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Abstract
Cyclooxygenase-2 (COX-2) catalyzes the oxygenation of arachidonic acid and the
endocannabinoids, 2-arachidonoylglycerol and arachidonoylethanolamide. Evaluation of a series
of COX-2 inhibitors revealed that many weak, competitive inhibitors of arachidonic acid
oxygenation are potent inhibitors of endocannabinoid oxygenation. (R)-Enantiomers of ibuprofen,
naproxen, and flurbiprofen, which are considered to be inactive as COX-2 inhibitors, are potent
“substrate-selective inhibitors” of endocannabinoid oxygenation. Crystal structures of the COX-2-
(R)-naproxen and COX-2-(R)-flurbiprofen complexes verified this unexpected binding and
defined the orientation of the (R)-enantiomers relative to (S)-enantiomers. (R)-Profens selectively
inhibited endocannabinoid oxygenation by lipopolysaccharide-stimulated dorsal root ganglion
cells. Substrate-selective inhibition provides novel tools for investigating the role of COX-2 in
endocannabinoid oxygenation and a possible explanation for the ability of (R)-profens to maintain
endocannabinoid tone in models of neuropathic pain.

The endocannabinoids, 2-arachidonoylglycerol (2-AG) and arachidonoylethanolamide
(AEA), exert analgesic and anti-inflammatory effects through their actions at the
cannabinoid receptors, CB1 and CB2 1–3. They also are substrates for the fatty acid
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oxygenases, lipoxygenases and cyclooxygenases (COXs), and certain cytochromes P-450,
which convert them to bioactive oxygenated metabolites 4–8. 2-AG and AEA are oxygenated
efficiently to prostaglandin glycerol esters (PG-Gs) and prostaglandin ethanolamides (PG-
EAs), respectively, by COX-2 but not COX-1. PG-Gs and PG-EAs activate calcium
mobilization in macrophages and tumor cells, enhance miniature excitatory and inhibitory
postsynaptic currents in neurons, induce mechanical allodynia, and stimulate thermal
hyperalgesia 9–13. 2-AG and AEA are rapidly hydrolyzed by monoacylglycerol lipase
(MAGL) or fatty acid amide hydrolase (FAAH), respectively, to arachidonic acid (AA),
which terminates endocannabinoid signaling but produces a fatty acid that is converted to
leukotrienes and prostaglandins inter alia 14,15. Thus, 2-AG and AEA are at the nexus of a
complex network of bioactive lipid production, inactivation, and signaling (Supplementary
Results, Supplementary Fig. 1).

The importance of endocannabinoids as naturally occurring analgesic agents provides a
potential mechanism for inhibition of neuropathic pain – i.e., through the development of
agents that prevent endocannabinoid metabolism at sites of neuroinflammation 16. FAAH
inhibitors appear to be promising candidates in this regard, and MAGL inhibitors are also
potential leads, although their broader range of cannabimimetic effects in animal models
may limit their utility 17,18. Since COX-2 is induced at sites of neuroinflammation, non-
steroidal anti-inflammatory drugs (NSAIDs), whether non-selective or selective for COX-2,
may contribute to endocannabinoid-sparing by preventing COX-2-selective oxygenation of
2-AG and AEA 19.

We recently reported that ibuprofen and mefenamic acid are potent, non-competitive
inhibitors of 2-AG oxygenation by COX-2 but weak, competitive inhibitors of AA
oxygenation 20. Kinetic studies indicate that this “substrate-selective inhibition” results from
negative cooperativity between the two monomers of the COX-2 homodimer. Binding of a
molecule of inhibitor in one subunit inhibits the oxygenation of 2-AG, but not AA, in the
other subunit 20,21. Inhibition of AA oxygenation by ibuprofen or mefenamic acid requires
binding of an additional molecule of inhibitor in the second subunit 20.

