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Drug—receptor binding thermodynamics has proved to be a valid tool for pharmacological and
pharmaceutical characterization of molecular mechanisms of receptor-recognition phenomena.
The large number of membrane receptors so far studied has led to the discovery of enthalpy—
entropy compensation effects in drug—receptor binding and discrimination between agonists
and antagonists by thermodynamic methods. Since a single thermodynamic study on
cytoplasmic receptors was known, this paper reports on binding thermodynamics of estradiol,
ORG2058, and R1881 bound to estrogen, progesterone, and androgen steroid/nuclear receptors,
respectively, as determined by variable-temperature binding constant measurements. The
binding at 25 °C appears enthalpy/entropy-driven (—53.0 < AG° < —48.6, —34.5 < AH°< —19.9
kJ/mol, 0.057 < AS° =< 0.111, and —2.4 < AC,° = —1.7 kJ mol™! K1) and is interpreted in
terms of hydrophobic and hydrogen-bonded specific interactions. Results obtained for cyto-
plasmic receptors are extensively compared with those known for typical membrane receptors,
in particular the adenosine A; receptor, to investigate the thermodynamic bases of drug—
receptor binding from the most general point of view.

Introduction

Thermodynamic data for a great number of drug—
receptor equilibria are currently available.l:2 The sig-
nificance of the thermodynamic approach is related to
the more complete information on drug—receptor inter-
action mechanisms obtainable by full thermodynamic
methods with respect to the simple affinity constants
measurements.?~5 In fact, the determination of drug—
receptor binding constants (association, K, or dissocia-
tion, Kp = 1/Kp) allows us to calculate the standard free
energy AG° = —RT In K (T = 298.15 K) of the binding
equilibrium, but not its two components, as defined by
the Gibbs equation AG°® = AH® — TAS°, where AH® and
AS° are the equilibrium standard enthalpy and entropy,
respectively. The determination of K values is indis-
pensable for the screening of active drugs toward
receptor subtypes and for the pharmacological charac-
terization of these proteins, including the identification
of signal transduction pathways. On the other hand, the
knowledge of the molecular mechanisms underlying the
drug—receptor interactions appears poor when based
only on AG° and not on the AH® and AS° related values.
It can be indeed assumed, in a simplified form, that
these two last thermodynamic terms are directly related
to the two main classes of molecular events responsible
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for the drug receptor recognition and interaction phe-
nomena: intermolecular interactions, such as hydrogen
bonding and multipolar or dispersive forces (mostly
related to AH®), on one side, and solvent reorganization
(mostly related to AS®), on the other.6.7

Nearly a dozen receptorial systems have been so far
studied in greater detail from a thermodynamic point
of view, most of which concern membrane receptors,
including six G-protein coupled receptors (GPCRs: ad-
enosine A1,3718 Agy, 171920 A5:21 B_adrenergic;222* dopam-
ine Dy;24727 and 5-HTa 2829), four ligand-gated ion
channel receptors (LGICRs: glycine;3%:31 GABA;31 733
5-HT3;3134737 and nicotinic3’~4!), and one modulator
receptor for benzodiazepines,*2~4* while only one con-
cerns cytoplasmatic receptors, i.e., the receptor for
glucocorticoid hormones.*

AG°, AH°, AS°, and AC,° (standard heat capacity)
values have been collected for a remarkable number of
ligands, including agonists, partial agonists, inverse
agonists, or antagonists, both in the absence and in the
presence of suitable modulators. Our database includes,
at present, thermodynamic parameters for more than
430 ligand—receptor interactions concerning some 300
different ligands. The information provided by these
data could be very useful from a pharmacological and
pharmaceutical point of view, allowing us to discover
new thermodynamic relationships related to drug—
receptor interactions and their molecular mechanisms.

As an example, AH° and AS° values can be used, in
some membrane receptors, as indicators of the agonist
or antagonist behavior of the ligands, the agonist and
antagonist binding being respectively entropy-driven
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(AS° > 0; AH® = 0) or enthalpy-driven (AH® < 0; AS®
< 0 or >0), or vice versa. This phenomenon, called
thermodynamic discrimination,!® has been monitored
for f-adrenergic, adenosine (A1, Aga, Ag), glycine, GABA,,
serotonin 5-HTS3, and nicotinic membrane receptors,? a
conclusion which would hold even if the antagonists are
to be classified in a different way, in agreement with
the fact that, recently, a large number of antagonists
of several membrane receptors have been recognized as
inverse agonists,*6749 in touch with theoretical predic-
tions indicating neutral antagonists as minority species
in pharmacological space.?®

Another thermodynamic aspect, which characterizes
all membrane receptors, is the AC,° value nearly zero,5!
a phenomenon which is not completely understood and
is not usual in reactions involving biomacromolecules
in solution.?2

Finally, the great number of thermodynamic data
available for membrane drug—receptor interactions has
made it possible to observe that the enthalpic (AH°) and
entropic (—TAS°) terms of the Gibbs equation are
strongly correlated by the linear regression according
to the equation®!

—TAS° (kJ mol 1) = (=1.01 % 0.01)AH (kJ mol %) —
42 44+ 0.5kJ mol ! (1)

(n =436, R =0.979, P < 0.0001)

This behavior, which has been called enthalpy—entropy
compensation, is normally imputed to solvent reorga-
nization phenomena accompanying the receptor binding
processes.?1,53,54

The main difficulties arise from the impossibility of
comparing membrane with cytoplasmic receptors for
lack of data on the latter. Indeed, thermodynamic data
are reported in the literature only for the binding of two
steroids (cortisol and dexamethasone, DEX) to the
glucocorticoid receptor (GR).*5 In this case, strongly
negative values of AC,° have been detected (—1.6 kJ
mol 1K1 for cortisol and —4.6 kJ mol~! K~ for DEX),
a thermodynamic behavior which is totally different
from that displayed by membrane receptor systems,
where AC,° is always nearly zero. We have, therefore,
undertaken a systematic analysis on the drug interac-
tions toward cytoplasmic receptors, with the aim to
evaluate if the thermodynamic behavior associated with
negative AC,° values is specific for GR, or a general
feature of all cytoplasmic receptors. The analysis has
been focused on the superfamily of human steroid/
nuclear receptors® by evaluating the binding at differ-
ent temperatures of (i) [*H]17B-estradiol ([*H]estradiol
or [*H]Ey) to the estrogen receptor (hER), (i1) [*H]160-
ethyl-21-hydroxy-19-nor-pregn-4-ene-3,20-dione ([*H]-
ORG2058) to the progesterone receptor (hPR), and (iii)
[*H]170-methyltrienolone ([*H]R1881) to the androgen
receptor (hAR). The structures of the ligands are
reported in Figure 1.

The experimental results for cytoplasmic receptors
will be described and finally discussed in comparison
with the behavior of the adenosine A; receptor, i.e., the
membrane receptor most widely known from a thermo-
dynamic point of view, with the aim to investigate on a
thermodynamic basis the molecular mechanisms deter-
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Figure 1. Structures of estradiol, ORG2058, and R1881,
analyzed for interaction toward estrogen (hER), progesterone
(hPR), and androgen receptors (hAR), respectively.

mining drug—receptor interactions from the most gen-
eral point of view.

