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SUMMARY

YODA, ATSUNOBU &YODA, SHIzUKO (1977) Association and dissociation rate con-

stants of the complexes betwEen various cardiac aglycomes and sodium- and potas-
sium-dependent adenosime triphosphatase formed in the presence of magnesium
and phosphate. Mol. Pharmacol. , 13, 352-361.

Association and dissociation rates of cardiac aglycome-(Na� + Ki-ATPase complexes

formed in the presence of magnesium and inorganic phosphate were examined by assay
of the phosphorylated protein formed in the presence of [-y-32P]ATP, which is influenced
by the amount of bound aglycone. Association and dissociation followed pseudo-first-

order and first-order rate kinetics, respectively. The dissociation rate constants of four
cardiac aglycones - digitoxigenin, digoxigemim, strophanthidin, and ouabagenin - were
all the same (0.28 min’ at 25#{176}and 0.63 mim’ at 30#{176}),but their pseudo-first-order

association rate constants (k01) varied. Both Mg2� and P1 gave linear relationships
against k4’ in double-reciprocal plots over a wide range ofconcemtrations, and the effects
of both ligands were identical. The four cardiac aglycones showed the same maximum
association rates with increasing drug concentration. These results suggest that the
binding of ligands (magnesium and phosphate) results in activation of the enzyme to
bind the cardiac aglycome, but that dissociation of ligands from the cardiac aglycone-
enzyme complex precedes the release of cardiac aglycome.

INTRODUCTION

The sodium- and potassium-dependent

adenosine triphosphatase (ATP phospho-
hydrase, EC 3.6. 1.3) is believed to be inte-

gral to the active transport of sodium and
potassium ions and is specifically inhibited
by cardiac glycosides. Experiments using
the radioactive cardiac glycosides ouabain
and digoxim (1-4) have established that a
cardiac glycoside-enzyme complex is
formed in the presence of certain ligands.
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The two most effective systems are

P1 and Na�-Mg2�-ATP (2). Our rate kinetic
studies on cardiac glycoside-(Na� + Ki-
ATPase complexes (5-7) indicated that
cardiac glycosides were bound to the en-
zyme at two sites, one specific for the ste-

roid moiety and the other for the sugar,
and that binding of the steroid moiety to
the enzyme results in activation of the
sugar binding site, with consequent bind-
ing of the glycoside portion. The role of the
sugar moiety in binding to (Nat + Ki-
ATPase is to increase the stability of the
complex through interaction of the 3’-hy-
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I The abbreviation used is: TCA, trichloroacetic

acid.

droxyl and other functional groups on the

sugar moiety with the sugar-specific
site(s) on the enzyme.

In order to eliminate the effect of the

sugar moiety of cardiac glycosides on bind-
ing, the binding of [3H}digoxigenin to (Nat

+ K1-ATPase was studied at equilibrium,

and the following results were obtained
(8). (a) Digoxigemim bound to its site on the
enzyme with high affinity in the presence
of ligands (Mg2� + P, or Na� + Mg2� +

ATP), as in the case of glycoside binding.
(b) Scatchard plots indicated that all bind-
ing was identical and mominteracting. (c)
The binding constant of digoxigemin

showed little change upon dilution of li-
gand, except at very low concentrations.
However, the number of binding sites on

the enzyme was strongly dependent on the
ligand concentration. These results are

similar to cation effects on dihydromor-
phine binding (9), and showed that the

binding of digoxigenin to (Nat + Ki-
ATPase did not follow the usual equations

representing a reversible reaction. More
detailed information on the elementary
steps in binding of the cardiac aglycones

seems to be necessary for an understanding
of the above results. The rate constants for
association and dissociation of cardiac
aglycones and (Na� + Ki-ATPase have
never been reported, because these reac-

tions are much faster than those of cardiac
glycosides. In this study we used a more
rapid assay, the determination of protein
phosphorylated by ATP, which is influ-

enced by the amount of bound aglycome,
and a special apparatus to improve the
accuracy of the assay. The association and
dissociation rate constants of the (Na� +

Ki-ATPase complexes with four cardiac

aglycones formed in the presence of Mg2�

and P were examined.

