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The molecular basis for coxib inhibition of p38a MAP Kkinase
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Abstract—In this work, we present the results of two combined approaches, molecular docking and comparative molecular field
analysis (CoOMFA), to propose how the selective cyclooxygenase-2 inhibitor celecoxib could act as a p38 mitogen-activated protein
(MAP) kinase inhibitor. The docking analysis revealed why celecoxib has a less favorable binding energy (AG = —12.4 kcal/mol)
than the selective p38 MAP kinase (p38 MAPK) inhibitor, SB203580 (AG = —22.2 kcal/mol). The CoMFA results revealed unfa-
vorable steric effects that can be related to the predicted lower p38 MAP kinase inhibitory activity of celecoxib. Additionally, FlexX
and CoMFA results also suggested that etoricoxib, another selective COX-2 inhibitor, could inhibit p38 MAP kinase.

© 2005 Elsevier Ltd. All rights reserved.

Two important therapeutic targets to control chronic
inflammatory response are mitogen-activated protein ki-
nase (MAPK) and cyclooxygenase-2 (COX-2). MAP ki-
nases are signaling molecules that are activated by a
number of extracellular stress stimuli. The events that
are regulated by p38 MAPK lead to the production of
cytokines such as tumor necrosis factor-oo (TNF-o) and
interleukin-1B (IL-1p).' The pyridinyl-imidazoles repre-
sented by SB203580 were the first reported class of p38a
inhibitors! (Fig. 1). Recently, some research groups
have implemented efforts to develop new lead com-
pounds to selectively inhibit p38 MAPK.*° Moreover,
COX-2 is selectively induced by proinflammatory cyto-
kines (IL-1) and growth factors (TNF-a) and facilitates
the release of prostaglandins involved in the evolution of
the inflammatory process. Selective inhibitors of the
COX-2 isoform represent a new generation of nonsteroi-
dal anti-inflammatory drugs with a superior gastrointes-
tinal safety profile.” Celecoxib was the first selective
COX-2 inhibitor approved by FDA for the treatment
of rheumatoid arthritis and osteoarthritis (Fig. 1).%
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Another important COX-2 selective inhibitor that still
remains on the market is etoricoxib (Fig. 1).%1°

Additionally, it has been demonstrated that celecoxib
can inhibit both catalytic activity and phosphorylation
of p38 MAPK in models in vitro.'! However, the molec-
ular characteristics responsible for the inhibition of p38
MAPK still remain largely unsolved.

Some approaches have been applied as attempts to
develop p38 MAPK QSAR models.'>!3 More recently,
our research group has reported a 3D-QSAR study
which applied the comparative molecular field analysis
(CoMFA) methodology for dihydroquinazolinone and
tetrasubstituted imidazole compounds known as p38
MAPK selective inhibitors.'* Due to the structural sim-
ilarity between celecoxib and p38 MAPK inhibitors, we
were prompted to employ our QSAR 3D/CoMFA mod-
el as well as docking studies to better understand the
structural characteristics involved in the molecular rec-
ognition of celecoxib by p38 MAPK.

The crystal structure of p38 MAPK in complex with
inhibitor SB203580 was recovered from the Brookhaven
Protein Data Bank (http://www.rcsb.org/pdb/) (entry
code 1A9U). The X-ray crystal structure of COX-2 in
complex with SC-558 (Fig. 1), a selective COX-2
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Figure 1. Common template between diarylheterocycle anti-inflammatory derivatives, celecoxib, etoricoxib, and SB203580.

inhibitor, was also recovered from the PDB (http://
www.rcsb.org/pdb/) (entry code 1CX2). The conforma-
tion and orientation in the space of SC-558 extracted
from the X-ray crystallographic inhibitor-enzyme com-
plex were used as a template for the construction of cele-
coxib and etoricoxib, assuming that this conformation
represents the most probable bioactive conformation
of the compound at the enzyme active site level. The
initial structures of the SB203580 and coxib compounds
were generated by the molecular modeling software
Sybyl 7.0. The geometries of these compounds were
subsequently optimized using the Tripos force field with
Gasteiger—Hiickel charges.!’

