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“Almost all aspects of life are engineered at the molecular level,
and without understanding molecules we can only have a very
sketchy understanding of life itself.”

— Francis Crick
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Chapter 1

The drug discovery process

In the last decades, the field of drug discovery and development has advanced
tremendously. Improvements in synthetic chemistry, DNA sequencing, protein
crystallography, high-throughput screening and computational drug design, among
others, have contributed to a faster and more efficient drug discovery process.” Despite
these efforts, it still takes 10-12 years for a drug candidate to reach the market and less
than 10% of the drugs that enter clinical trials actually make it to the patient.3

Drug development is a time- and resource-consuming process and consists of
multiple stages (Figure 1.1).# The search for a new drug usually starts at the discovery and
validation of a (protein) target that contributes to the pathogenesis or progression of a
disease.> After this, an assay that reports on the functional activity of the target protein has
to be set up. The process of hit identification is then initiated, which aims to identify
molecules that modulate the target's function, e.g. its catalytic activity in case of an enzyme.
Nowadays, hit identification usually involves high-throughput screening campaigns in
which large libraries of small molecules are screened against the target of interest in an
automated setup.® Identified 'hit compounds’ typically have low affinity, insufficient
functional efficacy, and/or a poor selectivity profile and should be optimized in a hit-to-
lead optimization program.” The most promising candidate, the ‘lead compound’, then
enters the stage of lead optimization, where its pharmacokinetic and pharmacodynamic
properties and toxicological profile are assessed, usually in multiple animal models. If a
compound successfully passes this stage, it can enter clinical trials. At this point, it is first
tested in healthy human subjects to investigate the drug’s pharmacokinetic and safety
profile. Next, the drug is administered to a small group of patients to evaluate its
efficacious dose. The final phase of clinical trials aims to assess efficacy and safety of the
compound on a larger patient group. If the experimental drug passes these stages and is
approved by authorities, it can enter the market.’

LS AR

Target discovery Assay development Hit-to-lead & Preclinical toxicology Clinical A
& validation & Hit identification Lead optimization & pharmacology phase I/11/111 PP
2-3 years 0.5-1 year 1-3 years 1-2 years 5-6 years 1-2 years

Figure 1.1 - Overview of the different stages of drug discovery and development. Estimated duration is indicated
for each stage.®®
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Chemical tools for target discovery and validation

The discovery and development of most new drugs starts with the target discovery.
Nowadays, novel targets are generally identified using genetic methods, such as RNA
interference (RNAI) or CRISPR/Cas9-based library screens that abrogate the expression of
proteins, in combination with a functional assay that reports on a disease-relevant
phenotypic response.?® The identification of novel therapeutic targets can be a challenging
endeavor in itself and greatly depends on the predictive value of the employed phenotypic
assay.'%" Genetic knockdown or knockout of a target does not always match the effects
of its acute pharmacological modulation.’ Long-term genetic disruption may have
different effects on cellular physiology in comparison to acute and dynamic modulation
by small molecules. In addition, genetic models may be hampered by potential
compensatory mechanisms that obscure the role of the target protein.’3

It is thus essential to validate that pharmacological modulation (e.g. inhibition) of
the target leads to the desired phenotype, a process which is collectively referred to as
target validation.'* Target validation heavily relies on the availability of suitable chemical
tools to study engagement of the compound to the intended biological target, and the
ability to connect these molecular interactions with proximal biomarkers or phenotypic
effects.”>'® These chemical tools, or ‘probes’, can guide in selecting the best compound
from a panel of drug candidates and can help to determine the dose required for complete
target occupancy without inducing off-target effects.’'® Depending on their application,
probes can be diverse in chemical structure and characteristics, and include radioligands’®,
fluorescent or biotinylated small molecules®®, positron emission tomography (PET)

tracers?!, photoaffinity-based probes??, and activity-based probes.?3?4

Structurally, chemical probes typically consist of a binding element with affinity
for the intended target, a reactive group that covalently links the probe to the target, and
a reporter moiety that enables visualization (e.g. fluorescent group) or identification (e.g.
biotin) of the probe-bound targets (Figure 1.2A).%> A covalent mode of action renders these
probes exceptionally useful for target engagement and target validation studies, since they
can irreversibly react with one or multiple target proteins in a complex proteome
mixture.?®%” Fluorescent reporter groups can be used for visualization of these probe-
bound targets using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) followed by in-gel fluorescence scanning. On the other hand, biotinylated probes
allow streptavidin-based enrichment of probe-bound targets, followed by tryptic digestion
and liquid chromatography coupled to mass spectrometry (LC-MS) analysis of target
peptides.’® Generally, the large size of a reporter group is a limiting factor, since it reduces
probe solubility and cell-permeability. This limitation can be addressed by the use of ‘two-
step probes’, which typically possess bioorthogonal ligation handles that enable
conjugation of reporter groups in a later experimental stage.?®-3? Including an inhibitor
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pre-incubation step allows a competitive experimental setup to profile a compound's
proteome-wide target engagement (Figure 1.2B).
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Figure 1.2 — Chemical probes as tools to study target engagement and target validation. (A) Chemical probes have
an irreversible, covalent mode of action and can be used to label one or multiple proteins in a complex proteome
sample. Fluorescent reporter groups can be used for visualization of probe-bound targets using SDS-PAGE and in-gel
fluorescence scanning. Biotinylated probes enable streptavidin-based enrichment of probe-bound targets, followed by
tryptic digestion and LC-MS analysis of target peptides. Two-step probes are versatile tools harboring bioorthogonal
ligation handles, which enable conjugation to reporter tags in a later experimental stage. (B) Competitive experiment
to study target engagement of inhibitors using chemical probes. The proteome is pre-incubated with inhibitor and
subsequently labeled with a chemical probe of choice. Figures are modified from literature.”

A variety of chemical probes has been developed for many protein classes, in
particular enzymes, including kinases®', phosphatases®’, serine hydrolases®3,
proteases®*3®, and glycosidases.®* On the one hand, non-selective probes that bind to a
broad spectrum of protein targets can serve as valuable tools for target discovery3”:38 or to
investigate a compound’s selectivity profile using chemical proteomics techniques.?331:3940

On the other hand, selective probes are exceptionally suited for cellular target engagement
studies*' or for molecular imaging of the protein target.3>4243
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Chemical genetics

The development of a selective chemical probe that specifically targets a particular protein
can be challenging to achieve due to the off-target activity towards structurally and/or
functionally related homologs, e.g. other members within the same protein class. Selectivity
can be improved in an iterative process of design, synthesis, testing, and refining the
original scaffold, but this is a time-consuming and tedious effort. To overcome such
limitations, various chemical genetic methods and technologies have been developed that
allow for selective modulation of specific targets using small molecules (Figure 1.3).

Chemical genetics combines the specificity of genetics with benefits of acute,
pharmacological modulation by a small molecule. It generally uses engineered, mutant
proteins that can accommodate unnatural substrates or modified ligands that do not affect
other, native proteins in the cellular environment. The most prominent example is the
‘bump-hole’ technology that has been successfully applied to a wide range of protein
families, including kinases**, GTPases*’, proteases*®, phosphatases*’, receptors*® and
various types of transferases.*® This strategy is based on mutagenesis of bulky amino acid
residues into smaller residues, creating an additional pocket (‘hole’) in the target protein’s
active site (Figure 1.3A). This engineered, mutant protein can accommodate bulkier ligands
than its wild-type counterpart, making these ligands mutant-specific.>°->? Since off-targets
of the original ligand maintain their native active site structure, these proteins are typically
not targeted by these bulky analogues.>® An alternative to this steric complementation
approach is the use of charge complementation, where active site residues are mutated to
induce electronic repulsion to the original ligand while establishing novel electrostatic
interactions (e.g. hydrogen bonds) with a modified ligand (Figure 1.3B).>*

Although these concepts allow one to selectively modulate a target protein and
study its function, the lack of a covalent binding mode limits the opportunities for use in
target engagement studies. Covalent, irreversible ligands can have additional advantages
over reversible ligands, such as sustained target occupancy, lower susceptibility to
competition with high intracellular substrate concentrations and a pharmacodynamic
profile that is dependent on the target's de novo protein synthesis rate. Most importantly,
ligands with a covalent binding mode are powerful tools by serving as chemical probes.
Shokat and co-workers introduced the chemical genetic strategy of ‘covalent
complementarity’, which involves mutagenesis of active site residues into cysteines (Figure
1.3C).>>°¢ The thiol group of cysteine can function as a nucleophile to covalently react with
electrophilic ligands.3”%” Although conceptually promising, mutant proteins may suffer
from distorted protein folding, reduced catalytic activity or otherwise impeded protein
function.>> Another general limitation of all described chemical genetic strategies remains
that they rely on overexpression of the mutant protein of interest, which in itself may

11
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Figure 1.3 — Chemical genetic approaches to establish selective modulation of specific protein targets by small
molecules. (A) Steric complementation or ‘bump-hole’ strategy. The target protein is engineered by mutation of a bulky
amino acid residue in the active site into a smaller residue (‘hole’). A non-selective ligand is modified by incorporation
of a bulky substituent (‘bump’) to fill the mutant's pocket. This modified bumped ligand does not target the wild-type
protein due to steric clash. (B) Charge complementation strategy. The target protein is engineered based on electrostatic
interactions in the active site, e.g. by modification of hydrogen bonding patterns. A non-selective ligand is modified by
changing its electronic properties to complement the mutated residue in the engineered protein pocket. This modified
ligand does not target the wild-type protein due to electrostatic repulsion and/or loss of affinity. (C) Covalent
complementarity strategy. The target protein is engineered by mutating an active site residue into a nucleophilic residue,
e.g. cysteine. A non-selective ligand is modified by incorporation of an electrophile that covalently reacts with the
nucleophilic residue. This modified electrophilic ligand does not target the wild-type protein due to a lack of nearby
nucleophilic residues. Figures modified from literature.>>°
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induce artefacts and disturbs normal cellular physiology.®® Further improvements are thus
required to facilitate the application of chemical genetics-based probes in target
engagement and target validation studies on endogenously expressed proteins.

Aim and outline

The aim of the research described in this thesis is to develop a chemical genetic strategy that
can be used for target engagement and target validation studies.

Chapter 2 describes the development of a chemical genetic toolbox for
visualization of engineered kinases and their target engagement. Using the tyrosine kinase
FES as exemplary target, various cysteine point mutants are generated and expressed,
followed by comprehensive biochemical profiling. After identification of a suitable mutant,
structure-based design is employed to synthesize mutant-specific probes that covalently
react with the introduced cysteine. Next, the selectivity and covalent mode of action of the
compounds are characterized in more detail. Cellular target engagement studies are
performed to investigate the in situ potency. Lastly, broader application of the generated
tools is examined on a panel of wild-type and cysteine mutant kinases.

Chapter 3 applies the tools developed in chapter 2 to investigate the role of FES
activity in myeloid differentiation. The use of CRISPR/Cas9 gene editing allows the
visualization of an endogenous mutant FES kinase in a relevant model system. Gel-based
labeling experiments reveal the cellular target engagement profile of the probe, and
chemical proteomics is used to study its proteome-wide selectivity. This chapter also
demonstrates the power of the chemical genetic strategy to dissect on-target from off-
target effects using mutant and wild-type cells, respectively.

Chapter 4 reports on the application of the chemical genetic tools from chapter
2 and the generated mutant cell line from chapter 3 to study the role of FES activity in
neutrophil phagocytosis. A flow cytometry assay is used to measure phagocytic uptake of
fluorescent E. coli by neutrophils, which reveals that FES plays a role in this process. Guided
by a substrate profiling experiment, a novel FES substrate is identified and validated in situ.
Phospho-specific immunoblot experiments are used to gain insight in the underlying
molecular mechanism, which results in a model proposing a novel role of FES in neutrophil
phagocytosis.

Chapter 5 extends the chemical genetic strategy described in chapter 2 to
diacylglycerol lipase o (DAGLa), an enzyme belonging to the family of serine hydrolases.
This chapter describes the first steps towards a strategy to subtype-selectively inhibit
DAGLa without affecting its structurally related homolog DAGLB. To this end, DAGLx
cysteine mutants are designed based on a homology model, followed by biochemical
profiling using activity-based protein profiling (ABPP) and substrate hydrolysis assays. The
design and synthesis of mutant-selective inhibitors of DAGLa are described, followed by
characterization of its irreversible, covalent binding mode. Competitive ABPP is used to

13
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investigate the ability of the compounds to subtype-selectively target DAGL« in presence
of DAGL.

Chapter 6 discusses the development and miniaturization of a biochemical
activity assay for monoacylglycerol lipase (MAGL), a serine hydrolase that is currently
considered as a therapeutic target for various diseases. Currently, nearly all MAGL
inhibitors have an irreversible mode of action and the number of reversible compounds is
limited. To identify novel reversible MAGL inhibitors, the assay was used in a high-
throughput screening campaign on 233,820 unique compounds. Hit validation using
orthogonal ABPP experiments results in a qualified list of hit compounds that constitute
starting points for the development of novel, reversible MAGL inhibitors as well as chemical
probes for use in chemical genetic strategies.

Chapter 7 provides a summary of the work described in this thesis and discusses
future directions.

14
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Chapter 2

Introduction

Protein kinases comprise a 518-membered family of enzymes that play an essential role in
intracellular signaling processes. They transfer a phosphate group from ATP to specific
amino acid residues in proteins, thereby modulating protein activity, localization and
protein-protein interactions.? Protein kinases are involved in many cellular functions,
including proliferation, differentiation, migration and host-pathogen interactions. Kinases
are also an important class of drug targets for the treatment of cancer.3 However, current
FDA-approved kinase inhibitors intend to target only <5% of the entire kinome* and
therapeutic indications outside oncology are vastly underrepresented.>® These so-far
untargeted kinases thus offer great opportunities for the development of novel molecular
therapies for various diseases. The non-receptor tyrosine kinase feline sarcoma oncogene
(FES), subject of this study, is a potential therapeutic target for cancer and immune
disorders.”?

FES has a restricted expression pattern and is primarily found in hematopoietic,
neuronal, endothelial and epithelial cells.'® FES, together with FES-related kinase (FER),
constitutes a distinct subgroup within the family of tyrosine kinases, defined by their
unique structural organization (Figure 2.1A). FES is able to interact via its F-Bin-
Amphiphysin-Rvs (F-BAR) domain, either with itself or other F-BAR-containing proteins."’
These interactions are proposed to maintain an inactive conformation in absence of
activating stimuli.’> The FES F-BAR domain binds to phosphoinositide-containing lipids,
such as phosphatidylinositol 4,5-bisphosphate (PIP;). In addition, phosphatidic acid
binding via the F-BAR extension (FX) domain can increase kinase activity, although the
exact mechanism remains poorly understood.'s FES also possesses a Src Homology 2 (SH2)
domain that binds phosphorylated tyrosine residues and thereby functions as protein
interaction domain. Moreover, electrostatic interactions between the SH2 domain and
adjacent kinase domain of FES are essential to adopt an active conformation required for
catalysis and disruption of this SH2-kinase domain interface severely impairs kinase
activity.™ The kinase domain that performs the transfer of phosphate groups from ATP to
protein substrates is located on the C-terminal end of FES. Phosphorylation of Y713 in the
activation loop of FES is a prerequisite for its kinase activity'> and can occur either via
autophosphorylation'® or phosphorylation by Src family kinases.' Upon activating stimuli,
FES translocates to the membrane to form oligomers, followed by autophosphorylation at
Y713, after which FES adopts an active conformation suitable for catalysis (Figure 2.1B).'8

The successful development of new drugs targeting kinases strongly depends on
the understanding of their underlying molecular and cellular mechanism of action, i.e. the
preclinical target validation.” The physiological function of many kinases remains,
however, poorly characterized and their direct protein substrates are often unknown.
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Figure 2.1 - Structural domains of FES and regulation of FES activity. (A) FES has a unique structural organization
consisting of an F-Bin-Amphiphysin-Rvs (F-BAR), F-BAR extension (FX), Src Homology 2 (SH2) and kinase domain (KD).
FES is present in an inactive conformation in absence of activation stimuli. K590 is the catalytic lysine residue that forms
a salt bridge with E607 to adopt an active conformation. Y713 in the activation loop of FES is an autophosphorylation
site that increases kinase activity. (B) Upon activation stimuli, FES translocates to the membrane, resulting in
oligomerization via its F-BAR domain. FES is then activated by autophosphorylation of its Y713 residue.

Genetic models (congenital deletion or expression of kinase-dead variants) may be used
to study these questions (Figure 2.2A). However, the interpretation of results from long-
term, constitutive genetic disruption may sometimes be hampered by potential
compensatory mechanisms. In addition, these models are poorly suited to dissect rapid
and dynamic catalytic processes from the scaffolding function of kinases.?%2" A
complementary approach is the use of small molecule inhibitors to modulate kinase
activity in an acute and temporal fashion. This approach more closely resembles
therapeutic intervention, but the available pharmacological tools, especially for non-
validated kinases, often suffer from a lack of selectivity.?%?? Currently, there are no suitable
FES inhibitors available for target validation studies, because they either lack potency or
selectivity and all cross-react with FER.”33

Another important aspect of drug discovery is to obtain proof of target
engagement, which correlates the exposure at the site of action to a pharmacological or
phenotypic readout.>* Information about kinase engagement is essential for determining
the dose required for full target occupancy without inducing undesired off-target activity.?
Activity- and affinity-based protein profiling is a chemical biology technique that is ideally
suited to study target engagement.>* Chemical probes make use of a covalent, irreversible
mode of action, combined with reporter tags such as fluorophores to enable target
visualization or biotin to enable target enrichment and identification. In the field of kinases,
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reported chemical probes either target a conserved active site lysine residue in a non-
selective fashion?® or non-catalytic cysteine residues in the ATP binding pocket.?”?® The
first class of kinase ABPs lacks the selectivity required for cellular target engagement
studies. On the other hand, the majority of kinases, including FES, do not possess
targetable cysteine residues in the catalytic pocket?®. Garske et al. previously introduced
the elegant concept of covalent complementarity: the use of an engineered kinase in which
the gatekeeper amino acid residue is mutated into a cysteine, combined with electrophilic
ATP analogs to study target engagement.3® Other positions in the kinase active site have
also been investigated'??, but secondary mutations were required to improve cysteine
reactivity or compound selectivity and potency.

Inspired by these established and emerging concepts, in this study, a chemical
genetic strategy was developed to visualize target engagement of kinases and aid in their
validation as potential therapeutic targets.

Results
General strategy: an engineered kinase in combination with complementary probes

The key feature of the strategy is the combination of an engineered, mutant kinase with
the design and application of complementary, covalent inhibitors (Figure 2.2B). The ATP-
binding pocket of the kinase of interest is sensitized towards pharmacological inactivation
using complementary probes by replacing an amino acid for a cysteine residue. Candidate
mutants are rationally designed in silico using existing structural data, taking into account
residue accessibility and avoiding mutagenesis of residues essential for catalysis (Figure
2.2C, step 1). The mutant is biochemically characterized to verify that the cysteine point
mutation minimally affects kinase function (Figure 2.2C, step 2). Subsequently,
complementary electrophilic inhibitors are designed to covalently react with this cysteine
(Figure 2.2C, step 3). Covalent, irreversible inhibitors can have several advantages over
reversible compounds, such as sustained target occupancy, lower susceptibility to
competition by high intracellular ATP concentrations and a pharmacodynamic profile that
is dependent on the target's de novo protein synthesis rate3334. The inhibitor will have far
lower potency on the wild-type kinase, which does not possess a nucleophilic residue in
its active site, thereby making the inhibitor mutant-specific. Transient overexpression of
the mutant kinase allows in situ target engagement profiling in live cells, while the wild-
type kinase serves as a negative control (Figure 2.2C, step 4). Importantly, the covalent
binding mode of the inhibitor enables target engagement profiling by acting as a chemical
probe and its ligation handle can be further functionalized with reporter tags for
visualization by SDS-PAGE (fluorophore) or identification of the bound targets by mass
spectrometry (biotin) (Figure 2.2C, step 5).
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Figure 2.2 — Chemical genetic strategy for visualization of kinase target engagement. (A) Gene knockout or
knockdown approaches suffer from a lack of temporal control, possibly inducing compensatory mechanisms such as
upregulation of other kinases. On the other hand, many kinase inhibitors suffer from selectivity issues, leading to
inactivation of multiple kinases and thereby resulting in a complex phenotype. (B) Chemical genetic strategy involving
mutagenesis of a kinase active site residue into a nucleophilic cysteine accompanied by mutant-specific covalent
inhibitor design. A non-selective, reversible inhibitor is modified with an acrylamide electrophile to covalently react with
the introduced cysteine, along with an alkyne ligation handle for conjugation to reporter tags using click chemistry. (C)
Schematic workflow encompassing mutant design, expression and characterization, the design and synthesis of
complementary inhibitors, transient expression of the wild-type or mutant kinase and visualization of target
engagement by inhibitors using fluorescent probes.

Biochemical characterization of engineered FES kinases

To introduce a cysteine residue at an appropriate position in the ATP-binding pocket of
FES, a previously reported crystal structure of FES with reversible inhibitor TAE684
(compound 1) (PDB: 4€93) was inspected.?®> Nine active site residues situated in proximity
of the bound ligand were selected (Figure 2.3A) and the respective cysteine point mutants
were generated by site-directed mutagenesis on truncated human FES fused to an N-
terminal His-tag. The wild-type protein and the mutants were recombinantly expressed in
Escherichia coli (E. coli), purified using Ni?*-affinity chromatography and tested for catalytic
activity using a time-resolved fluorescence resonance energy transfer (TR-FRET) assay
(Figure 2.3B).3>3¢ Four of the nine tested mutants did not display any catalytic activity,
including G570C (located on P-loop) and G642C (hinge region). Three mutants near the
kinase hydrophobic backpocket (1567C, V575C and L638C) retained partial activity, whereas
only two mutants (T646C and S700C) displayed catalytic activity similar to wild-type FES.
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Figure 2.3 - Design and characterization of FES cysteine point mutants. (A) Location of mutated active site residues
in FES crystal structure with bound reversible inhibitor TAE684 (PDB code: 4e93). (B) Activity of recombinantly expressed
FES mutants compared to wild-type, determined as relative amount of phosphorylated peptide substrate after 60 min
incubation using TR-FRET assay. (C) Reaction progress curve for FESYT and FESS’¢. (D) Determination of ATP Ky for
FESWT and FES®7%°C, Enzyme reactions in TR-FRET assays were performed with ULight-TK peptide (50 nM) and ATP (B, C:
100 uM, D: variable) and quenched (B, D: after 60 min, C: variable). (E) Peptide substrate profile for FESWT and FES70C
as determined in PamChip® microarray. Peptides were filtered for those with ATP-dependent signal and log2 of signal
intensity >3. The peptide substrates were identical for FESWT and FES*7%C (Venn diagram, inset). (F) Preferred substrate
consensus  sequence based on FESWT substrate profile. lllustration was rendered using Enologos
(http://www.benoslab.pitt.edu). (G) SH2 domain binding profile for FESWT and FESS"%C as determined in PamChip®
microarray. Samples with non-specific antibody binding were excluded. The peptide SH2 binding partners were identical
for FESWT and FES®C (Venn diagram, inset). Data represent means + SEM (N = 3). Statistical analysis was performed
using ANOVA with Holm-Sidak’s multiple comparisons correction: *** P <0.001; NS if P >0.05.
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The attention was particularly drawn to the S700C mutant, which involves the
residue adjacent to the highly conserved DFG motif (DFG-1). Since several other kinases
(e.g. MAPK1/337, RSK1-438 and TAK13%) express an endogenous cysteine at DFG-1 that can
be targeted by electrophilic traps, FESS7%°C was selected for more detailed biochemical
profiling. The engineered kinase displayed identical reaction progress kinetics (Figure 2.3C)
and similar affinity for ATP (Km = 1.9 uM for FESWT and Ky = 0.79 puM for FESS7%C; Figure
2.3D and Supplementary Figure 2.1A).

To assess whether the introduced mutation affected substrate recognition, a
comparative substrate profiling assay was performed using the PamChip® microarray
technology. This assay is based on the phosphorylation of immobilized peptides by
purified FES and detection using a fluorescent phosphotyrosine antibody. Strikingly, the
substrate profiles of FESWT and FESS7°C were completely identical (Figure 2.3E, inset;
Supplementary Table 2.1), indicating that the S700C mutation did not affect substrate
recognition. Moreover, the absolute peptide phosphorylation levels showed a strong
correlation (R? = 0.95). Sequence analysis of the top 30 of highest signal peptides revealed
that FES prefers negatively charged substrates with hydrophobic residues at positions -1
and +3 and acidic residues at position -4, -3 and +1 relative to the tyrosine
phosphorylation site (Figure 2.3F). These results are in line with a previous study that
reported on FES substrate recognition.’ Lastly, a modified PamChip array to measure
phosphopeptide binding to the Src homology 2 (SH2) domain of FESWT and FESS700C
showed that the introduced mutation did not affect the SH2 binding profile (Figure 2.3G
and Supplementary Table 2.2). In short, the DFG-1 residue (S700) in the ATP-binding pocket
of FES was identified as an excellent position to mutate into a nucleophilic cysteine, without
affecting FES kinase activity, kinetics, substrate recognition and SH2 binding profile.

Design, synthesis and characterization of complementary probes for FESS700C

The reversible ligand TAE684 was used as a starting point to develop a complementary
probe for FESS7%%C, To assess whether the FESS7%0C was still sensitive to inhibition by TAE684,
the protein was incubated with various concentrations of TAE684 and its half maximum
inhibitory concentration (expressed as plCso) was determined. This revealed that TAE684
was a potent inhibitor both on FESWT and FESS79°C with plCsg values of 8.1 + 0.04 and 9.0 +
0.02, respectively (Table 2.1). According to the co-crystal structure of FESWT with TAE684
(PDB: 4€93) the isopropyl sulfone moiety is in the close proximity of the S700 residue at
the DFG-1 position. Therefore, several derivatives of TAE684 were synthesized, in which
the Ro-phenyl ring was substituted with an acrylamide group as electrophilic warhead
(Scheme 2.1 and Supplementary Scheme 2.1-2.4).

The acrylamide is hypothesized to covalently interact with the engineered
cysteine, but not with the serine of the wild-type protein. Since the strategy aims at
exclusively inhibiting mutant but not wild-type FES, the piperidine-piperazine group was
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Scheme 2.1 - Synthesis of WEL028. Reagents and conditions: {) Boc,O, THF, rt, 58%. ii) 2,4,5-trichloropyrimidine, DIPEA,
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removed as it is known to form water-mediated hydrogen bonds with hinge region
residues and contribute to ligand affinity.2> The plCso values of compound 2-6 are listed in
Table 2.1 (dose-response curves in Supplementary Figure 2.1B-F). Removal of the piperidine-
piperazine group (compound 2) resulted in a modest reduction in potency on FESVT and
FESS790C, Introduction of an acrylamide at the meta-position of the phenyl ring (compound
3) further decreased affinity for FESWT, but also led to significant loss in activity on the
FESS79%¢ mutant. Moving the acrylamide to the ortho-position resulted in compound 4,
which exhibited excellent potency on FESS79°C (pICso = 8.4 + 0.03), whereas a major
reduction in potency on FESWT (plCso = 5.7 + 0.21) was found, resulting in an apparent
selectivity window of 238-fold. The acrylamide was substituted for a propionamide
(compound 5) to confirm its important role in binding to FESS7%C, In line with the proposed
mode of action, compound 5 displayed low inhibitory potency on FESS700C,

Next, a docking study was performed with compound 4 in FESS70°C (Figure 2.4A).
The binding mode of 4 resembled the original binding pose of TAE684 and could explain
the observed structure-activity relationships. Catalytic lysine residue 590 interacts with the
amide carbonyl, ideally positioning the warhead on the ortho-position, but not on the
meta-position, to undergo a Michael addition with the engineered cysteine. The binding
pose also revealed a suitable position to install an alkyne moiety on the scaffold of
compound 4 to develop a two-step chemical probe for target engagement studies. This
led to the synthesis of compound 6 (hereafter referred to as WELO28) with an ortho-
acrylamide and alkyne ligation handle (Scheme 2.1), which displayed a similar potency
profile as 4 with strong inhibition of FESS7%C (pICs = 8.4 + 0.03) but not FESWT (plCso = 5.0
+ 0.37) (Figure 2.4B and Table 2.1). The mutant-specific inhibition profile was additionally
verified using the orthogonal PamChip® microarray assay (Figure 2.4C).
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Table 2.1 - Inhibitory potency of synthesized TAE684 derivatives against FESWT and FESS7%°C. Half maximal inhibitory
concentrations (expressed as plCso) determined on recombinantly expressed FESWT and FES®7C in a TR-FRET assay.
Apparent fold selectivity was calculated as ICso on FESYT divided by 1Csp on FESS%C, Data represent means + SD (N =
3). ND: not determined. Dose-response curves can be found in Figure 2.4B and Supplementary Figure 2.1).
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To confirm that WEL028 undergoes a Michael addition to cysteine 700,
recombinant FESS79°C was incubated with WEL028, digested to peptide fragments with
trypsin and subsequently analyzed by LC-MS/MS (Figure 2.4D and Supplementary Figure
2.2). The mass of the expected FES peptide covalently bound to WEL028 was identified,
whereas this mass was not present in a vehicle-treated control sample. The parent ion was
further analyzed by collision-induced dissociation and the corresponding MS/MS
fragmentation pattern showed clear ladders of predicted b and y ions, which confirmed
covalent addition of WEL028 to Cys700.

Cys700 is located directly adjacent to the DFG motif, which is highly conserved
among kinases and plays an essential role in binding Mg?* ions that coordinate to the
phosphates of ATP.40 A substantial number of kinases also harbors a native cysteine at this
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Figure 2.4 - WEL028 is a mutant-specific inhibitor of FESS7°C that covalently binds to Cys700. (A) Proposed
covalent binding mode of compound 4 to Cys700 in crystal structure of FES (PDB code: 4€93). (B) /n vitro inhibition
profile of FESWT and FESS"%°C by WEL028. Data was obtained using time-resolved FRET assay. (C) Inhibition profile of
WEL028 (100 nM) on FESYT and FESS"%C on individual peptide substrates determined in PamChip® microarray. Signal
intensity was normalized to vehicle-treated control. (D) MS/MS-based identification of WEL028 covalently bound to
Cys700. The precursor ion (m/z [M+2H]?* = 689.2671) was fragmented and signature ions of the WEL028-bound peptide
are shown. The precursor ion was not observed in a vehicle-treated control sample. (E) Selectivity profile of WEL028 (1
UM, 1 h pre-incubation) on 279 kinases including all kinases with native active site cysteines, visualized as waterfall plot
(each data point is an individual kinase). Kinases with <50% inhibition at 1 uM were further profiled in dose-response
experiments. Data represent means (N = 2) and were obtained from SelectScreen™ selectivity profiling service except
for FES®7%°¢, which was determined in-house. (F) Visualization of dose-dependent labeling of full-length FESS7%C but not
FESWT in HEK293T cell lysate using click chemistry. Lysates were incubated with WEL028 (indicated concentration, 30
min, rt), followed by addition of click mix containing Cy5-azide (2 eq., 30 min, rt). (G) Two-step labeling by WEL028 is
specific and exclusive for FESS7C. Lysate was incubated with vehicle or compound 4 (10 uM, 30 min, rt), followed by
WEL028 (250 nM, 30 min, rt) and click mix containing Cy5-azide (2 eq., 30 min, rt). Protein expression was verified by
immunoblot against a C-terminal FLAG-tag and B-actin as loading control. (H) Time-dependent labeling of FESC by
WELO028. Lysates were incubated with WEL028 (500 nM, indicated time, rt) and visualized by click chemistry as in F. Data
represent means + SEM (N = 3).
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position, which might have implications for the kinome-wide selectivity of WEL028.34 The
selectivity profile was therefore assessed using the SelectScreen™ screening technology in
a panel of 279 wild-type, mammalian kinases including all kinases with a native cysteine
residue at any position in the active site. The assays were performed at a single dose of
1 uM with 1 h of pre-incubation to identify the full spectrum of potential off-target kinases.
Only 19 of the tested 279 kinases showed >50% inhibition under these conditions,
meaning that WEL028 exhibited a >100-fold selectivity window against the residual 260
kinases (93% of tested kinases, Figure 2.4E and Supplementary Figure 2.3). Subsequently,
dose-response experiments were performed for kinases showing >50% inhibition in the
initial screen (Table 2.2 and Supplementary Figure 2.4). The only off-targets of WEL028 with
a plCso <7 were LRRK2 (plCso = 7.3 £ 0.05) and MKNK2 (plCsp = 7.0 = 0.06). Importantly,
the potency of WELO28 on FESS7%°C was unmatched by any of the tested kinases, with a
minimal 10-fold apparent selectivity window in all cases.

Table 2.2 - Selectivity profile of WEL028. All data (plCso + SD, N = 2) were obtained from SelectScreen™ selectivity
profiling service except for FES7C, which was determined in-house. Kinases exhibiting >50% inhibition at 1 uM in an
initial screen on 279 kinases (Supplementary Figure 2.3) were selected for dose-response experiments. Assays were
performed with 1h pre-incubation. Indicated molecular weight is based on UniProt database records. Location of native
cysteine residues in the kinase active site is indicated if applicable, with nomenclature as previously described.?’
Apparent fold selectivity was calculated as ICso on that kinase divided by ICso on FESS7%C, Dose-response curves can be
found in Supplementary Figure 2.4.

Molecular weight Apparent fold

Kinase (kDa) Native cysteine plCso selectivity
AURKA 458 None 6.2 £ 0.06 155
BRAF 844 Hinge2 7.0 £0.06 25
CLK4 575 None 59+13 272
FES®7%C 93.5 DFG-1 8.410.03 N/A
FLT3 1129 DFG-1 55+0.10 718
FLT4 (VEGFR3) 1528 DFG-1, Hinge2 6.7 £ 0.07 50
KDR (VEGFR2) 1515 DFG-1, Hinge2 6.2 + 0.06 153
LRRK2 286.1 None 73+005 12
MAP2K1 (MEK1) 434 DFG-1, GK-1 6.6 + 0.06 60
MAP2K2 (MEK2) 444 DFG-1, GK-1 6.6 + 0.06 54
MAP2K6 (MEK6) 375 DFG-1, GK-1 6.5 +0.07 68
MAP3K8 (COT) 529 DFG+1 6.6 £ 0.05 57
MAPKAPKS (PRAK) 542 DFG-1 6.3 £ 0.09 112
MKNK2 (MNK2) 51.9 DFG-1 7.0 £0.06 23
PDGFRA 1227 DFG-1, Hinge2 6.1 £ 0.06 184
PTK2 (FAK) 119.2 Hinge2 6.4 £ 0.06 89
ROS1 2639 None <5 > 238
STK33 578 Hinge2 6.0 £ 0.58 254
TNK2 (ACK) 114.6 None 6.5+ 0.26 76
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To visualize covalent binding of FESS7%C by WEL028, full-length FESS79°C was
overexpressed in HEK293T cells and cell lysates were incubated with different
concentrations of WEL028, followed by in vitro conjugation to a Cy5 fluorophore using
click chemistry. Dose-dependent labeling at the expected molecular weight of 93 kDa was
observed for FESS79°C but not FESW' (Figure 2.4F). Pre-incubation with compound 4
completely abolished labeling of FESS7%C (Figure 2.4G). Time course experiments revealed
that complete labeling was achieved within 15 min incubation and that labeling was stable
up to 60 min (Figure 2.4H). In summary, WEL028 was identified as a complementary two-
step probe for engineered FESS7%°C that does not label wild-type FES and is highly selective
over other kinases.

Target engagement studies with complementary one-step probe WEL033

Next, a one-step fluorescent probe was synthesized to facilitate visualization of FESS70°C; a
Cy5-conjugated analog of WEL028 termed WELO33 (Figure 2.5A and Supplementary
Scheme 2.5). WELO33 dose-dependently labeled recombinantly expressed full-length
FESS790C but not FESWT in HEK293T cell lysate (Figure 2.5B). Interestingly, introduction of a
secondary K590E mutation, resulting in a kinase-dead FES mutant that is unable to acquire
an active "DFG-in" conformation’’, abolished labeling by WEL033 (Figure 2.5C). This
indicates that the Lys590 residue is essential for covalent binding of WEL028 to the FES
active site, either directly by coordination of Lys590 to position the acrylamide warhead to
undergo covalent addition to Cys700 as predicted by the docking studies (Figure 2.4A), or
indirectly by restricted access to the inactive “DFG-out” conformation of FES.

A competitive probe binding assay was then performed to visualize target
engagement in lysates with overexpressed full-length FESS7%C, Two inhibitors, TAE684 and
WEL028, were able to prevent the labeling of FESS7%C in a dose-dependent manner (plCso
=7.6 £ 0.06 and plCsp = 7.9 * 0.06, respectively; Figure 2.5D, E). A similar dose-dependent
profile was observed for 4 and biotin-conjugate WELO34 (Supplementary Figure 2.5). This
demonstrates that gel-based ABPP using lysates of cells expressing full-length engineered
FESS790C s a valuable orthogonal method to standard biochemical assays using purified,
truncated proteins.

The mode of action of TAE684 and WEL028 was then evaluated using time-
dependent displacement experiments with these inhibitors (Figure 2.5F, G). After inhibitor
incubation at their respective 1Cgo concentrations, labeling of FESS7%C activity by WEL033
recovers for TAE684 but not for WEL028, indicating a reversible and irreversible mode of
action for these compounds, respectively. In line with these results, inhibitor washout
experiments using overnight dialysis also showed irreversible inhibition by WEL028 but not
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Figure 2.5 - Characterization of one-step probe WEL033 for visualization of FESS%C target engagement.
(A) Design of one-step probes WEL033 (Cy5-conjugate) and WEL034 (biotin-conjugate) from two-step probe WEL028.
(B) Dose-dependent labeling of full-length FESS7®C but not FESWT by WEL033 (indicated concentration, 30 min, rt) in
HEK293T lysate. (C) Labeling by WELO033 is specific, exclusive for FESS"C and dependent on catalytic lysine 590. Lysates
were incubated with vehicle or 4 (10 uM, 30 min, rt), followed by WEL033 (250 nM, 30 min, rt). Protein expression was
verified by immunoblot against a C-terminal FLAG-tag. (D, E) Visualization of FES/%°C target engagement by WEL028
and TAE684. Lysate was pre-incubated with WEL028 or TAE684 (indicated concentration, 30 min, rt), followed by
incubation with probe WEL033 (250 nM, 30 min, rt). Band intensities were normalized to vehicle-treated control. (F, G)
WELO33 outcompetes TAE684 but not WEL028 binding over time. Lysate was incubated with vehicle, TAE684 or WEL028
at the respective |Cgo-concentration (20% remaining activity; TAE684: 82 nM, WEL028: 27 nM; 30 min, rt), followed by
incubation with WEL033 (1 uM, indicated time, rt). Band intensities were normalized to vehicle-treated control at same
time point. (H, 1) Sustained FES>°C inhibition by WEL028 but not TAE684 after overnight dialysis. Lysates were treated
with vehicle, TAE684 or WEL028 as in panel F. Pre-dialysis samples were directly flash-frozen after incubation and
residual lysate was dialyzed overnight at 4 °C. Pre- and post-dialysis samples were then labeled by WEL033 (250 nM,
30 min, rt). Band intensities were normalized to vehicle-treated control. (J, K) Two-step labeling of WEL028-bound
FESS7C before and after dialysis. Samples were processed as in panel H, but conjugated to BODIPY-azide using click
chemistry (2 eq., 30 min, rt). Band intensities were normalized to pre-dialysis control. Data represent means + SEM
(N = 3).
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TAE684 (Figure 2.5H, I). Direct visualization of the covalent adduct using click chemistry
confirmed sustained engagement of FESS79°C by WEL028 post-dialysis (Figure 2.5J, K). Of
note, the labeling intensity of vehicle-treated control samples was decreased after dialysis,
possibly due to protein degradation or aggregation. Interestingly, the labeling intensity
TAE684-treated FESS7%C post-dialysis was higher than the vehicle-treated control,
indicating that this reversible ligand may induce a conformational change that increases
protein stability.

