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SUMMARY
The ability of dopamine agonists and antagonists to compete
with [3H]spiperone binding to rat striatal membrane preparations
at 4, 1 5, 26, and 37#{176}varied markedly with temperature. Dopa-
mine and the dopamine agonist 2-amino-6,7-dihydroxy-1 ,2,3,4-
tetrahydronaphthalene hydrobromide (ADTN) were more potent
at lower temperatures. The ability of the dopamine antagonists,
haloperidol, cis-fiupenthixol, cis-N-(1 -benzyl-1 -methypyrrolidin-3-
yl)-5-chloro-2-methoxy-9-methylaminobenzamide (YM 09151-2),
raclopride, and clozapine, and of the agonists apomorphine and
pergolide, to compete with [3H]spiperone binding was little al-
tered by temperature. (+)-Butaclamol was more potent at higher
temperatures. In contrast, the antagonists sulpiride, metoclo-
pramide, clebopnde, sultopride, tiapride, piquindone, and zeti-

doline were more potent at lower temperatures. The interaction
of the agonists dopamine and ADTN was driven by a decrease
in enthalpy, allowing an energetically unfavorable decrease in
entropy. The binding of the antagonists, halopendol, cis-flupen-
thixol, YM 091 51 -2, raclopnde, (+)-butaclamol, and clozapine,
and also of the agonists, apomorphine and pergolide, was en-
tropy driven. The interaction of the antagonists sulpiride, meto-
clopramide, clebopride, alizapride, sultopnde, tiapride, piquin-
done, and zetidoline differed from that of other antagonists in
being enthalpy dnven. The observed entropy changes correlated
withjhe lipophilicity of the displacing drugs and not with their
intrinsic activity.

Thermodynamic changes in drug affinity for neurotransmit-

ter receptors can provide information on the type of interaction

involved. For example, Weiland et at. (1) demonstrated that

agonist interaction with turkey erythrocyte /3-adrenergic recep-

tors (identified using [‘2’�I]iodohydroxybenzylpindolol) was en-

thalpy driven, whereas the interaction of antagonists was to-

tally entropy driven. Enthalpy is defined as the heat content of

a substance per unit mass. Entropy is a measure of unavailable

energy, energy existing but unavailable for work, i.e., a measure

of the state of order. They proposed that the decrease in both

enthalpy and entropy associated with the agonist interaction

reflected an agonist-induced conformational change in the re-
ceptor. In contrast, the increases in entropy observed on antag-

onist interaction are thought to represent simple binding events

where no information is transferred, akin to the binding of ions
and antibodies to proteins (2, 3). Similar thermodynamic

changes occur with the interaction of agonist and antagonist
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drugs with /3-adrenergic receptors in rat cerebral cortex, cere-

bellum, heart, and lung (4). However, not all neurotransmitter

systems respond with similar thermodynamic changes on ago-

nist and antagonist interaction. For example, agonist binding

to the nicotinic acetylcholine receptor is entropy driven (5).

For dopamine receptors, Zahniser and Molinoff (6) reported

that both agonist and antagonist interactions with the D-2
receptor identified by [3H]spiperone were entropy driven. How-

ever, their data were not in accord with the finding that, for

dopamine receptors labeled by the agonist ligand [3H]-N-n-
propylnorapomorphine, agonist binding was enthalpy driven

(7). Leysen and Gommeren (8) noted that [3H]spiperone and

[3H]apomorphine binding to rat striatal homogenates was little

affected by temperature and, hence, presumably entropy driven.

Recently we found that, surprisingly, the selective D-2 an-

tagonist sulpiride was more potent in competing with

[3H]spiperone binding at 4� than 37#{176},whereas the action of

haloperidol was little affected by temperature (9). This has led

us to examine the thermodynamic changes induced by the

interaction of dopamine agonists and of groups of typical and

atypical neuroleptic drugs with the rat striatal D-2 receptor

identified by [3Hjspiperone.
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Materials and Methods

[3H]Spiperone (18 or 19 Ci mmol’) was supplied by Amersham

International. The following drugs were employed: ADTN (Wellcome

Research Laboratories), (+)-butaclamol hydrochloride (Ayerst Labo-
ratories), clebopride (Almirall), cis-flupenthixol hydrochloride (Lund-
beck, Copenhagen), haloperidol (Janssen Pharmaceutica, Belgium),

(±)-sulpiride, metoclopramide, (-)-sultopride, alizapride, tiapride, (De-

lagrange, France), YM 09151-2 (Yamanouchi, Japan), raclopride (As-

tra, Sweden), clozapine (Sandoz, Switzerland), piquindone (Hoffmann-
La Roche), zetidoline (Lepetit, Italy), apomorphine hydrochloride
(MacFarlan Smith, Edinburgh), and pergolide mesylate (Lilly). Dopa-

mine hydrochloride was supplied by Sigma Chemical Co. All drugs were

dissolved in distilled water with minimal use of 1 M HC1; haloperidol

was initially dissolved in a minimal quantity of glacial acetic acid.

