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Abstract. Time and temperature dependence of the binding of 3H-dihydroalp-
renolol (3H-DHA) to beta-adrenergic receptors in rat cerebral cortex is described. 
The kinetic data obtained suggest that 3H-DHA binding proceeds through 
a two-step reaction scheme consisting of a bimolecular association step followed by 
an unimolecular internal conversion of the radioligand receptor complex 
(isomerisation). 

Equilibrium thermodynamic analysis provided evidence that the over-all 
binding process is associated with a small decrease in enthalpy and a substantial 
increase in entropy. 

Within the framework of the two-step binding kinetics, the evaluation of the 
temperature dependence by the van't Hoff analysis resulted in values for ther
modynamic parameters for the single equilibrium steps. The data suggest that the 
association step can be considered as a bimolecular hydrophobic interaction which 
is mainly entropy-driven due to the release of structural water, while the isomerisa
tion step is accompanied by a large negative change in both enthalpy and entropy. 

The large negative change in the activation entropy for the forward reaction of 
the isomerisation step, obtained from evaluation of Arrhenius plots, indicates an 
internal conversion to a highly ordered receptor-ligand complex, while the low 
activation energy points to a small threshold energy for reaching this structure. 
Thus, these result support a previous assumption that the hydrophobic center of an 
adrenergic antagonist interacts with the receptor by entering a pocket (Cherksey et 
al. 1981). 
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Introduction 

Since the conceptual characterisation of the adrenergic receptor by Ahlquist 
(1948) the use of radiolabelled ligands has led to an increasingly detailed 
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knowledge of the kinetic and pharmacological properties of the receptor, of its 
localisation and distribution in a variety of tissues as well as of the existence of 
subtypes (Williams and Lefkowitz 1978). Radioligand binding studies have been 
used to investigate the way in which neurotransmitter or drugs exert their 
physiological or pharmacological action on the receptor. Detailed consideration of 
the kinetic behaviour of the interaction of ligands with the membrane-bound 
receptor molecules may further assist the understanding of underlying molecular 
mechanisms. 

Little is known about the energetic aspects of such interactions, and ther
modynamic analysis of the binding process may be one way to gain more insight 
into the elementary steps of this reaction. Investigation of the time dependence of 
the binding process may elucidate the elementary steps involved in the over-all 
interaction, while the thermodynamic parameters, such as enthalpy and entropy 
changes, can be determined from the temperature dependence of the individual 
reaction steps. 

Thermodynamic analysis of ligand binding to mammalian beta-adrenergic 
receptors has shown that there are fundamental differences between the molecular 
interactions of agonists and antagonists (Weiland et al. 1979, 1980). Recently, 
temperature-dependent changes in ligand binding to beta-adrenergic receptors of 
intact S49 lymphoma cells (Insel and Sanda 1979), the temperature dependence of 
the benzodiazepine receptor interaction (Quast et al. 1982; Speth et al. 1979) as 
well as temperature-dependent activation, desensitisation and resensitisation of 
muscarinic acetylcholine receptor in intact mouse neuroblastoma cells (El-Fakaha-
my and Richelson 1980) have been reported and the energetic parameters 
evaluated. 

Thermodynamic analysis of the interaction of cholinergic agonists and antago
nists with the acetylcholine receptor has provided evidence that the binding process 
is mainly entropy-driven (Miller et al. 1979; Maelicke et al. 1977). 

Distance geometry analysis, as performed recently for the benzodiazepine 
binding site (Crippen 1982), are dependent on sufficiently exact thermodynamic 
data, and emphasize the importance of the thermodynamic approach. 

On the basis of detailed kinetic studies of the binding of12T-iodohydroxyben-
zylpindolol to beta-adrenergic receptors (Ross et al. 1977) and 3H-quinuclidinyl 
benzilate to muscarinic acetylcholine receptors (Galper et al. 1977; Jarv et al. 
1979) a receptor isomerisation model has been proposed in which the antagonist 
initially forms with the receptor a rapidly dissociating complex which is then 
converted into a slowly dissociating ligand-receptor complex. This hypothesis of 
antagonist-promoted transition of receptor states conflicts with the finding that 
antagonists do not induce receptor-effector coupling and activation of adenylate 
cyclase (DeLean et al. 1980). Recently, an alternative explanation has been given 
for the apparent "two-step" binding kinetics of high-affinity racemic antagonist 
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radioligands (Burgisser et al. 1981). 
The aim of this paper was to elucidate the molecular mechanisms underlying 

the interaction of 3H-dihydroalprenolol (3H-DHA) with beta-adrenergic receptors 
in the rat brain cerebral cortex. Kinetic studies at different temperatures were 
performed and compared with corresponding thermodynamic data obtained from 
equilibrium binding experiments. 

