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Abstract Cyclooxygenase-2 (COX-2) inhibitors are widely
used for the treatment of pain and inflammatory disorders
such as rheumatoid arthritis and osteoarthritis. A series of
novel 2-(4-methylsulfonylphenyl)pyrimidine derivatives has
been reported as COX-2 inhibitors. In order to understand the
structural requirement of these COX-2 inhibitors, a ligand-
based pharmacophore and atom-based 3D-QS AR model have
been developed. A five-point pharmacophore with four
hydrogen bond acceptors (A) and one hydrogen bond donor
(D) was obtained. The pharmacophore hypothesis yielded a
3D-QSAR model with good partial least-square (PLS) sta-
tistics results. The training set correlation is characterized by
PLS factors (r2=0.642,SD=0.65, F =82.7, P =17.617
e — 12). The test set correlation is characterized by PLS
factors (Q2,,=0.841, RMSE =0.24, Pearson-R = 0.91).
A docking study revealed the binding orientations of these
inhibitors at active site amino acid residues (Arg513, Val523,
Phe518, Ser530, Tyr355, His90) of COX-2 enzyme. The
results of ligand-based pharmacophore hypothesis and atom-
based 3D-QSAR give detailed structural insights as well as
highlights important binding features of novel 2-(4-meth-
ylsulfonylphenyl)pyrimidine derivatives as COX-2 inhibi-
tors which can provide guidance for the rational design of
novel potent COX-2 inhibitors.
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely
used for the treatment of pain, fever, and inflammatory dis-
eases such as rheumatoid arthritis and osteoarthritis. Con-
ventional NSAIDs inhibit cyclooxygenase (COX) enzymes
which catalyze the formation of prostaglandins (PGs) from
arachidonic acid. The discovery of COX-2 isoform in the
1990s led to the development of a new class of NSAIDs
known as selective COX-2 inhibitors [1]. COX-2 is induced
in response to proinflammatory conditions, while COX-1 is
constitutive and responsible for the maintenance of physi-
ological homeostasis, such as gastrointestinal integrity and
renal function. Selective inhibition of COX-2 provides a new
class of anti-inflammatory agents with significantly reduced
side effects such as gastrointestinal ulcer and renal dysfunc-
tion. As a consequence, several selective COX-2 inhibitors,
such as celecoxib, rofecoxib, valdecoxib and etoricoxib have
been developed [2-5]. However, the recent market withdrawal
of rofecoxib due to adverse cardiovascular side effects has
raised the concern of safety of selective COX-2 inhibitors
[6]. Therefore, there is a need to find new selective COX-2
inhibitors with improved safety profile. Nevertheless, the
potential therapeutic applications of selective COX-2 inhib-
itors have been expanded beyond the areas of analgesia and
inflammation, as shown by recent studies on COX-2 that have
been focused on cancer and neurodegenerative disorders
[7-9].

