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Field Analysis, Comparative Molecular Similarity Indices Analysis, and
Docking Studies of Some 1,2-Diarylimidazole Derivatives

G. R. Desiraju,*' B. Gopalakrishnan,**8 R. K. R. Jetti,! A. Nagaraju,' D. Raveendra,' J. A. R. P. Sarma,*"

M. E. Sobhia,* and R. Thilagavathi*

School of Chemistry, University of Hyderabad, Hyderabad 500 046, India, Department of Medicinal Chemistry, National
Institute of Pharmaceutical Education and Research, Sector-67, S. A. S. Nagar 160 062, India, Molecular Modeling Group,
Organic Division-1, Indian Institute of Chemical Technology, Hyderabad 500 007, India, and gvk bioSciences Pvt. Ltd.,
#210 “My Home Tycoon”, 6-3-1192 Begumpet, Hyderabad 500 016, India

Received May 10, 2002

Comparative molecular field analysis and comparative molecular similarity indices analysis
were performed on 114 analogues of 1,2-diarylimidazole to optimize their cyclooxygenase-2
(COX-2) selective antiinflammatory activities. These studies produced models with high
correlation coefficients and good predictive abilities. Docking studies were also carried out
wherein these analogues were docked into the active sites of both COX-1 and COX-2 to analyze
the receptor ligand interactions that confer selectivity for COX-2. The most active molecule in
the series (53) adopts an orientation similar to that of SC-558 (4-[5-(4-bromophenyl)-3-
trifluoromethyl-1H-1-pyrozolyl]-1-benzenesulfonamide) inside the COX-2 active site while the
least active molecule (101) optimizes in a different orientation. In the active site, there are
some strong hydrogen-bonding interactions observed between residues His90, Arg513, and
Phe518 and the ligands. Additionally, a correlation of the quantitative structure—activity
relationship data and the docking results is found to validate each other and suggests the

importance of the binding step in overall drug action.

Introduction

Nonsteroidal antiinflammatory drugs (NSAIDs)!2 are
of immense benefit in the treatment of inflammatory
diseases. The principal pharmacological effects of NSAIDs
are due to their ability to inhibit prostaglandin (PG)
synthesis by blocking cyclooxygenase (COX), which
catalyzes the conversion of arachidonic acid to PGH,.3
The discovery of two isoforms,* COX-1 and COX-2,
helped in understanding the side effects associated with
NSAIDs. COX-1 is a constitutive enzyme and is neces-
sary for the proper function of the kidney and stomach.
In contrast, COX-2 is an inducible isoform that leads
to inflammation.5®¢ Classical NSAIDs such as aspirin,
ibuprofen, flurbiprofen, and naproxen nonselectively
inhibit both forms of COX and also cause gastric and
renal failure.”~10 It is expected therefore that selective
inhibition of COX-2 will provide a new generation of
NSAIDs with significantly reduced side effects.

There have been sustained efforts concerning the
identification of selective COX-2 inhibitors with an
attractive pharmacological profile: NS-398, DuP-697,
SC-57666, and SC-558 (NS-398, N-(2-cyclohexyloxy-4-
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nitrophenyl)methanesulfonamide; DuP-697, 5-bromo-2-
(4-fluorophenyl)-3-(4-methylsulfonylphenyl)thiophene;
SC-57666, 1-[2-(4-fluorophenyl)-1-cylopentenyl]-4-me-
thylsulfonylbenzene; and SC-558, 4-[5-(4-bromophen-
yl)-3-trifluoromethyl-1H-1-pyrozolyl]-1-benzenesulfonamide),
which have been reported as highly selective COX-2
inhibitors.11-16 Very recently, the COX-2 selective in-
hibitors celecoxib (Celebrex)!” and rofecoxib (Vioxx)®
have been approved by the Federal Drug Administra-
tion. These drugs have shown efficacy in the clinical
trials of acute pain, osteoarthritis, and rheumatoid
arthritis.1®2° Furthermore, selective COX-2 inhibitors
are believed to play a vital role in ovulation and labor
as well as in the treatment of colon cancer and Alzhe-
imer’s disease.>?123

Many novel COX-2 inhibitors have been developed by
different research groups in the past few years.?4=29
Recently, a novel series of 1,2-diarylimidazoles, which
are structurally similar to both celecoxib and rofecoxib
that are also selective COX-2 inhibitors, have been
reported.282° We too have been analyzing the pharma-
cophore and the interactions responsible for COX-2
selectivity with three-dimensional quantitative struc-
ture—activity relationship (3D QSAR) methods and
structure-based docking studies on a series of 1,5-
diarylpyrazoles and 3,4-diaryloxazolones.?%31 In this
paper, we report results of analyses using comparative
molecular field analysis (CoMFA) and comparative
molecular similarity indices analysis (CoMSIA) meth-
odologies, which includes steric, electrostatic, hydro-
phobic (lipophilic), and hydrogen bond donor and ac-
ceptor fields, to derive predictive models from a set of
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Scheme 1. Molecules Used for COMFA, CoMSIA, and Docking Studies
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114 analogues of 1,2-diarylimidazoles?®2° for their COX-2
selectivity. Furthermore, we report docking studies with
FlexiDock32 and Affinity3® wherein some of the 1,2-
diarylimidazole derivatives have been docked into both
COX-1 and COX-2.

