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Abstract—A comparative molecular similarity indices analysis (CoMSIA) of a set of 29 imidazolyl and N-pyrrolyl heptenoates have
been performed to find out the structural requirements for 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) inhibitory activity.
The HMG like side chain, a common moiety of statins, was used to align the molecules. The results guide to design new chemical
entities with high potency.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Coronary artery disease is a major health problem in
developed countries and currently affects 13—14 million
adults in the United States alone. Elevated cholesterol
level is the primary factor in this disease.?> 3-Hydroxy-
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HMGR-statin interactions. Previous studies provided
many compounds with ICs, values in nanomolar range
based on the replacement of the chiral decalin moiety
of the statins (Fig. 1). Further the synthesis of pravasta-
tin analogues, methanesulfonamide pyrimidine/pyrrole
substituted 3,5-dihydroxy-6-heptenoates and the thio-
phene-based analogues were reported to be potent
inhibitors of HMGR.%8

Recently, we have been involved in the computer aided
design of novel PDE-IV?~!! and COX-2!2"'% inhibitors
using three-dimensional quantitative structure—activity
relationship (3-D QSAR)'>!¢ studies. In the present
study, we have performed the 3-D QSAR studies on
imidazolyl and N-pyrrolyl heptenoates by comparative
molecular field similarity indices analysis (CoMSIA)
method. CoMSIA is one of the latest techniques'” used
to produce three-dimensional models to indicate the re-
gions that affect biological activity with the change in

Table 1. The structures and actual and predicted inhibitory activities

chemical substitution. Compared to comparative mole-
cular field analysis (CoMFA), it provides more insight
into the physico-chemical properties of molecules as it
includes extra descriptors such as hydrophobicity,
hydrogen bond donor and hydrogen bond acceptor
properties.

2. Results and discussion

Twenty nine 3,5-dihydroxyheptenoates (Table 1) re-
ported by the same group'®!® were selected for the pres-
ent study. Twenty three molecules were taken for
construction of training set and the remaining six mole-
cules were used as test set to validate the developed
CoMSIA model. The bioactive conformation of fluvast-
atin was extracted from the HMGR-inhibitor complex
(IHWILpdb)?® and used as a template to model the
selected compounds. The bound conformation of
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Cd R, Ry R; Actual pICs, Pred pICs, Residual Set®
1 CF3 4-F-C¢Hy 4-F-C¢H,4 7.89 7.85 0.04 TR
2 CH; 4-F-C¢Hy 4-F-C¢Hy <7.00 8.17 —1.17 Outlier
3 t-Bu 4-F-C4Hy 4-F-C¢Hy 8.15 8.40 -0.25 TS
4 M€2N 4-F—C6H4 4-F—C(,H4 8.04 7.97 0.07 TR
5 4-F-C4Hy 4-F-C¢Hy Me,CH 9.00 8.75 0.25 TS
6 Me,CH 4-F-C¢Hy 3-Cl-CgHy4 8.10 7.81 0.29 TR
7 Me,CH 4-F-C¢Hy 3,5-Di-Cl-C4¢Hj3 7.66 7.73 —0.07 TR
8 Me,CH 4-F-C¢Hy 3,5-Di-Me-C¢Hj3 7.25 7.04 0.21 TR
9 Me,CH 4-F-C4Hy 2-Me-4-F-C¢Hj; 8.40 8.63 -0.23 TR
10 Me,CH 4-F-C¢Hy 3,5-Di-Me-4-F-C4¢H, 7.52 7.52 0.00 TR
11 Me,CH 4-F-C4Hy 3,5-Di-Et-4-F-C¢H, 7.00 7.26 —0.26 TS
12 Me,CH 3,5-Di-Me—4-CI-C¢H, 4-F-C¢Hy 8.70 8.69 0.01 TR
13 Me,CH 3-Pyridyl 4-F-C¢Hy 9.00 9.15 —0.15 TR
14 Mech 3-502M6—C(,H4 4-F—C6H4 8.70 8.74 —0.04 TR
15 Me,CH 3-NHMe-C¢H, 4-F-C¢H,4 8.52 8.58 —0.06 TR
16* Me,CH 4-F-C¢Hy 4-F-C¢Hy 6.15 6.16 —0.01 TR
17* Me,CH 4-F-C4Hy 4-F-C¢H,4 5.70 5.79 —0.09 TR
18 Me,CH 4-F-CgHy 4-F-C¢Hy 9.00 8.75 0.25 TR
19 Me,CH 4-F-C¢Hy 4-F-C¢H,4 8.70 8.50 0.20 TR
20 Me,CH CeHs 4-F-C4Hy 8.70 8.50 0.20 TR
21 Me,CH 3-ClI-Cg¢Hy4 4-F-C¢H, 8.70 9.08 —0.38 TS
22 Me,CH 3-Br-CgHy 4-F-C¢Hy 9.30 9.26 0.04 TR
23 Me,CH 4-Pyridyl 4-F-C¢H,4 8.30 8.33 —0.03 TR
24 Me,CH 2-Pyridyl 4-F-C4H, 8.70 8.69 0.01 TR
25° Me,CH 4-F-C4H, 4-F-C¢H,4 9.52 9.58 —0.06 TR
26 Me,CH 4-F-C¢Hy Cg¢Hs 7.60 7.85 —0.25 TR
27 Me,CH 4-F-C¢Hy 3-Cl-C¢Hy 7.15 7.38 —0.23 TR
28 Me,CH 4-F-C¢Hy 3-Br-C¢Hy 7.16 7.38 —0.23 TS
29°¢ Me,CH 4-F-C¢Hy 4-F-C¢H,4 6.98 6.97 0.01 TR

