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ABSTRACT. The endocannabinoid arachidonylethanolamide (AEA, anandamide) is an endogenous ligand
for the cannabinoid receptors and has been shown to be oxygenated by cyclooxygenase-2 (COX-2). We
examined the structural requirements for COX-mediated, AEA oxygenation using a number of substrate
analogues and site-directed mutants of COX-2. Fourteen AEA analogues were synthesized and tested as
COX substrates. These studies identified the hydroxyl moiety of AEA as a critical determinant in the
ability of COX enzymes to effect robust endocannabinoid oxygenation. In addition, these studies suggest
that subtle structural modifications of AEA analogues near the ethanolamide moiety can result in pronounced
changes in their ability to serve as COX-2 substrates. Site-directed mutagenesis studies have permitted
the development of a model of AEA binding within the COX-2 active site. As with arachidonic acid, the
w-terminus of AEA binds in a hydrophobic alcove near the top of the COX-2 active site. The polar
ethanolamide moiety of AEA, like the carboxylate of arachidonate, interacts with Arg-120 at the bottom
of the COX-2 active site. Mutation of Tyr-385 prevents AEA oxygenation, suggesting that, as in the case
of other COX substrates, AEA metabolism is initiated by Tyr-385-mediated hydrogen abstraction. Thus,
AEA binds within the COX-2 active site in a conformation roughly similar to that of arachidonic acid.
However, important differences have been identified that account for the isoform selectivity of AEA
oxygenation. Importantly, the COX-2 side pocket and Arg-513 in particular are critical determinants of
the ability of COX-2 to efficiently generate prostaglandin éthanolamide. The reduced efficiency of
COX-1-mediated, AEA oxygenation can thus be explained by the absence of an arginine residue at position
513 in this isoform. Mutational analysis of Leu-531, an amino acid located directly across from the COX-2
side pocket, suggests that AEA is shifted away from this hydrophobic residue and toward Arg-513 relative
to arachidonic acid. Coupled with earlier observations with the endocannabinoid 2-arachidonylglycerol,
these results indicate that one possible function of the highly conserved COX-2 active site side pocket is
to promote endocannabinoid oxygenation.

The mammalian endogenous cannabinoid system is com- Cyclooxygenase-2 (COX-2)selectively oxygenates the
prised of two G-protein-coupled receptors, CB1 and CB2, endocannabinoids 2-arachidonylglycerol (2-AG) and anan-
and their endogenous ligands. The first described endogenouslamide (AEA) (1-14). AEA oxygenation has been dem-
ligand for cannabinoid receptors, anandamide, was reportedonstrated with purified human COX-2 as well as cells
in 1992 (1). Despite its relatively recent discovery, ananda- €xpressing human COX-2L{, 12). In contrast, partially
mide has been implicated in an array of pathological and Purified human COX-1 does not oxygenate AEA nor is any
physiological processes including reproduction, appetite cyclooxygenase-mediated metabolism of AEA observed in

regulation, cognition, motor control, analgesia/hyperalgesia, gumai? %Lomonogyt'fvz'i_'z cellrs” exp::ess;ng Ctoxfﬂé)(ox 5
vascular homeostasis, gut motility, and immunomodulation espite these observations, only one product o

Iy : AT . action on AEA has been identified, P&Ethanolamide
(2—9). In addition to its cannabimimetic properties, anand- (PGEB-EA) (11). No studies have been reported addressing
amide has been implicated in vanilloid receptor signaling

) . . X e ) whether COX-2 oxygenation of AEA represents a specific
(20). In Ilglht oflth-e myriad blo[oglcal activities gttrlbuted 10 andocannabinoid oxygenase reaction or a general capacity
anandamide, it is not surprising that attention has beenof cox-2 to metabolize arachidonylamides. Finally, the
directed toward identifying and characterizing enzymes molecular basis for the observed isoform selectivity has not
capable of endocannabinoid metabolism. been established.

To address these and other issues, we investigated arachi-
donylamide metabolism by wild-type and site-directed
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mutant COX enzymes. Substrate stucttaetivity relation- described 19). Incubation of purified soybean 15-lipoxyge-
ships were examined using synthetic derivatives of AEA. nase with AEA generated 15-hydroperoxyeicosatetraenoic
The products of cyclooxygenase action on AEA were acid ethanolamide, which, upon reduction with triphenylphos-
characterized. Finally, we identified the molecular determi- phine, provided 15-HETE-EA2(Q).

nants that account for isoform-selective AEA oxygenation.  Mass SpectrometryLiquid chromatography/mass spec-
Taken together, these results permit the development of atrometry (LC/MS) was conducted with a Waters 2690
model of AEA binding within the COX-2 active site. In  separations module with a Zorbax RX-C18 narrow-bore
conjunction with previous results obtained with 2-AG, the column (15 cmx 2.1 mm, 5um) interfaced to a Finnigan
current study indicates that a single, highly conserved amino TSQ-7000 triple quadrupole mass spectrometer. Sodiated
acid, Arg-513, is the major determinant of the efficient analytes were eluted with increasing concentrations of MeCN

endocannabinoid oxygenase activity of COX-2. in 0.001% aqueous NaOAc and detected as positive ions.
Electrospray ionization was carried out using nitrogen as
EXPERIMENTAL PROCEDURES sheath (78 psi) and auxiliary gas (14 psi) to assist with

nebulization. A potential of 5.0 kV was applied to the ESI
needle, and the capillary temperature was maintained at 220
°C. Mass spectral parameters were optimized to obtain
maximum sensitivity without sacrificing unit resolution.
Displayed mass chromatograms are representative examples
of no fewer than three independent experiments.

