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This paper reports on the kinetic and thermodynamic parameters describing the interaction of selected 
digitalis derivatives with hog and guinea-pig cardiac (Na++  K+)-ATPase (Na+/K+-transport ing ATPase 
EC 3.6.1.37). 32 digitalis derivatives were characterized as to the values of the AG ° ' ,  A¢~*, and A¢3 * 
quantities in their interaction with (Na++  K +)-ATPase from hog cardiac muscle in the presence of ATP, 
Mg~ +, Na + and K +. Nine derivatives were additionally characterized as to the values of the AH o ,, AS o ,, 
AH * ,  A S  * , A/-I ~ , and A S  ~ quantities in their interaction with the hog enzyme promoted by ATP, 
Mg 2+ and Na + in the presence or absence of K +. The formation of the inhibitory complexes is in any case 
an endothermic, entropically driven process. The Gibbs energy barriers in the formation and dissociation of 
the complexes, AG ~ and AG *,  are imposed by large, unfavourable A H  * values. K + decreases the AG o, 
value by increasing the A¢~ ~ value more than the AG ~ value. In comparison with hog (Na + + K +)-ATPase, 
the interaction of three derivatives with guinea-pig cardiac enzyme in the presence of ATP, Mg 2+, Na + and 
K + is characterized by lower AG o, values caused by lower favourable AS o, values, and is accompanied by 
lower A¢7 ÷ values. The magnitude of the kinetic parameters and the characteristic of the thermodynamic 
quantities describing the interaction between various digitalis derivatives and (Na + + K +)-ATPase, indicate 
the induction of substantial conformational changes in the enzyme protein. A large entropy gain in the 
enzyme protein, observed irrespective of enzyme origin and ligation, appears to be the common denominator 
of the inhibitory action of all digitalis derivatives studied, suggesting that the digitalis-elicited relaxation of 
high conformational energy (negentropy strain) of the enzyme protein is the thermodynamic essence of the 
reversible inactivation of (Na++ K +)-ATPase. 

Introduction 

The recognition of (Na + + K+)-ATPase as the 
digitalis receptor [1-4] has allowed the relation- 
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lar Biology of the Academy of Sciences of the GDR, Robert- 
R~ssle-Strasse 10, DDR 1115 Berlin, G.D.R. 

ship between chemical structure and activity of 
digitalis compounds to be studied at the molecular 
level. An increasing body of information has been 
gathered since the first analysis in 1964 [5] on the 
nature of the digitalis-enzyme interaction [6,7]. In 
1985, SchiSnfeld et al. [8] characterized 73 structur- 
ally highly different, but digitalis-like acting 
steroids as to their apparent Gibbs energy changes 
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of interaction with human cardiac (Na++  K+) - 
ATPase. 

Since Gibbs energy changes are relatively in- 
sensitive to variation in the molecular details of 
ligand-protein interactions, knowledge of the in- 
terplaying contributions from enthalpy and ent- 
ropy changes forms a less ambiguous basis for the 
molecular interpretation of the thermodynamic 
parameters than the Gibbs energy data alone [9]. 

The purpose of the present paper is to under- 
stand the characteristic of the inhibited digitalis- 
(Na++ K+)-ATPase complex more fully by de- 
termining the equilibrium and activation thermo- 
dynamic quantities which define the interaction of 
selected digitalis derivatives with the cycling en- 
zyme. No information is as yet available about the 
equilibrium and transition state thermodynamics 
of the interactions between a variety of digitalis 
derivatives and cycling (Na ÷ + K+)-ATPase, and 
no thermodynamic study of the influence of K + or 
the species-origin of the enzyme on these interac- 
tions has been reported so far. A small part of the 
present data was digested in a preliminary manner 
in the context of a survey [10]. 

Materials and Methods  

Materials 
The digitalis compounds studied are listed in 

Table I, which also shows their structure (using 
the nomenclature given in Ref. 11) and numbering 
for easy reference in the text. The naturally occur- 
ring representatives were obtained from various 
commercial suppliers (1, 4, _5, 6, 8, 11, 15, 20) or 
isolated in the Institute in Tashkent (10, 12, 14, 
21). By appling established procedures the deriva- 
tives were prepared in the Institute in Berlin by R. 
Megges (_7, _9, 17, 23, 26, 28, 30) and C. Lindig (3, 
16, 18, 22, 24, 27, 32) or in the Institute in 
Tashkent (13, 19, 25, 29, 31: cf. references [12,13]). 
2_ was a gift of K. Meyer, Basle. All compounds 
proved pure in chromatographic analysis. 

The tritium-labelled compounds were obtained 
from Isocommerz, Berlin G.D.R. (1, __5-_7, _9, 15, 
18, 20) and the New England Nuclear Corp. (4, 8). 
Thin-layer chromatography showed them to be 
free of labelled and unlabelled contaminants. 

All chemicals and biochemicals were of analytic 
grade. 

(Na + + K +)-A TPase preparations and actiuities 
The enzymes were little purified on purpose to 

get undeteriorated, stable preparations of non-ves- 
icular membrane fragments. They were obtained 
from the ventricle muscle of hog and guinea-pig 
by the procedure of Matsui and Schwartz [14]. 
The portion of ATPase activity suppressed by 0.1 
mM ouabain (>  95%) was taken as (Na + + K+) - 
ATPase activity which amounted to 15-25 or 5-10 
~mol Pi produced per mg protein per h by hog or 
guinea-pig enzyme, respectively. Protein was de- 
termined according to Lowry et al. [15]. The activ- 
ity of the (Na++ K+)-ATPase preparations was 
stable during the time of the experiments under 
the conditions specified below. The digitalis 
derivatives were dissolved and transferred in 
dimethylformamide into the assay medium so that 
the concentration of the solvent was 1% (v/v) 
which did not impair enzyme activity. 

In the following presentation of procedure and 
data, the symbolism and terminology in enzyme 
kinetics as recommended in Ref. 16 were used. 

Basics of data calculation 
In accordance with the generally applied proce- 

dure [17] we used the bimolecular interaction 
model 

D+E~-D'.E' (1) 

in which: D is free digitalis, E enzyme in receptive 
state, D ' .  E'  the inhibited complex with D and E 
in altered conformational states (cf. Discussion), 
and k and k the forward and backward rate 
constants. The inhibitory action of digitalis com- 
pounds on, and their binding to, (Na++ K+)- 
ATPase were studied under the conditions of max- 
imized enzyme turnover to favour the occurrence 
of a single digitalis-receptive enzyme state. The 
apparent inhibition and dissociation constant 
could be described thus: 

Ki = KD = [D][E] ,~ 
[D'.E'I E (2) 

The validity of this model was corroborated by 
the following eight pieces of evidence. 

