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Chapter 7

Summary and future prospects

In this thesis, the discovery and optimization is described of chemical tools to study the
N-acylethanolamine (NAE) biosynthetic pathway. In particular, two enzymes -
N-acylphosphatidylethanolamine phospholipase D (NAPE-PLD) and phospholipase A and
acyltransferase 2 (PLAAT2) — were targeted, which produce NAEs or their NAPE
precursors, respectively. To identify inhibitors for these enzymes, high-throughput
screening (HTS) or focused-library screening approaches were applied. Using structure-
activity relationship (SAR) studies, initial hits were optimized to potent inhibitors,
possessing cellular and/or invivo efficacy. On-target confirmation was achieved by
employing photoaffinity labeling (PAL) or activity-based protein profiling (ABPP). Cellular
and/or in vivo activity of the described inhibitors was confirmed with targeted lipidomics
experiments. Finally, the herein described NAPE-PLD inhibitor LEI-401 demonstrated
analgesic effects in mice that could be of therapeutic value and will be the focus of

ongoing research.

In Chapter 1, an overview is provided of the metabolism and bioactivities of NAEs.

NAEs are a family of lipid signaling molecules that includes N-palmitoylethanolamine
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(PEA), N-oleoylethanolamine (OEA), N-arachidonoylethanolamine (anandamide or AEA)
and N-docosahexaenoylethanolamine (DHEA). The NAEs exert their signaling role through
activation of several receptors in the brain as well as in the periphery. Over the past three
decades a growing list of G protein-coupled receptors (GPCRs), ion channels and nuclear
receptors were found to be targeted by specific NAEs. Most famously, anandamide was
discovered in 1992 as the first endogenous agonist for the cannabinoid CB; receptor, and
was therefore coined an endogenous cannabinoid or endocannabinoid." Continuing
studies have shown that anandamide is also an agonist for the CB, receptor and transient
receptor potential vanilloid receptor 1 (TRPV1) and, as a result, AEA is considered an
endovanilloid as well.? Many biological activities have been attributed to anandamide,
which include pain reduction®, appetite stimulation!, regulation of fertility’,
neuroprotection®, memory consolidation’ and anti-depressive® and anti-anxiety®

functions.

Furthermore, Chapter 1 discusses the therapeutic opportunities of modulating the
endogenous NAE tone including AEA, with a specific focus on depleting NAE levels. NAEs
and their metabolic enzymes were found to be aberrantly regulated and associated with
disease severity in obesitylo, metabolic syndrome“, hepatic12 and blood® cancers and
liver cirrhosis™. Pharmacological inhibition of CB; and other NAE receptors has shown
efficacy for these conditions in clinical or pre-clinical studies. Unfortunately, antagonism
of brain CB; receptors triggered adverse psychiatric side effects, leading to the market
withdrawal of the obesity drug rimonabant. Peripheral CB; receptor blockade is currently
being investigated as a new therapeutic option.'> Alternatively, targeting the biosynthetic
enzymes of NAEs may be a viable strategy for treatment of these pathological conditions.
A potential advantage of depleting NAE signaling could be that this leads to partial
antagonism, since most NAE receptors have other endogenous lipid agonists, thereby
providing a fine-tuned therapeutic effect. So far, no inhibitors are available that allow
reduction of NAE levels in cellular or animal models, making this an underexplored area of
research. New pharmacological tools that block NAE biosynthetic enzymes are therefore

needed to enable the study of NAE signaling in health and disease models.

7.1 Development of in vivo active NAPE-PLD inhibitors

Whereas the degradation of anandamide by the enzyme fatty acid amide hydrolase
(FAAH) has been well studied by genetic and pharmacological means, the exact conditions
that govern AEA biosynthesis are not completely clear.*® The zinc hydrolase NAPE-PLD is

considered to be the main enzyme that produces NAEs including AEA. However, mouse
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NAPE-PLD knock-out (KO) models have shown varying degrees of anandamide reduction,
with only two out of three studies reporting decreased brain AEA levels.*”*?
Compensatory mechanisms or other NAE biosynthetic pathways have therefore been
suggested to take over the role of NAPE-PLD." To study anandamide signaling in closer
detail, pharmacological tools are necessary that allow acute inhibition of its biosynthesis.
At present, no such tools are available for NAPE-PLD to modulate its activity in cells or

whole animals.

In Chapter 2, new chemotypes that inhibit NAPE-PLD were sought by screening a large
compound collection using high-throughput screening (HTS). A fluorescence-based
NAPE-PLD activity assay was optimized to be HTS-compatible. The assay utilizes the
fluorescence-quenched substrate PED6, which is hydrolyzed at the phosphodiester bond
by NAPE-PLD. This releases the fluorophore from the quencher, providing a fluorescence
increase proportional to the enzymatic activity. In the HTS campaign, a library of ~350,000
compounds was screened at 10 uM (single point measurement) in a 1536-well format.
After hit validation, dose-response experiments and two deselection assays, which filtered
for zinc chelators and quenchers, five hit compounds were identified. Owing to its
favorable submicromolar potency, physicochemical properties and synthetic accessibility,
pyrimidine-4-carboxamide 1 (Figure 1) was resynthesized and its activity confirmed in the
PED6 assay. Off-target profiling for the receptors and enzymes of the endocannabinoid
system (ECS) showed that 1 is selective for NAPE-PLD in vitro. Thus, compound 1
constituted a new scaffold with potential for further optimization to obtain in vivo active
NAPE-PLD inhibitors.
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Figure 1. Strategy employed to optimize hit compound 1 to potent NAPE-PLD inhibitor LEI-401.
cLogP was calculated using Chemdraw 15. Lipophilic efficiency (LipE) = pICso - cLogP.
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A structure-activity relationship (SAR) study was performed in Chapter 3 to improve
the potency of hit compound 1 for NAPE-PLD. Synthesis and activity testing of 104
analogues of 1 resulted in the identification of LEI-401, a nanomolar potent NAPE-PLD
inhibitor. Conformational restriction of the N-methylphenethylamine of 1 to an (S)-3-
phenylpiperidine increased the potency by 4-fold (compound 2, Figure 1). Modification of
the morpholine of 1 for an (S)-3-hydroxypyrrolidine further improved the inhibitory
activity by 3-fold and simultaneously reduced the lipophilicity. LEI-401 possessed
favorable physicochemical (drug- like) properties such as lipophilic efficiency (LipE) and

topological polar surface area (tPSA), making it suitable for cellular and in vivo studies.

