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Abstract
Cyclooxygenase-2 (COX-2) has aggressive implications in in�ammation triggered disorders such as
neurodegeneration and cancer. Among the various inhibitors available for this enzyme celecoxib and
ni�umic acid are considered as selective inhibitors. These inhibitors have shown in vitro assays have
been observed to hamper the COX-2 activity. However, the structural studies at atomistic depth shedding
light on diverse aspects of these inhibitors in the binding groove of COX-2 have not been addressed.
Thus, in this study we employed structure-governed drug designing approach in concert with real-time
molecular dynamics for unravelling the binding likeliness, interaction mechanism and stability of ni�umic
acid and celecoxib in the COX-2 active site. Our �ndings indicate the relatively higher binding proclivity
and stability of ni�umic acid in the active site of COX-2 as compared to celecoxib. Although these
inhibitors bind at the same COX-2 site but they revealed differential interaction pro�le. The outcome from
this study will serve as a point of departure for designing novel COX-2 inhibitors with improved potency,
selectivity and stability for their subsequent use to vanquish vicious in�ammation backed disorders.

Introduction
It is quite established that mature human cyclooxygenase-2 contains 587 amino acid residues [1]. This
enzyme also known as prostaglandin G/H synthase 2 is encoded by PTGS2 gene [2]. The 17 amino acid
residue signal peptide at its amino-terminal end is removed during post-translational processing due to
which its �nal amino acid residue count decreases from 604 to 587 [1]. Cyclooxygenase enzymes
catalyse the critical step in generating prostaglandin H2 (PGH2) from arachidonic acid. Once PGH2 is
synthesized it serves as a precursor for leukotrienes, prostacyclins and thromboxanes [3]. Prostaglandins
play multiple roles as they act as immune system regulators, maintain the integrity of gastrointestinal
system apart from kidney development [4]. Among the cyclooxygenases COX-1 and COX-2 isozymes are
worth interesting as they have strong cross-talk with various physiological and pathological processes
[5]. While COX-1 manifests constitutive expression, COX-2 is inducible as it exhibits prompt expression in
a variety of cell types in reciprocation to pro-in�ammatory molecules, growth factors and cytokines [6].
Due to its central role in inciting in�ammation in peripheral tissues this enzyme has emerged as a
potential therapeutic target to bridle in�ammation [7]. Mounting evidences suggest that COX-2 has severe
implications in cancer, multidrug resistance and neurodegenerative diseases [8–10]. Thus inhibitors of
COX-2 which were conventionally considered as anti-in�ammatory molecules are now gaining
importance in anticancer and anti-neurodegenerative therapy. Traditional drugs such as ibuprofen,
naproxen and aspirin used for pharmacological intervention of this enzyme due to lack of selectivity also
target COX-1, the cytoprotective isozyme culminating in gastrointestinal and ulcerogenic side effects [5,
11]. Celecoxib, a selective non-steroidal COX-2 inhibitor has shown promising results in in�ammation-
induced diseases. This selective inhibitor was found to provoke apoptosis in prostate carcinoma cells
through obstruction of Akt activation [12]. In human cervical cancer cells celecoxib induced apoptosis
and cell cycle arrest [13]. Further, in various breast cancer cells and in hepatocellular carcinoma cells
(positive for hepatitis B virus X protein) celecoxib provoked apoptotic type cell cytotoxicity [14, 15].
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Ni�umic acid, another COX-2 inhibitor has been reported to alleviate the production of kynurenic acid in
the cortex of rat brain under conditions of in vitro [16]. Ni�umic acid like celecoxib is selective COX-2
inhibitor. While ni�umic acid manifested an EC50 value of 5.4 µM against COX-2, the de�ned value for
COX-1 was found to be 25 µM [17]. Despite these �ndings no structural studies at atomistic level have
been performed for exploring the binding propensity, interaction mechanism and stability of celecoxib
and ni�umic acid in the active site of COX-2 enzyme. Thus, we focussed on delineating the binding
inclination and stability of these selective inhibitors against therapeutically relevant COX-2 using
molecular docking in extra-exactitude �exible mode, molecular mechanics generalized born surface area
(MM-GBSA) approach. Importantly, the stability of celecoxib and ni�umic acid in the binding pocket of
COX-2 was monitored in real time fashion using the advanced molecular dynamics approach.

