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N-acylphosphatidylethanolamines (NAPEs) are a diverse family of lipids with multifaceted 

biological functions, but they are relatively underexplored.1,2 Recently, Phospholipase A2 

Group IV E (PLA2G4E) was shown to be capable of calcium-dependent production of 

NAPEs in cells.3,4 PLA2G4E is a member of the PLA2G4 family, which consists of six serine 

hydrolases (PLA2G4A–F).5 These enzymes are characterized by a Ser-Asp catalytic dyad and 

an N-terminal calcium-dependent lipid binding C2 domain.5,6 PLA2G4E has an additional 

C-terminal polybasic stretch which is involved in its subcellular localization.7 It was reported 

to be a principal N-acyltransferase that is able to synthesize NAPEs in a calcium-dependent 

fashion.3 It is mainly expressed in brain, testes, heart and skeletal muscle, and expression 

levels were linked to Alzheimer’s disease and panic disorder.3,8,9 In addition, it appeared to 

be involved in recycling cargo from the clathrin-independent endocytic machinery back to 

the plasma membrane.7 Whether NAPEs are involved in these functions is unclear.  

No inhibitors of PLA2G4E have been published to date. PLA2G4E inhibitors would be 

instrumental in elucidating the physiological role of this enzyme in NAPE biology in an 

acute and time-dependent manner. Selective inhibitors are also required to establish the 

therapeutic potential of targeting PLA2G4E. Therefore, the overarching aim of this thesis 

was to develop cellular active inhibitors of PLA2G4E.  

 

Chapter 1 gives a comprehensive overview of the current understanding of NAPE biology 

and PLA2G4E. NAPEs are glycerophospholipids with three fatty acyl groups. When these 

are embedded in lipid membranes, NAPEs may be involved in regulation of membrane 

dynamics, including membrane curvature, fusion and interactions with membrane-

associated proteins.10–14 NAPEs may also serve as signaling molecules. Hypophagic 

functions have been attributed to them, though it is disputed whether the effects reported 

are truly NAPE-specific.15,16 Their levels are markedly increased in degenerating tissue, an 

effect observed in e.g. infarcted heart, ischemic brain and inflamed testes.17–19 In addition, 

NAPE levels are elevated in models of neurodegeneration, and a protective role has been 

proposed in Parkinson’s disease.14,20–22 Furthermore, biosynthesis and metabolism of 

NAPEs plays an important role in the homeostasis of other structural and signaling lipids. 

They are produced from phosphatidylethanolamine (PE) and phosphatidylcholine (PC)3,23, 

levels of which have also been linked to neurodegenerative diseases.24–26 Four pathways 

for the metabolism of NAPEs to N-acylethanolamines (NAEs) have been reported, 

generating various classes of important metabolites, including phosphatidic acid (PA), 

lysophosphatidic acid (LPA) and free fatty acids (FFAs).27 Depending on their structure, 

NAEs exert diverse signaling functionalities through the activation of various receptors, 

which leads to satietal, anti-inflammatory, analgesic, anti-addictive or anxiolytic effects, 

among others.28–34 NAEs are metabolized by the enzyme fatty acid amide hydrolase (FAAH), 

terminating their biological actions. 

 

In Chapter 2, the development of novel PLA2G4E inhibitors is reported. Previously, a 

competitive activity-based protein profiling (ABPP) assay was developed to measure the 
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activity of PLA2G4E.35 Screening of a focused library of lipase inhibitors identified 1,2,4-

triazole ureas as inhibitors of PLA2G4E. Compound 1 was selected as starting point for hit 

optimization, based on its potency, lipophilic efficiency (LipE) and ligand efficiency (LE) 

(Figure 7.1A). 26 analogs were synthesized and tested for inhibitory activity with the aim 

of deducing structure-activity relationships (SAR) and improving the potency. Increasing 

the distance between the phenyl in the amine group and the reactive urea and increasing 

steric bulk resulted in improved potency, leading to the identification of a 4-benzyl-

piperidine group providing 10-fold potency improvement. Ortho and meta substitutions 

on this benzyl ring were tolerated, but para substitutions were preferred. 4-(4-Chloro-

benzyl)piperidine-containing compound WEN091 was identified as the most potent 

PLA2G4E inhibitor (pIC50 = 8.01 ± 0.02). WEN091 demonstrated ∼100-fold potency 

increase compared to 1 and improved LipE and LE (Figure 7.1A). 

