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3.1 Introduction 

The human phospholipase A/acyl transferase (PLAAT) family consists of five members (namely, 

PLAAT1-5) of which two are absent in rodents (i.e. PLAAT2, and PLAAT4).1, 2 PLAAT enzymes 

show structural homology to lecithin retinol acyl transferase (LRAT) and belong to the NIpC/P60 

superfamily of cysteine proteases.3 The members of the PLAAT family share a highly conserved 

NCEHFV peptidic sequence, which includes the catalytically active cysteine residue.4 The 

catalytic cysteine forms a catalytic triad with two N-terminal histidines in PLAAT2-5 and an N-

terminal histidine together with an asparagine in PLAAT1. 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 (lysoPC) as well as N-

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

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

amine function of PE.2 All enzymes, except PLAAT3, show a preference for PLA1 activity 

(hydrolysis of phospholipids to produce 2-acyl-lysophospholipids and fatty acids) over PLA2 

activity (hydrolysis of the sn-2 position of membrane glycerophospholipids to liberate 

arachidonic acid). Depending on the assay conditions the substrate preference of PLAAT3 may 

shift. For example, Duncan et al. reported that PLAAT3 has a preference for the sn-2 position 

with a moderate Ca2+-dependency,5 while Uyama et al. found primarily hydrolysis of the fatty 

acyl at the sn-1 position.6 

The structures of PLAAT2 and PLAAT3 have been solved through X-ray crystallography.7 Both 

proteins contain three alpha helices separated from a four stranded anti-parallel beta sheet. 

The proteins also contain a C-terminal transmembrane hydrophobic domain, with the exception 

of PLAAT5, which was proposed to anchor the protein in the lipid membrane. The C-terminal 

domain of these proteins has been shown to be required for subcellular localization, as the 

truncated form of the PLAAT3-GFP fusion protein has been found to be evenly diffused in COS-

7 cells. The full length fusion protein on the other hand showed a predominantly perinuclear 

localization and to a lesser extent localization in the cytoplasm.5 In contrast, in HEK293 and HeLa 

cells PLAAT3 localization has been shown to be associated with peroxisomes.8 Furthermore, 

deletion of the hydrophobic transmembrane C-terminal domain of PLAAT3 resulted in a total 

loss of phospholipase activity.5 

PLAAT1 is predominantly expressed in human testes, skeletal muscle, and heart. Overexpression 

of PLAAT1 was shown to inhibit the growth of H-Ras-transformed NIH3T3 fibroblasts.9 

Furthermore, hypermethylation of CpG islands in the 5’ region of the PLAAT1 gene, causing 

reduced expression of the protein, has also been shown in multiple gastric cancers.10 A relatively 

high N-acyltransferase activity has been observed in vitro, compared to PLAAT2-5.11 The 
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physiological role of the enzyme however has yet to be studied. PLAAT2 is expressed primarily 

in the human colon, small intestine, stomach, trachea and kidneys.12 Overexpression of this 

protein resulted in reduced colony formation in HCT166 colon cancer cells, HeLa cervical cancer 

cells, and MCF-7 breast cancer cells. Moreover, overexpression of PLAAT2 in HtTA cervical 

cancer cells resulted in suppression of RAS activation and increased cell death. This effect was 

found to be dependent on the C-terminal hydrophobic domain. The enzyme was determined to 

have primarily N-acyltransferase activity in vitro and preferred the sn-1 position of PC as acyl 

donor.13 The physiological role of PLAAT2 has not been characterized, which is partly due to a 

lack of inhibitors. 

PLAAT3 is the most studied member of the PLAAT proteins. The in vivo relevance of PLAAT3 has 

not been well studied, but a mouse model constitutively lacking the hrasls3 gene has been 

generated.14 Ablation of PLAAT3 prevented obesity caused by high fat diet feeding or leptin 

deficiency, thus establishing PLAAT3 as a potential target for the treatment of obesity. 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. In addition, 

increased fatty acid oxidation in adipose tissue was also reported. Currently, there are no 

pharmacological tools to study the effects of acute and dynamic inhibition of PLAAT3. 

