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Abstract

The thermodynamic properties of the binding of the B-adrenoceptor agonist isoproterenol and of the antagonist propranolol
to B-adrenoceptors of rat lung were investigated. We found that in our experimental conditions, the high- and low-affinity
binding sites for the agonist displayed different properties: the binding to the high-affinity binding site was entropy-driven with a
small increase in enthalpy, while agonist binding to the low-affinity binding site was enthalpy-driven. Binding of isoproterenol in
the presence of GTP or its non-hydrolyzable analogue GppNHp, and the binding of propranolol were enthalpy-driven with a

small increase in entropy.
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1. Introduction

The interaction of agonists to B-adrenoceptors is
characterized by the presence of both high- and low-af-
finity binding sites. Thus, in competition binding exper-
iments using the agonist isoproterenol as competitor
and the radioligand ['**Iliodocyanopindolol which is an
antagonist with no selectivity for the agonist binding
sites, biphasic curves are usually obtained. Addition of
guanosine trisphosphate (GTP) or of a non-hydrolysa-
ble analogue such as guanilylimido bisphosphate (Gp-
pNHp) converts high-affinity binding sites into low-af-
finity binding sites equivalent to the low-affinity bind-
ing sites detectable in the absence of guanine nu-
cleotides (Helmreich and Pfeuffer, 1985; Levitzki,
1988). Two models have been introduced: the ‘two-
state’ model in which a dynamic equilibrium between
both types of agonist binding site is proposed, and the
‘two-site’ model, in which high- and low-affinity bind-
ing sites are considered to bind the agonist independ-
ently (Contreras et al., 1986). It is possible that the
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distinction between these two models might be subtle,
as calculations related to both models yield very similar
results.

In a recent series of experiments we became inter-
ested in the effect of aging on the thermodynamic
properties of the binding of antagonists and agonists to
B-adrenoceptors in rat lung. The results of the binding
of the antagonist iodocyanopindolol have been pub-
lished (Fraeyman and Vanscheeuwijck, 1991). We sub-
sequently started the study of the interaction of iso-
proterenol with lung membranes of rats of different
age. During these experiments, we became aware of
fundamental differences between our results and what
is known on the thermodynamics of the B-adrenocep-
tor—isoproterenol interaction. We therefore investi-
gated in detail the thermodynamic characteristics of
this interaction in lung from rats of 2 to 3 months of
age.

In contrast to the results of Contreras et al. (1986),
we observed that agonist binding to the high-affinity
binding site is entropy-driven, with an increase in en-
thalpy, while agonist binding to the low-affinity binding
site is, as the binding of the antagonist propranolol,
enthalpy-driven accompanied by small increases in en-
tropy.
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2. Materials and methods
2.1. Materials

(—)-['*Ilodocyanopindolol was obtained from
Amersham (Amersham, UK). (-)-Propranolol and
(—)-isoproterenol were obtained from Sigma (Poole,
UK). Guanosine trisphosphate and guanylylimido bis-
phosphate were purchased from Boehringer-Man-
nheim (Germany). All other reagents were of the high-
est purity commercially available.

2.2. Animals

Male Wistar rats aged 2 to 3 months were obtained
from the Center for Experimental Animals of the
Katholieke Universiteit of Leuven (Belgium). They
were housed individually and had free access to food
and acidified water; before the experiment, they were
fasted overnight.

2.3. Tissue preparation

Rat lung membrane preparations were obtained as
described (Vanscheeuwijck et al., 1989b). Briefly, lungs
were homogenized in sucrose/Tris/ EGTA buffer
(250/50/2 mM, pH 7.4) using an Ultra-turrax homoge-
nizer, three times for 15 s at a maximal speed with
1-min intervals. The homogenate was centrifuged at
low speed (2000 X g for 10 min), subsequently at high
speed (33,000 X g for 20 min) and washed three more
times. The final crude membrane preparation was re-
suspended in Tris/MgCl,/ EGTA buffer (50:20:2
mM, pH 7.4).

