate catalyzed peroxide intermediate
is postulated to attack double bonds in the
unsaturated fatty acid components of a po-
lar lipid which is essential in maintaining
structural integrity of the binding site of

the opioid receptor(s), but not in close
enough proximity to the binding site to be

protected with an opiate ligand. The per-
oxidation of the fatty acid side chains of the

polar lipid presumably causes perturba-
tions in the conformation of the binding
site, which lead to loss of SSB. This hy-
pothesis may also account for the reduction
in opioid SSB observed by Pasternak et al.

in rat brain homogenates incubated with

F?2 (26), since this ion is also known to
catalyze lipid peroxide formation (23).

Experiments were performed in which
homogenates were preincubated with var-
ious biologically important lipids to deter-

mine if any of these lipids could protect
against ascorbate induced destruction of
SSB. Although none of the lipids produced
any significant change in opioid SSB when
incubated with brain homogenate, there

was a tendency toward increased SSB
above control levels following incubation

with most of the lipids tested. These results
are not consistent with the work of Abood
and Takeda, in which phosphatidyl serine
and sulfatides increased SSB by 30% and
17%, respectively, over control binding (11).
However, results of these two studies are

not directly comparable, since homogenate
preparations were washed prior to assay for
SSB in the present study. Of the lipids
tested, phosphatidyl serine alone gave sig-
nificant protection from ascorbate destruc-

tion of SSB by 1 mM ascorbate. On a molar
basis, the concentration of phosphatidyl
serine needed for protection is 10-20 times

less than the ascorbate concentration em-
ployed. Therefore, it is unlikely that phos-
phatidyl serine protects against SSB de-
struction by direct interaction with ascor-
bate. Phosphatidyl serine contains highly
unsaturated acyl substituents, which might

act as a sink for peroxide intermediates.
However, this was found not to be the case,
since preincubation with arachidonic acid
(20:4 o,6) and docosahexaenoic acid (22:6
w3) offered no protection against destruc-

tion of SSB by 1 mM ascorbate. Attempts
at regeneration of SSB by incubation with
phosphatidyl senne and other lipids follow-
ing ascorbate treatment were not success-
ful. Phosphatidyl serine protection against
SSB destruction by 1 mM and 20 mM ascor-
bate was compared. Again, phosphatidyl
serine gave good protection against destruc-
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tion of SSB by 1 mM ascorbate. However,
it gave no protection against destruction of

SSB caused by 20 mM ascorbate, providing
additional evidence in support of a second
mechanism for ascorbate destruction of
SSB.

Ascorbic acid was tested in both guinea
pig ileum-myenteric plexus and mouse vas
deferens opiate bioassays and was found to
be completely inert, displaying neither ag-
onist nor antagonist properties. However,
SSB in homogenates of guinea pig ileum
was subject to almost complete inactivation

by ascorbate. These observations lead to
speculation concerning the organization of

the opioid receptor(s) at the cellular level,
and to the relationship of the lipid compo-
nent (possibly phosphatidyl serine) to the
receptor binding site. Recently, evidence
was presented that phosphatidyl serine is
distributed asymmetrically across cell
membranes, occurring predominantly on
the interior surface of the cell membranes

(27, 28). Ifthe lipid component ofthe qpioid
r�ceptor binding site were located intra#{231}el-
lulaxiy, this might account for the observa-

tjpn that ascorbate destruction of SSB oc-
curs only in homogenates and not in tissue

preparatjons organized at the cellular level.

Then it must be reasoned that either the
receptor binding site is located on the in-
tenor of the cell, or that structural deter-
rninants of the receptor binding site extend
tl�rough the membrane. Since several lines

of evidence indicate that the receptor bind-
ing site is located on the external surfaces
of neural tissue (6, 29, 30), the latter hy-
pothesis is more viable. Transmembranal
communication between the receptor bind-

ing site and intracellular phosphotipid may
represent the first step in the translation of
binding of an opioid ligand into a biochem-
ical or physiological effect.
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SUMMARY

YODA, ATSUNOBU AND SHIZUKO YODA: Suppression by sodium, potassium or nucleo-

tides of binding between cardiac steroid (digoxigenin) and sodium- and potassium-
dependent adenosine triphosphatase formed in the presence of magnesium and
phosphate. Mol. Pharmacol., 16: 120-134, (1979).