In Chapter 4, target engagement of LEI-401 was investigated to verify its binding
interaction with NAPE-PLD in live cells. A photoaffinity labeling (PAL) approach was
chosen, which is an established technique to identify protein-drug interactions for
metallo-hydrolases.’’ Here, a photoaffinity probe covalently binds its intended target
upon UV-irradiation, allowing protein identification by gel- or chemical proteomics-based
methods. The probe-protein labeling can be displaced with a competitor, which provides
proof of target engagement. Two strategies were investigated for the development of
NAPE-PLD photoprobes. The first strategy involved synthesis of NAPE substrate mimics,
incorporating a diazirine photocrosslinker, a stabilized phosphodiester bioisostere and an
alkyne ligation handle. Biological evaluation revealed that these probes had low affinity
for NAPE-PLD in an in vitro activity assay and were not able to label NAPE-PLD in human
embryonic kidney (HEK293T) cells transiently transfected with this enzyme. A second
strategy took advantage of the NAPE-PLD inhibitor library (as described in Chapter 3) to
guide the design of pyrimidine-4-carboxamide-based photoaffinity probes. Photoprobe 3
displayed submicromolar potency for NAPE-PLD and could efficiently label this enzyme in
overexpressing HEK293T cells (Figure 3). Gel- and chemical proteomics-based competition

experiments provided evidence of NAPE-PLD target engagement by LEI-401 in live cells.

In Chapter 5, LEI-401 was profiled in cellular and animal models. First, it was
determined that LEI-401 is selective for NAPE-PLD over the receptors and enzymes in the
ECS. Targeted lipidomics measurements in mouse neuronal cells revealed that LEI-401
reduces NAE levels in wild-type (WT), but not in NAPE-PLD KO cells. Encouraged by this
result, LEI-401 was tested in C57BL/6J mice, where it showed favorable pharmacokinetic
(PK) properties. Two hours after a single intraperitoneal dose (30 mg/kg), LEI-401
displayed high brain and plasma levels. A time- and dose-dependent reduction of brain
anandamide levels was observed, matching the LEI-401 PK profile. This indicated that LEI-
401 is an in vivo active, brain penetrant NAPE-PLD inhibitor and emphasized the role of

NAPE-PLD in brain AEA production. To assess the pharmacological effect of acute brain
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anandamide reduction, LEI-401 was profiled in several behavioral assays. This revealed
that LEI-401 elicited antinociceptive, hypomotile and hypothermic effects in C57BL/6)
mice, which were not mediated by the CB; receptor. Furthermore, in a mouse model of
inflammatory pain, LEI-401 was able to fully reverse lipopolysaccharide (LPS)-induced
allodynia. Collectively, these data show that LEI-401 possesses analgesic properties that
could be of therapeutic use. Future studies with LEI-401 in NAPE-PLD KO mice are
necessary to establish whether these behavioral effects are NAPE-PLD dependent.

7.1.1 Towards improved in vivo active NAPE-PLD inhibitors.

In Chapters 4 and 5, LEI-401 displayed cellular target engagement, high brain penetration
and in vivo efficacy. While LEI-401 will be tested in various disease models in mice as a
1*-generation centrally active NAPE-PLD inhibitor, its high dosing (30 mg/kg) may give rise
to off-target interactions and toxicity issues, especially after repeated administration.
Further optimization of the inhibitor scaffold is therefore required. This can be
accomplished by improving drug properties such as potency, selectivity, solubility and
metabolic stability. Ideally, a drug candidate possesses single digit nanomolar potency, a
LipE greater than 5 and a half-life (t;2) of 12 h by oral dosing.ﬂ'22 For LEI-401 these
parameters are: Kinape-po = 27 NM (human), 180 nM (mouse); LipE = 3.68 (human), 2.89
(mouse); t1, =2.7 h.

In Figure 2, an overview is given of potential strategies to improve the LEI-401 inhibitor
structure. The SAR-analysis described in Chapter 3 showed that the ortho position on the
phenyl ring was suitable for modification. Bulky biphenyl and diphenyl ether derivatives
displayed inhibitory activities equivalent to the unsubstituted phenyl of 1. This suggests
that polar groups such as nitrile and methoxy or small heterocycles can be accommodated
at this position, improving the solubility and LipE. Incorporation of a para-fluoro
substituent on the phenyl ring can increase the metabolic stability by reducing compound
degradation in the liver.”® Additional sites that can be explored are the 2-, 4- and 6-
position on the piperidine ring, as well as the 2-, 4- and 5-position of the pyrrolidine,
where additional space was found in the SAR. However, it has to be taken into account
that for optimal brain exposure the tPSA should not exceed 90 A?, limiting the possible
polar modifications. Optimization of the core scaffold can be explored with annulated
bicyclic rings. Finally, generating a co-crystal structure of LEI-401 in the reported NAPE-
PLD crystal structure will shed light on its binding mode and aid future inhibitor

development.
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Figure 2. Possible strategies to improve the potency and pharmacokinetic profile of LEI-401.

