
UC Irvine
UC Irvine Previously Published Works

Title
Dual cyclooxygenase–fatty acid amide hydrolase inhibitor exploits novel binding 
interactions in the cyclooxygenase active site

Permalink
https://escholarship.org/uc/item/0n0183p5

Journal
Journal of Biological Chemistry, 293(9)

ISSN
0021-9258

Authors
Goodman, Michael C
Xu, Shu
Rouzer, Carol A
et al.

Publication Date
2018-03-01

DOI
10.1074/jbc.m117.802058
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0n0183p5
https://escholarship.org/uc/item/0n0183p5#author
https://escholarship.org
http://www.cdlib.org/


Dual cyclooxygenase–fatty acid amide hydrolase inhibitor
exploits novel binding interactions in the cyclooxygenase
active site
Received for publication, June 20, 2017, and in revised form, December 13, 2017 Published, Papers in Press, January 11, 2018, DOI 10.1074/jbc.M117.802058

Michael C. Goodman‡, Shu Xu (徐 曙)‡, Carol A. Rouzer‡, Surajit Banerjee§, Kebreab Ghebreselasie‡,
Marco Migliore¶1, Daniele Piomelli¶�, and Lawrence J. Marnett‡2

From the ‡A. B. Hancock, Jr. Memorial Laboratory for Cancer Research, Departments of Biochemistry, Chemistry, and
Pharmacology, Vanderbilt Institute of Chemical Biology and Center in Molecular Toxicology, Vanderbilt Ingram Cancer Center,
Vanderbilt University School of Medicine, Nashville, Tennessee 37232, the ¶Department of Drug Discovery and Development,
Istituto Italiano di Tecnologia, 16163 Genoa, Italy, the �Departments of Anatomy, Neurobiology, Pharmacology, and Biological
Chemistry, University of California, Irvine, California 92697, and the §Northeastern Collaborative Access Team, Argonne National
Laboratory, Argonne, Illinois 60439

Edited by John M. Denu

The cyclooxygenases COX-1 and COX-2 oxygenate arachi-
donic acid (AA) to prostaglandin H2 (PGH2). COX-2 also oxy-
genates the endocannabinoids 2-arachidonoylglycerol (2-AG)
and arachidonoylethanolamide (AEA) to the corresponding
PGH2 analogs. Both enzymes are targets of nonsteroidal anti-
inflammatory drugs (NSAIDs), but NSAID-mediated COX inhi-
bition is associated with gastrointestinal toxicity. One potential
strategy to counter this toxicity is to also inhibit fatty acid amide
hydrolase (FAAH), which hydrolyzes bioactive fatty acid etha-
nolamides (FAEs) into fatty acids and ethanolamine. Here, we
investigated the mechanism of COX inhibition by ARN2508, an
NSAID that inhibits both COXs and FAAH with high potency,
target selectivity, and decreased gastrointestinal toxicity in
mouse models, presumably due to its ability to increase levels of
FAEs. A 2.27-Å–resolution X-ray crystal structure of the COX-
2�(S)-ARN2508 complex reveals that ARN2508 adopts a binding
pose similar to that of its parent NSAID flurbiprofen. However,
ARN2508’s alkyl tail is inserted deep into the top channel, an
active site region not exploited by any previously reported
NSAID. As for flurbiprofen, ARN2508’s potency is highly depen-
dent on the configuration of the �-methyl group. Thus, (S)-
ARN2508 is more potent than (R)-ARN2508 for inhibition of
AA oxygenation by both COXs and 2-AG oxygenation by
COX-2. Also, similarly to (R)-flurbiprofen, (R)-ARN2508
exhibits substrate selectivity for inhibition of 2-AG oxygen-
ation. Site-directed mutagenesis confirms the importance
of insertion of the alkyl tail into the top channel for (S)-
ARN2508’s potency and suggests a role for Ser-530 as a deter-

minant of the inhibitor’s slow rate of inhibition compared with
that of (S)-flurbiprofen.

The enzyme cyclooxygenase (COX)3 catalyzes the commit-
ted step in prostanoid biosynthesis, the bis-dioxygenation and
cyclization of AA to form the endoperoxy-hydroperoxide inter-
mediate prostaglandin (PG) G2. Then, via its peroxidase activ-
ity, the enzyme reduces the 15-hydroperoxy group of PGG2 to
produce the final product, PGH2 (1). PGH2 is a substrate for
various terminal prostanoid synthases that catalyze the forma-
tion of PGs as well as thromboxane A2. PGs exert various bio-
logical effects including platelet aggregation, gastrointestinal
and cardiovascular regulation, parturition, and modulation of
the inflammatory response (2).

There are two COX isoforms, COX-1 and COX-2, distin-
guished primarily by their patterns of expression. Specifically,
the expression of COX-2 is induced in response to proinflam-
matory cytokines and growth factors, whereas the expression of
COX-1 is constitutive in most tissues (3). In addition, because
of its larger active site, COX-2 can oxygenate analogs of AA that
are poor substrates for COX-1. These include the endocannabi-
noids 2-arachidonoylglycerol (2-AG) and arachidonoylethano-
lamide (AEA), oxygenation of which yields PGH2-glyceryl ester
and PGH2-ethanolamide, respectively (4 –6).

Both COX enzymes, but particularly COX-2, are the major
sites of action of the widely used non-steroidal anti-inflamma-
tory drugs (NSAIDs) such as ibuprofen, indomethacin, and
naproxen (7). A major limitation to the use of most NSAIDs is
gastrointestinal toxicity due to blockade of the biosynthesis of
cytoprotective PGs (8, 9). This problem was addressed by the
development of COX-2–selective inhibitors that preserved
COX-1– dependent gastrointestinal PGE2 production. These
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drugs exhibit good anti-inflammatory activity with reduced
gastrointestinal side effects; however, subsequent clinical trials
uncovered adverse cardiovascular side effects associated with
inhibition of COX-2 (10, 11). An alternative approach to
NSAID-mediated gastrointestinal toxicity is to increase the lev-
els of AEA and other fatty acyl ethanolamides (FAEs), such as
palmitoylethanolamide, in individuals receiving NSAID ther-
apy. AEA and palmitoylethanolamide exert anti-inflammatory
and cytoprotective effects in the gastrointestinal tract that can
compensate for loss of beneficial PGs (12). However, during
inflammation, this FAE-dependent signaling may be compro-
mised through increased expression of fatty acid amide hydro-
lase (FAAH), the primary degradative enzyme for FAEs, and
COX-2, which may also contribute to AEA depletion because of
its oxidation. These considerations have led to the hypothesis
that simultaneous blockade of COX and FAAH might promote
FAE-mediated prevention of the gastrointestinal side effects of
NSAIDs while preserving most of their anti-inflammatory
effects.