Computational Details

The chemical structures of the 114 analogues are
given in Scheme 1. The biological activities®* were
converted into the corresponding —log(ICsg) values. The
observed antiinflammatory activities {—log(ICsp)} for
the training and test sets are given in Tables 1 and 2,
respectively. The various 3D QSAR studies such as
CoMFA and CoMSIA were carried out using SYBYL,3235
while the docking studies were carried out using Flexi-
Dock and Affinity in SYBYL and InsightlI3 environ-
ments, respectively.

Molecular 3D Structure Building. All molecules
were generated based on the coordinates of the molecule
SC-558 (6C0OX).36:37 All structures were minimized using
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Tripos force fields and the conjugate gradient algorithm
with a gradient convergence value of 0.01 kcal/mol A.
Partial atomic charges were calculated using the
Gasteiger—Huckel method. Initially, a constrained mini-
mization for 100 cycles was performed in which the
three rings A, B, and C (Frame 1) were defined as an
aggregate to constrain their conformation and to avoid
false minima. The constraints were then removed, and
the structure was subjected to 1000 cycles of minimiza-
tion or till the gradient converged to 0.001 kcal/mol A.
Further geometric optimizations were performed using
AM1 methods in order to get accurate molecular struc-
tures and electrostatic potential (ESP) charges. Default
parameters in MOPAC were used for structural opti-
mization. These optimized structures and charges were
used in the CoMSIA and CoMFA studies. The final
geometry of these molecules is very similar to that of
SC-558 inside the COX-2 enzyme.36:37

Alignment. The most active compound 53 was used
as the template, and the rest of the molecules were
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Table 1. Experimental —log(ICso) and Corresponding Model Predicted Values of Molecules Used in the Training Sets for COMFA and

CoMSIA
predicted predicted
compd  actual —log(ICsp) CoMFA2 CoMSIA (S, E,H,A) compd actual —log(ICs) CoMFA2 CoMSIA(S, E, H,A)
1 0.62 0.10 0.19 58 0.77 1.15 0.60
3 —2.00 —1.98 -1.71 59 0.85 0.93 0.89
5 1.00 0.97 1.04 61 0.14 0.19 0.30
6 0.92 0.56 0.62 62 0.85 0.99 1.03
7 0.80 0.82 0.80 63 1.52 1.98 1.23
8 0.24 —0.07 0.04 64 0.21 —0.06 0.32
9 0.15 0.38 0.62 66 —0.20 —0.20 —0.62
10 0.80 0.58 0.88 67 0.64 1.07 0.42
11 2.00 1.85 1.90 69 —2.00 —2.10 —2.07
13 1.40 1.26 1.28 70 0.62 0.93 0.84
14 1.40 1.57 1.45 71 1.52 1.66 141
15 1.22 0.93 1.09 72 1.30 1.18 1.44
16 0.92 0.80 0.84 74 —0.92 —0.93 —0.98
17 1.10 0.88 1.27 75 0.49 0.53 0.41
18 0.68 0.70 1.09 76 —2.00 —1.84 -2.11
19 0.46 0.19 0.34 78 —0.23 -0.21 —0.48
20 —1.83 —1.43 —1.99 79 —0.18 —0.27 —0.39
23 2.10 1.75 1.77 80 —0.98 —0.96 —1.45
24 1.52 1.32 1.50 82 -1.73 —2.14 —1.76
25 2.15 1.71 1.95 83 —0.08 0.22 —0.08
26 1.52 1.21 1.27 85 0.02 —0.52 —0.23
27 0.05 -0.14 0.37 86 0.36 0.58 0.22
28 0.40 0.00 0.42 87 —0.45 -0.14 -0.79
30 1.00 0.82 1.07 88 0.54 0.87 0.69
31 0.70 0.76 0.83 89 -1.71 —1.36 —1.10
32 0.82 1.00 0.57 90 0.47 0.25 0.44
34 1.40 1.12 1.34 91 —0.46 —0.58 -0.25
36 0.48 0.64 0.72 92 -0.11 —0.10 —0.28
37 1.52 1.34 1.28 94 —0.76 —0.66 —0.56
38 0.96 1.22 1.03 95 0.38 0.10 0.39
39 0.77 1.17 1.02 96 0.14 0.61 0.36
40 1.05 1.32 1.23 97 0.36 0.32 0.29
41 0.60 0.98 0.93 98 —0.19 0.07 0.09
43 0.77 0.37 0.40 100 —1.90 —1.56 —1.55
45 0.42 0.85 0.78 101 —2.97 —2.61 —2.71
a7 0.02 0.19 -0.21 102 —0.08 —0.28 —0.03
48 0.77 0.68 1.20 104 0.20 —0.30 0.08
50 1.70 1.77 1.59 105 —0.04 -0.17 —-0.21
51 1.52 181 1.72 106 0.55 0.49 0.44
52 2.00 1.85 2.00 109 0.03 —0.30 —0.18
53 2.52 2.14 1.96 110 0.28 0.38 0.45
54 1.52 1.60 1.96 111 0.37 0.67 0.66
55 1.40 0.97 1.36 112 0.96 0.58 0.87
56 1.52 141 1.30 113 —0.62 -0.13 -0.12
57 0.34 1.05 0.46 114 0.39 0.31 0.29