Besides targeting NAPE-PLD in the brain, specifically inhibiting NAPE-PLD in the
periphery could be of therapeutic use as well. For example, modulating peripheral levels
of OEA and AEA may be beneficial in pathological conditions such as leukemia®® and
obesity*. An often employed strategy for developing peripherally restricted inhibitors is
by increasing the tPSA, which should be between 90 and 120 A’ to minimize brain
exposure, while still allowing passive plasma membrane diffusion.”® This may be
accomplished by introducing polar substituents (e.g. H-bond donors and/or acceptors) on
the LEI-401 structure as depicted in Figure 2.

7.1.2 Photoaffinity labeling of endogenous NAPE-PLD and looking for LEI-401 off-targets.
In Chapter 4, photoprobe 3 was effective to show target binding of LEI-401 with NAPE-PLD
in HEK293T cells overexpressing this enzyme. Efforts to label endogenous NAPE-PLD in
different cell lines (HEK293T, Neuro-2a, RAW264.7) were unsuccessful so far. In mock-
transfected HEK293T cells, a fluorescent band was visible at the estimated height of NAPE-
PLD (Chapter 4, Figure 8A-B) and could be competed out by LEI-401. However, in
subsequent label-free proteomics experiments no NAPE-PLD peptides were detected. To
boost the detection sensitivity in a pulldown experiment, different strategies can be
employed. Firstly, increasing the potency of the photoprobe can improve
photocrosslinking efficiency. This can be achieved by generating new photoprobes that
closely mimic the potent inhibitor LEI-401, for example compound 4 (Figure 3). Compound
5 could exploit a lipophilic binding pocket that was discovered during the SAR-analysis
(Chapter 3), that allowed incorporation of the large N-methylphenethylamine group.
Alternatively, the efficiency of the azide-alkyne click reaction may be improved. In Chapter
3, it was found that the alkyne resides in a small hydrophobic pocket, suggesting that it
may be buried in the protein structure. Therefore, positioning the alkyne handle in more
available positions (e.g. compounds 6 and 7) could make the click reaction more efficient

and improve protein detection.
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Apart from labeling NAPE-PLD, the photoaffinity probes developed in Chapter 4 can aid
in the discovery of LEI-401 off-targets. In Chapter 5, LEI-401 reduced 2-AG and other
monoacylglycerol (MAG) levels in both WT and NAPE-PLD KO Neuro-2a cells. In the brains
of C57BL/6J mice, LEI-401 also significantly decreased 2-AG levels in a dose-dependent
manner, which is known to cause anti-inflammatory effects.” It is possible that the LEI-
401-induced AEA depletion in the brain generated a crosstalk with 2-AG metabolism.
Similar interconnected endocannabinoid changes in the brains of mice have been
reported for FAAH and diacylglycerol lipase-a. (DAGLa) inhibitors, the enzymes that

2226 Alternatively, LEI-401 could exert

hydrolyze AEA or produce 2-AG, respectively.
cellular and in vivo effects through one or more yet unknown protein targets.
Photoaffinity labeling coupled with chemical proteomics is an established method for
protein target identification of small molecules and natural products.?’?® In recent years,
technological advances have also enabled determination of the site of protein
photocrosslinking.29 To pinpoint the binding site, most often cleavable linkers are used,
which facilitate enrichment of probe-labeled peptides.>® Screening various cell lines using
the PAL protocol described in Chapter 4, e.g. cell lines involved in the inflammatory

response, is thus a suitable approach to find additional targets of LEI-401.
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Figure 3. Structures of NAPE-PLD photoprobe 3 and suggested 2“d—generation NAPE-PLD PAL
probes 4-7.
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7.2 Development of Ca**-independent NAPE biosynthesis inhibitors

It is generally assumed that the rate-limiting step in NAE biosynthesis is the formation of

3132 Besides the canonical

NAPEs catalyzed by N-acyltransferase (NAT) activity.
Ca2+—dependent NAPE-producing pathway, in recent years, new Ca2+—independent
enzymes have been identified.’® In particular, PLAAT2 was reported to have high N-
acyltransferase activity in vitro.*® So far, no pharmacological tools have been reported
that allow interrogation of cellular PLAAT2 activity. In Chapter 6, a recently reported ABPP
assay34 was used to screen a focused library of lipase inhibitors for PLAAT2 activity.
Compound 8 was identified as the most potent hit of several a-ketoamide inhibitors that
were effective against PLAAT2 (Figure 4). SAR-analysis of the o-ketoamide scaffold
culminated in optimized inhibitor LEI-301, which had a 13-fold increase in potency
compared to 8. LEI-301 exhibited similar inhibitory activities for the other members of the
PLAAT family, but was selective over the receptors and enzymes of the ECS. Human
osteosarcoma (U20S) cells transiently transfected with PLAAT2 showed a remarkable
increase in NAE content, which was significantly reduced when treated with LEI-301. In
control cells, NAE levels were not affected by LEI-301 treatment, indicating that the
compound inhibited PLAAT2 in live cells. The work described in this chapter confirms that
PLAAT2 can contribute to NAE biosynthesis. Furthermore, a-ketoamides are presented as
a novel class of inhibitors that enable the study of NAE and NAPE signaling in cellular

systems.

potency

o H increase o H
N - N
Cl (0]

8 LEI-301
plCsp: 6.2 £ 0.1 plCsp: 7.3 £ 0.1
cLogP: 4.4 cLogP: 6.1
LipE: 1.8 LipE: 1.2

Figure 4. Structures and physicochemical parameters of a-ketoamide screening hit 8 and
optimized PLAAT2 inhibitor LEI-301. cLogP was calculated using Chemdraw 15. Lipophilic efficiency
(LipE) = plCsq - cLogP.

