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Chapter 1

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.! 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.? In 1964, A°-
tetrahydrocannabinol (A°-THC) (Figure 1) was purified and characterized as the major
psychoactive component of Cannabis sativa.® The cannabinoid receptor type 1 (CB1R) was
identified as a target protein of THC in 1990.# The CB1R is a member of the G-protein-coupled
receptor family and is expressed in the peripheral nervous system and central nervous system.®
In 1993, a second THC-responsive protein, the cannabinoid receptor type 2 (CB2R), was

discovered.® CBR2 is expressed predominantly in peripheral immune cells.”8
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Figure 1. Chemical structures of (A) the plant natural product, A°>-THC and (B) the endocannabinoids, 2-

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

The finding that A°-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.® 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.°

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

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

14 16-19

anti-inflammation,*® neuroprotection,* anorexic effects!® and anti-proliferative effects.
Unlike AEA, these NAEs do not bind to cannabinoid receptors,?® but exert their biological

activities via binding to other receptors pathways.*®

Palmitoylethanolamide (PEA) was discovered in 1957.2! Accumulation of PEA has been observed
during inflammation.'® 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.?® 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.>* Besides PPAR-alpha, PEA can also bind to cannabinoid-like G-coupled
receptors GPR55 and GPR119.%?

Oleoylethanolamide (OEA) is an endogenous agonist for PPAR-alpha and stimulates lipolysis.?
OEA may also function as an endogenous ligand for GPR119.2% 27 OEA regulates feeding and
body weight in mice!* 28 and pythons.?® It was reported that OEA could promote longevity of

the life span in Caenorhabditis elegans probably via binding to nuclear receptor NHR-80.3°

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-«B, a critical transcription factor for the expression of many cytokines, into the nucleus of rat
peritoneal macrophages.3! Zhukov and coworkers found that in an inflammatory rat model, the
administration of SEA could accelerate the healing process of skin burn.3? 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.3* 34 Recently, it was shown that SEA protects the brain from inflammation and

improves memory in mice.®

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 cells®® and

promoted neurite growth and synaptogenesis.>®
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1.2 Biosynthetic pathways of NAEs
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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
3.1220,40,41  First, N-acyltransferases (NAT) acylate the amine of phosphatidylethanolamine (PE)
to produce N-acyl-phosphatidylethanolamine (NAPE). There are two classes of NATs: Ca?*-
dependent NAT (Ca-NAT) and Ca%*-independent NATs (PLAAT1-5).4?

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

The phosphodiester bond in NAPEs, generated by PLAATs or PLA2GAE, is subsequently
hydrolyzed by a NAPE-selective phospholipase D (NAPE-PLD) yielding various NAEs.*3*> NAEs
can also be generated from NAPE via NAPE-PLD-independent pathways, which were first
proposed in 1984.*® Studies on mice genetically lacking NAPE-PLD further confirmed the
existence of other pathways.”*° 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).5%52 |n 3 second pathway, cytosolic phospholipase A2 (cPLA;) hydrolyzes NAPE to
LysoNAPE, which is directly cleaved by GDE4 or GDE7 to produce NAEs.>3 In a third pathway,
NAPE is hydrolyzed to phospho-NAE by phospholipase C (PLC) and NAEs are liberated via SHIP1
or PTPN22.425455
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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).%%% 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 sPLA; and GDE1, 4, and 7 may hydrolyze Lyso-pNAPE yielding AEA.5 5

H H
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Figure 5. The biosynthetic pathway of NAEs from pNPPE.

The enzyme responsible for the Ca?*-dependent formation of NAPEs remained elusive until
Cravatt and colleagues showed that PLA2G4E (also known as cPLAzg) was able to transfer an
acyl chain from the sn-1 position of phosphatidylcholine (PC) to the amine of
phosphatidylethanolamine (PE), thereby producing NAPEs.>” PLA2GAE was previously
discovered in a comprehensive homology search against murine genome and EST data bases
and annotated as a phospholipase (PLA).8 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.> There are six members in this protein
family, namely PLA2G4A, PLA2G4B, PLA2G4C, PLA2G4D, PLA2G4E and PLA2GA4F, 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 Ca%*. Upon binding of calcium, the protein is
transported from the cytosol to the Golgi membrane, which is needed for catalytic activity.5°
The catalytic pocket contains a Ser/Asp dyad, which is located in the o/ hydrolase domain.®% 6!
In contrast to the other family members, PLA2GAE has a strong preference for catalyzing the N-
acyltransferase reactions over phospholipid hydrolysis.*’

The human phospholipase A/acyl transferase (PLAAT1-5) family consists of five members
(namely, PLA/AT 1-5).6% 3 They are the products of the Hrasls genes.%* PLAATs possess Ca?*-
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.®3 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.®® 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.®® The in vivo relevance
of PLAAT3 has not been studied extensively, but a mouse model constitutively lacking the
Hrasls3 gene has been generated.®® 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.

10
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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.’® It allows efficient lead discovery studies by assessing inhibitor activity and
selectivity in complex proteomes.®” 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.®® MB064 is a B-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.®® 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.” The B-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.’? In this thesis, MB064 is also used to develop assays to screen and modify
inhibitors for PLAATs and PLA2GAE.

Figure 5. Chemical structure of probe MB064.

11
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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 Ca?*-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 a-ketoamides as the first PLAAT3 inhibitors.
Chapter 3 presents the systematic optimization of the initially discovered a-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 PLAATS).
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 Ca?*-dependent NAT,
PLA2GA4E, again using probe MBO064. 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.

12
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Chapter 2

2.1 Introduction

Phospholipase A acyltransferase 3 (PLAAT3, or PLA2G16), was first isolated from murine
fibroblasts as a product of the HRASLS-gene (H-RAS-like suppressor) family, which also includes
the phospholipase/acyltransferases, namely phospholipid-metabolizing enzyme A-C1 (A-C1, or
PLAAT1), HRAS-like suppressor 2 (HRASLS2, or PLAAT2), retinoid acid receptor responder
protein 3 (RARRES3, or PLAAT4) and Ca?* -independent N-acyltransferase (iNAT, or PLAATS).13
PLAAT3 is an intercellular, single-pass transmembrane cysteine hydrolase with a molecular
weight of 18 kDa with as major activity the hydrolysis of the sn-2 fatty acyl chain of
phosphatidylcholine.* > PLAAT3 has a papain-fold motive consisting of three a-helices and five
antiparallel B-sheets organized in a circular permutation and a conserved catalytic triad
consisting of Cys113, His23 and His35 as determined by X-ray crystallography (PDB code: 4DOT)
and site-directed mutagenesis studies.®?®

)10, 11 12, 13 Its

PLAAT3 is found in various cell lines (e.g. HepG2 and adipose tissue.
expression is induced during adipocyte differentiation.?* > In mouse models, PLAAT3 has
been shown to play an important role in the development of obesity.'® The nuclear
receptor PPARy (peroxisome proliferator-activated receptor) regulates the function and
formation of adipose tissue and PLAAT3 was identified as the downstream target of
PPARYy with a role in adipogenesis.?? PLAAT3 (also known as HRSL3 or H-REV107-1) is also
a member of a class Il tumor suppressor gene family and it functions as tumor suppressor
by regulating the activity of proto-oncogenes.> 7 18 |n tumor cell lines and experimental
tumors, the growth-inhibitory activity of tumor and downregulation of PLAAT3 were
observed!® and PLAAT3 was shown to be involved in the oncogenic network which
mediate the growth and survival of ovarian cancer cells.” PLAAT3 is also involved in
clearance of the virus in host cells.'® 20 The authors first created a Haplobank from
haploid mouse embryonic stem cells lines and the subsequent reverse genetic screening
led to the identification of PLAAT3 as a host factor which is required for cytotoxicity by
rhinoviruses.'® In another genome-wide screening, PLAAT3 was identified as picornavirus
host factor because it can facilitate the viral genome translocation and prevent
clearance.?! Taken together, these studies highlight the therapeutic potential of PLAAT3.
However, to date, there are no PLAAT3 inhibitors reported that can be used as

pharmacological tools to validate PLAAT3 as a therapeutic target.

Currently, no ABPs have been reported for PLAAT3 that could enable inhibitor discovery.
In this chapter, it is shown that MB064 (Figure 1A) labels PLAAT3 in an activity-dependent
manner and is able to visualize endogenous PLAAT3 in adipose tissue. Screening of a
focused lipase inhibitor library using ABPP resulted in the identification of an a-

ketoamide (compound 1, Figure 1B) as a selective PLAAT3 inhibitor.
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MB064

Figure 1. Chemical structures of probe MB064 and compound 1.
2.2 Results and discussion

To test whether MB064 could also label PLAAT3, proteomes of transiently overexpressed
human PLAAT3-FLAG in human embryonic kidney 293 T (HEK293T) cells was incubated
with MB064, followed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and fluorescence scanning. A fluorescent band was observed at the expected
MW of 18 kDa, which overlapped with a band visualized by the FLAG-tag antibody and
was absent in mock-transfected cells (Figure 2A). The labeling was probe- and protein-
concentration-dependent (Figure 2B) and was optimal at pH 8, which is consistent with
previously reported pH optimum of PLAAT3 activity.'* ?? Site-directed mutagenesis of the
catalytic Cys113 into alanine or serine abolished or significantly reduced labeling,
respectively, whereas its expression was not substantially altered as witnessed by FLAG-
tag antibodies (Figure 2C). Of note, MB064 was also able to cross-react with PLAAT2,
PLAAT3 and PLAATS5 (Figure 2D). Finally, it was tested whether MB064 could also label
endogenously expressed PLAAT3. To this end, MB064 was incubated with freshly isolated
mouse white adipose tissue (WAT) and brown adipose tissue (BAT) extracts. A
fluorescent band was observed at the expected MW, which also overlapped with a band
visualized by PLAAT3 antibodies (Figure 2E). Taken together, these results demonstrate
that MB064 reacts with active human PLAAT3 to form a covalent bond with Cys113 and
visualizes native mouse PLAAT3 in brown and white adipose tissue.
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Figure 2. Characterization of MB064 as an ABP for PLAAT3. (A) ABPP using MB064 with PLAAT3 membrane
(mem) or cytosol (cyt) proteome (1 mg/mL) transiently overexpressed in HEK293T cells and Western blot of
the ABPP gel using an anti-FLAG antibody. (B) ABPP condition optimization for human PLAAT3 cytosol proteome
using MBO064. For the probe concentration test, 0.5 mg/mL protein lysate was used. For the protein
concentration test, probe of 500 nM was used. (C) ABPP using MB064 with different human PLAAT3 constructs,
and Western blot of the ABPP gel using an anti-FLAG antibody. (D) ABPP using probe MB064 on HRASLS protein
family members (transiently overexpressed in HEK293T cells). (E) Labelling of endogenous PLAAT3 in WAT and
BAT cytosol proteome by MB064, and Western blot of the ABPP gel using an anti-PLAAT3 antibody. (F) Western
blot of the ABPP gel using an anti-FLAG antibody. All HRASLS family members except PLAAT1 were successfully

overexpressed in HEK293T cells and the overexpressed proteins could be labelled by probe MB064.