Subsequently, it was investigated whether WEL028 could also engage FESS7%¢ in
living cells. To this end, HEK293T cells overexpressing FESWT or FESS7%C were incubated
with various concentrations of WEL028, after which cells were harvested and lysed.
WELO028-labeled proteins were then visualized using click chemistry. Dose-dependent
labeling of FESS7C was observed (Figure 2.6A), which indicates that WEL028 is cell-
permeable and can serve as a two-step probe in living cells. Interestingly, the potency of
WEL028 in situ (plCso = 7.6 £ 0.05, Figure 2.6B) is similar to its potency in vitro (plCsp = 7.9
+ 0.06, Figure 2.5E), which demonstrates the benefit of an irreversible binding mode with
lower susceptibility to high intracellular ATP concentrations.
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Figure 2.6 — WEL028 engages FESS7°° in live cells, blocks FES autophosphorylation and reduces downstream
tyrosine phosphorylation. (A, B) WEL028 engages recombinantly expressed FES in live cells. HEK293T cells were
transfected with FESYT and FESSC and 48 h post-transfection, cells were treated with WEL028 (indicated concentration,
1h, 37 °C). Cells were harvested, lysed and WEL028-labeled proteins were visualized by conjugation to Cy5-azide using
click chemistry. Protein expression was verified by immunoblot against a C-terminal FLAG-tag and B-actin served as
loading control. Band intensities were normalized to highest concentration. (C, D) WEL028 blocks FES7%C but not FESWT
autophosphorylation in situ. U20S cells were transfected as in panel A and treated with WEL028 (100 nM, 1 h, 37 °Q).
Lysates were incubated with WEL033 (250 nM, 30 min, rt) to post-label residual active FES. Autophosphorylation at Y713
was visualized by immunoblot. Band intensities were normalized to vehicle-treated control. (E) WEL028 reduces global
tyrosine phosphorylation downstream of FESS7C but not FESWT. Samples were processed as in D and tyrosine
phosphorylation was visualized by immunoblot using anti-phosphotyrosine antibody (4G10). Data represent means +
SEM (N = 3). Statistical analysis was performed using two-tailed t-test: *** P <0.001.
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To determine whether WEL028 also blocked FES-mediated phosphorylation
in situ, FESWT- or FESS70C-overexpressing cells were incubated with WEL028 (100 nM, 1 h),
followed by lysis and visualization of residual FES activity by WEL033 (Figure 2.6C). Under
these conditions, WEL028 showed >90% engagement of FESS’%C (Figure 2.6D).
Autophosphorylation of Y713 on the activation loop of FES is a hallmark for its kinase
activity.#1541 Consequently, immunoblot analysis using a phospho-specific antibody for
pY713 revealed that WELO28 fully abolished autophosphorylation of FESS7%C but not FESWT.
Furthermore, a drastic increase in the global phosphotyrosine profile was observed upon
overexpression of FESWT or FESS70°C (Figure 2.6E), which was almost completely blocked by
acute inactivation of FESS79C by WEL028. This indicates that the target engagement as
measured by gel-based ABPP assay correlates with the functional activity of FESS790C as
determined in the biochemical and immunoblot assays.

Applicability to other kinases

To investigate the broader applicability of this strategy, it was explored whether the
complementary probes could also target other kinases than FES in a similar chemical
genetic strategy. To this end, a cysteine residue was introduced at the DFG-1 position
(S701) of the kinase FER, which together with FES forms a unique kinase subfamily with
high structural and functional similarity.’ FERWT and FERS'C were recombinantly
expressed, purified and biochemically characterized and exhibited similar affinity for ATP
(Km = 11 uM for FERYT and Ky = 3.5 uM for FERS7'S; Supplementary Figure 2.6A). Profiling
the panel of synthesized compounds on FERWT and FERS79'C (Supplementary Table 2.3 and
Supplementary Figure 2.6B-F) revealed that WEL028 potently targeted mutant but not wild-
type FER (plCso = 6.3 £ 0.36 for FERWT, pICso = 8.2 + 0.06 for FERS70'C). Moreover, incubation
of cell lysates from HEK293T cells overexpressing FERS701C with WELO33 resulted in dose-
dependent labeling that was prevented by pre-incubation with inhibitor 4 (Figure 2.7A, B).

In addition, cysteine mutants were generated of two other tyrosine kinases with
lower sequence similarity and different amino acids at the DFG-1 position: LYN and PTK2
(resulting in LYNA384C and PTK2G°36C, respectively). Overexpression of these kinases and
incubation with complementary probes exhibited dose-dependent, mutant-specific
labeling (Figure 2.7C-F). Interestingly, no labeling was observed for LYNA384C with one-step
probe WEL033 (data not shown), which may indicate that the bulky Cy5 fluorophore
prohibits active site binding in this particular case. Finally, it was investigated whether
PAK4, a kinase belonging to the serine/threonine kinase subgroup, could also be sensitized
to the complementary probes in a similar fashion. Strikingly, also this corresponding
mutant PAK4%%7C but not PAK4WT was dose-dependently labeled by WEL033
(Figure 2.7G, H). In conclusion, these results suggest that the here presented chemical
genetic strategy is not exclusively applicable to tyrosine kinases closely related to FES, but
can also be employed to visualize target engagement of kinases with lower structural and
functional similarity.
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Figure 2.7 - Applicability of chemical genetic strategy on various kinases with DFG-1 residues mutated into
cysteine. (A, C, E, G) Dose-dependent labeling of DFG-1 cysteine mutants but not wild-type kinases by complementary
probes. Recombinantly expressed kinase (A: FER, C: PTK2, E: LYN, G: PAK4) in HEK293T cell lysate was pre-incubated
with vehicle or 4 (indicated concentration, 30 min, rt), followed by incubation with probe (A, C, G: one-step probe
WELO33, E: two-step probe WEL028; indicated concentrations, 30 min, rt). For E, samples were then conjugated to Cy5-
azide using click chemistry. Homology-based similarity of corresponding kinase (red) to FES (gray) is visualized in kinome
tree illustrations. (B, D, F, H) Labeling by complementary probes is specific and exclusive for DFG-1 cysteine mutants.
Samples were treated as aforementioned, but at optimal probe concentration (indicated, 30 min, rt). Protein expression
was verified by immunoblot against a C-terminal FLAG-tag or V5-tag. Of note, PTK2 migrated a two bands of which
only the upper band was detected by immunoblot. Kinome illustrations were rendered using KinMap
(www.kinhub.org/kinmap), reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).

Discussion and conclusion

In this chapter, a novel chemical genetic strategy is presented to study kinase target
engagement, combining an engineered, mutant kinase with the design and application of
complementary covalent probes. The field of chemical genetics has previously generated
tools to aid in kinase target validation*?, such as the “analog-sensitive” (AS) technology,
where the gatekeeper residue is changed into a less bulky residue, enabling the kinase of
interest to accommodate bulky ATP analogs in its active site.#344 However, these analogs
do not form covalent adducts with the kinase and therefore do not readily allow
visualization of target engagement. Furthermore, mutagenesis of gatekeeper residues
often results in impaired catalytic activity.> In addition, the disadvantageous
pharmacokinetic properties of ATP analogs used in the AS technology, such as a short in
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vivo half-life, limit their applicability for target validation studies.*® The concept of “covalent
complementarity” is based on mutagenesis of the gatekeeper3® or gatekeeper+63? residue
into a cysteine to function as nucleophile. Although this allows the development of
covalent probes and thereby target engagement studies, a second mutation in the active
site was required to improve gatekeeper cysteine reactivity or compound selectivity and
potency.3%31 This is particularly challenging when moving to an endogenous model system,
since it would involve CRISPR/Cas9 gene editing of two independent point mutations.

Importantly, the introduced nucleophilic cysteine needs to be functionally silent,
i.e. it should not affect catalytic activity and substrate binding. Site-directed mutagenesis
of the DFG-1 position into a cysteine fulfilled this criterion. FESS7%C retained full catalytic
activity and exhibited an identical substrate and SH2 binding profile as FESWT. FESS700C
showed a minor increase in ATP binding affinity, but this difference in Ku is unlikely to have
any consequences at physiologically relevant ATP concentrations, which are typically in the
millimolar range.?* Although nearly 10% of all known kinases have a native DFG-1 cysteine
residue, many kinases harboring a DFG-1 cysteine showed limited or no inhibition by
WELO028 (Table 2.2, Supplementary Figure 2.3 and 2.4), suggesting that the choice of the
chemical scaffold constitutes an additional selectivity filter. An acrylamide group was
selected as the electrophile to react with the intended cysteine, since it exhibits sufficient
reactivity towards cysteines only when appropriately positioned for a Michael addition
reaction and has limited reactivity to other intracellular nucleophiles.#” This may
additionally prevent non-specific interactions with targets outside of the kinase
cysteinome. Given the favorable selectivity profile and cellular permeability of WEL028, the
diaminopyrimidine scaffold is a useful addition to the toolbox of covalent complementary
probes applied in chemical genetic strategies, which previously consisted of mainly
quinazolines and pyrazolopyrimidines.3%32

The presented chemical genetic strategy is not limited to FES, but can be applied
to other kinases, either structurally related (FER) or more distinct (LYN, PTK2 and PAK4).
Complementary probes dose-dependently labeled the corresponding DFG-1 cysteine
mutants (Figure 2.7), whereas the kinome selectivity screen (Supplementary Figure 2.3)
indicated that wild-type FER, LYN, PTK2 and PAK4 are not potently targeted by WEL028
(plCso <6 for FER, LYN and PAK4, plCso = 6.4 = 0.06 for PTK2). For follow-up target
validation studies, however, more thorough biochemical profiling is necessary to establish
the selectivity of WEL028 for the mutant over the wild-type kinase of interest, which was
in this study only performed for FER (Supplementary Table 2.3). Nevertheless, the selectivity
acquired by combining DFG-1 cysteine mutants and a complementary probe enables
acute, pharmacological inhibition without the need for extensive hit optimization
programs to identify compounds of adequate potency and selectivity for each kinase
individually.
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In conclusion, the DFG-1 residue in the kinase active site was identified as an
excellent position for mutagenesis into a reactive cysteine without affecting kinase
function. Complementary, covalent probes WEL028 and WELO33 allow for visualization of
target engagement in vitro as well as in living cells. Additionally, this chemical genetic
strategy can be applied to various kinases in different subfamilies. The favorable selectivity
profile of WEL028 makes it a useful tool for acute inactivation of kinase activity in situ,
especially in combination with functional assays to provide insight in kinase function. This
could prove especially useful for kinases with poorly characterized substrates or for kinases
with limited availability of selective ligands. It is thus envisioned that the presented
methodology could provide powerful tools to visualize target engagement and to study
poorly characterized kinases, thereby aiding in their validation as therapeutic target.
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Experimental procedures - Biochemistry

General

All chemicals were purchased at Sigma Aldrich, unless stated otherwise. DNA oligos were purchased
at Sigma Aldrich or Integrated DNA Technologies and sequences can be found in Supplementary
Table 2.1. Cloning reagents were from Thermo Fisher. TAE684 was purchased at Selleckchem. Cy5-
azide and BODIPY-azide were previously synthesized in-house and characterized by NMR and LC-
MS.#8 All cell culture disposables were from Sarstedt. Bacterial and mammalian protease inhibitor
cocktails were obtained from Amresco.

Cloning

Full-length human cDNA encoding FES and PAK4 was obtained from Source Bioscience. pDONR223-
constructs with full-length human cDNA of FER, LYN and PTK2 were a gift from William Hahn & David
Root (Addgene Human Kinase ORF Collection). For bacterial expression constructs, human FES cDNA
encoding residues 448-822 (protein MW = 45.8 kDa) or human FER cDNA encoding residues 448-820
(protein MW = 46.2 kDa) was amplified by PCR and cloned into expression vector pET1a in frame with
an N-terminal Hise-tag and Tobacco Etch Virus (TEV) recognition site. Eukaryotic expression constructs
of FES, FER and PAK4 were generated by PCR amplification and restriction/ligation cloning into a
pcDNA3.1 vector, in frame with a C-terminal FLAG-tag. Eukaryotic expression constructs of LYN and
PTK2 were generated using Gateway™ recombinational cloning into a pcDest40 vector, in frame with
a C-terminal V5-tag, according to recommended procedures (Thermo Fisher). Point mutations were
introduced by site-directed mutagenesis and all plasmids were isolated from transformed XL10-Gold
competent cells (prepared using E. coli transformation buffer set; Zymo Research) using plasmid
isolation kits following the supplier's protocol (Qiagen). All sequences were verified by Sanger
sequencing (Macrogen).

Supplementary Table 2.1 - List of oligonucleotide sequences.

D Name Sequence D Name Sequence

Pl FES_SH2-KD_forw AGGGCGCCATGGGGATTCCGGAGGTGCAGAAGC P16 FER_SH2-KD_forw CGTCTCCCATGATCTCCATCAGTGAGAAGCCTT

P2 FES_SH2-KD_rev CACTCGAGCACCGCGGCCGCTTACCGATGCCGCTTTCGGAT P17 FER_SH2-KD_rev CACCGCGGCCGCTTATGTGAGTTTTCTCTTGAT

P3 FES_1567C_forw GTGTTGGGTGAGCAGTGTGGACGGGGGAACTTT P18 FER.S701C forw AATGTTCTGAAAATCTGTGACTTTGGAATGT

P4 FES_G570C_forw GAGCAGATTGGACGGTGCAACTTTGGCGAAGTG P19 FER.S701C_rev ACATTCCAAAGTCACAGATTTTCAGAACATT

3 FES_V575C_forw GGGAACTTTGGCGAATGCTTCAGCGGACGCCTG P20 FER forw AGCCGTCTCGGTACCGCCGCCACCATGGGGTTTGGGAGTGACC
P6 FES_L638C_forw TACATCGTCATGGAGTGTGTGCAGGGGGGCGAC P21 FER rev CATTCTAGATCACTCGAGACCGGTTGTGAGTTTTCTCTTGA

P7 FES_G642C_forw GAGCTTGTGCAGGGGTGCGACTTCCTGACCTTC P22 LYN_A384C forw GTCACTCATGTGCAAGATCTGTGATTTTGGCCTTGCT

P8 FES_T646C_forw GGGGGCGACTTCCTGTGCTTCCTCCGCACGGAG P23 LYN_A384C_rev AGCAAGGCCAAAATCACAGATCTTGCACATGAGTGAC

P9 FES_N688C_forw GACCTGGCTGCTCGGTGCTGCCTGGTGACAGAG P24 PTK2_GS63C forw GATTGTGTAAAATTATGCGACTTTGGTCTCTCCCGATATATGGAA
P10 FES_L690C_forw GCTGCTCGGAACTGCTGCGTGACAGAGAAGAAT P25 PTK2_G563C_rev TTCCATATATCGGGAGAGACCAAAGTCGCATAATTTTACACAATC
P11 FES_S700C_forw AATGTCCTGAAGATCTGTGACTTTGGGATGTCC P26 PAK4_forw CTTAAGCTTTGGTACCGCCGCCACCATGTTTGGGAAGAGGAAGAA
P12 FES_forw CTTAAGCTTTGGTACCGCCGCCACCATGGGCTTCTCTTCTGAGC P27 PAK4_rev CATTCTAGATCACTCGAGACCGGTTCTGGTGCGGTTCTGGCGCA
P13 FES_rev CATTCTAGATCACTCGAGACCGGTCCGATGCCGCTTTCGGAT P28 PAK4_S4S7C forw GGCAGGGTGAAGCTGTGTGACTTTGGGTTCTGC

P14 FES_KS90E_forw ACCCTGGTGGCGGTGGAGTCTTGTCGAGAGACG P29 PAK4_S457C rev GCAGAACCCAAAGTCACACAGCTTCACCCTGCC

P15 FES_KS90E_rev CGTCTCTCGACAAGACTCCACCGCCACCAGGGT

Protein expression and purification

Bacterial expression constructs were transformed into E. coli BL21(DE3) co-transformed with a
pCDFDuet-1 vector encoding Yersinia phosphatase YopH (kindly provided by prof. dr. Kuriyan).3 Cells
were grown in Luria Broth (LB) medium containing 50 pg/mL kanamycin and 50 pg/mL streptomycin
at 37 °C to an ODseoo of 0.4. The cultures were cooled on ice and protein expression was induced by
addition of isopropyl-p-D-thiogalactopyranoside (IPTG, 50 pyM; 16 h, 18 °C, 180 rpm). Cultures
(typically 10 mL per mutant) were centrifuged (1000 g, 10 min, 4 °C) and washed with 1 mL
physiological salt solution (0.9% (w/v) NaCl). The pellet was then resuspended in 400 pL lysis buffer
(100 mM NaH2PO4 pH 8.0, 500 mM NaCl, 10% glycerol, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP),
20 mM imidazole, 1 x bacterial protease inhibitor cocktail) and cells were lysed by sonication on ice
(15 cycles of 4" on, 9.9" off at 25% maximum amplitude; Vibra Cell (Sonics)). MgCl. and OmniCleave
(Epicentre) were added to final concentrations of 10 mM and 125 U/mL respectively, and lysates were
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incubated for 10 min at rt. Meanwhile, 200 pL Nickel Magnetic Beads (BiMake) were homogenized by
vortexing and washed in lysis buffer (3 x 200 L) using a magnetic separator. Lysate was added to
beads and incubated for 1 h at 4 °C with vigorous shaking. Beads were then washed with lysis buffer
containing 75 mM imidazole (3 x 400 pL), after which the beads were transferred to a clean Eppendorf
tube. Protein was phosphorylated on beads by addition of autophosphorylation buffer (50 mM HEPES
pH 7.5, 500 mM NaCl, 5% glycerol, 10 mM dithiothreitol (DTT), 10 mM Na3VOs, 2 mM (NHa)2SOs, 10
mM MgClz, 5 mM MnClz, 2 mM ATP) and vigorous shaking for 2 h at rt. Beads were subsequently
washed with lysis buffer containing 20 mM imidazole (3 x 400 L), after which the protein was eluted
in lysis buffer containing 250 mM imidazole (2 x 200 pL). The elution fractions were combined, applied
onto a 10 kDa cutoff centrifugal filter unit (Amicon) and centrifuged (14,000 g, 10 min, 4 °C). The
retentate was reconstituted in 100 pL protein storage buffer (10 mM HEPES pH 7.5, 500 mM NaCl, 5%
glycerol, 10 mM DTT), aliquoted and stored at -80 °C. Protein concentration was measured using Qubit
fluorometric quantitation (Thermo Fisher) and protein purity was monitored by SDS-PAGE and
Coomassie staining.

In vitro TR-FRET kinase assay

Assays were performed in white ProxiPlate-384 Plus™ 384-well microplates (Perkin EImer). Incubation
steps were performed at 21 °C in kinase reaction buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10 mM
MgClz, T mM EGTA, 2 mM DTT, 0.01% Tween-20). Purified proteins were diluted in kinase reaction
buffer prior to use. All measurements were performed in triplicate.

Plates were read on a TECAN Infinite M1000 Pro plate reader, using fluorescence top reading settings
(Aex = 320/20 nm, Aemdonor = 615/10 NM, Aemacceptor = 665/10 nm, 100 ps integration time, 50 ps lag
time). Emission ratios were calculated as fluorescence of acceptor / fluorescence of donor. Z'-factors
were determined for each individual assay plate as Z' = 1 — 3(Gpc + Onc)/(Mpc - Hnc), With o = standard
deviation and p = mean of measured replicates, wild-type or untreated samples as positive control
(pc) and samples incubated with no ATP as negative control (nc). All plates met the requirement of Z'
>0.7. Emission ratios were corrected for background signal of samples incubated with no ATP.
Corrected ratios were averaged and normalized to wild-type or untreated signal as 100% reference.

For relative activity determination of mutants, purified wild-type or mutant FES (12.5 ng per well) or
FER (5 ng per well) was incubated with 50 nM ULight-TK peptide (Perkin EImer) and 100 pM ATP for
60 min at 21 °C in a total volume of 10 pL. The reaction was quenched by addition of 10 uL
development solution (20 mM EDTA, 4 nM Europium-anti-phosphotyrosine antibody (PT66, Perkin
Elmer) and incubated for 60 min before fluorescence was measured.

For Km determinations, assay was performed as described above, but with variable ATP concentrations
in a dilution series of 1 mM to 100 nM. For ICso determinations, serial dilutions of inhibitor were
prepared in DMSO, followed by further dilution in kinase reaction buffer. The inhibitors were premixed
with peptide and ATP (5 uM final concentration, unless indicated otherwise), after which wild-type or
mutant kinase was added to initiate the reaction. The final DMSO concentration during the reaction
was 1%. Km and 1Cso curves were fitted using GraphPad Prism® 7 (GraphPad Software Inc.).

PamChip® microarray assay

Kinase activity assay

Kinase activity profiles were determined using the PamChip® 12 protein tyrosine (PTK) peptide
microarray system (PamGene International B.V.) according to the instructions of the manufacturer,
essentially as described*® with the exception that arrays were blocked with 2% BSA and the assay
buffer contained EDTA instead of EGTA. Sample input was 0.25 ng purified FES (wild-type or S700C)
per array and [ATP] = 400 puM. For arrays with inhibitor, recombinant FES was pre-incubated in assay
mix without ATP with vehicle or WEL028 (100 nM, 30 min, on ice, 2% final DMSO concentration).
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SH2 domain binding assay

PamChip® protein tyrosine kinase (PTK) arrays were blocked by pumping a 2% BSA solution up and
down through the array (30 pL, 15 min, 2 cycles/min). After three washing steps, the arrays were pre-
phosphorylated by incubation with 1.5 pmol of (Hise-tagged) JAK2 catalytic domain for 60 cycles in
kinase assay buffer with 0.01% BSA. After 3 washing steps, the arrays were incubated with 0.75 ug of
FES (wild-type or S700C) in PBS/0.1% Tween-20 supplemented with 0.01% BSA. Incubations without
FES served as negative control. After 3 washing steps, binding of FES was visualized by incubation with
Alexa Fluor 488 labeled anti-penta-His antibody (Qiagen, #1019199), 1 pL per array, in PBS/0.01%
Tween-20. Peptide phosphorylation of JAK2 was detected with the same anti p-Tyr antibody as used
in the PTK activity assay. After incubation for 30 min (2 cycles/min), arrays were washed, and images
taken at different exposure times.

Data analysis and quality control

Data quantification of the images at all exposure times and reaction times and visualization of the
data were performed using BioNavigator software (PamGene International B.V.). Post-wash signals
(local background subtracted) were used. After signal quantification and integration of exposure
times, signals were log2-transformed for visualization. Peptides with no ATP-dependent signal were
excluded from analysis. Identification of peptides that were significantly different between conditions
was performed using a Mixed Model statistical analysis. Substrate consensus motif was generated
using Enologos (http://www.benoslab.pitt.edu).

Selectivity profiling

Selectivity profiling assays were performed by the Invitrogen SelectScreen™ Services. A complete list
of tested kinases can be found in Supplementary Figure 2.3, detailed assay procedures are described
in SelectScreen Assay Conditions documents located at www.invitrogen.com/kinaseprofiling. All
kinases were pre-incubated for 1 h at indicated concentrations of inhibitor. The concentration of ATP
was selected to be equal to the K, unless indicated otherwise. An initial screen was performed on 279
kinases at single dose of 1 uM. All available kinases with native cysteine residues in the active site were
included in this panel. Kinases showing >50% inhibition at 1 uM were further profiled in dose-
response experiments in a 10-point dilution series of 10 uM to 0.5 nM.

Docking studies

All structure-based modeling was performed in Schrédinger Suite 2017-2 (Schrédinger). The docking
of compound 4 was based on the crystal structure of FES co-crystallized with TAE684 (PDB: 4e93)%,
which was prepared by the protein preparation wizard. Prior to docking, the Ser700 residue was
manually changed into a cysteine. Subsequently, compound 4 was aligned to TAE684 on the basis of
the diaminopyrimidine (both ligands share the same kinase/hinge binding moiety). This pose was
optimized using an exhaustive hierarchical optimization procedure available in Prime.>® The
acrylamide warhead was found in proximity of Cys700 and the ligand was then covalently attached to
this residue, followed by another round of hierarchical optimization.*® Figures were rendered using
PyMOL Molecular Graphics System (Schrodinger).

MS identification of covalent inhibitor-peptide adduct

Purified FES%C (1.2 pg in 38 pL) was treated with vehicle or WEL028 (2 L of 20x concentrated stock
in DMSO, 1 uM final concentration) for 30 min at rt. The reaction was quenched by addition of 3x
Laemmli buffer (20 L), incubated for 5 min at 95 °C and sample (400 ng, 20 L) was resolved by SDS-
PAGE on a 10% polyacrylamide gel (200 V, 60 min). Gel was stained using Coomassie Brilliant Blue R-
250, bands were cut out of gel into small blocks and then destained in 500 pL of 50% MeOH in 100
mM NH4HCO3 pH 8.0 for 10 min at rt. Acetonitrile (500 uL) was added for gel blocks dehydration, after
which gel blocks were digested with sequencing-grade trypsin (Promega) in 250 pL trypsin buffer (100
mM Tris pH 7.5, 100 mM NaCl, T mM CaClz, 10% acetonitrile) overnight at 37 °C with vigorous shaking.
The pH was adjusted with formic acid to pH 3, after which the sample was diluted in extraction solution
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(65% acetonitrile/35% MilliQ) and concentrated in a SpeedVac concentrator. Samples were
subsequently desalted using stage tips with C1g material and processed as previously described.*’

Tryptic peptides were analyzed on a Surveyor nano-LC system (Thermo) hyphenated to a LTQ-
Orbitrap mass spectrometer (Thermo) as previously described.> General mass spectrometric
conditions were: electrospray voltage of 1.8 kV, no sheath and auxiliary gas flow, ion transfer tube
temperature 150 °C, capillary voltage 41 V, tube lens voltage 150 V. Internal mass calibration was
performed with polydimethylcyclosiloxane (m/z = 445.12002) and dioctyl phthalate ions (m/z =
391.28429) as lock mass. Samples of 10 ul were separated via a trap-elute setup at 250 nL/min flow
and analyzed by data-dependent acquisition of one full scan/ top 3 method. For shotgun proteomics,
fragmented precursor ions measured twice within 10 s were dynamically excluded for 60 s and ions
with z <2 or unassigned charges were not analyzed. Peptide ID was determined with the Mascot
search engine. A parent ion list of the m/z ratios of the active-site peptides was compiled and used
for LC-MS/MS analysis in a data-dependent protocol. The parent ion was electrostatically isolated in
the ion trap of the LTQ and fragmented by MS/MS. Data from MS/MS experiments were validated
manually.

Inhibitor washout by dialysis

FESS%C-overexpressing HEK293T lysate (396 pL, 1.43 mg/mL) was incubated with vehicle, TAE684 or
WEL028 (4 pL of 100x concentrated stock in DMSO) at final concentrations corresponding to their
respective |Cgo values (TAE684: 225 nM, WEL028: 231 nM) for 30 min at rt. One fraction (200 pL) of the
sample was immediately flash-frozen and stored at -80 °C until use. The remaining sample was
transferred to a dialysis cassette (Slide-A-Lyzer™ Dialysis Cassette, 7K MWCO, 0.5 mL; Thermo Fisher),
followed by dialysis in 200 mL PBS overnight at 4 °C. Pre- and post-dialysis samples were then
incubated with probe WELO33 or conjugated to BODIPY-Ns by CUAAC as aforementioned.

Cell culture

General cell culture

Cell lines were purchased at ATCC and were tested on regular basis for mycoplasma contamination.
Cultures were discarded after 2-3 months of use. HEK293T (human embryonic kidney) and U20S
(human osteosarcoma) cells were cultured at 37 °C under 7% CO in DMEM containing phenol red,
stable glutamine, 10% (v/v) heat-inactivated newborn calf serum (Seradigm), penicillin and
streptomycin (200 pg/mL each; Duchefa). Medium was refreshed every 2-3 days and cells were
passaged two times a week at 80-90% confluence. Cell viability was assessed by Trypan Blue exclusion
and quantification using a TC20™ Automated Cell Counter (Bio-Rad).

Transfection

One day prior to transfection, HEK293T or U20S cells were transferred from confluent 10 cm dishes
to 15 c¢cm dishes. Before transfection, medium was refreshed (13 mL). A 3:1 (m/m) mixture of
polyethyleneimine (PEIl; 60 pg/dish) and plasmid DNA (20 pg/dish) was prepared in serum-free
medium and incubated for 15 min at rt. The mixture was then dropwisely added to the cells, after
which the cells were grown to confluence in 72 h. Cells were then harvested by suspension in PBS,
followed by centrifugation for 5 min at 200 g. Cell pellets were flash-frozen in liquid nitrogen and
stored at -80 °C until sample preparation.

Inhibitor treatment in live cells

The term in situ is used to designate experiments in which live cell cultures are treated with inhibitor,
whereas the term in vitro refers to experiments in which the inhibitor is incubated with cell lysates.
Compounds were diluted in growth medium from a 1000x concentrated stock solution in DMSO. For
in situ assays on live transfected cells, cells were transfected prior to treatment as described above.
After 48 h, cells were treated with compound for 1 h. Cells were collected by suspension in PBS and
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centrifuged (1000 g, 5 min, rt). Pellets were flash-frozen in liquid nitrogen and stored at -80 °C until
use.

Preparation of cell lysates

Pellets were thawed on ice and suspended in lysis buffer (50 mM HEPES pH 7.2, 150 mM NaCl, 1 mM
MgClz, 0.1% (w/v) Triton X-100, 2 mM NazVOs, 20 mM NaF, 1 x mammalian protease inhibitor cocktail,
25 U/mL benzonase). Cells were lysed by sonication on ice (15 cycles of 4" on, 9.9" off at 25%
maximum amplitude). Protein concentration was determined using Quick Start™ Bradford Protein
Assay (Bio-Rad) and diluted to appropriate concentration in dilution buffer (50 mM HEPES pH 7.2, 150
mM NaCl). Lysates were aliquoted, flash-frozen and stored at -80 °C until use.

Probe labeling experiments

One-step labeling

For in vitro inhibition experiments, cell lysate (14 pL) was pre-incubated with inhibitor (0.5 pL, 29x
concentrated stock in DMSO, 30 min, rt), followed by incubation with WELO33 (0.5 pL, 30x
concentrated stock in DMSO, 30 min, rt). For in situ inhibition experiments, treated cell lysate (14.5 pL)
was directly incubated with WELO33 (0.5 pL, 30x concentrated stock in DMSO, 30 min, rt). Final
concentrations of inhibitors and/or WEL033 are indicated in the main text and figure legends.
Reactions were quenched with 4x Laemmli buffer (5 pL, final concentrations 60 mM Tris pH 6.8, 2%
(w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.01% (v/v) bromophenol blue) and boiled
for 5 min at 95 °C. Samples were resolved by SDS-PAGE on a 10% polyacrylamide gel (180 V, 75 min).
Gels were scanned using Cy3 and Cy5 multichannel settings (605/50 and 695/55 filters, respectively;
ChemiDoc™ MP System, Bio-Rad). Fluorescence intensity was corrected for protein loading
determined by Coomassie Brilliant Blue R-250 staining and quantified with Image Lab (Bio-Rad). ICso
curves were fitted with Graphpad Prism® 7 (Graphpad Software Inc.).

Two-step labeling

For in vitro experiments, cell lysate (12 uL) was pre-incubated with inhibitor (0.5 pL, 25x concentrated
stock in DMSO, 30 min, rt), followed by incubation with WEL028 (0.5 pL, 26x concentrated stock in
DMSO, 30 min, rt). Meanwhile, “click mix” was prepared freshly by combining CuSOu4 (1 pL of 15 mM
stock), sodium ascorbate (0.6 pL of 150 mM stock), THPTA (0.2 pL of 15 mM stock) and fluorophore-
azide (0.2 pL of 150x concentrated stock in DMSO, 2 eq.). Click mix was added to the reaction, followed
by incubation for 30 min at rt, after which the reaction was quenched and further processed as
described above. For in situ inhibition experiments, WEL028-treated cells were lysed and directly
incubated with click mix.

Immunoblot

Samples were resolved by SDS-PAGE as described above, but transferred to 0.2 um polyvinylidene
difluoride membranes by Trans-Blot Turbo™ Transfer system (Bio-Rad) directly after fluorescence
scanning. Membranes were washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and blocked with 5%
milk in TBS-T (50 mM Tris pH 7.5, 150 mM NacCl, 0.05% Tween-20) for 1 h at rt.

Membranes were then incubated with either primary antibody in 5% milk in TBS-T (FLAG, V5, B-actin;
o/n at 4 °C) or washed three times with TBS-T and incubated with primary antibody in 5% BSA in TBS-
T (other antibodies, o/n at 4 °C). Membranes were washed three times with TBS-T, incubated with
matching secondary antibody in 5% milk in TBS-T (1 h at rt) and then washed three times with TBS-T
and once with TBS. Luminol development solution (10 mL of 1.4 mM luminol in 100 mM Tris pH 8.8 +
100 pL of 6.7 mM p-coumaric acid in DMSO + 3 pL of 30% (v/v) H20:) was added and
chemiluminescence was detected on ChemiDoc™ MP System.

Primary antibodies: monoclonal mouse anti-FLAG M2 (1:5000, Sigma Aldrich, F3156), monoclonal
mouse anti-B-actin (1:1000, Abcam, ab8227), monoclonal mouse anti-V5 (1:5000, Thermo Fisher,
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R960-25), streptavidin-HRP (1:2000, Thermo Fisher, N100), polyclonal rabbit anti-phospho-FES Tyr713
(1:1000, Thermo Fisher, PA5-64504), monoclonal mouse anti-phosphotyrosine (4G10, 1:1000, Merck
Millipore, 05-321). Secondary antibodies: goat anti-mouse-HRP (1:5000, Santa Cruz, sc-2005), goat
anti-rabbit-HRP (1:5000, Santa Cruz, sc-2030).

Statistical analysis

All statistical measures and methods are included in the respective figure or table captions. In brief:
all replicates represent biological replicates and all data represent means + SEM, unless indicated
otherwise. Statistical significance was determined using Student's t-tests (two-tailed, unpaired) or
ANOVA with Holm-Sidak’s multiple comparisons correction. *** P <0.001; ** P <0.01; * P <0.05;
NS if P >0.05. All statistical analyses were conducted using GraphPad Prism® 7 or Microsoft Excel.
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Experimental procedures - Chemistry

General information

All reactions were performed using oven- or flame-dried glassware and dry solvents. Reagents were
purchased from Sigma-Aldrich, Acros, and Merck and used without further purification unless noted
otherwise. All moisture sensitive reactions were performed under an argon atmosphere. 'H and C
NMR spectra were recorded on a Bruker AV 400 MHz spectrometer at 400.2 ("H) and 100.6 (*C) MHz
or on a Bruker DMX-600 spectrometer at 600 ("H) and 151 (**C) MHz using CDCls, DMSO-d6 or MeOD
as solvent. Chemical shift values are reported in ppm with tetramethylsilane or solvent resonance as
the internal standard (CDCls: § 7.26 for 'H, & 77.16 for *C; DMSO-d6, & 2.50 for 'H, & 39.52 for °C;
MeOD: & 3.31 for 'H, § 49.00 for 3C). Data are reported as follows: chemical shifts (5), multiplicity (s =
singlet, d = doublet, dd = double doublet, td = triple doublet, t = triplet, q = quartet, br = broad, m
= multiplet), coupling constants J (Hz), and integration. HPLC purification was performed on a
preparative LC-MS system (Agilent 1200 serie) with an Agilent 6130 Quadruple MS detector. High-
resolution mass spectra were recorded on a Thermo Scientific LTQ Orbitrap XL. Compound purity (>
95% unless stated otherwise) was determined by liquid chromatography on a Finnigan Surveyor LC-
MS system, equipped with a C18 column. Flash chromatography was performed using SiliCycle silica
gel type SiliaFlash P60 (230-400 mesh). TLC analysis was performed on Merck silica gel 60/Kieselguhr
F254, 0.25 mm. Compounds were visualized using KMnOj stain (K2COs (40 g), KMnOa4 (6 g) in water
(600 mL)) or ninhydrin stain (ninhydrin (1.5 g) in n-butanol (100 mL) and 3 mL acetic acid).

Synthesis of tert-butyl (2-aminophenyl)carbamate (9)

To a solution of o-phenylenediamine (2.19 g, 20.2 mmol) in THF (20 mL) was dropwisely added a
solution of (Boc)20 (4.45 g, 20.4 mmol) in THF (5 mL). The reaction mixture was stirred at rt for 16 h,
after which the mixture was concentrated under reduced pressure and the residue was taken up in a
cold mixture of EtOAc/Petroleum ether (1:4 ratio, 15 mL), causing the product to precipitate. The
precipitate was collected by filtration and dried to yield the title compound (2.43 g, 11.7 mmol, 58%).
"H NMR (400 MHz, CDCls): § 7.28 (s, TH), 7.00 (td, J = 7.6, 1.5 Hz, 1H), 6.82 — 6.74 (m, 2H), 6.28 (s, TH),
3.55 (s, 2H), 1.51 (s, 9H). *C NMR (101 MHz, CDCls): & 154.0, 140.0, 126.3, 124.9, 120.5, 119.7, 117.7,
117.0, 80.6, 28.5, 28.4. Spectroscopic data are in accordance with those reported in literature.>

Synthesis of tert-butyl (2-((2,5-dichloropyrimidin-4-yl)amino)phenyl)carbamate (10)
2,4,5-Trichloropyrimidine (1.18 g, 6.43 mmol) and DIPEA (1.68 g, 13.0 mmol) were dissolved in EtOH
(25 mL). To the stirring solution was added compound 9 (1.35 g, 6.48 mmol), after which the reaction
mixture was heated at reflux for 16 h. After TLC indicated depletion of starting material, the mixture
was allowed to cool to rt and subsequently triturated with cold H20 (20 mL), causing precipitation of
the product. The precipitate was collected by vacuum filtration and dried to yield the title compound
(2.11 g, 5.94 mmol, 92%). 'H NMR (400 MHz, CDCl3): & 8.64 (s, 1H), 8.16 (s, 1H), 7.78 (dd, J = 8.1, 1.2
Hz, TH), 7.32-7.27 (m, 1H), 7.24 = 7.16 (m, 2H), 6.59 (s, TH), 1.53 (s, 9H). *C NMR (101 MHz, CDCl3): &
158.3, 157.4, 154.8, 154.7, 130.9, 130.2, 126.6, 126.5, 126.4, 124.9, 114.4, 82.0, 28.4.