Materials and Methods 

Material. l-[propyl-2,3-'H] dihydroalprenolol ( 'H-DHA), specific radioactivity 1628 GBq/mmol 
(37 kBq/jjl), was purchased from the Radiochemical Centre, Amersham, and used without further 
purification. L-Isoproterenol D-bitartrate was obtained from SIGMA Chemical Co.. All other 
chemicals used were reagent grade. 

Tissue preparation. Rats (strain B D III) of either sex were reared under normal animal house 
conditions and were killed by decapitation at ages of 15—16 weeks. The brains were rapidly removed, 
placed on ice and the cerebral cortex isolated. Tissue samples were homogenised in 9 ml ice-cold 
50 mmol/1 Tris-HCl, pH 8.0, containing about 300 mg tissue wet weight, centrifuged at 45,000 g for 
20 min. The resulting pellet was washed once, resuspended in Tris buffer and stored at - 20 °C until use 
less than one week later. 

Equilibrium binding experiments. Equilibrium binding studies were carried out by the filtration method 
described by Bylund (1978). Briefly, binding assays were run in triplicate in glass tubes which contained 
900 u\ of the membrane suspension corresponding to about 200 fig protein. The reactions were 
initiated by the addition of 100 u\ 'H-DHA to the tubes to give final concentrations ranging between 
0.1 and 4 nmol/1. Samples were incubated for 15 min at 35 °C, 20 min at 30 °C; 30 min at 25 °C; and 
45 min at 20 °C. Under these conditions, the binding of 'H-DHA was shown to reach equilibrium. 
Reactions were stopped by the addition of 3 ml ice-cold buffer to each assay tube, and the samples were 
rapidly filtered through glass fibre filters NK VIII (VEB Feinpapierfabrik Neu-Kaliss, G. D. R.) and 
rinsed by two aliquote of 4 ml ice-cold buffer. The filters were placed in scintillation vials and the bound 
radioactivity determined. 

The specific binding of 'H-DHA was defined as the amount of 'H-DHA bound in the absence of 
competing ligand minus the amount bound in the presence of 100 umo\l\ L-isopreterenol. Specific 
binding was about 50—60 % of total 'H-DHA binding. Under these assay conditions less than 10 % of 
'H-DHA was bound in each experiment performed. 

Kinetic binding experiments. Kinetic studies were performed in a thermostated 100 ml reaction vessel. 
The temperature of the reaction mixture was kept within 0.1 °C during the reaction. The cerebral cortex 
membrane suspension (40 ml, containing 0.5 mg protein/ml) and the 'H-DHA solution (5 ml, to give 
final concentrations ranging from 0.2 to 3.8 nmol/1) were separately warmed to the required 
temperature shortly prior to the initiation of incubation. The reaction was started by rapidly mixing the 
3H-DHA solution into the membrane suspension. At appropriate time intervals, 200 ul aliquots of the 
reaction mixture were removed, filtered through glass fibre filters NK VIII under vacuum and 
immediately rinsed with 8 ml ice-cold buffer. Bound radioactivity was measured by liquid scintillation 
counting. The decrease in volume of the reaction mixture (at the end of the reaction) was kept to less 
than 10 %. The kinetic measurements were carried out at three different temperatures ranging between 
25 and 35 °C. To determine nonspecific binding a 1 ml aliquot of the reaction mixture was incubated in 
the presence of 100 umo\/\ L-isoproterenol under the same conditions and treated as described. 
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Calculation procedures. To evaluate equilibrium constants from the equilibrium binding studies, the 
Scatchard plot was used: 

bT~hK+t (1) 

where bv denotes the specific binding; / the free ligand concentration; KD the equilibrium dissociation 
constant; />,„„ the maximum receptor number. Both K„ and b,„.,„ can be calculated from the slope and 
intercept, respectively, by applying least squares regression analysis. 

