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Abstract

Determination of drug-receptor binding constants (association, K, or dissociation, K, = 1/K,) by radiochemical specific binding assays
has proved to be an invaluable tool for screening of potential active drugs. Simple determination of K, (or Kp) values makes it possible,
however, to calculate the standard free energy AG°= — RT In K, =RT In K, (T=298.15 K) of the binding equilibrium but not that of its two
components as defined by the Gibbs equation AG®=AH’—TAS°®, where AH° and AS® are the equilibrium standard enthalpy and entropy,
respectively. This incomplete knowledge is highly inconvenient from a pure thermodynamic point of view as AH° and AS°® carry much
information on the details of the drug-receptor interaction and the interplay of both reaction partners with the solvent. In recent times it has
been shown that the relative AH® and AS® magnitudes can often give a simple ‘in vitro’ way for discriminating ‘the effect’, that is the manner
in which the drug interferes with the signal transduction pathways. This particular effect, called ‘thermodynamic discrimination’, results from
the fact that binding of antagonists may be enthalpy-driven and that of agonists entropy-driven, or vice versa. The first case of thermodynamic
discrimination was reported for the B-adrenergic G-protein coupled receptor (GPCR) and only recently has it been confirmed for adenosine
A, and A,, receptors. Only very recently has the binding thermodynamics of ligand-gated ion channel receptors (LGICR) been investigated
and data for four receptors have been reported showing that all of them are thermodynamically discriminated. While it seems difficult at
present to find a reasonable explanation for the thermodynamic discrimination phenomenon in GPCR, some hypotheses can be suggested for
LGICR. Since global AH° and AS® values of the binding process are expected to be heavily affected by rearrangements occurring in the
solvent, thermodynamic discrimination in LGICR is at least logically understandable admitting that the observed AH° (and then AS®) values
are determined by both specific binding and abrupt variation of water-accessible receptor surfaces consequent to the setting up of the channel
opening. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction receptor. In fact, simple determination of K, (or Kp) values
makes it possible to calculate the standard free energy
AG°= —RTIn K,=RTIn Ky, (T=298.15 K) of the binding
equilibrium, but not its two components as defined by the
Gibbs equation AG® = AH° — TAS®. AH° and AS° are the equi-
librum standard enthalpy and entropy, respectively. It can be
assumed, in a very simplified form, that standard enthalpy is
a quantitative indicator of the changes in intermolecular bond
energies (hydrogen bonding and van der Waals interactions)
occurring during the binding [1]. Standard entropy, on the
other hand, can be considered an indicator of the rearrange-
ments undergone by the solvent (water) molecules during
™ Corresponding author. Tel.: +39-532-201-214; fax: +39-532.201205,  Lic same process [1]. This lack of data is mostly due to the
e-mail: bpa@dns.unife.it extremely low concentrations of receptors present in biolog-
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Turin, Italy, September 1997. neurotransmitter receptors {2]) which has so far made any

Determination of drug-receptor binding constants (asso-
ciation, K,, or dissociation, Kp=1/K,) by radiochemical
specific binding assays has proved to be an invaluable tool
for screening of potential active drugs, pharmacological char-
acterisation of receptor types and subtypes and identification
of signal transduction pathways. However, the usual receptor
binding assays performed at a single experimental tempera-
ture provide little information about the molecular mecha-
nisms underlying the interaction of a drug with a given
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microcalorimetric determination of AH® impossible. Never-
theless, a method based on K, measurements over a range of
temperatures combined with analysis of van’t Hoff plots has
been successfully applied to obtain the thermodynamic terms
belonging to Gibbs equation. Critical appraisals of this
method are available [3-6].

In recent times it has been moreover shown that the AH°
and AS° values of drug interaction with a defined receptor
can often give a simple ‘in vitro’ way to discriminate ‘the
effect’, that is the manner in which the drug interferes with
the signal transduction pathways. This particular effect has
been called ‘thermodynamic discrimination’ [7] and results
from the fact that binding of agonists may be entropy-driven
and that of antagonists enthalpy-driven, or vice versa.