The expression of PLAAT4 was decreased in a variety of primary human tumors, and cancer cell 

lines.15 Similarly to other PLAAT members, this enzyme inhibited H-RAS mediated signaling. 

PLAAT4 primarily functions as a phospholipase in vitro and the activity has been observed to be 

dependent on the C-terminal domain.2, 16 It is expressed in high levels in differentiated human 

keratinocytes where it regulates cell survival through interaction with type 1 transglutaminase 

(TG1), the enzyme responsible for the cornified envelope formation. In addition, reduced 

expression of PLAAT4 can be observed in psoriasis.17 Currently, there are no chemical tools to 

study the effects of acute and dynamic inhibition of PLAAT4. 

PLAAT5 primarily shows N-acyltransferase activity over O-acyltransferase and PLA1/2 in vitro.2 

It has been observed in rat spermatocytes although its function remains unknown.18 As 

mentioned earlier, the enzyme is structurally different from the other PLAAT proteins as it does 

not contain the C-terminal transmembrane domain and therefore is predominantly found in the 

cytosol.19 The physiological function of the enzyme remains unknown. Furthermore, it is also 

unknown if PLAAT5 acts as a tumor suppressor similar to the other PLAAT members. Ueda and 

coworkers overexpressed PLAAT5 in COS-7 cells and found that this protein could catalyze the 

formation of radioactive NAPE via transferring the radioactive acyl group from PC to PE. The 

activity of PLAAT5 was mainly found in cytosolic fraction and not stimulated by Ca2+-ions.19 

In chapter 3, an activity based protein profiling (ABPP) method was developed to measure 

PLAAT activity. Screening of a focused library resulted in the discovery of α-ketoamide 1 as a 

selective PLAAT inhibitor. In this chapter, a set of 63 analogues of compound 1 was tested for 
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their potency against PLAAT3, PLAAT4 and PLAAT5 using competitive ABPP, which led to the 

discovery of LEI110 as a potent and selective inhibitor for PLAAT3.  

3.2 Results and discussion 

To obtain a structure-activity relationship of α-ketoamides on PLAAT activity, an ABPP 

method was employed as developed in Chapter 3. In short, cytosol fractions of human 

embryonal kidney 293T cells (HEK293T) transiently overexpressing recombinant human 

PLAAT3, PLAAT4 or PLAAT5 were incubated with test compounds at 10 µM for 30 min 

and then with probe MB064 for another 20 min. The proteins were then resolved by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and the residual 

protein activity was visualized by in-gel fluorescence scanning. First, a small set of 

structural analogues (2-30) of compound 1 were tested at a single concentration of 10 

µM. The following structure-activity relationship could be derived (see Table 1). 

Compared to compound 1, reducing the linker length either at the amine part (2) or α-

keto part (6) reduced inhibitory activity. Of note, compound 2 showed selectivity for 

PLAAT3 over PLAAT4/5. Conversely, increasing the spacer length at the amine part 

increased the inhibitory activity (3). The inhibitory activity was abolished when the amide 

was methylated (4, 9) or ethylated (5). Substitution of 2-phenethylamine with various 

primary amines (7,8,10) retained activity, but secondary amines (9, 11-18) did not yield 

promising inhibitors. β-Ketoamides (19, 20) and α-(di)fluoro-substituted β-ketoamides 

(21-24) or reduced analogues (26-28) were not active. Importantly, reduction of the α-

keto to the hydroxyl group in compound 25 led to a decrease in activity, suggesting that 

the α-keto forms an important interaction with the enzymes. Replacement of the α-keto 

warhead by an epoxide as an alternative electrophile did not yield an active inhibitor 

(29). Finally, compound 30 showed weak inhibitory activity. From these results, it is 

concluded that the α-keto and a secondary amide are essential for PLAAT inhibition. 
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Table 1. The pIC50 values of compounds 1-30 with standard deviations. 

