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ABSTRACT: Organophosphorus (OP) and thiocarbamate (TC) agrochemicals are used worldwide as insecticides, herbicides, and
fungicides, but their safety assessment in terms of potential oﬀ-targets remains incomplete. In this study, a chemoproteomic
platform, termed activity-based protein proﬁling, was used to broadly deﬁne serine hydrolase targets in mouse brain of a panel of 29
OP and TC pesticides. Among the secondary targets identiﬁed, enzymes involved in the degradation of endocannabinoid signaling
lipids, monoacylglycerol lipase, and fatty acid amide hydrolase were inhibited by several OP and TC pesticides. Blockade of these
two enzymes led to elevations in brain endocannabinoid levels and dysregulated brain arachidonate metabolism. Other secondary
targets include enzymes thought to also play important roles in the nervous system and unannotated proteins. This study reveals a
multitude of secondary targets for OP and TC pesticides and underscores the utility of chemoproteomic platforms in gaining
insights into biochemical pathways that are perturbed by these toxicants.
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’ INTRODUCTION
Most pesticides elicit their toxic action through blockade of a
particular target enzyme in the pest species, whether it is in an
insect, plant, fungus, or mammal. The safety of these pesticides
relies in part on superior selectivity and/or in vivo eﬃcacy of the
pesticide toward the pest species compared to humans or oﬀtarget species. Nonetheless, pesticide poisoning is still a major
concern worldwide due to accidental/suicidal, occupational, or
bystander exposures from oﬀ-target drift or through environmental contamination.1-3 Multiple epidemiological studies have
also shown health deﬁcits associated with populations chronically exposed to elevated levels of certain pesticides.4-6 These
eﬀects often cannot be fully correlated with on-target toxicity,
indicating there may be toxicologically relevant secondary targets. Indeed, several secondary targets have been identiﬁed on an
individual target basis, which has allowed for further understanding of potential toxicities associated with these chemicals.7,8
There have been relatively few eﬀorts to globally identify
mammalian secondary targets on a proteome-wide scale for
currently used pesticides. This is, in part, complicated by a large
swath of the proteome that remains functionally uncharacterized
and displays diﬃcult physicochemical properties that complicate
their analysis in biological samples (e.g., low abundance or
diﬃculty in enrichment). This prevents direct assessment of
enzyme activity (and inhibition thereof) by traditional substrate assays. Although conventional genomic and proteomic
methods9-13 that comparatively quantify the expression levels of
transcripts and proteins have yielded many useful insights into
pesticide mode of action, these platforms are still limited in their
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capacity to identify changes in protein activity or activities that
may be regulated by post-translation modiﬁcations or processing.
These methods also do not aid in identifying the direct molecular
target of the pesticides that elicit transcriptional downstream
changes.
Modern chemoproteomic platforms address many of these
challenges by utilizing chemical probes to directly interrogate
protein activity or assess post-translational modiﬁcations. One
such powerful technology is termed activity-based protein proﬁling (ABPP) (Figure 1A),14-16 which uses active-site directed
chemical probes to read-out enzyme activities in complex
proteomes. These activity-based probes label only active enzymes and not their inactive precursors (e.g., zymogens), allowing for discrimination of protein activity versus mere protein
expression. There are currently ABPP probes for a multitude of
enzyme classes, including many that play central roles in physiology, such as hydrolases, oxidoreductases, glycosidases, nitrilases,
glutathione S-transferases, all major families of proteases (serine,
cysteine, aspartyl, metallo, and proteosomal), kinases, and phosphatases.17 Importantly, because activity-based probes bind the
active site of enzymes, inhibitors can directly compete with the
probe to read-out enzyme inhibition in native proteomes. The
potency and selectivity of both reversible18 and irreversible19
inhibitors can be assessed concurrently because compounds are
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Figure 1. Activity-based protein proﬁling (ABPP). (A) Activity-based probes consist of a reactive group that covalently reacts with a speciﬁc enzyme
class, conjugated to a spacer arm and a detection handle such as a ﬂuorophore or biotin. Shown on the right is the activity-based probe for the serine
hydrolase superfamily with a ﬂuorophosphonate (FP) reactive group and a rhodamine-detection handle (FP-rhodamine). (B) For this study, we used
ABPP to determine potential or putative secondary targets of pesticides. Mice were injected intraperitoneally with a pesticide, and after 4 h, they were
euthanized and brain membranes were prepared, followed by incubation of the membrane proteome with FP-rhodamine. The reacted proteome was
resolved by SDS-PAGE and visualized by in-gel ﬂuorescence scanning. Pesticide-induced inhibition of serine hydrolase activity was recognized and
quantitated by loss of a ﬂuorescent band.