Synthesis of N'-(2,5-dichloropyrimidin-4-yl)benzene-1,2-diamine (11)

Compound 10 (323 mg, 0.91 mmol) was dissolved in DCM (10 mL), after which TFA (3 mL) was slowly
added. The reaction mixture was stirred at rt for 16 h and subsequently evaporated to dryness. The
residue was dissolved in water, neutralized with aqueous K2COs to pH 7-8 and the resulting precipitate
was collected by filtration and dried to yield the title compound (197 mg, 0.77 mmol, 85%). '"H NMR
(400 MHz, DMSO): 6 9.01 (s, 1H), 8.14 (s, 1H), 7.03 (d, J/ = 7.8 Hz, 1H), 6.95 (s, 1H), 6.72 (d, J = 8.0 Hz,
1H), 6.54 (t, J = 7.5 Hz, 1H), 4.92 (s, 2H). >C NMR (101 MHz, DMSO): § 158.7, 158.2, 157.3, 154.4, 144.9,
1284, 127.8,121.7, 115.8, 115.6.
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Synthesis of N-(2-((2,5-dichloropyrimidin-4-yl)amino)phenyl)acrylamide (12)

Compound 11 (250 mg, 0.98 mmol) was dissolved in DCM (5 mL) and cooled to 0 °C. Subsequently,
DIPEA (127 mg, 0.98 mmol) was added and the reaction mixture was stirred for 10 min. Acryloyl
chloride (93 mg, 1.03 mmol) dissolved in DCM (1 mL) was dropwisely added to the mixture. After
stirring for 1 h, the reaction was quenched by addition of water (50 mL). The mixture was extracted
with DCM (50 mL), the organic extract was dried over MgSO4 and concentrated. The crude residue
was purified by flash column chromatography (20% > 40% EtOAc in pentane) to yield the title
compound (259 mg, 0.84 mmol, 85%). '"H NMR (400 MHz, CDClz): § 8.72 (d, J = 18.0 Hz, 2H), 8.13 (s,
1H), 7.72 (dd, J = 8.2, 1.3 Hz, 1H), 7.26 (td, J = 7.8, 1.5 Hz, 1H), 7.08 (td, J = 7.7, 1.4 Hz, 1H), 6.95 (dd, J
= 8.0, 1.5 Hz, 1H), 6.44 (dd, J = 16.9, 1.4 Hz, 1H), 6.30 (dd, / = 16.9, 10.1 Hz, 1H), 5.77 (dd, J = 10.1, 1.6
Hz, TH). *C NMR (101 MHz, CDCls): § 165.2, 157.8, 157.2, 154.7, 131.1, 129.8, 129.8, 129.0, 127.0, 126.3,
125.8, 125.0, 114.6.

Synthesis of 3-methoxy-4-nitrophenol (13)

3-Fluoro-4-nitrophenol (1.00 g, 6.4 mmol) was added to a solution of NaOMe in MeOH (0.5M, 14 mL),
which was then heated at 50 °C for 12 h. Additional NaOMe in MeOH (0.5M, 14 mL) was added and
the mixture was stirred at 50 °C until TLC indicated complete depletion of starting material. The
mixture was diluted with H>O (100 mL), neutralized with 3M HCl and the product was extracted with
EtOAc (3 x 100 mL). The combined organic layers were washed with brine (100 mL), dried over MgSO4
and evaporated to yield the title compound (1.01 g, 6.0 mmol, 94%). '"H NMR (400 MHz, DMSO): &
10.90 (s, 1H), 7.89 (d, J = 9.0 Hz, 1H), 6.60 (d, J = 2.4 Hz, 1H), 6.47 (dd, J = 9.0, 2.4 Hz, 1H), 3.86 (s, 3H).
3C NMR (101 MHz, DMSO): & 164.4, 156.1, 131.2, 128.8, 108.0, 100.8, 56.8. Spectroscopic data are in
accordance with those reported in literature.>*

Synthesis of 2-methoxy-1-nitro-4-(prop-2-yn-1-yloxy)benzene (14)

Compound 13 (600 mg, 3.6 mmol) and K2COs (1.47 g, 10.6 mmol) were taken up in DMF (10 mL) and
heated at 60 °C for 30 min. The reaction mixture was cooled to rt, after which propargyl bromide (1.34
g, 9.0 mmol as 80% (w/w) solution in toluene) was added. The mixture was stirred at rt for 16 h, after
which it was poured into ice water (200 mL) with stirring for 10 min. The formed precipitate was
collected by filtration and dried under vacuum to yield the title compound (648 mg, 3.1 mmol, 88%),
which was directly used in the next reaction.

Synthesis of 2-methoxy-4-(prop-2-yn-1-yloxy)aniline (15)

Compound 14 (600 mg, 2.9 mmol) was dissolved in 14-dioxane (10 mL) and cooled to
0 °C. Cooled (0 °C) stannous chloride dihydrate (3.28 g, 14.5 mmol) in concentrated HCI (10 mL) was
dropwisely added to the reaction mixture. After stirring for 16 h at rt, the mixture was basified to pH
>9 by addition of NaOH pellets and extracted with DCM (4 x 10 mL). The organic layer was washed
with brine (10 mL), dried over MgSO4 and concentrated to dryness. The crude product was then
purified by flash column chromatography (0% - 25% EtOAc in pentane) to yield the title compound
(395 mg, 2.23 mmol, 77%). 'H NMR (400 MHz, CDCl3): § 6.62 (d, J = 8.4 Hz, 1H), 6.52 (d, J = 2.6 Hz,
1H), 6.42 (dd, J = 8.5, 2.6 Hz, 1H), 4.61 (d, J = 2.4 Hz, 2H), 3.81 (s, 3H), 3.49 (s, 2H), 2.51 (t, / = 2.4 Hz,
1H). C NMR (101 MHz, CDCls): & 151.0, 148.3, 130.8, 115.0, 105.9, 100.7, 79.3, 75.3, 56.8, 55.6.

Synthesis of N-(2-((5-chloro-2-((2-methoxy-4-(prop-2-yn-1-yloxy)phenyl)amino) pyrimidin-4-
yl)amino)-phenyl)acrylamide (6, WEL028)

Compound 12 (46 mg, 0.15 mmol) and compound 15 (26 mg, 0.15 mmol) were taken up in
isopropanol (5 mL), followed by the addition of p-TSA (28 mg, 0.15 mmol). The reaction mixture was
heated under reflux for 16 h, after which it was concentrated under reduced pressure. The residue was
taken up in saturated aqueous NaHCOs (20 mL) and the product was extracted with EtOAc (20 mL).
The organic layer was dried over MgSO4 and concentrated to dryness. The crude residue was purified
by flash column chromatography (10% = 35% EtOAc in pentane) to yield the title compound (24 mg,
0.05 mmol, 36%). HRMS (ESI+) m/z: calculated for C23H20CINsOs ([M+H]): 450.13274; found: 450.13231.
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"H NMR (400 MHz, CDCls): & 8.04 (d, J = 17.6 Hz, 2H), 7.87 (d, J = 8.9 Hz, 1H), 7.67 (s, 1H), 7.59 (t, J =
4.8 Hz, 2H), 7.38 (s, 1H), 7.29 (dd, J = 6.0, 3.5 Hz, 2H), 6.52 (d, J = 2.7 Hz, 1H), 6.40 - 6.31 (m, 2H), 6.16
(dd, J = 16.9, 10.3 Hz, 1H), 5.72 (d, J = 10.2 Hz, 1H), 4.65 (d, J = 2.4 Hz, 2H), 3.81 (s, 3H), 2.54 (t, /= 24
Hz, TH). ®C NMR (101 MHz, CDCls): & 164.6, 157.8, 156.9, 153.5, 149.6, 131.6, 131.1, 130.8, 128.4, 127.2,
126.8, 126.4, 125.1, 123.2, 120.1, 105.1, 99.8, 78.9, 75.7, 56.5, 55.9.
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Supplementary Scheme 2.1 - Synthesis of compound 2. Reagents and conditions: i) Z-propaneth\ol, K,COs, DMF,
100 °C, 98%. i) m-CPBA, DCM, rt, 98%. iii) Pd/C, H,, MeOH, rt, quant. iv) 2,4,5-trichloropyrimidine, NaH, DMF/DMSO
(9:1), 0 °C to rt, 37%. v) o-anisidine, Xantphos, Pd(OAc),, Cs,COs, 1,4-dioxane, 100 °C, 15%.

Synthesis of isopropyl(2-nitrophenyl)-sulfane (16)

1-Fluoro-2-nitrobenzene (9.88 g, 70 mmol) was dissolved in DMF (100 mL), followed by the addition
of 2-propanethiol (5.47 g, 70 mmol) and K2COs (24.19 g, 175 mmol). The reaction mixture was heated
at 100 °C for 16 h and subsequently cooled to rt. The mixture was diluted with H.O (200 mL) and the
product was extracted with EtOAc (3 x 200 mL). The organic layers were combined, dried over Na2SO4
and concentrated to yield the title compound (13.5 g, 68 mmol, 98%). '"H NMR (400 MHz, CDCls): &
8.12(dd, J = 8.3, 1.5Hz, 1H), 7.54 (ddd, / = 8.4, 7.1, 1.4 Hz, 1H), 7.48 (dd, J = 8.1, 1.4 Hz, 1H), 7.25 (ddd,
J=84,7.1,15Hz 1H), 3.58 (p, J = 6.6 Hz, 1H), 1.40 (d, J = 6.6 Hz, 6H). >C NMR (101 MHz, CDCls): &
147.2,136.5, 133.3, 128.3, 125.9, 124.9, 35.8, 22.4.

Synthesis of 1-(isopropylsulfonyl)-2-nitrobenzene (17)

Compound 16 (12.2 g, 61.3 mmol) was dissolved in DCM (120 mL), followed by portion wise addition
of 3-chloroperbenzoic acid (31.6 g, 143 mmol) The reaction mixture was stirred at rt for 16 h. The
mixture was diluted with 10% Na2SOs (120 mL) and stirred for 10 min, after which layers were
separated and the aqueous layer was extracted with DCM (3 x 120 mL). The organic layers were
combined, washed with sat. NaHCO3 (2 x 200 mL), brine (1 x 250 mL), dried over MgSO. and
concentrated to yield the title compound (13.9 g, 60.7 mmol, 98%). '"H NMR (400 MHz, CDCl3): § 8.15
- 8.07 (m, 1H), 7.86 — 7.72 (m, 3H), 4.04-3.95 (m, 1H), 1.41 (d, J = 6.8 Hz, 6H). *C NMR (101 MHz,
CDCl3): & 134.8, 133.1, 132.2, 125.1, 56.0, 15.5.

Synthesis of 2-(isopropylsulfonyl)aniline (18)

Compound 17 (2.03 g, 8.85 mmol) was dissolved in MeOH (25 mL), followed by addition of Pd/C (93
mg, 0.87 mmol). The mixture was stirred under H2 atmosphere for 16 h at rt, after which it was filtered
over celite and concentrated to yield the title compound (1.76 g, 8.85 mmol, quant.). '"H NMR (400
MHz, CDCl): 6 7.64 (dd, J = 8.0, 1.5 Hz, 1H), 7.40 — 7.30 (m, 1H), 6.80 (m, 1H), 6.74 (d, J = 8.2 Hz, 1H),
4.49 (s, 2H), 3.34 (m, TH), 1.31 (d, J = 6.7 Hz, 6H). 3C NMR (101 MHz, CDCls): & 147.2, 135.2, 1314,
118.3,117.7, 117.7, 54.3, 15.4.

Synthesis of 2,5-dichloro-N-(2-(isopropylsulfonyl)phenyl)pyrimidin-4-amine (19)

A mixture of DMF/DMSO (9:1 ratio, 10 mL) was cooled to 0 °C, after which NaH (354 mg, 14.8 mmol)
was added. Compound 18 (1.15 g, 5.77 mmol) was dissolved in DMF/DMSO (5 mL) and added to the
reaction mixture. The suspension was stirred at 0 °C for 30 min, followed by the addition of 2,4,5-
trichloropyrimidine (1.94 g, 10.6 mmol) diluted in DMF/DMSO (5 mL). The mixture was allowed to
warm to rt and was then stirred for 16 h. The reaction mixture was diluted with H.O (150 mL) and
extracted with EtOAc (50 mL). The organic layer was washed with H20 (5 x 50 mL), 5% LiCl (50 mL) and
brine (50 mL), dried over MgSO.4 and subsequently concentrated. The crude residue was purified by
flash column chromatography (0% = 20% EtOAc in pentane) to yield the title compound (777 mg,
2.24 mmol, 37%). 'H NMR (400 MHz, CDCls): 6 10.06 (s, 1H), 8.62 (dd, J = 8.5, 1.2 Hz, 1H), 8.30 (s, TH),
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7.92 (dd,J = 8.0, 1.7 Hz, TH), 7.75-7.71 (m, TH), 7.37-7.27 (m, TH), 3.26-3.16 (m, 1H), 1.31(d, / = 6.8 Hz,
6H). *C NMR (101 MHz, CDCls): 6 157.9, 156.4, 155.7, 137.5, 135.3, 131.6, 124.7, 124.3, 122.8, 115.4,
56.2, 15.5.

Synthesis of 5-chloro-N*-(2-(isopropylsulfonyl)phenyl)-N2-(2-methoxyphenyl)pyrimidine-2,4-
diamine (2)

Compound 19 (399 mg, 1.15 mmol), o-anisidine (142 mg, 1.15 mmol), XantPhos (67 mg, 0.12 mmol),
Pd(OAC)2 (14 mg, 0.06 mmol) and Cs2COs (756 mg, 2.30 mmol) were dissolved in 1,4-dioxane (15 mL)
and the resulting mixture was heated at 100 °C for 16 h. The reaction mixture was diluted with EtOAc
(50 mL), filtered over celite and subsequently concentrated. The crude residue was purified by flash
column chromatography (0% = 30% EtOAc in pentane) to yield the title compound (77 mg, 0.18
mmol, 15%). HRMS (ESI+) m/z: calculated for CaoH21CIN4OsS ([M+H]): 433.10957; found: 433.10837. 'H
NMR (400 MHz, DMSO): 6 9.53 (s, TH), 8.53 (d, J = 8.4 Hz, 1H), 8.37 (s, 1H), 8.25 (s, 1H), 7.82 (dd, J =
8.0, 1.6 Hz, 1H), 7.72 (dd, J = 7.9, 1.5 Hz, 1H), 7.66-7.62 (m, 1H), 7.38-7.29 (m, 1H), 7.14-7.02 (m, 2H),
6.92-6.88 (m, TH), 3.79 (s, 3H), 3.47-3.40 (m, 1H), 1.15 (d, J = 6.8 Hz, 6H). *C NMR (101 MHz, DMSO):
6 158.6, 155.8, 155.3, 151.3, 138.5, 135.3, 131.4, 128.5, 124.6, 124.5, 124.0, 123.9, 123.5, 120.6, 111.6,
105.1, 56.0, 55.3, 15.3.

el cl Cl
He o /NINH i )\/I )\/i iv )\/i
Supplementary Scheme 2.2 - Synthesis of compound 3. Reagents and conditions: i) 2,4,57tr|ch\oropyr|m|d|ne, DIPEA,

DMF, 70 °C, 99%. ii) o-anisidine, p-TSA, isopropanol, reflux, 36%. iii) PtO,, H,, THF, rt, 97%. iv) acryloyl chloride, DIPEA,
DCM, 0 °C, 68%.

Synthesis of 2,5-dichloro-N-(3-nitrophenyl)pyrimidin-4-amine (20)

2,4,5-Trichloropyrimidine (1.42 g, 7.74 mmol) and DIPEA (2.00 g, 15.5 mmol) were dissolved in DMF
(4 mL). To the stirring solution was added 3-nitroaniline (1.07 g, 7.74 mmol), after which the reaction
mixture was heated at 70 °C for 16 h. The mixture was allowed to cool down to rt and subsequently
diluted with EtOAc (75 mL) and washed with H20 (3 x 50 mL). The organic layer was dried over MgSO.
and concentrated to dryness to yield the title compound (2.18 g, 7.66 mmol, 99%). '"H NMR (400 MHz,
DMSO): 6 9.96 (s, TH), 8.63 (t, J = 2.2 Hz, TH), 8.49 (s, 1H), 8.17 — 8.09 (m, 1H), 8.01 (ddd, J = 8.3, 2.3,
0.9 Hz, TH), 7.68 (t, J = 8.2 Hz, 1H). *C NMR (101 MHz, DMSO): & 157.0, 156.2, 147. 8, 139.0, 129.9,
129.0, 122.5,119.1, 117.2, 114.2.

Synthesis of 5-chloro-N2-(2-methoxyphenyl)-N*-(3-nitrophenyl)pyrimidine-2,4-diamine (21)
Compound 20 (600 mg, 2.10 mmol) and o-anisidine (259 mg, 2.10 mmol) were taken up in isopropanol
(20 mL), followed by the addition of p-TSA (400 mg, 2.10 mmol). The reaction mixture was heated
under reflux for 16 h, after which it was concentrated under reduced pressure. The residue was taken
up in saturated aqueous NaHCOs (20 mL) and the product was extracted with EtOAc (20 mL). The
organic layer was concentrated under reduced pressure and the crude residue was purified by flash
column chromatography (10% > 30% EtOAc in pentane) to yield the title compound (284 mg, 0.38
mmol, 36%). 'H NMR (400 MHz, DMSO): § 9.31 (s, TH), 8,51 (t, / = 2.2 Hz, 1H), 8.23 - 8.15 (m, 2H), 8.09
(s, TH), 7.92 (ddd, J = 8.2, 2.3, 0.9 Hz, 1H), 7.81 = 7.74 (m, 1H), 7.55 (t, J = 8.2 Hz, 1H), 7.04 - 6.98 (m,
2H), 6.80 - 6.74 (m, TH), 3.80 (s, 3H). *C NMR (101 MHz, DMSO): & 157.8, 155.6, 155.5, 150.0, 147.7,
140.0, 129.5, 128.5, 128.1, 123.5, 121.8, 120.0, 117.8, 116.8, 110.9, 104.3, 55.6.

Synthesis of N*-(3-aminophenyl)-5-chloro-N?-(2-methoxyphenyl)pyrimidine-2,4-diamine (22)

Compound 21 (200 mg, 0.54 mmol) was dissolved in THF (10 mL), followed by addition of PtO2 (21
mg, 0.09 mmol). The mixture was stirred under H2 atmosphere at rt for 72 h, after which it was diluted
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in MeOH, filtered over celite and concentrated to yield the title compound (179 mg, 0.54 mmol, 97%),
which was directly used in the next step.

Synthesis of N-(3-((5-chloro-2-((2-methoxyphenyl)amino)pyrimidin-4-
yl)amino)phenyl)acrylamide (3)

Compound 22 (77 mg, 0.23 mmol) was taken up in DCM (2 mL) and cooled to 0 °C. Subsequently,
DIPEA (29 mg, 0.23 mmol) was added and the reaction mixture was stirred for 10 min. Acryloyl chloride
(20 mg, 0.23 mmol) dissolved in DCM (1 mL) was dropwisely added to the mixture. After stirring for
30 min, the reaction was quenched by addition of water (5 mL). The product was extracted from the
reaction mixture with DCM (3 x 25 mL) and the organic layer was dried over MgSO4 and concentrated
to dryness. The crude residue was purified by flash column chromatography (10% > 40% EtOAc in
pentane) to yield the title compound (61 mg, 0.15 mmol, 68%). HRMS (ESI+) m/z: calculated for
C20H18CIN5O2 ([M+H]): 396.12218; found: 396.12156. '"H NMR (400 MHz, CDCl3): 6 8.21 (dd, J = 7.9, 1.6
Hz, 1H), 8.04 (d, J = 12.2 Hz, 2H), 7.70 (s, 1H), 7.58 (d, J = 7.9 Hz, 1H), 7.41 (s, 1H), 7.33 (t, / = 8.0 Hz,
1H), 7.26 (d, J = 8.5 Hz, 1H), 7.16 (s, TH), 7.04 — 6.95 (m, 1H), 6.94 — 6.83 (m, 2H), 6.45 (dd, J = 16.9, 1.3
Hz, 1H), 6.23 (dd, J = 16.8, 10.2 Hz, TH), 5.79 (dd, J = 10.2, 1.3 Hz, 1H), 3.88 (s, 3H). >C NMR (101 MHz,
CDCls): 6 155.7, 148.8, 138.6, 138.5, 131.2, 129.6, 128.8, 128.2, 122.6, 120.5, 120.1, 117.3, 116.5, 115.7,
112.8, 110.3, 105.1, 55.8.

)N:NICI LA, HNJ‘:,;‘[:L i ):IO L )\/im

10 23

Supplementary Scheme 2.3 - Synthesis of compound 4. Reagents and conditions: i) o-anisidine, Xantphos, Pd(OAc),,
Cs,CO;, 1,4-dioxane, 100 °C, 6%. ii) TFA, DCM, rt. iif) acryloyl chloride, DIPEA, DCM, 0 °C, 45% over 2 steps.

Synthesis of tert-butyl(2-((5-chloro-2-((2-methoxyphenyl)amino)pyrimidin-4-
yl)amino)phenyl)carbamate (23)

Compound 10 (600 mg, 1.69 mmol), o-anisidine (208 mg, 1.69 mmol), Xantphos (98 mg, 0.17 mmol),
Pd(OAC)2 (19 mg, 0.084 mmol) and cesium carbonate (1.10 g, 3.38 mmol) were dissolved in 20 mL 1,4-
dioxane. The reaction mixture was purged with argon and subsequently heated at 100 °C for 16 h.
Subsequently, the mixture was diluted with EtOAc and filtered over Celite®, after which the filtrate
was concentrated. The crude residue was purified by flash column chromatography (0% = 20% EtOAc
in pentane) to yield the title compound (48 mg, 0.11 mmol, 6%). '"H NMR (400 MHz, CDCls): § 8.12 —
8.03 (m, 2H), 7.79 (s, 1H), 7.72 = 7.66 (m, 1H), 7.63 (s, 1H), 7.49 — 7.41 (m, 1H), 7.29 - 7.22 (m, 2H), 6.89
(m, TH), 6.82 (dd, J = 8.1, 1.5 Hz, 1H), 6.78 = 6.70 (m, TH), 6.66 (s, 1H), 3.85 (s, 3H), 1.50 (s, 9H). *C NMR
(101 MHz, CDCl3): & 157.0, 154.1, 147.8, 131.9, 130.9, 129.2, 128.9, 127.6, 126.5, 125.4, 123.9, 121.6,
120.8, 118.7, 114.2, 109.8, 105.2, 81.5, 55.8, 28.4.

Synthesis of N*-(2-aminophenyl)-5-chloro-N2-(2-methoxyphenyl)pyrimidine-2,4-diamine (24)
Compound 23 (50 mg, 0.11 mmol) was dissolved in DCM (3 mL), after which TFA (3 mL) was slowly
added. The reaction mixture was stirred at rt for 16 h and subsequently evaporated to dryness to yield
the title compound, which was directly used in the next reaction.

Synthesis of N-(2-((5-chloro-2-((2-methoxyphenyl)amino)pyrimidin-4-
yl)amino)phenyl)acrylamide (4)

Compound 24 (84 mg, 0.18 mmol) was taken up in DCM (2 mL) and cooled to 0 °C. Subsequently,
DIPEA (24 mg, 0.18 mmol) was added and the reaction mixture was stirred for 10 min. Acryloyl chloride
(17 mg, 0.18 mmol) dissolved in DCM (1 mL) was dropwisely added to the mixture. After stirring for
15 min, the reaction was quenched by addition of water (5 mL). The product was extracted from the
reaction mixture with DCM (50 mL) and the organic layer was dried over MgSOa and concentrated to
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dryness. The crude residue was purified by flash column chromatography (10% = 40% EtOAc in
pentane) to yield the title compound (20 mg, 0.05 mmol, 45% over two steps). HRMS (ESI+) m/z:
calculated for C2oH1sCINsO2 (M +H]): 396.12218; found: 396.12156. 'H NMR (400 MHz, MeOD): & 8.04
(s, TH), 7.81 (dd, J = 8.1, 1.6 Hz, 1H), 7.76 — 7.69 (m, 1H), 7.51 = 7.44 (m, 1H), 7.41 - 7.33 (m, 2H), 7.03
—6.95 (m, 2H), 6.73 (ddd, J = 8.6, 7.1, 1.8 Hz, 1H), 6.48 (dd, J = 17.0, 9.5 Hz, 1H), 6.40 (dd, / = 16.9, 2.4
Hz, 1H), 5.81 (dd, J = 9.4, 2.4 Hz, 1H), 3.87 (s, 3H). >*C NMR (101 MHz, MeOD): § 166.9, 158.8, 149.9,
1329, 132.5, 131.4, 129.9, 129.2, 128.9, 128.2, 127.9, 127.4, 126.0, 125.5, 125.0, 122.0, 121.6, 111.5,
106.5, 56.3.

N i N
cl N~ "NH ! C\)\N NH " Iy HN)\N NH "
NH; NTH MeO NTH
o o
25 5

Supplementary Scheme 2.4 - Synthesis of compound 5. Reagents and conditions: i) propionyl chloride, DIPEA, DCM,
0 °C, 52%. ii) o-anisidine, p-TSA, isopropanol, reflux, 56%.

Synthesis of N-(2-((2,5-dichloropyrimidin-4-yl)amino)phenyl)propionamide (25)

Compound 11 (171 mg, 0.67 mmol) was dissolved in DCM (5 mL) and cooled to 0 °C. Subsequently,
DIPEA (85 mg, 0.67 mmol) was added and the reaction mixture was stirred for 10 min. Propionyl
chloride (64 mg, 0.67 mmol) dissolved in DCM (3 mL) was dropwisely added. After stirring for 2 h, the
reaction mixture was diluted with DCM (50 mL) and washed with H20 (2 x 50 mL). The organic extract
was dried over MgSO4 and concentrated to dryness. The crude residue was purified by flash column
chromatography (20% - 30% EtOAc in pentane) to yield the title compound (109 mg, 0.35 mmol,
52%). 'H NMR (400 MHz, CDCl3): & 8.67 (s, TH), 8.16 (s, 1H), 8.07 (s, TH), 7.73 (dd, J = 8.2, 1.3 Hz, 1H),
7.32-7.23 (m, TH), 7.14 - 7.05 (m, 1H), 6.87 (dd, J = 7.9, 1.5 Hz, 1H), 2.38 (g, J = 7.6 Hz, 2H), 1.20 (t, J
= 7.6 Hz, 3H). *C NMR (101 MHz, CDCls): & 174.4, 158.1, 157.4, 155.0, 131.4, 130.2, 127.0, 126.5, 126.1,
125.0, 114.7, 30.0, 10.2.

Synthesis of N-(2-((5-chloro-2-((2-methoxyphenyl)amino)pyrimidin-4-
yl)amino)phenyl)propionamide (5)

Compound 25 (59 mg, 0.19 mmol) and o-anisidine (23 mg, 0.19 mmol) were taken up in isopropanol
(10 mL), followed by the addition of p-TSA (37 mg, 0.19 mmol). The reaction mixture was heated under
reflux for 16 h, after which it was concentrated under reduced pressure. The residue was taken up in
saturated aqueous NaHCOs (20 mL) and the product was extracted with EtOAc (20 mL). The organic
layer was dried over MgSO4 and concentrated. The crude residue was purified by flash column
chromatography (10% - 40% EtOAc in pentane), affording a mixture of compound 25 and 5 that was
further purified by HPLC to yield the title compound (42 mg, 0.10 mmol, 56%). HRMS (ESI+) m/z:
calculated for C20H20CINsO, ([M+H]): 398.13783; found: 398.13722. '"H NMR (400 MHz, CDCls): 6 10.04
(s, TH), 9.24 (s, 1H), 7.85 (s, TH), 7.68 — 7.60 (m, 2H), 7.58 (dd, J = 8.0, 1.6 Hz, 1H), 7.26 (s, 3H), 7.16 (dd,
J=17.5,2.0Hz 1H), 7.06 (ddd, J = 8.3, 7.6, 1.6 Hz, 1H), 6.84 (dd, J = 8.3, 1.4 Hz, 1H), 6.70 (td, / = 7.8,
1.3 Hz, TH), 3.80 (s, 3H), 2.46 (q, J = 7.5 Hz, 2H), 1.26 (t, J = 7.6 Hz, 3H). >*C NMR (101 MHz, CDCl3): &
1743, 157.7, 153.3, 152.8, 151.2, 130.6, 127.8, 127.6, 126.9, 126.1, 125.8, 124.9, 123.1, 120.3, 111.0,
105.4, 56.0, 30.3, 10.2.
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Supplementary Scheme 2.5 — Synthesis of one-step probes 7 and 8. i) 26 or 27, CuSO,, sodium ascorbate, H,O/DCM
(1:1), rt, 5% (7) or 17% (8) after HPLC puirification.

Synthesis of 1-(6-((2-(4-((4-((4-((2-acrylamidophenyl)amino)-5-chloropyrimidin-2-yl)amino)-3-
methoxy-phenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-
5-((E)-1,3,3-trimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium (7, WEL033)
Compound 6 (30 mg, 0.07 mmol) and Cy5-azide 26 (77 mg, 0.14 mmol) were dissolved in degassed
DCM (3 mL). CuSO4 (8 mg, 0.01 mmol) and sodium ascorbate (16 mg, 0.03 mmol) were separately
dissolved in degassed H20 (3 mL) and added to the reaction mixture. The reaction mixture was
vigorously stirred for 16 h at rt and subsequently evaporated to dryness. The crude residue was
purified by flash column chromatography (DCM > 2% MeOH in DCM), followed by further HPLC
purification to yield the title compound (3.2 mg, 3 pmol, 5%). HRMS (ESI+) m/z: calculated for
[Cs7He3CIN1104]*: 1000.47475; found: 1000.47462. "H NMR (600 MHz, MeOD): § 8.20 (td, / = 13.1,3.2
Hz, 2H), 8.07 (s, 1H), 7.97 (s, 1H), 7.66 (dd, J = 7.8, 1.7 Hz, 1H), 7.52 — 7.45 (m, 4H), 7.39 (m, 2H), 7.35 -
730 (m, 2H), 7.29 (d, J = 7.1 Hz, 1H), 7.27 — 7.22 (m, 4H), 6.66 (d, J = 2.6 Hz, 1H), 6.57 (t, J/ = 12.4 Hz,
1H), 6.51 — 6.42 (m, 2H), 6.40 (dd, J = 16.9, 1.9 Hz, 1H), 6.27 (d, J = 13.7 Hz, 1H), 6.19 (d, J = 13.7 Hz,
1H), 5.82 (dd, J = 9.9, 1.9 Hz, 1H), 5.17 (s, 2H), 4.57 — 4.53 (m, 2H), 4.04 (t, J = 7.7 Hz, 2H), 3.77 (s, 3H),
3.69 - 3.65 (m, 2H), 3.56 (s, 3H), 2.66 (s, 3H), 2.15 (t, J = 7.2 Hz, 2H), 1.79 — 1.58 (m, 18H), 1.40 — 1.31
(m, 2H). 3C NMR (151 MHz, MeOD): & 176.2, 175.3, 174.6, 166.9, 155.4, 145.1, 144.2, 143.5, 142.6,
142.5, 133.0, 131.4, 129.8, 129.7, 129.0, 128.7, 128.1, 127.4, 126.6, 126.2, 126.2, 126.0, 125.6, 123.4,
123.2, 112.0, 111.8, 106.8, 104.3, 104.2, 100.7, 62.8, 56.4, 49.8, 44.8, 40.3, 36.5, 28.1, 27.9, 27.9, 27.8,
27.1, 26.4.

Synthesis of N-(2-(2-(2-(2-(4-((4-((4-((2-acrylamidophenyl)amino)-5-chloropyrimidin-2-
yl)amino)-3-methox-yphenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-5-
((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (8, WEL034)
Compound 6 (8.7 mg, 0.02 mmol) and biotin-PEGs-azide 27 (9.1 mg, 0.02 mmol) were dissolved in
degassed DCM (2 mL). CuSO4 (2.3 mg, 0.01 mmol) and sodium ascorbate (4.4 mg, 0.02 mmol) were
separately dissolved in degassed H>O (2 mL) and added to the reaction mixture. The reaction mixture
was vigorously stirred for 16 h at rt and subsequently evaporated to dryness. The crude residue was
purified by HPLC to yield the title compound (3.0 mg, 3 pmol, 17%). HRMS (ESI+) m/z: calculated for
C41H52CIN1108S [M+H]: 894.34823; found: 894.34883. '™H NMR (600 MHz, MeOD): & 8.14 (s, 1H), 8.00
(d, J =19.0 Hz, 1H), 7.69 (dd, J = 7.9, 1.6 Hz, 1H), 7.49 (dd, J = 7.9, 1.5 Hz, 1H), 7.43 (s, 1H), 7.38 (td, J
=7.7,1.6 Hz, 1H), 7.34 (td, J = 7.6, 1.5 Hz, 1H), 6.73 (d, J = 2.5 Hz, 1H), 6.49 (dd, J = 17.0, 9.9 Hz, 2H),
6.42 (dd, J = 17.0, 2.0 Hz, 1H), 5.84 (dd, J = 9.9, 2.0 Hz, 1H), 5.18 (s, 2H), 4.62 (dd, J = 5.5, 4.4 Hz, 2H),
4.46 (ddd, J = 7.9, 5.0, 0.9 Hz, 1H), 4.26 (dd, J = 7.9, 4.5 Hz, 1H), 3.90 (dd, J = 5.6, 4.4 Hz, 2H), 3.84 (s,
3H), 3.64 — 3.54 (m, 10H), 3.48 (t, / = 5.5 Hz, 2H), 3.16 (ddd, J = 9.0, 5.8, 4.5 Hz, 1H), 2.93 - 2.86 (m, 1H),
2.72 - 2.63 (m, 2H), 2.20 — 2.12 (m, 2H), 2.04 (s, TH), 1.76 — 1.49 (m, 5H), 1.43 — 1.34 (m, 2H). *C NMR
(151 MHz, MeOD): & 176.1, 167.0, 166.1, 159.3, 154.9, 144.7, 133.2, 131.6, 131.4, 129.1, 128.9, 128.5,
127.5, 126.3, 126.0, 107.0, 100.9, 71.5, 71.4, 71.4,71.2, 70.6, 70.3, 63.3, 62.7, 61.6, 57.0, 56.5, 51.5, 49.8,
49.6, 41.0, 40.3, 36.7, 29.8, 29.5, 26.8.
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Supplementary Data
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Supplementary Figure 2.1 - Determination of ATP Ky for other active FES mutants and concentration-response
curves of inhibitors against FESWT and FESS7%C, (A) Determination of ATP Ky for FESWT and other FES mutants with
>50% relative activity as determined in Figure 2.3B. (B-F) Concentration-response curves of inhibitors against FESWT
and FESS79C as determined in TR-FRET assay. Compound code and structure is depicted right of the corresponding
curve. Data represent means + SEM (N = 3).
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Supplementary Table 2.2 — Substrate identification using PamChip ® activity assay. Top 30 of peptides with highest
signal intensity are shown. Numbers behind substrate names indicate the amino acid residue numbers within the
corresponding protein sequence. Predicted phosphorylated tyrosine residues are indicated in bold red.

log2 of signal intensity

Substrate

Peptide

FESWT FESS700C
CD79A_181_193 EYEDENLYEGLNL 1459 14.18
ENOG_37_49 SGASTGIVEALEL 1439 1413
ZAP70_313_325 SVYESPYSDPEEL 12.83 1251
EFS_246_258 GGTDEGIYDVPLL 1268 1243
PLCG1_764_776 IGTAEPDYGALYE 1256 1248
RET_1022_1034 TPSDSLIYDDGLS 12553 1229
IRS2_626_638 HPYPEDYGDIEIG 12.38 12.20
EPHA1_774_786 LDDFDGTYETQGG 1235 12.24
PGFRB_572_584 VSSDGHEYIYVDP 1233 12.09
P85A_600_612 NENTEDQYSLVED 1227 1219
LAT 249 261 EEGAPDYENLQEL 12.14 1223
PLCG2_1191_1203_C1200S  ESEEELYSSSRQL 12.14 12.04
PDPK1_2_14 ARTTSQLYDAVPI 12.10 1197
FRK_380_392 KVDNEDIYESRHE 11.99 11.88
PTN11.57_67 QNTGDYYDLYG 11.89 11.89
PTN11_580_590 SARVYENVGLM 1171 1171
KIT_930_942_C9425 ESTNHIYSNLANS 11.68 1159
PDPK1_369_381 DEDCYGNYDNLLS 1155 1157
EGFR_1165_1177 ISLDNPDYQQDFF 1140 1159
PECA1_708_718 DTETVYSEVRK 1136 1153
PGFRB_709_721 RPPSAELYSNALP 1135 1153
EPHA7_607_619 TYIDPETYEDPNR 1130 1143
VGFR2_989_1001 EEAPEDLYKDFLT 11.26 1138
PGFRB_1002_1014 LDTSSVLYTAVQP 1125 1133
PTN6_558_570 KHKEDVYENLHTK 11.18 1116
EPHA2_765_777 EDDPEATYTTSGG 11.16 1132
PTN6_531_541 GQESEYGNITY 1115 1129
FES_706_718 REEADGVYAASGG 11.07 1121
FER_707_719 RQEDGGVYSSSGL 1098 1113
IRS1_890_902 1093 1111

PKSPGEYVNIEFG

51



Chapter 2

Supplementary Table 2.3 - SH2 binding partner identification using PamChip ® binding assay. Top 30 of peptides
with highest signal intensity are shown. Numbers behind substrate names indicate the amino acid residue numbers
within the corresponding protein sequence.

log2 of signal intensity

Binding partner Peptide FESYT -
PGFRB_572_584 VSSDGHEYIYVDP 1244 13.06
PGFRB_1014_1028 PNEGDNDYIIPLPDP 1217 12.94
LAT_249_261 EEGAPDYENLQEL 10.79 12.19
VGFR2_1168_1180 AQQDGKDYIVLPI 10.69 11.64
ENOG_37_49 SGASTGIYEALEL 10.67 12.29
PTN11_57_67 QNTGDYYDLYG 10.66 12.05
CD3E_182_194 PVPNPDYEPIRKG 10.03 1148
CD79A_181_193 EYEDENLYEGLNL 10.02 12.05
IRS1_890_902 PKSPGEYVNIEFG 9.97 11.28
LAT_194_206 MESIDDYVNVPES 9.51 11.14
MAPK3_198_210_C203S  ALQTPSYTPYYVA 9.32 10.68
MK12_180_189_M182B SEBTGYVVTR 9.16 10.58
PTN6_558_570 KHKEDVYENLHTK 8.74 10.88
FGFR2_762_774 TLTTNEEYLDLSQ 8.26 9.86
TYK2_1048_1060 VPEGHEYYRVRED 788 9.60
JAK3_974_986 LPLDKDYYVVREP 787 9.77
RON_1346_1358 SALLGDHYVQLPA 7.75 9.04
FGFR3_753_765 TVTSTDEYLDLSA 7.66 9.57
MET_1227_1239 RDMYDKEYYSVHN 759 942
PTN11_580_590 SARVYENVGLM 727 9.94
EGFR_1190_1202 STAENAEYLRVAP 7.12 9.01
MK14_173_185 RHTDDEMTGYVAT 7.08 9.11
FAK2_572_584 RYIEDEDYYKASV 7.00 9.11
JAK1_1027_1039 AIETDKEYYTVKD 6.53 8.78
MKO03_199_208 GFLTEYVATR 649 8.31
EPOR_419_431 ASAASFEYTILDP 6.42 797
MK12_178_190 ADSEMTGYVVTRW 6.15 8.13
41_654_666 LDGENIYIRHSNL 6.08 8.02
MKO07_212_224 AEHQYFMTEYVAT 496 6.25
HAVR2_257_267 GIRSEENIYTI 495 4.67
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Supplementary Figure 2.2 - LC-MS elution profiles of FESS7°°C incubated with WEL028 (A) or vehicle (B). Expected
precursor ions and corresponding calculated m/z values are indicated. lons were not present in vehicle-treated control

sample.
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Supplementary Figure 2.3 - Single-point selectivity screen of WEL028 on a panel of 279 kinases. All data were
obtained from SelectScreen™ selectivity profiling service. Assays were performed at 1 pM WEL028 with 1 h pre-
incubation. The ATP concentration was equal to the kinase Ky, except for those indicated (* = LanthaScreen technology,
no ATP; * = 100 uM ATP; ** = 10 uM ATP). Values represent mean percentage inhibition compared to vehicle-treated

control (N = 2).
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Supplementary Figure 2.4 - Concentration-response curves of WEL028 against kinases with >50% inhibition at 1
UM in initial single-dose screen. Data (means + SD, N = 2) were obtained from SelectScreen™ selectivity profiling
service. Assays were performed with 1 h pre-incubation and concentration of ATP was selected to be equal to the Ky,
unless indicated otherwise in Supplementary Figure 2.3.
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Supplementary Figure 2.5 - Competition of WEL033 labeling by compound 4 and biotin-conjugate 8 (WEL034).
(A, B) Recombinantly expressed FESS7°C in HEK293T cell lysate was incubated with compound 4 (indicated
concentrations, 30 min, rt), followed by two-step probe WEL028 (250 nM, 30 min, rt) and click mix containing Cy5-azide
(2 eq., 30 min, rt). Samples were resolved by SDS-PAGE, followed by in-gel fluorescence scanning. Band intensities were
normalized to vehicle-treated control. (C, D) Dose-dependent competition by WEL034. Samples were processed as
described in A, but labeled with one-step probe WEL033 (250 nM, 30 min, rt). After in-gel fluorescence scanning,
proteins were transferred to a PVDF membrane and immunoblotted against streptavidin-HRP. Band intensities (red:
WELO33, black: WEL034) were normalized to vehicle-treated control (WELO33) or highest concentration (WEL034).
Compound codes and structures are depicted right of the corresponding curves. Data represent means + SEM (N = 3).
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Supplementary Figure 2.6 - Determination of ATP Ky for FERVT and FERS%'® and concentration-response curves
of inhibitors against FERWT and FERS7"'C, (A) Determination of ATP Ky for FERWT and FERS®'C. (B-F) Concentration-
response curves of inhibitors against FERWT and FERS7"' as determined in TR-FRET assay. Compound code and structure
is depicted right of the corresponding curve. Data represent means + SEM (N = 3).
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Supplementary Table 2.4 - Inhibitory potency of synthesized TAE684 derivatives against FER"T and FERS""'C, Half
maximal inhibitory concentrations (expressed as plCsp) were determined using recombinantly expressed FERVT and
FERS7'C in a TR-FRET assay. Final ATP concentration was 12 pM and 1 pM for FERWT and FERS7%'C, respectively. Apparent
fold selectivity was calculated as ICso on FER"T divided by ICsp on FERSY'C. Data represent means + SEM (N = 3). ND:
not determined. Dose-response curves can be found in Supplementary Figure 2.6.
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Chapter 3

Introduction

A single human cell may contain over 100 different kinases that work together in a highly
regulated network with various physiological functions.? Overexpression of a kinase to
study its role may therefore disturb the intrinsic balance of the kinase signaling network,
leading to compensatory changes and other artefacts in cellular processes.? This is
particularly troublesome in validation of kinases as therapeutic target, as inactivation of
overexpressed (and sometimes constitutively active) kinases using small-molecule
inhibitors may not match the functional effects resulting from inhibition of endogenously
expressed kinases with tightly regulated activity. A prominent example was already
observed in chapter 2 (Figure 2.6E), where overexpression of FES kinase in U20S cells
drastically altered the global cellular phosphotyrosine profile.