Pharmacophore is an important and unifying concept in
rational drug design that embodies the notion that molecules
are active at a particular enzyme or receptor because they pos-
sess both a number of chemical features that favor the target
interaction and a geometry complementary to it [10]. A phar-
macophore hypothesis collects common features distributed
in three-dimensional space representing groups in a molecule
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that participate in important interactions between drug and
active site. Pharmacophore model provides a rational hypo-
thetical picture of the primary chemical features responsible
for activity. Since the last few years pharmacophore model-
ing has been one of the important and successful approach for
new drug discovery [10-12]. With regard to docking, struc-
ture-based drug design efforts have also increased with the
growth of X-ray crystallographic information available for
the protein targets. Protein—ligand docking is a popular struc-
ture-based design technique, and a wide range of algorithms
are currently employed in the pharmaceutical sciences and
biotechnology areas [13]. In the present study, an atom-based
three-dimensional quantitative structure activity relationship
(3D-QSAR) is performed with Pharmacophore Alignment
and Scoring Engine (PHASE) [14] and docking analysis
with Glide [15] for a series of novel 2-(4-methylsulfonylphe-
nyl)pyrimidine derivatives as COX-2 inhibitors. PHASE is a
highly flexible system for common pharmacophore identifi-
cation and assessment, 3D-QSAR model development, and
3D database creation and searching. By employing a novel,
tree-based partitioning algorithm, PHASE exhaustively iden-
tifies spatial arrangements of functional groups that are com-
mon and essential to the biological activity of a set of high
affinity ligands. These pharmacophore hypotheses are vali-
dated in a number of ways, including their ability to: (i) ratio-
nalize the binding affinities of a training set of molecules of
varying activity, (ii) successfully predict the affinities of a test
set of molecules, and (iii) selectively retrieve known actives
from a database of drug-like molecules. In addition, PHASE
uniquely offers the ability to distinguish multiple binding
modes through a bi-directional clustering approach applied
to bit string representations of the ligand/hypothesis space.
Glide has been designed to perform as close to an exhaus-
tive search of the positional, orientation, and conformational
space available to the ligand as is feasible, while retain-
ing sufficient computational speed to screen large libraries.
Glide uses a series of hierarchical filters to search for pos-
sible locations of the ligand in the active site region of the
receptor. The shape and properties of the receptor are rep-
resented on a grid by different sets of fields that provide
progressively more accurate scoring of the ligand pose. The
objective of the present study is to develop ligand-based phar-
macophore hypothesis and to derive atom-based 3D-QSAR
model to find features which are responsible for biologi-
cal activity of novel 2-(4-methylsulfonylphenyl)pyrimidine
derivatives as selective COX-2 inhibitors. Further, the bind-
ing mode of the active molecule with the active site amino
acid residues of COX-2 enzyme was performed by dock-
ing using Glide XP. The developed ligand-based pharmaco-
phore hypothesis gives information about important features
of these derivatives for COX-2 inhibitory activity and the
cubes generated from atom-based 3D-QSAR studies high-
light the structural features required for COX-2 inhibition
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which can be useful for further design of more potent
COX-2 inhibitors.

Experimental
Pharmacophore modeling

Pharmacophore modeling was carried out using PHASE
running on Red Hat Linux WS 3.0 [14, 15]. A set of 63 novel
2-(4-methylsulfonylphenyl)pyrimidine analogs (Tables 1,2,
3, 4, 5) with available ICsy data were taken from literature
for the development of ligand-based pharmacophore hypoth-
esis and atom-based 3D-QSAR model [16]. Six compounds
were not included in this study due to their high residual
value resulting in a better predictive QSAR model.

The negative logarithm of the measured ICsq value (pICs)
of whole human blood assay was used in this study. These 63
compounds were divided into a training set (44 compounds)
and a test set (19 compounds). The training set molecules
were selected in such a way that they contained information
in terms of both their structural features and biological activ-
ity ranges. The most active molecules, moderately active, and
less active molecules were included, to spread out the range
of activities [17]. In order to assess the predictive power of
the model, a set of 19 compounds was arbitrarily set aside as
the test set. The test compounds were selected in such a way
that they truly represent the training set.

Generation of common pharmacophore hypothesis

The common pharmacophore hypothesis (CPH) was carried
out by PHASE. All molecules were built in Maestro [18]. All
ligands were prepared using LigPrep with the OPLS_2005
force field [19]. Conformational space was explored through
combination of Monte-Carlo Multiple Minimum (MCMM)/
Low Mode (LMOD) with maximum number of conform-
ers 1,000 per structure and minimization steps 100 [20,21].
Each minimized conformer was filtered through a relative
energy window of 50kJ/mol and redundancy check of 2 A in
the heavy atom positions. Common pharmacophoric features
were then identified from a set of variants—a set of feature
types that define a possible pharmacophore—using a tree-
based partitioning algorithm with maximum tree depth of
four with the requirement that all actives must match. After
applying default feature definitions to each ligand, common
pharmacophores containing five and six sites were gener-
ated using a terminal box of 1 A. Scoring of pharmacophore
with respect to activity of ligand was conducted using default
parameters for site, vector, and volume terms.

