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Abstract

Genome sequencing efforts have identified many uncharacterized lipase/esterase enzymes that

have potential to be drug targets for metabolic diseases such as obesity, diabetes, and

atherosclerosis. However, sequence information and associated structural predictions provide only

a loose framework for linking enzyme function to disease risk. We are now confronted with the

challenge of functionally annotating a large number of uncharacterized lipases, with the goal of

generating new therapies for metabolic diseases. This daunting challenge involves not gathering

sequence-driven predictions, but more importantly structural, biochemical (substrates and

products), and physiological data. At the center of such drug discovery efforts is the accurate

identification of physiologically relevant substrates and products of individual lipases, and

determining whether newly identified substrates/products can modulate disease in appropriate

preclinical animal model systems. This review describes the importance of coupling in vivo

metabolite profiling to in vitro enzymology as a powerful means to assign lipase function in

disease specific contexts using animal models. In particular, we highlight recent examples using

this multidisciplinary approach to functionally annotate genes within the α/β hydrolase fold

domain (ABHD) family of enzymes. These new discoveries within the ABHD enzyme family

serve as powerful examples of linking novel lipase function to human disease.
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Introduction

In the post-genomic era we are presented with thousands of proteins whose functions have

been predicted based only on computer modeling. However, the true function of most

proteins identified by sequencing efforts remains elusive. In fact, whole families of proteins

remain to be annotated and probed as potential drug targets to ameliorate disease. Among

these are a plethora of lipid-metabolizing enzymes, which are very attractive candidates due

to the profound role that lipids play in human physiology. Abnormal lipid metabolism and

lipid signaling underlies many human diseases [1–3]. In fact, diabetes, obesity, liver disease,

and atherosclerosis are predicted to plague us in the 21st century, and can be attributed

almost exclusively to alterations in lipid enzymatic processes [4–7]. Furthermore, many

forms of cancer, Alzheimer’s disease, and allergic diseases are now appreciated to be

“metabolic” diseases driven by alterations in lipid metabolism and lipid signaling [8–11].

Therefore, it is imperative that we screen at the biochemical and physiological level various

classes of lipid-metabolizing enzymes with the potential to become therapeutic targets. The

functional annotation of uncharacterized lipid modifying enzymes holds great promise for

identifying new drug targets for a number of key chronic diseases.

At the center of such drug discovery efforts is the accurate identification of physiologically

relevant substrates and products of individual lipid modifying enzymes, and determining

whether newly identified substrates/products can modulate disease in appropriate preclinical

animal model systems. A certain knowledge base is needed as we move forward to

effectively annotate uncharacterized lipases for disease prevention. Now that we have

accurate sequence information and some structural predictions for most families of enzymes,

the challenge now becomes to identify physiologically relevant substrates and products of

lipid modifying enzymes, and create enzyme inhibitors and loss-of-function mouse models

to interrogate the role of individual enzymes in appropriate disease-specific context.

In this review we describe synergistic biological and chemical methods to annotate novel

lipase function. Using this multidisciplinary step-wise approach, a number of unannotated

enzymes have rapidly become fully characterized. This review focuses on the importance of

in vivo metabolite profiling as a powerful means to assign enzyme function in disease

specific contexts. However, given that in vivo metabolite profiling methods have been

eloquently described in other recent reviews [12,13], we instead focus on the approaches of

integrating metabolic profiling data with synergistic biochemical and physiological

approaches to gain a full picture of enzyme function. In particular, we highlight recent

examples using this step-wise approach to functionally annotate genes within the α/β

hydrolase fold domain (ABHD) family of enzymes, a newly described class of

lysopholipases/phospholipases. These new discoveries within the ABHD enzyme family

serve as powerful examples of linking novel lipase function to human disease, and provide a

straightforward methodological approach to quickly annotating enzyme function.
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In Vivo Metabolite Profiling Annotates ABHD3 as a Novel Enzymatic

Regulator of Medium Chain Phospholipids

Using methods described essentially in Figure 1, the poorly characterized ABHD enzyme

family member ABHD3 was recently functionally annotated by Long and colleagues [14].