Having identified MB064 as a suitable chemical probe targeting PLAAT3, it was decided
to screen a small focused library of 50 lipase inhibitors representatively selected from a
compound library as in our previous study?3 at 10 uM in a competitive ABPP format. This
led to discovery of 4-(4-chlorophenyl)-2-oxo-N-phenethylbutanamide, an a-ketoamide
(compound 1) as a hit that almost completely abolished PLAAT3 labeling at 10 uM (Figure
3A).

Compound 1 was resynthesized using previously reported procedures and tested in a
concentration-response ABPP assay. Compound 1 displayed a half-maximum inhibitory
concentration (plCso + SEM) of 6.0 = 0.1 (n=3). Furthermore, it demonstrated similar
activity on the other proteins of the HRASLS-gene family (PLAAT2, PLAAT3and PLAATS)
with a plCso in the range of 6.0-6.2 (Figure 3A and Table 1). Next, the inhibitory activity
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of compound 1 was confirmed in a previously reported orthogonal biochemical
fluorescence assay that uses the Green/Red Bodipy PC-A2 as a surrogate substrate (with
aKmof7.8+2.2 uM) and cytosol PLAAT3 fraction of HEK293T cells overexpressing human
PLAAT3.8 Compound 1 displayed a Ki of 80 nM (95% confidence interval Cl: 72-96 nM)
(Figure 3B). a-Ketoamides have previously been reported to inhibit serine hydrolases
expressed in the brain.?*?’ To determine the selectivity of compound 1 on endogenously
expressed serine hydrolases, a competitive ABPP experiment was performed in mouse
brain proteomes using the broad-spectrum serine hydrolase ABPs, fluorophosphonate
(FP)-TAMRA, and MB064. Compound 1 (10 uM) did not reduce the labeling of any
proteins in mouse brain targeted by FP-TAMRA or MBO064 (Figure 3C). Taken together,
these results indicate that a-ketoamide 1 is a selective inhibitor of PLAAT3 and its family

members.
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Figure 3. Discovery and biochemical characterization of compound 1. (A) Dose-response curves for 1 on PLAAT3
(left) and other HRASLS family members, PLAAT2, PLAAT4 and PLAATS (right) measured by competitive ABPP
using cytosol proteome prepared from transfected HEK293T cells with probe MB064. Under the curves are the
corresponding ABPP gels: concentration-dependent inhibition of 1 against different proteins (n=3). (B) Dose-
response curve of 1 for PLAAT3 (cytosol proteome prepared from PLAAT3 overexpressing HEK293T cells) with
the PC-A2 fluorescent substrate assay (n = 3). (C) Selectivity of 1 against MB064 and FP-TAMRA in mouse brain
membrane (mem) and cytosol (cyt) proteome. Coomassie was used as a protein loading control. Minus sign (-)

indicates control (with DMSO), plus sign (+) indicates with compound 1 at 10 uM.

Table 1. pICso £ SEM (n = 3) of compound 1 against HRASLS protein family members from the ABPP assay.

Compound PLAAT3 PLAAT2 PLAAT4 PLAATS

1 6.0+0.1 6.2+0.1 6.2+0.1 6.4+0.1
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2.3 Conclusions

In conclusion, in this chapter, an activity-based protein profiling assay has been
developed to label PLAAT3 in vitro, using MB064. Thereafter, this method was applied to
screen inhibitors for PLAAT3. a-Ketoamides were discovered as the first selective PLAAT3
inhibitors.

2.4 Experimental procedures

Plasmids. Full-length human cDNA of PLAAT3, PLAAT1, PLAAT2, PLAAT4 and PLAATS
(from Prof. N. Ueda’s lab) were 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. Two step PCR mutagenesis was performed to
substitute the active site cysteine for an alanine (A) or serine (S) in the hPLAAT3-FLAG,
hPLAAT2, PLAAT4 and PLAATS5, respectively to obtain the corresponding mutants.
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) New Born Calf Serum (Thermo Fisher), and
penicillin and streptomycin (200 pg/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.?®

In brief, HEK293T cells were seeded in 15cm 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 (PEl, 1 mg/mL) (60 pg/15-cm dish)
and plasmid DNA (20 pg/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.
Supernatant was discarded and cell pellets were snap-frozen in liquid nitrogen and

stored at -80 °C until sample preparation.

Sample preparation
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Cell membrane and cytosol proteome preparation. Cell pellets were thawed on ice,
resuspended in cold lysis buffer (50 mM Tris HCI, pH 8, 2 mM DTT, 1 mM MgCl;, 2.5 U/mL
benzonase) and incubated on ice (30 min). The membrane and cytosolic fractions of the
cell lysate were separated by ultracentrifugation (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 HCI, pH 8, 2 mM
DTT) by thorough pipetting and passage through an insulin needle (29G). Protein
concentrations were determined by a Quick Start™ Bradford Protein Assay or QubitTM
protein assay (Invitrogen). Samples were flash frozen in liquid nitrogen and stored at -80
°C until further use.

Mouse tissue proteome preparation. Mouse brains (C57BI6) were isolated according to
guidelines approved by the ethical committee of Leiden University (DEC#13191), frozen
in liquid nitrogen, and stored at -80 °C until further use. Tissues were thawed on ice,
dounce homogenized in cold lysis buffer (50 mM Tris HCI, pH 8, 2 mM DTT, 1 mM MgClz,
2.5 U/mL benzonase) and incubated on ice (15 min), followed by low-speed
centrifugation (2500 g, 3 min, 4°C) to remove debris. After high-speed centrifugation
(100.000 x g, 45 min, 4°C) the supernatant was collected as the cytosol proteome, flash
frozen in liquid nitrogen and stored at -80 °C until further use.

Mouse white or brown adipose tissue (C57BI6) were isolated according to guidelines
approved by the ethical committee of Leiden University (DEC#13191) and were
immediately dounce homogenized in cold lysis buffer, followed by low-speed spin (2500
g, 3 min, 4°C) to remove the debris. The membrane and cytosol proteome were prepared

followed by the same procedure as for the mouse brains described above.

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.?® For ABPP assays on HEK293T cells overexpressing
PLAAT3, the cytosol proteome (0.5 mg/mL, 20 pL) was pre-incubated with vehicle
(DMSO) or inhibitor (0.5 pL in DMSO, 30 min, RT) followed by an incubation with the
activity based probe MB064 (final concentration: 250 nM, 20 min, RT). The incubation
protocols for PLAAT2, PLAAT3 and PLAATS5 were similar except for the protein
concentration (0.25 mg/mL, 1 mg/mL, 1 mg/mL, respectively) and probe concentration
(250 nM, 500 nM, 500 nM). Final concentrations for the inhibitors were 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 pL of 4x Laemmli buffer (5
pL, 240 mM Tris (pH 6.8), 8% (w/v) SDS, 40% (v/v) glycerol, 5% (v/v) B-mercaptoethanol,
0.04% (v/v) bromophenol blue). 10 ul 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
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system with Cy3 and Cy5 multichannel settings (605/50 and 695/55, filters respectively)
and stained with Coomassie after scanning. Experiments were done 3 times individually.
Fluorescence was normalized to Coomassie staining and quantified with Image Lab (Bio-
Rad). ICso curves were fitted with Graphpad Prism® 7 (Graphpad Software Inc.).

Activity based protein profiling on mouse brain proteome. Mouse brain membrane or
cytosol proteome (2 mg/mL, 20 uL) was incubated with vehicle (DMSO) or inhibitor (0.5
pL in DMSO, 30 min, RT) followed by an incubation with the activity based probe MB064
(final concentration: 500 nM, 20 min, RT) or FP-TAMRA (Thermo Fisher, 88318, final
concentration: 500 nM, 20min, RT). The reaction was quenched with 7 uL of 4x Laemmli
buffer and the proteins were resolved and visualized using the same procedures as for
the transfected HEK293T cells.

Activity based protein profiling on mouse adipose tissue. Brown or white adipose tissue
cytosol proteome (1 mg/mL, 20 uL) was incubated with vehicle (DMSO) or inhibitor (0.5
puL in DMSO, 30 min, RT) followed by an incubation with the activity based probe MB064
(final concentration: 2 puM, 20 min, RT). The reaction was quenched with 7 pL of 4x
Laemmli buffer and the proteins were resolved and visualized using the same procedures
as for the transfected HEK293T cells.

Western Blot. Western blots were performed as previously reported.?® After the ABPP
assay, the proteins on the SDS-PAGE gel were transferred to a membrane using a Trans-
Blot Turbo™ Transfer system (Bio-Rad). For anti-FLAG antibody, Membranes were
washed with TBS (50 mM Tris, 150 mMNacCl) and blocked with 5% milk in TBST (50 mM
Tris, 150 mMNacCl, 0.05% Tween 20) for 1 hat RT (anti-FLAG antibody) or overnight at 4
°C (for anti-PLAAT3 antibody). Membranes were then incubated with primary antibody
in 5% milk TBST for 1 h at RT, washed with TBST, incubated with matching secondary
antibody in 5% milk TBST for 1 h at RT and subsequently washed with TBST and TBS. The
blot was developed in the dark using an imaging solution (10 mL luminal solution, 100 pL
ECL enhancer and 3 pL 30% H202). Chemiluminescence was visualized using a ChemiDoc
XRS (BioRad) with standard chemiluminescence settings. For anti-PLAAT3 antibody, the
protocol was similar except that PBS or PBST were used as the washing buffer and

blocking buffer instead of TBS or TBST, respectively.