Cd = Compound, 16* =3S.5R, 17* = 3R,5R.
TR = training set, TS = test set.

® Bromine substitution at C, of pyrrole ring.
¢ Heptanoate.
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fluvastatin possessed 3R,5S configuration. This chiral
form has been reported!®!° to be active for this series
of compounds and therefore used for all the molecules.
The HMGR inhibitory activities reported from rat liver
microsomal assay!'®!® were used for CoMSIA studies.

The X-ray crystallography studies® confirmed that the
side chain moiety, common to the HMGR inhibitors,
binds to the narrow pocket where HMG is normally
bound and the structurally diverse rigid hydrophobic
groups of the statins are accommodated in a shallow
nonpolar groove. Thus, the rigid hydrophobic group be-
haves as a linker and helps to properly orient the hydro-
philic side chain inside the catalytic active site. Keeping
this point in mind, we aligned the molecules using the
C,—Cs carbon atoms of HMG like side chain moiety
(Fig. 2) of the most active molecule 25 (Table 1).

The summary of the statistical results obtained for
CoMSIA studies are shown in Table 2. We found that
the CoMSIA descriptors such as steric, electrostatic,
hydrophobic and hydrogen bond donor played a signi-
ficant role in the prediction of biological activity. An
excellent value of 0.89 for * prediction was obtained
for this model with the r*cv of 0.613. The actual and pre-
dicted value of the training and test set molecules
showed a linear relationship (Fig. 3). Exclusion of both
the steric and electrostatic field descriptors produced no
significant change in internal predictivity. However, a
little decrease in the r* prediction (0.89-0.84) was ob-
served. Removal of only the steric field from the model
produced marginally better r*cv with a little drop in the
r? prediction value. Incorporation of the hydrogen bond
acceptor field resulted in marginally inferior internal and
external predictions.
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Figure 3. Actual versus predicted pICsy of training and test set
molecules.

The contour maps (Fig. 4) produced by CoMSIA were
analyzed by superimposing them onto the imidazolyl
heptenoate 18 as this was the most active molecule of
the imidazole series. A large green contour surrounding
the isopropyl moiety indicated the importance of the
presence of a bulky group in this region for biological
activity. Thus, compounds 1 and 2 with less bulky group
at this position exhibited decreased biological activity.
Although compound 1 was predicted well by the model,
compound 2 was over predicted and thus considered as
outlier. The possible reason for the over prediction may
be that the training set contains only one molecule (1)
with less bulky group (i.e., CF3) with a pICsy value
of 7.89, which is lower than that of the most active

Figure 4. CoMSIA steric—electrostatic contour maps with the molecule

Figure 2. Alignment based on database method. 18.
Table 2. The summary of the results of CoOMSIA
Steric, electrostatic, Hydrophobic, Steric, electrostatic, Electrostatic, hydrophobic,
hydrophobic, donor, acceptor donor hydrophobic, donor donor
rPev 0.595 0.605 0.613 0.633
NOC 6 6 6 6
SEP 0.720 0.710 0.703 0.685
= Conv 0.963 0.953 0.975 0.969
SEE 0.216 0.246 0.178 0.20
F 70.047 53.78 105.301 82.1
#? Pred 0.8816 0.8465 0.8940 0.8477