Endogenous FES expression levels are highest in cells of hematopoietic origin,
especially those in the myeloid lineage, but FES is also expressed in neuronal, endothelial
and epithelial cells# Its initial discovery in terminally differentiated myeloid cells led to
multiple studies examining its function in myeloid differentiation. For instance, stable
overexpression of FES in K562 cells or transient overexpression of constitutively active
FES in U937 cells induces myeloid differentiation towards macrophages.>® In addition,
antisense-mediated knockdown of FES in HL-60 cells was reported to block macrophage
differentiation induced by phorbol 12-myristate 13-acetate (PMA).” Deletion of FES in
transgenic mice (fes”") resulted in decreased numbers of B lymphocytes and increased
numbers of monocytes and neutrophils?, although these effects were not observed in a
second, independently generated fes”- mouse strain.® This latter study is in line with the
observation that genetic knockout of FES in mouse embryonic stem cells (ESCs) does not
impair differentiation towards macrophages, nor towards any other tested myeloid cell
type.® Follow-up studies employing transgenic mice expressing a kinase-dead FES variant
(fes*P) also reported no hematopoietic defects. In contrast, mice expressing an artificial,
myristoylated variant (fesMF) that harbors constitutive membrane association and thereby
increased kinase activity, display increased levels of circulating myeloid cells and
decreased levels of erythrocytes and platelets.™

Taken together, these observations indicate that FES activity is likely to be
tightly regulated and that overexpression or constitutive activation of FES disrupts this
regulatory process and thus conceals the true physiological role of FES. It remains
unclear to what extent congenital, long-term disruption of FES activity in knockout
animals induces compensatory mechanisms, such as upregulation of FER. Moreover, the
question rises whether the observed effects are dependent on the scaffold function of
FES, e.g. membrane localization via its F-BAR domain, or on its kinase activity. Here, the
chemical genetic toolbox as described in chapter 2, encompassing the use of engineered
FESS70C in  combination with covalent, complementary probes, is applied to
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pharmacologically modulate endogenous FES activity and study its role during myeloid
differentiation.

Results
Gene editing allows visualization of kinases by complementary probes in human cells

To obtain a physiologically relevant model system and avoid the use of transient
overexpression, CRISPR/Cas9 gene editing was employed to introduce the S700C
mutation endogenously in the human HL-60 promyeloblast cell line (Figure 3.1A and 3.1B,
step 1-2). Endogenous FESS7%C and its engagement by inhibitors can next be visualized
using the mutant-specific probes WEL028 and WEL033 and covalently bound targets can
be identified using quantitative label-free chemical proteomics (Figure 3.1B, step 3). Wild-
type and mutant cells share potential off-targets of WEL028 with the sole exception of
FES, which is exclusively targeted in mutant cells. This feature allows for a comparative
experimental setup, which is instrumental to dissect on-target from off-target effects and
gain insight in the role of FES activity in myeloid differentiation (Figure 3.1B, step 4).

A i " Mutation of target kinase
Wild-type ce DFG-1 residue into cysteine

C (xd,, :C —( Ssn
c€ _HF c€ €-¢&

C® C®) (—4-

Design of mutant-specific
covalent inhibitor

Mutant cell
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1 - Chemical genetics 2 - CRISPR/Cas9 3 - Target engagement profiling 4 - Functional assay
gene editing
FESST0%C and Visualization (SDS-PAGE) Identification (MS) Myeloid differentiation
complementary probes
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Figure 3.1 - Chemical genetic strategy and workflow to visualize endogenous kinase activity and target
engagement. (A) General strategy involving mutagenesis of a kinase DFG-1 residue in a cell line using CRISPR/Cas9
gene editing. This circumvents the use of overexpression that may disturb balanced endogenous signaling networks.
Wild-type cells function as control cells to account for potential off-targets of the covalent inhibitor. (B) Schematic
workflow encompassing the application of chemical genetic tools described in chapter 2 in an endogenous model
system, generated with the use of CRISPR/Cas9 gene editing. Endogenous mutant FES can subsequently be visualized
using mutant-specific complementary probes and probe targets can be identified using quantitative label-free
proteomics and mass spectrometry analysis. Using this strategy, the role of FES activity during myeloid differentiation
can be studied.
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HL-60 cells are a widely used model system for myeloid differentiation, since
they are capable to undergo differentiation along the neutrophil as well as
monocyte/macrophage lineage, depending on the differentiation agent (Figure 3.2A).112
To sensitize endogenously expressed FES in HL-60 cells to the mutant-specific probe, a
single guide (sg)RNA target was selected with predicted site of cleavage in close
proximity of the desired mutation in exon 16 of the human genomic FES locus (Figure
3.2B). In conjunction, a single-stranded oligodeoxynucleotide (ssODN) homology-
directed repair (HDR) donor template was designed, aimed to introduce the target S700C
mutation along with the implementation of a restriction enzyme recognition site to
facilitate genotyping using a restriction fragment length polymorphism (RFLP) assay. Of
note, the ssODN donor also included silent mutations to prevent cleavage of the ssODN
itself or recleavage of the genomic locus after successful HDR (Figure 3.2B). HL-60 cells
were nucleofected with plasmid encoding sgRNA and Cas9 nuclease along with the
ssODN donor, followed by single cell dilution to obtain clonal cultures. Screening of
clones using the RFLP assay led to the identification of a homozygous S700C mutant
clone (Figure 3.2C). Sanger sequencing verified that the mutations had been successfully
introduced without occurrence of undesired deletions or insertions (Figure 3.2D). No off-
target cleavage activity was found in predicted putative off-target sites (Supplementary
Figure 3.1 and Supplementary Table 3.1).
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Figure 3.2 - Visualization of endogenous FESS’°C in CRISPR/Cas9-edited HL-60 cells. (A) HL-60 cells can
differentiate into macrophages upon stimulation with PMA or into neutrophils with all-trans-retinoic acid (ATRA) and
DMSO. (B) CRISPR/Cas9 gene editing strategy for introduction of S700C point mutation in the genomic FES locus.
Selected sgRNA (bold blue) directs Cas9 to cleave at predicted site (red triangle). A ssODN homology-directed repair
(HDR) donor template (red) flanks introduced mutations with 80 bp homology arms. The S700C mutation generates a
Bglll restriction site along with three silent mutations (orange) to remove PAM sites. Of note, two of the three mutated
PAM sites correspond to sgRNAs not used in this study. PAM: protospacer-adjacent motif. (C) Restriction-fragment
length polymorphism (RFLP) assay for identification of HL-60 FESS7%C clone. Genomic region was amplified by PCR
and amplicons were digested with Bglll. Expected fragment size after digestion: 365 + 133 bp. (D) Sequencing traces
of WT HL-60 cells and homozygous FES%C HL-60 clone. No deletions, insertions or undesired mutations were
detected. (E) Endogenous FES is visualized by WEL033 in differentiated HL-60 FESS'%C cells. Wild-type or FESS70C
HL-60 cells promyeloblasts, macrophages or neutrophils were lysed, followed by labeling with WEL033 (1 uM, 30 min,
rt). FES expression increases upon differentiation (anti-FES immunoblot).
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Next, wild-type and HL-60 FESS7%°C cells were differentiated into macrophages
or neutrophils and the corresponding cell lysates were incubated with fluorescent probe
WELO33 to visualize endogenous FES (Figure 3.2E). In-gel fluorescence scanning of the
WELO033-labeled proteome of differentiated FESS7°C HL-60 cells revealed a band at the
expected MW of FES (~93 kDa), which was absent in wild-type HL-60 cells. Furthermore,
the fluorescent band was less prominent in non-differentiated HL-60 FESS7%°C cells,
probably due to lower FES expression levels prior to differentiation (Figure 3.2E, anti-FES
immunoblot). Of note, WELO33 labeled a number of additional proteins (MW of ~200,
~55 and ~40 kDa, respectively) at the concentration used for FES detection (1 uM). In
short, these results demonstrate that endogenously expressed engineered FES can be
visualized using complementary chemical probes.

Pharmacological inactivation of FES activity during myeloid differentiation

FES was previously reported as an essential component of the cellular signaling pathways
involved in myeloid differentiation.”'* However, most of these studies relied on the use
of overexpression, constitutively active mutants, or antisense-based knockdown of FES. In
addition, it remains unclear whether this role of FES is dependent on its scaffold function
or kinase activity. To investigate whether acute pharmacological inactivation of
endogenous FES activity affected myeloid differentiation, living wild-type and FESS700C
HL-60 cells were incubated with WELO28 (100 nM or 1 pM) during PMA-induced
differentiation towards monocytes/macrophages. To ensure complete FES inhibition at
the moment of differentiation initiation, cells were pretreated with WEL028 2 h prior to
addition of PMA. The growth medium was refreshed after 24 h to maintain FES inhibition,
since recovery of active FES upon prolonged (> 48 h) exposure to WEL028 was observed,
possibly due to protein resynthesis. Cells were harvested and lysed, followed by labeling
of residual active FESS79°C by WELO33 (Figure 3.3A). This revealed full target engagement
of engineered FES at a concentration of 100 nM WEL028 (Figure 3.3B), with only one
identified off-target (~200 kDa). At the higher concentration of 1 yM, WEL028 was less
selective and also inhibited additional WELO33-labeled targets.

The percentage of differentiated cells after treatment with the differentiation
agent was quantified by monitoring surface expression of CD11b, a receptor present on
HL-60 macrophages but not on non-differentiated HL-60 cells.” Strikingly, despite
complete inhibition of FESS79C at 100 nM WEL028 (Figure 3.3B), the percentage of
CD11b-positive cells was unaltered (Figure 3.3C, D). Cell proliferation, an indirect hallmark
of differentiation, was decreased to identical levels for FESS79°C HL-60 cells treated with
vehicle or 100 nM WEL028 (Figure 3.3E). Accordingly, FESS79°C HL-60 cells treated with
100 nM WEL028 acquired macrophage morphology (e.g. adherence to plastic surfaces,
cell clumping and cellular elongation) comparable to vehicle-treated controls (Figure
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Figure 3.3 — FES activity is dispensable for differentiation of HL-60 cells into macrophages. (A, B) Target
engagement profile of WEL0O28 on WT and FESS7%°C HL-60 cells treated during PMA-induced differentiation. Cells were
pretreated with vehicle or WEL028 (100 or 1000 nM, 1 h) prior to induction of differentiation towards
monocytes/macrophages with PMA (16 nM, 48 h). Medium was refreshed with growth medium containing WEL028
and PMA after 24 h to maintain full FES inhibition. Lysates were incubated with WELO33 (1 uM, 30 min, rt). Band
intensities were normalized to vehicle-treated control. (C, D) CD11b surface expression analyzed by flow cytometry.
Threshold for CD11b-positive cells was determined using isotype control antibody. Histograms illustrate representative
replicates of FES7%C cells. (E) Proliferation of WT and FES®7%C HL-60 cells subjected to PMA-induced differentiation.
Proliferation ratio: live cell number after differentiation divided by live cell number before differentiation.
(F) Morphological inspection of WT and FES>%C HL-60 cells. Shown images are representative for multiple acquired
images at 20x magnification from replicates. All data represent means + SEM (N = 3). Statistical analysis was
performed using ANOVA with Holm-Sidak’s multiple comparisons correction, *** P <0.001; NS if P >0.05.
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3.3F). Together, these results show that complete FES inhibition does not affect PMA-
induced differentiation of HL-60 cells into macrophages, suggesting that FES activity is
dispensable for this process.

Remarkably, FESS79°C cells undergoing PMA-induced differentiation in presence
of a higher concentration of WEL028 (1 puM) completely failed to express CD11b,
exhibited a less pronounced decrease in proliferation and displayed phenotypic
characteristics similar to non-differentiated cells (Figure 3.3C-F). Competitive probe
labeling experiments revealed that WEL028 targets multiple off-targets at a
concentration of 1 uM (Figure 3.3A), which suggested that the observed block in
differentiation might be due to off-targets. A beneficial feature of the used chemical
genetic strategy is that wild-type cells can be included to account for these off-targets.
Indeed, 1 uM WEL028 had similar effects on CD11b surface expression, proliferation and
morphology of wild-type HL-60 cells subjected to differentiation (Figure 3.3D-F). This
verifies that the functional effects of WEL028 at 1 uM can indeed be attributed to off-
target rather than on-target effects.
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Figure 3.4 - Cellular selectivity profile of WEL028. (A) Chemical proteomic analysis of WELO28 kinase targets at 1
UM. WEL028-labeled proteome (1 uM, maintained for 48 h during differentiation) was conjugated to biotin-azide
using click chemistry (2 eq., 1h, 37 °C), followed by chemical proteomics workflow. Kinases with >2-fold enrichment
compared to vehicle control were designated as targets. Kinases with native cysteine at DFG-1 position are shown in
bold. Values represent means of fold enrichment (N = 3). Statistical analysis was performed using t-test with
Benjamini-Hochberg multiple comparison correction, FDR = 10%. (B) Validation of MAP2K2 as off-target of WEL033
via covalent addition to DFG-1 residue Cys211. Recombinantly expressed MAP2K2 (wild-type or C221A mutant) in
U20S cell lysate was pre-incubated with WEL028 (10 pM, 30 min, rt), followed by incubation with broad-spectrum
kinase probe XO44-Cy5 or probe WEL033 (1 uM, 30 min, rt). Protein expression was verified by immunoblot against a
C-terminal V5-tag.

Quantitative label-free chemical proteomics was used to identify the off-targets
of WELO28 at this concentration. The WEL028-labeled proteome was conjugated to
biotin-azide post-lysis, followed by streptavidin enrichment, on-bead protein digestion
and analysis of the corresponding peptides using mass spectrometry. Significantly
enriched kinases in WEL028-treated samples compared to vehicle-treated samples were
designated as targets (Figure 3.4A). ldentified off-targets included protein kinases
harboring native cysteines at the DFG-1 position (depicted in bold), as well as several
metabolic kinases (ADK, PFKL, PFKP, ADPGK, NME1, PKM, PGK1), although the latter lack
a DFG-motif. Notably, the off-target profile of HL-60 WT and FESS79¢ cells was identical
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with the exception of FES, which was exclusively present in mutant cells. This highlights
that, despite a limited number of off-targets, WEL028 can be effectively used in
comparative target validation studies between WT and FESS7%°C HL-60 cells.

Interestingly, the identified off-targets MAPK1/3 and MAP2K1/2 are part of
signaling pathways activated upon PMA treatment and are reported to be essential for
HL-60 cell differentiation along the monocyte/macrophage lineage.™ Although MAPK1
and MAPK3 were no prominent targets of WEL028 in the single-dose kinome screen at 1
MM (< 50% inhibition) (see chapter 2), both were identified as off-targets at this
concentration in situ. This could result from different in vitro and in situ inhibitory
potencies™ or high total abundance of these kinases in cells. MAP2K1 and MAP2K2 were
already identified in the in vitro selectivity assay and although WEL028 showed only a
moderate potency on these targets (plCso = 6.6 = 0.06), both are likely to be inhibited at
a concentration of 1 uM. Accordingly, recombinantly expressed MAP2K2 was effectively
visualized by fluorescent probe WEL033 in vitro (Figure 3.4B). Labeling was abolished
upon mutagenesis of the corresponding DFG-1 cysteine into an alanine (MAP2K2¢2114),
verifying that the probe has a similar covalent mode of action as on FESS7%°C, Notably,
labeling with the active site lysine-targeting probe X044-Cy5? (Supplementary Scheme
3.1) and protein expression levels were similar for MAP2K2WT and MAP2K2C211A,
Altogether, these data suggest that the off-targets of WELO28 responsible for the
observed block in differentiation at 1 uM, are likely to be members of the MAP kinase
family harboring native DFG-1 cysteine residues.

CRISPR/Cas9-mediated knockout of FES does not affect PMA-induced differentiation

Although FES activity was shown to be dispensable for differentiation of HL-60 cells into
macrophages, it remained unclear whether FES played a role in myeloid differentiation
based on its scaffold functions. To this end, a CRISPR/Cas9 gene editing strategy was
designed to disrupt the FES gene and entirely abrogate FES expression (Figure 3.5A). A
sgRNA in exon 1 was used to induce double-strand breaks in the coding sequence, which
are typically repaired via error-prone non-homologous end joining (NHEJ), generating
small deletions or insertions flanking the cleavage site.’® The use of a sgRNA in an early
exon of the FES gene increases the probability of obtaining translational frameshifts that
result in premature stop codons. Nucleofection of HL-60 cells with plasmid encoding
sgRNA and Cas9 nuclease, single cell dilution and screening of clones using a T7
endonuclease | (T7E1) assay led to the identification of a FESX® clone (Figure 3.5B).
Decomposition of Sanger sequencing traces using the TIDE web tool' revealed the
individual gene editing events in the two FES alleles, corresponding to an indel of 1 bp
and an insertion of 1 bp, respectively (Figure 3.5C). Translation of the edited alleles leads
to the introduction of an early stop codon and thereby results in a truncated,
dysfunctional protein. In line with this analysis, no residual FES protein was detected in
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HL-60 FESKO lysates by immunoblot with an anti-FES antibody (Figure 3.5D). Interestingly,
FESKC cells also showed all characteristics of unaffected PMA-induced differentiation
compared to wild-type cells, exemplified by a similar percentage of CD11b-positive cells
and an identical reduction in proliferation (Figure 3.5E, F). Moreover, FESKC cells acquired
macrophage morphology, although cell adhesion to the plastic surface appeared to be
slightly impaired (Figure 3.5G). In conclusion, not only FES activity but also FES scaffold
functions appear to not be required for differentiation of HL-60 cells in response to PMA

treatment.
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Figure 3.5 - CRISPR/Cas9-mediated knockout of FES does not affect PMA-induced differentiation.
(A) CRISPR/Cas9 gene editing strategy for FES knockout in HL-60 cells. Selected sgRNA (bold blue) directs Cas9 to
cleave at predicted site (red triangle). Repair of the induced double-strand break by non-homologous end-joining
(NHEJ) results in deletions or insertions that can lead to a translational frameshift and introduction of a premature
stop codon. PAM: protospacer-adjacent motif. (B) T7 endonuclease | (T7E1) assay for identification of HL-60 FESK®
clone. Genomic region was amplified by PCR and amplicons were analyzed using T7E1 assay. Expected fragment size
indicating gene editing events: ~177 and ~163 bp. (C) Sequencing traces of WT HL-60 cells and homozygous FES¥®
HL-60 clone. Double traces indicate different gene editing events in the two independent FES alleles and were
decomposed using TIDE analysis (https://tide.deskgen.com). (D) Validation of FES knockout by immunoblot analysis
on WT or FESK HL-60 cell lysate using anti-FES antibody. (E) CD11b surface expression of FESK® HL-60 cells incubated
without or with PMA (16 nM, 48 h), analyzed by flow cytometry. (F) Proliferation of FESK® HL-60 cells incubated as in E.
Proliferation ratio: live cell number after differentiation divided by live cell number before differentiation.
(G) Morphological inspection of FESK® HL-60 cells. Shown images are representative for multiple acquired images at
20x magpnification from replicates. All data represent means + SEM (N = 3). Statistical analysis was performed using
ANOVA with Holm-Sidak’s multiple comparisons correction, *** P <0.007; NS if P >0.05.
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Discussion and conclusion

Previously reported chemical genetic methods rely on overexpression systems that
disturb signal transduction cascades.? In contrast, a major benefit of the strategy
described in this chapter lies in the ability to exert unprecedented control over a
biological system without disturbing cellular homeostasis. One single atom out of 13.171
atoms in FES was replaced by changing only one base pair out of over 3.000.000.000
base pairs in the human genome. Arguably, this minimal change at the genome and
protein level ensures that its regulation at transcriptional and (post-)translational level
are minimally disturbed. In fact, it was demonstrated that wild-type and mutant cells
behaved similarly in various functional assays (e.g. proliferation, differentiation,
morphology and CD11b surface expression). This is in line with the comprehensive
biochemical profiling of FESS7%C as described in chapter 2, which showed that its kinase
activity, substrate preference and protein-protein interactions were similar to FESWT. Yet,
the conversion of an oxygen atom in a sulphur atom in the endogenously expressed
protein allowed the rational design and synthesis of a chemical probe that visualizes and
inhibits the engineered kinase activity in human cells.

The use of fluorescent probe WEL033 was key to visualize target engagement of
FES during myeloid differentiation of HL-60 cells towards monocytes/macrophages. In
contrast to previous studies relying on transient overexpression of FES or RNA
knockdown approaches”'3, no defects in differentiation were observed despite complete
acute inhibition of FES activity. In line with these results, FES knockout mice display no
defects in myeloid cell differentiation and survival, as reflected by unaltered numbers of
various blood cell types, including monocytes and neutrophils, compared to wild-type
mice®'8, Altogether, this study suggests that FES kinase activity is dispensable for
differentiation of HL-60 cells along the monocyte/macrophage lineage. In addition,
CRISPR/Cas9-mediated knockout of FES did not affect PMA-induced differentiation
either, although it should be taken into account that long-term genetic disruption may
lead to compensatory effects.

A major advantage of the used chemical genetic method is the ability to use
wild-type cells as a control to account for potential off-target effects. In this way, even a
chemical probe with a limited number of defined off-targets can be effectively used for
functional studies. Indeed, the off-target profile of WELO28 was identical in both wild-
type and mutant HL-60 cells and the only difference in their WELO28-reactive proteome
was the engineered kinase FES. The importance of distinguishing on-target from off-
target effects is illustrated by the observation that WEL0O28 at higher concentrations
disrupted differentiation of HL-60 cells. The here presented strategy was instrumental to
identify that the observed effects, however, also occurred in wild-type control cells and
can thus be attributed to inhibition of off-targets, rather than FES. A competitive
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chemical proteomics experiment with a broad-spectrum kinase probe, such as X044,
could be employed to quantify cellular target engagement of WEL028 on off-targets.

An interesting next step would be to explore the effect of FES inactivation
during differentiation of more physiologically relevant precursor cells, such as
hematopoietic stem cells (HSCs). Myeloid differentiation of these cells is induced by
(complex mixtures of) growth factors and cytokines and thus relies on multiple
downstream signaling pathways.’® FES is currently under consideration as a therapeutic
target for acute myeloid leukemia (AML)?°?7, a disease characterized by defective
differentiation and excessive proliferation of HSCs.?2 Consequently, differentiation
therapy (e.g. with all-trans retinoic acid) is currently used in some AML subtypes.?
Further investigation of the role of FES in HSCs differentiation is thus relevant, because if
FES is required for this process, FES inhibitors may possibly counter-act these AML
treatments. Tremendous advancements in CRISPR/Cas9 gene editing and base editing
technologies will provide means to efficiently introduce the S700C mutation in the FES
locus in HSCs?* and apply this chemical genetic toolbox in a more physiologically
relevant model system.
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Experimental procedures

General

All chemicals were purchased at Sigma Aldrich, unless stated otherwise. DNA oligos were purchased
at Sigma Aldrich or Integrated DNA Technologies. Cloning reagents were obtained from Thermo
Fisher. XO44-Cy5 was previously synthesized in-house based on literature procedures® and
characterized by NMR and LC-MS. All cell culture disposables were purchased at Sarstedt.
Mammalian protease inhibitor cocktails were obtained from Amresco.
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Supplementary Scheme 3.1 - Structure of active site lysine-targeting broad-spectrum kinase probe X044-Cy5.

X044-Cy5

Cloning

For CRISPR/Cas9 plasmids, guides were cloned into the Bbsl restriction site of plasmid px330-U6-
Chimeric_BB-CBh-hSpCas9 (gift from Feng Zhang, Addgene plasmid #42230) as previously
described.?>® pDONR223-construct with full-length human ¢cDNA of MAP2K2 was a gift from
William Hahn & David Root (Addgene Human Kinase ORF Collection). Eukaryotic expression
constructs of MAP2K2 was generated using Gateway™ recombinational cloning into a pcDest40
vector, in frame with a C-terminal V5-tag, according to recommended procedures (Thermo Fisher).
Point mutations were introduced by site-directed mutagenesis and all plasmids were isolated from
transformed XL10-Gold competent cells (prepared using E. coli transformation buffer set; Zymo
Research) using plasmid isolation kits following the supplier’s protocol (Qiagen). All sequences were
verified by Sanger sequencing (Macrogen).

Supplementary Table 3.3 - List of oligonucleotide sequences.

D Name Sequence

P1
P2
P3
P4

P5

P6
P7
P8
P9

SGRNA_hFES-MUT_S700C_top
SgRNA_hFES-MUT_S700C_bott
gPCR_hFES_S700C_forw
gPCR_hFES_S700C_rev

HDR-template_hFES_S700C

sSgRNA_hFES-KO_exon1_top
SgRNA_hFES-KO_exon1_bott
gPCR_hFES-KO_exon1_forw
gPCR_hFES-KO_exon1_rev

CACCTGACTTTGGGATGTCCCGAG
AAACCTCGGGACATCCCAAAGTCA
TTTTGTCCTTGGCTTTCCTAGA
GTGCTTACCCTTCTCCACAAAC

ACTGTTGGCCAAATGAGCCCCTGCCCTGTCTCACCCAGGGACCTGGCTG
CTCGGAACTGCCTGGTGACAGAGAAGAATGTGCTGAAGATCTGTGACTTT
GGCATGTCCCGAGAAGAAGCCGATGGGGTCTATGCAGCCTCAGGGGGC
CTCAGACAAGTCCCCGTGAAGTGGACCGCACCTGAGGCCCTTAACTA

CACCGCATTTGCTGCAGGACCCCG
AAACCGGGGTCCTGCAGCAAATGC
CAGTCCATCCTGACCCTACAGT
AGAGTCCCATAGAGACCCACCT

P10 gPCR_TTC16_forw AGAACAGACGGTGTTGTAAGCAT

P11 gPCR_TTC16_rev ATTAGACAGTTGAGTTCACTGAGGC

P12 gPCR_TCIRG1_forw AGAGTCTCGTAGCTGTGTCCTTCT

P13 gPCR_TCIRG1_rev CAGGTACACGGCCTTCATCT

P14 MAP2K2_C211A_forw AGGGGAGATCAAGCTAGCTGACTTCGGGGTGAG

P15 MAP2K2_C211A_rev CTCACCCCGAAGTCAGCTAGCTTGATCTCCCCT
Cell culture

General cell culture

Cell lines were purchased at ATCC and were tested on regular basis for mycoplasma contamination.
Cultures were discarded after 2-3 months of use. U20S (human osteosarcoma) cells were cultured at
37 °C under 7% CO2 in DMEM containing phenol red, stable glutamine, 10% (v/v) heat-inactivated
newborn calf serum (Seradigm), penicillin and streptomycin (200 pg/mL each; Duchefa). Medium
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was refreshed every 2-3 days and cells were passaged two times a week at 80-90% confluence. HL-
60 (human promyeloblast) cells were cultured at 37 °C under 5% COz in HEPES-supplemented RPMI
containing phenol red, stable glutamine, 10% (v/v) fetal calf serum (Biowest), penicillin and
streptomycin (200 pg/mL each), unless stated otherwise. Cell density was maintained between 0.2 x
10° and 2.0 x 10° cells/mL. Cell viability was assessed by Trypan Blue exclusion and quantification
using a TC20™ Automated Cell Counter (Bio-Rad).

Transfection of U20S cells

One day prior to transfection, U20S cells were transferred from confluent 10 cm dishes to 15 cm
dishes. Before transfection, medium was refreshed (13 mL). A 3:1 (m/m) mixture of
polyethyleneimine (PEl; 60 pg/dish) and plasmid DNA (20 pg/dish) was prepared in serum-free
medium and incubated for 15 min at rt. The mixture was then dropwisely added to the cells, after
which the cells were grown to confluence in 72 h. Cells were then harvested by suspension in PBS,
followed by centrifugation for 5 min at 200 g. Cell pellets were flash-frozen in liquid nitrogen and
stored at -80 °C until sample preparation.

Transfection of HL-60 cells

Transfection of CRISPR plasmid DNA and ssODN repair template into HL-60 cells was performed
using Amaxa nucleofector kit V and nucleofector | device (Lonza). One day prior to transfection, HL-
60 cells were diluted to a density of 0.4 x 10° cells/mL. The next day, 2 x 10° cells per condition were
centrifuged (200 g, 5 min) and resuspended in 100 pL nucleofection solution. Plasmid DNA (2 ug)
and if applicable ssODN repair template (400 pmol) were added and cells were nucleofected using
program T-019. Cells were allowed to recover (10 min, rt) before transfer to 12-well plates in
antibiotics-free medium at 37 °C.

Differentiation of HL-60 cells towards monocytes/macrophages

One day prior to induction of differentiation, cells were diluted to 0.4 x 10° cells/mL. The next day,
monocytic/macrophage differentiation was induced by addition of phorbol 12-myristate 13-acetate
(PMA) to a final concentration of 16 nM. Cells were grown for 48 h unless indicated otherwise,
during which cells attached to the plastic surface and acquired macrophage characteristics. For
morphological inspection, images were taken on an EVOS FL Auto 2 Imaging System (Thermo
Fisher) at 20x magnification.

Inhibitor treatment in live cells

The term in situ is used to designate experiments in which live cell cultures are treated with inhibitor,
whereas the term in vitro refers to experiments in which the inhibitor is incubated with cell lysates.
Compounds were diluted in growth medium from a 1000x concentrated stock solution in DMSO.

For in situ treatment of HL-60 cells during differentiation, HL-60 cells were prepared for
differentiation as described above. Cells were pre-incubated with compound for 1 h before
differentiation was induced by addition of differentiation agents as described above. Medium was
refreshed every 24 h with medium containing equal inhibitor and differentiation agent
concentrations.

For in situ treatment post-differentiation, HL-60 cells were differentiated as described above, after
which cells were incubated with compound for 1 h. Cells were collected by suspension for non-
adherent cells and trypsinization for adherent cells. After collection, cells were centrifuged (200 g, 5
min, rt) and washed in equal volume of PBS (1000 g, 5 min, rt). Cell pellets were flash-frozen in liquid
nitrogen and stored at -80 °C until use.
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CRISPR/Cas9 gene editing

SgRNA selection and ssODN homology-directed repair (HDR) donor design

Selection of sgRNA was based on proximity to desired site of cleavage or mutagenesis as well as
efficiency and  specificity as predicted by CHOPCHOP v2 online web tool
(http://chopchop.cbu.uib.no)?’. sgRNA sequences can be found in Supplementary Table 3.3. For FES
knockout, a sgRNA targeting exon 1 was selected. For FES mutagenesis, a sgRNA targeting exon 16
was selected and an ssODN HDR donor was designed that after successful HDR incorporates the
desired S700C mutation along with a Bglll restriction site to facilitate analysis by RFLP. Furthermore,
silent mutations are incorporated to remove “NGG" protospacer adjacent motifs (PAMs), preventing
recleavage of the genomic sequence after successful HDR or cleavage of the ssODN donor itself.

Single cell isolation and expansion

For preparation of conditioned RPMI medium, HL-60 cells were diluted to 0.2 x 10° cells/mL and
grown for 48 h at 37 °C. Cell suspension was then centrifuged (1,000 g, 5 min) and medium was
transferred to a sterile tube, followed by a second centrifugation step (3,500 g, 10 min). The medium
was subsequently filtered through a 0.2 um sterile filter and stored at -80 °C until use, for no longer
than 3 months.

Single cell cultures were obtained approximately 7 days post-nucleofection by dilution in 1:1
conditioned and fresh RPMI medium and expanded in 96-well plates (100 pL per well). After 14 days,
plates were inspected for cell growth, clones were collected in new plates and half of the volume
was transferred to 96-well PCR-plates, followed by centrifugation (1,000 g, 10 min). Medium was
removed and cell pellets were suspended in 25 pL QuickExtract™ (Epicentre). The samples were
incubated at 65 °C for 6 min, mixed by vortexing and then incubated at 98 °C for 2 min. Genomic
DNA extracts were diluted in sterile water and directly used in PCR reactions. Genomic PCR reactions
were performed on 5 pl isolated genomic DNA extract using Phusion High-Fidelity DNA Polymerase
(Thermo Fisher) in Phusion HF buffer in a final volume of 20 uL.

Genotyping assays

For T7E1 assays, genomic PCR products were mixed in a 1:1 ratio with wild-type amplicons and
denatured and reannealed in a thermocycler using the following program: 5 min at 95 °C, 95 to 85
°C using a ramp rate of -2 °C/s, 85 to 25 °C using a ramp rate of -0.2 °C/s. To annealed PCR product
(8.5 pL), NEB2 buffer (1 pL) and T7 endonuclease | (5 U, 0.5 pL; New England Biolabs) were added,
followed by incubation at 37 °C for 30 min. Restriction Fragment Length Polymorphism (RFLP) assays
were performed by directly combining genomic PCR product (8.5 pL) with FastDigest buffer (1 uL)
and FastDigest Bglll (0.5 pL), followed by incubation at 37 °C for 30 min. Digested PCR products
were analyzed using agarose gel electrophoresis with ethidium bromide staining.

Sanger sequencing for gene editing and off-target analysis

Genomic PCR products were purified using NucleoSpin® Gel and PCR Clean-up kit (Macherey-
Nagel) prior to Sanger sequencing. For knockouts, sequence traces were decomposed using the
TIDE web tool (https://deskgen.com).” Potential off-target cleavage sites of the used sgRNA were
predicted using DESKGEN™ online web tool (https://deskgen.com). Top-ranked potential coding off-
target sequences containing 3 or less mismatches to the employed sgRNA sequence were selected
for validation. The genomic region surrounding the potential off-target site was amplified by PCR
and analyzed by Sanger sequencing.

Preparation of cell lysates

Pellets were thawed on ice and suspended in lysis buffer (50 mM HEPES pH 7.2, 150 mM Nacl, 1
mM MgClz, 0.1% (w/v) Triton X-100, 2 mM Na3VOs., 20 mM NaF, 1 x mammalian protease inhibitor
cocktail, 25 U/mL benzonase). Cells were lysed by sonication on ice (15 cycles of 4" on, 9.9" off at
25% maximum amplitude). Alternatively (Figure S2-4), pellets were thawed on ice and suspended in
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M-PER buffer supplemented with 1x Halt™ phosphatase and protease inhibitor cocktail (Thermo
Fisher), followed by centrifugation (14,000 g, 10 min, 4 °C). Protein concentration was determined
using Quick Start™ Bradford Protein Assay (Bio-Rad) and lysates were aliquoted, flash-frozen and
stored at -80 °C until use.

Probe labeling experiments

For in vitro inhibition experiments, cell lysate (14 pL) was pre-incubated with inhibitor (0.5 pL, 29 x
concentrated stock in DMSO, 30 min, rt), followed by incubation with probe WEL033 or XO44-Cy5
(0.5 pL, 30 x concentrated stock in DMSO, 30 min, rt). For in situ inhibition experiments, treated cell
lysate (14.5 pL) was directly incubated with probe (0.5 pL, 30 x concentrated stock in DMSO, 30 min,
rt). Final concentrations of inhibitors and/or probe are indicated in figure legends. Reactions were
qguenched with 4x Laemmli buffer (5 pL, final concentrations 60 mM Tris pH 6.8, 2% (w/v) SDS, 10%
(v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.01% (v/v) bromophenol blue) and boiled for 5 min at
95 °C. Samples were resolved by SDS-PAGE on a 10% polyacrylamide gel (180 V, 75 min). Gels were
scanned using Cy3 and Cy5 multichannel settings (605/50 and 695/55 filters, respectively;
ChemiDoc™ MP System, Bio-Rad). Fluorescence intensity was corrected for protein loading
determined by Coomassie Brilliant Blue R-250 staining and quantified with Image Lab (Bio-Rad). ICso
curves were fitted with Graphpad Prism® 7 (Graphpad Software Inc.).

