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Abstract: Three dimensional quantitative structure-activity relationship (3D-QSAR) studies have been
performed on a series of 2-alkylbenzimidazole derivatives using the kNN-MFA Approach (k-nearest neighbour
molecular field analysis). The QSAR models were generated using 14 compounds. By using kNN-MFA
approach, various 3D QSAR models were generated to study the effect of steric and electrostatic descriptors
on angiotensin II receptor antagonists-activity. The kNN-MFA model generated from template based alignment
showed q  (cross validated r ) of 0.6836 with three descriptors namely S_363, H_1096, E_1204 and E_971. A non-2 2

cross validated r  of 0.8753, F value of 88.532 and number nearest neighbours k of four were observed with this2

model and exhibited good external prediction with r _pred of 0.8211. Statistical significance of the model2

indicated by Z score value of 6.55423 and  of >0.001. The generated models provide insight into the influence
of various interactive fields on the activity and, thus, can help in designing and forecasting the
antihypertensive activity of novel molecules.
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INTRODUCTION hypertension. More-ever, it has been shown that all plays

The renin-angiotensin system (RAS) plays an tissue remodeling, such as cardiac hypertrophy. Recent
important role in the regulation of blood pressure through finding indicate the involvement of this peptide also in
the actions of angiotensin II (AII) (vasoconstriction, cancer [2-3]. All affect most of the biological function by
aldosterone secretion, renal sodium reabsorption and nor activating selective membrane-bound receptor. Two
epinephrine release) and thus is an appropriate target for distinct subtypes of All receptor [type 1(AT ) and type
therapeutic intervention in hypertension. The renin- 2(AT )] have been identified and both belongs to the G
angiotensin system (RAS) plays a key role in regulating protein-coupled receptor super family (GPCRs). AT  and
cardiovascular homeostasis and electrolyte fluid balance AT  are seven-transmembrane-spanning receptors,
in normotensive and hypertensive subjects [1]. The comprising an extracellular glycosylated region connected
Angiotensin Converting Enzyme (ACE) to produce the to the seven transmembrane Alfa-helices, which are linked
octapeptide angiotensin II (All) which the main effectors by three intracellular and three extracellular loops. The
hormone of the RAAS.The RAAS begins with the release carboxy-terminal domain of the protein is cytoplasmic and
of the aspartic protease renin from  the  juxtaglomerular is a regulatory site. AT is a 359-amino acid protein, while
cell of the kidney. This enzyme is responsible for the AT  is made up of 363 amino acid and is 30% homologous
conversion of angiotensinogen to the inactive with ATI; both receptors are N-linked glycosylated post-
decapeptide angiotensin I. In turn, angiotensin I is translationally. AT  receptor are expressed in various
cleaved by the angiotensin-converting enzyme to produce parts of the body and mediate all of the known effects
the  octapeptide  angiotensin  II  (All), which is the main associated with All, such as vasoconstriction,
effector hormone of the RAAS.All is the major regulator aldosterone release and other function that tend to
of the blood pressure, electrolyte balance and endocrine elevate blood pressure and cause hypertrophy and
function related to cardiovascular disease such as hyperplasia of target cells. The role AT receptor is less

a role in the various pathological situations involving
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folly understood. Recently studied [4] 3D-QSAR model MATERIALS AND METHODS
was calculated based on the alignment obtained by
docking several ligands into the AT  receptor. Given the Data Sets: The biological data used in this study are the1

