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Abstract

The thermodynamic parameters AG°, A H° and AS° of the binding equilibrium of 15 ligands (eight agonists and seven antagonists) to
the 5-HT, , receptor subtype have been determined by affinity measurements carried out on rat cortex membranes (minus striatum) at six
different temperatures (0, 10, 20, 25, 30, 35°C), and by van’t Hoff plots. Most of the compounds studied are tryptamine, phenylpiperazine
and tetralin derivatives. Affinity constants were measured by saturation experiments for the selective 5-HT,, receptor agonist
[*H]8-hydroxy-N, N-dipropyl-2-aminotetralin ([*H]8-OH-DPAT) and by inhibition assays of [*H]8-OH-DPAT binding for the other
compounds. Scatchard plots were monophasic in the full range of temperatures, indicating a single class of high affinity binding sites.
Van’t Hoff plots of all ligands were linear in the temperature range investigated (0-30°C or 0-35°C). 5-Hydroxytryptamine (serotonin)
and S-methoxy-tryptamine (mexamine) displayed a positive slope. Experimental data indicate that for 5-HT, , receptor subtype agonists
and antagonists are not thermodynamically discriminated. The results are discussed from a quantitative point of view with the aim of
obtaining new details on the nature of the forces driving the 5-HT,, binding at a molecular level.
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1. Introduction or dispersion interactions, while the entropic term is a
measure of the solvent reorganization. As a consequence
thermodynamic data allow to evaluate if a drug interacts
with a receptor by weak intermolecular bonds (which
develop heat and are responsible for negative values of the
Gibbs equation enthalpic term, A H°) and /or by the rear-
rangement of the solvent molecules around the drug and
receptor binding site, a phenomenon which contributes to
enhance the energy distribution disorder of the system and
is responsible for a positive value of the Gibbs equation
entropic term, AS°.

We have recently undertaken an analysis of the binding
thermodynamic aspects of agonists and antagonists at sero-
tonin receptors. According to the results obtained it was
possible to suggest that the different equilibrium thermody-
namic profile of serotonin (5-hydroxytryptamine) to 5-
HT,,, 5-HT; and 5-HT,, receptor subtypes could be
explained in terms of an identified amino acid difference
in the receptor sequences between 5-HT,, and the other
two receptors (Dalpiaz et al., 1995); moreover it has been
established that the binding of agonists and antagonists at
—Trresponding author. Istituto di Farmacologia, Via Fossato di Mor- the S_HT3 receptor is thermodynamically dlscnrplnated
tara 19, 44100 Ferrara, ltaly. Tel.: Italy-532-291214; fax: Italy-532- (Borea et al., 1996). The present paper deals with the
291205, binding thermodynamics of eight agonists and seven antag-

Thermodynamic parameters of the binding equilibrium
of drugs to their receptors have aroused increasing interest
in recent years due to the information they may provide on
molecular binding mechanisms. In fact current receptor
binding assays, performed at a single temperature, allow
the determination of drug-receptor association constants,
K., which give quantitative information on the ability of a
drug to interact with a given receptor, but provide little
information on the mechanism, at molecular level, underly-
ing the interaction itself. Affinity constants, K,, give the
values of the standard free energy of the equilibrium,
AG®° = —RT InK, which consists of two different terms
according to the Gibbs equation AG® = A H° — TAS®, AH°
and AS° being the equilibrium standard enthalpy and
entropy, respectively. These terms permit to distinguish the
factors responsible for the drug receptor recognition phe-
nomenon: the enthalpic term is a measure of the non-
bonded interactions, as hydrogen bonding and multipolar
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onists at the rat cortex 5-HT,, receptors which are charac-
terized, from a pharmacological point of view, by a selec-
tive sensitivity to the agonist 8-OH-DPAT (8-hydroxy-
N, N-dipropyl-2-aminotetralin, Bradley et al., 1986). It is
generally accepted that 5-HT,, receptors are involved in
psychiatric disorders like depression and anxiety (Zifa and
Fillion, 1992) modulating the intracellular levels of the
second messenger c-AMP (Boess and Martin, 1994; Hoyer
et al., 1994).

