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Summary
Molecular models of the complex between the selective COX-2 inhibitor nimesulide and the cyclooxygenase active
site of human prostaglandin-endoperoxide synthase-2 have been built using a combination of homology modelling,
conformational searching and automated docking techniques. The stability of the resulting complexes has been
assessed by molecular dynamics simulations and interaction energy decomposition. It is found that nimesulide
exploits the extra space made available by the replacement at position 523 of an isoleucine residue in COX-1 by a
valine in COX-2 and establishes electrostatic interactions with both Arg-106 and Arg-499 (Arg-120 and Arg-513
in PGHS-1 numbering). Two alternate binding modes are proposed which are compatible with the pharmacological
profile of this agent as a COX-2 selective inhibitor.

Introduction
Prostaglandin-endoperoxide synthase (PGHS) is a bifunctional enzyme which first converts arachidonic
acid into prostaglandin G2 (PGG2 ) by dioxygenation,
and then catalyzes the peroxidation of PGG2 to PGH2 ,
the precursor to the formation of several important mediators of pain, fever, and inflammation collectively
called prostanoids. Inhibition of the cyclooxygenase
(COX) activity of PGHS can be achieved by the
widely used pharmacological class of non-steroidal
antiinflammatory agents (NSAIDs) [1].
Two isoforms of PGHS have been identified, sequenced and cloned. PGHS-1 (also known as COX-1)
is a constitutive enzyme involved in the regulation of
many cellular processes including vascular homeostasis, gastrointestinal cytoprotection, and renal function.
PGHS-2 (or COX-2) is mostly an inducible form that
is expressed in inflamed tissue or following exposure
to growth factors, lymphokines, and other stimuli, and
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has been implicated not only in inflammation but also
in cancer and neurodegenerative diseases [1].
Both PGHS-1 and PGHS-2 are integral membrane
proteins found on the lumenal surfaces of the endoplasmic reticulum and within the nuclear envelope of
different cell types [2]. Despite the similar subcellular
location and the overall sequence similarity (Figure 1),
biochemical and pharmacological differences exist between the two isoforms. For example, PGHS-2 accepts
a wider range of fatty acids as substrates than does
PGHS-1, and when acetylated by aspirin on Ser-530,
PGHS-1 does not oxidize arachidonic acid whereas
similarly acetylated PGHS-2 will still function as a
15-lipoxygenase, oxidizing arachidonic acid to 15(R)hydroxy-eicosatetraenoic acid (15-HETE) [3]. As regards inhibition by NSAIDs, both isoforms can be
inhibited to a larger or lesser extent but some compounds are more selective than others [4, 5]. A slow
conversion between an initial reversible complex and
a functionally irreversible one is thought to be responsible for the selectivity of inhibition of PGHS-2 over
PGHS-1 [6]. Since inhibition of PGHS-2 alone may
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Figure 1. Alignment [61] of mouse and human PGHS-2 residues used in model construction. Residue numbering follows the convention for
the sheep PGHS-1 structure (PDB entry 1prh). An asterisk under a given amino acid means identity in that position for mouse and human
PGHS-2 enzymes; the = sign stands for a conserved residue in both PGHS-1 and PGHS-2 isozymes from the three species. The valine that
occupies the same position as Ile-523 in PGHS-1 and the arginine that replaces His-513 are highlighted in bold type.

Figure 2. Chemical structures of (a) nimesulide, (b) NS-398, (c) flosulide, (d) SC-558, and (e) RS-104897. Selectivity ratios of COX-2/COX-1
inhibition are given in parentheses although these numbers can vary greatly depending on assay conditions [1].
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Figure 6. (a) van der Waals and (b) electrostatic interaction energies between nimesulide and COX-2 monitored during the 1-ns molecular
dynamics simulations. The data were smoothed after filtering high-frequency noise by ‘moving window’ averaging (boxcar smoothing) using a
window width of 10 ps (5 sets of values) [62]. Solid and broken lines denote complexes A and B, respectively.
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ergy for orientation A). This is not surprising given
that in both orientations the ligand is completely
buried and occupies the same volume within the
binding site so that desolvation equally affects both
complexes.