7.2.1 Towards selective and in vivo active PLAAT2 inhibitors.
LEI-301 was identified in Chapter 6 as a potent inhibitor of PLAAT2 inhibitor with cellular
activity. However, due to its high lipophilicity and low LipE, LEI-301 is not suitable for in

vivo use. Modification of the a-ketoamide scaffold is therefore required to improve these
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properties. Possible sites that merit further optimization are highlighted in Figure 5.
SAR-analysis and molecular docking experiments revealed that introduction of a para-
phenoxy substituent on the phenethylamine group gave a boost in potency due to n-n
stacking with a tyrosine side chain. By placing the phenoxy group on the ortho or meta
positions, the optimal site for the w-interaction can be probed. Also, different heterocyclic
or biphenyl motifs should be explored. Recently, a patent describing o-ketoamide
inhibitors for PLAAT3 showed that heteroatoms and alkyl groups can be incorporated
across the alkyl chain (for example compound 9, Figure 5).* Because of the similar
potency of LEI-301 for PLAAT3 and PLAAT2 and the high homology between these two
enzymes (69%), LEI-301 could also benefit from heteroatom and alkyl modifications on
the alkyl chain, thereby decreasing the lipophilicity. Replacing the phenyl group on the
ketone side for a CF3; could improve the solubility, while the activating effect on the
ketone compensates for the loss of the aromatic interaction. Finally, the reported crystal
structures for PLAAT2 and PLAAT3 may guide the development of family member-

selective inhibitors, using molecular docking or co-crystal structures.®3’

alkyl chain:
alkyl or polar side chains

. . phenoxy:
incorporation of heteroatoms

other heteroatoms

p/m/o substitution @ o
H
phenyl: ©\/\)\rf \/\@( /© O%N\A
(o]
9

substitute for CF;
(lipophilicity)
phenyl:
polar heterocycles
biphenyl instead of diphenyl ether

Figure 5. Left: possible strategies to improve the potency and physicochemical properties of LEI-
301. Right: structure of reported PLAAT3 inhibitor 9.

7.2.2 Novel covalent a-ketoamide inhibitors and ABPs for the PLAAT family.

The fluorescent activity-based probe (ABP) MB064 has enabled visualization of PLAAT
family members in lysates of transiently transfected cells, as well as endogenous PLAAT3
activity in brown and white adipose tissue.>* So far, efforts to confirm target engagement
of the PLAAT enzymes by chemical proteomics using the corresponding biotin probe
MB108%* (Figure 6A) have been unsuccessful. A possible explanation could be the
thioester linkage that is formed between the active site cysteine of the PLAAT members
and the [B-lactone of the ABP. Thioesters may be susceptible to hydrolysis or
transthioesterification with DTT during the pulldown protocol.39 Therefore, when MB108
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is used in chemical proteomics experiments with the aim of identifying PLAAT enzymes,
strictly non-reducing conditions should be employed. Alternatively, the design of new
ABPs that produce a stable covalent linkage with the PLAAT enzymes could be
investigated. For example, ABPs for cathepsin and caspase cysteine proteases have used
the phenoxymethylketone (PMK) motif as electrophilic trap, which generates a stable
thioether bond.***? Incorporation in the a-ketoamide scaffold yields PMK 10, which could
represent a possible broad-spectrum ABP for PLAAT enzymes (Figure 6B). A proposed
synthesis of probe 10 is depicted in Scheme 1. Alkylation of Boc-protected tyramine 11
with propargyl bromide affords 12. Boc deprotection and amide coupling with B-
chlorolactic acid gives 14. Subsequent DMP oxidation generates chloromethylketone 15,
which can be converted to the PMK 10 using 2,3,5,6-tetrafluorophenol and potassium
fluoride.*
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Figure 6. A) Proposed mechanism of activity-based probe (ABP) MB108 with PLAAT enzymes,
which produces a labile thioester. B) Suggested structure of a phenoxymethylketone ABP 10 that
targets the PLAAT family and forms a stable thioether bond.

An ABP that is specific for the PLAAT family will help to reveal the endogenous
activities of the family members in different tissues. This is specifically relevant for PLAAT2
of which the physiological role is yet unknown. High expression levels of PLAAT2 were

found in organs of the human digestive system, including liver, kidney, small intestine and
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colon.**

PLAAT2 could therefore contribute to NAE biosynthesis in the gut, where
anandamide and OEA are involved in food intake and satiety."’s'46 The described inhibitors

and ABPs will enable further investigation of these questions.

OH

|: 12: R=Boc 14

Scheme 1. Synthetic route towards putative activity-based probe 10 for the PLAAT family.
Reagents and conditions: a) propargyl bromide, K,COs, DMF, rt, 92%; b) HCI, dioxane, rt, 99%; c) 3-
chlorolactic acid, HATU, DiPEA, DMF; d) Dess-Martin periodinane, DCM; e) 2,3,5,6-
tetrafluorophenol, KF, DMF.

7.3 Identification of NAPE protein targets using photoaffinity labeling.

In Chapter 1, NAPEs are highlighted as an underexplored class of phospholipids in human
physiology. NAPEs are primarily considered to be precursors for NAEs.'® In recent years,
multiple studies have suggested that NAPEs have a bioactive role themselves.**® NAPEs

49-52
In

have a reported membrane-stabilizing role and possess fusogenic properties.
mammals, NAPE levels are highly elevated during cellular injury in several tissues, such as
>339 Also in plants, NAPEs

accumulate under cellular stress.®®®" NAPEs are implicated in neuroprotection,
47,48

brain and heart, presumably due to an influx of Ca’*-ions.
anti-inflammation and satiety. However, the molecular mechanisms through which

NAPEs exert their biological functions are unclear.