The Hill coefficient was not significantly differ- 
ent from unity, indicating that the digitalis bind-  
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TABLE I 

KINETIC AND THERMODYNAMIC PARAMETERS CHARACTERIZING THE INTERACTION BETWEEN 32 5fl,14fl- 
ANDROSTANE-3fl,14-DIOL DERIVATIVES AND ( N a + +  K ÷ )-ATPase FROM HOG CARDIAC MUSCLE ESTIMATED IN 
THE PRESENCE OF ATP, Mg 2+, Na + AND K + 

All data are for 37 ° C. The parameters for compounds 6,_7,_9, 18, 20 were derived from binding studies, all others from inhibition 
studies. 

I ]I ~ IE 
0 HB C R 2 0 0 

b~.Ql~ c O~ ' ~  O~ HN_~222 
R~ ~ OH 

H 
Com- Structuralvariation k ( x l 0  4) k ( X l 0  3) K~) AG* A(~* - A G  ° '  

pound R ] R 2 others (M-~.s  -1) (s -1) (/~M) (kJ/mol)  (kJ/mol)  (kJ/mol)  
No. 

1 O-rhamnosyl III  A4 11 0.16 0.0015 
2 OH III 18 0.49 0.0026 
3 O-tridigitoxosyl I a, b: H; c: CH 3 - 4.1 0.70 0.017 
4 O-tridigitoxosyl I a, b, c: H 1.2 0.29 0.024 
5 O-rhamnosyl I a, b, c: H C1/~-OH, C5-OH, 0.82 0.30 0.036 

Cllfl-OH, C19-OH 
6 O-tridigitoxosyl 1 a, b, c: H C12fl-OH 0.50 0.21 
7 O-tridigitoxosyl I a, b, c: H C16a-OCH 3 1.7 0.77 
8 OH I a, b, c: H - 9.8 5.1 
9 O-tridigitoxosyl I a, b, c: H C16a-OCOCH 3 0.32 0.17 

10 O-[ O-glucosyl]- 
digitoxosyl I a, b, c: H C5-OH, C19 = O 2.1 1.2 

11 O-tridigitoxosyl I a, b, c: H C16fl-OH 1.1 0.65 
12 OH I a, b, c: H C5-OH, C19 = O 3.9 2.8 
13 O-ribosyl I a, b, c: H - 2.1 1.7 
14 O-[ O-glucosyl]- 

cymarosyl I a, b, c: H 
1 5  OH I a ,b ,c :  H 
16 O-tridigitoxosyl II 
17 O-rhamnosyl IV 
18 O-tridigitoxosyl I a, b, c: H 
19 O-ribosyl I a, b, c: H 
20 OH I a, b, c: H 
21 O-[ O-glucosyl]- 

boivinosyl I a, b, c: H 
22 OH I a, b: H; c: CH 3 
23 O-[tetra-O-acetyl]t a, b, c: H 

tridigitoxosyl 
24 O-tridigitoxosyl II 
25 O-rhamnosyl I a, b, c: H 

26 OH I a, b, c: H 
27 O-COCH 3 I a: CH3; b, c: H 
28 O-tridigitoxosyl I a, b, c: H 
29 O-COCH 3 I a, b, c: H 

30 O-tridigitoxosyl I a(b): OCH 3 * 
( a )  b ,  c :  H 

31 OH I a, b, c: H 

32 O-tridigitoxosyl C17 = 0 

46.2 98.6 52.4 
44.8 95.7 50.9 
48.7 94.8 46.1 
51.9 97.1 45.2 
52.8 97.0 44.2 

0.042 54.1 97.9 43.8 
0.046 51.0 94.6 43.6 
0.053 46.4 89.7 43.3 
0.053 55.3 98.5 43.2 

0.059 50.5 93.4 42.9 
0.062 52.2 95.0 42.8 
0.071 48.8 91.1 42.3 
0.083 50.4 92.4 42.0 

C5-OH, C19 = O 0.31 0.32 0.11 
C12fl-OH 2.9 3.5 0.12 
- 2.6 3.2 0.12 
A4 2.2 4.3 0.20 
C16a-OH 1.2 3.2 0.27 
C5-OH, C19 = O 0.71 2.2 0.30 
C16fl-OH 16 51 0.32 

C5-OH, C19 = O 0.72 2.3 0.31 
- 3.8 12 0.32 
C16fl-OCOCH 3 0.22 1.9 0.83 

C16a-OH 0.68 9.9 1.5 
C5-O-rhamnosyl, 0.20 3.1 1.5 
C19 = O 
C12fl-O-NO 2 0.77 14 1.8 
- 0.56 20 3,6 
C12fl-OCOCH 3 0.18 6.9 3.9 
C5-O-rhamnosyl, 0.20 13 6.3 
C19 = O 
C16fl-OH 0.29 19 6.7 

C5-O-rhamnosyl, 0.13 8.3 6.7 
C19 = O 
- 0.07 31 45 

55.4 96.8 41.4 
49.6 90.7 41.1 
49.8 90.9 41.1 
50.3 90.1 39.8 
51.9 90.9 39.0 
53.2 91.9 38.7 
45.1 83.7 38.6 

53.2 91.8 38.6 
48.9 87.5 38.6 
56.1 92.3 36.1 

53.3 88.0 34.7 
56.4 91.0 34.6 

53.0 87.1 34.1 
53.8 86.2 32.3 
56.8 88.9 32.1 
56.4 87.3 30.9 

55.5 86.3 30.8 

57.7 88.5 30.8 

59.2 85.0 25.8 

* 'a '  denotes the likely configuration. 
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ing sites were all identical and independent as 
follows at once from simple mass law considera- 
tions [18]. The k value was independent of the 
digitalis concentration. The value of k, directly 
determined by following up the complex dissocia- 
tion, was independent of the digitalis occupancy 
of the enzyme population a n d  not significantly 
different from the value of k calculated according 
to Eqn. 2 from the rate of complex formation at 
different digitalis concentrations. Mathematical 
curve fitting revealed an excellent fit of the 
observed and theoretic time course of digitalis 
interaction with the enzyme. In simultaneous 
determinations the extent of inhibition of (Na + + 
K +)-ATPase activity by digitalis compounds cor- 
related well with their binding to the enzyme and 
the kinetic constants determined by binding or 
inhibition studies were equal within the limits of 
error. The computation of K i, K D, k and k by 
means of different algorithms described below 
yielded similar quantities. The van't Hoff  plots of 
the dependence of the K i and K D values on 
temperature, and the Arrhenius plots of the 
dependence of the k" and k values on temperature 
showed linear regression lines over the tempera- 
ture range studied (in general 17-37°C,  in suita- 
ble cases extended down to 3 ° C), apparently ex- 
cluding a change in the digitalis receptive enzyme 
state as a function of temperature. The above 
findings confirmed earlier experimental data (re- 
viewed in Refs. 6 and 7) and are therefore not 
shown here. 