In a separate series of experiments, the lung of each
animal was devided in two parts; one portion was
homogenized as above (i.e., in MgCl,-free homogeniza-
tion buffer). The second portion was homogenized in
MgCl,-containing buffer (Sucrose/ Tris/ MgCl,/
EGTA 250:50:20:2 mM, pH 7.4). Both homogenates
were centrifuged and washed as described above in the
corresponding buffers. The final pellet derived from
the first portion was resuspended in MgCl,-free buffer
(Tris/EGTA 50:2 mM, pH 7.4), the pellet of the
second portion was resuspended in the MgCl,-contain-
ing buffer as mentioned above. In all cases, crude
membrane preparations were used immediately for iso-
proterenol competition binding experiments (see fur-
ther).

2.4. Binding experiments
Competition binding was done as described before

(Vanscheeuwijck et al., 1989b), using (— )-isoproterenol
(107" to 10~* M) without or with GppNHp (10™* M)

or (—)-propranolol (10~!! to 10™° M) as competitors,
and radioactive iodocyanopindolol as ligand; approxi-
mately 5 wg of membrane protein was used. In compe-
tition and saturation binding experiments, incubation
time was dependent on the temperature. In prelimi-
nary experiments (results not shown and Fraeyman and
Vanscheeuwijck, 1991) optimal incubation time to as-
sure complete equilibrium was determined: for 60 min
when the incubation was at 37°C or at 30°C, for 3 h at
20°C and for 6 h at 4°C. Saturation binding experi-
ments were done with 9 concentrations of ['*’Iliodo-
cyanopindolol ranging from 2 to 300 pM; non-specific
binding was in preliminary experiments determined
using 1 M propranolol or 100 M isoproterenol at
every ligand concentration and found to be linear; in
all further binding assays, non-specific binding was
determined at the highest ligand concentration only
and was always less than 20% of total binding. All
incubations were done in microtiter plates and separa-
tion of free ligand from bound ligand was achieved
using an automatic cell harvesting system
(Vanscheeuwijck and Fraeyman, 1989a).

2.5. Calculations

Calculation of the parameters of the competition
binding curves was done using the GraphPAD program
(Motulsky, 1987). Each curve was analyzed according
to a one and a two site model. The partial F-test was
used to decide what model was most adequate
(Snedecor and Cochran, 1973). K; values were calcu-
lated according to Cheng and Prusoff (1973); at each
temperature, K, values were determined from satura-
tion binding experiments and linear Scatchard analysis
(Fraeyman and Vanscheeuwijck, 1991). When the two
site model was accepted, the percentage of B-adreno-
ceptors in both configurations was given by the pro-
gram; total binding was set as 100%. The standard
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Fig. 1. Representative result of the competition binding of isoprote-
renol to a crude lung membrane preparation of the rat. Only the
curves of binding at 10° and at 37°C are shown. Binding at 10°C (o)
and at 37°C (0O) was measured after 6 and 1 h, respectively. Empty
symbols: without GppNHDp filled symbols: with GppNHp.
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Fig. 2. Effect of temperature on the percentage of total binding present as high-affinity binding site (Fig. 2A, %HA), on the K, value for high
(Fig. 2B, Kjp), GppNHp-induced (Fig. 2C, K;gppnup) and low (Fig. 2D, K;,,,) affinity binding site of isoproterenol determined in
competition binding experiments. Each point of the curves is the mean of at least four independent determinations; means + SEM are shown.

value for free energy was calculated from the depend-
ency of the K, values upon the temperature (Fraey-
man and Vanscheeuwijck, 1991) as AG =RT InK, by
interpolation of the temperature-K,; value curve at
25°C. The enthalpy difference (AH°) was derived from
the Van ’t Hoff plot; the entropy difference (A45°) was
calculated using the formula AG°=AH® — TAS®. Sta-
tistical analysis was done using one-way analysis of
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variance when appropriate and when indicated; statis-
tical significance was accepted at the P < (.05 level.

