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AbstractÐA large number of compounds known as ``AII (Angiotensin II) antagonists'' have been developed for the treatment of
various heart diseases such as hypertension, congestive heart failure, and chronic renal failure. Most of the currently known AII
receptor antagonists share a similar chemical structure, consisting of nitrogen atoms, a lipophilic alkyl side chain and an acidic
group. As a new series, we have designed and synthesized various pyridylimidazole derivatives. In this report we would like to
discuss the structure±activity relationship of these series of compounds using the comparative molecular ®eld analysis (CoMFA)
methods. We could come up with a good CoMFA model (cross-validated and conventional r2 values equal to 0.702 and 0.991,
respectively) and the validity of the model was con®rmed by synthesizing and measuring their biological activity of additional 6
compounds suggested by the model. This result provides additional information on the structural requirement for structurally
diverse group of AII receptor antagonists. # 1999 Elsevier Science Ltd. All rights reserved.

Introduction

The role of the renin-angiotensin system (RAS) and its
importance in the regulation of blood pressure in living
systems are now well established.1 The most active
research in this ®eld has been the development of non-
peptidic antagonists for angiotensin II receptor2 and
recently numerous compounds possessing diverse che-
mical structures have been introduced as new receptor
antagonists.3±5 Various pharmacophore models based
on these diverse structures have been postulated with an
unsolved question, whether these highly active mole-
cules are binding at the same site of receptor.6

In our previous study, we tried to establish the three-
dimensional arrangement of pharmacophoric elements
for angiotensin II type I receptor antagonists with con-
formationally restricted derivatives of DuP753, a pro-
totypic compound of angiotensin II antagonists.7 In the

case of DuP753, it was proposed that there are three
pharmacophoric elements in the molecule; a nitrogen
atom and an alkyl side chain in the imidazole ring, and an
acidic tetrazole moiety and these elements are connected
through the biphenyl group as a spacer. As a new class of
antagonists, we have synthesized a number of pyr-
idylimidazole derivatives and measured their AII binding
activity. We have carried out 3D-QSAR studies using the
comparative molecular ®eld analysis (CoMFA) method
introduced by Cramer,8 in order to understand the struc-
tural and conformational features of these compounds
and also to obtain further insight into the relationship
between the structure and biological activity. The
CoMFA analysis that correlates the contribution of the
steric and electrostatic ®elds with biological activity is
expected to provide useful information on the environ-
ment around the binding site of the AII receptor.

Results and Discussion

In recent publications, there is strong evidence suggest-
ing that in CoMFA the overall in¯uence of the point
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charges is not sensitive to the method of how these were
calculated.9 However, in our case we found that espe-
cially in the series containing sulfur and nitrogen atoms,
the predicted biological activities are quite dependent on
how the charges were calculated. Therefore, we com-
puted the partial atomic charges of all molecules using
PM3 prior to the conformational analysis.

The correlation coe�cient, which is the most widely
used decisive factor for a valid analysis may vary con-
siderably upon change of CoMFA parameters like the
probe atoms, charge, grid space, cut-o�s, grid locations
and alignments. Since nearly all of the successful
CoMFA analyses have been done with default para-
meters suggested by the CoMFA module, we also used
default settings in our analysis.

A set of 32 compounds with speci®c biological activity
(IC50) values ranging over 3 orders of magnitude were
used for a training set (Table 1). The test set of six new
compounds was used for ®nding out the predicting

ability of the model (Fig. 1). We used the most stable
conformer selected from the pool of conformers gener-
ated by the GRID module. Overlapping the common
parts of the molecules using the method of database
alignment, aligned the lowest energy conformations
from each molecule. All molecules were superimposed
well except varying R groups.

The results of the CoMFA studies for 32 training sets
are summarized in Table 2. For pyridine N-oxide series
(the model A), the CoMFA yielded a good correlation
with cross-validated r2 and conventional r2 to be 0.699
and 0.931, respectively. In the case of the pyridine series
(the model B), the CoMFA also yielded a correlation
with cross-validated r2 (0.603) and conventional r2

(0.987). In model C, in which pyridine and pyridine N-
oxide analogues were combined, even better correlation
was obtained with cross-validated r2 (0.702) and con-
ventional r2 (0.991). The relative contributions by the
steric factor and the electronic factor were 63.1 and
36.9%, respectively. Since the steric interaction energy is
changing much faster than the Coulomb interaction
energy, a nonlinear behavior occurs which tends to sta-
tistically over-emphasize the steric ®eld. Figure 2 shows
a CoMFA map of the same structure embedded for all
three models. The model B showed a quite di�erent type
of the CoMFA map from the models A and C. This
result is quite consistent with the fact that most of out-
liers in the model C are from the compounds used in the
model B. The CoMFA maps of the models A and C
indicate that the R groups are better to bear more
negative charge and ortho or para substitution of the
pyridine ring is more favorable for a better activity. In
contrast, the CoMFA map of the model B indicates that
more positively charged groups are desired for a R
group and substitution of less bulky group at pyridine
ring is required in order to increase their activities.

