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Background: Prostaglandin H synthase-2 (PGHS-2)-mediated oxygenation of 2-arachidonoylglycerol (2-AG) produces
prostaglandin glyceryl esters and modulates endocannabinoid tone.

Results: Oxygenation of 2-AG is more dependent on peroxide tone than is oxygenation of arachidonic acid (AA).
Conclusion: Endocannabinoid oxygenation by PGHS-2 is sensitive to peroxide tone.

Significance: Cellular redox status may be a factor in endocannabinoid oxygenation by PGHS-2.

The endocannabinoid, 2-arachidonoylglycerol (2-AG), is a
selective substrate for the inducible isoform of prostaglandin H
synthase (PGHS), PGHS-2. Its turnover leads to the formation of
glyceryl esters of prostaglandins (PG-Gs), a subset of which elic-
its agonism at unique, as yet unidentified, receptors. The k_,,/K,,,
values for oxygenation of arachidonic acid (AA) and 2-AG by
PGHS-2 are very similar, but the sensitivities of the two sub-
strates to peroxide-dependent activation have not been com-
pared. 15-Hydroperoxy derivatives of AA and 2-AG were found
to be comparable in their ability to serve as substrates for the
peroxidase activities of PGHS-2, PGHS-1, and glutathione per-
oxidase (GPx). They also were comparable in the activation of
AA oxygenation by cyanide-inhibited PGHS-2. However, oxy-
genation of 2-AG was significantly suppressed relative to AA by
the presence of GPx and GSH. Furthermore, 2-AG oxygenation
by peroxidase-deficient H388YmPGHS-2 was much less effi-
cient than AA oxygenation. Wild-type rates of 2-AG oxygen-
ation were restored by treatment of H388YmPGHS-2 with
hydroperoxide derivatives of AA or 2-AG. RNAi silencing of
phospholipid hydroperoxide-specific GPx (GPx4) in NIH/3T3
cells led to increases in cellular peroxidation and in the levels of
the isoprostane product, 8-epi-PGF,,. GPx4 silencing led to
2-4-fold increases in PG-G formation but no change in PG for-
mation. Thus, cellular peroxide tone may be an important deter-
minant of the extent of endocannabinoid oxygenation by
PGHS-2.

Prostaglandin H synthases (PGHSs)” catalyze the first two
steps in the biosynthesis of prostaglandins (PGs), a class of bio-
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active lipids that regulate a broad range of physiological
responses. The cyclooxygenase activity of PGHSs oxygenates
arachidonic acid (AA) (1) to the hydroperoxy endoperoxide,
PGQG,, and the peroxidase activity reduces PGG, to PGH,, (Fig.
1A). The two isoforms of PGHS, PGHS-1 and PGHS-2, are dis-
tinguished by different patterns of expression. In general,
PGHS-1 is constitutive in tissues in which it is expressed, sug-
gesting a homeostatic role, whereas PGHS-2 is inducible by a
variety of inflammatory and proliferative stimuli (cytokines,
bacterial lipopolysaccharide, growth factors, and tumor pro-
moters), consistent with a role for PGs produced by this isoform
in inflammation and cell proliferation (2). In addition to differ-
ences in regulation, PGHS enzymes exhibit biochemical differ-
ences related to their structures. These include the increased
sensitivity of PGHS-2 to peroxide activation (3) and the pres-
ence of a sequence in PGHS-2 that renders it susceptible to
cellular proteolysis (4). PGHS-2 also displays broader substrate
specificity than PGHS-1. For example, it oxygenates ester and
amide derivatives of AA much more efficiently than PGHS-1
(4). 2-Arachidonoylglycerol (2-AG) and arachidonoylethanol-
amide are of particular interest as PGHS-2 substrates because
they occur in human tissue and are endogenous ligands for the
cannabinoid receptors (CB; and CB,) (5, 6).
PGHS-2-dependent oxygenation of 2-AG yields the glyceryl
ester of PGH, (PGH,-G). PGH,-G is converted to a similar
array of prostanoids as PGH, with the exception of its poor
conversion to thromboxane A, glyceryl ester (7). Murine resi-
dent peritoneal macrophages stimulated with an inflammatory
agonist (zymosan) produce both PGE,-G and PGIL,-G (8), and
PGD,-G formation is elicited from the RAW264.7 macro-
phage-like cell line upon pretreatment with LPS and IFNy fol-
lowed by ionomycin (7). PGE,-G has been isolated from rat
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liquid chromatography-electrospray ionization/tandem mass spectrome-
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FIGURE 1. Endoperoxide intermediates of fatty acyl substrate oxygen-
ation by PGHS-2 (A) and the branched-chain mechanism (B). A, the
cyclooxygenase activity of PGHS bis-dioxygenates fatty acyl substrates (R —
OH = AA, glycerol = 2-AG) leading to the formation of the endohydroperox-
ide PGG,, which is reduced by the peroxidase activity to PGH, (or its glyceryl
ester). B, schematic representation of the mechanism linking the peroxidase
and cyclooxygenase activities of PGHS.

footpads in the presence and absence of an inflammatory stim-
ulus (9). Thus, PG-Gs are produced by intact cells treated with
a variety of stimuli and are present in vivo. The physiological
relevance of PGHS-2-dependent 2-AG oxygenation is the sub-
ject of ongoing investigation. It is interesting to note that in
cells, PGs are generated at far higher levels than PG-Gs follow-
ing challenge with inflammatory stimuli. In the case of murine
macrophages, this is partly due to a 10-fold difference in the
concentrations of AA and 2-AG released in response to zymo-
san stimulation (8).

The k_,, values for oxygenation of AA and 2-AG by hPGHS-2
are comparable, whereas the k_, for oxygenation of AA by
mPGHS-2 is approximately twice that of 2-AG (10). An impor-
tant property of oxygenated derivatives of 2-AG that has not
been explored is the ability of glyceryl-hydroperoxides such as
PGG,-G to interact with the peroxidase activity of PGHS, either
as substrates for peroxidatic reduction or as activators of the
cyclooxygenase activity (Fig. 1B). Purified PGHS enzymes
require hydroperoxide-dependent activation to become func-
tional oxygenases. Fatty acid hydroperoxides, PG hydroperox-
ides, or peroxynitrite react with the heme prosthetic group (Fig.
1B) to produce a ferryl-oxo complex that oxidizes Tyr-385 in
the oxygenase active site to produce a tyrosyl radical (Fig. 1B);
the tyrosyl radical oxidizes the fatty acid substrate and is regen-
erated during the reaction cycle (2).

