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SUM MARY

The optimal inhibitory responsiveness of calf brain membranal (Xa+ + K�)-dependeiit

ATPase to cardioactive sterols was determined to be consistent with a model depicting a
three-point or area interaction between inhibitor and a complementary binding site on the

enzyme. Each functional ATPase molecule could be inhibited reversibly by 1 molecule of
sterol at the binding site. The A component of the binding site interacted optimally with

the sugar portion of an aglycone monosaccharide rather than that of an aglycone di-, tn-,
or tetrasaccharide or the 3$-hydroxyl group of the aglycone. The B component of the bind-
ing site yielded optimal enzyme inhibition as a result of interaction with the sterol 14-

hydroxyl group. Relative affinities at the C component of the binding site were related to

the following order of preference for the lactone ring substituted at position 17�3 of the
sterol: a-pyrone > crotonolactone > �‘-butyro1actone. Although the sterol lactone rings

possess large dipole moments, the compounds most inhibitory toward (Xa� + I�+)�Tpase
favored ring planarity and a relatively extensive u--electron system. Binding of the crotono-
lactone and a-pyrone substituents to the C component was postulated to result from mu!-

tiple interactions, one or more of which are independent of the tact one ring group dipole
moment, namely, lr-7r system interaction or 7r-complex formation.

INTRODUCTION

The (Na+ + K+)depeIl(leIlt ATPase
(ATP phosphohydrolase, EC 3.6.1.3) repre-

sents a fundamental component of the
system that regulates alkali metal ion

distribution across cell membranes (1, 2).
Several investigators have observed that
activation of the membranal ATPa.se by
K� is inhibited reversibly by cardioactive

sterols (3, 4).
The most significant pharmacological

effect of cardiac glycosides is the inotropic

response of heart muscle. Recent reports
have indicated that there is a significant
correlation between the extent of inotropic
responsiveness and the degree of inhibition
of membranal (Na+ + K+)�ATPase by

cardiac glycosides (5-7). Structural require-

ments for the relative toxicities of cardio-
active aglycones to KB carcinoma cells have

also been correlated with the requirements

for (Nat + K�)-ATPtLse inhibition (5).

The present study deals with the influence

of cardiac glycoside structure on I he extent
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of reversible inhibit ion of the membranal
(Nat + K�)-ATPase system. Within the

limits of availability of inhibitory com-
pounds, this study has permitted the de-

termination of an optimal sI)atial array of
inhibitor functional group types that bind
or interact in such a manner as to inhibit
(Xa� + K�)-ATPase activity.

Each functional (Nat + Ki-ATPase

system behaved as if it interacted with only
1 molecule of inhibitor. Correlation of the
extents of enzyme inhibition with variations
in cardioactive sterol structure provided

an indication of the topological character-
istics and functional group requirements

at the complementary binding site of the

enzyme. A model demonstrating several
properties of such a binding site has been

constructed, and the (lUitlitative aspects of
possible sterol-binding interactions at this
site are discussed.

M ETHOI)S

(J/iein ical prc/)alatwn and Ii onio�jeneity.

1)ihydroouabain was prepared by hydroge-
natmg ouabain (Sigma) according to a

modification of the 1 echnique of Brown
el a!. (8). The Brown2 Hvdroanalvzer ap-

parat us (obtained from 1)elmar Scientific

Laboratories, Mavwood, Ill.) was modified

to contain a 100-mi reaction flask assembly

inserted between the hydrogen generator

and the mercury valve. After 0.3 g of 10 9�

palladium on carbon (Engel hard Chemicals,
Newark, N..J.) had been placed in the
reaction flask and S ml of 1 M NaBH4

solution in the hydrogen generator flask,

the system was flushed with dry nitrogen

gas. Fifteen milliliters of methanol were

added to the reaction flask, rotation of the

magnetic stirring bar in each flask was
initiated, and 2 ml of 10 x HCI were added

to the hydrogen generator to flush the

system. A solution of 360 mg of ouabain in

10 ml of methanol was introduced into the

reaction flask, following which 2.3 ml of

0.05 �i NaBH4 solution were consumed

during a 24-hr hydrogenation procedure.
The contents of the reaction flask were

filtered through a fine fritted glass funnel,

and methanol was removed with a jet of
dry nitrogen. Dihydroouabain crystallized

after standing as a syrup for 1 month;
recrystallization was effected using acetone-

water.