These common pharmacophore hypotheses were exam-
ined using a scoring function to yield the best alignment of the
active ligands using an overall maximum root mean square
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Table 1 In vitro COX-2 inhibitory activity of compounds 1-18

CF4
“ "N
RS
Ry TTNTN
H 0
I
Jr
1 2 ICs pICso pICso 1 2 1Cso pICso pICso
No.| R RY(CHo), (uM) | observed | predicted No. | R RY(CHo), (uM) | observed | predicted
S
1 | CH, m 0071 | 1.148 059 |10 | cmy | \“/ﬁl 0083 | 1.077 0.88
N
S
2 | NH, N\ | 0.157 0.802 0.93 11 | NH, 0.803 0.095 -0.19
S
3 CH; \ | 0.002 2.678 1.77 12 | CH; 1.48 -0.170 0.21
4 | cH, sér\} 0.046 | 1333 067 | 13" | CH; W 0789 | 0.102 051
\
= N
5 | NH, | 3.33 -0.522 -0.15 14 | CH; 0.028 1.553 0.72
N.__z \
. RS
6 CH; NI 0.298 0.527 0.63 15 | CH; \/W 0.728 0.138 0.25
=
0 =
7 | NH, A\ | 2.79 -0.446 -0.02 16 | CH; s 0.293 0.533 1.48
S~
8 | NH, s 0.140 0.853 0.83 17 | CH; 0.238 0.623 0.21
* 0 *
9 CH; A\ | 0.14 0.862 0.68 18" | CH; 0.475 0.322 0.38
. Compounds used for test set
Table 2 In vitro COX-2 inhibitory activity of compounds 19-23
CF,
R3 ~Z "N
N
Ry "X N
0
U
/S =
O/ CH3
Compound X n Ry R3 1Cs50(WM) pICs( observed plCsq predicted
19* NMe 1 Ph H 0.454 0.342 0.47
20 S 1 Ph H 0.527 0.278 0.32
21% NH 1 Ph CHj 0.521 0.282 0.35
22 NH 2 Thiophen-2-yl H 1.21 —0.083 0.33
23 NH 2 1-Methyl-1H-pyrrol-2-yl H 3.98 —0.6 0.17

*Compounds used for test set
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Table 3 In vitro COX-2 inhibitory activity of compounds 24-34

cgg CF,
6
5 Z>N1 52N 1
4| 2 4l 2
NG =
N 3 S,'O RS 3 &
la & “CH; Ib o “CHy

Compound I R ICsp(LM) pICs, observed pICsypredicted
24 Ia 3,5-diF 0.300 0.522 0.56
25 Ia 4-F 0.077 1.112 0.62
26 Ia 2-CH3 5.720 —0.757 0.59
27%* Ia 4-OCHj3; 0.272 0.565 0.53
28 Ia 4-CHj; 0.048 1.315 0.60
29 Ia 3-CH3 1.930 —0.286 0.52
30%* Ia 4-OH 0.635 0.197 0.56
31 Ib 5-CH3 0.011 1.932 1.73
32 Ib 3-CH3 0.527 0.278 1.51
33* Ia 4-NH, 0.211 0.675 0.56
34 Ib 5-Cl 0.005 2.268 1.75

*Compounds used for test set

deviation (RMSD) value of 1.2 A with default options for
distance tolerance. The quality of alignment was measured
by a survival score, defined as:

S = WiiteSsite + WvecSvec + WvolSvol
4 WselSsel + W™rew,

where W are weights and S are scores; Ssite represents align-
ment score, the RMSD in the site point position; Svec rep-
resents vector score, and averages the cosine of the angles
formed by corresponding pairs of vector features in aligned
structures; Svol represents volume score based on overlap
of van der Waals models of non-hydrogen atoms in each
pair of structures; and Ssel represents selectivity score, and
accounts for what fraction of molecules are likely to match
the hypothesis regardless of their activity toward the recep-
tor. Wsite, Wvec, Wvol, and Wrew have default values of
1.0, while Wsel has a default value of 0.0. In hypothesis gen-
eration, default values have been used. W™rew represents
reward weights defined by m — 1, where m is the number of
actives that match the hypothesis.