We have undertaken a study of the ability of glyceryl ester
hydroperoxides compared with fatty acid hydroperoxides to
serve as substrates for the peroxidase activities of PGHS-1 and
PGHS-2, and to activate oxygenation by both enzymes. We also
investigated the peroxide-dependent activation of AA and
2-AG oxygenation by PGHS-2 by conducting experiments that
lowered peroxide tone in vitro. The results reveal a major dif-
ference in the sensitivity of PGHS-2 with respect to the oxygen-
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ation of the two substrates, specifically with regard to the con-
centration of peroxide required to activate the cyclooxygenase
functionality. We also demonstrate that silencing of the phospho-
lipid hydroperoxide-specific glutathione peroxidase (GPx4) in
murine 37T3 fibroblasts leads to significant increases in PG-G for-
mation (2—4-fold over control), with little to no increase in PG
formation. Altogether, these results indicate that the peroxidase
active site may represent an important site of the regulation of
PGHS-2-mediated oxygenation of 2-AG.

EXPERIMENTAL PROCEDURES

Materials—AA, 2-AG, and hematin were obtained from Nu
Chek Prep (Elysian, MN), Cayman Chemicals (Ann Arbor, MI),
and Frontier Scientific (Logan, UT), respectively. All other
reagents were from Sigma-Aldrich.

Enzymes—Purified bovine erythrocyte GPx and purified Sac-
charomyces cerevesiae glutathione reductase (GSSG reductase)
were obtained from Sigma-Aldrich. Purified soybean 15-li-
poxygenase was from Cayman Chemicals. hPGHS-2 and
mPGHS-2 were expressed and purified as described (11). Site-
directed mutagenesis to generate H388Y mPGHS-2 and subse-
quent expression and purification of the protein were per-
formed as published (12). oPGHS-1 was purified from ram
seminal vesicles (Oxford Biomedical Research, Oxford, MI), as
described previously (13). The specific activities of hPGHS-2
and mPGHS-2 were both 62 umol of AA/umol of enzyme; the
specific activity of oPGHS-1 was 325 umol of AA/umol of
enzyme, and that of H388Y mPGHS-2 was 31 wmol of
AA/umol of enzyme.

Chemistry—15-Hydroperoxy-57,82,117,13E-eicosatetraenoic
acid (15-HpETE) was generated with 40% yield as determined
by UV spectroscopy (236 nm) using the molar absorptivity of
the conjugated diene (€,s4 29,500 M “em™') (14).
15-HpETE glyceryl ester (15-HpETE-G) was generated as
described (15) with minor modifications. Briefly, to 200 ml of
oxygen-saturated 100 mm sodium borate buffer (pH 9.0) was
added 750,000 units/ml purified soybean 15-lipoxygenase.
2-AG (25 mg in 2 ml of acetonitrile) was added to the buffer
with continued perfusion of O, over the surface of the buffer
and stirring. An aliquot of the reaction mixture was monitored
by UV spectroscopy (236 nm) until no further increase in
absorbance was evident (~10 min). The reaction mixture was
extracted twice with 200 ml of diethyl ether, and the combined
organic layers were dried using MgSO,, filtered, and concen-
trated under vacuum. The residue was resuspended in acetoni-
trile and filtered over glass wool. Yield (30%) was determined
using UV spectroscopy (236 nm). No further steps were carried
out to purify the product. Purity was determined by HPLC/UV
to be =95%.

The positions of hydroperoxide attachment were assigned by
diagnostic fragmentation using collision-induced dissociation
under the following liquid chromatography-electrospray ioni-
zation/tandem mass spectrometry (LC-ESI/MS/MS) condi-
tions: a Phenomenex Luna C18 column (100 mm X 2.0 mm, 3
um) was held at 40 °C and eluted isocratically with 40% A (5 mm
NH,OAc in H,0):60% B (5 mm NH,OAc in 90% CH,CN) at 0.3
ml/min. Mass spectra were obtained on a ThermoFinnigan
Quantum triple-quadrupole instrument equipped with an elec-
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trospray source and operated in negative ion mode for
15-HpETE (ESI-MS m/z calculated for C,,H;,0, (M ™), 335.23;
found 335.11) and in positive-ion mode for 15-HpETE-G
(ESI-MS m/z calculated for C,;Hz;s04 (M+NH,™), 428.30;
found 428.14) (ThermoFinnigan, San Jose, CA). Collision-in-
duced dissociation fragmentation patterns were compared with
those of authentic standards for both molecules with final con-
firmation of hydroperoxide regiochemistry of 15-HpETE and
15-HpETE-G by '"H NMR.

15-HpETE 'H NMR at 500 MHz (CDCL,): 6.58—6.63 (dd,
1H, J = 11.1, 15.3 Hz CH), 5.98-6.02 (t, 1H, / = 10.9 Hz CH),
5.56-5.61(dd, 1H, /= 7.85,15.3 Hz CH), 5.32-5.48 (m, 5H, 5 X
CH), 4.39-4.43 (m, 1H, CH), 2.89-3.04 (m, 2H, CH,), 2.77-
2.86 (m, 2H, CH,), 2.35-2.38 (m, 2H, CH,), 2.10~2.15 (m, 2H,
CH,), 1.66-1.75 (m, 2H, CH,), 1.46 —1.53 (m, 2H, CH,), 1.23—
1.38 (m, 6H, 3 X CH,), 0.85-0.88 (t, 3H, ] = 6.85 Hz CH,).

15-HpETE-G 'H NMR at 500 MHz (CDCl,): 6.58 —6.63 (dd,
1H,J = 11.1, 15.3 Hz CH), 5.98-6.02 (t, 1H, / = 10.9 Hz CH),
5.56-5.61(dd, 1H, /= 7.85,15.3 Hz CH), 5.32-5.48 (m, 5H, 5 X
CH), 4.38 —4.42 (m, 1H, CH), 4.28 —4.32 (t, 1H, ] = 8.6 Hz CH),
4.09-4.26 (m, 1H, CH), 3.70-3.72 (m, 1H, CH), 3.60-3.63 (m,
1H, CH), 2.89-3.04 (m, 2H, CH,), 2.77-2.86 (m, 2H, CH,),
2.35-2.38 (m, 2H, CH,), 2.10-2.15 (m, 2H, CH,), 1.66 —1.75 (m,
2H, CH,), 1.46 -1.53 (m, 2H, CH,), 1.23-1.38 (m, 6H, 3 X CH,),
0.85-0.88 (t, 3H, /] = 6.85 Hz CH,).

