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Flavonoid derivatives have been optimized as relatively rigid antagonists of adenosine receptors
with particular selectivity for the A3 receptor subtype. A quantitative study of the structure-
activity relationships for binding of flavonoids to adenosine A1, A2A, and A3 receptors has been
conducted using comparative molecular field analysis (CoMFA). Correlation coefficients (cross-
validated r2) of 0.605, 0.595, and 0.583 were obtained for the three subtypes, respectively. All
three CoMFA models have the same steric and electrostatic contributions, implying similar
requirements inside the binding cavity. Similarities were seen in the topology of steric and
electrostatic regions with the A1 and A3 receptors, but not the A2A. Substitutions on the phenyl
ring at the C-2 position of the chromone moiety may be considered important for binding affinity
at all adenosine receptors. In the A3 model a region of favorable bulk interaction is located
around the 2′-position of the phenyl ring. The presence of a C-6 substituent in the chromone
moiety is well tolerated and increases the A1/A3 selectivity. The CoMFA coefficient contour
plots provide a self-consistent picture of the main chemical features responsible for the pKi
variations and also result in predictions which agree with experimental values.

Introduction

A wide variety of non-purine ligands that bind
selectively to adenosine receptors have been described.1,2
The availability of selective ligands has facilitated
studies of the physiological roles of particular subtypes
of adenosine receptors. A3 adenosine receptors are
associated with cerebroprotective3 and cardioprotective4
effects of adenosine agonists and effects on the immune
and inflammatory systems.5 Unlike A1 and A2 subtypes,
for A3 receptor xanthine derivatives have not proven to
be suitable leads for the development of antagonists for
this subtype. We have introduced A3 receptor-selective
antagonists belonging to three distinct, non-purine
chemical classes: flavonoids,6,7 1,4-dihydropyridines,8,9
and [1,2,4]triazolo[1,5-c]quinazolines.10 Recently we
have synthesized antagonists in the dihydropyridine
class with A3 receptor selectivities of >30000-fold.9
Other A3 receptor antagonists belonging to triazolo-
[5,1-a][2,7]naphthyridine and thiazolo[3,2]pyrimidine
classes11 have been identified through broad screening
at Merck. A3 receptor-selective antagonists have been
suggested to have antiasthmatic12 and possibly cere-
broprotective13 properties.
A broad screening of phytochemicals in competitive

binding versus the high-affinity agonist [125I]AB-MECA
(N6-(4-amino-3-iodobenzyl)adenosine 5′-N-methyluron-
amide) has demonstrated micromolar affinity of assays
certain naturally occurring flavonoids at cloned human

brain A3-adenosine receptors.6 The considerable affinity
of flavones at adenosine receptors may explain some of
the previously observed vascular and other biological
effects of these compounds. Starting from structure-
activity relationships, chemical optimization of this class
led to 3,6-dichloro-2′-(isopropyloxy)-4′-methylflavone7
(MRS 1067; Ki ) 0.56 µM), which is both relatively
potent and highly selective (200-fold) for human A3 vs
human A1 receptors. This derivative effectively antago-
nized the effects of an agonist in the inhibition of
adenylyl cyclase in Chinese hamster ovary (CHO) cells
expressing either cloned rat or human A3 receptors.7,14
MRS 1067 antagonized the effects of the A3 receptor-
selective agonist Cl-IB-MECA to induce a rise in intra-
cellular [Ca2+] in RBL-2H3 rat mast cells.15
A dramatic species dependence of A3 receptor affinity

has been observed for most classes of antagonists,9,16,17
and the affinity at the human subtype is usually
considerably higher than in the rat. Although nano-
molar affinity has not yet been achieved for flavonoids
binding at A3 receptors, the unique characteristic of this
class of antagonists is that the ratio of affinities at
human vs rat A3 receptors is only 1 order of magnitude.6
Moreover flavonoids are known to bind to a wide

range of enzymes,18-21 in addition to adenosine recep-
tors, and these actions may interfere with their use as
pharmacological probes at A3 receptors. In particular,
MRS 1067 was found to bind to rat liver cytochrome
P450s.21
Thus, we have embarked on a quantitative study of

the structure-activity relationships of flavonoids bind-
ing to adenosine A1, A2A, and A3 receptors, using
comparative molecular field analysis (CoMFA) in an
effort to develop novel A3 adenosine antagonists. The
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relatively rigid ring structure of flavonoids compared
to other A3 receptor antagonists, such as 1,4-dihydro-
pyridines, makes them particularly amenable to CoMFA
analysis.

