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Summary — In order to define some predictive rules for the discrimination of adenosine antagonists by their A -receptor affinity,

we performed a systematic QSAR analysis. As no significant descriptors of affinity were found, we then proposed to introduce a
calculated enthalpy or entropy change for the interaction as a first approximation of the affinity descriptors. Since the structural details
of the common receptor binding site remain to be determined, we utilized an indirect strategy involving the simulation of amino acid
residues that are thought to interact with the ligand. Estimating enthalpic and entropic components by means of a semi-empirical
quantum mechanical AM1 force calculation, we found a significant clustering of enthalpy change values. This method provides a good
descriptor of interaction and also a simple tool for testing hypotheses on the nature of putative binding sites.

adenosine antagonist / QSAR analysis / cluster significance analysis / thermodynamics / AM1

Introduction

Adenosine receptors are currently known as ubiqui-
tous G protein-coupled receptors with a large diversity
of effectors [1]. This results in a great variety of
physiological effects regarding adenosine and its deri-
vatives. Recent discovery of an increasing number of
physiopathological processes involving adenosine has
led to an increased interest in purinergic transmission
pharmacology. However, a number of questions
remain concerning the topography of adenosine trans-
mission pathways as well as the structure and function
of adenosine receptors. The structure of adenosine
receptors remains to be elucidated by current experi-
mental techniques such as X-ray crystallography,
neutron diffraction or NMR.

Adenosine receptors may be divided into two major
classes based on the functional coupling to adenylyl
cyclase activity. A, receptors are generally linked to
the inhibition of adenosine 3',5'-cyclic monophosphate
(cyclic AMP) generation, while A, receptors stimulate
the production of cyclic AMP. In recent years, how-
ever, the subclassification of adenosine receptors has

*Correspondence and reprints

become more complex, with the acceptance of A,
receptors and subtypes of A, receptors. The A, recep-
tors are divided into two classes, based upon the
observation that some A, receptors have EC;, values
for adenosine in the high nanomolar range (1-20 nM)
for the A,, class rather than the micromolar range
(5-20 uM) for the A,, class [2]; A,, and A,, are both
distinguished by their molecular weights and tissue
localization. The A; receptor subtypes cloned from rat
brain and from the hypophysial par ruberalis of sheep
have recently been described [3, 4].

Both A, and A, receptors are ubiquitous and coexist
in numerous tissues such as brain, kidneys or lungs
where they generally have opposite effects. This
results in widespread physiological effects concerning
adenosine: A, receptor activation causes negative
cardiac chronotropy, dromotropy and inotropy [5],
vasoconstriction, bronchoconstriction [6], maintains
inhibitory tonus in hippocampal neurons |7] and
decreases the secretion of insulin [8], acid [9], renin
[10] and erythropoietin [11]. A, receptor activation is
responsible for renal artery dilatation [10}, broncho-
dilatation, stimulation of gluconeogenesis and platelet
inhibition [6].

In the present work, we proposed a simple method
to test hypotheses about the nature of residues directly
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implicated in ligand binding. Such a theoretical tool
based on thermodynamic considerations is comple-
mentary to site-directed mutagenesis studies: receptor
sites are characterized by their capacity to discrimi-
nate ligands via structural or physicochemical
features. We used a descriptor which characterizes the
interaction process between ligand and receptor,
rather than one of these two partners: enthalpy change
during interaction. If a receptor site is constituted of
one, two, three or more residues and is thought to be
the site of the interaction, the enthalpy change during
the recognition event should discriminate between
high- and low-affinity ligands. In fact, all ligands that
bind in a similar way to the receptor site should have a
similar enthalpy change for the interaction. Simulation
of the interaction of ligands with some theoretical
receptor sites leads to corresponding AH values; a
simple cluster significance analysis should predict if
these values are grouped in a significantly narrow
range of AH. This approach allows the selection of
valid hypotheses of receptor-ligand interaction, in
good agreement with site-directed mutagenesis
studies.

In order to define some simple predictive rules for
the discrimination of adenosine antagonists by their
A, affinity, we used this technique with a set of 23
non-xanthine heterocyclic adenosine antagonists. First
of all, classical electronic, steric, lipophilic and topo-
logical descriptors were calculated. We added the
proton affinity as a specific interaction descriptor.