Most of the compounds studied are 3-(2-aminoethyl)in-
dole (tryptamine), phenylpiperazine and tetralin derivatives
(Fig. 1) belonging to chemical classes of compounds which
can display high 5-HT,, affinity and selectivity. All these
compounds are described as 5-HT receptor agonists with
the exception of the antagonist NAN-190; six more antago-
nists have therefore been added (Fig. 2) and three of these
are also B-adrenoceptor antagonists (S-propranolol, S-
pindolol and alprenolol). It will be shown that the thermo-
dynamical data collected reveal new details concerning the
nature of the mechanisms governing 5-HT,, binding at a
molecular level and that the binding thermodynamic pro-
files of S-propranolol, S-pindolol and alprenol are qualita-
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Fig. 1. Chemical formulas of the eight 5-HT,, receptor agonists studied.
The formula of the antagonist NAN 190 is also included.
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Fig. 2. Chemical formulas of the 5-HT,, receptor antagonists studied
(NAN-190 excluded).

tively the same at both 5-HT,, receptors and B-adrenocep-
tors.

2. Materials and methods
2.1. Materials

[3HI8-hydroxy-N, N-dipropyl-2-aminotetralin ([*HI8-
OH-DPAT, specific activity = 147.2 Ci/mmol) and
Aquassure were obtained from NEN Research Products,
Du Pont de Nemours Italiana, Milano, Italy. 5-Hydroxy-
tryptamine (serotonin), 8-hydroxy-N, N-dipropyl-2-amino-
tetralin (8-OH-DPAT), 5-methoxy-tryptamine (mexamine),
N, N-dipropyl-5-carboxamidotryptamine (DP-5CT), N-(3-
trifluoromethyl-phenyl)piperazine (TFMPP), 1-(2-
methoxy-phenyDpiperazine (2-MPP), 1-(3-chlorophen-
yDpiperazine (m-CPP), 7-trifluoromethyl-4-(4-methyl-1-
piperazinyl)-pyrrolo[1,2-alquinoxaline (CGS-12066B), 1-
(2-methoxyphenyl)-4-[4-(2-phthalimido)butyl]piperazine
(NAN-190), 1,2,3,4,10,14b-hexahydro-2-methyl-dibenzo-
[c,f}pyryzino-[1,2 alazepine (mianserin), 4-(5H-dibenzo-
[a,d]cyclohepten-5-ylidene)-1-methylpiperidine (cypro-
heptadine), 6-[2-[4-] bis(4-fluorophenyl)methylene]-1-
piperidinyl]-ethyl]-7-methyl-5 H-thiazolo[3,2-a]pyrimidin-
5-one (ritanserin), 1[(1-methyl-ethyDamino]-3-[2-(2-pro-
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penyl)phenoxy]-2-propanol (alprenolol), 1-[(1-methyleth-
yDamino]-3-(1-naphtalenyloxy)-2-propanol (propranolol)
and 1-(1 H-indol-4-yloxy)-3-[(1-methylethyl)amino]-2-
propanol (pindolol) were purchased from Research Bio-
chemical International (RBI), Amersham Italia, Milan,
Italy. Male Wistar rats were acquired from Nossan Labora-
tories (Varese, Italy). Unless otherwise stated, other mate-
rials were from standard sources.

2.2. Thermodynamic data determination

There are two main strategies for the evaluation of the
AG°, AH® and AS° terms. The first consists of the deter-
mination of equilibrium constants (AG° = —RT InK,) in
association with direct microcalorimetric measurements
which give the corresponding A H® values. This method is
not practicable in receptor binding studies because of the
very low receptor concentration in most tissues (1-100
fmol /mg of tissue for a typical neurotransmitter; Bylund
and Yamamura, 1990). The only method of practical use
consists of measurements of K, carried out at different
temperatures, followed by van’t Hoff analysis. Two cases
are to be distinguished:

(1) The standard specific heat difference of the equilib-
rium (ACP") is nearly zero. In this case the van’t Hoff
equation InK, = —AH°/RT + AS°/R gives a linear plot
InK, versus 1/7, and the standard enthalpy can be
calculated from the slope, ~AH°/R and the standard
entropy from the intercept, AS°/R or as AS°=(AH° —
AG®) /T with T=298.15 K and R =8.314 JK~! mol ™"

(2) AC, is different from zero. In this case the van’t

Table 1

Hoff plot is often parabolic and other mathematical meth-
ods are available for the analysis (Osbome et al., 1976).

