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1. Introduction

The serine hydrolase (SH) superfamily consists of >200 enzymes in humans characterized
by the presence of an active site serine that is used for the hydrolysis of substrates. The
membership of this enzyme class is near-equally split between serine proteases (trypsin/
chymotrypsin/subtilisin enzymes) and ‘metabolic’ SHs that cleave ester, amide, or thioester
bonds in small molecules, peptides, or proteins.! The serine proteases have been the subject
of several books and reviews.2™ This article will instead focus on the metabolic SHs (Fig.

D).

The nucleophilicity of the active site serine of metabolic SHs arises from its participation in
a catalytic dyad (e.g. Ser-Lys or Ser-Asp) or triad (e.g. Ser-His-Asp or Ser-Ser-Lys).%7 The
SH catalytic mechanism proceeds by formation of an acyl-enzyme intermediate at the active
site serine, followed by water-induced saponification of the product, and regeneration of the
free serine residue for entry into the next reaction cycle (Fig. 2).82 Owing to the enhanced
reactivity of the active site serine, the functional state of most SHs can be assessed using
active-site directed affinity labels such as fluorophosphonates (FPs, Fig. 2).1:10

The serine nucleophile of metabolic SHs is generally, though not exclusively embedded
within a GXSXG motif and a majority these enzymes adopt an o/p hydrolase fold that
consists of a central -sheet surrounded by a-helicies (Fig. 2).!! This superfamily also
encompasses other smaller subsets of structurally distinct enzymes such as the
phospholipase A2s, the amidase signature enzymes, and the dipeptidylpeptidases.!2-13
Metabolic SHs have been shown to participate in virtually all (patho)physiological processes
in mammals, including neurotransmission, !4 metabolism, !5 pain sensation,

inflammation,!” oxidative stress,!8 cancer,!9 and bacterial infection.20

Many excellent reviews have described the structure and function of individual
SHs.15:19:21-23 Here, we attempt to provide a comprehensive summary that captures our
state of knowledge about mammalian metabolic SHs in their entirety, including those
enzymes that remain mostly or completely uncharacterized. Particular emphasis will be
placed on relating the biochemistry and enzymology of individual SHs to the physiological
substrates and products that they regulate in living systems, and how SHs, through the
regulation of specific metabolic pathways impact health and disease. If selective and
efficacious inhibitors are available for a particular SH, we will also include a discussion of
their use. The majority of this review will be organized by substrate class. Later, we will
discuss SHs for which putative endogenous substrates have not been identified, as well as
emerging chemoproteomic and metabolomic methods aimed at assigning functions to these
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enzymes. For the sake of consistency, we have elected to refer to SHs by their proper gene
names throughout this review (rather than their common name or abbreviation), but have
also attempted to include other aliases if possible.

2. Small-molecule hydrolases

The largest category of substrates for metabolic SHs is small molecules, which include
neutral fatty acyl esters, acyl thioesters (e.g., acyl CoAs), phospholipids, lipid amides, and
other ester metabolites (e.g., acetylcholine). As will be described in this section, the small
molecules themselves may be structural components of cells and tissues, as is the case for
some phospholipids, or important stores of energy, as is the case for triglycerides, or
signaling molecules, as is the case for acetylcholine.

2.1. Intracellular neutral lipases

Intracellular triglyceride and cholesteryl ester stores in organs such as adipose tissue and
brain are hydrolyzed by multiple SHs, including LIPE, PNPLA2, MGLL, and DAGLa and 3
(Fig. 3). The resultant free fatty acid products are an important fuel in mammals and can be
converted by the B-oxidation pathway to acetyl-CoA, which can enter the citric acid cycle
for oxidative phosphorylation to generate ATP. These hydrolytic reactions also generate
signaling molecules, such as the neuromodulatory lipid 2-arachidonoylglycerol (2-AG),
which activates cannabinoid receptors.

2.1.1. LIPE (Hormone-sensitive lipase)—In humans, LIPE, also called hormone-
sensitive lipase (HSL), is an 84 kDa intracellular enzyme predominantly expressed in
adipocytes and adrenal glands, with lower expression in cardiac and skeletal muscle and
macrophages.?*23 In vitro, LIPE hydrolyzes triglycerides (TGs), diglycerides (DGs),
monoglycerides (MGs), cholesteryl esters, and retinyl esters, with ~5—10-fold higher activity
for DGs over TGs and MGs, but has no phospholipase activity.2®-27 An unusual feature of
LIPE is the modulation of its activity by phosphorylation by protein kinase A (PKA).27 In
adipocytes, LIPE phosphorylation is stimulated by catecholamines or suppressed by insulin,
causing translocation of HSL from the cytosol to the surface of lipid droplets, where its
hydrolytic activity is substantially increased.28-2

For many years, LIPE was thought to be the principal TG hydrolase in adipocytes that
participates in the first and rate-limiting step of TG lipolysis. This hypothesis was
convincingly disproven by the generation of multiple LIPE(—/—) mouse lines.?0-32 While
the neutral cholesterol ester hydrolase (NCEH) activities in white and brown adipocyte
tissues (WAT and BAT) and testis of LIPE(—/—) mice are completely ablated, WAT retains
a substantial amount (~40%) of the TG lipase activity.32 LIPE(—/—) mice are neither obese
nor cold sensitive, but show adipocyte hypertrophy which does not change WAT mass, but
causes a ~1.7-fold increase in BAT mass. Fat pads treated with the ;- and ,-adrenergic
agonist isoproterenol from LIPE(—/—) mice show a decrease in released free fatty acids, an
absence of released glycerol, and an accumulation of intracellular DG. Male LIPE(—/-)
mice are infertile owing to the lack of spermatozoa. DGs are elevated in multiple tissues
from LIPE(—/—) mice, confirming that DGs are a major endogenous substrates for LIPE.30
Taken together, these data suggest that LIPE participates in the second step of TG lipolysis
in adipose tissue by hydrolyzing DG in vivo.

Several chemical classes of synthetic LIPE inhibitors have been described, including
carbamates,3> heterocyclic ureas,>*3> and pyrrolopyrazinediones,3¢ although their
selectivity and pharmacological effects in mammals have not been extensively reported.
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2.1.2. PNPLA2 (Adipose triglyceride lipase)—The observation that LIPE is not the
principal TG hydrolase in adipose tissue prompted a search for enzymes that could perform
this chemistry and resulted in the identification of patatin-like phospholipase domain
containing 2 (PNPLA2), also called adipose triglyceride lipase (ATGL),3” desnutrin,38
TTS-2.2,37 iPLA2(, or PLA2G6E.*? In mice, PNPLA?2 is a ~54 kDa protein principally
expressed in white and brown adipose tissues, with lower levels in skeletal and cardiac
muscle and testis. When overexpressed in COS-7 cells, PNPLA?2 is detected in both the
soluble and pellet fractions and has activity for triolein but not cholesterol oleate, retinyl
palmitate, or PC.*! Unlike LIPE, PNPLA2 activity is unaffected by PKA phosphorylation or
B-adrenergic stimulation, but is co-activated by another protein ABHDS, also known as
CGI-58, which too possesses an a/B-hydrolase fold, but lacks a serine nucleophile required
for hydrolytic catalysis.*1:42

The generation of PNPLA2(—/—) mice confirmed that PNPLA?2 is the rate-limiting step for
TG lipolysis in adipose tissue.*> TG hydrolysis activity of WAT, skeletal muscle, and liver
from PNPLA2(—/—) mice is decreased by >80%, 44%, and 73%, respectively, and fat pads
from these animals show reduced release of free fatty acids following stimulation by
isoproterenol. Anatomically, PNPLA2(—/—) mice have two-fold increases in body fat mass,
enlarged lipid droplets in both WAT and BAT, adipocyte hypertrophy, and mild obesity.
These animals do not survive prolonged cold exposure or fasting, presumably because their
impairment in lipolysis precludes the production of fatty acids for energy generation.
PNPLA2(—/—) mice suffer premature death from a mechanical contraction defect in the
heart which arises from the >20-fold increase in cardiac TG. These data suggest that, in the
absence of PNPLA2, TG lipolysis is dramatically impaired, leading to the accumulation of
TG in multiple tissues, a decrease in available free fatty acids for energy production, and
premature death from an inappropriate cardiac accumulation of TG.

Selective inhibitors of ATGL have not, to our knowledge, been described.

2.1.3. MGLL (Monoacylglycerol lipase)}—MGLL, also called monoglyceride lipase
(MGL) and sometimes abbreviated MAGL, is a ~33 kDa enzyme in mice ubiquitously
expressed in all tissues, with highest expression in brain, white adipose tissue, and liver.**43
MGLL is a soluble enzyme that peripherally associates with membranes by means of a
hydrophobic lid domain.*%47 In vitro, MGLL is capable of hydrolyzing a variety of
monoglycerides into free fatty acids and glycerol, and has strong preference for MG over
DG or TG.*8 One such monoglyceride is the endocannabinoid 2-AG,*-5! an endogenous
ligand for the cannabinoid receptors CB1 and CB2, two G-protein coupled receptors that
also respond to the psychoactive component of marijuana A%-tetrahydrocannabinol 723

A principal role of MGLL in the deactivation of 2-AG signaling at cannabinoid receptors
has been demonstrated using the selective MGLL inhibitor JZL184°%3> and MGLL(—/—)
mice (Fig. 4).5%7 JZ1184-treated or MGLL(—/—) mice have >80% reductions in 2-AG
hydrolysis activity in most tissues including brain and concomitant elevations in 2-AG and
other MGs. In brain, these mice also show an approximately 50% decrease in free
arachidonic acid. Acute MGLL disruption with JZL.184 produces CB1-dependent anti-
nociception and hypomotility,*>-8 two cannabimimetic behaviors classically associated with
activation of CB1 receptors.>? Interestingly, similar effects are not observed in mice treated
chronically with JZL184 or in MGLL(—/—) mice because CB1 receptors become
desensitized in these animals.’® MGLL is also highly expressed in aggressive human cancer
cells and primary tumors, where it regulates fatty acids and downstream fatty acid-derived
oncogenic signaling metabolites.®0 Overexpression of MGLL in less aggressive cancer cells
elevates fatty acids and promotes cell proliferation and in vivo tumor growth. Conversely,
JZ1.184-treatment or short hairpin RNA-mediated silencing of MGLL in aggressive cancer
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cells decreases MG hydrolysis activity, reduces intracellular fatty acids, and reduces their
pathogenicity. Together, these data demonstrate that MGLL serves specialized metabolic
functions in different cell types and tissues. In the nervous system, MGLL terminates 2-AG
signaling at CB1 receptors and possibly also arachidonic acid pathways. In peripheral
tissues, such as WAT, MGLL mainly controls the levels of non-cannabinoid MGs as part of
its role in the TG lipolysis pathway. In certain pathological systems, such as in cancer cells,
MGLL regulates, not only MGs, but also free fatty acids, which in turn feed into
downstream pathways that produce pro-tumorigenic signaling lipids.

2.1.4. DAGLA and DAGLB (Diacylglycerol lipase a and B)—In humans, DAGLA
and DAGLB, also called diacylglycerol lipase a and B (DAGLa and DAGL), are ~120 kDa
and ~70 kDa, four-pass transmembrane enzymes that share ~30% identity.®! DAGLA is
highly expressed in brain and pancreas, whereas DAGLB is strongly expressed in bone
marrow and liver.°2 In vitro, the DAGLs have DG hydrolase activity with a several-fold
preference for the sn-1 position over the sn-2 position, are stimulated by calcium, and have
negligible MG or TG hydrolase, phospholipase, or lipid amidase activity.®!

The generation of both DAGLA and DAGLB(—/—) have established a role for the DAGLs in
the biosynthesis of the endocannabinoid 2-AG.6%63 Consistent with their relative expression
levels in organs, DAGLA(—/—) mice show 80% reductions in brain 2-AG and DAGLB(—/-)
mice show 90% reductions in liver 2-AG. Concurrent decreases in arachidonic acid are also
observed in these tissues. In the hippocampus, a phenomenon called depolarization-induced
suppression of inhibition (DSI) occurs when retrograde endocannabinoid signaling at the
CBI1 receptor attenuates GABA release from presynaptic termini. DSI is absent in the
DAGLA(—/—) mice, demonstrating that 2-AG is the endocannabinoid ligand responsible for
this form of synaptic plasticity. Lastly, both DAGLA and DAGLB(—/—) show decreases in
adult neurogenesis in the brain.®2 These data support the hypothesis that, by hydrolyzing
sn-2 arachidonoyl-containing DGs, the DAGLs directly regulate basal levels of 2-AG in
multiple tissues including brain, and, indirectly, also modulate free arachidonic acid by
limiting the availability of one of its major metabolic precursors 2-AG.

Both DAGLA and DAGLB are inhibited by the non-selective lipase inhibitors
tetrahydrolipstatin (THL) and RHC80267 (Fig. 5).%% Pharmacological studies with these
inhibitors support the results from DAGL-deficient mice that DAGL enzymes regulate DSI
and other forms of endocannabinoid-mediated retrograde signaling in the nervous system.%>

2.1.5. CES3 (Carboxylesterase 3)—CES3, also known as triglyceride hydrolase or
triacylglycerol hydrolase (TGH), whose ortholog in humans is CES1, is a 60 kDa
microsomal enzyme with in vitro activity for a variety of short- and long-chain TGs, but no
activity for fatty acyl-CoAs or phospholipids.®®-%° In mice, CES3 is highly expressed in the
liver, with moderate amounts of expression in the lung, heart, kidney, and adipose tissues,
and no expression in brain, spleen, or muscle.’0

The cells of the intestine deliver dietary TGs to peripheral tissues by secreting TG-rich
chylomicron particles into the plasma. In contrast, the liver delivers endogenously
synthesized TGs by packaging and secreting TGs in apoB-containing very low density
lipoprotein (VLDL) particles, a process that does not occur by direct transport of hepatic
TGs but rather requires the sequential lipolysis of intracellular hepatic TG stores from lipid
droplets followed by re-esterification of the acylglycerols onto VLDL particles by
endoplasmic reticulum-localized acyltransferases.®® CES3(—/—) mice has provided evidence
that CES3 contributes to the production of very low density lipoprotein (VLDL) particles.”!
Livers from CES3(—/—) mice show ~30% decrease in total carboxylesterase activity. VLDL-
sized particles and apoB 100 are reduced by ~50% in plasma from CES3(—/—) versus wild-
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type littermates, which correlates with a decreased secretion of TG from cultured CES3(—/
—) hepatocytes of comparable magnitude. Despite decreased TG secretion, CES3(—/—) mice
show no evidence of hepatic TG accumulation, an observation that is, in part, explained by a
combination of reduced TG lipolysis in white adipose tissue, which limits TG accumulation
in the liver, and elevations in hepatic f-oxidation enzymes which redirects hepatic TG to
catabolic processes. CES3(—/—) mice show a variety of improved metabolic parameters,
including enhanced insulin and glucose sensitivity and pancreatic islet function. The in vitro
TG hydrolase activity of CES3 and the reduced hepatic VLDL production in CES3(—/-)
mice, taken together, support the hypothesis that CES3 hydrolyzes hepatic TGs, thereby
supplying acylglycerol substrates for the re-esterification and formation of VLDL particles.
These data also suggest that CES3 may also play an important role in TG lipolysis in white
adipose tissue, an issue that may be resolved by the generation of tissue-specific CES3(—/—)
mice.

A few CES3 inhibitors have been reported, but their selectivity, especially among other CES
enzymes, has not been extensively examined.33

2.1.6. AADACL1 (Arylacetamide deacetylase-like 1)—AADACLI, also called
neutral cholesterol ester hydrolase 1 (NCEHI)72 or KIAA1363,3is a lumenally-oriented,
integral membrane ~50 kDa glycoprotein highly expressed in brain, macrophages, heart, and
the adrenal gland.”* In vitro, AADACLI can hydrolyze an unusual class of neutral lipids, 2-
acetyl-monoalkylglycerol ethers (2-Ac-MAGEs), to generate MAGE:s (Fig. 6).75-76
AADACLI has also been reported to hydrolyze cholesteryl esters in vitro,’* though another
group has been unable to reproduce this activity.”®

The endogenous biochemical function of AADACLI in normal tissues remains enigmatic,
but the enzyme has been shown to serve an important metabolic role in cancer. AADACLI1
is highly expressed in aggressive cancer cells’3 and primary tumors,’’ where, at least in
certain instances, its gene is highly amplified.” Blockade of AADACLI1 in aggressive
cancer cells by shRNA knockdown or the carbamate inhibitors, AS115 or JW480, causes
reductions in MAGEs and downstream metabolites such as alkyl-LPAs (a known
chemoattractant) and alkyl-LPCs (Fig. 6).75-79 shRNA knockdown of AADACLI1 also
impairs cell migration and tumor growth in vivo.”> These findings are particularly intriguing
when evaluated in the context of a number of other reports, dating back to the 1960s, that
cancer cells possess fundamental laterations in neutral ether lipid metabolism. These studies
have shown strong correlations between neutral ether lipid levels and enhanced tumor-
forming potential in cancer cells and have postulated that MAGEs, in particular, may
originate from 2-Ac-MAGE hydrolysis.80-8! It appears that AADACLI represents the
principal 2-Ac-MAGE hydrolase in many cancer cells.

Curiously, despite having nearly ablated 2-Ac-MAGE hydrolysis activity in multiple tissues,
including the brain, heart, and lung, AADACL1(—/—) mice do not show reduced MAGE
levels82, suggesting that the enzyme may serve a distinct metabolic function in normal
tissues. One possibility is that AADACL1 plays a role in cholesteryl ester (CE) metabolism
in macrophages. In support of this hypothesis, AADACL1(—/—) mice show significant (but
not complete) reductions in CE hydrolysis activity and aggravated atherosclerosis when
crossed into the APOE(—/—) line and fed a high fat diet.”?> These findings, however, have
been challenged by another group, which found that LIPE (hormone sensitive lipase) is the
principal cholesteryl ester hydrolase in mouse macrophages and that AADACL1(—/-)
macrophages do not show any deficiency in this activity.”® These discrepancies and their
interpretation are further complicated by differences in the SH composition of mouse and
human macrophages, the latter of which has recently been reported to express high levels of
AADACLI, but not LIPE.33 Finally, beyond its roles in neutral ether lipid and CE
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metabolism, AADACLI1 has been found to represent the principal reactive SH in the brain
for the organophosphorous insecticide metabolite chlorpyrifos oxon (CPO), and
AADACLI1(—/-) are more sensitive than wild-type littermates to poisoning by
organophosphorous reagents.82:84

2.1.7. ABHD6 (Alpha/beta hydrolase domain containing 6)—ABHDG is a ~30 kDa
hydrolase with a single transmembrane domain near the N-terminus and a cytosolically-
oriented catalytic domain.3 ABHD6 is highly expressed in multiple human tissues by RT-
PCR, including brain, lung, liver, muscle, kidney, pancreas, and testis.30 In vitro, ABHD6
can hydrolyze the endocannabinoid 2-arachidonoylglycerol (2-AG),33 and blockade of
ABHDS6 in prefrontal cortical slices from adult mice using the selective carbamate inhibitor
WWL70 (Fig. 7) and concurrent sub-threshold stimulation produces significant cannabinoid
receptor-dependent long-term depression (LTD).87 These data support the hypothesis that
ABHDG6 regulates the duration and magnitude of 2-AG signaling in some brain areas,
despite its small contribution to the total brain 2-AG hydrolysis activity.3” To date,
ABHD6(—/—) mice have not been generated, and no reports have described if WWL70 or
other ABHDG inhibitors33 such as WWL123 (Fig. 7) produces CB1-dependent behaviors in
rodents similar to inhibitors of other endocannabinoid hydrolases including MAGL and
FAAH.8 Whether ABHD6 can also cleave other lipids in addition to 2-AG, and whether it
regulates the levels of other lipids in vivo remain to be determined.

2.1.8. ABHD12 (Alpha/beta hydrolase domain containing 12)—ABHDI12 is a ~45
kDa transmembrane glycoprotein with high expression by mRNA in multiple murine tissues
and cells, including brain, microglia, macrophages, and white adipose tissue.8? In vitro,
ABHDI12 has 2-AG hydrolase activity.3> Recently, the neurodegenerative disease
polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cataract (PHARC) has been
mapped to mutations and deletions in the AbhdI2 gene in humans.8® PHARC patients also
present with hearing loss, demyelination, and cerebellar ataxia. Neither ABHD12(—/—) mice
nor selective inhibitors have yet been described. The precise mechanism by which loss of
ABHD12 function causes PHARC remains to be determined, and possibilities include
ABHD12 regulation of 2-AG tone in particular cell types such as macrophages and
microglia (where ABHD12 is highly expressed and MGLL is absent), or ABHD12
regulation of other signaling or structural lipids. The full spectrum of lipids substrates
accepted by ABHD12 has not been extensively investigated.

Selective inhibitors of ABHD12 have not, to our knowledge, been described.

2.2. Extracellular neutral lipases

The absorption of dietary triglycerides (TGs) and the subsequent distribution of intestinal
and hepatic TGs to peripheral tissues occur by the action of multiple SHs. The enzymes
involved in dietary TG absorption (LIPF, CEL, PNLIP, and PNLIPRP2) hydrolyze TGs into
free fatty acids that can be absorbed by the intestines.?%-3 Once absorbed, the fatty acids are
re-esterified into TGs in enterocytes, and these “exogenous” TGs are then packaged and
secreted to the plasma as lipoprotein particles called chylomicrons for distribution to
peripheral tissues. In parallel, TGs from the liver (endogenous TGs) are similarly
transported in the form of very low density lipoprotein (VLDL) particles.?* The transport of
TGs in the form of lipoprotein particles reduces diffusion of hydrophobic molecules in the
plasma and also allows targeting of TG delivery to specific tissues through interactions with
the protein components of lipoprotein particles.