Primary antibodies: monoclonal mouse-anti-PLAAT3 (1:200, Abnova, H00011145-M02),
monoclonal mouse-anti-FLAG (1:5000, Sigma Aldrich, F3156). Secondary antibodies:
HRP-coupled-goat-anti-mouse (1:5000, Santa Cruz, sc2005).

qPCR. For the gPCR experiments, NucleoSpin® RNA kit was used for the total RNA
isolation, the transferase (Thermo Scientific Maxima Reverse Transcriptase) was used for
cDNA synthesis and the 2x SYBR Green gPCR Master (bimake.com) was used for gPCR
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following the manufactures protocols. Primers used were listed in the supplementary
figures. The experiment was carried out in duplicate and repeated twice.

Fluorescent substrate assay. The fluorescent substrate assay was based on a previously
reported method.® Liposomes were prepared by slowly injecting a concentrated solution
of the substrate Red/Green Bodipy PC-A2 (2.5 mM, in DMSO, Invitrogen, A10072), DOPC
(10 mM in ethanol, Avanti Polar Lipids, Alabaster, AL) and DOPG (10mM in ethanol,
Avanti Polar Lipids, Alabaster, AL) into the assay buffer (50 mM Tris HCI pH 8, 1 mM CaCly,
100 mMNacl).

Relevant concentrations of compounds were prepared in DMSO. The cytosolic protein
fraction of HEK293T cells transiently overexpressing PLAAT3 was diluted to 0.6 mg/mL in
assay buffer. 50 uL of protein dilution was added in a dark flat-bottom Greiner 96-well
plate and incubated with the compounds or vehicle for 30 min at RT. A sample with mock
transfected cytosolic protein lysate incubated with DMSO was incorporated for
background subtraction. 50 pL of the substrate liposome solution was added (Bodipy PC-
A2, final concentration: 2.5 uM) and the fluorescence measurement was started
immediately on a TECAN infinite M1000 pro (37 °C, scanning, continuous scanning for 1
h; excitation 488 nm, emission 530 nm). A standard curve of Bodipy FL C5 (D3834,
Invitrogen) (the cleavage product of Bodipy PC-A2) was used for evaluating the amount
of substrate conversion). The enzyme activity rates were calculated from the steady-
state measured in the first 10 min of the reaction. The assay was carried out in duplicate
and repeated twice. The data were corrected by the background of mock lysate,
normalized by the residual protein activity at 100 uM and then evaluated using GraphPad

Prism® 7.
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2.6 Supplementary Information
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Figure S1. ABPP condition optimization for human PLAAT3 cytosol proteome using MB064. For
the probe concentration test, 0.5 mg/mL protein lysate was used. For the protein concentration
test, probe of 500 nM was used. Coomassie staining was used as a protein loading control. The

lysis buffer with a pH 8 gives the optimal fluorescence signal.
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Figure S2. ABPP using MB064 (500 nM) with different enzyme constructs (cytosol fraction from
transiently transfected in HEK293T cells) at the same protein concentration, respectively;and

western blot of the ABPP gel using an anti-FLAG antibody.
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Figure S3. Phospholipase A2 activity of hPLAAT3. Red/Green BODIPY PC-A2 was used to measure
the rate of reaction as a function of substrate concentration. The enzyme kinetic data Vmax and

Km were calculated through sum-of-squares non-linear regression.
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Figure S4. ABPP (A) using MB064 (2 uM) with BAT or WAT membrane (mem) or cytosol (cyt)

proteome at the same protein concentration, and western blot (B) of the ABPP gel using an anti-

WE (anti-PLAAT-3)

PLAAT3 antibody.
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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).% 2 PLAAT enzymes
show structural homology to lecithin retinol acyl transferase (LRAT) and belong to the NIpC/P60
superfamily of cysteine proteases.? The members of the PLAAT family share a highly conserved
NCEHFV peptidic sequence, which includes the catalytically active cysteine residue.* 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 Ca?*-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 PLA: activity
(hydrolysis of phospholipids to produce 2-acyl-lysophospholipids and fatty acids) over PLA:z
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 Ca?*-dependency,” while Uyama et al. found primarily hydrolysis of the fatty
acyl at the sn-1 position.®

The structures of PLAAT2 and PLAAT3 have been solved through X-ray crystallography.” 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 PLAATS, 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.® In contrast, in HEK293 and Hela
cells PLAAT3 localization has been shown to be associated with peroxisomes.® Furthermore,
deletion of the hydrophobic transmembrane C-terminal domain of PLAAT3 resulted in a total

loss of phospholipase activity.’

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.’
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.'? A relatively

high N-acyltransferase activity has been observed in vitro, compared to PLAAT2-5.1! 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.!? 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. 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 hras/s3 gene has been
generated.'® 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.® 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.? ¢ 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.!” Currently, there are no chemical tools to
study the effects of acute and dynamic inhibition of PLAAT4.

PLAATS5 primarily shows N-acyltransferase activity over O-acyltransferase and PLA1/2 in vitro.?
It has been observed in rat spermatocytes although its function remains unknown.'® 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.'® The physiological function of the enzyme remains unknown. Furthermore, it is also
unknown if PLAATS acts as a tumor suppressor similar to the other PLAAT members. Ueda and
coworkers overexpressed PLAATS 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 PLAATS was mainly found in cytosolic fraction and not stimulated by Ca?*-ions.*®

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 a-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 PLAATS 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 a-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 PLAATS were incubated with test compounds at 10 uM 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
UM. 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 a-
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. B-Ketoamides (19, 20) and a-(di)fluoro-substituted B-ketoamides
(21-24) or reduced analogues (26-28) were not active. Importantly, reduction of the a-
keto to the hydroxyl group in compound 25 led to a decrease in activity, suggesting that
the a-keto forms an important interaction with the enzymes. Replacement of the a-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 a-keto and a secondary amide are essential for PLAAT inhibition.
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Table 1. The plCsp values of compounds 1-30 with standard deviations.
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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 uM) against PLAAT 3-5 and the
dose-response curve was plotted to determine the plCso. 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 PLAATS.
Different linker lengths between the phenyl and the a-ketone (40, 41, 43) were explored.
Notably, compound 40 with a three-carbon linker showed increased potency for PLAAT3
and 5.

Table 2. The pICso values of compound 1, 31-43 with standard deviations.
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Next, a series of B,y-unsaturated a-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 a-keto side.
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Table 3. The plCso values of compound 1, 44-50 with standard deviations.
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Finally, with the optimal fragment (3-phenylpropyl) for the a-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 PLAATS (plCso: 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 PLAATS. 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 PLAATA4. 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 plCso values of compound 1, 51-64 with standard deviations.
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In order to gain insight in the molecular interactions of a-ketoamides with PLAATS3,
LEI110 (63) and 1 were docked in a PLAAT3 crystal structure (PDB: 4DOT).” 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 a-ketoamide inhibitors.?° 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 m-1t stacking with Tyr21. The extension of the ketone alkyl chain by one methylene

allows for a more optimal m-cation interaction with Argl8 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.
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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 m-

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 a-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 a-keto side of the
molecule, the 3-phenylpropyl moiety (shown in compound 40) is found to be the optimal
fragment from the a-keto side. Further efforts were focused on the optimization of the
phenethylamine moiety while having the 3-phenylpropyl moiety at the a-keto side. In
the end, compound 52 and 53 were identified as potent and selective inhibitors for
PLAATS. 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 pg/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.?!
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 ug/15-cm dish)
and plasmid DNA (20 pg/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 HCI, 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 HCI, 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.?! For ABPP assays on HEK293T cells overexpressing
PLAAT3, the cytosol proteome (0.5 mg/mL, 20 uL) was pre-incubated with vehicle
(DMSOQ) or inhibitor (0.5 pL in DMSO, 30 min, RT) followed by an incubation with the
activity based probe MBO064 (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 pL of 4x Laemmli buffer (5 pL, 240 mM Tris (pH 6.8), 8%
(w/v) SDS, 40% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.04% (v/v) bromophenol
blue). 10 ul 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). ICso 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 Schrddinger.?? 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).” The apo protein structure was prepared for docking with the Protein Preparation
tool from the Schroédinger 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,?* 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 Cys113in all 39
generated pocket conformations. Compounds were docked using the Schrédinger 2017-
4 suite?® 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
Schrédinger.® 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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Chapter 4

4.1 Introduction

The previous two chapters together outline the pathway to the discovery of a selective PLAAT3
inhibitor. PLAATs play an important role in lipid metabolism and biosynthesis of NAE
phospholipids and studies on their individual contribution to these physiological processes are
required, both for fundamental understanding and for unveiling their potential as therapeutic
targets in obesity and/or the common cold. Recent immunoprecipitation studies have shown
that PLAAT3 binds to peroxin-19 (Pex19), a protein known to function as a chaperone in the
transport of peroxisomal membrane proteins.! Overexpression of PLAAT3 causes almost
complete disappearance of peroxisomes in mammalian cells within 24 h, which further supports
the regulatory role of PLAAT3 in the oxidation of fatty acids. Interestingly, the catalytically
inactive point mutant of PLAAT3 (C113S) was neither able to disrupt the binding of Pex19 to
other peroxisomal membrane proteins nor the peroxisomal function itself, while retaining the
ability to bind Pex19. Therefore it has been suggested that PLAAT3 could exert its inhibitory
effect through hydrolysis of peroxisomal membrane lipids, although more data is necessary to
confirm this hypothesis. The dysregulation of peroxisomal function by PLAAT3 is in accordance
with the observed phenotype of PLAAT3 deficient mice as elimination of adipocyte peroxisomes
by ablation of a peroxin essential to peroxisome biogenesis, Pex5, in mice was reported to result

in increased fat mass and a reduced rate of lipolysis in white adipose tissue (WAT).2

LEI 110 (Figure 1B), discovered by research in the previous chapter 3 provides the potential
means to do, at least for its preferred target, PLAAT3. For this potential to bear out, its behavior
in live cells needs to be mapped. This chapter details studies performed to this end and entailing
biochemical and cellular profiling of LEI110.