Computational Methods

Materials and Methods. CoMFA is a three-dimensional
QSAR method that operates on a set of ligands that have been
superimposed to reflect their anticipated common binding
orientation. CoMFA models describe the extent to which the
change in magnitude of the electrostatic and steric fields as a
function of compound, sampled as a function of spatial position

around the compound set, accounts for the variance in
measured biological activity. Molecular modeling and CoMFA
studies were performed on a Silicon Graphics Power Indigo2
R8000 workstation running SYBYL 6.3.22 Quantum calcula-
tions used throughout this study were performed using MO-
PAC (Ver. 6.0)23 and Gaussian 92.24

Data Sets. A total of 30, 26, and 36 flavonoid derivatives
were included in the training set used to generate the CoMFA
models, for A1, A2A, and A3 receptors, respectively. These
molecules were classified into six families depending on the
chemical structure of the bicyclic moiety: flavonols, 1-28; fla-
vones, 29; flavanones, 30-33; dihydroflavanols, 34-36; furyl-
chromones, 37-44; and naphthoflavones, 45 (see Table 1).

Table 1. Observed and Calculated Receptor-Binding Affinity Values of the Compounds Forming A1, A2A, and A3 Training Sets

pKi (µM)a

rA1 rA2A hA3

compound R1 R2 R3 obsd calcdb obsd calcdb obsd calcdb

1 (galangin) OH Ph 5,7-(OH)2 ts ts ts ts -0.23 -0.26
2 (MRS928) OMe Ph 5,7-(OMe)2 0.29 0.31 -0.81 -0.75 -0.08 -0.08
3 (MRS1041) OEt Ph 5,7-(OEt)2 0.22 0.33 -0.52 -0.54 0.44 0.37
4 (MRS1093) OEt Ph 5-OH-7-OEt -0.28 -0.37 -1.80 -1.78 0.13 0.16
5 (MRS1042) OPr Ph 5,7-(OPr)2 -0.04 -0.04 -0.51 -0.54 0.50 0.44
6 CH2CHdC(CH3)2 2′,4′-(OH)2Ph 5-OH-6-CHdCHCH(CH3)2-