The FlexX program!® interfaced with Sybyl 7.0 was used
to dock the compounds celecoxib and SB203580 inside
the active site of p38 MAPK. FlexX is an automated
docking program that considers ligand conformational
flexibility by an incremental fragment placing tech-
nique.!” The active site for docking was defined as all
atoms within 6.5 A radius of the co-crystallized ligand.
The proposed interaction mode of the ligands in the ac-
tive site of p38 MAPK was determined as the highest
scored conformation (best-fit ligand) among 30 confor-
mational and binding modes generated according to
FlexX scoring function, which is the structure with the
most favorable free energy of binding, AGy;,g (Fig. 2).

Chun et al.!! have shown that celecoxib inhibited both
the catalytic activity and the phosphorylation of p38
MAPK in experimentally induced carcinogenesis model,
where they have found that celecoxib inhibited 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced expres-
sion of COX-2 in female ICR mouse skin when applied
topically 30 min prior to TPA as determined by both
immunoblot and immunohistochemical analyses. This
was the first evidence that a coxib could have pharmaco-
logical properties analogous to inhibitors of p38
MAPK, e.g., SB203580. Additionally, Miiller has
commented about the structural similarities between
p38 MAPK and COX-2 inhibitors represented by coxib
compounds and SB203580, where both have a common
terphenylic-like template (A, Fig. 1).!8
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Figure 2. Probable binding conformation of celecoxib and its align-
ment in the binding site of p38 MAPK. FexX docking shows most
important amino acid of p38 MAPK to interact with celecoxib. For
celecoxib the carbon atoms are shown in orange (C), blue (N), red (O),
and green (halogen). For SB203580, the carbon atoms are shown in
green-blue (C), blue (N), red (O), and green (halogen).

To investigate the molecular characteristics of celecoxib
possibly associated with the inhibition of p38 MAPK,
we performed a modeling study using FlexX program
to dock celecoxib into the active site of the enzyme.
We also tested the p38 MAPK inhibitor SB203580 dock-
ing in the active site of p38 MAPK crystal structure to
assess the efficiency of the program. FlexX docked the
ligand in the same pocket as in the crystal structure
and aligned the docked structure in a horizontal plane
within the active site similar to that occupied by the
bound_ligand in the crystal structure (RMS value:
0.279 A). Graphical representations of the docking
results of both ligands are presented in Figure 2.

For SB203580, the AGy;ng of the best-fit structure was
—22.2 kcal/mol. As reported by Wang and colleagues,
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the pyridine N atom of SB203580 is hydrogen bonded
with the backbone amide of Metl109 of p38 MAPK,
an interaction that appears essential for binding.> More-
over, there is an interaction between the side-chain
nitrogen atom of the conserved Lys53 and the N atom
of the imidazole ring of compound SB203580.> The
FlexX program could efficiently detect these interactions
(Fig. 2). The program also detected an interaction be-
tween the side chain N-H of Argl73 and an O atom
of methylsulfinyl moiety of SB203580.

After the docking procedure, the celecoxib molecule was
located in the same pocket as SB203580, but in a differ-
ent plane within the active site. The most favorable
AGyping observed was —12.4 kcal/mol. Comparing the
AGping of celecoxib (—12.4 kcal/mol) with that of
SB203590 (—22.2 kcal/mol), it can be predicted that cele-
coxib could inhibit p38 MAPK, but with a lower poten-
cy than SB203580. In fact, the concentration of
celecoxib for the inhibition of p38 MAPK is 0.81 uM
and the concentration of SB203580 for the inhibition
of p38 MAPK is 0.048 uM.? Similar to SB203580, cele-
coxib is also interacting with two important amino acid
residues, Met109 and Lys53. A fluorine atom of the tri-
fluoromethyl group of celecoxib could accept a hydro-
gen bond from the backbone amide of Metl09. A O
atom of the sulfonamide group of celecoxib interacts
with Lys53 (Fig. 2).