3. Results

In Fig. 1 the results of a representative experiment
of the influence of temperature on competition binding
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Fig. 3. Representative result of the competition binding of propranolol (Fig. 3A) to a crude lung membrane preparation of the rat. Binding was at
10°C for 6 h (©), at 20°C for 3 h (<) at 30°C (&) and at 37°C {(O) for 1 h. Fig. 3B: Effect of temperature on the K; value for propranolol (K,
prop) in competition binding experiments. Each point is the mean of at least 4 independent determininations; means + SEM are shown.
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with isoproterenol, in the absence and the presence of
GppNHDp, are shown; average values for the calculated
inhibition constants (K, values for the high- and low-
affinity binding sites) and the percentage high-affinity
binding sites as function of the temperature are de-
picted in Fig. 2. Changing the incubation temperature
affects the K, value of the high- and low-affinity bind-
ing sites differently: the equilibrium inhibition constant
of the high-affinity binding site for isoproterenol (Fig.
2B) was decreased 4 to 5 fold, while that of the
low-affinity binding site (Fig. 2D) was slightly (1.5 fold)
increased upon increasing the temperature (both P <
0.05, one-way ANOVA). When GppNHp is added to
the incubation mixture, only the low-affinity binding is
detectable (Fig. 1). Increasing the temperature has a
marked effect on the affinity of this GppNHp-sensitive
binding site for isoproterenol: a highly significant de-
crease in affinity was noted (P <0.001, one way
ANOVA; Fig. 2C). The percentage of binding sites
with high affinity for the agonist increased from 23.1%
at 10°C to 42.0% at 30°C (P < 0.05, one-way ANOVA),
increasing the temperature further to 37°C caused a
drop to 26.9% (Fig. 2A).

The effect of changing the temperature on the bind-
ing of propranolol in competition binding experiments
is summarized in Fig. 3A. In all cases, the one-site
model explained the results. Increasing temperature is
accompanied by a significant 2.5 fold increase in the
equilibrium inhibition constant of the binding (Fig. 3B,
P < 0.05, one-way ANOVA).

The results of the transformation of the binding
data into Van ‘t Hoff plots is shown in Fig. 4; quantita-
tive data are summarized in Table 1. For the high-af-
finity binding site, a positive enthalpy change which
was accompanied by a large increase in entropy was
calculated. For the low-affinity binding site, for the
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Fig. 4. Van 't Hoff plot of the K; values derived from the competi-
tion binding experiments presented in Figs. 1 and 3. ®: propranolol;
®: high-affinity binding site and e: low affinity binding site for
isoproterenol; a: GppNHp-sensitive binding site for isoproterenol.

Table 1

Average values for standard free energy, enthalpy and entropy of the
binding of isoproterenol and propranolol to a crude membrane
preparation of rat lung

AG° AH® AS°
kcal /mol kcal /mol cal /mol-deg
Isoproterenol
High affinity -10.9 10.8 729
Low affinity -8.6 —-4.1 153
GppNHp —8.6 —4.6 13.1
Propranolol ~11.8 —-8.5 11.1

High affinity: high-affinity binding site for isoproterenol in the ab-
sence of GppNHp. Low affinity: low-affinity binding site for iso-
proterenol in the absence of GppNHp GppNHp: binding site for
isoproterenol in the presence of GppNHp Propranolol: binding site
for propranol in the absence of GppNHp.

GppNHp-sensitive binding site and for the binding of
propranolol, negative enthalpy changes accompanied
by small increases in entropy were noted.

The results of the separate series of competition
binding experiments with the MgCl,-containing and
MgCl,-deprived samples are shown in Fig. 5. Calcula-
tion of the thermodynamic parameters of the MgCl,-
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Fig. 5. Representative result of the competition binding of isoprote-
renol to a crude lung membrane preparation of the rat and the effect
of MgCl, hereupon. Only the curves of agonist binding at 37°C
(upper panel; 1 h of incubation) and at 10°C (lower panel; 6 h of
incubation) are shown. Empty symbols: without GppNHp, MgCl,-
containing medium,; full symbols: without GppNHp, MgCl,-deprived
medium; dotted line (for the experiment at 37°C only): with GppNHp
in MgCl,-containing medium (only the fitted curve is shown).
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containing samples yielded values which were similar
to what was obtained in the first series of experiments
(results not shown). Upon MgCl, deprivation, the
high-affinity binding site was no longer detectable and
the shape of the curve was clearly monophasic and
indistinguishable from the isoproterenol competition
binding curves obtained in the presence of GppNHp
(shown for the competition binding curve at 30-37°C
only). In the experiment without MgCl,, the effect of
changing the temperature was small and comparable to
the effect on the low-affinity binding site studied in the
first series of experiments: a 1.2 to 1.5 fold increase in
K, value was calculated.