Energy Minimization and ModelingAEA was built into

Materials. PGE-EA, PGD,-EA, AEA, and purified soy-
bean 15-lipoxygenase (P1) were purchased from Cayman
Chemicals (Ann Arbor, MI). Arachidonic acid was obtained
from NuChek Prep (Elysian, MN). Hematin was purchased
from Sigma. Ram seminal vesicles were from Oxford
Biomedical Research (Oxford, Ml). All other chemicals were

rchased from Aldrich.
puE | COX |1 ified f inal the protein coordinates of uninhibited mCOX-2 (PDB ID:
nzymology £2A-1 was purllied from ram semina 5COX). All amino acid positions were fixed except for the
ve_S|cIes as prewously describetb). Site-directed mutagen-  giqa chains of Arg-120, Arg-513, Glu-524, and Tyr-355. The
?;S(I)i(og murine COX-2 was perfgg:gq as deS(I:l”bm_)'( hydroxyl group of AEA was restrained within 3.6 A from
-2 enzymes were expressedshd insect cells using o hydrogen bond donor/acceptor groups of Arg-513 and
the pVLl?QB transfer vector (PharMingen, San Diego, CA) Glu-524 and the amide carbonyl within 3.6 A of Arg-120.
a}nd _purlfled by '|0n-excha'1nge chromatography and gel The Tyr-385 hydroxyl group was restrained within 3.6 A
filtration as descrlbec_J prevu_)uslylﬁ). _A” enzymes tested from AEA C13 to ensure a productive conformation for
were shown by densitometric scanning of SEpdlyacryl- oxygenation. The complexes were energy minimized for

amide tgteisdto kt)ﬁ r?t Iee:_st 89% tpure.t_AE)oenzymesz(\g;re1000 iterations using a conjugate gradient in the consistent
reconstituted wi ematin prior {0 activity assays. valence force field. Molecular dynamic simulations were then

activiFy was quantified_ as describe@?ﬁ. Initia! reaction run on the assemblies for 10000 iterations (10 ps) at 300 K.
velocity data were obtained from the linear portion of oxygen All simulations were performed using the Discover module

uptake curves. Wild-type murine COX-2 and ovine COX-1 of Insiaht Il 2000 with a R12000 Silicon Graphics Octane
specific activities were 14.3 1.0 and 19.9 0.9 umol of Workslt%tion w " P!

arachidonic acid min* (mg of protein)?, respectively. The
PG-EA to hydroxyeicosa_tetraenoic aci_d ethanolam_ide (HETE- RESULTS
EA) ratios were determined as previously describibg).(

Chenmistry Acetylation of wild-type murine COX-2 was Arachidonylamide Metabolism by Wild-Type Cyclooxy-
accomplished by treating the enzyme with 2 mM aspirin for 9enasesTo examine the ability of wild-type murine COX-2
30 min at 37°C. Arachidonylamides, with the exception of ~and ovine COX-1 to oxygenate arachidonylamides, AEA and
eicosa-5,8,11,14-tetraenoic acid (2-hydroxy-1-hydroxymeth- 14 analogues were syntheS|ze_d e_md tested as COX substrates
ylethyl)amide (4), and eicosa-5,8,11,14-tetraenoic acid (2,3- (Table 1). The endocannabinoid AEAL)(was not the
dihydroxypropyl)amideX5), were synthesized by bis(2-oxo- preferrecj arachidonylamide COX substrate. Several arachi-
3-oxazolidinyl)phosphinic chloride- or 1-[3-(dimethylamino)- donylamides were oxygenated more avidly than AEA by both
propyl]-3-ethylcarbodiimide-mediated coupling of arachi- COX isoforms. For example, the maximal rate of COX-2
donic acid and the appropriate amine. Pure arachidonyl- ©Xygenation of arachidonic acid [2-hydroxygi{methyl-
amides were obtained by silica gel chromatography and ethyllamide _(l_) was greater than twice that observed Wlth
characterized by mass spectrometry (MS) &Hdand 13C AEA. In addition, the maximal rate of COX-1 oxygenation
NMR sprectroscopy. Reaction and spectroscopic details canf 4 exceeded the AEA rate by nearly 4-fold.
be found in Supporting Information. Eicosa-5,8,11,14-  With the exception of eicosatetraenoic acid [2-methoxy-
tetraenoic acid (2-hydroxy-1-hydroxymethylethyl)amidd)(  1(S-methylethylJamide §), arachidonylamides were pref-
was synthesized as previously describg8).(Eicosa-5,8,-  erentially oxygenated by COX-2 (Table 1). In the case of
11,14-tetraenoic acid (2,3-dihydroxypropyl)amid&)(was AEA, the rate of oxygen uptake observed when the endocan-
prepared by coupling arachidonic acid chloride with 3-amino- nabinoid was incubated with COX-2 (27%) was more than
1,2-propanediol. With the exception oR)¢2-methoxy-1- double that observed with COX-1 (11%). Nonetheless, wild-
methylethylamine and 1-amino-2-methylpropan-2-ol, amines type ovine COX-1 catalyzed modest oxygenation of most
were obtained commerciallyRf-2-Methoxy-1-methylethyl- ~ amides tested.
amine was prepared by methylating){2-tert-butoxycarb- The structure-activity relationships shown in Table 1
onylamino-1-propanol with methyl iodide in the presence identify the primary hydroxyl moiety of AEA as a determi-
of NaH followed by BOC deprotection with gaseous HCI. nantin the capacity of arachidonyl amides to serve as COX-2
1-Amino-2-methylpropan-2-ol was synthesized as previously substrates. Substitution of the hydroxyl group of AEA with
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Table 1: Arachidonylamide Oxygenation by Wild-Type Murine stitution of the hydroxyl group of AEA with either methyl