The melting point range for dihydro-

ouabain was 191-193#{176}, and for ouabain it
was 190-193#{176}. The carbonyl stretching

vibrations for dihydroouabain were at
1740 cm’, as compared to 1715 cn�r’ for
ouabain. Dihydroouabaiii was homogeneous

on thin-layer chromatography in three
different solvent systems, and was resolved

from ouabain in each case (Table 1).
Trimethylsilyl ether and acetate deriva-

tives of several of the sterols were prepared
as described previously (10). Acetates were
recrystallized from acetone-water.

TABLE 1

Thin-layer ch roinatograph ic behavior of cardiotonic

compounds with different types of

lactone rings

Ouabain

1) ihvd rum ma) )itIfl

Ouahain tn-

met hylsilyl

ether

1)ihydroouabai ii

rimet hylsilyl

ether

St rophaiit hidin

Hellebnigenin

St rophanthidin

riniet hvlsilvl

ether

Hellebrigen in

rimet hylsilvi

ether

The compounds were chro-
matographed on 250-p layers

of adsorbent using a single
15-cm solvent development.

a The fluorescent spot represented the sterol

reaction product obtained upon spraying the de-

veloped plate with a modified (9) Liebermann-

Burchard reagent.
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Strophanthidin and hellebrigenin were
gifts from L. E. Hokin. Strophanthidin

was subjected to preparative thin-layer
chromatography on silica gel, using toluene-
2-propanol (1:2 by volume) as the de-

veloping solvent. After desorption in metha-
no! and filtration, strophanthidin was
crystallized by adding water.

Other bufodienolide compounds w-ere
obtained from Alfred Bader Company,
Milwaukee. The melting point ranges of

these compounds corresponded to previously
reported values.

The remaining cardenolides w-ere ob-

obtained from Boehringer-Mannheim, New
York. Many of the cardenolide sterols and

glycosides had previously been examined

by gas-liquid chromatography, NMR spec-
trometry, and mass spectrometry, in ad-
dition to thin-layer chromatography (10,

11).
The sterols, glycosides, and other deriva-

tives were dried overnight at 20 mm of
Hg and 100#{176}in the presence of P2O5 and
paraffin. All compounds were determined to

be homogeneous by thin-layer chroma-

tography in two or more solvent systems
(9, 10).

In order to facilitate solution, the sterols,

glycosides, and acetates were dissolved in
dimethylsulfoxide; then water was added

2

to adjust the organic solvent concentration
to 10 %. This procedure permitted the prepa-
ration of 1 X 10� �i solutions of gitoxigenin
and several glycosides, and of 5 X 10� �i

solutions of the aglycone acetates. Other

sterols and glycosides could be obtained at
concentrations of 10� �t or higher. Ten
per cent dimethylsulfoxide w-as a convenient
solvent, as it produced no measurable in-

fluence on the responsiveness of (Na+ +

K4)-ATPase to ouabain.
Tris-ATP was prepared in a 5#{176}cold room

by passing 200 ml of 5 % disodium AT1�
solution through a 2.6 X 23 cm column of

Dowex 50-XS, analytical grade, 100-200
mesh, in the Tris form. The Tris-ATP was

lyophiized and stored at S#{176}in a desiccator.
A TPase preparation and assay. Calf

brain microsomal (Nat + K�)-ATPase
was prepared essentially according to the

method of Skou (12).
The assay for ATPase was automated by

adapting an existing Technicon technique

for measurement of orthophosphate. “Com-
bined” ATPase was measured at an enzyme
concentration of 40 .tg of protein per milli-

liter. In order to obtain a direct measurement
of the initial reaction velocity, incubation
was conducted at 40#{176}for 17.5 mm in the

presence of 33 mu Tris-Cl buffer (pH 7.4),

3.3 m�t ATP, 8 mu MgCI2, 125 mu NaCl,

Degree of Ir*iibition (%)

FIG. 1. Concentration dependence of (Nat + K�)-ATPase inhibition by ouabain (0) and dihydrooua-

bain (�)
Each point represents the average of three determinations. I�o values are listed in Tables 3 and 4.



and 25 mu 1�Cl. Incubation of the men�- inhibitor complex dissociation coiistttiit was

branal j)reparation as above, �vithout XaCl found to be approxiluatelv 1 X l0� u.

and ECI, l)ern�ittetl direct determniation of In order to determine the number of

the Na+_independent ATPase activity (13). molecules of cardiac glycoside required to
r#{231}� (Nat + 1’�)-ATP�tse ��aS deter-

inhibit 1 molecule of (Nat + K�)-ATPase,

muted to comprise a�)proximately the same the approach of ,Johnson ci a!. (21), as men-

percentage (85 � of the “combined” tioned by i)ouvihle aiid \Varren (22), was
�r1�l)�tse inhibited by lo�:m M ouabain. The

adopted. The reversible interaction between

tlependence Oil telrlperatule of both Km the complementary binding site (CBS) on

an(I V is-as coilsistent with the observations the ATPase and an inhibitor, I, is expressed

of Swanson for the guinea pig brain enzyme as follows.

