Biochemical and pharmacological characterization of
human «o/B-hydrolase domain containing 6 (ABHDG6)

and 12 (ABHD12)*

Dina Navia-Paldanius,' Juha R. Savinainen,' and Jarmo T. Laitinen”

Institute of Biomedicine, School of Medicine, University of Eastern Finland, Kuopio Campus,

Kuopio, Finland

Abstract In the central nervous system, three enzymes
belonging to the serine hydrolase family are thought to reg-
ulate the life time of the endocannabinoid 2-arachidonoylg-
lycerol (C20:4) (2-AG). From these, monoacylglycerol lipase
(MAGL) is well characterized and, on a quantitative basis, is
the main 2-AG hydrolase. The postgenomic proteins o/3-
hydrolase domain containing (ABHD)6 and ABHDI12 re-
main poorly characterized. By applying a sensitive fluorescent
glycerol assay, we delineate the substrate preferences of
human ABHD6 and ABHD12 in comparison with MAGL.
We show that the three hydrolases are genuine MAG lipases;
medium-chain saturated MAGs were the best substrates for
hABHD6 and hMAGL, whereas hABHD12 preferred the
1 (3)- and 2-isomers of arachidonoylglycerol. Site-directed
mutagenesis of the amino acid residues forming the postu-
lated catalytic triad (ABHD6: S148-D278-H306, ABHD12:
$246-D333-H372) abolished enzymatic activity as well as
labeling with the active site serine-directed fluorophospho-
nate probe TAMRA-FP. However, the role of D278 and H306
as residues of the catalytic core of ABHD6 could not be
verified because none of the mutants showed detectable ex-
pression.lill Inhibitor profiling revealed striking potency dif-
ferences between hABHD6 and hABHD12, a finding that, when
combined with the substrate profiling data, should facilitate
further efforts toward the design of potent and selective inhibi-
tors, especially those targeting hABHD12, which currently lacks
such inhibitors.—Navia-Paldanius, D., J. R. Savinainen, and
J. T. Laitinen. Biochemical and pharmacological characteriza-
tion of human o/B-hydrolase domain containing 6 (ABHD6)
and 12 (ABHD12). J. Lipid Res. 2012. 53: 2413-2424.
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The human serine hydrolases comprises a large family
of enzymes with a predicted number of ~240 that fall into
two subfamilies: the serine proteases (~125 members)
and the metabolic serine hydrolases (~115 members) (1,
2). The metabolic serine hydrolases include lipases and ami-
dases and use a conserved serine nucleophile to hydrolyze

This study was supported by Academy of Finland grant 139620 (].T.L.).
Manuscript recetved 12 July 2012 and in revised form 11 September 2012.

Published, JLR Papers in Press, September 11, 2012
DOI 10.1194/jlr. M0O30411

Copyright © 2012 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

amide, ester, and thioester bonds. The majority of serine
hydrolases contain an «/B-hydrolase domain (ABHD)
fold and use a Ser-His-Asp (SHD) triad for catalysis. Al-
though several members of the metabolic serine hydrolase
family are relatively well defined, the majority remain
poorly characterized with respect to their physiological
substrates and functions.

Members of the metabolic serine family are also inti-
mately involved in the generation and degradation of the
endocannabinoid 2-arachidonoylyglycerol (C20:4) (2-AG).
In brain regions endowed with 2-AG signaling, “on de-
mand” biosynthesis of 2-AG occurs through phospholipase
CpB-catalyzed cleavage of the membrane phospholipid
phoshatidylinositol bisphosphate to generate sn-2-arachi-
donoyl-containing diacylglycerol (DAG) species, which
are subsequently hydrolyzed by sn-1-specific lipases (DAGLa
and DAGL) to generate 2-AG (3). The endocannabinoids
are involved in a broad range of (patho)physiological pro-
cesses, including neurotransmission, appetite, nociception,
addiction, inflammation, peripheral metabolism, and re-
production (4-6). The biological actions of 2-AG are medi-
ated via two G protein-coupled receptors (CB1R and CB2R)
that show unique and tissue-specific distribution. CBIR is
highly enriched in the brain.

The major enzymatic route for 2-AG inactivation is via
hydrolysis, generating arachidonic acid (AA) and glycerol.
In the CNS, three serine hydrolases, namely monoacylg-
lycerol lipase (MAGL) and the o/B-hydrolase domain
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(ABHD)-containing proteins ABHD6 and ABHD12, ac-
count for ~99% of 2-AG hydrolysis (7, 8). From these,
MAGL is relatively well characterized and on a quantitative
basis appears to be the main 2-AG hydrolase. MAGL is a
~33 kDa protein that was originally purified and cloned
from adipose tissue (9), where it catalyzes the final step in
lipolysis (9, 10). MAGL shows a wide tissue distribution (9)
and is therefore generally thought to serve “house-keep-
ing” functions in lipid metabolism (11). In addition, re-
cent studies have illuminated pathophysiological roles for
MAGL (12, 13). Methylarachidonoylfluorophosphonate
(MAFP) is among the most potent MAGL inhibitors iden-
tified to date (14-16). MAFP inhibits MAGL irreversibly
but lacks selectivity because it inhibits most members of
the metabolic serine hydrolase family.

The post-genomic proteins ABHD6 and ABHDI12 re-
main poorly characterized regarding their physiological
substrates and functions. ABHDG6 is a ~30 kDa integral
membrane protein with high expression reported in cer-
tain forms of tumors (17, 18). Based on hydropathy analy-
sis and biochemical studies, ABHDG6 appears to be an
integral membrane protein whose active site is predicted
to face the cell interior (7). Such an orientation suggests
that ABHDG6 might be well suited to guard the intracellu-
lar pool of 2-AG. Recent evidence suggests that ABHD6
can indeed control the levels and signaling efficacy of
2-AG in neurons (19, 20), but it is not known whether this
enzyme uses other substrates as well. Few inhibitors have
been identified that selectively target ABHD6.