The cardiotonic steroid binding to (Na� + K�)-ATPase formed in the presence of the
Mg�� and P� (type II binding) is suppressed by the Nat, K�, or nucleotides in different
ways. In the ouabain binding at real equilibrium, such effects were difficult to detect

because of the high affinity of its sugar moiety to the enzyme. The apparent number of
binding sites according to Scatchard plots of digoxigenin binding and the association rate
of digoxigenin were reduced by the Na� at pH 6.5 and 8.5. This Na�-effect was delayed in
the initial phase at pH 6.5, when the Na� was added after the phosphorylation of the
enzyme was accomplished by the Mg�� and P1. Therefore, the Na� seems to bind with the
nonphosphorylated form of the enzyme, and to reduce level of the phosphorylated
enzyme, the active form for digoxigenin binding. In contrast to the Na�, the K� increased
the apparent binding constant according to Scatchard plot of digoxigenin binding at pH
6.5 and 8.5; the K� seems to bind with the phosphorylated form of enzyme, causing the
insensitive complex not to bind with digoxigenin. Unlike either the Na� or K�, triphos-

phonucleotides suppressed the type II digoxigenin binding only partially. The potencies
of ATP and $,-y-methylene ATP were similar; both were most potent among the triphos-
phonucleotides (its half-maximum concentration 4#{176}0.2 mM). GTP and ITP were less
potent while AMP was almost ineffective. ADP was as effective as ATP in less than 0.8
mM, but in higher concentrations, ADP increased the inhibition of digoxigenin binding,
reducing the increment of the increase, while ATP showed saturation. According to
Scatchard plots, ATP decreased only the apparent number of binding sites below pH 8.0,
but it increased only the apparent binding constant above pH 8.0. $,-y-Methylene ATP
reduced the association rate of digoxigenin at pH 7.0 and 8.3, but did not seem to change
the level of phosphorylated protein by the Mg2� and P1 and the dissociation rate of
digoxigenin-enzyme complex at both pHs. Therefore, such nucleotide-effect seems to be
one of the low-affinity effects of ATP, and seems to include some conformational changes

of phosphorylated active form produced by the Mg2� and P1, reducing its affinity to

cardiotonic steroids.

INTRODUCTION active transport of the Na� and K� in ani-

(Na� + K�)-ATPase is integral to the mal cells, and is inhibited by specific bind-

This research was supported by the National Heart ing with cardiotonic steroids. Most of the
and Lung Institute (HL 16549). studies on this interaction have been per-
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formed using cardiac glycosides, specifically

ouabain, although the aglycone moiety is
responsible for the physiological effects of

glycoside. The ouabain binding is depend-
ent on the presence of certain ligands; the

most effective ligand systems are the Na�-

Mg�-ATP (type I) and the Mg�-P1 (type
II) systems (1-7). Since the type I ligand
system is well known as a phos#{176}phorylating

mixture of the enzyme, and the addition of
the K� reduces the level of both the phos-
phorylated protein and the binding of oua-

bain, it has been suggested that the phos-
phorylated forms of the enzyme are the

active form of the enzyme for the binding
of ouabain. Post et al. gave evidence that
not only the phosphorylated protein formed

by the type I system, but also the phospho-
rylated protein formed by the type II sys-
tem could bind with ouabain in the absence