( 14). \laxirnum reaction velocity generally
, -, )

corresponded to about 3() �.onu)les of I

f��Q , �

\_ ,1J�j ��1�� fl �

produced per milligram of proteill per hour
for (Nat + Ic+)�ATPase under the in-
cubation conditions specified above.

A complex of inhibitor plus responsive
enzyme binding site is represented by
CBS . I,,. The association constant is

The extellt of eiizyrne inhibition was

measured in the simultaneous i)reserlce of

substrat e, activators, and cardioactive

K.5 = [CBS JJ (2)
[CBS] [Ij”

sterols (13), as; suggested by the observations
of Albers et a!. (15) and Matsui aild Schwartz

(16). As indicated in Fig. I , the variation in
tile degree of (X:r� + K�)-ATPase iiihibi-
tion with an exponential function - of in-
hibitor concentration was linear in the
concentration range permitting apProxi-
matei�v 25-75 #{182}� inhiibitioii of the ATPase.

Spectral measurements. XMR sPectra
were obtained using a Varian HA-100
instrument wit ii a decoupling accessory.

Assuming that tue inhibitor completely in-
activates the enzyme upon interaction at the

coniplementarv binding site, the activity
� ren�ains �in the i�esence of inhibitor,
1’L is proportional to the concentration of

the binding sites. As V� represents activity
in the absence of inhibitor, the activity lost
as a result of binding of inhibitor, V0 - V1
is proportional to [CBS . I,�]. Equation 2

may thus be rewritten ItS follows.
�

Spectra were collected using 4 % solutions

in deuterochioroform. Infrared spectra were

(3

obtained on a Perkin-Elmer model 621
instrument, using KBr discs containing 1 %

sterol or glycoside.

RESULTS

Iv - v1\
log It .� = log � T� - n log [1] (4)

\ I /

Stoichiometry of enzyme-inhibitor inter- or, it may be rearranged to permit a Hill

actions. Observations by other investigators plot.

have indicated that the membranal Xa+_
independent ATPa.se may be heterogeneous

(17). Although the enzyme cannot be

-

� log [1] + log K.4 = log � �

completely purified at the present time, we
have assumed that calf brain microsomal

A plot of log (V0/V1 - 1) with respect to
log [I] gives a straight line with a slope of it,

(Na+ + � comprises a single while 1/KA = [IJ�’ w-hen log (V0/V1 - 1) =

molecular species, in accordance with the
indications of Kahlenberg et a!. (1$) and

0. From Fig. 2 it may be seen that the slopes

of the lines � 1; thus n equals 1 for the two
1.�esugi et a!. (19). sterols and the glycoside, ouabain. This re-

Inhibition of calf brain membranal lat ionship correlated with the observation
(Xa+ + K+)_ATPase by ouabain was reported by Matsui and Schwartz (16) that
examined according to the technique of
Ackerman and Potter (20) and was de-

3H-labeled ouabain forms a 1: 1 complex
with cardiac mernbranal (Xa+ + K+)_

termined to be reversible. Fiie enzyme- ATPase.
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(Vt)___V1\ _1
K.4 = � �1 I � iii�

Equation 3 may be linearized as follows



TABLE 2

0.50
0.30

1.01

1.65
Ouabain

Digitoxigenin

.
16.04 18.06 17.57 1.095 0.972

Ouabain
Gamabmifotalin

0.50
0.075

1.01
6.85

lo.86 11.88 1788 1.128 1.(XX)

Digitoxigenin

Gamabufotalin

0.30

0.075

165

6 �
15.85 17.86 17.47 1.102 0.978
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In order to determine whether the cardio-

active sterols effect inhibition by combining

with a single type of responsive site on the
(Nat + K�)-ATPase, mixed inhibition stud-
ies were conducted. Assuming identical bind-
ing sites, inhibitors A and B should act

‘tO
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‘02

00

-J
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-� -08 -06 -04 -02 0 ‘02 $04 ‘06 ‘08 #{149}I0

Log 111(pm)

FIG. 2. Plots for inhibition of (Xa� + K�)-

A TPase by three different cardioactive sterols

Each point represents the average of six deter-

minat ions. Line slopes (n) were obtained using the

method of least squares to fit the linear relation-

ship given by Eq. 5. 0, gamabufotalin, n = 0.95;

#{149},digitoxigenin. n = 0.90; 0, ouabain, n = 0.90.

additively, giving the following expression
(22) for remaining enzyme activity in the
presence of both compounds.