Detection of Endoperoxide Intermediates of PGHS Action—
PGH,, PGG,, PGH,-G, and PGG,-G levels were determined
from reactions of hPGHS-2 as follows. hPGHS-2 (400 nm) was
reconstituted with an equivalent of hematin and incubated in
600 wul of 100 mMm Tris-HCI, pH 8.0, with 500 uMm phenol at
25 °C. Peroxide-free substrate was prepared and confirmed to
be free of peroxides as described (16, 17). Substrate (AA or
2-AG) was added to a final concentration of 50 um. Reactions
were quenched with 600 ul of fresh anhydrous diethyl ether,
vortexed for 10 s, and centrifuged at ~5000 rpm for 45 s. Ethe-
real fractions were removed and evaporated to dryness using a
gentle stream of argon. Analytes were reconstituted in 300 ul of
acetonitrile:water (50:50) and analyzed immediately. LC/MS
was conducted on a Waters Acquity UPLC BEH C18 column
(100 mm X 2.1 mm, 1.7 um) using a gradient elution beginning
with 100% A (5 mm NH,OAc in H,O, pH 3.3):0% B (5 mm
NH,OAcin 90% CH;CN), and increasing linearly to 40% A:60%
B over 7 min at 0.3 ml/min. Mass spectra were obtained on a
ThermoFinnigan Quantum triple-quadrupole instrument
equipped with an electrospray source and operated in positive
ion mode with selected reaction monitoring. Quadrupoles 1
and 3 were set to the same mass for each analyte (ESI-MS m/z for
PGH,, 370.00 (M+NH, *); PGG,, 386.00 (M+NH,"); PGH,-G,
444.00 (M+NH, *); and PGG,-G, 460.00 (M+NH, ).

O, Uptake Assay for the Cyclooxygenase Activity of PGHS—For
determination of cyclooxygenase activity, pure PGHS protein
(100-400 nm) was reconstituted with hematin and incubated
in a 600-ul thermostatted cuvette, at 37 °C, in 100 mm Tris-
HCl, pH 8.0, with 500 um phenol. Peroxide-free substrate was
added to a final concentration of 50 um. Activity was monitored
using an FO125T Instech fiber optic oxygen probe, connected
to an Instech model 210 fiber optic oxygen monitor controlled
with OOISensors software (Plymouth Meeting, PA). To test the
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effect of 15-HpETE and 15-HpETE-G in stimulating the turn-
over of 2-AG by H338Y mPGHS-2, either peroxide was added
along with substrate to the final desired concentration.

Spectrophotometric Assay for Peroxidase Activity of PGHS—
oPGHS-1, hPGHS-2, or mPGHS-2 (46 nMm) was reconstituted
with a half-equivalent of hematin in 80 mm Tris-HCl buffer, pH
8.0, containing 1 mM ABTS and incubated for 1 min. The mix-
ture was added to a quartz cuvette and stirred continuously at
25 °C. 15-HpETE or 15-HpETE-G in acetonitrile was added to
desired concentrations (78 nM—50 um). The concentration of
acetonitrile was maintained constant for all samples during a
given experiment and never exceeded 5% of the total reaction
volume (2 ml). The reaction was monitored via UV spectros-
copy (417 nm) for the formation of the ABTS™" radical. The
early linear portions of the reaction curves were used to deter-
mine initial reaction rates at the various substrate concentra-
tions (78 nM—50 um). Plots of initial rates versus substrate con-
centration were fit to the Michaelis-Menten equation by
nonlinear regression (Prism version 4.0).

GPx Activity—GPx activity was determined as described
(18). Briefly, varying concentrations of 15-HpETE or 15-
HpETE-G (78 nmM—50 um) were added to a mixture of 0.25 unit
of GPx, 1 mm GSH, 1 unit of GSSG reductase, and 250 um
NADPH in 100 mm sodium phosphate buffer, pH 8.0, at 37 °C.
The oxidation of NADPH was monitored via UV spectroscopy
(340 nm). The early linear portions of the reaction curves were
used to determine initial reaction rates, and the data were fit to
the Michaelis-Menten equation via nonlinear regression. One
unit of GPx catalyzes the oxidation by H,O, of 1.0 um GSH to
oxidized GSH (GSSG) per min at pH 7.0 and 25 °C. One unit of
GSSG reductase will reduce 1.0 um GSSG per min at pH 7.6 at
25°C.

Activation of Cyanide-inhibited oPGHS-1 and mPGHS-2 by
15-HpETE and 15-HpETE-G—Activation of PGHS enzymes by
hydroperoxides was determined through the ability of the
hydroperoxide to reduce the NaCN-induced lag phase in the
cyclooxygenase reaction (19). The standard PGHS activity
assay was modified to include 250 mm NaCN in the buffer.
Peroxide-free AA along with varying concentrations of either
15-HpETE or 15-HpETE-G (15.6 nM—1 um) was added to the
cuvette. Activity was monitored as in the standard PGHS activ-
ity assay, with maximal rate determined by taking the first
derivative of the reaction trajectory. Lag time (time to maximal
rate) was determined for each concentration of peroxide (Prism
version 4.0), for both oPGHS-1 and mPGHS-2, and plotted
against the concentration of peroxide used. Statistical signifi-
cance was determined using Student’s ¢ test (unpaired, two-
tailed) using Prism (version 4.0) software.

GPx-mediated Suppression of AA and 2-AG Oxygenation by
hPGHS-2 and mPGHS-2—The standard PGHS activity assay
was modified to include 1 mm GSH and varying concentrations
of GPx (20-160 units). Activity was monitored as above, with
maximal rates achieved under each GPx concentration deter-
mined by taking the first derivative of the reaction trajectory.
Maximal rates relative to the control (no GPx) were plotted
against their respective concentration of GPx. Statistical signif-
icance was determined using Student’s ¢ test (unpaired, two-
tailed) using Prism (version 4.0) software.
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RNA Interference—Low passage murine NIH/3T3 fibroblasts
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% heat-inactivated fetal bovine serum (FBS) and
plated in 100-mm dishes at 75% confluence. Cells were cultured
at 37°C and 5% CO,. shRNA plasmids (scrambled-negative
control, GFP-positive control, Gpx4, and Gpx1) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Transfection
was carried out following the manufacturer’s instructions, with
selection of successfully transfected cells achieved by including
10 pg/ml puromycin (Sigma-Aldrich) in the growth medium.
Selection was carried out for 2 weeks.

