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CHAPTER 1

General introduction

Drug discovery in industry and academia

Drug discovery is essential to improve human health and lifespan and has delivered many
life-saving molecules. Yet, drug discovery is expensive, time consuming and a high risk
endeavor.”? Medical needs are changing due to modern way of life and a growing elderly
population. As a result, society faces many disease related challenges, including, many forms
of cancer, increased antimicrobial resistance and metabolic and neurodegenerative
disorders (e.g. obesity, type-2 diabetes, Parkinson’s and Alzheimer’s disease). Novel
therapies to prevent, or to treat these diseases are urgently required. Current market
introduction rate of new drugs is low, while costs of drug development have risen
substantially in the last decades,? due to late stage clinical failures.*> Hence pharmaceutical
Research & Development (R&D) is facing a productivity crisis.® Consequently, business
models of the pharmaceutical industry are changing, which leads to mergers and
acquisitions, followed by reorganizations, down-sizing of internal R&D budgets and
outsourcing to lower-cost contract research organizations.7 Nowadays, more empbhasis is
placed on public-private-partnerships to perform early drug discovery activities.®
Fundamental academic research is therefore crucial for discovering novel target-lead
combinations. Academia contributes to target discovery, validation and de-risking.’
Moreover, the development of novel treatments for neglected and orphan diseases and
identification of novel drug discovery methods are important fields of research for the
academic drug discoverer.**°

The majority of first-in-class drugs approved by the FDA between 1999 and 2013 were
discovered by a target-based approach.11 Target-based drug discovery strategies can be
classified in structure-based drug design (SBDD) and ligand-based drug design (LBDD). In
SBDD, knowledge of the three-dimensional structure of the target protein at a molecular
level with atomic resolution is required to study the specific interactions of a ligand and its
protein.'? Usually, X-ray crystallography and/or NMR spectroscopy techniques are applied to
generate three dimensional models of the protein structures. Alternatively, a homology
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model can be build based on the reported structure of related proteins. The protein
structure can be used to screen virtual libraries to identify novel hits and to guide the
optimization of ligands.

LBDD is an important alternative drug discovery strategy when a three dimensional structure
of the target is not available. High throughput screening (HTS) is the most often employed
LBDD technique to discover novel ligands, especially when limited target and ligand
knowledge are available. In HTS, large sets of diverse compounds are tested for their activity
against purified protein or cell lysates overexpressing the target of interest, employing fast
and economical multi-well activity assays most often using surrogate substrates. HTS is
hampered by false positives, due to, for example, pan-assay interference compounds
(PAINS)* or poor physico-chemical properties of the compounds. Therefore, thorough assay
optimization, high assay quality and reproducibility, hit deselection and active confirmation
procedures and orthogonal assays are necessary.

Another popular LBDD strategy is ligand-based pharmacophore modeling.™ In a
pharmacophore, chemical features of a series of known ligands that are deemed essential
for the interaction with its target, are grouped together in a three dimensional model. The
pharmacophore model can be used to mine virtual compound libraries to discover novel
hits. Challenges of pharmacophore modeling include dealing with conformational flexibility
and scoring and weighting of screening results.”> Moreover, confirmation of the activity of
the virtual hit in a biochemical or cellular assay is essential to identify true hits.

Serine hydrolases

Serine hydrolases are one of the largest enzyme families (>200 members) in the human
genome and utilize an active site serine for substrate hydrolysis. They partake in a plethora
of (patho) physiological functions, including neurotransmission, learning, pain, energy
metabolism and cancer (see 18 for extensive review). Several drugs act as serine hydrolase
inhibitors, such as Januvia,*” Rivastigmine®® and Orlistat (Tetrahydrolipstatin, marketed as
Xenical and Alli).”*?° The exact function of many serine hydrolases remains, however,
unknown to date. Hence, small molecule inhibitors may help to elucidate their function in
health and disease and could have tremendous untapped medical potential across this large
family of proteins.