MATERIALS AND METHODS

The (Na� + Ki-ATPase preparation
was Nal-treated microsomes prepared
from beef brain by the method of Nakao et

al. (10) according to the modification of
Hegyvary and Post (11). Digoxigemim and

strophanthidin were purchased from
Boehringer/Mannheim. Digitoxigenin was

prepared by acid hydrolysis of digitoxin,

and ouabagenim was obtained from oua-
bain by the method of Mannich and Siew-
ert (12). The homogeneity of each cardiac
aglycone was determined by thin-layer

chromatography using silica gel G. [y-

32P]ATP was prepared by the method of

Glynn and Chappel (13), and used as the
Tris salt. The specific radioactivity of the
preparation obtained was more than 10�

cpm/j�mole and was diluted to about 200-
400 cpm/pmole with monradioactive ATP
in each experiment.

The semirapid mixing apparatus de-
scribed by Kanazawa et al. (14) was em-
ployed for measuring the association and
dissociation rates. This apparatus consisted
of a reaction tube and three pipettes. Each

solution of the enzyme or of a reagent in
the pipette was injected into the reaction
tube by means of a solenoid-controlled sy-
ringe. Each solenoid was controlled by a

timer (0.5-60 sec) or by a manual switch.
The reaction mixture was vigorously

stirred with a magnetic stirrer and was
kept at constant temperature by circulat-
img water. Each pipette was used after

calibration. In the present study the reac-
tiom tube contained 1.9 or 2.0 ml of reaction
mixture. Two of the three Folim-type pi-

pettes were the 0. 1-ml type. One of them
contained the phosphorylating solution,

consisting of NaCl, MgCl2, and [y-32P]ATP,
and the other was used for the enzyme
suspension in the dissociation experi-
ments, or for the cardiac aglycone solution
in the association experiments. The third
pipette was the 0.6-mi type, which was

used for the quenching solution, contain-
ing 40% TCA,’ 1 mM P1, and 0.1 m�i umla-

beled ATP. By measuring alkaline hydrol-
ysis of2,4-dimitrophemylacetate (15), it was
shown that the apparatus could be used at
intervals of 0.5 sec.

Dissociation of cardiac aglycone-(Na �

+ K�)-ATPase complex. The cardiac agly-
cone-(Na� + K�)-ATPase complex was
prepared by incubating a mixture contain-
ing enzyme (150-200 p.g/ml), 4 mM Mg2�, 2
mM P, 25 mM imidazole HC1 buffer (pH
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7.35), and cardiac aglycone2 for 30-50 mm,
which was sufficient time to reach equiiib-
rium (9). As shown in the flow sheet (Fig.
1), dissociation was started by the injection
of 0. 1 ml of the above complex mixture into
a reaction tube containing 2.0 ml of 1 m�
EDTA solution in 25 m� imidazoie HC1

buffer (pH 7.35). At various times after
starting dissociation, phosphorylatiom was
initiated by injection of the phosphorylat-

ing solution, containing 1 M NaCl, 50 m�i
MgCl2, and 0.2-0.3 mM [y-32P]ATP. After 3
sec phosphorylatiom was stopped by addi-

tion of0.6 ml of4O% TCA solution contain-
ing 1 mM P1 and 0. 1 m’vi unlabeled ATP.

The amount of phosphorylated protein
(EP) was determined as described below.