Once the satisfactory CoMFA map was established, the
QSAR Optimize Interface in the Advanced CoMFA
module was used to build a series of analogues and to
estimate expected activities chosen from 221 distinct
substituents provided by Sybyl program. After review-
ing 221 substituents for the R group, more than 25
substituents were suggested to have better activity than
the groups used in the analysis (Table 3). With these 25
new suggested compounds, we then re®ned the CoMFA
by performing further conformational study and the
recalculation of atomic charge by the PM3 method. In
the case of small and simple substituents, the predicted
values from the re®ned model turned out to be quite
similar to the initially predicted values. However, in the
case of large bulky groups the two values were quite
di�erent depending on the conformations. Furthermore,
in the case of substituents containing S, N and P atoms,
the result is quite di�erent depending on how the charge
is calculated, by Gastieger-Huckel or PM3 method.

In order to validate the CoMFA model, we chose the
nitrile group for R because of easy synthesis and small
extrapolation that meant high predicting ability. We
also synthesized additional regioisomers of pyridine
N-oxide. With the experimentally obtained biological

Table 1. The pyridylimidazole derivatives for angiotensin II antago-

nists and their IC50 values

R X IC50 (nM)

1 CH2OH 1-oxo-pyridine-2-yl 0.82
2 CH2OH pyridine-2-yl 0.82
3 CH3 1-oxo-pyridine-2-yl 1.40
4 CH(OCH3)2 pyridine-2-yl 1.56
5 COOCH3 1-oxo-pyridine-2-yl 1.78
6 COOCH3 pyridine-2-yl 1.87
7 CH(OCH3)2 1-oxo-pyridine-4-yl 1.46
8 CH(OCH3)2 pyridine-4-yl 1.36
9 CH2OH 1-oxo-pyridine-4-yl 0.86
10 CH2OH pyridine-4-yl 1.06
11 CH3 1-oxo-pyridine-4-yl 0.92
12 CH3 pyridine-4-yl 2.48
13 CH3 1-oxo-pyridine-3-yl 1.04
14 CH3 pyridine-3-yl 2.58
15 CH3 1-oxo-5-methylpyridine-2-yl 1.47
16 CH3 5-methylpyridine-2-yl 2.13
17 CH3 1-oxo-4-methylpyridine-2-yl 1.61
18 CH3 4-methylpyridine-2-yl 0.37
19 H 1-oxo-pyridine-2-yl 1.32
20 H pyridine-2-yl 1.36
21 CH3 1-oxo-6-methylpridine-2-yl 2.09
22 CH3 6-methylpyridine-2yl 2.53
23 CH2SO2CH3 1-oxo-pyridine-2-yl 1.91
24 CH2SO2CH3 pyridine-2-yl 0.90
25 CHCH2 pyridine-2-yl 12.74
26 CH2CH3 1-oxo-pyridine-2-yl 5.06
27 CH2CH3 pyridine-2-yl 2.16
28 CH2OCH3 1-oxo-pyridine-2-yl 1.42
29 COCH3 1-oxo-pyridine-2-yl 7.89
30 COCH3 pyridine-2-yl 1.78
31 CH(CH3)2 1-oxo-pyridine-2-yl 4.47
32 CH(CH3)2 pyridine-2-yl 12.69
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activity of 6 additional analogues, the predictive cap-
ability of models A, B and C was further examined. The
predicted activities for 6 compounds excluded from the
training set gave well predicted r2=0.8037 (Fig. 3 and
Table 4). Although predicted activity is little higher than
the experimental activity, the tendency of predicted
activity for all six compounds was good agreement with

experimental activity. As seen previously, the model of
pyridine N-oxide series (the model A with predicted
r2=0.8019) shows better predicting ability than that
of the pyridine series (the model B with predicted
r2=0.2203). The result recon®rmed that the cross-vali-
dated r2 value is more important than the conventional
r2 value for measuring the predictability of the CoMFA
model.