The modelling of the entire receptor site was not
envisaged, as such an approach supposes a detailed
experimental knowledge of the receptor structure.
Since the mode of interaction of heterocyclic adeno-
sine antagonists is still unknown, we had to make
suppositions about which residues might interact with
the ligand. A straightforward model consists of the
reduction of the receptor site to only one amino-acid
residue in interaction with the ligand [13]. For this
reason, only residues supposed to interact were
modelled. We calculated enthalpy and entropy changes
during ligand-residue complexation equilibrium. The
most likely type of interaction between the studied
heterocycles and their putative receptor site is the
creation of hydrogen bonds between the protein and
some of the ligand heteroatoms. We supposed a priori
that residues implicated in the recognition process
were hydrogen bond donors or acceptors. The model-
jzation of the receptor site was based on site-directed
mutagenesis information [12]. Chemical modification
experiments on the A, receptor have shown that
251-histidine in the sixth transmembrane helix is
important for ligand affinity [12]. Ijzerman [12] docked
cyclopentyladenosine in a cavity involving this
251-histidine. Peet [14] assumed that 246-serine and
277-threonine were implicated in the interaction and

proposed a docking-model for (R)-phenylisopropyl-
adenosine. We modelled receptor—-ligand complexes
based on both the Ijzerman and Peet hypotheses in
order to determine if one of them would better discri-
minate among compounds by their A, receptor affi-
nity. The histidine (His) model ccrresponds to the
Ijzerman hypothesis; the serine (Ser) and threonine
(Thr) models correspond to the Peet hypothesis in the
two types of interaction. Water was explicitly taken
into account in a hydrated ligand model; a single
molecule of water was added in the vicinity of the
hypothetical region of recognition of the ligand.

Statistical analysis of the results provides informa-
tion on the ability of a receptor site model to discrimi-
nate among weak and strong affinity ligands. This
approach might be a helpful tool in the formulation
and discrimination of hypotheses for the synthesis of
new antagonists.

Materials and methods
Materials

Model building and preliminary minimizations in the MM,
force field were performed using MAD software [15] on a
Silicon Graphics Indy workstation. Calculations of lowest
energy conformers, proton affinity and thermodynamic func-
tions were carried out using MOPAC version 6.0 [16] on a
Hewlett—Packard Apollo 9000 series 700 workstation.

Similarity indices were calculated with ASP software [17];
topological descriptors and data analyses were performed with
TSAR [18] on a Silicon Graphics Indy workstation.

Choice of structures and modelling

The structure—affinity relationships study was performed on a
set of 67 A, receptor antagonists selected from the literature
[19-23]. Although antagonists are thought to bind to different
binding sites, we assume that the structural variability in our
set of compounds is small enough to make all those molecules
interact in the same way with the receptor. All these molecules
possess a heterocyclic structure and their adenosine-receptor
affinity (K, or ICs,) was determined by homogenous binding
tests. Three main classes of non-xanthine antagonists were
retained: 4-amino[1,2,4]triazolo[4,3-alquinoxalines, {1,2,4]tria-
zolo[1,5-c]quinazolines and 4-amino-1H-imidazo[4,5-c]quino-
lines. Some pyrrolo[2,3-d]pyrimidine and pyrimido[4,5-b]tetra-
hydroindole derivatives were added.

The 67 selected molecules are presented in tables I to IV. All
were modelled in their neutral and all possible protonated
forms. Our aim was to look for a priviliged site of protonation
which might participate in a putative hydrogen bond. The
geometry of these models was optimized by a quantum semi-
empirical method using the AM, Hamiltonian (PRECISE
Option) [24].

Molecular property descriptors
Electronic parameters

Electronic parameters are characterized by atomic charges.
Electronic density on the frontier orbitals was evaluated with
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Table L. Structures and properties of compounds 1-37. 4-Amino| | ,2,4]triazolo[4,3-a]quinoxaline