Immunoblotting for GPx Protein Expression—For the immu-
noblotting of GPx, monolayers of each shRNA-treated NIH/
3T3 cell line from 35-mm dishes were lysed in 200 ul of M-PER
lysis buffer (Thermo) containing a mixture of mammalian pro-
tease inhibitors (Sigma). Cell lysates were mixed on a Vortex
Mixer and placed on ice for 30 min. Cellular debris was then
removed by centrifugation for 10 min at 16,000 X g. Samples
were stored at —80 °C until analyses could be completed. Equal
quantities of protein (~ 20 ug) were resolved by gradient
(2-12%) SDS-polyacrylamide gel electrophoresis and trans-
ferred onto a polyvinylidene difluoride membrane (Immo-
bilon-P; Millipore). Membranes were blocked (20 mm Tris, pH
7.6,140 mm NaCl, 0.05% Tween 20, 5% nonfat dry milk) prior to
incubation with antibodies. The primary antibodies, mouse
a-GPx1 (human/mouse/rat) and goat a-GPx4 (human/mouse/
rat) (R&D Systems), were used at 1:1000 dilution and the sec-
ondary antibodies (a-mouse and a-goat) at 1:5000 (R&D Sys-
tems) dilution. Luminol-based detection was performed using
SuperSignal West Pico reagents (Thermo Scientific).

Stimulation of PG and PG-G Synthesis in shRNA-treated Cell
Lines—Murine NIH/3T3 fibroblasts were plated at 1 X 10° cells
per well in 6-well dishes in DMEM containing 10 ug/ml puro-
mycin and allowed to attach overnight. PG and PG-G produc-
tion was stimulated by incubation with 12-O-tetradecanoyl-
phorbol-13-acetate/ionomycin (0.08 um/2 um) for 4 h.

Assay for Production of PGs and PG-Gs by Cultured Cells—
The medium from cell cultures was subjected to liquid-liquid
extraction as described (20) with some modifications as follows.
Briefly, internal standards ((100 pmol of the following: PGD,-
d,, PGE,-d,, PGF,-d,, and 6-keto-PGF, ,-d,; and 10 pmol of
the following: PGD,-G-d,, PGE,-G-d,, PGF, -G-d, and 6-ke-
to-PGF, -G-d;)) were added to medium (2 ml). The medium
was acidified by the addition of glacial acetic acid to 1% (vol-
ume), followed by 2 ml of ethanol and 2 ml of hexanes:ethyl
acetate (20:80 v:v). Samples were mixed and centrifuged at 3000
rpm for 20 min. The organic layer was retrieved and evaporated
to dryness under a stream of nitrogen. Samples were resus-
pended in 300 ul of methanol:water (50:50 v:v) and analyzed as
described previously (20).

Assay for Lipid Peroxidation and Oxidant Stress—shRNA-
treated murine NIH/3T3 fibroblasts were cultured in DMEM
with 10% FBS and plated in 100-mm dishes at 75% confluence.
Cells were incubated with (2 um) boron-dipyrromethene
(BODIPY) 581/591 C11 (Invitrogen) overnight for flow cytom-
etry analysis. When oxidized, BODIPY exhibits a shift in
fluorescence from red to green (21). Cells were washed once
with cold Ca®>"- and Mg>"-free phosphate-buffered saline,
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TABLE 1

Steady-state kinetic parameters for PGHS-1 and PGHS-2 mediated oxi-
dation of ABTS by 15-HpETE and 15-HpETE-G

The data represent mean * S.E. of quadruplicate determinations.

15-HpETE or
15-HpETE-G K, Keae kK,
Y 5! s v
15-HpETE
oPGHS-1 49+13 34.0 + 3.0 6.9 = 2.3 NS*
mPGHS-2 1.0+ 0.2 6.6 +0.3 6.4+ 1.5°
hPGHS-2 3.0+ 05 9.3+ 0.4 3.2+ 0.8NS
15-HpETE-G
oPGHS-1 45+12 49.0 + 4.0 11.0 = 3.3 NS
mPGHS-2 8.0+ 20 150+ 1.0 1.9 = 0.5°
hPGHS-2 48+ 05 16.1 = 0.4 3.4+ 0.8 NS

“NS, not significant.
? Student’s ¢ test, unpaired, two-tailed, comparing the k_,/K,,, values for 15-
HpETE and 15-HpETE-G for the same enzyme, p < 0.001.

trypsinized, and resuspended in 10% FBS DMEM. Cells
(10,000) were loaded onto a 5-laser BD Biosciences LSRII flow
cytometer, equipped with a 535-nm laser and analyzed with
scrambled shRNA-treated NIH/3T3 as the base line for peroxi-
dation. A histogram of the fluorescence of each group of cells in
the range from red to green was generated, with a threshold set
as P1 for cells exhibiting no shifts in fluorescence. The number
of cells that demonstrated a shift in fluorescence from red to
green for each cell line was tallied as a percentage of the entire
population of the 10,000 cells. Analysis for the oxidative stress
marker, 8-isoprostane (8-epi PGF,,) was carried out as pub-
lished previously (22).

RESULTS

Glyceryl Hydroperoxides as Substrates for the Peroxidase
Activities of mPGHS-2, hPGHS-2, and oPGHS-1—To deter-
mine whether the glyceryl ester affects the efficiency of the
PGHS peroxidase, we determined the steady-state kinetic val-
ues for the reduction of 15-HpETE and 15-HpETE-G.
15-HpETE is comparable with PGG, as a peroxidase substrate
and has been used as a model for PGG,, which is unstable and
difficult to prepare in highly purified form (23, 24). By exten-
sion, we used 15-HpETE-G as a surrogate for PGG,-G. Both
hydroperoxides were prepared and tested as described under
“Experimental Procedures.” Heme-reconstituted mPGHS-2,
hPGHS-2, or oPGHS1 was incubated with increasing concen-
trations of 15-HpETE or 15-HpETE-G and 1 mum reducing sub-
strate ABTS. Table 1 summarizes the k_,, and K, values for the
two substrates and the three enzymes. 15-HPETE and
15-HPETE-G are comparable substrates for all three enzymes.
In the case of hPGHS-2 and oPGHS-1, the k_,,/K,,, values for the
two substrates were not significantly different. For mPGHS-2,
the k_,/K,, was 3-fold higher for 15-HPETE than for
15-HPETE-G, a difference that reached statistical significance.
This was mainly because of a much higher K, for 15-HPETE-G.
Thus, 15-HpETE and 15-HpETE-G are comparable substrates
for the peroxidase activities of oPGHS-1 and hPGHS-2. This
suggests that there are not dramatic differences in the rates of
reduction of hydroperoxy derivatives of AA and 2-AG by the
peroxidase activities of either PGHS-1 or PGHS-2.