The concentration of the digitalis derivatives 
was in large excess over the enzyme concentration 
so that only a negligible digitalis fraction was 
bound to the enzyme molecules and the con- 
centration of free digitalis molecules was ap- 
proximately equal to the digitalis concentration 
applied. 

Determination of kinetic parameters 
Inhibition studies. The inhibitory digitalis action 

on (Na + + K+)-ATPase activity was monitored in 
the optical test by NADH dehydrogenation 
through measuring the decrease of absorbance at 
334 nm. The assay medium contained 1.7 mM 
ATP, 4 mM MgCI 2, 5 mM KC1, 130 mM NaC1, 5 
mM (NH4)2SO4, 25 mM imidazole-HCl-buffer 
(pH 7 at incubation temperature), 0.4 mM phos- 

phoenolpyruvate, 0.2 mM NADH, 10 I.U. pyru- 
vate kinase, 10 I.U. lactate dehydrogenase and 
0.15-0.3 mg protein of the hog enzyme prepara- 
tion, all in a volume of 3 ml. Slowly or rapidly 
inhibiting digitalis derivatives were present in the 
assay medium before or after the reaction was 
started by enzyme addition, respectively. 

Calculation of k and "k. According to Eqn. 2, the 
time course of the inhibitory digitalis action is 
expressed [19] by 

~,, = ~%(1 -e  -k') (3) 

in which 7, and 7~ denote the degree of inhibition 
of enzyme activity at time t and at equilibrium, 
respectively. The time constant k therein is de- 
fined by 

k = k'[D] + k (4) 

Taking Eqn. 3 as a basis, the data points of "f, 
were analyzed by the non-linear regression pro- 
gramme MRK R 10 [20] which gives the most 
probable values of ~,~ and k. From at least 
duplicate determinations of k at five digitalis con- 
centrations, k and k were calculated by linear 
regression taking Eqn. 4 as a basis. In addition, 
MRKR 10 served to compute the initial rate of 
inhibitory digitalis action, ui, which is defined by 

v i = k'[Elo[D]o (5) 

where [E]0 and [D]0denote concentrations at the 
start of interaction, k was also directly calculated 
from v i and [D]0. The determination of vi was 
repeated at least five times. 

Determination of K D. If not computed from the 
k / k  ratio according to Eqn. 2, K D was calculated 
from the ¥~ values (at least twice determined at 
five concentrations of D) by linear regression using 
the logarithmic form of the Hill equation 

log 1 0 0 -  y~ n H log[D] - l o g  KI~ (6) 

in which Yo~ denotes percentage of inhibition at 
equilibrium. The Hill coefficient n H showed, as 
usual, some experimental scattering, but more 
profound experiments then revealed that it was 
not different from unity. Because of the great 
influence of the slope of the regression line on 



K~, its value was computed from the intercept of 
the regression line with the abscissa. When not 
directly determinable in the optical test due to 
slow attainment, ~,~ was calculated by Eqn. 3. 

Binding studies. The formation of the digitalis- 
enzyme complexes was monitored by incubating 
the tritium-labelled compounds in a medium con- 
taining 2 mM ATP, 4 mM MgC12, 130 mM NaC1, 
5 mM KC1 (if need be), 25 mM imidazole-HC1 
buffer (pH 7 at incubation temperature) and the 
hog or guinea-pig enzyme preparation (0.04-0.1 
mg protein/ml) .  Complex formation was started 
by enzyme addition. Nonspecific binding was as- 
sessed in parallel by omitting ATP, MgC12 and 
KC1 from the medium. After progressive time 
intervals, 5-ml aliquots were removed to separate 
enzyme-bound and free tritiated compounds by 
filtering the membranous enzyme suspension 
through glass fibre filters (Whatman G F / C ,  2.3 
cm in diameter). Accelerated by suction, the filtra- 
tion and the washing of the membrane film on the 
filter (twice 2.5 ml ice-cold solution of 130 mM 
NaC1 and 50 mM imidazole-HC1 buffer (pH 8.4)) 
took about 20 s. Either the filter with the mem- 
brane film or (when high fitler binding) only the 
membrane film (removed after drying) was trans- 
ferred into 10 ml scintillation fluid containing 1 
ml water [21]. From the radioactivity measured in 
a scintillation spectrophotometer, the enzyme- 
bound digitalis quantity was calculated by making 
allowance for counting efficiency, protein quantity 
on filter and nonspecific binding. 

The kinetics of the dissociation of tritiated 
compounds from the complex with the enzyme 
variants were revealed by adding an excess (at 
least 100-fold) of unlabelled compound preventing 
the rebinding of tritiated compound (for further 
details see above and Ref. 22). 

Calculation of k, k and K ~. In principle these 
parameters were computed as detailed above for 
the calculation of the corresponding parameters of 
enzyme inhibition. The k value was also calcu- 
lated from the data points of first-order complex 
dissociation by linear regression analysis. 

Estimate of thermodynamic quantities 
In the presentation of the procedure and data, 

the thermodynamic terms and symbols as well as 
the SI units and symbols as recommended in Ref. 
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23 were used. Accordingly, for the equilibrium 
state in the reversible formation of an inhibited 
digitalis-enzyme complex, z~G ° '  denotes the ap- 
parent standard Gibbs energy change, A H ° '  the 
apparent standard enthalpy change, and A S ° '  the 
apparent standard entropy change. The term 'ap- 
parent' means that the components of the complex 
formation may include distinct molecular species. 
For the transition state in forming or dissociating 
of an inhibited complex, AG * and A(~ ~ denote 
the activation Gibbs energy barriers, A/~ ~ and 
A H 4 the activation enthalpy changes, and AS~ 
and A S  ~ the activation entropy changes related 
to the forward and backward process, respectively. 