After removing outliers, the ®nal CoMFA model
including 6 additional compounds produced signi®cant
increased cross-validated and conventional r2 values
equal to 0.788 and 0.964, respectively. The ®nal
CoMFA map (the model D) turned out to be quite
similar to that from the model C (Fig. 3 lower right).
The relative contributions from steric and electrostatic
are 58 and 49.1%, respectively. These results indicate
that in our pyridylimidazole type of antagonists, the
electrostatic interactions might play more important
role in binding with the AII receptor and this result is
also evident with the fact that charged or polarizable
groups showed high predicted activity. It was also
known that a variety of substituents at the imidazole C4

and C5 positions of DuP753 are not critical for binding,
but, in general, a carboxylic group or other hydrogen
bond-accepting substituents at C5 such as a hydroxy-
methyl, carboxaldehyde, or carboxamido, group yield
potent antagonistic activity.10 Our CoMFA map, when
the H-bond ®eld is used as a descriptors, indicates a
region around the C6 position of pyridylimidazole
where a H-bond acceptor group is favorable. This result
might be correlated nicely with the above SAR of
DuP753. However, when the H-bond ®eld was used as a
sole descriptor ignoring the steric and electrostatic
descriptors, it shows a poor statistical correlation (cross-
validated r2: 0.454, conventional r2: 0.924). Since our

Figure 1. The structure of the compounds used in the test set. BPT is biphenyltetrazole.

Table 2. The summary of CoMFA-PLS results

Model A Model B Model C Model D

Total number of compounds used 16 16 32 38
The number of omitting compound 2 5 8 4
Cross-validated r2 0.699 0.603 0.702 0.788
Number of component 3 3 5 4
Conventional r2 0.931 0.987 0.991 0.964
Relative contributions
Steric 54.5 41.9 63.1 50.8
Electrostatic 45.5 58.1 36.9 49.1

Figure 2. CoMFA map of pyridylimidazole derivatives for angiotensin
II antagonist [Model A: Pyridine N-oxide series (upper left), Model B:
Pyridine series (upper right), Model C: A and B mixed series (lower
left), Model D: all series (lower right)]. The red and blue polyhedra
indicate electrostatic contour plot. The regions where increased posi-
tive charge is favorable for activity are shown in blue, while regions
where increased negative charge is favorable for activity are shown in
red. The green and yellow polyhedra indicate steric contour plot. The
regions where increased steric bulk is associated with enhanced activity
are indicated in green, while regions where increased steric bulk is
associated with diminished activity are indicated in yellow.
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pyridylimidazole analogues possess additional groups at
the pyridine ring which are not available in most of
previously known antagonists used for computational
or CoMFA studies, our study will provide a useful
information on possible additional binding site around
that region. The docking model of DuP753 with AII
receptor and parallel mutagenisis studies indicated that
the C5 position of imidazole locates around Ser107 in
the helix3 of the AII receptor which seems to determine
the subtype selectivity.11,12 Since the most of known
antagonists used for the conformational and QSAR
study lack proper groups, it has been di�cult to study
about the binding sites around that region. Therefore,
CoMFA study of our pyridylimidazole analogues with
various substituents at C5 and C6 will provide useful
information around that region.

Conclusions

We have carried out the CoMFA analysis on the pyr-
idylimidazole type of new angiotensin II antagonists.
The CoMFA analysis showed good structure±activity
relationships in a set of 36 pyridylimidazole analogues
and also predicted accurately the biological activity of
six new molecules. Although the CoMFA analysis
works reasonably well in highly related congeners, we
found that in a limited scope the CoMFA method is
capable of predicting biological activity of unknown
molecules that do not belong to the chemical class of
compounds used for de®ning the training set. These

results will provide useful information in understanding
the structural and electrostatic features of the angion-
tensin II receptor antagonists and in designing new
antagonists.

Methods

Biological data

Binding assays were quadruplicated and performed in
96-well plates by incubating aliquots of the human
recombinant AII receptor subtype I (BioSignal Inc.,

Table 3. The predicted IC50's of various substituents calculated by

``optimizing QSAR'' option of Sybyl. Because of high activity of para-

subtituted N-oxide series, only para-substituted N-oxides were used for

the calculations. Only R groups that have a highly predicted activities

are displayed

R Predicted
(ÿlogIC50)

Extrapolation Energy
(kcal/mol)