V ((j)ZA -� - l+K11 [4] �K�T�i

Ion independent and nonniteracting sites,

the enzyme activity remaining after binding

of the stronger inhibitor A may be consid-

ered essentially the initial velocity for in-
hibitor B. Assuming that the enzyme-in-

hibitor A complex has no more affinity I han
the native enzyme for inhibitor B, the fiiial
activity in the piesence of both inhibitors is

V Vt‘AB - (1 + K.1(A])(1 + K5[B1)

Table 2 presetits results of inhibition stud-

ies involving combinations of three distinctly

different cardioact ive sterols. Experimental
1 i values (average of six determinations)
were compared with V1 values calculated

using Eqs. 6 and 7. Statistical treatment as-
sumed normality and absence of bias in the

data. The discrimination indicated by I lie
statistical tests in Table 2 suggested that the
identical site theory is at least 24 times more

likely than the nonidentical site theory.

Specifleity of cardioactive steroi-binding site of calf brain mierosomimul (.Va� + K+)��1TPa.sc

Calculated V (A)’ F�xperi-
Cardioactive Concen- KAa Nonidenti- Identical menial Nonidentical sites

sterol tration cal sites sites

B A�

Identical sites

Average ± SD 1.108 ± 0.043 0.98.’� ± 0.037

a KA values were obtained from the data in Fig. 2.

Vo was 36 m�smoles of P, per milligram of protein per hour.
Ninety-five per cent confidence limits are given for the average ratios. Application of the t-test

indicated that the average value for nonidentical site ratios differed from 1.00() with a probability of

p = 0.008, while that for the identical site ratios differed from 1.000 with a probability of p = 0.19.



Model for complementary binding site. Since

the (Nat + K�)-ATPase may be inhibited
quite effectively by digitoxigenin, it was as-

stimed that this aglycone or its dihydro

analogue represents one of the simplest car-
dioactive sterol inhibitors capable of acting
at the complementary binding site. Accord-
ingly, the A component is designated as that

Responsiveness of (�Va� + K�)-ATPase to

eardiotonic compounds, particularly

those with variations in sugar

substitution.

CH3

Compound Ito

‘lime value rm’joreseuit s aim (‘51i mmml p (lime to I imi-

titI ioims rt’l:mt 1w’ 1(1 soliihili I � of I his Coflij)(mmmmId in

l(Y( (limel hvlsuilfoxide iii water.
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TAnm�E 3

I )igitoxigenin (3�1, 14-dihvdruxv5i3-

card -20)22) -enolidc)

I )igitoxigenin 3fl-nionodigit oxuside

1)igituxigenin 3�-bisdigitoxuside

(�l ---p 3)
I )igi toXin (flu #{149}-� 3-tridigi I uxoside)

I )igi Iuxigen in 30 -neet ate

I )iguxigenin (30, 12t.S $ 14-1 iihvdroxv 50-

cnrd-20(221 -enulide)

I )iguxigenin :lfi-tiioiiod igi I OXI 51(6

1 )iguxigenin 3fl-bisdigil OXuSi(lI’

(flu --‘ 3)

1)igoxin (flu ‘ .1-1ridigil OXOSitIP)

1�imnat oside C (digoxin mmccl vlgl 11(1) -

51(10)
I )igoxigenin 30 $ 12fl-dineei ate

( iitoxigenimi (3fi ,14, l6�3-I rihydroxv Sfi-

earml -20)22) -enol i(lP

iloxin (ill ---‘ 3-I ridigituxoside)

l6-Acel ylgi IOXi ii

(it oXi$�Pfli II 313, 1613 -dined ate

St rophant hidin (313,5, 14-I rihvdroxv-

16-n) 513-emmrd-20[22J -enolide)

(1ynimmrin (sI roitlimmnthidin 313-mono-

cv mu ri )si(Ie

component of the binding site that interacts

with the 3$-hydroxyl group of the sterol
and/or with alcohol groups of a glycoside

derivative attached to the 3$-hydroxyl
group. The B component is postulated to

interact with the 14-hydroxyl group of the
sterol inhibitor. The lactone ring substituted
at. C-17 of the sterol is proposed to interact
with one or more functional groups at the
C component of the binding site.