COX-2 (200 nM) and Ovine COX-1 (150 nM¥) or methoxy groups decreased the maximal rate of COX-1-
o} catalyzed oxygenation of these modified substrates. Similar
—_ N trends are observed when the maximal rates of COX-2-

H

e ~— mediated oxygenation of arachidonic acid (2-hydroxy-1-
methylethyl)amides4, 5) are compared with the rates of
oxygenation of the methyl- or methoxy-containing derivatives

Compound R= mCOX-2 oCOX-1 (6, 7 and 8, 9). It is noteworthy that substitution of the
hydroxyl moiety in1 and4 with methyl or methoxy groups
AEA (1) 'E*NOH 27115 112205 results in the generation of poorer COX-1 substrates whereas
similar substitutions irb actually produce superior COX-1
2 9 substrates.
ﬁ 17203 05£02 Enzyme-substrate interactions near the polar terminus of
arachidonylamides were further investigated using chiral, 1-
3 N and 2-methyl-substituted AEA derivatives. The incorporation
ome 11.4+05 05+03 of a 1-methyl group in ang)-orientation on AEA produced
the most avidly oxygenated substrate examidgdT(he rate
4 .s}\ of COX-2-mediated oxygenation of was halved by the
OH 653+27 400£23 simple inversion of the chiral center at the 1-positi@. (
This stereochemical modification also dramatically reduced
5 ; the ability of COX-1 to act orb (13-fold). To determine if
DY 34.1+1.1 29+03 these relationships were dictated by a dominant effect of the
1(S-methyl substitution, the 1,1-dimethyl analoge, was
synthesized and tested as a COX substrate. Interestingly,
6 'z’;ﬁ 12.7+0.6 7.2+01 COX-2 oxygenated.0 with a maximal rate comparable to
both AEA and5, suggesting that R)-methyl substitution
H prevents the “substrate-enhancing” effects of AEA)4(
7 N 14.3+0.9 98+03 methyl substitution.
Similarly, the stereochemistry of methyl substitution at the
J\ AEA 2-position affected the ability of COX enzymes to act
8 % Lo 182+1.3 208x04 on arachidonylamide substrates. Incorporation of &)-2(
methyl group 11) produced a better COX substrate than
H AEA. This enhancement was not observed when the 2-meth-
9 e 238107 17.5£1.0 yl group was present in th&J-orientation (2). In contrast
to the results with the 1,1-dimethyl-AEA analogus®), the
N maximal rate of COX-2-mediated oxygenation of the 2,2-
10 ’?}\ 27.2+16 7904 dimethyl analoguel3, was comparable ta1 and signifi-
OH cantly higher than that observed with either AEAI& This
. observation suggests thatR{methyl substitution does not
11 ‘15’\0'; 443+16 20812 abrogate the substrate-enhancing effects of AE3-&tethy!
substitution.
s The maximal rate of oxygenation of the amide derivative
12 OH 27.5+03 40+06 of 2-AG, arachidonic acid (2-hydroxy-1-hydroxymethyl-
ethyl)amide 14), approached the maximal rate of oxygen-
%\; ation for the cannabimimetic ester and exceeded that
13 OH 432+08 11.6%04 observed with AEA by 50%1@3). The amide analogue of
1-AG, 15, was also tested. The maximal rates of COX-
OH mediated oxygenation of the regioisomérsand 15 were
14 _%J/\/OH 399+1.8 7.8+09 comparable; however4 proved to be a slightly superior
COX-2 substrate and a slightly inferior COX-1 substrate.
2~ OH AEA was incubated with ovine COX-1 or murine COX-
15 \[0H 321+19 136+32 2, and oxygenated products were analyzed by LC/MS (Figure