To test this hypothesis, dual inhibitors that simultaneously
target both the COX enzymes and FAAH with high potency
and oral bioavailability were synthesized. One compound from
this class, ARN2508 (see Fig. 1), decreases intestinal inflamma-
tion and protects the gastrointestinal tract from NSAID-in-
duced toxicity in vivo (13). ARN2508 combines key structural
features of the compound URB597, an FAAH inhibitor, and
flurbiprofen (Fig. 1), a member of the 2-arylpropionic acid class
of NSAIDs. Like flurbiprofen, ARN2508 inhibits PGE2 forma-
tion in the gastric mucosa, but unlike flurbiprofen, ARN2508
was found to protect the epithelial lining in the stomach of
mice, likely through its ability to increase levels of AEA and
other FAEs.

Inhibition of both FAAH and COX by ARN2508 was found
to be functionally irreversible based on dialysis experiments
(13). In the case of FAAH, ARN2508-mediated inhibition was
attributed to a covalent bond formed between the carbamate
moiety of the inhibitor and the enzyme’s catalytic serine (14).
Thus, the carbamate functional group of ARN2508 is required
for FAAH inhibition; however, it is not necessary for inhibition
of COX. In fact, the carboxylate moiety is necessary for COX
inhibition by ARN2508 as is seen in the case of its parent com-

pound, flurbiprofen, which inhibits COX by a noncovalent
mechanism. These findings suggest that covalent modification
is not required for ARN2508-mediated inhibition of COX, but
they do not completely rule out this possibility.

Flurbiprofen contains one chiral center � to the carboxylic
acid. Potent COX inhibitory activity is associated only with the
S-enantiomer of flurbiprofen; however, the R-enantiomer is a
substrate-selective inhibitor of endocannabinoid oxygenation
by COX-2 (15). ARN2508 shares this chiral carbon, but the
initial kinetic evaluation of its COX-inhibitory activity was car-
ried out using the racemic mixture (13). Here, we report the
characterization of the S- and R-enantiomers of ARN2508 with
regard to potency, time dependence, isoform selectivity, and
substrate selectivity of COX inhibition. We also explore struc-
tural determinants of ARN2508-mediated inhibition of COX
and report the crystal structure of COX-2 complexed with (S)-
ARN2508. Our findings reveal that the enantioselectivity of
ARN2508 is similar to that of flurbiprofen. Also, like (S)-flurbi-
profen, (S)-ARN2508 is a time-dependent inhibitor of COX-2,
although its rate of inhibition is substantially slower than that of
its parent. Furthermore, whereas the flurbiprofen moiety of
ARN2508 binds in the COX-2 active site in a pose very similar
to that of flurbiprofen, the inhibitor’s alkyl chain occupies the
same channel of COX-2 as the �-tail of AA in a region of the
active site that has not been exploited by any other NSAID for
which structural data are available. Thus, in addition to its novel
pharmacology as a dual inhibitor of FAAH and COX, ARN2508
exhibits binding properties not previously observed for any
of the numerous selective and nonselective COX inhibitors
described previously.

Results

Structural analysis of COX-2 with (S)-ARN2508

To better understand the basis for inhibitor binding, we
obtained the three-dimensional structure of COX-2 in complex
with (S)-ARN2508 via X-ray crystallography by molecular
replacement using the high-resolution monomer model of
mCOX-2 in complex with naproxen (Protein Data Bank code
3NT1) (16). The COX-2�(S)-ARN2508 complex was deter-
mined to 2.27-Å resolution in the space group of I4122. The
omit difference map (Fo � Fc) clearly revealed that the ligand in
the crystal is indeed the S-enantiomer of ARN2508 (Fig. 2 and
Table 1). We have not been able to obtain high quality crystals
of the COX-2�(R)-ARN2508 complex, possibly due to the low
potency of this inhibitor.

The cyclooxygenase active site of COX-2 comprises a long
L-shaped channel beginning at the membrane-binding domain
and terminating deep within the catalytic domain. The active
site is separated from the membrane-binding domain and an
enlarged “lobby” immediately above it by a constriction formed
by Arg-120, Tyr-355, and Glu-524. Above the constriction, the
channel is lined predominantly by hydrophobic residues that
favor binding of fatty acid substrates to the active site. Notable
exceptions are Tyr-385, the catalytic residue that, in radical
form, initiates the first step in PG biosynthesis, and Ser-530.
Both of these residues are located at the bend in the channel
(Fig. 3). AA binds in this channel with the carboxyl group in

Figure 1. Structures of (R)- and (S)-flurbiprofen and (S)-ARN2508.

COX-2�ARN2508 structure and inhibition kinetics
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close proximity to Arg-120 and Tyr-355 at the constriction site,
carbon 13 aligned with the catalytic Tyr-385, and the �-tail
deep in the alcove above Ser-530 (17, 18). Flurbiprofen also
binds in the active site with the carboxylate close to the polar
constriction site residues; however, this more compact mole-
cule does not extend into the active site above Ser-530 (19 –23).

ARN2508 is an alkyl carbamic acid biphenyl conjugate. As
might be predicted, the flurbiprofen moiety of ARN2508 sits in
the hydrophobic channel of the enzyme’s active site with the
same binding mode that is adopted by flurbiprofen in COX-1
and COX-2 (19 –23). Thus, the carboxylate moiety of ARN2508
lies at the constriction of the active site, ion-pairing to Arg-120
and hydrogen-bonding to Tyr-355, and the aromatic rings pro-
ject upward toward Tyr-385. However, hydrogen bond forma-
tion with ARN2508’s carbamate group requires an upward
displacement of the side chain of Ser-530 in the COX-
2�(S)-ARN2508 complex relative to its position in the COX-

2�flurbiprofen complex. Additional hydrogen bonds form
between Tyr-385 and the oxygen atoms of ARN2508’s carba-
mate group. The alkyl chain of ARN2508 reaches deeply into
the distal portion of the cyclooxygenase channel between heli-
ces 2 and 17, making hydrophobic interactions with various
residues including Phe-205, Phe-209, Phe-210, Val-228, Ile-
341, Val-344, Ile-377, Phe-381, and Leu-534 (Fig. 2).