important role played by the RAAS in hypertension, this inhibition of angiotensin II receptor antagonists of a
system is the main target of any effective therapy, the first series of 2-alkylbenzimidazole Derivatives. The synthesis
choice class of drugs to influence the RAAS targeting is and determination of the activity of these compounds
that of ACE inhibitors. These drugs block the formation have already been reported in literature [12]. The general
of AII and also prevent the conversion of bradykinin to structure of these analogues is shown in table 1 list the
inactive peptides. The most popular 3D-QSAR methods structural features and angiotensin II receptor
are comparative molecular field analysis CoMFA and antagonist’s activity of the respective compounds under
comparative molecular similarity analysis [5, 6]. Numerous study. The biological activity data converted to negative
data sets reported in the literature were subjected to logarithmic mole dose for quantitative structure activity
QSAR analysis for the purpose of designing novel relationship (3D-QSAR) analysis. 
angiotensin II receptor antagonists [7-10]. The steps
involved in 3D-QSAR studies are data selection, Methodology: The 3D-QSAR computations were carried
descriptor evaluation, structure alignment, selection of out on VLife MDS 3.5 molecular modelling software [13].
training and test set, variable selection, statistical Three-dimensional structures were drawn for each
methods, model evaluation and model interpretation.In the molecule and the molecular geometries optimized using
present study, we report here the development of a new Monte Carlo conformational search [14], MMFF fields [15]
method (kNNMFA) that adopts a k-nearest neighbor and charges and Gasteiger-Marsili charges followed by
principle[11] for generating relationships of molecular AM-1 (Austin Model-1) Hamiltonian method available
fields with the experimentally reported activity to provide with the software with the convergence criterion of 0.001
further insight into the key structural features required to kcal/mol A°. The position of each atom is important for
design potential drug candidates of this class. kNN-MFA study because the  descriptors  calculation is

Table 1: Structure and activities of 2-alkylbenzimidazole Derivatives

Com. R R R pA -log1 2 3
2 50

1 5-OMe Bu Me 8.1 0.908
2 5-OMe Pr Me 7.7 0.886
3 6-OMe Pr Me 7.4 0.869
4 5-Cl Pr Me 7.0 0.845
5* 5-Cl Et Me 6.8 0.832
6 H Me Me 6.5 0.812
7 5-OMe Bu Et 8.3 0.919
8* 5-OMe H Et 7.7 0.886
9 H Me Et 7.2 0.857
10* 6-OMe Bu Et 8.1 0.908
11 6-Cl Bu Et 7.5 0.875
12 5-OMe Bu Allyl 7.6 0.880
13* H Me Allyl 7.0 0.845
14 5-OMe Bu H 6.6 0.819

*Test set
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based on the 3D-space grid. Thus, the method to
determine the conformation of each molecule and the way
to align molecules together are two sensitive input
parameters to build a reasonable model. We hereby report
the models, as generated by kNN-MFA in conjunction
with stepwise (SW) forward-backward variable selection
methods. In the kNN-MFA method, several models were
generated for the selected members of training and test
sets and the corresponding best models are reported
herein. The variable selection methods along with the
corresponding parameters are allowed to be chosen and
optimum models are generated by maximizing q2. k-nearest
neighbor molecular field analysis (kNN-MFA) requires
suitable alignment of given set of molecules. This is
followed by generation of a common rectangular grid
around the molecules. The steric and electrostatic
interaction energies are computed at the lattice points of
the grid using a methyl probe of charge +1. These
interaction energy values are considered for relationship
generation and utilized as descriptors to decide nearness
between molecules. The term descriptor is utilized in the
following discussion to indicate field values at the lattice
points. The optimal training and test sets were generated
using the sphere exclusion algorithm. This algorithm
allows the construction of training sets covering
descriptor space occupied by representative points. Once
the training and test sets were generated, kNN
methodology was applied to the descriptors generated
over the grid.To derive the kNN-MFA descriptor fields, a
3D cubic lattice with grid spacing of 2 A° in x, y and z
dimensions was created to encompass the aligned
molecules. k-NNMFA descriptors were calculated using
an sp3 carbon probe atom with a van der Waals radius of
1.52 A° and a charge of 1.0 with default cut-off energy 30
kcal/mol to generate steric field energies and electrostatic
fields. The steric and electrostatic energy values were
truncated at a default value of ±30 kcal/mol. The kNN-
MFA steric and electrostatic fields thus generated were
scaled by the standard method in the software. 

Alignment Procedure: In general, geometric similarity
should exist between the modeled structures and the
bioactive conformation for 3D QSAR. The spatial
alignment of compounds under study is thus one of the
most sensitive and determining factors in obtaining a
reliable model. Alignment of all 14 compounds (Fig.1) was
done using the template-based alignment in MDS; the
aligned structures were used for the study. In the
template- based alignment method, a template structure
was defined and used as a basis for alignment of a set of
molecules.