aligned to it by using fragment 1 as the substructure
as described earlier.3! Molecular alignment has also
been carried out with field fit methods using SYBYL.%?

N8 2

0,8
2

Frame 1 Fragment 1
CoMFA. CoMFA fields were generated using stan-
dard procedures.®® The coordinates of the CoOMFA grid
box are (—10.87, —11.03, —9.77) and (13.10, 10.96, 7.62)
for the lower and upper corners, respectively. The total
number of the grid points generated is 1296. It is
essential to assess the predictive power of the COMFA
model by using a set of compounds that are referred to
as the test set. Therefore, the total set of inhibitors
initially considered is divided into two groups in the
approximate ratio 4:1 (90 in the training set to 24 in

the test set). The selection of test set and training set
compounds was done manually such that low, moderate,
and high activity (ICsg) compounds occur in roughly
equal proportions in both sets.

CoMSIA. The same grid constructed for the CoOMFA
field calculation was used for the CoMSIA field calcula-
tion.®> The CoMSIA method avoids some inherent
deficiencies of the Lennard—Jones and Coulomb poten-
tials used in CoMFA to calculate the field energies
around a set of aligned ligands. In CoMSIA, a distance-
dependent Gaussian type functional form has been
employed that avoids singularities at the atomic posi-
tions and dramatic changes of potential energy for those
grid points in the proximity of the surface; no arbitrary
definition of cutoff limits is required in CoOMSIA. A probe
atom sp? carbon with charge +1, hydrophobicity +1, and
H-bond donor and acceptor property as +1 was placed
at every grid point to measure the electrostatic, steric,
hydrophobic, and H-bond donor or acceptor field. The
value of the attenuation factor was defined as 0.3.
Finally, the results from field calculations combined
with the observed biological activities were included in
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Table 2. Actual COX-2 Inhibitory Activity —log(ICso), the
Predicted Activities from Different COMFA and CoMSIA
Models, and the Residual Values for Test Set Molecules

predicted
compd actual (I1Csp) CoMFA 2 CoMSIA (S, E, H, A)
2 0.96 1.13 1.26
4 -0.77 —0.74 —2.31
12 2.00 1.74 1.69
21 -0.51 —0.74 —0.05
22 0.04 0.05 —0.20
29 0.10 —0.07 0.18
33 0.89 1.05 0.82
35 0.49 0.71 0.94
42 —0.02 0.12 0.82
44 0.92 0.94 131
46 0.96 0.96 0.64
49 1.52 1.68 1.29
60 1.05 1.46 1.32
65 0.39 0.21 0.02
68 —0.76 0.09 —0.89
73 —0.57 0.01 —0.88
77 —0.19 —0.88 0.00
81 —0.26 0.12 —0.02
84 —1.57 —0.31 —0.74
93 0.28 —0.39 —0.35
99 -1.39 —0.32 -1.32
103 -0.23 —0.54 —0.47
107 0.33 —0.32 0.01
108 —0.04 —0.93 0.27

a molecular spreadsheet and partial least squares (PLS)
methods were applied to generate the CoMSIA model.
To choose the appropriate components and check the
statistical significance of the models, the PLS algorithm
with the leave-one-out cross-validation method was
employed. The CoMSIA results were graphically inter-
preted by field contribution maps using the field type
“STDEV*COEFF".

Structure-Based Studies. Docking studies were
carried out using FlexiDock3? and Affinity3? for 1,2-
diarylimidazole molecules in both forms of COX. The
crystal structures of murine apo-COX-2 (6COX) with
SC-558%6:37 and sheep COX-1 (1PGG) with iodoin-
domethacin (IMM)38 (IMM, indomethacin 1-(4-choroben-
zoyl)-5-methoxy-2-methyl-1H-indole-3-acetic acid) were
used in this study. Such a procedure is valid because
the extent of structural differences in the active site
between COX-1 (or COX-2) from different species was
negligible as compared to differences between COX-1
and COX-2 themselves in the active site. Hydrogens
were added to the proteins while all of the residues were
considered in the neutral form. Active sites of COX-1
and COX-2 were defined using the inhibitors IMM and
SC-558, respectively, and all amino acid residues within
a 5.0 A radius to any of the inhibitor atoms were
considered. All ligands were positioned in an orientation
similar to that of IMM or SC-558 prior to docking.