 

 

 

Figure 7.1. Structures and properties of PLA2G4E inhibitors 1–WEN175. A) Potency and physicochemical properties 

of hit 1 and inhibitor WEN091. Potency on PLA2G4E determined using gel-based ABPP on HEK293T overexpression 

lysate (pIC50 ± SEM, N ≥ 2). Molecular weight (MW) and topological polar surface area (tPSA) calculated using 

ChemDraw Professional 16.0; HAC = heavy atom count; Lipophilic efficiency LipE = pIC50 – clogP (DataWarrior 5.0.0); 

Ligand efficiency LE = 1.4pIC50/HAC. B) Inhibitory activity of inhibitors WEN091–WEN258 (pIC50 ± SEM) determined 

using gel-based ABPP on overexpression lysate (PLA2G4E) or Neuro-2a cells (FAAH, DAGLβ, ABHD6) (N ≥ 2). C) 

Chemical structure of PLA2G4E probe WEN175. 
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WEN091 was further biochemically profiled in Chapter 3. The activity on PLA2G4E was 

tested in a natural substrate conversion assay based on liquid chromatography-mass 

spectrometry (LC-MS) analysis. WEN091 dose-dependently inhibited the formation of 

NAPE from exogenous PC and PE in human and mouse PLA2G4E overexpression lysate as 

well as in mouse brain homogenate (pIC50 = 6.9–7.1). The compound was more than 20-

fold selective over PLA2G4B–D and at least ten-fold over the calcium-independent NAPE 

biosynthetic enzymes phospholipase A/acyltransferase (PLAAT) 2–5. The compound was 

not active on NAPE phospholipase D (NAPE-PLD) or the cannabinoid (CB1/2) receptors. 

ABPP profiling of its selectivity on mouse brain proteome and living cells showed inhibition 

of several serine hydrolases, such as ABHD6, DAGLα and FAAH. WEN091, but not its 

negative control analog WEN258 (see below), reduced endogenous cellular levels of 

NAPEs, lyso-NAPEs and glycerophospho-palmitoylethanolamine. Both compounds 

showed cellular activity on FAAH, but only treatment with WEN258 affected the NAE levels, 

suggesting that steady state NAE levels in these cells are controlled by PLA2G4E and FAAH. 

N-22:6 lyso-NAPE levels were not elevated in overexpressing cells, but were after treatment 

with WEN091 or WEN258, leading to the hypothesis that these lipids are biosynthesized 

in a PLA2G4E and ABHD4-independent fashion. Both inhibitors lowered levels of the 

endocannabinoid 2-arachidonoylglycerol (2-AG), but only WEN091 showed inhibition of 

its biosynthetic enzyme DAGLβ. This suggested ABHD6 might be responsible for tonic 

2-AG production in these cells, which is in line with previous findings.36 In conclusion, 

WEN091 is a potent PLA2G4E inhibitor with selectivity for calcium-dependent NAPE 

biosynthesis in vitro that was able to reduce PLA2G4E-mediated NAPE production in 

Neuro-2a cells.  

 

In Chapter 4, the SAR study of PLA2G4E inhibitors was expanded with 38 analogs of 

WEN091 to improve its selectivity over FAAH. It was concluded that the sulfone was 

important for activity on PLA2G4E, but not on FAAH. Converting this to a sulfonamide 

decreased activity on both enzymes and led to lower selectivity. Bulky substituents on the 

triazolyl leaving group provided higher selectivity over FAAH, leading to the identification 

of 4-trifluoromethoxybenzyl-containing compound IK015 as potent PLA2G4E inhibitor 

(pIC50 = 8.10 ± 0.02) with over 800-fold selectivity over FAAH in vitro (Figure 7.1B). Further 

investigation of the steric and electronic properties of this benzyl group did not improve 

the potency or selectivity. Analogs of the piperidine moiety lowered activity on PLA2G4E. 

IK015 and sulfonamide analog WEN222 (Figure 7.1B) were selected for further 

biological characterization. The compounds were selective over PLA2G4B–D, NAPE-PLD 

and CB1 and CB2 receptors. In addition, IK015 and WEN222 showed at least 10-fold 

selectivity over PLAAT2–5 and more than 30-fold selectivity over most serine hydrolases 

characterized in mouse brain proteome, but selectivity over ABHD6 was limited (∼4-fold). 