The distribution of TGs and recycling of lipoprotein remnants occurs by the action of LPL,
LIPC, LCAT, and LIPA. Lumenally oriented lipoprotein lipase and hepatic lipase hydrolyze
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TGs and cholesteryl esters from chylomicron and VLDL particles to generate free fatty acids
that can be absorbed and used by tissues. The remaining lipoprotein particles, called remnant
chylomicrons and LDL particles, respectively, are loaded with cholesterol from peripheral
tissues by a process dependent on the lecithin-cholesterol acyltransferase, and are targeted to
and recycled in the liver by lysosomal acid lipase. 247

2.2.1. PNLIP (Pancreatic lipase)—PNLIP, also known as pancreatic triglyceride
lipase,”® or colipase-dependent pancreatic lipase,”® and sometimes abbreviated PL, is a 51
kDa glycoprotein in humans.!00-101 PNLIP is only expressed in the pancreas and is secreted
from there into the intestinal lumen.!%0 In vitro, PNLIP has no activity on phospholipids or
cholesteryl esters, but can hydrolyze TGs to monoglycerides and free fatty acids.!0%103 This
activity can be inhibited by bile salts, which raises an interesting question of how PNLIP can
function in the bile salt-enriched environment of the intestinal lumen.!3 This issue was
resolved by the discovery of a ~10 kDa protein cofactor secreted by the pancreas called
colipase, which binds the C-terminal domain of PNLIP and preserves its activity in the
presence of bile salts.!%4-100 In humans, it appears that colipase secretion is the limiting
factor in PNLIP activity, since addition of exogenous colipase to pancreatic juices in vitro
can further stimulate PNLIP activity.!07

Multiple studies of deficiency in PNLIP have been reported, though none have conclusively
demonstrated the extent of the contribution of PNLIP to dietary TG absorption. First,
individuals with deficiencies in total lipolytic activity from duodenal juices present with
steatorrhea (oily stools), but, in these cases, the Pnlip gene was not sequenced and it is
unclear whether the subjects had deficiencies in PNLIP and/or other lipases of the
gastrointestinal tract.108-109 Second, administration of tetrahydrolipstatin (THL), an inhibitor
of PNLIP,!10 induces modest weight loss and steatorrhea in humans and has been used as a
drug to treat obesity for many years.!1! THL, however, has also been shown to inhibit other
lipases in the digestive tract including carboxyl ester lipase (CEL) and gastric lipase
(LIPG), 12 and therefore the extent to which the inhibition of PNLIP is responsible for the
weight loss effects of THL remains unresolved. Third, pancreatic extracts from PNLIP(—/—)
mice?® have >80% decreased TG hydrolysis activity in the absence of taurocholate, a
stimulator of another lipase in the intestinal lumen, carboxyl ester lipase (CEL), but, when
taurocholate was added to the assay, TG hydrolysis activity was reduced by ~50% in the
PNLIP(—/—) mice. These mice show delayed and reduced TG and cholesterol absorption
when given a fatty meal by oral gavage, but do not show steatorrhea on chow or high fat diet
and are of normal weight during post-natal development. These data, taken together, support
the hypothesis that PNLIP is a principal, but not sole enzyme responsible for the hydrolysis
and absorption of dietary TG.

2.2.2. PNLIPRP1 and PNLIPR2 (Pancreatic lipase-related proteins 1 and 2)—
PNLIPRP2 was originally cloned from cytotoxic T lymphocytes as an interleukin-4-
inducible factor with homology to PNLIP.!13 Later, human pancreatic lipase-related proteins
1 and 2 (PNLIPRP1 and PNLIPRP2) were cloned from a pancreatic cDNA library using
oligonucleotide probes to conserved regions of canine and porcine PNLIP.114 Of the two
related proteins, catalytic activity has only been found for PNLIPRP2, an enzyme that can
hydrolyze TG, phospholipids, and monogalactosyldiglycerides in vitro.93-115-116 The effect
of bile salt concentrations and the presence of colipase in modulating PNLIPRP?2 activity are
unclear but appear to vary across species.!14-116

PNLIPRP?2 is highly expressed in the pancreas and has essentially no expression in other

tissues.!13 In the rat, PNLIPRP2 expression begins at E17, peaks at P0.5, and is maintained
at a lower level in adult,!!7 a profile complementary to rat PNLIP, which is expressed only
after P21. These data suggested that PNLIPRP2 might be involved in neonatal but not adult
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dietary TG digestion, a hypothesis confirmed by PNLIPRP2(—/—) mice.!8 Slightly fewer
than expected PNLIPRP2(—/—) mice are born from heterozygous matings. At P10,
PNLIPRP2(—/—) mice have a 2.5-fold increase in stool weight and a 5-fold increase in stool
fat content. The steatorrhea of P10 knockouts is absent by P23, consistent with the increased
expression of PNLIP during postnatal development. The fat in feces from wild-type animals
at P10 is principally nonesterified fatty acids, whereas PNLIPRP2(—/—) mice accumulate
DGs and TGs, demonstrating incomplete lipolysis of dietary TGs. Lastly, these mice gain
weight slower than their wild-type littermates. Thus PNLIPRP?2 is a major contributor to the
pancreatic lipase activity in early postnatal development and its role is diminished in adults
owing to the upregulated expression and secretion of PNLIP after P21.

THL is a non-selective inhibitor of PNLIPRP2.93

2.2.3. CEL (Carboxyl ester lipase)—CEL is also known by the names carboxyl ester
lipase, cholesterol esterase, ! 19 bile salt-stimulated lipase,120 bile salt-dependent lipase,121
and bile salt-activated lipase.22 In humans, CEL is an ~80 kDa protein!23 that is primarily
synthesized in pancreatic acinar cells and lactating mammary glands, with much lower
levels of expression in liver, macrophages, endothelial cells, and eosinophils.?! Mammary-
derived CEL is highly abundant in the milk of most species except rats and cows,
constituting ~1% of the protein component.!20 In the intestinal lumen, CEL is attached to
the brush border of enterocytes via a heparin binding domain,'?# and in pancreatic juice
CEL is present as ~5% of the total protein.! In vitro, CEL has broad substrate scope and is
capable of hydrolyzing cholesteryl esters, TG, diglycerides (DGs), monoglycerides (MGs),
phospholipids, lysophospholipids, and ceramide.!25-127 The name bile salt-stimulated lipase
(BSSL) originated from the finding that CEL has an absolute requirement for bile salts with
3a, 7o hydroxyl groups in hydrolyzing TGs and other long chain fatty acyl substrates.!28
The K for bile salts and CEL is approximately 20 3M,°! and therefore CEL is thought to be
active principally in the intestinal lumen where it is exposed to high bile salt
concentrations.28 Consistent with this premise, CEL has been shown to be stable under
acidic conditions and therefore mammary-derived CEL is thought to be stable as it passes
through the stomach to the intestines where it actively cleaves TGs in milk.128

Multiple lines of evidence have established a role for both mammary-derived maternal CEL
and pancreas-derived pup CEL in dietary TG hydrolysis and absorption in neonates. Kittens
fed formula gain weight at only half the rate of kittens fed breast milk or kittens fed formula
supplemented with recombinant human CEL.!2° CEL activity from milk produced by
CEL(—/—) mothers or from the intestinal lumen of P5 pups nursed by CEL(—/—) dams is
dramatically reduced, and this coincides with an accumulation of lipid droplets along the
endothelial lining of the distal small intestine and damage to the villus architecture in the
pups. 30 Using all combinations of CEL(—/—) pups and dams, it was demonstrated that fecal
fat levels were only elevated when CEL(—/—) dams nursed CEL(—/—) pups but not under
any other pair-wise combination, demonstrating the importance of both maternal CEL and
pancreas-derived CEL.13! Despite steatorrhea in knockout pups nursed by knockout
mothers, weight gain is normal during neonatal development.!3! The role of CEL in adult
dietary TG absorption is less clear though studies with CEL(—/—) mice have provided some
evidence that CEL plays a role in the absorption of esterified cholesterol and the
determination of chylomicron particle size.!19:132

CEL is inhibited by THL!!2 as well as multiple carbamates;33 however, these compounds
are non-selective towards other lipases.

2.2.4. LIPF (Gastric lipase)—LIPF, also abbreviated GL, in humans is a glycoprotein
with a de-glycosylated molecular weight of 43 kDa.!33 It is secreted by the chief cells of the
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gastric mucosa!34 and has hydrolytic activity for triglycerides of varying acyl chain lengths
with no dependence on bile salts.?? Interestingly, LIPF TG hydrolytic activity has a pH
optimum of ~3-5 which contrasts with the pH optimum of ~7-9 displayed by most SHs.
Crystal structures reveal that LIPF adopts a standard o/B-hydrolase fold and did not provide
any insight into its unusual activity at acidic pH.!33 This issue was resolved when it was
shown that LIPF binds to TG emulsions optimally at low pH, suggesting that its optimal
activity was derived in large part from productive substrate interactions.!3 To date, LIPF(—/
—) mice have not been generated, but in human studies, estimations based on total amounts
of LIPF and PNLIP suggest that LIPF contributes to the hydrolysis of ~10-20% of TG in
stomach and intestinal lumen.!37

THL is a non-selective LIPF inhibitor.

2.2.5. LPL (Lipoprotein lipase)—LPL is a ~55 kDa glycoprotein primarily expressed in
adipocytes, cardiac and skeletal muscles, and the lactating mammary gland, with lower
expression in macrophages, adrenal glands, ovaries, some neuronal cells, spleen, testes, and
lung.15-138-140 [ PL is bound to the lumen of capillary endothelial cells by heparin sulfate-
proteoglycans (HSPGs) and consequently it can be displaced and collected following an
intravenous injection of heparin (i.e., post-heparin plasma). LPL mRNA has not been
detected directly in endothelial cells and it is therefore thought that LPL is synthesized by
parenchymal cells and then translocated to the lumen. 4!

Exogenous TG from the intestines and endogenous TG from the liver, after acquiring the
apolipoproteins apoE and apoC-II from high density lipoproteins (HDL), become mature
chylomicrons and mature VLDL particles, respectively, and circulate through the blood to
peripheral tissues. LPL in the capillary endothelial lumen hydrolyzes TG from these
lipoprotein particles into MG and non-esterified fatty acid so that these catabolic products
can be taken up by organs. The active form of LPL is a homodimer that requires the cofactor
apoC-II for activity, 42 and the initial binding of chylomicrons or VLDL to LPL is also
mediated by the LPL-apoC-II interaction. After LPL processing, chylomicrons and VLDL
particles become chylomicron remnants and intermediate density lipoprotein (IDL) particles,
respectively, and are targeted to the liver by ApoE.

Deficiencies in LPL have been reported in both humans and rodents. Familial LPL
deficiency occurs in approximately one out one million individuals and results from a
collection of heterogeneous loss-of-function mutations in Lpl.143-145 These patients have
dramatically reduced LPL activity in postheparin plasma with concomitant elevations in
plasma chylomicrons, TG, and VLDL. Similar phenotypes are also found in patients with
deficiency in the obligate LPL cofactor apoC-II, and together these disorders are classified
as familial chylomicronemia syndromes or type I hyperlipoproteinemia.!4® Mice deficient
for LPL have dramatically reduced LPL activity, three-fold greater TG, seven-fold greater
cholesterol in VLDL-C, accumulation of chylomicrons in capillaries, and reduced HDL
compared to controls.!#” Upon suckling, LPL(—/—) pups become cyanotic (blue
discoloration of the skin caused by lack of blood oxygenation) and die at approximately 18
h, at which point plasma TG is elevated eighty-fold and VLDL-C is elevated forty-fold.
Gross morphological analysis revealed severe reductions in adipocyte mass in LPL(—/—)
pups. Transgenic expression of LPL only in skeletal and cardiac muscle entirely rescues the
LPL(—/-) phenotypes demonstrating that the presence of LPL in muscle is sufficient to
normalize whole body VLDL metabolism. Though LPL(—/—) pups do not entirely
phenocopy LPL-deficient humans, together these data provide strong evidence for LPL
participation in the catabolism of chylomicron and VLDL particles in vivo.
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A series of covalent urea-based inhibitors of LPL have been described though these
compounds are also cross-reactive with endothelial lipase (LIPG) in vitro (Fig. 8).148

2.2.6. LIPC (Hepatic lipase)—LIPC, also called hepatic lipase or hepatic triglyceride
lipase,'4? is a ~60 kDa glycoprotein secreted by the liver and localized to the lumenal
surface of hepatic endothelial cells by HSPGs. !0 In vitro, LIPC can hydrolyze TG and
phospholipids in all lipoproteins.!>!-152 Like LPL, LIPC is eluted in post-heparin plasma
and its activity can be differentiated from that of LPL by including high salt concentrations
in the in vitro assay buffer, which stimulates LIPC but inhibits LPL activity.!52

LIPC deficiency or inhibition in humans and other organisms has revealed complex role for
LIPC in lipoprotein metabolism. Several cases of familial LIPC deficiency in humans have
been reported.!3-135 In two brothers, p-VLDL is markedly elevated and both LDL and
HDL are enriched in TG and PC,!3* phenotypes that are nearly identical to those described
in another investigation.!3 In cynomolgus monkeys, the administration of LIPC antisera
dramatically inhibits LIPC activity but not LPL, which causes elevations in VLDL and
intermediate-density lipoprotein (IDL) mass and a decrease in LDL mass. In this same
study, VLDL TG, cholesterol, and phospholipids, as well as HDL, phospholipids were also
elevated.'# In rats, administration of anti-rLIPC that does not inhibit rat LPL caused a 4-
fold elevation in plasma TGs due to an increase in VLDL and LDL.156 In LIPC(~/-) mice,
total basal plasma cholesterol and phospholipids are elevated but plasma TG is unchanged,
and HDL| was elevated. Taken together these studies suggest that, by hydrolyzing
lipoprotein TG and phospholipids in vivo, LIPC plays a dual role in converting VLDL to
LDL particles in a manner complementary to that of LPL and in the remodeling of HDL
TG.»

Selective inhibitors of LIPC have not, to our knowledge, been described.

2.2.7. LIPA (Lysosomal acid lipase)—LIPA, also abbreviated LAL, is a ~40 kDa
glycoprotein in humans that is highly expressed in brain, lung, kidney, and mammary gland,
with lower levels in liver and heart.!57-159 In vitro, LIPA hydrolyzes cholesterol esters,
TGs, DGs, and MGs with maximal activity at pH ~4. 160,161 1 TPA co-localizes to the
membrane fractions of early and late endosomes, consistent with its in vitro acidic pH
optimum., 162

The available data from both humans and rodents support a role for LIPA in the hydrolysis
of cholesteryl esters and TG from internalized LDL particles. By doing so, LIPA supplies
cells with the cellular cholesterol required to stimulate cellular cholesteryl ester formation
and suppression of hydroxymethylglutaryl-CoA reductase, the rate limiting step for
cholesterol biosynthesis.97 In humans, LIPA deficiencies manifest themselves as either
Wolman disease or cholesteryl ester storage disease (CESD).103-165 Newborns with
Wolman disease have complete loss of LIPA activity and present with intra-lysosomal
accumulation of TG and cholesteryl esters in most tissues which is accompanied by
vomiting, diarrhea, and hepatosplenomegaly. Typically these individuals do not live past
their first year. Patients with CESD typically have a residual 10-30% remaining LIPA
activity and present with hypercholesterolemia and elevated LDL-cholesterol levels, but can
typically survive past middle age. LIPA(—/—) mice are normal at birth, fertile, and survive
into adulthood.!00:167 However, adult LIPA(—/—) mice have massive accumulations of TG
and cholesteryl esters in the liver, adrenal glands, and small intestines, with a reduction in
the mass of white and brown adipose tissues.
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THL and a series of thiadiazole carbamate inhibitors have been shown to covalently

inactivate LIPA, though the selectivity and in vivo efficacy of these carbamates remains
unknown. 168

2.2.8. LCAT (Lecithin-cholesterol acyltransferase)—LCAT, also called lecithin-
cholesterol acyltransferase, is a ~60 kDa glycoprotein in humans that is predominantly
synthesized in the liver and found in the plasma reversibly bound to lipoproteins.26-169.170
LCAT is activated by ApoA-I!7! a major protein component of HDL, and transfers acyl
chains from phosphatidylcholines (PCs, or lecithins) to cholesterol to form cholesteryl esters
on the surface of HDL particles.!7? In vitro, other sterols such as 25-hydroxycholesterol,
pregnenolone, and dehydroepiandrosterone can also serve as acyl acceptors.!”3 It appears
that there are two distinct binding pockets for PCs and sterols, since it has been shown that
both can simultaneously be bound to LCAT.174

In vivo, by generating cholesteryl esters, LCAT promotes the efflux of cholesterol from
peripheral tissues such as white fat onto HDL particles, a process called reverse cholesterol
transport. In a subsequent step, cholesterol ester transfer protein (CETP) moves the
cholesteryl esters from HDL to LDL particles and chylomicron remnants for transport back
to the liver.?® Human patients with familial LCAT deficiency (FLD) show near complete
loss of LCAT activity, reduced plasma cholesteryl esters, HDL deficiency, and lipid changes
in the VLDL and LDL fractions.!75-177 Clinically, these individuals present with corneal
opacification, anemia, proteinuria, and renal disease. Patients with partial LCAT deficiency,
also known as fish-eyed disease (FED), show HDL deficiency but present with few clinical
signs except for age-dependent corneal opacification. In LCAT(—/—) mice, plasma LCAT
activity is ablated and > 90% reductions in plasma HDL and HDL cholesteryl ester content
are observed. HDL particles are also of a heterogeneous size and morphology, and the
adrenal glands showed reduced lipid content.!”® No reports have described whether
LCAT(—/—) mice present with any of the physiological defects observed in humans with
FLD or FED. Together, these studies provide strong evidence that in the absence of LCAT,
cholesterol efflux from peripheral tissues to HDL is impaired, resulting in the reduction of
HDL and cholesteryl esters in plasma.

Selective inhibitors of LCAT have, to our knowledge, not been described.

2.3. Phospholipase A2 enzymes

The phospholipase A2 (PLA2) enzymes are a diverse collection of hydrolases that are all
characterized by the ability to cleave the sn-2 acyl chain from phospholipids to produce a
fatty acid and a lysophospholipid.!2-40 The sn-2 chain falls into one of three categories: 1)
short (i.e., acetyl), for example in the bioactive signaling lipid platelet activating factor
(PAF); 2) intermediate (i.e., butyryl or azeloyl), for example in oxidatively truncated
phospholipids generated from reactive oxygen species and polyunsaturated phospholipids;
or 3) long, such as the saturated (e.g., stearoyl), monounsaturated (e.g., oleoyl), or
polyunsaturated (e.g. arachidonoyl), acyl chains commonly found in phospholipids that form
structural components of cell membranes.!? Thus, the PLA2 reaction can inactivate
signaling lipids such as PAF or produce lipids such as arachidonate that serve as metabolic
precursors for bioactive lipid transmitters like prostanoids. PLA2s are classified into groups
and subgroups by homology. The PLA2s use either an active site histidine or serine for
catalysis, and therefore those in the SH superfamily only include the active site serine-
containing PLA2s belonging to groups 4, 6, 7, 8, and 15. In the remainder of this section, G
will be used to abbreviate the group.

PLA2G4 consists of the cytosolic PLA2s (cPLAZ2s), of which there are six members, A-F or
a—C. G4B-F have ~30-37% identity with G4A and all members of G4 contain a Ser/Asp
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catalytic dyad. The G4 members, with the exception of 4C, are two domain proteins with a
C-terminal catalytic domain and an N-terminal C2 domain. C2 domains generally serve as
calcium-binding domains in proteins, and, for the PLA2G4 enzymes, are thought to assist
these enzymes in anchoring to membranes. PLA2G4A is the only well-characterized
member of this group (see below). PLA2G6 consists of the six calcium-independent PLA2s
(iPLA2s), many of which also belong to the patatin-like phospholipase domain containing
(PNPLA) family: G6A (iPLA2), G6B (iPLA2y or PNPLAS), G6C (iPLA26 or PNPLAG6 or
NTE), G6D (iPLA2¢ or PNPLAS3 or adiponutrin), GOE (PNPLA2 or ATGL), and G6F
(iPLA2n or PNPLA4 or GS2). The patatin-like phospholipase domain is characterized by an
o/p/a sandwich architecture distinct from the a/B-hydrolase fold.3” While all PLA2G6
members exhibit calcium-independent phospholipase activities, some have been shown to
also hydrolyze other classes of lipids in vitro. PLA2G7 and PLA2GS contain two members
each and are characterized by the ability to hydrolyze the short sn-2 acetyl from platelet
activating factor (PAF), a lipid molecule that binds a G-protein coupled PAF receptor.
PLA2GI1S5 only has one member with an acidic pH optimum and lysosomal localization.

For consistency, the official gene symbol will be used to name the corresponding serine
hydrolase, but common names and PLA2G nomenclature will also be included where
possible.

2.3.1. PLA2G4A (Cytosolic PLA2)—PLA2G4A, also abbreviated cPLA?2 or cPLA20q,12
is an 85 kDa protein that is ubiquitously expressed throughout mammalian tissues, with
highest levels in immune cells such as macrophages and mast cells.!79-181 PLA2G4A
hydrolyzes PCs and PEs in a calcium-dependent manner and shows a 20-fold selectivity for
arachidonate in the sn-2 position.!82 In addition, PLA2G4A also possesses
lysophospholipase Al and transacylase activities.!33 Upon stimulation by calcium, cPLA2
translocates from the cytoplasm to the membrane fraction of cells.!”?

Arachidonic acid is the precursor for the cyclooxygenase (COX)- and lipoxygenase-
mediated generation of a variety of bioactive eicosanoids that can initiate downstream
signaling by binding to and activating cognate eicosanoid receptors.!34 The use of COX
inhibitors in humans for the treatment of inflammation and pain underscores the importance
of this pathway in immunobiology and inflammation.!84 The contribution of arachidonic
acid originating from cPLA2-mediated hydrolysis of phospholipids to the eicosanoid
biosynthetic pathway has been elucidated by the generation of PLA2G4A(—/—)
mice.!7-185-187 peritoneal macrophages from PLA2G4A(—/—) mice show basally lower
concentrations of prostaglandin E2 (PGE2) and leukotriene B4 and C4 (LTB4 and LTC4)
and a blunted production of PGE2 following a lipopolysaccharide (LPS) challenge.!”
Similarly, bone-marrow derived mast cells from PLA2G4A(—/—) mice fail to generate
leukotrienes upon stimulation by IgE or stem cell factor (SCF).'87 When tested in an
ischemia-reperfusion model of stroke by occlusion of the middle cerebral artery (MCA),
PLA2G4A(—/—) mice demonstrate reduced neurological deficit and reduced infarct size
compared to wild-type mice.!” PLA2G4A(—/—) mice also show reduced anaphylactic
responses induced by ovalbumin and reduced bronchial reactivity to methacholine.!8> Taken
together, these studies demonstrate that, in macrophages and other monocytes, PLA2G4A
produces the arachidonic acid that feeds into downstream biosynthetic pathways for pro-
inflammatory eicosanoids (Fig. 9). To what extent PLA2G4A also provides arachidonic acid
for eicosanoid pathways in other cells and tissues remains mostly unknown. That brain
tissue from PLA2G4A(—/—) mice show unaltered levels of arachidonic acid and
prostaglandins suggests the involvement of additional hydrolases in eicosanoid biosynthetic
pathways in the nervous system, and possibly other tissues.!88
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Because blockade of PLA2G4A provides a therapeutically viable alternative to inhibition of
COX enzymes, PLA2G4A inhibitors have become the target of intense pharmaceutical
interest.189-195 To date, the most potent and selective compounds have arisen from
substituted indoles such as ecopladib,192 efipladib,194 and WAY-196025 (Fig. 10),194 which
at least in vitro show good selectivity over related PLA2s. These compounds also show
efficacy in rodent models of inflammation such as in carrageenan-induced paw
edema,!92:194 but a correlation of target occupancy, eicosanoid reduction, and efficacy in
rodents remains to be demonstrated. Whether such compounds can reduce inflammatory
responses in humans is unknown.