FlexiDock. All ligand molecules (1—114) that were
included for 3D QSAR studies were used in the Flexi-
Dock docking study. The backbone conformation of
residues in the binding pockets of the enzymes was kept
rigid, while all rotatable bonds of the ligands were kept
flexible to explore the most biologically active conforma-
tion. Docking studies were performed for 10 000 genera-
tions, and only the energetically favorable complexes/
conformations were analyzed. On the basis of the fitness
score (energy), one complex structure for each ligand

Desiraju et al.

was selected as the best fit and its score was correlated
with its biological activity.

Affinity. Affinity studies are carried out only for
representative molecules—the most active molecule 53,
a moderately active molecule 59, and the least active
molecule 101. These are docked into the active site of
COX-2 and COX-1 enzymes as described earlier.3! All
of the residues in the active site were also allowed to
move freely along with internal bonds of the ligand.

Results and Discussion

The models generated by CoMFA and COMSIA
methods are summarized in Table 3. They were ana-
lyzed for their predictive ability for the training set as
well as test set molecules. Final models were selected
primarily based on the values of better cross-validated
r2, predictive r?, and the SD values of test set molecules
(all of these values are highlighted in Table 3).

CoMFA Analysis. Two CoMFA models, CoOMFA 1
(database alignment) and CoMFA 2 (field fit alignment),
were considered in the final analysis (Table 3). In these
two models, the cross-validated r2 values are 0.568 and
0.488, respectively, with six components and noncross-
validated r? values are around 0.93 with standard error
of estimation values (SEESs) of 0.281 and 0.292, respec-
tively. Both models are equally good, even for the test
set molecules; in general, their performance can be
termed as moderate. In these two CoMFA models, the
steric and electrostatic field contributions are 55:45
indicating a nearly equal influence of these two fields
on ligand—receptor interactions. Both of the models
demonstrated a good predictive ability.

The CoMFA analysis gives contour plots of steric and
electrostatic interactions. The steric interactions are
represented by green- and yellow-colored contours (Fig-
ure 1). Bulky substituents in the regions shaded yellow
are likely to decrease biological activity, while bulky
group substitution in the green-colored regions is likely
to enhance the activity. Green-colored regions near the
para and meta positions of ring A show that medium-
sized substituents increase biological activity because
of their positioning near the end of the active site cleft
that extends toward the peroxide catalytic site. Blue-
and red-colored contours (Figure 1) represent CoOMFA
electrostatic fields. The groups with positive ESP in the
blue areas (between one of the meta positions and the
para position in ring A) increase activity. Electronega-
tive groups in the red-colored region (4-position of ring
B) enhance the biological activity of the molecule. It may
be observed in general that the structural variations are
predominantly on ring A and to some extent on ring B.

The predicted activities from the CoOMFA models for
the molecules with substituents on ring A at the meta
position, 15—18 and 23—26, and substituents at meta
or para positions, 32—63, are in reasonable agreement
with the actual activities (Table 1). Only a few molecules
(27—31) are ortho-substituted on ring A, and they are
also less active. Substitution at this position probably
influences the conformation of ring A. This ortho effect
was observed previously for the 3,4-diaryloxazolones.3!

Molecules with substituents other than —CF3 at the
4-position of ring B, namely, 64—77 and 99—101, are
less active whereas 67 and 70—72 are moderately active
(Table 1). However, molecules 68, 77, and 99 with
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Table 3. Results of COMFA and CoMSIA Studies on COX-2 Selective Inhibitors

CoMSIA
fields CoMFA S,E,H,D, A S, E S, E/H S,E,H A S,E,H,D
Database Alignment?
rze 0.568 0.774 0.490 0.758 0.775 0.753
SEPd 0.707 0.515 0.768 0.533 0.510
no. components® 6 7 6 7 6 7
r2f 0.932 0.950 0.881 0.947 0.946 0.942
SEEY 0.281 0.243 0.372 0.249 0.249 0.260
F valueh 189.079 220.753 102.088 210.237 244.067 190.875
field contributions’  0.55, 0.46 0.12,0.31,0.30, 0.23,0.77 0.15,0.42,043 0.12,0.33,0.36,0.18 0.14, 0.39, 0.35, 0.12
0.10,0.17