Ten receptor systems have so far been extensively studied
from a thermodynamic point of view: among these, seven
show the agonist—antagonist discrimination and three do not.
The first case of thermodynamic discrimination was reported
for the B-adrenergic G-protein coupled receptor (GPCR)
[8,9] and only recently has it been confirmed for adenosine
A, and A, , receptors (GPCR) [7,10,11]. This phenomenon
has not however been observed for two other GPCR (D,-
dopamine [ 12,13} and 5-HT,, [14]) and a modulator one
(benzodiazepines receptor [15,16]). All the ligand-gated
channel receptors (LGICR) investigated from a thermody-
namic point of view (glycine [17], GABA, [18], 5-HT;
{19,20] and neuronal nicotinic [21]) have been reported
to discriminate ‘in vitro’ the effect of their agonists and
antagonists.

The results derived from the binding thermodynamic anal-
ysis of agonists and antagonists with GPCR and LGICR sys-
tems are briefly reviewed and discussed. The discussion is
based on the capability of the receptor to show the thermo-
dynamic discrimination phenomenon.

2. Methods and calculations
2.1. Affinity constant determination

Binding assays are usually performed in the temperature
range 0-35°C. Affinity constants are determined by means of
two experimental procedures: saturation and inhibition
experiments. The former are accomplished by incubating at
equilibrium fractions of tissue homogenates with increasing
concentrations of radiolabelled ligand. For a generic binding
equilibrium L+R LR (L =ligand, R =receptor), affinity
constants are calculated as K, =[LR]/([L][R])=[LR]/
[Lpax —LR][Byax —LR] =1/Kp, where [Lyax]=total
concentration of the ligand added, [ By;ax] = total concentra-
tion of the binding sites and K, = dissociation constant. Since
[LR]/[Lyax —LR] =[Bound/Free] = [Bpax1Ka — Ka-
[Bound], the X, and the By .x values can be obtained from
the slope and the intercept of the plot [Bound/Free] versus
[Bound] (Scatchard plot).

Inhibition experiments are performed by displacing a fixed
concentration of radiolabelled ligand [ C*] from the receptor
preparation with increasing concentration of the unlabelled
ligand under investigation with the aim of determining its
ICs, value, that is the inhibitor concentration displacing 50%
of the labelled ligand. The affinity constant of the unlabelled
drug, X;, is subsequently calculated from the Cheng and Pru-
soff equation, K,=ICso/1+ [C*]/Kp*, where Kp* is the
radioligand dissociation constant [22]; under controlled
conditions K,=Kp=1/K,.

2.2. Thermodynamic parameters determination

Measurements of K, values at different temperatures allow
the equilibrium thermodynamic parameters AG°= —RT In
K, (T=298.15 K) and AH® and AS® to be obtained. Two
cases can be distinguished.

1. The standard specific heat difference of the equilibrium

(AC,’) is nearly zero. In this case the van’t Hoff equation

In K,= —AH°/RT + AS°/R gives a linear plot In K, ver-

sus 1/T and the standard enthalpy can be calculated from

the slope, —AH°/R, and the standard entropy from the
intercept, AS°/R, or as (AH°— A G°) /T, with T=298.15

Kand R=8314J K~ ' mol~".

2. AC,?is different from zero. In this case the van’t Hoff plot
is often parabolic and other mathematical methods are
available [21,23] for the analysis.

2.3. Linear regressions and t tests

All calculations were performed using the computer pro-
grams system Graph Pad Prism (Graph Pad, San Diego, CA,
USA).

3. G-protein coupled receptors

Table 1 reports the thermodynamic data for the five GPCR
which have so far been studied at a reasonable level of accu-
racy from a thermodynamic of view. The ranges of AG®, AH®
and — TAS® values of binding for both agonists and antago-
nists are given together with a qualitative classification of the
prevailing equilibrium driving force (last column).

Only three out of the five GPCRs reported in Table 1 are
actually discriminated. This is shown in Fig. 1 which sum-
marises, in the form of — TAS® versus AH° plots, the results
of the thermodynamic measurements performed for each sin-
gle receptor system.