2.3.2. PLA2G4B-F (Cytosolic PLA2B, vy, 8, €, and {)—The remaining members of the
PLA2G4 family, PLA2G4B-F, are relatively uncharacterized in comparison to PLA2G4A.
PLA2GH4B, also called cPLA28, is a ~100-110 kDa membrane-bound protein ubiquitously
expressed in human tissues, with highest levels in pancreas, brain, heart, and liver.196-197
PLA2G4B shows calcium-dependent phospholipase Al and A2 activity with
phosphatidylcholine substrates, including the PLA2G4A-preferred substrate palmitoyl-
arachidonoyl-PC. In the human lung epithelial line BEAS-2B, PLA2G4B is found as at least
three splice isoforms, cPLA2B1-3, which contain internal deletions in the catalytic
domain.!?3

PLA2GA4C, also called cPLA2y, is a 61 kDa farnesylated protein localized to the
endoplasmic reticulum and mitochondria. PLA2G4C mRNA is predominantly expressed in
skeletal and cardiac muscle of human tissues, with lower expression levels in
brain.197-199:200 Iy vitro, PLA2G4C can hydrolyze both the sn-1 and sn-2 chains of PC in a
calcium-independent manner by sequential PLA2 and lysophospholipase activity, but does
not have PLA1 activity on intact phospholipids.29! An immortalized mouse lung fibroblast
line from PLA2G4A(—/—) mice stably expressing PLA2G4C and loaded with radiolabeled
fatty acids released equal amounts of C16, C18:1, C18:2, and 20:4 fatty acids following
serum stimulation, whereas stable expression of PLA2G4A showed preference for C20:4
fatty acid, demonstrating that PLA2G4C has broader PC acyl chain substrate specificity
compared to PLA2G4A 201 Unlike other members of the PLA2G4 family, PLA2GA4C also
has transesterification activity, generating PCs from fatty acyl-CoAs and LPC, and a related
dismutase activity, generating glycerophosphatidylcholine and PC from two equivalents of
LPC.199 Some preliminary evidence from HEK293 cells overexpressing PLA2G4C suggests
that it may play a role in oxidative stress responses.200

PLA2G4D (cPLA26), PLA2G4E (cPLA2¢), and PLA2G4F (cPLA2() form a gene cluster on
mouse chromosome 2E5 along with PLA2G4B.202:203 PLA2GA4D is a 90 kDa protein
localized to the cytoplasm and is only expressed in human placenta, fetal skin, and cervix.
PLA2GA4E is a ~100 kDa protein that colocalizes with lysosomes but not the endoplasmic
reticulum or Golgi, and is expressed in the thyroid, heart, and skeletal muscle of mice.203
PLA2GA4F is a ~96 kDa cytosolic protein highly expressed in the mouse thyroid, with lower
levels of expression in the stomach and essentially no expression in other tissues.203
Following ionomycin treatment, both PLA2G4D and PLA2G4F translocate from the
cytoplasm to perinuclear regions, similar to PLA2G4A 203204 PLA2G4D, E, and F all show
calcium-dependent PLA2 activity with PCs and PEs, without any strong acyl chain
preferences at the sn-2 position.29

The pyrazole derivative Lf-80 inhibits PLA2G4B selectively over other PLA2G4 members
in vitro, but its activity in vivo is unknown.205 With the exception of this compound, neither
knockouts nor selective inhibitors have been, to our knowledge, described for any of the
PLA2G4B-F family members. While assignment of their physiological substrates and
functions must await further investigations with selective genetic or pharmacological tools,
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the localized tissue distributions of PLA2G4B-F enzymes compared to PLA2G4A suggest
that they may perform tissue-specific roles in controlling phospholipid and/or arachidonate
metabolism.

2.3.3. PLA2G6 (Calcium-independent PLA2)—PIL.A2G6, also called PLA2G6A,
calcium-independent PLA2 (iPLA2), or iPLA2, is an 85-88 kDa protein with ubiquitous
expression in mice with highest levels in testis.200-207 Multiple splice isoforms have been
identified for human iPLA2,298 though it appears that rats and mice only have a single
transcript by Northern blot analysis.207-209 PLA2G6 displays a broad substrate scope and
can hydrolyze a variety of PCs, including PAF, dihexanoyl-PC, dipalmitoyl-PC, and sn-2
arachidonoyl-containing PCs.207-210 PLA2G6 also shows acyltransferase and
lysophospholipase activity in vitro.2!0 The activity of PLA2G®6 is stabilized by ATP and
glycerol, but not dependent on calcium.210

The generation of PLA2G6(—/—) mice has helped to elucidate physiological functions for
this enzyme.2!1212 Palmitoyl-linoleoyl-PC hydrolase activity is reduced ~50% in muscle,
kidney, liver, and epididymis, and ~80% in brain tissue of PLA2G6(—/—) mice, but is
unchanged in other tissues.2!! Various PC species are unaltered in testis, brain, and
pancreatic islets between wild type and PLA2G6(—/—) mice. Male PLA2G6(—/—) mice have
reduced fertility owing to the impaired motility of spermatozoa, but had testis of normal
weight and anatomy. Excepting male infertility, adult PLA2G6(—/—) mice are generally
indistinguishable from their wild-type littermates, but, at ~2 years of age, PLA2G6(—/—)
mice gradually lose weight and prematurely die.2!2 This death is accompanied by severe
neurological deficits, including gait problems and clasping behaviors when suspended by the
tail, and, at an anatomical level, peripheral demyelination and the accumulation of spheroids
and vacuoles localized to axons and synapses. These neurological phenotypes in rodents
agree well with data from humans, where a heterogeneous collection of insertion, deletion,
or missense mutations in the Pla2g6 gene cause infantile neuroaxonal dystrophy (INAD), a
fatal autosomal recessive neurodegenerative disease that presents clinically within the first
two years of life as cerebellar ataxia, hypotonia of the trunk, spastic quadriplegia, and
hyperreflexia and is associated with axonal swelling and an accumulation of spheroid bodies
in the CNS.213.214 When several of these human mutations were examined biochemically,
they were found to abolish catalytic activity in recombinant PLA2G6 protein.2!> In mice, a
G1117A missense mutation in PLA2G6 generated by ENU mutagenesis does not change
protein expression but abolishes catalytic activity and also causes INAD-like symptoms.216
The endogenous substrates of PLA2G6, and how loss of PLA2G6 activity promotes the
pathogenesis of INAD-like sympotoms, remains to be determined.

Selective inhibitors of PLA2G6 have not, to our knowledge, been described.

2.3.4. PNPLAS (Calcium-independent PLA2y)—PNPLAS, also called PLA2G6B or
calcium-independent PLA2y (iPLA2y), is a 63 kDa, mitochondrial-localized enzyme highly
expressed in heart and skeletal muscle.3”-217 PNPLAS displays calcium-independent PLA1
and PLA2 activity with multiple PCs containing saturated or monounsaturated sn-1 and sn-2
acyl chains,218-219 but minimal activity toward PCs bearing polyunsaturated fatty acids
(PUFAs) at the sn-2 position. Consequently, an accumulation of lysophosphatidylcholines
(LPCs) with polyunsaturated sn-2 acyl chains is observed when PNPLAS is incubated with
the appropriate PC substrate, or when PNPLAS is overexpressed in the myocardium of mice
by transgenic methods.219-220

The physiological consequences of PNPLAS deficiency in mice have been reported.221-223
Myocardial mitochondria from PNPLAS8(—/—) mice show ~60% lower hydrolysis of
palmitoyl-arachidonoyl-PC. In addition to growth retardation and a kyphotic posture by age
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two months, PNPLAS8(—/—) mice show a variety of bioenergetic defects, including cold
intolerance, reduced exercise capacity, reduced mitochondrial oxygen consumption, muscle
weakness, and myofilament atrophy in skeletal muscles.?2!-223 Biochemically, these
phenotypes are accompanied by a reduction in myocardial cardiolipin content, alterations in
cardiolipin and glycerophospholipid species distribution, and an increase in oxidized
lipids.221-223 Together, these data provide evidence that PNPLAS participates in the
remodeling of mitochondrial lipids and that its absence causes mitochondrial dysfunction
from perturbations in glycerophospholipids and increased oxidative stress.

Selective inhibitors of PNPLAS have not, to our knowledge, been described.

2.3.5. PNPLAG (Neuropathy target esterase)—PNPLAG, also called PLA2G6C,
iPLA29, or neuropathy target esterase (NTE), is the mammalian homolog of the Drosophila
gene swisscheese (sws) and is a ~150 kDa integral membrane enzyme anchored to the
endoplasmic reticulum by an N-terminal transmembrane domain. PNPLAG is highly
expressed throughout the brain and in some cells of the testis.22%225 A truncated form of
PNPLAG containing the esterase domain has been shown to hydrolyze phospholipids,
lysophospholipids, and MGs, in vitro, but not DGs, TGs, or lipid amides. Historically, the
activity of PNPLAG has been detected in tissues with the unnatural substrate phenyl
valerate,226:227

In humans, PNPLAG is a target for organophosphorous nerve agents that cause axonal
degradation and onset of ataxia and lower limb paralysis typically 1-3 weeks after initial
exposure.228 PNPLAG6(—/—) mice are lethal at mid-gestation because of failed placental
development and consequently massive apoptosis in the developing embryo.22%-230 Brain-
specific deletion of PNPLAG in mice causes near complete loss of PNPLAG activity in brain
and vacuolation in the hippocampus, neuronal loss in the thalamus, partial loss of Purkinje
cells, and reduced performance on rotorod.22# These mammalian CNS phenotypes are
nearly identical to those shown by Drosophila mutants for swisscheese (sws).23! In .
cerevisiae, Drosophila, and mammalian cell lines, overexpression or genetic deletion of
PNPLAG6 or PNPLA6 homologs modulates PC levels.231:232 However, the endogenous
biochemical role for PNPLAG6 in the mammalian nervous system and how the regulation of
PNPLAG substrates or products protects CNS integrity remain unanswered.

Selective inhibitors of PNPLAG6 have not, to our knowledge, been described.

2.3.6. PNPLAS3 (Adiponutrin)—PNPLA3, also called PLA2G6D, iPLA2¢, or
adiponutrin, is a ~45 kDa transmembrane protein with highest expression in white and
brown adipose tissue in mice.?%-233 PNPLA3 displays TG lipase activity, acylglycerol
transferase activity (the generation of DG and glycerol from two MG molecules, or TG and
glycerol from MG and DG), and very modest calcium-independent PLA?2 activity in
vitro.39234 PNPLA3 expression is dramatically elevated upon the differentiation of the
preadipocyte line 3T3-L1.233 In white adipose tissue from mice, PNPLA3 expression is
decreased upon fasting and restored by refeeding and is highly elevated in white fat from
obese Zucker rats (fa/fa) relative to lean controls.?

The in vivo biochemical and physiological processes regulated by PNPLA3 remain elusive.
In humans, hepatic steatosis, or the excessive accumulation of lipids in the liver, is
associated with multiple adverse metabolic events including insulin resistance and
dyslipidemia. Several genome-wide association studies have provided evidence that some
PNPLA3 polymorphisms are strongly correlated with increased hepatic fat, and others are
strongly correlated with lower hepatic fat content.235-237 However, PNPLA3(—/—) mice are
viable, fertile, and show no differences compared to wild-type littermates in multiple
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metabolic parameters including liver enzyme levels and liver fat content on either normal
chow or fatty liver-inducing diets.23® Further characterization of the lipidomic changes and
metabolic phenotypes of PNPLA3(—/—) mice should help to elucidate the physiological
functions of this enzyme.

Selective inhibitors of PNPLA3 have not, to our knowledge, been described.

2.3.7. PLA2G7 (Plasma platelet-activating factor acetylhydrolase)—PLA2G7,
also called lipoprotein-associated phospholipase A2 (Lp-PLA2), plasma platelet-activating
factor acetylhydrolase (p)PAFAH), or PLA2G7A, is a ~45 kDa glycoprotein that is
principally produced and secreted by monocytes and found in the plasma associated with
both LDL and HDL particles.23%-24! PLA2G?7 is also highly expressed in rodent brain.®3 In
vitro, PLA2GT7 cleaves the sn-2 acetyl group on PAF, a bioactive signaling lipid that can
bind the G-protein coupled PAF receptor and initiate downstream signaling as part of
immune and inflammatory responses.2*? PLA2G7 can also hydrolyze PCs that are
oxidatively truncated at the sn-2 position such as sn-2 azeloyl (az-PAF) species, which are
thought to originate from oxidative damage to sn-2 unsaturated phospholipids (Fig. 11).
PLA2GT7 has no activity on medium (i.e., C9:0) or long chain (i.e., C20:4) sn-2 PCs without
oxidative modification.24?-243 In addition to PCs, PLA2G7 has also been shown to cleave
short chain DG and TG and displays transacetylation activity from PAF to
lysophospholipids. 244245

PLA2GT7 has been implicated in multiple pathological conditions including allergy,
inflammation, and atherosclerosis, but the data regarding the endogenous biochemical and
physiological functions of PLA2G7 remain inconclusive.246-247 Four percent of the Japanese
population is homozygous for a loss-of-function missense V279F mutation in the Pla2g7
gene, a mutation that completely ablates plasma PAF hydrolase activity. While this
polymorphism is correlated with respiratory problems,?*8 studies using recombinant
PLA2G7 in humans have failed to demonstrate efficacy at alleviating clinical symptoms.24?
Several studies have shown that recombinant PLA2G7 or overexpression of PLA2G7
reduces inflammation and oxidative stress associated with atherosclerosis in
rodents.240:250.251 However, in humans, it appears that the opposite is true: Pla2g7 null
mutations are protective for coronary heart disease, and the PLA2G7 inhibitor darapladib is
currently in clinical trials for lowering the risk of cardiovascular events in patients with
coronary heart disease, where the drug has shown promising phase II results with minimal
adverse effects (Fig. 12).252-254

While the in vitro biochemical substrate specificity for PLA2G7 is well defined, it remains
unclear whether PLA2G7 modulates plasma levels of PAF or other oxidatively truncated
PCs in vivo, and, if so, how this process might relate to the cardiovascular effects of
PLA2G?7 inhibition in humans. One report has shown that darapladib reduces arterial plaque
size in hypercholesterolemic swine, but causes little change in arterial PC or oxidatively
truncated PC composition, while modestly reducing in total arterial LPC content.23> The
generation of PLA2G7(—/—) mice may answer these questions.

2.3.8. PAFAH2 (Platelet-activating factor acetylhydrolase 2)—PAFAH?2, also
called PLA2GT7B, is a ~40 kDa intracellular enzyme that, in mice, is highly expressed in
mast cells, liver, kidney, large intestines, and testis, with lower expression in most other
tissues.8-181,256.257 pAFAH?2 shows similar substrate selectivity to PLA2G7 in that it can
also hydrolyze PAF, oxidatively truncated PCs, and transacylate the 2-acetyl group from
PAF to lipid acceptors such as lysophospholipids or sphingosine.230258 When
overexpressed in cells, PAFAH?2 is found in both the soluble and particulate fractions, and
the enzyme translocates from the cytoplasm to the membrane following the application of
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oxidative stressors.2>7-259 Qverexpression of PAFAH2 but not a catalytically dead PAFAH2
is protective to peroxide-induced apoptosis in CHO-K1 cells.25?

These experiments point to a role for PAFAH?2 in the response to oxidative stress, a
hypothesis supported by studies with PAFAH2(—/—) mice.'8 PAFAH2(—/—) mice show >
90% reductions in PAF hydrolysis in kidney and liver, but not brain or plasma, two places
where PLA2G7 is highly expressed. Hydrolysis of azelaoyl-PAF(1-O-hexadecyl-2-O-(9-
carboxyoctanoyl)-sn-glyceryl-3-phosphocholine), an oxidatively truncated PC, is also
modestly reduced in liver and kidney of PAFAH2(—/—) mice. Mouse embryonic fibroblasts
derived from PAFAH2(—/—) mice are more sensitive to peroxide-induced cell death than
those derived from wild-type littermates. Upon challenge by carbon tetrachloride,
PAFAH2(—/—) mice show greater plasma alanine transferase (ALT) levels indicative of
hepatic damage and impaired recovery from hepatic tissue injury. Together, these data
support the hypothesis that PAFAH?2 participates in the clearance of oxidatively damaged
phospholipids that may perturb membrane structure and function. Direct measurements of
PC species, especially oxidatively cleaved PCs, in PAFAH2(+/+) and (—/—) mice would
provide additional evidence to support this conclusion.

2.3.9. PAFAH1b2 and PAFAH1b3 (Type Ib platelet-activating factor
acetylhydrolases 2 and 3)—The PAFAH1b complex has been purified from bovine
brain cytosol as a ~100 kDa complex that resolves on SDS-PAGE as three bands of size 45,
30, and 29 kDa, which were originally named PAFAHIb o, 3, and y,260 respectively, and
later renamed f3, a1, and 02, respectively, when it was discovered that the overall structure
of the enzyme was similar to that of a trimeric G-protein.20! The catalytic subunit al is also
called PAFAH1b2 or PLA2GS8A and similarly, the other catalytic subunit a2 is called
PAFAH1b3 or PLA2G8B. The non-catalytic, non-serine hydrolase  regulatory subunit, also
called LIS1, is encoded by the Pafahibl gene. PAFAH1b2 and PAFAH1b3 are ~60%
identical by amino acid sequence.262-263 In the remainder of this section the PAFAH1bx
nomenclature will be used.

The PAFAH1b complex displays calcium-independent hydrolytic activity for PAF and
oxidized PCs, but not PC, PE, or LPC.2% Interestingly, when recombinantly expressed in E.
coli, both PAFAH1b2 and PAFAH1b3 show PAF acetylhydrolase activity and label with the
active site electrophile diisopropyl fluorophosphonate (DIFP), even though incubation of
DIFP with the PAFAH1b complex only produced labeling of the PAFAH1b3
subunit.260-262.263 Bjochemical analyses of the PAFAH1b2/1b2, PAFAH1b2/1b3, and
PAFAH1b3/1b3 dimers show differential substrate preferences and modulation by the
PAFAHI1b1 subunit. PAFAH1b2/1b2 and PAFAH1b2/1b3 complexes hydrolyze PAF
similarly and are not affected by the presence of PAFAH1b1. In contrast, PAFAH1b3/1b3
dimers hydrolyze PAF with approximately five-fold better activity than the other two dimers
and is activated by over four-fold in the presence of PAFAH1b1.264

In adult mice, PAFAH1b1 and PAFAH1b3 are ubiquitously expressed with highest levels in
brain, lung, and testis, whereas the expression of PAFAH1b2 is principally restricted to
brain and testis.26> The PAFAH1b3/1b3 dimer is the major catalytic unit in the adult brain,
whereas the PAFAH1b2/1b3 dimer is abundantly expressed in the embryonic brain, and,
therefore, subunit switching during nervous system development may represent a regulatory
mechanism for PAFAH1b activity.260

Despite the generation of gene targeted mice for all three PAFAH1b subunits, the
physiological functions and endogenous substrates for PAFAH1b remain largely
unknown. 265267 PAFAH1b1(—/—) mice are embryonic lethal at ~E9.5 and develop type I
lissencephaly, a cephalic disorder characterized by lack of brain fold and groove
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development. PAFAH1b1(+/—) littermates show delayed neuronal migration that causes
disorganization of neuronal structures.2®7 In contrast, PAFAH1b2(—/—), PAFAH1b3(—/-),
and PAFAH1b2(—/—)/PAFAH1b3(—/—) double knockout mice are overtly normal and born
in the expected Mendelian ratio.205 PAFAH1b2(—/—)/PAFAH1b3(—/—) mice have a ~35%
reduction in PAF hydrolytic activity in brain and testes, with the remaining activity likely
due to PLA2G7, PAFAH2, or other unidentified PAFAH subtypes. PAFAH1b3(—/—) and
PAFAH1b2(—/—)/PAFAH1b3(—/—) knockouts show >50% reduction in testis weight and
impaired spermatogenesis causing infertility in the males, but females reproductivity is
normal in these animals. PAFAH1b catalytic subunit knockouts show no obvious
abnormalities in the lamination of neurons or other nervous system defects.263

2.3.10. PLA2G15 (Lysosomal PLA2)—PLA2G15, also called lysophospholipase 3
(LYPLA3), lysosomal PLA2 (LPLA?2), 1-O-acylceramide synthase (ACS), or LCAT-like
lysophospholipase (LLPL), is a ~40 kDa glycoprotein localized to the lysosome and
ubiquitously expressed in human tissues, with highest levels in heart and skeletal

muscle. 208269 PLA2G15 was originally purified from calf brain and characterized to have
calcium- and magnesium-independent transacylation activity involving transfer of the sn-2
fatty acyl chain from PC or PE to the primary hydroxyl of N-acetylsphingosine with a pH
optimum ~4.5.270 Other primary alcohols, such as those in MGs or 2-acetyl-MGs, can also
be acylated,?’! and, in the absence of an acyl acceptor, PLA2G15 performs PLA2 hydrolytic
chemistry on PC or PE.270

PLA2G15(—/—) mice have shown how loss of PLA2G15 may contribute to
phospholipidosis, a condition characterized by the intralysosomal accumulation of
phospholipids and concentric lamellar bodies within cells.2’2 Alveolar macrophages from
PLA2G15(—/—) mice show complete loss of acidic PLA2 hydrolysis activity and N-
acetylsphingosine acyltransferase activity.2”3 Lipidomic analysis of alveolar macrophage
lipids from these animals showed an approximately two-fold elevation in PC, LPC, and PE
species, while phosphatidylserine, phosphatidylinositol, and sphingomyelin were
unchanged, consistent with the established in vitro substrate specificity of PLA2G15. One
year, but not four month old PLA2G15(—/—) mice have splenomegaly, elevations in spleen
PE and PC content, and an accumulation of foam cells in multiple tissues. Alveolar
macrophages from PLA2G15(—/—) mice are enlarged and contain lamellar inclusion bodies.
These data demonstrate that PLA2G15 is involved in the lysosomal catabolism of
phospholipids, and that deficiency of PLA2G15 causes phospholipid accumulation and
promotes phospholipidosis.

2.4. Other phospholipases

2.4.1. LIPG (Endothelial lipase)—LIPG, also abbreviated EDL or EL, is a ~60 kDa
protein with ~30-40% homology to other members of the extracellular TG lipases, including
LPL (lipoprotein lipase), LIPC (hepatic lipase), and PNLIP (pancreatic lipase).2’#275 LIPG
exhibits modest TG hydrolase activity in vitro, but considerably more phospholipase activity
relative to homologous extracellular lipases.2’® LIPG has biochemical characteristics of both
LIPC and LPL; like LIPC, neither the TG nor phospholipase activity of LIPG is activated by
the requisite LPL cofactor apoC-II, but like LPL, LIPG activity is inhibited by 1 M NaCl.
LIPG exhibits a preference for substrates on HDL particles.2’% In contrast to LPL or LIPC,
which are synthesized by parenchymal cells and then translocated to the endothelium, LIPG
is so named because it is directly synthesized by endothelial cells. LIPG is expressed in
liver, lung, kidney, and placenta but not in skeletal muscle.274

LIPG(—/-) and LIPG-overexpressing mice have been instrumental in elucidating the role of
LIPG in HDL metabolism.274-277-278 Heparin-releasable plasma phospholipase activity is
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reduced by > 50% in LIPG(—/—) mice. These animals have unchanged plasma TGs, but
show two-fold elevations in plasma cholesterol, HDL cholesterol, and plasma phospholipids.
ApoAlI and apoE are also elevated in LIPG(—/—) mice. While one study found that the
number, not the composition, of HDL particles is increased in LIPG(—/—) versus control
mice,2”7 another study found that the size of HDL particles is increased.2’® The clearance
rate of radiolabeled cholesterol ester from HDL particles is reduced in LIPG(—/—) mice.
Conversely, transgenic or adenoviral overexpression of LIPG dramatically reduces plasma
HDL cholesterol. Taken together, these studies suggest that LIPG makes a physiological
contribution to the regulation of HDL cholesterol levels in rodents, but future studies will be
required to understand the underlying mechanism by which this occurs. Whether the
pharmacological blockade of LIPG in humans is a viable strategy for elevating HDL
cholesterol and protecting against atherosclerosis remains an important unanswered
question.