In order to calculate inhibition of phos-
phorylation by the aglycomes, control ex-
periments were carried out under the
same conditions without any cardiac agly-
cone. No significant change in EP was ob-
served during the incubation after dilution
(less than 2.5 mm) in every experiment.
At various time intervals EP formation
was assayed in triplicate. From such inhi-

bition data at five or six intervals, a stabil-
ity curve as shown in Fig. 4 was obtained,

and the slope of this curve was the disso-
ciation rate constant (k(f), as explained for

cardiac glycosides (5).
Association of cardiac aglycones with

(Nat + K�)-ATPase. A mixture (1.9 ml)

containing 40-50 pg ofenzyme, 4.0 p.moles
of Mg2�, 4.0 �.tmoles of P,, and 50 p.moles of
imidazole HC1 (pH 7.35) was stirred in a
reaction tube at 15#{176},and the cardiac agly-
cone association reaction was started by
the injection of 0. 1 ml of cardiac steroid
solution, as shown in the flow sheet (Fig.
2). At various times after starting the as-

sociatiom, phosphorylation was performed

as described above. EP formation was as-
sayed in quadruplicate at five or six inter-
vals, and from these data an inhibition
curve as shown in Fig. 5 was obtained. The
slope of this curve was the pseudo-first-
order rate constant (k(11), as explained for
cardiac glycosides (6).

2 The concentration of aglycone was selected to

inhibit the formation of phosphorylated enzyme by

70-80% during preliminary incubation.

Solution of Equilibrated Phosphory-
Pipettes Mixture of lating T

Ag(ycone, Solution (O6rn()

Enzyme, Mg (0.Im()

aPI (OimI)

Solution Diiution� - S

in Reaction Medium

Tube (0.2m() � � t �3sec�

(Dissociation Period)

FIG. 1. Flow sheet ofsemirapid mixing procedure

f or determination of dissociation rate constants

Solution of
Pipettes

Solution Mixture of _________________________________
in Reaction Enzyme,

Tube Mg&P1

(I 9rr�)

FIG. 2. Flow sheet ofsemirapid mixing procedure

f or determination of pseudo-first-order association

rate constants

Determination of phosphorylated pro-

tein (EP) . After phosphorylation was
stopped, the reaction mixture was placed
in ice for 30-40 mm; 1 ml of the mixture
was charged on a Millipore filter of 0.45-
j�m pore size, formed into a spot less than 7

mm in diameter, washed by dripping on it
about 70 ml of ice-cold 5% TCA solution
containing 1 mM P1 and 0. 1 mM unlabeled
ATP, and finally washed with 10 ml of ice-
cold water. The washed precipitate on the
filter was solubilized with 1.5 ml of 2-
methoxyethamol in a counting vial, and
radioactivity was measured with a Pack-

ard Tri-Carb liquid scintillation counter,
using 5 ml of scintillation medium (5 g of
2,5-diphenyloxazole and 0.3 g of 1,4-bis[2-
(5-phemyloxazolyl)Ibemzene in 1 liter of tol-

uene and 500 ml of Triton X-100).
In all experiments shown here, the

amount of EP formed was calculated by
subtraction of nonspecific phosphoproteim,
which was determined by measuring phos-
phorylatiom in the presence of additional
25 m� KC1.

RESULTS

Inhibition of enzyme phosphorylation by

cardiotonic steroids. As shown in Table
1, (Nat + K�)-dependemt ATPase activity,
(Nat + Mg21-depemdent phosphorylatiom

by ATP (EP formation), and K�-depemd-
ent umbelliferome phosphatase activity,



z
0
1-

II:
0
Li�

0.
Li

0.2 0.4 06

CONCENTRATION OF Pi (mM)

Mg

P

CARDIAC AGLYCONE-(Na� + K�)-ATPASE COMPLEXES 355

tions.