For the determination of equilibrium thermodynamic parameters, the classical thermodynamic 
equations were used. The standard Gibbs free energy change, AG°, was calculated from the equation 

A G°= - R T l n K , , (2) 

where R is the gas constant (8.29 J/mol degree), and T the temperature in degrees Kelvin. 
The standard enthalpy change, á H", was calculated according to the van't Hoff equation of the 

dependence of K„ on temperature: 

I K - A H° ' i A s° m 
8 " 2.303 R T 2.303 R (> 

The slope of the van't Hoff plot log K„ versus T ' i s — A H72.303 R. The standard entropy change, 
A S°, was estimated from the Gibbs-Helmholtz equation 

AG°=AH°-TAS° (4) 

after determining first A G" and A H° as described above. 
The kinetics of the binding of 'H-DHA to beta-adrenergic receptors were studied under pseudo 

first-order conditions involving a 100 to 2000-fold excess of ligand ('H-DHA) over receptor 
concentration which allowed the data of the time dependence of the binding of 'H-DHA to be fitted by 
the first-order rate equation 

l o g / ^ = 2 3 0 3 í + 1 O í ; F ( 5 ) 

with 

F=l-b„„„Sp/r',.»q 

and 
fc.,N=fc,[L] + fc , 

where b, is the total bound amount at time f; b, „, designates the total amount of 'H-DHA bound at 
equlibrium; <>„„„,,, denotes the nonspecific binding and &„„, is the pseudo first-order rate constant, b, was 
the sum of the specific and nonspecific binding at time t. Because in all cases the nonspecific binding was 
constant by 1 min of incubation, the total change in radioligand binding reflected only the specific 
binding. The quantity r>, ,.„ was estimated from the plot b, versus í; k,.^ and fe„„„s[, were evaluated from 
the slope and intercept of the plot log b, cl)/(b,.cq - b,) versus r, respectively, using least squares 
regression analysis. 

Independent estimates of bn„nsp obtained in parallel equilibrium binding experiments were in good 
agreement with those obtained in kinetic studies. The temperature dependence of the rate constants was 
fitted by the Arrhenius equation 

,0g ,£=-23l3-R?+l08A (6) 

where E, designates the activation energy, the energy required to initiate the reaction; and A is the 
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Fig. 1. Representative binding of 'H-DHA to beta-adrenergic receptors in rat cerebral cortex 
membranes at various temperatures. Data are presented according to the method of Scatchard (1949). 
6,p-specifically bound 3H-DHA, /-free ligand concentration. For evaluation of parameters, see Table 
1 and 2. 

preexponential factor. Within the framework of the absolute rate theory (Glasstone et al. 1941) the 
preexponential factor A is related to the activation entropy change, A S*, a measure for the molecular 
rearrangement during the reaction process in the following way: 

A=ekBT/he4S*'R (7) 

with kB being the Boltzmann constant; and h the Planck constant. 

Results 

Equilibrium binding studies 

Equilibrium binding of 3H-DHA to beta-adrenergic receptors was investigated at 
different temperatures from 20 to 35 °C. Figure 1 shows representative experi
ments plotted according to the method of Scatchard (1949). The plots yield straight 

T = 30.6°C 

T = 35.4 °C 
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Fig. 2. Plot of the equilibrium dissociation constant versus reciprocal temperature T in degrees Kelvin 
on a semilogarithmic scale (van't Hoff). The values of K„ were obtained from Scatchard analysis of 
equilibrium binding experiments (see Table 1). 

lines indicating that the ligand binds to a single class of binding sites. The Hill 
coefficients were near unity in all cases as would be expected for a competitive 
interaction with one class of binding site. 

With increasing temperature, the binding affinity (1/KD) decreased (Table 1). 
As expected no significant alteration of receptor number with changes in incuba
tion temperature could be detected. 