Q H
N\/\©\ = ‘ CF3
o o N

N
LEI110

Figure 1. Chemical structure of LEI110.
4.2 Results and discussion

In chapter 3, 2-oxo-5-phenyl-N-(4-((5-(trifluoromethyl)pyridin-2-yl)oxy)-phenethyl)-
pentanamide (LEI110) was discovered as a PLAAT3 inhibitor with a pICso=7.0 £ 0.1 in the
ABPP-assay. In order to gain insight into the selectivity over other members of this
protein family, LEI110 was tested against other PLAATs. The results showed that LEI110
was also active on PLAAT2 (plCso: 6.8), PLAAT4 (plCso: 6.8) and PLAATS (plCso: 7.6),
(Figure 2A, Table 1). LEI110 was tested in a fluorescent substrate assay. In this assay, the

52



Biochemical and cellular profiling of LEI110

cytosolic protein fraction of HEK293T cells transiently overexpressing PLAAT3 was diluted
to 0.6 mg/mL in assay buffer (50 mM Tris-HCI pH 8, 1 mM CaClz, 100 mM NacCl). 50 pL of
protein dilution was added in a dark flat-bottom Greiner 96-well plate and incubated
with the LEI110 at different concentrations. 50 pL of the substrate liposome solution,
which was prepared by slowly adding a concentrated solution of the substrate
Red/Green Bodipy PC-A2 (2.5 mM in DMSO), DOPC (10 mM in ethanol, Avanti Polar
Lipids, Alabaster, AL) and DOPG (10 mM in ethanol, Avanti Polar Lipids, Alabaster, AL)
into the assay buffer, was added (Bodipy PC-A2, final concentration: 2.5 uM) and the
fluorescence measurement was started immediately on a TECAN infinite M1000 pro. A
standard curve of Bodipy FL C5 (D3834, Invitrogen) was used for evaluating the amount
of substrate conversion. LEI110 demonstrated a K; of 20 nM (95% Cl: 17-24 nM) (Figure
2B). The selectivity of LEI110 was profiled in mouse brain membrane and cytosol
proteome with probe MB064 and FP-TAMRA, respectively. The results showed that
LEI110 was selective over brain serine hydrolases as determined with a gel-based ABPP
assay (Figure 2C).
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Figure 2. Biochemical characterization of LEI110. (A) Dose-response curves of LEI110 against PLAAT3 and other

[LEI110] (M)

PLAAT family members with probe MB064. (B) Dose-response curve of LEI110 for PLA2G16 with the PC-A2
fluorescent substrate assay. (C) Selectivity of LEI110 against MB064 (2 uM) and FP-TAMRA in mouse brain
membrane (mem) and cytosol (cyt) proteome. Coomassie staining was used as a protein loading control. —

indicates control (with DMSO), + indicates with LEI110 at 10 pM.

Table 1. plCso £ SEM (n = 3) of compound 1 and LEI110 against HRASLS protein family members from the ABPP assay.

Compound PLAAT3 PLAAT2 PLAAT4 PLAAT5
1 6.0+0.1 6.2+0.1 6.2+0.1 6.4+0.1
LEI110 7.0+0.1 6.8+0.1 6.8+0.1 7.6+0.1

PLAAT3 is endogenously expressed in brown and white adipose tissue and its activity
could be visualized by MB064 (Figure 3A). Therefore it was decided to test whether
compound 1 and LEI110 were able to block PLAAT3 activity in adipose tissue. Indeed,
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both compounds completely abolished labeling of native PLAAT3 by MB064, whereas the
labeling of other proteins in brown and white adipose tissue was not affected (Figure
3A). The selectivity of LEI110 in adipose tissue was confirmed in a chemical proteomics
assay using MB108 (THL-biotin, Figure 3B) and FP-biotin (Figure 3C), respectively (Figure
3D and 3E, respectively). Based on its activity and selectivity profile, it was decided to
test LEI110 in a cellular assay to investigate how the PLAAT3 product formation was
affected by this inhibitor. To this end, human PLAAT3 was transfected in U20S cells which
were then incubated with vehicle (DMSO) or LEI110 (10 uM) in serum-free conditions.
This led to a time-dependent increase in arachidonic acid, a product of PLAAT3, as
determined by targeted lipidomics, which could be almost completely abolished by
LEI110 (Figure 3F). Taken together, the results indicate that LEI110 is a potent, selective
and cell-permeable PLAAT3 inhibitor.
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Figure 3. (A) Competitive ABPP of compound 1 and LEI110 against endogenous PLAAT3 using MBO064 in the
cytosol proteome of mouse WAT and BAT and Western blot of the ABPP gel using an anti-PLAAT3 antibody.
Both inhibitors block the activity of PLAAT3 at 10 uM. (B) Chemical structure of MB108 (THL-biotin). (C)
Chemical structure of FP-biotin. (D) MB108 and FP-biotin based chemoproteomic analysis of serine hydrolase
activities in the mouse WAT cytosol proteome treated with LEI110 (10 uM). (E) MB108 and FP-biotin based
chemoproteomic analysis of serine hydrolase activities in the mouse BAT cytosol proteome treated with LEI110
(10 uM). (F) In situ treatment of U20S cells overexpressing PLAAT3 with LEI110 (10 uM, 4 h or 8 h) reduced
arachidonic acid (AA) levels that were induced by PLAAT3.

Genetic studies have previously demonstrated that PLAAT3 regulates lipolysis;> 4

therefore it was decided to test LEI110 phenotypic assay with human hepatocytes.
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Stimulation of HepG2 cells with oleic acid induces steatosis that eventually results in lipid
droplet formation, as visualized by Adipored, which is a widely used in vitro model to
study fatty liver disease.> ® Since PLAAT3 activity could not be visualized in HepG2 cells
using the ABPP method which was described in chapter 2 and this may be probably due
to its low abundance, a quantitative RT-PCR method was used to confirm PLAAT3 mRNA
expression in HepG2 cells (Table 2). Of note, relatively high level of mRNA for PLAAT3 (Ct
value: 24.1) was found when compared to PLAAT1 (Ct value: 34.0), PLAAT2 (Ct value:
32.3) and PLAATA4 (Ct value: 30.8). In addition, the selectivity of LEI110 in HepG2 cells was
confirmed in a chemical proteomics assay with MB108 and FP-biotin (Figure 4A). Next,
HepG2 cells were incubated with LEI110 (10 uM) before oleic acid treatment and a
reduction in lipid droplet formation was observed, which indicates that LEI110 modulates
lipolysis (Figure 4B). This is in line with previous reports showing that PLAAT3 modulates

lipid metabolism in HepG2 cells or adipocytes.>”

Table 2. Summary table of the Ct values in gPCR analysis for different HRASLS-gene detection in HepG2 cells (GAPDH as

the house-keeping gene)

Gene name GAPDH PLAAT1 PLAAT2 PLAAT3 PLAAT4 PLAATS

Ct values 15.0+0.3 34.0+0.3 32.2+0.5 24.1+0.4 30.8+0.4 n.d.”

* n.d. indicates not determined

A B C

LEI110/DMSO ratio

DMSO  OA+DMSO OA+LEI110

Figure 4. Biochemical characterization of compound LEI110. (A) MB108 and FP-biotin based chemoproteomic
analysis of serine hydrolase activities in HepG2 cell lysate proteome treated with LEI110 (10 uM). (B) In situ
treatment of HepG2 cells with LEI110 (10 uM, 24 h) reversed the lipid accumulation in the cells induced by oleic
acid (OA, 100 uM, 24 h). (C) Structure-guided modelling 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 m-interactions. Data represent mean values + SEM for at least 3 replicates. *, p <

0.05, **, p < 0.01, *** p <0.001 using Student’s t-test.
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4.3 Conclusions

In summary, here it was shown that LEI110, a potent PLAAT3 inhibitor (Ki = 20 nM),
reduces cellular arachidonic acid levels in PLAAT3-overexpressing U20S cells and oleic
acid-induced steatosis in human HepG2 cells. Gel-based ABPP and chemical proteomics
showed that LEI110 is a selective pan-inhibitor of the HRASLS-family of thiol hydrolases
(i.e. PLAAT2, PLAAT3 and PLAATS). a-Ketoamides have previously been employed as
pharmacophore for the inhibition of hydrolases®!° and are incorporated in marketed
drugs for the treatment of the viral infection with hepatitis C (e.g., boceprevir);1% 12
therefore, it is anticipated that LEI110 constitutes an excellent starting point for the
structure-based drug development of novel molecular therapies for obesity and/or

common cold.
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4.4 Experimental procedures

Plasmids. Full-length human cDNA of PLAAT3, A-C1, PLAAT2, PLAAT4 and PLAATS (from
Prof. N. Ueda’s lab) were 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. Two-step PCR mutagenesis was performed to
substitute the active site cysteine for an alanine (A) or serine (S) in the PLAAT3-FLAG,
PLAAT2, PLAAT4 and PLAATS, respectively to obtain the corresponding mutants.
Plasmids were isolated from transformed XL-10 Goldcompetent cells (Maxi Prep kit:
Qiagen) and sequenced at Macrogen. Sequences were analyzed and verified (CLC Main
Workbench).

Cell culture

General. HEK293T, U20S and HepG?2 cells were kept in culture at 37 °C under 7% COz in
DMEM containing phenol red, stable glutamine, 10% (v/v) New Born Calf Serum (Thermo
Fisher), and penicillin and streptomycin (200 pug/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.*3
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 (PEIl, 1 mg/mL) (60 pg/15-cm dish)
and plasmid DNA (20 pg/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.
Supernatant was discarded and cell pellets were snap-frozen in liquid nitrogen and
stored at -80 °C until sample preparation.