� of magnesium (8).
On the other hand, our kinetic rate stud-

ies on the (Na� + K�)-ATPase complexes

with various cardiac glycosides (9-11) in-
dicated that cardiac glycosides were bound
to the enzyme at two sites, one specific for

the steroid moiety and the other for the
sugar. The binding of the steroid moiety

results in activation of the sugar binding
site, with consequent binding of the glyco-

side portion. The inhibitory action of car-
diac glycoside is associated with the steroid
moiety, and the sugar moiety stabilizes the
enzyme-cardiac glycoside complex. This
stabilizing effect is remarkable; in the case
of beef brain microsomes, the dissociation

rate constant of ouabagenin is about 80
times greater than that of ouabain (ouaba-
genin rhamnoside) if the drug-enzyme com-

plex is formed in the type II system (12).
To eliminate such effects of sugar moiety
in the cardiac glycoside, we studied the
binding of [12a-3H]digoxigenin instead of
[3H]ouabain (13), and the association and

dissociation rates of several cardiac agly-
cones in the type II system (12). Studies of
this association rate and the pH effect on
the digoxigenin binding (14) show strong
correlation of the digoxigenin binding to
the phosphorylation of the enzyme, and

suggest that this enzyme phosphorylation
is essential to the binding of the steroid
moiety as Post et al. indicated in the case

of ouabain (8).

In this report, the reduction of digoxi-
genin binding in the type II system by the
low concentrations of Na�, K� or nucleo-

tides was studied in order to obtain more
precise information on the binding mecha-
nism of cardiac steroids and (Nat + K�)-

ATPase.
For convenience, we will refer to the

phosphorylated protein formed by ATP in

the presence of the Na� and Mg�� (the type
I system) as EP, and another phosphoryl-
ated protein formed by the P1 in the pres-

ence of the Mg�� (the type II system) as

ErP.’

MATERIALS AND METHODS

The (Na� + K1-ATPase preparation
was NaSCN-treated microsomes prepared

from frozen beef brain (Pel Freeze Biologi-
cals) according to the method of Kiodos et
al. (15). The specific enzyme activity was

50-70 �tmol of P1/hr/mg protein at 30#{176}
(equivalent to 80-110 jtmol/hr/mg protein

at 37#{176}).The activity of ouabain-insensitive
ATPase was less than 2 �tmol/hr/mg pro-

tein at 30#{176}. When this enzyme preparation
was treated with ouabain in the presence of

4 mM Mg2� and 4 mM Pi, the saturated
amount of bound ouabain was 270 ± 50 p

mol/mg protein.
Digoxigemn and ouabain were purchased

from Boehringer-Mannheim, and Sigma,

respectively. [3H]ouabain was obtained
from New England Nuclear, and [12a-
3H] digoxigenin was prepared by the re-

duction of 12-dehydrodigoxigenin with
NaB3H4, as reported previously (13). ATP,
ITP, ADP, AMP and /3,-y-methylene ATP

I The abbreviations used are: EP, phosphorylated

protein formed by ATP in the presence of Na� and

Mg2� (type I system); ErP, phosphorylated protein

formed by the P in the presence of the Mg2� (the type

II system); (Na� + Ki-ATPase, sodium- and potas-

sium-dependent adenosin triphosphatase (EC 3.6.1.3);

Type I binding, cardiotonic steroid binding with (Na�

+ Ki-ATPase in the presence ofNa�, Mg2� and ATP;

Type II binding, cardiotonic steroid binding with (Na�

+ Ki-ATPase in the presence of Mg�� and P; AMP

PCP, $,y-methylene ATP; N,, apparent number of

binding sites according to Scatchard plot; Kb, apparent

binding constant according to Scatchard plot; k,, as-

sociation rate constant; � dissociation rate constant,

k’a, pseudo first-order association rate constant; TCA,

trichloroacetic acid.
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(AMP PCP) were obtained from P. L. Bio-
chemicals. GTP was purchased from
Sigma. All nucleotides were changed to Tris

salts by Dowex 50 Tris form. [r-32P]ATP
was prepared by the method of Post and

Sen (16), but [r-32P]ATP was eluted from
the Dowex-1 column by 0.20 N HC1 and was

neutralized with Tris.
Binding of [3H]digoxigenin or [3H]oua-

bain was determined, as reported prey-
ously (13). The separation of bound digox-
igenin was performed by centrifugation
(105,000 g X 20 mm) at 22#{176},and bound