In order to determine the changes in thermodynamic parameters the equilib
rium dissociation constants, KD, were plotted on a semilogarithmic scale versus T ' 
(van't Hoff plot). As shown in Figure 2, the van't Hoff plot was linear over the 
temperature range examined. From the slope of this line, a value for the standard 
enthalpy change, A H°, of 26.9 kJ/mol was calculated using eqn. (3). The standard 
entropy change, AS*, was estimated to be - 8 5 . 5 J/mol degr. using eqn. (4) (also 
see Table 2). 

Kinetic experiments 

The binding of H-DTA to rat cerebral cortex membrane preparations is rapid, 
reaching equilibrium within 5 —6 min at 30.8 °C. Figure 3 shows results of 
a representative experiment carried out with different ligand concentrations. The 
kinetic data have been used to calculate the rate constants kl and k , assuming the 
following reaction scheme 

R + L ^ RL (I) 
<> i 

for the binding of the ligand, L, (3H-DHA) to the beta-adrenergic receptor, R, by 
forming a receptor-ligand complex RL. The reaction is considered to be a pseudo 
first-order reversible reaction (since [R]/[L] <i 1) and allows thus the kinetic data to 



Table 1. Summary of data obtained by the evaluation of the plot /c.lb, versus ligand concentration applying nonlinear least squares regression analysis 

T/°C KA/nmo.ľ K,, . . . K » / n m o 1 > ' 
kinetics equil. exp. /c:/min k:/mm 

20.2 
25.0 
30.8 
35.4 

0.484 ±0.080 
0.458 ±0.041 
0.334 ±0.057 

0.0437 ±0.0629 
0.0920 ±0.120 
0.0962 ±0.128 

0.0211 ±0.0338 
0.0422 ±0.0588 
0.0321 ±0.0482 

0.53 ±0.05 
0.63 ± 0.06 
0.80 ±0.08 
0.86 ±0.16 

0.616 ±0.362 
0.744 ±0.374 
0.995 ±0.408 

0.0269 ±0.0229 
0.0685 ±0.0548 
0.0975 ±0.0897 

KA, K,JO and KD denote equilibrium constants within the model (II) as described in the text; k: and k , are rate constants for the isomerisation step in 
model (II). 
The errors cited for KA, k2 and fc_2 as well as KD(equ.) are standard errors as obtained from the nonlinear and linear regression analysis, respectively. 
The standard errors of the derived constants, K„„ and Kn (kin.), were calculated according the error propagation law. 

Table 2. Summary of thermodynamic and Arrhenius parameters obtained from the temperature dependence experiments 

Quantity 

AG" 
AH" 
AS" 
Ea 
AS* 
log(A/s-) 

K, 

53.2±8.8 
- 2 9 . 9 + 1.1 

- 2 7 9 ± 5 6 

K«0 

7.5 ±10.8 
66.0 ±2.4 

196 ± 2 8 9 

kin. 

60.8 ±97.4 
36.1 ±3.5 

-83 .0 ± 1 4 0 

KS 
equ. 

52.4±5.0 
26.9 ±0.5 

-85.5 ±9.7 

k 

34.1 ±2.7 
- 1 7 6 ±180 

4.0±4.1 

fc-2 

105.2 ± 1.1 
70 ± 1 4 
16.9 + 3.4 

AG° — standard free enthalpy change; AH° — standard enthalpy change; E, — activation energy in kJ/mol; AS° — standard entropy change; and AS * 
activation entropy change (in J m o l : degr. '). K x ; JC,.„; and K„ are equil ibrium constants; A:: and k . are rate constants of the two-step reaction 
scheme (II), see text. A — preexponential factor. 
*KD obtained by both equilibrium binding experiments (equ.) and kinetic studies (kin.): KD = KAK„„. 
The values for the enthalpy changes, activation energies and preexponential factors were obtained from weighed least squares regressions of the 
corresponding van't Hoff and Arrhenius plots (see Table 1, weight = 1 /variance). All errors cited are standard errors as obtained from least squares 
analyses or according to the error propagation law. 
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Fig. 3. Plot of a representative experiment showing time dependence of the binding of 'H-DHA to 
beta-adrenergic receptors in rat cerebral cortex membranes at various ligand concentrations. i\-totally 
bound amount of 'H-DHA at time (. 