TABLE 1

Ouabain inhibition of(Na� + K�)-ATPase, EP

f ormation, and K�-dependent phosphatase

The enzyme (80 j.�g/ml) was incubated for 10 mm

at 30#{176}as described below, diluted 10-fold with 1 mM

Tris-EDTA, and precipitated by centrifugation at

100,000 x g for 15 mm. The precipitate was homoge-

nized with 1 mM Tris-EDTA, and aliquots were as-

sayed. (Na� + Ki-ATPase activity was measured

by the linked pyruvate kinase-lactate dehydrogen-

ase spectrophotometric method (5), and K�-depend-

ent umbelliferone phosphatase activity, by the

method of Pitts and Askari (16). EP formation was

measured as described in the text. The values are

percentage inhibition relative to control experi-

ments, in which the enzyme was incubated under

the same conditions but without ouabain, which was

added later after dilution. In absolute terms, 100%

activity corresponds to 0.86 .tmole of ADP per mm-

ute per milligram at 30� for (Na� + Ki-ATPase, to

215 pmoles/mg for EP formation, and to 0.12 j.�mole

ofumbelliferone per minute per milligram at 30#{176}for

umbelliferone phosphatase.

Conditions Inhibition

(Na� +

K�)-
ATPase

EP for-
mation

Umbel-
liferone

phos-
phatase

0.2 j.tM ouabain + 2

mM Mg2� + 2 mM P�

0.3 �M ouabain + 2

mM Mg2� + 2 mM P�

0.3 �M ouabain + 150

mM Na� + 2 mi�s

Mg2� + 1 mM ATP

%

23

56

66

%

21

55

65

%

25

52

61

which is equivalent to K�-dependent p-
nitrophenyi phosphatase activity (16),

were inhibited to the same extent by oua-
baim treatment, when assayed after the

enzyme had been removed from the inhibi-
tion medium. The presence of Mg2� and P

partially inhibited EP formation, by form-

ing a different phosphorylated protein

(E ( ) (Fig. 3, line A), as Post et al.

reported (17). This reduction in EP by
Mg2� and P� was rapid, reaching a steady-
state level within 0.5 sec at 15#{176}.Phospho-
rylatiom of the digoxigemin-treated enzyme
in the presence of Mg2� and P, decreased
with time of exposure of the enzyme to the

FIG. 3. Effect of Mg2�, P1, and digoxigenin on

phosphorylation of (Na � + K�)-ATPase by ATP

After incubation with 2 m� Mg2� and various

concentrations of P� in the presence of 25 m�.t imidaz-

ole HC1 buffer (pH 7.35) for 4 mm, the enzyme (54

�cg/ml) was treated with 1 j.LM digoxigenin (or left

untreated) as indicated and phosphorylated as de-

scribed in the text. All experiments were carried out

at 15#{176}.Line A, without digoxigenin, 20 sec (the

results of zero-time treatment with 1 �.LM digoxi-

genin overlaplineA); lineB, with 1 �M digoxigenin,

20 sec; line C, with 1 .tM digoxigenin, 60 sec.

agiycone (Fig. 3, iines B and C). The pres-
ence of P1 or P and digoxigenin did not

affect EP formation in the absence of
Mg2t

Post et al. observed that Na� reduced

the Mg2�-P1 effects on EP formation (17,
18), and it also was found to decrease the
steady-state binding of digoxigenim in the
presence of Mg2� and p.#{149}3Since the phos-
phorylating solution contained 1 M Nat, it
was necessary to determine whether this

affected the amount of EP formed. When
1/20 the volume of phosphorylatiom solution
was added to enzyme suspensions that had

been incubated for 5 mm at 25#{176}with 2 mM
Mg2� and 2 mM P1 in the absence and
presence of 0.5 p.M digoxigemin, the
amount ofEP formed between 1 and 6 sec
was the same in both cases. Therefore it
appears that the Na� effect is not fast

enough to change the amount of enzyme
compiexed with Mg2� and P, during phos-
phorylatiom by [y-32PIATP.