rfest set 0.794 0.820 0.654 0.765 0.855 0.759

Drest set 0.530 0.490 0.630 0.594 0.501 0.583

Field Fit Alignment 2
rze 0.488 0.772 0.488 0.754 0.774 0.752
SEPd 0.770 0.517 0.770 0.536 0.511 0.539
no. components® 6 7 6 7 6 7
r2f 0.927 0.950 0.882 0.948 0.947 0.943
SEE? 0.292 0.241 0.369 0.247 0.248 0.259
F valueh 174.410 224.428 103.77 213.875 247.175 193.619
field contributions’  0.554,0.446  0.12,0.31,0.30, 0.23,0.77 0.15,0.42,0.43 0.12,0.33,0.36,0.18 0.14,0.39, 0.36, 0.12
0.10, 0.17

rfestset 0.800 0.811 0.652 0.760 0.840 0.760
SDrest set 0.498 0.485 0.628 0.591 0.490 0.585

a Two alignment methods were employed in the generation of COMFA and CoMSIA models. P COMFA and CoMSIA with different field
combinations such as steric (S), electrostatic (E), hydrophobic (H), donor (D), and acceptor (A) fields. ¢ Cross-validated correlation coefficient.
d Standard error of predictions. @ Optimum number of components obtained from cross-validated PLS analysis and same used in final
noncross-validated analysis. f Noncross-validated correlation coefficient. 9 Standard error of estimate. " F-test value and Prob of R2 = 0
(n1=6,n2=17). i Field contributions: steric and electrostatic fields from CoMFA. Steric, electrostatic, hydrophobic, donor, and acceptor

fields from CoMSIA.

Figure 1. Stereoview of COMFA steric and electrostatic contour plots (STDEV*COEFF) from CoMFA 2. Molecule 53 is displayed

in the background for reference.

—COOCH,CHj3, —CH>CN, and —CN substituents at the
4-position of ring A are less active. The calculated
activities of these molecules from both models are
similar to the experimental values. From the CoMFA
analysis alone, it is difficult to analyze the effect of
substituents such as —SO,CH3; and —SO,;NH; groups
at the para position of the ring C. However, these
substituents are found to exert changes in binding
energies as will be discussed later in the docking
studies.

CoMFA electrostatic contour plots (Figure 1) suggest
that electronegative substituents at the 4-position of
ring B could increase the biological activity. While the
—CF3 group enhances the activity, others such as —CN
and —CH,CN groups are ineffective; these molecules are
less active and are so predicted by the CoOMFA models.
One of the reasons for this could be that the highly
accumulated electron density at this position in these

molecules may cause unfavorable electrostatic interac-
tions with the receptor atoms.

Molecules 107 and 108 have substituents at the ortho
position on ring A; molecule 107 is moderately active
while molecule 108 is less active. The small yellow
region at the ortho position of ring A in the CoMFA
steric contour plot (Figure 1) indicates that any bulky
group substitution at this position would decrease the
activity of the molecule; both CoOMFA models predicted
them to be less active molecules albeit with large
residual values. Molecule 84 is also a less active
molecule, and both models predicted it as such. Thus,
the predictive ability of these models is very good;
between these two CoMFA models, COMFA 2 with high
predictive rZ, .., (0.80) and a low SDrestset (0.498) has
better predictive ability over the COMFA 1 model. The
actual vs predicted activities graphs were plotted in
Figure 2 for CoOMFA 2 model wherein most of the
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Figure 2. Actual vs predicted activity for the model COMFA
2. The molecules that deviate from the diagonal are labeled.

molecules are on or near the diagonal line, which
indicates good predictive ability.

CoMSIA Analysis. Various CoMSIA models were
generated employing two alignment methods and with
different field combinations. Two models were found to
be better based on the values of their cross-validated r?
and predictive r? of test set molecules. There is no
significant difference observed between the CoMSIA
models developed by database and field fit alignment
methods. Therefore, the models that were generated by
database alignment with slightly higher cross-validated
r2 were considered for the final analysis.

The PLS analysis of the CoMSIA model that was
generated using only steric and electrostatic fields
produced a cross-validated r2 of 0.490 with an optimum
number of six components and the corresponding non-
cross-validated r? as 0.881 with a SEE value of 0.372.
The PLS analysis of the CoMSIA model that was
generated by employing all five fields produced a cross-
validated r? of 0.774 with seven components and the
noncross-validated r? value of 0.950 with 0.243 as the
SEE (Table 3). The high r2 values of this CoOMSIA model
indicate the importance of contributions from other
fields (lipophilic, donor, and acceptor) to the biological
activity.

The CoMSIA steric and electrostatic fields based on
PLS analyses are represented as 3D contour plots in
Figure 3a. The steric interactions are represented by
green- and yellow-colored contours while the electro-
static fields are represented by blue and red contours.
The green-colored contours around the rings A and B
suggest that the introduction of steric groups in these
regions will induce sterically favorable interactions
between ligand and receptor.