NHY
'/H/N\
N\(N
o
z
Compound X 14 zZ 1Csp (RM ) S, 1P 5,90
1 H H H 4600
2 H H 8-Cl 3400
3 H H 7-F 6100
4 H H 8-F 2900
5 H Et H 29 000
6 H Et 7-F 11 000
7 H El 8-F 3200
8 H i-Pr H 4100
9 H i-Pr 7-F 4500 0 1503
10 H i-Pr 8-F 680 0 1544
11 Et H 7-Cl 75 61 826
12 Et H 8-Cl 110 61 582
13 Ft H 7-F 580 59 552
14 Et Et 8-OMe 710 0 2088
15 Et i-Pr 6-Cl 6761 0 2075
16 Et i-Pr 8-Cl 60 32 1829
17 Et i-Pr 8-F 180 0 2331
18 Et c-CsH, 8-Cl 20 0 4294
19 Et c-CgH 8-Cl 44 32 4725
20 CF, H 8-Cl 65 57 498
21 CF, i-Pr H 170 0 2292
22 CF, i-Pr 8-Cl 24 0 2609
23 CF, i-Pr 8-F 57 0 2747
24 CF, ¢-CsH, 8-Cl 5.5 0 4311
25 CF, -C H,, 8-Cl 28 0 4566
26 CF, c-C.H,, 8-F 32 0 4288
27 C,F; i-Pr 8-Cl 24 0 4289
28 Ph i-Pr 8-Cl 3200 0 3952
29 OH i-Pr 8-F 730 29 1473
30 Me c-CsH, H 34 0 2796
31 Et c-CsH, H 28 0 3590
32 Pr -CsH, H 39 0 4577
33 Bu ¢-CsH, H 55 0 4696
34 CF, c-CsH, H 7.3 0 3893
35 Et ¢-Bu H 58 0 2638
36 Et c-CH; H 80 0 3698
37 Et Ph H 30 3356

630

aICs, (nM) for A, receptor vs CHA (cyclohexyladenosine) binding to rat brain membranes; PS;1 and 59 are the 1st and 9th
components of the 3-D autocorrelogram weighted by electrophilic superdelocalizability (SE).

parameters such as electrophilic superdelocalizability (S;) and where C,, is the rth atomic orbital coefficient in the jth molecu-
nucleophilic superdelocalizability (Sy), as well as the frontier lar orbital, and £} is this molecular orbital energy.

ratio (FR) [25]. Designating occupied and unoccupied molecu- FR is the sum of the squares of C,; coefficients over the
lar orbitals with indices from 1 to i and from i + | to » respect- two highest energy occupied orbitals (NHOMO and HOMO)
ively, Sg and Sy can be written as: weighted by these orbitals’ energy:

Sp=2%.1, C%/E, R R
Sv=2ZX-ivim C%,'/E/ FR = (Z C*npomo/ Exnomo) + (2 Ciomo/ Enomo)
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Table II. Structures and properties of compounds 38—48. [1,2.4{Triazolof 1,5-c]quinazoline

NHR2

N SN

N
-

Ry

Compound R, R, R; ICsy (nM)* Spib Sp9°
38 2-Furyl H Cl 21 59 2928
39 2-Furyl H H 38 61 2075
40 2-Furyl Me Cl 89 31 3428
41 2-Furyl C,H,OH Cl 21 38 4836
42 2-Furyl i-Pr Cl 22 31 4960
43 2-Furyl i-Bu Cl 61 0 6440
44 2-Furyl t-Bu Cl > 10 000 0 5642
45 2-Furyl H OMe 31
46 2-Furyl H OH 9.5
47 Pyrrolyl H Cl 610 88 3228
48 THF H Cl 827 60 2473

4Cs, (nM) for A, receptor versus CHA (cyclohexyladenosine) binding to rat brain membranes; bSe1 and ;9 are the 1st and 9th
components of the 3-D autocorrelogram weighted by electrophilic superdelocalizability (SE).

Table I11. Structures and properties of compounds 49-53. 4-Amino-1H-imidazo[4,5-c]quinolines

Compound R, R, K. (nM)? S.1° 5,9°
77 ¢-C5H, H 43 )
79 R, H 1500 26 3568
82 -C.H, -C<H, 39 27 6184
83 H Ph 34 95 3123
85 c-CsHy Ph 10 27 7242

aK, (nM) for A, receptor versus CPX (8-cyclopentyl-1,3-dipropylxanthine) binding to calf brain cortical membrane; PSg1 and
Se9 are the Ist and 9th components of the 3-D autocorrelogram weighted by electrophilic superdelocalizability (SE): R; =
(5)-1-methyl-2-phenylethyl.