proﬁled against many mechanistically related enzymes in parallel
(Figure 1B). Protein inhibition can be assayed even for uncharacterized enzymes that lack known substrates, because activitybased probes read-out protein activity regardless of functional
annotation.20 Competitive ABPP has been used to comprehensively proﬁle the oﬀ-targets of a bioactivated organophosphorus
(OP) insecticide metabolite, chlorpyrifos oxon (CPO), and a
sarin analogue, isopropyl dodecylﬂuorophosphonate (IDFP).21
In this study, we broadly proﬁled 29 currently used OP and
thiocarbamate (TC) insecticides, herbicides, and fungicides to
globally identify in vivo secondary targets of these pesticides in
mouse brain. We focused our eﬀorts on identifying targets within
the serine hydrolase superfamily (i.e., active site serine) because
the OP and carbamate chemotypes represent a privileged
chemical scaﬀold for this enzyme class.22,23 ABPP eﬀorts showed
multiple oﬀ-targets of OP and TC pesticides, including several
enzymes with important roles in brain physiology as well as
functionally uncharacterized enzymes. Of particular interest
among these secondary targets were two serine hydrolases,
monoacylglycerol lipase (MAGL) and fatty acid amide hydrolase
(FAAH), that terminate the signaling of endogenous cannabinoid ligands (endocannabinoids) on the cannabinoid receptor.24,25
Blockade of MAGL and FAAH caused robust elevations in brain
endocannabinoid levels, and inhibition of MAGL also led to
disruption in brain arachidonic acid metabolism. These studies
underscore the importance of using chemoproteomic approaches to screen for oﬀ-targets of environmental toxicants
that have population-wide exposures.

’ MATERIALS AND METHODS
Chemicals. OP and TC pesticides were purchased from ChemService and Sigma. FP-rhodamine was synthesized in Benjamin Cravatt’s
laboratory at The Scripps Research Institute.

Mice. C57BL/6 mice were treated intraperitoneally with each
pesticide in a vehicle of 18:1:1 saline/emulphor/ethanol (10 μL/g
mouse) (preparations were sonicated until samples were in solution
or homogenously suspended or emulsified). Doses were chosen as
follows. Mice were treated with 100 mg/kg of the compound (or 30 or
10 mg/kg if LD50 values were previously reported to be <100 mg/kg).
These doses did not cause overt toxic responses but, in some cases,
elicited behavioral responses indicative of cannabinoid-related phenotypes. After 4 h, mice were sacrificed by cervical dislocation and brains
were removed and flash frozen in liquid nitrogen. Animal experiments
were conducted in accordance with the guidelines of the Institutional
Animal Care and Use Committee of The Scripps Research Institute.
ABPP of Mouse Brain Proteomes. Membranes were isolated by
homogenizing the brain in 50 mM Tris-HCl buffer, followed by a
100000g centrifugation of the supernatant from a 1000g spin. The
resulting membrane pellet was sonicated in 50 mM Tris-HCl buffer. For
ABPP experiments, 50 μg of brain membrane protein was incubated
with 2 μM FP-rhodamine for 30 min in a 50 μL reaction volume. The
reaction was quenched by the addition of 30 μL of 4 SDS-PAGE
loading buffer and heated at 90 °C for 10 min. Samples were run on an
SDS-PAGE gel and scanned using the Hitachi FMBio IIe flatbed
fluorescence scanner (MiraiBio). Activity of each enzyme was quantitated by measuring the density of the fluorescent gel band using the
Image J program (http://rsb.info.nih.gov/ij/).