Proteomics

Proteomics was performed based on previously described procedures.®® In summary, full cell lysates
of FESWT and FESS7%C HL-60 cells incubated in situ with vehicle, 100 nM or 1 pM WEL028 during
PMA-induced differentiation were prepared as aforementioned. Click mix was freshly prepared by
combining CuSOa (1 pL of 15 mM stock), sodium ascorbate (0.6 pL of 150 mM stock), THPTA (0.2 pL
of 15 mM stock) and biotin-azide (0.2 pL of 4 mM stock in DMSO). Lysates (250 pL of 2 mg/mL) were
conjugated to biotin-azide using click chemistry (25 pL click mix, 1 h, 37 °C). The reaction was
guenched and excess biotin-azide was removed by chloroform/methanol precipitation. Precipitated
proteome was suspended in 6 M urea in 25 mM ammonium bicarbonate, reduced (10 mM DTT, 15
min, 65 °C) and alkylated (40 mM iodoacetamide, 30 min, rt, in the dark). SDS was added (2% final
concentration, 5 min, 65 °C), samples were diluted in PBS and incubated with avidin beads (from
50% slurry, 3 h, rt, in overhead rotator). Beads were washed with 0.5% SDS in PBS, followed by 3
washes with PBS, and then transferred to low-binding Eppendorf tubes. Proteins were digested with
trypsin overnight at 37 °C and resulting peptides were desalted using stage tips with Cis material.
Samples were analyzed on an LC-IMS-MS system with a Synapt G2-Si instrument (Waters) as
previously described 2. Data processing was performed with ISOQuant software as previously
described.?** The following cut-offs were used for target identification: unique peptides > 1,
identified peptides > 2, ratio WEL028-treated over vehicle-treated > 2 with g-value <0.05 based on
t-test with Benjamini-Hochberg multiple comparison correction (FDR = 10%), kinase annotation in
Uniprot database.

Immunoblot

Samples were resolved by SDS-PAGE as described above, but transferred to 0.2 um polyvinylidene
difluoride membranes by Trans-Blot Turbo™ Transfer system (Bio-Rad) directly after fluorescence
scanning. Membranes were washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and blocked with
5% milk in TBS-T (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20) for 1 h at rt. Membranes were
then either incubated with primary antibody in 5% milk in TBS-T (V5; o/n at 4 °C) or washed three
times with TBS-T, followed by incubation with primary antibody in 5% BSA in TBS-T (FES, Lamin B, -
actin, o/n at 4 °C). Membranes were washed three times with TBS-T, incubated with matching
secondary antibody in 5% milk in TBS-T (1 h at rt) and then washed three times with TBS-T and once
with TBS. Luminol development solution (10 mL of 1.4 mM luminol in 100 mM Tris pH 8.8 + 100 uL
of 6.7 mM p-coumaric acid in DMSO + 3 pL of 30% (v/v) H202) was added and chemiluminescence
was detected on ChemiDoc™ MP System.
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Primary antibodies: monoclonal rabbit anti-FES (1:1000, Cell Signaling Technology (CST), #85704),
polyclonal rabbit anti-Lamin B1 (1:5000, Thermo Fisher, PA5-19468), monoclonal mouse anti-p-actin
(1:1000, Abcam, ab8227), monoclonal mouse anti-V5 (1:5000, Thermo Fisher, R960-25). Secondary
antibodies: goat anti-mouse-HRP (1:5000, Santa Cruz, sc-2005), goat anti-rabbit-HRP (1:5000, Santa
Cruz, sc-2030).

CD11b expression analysis by flow cytometry

Cells (1x108 per sample) were centrifuged (500 g, 3 min) and suspended in human FcR blocking
solution (Miltenyi Biotec, 25x diluted in FACS buffer (1% BSA, 1% FCS, 0.1% NaNs, 2 mM EDTA in
PBS)), transferred to a V-bottom 96-well plate and incubated for 10 min at 4 °C. Next, monoclonal
rat CD11b-APC antibody (1:100, Miltenyi Biotec, 130-113-231) or rat anti-lgG2b-APC isotype control
antibody (1:100, Miltenyi Biotec, 130-106-728) was added along with 7-AAD (7-aminoactinomycin D;
1 pg/mL) and samples were incubated for 30 min 4 °C in the dark. Samples were washed once in
PBS and fixed in 1% PFA in PBS for 15 min at 4 °C in the dark, followed by two washing steps in PBS
and resuspension in FACS buffer to a density of approximately 500 cells/uL. Cell suspensions were
measured on a Guava easyCyte HT and data was processed using GuavaSoft InCyte 3.3 (Merck
Millipore). Events (generally 10,000 per condition) were gated by forward and side scatter (cells),
side scatter area (singlets) and viability (live cells) and the percentage of CD11b-positive cells was
determined based on background fluorescence for isotype control antibody and non-differentiated
cells. The RED-R channel (661/15 filter) and RED-B channel (695/50 filter) were used to detect
CD11b-APC and 7-AAD, respectively.

Statistical analysis

All statistical measures and methods are included in the respective Figure or Table captions. In brief:
all replicates represent biological replicates and all data represent means + SEM, unless indicated
otherwise. Statistical significance was determined using Student's t-tests (two-tailed, unpaired) or
ANOVA with Holm-Sidak’s multiple comparisons correction. *** P <0.001; ** P <0.01; * P <0.05;
NS if P >0.05. All statistical analyses were conducted using GraphPad Prism® 7 or Microsoft Excel.
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Supplementary Data

A B

TTC16 (NM_144965)

TCIRG1 (NM_006010)

PAM  Predicted off-target PAM  Predicted off-target
v v
CAGGGCCCCTCACGGGACATCCCAAAGCCATGGGTGATT GGCCCGCCTCGGGGCCCTGCAGC AGC TGC AACAGC AGAG
HL-60 WT HL-60 WT
CAGGGCCCCTCACGGGACATCCCAAAGCCATGGGTGATT GGCCCGCCTCGGGGCCCTGCAGC AGC TGC AAC AGC AGAG
HL-60 FESS700C HL-60 FESK©

Supplementary Figure 3.1 - Analysis of putative sgRNA off-target sites. (A, B) Analysis of the only predicted
coding off-targets of the sgRNA target sequence employed for FESS7%C mutagenesis, located in the TTC16 gene (A),
or for FES knockout, located in the TCIRGT gene (B). Genomic region surrounding putative off-target site was
amplified by PCR, followed by Sanger sequencing analysis. No off-target gene editing events were observed.

Supplementary Table 3.1 - List of putative off-target cleavage sites for sgRNA employed in CRISPR/Cas9-
mediated mutagenesis of FES. Specificity of sgRNA was assessed using DESKGEN™ online web tool
(www.deskgen.com). Sites with 3 or less mismatches compared to the sgRNA target were included. Only 1 putative
off-target is located in the coding region of a gene.

o Mismatches 0 1 2

S Coding 0 0 1 0

v Non-coding 0 0 1 12
Potential off-target sequence PAM Similarity Mismatches Gene Locus
TGGCTTTGGGATGTCCCGTG AGG 5 3,19 Yes chr9@ 127716868-127716891
TGACTTTGGCATGTCCTGAG AGG 3 1017 No chr16@ 50371486-50371509
TTAGTTTGGGATGTCCAGAG GGG 1 2417 No chr2@ 147874374-147874397
TGCCTTTGGTATGTCCAGAG TAG 1 3,1017 No chr13@ 25630797-25630820
AGACTTTGGGAGGTCCCGTG CAG 1 112,19 No chr12@ 11447626-11447649
TGGCTGTGGGATGTCCCCAG GAG 0 3618 No chr3@ 13295903-13295926
TGAGTCTGGGATGTCCCTAG AGG 0 46,18 No chr5@ 137202156-137202179
TGGCTTTGGGATGTCGGGAG AAG 0 316,17 No chr20@ 61773235-61773258
TGAATTTGGGATGTCCCATG TAG 0 418,19 No chr5@ 135589616-135589639
TGAATTTGGGATGCCCTGAG AGG 0 41417 No chr5@ 61639561-61639584
TGACGTTGGGATGACCAGAG CAG 0 514,17 No chr19@ 35077359-35077382
TGACTTTGGGTTGTCCCCAT GAG 0 11,18,20 No chrX@ 112142232-112142255
TGACTTTGGGGTCTCCCAAG AGG 0 111318 No chr2@ 95278649-95278672
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Supplementary Table 3.2 - List of putative off-target cleavage sites for sgRNA employed in CRISPR/Cas9-
mediated knockout of FES. Specificity of sgRNA was assessed using DESKGEN™ online web tool
(www.deskgen.com). Sites with 3 or less mismatches compared to the sgRNA target were included. Only 1 putative
off-target is located in the coding region of a gene.

Mismatches 0 1 2 3

2 Coding 0 0 0 1
Non-coding 0 0 1 23
Py ial off-target seq PAM Similarity Mismatches Gene Locus
GCAGCTGCTGCAGGGCCCCG AGG 1 4,515 Yes chr11@ 68043858-68043881
GCATTTGATGCAGGACCCCT CAG 4 8,20 No chr10@ 123647319-123647342
GGCTTTGCTCCAGGACCCCG AGG 2 23,10 No chr15@ 73308252-73308275
GCAGTTACTCCAGGACCCCG AAG 2 4,710 No chr11@ 124673324-124673347
GCCCTTGCTGCAGGACCCCC AAG 1 34,20 No chr17@ 40461935-40461958
GCAGCTGCTGCAGGACCCCT GAG 1 4,520 No chr15@ 88681640-88681663
AGATTTGCTGCAGGACCCTG AAG 1 12,19 No chr10@ 127843251-127843274
GCATTTACTTCTGGACCCCG GGG 1 7,10,12 No chr10@ 119366165-119366188
CCATTTGCTGCTGGACCCCA GAG 1 1,12,20 No chr17@ 49938799-49938822
GCACTTCCTGCAGGACCCTG GGG 1 4,719 No chr11@ 1161797-1161820
GCAATTACTGCAGGACCCAG CAG 1 4,719 No chr3@ 14607567-14607590
GCAGTTGCTGCTGGACCCAG GGG 1 412,19 No chr10@ 117925154-117925177
GGATTTGCTGCAGGACTCTG GAG 0 217,19 No chr19@ 58096538-58096561
GCACTTGCTGCAGGACTCTG CAG 0 4,17,19 No chr4@ 173717653-173717676
ACATTTGCTGCAGGCCCCAG AGG 0 1,15,19 No chr5@ 144567565-144567588
GGATTTGCTGCAGGTCCCTG CAG 0 2,1519 No chr18@ 46311931-46311954
TCATTTGCTGCAGGAACCCT GAG 0 1,16,20 No chr2@ 240787656-240787679
GCATTTACTGCATGACCCTG GGG 0 71319 No chr16@ 59837242-59837265
GCATTTACTGCAGGACTCAG GGG 0 717,19 No chr14@ 98430008-98430031
GCATTTGCTGGAGGACTCCA GAG 0 11,17,20 No chr14@ 64605317-64605340
GCATTCGCTGCAGGACTCTG CAG 0 6,17,19 No chr6@ 32495339-32495362
GCATTTGCAGCAGGTCCCAG GAG 0 9,1519 No chr20@ 63162513-63162536
GCATTTGCTGCCGGAGCCCC AAG 0 12,16,20 No chr16@ 1264116-1264139
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Chapter 4

Introduction

Neutrophils are the most abundant members of the innate immune system, which serve
as the first line of host defense against invading pathogens and respond immediately upon
infection.” They are recruited to the site of infection and their primary function is to
internalize and eliminate the pathogen via a process named phagocytosis. The first step in
phagocytosis is recognition of the pathogen, which can occur via (a cross-talk of) various
immunoreceptors, including pathogen-associated molecular pattern (PAMP) receptors, Fc-
gamma receptors (FcyRs) and complement receptors (CRs).> Each immunoreceptor
subsequently activates an internalization machinery, ultimately leading to phagosome
formation, maturation, and killing of the pathogen. Neutrophils possess a wide range of
mechanisms to kill pathogens, including the production of reaction oxygen species (ROS),
release of cytotoxic granule components and antimicrobial peptides, and formation of
neutrophil extracellular traps (NETs).> Elucidation of the molecular components of the
phagocytic pathway is of importance to design novel anti-infective agents and molecular
therapies for autoimmune disorders.

The non-receptor tyrosine kinase FES is highly expressed in phagocytes, where it
is activated upon stimulation of various pathogen-recognizing receptors, including Toll-
like receptor 4 (TLR4) by lipopolysaccharide (LPS) in macrophages*> and high-affinity
immunoglobulin E receptor | (FceRI) by IgE in mast cells.® FES is located in signaling
pathways linked to regulation of the actin cytoskeleton, cell migration and the release of
inflammatory mediators. However, the role of FES and its downstream substrates in
neutrophils has not been investigated so far.
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Figure 4.1 — Chemical genetics workflow to study the role of FES in neutrophil phagocytosis. Schematic workflow
encompassing the application of chemical genetic tools and endogenous model system described in chapters 2 and 3.
Comparative profiling using wild-type and FESS"%° HL-60 cells can be used to visualize target engagement of FES upon
in situ treatment with WEL028. Phagocytosis can subsequently be measured in a flow cytometry-based assay using
fluorescent bacteria. Analysis of associated signaling pathways, e.g. by phospho-specific immunoblot analysis, provides
insight in the molecular mechanism of action of the target kinase.

Here, the role of FES in phagocytosis of live bacteria by neutrophils was studied.
The chemical genetic toolbox described in chapter 2 (Figure 4.1, step 1) is suited to
selectively inactivate endogenous FESS7C in the generated mutant HL-60 cell line (Figure
4., step 2). Comparative target engagement profiling led to the discovery that FES is
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involved in the phagocytic uptake of bacteria by neutrophils (Figure 4.1, step 3). In addition,
analysis of signaling pathways downstream of FES (Figure 4.1, step 4) provides insight in
the molecular mechanism via which FES regulates reorganization of the actin cytoskeleton
required for receptor internalization.

Results
WEL028 reduces phagocytic uptake of bacteria by FESS79°C HL-60 neutrophils

HL-60 cells have been widely used to study neutrophil biology as an experimentally
tractable alternative for primary neutrophils, which have a short life-span and cannot be
grown in culture.’ It was first confirmed that FESS7%C HL-60 cells could be differentiated
into functional neutrophils. After stimulation with all-trans-retinoic acid (ATRA; 1 uM) and
dimethylsulfoxide (DMSO; 1.25%) for 72 h, cells displayed a reduction in cell proliferation
and an increase in surface expression of the neutrophil marker CD11b (Supplementary
Figure 4.1A, B). Moreover, cells acquired the ability to induce an oxidative burst upon
stimulation with phorbol 12-myristate 13-acetate (PMA), which is indicative for functional
neutrophils (Supplementary Figure 4.1C, D).
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Figure 4.2 - FES inhibition reduces phagocytic uptake of E. coli by HL-60 neutrophils. (A, B) Complete FES inhibition
at 100 nM WEL028 in FESS7%°C HL-60 neutrophils in situ. Neutrophils were treated with WEL028 (100 nM, 1 h, 37 °C) and
lysates were post-labeled (1 uM WEL033, 30 min, rt). Band intensities were normalized to vehicle-treated control
(N = 3). (C, D) WEL028 reduces phagocytic uptake in FES7%°C but not WT neutrophils. HL-60 neutrophils were incubated
with vehicle or WEL028 (100 nM, 1 h, 37 °C), after which GFP-expressing E. coli B834 were added (MOI = 30, 1 h, 37 °C).
Cells were analyzed by flow cytometry (N = 5). Phagocytic index was calculated as fraction of GFP-positive cells (number
of phagocytic cells) multiplied by GFP mean fluorescence intensity (number of phagocytized bacteria). All data represent
means + SEM. Statistical analysis was performed using ANOVA with Holm-Sidak’s multiple comparisons correction,
*** P <0.007; * P <0.05; NS if P >0.05.
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To measure the phagocytic uptake by HL-60 neutrophils, a flow cytometry-based
assay with live GFP-expressing E. coli was set up.® Control cells incubated on ice were
included to account for surface binding without internalization. Both wild-type (WT) and
FESS790C neutrophils effectively internalized bacteria with identical phagocytic indices
(Figure 4.2C), which is in line with the results from chapter 3 that indicated that wild-type
and FESS79°C HL-60 cells behave identically. Phagocytic uptake showed a time-dependent
increase up to 60 min and maximum uptake was observed at a multiplicity of infection
(MOI) of 30 (Supplementary Figure 4.2). Interestingly, WEL028 (100 nM), at a concentration
sufficient for complete and selective FES inactivation (Figure 4.2A, B), reduced the
phagocytic index by 30-50% in FESS7%%C expressing cells, but not in WT HL-60 neutrophils
(Figure 4.2C, D). Reduced phagocytosis upon FES inhibition was consistently observed at
various MOls and infection times (Supplementary Figure 4.2). This indicates that FES activity
plays an important role in phagocytosis of E. coli by neutrophils.

SYK kinase is a substrate of FES

The previously obtained substrate profile of FES (chapter 2) was examined in more detail
to gain insight in the molecular mechanism of FES-mediated phagocytosis,. A peptide of
the non-receptor tyrosine kinase ZAP70 was identified as a prominent FES substrate with
high signal intensity. Incubation with WEL028 abolished peptide phosphorylation by
FESS70%C, but not FESWT (Figure 4.3A). Although ZAP70 is predominantly linked to immune
signaling in T-cells, its close homolog SYK is ubiquitously expressed in various immune
cells, including neutrophils.® Moreover, SYK is part of signaling pathways linked to
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Figure 4.3 — Identification of SYK tyrosine kinase as a substrate of FES. (A) SYK Y352 as proposed phosphorylation
site of FES, based on phosphorylation of homologous ZAP70 peptide by recombinant FEST (left) and FESS7% (right).
WELO028 selectively abolishes peptide phosphorylation by FES7%C (PamChip® microarray, N = 3). (B) ZAP70 peptide
sequence used in microarray and its homology to corresponding SYK peptide. Putative target tyrosine phosphorylation
site is indicated in red. (C) FES phosphorylates SYK Y352 in co-transfected U20S cells. U20S cells co-expressing FLAG-
tagged FES™9C and V5-tagged SYK were incubated with vehicle or WEL028 (200 nM, 1h, 37 °C) and lysed. Lysates were
labeled (250 nM WELO033, 30 min, rt) and analyzed by in-gel fluorescence and immunoblot (N = 3). (D) SYK interacts
with FES and this interaction is dependent on FES activity. Co-transfected U20S cells were incubated as in C, followed
by immunoprecipitation using anti-FLAG antibody and immunoblot analysis (N = 3). All data represent means + SEM.
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pathogen recognition and involved in bacterial uptake by neutrophils.’® The identified
ZAP70 peptide substrate shows high sequence similarity to its SYK counterpart
surrounding Y352 (Figure 4.3B).

To validate that SYK is a downstream target of FES, SYK-V5 and FESS7%C-FLAG
were co-transfected in U20S cells. First, it was confirmed that overexpression of FESS700¢
led to autophosphorylation of FES at Y713, which was sensitive to WEL028 (Figure 4.3C).
Subsequent immunoblot analysis using a SYK Y352 phospho-specific antibody showed
that SYK was phosphorylated in a WELO28-dependent manner. Labeling of SYK by active
site lysine-targeting probe XO44-Cy5' was unaffected by pre-incubation with WEL028,
indicating that WEL028 does not inhibit SYK directly. In addition, WEL028 did not inhibit
SYK in the kinome selectivity screen (chapter 2) and did not affect SYK pY352 levels when
FESS79¢ was omitted (Supplementary Figure 4.3). Immunoprecipitation against FESS700C
using an anti-FLAG antibody revealed a physical interaction between FES and SYK as
witnessed by immunoblot against the V5-tag of SYK (Figure 4.3D). Interestingly, this
interaction was dependent on the activation status of FES, because WEL028 inhibited the
co-precipitation of SYK with FES. Taken together, these results suggest that SYK Y352 is a
direct substrate of FES.

FES transiently phosphorylates SYK Y352 in HL-60 neutrophils exposed to E. coli

Next, HL-60 neutrophils were incubated with the potent SYK inhibitor R406 to verify that
endogenous SYK is also involved in phagocytic uptake of E. coli by neutrophils. SYK
inhibition reduced phagocytosis to similar levels as observed for WELO28 (Figure 4.4A).
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Figure 4.4 — FES phosphorylates SYK Y352 and downstream targets HS1 and PLCy2 in HL-60 neutrophils infected
with E. coli. (A) Phagocytic uptake of E. coli by HL-60 neutrophils is dependent on FES, SYK and PLCy2 activity and
requires actin polymerization. HL-60 neutrophils were incubated with vehicle or indicated compounds (100 nM WEL028,
1 UM R406, 5 uM U-73122 or 10 uM Cytochalasin D, 1 h, 37 °C), after which GFP-expressing E. coli B834 were added
(MOI = 30, 1h, 37°C). Cells were analyzed by flow cytometry (N = 5). (B) FES rapidly phosphorylates endogenous SYK
Y352 and downstream substrates HST Y397 and PLCy2 Y1217 in HL-60 neutrophils infected with E. coli. Inhibitor
incubation as in A, followed by addition of GFP-expressing E. coli B834 (MOI = 30, 0-2-5-15 min, 37 °C) and immunoblot
analysis (N = 3). All data represent means + SEM. Statistical analysis was performed using ANOVA with Holm-Sidak's
multiple comparisons correction, *** P <0.001.
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Of note, phospholipase C gamma 2 (PLCy2) inhibitor U-73122 and actin polymerization
inhibitor Cytochalasin D were taken along as positive controls to verify that the
phagocytosis was mediated via PLCy2 and was actin polymerization-dependent.? Finally, it
was investigated whether the signaling pathway downstream of SYK was modulated in a
FES-dependent manner by using immunoblot analysis with phospho-specific antibodies
for SYK Y352, hematopoietic cell-specific protein-1 (HS1) Y397 (an actin-binding protein)
and PLCy2 Y1217 (Figure 4.4B). Indeed, a transient phosphorylation of SYK, HS1 and PLCy2
was observed, which peaked at 2 min after incubation with bacteria. Inhibition of FESS700¢
completely blocked the phosphorylation of these proteins, thereby demonstrating FES
activation is an early event in the phagocytosis of E. coli in HL-60 neutrophils.

Discussion and conclusion

In this chapter, chemical genetic tools were used to uncover a novel biological role for FES
in phagocytosis by neutrophils. It was demonstrated that FES plays a key role in the
phagocytic uptake of bacteria in neutrophils by activating SYK and downstream substrates
HS1 and PLCy2. In combination with previous data reported in the literature (reviewed in
reference 12), these new insights led to a proposed mechanistic model for the role of FES
in neutrophil phagocytosis (Figure 4.5). One of the first events in response to bacterial
recognition by neutrophil surface receptors is the formation of the lipid
phosphatidylinositol 4,5-bisphosphate (PIP,) in the membrane (Figure 4.5, panel 1). FES
normally resides in the cytosol in an inactive conformation. Its N-terminal F-BAR domain,
a unique structural feature of FES, exclusively binds to phosphoinositide-rich lipids, such
as PIP.,5 and drives FES translocation to the membrane. This triggers the formation of
oligomers and auto-activation of FES by phosphorylation on Y713 and induces membrane
curvature'' required for particle internalization.® (Figure 4.5, panel 2).

FES subsequently activates SYK by phosphorylation of Y352, which poses an
alternative activation mechanism of SYK compared to the traditional activation via binding
to ITAM domains of immunoreceptors.’® Y352 is located in a linker region of SYK, which
separates its two N-terminal SH2 domains from its C-terminal catalytic domain.
Phosphorylation of this linker residue was previously shown to perturb auto-inhibitory
interactions, resulting in SYK activation.’ SYK is known to phosphorylate HS1, an actin-
binding protein involved in reorganization of the actin cytoskeleton. HS1 can be
phosphorylated on multiple tyrosine residues that all contribute to its actin remodeling
function.’® Of note, its Y378 and Y397 residues are phosphorylated by FES in mast cells,
but both sites have also been identified as substrate sites for other kinases, including SYK.®
Phosphorylation of HS1 by FES and/or SYK drives reorganization of the actin cytoskeleton
required for internalization of the bacterium-receptor complex (Figure 4.5, panel 3).
Concomitantly, the phosphorylated Y352 residue in SYK can serve as binding site for the
SH2 domain of PLCy2, followed by SYK-mediated PLCy2 activation. In turn, this allows
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degradation of PIP, into diacylglycerol (DAG) and inositoltriphosphate (IP3), which alters
the membrane composition and returns it to the non-activated state: FES dissociates from
the membrane and the signaling process is terminated (Figure 4.5, panel 4).

This model thus proposes a feedback mechanism in which FES indirectly regulates
its own localization and activation by modulating PLCy2 activity via SYK. Based on the
rapid, transient phosphorylation of SYK Y352 and downstream substrates (Figure 4.5B), FES
seems to be rapidly deactivated, possibly via the action of phosphatases. Examination of
the SH2 binding profile of FES (chapter 2) identified the phosphatases PTN6 and PTN11 as
potential interaction partners of FES, but further studies are required to gain insight in the
deactivation of signaling pathways underlying FES-mediated phagocytosis.
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Figure 4.5 — Proposed simplified model for the role of FES in neutrophil phagocytosis. Phosphorylation sites Y378
and Y397 on HS1 are shown as a single site for visualization purposes. For detailed explanation of the model, see main
text. Pl: phosphatidylinositol, PIP,: phosphatidylinositol 4,5-bisphosphate, IPs: inositol 1,4,5-trisphosphate, DAG:
diacylglycerol, FX: F-BAR extension, SH2: Src Homology 2, KD: kinase domain, pY: phosphotyrosine.

It should be noted that FES possesses an F-BAR extension (FX) domain that binds
phosphatidic acid (PA) and activates its kinase activity.” PA is synthesized by
phospholipase D (PLD) in response to activation of various immune receptors. PLD
activation also leads to elevated intracellular Ca2* levels, but the exact mechanistic
pathways underlying this event remain poorly understood.” FES could possibly be a
molecular link that activates PLCy2 to increase Ca®* in response to PA production by PLD.
Further studies are required to investigate the activation mechanism of FES by PA and the
role of FES in the complex cross-talk between PLD and PLCy2.

Since FES is also linked to other cellular processes driven by actin reorganization,
such as cell migration™2°, it will be interesting to investigate whether FES also mediates
this function in a SYK-dependent manner. Moreover, identification of FES as a potential
activator of SYK may provide new insights in previous studies reporting on FES and/or SYK
function. For example, FES is involved in the development and function of osteoclasts,
multinucleated cells responsible for bone resorption.?’ Accordingly, SYK-deficient
osteoclasts exhibit major defects in the actin cytoskeleton, resulting in reduced bone
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resorption.?? It remains to be determined whether FES inhibition disrupts the osteoclast
cytoskeleton in a similar manner, which would make FES a potential target to treat
osteoporosis and cancer-associated bone disease. Furthermore, FES inhibition was shown
to suppress growth of acute myeloid leukemia (AML) cells that harbor an internal tandem
duplication in the FLT3 gene (FLT3-ITD), but not AML cells expressing wild-type FLT3.2324
Similarly, FLT3-ITD AML is more vulnerable to SYK suppression than FLT3-WT AML.% It
would be interesting to investigate whether FES activates SYK in these AML cells and
whether altered internalization of FLT3-ITD compared to FLT3-WT perhaps explains the
increased susceptibility to FES and SYK inhibition.

Two SYK inhibitors have recently been approved by the FDA and several more are
currently in clinical trials for the treatment of various malignancies and inflammatory
diseases.?® The question thus rises in what other cell types and cellular processes SYK
activation is dependent on FES. Notably, FES is expressed in many cell types that contribute
to the pathogenesis of inflammatory diseases, such as macrophages, mast cells,
neutrophils and B-cells, but future studies will prove whether FES inhibitors may be of
therapeutic value in these disorders. The chemical genetic strategy presented here may
provide valuable tools to investigate FES-associated physiological processes and aid in its
validation as drug target.
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Experimental procedures

General

All chemicals were purchased at Sigma Aldrich, unless stated otherwise. Cloning reagents were from
Thermo Fisher. Cytochalasin D and U-73122 were purchased at Focus Biomolecules and R406 at
Selleckchem. XO44-Cy5 was previously synthesized in-house according to literature procedures' and
characterized by NMR and LC-MS. All cell culture disposables were obtained from Sarstedt.

Cloning

Full-length human cDNA encoding FES was obtained from Source Bioscience. pPDONR223-construct
with full-length human cDNA of SYK was a gift from William Hahn & David Root (Addgene Human
Kinase ORF Collection). Eukaryotic expression construct of FES was generated by PCR amplification
and restriction/ligation cloning into a pcDNA3.1 vector, in frame with a C-terminal FLAG-tag.
Eukaryotic expression construct of SYK was generated using Gateway™ recombinational cloning into
a pcDest40 vector, in frame with a C-terminal V5-tag, according to recommended procedures (Thermo
Fisher). All plasmids were isolated from transformed XL10-Gold competent cells (prepared using E.
coli transformation buffer set; Zymo Research) using plasmid isolation kits following the supplier's
protocol (Qiagen). All sequences were verified by Sanger sequencing (Macrogen).

PamChip® microarray assay

Kinase activity assay

Kinase activity profiles were determined using the PamChip® 12 protein tyrosine (PTK) peptide
microarray system (PamGene International B.V.) according to the instructions of the manufacturer,
essentially as described?” with the exception that arrays were blocked with 2% BSA and the assay
buffer contained EDTA instead of EGTA. Sample input was 0.25 ng purified FES (wild-type or S700C)
per array and [ATP] = 400 uM. For arrays with inhibitor, recombinant FES was pre-incubated in assay
mix without ATP with vehicle or WEL028 (100 nM, 30 min, on ice, 2% final DMSO concentration).

Data analysis and quality control

Data quantification of the images at all exposure times and reaction times and visualization of the
data were performed using BioNavigator software (PamGene International B.V.). Post-wash signals
(local background subtracted) were used. After signal quantification and integration of exposure
times, signals were log2-transformed for visualization. Peptides without ATP-dependent signal were
excluded from analysis. Identification of peptides that were significantly different between conditions
was performed using a Mixed Model statistical analysis.

Cell culture

General cell culture

Cell lines were purchased at ATCC and were tested on regular basis for mycoplasma contamination.
Cultures were discarded after 2-3 months of use. U20S (human osteosarcoma) cells were cultured at
37 °C under 7% CO2 in DMEM containing phenol red, stable glutamine, 10% (v/v) high iron newborn
calf serum (Seradigm), penicillin and streptomycin (200 pg/mL each; Duchefa). Medium was refreshed
every 2-3 days and cells were passaged two times a week at 80-90% confluence. HL-60 (human
promyeloblast) cells were cultured at 37 °C under 5% COz in HEPES-supplemented RPMI containing
phenol red, stable glutamine, 10% (v/v) fetal calf serum (Biowest), penicillin and streptomycin (200
ug/mL each), unless stated otherwise. Cell density was maintained between 0.2 x 10 and 2.0 x 10°
cells/mL. Cell viability was assessed by Trypan Blue exclusion and quantification using a TC20™
Automated Cell Counter (Bio-Rad).
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Transfection

One day prior to transfection, U20S cells were transferred from confluent 10 cm dishes to 15 cm
dishes. Before transfection, medium was refreshed (13 mL). A 3:1 (m/m) mixture of polyethyleneimine
(PEI; 60 pg/dish) and plasmid DNA (20 ug/dish; for co-transfections 10 pg each) was prepared in
serum-free medium and incubated for 15 min at rt. The mixture was then added dropwisely to the
cells, after which the cells were grown to confluence in 48 h. Cells were then harvested by scraping in
lysis buffer and lysates were prepared as described.

Differentiation of HL-60 cells
One day prior to induction of differentiation, cells were diluted to 0.4 x 10° cells/mL. Neutrophil
differentiation was induced by addition of all-trans-retinoic acid (ATRA; 1 uM) and dimethylsulfoxide
(DMSO; 1.25%) for 72 — 96 h.

Inhibitor treatment in live cells

The term in situ is used to designate experiments in which live cell cultures are treated with inhibitor,
whereas the term in vitro refers to experiments in which the inhibitor is incubated with cell lysates.
Compounds were diluted in growth medium from a 1000x concentrated stock solution in DMSO.

For in situ assays on live transfected cells, cells were transfected prior to treatment as described above.
After 48 h, cells were treated with compound for 1 h. Cells were then harvested by scraping in lysis
buffer and lysates were prepared as described.

For in situ treatment post-differentiation, HL-60 cells were differentiated as described above and
incubated with compound for 1 h unless specified otherwise. Cells were centrifuged (200 g, 5 min, rt)
and washed in equal volume of PBS (1000 g, 5 min, rt). Cell pellets were flash-frozen in liquid nitrogen
and stored at -80 °C until use.

CD11b expression analysis by flow cytometry

Cells (1 x 10° per sample) were centrifuged (500 g, 3 min) and suspended in human FcR blocking
solution (Miltenyi Biotec, 25x diluted in FACS buffer (1% BSA, 1% FCS, 0.1% NaNs, 2 mM EDTA in PBS)),
transferred to a V-bottom 96-well plate and incubated for 10 min at 4°C. Next, monoclonal rat CD11b-
APC antibody (1:100, Miltenyi Biotec, 130-113-231) or rat anti-IlgG2b-APC isotype control antibody
(1:100, Miltenyi Biotec, 130-106-728) was added along with 7-aminoactinomycin D (7-AAD) (1 ug/mL)
and samples were incubated for 30 min 4°C in the dark. Samples were washed once in PBS and fixed
in 1% paraformaldehyde (PFA) in PBS for 15 min at 4°C in the dark, followed by two washing steps in
PBS and resuspension in FACS buffer to a density of approximately 500 cells/uL. Cell suspensions were
measured on a Guava easyCyte HT and data was processed using GuavaSoft InCyte 3.3 (Merck
Millipore). Events (10,000 per condition) were gated by forward and side scatter (cells), side scatter
area (singlets) and viability (live cells) and the percentage of CD11b-positive cells was determined
based on background fluorescence for isotype control antibody and non-differentiated cells. The RED-
R channel (661/15 filter) and RED-B channel (695/50 filter) were used to detect CD11b-APC and 7-
AAD, respectively.

Neutrophil oxidative burst assay

Cells were centrifuged (500 g, 3 min), suspended in PBS and seeded in triplicate per condition in 96-
well plates (100,000 cells per well in 100 pL). To each well, 100 pL of PBS containing nitroblue
tetrazolium (NBT) with vehicle or phorbol 12-myristate 13-acetate (PMA) was added, bringing final
concentrations to 0.1% and 1.6 uM, respectively. Cells were incubated (1 h, 37 °C) and plates were
imaged by phase contrast microscopy (20x magnification, EVOS FL Auto 2). Cells positive for formazan
deposits were counted (3 different fields per replicate).
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Preparation of cell lysates for gel and immunoblot analysis

HL-60 cells were suspended in M-PER lysis buffer supplemented with 1x Halt™ phosphatase and
protease inhibitor cocktail (Thermo Fisher). U20S cells were directly scraped in lysis buffer and
collected in tubes. Lysates were centrifuged (14,000 g, 10 min, 4 °C) to yield the clear lysate as
supernatant. Protein concentration was determined using Quick Start™ Bradford Protein Assay (Bio-
Rad) and diluted to appropriate concentration in M-PER. Lysates were aliquoted, flash-frozen and
stored at -80 °C until use.

Probe labeling experiments

In situ treated cell lysate (14.5 pL) was incubated with WEL033 or XO44-Cy5 (0.5 pL, 30 x concentrated
stock in DMSO, 30 min, rt). Final concentrations of inhibitors and/or probe are indicated in the main
text and figure legends. Reactions were quenched with 4x Laemmli buffer (5 pL, final concentrations
60 mM Tris pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.01% (v/v)
bromophenol blue) and boiled for 5 min at 95°C. Samples were resolved by SDS-PAGE on a 10%
polyacrylamide gel (180 V, 75 min). Gels were scanned using Cy3 and Cy5 multichannel settings
(605/50 and 695/55 filters, respectively; ChemiDoc™ MP System, Bio-Rad). Fluorescence intensity was
corrected for protein loading determined by Coomassie Brilliant Blue R-250 staining and quantified
with Image Lab (Bio-Rad). ICso curves were fitted with Graphpad Prism® 7 (Graphpad Software Inc.).

Immunoblot

Samples were resolved by SDS-PAGE as described above, but transferred to 0.2 pm polyvinylidene
difluoride membranes by Trans-Blot Turbo™ Transfer system (Bio-Rad) directly after fluorescence
scanning. Membranes were washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and blocked with 5%
milk in TBS-T (50 mM Tris pH 7.5, 150 mM Nacl, 0.05% Tween-20) for 1 h at rt.

Membranes were then either incubated with primary antibody in 5% milk in TBS-T (FLAG, V5, B-actin;
o/n at 4 °C) or washed three times with TBS-T, followed by incubation with primary antibody in 5%
BSA in TBS-T (other antibodies, o/n at 4 °C). Membranes were washed three times with TBS-T,
incubated with matching secondary antibody in 5% milk in TBS-T (1:5000, 1 h at rt) and then washed
three times with TBS-T and once with TBS. Luminol development solution (10 mL of 1.4 mM luminol
in 100 mM Tris pH 8.8 + 100 pL of 6.7 mM p-coumaric acid in DMSO + 3 pL of 30% (v/v) H202) or
Clarity Max™ ECL Substrate (Bio-Rad) was added and chemiluminescence was detected on
ChemiDoc™ MP System.

Following detection of phospho-proteins, membranes were stripped (Restore™ Plus Stripping Buffer,
Thermo Fisher) for 20 min, washed three times with TBS, and blocked and incubated with the control
antibodies as described above.

Primary antibodies: monoclonal mouse anti-FLAG M2 (1:5000, Sigma Aldrich, F3156), monoclonal anti-
V5 (1:5000, Thermo Fisher, R960-25), monoclonal mouse anti-B-actin (1:1000, Abcam, ab8227),
polyclonal rabbit anti-phospho-FES Y713 (1:1000, Thermo Fisher, PA5-64504), polyclonal rabbit anti-
phospho-SYK Y352 (1:1000, Cell Signaling Technology (CST), #2701), monoclonal rabbit anti-SYK
(1:1000, CST, #13198), polyclonal rabbit anti-phospho-HS1 Y397 (1:1000, CST, #4507), polyclonal
rabbit anti-HS1 (1:1000, CST, #4503), polyclonal rabbit anti-phospho-PLCy2 Y1217 (1:1000, CST,
#3871), polyclonal rabbit anti-PLCy2 (1:1000, CST, #3872). Secondary antibodies: goat anti-mouse-
HRP (1:5000, Santa Cruz, sc-2005), goat anti-rabbit-HRP (1:5000, Santa Cruz, sc-2030).

Co-immunoprecipitation

U20S cells were co-transfected with FLAG-tagged FES and V5-tagged SYK and grown for 48 h as
described above, followed by incubation with vehicle or WEL028 (200 nM) for 1 h. Cells were then
washed with PBS and collected by scraping in IP-buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 1%
Triton X-100 supplemented with 1x Halt™ phosphatase and protease inhibitor cocktail (Thermo
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Fisher)). Cells were lysed by sonication on ice (3 cycles of 10 s on, 10 s off at 25% maximum amplitude),
centrifuged (14,000 g, 10 min, 4 °C). The clear lysate was diluted to 1 mg/mL in IP-buffer and subjected
to immunoprecipitation using Dynabeads™ Protein G Immunoprecipitation kit (Thermo Fisher)
following manufacturer’s protocol. Briefly, anti-FLAG M2 antibody (1:100, Sigma Aldrich, F3156) was
incubated with beads with gentle rotation (10 min, rt), after which lysate (500 pL of 1 mg/mL) was
added and incubated (1 h, 4 °C). Beads were washed three times, transferred to clean tubes and eluted
by suspension in 2x Laemmli buffer (50 pL, 10 min, 70 °C). Samples (10 pL per lane) were resolved by
SDS-PAGE and immunoblotted using anti-V5 or anti-FLAG antibodies. Immunoprecipitations were
performed in three independent replicates.