digoxigenin was calculated by subtracting
the amount of [3H]digoxigenin in the su-
pernatant from the total amount of [3H]-
digoxigenin. A Scatchard plot was con-
structed from the results of the 12 different
concentrations of added digoxigenin (0.02
�LM-0.5 �LM), and the apparent number of
sites (N5) and the apparent binding con-
stant (Kb) were obtained. To examine the
time for the binding to reach equilibrium,
the values of bound digoxigenin were meas-
ured for various incubation periods (20 to
90 mm) after the addition of 0.02 �LM digox-

igenin under each ligand condition. The
incubation period in each set of experimen-

tIll conditions was selected as either 35 mm
or 60 mm.2

The association and dissociation rates of
ouabain were obtained from the changing

rate of enzyme activity after the termina-
tion of ouabain inhibition by dilution, as
reported (9, 10). Those rates of digoxigenin
were determined by rapid assay for the

active enzyme, as previously reported (12).
The assay of EP, which is influenced by the
amount of bound digoxigenin, is too rapid
to be affected by the change of the enzyme-
digoxigenin complex during the assay.
However, this method for the association

or dissociation rate constants (ka or kd)

2 In each set of experimental conditions, the binding

values after 20, 30, 45, and 60 mm incubations were

duplicated and were examined under the following

conditions: (1) the coordinates of those values were

graphed horizontally; (2) the deviation from the mean

value was less than 3%. If these two conditions were

satisfied, the incubation period for that set of experi-

ments was 35 mm. If the values after 30, 45, 60, and 90

mm incubation periods were satisfied to the above two

conditions, the incubation period would be 60 mm. In

this study, these conditions were satisfactorily met.

cannot be applied for cases containing the
K� because of the sensitiveness of EP to
the K�; the method also cannot be applied

for ATP because it causes the dilution of
[-y-32P]ATP. In these determinations of k0

and kd of digoxigenin, the assay of EP was
performed by filtration and washing with
about 70 ml of ice-cold 5% TCA containing
unlabeled ATP and the P1; the use of the

semirapid mixing apparatus described by

Kanazawa et al. (17) improved the accuracy
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FIG. 1. Time course of [3H] ouabain binding at

22#{176}

The incubation mixture containing 1.40 mg/mi (#{149},
x, A) or 0.48 mg/mi (0, L�) of the enzyme protein, 50

mM imidazole HC1 (pH 6.5), 4 mM � 4 mM P� and

0.4 jzat [3H] ouabain was incubated with each ligand as

shown. After the time intervals indicated, centrifuga-

tion of the mixture was started (105,000 x g for 20 mm

at 22#{176}).Bound ouabain was calculated from the dii-

ference between the radioactivity in the suspended

mixture (total ouabain) and that in the supernatant

(unbound ouabain). In the experiments of ATP-effect,

the enzyme concentrations was reduced to decrease

the hydrolysis of ATP by ouabain-insensitive ATPase

contaminated in the membrane preparation. After four

hour incubation shown in the figure, 40 to 50% ATP

was estimated in the supernatant by the Dowex 1

chromatography. The values shown are averages of

three sets of experiments; in each experiment, mea-

surements of bound ouabain were duplicated, and the

average of experimental error in each point was ± 6

pmol/mg of protein, otherwise shown by bars in the

figure.
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FIG. 2. Reduction ofdigoxigenin binding by the Na�, K� or ATP in equilibrium

The enzyme preparation (0.62 mg/mi) was treated with 0.25 nM [3H]digoxigenin, and various concentrations

of the Na�, K� or Mg ATP in the presence of 5 mM Mg2�, 4 mat P, and 40 mM imidazole HC1 buffer (pH 7.0) at

room temperature (22-23#{176}). After 45 mm of incubation, the suspension was centrifuged (105,000 g x 20 mm at

23#{176}),and the value of bound digoxigenin was calculated as Fig. 1. In absolute terms, 100% corresponds to 144

pmol digoxigenin/mg protein and the average values of triplicated experiments were cited.
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of the results. Each coordinate shown in
Figs. 7-10, 15, and 16 was the average value
from the quadruplicate experiments.