In the present study, we surveyed a series of weak, reversible inhibitors and slow, tight-
binding inhibitors for substrate-selectivity. Only weak, reversible inhibitors demonstrated
substrate-selectivity. We discovered that (R)-arylpropionic acids, (i.e., profens), which are
not believed to inhibit COX enzymes, are efficient substrate-selective inhibitors of 2-AG
oxygenation by COX-2. Crystal structures of (R)-naproxen and (R)-flurbiprofen complexed
to COX-2 indicated that they bind in an analogous fashion to the (S)-enantiomers. Site-
directed mutagenesis identified Arg-120 as the key residue for inhibition of COX-2 by (R)-
flurbiprofen. Induction of COX-2 in primary murine dorsal root ganglion cells (DRGs) led
to the oxygenation of AA, 2-AG, and AEA to their respective prostaglandin products. (R)-
Profens selectively inhibited the COX-2 mediated oxygenation of 2-AG and AEA but not
AA. This substrate-selective inhibition led to an elevation in the levels of the
endocanabinoids, 2-AG and AEA, in the DRGs.

Results
Survey of COX Inhibitors for Substrate-Selectivity

To explore the generality of substrate-selective inhibition, we compared the effects of
different classes of NSAIDs on COX-2-dependent AA and 2-AG oxygenation. An assay was
employed that measured PG or PG-G formation by LC-MS-MS following a 15 min
preincubation of enzyme and inhibitor to ensure maximal inhibition of the oxygenation of
both substrates. Saturating concentrations of both AA and 2-AG (50 μM) were used. The
results are summarized in Table 1. Weak, reversible inhibitors of AA oxygenation were
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strong inhibitors of 2-AG oxygenation whereas slow, tight-binding inhibitors were potent
inhibitors of both 2-AG and AA oxidation by COX-2 with comparable IC50’s for both
substrates (Table 1). The ability of slow, tight binding inhibitors to inhibit 2-AG and AA
oxygenation at comparable concentrations arises from the ability of a single molecule of
inhibitor to block the oxygenation of both substrates 20–23. Within the inhibitor classes, no
differences in behavior were observed for compounds that are COX-2-selective inhibitors or
non-selective inhibitors of both COX enzymes (e.g., celecoxib vs diclofenac).

Inhibition by (R)-Profens
Profens exhibit marked enantiospecificity for inhibition of AA oxygenation by COX
enzymes. The (S)-enantiomers of naproxen, ibuprofen and flurbiprofen inhibit AA
oxygenation by COX-1 and COX-2, but the (R)-enantiomers are either poor inhibitors or
exhibit no inhibitory activity. Because we have observed that weak inhibitors of AA
oxygenation can be strong inhibitors of 2-AG oxygenation, we evaluated the ability of the
(R)-enantiomers of naproxen, ibuprofen and flurbiprofen to inhibit 2-AG oxygenation by
COX-2. As shown in Supplementary Fig. 2 and Table 2, the (R)-enantiomers inhibited 2-AG
oxidation. The inhibitors were more potent at concentrations of 2-AG near its Km (5 μM)
than at saturation (50 μM). Importantly, (R)-naproxen, (R)-ibuprofen, and (R)-flurbiprofen
did not inhibit AA oxidation by COX-2 at either 5 or 50 μM substrate concentrations.

Structure-Function Analysis of (R)-Profen Inhibition
These findings illustrate that the (R)-enantiomers of arylpropionic acids bind to COX-2 and
inhibit the oxygenation of 2-AG. This was surprising given prior results suggesting that
steric clashes with active site residues prevent the binding of (R)-arylpropionic acids within
the COX active site 24. Therefore, we attempted to crystallize complexes of each of the (R)-
enantiomers bound to mCOX-2 to identify their binding sites. Diffraction-quality crystals
were obtained with both (R)-naproxen and (R)-flurbiprofen using recently described
methodology 25. The experimental electron density map for (R)-naproxen bound to COX-2
is shown in Fig. 1a and Supplementary Fig. 3. The inhibitor is located exclusively within the
cyclooxygenase active site with its carboxylate moiety adjacent to Arg-120 and Tyr-355 at
the mouth of the active site and the naphthyl ring projecting up into the center of the
cyclooxygenase channel (Supplementary Fig. 3). This is typical of the orientation of
arylpropionic acids in the COX active site as has been reported for (S)-ibuprofen complexed
to COX-1, (S)-naproxen complexed to COX-2, and (S)-flurbiprofen complexed to COX-1 or
COX-2 25–27.