The situation with respect to ring B is more important
and interesting. The blue-colored contour on the ring
itself accompanied by a red-colored contour at the
4-position of the ring indicates that an electron-
withdrawing group at this position may be ideal (Figure
3a). Such a substituent would not only make the ring
electron deficient but also lead to an accumulation of
charge at or near the 4-position. Further examination
of the lipophilic and steric fields indicates that bulkiness
of this (electronegative) substituent is also preferred
(Figure 3a—c). Substituent groups that combine both
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electronegativity and lipophilicity such as —CF3, —CHF>,
—CHF, —CN, —CgHs, —CHzo-C5H4-(4-C|), and —CH,S-
CesHs-(4-Cl) may be best-suited for activity.

The CoMSIA hydrophobic contour plots are repre-
sented in Figure 3b. Molecules with small polar sub-
stituents on ring A at the para and meta positions (2,
5, 11, 12, 16—18, 23—25, and 32—63) are moderately
active. The CoMSIA donor and acceptor contour plots
are shown in Figure 3c. The cyan contour observed on
the NH; group of ring C indicates that hydrogen bond
donor substituents at this position enhance the inhibi-
tory activity by forming hydrogen bonds with various
amino acid residues of the receptor. The molecules with
—SO;NH; substitution rather than —SO,CH3 at this
position are more active. The purple-colored contours
observed near the SO, group of ring C and the 4,5-
positions of ring A indicate that substitution of the
hydrogen bond donor groups at this position may
decrease the activity of molecule. Thus, molecule 4,
which has no SO, substituent at this position, is less
active.

The last CoMSIA model with steric, electrostatic,
hydrogen-bonding, and hydrophobic fields predicted the
biological activities of the majority of the test set
molecules with reasonable accuracy resulting in low
residual values (Table 2 and Figure 4a). However, like
other models, it also failed to predict activities of three
molecules, namely, 4, 42, and 84. These three molecules
are identified in Figure 4a and can be treated as
outliers. However, the CoMSIA models demonstrated
somewhat better predictive abilities than the simple
CoMFA models and these studies can be used routinely
to design new compounds for selective inhibition of
COX-2.

CoMFA vs CoMSIA. A comparison of the models
derived from CoMFA and CoMSIA was made to assess
their relative predictive abilities, especially for the
outliers. Satisfyingly, all of the outliers are for the least
active compounds such as 4, 84, and 108. This suggests
that the differences between CoMSIA and CoMFA are
not glaring. The switching of A and C rings in 4 may be
the reason CoMSIA could not predict this molecule well
while CoMFA predicts it correctly. COMFA predicted the
activity of molecule 42 exactly whereas in COMSIA, the
residual values are quite high (—0.83 and 0.84). The
probable reason is that CoMSIA scales steric fields less
strongly than CoMFA. An interesting observation is that
CoMSIA predicts 108 better than CoMFA. The reason
for this could be the hydrophobic character of the
thiophene ring. In summary, it can be said that both of
the models have limitations. While some molecules are
outliers (residuals more than 1.0) for CoOMFA (68, 99,
and 108 in Figure 2) or COMSIA (4 and 42 in Figure
4a), molecule 84 is an outlier in both approaches hinting
that a remeasurement of its activity may be useful.

Figure 4b compares the predicted activities of both
models relative to one another for the training and test
set molecules. It was observed that while high and
moderately active molecules are predicted with equal
ease in both models, less active molecules differ in both
models. Nearly equal strengths of steric and electro-
static fields in both models (0.55 and 0.46, respectively,
in CoOMFA and 048 (S + H) and 053 (E + A),
respectively, in COMSIA) suggest only minor differences
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Figure 3. Stereoview of the contour plots of the CoMSIA (a) steric and electrostatic fields, (b) hydrophobic fields, and (c) hydrogen
bond donor and acceptor fields. The most active molecule 53 is displayed for reference.

between them. While the lipophilic character of the B
ring is predominant in the CoOMFA model, meta substi-
tution for ring A is strongly indicated in CoMSIA.

Docking Studies. FlexiDock. All of the 114 ligands
have been docked into both COX-1 and COX-2 using
genetic algorithm techniques using FlexiDock, and the
docking scores for the best possible conformation and
orientation have been correlated with its observed
biological activity (Figure 5a). Docking results of all
diarylimidazoles with COX-2 show better correlation
with biological activity; molecules with higher activity
exhibited better docking scores (lower energies). How-
ever, docking of various imidazoles into the COX-1
active site showed a variable correlation between the
observed inhibitory activities and the fitness scores.
Barring a few false positives, almost all of the ligand

molecules bind with less favorable scores (positive/
repulsive energies) when compared to the corresponding
COX-2 complexes. Validity of these calculations is
established from the absence of false negatives, in other
words the absence of molecules that bind poorly and yet
show high activity. These observations concur with the
fact that all of these molecules are relatively weak
inhibitors of COX-1. The orientations of most of the
imidazoles in COX-2 are similar to that of SC-558,%°
whereas they assume orientations that are different
from that of IMM in COX-1.38