ABHD12 is a ~~45 kDa glycoprotein whose potential role as
a brain 2-AG hydrolase was disclosed using activity-based pro-
tein profiling (ABPP) with mouse brain proteome, and it was
estimated that at the bulk brain level ABHD12 accounts for
~9% of total 2-AG hydrolase activity (7). 2-AG is the only
recognized substrate for ABHD12, and 2-AG hydrolase activ-
ity is the only feature potentially linking ABHD12 to the en-
docannabinoid system. Based on hydropathy analysis and
biochemical data, ABHD12 is an integral membrane protein
whose active site is predicted to face the lumen/extracellular
space (7). Inactivating mutations in the ABHD12 gene have
been causally linked to the neurodegenerative disease called
PHARC (polyneuropathy, hearing loss, ataxia, retinitis pig-
mentosa, and cataract) (21). ABHDI12 transcripts are abun-
dant in various brain regions as well as in microglia and
related peripheral cell types, such as macrophages and osteo-
clasts (21). Further characterization of ABHD12 is hampered
by the lack of selective inhibitors.

Further research on the novel 2-AG hydrolases would
greatly benefit from a versatile activity assay allowing profil-
ing of a wide repertoire of substrates by a simple readout
such as monitoring the end product glycerol. Although
glycerol assays have been in routine use for decades in li-
polysis research, as far as we are aware, the potential of this
methodology has not been realized in the field of endocan-
nabinoid hydrolases. By applying a sensitive fluorescent as-
say to kinetically monitor glycerol production “on line,” we
delineate here the substrate profiles of human ABHD6 and
ABHDI2 in comparison with MAGL. After transient trans-
fections in HEK293 cells, the three hydrolases degraded a
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variety of MAGs, each with distinct substrate and isomer
preferences. The enzymes exhibited no detectable fatty
acid amide hydrolase or lysophospholipase activity; nor did
they hydrolyze di- or triacylglycerols. By site-directed muta-
genesis, we identified the catalytic triad of ABHD12 as S246-
D333-H372 and verified S148 as the catalytic nucleophile of
ABHDG6. Preliminary inhibitor profiling revealed striking
potency differences between hABHD6 and hABHD12.

MATERIALS AND METHODS

Drugs, chemicals, and reagents

All reagents for the glycerol assay mix (Fig. 1b), and the fol-
lowing substrates were obtained from Sigma (St. Louis, MO):
MAG-C8:0 (I-capryloyl-racglycerol [C8:0]); MAG-C10:0 (1-de-
canoyl-racglycerol [C10:0]); MAG-C12:0 (1-lauroyl-racglycerol
[C12:0]); MAG-C14:0 (1-myristoyl-racglycerol [C14:0]); MAG-
C16:0 (2-palmitoyl-rac-glycerol [C16:0]); MAG-C18:0 (1-stearoyl-
racglycerol [C18:0]); the 1 (3)- and 2-isomers of MAG-C18:1;
1,2,3-trioleoyl-rac-glycerol; and 1-oleoyl (C18:1)-sn-glycero-3-phos-
phate (LPA). 1,2-dioleoyl-rac-glycerol (DAG), 1-palmitoyl-2-
oleoyl-3-linoleoyl-rac-glycerol, and the 1 (3)- and 2-isomers of
MAG-C18:2 and MAG-C20:4 were from Cayman Chemicals (Ann
Arbor, MI). Hydrolase inhibitors were from the following sources:
methyl arachidonoylfluorophosphonate (MAFP), isopropyl dode-
cylfluorophosphonate (IDFP), and WWL70 from Cayman Chemi-
cals; THL (orlistat) and pristimerin from Sigma; RHC-80267 from
Biomol (Enzo Life Sciences); and hexadecane-1-sulfonyl fluoride
(HDSF) from Calbiochem.

Generation of t ransient endocannabinoid hydrolase-
overexpressing HEK293 cells

HEK293-cells were cultured as monolayers in DMEM (Euro-
clone, Milan, Italy) containing 10% FBS (Euroclone) under antibi-
otics (penicillin/streptomycin, Euroclone) at 37°C in a humidified
atmosphere of 5% CO,/95% air. Plasmids containing wild-type
(WT) or mutant cDNA were introduced to cells by a standard tran-
sient transfection procedure using X-tremeGENE Hp DNA Trans-
fection reagent (Roche, Mannheim, Germany). HEK293 and/or
Mock cells (cells transfected with an empty vector) were cultured
in parallel for controlling expression and activity in later experi-
ments. Cell lysates were prepared by washing cells two times with
ice-cold PBS. Cells were scraped and pelleted at 250 gfor 10 min at
4°C. Cell pellets were freeze-thawed three times, resuspended in
ice-cold PBS, briefly sonicated, and aliquoted for storage at —80°C.
Membranes were prepared by resuspending the cell pellet in PBS
(pH 7.40), followed by brief sonication and centrifugation at
100,000 g for 45 min at 4°C. The pellet was resuspended in PBS by
brief sonication and aliquoted for storage at —80°C. Protein con-
centrations were measured by using Pierce BCA Protein Assay Kit
(Pierce, Rockford, IL) using BSA as a standard.

The fluorescent glycerol assay for endocannabinoid
hydrolase activity

The set-up and validation of the fluorometric 96-well-plate
glycerol assay is detailed in Fig. 1. Briefly, glycerol production was
coupled via a three-step enzymatic cascade to a hydrogen perox-
ide (HyO,)-dependent generation of resorufin whose fluores-
cence (A, 530; N\, 590 nm) was monitored using a Tecan Infinite
M200 plate reader (Tecan Group Ltd., Mannedorf, Switzerland).
The assay protocol is detailed in Fig. 1b.

Activity-based protein profiling of serine hydrolases

Activity-based protein profiling (ABPP) was conducted using the
fluorophosphonate probe TAMRA-FP (ActivX Fluorophosphonate



Probes, Thermo Fisher Scientific Inc., Rockford, IL) following
outlines of previously published methodology (7). Briefly, 25 pl
of cellular lysates (5-10 pg protein) diluted in PBS were preincu-
bated with 0.5 pl of the indicated inhibitors or a vehicle (DMSO)
for 1 h at room temperature. Then, serine hydrolases were
labeled with 0.5 pl of 100 pM TAMRA-FP for 1 h at RT. The reaction
was stopped by adding 2x SDS-loading buffer, and proteins were
separated in SDS-electrophoresis gel (10%) with molecular weight
standards and compared with the pattern of labeled serine hydro-
lases in HEK293 or mock-transfected cells by following in-gel fluo-
rescent gel scanning with Fujifilm FLA-3000 laser fluorescence
scanner (Fujifilm, Tokyo, Japan) (Fluor. 532 nm; Filter: O580 nm).