Previous reports based on site-directed mutagenesis and structure-activity studies have
suggested that stable binding of (R)-arylpropionic acids within the active site of COX is
prevented by unfavorable steric interactions between the α-methyl group and Tyr-355 at the
base of the active site 24. Interestingly the α-methyl group of (R)-naproxen binds adjacent to
Tyr-355 as illustrated in Fig. 1a. The (S)-naproxen structure was recently reported at 1.7 A,
and an overlay of (R)-naproxen and (S)-naproxen bound in the active site of mCOX-2 is
shown in Fig. 1b 25. The p-methoxy substituents and the two naphthyl rings are nearly
superimposed and the two enantiomers appear to participate in many of the same
interactions with surrounding protein residues. These include hydrogen-bonding with
Arg-120 and Tyr-355 as well as hydrophobic interactions with Ala-527, Val-349, Gly-526,
Trp-387, Tyr-385, and Leu-352. However, (R)-naproxen does participate in some
interactions distinct from those of (S)-naproxen. The α-methyl group of (R)-naproxen
participates in Van der Waals interactions with Ser-530 and Ser-353, but the α-methyl
substituent of (S)-naproxen does not. The most significant difference in protein structure
between the two complexes is the repositioning of Arg-120 and Tyr-355 to accommodate
the α-methyl group in the binding of (R)-naproxen (RMSD: 0.47 and 0.45 A, respectively).
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This increases the hydrogen bond distance between Tyr-355 and the carboxylate of (R)-
naproxen to 3.05 A compared to a distance of 2.44 A for (S)-naproxen, which may reduce
the binding energy of the (R)-naproxen-COX-2 complex.

Like the naproxen enantiomers, the (R)- and (S)- enantiomers of flurbiprofen bind in a
similar fashion within the COX-2 active site (Fig. 2a and Supplementary Figs. 4 and 5). (R)-
Flurbiprofen interacts with Arg-120 and Tyr-355 at the base of the active site and with
Ala-527, Val-349, Gly-526, Tyr-385, Leu-359, and Ser-530 in the hydrophobic channel. To
probe the importance of individual residues in the inhibition of 2-AG oxygenation, we
measured the inhibitory activity of (R)-flurbiprofen against a series of active site mutants.
As shown in Fig. 2b, mutation of Arg-120 to Gln, which eliminates the ability of that residue
to participate in ion-pairing interactions, abolishes (R)-flurbiprofen inhibition. In contrast,
mutations of Tyr-355 to Phe, Glu-524 to Leu, or Ser-530 to Ala did not have significant
effects on the IC50 values for (R)-flurbiprofen when compared to WT mCOX-2 (Fig. 2b).
These data are consistent with the binding mode of (R)-flurbiprofen observed in the crystal
structure and suggest that ion-pairing between the carboxylate and Arg-120 is a critical
determinant of binding.