ID Structure PLAAT3 4 5 ID Structure PLAAT3 4 5 

1 
 

6.0±0.2 6.2±0.1 6.4±0.1 16 

 

<5 <5 <5 

2 

 

5.8±0.1 <5 <5 17 

 

<5 <5 <5 

3 
 

6±0.1 5.8±0.1 6.7±0.1 18 

 

<5 <5 <5 

4 
 

<5 <5 <5 19 
 

<5 <5 <5 

5 

 
<5 <5 <5 20 

 
<5 <5 <5 

6 
 

<5 <5 <5 21 

 

<5 <5 <5 

7 
 

5.2±0.1 5.4±0.1 6.1±0.1 22 
 

<5 <5 <5 

8 
 

5.1±0.1 5.4±0.1 6±0.1 23 
 

<5 <5 <5 

9 
 

<5 <5 <5 24 
 

<5 <5 <5 

10 
 

<5 <5 5.6±0.1 25 
 

<5 <5 <5 

11 

 

<5 <5 <5 26 
 

<5 <5 <5 

12 

 

<5 <5 <5 27 
 

<5 <5 <5 

13 

 

<5 <5 <5 28 

 

<5 <5 <5 

14 
 

<5 <5 <5 29 
 

<5 <5 <5 

15 
 

<5 <5 <5 30 

 

<5 <5 <5 

 

In the next compound set, the phenethylamine was kept constant and different groups 

were incorporated at the other side of the molecule (Table 2). The inhibitors were tested 
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at five different concentrations (0.01, 0.1, 1, 10, and 100 µM) against PLAAT 3-5 and the 

dose-response curve was plotted to determine the pIC50. Changing the location of the 

chlorine substituent to the ortho- (31) or meta-position (32) did not increase the potency 

compared to compound 1. Incorporation of a 3,4-dichloro-substituent (33) slightly 

increased the inhibitory activities against these three enzymes. None of the other 

substituents (F, Me, OMe, CF3) at the para-position (34-38) gave better inhibitors. 

However, removal of the chlorine (compound 39) or elimination of the 4-Cl-phenyl 

moiety (compound 42) led to an inactive compound at PLAAT3, but not at PLAAT5. 

Different linker lengths between the phenyl and the α-ketone (40, 41, 43) were explored. 

Notably, compound 40 with a three-carbon linker showed increased potency for PLAAT3 

and 5. 

Table 2. The pIC50 values of compound 1, 31-43 with standard deviations. 

ID Structure PLAAT3    4 5 ID Structure   PLAAT3 4  5 

1 
 

6.0±0.2 6.2±0.1 6.4±0.1 37 
 

5.7±0.1 5.8±0.1 5.6±0.1 

31 
 

5.7±0.1 5.6±0.1 5.8±0.1 38 
 

5.4±0.1 5.9±0.1 6.9±0.1 

32 

 

5.8±0.1 5.9±0.1 5.9±0.1 39 
 

<5 5.5±0.1 6.0±0.1 

33 

 

7.0 ± 0.2 6.0± 0.1 7.0±0.1 40 
 

6.4±0.1 6.2±0.1 7.0±0.1 

34 
 

5.3±0.1 5.0±0.1 5.8±0.1 41 
 

6.0±0.1 5.8±0.1 6.8±0.1 

35 
 

5.1±0.1 5.6±0.1 6.5±0.1 42 
 

<5 <5 <5 

36 
 

5.5± 0.1 5.9±0.1 5.9±0.1 43 
 

<5 <5 <5 

Next, a series of β,γ-unsaturated α-ketoamides (44-50, Table 3) were tested to explore 

the effect of restricting the conformation of the alkyl linker. None of these compounds 

showed improved potency against PLAAT3-5. The structure-activity relationship (Table 2 

and 3) indicates that the 3-phenylpropyl moiety (shown in compound 40) is the optimal 

fragment for the α-keto side. 
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Table 3. The pIC50 values of compound 1, 44-50 with standard deviations. 