Methods And Techniques Used
Cognate docking 

For testing the docking algorithm for reproducing the ligand pose solved through x-ray crystallography
cognate or self-docking protocol was followed. Crystal structure coordinates of Cyclooxygenase-2 (COX-
2) bearing a four letter code 5IKT were fetched from widely used Protein Data Bank (PDB) [18]. The
structure was prepared through the popular Protein Preparation Wizard of globally famous Schrödinger
package. As a thumb rule the missing residues and side chains were recovered. Water molecules present
in the structure were removed or kept as per the certi�ed guidelines. Coordinates of heteroatoms except
the native ligand were deleted from the COX-2 coordinate �le. The structure was then optimized and this
was followed by minimization of the structure. At the end of minimization the PDB �le of COX-2 was
duplicated. Among these one of the �le was used for speci�cation of active site for which the help of
native ligand was taken. The native ligand was then docked against the grid-demarcated COX-2 using the
Glide docking procedure in high-precison mode. Following docking, the root mean square deviation
(RMSD) was estimated between the algorithm docked pose and the pose that has been determined
through experimental method. 

Molecular docking and interaction pro�le 

As aforesaid, coordinates of COX-2 were retrieved from Protein Data Bank (PDB ID: 5IKT) [18]. The
coordinates of celecoxib and ni�umic acid were fetched from the large small molecule database known
as PubChem. While celecoxib possessed a PubChem CID: 2662 ni�umic acid portrayed the de�ned ID as
4488 [19]. The protein preparation has already mentioned in cognate docking section. The ligand
molecules were made suitable for docking against COX-2 with the help of another widely accepted
LigPrep tool [20, 21]. Identical conditions were maintained during the preparation of ni�umic acid and
celecoxib. These ligands were minimized, desalted and chiralities were treated according to certi�ed
protocol. All the prepared ligands were �exible docked against COX-2 using the extra-precison mode of
pandemically accepted Glide tool. As docking score integrates epik penalties thus this score was
preferred instead of another score termed as Glide Score [22-24]. A recent tool protein ligand interaction
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pro�ler (PLIP) was used for �nding interactions between celecoxib-COX-2 and ni�umic acid-COX-2. This
tool is highly extensive and has the ability to detect a broader range of interactions in ligand-protein
docked complexes. PLIP simply requires the best pose of ligand in association with the receptor protein
for providing the interaction details [22, 25]. 

Binding Free energy measurement

The two ligand-COX-2 docked complexes were subjected to various energy calculations by employing the
molecular mechanics generalized born surface area (MMGBSA) technique [22]. This method has
performed comparatively better in measuring the relative binding a�nities of ligands as evidenced from
various studies. Frozen receptor conditions were maintained during calculations as these conditions have
shown better correlation with experimental �ndings [26]. MMGBSA method takes the advantage of VSGB
solvation model and performs the variety of energy calculations [27]. From these calculations the binding
energy was calculated using the equation discussed previously. Least negative value indicates least
binding a�nity whereas highest binding a�nity is represented by more negative values [28]. The
following equating was used for calculating the relative binding free energy values;

EComplex (minimized) – ELigand (minimized) – EReceptor (minimized) = ΔG(bind) 