7-(OMe)2
-0.96 -0.99 na -0.66 -0.67

7 (MRS923) OMe 2′,4′-(OMe)2Ph 5,7-(OMe)2 -1.44 -1.47 -1.67 -1.57 -0.42 -0.50
8 (MRS1063) OEt 2′,4′-(OEt)2Ph 5-OH-7-OEt na na -0.68 -0.70
9 (MRS1086) OEt 2′,4′-(OEt)2Ph 5,7-(OEt)2 -1.51 -1.53 -1.42 -1.46 -0.86 -0.78
10 OH 2′,4′,6′-(OMe)3Ph H -0.86 -0.76 na -1.70 -1.73
11 (MRS1132) Cl Ph H ts ts -1.40 -1.39 -1.06 -0.98
12 (MRS1088) Cl Ph 6-Cl na -1.74 -1.65 ts ts
13 (MRS1067) Cl 2′-i-Pr-4′-MePh 6-Cl na na 0.25 0.32
14 H Ph 5-OH -0.34 -0.38 na na
15 H Ph 7-OH -0.48 -0.41 -0.43 -0.43 na
16 H 3′,4′-(MeO)2Ph 7-OH -1.27 -1.30 -1.54 -1.59 na
17 (apigenin) H 4′-OHPh 5,7-(OH)2 -0.48 -0.47 -0.88 -0.92 na
18 H 4′-OMePh 5-OH-7-Me -0.53 -0.49 -1.45 -1.40 -1.70 -1.69
19 H 4′-MeOPh 5,6,7-(OMe)3 -0.11 -0.08 na -0.65 -0.69
20 (hispidulin) H 4′-OHPh 5,7-(OH)2-6-MeO -0.21 -0.23 -0.88 -0.88 na
21 (cirsimaritin) H 4′-OHPh 5-OH-6,7-(MeO)2 -0.08 -0.02 -0.48 -0.49 -0.50 -0.35
22 OMe Ph 5,7-(MeO)2 0.29 0.23 -0.81 -0.73 -0.09 0.01
23 OAc Ph 5,7-(AcO)2 -1.06 -1.03 na -1.24 -1.27
24 OMe 4′-OMePh 5,7-(MeO)2 -0.03 -0.02 na -0.53 0.55
25 (rhamnetin) OH 3′,4′-(OH)2Ph 7-OMe na na -0.14 -0.13
26 (quercitin) OH 3′,4′-(OH)2Ph 5,7-(OH)2 -0.39 -0.33 -0.84 -0.86 na
27 (pentamethylmorin) OMe 2′,4′-(MeO)2Ph 5,7-(MeO)2 -1.44 -1.34 -1.67 -1.75 -0.42 -0.47
28 (hexamethylmyricetin) OMe 3′,4′,5′-(MeO)3Ph 5,7-(MeO)2 na na -0.82 -0.73
29 (flavone) H Ph H -0.52 -0.52 -0.54 -0.48 -1.23 -1.18
30 (flavanone) H Ph H ts ts na -1.21 -1.16
31 H 2′-OHPh H -0.42 -0.57 -1.25 -1.25 -0.78 -0.89
32 H 4′-OHPh H -1.06 -1.15 na -1.36 -1.40
33 (sakuranetin) H 4′-OHPh 5-OH-7-OMe -0.91 -0.89 -1.55 -1.63 -0.53 -0.63
34 OH 2′-OHPh H -1.96 -1.90 na na
35 (MRS1061) OH CHdCHPh 6-OMe na na -1.32 -1.32
36 (MRS1062) OH CHdCPh 6-OMe -1.70 -1.67 na -0.91 -0.89
37 (dihydroquercitin) OH 3′,4′-(OH)2Ph 5,7-(OH)2 na na -1.53 -1.55
38 (visnagin) OCH3 CH3 na -1.63 -1.66 -1.78 -1.77
39 OCH3 CHO na na -1.95 -1.95
40 (MRS1065) OCH3 CHdCHPh -1.51 -1.52 -1.06 -1.28 -0.92 -0.94
41 (MRS1066) OC2H5 CHdCHPh -1.55 -1.59 -1.53 -1.45 -0.06 -0.12
42 (MRS1084) O(CH2)2CH3 CHdCHPh -1.60 -1.61 -1.69 -1.55 -0.60 -0.71
43 (MRS1071) OC2H5 CHdCHCHdCHPh na -2.22 -2.19 -1.66 -1.58
44 (MRS1078) OCH3 CHdNPh na na -0.96 -0.96
45 (R-naphthoflavone) H Ph 0.10 0.14 -0.12 -0.15 na

a Experimental data taken from refs 6 and 7. b Values calculated according to the calibration model. ts, compound included into training
set; na, not available.

Flavonoid Derivatives as Adenosine Receptor Antagonists Journal of Medicinal Chemistry, 1998, Vol. 41, No. 1 47



The synthesis and binding affinity constants of all flavonoid
derivatives were reported in detail previously.6,7 Binding
affinity expressed as a Ki value (inhibition constant) was
obtained using the following radioligands at the respective
adenosine receptors: [3H]-N6-phenylisopropyladenosine (rat
A1);25 [3H]CGS 21680 (rat A2A),26 [125I]AB-MECA (human
A3).27
Molecular Superposition. The chromone moiety is be-

lieved to be a key determinant of binding interactions of
flavonoid derivatives. Therefore, the ligands in this study were
superimposed on the chromone nucleus by fitting a minimum-
energy conformation of the compound 22 (reference structure).
Conformational analysis of compound 22 was performed on
the four rotatable bonds of the chromone substituents using a
random search procedure in SYBYL. The energies of the
resulting conformations were calculated using MOPAC (PM3
Hamiltonian, keywords: PREC, GNORM ) 0.1, EF).28 The
remaining compounds were fitted by a least-squares algorithm
to the reference structure so as to maximally align their
substituents with the corresponding substituents of the refer-
ence structure. The fitted conformations of each compound
were fully minimized using MOPAC (PM3 Hamiltonian).
Atomic Charge Calculations. Partial atomic charges are

required for calculating electrostatic fields in CoMFA. Partial
atomic charges for compound 22 were calculated at the
semiempirical level using the MNDO,29 AM1,30 and PM3
Hamiltonians of MOPAC. The results of each method were
compared to those obtained using the MP2/6-31G(*)//RHF/6-
31G(*) ab initio level of Gaussian 92. The charges calculated
using PM3 were found to agree best with the ab initio charges.
Therefore, partial atomic charge for all the flavonoid deriva-
tives were calculated using PM3 Hamiltonian. No improve-
ments have been found using PM3 atomic charges derived
from electrostatic potentials.31
CoMFA Field Calculations and Regression Tech-