Pharmacophore-based QSAR do not consider ligand fea-
tures beyond the pharmacophore model, such as possible
steric clashes with the receptor. This requires consideration
of the entire molecular structure, therefore an atom-based
QSAR model is more useful in explaining the structure—
activity relationship. In atom-based QSAR, a molecule is
treated as a set of overlapping van der Waals spheres. Each
atom (and hence each sphere) is placed into one of six
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categories according to a simple set of rules: hydrogens
attached to polar atoms are classified as hydrogen bond donors
(D); carbons, halogens, and C—H hydrogens are classified as
hydrophobic/non-polar (H); atoms with an explicit negative
ionic charge are classified as negative ionic (N); atoms with
an explicit positive ionic charge are classified as positive ionic
(P); non-ionic atoms are classified as electron-withdrawing
(W); and all other types of atoms are classified as miscel-
laneous (X). For purposes of QSAR development, van der
Waals models of the aligned training set molecules were
placed in a regular grid of cubes, with each cube allotted zero
ormore ‘bits’ to account for the different types of atoms in the
training set that occupy the cube. This representation gives
rise to binary-valued occupation patterns that can be used as
independent variables to create partial least-squares (PLS)
QSAR models. Atom-based QSAR models were generated
for all hypotheses using the 44-member training set using a
grid spacing of 1.0 A. The best QSAR model was validated
by predicting activities of the 19 test set compounds.

Docking methodology

Docking study was performed on Glide running on Red Hat
Linux WS 3.0 [22-24]. The Grid-based Ligand Docking
with Energetics (Glide) algorithm approximates a system-
atic search of positions, orientations and conformations of
the ligand in the enzyme-binding pocket via a series of hier-
archical filters. The shape and properties of the receptor are
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Table 4 In vitro COX-2 inhibitory activity of compounds 35-54

R6 R
5 2>N1 S 6N 1
4] ll2 4l U2
N = N° 'N
H 3 /7y q\H 3 //C)
la 0,,S~CH3 Ib O//S‘(:H3
Compound I R 1C50(LM) plCs, observed plICs predicted
35% Ia i-Pr 0.253 1.597 0.96
36 Ia Cl 0.010 1.963 0.99
37 Ia t-Bu 0.093 1.027 0.96
38 Ib t-Bu 0.031 1.507 2.04
39 Ia OMe 0.005 2.292 1.48
40 Ib OMe 0.0004 3.398 2.65
41%* Ib i-Pr 0.009 2.009 2.04
42 Ib Cl 0.001 2.921 2.16
43 Ia SEt 0.024 1.618 1.28
44 Ib SEt 0.001 2.921 2.62
45% Ia SO,Et 0.0907 1.042 1.47
56 Ib NEf 0.006 2.215 2.62
47 Ia NH-i-Pr 0.273 0.563 1.53
48 Ib NH-i-Pr 0.010 1.987 1.53
49 Ib H 0.009 2.036 2.29
50% Ia OH 0.049 1.307 1.36
51 Ib SOEt 0.037 1.425 243
52 Ib OEt 0.0003 3.523 2.74
53* Ib OCH,CH;0CH3 0.002 2.62 2.73
54 Ib 0-Cyclopentyl 0.007 2.1215 2.85

* Compounds used for test set

represented on a grid by several different sets of fields, which
provide progressively more accurate scoring of the ligand
pose. The fields are computed prior to docking. The binding
site is defined by a rectangular box confining the transla-
tions of the mass center of the ligand. A set of initial ligand
conformations is generated through an exhaustive search of
the torsional minima, and the conformers are clustered in a
combinatorial fashion. Each cluster, characterized by a com-
mon conformation of the “core” and an exhaustive set of
“rotamer group” conformations, is docked as a single object
in the first stage. The search begins with a rough position-
ing and scoring phase that significantly narrows the search
space and reduces the number of poses to be further consid-
ered to a few hundred. In the following stage, the selected
poses are minimized on pre-computed OPLS-AA van der
Waals and electrostatic grids for the receptor. In the final
stage, the 5—10 lowest-energy poses obtained in this fashion

are subjected to a Monte-Carlo procedure, in which nearby
torsional minima are examined, and the orientation of periph-
eral groups of the ligand is refined. The crystal structure of
COX-2 complex with SC-558 (1CX2) was obtained from
Protein Data Bank. All molecules were built within Maestro
by using build, exhaustive conformational search carried out
for all molecules using OPLS_2005 force field, and imposing
a cutoff of allowed value of the total conformational energy
compared to the lowest-energy state. Minimization cycle for
conjugate gradient and steepest descent minimizations used
with default value 0.05 A for initial step size and 1.00 A for
maximum step size. In convergence criteria for the minimi-
zation, both the energy change criteria and gradient crite-
ria, was used with default values 10~7 and 0.001 kcal/mol,
respectively. A refined enzyme structure was used for grid
file generation. All amino acids within 10A of the SC-558
were included in the grid file generation.
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Table 5 In vitro COX-2 inhibitory activity of compounds 55-63