2.3. Membrane preparation

Male Wistar rats (150-200 g) were decapitated and the
cortex was dissected on ice. The tissue was disrupted in a
Polytron homogenizer (setting 5) in 20 volumes of 50 mM
Tris-HCI, pH 7.7. The homogenate was centrifuged at
48000 X g for 10 min and the pellet was resuspended in
the same buffer. After 10 min at 37°C the membranes were
centrifuged and pellets were stored at —70°C. Prior to
freezing, an aliquot of homogenate was removed for pro-
tein assays (Lowry et al., 1951).

2.4. Receptor binding assays

Binding assays were performed at 0, 10, 20, 25, 30 and
35°C essentially according to Peroutka (1986): displace-
ment experiments from 5-HT,, receptors were performed
in 1 ml of 50 mM Tris-HC], pH 7.7 containing 1 nM
[*HI8-OH-DPAT and membranes from 8 mg (wet weight)
of tissue. Non specific binding was defined as the binding
in presence of 1 WM serotonin; this was always < 20% of
the total binding. Saturation experiments were carried out
using eight different concentrations of [*H]8-OH-DPAT
ranging from 0.05 to 20 nM. The incubation time ranged
from 60 min at 0°C to 20 min at 35°C according to
previous time course experiments. All buffer solutions
were adjusted to mantain a constant pH of 7.7 at any
desired temperature.

Equilibrium binding parameters at six different temperatures expressed as: (i) dissociation constants, Ky (nM) and By .y (fmol/mg protein) for
compound 1 ((*HI8-OH-DPAT) derived from saturation experiments to rat cortex 5-HT,, receptors; (ii) inhibitory constants, K; (nM), for compounds
2-15 obtained by displacement of | nM [*H]8-OH-DPAT from the same receptors

Ligand T(K): 273 283 298 303 308
H°C): 0 10 25 30 35

(a) Agonists

1. [*HJ8-OH-DPAT K, = 6.7 (£0.3) 2.7(0.1) 1.6 (£0.1) 0.80 (£0.03) 0.55 (£0.02) 0.74 (£ 0.04)

Byax =  364(£22) 37.8 (£2.6) 39.3(£2.6) 36.1(+14) 40.8 (+1.9) 38.5(+2.7)

2. Serotonin 2.6(40.2) 3.1(£0.2) 34(+0.2) 4.4(40.3) 47(+0.2) 5.1(+04)

3. Mexamine 1.62(£0.09)  1.94(+0.12)  11.0(40.6) 13.3(+£07) 252(+1) 29 (£2)

4. DP-5-CT 027 (£0.01)  0.12(+0.01)  0.092(£0.006) 0.074 (£0.005)  0.031(£0.002) 0.14(+0.01)

5. TFMPP 3200(+148)  930(£59) 720 (£30) 498 (£25) 364 (£14) 459 (£26)

6. 2-MPP 608 (+24) 194 (£ 10) 135(£8) 130 (£ 5) 59 (+3) 128 (+5)

7. m-CPP 217(£9) 201 (+£9) 123(£5) 68 (£3) 68 (+4) 110 (+6)

8. CGS-12066B 695 (+39) 234 (£12) 184 (+9) 178 (+8) 68 (+3) 275 (+16)
(b) Antagonists

9. NAN-190 13.3(+0.9) 6.3(+£0.4) 3.1(+0.2) 2.7(£0.1) 1.52 (£0.06) 4.6(+02)
10. Mianserin 5230(£240)  3810(£210) 3410(£195) 2900 (£ 126) 2330 (+112) 4300 (+300)
11. Cyproheptadine 630 (+32) 350 (£21) 245 (+18) 244 (+10) 136 (+7) 321(+13)
12. Ritanserin 134000 (+5200) 73000 (+4 100) 11200 (+340) 8800 (+310) 4700 (+200) 14100 ( +830)
13. S(—)-Propranolol 421(+18) 159 (+5) 83 (£3) 77(+4) 44(+2) 111 (+5)
14. $(—)-Pindolol 150 (+£8) 53(+3) 37(x2) 25(x£1D) 18(x1) 43(+3)
15. Alprenolol 300 (£20) 215(£13) 161 (+8) 156 (£ 7) 103 (£5) 205 (+15)

Values are means of at least four experiments. Estimated standard deviations are in parentheses.
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To determine ICy, values (where ICs, is the inhibitor
concentration displacing 50% of the labelled ligand) solu-
tions of the other ligands were added in triplicate to the
binding assay samples at a minimum of six different
concentrations. Separation of bound from free radioligand
was performed by rapid filtration through Whatman GF /B
filters which were washed three times with ice cold buffer.
Filter bound radioactivity was measured by scintillation
spectrometry after the addition of 4 ml of Aquassure. All
binding data were analysed using the non-linear regression
curve fitting computer program LIGAND (Munson and
Rodbard, 1990).