be fitted according to the rate equation (5) as plotted in Figure 4. Hence, the slopes 
(fcobs) of the lines in Figure 4, which were obtained by assaying 3H-DHA binding at 
different ligand concentrations, should provide an estimate for the rate constants, 
k, and fc_, using the relation 

kobs = k,[L] + k. (8) 

where /cobs denotes the apparent pseudo first-order rate constant. In Figure 5, the 
plot of fcobs versus the ligand concentration [L] is shown. As can be seen, no linear 
correlation between fcobs and [L] could be detected within the ligand concentration 
range of 0.1 and 3.8 nmol/1. The hyperbolic shape of the plot fcobs versus [L] shows 
the assumed reaction mechanism (I) to be inadequate to describe the binding of 
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Fig. 4. Kinetics of the binding of 'H-DHA to beta-adrenergic receptors in rat cerebral cortex 
membranes under pseudo first-order conditions at various ligand concentrations. The data of the time 
dependence are fitted by the first-order rate equation (5) as described in Materials and Methods. 
6le(1-totally bound amount of 'H-DHA at time t. The slopes of the lines correspond to the pseudo 
first-order rate constant fcob, and the nonspecific binding can be calculated from the intercepts (see 
Materials and Methods). 

3H-DHA to beta-adrenergic receptors in rat cerebral cortex. 
The simplest mechanism that could describe these results would be that 

involving the assumption of a "two-step" binding kinetics: 

R + L ^ RL 

RL ^± R L 
(ID 

Under equilibrium conditions, where fc-, > k2 (Strickland et al. 1975), the follow
ing relation helds: 

k2 [L] 
Kobs~KA + [L] 2 (9) 
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Fig. 5. Plot of the pseudo first-order rate constant £„,„ versus ligand concentration [L] (nmol I ') at 
different temperatures. k„^ was obtained by fitting the kinetic data to the pseudo first-order rate 
equation (5) as shown in Figure 4. The lines were calculated by nonlinear least squares fit of the data to 
equation (9). 

In this equation, KA = k-,/k, denotes the dissociation equilibrium constant for the 
formation of the first receptor-Iigand complex (RL), and k2 and k-2 designate the 
respective rate constants for the isomerisation step in model (II). 

The values of KA, k2 and k _2 were calculated by nonlinear least squares fit of 
the data on Figure 5, and are listed in Table 1. According to the reaction scheme 
(II) the constant KD obtained from the equilibrium binding studies has to hold the 
following relation: 

K„=KAK,S„ (10) 

where K,so = k zlk2 represents the equilibrium constant of the isomerisation step. 
As shown in Table 1, the values of Ko obtained from equilibrium binding 

studies differ from those obtained from kinetic experiments by a factor of about 20, 
while the observed temperature dependence of KD is similar in both cases (see also 
Table 2). 

With increasing temperature, the value of KA decreased while the values of KD 

and KiS„ increased. Analysis of van't Hoff plots (Figure 6) give values for the 
standard enthalpy and entropy changes of —29.9 kJ/mol and - 279 J/mol degr., 
respectively, for KA and 66.0 kJ/mol and 196 J/mol degr., respectively for K,s„ 
(Table 2). 
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Fig. 6. Van't Hoff plots of the dependence of the equilibrium constants for the association step (KA), 
isomerisation step (K„„), and for the kinetically determined dissociation constant Kó = KAK„„ on 
temperature T (for the reaction scheme (II), see text). The values of KA and KK„ were obtained by 
evaluating the plot fc„„s versus [L] according to eqn. (9) (also see Table 1 and Figure 5). The slope of the 
line is - A H7R and the intercept corresponds to A S7R (see text). 

As expected, the values of k2 and k-2 increase with the rising temperature. The 
plot of the rate constants on a semilogarithmic scale versus T ' (Arrhenius plot) 
was linear over the temperature range studied (Figure 7). Using eqn. (6) the 
activation energy Ea and the preexponential factor A can be calculated from the 
slope and intercept of these Arrhenius plots. As indicated in Table 2, the activation 
energies amount to 34.1 kJ/mol for k2 and 105.2 kJ/mol for k-2. The preexponen
tial factors were calculated to be 1 .0x l0 4 s" ' for k2 and 7 .9x l0 1 6 s " ' for fe_2. 
Within the framework of the absolute rate theory (Glasstone et al. 1941) the 
preexponential factor is related to the change in the activation entropy, AS*, 
according to eqn. (7). Hence the values for the activation entropy change, 
a measure for the molecular rearrangement which occureed during the reaction 
process, were calculated to be — 176 J/mol degr. for reaction step (2) and 70 J/mol 
degr. for step ( - 2) within the reaction scheme (II). 