Equilibrium quantities. The apparent Gibbs en- 
ergy change in the inhibitory action of a given 
digitalis derivative on, or in its binding to, the 
enzyme variants was calculated by 

A G  ° ' =  R T  In  K i ' = R T l n  K~ (7) 

in which R refers to the gas constant and T to the 
absolute temperature. Changes in the AG ° '  value 
as a function of digitalis structure or incubation 
temperature may reflect varying values of both the 
apparent enthalpy change and the apparent ent- 
ropy change as 

A G  ° '  = , ~ H  ° '  - T A S  ° '  (8) 

Because of the low temperature dependence of the 
K i' and KI~ values, the AH ° '  and AS ° '  values 
for only two compounds (26, 32) were estimated 
from the AG°'  values on the basis of Eqn. 8. On 
account of the higher temperature dependence 
and hence higher precision of the k and k values, 
the z~ H ° '  and A S ° '  values were usually obtained 
by 

AH ° '  =A/I* --A/4 # (9) 

and 

a s  °' = a s  TM - a~* 0o) 

Transition state quantities. The estimate of the 
Gibbs energy barrier of activation, AG*,  based 
on the Eyring theory of absolute reaction rates 
[24], was for the forward reaction obtained using 

I k B . T  k ) . R T  (11) 
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in which k B and h denote Boltzmann's and 
Planck's constants, respectively. For the calcula- 
tion of the value of the AG ~ quantity an equation 
analogous to Eqn. 11 was applied, The values of 
the activation enthalpy quantity for the forward 
and reverse reaction were calculated from the val- 
ues of Arrhenius' activation energy, E A, using 

~ l - I  ~ = E A - R T  (12) 

The E A values were derived from the Arrhenius 
plots of k or e i and k. The AS ~ values for the 
forward and reverse reaction were computed from 
the corresponding AG ~ and A H  ~ values using 

A H *  - A G  ~ 
AS * (13) 

T 

Error evaluation 
The confidence intervals (a = 0.05) for the K6,  

~" and k values were determined to be +30% 
which is consistent with general experience [25]. It 
follows that the confidence intervals for the AG ° '  
and AG ~ values directly calculated from the above 
kinetic values, lay in the range of -+ 1 k J / tool .  

The confidence intervals (e~=0.05) for the 
AH o,  and A H ~ values were estimated to lie in 
the range of _+ 10%. In effect, the kinetic approach 
to the estimation of these quantities meets with 
severe limitations arising from the limited temper- 
ature range which can be covered [26]. 

The confidence intervals for the AS ° '  and AS ~ 
values could have reached -+30% because these 
values were derived from the AG ° '  and A H  ° '  or 
AG 4 and A H ~ values, and were thus burdened 
with the errors of their estimates. 

Since the estimates of the values of enthalpy 
and entropy changes could only be said to have a 
relative accuracy, the comparative interpretation 
of these values was confined to the delineation of 
major quantitative and qualitative differences 
characterizing the interaction between different 
digitalis derivatives and ( N a + +  K+)-ATPase of 
different ligation or origin. 

Results 

The values of the kinetic and thermodynamic 
quantities characterizing the interaction between 

digitalis compounds of variant structure and (Na + 
+ K+)-ATPase are gathered in Tables I and II, 
and in part represented in Fig. 1. Table I indicates 
the chemical structures of the compounds and the 
numbers assigned to them that for convenient 
reference are often used in the text. 

In the following, the terms ' increase'  or 'de- 
crease' of the thermodynamic quantities apply to 
their numerical values without change of sign. As 
the inactivating interaction is an endothermic, en- 
tropically driven process (see below), a decrease of 
the a H  ° '  value (with positive sign) and an in- 
crease of the AS ° '  value (with positive sign) raise 
both the AG ° '  value (cf. Eqn. 8) meaning that the 
underlying variation of enzyme ligation is favoura- 
ble for complex formation. 

A decrease of the A/~ ~ value and an increase 
of the A S  4 value reduce both the AG ~ value (cf. 
Eqn. 13) meaning that the underlying variation of 
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Fig. 1. Test on the occurrence of 'linear free energy relation- 
ships' by plotting the AG ~ values versus the AG ° '  values 
characterizing the interaction between 32 5/?,14#-androstane- 
3,8,14-diol derivatives and ( N a + + K + ) - A T P a s e  from hog 
cardiac muscle estimated in the presence of ATP, Mg 2+, Na + 
and K + at 37 o C. The numbering of the data points refers to 
the compounds, the structures of which are specified in Table 
I. The underlying kinetic data was determined in binding 
studies (6, 7, 9, 18, 20) or inhibition studies (all others). The 
regression line for the data points derived from the latter 
primary data is described by z~G ~ = 0.50 AG o, + 71.8 k J / tool  

(r  = 0.92). 



enzyme ligation lowers the activation Gibbs en- 
ergy barrier and is thus favourable for forming a 
complex. 

An increase of the A ~ *  value and a decrease 
of the A S  * value raise both the AG* value (cf. 
Eqn. 13) meaning that the underlying variation of 
enzyme ligation enhances the activation Gibbs 
energy barrier and is thus favourable for the sta- 
bility of a complex. 

(1) Hog cardiac (Na + + K +)-ATPase 

Equilibrium Gibbs energy changes 
32 digitalis derivatives were characterized as to 

the AG ° '  values of their interaction with the 
enzyme (Table I). These values allowed the ex- 
t ra thermodynamic derivation of quantitative 
structure-activity relationships (cf. Refs. 27 and 
28). On the basis of the additivity postulate [29], 
the integral AG ° '  value of a given compound was 
expressed as being the resultant of favourable and 
unfavourable energetic contributions of the sub- 
structural variables to be defined. Their contribu- 
tions were calculated from the difference between 
the AG ° '  quantities of a pair of compounds which 
differed in a single substructural feature; the 
structural difference in question will be exem- 
plified in the following by an arrow between the 
numbers of the paired compounds whose struc- 
tures are shown in Table I. This well established 
procedure [8] afforded the following major results. 

Favourable (e.g. 22-,_3) or unfavourable (e.g. 
12 - ,  31) influences of glycosidation depended 
upon the character of the sugar, the structure of 
the aglycone and the location of sugar attachment 
on the steroid skeleton. All other substitutions on 
the steroid backbone of the digitalis prototypes, 
digitoxigenin (-8), digitoxin (4_) or digoxin (6_), re- 
duced the interaction Gibbs energy change of the 
precursor compounds (e.g. 6 - ,  28). In conclusion, 
the digitalis interaction matrix of ( N a + +  K+) - 
ATPase appeared to be tailored to provide a snug, 
three-dimensional fit for only the unsubstituted 
steroid nucleus present in bufalin (2), dig- 
itoxigenin (_8) and digitoxin (4_), i.e., 5/~,14B- 
androstane-3/~,14-diol, which was identified by use 
of human cardiac (Na + + K+)-ATPase as the lead 
structure in cardiac glycosides [8]. The steroid 
lead, filling in its binding subsite on the enzyme, 
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delineated then also in hog cardiac (Na + + K+) - 
ATPase the interactive energy surface [25], whose 
tight occupancy by a digitalis compound was re- 
quired for the attainment of maximum interaction 
energy. 