aMaximal rates of arachidonylamide (20M) oxygenation were 1). Both COX-1 and COX-2 generated four primary oxygen-

determined as described in Experimental Procedures. Values areated AEA p_FOdUCtS- Two closely e!utlng polar prodycts Wer'e
normalized to the rate of oxygen uptake catalyzed by wild-type enzyme detected with mass-to-charge ratios of 418, consistent with

with arachidonic acid (10@M) and are expressed as a percentage of Sodiated PG-EAs. Identification of these products as PGE
the arachidonic acid rate& 3, meant SE). and PGDR-EA was accomplished by coelution with synthetic
standards of PGEand PGDB-EA under multiple chromato-
either a methylZ) or methoxy 8) group resulted in markedly  graphic conditions. Two closely eluting nonpolar AEA
reduced oxygen uptake when these endocannabinoid anametabolites withmw/z 386, consistent with HETE-EA prod-
logues were incubated with COX-2. This reduction was more ucts, were also detected. The more pat#dz 386 product
pronounced with the methyl substitution. In addition, sub- coeluted with an enzymatically generated standard of 15-
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Ficure 1: Oxygenated products formed by cyclooxygenase action 'g % i
on AEA. Selected ion mass chromatograms of oxygenated AEA as 10 -
products generated by (A) wild-type murine COX-2 (26) and o o
(B) wild-type ovine COX-1 (1Qug) incubated with AEA (1Q:Q) s
for 10 min at 37°C in 100 mM Tris-HCI containing 508M phenol <
(pH 8.0) are shown. Products were eluted with a 15 min gradient
of 20—100% acetonitrile in KO (0.001% sodium acetate) and
detected by monitoringvz 418 (top panels) anavz 386 (bottom mCOX-2 R120Q ES524L Y355F
panels). Individual chromatograms are normalized to the largest Ficure 2: Oxygenation of (A) arachidonic acid and (B) AEA by
peak detected. constriction site mutants of murine COX-2. Initiab Optake rates

. . by wild-type and mutant COX-2 enzymes (200 nM) with arachi-

HETE-EA. Comparison of the product profiles of AEA  donic acid (100uM) and AEA (200 M) are shown and are
oxygenation with similar profiles for arachidonic acid and normalized to the initial rate of Quptake for arachidonic acid with
2-AG oxygenation strongly suggests that the less pofar ~ Wwild-type murine COX-2 (meatt SE,n = 3).
386 product represents 11-HETE-EA (13). Finally, in both ) ) .
COX-1 and COX-2 incubations with AEA, a minor product AEA. Incorporation of a leucine residue for Glu-524 reduced
of intermediate polarity withm'z 346 was observed, con- the ability of the mutant enzyme to oxygenate both arachi-
sistent with the PGHEA degradation product, hydroxy- ~donic acid and AEA to a similar extent. Finally, although
heptadecatrienoic acid ethanolamide (HHT-EA). the Y355F mutant enzyme oxygen_ated arachidonic acid at

The demonstration that AEA incubation with purified @pproximately half the rate of wild-type enzyme, AEA
ovine COX-1 results in the production of PG-EAs indicates 0Xygenation was essentially unaffected (Figure 2).
that the oxygen uptake detected is not the result of Site-Directed Mutagenesis: Catalytic Tyrosine and Hy-
nonspecific oxygenation. Furthermore, although differences drophobic Alcee MutationsThe COX-2 active site residue,
were observed in the regiospecificity of AEA monooxygen- Tyr-385, is required for both arachidonic acid and 2-AG
ation by COX-1 and COX-2, no statistically significant 0xygenation. A tyrosyl radical formed from Tyr-385 initiates
difference in the ratios of total PG-EAs to HETE-EAs the cyclooxygenase reaction by p8s-Shydrogen abstrac-
produced by these enzymes was observed (Figure 1 and dattion, and consequently, the Y385F mutant enzyme is inactive
not shown). Taken together, these results indicate that COX-1(13, 26). Not surprisingly, no oxygen uptake was detected
and COX-2 oxygenate the endocannabinoid AEA to provide when AEA was incubated with Y385F mCOX-2. The
PGE-EA, PGD-EA, and both 11- and 15-HETE-EAs. w-termini of arachidonic acid and 2-AG bind in the