As for the B-adrenergic receptor, agonists cluster in the
exothermic region (—79<A H°< —17 kJ mol™') with
negative or small positive standard entropy values
(—8< —TAS° <44 kJ mol ~'). Agonist binding is therefore
classified as enthalpy-driven. Conversely the antagonist bind-
ing is mostly or totally entropy-driven ( —21 <AH° <16 kJ
mol™'; —53< —TAS°< — 16 kI mol ™).
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Table 1

Ranges of thermodynamic parameters, AG®, AH® and — TAS®, observed for the binding of agonists and antagonists to the five G-protein coupled receptors so

far studied (7=298.15 K; EDF = equilibrium driving force)

Receptor n AG® AH® —TAS® EDF
(kJ mol™") (kJmol™") (kJ mol™")
B-Adrenoceptors [8]
Agonists 8 —-39.3t0 —25.9 =79t —17 —8to 44 H-driven
Antagonists 12 —523t031.2 —21to16 —53t0 —16 S and H-driven
Adenosine A, [7,10]
Agonists 14 —599t0 —34.0 18 to 46 ~-106to —61 S-driven
Antagonists 11 —-49.2t0 —24.4 —37t0 — 12 —18t0 6 H and S-driven
Adenosine A,, [10]
Agonists 7 -502t0 —272 7t0 50 —83to —53 S-driven
Antagonists 5 —-35.0t0 —262 —-36t0 —7 —2810 10 H and S-driven
Dopamine D, [12]
Agonists 4 —45.6t0 —33.9 —68t03 —47t0 29 no discriminated
Antagonists 15 ~57310 —24.0 —89t0 56 - 105 to 44 no discriminated
Serotonin 5-HT, 5 [14]
Agonists 8 —58.1to —35.8 —65t058 — 10910 20 no discriminated
Antagonists 7 —-49.0t0 —28.8 15 to 80 —-109to —47 no discriminated

B-adrenergic receptor
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Adenosine Az, receptor
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Fig. 1. — TAS® vs. AH® scatter plots of GPCRs, obtained from thermodynamic data of agonists (full circles) and antagonists (open circles) binding to the G-
protein coupled receptors so far studied. All the values reported in a common scatter plot (open squares) lie on the same regression line (continuous line) of
equation TAS® (kJ mol ') =1.05( £0.02) AH°® (kJ mol~ 'Y +39.7( £0.9) (n=91; r=0.975). The siope and intercept values obtained for —7TAS® vs. AH°
scatter plots of the single receptor systems are not significantly different from the corresponding values of the common scatter plot (1 test, a=0.05; 1= 0.49,

P=0.64 for slope values; =0.11, P=0.92 for intercept values).

Agonist binding at the adenosine A, receptor can be clas-
sified as totally entropy-driven (18 <AH°<46 kJ mol™';
—106< —TA $°< —61 kJ mol ™ "), while antagonist bind-
ing is mostly or totally enthalpy-driven ( —37 <AH°< —12
kJ mol™'; —18< —TAS°<6 kIl mol™!). A similar result,
from a qualitative point of view, has also been obtained for
the adenosine A,, receptor: the agonist binding is totally

entropy-driven (7<AH°<50 kJ mol™'; —83< —TAS
<53 kJ mol™"') and the antagonist binding is essentially
enthalpy-driven ( —36 <AH°< —7kJmol ~'; —28 < — TAS®
<10kJmol™").

As far as the dopamine D, receptor is concerned, the antag-
onist binding can be totally enthalpy-driven, or enthalpy- and
entropy-driven, or totally entropy-driven ( —89 <AH° <56
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kImol™'; — 105 < —TAS° <44 kJmol~'). A similar behav-
iour has been found for the agonists (—68 <AH°<3 kJ
mol™'; —47<—-TAS°<29 kJ mol~'). Agonists and
antagonists do not show in this case the thermodynamic
discrimination.

The antagonist binding at the 5-HT, 5 receptor is totally
entropy-driven (15<AH°<80 kJ mol™'; —109< —TAS®
< —47 kJ mol "), but the agonist binding can be totally
enthalpy-driven, or enthalpy- and entropy-driven, or totally
entropy-driven (—65<AH°<58 kJ mol™'; —109< —
TAS°<20 kJ mol~"). Also in this case agonists and antag-
onists cannot be discriminated from a thermodynamic point
of view.

