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a b s t r a c t

The present study was designed to perform binding and thermodynamic characteriza-

tion of human P2X1 and P2X3 purinergic receptors expressed in HEK 293 cells. The

thermodynamic parameters DG8, DH8 and DS8 (standard free energy, enthalpy and

entropy) of the binding equilibrium of well-known purinergic agonists and antagonists

at P2X1 and P2X3 receptors were determined. Saturation binding experiments, performed

in the temperature range 4–30 8C by using the high affinity purinergic agonist

[3H]abmeATP, revealed a single class of binding sites with an affinity value in the

nanomolar range in both cell lines examined. The affinity changed with the temperature

whereas receptor density was essentially independent of it. van’t Hoff plots of the

purinergic receptors were linear in the range 4–30 8C for agonists and antagonists.

The thermodynamic parameters of the P2X1 or P2X3 purinergic receptors were in the

ranges �31 kJ mol�1 � DH8 � �19 kJ mol�1 and 17 J K�1 mol�1 � DS8 � 51 J K�1 mol�1 or

�26 kJ mol�1 � DH8 � 36 kJ mol�1 and 59 � DS8 � 249 J K�1 mol�1, respectively. The results

of these parameters showed that P2X1 receptors are not thermodynamically discrimi-

nated and that the binding of agonists and antagonists was both enthalpy and entropy-

driven. P2X3 receptors were thermodynamically discriminated and purinergic agonist

binding was enthalpy and entropy-driven while antagonist binding was totally entropy-

driven. The analysis of such thermodynamic data makes it possible to obtain additional

information on the nature of the forces driving the purinergic binding interaction. These

data could be interesting in drug discovery programs aimed at development of novel and

potent P2X1 and P2X3 purinergic ligands.
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1. Introduction

P2 purinergic receptors are divided in two subfamilies: G-

protein coupled (P2Y) and ligand-gated ion channels (P2X). In

mammalian cells eight P2Y (P2Y1,2,4,6,11,12,13,14), seven homo-

meric P2X (P2X1–7) and four heteromeric (P2X2/3, P2X1/5, P2X2/6,

P2X4/6) receptors have been cloned and characterized pharma-

cologically [1]. Both of these receptor families are activated by

the presence of extracellular adenosine 50-triphosphate (ATP),

an important local regulatory factor under physiological,

inflammatory and neuropathic pain conditions [2–4]. Briefly,

P2X receptors are abundantly distributed, and functional

responses have been reported in neurons, glia, epithelia,

endothelia, bone, muscle and hemopoietic tissues [5]. The

widespread expression of P2X1 receptors suggests that ATP may

contribute in various pathophysiological conditions [6]. P2X3

receptors have been found primarily localized to specific

subsets of sensory nociceptor neurones, and there is now

much evidence that P2X3 homomeric and P2X2/3 heteromeric

receptors in sensory pathways are involved in neuropathic and

chronic pain [7,8]. Pharmacological methods and manipula-

tions, that can differentiate between P2X1 and P2X3 receptors,

could be very useful in the development of P2X1 or P2X3

receptor-specific ligands [9,10]. This is especially important

because the rapidly desensitizing kinetics and the agonist and

antagonist pharmacology of these two P2X receptors are

remarkably similar to each other [1–3]. ATP, and the ATP

analogues, BzATP, 2meSATP and abmeATP show equipotent

agonist profiles at P2X1 and P2X3 receptors [11]. Considerable

changes in binding affinity of purinergic antagonists are also

reported probably due to the little information available with

respect to the regions of the receptor involved in antagonist

binding [1,2]. More recently, a submicromolar affinity, non-

nucleotide antagonist, A 317491, has been described which is

more than 100-fold selective for P2X3/P2X2/3 receptors over P2X1

receptors in electrophysiological and calcium flux functional

assays [12,13]. Radioligand binding techniques have had limited

success in differentiating between endogenous or recombinant

P2X receptors, probably due to the lack of highly selective and

potent ligands [11]. The ATP bioisosteres, [3H]abmeATP,

[35S]ADPbS and [35S]ATPgS have been used in ligand-binding

studies of purinergic receptors in various tissues and recombi-

nant expression systems [12,14–17]. In spite of the problems

associated with the use of these radioligands, information

obtained from specific binding assays has long proved invalu-

able for screening potential drug candidates, for basic pharma-

cological characterization of receptor subtypes and for

identification of signal transduction pathways. It can be of

interest to obtain determinations of drug–receptor binding

association (KA) and dissociation (1/KA or KD) constants over a

range of temperatures, in contrast to the single-point tempera-

ture assays, which add significant information on the molecular

mechanisms involved in the drug–receptor interaction [18].