Characteristics of the A component of the

stero!-binding site. Table 3 shows that the
micromolar concentrations of compounds re-

quired for 50% inhibition of the (Nat +
K�)-ATPase indicate a preferred order of
affinity of sterol glycosides for the comple-
mentary binding site. This order-aglycone
monosaccharide > disaccharide > trisac-
charide > aglycone-was consistent for each
of four different sterols and their glycoside

derivatives. This affinity order suggested
that substitution of one sugar on the 313-
I iydroxyl group permitted optima! opporl ii -

nity for hydrogen bonding or other dipole-

dipole interaction with I lie A component of
0.60 the binding site, while additional sugar resi-
0. 15 dues restricted access to I hat. component.

The apparent reduction in accessibility to
0.30 the A component. of the binding site is at-

� trihuted to the bulk effect of the addition of
sugar groups to the sterol monosaccharide.

Although it is recognized that hydrogen

10 bonding involving the second, I bird, or
0.50 fourth sugar group of the glycosides could

also influence the affinity of the glycoside for
0.60 the binding site, it is difficult to rationalize
0.90 a diminni ion in enzyme-inhibitory respon-

siveness to additional hydrogen-bonding ca-

irooo� pacity.The observation that digitoxigenin acetate

was significantly less inhibitory than the

2.00 tglycom’ or corresponding glycosides was in-
1 .30 terpreted as an indication that a- hydroxyl

10 hydrogen may be a preferre(l characteristic

6.00 of the 313-substituent on the sterol inhibitor.
7’/ie B (‘OlnpOllCnt of time Ste?Oi-bii?(liflf� site.

Gitoxigenin had a iTIllCh higher I��o for the
0.70 (Nat + K�)-ATPase than did digitoxigenrn

(Table 3). This result was consistent. with

the hypot hesis that intramolecular hydrogen
bonding between the hydroxyl groups on
carbons 14 and 16 resulted in specific orien-
tIlt lOfl of I he 14-hydroxyl group, thus, per-



TA OLE 4

Responsiveness of (Va5 + Kt)-A ‘I Vase to
cardiotonic comn pounds, part 1(11 larly

those with variations in the lactone

ring

R� R�

y - Butyro)octone Crotonolacione

(in sterol, (in sterol,card-
cardonotde) 20 [22�-enohde�

01 - Pyrone

(in stera,bufo-20,22-
dienohde)
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haps, lowering the affinity of the aglycone
for the B component of the binding site.

Intramolecular hydrogen bonding in gitoxi-

genili is strongly suggested by a broad infra-
red absorption band in the 3540-3300 cm’

region and is demonstrable using Corey-

Pauling-Koltun models.

Gitoxin had a lower I�o than gitoxigenin,
but an appreciably higher I� than digoxin.
Acetylation of the 1613-hydroxyl group (16-

acetylgitoxin) increased the inhibitory effec-

tiveness. At tempted correlations from these
observations were complicated by the possi-

bility of intramolecular interactions involv-
ing tile lactone ring and either the 1613-
hydroxyl of gitoxigenin or the acetoxy group
of 16-acetylgitoxin.

Since relative configuration about carbons

16 and 17 of gitoxigenin trimethylsilyl ether
had previously been questioned (10), the

NMR spectra of gitoxigenin acetate were
examined to determine whether the accepted
configuration for the free sterol (23) had been
retained in this derivative. The NMR spec-

tra in a deuterochloroform solution of gi-
toxigenin acetate revealed that the symmet-
rica! doublet (JHH’ = 8.5 cps at 3.8 ppm),

corresponding to the C-17 hydrogen, col-

lapsed upon irradiation of the C-16 hydrogen
(5.50 ppm). The magnitude of this coupling
constant was consistent with a dihedral

angle of about 20 degrees (24) for the vicinal
hydrogens at carbons 16 and 17; thus, these

two hydrogens Possess the accepted (‘is-rela-
tionship.

1{esibufogenin, a 14, 15(3-epoxide, wa.s
markedly less inhibitory (Table 4) than

telocinobufagin or gamabufot a) in; however,

the lack of other structural analogues may

lessen the significance of this observation
regarding involvement of a binding role of

the 14-hydroxyl group.
The significance of the role of the 14-

hydroxyl group could be demonstrated more

clearly if an aglycone were available with a

14-hydrogen in place of the hydroxyl group.