Potency, isoform selectivity, and substrate selectivity of
ARN2508 enantiomers

It was previously reported that racemic ARN2508 has an IC50
value of �12 nM for COX-1 and 430 nM for COX-2 (13). To
further assess the potency of the inhibitor, each enantiomer was
individually tested for both COX-1 and COX-2 inhibition. The
results (Fig. 4) indicated that the potency of the S-enantiomer of
ARN2508 (IC50 � 7.0 nM) for COX-1 inhibition is much greater
than that of the R-enantiomer (IC50 � 4.6 �M) (Table 2). Simi-
larly, using 5 �M AA as substrate, the S-enantiomer was the
more potent of the two against COX-2, achieving complete
inhibition of AA oxygenation with an IC50 of �39 nM (Fig. 5A
and Table 2), whereas the R-enantiomer inhibited the enzyme
by �50% at 10 �M and failed to reach complete inhibition at the
highest concentration tested (100 �M). Thus, as previously
reported for the racemic mixture (13), each enantiomer of
ARN2508 exhibits a small degree of COX-1 selectivity. The
potency of the S-enantiomer for 2-AG oxygenation by COX-2
(IC50 � 21 nM) was greater than that for AA oxygenation but
only by �2-fold (Fig. 5B and Table 2). In contrast, (R)-ARN2508
exhibited an �30-fold higher inhibitor potency for 2-AG
(IC50 � 0.34 �M) versus AA oxygenation and completely
blocked 2-AG oxygenation. These results indicate that the
R-enantiomer is a substrate-selective COX-2 inhibitor.

Figure 2. Stereodiagram of the electron density map of (S)-ARN2508 in
the COX-2 channel. The omit Fo � Fc map is contoured at 3 �, the inhibitor is
colored in yellow sticks, and the interacting residues of COX-2 are illustrated in
light cyan. Potential H-bonds are presented with dashed lines.

Table 1
X-ray data collection and refinement statistics
Number of crystals is 1. The values in parentheses are for the highest resolution
shell. Rmerge � (�hkl�i�Ii(hkl) � Ii(hkl)�)/(�hkl�iIi(hkl)) � 100% and R � (�hkl�Fo� �
�Fc�)/�hkl�Fo�) � 100% where Fo and Fc are the observed and calculated structure
factors and Rfree test set is 3.0%. r.m.s., root mean square. CC1⁄2, the correlation
coefficient between random half data sets.

COX-2�(S)-ARN2508
(Protein Data Bank code 5W58)

Data collection
Wavelength (Å) 0.9792
Resolution range (Å) 66.05–2.27 (2.35–2.27)
Space group I4122
Unit cell (a, b, c) 173.8, 173.8, 203.3
Total reflections 1,048,952 (101,264)
Unique reflections 71,733 (6,799)
Multiplicity 14.6 (14.4)
Completeness (%) 0.99 (0.99)
Mean I/�(I) 19.41 (0.82)
Wilson B-factor (Å2) 48.02
Rmerge 0.1551 (2.12)
CC1/2 0.999 (0.336)

Refinement
Rwork/Rfree 16.9/18.9 (33.3/33.4)
Number of atoms

(total/protein/ligands/solvents)
4,967/4,512/181/275

r.m.s. (bond/angle) 0.012/1.26
Ramachandran favored/outliers (%) 98.0/0
Average B-factor

(total/protein/ligands/solvents)
55.86/55.06/75.81/55.92

Figure 3. Crystal structure overlay of (S)-ARN2508 and AA in the COX-2
active site. The side chains of corresponding residues of the COX-2�AA com-
plex were omitted for clarity. (S)-ARN2508 is illustrated in yellow, and AA (Pro-
tein Data Bank code 3HS5) is illustrated in gray.

COX-2�ARN2508 structure and inhibition kinetics
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Time dependence of AA and 2-AG oxygenation inhibition by
ARN2508 enantiomers

As most highly potent COX inhibitors are time-dependent,
initial experiments included an arbitrarily chosen 10-min pre-
incubation period prior to substrate addition. To further
explore the time dependence of ARN2508, various concentra-
tions of each enantiomer were added simultaneously with
either AA or 2-AG to COX-2, reactions were quenched after
10 s, and products were analyzed using LC-MS/MS. The data
indicate that COX-2 inhibition by the R-enantiomer is essen-
tially time-independent for both AA and 2-AG oxygenation as
preincubation had minimal effect on the observed IC50 values
or extent of inhibition observed. In contrast, COX-2 inhibition
by the S-enantiomer is strongly time-dependent as indicated by
IC50 values in the nM range for both AA and 2-AG oxygenation
following preincubation but failure to reach even 50% inhibi-
tion in the absence of preincubation at the concentrations
tested (Fig. 5, A and B, and Table 2).

The vast majority of COX-2 inhibitors bind to the enzyme
in a non-covalent manner, a notable exception being aspirin,
which acetylates Ser-530 (24). Most time-dependent, non-co-
valent inhibitors exhibit kinetics consistent with a two-step
binding model that includes rapid, reversible formation of an
initial complex followed by a slower step that leads to a much
stronger enzyme-inhibitor interaction (25). To assess the
kinetic mechanism of ARN2508-mediated COX-2 inhibition,
various concentrations of the S-enantiomer were preincubated
with wildtype COX-2 for different time periods, and the activity
of the enzyme was measured. A plot of enzyme activity versus

time for each inhibitor concentration exhibited pseudo-first
order kinetics (Fig. 6A), and the observed first order rate con-
stants for each curve (kobs) were plotted against inhibitor con-
centration. The resulting data (Fig. 6B) failed to yield the hyper-
bolic curve that is expected from the two-step model. A possible
explanation is that the two-step model is correct, but insuffi-
cient concentrations of inhibitor were used to fully delineate
the hyperbola. Indeed, fitting of the data to this model yields a
first step dissociation constant of 220 �M and inhibition rate
constant of 41 min�1, corresponding to an overall kinetic effi-
ciency (kon/KI) of 0.18 min�1��M�1. These values are, at best,
only estimates as evaluation of much higher inhibitor concen-
trations is necessary to fully define the curve. Unfortunately,
solubility limitations prevented this evaluation. An alternative
explanation is that the plot is linear rather than hyperbolic,
suggesting that ARN2508 does not follow the typical two-step
kinetic mechanism. In this case, the binding process would
more likely occur in a single step, or if multistep, the first step is
rate-limiting. The slope of the line (0.11 min�1��M�1) provides
an estimate of the second order rate constant for the binding of
inhibitor to enzyme in this model. Regardless of which model is
correct, the formation of the inhibitory (S)-ARN2508�COX-2
complex occurs substantially more slowly than formation of
the inhibitory complex of (S)-flurbiprofen with COX-2, which
exhibits a reported overall kinetic efficiency of 6 min�1��M�1

(26).