Futuristic Classical Molecular Dynamics Simulation

Celecoxib-COX2 and ni�umic acid-COX2 complexes were subjected to molecular dynamics simulation for
10 ns using the world famous Desmond software [29]. Molecular dynamics sheds light on stability of
ligands in the binding pocket of enzymes and has signi�cant advantages over the static molecular
docking approaches. First the setup �les were produced through the Desmond’s system builder option.
Solvation of Celecoxib-COX2 and ni�umic acid-COX2 complexes was done by employing the water model
namely TIP4P [30, 31]. This was followed by setting boundary conditions and subsequent minimizing of
box volume. Both the systems were neutralized by adding correct number of counter ions. Besides, the
salt was added to both systems as per standard protocol. The core molecular dynamics was performed
using the molecular dynamics aspect of Desmond. Constant pressure, temperature and number of atoms
were kept all through simulation. While pressure was kept 1.0 bar, temperature was maintained at 300 K
using the proper algorithms [32, 33]. However, before initiating molecular dynamics the systems were
minimized as per standard guidelines. The information enclosed in the simulation output �le was
extracted using the simulation interaction diagram (SID). While global �uctuations were measured by
RMSD of protein, the local �uctuations  were indicated by RMSF values. Ligand RMSD, the indicator of
ligand stability in docked state with COX2 was also calculated throughout the simulation time. Further,
the interactions fraction and percentage time for which an interaction was maintained between receptor
and ligand atoms was estimated [28].

Results And Discussion
Cognate docking for evaluating algorithm of molecular docking 
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Before the onset of real molecular docking we tested the algorithm for its ability to detect the active site
properly and to reproduce the experimentally solved pose of the ligand molecule. After redocking the co-
crystallized or native ligand of the COX-2 enzyme, we carefully quanti�ed the RMSD between the two
ligand poses (one being experimentally derived pose and another being algorithm generated). The
algorithm proved to detect active site very accurately and was quite capable of emulating  the
experimental (crystal) pose of the ligand [28]. This conclusion has been derived as the RMSD value
obtained was 0.4048 Å (Figure 1). RMSD values ranging from 0 to 2 Å are quite acceptable in small
molecule docking studies [28, 34]. After assuring the precision and accuracy of docking algorithm we
moved to actual molecular docking for ranking the ligand molecules. 

Ni�umic acid showed comparably more docking score against COX-2

Among the docked molecules, ni�umic acid showed more negative value of docking score against COX-2
as compared to celecoxib. More negative docking score of ni�umic acid indicates its stronger inclination
towards this enzyme [34]. While celecoxib showed a docking score of −9.31, ni�umic acid displayed this
score as −10 indicating its relatively stronger binding propensity (Figure 2). As a regular procedure it is
common to supplement the �ndings of one experiment with other for extra surety thus in the subsequent
experiment we tried to explore the binding free energy of aforementioned inhibitors with more reliable
technique. 

MMGBSA study further supported the molecular docking accuracy

Two MM-GBSA experiments were performed for estimating the binding free energy values of docked
complexes. Ni�umic acid like docking score showed more negative value (lowest score) of binding free
energy than celecoxib. While a binding free energy value of −39.5573 kcal/mol was manifested by
celecoxib-COX-2 complex, a more negative value was demonstrated by ni�umic acid-COX-2 complex
(−54.9838 kcal/mol). More negative values of binding free energy in case of ni�umic acid-COX-2 indicate
stronger interactions than celecoxib-COX-2 (Figure 3) [34]. Now it is evident that ni�umic acid showed not
only more negative value of docking score but also more binding free energy value against COX-2 in
comparison to celecoxib. Till here we proved through molecular docking and MMGBSA method that
ni�umic acid has relatively favourable a�nity over celecoxib against COX-2. In the forthcoming
experiments we are going to scrutinize the interaction of these inhibitors individually in docked state with
COX-2. 

Celecoxib showed more interactions over ni�umic acid

Various types of interactions are known to exist between protein receptors and drug molecules. Among
these interactions hydrophobic contacts, hydrogen bonds, pi-pi, pi-cation and salt bridges are prominent.
Ni�umic acid showed seven hydrophobic and two hydrogen bonding interactions with active site residues
of COX-2. Among the residues showing hydrophobic contacts LEU 352, TYR 355, TYR 385, TRP 387, VAL
523 and ALA 527 were prominent. Among the hydrogen bonding displaying residues TYR 385 and SER
530 were noticeable. On the other hand celecoxib demonstrated ten hydrophobic and �ve hydrogen
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bonds with COX2. Apart from this, one halogen bond was seen with ARG 120 of this enzyme. PHE 518
showed dual contacts (hydrophobic and hydrogen bond) with celecoxib (Figure 4). Thus ni�umic acid
and celecoxib showed similar but surely not identical interaction pro�le in the bound state with this
in�ammation facilitating enzyme. The differences in interaction pro�le can be ascribed to structural
differences between these inhibitors giving rise to distinct interactions within the COX-2 pocket [30]. 