COX-2 Action in DRGs
(R)-Flurbiprofen exhibits analgesic activity in humans and inhibits neuropathic pain in
rodents 28,29. It is inefficiently converted to (S)-flurbiprofen in vivo and does not display
gastrointestinal toxicity, which is typically observed with compounds that inhibit COX-
dependent prostaglandin synthesis 30,31. Interestingly, (R)-flurbiprofen has been reported to
elevate AEA levels in the dorsal horn of rats surgically treated to induce nerve injury 29. The
mode of action by which (R)-flurbiprofen causes analgesia and AEA elevation is uncertain,
although it is a weak inhibitor of FAAH (IC50 = >1 mM in vitro) 29. Another possible
explanation for the analgesic activity of (R)-flurbiprofen is that it inhibits the COX-2-
selective metabolism of endocannabinoids. To evaluate this possibility and to test whether
substrate-selective inhibition can be detected in intact cells stimulated to release
physiological levels of 2-AG and AEA, cellular experiments were performed with DRGs.
DRGs were harvested from E14 mouse embryos and plated onto collagen-coated dishes.
After culturing for 3–5 days, they were treated overnight with granulocyte macrophage
colony stimulating factor, followed by lipopolysaccharide, interferon γ, and 10 μM 15(S)-
hydroxy-5,8,11,13-eicosatetraenoic acid for 6 hr. This resulted in a strong induction of
COX-2, but not COX-1, in the DRGs and no increase in the levels of MAGL, ABHD6 or
FAAH (Fig. 3a and Supplementary Fig. 6). The presence of COX-2 in the DRGs, located
mainly in neuronal cell bodies, was verified by the uptake of a COX-2-selective fluorescent
imaging agent (Fig. 3b). The design and synthesis of this compound, fluorocoxib A, was
recently described along with studies validating its selective binding to COX-2 in cultured
cells in vitro and inflammatory lesions and tumors in vivo 32.

DRGs, activated as above for 3 hr, were treated with ionomycin for an additional 3 hr to
stimulate substrate release. The substrates and products of COX-2 mediated oxygenation
were extracted and identified by LC-MS-MS. Peaks were detected that coeluted with PG,
PG-G, and PG-EA standards (Fig. 3c). In all cases, the major products were PGF2α and
PGE2, their glyceryl esters, and ethanolamide derivatives. It is noteworthy that the
stimulation of DRGs resulted in the generation of PG-EAs. This is the first time that these
oxygenated metabolites of AEA have been detected in intact cells stimulated to release
endogenous COX-2 substrates. The identity of the PG-EAs was verified by collision-
induced dissociation and analysis of the fragment ions (Supplementary Fig. 7). Thus, DRGs
release AA, 2-AG, and AEA and oxygenate them to PGF2α and PGE2 derivatives following
stimulation with pro-inflammatory mediators.
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Substrate-Selective Inhibition in DRGs
The levels of PGs, PG-Gs, and PG-EAs were quantified using stable isotope dilution
methods with labeled internal standards. Increasing concentrations of (R)-flurbiprofen, (R)-
ibuprofen, or (R)-naproxen added 1 hr before ionomycin inhibited the synthesis of
endocannabinoid-derived eicosanoids, PG-Gs and PG-EAs, at concentrations that did not
inhibit the synthesis of PGs. The concentration-dependences for inhibition of 2-AG
oxygenation and AEA oxygenation were similar (Fig. 4). Thus, the substrate-selective
inhibition of endocannabinoid oxygenation observed with purified COX-2 was also
observed in intact DRGs stimulated with physiological agonists and endogenous substrates.
The IC50’s for inhibition of 2-AG and AEA oxidation in DRG’s by the (R)-profens ((R)-
flurbiprofen-2-AG, 5.8 ± 2.9 μM, (R)-flurbiprofen-AEA, 6.0 ± 2.7 μM; (R)-naproxen-2-AG,
8.9 ± 3.2 μM, (R)-naproxen-AEA, 11.8 ± 4.1 μM; (R)-ibuprofen-2-AG, 10.1 ± 4.7 μM, (R)-
ibuprofen-AEA, 9.4 ± 4.3 μM) were closer to the IC50’s for inhibition of pure COX-2 at 50
μM 2-AG than at 5 μM 2-AG (Table 2). One might have anticipated a closer correspondence
to values at low substrate concentrations in vitro but there were many differences between
the in vitro and cellular assays including different incubation times (30 s vs 4 hr), the
presence of serum in the cell culture medium, and the presence of multiple competing fatty
acids and other lipids in the activated DRG’s. These may have had the effect of increasing
the IC50’s of the (R)-profens in intact DRG’s compared to purified enzyme.