Figure 4. Inhibition of oCOX-1 with ARN2508. Oxygenation of 5 �M AA by
oCOX-1 was assessed by quantification of enzymatic product formation uti-
lizing LC-MS/MS as described under “Experimental procedures.” Enzyme was
preincubated with each enantiomer of ARN2508 for 10 min. AA (5 �M) was
allowed to react for 10 s before quenching with organic solvent containing
deuterated internal standards. Results are the mean � S.D. of triplicate deter-
minations. Some error bars are shorter than the height of the symbol.

Table 2
(�)-ARN2508 inhibition IC50 values

Enzyme Substrate Preincubation
IC50

(S)-ARN2508 (R)-ARN2508

min �M

COX-1 WT AA 10 0.007 4.6
COX-2 WT AA 10 0.039 10
COX-2 WT AA 0 n/aa 11
COX-2 WT 2-AG 10 0.021 0.34
COX-2 WT 2-AG 0 n/a 0.54
COX-2 Y355F AA 10 0.099 29
COX-2 S530A AA 10 0.026 n/a
COX-2 S530T AA 10 0.291 n/a

a n/a, unable to obtain fitting due to incomplete enzyme inhibition.

Figure 5. Inhibition of mCOX-2 with ARN2508 with or without preincu-
bation. Oxygenation of 5 �M AA (A) or 5 �M 2-AG (B) by mCOX-2 was assessed
by quantification of enzymatic product formation utilizing LC-MS/MS as
described under “Experimental procedures.” Each enantiomer of ARN2508
was preincubated for 10 min (10 m) or added simultaneously (0 m) with sub-
strate. Each substrate was allowed to react for 10 s before quenching with
organic solvent containing deuterated internal standards. Results are the
mean � S.D. of triplicate determinations. Some error bars are shorter than the
height of the symbol.

COX-2�ARN2508 structure and inhibition kinetics
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Importance of Tyr-355 in determining the potency of ARN2508

The Tyr-355 residue of COX-2 forms part of the constriction
site that separates the lobby region from the active site, placing
it within hydrogen-bonding distance of the carboxylate group
of many NSAIDs including ARN2508 (7). To evaluate the
importance of this interaction, ARN2508 was tested for its abil-
ity to inhibit AA oxygenation by Y355F. As seen in Table S1 and
Fig. S1, the Y355F mutation had only modest effects on the
kinetics of the enzyme with AA as substrate. The potency of
(S)-ARN2508 decreased slightly for the Y355F mutant as indi-
cated by an �2.5-fold increase in IC50. The potency of the
R-enantiomer decreased more substantially; failure to achieve
more than 50% inhibition at the highest inhibitor concentration
tested (50 �M) precluded determination of an IC50 value (Fig. 7
and Table 2). These findings differ significantly from those
obtained with other previously reported carboxylate-contain-
ing NSAIDs including indomethacin, meclofenamic acid,
piroxicam, ketorolac, and ibuprofen, which exhibit substan-
tially reduced potency against the COX-2 Y355F enzyme (27–29),

and they support the hypothesis that hydrogen bond formation
with Tyr-355 contributes only modestly to the binding affinity
of (S)-ARN2508.

Role of Ser-530 in ARN2508 binding to COX-2

The presence of a reactive carbamoyl group and the known
ability of ARN2508 to covalently modify FAAH suggested the
possibility that the inhibitor also covalently modifies COX-2.
The proximity of the carbamoyl group of ARN2508 to Ser-530
observed in the crystal structure led us to hypothesize that a
covalent modification might occur at that residue in solution.
However, LC-MS/MS analysis of the tryptic peptides of COX-2
that had been incubated with the inhibitor failed to reveal the
mass shift expected from the addition of ARN2508 to Ser-530.
Despite obtaining ample sequence coverage (84%) that includes
Ser-530 (Fig. S2), no detectable modifications were observed.
These results do not support covalent bond formation between
the inhibitor and Ser-530.

Although our data did not support covalent bond formation
between the carbamoyl group of (S)-ARN2508 and Ser-530 of
COX-2, the crystal structure reveals the presence of a hydrogen
bond between these moieties. To determine the importance of
this interaction to ARN2508’s potency and to further rule out a
covalent interaction, the ability of each enantiomer to inhibit a
COX-2 S530A mutant enzyme was evaluated. As in the case of
Y355F, the S530A mutation had minimal effect on enzymatic
activity using AA as substrate (Table S1 and Fig. S1). Further-
more, this mutation did not have a major effect on the potency
of (S)-ARN2508 and caused only a mild reduction in the
potency of the R-enantiomer using AA as substrate and a
10-min preincubation (Fig. 7). These findings do not support
the hypothesis that an interaction (covalent or noncovalent)
with the hydroxyl group of Ser-530 plays a significant role in
ARN2508’s potency.

Although the potency of (S)-ARN2508 (as measured by IC50
values) was nearly identical for wildtype and S530A COX-2
following our standard 10-min preincubation time, the position
of S530A at the bend of the active site suggested that this resi-
due might interfere with the insertion of ARN2508’s hydropho-
bic tail into the upper part of the channel. To test this hypoth-
esis, we compared the rate of inhibition of the mutant with that

Figure 6. Kinetics of the time-dependent inhibition of mCOX-2 by (S)-
ARN2508. A, various concentrations of (S)-ARN2508 were incubated with
wildtype mCOX-2 for the indicated preincubation times before the addition
of 5 �M AA. Each enzymatic reaction proceeded for 10 s before being
quenched with organic solvent containing deuterated internal standards.
Oxygenation of AA was assessed by quantification of enzymatic product for-
mation utilizing LC-MS/MS as described under “Experimental procedures.” B,
observed first order rate constants were plotted against inhibitor concentra-
tion to obtain the kinetic parameters for the enzyme-substrate interaction.
Both linear and hyperbolic fits are shown. Results are the mean � S.D. of
triplicate determinations. Some error bars are shorter than the height of the
symbol.