Results

The thermodynamics of cytoplasmic receptor binding
has been characterized by measuring the dissociation
constants (Kp) at nine different temperatures (0, 5, 10,
15, 20, 25, 30, 35, 37 °C) as reported in Table 1. The Kp
values were obtained from saturation experiments fol-
lowed by Scatchard analysis. Experimental data ob-
tained at 15 and 37 °C are reported, as representative,
in Figure 2. All Scatchard plots appear linear in the
concentration range investigated, in agreement with the
computer analysis of the saturation experiments which
indicates a one-site rather than a two-site binding
model. Whereas Bax values appear to be independent
of temperature for all the drug—receptor interactions
investigated (Table 1), the affinity constants Kx = 1/Kp
show an appreciable temperature dependence. This
dependence is represented in Figure 3 in the form of In
K, versus T plots which fit significantly better the
equation of a parabola rather than being described by
linear regressions. These results suggest AC,° values
different from zero, in agreement with the thermo-
dynamic parameters at 298.15 K reported in Table 2.
At this temperature the binding appears to be enthalpy/
entropy-driven (—35 < AH° < —20 kJ mol~1; 0.057 <
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Table 1. Equilibrium Binding Parameters Obtained from Saturation Experiments at Nine Different Temperatures®
0°C 5°C 10 °C 15°C 20 °C 25 °C 30 °C 35 °C 37°C
receptor 273 K) 278 (K) (283 K) (288 K) (293 K) (298 K) (303 K) (308 K) (310 K)
hER Kp 0.7240.03 0.62 +£0.02 0.53 +0.01 0.43 +0.01 0.45+0.01 0.53+0.01 0.59+0.02 0.79 +£0.01 0.87 4+ 0.03
Bnax 32.3+£0.9 34.4+0.3 359+03 339+£09 323+03 34.1+09 36.2+0.9 35.3+0.5 37.8+0.9
hPR Kp 3.28+0.09 2.70 +£0.13 2.494+0.03 2.32+0.12 2.64+0.13 3.16 £0.03 4.13+0.09 4.56 +0.08 5.42 4+ 0.03
Bpax 3314+20 325433 329 +£11 311 + 18 315+ 15 312+ 14 326 + 14 333+ 15 329 + 34
hAR Kp 0.614+0.01 0.52 +£0.02 0.56 +0.02 0.68 +0.04 0.74 £0.02 0.99 +0.04 1.21+0.06 1.51 £0.04 1.95 4 0.04
Bmax 22.6 £1.2 23.7 + 2.7 219+12 225+11 222+04 21.2+05 216+03 2232+11 21.84+02

@ Dissociation constants Kp (nM) and Byax values (fmol/mg protein) are referred to the binding of (i) [3H]estradiol to estrogen receptor
(hER), (ii) [PHJORG2058 to progesterone receptor (hPR), and (iii) [PH]R1881 to androgen receptor (hAR). Values and SEM obtained from

at least four independent experiments performed in duplicate.
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Figure 2. Saturation curves and their Scatchard plots
obtained at 15 °C (B) and 37 °C (O) for the binding equilibrium
of (A) [®Hlestradiol to estrogen receptor, (B) [FHIORG2058 to
progesterone receptor, and (C) [PH]R1881 to androgen receptor.
The linearity of the Scatchard plots (R > 0.98, P < 0.0001) is
indicative of the presence of a single class of binding sites in

each experimental system. Data and SEM were obtained from
at least four independent experiments performed in duplicate.

AS° < 0.111 kJ mol~! K1) for all systems examined,
and accompanied by great negative standard heat
capacities (—2.4 = ACy® = —1.7 kJ mol™! K™1). AC,
variations in the range of temperature investigated
appear negligible in relation with their standard devia-
tions, and, therefore, they can be considered essentially
independent of temperature.

The dependence of AG, AH, and TAS values on
temperature is depicted in Figure 3. The changes of AG
values are small with respect to the modifications of the
AH and TAS values which decrease linearly with the
temperature from 0 to 37 °C, gradually converting the
drug—receptor binding from entropy-driven to enthalpy-
driven through entropy/enthalpy-driven, while only
relatively small modifications of the affinities occur. A
strictly similar behavior was observed for the binding
of cortisol and dexamethasone to the glucorticoid recep-
tor.#> Figure 4 reports, the —TAS versus AH plot for all
cytoplasmic steroid/nuclear receptors so far known at
all the temperatures investigated. All points of the plot
are arranged on a same regression line of the equation

—TAS (kJ mol ™) = (—1.00 + 0.02)AH® (kJ mol 1) —
48.2 +£ 0.7 kJ mol ! (2)

(n =45,R =0.995, P < 0.0001)

which evidences a typical enthalpy—entropy compensa-
tion phenomenon.

As previously discussed by other authors,*>52 the
observed behavior (negative AC}°, entropy-driven bind-
ing at low temperatures which becomes enthalpic at
higher ones) is a clear indication that hydrophobic
interactions make a significant contribution to the
molecular mechanisms of drug interaction to steroid/
nuclear cytoplasmic receptors.

To better quantify these hydrophobic interactions, we
have taken advantage of three different semiempirical
treatments, the first of which, originally proposed by
Sturtevant,*” makes use of the unitary entropies, AS,°,
calculated at 298.15 K56 to partition the experimental
heat capacities (AC,°) and entropies (AS,°) in their
components resulting from hydrophobic (H) and vibra-
tional (V) effects, which are considered the main causes
of heat capacity changes during the binding.*>52 Results
are reported in Table 3. The larger and positive ASym)°
values evidence the prevailing role of hydrophobic forces
with respect to vibrational effects, whose ASyv)° values
are negative. In a similar way, the changes of standard
heat capacity appear to be mainly imputable to hydro-
phobic interactions rather than to changes of the
vibrational state.

The second method5” makes it possible to calculate
the contribution of hydrophobic forces to the binding
constants (Kpmydre) according to the equation

AGyare) = BT In Kpygyy4,0) = ¥ ASAHSAp 5 (3)

where y is a free/surface area coefficient frequently cited
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Figure 3. In K, versus T plots showing the effect of temper-
ature on the association constants, Kj, and temperature
dependence of AG, AH, and TAS values referred to the binding
of (A) estradiol to estrogen receptor, (B) ORG 2058 to proges-
terone receptor, and (C) R1881 to androgen receptor. Data
referred to AH° and —TAS° can be fitted according to a linear
regression for each receptor system (R > 0.999, P < 0.0001).
AC,° values appear to be essentially independent of temper-
ature. Ty and T's are the temperatures where the AH and TAS
values, respectively, are zero.
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as 1.046 kJ mol1A258-60 while ASAHSAp g is the
difference between the solvent accessible hydrophobic
surface area (SAHSA) of the drug—receptor complex and
that of separate drug and receptor molecules. Related
quantities are the total (SASA) and polar (SAPSA)
solvent accessible surface areas. Table 4 reports SASA,
SAHSA, and SAPSA values for the three hormones
studied with the corresponding Kpmydro) values obtained
from eq 3. Steroid hormones show an average SAHSA
which is nearly 80% of SASA and can bind to their
receptors with hydrophobic contributions (Kpmydre) rang-
ing from 9.5 to 84 nM, which are an order of magnitude
higher than the experimental Kp values, which are
found to range from 0.53 to 3.16 nM. Accordingly, the
experimental AG® is some 8 kJ mol~! lower than the
AG(hydm) ones.

Finally, SAHSA and SAPSA values are employed to
calculate ACpmydaro) values according to the method
proposed by Spolar and Record ¢! (see Experimental
Section). The values, reported in Table 4, are nearly
—0.5 kJ mol~! K~ for all the receptors studied.

Discussion

Thermodynamics of Cytoplasmic Steroid/Nuclear
Receptors. The quantities directly derived from the
equilibrium binding measurements to steroid receptors
are the By and Kp values reported in Table 1. The
essential invariance of the By.x values with the changes
of temperature shows that the experimental conditions
chosen are reasonably correct, avoiding the main prob-
lem of receptor thermolability. Conversely, the affinity
values of the drug—receptor interaction show a definite
temperature dependence, as represented by the In K
versus T plots of Figure 3, where the data are fitted
according to a polynomial quadratic equation, at vari-
ance with membrane receptors whose corresponding
plots are linear.?! Similar parabolic patterns have been
already observed for GR* and are indicative of molec-
ular mechanisms inducing large and negative standard
heat capacity values (=2.4 < ACy° < —1.7 kJ mol 1 K1,
Table 2) essentially independent of temperature. The
facts that AC, = (0AH/OT), = (0TAS/0T), and AC, < 0
completely explain the AH and TAS temperature de-
pendence shown in Figure 3. Indeed, the binding of
steroid receptors is always entropy-driven at low tem-
peratures, but the decrease of both AH and TAS terms
gradually converts it to enthalpy/entropy-driven until
totally entropy-driven while the temperature increases.
The plots of Figure 3 also evidence that In Ky has a
maximum for AH = 0 at Ty. The Ty value is not the
same for the three receptors (289.6 K for hER, 285.6 K
for hPR, and 278.2 for hAR), while the temperature T's
for which TAS became zero is confined in a strict
interval with an average value of 310 + 2 K. It may be
of interest to remark that T's is much larger (383—393
K) for other hydrophobic processes such as protein
denaturation and dissolution of apolar substances in
water.52