2.5. Calculations

For a generic binding equilibrium L+ R=LR (L=
Ligand, R = Receptor), affinity constant is calculated as
KA = [LR]/([ L][R]) = [LR]/([ LMAX - LR][ BMAX - LR])
=1/Ky, where [Ly,x]=total concentration of the li-
gand added, [By,x] = total concentration of the binding
sites and K, = dissociation constant. As [LR]/[Ly,,x —
LR] = [Bound]/[Free] = [ By,x 1K, — K, [Bound], the K,
and By,x values can be obtained from the slope and
intercept of the Scatchard plot [Bound]/[Free] versus
[Bound]. Inhibitory binding constants, K,, were derived
from the ICy, values according to the Cheng & Prusoff
equation (Cheng and Prusoff, 1973) K,=IC,,/(1+
[C*1/K}) where [C *] is the concentration of the radioli-
gand and K its dissociation constant. Their affinity
constants, K,, were calculated as 1/K.

The standard free energy is calculated as AG®° = —RT
In K, at 298.15 K, and the standard enthalpy, A H®, from
the AG® measurements at different temperatures. In the
present case differences of standard specific heats of the
equilibrium (ACp°) are nearly zero and then the van’t Hoff
equation, In K, =AS°/R ~AH°/RT, is linear as a
function of (1/T) and provides standard enthalpy, A H°,
and the standard entropy, AS°®, values as slope and inter-
cept, respectively. AG®, AH® and AS® values are given at
T=298.15K.

3. Results

Table 1 reports the dissociation binding constants (K ,)
and By, x values derived from the saturation experiments
of [*HI8-OH-DPAT performed at the six chosen tempera-
tures; the K, values for the other selected eleven ligands,
measured as inhibitory binding constants (K,) for the
displacement of [*HI8-OH-DPAT in the same range of
temperature are also shown. While K, and K, values are
largely temperature-dependent (see below), B,y values
appear to be largely independent suggesting a same recep-
torial population at all temperatures.

Fig. 3 illustrates the representative Scatchard plots ob-
tained at three different temperatures (0, 10, 25°C) for the
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Fig. 3. Representative Scatchard plots for [*HI8-OH-DPAT binding to rat
cortex membranes at 0, 10 and 25°C. The linearity of the plots is
indicative of the presence of a single class of high affinity binding sites at
all temperatures investigated. Correlation coefficients are systematically
=0.97.

saturation equilibrium of [*H]8-OH-DPAT. The plots are
essentially linear at all the temperatures investigated, at
least in the concentration range investigated, and the com-
puter analysis of data (Munson and Rodbard, 1990) failed
to show a significantly better fit to a two-site than to a
one-site binding model. Cold saturation experiments (data
not shown) using [*HI8-OH-DPAT 1 nM and 14—16 con-
centrations of unlabelled 8-OH-DPAT (0.05-100 nM) were
similarly better fitted by a one-site binding model. Similar
conclusions can be drawn from the analysis of the dis-
placement curves concerning all other compounds of Table
1.
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Fig. 4. Van’t Hoff plots illustrating the effect of temperature on the
equilibrium binding association constants, K,, for six of the eight
5-HT,, receptor agonists investigated. Linear interpolation over the
points connected by the continuous line (0 < < 30°C or 0 < ¢ < 35°C)
gives correlation coefficients, r, in the range of 0.93-0.99. Curves for
2-MPP and CGS 120661, giving similar r values, have been omitted for
the sake of clarity.
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Fig. 5. Van't Hoff plots showing the effect of temperature on the
equilibrium binding association constants, K,, for the seven 5-HT,,
receptor antagonists investigated. Linear interpolation over the points
connected by the continuous line (0 < ¢ < 30°C) gives correlation coeffi-
cients, r, in the range of 0.96-0.99.