Concomitant with the inhibition of PG-G and PG-EA formation, (R)-flurbiprofen, (R)-
ibuprofen, and (R)-naproxen treatment of stimulated DRGs increased the amounts of AEA
and 2-AG measured in cell extracts but did not increase the amounts of AA (Fig. 5).
Importantly, treatment of DRGs that were not stimulated with pro-inflammatory agonists did
not increase the concentrations of 2-AG or AEA suggesting that they did not inhibit the
catalytic activity of MAGL or ABHD6, which appear to be present in the cells (Fig. 3a).
Interestingly, FAAH does not appear to be present in the DRGs (Fig. 3a). Indeed, incubation
of increasing concentrations of the three (R)-profens with purified MAGL or FAAH in vitro
caused no inhibition of their catalytic activities at concentrations up to 1 mM
(Supplementary Figs. 8 and 9). Similar control experiments indicated that (R)-profens do not
inhibit 15-lipoxygenase-1 oxygenation of AA or 2-AG at concentrations used in DRGs
(Supplementary Figure 10). Finally, the enantiomeric composition of the (R)-profens
recovered following a 4 hr incubation with DRGs was evaluated by chiral chromatography
and shown to be >99% (R) (Supplementary Fig. 11). Thus, no racemization occurred during
incubation with the cells so the substrate-selective inhibition of endocannabinoid
oxygenation observed with the various profens was due to the (R)-enantiomers.

Discussion
These results expand the range of compounds capable of substrate-selective inhibition of
endocannabinoid oxygenation and indicate that it is limited to compounds characterized as
rapid reversible inhibitors of COX-2. The results also illustrate that (R)-enantiomers of
arylpropionic acid inhibitors, which are considered inactive as COX inhibitors because of
their inability to inhibit AA oxygenation, actually bind to the enzyme and potently inhibit
endocannabinoid oxygenation. Crystallographic studies indicate that the binding site of (R)-
naproxen and (R)-flurbiprofen is exclusively within the COX-2 active site and functional
studies indicate that ion-pairing to Arg-120 is critical for (R)-flurbiprofen binding. The
potency of (R)-profen inhibition of endocannabinoid oxygenation is a dramatic illustration
of the negative cooperativity between the two monomers of the COX-2 homodimer that
results from binding an inhibitor molecule in a single monomer (Fig. 6) 20,21,23. Although
COX-2 and COX-1 are structural homodimers, they behave as functional heterodimers with
an allosteric site and a catalytic site 23. Kinetic analysis of substrate-selective inhibition of 2-
AG oxygenation by (S)-ibuprofen suggests it is a non-competitive inhibitor that binds in the
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allosteric site 20. Thus, binding of (R)-profens likely occurs in the allosteric site and induces
a conformational change that prevents endocannabinoid, but not AA oxygenation, in the
catalytic site (Fig. 6).

COX-2 oxygenation of 2-AG and AEA in intact cells produces PG-G and PG-EA
derivatives that exhibit a range of biological activities 9,13,33–35. The receptors responsible
for these effects have not been identified but they appear to be distinct from classic PG
receptors 9,36. Thus, COX-2-dependent endocannabinoid oxygenation may represent a novel
mechanism for generating lipid signaling molecules dependent on different sets of agonists
and phospholipases than are responsible for COX-2- (or COX-1-) dependent PG formation.
Testing this hypothesis in cellular systems or animal models has been difficult because of
the lack of specific reagents that can differentiate COX-2-dependent 2-AG and AEA
oxygenation from AA oxygenation. The high degree of substrate-selective inhibition
exhibited by (R)-profens suggests they may be valuable probes for dissecting the specific
contributions to cellular physiology or pathophysiology of endocannabinoid oxygenation by
COX-2 from those of AA oxygenation.