The various modifications of the butenolide or 
pentadienolide side chains at C-17 of steroid 
nucleus decreased the z~G ° '  value of the precursor 
compounds (e.g. ! ~ 17). The removal of the 
butenolide side chain from digitoxin (4_--* 32) re- 
duced the AG°'  value from -45 .2  to -25 .8  
kJ/mol .  Despite this large reduction of interaction 
energy, the residual steroid glycoside still showed 
complete (Na + + K +)-ATPase inhibition. The fact 
that digitoxose, still present in 32, is alone unable 
to inhibit [6], implied that quite simply the steroid 
nucleus in digitoxin, i.e., 5/~,14/~-androstane- 
3/~,14-diol, contained sufficient information for 
the recognition of the receptor enzyme. This con- 
firmed the same conclusion derived from studies 
with human cardiac ( N a + +  K +)-ATPase [8]. 

Component equilibrium entropy and enthalpy 
changes 

As shown in Table II (presence of K+), the 
formation of the inhibited complexes between the 
digitalis derivatives and (Na + + K+)-ATPase was 
always an endothermic, entropically driven pro- 
cess. Remarkably, the inherent entropic disad- 
vantage that renders more difficult binding of a 
flexible ligand to a macromolecule [25], amounts 
at 37°C to - 2 . 9  kJ /mol  for the loss of each 
internal degree of conformational freedom and 
- 6 1  k J / tool  for the loss of overall rotational and 
translational entropy [30]. Hence, these entropy 
losses were here still more than counterbalanced 
by even larger favourable entropy gains. That 
largely entropy-driven protein ligations mask ent- 
ropy losses upon ligand binding is a more general 
experience [31]. 

Contrary to our intuitive expectation, the re- 
duction of internal conformational entropies by 
removal of the tridigitoxose side chain (4_-, 8) or 
of the butenolide side chain (4_ ~ 32) did not 
increase, but considerably reduced the entropy 
gains. This indicated that the observed AS ° '  val- 
ues were governed by the interaction mode of the 
digitalis derivatives with the interactive energy 
surface of (Na + + K+)-ATPase so that the bind- 
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TABLE II 

INFLUENCE OF K + ON THE KINETIC AND THERMODYNAMIC PARAMETERS CHARACTERIZING THE INTERAC- 
TION BETWEEN NINE 5f l ,14f l -ANDROSTANE-3f l ,14-DIOL DERIVATIVES AND ( N a + + K + ) - A T P a s e  FROM HOG 
CARDIAC MUSCLE ESTIMATED IN THE PRESENCE OF ATP, Mg 2+, Na ÷ AND ALSO K ÷ WHEN INDICATED 

The kinetic data as well as the Gibbs energy and the enthalpy quantities are for 37 o C. The numbers refer to the compounds, the 
structures of which are specified in Table I. The parameters for compounds 26 and 32 are derived from inhibition studies, all others 
from binding studies. 

Com- 
pound 
No. 

KC1 k ( x 1 0  -4)  k-(x10 3) K~) A f t*  A H *  A f t "  AG* A f t  ~ A f t  + - -AG ° '  A H  ° '  AS  ° '  
pre- (M 1 .s - I )  (s -1) (#M) (kJ/mol)  (kJ/mol)  ( J /mol  (kJ/mol)  (kJ/mol)  (J/ tool  (kJ/mol)  (kJ/mol) (J/ tool  
sence per K) per K) per K) 

1 yes 19 0.73 0.0040 44.7 357 1010 94.7 111 50.9 49.9 246 956 
4 yes 2.7 0.24 0.0093 49.8 136 281 97.6 48.2 - 159 47.7 88.3 439 
4 no 19 1.2 0.0066 44.8 97.6 170 93.4 70.8 -73 .3  48.6 19.3 243 
5 yes 1.2 0.09 0.0066 51.9 114 201 100 71.2 -96 .0  48.6 43.1 296 
5 no 7.0 0.15 0.0021 47.3 72.9 83.7 98.8 26.0 - 2 3 4  51.5 46.9 318 
8 yes 19 5.5 0.030 44.8 117 234 89.5 109 63.6 44.7 8.0 171 
8 no 130 16 0.013 39.8 89.2 159 86.7 106 59.9 46.9 - 16.3 219 

15 yes 4.3 5.7 0.13 48.5 153 337 89.4 114 79.1 40.9 39.1 258 
18 yes 1.2 a 3.2 a 0.27 ~ 51.9 a 122 226 90.9 a 105 45.1 39.0 a 17.2 181 
18 no 7.0 4.5 0.065 47.3 102 176 90.0 90.0 0.8 42.7 11.7 176 
20 yes 16 a 51 a 0.32 a 45.1 ~ 129 271 83.7 a 101 55.4 38.6 a 28.3 216 
26 yes 0.77 a 14 a 1.8 a 53.0 a 88.2 114 87.1 a 68.5 --59.4 34.1 a 19.7 173 
32 yes 0.07 a 31 a 45 a 59.2 a 83.5 78.3 85.0 a 59.9 --81.0 25.8 a 23.4 159 

a Data from Table I. 

ing of the tridigitoxose or the butenolide side 
chains elicited additional entropy gains. Clearly, 
the loss of translational, external and internal 
rotational entropies, which the compounds experi- 
enced in the process of binding to the enzyme, had 
greatly mingled with the entropy gains in the 
enzyme protein that had thus been correspond- 
ingly larger than the observed net AS o, values. 

As also shown in Table II (presence of K+), 
ouabain (5), digitoxin (4_) and proscillaridin A (1) 
greatly differed in eliciting favourable entropy val- 
ues in binding to the enzyme. However, these 
differences were essentially compensated for by 
unfavourable enthalpy values so that the interac- 
tion Gibbs energy changes with the three glyco- 
sides were not much different. On the other hand, 
the AG °' values of most derivatives (especially 
32, 26, 18, 8) differed greatly because large dif- 
ferences in unfavourable A H ° '  values were not 
accompanied by compensating variations of 
favourable AS° '  values. 

Activation quantity changes 
The value of the activation Gibbs energy bar- 

rier in the interaction between 32 digitalis deriva- 
tives and (Na + + K+)-ATPase varied between 45 
and 59 kJ/mol in complex formation, and be- 
tween 84 and 99 kJ/mol in complex dissociation 
(Table I). In both directions the energy barrier 
was due to large unfavourable activation enthalpy 
changes, which were but partially compensated for 
by favourable activation entropy changes, whereas 
in the reverse direction even unfavourable activa- 
tion entropy changes occurred (Table II, presence 
of K+). 