Analysis of Brain Metabolite Levels. Brain metabolite levels
were measured as described previously2,26 using an Agilent triplequadrupole LC-MS. Half of the brain was weighed and dounce homogenized in 2:1:1 v/v/v chloroform/methanol/Tris, pH 8.0 (8 mL),
containing internal standards for anandamide, 2-AG, and a fatty acid
(2 pmol d4-anandamide, 0.5 nmol of d5-2-AG, 10 nmol of pentadecanoic acid). The mixture was vortexed and then centrifuged (1400g, 10
min). The organic layer was removed, evaporated under a stream of
nitrogen, and resolubilized in 120 μL of chloroform. An aliquot of the
extract (10 μL) was injected for analysis with an Agilent G6410B QQQ
instrument. For LC separation, mobile phase A consisted of 95:5 water/
methanol and mobile phase B consisted of 60:35:5 isopropanol/
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Figure 2. Screening of a panel of 29 OP and TC pesticides reveals multiple secondary targets in mouse brain. (A) Structures of the OP and TC
pesticides, which include insecticides, herbicides, and fungicides screened by ABPP, are shown. (B) Nine OP and TC pesticides were initially screened
in vivo. The numbers in parentheses are the doses administered in mg/kg. A representative ABPP gel-based analysis is shown of brain membrane
proteome labeled with FP-rhodamine and separated by SDS-PAGE. Each band represents a serine hydrolase activity, and loss of a band compared to
control indicates inhibition of that enzyme by the pesticide. (C) A larger set of OP and TC pesticides were screened in vivo. (D) A heat map shows
average percent inhibition of target by each pesticide. Protein identiﬁcations for NTE,21 FAAH,19,21,25,28 KIAA1363,29 MAGL,19,21,25 and ABHD621,22,25
on the ABPP gels in B and C are based on mass spectrometry analysis or selective inhibitors used in previous studies. APEH, APT2, and APT1
identiﬁcations are based on previous mass spectrometry studies21,25 and selective inhibitor analyses that are forthcoming and not reported here. AChE is
not observable on the gel due to its low abundance. Data represent n = 3 mice/group. Gels are representative of n = 3.
2810
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methanol/water. Formic acid (0.1%) or ammonium hydroxide (0.1%)
was included to assist in ion formation in positive ionization and negative
ionization modes, respectively. The flow rate for each run started at
0.1 mL/min with 0% B. At 5 min, the solvent was immediately changed
to 60% B with a flow rate of 0.4 mL/min and increased linearly to 100%
B over 10 min. This was followed by an isocratic gradient of 100% B for
5 min at 0.5 mL/min before equilibration for 3 min at 0% B at 0.5 mL/
min. The following MS parameters were used to measure the indicated
metabolites (precursor ion, product ion, collision energy in V): anandamide (348, 62, 11), d4-anandamide (352, 66, 11), 2-AG (379, 287, 8),
d5-2-AG (384, 287, 8). Arachidonic acid was measured by targeting the
parent mass and quantified on the basis of targeted measurements of
pentadecanoic acid. MS analysis was performed with an electrospray
ionization source. The drying gas temperature was 350 °C, the drying
gas flow rate was 11 L/min, and the nebulizer pressure was 35 psi. Lipids
were quantified by measuring the area under the peak in comparison to
the internal standards.
Assessment of Catalepsy. Catalepsy was assessed as described
previously27 on a bar 0.7 cm in diameter placed 4.5 cm off of the surface.
The mouse was placed with its front paws on the bar and a timer (timer
1) was started. A second timer (timer 2) was turned on only when the
mouse was immobile on the bar, with the exception of respiratory
movements. If the mouse moved off the bar, it was placed back on in the
original position. The assay was stopped either when timer 1 reached
60 s or after the fourth time the mouse moved off the bar, and the
cataleptic time was scored as the amount of time on timer 2.