Fig. 1: Template-based alignment of molecules

Calculation of Descriptors: For calculation of field
descriptor values, using Tripos force field both
electrostatic and steric field type with cut offs 10.0 and
30.0 Kcal/mol respectively were selected and charge type
was selected as Gasteiger-Marsili .Dielectric constant was
set to 1.0 considering the distance dependent dielectric
function. Probe setting was carbon atom with charge 1.0
and grid setting in (Table 3). This resulted in calculation
of 2410 field descriptors (1205 for each electrostatic and
steric)  for  all  the  compounds  in  separate  columns
(Table 2). QSAR analysis was performed after removal of
all the invariable columns, as they do not contribute to
QSAR. The optimal test and training data set were
generated using manual selection method. In this method
selection of four compounds as test set and remaining
others as training set was done.The kNN-MFA technique
was used to derive 3D-QSAR model for 2-
alkylbenzimidazole derivatives which inhibits angiotensin
II receptor antagonists.

Building    K-Nearest-Neighbor (kNNMFA)    Models:
In the kNN algorithm, to classify a new pattern (molecule),
the system finds the kNN among the training set and uses
the categories of the kNN to weight the category
candidates (Zheng and Tropsha, 2000). The nearness is
measured by an appropriate distance metric (e.g. a
molecular similarity measure, calculated using descriptors
of molecular structures). Since there was a large pool of
descriptors available to build models, stepwise variable
selection methods were used along with kNN to find
optimal subset of descriptors for the kNN-MFA model.
Once the training and test sets are generated, kNN
methodology is applied to the descriptors generated over
the grid. The steric and electrostatic interaction energies
are computed at the lattice  points  of  the  grid  using a
methyl probe of charge +1.
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Table 2: 3D descriptors required for antihypertensive activity

E_867 E_971 E_1204 S_863 S_363 S_738 H_22 H_330 H_1096

0.064553 0.053108 0.006311 -0.5135 -1.56691 5.071069 -0.1967 -0.0473 -0.1229

0.071721 0.059576 0.063652 -0.3518 0.880491 -0.39616 -0.1323 -0.0377 -0.0775

0.043215 -0.03747 0.069161 -0.2819 -0.65694 -0.86393 -0.1923 -0.0555 -0.0617

0.015889 0.01688 -0.01068 -0.2576 -0.29701 3.014533 -0.1761 -0.0467 -0.0607

0.434868 -0.00642 0.074318 -0.5217 -1.54592 3.137152 -0.2056 -0.0492 -0.1238

0.613734 -0.11503 -0.1006 -0.4762 7.979889 -0.50047 -0.1382 -0.0395 -0.0979

0.437646 -0.05424 -0.11017 -0.3665 0.234467 -0.87835 -0.1638 -0.0470 -0.0799

0.757732 0.061418 0.031417 -0.3221 -1.38161 -0.18087 -0.1925 -0.0475 -0.0790

0.322073 -0.01271 -0.02949 -0.3190 -1.32166 0.494844 -0.1786 -0.0445 -0.0782

0.013579 0.016031 -0.01945 -0.3505 0.730961 1.963228 -0.1935 -0.0541 -0.0749

0.154043 0.031802 0.037678 -0.3295 5.233992 -0.90549 -0.1218 -0.0338 -0.0752

0.085443 0.063623 -0.02454 -0.3329 -1.30858 1.682222 -0.1820 -0.0457 -0.0796

0.208012 -0.07492 0.112136 -0.3619 15.78793 0.89676 -0.3058 -0.0731 -0.0702

0.016754 0.00908 0.033601 -0.3809 5.531063 0.407313 -0.2303 -0.0674 -0.0742

Table 3: Probe setting

From To Interval

X - 11.32556 16.876600 2.0000

Y - 9.325548 14.216000 2.0000

Z - 8.598000 11.437700 2.0000

Method of Validation: The following statistical parameters Both summations are over all the molecules in the training
were considered for comparison of the generated QSAR set. Because the calculation of the pair wise molecular
models: correlation coefficient (r), squared correlation similarities and hence the predictions, were based on the
coefficient (r ), predictive r  for external test set (pred r ) current trial solution, the q  obtained indicates the2 2 2

for external validation. The predicted r  (pred_r ) [6] value predictive power of the current model.2 2

was calculated using Eq.1, where y and yˆ  are the actuali i

and predicted activities of the i molecule in the test set,th

respectively and y  is the average activity of all (2)mean

molecules in the training set. Both summations are over all
molecules in the test set. The pred_r  value indicates the2

predictive power of the current model for the external test A molecule in the training set was eliminated and its
set as follows: biological activity was predicted as the weighted average

activity of the k most similar molecules (eq.3). The
(1) similarities were evaluated as the inverse of Euclidean

