9578 Biochemistry2007,46, 9578-9585

Hydrolysis of Prostaglandin Glycerol Esters by the Endocannabinoid-Hydrolyzing
Enzymes, Monoacylglycerol Lipase and Fatty Acid Amide Hydrolase

Andrew Vilaj} Anja Rosengartfi,Daniele Piomelll, Benjamin Cravatt, and Lawrence J. Marnett*

A. B. Hancock Jr. Memorial Laboratory for Cancer Research, Departments of Biochemistry, Chemistry, and Pharmacology,
Vanderbilt Institute of Chemical Biology, Center in Molecular Toxicology, and Vanderbilt-ingram Cancer Center, Vanderbilt
University School of Medicine, Nasille, Tennessee 37232-0146, Department of Molecular Biology and Biochemistry,

University of California, Iwine, California 92697-4260, Departments of Pharmacology and Biological Chemistrygksity of
California, Irvine, California 92697-4260, and Departments of Cell Biology and Chemistry, Skaggs Institute for Chemical
Biology, The Scripps Research Institute, BCC 159, 10550 North Torrey Pines Road, La Jolla, California 92037

Receied March 27, 2007; Resed Manuscript Receéd June 11, 2007

ABSTRACT: Cyclooxygenase-2 (COX-2) can oxygenate the endocannabinoids, arachidonyl ethanolamide
(AEA) and 2-arachidonylglycerol (2-AG), to prostaglandip-ethanolamide (PGHEA) and -glycerol

ester (PGHG), respectively. Further metabolism of P&HA and PGH-G by prostaglandin synthases
produces a variety of prostaglandin-EA’s and prostaglandin-G’s nearly as diverse as those derived from
arachidonic acid. Thus, COX-2 may regulate endocannabinoid levels in neurons during retrograde signaling
or produce novel endocannabinoid metabolites for receptor activation. Endocannabinoid-metabolizing
enzymes are important regulators of their action, so we tested whether PG-G levels may be regulated by
monoacylglycerol lipase (MGL) and fatty acid amide hydrolase (FAAH). We found that PG-Gs are poor
substrates for purified MGL and FAAH compared to 2-AG and/or AEA. Determination of substrate
specificity demonstrates a 3Q00- and 156-200-fold preference of MGL and FAAH for 2-AG over
PG-Gs, respectively. The substrate specificity of AEA compared to those of PG-Gs20&s 300 fold

higher for FAAH. Thus, PG-Gs are poor substrates for the major endocannabinoid-degrading enzymes,
MGL and FAAH.

COX-2 can oxygenate arachidonylethanolamide (AEA) plasma fi» ~ 14 s 6)]. In contrast to PG-Gs, PG-EAs are
and 2-arachidonylglycerol (2-AG) to prostaglandip-étha- relatively stable to hydrolysis in rat whole blodg) (Instead,
nolamide (PGHEA) and -glycerol ester (PGHG), respec- PGE-EA undergoes slow dehydration and/or isomerization
tively (1, 2). Prostaglandin isomerases/synthases metabolizeto produce PGBEA (approximately two-thirds of the
the PGH-derived species to the corresponding BGESD,, starting material converted over 40 h at 37) (6).

PGR., and PG}, (but not TxAy) ethanolamides or glyceryl Although previous cellular studies demonstrate PG-G
esters in vitro§). Peritoneal macrophages synthesize PGE  formation @, 5), evidence for the production of these species
and PGLG in response to zymosan treatment, and RAW i, jntact tissue is lacking. However, it has been shown that
264.7 cells synthesize PGIB when exposed to ionomycin - cox.2 participates in regulating 2-AG levels in neurons
following lipopolysaccharide and interfergnpretreatment during retrograde signaling’), and COX-2 metabolites of
(4,5). An important consideration when assessing the impact 5_a 5" metabolism (PGEG, DG, and F.-G) increase the
of PG-G synthesis in cells or tissues is the rate of degradationfrequency of miniature inhibitory postsynaptic currents in
of this bioactive lipid. For example, primary macrophages primary hippocampal neurons3)( This latter effect is