Preparation of striatal membranes. Female Wistar rats (150 ±

10 g-, Bantin & Kingman Ltd.) were stunned and decapitated, the brains
were removed and the paired corpora striata were rapidly dissected

into 10 volumes of ice-cold 50 mM Tris-HC1 buffer at pH 7.4 (at 20’);

the final pH measured at 37’ was 6.9 and at 4’ was 7.8. Paired tissue

from 10-20 animals was homogenized using a Polytron homogenizer

(setting 5 to 10 sec) and centrifuged at 48,000 x g for 10 mm in a

Sorvall RC5B centrifuge at 4’. The resulting pellet was resuspended in

10 volumes of the same buffer and the process was repeated. The final
pellet was resuspended in 270 volumes of original tissue weight and
kept on ice before use in the binding assay.

[3H)Spiperone binding to rat striatal membrane prepara-
tions. For the determination of [3H]spiperone binding to membrane

preparations, aliquots (900 �zl) of the final tissue suspension were

incubated with 50 Ml of a solution of displacing agent or its vehicle and

50 �l of a solution of [3H]spiperone. Sodium chloride at a final concen-

tration of 120 mM was also present. For equilibrium saturation analysis,

six ligand concentrations from 0.01-1.0 nM were used. Nonspecific

binding was routinely defined by the incorporation of iO� M (±)-

sulpiride. This was justified in control experiments where displacement

of [3H]spiperone binding was apparently maximal at i0� M; Eadie-

Hofstee analysis of data suggested a single site for specific binding of

[3H)spiperone defined at this concentration of sulpiride at all temper-
atures. For determinations of the ICse values of drugs to compete with
[3H]spiperone (0.1 nM) binding, at least five ascending concentrations

of each drug were included in the assay (10’#{176}-10� M). All samples

were examined in triplicate at each ligand or displacing drug concen-

tration. In some experiments samples were incubated with

[3H]spiperone (0.1 nM) for varying times (0-90 mm) at 4, 15, 26, and

37’. From these experiments equilibrium incubation times of 90, 60,

30, and 10 mm were chosen at the respective temperatures. The ICse

values of6,7-ADTN, (±)-sulpiride, (+)-butaclamol, apomorphine, halo-
peridol, piquindone, and cis-flupenthixol were calculated at all temper-

atures; for the remaining drugs, ICse values were only calculated at 4

and 37’ . Reactions were terminated by rapid vacuum filtration through

Whatman GF/C filters over Millipore 3025 12 well sampling manifolds
at 50 cm Hg vacuum. Filters were washed twice immediately with 5.0

ml of cold buffer. Filters were then placed with 5 ml of Packard ES299

scintillation cocktail and left overnight before counting in a Packard

TriCarb 460C scintillation spectrometer at an efficiency of approxi-

mately 45%.
Calculation of log k,,,. A Siemens 5101 chromatograph equipped

with an Orlita pump, type DMP-AE 10.4, was used. The detector was

a Uvikon 740 LC (Kontron), operating at 254 nm; column length 25

cm, i.d. 4 mm, prepacked with LiChrosorb RP-18, particle size 10 �tm
(Knauer). A Hewlett-Packard 3390A integrator was used for peak

registration and calculation of retention times. n-Decylamine (0.2%,

v/v) was used as a masking agent to eliminate silanophilic interactions

(10-12). The mobile phases were made up volumetrically from combi-

nations of methanol and MPS (0.02 M) and n-decylamine (0.2%, v/v)

in the range 10-80% methanol. The pH of the mobile phase was

adjusted to 7.5 by addition of hydrochloric acid to the aqueous solution

of MPS and n-decylamine, i.e., the measured pH corresponds to pH in

water (without methanol). All solutions were purified by filtration

using a Millipore-Q system. Retention times were measured at ambient

temperature; the flow rate was 1.5 ml/min and the column dead time

(t0) was determined to be 60 sec using sodium bicarbonate as the non-

retained compound. The capacity factor (k) is defined as

k = (tR t0)/t.

