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1.1 Introduction 

The plant Cannabis sativa and its extracts, such as marijuana and hashish, have been used for 

recreational and medicinal purposes for a long time.1 Marijuana has both psychological and 

physical effects. It modulates neurotransmission in the brain, resulting in changes in mood, 

appetite, memory, motor coordination and other behavioral responses.2 In 1964, ∆9-

tetrahydrocannabinol (∆9-THC) (Figure 1) was purified and characterized as the major 

psychoactive component of Cannabis sativa.3 The cannabinoid receptor type 1 (CB1R) was 

identified as a target protein of THC in 1990.4 The CB1R is a member of the G-protein-coupled 

receptor family and is expressed in the peripheral nervous system and central nervous system.5 

In 1993, a second THC-responsive protein, the cannabinoid receptor type 2 (CB2R), was 

discovered.6 CBR2 is expressed predominantly in peripheral immune cells.7, 8  

 
Figure 1. Chemical structures of (A) the plant natural product, ∆9-THC and (B) the endocannabinoids, 2-

arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (also known as anandamide, AEA).  

The finding that ∆9-THC, a plant natural product, interacts with mammalian receptor proteins, 

suggested the existence of endogenous cannabinoid receptor ligands. Indeed, in 1992, two 

years after the discovery of the CB1R, anandamide (or N-arachidonoylethanolamine, AEA, 

Figure 1B) was isolated from pig brain as the first endogenous cannabinoid ligand.9 In 1995, 2-

arachidonoylglycerol (2-AG, Figure 1B), previously known as a common intermediate in the 

metabolisms of glycerophospholipids and triglyceride, was reported as a second endogenous 

ligand for both cannabinoid receptors.10 

In the past decades several N-acylethanolamines (NAEs) structurally related to AEA have been 

discovered (Figure 2B).11, 12 These NAEs are involved in various physiological processes, such as 

anti-inflammation,13 neuroprotection,14 anorexic effects15 and anti-proliferative effects.16-19 

Unlike AEA, these NAEs do not bind to cannabinoid receptors,20 but exert their biological 

activities via binding to other receptors pathways.19 

Palmitoylethanolamide (PEA) was discovered in 1957.21 Accumulation of PEA has been observed 

during inflammation.13, 22 The nuclear receptor peroxisome proliferator-activated receptor-

alpha (PPAR-alpha) has been identified as the main target through which PEA exerts its anti-

inflammatory effect.23 PEA agonizes PRAP-alfa and alters the expression of a number of targets 

genes. It is this signaling process that is thought to be behind the observed neuroprotective 
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proterty of PEA.24 Besides PPAR-alpha, PEA can also bind to cannabinoid-like G-coupled 

receptors GPR55 and GPR119.22 

Oleoylethanolamide (OEA) is an endogenous agonist for PPAR-alpha and stimulates lipolysis.25 

OEA may also function as an endogenous ligand for GPR119.26, 27 OEA regulates feeding and 

body weight in mice14, 28 and pythons.29 It was reported that OEA could promote longevity of 

the life span in Caenorhabditis elegans probably via binding to nuclear receptor NHR-80.30 

Stearoylethanolamide (SEA) is a saturated analogue of OEA. In LPS-induced pulmonary 

inflammation, SEA shows an anti-inflammatory effect, because it inhibited the translocation of 

NF-KB, a critical transcription factor for the expression of many cytokines, into the nucleus of rat 

peritoneal macrophages.31 Zhukov and coworkers found that in an inflammatory rat model, the 

administration of SEA could accelerate the healing process of skin burn.32 In addition, SEA was 

shown to restore the morphine-induced alterations of brain phospholipid composition and the 

restoration of brain phospholipid composition was associated with a decline in morphine 

dependence.33, 34 Recently, it was shown that SEA protects the brain from inflammation and 

improves memory in mice.35 

Docosahexaenoylethanolamide (DHEA) is a conjugate of docosahexaenoic acid and 

ethanolamine. Like other members of NAEs, DHEA also has anti-inflammatory properties.36-38 

DHEA displayed anti-proliferative activity in LNCaP and PC3 prostate cancer cells16 and 

promoted neurite growth and synaptogenesis.39 
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1.2 Biosynthetic pathways of NAEs 

 

Figure 2. (A) General chemical structures of NAEs. R represents various acyl groups. (B) Chemical structures of 

PEA, OEA, DHEA and SEA. 