Determination of substrate preferences

The substrate preferences of the endocannabinoid hydrolases
were determined by monitoring glycerol production in lysates of
HEK293 cells after transient expressing of each of the enzymes in
assay mixes containing mono-, di-, or triglycerides or LPA (25 pM
final concentration) with varying acyl chain length and satura-
tion, as detailed in Fig. 2. To facilitate comparison between the
three hydrolases under identical assay conditions, each substrate
was tested in parallel using the three hydrolase preparations in
the same experiment. For each tested substrate, assay blanks
without enzyme, cellular background (HEK293/Mock cell
lysates), as well as a glycerol quality control sample was included
to monitor assay performance. Fluorescence of the assay blank
was subtracted before calculation of the final results.

Site-directed mutagenesis of the postulated
catalytic triads

Plasmids (pCMV6-AC-hABHDG6, pCMV6-X1.4-hABHD12, and
pCMV6-XL5-hMAGL transcript variant 1 [313 amino acid resi-
dues]) were purchased from Origene Technologies Inc. (Rock-
ville, MD). Site-targeted mutagenesis to generate hABHD6
mutants S148A, D278A/E/N, and H306A/S/Y and hABHDI12
mutants S246A, D333N, and H372A was performed by using a
QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) following the manufacturer’s instructions. Primers for
the mutagenesis were purchased from Oligomer (www.oligomer.
fi). After transformation of mutated material into competent
bacterial cells, DNA was isolated, purified, and fully sequenced
for confirmation of correct constructs.

Expression analysis of ABHD6 and ABHD12
SHD-mutants by Western blot

The expression level of WT and mutant hABHDG6/12 in cells
was analyzed by Western blot as follows. Samples of lysates from
each HEK293 population carrying WT or mutant enzymes (20 pg
protein of hABHDG6 lysates and 50 pg protein of hABHDI12
lysates), together with molecular weight markers, were fraction-
ated by SDS-PAGE (10%) and transferred to a nitrocellulose
membrane (Protran; Schleicher and Schell, Dassel, Germany).
To block nonspecific binding, membranes were incubated with
0.5% (w/v) BSA and Tris-buffered saline containing 0.1% Tween
(TBS-T) solution for 1 h at room temperature. Next, membranes
were incubated overnight at 4°C with a rabbit anti-hABHD6
antibody (HPA017283, 1:1,000; Sigma) or with a mouse anti-
hABHD12 antibody (ab68949, 1:200; Abcam) diluted in 0.5%
BSA-TBS-T. After washing for 4 x 10 min in TBS-T, hABHD6
membranes were incubated with a goat anti-rabbit IgG secondary
antibody ([H+L] 800, 1:30,000; Thermo Scientific) and hABHD12
membranes with a goat anti-mouse IgG secondary antibody (35521,
Lot# MJ164339, [H+L] 800, 1:10,000; Thermo Scientific) diluted in
0.5% BSA-TBS-T for 1 h at 20°C, followed by washing 4 x 10 min
with TBS-T. For the normalization of enzyme expression between
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separate WT and mutant cell transfections, expression of -actin
was determined from hABHDG lysates by incubating membranes
with a mouse anti-3-actin primary antibody (A5441, 1:2,000; Sigma)
overnight at 4°C. After washing for 4 x 10 min in TBS-T, mem-
branes were incubated with a secondary goat anti-mouse IgG anti-
body (cat#35521, DyLight 800 Conjugated, 1:10,000; Thermo
Scientific). In the case of hABHD12, relative expression was calcu-
lated against expression of B-tubulin by using a mouse anti-3-
tubulin primary antibody (1:500, cat#14026; Sigma,) and goat
anti-Mouse IgG secondary antibody (cat#35521, DyLight 800 Con-
jugated, 1:10,000; Thermo Scientific) with otherwise equal incuba-
tion conditions used with hABHD6 membranes. Immunoblots
were visualized by Odyssey (Li-Cor Biosciences Inc., Lincoln, NB)
and quantified by using Image], a freely available Java-based image
analysis software system developed in the National Institutes of
Health (http://rsb.info.nih.gov/ij/).

Data reproducibility and statistical analyses

For hABHD6 and hABHD12, transient transfections were re-
peated independently four times (twice for hMAGL). For each
enzyme batch, the relative hydrolysis rate of selected substrates
was assessed to monitor the behavior and reproducibility of en-
zyme preparations between different transfections (supplemen-
tary Fig. I). A more detailed substrate profiling (Fig. 2) was
performed using one particular batch of each enzyme and always
so that that the three hydrolases were evaluated in parallel in the
same experiment. With the exception of data presented in Fig. 1
and supplementary Figs. IT and III, all numerical data are mean +
SEM from at least three independent experiments. The SHD mu-
tants were analyzed from two to three separate transfections with
similar outcome, and the numerical data presented in Fig. 3 are
pooled from these experiment. The K, and V,,, values, inhibitor
dose-response curves, and ICs, values derived thereof were calcu-
lated from nonlinear regressions using GraphPad Prism 5.0 for
Windows. Statistical comparison between the MAG 1 (3)- and
2-isomers (Fig. 2) was done using paired ttest (* P<0.05, *¥P<0.01,
and *¥*¥P < 0.001).

RESULTS

HEK293 cells as a convenient host for transient
expression of human 2-AG hydrolases

The set-up and validation of the fluorometric endocan-
nabinoid hydrolase assay is presented in Fig. la—c. Lysates
were prepared from HEK293 cells 48 h after transient
transfections with the cDNAs encoding hABHD6 and
hABHDI12. For comparative purposes, HEK293 cells were
transfected also with the cDNA encoding hMAGL (313
amino acid residues). ABPP with the active site serine-
targeting TAMRA-FP probe indicated that the three
hydrolases were successfully expressed after transient
transfections (Fig. 1d). TAMRA-FP recognized hMAGL
migrating in SDS-PAGE gels as two protein bands (~33 and
~3b kDa). Similarly, hABHD6 migrated as a doublet with a
molecular weight of ~36 kDa. In contrast, hABHD12 mi-
grated as a single band with a molecular weight of ~46 kDa.
In lysates pretreated with MAFP (10~° M), TAMRA-FP label-
ing was fully prevented indicating that the fluorophospho-
nates shared a common target (i.e., the catalytic serine
residues in each of the three hydrolases) (Fig. 1d).
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B Assay protocol for the 96-well-plate