A photoaffinity labeling approach was applied to search for protein targets that can
explain the putative bioactivities of NAPEs. To this end, NAPE-like photoprobes 16-22
(Figure 7A, synthesis described in Chapter 4) were used to identify covalently bound
targets by chemical proteomics. As a model system, the mouse Neuro-2a neuroblastoma
cell line was selected, to detect binding partners of NAPEs in the brain. The photolabeling
efficiencies of probes 16-22 in this cell line were assessed in a gel-based photoaffinity

labeling experiment. 750.000 cells were incubated with the different photoprobes
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Figure 7. A) Structures of NAPE-based PAL probes 16-22, which incorporate a stabilized
phosphodiester mimic, a photoreactive diazirine and an alkyne ligation handle (synthesis
described in Chapter 4). B) Photoaffinity labeling of NAPE-like photoprobes 16-22 (20 uM, 30 min)
showing UV-dependent labeling of proteins in live Neuro-2a cells.

(20 uM, 30 min) and irradiated with 350 nm UV light for 10 min or kept in the dark as a

control. The cells were lysed, clicked with Cy5-N3 and the proteins were resolved by
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sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). UV-dependent
labeling of various proteins was apparent for all probes except for 16, possibly due to
instability of the phosphoramidate moiety (Figure 7B).%2 Thiophosphoramidate probe 18
displayed the highest labeling intensity of all the probes and was therefore selected for

further characterization.

To identify the labeled proteins by probe 18 a chemical proteomics experiment was
performed (similar workflow as in Chapter 4, Figure 2). Ten million cells were treated with
probe 18 (20 uM, 30 min, n = 3 per condition) and were either UV irradiated (350 nm, 10
min) or kept in the dark. The cells were lysed and separated in membrane and cytosol
fractions by ultracentrifugation to increase the peptide detection sensitivity. The lysates
were clicked with biotin-N3 and the probe-targeted proteins were enriched with avidin
agarose beads, followed by on-bead trypsin digestion. The tryptic peptides were treated
with deuterated (heavy) or hydrogen (light) isotopically labeled formaldehyde to allow
63,64 By
combining heavy labeled and light labeled peptide fragments with or without UV-

guantification by reductive dimethylation using MaxQuant software (Figure 8).

irradiation in equal parts (1:1), ratios were obtained of the UV-dependent labeling of the
protein target (+UV/-UV intensity) or reproducibility of the experiment (+UV/+UV
intensity). Cut-offs for protein target identification were: 1) at least 2 unique peptides, 2)
a heavy/light ratio x between 0.5 < x < 2 for +UV/+UV intensity, 3) a heavy/light ratio x > 2
for +UV/-UV intensity and testing for significance (P < 0.05) using Student’s t-test
(unpaired, two-tailed) with Benjamini-Hochberg correction (false discovery rate (FDR)
25%).

o
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Figure 8. Dimethyl labeling using deuterium (heavy) and hydrogen (light) isotopically labeled

formaldehyde allows quantification of peptide fragments.

A total of 162 proteins were identified in this experiment, which gave 17 UV-enriched
protein targets (Figure 9A). Of these, four proteins were considered significant: cathepsin

D (Ctsd), prosaposin (Psap), Ras-related C3 botulinum toxin substrate 1 (Racl) and Myb-
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binding protein 1a (Mybbpla or p160) (Figure 9B, Table 1). Cathepsin D was previously
reported to be a putative target of aliphatic diazirine photocrosslinkers in human A549
and Hela cell lines and was therefore not further pursued.65 A literature search for Psap
revealed that it is a precursor for a family of non-enzymatic lipid binding proteins called
sphingolipid activator proteins or saposins A-D.?® Saposins A-D reside in the lysosome
where they facilitate the breakdown of sphingolipids and gangliosides by different
hydrolases. Of note, proteolysis of prosaposin to the individual saposins can be performed
by cathepsin D in the lysosome.®’ To elucidate which form of prosaposin was labeled by
probe 18 — the precursor protein or the individual saposins A-D — a closer look was taken
at the identified peptides. An overview of the mouse prosaposin amino acid sequence and
the labeled peptides (in bold) are displayed in Figure 10. Saposins A-D were each covered
with at least one peptide. From this data it could not be established which Psap form was
labeled, therefore a second pulldown experiment was performed to reproduce the results
and expand the peptide coverage. Again, prosaposin was UV-enriched in this experiment
(ratio +UV/-UV intensity = 7.25) and one peptide (ANEDVCQDCMK) was identified that
was both part of the precursor protein and saposin B (Figure 10, bold). This may indicate
that intact prosaposin is targeted by probe 18. To confirm labeling of probe 18 to
prosaposin, a pcDNA3.1 vector was generated containing prosaposin cDNA with a C-
terminal FLAG-tag. Unfortunately, Psap overexpression in transfected Neuro-2a or
HEK293T cells could not be confirmed by western blot.

UV-enriched proteins photoprobe 18 Protein targets probe 18 in Neuro-2a cells
8- 44 :
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> © 4 :
2 e ™ 3 . ! eRacl
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Figure 9. A) Waterfall plot showing UV enriched proteins of photoprobe 18 (20 uM) in Neuro-2a
cells. B) Volcano plot displaying significant protein targets for probe 18 (20 uM). Red circles depict
high confidence and grey circles low confidence targets. Data represent 3 biological replicates per
condition. Cut-off values for protein target validation: unique peptides > 2, ratio +UV (heavy)/+UV
(light) probe 18 intensity 0.5 < x < 2, ratio +UV (heavy)/-UV (light) probe 18 intensity x > 2.
Statistically significant targets: P < 0.05 using Student’s t-test (unpaired, two-tailed) and
Benjamini-Hochberg correction with FDR of 25%.
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Table 1. Protein targets of photoprobe 18 in Neuro-2a cells.