The observed thermodynamic behavior can be straight-
forwardly interpreted in terms of the so-called hydro-
phobic effect. This is due to the fact that apolar
molecules (or parts of molecules) cannot dissolve in
water but become surrounded by cages of water mol-
ecules which are characterized from a thermodynamic
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Table 2. Thermodynamic Parameters for the Binding Equilibrium of (i) [*H]Estradiol to Estrogen Receptor (hER), (ii) [*HIORG2058
to Progesterone Receptor (hPR), and (iii) [*PH]R1881 to Androgen Receptor (hAR)*

AG® AH° AS° ACy®
receptor (kJ mol™1) (kJ mol~1) (kJ mol 1K1 (kJ mol 1K1 AS°/ACy°
hER —53.04 4+ 0.04 —19.9+0.9 0.111 £ 0.003 —24+0.1 —0.046
hPR —48.62 4+ 0.04 —25.3+£0.9 0.078 £ 0.003 —22+0.2 —0.035
hAR —51.56 + 0.05 —345+15 0.057 £ 0.005 —-1.7+0.2 —0.034

@ AG°, AH®, AS°, and AC,° values are given at 298.15 K.
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Figure 4. —TAS versus AH (kJ mol™!) scatter plot for the
binding at different temperatures of estradiol to estrogen
receptor, ORG2058 to progesterone receptor, R1881 to andro-
gen receptor, and cortisol and dexamethasone to glucocorticoid
receptor. The linear regression of the points (R = 0.995, P <
0.0001) evidences a typical enthalpy—entropy compensation
phenomenon with respect to the temperature.

Table 3. Changes of Unitary Entropy (AS,°) and Standard
Heat Capacity (AC,°) Resulting from Hydrophobic (H) and
Vibrational (V) Effects at 298.15 K for the Binding of (i)
[*H]Estradiol to Estrogen Receptor (hER), (ii) [FHJORG2058 to
Progesterone Receptor (hPR), and (iii) [PH]JR1881 to Androgen
Receptor (hAR)®

receptor AS° AS.® ASum°® ASuwv)® AC ACym)° ACyw)°

hER 0.111 0.144 0.54 —0.40 -245 -2.07 -0.38
hPR 0.078 0.111 047 -0.36 -2.15 -1.81 -0.34
hAR 0.057 0.090 0.38 —-0.28 -1.73 -1.46 -—0.27

@ Units of kJ mol~1 K1,

point of view for having large heat capacities and low
entropies, respectively imputed to the lack of hydrogen
bonding between the enclosed molecule and the sur-
rounding cage and to the tightening of the water
structure at the cage borderline. Cages are unstable
structures which tend to reduce their surface by as-
sociating two or more hydrophobic molecules in a unique
cage, a process causing a large number of important
effects such as separation of oil from water, binding of
nonpolar ligands to hydrophobic receptor binding sites
(as in our case), or protein folding, and thermodynami-
cally characterized by a decrease of free energy (AG <
0) and heat capacity (ACp, < 0) and an increase of
entropy (AS > 0).5263

As observed by Sturtevant,?? the heat capacity and
entropy changes related to the binding of ligands to
proteins may arise from both hydrophobic effects (water-
cage disruption) and decrease of the number of internal
vibrational modes of the protein. Such a partitioning of
observed AC,° and AS,° is reported in Table 3 and
suggests that the hydrophobic effects have a prevalent
role, with respect to vibrational forces, in influencing
the molecular mechanisms related to the binding of
steroids to their receptors.

According to this point of view, the entropy-driven
binding observed at low temperatures for the three
steroid receptors is an indication that, during the
binding process, the partial withdrawal of nonpolar
groups from water induces an entropically favorable
dispersion of previously ordered water molecules. With
the increase of temperature, the water molecules may
assume more conformations (higher entropy) but at the
cost of breaking a part of the hydrogen bonds among
them (higher enthalpy). Accordingly, the association of
the ligand with the receptor in hot water becames
increasingly controlled by the decrease of enthalpy
(AH®) at the expense of the increase of entropy (TAS®).*
It is interesting to observe that the Ts values near 37
°C for the three receptor systems imply a minimum of
water organization at this physiological temperature,
which could be interpreted also as a minimum of the
activation energy necessary for water-cage disruption.

The contribution of the hydrophobic forces alone to
hormone—cytoplasmic receptor interactions (Kpmydro))
can be evaluated as a function of the solvent accessible
hydrophobic surface area of the hormones involved
(SAHSA), according to eq 3.57760 Data of Table 4 show
that hydrophobic interactions contribute, on average,
84% of the total free energy of binding (AG°nydro) = 43
against AG° = 51 kJ mol™1), the remaining 16% having
to be imputed to specific interactions, such as hydrogen
bonding. This value of AG°hyaro) would give an average
dissociation Kpmydro) = 46 nM against the experimental
Kp of 1.6 nM.

Similar semiempirical considerations can be made for
the evaluation of the ACpmydro) 0f the binding equilibri-
um, which can be evaluated from SAHSA and SAPSA
values using the expression, proposed by Spolar and
Record,t ACphydro) = 0.00058 SAPSA — 0.00134 SAHSA
kJ mol™! K~1. The ACpnydaro) values shown in the last
column of Table 4 amount to some —0.5 kJ mol~! K1
which, thought remarkably large, are only one-third of
the experimental values. Reasons may be that the
equation has been parametrized on the basis of rather
different protein—DNA interactions, or, more probably,
that the binding to steroid receptors includes large and
negative vibrational contributions due to the tightening
of the ligand-binding domain (LBD) and to the closing
up of helix 12 (see below).

These thermodynamic results are much better un-
derstood in the light of the most recent X-ray crystal-
lographic studies. In fact, many crystal structures of the
steroid/nuclear receptor superfamily LBDs have been
determined in the last years, including ER, PR, AR, GR,
and the retinoid RAR and RXR receptors,®~72 some of
which correspond exactly to the steroid—LBD systems
studied here from a thermodynamic point of view,
namely E;—hER, 65 R1881—hAR % and DEX-hGR, 7
the former being schematically shown in Figure 5. A
comparison among the determinants of hormone bind-
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Table 4. Solvent Accessible Surface Area (SASA), Solvent Accessible Hydrophobic Surface Area (SAHSA), and Solvent Accessible
Polar Surface Area (SAPSA) Calculated for the Three Steroid Hormones Examined, Calculated AGmydro), KD(hydro), and ACpnydro)

Values, Experimental AG° and Kp Values, and Averages®

SADSA SAHSA SAPSA AG(hydm) KD(hydro) AG° Kp ACp(hydm)
(A2) (A2) (A2) (kJ mol~1) (nM) (kJ mol~1) (nM) (kJ mol~1 K1)
estradiol 473.9 386.1 87.9 —40.4 84 —53.04 0.53 —0.465
R1881 488.1 401.1 87.1 —42.0 45 —48.62 3.16 —0.486
ORG2058 571.1 437.6 133.5 —45.8 9.5 —51.56 0.99 —0.506
av 511 408 103 —43 46 —51 1.6 —0.486

@ The AGydro), Kpthydro), and ACpmydre) values were calculated according to the equations AGmuydro) = RT In Kpmydro) = 0.1046 ASAHSA
kJ mol~! and ACpnydro) = 0.58 SAPSA — 1.34 SAHSA J mol~! K~1. Experimental AG°® and Kp values and averages are reported as terms

of comparison.
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Figure 5. Schematic representation of the interactions made
by 17p3-estradiol (Eg) within the hERa ligand binding site. The
approximate positions of the receptor hydrophobic residues are
shown by small gray circles. The ligand makes also direct
hydrogen bonds with residues Glu 353, Arg 394, and His 524
of the receptor and a water molecule (W). Adapted from ref
60.