Activity-based protein profiling (ABPP) has been developed as a strategy to identify and
evaluate novel inhibitors for the serine hydrolase family without having the need of knowing
the endogenous substrate or developing dedicated enzymatic assays of each individual
enzyme.21 In brief, ABPP uses activity-based probes (i.e. inhibitors with a reporter tag, such
as a fluorophore or biotin) to label endogenous activity of enzymes by mechanism-based
inhibition (Figure 1A). In this manner, serine hydrolases can be investigated in complex
proteomes, such as cell or tissue lysates, using for example fluorophosphonates.?* ABPP can
also be used in a competitive setting in which proteomes are pretreated with an inhibitor,
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which is followed by labeling of residual enzyme activity using the activity-based probe
(Figure 1B). ABPP is complementary to multi-well substrate activity assays, because it is a
very powerful tool to rapidly assess inhibitor potency on target and selectivity over related
enzymes.

In this Thesis, ABPP is used throughout the drug discovery process to identify and optimize
inhibitors of the serine hydrolases diacylgycerol lipases (DAGLs) and a/B hydrolase domain
type 16A (ABHD16A).

A
Activity based probe (ABP)

C L [ C Mo - In gel PAGE o-
A ‘ L ABP ‘ ‘ ‘_ Analysis - Affinity purification and MS

Reactive group Reporter tag
- Fluorophosphonate - Fluorophore
- Carbamate - Biotin
Complex sample - B-lactone - Bioorthogonal handle
- Triazole urea
t L [ ] t L o— t ‘_ - In gel PAGE

A ‘ L Inhibitor ‘ ‘ ‘ ABP ‘ ‘ ‘ Analysis - Affinity purification and MS

Complex sample

Figure 1. The concept of activity-based protein profiling (ABPP). A) Complex samples are incubated with an
activity-based probe (ABP), which labels several proteins by mechanism-based inhibition. In case of the serine
hydrolases, the active site serine is targeted with an electrophilic trap (e.g. fluorophosphonate, carbamate, B-
lactone). In an ABP, the reactive moiety is attached to a reported tag (fluorophore or biotin). Analysis of the
sample can then be performed by SDS-PAGE and standard in-gel fluorescence scanning (in case the tag is a
fluorophore) or by affinity purification and mass spectrometry (MS) analysis (in case the tag is a biotin) or by
Western Blot. Two-step ABPP can be performed using a biorthogonal handle as tag. B) In competitive ABPP,
samples are pre-incubated with an inhibitor that can compete for ABP labeling. The sample is analyzed and
corrected for control (vehicle).

Diacylglycerol lipases

In 1995, 2-arachidonoylglycerol (2-AG) was isolated from intestinal tissue and was
characterized as the second endogenous ligand for the cannabinoid type 1 and 2 receptors
(CB1R and CB2R).?™* The CBRs are important G-protein coupled receptors involved in a

broad range of (patho)physiological functions, including addiction,® appetitezs_28
29-31

and
memory formation. 2-AG is considered to be an important signaling lipid. After its
discovery, Stella et al. showed that 2-AG is highly abundant in brain and controls long term
potentiation.32 2-AG accumulated in neurons in a Ca2+-dependent manner. Combined
phospholipase C (PLC) and diacylglycerol lipase (DAGL) activity were suggested as
contributors to 2-AG formation (Figure 2).>7* In 2003, Bisogno et al. discovered two Ca**
dependent lipases that produce 2-AG in the brain and designated them DAGLa and DAGLp.
DAGLs are serine hydrolases that specifically cleave sn-1 fatty acyl chains of arachidonate-
containing 1,2-diacylglycerols. DAGLa, a 120 kDa protein with 1042 amino acids, contains a

short N-terminal sequence, followed by four transmembrane helices, an intracellular

35

catalytic domain with a cysteine rich insert and a large C-terminal tail.>® This tail is absent in
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DAGLB, making it a shorter homolog (672 amino acids and 70 kDa). Interestingly, DAGLa
contains a PPXXF motif (Pro972-Phe976) in the C-terminus that interacts with CC-Homer
proteins.36 This interaction is required for DAGLa recruitment to the metabotropic glutamate
receptor signaling complex in the plasmamembrane, but not for its enzymatic activity.36 Both
isoforms have a typical a/B hydrolase fold and a Ser-His-Asp catalytic triad typical for serine
hydrolases (DAGLa: Ser472, His650, Asp524; DAGLB: Serd43, Asp495, His: unknown).
Reisenberg et al. postulated that both DAGLs contain a large insert of unknown structure
between the 7th and 8th canonical B-sheet that may function as a regulatory loop,
controlling substrate access to the catalytic site.?’

