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Binding of ligands to muscarinic receptors has
been studied in great detail using several radiola-
belled antagonists.!*® The temperature coeffi-
cients for the binding of antagonists to muscarinic
receptors have also been investigated.*>® The
data indicate that the binding of muscarinic an-
tagonists is mainly entropy driven. The thermo-
dynamics of muscarinic agonist binding have,
however, not been studied. Data for agonist
binding to other receptors, such as the beta-adre-
nergic receptor,’ are, however, available.

In the study reported here, thermodynamic
constants for some muscarinic cholinergic ago-
nists have been calculated from competition
curves obtained with the muscarinic antagonist
[*H]-N-methyl-4-piperidinyl benzilate (*H-4-
NMPB).® The results indicate that the binding of
agonists is driven by changes in free energy and
enthalpy, unlike that of antagonists which is
largely entropy driven.*®

Experimental

Ligand binding studies using homogenates of
cerebral cortex from male Sprague Dawley rats
(695 rpm, 15 up and down strokes in a glass/
Teflon homogenizer) were carried out as de-
scribed earlier.' In experiments with carbamyl-
choline, d-tubocurarine (10 uM) was present, and
in experiments with acetylcholine, eserine (10
uM) and d-tubocurarine (10 puM) were present.
Protein was incubated together with appropriate
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additions for 15 min at 37°C, 30 min at 22°C, 60
min at 15°C and 90 min at 0°C, these periods be-
ing sufficient for equilibrium to be attained (data
not shown). ICs, for agonists was defined as the
concentration of agonist giving 50 % inhibition of
3H-4-NMPB binding at zero antagonist concen-
tration. This value of “K,” was calculated from
the dependence of Ky on inhibitor concentra-
tion'! {eqn. (1)]

, 1
Ky =K, (1 + E]) 1)

where K is the dissociation constant at zero an-
tagonist concentration, K,' (or ICy) is the value
determined for the agonist in the presence of /
nM *H-4-NMPB and K, is the dissociation con-
stant for the 3H-4-NMPB-receptor complex at
the appropriate temperature. Specific binding
was defined as the difference in binding in the ab-
sence and the presence of 10 pM atropine. This
was in all cases identical to the binding in the
presence of 10 mM agonist.

Results and discussion

To determine whether the specific binding of
’H-4-NMPB was affected by changes in assay,
binding curves for *H-4-NMPB were determined
for temperatures ranging from 0°C to 37°C. The
affinity for *H-4-NMPB was approximately con-
stant (K; = 1 nM), while the binding capacity in-
creased from 0.4 pmol at 0°C to 0.6 pmol at 37°C
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(data not shown). It can thus be concluded that
any change in the affinity of muscarinic agonists
with temperature, measured in competition with
*H-4-NMPB, does not reflect the change in af-
finity for the *H-antagonist. To determine the ef-
fect of temperature on muscarinic agonist bind-
ing, curves for the competition between
’H-4-NMPB and acetylcholine, carbamylcholine
(“carbachol”), oxotremorine and pilocarpine, re-
spectively, were determined for 0, 15, 22 and
37°C. Although it is known that agonist binding
is more complex than antagonist binding,”? K,
was defined as the ICs, value for inhibition of
’H-4-NMPB binding, since this is an estimate of
the ability of the ligand to interact with musca-
rinic receptors in competition with a known mus-
carinic antagonist.” The K values for inhibition
of *H-4-NMPB binding for the agonists are
shown as a function of temperature (Fig. 1). The
K, values for all agonists increased with tem-
perature for temperatures higher than 15-20°C.
These findings are in agreement with reports
showing that muscarinic receptor-mediated re-
sponses (measured as increase in cGMP levels)
are de-sensitized only at temperatures above 15—
20°C," indicating increased conformational mo-
bility of the membrane proteins.
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Fig. 1. ICs, (K3) values for (A) acetylcholine, (B)
carbamyicholine, (C) oxotremorine and (D)
pilocarpine as a function of temperature.
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The enthalpy change for the binding of the
muscarinic agonists was determined using the in-
tegrated Van’t Hoff equation [eqn. (2)]

In(1/K,) = —~AH/RT) + AS°R V)

where K, is the value for the agonist, AH" is the
change in enthalpy, AS° the change in entropy, R
is the gas constant (1.99 cal mol™') and T is the
temperature in Kelvin. The Gibbs free energy of
binding (AG®) can be calculated from eqn. (3).
From the values of AH® and AG” the change in
entropy, AS°,

AG®° = —RT In K, 3)

upon binding of the agonist can be calculated us-
ing eqn. (4):

AG® = AH® — T AS° (4)

The calculated values of AH®°, AS° and AG” for
acetylcholine, carbachol, oxotremorine and pil-
ocarpine, respectively, are listed in Table 1. Bind-
ing of acetylcholine entails the largest enthalpy
change, —25.1 kcal mol™!, and there is a gradual
decrease in the above order of agonists. Fur-
thermore, the binding of each of these agonists
involves a relatively large change in free energy
(AG®), viz. from —5.6 kcal mol™! to —7.9 kcal
mol™.

Binding reactions in general are presumed to
involve a large positive entropy change.” It is
therefore reasonable to assume that binding of
muscarinic agonists should also entail an increase
in entropy. However, the opposite, a decrease in
entropy, has been observed.” A proposed expla-
nation for these findings’ is that the agonist in-
duces conformational changes in the receptor
protein or in surrounding protein.” Binding of the
muscarinic agonists involves an entropy change
which is strongly negative for acetylcholine
(—62.8 entropy units) and carbachol (—39.6
e.u.), slightly negative for oxotremorine (—4.8
e.u.) and positive for pilocarpine (+4.7 e.u.)
(Table 1). Muscarinic agonists will most likely
produce conformational changes in the receptor
which are most pronounced for potent agonists
such as acetylcholine and carbamylcholine. Ear-
lier studies have also indicated that interconver-
sions between different conformational states of
the muscarinic receptor can take place.'!'*16 It is
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Table 1. Thermodynamic parameters for agonist binding to muscarinic cholinergic receptors from rat cerebral

cortex. The parameter values were calculated for 37 °C.

Ligand AG’/ kcal mol™ AH/ keal mol™’ AS/ J mol™' K™
Acetylcholine -56 -25.1 -62.8
Carbamylcholine -5.1 -17.4 —-39.8
Oxotremorine -79 -9.4 -4.8
Pilocarpine =71 -5.6 +4.7

also interesting to note that the range of values References

for the entropy change associated with binding of
muscarinic agonists is greater than for binding of
beta-adrenergic agonists, for which only strongly
negative values were found.” One possible expla-
nation for this is that muscarinic agonists are less
dependent on a conformational change of the re-
ceptor or of surrounding proteins to induce a cel-
lular response. Conformational changes of the
muscarinic receptor may be a mechanism for in-
activation. An example of this is muscarinic an-
tagonist-induced conformational changes of the
receptor.® The observations presented here indi-
cate that muscarinic agonists, like beta-adrener-
gic agonists, bind in such a manner that much of
the associated free energy change can be ex-
plained by enthalpy changes. These enthalpy
changes seem to be correlated to the efficacy of
the agonist, the binding of a strong agonist such
as acetylcholine producing a much larger en-
thalpy change (—25.1 kcal mol™') than that of a
weak agonist such as pilocarpine (—5.6 kcal
mol™"). The binding of muscarinic antagonists,
like beta-adrenergic antagonists,’” appears to be
entropy driven.**¢
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