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dependent events.

The endocannabinoid 2-arachidonoylglycerol (2-AG) has been implicated as a key retrograde mediator in
the nervous system based on pharmacological studies using inhibitors of the 2-AG biosynthetic enzymes
diacyglycerol lipase o and B (DAGL-a/B). Here, we show by competitive activity-based protein profiling
that the DAGL-a/B inhibitors, tetrahydrolipstatin (THL) and RHC80267, block several brain serine hydro-
lases with potencies equal to or greater than their inhibitory activity against DAGL enzymes. Interest-
ingly, a minimal overlap in target profiles was observed for THL and RHC80267, suggesting that
pharmacological effects observed with both agents may be viewed as good initial evidence for DAGL-

© 2008 Elsevier Ltd. All rights reserved.

The endogenous cannabinoid (endocannabinoid) system con-
sists of a set of G-protein coupled receptors (CB1 and CB2), natural
lipid ligands [N-arachidonoyl ethanolamine (anandamide) and 2-
arachidonoylglycerol (2-AG)], and enzymatic pathways for ligand
biosynthesis and degradation.! The CB1 receptor is widely distrib-
uted throughout the mammalian nervous system, raising provoca-
tive questions about how endocannabinoid signaling is regulated
in specific brain regions and neural circuits. Unlike more classical
neurotransmitter systems, such as the monoamine or glutamater-
gic systems, where receptor diversification serves as a key mecha-
nism to vary signaling outputs, the endocannabinoid system
appears to achieve this goal, at least in part, by producing multiple
ligands. Indeed, the biosynthetic and degradative pathways for
anandamide and 2-AG are mediated by distinct sets of enzymes,
and accumulating evidence suggests that these pathways are dif-
ferentially regulated in the nervous system.!

Two key enzymes implicated in the biosynthesis of 2-AG are diac-
ylglycerol lipase (DAGL)-o and B.2 DAGL-o and B are both integral
membrane proteins with multiple predicted transmembrane do-
mains followed by a catalytic domain that conforms to the general
sequence requirements for a serine hydrolase (including the pres-
ence of the canonical GXSXG active site motif). Multiple lines of evi-
dence suggest that DAGL-o/f play a role in regulating 2-AG
biosynthesis in neurons. For instance, overexpression of DAGL-a in
the mouse neuroblastoma cell line Neuro-2a results in a significant
increase in basal 2-AG levels.> Conversely, RNA interference-medi-
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ated knockdown of DAGL-o in Neuro-2a cells reduced basal levels
of 2-AG and blocked the production of this endocannabinoid stimu-
lated by agonists of group 1 metabotropic glutamate receptors.>

DAGL-o/f are inhibited by two small-molecule agents,
RHC80267 and tetrahydrolipstatin (THL)>* (Fig. 1), which have
been used to block many of the CB1-dependent forms of neuronal
plasticity observed in in vitro preparations.® These findings have
invoked 2-AG as the principle endocannabinoid involved in retro-
grade signaling in the nervous system. However, this conclusion
is predicated on the assumption that RHC80267 and THL selec-
tively target DAGL-o/B in the nervous system, a hypothesis that,
to date, has gone largely untested. These agents likely inhibit
DAGL-a/p by covalent reaction with the enzymes’ serine nucleo-
philes (forming carbamoylated and esterified products, respec-
tively), which suggests that the compounds might target
additional serine hydrolases in the nervous system via a similar
mechanism. This is certainly the case in peripheral tissues, where,
for example, THL has found clinical utility as an anti-obesity agent
due to blockade of pancreatic lipases in the intestine.’

To more globally assess the selectivity of RHC80267 and THL,
we analyzed these inhibitors by competitive activity-based protein
profiling (ABPP).” ABPP is a chemical proteomic method that uti-
lizes active site-directed small-molecule probes to assess the func-
tional state of numerous enzymes in parallel directly in native
biological systems. In competitive ABPP, inhibitors are evaluated
for their ability to impair probe labeling of target enzymes.® Be-
cause ABPP probes typically label many members from a given en-
zyme class, competitive profiling experiments provide an excellent
assessment of both the potency and selectivity of inhibitors. Inhib-
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Figure 1. Structures of inhibitors of the 2-AG biosynthetic enzymes DAGL-o/p.

itors of DAGL-o/f are most commonly used in nervous system
preparations®>; we therefore elected to profile these agents against
a mouse brain proteome using fluorophosphonate (FP) ABPP
probes, which broadly target enzymes from the serine hydrolase
family.® For initial comparison, we also analyzed two lipid-based
FP inhibitors, 0-3841 and MAFP (Fig. 1), which have also been
shown to inhibit DAGL-o/p.* The mouse brain membrane prote-
ome was treated with each inhibitor across a broad concentration
range (0.01-100 puM) for 30 min, after which reactions were incu-
bated with a rhodamine-tagged FP probe (FP-Rh) for 60 min, sepa-
rated by SDS-PAGE, and analyzed by in-gel fluorescence scanning.