ID Structure PLAAT3 4 5 ID Structure   PLAAT3 4 5 

1 
 

6.0±0.2 6.2±0.1 6.4±0.1 47 
 

5.3±0.1 5.6± 0.07 6.0±0.1 

44 
 

5.6±0.1 5.6±0.1 6.2±0.1 48 

 

5.2±0.1 5.0± 0.1 5.6±0.1 

45 
 

5.6±0.1 5.2±0.1 6.2± 0.1 49 
 

5.5±0.1 5.6± 0.1 6.0±0.1 

46 
 

<5 5.1± 0.1 5.5± 0.1 50 
 

5.8±0.1 5.0± 0.1 5.2±0.2 

 

Finally, with the optimal fragment (3-phenylpropyl) for the α-keto side in hand, it was 

decided to optimize the phenethylamine moiety (Table 4). Incorporation of small 

substituents on the para-position (51-54) resulted in different bioactivities. 4-Methyl-

substituted compound (51) and 4-bromo analog (53) showed substantially increased 

inhibitory potency for PLAAT3 and PLAAT5 (pIC50: 7.0±0.1 and 7.4±0.1, respectively), 

whereas more polar substituents, such as p-hydroxyl (52), 4-methoxy (54), 3,4-

dimethoxy (55) did not increase the potency. Of note, para-substitution increased also 

the selectivity for PLAAT5. The 2-chloro analogue (56) showed decreased potency, while 

the 3-chloro (57) and 2,4-dichloro (58) derivatives showed increased potency for 

PLAAT3,5 and slightly decreased potency for PLAAT4. Finally, various aromatic rings (59-

64) were incorporated at the para-position of the phenethylamine via an ether linkage. 

Compound 59 (phenyl-), 62 (6-(trifluoromethyl)pyridin-3-yl), 63 (5-

(trifluoromethyl)pyridin-2-yl) and 64 (2-chloropyrimidin-4-yl) all showed increased 

inhibitory activities against PLAAT3-5.  
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Table 4. The pIC50 values of compound 1, 51-64 with standard deviations. 

ID Structure PLAAT3 4 5 ID Structure PLAAT3 4 5 

1 
 

6.0±0.2 6.2±0.1 6.4±0.1 58 
 

6.6±0.1 6.1±0.1 7.2±0.1 

51 
 

7.0±0.1 5.9±0.1 7.4±0.1 59 
 

7.2±0.1 7.3±0.1 7.4±0.2 

52 
 
5.8±0.1 5.6±0.1 6.8±0.10 60 

 
6.6±0.1 6.2±0.1 7.2±0.1 

53 
 
6.8±0.1 6.7±0.1 8.0±0.1 61 

 
5.7±0.1 5.9±0.1 6.6±0.1 

54 

 

6.1±0.1 5.8±0.1 7.1±0.1 62 
 
6.8±0.1 7.1±0.1 7.1±0.1 

55 

 

6.0±0.2 5.2±0.1 6.5±0.1 
63 

(LEI110)  
7.0±0.1 6.8±0.1 7.6±0.1 

56 
 

5.9±0.1 5.6±0.1 6.1±0.2 64 
 

6.6±0.1 6.7±0.1 7.1±0.1 

57 
 
6.7±0.1 6.0±0.1 7.3±0.1      

In order to gain insight in the molecular interactions of α-ketoamides with PLAAT3, 

LEI110 (63) and 1 were docked in a PLAAT3 crystal structure (PDB: 4DOT).7 It was 

envisioned that the electrophilic ketone of LEI110 and 1 could act through a reversible 

covalent mechanism with the active site Cys113 forming a hemithioacetal adduct (Figure 

1B), similar to other reported α-ketoamide inhibitors.20 This adduct was generated in 

silico for LEI110 and 1 after which molecular dynamics simulation was performed (Figure 

1A). Hydrogen bonding of the oxyanion with His23 was observed in both cases, as well 

as π-π stacking with Tyr21. The extension of the ketone alkyl chain by one methylene 

allows for a more optimal π-cation interaction with Arg18 for LEI110, compared to 1. 

Furthermore, the introduction of the pyridyl moiety in LEI110 enables an additional 

hydrogen bond with the Tyr21-OH. These docking results provide a potential explanation 

for the 10-fold increase in activity seen for LEI110. 