ing to the different receptors reveals a common struc-
tural theme of mutually supported hydrophobic and
hydrogen-bonded interactions involving highly con-
served residues®” which ensures shape complementarity
of the binding cavity for and specific recognition of the
polar regions of the ligand, respectively. The pattern
(Figure 5) of three hydrogen bonds linking the hydroxyl
of ring A through Glu 353, Arg 394, and a water
molecule (W) is conserved in all the receptors studied
with the only exchange of Gln for Glu when the OH is
substituted by a ketonic function as, for instance, in
progesterone or dihydrotestosterone. The binding of
agonists induces a relevant tightening of the receptor
and the closing up of the binding cavity through a
dramatic repositioning of helix 12, the last of the 12
o-helices building up the receptor structure.”72 This
repositioning cannot occur with antagonists because of
their larger dimensions, so hindering the binding of the
coactivator peptide and any further effect.6>70 It is
worthwhile mentioning that the pattern of Figure 5 has
been recently validated by a number of molecular
dynamics simulations of the Ea—ERa complex in solu-
tion”7* which confirmed the essential role played by
the triad Glu 353-water-Arg 394 in the binding of
estradiol to the ERa—LBD.

The particular shape of the LBD of nuclear receptors
allows us to conclude that their binding process can be
most probably partitioned in two independent thermo-
dynamic contributions: (i) the aspecific hydrophobic
binding of the central body of the steroid to the nonpolar
LBD cavity; and (ii) the specific binding of mostly
enthalpic nature due to the hydrogen bonds formed. The
latter is hard to evaluate because of the insufficient
accuracy of the hydrogen-bond geometries achievable by
protein-crystallography methods, while the former can
be evaluated semiempirically by the methods applied
in this paper.52.57,58,61

Comparison between Cytoplasmic and Mem-
brane Receptors. The thermodynamic behavior of all
known membrane receptors!? is quite different from
that just described for the cytoplasmic ones. The AC,°
of the binding equilibrium is normally zero, or at least
smaller than its experimental standard deviation. For
this reason both AH and AS values are independent of
temperature and their standard values, AH° and AS°,
can be obtained by linear van’t Hoff plots. In spite of
these substantial differences the two types of binding
conserve an important similarity: the phenomenon of
extrathermodynamic enthalpy—entropy (E/E) compen-
sation.?1:53:5¢ Membrane receptors are well-known to be
in E/E compensation, as shown by the correlation eq 1,
which is practically based on all data available, a total
of 436 binding experiments performed on 17 membrane
receptorial systems with more than 300 different ligands.
In the frame of this general E/E compensation, some
membrane receptors display the phenomenon of ther-
modynamic discrimination, for which agonists and
antagonists (or rather inverse agonists, as recently
suggested®®7®) share different regions of the correlation
line, being agonist binding enthalpy-driven and antago-
nist binding entropy-driven, or vice versa, as illustrated
in Figure 6 for the A; adenosine receptor.

Steroid receptors display the same compensation
effect (Figure 4) but, in this case, for two different
reasons: (i) one of purely thermodynamic nature, due
to the fact that both AH and TAS depend on tempera-
ture according to the AC, = (0AH/8T), = (6TAS/0T),
equation; and (i7) the other, truly extrathermodynamic,
for which data of different receptors do not split in a
set of parallel lines, but cluster on a same regression
line of eq 2. The reasons for this general behavior are
difficult to understand, although, from a mechanistic
point of view, there is the possibility that the thermo-
dynamic discrimination of the entropy- and enthalpy-
driven binding to membrane receptors can be in some
way assimilated to low- and high-temperature binding
to cytoplasmic receptors, respectively.
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Table 5. Solvent Accessible Surface Area (SASA), Solvent Accessible Hydrophobic Surface Area (SAHSA), and Solvent Accessible
Polar Surface Area (SAPSA) Calculated for Five A; Membrane Receptor Ligands, Calculated AGydro), KDhydro), and ACpnydro) Values,

Experimental AG° and Kp Values, and Averages®

SAOSA SAHSA SAPSA AG(hydw) KD(hydro) AG° Kp ACp(hydm)
(A2) (A2) (A2) (kJ mol~1) (mM) (kJ mol~1) (uM) (kJ mol~1 K1)

caffeine 347.9 449 302.9 —4.7 150 —24.7° 450 0.116
theophylline 341.3 142.4 198.9 —-15.0 2.5 —28.2b 120 —-0.074
IBMX 412.7 256.9 155.8 —26.9 19 —30.1° 5.9b —0.253
adenosine 433.1 116.9 316.1 —12.2 7 —0.023
NECA 485.5 196.4 289.1 —20.5 0.25 —46.0° 0.0086% —0.095
av 404 151 253 15.3 36 —32 16 —0.066

9The AGhydro), KD(hydro), and ACpmydre) values were calculated according to the equations AGwydre) = RT In Kpmydro) = 0.1046 ASAHSA
kJ mol~! and ACphydro) = 0.58 SAPSA — 1.34 SAHSA J mol~! K~1. Experimental AG°® and Kp values and averages are reported as terms

of comparison. ® Data obtained from ref 10.
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Figure 6. —TAS° versus AH° (kJ mol™!; T = 298.15 K) scatter
plot for adenosine A; receptor agonists (full circles) and
antagonists (open circles). All points lie on the same regression
line of the equation —TAS (kJ mol™1) = —1.16 &+ 0.02 AH"° (kJ
mol™!) — 38.0 + 1.1 kJ mol™! (n = 54, R = 0.975, P < 0.0001).
The two dashed lines indicate the loci of the points represent-
ing possible combinations of AH® and —T'AS° values which give
rise to two different association constants (Kx = 10* M1 and
101t ML

The main problem remains, however, to explain why
membrane receptor binding occurs without significant
changes of AC}, while it could be imagined that disrup-
tion of the water cage of the ligand should be always
been associated with some hydrophobic decrease of heat
capacity. This indicates that some AC, compensation
mechanism must be acting, for which several valid
reasons can be suggested. To simplify the discussion, it
is reasonable to focus the attention on only two recep-
torial systems, one of cytoplasmic and the other of
membrane type, whose molecular structures are reason-
ably known. This choice has been already done above
with the steroid/nuclear superfamily of receptors (Figure
5), while for membrane receptors we have decided to
focus on the adenosine A; subtype. This is a G-protein
coupled receptor (GPCR) characterized by a structure
with seven a-helical transmembrane domains connected
by intra- and extracellular loops,’ for which several
simulation computer models, based on the bacterio-
rhodopsine structure,”” are known.”® A further advan-
tage of this receptor is that its binding site is known to
be located in the inter-a-helix region and not in the
peripheral loops.79:80

The possible reasons for which AC,° is so small for
membrane receptors can be summarized as follows: (a)
the ligand is more hydrophilic than hydrophobic; (b) the
ligand binding site includes several water molecules;!0
(c) the ligand has access to a large vibrational space in
its interhelix binding site; and finally, (d) while in
cytoplasmic receptors the binding is associated with an

often relevant tightening of the protein structure (in-
ducing a large decrease of its ACj (vin)), no conforma-
tional changes of this type can occur in this multichain
type of membrane receptor to avoid perturbation of the
hydrophobic interactions between the membrane and
the receptor itself. Discrimination among these different
hypotheses is not a simple matter. A check of vibrational
hypotheses, ¢ and d, could probably be achieved by
accurate and complex molecular dynamics simulations.
What can be easily done here is to check hypothesis a
by computing solvent accessible surface areas for a
number of representative agonists and antagonists at
the adenosine A; receptor (Table 5). It is evident that
the hydrophobic part of these molecules is rather small
with respect to the polar (or hydrophilic) part. This leads
to AGmydro) values which are remarkably smaller (or
Kpmydro) values remarkably higher) than the experimen-
tal ones. In a similar way, the ACpnyaro) contributions
turn out to be remarkably decreased with respect to
those computed for the steroid receptors in Table 4. This
seems to indicate that hydrophobic forces may be far
less relevant for membrane receptors, at least for the
adenosine A; case, than for cytoplasmic ones.