After sequential binding proclivity and interaction studies we focussed on dynamic study which can
answer the stability of ni�umic acid/celecoxib in the binding pocket of COX-2. Thus, in the upcoming
steps we employed molecular dynamics simulation approach to address this question. 

Ni�umic acid showed comparatively more stability in the COX-2 active site

It is well known that binding of ligands to proteins is dynamic thereby involving various dynamic and
complex transitions. While a �exible ligand can alter its conformation on binding the target site in a best
possible manner, the protein can change its dynamics and conformation for promoting ligand binding
[35]. Thus it is obvious that static approaches like molecular docking should be coupled to dynamic
approaches like molecular dynamics simulations for gaining more insights about ligand-receptor stability
[28, 32]. We subjected celecoxib-COX-2 complex and ni�umic acid-COX-2 for 10 ns simulation using the
Desmond software. Even molecular dynamics simulation supplemented the molecular docking and
MMGBSA conclusions. Ni�umic acid demonstrated relatively better stability in the binding pocket of COX-
2 as compared to celecoxib. This crux has been taken as ni�umic acid showed comparatively lesser
�uctuations indicated by the lower RMSD values than celecoxib (Figure 5) [36]. Further, the COX-2 showed
lesser local �uctuations in docked state with ni�umic acid than with celecoxib as indicated by the RMSF
values (Figure 6). Residues of COX-2 crucial for interaction with celecoxib and ni�umic acid were also
explored by analysing the respective trajectory. Certain residues including SER 530 and TYR 385 were
critical in interacting with ni�umic acid whereas residues like LEU 352 and ARG 120 were crucial in case
of celecoxib (Figure 7). Importantly, one interactions of ni�umic acid sustained for 99% (TYR 385) of the
simulation time while in case of celecoxib-COX-2 only one interaction remained for 91% (LEU 352) of the
simulation duration which again favours stability of ni�umic acid over celecoxib (Figure 8). 

Conclusion
This work delineated the binding tendency, interaction parameters and stability of two selective non-
steroidal inhibitors against COX2. Although their ability of inhibiting COX-2 in cell based and other assays
was well established, their comparative and atomistic scale structure based study with COX-2 was
entirely unaddressed. Thus, we coupled structure based drug designing tactics with futuristic molecular
dynamics approach to answer many unsolved questions. In this study we proved that ni�umic acid in
comparison to celecoxib shows more binding inclination towards COX-2. This crux is supported by lowest
values of docking and binding free energy values of ni�umic acid over celecoxib. Though the two
inhibitors bind at the same site in COX-2 they showed similar but obviously non-identical interaction
mechanism with this enzyme. The above statement is supported by more number of hydrogen,
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hydrophobic and presence of halogen bond in case of celecoxib. Most importantly, ni�umic acid evinced
more stability in the binding site of COX-2 as evident from the RMSD, RMSF and the persistence of
interactions throughout the simulation. The output from this study provides the critical insights which will
be highly helpful for designing novel COX-2 inhibitors with improved potency and stability for effective
treatment of COX-2 triggered human disorders.
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Figure 1

Experimental and redocked pose of tolfenamic acid (native ligand) in the active site of COX-2. The native
pose has been shown in pink while the yellow colour indicates redocked pose. RMSD between the two
poses was estimated to be 0.4048 Å certifying the docking algorithms ability to generate experimentally
proved pose quite precisely. RMSD values ranging from 0 to 2 Å are permissible. This entire information
is the outcome of cognate docking which is also known as self-docking. 
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Figure 2