Table IV. Structures and properties of compounds 54—-67.
NHR

1 R,
M\

Type 1

Pyrrolo{2,3-d]pyrimidines
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NHR
)\/ | )
Ry NN N
\Rs
Type I1

Pyrimido[4,5-b]
tetrahydroindoles

Compound R, R, R; R, or type K, (nM)? SpIb S5,.6b
34 H H H Me 55000
55 H H Allyl Me 49000
56 H H Ph Me 18000 67 1143
57 H H Ri-a Me 54300 67 2468
58 H H p-Br-Benzyl Me > 100000 66 2656
59 H H Ph H 3100 67 2942
60 H H Ph CHO 50100
61 H H Ph Type II 3240 67 1330
62 H Me H Me 88000
63 H 0-Cl-Ph H Me 5170 96 1662
64 H Me Ph Me 30400 68 1378
65 H Ph Ph Mec 36 68 4486
66 H 0-Cl-Ph Ph Me 990 68 5970
67 H Ph R:-b Me 4.7 69 4931

ag. (nM) for A, receptor versus R-PIA (R-phenylisopropyladenosine) binding rat brain membranes; "Sg1 and Sg9 are the 1st and
9th components of the 3-D autocorrelogram weighted by electrophilic superdelocalizability (SE).

MeO OMe
w0
Lipophilicity parameter

Lipophilicity was evaluated by the determination of log P
using the atomic incremental method of Ghose et al [25].

Steric parameters
Molar refractivity [27] and van der Waals (VdW) volume were
selected to characterize the steric effect.

Topological parameters

We used molecular graph descriptors (Wiener [28], Randic
[29], Balaban [30] and Kier indices [31]) as well as 2-D and
3-D autocorrelograms [32] weighted by electrophilic and
nucleophilic superdelocalizabilities and frontier ratio [25].

Molecular similarity indices
In order to compare the selected molecules to the five leader
compounds of each chemical series, we used Carbo and
Hodgkin molecular similarity indices [34-37] relative to the
electrostatic potential of each compound [25]. The leader
compounds were chosen for their high A -receptor affinity.

The Carbo molecular similarity index [34] allows the
comparison of the electronic density of two superimposed
molecules and is defined by:

Can = papsdvil] p2dv)'(J pldv)'

R;-b = (R)-1-phenylethyl

where p, et py are the electronic densities on molecules A and
B integrated over the whole VAW volume. This formula was
used to compare electrostatic potentials and fields.

Molecular similarity indices can be calculated by numerical
integration over a 3-D grid surrounding both molecules to be
compared. In this case, the previous equation can be written:

Can =Ziio 1w (Papr)  (Ziaim pi)l/l(z(_ ) Pé)”z

where N is the total number of grid points and p, is the
matched properties (electrostatic field or potential) for
compound A at the /th grid point. This index takes a value of
+ 1 when the two compounds have similar properties and a
value of —1 when they have totally dissimilar properties.

If one compound property value is the multiple of another
compound property value (p, = npy), the Carbo index takes a
value of + 1. Hodgkin proposed an alternative index to over-
come this inconvenience [35-37]:

Hap=2Z;_ 10 (PapPe) 1 (o im P,z\ +Ziom Plzg)

Proton affinity

In order to estimate an eventual contribution of the ligand
nitrogen atoms in the binding process, we calculated the proton
affinity PA [33]:

PA = AHXB) + AHXH*) - AHXBH")
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where B is the neutral form of the ligand and BH* is its
protonated form. Standard enthalpies of formation AH$ are
calculated using AM, [24] where parameters are optimized so
as to reproduce the experimental heat of formation (ie, the
enthalpy change to form 1 mol of compound at 25 °C from its
elements in their standard state). The AM, Hamiltonian was
preferred to PM,; to reproduce proton affinity values in hetero-
cyclic series {33]. Proton affinity allows the estimation of the
role of proton binding on some of the ligand nitrogen atoms by
exchange with an acidic function or creation of a hydrogen
bond during the recognition process.

Thermodynamic descriptors of interaction

Free energy changes (AG) during the recognition process are
dependent on the affinity constant according to the Van't Hoff
law. We estimated the advantages of the AG value for discrimi-
nating among ligands by their receptor affinities. AG is usually
written as an additive quantity:

AG = AG\'OI\'ulinn + AGC()m'urmanml + AGmlcrucl\(m + AGmotinn

In this work, we investigated the motion component of AG
for its ease of calculation and applicability to large series of
compounds. AG,.;.n can be divided into three terms: AG,,,
AG,, and AG,,. The rotational terms of energy and entropy are
expressed from the moment of inertia. and translational terms
are expressed from the molecular weights. They are both relati-
vely simple to calculate for small molecules. AG,;, values are
computed by normal mode analysis [38-39]. This method
extracts normal modes of vibrations from a spatial coordinates
set. Normal mode analysis gives vibrational energy:

Eon=NZ{(172) hv;+ [hv s exp(=hv/kT/(1 —exp (- hv/kT))]}
and the vibrational part of entropy:

Sin =R E, {(hv,/kT) exp (— hv/kT)
(1 —exp (— Av/kD)) — In (1 — exp (— hv/kT))}

then the enthalpy of the system:
Hoin=U+pV=E,+E +E_ +pV
and the conformational part of the entropy:
Snotion = Svin + S + Sira

There are two limitations to the normal mode analysis: a
force calculation only makes sense if the structure is at a statio-
nary point, ie, a minimum or a transition state, and the harmo-
nic approximation should be justified. In the case of a ligand—
protein complex, the surface potential is rather anharmonic. To
make the calculation possible, we defined a model assembly of
the complex. This model includes the ligand and the few
amino-acidic residues involved in the recognition process.
According to the putative pharmacophoric sites in the
compounds, as well as experimental site-directed mutagenesis
[12], the binding of heterocyclic antagonists of adenosine
involves at least one hydrogen bond.

The interaction process between the ligand and its receptor
has been defined by the equation:

L--HO+R L--R+HO
(1] (2]

Hydrophilic ligands are always solvated before complexa-
tion and lose their solvation shell on complex formation. Water
will modify the electrostatic component of the hydrogen
bond in comparison with what is observed in the gas phase
calculation. The solvation contribution in quantum mechanical
calculations can be estimated by a continuum model [42]| or
simulation of the solvent effect using the numerical self-
consistent reaction field method [43]. Alternately, a solvent
molecule can be explicitly taken into account in the model
[25]. This method is less realistic but gives an interpretable
meaning for the calculated AG: it should be interpreted as a
measure of the stability of the complexes with respect to the
hydrates, ie, the spontaneity of complex formation in solution.

One water molecule was located close to the putative inves-
tigated hydrogen bond site which could be either the exocyclic
NH, or one of the N sp? of the ligand. Each molecule presents
several pharmacophoric sites suitable for creating intermolecu-
lar hydrogen bonds. Since we obtain no information about
which sites are involved in the recognition process, we should
screen each of them with different docking hypotheses. Among
the different tested models, we present those which are consis-
tent with the Ijzerman [12] or Peet [14] hypothesis.

Hoion and S50, values can be calculated over the two states
of the ligand—receptor system: before (state [1]) and after (state
[2]) interaction. This method requires the previous modelling
of the ligand in its hydrated (state [1]) and receptor-complexed
(statc [2]) forms. AG, ., 15 then expressed by:

AG, =(H, [2] - H, [1) = T(S, [2] - 5, [1])

Molecular motion contribution of enthalpy H, and entropy
S, were calculated for different models after energy minimiza-
tion of the hydrated and complexed forms over a limited set of
23 molecules selected from the initial set. Compounds were
separated into high-affinity (K; in the nanomolar range) and
low-affinity groups (K, in the micromolar range) (table V).
Molecules with intermediate K, values were excluded from this
study. We did not envisage building a model of the whole
receptor; only residues thought to be involved in the recogni-
tion process were included in the model. Energy calculations
were performed using a semi-empirical method with an AM,
Hamiltonian [24].

Analysis of the local geometry at the recognition site (inter-
atomic distances, angles between partners of the hydrogen
bond) allowed verification that the model was geometrically
and energetically compatible with the existence of hydrogen
bonds.

Data analysis

Discriminant analysis

In order to find more significant descriptors describing affinity
to A, receptors, we used discriminant analysis for two classes:
ligands with low affinity (ICs, > 580 nM) were distributed
in class 1 and ligands with high affinity (ICs, < 180 nM)
in class 2. Class 1 and 2 included 32 and 35 molecules,
respectively. Variables used in the study were: logP, molar
refractivity, VAW volume, atomic charges, proton affinity,
molecular similarity indices, Wiener, Randic, Balaban and Kier
indices, 2-D and 3-D autocorrelograms weighted by electro-
philic and nucleophilic superdelocalizabilities (5S¢ and Sy) and
by molecular frontier ratio (FR).

Cluster significance analysis [40]
In the absence of linearity between affinity and AG,,, AH,, or
AS,, descriptors, we found a clustering tendency for molecules



Table V. Selected molecules for cluster significance analysis.