For Figure 3F, a slightly altered procedure and a different cell line was used: one day prior
to transfection, U20S cells were seeded in 6-cm dishes. After 24 h, a mixture of
polyethyleneimine (PEI, 1 mg/mL) (8 ug/6-cm dish) and plasmid DNA (2.7 pg/dish) were
incubated in serum free culture medium (15 min, RT), and then added dropwise to the
cells. After 24 h, medium was aspirated and cells were washed once with serum free

medium. New serum free medium supplemented with DMSO (final concentration 0.1%,
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v/v) or LEI110 (final concentration: 10 uM) were added in the dishes. After 4 or 8 h
incubation at 37 °C under 7% CO-, cells were harvested for lipidomics analysis.

In situ treatment on HepG2 cells. For Figure 3E, a liver hepatocellular carcinoma cell line
HepG2 cells was used. One day prior to treatment, HepG2 cells were seeded in a 48-well
plate. After 24 h, the medium was aspirated and cells were treated with 100 uM oleic
acid (OA) or DMSO in the absence or presence of LEI110 (final concentration: 10 uM).
After 24 h, medium was aspirated and cells were washed once with PBS, then AdipoRed
Assay Reagent (3% in PBS, PT-7009, Lonza) was added. After 10 min, place the plate in
the fluorimeter (Tecan infinite M1000 pro), and measure the fluorescence in a 3 x 3 grid

with excitation at 485 nm and emission at 572 nm.
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 MgClz, 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 HCI, pH 8, 2 mM DTT) by thorough pipetting and passage through an insulin
needle (29G). Protein concentrations were determined by a Quick Start™ Bradford
Protein Assay or Qubit™ protein assay (Invitrogen). Samples were flash frozen in liquid
nitrogen and stored at -80 °C until further use.

Mouse tissue proteome preparation. Mouse brains (C57BI6) were isolated according to
guidelines approved by the ethical committee of Leiden University (DEC#13191), frozen
in liquid nitrogen, and stored at -80 °C until use. Tissues were thawed on ice, dounce
homogenized in cold lysis buffer (50 mM Tris HCI, pH 8, 2 mM DTT, 1 mM MgCl, 2.5 U/mL
benzonase) and incubated on ice (15 min), followed by low-speed centrifugation (2500
g, 3 min, 4°C) to remove debris. After high-speed centrifugation (100.000 g, 45 min, 4°C)
the supernatant was collected as the cytosol proteome, flash frozen in liquid nitrogen
and stored at -80 °C for further use.

Mouse white or brown adipose tissue (C57BI6) were isolated according to guidelines
approved by the ethical committee of Leiden University (DEC#13191) and were
immediately dounce homogenized in cold lysis buffer, followed by low-speed spin (2500
g, 3 min, 4°C) to remove the debris. The membrane and cytosol proteome were prepared

followed by the same procedure as for the mouse brains described above.

Activity based protein profiling on transiently transfected HEK293T cell lysate. Gel-
based activity based protein profiling (ABPP) was performed with minor alterations of
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the previously reported protocol.'® For ABPP assays on HEK293T cells overexpressing
PLAAT3, the cytosol proteome (0.5 mg/mL, 20 ulL) was pre-incubated with vehicle
(DMSO) or inhibitor (0.5 pL in DMSO, 30 min, RT) followed by an incubation with the
activity based probe MB064 (final concentration: 250 nM, 20 min, RT). The incubation
protocols for HRASLS2, RARRES3 and iNAT were similar except for the protein
concentration (0.25 mg/mL, 1 mg/mL, 1 mg/mL, respectively) and probe concentration
(250 nM, 500 nM, 500 nM). 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 pL of 4x Laemmli buffer (5
pL, 240 mM Tris (pH 6.8), 8% (w/v) SDS, 40% (v/v) glycerol, 5% (v/v) B-mercaptoethanol,
0.04% (v/v) bromophenol blue). 10 pl 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. Experiments were done 3 times individually.
Fluorescence was normalized to Coomassie staining and quantified with Image Lab (Bio-

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

Activity based protein profiling on mouse brain proteome. Mouse brain membrane or
cytosol proteome (2 mg/mL, 20 ulL) was incubated with vehicle (DMSO) or inhibitor (0.5
puL in DMSO, 30 min, RT) followed by an incubation with the activity based probe MB064
(final concentration: 500 nM, 20 min, RT) or FP-TAMRA (Thermo Fisher, 88318, final
concentration: 500 nM, 20min, RT). The reaction was quenched with 7 uL of 4x Laemmli
buffer and the proteins were resolved and visualized using the same procedures as for
the transfected HEK293T cells.

Activity based protein profiling on mouse adipose tissue. Brown or white adipose tissue
cytosol proteome (1 mg/mL, 20 uL) was incubated with vehicle (DMSO) or inhibitor (0.5
puL in DMSO, 30 min, RT) followed by an incubation with the activity based probe MB064
(final concentration: 2 uM, 20 min, RT). The reaction was quenched with 7 uL of 4x
Laemmli buffer and the proteins were resolved and visualized using the same procedures
as for the transfected HEK293T cells.

Western Blot. Western blots were performed as previously reported.” After the ABPP
assay, the proteins on the SDS-PAGE gel were transferred to a PVDF membrane using a
Trans-Blot Turbo™ Transfer system (Bio-Rad). For anti-FLAG antibody, membranes were
washed with TBS (50 mM Tris, 150 mM NaCl) and blocked with 5% milk in TBST (50 mM
Tris, 150 mM NaCl, 0.05% Tween 20) for 1 h at RT (anti-FLAG antibody) or overnight at 4
°C (for anti-PLAAT3 antibody). Membranes were then incubated with primary antibody
in 5% milk TBST for 1 h at RT, washed with TBST, incubated with matching secondary
antibody in 5% milk TBST for 1 h at RT and subsequently washed with TBST and TBS. The
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blot was developed in the dark using an imaging solution (10 mL luminal solution, 100 pL
ECL enhancer and 3 pL 30% H202). Chemiluminescence was visualized using a ChemiDoc
MP (BioRad) with standard chemiluminescence settings. For anti-PLAAT3 antibody, the
protocol was similar except that PBS or PBST were used as the washing buffer and
blocking buffer instead of TBS or TBST, respectively.

Primary antibodies: monoclonal mouse-anti-PLAAT3 (1:200, Abnova, H00011145-M02),
monoclonal mouse-anti-FLAG (1:5000, Sigma Aldrich, F3156). Secondary antibodies:
HRP-coupled-goat-anti-mouse (1:5000, Santa Cruz, sc2005).

qPCR. For the gPCR experiments, NucleoSpin® RNA kit (Macherey-Nagel) was used for
the total RNA isolation, the transcriptase (Thermo Scientific Maxima Reverse
Transcriptase) was used for cDNA synthesis and the 2x SYBR Green gPCR Master (Bimake)
was used for qPCR following the manufacturer’s protocols. Primers used were listed in
the supplementary figures. The experiment was carried out in duplicate and repeated
twice.

Fluorescent substrate assay. The fluorescent substrate assay was based on a previously
reported method.'* Liposomes were prepared by slowly injecting a concentrated
solution of the substrate Red/Green Bodipy PC-A2 (2.5 mM, in DMSO, Invitrogen,
A10072), DOPC (10 mM in ethanol, Avanti Polar Lipids, Alabaster, AL) and DOPG
(10mM in ethanol, Avanti Polar Lipids, Alabaster, AL) into the assay buffer (50 mM Tris-
HCI pH 8, 1 mM CacClz, 100 mM Nacl).

Relevant concentrations of compounds are prepared in DMSO. The cytosolic protein
fraction of HEK293T cells transiently overexpressing PLAAT3 was diluted to 0.6 mg/mL in
assay buffer. 50 uL of protein dilution was added in a dark flat-bottom Greiner 96-well
plate and incubated with the compounds or vehicle for 30 min at RT. A sample with mock
transfected cytosolic protein lysate incubated with DMSO was incorporated for
background subtraction. 50 L of the substrate liposome solution was added (Bodipy PC-
A2, final concentration: 2.5 uM) and the fluorescence measurement was started
immediately on a TECAN infinite M1000 pro (37 °C, continuous scanning for 1 h;
excitation 488 nm, emission 530 nm). A standard curve of Bodipy FL C5 (D3834,
Invitrogen) (the cleavage product of Bodipy PC-A2) was used for evaluating the amount
of substrate conversion). The enzyme activity rates were calculated from the steady-
state measured in the first 10 min of the reaction. The assay was carried out in duplicate
and repeated twice. The data were corrected by the background of mock lysate,
normalized by the residual protein activity at 100 % and then evaluated using GraphPad
Prism® 7.
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Targeted lipidomics

Targeted lipidomics was performed as described previously with minor modifications.”
15 |n brief, lipids were extracted using liquid-liquid extraction method (MTBE: Methyl tert-
butyl ether) from in situ treated U20S cells (hPLAAT3-construct transiently expressed, 4
or 8 h, 10 uM LEI110 or vehicle (0.1% DMSO) treatment). The resulting samples are
separated and quantified using LC-MS/MS platform.

Activity-based proteomics

Activity-based proteomics was performed based on previously described procedures.®
17 In summary, mouse adipose tissue cytosol proteome or HepG2 cell cytosol proteome
(250 pL at 1.0 mg/mL) was incubated with vehicle (2% DMSO) or inhibitor (LEI110, 10
UM, 30 min, RT). The heat-inactivated proteome were used for background correction.
The proteomes were then labeled with MB108 (THL-biotin) or FP-Biotin (sc-215056A, 10
UM, 20 min, RT), enriched using avidin (pulldown) and on-bead digestion. The resulting
peptides are measured, identified and quantified by LC-MS/MS.

Statistical methods

All data are shown as the mean + SEM where applicable. A Student’s t-test (unpaired,
two-tailed) was used to determine differences between two groups. All statistical
analyses were conducted using Excel or GraphPad Prism version 7, and a p-value less

than 0.05 was considered significant throughout unless indicated otherwise.

A sample size of n = 3 was sufficient to detect 2 50% inhibition of protein labeling with a
20% standard deviation and a power of 80% at a p < 0.05. Routinely, a protein is

considered to be an off-target, if 50% inhibition of activity is reached at 10 pM.
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4.6 Supporting Information

Table S1. Summary table of the primers used for the gPCR analysis with their corresponding gene names.