Determination of KA or KD values makes it possible to

calculate the standard free energy DG8 = �RTln KA = RTln KD

(T = 298.15 K), but not its two components, the equilibrium

standard enthalpy (DH8) and entropy (DS8) as defined by the

Gibbs equation DG8 = DH8 � TDS8. As a consequence, van’t Hoff

plot analysis was performed to obtain KD values over a range of

temperatures and to obtain the thermodynamic terms of this
equation. From such analysis, it is generally proposed that

standard enthalpy is a quantitative indicator of the changes in

intermolecular bond energies, such as hydrogen bonding and

van der Waals interactions, occurring during the binding. In

addition standard entropy can be considered an indicator of the

rearrangements undergone by the solvent, normally water

molecules, during the same process [18]. In the last few years it

has been shown that the DH8 and DS8 values of drug interaction

with a defined receptor can often give a simple in vitro way to

discriminate agonists from antagonists suggesting the manner

in which the drug interferes with the signal transduction

pathways.

Such ‘‘thermodynamic discrimination’’ reveals that the

binding of agonists may be entropy-driven and that the

antagonists are enthalpy-driven, or vice versa. At the present

fourteen receptor systems have been extensively studied so

far from thermodynamic point of view: eleven of these show

the agonist-antagonist discrimination and three are not

discriminated [18–22]. In particular, all the ligand-gated ion

channel receptors, i.e. glycine, GABA, 5HT3 and neuronal

nicotinic receptors have been reported to discriminate in vitro

the effect of their agonists and antagonists [23–25]. Analysis of

thermodynamic data of drug–receptor interactions appears to

be an effective tool in the study of the role, at the molecular

level, played during the binding of the ligands [18–20].

From this background, the aim of this study was to

determine the thermodynamic parameters of typical agonists

and antagonists in HEK 293 cells transfected with human P2X1

and P2X3 receptors by using [3H]abmeATP radioligand binding

assays and van’t Hoff analysis in order to gain further insight

into possible differences in pharmacological properties

between these two therapeutically important P2X receptor

subtypes. Striking differences in thermodynamic properties of

these receptor subtypes were found. In particular, P2X1

receptors are not thermodynamically discriminated with

the enthalpy/entropy-driven binding of both agonists and

antagonists while P2X3 receptors are thermodynamically

discriminated with enthalpy/entropy-driven agonist binding

but solely entropy-driven antagonist binding. This research

could provide information in the development of novel and

potent P2X1 and P2X3 purinergic ligands.
2. Materials and methods

2.1. Materials

[3H]abmeATP (specific activity 15.0 Ci mmol�1) was obtained

from NEN-Perkin Elmer Life and Analytical Sciences (USA).

ATP, ADP, abmeATP, BzATP, TNP-ATP, suramin, NF023,

PPADS, A 317491 and apyrase were obtained from Sigma–

Aldrich Advanced Sciences (Milan, Italy). NF279 and 2meSATP

were obtained from Tocris Cookson Ltd. (Bristol, UK). All other

reagents were of analytical grade and obtained from com-

mercial sources.

2.2. Cell culture and membrane preparation

HEK293-hP2X1 and HEK293-hP2X3 cells were kindly provided

by Prof. A. Surprenant (Institute of Molecular Physiology,
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University of Sheffield, Sheffield, England, UK). Methods

of maintenance of HEK293 cells and their stable transfec-

tion with hP2X1 and hP2X3 receptors cDNA have been

described previously [26]. Briefly, the cells were grown

adherently and maintained in Dulbecco’s Modified Eagle’s

Medium with nutrient mixture F12 (DMEM/F12), containing

10% fetal calf serum, penicillin (100 U mL�1), streptomycin

(100 mg mL�1) and Geneticin (G418, 0.2 mg mL�1) at 37 8C in

5% CO2/95% air. Cells were split two or three times weekly at

a ratio of 1:5. For membrane preparation, the culture

medium was removed and the cell suspension was washed

with PBS and scraped in ice-cold hypotonic buffer

(5 mM Tris–HCl, 2 mM EDTA, pH 7.4). The cell suspension

was homogenized with Polytron (Kinematica, Switzerland)

at a setting of 6 for 40 s and the homogenate was spun for

30 min at 100,000 � g and frozen at �80 8C until binding

experiments.

2.3. Effect of various factors on purinergic receptor binding
assays

The effect of pH at the different values (6.0, 7.0, 7.4, 8.0, 9.0) on

the [3H]abmeATP binding at the 3 nM concentration was

evaluated and obtained incubating in 50 mM Tris–HCl the

HEK-293 membranes containing hP2X1 or hP2X3 purinergic

receptors.

The effect of different concentrations of Ca2+ (from 0 to

10 mM) and Mg2+ (from 0 to 10 mM) was also investigated by

using 3 nM of [3H]abmeATP as radioligand in 50 mM Tris–HCl

pH 7.4 and HEK-293 membranes containing hP2X1 or hP2X3

purinergic receptors.
Fig. 1 – Effect of pH on the [3H]abmeATP binding in HEK293-hP

[3H]abmeATP binding in HEK293-hP2X1 and HEK293-hP2X3 me

independent experiments each performed in duplicate.
The effect of Apyrase (1 U/ml for 30 min at 37 8C) was

evaluated incubating the hP2X1 or hP2X3 membranes in 50 mM

Tris–HCl pH 7.4, 4 mM CaCl2 and 3 nM of [3H]abmeATP as

radioligand.