499

Compound Log ICs, Affinity class AH (His) AH (Ser) AH (Thr)
(cal/mol) (cal/mol) (cal/mol)

9 3.65 1 2765 977 698
10 2.83 1 2751 976 761
12 2.04 2 2890 963 1006
13 2.76 1 2775 988 802
14 2.85 1 2664 997 790
15 3.83 1 2666 962 915
17 2.26 2 2661 1010 946
18 1.30 2 2701 920 966
21 223 2 2737 1023 928
23 1.76 2 2730 977 916
24 0.78 2 2643 1031 957
27 1.38 2 2774 1061 871
28 3.51 1 2682 4 917
29 2.86 1 2761 1020 730
30 1.53 2 2428 724 930
33 1.74 2 2518 903 926
35 1.76 2 3467 1028 907
37 2.80 1 2448 668 1435
38 1.32 2 2453 901 923
40 1.95 2 2613 1050 995
44 4.00 | 2618 984 703
47 2.79 1 2615 964 815
48 2.92 1 2700 987 1059

aMissing data.

of the same class. Lack of linearity between affinity and
physico-chemical descriptors implied the use of alternative
non-linear data analysis methods. Cluster significance analysis
is a technique used to group a set of points that consist of simi-
lar members based on their distances with chosen parameters
through hyperspace. Mean square distance (MSD) is defined
by:

MSD = ZU = ]MJ'J(/',j')/N

for N compounds j separated by an euclidian distance d in the
n-space of properties. The CSA algorithm compares the vali-
dity of the a priori classification by testing all possible combi-
nations of individual points and comparing the MSD of clus-
ters. The cluster significance is the probability that the
proposed classification is more valid than those obtained by
chance only.

This technique was applied to analyze log ICs, vs AH,,
log IC, vs AS,, and log ICs, vs AG,, clouds. In this analysis,
class 1 and 2 included 11 and 12 molecules, respectively.

Results and discussion
Classical analysis
A classical discriminant analysis indicates that only

81% of the molecules are well classified with two
parameters in decreasing order of importance:

— the 9th component of the 3-D autocorrelogram
weighted by Sy (S$p9): this component includes all
pairs of atoms with an interatomic distance of 8 to
9 A, each atom being weighted by its Sg value;

~ the 1st component of the 3-D autocorrelogram
weighted by Sg (Sgl): this component includes all
pairs of atoms with an interatomic distance of 0 to
1 A, each atom being weighed by its Sg value.

This analysis indicates that molecules with the
greatest number of pairs of atoms separated by 8 to
9 A and an important electrophilic superdelocalizabi-
lity value have higher affinity for adenosine A, recep-
tors. These include bulky mainly tricyclic compounds,
like  8-chloro-4-cyclopentylamino-3-trifluoromethyl-
(1,2,Mtriazolo[4,3-alquinoxaline. The introduction of
bulky groups such as the phenyl or furyl moieties
increases S; and consequently their affinity.

These results give a rational basis to a structural
optimization of the design of competitive antagonists
of adenosine A, receptors. However, the more repre-
sentative descriptors that we found to discriminate
ligands according to their affinity are not easy to use
and not really convincing. Classical analysis demon-
strates the failure of linear QSAR despite the use of a
wide range of descriptors. This is unfortunately a
current situation in QSAR today. The need for alterna-
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tive routes, either in data analysis or in the choice of
relevant descriptors, leads us to explore the field of
interaction descriptors.

Thermodynamic model analysis

Enthalpy values for the hydrated ligand, H,,[1], or the
complex, H,, [2], were found to be not predictive at
all. Then we used AH,, (or AS,,) as a descriptor of the
interaction between the two partners rather than the
static description of only one of them.

No linear relationship was shown between AG,,
AH,, or AS,, and log ICs,. However, in the Ser and Thr
models, we observed a tendency of the enthalpy
change AH,, to gather compounds of a same class into
a cluster. This tendency has been analyzed using clus-
ter significance analysis [40]. For each model, the
geometry was checked and compared with geometric
criteria for hydrogen bonds [44, 45] (table VI). These
criteria are a maximum distance of 2.5 A between the
H atom and the acceptor and a minimum value of 90°
for the (D-H-A) angle.

The His model

In this model, the 23 selected molecules were posi-
tioned close to a 5-methylimidazole molecule repre-
senting a histidine side chain so as to favour the
formation of a complex by creation of a hydrogen
bond either between the ligand exocyclic amino group
and the sp® nitrogen atom of the histidine residue, or
between the histidine NH group and a ligand nitrogen
atom (fig 1).