Discussion
The alignment of the primary sequences of PGHS1 and PGHS-2 from different sources demonstrates
that the majority of the changes between the two
isoforms occur at the N-terminal region forming the
amphipathic helices that presumably constitute the
membrane-binding domain, and at the C-terminal tail.
The COX active sites of PGHS-1 and PGHS-2, on the
other hand, are very similar, the only differences in
the first shell of residues lining the cavity being an
Ile→Val and a His→Arg substitution (Figure 1).
The structural studies on murine PGHS-2 have
shown that the conformation of the free enzyme in
the crystal is very similar to that of the enzyme in
the crystallographic complexes with both selective and
non-selective inhibitors [15]. On the other hand, the
residues making up the COX active site in mouse and
human PGHS-2 are identical (Figure 1), which supports the view that both binding sites must also be
very similar [15] and lends credence to the present
model. The reported flexible nature of the human
COX-2 binding site [14] was taken into account in
our restrained molecular dynamics simulations, which
were carried out for the two alternate orientations
of nimesulide suggested by the automated docking
programs.
Both binding modes are chemically reasonable,
yield very similar interaction energies with the enzyme
(Figure 6), and are in agreement with the fundamental
role played by the side chain of Val-509. Attempts to
discriminate between the two models are hampered by
the rather limited structure-activity data for nimesulide
but both complexes will now be examined in the light
of the experimental evidence available for this drug
and other structurally and pharmacologically related
compounds, such as NS-398 [40, 41] and flosulide
[42] (Figure 2).
For nimesulide and related compounds, inhibition
of COX-1 activity is competitive and rapidly reversible
but inhibition of COX-2 is characterized by being
time-dependent [4, 43–46] presumably due to a structural transition. The molecular basis of COX-2 inhibition by isoform-selective agents has been probed by

site-directed mutagenesis experiments on both COX1 and COX-2. Several mutations at the mouth of the
active site of COX-2 did not lead to changes in the
selectivity of COX-2 inhibitors [47]. On the contrary,
two residues that are not conserved between the two
isoforms and impinge on selectivity are Arg-499 and
Val-509 of PGHS-2, which are His-513 and Ile-523
in PGHS-1, respectively (Figure 1). Thus, the single
amino acid change of Val at position 509 of PGHS2 to Ile results in a loss of sensitivity to inhibition by
nimesulide, NS-398 and other related COX-2 selective
inhibitors such as 5-bromo-2-(4-fluorophenyl)-3-(4methylsulfonyl)thiophene (DuP697) while inhibition
by other non-selective NSAIDs such as indomethacin
remains unaffected [47]. Similarly, V509A, V509K
and V509E PGHS-2 mutants, like recombinant human PGHS-1, show reversible but not time-dependent
inhibition with nimesulide [45].
The role of Val-509 as an essential determinant
in the differential interaction of PGHS-2 with selective and non-selective inhibitors is also patent from
experiments with the Ile-523→Val PGHS-1 mutant,
which displays increased sensitivity to various COX-2
selective inhibitors, including NS-398 [46]. Interestingly, this sensitivity is not altered in a His513→Arg
PGHS-1 mutant but the simultaneous occurrence of
both mutations results in increased inhibition by NS398 relative to the single Ile523→Val mutant, and
also in time-dependent inhibition. This highlights the
importance of a second positively charged residue in
the COX-2 binding site in addition to Arg-106 for
ionic interactions with substrates and nimesulide-like
inhibitors, and is in accordance with our models (Table 2). Nevertheless, although both mutations appear
to be necessary to change the rapidly reversible mechanism of PGHS-1 inhibition to the time-dependent
mechanism characteristic of PGHS-2 inactivation, not
all the properties of the active site of PGHS-2 are
restored by these two mutations. In fact, the double
mutant does not synthesize any appreciable amount of
15-HETE when treated with 100 µM aspirin (ASA),
in contrast with ASA-inhibited PGHS-2. This may be
an indication that additional amino acid changes may
be involved as, for example, another Ile→Val substitution at position 434 (PGHS-1 numbering), which has
been proposed to facilitate access to the side pocket
[15].
Acetylation of Ser-516 by ASA or mutation of this
residue to methionine, on the other hand, does not
greatly affect the binding and inhibitory properties of
NS-398 or DuP697, as opposed to meclofenamic acid
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or diclofenac, which are potent inhibitors of PGHS-2
but do not inhibit either ASA-PGHS-2 or the S516M
mutant enzyme [48]. In accordance with these mutagenesis data, this residue does not appear to be directly
involved in the binding of nimesulide as either the nitro or the sulfo oxygens are 5–7 Å from the hydroxyl
group of Ser-516.
Biochemical [49] and structural evidence [11–15]
attests to the importance of Arg-120 in PGHS-1 (or
Arg-106 in PGHS-2) for interacting both with the carboxylic acid group of arachidonic acid and with the
free carboxylic acid moiety of several NSAIDs. The
contribution of this positively charged residue to substrate binding in PGHS-2, however, is less than that
of the equivalent Arg-120 in PGHS-1, as shown by
the effects on enzymatic activity of replacing this arginine residue by glutamic acid (increases in Km of
∼30 vs. ∼100 [50] or more [51], respectively). This
difference may be related to the increased positive
electrostatic potential brought about by the presence
of Arg-499 in the accessible side pocket nearby (Figure 3). As regards the binding of inhibitors, the effect
of such a charge reversal mutation depends on the
class of inhibitor considered. Thus, the inhibition
of hPGHS-2(R106E) by DuP697 is not affected but
the same Arg106→Glu mutation results in 600- and
1000-fold decreases in potency for flosulide and NS398. This loss of effect is due to a difference in the
kinetics of inhibition, with these two drugs displaying time-dependent inhibition of hPGHS-2 but timeindependent inhibition of hPGHS-2(R106E) [50]. In
agreement with the involvement of this Arg in the
tight binding of this class of inhibitors, the models
we propose for nimesulide give rise to rather strong
electrostatic interactions with both Arg residues in any
of the two orientations considered (Table 2).
The X-ray crystal studies have consistently shown
Arg-120 in PGHS-1 to be engaged in a salt bridge with
the carboxylic group of Glu-524 [11–13], and these
two residues, together with Tyr-355, to participate in
a hydrogen bond network at the bottom of the COX
active site in which ligand atoms are also involved.
Tyr-355 is a determinant of the stereospecificity of
PGHS-1 toward inhibitors of the 2-phenylpropionic
acid class [51] but Glu-524 does not appear to be importantly involved in catalysis or substrate binding, as
suggested by results obtained with E524D, E524Q,
and E524K PGHS-1 mutants [51]. The corresponding residues in PGHS-2 also participate in a similar
hydrogen bond network in the free enzyme and in
the complexes with non-selective inhibitors [15] but