Non-specific binding was determined in the presence of

10 mM abmeATP [27]. After the incubation time (40 min at 5 8C)

bound and free radioactivity were separated by rapid filtration

through Whatman GF/B glass-fiber filters using a Brandel

instrument. The filter bound radioactivity was counted on a

Scintillation Counter Tri Carb Packard 2500 TR (efficiency 57%).

2.4. Kinetics of [3H]abmeATP binding

Kinetic studies of 3 nM [3H]abmeATP were performed by

incubating membranes in 50 mM Tris–HCl, 4 mM CaCl2, pH 7.4

obtained as described above in a thermostatic bath at 5 8C. For

the measurement of the association rate of human P2X1

receptors, the reaction was terminated at different times (from

1 to 80 min) by rapid filtration under vacuum, followed by

washing four times with ice cold buffer. Similarly, for human

P2X3 receptors the reaction was terminated from 10 s to

30 min by rapid filtration. For the measurement of the

dissociation rate, the samples were incubated at 5 8C for

40 min and then 10 mM abmeATP was added to the mixture.

The reaction was terminated for P2X1 receptors from 1 to

40 min and for P2X3 receptors from 30 s to 40 min.

2.5. Saturation and competition binding experiments

Saturation and competition binding assays were performed on

HEK293-hP2X1 and HEK293-hP2X3 membranes at 5, 10, 15, 20, 25
2X1 and HEK293-hP2X3 membranes (A, C). Effect of Ca2+ on

mbranes (B, D). Data represent mean W S.E.M. of three
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and 30 8C, in a thermostatic bath assuring a temperature of

�0.1 8C. Analogous experiments in HEK293 wild type and in

HEK293 transfected with the vector alone were executed.

Saturation binding experiments of [3H]abmeATP (0.1–50 nM)

to the membranes previously obtained were performed in

50 mM Tris–HCl, 4 mM CaCl2 pH 7.4 for an incubation time

ranged from 40 min at 5 8C to 90 min at 30 8C according to the

results of previous time-course experiments. Competition

experiments of 3 nM [3H]abmeATP were performed in the

same buffer described above and at least 8–10 different

concentrations of P2X1 and P2X3 agonists or antagonists

studied. Non-specific binding was determined in the presence

of 10 mM abmeATP [27]. Bound and free radioactivity were

separated by rapid filtration through Whatman GF/B glass-fiber

filters using a Brandel instrument. The filter bound radioactivity

was counted on a Scintillation Counter Tri Carb Packard 2500 TR

(efficiency 57%). The affinity values expressed as KD or Ki were

used in the thermodynamic parameter determination.
Fig. 2 – Kinetics of 3 nM [3H]abmeATP binding to HEK293-

hP2X1 membranes with association curves relative to

three independent experiments (A). In the inset first-order

plots of [3H]abmeATP binding. Be represents the amount of

[3H]abmeATP bound at equilibrium, and B represents the

amount of [3H]abmeATP bound at each time, B0 represents

the amount of [3H]abmeATP bound at time zero.

Association rate constant was:

K+1 = 0.017 W 0.002 minS1 nMS1. Kinetics of [3H]abmeATP

binding to human purinergic P2X1 receptors with

dissociation curves relative of three independent

experiments (B). In the inset, first order plots of

[3H]abmeATP binding. Dissociation rate constant was:

KS1 = 0.056 W 0.003 minS1.
2.6. Thermodynamic data determination

For a generic binding equilibrium L + R = LR (L = ligand,

R = receptor) the affinity association constant KA = 1/KD

is directly related to the standard free energy DG8

(DG8 = �RTln KA) which can be separated in its enthalpic

and entropic contributions according to the Gibbs equation:

DG8 = DH8 � TDS8. The standard free energy was calculated

as DG8 = �RTln KA at 298.15 K, the standard enthalpy, DH8,

from the van’t Hoff plot ln KA versus (1/T) (the slope

of which is �DH8/R) and the standard entropy as

DS8 = (DH8 � DG8)/T with T = 298.15 K and R = 8.314 J/K mol

[18,25,28].

2.7. Data analysis

Kinetic, saturation and competition binding experi-

ments were analyzed with the program ligand [29] which
Fig. 3 – Kinetics of 3 nM [3H]abmeATP binding to HEK293-

hP2X3 membranes with association curves relative of

three independent experiments (A). In the inset first-order

plots of [3H]abmeATP binding. Be represents the amount of

[3H]abmeATP bound at equilibrium, B represents the

amount of [3H]abmeATP bound at each time, B0 represents

the amount of [3H]abmeATP bound at time zero.

Association rate constant was:

K+1 = 0.133 W 0.014 minS1 nMS1. Kinetics of [3H]abmeATP

binding to human purinergic P2X1 receptors with

dissociation curves relative of three independent

experiments (B). In the inset, first-order plots of

[3H]abmeATP binding. Dissociation rate constant was:

KS1 = 0.313 W 0.027 minS1.