MW Peptides Ratio P-value
Name Gene Accession +UV/-Uv Function Localization
(kDa) . +UV/+UV  +UV/-UV :
Total Unique . . . . Intensity
intensity intensity
Protease; cleaves prosaposin
Cathepsin D Ctsd 45 P18242 8 8 1.22 106 0.0003 . 67 Lysosome
to saposins A-D
Neurotrophic factorsg;
saposins A-D are lipid binding  Cell membrane,
Prosaposin Psap 58 Q61207 9 9 1.21 59.2 0.0098

proteins that activate lysosome
sphingolipid hydrolases66

Ras-related C3
botulinum toxin  Racl 21 P63001 6 5 0.96 3.10 0.0015  GTPase” Cell membrane
substrate 1

Myb-binding

, Mybbpla 152  Q7TPV4 9 9 0.99 2.00 0.0127  Tumor suppressor’>’! Nucleus, cytosol
protein 1a (p160)

Cut-off values for protein target validation: unique peptides > 2, ratio +UV (heavy)/+UV (light) probe 18 intensity 0.5 < x < 2, ratio +UV (heavy)/-UV (light) probe 18

intensity x > 2. Statistically significant targets: P < 0.05 using Student’s t-test (unpaired, two-tailed) and Benjamini-Hochberg correction with FDR of 25%.
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1 MYALALFASLLATALTSPVQDPKTCSGGSAVLCRDVKTAVDCGAVKHCQQ 50

51 MVWSKPTAKSLPCDICK-TVVTEAGNLLKDNATQEEILHYLEKTCEWIHDS 100

Sap A
101 SLSASCK-EVVDSYLPVILDMIKGEMSNPGEVCSALNLCQSLQEYLAEQNQ 151

151 KQLESNKIPEVDMARVVAPFMSNIPLLLYPQDHPRSQPQPKANEDVCQODC 200

201 MK-LVSDVQTAVKTNSSFIQGFVDHVKEDCDRLGPGVSDICKNYVDQYSEV 250 SapB

251 CVQMLMHMQDQOPKEICVLAGFCNEVKRVPMKTLVPATETIKNILPALEM 300

301 MDPYEQNLVQAHNVILCQTCQFVMNKFSELIVNNATEELLVKGLSNACAL 350

Sap C
351 LPDPARTKCQEVVGTFGPSLLDIFIHEVNPSSLCGVIGLCAARPELVEAL 400

401 EQPAPAIVSALLKEPTPPKQPAQPKQSALPAHVPPQKNGGFCEVCKKLVL 450

451 YLEHNLEKNSTKEEILAALEKGCSFLPDPYQKQCDDFVAEYEPLLLEILV 500 SapD

501 EVMDPGFVCSKIGVCPSAYKLLLGTEKCVWGPSYWCQNMETAARCNAVDH 550

551 CKRHVWN

Figure 10. Amino acid sequence of full-length mouse prosaposin, showing the individual
sequences of saposins A-D and the covered peptides (underlined) from two chemical proteomics

experiments.

To summarize, four potential binding partners of NAPEs were identified using
photoaffinity labeling. Considerable evidence suggests that the NAPE-prosaposin
interaction could be an interesting topic for future studies in relation to
neurodegeneration. Firstly, anionic phospholipids have been reported to stimulate the
catalytic activity of saposin-mediated sphingolipid hydrolysis.72 Furthermore, saposin B is
involved in the breakdown of a class of sphingolipids called gangliosides. During brain
ischemia and similar to NAPEs, certain gangliosides were found to be elevated in and
confined to areas that show severe cell death.”””® The impact of anionic NAPE
accumulation on sphingolipid metabolism is however not yet known. Secondly,
prosaposin itself has been identified as a secreted and membrane-associated
neurotrophic factor and a high-affinity ligand for the orphan G protein-coupled receptors
GPR37 and GPR37L1.”%"’ Psap levels are also highly elevated in brain ischemia and
prosaposin spinal cord infusion was found to be neuroprotective in a gerbil model of

ischemia.®®’87°

NAPEs could interfere with the trafficking of prosaposin from the ER to the
lysosome where it undergoes proteolysis, thereby increasing the amount of secreted Psap

and depleting the lysosomal pool of saposins A-D.”
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Of the other protein targets, Racl also merits closer examination. Racl is a small
guanosine triphosphatase (GTPase) in the Rho family of GTPases that regulates the
rearrangement of the actin cytoskeleton and promotes phagocytosis.69 During phagosome
formation, Racl localizes to anionic phospholipids in the plasma membrane via its
polybasic domain.®® N-palmitoyl-PE (NPPE)-enriched liposomes decreased phagocytosis in
mouse J774A.1 macrophages by inhibiting Racl activity, thereby terminating
inflammation.?* Furthermore, in a mouse model of brain ischemia, genetic deletion of
Racl showed to be neuroprotective.?” Thus, Racl constitutes an interesting target to

study with regard to the anti-inflammatory and/or neuroprotective effects of NAPEs.