g%not(;s!gnlflqz?tly degt:alt_je ZG'GS fover sgc\j/eral hours, butjnjenendent of endocannabinoid and prostanoid signaling
B-G s rapidly metabolized to its free acid species in rat pathways. However, it appears that COX-2 inhibitors specif-
Thi . ed b o < from the National ically block inhibitory retrograde signaling in the hippo-
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amide hydrolase (FAAH). MGL is responsible for the and centrifugation (2500 rpm for 2 min). The lower phase
degradation of monoacylglycerols, such as 2-AG, in the brain was removed, and the upper phase was reextracted with 500
(11). FAAH degradedN-acyl ethanolamides such as AEA uL of chloroform. The extract was dried under argon and
but also degrades 2-AG in vitrd?). Both of these hydrolase  then redissolved in 106L of a distilled HLO/MeOH mixture
enzymes regulate the levels of endocannabinoids (2-AG and(3:7, v:v) for HPLC-UV analysis.
AEA) during retrograde synaptic signaling in the hippo-  Reactions that included PG-Gs were quenched with
campus T, 13). Recently, it was reported that the COX addition of 1.6 volumes of ice-cold 20 mM ammonium
products of 2-AG and AEA only slightly inhibit degradation acetate (pH 4.0). The samples were then loaded onto HLB
of 2-oleoylglycerol (2-OG) and AEA by cytosolic (MGL-  Oasis columns (30 mg capacity; Waters) and washed
containing) and membrane (FAAH-containing) fractions successively with 1 mL each of 0.2% aqueous acetic acid
isolated from rat brain cerebellum, respectively)( Simi- and 0.2% aqueous acetic acid with 10% MeOH, and then
larly, another study showed that the ethanolamide derivativesPG-Gs and PGs were eluted with 1 mL of 100% MeOH.
of PGE, PGD,, and PGk, were unable to inhibit AEA  The extracts were dried under argon, redissolved in 00
hydrolysis by FAAH activity (5). Therefore, PG-Gs and of a distilled HO/MeOH mixture (7:3, v:v), and analyzed
PG-EAs may weakly interact with MGL and FAAH. This by HPLC with evaporative light scattering detection (ELSD)
study evaluates the ability of MGL and FAAH to degrade as described below. Quantification of PG-Gs was carried out
PG-Gs in vitro. The hydrolysis of PG-Gs was tested with relative to the appropriate internal standard (e.g., PEA
purified MGL and FAAH, and the efficiency of catalysis was used for PGEG). PG was used as an internal
for PG-Gs was shown to be much lower compared to that standard for PGEand PGE, quantification, and PGEvas
of 2-AG and/or AEA. used for an internal standard for Pgduantification. Internal
standards in MeOH were added in 2 aliquots to
MATERIALS AND METHODS guenched reaction mixtures. PG-EA and PG free acid internal
Materials.PGB, PGBk-ds4, PGD,, PGRy, PGB-G, PGD- standards were added to each reaction mixture (e.g., 25 and
G, PGRy-G, PGE-EA, PGD-EA, PGRy-EA, 2-AG, AEA, 1.25 nmol per reaction and 50 and 26! for PG-EA and
AA, and dihomolinolenic acid (LLA) were obtained from PG free acid, respectively). PG-EAs were used as internal
Cayman Chemical Co. (Ann Arbor, Ml). PGE-ds was standards because they are stable in brain homogenates that
synthesized as described previousy HPLC solvents were  contain FAAH and MGL over several hours. All reactions
purchased from Fisher Scientific (Chicago, IL). PEEK tubing were performed in triplicate.
and fittings were purchased from Upchurch Scientific (Oak  Hydrolysis of PG-G, 2-AG, and AEA with FAAH was
Harbor, WA). Rat brain MGL was cloned and expressed in performed in 125 mM Tris (pH 9.0) and 1 mM EDTA with
COS-7 cells 16) and purified in the Piomelli laboratory. Rat  0.1% Triton X-100 (v:v) at 37°C as previously described
liver FAAH was expressed ikscherichia coliand purified (17). Time points of 0, 5, 10, and 30 min were used to
as described previously in the Cravatt laborataty)( A determine FAAH concentration dependence{@®5ug/mL).
Luna C18 column (10 cnx 2.0 mm, 3um particle size) To determine substrate concentration dependence] @80
was obtained from Phenomenex (Torrance, CA). HLB oasis uM AEA and 2-AG and 25-2000uM for PG-Gs were used
columns were from Waters Chromatography (Milford, MA). with 1 ug/mL FAAH. Also, substrate concentration
PGE>-G, 2-AG, and AEA Hydrolysis Assaiydrolysis dependence hydrolysis rates for AEA and 2-AG were
of PGE-G, PGD-G, PGRy-G, and 2-AG by purified rat  determined after incubation for 5 min, whereas rates for
brain MGL was assayed in 50 mM potassium phosphate (pHPG-G hydrolysis were determined after 30 min (both
8.0) as described previousht&). MGL was incubated at  hydrolysis rates were linear up to these time points). 2-AG
37 °C for 2 min prior to the addition of substrates. All or AEA was extracted with CHGland MeOH as described
substrates were prepared as %0ftock solutions in MeOH  above for the MGL assay and analyzed by HPL@V, and
and diluted to 1% (v/v) in 50@L of reaction mixture. MGL samples containing PG-Gs were extracted as described above
concentration-dependent hydrolysis of & 2-AG or and analyzed by HPLEELSD.
PGE-G was assessed with 0:38.5 ug/mL MGL in 500 Hydrolysis of PG-Gs in RAW 264.7 CelRAW 264.7
ulL at time points of 0, 5, 10, and 30 min at 3€. Substrate  cells were obtained from the American Type Culture
concentration-dependent hydrolysis rates were determinedCollection. The cells were maintained in Dulbecco’s modi-
with 2—100uM 2-AG and 25-400uM PGE,;-G using 0.35 fied Eagle’s medium (DMEM) supplemented with GlutaMax,
and 0.7ug/mL MGL, respectively. Time points for the high glucose, sodium pyruvate, and pyridoxine HCI (Invit-
substrate concentration dependence with MGL were 30 minrogen, Grand Island, NY) containing 10% heat-inactivated
for 2-AG and 60 min for PGEG (both hydrolysis rates were  fetal calf serum (FCS) (Atlas, Fort Collins, CO) (DMEM/
linear up to these time points). Samples containing 2-AG FCS). Cells at 90% confluency were passaged into 35 mm
were quenched with 1 volume of an ice-cold ChEleOH plates at a density of & 10° cells/mL in 1 mL of DMEM/
solution (2:1, v:v) containing 1@M butylated hydroxyani- FCS as previously describeild). After incubation for 2 h,
sole (BHA, Sigma, St. Louis, MO.). BHA was added to 1 mL of DMEM/FCS containing 40 ng/mL GM-CSF was
minimize autoxidation of polyunsaturated fatty acid chains added to each plate for an additional 22 h. Subsequently,
of 2-AG, AEA, AA, and LLA. For 0 min time points, the medium was aspirated and 2 mL of fresh DMEM/FCS
substrate was added to reaction buffer containing 1 volume containing 20 ng/mL GM-CSF, 100 ng/mL lipopolysaccha-
of CHCIg/MeOH (2:1, viv) on ice. LLA (25 nmol per ride, and 10 ng/mL interferop-was added. RAW cells were
reaction; 5«M final concentration) was added as an internal incubated for an additiom& h followed by aspiration of
standard to quantify formation of AA from 2-AG hydrolysis. the medium and two washes with calcium- and magnesium-
Distilled H,O (250 uL) was added followed by vortexing free phosphate-buffered saline (PBS) (pH 7.4). Fresh DMEM
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(1 mL) was added followed by 1 mL of DMEM with 1% £ 04 e LA A 50