where tR �5 the retention time of the solute. Such capacity factors (log

k), determined at various methanol/water ratios, were extrapolated to

a 100% water eluent (log k� values) and corrected for solute ionization

(extrapolation to 100% neutral species, log k�#{176}values) (13, 14) according

to the equation log k�#{176}(true, neutral) = log k� (apparent) + log (1 +
1#{216}PkaPH)

Data calculation. A computer curve-fitting program (minimiza-

tion of weighted sum of squares by an iterative process) was used for

the calculation of the parameters of equilibrium saturation studies of

[3H]spiperone binding by fitting to the equation:

b B,�
- 1 + (Kd/F)

where b is the amount bound, Kd the equilibrium dissociation constant,

B�5 the amount bound at infinite ligand concentration (maximum

number of specific receptor sites), and F the free (unbound) ligand. K,

values were calculated according to the Cheng-Prussoff equation (15):

K ICse
, - 1 + (F/Ks)

The ICac of a drug was calculated as the concentration required to

displace 50% of specific [3H]spiperone binding (defined by iO� M (±)-

sulpiride) as derived graphically.

The following thermodynamic relationships were employed: �XG#{176}=

-RT ln K0, where �G#{176}is the Gibbs free energy change in kcal mor1,

R is the gas constant (1.99 cal mol’ - deg), T is the temperature in

degrees Kelvin, and K0 is the equilibrium association constant (1/K,).

�H#{176}(enthalpy change in kcal mor’) was calculated from the slope of

the Van’t Hoff plot (ln K5 versus 1/T). �sG#{176}= �sH#{176}- ThS#{176},where �S#{176}

is the standard entropy change in calories per mol degree.

Results

Time course for association of specific [3H]spiperone

binding to membrane preparations of rat striatum. The

rate of association of specific [3H]spiperone (0.1 nM) binding

to rat striatal membrane preparations increased with increasing

temperature (Fig. 1) at 4, 15, 26, and 37#{176}.The following incu-

bation times allowing apparent equilibrium at each temperature
were chosen from these data: 10 mm at 37#{176},30 mm at 26#{176},60

mm at 15#{176},and 90 mm at 4#{176}.The level at which specific

[3H]spiperone (0.1 nM) binding reached equilibrium also in-

creased with increasing temperature; at equilibrium, at 37#{176},

specific binding represented 1000-1100 cpm, whereas at 4#{176}this
was 600-700 cpm.

The effect of temperature on specific [3H]spiperone

binding to striatal membrane preparations. The results

of computer curve fitting of equilibrium saturation studies of

specific [3H]spiperone binding over a range of concentrations

(0.01-1.0 nM; as defined using i0� M (±)-sulpiride) to the

membrane preparation of rat striatum showed no significant

change of apparent Bmax values with temperature. The Bmax

values (pmol/g of tissue ± SE; n = 3) were: 4#{176},27.4 ± 1.5; 15#{176},

28.7 ± 1.2; 26#{176},30.8 ± 2.2; 37#{176},28.0 ± 1.6; p > 0.05. The

apparent Kd was lower at 4#{176}than at 15, 26, and 37#{176},but

was little changed at each of these three higher temperatures.
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Fig. 1. The association of specific [3H�spiperone [0.1 nr�i, defined by the incorporation of iO� M (+)-sulpiride] binding to the membrane preparation
of rat striatum at 4 (0), 15 (#{149}),26 (V), and 37#{176}(7). Assays were performed in triplicate and terminated by rapid vacuum filtration as described in
Materials and Methods.

The Kd values (nM ± SE) were: 4#{176},0.37 ± 0.03; 15#{176},0.11 ±

0.02; 26#{176},0.11 ± 0.02; 37#{176},0.13 ± 0.02. The Kd values obtained

here were used to calculate K values from the IC50 values of
displacing drugs at the different temperatures. Eadie-Hofstee

analysis of this binding data was linear at all temperatures, the

correlation coefficient never being less than 0.95.

The effect of temperature on the drug competition for

specific [3Hjspiperone binding to striatal membrane

preparations. These results are presented in Table 1. Dopa-

mine and the agonist drug, ADTN, were greater than 5 times

more potent at competing with the specific binding of

[3H]spiperone at 4#{176}than 37#{176},but apomorphine and pergolide
were equipotent.