PO3H2 9.41 0.18 45.89
Oÿ 9.39 0.47 27.45
Ch2COMe 9.35 0.02 18.55
PO2H 9.35 0.29 9.59
SCONH2 9.32 0.05 21.92
CHO 9.23 0.08 24.17
NO2 9.22 0.15 14.05
NO 9.22 0.09 22.71
CH2CCH 9.22 0.39 53.21
CF2H 9.19 0.10 23.37
Br 9.18 0.05 25.00
Cl 9.18 0.06 25.44
CH2F 9.18 0.08 25.20
CHMeOH 9.18 0.31 56.16
SCONHMe 9.17 0.12 26.57
SCN 9.16 0.05 23.13
I 9.14 0.07 24.74
CN 9.13 0.08 27.06
SOCF2H 9.13 0.31 24.88
CF3 9.12 0.09 21.51
F 9.11 0.08 27.99
c-Propyl 9.11 0.26 52.79
Methyl 9.10 0.06 25.73
CH2CN 9.08 0.10 24.87
POPh2 9.08 0.12 33.46
H 9.07 0.07 26.76
OH 9.06 0.05 26.18

Figure 3. The predicting ability of three models (X: the experimental
ÿlog IC50 versus Y: the predicted ÿlog IC50).
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Canada) with 0.21 nM of [125I] [Sar1, Ile8]-AII. Test
compounds were dissolved at 2.5 mM in dimethylsulf-
oxide and serially diluted to nine concentrations for the
activity screening in total assay volume of 250 ml. The
assay bu�er contained 50 mM Tris, 5 mM MgCl2, 1
mM EDTA, 0.1% bovine serum albumin pH 7.4). Spe-
ci®c [125I][Sar1, Ile8]-AII binding was determined
experimentally from the di�erence between counts in
the absence and presence of 10 mM unlabelled.

After incubation at 37�C for 60 min, the incubation
mixtures were ®ltered through glass-®lter GF/C ®lters
(Wallac, Finland) which were presoaked in 0.3%
polyethylenimine and rapidly washed nine times with
200 mL of ice cold 50 mM Tris bu�er (pH7.4) using the
Inotech harvester (Inotech, Switzerland). The ®lters
were covered with MeltiLex (melted on scintillator,
Wallac, Finland), sealed in sample bag followed by
drying in the oven, and counted by MicroBeta (Wallac,
Finland).

The ability of antagonists to inhibit speci®c [125I][Sar1,
Ile8]-AII binding was estimated by IC50 values, which
are the molar concentrations of unlabeled drugs neces-
sary to displace 50% of speci®c binding. The value for
Ki was calculated from the equation (relationship
between the inhibition constant (Ki) and the concentra-
tion of inhibitor which causes 50% inhibition (IC50) of
an enzymatic reaction) Ki=IC50/(1+L/Kd), where L
equals the concentration of [125I][Sar1,Ile8]-AII.13 The
data from binding experiments were analyzed by the
nonlinear regression, using the PRISM computer pro-
gram (GraphPad Software Inc., San Diego, CA).

Molecular modelling

All molecular modelling techniques and CoMFA stu-
dies described herein were performed on Silicon Gra-
phics workstations using the SYBYL (v. 6.4 from
Tripos, Inc., St. Louis, MO).

A set of 32 compounds with speci®c biological activity
(IC50) values ranging over 3 orders of magnitude were
used (Table 1). Atomic charges were calculated by the
PM3 method.14 The database of molecules, the training
set, was suitably aligned in 3 dimensional space accord-
ing to the methodology of database alignment. The
CoMFA analysis was performed using the QSAR mod-
ule of Sybyl with the molecules embedded in a regularly
spaced (2 AÊ grid box of 18�20�22 AÊ ) (these values were
determined by an automatic procedure performed by
the Sybyl-CoMFA routine). Steric and electrostatic

interaction energies were calculated using sp3 carbon
probes with a +1 charge. After constructing the ®eld,
steric and electrostatic ®elds were calculated for each
molecule by interaction with a probe atom at every grid
points surrounding the aligned database in 3-D space.
To correlate these ®eld energy terms with their AII
antagonistic activity, partial least squares (PLS)15,16 was
used with cross-validation, giving a measure of the pre-
dictive power of the model. The ®nal PLS analysis was
performed using no cross-validation with an optimum
number of components reported from the cross-valida-
tion result. The steric and electrostatic ®elds were scaled
according to CoMFA standard deviation in order to
give them the same potential weights on the resulting
QSAR. The 3-D QSAR calibration model so derived
was then used to predict the inhibitory activity of new
compounds in the test sets (Fig. 1).

Replacing the R group with 221 substituents suggested
by the CoMFA module optimized the ®nal CoMFA.
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