Another facet of our calculations is the prediction of
selectivity. In Figure 5b, the observed and predicted
selectivities are shown with respect to the COX-2
activity. While the observed selectivity is measured from
the ratio of 1Csp values, the predicted selectivity is given
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Figure 4. (a) Actual vs predicted activity for the model
CoMSIA 2. (b) Predicted activity of the COMFA and CoMSIA
models. The molecules that deviate the most from the diagonal
(outliers) are labeled.

as the difference in the fitness scores. While there is a
general positive trend, in that most of the molecules that
are predicted to have higher COX-2 selectivity do have
observed selectivity, the trend differs as a function of
COX-2 activity. Molecules with high COX-2 activity
(pICsp values) possess higher selectivity than predicted,
while molecules with low COX-2 activities and lacking
in selectivity are predicted to have slightly higher
selectivities. The reasons for such variation are not
apparent but could arise from solvation effects and the
flexibility of active site amino acid residues. To address
such issues, affinity calculations have been undertaken
wherein the amino acid residues in the active site were
also varied during the docking process and where
solvation effects were implicitly included.

Affinity. Docking of each of the three representative
ligands (53, 59, and 101) into the COX-2 active site
generated a number of possible structures with different
orientations (and energies) of ligand inside the active
site. The most energetically favorable conformation for
each ligand in the COX-2 complex was chosen for
further analysis. The orientation and hydrogen-bonding
interactions of ligand 53 within the COX-2 active site
are shown in Figure 6a. The orientation is similar to
that of SC-558 (6C0OX).3% Different sets of hydrogen-
bonding interactions with residues His90 (N—H---O=S
1.95 A; all distances are for dy-x), GIn192 (C=0-*H—N
2.14 A), Leu352 (C=0--H—N 1.69 A), and Phe518 (N—
H---0=S 2.69 A) are observed. Molecule 53 showed
favorable van der Waals and electrostatic interactions
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Figure 5. (a) Fitness scores vs biological activities of dia-
rylimidazoles 1-114. The observed biological activities of all
ligands with COX-1 and COX-2 are considered as —log(ICso)
and are given on the abscissa while the ordinates represent
the corresponding scores. While most of the molecules indicate
very low fitness scores with respect to COX-2 indicating very
good binding, they have very high scores with respect to COX-1
indicating very low affinity to bind in the active site. (b)
Observed and predicted selectivities of COX-2 over COX-1 are
plotted with respect to COX-2 activities. While the observed
selectivity increases from low to high COX-2 active molecules,
the predicted selectivity follows an opposite trend.

with His90, Val349, Leu352, Ser353, Tyr355, and
Val523 (important for selectivity). It also showed some
interactions with Tyr348, Arg513, Ala516, Phe518,
Met522, and Ser530.

The number of observed hydrogen-bonding interac-
tions between the sulfonamide moiety and the various
amino acid residues at the entrance of the COX-2 active
site enables the molecule 53 to be a strongly binding
and selective COX-2 inhibitor.383° The substituents (4-
CH3; and 3-Cl) on the ring A also induce favorable
electrostatic interactions between various amino acid
residues at the bottom of the active site (hydrophobic
cleft) and ring A (Figure 6a).

The orientation of the moderately active molecule 59
is similar to that of the highly active molecule 53.
Hydrogen-bonding interactions of 59 with His90 (N—
H:-0=S 2.51 A), Arg513 (N—H---0=S 2.15 A), and
Phe518 (N—H---O=S 2.97 A) are observed. These in-
teractions are relatively weak as compared to those
formed by molecule 53. The replacement of the —SO,-
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Figure 6. (a) Stereoview of the molecule 53—COX-2 complex;
the figure was generated by Affinity. The hydrogen-bonding
interactions are shown as broken lines. The ligand is shown
in magenta. All protein hydrogens are removed for clarity. (b)
Stereoview of the molecule 101—-COX-2 complex. The hydrogen-
bonding interactions are shown as broken lines. The ligand is
shown in magenta. Notice the difference in the orientation of
ligand in the active site when compared with panel a.