This final statement can be considered with some
caution, however, because there is a very large number
of membrane receptor ligands, which have relevant
hydrophobic surface areas and will, accordingly, display
relevant hydrophobic contributions to the binding. What
is certainly true, however, is that hydrophilic molecules
can equally bind to the membrane adenosine A; recep-
tor, at variance with what is known to occur for all the
steroid /nuclear ones.

Experimental Section

[3H]175-Estradiol (specific activity 96 Ci/mmol), [*'H]JORG
2058 (specific activity 52 Ci/mmol), and [*H]R1881 (specific
activity 84.5 Ci/mmol) were obtained from NEN Research
Products (Boston, MA). Diethylstilbestrol, ORG 2058, R1881,
and dithiothreitol were obtained from Sigma Chemicals (St.
Louis, MO). All other chemicals were obtained from standard
sources.

Preparation of Tissues. Healthy human tissues of uterus
and prostate were provided by the Obstetric-Gynaecologic
Clinic, University of Ferrara, and by the Urology Department
of the S. Anna Hospital, Ferrara (Italy). Connective tissue was
removed by dissection, and the freshly collected uterus and
prostate were washed in cold isotonic saline solution, promptly
cut into small pieces, and quickly frozen in liquid nitrogen.
These tissues were transported on solid CO; to the laboratory
and stored at —70 °C until analysis.

Preparation of Cytosol. The frozen pieces of uterine and
prostate tissues were pulverized in a dismembrator (Braun,
Melsungen, Germany) precooled in liquid nitrogen. The final
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powder was suspended in five volumes of ice cold buffer 10
mM KoHPO/KHyPO4, 1.5 mM EDTA, 5 mM dithiothreitol, 3
mM NaNjs, glycerol 10% W/W, 10 mM NasMoOy; pH 7.4. The
sample was centrifuged (Beckman L.8-50 M/E) at 100000g for
20 min. The temperature was maintained at 2 °C throughout
the centrifugation. The protein concentration in each cytosol
was determined according to a Bio-Rad method®! with bovine
albumine as reference standard.

Dextran-Coated Charcoal (DCC) Assays: Saturation
Studies. Aliquots of cytosol containing 200 ug of proteins were
incubated in 200 uL of the phosphate buffer described above
with 8 to 10 different concentrations of radiolabeled estradiol
and ORG 2058 (for uterine cytosol) or R1881 (for prostate
cytosol) ranging from 0.1 to 50 nM. Nine different incubation
temperatures were chosen: 0, 5, 10,15, 20, 25, 30, 35, and 37.
The experiments were carried out in a thermostatic bath
ensuring a temperature of 0.1 °C, and incubation times were
variable temperature-depending (from 20 min at 37 °C to 5 h
at 0 °C) according to the results of previous time-course
experiments. All buffer solutions were adjusted to maintain a
constant pH of 7.4 at the desired temperature. Nonspecific
binding (always lower than 15% of total binding) was defined
in the presence of 10 uM diethylstilbestrol (for radiolabeled
estradiol), or 10 uM unlabeled ORG 2058 and R1881. Separa-
tion of bound from free radiolabeled ligand was obtained by
DCC adsorption. DCC suspensions were prepared according
to the procedure of Paganetto et al.®2 with minor modifications.
Dry, washed charcoal (0.5%) was suspended in a solution
containing 0.05% dextran and phosphate buffer pH 7.4.
Samples were treated for 15 min with 100 «L of dextran coated
charcoal and centrifuged at 1000g for 20 min at 4 °C in a
Beckman JS centrifuge. Supernatant fluid was removed (100
uL) and mixed with 4 mL of Atomlight scintillation fluid (NEN
Research Products, Boston, MA) and counted for radioactivity
determination in a LS 1800 Beckman scintillation counter.

Determination of Water Accessible Surface Area.
Solvent accessible surface areas (SASA), hydrophobic solvent
accessible surface areas (SAHSA), and polar solvent accessible
surface area (SAPSA) have been obtained using the MOE suite
of programs (Chemical Computing Group Inc. MOE 2003.2.
1997-2003).

Calculations: Affinity Constant Determination. For a
generic binding equilibrium

L+R=LR (L =Iligand, R = receptor)

affinity constants are calculated as Kx = [LRI/([L][R]) = [LR]/
([Lmax — LRI[Bmax — LR]) = 1/Kp, where [Lm. = total
concentration of the ligand added, [Bmax] = total concentration
of the binding sites, and Ky, = dissociation constant. Since [LR]/
[Lmax — LR] = [bound/free] = [BmaxlKa — Kalbound], the Ka
and the B,y values can be obtained from the slope and the
intercept of the plot [bound/free] versus [bound] (Scatchard
plot).83

Calculations: Thermodynamic Parameters Determi-
nation. Equilibrium thermodynamic parameters were calcu-
lated by two different methods, methods A and B.

Method A. The observed AG values (AG = —RT In K,) are
fitted by the quadratic expression®>84

AG=A + BT + CT?

It can be shown that

e

AH = é—i —A-CT AS=—(%)I’=—B—ZCT
T |»

AC, = (%If)p = 20T

(AC, = equilibrium heat capacity difference)

Because experimental measurements are performed in a
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narrow range around 7° = 298.15 K, equilibrium standard
parameters AG°, AH®, and AS°® are better obtained by inter-
polation in this range,”™ i.e.,

AG° =A' +B(T — T°) + C(T — T°)?
for which

AG°=A"  AH°=A'-BT° AS°=-B

AC,® = —20C'T"

The condition C = C' = 0 (i.e., AC,° = 0) corresponds to the
case of a linear van’t Hoff plot for which AH = AH° and AS =
AS°® at all temperatures. This condition is considered to be
verified whenever the second-order C' coefficient is statistically
not significant.

The AC, and AS values resulting from hydrophobic (ACpm);
AS)) or vibrational effects (ACyv); AS)) can be obtained as
suggested by Sturtevant®® according to the equations

LO5AC," — AS,®

AC, = AC, 510 + AC,yy =

AC,up) =

AS,° = AS® — AS¢y’

o _ 1 -1 01
ASce’ =R In g2 p = —0.0334 kJ K" mol

AS,°is the change of unitary entropy, i.e., the standard entropy
corrected for the cratic entropy AScgr®. This correction is
necessary for the very diluted concentrations of the ligands
employed in the experimental conditions.5¢

AS* = AS @) + ASy )’ ASyw)’ = _O'ZGACP(H)O

AS, vy = 1L.O5AC,

The contribution of the hydrophobic effect to affinity (Kp)
was obtained as Kpnyaro) from the corresponding AG, according
to AG(hydm) =RTIn KD(hcydro), where AG(hydm) =y ASAHSA, with
y = 0.1046 kJ mol~! A=25758 and ASAHSA is taken as the
SAHSA values calculated for each ligand as described above.

SAHSA and SAPSA values have also been employed to
calculate the ACymyare values, as reported by Spolar and
Record,’! according to the expression

AC,hyare) = 0.00058 SAPSA — 0.00134 SAHSA
(kJ mol ' K1)

Method B. AC,° is assumed a priori to be essentially zero.
This situation is not common in reactions involving biomac-
romolecules in solution but has been frequently recognized for
the binding of drugs to membrane receptors.’! In this case the
van’t Hoff equation In K = —AH°/RT + AS°/R gives a linear
plot In K, versus 1/T. The standard free energy can be
calculated from the van’t Hoff plot In Ku versus 1/T as AG® =
—RT In K at 298.15 K, the standard enthalpy from the slope,
—AH°/R, and the standard entropy from the intercept, AS°/R,
or as (AH° — AG®)/T, with T =298.15 Kand R =8.314 JK!
mol 1.