NAEs are derived from phospholipids in a couple of chemical transformations as shown in figure 

3.12, 20, 40, 41  First, N-acyltransferases (NAT) acylate the amine of phosphatidylethanolamine (PE) 

to produce N-acyl-phosphatidylethanolamine (NAPE). There are two classes of NATs: Ca2+-

dependent NAT (Ca-NAT) and Ca2+-independent NATs (PLAAT1-5).42 

 

Figure 3. The NAPE-PLD-dependent pathway for the biosynthesis of NAEs. 

The phosphodiester bond in NAPEs, generated by PLAATs or PLA2G4E, is subsequently 

hydrolyzed by a NAPE-selective phospholipase D (NAPE-PLD) yielding various NAEs.43-45 NAEs 

can also be generated from NAPE via NAPE-PLD-independent pathways, which were first 

proposed in 1984.46 Studies on mice genetically lacking NAPE-PLD further confirmed the 

existence of other pathways.47-49 For example, NAPE can be deacylated by ABHD4 to yield 

glycerophospho-N-acyl-ethanolamine (GP-NAE), which is a substrate for GDE1 or GDE4 (Figure 

4, route 1).50-52 In a second pathway, cytosolic phospholipase A2 (cPLA2) hydrolyzes NAPE to 

LysoNAPE, which is directly cleaved by GDE4 or GDE7 to produce NAEs.53 In a third pathway, 

NAPE is hydrolyzed to phospho-NAE by phospholipase C (PLC) and NAEs are liberated via SHIP1 

or PTPN22.42, 54, 55 
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Figure 4. The NAPE-PLD-dependent pathways for the biosynthesis of NAEs. 

Alternatively, NAEs can also be generated from another type of NAPE, the plasmalogen-NAPE 

(pNAPE) (Figure 5).42, 48 pNAPE serve as a substrate in both NAPE-PLD-dependent (Figure 5, route 

1) and NAPE-PLD-independent pathways (Figure 5, route 2). The formation of lyso-pNAPE is 

catalyzed by ABHD4 or sPLA2 and GDE1, 4, and 7 may hydrolyze Lyso-pNAPE yielding AEA.51, 56 

 

Figure 5. The biosynthetic pathway of NAEs from pNPPE. 

The enzyme responsible for the Ca2+-dependent formation of NAPEs remained elusive until 

Cravatt and colleagues showed that PLA2G4E (also known as cPLA2ε) was able to transfer an 

acyl chain from the sn-1 position of phosphatidylcholine (PC) to the amine of 

phosphatidylethanolamine (PE), thereby producing NAPEs.57 PLA2G4E was previously 

discovered in a comprehensive homology search against murine genome and EST data bases 

and annotated as a phospholipase (PLA).58 It belongs to the cytosolic phospholipase A2 group IV 

(PLA2G4) proteins, a subfamily from the PLA2 proteins, which catalyzes the hydrolysis of the  
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sn-2 acyl bond of phospholipids, thereby releasing fatty acids. This leads to a signaling cascade 

initiated by lipid second messengers, which regulates a wide variety of physiological responses 

and plays an important role in diseases, such as cancer.59 There are six members in this protein 

family, namely PLA2G4A, PLA2G4B, PLA2G4C, PLA2G4D, PLA2G4E and PLA2G4F, which are 

structurally similar. They contain a N-terminal C2 domain and a C-terminal catalytic domain. The 

C2 domain has a binding site for intracellular Ca2+. Upon binding of calcium, the protein is 

transported from the cytosol to the Golgi membrane, which is needed for catalytic activity.60 

The catalytic pocket contains a Ser/Asp dyad, which is located in the α/β hydrolase domain.60, 61 

In contrast to the other family members, PLA2G4E has a strong preference for catalyzing the N-

acyltransferase reactions over phospholipid hydrolysis.57 

The human phospholipase A/acyl transferase (PLAAT1-5) family consists of five members 

(namely, PLA/AT 1-5).62, 63 They are the products of the Hrasls genes.64 PLAATs possess Ca2+-

independent phospholipase activity in vitro with both phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) acting as substrates. All members also exhibit O-acyl transferase 

activity with preference for the sn-1 position of lysophosphatidylcholine (lyso PC) as well as N-

acyltransferase activity with the ability to produce N-acylphosphatidylethanolamines (NAPEs) 

through transfer of the acyl chain from the sn-1 position of glycerophospholipids to the amine 

function of PE.63 All enzymes, except PLAAT3, show a preference for PLA1 activity over PLA2 

activity. 