in some of the complexes with COX-2 selective inhibitors the salt bridge between Arg-106 and Glu-510
is disrupted because the side chain of this latter residue
is reoriented so as to form a salt bridge with Arg-499
on the other side of the extended binding site. This
is observed in the complexes of mouse PGHS-2 with
SC-558 and hPGHS-2 with RS-57067, an analog of
the non-selective NSAID zomepirac in which replacement of the carboxylic group with a pyridazinone ring
leads to preferential inhibition of PGHS-2 [14, 52]. By
contrast, in the complex of hPGHS-2 with the related
analog RS-104897 (Figure 2), this reorientation is not
observed, and the acylsulfonamide group of this drug
interacts, in a manner similar to the carboxylic group
of flurbiprofen or indomethacin [12, 15], not only with
Arg-106 but also with Tyr-341 [14], a residue that
is known to be involved in the molecular mechanism
of time-dependent inhibition of PGHS-2 [52]. In our
models with nimesulide, dual interactions with Arg106 and Tyr-341 are also observed but, depending on
the orientation of the drug in the binding site, it is
either the nitro or the sulfonamide group that interacts with the side chain of either Arg-106 or Arg-499
(Figure 5). During the molecular dynamics simulations, we find that in the complexes of hPGHS-2 with
nimesulide, in addition to the reported hydrogen bond
network in the COX active site, there appears to be
an interesting and dynamic network of alternating salt
bridges involving a number of residue pairs: Arg106Glu510, Glu510-Arg499, Arg499-Glu506, Glu506Arg453, and Arg453-Glu496. This dynamic picture
complements the static X-ray data and deserves further
study.
The sulfonamide NH of nimesulide does not appear to make any direct contacts with the protein. Its
major role appears to be in limiting the conformational
flexibility of the phenoxy moiety and in enforcing the
co-planarity of the sulfonamide group with respect to
the nitrophenyl ring. Methylation of the equivalent
nitrogen in the related flosulide (Figure 2) has been
shown to result in complete loss of in vitro COX2 inhibitory activity [42]. In the light of the present
docking experiments, this is not surprising given that
N-methylation would bring about a conformational
change in the ligand incompatible with the strict geometric requirements of this binding site (Figure 5). It
is also known that the nitro group of nimesulide can
not be replaced with a cyano group or a tetrazol ring
[53], and that replacement by a hydroxyl (as in the
main metabolite of nimesulide) is accompanied by a
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20-fold loss of activity in whole blood assays in vitro
[20].
An indication that the side chain of valine is more
important for nimesulide in order to form a tight complex with PGHS-2 than it is for other related inhibitors
comes from experiments that show that the V509A
PGHS-2 mutant is inhibited in a time-dependent fashion by NS-398 and DuP697 but not by nimesulide
[44]. From the values shown in Table 2 it is apparent that the interaction of the drug with this residue is
important but very similar for both orientations. The
complementarity with the GRID map generated with a
methyl probe is somewhat better for orientation A, but
the difference is small (data not shown). In the complex of mouse PGHS-2 with SC-558, the more polar
sulfonamide group of the drug interacts with the side
chains of Arg-499 and Gln-178 in the pocket adjacent
to the substrate binding channel that non-selective inhibitors do not occupy [15] while the trifluoromethyl
group is located close to Arg-106. No group in nimesulide appears to interact directly with Gln-178 but a
hydrogen bonding interaction is possible with His-75
(Figure 5).
Inspection of ligand-receptor complexes deposited
in the PDB with ReLiBase tools [54] reveals a similar protein environment for nitro and sulfo groups of
ligands and a similar tendency of these moieties to interact with the guanidinium group of arginine residues.
In accordance with this, the GRID maps generated
for ON and OS probes are only subtly different and
match the positions of both functional groups in the
bound conformations of nimesulide so that both binding modes remain feasible. In this respect, it is of
interest to note that multiple modes of binding have
been suggested for the interaction between diarylheterocyclic compounds and PGHS-2 [15] and also that
reversal of the functionalities in some substituted 1,5diphenylpyrazoles brings about striking changes in
potency and selectivity [9].