We employed our COMFA model' for the prediction of
the ICsy of SB203580 and celecoxib. The calculated ICs
of SB203580 was 0.072 uM, which is similar to the
experimental 1Csg, 0.048 uM.?> Additionally, our CoM-
FA model'* also predicts that celecoxib, which has a cal-
culated ICso = 0.81 uM, is less potent than SB203580 in
the inhibition of p38 MAPK. To analyze structural
characteristics associated to celecoxib activity, we com-
pared the electrostatic and steric CoOMFA contour maps
with the structure of p38 MAPK in complex with cele-
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coxib as recovered from the FlexX docking. Graphical
representations of the CoMFA analysis results are dis-
played in Figure 3.

The electrostatic contour plots of CoMFA model were
compared with the topology of celecoxib—p38 MAPK
complexes (Fig. 3A). The electrostatic contour plots
are displayed in blue and red contours. The red areas
are regions where electron-rich groups are favorable to
the inhibitory activity; the blue areas are regions where
electron-poor groups are favorable to the inhibitory
activity. Red contours near the sulfonamide and trifluo-
romethyl groups of celecoxib can be associated to the
hydrogen bonds with the peptidic N-H group of residue
Metl09 and side-chain N-H group of residue Lys53
(Fig. 3A). However, it can also be observed that celecox-
ib has no groups associated to some electrostatic regions
important for the p38 MAPK inhibitory activity.

The steric contour plots of celecoxib are displayed as
green contours, which indicate regions where an increase
in steric bulk will enhance activity, and yellow contours,
which indicate regions where an increase in steric bulk
will reduce activity. The large yellow contour near the
celecoxib diaryl substitutes suggests that this is an unfa-
vorable steric region which reduces the activity of
celecoxib (Fig. 3B). On the other hand, important favor-
able steric regions were not observed near celecoxib,
which could also be associated to its smaller activity
compared to SB203580 (Fig. 3B).

The docking analysis and our CoOMFA models were also
used to predict binding affinity and the activity of etor-
icoxib (Table 1). Based on these results, we suggested
that the p38 activity could be also inhibited by this other
coxib derivative. In fact, it was observed that etoricoxib
has more favorable AGy;,q, and CoMFA model also
predicts that it could be more potent than celecoxib
(Table 1). Additionally, we were able to identify that
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Figure 3. Contour maps of QSAR-3D/CoMFA compared with the topology of celecoxib—p38 MAPK complex. Only the residues within 3 A around
the inhibitor are shown for clarity. (A) Electrostatic contour plots of celecoxib. (B) Steric contour plots of celecoxib. The residues are represented as
sticks, and the carbon atoms of the inhibitors are shown in orange (celecoxib), blue (N), red (O), and green (halogen); the yellow dashed lines are the

hydrogen bonds formed between celecoxib and p38 MAPK.
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Table 1. Docking energies and calculated activities of SB203580 and
coxib derivatives in p38 MAP kinase

Compounds FlexX score (kcal/mol) 1C50*(uM)
SB203580 -22.2 0.072
Etoricoxib —18.6 0.53
Celecoxib —12.4 0.81

# Calculated activities based on CoMFA model.

etoricoxib makes four hydrogen bonds with Argl73
(3 hydrogen bonds) and Lys53 (1 hydrogen bond), while
celecoxib makes only two hydrogen bonds with amino
acid residues present in the same pocket of SB203580
recognition. '’

The combination of docking and 3D-QSAR/CoMFA
results enabled us to propose how the selective COX-2
inhibitor celecoxib could also act by inhibiting p38
MAPK, as speculatively anticipated by Muller. '* The
docking model predicted celecoxib to have a less favor-
able AGp;jng (—12.4 kcal/mol) in the protein-ligand com-
plex than the p38 MAPK inhibitor SB203580
(—22.2 kcal/mol). The CoMFA model results were indic-
ative that the sulfonamide group and trifluoromethyl
group of celecoxib are associated to the regions where
negative potential is favorable to the inhibitory activity,
in accordance with the docking results, which indicate
the formation of hydrogen bonds between these groups
and the N-H groups of residues Met109 and Lys53.
Unfavorable steric effects associated to the diaryl substi-
tutes were also predicted by the CoMFA model applied
to celecoxib. Furthermore, based on binding energies
given by the FlexX scoring function and calculated
inhibitory activity by the CoOMFA models, we also sug-
gested that the p38 activity could be inhibited by etoric-
oxib, suggesting that these drugs can exert their anti-
inflamatory effects as symbiotic agents.
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