DMSO (v:v) containing either 100 nM PG> or 2 uM éos v V 120

2-AG to start the reaction. The amount of PSEds 8 90

remaining was assayed at 0, 0.5, 1, 2] drh intervals. At g o2 AA % o

each time point, the medium was removed and spiked with € °* v 30

deuterated internal standards, BG6-ds (50 pmol/mL) and § 0. J A o M
PGE-d, (50 pmol/mL), and 1QuL of glacial acetic acid. 0 1 2 3 4 5 6 0 2 4 6 8 10 12 14

The samples were loaded onto HLB Oasis columns followed Ret Time (min) Ret Time (min)
by washing and elution steps as described above. Driedg **
samples were redissolved in a distilled®MeOH mixture w 03
(65:35, v:v) and analyzed by HPLC with electrospray
ionization tandem mass spectrometry (EESI-MS/MS).

D
PGE,EA ||PGE,-G

sorbance (20
o
N

- . 0.1 PGE
For 2-AG-containing samples, the medium was removed ¥o?
at 0, 5, 10, 20, 30, and 60 min intervals and added to 1 mL < °'°° A — Pressreseriiere—"
. e .. 0 2 4 6 8 10 12 14
of ice-cold acetonitrile (ACN) containing deuterated stan- Ret Time (min) Ret Time (min)

dards, 2-AGes (100 ng/mL) and AAds (10 ng/mL), an_d Ficure 1: MGL degradation of 2-AG and PGHEs. Panels A and

10 uM BHA. Subsequently, RAW cells were scraped into ¢ represent 2-AG hydrolysis in the absence and presence, respec-
500uL of ice-cold MeOH (two times) and added to the same tively, of 0.7 ug/mL MGL after incubation for 10 min. The HPLC
collected medium. The lipids were extracted twice with 5 chromatograms for panels A and C show 2-AG and 1(3)-AG (2.3
mL of an ethyl actetate/hexane/acetic acid mixture (9:1:0.01, _’pr']g)1p§§k(g-t61fg'”n){ma?: S;f;%fl“g|'g0|$rfi‘t'gna§('dlc()|6Lﬁg n(14't?1em;rt]c))'ck
v:v.v). The sample was dried under argon, redissolved in 1 oo™ Vst 5 AG and LLA were both added at 501 (5

mL of an ethyl acetate/methanol/acetic acid mixture (95:5: nmol on column). The amount of AA formed 30 min after the
0.1, v:viv), and loaded onto unconditioned silica Sep-Pak injection was 14.7uM (1.47 nmol on column). Panels B and D
columns from Waters. The same solvent was used to washrepresent PGEG hydrolysis in the presence of 0.7 and AgmL

the Sep-Pak columns (three times). Both breakthrough andMGL, respectively, after incubation for 30 min. The HPLC

- . . chromatograms in panels B and D show R@&A (8.1 min),
wash fractions then were combined, dried under argon, andPGEz_G (8.5 min), and PGE(9.0 min). The ELSD drift tube

redissolved in 10@L of a distilled HO/MeOH mixture (25:  temperature was set to B€; the nitrogen source was set to 2.4
75, v.v) for LC-ESI-MS/MS analysis. psi, and the gain was set to 6 mV. PSEA and PGE-G were

i S both at 50uM (5 nmol on column). The levels of PGEormed
URB-602 [a specific MGL inhibitor13)] Wa§ u;ed to test after 30 mi!é in(panels B and D we)re 3.0 and 8N\, restectiver
whether PGEG-ds was a substrate for MGL in intact RAW (0,30 and 0.86 nmol on column, respectively).
cells. URB-602 (10xM) was added to pretreated RAW cells
in 1 mL of DMEM with 1% DMSO (v:v) for 15 min.
Subsequently, 1 mL of either PGE-ds (100 nM) or 2-AG
(2 uM) was added to RAW cells in DMEM for a final
concentration of 50 nM or &M, respectively. The amount

of 2-AG or PGE-G-ds remaining was determined in the

HPLC AnalysisAnalysis of prostanoids was accomplished
by reverse-phase (RP) HPEELSD, and endocannabinoid
analysis was achieved via RP HPEOV. The HPLC system
used was a Waters 2695 separation module with an autosam-
. pler and pump. Resolution of PG-EAs, PG-Gs, and PGs was
presence or absence of URB-602 after 1 or 4 h, respectively.a¢torded by isocratic elution on a Phenomenex Luna C18
All reactions were performed in triplicate. column (100 mmx 2.0 mm, 3um particle size) at a column