3 A. Yoda and S. Yoda, unpublished observa-
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The reduction in EP by digoxigemim
binding in the presence of Mg2� and P1 was
examined further. After the enzyme had
been equilibrated with [:IH]digoxigemmn in

the presence ofligands, part of the mixture
was centrifuged to separate the superma-
tant, and the amount of unbound [3H]-

digoxigemin was measured (8). Another
sample was used for phosphorylation by
[32PJATP. The results (Table 2) indicate

that the relative amount of EP coincides
with the amount of unbound enzyme.
These results indicate that the reaction

conditions employed for phosphorylatiom
did not alter the steady state of the en-
zyme, and that the EP value corresponds

TABLE 2

EP formation from enzyme-digoxigenin mixture

The enzyme preparation (0.96 mg/ml) was treated

with different concentrations of [3H]digoxigenin

(specific activity, 284 cpm/pmole) in the presence of

2 m�i Mg2�, 2 mM P, and 25 mM imidazole HC1

buffer (pH 7.35) at 25#{176}for 30 mm. The binding of

digoxigenin was measured as reported previously

(8). Aliquots of each suspension were centrifuged at

25x, and the unbound digoxigenin was determined

from the radioactivity in the supernatant. The total

number of binding sites (0.22 j.tM) was estimated by

Scatchard plots from the digoxigenin binding data

at six different concentrations (0.05, 0.10, 0.20, 0.30,

0.40, and 0.50 fLM). This value coincided with the

total number of ouabain binding sites, which was

determined by the same method as for digoxigenin

binding, except that the incubation time was 60

mm. Other aliquots were phosphorylated with �/2o

the volume of phosphorylating solution as described

in the text. In absolute terms, 100% E P formation

corresponds to 115 ± 5 pmoles/mg and was obtained

in the presence of 2 mM Mg2� and 2 mM P�. The

values are the averages ofthree sets of experiments.

In each experiment, measurements of bound digoxi-

genin were made in duplicate, and those ofEP, in

quadruplicate.

Total di- Bound digoxi- Ratio of Relative EP
goxi- genin bound value
genin digoxi-

genin to
total

binding
sites

�LM pM % %

0 100

0.10 0.07 ± 0.01 32 70 ± 4

0.20 0.12 ± 0.02 55 44 ± 3

0.40 0.16 ± 0.02 73 25 ± 1

to the free form of the enzyme. The reduc-
tiom in amount of EP was plotted against
the reaction time between enzyme and di-
goxigenim in the presence of Mg2� and P,

and a first-order plot was obtained (see
Fig. 5). The slopes of these lines are the

pseudo-first-order rate constants for the

association of (Nat + K�)-ATPase and d�-
goxigenim.

Dissociation rate constants (k(s) . When

an equilibrated mixture of enzyme, car-
diac aglycome, and ligands was diluted
with 20 volumes of the iigand mixture, the
fractional inhibition (i.e., the fraction of
cardiac aglycone associated with the en-
zyme) was decreased and reached a mew

equilibrium (Fig. 4, line A). The initial

rate of this change is the dissociation rate

z
0

cc
0
La.

0.
Li

U-
0

0

I-

a3
I
z

FIG. 4. Stability ofcardiac aglycone-(Na� + K�)-
ATPase complexes at 25#{176}after dilution

A mixture of the enzyme (0.8-1.0 mg/ml), 2 mr�s

Mg2�, 2 mt�i P�, and cardiac aglycone was incubated

for 30-45 mm. The equilibrated mixture (0. 1 ml) was

diluted with 2 ml of 1 mtnt EDTA in 25 mat imidazole

HC1 buffer (pH 7.35), and enzyme inhibition was

determined at 30-sec intervals by assaying the for-

mation ofEP. See the text for experimental details.

Line A , the enzyme was treated with 0.6 �M digoxi-

genin and diluted with a solution containing 2 m�s

Mg2�, 2 ma� P�, and 25 mM imidazole HC1 buffer

instead of 1 mM EDTA. Line A’, the same as A,
except that the dilution buffer contained 1 mas

EDTA. Line B, the same as A’, except that the

enzyme was treated with 0.8 �tM digoxigenin. Line

C, the same as A ‘ , except that the enzyme was

treated with 0.2 �LM digoxigenin. Line D, the same

as A ‘, except that the enzyme was treated with 0.2

�M digitoxigenin.
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aThe error was about ±0.03 min’.