D ABPP of serine hydrolases in HEK
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The ABPP also indicated that HEK293 cells express neg-
ligible levels of endogenous MAGL, ABHD6, or ABHD12
because there was low-to-undetectable TAMRA-FP label-
ing of endogenous proteins migrating at the position of
these enzymes. Moreover, TAMRA-FP labeling of the weak
endogenous band with a size approximating that of
ABHD12 was not prevented by MAFP, indicating that this
band did not correspond to endogenous ABHD12. Tran-
sient expression of the three hydrolases resulted in robust
time- and protein-dependent increase in 2-AG hydrolase
activity as compared with the cellular background (Fig. le, f).
With the tested protein concentrations, enzymatic activity
increased linearly for the three hydrolases. Comparison of
activities between HEK cell lysates and membranes indi-
cated modest enrichment of hABHD6 and hABHD12 ac-
tivity in membrane preparations (supplementary Fig. II),
consistent with previous evidence implicating that the two
hydrolases are integral membrane proteins (7). However,
because cellular background was generally lower in lysates
than in membranes and, on the other hand, hABHD6 and
hABHDI2 activities were readily detectable also in lysates,
we used lysates instead of membranes in these studies.
This was justified also from the economical point of view
that only a fraction of cellular material was required to
produce equal amounts of protein from lysates than from
membranes. The high sensitivity of the fluorescent method
allowed us to routinely perform activity assays in a 96-well
format using only 0.3 pg cellular lysate per well; at this pro-
tein concentration hydrolase activity due to cellular back-
ground was negligible. The pH dependence of 2-AG
hydrolysis was tested at pH values ranging from 5.3 to
9.1 (supplementary Fig. III). These experiments indicated
that hABHD6 and hABHD12 exhibited a broad pH opti-
mum between 7.2 and 9.1. Because the TEMN-BSA buffer
(pH 7.4) (Fig. 1b) has been used in our previous studies
exploring the signaling capacity and degradation of 2-AG
in native cellular membranes (15, 22), we used this buffer
also in the present study. Collectively, these experiments
indicate that HEK293 cells serve a convenient host to ex-
press the three endocannabinoid hydrolases for further
characterization.

Substrate preferences of hABHD6, hABHD12,
and hMAGL

We delineated the substrate preferences of the three hy-
drolases by monitoring glycerol production in HEK293
cell lysates individually overexpressing each of the enzymes
in assay mixes containing mono-, di-, and triglycerols
(25 pM final concentration) with varying acyl chain length
and saturation (Fig. 2). To facilitate comparison between
the three hydrolases under identical assay conditions, each
substrate was tested using the three hydrolase prepara-
tions in the same experiment. Cellular background activity
was similar in HEK293 and mock-transfected cells (Fig. 3a,
d and data not shown). Fig. 2a illustrates background ac-
tivity with the tested substrates. This represented in most
cases <10% of the glycerol produced by endocannabinoid
hydrolase overexpressing lysates.

hABHD®6 hydrolyzed a variety of MAGs with a distinct
substrate preference (Fig. 2b). MAGs with saturated acyl
chain length varying from C8:0 to C16:0 were readily hy-
drolyzed, with the relative activity order being C12:0 >
C8:0 = C10:0 = C14:0 >> C16:0 > C18:0 (marginal). The
preference for 1 (3)- vs. 2-acylglycerols was tested using
oleoyl (C18:1), linoleoyl (C18:2), and arachidonoyl
(C20:4) glycerols; in each case, hABHDG6 preferred the 1
(3)-isomer with the relative activity order C20:4 >> C18:2 =
C18:1. hABHDG6 exhibited negligible activity toward di-
and triglycerides; nor did it hydrolyze 1-oleoyl-lysophos-
phatidic acid (LPA).

hABHDI2 had a clearly different substrate profile (Fig.
1c). The preferred MAG substrate was 1 (3)-AG, followed by
2-AG and MAG(C14:0), which were hydrolyzed to the same
extent. hABHDI12 clearly preferred 1 (3)-AG over 2-AG,
and a similar, although weaker, trend was observed for the
1 (3)-isomers of oleoyl (C18:1) and linoleoyl (C18:2) glyc-
erol. For the unsaturated MAGs, the relative hydrolysis rate
was C20:4 >> C18:2 = C18:1. Although hABHD®6 efficiently
hydrolyzed MAGs with saturated acyl chain length varying
from C8:0 to C16:0, hABHD12 used these substrates less ef-
ficiently and with a different preference (C14:0 > C12:0 =
C16:0 = C10:0 > C18:0 = C8:0). Like hABHD6, hABHD12
did not hydrolyze di- or triglycerides or LPA.

Fig. 1.

A sensitive fluorometric glycerol assay for endocannabinoid hydrolases. a: The assay is based on the following principle: The en-