Ry R2
gl M2 4l N2
AXYTNTN N\N N
R qH 3 0O RS H 3 0

la o’/s‘CHa Ib o';S\CH3
Compound 1 R R R, 1Cs50 (LM) pICs, observed pICs predicted
55 la H CF; Me 0.018 1.745 0.99
56 Ib H CF; Me 0.038 1.418 1.95
57* la H CF; Et 0.120 0.918 0.91
58 Ib 4-Me Cl H 0.044 1.353 1.00
59 Ib 4-F CF; Me 0.022 1.65 1.00
60* la 4-Me Cl Me 0.036 1.435 0.93
61 la 4-F CF; Et 0.102 0.988 0.79
62 Ib 4-F Cl H 0.033 1.472 1.02
63* la 4-F Cl Me 0.068 1.162 1.08

*Compounds used for test set

Figure 1 Pharmacophore
hypothesis and distance between
pharmacophoric sites. All
distances are in A unit

Results and discussion
Pharmacophore generation and 3D-QSAR model

A total of 22 different variant hypotheses were generated
upon completion of common pharmacophore identification
process. We have selected those pharmacophore models
whose scores ranked in the top 1% [14]. The top model was
found to be associated with the five-point hypotheses (Fig. 1),
which consists of four hydrogen bond acceptor (A) and one
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hydrogen bond donors (D). This is denoted as Aj Ay Az A4Ds.
The pharmacophore hypothesis showing distance between
pharmacophoric sites is depicted in Fig. 1.

The pharmacophore hypothesis yielded a 3D-QSAR
model with good PLS statistics. The training set correlation
is characterized by PLS factors (r2 =0.642, SD =0.65,
F =827, P="7.617e¢ — 12). The test set correlation is char-

acterized by PLS factors (Q2,=0.841, RMSE =0.24,
Pearson-R =0.91). Results of PLS statistics of atom-based

3D-QSAR is shown in Table6. Graph of observed versus
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Table 6 Results of PLS statistics of atom-based 3D-QSAR

Training set Test set
r? =0.642 ngt =0.841,
SD = 0.65 RMSE = 0.24

F =827, P=17617e—12 Pearson-R = 0.91

2 =correlation coefficient

SD =standard deviation of the regression, r
P =significance level of variance ratio, F =variance ratio

Q2. =for the predicted activities, RMSE =root-mean-square error
Pearson-R =correlation between the predicted and observed activity for

the test set

predicted biological activity of training and test sets are shown
in Figs.2 and 3, respectively.

Additional insights into the inhibitory activity can be
gained by visualizing the 3D-QSAR model in the context
of one or more ligands in the series with diverse activity.
A pictorial representation of the cubes generated in the pres-
ent 3D-QSAR is shown in Figs.4 and 5. In these generated
cubes, the blue cubes indicate favorable features, while red
cubes indicate unfavorable features for biological activity.
The comparison of the most significant favorable and unfa-
vorable interactions, which arise when the 3D-QSAR model

Predicted activity

-1 -0.5 0 05 1 15 2 25 3 35 4
Observed activity

Figure 2 Graph of observed versus predicted biological activity of
training set

Predicted acivity
*

T T
0 0.6 1.2 1.8 2.4 3
Observed activity

Figure 3 Graph of observed versus predicted biological activity of test
set

Figure 4 Pictorial representation of the cubes generated using the
QSAR model. Blue cubes indicate favorable regions, while red cubes
indicate unfavorable region for the activity. Atom-based 3D QSAR
model visualized in the context of the most active (a—compound 52)
and least active (b—compound 26) in the training set

was applied to the most active reference ligand (compound
52) and the least active ligand (compound 26), which were
shown in Fig.4a and b, respectively.