NOC = number of components, SEE = standard error of estimate, SEP = standard error of prediction.
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molecule of the series. Since CF3 and CHj5 are almost of
the same size they were not differentiated and the predic-
ted pICsq value of 8.17 of 2 was close to that of 1 (7.85).
The importance of a bulky substituent corresponding to
R, is manifested by the decreased plCsy value of 7.97
(actual 8.04) in 4 having less bulky NMe, in place of
Me,CH. Similarly the predicted pICsy value of 8.40 in
3 having the 7-Bu group as R, is indicative of the impor-
tance of a bulky group at this position in imparting bet-
ter biological activity. The green contour covering Cs—
Cs region of the R4 aryl ring indicated that compounds
with bulky substitution at these positions should possess
good biological activity as observed in 12, 14, 15, 21 and
22. The increase in the actual pICsy value from 8.70 to
9.30 in replacing the chlorine at C; of the Ry aryl ring
in 21 by the bulkier bromine as in 22 provides distinct
evidence of the influence of the steric factor in this re-
gion. A yellow contour observed near the C3 position
of the Rs aryl ring explained the intolerance to steric
bulk in this region. Thus, 6-8, 10, 11, 27 and 28 contain-
ing bulky substitutions in this area showed less biologi-
cal activity (actual pICso value less than that of 18 and
25). A red contour at C4 of Rjs aryl ring showed the
importance of electronegative atom such as F at this po-
sition in imparting better biological activity. This is re-
flected in the decreased biological activity of 6-8, 10
and 26-28 that are devoid of the F substitution at this
position. The overall inferior biological activity dis-
played by 6-8, 27 and 28 may be due to the combined
effect of the presence of a bulky substituent at C; and
the lack of the presence of F at C4 of the Rs aryl ring.
However, the decreased biological activity of 10 and
11 reflects solely the effect of bulky substituent at Cj
of the Rs aryl ring as the replacement of the methyl
group by the bulkier ethyl group induces a decrease in
the actual pICs, value from 7.52 to 7.00. Whereas, the
poor biological activity of 26 is the result of the absence
of F at C4 of the Rs aryl ring. The fact that 13 with the
3-pyridyl moiety as R4 showed biological activity com-
pared to that of 18 may be due to the reason that hydra-
tion through the pyridine electron lone pair increases the
steric crowd in this region.

The hydrophobic field (majenta) contours (Fig. 5) ob-
served near C; of Rs aryl ring and C,, C4 of the R4 aryl
ring suggest that these positions are not suitable for sub-
stitution with hydrophobic group. Thus, 6-8,10, 11, 27
and 28 having a methyl, chloro or bromo substitution
at C;z of the Rs aryl ring exhibited decreased biological
activity (compared to that of 18 and 25). The presence
of the hydrophilic nitrogen lone electron pair of the 4-
and 2-pyridyl groups in 23 and 24, respectively, may
be the reason for the very good biological activity of
these compounds. The yellow contours near C; and Cgq
positions of the Ry aryl ring indicates that introduction
of hydrophobic moieties at these positions should im-
prove the biological activity. This accounts for the better
biological activity of 12, 15, 21 and 22 in having a
chloro, methylamino or bromo substituent at C; of the
R, aryl ring. The yellow contour near the Cg of R4 ex-
tends over the region of the C4 carbon of the central
five-membered ring. Thus, 25 with bromo substitution
in this region produced better biological activity. The

Figure 5. CoMSIA hydrophobic and donor contour maps with the
molecule 18.

CoMSIA steric contour maps produced at Cz of R4 aryl
ring and C; of Rs aryl ring were comparable with the
hydrophobic contours. The purple contour represented
the position where hydrogen bond donor fields disfa-
vour the biological activity and the cyan contours
showed that the presence of a donor group in this region
should produce better biological activity (Fig. 5). The
importance of the donor field is best represented by
the orientation of the hydroxyl group in the region of
the cyan contour (Fig. 5) and indicates the importance
of 58 configuration of the hydroxyl group in the side
chain. In the 5R configuration of the hydroxyl group
in 16 and 17, the orientation of hydroxyl group is away
from the region occupied by the cyan contour and ex-
plains the poor biological activity in the inactive chiral
form. Thus, the 3D-QSAR CoMSIA model developed
under this study predicts the stereochemical requirement
of the ligand to exhibit good biological activity. Our re-
sults are in conformity of the recent crystallography
studies’ that the bioactive chiral form of heptenoate side
chain of statins having the 3R,5S configuration under-
goes various hydrogen bonding and salt bridge interac-
tions with polar residues in the active site. The poor
biological activity of 29 emphasizes the requirement of
the ethene linker between the heterocyclic ring and the
3-HMG moiety.