niques. The electrostatic and steric fields were sampled along
a three-dimensional lattice encompassing all molecules in each
receptor data set. The lattice consisted of 720 sample points
based on a 2.0 Å lattice spacing with boundaries extending
4.0 Å beyond the largest structure in all directions. Lattice
spacings of 0.75 and 1.5 Å were also used without improve-
ments of the CoMFA results. The lattice points within the
union volume of the superimposed structures were dropped.
The probe used to calculate the CoMFA fields consisted of a
sp3 carbon atom with a +1 charge and a van der Waals radius
of 1.52 Å. The steric and electrostatic fields were calculated
separately for each molecule using a Lennard-Jones 6-12
potential and a Coulombic potential with a 1/r distance-
dependent dielectric, respectively. The steric and electrostatic
energies were truncated at 30 kcal/mol. The field values

corresponding to the 720 sample points for each molecule,
together with binding affinity data, were stored in a SYBYL
Molecular Spreadsheet to facilitate statistical analysis.
Partial least-squared (PLS) regression analysis32 was per-

formed on the A1, A2A, and A3 antagonist datasets using a
subset of CoMFA field sample points falling with a standard
deviation of e1.0 kcal/mol. The steric and the electrostatic
fields were scaled to equalize their weighting in the CoMFA
models (SYBYL command “scaling CoMFA std”). PLS was
performed using cross-validation to evaluate the predictive
ability of the CoMFA models.33 The optimal number of latent
variables was derived from cross-validation equation having
the lowest standard error and a significance level of g99.5%
was estimated using the stepwise F-test. Bootstrap analysis33
of the dataset was used to evaluate the statistical confidence
limits of the results. A σ value of 2.0 was adopted for both
the cross-validated and non-cross-validated analysis. σ values
of 1.0 or 0.5 did not significantly change the calculated r2.
Initial PLS analyses were performed in conjunction with the

cross-validation (leave-one-out method) option to obtain the
optimal number of components to be used in the subsequent
analyses of the dataset. The PLS analysis was repeated with
the number of cross-validation groups set to zero. The optimal
number of components was designated as that which yielded
the highest cross-validated r2 values in the non-cross-validated
(conventional) analyses. The final PLS analysis with 10
bootstrap groups and the optimal number of components was
performed on the complete dataset.
The corresponding calibration equation (resulting from the

simultaneous contribution of all the observations) was derived
after the optimal dimensionality of each receptor model was
established, by PLS analysis and cross-validation. The cali-
bration equation with latent variables was then converted to
the original parametric space represented by probe-ligand
interaction energies. A 3D-QSAR was therefore derived whose
coefficients were associated with statistically significant lattice
locations. CoMFA coefficient contour maps were generated
by interpolation of the pairwise products between the 3D-
QSAR coefficients and the standard deviations of the associ-
ated energy variables.
Test Sets. The test sets consisted of three molecules for

each training set 46-54 (Table 2). These structures were
chosen to maximize a uniform sampling of biological activity.
All predicted activities for the test set molecules were calcu-
lated using the optimized CoMFA model. The results of the
non-cross-validated calibration model on the test sets are
summarized in Table 2.
“Predictive” r2 Values. The “predictive” r2pred was based

only on molecules not included in the training set and is
defined as explained by Marshall and co-workers.34

Table 2. Observed and Predicted Receptor-Binding Affinity Values of the Compounds Forming A1, A2A, and A3 Test Sets

pKi (µM)
a

rA1 rA2A hA3

compound R1 R2 R3 obsd predb obsd predb obsd predb

46 OH Ph 5,7-(OH)2 0.06 0.11
47 (MRS1132) Cl Ph H -0.39 -0.31
48 (flavanone) H Ph H -1.50 -1.38
49 (galangin) OH Ph 5,7-(OH)2 0.01 0.11
50 H Ph 5-OH -0.79 -0.73
51 OAc Ph 5,7-(OAc)2 -1.75 -1.68
52 (MRS1088) Cl Ph 6-Cl 0.13 0.19
53 (MRS1089) OEt 2′,4′,6′-Me3Ph 6-Cl -0.72 -0.79
54 (MRS1072) OH CHtCPh 6-OMe -1.38 -1.25
a Experimental data taken from refs 6 and 7. b Values predicted by the CoMFA model.
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Results
CoMFA of A1 Receptor Binding Affinity. PLS