Lead covalent sulfonylfuran urea-based inhibitors of LIPG have been described (Fig. 8), but
these compounds cross-react with LPL and their efficacy for inhibiting LIPG in vivo
remains unknown. 148

2.4.2. PLA1A (Phosphatidylserine-specific PLA1)—PLAIA, also called NMD?7° or
phosphatidylserine-specific phospholipase Al (PS-PLA1),280 is a 55 kDa secreted protein
with ~30% homology to the TG lipases LPL, LIPC, and PNLIP.280 PLA1A exhibits
phospholipase A1 activity specifically for glycerolipids containing a phosphoserine head
group such as phosphatidylserine (PS) or 1-acyl-2-lysophosphatidylserine (lysoPS), but
cannot hydrolyze PE, PC, PA, PI, or TG.280.281 A splice variant of PLA1A that lacks ~70
AA from the C-terminus is expressed in multiple human tissues and maintains equivalent
activity as full length PLA1A for lysoPS, but has dramatically reduced PS hydrolysis
activity.282 In humans and mice, PLA1A is highly expressed in kidney, heart, and liver, with
significantly lower expression in spleen, lung, small intestines, skeletal muscle, and brain.283

PS and lysoPS have been implicated in multiple physiological processes. For example, PS,
which usually resides on the inner leaflet of plasma membranes, becomes cell-surface
exposed upon initiation of apoptosis or following stimulation by cytokines and serves as a
signal for macrophage engulfment.284-285 LysoPS has been shown to activate mast cells and
inhibit mitogen-induced T cell activation.286-287 PL_A1A might therefore be a direct
regulator of PS or lysoPS signaling in certain inflammatory responses. Some evidence for
this function has been obtained in the THP-1 human macrophage cell line, where PLA1A
expression is stimulated by the toll-like receptor (TLR) ligand LPS and inhibited by
corticosteroids,?88 and in rat peritoneal mast cells, where addition of recombinant PLATA
elevates lysoPS levels and stimulates histamine release,?89 the biochemical and
physiological functions of this enzyme in vivo remain unknown.

Neither knockouts nor selective inhibitors have been, to our knowledge, described for
PLAIA.

2.4.3. LIPH and LIPI (Phosphatidic acid-specific PLA1a and B)—LIPH is also
called PLA1B, phosphatidic acid-specific PLAla (PA-PLAl), Ipd lipase related lipase
(LPDLR), or lacrimal lipase, and LIPI is also called phosphatidic acid-specific PLA1 (PA-
PLAI1) or Ipd lipase (LPDL).2%0-292 LIPH and LIPI share > 40% sequence identity and are
~55 kDa plasma membrane-localized enzymes that are also homologous to PLA1A.293
LIPH is ubiquitously expressed with highest expression in skeletal muscle and heart and, in
humans, whereas LIPI is expressed exclusively in testis.2?* LIPH and LIPI both show
phospholipase A1 activity in vitro with preference for the substrate PA to generate LPA, but
cannot hydrolyze PC, PS, or PE, or TG.2%3
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LPA is an important signaling lipid that activates cognate G-protein coupled receptors to
modulate various (patho)physiological processes.2?> When LIPH or LIPI are overexpressed
in Sf9 cells, LPA is elevated and PA is reduced, but these changes also require the presence
of a phospholipase D, a phosphodiesterase that generates PA from phospholipids.2%3 The
extent to which LIPH or LIPI contributes to the biosynthesis of LPA in vivo, however,
remains unknown. Some insights into the physiological function of LIPI have been made
using a mouse transgenic line harboring a recessive mutation called Ipd (lipid defect).2%°
The Ipd locus is on the distal part of chromosome 16 and shows duplication of host genomic
sequences at the site of integration. Homozygous /pd mice have stunted growth and die at
P10-15, presenting with highly vacuolated livers and elevated TGs in liver and plasma. One
of the genes in the Ipd locus is LIPI, hence the origin of its alternative name LPDL, and
LIPH’s alternative name LPDLR.297 However, the Ipd locus could contain other genes that
contribute to the Ipd phenotype.

Neither knockouts nor selective inhibitors have been, to our knowledge, described for LIPH
or LIPIL.

2.4.4. PLB1 (Phospholipase B)—PLB, also called phospholipase B or phospholipase
B/lipase (PLB/LIP), is a ~180 kDa membrane-associated protein with an unusual domain
structure, consisting of an N-terminal signal peptide, four tandem repeats of ~350 AA each,
followed by a C-terminal hydrophobic domain, with the second of the four repeats harboring
the catalytic serine.2?8 In rat tissues, PLB1 is selectively expressed in the upper and lower
ileum of the intestine, but has not been detected in any other tissues.2%8 Purified PLB1
displays calcium-independent phospholipase activity on a variety of phospholipids (PC, PE,
PG), lysophospholipids, and neutral lipids including TGs, DGs, and MGs.2% The
endogenous biochemical and physiological functions of PLB1 remain unknown.

Neither knockouts nor selective inhibitors have been, to our knowledge, described for PLB1.

2.4.5. DDHD1 and DDHD2 (DDHD domain containing 1 and 2)—DDHDI, also
called phosphatidic acid-selective phospholipase Al (PA-PLA1), is a ~100 kDa cytosolic
hydrolase expressed in multiple human tissues, with highest levels in testis, and lower levels
in brain, lung, spleen, and thymus.3% Despite its name, DDHD1 only shows modest
preference for hydrolyzing PA in vitro, and exhibits significant activity on other
phospholipids including PI, PE, and PC.391-392 Upon cellular stimulation by ionomycin,
DDHD1 undergoes translocation from the cytosol to the membrane,3%2 and DDHD1
expression is expressed in mature, but not newborn calf testis,3%0 but the relevance of these
two observations to the physiological functions of DDHD1 remain unknown. DDHD2, also
called KIAA0725p, is an ~80 kDa Golgi-localized hydrolase highly expressed in multiple
human tissues including brain, lung, spleen, and testis, but not heart, liver, or pancreas.303
Like DDHD1, DDHD?2 displays PLA1 activity with a variety of phospholipid substrates in
vitro, including PA, PS, PC, and PE, and its overexpression in Vero cells causes
disorganization of the ER and Golgi. Whether alterations in phospholipid content are
responsible for the morphological changes induced by DDHD2 overexpression remains
unknown.

Neither knockouts nor selective inhibitors have been, to our knowledge, described for
DDHDI1 or DDHD2.

2.4.6. ABHD4 (Alpha/beta hydrolase domain containing 4)—ABHD4 is a 40 kDa
cytosolic hydrolase highly expressed in the spinal cord and testes of mice, with lower
expression in the brain, kidney, and liver, and no expression in heart.304 ABHD4 can
sequentially deacylate both O-acyl chains from an unusual class of phospholipids, the N-
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acylphosphatidylethanolamines (NAPEs).3%4 Thus ABHD4 displays both NAPE
phospholipase and lysoNAPE lysophospholipase activities, and was not found to have
activity with other lysophospholipids including lysoPE, lysoPC, and lysoPS (Fig. 13). The
NAPE:s, by the action of a phospholipase D called NAPE-PLD, are hypothesized to be the
biosynthetic precursors to N-acylethanolamines (NAEs) including the endocannabinoid
anandamide (N-arachidonoylethanolamine). However, NAPE-PLD(—/—) mice only show
reductions in a subset of brain NAEs and do not show any differences in brain
anandamide,3%3 leading to the hypothesis that ABHD4 may participate in an alternative
NAPE catabolic process for the biosynthesis of anandamide.30

Neither knockouts nor selective inhibitors have been, to our knowledge, described for
ABHDA4.

2.5. Small-molecule amidases

2.5.1. FAAH and FAAH2 (Fatty acid amide hydrolase and FAAH2)—Fatty acid
amide hydrolase (FAAH) is a ~60 kDa integral membrane enzyme highly expressed in the
brain, liver, kidney, and testis, but not in the heart or skeletal muscle.? Unlike most other
mammalian SHs, which use a Ser-His-Asp triad for catalysis, FAAH possesses an unusual
Ser-Ser-Lys triad characteristic of enzymes from the amidase signature (AS) class and
adopts a fold consisting of a twisted B-sheet surrounded by a-helicies.39” FAAH cleaves and
inactivates a broad range of lipid amides in vitro and can tolerate variations in the amide
head group and lipid acyl chain. Bioactive lipid amide substrates for FAAH include the
endocannabinoid anandamide (N—arachidonoylethanolamine)308 and related N-
acylethanolamine (NAE) congeners, the sleep-inducing factor oleamide (cis-9,10-
octadecanoamide),3%° and the transient receptor potential (TRP) ion channel agonists the N-
acyl taurines (NATSs) (Fig. 14).310.311

The endogenous biochemical and physiological functions of FAAH have been established
by FAAH inhibitors3!2-313 and FAAH(—/—) mice.'® Blockade of FAAH ablates anandamide
hydrolysis activity and causes >10-fold elevations in brain anandamide (similar elevations
are observed for other NAEs and NATs in multiple tissues).310 An untargeted lipidomic
profiling platform did not uncover other lipid changes, suggesting a specific function for
FAAH in regulating lipid amides.3!4 In rodents, the heightened anandamide tone generated
by FAAH disruption results in cannabinoid receptor-dependent anxiolytic,3!2 anti-
depressive,31> anti-nociceptive phenotypes.!® FAAH disruption also causes cannabinoid-
receptor independent effects such as anti-inflammation in the carrageenan assay.31© Taken
together, these data demonstrate that FAAH regulates the endogenous levels and signaling
activity of multiple classes of lipid amides and further suggest that FAAH inhibitors could
offer a new way to treat pain and neuropsychiatric disorders. Toward this end, several
classes of FAAH inhibitors that display in vivo activity have been generated, including
OL-135, a prototypical a-ketoheterocyclic reversible inhibitor,3!7 covalent carbamate
inhibitors including URB597,312 and highly selective covalent urea inhibitors such as
PF-3845 or PF-04457845 (Fig. 15).313.318.319

A second fatty acid amide hydrolase (FAAH?2) with ~20% sequence identity to FAAH has
also been identified.329 FAAH2 is a ~60 kDa membrane-associated enzyme with an AS
sequence containing the Ser-Ser-Lys catalytic triad, and is expressed in primates and
humans, but not in lower placental mammals including mouse and rat. FAAH2 hydrolyzes
primary fatty acid amides (i.e., oleamide) at a comparable rate to FAAH, but shows greatly
reduced activity with other lipid amide substrates such as anandamide and C18:1 NAT.
Mechanism-based inhibitors of FAAH, such as URB597 or OL-135, also inhibit FAAH?2 at
roughly similar potency, while urea inhibitors, such as PF-3845, are not active against
FAAH2. Owing to the restricted expression of FAAH?2 in higher mammals, very little is
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known about its endogenous substrates or physiological functions, but its existence suggests
that the metabolism of lipid amides may be more complex in higher mammals than what
would be predicted from rodent models.

2.5.2. AFMID (Arylformamidase)—Arylformamidase (AFMID), also called kynurenine
formamidase (KF), is a ~33 kDa enzyme with high expression in liver and kidney.32!1-322
Recombinant AFMID hydrolyzes N-formyl-L-kynurenine, the immediate downstream
metabolite of tryptophan catabolism, to generate kynurenine, a precursor for the bioactive
metabolites kynurenic and quinolinic acid (Fig. 16). 321323 AFMID uses a Ser-His-Asp
catalytic triad and is predicted to have an o/f hydrolase fold, structural features that make

AFMID more similar to other serine esterases than to amidase signature enzymes like
FAAH.3%

The functions of AFMID in vivo remain unclear. The Afmid and thymidine kinase (Tk)
genes share a bidirectional promoter323 and therefore TK(—/—) mice are also deficient in
AFMID.326 Livers and kidneys from AFMID(—/—)/TK(—/—) double knockout mice show
little residual formylkynurenine amidase activity. In the plasma, both upstream (i.e.,
formylkynurenine) and downstream (i.e., kynurenine and kynurenic acid) metabolites of
AFMID are elevated several fold compared to wild-type littermates, and plasma tryptophan
remains unchanged, suggesting that other metabolic pathways or enzymes besides AFMID
may participate in the catabolism of tryptophan. AFMID(—/—)/TK(—/—) mice show various
phenotypic abnormalities, including shortened life span, development of sclerosis of kidney
glomeruli, and reduced cloning efficiencies of spleen lymphocytes. The generation of
AFMID(—/-) by gene targeting of the AFMID catalytic exon, and studies on the in vitro
substrate selectivity of AFMID, should enhance our understanding of this enzyme’s
biochemical and physiological functions.

Selective inhibitors of AFMID have not, to our knowledge, been described.

2.6. Acyl-CoA hydrolases

2.6.1. FASN (Fatty acid synthase)—In eukaryotic systems, FASN (type 1) is a large
homodimer of two 270 kDa polypeptides each containing seven distinct domains (listed
from N- to C-terminus): B-ketoacyl synthase (KS), malonyl-CoA-/acetyl-CoA-ACP-
transacylase (MAT), dehydratase (DH), B-enoyl reductase (ER), B-ketoacyl reductase (KR),
acyl carrier protein (ACP), and thioesterase (TE).327-330 The ACP domain has a requisite
prosthetic 4’-phosphopantetheine attached to Ser2156 (human amino acid numbering) that
supplies the sulfydryl residue required for ACP-mediated catalysis. In comparison,
prokaryotes use type II FASN consisting of structurally independent proteins, the
composition of which is species-dependent. FASN is responsible for the de novo biogenesis
of palmitic acid by sequentially coupling seven equivalents of malonyl-CoA to acetyl-CoA
by decarboxylative Claisen condensations and NADPH-mediated reductions: the overall
relevant reaction is acetyl-CoA + 7 malonyl-CoA + 14 NADPH — palmitic acid. When
written with all reactants and products, the reaction becomes acetyl-CoA + 7 malonyl-CoA
+ 14 NADPH + 14 H* — palmitic acid + 8 CoA + 14 NADP* + 6 H,0O + 7 CO, (Fig. 17).

During the catalytic cycle, substrates are covalently attached to FASN at one of three sites:
Ser581 of the MAT domain, the sulthydryl of the 4’-phosphopantetheine group on ACP, or
Cysl161 of the KS domain (human amino acid numbering). Briefly, the catalytic cycle begins
by the loading of an acetyl unit, a process that involves sequential transfers of the acetyl
from acetyl-CoA to Ser581 on MAT, then to the ACP-phosphopantetheine sulfhydryl, and
finally to Cys161 on the KS domain. Malonate from malonyl-CoA is then similarly loaded
onto ACP-phosphopantetheine via Ser581 (MAT). Energetically favorable malonyl
decarboxylation drives the condensation of the malonyl-derived C2:0 enolate and the KS-
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acetyl, generating a B-ketothioester on ACP-phosphopantetheine. The 3-ketothioester
reduced to the saturated C4:0 thioester using two equivalents of NADPH by the sequential
action of KR, DH and ER. This chain is transferred from ACP-phosphopantetheine onto the
KS domain at Cys161, and the cycle is repeated with additional equivalents of malonyl-CoA
and NADPH. In the final step, the formation of C16:0 thioester on ACP-phosphopantetheine
causes the TE domain to liberate palmitate and the catalytic cycle begins again.

Of the seven domains, only the MAT331-333 and TE334-335 domains use nucleophilic serines
embedded in GXSXG motifs for catalysis. The MAT domain adopts an unusual variant of
the o/ hydrolase fold using a Ser-His dyad.332-333 The TE domain has maximal activity
with C16:0 phosphopantetheine thioesters, with activity dropping precipitously for shorter or
longer acyl chain lengths.33¢ Interestingly, FASN variants lacking the TE domain generate
predominantly C20:0 or C22:0 fatty acids, demonstrating that this domain is responsible for
the palmitic acid product specificity of FASN.337 The TE domain consists of two
subdomains, the larger of which adopts an overall o/p hydrolase fold, contains a standard
Ser-His-Asp triad, and also has a hydrophobic groove with a geometry consistent with
specificity towards C16:0 fatty acid products.33?

The importance of FASN in cell and organismal physiology has been elucidated by FASN
inhibitors and FASN(—/—) mice. A hallmark of human cancers is an increase in de novo
fatty acid synthesis compared to normal tissues!® to create a “lipogenic phenotype,” which is
correlated with upregulated FASN338 in cancers from multiple tissues of origin, including
carcinomas of the prostate, breast, ovary, and colon.339 Concurrently, multiple independent
studies have demonstrated that FASN expression in carcinomas is correlated with disease
reoccurrence and death in humans.340-342 Though the causes and consequences of FASN
expression in cancer cells are still under active investigation, pharmacological blockade of
FASN has been shown to cause cancer cell death in vitro and retards the growth of tumors in
xenograft mouse studies, underscoring the utility of FASN inhibitors for the treatment of
certain types of carcinomas.343 C75 and cerulenin are two such inhibitors that bind the KS
domain of FASN but their utility is limited by their inhibition of other targets.3#+34> The TE
domain of FASN is sensitive to inhibition by the general lipase inhibitor THL, possibly
accounting for the anti-cancer activity displayed by this inhibitor in cell and animal
models.334

The function of FASN in normal tissues has been elucidated by genetic models in mice.
FASN(—/—) mice are embryonic lethal at a pre-implanation stage and fewer than expected
FASN(+/-) are born, suggesting a partial haploinsufficiency.34¢ Liver-specific deletion of
FASN (FASNKOL) show nearly ablated hepatic FASN activity and several fold elevations
in hepatic malonyl-CoA, demonstrating that FASN is a principal mediator of malonyl-CoA
catabolism in this organ.?#7 On a zero fat diet or following prolonged fasting, FASNKOL
mice develop hypoglycemia and fatty liver, phenotypes that correlate with decreased
expression of PPARa target genes. Administration of PPARa agonist reverses these
phenotypes, consistent with the hypothesis that hepatic FASN generates fatty acid products
that can act as endogenous ligands for PPARa to regulate glucose and fat metabolism.
Deletion of FASN from the brain and pancreatic -cells by Cre-mediated recombination
under the control of rat insulin II promoter (RIP-Cre) abolishes FAS activity in the pancreas
and elevates malonyl-CoA by approximately two-fold in isolated islet cells and the
hypothalamus.3*8 While the pancreatic function in these mice is normal, there is an overall
decrease in food intake, fat weight, and total weight, and pair feeding studies show that
reduced adiposity is due to the reduced caloric intake. Similarly, either systemic or
intracerebroventricular administration of the FASN inhibitor C75 reduced food intake and
causes weight loss by a leptin-independent, neuropeptide Y-dependent process.34 The
effects of C75 are attenuated by co-treatment with TOFA, an inhibitor of acetyl-CoA
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carboxylase, the enzyme that creates malonyl-CoA units for FASN consumption, suggesting
that changes in upstream malonyl-CoA, not downstream fatty acids, mediates the weight
loss caused by FASN blockade. Taken together, these data provide evidence for a central
role of FASN in the catabolism of malonyl-CoA and the de novo biogenesis of fatty acids in
regulating a variety of cell and organismal phenotypes under normal and pathological
conditions.

2.6.2. ACOT1-6 (Acyl-CoA thioesterases 1—6)—The acyl-CoA thioesterases
(ACQTs) are enzymes of varying tissue and subcellular distribution that hydrolyze acyl-
CoA molecules to generate fatty acids and free CoA.330-351 In mice, there are thirteen
distinct ACOT proteins classified as either type I (mACOT1-6) or type II (mnACOT7-13),
but only the type I mACOTsS use nucleophilic serines for catalysis and are members of the
serine hydrolase superfamily. The type I ACOTs, which in pair-wise comparisons share >
65% identity with each other, are all inducible in a PPARa-dependent manner by
peroxisome proliferation reagents (i.e., clofibrate) and other PPARa ligands (i.e,
WY-14,643), suggesting that the ACOTs are transcriptional targets for the PPARa nuclear
receptor.>72-333 Humans only express three type I ACOTs, ACOTI, 2, and 4. Whereas
human ACOT1 and ACOT?2 are homologous to mouse ACOT1 and ACOT2, respectively,
human ACOT4, while being most homologous to mouse ACOT4, appears to have acquired
the functions of mouse ACOT3-5 by convergent evolution.

ACOT]1, also called acyl-CoA hydrolase 2 (ACH2), long-chain acyl-CoA hydrolase 2
(LACH2), or cytosolic thioesterase 1 (CTE-I) is a 43 kDa cytosolic enzyme highly
expressed in rat heart, liver, and kidney, with lower expression in rat testis.3%* ACOT2, also
called mitochondrial thioesterase 1 (MTE-I) or arachidonic acid-related thioesterase
involved in steroidogenesis (ARTISt) is a 45 kDa mitochondrial phosphoprotein with >90%
identity to ACOT1 that is expressed in the kidney, muscle, heart, and brown adipose
tissue.333-393 In vitro, both ACOT1 and ACOT?2 have overlapping substrate scope and can
hydrolyze a variety of saturated and unsaturated long chain fatty acyl-CoAs from C12—
(20.355356 The expression of hepatic ACOT1, but not ACOT2, is highly induced by
fasting.352

Whereas ACOT1 and ACOT?2 are localized to the cytosol and mitochondria, respectively,
ACOT3-6 are localized to the peroxisomes. ACOT3 is also called peroxisome thioesterase
la (PTE-Ia) and is highly expressed in the kidney, with lower expression in most other
tissues.337 ACOT3 hydrolyzes C12—C20 fatty acyl-CoAs.337 ACOT4, also called
peroxisome thioesterase 1b (PTE-Ib), is highly expressed in the kidney and upregulated in
the same tissue by fasting.398 Mouse ACOT4 displays unusual substrate specificity and
hydrolyzes succinyl- and glutaryl-CoA, but not any other long chain fatty-acyl CoAs, and,
conversely, the other type I ACOTs in mice cannot hydrolyze succinyl- or glutaryl-CoA.
ACOTS, which is also called peroxisome thioesterase 1c (PTE-Ic), is highly expressed in
spleen, brain, testis, and intestines. ACOTS has an overlapping substrate selectivity with
ACOTS3 and can hydrolyze C10-C16 acyl-CoA substrates.337 In humans, hACOT4 displays
not only succinyl-/glutaryl-CoA hydrolysis activity, but also activity towards other long
chain fatty acyl-CoA substrates, thus accounting for its ability to functionally replace mouse
ACOT3-5.3%

ACOT®6 in mice is 48 kDa peroxisomal protein highly expressed in white adipose tissue with
lower levels in liver, kidney, brown adipose tissue, and brain.309 Mouse ACOT6 can
hydrolyze branched fatty acyl-CoAs including pristanoyl- and phytanoyl-CoA, two
metabolites derived from dietary fatty acids. In contrast, the Acot6 gene in humans, while
containing all three exons similar to the other family members, is predicted based on
expressed sequence tag sequences to encode a truncated protein of ~20 kDa that contains the
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catalytic domain, but it remains unknown whether such a large truncation affects the
catalytic activity. The tissue distribution and hydrolysis activity of human ACOT6 have not
yet been described.3

Taken together, these studies elucidate the biochemical properties of the type I ACOTs.
Whether disruption of ACOTs will cause accumulations of acyl-CoA substrates, and
whether such acyl-CoA elevations will disrupt cell or physiological processes, remain open
questions. Neither knockouts nor selective inhibitors have been, to our knowledge, described
for any of the ACOT members.