In Neuro-2a cells, IK015 inhibited several enzymes at 1 µM, including ABHD6, ABHD12 

and FAAH. WEN222 was less active on most enzymes, which might indicate restricted 

membrane permeability. Similar to WEN091, the compounds showed increased activity 
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on FAAH in the cellular assay. Altogether, IK015 and WEN222 are potent and selective 

PLA2G4E inhibitors in vitro with an improved selectivity profile compared to IK015, but 

showed activity on several serine hydrolases at higher concentrations. Pyrazole urea 

WEN258 was identified as structural analog with a similar off-target profile to WEN091, 

IK015 and WEN222 but no activity on PLA2G4E (Figure 7.1B).  

 

To support the evidence of WEN091’s cellular activity on PLA2G4E, in Chapter 5, an 

activity-based probe (ABP) was developed to visualize intracellular target engagement. The 

design of probe WEN175 (Figure 7.1C) was based on PLA2G4E inhibitors identified in 

Chapters 2 and 4. The triazole ureas are hypothesized to covalently modify the catalytic 

serine of PLA2G4E by the formation of a carbamoyl adduct, which should allow to 

irreversibly label active enzyme. Therefore, the carbamoylating ‘staying group’ of WEN175 

was equipped with an alkyne handle to which a fluorophore could be conjugated after cell 

lysis using copper-catalyzed alkyne-azide cycloaddition (CuAAC). This ‘two-step labeling’ 

approach circumvented cell permeability issues associated with bulky, charged 

fluorophores.37,38 Probe WEN175 was able to dose-dependently label PLA2G4E 

overexpressed in Neuro-2a cells, demonstrating its applicability as cellular active PLA2G4E 

probe. WEN175 did not label PLA2G4E mutants in which the catalytic serine was 

substituted for an alanine (S412A) or the C2 domain (ΔC2) or polybasic domain (ΔPB) were 

removed, thereby illustrating the importance of this amino acid and motifs for the catalytic 

activity.39 Importantly, pre-treatment with WEN091 dose-dependently inhibited 

fluorescent labeling of PLA2G4E by WEN175, demonstrating cellular target engagement 

of WEN091. Despite WEN091’s low nanomolar IC50 in vitro, high concentrations (10 µM) 

were needed to obtain complete in situ target engagement, which is in line with the results 

from the targeted lipidomics experiments in Chapter 3. Limited cell penetration and/or 

high levels of competing substrates are likely to explain the need for high cellular 

concentrations of inhibitor WEN091. The tailored ABP WEN175 is an useful chemical tool 

to guide the design of novel PLA2G4E inhibitors with improved cellular activity.  

 

Caged hydrocarbons are polycyclic chemical structures with unique physicochemical 

properties, but they are not commonly applied in medicinal chemistry. In Chapter 6, nine 

1,2,4-triazole ureas substituted with caged hydrocarbons were synthesized and tested as 

inhibitors of ABHD6, ABHD16a and DAGLα/β to investigate the effect of caged 

hydrocarbons on the activity of the inhibitors. All compounds inhibited their primary target 

with sub-micromolar IC50 values in an ABPP assay on mouse brain proteome. Adamant-2-

ylethylene-containing ABHD6 inhibitor RED353 and cubanemethylene-containing DAGL 

inhibitor 2 were further profiled in cellular assays (Figure 7.2). 2’s activity on DAGLβ in 

Neuro-2a cells was lower than its activity on DAGLα in vitro, but RED353 inhibited ABHD6 

with pIC50 = 8.39 ± 0.03 and showed almost 300-fold selectivity over DAGLβ and 90-fold 

over FAAH. RED353 also inhibited ABHD6-mediated fluorogenic substrate conversion in 

an orthogonal assay and lowered cellular 2-AG, but not anandamide, levels, outperforming 
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widely used ABHD6 inhibitor KT182.40 These results confirm and extend the previous 

observation that ABHD6 is responsible for the tonic production of 2-AG in Neuro-2a cells.36  

 

 

Figure 7.2. Structure and properties of ABHD6 inhibitors RED353 and 2. Activity determined using gel-based ABPP 

on Neuro-2a cells (pIC50 ± SEM, N = 3). Molecular weight (MW) and topological polar surface area (tPSA) calculated 

using ChemDraw Professional 16.0, octanol/water partition coefficient (clogP) calculated using DataWarrior 5.0.0. 