We were unable to prepare PGG,-G for studies of its reduc-
tion by the PGHS-2 peroxidase, so we developed an LC/MS-
based method to monitor the flux of endoperoxide intermedi-
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FIGURE 2. Products of oxygenation of AA and 2-AG by Fe-hPGHS-2 and Mn-hPGHS-2. AA or 2-AG was incubated with Fe- or Mn-reconstituted PGHS-2 for
30 s and the products extracted and analyzed by LC/MS as described under “Experimental Procedures.” PGH, and PGH,-G elute at 6.84 and 6.09 min,
respectively, whereas PGG, and PGG,-G elute at 7.21 and 6.62. The minor peaks eluting at 5.7 and 5.9 min are PGs. No residual AA or 2-AG was detected.

ates during PGHS-2 catalysis. We incubated hPGHS-2 with AA
or 2-AG for 30 s, extracted the incubation mixtures with cold
diethyl ether, and analyzed the extracts by LC/MS. Fig. 2 com-
pares the total ion chromatograms and selected ion monitor-
ing profiles of extracts of AA and 2-AG incubated with Fe-
hPGHS-2 or Mn-hPGHS-2. With Fe-hPGHS-2 and AA, a
major peak was observed at 6.8 min with m/z 370, correspond-
ingto PGH,, and with Fe-hPGHS-2 and 2-AG, a major peak was
observed at 6.1 min with m/z 444 corresponding to PGH,-G.
No peaks were observed in either incubation with m/z 386 or
m/z 460, corresponding to PGG, or PGG,-G, respectively.
Thus, AA and 2-AG are oxygenated to PGG, and PGG,-G,
respectively, and both endoperoxides are efficiently reduced to
PGH, and PGH,-G.

Parallel experiments were performed with Mn-PGHS-2,
which exhibits peroxidase activity >200-fold lower than Fe-
PGHS-2 but retains full cyclooxygenase activity (25). Incuba-
tions of AA and Mn-hPGHS-2 generated LC/MS profiles
exhibiting a major peak at 7.2 min with m1/z 386 that coeluted
with a commercial sample of PGG,. A small peak of PGH, was
detected at 6.8 min, and minor peaks at 5.4-5.9 min corre-
sponded to hydroperoxy-PGs. Incubations of 2-AG and Mn-
hPGHS-2 generated LC/MS profiles exhibiting a major peak at
6.6 min with an m/z 460 corresponding to PGG,-G. A small
peak of PGH,-G was observed at 6.2 min, and a trace peak at 5.4
min corresponded to hydroperoxy-PG-Gs. These experiments,
although qualitative, indicate that PGG,-G and PGH,-G are
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detectable in incubations of 2-AG with hPGHS-2 and that
PGG,-G is efficiently reduced to PGH,-G by the peroxidase
activity of hPGHS-2. The results support the conclusions sum-
marized in Table 1 that the glyceryl esters of 15-HPETE and
PGG, are comparable with the free acids as substrates for the
peroxidase activity of PGHS-2.

Activation of the Oxygenase Activity in oPGHS-1 and
mPGHS-2 by 15-HpETE and 15-HpETE-G—After establishing
the steady-state kinetics for the reduction of 15-HpETE and
15-HpETE-G by the peroxidase activities of oPGHS-1,
hPGHS-2, and mPGHS-2, we evaluated the ability of
15-HpETE and 15-HpETE-G to activate oPGHS-1- and
mPGHS-2-mediated oxygenation of AA in the presence of
NaCN, as described under “Experimental Procedures.” High
concentrations of CN™ bind to the active site heme of PGHS
and inhibit cyclooxygenase activation, leading to a lag phase in
reaction progress curves. This can be overcome by addition of
hydroperoxide activators. The time taken to achieve maximal
rate was plotted against the concentration of exogenous perox-
ide added (Fig. 3). 15-HpETE and 15-HpETE-G demonstrated a
concentration-dependent diminution in the time taken to
achieve maximal turnover of AA with both oPGHS-1 (Fig. 34)
and mPGHS-2 (Fig. 3B). These results are consistent with the
peroxidase kinetics for oPGHS-1, where 15-HpETE and
15-HpETE-G did not differ in efficiency as peroxidase sub-
strates. Likewise, there was no statistically significant differ-
ence in the ability of 15-HpETE and 15-HpETE-G to activate
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FIGURE 3. Activation of oxygenase activity in oPGHS-1 (A) and mPGHS-2
(B) by 15-HpETE and 15-HpETE-G. A lag was induced in the turnover of AA
by incubating either oPGHS-1 (60 nm, A) or mPGHS-2 (120 nm, B) in standard
assay buffer containing 250 mm NaCN. Lag time was defined as the time to
maximal rate of oxygen consumption. Lag time was plotted against the final
concentration of either 15-HpETE (M) or 15-HpETE-G (A) in the cuvette. The
lag timeinthe absence of 250 mm NaCN and exogenous peroxide (¥) was also
plotted. The data are from triplicate determinations and are reported as
mean = S.E. (error bars). The differences between the curves were not statis-
tically significant.

mPGHS-2, despite the difference observed in the steady-
state kinetics for reduction of 15-HpETE versus 15-
HpETE-G (Table 1). Therefore, AA- and 2-AG-derived
hydroperoxides are equivalent activators of cyclooxygenase
activity for both PGHS-1 and PGHS-2.