Role of Dithiothreitol and Sodium Molybdate. The
binding of hormones to steroid/nuclear receptors induces a
conformational change resulting in a dissociation of the heat-
shock protein complex which allows dimerization of the
receptor and DNA binding to a hormone response element to
produce a transcriptionally productive complex.5® Since these
processes are consequent to the steroid receptor activation, it
is important to hinder them during the thermodynamic
measurements. The presence of dithiothreitol and Na:MoO4
in the reaction mixture makes it possible to perform measure-
ments strictly related to the drug—receptor interactions,
excluding the processes of dissociation of heat shock proteins,
dimerization, and binding to DNA. Indeed, dithiothreitol and
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NasMoO, allow one to prevent the thermolability of steroid
receptors. 458687

Acknowledgment. The authors thank Prof. Adriano
Piffanelli (Dipartimento di Medicina Clinica e Speri-
mentale, Sezione di Medicina Nucleare, Corso Giovecca
203, Ferrara, Italy) for providing the uterine and
prostate tissues and the methodology for their treat-
ment.

References

(1) Raffa, R. B., Ed. Drug-Receptor Thermodynamics: Introduction
and Applications; Wiley & Sons: New York, 2001; pp 221-416.

(2) Borea, P. A.; Dalpiaz, A.; Varani K.; Gilli, P.; Gilli, G. Can
Thermodynamic Measurements of Receptor Binding Yield In-
formation on Drug Affinity and Efficacy? Biochem. Pharmacol.
2000, 60, 1549—1556.

(3) Raffa, R. B.; Porreca, F. Thermodynamic Analysis of the Drug-
Receptor Interaction. Life Sci. 1989, 44, 245—258.

(4) Hitzemann, R. Thermodynamic Aspects of Drug-Receptor In-
teractions. TIPS 1988, 9, 408—411.

(5) Testa, B.; Jenner, P.; Kilpatrick, G. J.; El Tayar, N.; van de

Waterbeemd, H.; Mardsen C. D. Do Thermodynamic Studies

Provide Information on Both the Binding to and the Activation

of Dopaminergic and Other Receptors? Biochem. Pharmacol.

1987, 36, 4041—4046.

Gilli, G.; Borea, P. A. Structural Chemistry and Drug Design.

In The Application of Charge-Density Research to Chemistry and

Drug Design; Jeffrey, G. A., Piniella, J. F., Eds.; Plenum

Publishing Co.: New York, 1991; pp 241—286.

(7) Raffa, R. B. Introduction: on the Relevance of Thermodynamics

to Pharmacology. In Drug-Receptor Thermodynamics: Introduc-

tion and Applications; Raffa, R. B., Ed.; Wiley & Sons: New

York, 2001; pp 3—12.

Murphy, K. M. M.; Snyder, S. H. Heterogeneity of Adenosine

A; Receptor Binding in Brain Tissue. Mol. Pharmacol. 1982, 22,

250—257.

Lohse, M. J.; Lenschcow, V.; Schwabe, U. Two Affinity States

of R; Adenosine Receptors in Brain Membranes. Analysis of

Guanine Nucleotide and Temperature Effects on Radioligand

Binding. Mol. Pharmacol. 1984, 26, 1-9.

(10) Borea, P. A.; Varani, K.; Guerra, L.; Gilli, P.; Gilli, G. Binding
Thermodynamics of A; Adenosine Receptor Ligands. Mol. Neu-
ropharmacol. 1992, 2, 273—281.

(11) Borea, P. A.; Varani, K.; Dalpiaz, A.; Capuzzo, A.; Fabbri, E.;
Ijzerman, A. P. Full and Partial Agonistic Behaviour and
Thermodynamic Binding Parameters of Adenosine A; Receptor
Ligands. Eur. J. Pharmacol., Mol. Pharmacol. Sect. 1994, 267,
55—61.

(12) Dalpiaz, A.; Varani, K.; Borea, P. A.; Martini, C.; Chiellini, G.;
Lucacchini, A. Biochemical and Pharmacological Characteriza-
tion of Periodate-Oxidized Adenosine Analogues at Adenosine
A; Receptors. Biochim. Biophys. Acta 1995, 1267, 145—151.

(13) Borea, P. A.; Dalpiaz, A.; Varani, K.; Gessi, S.; Gilli, G. Binding
thermodynamics at A; and Agx Adenosine Receptors. Life Sci.
1996, 59, 1373—1388.

(14) Dalpiaz, A.; Townsend-Nicholson, A.; Beukers, M. W.; Schofield,
P. R,; [jzerman, A. P. Thermodynamic of Full Agonist, Partial
Agonist and Antagonist Binding to Wild-Type and Mutant
Adenosine A; Receptors. Biochem. Pharmacol. 1998, 56, 1437—
1445.

(15) Dalpiaz, A.; Scatturin, A.; Pavan, B.; Varani, K.; [jzerman, A.
P.; Borea, P. A. Thermodynamic in vitro Studies as a Method to
Investigate the Pharmacodynamic Behaviour of Adenosine A;
Receptor Ligands. Pharm. Res. 1999, 16, 1054—1058.

(16) Dalpiaz, A.; Scatturin, A.; Varani, K.; Pecoraro, R.; Pavan, B.;
Borea, P. A. Binding Thermodynamics and Intrinsic Activity of
Adenosine A; Receptor Ligands. Life Sci. 2000, 67, 1517—1524.

(17) Borea, P. A.; Varani, K.; Gessi, S.; Gilli, P.; Dalpiaz A. Thermo-
dynamics of Adenosine (A; and Asa) Receptor Interactions. In
Drug-Receptor Thermodynamics: Introduction and Applications;
Raffa, R. B., Ed.; Wiley & Sons: New York, 2001; pp 221—244.

(18) Dalpiaz, A.; Pavan, B.; Ngo Ngos, F.; Franchetti, P.; IJzerman,
A. P. Temperature Dependance of the Affinity Enhancement of
Selective Adenosine A; Receptor Agonism: a Thermodynamic
Analysis. Eur. J. Pharmacol. 2001, 448, 123—131.

(19) Borea, P. A.; Dalpiaz, A.; Varani, K.; Guerra, L.; Gilli, G. Binding
Thermodynamics of Adenosine Ay, Receptor Ligands. Biochem.
Pharmacol. 1995, 49, 461—469.

(20) Baraldi, P. G.; Cacciari, B.; Spalluto, G.; Bergonzoni, M.;
Dionisotti, S.; Ongini, E.; Varani, K.; Borea, P. A. Design,
Synthesis, and Biological Evaluation of a Second Generation of
Pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidines as Potent and
Selective Ass Adenosine Receptor Antagonists. J. Med. Chem.
1998, 41, 2126—2133.

(6

=

(8

=z

€]

=

Gilli et al.

(21) Merighi, S.; Varani, K.; Gessi, S.; Klotz, K. N.; Leung, E.; Baraldi,
P. G.; Borea, P. A. Binding Thermodynamics at the Human As
Adenosine Receptor. Biochem. Pharmacol. 2002, 63, 157—161.

(22) Weiland, G. A.; Minneman K. P.; Molinoff, P. B. Fundamental
Difference Between the Molecular Interactions of Agonists and
Antagonists with the -Adrenergic Receptor. Nature 1979, 281,
114-117.

(23) Contreras, M. L.; Wolfe, B. B.; Molinoff, P. B. Thermodynamic
Properties of Agonist Interactions with the $-Adrenergic Recep-
tor-Coupled Adenylate Cyclase System. I. High- and Low Affinity
States of Agonist Binding to Membrane-Bound f-Adrenergic
Receptors. J. Pharmacol. Exp. Ther. 1986, 237, 154—164.

(24) Weiland, G. A. Thermodynamics of Catecholamine Receptor
Interactions. In Drug-Receptor Thermodynamics: Introduction
and Applications; Raffa, R. B., Ed.; Wiley & Sons: New York,
2001; pp 259—279.

(25) Kilpatrick, G. J.; El Tayar, N.; van de Waterbeemd, H.; Jenner,
P.; Testa, B.; Marsden, C. D. The Thermodynamics of Agonist
and Antagonist Binding to Dopamine D, Receptor. Mol. Phar-
macol. 1986, 30, 226—234.