The dopamine receptor antagonists haloperidol, clozapine,

and cis-flupenthixol showed little temperature dependence in

their ability to compete with [3H]spiperone binding. Haloperi-

dol was slightly more potent at lower temperatures and cia-

flupenthixol was slightly more potent at higher temperatures;
(+)-butaclamol was more potent at 37#{176}.The substituted ben-

zamide group of antagonist drugs, sulpiride, sultopride, tiapride,
alizapride, metoclopramide, and clebopride, was �10 times
more potent in competing with [3H]spiperone binding at the

lower temperatures as were the non-substituted benzamide

dopamine antagonists, piquindone and zetidoline. In contrast,
the substituted benzamide drugs, YM 09151-2 and raclopride,
showed little temperature dependence for competing with

[3H]spiperone binding.
The final buffer pH varied from 7.8 (at 4#{176})to 6.9 (at 37#{176}).In

control experiments performed at 37#{176},where the final pH was

corrected to 7.8 and 6.9, specific [3H]spiperone binding and the

ICse values of (±)-sulpiride, 6,7-ADTN, and (+)-butaclamol
were not different. There was also no significant difference in

the IC� values of these drugs if the incubation time (at 37#{176})

was increased to 90 mm (data not shown).

Seven drugs belonging to different chemical classes (ADTN,
apomorphine, cis-flupenthixol, (+)-butaclamol, haloperidol,

(±)-sulpiride, and piquindone) were tested for the ability to

displace [3H]spiperone binding at two further temperatures
(15#{176}and 26#{176})(see Table 1). The affinity of ADTN, (±)-

sulpiride, and piquindone was negatively related to tempera-
ture. The affinity of ci,s-flupenthixol, haloperidol, and apomor-
phine was little affected by temperature, whereas the affinity
of (+)-butaclamol was positively related to temperature. The

slope ofthe IC� curves for ADTN and sulpiride were apparently

reduced at lower temperatures, as were those of dopamine.
Competition curves of [3Hjspiperone binding at 4, 15, 26, and

37#{176}by 15 different concentrations of (±)-sulpiride between

b_b and i0� M revealed that the Hill number at 37#{176}was 1.01,

at 26#{176}it was 0.75, at 15#{176},0.61, and at 4#{176},0.73 (data not shown).
Similar competition curves with ADTN also showed a reduction

in Hill number with temperature.

Thermodynamic parameters of drugs competing with
[3H]spiperone binding to rat striatal membrane prepa-
rations. Fig. 2 (A-G) shows the Van’t Hoff plots at 4, 15, 26,

and 37#{176}for ADTN, piquindone, (±)-sulpiride, apomorphine,
haloperidol, cis-flupenthixol, and (+)-butaclamol competition

for [3H]spiperone binding. Fig. 2H shows the Van’t Hoff plot
for [3H]spiperone binding. �H#{176}(enthalpy changes) and subse-

quent i�S#{176}(entropy changes) calculated from these plots are

shown in Table 2. For the remaining drugs the slope of the

Van’t Hoff plot was taken as a straight line between the two

points.

Apparent t�H#{176}values varied from +13.5 kcal mor’ for (+)-

butaclamol to -21.1 kcal mor’ for (±)-sulpiride. i�S#{176}values
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TABLE 1
K,values of dopamine agonist and antagonist drugs to inhibit binding of [3H]spiperone to membrane preparations of rat striatum
IC60 values were calculated as the concentration of drug causing displacement of 50% of specific binding (defined using 1 O� M (±).sulpiride). K, ValueS are calculated as
K, = IC�/(1 + F/Kd). Results are the mean (±SE) of three separate experiments. lC� values were calculated graphically from each separate experiment.

K, (nM)
K, 4#{176}/K,37#{176}

4#{176} 15#{176} 26#{176} 37#{176}

Agonists
1 6,7-ADTN 23 ± 5 65 ± 4 1 1 1 ± 4 657 ± 250 0.03
2 Dopamine 379 ± 72 1 999 ± 507 0.19
3 Pergolide 23 ± 1 20 ± 3 1.15
4 Apomorphine 134 ± 25 127 ± 21 129 ± 9 1 13 ± 43 1.19