Conclusions
Nimesulide has been on the market for a number of
years as an antiinflammatory agent [1, 21] and has
recently been shown to inhibit PGHS-2 preferentially
over PGHS-1 in man [19]. Interest in this drug is
warranted not only by its gastrointestinal safety profile as a rather selective COX-2 NSAID [18] but also
in the light of recent experiments that show it to
exert a suppressive effect on azoxymethane-induced

colon carcinogenesis in mice [55] and to prevent urinary bladder carcinomas in rats [56]. Nevertheless,
no structural details of its interaction with COX enzymes are available except for two theoretical studies
involving wild-type and mutant ovine PGHS-1 [57,
58].
Our simulations show that nimesulide is a relatively rigid ligand, with a limited repertoire of conformations (Figure 4), all of which have been considered
in the present docking calculations. The three different automated docking methods used provided us
with two possible orientations for nimesulide in the
cyclooxygenase active site of hPGHS-2 which can account for the pharmacological profile of this agent as
a COX-2 selective inhibitor. Nimesulide is proposed
to bind PGHS-2 at the bottom of the substrate channel where it gains access to an adjacent pocket, the
entrance to which is more restricted in COX-1 as a result of the presence of an isoleucine at position 523 in
place of a valine (Figure 5). Two possible orientations
are found depending on whether the nitrophenyl or
the sulfoanilide ring gets sandwiched in the hydrophobic environment between the side chain of this valine
(Val-499) and the Cα and Cβ atoms of Ser-339.
Molecular dynamics simulations and energy analysis of the two complexes were carried out in an attempt to distinguish between the two alternate binding
modes. In one orientation the side chain of Arg-106
interacts with the nitro group whereas in the alternate
one it is the sulfonamide group that interacts with this
positively charged residue. Conversely, Arg-499 and
His-75 can establish hydrogen bonding interactions
with either the sulfonamide or the nitro group of nimesulide in the side pocket of this enlarged binding site.
In both cases, the unsubstituted phenoxy ring lies in
close proximity to Leu-338 and the catalytic tyrosine
residue thus blocking the approach of the arachidonic
acid substrate. On the basis of our binding energy
calculations, we cannot discriminate between these
two binding modes, so the possibility that nimesulide
binds in the COX active site of hPGHS-2 in both orientations can not be ruled out. Although use could have
been made of free energy perturbation techniques [59]
or the linear response method [60] to calculate the absolute binding free energies of nimesulide in the two
orientations, these computer-intensive approaches are
beyond the scope of the present investigation. Clearly,
the details of the interaction will be more completely
elucidated when the crystal structure of the complex is
solved.
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