Phagocytosis assays

Flow cytometry

HL-60 cells were differentiated to neutrophils as described. Cells were counted and centrifuged (200
g, 5 min), followed by resuspension in growth medium without antibiotics. Cells were incubated with
vehicle or inhibitor (from 1000x concentrated stocks in DMSO) for 1 h at 37°C prior to infection (1 x
106 cells in 900 pL in 12-well plate). Meanwhile, E. coli B834(DE3) constitutively expressing GFPA206K
were grown in LB medium to an OD600 of 0.4-1.0, after which bacteria were centrifuged (2,000 g, 5
min), washed and resuspended in PBS to appropriate density.® Neutrophils were infected by addition
of bacteria at multiplicity of infection (MOI) of 30 unless stated otherwise. Cells were then incubated
for 1 h at 37°C unless stated otherwise, after which cells were resuspended and transferred to
Eppendorf tubes, washed in FACS buffer (1% BSA, 1% FCS, 0.1% NaNs, 2 mM EDTA in PBS; 1 mL, 500
g, 3 min) and fixed in 1% paraformaldehyde (PFA) in PBS (15 min, 4 °C, in the dark). Fixed cells were
washed twice in PBS and resuspended in FACS buffer to a density of approximately 500 cells/pL.

Cell suspensions were measured on a Guava easyCyte HT and data was processed using GuavaSoft
InCyte 3.3 (Merck Millipore). Events (20,000 per condition) were gated by forward and side scatter
(cells), side scatter area (singlets) and the percentage of GFP-positive cells and GFP mean fluorescence
intensity (MFI) were determined based on background fluorescence for non-infected cells. The
GREEN-B channel (525/30 filter) was used to detect GFP. Phagocytic index was calculated as fraction
of GFP-positive cells (number of phagocytic cells) multiplied by GFP MFI (number of phagocytized
bacteria).

Stimulation for detection of phosphoproteins

HL-60 neutrophils were infected as described above, but in 15 mL tubes (5 x 10° cells in 4 mL per
sample). After indicated infection times, ice-cold PBS was added (10 mL) and suspensions were
immediately centrifuged (3,500 g, 2 min). Supernatant was completely aspirated and cells were
thoroughly resuspended in 2x Laemmli sample buffer (100 pL), followed by incubation at 95 °C for 10
min and brief sonication to reduce sample viscosity. Samples were stored at -20 °C or immediately
resolved by SDS-PAGE (20 uL per lane).

Statistical analysis

All statistical measures and methods are included in the respective Figure or Table captions. In brief:
all replicates represent biological replicates and all data represent means + SEM, unless indicated
otherwise. Statistical significance was determined using Student's t-tests (two-tailed, unpaired) or
ANOVA with Holm-Sidak’s multiple comparisons correction. *** P <0.001; ** P <0.01; * P <0.05;
NS if P >0.05. All statistical analyses were conducted using GraphPad Prism® 7 or Microsoft Excel.
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Supplementary Figure 4.1 — FESS7°C HL-60 cells differentiate into functional neutrophils. (A) CD11b surface
expression analyzed by flow cytometry. Differentiation was induced by addition of ATRA (1 uM) and DMSO (1.25%) for
72 h. Threshold for CD11b-positive cells was determined using isotype control antibody. (B) Proliferation of FES79%C
HL-60 cells subjected to neutrophil differentiation. Proliferation ratio: live cell number after differentiation divided by
live cell number before differentiation. (C, D) Ability of FESS°C HL-60 neutrophils to induce oxidative burst upon PMA
stimulation. Cells were incubated with 0.1% NBT with or without PMA (1.6 pM, 1 h, 37 °C), imaged by phase contrast
microscopy (20x magnification) and cells positive for formazan deposits were counted. Data represent means + SEM
(N = 3, with 9 different fields per replicate for C, D).
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Supplementary Figure 4.2 - Phagocytic uptake of E. coli by HL-60 FESS7°°C neutrophils at variable multiplicity of
infection (MOI) and infection time. (A-C) HL-60 FESS"%C neutrophils were incubated with vehicle, WEL028 (100 nM)
or Cytochalasin D (10 uM) for 1 h, after which GFP-expressing E. coli were added at MOI of 30. After indicated times,
cells were washed and fixed (1% PFA, 15 min, 4 °C), followed by flow cytometry analysis. Phagocytic index (C) was
calculated as fraction of GFP-positive cells (number of phagocytic cells, A) multiplied by GFP MFI (number of
phagocytized bacteria, B). (D) Neutrophils were treated as in panel A-C, but with a variable MOI for 1 h. Data represent
means + SEM (N = 3).
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Supplementary Figure 4.3 - WEL028 does not affect SYK Y352 phosphorylation in U20S cells in absence of
FESS709C, U20S cells were transfected with only V5-tagged SYK. After 48 h, cells were incubated with vehicle or WEL028

(200 nM, 1 h) and lysed. Lysates were incubated with WEL033 (250 nM, 30 min, rt) and analyzed by in-gel fluorescence
and immunoblot (N = 3).
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Introduction

Endocannabinoids are essential signaling lipids in the brain and are involved in regulation
of various physiological processes, ranging from learning and memory to appetite and
emotion.® Unlike polar neurotransmitters, which are typically released from vesicles,
signaling lipids such as endocannabinoids appear to be synthesized on demand.*> This
implies that the cellular machinery involved in endocannabinoid homeostasis plays an
essential role in signaling processes. Spatiotemporal endocannabinoid action is therefore
likely controlled by a dynamic network including the enzymes for their biosynthesis and
degradation.

The diacylglycerol lipases alpha and beta (DAGLa and B) are serine hydrolases
responsible for the biosynthesis of the signaling lipid 2-arachidonoylglycerol (2-AG), the
most abundant endogenous ligand for the cannabinoid (CB) type 1 receptor in the brain.t
Despite relatively low overall homology (34% identical amino acids), both enzymes share
a multi-pass integral membrane domain as well as a catalytic domain with a typical o/p
hydrolase fold and Ser-His-Asp catalytic triad®’ (Figure 5.1A). Interestingly, DAGLx
possesses an additional domain at the carboxy-terminal tail with multiple (putative)
phosphorylation sites® as well as a Homer protein-binding PPxxF motif.%'® DAGLa and
DAGLP both catalyze the hydrolysis of diacylglycerols (DAGs) at the sn-1 position to
generate monoacylglycerols (MAGs), implying that the active sites of these two DAGL
enzymes likely have high structural similarity (Figure 5.1B).

DAGLax

)
)

g‘

—  Arachidonic acid (AA)
~ Free fatty acid

§ Diacylglycerol Free fatty acid 2-Arachidonoylglycerol
JV'L _J (DAG) (FFA) (2-AG)

Figure 5.1 — Diacylglycerol lipase alpha and beta synthesize 2-arachidonoylglycerol from diacylglycerols. (A)
DAGLa and DAGLP share a multi-pass integral membrane domain as well as a catalytic domain with a typical o/
hydrolase fold and Ser-His-Asp catalytic triad. In addition, DAGLx possesses a unique carboxyl-terminal tail. (B) Both
subtypes catalyze the hydrolysis of diacylglycerols (DAGs) at the sn-1 position to generate monoacylglycerols such as
2-arachidonoylglycerol (2-AG).

Despite this resemblance in substrate catalysis, both DAGL subtypes appear to
have distinct physiological functions. Animal models with genetic deletion of either DAGL
have provided valuable insight in the relative contribution of each subtype in 2-AG
biosynthesis. For example, DAGLa knockout (KO) mice have 80% lower 2-AG levels in the
brain, whereas these levels were decreased by 50% in DAGLBKX® counterparts. On the other
hand, liver 2-AG levels were more drastically altered in DAGLBXC than DAGLAX® mice (90%
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versus 60% reduction, respectively).”" Although this indicates that both subtypes cannot
completely compensate for each other’s loss, it cannot be ruled out that long-term
congenital deletion of one DAGL subtype might be partially compensated by the other
variant on the transcriptome or proteome level. In addition, DAGL expression is
dynamically controlled during neuronal development. DAGLa, for example, is highly
expressed in neurons, whereas DAGL is more abundant in microglia.’? Although advanced
genetic techniques allow for cell type-specific gene knockouts, these models lack the
temporal control required to investigate the individual roles of the DAGL subtypes in this
dynamic process.’?

Long-term compensation effects can be avoided using acute inactivation of DAGL
activity via pharmacological tools. Indeed, blockade of DAGL activity by small-molecule
inhibitors with an a-ketoheterocycle (LEI-105) or triazole urea scaffold (DH376 and DO34)
rapidly reduced 2-AG levels in cells and the central nervous system, respectively.''>
However, currently available DAGL inhibitors target both DAGLa and DAGLJ. Subtype
selectivity by medicinal chemistry efforts has proven to be exceptionally challenging to
achieve, in part due to a lack of a crystal structure of the active site of DAGLa and DAGLS,
which impedes structure-based inhibitor design. Moreover, achieving cellular specificity,
ie. targeting one specific cell type in the brain, such as neurons or microglia, remains a
major challenge with pharmacological tools. This hampers the validation of both enzyme
subtypes as a therapeutic target for various diseases, such as metabolic disorders and
neurodegenerative diseases.'®-18

The field of chemical genetics combines the specificity of genetics with acute
modulation of enzyme activity by small-molecule inhibitors. Garske et al. previously
introduced the concept of covalent complementarity for protein kinases. Chapters 2, 3 and
4 of this thesis demonstrated that mutagenesis of active site residues into a reactive
cysteine allows the development of covalent, mutant-specific inhibitors. A similar chemical
genetic approach comprised of a DAGLa cysteine mutant and complementary inhibitor
would be ideally suited to achieve subtype-selective inhibition of DAGLa. In addition, cell
type-specific incorporation of mutant DAGLa using mouse genetics techniques would
allow for acute modulation of DAGLa exclusively in a specific cell type, without affecting
wild-type DAGLa expressed in other cell types.

This chapter describes the first steps towards the development of a chemical
genetic strategy to identify a DAGLa cysteine mutant that can be selectively targeted by a
complementary inhibitor. Leu651, directly following catalytic His650 of the catalytic triad,
was identified as a position in the DAGLa active site that can be mutated into a cysteine
with limited effects on catalytic activity and enzyme kinetics. Next, a complementary
inhibitor was synthesized that covalently and irreversibly reacted with this cysteine, is
selective for DAGLa%>' and does not target wild-type DAGLa nor DAGLB. However, a
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biphasic binding behavior was observed, which indicated that only ~50% of the enzyme
population was available for covalent addition to the complementary inhibitor. Further
optimization is thus required to obtain a chemical genetic toolbox suitable to dissect
subtype-specific roles of DAGLa and DAGLB or modulate DAGLa activity with cellular
specificity.

Results
Design and biochemical characterization of DAGLa cysteine mutants

The active site of DAGLa and DAGLP recognizes similar substrates and performs similar
chemical reactions. Available inhibitors generally cross-react with the other subtype and
are non-selective, dual DAGLo/B inhibitors (Figure 5.2A). To achieve subtype-specific
inhibition of DAGLa using chemical genetics, active site residues were mutated into a
cysteine: a nucleophilic amino acid with a thiol moiety that can be covalently targeted by
electrophilic inhibitors (Figure 5.2B). Since DAGL (as well as wild-type DAGLa) lacks native
cysteine residues in its active site, it is envisioned that covalent chemistry to this engineered
cysteine can be exploited to improve subtype selectivity. Key to this strategy is that the
catalytic activity, enzyme kinetics and substrate recognition are not abolished by the
introduced mutation. This ensures minimal disturbance to normal cellular physiology when
applied in living model systems, and allows for acute perturbation of the enzyme function

A B
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Figure 5.2 - Chemical genetic strategy for subtype-selective inhibition of DAGLa. (A) Current DAGLa inhibitors
cross-react with DAGLB, resulting in dual inhibition of both subtypes. (B) The presented strategy involves mutagenesis
of an active site residue in DAGLa into a cysteine, accompanied by the design of a mutant-specific, complementary
inhibitor that covalently and irreversibly reacts with the introduced cysteine. This covalent, irreversible binding mode
enhances inhibitor potency on DAGLa and selectivity against DAGLB, which lacks native cysteine residues in its active
site.
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only upon administration of the complementary, mutant-selective inhibitor. To identify an
amino acid in the DAGLa active site that can be substituted for a cysteine without affecting
protein function, a previously reported DAGLa homology model with docked reversible
inhibitor 1 was examined.'® Twelve amino acid residues were selected for mutagenesis,
based on their location, appropriate positioning and distance to the ligand (Figure 5.3A).
The corresponding DAGLa cysteine mutants were subsequently generated using site-
directed mutagenesis and cloned into a mammalian expression vector in frame with a
C-terminal FLAG-tag. The mutant proteins were expressed in HEK293T cells (transfections
performed in triplicate), followed by cell lysis and preparation of membrane fractions which
were used for further biochemical profiling.

Activity-based protein profiling (ABPP) is used to visualize active pools of enzyme
in complex proteomes by reacting to specific fluorescent activity-based probes (ABPs). The
set of 12 mutants was profiled using MB064, a structural analog of tetrahydrolipstatin,
which targets a variety of serine hydrolases including many endocannabinoid hydrolases',
and DH379, a more selective ABP that targets DAGLa/B and ABHD6' (Figure 5.3B).
Quantification of labeling intensities (Figure 5.3C) revealed that three mutants (T408C,
H429C and G431C) showed greatly reduced labeling intensities by both ABPs. Interestingly,
these three mutants were all located in the same binding pocket in the DAGLa active site.
Other mutants (M432C, G538C, L659C) exhibited a labeling intensity of approximately 50%
compared to wild-type. However, various mutants (1529C, L531C, L647C, L651C and G658C)
showed only minimally reduced or, in some cases, enhanced labeling intensities. Of note,
MBO064 and DH379 labeling intensities showed a moderate correlation (R* = 0.38, Figure
5.3D), with preferential labeling of some mutants by one particular probe (e.g. G502C by
DH379 and 1529C by MB064). These results highlight the benefit of using two probes with
distinct chemotypes for biochemical characterization of the enzymes.

Because ABPs only label the pool of active enzymes, reductions in labeling
intensity can originate from lower probe binding affinity, altered protein folding or lower
mutant expression levels compared to wild-type protein. The latter was examined using
immunoblot analysis against the C-terminal FLAG-tag (Figure 5.3B, E), which revealed that
some mutants (G431C, M432C, G538C, L651C) indeed had lower expression levels than
wild-type DAGLa, possibly due to protein misfolding and reduced stability. However, other
mutants (T408C and H429C) matched wild-type expression levels, whereas no probe
labeling was observed, indicating that these substitutions may directly prevent probe
binding, for example by steric clash or changes in protein folding that prohibit entry of the
probe into the DAGLa active site.
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Figure 5.3 — Design of DAGL« cysteine point mutants and characterization by activity-based protein profiling and
substrate assays. (A) Location of mutated active site residues in DAGLa homology model with docked reversible
inhibitor 1. (B, C) Recombinantly expressed DAGLa mutants analyzed by activity-based protein profiling using probes
MB064 (250 nM, 15 min, rt) and DH379 (1 uM, 15 min, rt). Protein expression levels were determined by anti-FLAG
immunoblot. Band intensities were normalized to wild-type control (N = 3, individual transfections). (D) Correlation
between MB064 and DH379 labeling intensities. (E) Relative expression of DAGLa mutants compared to wild-type. Band
intensities were corrected for protein loading and normalized to wild-type control (N = 3, individual transfections).
(F) Biochemical activity of DAGLa mutants analyzed by surrogate (PNP-butyrate) and natural (SAG) substrate assays.
Activity was determined using slope of reaction progress curve in linear range and normalized to wild-type control (N
=2, n = 4). (G) Correlation between relative activities determined using PNPB and SAG as substrates. Data represent
means + SEM.

Next, mutant enzyme activity was measured using two substrate-based assays
employing the surrogate substrate para-nitrophenyl butyrate (PNPB) and the natural
substrate 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG), respectively (Figure 5.3F).
Membrane preparations overexpressing DAGLa variants were incubated with the
chromogenic substrate PNPB, resulting in hydrolysis of the ester bond and release of para-
nitrophenol that can be monitored by absorbance measurements.?° In a similar fashion,
hydrolysis of the physiological substrate SAG by DAGLa results in release of 2-AG, which
is indirectly converted into a fluorescent signal via a multi-enzyme cascade reaction.?! The
slopes of the corresponding reaction progress curves were determined in the linear range

102



Towards a chemical genetic strategy for subtype-selective inhibition of DAGLa

and normalized to wild-type DAGLa activity. Multiple mutants (T408C, H429C, G431C,
M432C, G502C and G536C) showed a more than 50% reduction of hydrolytic activity in
both substrate assays (Figure 5.3F). This reduction in hydrolase activity can for some
mutants (e.g. G431C and M432C) be ascribed to reduced expression levels. However, other
inactive mutants (e.g. H429C) had no hydrolytic activity despite expression levels similar to
wild-type, suggesting that His429 is essential for substrate binding or conversion. Activities
determined in the substrate assays showed a good correlation (R? = 0.78) with a general
trend of slightly higher activity using SAG opposed to PNPB as substrate (Figure 5.3G).
Moreover, the substrate hydrolysis activity profile was relatively similar to the ABPP
labeling profile, with the most prominent exception being mutant G502C, which showed
completely abolished substrate hydrolysis activity, even though labeling by DH379 and
MBO064 was (partially) preserved.
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Figure 5.4 — Selection of DAGLa'%'C as catalytically active mutant for the design of complementary, irreversible
inhibitors. (A) Design of a proposed irreversible inhibitor 2 to covalently target DAGLa®*'C. Installation of an acrylamide
warhead on reversible inhibitor 1 positions this Michael acceptor in close proximity (1.8 A) of the target cysteine. (B)
Reaction progress curve of SAG hydrolysis by DAGLoWT and DAGLo®'C (N = 2, n = 2). (C) Determination of kinetic
parameters Ky and Vmax using SAG hydrolysis assay. Initial reaction rates correspond to slopes of reaction progress
curves in the linear part (N = 2, n = 2). Data represent means + SEM.

In particular, interest was drawn to a subset of mutants, i.e. L647C, L651C, G658C
and L659C, which all retained hydrolytic activity and could be labeled by both ABPs.
Furthermore, these residues are all located in the same hydrophobic pocket and in close
proximity of the benzoxazole moiety of 1. Previous structure-activity studies verified that
this pocket is not completely occupied by 1 and can accommodate an additional tolyl-
group™. It was therefore reasoned that these cysteine mutants might be targetable by an
appropriately positioned electrophile on compound 1. Of these mutants, DAGLa%>'¢ was
expected to be most promising, since it appeared to be in close proximity (1.8 A) and
adequately positioned to react with proposed inhibitor 2 via a Michael addition reaction
to its acrylamide warhead (Figure 5.4A). For this reason, DAGLa'®>'¢ was biochemically
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profiled in more detail using the SAG hydrolysis assay. DAGLa'%>'C showed a reaction
progress curve similar to DAGLaWT (Figure 5.4B). Despite slightly lower SAG hydrolysis
activity (76% compared to WT), its maximal reaction rate was unaffected (WT: Vimax = 216
+ 24 RFU/min, L651C: Vimax = 232 + 21 RFU/min; P >0.05). In contrast, DAGLa'%'C showed
a minor but non-significant increase in SAG binding affinity as reflected by a lower
Michaelis-Menten constant (WT: Ky = 226 + 46 uM, L651C: Ky = 174 + 31 uM; P >0.05)
(Figure 5.4Q). Finally, it was confirmed that mutagenesis of Leu651 into a cysteine had no
detrimental effect on the affinity of 1 (WT: plCso = 5.8 + 0.04, L651C: plCso = 5.5 £ 0.05)
(Table 5.1 and Supplementary figure 5.1).

Design and synthesis of mutant-specific inhibitors

Compound 1 served as a suitable starting point for the design of mutant-specific inhibitors,
since it was previously reported to have a relatively low affinity (plCso ~ 5) for DAGLa and
DAGLR."™2? Electrophilic derivatives were synthesized, possessing acrylamide warheads
intended to react with the cysteine residues (Scheme 5.1). Compounds 2 and 3, proposed
as potential irreversible inhibitors by undergoing a Michael addition to nearby Cys651
(Figure 5.4A), did not show any increase in potency on DAGLa®%'C or other mutants under
standard assay conditions (20 min pre-incubation, rt) (Table 5.1 and Supplementary figure
5.1). Interestingly, compound 2 showed potent inhibition (> 100-fold increase) of the
engineered enzyme upon increased incubation time and elevated temperatures (60 min,
37 °C) (Figure 5.5B). This suggested that the initial lack of mutant inhibition may not be
due to inappropriate positioning of the warhead on the scaffold, but is due to low reactivity
of the cysteine. For this reason, compound 4 with a bromoacetamide warhead, a more
reactive electrophile than the acrylamide group, was synthesized. Indeed, a marked
increase in inhibitory potency was observed on DAGLa'%>'¢ but not on DAGLoWT compared
to compound 2 under standard assay conditions (Figure 5.5A).

8 9a-b ° 10a-b 0
2 2
@\/\/\/tr ©\/\/\/ﬁ\r
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— = — =
(0]
5, 11a-b 2,3,4
NHR NHR

Scheme 5.1 - Synthesis towards electrophilic derivatives of compound 1. i) LiAlH4, Et,O, 0 °C, 97%. i) DMSO, oxaly!
chloride, DCM, -78 °C. iii) KCN, THF:H,O (1:1), rt, 73% over 2 steps. iv) Acetyl chloride, EtOH, CHCls; 2-amino-4-
nitrophenol (9a) or 2-amino-5-nitrophenol (9b), pyridine, EtOH, 80 °C, 30-64%. v) PtO,, H,, EtOAC, rt, 57%-quant. vi)
Bromoacetyl bromide (5) or acryloyl chloride (11a-b), DIPEA, DCM, 0 °C, 76%-quant. vii) Dess-Martin periodinane, DCM,
rt, 75-88%.
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Table 5.1 - Inhibitory potency of synthesized compounds on DAGL&"™ and mutants. Shown values represent plCsq
+ SD determined using the PNPB hydrolysis assay with 20 min pre-incubation at rt (N = 2, n = 4 for vehicle, N = 2, n =
2 for inhibitor-treated). The two values (i, i) for compound 2 and 4 on L651C represent both plCsg values of the biphasic
dose-response curve. T Inhibitor incubation 60 min at 37 °C.

Compound Structure pICso WT plCso L651C
o
1 )l\(/N 58+ 004 55+ 005
o}
o

. /“\(N <5 50£0.10
N
2 o NH
O )83 +0.12+
{ZO 50007+ i st
\

A
\ Z
3 0 <5 55+ 005
o}

\ ~

N )89 + 039
4 O\@»NH 59+ 0.05 )

o ii) 5.8 + 0.19

5 OONH 481008 48+003
o

Identification and characterization of a subtype-selective inhibitor for DAGLa65C

Notably, compound 4 (and 2 under modified conditions) displayed a biphasic ICso curve
that was independent of assay buffer pH and reduction agent (Supplementary Figure 5.2).
This biphasic curve can potentially be explained by two putative binding events of the
compound: an irreversible binding event of the introduced cysteine with the
bromoacetamide warhead (plCso = 8.9 £ 0.39) and a reversible binding event of the
catalytic serine to the a-keto group (plCso = 5.8 + 0.19). Three different experiments were
performed to investigate this hypothesis. First, membranes overexpressing DAGLa were
pre-incubated with iodoacetamide (IAA), an alkylating agent that irreversibly reacts with
the thiol group of cysteine residues, to block the covalent reaction of Cys651 to the
bromoacetamide group of compound 4, while leaving the reactivity of the catalytic serine
of the enzyme intact. Indeed, IAA pretreatment reverted the two-phase binding curve of
compound 4 on DAGLa>'C to a one-phase dose-response curve with a low plCsg similar
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to reversible control compound 1 (Figure 5.5C), whereas IAA did not affect the inhibitory
effect of compound 4 on DAGLo"T (Figure 5.5E) or basal DAGLa activity (Figure 5.5D, F).
Second, the plCso of compound 4 was determined using different pre-incubation times.

This analysis revealed that the enzyme inhibition was time-dependent only for
the binding event reflected by the most potent interaction, but not for lower affinity
interaction (Figure 5.5G, H). Third, a displacement assay was performed using ABP MB064.
Membranes overexpressing DAGLa®>'C were pre-incubated with 4 or reversible control
inhibitor LEI105™ at their corresponding ICg-concentration, followed by addition of
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Figure 5.5 - Identification of mutant-selective, irreversible inhibitors of DAGLa*®5'C. (A, B) Dose-response curves of
compound 4 (A) and 2 (B) on DAGLo"T and DAGLo®'C, determined using PNPB hydrolysis assay (N = 2, n = 4 for
vehicle, N = 2, n = 2 for inhibitor-treated). (C, E) Pre-incubation with alkylating agent iodoacetamide (IAA, 20 mM, 30
min in the dark, rt) reverts biphasic binding curve of 4 on DAGLa®*'® (C), but does not alter inhibition profile on DAGLo™"
(E). (D, F) IAA pre-incubation does not affect basal DAGLa activity. (G) Two-phase binding profile of 4 on DAGLo'C is
time-dependent. Compound was pre-incubated for 0-15-30-70 min prior to addition of PNPB substrate. (H) plCso of
upper sigmoidal increases with pre-incubation time of 4, while plCsy of lower sigmoidal remains constant. (I, J) ABP
MB064 outcompetes LEI105 but not compound 4 binding over time. Compounds were pre-incubated at the respective
ICgo-concentration (30 uM for 4 and 300 nM for LEI105, 20 min, rt), followed by incubation with MB064 (250 nM, 10-20-
30-60-90 min, rt). Band intensities were normalized to vehicle-treated control at same time point (N = 3). Data represent
means + SEM. Statistical analysis was performed using two-tailed t-test: NS if P >0.05.
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MBO064 for different incubation times. DAGLa®>'C labeling did not recover after pre-
incubation with 4, whereas reversible inhibitor LEI105 showed substantial displacement
(Figure 5.5, J). Altogether, the results of these three experiments suggested that the most
potent inhibitory interaction is reflecting the irreversible reaction of Cys651 with the
bromoacetamide warhead, while the weaker inhibitory effect is mediated by the reversible,
covalent interaction of Ser472 with the a-keto group. Strikingly, compound 5, in which the
ketone is substituted for a hydroxyl moiety, showed no inhibition of DAGLa'>'¢ (Table 5.1),
implying that initial binding of Ser472 to the a-keto group is essential prior to covalent
bond formation with Cys651. Having established that compound 4 potently and covalently
inhibits DAGL'>'C, it was investigated whether compound 4 is a subtype-selective inhibitor
of DAGLA5'C in the presence of DAGL. To this end, an ABPP experiment was performed
using DH379. Membranes overexpressing DAGLP and DAGLa'%>'¢ or DAGLoWT were mixed
in a various ratios, which revealed that a 1:1 ratio was most optimal to achieve efficient
labeling of both DAGL subtypes (Supplementary figure 5.3). DAGLo/B mixtures were then
pre-incubated with different concentrations of compound 4 or LEI105, a reversible, potent
dual DAGL inhibitor with related chemical structure' (Figure 5.6A). Quantification of the
labeling intensities confirmed that LEI105 does not discriminate between DAGLa and
DAGLB, with equipotent inhibition on both subtypes (Figure 5.6B). However, the chemical
genetic strategy employing DAGLa'%>'¢ and compound 4 allowed for selective inhibition
of DAGLa in presence of DAGL (Figure 5.6C). Of note, a similar biphasic dose-response
curve was observed in this ABPP experiment, verifying that this phenomenon was not
assay-dependent.
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Figure 5.6 — Chemical genetic strategy allows subtype-selective inhibition of DAGLa in presence of DAGL.
(A-C) Membranes overexpressing DAGLa"'™ or DAGLo**'® and DAGLB (2 mg/mL) were mixed (1:1 ratio) and incubated
with LEI05 or 4 (20 min, rt), followed by addition of DH379 (1 uM, 15 min, rt). DAGLa band marked with asterisk
corresponds to a previously reported degradation product.” Band intensities were normalized to vehicle-treated control
(N = 3). Data represent means + SEM.
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Discussion and conclusion

Previously reported DAGL inhibitor chemotypes, such as the a-ketoheterocycles™, glycine
sulfonamides®® and 1,2,3-triazole ureas'?4, are all dual DAGLo/B inhibitors. Exclusive
targeting of one subtype has proven difficult to achieve so far. This chapter describes the
first steps towards a chemical genetic strategy that allows for subtype-selective targeting
of DAGLa in presence of the structurally and functionally similar DAGLB subtype. This
approach employs mutagenesis of a DAGLa active site residue into a reactive cysteine that
can be selectively targeted by a complementary, covalent inhibitor.

Homology model-directed mutant design and comprehensive biochemical
characterization using ABPP and substrate hydrolysis assays led to the identification of
Leu651 as a suitable residue for mutagenesis into a cysteine, since DAGLa'C retained its
catalytic activity and kinetic properties, ensuring minimal interference to normal cellular
physiology if introduced in host systems. Follow-up experiments would involve
mutagenesis of this residue in an endogenous model system such as cell lines or mice
using the CRISPR/Cas9 gene editing technology.?>?’ This circumvents the use of
overexpression systems and allows subtype-selective targeting of DAGL&>'C under the
appropriate epigenetic control. Mouse genetics techniques, such as Cre-LoxP
recombination combined with brain cell-specific promoters®, can be applied to introduce
the engineered DAGLa protein in specific brain regions. This would enable acute
pharmacological modulation of DAGLa activity exclusively in selected cell populations, for
example cortical neurons or cerebellar Purkinje cells, without affecting DAGLa (and DAGLP)
activity in other neuronal cell types in the brain.

Compound 4 was identified as a mutant-specific inhibitor of DAGLa'>'¢, which
displayed biphasic binding behaviour that may reflect the presence of two warheads in the
inhibitor. The most potent inhibitory interaction is likely the result of the irreversible,
covalent reaction of Cys651 with the bromoacetamide electrophile, while the weaker
inhibitory effect is mediated by the reversible, covalent interaction of catalytic Ser472 to
the a-keto group. Currently, it is unknown why the engagement of the thiol does not result
in complete inhibition of the enzyme, but levels off at approximately 50%. It may indicate
that there are possibly two proteoforms of DAGLa®>'C, of which one possesses a non-
reactive cysteine, for example due to oxidation. The thiol group of cysteine is known to be
prone to oxidation, either by formation of disulfides, sulfur oxyacids or S-nitroso-species.?®
None of these oxidized cysteine species possess a reactive thiol for nucleophilic chemistry,
resulting in a mixture of two DAGLa'®>'¢ proteoforms of which only one is potently
inhibited by compound 4. However, the biphasic binding behavior could not be reverted
by incubation with various reducing agents in vitro. Alternatively, it is possible that
DAGLa>1¢ exists as a homodimer that undergoes a conformational change upon inhibitor
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binding, rendering the other monomer insusceptible to inhibition by 4. Additional studies
are required to explain these results.

In summary, this study describes the first steps towards a chemical genetic
strategy that potentially allows for subtype-selective or cell type-specific inhibition of
DAGLao. Residue Leu651, located directly upstream of the catalytic triad His650, was
identified as a suitable position to mutate into a cysteine without substantially affecting
DAGLa enzymatic activity and kinetics. Structure-based design led to the discovery of
compound 4 as a mutant-selective, complementary DAGLa%>'¢ inhibitor that displays
irreversible binding characteristics and can selectively target DAGLa®5'C in presence of
DAGLP. Further optimization of compound 4 and investigation of its biphasic binding
behavior are required to obtain a chemical genetic toolbox suitable for dissecting subtype-
specific roles of DAGLa and DAGL in endogenous model systems.
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Experimental procedures - Biochemistry

General

All chemicals and other reagents were purchased from Sigma Aldrich, unless stated otherwise. Assay
enzymes (glycerol kinase from Cellulomonas sp., product code G6142; glycerol-3-phosphate oxidase
from Streptococcus thermophilus, product code G4388; horse radish peroxidase from Horseradish,
product code 77332) were purchased from Sigma Aldrich. 1-Stearoyl-2-arachidonoyl-sn-glycerol was
purchased from Cayman Chemicals.

Cloning

Full-length wild-type human DAGLa and mouse DAGLP cDNA was obtained from Source Bioscience
and cloned into pcDNA3.1 expression vectors as previously described.” Mutations were introduced
using Phusion site-directed mutagenesis kit (Thermo Fisher). Briefly, target plasmid was amplified by
PCR using two phosphorylated primers that anneal back to back to the plasmid, of which one contains
the desired mutation. The product was then circularized by blunt-end ligation with T4 DNA ligase and
transformed to XL10-Gold competent cells (prepared using E. coli transformation buffer set; Zymo
Research). Mutant plasmids were isolated using plasmid isolation kits following the supplier’s protocol
(Qiagen). All constructs were verified by Sanger sequencing (Macrogen).

Supplementary Table 1 - List of oligonucleotide sequences.

D Name Sequence D Name Sequence

[ DAGL-a_T408C_forw CCCAAGGATGCCCTGTGTGACCTGACGGGTGAT P13 DAGL-a_L531C_forw GTCCCCAGGATTGGCTGCTCTCAGCTGGAAGGC
P2 DAGL-a_T408C_rev GGACAGGGTCCCCCGGATACTGATC P14 DAGL-aL531C_rev GAGGTCTTTGCCCAGAACCACAGCA

P3 DAGL-a_H429C_forw GGCACCTGGCTGGGCTGCAAGGGTATGGTCCTC P15 DAGL-a_G536C_forw CTCTCTCAGCTGGAATGCTTCCGCAGACAGCTC
P4 DAGL-a_H429C_rev GTGGTGCCCCTCCACGGGGAGGCGC P16 DAGL-a_GS36C_rev GCCAATCCTGGGGACGAGGTCTTTG

PS5 DAGL-a_G431C_forw TGGCTGGGCCACAAGTGTATGGTCCTCTCAGCT P17 DAGL-a_L647C_forw ATCTCGCCAGCCATGTGTCATGAGCACCTGCCC
P DAGL-a_G431C_rev GGTGCCGTGGTGCCCCTCCACGGGG P18 DAGL-a_L647C_rev GATCACCTCATTGAAGGCCTTGTTG

24 DAGL-a_M432C_forw CTGGGCCACAAGGGTTGCGTCCTCTCAGCTGAG P19 DAGL-a_L651C_forw ATGCTGCATGAGCACTGTCCCTATGTGGTCATG
P8 DAGL-a_M432C_rev CCAGGTGCCGTGGTGCCCCTCCACG P20 DAGL-a_L651C_rev GGCTGGCGAGATGATCACCTCATTG

P9 DAGL-a_G502C_forw TACTCCCCGCCAGGGTGCCTGCTGAGTGAGGAT P21 DAGL-a_G658C_forw TATGTGGTCATGGAGTGTCTCAACAAGGTGCTG
P10 DAGL-a_G502C_rev GGCAAAGCACTTGAGGGTCGGATAC P22 DAGL-a_G658C_rev GGGCAGGTGCTCATGCAGCATGGCT

P11 DAGL-a_I529C_forw GACCTCGTCCCCAGGTGTGGCCTCTCTCAGCTG P23 DAGL-a_L659C_forw GTGGTCATGGAGGGGTGCAACAAGGTGCTGGAG
P12 DAGL-a_529C_rev TTITGCCCAGAACCACAGCAGTCACG P24 DAGL-a_L659C_rev ATAGGGCAGGTGCTCATGCAGCATG

Cell culture

HEK293T (human embryonic kidney) cells were obtained from ATCC and tested on regular basis for
mycoplasma contamination. Cultures were discarded after 2-3 months of use. Cells were cultured at
37 °C under 7% COz in DMEM containing phenol red, stable glutamine, 10% (v/v) heat-inactivated
newborn calf serum (Seradigm), penicillin and streptomycin (200 pug/mL each; Duchefa). Medium was
refreshed every 2-3 days and cells were passaged two times a week at 80-90% confluence. One day
prior to transfection, HEK293T cells were transferred from confluent 10 cm dishes to 15 c¢cm dishes.
Before transfection, medium was refreshed (13 mL). A 3:1 mixture of polyethyleneimine (PEl; 60
pg/dish) and plasmid DNA (20 pg/dish) was prepared in serum-free medium (2 mL) and incubated for
15 min at rt. The mixture was then dropwisely added to the cells, after which the cells were grown to
confluence in 72 h. Cells were then harvested by suspension in PBS, followed by centrifugation (200
g, 5 min). Cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C until membrane fraction
preparation.

Membrane fraction preparation

Cell pellets were thawed on ice and homogenized by polytron (20,000 rpm, 3 x 7 s; SilentCrusher S,
Heidolph) in lysis buffer A (20 mM HEPES pH 7.2, 2 mM DTT, 250 mM sucrose, 1 mM MgCl. and 25
U/mL benzonase). Suspensions were incubated on ice for 30 min to yield total lysates. For preparation
of membrane fractions, total lysates were subjected to ultracentrifugation (93,000 g, 30 min, 4 °G;
Beckman Coulter, Ti70 or Ti70.1 rotor) and pellets were homogenized in storage buffer B (20 mM
HEPES pH 7.2, 2 mM DTT) by polytron (20,000 rpm, 1 x 10 s). Protein concentrations were determined
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using Quick Start™ Bradford Protein Assay (Bio-Rad). Membrane preparations were frozen in liquid
nitrogen and stored at -80 °C until use.

PNP-butyrate hydrolysis assay

Assays were performed in 50 mM HEPES pH 7.0 in clear, flat-bottom 96-well plates (Greiner). Inhibitors
were added from 40x concentrated stock solution in DMSO. DAGLa-overexpressing membrane
preparations (10 ug per well) were incubated with inhibitor for 20 min at rt in a total volume of 190
WL. Next, 10 pL substrate solution (PNP-butyrate in 1:1 mixture of DMSO/H:0, final concentration 300
puM) was added. Absorbance at 420 nm was measured at 37 °C in 1 min intervals for 20 min on a
GENios plate reader (Tecan). Final assay concentrations: 50 ng/uL DAGLa-overexpressing membranes,
300 uM PNP-butyrate, 5% DMSO in a total volume of 200 pL. All measurements were performed in N
= 2 (individual plates), n = 2 (technical replicates on same plate) or N = 2, n = 4 for controls, with Z'
> 0.6.

SAG hydrolysis assay

Assays were performed in HEMNB buffer (50 mM HEPES pH 7.4, 1 mM EDTA, 5 mM MgClz, 100 mM
NaCl, 0.5% (w/w) BSA) in black, flat-bottom 96-well plates (Greiner). Inhibitors were added from 40x
concentrated stock solution in DMSO. A substrate solution of 1-stearoyl-2-arachidonoyl-sn-glycerol
was prepared just prior to use. The SAG stock solution (10 mg/mL in methyl acetate) was dried under
argon and subsequently taken up in 50 mM HEPES buffer (pH 7.0) + 0.75% (w/w) Triton X-100. The
substrate solution was mixed to form an emulsion and stored on ice until use. DAGLa-overexpressing
membrane preparations (10 pg per well) were incubated with inhibitor for 20 min at rt in a total volume
of 100 pL. Next, 100 pL assay mix containing monoacylglycerol lipase (MAGL), glycerol kinase (GK),
glycerol-3-phosphate oxidase (GPO), horse radish peroxidase (HRP), adenosine triphosphate (ATP),
Amplifu™Red and 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) was added. Fluorescence (Aex = 535
nm, Aem = 595 nm) was measured at rt in 5 min intervals for 60 min on a GENios plate reader (Tecan).
Final assay concentrations: 5 ng/uL MAGL-overexpressing membranes, 0.2 U/mL GK, GPO and HRP,
125 uM ATP, 10 pM Amplifu™Red, 150 pM SAG, 5% DMSO, 0.0075% (w/w) Triton X-100 in a total
volume of 200 pL. For ICso determinations, assays were performed with variable inhibitor
concentrations. For Km determinations, assays were performed with variable SAG concentrations and
fluorescence was measured at rt in 2 min intervals for 60 min on a CLARIOstar plate reader (BMG
Labtech). All measurements were performed in N = 2 (individual plates), n = 2 (technical replicates on
same plate) or N = 2, n = 4 for controls, with Z' > 0.6.