’ RESULTS AND DISCUSSION
ABPP Reveals a Multitude of OP and TC Pesticide Secondary Targets in Mouse Brain. OP and carbamate compounds

include potent inhibitors for the serine hydrolase superfamily.22,23
Two examples of serine hydrolases inhibited by these compounds that also confer toxic effects are the primary target
acetylcholinesterase (AChE) and the secondary target neuropathy target esterase (NTE).8 Therefore, we used an activitybased probe to assess what other members of this class are
targeted by OP and TC pesticides. The serine hydrolase activitybased probe consists of a fluorophosphonate (FP) reactive
group, conjugated to a spacer arm and a detection handle [in
this case, rhodamine (FP-rhodamine)] (Figure 1A).14,15 In a
typical competitive ABPP experiment, inhibitor treatment can be
performed in vivo, in situ, or in vitro, after which the proteome is
incubated with the activity-based probe, separated by SDSPAGE, and monitored by in gel-fluorescent scanning, allowing
for visualization of distinct protein activities (Figure 1B). For this
study, we initially treated mice intraperitoneally with either 100
mg/kg or the maximal tolerated sublethal dose of 9 OP and TC
pesticides for 4 h (Figure 2A,B). ABPP analysis revealed multiple
secondary targets of the 9 OPs and TCs screened, including
NTE, acyl peptide hydrolase (APEH), FAAH, KIAA1363,
MAGL, R/β hydrolase domain 6 (ABHD6), and acyl protein
thioesterases (APT1 and APT2) (Figure 2B). These provocative
results led us to expand our analysis to include an additional 20
pesticides to determine how common these off-targets were
across a diverse chemical space of OP and TC pesticides
(Figure 2C). These studies revealed that several of the off-targets
were not only inhibited by specific individual agents but also
constituted a common inhibitory signature for a wide range of
OP and TC pesticides, as shown in a heat-map of target inhibition
across the 29 pesticide panel (Figure 2D). The most common offtargets inhibited by >30% were FAAH by 16 pesticides, followed by
APEH and ABHD6 by 9 pesticides each, KIAA1363 by 8 pesticides,

Figure 3. Blockade of MAGL and FAAH by OP and TC pesticides
alters brain endocannabinoid levels and elicits catalepsy. (A) The
endocannabinoid system has two endogenous ligands, 2-AG and
anandamide, which are degraded by MAGL and FAAH, respectively,
to terminate their action on the CB1 receptor. (B) Brain 2-AG,
anandamide, and arachidonic acid levels of mice treated with nine OP
and TC pesticides. (C) Degree of catalepsy, scored as seconds that a
mouse is unresponsive on a bar during a 60 s period. Data represent n = 3
mice/group, with signiﬁcance expressed as //, p < 0.01, compared to
control. Data are given as mean ( standard error.

MAGL by 6 pesticides, NTE and APT1 by 2 pesticides each, and
APT2 by 1 pesticide.
The Endocannabinoid System Is a Major Secondary Target of Several OP and TC Pesticides. We were particularly
interested in FAAH and MAGL, because these enzymes are
involved in the breakdown of the endocannabinoid signaling
lipids, anandamide and 2-arachidonoylglycerol (2-AG), respectively, to terminate their action on the cannabinoid receptor type
1 (CB1) (Figure 3A).24,25 The endocannabinoid system is involved
in a vast array of physiological processes, including memory,
neurogenesis, pain, mood, feeding, energy homeostasis, and
metabolism.19,30-35 We previously identified FAAH and MAGL
as targets of CPO and IDFP.21 Dual blockade of FAAH and
MAGL led to dramatic elevations in brain levels of both
anandamide and 2-AG, and robust cannabinoid-dependent behavioral phenotypes, including hypomotility, antinociception,
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and catalepsy, fully reversed with a CB1 receptor antagonist.21,27
We have also previously shown that MAGL blockade decreases
brain arachidonic acid levels. Because arachidonic acid is a precursor of prostaglandins, these results suggest that brain endocannabinoid and eicosanoid signaling pathways may be linked.21
In the present study, we show similar neurochemical changes
with chlorpyrifos, profenofos, tribufos, and molinate among the 9
OP and TC pesticides initially screened, causing elevations in
brain levels of 2-AG and anandamide and reductions in brain
arachidonic acid levels, with modest but selective elevation of
anandamide by EPTC (Figure 3B). The pesticides that significantly blocked both MAGL and FAAH also elicited cataleptic
behavior (Figure 3C), consistent with previous studies.21, 27