Figure 7. Inhibition of mCOX-2 mutants with ARN2508. Oxygenation of 5
�M AA by wildtype, Y355F, S530A, or S530T mCOX-2 enzyme was assessed by
quantification of enzymatic product formation utilizing LC-MS/MS as
described under “Experimental procedures.” Each enzyme was preincubated
with the indicated enantiomer of ARN2508 for 10 min. AA was allowed to
react for 10 s before quenching with organic solvent containing deuterated
internal standards. Results are the mean � S.D. of triplicate determinations.
Some error bars are shorter than the height of the symbol.

COX-2�ARN2508 structure and inhibition kinetics

3032 J. Biol. Chem. (2018) 293(9) 3028 –3038

http://www.jbc.org/cgi/content/full/M117.802058/DC1
http://www.jbc.org/cgi/content/full/M117.802058/DC1
http://www.jbc.org/cgi/content/full/M117.802058/DC1
http://www.jbc.org/cgi/content/full/M117.802058/DC1


of the wildtype enzyme at two concentrations of (S)-ARN2508
(Fig. 8A). The data clearly showed a much higher rate of inhi-
bition in the case of the mutant enzyme. Unfortunately, the very
rapid rates at high (S)-ARN2508 concentrations precluded a
full kinetic analysis.

For a time-dependent inhibitor, the measured IC50 value is
dependent on the length of the preincubation period. Longer
preincubations provide time for the enzyme�inhibitor complex
to form, making the inhibitor appear more potent and reducing
the IC50. Consistently, when the potency of (S)-ARN2508 was
determined for S530A and wildtype COX-2 following a 30-s
preincubation period, the IC50 values obtained for both en-
zymes were substantially higher (0.31 �M for S530A and 4.51
�M for wildtype) than those obtained following a 10-min pre-
incubation (Table 2 and Fig. 9). Notably, at this short preincu-
bation time, (S)-ARN2508 is significantly more potent against
the mutant than the wildtype enzyme. This is due to the much
more rapid development of inhibition with the mutant.

Because the S530A mutant decreases steric bulk from the
bend in the COX-2 active site and eliminates hydrogen bonding
with the inhibitor, we evaluated the effects of a COX-2 S530T
mutation on inhibitor potency to observe how additional steric
bulk in that region might alter the rate or potency of inhibition.

This mutation had substantial effects on enzyme activity, both
raising the Km (3-fold) and lowering the Vmax (3-fold) (Table S1
and Fig. S1). The mutation was also associated with a reduction
in potency of (S)-ARN2508 (Table 2). Somewhat unexpectedly,
however, the rate of inhibition of S530T observed with two
concentrations of (S)-ARN2508 was faster than that of the wild-
type enzyme (Fig. 8B). These results suggest that the larger
threonine residue does not substantially impede the inhibitor’s
access to the top channel of the COX-2 active site.

Inhibition of COX-2 Gly-533 mutants by (S)-ARN2508

As observed from the crystal structure, AA binds in an
L-shaped conformation with its �-tail inserted into the top
channel of the COX-2 active site (17, 18). Gly-533 lies near the
end of the channel, and mutations of this residue to bulkier side
chains inhibit the oxygenation of AA. However, Gly-533
mutants including G533A, G533V, and G533L can oxygenate
the 18-carbon fatty acid �-linolenic acid (LNA) (30). One of the
major products formed from this reaction is 12-hydroxyocta-
decatrienoic acid (31), which contains a conjugated double
bond that can be detected by UV-visible spectroscopy at 235
nm. The oxygenation of LNA by wildtype mCOX-2 and the
mutant G533L in the presence of (S)-ARN2508 or (S)-flurbi-
profen was evaluated to determine whether disruption of the
structure of the top channel would significantly impact
ARN2508’s potency due to the extension of the inhibitor’s
hydrophobic tail to the end of the upper active site channel.
Differences were observed between the wildtype enzyme and
the G533L mutant with respect to inhibition by (S)-ARN2508
versus (S)-flurbiprofen. In Fig. 10A, oxygenation of LNA by
wildtype mCOX-2 is shown to be completely inhibited by a 10
�M concentration of both (S)-ARN2508 and (S)-flurbiprofen
following a preincubation of 3 min or greater. With a 1-min
preincubation, there was slight substrate oxygenation in
the presence of (S)-ARN2508 but not (S)-flurbiprofen. In con-
trast, although (S)-flurbiprofen completely inhibited mCOX-2
G533L following a 3-min preincubation, (S)-ARN2508 was only
partially effective. Even following a 15-min preincubation, (S)-
ARN2508 inhibited oxygenation by G533L COX-2 less effi-
ciently than did (S)-flurbiprofen preincubated for just 1 min

Figure 8. Kinetics of the time-dependent inhibition of S530A and S530T
mCOX-2 by (S)-ARN2508. A, two concentrations of (S)-ARN2508 were incu-
bated with wildtype or S530A mCOX-2 for the indicated preincubation times
before the addition of 5 �M AA. Each enzymatic reaction proceeded for 10 s
before being quenched with organic solvent containing deuterated internal
standards. Oxygenation of AA was assessed by quantification of enzymatic
product formation utilizing LC-MS/MS as described under “Experimental pro-
cedures.” B, two concentrations of (S)-ARN2508 were incubated with wild-
type or S530T mCOX-2 for the indicated preincubation times before the addi-
tion of 5 �M AA. Results are the mean � S.D. of triplicate determinations.
Some error bars are shorter than the height of the symbol.

Figure 9. Dose response of (S)-ARN2508 with 30-s preincubation. The
indicated concentrations (S)-ARN2508 were preincubated with either wild-
type or S530A mCOX-2 for 30 s before the addition of 5 �M AA. Each enzymatic
reaction proceeded for 10 s before being quenched with organic solvent
containing deuterated internal standards. Oxygenation of AA was assessed
by quantification of enzymatic product formation utilizing LC-MS/MS as
described under “Experimental procedures.” Results are the mean � S.D. of
triplicate determinations. Some error bars are shorter than the height of the
symbol.
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(Fig. 10B). These findings suggest that the bulky side chain of
G533L interferes with the binding of (S)-ARN2508’s side chain
in the active site channel and that this binding interaction is
important to the inhibitor’s potency.