2 o)
o
PLCB o)L R' DAGLs — — OH
PIP, — > /= = o C T o
— — OH — — OH

1,2-Diacylglycerol 2-Arachidonoylglycerol
(DAG) (2-AG)

Figure 2. Phospholipase C B (PLCB) catalyzes the formation of 1,2-diacylglycerols (DAG) from
phosphatidylinositol-4,5-bisphosphate (PIP,). Sn-1 specific diacylglycerol lipases (DAGLs) subsequently catalyze
the formation of 2-arachidonylglycerol (2-AG) from its DAG precursor.

DAGLa and B show a marked difference in tissue expression. DAGLa is highly expressed in
the central nervous system, whereas DAGL is predominantly located in the periphery. In
line, DAGLa knockout mice show ~80% reduction in 2-AG levels in the brain and spinal cord,
whereas DAGLB knockout mice show ~50% reduction in brain.*® In the liver of DAGLB
knockout mice 2-AG levels are reduced with ~90% , whereas for DAGLa knockout mice 2-AG
levels are reduced by ~60%. A large difference was also observed in adipose tissue, where
~50% 2-AG reduction for DAGLa knockout mice was observed, while deletion of DAGLB had
no significant effect on basal 2-AG levels.*® This indicates that specific DAGL isoforms
contribute to 2-AG pools in a highly tissue dependent manner. Of note, the levels of
arachidonic acid (AA), a metabolite of 2-AG, were also decreased in brain, spinal cord and
liver of DAGLa knockout mice.*® The subcellular localization of DAGLs indicate that 2-AG is
produced at postsynaptic sites that are close to the presynaptically located CB receptors.40
Gao et al. showed that mice lacking DAGLa have significantly reduced retrograde signaling
(depolarization-induced suppression of inhibition, DSI) in brain through CB1R-dependent
signaling. Moreover, both DAGLa and DAGLB knockout mice show reduced adult
neurogenesis in the hippocampus and subventricular zone. Another study performed by
Tanimura et al. showed similar results, as both depolarization-induced suppression of
excitation (DSE) and DSI were absent in DAGLa knockout mice in brain cerebellum,
hippocampus, and striatum.*! Importantly, congenital deletion of DAGLB had no effect on
retrograde suppression of synaptic transmission. This indicates that DAGLa is the main
isoform responsible for the neuronal signaling pool of 2-AG.

10
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Selective inhibitors of DAGLa. may contribute to a more fundamental understanding of the
physiological role of 2-AG and may serve as potential drug candidates for the treatment of
obesity and neurodegenerative diseases. Currently, there are no selective inhibitors
available for the study of DAGLa. The identification of selective DAGLa inhibitors is
hampered by a lack of structural knowledge of the target, and lack of assays that make use
of endogenous DAGLa activity in proteomes or in a multi-well format. No crystal structures
are available and no homology models have been reported to aid hit identification and
perform SBDD. To date, only a few DAGL inhibitors have been described, however, most of
them lack selectivity, in vivo activity and/or pharmacokinetic properties to study the role of
2-AG in in vivo models of disease. Thus, there is an unmet need to identify novel chemotypes
to modulate DAGL activity.

a/B Hydrolase domain type 16A

o/B Hydrolase domain type 16A (ABHD16A), has recently been identified as a key
contributor to lyso-phosphatydylserine (lyso-PS) formation in mice (Figure 3).** Lyso-PS is an
important signaling phospholipid involved in immune response through its interaction with
Toll-like receptor 2 (TLR2).** In addition, lyso-PS has been associated with T-cell growth,*