Table 1 – Binding parameters of HEK293-hP2X1 and HEK293-hP2X3 membranes (A) and thermodynamic parameters for
the binding equilibrium of [3H]abmeATP in the same substrates (B)

(A)

[3H]abme ATP binding 5 8C (278 K) 10 8C (283 K) 15 8C (288 K) 20 8C (293 K) 25 8C (298 K) 30 8C (303 K)

HEK293-hP2X1 KD (nM) 3.2 � 0.3 4.1 � 0.4 4.8 � 0.4 6.4 � 0.6 8.1 � 0.7 11.1 � 1.1

Bmax (fmol/mg protein) 3120 � 290 3200 � 310 3300 � 320 3400 � 330 3050 � 315 3500 � 325

HEK293-hP2X3 KD (nM) 2.6 � 0.3 3.5 � 0.4 4.0 � 0.4 4.9 � 0.5 6.2 � 0.6 7.5 � 0.7

Bmax (fmol/mg protein) 18800 � 1600 18900 � 1650 19000 � 1700 19200 � 1750 18500 � 1520 19500 � 1800

(B)

Cell lines DG8 (kJ mol�1) DH8 (kJ mol�1) DS8 (J mol�1 K�1)

HEK293-hP2X1 �46.0 � 0.2 �32 � 3 46 � 3

HEK293-hP2X3 �46.7 � 0.2 �28 � 2 64 � 6

DG8, DH8 and DS8 values are given at 298 K.

Dissociation constants (KD, nM) and Bmax values (fmol/mg protein) are referred to the binding of [3H]abmeATP to hP2X1 and hP2X3 purinergic

receptors. Data are mean � S.E.M. from at least four independent experiments performed in duplicate.
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performs weighted non-linear least-squares curve fitting

program.

The protein concentration was determined according to a

Bio-Rad method with bovine albumin as reference standard

[30]. All experimental data are reported as mean � standard

error of the mean (S.E.M.) of three or four independent

experiments performed in duplicate.
Fig. 4 – Saturation curves of [3H]abmeATP to HEK293-hP2X1

cells at 5 and 25 8C (A). The linearity of the corresponding

Scatchard plot (B) is indicative of the presence of a single

class of high affinity binding site at the temperatures

investigated. Values are the means and the vertical lines

are the S.E.M. of four independent experiments each

performed in duplicate. The Scatchard plot of the same

data is shown.
3. Results

3.1. Effect of various factors on purinergic receptor binding
assays

Preliminary assays were performed to determine the experi-

mental conditions for the evaluation of specific [3H]abmeATP
Fig. 5 – Saturation curves of [3H]abmeATP to HEK293-hP2X3

cells at 5 and 25 8C (A). The linearity of the corresponding

Scatchard plot (B) is indicative of the presence of a single

class of high affinity binding site at the temperatures

investigated. Values are the means and the vertical lines

are the S.E.M. of four independent experiments each

performed in duplicate. The Scatchard plot of the same

data is shown.
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binding. The incubation of the HEK293-hP2X1 and HEK293-

hP2X3 membranes with apyrase (1 U/ml) with the aim to

eliminate extracellular ATP and minimize receptor desensi-

tization during binding experiments produced no differences

in the percentage of specific binding (HEK293-hP2X1 = 85 � 8%

and 88 � 9% or HEK293-hP2X3 = 89 � 9% and 92 � 10%, respec-

tively).

The effect of pH values (from 6 to 9) on the [3H]abmeATP

binding reveals that the optimal pH value for the binding

experiments was around 7.4 in both cell lines examined

(Fig. 1A and C). The specific binding of [3H]abmeATP to

HEK293-hP2X1 (Fig. 1B) and HEK293-hP2X3 (Fig. 1D) mem-

branes increased of 8- and 6-fold, respectively with the raise of

the Ca2+ concentration from 1 mM to 1 mM. On the contrary,

further increasing in the calcium concentration from 1 to

10 mM led to a decline of specific [3H]abmeATP binding. The

addition of Mg2+ (from 1 to 10 mM) in the same experimental

conditions resulted in a strong reduction (80%, n = 3) of the

binding suggesting that the [3H]abmeATP binding was

regulated in an opposite way by physiological concentrations

of Ca2+ and Mg2+, respectively.

3.2. Kinetic binding assays to human P2X1 and P2X3

purinergic receptors

Kinetic behavior of [3H]abmeATP binding was studied at 5 8C in

HEK293-hP2X1 (Fig. 2) and HEK293-hP2X3 (Fig. 3) membranes.

Figs. 2A and 3A show that [3H]abmeATP binding reached

equilibrium after approximately 20 and 5 min, respectively and
Fig. 6 – Competition curves of specific 3 nM [3H]abmeATP

binding to HEK293-hP2X1 by purinergic agonists (A) and

antagonists (B). Curves represent the means W S.E.M. of

four independent experiments each performed in

duplicate.
was stable for at least 90 min. [3H]abmeATP binding was rapidly

reversed by the addition of 10 mM abmeATP as shown in Figs. 2B

and 3B. Association and dissociation curves in HEK293-hP2X1

and HEK293-hP2X3 membranes were fitted to a one component

model significantly better than to a two component model

(P < 0.05). The rate constants were: kobs = 0.106 � 0.012 min�1

and 0.712 � 0.010 min�1, respectively. The k+1 values were

0.017 � 0.002 min�1 nM�1 and 0.133 � 0.014 min�1 nM�1, res-

pectively. The apparent equilibrium dissociation constant (KD)

was estimated to be 3.29 nM and 2.35 nM, respectively.