Fig 1. His-model represents interaction between compound
16 and 5-methylimidazole standing for the 251-histidine
residue.

No significant clustering of compounds was observed
in the cloud (fig 2). Therefore, this model does not
appear to provide any predictive value. Furthermore,
such a complex entity is not consistent with hydogen
bonding since the distance between the H atom and
the acceptor does not fit the distance criteria. The
hypothesis that such a binding mode would occur with
A, receptors seems irrelevant.

Table VI. Geometry analysis of the 4-aminol1,2,4]triazolo[4,3-a]quinoxaline complex for the three models. D is the donor
heavy atom, H the hydrogen, A the acceptor and AA the acceptor antecedent.

B

AA —— __AB

4

/’\

D——HIIIII'!IIIIIA
Models H-bond
criteria
His Ser Thr

dH - A) 12 * 2.12 (= 0.02) 2.11 (x 0.08) <2.5 A
(A) 20b 2.59 (£ 0.06) 2.69 (= 0.03) 2.72 (£ 0.06) <25A
d(H - AA) 1 * 3.07 (£ 0.02) 3.09 (x 0.06) <39 A
(A) 2 3.48 (x0.08) 3.25(x 0.02) 3.10 (x 0.08) <39A

B 1 * 157.1 (x4.0)° 168.9 (x 3.9)° > 90°

2 151.7 (= 8.0)° 117.7 (= 1.4)° 1133 (+2.1)° > 90°

aH-bond between the amino-acid and the exocyclic NH, group of the ligand; PH-bond between the amino-acid and the N sp? of

the ligand; *no data.
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Fig 2. Log IC5, vs enthalpy change for the His-model.

Fig 3. Ser-model represents interaction between compound
16 and methanol standing for the 246-serine residue.
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Fig 4. Log ICj, vs enthalpy change for the Ser-model.

The Ser model

Ligands were positioned close to a methanol molecule
representing a serine side chain so as to favour crea-
tion of a complex by hydrogen bond formation
between the methanol OH group and the exocyclic
nitrogen atom of the ligand or one of the N sp? of the
ligand (fig 3).

No significant clustering was observed (fig 4) due
to compound 59. However, examinaticn of the log
IC;, vs AH,, plot suggests a strong tendency to cluster
the low-affinity compounds in a smaller free energy
interval than it does for high-affinity compounds. If
compound 59 is excluded from the analysis, we find a
high probability that this clustering was not due to
chance (P = 0.997). On the other hand, the enthalpy
change AH,, seems to constitute a more favourable
criterion (P = 1.0) to clustering than the entropy
change AS, (P = 0.997). However, none of the AH,,,
AS,, and AG,, descriptors exhibited any discrimination
between high- and low-affinity compounds. Thus,
this model is not very relevant for structure—affinity
relationships studies, and the hypothesis that this
binding mode would occur with A, receptors is not
retained.

Geometry analysis shows that the hydrogen bond
preferentially occurs between methanol and the exo-
cyclic nitrogen atom.
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The Thr model

Ligands were positioned close to a methanol molecule
representing a threonine side chain so as to favour
creation of a complex by hydrogen bond formation
between the methanol OH group and the exocyclic
nitrogen atom or one of the sp? nitrogen atoms of the
ligand (fig 5).

In this model, the high-affinity compounds cluster
in a smaller free energy change interval than the low-
affinity compounds. The probability that this cluste-
ring was not due to chance is high (P = 0.952). Again,
the enthalpy change (P = 1.0) (fig 6) seems to be a
more favourable clustering criterion than entropy
change (P = 0.972). High-affinity compounds exhibit
an enthalpy range from 860 to 1000 cal/mol, an
entropy range from 10 to 14.5 cal/K/mol and a free
energy range from -2000 to —3500 cal/mol. When
AH,_, AS,, and AG,, values are within these ranges,
it is reasonable to assume that we are in presence of
high-affinity compounds. With AH,,, a discrimination
appears: high-affinity compounds are contained in the

Fig 5. Thr-model represents interaction between compound
16 and methanol standing for the 277-threonine residue.
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Fig 6. Log ICs, vs enthalpy change for the Thr-model.

previously defined interval of 800 to 1000 cal/mol,
whereas low-affinity compounds remain outside this
interval.

As previously, geometry analysis shows that the
hydrogen bond preferably occurs between methanol
and the exocyclic nitrogen atom.