In this regard, Repke (6) reported a 30-fold

decrease in inhibitory effectiveness of a

mixture of �8:14� and �l4:lsanh\?drodigitoxi

genins relative to digitoxigenin. Even so, the

relevance of this observation was compli-

cated because of the alterations in ring con-

Compound I��

�Jf

()uabain (113,313,513,1 la,14, 19-hexahv-

droxv-513-card-20[22] -enolide 3-u.-
rhanmoside) 1.00

I)ihydrooimahain (-y-butyrolactone ring

at 1713-position of oual)ain) 6.60

Strophanthidin (313,513,14-trihvdroxv-19-
al 513-card-20[22]-enolide) 0.70

Ilellebrigenin (313,513, 14-t rihydroxy-19-

al 513-bufa-20,22-dienolide) 0.10
Oleandrigenin (313,14-dihvdroxy-16-

acetoxv-513-card-20)22]-enolide) 0.60

Bufotalin (313,14-dihydroxv-16-acetoxv-

513-bufa-20,22-dienolide) 0.30

Gamabufotalin (313,lla,14-trihydroxv-

5(3-bufa-20,22-dienolide) 0.15
Telocinobufagin (313,513,14-t rihydroxy-

5$-himfa-20,22-dienolide) 0.12

Resibufogenin (3t3-hydroxy-14 ,15-epoxy-

513-bufa-20,22-dienolide) 4.50

Uzarigenin (313,14-dihvdroxv-5a-card-

20[22]-enolide) 2.40

formation w-hich accompany elimination of

the alcohol group at C-14.
The C component of the sterol-binding site.

As indicated in Table 4, ouabain was 7 times
more inhibitory than dihydroouabain, while

hellebrigenin � 7 times more inhibitory
than st rophanthidin. In addition, bufotalin

was twice as inhibitory as oleandrigenin.
That bufotalin was not a more potent in-

hibitor relative to oleandrigenin may be re-
lated to intramolecular interaction involving
the C-16 carbonyl group and the 17(3-lactone,
resulting in restriction of freedom of lactone
ring rotation and/or shielding of a portion

of the ir-electron system of the ring.

The above results qualitatively resemble
those previously reported by Ruoho ci al.
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(4), who found that hellebrigenin was 25-30

times more inhibitory to guinea pig brain

(Na+ + K+)_ATI)imse than \V’IS strophanthi-

din, and by liepke (6), who found digitoxin

to be 12 times more inhibitory than dihv-

drodigitoxin.

Other strueture-actuity considerations. In
confirmation of I(epke’s observations (6),
the I� for uzarigenin was 4 times greater

titan that for digitoxigenin. This indicated
that a more desirable spat ial distribution of

functional groups and/or a more desirable
steroid backbone cont itmuit y is afforded by

cis, rather titan (ran.s’, fusion of the A:B
ring junction.

As indicate(l in Table 4, hellebrigenin and

telocinobufagin ))ossess imydroxyl groups at
C-5, and they possess similar inhibitory ef-

fect iveness even though C-19 of heliebri-

geniut exists as an aldehyde rat her thaut a

metimyi group. Time affinity of tile cardio-

active st erols for the binding site appeared

to be very similar, whet her hmydroxvlation

occurred at C-S am telocinobufagin or at the
1 la-position iii gamabufotalin.

Comparison of the I� values of ouabain

au1(1 (ligi t oxigenin nion()digit oxoside mdi-
(at 0(1 1 hat hydroxylatioum at J)OSitiollS 1/3,

;, 1 Ia, and 19 markedly reduced the inhibi-
tory effectiveness of the glycosides, if it.is

assumed that time differences in time sugar

portion of lime glycosides are relatively tin-
important

Relative to digitoxigenium monoacetate or

gitoxigenium diacet ate, the dramatic 50-�100-
fold (lecrease in inhibitory effectiveness of
(ligoxigeulill diacet ate indicated that acetvla-

ion of the 1 2(3-hvdroxyl group resulted

oil her in hindrance of accessibility of the

lactone to the C component of the binding

site or in a comphicat 0(1 conformational
change in time (Xa+ + K�)-ATPase, thereby
rendering complex format ion bet � the

binding site and inhibitor ineffective in in-

fluencing enzyme activity. Assuming a 17/3

absolute configuration (23), the lactone ring
is stericaily prohibited from interacting with

time I 2f3-acetoxy group of digoxigenin diace-

tate. As may be seeuu using Corey-Pauling-
T’�..oltimn niotlels (10), the 14-hydroxyl group
is also sterically prohibited from interacting

with a 12(3-substituent.