Antagonists
1 1 (±)-Sulpiride 1 .3 ± 0.3 8.3 ± 1 .1 21 ± 3 88 ± 1 0.01
12 Piquindone 0.7 ± 0.2 2.0 ± 0.3 7.4 ± 1.0 15 ± 2 0.04
13 Tiapnde 5,700 ± 1 290 86,830 ± 8,550 0.07
14 Metoclopramide 8.3 ± 1 .0 104 ± 2.1 0.08
15 Clebopnde 0.19 ± 0.01 2.2 ± 0.4 0.08
16 Alizapnde 7.0 ±3.8 73 ±28 0.10
17 (-)-Sultopride 1 .1 ± 0.3 1 1 .9 ± 0.2 0.11
18 Zetidoline 1 .9 ± 0.2 17.0 ± 1 .3 0.11
19 YM 09151-2 0.21 ± 0.02 0.12 ± 0.04 1.75
20 Raclopride 19 ± 7 9.5 ± 1 .5 1.99
21 Halopendol 0.70 ± 0.15 0.92 ± 0.05 1.2 ± 0.1 1.2 ± 0.1 0.59
22 Clozapine 157 ± 47 146 ± 6 1.08
23 cis-Flupenthixol 20 ± 6 9.3 ± 1 .1 8.5 ± 2.4 9.8 ± 2.8 2.07
24 [3H]Spiperonea 0.37 ± 0.03 0.1 1 ± 0.02 0.1 1 ± 0.02 0.1 3 ± 0.01 4.13
25 (+)-Butaclamol 2.0 ± 1 6.0 ± 0.4 3.6 ± 2.2 1.3 ± 0.4 15.27

a K, = K,,.

varied from 84 cal mol K1 for (+)-butaclamol to -36 cal mol

K’ for (±)-sulpiride. Dopamine and ADTN showed negative

enthalpy and entropy changes, whereas the other agonists,
apomorphine and pergolide, showed positive enthalpy and en-

tropy changes. The dopamine antagonists haloperidol, cia-flu-

penthixol, (+)-butaclamol, and clozapine, and the ligand,

[3H]spiperone, showed small enthalpy changes (-3.0 to -13.5

kcal mor’ ) and positive entropy changes (30.7 to 84.7 cal mol’

K’). The substituted benzamide antagonists, sulpiride, meto-

clopramide, clebopride, alizapride, sultopride, and tiapride,

showed negative enthalpy and entropy changes, as did the novel

dopamine antagonists piquindone and zetidoline. The substi-

tuted benzamide antagonists YM 09151-2 and raclopride

showed positive enthalpy and entropy changes.

The relationship between observed entropy changes

for drugs competing with [3H]spiperone binding and the

drug lipophilicity. Fig. 3 (A and B) shows plots of the

observed entropy change for each drug ( from Table 2) against

the apparent lipophilicity (log k� at pH 7.4, Fig. 3A) and the

lipophilicity of the neutral species (log k�#{176},Fig. 3B). There

appears to be a good correlation such that the more lipophilic

the drug, the more positive is the entropy change. Linear
regression analysis revealed a correlation coefficient of 0.83

(Fig. 3A) and 0.73 (Fig. 3B).

Correlation matrix of the thermodynamic and physi-

cochemical parameters. The correlation matrix of all ther-

modynamic and physicochemical parameters determined in the

present study is given in Table 3. The relationship between

entropy change and lipophilicity is already noted above. In fact,

the thermodynamic values are strongly intercorrelated and,

and, as a result, lipophilicity also correlates with �G#{176}37and

�H#{176}.The complete correlation between �S#{176}4and �S#{176}37mdi-

cates temperature invariance of the entropy of the binding

process.

Discussion

Our results demonstrate the marked temperature dependence
of most drugs investigated in competing with [3H]spiperone

from its binding to rat striatal preparations. Only a few com-

pounds (pergolide, apomorphine, YM 09151-2, and clozapine)
show K1 values that are almost invariant in the temperature

range investigated. Use of the Cheng-Prussoff equation (15) to

derive K1 values may not be entirely applicable for compounds
with low Hill numbers such as dopamine and ADTN. However,
it has previously been shown that the K values for dopamine

remain constant over a wide range of [3H]spiperone concentra-
tions (6). Furthermore, the Hill number for both ADTN and

sulpiride competition for [3Hjspiperone-binding sites decreased

with decreasing temperature. This is unexpected for an antag-
onist such as sulpiride and necessitates further investigation.