An overall analysis of all the thermodynamic data reported
in Table 1 indicates that the variability of AH® ( —89 to 80
kJ mol~') and —TAS® (—109 to 44 kJ mol™ ') values is
much greater with respect to the variability of the AG® values
(—58.1to —24.0kJmol™!).

The correlation equation of the GPCR data reported on a
common — TAS® versus AH° scatter plot (Fig. 1, GPCR) is:

TAS® (kJ mol™")= (D)
39.7(4+0.9)+1.05(+0.02)AH° (kJ mol™ )
n=91; r=0.975; s=8.57, P<0.0001)

The slope and intercept values of — TAS® versus AH® plots
of each single receptor system (r>0.96; P <0.0001) have
been analysed according to a 7 test. They are not significantly
different («¢=0.05) from the corresponding values of Eq.
(1) (n=6,1=0.49, P=0.64 for slope values; n=6,r=0.11,
P=0.92 for intercept values). This result indicates that the
AH° and — TAS® data of the single GPCR systems are inde-
pendently correlated on the same straight line.

4. Ligand-gated channel receptors

Table 2 reports the thermodynamic data for the four
LGICRs which have so far been studied at a reasonable level

Table 2

of accuracy from a thermodynamic point of view. Data are
reported using the same system as for Table 1.

All the LGICR discriminate the agonists from the antago-
nists. This is shown in Fig. 2 which summarises in the form
of —TAS® versus AH® plots the results of the thermodynamic
measurements performed for each single system.

Agonist binding to the nicotinic receptor is essentially
enthalpy-driven ( —53<AH°< —29 kJ mol™'; —21< —
TAS® <12 kJ mol "), whereas antagonist binding is totally
entropy-driven (9<AH°<68 kJ mol™'; —92< —TAS°<
—29kJ mol™ ).

As for the glycine receptor, the agonist binding is classified
as entropy-driven (2<AH°<20 kI mol™!; —56 < —TAS®
< —24 kJ mol™") and the antagonist binding mostly as
enthalpy-driven (—58 <AH°<—15 kI mol™'; —15< —
TAS° <28 kImol™!).

Agonist binding to the GABA, receptor is entropy-
driven (—1<AAR°<14kImol™!; —48< —TAS°< —28kJ
mol ~'), while antagonist binding is enthalpy- and entropy-
driven (—23<AH°<—12 kI mol™!; —-31<—TAS
<~—14 kJ mol™'). A similar result, from a qualitative
point of view, has been also obtained for the serotonin
5-HT; receptor: the agonist binding is totally entropy-
driven (18 <AH°<53 kJ mol™'; —95< —TAS° < —60 kJ
mol ~ '), whereas antagonist binding is permitted because of
more favourable enthalpic contributions ( — 16 < AH° <0 kJ
mol™!; —53< —TAS°< —21 kImol ™).

Also for LGICR, an overall analysis of the thermodynamic
data indicates that the variability of AH® (—58 to 68 kJ
mol™") and — TAS® ( —95 to 60 kJ mol ~!) values is much
greater with respect to the variability of AG® values ( —52.9
to —20.7 kJ mol™"). The correlation equation, reported on
acommon — TAS® versus AH® scatter plot (Fig. 2, LGICR),
is:

TAS® (kJ mol™ )= (2)
36(£1)+0.97(+£0.04)AH® (k) mol™ ")
(n=44; r=0.953; s=9.18; P<0.0001)

Ranges of thermodynamic parameters, AG®, AH® and — TAS®, observed for the binding of agonists and antagonists to the four ligand-gated ion channel receptors

so far studied (7=298.15 K; EDF = equilibrium driving force)