Site-Directed Mutagenesis: Constriction Site Mutations. hydrophobic alcove near the top of the cyclooxygenase active
The cyclooxygenase active site residues, Arg-120, Tyr-355, site (14, 16, 25). Gly-533 is located near the end of this
and Glu-524, participate in a hydrogen-bonding network alcove, and mutations that introduce steric bulk at position
which forms a constriction at the bottom of the substrate 533 disrupt arachidonic acid and 2-AG binding and, conse-
(and inhibitor) binding site1—25). These residues also play quently, prevent oxygenationl, 16). Consistent with
roles in binding the polar carboxylate of arachidonic acid previous results with other COX substrates, no oxygen uptake
and glycerol ester of 2-AGl4, 25). To identify interactions ~ was detected when AEA was incubated with the G533V
between these residues and AEA, site-directed mutants ofenzyme.
mCOX-2, including R120Q, Y355F, and E524L, were tested  Site-Directed Mutagenesis: Side Pocket MutatioFise
for their ability to oxygenate this endocannabinoid. Incor- demonstration that the cyclooxygenase isoform selectivity
poration of a glutamine for Arg-120 had little impact on the observed with 2-AG can be attributed, in large part, to the
ability of the enzyme to oxygenate arachidonic acid at high COX-2 side pocket, and Arg-513 in particular, prompted an
concentrations<25% reduction). In contrast, the ability to  investigation of the role of this structural feature in the
oxygenate AEA was reduced more than 3-fold, suggesting preferential metabolism of AEA by COX-28, 14). Muta-
that Arg-120 is critical in permitting COX-2 oxygenation of tion of side pocket residues does not detract from the ability



AEA Oxygenation by COX-2 Biochemistry, Vol. 42, No. 30, 2003045

A e 7
1004 —— e T —

-]
w
1
o
1

e
~
T

50

ratio AEA/AA)

(% arachidonic acid)

~ 0.504

0.254 I__l

mCOX-2 L5311 L531V L531A

Ficure 4: Effects of Leu-531 mCOX-2 mutations on the oxygen-
ation rates of arachidonic acid and AEA. The ratio of initial O
uptake rates of AEA (20@M) to arachidonic acid (10@M) by

B 30 T wild-type and mutant murine COX-2 enzymes (400 nM) are shown
T (mean+ SE,n = 3).

257

Initial rate of oxygen uptake

Initial rate of oxygen uptake

VRV

mCOX-2
V5231

R513H
V5231/R513H
oCOX-1

20 (specific activity= 0.26umol of O, min~' mg~'). However,

as observed with 2-AG, the deleterious effects of Leu-531
mutations were less pronounced with the endocannabinoid
substrate. In addition, as the side chain of residue 531
decreased in size, the ratio of AEA to arachidonic acid
oxygenation rates further increased (Figure 4). The L531A
mutant enzyme shifted the ratio of AEA to arachidonic acid
oxygenation rates so significantly that AEA became a far
superior substrate for this enzyme being oxygenated at a rate
exceeding that observed for arachidonic acid by more than

Ficure 3: Oxygenation of arachidonic acid and AEA by side 6-fold. . . . o
pocket mutants of COX-2. Initial Quptake rates by wild-type and COX substrates bind within the enzyme active site in a
mutant mCOX-2 enzymes (200 nM) and wild-type oCOX-1 (150 L-shaped conformatiorilg, 25). The side chain of Val-349

2?2);’;’]2*\:\,5?; r?éaggdr?gri% 2&% élt%@tlr\]ﬂg ﬁ]?ga(lE?;tAeE'? Lgt%?(/él\gc)nr projects into the hydrophobic L-shaped channel and is within
arachidonic acid with wild-type enzyme (meaﬂSEQ, n= 3). the van der Wa}als 'dlstanc'e of ar.a}c.hldonlc a@lﬁ).(Va}I-
349 has been implicated in stabilizing a conformation of

d arachidonic acid that is optimal for cyclization and has been
shown to participate in 2-AG oxygenatiol4 27). To
examine a possible role for this hydrophobic residue in AEA
metabolism, V349I, V349L, and V349A site-directed mutant
COX-2 enzymes were incubated with AEA, and oxygenated
t products were analyzed by LC/MS. As observed with 2-AG,
the V349A and V349L mutant enzymes generated a greater
proportion of monooxygenated, HETE-EA, products than bis-
3 dioxygenated, PG-EA, products when compared to wild-type
enzyme (data not shown). In addition, V349L and, to a lesser
extent, V349A displayed shifts in HETE-EA regiochemistry,
from C11 to C15, with the leucine-containing mutant
providing almost exclusively 15-HETE-EA (Figure 5).

Acetylated COX-2 and S530M Generation of 15-HETE-
EA. Both aspirin-acetylated COX-2 and the S530M enzyme
have been shown to oxygenate arachidonic acid and 2-AG
to provide 15-HETE and 15-HETE-G, respectively, (28—
33). To investigate the ability of aspirin-treated COX-2 and
the S530M mutant to bind and metabolize AEA, these
enzymes were incubated with endocannabinoid, and oxygen-
ated products were analyzed by LC/MS. Neither enzyme
generated a significant amount of P&SBr PGD-EA (data
not shown). However, HETE-EA products were observed,
and regiochemical analysis demonstrated that oxygenation
occurred preferentially at C15 (Figure 6).