The temperature dependence of the affinity constants
K, is exemplified by the van’t Hoff plots, In K, versus
1/T of Fig. 4 and Fig. 5, which report, respectively, data
for six representative agonists (DP-5-CT, mexamine, sero-
tonin, 8-OH-DPAT, m-CPP and TFMPP) and the seven
antagonists (NAN 190, cyproheptadine, mianserin, ri-
tanserin, S-propranolol, S-pindolol and alprenol) analysed.
Van’t Hoff plots of agonists serotonin and mexamine
display positive slope (the affinity is enhanced by a de-
crease in temperature) and are linear between 0 and 35°C,
while those of all other compounds under examination

Table 2

Thermodynamic parameters for the binding equilibrium of agonists and
antagonists to rat cortex 5-HT,, receptors. AG®, A H° and AS® values are
given at 298.15 K

Ligand AG® AH® AS°

(KImol™') (KImol™') UK 'mol™!)

(a) Agonists

1.[*HJ8-OH-DPAT —51.3(+0.1)  58(+5)  366(+13)

2. Serotonin —47.6(+0.1) —14(+2) 113(x 8)

3. Mexamine —44.6(+02) —65(+8) —67(+28)

4. DP-5-CT —58.1(£03) 41(x£6)  332(x22)

5. TFMPP —358(£02) 46(+4) 273(+14)

6. 2-MPP -39.6(£0.1)  45(£7) 283 (x24)

7. m-CPP —-40.0(+0.1) 28(+4) 230(+14)

8. CGS-12066B —39.1(4£02)  41(£9 269 (+31)
(b) Antagonists

9, NAN-190 —49.0(4£0.1)  45(+4) 316(x14)
10. Mianserin —315(+0.2) 15(£3)  156(+ 9)
11. Cyproheptadine —380(£02) 27(£6)  221(+21)
12. Ritanserin —28.8(+0.1) 80(+8) 366 (+29)
13. S(—)-Propranolol —40.8(+0.2)  48(+4) 298 (+15)
14. $(—)-Pindolol —43.1(4£02)  45(£4) 296 (£15)
15. Alprenolol -389(4£02) 22(£3) 206(x12)

Estimated standard deviations are in parentheses.
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Fig. 6. — TAS® versus AH° (kJ mol™'; T'=298.15 K) scatter plot for
5-HT,, receptor agonists (full circles) and antagonists (open circles). All
points lic on the same regression line (continuous line) of equation
TAS® = 43(£3)+0.96(+£006)AH° (n=15, r=-0975). The two
dashed lines indicate the loci of the points representing possible combina-
tions of AH° and —TAS® values which give rise to two different
association constants (K, =10* M and 10'' M). 1 =[>HI8-OH-DPAT;
2 = serotonin; 3 = mexamine; 4 = DP-5-CT; 5= TFMPP; 6 = 2-MPP;
7 = m-CPP; 8 =CGS-12066B; 9 = NAN-190; 10 = mianserin; 11 =
cyproheptadine; 12 = ritanserin; 13 = S(— )-propranolol; 14 = S(-)-
pindolol; 15 = alprenolol.

present negative slope (the affinity is enhanced by an
increase in temperature) and are linear only between 0 and
30°C. The affinity constants displaying a sudden drop at
35°C.

Final thermodynamic parameters are reported in Table
2. Equilibrium standard enthalpy, A H°, and entropy, AS°,
values show that (i)} the binding of mexamine is exother-
mic and totally enthalpy-driven (A H°= —65 kJ mol ',
AS°= —67 J mol~' K™'); (ii) the binding of the endoge-
nous ligand serotonin is weakly exothermic and both en-
thalpy and entropy driven (AH° = — 14 kJ mol ™!, AS° =
113 J mol™' K™'); (iii) the binding of all other com-
pounds under examination is endothermic, and conse-
quently totally entropy-driven (15 < A H° < 80 kJ mol ',
156 < AS° <366 J mol~! K1),

Standard deviations have been estimated to be in the
range 2~9 kJ mol ™! for AH° and 8-31 J mol™! K™! for
ASe.

The results of the thermodynamic measurements (Table
2) are summarized in the form of a —TAS® versus A H°
plot (Fig. 6) already used for illustrating thermodynamic
data for A| and A,, adenosine receptors (Borea et al.,
1995). All points of the plot are arranged on the same
regression line following the equation

TAS°(kJmol~',298.15K)
=43(£3) +0.96(£0.06) AH° (kI mol ')
(n=15,r=~0975, P <0.01)
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which is similar to that observed for the binding of a
variety of drugs to other receptors (Gilli et al., 1994).