7.4 Closing remarks

Selective and in vivo active inhibitors are essential for the elucidation of biological
signaling networks and for the development of new drugs. The work described in this
thesis provides new inhibitors (LEI-301 and LEI-401), chemical tools and assays to study
the NAE-producing enzymes NAPE-PLD and PLAAT2. Genetic KO models have not been
able to fully illuminate the complexity of NAE biosynthesis, possibly due to long-term
compensatory effects. By blocking these enzymes in an acute fashion, the contributory
role of NAPE-PLD and PLAAT2 with regard to NAE formation can be assessed across
specific cells and tissues. In addition, LEI-301 and LEI-401 are suitable starting points to
investigate the biological consequences of depleting the NAE tone, which may be useful in
pathological conditions such as obesity, metabolic syndrome, chronic liver disease and

cancer.
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7.4 Experimental section

Cell culture

Neuro-2a cells (ATCC) were cultured at 37 °C and 7% CO, in DMEM (Sigma Aldrich, D6546) with GlutaMax,
penicillin (100 pg/ml), streptomycin (100 pg/ml) and 10% fetal calf serum. Cells were passaged twice a week
to appropriate confluence by thorough pipetting.
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Gel-based photoaffinity labeling

Neuro-2a cells were seeded in a 12-well plate (750,000 cells per well) 1 day before treatment. The cells were
treated with the photoprobes 16-22 (500x in DMSO, final concentration: 20 uM) in medium + serum (0.30
mL per well) for 30 min at 37 °C. The medium was aspirated and the cells were covered with PBS (0.15 mL
per well), followed by UV irradiation using a Caprobox™ (10 min, 350 nm, 4 °C) or kept in the dark as a
control. The cells were harvested into 1.5 mL epps with cold PBS and centrifuged (10 min, 2000 rpm, 4 °C).
The PBS was removed and the cells were flash frozen with liquid N, (cells pellets can be stored at -80 °C).
The cells were lysed with lysis buffer (30 uL, 20 mM HEPES pH 7.2, 0.25 M sucrose, 1 mM MgCl,, benzonase
25 U/mL) followed by pipetting up and down and incubating for 30 min on ice. Protein concentrations were
measured using a Bradford assay (Bio-Rad), and cell lysates were diluted to 2 pg/uL with lysis buffer. 18 ug
cell lysate (9 pL) was then clicked with Cy5-N3 using a click mix (1 pL per sample, final concentrations: 1 mM
CuSO,4, 6 mM sodium ascorbate, 0.2 mM tris(3-hydroxypropyltriazolylmethyl)-amine (THPTA), 2 uM Cy5-N3)
for 1 h at rt (Note: it is important to separately prepare the click mix first with CuSO, and sodium ascorbate,
until a yellow color change is observed). Samples were denatured with 4x Laemmli buffer (3.33 pL, stock
concentration: 240 mM Tris-HCl pH 6.8, 8% w/v SDS, 40% v/v glycerol, 5% v/v 3-mercaptoethanol, 0.04% v/v
bromophenol blue) and incubated for 30 min at rt. The samples were resolved by SDS-PAGE (10%
acrylamide gel) at 180 V for 75 min, after which the gels were imaged at Cy3 and Cy5 channels (605/50 and
695/55 filters, respectively) on a ChemiDoc™ Imaging System (Bio-Rad). Gels were stained with Coomassie
as a loading control.

Chemical proteomics-based photoaffinity labeling

10’ Neuro-2a cells were seeded in a 10 cm dish 1 day before treatment, three replicates per group. Cells
were treated with photoprobe 18 (500x in DMSO, final concentration: 20 pM) in medium + serum (4 mL per
dish) for 30 min at 37 °C. The medium was aspirated and the cells were covered with PBS (1.5 mL per dish),
followed by UV irradiation using a Caprobox™ (10 min, 350 nm, 4 °C) or kept in the dark as a control. The
cells were harvested into 15 mL tubes with cold PBS and centrifuged (10 min, 2000 rpm, 4 °C). The
supernatant was removed and the cells were washed with PBS (1 x 10 mL) and centrifuged (10 min, 2000
rpom, 4 °C). The PBS was removed and the cell pellets were flash frozen with liquid N, (cell pellets can be
stored at -80 °C for later use). The cells were lysed with lysis buffer (200 pL, 20 mM HEPES pH 7.2, 0.25 M
sucrose, 1 mM MgCl,, benzonase 25 U/mL) followed by probe sonication (10% amplitude, 4 x 2.5 s) and
incubation for 30 min on ice. The lysates were centrifuged (90 min, 30,000 g, 4 °C) giving the cytosol fraction
(supernatant). The membrane fraction (pellet) was resuspended in storage buffer (250 pL, 20 mM HEPES pH
7.2) and homogenized by probe sonication (10% amplitude, 4 x 2.5 s). Protein concentrations were
determined using a Bradford assay (Bio-Rad) and cell lysates were diluted to 2 pg/uL with lysis buffer.