3.3. Saturation binding assays to human P2X1 and P2X3

purinergic receptors

Saturation binding experiments in HEK 293 cells were

performed to better characterize human P2X1 and P2X3

purinergic receptors and evaluate affinity (KD) and receptor

density (Bmax) values (Table 1). These binding parameters were

determined at various temperatures by using [3H]abmeATP as

radioligand at different concentrations. In both purinergic

receptors examined the KD values change with temperature

and Bmax values appear to be largely independent of it. Figs. 4

and 5 illustrate saturation binding curves and Scatchard plot

relative to human P2X1 and P2X3 purinergic receptors,

respectively. Scatchard plots were linear at all temperatures

investigated and computer analysis of the data failed to show

a significantly better fit to a two site than to a one site binding

model, indicating that only one class of high affinity binding

site was present under our experimental conditions.
Fig. 7 – Competition curves of specific 3 nM [3H]abmeATP

binding to HEK293-hP2X3 by purinergic agonists (A) and

antagonists (B). Curves represent the means W S.E.M. of

four independent experiments each performed in

duplicate.
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Saturation binding experiments performed employing HEK

293 wild type and HEK 293 transfected with the vector alone

failed to show significant values of specific binding (n = 4

experiments, % of specific binding = 2 � 1% and 3 � 1%,

respectively) suggesting that the P2X1 and P2X3 transfection

is essential to the presence of specific binding.

3.4. Competition binding assays to human P2X1 and P2X3

purinergic receptors

Figs. 6 and 7 show the dose response curves of [3H]abmeATP

binding in HEK293-hP2X1 and HEK293-hP2X3 membranes by

using typical agonists and antagonists. The order of potency in

[3H]abmeATP displacement assays for purinergic agonists in

HEK293-hP2X1 was as follows: abmeATP > BzATP > 2meSATP

> ATP > ADP. A similar order of potency was also obtained in

HEK293-hP2X3 even if the affinity values were much higher

than in HEK293-hP2X1 membranes. The order of potency of

antagonists in HEK293-hP2X1 was similar to those obtained in

HEK293-hP2X3 as follows: TNP-ATP > A 317491 > NF 279 > NF

023 > Suramin > PPADS and TNP-ATP> A 317491 > NF 023 >

Suramin > NF 279 > PPADS, respectively.

3.5. Thermodynamic analysis to human P2X1 and P2X3

purinergic receptors

The van’t Hoff plots show that the effect of temperature on the

equilibrium binding association constants, KA appears to be
Fig. 8 – van’t Hoff plots showing the effect of temperature

on the equilibrium binding association constants, KA, for

P2X1 purinergic agonists (A) and antagonists (B) studied.

All plots are essentially liner (r I 0.93) in the temperature

range of 5–30 8C.
essentially linear in the range 4-30 8C for purinergic ligands

examined to human P2X1 and P2X3 purinergic receptors

(Figs. 8 and 9). Slopes of van’t Hoff plots are positive for

agonists and antagonists of P2X1 purinergic receptors showing

that the affinities decrease with the increase of the tempera-

ture (Table 2A). On the contrary the slopes of the van’t Hoff

plots regarding P2X3 purinergic receptors are positive for

agonists whose affinities decrease with the increase of the

temperature and negative for antagonists whose affinities are

improved by an increase in temperature (Table 2B). Final

thermodynamic parameters (expressed as mean values

�standard error of four independent experiments) calculated

for the binding equilibria of the different compounds

investigated are reported in Table 3.

In P2X1 purinergic receptors DG8 values range from�46.0 to

�37.4 kJ mol�1 for agonists and from �30.1 to �25.5 kJ mol�1

for antagonists. In P2X3 purinergic receptors DG8 values range

from �46.2 to �41.0 kJ mol�1 for agonists and from �39.8 to

�29.3 kJ mol�1 for antagonists. Equilibrium standard enthalpy

DH8 and entropy DS8 values show similar values for agonists

and antagonists examined suggesting that P2X1 purinergic

receptors are not thermodynamically discriminated. On the

contrary, the analysis of thermodynamic parameters of P2X3

purinergic receptors shows that the binding for agonists is

always enthalpy- and entropy-driven (DH8 values ranging

from �26 to �18 kJ mol�1 and DS8 values from 59 to

68 JK�1 mol�1) while for antagonists it is totally entropy-driven

(DH8 values ranging from 14 to 36 kJ mol�1 and DS8 values from
Fig. 9 – van’t Hoff plots showing the effect of temperature

on the equilibrium binding association constants, KA, for

P2X3 purinergic agonists (A) and antagonists (B) studied.