To validate the generated QSAR models, the leave-
one-out method was used, indicated as the value of q2

(cross-validated explained variance), which is a measure (3)
for the internal predictive ability of the model. The cross-
validation run returns the optimum number of components
for which it has the maximum cross-validated r  (q ) values (4)2 2

and the minimum standard error of the prediction
pred_r se. The cross-validated r  (q ) value was calculated Step-Wise Variable Selection Method (SW): The k-NN2 2 2

using Eq. 2, where y  and yˆ  are, respectively, the actual MFA models were developed using step-wise forward-i i

and predicted activities of the ith molecule and y  is the backward method with cross correlation limit set to 0.5mean

average activity of all the molecules in the training set. and term selection criteria as q . Fischer value ‘in’ was set

2

distances between molecules (eq.4) using only the subset
of descriptors corresponding to the current trial solution.

2
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to 4.0, Fischer’s value (F), which represents F-ratio (q ) is used as a measure of reliability of prediction, the
between the variance of calculated and observed activity correlation coefficient suggests that our model is reliable
and chance statistics assuring that the results are not and accurate. The predicted versus the experimental
merely based on chance correlations. Best models were selectivity values for the training and test sets are
selected on the basis of their statistical significance and depicted in (Fig. 5). Thus, our model displays good
F-test ‘out’ to 3.99. As some additional parameters, predictivity in regular cross validation.
variance cut-off was set as 2 Kcal/mol ? and scaling and
auto scaling, additionally the k-nearest neighbor pIC = -0.3419 (S_363) -0.4914 (H_1096) + 0.1008 (E_1204)
parameter setting was done within the range of 2-5 and -0.2239 (E_971)
prediction method was selected as distance based weight Model-1
average. n= 14, Optimum Components = 3, DF = 20, r  = 0.8753, q

RESULTS AND DISCUSSION pred_r  = 0.8211, pred_r se = 0.1793, ZScore Q  = 6.55423,

Selecting training and test set by spherical exclusion pIC =+0.2431 (E_1067) +0.1295 (H_22) -0.5412(E_867) -
method, Unicolumn statics shows that the max of the test 0.5890 (E_1028)  Model-2
is less than max of train set and the min of the test set is n= 14, Optimum Components = 4, DF = 20, r  = 0.8057, q
greater than of train set which is prerequisite analysis for = 0.7064, F test = 56.865, r _se = 0.1673, q _se = 0.2176,
further QSAR study. The above result shows that the test pred_r  = 0.7465, pred_r se = 0.6721, ZScore Q  = 7.5431,
is interpolative i.e. derived within the min-max range of the Best Rand Q  = 1.4876. 
train set. The mean and standard deviation of the train pIC = -0.2195 (S_863) -0.0497(S_738) +  0.2635 (H_330) +
and test provides insight to the relative difference of mean 0.0975 (E_1085)  Model-3
and point density distribution of the two sets. In this case n= 14, Optimum Components = 4, DF = 23, r  = 0.7821, q
the mean in the test set higher than the train set shows = 0.7465, F test = 43.126, r _se = 0.0243, q _se = 0.2985,
the presence of relatively more active molecules as pred_r  = 0.6931, pred_r se = 0.1354, Z Q  = 5.214, Best
compared to the inactive ones. Also the similar standard Rand Q  = 2.2362.
deviation in both set indicates that the spread in both the
set with their respective mean is comparable. The activity For 3D QSAR a kNN-MFA of 2-alkylbenzimidazole
were converted to -logIC , was used as dependant derivatives with reported activities against the non-50