Metabolism of PGEG in Brain Particulate FractionsA temperature of 40C. For the assay of PG-G hydrolysis,
10% homogenate of dog brain frontal cortex in lysis buffer two different conditions were used. The first condition
[20 mM Tris-HCI buffer (pH 7.5) containing 0.32 M sucrose, quantified both the degradation of P&& and the formation
1 mM EDTA, and 2.5 mM DTT] was produced with a of PGE. Solvent A was distilled kD with 0.1% acetic acid,
polytron homogenizer (model PCU11, VWR, West Chester, and solvent B was ACN with 0.1% acetic acid. The samples
PA). Unbroken cells and nuclei were removed by centrifuga- were injected onto the column at a solvent composition of
tion (50Qy for 10 min at 4°C), and the supernatant was 80% A and 20% B with a flow rate of 0.3 mL/min. After a
recovered as the crude homogenate. The crude homogenat& min hold under the same solvent conditions, the level of
was centrifuged (1800@Cor 50 min at 4°C), and the pellet  solvent B was linearly increased from 20 to 50% over 3 min
was recovered as the particulate fraction. The particulate and then held at 50% for an additional 5 min, at which time
fraction was then adjusted to 0.1 mg/mL protein in 50 mM PGE-EA, PGE-G, and PGE eluted off the column [8.1,
potassium phosphate buffer (pH 7.4) and incubated for 158.5, and 9.0 min, respectively (Figure 1B,D)]. The ELSD
min at 37°C with URB-597 (a specific FAAH inhibitor) detector drift tube was set to 5€ and the nitrogen source
(0.0001, 0.001, 0.005, 0.500, and AM) or vehicle control to 2.4 psi, and the gain was 6 mV. The second condition
(MeOH). Both AEA and PGEG were prepared as 180 was used to assess the amount of PG free acid produced as
stock solutions in MeOH and diluted to 1% (v:v) for final a function of the concentration of the respective PG-G
concentrations of 50 and 1M, respectively. The amount  species. The solvent composition was 65:35:0.1 (v:v:v)
of PGE-G or AEA remaining was determined at 30 min by distilled H,O:ACN:acetic acid, and the flow rate was 0.3
using HPLC-ELSD or HPLC-UV analysis, respectively  mL/min. The ELSD detector drift tube and nitrogen source
(described below). Percent remaining activity was determinedwere the same, but the gain was set to 10 mV. PG-EAs eluted
at each URB-597 concentration relative to the vehicle control at~2.3—2.4 min, PG-Gs at3.1-3.5 min, and PGs at-45
(designated 100% activity). All reactions were performed min (Figure 3A,B). The signal from the ELSD detector is a
in triplicate. logarithmic response, so a plot of log(hanograms of com-
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FiGure 2: Enzyme concentration dependence for hydrolysis of
2-AG and PGEG by MGL. 2-AG @) or PGER-G (O) was
incubated with MGL for 0, 5, 10, and 30 min. The samples were
extracted and assessed by HPLQV analysis for 2-AG hydrolysis

or HPLC-ELSD for PGE-G hydrolysis as described above.
Experiments were performed in triplicate.

PGD,-EA
N
P'g
o1z 3

2 7 3 4

Ret. Time (min) Ret Time (min)
Ficure 3: HPLC—ELSD chromatograms for MGL-mediated
degradation of PGRPG and PGE,-G. Panels A and B depict data
for 200uM PGD,-G and PGE,-G incubated with 0.7Zg/mL MGL
for 60 min, respectively. Panel A shows data for B&D(3.7 min)
and its internal standard, PGIEA (2.3 min), and PGB(4.9 min)
and its internal standard, PGE.3 min). Panel B shows data for
PGFR,-G (3.0 min) and its internal standard, P&EA (2.2 min),
and PGl (3.7 min) and its internal standard, P&P.9 min).
The PG-EA peaks are representative o0 analyte (5 nmol on
column) for the corresponding PG-G (10, 10 nmol on column)
being studied. The ELSD detector was set to a gain of 10 mV to
accurately assess PG free acid formation, which results in the PG-
EA and PG-G peaks being off-scale. Panel A shows PGD
formation (5.34uM, 0.53 nmol on column) and panel B P&gF
formation (4.72uM, 0.47 nmol on column), relative to their
respective internal standards of P& «M, 0.5 nmol on column)
and PGD, respectively (2.5M, 0.25 nmol on column).
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silver acetate in a distilled #0/MeOH mixture (15:85, v:v)
with a flow rate of 0.3 mL/min on a Phenomenex Luna C18
column (50 mmx 2.0 mm, 3um particle size) at a column
temperature of 40C. Silver ion coordination was used for
electrospray ionization of endocannabinoids, resulting in [M
+ Ag'] species. The selected reaction monitoring (SRM)
mvz transitions werawz 454 — 436 for [AEA + Ag'?7),

m/z 485— 411 for [2-AG+ Ag'%’], andm/z519— 412 for
[AA~ + 2Ag"]. Mass spectrometric conditions for 2-AG,
AEA, and AA fragmentation were as follows; capillary
temperature, 350C; capillary offset, 35 V; spray voltage,
5.0 kV; sheath gas, 49 psi; auxiliary gas, 25 psi; CID
pressure, 1.5 mTorr; collision energy, 30 V; and tube lens
offset, 130 V.