Reduction of 15-HpETE and 15-HpETE-G by GPx—Addition
of high concentrations of GSH and GPx inhibits cyclooxyge-
nase activation by scavenging fatty acid hydroperoxides before
they can react with the PGHS active site heme. Prior to evalu-
ating the impact of GSH/GPx on cyclooxygenase activity, we
compared the ability of GSH/GPx to reduce 15-HPETE and
15-HPETE-G, as described under “Experimental Procedures”
(data not shown). 15-HpETE appeared to be a better substrate
for GPx as judged by the extent of GSH oxidation, but kinetic
parameters could not be determined because of the limit of the
solubility of the substrates. In fact, the critical micelle concen-
tration for 15-HpETE-G is ~70 um (data not shown). Thus, it
appears as though AA-derived hydroperoxide is a better sub-
strate for GPx than 2-AG-derived hydroperoxide.

GPx-mediated Suppression of the Oxygenation of AA and
2-AG by mPGHS-2 and hPGHS-2—When mPGHS-2 or
hPGHS-2 was incubated with increasing concentrations of
GPx in the presence of 1 mM GSH, the relative reduction in
the rate of oxygenation of 2-AG was significantly greater
than the reduction in the rate of oxygenation of AA (Fig. 4).
The decrease in oxygenase activity was dependent on the
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FIGURE 4. Suppression of the oxygenation of AA and 2-AG by GPx-GSH.
mPGHS-2 (400 nm, A) or hPGHS-2 (400 nm, B) was incubated with increasing
concentrations of GPx (0-160 units) in standard assay buffer, and AA (V) or
2-AG (M) was added to 50 um as described under “Experimental Procedures.”
The maximal rate of oxygen consumption relative to the control (no GPx) was
plotted against the concentration of GPx. Data are from triplicate determina-
tions. Asterisks indicate statistically significant differences in the relative rate
of oxygen consumption between AA and 2-AG (Student’s t test, unpaired,
two-tailed; *, p < 0.05; **, p < 0.001; ***, p < 0.0001).
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FIGURE 5. Oxygenation of AA and 2-AG by H388Y mPGHS-2. 400 nm WT
mPGHS2 was incubated with a 50 um concentration of either AA (solid line) or
2-AG (broken line), in standard assay buffer, as described under “Experimental
Procedures.” For comparison, H388Y mPGHS2 was incubated with a 50 um
concentration of either AA (solid line) or 2-AG (broken line), in standard assay
buffer as described under “Experimental Procedures.” Traces are representa-
tive of triplicate determinations. In a single experiment, the end point values
for each curve varied by no more than 5%.
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FIGURE 6. Comparison of the production of PGG, and PGG,-G on incubation of AA and 2-AG with H388Y mPGHS-2. The levels of PGG, and PGG,-G
produced by the oxygenation of AA and 2-AG over the course of oxygenation by H388Y mPGHS-2 were determined as described under “Experimental
Procedures.” PGG, eluted at 7.21 min and PGG,-G at 6.61 min. PGH, eluted at 5.9-6.1 min.

concentration of GPx incubated with either mPGHS-2 or
hPGHS-2 (Fig. 4). These experiments show that the oxygen-
ation of 2-AG, relative to AA, demonstrates greater sensitiv-
ity to suppression by GPx.

Oxygenation of 2-AG by Purified Recombinant H388Y
mPGHS-2—Because the oxygenation of 2-AG appears more sen-
sitive to peroxide tone than the oxygenation of AA, we investigated
2-AG oxygenation by an mPGHS-2 mutant (H388Y) that has
greatly diminished peroxidase activity (12). Fig. 5 displays the oxy-
genation of AA and 2-AG by purified recombinant mPGHS-2 and
purified recombinant H388Y mPGHS-2. The turnover of AA by
H338Y mPGHS-2 displays a characteristic lag in its initial trajec-
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tory relative to the wild-type mPGHS-2 (Fig. 5), reflective of the
diminished peroxidase activity of the mutant enzyme which
results in reduced activation of cyclooxygenase activity (12).
Despite this lag, the final extent of oxygenation of AA by H388Y
mPGHS-2 was the same as that by wild-type mPGHS-2, once full
activation was achieved. In contrast, the turnover of 2-AG by
H388Y was severely diminished relative to the turnover of 2-AG by
wild-type mPGHS-2 (Fig. 5). Neither a clear-cut lag phase nor an
accelerative phase in oxygenation was observed. This result, along
with the finding that 2-AG turnover was more sensitive to GPx
suppression, indicated that 2-AG oxygenation is more sensitive to
peroxide activation than AA oxygenation.
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FIGURE 7. Stimulation of oxygenation of 2-AG by H388Y mPGHS-2 by 15-HpETE and 15-HpETE-G. 400 nm WT mPGHS2 was incubated with 50 um 2-AG
(solid lines), in standard assay buffer, as described under “Experimental Procedures.” A, for comparison, H388Y mPGHS-2 was incubated with 50 um 2-AG alone
(broken lines), or with either 32 um 15-HpETE (solid line) or 32 um 15-HpETE-G (broken line) in standard assay buffer as described under “Experimental Proce-
dures.” B, a plot of the rate of H388Y mPGHS-2-mediated 2-AG turnover, relative to that of wild-type mPGHS-2, was generated over a range of concentrations
(4-32 um) of either 15-HpETE (M) or 15-HpETE-G (A). Data are from triplicate determinations and are reported as mean = S.E. (error bars). The differences

between 15-HpETE and 15-HpETE-G were not statistically significant.

These results were supported by endoperoxide profiling of
H388Y catalysis (Fig. 6). In incubations of AA and H388Y, a
peak at 7.2 min with m/z 386 corresponding to PGG, was
observed and increased at longer times. No peak was observed
for PGH, with m/z 370, which is consistent with the dramati-
cally reduced peroxidase activity of the H388Y mutant. In con-
trast, the peak at 6.6 min with m/z 460, which corresponds to
PGG,-G, was present in very low abundance and scarcely
increased with longer incubation times. This indicates that
PGG,-G levels never approached those of PGG,. Thus, the per-
oxide tone necessary to initiate the accelerative phase of the
cyclooxygenase reaction could not be achieved when 2-AG was
the substrate.