Accession Number Gene name Forward(5'-3') Reverse (5'-3')
XM_011544751 HRASLS GTTCCGTCCTGGCTATCAGC CTGCATTTTCACCAGGGCCT
XM_011545120 HRASLS2 GAGACTTGGAGACCTGATTGA GCTTGTTATTGACCCTGTAG
XM_006718426 PLA2G16 AGCGAAATCGAGCCTGG CCAGATGAACCACATATCCA
NM_004585 RARRES3 AGCTGATCCACAAACAAGAG CCAGATGGATCACGTAGCCA
XM_011544751 HRASLS5 AATTGGCTATGAGCACTGG AGACGACTGTATTTCACCAC
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Chapter 5

5.1 Introduction

In 1996, Piomelli and coworkers characterized the Ca?-dependent biosynthesis of N-
acylphosphatidylethanolamines (NAPE) in cortical neurons and rat brain tissue. 2 The enzyme
responsible for the Ca?*-dependent formation of NAPEs remained elusive until Cravatt and
colleagues showed that PLA2GA4E (also known as cPLA:g) was able to transfer an acyl chain from
the sn-1 position of phosphatidylcholine (PC) to the amine of phosphatidylethanolamine (PE),
thereby effectively producing NAPEs.3

PLA2G4E was previously discovered in a comprehensive homology search against murine
genome and EST databases and annotated as a phospholipase A (PLA).* It belongs to the
cytosolic phospholipase A2 group IV (PLA2G4) proteins, a subfamily from the PLA2 proteins,
which catalyze the hydrolysis of the sn-2 acyl bond of phospholipids, thereby releasing fatty
acids. This leads to a cascade of lipid second messengers, which regulates a wide variety of
physiological responses and plays an important role in diseases, such as cancer.® There are six
members in this protein family, namely PLA2G4A, PLA2G4B, PLA2GA4C, PLA2G4D, PLA2G4E and
PLA2GAF. These proteins are structurally similar. They all contain a N-terminal C2 domain
(except PLA2G4C) and a C-terminal catalytic domain. The C2 domain has a binding site for
intracellular Ca?*. When calcium ions bind, the protein is transported from the cytosol to the
Golgi membrane, which is needed for catalytic activity.® The catalytic pocket contains a Ser/Asp
dyad which lays in the a/B hydrolase fold.® 7 In contrast to the other family members, PLA2GA4E
has a strong preference for catalyzing the N-acyltransferase reactions over phospholipid
hydrolysis.

PLA2GA4E has high mRNA expression levels in heart, skeletal muscle, testis and thyroid and low
expression in brain and stomach. PLA2G4E was previously found to play an important role within
the clathrin-independent transport pathway, which is involved in the uptake and recycling of
cargo proteins, such as MHC-1.2 Two isoforms of human PLA2G4E (hPLA2G4E-A and hPLA2GA4E-
B) have been identified. Their activity is potently stimulated by phosphatidylserine (PS).°
Endogenous PS and other anionic phospholipids (such as phosphatidic acid and
phosphatidylinositol 4,5-bisphosphate) affect the localization and enzyme activity of PLA2G4E.%°
Currently, there are no inhibitors of PLA2G4E available that could help to elucidate the biological
role of PLA2GA4E. In this chapter, competitive activity based protein profiling (ABPP) is used to
identify the first inhibitors of PLA2G4E.

5.2 Results and discussion

To test whether the fluorescently labeled fluorophosphonate probe TAMRA-FP could be used
in a competitive ABPP experiment, TAMRA-FP was incubated with the membrane fraction of
human embryonic kidney 293T (HEK293T) cells that transiently overexpressed human PLA2G4E
fused to a FLAG-tag. Resolving the proteins by sodium dodecyl sulfate polyacrylamide gel
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electrophoresis (SDS-PAGE) and in-gel fluorescent scanning revealed a fluorescent band at the
expected MW, which overlapped with a band visualized by the FLAG-tag antibody. This band
was absent in mock-transfected cells (Figure 2A, left). The labeling was dependent on both the
probe and protein concentration (Figure 2A, right panels). A protein concentration of 0.25 pg/uL
and probe concentration of 0.05 uM were chosen as the optimal ABPP conditions. Removal of
Ca’*-ions from the incubation buffer resulted in a strong decrease in labeling, thereby
confirming the Ca%*-dependency of the enzyme activity (Figure 2B). Fluorescent labeling of the
protein was optimal at 3 mM Ca?* and at pH 8.0 (Figure 2C-D). A 5 min incubation was sufficient
to generate a robust fluorescent signal. Taken together, these results demonstrated that
TAMRA-FP can efficiently label active human PLA2G4E and optimal ABPP assay conditions were
found that could be used to identify inhibitors of PLA2G4E.
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Figure 2. (A) Confirmation of hPLA2GAE overexpression with ABPP and western blot (left) and ABPP labeling of
hPLA2GA4E with probe TAMRA-FP at different probe or protein concentrations (right) (N=2). For protein concentration
optimization 500 nM TAMRA-FP was used. For probe concentration optimization 0.25 mg/mL protein was used. (B) Gel-
based ABPP to test the difference in labeling with TAMRA-FP (0.5 uM, 20 min at RT) on the membrane fraction of
hPLA2GA4E (1 pg/uL) overexpression lysate in the presence or absence of calcium (CaCl;, 3 mM). (C, D, E) Optimization
of ABPP conditions for hPLA2GA4E using probe TAMRA-FP. For pH optimization 500 nM TAMRA-FP, 1 mg/mL protein and
3 mM CaCl; were used; for Ca?* concentration optimization 500 nM TAMRA-FP and 0.5 mg/mL protein were used; for

incubation time optimization 62.5 nM TAMRA-FP, 0.25 mg/mL protein and 3 mM CaCl, were used (N=2).

67



Chapter 5

Next, a focused library of 223 compounds'! was screened at 10 uM in a competitive gel-based
ABPP format. Compounds that inhibited fluorescent labeling of PLA2G4E over 50% were
retested. Eight compounds (6, 7, 8, 45, 177, 180, 195 and 196) reduced protein activity by more
than 80% and were designated as potential hits (Figure 3; Table 1). These compounds could be
divided into two different clusters based on their scaffolds: compounds 45, 177, 180, 195 and
196 belong to the triazoleurea class of inhibitors, whereas compounds 6-8 constitute the
bromoenol lactone class.
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Figure 3. Summary of all tested compounds (10 uM) with corrected residual protein activity of hPLA2G4E (N=1). The
data is presented in percentage (%) and lower percentage indicates higher inhibitory activity. The potential hits (>80%

inhibition) are highlighted in red.

The compounds showing more than 80% inhibition at 10 uM were tested in a concentration-
response manner to determine their ICso values (Table 1). (The ICso curves are shown in Figure
S1).

Table 1. The chemical structures, ICso values and plCso values with standard deviations of 8 inhibitors of hPLA2G4E (N=3).
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Compound 195 and 196 were the most potent inhibitors with plCso values of 6.2 £ 0.1
and 6.1 £ 0.1, respectively. In order to better profile the selectivity of these compounds,
not only the most compounds (195 and 196) but also compounds from other scaffolds
(6-8 and 45) were subjected to gel-based ABPP using mouse brain membrane and cytosol

proteome (Figure 4).
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Figure 4. Selectivity of six inhibitors on mouse brain membrane and cytosol. The results of ABPP gel of the
inhibitors (10 uM of 6, 7, 8, 45, 195 and 196) on mouse brain proteins of the membrane and cytosol (2.5 pg/uL).
This is detected by reactions with TAMRA-FP (0.5 uM, 20 min at RT). The samples have been loaded on a 10%

SDS-PAGE gel. Coomassie staining was done as protein loading control.

At 10 uM, compounds 45, 195 and 196 reduced fluorescence labeling of proteins with a

MW around 25, 35, 60 and 75 kDa in the mouse brain membrane proteome. Compounds
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6-8 showed no off-targets at 10 uM. Of note, compound 6 increases the labeling of a
protein at around 35 kDa in the cytosol. Overall, the compounds 6-8 are more selective
than compounds 45, 195 and 196.

To gain more insight into the selectivity of these compounds over the other proteins of
the PLA2G4 family an ABPP method was developed as described above for mouse
PLA2G4A-D and human PLA2G4A, C and D. In total, four proteins (mPLA2G4B, hPLA2GA4C,
mMPLA2G4C and mPLA2G4D) could be successfully labeled (Figure 5) (See Sl Figure S2 for
optimization results).
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Figure 5. Gel-based ABPP for PLA2G4 protein family members. mPLA2G4B, mPLA2G4C, hPLA2G4C, and
mPLA2G4D could be labelled with TAMRA-FP (0.5 uM, 20 min at RT). The samples were loaded on a 10% SDS-
PAGE gel. The labeled PLA2G4 proteins are marked with a red box.

Neither of the eight compounds showed any activity on mPLA2G4B and mPLA2G4C
(Table S1). Five compounds inhibited mPLA2G4D with more than 80% and were tested
in a concentration-response manner (Table 2, inhibition curves in Figure S3). Compounds
6-8 showed submicromolar activity on mPLA2G4D (plCso: 6.1-6.3), whereas compounds

195 and 196 showed somewhat lower activity (plCso< 6).

Table 2. pICso values for the compounds which showed inhibition for mPLA2G4D (N=3).

compound 6 7 8 195 196

pIC50 +S.D. 6.3+0.1 6.3+0.1 6.1+0.1 5.8+0.1 5.8+0.1
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5.3 Conclusions

This chapter reported on the discovery of the first inhibitors of PLA2G4E. A competitive,
gel-based ABPP method for PLA2G4E using TAMRA-FP was successfully developed and
applied to screen a focused library of lipase inhibitors. This resulted in the discovery of
two clusters of inhibitors with different scaffolds. The triazoleurea inhibitors were the
most potent inhibitors with submicromolar activity, whereas the bromoenol lactone
inhibitors were less potent, but more selective as determined by gel-based ABPP using
mouse brain proteomes. Optimization of the potency and selectivity of the inhibitors is
required to be able to use them to study the biological role of PLA2GA4E in an acute and

dynamic setting with these novel tools.
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5.4 Experimental procedures

Plasmids. Full-length human cDNA of PLA2G4A, C-E, and mouse cDNA of PLA2G4A-D
were 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 sites 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% CO> in DMEM containing
phenol red, stable glutamine, 10% (v/v) New Born Calf Serum (Thermo Fisher), and
penicillin and streptomycin (200 pg/mL each; Duchefa). Medium was refreshed every 2-
3 days and cells were passaged twice a week at 80-90% confluence. Cell lines were

purchased from ATCC and were regularly tested for mycoplasma contamination.