variable. Relative alignment of all the energy minimized peptide angiotensin II receptor antagonists was
molecules was then carried out by using two techniques performed. The stepwise variable selection method
namely atom and template based for better results and resulted in several statistically significant models, of
better assessment between both. The kNN-MFA models which the corresponding best model, 3, is reported herein.
were generated by using training set of ten compounds The model selection criterion is the value of q , the
and remaining compound using a test set. Newly reported internal predictive ability of the model and that of pred_r ,
method k-Nearest Neighbor Molecular Field Analysis (k- the ability of the model to predict the activity of external
NN MFA) adopts a k-Nearest Neighbor principle for test set.Model-1,(Fig.2) the template based alignment
generating relationship of molecular fields with the shows a q (cross validated r ) of 0.8592 with four
experimentally reported activity. This method utilizes the descriptors namely S_363, H_1096, E_1204 and
active analogue principle that lies at the foundation of E_971.Steric, electrostatic and hydrophobic field energy
medicinal chemistry [17-19].3D QSAR the k-NN MFA of of interactions between probe (CH ) and compounds at
2-alkylbenzimidazole derivatives with reported their corresponding spatial grid points of 363,1096,1204
antagonistic activities for angiotensin II receptor and 971. Based QSAR model leads us to explain the effect
antagonists was performed, stepwise variable selection of steric and electrostatic and hydrophobic fields on
method resulted in several statistically significant models, different   substituents   of   2-alkylbenzimidazole  moiety.
of which corresponding best model 1,2 and 3 is reported A non-cross-validated r of 0.8753, number nearest
herein. The model selection criteria being the value of q neighbors k of 4 were observed with this model. i.e. all the2

,

the internal predictive ability of the model and that of values are proved statistically significant and exhibited
pred_r , the ability of model to predict the activity of good external prediction with r  pred of 0.8211. Statistical2

external test set. As cross-validated correlation coefficient significance  of  the  model  indicated  by Z score value of

2

50

2 2

= 0.8592, F test = 88.532, r _se = 0.4379, q _se = 0.8743,2 2
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Fig. 2: Contour plots of model obtained by kNN-MFA Fig. 3: Contour plots of model obtained by kNN-MFA
method -Model-1 method -Model-2

8.5732 and of >0.0001. The external predictability of the
QSAR models generated on test sets is characterized by
pred_r and pred_r  se. Model 1 The steric, electrostatic2 2

and  hydrophobic  points  considered  is  shown  in  the
figure (2) given above and it is observed that electrostatic
field with positive coefficient (E_1204) is far from the 2-
alkylbenzimidazole structure and possibly it has hardly
any effect on the substituent nature. However presence
of electrostatic field with positive coefficient (E_1204)
suggests that electro-positive substituent (electron
withdrawing groups like halogen moiety) may be Fig. 4: Contour plots of model obtained by kNN-MFA
favorable on the R  position of ring for producing better method -Model-31

activity. Electrostatic descriptor with positive coefficient
(E_971) (R ) positions of the 2-alkylbenzimidazole ring electronegative (electron-rich or electron-donating)2

corroborates that electronegative groups (electron groups are favorable in this region. Positive contribution
donating) are preferred in this positions. Steric descriptors of H_22 to Hydrogen group nearer to R  indicates that
with positive coefficients such as S_363 at R  position of positive hydrophobic field is disfavorable for decrease the3

the alkylbenzimidazole ring suggest that the favorability activity. From 3D-QSAR, (Fig.3) it is observed that
of bulky groups in these regions for producing potent anti electrostatic field with negative coefficient (E_1085) is far
hypertensive compounds. Negative contribution of from the 2-alkylbenzimidazole moiety, indicating that
H_1096 to Hydrogen group nearer to R  indicates that electronegative groups are unfavorable on this site and1

negative  hydrophobic  field is favorable for increasing presence of electronegative groups decrease the activity
the activity. Hence less hydrophobic or more hydrophilic of 2-alkylbenzimidazole compounds. Steric descriptors
substituent groups near R  is preferred. The plot of S_863 and S_738 with negative coefficients indicate1

observed versus predicted activities for the test regions where bulky substituent is disfavored R3 position
compounds is represented in Fig. 5(a). From Table 4 it is of the alkylbenzimidazole ring suggest that the
evident that the predicted activities of all the compounds favorability of bulky groups in these regions for
in the test set are in good agreement with their producing potent anti hypertensive compounds. Positive
corresponding  experimental  activities and  optimal  fit is contribution of H_330 to Hydrogen group nearer to R
obtained.The former descriptor contributes 45 % and the indicates that positive hydrophobic field is disfavorable
later contributes 35 % towards. In the QSAR model 2, for decrease the activity. Hence less hydrophobic
Electrostatic field descriptors (E_1067) with positive substituent groups near R  are preferred. The plot of
coefficients represent regions where electropositive observed versus predicted activities for the test
(electron- withdrawing) groups are favorable, whereas compounds is represented in Fig. 5(b). From Table 4 it is
E_867,    E_1028     negative    coefficient    indicates   that evident  that  the predicted activities of all the compounds