All plots are essentially linear (r I 0.95) in the temperature

range of 5–30 8C.



Table 2 – Affinities, expressed as Ki values (nM) of selected purinergic compounds to human P2X1 (A) and P2X3 (B)
receptors expressed in HEK293 cells

(A)

Ligand 5 8C (278 K) 10 8C (283 K) 15 8C (288 K) 20 8C (293 K) 25 8C (298 K) 30 8C (303 K)

Purinergic agonists, Ki (nM)

ATP 120 � 10 150 � 14 180 � 15 215 � 20 250 � 24 306 � 28

ADP 125 � 11 155 � 13 200 � 16 227 � 18 245 � 22 316 � 30

abmeATP 3.5 � 0.3 4.2 � 0.4 4.8 � 0.5 6.4 � 0.6 8.1 � 0.7 11.4 � 1.1

2meSATP 100 � 10 120 � 11 150 � 12 180 � 15 200 � 18 250 � 22

BzATP 60 � 6 90 � 9 113 � 10 137 � 12 168 � 18 200 � 16

Purinergic antagonists, Ki (nM)

Suramin 7500 � 650 8300 � 730 9600 � 850 11200 � 950 13700 � 1100 16700 � 1200

NF023 6140 � 500 7500 � 600 10000 � 970 11200 � 1050 12800 � 1080 14000 � 1270

TNP-ATP 50 � 4 60 � 5 75 � 7 92 � 8 113 � 10 137 � 15

PPADS 16700 � 1500 18500 � 1700 20400 � 2000 27500 � 2400 30400 � 2800 33600 � 3120

A317491 2500 � 220 3000 � 210 3500 � 250 4300 � 300 5000 � 420 5600 � 510

NF279 4000 � 300 4500 � 350 5000 � 380 5600 � 460 6800 � 610 8500 � 720

(B)

Ligand 5 8C (278 K) 10 8C (283 K) 15 8C (288 K) 20 8C (293 K) 25 8C (298 K) 30 8C (303 K)

Purinergic agonists, Ki (nM)

ATP 15 � 2 18 � 2 20 � 2 25 � 2 30 � 3 37 � 4

ADP 30 � 3 37 � 3 45 � 4 50 � 5 60 � 5 75 � 6

abmeATP 2.9 � 0.3 4.1 � 0.4 4.6 � 0.5 5.3 � 0.5 7.6 � 0.6 9.2 � 0.8

2meSATP 5.1 � 0.4 6.8 � 0.5 8.2 � 0.7 9.7 � 0.8 11.2 � 1.0 13.8 � 1.2

BzATP 5.4 � 0.4 7.2 � 0.5 9.4 � 0.7 10.7 � 0.9 12.5 � 1.1 14.9 � 1.3

Purinergic antagonists, Ki (nM)

Suramin 4000 � 380 3730 � 350 3100 � 280 2800 � 245 2500 � 240 2100 � 180

NF023 3500 � 320 3200 � 300 3000 � 260 2700 � 252 2300 � 210 2000 � 195

TNP-ATP 28 � 3 34 � 3 40 � 4 46 � 4 50 � 5 60 � 5

PPADS 20000 � 1850 15000 � 1200 12000 � 1100 9170 � 840 7500 � 720 6000 � 510

A317491 250 � 22 226 � 20 185 � 15 137 � 12 100 � 9 70 � 6

NF279 10000 � 920 9170 � 810 8290 � 780 7500 � 740 6790 � 630 5560 � 450

Data are mean � S.E.M. of four independent experiments performed in duplicate. Inhibition binding experiments were performed as described

in Section 2. Ki values represent the concentration of drug able to displace 50% of the radioligand.
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149 to 249 JK�1 mol�1). Therefore, agonists and antagonists at

P2X3 purinergic receptors are thermodynamically discrimi-

nated. Interestingly, the compound TNP-ATP, reported to be

from a functional point of view as a purinergic antagonist [13],

shows a typical agonist behavior with an affinity value and

thermodynamic parameters strictly similar to those obtained

for the other purinergic agonists. Fig. 10 summarizes the

results in the form �TDS8 versus DH8 scatter plot (T = 298.15 K)

showing that for human P2X1 receptors the points are present

in the region that characterizes the enthalpy and entropy-

driven binding without a thermodynamically discrimina-

tion. On the contrary, in human P2X3 purinergic receptors

antagonists are clustered in the endothermic region

(14 kJ mol�1 � DH8 � 36 kJ mol�1) with large positive entropy

values (�74.20 kJ mol�1 � �TDS8 � �44.40 kJ mol�1) revealing

that their binding is totally entropy-driven. Agonist binding is

enthalpy and entropy-driven (�26 kJ mol�1 � DH8 � �18 kJ

mol�1 and �21.75 � �TDS8 � �17.58 kJ mol�1).
4. Discussion

Thermodynamic parameters have been collected for a

remarkable number of ligands at P2X1 and P2X3 receptors,
including full, partial and inverse agonists or antagonists [18].