10 4

Initial rate of oxygen uptake
(% arachidonic acid)

VRV |1

V523l
oCOX-1

mCOX-2
R513H
V5231/R513H

of mutant COX-2 enzymes to oxygenate arachidonic aci
(Figure 3A). In contrast, the triple mutant of COX-2, V523I/
R513H/V4341 (VRV) which comprises the major side pocket
differences between the two enzymes, behaved almost
identically to wild-type ovine COX-1 when treated with AEA
(Figure 3B). Examination of single mutations revealed tha
Arg-513 completely accounts for the preferential metabolism
of AEA by COX-2 over COX-1. Reduced AEA oxygenation
rates were observed with all enzymes containing a His-51
residue, including wild-type COX-1 (Figure 3B).
Site-Directed Mutagenesis: Main Channel Mutatio@sir
demonstration of a role for the side pocket in AEA binding
in the COX-2 active site resembles findings obtained for
2-AG. In the case of 2-AG, the endocannabinoid is shifted
toward the COX-2 side pocket with respect to arachidonic
acid, thus facilitating Arg-513 interactions with the primary
hydroxyl groups of the glycerol moietyL4). This proposed
shift was experimentally supported by the demonstration that
mutations made in Leu-531, an amino acid positioned directly
across from the side pocket in the cyclooxygenase active
site, reduced arachidonic acid oxygenation rates more
markedly than those obtained with the endocannabiriaid (
25). To conduct a similar test with AEA, Leu-531 mutant
enzymes were evaluated for their ability to oxygenate this
endocannabinoid. The ability of these mutant enzymes to
oxygenate both arachidonic acid and AEA was markedly DISCUSSION
decreased compared to wild-type COX-2; L531A, the least
active mutant, oxygenated arachidonic acid at a rate ap- Despite demonstrations that the endogenous cannabinoid
proximately 1% that observed with wild-type enzyme system plays a critical role in an array of pathological and
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Ficure 5: Generation of 15-HETE-EA by V349L mCOX-2.

Selected ion mass chromatograms of HETE-EA products generated

by wild-type or Val-349 mutant mCOX-2 enzymes (1)
incubated with AEA (1Q«g) are shown. HETE-EA products were
eluted with a 15 min gradient of 200L00% acetonitrile in KO
(0.001% sodium acetate) and detected by monitoniig386.
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FicurRe 6: Production of 15-HETE-EA by acetylated mCOX-2 and
S530M mCOX-2. Selected ion mass chromatograms of HETE-EA
products generated by wild-type mCOX-2 enzymes (idg),
acetylated wild-type mCOX-2 (1@g), or S530M mCOX-2 (10
ug) incubated with AEA (1Q«g) are shown. HETE-EA products
were eluted with a 15 min gradient of 2000% acetonitrile in
H,0 (0.001% sodium acetate) and detected by monitarifz386.
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reflect differences in enzyme preparation, cyclooxygenase
activity assay conditions, or species differences between
ovine and human COX-1.

Evaluation of the oxygenation of 14 AEA structural
analogues highlighted the importance of the endocannabinoid
primary alcohol in promoting COX action. The finding that
substitution of the AEA hydroxyl group with either a methyl
or methoxy group reduced the ability of COX-2 to catalyze
oxygenation indicates that a hydrogen bond donor/acceptor
is an important determinant in enzymsubstrate inter-
actions.

The capacity of COX enzymes to catalyze AEA oxygen-
ation was shown to be sensitive to modest substrate structural
modifications near the polar terminus. Incorporation of a
methyl group in the §-orientation at the 1-position of the
ethanolamine moiety of AEA4) more than doubled the rate
at which COX-2 catalyzed substrate oxygenation. Stereoin-
version of the methyl grougbf eliminated the rate enhance-
ment. Interestingly, this methyl-substituted AEA analogue,
also known asK)-methanandamide, has been employed in
endocannabinoid studies due to its cannabimimetic activity
and an increased metabolic stability8{-40). Our results
demonstrate that, in addition to the reported hydrolytic
stability, 5 appears to be relatively resistant to COX-1
oxygenation.

The endocannabinoid 2-AG has been shown to be an
excellent substrate for both murine and human COX43.(
This ester is oxygenated by COX-2 as efficiently as arachi-
donic acid and is a far superior substrate when compared to
AEA. Thus, it is not surprising that the amide analogue of
2-AG, 14, was oxygenated by COX-2 more avidly than AEA.
The more stable arachidonylglycerol regioisomer, 1-AG, is
a poorer COX-2 substrate than the endocannabinoid, 2-AG
(13). Similarly, the 1-AG amide analogu&s, proved to be
an inferior COX-2 substrate when compared.fhalthough
this difference was less pronounced than that observed with

physiological processes and growing evidence that fatty acidthe related esters.