Discussion

ARN2508 is a designed dual inhibitor of COX enzymes and
FAAH. Here, we show that each enantiomer of the compound
exhibits distinct kinetics of inhibition of substrate oxygenation
by both COX isoforms. (S)-ARN2508 is a time-dependent,
highly potent, tightly bound inhibitor that is slightly more
potent against COX-1 than COX-2. In contrast, (R)-ARN2508
is a weak, rapidly reversible inhibitor of AA oxygenation that is
slightly more potent against COX-1 than COX-2 and a sub-
strate-selective inhibitor for COX-2– dependent 2-AG oxygen-
ation. This kinetic behavior of the two ARN2508 enantiomers is
similar to that of the enantiomers of its parent compound, flur-
biprofen (15, 26, 32, 33).

The identical enantioselectivity of ARN2508 and flurbipro-
fen is not surprising as the orientation of (S)-ARN2508’s flurbi-
profen moiety in the COX-2 active site (Fig. 2) is nearly identi-
cal to that observed for (S)-flurbiprofen in complex with
COX-1 and COX-2 (19 –23). The �-methyl group of the flurbi-
profen core of ARN2508 is adjacent to Tyr-355, which forms
part of the constriction at the entrance into the active site. A
similar binding interaction is observed for flurbiprofen, and
previous studies have indicated that Tyr-355 is involved in flur-
biprofen’s time-dependent inhibition (34). A clash between

Tyr-355 and the �-methyl group of the R-enantiomer of profen
class inhibitors has been predicted to interfere with binding,
thus explaining the poor potency of these compounds (35).
However, a crystal structure of (R)-flurbiprofen complexed
with COX-2 revealed a shift in the inhibitor’s carboxylate
group, �-carbon, and fluorophenyl ring that enables accommo-
dation of the �-methyl group with retention of polar interac-
tions with both Arg-120 and Tyr-355. Nevertheless, the overall
result is a reduction in total enzyme-inhibitor contacts that
likely explains the R-enantiomer’s lower potency (15). It is likely
that a similar conformational change is required to accommo-
date the (R)-methyl group of (R)-ARN2508, providing an expla-
nation for its reduced potency relative to that of the S-enan-
tiomer. However, as a crystal structure of (R)-ARN2508
complexed with COX was not obtained, this hypothesis could
not be confirmed.

Despite its structural and kinetic similarities to flurbiprofen,
the alkyl carbamate substituent of ARN2508 imparts it with
properties that are not observed in any other previously
reported NSAID. These include FAAH inhibition and utiliza-
tion of the upper portion of the cyclooxygenase active site chan-
nel. Indeed, our crystal structure data reveal a number of inter-
esting aspects to the binding interactions of ARN2508 in the
active site of COX-2. The catalytic Tyr-385 residue forms
hydrogen bonds with both oxygen atoms of the carbamate moi-
ety of ARN2508 reminiscent of the hydrogen bond formed
between Tyr-385 and the carbonyl oxygen of aspirin. This
interaction places the aspirin carbonyl in a position that is
hypothesized to be favorable for nucleophilic attack by the oxy-
gen of Ser-530 and stabilizes the negatively charged tetrahedral
intermediate formed in the transition state (36). However, in
our COX-2�(S)-ARN2508 complex crystal structure, an addi-
tional interaction is observed between the amide nitrogen of
ARN2508 and Ser-530, thus making a nucleophilic attack by the
Ser-530 hydroxyl group on the carbonyl carbon of the inhibitor
less favorable. This is consistent with previous molecular mod-
eling and simulation studies that predicted unfavorable geom-
etry for covalent modification of COX by ARN2508 (37) and
with our own site-directed mutagenesis data and tryptic pep-
tide analysis by LC-MS/MS, which do not support covalent
modification of Ser-530 by the inhibitor. In fact, there is no
major loss of (S)-ARN2508 potency for S530A COX-2, suggest-
ing that the hydrogen bond between the inhibitor and Ser-530
also plays a minimal role in inhibitor potency. Nevertheless, the
S530A mutation clearly exerts a subtle effect on the enzyme-
inhibitor interaction. Specifically, (S)-ARN2508 inhibits the
S530A mutant more rapidly than the wildtype enzyme.

Although slow-binding COX inhibitors have consistently
been seen to exhibit multistep kinetic mechanisms in which
one or more rapidly reversible steps are followed by the
rate-limiting formation of a much more tightly bound
enzyme�inhibitor complex (7), the structural basis for the initial
enzyme-inhibitor interaction in most cases is poorly under-
stood. For some NSAIDs, such as indomethacin and the diaryl-
heterocycle class of COX-2–selective inhibitors, the slow step
has been attributed to insertion of a portion of the molecule
into a specific binding pocket in the enzyme active site (7). Such
mechanistic data are not available for flurbiprofen or ARN2508.

Figure 10. Kinetics of LNA inhibition by (S)-ARN2508 and (S)-flurbipro-
fen. A, wildtype mCOX-2 (200 nM monomer) with 200 nM heme was used to
oxygenate 50 �M LNA. (S)-ARN2508 (ARN) or (S)-flurbiprofen (FB) from a
DMSO stock was preincubated with enzyme for the indicated time before the
addition of substrate. B, G533L mCOX-2 (200 nM monomer) with 200 nM heme
was used to oxygenate 50 �M LNA. Reactions were monitored by increasing
absorbance at 235 nm. Results are from one experiment.
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Clearly, however, the alkyl side chain of ARN2508 impacts its
binding kinetics in that a longer preincubation period is
required for (S)-ARN2508 than for (S)-flurbiprofen to reach the
same level of inhibition. Although kinetic analysis failed to
clearly delineate the mechanism of (S)-ARN2508 –mediated
inhibition of COX-2, the available data suggest that, if a classic
two-step mechanism is applicable, much higher inhibitor con-
centrations are needed to form the initial complex for (S)-
ARN2508 (KI � 220 �M) than (S)-flurbiprofen (KI � 0.17 �M)
(26). Alternatively, the (S)-ARN2508�COX-2 complex may
form in a single slow step or in multiple steps of which the first
is rate-limiting. The only structural difference between flurbi-
profen and ARN2508 is the presence of the alkyl carbamate side
chain on the latter. Thus, it is reasonable to hypothesize that
insertion of ARN2508’s alkyl chain into its position in the active
site is responsible for their kinetic differences. Our data also
support the hypothesis that Ser-530, which is present at the
bend of the channel, plays a role in the insertion process. Muta-
tion of Ser-530 to Ala shortens the time required for (S)-
ARN2508 to inhibit COX-2, whereas it does not affect the rate
of binding of flurbiprofen (data not shown). Hydrogen bond
interactions between Ser-530 and the carbamoyl group of the
inhibitor may also contribute to its COX-2 binding interaction,
although removal of this hydrogen bond does not substantially
alter potency as measured in our standard IC50 assay.