As shown in Fig. 1, a number of digitalis 
derivatives showed an almost linear correlation 
between the values of activation and equilibrium 
Gibbs energy quantities in forming the inhibited 
complexes with (Na++ K+)-ATPase. Their recog- 
nition by the receptor enzyme thus appeared to be 
governed by the close-range forces and geometri- 
cal limitations exerted by the interactive energy 
surface. However, in the derivatives whose data 
points lay below or above the regression line, 
receptor-induced favourable or unfavourable 
orientation mechanisms, respectively, appeared to 
have been the dominant part of the recognition 



process operating over distances where molecular 
contact had not yet (or no longer) occurred. Such 
long-range orientation forces could thus have sig- 
nificantly increased or decreased the frequency of 
'productive' encounters of the digitalis derivatives 
with the recognition and binding matrix of the 
enzyme in the receptive state to form the inhibited 
complex. 

K + influence on the thermodynamic quantities 
The significance of K + was estimated by com- 

paring the values for the thermodynamic quanti- 
ties of the interaction between digitoxin (4_), 
ouabain ~) ,  digitoxigenin (8) or 16a-gitoxin (18) 
and (Na ÷ + K+)-ATPase promoted by ATP, M ~  -+ 
and Na ÷ either in the absence or presence of K ÷ 
(Table II). Most remarkably, the complex forma- 
tion was an endothermic (except 8), entropically 
driven process also in the absence of K ÷. How- 
ever, K -  whose binding to the enzyme induces a 
low-entropy, low-enthalpy, i.e., highly structured 
conformer [32], altered the size of the thermody- 
namic parameters. So, K + decreased the AG ° '  
value at an average of - 2  k J / tool ,  mostly through 
an increase of an unfavourable A H ° '  value 
(4_, 8, 18) or a decrease of a favourable AS o, value 
@). 

K + increased the AG ~ value for the formation 
of the complexes of the various digitalis com- 
pounds with the enzyme at an average of 4.8 
kJ /mol .  However, through K+-ligation of the en- 
zyme the AG* value for the dissociation of the 
complexes with the various compounds was very 
differently increased (between 0.9 and 4.2 kJ /mol )  
because of divergent effects on the A/1 * and 
z~S * quantities. 

(2) Guinea-pig (Na + + K +)-A TPase 

As in hog ( N a + +  K+)-ATPase, also in the 
guinea-pig enzyme the formation of the inhibited 
complex of cardiac glycosides with ATP, Mg 2+, 
Na + and K + was an endothermic, entropically 
driven process (not shown). Compared with the 
hog enzyme, the equilibrium Gibbs energy changes 
in the interaction between the guinea-pig enzyme 
and digitoxin (4), ouabain (5) or 16a-gitoxin (18) 
were smaller by 5.6, 11.5 or 10.7 kJ /mol ,  respec- 
tively. The reduction of the AG o, value resulted 
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from the decrease of the component favourable 
A S o, value which was incompletely compensated 
for by the decrease of the component unfavoura- 
ble A H ° '  value. Judged from the difference in the 
AG °" values found with the two enzymes for the 
three glycosides, and from the diversity in the 
component AS ° '  and A H ° '  values, the interac- 
tive energy surface in the two enzymes appeared 
to differ so that the favourable points of interac- 
tion were less or weaker in the guinea-pig enzyme. 

In corroboration of this conclusion, the values 
for the transition-state thermodynamic quantities 
characterizing the formation and dissociation of 
the inhibited enzyme complexes with digitoxin (4_), 
ouabain (5) or 16a-gitoxin (18) differed in the hog 
and guinea-pig cardiac (N a++  K+)-ATPase as a 
function of the glycoside structure. In the guinea- 
pig enzyme, the AG * values were a little lower 
(4, 5) or higher (18), and the component A/-I ~ 
and AS* values were, as far as they were esti- 
mated, also variable. Although the AG * values 
were consistently considerably lower with this en- 
zyme, the A/4 * and AS * values likewise never- 
theless varied as a function of glycoside structure. 

Discussion 

Molecular mechanism of  digitalis (Na + + K + )- 
A TPase interaction 

The highest values for AG ° ' ,  A H o, and A S ° '  
as observed in the interaction betwen proscillari- 
din A (1) and hog cardiac ( N a + +  K÷)-ATPase, 
were -49 .9  kJ /mol ,  246 k J / too l  and 956 J / m o l  
per K, respectively (Table II). Rather similar val- 
ues for the thermodynamic quantities were found 
in the reaction of nicotine with solubilized 
acetylcholine receptor, in which the natural lipid 
environment of the receptor was replaced by 
detergent [33]. Hence, the magnitude of the values 
for the thermodynamic quantities observed in the 
present study strongly suggests that substantial 
conformational modifications of the enzyme pro- 
tein accompany the formation of the inhibited 
digitalis-(Na ÷ + K ÷)-ATPase complex. Actually, a 
significant ouabain-induced structural change of 
(N a++  K+)-ATPase was independently derived 
from an increase of heat stability and a decrease 
of transition width in the apparent heat capacity 
versus temperature profile of the ouabain-enzyme 
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complex [34], and from the change of c~,c~-subunit 
interaction in the a2fl 2 oligomer as revealed by 
chemical crosslinking [35]. 

The chemical nature of the digitalis-receptive 
intermediary state of cycling (Na + + K+)-ATPase 
has not yet been identified [17]. However, our 
knowledge that a large entropy gain in the enzyme 
protein is, irrespective of enzyme origin and liga- 
tion, the common denominator of the inhibitory 
action of all digitalis derivatives (this paper), sug- 
gests that the thermodynamic essence of enzyme 
inactivation is a relaxation of 'conformational en- 
ergy' (negentropy strain [36]) of the enzyme pro- 
tein, which is the sum of the potential energy for 
all intrapolypeptide interactions and the Gibbs 
energy for all interactions involving structured 
water [37]. Reciprocally, the common denomina- 
tor of the digitalis-binding conformational state of 
the phospho- and dephosphoenzyme [38] is then a 
'high-energy conformation' built up through phos- 
phorylation from ATP, and Mg 2+- or MnZ+-com - 
plex formation with the enzyme. 

The knowledge that diffusion-controlled inter- 
actions of certain drugs with their receptors are 
characterized by loss of entropy and no change of 
enthalpy [39,40], but that the formation of the 
inhibited complex of digitalis derivatives with 
(N a+ +  K+)-ATPase is associated with a great 
gain of entropy and a large increment of enthalpy 
(Table I1) independently supports the conclusion 
that the energetic parameters estimated reflect dig- 
italis-induced conformational changes of enzyme 
protein. 

In addition to this reason, understanding of the 
striking slowness in the development of the inhibi- 
tory digitalis action on (Na++  K+)-ATPase [7] 
also requires an extension of the simple bimolecu- 
lar model in Eqn. 1. In the amended model it is 
assumed that the reversible formation of inhibited 
digitalis-enzyme complexes proceeds in two steps 
(like the reversible formation of productive sub- 
strate-enzyme complexes [41]) according to 

~a ~:~, 
D + E ~ D -  - E ~ D ' - E '  

~,~ ;,,~ 
(14) 

in which: D is free digitalis, E enzyme in receptive 
state, D- -E non-inhibited diffusive complex, D ' .  