The blue cubes around the hydrogen bond acceptor sug-
gest that these features are important for the activity, while
some unfavorable regions indicated by the reference ligand,
can be justified by examining the less active molecule (com-
pound 26). The blue cubes were observed at the position-4
near hydrogen bond donor (Ds) vector which indicated that
for better activity the ring should be unsubstituted. Thus,
compounds having unsubstituted ring (active compounds 39,
40,44, 52,54) are more active than compounds having substi-
tuted ring (inactive compounds 25, 26, 28, 29, 32) near
hydrogen bond donor (Ds) vector. Moreover, Figs.4a and
5a, b compare the most significant favorable and unfavor-
able features observed at the position-2 near hydrogen bond
acceptor (Az and Ay) vector which indicated that pres-
ence of sulfonylmethyl group increases the activity. This
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Figure 5 a Atom-based 3D-QSAR model visualized in the context of
compound 2. b Atom-based 3D-QSAR model visualized in the context
of compound 5

Figure 6 Docking of compound 52 in the active site of COX-2 enzyme
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indicated that hydrophobic group is favorable for activity,
while hydrophilic group decreases the activity. Therefore,
compound having sulfonylmethyl group (active compounds
39, 40, 44, 52, 54) are more active than compounds having
sulfomoyl group (inactive compounds 2, 5, 7).

Furthermore, Fig. 4a and b compares the most significant
favorable and unfavorable features at position-6 near hydro-
gen bond acceptor (Aj) vector which indicated that elec-
tron donating groups at position-6 enhance the activity, while
presence of electron-withdrawing groups decrease the activ-
ity. Therefore, compounds having electron donating substit-
uents at position-6, such as methoxy (compound 40) and
ethoxy(compound 52), are among the highest active com-
pounds, while compounds having electron-withdrawing sub-
stituents (compounds 23, 26 and 29) are among least active
compounds.

Binding mode analysis of active compounds 40 and 52
by molecular docking

Molecular docking was performed to understand the binding
mode of the most active compounds 40 and 52 on COX-2
active site and to obtain information for further structure opti-
mization, we have used extra precision glide docking (Glide
XP) which docks ligands flexibly.

The docking analysis of compound 52 at COX-2 enzyme
active site shows following interactions (Fig. 6): the SO,CH3
group interact with Arg513, Val523, Phe518, His90, and
Ala516; the thiophene ring interacts with Tyr385 and Ser530;
and the ethoxy group interacts with Argl20, Tyr355, and
Leu531. As explained before, the electron donating groups
at position-6 enhance the activity. This complies with our
developed atom-based 3D-QSAR model. The docking anal-
ysis of compound 40 at COX-2 active site shows follow-
ing interactions (Fig.7): the SO,CH3 group interact with
Arg513, Val523, Phe518, His90, and GIn192; the thiophene
ring interacts with Tyr387 and Leu384; and the methoxy
group interacts with Argl20 and Tyr355. Superimposition
of pharmacophore hypothesis on docked ligand (compound
40) at binding site is depicted in Fig. 8.

Conclusion

In conclusion, a highly predictive atom-based 3D-QSAR
model was generated using a training set of 44 molecules
which consists of five-point pharmacophore hypothesis with
four hydrogen bond acceptors(A) and one hydrogen bond
donor(D). The developed atom-based 3D-QSAR model can
provide insights into the structural requirement of novel
2-(4-methylsulfonylphenyl)pyrimidine derivatives as selec-
tive COX-2 inhibitors. The atom-based 3D-QSAR visuali-
zation of model in the context of the structure of molecules
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Figure 8 Superimposition of pharmacophore hypothesis on docked
ligand (compound 40) at binding site

under study provides details of the relationship between struc-
ture and activity, and thus provides information regarding
structural modifications with which to design analogs with
better activity prior to synthesis. Our computational studies
allow for the optimization of COX-2 inhibitor as follows: the
incorporation of different hydrophobic groups at position-2
as well as incorporation of different electron donating group
at position-7 shall help to optimize the present series of mol-
ecules. This suggestion can be used to design new scaffolds
as potent and selective COX-2 inhibitors. Furthermore, the
result of our present computational study can retrieve new
potential inhibitors from database using virtual screening.
Thus, the results obtained from atom-based 3D-QSAR and

docking study give a hypothetical image to design new potent
and highly selective COX-2 inhibitors.

The present study aimed to develop ligand-based pharma-
cophore hypothesis and atom-based 3D-QSAR give detailed
structural insights as well as highlights important binding fea-
tures of novel 2-(4-methylsulfonylphenyl)pyrimidine deriv-
atives as COX-2 inhibitors, which can provide guidance for
the rational design of novel potent COX-2 inhibitors.
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