PG-G and PG analytes were separated by HPLC using 2
mM ammonium acetate in distilled,® and acetic acid (pH
3.3) and ACN (65:35, v:v) at a flow rate of 0.3 mL/min using
the same column conditions described above. The prostanoids
coordinate with the Nk cation, resulting in formation of
the [M + NH,"] adduct, resulting in addition of 18 mass
units. The SRMm/z transitions for [PGEG-ds + NH,7],
[PGRy-G-ds + NH4], [PGEx-ds + NH4'], and [PGR +
NH4"] were m'z 449 — 391, m/z 451 — 393, m/z 374 —
321, andm/z 370 — 317, respectively. Mass spectrometric
conditions for PG-G and PG fragmentation were as follows;
capillary temperature, 30TC; capillary offset, 35 V; spray
voltage, 4.3 kV; sheath gas, 35 psi; auxiliary gas, 21 psi;
and CID pressure, 1.0 mTorr. The collision energy was varied
from 16 to 22 V and the tube lens offset fro80 to 130
V.

RESULTS

Hydrolysis of 2-AG, AEA, PGKES, PGD-G, and PGR,-G
by MGL. The relative ability of MGL to hydrolyze PG-Gs
to 2-AG was assessed by HPEELSD. Panels A and C of
Figure 1 demonstrate that approximately 30% of /50

pound) versus log(peak area) produces a straight line. The2-AG was converted to AA after incubation for 10 min with

response of the instrument has a dynamic range of ap-
proximately 1 order of magnitude. Therefore, the first and
second condition had to be done separately with different
gain settings. Also, the volumes of injection were changed
with the expected sample load of PGs to fall within the
dynamic range. For a gain of 10 mV, the dynamic concentra-
tion range was 0.042 nmol/injection, and for a gain of 6,
the dynamic concentration range was-01® nmol/injection.
Separation of AEA, 2-AG, and AA was afforded by RP-
HPLC with the same column described above using an
isocratic elution of an ACN/distilled #D/acetic acid mixture
(75:25:0.1, v:viv) at 0.7 mL/min. Peaks were detected with

0.7 ug/mL MGL. However, the same concentration of MGL
produced a barely detectable level of PGiter incubation
for 30 min with 50uM PGE,-G (Figure 1B). At the highest
concentration of MGL that was tested (3&/mL), ap-
proximately 18% of 5&tM PGE-G was hydrolyzed to PGE
(Figure 1D). The initial rates of 2-AG hydrolysis compared
to that of PGE-G as a function of MGL concentration show
an ~10-fold higher value for the former at a constant
substrate concentration of a1 [740 4+ 67.5 nmol of 2-AG
min~t (mg of protein)?! vs 74.64 14.7 nmol of PGEG
min~! (mg of protein)* (Figure 2)]. The relative efficiency
of hydrolysis of PG-G by MGL compared to that of 2-AG

a Waters 2487 dual-wavelength absorbance detector set atvas tested by varying the substrate concentration. For these

205 nm. Arachidonylglycerol eluted as a mixture of the 2-
and 1(3)-isomer (Figure 1A) after incubation in aqueous
buffer for 30 min. Retention times for AEA, 2- and 1(3)-
AG, AA, and LLA were 1.8, 2.3, 3.4, and 4.4 min,
respectively (panels A and C of Figure 1 for 2-AG and 1(3)-
AG, AA, and LLA, respectively).

HPLC with Tandem Mass Spectrometinalysis of
endocannabinoids, AA, and prostanoids was accomplished

experiments, 0.4g/mL MGL was used to determine PG-G
hydrolysis rates, and the time course was extended to 60
min. At 0.7ug/mL MGL, the hydrolysis rates of PG-Gs were
linear through incubation for 60 min. The substrate concen-
tration dependence for 2-AG hydrolysis was determined with
0.35ug/mL using a reaction time of 30 min. As shown in
Figure 3, the percent conversion of P&0G and PGE,-G

to their corresponding free acids with MGL was also low.

through use of reverse-phase HPLC coupled to electrosprayThe amount of PG free acid formed at initial substrate

tandem mass spectrometry (EESI-MS/MS) as previously
described 19, 20). HPLC separation of endocannabinoids
was accomplished with a solvent composition of /@

concentrations of 25400uM ranged from 5 to 1% conver-
sion after incubation for 60 min (data not shown). Nonlinear
regression analysis of a plot of the rate of 2-AG hydrolysis
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Table 1: Kinetic Parameters for MGL Degradation of 2-AG and g
PG-G$ 3
species ke (MinTY) Km (M) Keal Km (M ~1 min™?) E
2-AG 2142 10+ 3 21 £,
PGE-G 9.6+15 150+ 40 6.4x 1072 g
PGD[G 4.1+ 0.3 133+ 30 3.1x 102 < 1 1 1 1 1 1
PGRw-G 8.6+ 1.7 311+ 104 2.7x 102 0 5 10 15 20 2%

FAAH (ug/ml)

* 2-AG (2-1004M) was incubated with 0.3ag/mL MGL. PGE- FIGURE 5. Enzyme concentration dependence for hydrolysis of
G, PGD-G, or PGke-G (25-400uM) was incubated with 0.4g/mL 3 _
G PGD-G, or P o 400uM) was incubated with O.fG/ML A A and PGE-G by FAAH. AEA at 50uM () or PGE-G at 50
ot tT” 'af rasgs Wgrgo etermine t.or ol 't'aln . ef iASGa ec; uM (O) was incubated with FAAH for 0, 5, 10, and 30 min.
Incubation for 59 and 50 min, respectively. Initial rates 1or 2-At ant  gamples were extracted and analyzed by HPLY (AEA