Receptor n AG® AH° —TAS® EDF
(kI mol™") (kJ mol™") (kI mol™ ")
Glycine [17]
Agonists 4 —454t0 ~22.9 21020 —56to —24 H-driven
Antagonists 7 —43.31t023.1 —58to —15 —15t0 28 H and S-driven
GABA, [18]
Agonists 6 -38.5t0 —284 —ltol4 —48to —28 S-driven
Antagonists 5 —46.4to —29.7 —23t0 —12 —31to — 14 H and S-driven
Serotonin 5-HT; [19]
Agonists 7 —523to0 —28.5 18 t0 53 —95t0 —60 S-driven
Antagonists 4 —529t0 —37.2 —16t00 —53t0 —21 H and S-driven
Nicotinic [21]
Agonists 6 —50.7t0 —34.3 —53t0 —-29 —21to 12 H and S-driven
Antagonists S ~36.2t0 —20.7 9to 68 —921t0 —29 S-driven
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Fig. 2. —TAS® vs. AH° scatter plots of LGICRs, obtained from thermodynamic data of agonists (full circles) and antagonists (open circles) binding to the

ligand-gated ion channel receptors so far studied. All the values reported in a

common scatter plot (open squares) lie on the same regression line (continuous

line) of equation TAS® (kJ mol~') =0.97( £0.05) AH° (kJ mol~') +36.8( + 1.4) (n=44; r=0.953). The slope and intercept values obtained for — TAS®
vs. AH® scatter plots of the single LGICR systems are not significantly different from the corresponding values of the common scatter plot ( test, a=0.05;
t=1.98, P=0.12 for slope values; =0.23, P=0.83 for intercept values). The —TAS® vs. AH" scatter plot of the overall data of GPCRs and LGICRs (open
triangles) gives a regression line of equation TAS® (kJ mol™') = 1.04( +0.02) AH° (kJ mol~') +38.8( £0.8) (n=135; r=0.971). The slope and intecept
values are not significantly different from those of the equations of all the single receptor systems (¢ test, &= 0.05; 1=0.53, P =0.64 for slope values; r=0.11,

P=0.92 for intercept values).

The ¢ test (= 0.05) of slope and intercept values indicates
that Eq. (2) does not differ significantly (n=35, r=1.99,
P=0.12 for slope values; n=35, t=0.23, P=0.83 for inter-
cept values) from the corresponding equations of the single
LGICR systems (7> 0.89, P <0.0002). Also in this case AH®
and — TAS® data of the single receptors appear independently
correlated on the same straight line. Moreover Egs. (1) and
(2) are not statistically different. In fact a common — TAS®
versus AH° scatter plot of GPCR and LGICR (Fig. 2) data
gives a regression line of equation

TAS® (kI mol™")=
38.8(+0.8)+1.04(+0.02)AH® (kY mol™ ")
(n=135; r=0.971; s=8.87;, P<0.0001)

3)

Eq. (3) does not significantly differ from those obtained
for all the single receptor systems reported in Figs. 1 and 2
(t test, a=0.05, n=10, t=0.53, P=0.64 for slope values;
n=10,t=0.11, P=0.92 for intercept values).

S. Discussion

Eq. (3) and the related ¢ test are indicative of the presence
of an enthalpy—entropy compensation phenomenon [24,25]

for each single receptor system reported in Tables 1 and 2.
This phenomenon seems to be a common feature in all cases
of drug-receptor binding [6] and its general implications
have been discussed by different authors [3,24,26,27].
Recently the enthalpy—entropy compensation phenomenon
has been attributed, for drug-receptor interactions, to the
solvent reorganisation that accompanies the receptor binding
process in diluted solutions [27]. According to this point of
view, while AG® values are most probably determined by the
features of the ligand-receptor binding process, AH° and
—TAS® values appear strongly affected by the rearrange-
ments occurring in the solvent [27].

What is not easy to understand is why agonists and antag-
onists may be discriminated in a thermodynamical sense ( that
is located in two disjointed regions of the E-E compensation
band) if the compensation itself is mainly to be ascribed to a
simple rearrangement of water molecules bearing little rela-
tionships with both binding affinity and intrinsic activity. This
problem has already been debated for the 3-adrenergic [8]
and adenosine A, receptors [7], both belonging to the class
of GPCRs, without finding a comprehensive explanation also
because not all GPCRs are actually thermodynamically
discriminated [12,14].

A new hypothesis can now be suggested in connection
with LGIC receptors. Thermodynamic discrimination in
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ligand-gated ion channels can be understood by admitting
that the AH° (and compensation-related — TAS®) values are
determined by both specific binding and abrupt variation of
water-accessible receptor surfaces consequent to the setting
up of the peculiar receptorial effect, that is the channel
opening.
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