Docking score of celecoxib and ni�umic acid against cyclooxygenase-2 (COX-2) enzyme. When epik state
penalties are incorporated in scoring it gives rise to docking score. If epik penalties are not included in
scoring then docking score and Glide score are identical. However, the default parameters of Glide
docking tool include epik state penalty thus it is wise to consider docking score over Glide score. Thus
docking score integrates Glide score with epik state penalties. Further, the lowest docking score (more
negative) value represents more effective binders as this score simulates binding free energy. 
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Figure 3

Binding free energy values followed same trend as was observed during molecular docking. Further the
estimations of binding free energy performed through MM-GBSA are quite reliant over docking score.
Lowest value of binding free energy means stronger binding inclinations while lesser negative binding
free energy showing molecules are frail binders. 
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Figure 4

Celecoxib and ni�umic acid in the binding groove of COX-2 and their interactions with its active site
amino acid residues. Mainly hydrophobic and hydrogen bonding interactions were observed between
celecoxib/ni�umic acid and COX-2. However, more contacts were seen between celecoxib and COX-2. One
halogen bond between was also observed in case of celecoxib-COX2. 
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Figure 5

Protein and ligand RMSD values throughout the simulation time. The top �gure indicates COX-2 RMSD
on left Y-axis and ligand (celecoxib) RMSD on right Y-axis. Monitoring COX-2 RMSD sheds light on
structural conformation the enzyme undergoes all through the simulation duration. RMSD values ranging
from 1-3 Å are strongly acceptable for globular proteins small in size. Values above the provided range
suggest that the protein is undergoing an immense conformational change. Ligand RMSD provides
insights about the stability of ligand in the binding pocket of protein. The RMSD values substantially
higher than protein RMSD indicates the drifting of ligand from the original binding site. From the above
�gures it is quite evident that both celecoxib and ni�umic acid are not diffusing away from the binding
pocket of COX-2. However, it is quite evident that ni�umic acid is relatively more stable with respect to
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COX-2 than celecoxib. This crux has been derived as the ni�umic acid manifested lesser �uctuations than
celecoxib. 

Figure 6

For characterizing local changes root mean square �uctuation (RMSF) has importance. Peaks designate
regions that �uctuate highly during the simulation. It is typical that amino and carboxyl terminal regions
�uctuate more than the rest of the protein. Beta strands and alpha helices are often rigid than the loop
region and thus �uctuate relatively lesser than this unstructured region. Green vertical bars represent the
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amino acid residues of proteins interacting with ligands (celecoxib and ni�umic acid). From the above
�gures it is clear that COX-2 �uctuates relatively more in docked state with celecoxib than ni�umic acid.

Figure 7

Protein-ligand interactions during the entire simulation time. These interactions may be hydrophobic,
hydrogen bond, ionic bonds and water bridges. The stacked bar charts indicate the time point for which a
particular interaction is maintained. A given residue may form multiple interactions with the ligand. A
value of 1.0 indicates that particular interaction sustains for 100% of the simulation duration. Even value
above 1 are possible due to many interactions between a given residue and ligand. While in case of
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celecoxib-COX-2 LEU 352, ARG 120, SER 353, PHE 518 and VAL 523 are crucial for interaction, the
residues SER 530, TYR 385, PHE 518 and LEU 352 are critical for interaction with ni�umic acid. 

Figure 8

Ligand-protein interactions withstanding beyond 30% of the simulation time. It is quite evident that both
ligands are stable in the active site of COX-2. This is evident as certain interactions both in case of
celecoxib-COX-2 and ni�umic acid-COX2 remain intact over 50% of the simulation time. However, ni�umic
acid demonstrated better stability than celecoxib as one interaction (TYR 385) sustained for 99% of the
simulation time while in case of celecoxib the maximum sustaining interaction with LEU 352 lasted for
91% of the simulation time only. Thus ni�umic acid has better stability over celecoxib in the binding site
of COX-2. 