S These data were obtained previously (5).

of the complex. If the ligands in the dilu-

tion medium were omitted, or replaced
with 1 mM Tris-EDTA, the shift in equilib-
rium was increased by the dilution, and

the initial change in inhibition followed
first-order kinetics over a wider range
(Fig. 4, line A ‘), but the kd value was not

changed. In all other experiments a mix-
ture of 1 mM EDTA and 25 m� imidazole
HC1 buffer (pH 7.35) was used as the dilu-

tion medium. As expected from first-order
kinetics, the initial percentage of inhibi-
tion by digoxigenin did not influence the
dissociation rates (Fig. 4, limes A ‘ , B , and
C).

As shown in Table 3, the four cardiac
aglycones gave identical k(j values (0. 28 ±

0.01 min’ at 25#{176}and 0.63 ± 0.02 min’ at
30#{176}).The kd value of the cardiac aglycones
at 25#{176}is more than 10 times that of odoro-

side H, which had the highest k,, of the

cardiac momoglycosides studied previously
(5).

Association rate constants of cardiac

aglycones with (Na� + K�)-ATPase. Since
dissociation of the cardiac aglycone-en-
zyme complex was relatively slow (t1�2

about 2.5 mm at 25#{176}),the amount of agly-
come-enzyme complex dissociated during

the EP assay should be negligible. If suita-
ble concentrations of enzyme and aglycone

are used, EP formation can be determined
without significant change in the amount
of active enzyme. As the EP value appears

to parallel the amount of active enzyme,
the time course ofEP formation after addi-
tion of the cardiac aglycone can give the
time course of association between cardiac

aglycone and (Nat + Ki-ATPase.
As shown in Fig. 5, the logarithm of EP

decreased linearly with time. That is, as-

sociation ofthe cardiac aglycome with (Nat

TABLE 3

Structures and dissociation rate constants ofcardiac aglycones used in this study

H�

0

Compound Substituents Dissociati on rate constant�’

25#{176} 30#{176}

mm

Cardiac aglycones

Digitoxigenin

Digoxigenin

Strophanthidin

Ouabagenin

Cardiac glycosides6

Ouabain

Digoxigenin monodigitoxide

Odoroside H (digitoxigenin

3’-methoxyfucoside)

19-CH3

19-CH3, 12/3-OH

19-CHO, 5$-OH

19-CH2OH, 1j3-OH,

5/3-OH, ha-OH

0.27

0.29

0.27

0.28

0.0037

0.0075

0.021

0.65

0.64

0.62

0.61

0.0075

0.013
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FIG. 5. Time course of(Na� + K�)-ATPase inhi-

bition by cardiac aglycones

The enzyme (40-60 j�g/ml) was inhibited with

various concentrations of cardiac aglycones, as mdi-

cated, in the presence of2 m�t Mg2�, 2 m.i P, and 25

mM imidazole HCI buffer (pH 7.35) at 15#{176}(-) or 25#{176}

(- - -). At the times shown, phosphorylation was

started as described in the text. Line A, 0.4 �M

digitoxigenin; line B, 0.5 MM digoxigenin; line C, 0.2

pM digoxigenin at 25#{176};line D, 0.5 j.�M ouabagenin;

line E, 0.5 .tM digoxigenin, but the concentration of

Pt was 0.25 mM instead of 2 mat.

+ K�)-ATPase followed pseudo-first-order

kinetics. The pseudo-first-order associa-
tion rate constants (k41) are the slopes of
the time courses x 2.3. The k0’ values were
affected by temperature and the concen-
tratioms of Mg2�, P1, and cardiac agiycones
(Fig. 5).

Since the plots ofk(,’ vs. concentration of
cardiac aglycome were not linear (Fig. 6),
the association of cardiac aglycone does
not follow a second-order rate equation.
The effects of Mg2� and P are shown as
double-reciprocal plots in Fig. 7. Both
Mg2� and P gave linear relationships over
a wide range of concentrations, and the

effects of both ligands were identical.
As shown in Fig. 8, the k(,’ values of the

four cardiac aglycones are linear functions
of their concentration in double-reciprocal
plots, and each of the lines crosses at the

same point on the y-axis. This shows that
the maximum association rates of the four
cardiac aglycomes are the same.