Activity-based protein profiling

Total lysates or membrane fractions (14 pL, 1.38 mg/mL) were incubated with inhibitor (0.5 pL in
DMSO, 29x concentrated stock, 20 min, rt), followed by incubation with probe MB064 or DH379 (0.5
pL in DMSO, 30x concentrated stock, 15 min, rt). Reactions were quenched with 4x Laemmli buffer (5
pL, final concentrations 60 mM Tris pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-
mercaptoethanol, 0.01% (v/v) bromophenol blue) for 15 min at rt. Samples were resolved by SDS-
PAGE on a 10% polyacrylamide gel (180 V, 75 min or 200 V, 120 min in case of DAGLa and DAGLB
mixtures). Gels were scanned using Cy3 channel settings (605/50 filter; ChemiDoc™ MP System, Bio-
Rad). Fluorescence intensity was corrected for protein loading determined by Coomassie Brilliant Blue
R-250 staining and quantified with Image Lab (Bio-Rad).

Immunoblot

Samples were resolved by SDS-PAGE and transferred to 0.2 pm polyvinylidene difluoride membranes
by Trans-Blot Turbo™ Transfer system (Bio-Rad) directly after fluorescence scanning. Membranes were
washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and blocked with 5% milk in TBS-T (50 mM Tris
pH 7.5, 150 mM Nacl, 0.05% Tween-20) for 1 h at rt. Membranes were then incubated with primary
antibody in 5% milk in TBS-T (o/n at 4 °C). Membranes were washed three times with TBS-T, incubated
with matching secondary antibody in 5% milk in TBS-T (1 h at rt) and then washed three times with
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TBS-T and once with TBS. Imaging solution (10 mL luminol in 100 mM Tris pH 8.8, 100 pL ECL enhancer,
3 pL H202) was added and chemiluminescence was detected on ChemiDoc™ MP System. Primary
antibody: monoclonal mouse anti-FLAG M2 (1:5000, Sigma Aldrich, F3156), secondary antibody: goat
anti-mouse-HRP (1:5000, Santa Cruz, sc-2005).

Data analysis, statistics and software

All shown data represent means + SEM, unless indicated otherwise. Replicates are indicated in figure
legends with N for biological and n for technical replicates, respectively. For substrate hydrolysis
assays, absorbance or fluorescence values were corrected for the average of the negative control
(mock-membranes + vehicle; or DAGL-membranes with no SAG for Michaelis-Menten experiment).
DAGLa-overexpressing (wild-type or mutant) membranes incubated with vehicle served as a positive
control. Slopes of the corrected data were determined in the linear interval. The Z'-factor for each
assay plate was calculated using the formula Z' = 1 - 3(0pc + Gnc)/(Mpc - Pnc) With o = standard deviation,
M = mean, pc = positive control and nc = negative control. Plates with Z' > 0.6 were accepted for
further analysis. For ICso determination, slopes were normalized to the positive control and analyzed
using ‘Non-linear dose-response analysis with variable slope’ (GraphPad Prism 7.0). For curves with
clear two-phase binding behavior, data were analyzed using ‘Two sites — Fit logIC50'. For Km and Vimax
determination, data were subjected to ‘Michaelis-Menten'’ fit (GraphPad Prism 7.0).

All modeling figures were rendered using Discovery Studio 2016 (BIOVIA). The design of compounds
was based on the homology model of DAGLa with compound 1, with the Leu651 residue manually
changed into a cysteine.”
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Experimental procedures - Chemistry

General information

All reactions were performed using oven- or flame-dried glassware and dry solvents. Reagents were
purchased from Sigma-Aldrich, Acros, and Merck and used without further purification unless noted
otherwise. All moisture sensitive reactions were performed under an argon atmosphere. 'H and C
NMR spectra were recorded on a Bruker AV 400 MHz spectrometer at 400.2 ("H) and 100.6 (*C) MHz
using CDCl;, MeOD or CD3CN as solvent. Chemical shift values are reported in ppm with
tetramethylsilane or solvent resonance as the internal standard (CDCls: & 7.26 for 'H, & 77.16 for 3C,
MeOD: & 3.31 for 'H, & 49.00 for 3C; CDsCN: & 1.94 for 'H, & 118.26 for *C). Data are reported as
follows: chemical shifts (8), multiplicity (s = singlet, d = doublet, dd = double doublet, td = triple
doublet, t = triplet, g = quartet, m = multiplet), coupling constants J (Hz), and integration. HPLC
purification was performed on a preparative LC-MS system (Agilent 1200 series) with an Agilent 6130
Quadruple MS detector. High-resolution mass spectra were recorded on a Thermo Scientific LTQ
Orbitrap XL. Compound purity (> 95% unless stated otherwise) was determined by liquid
chromatography on a Finnigan Surveyor LC-MS system, equipped with a C18 column. Flash
chromatography was performed using SiliCycle silica gel type SiliaFlash P60 (230-400 mesh). TLC
analysis was performed on Merck silica gel 60/Kieselguhr F254, 0.25 mm. Compounds were visualized
using KMnOs stain (K2COs (40 g), KMnOa4 (6 g) in water (600 mL)) or ninhydrin stain (ninhydrin (1.5 g)
in n-butanol (100 mL) and 3 mL acetic acid).

Synthesis of 6-phenylhexan-1-ol (6)

LiAIH4 (13.1 mL, 26 mmol) was added to dry Et2O (80 mL) at 0 °C, followed by dropwise addition of 6-
phenyl hexanoic acid (1.27 g, 6.6 mmol) in dry Et2O (10 mL). The mixture was allowed to warm to rt
and stirred for 16 h. The reaction was quenched by sequential addition of H.O (60 mL) and 1 M HCI
(60 mL) and filtered over celite. The organic layer was washed with 1 M HCI (1 x 100 mL), sat. NaHCOs
(1 x 100 mL) and brine (1 x 100 mL), dried over Na>SO4 and concentrated to obtain title compound
(1.13 g, 6.3 mmol, 97%). 'H NMR (400 MHz, CDCls): & 7.32 — 7.23 (m, 2H), 7.23 - 7.12 (m, J = 7.0, 4.4,
2.7 Hz, 3H), 3.62 (t, J/ = 6.6 Hz, 2H), 2.61 (t, 2H), 1.69 — 1.59 (m, J = 8.9, 7.7 Hz, 2H), 1.59 — 1.51 (m, 2H),
1.48 (s, TH), 1.44 — 1.30 (m, 4H). "*C NMR (101 MHz, CDCls): & 142.84, 128.50, 128.36, 125.73, 63.10,
36.00, 32.81, 31.56, 29.18, 25.73.

Synthesis of 6-phenylhexanal (7)

Oxalyl chloride (2.4 g, 19 mmol) was added to dry DCM (60 mL) at -78 °C, followed by dropwise
addition of a solution of DMSO (2.9 g, 38 mmol) in dry DCM (20 mL). The mixture was stirred for 1 h,
after which compound 6 (1.1 g, 6.2 mmol) in dry DCM (20 mL) was added dropwisely. The reaction
mixture was stirred for 1 h, followed by dropwise addition of triethylamine (8.7 mL, 62 mmol). The
mixture was allowed to warm to rt and stirred for 16 h, after which it was diluted with 1 M HCI (100
mL). Layers were separated and the aqueous layer was extracted with DCM (2 x 100 mL). Combined
organic layers were washed with brine (200 mL), dried over Na:SO4 and concentrated, yielding title
compound (1.1 g, 6.2 mmol, quant.). '"H NMR (400 MHz, CDCl3): § 9.62 (t, J = 1.6 Hz, 1H), 7.05 - 7.17
(m, 5H), 2.51 (t, J = 7.6 Hz, 2H), 2.29 (dt, J = 1.6, 7.6 Hz, 2H), 1.50 — 1.56 (m, 4H), 1.24 — 1.28 (m, 2H).
3C NMR (101 MHz, CDCls) & 202.66, 142.38, 128.37, 128.23, 125.60, 43.79, 35.69, 31.21, 28.73, 21.89.

Synthesis of 2-hydroxy-7-phenylheptanenitrile (8)

Compound 7 (600 mg, 3.4 mmol) was dissolved in THF/H20O (1:1 ratio, 100 mL) at rt, followed by
addition of KCN (2.4 g, 37 mmol). The mixture was stirred for 72 h, after which H.O (100 mL) and Et.O
(200 mL) were added and layers were separated. The aqueous layer was extracted with Et2O (2 x 100
mL). Combined organic layers were washed with sat. NaHCOs, H20 and brine (200 mL each), dried
over Na:SO4 and subsequently concentrated. The crude residue was purified by flash column
chromatography (5% = 20% EtOAc in pentane), yielding title compound (497 mg, 2.4 mmol, 72%). 'H
NMR (400 MHz, CDCl3): § 7.32 = 7.23 (m, 2H), 7.21 - 7.09 (m, 3H), 440 (t, J = 6.8 Hz, 1H), 3.15 (s, TH),
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2.60 (t, 2H), 1.86 — 1.72 (m, J = 11.4, 7.0 Hz, 2H), 1.70 - 1.57 (m, J = 15.4, 7.6 Hz, 2H), 1.57 - 1.44 (m,
2H), 1.44 - 1.30 (m, J = 11.1, 8.9, 4.8 Hz, 2H). *C NMR (101 MHz, CDCls): § 142.44, 128.47, 128.39,
125.82, 120.19, 61.23, 35.76, 35.06, 31.18, 28.55, 24.47.

Synthesis of 1-(6-nitrobenzo[d]oxazol-2-yl)-6-phenylhexan-1-ol (9a)

Acetyl chloride (2.8 mL, 40 mmol) was dissolved in dry EtOH/CHCI3 (1:1 ratio, 4 mL) at 0 °C and stirred
for 45 min, followed by dropwise addition of compound 8 (250 mg, 1.2 mmol) dissolved in dry CHCl3
(2 mL). The mixture was stirred until completion monitored by TLC, after which it was allowed to warm
to rt and subsequently concentrated in vacuo at 25 °C. The crude imidate intermediate was
coevaporated with toluene (3 x 5 mL) and dissolved in dry EtOH (2 mL). Meanwhile, 2-amino-5-
nitrophenol (208 mg, 1.4 mmol) and pyridine (107 pL, 1.3 mmol) were dissolved in dry EtOH (5 mL)
and the mixture was stirred at 80 °C for 30 min, followed by dropwise addition of the imidate solution.
The mixture was stirred at 80 °C for 16 h and concentrated. The crude residue was purified by flash
column chromatography (10% = 20% EtOAc in pentane), yielding title compound as a mixture with
2-amino-5-nitrophenol, which was used as such in the next step (approximately 30% vyield based on
NMR).

Synthesis of 1-(6-aminobenzo[d]oxazol-2-yl)-6-phenylhexan-1-ol (10a)

The mixture containing compound 9a was dissolved in degassed EtOAc (50 mL), followed by addition
of PtO2 (13 mg, 0.06 mmol). The mixture was stirred under Hz atmosphere for 16 h at rt, after which it
was filtered over celite and concentrated to obtain title compound (62 mg, 0.20 mmol, 17% over 2
steps). 'TH NMR (400 MHz, CDCls): § 7.38 (d, J = 8.5 Hz, 1H), 7.30 - 7.19 (m, 3H), 7.19 - 7.06 (m, / = 8.9
Hz, 3H), 6.74 (d, J = 1.7 Hz, 1H), 6.62 (dd, J = 8.4, 1.9 Hz, 1H), 4.86 (t, / = 7.1, 5.9 Hz, 1H), 2.57 (t, J =
15.3, 7.7 Hz, 2H), 2.00 — 1.85 (m, 2H), 1.59 (quint, J = 15.1, 7.5 Hz, 2H), 1.53 — 1.40 (m, 2H), 1.40 — 1.31
(m, 2H).

Synthesis of N-(2-(1-hydroxy-6-phenylhexyl)benzo[d]oxazol-6-yl)acrylamide (11a)

Compound 10a (60 mg, 0.19 mmol) was dissolved in dry DCM (10 mL) and cooled to 0 °C, followed
by addition of DIPEA (33 pL, 0.19 mmol). Next, acryloyl chloride (17 mg, 0.19 mmol) in dry DCM (2 mL)
was dropwisely added and the mixture was stirred until completion monitored by TLC. The reaction
was quenched by addition of H20 (10 mL) and layers were separated. The aqueous layer was extracted
with DCM (3 x 10 mL), combined organic layers were dried over Na:SOs4 and subsequently
concentrated at 25 °C, yielding title compound (69 mg, 0.19 mmol, quant.). 'H NMR (400 MHz, MeOD):
6832 (d,/J=1.2Hz 1H), 7.94 (d, J = 13.2 Hz, TH), 7.64 (d, 1H), 7.45 (dd, J = 8.6, 1.7 Hz, TH), 7.28 - 7.21
(m, 2H), 7.20 - 7.10 (m, 3H), 6.48 (qd, J = 16.9, 5.9 Hz, 4H), 5.83 (dd, J = 9.4, 2.3 Hz, 1H), 4.89 (t, / = 6.8
Hz, 1H), 2.60 (t, J = 7.6 Hz, TH), 2.05 - 1.92 (m, 1H), 1.69 — 1.60 (m, J = 14.8, 7.5 Hz, 2H), 1.59 - 1.50 (m,
2H), 1.40 (ddd, J = 20.9, 10.3, 6.2 Hz, 2H).

Synthesis of N-(2-(6-phenylhexanoyl)benzo[d]oxazol-6-yl)acrylamide (3)

Compound 11a (81 mg, 0.24 mmol) was dissolved in DCM (8 mL), followed by addition of Dess-Martin
periodinane (164 mg, 0.39 mmol). The mixture was stirred for 16 h at rt, after which sat. NaHCOs (5
mL) and 1 M NazS:0s (5 mL) were added, followed by stirring for 1 h. The aqueous layer was extracted
with DCM (3 x 10 mL) and the combined organic layers were washed with sat. NaHCOs and brine (both
30 mL). The organic layers were dried over Na2SOsand concentrated at 25 °C. The crude residue was
purified by flash column chromatography (10% - 50% EtOAc in pentane), yielding title compound
(69 mg, 0.19 mmol, 79%). HRMS (ESI+) m/z: calculated for Ca2H22N203 ([M+H]): 363.17032, found:
363.17039. "H NMR (400 MHz, CDCl3): & 8.33 (s, 1H), 7.92 (s, 1H), 7.79 (d, J = 8.7 Hz, 1H), 7.48 (dd, J =
8.7, 19 Hz, 1H), 7.33 = 7.22 (m, 3H), 7.21 — 7.07 (m, 3H), 6.50 (dd, J = 16.8, 1.1 Hz, 1H), 6.34 (dd, J =
16.8, 10.2 Hz, 1H), 5.83 (dd, J = 10.2, 1.1 Hz, 1H), 3.20 (t, J/ = 7.4 Hz, 2H), 2.63 (t, 2H), 1.92 - 1.76 (m, J
=15.2, 7.5 Hz, 2H), 1.76 = 1.64 (m, J = 15.5, 7.6 Hz, 2H), 1.52 — 1.43 (m, 2H). *C NMR (101 MHz, CDCls):
6190.12, 163.84, 157.63, 151.44, 142.57, 138.67, 137.05, 130.85, 128.96, 128.54, 128.41, 125.82, 122.38,
118.58, 103.32, 39.51, 35.85, 31.32, 28.86, 23.86.
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Synthesis of 1-(5-nitrobenzo[d]oxazol-2-yl)-6-phenylhexan-1-ol (9b)

The title compound was synthesized from 2-hydroxy-7-phenylheptanenitrile (8, 200 mg, 0.98 mmol)
according to the procedure described for compound 9a. The crude residue was purified by flash
column chromatography (0% - 40% EtOAc in pentane), yielding title compound (214 mg, 0.63 mmol,
64%). '"H NMR (400 MHz, CDCls): & 8.54 (d, J = 2.2 Hz, 1H), 8.26 (dd, J = 9.0, 2.3 Hz, 1H), 7.60 (d, J =
9.0 Hz, 1H), 7.29 - 7.18 (m, 2H), 7.18 — 7.09 (m, 3H), 5.03 (t, / = 7.6, 5.4 Hz, 1H), 2.58 (t, 2H), 2.10 - 1.94
(m, 2H), 1.67 — 1.58 (m, J = 15.3, 7.5 Hz, 2H), 1.58 — 1.45 (m, 2H), 1.45 — 1.33 (m, 2H). *C NMR (101
MHz, CDCls): & 171.29, 154.16, 145.26, 142.43, 140.88, 128.34, 128.25, 125.66, 121.32, 116.29, 111.13,
67.89, 35.78, 35.31, 31.25, 28.88, 24.92.

Synthesis of 1-(5-aminobenzo[d]oxazol-2-yl)-6-phenylhexan-1-ol (10b)

The title compound was synthesized from 7-(5-nitrobenzo[d]oxazol-2-yl)-6-phenylhexan-1-ol (9b, 214
mg, 0.63 mmol) according to the procedure described for compound 10a, yielding title compound
(195 mg, 0.63 mmol, quant.). "H NMR (400 MHz, CDCls): 6 7.30 - 7.18 (m, 3H), 7.18 - 7.07 (m, 3H), 6.90
(d, J =22 Hz 1H), 6.62 (dd, J = 8.6, 2.3 Hz, 1H), 4.86 (t, / = 7.4, 5.6 Hz, 1H), 3.83 (s, 1H), 2.56 (t, 2H),
2.20 - 1.70 (m, 2H), 1.64 — 1.53 (m, J = 15.8, 7.9 Hz, 2H), 1.52 — 1.40 (m, J = 15.4, 9.2, 3.8 Hz, 2H), 1.40
- 1.30 (m, 2H). 3C NMR (101 MHz, CDCls): & 168.54, 144.71, 143.74, 142.70, 141.40, 128.46, 128.32,
125.69, 113.79, 110.89, 105.15, 67.98, 35.87, 35.47, 31.34, 29.01, 24.97.

Synthesis of N-(2-(1-hydroxy-6-phenylhexyl)benzo[d]oxazol-5-yl)acrylamide (11b)

The title compound was synthesized from 7-(5-aminobenzo[d]oxazol-2-yl)-6-phenylhexan-1-ol (10b,
43 mg, 0.14 mmol) according to the procedure described for compound 11a, yielding title compound
(50 mg, 0.14 mmol, quant.). '"H NMR (400 MHz, CDCls): & 8.24 (s, 1H), 7.77 (s, 1H), 7.59 (d, J/ = 8.1 Hz,
1H), 7.35(d, J = 8.8 Hz, 1H), 7.30 — 7.20 (m, 2H), 7.20 - 7.09 (m, 3H), 6.43 (dd, J = 16.9, 1.0 Hz, 1H), 6.27
(dd, J = 16.9, 10.2 Hz, 1H), 5.72 (dd, J = 10.2, 1.2 Hz, 1H), 4.91 (dd, J = 7.4, 5.5 Hz, TH), 3.31 (s, TH), 2.07
—1.85 (m, TH), 1.66 — 1.55 (m, 2H), 1.52 — 1.43 (m, 2H), 1.41 - 1.33 (m, J = 16.7, 10.2, 3.2 Hz, 2H). '3C
NMR (101 MHz, CDClz): & 169.04, 164.09, 147.72, 142.67, 140.50, 134.86, 128.19, 77.48, 77.16, 76.84,
35.91, 35.48, 31.37, 29.02, 24.98.

Synthesis of N-(2-(6-phenylhexanoyl)benzo[d]oxazol-5-yl)acrylamide (2)

The title compound was synthesized from N-(2-(7-hydroxy-6-phenylhexyl)benzo[d]oxazol-5-
yDacrylamide (11b, 32 mg, 0.09 mmol) according to the procedure described for compound 3. The
crude residue was purified by flash column chromatography (0% - 100% EtOAc in pentane), yielding
title compound (24 mg, 0.07 mmol, 75%). HRMS (ESI+) m/z: calculated for Cz22H22N203 ([M+H]):
363.17032, found: 363.17039. "H NMR (400 MHz, CDCl3/MeOD): 6 8.37 (d, J = 1.8 Hz, 1H), 7.76 (dd, J
= 8.9, 2.1 Hz, TH), 7.63 (d, J = 8.9 Hz, TH), 7.51 (s, 1H), 7.26 (dd, J = 10.1, 4.6 Hz, 2H), 7.21 - 7.10 (m,
3H), 6.45 (s, TH), 6.43 (d, J = 1.8 Hz, 1H), 5.80 (dd, J = 6.7, 5.0 Hz, 1H), 3.22 (t, J = 7.4 Hz, 2H), 2.65 (t, J
= 7.7 Hz, 2H), 1.94 - 1.77 (m, 2H), 1.71 (dt, J = 15.4, 7.6 Hz, 2H), 1.58 — 1.42 (m, 2H).

Synthesis of 2-bromo-N-(2-(1-hydroxy-6-phenylhexyl)benzo[d]oxazol-5-yl)acetamide (5)
Compound 10b (50 mg, 0.16 mmol) was dissolved in dry DCM (5 mL) and cooled to 0 °C, followed by
addition of DIPEA (28 pL, 0.16 mmol). Next, bromoacetyl bromide (32.5 mg, 0.16 mmol) in dry DCM
(1 mL) was dropwisely added and the mixture was stirred until completion monitored by TLC. The
reaction was quenched by addition of H2O (10 mL) and layers were separated. The aqueous layer was
extracted with DCM (3 x 10 mL), combined organic layers were dried over Na.SO4 and subsequently
concentrated at 25 °C, yielding title compound (53 mg, 0.12 mmol, 76%). '"H NMR (400 MHz, CDCls):
6 8.53 (s, 1H), 7.85 (s, 1H), 7.46 — 7.37 (m, 2H), 7.31 = 7.20 (m, J = 9.8, 6.9 Hz, 2H), 7.20 - 7.10 (m, 3H),
4.93 (dd, J = 7.4, 5.4 Hz, 1H), 4.02 (s, 2H), 2.58 (t, J = 14.3, 6.8 Hz, 2H), 2.12 - 1.88 (m, 2H), 1.74 - 1.54
(m, J = 11.3, 5.6 Hz, 2H), 1.54 — 1.43 (m, 2H), 1.44 — 1.32 (m, 2H). 3C NMR (101 MHz, CDCl3): & 169.22,
164.27, 148.09, 142.63, 140.75, 133.95, 128.47, 128.34, 125.73, 118.74, 112.31, 110.96, 68.08, 35.89,
35.48, 31.34, 29.58, 28.99, 24.93.
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Synthesis of 2-bromo-N-(2-(6-phenylhexanoyl)benzo[d]oxazol-5-yl)acetamide (4)

The title compound was synthesized from 2-bromo-N-(2-(1-hydroxy-6-phenylhexyl)benzo[d]oxazol-5-
ylacetamide (5, 30 mg, 0.07 mmol) according to the procedure described for compound 3. The crude
residue was purified by flash column chromatography (0% - 50% EtOAc in pentane), yielding title
compound (22 mg, 0.05 mmol, 88%). HRMS (ESI+) m/z: calculated for Ca1H21BrN2Os ([M+H]):
429.08083, found: 429.08082. 'H NMR (400 MHz, CDsCN): & 8.98 (s, 1H), 8.25 (d, J = 1.9 Hz, 1H), 7.68
(dt, J = 8.9, 5.5 Hz, 2H), 7.35 - 7.13 (m, 5H), 4.03 (s, 2H), 3.20 (t, J = 7.3 Hz, 2H), 2.70 — 2.61 (m, 2H), 1.87
- 1.74 (m, 2H), 1.69 (dt, J = 15.5, 7.6 Hz, 2H), 1.54 — 1.39 (m, 2H). *C NMR (101 MHz, CDsCN): & 190.06,
165.07, 158.33, 147.36, 142.78, 140.80, 136.21, 128.38, 128.25, 125.61, 121.34, 112.49, 111.94, 39.03,
35.25, 31.14, 29.56, 28.34, 23.18.
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Supplementary Data
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Supplementary Figure 5.1 — Dose-response curves of synthesized compounds on DAGL&"'" and mutants. All data
were obtained using the PNPB hydrolysis assay (N = 2, n = 4 for vehicle, N = 2, n = 2 for inhibitor-treated).
Corresponding plCso-values can be found in Table 5.1. Data represent means + SEM.
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Supplementary Figure 5.2 — Biphasic binding behavior of compound 4 on DAGLa*%5' is not pH-dependent nor
affected by reducing agents. (A) Relative DAGLa®>'C activity in buffer of different pH-values. (B) Dose-response curve
of 4 at different pH-values. (C) Relative DAGLA®'C activity upon treatment with various reducing agents (20 mM, 30
min, 37 °C). (D) Dose-response curve of compound 4 after pre-incubation with reducing agents as in panel B. All data
was obtained using PNPB hydrolysis assay (N = 2, n = 4 for vehicle, N = 2, n = 2 for inhibitor-treated) and represent
means + SEM.
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Supplementary Figure 5.3 — Optimization of ABPP on DAGLo/DAGLP mixtures. Membranes overexpressing DAGLx
or DAGL (2 mg/mL) were mixed in various ratios and incubated with DH379 (1 uM, 15 min, rt). DAGLa band marked
with asterisk corresponds to a previously reported degradation product.”
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Chapter 6

Introduction

Lipid metabolism is a tightly regulated cellular process involving enzymes responsible for
spatiotemporal lipid biosynthesis and degradation. Homeostasis of lipids is often
dysregulated in disease, for example in (auto-)immune disorders and cancer.'
Monoacylglycerol lipase (MAGL) is a membrane-associated serine hydrolase responsible
for breakdown of monoacylglycerols into free fatty acids (FFAs) and glycerol. The enzyme
employs a serine-histidine-aspartate catalytic triad to cleave the ester bond of
monoacylglycerols, whereas it is unable to hydrolyze di- or triacylglycerols.#> Structurally,
MAGL possesses a typical o/p hydrolase fold, composed of a central B-sheet flanked on
both sides by eight a-helices.® Access to the active site is probably regulated by a
hydrophobic lid domain that allows the enzyme to adopt either an open or closed
conformational state.” The open conformation presumably allows association to the
membrane and recruitment of its substrate, after which the lid domain closes and MAGL
dissociates.®

MAGL was initially discovered as the main enzyme responsible for degradation of
the endocannabinoid 2-arachidonoylglycerol (2-AG) in the brain (Figure 6.1).° The signaling
lipid 2-AG is an endogenous ligand of the cannabinoid (CB) 1 and 2 receptors, which are
involved in various physiological processes, such as appetite, pain, emotion and energy
homeostasis.'® Hydrolysis of 2-AG by MAGL terminates CB receptor activation and
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MAGL —_ Pro-inflammatory lipids
-|— ——  (PGE2, PGD2, TXA2, ...)
Inhibition
CB receptor-independent
¥ Inflammation
" N . " .
2-Arachidonoylglycerol # Neuroprotection Arachidonic acid
(2-AG) CB receptor-dependent (AA)
¥ Inflammation
¥ Nociception
¥ Anxiety
¥ Withdrawal effects
{ Stress & depression
B

9 o
Lo mms e oo tumarigenicpis
© ‘|’ OH ——  (PGE2, LPA, ..)

Inhibition
Monoacylglycerol ¥ Tumorigenesis Free fatty acid
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Figure 6.1- Monoacylglycerol lipase is a central player in biosynthesis of free fatty acids from monoacylglycerols.
(A) MAGL is the main enzyme responsible for degradation of 2-arachidonoylglycerol (2-AG) into arachidonic acid (AA)
in the brain. Inhibition of MAGL results in neuroprotection and reduced inflammation due to lowered cellular pools of
AA, which is a precursor for pro-inflammatory lipids such as prostaglandins E2/D2 (PGE2/PGD2) and thromboxane A2
(TXA2). In addition, MAGL inhibition prolongs 2-AG-mediated CB receptor signaling, resulting in various CB receptor-
dependent physiological effects. (B) Free fatty acids (FFAs) produced by hydrolysis of monoacylglycerols (MAGs) by
MAGL are precursors for pro-tumorigenic lipids such as PGE2 and lysophosphatidic acid (LPA). Inhibition of MAGL
results in lower cellular FFA pools and reduces tumorigenesis and cancer cell migration.
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liberates free arachidonic acid (AA). In turn, AA is a precursor of pro-inflammatory
eicosanoids such as prostaglandins.3"!

More recently, MAGL was found to also be highly expressed in various aggressive
human cancer cells and primary tumors in comparison with nonaggressive counterparts.'
MAGL probably contributes to the cancer pathogenesis via multiple mechanisms by
directly increasing de novo synthesis of FFAs, making tumor cells less dependent on lipid
uptake from the extracellular environment.>'3 FFAs are required for the biosynthesis of cell
membranes and pro-tumorigenic signaling molecules, such as lysophosphatidic acid (LPA)
and prostaglandin E2 (PGE2).'2'4 In addition, FFAs can be used as a direct energy source,
for example by beta-oxidation in the mitochondrial matrix to generate ATP.'>

The central role of MAGL in lipid metabolism makes it a potential therapeutic
target for a variety of disorders. Recently, the irreversible MAGL inhibitor ABX-1431,
developed by Abide Therapeutics, has shown promising data in Phase 1 clinical studies in
patients with Tourette syndrome.’®'” In addition, pharmacological inhibition of MAGL
showed beneficial effects in various inflammation-related disease models, such as
amyotrophic lateral sclerosis (ALS)'8, multiple sclerosis (MS)'® and Parkinson’'s and
Alzheimer's disease.’® MAGL inactivation also exerts CB1R-dependent anti-nociceptive
effects®’, reduces anxiety??, attenuates withdrawal symptoms in drug addiction® and
ameliorates stress and depression in mouse models.?* Finally, inhibition of MAGL reduced
cancer cell migration, invasion and survival®®, and slowed tumor growth.126

Most reported MAGL inhibitors have an irreversible mode of action, forming a
covalent complex after nucleophilic attack by the catalytic serine. As therapeutics,
irreversible inhibitors can have several benefits, such as increased potency and a long
residence time that can drive pharmacological efficacy. Furthermore, irreversible binders
may have an advantageous pharmacodynamics profile, since no excessive circulating levels
of inhibitor are required to maintain target engagement.?’” On the other hand, the
irreversible mode of action may also have several drawbacks. Idiosyncratic drug-related
toxicity remains a point of concern, either by formation of reactive drug metabolites with
poorly predictable effects or by haptenization of covalent inhibitor-enzyme adducts that
may trigger an immune response.?®2% In case of MAGL inhibition specifically, chronic
exposure to irreversible inhibitor JZL184 resulted in pharmacological tolerance,
development of physical dependence, impaired synaptic plasticity and receptor
desensitization in the nervous system.3031

The question thus rises whether inhibition of MAGL by reversible binders may
avoid these undesirable side-effects. However, most described MAGL inhibitors have an
irreversible mode of action and compounds that target MAGL in a reversible manner are
currently underrepresented.'®3? In addition, most compounds lack potency, selectivity or
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the right physicochemical properties for use in in vivo studies. Therefore, it is of great
relevance to identify novel chemotypes to reversibly inhibit MAGL.

Here, the optimization and miniaturization of a biochemical activity assay for
MAGL is described, which was subsequently applied in a high-throughput screen on
233,820 unique compounds within the Cancer Drug Discovery Initiative (CDDI). Hit
validation was performed using an orthogonal gel-based activity-based protein profiling
assay, ultimately resulting in qualified hits that constitute starting points for the
development of novel, reversible MAGL inhibitors.

Results
Assay setup and optimization

Although widely used in high-throughput screening assays for their ease of detection,
surrogate substrates generally have an attenuated binding affinity for the enzyme active
site compared to physiologically relevant natural substrates. This may lead to distorted
results when determining inhibitor potency. For this reason, a MAGL activity assay was set
up and optimized employing its natural substrate 2-AG.33 Glycerol production from 2-AG
by MAGL is coupled to the generation of a fluorescent signal using an enzymatic cascade
reaction (Figure 6.2A).> The continuous assay setup and fluorescence readout in multi-well
plates ensures HTS compatibility.
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Figure 6.2 — MAGL activity assay setup and optimization in 96-well plate format. (A) Hydrolysis of 2-AG by MAGL
is linked to the production of a fluorescent signal via an enzymatic cascade reaction. Liberated glycerol is
phosphorylated by glycerol kinase (GK), followed by oxidation to dihydroxyacetone phosphate and hydrogen peroxide
using glycerol-3-phosphate oxidase (GPO). The produced hydrogen peroxide is used by horse radish peroxidase (HRP)
to oxidize Amplifu™Red to fluorescent resorufin. (B) Time course of 2-AG hydrolysis by MAGL, as measured by resorufin
fluorescence. (C, D) Glycerol production by MAGL as function of protein (C) or substrate (D) concentration. Data shown
are means + SEM (N =2, n=2).
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First, full-length human MAGL was transiently overexpressed in HEK293T cells,
after which membrane fractions were isolated. Cells transfected with empty vector (mock)
served as a control for background fluorescence from 2-AG hydrolysis by endogenous
hydrolases in these cells. Membranes were incubated with assay mix containing 2-AG and
components required for the enzymatic cascade reaction. Assays were initially performed
in 96-well plates in a total volume of 200 pL. A time-dependent increase in fluorescence
was observed, which was reduced to mock-levels upon pre-incubation with MAGL inhibitor
JZL184 (Figure 6.2B). The measured glycerol production rates were dependent on the used
protein concentration, with a linear range up to 10 pg/mL (Figure 6.2C). In a similar fashion,
reaction rates were measured at various concentrations of 2-AG (Figure 6.2D), resulting in
a Vmax of 138 £ 9 nmol/mg/min and an apparent Ky of 12 £ 3 uM, which is in line with a
previous report using the same assay setup.34

Next, the assay was miniaturized to 384-well format in a reaction volume of 30
pL. Using a two-fold increase in protein concentration (from 1.5 to 3 ng/uL in 96- to 384-
well format, respectively), similar reaction progression curves were observed as in 96-well
format (Figure 6.3A). Under these assay conditions, MAGL activity is dose-dependently
inhibited by MAGL inhibitor JZL184 with a plCsp of 7.6 + 0.05 (Figure 6.3B), which is in the
same nanomolar range as previously reported.3 Assay conditions were sufficiently robust
for further miniaturization, as reflected by decent Z'-factors (> 0.6) and S/B ratios (> 5).
Intra-assay variability was assessed by measuring the reaction rates of 64 individual
positive and negative control samples in a single plate, resulting in a coefficient of variation
of 6.6% and 7.5% respectively.
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Figure 6.3 — Miniaturization of MAGL activity assay to 384-well plate format. (A) Time course of 2-AG hydrolysis by
MAGL, as measured by resorufin fluorescence. (B) Dose-response curve of MAGL inhibitor JZL184. (C) Intra-assay
variability plot. Solid lines represent the mean of individual data points (Upc/pnc); dashed lines represent u + 30. (D)
Assay performance parameters. S/B: signal to background; CV: coefficient of variation. Data shown are means + SEM
(n = 64 for A-C; N = 2, n = 2 for B).

Within the Cancer Drug Discovery Initiative, the assay was then further
miniaturized to 1536-well format. The assay reaction volume was further reduced to 4 pyL
and protein concentrations were increased to 9 ng/uL to improve the S/B ratio. In addition,
the assay buffer was supplemented with 0.03% (w/w) Tween-20 to improve assay
performance. End point instead of kinetic measurements were performed to simplify the
data analysis process. Validation runs demonstrated that the assay was sufficiently
reproducible and robust for use in a HTS campaign.
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High-throughput screening

In total, 233,820 compounds were screened in the optimized 1536-well assay, divided over
two days. Assays were performed at a single dose of 10 uM inhibitor with 30 min pre-
incubation. Screening quality was assessed by calculating the Z'-factor (Figure 6.4A) and
S/B ratio (Figure 6.4B) for each of the 188 individual plates. Plates measured on day 2
showed better overall performance than those measured on day 1, but all plates met the
requirement of Z'-factor >0.6. All screened compounds were categorized by percentage
MAGL inhibition (Figure 6.4C) and the 1,555 compounds showing > 50% inhibition at 10
MM were designated as primary assay hits, corresponding to a hit rate of 0.67% (Table 6.1).
Using a nearest neighbor clustering model, potential false negatives were added to the hit
list, resulting in a number of 4,389 compounds. Active confirmation was then performed
on these compounds using the exact same assay conditions, resulting in a list of confirmed
actives of 1,142 compounds. Subsequently, a deselection assay was performed using
glycerol instead of 2-AG as the substrate. This deselection assay aims to exclude false
positives, for example compounds that interfere with the assay setup. This is particularly
relevant in case of an enzymatic cascade assay, since inhibition of either of the enzymes
downstream of MAGL will result in a reduced fluorescent signal. After deselection, the
remaining 334 compounds were further reduced to 146 compounds by applying a more
stringent criterion of >60% inhibition at 10 uM in the primary assay. Subsequently,
structures were examined and compounds with an apparent irreversible mode of action
were excluded at this stage, as well as those with poor physicochemical properties or
protection by intellectual property. This triage process resulted in a qualified hit list of 50
compounds of which chemical structures were disclosed.
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Figure 6.4 — High throughput screen overview of assay quality and hits. (A, B) Screen quality assessed by Z'-factor
(A) and S/B ratio (B) for each individual 1536-well plate. Plates 1-46 were measured on day 1, plates 47-188 on day 2.
(C) Overview of screened compounds categorized by percentage MAGL inhibition at 10 uM.
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Table 6.1 - High-throughput screen triage process. Criteria and cut-offs used at each step are indicated. DRC: dose-
response curve, ABPP: activity-based protein profiling.

Remaining Criteri % of
riterion
compounds total
Complete screen 233,820 - 100%
Primary assay hits 1,555 > 50% inhibition at 10 uM 0.67%
0 Clustering algorithm; o,
Nearest neighbors 4389 < 50% inhibition at 10 uM 1.88%
PO
Active confirmation| 1,142 z 5047 mhlbm(.m at 10 um 0.49%
in confirmation assay
P
Deselection 334 <10% |nh|bltlon on glycerol 0.14%
conversion at 10 uM
Stringency| 146 > 60% inhibition at 10 yM 0.06%
e 111 Chenjuca\ eye, mode of action, 0.05%
intellectual property
DRC | 50 1C5y, no time dependence 0.02%
> 25% inhibition at 10 pM o
Orthogonal assay 7 in ABPP assay 0.003%

Within the qualified hit list, 9 clusters of different chemotypes could be
distinguished (Table 6.2), many of which contained piperidine or piperazine structural
motifs. Of note, the clusters of benzoxazine derivatives 1-6 and piperazine amide 34 were
already previously reported as MAGL inhibitors.3® Many identified clusters, such as
benzoxazine derivatives 1-6, imidazopiperidines 13-16, naphtyl amides 20-28, phenyl
thiazoles 29-30 and piperidine amides 31-33, all possess favorable physicochemical
properties (MW <500 g/mol, cLogP <5).37 Other clusters, however, such as the (fused)
imidazopyridines 9-12 and 17-19 have higher cLogP values and therefore overall lower
LipEs. The tPSA of nearly all compounds is <90 A% which is the generally accepted upper
limit for molecules to cross the blood-brain barrier, except for carbamate 7, singletons 35
and 40 and sulfonamides 47 and 48. All qualified hits were measured in dose-response
experiments and plCso values were determined at various time points. No clear time-
dependent inhibition, indicative of an irreversible mode of action, was observed for any of
the compounds. The hit plCso values ranged from 4.7 to 6.9 (Table 6.2).
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Table 6.2 — Qualified hit list. Hits are clustered by chemotype. Purity (> 90%) and mass were confirmed by LC-MS.
Deviations from expected mass are shown as AMW. plCs, values were determined in end point measurement after 45
min. Percentages inhibition in orthogonal ABPP assay are relative to vehicle-treated controls. Physicochemical
properties (cLogP, tPSA, HBD, HBA) were calculated using ChemDraw Professional 16.0. MW: molecular weight; tPSA:
topological polar surface area; HBD: number of hydrogen bond donors; HBA: number of hydrogen bond acceptors;
LipE: lipophilic efficiency (LipE = plCso primary assay — cLogP); LE: ligand efficiency (LE = 1.4 x pICso/N where N = number
of non-hydrogen atoms). + A mass discrepancy of 16 Da that may indicate an under-oxidized analog of the intended

compound.
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Table 6.2 — Qualified hit list (continued).

st ent stuct MW Confirmed Confirmed AmMw P'C%0 '"'::::‘" rogp PP wED HEA Lot L
uster ntry ructure ©a) purity mass ©a) Pmay elogP o) ipl
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Table 6.2 — Qualified hit list (continued).