4. Discussion

The study of the thermodynamics of the binding of
ligands to adrenoceptors has yielded valuable informa-
tion on the binding of antagonists and agonists to a
large number of adrenoceptor systems (Raffa and Por-
reca, 1989). The investigation of the B-adrenergic sys-
tem was probably the first to be described by the group
of Molinoff (Weiland et al., 1979). Using competition
binding experiments, these authors described the bind-
ing of several agonists and antagonists to B-adrenocep-
tors and the effect of changing the temperature; first in
turkey erythrocytes (Weiland et al., 1979), subsequently
in different organs of the rat (Weiland et al., 1980) and
in cultured L6 myoblasts (Contreras et al., 1986). The
main conclusions were that agonist binding was en-
thalpy-driven, due to both initial binding and agonist-
specific isomerization of the adrenoceptor, thereby al-
lowing interaction with the G-protein, while antagonist
binding was entropy-driven representing initial binding
only. Furthermore, it was concluded that the high-af-
finity agonist binding site was much more sensitive to
temperature changes than the low-affinity binding site.
More recently, the interaction of the B,-selective ago-
nist broxaterol to rat lung membranes was studied and
these authors concluded, similarly to Contreras et al.
(1986), that the agonist binding is enthalpy-driven, while
antagonist binding is entropy-driven (Sala et al., 1991).

We found that in our experimental conditions, the
high-affinity binding of isoproterenol is entropy-driven,
while the binding of the agonist to the low-affinity
binding site and to the binding site detectable in the
presence of GppNHp (further defined as GppNHp-
sensitive binding site) is enthalpy-driven. The binding
of the antagonist is, as found by others, entropy-driven.

Although our results are not compatible with the
current opinion on the thermodynamics of agonist
binding to B-adrenoceptors, it has to be mentioned
that other G-protein coupled adrenoceptors display
similarities to what we find (Hitzemann, 1988). Binding
of the agonist phenylpropyladenosine to the high-affin-

ity binding of the R -adenosine receptor site was found
to be entropy-driven while binding to the low-affinity
binding site and to the GppNHp-sensitive agonist bind-
ing site displayed favorable enthalpy changes (Lohse et
al., 1984). The thermodynamic properties of a,-adren-
oceptors were found to be temperature dependent: at
low temperatures, agonist and antagonist binding were
both entropy-driven while at 30°C, high-affinity binding
of agonist was enthalpy-driven (Lohse et al. 19853).
Hence, the thermodynamic properties of «,-adrenoc-
eptors at physiological temperatures are comparable to
what we found for B-adrenoceptors.

Some of the discrepancies between our results and
those obtained by others could be due to the use of
MgCl, and NaCl. There is apparently a lot of confu-
sion in the literature on the role of these ions in
agonist binding. It was demonstrated before that mag-
nesium ions are essential for obtaining high-affinity
binding in membranes from HL60 cells (Gierschik et
al.,, 1989), from S 49 lymphoma cells (Birnbaumer,
1990), in permeabilized human lymphocytes (Feldman,
1988) and for agonist induced stimulation of adenylate
cyclase (Abrahamson and Molinoff, 1984). However,
Contreras et al. (1986) in their experiments with L6
myoblasts, no magnesium is used in the isoproterenol
competition binding, yet high-affinity binding was de-
tected. Similarly, in the experiments with different rat
tissues (Weiland et al., 1980), magnesium was absent
during the ligand binding experiments but present dur-
ing the stimulation of adenylate cyclase. In the experi-
ments with broxaterol (Sala et al., 1991), no MgCl, was
used. The latter authors included 100 uM GTP in all
their preparations, which, evidently, excludes any con-
clusions on the thermodynamic properties of the high-
affinity binding site. Our own experiments (second
series) clearly indicated that for rat lung, the presence
of Mg?* in the incubation mixture is essential to detect
the high-affinity binding site. The disappearance of
high-affinity binding site in the absence of MgCl, is
not due to secondary phenomena such as the solubi-
lization of G-proteins, since in our first series of exper-
iments, tissues were prepared without but incubated
with Mg?* and yet high-affinity binding is detected.
Hence, preparing the crude membrane fraction with-
out MgCl, is not destructive for the high-affinity
adrenoceptor—G-protein interaction.