4. Discussion

All compounds studied display essentially linear van’t
Hoff plots indicating that the AC,° (standard specific heat
difference of the equilibrium) values of the drug-receptor
binding equilibrium is nearly zero or, in other words, that
A H° values are not significantly affected by temperature in
the range investigated (0—35°C for serotonin and mexam-
ine; 0—30°C for all the other drugs). Such linearity appears
to be a typical property of the drug-membrane receptor
binding (Gilli et al., 1994), unlike most binding processes
between molecules and biomacromolecules occurring in
solution (Sturtevant, 1977; Edsall and Gutfreund, 1983).
The affinity constants for some compounds display a
sudden decrease in K, at 35°C; this phenomenon has been
observed in the case of other receptors (Borea et al., 1988,
1992, 1995; Eliard and Rousseau, 1984; Dalpiaz et al.,
1995) and seems to be preferably associated with endother-
mic drug-receptor interactions.

The scatter plot reported in Fig. 6 indicates that the
drug-receptor interactions are governed by an enthalpy-en-
tropy compensation phenomenon, which is typical of the
binding processes involving biomacromolecules and has
been discussed in some details by different authors
(Tomlinson, 1983; Testa et al., 1987). In particular it has
been recently proposed that the thermodynamic compensa-
tion phenomenon mirrors the reorganisation of water
molecules during the binding (Grunwald and Steel, 1995).
According to the scatter plot in Fig. 6 the binding of the
two tryptamine derivatives serotonin and mexamine (Fig.
1) appears to be enthalpy driven, and at variance with the
binding of all the other drugs which is totally entropy-
driven. In this case agonists (full circles) and antagonists
(open circles) do not appear to be thermodynamically
discriminated, as they do not cluster in separate regions of
the —TAS® versus A H° plot, as observed in other receptor
systems, i.e. B-adrenoceptor (Weiland et al., 1979), adeno-
sine A, and A, (Borea et al., 1992; Borea et al., 1995),
GABA , (Maksay, 1994) and 5-HT, (Borea et al., 1996).
5-HT,, receptors belong therefore to the receptor family
including benzodiazepines (Mohler and Richards, 1981)
and D,-dopamine (Kilpatrick et al., 1986) where agonists
and antagonists cannot be distinguished on a thermody-
namic bases. The thermodynamic properties of 5-HT,,
ligands are better interpreted in terms of their chemical
characteristics.

All drugs investigated conform to the general model
obtained according to SAR and conformational analysis
studies, carried out by Hibert et al. (1988, Hibert et al.,
1989), who have suggested that drugs must have two

minimal requirements for optimal 5-HT,, recognition: one
aromatic nucleus and an N-aminic basic centre, Erotonated
at physiological pH, at a distance of some 5 A from it.
This same model has been very recently confirmed by a
detailed analysis of all available crystal structures of 5-
HT,, drugs covering all chemical classes displayed in Fig.
1 and Fig. 2 (with the exception of ritanserin and B-block-
ers; Dalpiaz et al., 1996). In spite of these ‘pharmacoforic’
similarities, only serotonin and mexamine have a definitely
enthalpy-driven binding. Accordingly they can be distin-
guished from the other drugs studied by three main fea-
tures which, together, may explain such exothermic bind-
ing: (i) the presence of the > NH group of the indole ring,
(ii) an unsubstituted -NH, group as basic centre, and (iii) a
hydroxy! or methoxyl substituent in indole position 5 (Fig.
1.

It seems reasonable to assume that the > NH indole
group contributes to the binding of tryptamine derivatives
enthalpically via a hydrogen bond accepted by the 5-HT,,
receptor. The same type of reasoning has been applied to
the analysis of 5-HT,, brain receptor binding, where it has
been suggested (Dalpiaz et al., 1995) that the absence of
an amino acidic residue, able to accept such a hydrogen
bond in rats (Johnson et al., 1994), is the reason for the
weak and strongly entropy-driven binding of serotonin.