The metabolism of endocannabinoids and its relationship to signaling involves a complex
set of enzymes and receptors 2,37. Following their biosyntheses from phospholipid
precursors, AEA binds to the CB1 receptor and TRPV1 whereas 2-AG binds to the CB1 and
CB2 receptors to stimulate cellular responses. The levels of AEA and 2-AG are primarily
controlled through hydrolysis by FAAH and MAGL, respectively, although other enzymes
will also hydrolyze 2-AG (e.g., ABHD6, ABHD12 and carboxyl esterase 1) 38,39. AEA and
2-AG are also oxygenated by COX-2, lipoxygenases, and cytochromes P-450 and it is
conceivable that, under certain conditions, sufficient oxygenation could occur to further
lower endocannabinoid levels. COX-2 is a particularly attractive candidate to modulate
endocannabinoid levels because it is highly induced by a range of agents including pro-
inflammatory stimuli. Fig. 3 illustrates that COX-2 is induced in DRGs stimulated with pro-
inflammatory agents; in contrast, the levels of MAGL, FAAH, and ABHD6 are not
increased. Stimulation with pro-inflammatory agents resulted in significant COX-2 mediated
oxygenation of AA, 2-AG, and AEA, but no oxygenation was observed in the absence of
pretreatment with pro-inflammatory stimuli. Incubation of DRGs with (R)-profens
selectively inhibited oxygenation of 2-AG and AEA compared to AA (Fig. 4). (R)-Profens
also increased the levels of 2-AG and AEA but not the levels of AA (Fig. 5). Interestingly,
(R)-profens did not increase the levels of 2-AG and AEA in DRGs that were not pretreated
with pro-inflammatory stimuli (Fig. 5). This is consistent with COX-2 reducing
endocannabinoid levels by oxygenation to PG-Gs and PG-EAs and with (R)-profens
preventing endocannabinoid depletion by selectively inhibiting their oxygenation.

These findings uncover a potential mechanism for the analgesic activity of (R)-flurbiprofen.
The ability of (R)-flurbiprofen to selectively inhibit AEA and 2-AG oxygenation in DRGs
correlates to its ability to elevate AEA levels at sites of neuroinflammation in the spinal
cord 29. Although FAAH and MAGL are likely responsible for the basal turnover of
endocannabinoids in non-inflammed tissue, diurnal fluctuations lead to increases in COX-2
in regions of the brain and induction of inflammation in the peripheral or central nervous
system by nerve injury results in elevated levels of COX-2 in the inflamed tissue 19,40.
COX-2 induction may contribute to the depletion of AEA and 2-AG and blockage of this
depletion by substrate-selective inhibition of COX-2 by (R)-flurbiprofen could spare
endocannabinoid levels and induce analgesia. Consistent with this mechanism, the analgesic
effect of (R)-flurbiprofen is prevented by CB1 receptor antagonists despite the fact that (R)-
flurbiprofen does not activate the CB1 receptor 29. This highlights the importance of
maintenance of endocannabinoid tone in the analgesic action of (R)-flurbiprofen.
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Methods
Materials

Wild-type, R120Q, E524L, S530A and Y355F mCOX-2 protein were expressed in insect
cells and purified as described previously 41. Human MAGL was purchased from Cayman
Chemical (Ann Arbor, MI). Humanized rat FAAH was a generous gift of R. Stevens and B.
Cravatt (Scripps Research Institute). Human 15-lipoxygenase-1 was a generous gift of A.
Brash (Vanderbilt University School of Medicine).