The 3-D QSAR study of 9,9-bis-(4-fluorophenyl)-3,5-
dihydroxy-8-subtituted-6,8-nonadienoic acids as HMG-
CoA reductase inhibitors was earlier reported by Sit
et al.?! The significant difference of the present work with
this report is that the work of Sit et al. was to delineate
the topographical and physio-chemical features of the
binding site from the ICsq values in the absence of any
molecular information concerning the active site of
HMG-CoA reductase and the approach consists of
exploring the sterically allowed conformations relative
to the butadiene unit.?! The present study is based on
the structure of the active site derived from the X-ray
crystal structure® and the bioactive conformation of flu-
vastatin, a known HMG-CoA inhibitor, extracted from
the HMGR-inhibitor complex.'> However, the results
of the present study corroborate the assumptions made
in the work of Sit et al.! based on topological approach
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to receptor mapping to quantify potential intermolecular
steric effects. The literature report considered overlap-
ping volume as a molecular shape descriptor and it was
concluded that the inactive molecules may experience
detrimental interactions at the active site and thus the
bioactivity of the compounds is conditioned by intermo-
lecular interactions between the substituent attached to
the tetrazole moiety at C-8 and its corresponding binding
site.?! In the present work the molecular design was
based on the various electrostatic, steric and hydropho-
bic effects of the substituents on the aryl rings attached
to the central heterocyclic moiety and the substituent di-
rectly attached to the central ring.

3. Conclusion

CoMSIA studies on 29 3,5-dihydroxy heptenoates were
carried out to develop a 3-D QSAR model that provided
good internal and external predictivity. The resulted
model can be extrapolated to predict novel and more
potent molecules. The contour maps obtained from
the CoMSIA analysis guide to design new chemical enti-
ties with high HMGR inhibitory activity.

4. Molecular modelling

The molecular modelling and 3-D QSAR studies were
performed on a Silicon Graphics Octane 2 workstation
using sYBYL 6.8.22 The bioactive conformation of flu-
vastatin extracted form 1HW1.pdb?® was used to model
the selected molecules. Geometry optimization was per-
formed using Tripos force field, Powell method?? includ-
ing Gasteiger-Huckel** charges till the gradient
convergence 0.05 kcal/mol was reached.

4.1. Alignment rules

One of the important steps in the 3-D QSAR methods is
the active conformation and alignment of molecules.
The success of these methods strongly depended on
the relative positioning of the ligands in the fixed lattice,
before the generation of 3-D descriptors. We have per-
formed database alignment method. The fragment used
for the alignment is shown in Figure 2.

4.2. CoMSIA interaction energy fields

The recently reported CoMSIA method is based on
molecular indices. Using a common probe atom, simi-
larity indices are calculated for a data set of prealigned
molecules at regularly spaced grid points. When the
atoms of the molecules approach the probe very nearer
then there will be sudden rise in energy. Therefore, the
cut off value of 30 kcal/mol is included in CoOMFA. This
restriction may give some false values, which sometimes
lead to error in the predictions. The GAUSSIAN type dis-
tance dependant function forms used by CoMSIA meth-
od to calculate such properties overcome this problem.
Similarity indices can be calculated at all grid points in-
side as well as outside the molecules and are subse-
quently evaluated in a PLS analysis.

4.3. PLS analysis

The regression analysis of CoMSIA field energies was
performed using the partial least squares (PLS) algo-
rithm with the leave-one-out (LOO) method adopted
for cross-validation. The cross-validation was per-
formed to obtain the optimum number of components
which were then used in deriving final CoOMSIA model
without cross-validation. The column filtering value
(o) was set to 2.0 for cross-validated final analysis was
carried out to calculate the conventional * value using
the optimum number of components.

4.4. Predicted > value

To validate the derived models, biological activities of
the test set molecules were predicted using models de-
rived form training set. Predictive +* value was calcu-
lated using formula. r* Predictive = (SD — PRESS)/SD.
Where SD is the sum of squared deviation between the
biological activities of the set molecule and the mean
activity of the training set molecules and PRESS is the
sum of squared deviations between the actual and the
predicted activities of the test set molecules.
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