RESULTS

Effect of Na�, K’ and ATP on the type

II ouabain binding. The interaction of oua-
bain and (Na� + K�)-ATPase is nearly
irreversible; the interaction takes a long
period to reach equilibrium. The presence
of Na�, K� or ATP (Fig. 1) seemed not to

influence the value of bound ouabain in

equilibrium, even though the presence of
such ligands reduced the association rates
of ouabain and lengthened the period to
reach equilibrium. Under similar condi-
tions, 10 mM Na�, 0.5 mM K� or 0.2 mM

ATP reduced the initial rate of ouabain

inhibition to 52%, 46% or 45%, respectively.
In contrast to ouabain binding, digoxi-

genin binds with (Na� + K�)-ATPase re-
versibly. As shown in Fig. 2, the type II
digoxigenin binding in equilibrium was re-
duced in the presence of Na�, K� or ATP.

Apparently, ATP suppressed the digoxi-
genin binding only partially compared with

Na� or K�.
Effect of Na’� and K� on the digoxigenin

binding. When the ligand effect was shown
as percentage decrease of the binding, the

Na�-effect was enhanced by the increase of

pH from 6.5 to 8.5; but the K�-effect under

the low concentration of K� (�0.5 mM) was
not influenced by the pH change (Fig. 3).

In the presence of 4 mM K�, the absolute
value of digoxigenin binding decreased and

was not influenced by the pH change (Fig.

4).

In order to detail the differences between
Na�-effect and K�-effect, these ion effects
on the digoxigenin binding were examined
at pH 6.5 and 8.0 by Scatchard plot (Figs.
5, 6). The K� increased the Kb only in lower
concentrations, while the Na� decreased

only the N8. Similar effects of Na� and K�
were also observed at pH 8.5, using Tris
buffer (data not shown).

Effects of Na� on the association and

dissociation rates of digoxigenin. At pH
6.5, the time course of digoxigenin inhibi-

tion showed some lag in the Na� effect if
the inhibition had been started by the ad-

dition of digoxigenin to the mixture of the
enzyme with � P1 and Na�, and that lag

decreased with the increase of the Na� con-
centration (Fig. 7). At pH 8.0, however, the

presence of Na� reduced the inhibition rate
of digoxigenin without any lag (Fig. 8) and

Dixon plots of 1/k’a versus Na� concentra-
tion were linear.

As shown in Fig. 9, the dissociation rate

of the type II digoxigenin-enzyme complex
was not changed by the presence of Na� in
the dilution medium.
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FIG. 3. Relative reduction ofdigoxigenin binding by the Na� or K� atpH 6.5 andpH 8.5

The enzyme preparation (1.16 mg/mi) was incubated with 0.1 �iM [3H]digoxigenin, 4 nmi Mg2�, 4 mM P and

various concentrations of Na� or K� in the presence of 50 mai imidazole-HC1 (pH 6.5) or 50 mrsi Tris-HC1 (pH

8.5) for 45 mm at pH 6.5, or 90 mm at pH 8.5. Other experimental conditions were the same as those in Fig. 2.

In absolute terms, 100% corresponds to 58.2 ± 1.1 pmol/mg protein at pH 6.5 and to 29.0 ± 0.7 pmol/mg at pH

8.5. The values shown are the averages of triplicated experiments.

FIG. 4. Influence of the K� on the digoxigenin

binding at various pH

Below pH 8.0, 0.5 ml of the mixture containing

enzyme preparation (1.16 mg/mI), 4 mM Mg2�, 4 mM

Pi, 0.1 fLM [3H]digox.igenin and 50 mM imidazole-HC1

buffer, which was adjusted to the pH as cited, was

incubated for 45 mm at 23#{176}and was centrifuged. Other

experimental conditions were the same as in Fig. 1 . At

pH 8.0 and above that value, 50 nmi Tris-HCI buffer

was used and was incubated for 60 mm. The values

are the averages of triplicated measurements.