2

1

1
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Fig. 5(A) Observed versus predicted activities according to the model- 1

Fig. 5(b) Observed versus predicted activities according to the model- 2

Fig. 5(c) Observed versus predicted activities according to the model- 3

in the test set are in good agreement with their activity and observed values. Negative contribution of
corresponding experimental activities and optimal fit is S_863 and S_738 in R indicates that negative steric
obtained. QSAR Model 3 is a parity plot showing 99% potential is favorable for increasing the activity. So less
prediction interval. The Stereo view of the super imposed bulky substituent groups are preferred in the R  position.
molecules along with the descriptors contributing to the Negative contribution of H_330 to Hydrogen group nearer
activity are shown in Fig. 4. Table 4 lists the predicted to   R     indicates    that    positive   hydrophobic   field  is

3

3

1
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Table 4: Observed and predicted activities of statistically significant models

Observed activity Model 1 Predict. Activity Model 2 Predict. Activity Model 3 Predict. Activity

0.908 0.914 0.891 0.915
0.886 0.879 0.902 0.877
0.869 0.894 0.858 0.854
0.845 0.851 0.839 0.835
0.832 0.828 0.825 0.824
0.812 0.82 0.824 0.821
0.919 0.913 0.903 0.904
0.886 0.871 0.893 0.895
0.857 0.844 0.868 0.873
0.908 0.918 0.919 0.889
0.875 0.88 0.837 0.863
0.88 0.891 0.894 0.897
0.845 0.836 0.852 0.854
0.819 0.815 0.811 0.806

disfavorable for decrease the activity. Hence less the atom based and template base methods. We find that
hydrophobic or more hydrophilic substituent groups near the atom based alignment shows this superimposition
R1 is preferred. The former descriptor contributes 56 % produced a good external prediction. The kNN-MFA
and the later contributes 44% towards activity. The plot model obtained from atom based alignment having better
of observed versus predicted activities for the test r values than template based alignment. This indicates
compounds is represented in Fig. 5(c). All three models that all ligands have to be superimposed by the template
show  that  negative value in electrostatic field descriptors structure used for alignment. Also it showed good
indicates the negative electronic potential is required to correlation with biological and predictive ability. Steric
increase activity and more electronegative substituents and electrostatic fields were found important for
group is preferred in that position, positive range angiotensin II receptor antagonist’s activity as
indicates that the group which imparts positive exemplified by the higher predictive power of the kNN-
electrostatic potential is favorable for activity so less MFA model. The effects of the steric field around the
electronegative group is preferred in that region. Negative aligned molecules on their activities are clarified by
range in steric descriptors indicates that negative steric analyzing the kNN-MFA model. The information obtained
potential is favourable for activity and less bulky in this study provides the tools for predicting the affinity
substituents group is preferred in that region. Positive values of structurally similar analogs and for guiding
value of steric descriptors reveals that positive steric further structural modifications and synthesizing potent
potential is favorable for increase in activity and more angiotensin II receptor antagonist’s activity. The
bulky group is preferred in that region. The plot of developed QSAR models allow for an understanding the
contributions of steric electrostatic and hydrophobic field molecular properties/features that play an important role
interactions indicates relative regions of the local fields in governing the variation in the activities. In addition,
(steric electrostatic and hydrophobic) around the aligned this 3DQSAR study allowed investigating the influence of
molecules. The above QSAR models are validated on the simple and easy to compute descriptors in determining
compounds comprising the test set and biological biological activities that could highlight the key factors
activities of test molecules are predicted. The above and may aid in the design of novel and potent molecules.
model is validated by predicting the biological activities
of the test molecules, as indicated in table 4. ACKNOWLEDGEMENT
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