Stimulation of 2-AG Oxygenation by Purified Recombinant
H388Y mPGHS-2 via 15-HpETE and 15-HpETE-G—The
severe impairment in the oxygenation of 2-AG by H388Y
mPGHS-2 could be due to reduced peroxidase activation of
cyclooxygenase activity or to differences in substrate-enzyme
interaction. To test the role of reduced peroxidase activation,
we incubated H388Y mPGHS-2 with increasing concentrations
of either 15-HpETE or 15-HpETE-G. Fig. 7A demonstrates that
incubation with either 32 um 15-HpETE or 32 um 15-HpETE-G
led to increases in the rate and extent of 2-AG oxygenation to
those observed with wild-type enzyme. The recovery of 2-AG
oxygenation by H388Y mPGHS-2 was dependent on the con-
centration of 15-HpETE and 15-HpETE-G, with both demon-
strating comparable capacity to overcome the lack of 2-AG
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turnover (Fig. 7B).). Although other factors may be at play in the
diminished turnover of 2-AG by H388Y mPGHS-2, these data
indicate that a major determinant of the diminished turnover of
2-AG by H388Y mPGHS-2 is due to a constant requirement for
peroxide for 2-AG turnover. Furthermore, these data provide fur-
ther verification that exogenously provided 15-HpETE and
15-HpETE-G are equivalent activators of cyclooxygenase activity.

Effect of shRNA Silencing of GPx4 and GPx1 on Cellular PG
and PG-G Synthesis—To probe the effect of peroxide tone on
cellular PGHS-2 action, we silenced the phospholipid hydroperox-
ide-specific GPx4, which may play a role in regulating hydroper-
oxide levels in membrane compartments. In parallel, GPx1, which
is the major cytosolic GPx, was silenced. shRNA-mediated GPx
depletion was determined by immunoblotting for each respective
GPx. Relative to the scrambled control, a knockdown of ~75% of
GPx4 and ~50% of GPx1 was achieved (Fig. 8).

Determination of the Effect of GPx4 and GPx1 Knockdown on
Peroxide Tone and Oxidant Stress—Following the determina-
tion that substantial depletion of GPx4 and GPx1 was achieved,
we evaluated the levels of lipid peroxidation in each cell line as
described under “Experimental Procedures.” Flow cytometric
analysis of BODIPY-treated cells revealed a 3-fold higher level
of lipid peroxidation in anti-GPx4 shRNA-treated fibroblasts
relative to scrambled control shRNA-treated fibroblasts (Fig.
9). Interestingly, examination of the histograms from the
BODIPY assay indicates that the anti-GPx4 shRNA-treated
fibroblasts display a bimodal distribution in the population.
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FIGURE 8. Determination of the levels of GPx1 and GPx4 following shRNA-mediated silencing. A and B, immunoblots for GPx1 and GPx4 in NIH/
3T3 fibroblasts transfected with shRNA plasmids to silence GPx1 and GPx4 as described under “Experimental Procedures.” C, densitometry quantification of
results from the immunoblots. Asterisks indicate statistically significant differences in the levels of GPx1 and GPx4 in GPx1 and GPx4 shRNA-transfected NIH/3T3
fibroblasts, relative to the scrambled shRNA (negative control) (Student’s t test, unpaired, two-tailed, **, p < 0.001). Values are reported as mean * range of

duplicate determinations.

Part of this population extends past the threshold of transition
from red to green fluorescence, P1, indicating that a significant
proportion of these cells is exhibiting a shift in fluorescence
away from base line, indicative of increased BODIPY oxidation
(21). This is in comparison with scrambled control and anti-
GPx1 shRNA-treated fibroblasts. Furthermore, measurement
of levels of the oxidant stress biomarker, 8-isoprostane,
revealed that anti-GPx4 shRNA-treated fibroblasts demon-
strate statistically significantly higher levels of this marker rel-
ative to scrambled control and anti-GPx1 shRNA-treated fibro-
blasts (Fig. 10). The similarity in the extent of oxidant stress in
anti-GPx1 shRNA-treated fibroblasts and scrambled shRNA-
treated cells suggests that GPx1 is not involved in protecting
cells against lipid peroxidation or that the activity of GPx1 was
not sufficiently decreased at this level of knockdown to observe
an effect on oxidant stress parameters.

Determination of the Effect of GPx4 and GPx1 Knockdown on
PG and PG-G Synthesis—Following the demonstration that
depletion of GPx4 could lead to increased lipid peroxidation,
we determined the effect of increased peroxide tone on PG and
PG-G synthesis. Addition of 12-O-tetradecanoylphorbol-13-
acetate and ionomycin stimulated the production of PG and
PG-Gs from endogenous sources. Scrambled control, anti-
GPx1, and anti-GPx4 shRNA-treated fibroblasts all demon-
strated similar levels of PG synthesis (Fig. 10). In contrast, the
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two major species of PG-Gs generated by fibroblasts, PGE,-G
and PGF, -G, were elevated 2- and 4-fold, respectively, in anti-
GPx4 shRNA-treated fibroblasts, relative to the scrambled con-
trol shRNA-treated fibroblasts. Anti-GPx1 shRNA-treated
fibroblasts, which did not show increases in oxidative stress
parameters, did not differ from scrambled shRNA-treated cells
with regard to PG-G synthesis.

DISCUSSION

The present study compared the ability of hydroperoxide
derivatives of AA and 2-AG to serve as substrates for the per-
oxidase activities of PGHS-1 and PGHS-2 and as activators of the
cyclooxygenase activities of both enzymes. The results clearly
show that the 15-hydroperoxy derivatives of both molecules are
similar in their efficiencies as substrates for the PGHS-1 and
PGHS-2 peroxidases, and that, when added exogenously, they
activate the cyclooxygenase activities of the two enzymes equiva-
lently with AA as the substrate (Table 1 and Fig. 7). The k_,,./K,,
values for oxidation of ABTS by the peroxidase activity of PGHS-1
and PGHS-2 are similar for 15-HPETE and 15-HPETE-G,
although there are some differences (Table 1). oPGHS-1 exhibits a
k.../K,, for 15-HPETE-G that is not statistically significantly
higher than that for 15-HPETE, whereas mPGHS-2 exhibits a
k.../K,, for 15-HPETE that is nearly 3-fold higher than for
15-HPETE-G. Ultimately, these differences in steady-state kinet-
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FIGURE 9. Effect of shRNA-mediated silencing of the GPx system on peroxide tone in murine NIH/3T3 fibroblasts. Lipid peroxidation was assayed using
the membrane-specific dye BODIPY and flow cytometry as described under “Experimental Procedures.” A, histograms of 10,000 cell counts for each shRNA-
treated cell line. A larger proportion of anti-GPx4 shRNA-transfected 3T3 fibroblasts demonstrates a green fluorescence shift from red as BODIPY is oxidized
past the threshold P1 (**, p < 0.001). B, quantitation of the proportions of cells shifting fluorescence past the threshold (P1) (**, p < 0.001). S.E. C, assay of the
oxidative stress marker, 8-IsoP, in the control, anti-GPx1- and anti-GPx4-transfected fibroblasts (Student’s t test, unpaired, two-tailed. ***, p < 0.0001). Values

are reported as mean = S.E. (error bars).