The use of the Van’t Hoff isochore is based on the assumption
that �H is independent of T over the temperature range inves-
tigated, i.e., that �H/�T is constant. Fig. 3 presents the Van’t

Hoff plots from eight compounds which were investigated at

four temperatures. Globally, the linearity ranges from excellent
[e.g., (±)-sulpiride, piquindone, and (+)-butaclamol] to fair
(e.g., [3H]spiperone and cis-flupenthixol). Zahniser and Moli-

noff (6) found that the Kd values of [3H]spiperone varied
linearly with temperature. Our study indicates little variation
with temperature, in agreement with Leysen and Gommeren
(8). Such discrepancies cannot be satisfactorily explained at

this stage. From available results, we assume that Van’t Hoff

plots (ln K,, versus lIT) are linear for all compounds and, as a
consequence, we determined the K values of 1 1 compounds at

two temperatures only (4 and 37#{176}).
Inspection of Table 1 reveals that K1 values either increase

or decrease with temperature, excepting those compounds
noted above which show little temperature dependence. These
variations are indicative of differences in thermodynamic be-

havior. Indeed, Table 2 reveals major differences in the �H#{176}
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Fig. 2. Van’t Hoff plots (In Ka VS 1/T) for ADTN (A), (+)-sulpinde (B),
piquindone (C), apomorphine (0), haloperidol (E), cis-flupenthixol (F), (+)-

butaclamol (G), and [3H]spiperone (H). In Ka (Ka being 1/K,) was deter-
mined at each temperature as described in Materials and Methods.
Points represent mean (± standard error) of three separate experiments.
�H#{176}was determined from the slope of these plots.

and �S#{176}values of the investigated dopamine receptor com-

pounds. Among the agonists, dopamine and ADTN show ex-
othermic binding which more than compensates for an ener-

getically unfavorable decrease in entropy (enthalpy-driven

binding). In contrast, the binding ofpergolide and apomorphine

is entropy driven. This study reveals that the binding of ago-

nists to the dopamine D-2 receptor is not governed by the same

thermodynamic driving forces for all compounds. Structural
and physicochemical differences among agonists must account
for much variation as discussed later.

Classical neuroleptics in Table 2 display entropy-driven bind-
ing, whereas most substituted benzamides as well as piquindone

and zetidoline, but not YM 09151-2 and raclopride, exhibit

enthalpy-driven binding. Substituted benzamide drugs are rec-
ognized as atypical dopamine antagonists because of their very

low ability to inhibit or cause dopamine receptor-mediated
behaviors (see Ref. 16) when administered peripherally. How-
ever, on focal injection these drugs are more potent than
expected from 37#{176}binding or pharmacology (17). The obser-

vation that YM 09151-2 does not behave as the other benzamide

32 3�4 36

230 Kilpatrick et a!.

drugs is perhaps not surprising since this compound reveals

itself as a typical dopamine antagonist in behavioral tests (18),

e.g., induction of catalepsy and inhibition of apomorphine-
induced stereotypy. Novel salicylamide analogues such as ra-
clopride seem to differ from other benzamides in their separa-
tion between stereotypy and hyperactivity (19). Piquindone

(20) and zetidoline (21) are related to the substituted benza-

mides by the fact that binding to the D-2 receptor is strongly
Na� dependent (22, 23). The role played by Na� in the binding
process is still unclear. It may, for example, facilitate binding

� D � by provoking or preventing a change in the drug-receptor

complex (24). Enthalpy-driven receptor binding has been in-

�-i-----4----4- terpreted by Weiland et at. (1) to represent a conformational

change in the receptor upon ligand binding. Thus, the net
decrease in entropy would be the sum of the increase associated

________________ with binding (liberation of water molecules, see below) and the
3 2 3#{149}4 36 large decrease associated with conformational changes in the

receptor-ligand complex. In contrast, entropy-driven binding is
FLUPENThIXOL consistent with a receptor interaction where no information is

transferred (3, 25). Klotz and Urquhart (2) had already postu-

lated that such reactions are driven by an increase in entropy

�-�t resulting from the displacement of water molecules ordered

around the receptor site.

A ligand can bind to a receptor when its overall chemical

3 2 3.4 36 structure (size, shape, electronic features) meets the necessary

requirements. The molecules included in the present study vary

H �H-5P’PE�0NE�E considerably in size, from being comparatively small (dopa-

N mine), to bulky (butaclamol), to quite long (haloperidol). This
\� would suggest differences in the binding to the receptor. How-

ever, Andrews et at. (26), when studying group contribution of

drugs to receptor interaction, found that a significant portion

of the butaclamol molecules does not interact with the dopa-

32 3 4 36 mine receptor. This implies that only specific parts ofthe ligand
play a role in binding and that size variation among ligands
may not be a governing factor.