 



Structure activity relationship of α-ketoamides phospholipase-acyltransferases: discovery of LEI110 

43 

 

Figure 1. (A) Structure-guided modeling of 1 and LEI110. Compounds 1 (blue) and LEI110 (orange) in complex with 

PLAAT3, covalently bound to Cys113. Green dotted lines represent a hydrogen bond, pink and purple represent π-

interactions. (B)the structure of the hemithioacetal adduct of LEI110. 

3.3 Conclusions 

In this chapter, an ABPP assay method was used to profile the inhibitory activities of the 

pan-PLAAT inhibitor 1 and 63 designed analogs and a structure-activity relationship was 

also developed. Based on the screening results of library 1 (Table 1), it was found that 

the α-keto and the secondary amide were essential for inhibition. Screening the focused 

compound libraries 2 (Table 2) and 3 (Table 3) with variation of the α-keto side of the 

molecule, the 3-phenylpropyl moiety (shown in compound 40) is found to be the optimal 

fragment from the α-keto side. Further efforts were focused on the optimization of the 

phenethylamine moiety while having the 3-phenylpropyl moiety at the α-keto side. In 

the end, compound 52 and 53 were identified as potent and selective inhibitors for 

PLAAT5. Compound 51 and 63 (LEI110) were identified as potent and selective inhibitors 

for PLAAT3 and 5. Molecular dynamics simulations of LEI110 in the reported crystal 

structure of PLAAT3 provided insight in the potential ligand-protein interactions to 

explain its binding mode. LEI110 is the most potent and selective PLAAT3 inhibitor 

reported to date and provides a good starting point for further structure-based inhibitor 

development for PLAAT3. 
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4.4 Experimental procedures 

Plasmids. Full-length human cDNA of PLAAT3 (kindly provided by Prof. N. Ueda, 

Department of Biochemistry, School of Medicine, Kagawa University, 1750-1 Ikenobe, 

Miki, Kagawa 761-0793, Japan) was cloned into mammalian expression vector pcDNA3.1, 

containing genes for ampicillin and neomycin resistance. The inserts were cloned in 

frame with a C-terminal FLAG-tag and site-directed mutagenesis was used to remove 

restriction by silent point mutations. Plasmids were isolated from transformed XL-10 Z-

competent cells (Maxi Prep kit: Qiagen) and sequenced at the Leiden Genome 

Technology Center. Sequences were analyzed and verified (CLC Main Workbench). 

Cell culture 

General. HEK293T cells were kept in culture at 37 °C under 7% CO2 in DMEM containing 

phenol red, stable glutamine, 10% (v/v) newborn calf serum (Thermo Fisher), and 

penicillin and streptomycin (200 μg/mL each; Duchefa). Medium was refreshed every 2-

3 days and cells were passaged twice a week at 80-90% confluence. Cells lines were 

purchased from ATCC and were regularly tested for mycoplasma contamination. 

Transient transfection. Transient transfection was performed as previously described.21 

In brief, HEK293T cells were seeded in 15-cm petri dishes one day prior to transfection. 

Prior to transfection, culture medium was aspirated and a minimal amount of medium 

was added. A 3:1 (m/m) mixture of polyethyleneimine (PEI, 1 mg/mL) (60 μg/15-cm dish) 

and plasmid DNA (20 μg/dish) was prepared in serum free culture medium and incubated 

for 15 min at RT. Transfection was performed by dropwise addition of the PEI/DNA 

mixture to the cells. Transfection with the empty pcDNA3.1 vector was used to generate 

control samples (mock groups). After 24 h, medium was refreshed. Medium was 

aspirated 72 h post-transfection and cells were harvested by resuspension in PBS. Cells 

were pelleted by centrifugation (5 min, 1,000 g) and the pellet was washed with PBS. The 

supernatant was discarded and the cell pellets were snap-frozen in liquid nitrogen and 

stored at -80 °C until sample preparation.  