Transient transfection. Transient transfection was performed as previously described.!?
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 (PEl, 1 mg/mL) (60 pg/15-cm dish)
and plasmid DNA (20 pg/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 x g) and the pellet was washed with PBS.
Supernatant was discarded and 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 HCI, pH 8, 2 mM DTT, 1 mM MgCl, 25 U/mL
benzonase) and incubated on ice (30 min). The cell lysate was collected and centrifuged
(100,000 x g, 45 min, 4 °C, Beckman Coulter, Ti 70.1 rotor). The supernatant was collected
(cytosolic fraction) and the pellet (membrane fraction) was resuspended in cold storage
buffer (50 mM Tris HCI, pH 8, 2 mM DTT) by thorough pipetting and passage through an

insulin needle (29G). Protein concentrations were determined by a Quick Start™
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Bradford Protein Assay or Qubit™ 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.'? For ABPP assays on HEK293T cells overexpressing the
corresponding PLA2G4 proteins, the cytosol proteome (0.5 mg/mL, 20 ulL) was pre-
incubated with vehicle (DMSO) or inhibitor (0.5 puL in DMSO, 30 min, RT) followed by an
incubation with the activity based probe TAMRA-FP for 5 min (PLA2G4E) or 20 min
(PLA2G4A-D). Final concentrations for the inhibitors were indicated in the main text and
figure legends. Reactions were quenched with 7 pL of 4x Laemmli buffer (5 pL, 240 mM
Tris (pH 6.8), 8% (w/v) SDS, 40% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.04% (v/v)
bromophenol blue). 10 uL 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. Experiments were done 3 times individually. Fluorescence was
normalized to Coomassie staining and quantified with Image Lab (Bio-Rad). ICso curves
were fitted with Graphpad Prism® 7 (Graphpad Software Inc.).

Western Blot. Western blots were performed as previously reported.!® After the ABPP
assay, the proteins on the SDS-PAGE gel were transferred to a membrane using a Trans-
Blot Turbo™ Transfer system (Bio-Rad). For anti-FLAG antibody, Membranes were
washed with TBS (50 mM Tris, 150 mM NaCl) and blocked with 5% milk in TBST (50 mM
Tris, 150 mM NaCl, 0.05% Tween 20) for 1 h at RT. Membranes were then incubated with
primary mouse anti-flag (0.02%) antibody in 5% milk TBST for 1 h at RT, washed with
TBST, incubated with matching secondary antibody goat anti-mouse (0.02%) in 5% milk
TBST for 1 h at RT and subsequently washed with TBST and TBS. The blot was developed
in the dark using an imaging solution (10 mL luminol solution, 100 pL ECL enhancer and
3 puL 30% H2032). Chemiluminescence was visualized using a ChemiDoc XRS (BioRad) with

standard chemiluminescence settings.

Primary antibodies: monoclonal mouse-anti-FLAG (1:5000, Sigma Aldrich, F3156).
Secondary antibodies: HRP-coupled-goat-anti-mouse (1:5000, Santa Cruz, sc2005).
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Figure S1. Dose response curves of compounds which have been tested on hPLA2G4E (N=3).
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Figure S2. Optimization of ABPP for mPLA2G4B, mPLA2G4C and mPLA2G4D. (A)&(B) Gel-based ABPP for optimization
of the TAMRA-FP concentration (0; 0.025; 0.05; 0.125; 0.25; 0.5 pM, 20 min at RT) for the reaction with the cytosol
fraction of mPLA2G4B and mPLA2GA4C (1 pg/uL). (C) Gel-based ABPP for the TAMRA-FP concentration (0; 0.0125; 0.025;
0.05; 0.125; 0.25 pM, 20 min at RT) for the cytosol fraction of mPLA2G4D (0.5 ug/uL). (D) Gel-based ABPP for the
difference of with and without calcium (3 mM) on mPLA2G4D (1.0 pg/uL) labelling by TAMRA-FP (0.5 uM, 20 min at RT).

The samples are loaded on a 10% SDS-PAGE gel and Coomassie staining was used for the protein loading correction.
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Figure S3. Dose response curves of compounds which have been tested on mPLA2G4D (N=3).

Table S1. Inhibitory activity of selected 8 compounds against mPLA2GB, mPLA2GC and mPLA2GD, respectively, in the
gel-based ABPP assay. The data shows the residual protein activity in percentage and lower percentage number

indicates high inhibitory activity of the inhibitor at 10 uM (N=1).

6 7 8 45 177 180 195 196
mPLA2GB 100 98 90 63 62 60 58 71
mPLA2GC 100 89 82 100 100 100 100 98
mPLA2GD 14 6 12 58 41 28 8 4
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Chapter 6

6.1 Summary

In Chapter 1, the endocannabinoid anandamide (N-arachidonoylethanolamine, AEA) is
described as an endogenous ligand capable of activating the cannabinoid receptors. A part from
AEA, several other structurally related N-Acylethanolamines (NAEs), such as
Palmitoylethanolamide (PEA), Oleoylethanolamide (OEA), Stearoylethanolamide (SEA) and
Docosahexaenoylethanolamide (DHEA), and their biosynthetic pathways were introduced. N-
acyltransferases (NAT) perform the first rate-limiting step in the biosynthesis of NAEs. There are
two classes of NATs: Ca?*-dependent NAT (Ca-NAT) and Ca?*-independent NATs (PLAAT1-5).!
Recently, Cravatt and colleagues showed that PLA2G4E (also known as cPLAz¢€) is a Ca-NAT and
transfers an acyl chain from the sn-1 position of phosphatidylcholine (PC) to the amine of
phosphatidylethanolamine (PE), thereby effectively producing NAPEs.?2 PLA2GA4E belongs to the
family of cytosolic phospholipase A2 group IV (PLA2G4) proteins, of which there are six members
(PLA2G4A, PLA2G4B, PLA2GAC, PLA2GAD, PLA2GAE and PLA2GA4F). In contrast to the other
family members, PLA2GA4E has a strong preference for catalyzing the N-acyltransferase reaction
over phospholipid hydrolysis.

The human phospholipase A/acyl transferase (PLAAT1-5) family consists of five members
(namely, PLA/AT 1-5) of which two are absent in rodents (i.e. PLAAT2 and PLAAT4).> 4 They are
the protein products of the Hrasls genes.” PLAATs possess Ca?* 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 catalysis of the acyl chain
transfer from the sn-1 position of glycerophospholipids to the amine function of PE.* All
enzymes, except PLAAT3, show a preference for PLA1 activity over PLA2 activity. Depending on

the assay conditions the substrate preference of PLAAT3 may shift.

Taken together, PLAAT and PLA2GA4E are involved in the main biosynthetic pathways of NAEs,
which make them highly interesting drug targets when there is a need to manipulate the level
of NAEs in a disease-related situation.®® The aim of the research described in this thesis focused
on the development of activity-based protein profiling assays to identify inhibitors for these

enzymes.

In Chapter 2, activity-based probe (ABP) MBO064, previously developed for monitoring
diacylglycerol lipase-a/p activity, was used to profile the activity of PLAAT3 enzyme. MB064 was
able to label endogenous PLAAT3 in an activity-dependent manner in brown and white adipose
tissue. A small focused library of 50 lipase inhibitors was screen at 10 uM in a competitive ABPP
format using recombinant overexpressed protein to discover inhibitors for PLAAT3. This

resulted in the discovery of an a-ketoamide (compound 1) that almost completely inhibited the
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activity of PLAAT3 at 10 uM. Compound 1 inhibited also other members of PLAAT family, but
was selective over other serine hydrolases.

In Chapter 3 the hit optimization and structure activity relationships of the a-ketoamide
inhibitors are described. It was shown that the a-keto and the substituent on the amide group
were crucial for the inhibitory activity. The 3-phenylpropanyl moiety (as depicted in compound
37) was found to be the optimal fragment as the a-keto subsituent. Compounds 49 and 50 were
potent and selective inhibitors for PLAATS5, whereas compound 48 and 60 (also named LEI110)
were identified as potent and selective inhibitors for PLAAT3 and 5.

In Chapter 4 the biological profiling of LEI110 is described. LEI110 was found to be a potent,
selective and cell permeable inhibitor of PLAAT3. It reduced cellular arachidonic acid levels in
PLAAT3 overexpressing U20S cells and oleic acid-induced steatosis in human HepG2 cells. To
gain insight in the molecular interactions of a-ketoamides with PLAAT3, LEI110 and 1 were
docked in a PLAAT3 crystal structure. LEI110 and 1 were covalently attached to Cys113 and a
molecular dynamics simulation was performed. It was observed that the oxyanion could form a
hydrogen bond with His23, as well as n-rt stacking with Tyr21. It is anticipated that LEI110
constitutes an excellent starting point for the structure-based drug development of novel

molecular therapies for obesity and/or common cold.

Chapter 5 reports on the development of an ABPP assay to profile the activity of PLA2G4E with
TAMRA-FP. A library of more than 200 compounds was screened at 10 uM for human PLA2GA4E.
Eight inhibitors showed less than 20% residual activity of human PLA2G4E. ESC386 and ESC387
were the most potent inhibitors with plCso values of 6.2 £ 0.1 and 6.1 + 0.1, respectively. These
compounds represent the first-in-class inhibitors of PLA2G4E and form an excellent starting

point for further probe development.
6.2 Future prospects.