was used in conjunction with cross-validation to obtain
the optimal number of components to be used in the
subsequent analyses. PLS analysis based on least-
squares fit gave a correlation with a cross-validated r2cv
of 0.605, with the maximum number of components set
equal to 6 (maximum number of components set equal
to 4, 5, 7, or 8 gave unreliable cross-validated r2cv e 0.40)
and the cross-validation groups set equal to the number
of observations (rows) in the data table. The non-cross-
validated PLS analysis was repeated with the optimum
number of components, as determined by the cross-
validated analysis, to give an r2cv of 0.961. To obtain
statistical confidence limits, the non-cross-validated
analysis was repeated with 10 bootstrap groups, which
yielded an r2 of 0.985 (optimum number of components
was 6), SEP ) 0.086, std dev ) 0.011, steric contribution
) 0.492, and electrostatic contributions ) 0.508. These
parameters are explained in Table 3.
The CoMFA-derived QSAR of the A1 ligands exhibited

a good cross-validated correlation, indicating that it was
highly predictive. Cross-validation provides information
concerning the predictive ability of the QSAR dataset
by minimizing the occurrence of chance correlations in
the QSAR model. The high bootstrapped r2 value and
small standard deviation suggest a high degree of
confidence in the analysis. The calculated binding
affinities obtained from the analysis were plotted versus
the actual values in Figure 1.
Compounds 46-48 (test set) were used to evaluate

the predictive power of this CoMFA model. As in the
calibration step, a good predictive ability with an r2pred
) 0.858 for the compounds in the test set was obtained.
Table 2 shows that the affinities of all the examined
compounds are predicted within 0.12 log unit across a
range of 1.56 log units.
The coefficients corresponding to each sampled field

point in the resulting correlation equation were graphi-
cally contoured. Contours corresponding to the steric
(green and yellow) and electrostatic (blue and red) fields
are plotted together with compound 2 in Figure 2. The
polyhedra describe the regions of space where the steric
and the electrostatic fields are predicted by the CoMFA
model to have the greatest effect on binding affinity.

The yellow and the blue polyhedra correspond to regions
of the field that are predicted to decrease the A1 receptor
affinity, whereas the green and the red regions are
predicted to increase binding affinity. The region of
space around the para position of the phenyl ring is
contained within a yellow (steric detracting) polyhedron,
suggesting that bulky substituents are not tolerated by
the receptor at the C-2 position of the chromone moiety.

Table 3. Statistic of the Calibration CoMFA Models

A1 A2A A3

number of compounds 30 26 36
principal componentsa 6 4 6
r2cvb 0.605 0.595 0.583
r2 0.961 0.963 0.957
Ftestc 87.541 125.192 119.53
p value <0.001 <0.001 <0.001
r2bsd 0.985 0.978 0.974
Steric contribution 0.492 0.486 0.460
Electrostatic contribution 0.508 0.514 0.540
SEPe 0.086 0.112 0.108
std devf 0.011 0.015 0.012
a Minimum σ ) 2.0. b Standard error of prediction (cross-

validated) ) (PRESS/(n - c - l))1/2, n ) number of rows, c )
number of components. c Ratio of r2 explained to unexplained )
r2/(l - r2 ). d r2bs ) r2 after bootstrapping. e Cross-validated r2 after
leave-one-out procedure: r2cv ) (SD - PRESS)/SD, SD ) Yactual -
Ymean)2. PRESS ) Σ(Ypredicted - Yactual). For further explaination
of these mathematical formulas see ref 33. f Std dev column
belongs with the bootstrapping r2.