Future directions 

Towards improved PLA2G4E and ABHD6 inhibitors 

Previously, triazole ureas have been successfully leveraged as tool compounds to study 

several brain serine hydrolases in vivo, e.g. ABHD6, ABHD16a and DAGLα/β40–43, thereby 

showing the future potential for the PLA2G4E inhibitors reported in this thesis. PLA2G4E 

inhibitor WEN091 showed high potency, cellular target engagement and efficacy in 

lowering cellular NAPE levels, but inhibited several additional serine hydrolases in Neuro-

2a cells. IK015 has an improved in vitro selectivity profile compared to WEN091 and lower 

off-target activity in Neuro-2a cells. Further characterization of this inhibitor by 

investigating in situ target engagement, inhibition of NAPE formation and activity on other 

enzymes involved in NAPE metabolism (ABHD4, PLAAT1–5) will be necessary to determine 

whether IK015 is a better lead candidate for in vivo PLA2G4E inhibition than WEN091. Of 

note, IK015 did show inhibition of FAAH and ABHD6 at concentrations below 1 µM in a 

cellular setting and a relatively high topological polar surface area, which may limit brain 

penetration. Further optimization of the selectivity and physicochemical properties of this 

chemotype might, therefore, be required. 

Structure-based drug design could guide the design of the next series of PLA2G4E 

inhibitors. Currently, there are no crystal structures available of PLA2G4E. IK015 was, 

therefore, docked into a homology model of hPLA2G4E built based on the crystal structure 

of hPLA2G4D.44 The predicted binding pose suggests the existence of a narrow pocket 

lined with hydrophobic residues, limited space around the chlorine atom and a larger 

pocket around the trifluoromethoxy substituent, in line with the SAR results from Chapters 

2 and 4 (Figure 7.3). The SAR suggest that substituents that create new interactions with 

the active site may be introduced on the ortho or meta position of the piperidyl benzyl or 

para position of the sulfonyl benzyl. These substituents might be able to increase the 

inhibitor’s affinity for PLA2G4E and selectivity over other targets. Improving the inhibitor’s 



 Summary and future prospects 

223 

 

potency may potentially allow to remove heteroatoms to reduce the tPSA. One should, 

however, always take into consideration the effect modifications have on other physico-

chemical properties, such as the lipophilicity and molecular weight. A combination of 

modifications might be required to obtain the optimal balance. Characterization of the 

pharmacokinetic properties of the inhibitors will be necessary to assess their in vivo 

applicability. Results of these studies may demand further optimization of e.g. metabolic 

stability, plasma protein binding or brain penetration.  

The broad reactivity of triazole ureas towards serine hydrolases makes it challenging 

to obtain high selectivity, and many previously published triazole urea-based inhibitors 

have shown cross-reactivity with off-targets at elevated concentrations.40,41,43 In addition 

to (adverse) off-target effects, this could lead to limited metabolic stability of the 

compound due to rapid enzymatic hydrolysis.45,46 Increasing the non-covalent binding 

 

 

Figure 7.3. SAR overview and docking results of IK015. A) Summary of observations regarding the potency and 

selectivity of synthesized PLA2G4E inhibitors from the SAR studies in Chapters 2 and 4. B–E) IK015 (cyan carbon atoms) 

was covalently docked to Ser412 (bond not shown) in a homology model of hPLA2G4E (sand ribbon) based on 

hPLA2G4D.44 Several amino acids interacting with IK015 are displayed in element color. B) Highest-scored IK015 docking 

pose in hPLA2G4E model with predicted enzyme–inhibitor interactions indicated. Interacting amino acids are annotated. 

C) 2D representation of predicted interactions of IK015 with hPLA2G4E, corresponding to the docking pose in (B).  

D) Docking pose with pocket surface shown. Hydrophobic surface is indicated in brown, hydrophilic in blue. E) Docking 

pose with pocket surface indicating predicted hydrogen bond donating (magenta) and accepting (green) character. 
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affinity of the PLA2G4E inhibitors for PLA2G4E may allow to reduce the intrinsic reactivity 

of the urea warhead, which might lead to improved selectivity over other serine hydrolases. 

However, less promiscuous chemotypes might be better suited for specific PLA2G4E 

inhibition and high in vivo stability. 