oxygenase-mediated endocannabinoid metabolism is biologi- A general understanding of AEA binding within COX-2
cally important, little is known about the molecular details is provided by examination of the effect of mutations in the
of COX action on AEA (1, 14, 34—37). The current study  enzyme constriction site, the hydrophobic alcove, and Tyr-
was designed to (1) identify strutural features of AEA that 385. The constriction site residue, Arg-120, appears critical
promote oxygenation by COX-2, (2) characterize the prod- in facilitating AEA oxygenation whereas Tyr-355 appears
ucts of COX action on AEA, (3) define the molecular basis to be essentially uninvolved in AEA metabolism (Figure 2).
for COX isoform selectivity, and (4) develop a comprehen- Glu-524 has previously been identified as an important
sive model for AEA binding in the COX-2 active site. These constriction site residue in 2-AG oxygenatiofi4). The
aims were accomplished through the use of substrateresults presented in Figure 2 suggest that although this amino

structure-activity relationship studies, site-directed mu-
tagenesis, and molecular modeling.
Murine COX-2 metabolized AEA at 27% of the maximal

acid may play a modest role in both arachidonic acid and
AEA oxygenation, it is not as critical in AEA oxygenation
as itis in 2-AG oxygenation. The observations that endocan-

rate observed for arachidonic acid oxygenation. This contrastsnabinoid oxygenase activity was eliminated by mutation of

markedly from the value of 6685% initially reported for
human COX-2 11). However, these results are in good
agreement with subsequent studies of human COX-2 that
demonstrated the ratio &f; values for AEA and arachidonic
acid is approximately 30%1@). Our finding that ovine
COX-1 oxygenates AEA differs from initial reports that wild-
type human COX-1 is unable to catalyze AEA metabolism
(11). To confirm our finding, the products of COX-1 action
on AEA were analyzed by LC/MS. COX-1 generated both
PG and HETE ethanolamides from AEA, indicating that the

Tyr-385 or by incorporation of increased steric bulk in the
COX-2 hydrophobic alcove at residue 533 further aided in
the construction of a model of AEA binding within COX-2.
In total, these results suggest that AEA, like 2-AG, binds
within the COX-2 active site in a conformation similar to
that of arachidonic acid with the polar ethanolamide moiety
near Arg-120 at the constriction site, the i®-Shydrogen
positioned near Tyr-385, and the-end situated in the
hydrophobic alcove. The demonstration that mutations in
Val-349 shift AEA product distribution toward monooxy-

observed oxygen uptake was neither nonspecific oxygenationgenated products and, with V349A and V349L enzymes,

nor experimental artifact (Figure 1). This discrepancy may

toward 15-HETE-EA, specifically, supports the general
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Ficure 7: Model of AEA bound in the COX-2 active site. A stereoview demonstrates the predicted interactions between AEA and the
active site residues of mCOX-2.