Figure 1. Fitted vs measured pKi values for the CoMFA
analysis of the A1, A2A, and A3 training sets (A, B, and C,
respectively). A1: the model was derived using six principal
components yielding a cross-validated r2 ) 0.605. A2A: the
model was derived using four principal components yielding
a cross-validated r2 ) 0.595. A3: the model was derived using
six principal components yielding a cross-validated r2 ) 0.583.
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Both styryl and phenylpropargyl derivatives (see
compounds 35-36, Table 1) are in fact among the less
active compounds. The C-5 and C-7 positions of the
chromone structure are surrounded by green polyhedra,
suggesting that the presence of alkoxy substituents
increases A1 receptor affinity (see compounds 2-3,
Table 1). The regions of space around the ortho posi-
tions of the phenyl ring are contained within a large
red contour, suggesting that substituents that enhance
the electrostatic fields in that region improve the A1
receptor binding affinity. An o-hydroxy substituent
(compound 31, Table 1) could be expected to improve
affinity electrostatically, whereas bulky alkoxy substit-
uents (9-13) would also detract sterically. The blue
polyhedron around the para position of the phenyl ring
suggests that substituents with higher electron density
at this position may reduce the binding affinity. The
red polyhedron around the C-3 chromone position is in
agreement with the know enhancement in A1 binding
affinity produced by alkoxy substituents at this position
(22, 24).
CoMFA of A2A Receptor Binding Affinity. The

chosen alignment yielded good cross-validated (r2cv )
0.595) and conventional results (r2 ) 0.963, F-test value
) 125.192), with the optimal number of components
found equal to 4. Steric and electrostatic fields contrib-
ute to the QSAR equation by 48.6% and 51.4%, respec-
tively. A high bootstrapped (10 sampling) r2bs value of
0.978 (SEP ) 0.112, std dev ) 0.015) was found. The
calculated binding affinities obtained from the analysis
are plotted versus the actual values in Figure 1.

Compounds 49-51 (test set) were used to evaluate the
predictive power of this CoMFA model. A good predic-
tive ability with an r2pred ) 0.835 for the compounds in
the test set was obtained in this calibration step. Table
2 shows that the affinities of all compounds examined
are predicted within 0.10 log unit across a range of 1.76
log units.
Contours corresponding to the steric (green and

yellow) and electrostatic (blue and red) fields are plotted
together with compound 45 in Figure 3. A green
contour around the C-3 position of the chromone moiety
suggests that bulky substituents in this position (see
compounds 1, 3, and 5, Table 1) enhance affinity.
Another important area of bulk tolerance is found
around the C-7 and C-8 positions of the chromone
moiety. In fact, R-naphthoflavone (45) presents a good
affinity and a very high selectivity. As for the A1 model,
bulky substituents in the C-2 position of chromone
moiety decrease the A2A receptor affinity (see com-
pounds 35-36). The blue polyhedron around the para
position of the phenyl ring suggests that substituents
with higher electron density exert a negative effect on
the affinity, in agreement with the experimental data
that alkoxy substituents in this position decrease the
A2A receptor affinity (19, 24).
CoMFA of A3 Receptor Binding Affinity. The

chosen alignment yielded acceptable cross-validated (r2cv
) 0.583) and conventional results (r2 ) 0.957, F-test
value ) 119.53), with the optimal number of components
found to be equal to 6. In this model, steric and
electrostatic fields contribute to the QSAR equation by

Figure 2. CoMFA steric and electrostatic STDEV*COEFF
contour plots from the analysis based on the A1 receptor 3D-
QSAR without cross-validation. Compound 2 shown inside the
field. Favoring activity: green, bulky group (contribution level
80%); yellow, less bulky; blue, positive charge (contribution
level 70%); red, negative charge.

Figure 3. CoMFA steric and electrostatic STDEV*COEFF
contour plots from the analysis based on the A2A receptor 3D-
QSAR without cross-validation. Compound 45 shown inside
the field. Favoring activity: green, bulky group (contribution
level 80%); yellow, less bulky; blue, positive charge (contribu-
tion level 70%); red, negative charge.
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46.0% and 54.0%, respectively. A high bootstrapped (10
sampling) r2bs value of 0.974 (SEP ) 0.108, std dev )
0.012) was found. Compounds 52-54 (test set) were
used to evaluate the predictive power of this CoMFA
model. The predicted binding affinities obtained from
the analysis are plotted versus the actual values in
Figure 1. A good predictive ability with an r2pred ) 0.817
for the compounds in the test set was obtained as for
the calibration steps. Table 2 shows that the affinities
of all the examined compounds are predicted within 0.13
log unit across a range of 1.51 log units.
Contours corresponding to the steric (green and