Lipophilicity is one ofthe most important factors influencing

the absorption, distribution, and receptor binding of drugs. The

lipophilicity of the investigated compounds was assessed in the
present study by their log k� (apparent) and log k�#{176}(neutral

species) values. The correlation matrix in Table 3 indicates
that both lipophilicity parameters are positively correlated with
I�,&so. In other words, the more lipophilic the ligand, the more

entropy driven its binding to the receptor. This finding con-
trasts with the observation of Zahniser and Molinoff (6) that

entropy changes due to antagonist binding to the D-2 receptor
were not related to lipophilicity. Such a conclusion, however,
was based on only two drugs, namely, butaclamol and spipe-

rone.

The relationship between �S#{176}at 4#{176}and lipophilicity is shown

in Fig. 3. Besides the above-mentioned global relationship

involving all ligands investigated, Fig. 3A and, especially, Fig.
3B suggest the existence of two subgroups, namely, the ligands

with enthalpy-driven binding and those with entropy-driven
binding. In Fig. 3B the linear relationship for the first group (n

= 9) is 0.81; for the second group (n = 10) it is 0.83.

The mechanistic implications, at the receptor level, of

changes in thermodynamic parameters as a function of ligand

lipophilicity necessitates some discussion. The binding of a
ligand to a receptor involves the formation of various electro-

static and hydrophobic bonds (�S#{176}and �H#{176}decrease) accom-
panied by the release of previously bound water molecules (�tH#{176}
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TABLE 2
Thermodynamic paramete rs of the displacem ent of [3H]spipe rone from rat St natal preparations , and lipophili city and ioniz ation constants
of the compounds

T tuempera re
hlG#{176}

(kcal.mo11)
�W’

(kcal.mor’)
�S#{176}

(��.K1 nor’)
k3gk,,#{176}

(pH 7.5)
k#{176}‘� W #{176}PK

Agonists
1 6,7-ADTN 4 -9.7 -16.4 -24.2 -0.42 1.5 9.4

15 -9.5 -24.0
26 -9.5 -23.0
37 -8.8 -24.6

2 Dopamine 4 -8.2 -8.7 -1.8 -0.81 0.68 8.9c��
37 -8.1 -1.8

3 Pergolide 4 -9.7 0.7 37.4 3.5 3.6 7.1#{176}
37 -10.9 37.4

4 Apomorphine 4 -8.7 0.8 34.4 3 2.4 8.9/7.2c
15 -9.1 34.4
26 -9.4 34.2
37 -9.9 34.4

Antagonists
1 1 (±)-Sulpiride 4 -1 1 .3 -21 .2 -35.7 0.61 2.2 9.1

15 -10.7 -36.5
26 -10.5 -35.6
37 -10.0 -36.0

12 Piquindone 4 -1 1 .6 -1 7.4 -20.9 1 .4 1 .9 7.9’
15 -11.5 -20.5
26 -11.1 -20.9
37 -11.0 -20.7

13 Tiapride 4 -6.7 -14.2 -27.0 -0.54 1.1 9.1
37 -5.8 -27.0

14 Metoclopramide 4 -10.3 -13.1 -10.3 1.1 2.8 9.3
37 -9.9 -10.3

15 Clebopride 4 -12.4 -12.8 -1.4 2.9 3.6 8.2
37 -12.3 -1.4

16 Alizapnde 4 -10.4 -12.2 -6.6 2.5 3.7 8.7/7.4
37 -10.1 -6.6

17 (-)-Sultopride 4 -1 1 .4 -1 2.2 -3.0 0.77 2.7 9.4
37 -11.3 -3.0

18 Zetidoline 4 -11.1 -11.5 -1.3 2.1 3.9 9.2
37 -11.0 -1.3

19 YM 09151-2 4 -12.3 2.9 54.8 3.5 4.0 7.8
37 -14.1 54.8

20 Raclopnde 4 -9.8 3.6 48.3 2.4 2.5 6.7�
37 -1 1 .4 48.3 3.1 8.2”

21 Halopendol 4 -11.6 -3.0 31.0 3.1 4.3 8.7’
15 -11.9 30.9
26 -12.2 30.7
37 -12.7 31.1

22 Clozapine 4 -8.6 0.4 32.5 3.0 3.3 7.5
37 -9.7 32.5

23 cis-Flupenthixol 4 -9.8 3.6 48.4 4.4 4.9 7.8’
15 -10.6 49.4
26 -11.1 49.2
37 -11.4 48.5