Since the association rate of digoxigenin

at pH 6.5 is about four times higher than

that at pH 8.0 (14), the interaction of the
Na� might seem slow compared with the
association rate of digoxigenin at pH 6.5.
To examine this idea, the effect of an ad-

dition sequence of the Na� was studied. In
these experiments, the temperature was
kept low (10#{176}),to slow down the interaction

between ions and the enyzme, and the con-
centration of digoxigenin was increased to
1.0 /.LM to keep the high association rate of

digoxigenin.
As shown in Fig. 10, line A, the decrease

of EP value was biphasic when the Mg2�,

Pi and digoxigenin reacted with the enzyme
at the same time. The first rapid decrease
of EP originated from the phosphorylation
of the enzyme by the P, specifically the

formation of ErP, and the second slow
change originated from the inhibition by
digoxigenin (12). The addition of 5 mM Na�
at zero time with the Mg�� and P, slowed
down these biphasic changes in both phases
(line B). When the enzyme was pretreated

with the Mg�� and Pi, and the inhibition
was started by the addition of digoxigenin
with (line D) or without (line C) the Na�,

this Na�-effect on the EP change was not
observed within 30 sec. On the other hand,
if the digoxigenin was added to the enzyme
pretreated with the � P1, and the Na�

(line E), the Na�-effect was observed with
some lag (same as Fig. 7). If the enzyme
was pretreated with Na�, but without the
Mg2� and P1, the Na�-effect was enhanced
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FIG. 5. Typical Scatchard plots of type II digoxigenin binding with or without the Na� or K�

A half milliliter of the incubation medium contained 50 mM imidazole-HCI (pH 6.5), 4 mM Mg2�, 4 mM P, 20-

500 nM [3H]digoxigenin and enzyme preparation (0.40 mg). After 35 min (without Na� or K�) or 60 min (with

K� or Nab) incubation at 22-23#{176}, the mixture was centrifuged. Both bound and free digoxigenin were calculated

asinFig. 1.
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FIG. 6. Effect of the Na� and the K� on the type II digoxigenin binding

Panel A) Change of the apparent total number of binding sites. Panel B) Change of the apparent binding

2onstant. Conditions were the same as in Fig. 5, except that various concentrations of the Na� or K� were

examined at pH 6.5 and 8.0, and at pH 8.0, 50 mM Tris-HC1 was used as a buffer instead of imidazole-HCI.
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6.5

The inhibition was started at 25#{176}by the addition of

0.1 ml of 2.0 .tmol digoxigenin into the 0.9 ml mixture

containing the enzyme (about 0.1 mg), 50 �zmol imid-

azole-HC1 buffer, 4 �mol � and 4 �mo1 P�. At each

interval, the phosphorylating reagent (0.1 ml) contain-

ing about 0.3 mM [y-32P]ATP, 1 M NaCl, and 2 mzi

MgCl,, was added; after 3 sac, the enzyme was dena-

tured with 45% TCA (0.5 ml) containing 1 mM P and

0.1 mM unlabeled ATP. One ml of the reaction mixture

was filtered with a Millipore filter (pore size 0.45 nm),

washed with 70 ml of ice-cold 5% TCA solution con-

taining 1 mM P and 0.1 meet unlabeled ATP, and fmally

washed with 10 ml of ice-cold water. The washed

precipitate on the filter was made soluble with 1.5 ml

of 2-methoxyethanol in a counting vial, and radioac-

tivity was measured with a Packard Tri-Carb liquid

scintillation counter, using 5 ml ofscintillation medium

(5 g of 2.5-cliphenyloxazole and 0.3 g of 1.4-bis [2-(5-

phenyloxazolyl)]benzene in 1 liter of toluene and 500

ml of Triton X-100.

and its lag disappeared (line F). Further-

more, when the enzyme was pretreated
with the Na� plus Mg2�, or the Na� plus P1,

and the inhibition was started by the addi-
tion of digoxigenin with the P1 or Mg2�,
respectively, both inhibition curves were

the same as line F (data not shown). Assum-

ing that pH and temperature do not change

the reaction scheme, it can be concluded
from these sequence studies that the Na�

I 0 mM N � does not react with E�P, but does react with
a the nonphosphorylated enzyme. Na�-

bound enzyme seems to be insensitive to
phosphorylation by Mg�� and P,, and the

recoveries of free enzyme from Na�-bound
enzyme or ErP are slow.