0-3841 and MAFP were found to inhibit probe labeling of
numerous serine hydrolase activities, including fatty acid amide
hydrolase (FAAH), KIAA1363, monoacylglycerol lipase (MAGL),
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Figure 2. Competitive ABPP of DAGL-o/p inhibitors with a mouse brain membrane
proteome. (A) Profiles for the fluorophosphonate inhibitors 0-3841 and MAFP. (B)
Profiles for RHC80267 and THL. Fluorescent gel of FP-Rh labeling shown in
grayscale.
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ABHD6, and ABHD12 (Fig. 2A). Most of these enzymes with the
exception of KIAA1363 were more potently inhibited by MAFP
than 0-3841. In contrast, RHC80267 and THL showed more selec-
tive patterns of enzyme inhibition, blocking the labeling of three
and two hydrolase activities, respectively (Fig. 2B). None of these
enzymes correspond to DAGL-ao/B, large enzymes (>70 kDa) that
appear to be poorly labeled by FP probes.'®

To identify the targets of RHC80267 and THL, mouse brain pro-
teome was treated with each inhibitor (50 and 5 pM, respectively)
or DMSO (control) for 30 min and then incubated with a biotinyl-
ated FP probe (FP-biotin, 5 pM) for 120 min. Probe-labeled proteins
were enriched and characterized by a combination of avidin affin-
ity and liquid chromatography-mass spectrometry steps, following
previously described procedures.!! All samples were analyzed in
triplicate. This approach, termed ABPP-MudPIT, identified 35 brain
serine hydrolases at sufficiently high spectral counts (>15 average
counts in control proteomes) for comparative quantitation be-
tween inhibitor- and DMSO-treated proteomes (Fig. 3A).

Candidate targets of RHC80267 and THL were defined as serine
hydrolases that showed greater than 60% reductions in average
spectral counts in inhibitor-treated versus DMSO-treated proteo-
mes. This criterion identified six and three putative targets of
RHC80267 and THL, respectively (Fig. 3B). These hydrolases in-
cluded enzymes implicated in endocannabinoid metabolism, such
as FAAH'? and ABHD12,'® enzymes that regulate other signaling
molecules, such as acetylcholine [acetylcholinesterase (AChE)'],
platelet-activating factor (PLA2g7'%), and lysophosphatidic acid
(KIAA1363'9), as well as uncharacterized enzymes (BAT5). Com-
parison of these results to the gel-based profiles shown in Figure
2 led to the tentative assignment of the 60 kDa hydrolase sensitive
to both RHC80267 and THL as BAT5. Additional hydrolases de-
tected by LC-MS analysis (e.g., PLA2g7, AChE) were not visible by
gel analysis, underscoring the enhanced sensitivity of the former
analytical method. Neither DAGL-o nor  was detected by ABPP-
MudPIT, indicating that these hydrolases are either in very low
abundance in mouse brain and/or weakly labeled by FP probes.'®

We next set out to confirm a subset of the serine hydrolase tar-
gets of RHC80267 and THL. HEK293T cells were transfected with
cDNAs encoding representative targets of RHC80267 (KIAA1363,
FAAH, BAT5, PLA2g7) and THL (ABHD12, BAT5, PLA2g7), and trans-
fected proteomes were then treated with RHC80267 and THL
(0.01-100 uM), followed by FP-Rh, which permitted calculation
of ICso values for inhibition of each enzyme (Fig. 4). ABHD12,
BAT5, and PLA2g7 were inhibited by THL with high potencies
(ICsp values <100 nM) that rivaled the reported potency for THL
inhibition of DAGL-o/p (ICso value of 60nM*). Targets of
RHC80267 were inhibited with much lower potency (ICsq values
between 10 and 70 uM), as has also been observed with DAGL-a/
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Figure 3. Identification of brain serine hydrolase targets of RHC80267 and THL by ABPP-MudPIT. (A) Average spectral count values for brain serine hydrolases in control
(DMSO-treated), RHC80267-treated (50 uM), and THL-treated (5 M) mouse brain proteomes. Data represent average values * standard errors for three independent
experiments. (B) Brain serine hydrolases that showed >60% blockade of probe labeling in RHC80267- and/or THL-treated proteomes.
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Figure 4. Recombinant expression and characterization of serine hydrolase targets of RHC80267 and THL. Show are representative gels of recombinant enzymes labeled with
FP-Rh. Data represent average values # standard errors for three independent experiments. Asterisk denotes lower band of doublet that corresponds to ABHD12 in transfected

HEK293T proteome.

B, for which treatment with 30-100 M of RHC80267 is typically
used for inhibition.?>

Our recombinant expression studies further confirmed the
selectivity that RHC80267 and THL show for individual brain
hydrolases. For instance, both FAAH and KIAA1363 were inhibited
by RHC80267, but not THL, while ABHD12 was selectively blocked
by THL. Only two hydrolases, BAT5 and PLA2g7, were inhibited by
both RHC80267 and THL. These results indicate that while
RHC80267 and THL each inactivate several brain serine hydrolases,
the overlap in their target profiles beyond DAGL-a/B is quite small
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Figure 5. Venn diagram showing unique and overlapping serine hydrolase targets
of RHC80267 and THL.

(Fig. 5). We finally confirmed that none of the newly identified tar-
gets of RHC80267 and THL exhibited significant hydrolytic activity
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Figure 6. DAGL activity for recombinant hydrolases expressed in HEK293T cells as
measured using the substrate 1-stearoyl-2-arachidonoyl glycerol. Product forma-
tion (stearic acid, 2-AG) was monitored by LC-MS following general procedures
described previously.'?
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using 1-stearoyl-2-arachidonoyl glycerol as a substrate, indicating
that these enzymes are not themselves DAGLs (Fig. 6). Collectively,
these data lead us to conclude that pharmacological effects ob-
served with both RHC80267 and THL may be viewed as good initial
evidence for DAGL-ao/B-dependent events, especially in systems
where endocannabinoid pathways have been implicated to func-
tion. On the other hand, pharmacological effects observed selec-
tively with THL or RHC80267 may reflect the inactivation of
distinct enzymatic pathways and should therefore be interpreted
with caution.
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