ics did not correlate with any differences in activation of the
respective enzyme cyclooxygenase activities (Figs. 3 and 7).
Although hydroperoxy derivatives of 2-AG and AA are
equivalent in their ability to activate PGHS-1 and PGHS-2, we
discovered significant differences between the sensitivity of
oxygenation of 2-AG and AA to conditions of limiting peroxi-
dase-dependent activation. This was unanticipated because
2-AG and AA have similar k_, /K, values for oxidation by
human or mouse PGHS-2 (10). However, reduction of peroxi-
dase-dependent cyclooxygenase activation by hydroperoxide
scavenging with GSH and GPx or utilization of an mPGHS-2

37392 JOURNAL OF BIOLOGICAL CHEMISTRY

mutant (H388Y) with significantly reduced peroxidase activity
disproportionately affects 2-AG oxygenation compared with
that of AA. This is especially dramatic in experiments with the
H388Y mutant (Fig. 5). As reported previously, oxygenation of
AA by this mutant occurs with a pronounced lag phase, but
eventually an accelerative phase of oxygenation occurs, and the
extent of reaction equals that observed with AA by wild-type
PGHS-2 (12). In contrast, the lag phase for oxygenation of 2-AG
by H388Y is so pronounced that an accelerative phase is not
observed, and the enzyme never attains a robust rate of 2-AG
oxygenation (Fig. 7).
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FIGURE 10. Impact of shRNA-mediated silencing of the GPx system on PG and PG-G production by murine 3T3 fibroblasts. shRNA-transfected 3T3 fibroblasts
were stimulated as described under “Experimental Procedures,” and culture medium was analyzed as described for PG and PG-G production. Asterisks indicate
statistically significant differences in the levels of PG-Gs measured from GPx4 and scrambled shRNA-transfected NIH/3T3 fibroblasts, relative to the scrambled shRNA
(negative control) NIH/3T3 fibroblasts (Student's t test, unpaired, two-tailed, ***, p < 0.0001). Values are reported as mean = S.E. (error bars).

The inability of H388Y to oxygenate 2-AG, which is due to a
rate of hydroperoxide generation from 2-AG insufficient to
rapidly activate other inactive PGHS-2 molecules (Fig. 6), is
overcome by the addition of hydroperoxide (Fig. 7). This sug-
gests the reduced peroxidase-dependent cyclooxygenase acti-
vation by H388Y is the major determinant of reduced 2-AG
oxygenation by this mutant. Although the k_,,/K,,, values of AA
and 2-AG oxygenation by wild-type PGHS-2 are similar,
there are differences in their oxygenation that are only
unmasked under conditions of peroxidase deficiency. This
inherent difference in the requirement for sustained activa-
tion of oxygenation with 2-AG relative to AA explains why
2-AG oxygenation demonstrates sensitivity to decreased
peroxide tone. Other factors may also contribute to the
diminished oxygenation of 2-AG by H388Y, but the ability of
hydroperoxides to restore wild-type levels of oxygenation
suggests that the major factor is diminished hydroperoxide-
dependent cyclooxygenase activation.

The increased sensitivity of 2-AG relative to AA to reduced
peroxide tone is reminiscent of the behavior of eicosapen-
taenoic acid with PGHS-1. Eicosapentaenoic acid is a poor sub-
strate for oxygenation by PGHS-1, but its oxidation is stimu-
lated by exogenous peroxide (26). Examination of the crystal
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structure of eicosapentaenoic acid with PGHS-1 demonstrates
a shift in the conformation of Tyr-385 from its critical position
near the 13-pro-S-hydrogen, leading to poor initiation of eico-
sapentaenoic acid oxygenation relative to AA (27). Recent crys-
tallographic studies of 1-AG bound to Co®"-murine PGHS-2
reveal that the endocannabinoid binds in a productive confor-
mation in one subunit and a nonproductive conformation in
the other subunit of the homodimer. The differences between
the productive and nonproductive conformations involve the
extent to which the w-end of the substrate inserts into the
hydrophobic channel above Ser-530 (28). There also appear to
be slight differences in the productive conformations of 1-AG
and AA bound to Co®*-PGHS-2 with regard to the alignment
of the 13-pro-S-hydrogens of the two substrates with Tyr-385
(28). These subtle conformational differences may make the
individual steps in oxygenation of endocannabinoid substrates
less efficient than the same steps in the oxygenation of AA. For
example, suboptimal alignment of Tyr-385 or the Tyr-385
tyrosyl radical with either 2-AG/1-AG or transient intermedi-
ates in PGG,-G generation could slow the rate of the individual
steps in oxygenation such as the regeneration of the catalyti-
cally active tyrosyl radical at the end of oxygenation. Release of
a PGG,-G peroxyl radical before oxidation of Tyr-385 would

JOURNAL OF BIOLOGICAL CHEMISTRY 37393



PGHS-2 Oxygenation of 2-AG

result in inactive enzyme that would need to be activated by
another molecule of hydroperoxide. This would explain the
increased need for peroxide in the oxygenation of 2-AG relative
to AA, reflecting a continued need to regenerate the Tyr-385
radical by the peroxidase activity.

Statistically significant increases in lipid peroxidation and oxi-
dative stress were observed in anti-GPx4 shRNA-transfected
murine 3T3 fibroblasts. This was associated with up to a 4-fold
increase in PG-G production over both scrambled shRNA and
anti-GPx1 shRNA-transfected fibroblasts. These cellular data are
in line with previous demonstrations that increased peroxide scav-
enging by the endogenous peroxide detoxification mechanism
(the GPx family) can lead to decreased prostanoid production,
directly due to decreased peroxide tone and oxidant stress (29).
Here we extend that finding to the endocannabinoid, 2-AG, and
propose that under states of inflammation, where oxidant stress is
high, oxygenation of 2-AG by PGHS-2 may be augmented. This
increased endocannabinoid oxygenation may be an important
contributor to a pain response due to increased degradation of the
analgesic 2-AG and the generation of hyperalgesic and allodynic
PG-Gs such as PGE,-G (9).
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