docannanabinoid 2-AG is degraded to AA and glycerol by the endocannabinoid hydrolases MAGL, ABHDG6, and ABHD12. Glycerol is
converted to glycerol-1-phosphate (G-1-P) by glycerol kinase (GK). Glycerol phosphate oxidase (GPO)-catalyzed oxidation of G-1-P gener-
ates HyOy, which in the presence of HRP converts AmplifuTM Red to the fluorescent product resorufin. Resorufin fluorescence is moni-
tored kinetically using excitation and emission wavelengths of 530 and 590 nm, respectively. b: Our assay protocol for the 96-well plate. c:
Linearity of glycerol standard plot (0-520 pmol/well) at various time points. Although the coupled enzyme reactions generate maximal
fluorescence only after prolonged (60 and 90 min) incubation time, the assay linearly detects glycerol at every time-point tested. d: Com-
petitive ABPP of HEK cell lysates after transient transfections of the endocannabinoid hydrolases using the active site serine targeting fluo-
rescent probe TAMRA-FP. After separation in SDS-electrophoresis gel (10%), serine hydrolases were visualized by in-gel fluorescent gel
scanning as detailed in Materials and Methods. Molecular weight markers (kDa) are indicated by the numbers at left. Lysates were pre-
treated with DMSO or the serine-nucleophile targeting irreversible inhibitor MAFP (107° M) to demonstrate that TAMRA-FP labels the
active-site serine residues of the endocannabinoid hydrolases. hMAGL and hABHDG6 migrate as doublets (MAGL ~33 and ~35 kDa;
ABHDG6 ~36 kDa), whereas hABHD12 migrates as single band (~46 kDa). In addition to the endocannabinoid hydrolases, MAFP-sensitive
TAMRA-FP labeling of endogenous serine hydrolases (<25 kDa and >250 kDa) is also evident. Data are from one typical transfection; trans-
fections were repeated independently four times (hABHD6 or hABHD12) or twice (hMAGL). e and f: Linear protein-dependent (e) and
time-dependent (f) glycerol response in lysates of HEK293 cells (0.3 pg protein/well) overexpressing the three human endocannabinoid
hydrolases in assay mix containing 25 pM final 2-AG concentration. In panel e, glycerol was determined at time-point 30 min. In panels c,
e, and f, values are means + SD of duplicate wells from a typical experiment.
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Fig. 2. Substrate profiles of the human endocannabinoid hydrolases. HEK293 cells were transiently transfected with the cDNAs encod-
ing hMAGL, hABHD6, or hABHD12 as detailed in Materials and Methods. After 48 h, cells were harvested, and lysates were prepared for
hydrolase activity measurements using a sensitive fluorescent glycerol assay as described in Fig. 1. The substrate panel included MAGs with the
indicated acyl chain length, isomer and degree of saturation, one DAG 1,2-dioleoyl (C18:1)-racglycerol, two triacylglycerols (TAG1, 1,2,3-
trioleoyl(C18:1) glycerol; TAG2, 1-palmitoyl(C16:0)-2-oleoyl(C18:1)-3-linoleoyl (C18:2)-racglycerol, and LPA. Cellular lysates (0.3 pg/well)
were incubated together with the indicated substrates (25 pM final concentration, added from 10 mM stock solutions in ethanol into the
glycerol assay mix containing 0.5% [w/v] BSA and 1% [v/v ethanol]). Glycerol production was determined at 90 min. a: Background activity
for the tested substrates. Cellular background was similar between HEK and mock-transfected cells (data not shown). b: Substrate profile of
hABHDS. c: Substrate profile of hABHD12. d: Substrate profile of hMAGL.. Data are mean + SEM from three to seven independent experi-
ments using lysates of each enzyme from one transfection. Transfections were repeated independently four times (hABHD6 or hABHD12) or
twice (hMAGL), and the relative profile for selected substrates (1-AG, 2-AG, 1-lauroyl-racglycerol [C14:0], and 1-myristoyl-racglycerol [C16:0])
was similar between different transfections (supplementary Fig. I). Statistical comparison between the MAG 1 (8)- and 2-isomers was done
using a paired ttest (*P < 0.05; *#P < 0.01; *¥*¥P< 0.001). The 1 (3)- and 2-isomers of MAG(C20:4) are highlighted in each panel.

The overall substrate profile of hMAGL resembled that
of hABHD6 with some notable exceptions (Fig. 1d). Like
hABHD6, hMAGL hydrolyzed various MAGs with the
following substrate preference: 1-decanoyl-rac-glycerol
(C10:0) was the best substrate, and MAGs with saturated
acyl chain were readily hydrolyzed, the relative activity
being C10:0 > C12:0 > C8:0 > C14:0 >> C16:0 > C18:0

2418 Journal of Lipid Research Volume 53, 2012

(marginal). In contrast to hABHD6 and hABHD12, which
preferred the 1 (3)-isomers of unsaturated MAGs, hMAGL
showed no such preference for the 1 (3)-isomers of linoleoyl
(C18:2) and arachidonoyl (C20:4) glycerol. However,
hMAGL slightly preferred the 1 (3)-isomer of C18:1, although
this effect was not statistically significant. The relative ac-
tivity toward unsaturated MAGs was C20:4 > C18:2 = C18:1.
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Fig. 3. Analysis of hABHD6 and hABHD12 active site mutants. a: Raw fluorescence data of the hABHD12 SDH-mutants, analyzed using
2.8 pg cellular lysate per well. b: Western blots of the hABHD12 SDH-mutants (top) and the relative expression level of the mutants as
compared with the wild-type enzyme (bottom), based on quantification of the protein bands indicated with an asterisk. The quantitative
data are mean + SEM from three separate transfections and were normalized against 3-tubulin. c: TAMRA-FP labeling of the hABHD12
SDH-mutants. Molecular weight markers (kDa) are shown in the column at right. Data are from one set of transient transfections; transfec-
tions were repeated independently three times with identical outcome. d: Raw fluorescence data of the hABHD6 SDH-mutants analyzed using
2.8 pg cellular lysate per well. e: Western blots of the hABHD6 SDHmutants (top) and the relative expression level of the mutants as compared
with the WT enzyme (bottom) based on quantification of the protein bands indicated with an asterisk. The quantitative data are mean + SEM
from three (WT, S148A, D278N, H306A) or two (all others) separate transfections and were normalized against B-actin. f: TAMRA-FP labeling
of the hABHD6 SDH mutants. Molecular weight markers (kDa) are shown in the column at right. Data are from two sets of transient transfec-
tions; transfections were repeated independently three times (WT, S148A, D278N, H306A) or twice (all others) with identical outcome.

Like hABHD6 and hABHD12, hMAGL did not hydrolyze  Site-directed mutagenesis of the predicted catalytic triads
di- or triglycerides or LPA. The MAGL catalytic triad (S122-D239-H269) was previ-

Neither hABHD6 nor hABHD12 possessed fatty acid ously identified based on mutagenesis studies (9). To our
amide hydrolase activity; anandamide or its fluorogenic ~ knowledge, similar experimental verification is lacking
substrate analog N-decanoyl 7-amino-4-methyl coumarin  concerning the predicted catalytic cores of ABHD6 and
were not used above cellular background by HEK293 cell ~ ABHDI2. Amino acid sequence comparisons of the human,
preparations overexpressing these hydrolases (supple- mouse, and rat orthologs indicated that the primary struc-
mentary Table I). tures are well conserved between the species (supplementary
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in Materials and Methods. After 48 h, cells were har-
vested, and lysates were prepared for hydrolase activ-
ity measurements as described in Fig. 1. Cellular
lysates (0.3 pg/well) were incubated with the indi-
cated concentrations of 2-AG, and the K, and V.,
values were determined at 60 min; substrate con-
sumption was <10%. The K, and V,,,, values are
shown in the box and were calculated as nonlinear
regressions using GraphPad Prism 5.0 for Windows.
b: The Lineweaver-Burk plots of the data. Values are
mean + SEM from three independent experiments.
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Fig. IV). Homology for ABHD6 was 94.1% between
human and mouse, 93.8% between human and rat, and
97.0% between mouse and rat. For ABHD12, the figures
were 93.2% (human vs. mouse), 93.5% (human vs. rat),
and 99.7% (mouse vs. rat). Typical a/B-hydrolase finger-
prints, including the lipase motif and the predicted cata-
Iytic triads, are fully conserved.