PG-G degradation were linear throughout the reaction. Samples were : ~ N : :
extracted as described above and analyzed by HPLC with either UV gﬁggﬁéi})gﬂ%gﬁ; SvErLeSp?er(fE?rEegilnwt?irp?lilzzltse). as described

(2-AG hydrolysis) or ELSD detection (PG-G hydrolysis). The hyper-

bolic plot of initial rate vs initial concentration was determined with 6000F
nonlinear regression in Prizm. Experiments were performed in triplicate. 5000
E 4000
250 =gsooo-
©.2000-
£ 200 o S 1004
i &:ﬁ '
[<] I L 1 1 1
g_ 100 I 0 500 1000 1500 2000
> 5 Substrate (uM)
o[ FIGURE 6: Substrate concentration dependence for hydrolysis of
0100 200 300 400 PG-G, AEA, and 2-AG by FAAH. FAAH was at g/mL;
Substrate (uM) concentrations of 2-AG®) and AEA () varied from 25 to 1000

FIGURE 4: Substrate concentration dependence for hydrolysis of #M, and concentrations of PG-Gsal PGRy-G, (4) PGD,G, and
PG-G and 2-AG by MGL. 2-AG®) hydrolysis was evaluated with () PGE-C] varied from 25 to 200QM. 2-AG and AEA were
y ’ ydroly incubated with FAAH for 5 min, and PG-Gs were incubated for

0.35ug/mL MGL, and hydrolysis of PG-Gs &) PGRuG, (2) 30 min. Experiments were performed in triplicate and analyzed b
PGD»-G, and () PGB-G] was evaluated with 0.4g/mL MGL. LG it either UV dotection or ELSD. | yzed by

2-AG was incubated with MGL for 30 min, and PG-Gs were
incubated with MGL for 60 min. Samples were analyzed by HPLC — -
with either UV (2-AG hydrolysis) or ELSD (PG-G hydrolysis) ~ Table 2: Kinetic Paramaters for FAAH Degradation of AEA, 2-AG,
detection, and experiments were performed in triplicate. and PG-G%

species Keat (S71) Km (M) KealKm (UM ~1s71)

with 0.35 ug/mL MGL versus initial 2-AG concentration

yielded values oKy, andke for the reaction (Table 1). These 248 o g9 20 931

values are approximate because the critical micellar con- pgg.g 6.5+ 1.2 3600+ 1000 1.8% 10°3
centration of 2-AG is 2M, making free substrate limiting PGDx-G 1.7+ 0.2 1100+ 400 1.6x 1073
at higher concentrations (data not shown). PG-Gs [k, PGRy-G 48+1.1 2400+ 800 2.0x 1073

and k) were incubated at concentrations ranging from 25  aThe concentration of FAAH was Ag/mL with the concentrations
to 400uM with 0.7 ug/mL MGL. As shown in Figure 4 and  of 2-AG and AEA varied from 25 to 1000M, and concentrations of
Table 1,k values for PG-Gs were much lower (580%) PGRy-G, PGD-G, and PGEG were varied from 25 to 20Q0M. 2-AG

. and AEA were incubated with FAAH for 5 min, and PG-Gs were
than that of 2-AG and thk, values were much higher (3 incubated for 30 min. Initial rates for AEA, 2-AG, and PG-G

30-fold). The hig_h error associated with thg, values for degradation were linear throughout the reaction. Samples were extracted
the PG-G species may be from the lack of complete as described above and analyzed by HPLC with either UV (2-AG and

saturation of MGL. The relative substrate efficiency for MGL AEA hydrolysis) or ELSD (PG-G hydrolysis) detection. The hyperbolic
was 32-100 times higher for 2-AG (Table 1). There were plot of initial rate vs initial concentration was determined with nonlinear
only small differences in thk.s:andK., values among PG-G regression in Prizm. Experiments were performed in triplicate.
species. Thé, for PGE-G hydrolysis was~2-fold higher
than those of PGRG and PGE,-G, and th&k,, for PGE-G specificity was similar for AEA and 2-AG witk./Km values
was similar to that of PGBRG and 2-fold lower than that of ~ of 0.462 and 0.313M™! s1, respectively. Estimatell.
PGRy-G (Table 1). values for PGEG, PGD-G, and PGEk,-G were significantly
Metabolism of 2-AG, AEA, PGE, PGD-G, and PGRE,-G lower (Table 2 and Figure 6). The high error associated with
by FAAH.The relative ability of FAAH to degrade PG-Gs PG-G ket values is expected because FAAH was not
relative to those of AEA and 2-AG also was assessed. completely saturated at the highest concentration of PG-Gs
Comparison of the initial rates of hydrolysis for AEA that was used. Th&n, values for PGEG, PGD-G, and
compared to that of PGE; as a function of FAAH PGF,,-G were much higher than those for AEA or 2-AG
concentration showed a 22-fold higher rate for the former (Table 2). As shown with MGL, it is clear that PG-Gs are
[692 4 53.9 nmol of AEA min! (mg of protein)* vs 31.8 poor substrates for FAAH compared to AEA and 2-AG. The
+ 2.6 nmol of PGE-G min~t (mg of protein)* (Figure 5)]. estimatedk.a/Knm values were 206300- and 156-200-fold
The effect of substrate concentration on PG-G, AEA, and higher for AEA and 2-AG hydrolysis than for PG-Gs (Table
2-AG hydrolysis with 1ug/mL FAAH was also tested 2).
(Figure 6). Theke,: for 2-AG hydrolysis was 2-fold lower Metabolism of PGEG-ds in Intact RAW 264.7 Macro-
than that of AEA, and th&,, for 2-AG was 3-fold higher phages by MGLA specific MGL inhibitor, URB-602 {3),
than that for AEA (Table 2 and Figure 6). The substrate was used as a tool to discern whether MGL could metabolize
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Ficure 7: Metabolism of PG-Gs in RAW 264.7 cells by MGL in the absence and presence of URB-602. Panel A depicts the degradation