From here the quantitative chemical proteomics protocol using dimethyl labeling was followed as
previously described with small alterations.®® 225 uL cytosol or membrane lysate (450 pg) was clicked with
biotin-N3 (Sigma Aldrich, 762024) using a click mix (25 uL per sample, final concentrations: 1 mM CuSO,, 6
mM sodium ascorbate, 0.2 mM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), 100 uM biotin-Ns) for 1
h at rt (Note: it is important to separately prepare the click mix first with CuSO, and sodium ascorbate, until
a yellow color change is observed). Proteins were precipitated using chloroform (166 L), methanol (666 L)
and MilliQ (416 pL). Samples were centrifuged (10 min, 1,500 g) and the solvents were carefully removed.
Methanol (600 pL) was added and the proteins were resuspended using a probe sonicator (30% amplitude,
10 s). After centrifugation (5 min, 18,400 g) the supernatant was removed and the samples were
resuspended in urea buffer (500 pL, 6 M urea, 250 mM NH4HCOs) by pipetting up and down. 1 M DTT (5 pL,
final concentration 10 mM) was added and the samples were incubated with shaking (15 min, 600 rpm, 65
°C). After cooling to rt, 0.5 M iodoacetamide (40 pL, final concentration 40 mM) was added and incubated in
the dark with shaking (30 min, 600 rpm, 20 °C). Next, 10% SDS (140 L, final concentration 2%) was added
and incubated with shaking (5 min, 600 rpm, 65 °C). For 18 samples, 1.8 mL of avidin agarose beads (Sigma-
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Aldrich, A9207) was divided over three 15 mL tubes and washed with PBS (3 x 10 mL). The beads in each
tube were resuspended in PBS (6 mL) and divided over 18 tubes (1 mL each). To each tube was added the
denatured sample and PBS (4.5 mL) and the tubes were rotated with an overhead shaker at rt for 2 h. After
centrifugation (2 min, 2,500 g) and removal of the supernatant, the beads were consecutively washed with
0.5% SDS in PBS (w/v, 6 mL) and PBS (3 x 6 mL), each time centrifuging (2 min, 2,500 g). The beads were
transferred to a 1.5 mL low binding epp (Sarstedt, 72.706.600) with on-bead digestion buffer (200 uL, 100
mM Tris pH 8.0, 100 mM NaCl, 1 mM CaCl,, 2% v/v acetonitrile) and to each sample was added 1 L trypsin
solution (0.5 pg/uL trypsin (Promega, V5111), 0.1 mM HCI). Proteins were digested with vigorous shaking
overnight (950 rpm, 37 °C). Formic acid (10 ulL) was added to each sample and the beads were filtered off by
centrifugation (2.5 min, 600 g) using a biospin column (Bio-Rad, 7326204), the flow-through was collected in
a2 mLepp.

Tryptic digests were desalted and treated with heavy or light isotopically labeled formaldehyde using
StageTips.84 The samples were treated according to the following steps:

Step Treatment Centrifugation*
Conditioning 1 Methanol (50 puL) 2 min, 600 g
Conditioning 2 StageTip solution B (50 pL) 2 min, 600 g
Conditioning 3 StageTip solution A (50 pL) 2 min, 600 g
Loading Load samples on StageTips 2.5 min, 800 g
Washing StageTip solution A (100 pL) 2.5 min, 800 g
Dimethyl labeling Heavy or light reagent mix (5 x 20 puL) 5.0 min, 400 g
Washing StageTip solution A (100 pL) 2.5 min, 800 g
Transfer Transfer StageTip to new 1.5 mL low binding epp

Elution StageTip solution B (100 L) 2.5 min, 800 g

* Indication speed.

StageTip solution A: 80% v/v acetonitrile, 0.5% v/v formic acid in MilliQ.

StageTip solution B: 0.5% v/v formic acid in MilliQ.

Heavy reagent mix: 50 mM phosphate buffer pH 7.5, 2% v/v CD,0, 30 mM NaBH;CN.
Light reagent mix: 50 mM phosphate buffer pH 7.5, 2% v/v CH,0, 30 mM NaBH;CN.

The solvents were evaporated to dryness in a SpeedVac concentrator (3 h, 45 °C). Samples were
reconstituted in LC-MS solution (50 uL, 3% v/v acetonitrile, 0.1% v/v formic acid in MilliQ). Samples were
combined in a 1:1 ratio, affording 4 sample groups:

- Heavy (+UV) + light (+UV) labeled membrane fraction (quality control)

- Heavy (+UV) + light (+UV) labeled cytosol fraction (quality control)

- Heavy (+UV) + light (-UV) labeled membrane fraction (UV-enrichment)

- Heavy (+UV) + light (-UV) labeled cytosol fraction (UV-enrichment)

Tryptic peptides were analyzed on a Surveyor nanolLC system (Thermo) hyphenated to a LTQ-Orbitrap
mass spectrometer (ThermoFisher). Briefly, emitter, trap and analytical column (C18, 120 A) were purchased
from Nanoseparations (Nieuwkoop, The Netherlands) and mobile phases (A: 0.1% formic acid/H,0, B: 0.1%
formic acid/ACN) were made with ULC/MS grade solvents (Biosolve). General mass spectrometric conditions
were: electrospray voltage of 1.8-2.5 kV, no sheath and auxiliary gas flow, capillary voltage 40 V, tube lens
voltage 155 V and ion transfer tube temperature 150 °C. Polydimethylcyclosiloxane (m/z = 445.12002) and
dioctyl phthalate ions (m/z = 391.28429) from the milieu were used as lock mass. Some 10 pL of the samples
was pressure loaded on the trap column for 5 min with a 10 uL/min flow and separated with a gradient of
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35 min 5%-30% B, 15 min 30%-60% B, 5 min A at a flow of 300 uL/min split to 250 nL/min by the LTQ divert
valve. Full MS scans (300-2000 m/z) acquired at high mass resolution (60,000 at 400 m/z, maximum
injection time 1000 ms, AGC 106) in the Orbitrap was followed by three MS/MS fragmentations in the LTQ
linear ion trap (AGC 5 x 103, maximum injection time 120 ms) from the three most abundant ions. MS/MS
settings were: collision gas pressure 1.3 mT, normalized collision energy 35%, ion selection threshold of 750
counts, activation g = 0.25 and activation time 30 ms. lons of z < 2 or unassigned were not analyzed and
fragmented precursor ions were measured twice within 10 s and were dynamically excluded for 60 s.

Data analysis was performed using Maxquant with acetylation (protein N-terminus) and oxidation (M) as
variable modifications. The false discovery rate was set at 1% and the peptides were screened against
mouse proteome (Uniprot). Proteins were designated as probe 18 targets according to the following cut-
offs: unique peptides > 2, ratio +UV (heavy)/+UV (light) probe 18 intensity 0.5 < x < 2, ratio +UV (heavy)/-UV
(light) probe 18 intensity x > 2. Statistic testing: P < 0.05 using Student’s t-test (unpaired, two-tailed) and
Benjamini-Hochberg correction with FDR of 25%.
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