The information provided by these data could be useful from a

pharmacological point of view to discover new thermody-

namic relationships related to drug–receptor interactions and

their molecular mechanisms [31–33]. In the last few years, it

has been reported that equilibrium standard enthalpy (DH8)

and entropy (DS8) values of drug interaction with a defined

receptor can often give a simple ‘‘in vitro’’ way to discriminate

the capability of the drug to interfere with the signal

transduction pathways [18–22,34]. This phenomenon, called

‘‘thermodynamic discrimination’’ has been evaluated for

various membrane and cytoplasmatic/nuclear receptors. Six

G-protein coupled receptors such as b-adrenergic, D2 dopa-

mine, 5HT1A serotonin and A1, A2A and A3 adenosine subtypes

were studied and four out of six of these were thermodyna-

mically discriminated [18,20,21]. In addition four ligand-gated

ion channel receptors such as glycine, GABAA, 5HT3 serotonin

and nicotinic membrane receptors were analyzed and all

resulted discriminated from a thermodynamic point of view

[23–25]. Finally, the cytoplasmatic receptor for glucocorticoid

hormones and three cytoplasmatic steroid/nuclear estrogen,

progesterone and androgen receptors were investigated and

three of these were discriminated [22]. All these data suggest

an intercorrelation between specific binding and the variation



Fig. 10 – Scatter plot showing STDS8 versus DH8 values for

the purinergic ligands studied in HEK293-hP2X1 (A) and

HEK293-hP2X3 (B). Full and open symbols indicate

antagonists and agonists, respectively. All points lie on a

same regression line for compounds of Table 3. The linear

regression of the points (R = 0.985, P < 0.0001) evidences a

typical enthalpy–entropy compensation phenomenon.

Table 3 – Thermodynamic parameters for the binding
equilibrium of [3H]abmeATP to human P2X1 (A) and P2X3

(B) purinergic receptors expressed in HEK293 cells

(A)

Ligand DG8 (kJ mol�1) DH8 (kJ mol�1) DS8 (J mol�1 K�1)

Purinergic agonists

ATP �37.4 � 0.1 �25 � 3 43 � 3

ADP �37.6 � 0.1 �24 � 2 47 � 3

abmeATP �46.0 � 0.2 �31 � 3 51 � 4

2meSATP �37.8 � 0.1 �24 � 1 46 � 3

BzATP �38.4 � 0.1 �23 � 2 50 � 4

Purinergic antagonists

Suramin �27.8 � 0.1 �21 � 2 21 � 3

NF023 �27.6 � 0.1 �22 � 2 20 � 2

TNP-ATP �39.3 � 0.2 �27 � 3 41 � 4

PPADS �25.5 � 0.1 �20 � 2 17 � 1

A317491 �30.1 � 0.2 �22 � 3 27 � 2

NF279 �29.3 � 0.1 �19 � 1 34 � 2

(B)

Ligand DG8 (kJ mol�1) DH8 (kJ mol�1) DS8 (J mol�1 K�1)

Purinergic agonists

ATP �42.7 � 0.1 �24 � 1 62 � 5

ADP �41.0 � 0.1 �24 � 2 59 � 4

abmeATP �46.2 � 0.2 �26 � 3 68 � 5

2meSATP �45.1 � 0.2 �26 � 2 65 � 5

BzATP �44.9 � 0.1 �18 � 2 64 � 4

Purinergic antagonists

Suramin �31.9 � 0.1 18 � 2 168 � 8

NF023 �32.0 � 0.1 14 � 1 153 � 8

TNP-ATP �41.4 � 0.2 �20 � 2 73 � 6

PPADS �29.3 � 0.1 36 � 3 218 � 9

A317491 �39.8 � 0.2 35 � 3 249 � 9

NF279 �29.5 � 0.1 15 � 2 149 � 7

Equilibrium DG8, DH8 and DS8 values are given at 298 K.
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of water molecules present to receptor surfaces. In addition,

based on the thermodynamic compensation a general model

of drug–receptor interaction has been proposed. In this model

the solvent molecules do not modify the intrinsic values of the

affinity constant (KA) of the drug–receptor interaction because

the standard free energy for solvent reorganization can be

near to zero and the values of binding parameters are due to

specific features of the ligand and receptor in the binding

process and not by the solvent [32]. On the other hand, DH8 and

�TDS8 values are related to the rearrangements occurring

during the binding, in the solvent–drug and solvent–receptor

interfaces [32]. It seems reasonable to assume that solvent

effects might be responsible for the in vitro thermodynamic

discrimination between agonists and antagonists.

From this background, one of the most significant results of

this paper is the presence of the linearity of van’t Hoff plots for

P2X purinergic receptors similarly to what verified for other

membrane receptors showing that DH8 and DS8 values are

independent of temperature and obtained by linear van’t Hoff

plots [18–22]. van’t Hoff plots turn out to be linear for all

compounds considered implying that the value of DH8 is not

significantly affected by temperature variation in the range

investigated.