Classical thermodynamics related to receptor-ligand
binding studies interpret positive changes of enthalpy
as the result of the formation of bonds either directly
with the ligand (agonist or antagonist) or indirectly
during conformational changes at other sites in the
receptor molecule. In G-protein containing mem-
branes, the binding of agonists to the high-affinity
binding site not only causes changes in the conforma-
tion of the adrenoceptor but also initiates the interac-
tion between the adrenoceptor and the G-protein, and
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between G-protein and adenylate cyclase. The latter is
also an energy consuming process which can only be
seen under favorable conditions, and since Mg?* are
essential for the activation of adenylate cyclase, the
interaction between G-proteins and the enzyme can
only be observed in the presence of MgCl, (Abraham-
son and Molinoff, 1984). The total energy consumption
related to the agonist high-affinity binding is therefore
the sum of several parameters: isomerization, G-pro-
tein coupling and subsequent activation of adenylate
cyclase. Our results suggest that if the experimental
conditions are chosen so as to prevent the interaction
with adenylate cyclase, high-affinity binding is not
longer detectable and is converted to low-affinity bind-
ing. This low-affinity binding site has only the capacity
to bind the agonist and is not able to transmit the
information to the effector system; in this case the
agonist-receptor interaction is found to be enthalpy-
driven with a small increase in entropy. From a ther-
modynamic point of view, the binding of an agonist to
the low-affinity binding site and the binding of an
antagonist to this site are very similar. This could
suggest that, if no information is transmitted, the extra
energy for coupling to the G-protein is not delivered,
resulting in a negative enthalpy and a lower entropy
change. It is also evident that in order to get negative
free energy, there is a need for a large increase in
entropy, which is explained either as a solvent effect,
the liberation of water molecules or the unfolding of
the interacting proteins (Franklin, 1980; Miklavc et al.,
1990). This interpretation is apparently in contrast with
the results obtained by Cerione et al. (1984) who
suggested that the presence of pure B-adrenoceptors
and G,-proteins, when inserted into phospholipid vesi-
cles and using MgCl, in the incubation medium, is
sufficient to obtain high-affinity agonist binding, al-
though no thermodynamic analysis of the binding was
performed. However, it has to be remembered that in
this highly artificial model comparisons with the in vivo
situation in the plasma membrane remain uncertain.
This doubt is further strenghtened by the fact that in
their experiments, the ratio between receptor and G-
protein was approximately one, while in membranes
prepared from tissues or cells in culture, this ratio is
much higher (Alousi et al., 1991; Levis and Bourne,
1992).

Another difference in experimental conditions be-
tween previous literature data and the results men-
tioned here is that in the experiments mentioned above
(Weiland et al., 1979; Weiland et al., 1980; Contreras
et al., 1986), high concentrations of sodium ions were
present, in contrast to our preparations. It has been
discussed before that for a,-adrenoceptors (Lohse et
al.,, 1985) and for opiate adrenoceptors (Hitzeman,
1988) sodium ions could play a role in the thermody-
namic behavior, and even in relation to the interaction

between NaCl and MgCl,, it was suggested that both
have opposite effects on the affinity of the binding of
agonists to B-receptors. It is however clear from the
literature that the effect is primarily quantitative. In-
deed, addition or omission of NaCl can cause changes
in AH or AS without, however, changing the reaction
from enthalpy-driven to entropy-driven. We therefore
believe that the difference in experimental condition
cannot explain the discrepancy in the results.

We conclude that the thermodynamic properties of
the B-adrenergic high and low-affinity binding sites for
isoproterenol differ and that binding of the agonist at
the high-affinity binding is characterized by an increase
in enthalpy compensated by a large entropy increase.
High-affinity agonist binding to B-adrenoceptors re-
quires the interaction between adrenoceptor, G-pro-
tein and adenylate cyclase.
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