We individually mutated the amino acids of the pre-
dicted catalytic triads of hABHD6 (S148-D278-H306) and
hABHDI12 (S246-D333-H372) and, after transient expres-
sion in HEK293 cells, assessed the ability of the mutants
to catalyze 2-AG hydrolysis. As expected, the WT enzymes
efficiently hydrolyzed 2-AG, whereas all mutants were de-
void of enzymatic activity (Fig. 3a, d). Transfections were
repeated two or three times, and each time the outcome
was the same. Western blotting (Fig. 3b, e) was used
to verify that the mutant proteins were properly ex-
pressed and in amounts comparable to those of their WT
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counterparts. This proved to be the case for all hLABHD12
mutants, with the exception that the H372A mutant mi-
grated as three immunoreactive bands (possibly due to
increased sensitivity of this particular mutant toward en-
zymatic degradation), one corresponding to the size of
the WT enzyme and two others with clearly smaller size
(Fig. 3b). For hABHDG6, the S148A mutant was properly
expressed, whereas none of the mutants D278A/E/N or
H306A/Y/S showed detectable expression (Fig. 3e). Itis
possible that these mutations disturbed proper protein
folding, leading to total degradation in cells. Alterna-
tively, the mutations may have altered protein confor-
mation so that antibody recognition was severely
compromised. Using ABPP, we assessed the capacity of
the mutant hydrolases to bind TAMRA-FP (labeling of
which requires the intact catalytic triad), with the out-
come that none of the mutants was labeled by this probe

(Fig. 3¢, f).



K, and V. values for 2-AG

We compared the three hydrolases further by determin-
ing the K, and V,, values for 2-AG as the substrate (Fig. 4).
The apparent K, values were 159 + 28 pM for hABHD6,
117 + 14 pM for hABHD12, and 110 + 15 pM for hMAGL.
For these hydrolase batches, the V., values were 45 + 5, 42 +
3, and 120 + 10 nmol/mg/min, respectively.

Inhibitor profiles of hABHD6 and hABHD12

We assessed the potency of a panel of inhibitors toward
hABHD6 and hABHD12 using 2-AG as the substrate. The
inhibitors included the fluorophosphonates MAFP (C20:4)
and IDFP (C12:0), the sulfonylfluoride HDSF (C16:0), the
lipase inhibitors THL (orlistat) and RHC-80267, the ABHD6-
selective inhibitor WWL70, and the triterpene pristimerin.
Dose-response curves were constructed for each inhibitor
using five or six concentrations, and the IC;, values were
calculated after nonlinear fitting of these curves (Table 1).
We found that MAFP was the most potent inhibitor of both
enzymes, followed by THL. IDFP and HDSF were ~23-
fold more potent toward hABHD6 than hABHDI2,
whereas for MAFP and THL, this difference was ~5-fold.
For hABHDG6, the relative inhibitor potency order was
MAFP > THL > WWL70 = IDFP = HDSF > RHC-80267 >
pristimerin. For hABHD12, the relative potency order was
MAFP > THL > IDFP = HDSF >>> WWL70, RHC-80267,
pristimerin (all inactive).

DISCUSSION

Endocannabinoid hydrolysis is commonly studied using
radiolabeled “natural” MAG substrates (9, 11, 14, 23-25)
or colorigenic/fluorogenic artificial substrates (9, 16). In
addition, “natural” MAG substrates with mass-spectrometry-
based (7) and HPLC-based (15) detection have been

TABLE 1. Inhibitor profiles of hABHD6 and hABHD12

hABHD6 hABHD12

Inhibitor log[ICsy] = SEM log[ICsy] = SEM
MAFP =7.77 £ 0.04 —7.06 +0.04
IDFP —6.97 + 0.05 —5.60 £ 0.06
HDSF —6.84+0.10 —5.67+0.11
THL —17.32 +0.06 —6.72 £ 0.07
RHC-80267 —6.18 £ 0.08 Remaining activity,

96.7+0.5% at 10 ° M
WWL70 —7.07 £ 0.05 Remaining activity,

101.0 £ 0.8% at 10 ° M
Pristimerin —5.86 +0.07 Remaining activity,

101.4 +3.4% at 10 ° M

HEK293 cells were transiently transfected with the cDNAs encoding
hABHD6 or hABHDI2 as detailed in Materials and Methods. After 48
h, cells were harvested, and lysates were prepared for hydrolase activity
measurements as described in Fig. 1. Cellular lysates (0.3 pg/well) were
preincubated for 30 min at RT with DMSO (control) or with increasing
concentrations of the inhibitors (MAFP, IDFP, HDSF, THL, RHC-8027,
WWL70, and pristimerin). Thereafter, glycerol assay mix containing
2-AG (12.5 pM final concentration) was added, and glycerol production
was monitored kinetically for 90 min at RT. Inhibitor dose-response
curves were determined, and the IC;, values were calculated as
nonlinear regressions using GraphPad Prism 5.0 for Windows. Data are
mean + SEM from three independent experiments.

successfully used. Although feasible, these methods have lim-
itations, such as handling of radioactive material, restricted
applicability to HTS format, and promiscuity of the artifi-
cial substrates toward nontarget hydrolases/esterases.
Therefore, an initial goal of the present studies was to ad-
vance this methodology toward the direction where vari-
ous natural substrates could be studied in a multiwell-plate
format. Although glycerol assays coupled to colorimetric
detection have been used in lipid research for decades
(26, 27), we have here for the first time adapted and prop-
erly validated the sensitive fluorometric HTS glycerol assay
for kinetic measurement of endocannabinoid hydrolase
activity.