. . 45,46
mast cell activation™

and neurite outgrowth.”” Lyso-PS is metabolized by a/B hydrolase
domain type 12 (ABHD12).*® Interestingly, absence of ABHD12 activity in humans caused by
specific mutations, has been linked to the onset of multiple symptoms of the rare genetic
disease polyneuropathy-hearing loss-ataxia-retinitis pigmentosa and cataract (PHARC).***°
As such, PHARC can be seen as a ABHD12 null model and accumulation of lyso-PS may be the
cause rather than an effect of the disease. If this hypothesis holds true, then diminishing
lyso-PS levels would be expected to reduce neuroinflammation, and thereby, lead to
amelioration of the symptoms. To test these assumptions, in vivo active inhibitors of
ABHD16A, which can be used in a substrate reduction therapy, are required. However, no in
vivo active ABHD16 inhibitors have been described as of yet and their discovery is hindered
by limited structural knowledge of the target, lack of multi-well activity assays and a dearth

of available starting points for a hit optimization program.

(e} —
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Figure 3. o/B Hydrolase domain type 16A (ABHD16A, BAT5S) catalyzes the formation of lyso-phosphatidylserine
(lyso-PS). a/B Hydrolase domain type 12 (ABDH12) subsequently hydrolases lyso-PS to serine phosphoglyceride
(SPG).
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Aim and outline of this thesis

This thesis describes the discovery and optimization of potent inhibitors for DAGLs and
ABHD16A, employing several LBDD and SBDD strategies integrated with ABPP. These
inhibitors can be used as tool compounds to report on the function of both targets in
mammalian physiology, and may serve as leads for the development of potential drug
candidates.

Chapter 2 describes the discovery of a novel reversible DAGL chemotype by in silico
screening. The development of a ligand-based pharmacophore model, derived from a known
DAGL inhibitor (Tetrahydrolipstatin), was used to screen a subset of commercially available
endocannabinoid metabolism targeting inhibitors. The a-keto heterocycle LEI104 was
identified as the first reversible DAGLa inhibitor.> To explain its molecular interactions with
DAGLa, a homology model was constructed and the binding mode of LEI104 was
investigated. Subsequently, the structural requirements for specific DAGLa inhibition by
LEI104 were further investigated by screening a focused library of 1040 compounds in
Chapter 3.%% This showed that a-keto oxazolo-4N-pyridine was the optimal scaffold for this
class of DAGL inhibitors. The comprehensive structure-activity relationships were used to
validate the DAGLa homology model generated in Chapter 2, which proved to be
indispensible to the discovery of LEI105, a highly potent and selective dual DAGLa/B
inhibitor.>® Chapter 4 describes the lead optimization of LEI105 leading to LEI107, an
exquisitely selective DAGL inhibitor with drug-like properties. Chapter 5 describes the first
structure-activity relationship analysis of a novel class of reversible DAGL inhibitors, the
glycine sulfonamides. This class was previously identified by a HTS campaign.>® This chapter
describes the discovery and optimization of LEI106, which is the first reported reversible
potent dual DAGLa/ ABHD6 inhibitor.> Finally, potential binding modes for the glycine
sulfonamides are explored using structure-guided homology modeling. Chapter 6 describes
the discovery of several new DAGLa chemotypes by HTS and ABPP. A 300.000+ compound
collection was screened for activity against DAGLa using fully automated HTS, within the
European Lead Factory (ELF). The colorimetric primary assay results were followed by an
orthogonal ABPP assay to assess potency and selectivity of the compounds in complex
mouse brain proteome. This resulted in the discovery of sulfonyl 1,2,4-triazole ureas as a
novel scaffold for serine hydrolases. Moreover eight other compound classes were
discovered, including a- and B-keto amides and the previously reported glycine
sulfonamides. Chapter 7 describes the development of inhibitors for ABHD16A (BATS5) by
application of ABPP in LBDD. The 1,2,4-triazole sulfonamide ureas, described in Chapter 6,
were found to inhibit ABHD16A by orthogonal ABPP. Subsequent optimization and
characterization led to two compounds that exhibited in vivo activity on brain ABHD16A in
mice. Chapter 8 provides an extensive overview of all the current DAGL inhibitors and their
effect in preclinical models of neurodegenerative and metabolic disorders.>® Chapter 9
provides a summary of this Thesis and states future directions for additional research.
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