conclusion that AEA binds in COX-2 in a conformation that endocannabinoid oxygenation may represent a funda-
similar to those of arachidonic acid and 2-AG (Figure 5). mental COX-2 function.
Comparable effects of Val-349 mutations are observed with A model of 2-AG binding within the COX-2 active site
these COX substrated4, 27). The observation that both  has recently been proposetl4). In this model, 2-AG is
acetylated COX-2 and S530M COX-2 generate 15-HETE- shifted within the COX-2 active site with respect to the
EA when incubated with AEA further supports the conclu- crystallographically determined position of arachidonic acid.
sion that AEA binds in a conformation similar to those of This shift was interpreted as a means to promote interactions
arachidonic acid and 2-AG as these substrates are alsdetween the endocannabinoid glycerol alcohols and Arg-513.
converted to 15-monoxygenated products when treated withAs a consequence of this shift, 2-AG is positioned further
these enzymes (Figure @)4, 28—33). The results with V349  from Leu-531, an active site residue opposite the side pocket,
and S530 mutants demonstrate that AEA oxygenation than arachidonic acid. A test of this model was provided by
regiochemistry responds to COX-2 active site modifications examining the effects of Leu-531 mutations on 2-AG and
in a manner similar to that observed with arachidonic acid arachidonic acid turnover. Mutations in this residue had more
and 2-AG oxygenation. More generally, these results dem- pronounced deleterious effects on arachidonic acid oxygen-
onstrate that arachidonic acid and both endocannabinoids areation than on 2-AG metabolism, supporting the conclusion
capable of adopting a conformation in the sterically congestedthat the endocannabinoid is positioned further from Leu-
active site of acetylated COX-2 that leads to selective C-15 531 than the free acid. Our data support an interaction
oxygenation in addition to the more typical conformation in between AEA and Arg-513 similar to that observed with
unmodified enzyme that leads preferentially to prostanoid 2-AG. Consequently, a similar confirmatory test of this
formation. However, as each of the residues discussed abovénteraction could be applied by examining the effects of Leu-
is conserved in COX-1, these results provide no insight into 531 mutations on both AEA and arachidonic acid turnover.
the isoform selectivity observed for AEA metabolism. As shown in Figure 4, mutations in Leu-531 reduce the
To address the question of isoform-selective AEA oxy- ability of mutant enzymes to oxygenate arachidonic acid
genation, we focused on the residues known to be involvedmuch more significantly than they reduce the ability to
in the selective oxygenation of 2-AG. Previous studies oxygenate AEA. Remarkably, the L531A enzyme catalyzes
demonstrated that the COX-2 side pocket, in large part, oxygen uptake more than 6-fold more rapidly when incubated
accounts for the ability of COX-2 to efficiently oxygenate with the endocannabinoid than with arachidonic acid. These
2-AG (14). Thus, side pocket mutants were evaluated for results suggest that AEA, like 2-AG, is displaced toward the
AEA oxygenase activity. As in the case of 2-AG, the side side pocket of COX-2, and away from Leu-531, relative to
pocket residue, Val-523, plays no role in the capacity of arachidonic acid.
COX-2 to oxygenate AEA (Figure 3B). Consistent with Guided by the results of the site-directed mutagenesis
studies on 2-AG metabolism, Arg-513 appears to be critical studies, a model for AEA binding to COX-2 was developed
in the observed isoform-selective oxygenation of AEA. (Figure 7). Distance restraints were imposed between the
Furthermore, all COX enzymes containing a histidine at implicated polar residues in COX-2 (Arg-120, Arg-513, Glu-
position 513, including ovine COX-1, displayed reduced 524) and the ethanolamide moiety of AEA, and molecular
activity toward the endocannabinoid. Interestingly, the single dynamic simulations were performed to optimize substrate
mutant, R513H, oxygenated AEA at an initial rate indistin- enzyme interactions. These simulations resulted in the
guishable from that of wild-type ovine COX-1 (Figure 3B). positioning of the amide carbonyl between Arg-120 and Tyr-
This result suggests that the enhanced capacity of COX-2355. The calculated distances between the AEA carbonyl
to metabolize AEA can be entirely attributed to the presence oxygen and the closest Arg-120 guanidinium nitrogen and
of an arginine residue at position 513. This contrasts with Tyr-355 hydroxyl groups were 3.1 and 2.8 A, respectively.
previous studies with 2-AG that indicated that Arg-513 The primary alcohol of AEA adopted a conformation that
contributes to, but does not entirely account for, the isoform- suggests hydrogen bonding to the Arg-513 guanidinium
selective oxygenation of the endocannabindid)( These group. The distance between the alcohol oxygen of AEA
results, coupled with the fact that Arg-513 is conserved in and the closest Arg-513 guanidinium nitrogen was measured
all COX-2 proteins reported to date, support the assertionto be 3.1 A. This arrangement resembles that reported for
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2-AG binding within COX-2 in which the glycerol alcohol
oxygens are positioned 2.9 and 3.3 A from the closest
Arg-513 guanidinium nitrogeril@). To facilitate the interac-
tion between the AEA hydroxyl group and Arg-513, the
substrate is shifted toward the side pocket within the active
site. Modeling results positioned the AEA carbonyl carbon
greater tha 7 A from the closest Leu-531 methyl group,
which contrasts sharply from the experimentally determined
distance of 4.6 A between C-1 of arachidonic acid and Leu-
531 5). This conformation closely resembles that reported
for 2-AG in which the endocannabinoid carbonyl carbon is
positioned 7.1 A from Leu-5311¢). Thus, COX-2 accom-
modates an AEA binding conformation that provides for
close interaction between polar enzyme residues implicated

in AEA oxygenation and hydrogen bond donors/acceptors 11.

of the endocannabinoid.

The present results suggest that endocannabinoids bind in
a productive conformation in COX-2 similar to arachidonic
acid. However, subtle differences have been identified and
have proven consistent with both 2-AG and AEA. The
endocannabinoid polar headgroups bind near the cyclooxy-
genase active site constriction interacting with polar residues
in this enyzme region including Arg-120 and Arg-513. The
universal presence of arginine at position 513 in the side
pocket of COX-2 enzymes and its absence in mammalian
COX-1 enzymes explains, in part, the isoform selectivity
observed for endocannabinoid metabolism. When compared
to the binding of arachidonic acid in the COX-1 active site,
the polar termini of endocannabinoids are displaced toward
Arg-513 and away from Leu-531, facilitating a critical
interaction between endocannabinoid primary alcohol moi-
eties and the guanidinium of Arg-513. Despite this different
binding mode, endocannabinoids, like arachidonic acid, are
oxygenated by wild-type COX-2 to provide prostaglandin-
like lipids and by aspirin-acetylated COX-2 to provide 15-
HETE derivatives. Finally, although AEA was oxygenated
by ovine COX-1, the endocannabinoid proved to be a
superior COX-2 substrate. This is consistent with previous
findings that human COX-2 oxygenated AEA more ef-
ficiently than human COX-11(1). Taken together, these
findings support the hypothesis that endocannabinoid oxy-
genation is a COX-2 selective function and may represent a
significant evolutionary impetus for the existence of two
cyclooxygenase isoforms.
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