(26) Agui, T.; Amlaiky, N.; Caron, M. G.; Kebian, J. W. Binding of
[125]]-N-(p-Aminophenethyl) Spiroperidol to the D-2 Dopamine
Receptor in the Neurointermediate Lobe of the Rat Pituitary
Gland: a Thermodynamic Study. Mol. Pharmacol. 1987, 32,
163—-169.

(27) Duarte, E. P.; Oliveira, C. R.; Carvalho, A. P. Thermodynamic
Analysis of Antagonist and Agonist Interactions with Dopamine
Receptors. Eur. J. Pharmacol. 1988, 147, 227—239.

(28) Dalpiaz, A.; Gessi, S.; Borea, P. A; Gilli, G. Binding Thermo-
dynamics of Serotonin to Rat-Brain 5-HT;, 5-HT9s and 5-HT;
Receptors. Life Sci. 1995, 57, PL 141—146.

(29) Dalpiaz, A.; Borea, P. A.; Gessi, S.; Gilli, G. Binding Thermo-
dynamics of 5-HT14 Receptors Ligands. Eur. J. Pharmacol. 1996,
312, 107—114.

(30) Gomez, A. R.; Garcia-Calvo, M.; Vasquez, J.; Marvizon, J. C. G.;
Valdivieso, F.; Mayor, F. Thermodynamics of Agonist and
Antagonist Interaction with the Strychnine-Sensitive Glycine
Receptor. J. Neurochem. 1989, 52, 1775—1780.

(31) Maksay, G. Thermodynamics of Ionotropic GABA,, Glycine and
5-HTs-type Serotonin Receptor Ineractions. In Drug-Receptor
Thermodynamics: Introduction and Applications; Raffa, R. B.,
Ed.; Wiley & Sons: New York, 2001; pp 359—376.

(32) Maksay, G. Thermodynamics of y-Aminobutyric Acid Type A
Receptor Binding Differentiate Agonists from Antagonists. Mol.
Pharmacol. 1994, 46, 386—390.

(33) Maksay, G. Differential Effects of Thiocyanate on the Binding
Thermodynamics of Bicuculline Methiodide versus SR95531
(Gabazine) to the y-Aminobutyric Acid Receptor Ionophore
Complex. Biochem. Pharmacol. 1998, 56, 729—731.

(34) Borea, P. A.; Dalpiaz, A.; Gessi, S.; Gilli, G. Thermodynamics of
5-HT; Receptor Binding Discriminates Agonistic from Antago-
nistic Behaviour. Eur. J. Pharmacol. 1996, 298, 329—334.

(35) Maksay, G. Distinct Thermodynamic Parameters of Serotonin
5-HT3 Agonists and Antagonists to Displace [*H]Granisetron
Binding. J. Neurochem. 1996, 67, 407—412.

(36) Dalpiaz, A.; Gessi, S.; Varani, K.; Borea, P. A,; Gilli, G.
Thermodynamics of Serotonin Receptor Interactions. In Drug-
Receptor Thermodynamics: Introduction and Applications; Raf-
fa, R. B., Ed.; Wiley & Sons: New York, 2001; pp 391—415.

(37) Banerjee, B.; Ganguly, D. K. Thermodynamic Studies with
Acetylthiocholine on Nicotinic Receptors of Mammalian Skeletal
Muscle in Vitro. Biochem. Pharmacol. 1995, 49, 1713—1716.

(38) Banerjee, B.; Ganguly, D. K. Thermodynamics of the Interaction
of d-Tubocurarine with Nicotinic Receptors of Mammalian
Skeletal Muscle in Vitro. Eur. J. Pharmacol. 1996, 310, 13—17.

(39) Borea, P. A,; Varani, K.; Gessi, S.; Gilli, P.; Gilli, G. Binding
Thermodynamics at the Human Neuronal Nicotine Receptor.
Biochem. Pharmacol. 1998, 55, 1189—1197.

(40) Arias, H. R. Thermodynamics of Nicotinic Receptor Interactions.
In Drug-Receptor Thermodynamics: Introduction and Applica-
tions; Raffa, R. B., Ed.; Wiley & Sons: New York, 2001; pp 293—
358.

(41) Borea, P. A.; Varani, K.; Gessi, S.; Merighi, S.; Dalpiaz, A.; Gilli,
P.; Gilli, G. Receptor Binding Thermodynamics at the Neuronal
Nicotinic Receptor. Curr. Top. Med. Chem. 2004, 4, 361—368.

(42) Kochman, R. L.; Hirsch, J. D. Thermodynamic Changes Associ-
ated with Benzodiazepine and Alkyl S-Carboline-3-Carboxylate
Binding to Rat Brain Homogenates. Mol. Pharmacol. 1982, 22,
335—341.

(43) Maguire, P. A.; Villar, H. O.; Davies, M. F.; Loew, G. H.
Thermodynamic Analysis of Binding to the Cerebellar Type I
Benzodiazepine Receptor, Eur. J. Pharmacol., Mol. Pharmacol.
Sect. 1992, 226, 233—238.

(44) Gessi, S.; Dalpiaz, A.; Varani, K.; Borea, P. A. Temperature
Dependence and GABA Modulation of $-Carboline Binding to
Rat Cerebellum Benzodiazepine Receptors. Life Sci. 1999, 64,
PL 185—192.



Thermodynamics of Cytoplasmic Steroid/Nuclear Receptors

(45) Eliard, P. H.; Rousseau, G. G. Thermodynamics of Steroid
Binding to the Human Glucocorticoid Receptor. Biochem. oJ.
1984, 218, 395—404.

(46) McLoughlin, D. J.; Strange, P. G. Mechanisms of Agonism and
Inverse Agonism at Serotonin 5-HT;4 Receptors. J. Neurochem.
2000, 74, 347—357.

(47) Kouronakis, A.; Visser, C.; de Groote, M; Ijzerman, A. P.
Differential Effects of the Allosteric Enhancer (2-Amino-4,5-
dimethyl-trienyl)[3-trifluoromethyl)phenyllmethanone (PD81,-
723) on Agonist and Antagonist Binding and Function at the
Human Wild-Type and Mutant (T277A) Adenosine A; Receptor.
Biochem. Pharmacol. 2001, 61, 137—144.

(48) Strange, P. G. Mechanisms of Inverse Agonism at G-Protein-
Coupled Receptors. TIPS 2002, 23, 89—95.

(49) Roberts, D. J. Investigation of the Mechanism of Agonist and
Inverse Agonist Action at Dy Dopamine Receptors. Biochem.
Pharmacol. 2004, 67, 1657—1665.

(50) Kenakin, T. Efficacy as a Vector: the Relative Prevalence and
Paucity of Inverse Agonism. Mol. Pharmacol. 2004, 65, 2—11.

(51) Gilli, P.; Ferretti, V.; Gilli, G., Borea, P. A. Enthalpy—Entropy
Compensation in Drug—Receptor Binding. J. Phys. Chem. 1994,
98, 1515—1518.

(52) Sturtevant, J. M. Heat Capacity and Entropy Changes in
Processes Involving Proteins. Proc. Natl. Acad. Sci. U.S.A. 1977,
74, 2236—2240.

(53) Grunwald, E.; Steel, C. Solvent Reorganization and Thermody-
namic Enthalpy—Entropy Compensation. J. Am. Chem. Soc.
1995, 117, 5687—5692.

(54) Grunwald, E. Thermodynamics of Molecular Species; Wiley &
Sons: New York, 1997.

(55) Weigel, N. L. Steroid Hormones Receptors and their Regulation
by Phosphorilation. Biochem. <J. 1996, 319, 657—667.

(56) Kauzman, W. Some Factors in the Interpretation of Protein
Denaturation. Adv. Protein Chem. 1959, 14, 1—63.

(57) Houk, K. N.; Leach, A. G.; Kim, S. P., Zhang, X. Binding
Affinities of Host-Guest, Protein-Ligand, and Protein-Transition-
State Complexes. Angew. Chem., Int. Ed. 2003, 42, 4872—4897.