J)eter?n ination of relatire /)olarit!es’ of lac-

tone rings. The physical properties of the
y�jrjous types of lactone rings in the cardio-

active sterols have not received sufficient
study to permit prediction of their group

dipole moments. Tile thin-layer chromato-

graphic behavior of several of these sterols
provided a reflection of I lie sum of all differ-
ences in group dipoles and polarizabilities of
structurally similar compounds.

Thin-layer chromatography was eon-
(lucted using a pail’ of glycosides and a pair
of aglycones in which the only differences
resided in the lactone rings. Trimethylsilyla-

tion resulted in derivatization of the primary
aumd secondary alcohol groups of these corn-
pounds, thus, permitting solubihization in the

developing solvents.

Whieii separations were effected, RF values

from thin -layer cliromatography clearly in-

dicated that the compounds containing the

y-butyrolactone ring or the a-pyrone ring

behaved similarly reiati�’e to structural ana-

logues possessing the crotonolactone ring.

The chromatograpimic behavior of these
compounds thus suggested that known dif-

ferences between dipole moments of �‘-bu-

tyrolactoume and the crotonolact one rings
= 4.13 and 4.62, respectively (25)] pro-

vided significant indication of probable di-

pole moment differences bet ween a-pyrone

and crot onolactone rings of the st erols.

DISCUssION

It was mentioned in the INTRODUCTION

that both cardiac aglycone toxicity to the

KB carcinoma cell and heart. muscle mo-
tropic responsiveness correlated well with
relative (Nat + K�)-ATPase iuihmibitory re-
sponsiveness to time sterols. Additionally,

studies by Cheut (26) indicated some inter-

esting relationships between the structures
of several derivatives of two bufadienolides,

(namely, hellebrigenin and its (‘-5 epimer,

bovogenin) and their toxicities in tile cat.
The rhamnose glycoside and tile glucose-
rhamnose glycoside derivatives were 106 %

as potent its hellebrigenin, based on aglycone
equivalents of each compound. The theve-

tose glycoside derivatives were 125-130 % as

potent as bovogenin. These results correlated
very closely with those in Table 3 relating
to specificity at the A component of the
(Xa� + K�)-ATPase binding site.
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The peculiarly influential properties of

conjugated cardioactive sterol lactone rings
have previously been interpreted as sug-

gesting that inhibition of (Na4 + K�)-
ATPase may result from a stronger inter-

action than hydrogen bonding at the C com-
ponent of the complementary binding site.
Therefore, the physical properties of the

sterol lactone rings w-ere considered to de-
serve additional attention.

The strength of binding at the C compo-

nent of the binding site was expected to de-
pend on one or more of the following sterol

lactone ring characteristics: (a) ring size,
(b) group dipole momenf, (�) group polar-

izahihty, (ml) t�Xtmlisivelim’�s id I lie l’�g �-e1ee-

huh �y5tI’01, tool tel ring slin;um al, jitirhsitjta,
thu legret’ iii’lit I�4 J thu itt-ti IV

‘Ii to oh Lit-hi hliel it-i tilt I sit! 5)11 tII �V�t clii ill
limit 1)hiHmuhi’mhls(?7 ) tt�i�jttitiits tim t’iut’uiitutiu’t j\.�

�t,tmim,Isitt it itsImimIji ��ltit-’1i tguiithiiiutivt’h� �1lit-

tutu I� I hit-Iitt list t�tIt hroitu (Nit + t�t

,\1 I �tISt’ hiit’ t ,Lsumi’viuIii 01 11tat 1utm_�iu1�vi irs
sc�thhiit’tti ;� is IiiItt’Ii li*ss stitmetivum t Iuitt situ-

hrt-l’t’ti ;� sit’ slit ie�itt itt ihulil�)iIih$)� )uiit it-asiutiluu

IIII, utttlut� tO tusi hiimussl tehla (2S) �vsnths1 tsp-

Jietti’ Its itsttit’tt-tm’ ihitut slight slil’ltml’titithtta Ill

1itt’tsutie l’ilit4� rI1�m$ tIlt’ lilt tt)uuh)h�\ uutursitut sm I
liii iu,Isjhiitttt� tI1It’tj�’i’iiI’SS itt I lit’ sit ti’s tjsi.