2.7. Cholinesterases

In mammals, two related serine hydrolases catalyze the hydrolysis of choline ester
conjugates. Acetylcholinesterase (ACHE) has strict specificity for acetylcholine (ACh) and
has essentially no activity on choline esters with longer chains. Butyrylcholinesterase
(BCHE), also called pseudocholinesterase, nonspecific cholinesterase, or serum
cholinesterase, can hydrolyze ACh in addition to other choline and non-choline conjugates
(Fig. 18).3%1 ACHE and BCHE have overlapping yet distinct roles in mammalian
physiology and behavior, which have only been recently elucidated through methods that
selectively disrupt either enzyme.

ACHE is a ~75 kDa glycoprotein that deactivates ACh signaling at nicotinic and muscarinic
acetylcholine receptors (AChRs), which are located at synapses in the central nervous
system and at neuromuscular junctions throughout the body. Unusually, ACHE uses a Ser-
His-Glu triad for catalysis, and engages ACh in the active site by cation-7 interactions
instead of electrostatics.302:363 The human ACHE enzyme is produced from a single gene in
three distinct alternatively spliced isoforms that differ in their carboxy terminal
regions.304-365 All three ACHE isoforms have similar enzymatic properties, but show
distinct subcellular and tissue distributions. The tailed form, ACHE-T, also known as the
synaptic form of ACHE, has carboxy terminal cysteines that allow for dimerization. ACHE-
T dimers can further associate into tetramers or even higher order 8- or 12-mers through
association with collagen Q (ColQ) or proline-rich membrane anchor (PRiMA) proteins,
resulting in the tethering of extracellular ACHE-T oligomers to the plasma membrane.
ACHE-T is the principal form found in the synaptic cleft and neuromuscular junctions.364
The hydrophobic form, ACHE-H, also called the erythrocytic form, is tethered to the plasma
membrane by a glycophosphatidylinositol (GPI) anchor and is mostly found in
hematopoietic cells. Lastly, the readthrough form, ACHE-R, results from the lack of splicing
at the carboxy terminus and therefore remains soluble and monomeric. ACHE-R is
expressed in embryonic tissues in mouse, but not human erythrocytes.

BCHE in humans is a ~85 kDa glycoprotein with ~50% identity to ACHE.3¢! BCHE
hydrolyzes a variety of choline conjugates, including acetylcholine, butyrylcholine, and
succinylcholine, non-choline conjugates, including cocaine, heroin, and aspirin, and
arylamides such as the synthetic substrate o-nitroacetanilide.3601-366-369 Unlike the three
isoforms of ACHE, BCHE is only generated as the tailed form (BCHE-T) that can associate
into dimers or tetramers that act either as catalytic soluble oligomers or are attached to the
plasma membrane by ColQ or PRiIMA proteins.3%> BCHE activity in mice is highest in liver,
intestines, and serum, and is lower in heart, lung, muscle, and brain.370

The complementary roles of ACHE and BCHE have been dissected through selective
pharmacological inhibition and gene targeting experiments. ACHE(—/—) mice are viable, but
do not grow at the same rate as wild-type littermates and die by P21 due to an inability to
obtain sufficient nutrition.3”! In the intestines, serum, heart, lung, muscle, and brain from
ACHE(—/—) mice, ACHE activity is completely ablated with no compensatory changes in
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BCHE activity. ACHE(—/—) mice have dramatically elevated interstitial hippocampal
acetylcholine levels and decreased choline levels, consistent with the function of ACHE in
converting acetylcholine into acetate and choline.372373 Brains from ACHE(—/—) mice also
have dramatically reduced levels of muscarinic G-protein coupled ACh receptors (AChRs),
but not the nicotinic ion channel AChRs or dopamine receptors, demonstrating that specific
components of cholinergic neurotransmission show compensatory changes in response to
constitutively heightened ACh signaling.37# Force feeding of a liquid diet to ACHE(—/—)
mice allows them to mature into adulthood, where they demonstrate multiple abnormal
behaviors characteristic of heightened cholinergic overstimulation, including body tremors,
muscle weakness, abnormal gait and posture, decreased pain response, urination and
defecation in the nest, sexual dysfunction, and early death at ~100 days from seizures or
bowel obstruction.3”> The muscle phenotypes in ACHE(—/—) mice qualitatively resemble
the consequences of acute pharmacological inhibition of ACHE with fasciculin, a non-
competitive ~7 kDa polypeptide inhibitor with > 10°-fold selectivity for ACHE over
BCHE,?76-377 which produces prolonged generalized muscle fasciculations with complete
recovery.’8 Exogenous ACh causes mortality within one minute in ACHE(—/—) mice but
has only mild effects in wild-type littermates.3’® Similarly, the BCHE inhibitor bambuterol,
which has some selectivity for BCHE over ACHE,380 at 0.3 mg/kg causes mortality in
ACHE(—/—) mice but has essentially no effect in wild-type littermates, demonstrating that,
in the absence of ACHE, essential esterase activities are performed by BCHE.37!

Historically, it had been generally assumed that ACHE is the principal regulator of ACh
neurotransmission in vivo and interest in BCHE originated not from cholinergic signaling
but rather from the study of succinylcholine, a muscle relaxant, in patients with reduced
BCHE activity.38! Patients with low BCHE activity could not sufficiently hydrolyze
succinylcholine and would experience life-threatening apnea due to paralysis.332 Recently,
the role of BCHE in cholinergic signaling has been reexamined following the
characterization of viable ACHE(—/—) mice and the discovery that BCHE is expressed in
glia and neurons of limbic system.383-384 Administration of PEC, a carbamate-based small
molecule inhibitor with >3,000-fold selectivity for BCHE over ACHE, inhibits brain BCHE
by 50%, does not inhibit ACHE, and elevates brain interstitial ACh levels.342 Moreover
bambuterol administration to ACHE(—/—) mice can further augment the already elevated
interstitial brain ACh levels, demonstrating that BCHE participates in ACHE-independent
regulation of ACh.372 BCHE inhibition in rodents by PEC does not cause overt cholinergic
toxicity, consistent with the normal phenotypic profile of humans with reduced BCHE
activity. Similarly, BCHE(—/—) mice are viable, fertile, and overtly normal, and have
dramatically decreased BCHE activity in plasma and tissues with no changes in plasma
ACHE. 379385 BCHE(—/—) mice die from respiratory failure following exogenous treatment
with succinylcholine, whereas the same dose in wild-type littermates produces essentially no
effect, demonstrating that the effects of succinylcholine in humans with reduced BCHE can
be replicated in BCHE(—/—) mice.3”° Fasciculin produces cholinergic toxicity in BCHE(—/
—) mice within 30 min, whereas wild-type mice also show some cholinergic toxicity of later
onset at ~18 h, and ACHE(—/—) mice show no additional phenotypes upon treatment with
this inhibitor.37 These pharmacological and genetic studies of ACHE and BCHE
demonstrate that neither is essential for rodent viability and that both participate in the
regulation of cholinergic neurotransmission.

Organophosphate (OP) reagents, which are used as both insecticides and chemical warfare
agents, have further elucidated the role of cholinesterases in regulating the duration and
magnitude of cholinergic neurotransmission in the brain and at neuromuscular junctions.
When administered at high doses to rodents, OP insecticides (for example, paraoxon or
chlorpyrifos) and nerve agents (for example, sarin or VX) elevate brain acetylcholine levels
and cause death due to paralysis and respiratory failure (Fig. 19).38¢ In humans, acute high-
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level exposure causes symptoms characteristic of overactive parasympathetic and/or
sympathetic cholinergic signaling, including salivation, lacrimation, urination, defecation,
gastrointestinal distress, emesis, miosis, nausea, dizziness, muscle twitching, weakness, and
tremor, and in some cases mortality by respiratory paralysis.>87 In the literature, it is
generally stated that the mechanism of OP toxicity is due to inhibition of ACHE,388 but
most OP inhibitors including sarin and chlorpyrifos are not selective for ACHE and also
inhibit BCHE.377:389.390 Thege data, taken together with the data from ACHE(—/—) and
BCHE(—/-) mice, as well as the selective inhibitors fasciculin and PEC, suggest that the
toxicity of OP reagents in humans and rodents derives from inhibition of both ACHE and
BCHE. Regardless of the precise mechanism, cholinergic overstimulation is clearly central
to the toxicity of OP reagents since treatment for OP poisoning in humans typically involves
administration of: 1) oxime compounds (e.g., pralidoxime) that can turn over OP-inactivated
ACHE/BCHE to generate free cholinesterases and 2) muscarinic ACh receptor antagonists
(e.g., atropine).39!

While overstimulation of the cholinergic system from pharmacological inhibition or genetic
perturbation produces multiple undesirable effects, several studies have correlated decreases
in cholinergic neurotransmission pathways in patients with AD, a disease characterized by
gradual cognitive decline, reduced function in daily activities, and behavioral
disturbances.392 This finding has engendered the cholinergic hypothesis, which states that
loss of cholinergic signaling contributes to the cognitive decline in AD.392 Consequently,
inhibitors such as rivastigmine, which block both ACHE and BCHE, have emerged as a
frontline therapy for the treatment of dementia in Alzheimer’s disease (AD), presumably
producing their beneficial effects by rectifying the deficiency in ACh neurotransmission in
AD patients (Fig. 20).393 While approximately one quarter of rivastigmine-treated patients
experience adverse events consistent with cholinergic overstimulation (nausea, vomiting),3%+
overt cholinergic toxicity such as those observed with OP reagents is not observed in these
subjects, which likely indicates that efficacious dosing regimes can be achieved by partial
inhibition of ACHE/BCHE. Preliminary studies have demonstrated that administration of
the BCHE-selective inhibitor PEC to transgenic mice overexpressing human A reduces the
amounts of AP associated with plaques>?> and suggest that selective pharmacological
inhibition of BCHE but not ACHE may be efficacious in humans while avoiding some of
the adverse events associated with dual ACHE/BCHE inhibitory agents currently used in the
clinic.

Taken together, these studies demonstrate a critical role for ACHE, and possibly also
BCHE, in modulating ACh levels and cholinergic transmission in both the central and
peripheral nervous system. In addition to its enzymatic activities, ACHE has been proposed
to function as a scaffolding protein on the plasma membrane, as discussed in other

reviews, 364396

3. Peptidases

In contrast to other peptidases that use aspartate, cysteine, threonine, or metals for catalysis,
the serine peptidases use a nucleophilic serine to hydrolyze a variety of peptide bonds and
represent over one third of all known proteolytic enzymes.3?7-398 The serine peptidases are
divided into 13 clans, each of which is further divided into groups called subclans or
families. Only a subset of peptidases, those from clan SC families S9, S10, S15, S28, and
$33, belong to the mammalian metabolic SH superfamily.?®7 These clan SC peptidases, like
other members of the SH superfamily and distinct from serine proteases that belong to clans
such as trypsin (PA) or subtilisin (SB), are characterized by a GXSXG motif surrounding the
active site serine, a Ser-Asp-His catalytic triad, and adopt or are predicted to adopt an o/}
hydrolase fold. Substrates for SH peptidases include polypeptides such as circulating
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hormones (e.g., glucagon-like peptide-1)23 or neuropeptides (e.g., melanocyte-stimulating
hormone),399 as well as intact proteins (e.g., collagen),400 and therefore the action of these
peptidases can regulate endocrine signaling or modulate extracellular scaffolding proteins.
Clan SC subfamily S9A contains two members, PREP and PREPL. Subfamily S9B contains
four members, DPP4, FAP, DPP8, and DPPY, and is also known as the DPP4 family. S9C
and S10 each contain one member, APEH and CTSA, respectively. Lastly, S28 contains two
members, PRCP and DPP7.

3.1. PREP (Prolyl endopeptidase)

PREP, also called prolyl oligopeptidase (POP) or proline endopeptidase (PE) and often
abbreviated PEP, is a ~75 kDa cytosolic peptidase that is ubiquitously expressed with
highest levels in brain, heart, muscle, and liver, and lower expression in kidney and
ovaries.*01:402 PREP cleaves C-terminal to proline residues (i.e., Pro-Xaa, where Xaa is any
amino acid except proline) in peptides shorter than 30 AA and can accept nearly any
proline-containing peptide (Fig. 21). Hormones and neuropeptides including oxytocin,
neurotensin, thyrotropin-releasing hormone (TRH), arginine-vasopressin (AVP), angiotensin
II, and substance P (SP) are all PREP substrates in vitro.*93 The crystal structure of PREP
reveals a two-domain structure consisting of a non-catalytic N-terminal seven-bladed f3-
propeller domain and catalytic C-terminal o/p hydrolase domain. The active site, located at
the interface of the two domains, is a large cavity occluded by the B-propeller domain. The
position of the B-propeller suggests that only unstructured polypeptides can gain access to
the active side through the central tunnel of the B-propeller, consistent with the observation
that PREP cannot cleave larger structured peptides or proteins.

PREP inhibitors and PREP-deficient mice have demonstrated a broad role for PREP in the
regulation of multiple bioactive neuropeptides (Fig. 22). JTP-4819, a substrate mimetic
based on a Pro-Pro dipeptide, is a slowly reversible PREP inhibitor with > 10°-fold
selectivity over other peptidases assayed including DPP4 (dipeptidyl peptidase 4).40* When
administered to rats, JTP-4819 modestly decreases brain hydrolysis activity for the synthetic
substrate 7-(succinyl-Gly-Pro)-4-methylcoumarinamide and elevates a variety of bioactive
neuropeptides including SP, AVP, and TRH.#94405 Similarly, S 17092 is a perhydroindol-
based PREP inhibitor with selectivity for PREP over other serine hydrolases*%%497 and,
following administration to mice, elevates SP and other peptides including a-melanocyte
stimulating hormone (0-MSH).407408 In mice with a gene-trap cassette inserted into the
PREP locus, PREP protein is abolished and a-MSH is also elevated.3? Consistent with the
observation that exogenous administration of neuropeptides such as SP improves learning
and memory in rodents,*?? inhibition of PREP in aged rodents*!? or monkeys treated with
the dopaminergic neurotoxin MPTP*! causes cognitive enhancements.

Despite these observations, a rigorous demonstration of the relationship between elevated
neuropeptides regulated by PREP such as a-MSH or SP and the cognitive enhancements
observed in rodents and monkeys is still lacking. Some studies have also suggested a role for
PREP in inositol triphosphate (IP3) signaling, but the mechanisms of this regulation remain
unclear. 12413 Whether PREP inhibitors can ultimately be used as cognition enhancers in
human patients with disorders such as Alzheimer’s or Parkinson’s disease is an exciting
prospect, but remains to be determined.*!4

3.2. PREPL (Prolyl endopeptidase-like)

PREPL is an ~80 kDa cytoplasmic enzyme with ~30% identity to PREP.#!5 PREPL is
expressed as multiple splice isoforms with ubiquitous tissue distribution in humans, with the
highest levels in brain, heart, kidney, and skeletal muscle, and lower levels in pancreas,
liver, lung, and placenta.*!> PREPL is labeled by the active-site probe diisopropyl
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fluorophosphonate (DIFP), suggesting that this enzyme has catalytic activity, but attempts to
identify peptide or non-peptidic substrates have so far been unsuccessful. 410

A recessive congenital disorder called hypotonia-cystinuria syndrome (HCS) in human
patients has been mapped to microdeletions along chromosome 2p21 in the Slc3al and
Prepl genes. 17418 Patients present with hypotonia (low muscle tone) at birth, cystinuria
type I (formation of cystine stones in the bladder and kidneys), growth hormone (GH)
deficiency, facial dysmorphism, and a failure to thrive. Since inactivation of the amino acid
transporter SLC3A1 has been shown to cause cystinuria type I, the other deficiencies in
these patients have been attributed to PREPL.*17 Elucidation of the biochemical functions of
this peptidase is an important future area of research for understanding its relationship to
HCS.

Neither knockouts nor selective inhibitors have been, to our knowledge, described for
PREPL.

3.3. DPP4 (Dipeptidyl peptidase 4)

DPP4, also called CD26, is a ~120 kDa glycoprotein and the archetypical member of the
DPP4 peptidase family (clan SC, subfamily S9B).#19420 In rat, DPP4 is highly expressed in
kidney and at lower levels in lung, adrenal gland, jejunum, liver, spleen, and testis, and
negligible expression in skin, heart, pancreas, and brain.*!® At the cellular level, DPP4 is a
lumenally-oriented enzyme anchored to the plasma membrane of epithelial cells at sites of
physiological barriers, such as the brush border and microvillus fractions of the kidney,*2!
around the bile duct epithelia and bile caniculi in the liver,*?2 or in circumventricular organs
in the CNS,%23 and can also be found as a soluble enzyme in body fluids such as plasma or
cerebrospinal fluid.*24 DPP4 is composed of two domains, an N-terminal eight-bladed p-
propeller and C-terminal a/p-hydrolase domain.*25-427 The active site is located between the
two domains, similar to what is observed in the crystal structure of PREP. DPP4 can
hydrolyze Xaa-Pro or Xaa-Ala (where Xaa is any amino acid) dipeptides from the N-
terminus of oligopeptides ranging from 3 to 80 AA (Fig. 23).428

DPP4 has been the focus of considerable pharmaceutical interest because it regulates the
endogenous levels of glucagon-like peptide-1 (GLP-1), a gastrointestinal hormone that is
highly elevated in plasma following food intake.?3 Circulating GLP-1 is found in two
equipotent forms, GLP-1(7-37) or GLP-1(7-36) amide, and is synthesized in
enteroendocrine L cells of the distal ileum and colon. GLP-1 acts at the G-protein coupled
receptor GLP-1R to promote insulin secretion, insulin sensitivity, and B-cell
proliferation,*29~#3! but its duration of action is short owing to rapid degradation and
inactivation in a process mediated by DPP4. Plasma from DPP4(—/—) mice show
dramatically reduced hydrolytic activity with the synthetic substrate Gly-Pro-p-nitroanilide
or with GLP-1, and a concomitant two-fold increase in plasma insulin and GLP-1 levels,
biochemical changes that result in enhanced oral glucose tolerance.*32 DPP4 inhibitors,*33
such as the reversible and fast binding inhibitor sitagliptin®3* or the cyano-containing
covalent reversible inhibitors vildagliptin*33 or saxagliptin,*3® all have good selectivity for
DPP4 over closely related peptidases and, following oral dosing to human patients, increase
circulating GLP-1 levels, reduce fasting glucose, and improve -cell function (Fig.
24).437‘440 These data, coupled with the minimal adverse events associated with DPP4
inhibitors in humans, has resulted in FDA approval of sitagliptin and saxagliptin for the
treatment of type 2 diabetes mellitus.

Besides the well characterized DPP4/GLP-1 pathway, some evidence points to non-catalytic
roles for the cell surface form of DPP4 on T-cells, including the participation in intercellular
binding events and immune responses.**! These studies, as well as the determination of
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other endogenous DPP4 substrates besides GLP-1,%42443 ghould continue to illuminate new
aspects of DPP4-mediated physiology.

3.4. FAP (Fibroblast activation protein)

FAP, also called FAPa, seprase, or antiplasmin-cleaving enzyme (APCE),444 is a ~90 kDa
plasma membrane-localized glycoprotein and the second of four members of the S9B
subfamily.#00-445 FAP has a very limited expression in normal tissues and during
development where it is restricted to somites, myotubes, and perichondrial mesenchyme
from cartilage primordial #40 FAP is, however, a core component of the “reactive stromal
response” and is highly expressed in stromal cells neighboring wound healing events or
epithelial tumors.*#” A soluble form of FAP has also been found in bovine serum.**8 The
crystal structure reveals that, like DPP4, FAP adopts a two-domain fold with an N-terminal
eight-bladed p-propeller and C-terminal a/B-hydrolase fold.*4° FAP has dipeptidyl peptidase
activity on synthetic substrates such as Ala-Pro-7-amino-4-trifluoro-methylcoumarin (AFC)
and can also hydrolyze gelatin, a2-antiplasmin, and type I collagen,*%#3! but whether or
not FAP participates in the endogenous degradation of these protein substrates remains
unknown. The mechanisms and consequences of FAP upregulation in stromal cells around
wounds and tumors remain poorly understood, but, in rodent models, pharmacological
blockade of FAP shows antitumor effects. #2434 As a result, o-FAP antibodies (.e.,
sibrotuzumab,*>> a humanized monoclonal antibody) and FAP inhibitors (i.e., talabostat,*2
a nonselective DPP4-family boronic acid inhibitor) are under investigation as treatments for
various cancers (Fig. 25). FAP(—/—) mice are fertile, histologically normal, and do not
spontaneously develop more tumors than wild-type littermates, but have not been
intensively investigated in other cancer models for tumor formation or growth.*°

3.5. DPP8 and DPP9 (Dipeptidyl peptidase 8 and 9)

DPP8 and DPP9 are the last two members of the S9B subfamily and share >50% identity
with each other and ~25% identity with DPP4.437:458 In human tissues, DPP8 and DPP9 are
both ubiquitously expressed, with highest levels of DPPS in testis and DPP9 in skeletal
muscle, liver, and heart. Unlike DPP4 and FAP, DPP8 and DPP9 lack transmembrane
domains and, when recombinantly expressed using a baculovirus expression system, are
found in the cytosol as ~100 kDa proteins.* In vitro, DPP8 and DPP9 can cleave
dipeptides from the N-terminus of bioactive peptides such as neuropeptide Y (NPY),
glucagon-like peptide-1 (GLP-1), GLP-2, and peptide YY (PYY), but with rates ranging
from ~1-50% compared to DPP4 depending on the substrate.*> Because gene targeted mice
for either DPP8 or DPP9 have not been generated, and small molecule inhibitors such as
valine pyrrolidide (Val-Pyr) inhibit DPP8, DPP9, and DPP4 with similar potencies,459 the in
vivo functions and endogenous substrates of DPP8 and DPP9 remain largely unknown.

3.6. APEH (Acylpeptide hydrolase)

APEH (APH), also called acylamino acid-releasing enzyme (AARE), is an ~80 kDa enzyme
that is ubiquitously expressed in rat tissues with highest expression in immune cells, lung
and kidney and lowest expression in muscle and brain.!81:460 The crystal structure of APEH
from Aeropyrum pernix K1, which shows ~30% sequence identity to human APEH, reveals
a two domain enzyme with an N-terminal seven-bladed B-propeller and a C-terminal o/f-
hydrolase fold, similar to other serine peptidases.*! When APEH is overexpressed in
transfected cells, it is primarily found in the cell lysate but a small amount is also detectable
in the conditioned media. 462

The N-terminal amino acid of nascent polypeptide chains is often co-translationally
acetylated (“blocked”) in eukaryotes and formylated in prokaryotes on the a-amine. The
function of this modification remains enigmatic but is hypothesized to affect protein
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stability, processing, or sorting.*69 APEH removes the acetylated amino acid from peptide
substrates to generate a peptide that is one amino acid shorter and an N-acetyl amino

acid 463465 APEH cleaves a variety of N-acetyl amino acids from peptide substrates
including Ac-Ala-, Ac-Met-, Ac-Ser-, or Ac-Gly-, with the penultimate amino acid having
some influence on the rate of cleavage (Fig. 26).46¢ Besides this activity, APEH has also
been reported to possess non-N-terminal cleavage activity on other substrates such as
oxidatively damaged proteins*07 or the amyloid-B peptide.462

Neither knockouts nor selective inhibitors have been, to our knowledge, described for
APEH.