of 1000 nM 2-AG Q) with subsequent formation of AA). Panel B

depicts the degradation of 50 nM B&Eds (O) with subsequent

formation of PGE (®). Panels C shows metabolism of 2-AG and B@&Eds in the presence of URB-602. The left part of the panel,
labeled 2-AG, shows 2-AG levels (black bars) and AA levels (white bars) at time Zgrd.(h, and 1 h with URB-602 treatment. The right
part of the panel, labeled PGEB-ds, shows PGEG-ds levels (black bars) and PGEevels (white bars) at time zerd(), 4 h, and 4 h with

URB-602.

PG-Gs in RAW 264.7. These cells were chosen because they

make PG-Gs4) and also possess PG-G hydrolytic activity
(data not shown). 2-AG (kM) and PGE-G-ds (50 nM)
were applied exogenously to RAW 264.7 cells in the
presence or absence of 101 URB-602. Only 50 nM
PGE-G-ds was added to the RAW cells because it has
previously been shown that only nanomole amounts of PG-
Gs are produced in macrophagés (The concentrations of
2-AG and PGEG-ds given above were chosen because these
levels approximate what is produced from endogenous

-
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Ficure 8: Inhibition of PG-G hydrolysis with URB-597 in dog
brain particulate fractions. Brain particulate fractions (0.1 mg/mL)

were incubated with URB-597 (0.00610 uM) for 15 min

sources following pharmacological challenge. In the absencefollowed by addition of PGEG (104M) or AEA (50 uM). Percent

of URB-602, the RAW cells reduced the concentration of
2-AG to ~18.5+ 1.1% of its starting value (Figure 7A),
and arachidonic acid levels reache®% of initial 2-AG
levels (61.1+ 13.3 nM) over a period of 1 h. Arachidonate
recovery may not be 100% because of its ability to enter
other metabolic pathways (i.e., phospholipid, triacylglycerol
synthesis). Degradation of PgEB-ds was much slower with
~50% (24.7+ 1.8 nM) of this species remaining after
incubation fo 4 h (Figure 7B). The increase in Pglevels
accounted for~42% of the initial PGEG-ds concentration
(10.4 £ 1.3 nM). As with arachidonic acid, PGHEnay be
subject to further metabolism (i.e., by 15-hydroxyprostag-
landin dehydrogenase), thus limiting its recovery. In the
presence of 100M URB-602, RAW cells reduced the level
of exogenously applied 2-AG to~74.0 + 4.2% after
incubation f@ 1 h [control levels were-17.5+ 0.9% (Figure
7C)]. PGE-G-ds levels were 37.1 2.4 nM after exposure
to URB-602-treated RAW cells for 4 h, whereas those of
the control samples were 24471.8 nM (Figure 7C). These
results show that there is some inhibition of PGE
hydrolysis in the presence of URB-602 when 2-AG hydroly-
sis is ~70% inhibited. The total level of hydrolysis of
PGE-G is much lower than the level of 2-AG hydrolysis.
Therefore, 50% inhibition of PGES hydrolysis with URB-
602 accounts for a rather small inhibition of PS&E

inhibition is the amount of PGEG (@) or AEA (O) hydrolyzed
after 30 min compared to vehicle control values (AEA hydrolysis,
21.4 nmol minm! mg=%; and PGE-G hydrolysis, 2.92 nmol mirt

mg).

degrades PGEG in the presence or absence of a specific
FAAH inhibitor, URB-597 @1). In the presence of 0.6M
URB-597, AEA hydrolysis activity was inhibited 75%,
whereas PGEG hydrolysis was not significantly inhibited
at URB-597 concentrations up to 281 and was~30%
inhibited at 10uM (Figure 8). Thus, PGEG appears to be
metabolized by an enzymatic activity independent of FAAH
in crude brain particulate fractions, and URB-597 appears
to modestly inhibit its activity.

DISCUSSION

Endocannabinoid hydrolases, MGL and FAAH, were
tested for their ability to degrade PG-Gs. Both enzymes
hydrolyze 2-AG, the precursor for PG-G from COX-2
oxygenation, very efficiently and are suggested to participate
in the rapid inactivation of 2-AG during retrograde signaling.
Rat brain MGL hydrolyzes monooleoylglycerol at a rate
5-fold higher than that of 2-AG1@). It is estimated that the
concentration of 2-AG released during hippocampal retro-
grade signaling is 1&M (18), which is theK,, for MGL
hydrolysis of 2-AG. Recently, a specific MGL inhibitor

turnover. The in vitro enzymatic assays show PG-Gs are poor(URB-602) has been developed as a tool for discerning the

substrates for MGL33—-100-fold), so it is possible that
URB-602 inhibits another PG-G hydrolase to some extent.
RAW cells do not possess FAAH protein as judged by

role of the enzyme in 2-AG metabolisit3). Inclusion of
this inhibitor with hippocampal slice preparations signifi-
cantly extends DSI duration, suggesting that MGL plays an

Western blot analysis (data not shown), suggesting that thesemportant role in regulating 2-AG levels during retrograde

cells do not metabolize PGE> through FAAH enzymatic
activity.