rI$hiirm ttl�,tIlli1s’lut t’sslst1el’liuIug rtitg sI/c tm stilil

tulsa lie tis’v,’ht mjtith by u’smliijitti’uiigIitt’ Ii�, Viii -

551’s hit’ t’tt-II hitsiui ( Nit’ -t- l�’)-.-\’1’l’ttst’ itt

uIiItttHIIII tutu mhtlivttt’tutmtitihttiti (‘h’tshle -I)
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It1p�l’tt)th5\ )tlttVi(tttI sthihs it-liiiuthii’tt’t luuttintilt’

tst htiu’tstIlt 111114 1�ttl it’ll Ii’s, /t#{176}jthiflsit’tit’smsi

it-sits stig ho’ at suit uu’tuhl,v t’u’httliii sit uFt us � itt’

t’uiisjsiti’tit �V�I Is tlis ttu’guuuutttiu I hot list sJj1utlt

lilt Oiii’ltl I it list’ t’l’iiiI 1151 mhttt’Isits,’riltg tXt’tst ha
I hit-I itt’ ‘‘it 15(1’ tilt )-hiuut Vrt shti’I itltt tI’ ttj s,i:�

Iota’ litiga (slut�aI’l,’rsi titith Ttsi)ht I)
.\eu’tsrshin14Itt is smesousi itl’gu$!uietutthis’ 41

uhittis’I hs���l )-)I\l’mtlst u’turi�)isus.vlt5�m�m14tti sitS

gut-it-I ‘1’ ‘‘ps’s st is!s-iti’t’e)st 0,14 butl\Vil’#{176}t lusts lists
iii’ 2 ,4-shi�uitthiyh�i�)syI’smlii, tssi rttlt’t’t,oh liv

Iln’sl’itshrto’i’sh(- ‘( I mitsui(��( at l’t�t(’hsitsg

\iIil’ti IIi su5r� I .ftP I� I l’ttt-til’ ‘‘111.1stt itsimt’t’t,st titg

)li)\Vt’l’,‘ tilt s’\)tl’tSsjtits tub rt’htsl 1\u tied ‘us

lui�1I�tuI I��1t V )tl’stVislia tutu 1lsstiI’sm’I luiiitsI$I’t tst

uhijus its liii mliut’lsI s tih’h’tu’m’tsi’u’s l’sii’ Ihsisie I wi

ss,hst it tI i’s) htii’Iiiisc’s, Thu mi1juiths’ Iuimsmt’tst sst

1 ,4h tlisitet hs,\l-)-Jm�I’tuuit’ isissl itt )-l1�\I’s)1st ill’s’

4.58 and 3.72 debyes, respectively (30). Since

the dipole moment of crotonolactone exceeds

that of 2,6-dimethyl-y-pyrouie, it appears
consistent to interpret. the infrared spectral

correlations as also supporting the argument

that the dipole moment of crotonolactone
exceeds that of a-pyrone.

In view of the probable nature of the

binding interaction(s) at the C component

of the complementary binding site, tile sug-
gestion that the lactone ring is involved as a

result of hydrogen bonding (6, 29) is umot in-

consistent with observations resulting from

the present study. It should be noted that

clij)ohe induction ut response to I he h;wtone
I’llsg 111It uhs’tiililuit’hst IlilgIsu islst5 lit’ ‘�l u’el cut
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Fu;, 3, .1! ode! indicating optimal spatial distri-

bution of functional group types at the binding site

Functional group types at the A and B corn-

ponents simulate a portion of the lumen of a mac-
rocyclic antibiotic (35). Phenyl groups are pre-

seated at the C component to emphasize comple-

mentarity with the nearly planar crotonolactone
met-one ring; however, other functional group
types may be present (see the text),

significant relative to alternative hydrogen-

bonding interaction forces.
The representation of the C component of

the binding site in Fig. 3 emphasizes involve-
ment of the sterol lactone ring in ir-complex

formation with phenyl groups. In reality,
involvement of other amino acid R groups�
phenol, indole, imidazole-could possess
equal or greater importance at the C corn-

Pou1t�11t.

A more careful study of the weak physi-
cal forces interaction capabilities of the van-

otis lactone ring systems would obviously be
desirable. Time correlation of extensiveness of

the lactone ring ir-electron system with the
inhibitory effectiveness of cardioactive ste-
rols against (Na+ + K�)-ATPase may fa-
ciii t a te additional understanding of those

molecular association pimeutomena which re-
late directly to determiimatioui of biological
responsiveness to a variety of classes of com-
pounds, such as steroid hormones, carcino-

genic aromatic hydrocarbons, and microbial

toxins, in addition to drugs.
The specificity of niembranal (Na+ +

K�)-ATPase responsiveness to structurally
similar cardioactive sterols and sterol glyco-

sides also appears to be correlated, to a large

extent, with the specificity of the recognition
process observed in the nuclear receptor pro-

teins of target organ cells for the steroid hor-

mones (36-38).
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