Prior to this recent report there was essentially nothing known about the biochemical or

physiological function of ABHD3, with only a handful of previous descriptive papers in the

scientific literature [15–21]. The recent work by Long and colleagues [14] serves as a key

example of how combining in vivo metabolite profiling with lipid enzymology can quickly

provide new clues into enzyme function. ABHD3, also known as lung alpha/beta hydrolase

3 (LABH3) had previously been shown to be transcriptionally upregulated in some cancer

models and downregulated in others [17–21], but the true biochemical function of ABHD3

remained elusive. Starting with an in vivo metabolic profiling approach, the authors

demonstrated that lysates from cells overexpressing ABHD3 had elevated phospholipase

activity (predominately PLA1 but some PLA2) toward myristate (C14)-containing

phosphatidylcholine (C14-PCs) [14]. Importantly, cells overexpressing a catalytically dead

serine mutant ABHD3 (ABHD3-S220A) did not display elevated phospholipase activity

[14]. In agreement, tissue metabolomics of ABHD3 knockout (ABHD3−/−) mice showed

elevated levels of C14-phosphatidylcholines (PCs) and other C14-phospholipids [14].

Support for this biochemical function has also been reported in human plasma with

significant associations between ABHD3 polymorphisms and the molar percentage of

phosphatidylcholine species [22]. In addition to its preference towards C14-PC and other

shorter-chain PCs, ABHD3 can also hydrolyze PCs under conditions of oxidative stress

[14]. This could be important in disease states such as atherosclerosis. Previous research has

identified increased LPC levels within low density lipoproteins (LDL) during oxidation,

which are associated with increased risk of atherosclerosis as well as acute and chronic

inflammatory states [23–25]. Recent research also suggests that LPC can stimulate an

increase in glucose-stimulated insulin secretion in pancreatic beta cells [26]. Therefore

further characterization of the ABHD3−/− mice as well as development of ABHD3 inhibitors

will be important to examine the signaling function of ABHD3 substrate lipids in

appropriate disease specific contexts. Now that we know that short chain

phosphatidylcholine species are physiologically relevant substrates of ABHD3 [14], we

possess key information to move forward in defining the role that ABHD3 may play in

atherosclerosis and other metabolic diseases.

ABHD6 has Dual Enzymatic Functions as a Monoacylglycerol Lipase and a

Lysophospholipase

Another recent success story using methods described in Figure 1 to annotate enzyme

function is illustrated by the recent identification of ABHD6 as a dual monoacylglycerol

lipase and lysophospholipase promoting the metabolic syndrome [27]. Prior to this recent

report there were only a few reports describing ABHD6 as a monoacylglycerol lipase

hydrolyzing the key endocannabinoid lipid 2-arachidonoylglycerol in the brain [28–30].

However, ABHD6’s biochemical and physiological function in peripheral tissues had not

been characterized. To address this, our group utilized targeted antisense oligonucleotides

Thomas et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(ASOs) to selectively knock down ABHD6 in peripheral tissues in order to identify in vivo

substrates and understand ABHD6’s role in energy metabolism (Fig. 1). Importantly, these

studies demonstrated for the first time that selective knockdown of ABHD6 in metabolic

tissues protects mice from high-fat-diet-induced obesity, hepatic steatosis, and systemic

insulin resistance [27]. This protection against metabolic disease was attributed in part to

decreased rates of de novo lipogenesis in the liver, increased energy expenditure, and

increased physical activity levels [27]. Along with defining ABHD6’s role in metabolic

disease, we were able to identify physiologically relevant substrates and products for

ABHD6 using a metabolic profiling approach (Fig. 1). Based on the expectation that

physiologically relevant substrates should accumulate when ABHD6 enzyme function is

inhibited, we performed both unbiased and targeted lipidomics to identify potential substrate

lipids. Interestingly, a number of phospholipids and lysophospholipids accumulated to

varying degrees in ABHD6 ASO-treated livers, implicating them as potential

physiologically relevant substrates [27]. ABHD6 knockdown significantly increased the

hepatic levels of a number of phospholipids and lysophospholipids, with the most prominent

accumulation seen in nearly all molecular species of phosphatidylglycerol and

lysophosphatidylglycerol [27]. We subsequently tested whether ABHD6 can hydrolyze

phospholipid and lysophospholipid substrates in vitro using recombinant ABHD6.