Inhibition of COX-2 mediated metabolism of AA and 2-AG
Various concentrations of inhibitor (or DMSO) were incubated with mCOX-2 (200 nM) for
5 – 15 min in 100 mM Tris-HCl with 0.5 mM phenol, pH 8.0. For mutant mCOX-2
experiments, the enzyme concentration was adjusted such that the turnover was
approximately equal to wild-type enzyme. The pre-incubation time was determined based on
previous reports regarding the time required to achieve maximal inhibition, and was
performed at room temperature except for the final three minutes, which was at 37 °C 20,42.
Following the pre-incubation of enzyme and inhibitor, AA or 2-AG was added for 30 s at 37
°C. The reaction was quenched with ice-cold ethyl acetate containing 0.5 % acetic acid (v/v)
and 1 μM PGE2-d4 and PGE2-G-d5. The solution was then vigorously mixed and cooled on
ice. The organic layer was separated and evaporated to near-dryness under nitrogen. For
analysis, the samples were reconstituted in 1:1 MeOH:H2O and chromatographed using a
Luna C18(2) column (50 × 2 mm, 3 μm) (Phenomenex, Torrance, CA) with an isocratic
elution method consisting of 66% 5 mM ammonium acetate pH = 3.3 (solvent A) and 34%
ACN containing 6% solvent A (solvent B) at a flow rate of 0.375 mL/min. MS/MS was
conducted on a Quantum triple quadrupole mass spectrometer operated in positive ion mode
utilizing a selected reaction monitoring method with the following transitions - m/z
370→317 for PGE2/D2, m/z 374 → 321 for PGE2-d4, m/z 444 → 391 for PGE2/D2-G and
449 → 396 for PGE2/D2-G-d5. Peak areas for analytes were normalized to the appropriate
internal standard to determine the amount of product formation, and the amount of inhibition
was determined by normalization to a DMSO control.

Crystallization, data collection, structure determination and refinement
Protein crystallization was performed as described 25. Data sets were collected on an ADSC
Quantum-315 CCD using the synchrotron radiation X-ray source tuned at a wavelength of
0.97929 A and an operating temperature of 100 K at beamline 24ID-E of the Advance
Photon Source at Argonne National Lab, Chicago, USA. Diffraction data were processed
with HKL2000 43. Initial phases were determined by molecular replacement using a search
model (PDB 3NT1) with MOLREP 44. Solutions having two molecules in the asymmetric
unit for (R)-naproxen and four molecules in the asymmetric unit for (R)-flurbiprofen were
obtained. The models were improved with iterative rounds of model building in Coot and
refinement in PHENIX 45,46. Data collection and refinement statistics are reported in
Supplemental Table 1. In the Ramachandran plot, 93.7% of all residues are in the most
favored region for the (R)-naproxen-mCOX-2 structure and 94.0% of all residues appear in
the most favored region for the (R)-flurbiprofen-mCOX-2 structure. The Estimated
Coordinate Errors are 0.25 A for (R)-naproxen-mCOX-2 and 0.29 A for (R)-flurbiprofen-
mCOX-2. Molecular graphics (Figs. 3 and 4) were illustrated with PyMOL 47. The
coordinates are deposited at RCSB Protein Data Bank. ID codes are 3Q7D for (R)-naproxen-
mCOX-2 and 3RR3 for (R)-flurbiprofen-mCOX-2.
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DRG preparation
DRG culture and staining for neurons and glia was performed as described 48 using a
protocol approved by the Vanderbilt Institutional Animal Care and Use Committee. Staining
for COX-2 was performed as described 32. Treatment with inflammatory stimuli was
performed as described in the text. Extraction and analysis of PGs, PG-Gs, and PG-EAs was
performed as described 49.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of (R)-naproxen within the mCOX-2 active site. (a) Stereoview of (R)-
naproxen (green sticks) bound in the COX-2 active. The simulated annealing omit map (Fo-
Fc) contoured at 3σ is displayed in the vicinity of (R)-naproxen. Protein residues are shown
in cyan sticks. (b) Stereoview of the active site of the (R)-naproxen-COX-2 complex (green
sticks) overlaid with the (S)-naproxen-COX-2 complex (grey sticks).
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Figure 2.
Binding of (R)-flurbiprofen within the mCOX-2 active site. (a) Crystal structure of (R)-
flurbiprofen (magenta) bound in the active site of mCOX-2 (cyan). The simulated annealing
omit map (Fo-Fc) contoured at 3σ is shown surrounding (R)-flurbiprofen. (b) Comparison of
the concentration-dependence of (R)-flurbiprofen inhibition of 2-AG oxygenation by wild-
type or mutant mCOX-2s. Inhibition assays were performed as described under Methods.
The data points (n=3) represent the mean ± SEM.
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Figure 3.
Analysis of DRGs. (a) Immunostaining and fluorescent imaging of neurons and glia from
dissociated E14 DRGs. Stimulated DRGs were imaged using a fluorescent TuJ1 antibody to
label neurons (green), DAPI to label nuclei (blue), and fluorocoxib A to label COX-2 (red).
(b) Western blot analysis of basal versus stimulated DRGs comparing enzymes involved in
endocannabinoid metabolism and prostaglandin synthesis. (c) LC-MS chromatographic
peaks and SRM transitions for prostaglandins derived from AA, AEA, and 2-AG isolated
from DRGs.
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Figure 4.
Inhibition of eicosanoid synthesis in stimulated DRGs by (R)-flurbiprofen, (R)-naproxen,
and (R)-ibuprofen. Product formation was monitored following the oxygenation of AA, 2-
AG, and AEA by COX-2 to form PGs (−), PG-Gs (- -), and PG-EAs (• •) in DRGs. IC50’s
were calculated using a non-linear regression. The data points represent percent inhibition
with respect to control of two sets of three DRG culture plates from two independent DRG
preparations for each (R)-profen. The data points (n=6) represent the mean ± SEM.
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Figure 5.
Comparison of the effects of (R)-flurbiprofen, (R)-naproxen, and (R)-ibuprofen on substrate
levels in basal versus stimulated DRGs. The data points represent the amount of AEA
(blue), 2-AG (red), and AA (white) from two sets of three DRG culture plates from two
independent DRG preparations for each (R)-profen. The fatty acid levels (n=6) are plotted as
mean ± SEM and statistical significance was determined using a one-way ANOVA analysis.
Statistically significant increases (P < .05) in both AEA and 2-AG are indicated by overhead
bars.
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Figure 6.
The mechanism of COX-2 substrate-selective inhibition of endocannabinoid oxygenation by
rapid, reversible inhibitors. Inhibitor binding in one subunit of the homodimer induces a
conformational change in the second subunit that blocks 2-AG and AEA oxygenation but
not AA oxygenation. In order to inhibit oxygenation of AA, another molecule of inhibitor
must bind in the second subunit. For slow, tight-binding inhibitors, the conformational
changes induced by binding a single inhibitor molecule are sufficient to inhibit the
oxygenation of all substrates.
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Table 1