PLAAT3 (also known as PLA2G16) is the most studied PLAAT protein. The protein is mostly 

expressed in white adipose tissue and to a lesser extent in brown adipose tissue.65 The enzyme 

exhibits predominant PLA activity over O-acyltransferase or N-acyltransferase activities. It is in 

fact responsible for the majority of phospholipase activity in adipocytes.63 The in vivo relevance 

of PLAAT3 has not been studied extensively, but a mouse model constitutively lacking the 

Hrasls3 gene has been generated.65 Ablation of PLAAT3 prevented obesity caused by high fat 

diet or leptin deficiency, thus establishing PLAAT3 as a potential target for the treatment of 

obesity. The PLAAT3 deficient mice exhibited a higher rate of lipolysis, due to decreased levels 

of prostaglandin E2 (PGE2) that were most likely caused by a decrease in arachidonic acid levels. 

Increased fatty acid oxidation in adipose tissue was also reported.  
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1.3 Activity-based protein profiling (ABPP) 

Activity-based protein profiling is a powerful chemical biological technique that uses 

chemical probes which can covalently binds to catalytic amino acid of the target 

protein.66 It allows efficient lead discovery studies by assessing inhibitor activity and 

selectivity in complex proteomes.67 The activity-based probe (ABP) contains a warhead, 

a recognition part and a linker part, which is conjugated to a fluorophore or biotin 

reporter tag for fluorescent- or mass-spectrometry-based detection, respectively. The 

main advantage of ABPP is that the activity-based probe monitors the abundance of 

active proteins, thereby taking into account post-translational modifications and protein-

protein-interactions. In comparative ABPP, the abundance and diversity of active 

enzymes in various biological samples are compared. In this setting, new enzyme 

activities can also be discovered or the presence of unexpected ones can be revealed. 

When a competitive ABPP is performed, the method can also be applied to screen the 

inhibitors for specific enzyme or to identify the bind targets of small-molecular inhibitor. 

In the field of serine hydrolases, various ABPs have been developed to decipher the 

physiological functions of these enzymes, discover new serine hydrolases or screen 

inhibitors.68 MB064 is a β-lactone-based probe (structure shown in Figure 5), which has 

been developed and applied as a broad-spectrum serine hydrolase probe for the 

identification of highly potent and selective diacylglycerol lipase inhibitors.69, 70 In 

addition, MB064 was instrumental in the discovery of the off-target profile of the fatty 

acid amide hydrolase inhibitor BIA 10-2474 that caused the death of a volunteer in a 

clinical phase 1 study.71 The β-lactone warhead covalently reacts with the catalytic serine 

in many serine hydrolases, forming an acyl-enzyme intermediate. Interestingly, MB064 

has also been reported to form thioester bonds with the catalytic cysteine of various 

enzymes.72 In this thesis, MB064 is also used to develop assays to screen and modify 

inhibitors for PLAATs and PLA2G4E. 

 

Figure 5. Chemical structure of probe MB064. 
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1.4 Aim and outline of this thesis 

The aim of this thesis is to develop an activity-based protein profiling method to monitor 

the activity of PLAAT3 and the Ca2+-dependent N-acyltransferase that catalyzes the first 

step in NAE production and to identify inhibitors for these enzymes. In Chapter 2, the 

fluorescent activity-based probe MB064 is shown to label recombinant and 

endogenously expressed PLAAT3. Competitive activity-based protein profiling (ABPP) 

using MB064 enabled the discovery of α-ketoamides as the first PLAAT3 inhibitors. 

Chapter 3 presents the systematic optimization of the initially discovered α-ketoamide 

hit. In the end, LEI110 is identified as the most potent and selective inhibitor that is 

available for PLAAT3. In Chapter 4, the biological activity of LEI110 is investigated. Gel-

based ABPP and chemical proteomics showed that LEI110 is a selective pan-inhibitor of 

the PLAAT family of thiol hydrolases (i.e., PLAAT1, PLAAT2, PLAAT4 and PLAAT5). 

Molecular dynamic simulations of LEI110 in the reported crystal structure of PLAAT3 

provided insight in the potential ligand−protein interactions to explain its  binding mode. 

Chapter 5 reports the development of an ABPP assay to study the Ca2+-dependent NAT, 

PLA2G4E, again using probe MB064. After optimizing the labeling conditions, a 

compound library is screened for PLA2G4E inhibitors. Several inhibitors for PLA2G4E 

were identified. Chapter 6 provides a summary of the research described in this thesis 

and provides some future prospects.  
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