Recombinant ABHD6 showed considerable lipase activity toward several lysophospholipids

including lysophosphatidylglycerol, lysophosphatidylserine, lysophosphatidic acid, and

lysophosphatidylethanolamine, but not lysophosphatidylcholine [27]. In contrast, ABHD6

exhibited no lipase activity against other major phospholipid classes [27]. This newly

identified lysophospholipase activity for ABHD6 was indeed intrinsic to the recombinant

enzyme, given that mutation of the active site serine abolished all lysophospholipase activity

[27]. Taken together, these observations suggest that ABHD6 can act both as a

monoacylglycerol lipase and lysophospholipase exhibiting a preference for LPG among the

tested lysophospholipids. In further studies, we were able to demonstrate that a small

molecule inhibitor of ABHD6 (WWL-70) likewise improved the metabolic disturbances

driven by high fat feeding [27]. This indicates that further development of both small

molecule inhibitors as well as ASO therapeutics hold promise as therapeutics for metabolic

disease. However, given ABHD6’s dual role of hydrolyzing the endocannabinoid lipid 2-

arachidonoylglycerol in the brain and hydrolyzing key lysophospholipids in the liver, tissue-

selective inhibitors may be needed to avoid hyperactivation of the central endocannabinoind

system while still providing metabolic benefit in the periphery. Collectively, these studies

using combined in vivo lipidomic identification and in vitro enzymology approaches (Fig. 1)

show that ABHD6 can hydrolyze both monoacylglycerols as well as lysophospholipids,

positioning ABHD6 at the interface of glycerophospholipid metabolism and lipid signal

transduction. Further, this work suggest that ABHD6 inhibition may be effective in

preventing obesity, nonalcoholic fatty liver disease, and type II diabetes.

Thomas et al. Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In Vivo Metabolite Profiling Annotates ABHD12 as a Dual Monoacylglycerol

and Lysophosphatidylserine Lipase Regulating Microglial Activation and

PHARC Progression

In another powerful example of coupling in vivo lipidomic identification and in vitro

enzymology approaches (Fig. 1), the uncharacterized lipase ABHD12 was recently

biochemically and physiologically annotated. Like ABHD6, ABHD12 had previously been

shown to hydrolyze the endocannabinoid lipid 2-arachidonylglycerol in vitro [28–30], but

true physiologically relevant substrates had not been identified until the elegant recent work

of Blankman and colleagues [31]. Prior to this important study, mutations in ABHD12 had

been shown to be the cause of a neurodegenerative disease called polyneuropathy, hearing

loss, ataxia, retinitis pigmentosa and cataract (PHARC) in humans [32–34]. It was originally

thought ABHD12’s enzymatic ability to hydrolyze 2-arachidonylglycerol may contribute to

the development of PHARC, but a recent metabolic profiling study has identified a novel

role for ABHD12 acting as a lysophospholipase to regulate the progression of PHARC [31].

By coupling both untargeted and targeted lipidomic approaches in ABHD12 knockout

(ABHD12−/−) mice, Blankman and colleagues uncovered a massive accumulation of very

long chain lysophosphatidylserine lipids in the brain [31]. Using a complimentary

biochemical approach, the authors showed that recombinant ABHD12 has robust intrinsic

lysophosphatidylserine lipase activity [31]. Interestingly, the accumulation of

lysophosphatidylserine species in the brains of ABHD12−/− mice preceded the development

of age-dependent microglial activation and behavior phenotypes that resemble phenotypes

seen in PHARC patients [31]. Collectively, this important set of studies demonstrates that

ABHD12’s ability to hydrolyze lysophosphatidylserine lipids in brain lies at the center of

the human disease PHARC [31]. Collectively, the accumulation of lysophosphatidylserine

seen with ABHD12 mutations subsequently causes hyperactivation of proinflammatory

signals [31]. This hyperactivation drives chronic microglial activation and associated

behavioral abnormalities [31]. ABHD12 may also be involved in other disease states in

addition to PHARC. Notably, a genome-wide association study looking at concentrations of

liver enzymes in plasma, which is a widely used indicator of liver disease, found ABHD12

to be an associated candidate gene [35]. A deeper look into ABHD12’s shared activity with

ABHD6 as a 2-AG hydrolase in the brain and in peripheral tissues may uncover the

contributions of 2-AG or alternative substrates of ABHD12 to metabolic disease.. Looking

forward, we believe that utilizing a similar in vivo loss-of-function approach may prove

useful for mapping natural enzyme-substrate relationships for other uncharacterized

enzymes of lipid metabolism.