yellow) and electrostatic (blue and red) fields are plotted
together with compound 3 in Figure 4. As for A1 and
A2A receptor CoMFAmodels, the major variability of the
steric contour maps occurs around the phenyl ring on
the C-2 position of the chromone moiety. Again, a
yellow area surrounds the para position of the phenyl
ring, suggesting that bulky substituents are not toler-
ated at the C-2 position of the chromone moiety. Bulky
groups are also predicted to be tolerated around the C-6
position of the chromone moiety for A3 receptor binding.
In fact, the presence of a chloro substituent in this
position is tolerated (13). The area of bulky tolerance
surrounding the ortho position of the phenyl ring
suggests that bulky substituents at this position may
increase A3 affinity. A 2′-i-Pr derivative (13), in fact,
displays good affinity. Bulky substituents at the C-2
position of the chromone moiety decrease the affinity
also for the A3 receptor (see compounds 35-36). The
blue polyhedron in the para position of the phenyl ring

indicates that substituents with higher electron density
exert a negative effect on the affinity, in agreement with
the experimental data that alkoxy substituents in this
position decrease the A3 receptor affinity (10, 18).

Discussion
A set of 3D-QSAR models has been developed using

the CoMFAmethodology for flavonoid derivative adeno-
sine receptor antagonists. This is the first attempt to
describe quantitatively the hypothetical receptor bind-
ing site of multiple subtypes of adenosine receptors.
Comparison of the three CoMFA models helps in
understanding adenosine receptor selectivity. The analy-
sis of these results leads to the following considerations:
(a) All three CoMFA models have similar average

steric and electrostatic contributions (see Table 3),
implying that A1, A2A, and A3 have the same relative
contribution of steric and electrostatic factors inside the
binding cavity. However, the specific distribution of
steric and electrostatic interactions for each receptor is
different, as shown in Figures 2-4.
(b) Similarities were seen in the topology of steric and

electrostatic regions with the A1 and A3 receptors, but
not the A2A receptor (Figures 2-4). This is in accord
with the structure-activity relationship data in which
A1-A3 similarity has been demonstrated.17
(c) C-2 chromone phenyl ring substituents are con-

sidered important for the binding affinity for all adeno-
sine receptors. This phenyl ring may interact in a
similar region of space inside the receptor binding-site.
(d) An interesting consideration about A1/A3 selectiv-

ity can be deduced from CoMFA contour map analysis.
An important green region (favorable steric bulk inter-
action) is located around the 2′-position of the phenyl
ring, in the A3 model. This is in accord with the
experimental data for compounds 8, 12, and 13, which
are the most selective flavonoid compounds for human
A3 receptors.
(e) The presence of a C-6 substituent in the chromone

moiety is well tolerated, and increases the A1/A3 selec-
tivity (see compound 13).
Further synthesis and biological evaluation of new

flavonoid derivatives aimed at increasing both the
affinity and the selectivity for the adenosine receptors
are in progress.

Conclusion
In conclusion, the CoMFA method has been success-

fully applied to a set of recently described flavonoid
derivatives with affinity for A1, A2A, and A3 receptors.
The resulting 3D-QSAR models show good correlations
between steric and electrostatic field and binding affin-
ities. The CoMFA coefficient contour plots provide a
self-consistent picture of the main chemical features re-
sponsible for the pKi variations, and the CoMFA QSAR
equations result in predictions which agree with the
experimental values. Comparison of our CoMFAmodels
can be used to suggest improvement of adenosine
receptor subtype selectivity. This information may be
useful for designing new compounds with higher selec-
tivity for A3 vs A1 and A2A receptors.

Abbreviations
3D-QSAR, three-dimensional quantitative structure

activity relationship; [125I]AB-MECA, N6-(4-amino-3-

Figure 4. CoMFA steric and electrostatic STDEV*COEFF
contour plots from the analysis based on the A3 receptor 3D-
QSAR without cross-validation. Compound 3 shown inside the
field. Favoring activity: green, bulky group (contribution level
80%); yellow, less bulky; blue, positive charge (contribution
level 70%); red, negative charge.
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iodobenzyl)adenosine 5′-N-methyluronamide; Cl-IB-
MECA, N6-(3-iodobenzyl)-2-chloroadenosine 5′-N-meth-
yluronamide; CoMFA, comparative molecular field
analysis; PLS, partial least-squares; QSAR, quantitative
structure-activity relationship; r2bs, correlation coef-
ficient from boostrap analysis; r2cv, correlation coefficient
from cross-validation equation; rms, root-mean-square.
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