DISCUSSION

In this study the association and disso-

ciation rates for cardiac aglycome-emzyme
complexes were obtained from assay of the
protein phosphorylated by [y-32P]ATP, and

only the Mg2�-P1 system was used as the

ligand mixture to promote the binding of

cardiac aglycomes.
Although no data have been published

concerning the association and dissocia-
tion rates of cardiac aglycones and (Na� +

K�i-ATPase, it has been suggested that
both rates, especially the dissociation
rates, are higher than those of cardiac gly-

cosides, because the binding of aglycomes
is reversible but that of glycosides is not
(19). The present results not only confirm

that suggestion, but also point out the
characteristic differences between cardiac
aglycomes and glycosides.

The k(, values (dissociation rate con-

stants) of all four cardiac aglycomes exam-
med were the same at each temperature,

whereas those of the glycosides depend ex-
clusively on the mature ofthe sugar moiety

(6). As shown in Table 3, the k(j values of
the cardiac aglycones were 10-90 times
greater than those of glycosides at 25#{176}.

In contrast, the k4’ values (pseudo-first-

order association rate constants) of the car-
diac aglycomes were all different; they fol-
lowed the same order as those of the corre-

�0

I-
z
4

U)
2
0
C)

Li

cc

cc
Li
0
cc
0

La.

2
Li
Cl)
0.

FIG. 6. Pseudo-first-order association rate con-

stants ofvarious cardiac aglycones with (Na� + K�)-
ATPase at 15#{176}

Each value was obtained from the time course of

EP formation as shown in Fig. 5. The reaction me-

dium contained 2 mM Mg2�, 2 mat P1, 25 mat imida-

zole HC1 buffer (pH 7.35), various concentrations of

cardiac aglycones, and the enzyme (40-60 .tg/ml).
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cardiac aglycones

Each value was calculated from the results shown

in Fig. 6.
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C

E
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4
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2
0
0

Li

4
cc
cc
Li
cx
cc
0

I.-
I’)
cc
La.

0
cx
:D
Li
C’)
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FIG. 7. Effect of Mg2� or P. on pseudo-first-order

association rate constant of (Nat + K�)-ATPase in-

hibition by digoxigenin at 15#{176}

Each value was obtained from the time course of

EP formation as shown in Fig. 5. #{149},1 j� digoxi-

genin, 2 mM P1, and 0.25-2 mat Mg2�; 0, 0.5 �cM

digoxigenin, 2 mM P�, and 0.23-2 mM Mg2�; x , 0.5

�M digoxigenin, 2 mM Mg2�, and 0.23-2 mat P.

Other conditions were the same as in Fig. 5.
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sponding cardiac glycosides, whose ka’ val-
ues are dependent on the nature of the

aglycone moiety (7). The ha’ of digoxigenin

at 25#{176}was 0.63 mim’ (curve C in Fig. 5),
which is 3 times the ha’ of digoxigemin

momodigitoxide (6). The difference be-
tween the ha’ values of cardiac aglycones
and glycosides is less than the difference in
h,, values, and the increase in inhibitory
potency of the cardiac monoglycosides can
be attributed mainly to the decrease in hd
values.

As previously reported (6), the associa-
tion ofcardiac glycosides with (Nat + Ki-
ATPase followed second-order kinetics,

but that of aglycomes did not. This discrep-
ancy may be due to the fact that only low

concentrations of glycosides were exam-
med. The double-reciprocal plots of ha’ vs.

the concentration of each ligand or cardiac

aglycone were linear, and the four cardiac
aglycones displayed the same maximum

association rates with increasing drug con-
centration. These results suggest that the
enzyme binds the ligands to form some
active intermediate as the first step, and
this intermediate then binds the cardiac
aglycone.