Looking Ahead: Functional Annotation of Other Uncharacterized Lipases

Along with the ABHD family, there are more than 200 serine hydrolases present in the

human genome. Many of these members function as proteases whereas others are considered

“metabolic” and can function as esterases, amide hydrolases, or thioesterases [36]. Within

the groups of small-molecule hydrolases, extracellular neutral lipid lipases, phospholipase

A2 enzymes, peptidases, protein- and glycan-modifying hydrolases, and other

phospholipases several remain understudied [36]. Members of these groups may share
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similar abilities to hydrolyze or synthesize specific substrates that play important roles in

human diseases. Within the ABHD family, several members whose substrates have been

identified seem to share the ability to regulate glycerophospholipid metabolism, and may

also play a role in lipid and energy metabolism [37]. The methods used to study the ABHD

family shown in Figure 1 have been highly successful in annotating the activity of several

members, while also identifying substrates and linking them to human diseases of altered

lipid metabolism. We believe that use of the multidisciplinary approach described here (Fig.

1) will prove useful for mapping natural enzyme-substrate relationships for the other

uncharacterized enzymes. However, as shown in Figure 1, it remains critical that we develop

good enzyme inhibitors or knockout mouse models to support the process of interrogation.

Therefore, continued efforts to generate a complete mouse knockout repository [38,39] and

enzyme specific inhibitors [40–41] will be extremely important as we move forward in

functionally annotating new enzymes. It is truly an exciting time in drug discovery where we

have access to the complete human genome, and have the knowledge and tools to interrogate

the complexity of gene and protein function. Over the last few decades we have significantly

improved methodological approaches, especially in the field of mass spectrometry that will

allow us to now forge ahead to functionally annotate new enzymes relevant to human

disease.
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Highlights

• Uncharacterized lipases have potential to be drug targets for metabolic diseases.

• In vivo metabolite profiling studies are key to functionally annotating new

lipases.

• Recent annotation of α/β-hydrolase domain (ABHD) provide a methodological

framework.
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Fig. 1.
Synergistic biological and chemical methods to annotate novel lipase function. This diagram

highlights the recent successful implementation of this stepwise process to annotate the

previously uncharacterized lysophospholipase ABHD6. In step 1, a loss of function mouse

model provides initial clues on whether enzyme inhibition would be therapeutically

beneficial. For ABHD6 drug discovery, an antisense oligonucleotide (ASO) inhibition

approach was taken, but knockout mouse models are the ideal screening tool. If experiments

in step 1 provide support for further inquiry (ABHD6 inhibition protects against obesity,

hepatic steatosis, and insulin resistance in high fat diet fed animals), steps 2 and 3 can be

initiated using tissues or blood from the mice used in step 1. In step 2, lipid extracts from

sources where the enzyme is abundantly expressed are unbiasedly analyzed using an

untargeted LC-MS approach, where many unknown (UK-1, UK-2, and UK-3) metabolites

are identified in a wide range (m/z 200–1200) scanning mode without the addition of an

internal standards. The levels of unknown lipids are quantified by comparing the mass ion

intensities between control vs. loss of function models. In step 3, lipid extracts from tissues
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or blood (where enzyme is abundantly expressed) are analyzed using a targeted quantitative

approach where suspected lipid substrates are analyzed using stable isotope dilution LC-MS

approaches. In both steps 2 and 3, potential enzyme substrates are expected to accumulate in

loss of function mouse models, so these lipids (UK-2 or LPG-18:2) can move forward

toward biochemical verification. In Step 4, the data generated in steps 2 and 3 provide clues

for potential lipase substrates, and here potential substrate lipids are incubated in vitro with

the purified enzyme to assay lipase activity in a reduced system. To ensure activity is

intrinsic to the enzyme itself and not contaminants from the purified protein source, the

same substrates are assayed with an enzyme that lacks key active site residues necessary for

catalysis (S148A ABHD6). In step 5, once both in vitro and cell-based assays are developed

to estimate enzyme activity; these can be used to screen small molecule inhibitor libraries to

identify highly selective and biologically active lipase inhibitors. Finally, in step 6 lead

small molecule inhibitors can be further evaluated for multiple indications in preclinical

studies to examine ADME (absorption, distribution, metabolism, and excretion), PD

(pharmacodynamics), PK (pharmacokinetics), TOX (toxicology), and efficacy.
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