IC50 values for the inhibition of COX-2 oxygenation of AA and 2-AG by NSAIDs

Inhibitor 50 μM AA 50 μM 2-AG

reversible

Ibuprofenb,c 7 μM 20 nM

Mefenamic Acidb,c 180 μM 210 nM

DM-INDO > 25 μM 250 nM

Lumiracoxib no inhib. 40 nM

Naproxenb 4.5 μM 430 nM

SC-58076 > 4 μM 40 nM

slow, tight binders

Diclofenac 60 nM 50 nM

Flurbiprofen 130 nM 30 nM

INDO 180 nM 30 nM

Celecoxib 80 nM 95 nM

Rofecoxib 520 nM 85 nM

a
Enzyme and inhibitor were pre-incubated for 15 min prior to the addition of 50 uM substrate for 30 s. Reactions were quenched with organic

solvent containing deuterated internal standards. Product formation was analyzed by LC-MS-MS using selected reaction monitoring and
normalized to DMSO control.

b
Substrate oxygenation was measured using an oxygen electrode.

c
Values for ibuprofen and mefenamic acid taken from 20.
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Table 2

(R)-Profen inhibition of 2-AG oxygenation by COX-2a

Inhibitor 50 μM 2-AG 5 μM 2-AG

3.7 μM 0.08 μM

6.7 μM 3.0 μM

18 μM 10 μM

a
Enzyme and inhibitor were pre-incubated for 15 min prior to the addition of substrate for 30 s. Reactions were quenched with organic solvent

containing deuterated internal standards. Product formation was analyzed by LC-MS-MS using selected reaction monitoring and normalized to
DMSO control.
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