24 [3H]Spiperone 4 -12.0 5.2 61.8 3.3 4.9 9.1’
15 -13.2 63.6 4.2 8.3c
26 -13.7 63.0
37 -14.1 62.0

25 (+)-Butaclamol 4 -9.8 13.5 84.2 5.0 5.0 5.9�

15 -10.9 84.7 5.2 7.2k
26 -11.6 84.0 5.5 79C

37 -12.6 84.4

a High performance liquid chromatography lipophilicity measurements were performed at 22 ± 2#{176}.
a �#{231}values are at 25#{176}.
C J� p� Tollenaere, personal communication.

d Pomona files (C. Hansch and A. Leo); pK.. dopamine = 8.81 , 8.88, 8.93(27).
lonization constant in 30% MeOH/70% H20, not corrected.

I G. L. Olson, personal communicatkxi.
p T. de Paulis, personal communication.
a Estimated value.
‘Ref. 30.
1Ref. 28.
#{176}Ref.29.
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Fig. 3. Correlation between apparent (A)
and true or neutral (B) drug lipophilicity
and observed entropy change (�50 at
4#{176}C).Drugs are numbered according to
Tables 1 and 2. Log k was determined by
reverse phase high performance liquid
chromatography as explained. The cor-
relation coefficients are 0.83 (A) and 0.73
(B). B also indicates that separate rela-
tionships can be seen for the two sub-
groups of ligands displaying enthalpy-
dnven(n = 9; r = 0.81)and entropy-driven

25’ (n = 1 0; r = 0.83) binding, respectively.

and �S#{176}increase). Conformational changes following the bind-
ing process may involve the formation of additional bonds

(�H#{176}decreases) or the liberation of additional water molecules
(�S#{176}increases). It is commonly stated (see, for example, Ref.
31) that entropy changes are larger for antagonists than for

agonists due to conformational changes induced by the latter.
In contrast, we demonstrate that entropy changes are, in the
first place, related to ligand lipophilicity which is itself related

to size. The positive correlation between lipophilicity and �S#{176}
observed in the present series of compounds suggests that the

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


TABLE 3
Correlation matrix of thermodynamic and physicochemical parameters
All values were obtained experimentally (log k�, pK.,, K,, pK,) or calculated (log K,,?, �H, �1S, �G) as described in the text. Subscripts 4 or 37 refer to the temperature at
which measurements were made.

log k�
p1<.,
t�G37
�G4

�S37

KM

PKM
P1<137

0.94
-0.46 -0.73
-0.78 -0.75 0.37
-0.46 -0.35 -0.06 0.81

0.66 0.77 -0.73 -0.52 0.07
0.73 0.83 -0.72 -0.65 -0.09 0.99
0.73 0.83 -0.72 -0.65 -0.09 0.99 0.999

-0.42 -0.41 0.23 0.64 0.61 -0.20 -0.30 -0.30
-0.40 -0.40 0.24 0.62 0.58 -0.21 -0.30 -0.30 0.998

0.48 0.36 0.07 -0.82 -0.998 -0.05 0.11 0.11 -0.62 -0.59
0.78 0.76 -0.37 -0.99 -0.87 0.51 0.64 0.64 -0.65 -0.63 0.82

log k,,#{176} log k� p1<., � G37 �G4 �H �S37 L�S4 KM K,,7 pK�,

Thermodynamics of D-2 Receptor Binding 233

binding of bulky, lipophilic drugs is accompanied by a marked

dehydration of receptor and/or ligand, post-binding confor-

mational changes also being involved. However, such confor-
mational changes, if occurring at all, must also be induced by
a range of antagonists and cannot be those believed to transfer
information following agonist binding. This information must

thus occur at a stage energetically distinct from the binding
process, and independent from thermodynamic characteristics
of the latter.

The present study offers perhaps a clue discriminating atyp-

ical neuroleptics from classical neuroleptics. The sodium-de-
pendent and enthalpy-driven binding of the former could imply
that they induce a conformational change in the receptor

complex.
In conclusion, the results show marked variation in the

temperature dependency of drugs competing with

[3H]spiperone binding to striatal preparations. Substituted
benzamide analogues resemble the agonists ADTN and dopa-
mine in their mode of binding, whereas lipophilic agonists and

antagonists share entropy-driven binding. Thus, it is clear that

the thermodynamic parameters �S#{176}and �H#{176}do not distinguish
between the interaction of agonist and antagonists at the

dopamine D-2 receptor. These parameters appear to be related

to drug lipophilicity.
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