Sample preparation 

Cell membrane and cytosol proteome preparation. Cell pellets were thawed on ice, 

resuspended in cold lysis buffer (50 mM Tris HCl, pH 8, 2 mM DTT, 1 mM MgCl2, 2.5 U/mL 

benzonase) and incubated on ice (30 min). The cell lysate was collected and centrifuged 

(100.000 g, 45 min, 4 °C, Beckman Coulter, Ti 70.1 rotor). The supernatant was collected 

(cytosolic fraction) and the membrane pellet was resuspended in cold storage buffer (50 

mM Tris HCl, pH 8, 2 mM DTT) by thorough pipetting and passage through an insulin 

needle (29G). Protein concentrations were determined by a Quick Start™ Bradford 
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Protein Assay or QubitTM protein assay (Invitrogen). Samples were flash frozen in liquid 

nitrogen and stored at -80 °C until further use. 

Activity based protein profiling on transiently transfected HEK293T cell lysate . Gel-

based activity based protein profiling (ABPP) was performed with minor alterations of 

the previously reported protocol.21 For ABPP assays on HEK293T cells overexpressing 

PLAAT3, the cytosol proteome (0.5 mg/mL, 20 µL) was pre-incubated with vehicle 

(DMSO) or inhibitor (0.5 μL in DMSO, 30 min, RT) followed by an incubation with the 

activity based probe MB064 (final concentration: 250 nM, 20 min, RT). Final 

concentrations for the inhibitors are indicated in the main text and figure legends. Only 

cytosol proteome was used for the dose-response test in ABPP or substrate assay. 

Reactions were quenched with 7 µL of 4x Laemmli buffer (5 μL, 240 mM Tris (pH 6.8), 8% 

(w/v) SDS, 40% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.04% (v/v) bromophenol 

blue). 10 μl sample per reaction was resolved on a 10% or 15% acrylamide SDS-PAGE gel 

(180 V, 70 min). Gels were scanned using a ChemiDoc MP system with Cy3 and Cy5 

multichannel settings (605/50 and 695/55, filters respectively) and stained with 

Coomassie after scanning. All experiments were performed 3 times. Fluorescence was 

normalized to Coomassie staining and quantified with Image Lab (Bio-Rad). IC50 curves 

were fitted with Graphpad Prism® 7 (Graphpad Software Inc.). 

Computational Chemistry  

Ligand preparation. Molecular structures of LEI110 and 1 were prepared for docking 

using Ligprep from Schrödinger.22 Default Ligprep settings were applied: states of 

heteroatoms were generated using Epik at a pH 7 ± 2.23 No tautomers were created by 

the program, which resulted in one standardized structure per ligand. 

Protein preparation. The x-ray structure of PLAAT3 was extracted from the PDB (PDB ID: 

4DOT).7 The apo protein structure was prepared for docking with the Protein Preparation 

tool from the Schrödinger 2017-4 suite. Waters were removed and default protein 

preparation settings were applied: explicit hydrogens were added and states of 

heteroatoms were generated using Epik at a pH 7 ± 2, resulting in a protonated state of 

binding pocket His23. Additionally, missing side chains and loops were added using 

Prime,24 but none were detected. 

Docking. As the PLAAT3 lacked a co-crystalized ligand, induced-fit docking was applied 

to induce the PLAAT3 binding pocket into a ligand-binding conformation. Both LEI110 

and 1 were docked with induced-fit, resulting in 39 different pocket conformations. 

Induced-fit docking was followed by covalent docking of LEI110 and 1 to Cys113 in all 39 

generated pocket conformations. Compounds were docked using the Schrödinger 2017-

4 suite25 with SP precision. The ten poses with the lowest docking scores were manually 
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examined and one pose per ligand was selected. Selection was based on docking score, 

frequency of recurring poses, and interactions made between the ligand and the protein.  

Molecular dynamics. The selected LEI110 and 1 poses in complex with PLAAT3 were 

simulated with molecular dynamics using Desmond Molecular Dynamics System from 

Schrödinger.26 The system was setup using solvent model SPC and OPLS3 force field. The 

simulation was performed at a temperature of 300 Kelvin and a pressure of 1.01 bar. 

Triplicate runs were executed with a runtime of 100 ns per run. The simulations showed 

that PLAAT3 remained stable when in complex with LEI110 and 1. 
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