3.7. CTSA (Cathepsin A)

CTSA, also called lysosomal carboxypeptidase A, lysosomal protective protein, or
protective protein/cathepsin A (PPCA), is a 54 kDa lysosomal glycoprotein ubiquitously
expressed in all mouse tissues, but with highest levels in kidney, brain, and placenta. 68470
Besides its lysosomal localization, CTSA can also be secreted from platelets.471 Unlike
other serine peptidases, CTSA does not have an N-terminal B-propeller domain but instead
has a “cap” domain and an o/B-hydrolase domain.*’2 CTSA is synthesized as a 54 kDa
precursor protein that, upon reaching the lysosome, is activated by proteolytic processing
into two 32 and 20 kDa polypeptides joined by disulfide linkages.4”3

The C-terminus of many bioactive peptides is amidated, a modification that affects multiple
aspects of peptide function including stability and activity on cognate receptors. CTSA
displays both peptidase and deamidase activity with peptides such as angiotensin I,
substance P, endothelin I, oxytocin, and bradykinin, and removes the ultimate or penultimate
C-terminal amino acid and/or the amidation modification, depending on the substrate.71:474
CTSA also shows esterase activity on synthetic substrates such as benzoyl-tyrosine ethyl
ester. Whereas the peptidase activity of CTSA has a pH optimum of 5, the deamidase and
esterase activities have pH optima of 7.47!

CTSA has been well characterized in human patients presenting with galactosialidosis (also
called combined B-galactosidase and neuraminidase deficiency), a lysosomal storage disease
that presents in infants or juveniles and causes edema, hepatosplenomegaly, abnormal bone
development, an eye abnormality called a cherry-red spot, and distinctive facial
features.#75470 In infants, galactosialidosis causes death, whereas the juvenile form results
in normal life expectancy but progressive ataxia, seizures, and cognitive disabilities.
Galactosialidosis is caused by a heterogeneous collection of mutations in CTSA that impair
the association of CTSA with a ~600 kDa complex containing -galactosidase and
neuraminidase, resulting in the rapid degradation of -galactosidase and a concomitant
accumulation of sialylated oligosaccharides.*’7#78 B-galactosidase and neuraminidase
activities can be restored in fibroblasts from galactosialidosis patients by the addition of
culture medium from COS-1 cells transfected with either wildtype or a catalytically inactive
(S150A) mutant of CTSA, demonstrating that the “protective” effects of this enzyme are
independent of its catalytic activity.*”?

Mice deficient in CTSA have near complete loss of CTSA and neuraminidase activity and
partial loss of B-galactosidase activity, are viable and fertile, but weigh 25-40% less than
wildtype littermates and die at ~12 months of age.*80 CTSA(—/—) mice recapitulate the
phenotype of human patients and show hepatosplenomegaly, excessive sialyated
oligosaccharides in urine, and vacuolated storage cells in multiple tissues including brain
and kidney, which ultimately leads to organ failure and death. Bone marrow transplantation
from wildtype littermates or transgenic mice overexpressing CTSA in erythroid precursors
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partially or completely reversed the disease phenotype, respectively, demonstrating the
potential of somatic gene therapy for the treatment of this disorder in human patients.

To dissociate the lysosomal scaffolding functions of CTSA from its catalytic activity,
CTSA(S190A) mice harboring a catalytically inactive CTSA knocked-in to the locus of the
wild-type Ctsa gene were generated.*3! CTSA(S190A) mice have near complete loss of
CTSA activity in liver, kidney, and lungs, but no change in galactosidase or neuraminidase
activity and normal CTSA complex formation. CTSA(S190A) mice do not show
vacuolation or overt tissue abnormalities, consistent with the lysosomal disorders in
galactosialidosis arising from secondary deficiencies in -galactosidase and neuraminidase
activities rather than loss of CTSA itself. Instead, elastin-rich tissues such as skin, arteries,
and lungs from CTSA(S190A) mice show morphological changes, and skin fibroblasts show
decreased deposition of insoluble elastin compared to wildtype littermates. In addition to the
presentations of lysosomal dysfunction in patients with galacosialidosis, another clinical
feature that could neither be explained by impaired lysosomal catabolism nor sialylated
glycoconjugates is arterial hypertension. CTSA(S190A) mice have elevated diastolic and
systolic blood pressure and impaired endothelin I degradation rates in plasma following an
exogenous injection of endothelin I, a bioactive peptide previously characterized to induce
vasoconstriction, and suggest that the catalytic activity of CTSA is important for regulating
blood pressure in rodents and humans.*82

Taken together, these data provide strong evidence that rodent and human CTSA
participates in a scaffolding role to stabilize f-galactosidase and neuramidase activities. The
CTSA(S190A) mice suggest that the hypertension in galacosialidosis patients might be
caused by enhanced endothelin I signaling due to an absence of CTSA-mediated endothelin
I catabolism. Whether the catalytic activity of CTSA is involved in other aspects of
galacosialidosis in vivo remains unclear. Elucidation of changes in bioactive peptides of
CTSA(—/—) mice should enhance our understanding of the biochemical reactions that this
enzyme performs in vivo.

Selective inhibitors for CTSA have not, to our knowledge, been described.

3.8. PRCP (Prolylcarboxypeptidase)

PRCP, also called angiotensinase C, is a ~58 kDa glycoprotein that is highly expressed in
human placenta, lung, and liver with lower expression in brain, heart, and pancreas.483
PRCP is localized to the lysosome*3* but can also be found extracellularly in urine.*8 As its
name suggests, PRCP cleaves a variety of bioactive peptides at C-terminal amino acids
linked to proline, such as angiotensin II and IIT and bradykinin, and has an acidic pH
optimum but retains significant activity at neutral pH.*8¢ The crystal structure of PRCP
reveals that it adopts an o/p-hydrolase fold with a novel helical structural domain that caps
the active site.*87

The role of PRCP in food intake and metabolism has been demonstrated by both PRCP-
deficient mice and PRCP inhibitors. PRCP gene-trapped [PRCP(gt/gt)] mice have complete
loss of PRCP mRNA in the hypothalamus and kidney and show reductions in white adipose
tissue (WAT) mass on chow or high-fat diet due to a reduction in food intake. PRCP(gt/gt)
mice also have two-fold elevation in hypothalamic a-melanocyte-stimulating hormone (a-
MSH) concentrations compared to wildtype littermates.*38 Consistent with a direct role for
PRCP in regulating a-MSH in vivo, purified recombinant PRCP cleaves between Pro-Val
and liberates the C-terminal valine from a-MSH(1-13) to generate a-MSH(1-12), and
exogenous o-MSH(1-13), but not a-MSH(1-12), reduces food intake when injected
intracerebroventricularly in mice. In wildtype mice, administration of a non-selective
inhibitor of PRCP and other peptidases, N-benzyloxycarbonyl-prolyl-prolinal (ZPP), reduces
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food intake, whereas coadministration of a melanocortin receptor antagonist, the agouti
mimetic SHU9119, blocks this effect, indirectly demonstrating a role for melanocortin
receptors in PRCP-dependent effects on feeding. Recently, several heterocycle-substituted
pyrrolidines have also been developed that selectively and reversibly inhibit PRCP but not
other related peptidases or ion channels/receptors.*8? These compounds, despite having poor
penetration into the central nervous system (CNS), nevertheless reduce food intake and body
fat mass in rodents following a chronic dosing regime with no overt signs of toxicity, and
suggest that inhibition of PRCP in peripheral tissues may also be therapeutically beneficial
for weight loss. Whether PRCP also regulates other bioactive peptides**? and whether PRCP
inhibitors could be efficacious for causing weight loss in humans remain open questions.

3.9. DPP7 (Dipeptidyl peptidase 7)

DPP7, also called dipeptidyl peptidase 2 (DPP2) or quiescent cell proline dipeptidase (QPP),
is a ~58 kDa glycoprotein found in intracellular vesicles and, in rats, is highly expressed in
kidney, heart, and testis, with lower expression in brain and lung.*1-493 Despite having
essentially no sequence homology with DPP4, DPP7 also cleaves dipeptides from the N-
terminus of peptides and shows a preference for proline or alanine in the P1 position.**

yduosnue|y Joyiny vd-HIN

DPP7 has been implicated in a variety of physiological processes including apoptosis and
glucose homeostasis. Inhibition of DPP7 using nonselective inhibitors of post-proline-
cleaving aminodipeptidases such as L-valinyl-L-boroproline (VbP) causes apoptosis-like
phenotypes in peripheral blood monocuclear cells (PBMCs).*? Conditional knockdown of
DPP7 in vivo under the neurogenin 3 promoter (NGN3-DPP7 kd mice) produces viable
animals with alterations in glucose homeostatis.*”® The viral construct in NGN3-DPP7 kd
mice is expressed in enteroendocrine cells of the small intestines, pancreatic islets, and
several regions of the brain including the ventromedial nucleus and the arcuate nucleus, but
not the liver or muscle. These mice have an ~80% knockdown of DPP7 mRNA in the
pancreas but no changes in liver or skeletal muscle DPP7. NGN3-DPP7 kd have normal
plasma GLP-1 levels, normal body weight on chow or high-fat diet (HFD), but present with
fasting hyperglycemia, glucose intolerance, hyperinsulinemia, and insulin resistance. On a
HFD, NGN3-DPP7 kd have exacerbated liver steatosis and show increased liver lipid
content compared to wild-type controls.

yduosnue|y Joyiny d-HIN

Despite the phenotypes caused by modulating DPP7 activity, the endogenous substrates
regulated by DPP7 remain unknown. Recently, some piperidine- and
azabicyclo[3.3.0]octane- derivatives have been developed as selective DPP7
inhibitors.*97-499 The latter category of compounds shows good selectivity over other
peptidases including DPP4, FAP, DPP8, DPP9, and PREP.4% Since global knockout of
DPP7 results in embryonic lethality in mice,** these inhibitors should help to elucidate the
endogenous biochemical function and physiological role of DPP7 in vivo.

4. Protein- and glycan-modifying hydrolases

Besides small organic molecules and peptides, SHs can also act on larger (i.e., > 10 kDa)
classes of macromolecules including esterified or thioesterified proteins or glycans. Like
many small molecule and peptide hydrolases, these “macromolecular’” hydrolases still adopt
o/B-hydrolase domains, 390592 demonstrating the versatility of this general fold for enabling
catalysis on a variety of substrates of widely differing structures and physicochemical
properties. SHs of this category, by directly acting on proteins or glycans, can modulate their
activity, localization, and/or signaling.

1duosnuepy Joyiny Yd-HIN
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4.1. Protein hydrolases

4.1.1. PPME1 (Protein phosphate methylesterase 1)—PPME], also called protein
methylesterase-1 (PME-1), is a 45 kDa enzyme localized to the nucleus.’93-504 PPME1
shows ubiquitous tissue expression in mice, with highest mRNA levels found in the brain,
kidney, ovary, and testis, and lower levels found in the heart, skeletal muscle, and lung.505
The best studied substrate of PPME] is protein phosphatase 2A (PP2A), a major serine/
threnonine phosphatase in cells.’9%-597 PP2A is a trimer composed of a catalytic subunit (C
subunit), a constant regulatory subunit (A subunit), and one of several variable regulatory
subunits (B subunits). It is thought that the B subunits affect PP2A function by targeting
PP2A to different phosphoprotein substrates or distinct cellular localizations. 97-598 In
addition to changes in subunit composition, the PP2A catalytic subunit (PP2A() is subject to
an unusual post-translational modification, the methylesterification of its C-terminal leucine
residue, which occurs by the transfer of a methyl group from S-adenosyl methionine (SAM)
to PP2A by the action of cytosolic leucine carboxyl methyltransferase (LCMT1).59 PPME1
hydrolyzes this carboxymethylation to create a free C-terminal acid on PP2A¢ (Fig. 27).59

Overexpression of PPME] in COS-7 cells increases demethylated PP2A%* whereas
knockdown of PPME1 in multiple cancer cell lines increased methylated PP2A¢,>%
demonstrating that PPME]1 regulates the methylation status of PP2Ac. In cells,
carboxymethylation of PP2A¢ promotes the assembly of the PP2A holoenzyme, 98510 byt
there remains considerable debate about the functional consequences of this modification on
PP2A activity. The crystal structure of PPME]1 in complex with PP2A¢ shows that PPMEI
directly binds the active site of PP2A¢ and, by doing so, dislodges the manganese ions
required for PP2A activity,’% and mutations in the active site histidines of PP2A¢ result in
the formation of inactive PP2A complexes with PPME1 and other cellular proteins.>05->11
These lines of evidence suggest that the demethylation of PP2Ac by PPMEI1 is an
inactivating modification. However, PPME1(—/—) mice show an absence of demethylated
PP2A( and, surprisingly, a decrease in PP2A activity on a phosphopeptide substrate, 3
demonstrating that PPME1 demethylation may also activate PP2A in some contexts.
Regardless of the precise mechanism, PPME1 modification of PP2A carboxymethylation
causes multiple changes in the phosphorylation status of PP2A substrates,”® which in turn
affects cellular processes including cancer cell survival®® and differentiation.>!2

PPME1(—/—) mice are overtly normal throughout development but die soon after birth,
precluding a functional assessment of PPME] deficiency in adult mice.>%3 The recent
disclosure of aza-fB-lactams as potent and highly selective covalent inhibitors of PPME] that
can be used to disrupt PPMEI function in cells and mice®!3 should aid in the elucidation of
how this enzyme affects PP2A function in vivo (Fig. 28).

4.1.2. LYPLA1 and LYPLA2 (Lysophospholipase 1 and 2)—LYPLA1, more
commonly called acyl-protein thioesterase 1 (APT1), is a 24 kDa cytosolic protein that is
highly expressed in the brain, kidney, and testis of human tissues, with lower expression in
heart and liver.>14315 LYPLAL is so named because it hydrolyzes a variety of
lysophospholipids, including 1lysoPC, lysoPE, lysoPI, lysoPS, and PAF-like substrates, but
does not have activity on phosphatidylcholines.’!® LYPLA1 also shows thioesterase/esterase
activity with a variety of peptide and protein substrates that are acylated on cysteine or
serine residues, two post-translational modifications that can be used to regulate the
signaling of peptide hormones or to localize proteins to specific membrane compartments of
the cell.>!> One such substrate in vitro is the peptide hormone ghrelin, which contains an n-
octanoyl esterification on Ser3. Removal of this acyl chain (des-acyl ghrelin) ablates the
activity of this hormone at the ghrelin receptor.’!” Additional protein substrates of LYPLA1
include G-protein a subunit Gja;, members of the oncogenic Ras protein subfamily, and the
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enzyme endothelial nitric-oxide synthase (eNOS), which all contain cysteines thioesterified
by palmitate groups.”!7-319 There is some selectivity in the depalmitoylation activity of
LYPLALI since caveolin, another membrane-bound palmitoylated protein, is not an in vitro
substrate.>!?

To date LYPLA1(—/—) mice have not been described. The B-lactone derivative Palmostatin
B is a LYPLALI inhibitor that shows some selectivity for PLA1, PLA2, PLD, PLCbeta
activities but has not been comprehensively evaluated for selectivity amongst SHs. Cells
treated with Palmostatin B show elevated palmitoylated NRas levels and shifts in the
localization of NRas from predominantly plasma membrane/Golgi to all cell membranes.
Palmostatin B also caused a partial phenotypic reversion of HRasG12V-transformed
MDCK-F3 cells, suggesting that targeting the palmitoylation status of oncogenes such as
members of the Ras subfamily may be a viable strategy for the treatment of certain cancers.
A microRNA (miRNA) screen in primary neuronal cultures revealed that LYPLA1 is a
target for miR-138, and knockdown of LYPLAL in these cells alters dendritic spine
morphology, but the precise mechanism of this process remains poorly understood.”2!

520

LYPLAZ2, also called acyl-protein thioesterase 2 (APT2) or lysophospholipase 2, is a 25 kDa
cytosolic protein with 60% identity to APT1. In mice, LYPLA?2 is ubiquitously expressed
with slightly higher levels in brain and liver by RT-PCR.>22 Like APT1, LYPLAZ2 has both
lysophospholipase and protein thioesterase activities, and can hydrolyze LPC, LPE, LPS,
LPI, and PAF-like molecules, but not phosphatidylcholine.?2 In CHO-K1 or HeLa cells,
overexpression of LYPLAZ2, but not overexpression of LYPLAI, increases the deacylation
rate of growth-associated protein 43 (GAP43).923 LYPLA2 overexpression also increases
the deacylation rate of HRasG12V, demonstrating that LYPLAT and 2 may have
overlapping but distinct palmitoylated protein substrate profiles.’23 Neither knockouts nor
selective inhibitors have been, to our knowledge, been described for LYPLA?2.

Taken together, these data suggest that LYPLA1 and LYPLA?2 can regulate the
palmitoylation status of certain proteins in cell culture models, but whether this activity
extends more broadly to the hundreds of palmitoylated proteins found in mammalian cells
and tissues remains unknown. It also remains to be determined whether the
lysophospholipase activities of LYPLAI or 2 contribute to lysophospholipid metabolism in
physiological contexts.

4.1.3. PPT1 and PPT2 (Protein palmitoyl thioesterase 1 and 2)—PPT1 is a 37 kDa
lumenally-oriented lysosomal glycoprotein that is highly expressed in rat testis, brain, lung,
spleen, and at lower levels in white adipose tissue, kidney, liver, heart."24-527 PPT1 can
depalmitoylate HRas in vitro and shows an atypical insensitivity to the general serine-
reactive inhibitors phenylmethylsulfonyl fluoride (PMSF) or diisopropyl fluorophosphonate
(DIFP).524-528 Thjs latter observation is explained by the crystal structure of PPT1, which
shows that it adopts an o/B-hydrolase fold with an unusually narrow hydrophobic channel
that precludes the large aryl or isopropyl groups of PMSF and DIFP, respectively, from
accessing the PPT1 active site.’228 PPT1 also shows activity for the palmitoylated o
subunit of the G-protein G,.72* Besides its protein thioesterase activity, PPT1 can cleave
fatty acyl-CoAs, with a preference for myristoyl to stearoyl (C14 to C18) acyl chains and
markedly lower activity on both shorter (C12) or longer (C20) fatty acyl CoAs. %>

Mutations in PPT1 causes infantile neuronal ceroid lipofuscinosis (INCL), a lysosomal
storage disease that occurs in 1:12,500 people and is characterized by loss of vision, mental
retardation, a flat electroencephalogram at 3 years, and death by 811 years. Upon autopsy,
the typical finding is the accumulation of granular autofluorescent material throughout the
brain as well as other tissues.’2%-330 PPT1 activity using palmitate-labelled HRas is absent in
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brain tissues from INCL patients.>3 Similarly, PPT1(—/—) mice that have near complete
loss of PPT1 activity in brain lysates on the synthetic substrate 4-methylumbelliferyl-6-
thiopalmitoyl-p-D-glucoside, and also accumulate autofluorescent depots consisting of
granular spheroid structures throughout the brain as early as 4 weeks of age.>3! PPT1(—/—)
mice exhibit abnormal clasping behavior in the tail suspension test, seizures and other
convulsions, neuronal degeneration, and die earlier than wild-type littermates (75% dead by
10 months). Curiously, the cellular and morphological abnormalities of PPT1(—/—) mice are
largely restricted to the brain, despite the expression of PPT1 in multiple peripheral
tissues. 3!

PPT2 is a 30 kDa lysosomal glycoprotein with highest expression in human skeletal muscle
and lower expression in heart, brain, placenta, and kidney. PPT2 has ~20% identity with
PPT1 and the two enzymes show comparable activity for palmitoyl-CoA as a substrate, but
PPT2 does not act on palmitoylated protein substrates of PPT1 such as HRas.32 PPT2(—/—)
mice develop an unusual variant of neuronal ceroid lipofuscinosis that, in addition to
causing neurological dysfunction, also strongly affects peripheral tissues.’33 PPT2(—/-)
mice show a clasping phenotype in the tail suspension test with a slower onset than what is
observed in PPT1(—/—) mice. Similarly, the lifespan of PPT2(—/—) mice is two years, longer
than that of PPT1(—/—) mice but still significantly shorter than wild-type mice, and, at death,
PPT2(—/-) brains are ~10% lighter than wild-type controls and show cerebral cortical
atrophy and scattered apoptotic bodies. An autofluorescent material also accumulates in
multiple tissues of PPT2(—/—) mice, including the brain, pancreas, kidney, lungs, heart, and
skeletal muscle. Gross morphological and histological examination of PPT2(—/—) tissues
show massive splenomegaly and extramedullary hematopoiesis in the spleen and liver,
which is accompanied by macrophage infiltration into the bone marrow. Despite these
findings, PPT2(—/—) mice have normal peripheral blood counts, bone radiographs, and
pancreatic function. There is no evidence, to date, of human diseases that map to the Ppz2
locus on chromosome 6p21.3.

Taken together, these studies suggest that PPT1 and PPT2 have important roles in the
regulation of lysosomal homeostasis in the nervous system and peripheral tissues,
respectively, but the precise mechanisms that link the biochemical and enzymatic properties
of PPT1 and PPT2 to these lysosomal storage phenotypes remain unclear. For instance, it
remains unknown whether protein palmitoylation is increased in the central nervous system
of INCL patients or PPT1(—/—) mice, or precisely how the protein thioesterase activity of
PPT1 contributes to the accumulation of autofluorescent depots in the brain. It is also
unknown whether PPT?2 has protein depalmitoylation activity in cells or in mice, since its
nomenclature is based solely on homology to PPT1 and not from any biochemical evidence
that the enzyme displays protein thioesterase activity. The chemical composition of the
autofluorescent material in PPT-deficient humans and rodents, and whether its accumulation
is due to an absence of degradation of specific biomolecules by PPT1/2, remain open
questions that are under active experimental investigation.

Selective inhibitors of PPT1 or PPT2 have not, to our knowledge, been described. The
advent of such inhibitors, combined with further study of PPT1(—/—) and PPT2(—/—) mice,
should enhance our understanding of the connection between PPT biochemical activities and
diseases like INCL.