The versatile activity assay allowed us to delineate the
substrate profiles of the endocannabinoid hydrolases by
testing a panel of natural substrates. These studies reveal
for the first time the substrate preferences of hABHD6
and hABHD12. We are not aware of any published study
that has addressed this issue to a similar extent, even in the
case of MAGL. Our studies indicated that the three hydro-
lases are genuine MAG lipases exhibiting negligible activ-
ity toward di- or triacylglycerols or fatty acid amides. None
of the hydrolases catalyzed the LPA — MAG + P, —
glycerol + free fatty acid conversion, indicating that, in
contrast to native brain membrane preparations that read-
ily degrade LPA to generate P; and glycerol by the con-
certed action of lipid phosphate phosphatases and MAG
lipases (28), the three endocannabinoid hydrolases are
devoid of lipid phosphate phosphatase activity that is re-
quired for the first step of this cascade.

We demonstrated that hABHD6 and hABHD12 clearly
prefer the 1 (3)-acyl isomers of the unsaturated MAGs over
their respective 2-acyl isomers, whereas hMAGL showed
no such preference. A more detailed kinetic analysis (sup-
plementary Fig. V) revealed that when glycerol output
from the 1 (3)- and 2-isomers of MAG(C20:4) was deter-
mined at earlier time points, hAABHD6 and hABHDI12 hy-
drolyzed 1 (3)-AG at ~2 to 3-fold faster rates, suggesting
that nonenzymatic 2 — 1 (8) isomerization may be needed
before enzymatic hydrolysis. In parallel incubations,
hMAGL used both isomers equally well at every time point
tested, consistent with previous modeling (29) and experi-
mental data (15), showing that MAGL hydrolyzes 1 (3)-AG
and 2-AG at similar rates. It was previously shown that
when overexpressed in HeLa cells, rat MAGL hydrolyzes
2-OG at a 5-fold higher rate than 2-AG (11). In contrast,
porcine brain MAGL clearly preferred 1 (3)- and 2-AG
over 1 (3)-OG (14). In line with the latter observation, we
found that hMAGL clearly preferred 2-AG over 2-OG. The
observed differences likely reflect species and/or method-
ological differences. Our data are also in good agreement
with earlier findings showing that mammalian MAGLs
from various sources hydrolyze C20:4 from the sn-2-MAGs
faster than C18:1 or C16:0 (30-32).

The in vitro substrate profile of hMAGL also closely
matches that observed in vivo when analyzing MAG contents
in brain and peripheral tissues of transgenic MAGL mice. For
example, global MAGL knockout dramatically elevated 2-AG
levels in brain and peripheral tissues (27, 33, 34). In line with
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our data, the largest elevations in brain MAG levels were ob-
served for the unsaturated MAGs (C20:4 > C18:2 > C18:1),
whereas levels of C16:0 or C18:0 (both were poor substrates
in our study) remained also unchanged in MAGIL-KO brains
(27). Analysis of brain regional MAG levels in knock-in mice
engineered to selectively overexpress MAGL in forebrain
neurons indicated that levels of C20:4 (and in some cases
C18:1) were lower in the transgenic mice, whereas levels of
C16:0 and C18:0 were not altered (35).

Using a colorimetric glycerol assay analogous to the
presently used fluorescent assay, Imamura and Kitaura
(26) profiled a panel of MAGs toward purified bacterial
MAGL. The substrate preference of bacterial MAGL in
that study closely parallels that of hMAGL described here.
MAGLs from both species showed the highest activity for
MAGs (C8:0-C14:0), minimal activity for MAG(C18:0), and
clearly improved activity with increasing C18 chain unsatu-
ration (C18:1 and C18:2). Thus, MAGLs from species as
distant as human and bacteria are strikingly similar in their
substrate preference. It is generally thought that the sub-
strate specificity of /3 hydrolases is largely determined
by the so-called “cap region.” Recent elucidation of the
crystal structure of bacterial MAGL revealed an unexpected
conservation of the cap architecture between bacterial
and human MAGL (36), providing structural support to
the experimental data. Thus, regardless of species, MAGL
is structurally conserved to carry out its principal role (i.e.,
MAG hydrolysis). It follows that tissue- and cell-type-de-
pendent availability of MAG species determines to what
extent each substrate is used in a given tissue or cell type.
In adipose tissue MAGL is needed to complete the final
step of lipolysis (10), whereas in the brain MAGL plays a
key role in terminating the signaling function of 2-AG (16,
33, 34). Moreover, although phospholipase A, activity is
generally considered as the main source of AA for cycloox-
ygenase (COX)-mediated prostaglandin biosynthesis in
peripheral tissues, MAGL-dependent 2-AG hydrolysis pro-
vides the principal source of AA for COX-mediated synthesis
of neuroinflammatory prostaglandins in the CNS (13).
In cancer cells, MAGL overexpression was proposed to
act as the key metabolic switch orchestrating cancer cell
malignancy by redirecting lipids from storage sites to-
ward biosynthesis of cancer promoting signaling lipids
(12). Collectively, these findings suggest that, despite the
promiscuous substrate profile, MAGL serves highly spe-
cialized, tissue-specific (patho)physiological roles.

Less can be said regarding ABHD6. Our data revealed
that hABHD6 and hMAGL share similar substrate prefer-
ences, suggesting that they could serve related functions.
Recent evidence suggests that, like MAGL, ABHD6 can
control the levels and signaling efficacy of 2-AG in neu-
rons (19, 20). Overexpression of the two hydrolases has
been found in certain types of cancer cells (12, 18). How-
ever, in contrast to MAGL inhibition (12), knockdown of
ABHDG6 did not inhibit tumor cell growth (18). Further
studies with pharmacological or genetic ABHD6 inactiva-
tion should shed more light on this issue.