Discussion 

In this paper we describe the temperature and time dependence of the 3H-DHA 
binding to the beta-adrenergic receptor in rat cerebral cortex. The obtained kinetic 
data suggest that 3H-DHA binding proceeds through a two-step mechanism as 
already shown for the binding of hydroxybenzylpindolol to beta-adrenergic recep
tors (Ross et al. 1977), and for quinuclidinyl benzilate to muscarinic acetylcholine 
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Fig. 7. Arrhenius plot of the dependence of the rate constants for the forward (fc2) and reverse reaction 
(k^2) of the isomerisation step (according to the reaction scheme (II) as mentioned in the text) on 
temperature T. The values of k were obtained by evaluating the plots feobs versus [L] as shown in Figure 
5, and they are given in Table 1. From the slope and intercept of the line the activation energy and the 
preexponential factor can be calculated, respectively (see Materials and Methods). 

receptors (Galper et al. 1977; Jarv et al. 1979). At 35 °C and under steady-state 
conditions, approximately 90 % of the bound 'H-DHA is attached to the con
verted receptor molecule R+, formed through the isomerisation step (2). Further
more, the data of the equilibrium-binding studies do not reflect any inhomogeneity 
of the receptor population. Indeed, the assumption concerning a two-step reaction 
mechanism has been shown to be compatible with homogenous binding data as 
derived from theoretical considerations (Janin 1973). The observed difference in 
the values of KD obtained from equilibrium binding experiments and kinetic studies 
seem to indicate that the assumption of a two-step reaction mechanism could 
possibly be incorrect. The good agreement of the thermodynamic parameters for 
KD determined by the two independent binding experiments seems to indicate, 
however, a systematic underestimation of k-2 (or overestimation of k2) rather than 
the invalidity of the assumed reaction scheme. This will also be emphasized taking 
into consideration the error estimation of the constants determined. The data 
obtained from the equilibrium experiments obviously allow a rather reliable 
estimation of the thermodynamic parameters. Otherwise, the way in which the 
kinetic data had to be elaborated necessarily implies an error increment with each 
following step of the data treatment. Because of the very small physiological 
temperature range in which kinetic measurements seem to be reasonable, the 
estimation of preexponential factors of the kinetic constants by linear extrapolation 
of the /c(T)-values to 1/T —> 0 (Arrhenius plot) involves larger uncertainties of the 
obtained values. Therefore, the activation entropy calculated by taking into 
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account the preexponential factor should be used more as a qualitative rather than 
a quantitative measure of the occuring thermodynamic processes. Otherwise, data 
estimated from the slopes of the van't Hoff and Arrhenius lines, respectively, such 
as enthalpy and activation energy, obviously provide more reliable values. Despite 
of these limitations mentioned, the presented data should allow a qualitative 
interpretation of the processes occuring during the receptor-ligand interaction. 

The main result of the equilibrium thermodynamic analysis is that the 
3H-DHA binding to beta-adrenergic receptors is associated with a small decrease 
in enthalpy and a substantial increase in entropy. These data are in agreement with 
the finding that antagonist binding to beta-adrenergic receptor in erythrocyte 
membranes and mammalian tissues is largely entropy-driven with only a small 
enthalpy component (Weiland et al. 1979; 1980). As reported for the reaction of 
ovalbumin with rabbit antibodies (Singer and Campbell 1955), and for the binding 
of organic ions by proteins (Klotz and Urquhardt 1949), a large positive entropy 
change coupled with a small enthalpy change could be detected. Ross and 
Subramanian (1981) presented a hypothetical thermodynamic model for the 
reaction of protein with other molecules (proteins, ligand molecules etc.) in which 
protein association is thought to occur in two steps, consisting of a hydrophobic 
association, followed by the intermolecular interaction (process of internal conver
sion). Water tends to form a more ordered structure in the vicinity of nonpolar 
hydrocarbon groups which results in the mutual penetration of the hydratation 
layers of the two species forming a hydrophobically associated complex. The 
release of structural water due to the hydrophobic interaction, leads to a substantial 
increase in entropy, and only to a slight increase in enthalpy, which is due to the 
expenditure of energy in excluding the water molecules. The second step of the 
intermolecular conversion involves ionic and van der Waals interactions as well as 
hydrogen bonds, and it is mainly associated with a negative enthalpy change (also 
see Kauzmann 1959). 