E '  inhibited isomerized compl_ex, kd and ka diffu- 
sion rate constants, k'i.,and kis isomerization rate 
constants, and k and k observed forward or re- 
verse rate constants. 

During the several minute long time period 
when our measurements were made, the observed 
kinetic parameters, k and k (gathered in Table I) 
appear to be largely dominated by the isomeriza- 
tion constants,  kis and k~, through the conditions: 
k~is <<~ kd and kis  << kd, SO that k ~ ki~ and k ~ kis .  
Compared with the diffusion rate constant of 
slowly diffusing reactants lying near 109 M - 1 .  s-1 
[41], the k values were by 4 to 6 orders of ten 
smaller, and the k- values by 5 to 7 orders smaller, 
but pretty close to the isomerization constant 
characterizing the conformational change in sub- 
strate-enzyme interactions ranging from 102 s i 
t o  1 0  4 S -1  [39]. After all, the slow rate of the 
formation of the inhibited digitalis-(Na+ + K+) - 
ATPase complex appears to result partly also from 
the rare formation of a 'productive' diffusive com- 
plex with the enzyme in the receptive intermediary 
state which traps the digitalis molecule in the 
appropriate rotational state and spatial position 
upon the binding matrix to isomerize into the 
inhibited complex. 

The interactive energy surface in (Na + + K+) - 
ATPase protein appears to be a cleft, approx. 20 

deep between lobes of the catalytic a-chain, 
that becomes locked on cardiac glycoside binding 
so as to envelope the butenolide side chain, lying 
at the bottom of the cleft, the steroid nucleus, and 
the sugar next to the steroid nucleus lying near the 
mouth of the cleft [8]. The movement of large 
protein domains involves a negligible entropy gain 
[31]. Hence, the cleft closing on cardiac glycoside 
interaction cannot essentially contribute to the 
large entropy and enthalpy changes observed, but 
rather appears to act as a 'switching device' in 
eliciting the underlying peptide chain rearrange- 
ments in the enzyme protein. 

The digitalis-binding site cleft in ( N a + +  K+) - 
ATPase is known to be exposed on the external 
face of the membrane, and the catalytic centre, 
phosphorylatable from ATP, is known to be ex- 
posed on the cytoplasmic side. The two sites, both 
residing in the a-peptide, are about 74 A apart 
[42]. The digitalis-binding site cleft is connected to 
the phosphorylation site by an amino acid se- 



quence which appears to be an important compo- 
nent of the energy transducing system [43,44]. Via 
transduction of digitalis-elicited relaxation of the 
negentropy strain along this pathway, a geometric 
distortion of catalytic centre appears to result that 
would explain the lowered affinity for ATP [17] 
and the suppression of phosphorylation from ATP 
[45,46]. The resulting inhibition of N a ÷ / K  + 
pumping is the initial event in the chain of events 
leading to the inotropic digitalis action (reviewed 
in Ref. 4). 

Cycling versus non-cycling (Na ÷ + K +)-A TPase 
The complex formation between all com- 

pounds, including ouabain (5), and cycling hog 
and guinea-pig cardiac ( N a + +  K÷)-ATPase,  ini- 
tiated in the presence of ATP, Mg 2+, Na  ÷ and 
K +, is an endothermic, entropically driven process 
as shown in the present paper. However, the com- 
plex formation between ouabain and noncycling 
beef cardiac (Na ÷ + K+)-ATPase,  initiated in the 
presence of Mg 2+ and orthophosphate, is an ex- 
othermic, but also largerly entropically driven pro- 
cess [47]. Apparently, caused by different liga- 
tions, the conformational changes of the enzyme 
upon formation of the inhibited complex are 
somewhat different. 

Six of the digitalis representatives studied here 
(4, 5, 8, 12, 14) as to their interaction with cycling 
hog cardiac ( N a + +  K+)-ATPase in the presence 
of ATP, Mg 2÷, Na  ÷ and K ÷ (Table I) have also 
been examined with regard to their interaction 
with non-cycling bovine brain ( N a ÷ +  K÷)  - 
ATPase in the presence of Mg 2÷ and orthophos- 
phate [48]. Under the latter conditions, the AG° '  
values were on an average by - 2.4 k J / m o l  greater 
because either the A~* values were smaller or the 
AG ~ values were greater. 

Conclusions 

Taken together, the available evidence suggests 
that the basic thermodynamic characteristics in 
the interaction of digitalis derivatives and ( N a + +  
K+)-ATPase,  i.e., a dominant entropy gain in the 
enzyme protein linked with a high activation Gibbs 
energy barrier, are independent of species and 
organ origin of the enzyme, although the nature of 
ligation (especially concerning ATP, K ÷ or ortho- 
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phosphate) strongly modulates the thermody- 
namic quantities. Remarkably,  the binding of 
ouabain to erythrocytes was shown to be associ- 
ated with a large positive (i.e. unfavourable) value 
of A H  ° '  and an even larger positive (i.e. favoura- 
ble) value of AS ° '  [49]. In accordance with the 
above conclusions, the latter data was interpreted 
to reflect a highly ordered configuration of the 
( N a + +  K÷)-ATPase molecule that is lost upon 
ouabain binding and that 'drives'  the reaction 
despite the positive value of A H ° ' .  This knowl- 
edge allows for the generalization of present find- 
ings, but also calls for the choice of cycling en- 
zyme in studies aiming at the extrapolation of 
data to in situ conditions. Actually the receptor 
thermodynamics, reported here for the first time, 
appear to dominate some peculiar pharmacologi- 
cal properties of the digitalis derivatives as will be 
shown elsewhere. 

Acknowledgements 

We thank Dr. Frank Dittrich for help in initiat- 
ing the present work, Drs. C. Lindig and R. Megges 
for providing digitalis derivatives, as well as Mrs. 
Elke Wagner and Mrs. Heidemarie Kistel for ex- 
pert technical assistance. 

References 

1 Repke, K.R.H. (1963) in Proceedings First International 
Pharmacological Meeting, Stockholm, 1961, Vol. 3 
(Wilbrandt, W., ed.), pp. 47-73, Pergamon Press, Oxford. 

2 Repke, K.R.H. (1964) Klin. Wochenschr. 42, 157-165. 
3 Repke, K.R.H. and Portius, H.J. (1963) Experientia 19, 

452-458. 
4 Repke, K.R.H. and SchtSnfeld, W. (1984) Trends Pharma- 

col. Sci. 5, 393-397. 
5 Portius, H.J. and Repke, K.R.H. (1964) Arzneim. Forsch. 