NH; group in molecule 53 with the —SO,CHj3; group in
molecule 59 is the main reason for these weaker
interactions and hence lower activity. Substituent ef-
fects such as these have been reported recently.3®

Molecule 101, which is a less active COX-2 inhibitor,
is bound in a totally different orientation from that of
molecule 53 and SC-558 at the COX-2 active site and
is shown in Figure 6b. The observed orientation is
unigue and is not observed with any other class of ligand
that was docked into the COX-2 active site. The —CH»-
OH-substituted ring B (—CF3 in almost all active
molecules including the highly active molecule 53) of
the molecule 101 moved toward the hydrophobic cleft
of the active site. As a result, ring A, which is replaced
by a heterocyclic ring (pyridine) in molecule 101, oc-
cupies the position of ring B in COX-2—SC-558 or COX-
2—molecule 53 complex. Such an orientational prefer-
ence may be due to strong electrostatic interaction
between the Argl120 and the pyridyl moiety of ring A
(Figure 7b). In addition, a hydrogen bond between the
Arg513 (N—H:--0=S 1.84 A) and the sulfonyl group of
ring C was observed. This also resulted in some favor-
able interactions throughout the active site with resi-
dues such as His90, Arg120, Val349, Ser353, and Val523
(Figure 7a,b). Interactions with various residues at the
entrance of the active site, Val116, Phe381, and Met522,
are less favorable, and interactions with other residues,
Val344 and His351, are very weak.

The steric interaction energies of diarylimidazoles 53,
59, and 101 with various amino acid residues in the
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Figure 7. Steric (a) and electrostatic (b) contributions to the
nonbonded interaction energies between molecules 53, 59, and
101 with various residues of the active site of COX-2.

active site are plotted in Figure 7a while the electro-
static contributions are given in Figure 7b. In general,
molecules 53 and 59 show similar types of interactions
with various amino acid residues in the active site.
Molecule 101 is involved in a different pattern of
interactions throughout the COX-2 active site, as might
be expected. The electrostatic interactions of molecule
101 deviated greatly from those of molecules 53 and 59.
This difference may contribute to the lower activity of
molecule 101. In the case of molecules 53 and 101, the
preferred orientations indicate that while the position
of ring C is conserved, the positions of ring A and ring
B are interchanged. This is easier to understand because
the electronegative —CF3 group in 53 has been replaced
with an electropositive —CH,OH group. Because this
electronegative group interacts strongly with Argl120,
the change in functional group results in an orienta-
tional change bringing the pyridine nitrogen of ring A
in 101 close to Arg120. Nonbonded interaction energies
between ligand and all amino acid residues in the active
site are given in the Supporting Information.

Docking vs QSAR. Superimposition of the CoOMFA
coefficient contour maps (Figure 1) on the ligand (53)
in the active site of COX-2 is shown in Figure 8. The
necessity and usefulness of such comparisons toward a
unified pharmacophore model have been discussed by
several authors.3441=43 However, it is pertinent to
emphasize here that combining docking and QSAR data
allows for (i) a meaningful correlation between ligand—
receptor binding and biological activity, (ii) extrapolation
of the SAR beyond the limiting data points, and (iii)
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Figure 8. Stereoview of COMFA steric and electrostatic contour plots (Figure 1) superimposed within the active site of molecule

53—COX-2 complex.

mutual validation of the two methods and the results
obtained in each case.

The red contour above the —CF3 group on ring B
suggests that electronegative substituents would en-
hance the activity—this can be correlated with the
presence of the guanidyl group of Arg120 that can form
a salt bridge type of strong electrostatic interaction.
Similarly, the blue contour near the Cl substituent on
ring A merely suggests that the best group for that
position should be a less electronegative substituent. In
any case, it has no complementary residue in that
region. Interestingly, the prominent green contour near
the 4-methyl substituent of ring A falls in a hydrophobic
pocket consisting of residues Trp387, Tyr385, Leu384,
and Phe381. This concurs well with the fact that
increasing the bulk would increase the activity. The
viability of the QSAR approach is revealed by the fact
that the most active molecule, 53, and the least active
molecule, 101, bind in different orientations. In sum-
mary, the correlation of the QSAR data and the docking
results mutually validate the intermediacy of a binding
step in overall drug action.

Conclusions

CoMFA and CoMSIA analyses of 114 substituted 1,2-
diarylimidazoles produced good models with high pre-
dictive abilities. The CoMSIA models have slightly
higher predictive abilities than the CoMFA. The CoM-
SIA 2 model with predictive ra ., as 0.855 is highly
reliable to predict the activities of newly designed
molecules. Subsequently, all of the ligands were docked
into the active sites of COX-1 and COX-2. The correla-
tion between the docking scores and the activities is very
good. A comparison of the 3D QSAR PLS coefficient
contour maps with the structural and functional makeup
of the binding site also showed good correlation between
the two analyses. The docking studies gave good insights
into the COX-2—ligand interactions. This information
is very crucial in the design and development of COX-2
selective inhibitors as antiinflammatory agents with
reduced side effects.

Supporting Information Available: Structures, tables
of —log(ICsp) values, Van der Waals and electrostatic

interaction energies, and sequence similarities. This material
is available free of charge via the Internet at http:/
pubs.acs.org.

Note Added after ASAP Posting

This manuscript was released ASAP on 9/20/2002
without a Supporting Information paragraph. The cor-
rect version was posted on 10/17/2002.
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