 

ABHD6 inhibitor RED353 displayed high potency and a favorable selectivity profile in 

Neuro-2a cells. It showed lower activity on FAAH than KT182, but was more active on 

DAGLα and β. Previous studies on DAGL and ABHD6 inhibitors have shown increased 

selectivity for ABHD6 when polar groups were introduced on the piperidine or leaving 

group substituent.40,47,48 Hence, new derivatives of RED353 with polar substituents could 

be explored that might improve the ABHD6 selectivity. These can be used to study the 

contribution of ABHD6 to 2-AG production in other cell types and under different 

conditions. 

PLA2G4E inhibitors may elucidate PLA2G4E and NAPE biology 

PLA2G4A has been extensively exploited for the development of drugs against 

inflammatory conditions, and several PLA2G4A inhibitors have advanced into clinical 

trials.49,50 Similarly, multiple inhibitors of enzymes involved in the endocannabinoid system 

have been developed to study the therapeutic potential of their targets in inflammatory 

pain, anxiety or metabolic syndrome.51–54 In vivo active and selective PLA2G4E inhibitors 

would be valuable tools to study the role of PLA2G4E and NAPEs in (patho)physiological 

processes. They can be used to confirm the role of this enzyme in the homeostasis of 

NAPEs and its precursors PE and PC. Acute inhibition of PLA2G4E will allow to investigate 

its importance in the development of neurodegenerative diseases8,14,24 and may illuminate 

the functions of NAPEs during ischemia, cytotoxicity and inflammation.17,19,21 Furthermore, 

inhibition of NAPE biosynthesis may aid in clarifying the putative role of NAPEs as feeding 

hormones.15,16 As PLA2G4E was reported to be localized to the endocytic machinery7, 

inhibitors could be used to elucidate the function of PLA2G4E in endocytic recycling, and 

the role of NAPEs or other products and substrates of PLA2G4E in this process. This might 

also increase our knowledge on the involvement of the endocannabinoid system in 

intercellular signaling. In these studies, previously reported NAPE-PLD inhibitors can be 

used to distinguish the effects of NAPEs from that of NAEs.54 In addition, PLAAT inhibitors 

can be used in conjunction with PLA2G4E inhibitors to investigate the regulation of the 

two pathways of NAPE biosynthesis, including their substrate preference and 

spatiotemporal activity.55,56  

A PLA2G4E probe that is able to visualize endogenous activity could be used to 

investigate the relation between the enzymatic activity and subcellular localization of 

PLA2G4E. Furthermore, it may show PLA2G4E activity and localization in different cell types 

or brain regions. Expression of (lyso)-NAPE hydrolase ABHD4 was recently shown to be 

tightly regulated in developing neurons.57 Visualization of PLA2G4E activity in neuronal 
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cells in different developmental states could help to elucidate which metabolites are 

associated with neuronal maturation, differentiation and fate. 

Closing remarks 

Selective and cellular active inhibitors are instrumental to study the (patho)physiological 

functions of enzymes. In this work, compounds WEN091, WEN222, WEN258, IK015 and 

WEN175 are presented as the first-in-class tool compounds to study the biology of 

PLA2G4E. These inhibitors and activity-based probe will be valuable to elucidate the 

importance of PLA2G4E in NAPE biosynthesis in different cells, tissues and conditions. In 

conjunction with previously reported inhibitors of PLAAT1–5 and NAPE-PLD, these 

compounds can be used to study the functionalities and roles of NAPEs in homeostasis 

and disease. The chemical tools developed in this thesis may help to uncover new 

therapeutic possibilities to treat conditions involving neurodegeneration, inflammation or 

feeding.  
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Experimental procedures 

Computational chemistry 

The homology structure model of human PLA2G4E was generated from the X-ray structure of 

hPLA2G4D (5IXC44, obtained from The Protein Data Bank), which shared 47% sequence identity with 

hPLA2G4E, using SWISS-MODEL. The obtained structure was pre-processed with Schrödinger Protein 

Preparation Wizard using default parameters. IK015 was pre-processed with Schrödinger LigPrep 

using default parameters. IK015 was subsequently docked to the PLA2G4E model using CovDock, 

selecting Ser412 as the reactive residue performing nucleophilic attack on a double bond in thorough 

sampling mode. Docking results were visually analyzed and images created in BIOVIA Discovery Studio 

2016, during which the covalent bond between the protein and ligand was removed for practical 

purposes.  
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