Effects of ATP and AMP PCP on the
type II digoxigenin binding. As shown in
Fig. 11 and 12, several nucleotide-Mg�
complexes reduced the digoxigenin binding.

All triphosphonucleotides examined here
showed some saturation phenomena and
did not completely inhibit the binding. ATP
was the most potent among them at the
half-saturated concentration as well as on

the amount of inhibition at the saturated
concentration. Every triphosphate in-

creased its inhibitory potency in higher pH
(pH 8.3). Magnesium-ADP complex also
inhibited type II digoxigenin binding, and

its potency was enhanced in the basic con-

FIG. 8. Time course of (Na� + K’)-ATPase inhi

bition by digoxigenin in the presence of Na4 at p1

8.0

Conditions were the same as in Fig. 7, except fo

the higher pH and the following: the inhibition wa

started by the addition of 4.0 �tM digoxigenin insteat

of 2.0 �tM at pH 6.5. Fifty milhimolar Tris was used a

the buffer instead of imidazole and the concentratioi

of enzyme was 0.23-0.26 mg protein/rn). The inse

shows the Dixon plot of Na�-effect on the pseudo

first-order association rate constant (k’0) of digoxi

genin.
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a except imidazole buffer

FIG. 9. Effect of the Nat in the dilution medium

on the stability oftype Ildigoxigenin enzyme complex

at 25#{176}

The enzyme preparation (1.0-1.1 mg/mi) was in-

cubated at 25#{176}with a mixture of4 ms� � 4 mM P,

0.8 �M digoxigenin and 50 mM imidazole, adjusted to

pH 6.5 (solid line). After 30 to 60 mm of incubation,

the equilibrated mixture (0.1 ml) was diluted with 1

ml of 10 mM imidazole buffer (pH 6.5) containing 1

mM EDTA and Na� as indicated, and was phospho-

rylated at each interval. For experiments at pH 8.3

(dashed line), 50 mr�i Tris-HC1 buffer and 1.25 �M

digoxigenin were used for the inhibition, and 10 mi�i

Tris buffer (pH 8.3) containing 1 mai EDTA with (#{149},
x, 0) or without (A, /�) Na� was used for the dilution.

The procedures for phosphorylation and the EP assay

were the same as described for Fig. 7.

dition. At low concentration (less than 0.8
mM), the inhibition by ADP was the same

as that by ATP, but at the concentration in
which ATP showed saturation, ADP in-
creased the inhibition while the increment
of the increase was reduced. AMP Mg2�
inhibited digoxigenin binding only slightly

(Figs. 11, 12).
The ATP effect on type II digoxigenin

binding was examined at various pH by the
Scatchard plot. At pH 7.0, ATP suppressed
digoxigenin binding by the reduction of the
N5, but did not change the Kb (Fig. 13A).
Similar reductions of N5 by ATP were also
observed at pH 6.5 and 7.5. On the other
hand, at pH 8.3, ATP suppressed the digox-
igenin binding in a different way (the in-

crease of the Kb), but did not change the
N8. Similar changes by ATP were also ob-

served at pH 8.5. However, at pH 8.0, if
ATP were present, the Scatchard plots

were not linear (Fig. 13B), suggesting the
presence of two types of digoxigenin-en-
zyme complexes.

For the study of these effects of triphos-
phonucleotides on k’a and kd of the digoxi-

genin complex, ATP is not a suitable tn-
phosphate because the presence of ATP
decreases the radioactivity of EP. In the

present case, however, AMP PCP, one of
the unhydrolysable ATP homologues, can

FIG. 10. Effect of sequence of addition of the Na�

on the type II inhibition of (Na� + K”)-ATPase by

digoxigenin

The sequence of addition of components to corn-

plete the mixture was varied. In 1 ml at 10#{176},the

complete mixtures contained 0. 15 mg of the enzyme

preparation, 4 trnol MgC12, 4 �.tmol P, 1.0 nmol digox-

igenin, 50 �tmoI imidazole (pH 6.5) with (-) or

without (- - -) 5 �rnol NaCl. After 3 min of pretreat-

ment of the enzyme, the mixture was completed at

zero time as shown below. At each interval indicated,

enzyme inhibition was determined by assaying the

formation of EP, as described for Fig. 7. See text for

experimental details.