To further investigate the effects of Ser-530, we mutated it to
a bulkier threonine residue. This mutation resulted in a 90%
reduction in catalytic efficiency (kcat/Km) (Table S1), suggesting
that the added bulk significantly impairs active site structure
and/or dynamics. It also resulted in a mild reduction in potency
of (S)-ARN2508, although the rate of inhibition was, surpris-
ingly, slightly higher than that of the wildtype enzyme (Fig. 8B).
Structural studies have shown that the threonine side chain of
the mutant overlays one of several alternative conformations
adopted by serine in the wildtype enzyme (38). This orientation
must provide sufficient room for the �-end of the substrate to
access the hydrophobic top channel. The hydroxyl group of
threonine can also hydrogen-bond to the inhibitor as does that
of the serine residue based on an assessment of the previously
deposited S530T crystal structure.

Our data suggest substantial importance of the nonpolar
interactions established between the alkyl chain of ARN2508
and the top channel of COX-2, which is lined with hydrophobic
residues. This region of the active site, where the �-tail of AA
normally binds, has not previously been reported as the site of a
COX protein-inhibitor interaction. The interactions observed
in our crystal structure are consistent with previous structure–
activity relationship studies (39) and in accordance with those
predicted by molecular simulations that showed a nearly iden-
tical statistical distribution of hydrophobic contacts between
COX-1 and AA when compared with COX-1 and ARN2508
(37). In the structure–activity relationship studies, increasing
the length of the alkyl chain up to eight carbons correlated with
an increase in potency toward FAAH. However, the trend dif-
fered with respect to inhibition of COX-1 and COX-2. Short
alkyl chains with two or three carbons exhibited low inhibitor
potency. Increasing the chain length resulted in an increase
followed by a decrease in potency for both isoforms. Inhibition

of COX-1 was maximized at a chain length of six carbons,
whereas that for COX-2 was optimal and similar for chain
lengths of five to seven carbons. The current crystal structure
reveals that the additional steric bulk of longer alkyl chains
cannot be accommodated in the hydrophobic channel (39).
Kinetic experiments with the G533L mutant of COX-2 further
support the hypothesis that the alkyl chain of ARN2508 binds in
the top channel and that this interaction is important to inhib-
itory kinetics in a way that is specific to ARN2508. In particular,
a G533L mutation markedly reduces the potency of ARN2508
but has little effect on the potency of flurbiprofen. Mutation of
this residue to valine is known to abolish oxygenation of AA due
to the inability of the substrate to access the top channel and
bind close enough to Tyr-385 to initiate the enzymatic reaction
(40).

COX-2 and FAAH are critical enzymes in the inflammatory
response; they regulate the presence of proinflammatory eico-
sanoids and degrade endocannabinoids that have analgesic and
anti-inflammatory effects. ARN2508 is a pharmacologically
distinctive compound in that it can simultaneously block the
activity of both enzymes. Here, we show that the in vitro efficacy
of ARN2508 for inhibition of PG synthesis is primarily attrib-
utable to the S-enantiomer, whereas both enantiomers may
effectively block COX-2– dependent oxygenation of endocan-
nabinoids. In contrast, ARN2508-mediated inhibition of FAAH
is not affected by the orientation of the compound’s �-methyl
group. Rather, ARN2508 irreversibly blocks FAAH through
covalent modification of the enzyme via a reaction between the
carbamate moiety of the inhibitor and the catalytic Ser-241 of
FAAH (14). Here, we further show that a covalent modification
of COX-2 by ARN2508 does not occur based on crystal struc-
ture, site-directed mutagenesis, and analysis of digested pep-
tides by mass spectrometry. Although their mechanisms of
inhibition differ, FAAH and COX enzymes both contain long,
hydrophobic channels, allowing favorable binding of ARN2508
(41). In conclusion, ARN2508 inhibits COX via structural
determinants contributed primarily by its flurbiprofen moiety,
whereas the alkyl carbamate substituent, which is required for
FAAH inhibition, imparts distinct attributes to its COX inhib-
itor kinetics and binding interactions.

Experimental procedures

Materials

AA was purchased from Nu-Chek Prep, Inc. 2-AG, PGE2-d4,
(S)-flurbiprofen, and �-linolenic acid were purchased from
Cayman Chemical. PGE2-G-d5 was synthesized as described
previously using chemicals from Sigma-Aldrich (4). Linearized
baculovirus DNA and related reagents were purchased from
Expressions Systems, LLC. Detergents were purchased from
Affymetrix.

COX-1 and -2 expression and purification

The expression and purification of oCOX-1 from sheep sem-
inal vesicles were performed as described previously (42). The
expression and purification of recombinant mCOX-2 in Sf9
cells were performed as described previously (30) with modifi-
cation. The pVL-1393 transfer vector containing the gene
sequence of wildtype mCOX-2 and a C-terminal His6 tag was
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cotransfected with linearized baculovirus DNA and used for
overexpression in Sf9 cells. Following an infection period of
72 h, cells were harvested by centrifugation and lysed with son-
ication and solubilization in 1.5% n-decyl �-D-maltoside. The
cell lysate was incubated with nickel-nitrilotriacetic acid beads
and washed with buffer containing 50 mM imidazole. The
enzyme was eluted with buffer containing 150 mM imidazole.
The final purification step was performed using a size exclusion
column and buffer exchange with buffer containing 0.3% n-oc-
tyl �-D-glucoside. Protein purity was evaluated by SDS-PAGE
and Western blotting, and the enzyme was found to be 	95%
pure.