(58) Raschke, T. M.; Tsai, J.; Levitt, M. Quantification of the
Hydrophobic Interaction by Simulations of the Aggregation of
Small Hydrophobic Solutes in Water. Proc. Natl. Acad. Sci.
U.S.A. 2001, 98, 5965—5969.

(59) Searle, M. S.; Williams, D. H.; Gerard, U. Partitioning of Free
Energy Contribution in the Estimation of Binding Constants:
Residual Motions and Consequences for Amide—Amide Hydro-
gen Bond Strengths. J. Am. Chem. Soc. 1992, 114, 10697—10704.

(60) Williams, D. H.; Bardsley B. Estimating Binding Constant—The
Hydrophobic Effect of Cooperativity. Perspect. Drug Discovery
Des. 1999, 17, 43—59.

(61) Spolar, R. S.; Record, M. T. Coupling of Local Folding to Site-
Specific Binding of Proteins to DNA. Science 1994, 263, 777—
784.

(62) Murphy, K. P.; Privalov, P. L.; Gill, S. J. Common Features of
Protein Unfolding and Dissolution of Hydrophobic Compounds.
Science 1990, 247, 559—561.

(63) Edsall, G. T.; Gutfreund, H. Biothermodynamics; Wiley &
Sons: New York, 1983.

(64) Sandhall, N. T.; Dill, K. A.; Hoymet, A. D. J. A View of the
Hydrophobic Effect. J. Phys. Chem. B 2002, 106, 521—533.

(65) Brzozowski, A. J.; Pike, A. C.; Dauter, Z.; Hubbard, R. E.; Bonn,
T.; Engstrom, O.; Ohman, L.; Greene, G. L.; Guftafsson, J. A.;
Carlquist M. Molecular Basis of the Agonism and Antagonism
in the Oestrogen Receptor. Nature 1997, 389, 753—758.

(66) Williams, S. P.; Sigler, P. B. Atomic Structure of Progesterone
Complexed with its Receptor. Nature 1998, 393, 392—396.

(67) Tanenbaum, D. M.; Wang, Y.; Williams, S. P.; Sigler, P. B.
Crystallographic Comparison of the Estrogen and Progesterone
Receptor’s Ligand Binding Domains. Proc. Natl. Acad. Sci.
U.S.A. 1998, 95, 5998—6003.

(68) Sack, J. S.; Kish, K. F.; Wang, C.; Attar, R. M.; Kiefer, S. E.;
An, Y.; Wu, G. Y.; Scheffler, J. E.; Salvati, M. E.; Krystek, S. R.;
Weinmann, R.; Einspahr, H. M. Crystallographic Structures of
the Ligand-Binding Domains of the Androgen Receptor and its
T877A Mutant Complexed with the Natural Agonist Dihydro-
testosterone. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 4904—4909.

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 6 2035

(69) Matias, P. M.; Donners, P.; Coelho, R.; Thomaz, M.; Peixoto, C.;
Macedo, S.; Otto, N.; Joschko, S.; Sholz, P.; Wegg, A.; Bésler,
S.; Schéfer, M.; Egner, U.; Carrondo, M. A. Structural Evidence
for Ligand Specificity in the Binding Domain of the Human
Androgen Receptor. J. Biol. Chem. 2000, 275, 26164—26171.

(70) Kauppi, B.; Jakob, C.; Farnegardh, M.; Yang, J.; Ahola, H;
Alarcon, M.; Calles, K.; Engstrom, O.; Harlan, J.; Muchmore,
S.; Ramqvist, A.-K.; Thorell, S.; Ohman, L.; Greer, J.; Gustafs-
son, J.-A.; Carlstedt-Duke, J.; Carlquist, M. The Three-Dimen-
sional Structures of Antagonistic and Agonistic Forms of the
Glucocorticoid Receptor Ligand-Binding Domain. J. Biol. Chem.
2003, 278, 22748—22754.

(71) Bourguett, W.; Ruff, M.; Chambon, P.; Gronemeyer, H.; Moras,
D. Crystal Structure of the Ligand-Binding Domain of the
Human Nuclear Receptor RXR-o.. Nature 1995, 375, 377—382.

(72) Renaud, dJ. P.; Rochelle, N.; Ruff, M.; Vivat, V.; Chambon, P.;
Gronemeyer, H.; Moras, D. Crystal Structure of the RAR-y-
(Ligand-Binding Domain Bound to All-Trans Retinoic Acid.
Nature 1995, 378, 681—689.

(73) Oostenbrink, B. C.; Pitera, J. W.; van Lipzig, M. M. H.; Meerman,
J. H. N.; van Gunsteren, W. F. Simulations of the Estrogen
Receptor Ligand-Binding Domain: Affinity of Natural Ligands
and Xenoestrogens. J. Med. Chem. 2000, 43, 4594—4605.

(74) van Lipzig M. M. H.; ter Laak, A. M.; Jongejan, A.; Vermeulen,
N. P. E.; Wamelink, M. Prediction of Ligand Binding Affinity
and Orientation of Xenoestrogens to the Estrogen Receptor by
Molecular Dynamics Simulations and the Linear Interaction
Energy Method. J. Med. Chem. 2004, 47, 1018—1030.

(75) Kenakin, T.; Onaran, O. The Ligand Paradox between Affinity
and Efficacy: Can You Be There and not Make a Difference?
TIPS 2002, 23, 275—280.

(76) Olah, M. E.; Stiles, G. L. Adenosine Receptor Sybtypes: Char-
acterization and Therapeutic Regulation. Annu. Rev. Pharmacol.
Toxicol. 1995, 35, 581—606.

(77) Henderson, R.; Baldwin, J. M.; Ceska, T. A.; Zemlin, F.;
Beckmann, E.; Dowing, K. H. Model for the Structure of
Bacteriorhodopsin Based on High-Resolution Electron Cryo-
microscopy. JJ. Mol. Biol. 1990, 213, 899—929.

(78) Wriend, G., WHATIF: a Molecular Modeling and Drug-Design
Program. J. Mol. Graphics 1990, 8, 52—56.

(79) Back-Sickinger, A. G. Structural characterization and binding
sites of G-Protein-Coupled-Receptors. Drug Discovery Today
1996, 1, 502—513.

(80) Ralevic, V.; Burnstock, G. Receptors for Purines and Pyrimidines.
Pharmacol. Rev. 1998, 50, 413—476.

(81) Bradford, M. M. A Rapid and Sensitive Method for the Quan-
titation of Microgram Quantities of Proteins Utilizing the
Principle of Dye-Binding. Anal.. Biochem. 1976, 72, 248—254.

(82) Paganetto, G.; Campi, F.; Varani, K.; Piffanelli, A.; Giovannini,
G.; Borea, P. A. Endocrine-Disrupting Agents on Healthy Human
Tissues. Pharmacol. Toxicol. 2000, 86, 24—29.

(83) Taylor, P.; Insel, P. A. Molecular Basis of Pharmacologic
Selectivity. In Principles of Drug Action, The Basis of Pharma-
cology; Pratt, W. B., Taylor, P., Eds.; Churchill Livingstone, New
York, 1990; pp 1—-101.

(84) Osborne, J. P.; Palumbo, J. C.; Brewer, H. B.; Eldhoch, H. The
Thermodynamics of the Self-Association of the Reduced and
Carboxymethylated Form of Apo a-II from the Human High-
Density Lipoprotein Complex. Biochemistry 1976, 15, 317—320.

(85) Krug, R. R.; Hunter, W. G.; Grieger, R. A. Statistical Interpreta-
tion of Enthalpy-Entropy Compensation. Nature 1976, 261, 566—
567.

(86) Dahmer, M. K.; Housley, P. R.; Pratt, W. B. Effects of Molybdate
and Endogenous Inhibitors on Steroid-Receptor Inactivation,
Transformation, and Translocation. Annu. Rev. Physiol. 1984,
46, 67—81.

(87) Johnson, J. L. Binding of p23 and hsp90 during Assembly with
the Progesterone Receptor. Mol. Endocrinol. 1995, 9, 670—678.

JM0408427Z