Metabolism of PGEG by FAAH Actiity in Brain
Particulate Fractions.We tested whether FAAH activity
from particulate fractions of dog brain frontal cortices

signaling (3). Specific inhibitors of COX-2 (e.g., nimesulide
and meloxicam) also extend the duration of DSI, suggesting
that COX-2 may regulate 2-AG level§)( Another study
using primary hippocampal neuron cultures showed that PG-
Gs (PGER-G, PGD-G, and PGE-G) and PGR-EA have
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potent effects on retrograde signaling distinct from that of tion of PG-Gs occurs in a manner independent of FAAH
2-AG (8). Although the studies mentioned above suggest that enzymatic activity from isolated brain particulate fractions.
COX-2 is involved in regulating 2-AG levels in the hippo- These results suggest that MGL and FAAH contribute very
campus, COX-2 inhibitors do not affect inhibitory retrograde little to the degradation of PG-Gs in cells. However, it is
signaling in mouse cerebellar slice40f or excitatory noteworthy that long chain fatty acyl taurine derivatives are
signaling in hippocampal sliceS)( Similar to 2-AG levels, poor substrates for FAAH in vitro, but in vivo experiments
PG-G levels may be tightly regulated by hydrolases during using FAAH knockout animals indicate that FAAH plays a

inhibitory retrograde signaling in the hippocampus. The rates major role in their hydrolysis2g). Identification of additional

of PG-G hydrolysis by MGL were found to be low compared
to the rate of 2-AG hydrolysis (thk../Kn, value is~30—
100-fold lower for the former).

FAAH also degrades 2-AG in addition to AEA, at least
in vitro. It has been shown that 2-AG is hydrolyzed at a
4—5-fold higher rate than AEA in recombinant rat, porcine,
and cellular FAAH preparations. However, in those studies,
the enzyme was not or only partially purifie@2—24). It 1
has since been demonstrated that there is 2-AG hydrolysis
activity in particulate fractions of rat brain cerebellum that
is independent of FAAH activity25). Microglia cells also
contain a novel MGL activity in the mitochondria that is
distinct from FAAH 26). No comparison of hydrolysis for

2-AG and AEA with purified FAAH has been reported. 3.

However, the esterase and amidase activity have been
compared. The hydrolysis kinetics of oleoyl methyl ester and
oleoyl methyl amine with purified FAAH showdd,; values

of 2.8 s* for the former and 1.978 for the latter. TheK,
value for oleoyl methyl ester was 24M and for oleoyl
methyl amine %M, giving kea/Kn values of 0.13 and 0.21

uM™1 s71 respectively 27). Also, the keofKm values for 5.

oleoylethanolamide and monooleoylglycerol were 0.23 and
0.11uM~1 s1, respectively 28). The results of this study

show thatk../Kn, values for FAAH hydrolysis of AEA and 6.

2-AG are similar, 0.47 and 0.3 ~* s, respectively. Also,
as observed with PG-G degradation with MGL, FAAH
activity with PG-Gs is very low compared to that with 2-AG 7
and AEA. Although complete substrate saturation of FAAH
by PG-Gs was not reached (up to 2 mM PG-G), the estimated
kealKm values are at least 15@00-fold higher for 2-AG
hydrolysis and 206300-fold higher for AEA hydrolysis.
RAW 264.7 cells possess both 2-AG and PG-G hydrolytic
activity. Therefore, this cell line was used as an in vivo model
to establish that 2-AG and PG-G hydrolytic activities are

separate. These studies suggest that MGL contributes little 10.

to PGE-G hydrolysis in vivo. However, there is some
inhibition of PGE-G-ds hydrolysis in RAW cells treated with
URB-602. Although in vitro experiments show that PG-Gs
are poor substrates for purified MGL, longer time points (e.qg.,
4 h) may allow for MGL-mediated PGE> hydrolysis.
Alternatively, URB-602 may partially inhibit an unknown
lipase/esterase that is responsible for RGEhydrolysis.
Others showed that URB-602 was not a specific MGL
inhibitor over FAAH in C6 glioma and RBL2H3 basophilic
leukemia cells 29). We observed very low FAAH activity

in RAW cells under our experimental conditions (data not
shown). Therefore, FAAH activity contributed very little to
2-AG degradation. Because FAAH activity in RAW cells
was very low, we assumed that these cells do not metabolize
PGE-G through FAAH enzymatic activity. We used par-
ticulate fractions from dog brain cortex to establish that
PGE-G hydrolysis activity is distinct from AEA hydrolysis
activity. When using URB-597 with brain particulate frac-
tions, PGE-G hydrolysis is unaffected. Therefore, degrada-

[y

11.

12.

3.

enzyme(s) responsible for PG-G degradation could provide
important information for inhibitor development or the
generation of knockout mice that would represent critical
tools for evaluating the biological significance of PG-Gs in
Vivo.
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