From the tested substrates, hABHD12 best hydrolyzed
the isomers of the endocannabinoid 2-AG showing clear
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preference for 1 (3)-AG, although it moderately hydro-
lyzed also MAG(14:0). To achieve its retrograde signaling
function in neurons, 2-AG is produced on demand post-
synaptically and then activates CB1Rs on the presynaptic
terminals (4-6). It is well established that in the aqueous
milieu 2-AG undergoes rapid, nonenzymatic isomerization
to 1 (3)-AG (15). This could represent an initial deactiva-
tion pathway for 2-AG, although 1 (3)-AG is not devoid of
biological activity; it is only ~3-fold less potent than 2-AG
in activating the CB1Rs (22). Might ABHD12 provide fur-
ther deactivation of the endocannabinoid by hydrolyzing
1 (3)-AG in particular? Hydropathy analysis and biochemi-
cal data suggest that ABHDIZ2 is an integral membrane
protein whose active site is predicted to face the lumen
and/or extracellular space (7). Combined with the pres-
ent findings showing that ABHD12 efficiently hydrolyses 1
(3)-AG, these observations support the notion (8) that
ABHDI12 is well suited to function as an ectohydrolase that
is capable of guarding the extracellular signaling pool of
2-AG. However, there are no experimental data to support
this. ABHD12 is highly expressed in various brain regions
and in microglia (21). This suggests that ABHD12 could
guard 2-AG-CBIR signaling in neurons. In addition, there
is growing appreciation for the potential role of the endo-
cannabinoids, and microglial CB2Rs in particular, as regu-
lators of immune function in the CNS (37). It is therefore
possible that ABHD12 might regulate 2-AG-CB2R signal-
ing in glial cells.

With 2-AG as the substrate, we determined the apparent
K,, values of ~160 pM and ~120 pM for hABHD6 and
hABHDI2, respectively. In parallel incubations, the appar-
ent K, for hMAGL was ~~110 pM. To our knowledge, these
are the first K estimates concerning hABHD6 and
hABHD12. For MAGL, we are not aware of studies that
have determined K, for 2-AG as the substrate. Instead, ap-
parent K, values ranging from 0.2 mM to 0.5 mM were re-
ported for purified MAGL preparations using 1 (3)-OG
and/or 2-OG as the substrate (23-25). In one study, how-
ever, a K, value of 17 + 3 pM was reported for hMAGL (38).
The K, value we obtained here for hMAGL falls within the
reported range. However, the K, values for lipophilic sub-
strates should be considered only as approximates because
of several factors that may affect the accuracy of K, determi-
nations. Instead of purified enzymes, we used lysates of en-
docannabinoid hydrolase overexpressing cells, and,
although the sensitive assay allowed us to minimize the sig-
nal due to cellular background, it was evident that the back-
ground slightly contributed to the total activity, especially in
the low-substrate-concentration range. On the other hand,
availability of the lipophilic substrates due to solubility and/
or critical micellar concentration likely also compromises
accurate K, determinations. Despite these limitations, our
study offers a comparative view to the K, values of the endo-
cannabinoid hydrolases, which were tested under identical
conditions.

Our inhibitor profiling revealed that MAFP, IDFP, HDSF,
and THL inhibited hABHD6 and hABHDI12, whereas
RHC-80126, WWL70, and pristimerin selectively targeted
hABHD6. MAFP, which is the fluorophosphonate analog



of 2-AG, was the most potent compound with I1Cy, values of
~20 and ~90 nM for hABHD6 and hABHDI12, respec-
tively. Compared with MAFP, the potency of IDFP (a fluo-
rophosphonate with C12:0 acyl chain) was ~6-fold lower
for hABHDG6 but almost 30-fold lower for hAABHD12. The
latter finding is consistent with the substrate profile of
hABHDI12 showing that MAG(C20:4) was the preferred
substrate. We anticipate that this information could be
useful in future design of potent and ABHDI12-selective
inhibitors. The potency of IDFP toward hABHD6 (ICj,
~100 nM) is rather modest as compared with the ~125-
fold higher potency (ICs,, 0.8 nM) of this compound to-
ward MAGL (39). We can confirm the inferior potency of
IDFP toward hMAGL also with the present methodology
(our unpublished observations). The potency data are
consistent with the hMAGL substrate profile showing that
MAGs (C8:0-C12:0) were clearly the best substrates. The
broad-spectrum lipase inhibitor THL also relatively po-
tently inhibited hABHD6 and hABHD12 (IC;, ~50 nM
and ~190 nM, respectively), whereas only hABHD6 was
sensitive to RHC-80267. Previously, SDS-PAGE gels from
competitive ABPP of mouse brain membrane proteome
indicated that mouse ABHD12 was inhibited by THL
but not by RHC-80267 (40). Our findings concerning
hABHDI12 are in line with the mouse data. However, the
ABPP data also indicated that mouse ABHDG6 was resistant
to THL and RHC-80267 (40), whereas our data clearly
show that hABHD6 was inhibited by both compounds.
This discrepant outcome likely reflects methodological
rather that species differences because we have observed
that rat ABHD6 (which is 97% homologous to mouse
ABHDG6) (supplementary Fig. IV) is readily inhibited by
THL and with a potency closely matching that for hABHD6
(unpublished observations). WWL70 was previously de-
scribed as a selective and potent (ICsy, 70 nM) ABHD6 in-
hibitor (41). In our experiments, WWL70 inhibited
hABHDG6 with almost identical potency (ICs, 85 nM) and
showed no activity toward hABHD12. Finally, the triterpene
pristimerin, which was previously shown to reversibly inhibit
MAGL (IG5, 93 nM) (42), also inhibited hABHD6 (ICs,
1.4 pM), whereas hABHD12 was resistant to this compound.
These findings, together with the recent discovery of similar
inhibitory action of other triterpenoids (43), should en-
courage further studies to explore more thoroughly this
family of naturally occurring compounds as reversible in-
hibitors of enzymatic 2-AG degradation.

In conclusion, we have delineated the substrate prefer-
ences, active cores, and inhibitor profiles of the human
endocannabinoid hydrolases ABHD6 and ABHD12 in com-
parison with MAGL. We showed that all three hydrolases
are genuine MAG lipases and that hMAGL and hABHDG6
exhibited a broad and rather similar substrate profile show-
ing highest activity toward medium-to-long-chain saturated
MAGs. Thus, depending on substrate availability, the two li-
pases can handle various MAGs, as might be expected for
enzymes with the active site facing the cell interior. In con-
trast, the 1 (3)-and 2-isomers of the endocannabinoid C20:4
were the preferred substrates for hABHD12 whose active
site is predicted to face cellular lumen/extracellular space,
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collectively suggesting that hABHD12 is well suited to guard
the extracellular signaling pool of 2-AG. Inhibitor profiling
provided initial structure-activity data that together with the
substrate profiling data should facilitate future efforts to-
ward the design of potent and selective inhibitors, especially
those targeting hABHD12 BB
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