Another drug functional group which could be involved
in a strongly enthalpic interaction with the receptor could
be the basic 3-ethyl-aminic function. Comparison of en-
thalpies for serotonin and mexamine binding with those of
the other compounds (Fig. 6) would suggest a better
interaction of a negatively charged function of the receptor
with a -NR,H™ group probably because the N-alkyl func-
tions hinder, at least in part, the optimal contact. This
interpretation of the role played by the indolic > NH and
ethylaminic NR,H™ fits the model proposed by Kuipers et
al. (1994) for 5-HT,, agonistic binding. In particular they
suggest a further hydrogen bond obtained by the -OH of a
threonine residue to the 5-hydroxy or methoxy functions.
In this respect, thermodynamic data for serotonin and
mexamine indicate that the substitution at position 5 of the
hydroxy!l by a methoxyl group greatly improves the en-
thalpic contributions to the binding (A H® serotonin = + 14
kJ mol™'; A H° mexamine = +65 kJ mol™'). This is an
indication that the 5-OH does not donate a further hydro-
gen bond to the receptor but just loses the OH-solvent
water interaction energy (Gilli and Borea, 1991) which is
not lost by the methylated substituents.

On the other hand, the binding of DP-5CT and 8-OH-
DPAT (Fig. 1) is totally entropy-driven, indicating that the
optimal enthalpic interaction of serotonin and mexamine is
severely reduced by N-propyl bisubstitution. Such a substi-
tution by the hydrophobic groups appears to produce dif-
ferent positive effects: besides determining a strong 5-HT, ,
selectivity (Nelson, 1991; Zifa and Fillion, 1992) they
potentiate the entropic contribution to drug-receptor bind-
ing in such a way that DP-5-CT and 8-OH-DPAT are
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among the compounds endowed with the highest binding
affinities (Table 1).

Also the five 1-phenyl-piperazine derivatives m-CPP,
TFMPP, 2-MPP, NAN-190, and CGS-12066A (Fig. 1)
display a totally entropy-driven binding. The best ligand is
NAN-190, probably because of the large phtalimido-butyl
substituent which, besides imparting antagonistic proper-
ties and high affinity for the 5-HT,, receptor (Mokrosz et
al., 1992; Van Steen et al., 1993, 1994), it can interact with
a hydrophobic pocket of the receptor with the consequent
disorganisation of solvent molecules and entropy increase.
Accordingly, the three R; unsubstituted derivatives (m-
CPP, TFMPP, and 2-MPP) and the methyl-substituted
derivative (CGS 12066B) have binding entropies, AS°,
with values on average of some 52 J K~! mol ™' lower.

A dependence of AS° on the molecular volume is also
observed in the case of the three weak antagonists mi-
anserin, cyproheptadine and ritanserin. The last named
carries very large piperidine N-substituents and registers
the greatest AS® observed for all the series of compounds
investigated (366 ] K~' mol '), confirming the absence,
in this case, of specific interactions with the binding site.

The three antagonists with concomitant B-blocker activ-
ity (alprenolol, S(—)-propranolol and S(—)-pindolol) are
characterized by the presence of an aromatic nucleus and
an N-aminic centre bonded at the end of a flexible aliphatic
chain which probably permits the basic centre to assume
the optimal distance from the aromatic nucleus for a
correct interaction at the 5-HT, , receptor. The basic centre
is substituted by an isopropyl group which characterizes
the binding as entropy-driven and not very potent. It can
be of some interest to remark that also the B-blocker
activity of these compounds is characterized by a similar,
from a quantitative point of view, thermodynamic profile
(Weiland et al., 1979).

To conclude, the 5-HT,, receptor belongs to a class of
thermodynamically undiscriminated receptorial systems.
Antagonist binding appears to be under entropic control.
The binding of agonists is most frequently entropy-driven
with the exception of the two compounds, serotonin and
mexamine, where the basic centre is represented by an
unsubstituted ethylamino group. In these cases the binding
is performed by weak interactions and, in particular, two
hydrogen bonding and an optimal interaction between
charged groups have been proposed. In general it is ob-
served that the best binders (the antagonist NAN-190 and
the agonists DP-5-CT and 8-OH-DPAT) are, at the same
time, the most entropy-driven and displaying the highest
5-HT,, selectivity. This situation indicates that the molec-
ular mechanism responsible for the binding of the endoge-
nous ligand loses its fundamental importance and is substi-
tuted by hydrophobic interactions, mediated by the solvent
reorganisation phenomenon, which confers high receptor
affinity.
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