AA and 2-AG kinetics with mCOX-2

For mCOX-2 kinetics and inhibition with ARN2508, the
method utilized was similar to that reported previously (43).
Briefly, 15 nM purified mCOX-2 (monomer) was reconstituted
with 30 nM heme in 190 �l of assay buffer (100 mM Tris-HCl, pH
8.0, and 500 �M phenol). For the assessment of activity with no
preincubation of inhibitor, the desired quantities of substrate
and inhibitor were added together in 10 �l of DMSO to the
enzyme solution and quickly vortexed. For the assessment of
activity with various preincubation times, the desired quantity
of inhibitor in 5 �l of DMSO was added to the enzyme solution
and incubated for various time points at 37 °C. After the incu-
bation, the desired quantity of substrate in 5 �l of DMSO was
added to the mixture, which was quickly vortexed. After 10 s,
reactions were quenched with 200 �l of ice-cold ethyl acetate
containing 0.5% acetic acid and 0.3 �M PGE2-d4 or PGE2-G-d5
as internal standard. Products were analyzed using LC-MS/MS
operating in positive ion mode using selected reaction to mon-
itor levels of PGE2 and PGD2 relative to those of the internal
standards. Kinetic data and fitting were performed using Prism
7. The kinetic constants for (S)-ARN2508 were analyzed as
described previously by Rome and Lands (25).

Inhibition of COX-2 Gly-533 mutants by (S)-ARN2508

Inhibition kinetics with Gly-533 mutants were analyzed
using UV-visible spectroscopy on a Beckman-Coulter DU800
spectrophotometer. Gly-533 mutants were expressed and puri-
fied as described previously (30). Enzyme (200 nM monomer)
was resuspended in 590 �l of assay buffer with 1 eq of heme.
LNA (50 �M) was then added and mixed, and the absorbance at
235 nm was recorded for 2 min after �5 s of dead time. Inhib-
itors in a DMSO stock were added for various preincubation
times prior to adding substrate.

Crystallization, X-ray data collection, and structural
determination

The crystal structures of murine COX-2 in complex with
ARN2508 compound were obtained following published meth-
ods (44 –46). The crystals were grown in a solution created by
combining 3.5 �l of protein�inhibitor complex and 3.5 �l of
crystallization solution (50 mM EPPS, pH 8.0, 80 –140 mM

MgCl2, and 21–26% PEG monomethylether 550) via the hang-
ing drop method at 18 °C. Full-size crystals (obtained following
5 � 6 weeks of incubation) were transferred to 50 mM EPPS, pH
8.0, 100 mM MgCl2, and 28% PEG monomethylether 550 for

30 s and then flash frozen in liquid N2 for transportation and
data collection. Diffraction data were collected using the syn-
chrotron radiation X-ray source with 100 K liquid N2 streaming
at beamline 24-ID-E in the Advance Photon Source at Argonne
National Laboratory. Diffraction data were collected and pro-
cessed with XDS (47). The crystal complex was determined as
the I4122 space group. Initial phases were determined by
molecular replacement using a search model (chain A of Pro-
tein Data Bank code 3NT1) with Phaser (48). The models were
improved with several rounds of model building in Coot (49)
and PHENIX with F � 1.34 (50). Random selected data (3%)
were set aside for test and quality control. Ligand constraints
were computed using eBLOW with PHENIX (50); the ligand
molecule was built in Coot (49) and refined with PHENIX (50).
Water molecules were added during the last cycles of refine-
ment, and TLS (Translation-Libration-Screw) refinement was
applied in the last cycle of refinement (50). The potential of
phase bias was examined by simulated annealing using
PHENIX (51). The values of the Ramachandran plot for the
final refinement of the structure were obtained by use of the
PHENIX suite. Data collection and refinement statistics are
reported in Table 2. All illustrations were prepared with
PyMOL (Schrödinger, LLC).

COX-2 tryptic digest and peptide adduct analysis

Purified COX-2 was incubated with or without 100 �M (S)-
ARN2508 for 2 h at 37 °C. Samples were precipitated with ice-
cold acetone overnight at �20 °C. Specifically, 300 �l of ace-
tone was added to 50 �l of each protein sample. Following
precipitation, samples were centrifuged at 18,000 � g at 4 °C,
and precipitates were washed with cold acetone and allowed to
dry for 15 min. Protein pellets were reconstituted in 20 �l of 100
mM ammonium bicarbonate, reduced with 2 �l of 45 mM DTT,
and treated with 2 �l of 100 mM iodoacetamide to alkylate cys-
teine residues. COX-2 samples were digested with 1 �g of
sequencing-grade trypsin overnight at 37 °C. Peptides were
analyzed by LC-MS/MS. An analytical column was packed with
20 cm of C18 reverse-phase material (Jupiter, 3-�m beads, 300
Å, Phenomenex) directly into a laser-pulled emitter tip. Pep-
tides were loaded on the capillary reverse-phase analytical col-
umn (360-�m outer diameter � 100-�m inner diameter) using
a Dionex Ultimate 3000 NanoLC and autosampler. The mobile-
phase solvents consisted of 0.1% formic acid and 99.9% water
(solvent A) and 0.1% formic acid and 99.9% acetonitrile (solvent
B). Peptides were gradient-eluted at a flow rate of 350 nl/min
using a 90-min gradient. The gradient consisted of the follow-
ing: 1–3 min, 2% B (sample loading from autosampler); 3– 65
min, 2– 40% B; 65–75 min, 40 –99% B; 75–79 min, 99% B;
79 – 80 min, 99 –2% B; and 80 –90 min (column re-equilibra-
tion), 2% B. A Q Exactive Plus mass spectrometer (Thermo
Scientific) equipped with a nanoelectrospray ionization source
was used to mass-analyze the eluting peptides using a data-de-
pendent method. The instrument method consisted of MS1
using an MS automatic gain control target value of 3e6 followed
by up to 20 MS/MS scans of the most abundant ions detected in
the preceding MS scan. A maximum MS/MS ion time of 80 ms
was used with an MS2 automatic gain control target of 1e5.
Dynamic exclusion was set to 15 s, high energy collision disso-
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ciation was set to 28% of the normalized collision energy, and
peptide match and isotope exclusion were enabled. For identi-
fication of peptides, tandem mass spectra were searched with
Sequest (Thermo Fisher Scientific) against a Mus musculus
database created from the UniProtKB protein database
(www.uniprot.org).4 Variable modification of 
15.9949 on
Met (oxidation), 
57.0214 on Cys (carbamidomethylation),
and 
386.1722 on Ser were included for database searching.
Search results were assembled using Scaffold 4.3.2 (Pro-
teome Software).
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