Since the intermediate formed in the

presence of Mg2� and P� is not phosphoryl-

ated by ATP (17) (see also Fig. 3), the
following scheme cam be postulated as the
association of cardiac aglycone to (Nat +

Ki-ATPase:

k, lMg2#{176}llP1l k2 ,Mg
E� #{176}EMg2�’P�E

k� k�2 ‘P

where I is the cardiac aglycone, and
E - Mg2� . P1 is the intermediate, formed

possibly by noncovalent binding between

Mg

the enzyme, Mg2�, and P1. In E ( , phos-

phorus binds covalently, as shown by PostS
et al. (17). E and E . Mg2� . P1 are phospho-
rylated by [‘y-32P]ATP to produce EP, but

g /Mg

E � and E -P are not. From this scheme,

P
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the observed pseudo-first-order rate con-
stant ha’ �5

h_1 k2
+-

h1[Mg2�][P1] k3[I]

h_1h_2
+

h1[Mg2�][P1]k3[I I

This formula accords well with the pres-

ent results (Figs. 7 and 8). This mecha-
mism also agrees with the report by Post
et al. (17) that (Nat + Ki-ATPase is
phosphorylated with Mg2� and P1 and can
then bind ouabain.

The notable finding in this study is that
the dissociation rate constants of the four
cardiac aglycones are the same. This re-
suit strongly suggests that the dissocia-
tiom of cardiac aglycones from the enzyme

follows the rate-determining step of disso-
ciation. In such a sequence, the differ-

ences among the cardiac aglycones would
not influence the dissociation rate, and a
more complicated reaction step, such as a

conformational change of the enzyme
and/or the dissociation ofligands from the
enzyme, might precede or be the rate-
determining step. Post et al. (17) found
the dephosphorylatiom rate of the oua-
bain-emzyme complex formed in the pres-
ence of Mg2� and P, to be 0.42 min’ at 0#{176};
this value is higher than the h,, of the
cardiac aglycomes (0.28 min’ at 25#{176}).It is
likely that other slow reaction steps occur
before the rate-determining step.

The following binding scheme, derived

from the scheme above and the dissocia-
tiom rate constants, can account for the

ha’ and h(j values found for the various
cardiac aglycones:

k (Mg#{176}#{176}J[P11 k2 ,.Mg
E. �EMg2�P1�=�E

k, k2 “p

k, k3[I]

7Mg

E1 E-P
k4 I

This scheme suggests that cardiac agly-
cone can bind to the active form of the

enzyme, which is formed by covalent
binding of phosphorus. However, the dis-

sociation of the cardiac aglycones occurs

after release of the phosphate. From this

scheme, the following formula is obtained
at equilibrium:

1 1
� N

1 1 1 1 /
-+-+-+ (1+
b2 h4 h� b1[M]

1 k_2 h_1h.2
�+�+
h3 h2h3 h1[M]h2h3 B

1 1 1 1 ( b_1 F
+

-+-+-+ 1
h2 h4 h5 h1[M] h2 i

where [MI = [Mg2�][P1I, B is the total

concentration of cardiac aglycone-en-

/Mg

zyme complex (B = [E P I + [El]), F is

the concentration of the unbound cardiac
aglycone (F = [1]), and N is the total

concentration of the enzyme:

N = [El + [E.Mg�.P�] + [E

Mg
/

[E-p I + [El]

I

Mg

/

P

This equation suggests that Scatchard
plots of binding are linear, and the mum-

ber of binding sites obtained by such plots
changes with the concentration of ligands
[MI. Sufficient data with which to esti-
mate the apparent dissociation constant,

which is a coefficient of B/F, are not pres-

ently available. If it could be shown that
the coefficient of B/F varied little with
[MI compared with the coefficient of N,

this reaction scheme for cardiac aglycone
binding might explain the unusual obser-
vation on [3Hjdigoxigenin binding, re-
ported previously (8), that the apparent
number of binding sites changed with the

concentration of each ligand but the ap-

parent dissociation constant did not.
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