Although the competitive gel-based APPP assay was successful in the identification of
novel inhibitors for PLAAT2-5° and PLA2GA4E, it cannot be used for high throughput
screening. In a classical competitive ABPP assay the workflow is labor intensive and
requires the separation of proteins on SDS-PAGE, which is not compatible with an HTS-
assay.l® Therefore, there is an urgent need to develop plate-based assays for high-
throughput screening. One option would be to use a fluorescence polarization assay,
which has been widely used in the small molecular screening and drug development.!!
Fluorescence polarization activity-based protein profiling (FluoPol-ABPP) was first
developed by Cravatt and co-workers to screen for inhibitors of uncharacterized
enzymes.’> The ABP, which contains a small fluorophore, rotates quickly and emit
depolarized light when it does not bind to the target protein. Once bound to the target
protein, the probe rotates slowly and emits polarized light. This technology was
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introduced to address the limitation of traditional competitive ABPP methods. This assay
format was also recently applied to identify inhibitors for human non-lysosomal
glucosylceramidase (GBA2).!® In these FluoPol-ABPP studies, tetramethylrhodamine
(TMR) was used as a fluorescent dye. MB064 contains a BODIPY-dye, which is very
lipophilic and not compatible with screening membrane proteins, such as the PLA2G4E
and PLAATS, in solution. Therefore, it would be of interest to synthesize a new probe
(Figure 1B) in which the BODIPY is replaced by TMR, to be used in FluoPol-ABPP assays.
To determine the selectivity profile of the hits, it is advised to perform competitive ABPP

with brain membrane and soluble proteomes with the classical gel-based format.

@/
=N

Figure 1. (A) Chemical structure of probe MB064; (B) Proposed new probe for FluoPol-ABPP.

Furthermore, there is still a need for more potent and selective inhibitors for each of the
individual PLAAT proteins.® Since the crystal structure of PLAAT3 has been reported,*
and the docking study of LEI-110 captured the structure activity relationship of the alpha-
ketoamide series, one could use structure-based drug design and homology models of
the other PLAATSs to develop new and more potent and selective inhibitors for PLAAT3
and PLAATS.

Alternatively, targeting an allosteric site at a protein represents a novel strategy in drug
development to generate more selective compounds.>Y” Proteins from the same family
usually share a highly conserved catalytic domain, which makes it very difficult to
generate selective inhibitors when they target the active site.’® However, allosteric
binding sites may be more diverse among proteins within the same family. PLAAT1-5 also
share a highly conserved catalytic domain and the current inhibitors target the active
site, therefore it would be interesting to investigate with structure-based methods
whether potential allosteric sites in PLAATSs exist and can be exploited for drug discovery

purposes.

With potent inhibitor LEI110 in hand, the biological consequence of inhibiting PLAAT in
cells and animal models can be studied in further detail. It has been shown that the

dysregulation of the endocannabinoid system (ECS) is associated with the progress of
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gynecological disorders and cancer.” For example, in ovarian cancers, AEA was found in
the follicular fluid after ovarian stimulation by hormones.'® So it would be interesting to
treat ovarian cancer cells with LEI110 and study the maturation of follicles and oocytes.
It is also unknown whether cellular NAPEs and NAEs are affected by LEI110 treatment.
An activity-based probe can also be designed based on LEI110 (Figure 2). This probe can
be applied to visualized the PLAAT activity both in cell lysates and living cells.

A) 5

= 3
I \A@\ \N\ j—
LEI110

CF3

Figure 2. (A) Chemical structure of probe LEI110; (B) Proposed activity-based probe.

In summary, in this thesis an activity-based probe was discovered that could visualize the
activity of PLAATs. With an optimized gel-based ABPP assay in hand, screening of a
compound library led to the discovery of alpha-ketoamides as a hit for PLAAT3. Through
extensive structural modifications of the hit, LEI110 was identified as the most potent
inhibitor (Ki = 20nM) for PLAAT3. LEI110 reduced cellular arachidonic acid levels in
PLAAT3 overexpressing U20S cells and oleic acid-induced steatosis in human HepG2
cells. Gel-based ABPP and chemical proteomics showed that LEI110 is a selective pan-
inhibitor of the Hrasls-family of thiol hydrolases (i.e. PLAAT2, PLAAT3 and PLAATS).
LEI110 could be an excellent starting point for the structure-based drug development of
novel molecular therapies for obesity and/or common cold. In addition, a competitive,
gel-based ABPP method for PLA2G4E using TAMRA-FP was successfully developed and
applied to screen a focused library of lipase inhibitors. This resulted in the discovery of
two clusters of inhibitors with different scaffolds. Optimization of the potency and
selectivity of the inhibitors is required to the study of the biological role of PLA2G4E in
an acute and dynamic setting with these novel tools. Together these novel chemical tools
and methods will allow for a better understanding of the biosynthesis of the NAPEs and

to study their biological role.
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Chinese summary
g
Inhibitor discovery of phospholipase and N-acyltransferases

PR AT N e A Mg A 70 ) R

EE—FH, WIRMRIKE (NAEEDGRR CRERG, AEA) B —FhRERE IS K
FRESZARM N YEPERC R . BT AEA, I T HARJLRNS AEA S5RZRUR N-FEE O BERE
(NAE) , BlankrpemesE  BEmbi% (PEA) , JhBEE ZBEWERZ (OEA) , A AEMESE 2 BEmE A%
(SEA) A=+ BNt 2B (DHEA) , LR ENIRAEY &R E. N-BEERE
(NAT) 7E NAE [AEIE e 58— D IR IR R PEVER . NATs A H2%: Ca® fKIgAL )
NAT (Ca—-NAT) FIIHE Ca” K Hi 2 fY) NAT (PLAAT1-5) o fift, Cravatt A H:[F 314 T PLA2GAE
(RN cPLA2 & ) & —Fh Ca-NAT. %2 17T LUK BEIE B B AR BEARAR (PC) [ sn-1
N B BIBE R CREE (PE) Ml L, WA RO =4 NAPEs. PLA2GAE J& T H 5
JIEHG A2 IV 4H (PLA2G4) EREZKE, KR E /S0 (PLA2G4A, PLA2G4B, PLA2GAC,
PLA2G4D, PLA2GAE Al PLA2GAF) o 5 HAth Z2 I il 72 AN [F] 1) 2 S5 AR 7K i S A LG, PLA2GAE
Xof N-Pe S S N AT AR i (1 I PRk o

NRTEAERE A /FRREH RS (PLAATL-5) FGH AN (BRI PLAAT 1-5) , H
HH PR ANEME B T ASFEAE (B PLAAT2 F1 PLAAT4) o ‘BAI152& Hrasls PR 4S8 E 5 .
PLAATs TEARAMELATIE Ca™ I Ak AR EE 14 S S IR JES 0 A i AR IR RELIRL (PC) A i 1o
NG (PE) o FTEEAFURREEA O-BEIEFRE RIS, U0 Joide BRI M 5 R e AE A
(lyso-PC) [#) sn—1 7. XELE A FEK A N-BIEFERE R IOEE: @k Hm ek As
(1) sn—1 {7 B (B BE R4 A2 3] PE BORE3E R A Bl N-BE3E 0% i 9k £ BEZ (NAPE) . [ PLAAT3
Ah, TR )RR PLAL WEPEM T PLA2 351 . ZEARH MRS, PLAATS R4 &F
ArRE S RAEEN.

K2, PLAAT F1 PLA2G4E 25 T NAE H)E B AW E R E, XAFSIEREE 1S
AN R T BRI NAE (K, AT O AR 5 G ) 25 AR o AV ST (A T R R T B
R R T EE I S A B fE RN, R 07 S O S 1 f i 5

TEREZF, AP R T IS Bl e i - o / B IS TR 5 i ME IR (ABP)
MBO64 #% FHT-4>#7 PLAAT3 25 [ 1RIi& 1tk . MBO64 AEfs DLVE AR M 77 = e ks € A 3 (g s
HAPARIT Y PLAAT3 . A1 3% 41tk ABPP RI& MR 7 v AN B 25 ek (R 1, b
10 MM [ FEE i — AN B 15 50 AN g 7 B 1) 77 1) A & P Ok 4R PLAATS (il 45 31
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KRBT AE 10 1B JLF-58 23] PLAATS V& PRI o -BBERE (L&) 1D o (L&Y 1 i)
PLAAT SR oAb 51, (H 0T HoAth 22 R /K b g B AT b 4

ESR=F, R Tx o B SUEIRI R R . 4 REW, o -k
R 5E E R BUARIE T FIHIE M £ X E 2, R 3K A B (it &4 37
) S AF Iy a B IE R A B AL A 49 A1 50 Xt PLAATS A5 1R 5 41 355 4 A ok 43¢
P, LAY 48 160 (HFRA LET110) A2%F PLAATS Al 5 #I8 A 1R 55 1K) 4100 ) 3 2 A ik 4%
PRI 07 o

BIZTRAE T LEILI0 RIS M4 5. LEL110 &%+ PLAATS A &kf, 3k
IS E M 7). £E PLAATS 3R IA R U20S 4R, LET110 AT APRARLH M 48 4 1Y
IR Yo 7E AN HepG2 4iffar, LETL10 B#AK T HyMIRE FHINENI At N TIRANT
a —f M E 5 PLAATS A BAE F )20 T-HLH], LET110 FI4L-E4) 1 B0 #E5) PLAATS AR5 H
Ho LEIL110 FfLEW) 1 SRR Cys113, HEHAT 190 T3 124 MR E e 1
AIPLY His23 TR E s, ARt Tyr2l i o — o HERRVER . mTRATIUH, LET110 240X AEmE
/B I E R R o T VR I T S I 2T R B A

EETE, JFR T UL TAMRA-FP R4 ABPP IR 725K 20 B PLA2GAE ()it . 7
10 MM RS, ik T &A 200 Z2FLEMILEDE, KT NIE PLA2GAE (4]
Ao J\ANHIHIF R R A 2K PLA2GAE [f1%% B VS PEAN S 20 % . ESC386 Al ESC387 & 5t A 2L 141
#1770, pIC50 B 23N 6. 2420, 1 A1 6. 140. 13X Eeqb S PLA2GAE &5 A0 ) 771,
Rt — B IERE T R B T AR I RIS

SEANBX ARSI SEI TAEET T IHgIRLALS, R AR R T A TAEIET T R 2.
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