4.2. Glycan hydrolases

4.2.1. AOAH (Acyloxyacyl hydrolase)—Gram-negative bacterial lipopolysaccharides
(LPS) are large molecules consisting of an O antigen, a core oligosaccharide, and a lipid-
containing portion called lipid A.334 LPS produce strong immune responses in animals
leading to toxic effects such as fever, hypotension, and death by activating toll-like receptors
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(TLRs) expressed on B cells.33336 Lipid A is the bioactive center of LPS and consists of a
phosphoglucosamine disaccharide lipidated by four molecules of 3-hydroxymyristate (3-
OH-C14:0). Two of these hydroxymyristoyl acyl chains are further modified by saturated
fatty acids (laurate, myristate, or palmitate) to form acyloxyacyl groups. By selectively
removing the acyloxyacyl groups from lipid A, AOAH from the host converts bioactive,
hexaacyl LPS into tetraacyl LPS (“deacylated” LPS or dLPS), a molecule that is several
orders of magnitude less potent at stimulating host responses in a variety of assays (Fig.
29).537

AOAH is expressed by neutrophils, dendritic cells, renal cortical epithelial cells, and
monocyte-macrophages and its activity can be stimulated or inhibited by LPS or cytokines,
respectively.338:339 Purified AOAH from the human promyelocytic line HL-60 is a ~52—60
kDa glycoprotein composed of two disulfide-linked subunits of 50 kDa and 1420 kDa.>40
Recombinant expression of the large subunit is sufficient to recapitulate the lipolytic activity
of the purified AOAH complex.>*! In addition to its acyloxyacyl hydrolase activity on lipid
A, AOAH also has in vitro phospholipase, lysophospholipase, and DG lipase activity, and
can catalyze acyl-transfer from LPS to MAGE acceptors.>*2

The in vivo function of AOAH in modulating host responses to LPS has been established by
the generation of both transgenic and gene-targeted mice.”3?-943 AOAH transgenesis into
dendritic cells and macrophages under the human CD68 promoter increases LPS deacylation
activity in peritoneal macrophages, shortens the recovery time required following an LPS
challenge, and lowers susceptibility to LPS-induced hepatosplenomegaly and death.33? In
AOAH(—/—) mice, LPS deacylation activity is completely abolished in peritoneal
macrophages and liver, which are unable to convert exogenous LPS to dLPS.743-345 When
challenged with the Gram-negative bacteria, AOAH(—/—) mice produce higher titers of
immunoglobulin M (IgM) and IgG3 antibodies.’*> Lastly, an inflammatory response is
typically followed a period of tolerance or reprogramming characterized by infection-
induced immunosuppression to LPS or other microbial molecules. The recovery from the
tolerant state is delayed in AOAH(—/—) mice and the magnitude and duration of tolerance is
correlated to the presence of acylated LPS in peritoneal macrophages, suggesting that a
recovery from the tolerant state requires AOAH-mediated hydrolysis of LPS to dLPS.20

Selective inhibitors of AOAH have not, to our knowledge, been described.

4.2.2. PGAP1 (Post-GPI attachment protein 1)—PGAPI, also called GPI inositol
deacylase (GPID), is a ~105 kDa, endoplasmic reticulum (ER)-localized multi-pass
transmembrane protein with a cytoplasmic N-terminus and a lumenally-oriented lipase
motif 346 PGAPI is expressed and active in the brain®> and also at high levels in B cells.!8!
PGAPI function has best been characterized in the context of glycophosphatidylinositol
(GPI), a glycolipid attached to the C-termini of proteins to anchors them in cellular
membranes. The GPI anchor consists of a phosphatidylinositol (PI) connected to an
oligosaccharide, which is in turn covalently bound to the protein via an ethanolamine
phosphate linker. At an early stage of GPI biosynthesis in the ER, the inositol ring is
palmitoylated, but this modification is rapidly removed following attachment to the C-
terminus of the target protein. The removal of palmitate from the inositol of triacyl-GPI to
generate mature, diacyl-GPI is performed by PGAP1 (Fig. 30). In a PGAP1-deficient
subline of mutagenized CHO-K1 cells expressing CD59 and DAF, an accumulation is
observed in triacyl-GPI-modified CD59.34¢ Analysis of total DAF protein in these cells
shows an equal amount of mature, glycosylated DAF, but an accumulation of pro-DAF in
the PGAP1-deficient line, and pulse-chase experiments show a delay in the maturation of
DAF, supporting the hypothesis that PGAP1-mediated deacylation of palmitoyl GPI
expedites the ER-to-Golgi transport of GPI-modified proteins.
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PGAPI1(—/—) mice also support a role for PGAPI in the deacylation of GPI-anchored
proteins in vivo.>47 CD48 from wild-type, but not PGAP1(—/—) mice, is readily cleaved by
PI-phospholipase C, an enzyme that liberates diglycerides from GPI-modified proteins but
not from triacyl-GPI-modified proteins. These mice have severe developmental defects
including otocephaly (absence of lower jaw), which causes the majority of knockout pups to
die shortly after birth. The few PGAP1(—/—) pups that survive into adulthood have slower
growth rates than wild-type littermates and males PGAP1(—/—) mice are infertile. The
precise mechanism by which PGAP1 causes these dramatic phenotypes remain to be
elucidated, but may relate to differences between “normal” diacyl-GPI-anchored proteins
and triacyl-GPI-proteins in the Wnt signaling pathway, which has previously been
implicated in multiple developmental abnormalities including otocephaly or agnathia.

Selective inhibitors of PGAP1 have not, to our knowledge, been described.

4.2.3. SIAE (Sialic acid acetylesterase)—SIAE, also called sialate O-acetylesterase, is
an enzyme with two splice isoforms differing at the N-terminus.3#8-349 The lysosomal
lumenally-oriented glycosylated isoform, abbreviated LSE, is a 62 kDa protein composed of
two disulfide-bonded subunits of 36 kDa and 30 kDa, and can also be found secreted or
bound to the cell surface of transfected cells. >3350 LSE is generated by proteolytic
processing of a ~65 kDa precursor polypeptide and has widespread tissue expression in
mouse tissues.>*935! The cytosolic isoform, abbreviated CSE, lacks the 5’ signal-peptide
encoding region found on the mRNA of LSE, and, in mouse tissues, is highly expressed in
the brain and ovary, with lower expression levels in the liver and thymus, and essentially no
expression in kidney, spleen, testis, and skeletal muscle.59 SIAE cleaves acetate from 9-O-
acetylated sialic acids including the parent compound 9-O-acetyl-N-acetylneuraminic acid
(Neu5,9Ac;) (Fig. 31). SIAE also shows activity with di- or tri-acetylated sialic acid owing
to the spontaneous intramolecular migration of other acetyl groups to the 9-position.*8

The function of SIAE as an enzymatic regulator of peripheral B cell tolerance has been
elucidated recently by SIAE-deficient mice>>2 and mutations in this enzyme in humans.>33
Siaylated glycoconjugates can be recognized by cell surface receptors called Siglecs, short
for sialic acid binding Ig-like lectins. One such receptor is CD22, also called Siglec-2, which
is expressed on the surface of B cells and recognizes N-glycans containing 9-OH-sialic
acids, but not 9-acetylated sialic acids.>>* CD22 is a functional repressor of B cell receptor
(BCR) signaling and therefore activation of CD22 reduces the proliferation and
differentiation of self-reactive B cells.>>* B cells from SIAE(—/—) mice show an
accumulation of N-glycans containing 9-O-acetylated sialic acids and concomitant reduction
in CD22 activation. Since CD22 negatively regulates BCR signaling, the net effect of STAE
deficiency is hyperactive BCR signaling. Consistent with previously reported phenotypes
associated with an absence of negative regulation of BCR signaling, marginal zone (MZ) B
cells, MZ B cell precursors, and bone marrow perisinusoidal B cells are significantly
reduced in STAE(—/—) mice. Rag-1(—/—) mice reconstituted with lymphocytes from SIAE(—/
—) mice also demonstrated defects in MZ B cell development, demonstrating that the effects
on B cells in STAE(—/—) mice are lymphocyte-intrinsic defects. SIAE(—/—) mice have
increases in certain serum immunoglobulins including IgE and IgGyy, increases in serum
autoantibodies, and develop glomerulonephritis, an inflammatory disease of the kidneys,
demonstrating a break in B cell tolerance. Supporting these rodent studies is the discovery in
human patients of multiple polymorphisms in the Siae gene associated with the development
of autoimmune disorders.>>3 Mutant SIAE proteins arising from these alleles are typically
defective in either or both esterase activity and secretion, and can function in a dominant
negative manner when transfected in cells because both isoforms of SIAE can associate into
dimers or higher order oligmers under these conditions.?>?
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Taken together, these data suggest that STAE directly modulates immunological tolerance in
rodents and humans by endogenously regulating the acetylation status of sialic acid-
containing glycoconjugates. The function of the cytosolic isoform of STAE, which does not
have access to cell surface glycans, remains unclear, though some speculate that it may
modulate the acetylation status of free cytosolic sialic acids.>>* Selective inhibitors of SIAE
have not, to our knowledge, been described.

5. Partially-characterized hydrolases and emerging methods for their
investigation

The profile of the mammalian SHs described above underscores how members of this
superfamily regulate a diverse array of biochemical pathways that affect virtually all aspects
of physiology and behavior. This basic knowledge of SH function has fostered translational
advances in the form of selective inhibitors of SHs such as DPP4, ACHE/BCHE, pancreatic
lipases, PLA2G7, and FAAH, which are currently being used or are in clinical development
for the treatment of diabetes, neurodegenerative disorders, obesity, cardiovascular disease,
and pain, re:spe:ctive:ly.255’319’394’555 Additional SHs, such as PRCP, MGLL, CES3, and
LIPG, just to name a few, represent enticing future drug targets based on preclinical

studies. 48489 Considering the importance of the SH superfamily in mammalian physiology
and the established potential for inhibitors of these enzymes to positively impact human
health and the treatment of disease, it is noteworthy that our aforementioned summary only
addresses approximately half of the mammalian metabolic SHs. The other half of
mammalian SHs fall into the general category of being too poorly characterized to even
predict candidate biochemical substrates or physiological functions. Assignment of in vitro
and eventually endogenous substrates for these uncharacterized SHs is critical for
elucidating their functions at the cellular and organismal level. Achieving this goal will
require the development of selective pharmacological and/or genetic tools to disrupt the
function of individual uncharacterized SHs, as well as the implementation of global methods
to evaluate the effect of these disruption events on the biochemical composition of cells and
tissues.

In the first part of this section, we will discuss a few representative examples of poorly
characterized SHs that lack evidence regarding the identity of potential endogenous
substrates, and in the second half, we will review recent proteomic and metabolomic
technology platforms that may be used to address the challenge of annotating biochemical
and physiological functions for these enzymes. For clarity, we have refrained from
discussing the following uncharacterized SHs: ABHD8, ABHD10, ABHD12B, ABHDI13,
ABHDI14A/B, FAM108A/B/C, FAM135A/B, SERHL, LYPLALI, LIPL3, QRSLI,
SERACI1, BATS, THEDCI1, FABD, c130rf27, c200rf135, c2o0rf43, and multiple
carboxylesterases.

5.1. Representative examples of poorly characterized hydrolases

5.1.1. AADAC and AADACL2 and 4 (Aryl acetamide deacetylase and aryl
acetamide deacetylase-like 2 and 4)—AADAC is a 45 kDa membrane-associated
hydrolase highly expressed in the human liver that has been implicated in the hydrolysis of
arylacetamide xenobiotics including flutamide and phenacetin.?6-560 AADAC is highly
homologous to several related lipases, AADACLI, 2, and 4, the latter two of which remain
completely unannotated. Overexpression of AADAC in a rat hepatoma cell line produces
changes in cellular TG levels, apoplipoprotein B secretion, and fatty acid oxidation, but the
mechanism for these effects remains unclear.”®! Candidate endogenous substrates, selective
inhibitors, or knockout mice have not, to our knowledge, been described for AADAC or the
related enzymes AADACL?2 and AADACLA.
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5.1.2. ABHD1, ABHD2, and ABHD3 (Alpha/beta hydrolase domain containing
1,2, and 3)—ABHDI, 2, and 3, also called lung a/p-hydrolase 1, 2, and 3 (LABH), are
three 46—48 kDa hydrolases that were originally cloned from lung cDNA. ABHD1 and
ABHD?2 share ~20% identity, whereas ABHD1 and ABHD3 share ~45% identity. 2 In
mice, the three hydrolases are ubiquitously expressed, with highest expression of ABHDI in
liver, ABHD?2 in liver, lung, and intestines and ABHD?3 in brain, kidney, and liver.562 Of
these three hydrolases, ABHD?2 is best characterized. Vascular smooth muscle cells from
gene-trapped ABHD2 mice [ABHD2(gt/gt)] mice show an increase in both in vitro and in
vivo migration,’®3 and ABHD2(gt/gt) mice also spontaneously develop emphysema due to
macrophage infiltration, increased cytokine production, and increased apoptosis in the
lung.>%* Interestingly, the bronchoalveolar lavage fluids, but not the lung homogenate, of
ABHD2(gt/gt) mice showed a modest decrease in PCs compared to wild-type littermates,
but the mechanism for this change in PCs is unknown.>%* In kidneys from mice lacking the
D5 dopamine receptor, ABHD1 expression is elevated >10-fold, and overexpression of
ABHDI in an immortalized proximal tubule cell line decreases O, production by NADPH
oxidase.>% There are no reports of ABHD3 function in the literature. To date no knockouts
have been reported for ABHD1 or ABHD3 and no inhibitors have been reported for any of
these three enzymes. Candidate endogenous substrates or selective inhibitors have not, to
our knowledge, been described for ABHD1-3.

5.1.3. ABHD11 (Alpha/beta hydrolase domain containing 11)—ABHDI11 is an ~30
kDa protein ubiquitously expressed in mouse tissues, with highest expression levels in heart,
skeletal muscle, brown and white fat, lung, and brain.33:131 Proteomic studies indicate that
ABHDI1 is a mitochondrial protein.’°® ABHD11 is one of multiple genes deleted in
Williams-Beuren syndrome, a developmental disorder characterized by congenital heart and
vascular disease, dental abnormalities, cognitive defects, and premature aging of the skin,
but the contribution of ABHDI11 to this disorder remains unknown.”®’ Recent competitive
ABPP studies have identified the 2-ethyl piperidine carbamate WWL222 as a potent,
selective, and in vivo-active inhibitor of ABHD11.33 Candidate endogenous substrates or
knockout mice have not, to our knowledge, been described for ABHDI11.

5.1.4. ABHD14B (Alpha/beta hydrolase domain containing 14B)—ABHD14B,
also called CCB1/TAFy;250-interacting factor B (CIB), is a ~25 kDa hydrolase expressed
roughly equally in most human tissues, with lowest expression in brain, testis, and placenta
by Northern blot.’8 ABHD14B adopts an o/p-hydrolase fold with an unusual SPSLS motif
surrounding the nucleophilic serine and has diffuse cytosolic and nuclear localization when
transfected into COS cells.’%8 ABHD14B was originally identified in a yeast two-hybrid
screen as a binder to the TFIID subunit CCG1/TAF;250 and therefore is postulated to have
some role in transcriptional initiation,’8 though direct evidence supporting this claim is
lacking. In vitro, ABHD14B can turn over the general hydrolase substrate p-nitrophenyl
butyrate but has not been tested for activity on any potentially natural substrates. ABHD14B
inhibitors or knockout mice have not, to our knowledge, been described.

5.1.5. BPHL (Biphenyl hydrolase-like protein)—BPHL, also called valacyclovirase,
is a ~30 kDa protein highly expressed in human liver and kidney.7*®-71 BPHL has been
found to convert the prodrug ester forms of multiple nucleoside-containing compounds into
their active products, including antiviral produgs valacyclovir and valganciclovir.>’2
However, candidate endogenous substrates, selective inhibitors, or knockout mice have not,
to our knowledge, been described for BPHL.

5.1.6. SEC23IP (Sec23p-interacting protein)—SEC23IP, also called p125,isa 111
kDa ER- and Golgi-localized protein closely related in sequence to DDHD1 and DDHD2,
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two intracellular phospholipase A1 enzymes.>’3-377 SEC23IP has not been found to show
phospholipase Al activity itself. SEC23IP is ubiquitously expressed in human tissues with
highest levels found in heart, placenta, skeletal muscle, and pancreas.574 SEC23IP is so
named because its N-terminal proline-rich domain interacts with Sec23p, a protein involved
in the transport of vesicles from the ER membrane.’’* RNA-mediated silencing of SEC23IP
in cells produces morphological changes and dysfunction of the ER and Golgi,>’>76 but it
is unclear to what extent its catalytic activity contributes to this process. Candidate
endogenous substrates, selective inhibitors, or knockout mice have not, to our knowledge,
been described for SEC23IP.

5.1.7. OVCAZ2 (Ovarian tumor suppressor candidate 2)—OVCA?2 is a ~25 kDa
protein originally identified as a gene on human chromosome 17p13.3,578 a region deleted
in 80% of ovarian cancers.5’? However, besides this correlational observation, there is little
evidence to support a role for OVCA?2 in tumor suppression. Candidate endogenous

substrates, selective inhibitors, or knockout mice have not, to our knowledge, been described
for OVCA2.

5.1.8. RBBP9 (Retinablastoma-binding protein 9)—RBBP9Y, also called Bog, is a
~20 kDa protein with ubiquitous expression in rat tissues and highest levels found in spleen,
testis, kidney, and brain.3%-38! Despite having its three-dimensional structure solved as part
of the Structural Genomics initiative and being subjected to multiple broad enzymatic assays
for phosphatase, phosphodiesterase, dehydrogenase, oxidase, protease, carboxylesterase, or
thioesterase activities, in vitro substrates have not yet been identified for RBBP9.730 RBBP9
is so named because it directly binds the tumor suppressor gene retinoblastoma (Rb), and
elevated levels of RBBP9 are associated with the transformation process and carcinogenesis
in vivo for epithelial and pancreatic cells, respectively.’®1-282 This process occurs in part by
RBBP9-induced resistance to TGF-B-mediated antiproliferative signaling, but the
endogenous biochemical role for RBBP9 in these processes remains unclear.”®! Competitive
ABPP studies have identified the natural product emetine as a reversible inhibitor of
RBBP9Y, as well as a family of oxime esters that covalently inhibit RBPP9 with good
selectivity over other SHs in cell and tissue proteomes.”83-384 Whether these inhibitors can
be used to selectively disrupt RBBP9 function in living systems remains unknown.
Candidate endogenous substrates or knockout mice have not, to our knowledge, been
described for RBBP9.

5.1.9. PNLIPRP1 (Pancreatic lipase-related protein 1)—PNLIPRP1, also
abbreviated PLRP1, is a ~50 kDa secreted protein with >65% identity to PNLIP and high
expression in the pancreas.’®> Unlike PNLIP or PNLIPRP2, PNLIPRP1 does not appear to
show any hydrolytic activity with a wide variety of lipid substrates.’3> PNLIPRP1(—/—)
mice have greater fat mass and less lean mass, impaired glucose and insulin tolerance, and a
higher levels of serum insulin compared to littermate controls.”8¢ Interestingly,
PNLIPRP1(—/—) mice show a higher lipase activity in pancreatic juice but no difference in
PNLIP or PNLIPRP2 by RT-PCR. Because previous studies have demonstrated that
PNLIPRP1 can also bind the PNLIP obligate cofactor colipase,>®> these data support the
hypothesis that PNLIPRP1 basally sequesters a fraction of colipase and thus attenuates the
activity of PNLIP. In the absence of PNLIPRP1, PNLIP would then have greater access to
colipase to produce higher activity for absorption of dietary fats, resulting in the obesity
phenotype observed in PNLIPRP1(—/—) mice. The potential contribution of PNLIPRP1
activity itself, versus colipase binding, to this obesity phenotype remains unknown.
Candidate endogenous substrates or selective inhibitors have not, to our knowledge, been
described for PNLIPRPI.
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5.1.10. LACTB (Serine B-lactamase-like protein)}—LACTB is a ~60 kDa protein with
an active site motif similar to bacterial C-class -lactamases, and, in mice, is highly
expressed in heart, liver, skeletal muscle, kidney, and testes, with lower expression levels in
brain, spleen, and lung.’87 It is unknown whether LACTB has lactamase activity. LACTB is
localized to the intracristal areas of the mitochondrial intermembrance space, where it
polymerizes into straight or slightly curved ordered filaments.”8® The function of this
unusual mitochondrial structure remains unknown. Candidate endogenous substrates,
selective inhibitors, or knockout mice have not, to our knowledge, been described for
LACTB.

5.1.11. PNPLAS5 (Patatin-like phospholipase domain containing 5)—PNPLAS5,
also called GS2-like, is a ~315 AA protein that, upon overexpression in HEK293 cells,
reduces intracellular TGs.234:389 It is not known whether recombinant PNPLAS5 also has TG
lipase activity in vitro, and its tissue distribution in rodents is also unknown due to low
levels of PNPLAS mRNA.234 Candidate endogenous substrates, selective inhibitors, or
knockout mice have not, to our knowledge, been described for PNPLAS.

5.1.12. SCPEP1 and CPVL (Serine carboxypeptidase 1 and carboxypeptidase,
vitellogenic-like)—SCPEP1, also called retinoid-induced serine carboxypeptidase (RISC),
is a ~51 kDa lysosomal and secreted glycoprotein that is proteolytically processed into a ~35
kDa mature form.70-392 SCPEP1 expression is found in most murine tissues except heart,
with highest levels in kidney, liver, spleen, and stomach, and its expression can be induced
by all-trans-retinoid acid in cultured smooth muscle cells (SMCs) or in mouse carotid artery
following ligation injury.390-391:593 Qverexpression of SCPEP1 but not a catalytically
inactive mutant enhances SMC growth and migration; conversely, knockdown of
endogenous SCPEP1 impairs SMC growth, and SCPEP1(—/—) mice show reductions in
medial and intimal cell proliferation following arterial injury. These data demonstrate a role
for SCPEP1 activity in modulating smooth muscle proliferation, migration, and vascular
remodeling. SCPEP1 has ~20% identity to the lysosomal carboxypeptidase CTSA, but
cannot hydrolyze any of the known CTSA or other N-terminally blocked peptide
substrates. 2

CPVL is a 57 kDa ER-localized hydrolase with ~40% identity to SCPEP1 and high
expression in multiple human tissues including heart, spleen, and kidney, as well as human
macrophages but not lymphocytes or neutrophils.?*% It is not known whether CPVL has
carboxypeptidase activity. Candidate endogenous substrates or selective inhibitors have not,
to our knowledge, been described for SCPEP1 or CPVL.