The recent advent of selective and eﬃcacious MAGL inhibitors and dual MAGL/FAAH inhibitors has allowed further dissection of these two signaling pathways. Genetic and pharmacological ablation of FAAH leads to elevations in brain anandamide
levels and a subset of cannabinoid behaviors such as antinociception, anxiolysis, and anti-inﬂammation without the full behavioral
eﬀects associated with direct CB1 agonists (i.e., antinociception,
hypothermia, hypomotility, and catalepsy).30,36-38 MAGL blockade by the selective carbamate MAGL inhibitor JZL184 leads to
elevation in brain 2-AG and reduction in arachidonic acid levels
to elicit a subset of the cannabinoid phenotypes, that is, hypomotility and antinociception, but not catalepsy.19, 26 Blocking
both endocannabinoid degrading enzymes by the selective
carbamate MAGL/FAAH inhibitor JZL195 leads to hypomotility, additive antinociception, and catalepsy.27 Interestingly,
MAGL or FAAH blockade also has ramiﬁcations for tetrahydrocannabinol (THC)-mediated drug abuse.27 Acute blockade
of FAAH or MAGL signiﬁcantly attenuated CB1-antagonistprecipitated withdrawal signs in THC-dependent mice.39 Dual
FAAH/MAGL blockade, but not disruption of either FAAH or
MAGL alone, also produced THC-like responses that were
reversed by a CB1 antagonist in a drug discrimination test.27
These studies indicate a provocative and important feature of the
endocannabinoid system where ligand (rather than receptor)
diversiﬁcation is exploited to regulate speciﬁc mammalian behaviors. Electrophysiological studies have revealed that MAGL
blockade also has profound eﬀects on retrograde synaptic
depression and synaptic plasticity. JZL184 prolongs depolarization-induced suppression of excitation in Purkinje neurons in
cerebellar slices and depolarization-induced suppression of inhibition in CA1 pyramidal neurons in hippocampal slices.35, 40
Dual blockade of MAGL and FAAH is also associated with
peripheral metabolic phenotypes. The nonselective MAGL/
FAAH inhibitor IDFP elicits hypertriglyceridemia in mice in a
CB1-dependent manner, attributable to reduced plasma triglyceride clearance and an accumulation in plasma of apolipoprotein E-depleted triglyceride-rich lipoproteins.41 MAGL is also
highly up-regulated in aggressive human cancer cell lines and
high-grade primary human tumors, where it controls a fatty acid
network enriched in protumorigenic signaling lipids.42 Blocking
MAGL impairs cancer cell pathogenicity and tumorigenicity.42
Despite potential beneﬁcial eﬀects that could be yielded from
pharmacological blockade of MAGL or FAAH in treating pain,
inﬂammation, anxiety, and cancer, there may also be untoward
eﬀects from blocking MAGL or both MAGL and FAAH. These
eﬀects include alterations in synaptic plasticity, motility defects,
potential ramiﬁcations for drug abuse, and metabolic abnormalities. Although the eﬀect of chronically ablating MAGL remains
unknown due to a lack of a MAGL knockout mouse model, it
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is also conceivable that CB1 may become desensitized to alter
basal cannabinoid function in vivo in regulating pain, feeding,
memory, and metabolism. Chronic exposure to OP and TC
pesticides also has the potential to elicit these toxic responses.
Other Secondary Targets of OP and TC Pesticides of Potential
Toxicological Relevance. Several of the other secondary targets
have been characterized as having roles in nervous system function.
NTE, for example, is the target of OP-induced delayed neuropathy.8,43
Brain-specific deletion of NTE in mice leads to defects in the
hippocampus, thalamus, and cerebellum, stemming from disruptions
in the endoplasmic reticulum, vacuolation of nerve cell bodies, and
abnormal reticular aggregates.44 Both pharmacological and genetic
reduction in NTE activity lead to hyperactivity and global NTE
deletion leads to embryonic lethality.45 The purported biochemical
role of this enzyme is to hydrolyze lysophosphatidylcholine46 or
phosphatidylcholine,47 and there is evidence that the pathology stems
from defects in phosphatidylcholine homeostasis in the endoplasmic
reticulum.47,48
APTs have been implicated in depalmitoylating proteins
localized on synaptic membranes, including R13 subunits of G
proteins.49 To our knowledge, this is the ﬁrst report that
pesticides target APTs. Knockdown of APT1 has been shown
to impair dendritic spine enlargement.49 The physiological functions of APEH are not fully understood, but it has been implicated in the hydrolysis of terminal acetylated amino acids from
peptides to release an acetylated amino acid, which is further
processed by aminoacylase 1.50 Terminal acetylation of proteins
is widespread and thought to protect them from degradation.