The kinetic data obtained in this work will be tentatively discussed in terms of 
this thermodynamic two-step model: The association step (1) can be considered as 
a hydrophobic interaction resulting in a large positive change in entropy and 
a slight change in enthalpy, which is in agreement with the data found by Ross and 
Subramanian (1981). As shown by Janin and Chothia (1981), hydrophobicity 
provides the major source of stabilisation free energy in the protein association 
complex. The loss of translational and rotational degrees of freedom of the ligand 
during the binding to the protein must be compensated for the removal of its 
accessible surface from contact with water (release of structural water; for 
quantitative estimates, see Janin and Chothia, 1981). 

The isomerisation step is accompanied by a large negative change in both 
enthalpy and entropy. One can only speculate on the nature of the processes which 
will cause this reversal of changes in enthalpy and entropy. The decrease in 
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enthalpy could be brought about by the formation of more favourable contacts 
(ionic, or H-bonds) between ligand and receptor or within the receptor molecule 
itself. The loss of internal degrees of freedom of the protein by conformational 
changes, the exposure of previously buried parts of the protein to the solvent, or 
generally, the formation of a more ordered structure (e. g. the hydrophobic centre 
of the antagonist enters a pocket in the receptor (Cherksey et al. 1981)) can lead to 
a decrease in entropy. This is emphasized by the large negative change in the 
activation entropy for the reaction step (2), indicating the formation of a highly 
ordered complex. The low value of the activation energy of about 35 kJ/mol means 
that only a small amount of energy is required to form this complex. In contrast, the 
reverse reaction ( - 2) is associated with a high threshold energy and a large 
positive activation entropy change. 

Weiland et al. (1979) suggested that only agonists should be able to induce 
a conformational change of the receptor R to R+, which would lead to the 
activation of adenylate cyclase. Furthermore, Burgisser et al. (1981) demonstrated 
that the complex binding kinetics found for the radioligands ( ± ) hydroxybenzyl-
pindolol and ( ± ) quinuclidinyl benzilate could be explained by simultaneous 
binding of both isomers of the ligand rather than by receptor state transitions. 

In contrast to that, the data found in our kinetic studies also suggest complex 
binding behavior for the nonracemic radioligand 3H-dihydroalprenolol. 

The different binding behaviour of agonists and antagonists of the adrenergic 
system could at least in part be due to their structural differences. The antagonists 
are characterised by replacement of the catechol entity with a strongly hydrophobic 
group. Fluorescence studies on the beta-adrenergic receptor topology of frog 
erythrocyte membranes have been interpreted as indicating that the hydrophobic 
centre of the antagonists enters a pocket in the receptor which cannot be occupied 
by the hydrophilic catechol (Cherksey et al. 1981). In this way, the binding of 
adrenergic antagonists may also proceed through a two-step scheme: the bimolecu
lar hydrophobic association step is followed by the hydrophobic entity entering 
a receptor pocket (isomerisation, or unimolecular internal conversion). The 
binding data presented in this paper could support, in part, this interpretation. 

However, in such a complex system as studied here, carefull consideration of 
the experimental data as outlined above is necassary. A number of other processes 
affecting the binding behaviour, e. g. the role of hydrogen ion concentration, the 
concentration of guanine nucleotides (Lefkowitz et al. 1976; U'Prichard and 
Snyder 1978; William and Lefkowitz 1977), ionic forces (Bird and Maguire 1978), 
salt concentrations etc., must be considered in order to get a more detailed picture 
of the interaction of receptor protein with ligand molecules. 
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