line Components
during the pre-

Components
added at zero

treatment of en- time with digox-
zyme igenin

A (0- - -0) None Mg2�, P,

B (x-x) None Mg2� , P, Na�

C (Li- - -Lx) Mg2�, P, None

D (#{149} #{149}) Mg2�, P, Na�

E (A-A) Mg2�, P,, Na� None

F (Y-V) Na� Mg2�, P



pH 70

0
ADP Mg

Nucleotides (mM)

128 YODA AND YODA

FIG. 11. Relative reduction of digoxigenin bind-

ing by Mg’4-nucleotide complexes atpH 7.0

The incubation mixture contained the enzyme

preparation (0.79 mg/mI), 0.25 .LM 1tmHldigoxigenin, 5

mM Mg2�, 4 mM P,, 40 mM imidazole-HC1 and various

concentrations of each Mg2tnucleotide complex,

which was the equimolar mixture of Mg2� and each

nucleotide. Its pH was adjusted to 7.0, and then it was

incubated for 45 mm at 22#{176}.Other experimental pro-

cedures were the same as in Fig. 2. In absolute terms,

100% corresponds to 164 pmol/mg protein, and the

average values of triplicated experiments were cited.

replace the inhibitory activity of ATP (Fig.
14) and does not interfere the assay of EP.

As shown in Fig. 14, AMP PCP itself did
not change the inhibition of EP level by
Mg�� and P1, which is considered to come-
spond to the ErP level (12), but did reduce
the association mate of digoxigenin at pH
7.0 and 8.3 (Fig. 15). The dissociation mate
of digoxigenim was not influenced with 1
mM AMP PCP in the dilution medium (Fig.
16).

DISCUSSION

The suppression of type II ouabain bind-
ing by the Na� or K� has been studied by
several groups (6, 7), and the half-maximal
concentrations of these ions have been re-
ported to be different. However, the present
results concerning ouabain binding shows
that, at real equilibrium, the saturated
value of type II ouabain binding seems not

to be influenced by the Na�, the K� or

AMP Mg ATP, even though a much longer incuba-

tion period is needed for it to reach equilib-
rium in the presence of such ligands (Fig.
1), as has been shown in the case of pH
effect (14). This result comes from the high
affinity of the sugar moiety on ouabain (a
cardiac glycoside) to the sugar specific site
on the enzyme (9, 11). Since the binding of
the steroid moiety in the cardiac glycoside
is a step prior to that of its sugar moiety
(10), the binding of digoxigenin (a cardiac

aglycone) is a more suitable process to
study the influences of Na�, K�, or nucleo-

tides than that of ouabain.

In the study of reverse reaction of ATP
hydrolysis, Post et al. (8) showed that the

(Nat + K�)-ATPase is phosphorylated into
ErP by Pi in the presence of � and that
this phosphonylation is suppressed with the

Na� or K�. Moreover, Post et al. presented

evidence that such an ErP can bind with
ouabain in the absence of Mg2�. According

FIG. 12. Relative reduction of digoxigenin bind-

ing by Mg’4-nucleotide complexes at pH 8.3

Each incubation mixture contained 0.62 mg/mi of

the enzyme preparation, 0.20 �LM digoxigenin, and 40

mM Tris-HCI buffer (pH 8.3) in the presence of 5 mM

Mg2�, 4 � P� and various Mg2tnucleotide complex.

The pH of the mixture was 8.3, and the incubation

time was 60 mm at 22-23#{176}. Other experimental con-

ditions were the same as in Fig. 1 1 . In absolute terms,

100% corresponds to 80.5-82.4 pmol/mg and the av-

erage values of triplicated experiments were cited.