APEH has also been shown to degrade oligomeric forms of
amyloid β—a peptide that aggregates and is involved in the
pathology of Alzheimer’s disease.51,52 ABHD6 is an uncharacterized serine hydrolase that may contribute to the hydrolysis of
2-AG, perhaps in speciﬁc brain regions or speciﬁc cell-types.25
Serine hydrolase KIAA1363 has been partially characterized
and has garnered attention in multiple ﬁelds. It is a primary
detoxifying enzyme for selected OP pesticides.27,53,54 Ablation of
KIAA1363 results in hypersensitivity to OP toxicants and inhibition of other secondary targets.53,54 KIAA1363 is also highly
expressed in multiple types of aggressive human cancer cell lines
and primary estrogen receptor negative human primary breast
tumors, where it regulates an ether lipid network to drive cancer
cell migration and tumor growth.20,55,56 One possible substrate
for this enzyme is acetyl monoalkylglycerol ether (acetyl MAGE),
which is hydrolyzed by KIAA1363 to monoalkylglycerol ether
(MAGE) and acetate.20,53 Consistent with this premise, blocking
this enzyme in cancer cells leads to depletion of MAGE and reduced levels of protumorigenic lipids such as alkyl lysophosphatidic acid.20 Almost all of the acetyl MAGE hydrolytic activity
in the aggressive cancer cells is due to KIAA1363. In mice,
KIAA1363 is the primary acetyl MAGE hydrolase in brain, lung,
heart, and kidney.53 On incubation of KIAA1363 þ/þ and -/brain membranes with acetyl MAGE cofactors for acetyl MAGE
phosphocholine transferase, the absence of KIAA1363 activity
dramatically increased de novo formation of platelet-activating
factor, a highly potent signaling lipid in the brain.53 Recent
studies have also provided evidence that KIAA1363 serves as a
neutral cholesteryl ester hydrolase and that genetic ablation of
KIAA1363 promotes foam cell formation and the development
of atherosclerosis in mice.57
Bioactivation of OPs and TCs to Phosphorylating and
Carbamoylating Agents. Many of the pesticides examined
are bioactivated by cytochrome P450-catalyzed sulfoxidation to
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form phosphorylating or carbamoylating agents for hydrolases
with serine or cysteine at their active sites. This includes at least
three of the phosphorothiolates (P—S—R) (ethoprophos, profenofos, and tribufos)58 and the six phosphorothionates (PdS)
examined. Most or all of the TCs studied undergo sulfoxidation
to TC sulfoxides, which are more potent than the parent compounds as carbamoylating agents for glutathione and other tissue
thiols.59,60 In the case of MAGL, which has a reactive cysteine
within the active site, it is conceivable, although not likely, that
the derivatization site of the activated TC pesticides may be
cysteine61 instead of the active site serine.
Insights Revealed from Secondary Targets of OPs and
TCs. We show that several of the 29 OP and TC pesticides
screened in this study target neurologically important enzymes
such as those involved in regulating endocannabinoid function
(MAGL and FAAH), endoplasmic reticulum integrity (NTE),
and palmitoylation states of proteins and dendritic spine formation (APTs). We also find that several pesticides block MAGL
and FAAH, resulting in neurochemical changes in brain endocannabinoid levels and arachidonic acid metabolism, resulting in
cannabinoid behaviors such as catalepsy. In addition, ABPP also
reveals secondary targets that have poorly or completely uncharacterized physiological function such as ABHD6, APEH, and
KIAA1363. Because several of the OPs and TCs tested have
overlapping off-target profiles, cumulative exposure to these
pesticides may potentially aggravate the risk of eliciting toxicity
from these secondary sites. We caution that the doses used in this
study are significantly higher than those that would be encountered in normal pest control practice and that dose-response
profiles and chronic low-dose exposure studies are warranted to
address the physiological relevance (and the proteomic and
metabolic correlates) of these studies. However, this investigation shows complete blockade of several secondary targets at
sublethal doses (i.e., doses that do not fully inhibit AChE),
implying higher in vivo sensitivity of these enzymes compared to
AChE. Additionally, the pesticides used in this study may provide
scaffolds for further inhibitor optimization to study the biology of
these targets in vivo. Collectively, this study shows how ABPP
can be used to study metabolic pathways that are dysregulated by
pesticides to provide unique insights into toxicant mode of action.
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