The importance of the interacticn in clustering is
emphasized when we consider the sparse distribution
of log IC,, vs H,, [1] (fig 7) and log ICs, vs H,, [2]
(fig 8). It is obvious that H,, [1] or H,, {2] values consi-
dered individually provide no relevant information,
but their difference leads to a very typical clustering.

This model is the most relevant for structure—
affinity relationship studies and might be relevant for
the selection of high-affinity compounds. The hypo-
thesis that such a binding mode occurs between anta-
gonist ligands and A, receptors can be retained.

It should be pointed out that the less positive mean
value of AH,, for the class 1 molecules with respect to
class 2 cannot be interpreted in terms of affinity scale
for these two classes. A(AH,,) relative values are in no
case a reflection of the real free energy change, which
depends on a variety of other favourable or unfavou-
rable energetic components. In particular, when we
considered the entropic loss term AS,, we obtain
negative AG,, values:

AG, (class 1) < AG,, (class 2)
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Fig 7. Log ICs, vs H [1] for the Thr-model.

which suggests that the exchange reaction is favoured
and that the active compounds bind the receptor more
strongly than the active ones.

The present results allow the discrimination among
the different hypotheses concerning the nature of the
residues involved in the recognition process. There is
no experimental evidence that Ser binds to the exo-
cyclic nitrogen and that Thr binds to N sp?. This is
why we tested these two docking modes with a metha-
nol molecule as probe. It appears that the Thr model is
superior to the other models for clustering compounds
into a narrow range of AH. These results suggest that
the Thr model corresponds to the more likely interac-
tion model between adenosine antagonists and A,
receptors. These calculations indicate the preponde-
rance of the enthalpic component in ligand—receptor
binding. In such a soft non-specific recognition
process, most of the water molecules are conserved.
The problem of water flush was not introduced into
the calculations since normal mode analysis only
leads to a conformational component of entropy. Such
a method simply reflects the decrease of ligand and
receptor site translational and rotational degrees of
freedom during the complexation process. It results
that the AG value does not correspond to the actual
free energy change of thermodynamic equilibrium.
Furthermore, the energy of the electrostatic interac-
tions between the ligand and protein matrix charge
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Fig 8. Log IC, vs H [2] for the Thr-model.

distributions were not included in the ligand binding
energy. These simplifications partly explain the lack
of linearity between calculated free energy change and
affinity [41]. The ideal calculation should take into
account all components of AG but it would dramati-
cally increase the cost of calculation, especially for
the large series of compounds that are investigated in
structure—activity studies. Moreover, calculation of
the entropic solvent contribution leads to theoretical
difficulty in distinguishing between strongly and
weakly bound water molecules. It is well known that a
water molecule can act as a real partner in the inter-
action, and not simply as a solvent.

Since our goal was not to accurately reproduce the
AG values we used the molecular motion contribution
to AG for discriminating among high- and low-affinity
H-bonded ligands. This provides a relatively fast
screening test for affinity.

Conclusion

Discriminant analysis based on descriptors usually
used in QSAR did not reveal any particular relation
between the structures of the nitrogen heterocyclic
ligands and their affinities for A, receptors.
Furthermore, the more discriminant descriptors are
not representative of well defined molecular proper-
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ties and are not easy to use routinely. Therefore we
searched for other types of descriptors which might
discriminate among high and low affinity ligands for
A, receptors. A property that directly reflects ligand-
receptor interaction was chosen in order to find a
descriptor that was well correlated with the equili-
brium affinity constant: the change in the thermodyna-
mic parameters upon complexation equilibrium
between ligand and receptor. The monoparametric
analysis of log IC,, vs A, applied to the Thr model
shows a significative clustering for high affinity A,
antagonists. Therefore this model constitutes a predic-
tive tool for the affinity of nitrogen heterocyclic A,
ligands and appears to provide a rational approach for
directing the pharmacological profile of compounds
towards A -antagonistic properties. When the ligand—
receptor interaction mode is unknown, it is necessary
to put forward an a priori hypothesis concerning the
type of residue implied in the recognition process.
Otherwise, consideration of the existence of a highly
significant discrimination may be envisaged between
different hypothetical models as an argument to
favour one type of ligand-receptor interaction. Thus
the technique described here can be applied to the
search and validation of hypotheses on ligand-
receptor interaction sites in relation with site-directed
mutagenesis studies.
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