14, 1073-1077. 
6 Akera, T. (1981) in Handbook of Experimental Pharmacol- 

ogy, Vol. 56/I (Greeff, K., ed.), pp. 287-336, Springer 
Verlag, Berlin. 

7 Erdmann, E. (1981) in Handbook of Experimental Phar- 
macology, Vol. 56/1 (Greeff, K., ed.), pp. 337-380, Springer 
Verlag, Berlin. 

8 SchiSnfeld, W., Weiland, J., Lindig, C., Masnyk, M., Kabat, 
M.M., Kurek, A., Wicha, J. and Repke, K.R.H. (1985) 
Naunyn-Schmiedeberg's Arch. Pharrnacol. 329, 414-426. 

9 Hinz, H.-J. (1983) Annu. Rev. Biophys. Bioeng. 12, 285-317. 
10 Repke, K.R.H. and Dittrich, F. (1980) Trends Pharmacol. 

Sci. 1, 398-402. 



346 

II IUPAC-IUB (1969) Revised Tentative Rules for Nomenc- 
lature of Steroids, Biochemistry 8, 2227-2242. 

12 Pal'yants, N.Sh., Gorowits, M.B. and Abubakirov, N.K. 
(1976) Khim. Prirodn. Soed. 765 772. 

13 Pal'yants, N.Sh. and Abubakirov, N.K. (1977) Khim. 
Prirodn. Soed. 125-126. 

14 Matsui, H. and Schwartz, A. (1966) Biochim. Biophys. Acta 
128, 380-390. 

15 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 
R.J. (1951) J. Biol. Chem. 193, 265-275. 

16 Nomenclature Committee of the International Union of 
Biochemistry (1982) Eur. J. Biochem. 128, 281-291. 

17 Hansen, O. (1984) Pharmacol. Rev. 36, 143-163. 
18 Wyman, J., Jr. (1964) Adv. Protein Chem. 19, 223-286. 
19 Sch6nfeld, W., Sch~3n, R., Menke, K.-H. and Repke, K.R.H. 

(1972) Acta Biol. Med. Ger. 28, 935-956. 
20 Reich, J.G., Wangermann, G., Falck, M. and Rohde, K. 

(1972) Eur. J. Biochem. 26, 368-379. 
21 Butler, F.E. (1961) Anal. Chem. 33, 409-414. 
22 Repke, K.R.H., Herrmann, 1. and Portius, H.J. (1984) 

Biochem. Pharmac. 33, 2089-2099. 
23 IUPAC-IUPAB-IUB Intercommission on Biothermody- 

namics (1985) Eur. J. Biochem. 153, 429-434. 
24 Eyring, H.J. (1935) Chem. Rev. 17, 65-136. 
25 Eftink, M. and Biltonen, R. (1980) in Biological Micro- 

calorimetry (Beezer, A.E., ed.), pp, 343-412, Academic 
Press, London. 

26 Franks, F. (1979) in Biochemical Thermodynamics (Jones, 
M.N., ed.), pp. 15-74, Elsevier. Amsterdam. 

27 McFarland, J.W. (1971) in Progress in Drug Research, Vol. 
15 (Jucker, E., ed.), pp. 123-146, Birkh~user, Basel. 

28 Kubinyi, H. (1979) in Progress in Drug Research, Vol. 23 
(Jucker, E., ed.), pp. 97-198, Birkh~iuser, Basel. 

29 Osman, R., Weinstein, H. and Green, J.P. (1979) in Com- 
puter-Assisted Drug Design (Olson, E.C. and Christoffer- 
sen, R.E., eds.), ACS Symposium Series 112, pp. 21-77, 
American Chemical Society, Washington DC. 

30 Andrews, P.R., Craik, D.J. and Martin, J.L. (1984) J. Med. 
Chem. 27, 1648-1657. 

31 Jencks, W.P. (1980) in Chemical Recognition in Biology 

(Chapeville, F. and Haenni, A.-L., eds.), pp. 3-25, Springer 
Verlag, Berlin. 

32 Wallick, E.T. and Schwartz, A. (1974) J. Biol. Chem. 249, 
5141-5147. 

33 Maelicke, A., Fulpius, B.W., Klett, R.P. and Reich, E. 
(1977) J. Biol. Chem. 252, 4811-4830. 

34 Halsey, J., Mountcastle, D.B., Takeguchi, C.A., Biltonen, 
R.L. and Lindenmayer, G.E. (1977) Biochemistry 16, 
432-435. 

35 Huang, W.-H. and Askari, A. (1980) Mol. Pharmac. 18, 
53-56. 

36 SchriSdinger, E. (1967) What is life?, University Press, Cam- 
bridge. 

37 Scheraga, H.E. (1971) Chem. Rev. 71, 195-217. 
38 Schwartz, A., Matsui, H. and Laughter, A.H. (1968) Science 

160, 323-325. 
39 Van Ginneken, C.A.M. (1977) in Handbook of Experimen- 

tal Pharmacology, Vol. 47 (Van Rossum, J.M., ed.), pp. 
357-411, Springer Verlag, Berlin. 

40 Weber, G. (1975) in Advances in Protein Chemistry, Vol. 
29 (Anfinsen, C.B., Edsall, J.T. and Richards, F.M., eds.), 
pp. 1-83, Academic Press, New York. 

41 Eigen, M. and Hammes, G.G. (1963) in Advances in En- 
zymology (Nord, F.F., ed.), Vol. 25, pp. 1-38, Interscience 
Publishers, New York. 

42 Carilli, C.T., Farley, R.A., Perlman, D.M. and Cantley, 
L.C. (1982) J. Biol. Chem. 257, 5601-5606. 

43 Shull, G.E., Schwartz. A. and Lingrel, J.B. (1985) Nature 
316, 691-695. 

44 Repke, K.R.H. (1982) Ann. NY Acad. Sci. 402, 272-286. 
45 Sen, A.K., Tobin, T. and Post, R.L. (1969) J. Biol. Chem, 

244, 6596-6604. 
46 SchOn, R., Sch6nfeld, W., Menke, K.-H. and Repke, K.R.H. 

(1972) Acta Biol. Med. Ger. 29, 643-659. 
47 Erdmann, E. and Schoner, W. (1973) Biochim. Biophys. 

Acta 307, 386-398. 
48 Clark, A.F., Swanson, P.D. and Stahl, W.L. (1975) J. Biol. 

Chem. 250, 9355-9359. 
49 Furukowa. H., Bilezikian, J.P. and Loeb, J.N. (1980) J. 

Gen. Physiol. 76, 499-516. 