5.2. Chemoproteomic and metabolomic platforms for functional assignment of poorly
characterized hydrolases

As the functional roles of SHs continue to be elucidated, of particular importance will be to
develop an understanding of the endogenous substrates and products for these enzymes and
how they relate to physiology and disease. Elucidating these pathways, however, remains
challenging for multiple reasons. First, the substrates or substrate class for individual SHs
cannot, in general, be deduced a priori by primary amino acid sequence or even three-
dimensional structure. In the PNLIP, PNLIPRP1 and PNLIPRP2 subfamily, where the three
hydrolases have >50% pair-wise identity to each other, only PNLIP and PNLIPRP2 have
TG lipase activity, 1439 whereas PNLIPRP has yet to show in vitro hydrolytic activity with
any tested small molecule substrate, including TGs.”8 Even broad substrate classes cannot
necessarily be predicted by primary sequence identity: PPMEI clusters with MGLL,
ABHD4, ABHD6, and several uncharacterized SHs, yet PPMEI substrates are
carboxymethylated proteins>® whereas MGLL and ABHD6 substrates are neutral small
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molecules®> and ABHD4 substrates are phospholipids.3®* Second, many SHs accept
multiple substrate classes in vitro, and it is nearly impossible to predict which of these
substrates are relevant to the enzymes’ functions in vivo. PPT1, in addition to displaying
protein palmitoy] thioesterase activity, also hydrolyzes fatty acyl-CoAs,’2> and, to date, it
remains unknown whether a deficiency in one or both of these activities (or another as of yet
unidentified activity) causes the lysosomal storage disorder observed in PPT1(—/—)
mice>31-333 and patients with infantile neuronal ceroid lipofuscinosis.?2%-330 More generally,
in vitro substrate specificity is often not predictive of the relevant in vivo substrates for an
enzyme due to other competitive metabolic pathways, substrate accessibility within the cell,
or lack of coordinated substrate/enzyme expression. For instance, FAAH, in addition to its
N-acylethanolamine amidase activity, also can hydrolyze lipid esters such as MGs, but these
lipids are unaltered in FAAH-disrupted animals likely because other co-expressed enzymes,
such as MGLL, are much more active as MG hydrolases.314

These issues highlight the limitations of traditional biochemical techniques for the
assignment of endogenous substrates to SHs and underscore the need for technologies that
embrace the complexity of endogenous biochemical networks by, for example, globally
profiling metabolic pathways in the relevant native environments. Concurrently, there is also
a need for methods to efficiently discover and optimize inhibitors to perturb SH function in
cells and animals. Such chemical probes are important complements to genetic methods for
perturbing SHs because targeted genetic disruption of some SHs in mice has already been
shown to cause embryonic lethality (e.g., PPME1593) or adapative changes that mask
phenotypes induced by acute pharmacological blockade (e.g., MGLL%).

We do not mean to imply that emerging technology platforms for discovering
pharmacological inhibitors and profiling metabolic changes ought to be used in place of
more conventional biochemical and genetic methodologies, but rather suggest that the
approaches are highly complementary and can, when used together, provide powerful
platforms for forging functional connections between SHs, their physiological substrates,
and higher-level physiological processes.

5.2.1. Chemoproteomic platforms for discovery and optimization of SH
inhibitors—Even though members of the SH superfamily accept a wide range of
substrates, the vast majority of these enzymes react with the fluorophosphonate (FP) class of
affinity labels, which covalently label the conserved catalytic serine residue in SH active
sites.10:33 When conjugated to reporter tags, such as fluorophores or biotin, FPs take the
form of activity-based protein profiling (ABPP) probes that can be used directly in native
biological samples to detect, quantify, and/or enrich and identify SHs (Fig. 2). FP probes
have been used to globally profile the activity of SHs in a wide range of cell and animal
models, as well as primary human tumors.””-397-599 The successful FP labeling of
uncharacterized SHs like RBBP9 and PNLIPRP1 has provided the first biochemical
evidence that these enzymes are catalytically active, even though substrates have not yet
been identified.??

ABPP with FP probes can also be performed in a competitive manner for the discovery and
optimization of small molecule inhibitors of SHs (Fig. 32). Competitive ABPP for inhibitor
discovery typically involves preincubation of cell or tissue lysates with a library of small-
molecules followed by addition of a fluorescent FP probe.090-601 Following separation of
probe-labeled proteomes by SDS-PAGE, inhibition of one or multiple SHs is detected by a
decrease in their fluorescent signals. Competitive ABPP can concurrently optimize inhibitor
potency and selectivity directly in native proteomes and, when performed under kinetically
controlled conditions, can identify reversible or irreversible SH inhibitors.00
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Gel-based competitive ABPP is limited, however, by resolving power and compound
throughout. A typical gel-based ABPP experiment can only resolve ~20 SHs per proteome,
leaving many low-abundance and co-migrating enzymes undetected. Substantial increases in
proteome-coverage can be achieved by liquid chromatography-mass spectrometry (LC-MS)
methods for enzyme detection. In this shotgun LC-MS approach, often referred to as ABPP-
MudPIT, control- and inhibitor-treated proteomes are incubated with a biotinylated FP probe
and then probe-labeled enzymes are enriched by avidin chromatography, digested with
trypsin, and the corresponding tryptic peptides analyzed by LC-MS.”7 The activity levels of
SHs can be quantified in this method by label-free (e.g., spectral counting) or isotopic (e.g.
SILAC) techniques.

To address the limited throughput of competitive gel-based ABPP, which can assay at most
several hundred compounds per day, a complementary platform termed fluorescence
polarization ABPP (fluopol-ABPP) has been developed.’83 This technology relies on the
emission from fluorescent FP probes of depolarized light when the probe is free in solution
and highly polarized light when it is bound to large macromolecules such as proteins.
Fluopol-ABPP is a homogeneous assay compatible with high-throughput screening (HTS),
where inhibitors are scored by causing reductions in fluorescence polarization.

The aforementioned suite of competitive ABPP technologies has provided an emerging
workflow for SH inhibitor development, wherein, fluopol-ABPP is first used to screen a
large compound library like the NIH small-molecule collection, and then hits from this
screen are evaluated for selectivity against several SHs in native proteomes by gel-based
ABPP. Inhibitors that show promising potency and selectivity can then have their target
specificities confirmed against a large set of SHs by ABPP-MudPIT. This workflow has
greatly expanded the number of SHs for which potent, selective, and in vivo-active
inhibitors are now available, including FAAH,313317 MGLL,>* AADACL1,75> ABHD6,%0!
ABHDI11,%} and PPME1.513

5.2.2. Specialized ABPP probes that mimic SH substrate classes—Targeted
ABPP probes can be synthesized to label particular subsets of SHs and inform on their
potential substrates. For instance, FP electrophiles can be placed at the sn-1 or sn-2 position
of phosphatidylcholine lipid scaffolds with latent alkyne handles for click-chemistry
mediated enrichment (Fig. 33).992 These probes label some proteins in tissue homogenates
preferentially over a general FP-alkyne probe, demonstrating that such a targeted chemical
strategy can distinguish between SHs that preferentially react with phospholipid-like
substrates versus those that are generally reactive with undecorated FP electrophiles.
Moreover, DDHDI, an sn-1-selective phospholipase, preferentially reacts with the sn-1 over
the sn-2 FP phospholipid probe. Ultimately the full potential of such a platform for SH
functional characterization will require the chemical synthesis of a diverse suite of substrate-
like probe scaffolds and the identification of SHs that are labeled by these probes.

5.2.3. Untargeted metabolomics and peptidomics for SH substrate discovery
—1In a direct effort to comprehensively profile the lipidomic changes in tissues following
pharmacological or genetic perturbation of a single enzyme, Saghatelian and colleagues
developed a standard-free untargeted liquid chromatography-mass spectrometry (LC-MS)
method termed discovery metabolite profiling (DMP).3!4 In this method, many lipids are
analyzed by broad mass-scanning mode and their abundances are relatively quantified in
parallel by integration of mass ion intensities, thereby obviating the need for isotope-labeled
standards. Metabolites whose signals are increased in the enzyme-disrupted systems are
candidate substrates, whereas those whose signals are decreased are candidate products (Fig.
34). DMP allows for the identification of metabolomic changes by two parameters, mass
over charge (m/z) and retention time, without prior knowledge of the metabolite’s chemical
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structure. This broad unbiased analysis, however, requires follow-up structure elucidation
methods, such as tandem MS, nuclear magnetic resonance (NMR), or chemical synthesis for
structural assignment of the changing metabolites.

In the original application, DMP was used to study tissues from FAAH(—/—) and FAAH(+/
+) littermates.319314 Prior to the DMP analysis, the in vivo biochemical role of FAAH was
thought to be limited to the catabolism of the endocannabinoid anandamide (N-
arachidonoylethanolamine) and its N-acylethanolamine (NAE) cogeners. DMP, in
conjunction with chemical synthesis and tandem MS studies, identified a structurally novel
class of metabolites, the fatty acyl-conjugated taurines, which were dramatically elevated in
multiple tissues from FAAH(—/—) mice.3!! In vitro, FAAH hydrolyzes N-acyltaurines, but
in some cases with rates multiple orders of magnitude slower than for the NAE substrates,
underscoring how poor in vitro substrates might still be regulated by an enzyme if
alternative catabolic routes are absent in vivo.

For KIAA1363, a cancer-related SH highly elevated in multiple aggressive human cancer
cell lines and primary tumors,’3-’7 DMP identified a family of monoalkylglycerol ethers
(MAGE:s) that were decreased following treatment with a selective inhibitor AS115.7
Consistent with the DMP results, KIAA1363 hydrolyzed acetate from 2-acetyl-MAGEs, and
additional experiments demonstrated how KIAA1363, by producing MAGE:s in these cells,
could contribute to downstream metabolites, including the chemotaxic metabolite alkyl-
lysophosphatidic acid and promote cancer pathogenesis.

Though in most cases the metabolic changes from enzyme disruption are proximal to the
enzymatic reaction (i.e., elevation of substrates or decreases in products), DMP can also be
used to identify secondary metabolic changes. In attempts to understand why MGLL is
highly expressed in aggressive versus less aggressive human cancer cells and why its
pharmacological or genetic perturbation decreases cancer cell proliferation, invasion, and
tumor growth, DMP was applied to cancer cells where MGGL had been disrupted by RNA-
interference or pharmacological methods.®0 These studies revealed that, in addition to the
expected changes in the proximal MGLL reaction of elevated MGs and decreased fatty
acids, many other fatty acid-derived metabolites, including lysophosphatidic acid and
eicosanoids, were also indirectly decreased following blockade of MGLL. DMP thus helped
to build a model for MGLL action where this enzyme supports pathogenicity, at least in part,
by regulating a fatty acid network enriched in pro-tumorigenic lipids.

A DMP-like platform has also been developed for the unbiased analysis of peptide
substrates of SHs (“global peptide profiling”).*#2443 This platform adapts chromatography
and tandem MS conditions traditionally used in the proteomic identification of trypsin-
digested proteins for the analysis of the “peptidome” fraction of biological samples. Global
peptide profiling has helped to elucidate new renal peptide substrates for DPP4, a peptidase
that had been highly studied in the context of GLP-1 regulation and glucose homeostasis but
virtually uncharacterized in the kidney where its expression is very high.**2 These
experiments revealed multiple endogenous substrate or product peptides that were elevated
in DPP4(—/—) and DPP4(+/+) kidneys, respectively, and established that DPP4 participates
in the renal catabolism of peptides generated from protein catabolism. Global peptide
profiling has also been applied to brain tissue from vehicle-treated or PREP inhibitor-treated
mice to identify both known and previously unrecognized PREP-regulated peptides, as well
as novel cleavage specificity in peptides containing multiple prolines.*07

Although DMP has successfully been used to annotate the endogenous biochemical
functions for multiple enzymes, the technology has several important limitations. First,
DMP is far from comprehensive in its coverage of the metabolome, but instead is limited to
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the particular extractable portion of the metabolome under analysis (e.g. hydrophilic,
lipophilic, peptides) and therefore SHs that act on protein or glycan substrates may not be
amenable to these types of untargeted MS analyses. Second, as with any other mass
spectrometry technology, DMP trades sensitivity for increased breadth and changes in low
abundance metabolites may not be detectable. Despite these constraints, DMP nevertheless
remains an important technology platform for the direct analysis of biochemical networks in
vivo.

6. Summary and key outstanding questions

Here, we have attempted to comprehensively review all members of the mammalian
metabolic SH superfamily, with special emphasis on understanding the biochemical and
physiological functions of SHs in living systems and comparing these functions to the
biochemical and enzymological properties displayed by SHs in vitro. We have also
highlighted emerging technology platforms that, in conjunction with traditional biochemical
and genetic techniques, are being used to illuminate the activities of poorly-characterized
SHs. Moving forward, we suggest that there are three broad, yet related areas for future
emphasis in SH research.

The first area is the continued development of selective chemical inhibitors to complement
gene targeting studies for interrogating SH functions in vivo. While both substrate-
dependent and substrate-independent platforms (e.g. competitive ABPP, clickable-ABPP
probes) have greatly expanded the availability of lead small molecule inhibitors and
advanced chemical probes,(’o3 some SHs remain recalcitrant to these technologies, such as
those that label poorly with existing FP probes (e.g., PPT1) or enzymes, often membrane-
bound, that cannot yet be expressed and purified for fluopol-ABPP screening. Future
modifications to the current ABPP platforms, such as modifications in probe design to
improve activity and selectivity for individual SHs, might overcome some of these current
limitations. Nevertheless, the available competitive and clickable ABPP technologies for
broadly evaluating inhibitor selectivity across the proteome in a particular cell line or tissue
will continue to become more integral to future inhibitor development programs.33-601 we
also note that, for irreversible inhibitors of SHs, these competitive ABPP assays can also be
readily applied to assess selectivity in vivo by, for instance, ex vivo profiling of SH
activities in tissues taken from inhibitor-treated animals. One could even envision such a
platform being adapted for confirming target engagement by inhibitors in human clinical
trial studies by performing ex vivo competitive ABPP studies on patients’ blood samples.

The second future area of emphasis is on increasing the characterization of physiological
substrates and products of SHs in addition to their in vitro biochemical substrates, an area
particularly relevant for SHs where in vitro assays have not yet succeeded in identifying
candidate natural substrates. Analyzing the metabolomic changes following selective
pharmacological and/or genetic blockade of a given SH directly in cells or tissues may
provide insight into unanticipated endogenous biochemical pathways. Such information can
subsequently be used to create testable hypotheses for the physiological functions of SHs.
For example, metabolomic profiling following disruption of ABHD2 or RBBP9, two SHs
that have been shown to regulate smooth muscle migration and cancer cell growth,
respectively, might reveal changes, such as an increase in chemotaxic molecules, which in
turn might implicate particular biochemical pathways and connect these SH activities to
higher order cellular properties.

The third area of future research emphasis relates to technology development. As illustrated
by the DMP examples highlighted in this review, small molecules and peptides are
particularly amenable to MS-based identification and analysis, and thus the biochemical
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functions of most SHs with small molecule or peptide substrates are, in principle, tractable
with current technologies. However, exemplary SHs such as SIAE, AOAH, PPT1, and
PPME] already indicate that the substrate scope for this enzyme class extends well beyond
low-molecular weight molecules to include macromolecular proteins and carbohydrates.
Some progress has been made for profiling lipid and sugar modifications on proteins using
metabolic labeling with clickable probes or chemoenzymatic tagging of these modifications
with reporter groups.®94-607 Yet, platforms for the broad and unbiased analysis of other
important post-translational modifications (PTMs) on proteins and glycans remain lacking.
For instance, how would one globally assess changes in protein methylation following
disruption of an enzyme like PPME1? In the absence of such profiling tools, it will not only
be difficult to outline the full scope of substrates for SHs like PPME1 or PPT1, but also to
assign functions to additional members of the protein/glycan-acting subset of SHs. Creative
strategies for the global analysis of these “macromolecular” substrates will provide a
systematic tractability to an area where biochemical characterization has only been
performed in a highly targeted way.

That only a handful of SHs have been “fully” characterized with regard to their in vitro
biochemistry, endogenous substrate profile, and physiological functions underscores how far
researchers are from understanding the full breadth of the metabolic and physiological
activities for SHs in living systems. Nevertheless, the data available to date already suggests
that SHs can profoundly influence human health and disease and designate these enzymes as
being integral parts of most, if not all major physiological processes in mammals. In certain
cases, the roles played by SHs in disease have translated into valuable therapeutics, such as
inhibitors of DPP4 and cholinesterases for the treatment of type II diabetes and cognitive
deficiencies in Alzheimer’s disease, respectively. The continued development of
pharmacological, genetic, and proteomic/metabolomic methods for perturbing and
annotating SH activities in biological systems should help to assign functions to members of
this large and diverse enzyme superfamily and hopefully uncover new targets for treating
human disorders with selective inhibitors.
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Fig. 1.

Dendrogram showing the primary sequence alignment of the human mammalian metabolic
SHs, where alignment was generated by anchoring sequences at the site of their catalytic Ser
residues.
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Fig. 2.

(A) Mechanism of SH catalysis. (B) Mechanism of SH labeling by the active site-directed
activity-based probe fluorophosphonate-biotin (FP-biotin). (C) Three dimensional structure
of MGLL, a SH with a canonical a/B-hydrolase fold.

Chem Rev. Author manuscript; available in PMC 2012 October 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Long and Cravatt Page 72

Triglycerides
1 PNPLAZ2 (adipose tissue)

Diglycerides

l HSL (adipose tissue)
DAGLa/B (brain)

Monoglycerides

1 MGLL

Fatty acids + glycerol

Fig. 3.
The enzymatic catabolism of triglycerides into fatty acids and glycerol by PNPLA2, HSL,
DAGL0o/B, and MGLL.
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Fig. 4.
(A) MGLL hydrolyzes the endocannabinoid 2-arachidonoylglycerol (2-AG) to generate
arachidonic acid and glycerol. (B) Structure of the MGLL-selective inhibitor JZL184.
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(A) Structure of the non-selective lipase inhibitor tetrahydrolipstatin (THL, also called
Orlistat, Xenical, or Alli). (B) Structure of the non-selective DAGL inhibitor RHC80267.
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Fig. 6.

(A) KIAA1363 hydrolyzes 2-AcMAGE to generate MAGE, which can be further converted
to alkyl-LPC (left) or alkyl-LPA (right). (B, C) Structures of the lead KIAA1363 inhibitor
AS115 (B) and the more advanced KIAA1363 inhibitor JW480 (C), which shows improved
selectivity and in vivo activity.
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Fig. 7.
(A, B) Structures of the ABHD6 inhibitors WWL70 (A) and WWL123 (B).
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Fig. 8.
Structure of a urea-based dual LPL/LIPG inhibitor.
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+ other oxidative
products

PLA2GA4A liberates arachidonic acid from sn-2 arachidonoyl-containing phospholipids in
macrophages. The arachidonate generated by this reaction can be further oxidized by
cyclooxygenases, lipoxygenases, and prostaglandin synthases into eicosanoid such as PGE2
(shown) and other oxidative derivatives.
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Fig. 10.
Structures of indole-derived PLA2G4A inhibitors.
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Fig. 11.
Structures of oxidatively-truncated phosphatidylcholine species.
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Fig. 12.
Structure of the PLA2G7 inhibitor darapladib.
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Fig. 13.
ABHD4 sequentially hydrolyzes O-acyl chains from NAPEs to generate lysoNAPEs and
glycerophospho-NAEs (GP-NAEs).
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Fig. 14.
(A-C) Structure of the FAAH substrates anandamide (A), N-arachidonoyltaurine (B), and
oleamide (C).
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Fig. 15.
(A-D) Structure of the FAAH inhibitors OL-135 (A), URB597 (B), PF-3845 (C), and
PF-04457845 (D).
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Fig. 16.
AFMID hydrolyzes N-formyl-L-kynurenine to generate kynurenine.
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Fig. 17.

The FASN catalytic cycle. The seven domains are abbreviated p-ketoacyl synthase (KS),
malonyl-CoA-/acetyl-CoA-ACP-transacylase (MAT), dehydratase (DH), B-enoyl reductase
(ER), B-ketoacyl reductase (KR), acyl carrier protein (ACP), and thioesterase (TE). The
residues are abbreviated —OH (serine), —SH (cysteine), and v~ SH (4'-
phosphopantetheine). MAT* and TE* indicate that these two are SH domains. Following
attachment of the initial acetate, the cycle is repeated seven times to generate one equivalent
of palmitic acid.
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(A-C) Structure of the ACHE substrate acetylcholine (A) and of the BCHE substrates
butyrylcholine (B) and succinylcholine (C).
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Fig. 19.
(A-D) Structures of the organophosphorous insecticides paraoxon (A) and chlorpyrifos (B),
and the nerve agents sarin (C) and VX (D).
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Fig. 20.
Structure of the dual ACHE/BCHE inhibitor rivastigmine.
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Substrate Sequence
SP RPKPQQFFGLM
AVP CYFQNCPRG
a-MSH SYSMEHFRWGKPV-NH,
Angiotensin Il DRVYIHPF
Oxytocin CYIQNCPLG-NH,

Fig. 21.

Cleavage positions of some representative PREP substrates, with the scissile bond between
the amino acids shown in red. SP, substance P; AVP, arginine-vasopressin; o-MSH, a-
melanocyte stimulating hormone.
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Fig. 22.
(A, B) Structures of the PREP inhibitors JTP-4819 (A) and S 17092 (B).
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Fig. 23.

Structure of GLP-1, a representative substrate of DPP4, which is cleaved to liberate an N-
terminal dipeptide (cleavage site shown in red). Other DPP4 substrates are also cleaved at
the same penultimate position.
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Fig. 24.
The DPP4 inhibitors sitagliptin (A, also called Januvia), vildagliptin (B), and saxagliptin
©).
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Fig. 25.
Structure of the non-selective DPP-family inhibitor talabostat.
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Fig. 26.
APEH cleaves N-acetylated peptides to generate an N-acetyl amino acid and an unblocked
peptide.
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Fig. 27.
PPME hydrolyzes the carboxymethylated C-terminal leucine residue of the PP2A catalytic
subunit (PP2A¢). Shown in purple, PP2A(.
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Fig. 28.
(A, B) Structure of the aza-B-lactam-based PPME inhibitors ABL127 (A) and ABL103 (B).
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Fig. 29.

AOAH hydrolyzes the two acyloxyacyl groups from the lipid A portion of LPS to generate
tetraacyl-LPS. The core oligosaccharide and O antigen of LPS are represented by the green
hexagon and yellow rectangle, respectively.
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Fig. 30.

PGAPI hydrolyzes palmitate from the inositol of triacyl GPI to generate mature, diacyl-GPI.
Shown in green, a protein modified by GPI; shown as a blue hexagon, a mature diacyl-GPI
modification.
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Fig. 31.

SIAE removes acetate from 9-O-acetyl-N-acetylneuraminic acid (shown), as well as other 9-
O-acetylated sialic acids. This activity can occur on both free acetylated sialic acids or on
acetylated sialic acid found in glycoproteins.
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Fig. 32.

(A) Competitive ABPP. The potency and selectivity of a single inhibitor (green square) can
be evaluated against SHs in a native tissue proteome by chasing the inhibitor with a SH-
directed activity probe (red circle) and visualization by in-gel fluorescence following SDS-
PAGE separation. Inhibitor targets are detected as bands with reduced fluorescence. (B)
Fluopol-ABPP. A single SH can be evaluated against many compounds by chasing
inhibitors (yellow hexagon or green triangle) with a SH-directed activity probe (red circle).
Active (green triangle) or inactive (yellow hexagon) inhibitors will produce low or high
fluorescence polarization signals, respectively.
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Fig. 33.
(A) Structure of the general SH-directed probe FP-alkyne. (B, C) Structure of the sn-1-
selective (B) or sn-2-selective (C) phospholipase-directed probes.
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Fig. 34.

DMP can identify metabolite peaks in LC-MS analyses with relative levels that are either
increasing (A) or decreasing (B) between control and enzyme-disrupted samples. The
increasing or decreasing peaks correspond to candidate substrates and products,
respectively. Standard-free, relative quantitation is achieved by comparison to the many
other peaks that are not changing (shown in grey).
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