The second result concerns the interdependence of DH8 and

�TDS8 values for the P2X3 purinergic receptors where all the
experimental points appear to be arranged along a same

diagonal line according to the equation: �TDS8 (kJ mol�1 at

278 K) = �37.8 (�2) � 0.80 (�0.05) DH8 (kJ mol�1) (n = 11, r = 0.985,

P < 0.0001). This equation is of the form DH8 = bDS8 which is

expected for a case of enthalpy–entropy compensation with a

compensation temperature of 278 K [18–22]. The enthalpy–

entropy compensation phenomenon has been attributed for

drug–receptor interactions to the solvent reorganization [32].

While DG8 values are most probably determined by the features

of the ligand–receptor binding process, DH8 and �TDS8 values

appear strongly affectedby therearrangements occurring inthe

solvent [35]. As it can be seen from the data plotted in Fig. 10, all

experimental points are arranged on the same diagonal band

encompassed between the two dashed lines which represent

the loci of points defined by the limitingKD values of 100 mM and

10 pM. This band is the expression of the enthalpy–entropy

compensation phenomenon probably due to drug–receptor

interactions and to the solvent reorganization that accom-

panies the receptor binding process [18–22].

The most remarkable differences between P2X1 and P2X3

receptors are elucidated by the comparison of thermodynamic
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data. Interestingly, P2X1 and P2X3 purinergic receptors have a

different thermodynamic behavior as demonstrated by the

fact that agonists and antagonists for P2X1 receptors show

similar enthalpy and entropy values. On the contrary, P2X3

receptors can be considered thermodynamically discrimi-

nated because agonist binding is enthalpy and entropy-driven

and antagonist binding is totally entropy-driven.

Another observation on purinergic ligands studied is

represented by a higher affinity versus P2X3 than versus P2X1

receptors. High affinity values, in the nanomolar range, were

found for abmeATP in both purinergic receptors studied. The

order of potency for P2X3 receptors of the agonists was:

abmeATP > 2meSATP > BzATP > ATP > ADP. Similar poten-

cies were also observed to P2X1 receptors even if all ligands,

with the exception of abmeATP, showed a lower affinity in

comparison with that obtained to P2X3 receptors. It should be

noted that other examples of binding experiments have been

reported by using different agonist or antagonist radioligands

[12,15–17]. By using [35S]-ATPaS as a radioligand to label P2X

receptors, it was found that in synaptosomal membranes from

rat brain cortex, ATP, 2MeSATP and suramin revealed lower Ki

values, than those found in our conditions [17]. The same

authors reported a clear difference between the binding

characteristics of different agonists and antagonists using

[35S]-ATPaS or [3H]abmeATP [17]. Furthermore, different affinity

values were found using [3H]-A317491 to label P2X3 receptors

expressed in 132N1 human astrocytoma cells [12]. In particular,

the main difference in affinity values compared to our data

concern the Ki values of the antagonists. In fact, A317491, TNP-

ATP and PPADS revealed a higher affinity using [3H]-A317491

instead of [3H]abmeATP. On the contrary, the affinity values of

the agonists were strictly similar using [3H]-A317491 or

[3H]abmeATP as radioligands. Some reports revealed weak

correlation between radioligand binding profiles and the

functional activity of various P2 ligands [36]. Binding and

functionalstudies reportedthat P2X receptor agonistswith high

affinity values in the nanomolar range also showed very low

potency [37]. In addition, differences in P2X binding parameters

could be attributed to various additional factors. In particular it

was found that several divalent and trivalent cation salts

markedly increase binding of abmeATP [38]. Some discrepan-

cies between our and previous data might be related either to a

different radioligand used to reveal P2X purinergic receptors or

to a various cells or tissues expressing purinergic receptors.

Some differences are also present by using human or rat

purinergic tissues suggesting a species diversity despite their

high homology [16]. In our experimental conditions suramin

analogs such as NF 023 and NF 279 revealed affinity values in the

micromolar range for both purinergic subtypes even if they

have been reported be selective for P2X1 receptors [39]. This is

probably due to the various experimental conditions used and

may also be complicated by the fact that functional P2X ligand-

gated ion channels exist as oligomeric combinations with

specific subunit arrangements [1,2,11,39]. Interestingly, TNP-

ATP a typical nucleotide with a ribose-substituted trinitrophe-

nyl group, defined to be an antagonist in functional assays,

behaves in our experimental thermodynamic conditions as an

agonist. It is possible to hypothesize that TNP-ATP could

interact with the site occupied by the agonists. Another possible

explanation could be that the binding of TNP-ATP is present to
an allosteric site on a large extracellular region of the receptor

representing a common domain that interacts with the strongly

electronegative trinitrophenyl moiety [13,40].

More generally, the present study demonstrates that

thermodynamic parameters reflect a common mechanism

of ligand–receptor interaction and emphasizes the possibility

to obtain information about the agonist-antagonist discrimi-

nation by simple in vitro binding experiments. Thus, analysis

of thermodynamic data of drug–receptor interactions appears

to be an effective tool for investigating, at a molecular level,

the role played during the binding of the ligands. These novel

research could be of interest in the identification of novel and

potent P2X1 and P2X3 purinergic ligands.
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