PICso

Inhibition

Mw fil fil AMW tPSA
Cluster Entry Structure B, Conunrrimed co':“::s‘e‘ ) primary  ABPP  clogP " HBD HBA LipE LE
purity assay assay (%) &
H
N
Phenyl thiazole 29 OZQD\[N on 308 Yes Yes - 58 1 296 617 2 3 29 037
B
S
ar°
S o
Phenyl thiazole 30 4 391 Yes No +15 59 1 312 618 1 3 28 030
O/WN/\©
H
o
Nj/\)kN
Piperidine amide 31 N/ 382 No Yes - 56 49 343 571 1 4 22 027
|
NH
N
. L N CI ¢ N
Piperidine amide 32 SJ)L 465 Yes Yes - 56 16 393 529 1 4 17 026
OH
.
o
Cl N
A N " .
Piperidine amide 33 C‘Oo"ﬁ’ OAO 401 Yes Yes 58 5 213 621 1 4 37 033
OGPt
Singleton 34 o “()N 326 No Yes - 56 Kl 297 530 1 4 26 033
\©\OH
Singleton 35 To be disclosed 490 Yes No A6t 62 8 309 1358 0 6 31 026
o
(\NXN
Singleton 36 v 325 Yes Yes - 55 -6 339 48 1 3 21 03
o :
_N__NH,
9
~
Singleton 37 H"DN.N, S L. w0 Yes Yes . 55 18 429 752 2 7 12 026
cl
ax
N
Singleton 38 Ho]@/\)\ 356 Yes Yes - 55 12 408 731 2 4 15 029
HO'
N
Singleton 39 I Ns o 413 Yes Yes - 47 3 559 678 1 3 09 023
NH 4
o o
\
N-N o
<50
Singleton 40 Q NNy 400 No Yes - 57 2 318 1063 4 6 25 026
HO
{
Y\'Q/O
Singleton M U ° an 449 Yes Yes - 60 6 329 739 2 5 27 025
)
\OF
\
[ G
Singleton 42 QN ) : 428 No Yes - 55 7 294 499 0 9 26 028
s’
o FF
Cl
Singleton 43 N(‘ "\> 155 Yes No +205 57 0 12 512 0 4 68 080
N N

130



A natural substrate activity assay for high-throughput screening on MAGL

Table 6.2 — Qualified hit list (continued).

1C. Inhibiti

MW  Confirmed Confirmed amw P s [mnibition PSA

Cluster Entry Structure (0a) i mass (Da) primary  ABPP  clLogP A2
purity assay  assay (%) )

HBD HBA LipE LE

Singleton 44 5j\ﬁ/\© 238 Yes Yes - 60 62 316 244 1 2 29 o047
2N
0\
Cl ¢
Singleton 45 W’QB 389 Yes Yes - 59 46 432 586 1 3 16 034
e
HN

o

Moo o
X SN H\)L
Sulfonamide 46 c;’\@/ N 406 Yes Yes - 55 18 320 877 2 5 23 027
3

W ©
N\)LN
Sulfonamide 47 o, H 407 No Yes - 6.1 -7 194 1140 2 6 42 031
PN ™o
I ° ‘

/9
0N N N-S cl
NI

F

FF
o
Sulfonamide 49 Q WNQ 338 Yes Yes - 6.9 32 154 665 1 3 53 042
>LN’\5\‘0

0 N
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N
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Hit validation by orthogonal ABPP assay

Next, the qualified hits were tested in an orthogonal gel-based competitive activity-based
protein profiling (ABPP) assay on mouse brain membrane proteome. The used probe, FP-
TAMRA, is a broad-spectrum probe that targets a wide range of serine hydrolases including
the endocannabinoid hydrolases MAGL, fatty acid amide hydrolase (FAAH) and alpha/beta
hydrolase domain-containing protein 6 (ABHD®6). Remarkably, in an initial competitive
ABPP assay using standard labeling conditions (500 nM FP-TAMRA, 15 min incubation), no
significant inhibition was observed for any of the compounds (data not shown). This is
probably due to the irreversible mode of action of probe FP-TAMRA, resulting in rapid
outcompetition of reversible inhibitors. This was addressed by reducing probe
concentration and incubation time (100 nM FP-TAMRA, 10 min incubation), resulting in 7
compounds showing >25% inhibition at 10 pM under these conditions (Figure 6.5A, 6.5C,
Table 6.2, Supplementary Figure 6.1). Interestingly, some chemotypes (benzoxazine
derivatives 1-6 and naphtyl amides 20-28) showed decent inhibition in the primary assay
but were ineffective in the ABPP assay. A correlation between inhibitor potency in the
primary substrate-based assay and orthogonal ABPP assay was observed for all
compounds except 49, which was the most potent hit in the primary assay but showed
poorest inhibition in the ABPP assay (Figure 6.5B). At this point, compound purity and mass
were analyzed by LC-MS, which revealed that 14 of the 50 qualified hits were <90% pure
and 9 compounds differed in mass. Of note, the most potent inhibitor identified by ABPP
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(compound 35) showed a mass discrepancy of 16 Da, which might indicate that this may
be an under-oxidized analog of the intended compound.

Competitive ABPP is a powerful technique to obtain an initial selectivity profile of
the qualified hits. Most tested compounds showed good selectivity profiles on the mouse
brain membrane proteome at 10 uM (Figure 6.5A). However, 7 compounds showed >25%
inhibition of FAAH, the endocannabinoid hydrolase responsible for degradation of the
endocannabinoid anandamide (Figure 6.5D). Direct comparison of MAGL versus FAAH
labeling profiles (Figure 6.5E) revealed that compound 35 is the most potent MAGL
inhibitor and selective over FAAH at 10 pM, making it an interesting candidate for further
hit optimization.
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Figure 6.5 — Hit validation and selectivity assessment in orthogonal activity-based protein profiling (ABPP) assay.
(A) Competitive ABPP assay on mouse brain membrane proteome using FP-TAMRA. Proteome was pre-incubated with
inhibitor (10 uM, 30 min), followed by incubation with FP-TAMRA (100 nM, 10 min). JZL184 was included as positive
control. (B) Correlation between primary 2-AG hydrolysis activity assay and orthogonal competitive ABPP assay.
(C, D) Quantification of MAGL (C) and FAAH (D) band intensity as described in A, corrected for relative protein loading
determined by Coomassie staining (N = 1). (E) Correlation between MAGL and FAAH inhibition determined by
competitive ABPP.
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Conclusion

A 2-AG hydrolysis assay for MAGL was successfully optimized and miniaturized to 1536-
well format. Subsequently, this assay was applied in a high-throughput screen on 233,820
compounds. This resulted in a total of 1,142 confirmed hits, which after deselection and
hit triage resulted in a qualified hit list of 50 compounds that were measured in dose-
response assays. In total 10 clusters of different chemotypes could be identified, among
which two were previously reported as MAGL inhibitors. Many of these clusters have
favorable physicochemical properties, such as low MW, cLogP and tPSA. The 50 qualified
hits were analyzed in an orthogonal gel-based competitive ABPP assay. Although
reversible inhibition was challenging to detect using the irreversibly binding probe FP-
TAMRA, 7 compounds showed >25% inhibition of MAGL. Comparison of labeling profiles
in the mouse brain proteome revealed the qualified hit selectivity profiles, with FAAH being
a prominent off-target of several compounds. Altogether, given its inhibitory potency,
favorable selectivity profile and good physicochemical properties, compound 35 may be
an especially interesting candidate for further hit optimization efforts.
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Experimental procedures

General

All chemicals, oligonucleotides and other reagents were purchased from Sigma Aldrich, unless stated
otherwise. Oligo sequences can be found in Supplementary Table 6.1. Cloning reagents and FP-
TAMRA probe were purchased at Thermo Fisher Scientific. Assay enzymes (glycerol kinase from
Cellulomonas sp., product code G6142; glycerol-3-phosphate oxidase from Streptococcus
thermophilus, product code G4388; horse radish peroxidase from Horseradish, product code 77332)
were purchased from Sigma Aldrich. 2-Arachidonoylglycerol was purchased from Cayman Chemicals.
High-throughput screen was performed at Pivot Park Screening Centre (Oss, The Netherlands) and
executed within the Cancer Drug Discovery Initiative.

Cloning

Full-length cDNA encoding human MAGL (Source Bioscience) was amplified by PCR and cloned into
expression vector pcDNA3.1 in frame with a C-terminal FLAG-tag. All plasmids were isolated from
transformed XL10-Gold competent cells (prepared using E. coli transformation buffer set; Zymo
Research) using plasmid isolation kits following the supplier's protocol (Qiagen). Constructs were
verified by Sanger sequencing (Macrogen).

Supplementary Table 6.1 - List of oligonucleotide sequences.

ID Name Sequence

P1 MAGL_forw CTTAAGCTTTGGTACCGCCGCCACCATGGAAACAGGACCTGAAG
P2 MAGL_rev CATTCTAGATCACTCGAGACCGGTGGGTGGGGACGCAGTTC
Cell culture

HEK293T (human embryonic kidney) cells were obtained from ATCC and tested on regular basis for
mycoplasma contamination. Cultures were discarded after 2-3 months of use. Cells were cultured at
37 °C under 7% CO2 in DMEM containing phenol red, stable glutamine, 10% (v/v) high iron newborn
calf serum (Seradigm), penicillin and streptomycin (200 pg/mL each; Duchefa). Medium was refreshed
every 2-3 days and cells were passaged two times a week at 80-90% confluence. One day prior to
transfection, HEK293T cells were transferred from confluent 10 cm dishes to 15 cm dishes (16 dishes
for HTS). Before transfection, medium was refreshed (13 mL). A 3:1 mixture of polyethyleneimine (PEl;
60 pg/dish) and plasmid DNA (20 pg/dish) was prepared in serum-free medium (2 mL) and incubated
for 15 min at rt. The mixture was then dropwisely added to the cells, after which the cells were grown
to confluence in 72 h. Cells were then harvested by suspension in PBS, followed by centrifugation (200
g, 5 min). Cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C until membrane fraction
preparation.

Membrane fraction preparation

Mouse brains 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. Cell pellets or mouse
brains were thawed on ice and homogenized by polytron (20,000 rpm, 3 x 7 s; SilentCrusher S,
Heidolph) in lysis buffer A (20 mM HEPES pH 7.2, 2 mM DTT, 250 mM sucrose, 1 mM MgCl. and 25
U/mL benzonase). Suspensions were incubated on ice for 30 min, followed by low speed
centrifugation (2500 g, 3 min, 4 °C) to remove debris. Supernatants were then subjected to
ultracentrifugation (93,000 g, 30 min, 4 °C; Beckman Coulter, Ti70 or Ti70.1 rotor). Pellets were
homogenized in storage buffer B (20 mM HEPES pH 7.2, 2 mM DTT) by polytron (20,000 rpm, 1 x 10
s). Protein concentrations were determined using Quick Start™ Bradford Protein Assay (Bio-Rad).
Membrane preparations were frozen in liquid nitrogen and stored at -80 °C until use.
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Biochemical MAGL activity assays and deselection assay

96-well format

Assays were performed in HEMNB buffer (50 mM HEPES pH 7.4, 1 mM EDTA, 5 mM MgClz, 100 mM
NaCl, 0.5% (w/w) BSA) in black, flat-bottom 96-well plates (Greiner). Inhibitors were added from 40x
concentrated stock solution in DMSO. MAGL-overexpressing membrane preparations (0.3 pg per well)
were incubated with inhibitor for 20 min at rt in a total volume of 100 pL. Next, 100 pL assay mix
containing glycerol kinase (GK), glycerol-3-phosphate oxidase (GPO), horse radish peroxidase (HRP),
adenosine triphosphate (ATP), Amplifu™Red and 2-arachidonoylglycerol (2-AG) was added.
Fluorescence (Aex = 535 nm, Aem = 595 nm) was measured at rt in 5 min intervals for 60 min on a
GENios plate reader (Tecan). Final assay concentrations: 1.5 ng/uL MAGL-overexpressing membranes,
0.2 U/mL GK, GPO and HRP, 125 pM ATP, 10 uM Amplifu™Red, 25 pM 2-AG, 5% DMSO, 0.5% ACN in
a total volume of 200 pL. All measurements were performed in N = 2 (individual plates), n = 2
(technical replicates on same plate) or N = 2, n = 4 for controls, with Z' > 0.6. For Km and 1Cso
determinations, the assay was performed as described above, but with variable 2-AG and inhibitor
concentrations, respectively.

384-well format

Assays were performed as described for the 96-well format, unless stated otherwise. Assays were
performed in black, flat-bottom 384-well plates (Greiner). Inhibitors (40x concentrated stock solution
in DMSO) and MAGL-overexpressing membranes were diluted in HEMNB buffer to 2x concentrated
solutions. Membranes (10 pL) were incubated with inhibitor (10 pL) for 20 min at rt, after which assay
mix (10 pL of 3x concentrated solution) was added. Final assay concentrations were same as in 96-
well format, but with 3 ng/uL MAGL-overexpressing membranes in a total volume of 30 pL.
Fluorescence (Aex = 535 nm, Aem = 595 nm) was measured at rt in 5 min intervals for 100 min on an
Infinite M1000 Pro plate reader (Tecan).

1536-well format

Assays were performed as described for the 96-well format, unless stated otherwise. Assays were
performed in black, flat-bottom non-treated 1536-well plates (Corning 3724). HEMNB buffer was
supplemented with 0.03% (w/w) Tween-20. Inhibitors (200x concentrated stock solution in DMSO, 20
nL per well) were added using acoustic dispensing (Labcyte 555 Echo Liquid Handler) and diluted in
assay buffer (1 uL). Membranes (2 pL) were added and mixtures were incubated for 30 min at rt, after
which assay mix (1 pL) was added. Final assay concentrations were same as in 96-well format, but with
9 ng/pL MAGL-overexpressing membranes in a total volume of 4 pL. Fluorescence (Aex = 531 nm, Aem
= 595 nm) end point measurement was performed after 45 min incubation at rt on an EnVision
Multimode plate reader (Perkin ElImer). Deselection assays were performed as described for the 1536-
well format MAGL assay, but with glycerol (12.5 uM) instead of 2-AG as substrate.

Activity-based protein profiling

Inhibitor solutions (50 nL in DMSO, final concentration 10 uM) were added to 384-well plates using
acoustic dispensing (Labcyte 555 Echo Liquid Handler), after which mouse brain membrane
preparation (10 pL, 2 mg/mL) was added. The mixture was incubated for 30 min at rt, followed by
incubation with FP-TAMRA (0.5 uL in DMSO, final concentration 100 nM, 10 min, rt). Reactions were
guenched with 4x Laemmli buffer (3.5 L, final concentrations 60 mM Tris pH 6.8, 2% (w/v) SDS, 10%
(v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.01% (v/v) bromophenol blue) for 30 min at rt. Samples
(18 pg protein) were resolved by SDS-PAGE on a 10% polyacrylamide gel (180 V, 75 min). Gels were
scanned using Cy3 channel settings (605/50 filter; ChemiDoc™ MP System, Bio-Rad). Fluorescence
intensity was corrected for protein loading determined by Coomassie Brilliant Blue R-250 staining and
quantified with Image Lab (Bio-Rad).
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Data analysis and statistics

Fluorescence values were corrected for the average fluorescence of the negative control (mock-
membranes + vehicle for 96- and 384-well format, MAGL-overexpressing membranes + 10 uM JZL184
for 1536-well format). MAGL-overexpressing membranes incubated with vehicle served as a positive
control. Slopes of the corrected data were determined in the linear interval. If relevant, the slopes in
RFU/min were converted into slopes in nmol converted glycerol per milligram protein per minute via
a glycerol standard curve with the rate of fluorescence increase as a function of converted glycerol.
The Z'-factor for each assay plate was calculated using the formula Z' = 1 — 3(Gpc + Onc)/(Mpc - pnc) With
o = standard deviation, u = mean, pc = positive control and nc = negative control. Plates with Z' >
0.6 were accepted for further analysis. For Kv and Vma determination, data were subjected to
Michaelis-Menten analysis (GraphPad Prism 5.0). For ICso determination, slopes were normalized to
the positive control and analyzed in a non-linear dose-response analysis with variable slope (GraphPad
Prism 5.0). All shown data represent means + SEM, unless stated otherwise.
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Supplementary Data
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Supplementary Figure 6.1- Complete set of activity-based protein profiling (ABPP) assays. Competitive ABPP assay
on mouse brain membrane proteome using FP-TAMRA. Proteome was pre-incubated with inhibitor (10 pM, 30 min),
followed by incubation with FP-TAMRA (100 nM, 10 min). JZL184 was included as positive control on all gels.
Quantification of MAGL and FAAH labeling intensity can be found in Figure 6.5.
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Chapter 7

The aim of the research described in this thesis was to develop a chemical genetic strategy
that can be used for target engagement and target validation studies.

Target engagement and target validation in drug discovery

Chapter 1 provided an overview of the current multi-stage drug discovery and
development process. The initial stage of target validation remains a major challenge and
relies on the availability of chemical tools to study the engagement of drugs to their
intended target. Chemical probes with a covalent, irreversible mode of action can serve as
powerful tools to visualize target engagement. However, these probes have to meet strict
requirements in terms of potency, selectivity and cell permeability and the development
of such probes can be a challenge on its own. The field of chemical genetics provides
means to improve the potency and selectivity of small molecules by not only modifying
the ligand, but also by engineering the protein target. Although different approaches have
been reported, not all are applicable for target engagement studies. The engineered,
mutant proteins often suffer from distorted protein folding, reduced catalytic activity or
other functional defects. Moreover, current chemical genetic strategies all rely on the
overexpression of a mutant protein, which may induce artefacts and disturbs cellular
physiology. Novel strategies and probes are thus required to address these issues.

Chemical genetics to visualize engineered kinases and their target engagement

Chapter 2 introduced a chemical genetic strategy that allows visualization of engineered
kinases and their target engagement. The non-receptor tyrosine kinase feline sarcoma
oncogene (FES) was selected as exemplary target in this study. Currently, there are no
suitable chemical tools available for target validation of FES. Furthermore, FES does not
possess targetable cysteine residues in its catalytic pocket, rendering it difficult to develop
chemical probes that can report on its target engagement.

In silico mutant design based on a previously reported crystal structure of FES
revealed residues suitable for mutagenesis into a cysteine. Expression, purification and
biochemical profiling of these mutants revealed that the DFG-1 residue Ser700 is an
excellent position to mutate into a cysteine without affecting kinase activity, substrate
recognition or SH2 domain binding profile. Subsequent design and synthesis of
electrophilic derivatives of the reversible, broad-spectrum kinase inhibitor TAE684 resulted
in the identification of WEL028 as a mutant-specific inhibitor of FESS7%%¢ with low-

nanomolar in vitro and in situ potencies (Figure 7.1A).

Kinome-wide selectivity screening revealed that WEL028 has a greatly improved
selectivity profile compared to the starting point TAE684, with only a limited number of
prominent off-targets.” Regardless, these few off-targets may limit applicability in
functional studies, for example when these kinases are involved in the same signaling
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pathway or associated with similar physiological processes as the kinase of interest. Further
improvement of the selectivity of WEL028 may therefore be beneficial. Previous studies
have shown that the ortho-methoxy substituent on the aniline moiety of TAE684 is
positioned in a pocket formed by the kinase hinge region.? Incorporation of more bulky
groups may therefore improve compound selectivity. FES, for example, has a relatively
large pocket that can accommodate ethoxy- or isopropoxy-substituents, which could
prove useful to eliminate some of the off-targets of WEL028 (Figure 7.1B).2 In reverse,
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Figure 7.1 - Developed and proposed chemical genetic tools for kinase target validation. (A) Chemical structures
of starting compound TAE684, mutant-specific FESS"°C inhibitor WEL028 and fluorescent probe WEL033. (B) Proposed
WEL028 derivatives for improving selectivity, versatility in bioorthogonal conjugation or modification into PROTACs.
BCN: bicyclononyne. TCO: trans-cyclooctene. VHL: Von Hippel-Lindau tumor suppressor. CRBN: protein cereblon.
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removal of the ortho-methoxy moiety of WEL028 may allow for its use on a wider range of
kinases that have larger amino acid residues in the hinge region. Undoubtedly, this
structural change will also affect the compound’s selectivity profile and kinome-wide
selectivity screening should be performed on these WEL028 derivatives.

Another factor that affects covalent inhibitor selectivity is the reactivity of the
nucleophilic (cysteine) residue and corresponding electrophile. Studies have shown that
the pKa, of the cysteine sulfhydryl group is greatly affected by proximal amino acids*>, and
that cysteines at the DFG-1 position are sufficiently reactive to undergo covalent addition
to acrylamide warheads.®® Since the nucleophilicity of the cysteine is inherent to its
surrounding microenvironment and cannot readily be manipulated, tuning electrophile
reactivity is increasingly considered as a means to improve covalent inhibitor selectivity.®
Sufficiently reactive cysteines will also form covalent adducts with less reactive
electrophiles, such as substituted acrylamides or butynamides (Figure 7.1B).> More detailed
examination of the structure-reactivity relationship of WEL028 for engineered cysteine
mutant kinases may therefore prove useful to further improve its kinome-wide selectivity,
although the nucleophilicity of this engineered cysteine is likely to be different for each
individual mutant kinase and should therefore be experimentally examined for each
individual case.

Expanding the toolbox of complementary probes

Chapter 2 also provided evidence for a covalent, irreversible binding mode of WEL028,
using a combination of LC-MS/MS and biochemical assays. Conjugation of a fluorescent
Cy5 group to the alkyne moiety of WEL028 using click chemistry yielded the one-step
probe WEL033 (Figure 7.1A), which enabled direct target engagement studies by
fluorescently labeling recombinantly expressed FESS7°°C but not FESYT in cell lysate. One-
step fluorescent probes such as WEL033 are useful tools to visualize target engagement in
vitro, but usually have limited applicability for applications in living cells due to limited cell
permeability. Two-step probes are therefore often better alternatives due to their lower
molecular weight and improved cellular target engagement.’® In chapter 2, WEL028 was
used as a two-step probe to visualize target engagement on FES, but its alkyne handle
requires copper-catalyzed click chemistry to conjugate reporter tags and the toxicity of the
associated Cu' species prohibits live cell imaging. In recent years, various alternative
bioorthogonal groups have been reported that can allow conjugation without the use of
copper, such as bicyclononyne (BCN) and trans-cyclooctene (TCO)." Incorporation of
these handles onto the WEL028 scaffold (Figure 7.1B) would therefore allow for
visualization of bound WEL028 targets in live cells, which may prove useful to investigate
cellular localization of a kinase of interest during signaling processes.
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Broader applicability of the developed chemical genetic toolbox was illustrated by gel-
based labeling experiments on the DFG-1 cysteine mutant of four other kinases. It is
unlikely, however, that a single chemical scaffold is able to target the entire kinome.
Although TAE684 is a promiscuous kinase inhibitor that inhibits 98 out of 296 tested
kinases with an 1Cso <100 nM'?, it targets kinases mainly in the tyrosine kinase (TK) and
calcium/calmodulin-dependent protein kinase (CAMK) families (Figure 7.2A). Therefore,
different chemotypes may be required to enable a more complete coverage of the kinome.
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coverage. (A-D) Kinase target profile of the inhibitors TAE684, nintedanib and PD-173955 and proposed design of
chemical probes 1 and 2 based on these inhibitors. Kinases with ICso <100 nM as reported by Davis et al. were designated
as targets.! Unique targets of TAE684 (A), nintedanib (C) and PD-173955 (D) are indicated as red dots, shared targets as
grey dots. (B) Venn diagram visualizing unique and shared targets of the inhibitors. (C, D) Proposed binding mode of
1and 2 in crystal structure (C: VEGFR2 kinase domain, PDB: 3c7q; D: EPHA2 kinase domain, PDB: 5ia3).”™ Structures
were manually modified. Dotted arrows indicate potential interactions that may aid in positioning of the acrylamide
warhead to undergo covalent addition to the DFG-1 cysteine. Kinome illustrations were rendered using KinMap
(www.kinhub.org/kinmap), reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).
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Davis et al. previously reported on the comprehensive target profile of 38 kinase inhibitors’
and examination of these profiles revealed that the inhibitors nintedanib
(VEGFR/FGFR/PDGFR inhibitor) and PD-173955 (BCR-ABL/SRC inhibitor) have a
complementary profile to TAE684 with few overlapping targets (Figure 7.2B). For example,
nintedanib has a good coverage of the STE subfamily (Figure 7.2C) and PD-173955 covers
members of the tyrosine kinase-like (TKL) subfamily along with several non-receptor TKs
(Figure 7.2D). Inspection of crystal structures of nintedanib (in VEGFR2 kinase domain, PDB:
3c7q) and PD-173955 (in EPHA2 kinase domain, PDB: 5ia3) revealed that minor structural
modifications of these compounds may provide chemical probes with electrophilic
warheads in close proximity of the respective DFG-1 residues (Figure 7.2C, D, compound 1
and 2). Interestingly, interactions between the acrylamide carbonyl of 1 with a catalytic
lysine may position its warhead in the appropriate conformation to undergo a Michael
addition to the DFG-1 cysteine (Figure 7.2C), in a similar way as predicted in docking studies
with WEL028 in the crystal structure of FES. Compound 2 probably does not reach far
enough into this pocket to interact with Lys646, but hydrogen bonding between the
acrylamide carbonyl and protein backbone amide might adequately position its warhead
for covalent addition in a similar fashion (Figure 7.2D). Both chemical scaffolds could thus
provide useful additions to the chemical genetic toolbox to improve kinome coverage.

Precise gene editing and complementary probes for target validation of FES kinase

Chapter 3 applied the combination of FESS7%°¢ and its mutant-specific probes to study the
role of FES activity during differentiation of myeloid cells. CRISPR/Cas9 gene editing was
employed for mutagenesis of the genomic FES locus, which resulted in a homozygous
HL-60 FESS79°¢ mutant cell line. Endogenous FESS7%C could be visualized in lysates of
differentiated HL-60 cells using fluorescent probe WEL033. The ability to study target
engagement by WEL028 in living HL-60 cells undergoing differentiation was instrumental
to reveal that FES activity was not required for myeloid differentiation of HL-60 cells along
the monocyte/macrophage lineage. This contradicted previous studies relying on transient
overexpression or RNA knockdown of FES and demonstrates the benefit of acute,
pharmacological modulation of endogenous kinase activity. Chapter 3 also illustrates the
importance of being able to discern on-target from off-target effects. WEL028 disrupted
differentiation of HL-60 cells at a higher concentration than required for complete FES
inhibition. However, this effect also occurred in wild-type control cells and could thus be
attributed to off-targets, which most likely are members of the MAP kinase family.

Chapter 3 concludes with a differentiation study in FES knockout cells, generated
using CRISPR/Cas9. HL-60 FESKC cells differentiated towards macrophages in a similar
fashion as wild-type cells, suggesting that FES has no essential scaffold functions required
for myeloid differentiation. It should be noted, however, that long-term ablation of FES
expression may induce compensatory effects, e.g. by upregulation of other kinases. Kinase
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inhibitors coupled to a ligand for VHL and CRBN ubiquitin ligases can function as
proteolysis targeting chimeras (PROTACs), inducing acute proteolytic degradation of the
targeted kinase by hijacking E3 ligases.'> '8 Active degradation of FES using a PROTAC
might prove a valuable alternative for congenital knockout models. In addition to non-
selective PROTACs that were previously reported to induce FES degradation'?, conjugation
of WEL028 to a VHL or CRBN ligand (Figure 7.1B) could be considered as a more selective
alternative.

It remains to be investigated whether FES is involved in the differentiation of other
cell types, or downstream of other growth factor receptors. To this end, it would be
interesting to use gene editing to mutate FES in inducible pluripotent stem cells (iPSCs) or
hematopoietic stem cells (HSCs), since these can differentiate into a wide range of
specialized cell types. A major advantage of using such a chemical genetic approach is the
temporal control that allows acute modulation of FES activity at every stage of cell
differentiation, opposed to permanent congenital knockout models where FES expression
is absent already at the stem cell stage.

Chapter 4 showcased how the chemical genetic toolbox of chapter 2 and mutant
cell line of chapter 3 can be used to study the role of kinases in cellular processes. Using a
flow cytometry-based assay with GFP-expressing E. coli, it was shown that FES inhibition
reduced the phagocytic uptake of HL-60 neutrophils. Examination of the FES substrate
profile of chapter 2 led to the hypothesis that the tyrosine kinase SYK could be a potential
FES substrate in this process. Transient co-expression experiments showed that FES
phosphorylates SYK Y352 in situ and that FES interacts with SYK in a WEL028-dependent
manner. Immunoblot analysis with phospho-specific antibodies revealed that blocking SYK
Y352 phosphorylation abolished activation of the downstream proteins HS-1 and PLCy2,
two key players in phagocytosis.?%?! These results suggest that FES mediates the activation
of a signaling pathway involved in reorganization of the actin cytoskeleton required for
bacterium internalization. Chapter 4 concludes with a model, proposing that FES may
indirectly activate PLCy2 to alter the membrane composition, resulting in its own
dissociation from the membrane and thereby terminating the signaling input.

SYK is a central regulator of immune function and SYK inhibitors have therapeutic
potential for cancer as well as autoimmune diseases, such as rheumatoid arthritis and
lupus.2>23 It would be interesting to explore, therefore, in what cell types and downstream
of which receptors FES activates SYK, and whether FES inhibition may have similar
therapeutic potential. In addition, great opportunities lay in the use of more advanced
model systems, such as zebrafish. Zebrafish are increasingly appreciated as a valuable
model to study host-pathogen interactions due to their genetic and physiological similarity
to vertebrates and transparency that facilitates in vivo imaging.?* Injection of vehicle- or
WEL028-treated FESS7°C immune cells into the circulation of live fish suffering from
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(bacterial) infection would be a suitable experimental setup to investigate the role of FES
in migration of immune cells to the site of infection (Figure 7.3A). In combination with high-
resolution (fluorescence) imaging techniques, this may provide valuable insights in FES
immunobiology.

Zebrafish WT or FESS"®Cimmune cells

Inject (fluorescent) 1 ) pf Incubate -/+ WEL028 1 A

bacteria & fluorescent dye

CRISPR/Cas9 in endot = . - CRISPR/Cas9 in pericyte
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7.3 - Future applications of the chemical genetic toolbox to study FES biology. (A) Experimental setup that allows
in vivo evaluation of acute FES inhibition by complementary probe WEL028. Zebrafish are injected with fluorescent
bacteria to generate an infection. Next, wild-type or CRISPR/Cas9-modified FESS%C immune cells are incubated with
WEL028 and fluorescently labeled with a live-cell dye, followed by injection into the zebrafish. High-resolution
fluorescence microscopy can be used to visualize immune cell migration in vivo, and study the effects of FES inhibition
in this process. (B) Exemplary application to modulate FES activity with cellular specificity during blood vessel formation.
The generation of new blood vessels is directed by complex cross-talk between endothelial cells and pericytes.
CRISPR/Cas9 gene editing can be used to introduce the S700C mutation in the FES locus of one of these cell types,
which enables cell type-specific inhibition of FES exclusively in either endothelial cells or pericytes.

Phagocytosis is not only important for elimination of pathogens, but also
essential for the elimination of apoptotic cells and tissue homeostasis.?° In the brain, for
example, microglia survey the microenvironment and phagocytose dying neurons to
prevent tissue damage.?> However, microglia can also phagocytose protein aggregates
that occur in neurodegenerative diseases (e.g. amyloid-B in Alzheimer's disease and -
synuclein in Parkinson's).26-28 Very recently, studies have shown that a naturally occurring,
rare genetic variant of PLCy2 in microglia results in a P522R mutation that moderately
increases its phospholipase activity.?® This variant is protective against neurodegenerative
diseases, such as Alzheimer's, Lewy body dementia and frontotemporal dementia, and
increases the likelihood of longevity.3%3' It would be interesting to investigate whether FES
also indirectly activates PLCy2 in microglia and whether FES activation has neuroprotective
effects in models for these diseases.

Internalization of immunoreceptors is the fundamental process of phagocytosis.
It remains to be seen whether FES plays a more general role in the internalization of other
receptors. FES is not exclusively expressed in immune cells, but also in endothelial,
epithelial and neuronal cell types.3? Substrate and SH2 domain binding profiling revealed
many cell surface receptors (e.g. VEGFR1/2, PDGFRB, CD79A, EPHA1/2) as potential FES
substrates or binding partners. FES has been implicated in physiological processes
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associated to some of these receptors, such as blood vessel formation and angiogenesis
downstream of VEGFR in vascular endothelial cells.333> The role of kinase activity in this
process is particularly challenging to study, since the formation of blood vessels involves
multiple cell types, including endothelial cells and pericytes.3® Moreover, it remains a major
challenge to achieve cellular specificity using pharmacological agents. The here presented
chemical genetic approach would be ideally suited to investigate the cell type-specific
function of FES in such complex biological processes, since it allows mutagenesis of FES in
one specific cell type, whereas wild-type FES in other surrounding cell types is not affected
(Figure 7.3B). Angiogenesis is essential for tumor growth, invasion and the development of
metastasis, and a role for FES in this process would thus render it a potential therapeutic
target for various types of cancer.3”

Chemical genetics to achieve subtype-selective inhibition of DAGLs

Chapter 5 describes the first steps towards a chemical genetic strategy to achieve subtype-
selective inhibition of the serine hydrolase DAGLa. Various positions in the DAGLa active
site were mutated into a cysteine and the corresponding mutants were recombinantly
expressed. Activity-based protein profiling with the two activity-based probes (ABPs)
MB064 and DH379 and two substrate hydrolysis assays with PNPB and SAG were used for
biochemical characterization of the DAGLa mutants. This revealed a general trend that
mutation of residues in one pocket exhibited greatly reduced ABP labeling intensity and
hydrolase activity, whereas mutations in another pocket were mostly tolerated. Design and
synthesis of mutant-specific inhibitors based on a homology model*® led to the
identification of compound 4 (Figure 7.4F) as a an inhibitor of DAGLa%>'¢ but not DAGLoWT
or other DAGLa mutants. In addition, it showed selective inhibition of DAGLa over DAGLB
using competitive ABPP on mixed lysates of both DAGL subtypes. Compound 4, however,
showed a biphasic dose-response curve in all employed assays, suggesting two distinct
binding events. The most potent interaction corresponded to a covalent, irreversible
binding event of Cys651 to the bromoacetamide warhead of 4, whereas the other
interaction likely resembled a reversible binding event of catalytic Ser472 to the a-keto
group. Further optimization of 4 is required prior to application of this chemical genetic
strategy in cellular model systems.

The question arises whether the same chemical genetic approach could also be
applied to generate subtype-selective inhibitors of DAGLB. Mutagenesis of the
homologous residue Met639 into a cysteine resulted in partially preserved labeling
intensities by probes MB064 and DH379 (~50% compared to WT, Figure 7.4A-C), similar
protein expression levels (Figure 7.4D) and slightly reduced hydrolase activity based on the
PNPB substrate assay (~75% activity compared to WT, Figure 7.4E). Although compound 3
and 4 showed a 10-fold higher potency on DAGLBM&3°¢ compared to DAGLBWT (Figure 7.4G,
H), this mutant-specific effect is more moderate than observed for DAGLa. It remains to
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Figure 7.4 — DAGLB mutant homolog M639C is expressed and active but less sensitive towards inhibition by
complementary inhibitors than DAGLa %', (A-D) Recombinantly expressed DAGLBW and DAGLBM®3°C analyzed by
activity-based protein profiling using probes MB064 (500 nM, 15 min, rt) and DH379 (1 pM, 15 min, rt). Protein expression
was verified by anti-FLAG immunoblot. Band intensities were corrected for protein loading and normalized to wild-type
control (N = 1). (E) Biochemical activity of DAGLB"T and DAGLBM®3°¢ analyzed by PNP-butyrate hydrolysis assay. Activity
was determined using slope of reaction progress curve in linear range and normalized to wild-type control (N =2, n =
4). (F) Chemical structures of compounds 3 and 4. (G, H) Dose-response curves of 3 (G) and 4 (H) on DAGLB"" and
DAGLRM83%¢, determined using PNPB hydrolysis assay (N = 2, n = 4 for vehicle, N = 2, n = 2 for inhibitor-treated). Data
represent means + SEM.

be investigated, therefore, whether this potency increase results from irreversible, covalent
addition of Cys639 to the electrophilic warheads of 3 and 4.

A particularly interesting future application of a chemical genetic approach for
DAGLa would involve the generation of genetically engineered mice that express the
corresponding mutant exclusively in specific (brain) cell types. This allows one to modulate
DAGLa activity in an acute and dynamic fashion with a cellular specificity that is very
challenging to achieve by conventional medicinal chemistry efforts. Consequently, this will
contribute to our understanding of DAGLa-dependent lipid signaling in different brain cell
types and aid in the validation of DAGLa as a therapeutic target for various diseases related
to the central nervous system, such as metabolic disorders and neurodegenerative
diseases.>

Identification of reversible MAGL inhibitors: towards future drugs and chemical
genetic tools

The serine hydrolase MAGL is responsible for degradation of the lipid 2-AG in the brain,
which is synthesized by DAGLa.*? To generate tools to modulate both the synthesis of 2-
AG (by DAGLa, chapter 5) and its degradation, it was explored whether a chemical genetic
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strategy could be applied to MAGL. In contrast to DAGLa, information about the MAGL
protein structure is available. A structure of MAGL co-crystallized with Johnson &
Johnson's inhibitor ZYX304 (PDB: 3pe6)*' was used to select active site residues for
mutagenesis into a cysteine (Figure 7.5A). The corresponding mutants were recombinantly
expressed and biochemically characterized. ABPP analysis with broad-spectrum probe FP-
TAMRA and tailored MAGL probe LEI463 (Figure 7.5B) showed that some mutants were
more effectively labeled by one of these ABPs than by the other (R? = 0.66, Figure 7.5C, D).
This phenomenon was also observed for DAGLa mutants in chapter 5. Immunoblot analysis
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Figure 7.5 — Design of MAGL cysteine point mutants and characterization by activity-based protein profiling and
substrate assays. (A) Location of mutated active site residues in MAGL crystal structure with inhibitor ZYX304 (PDB:
3pe6).*! (B, C) Recombinantly expressed MAGL mutants analyzed by activity-based protein profiling using probes FP-
TAMRA (500 nM, 20 min, rt) and LEI463 (100 nM, 20 min, rt). Protein expression levels were determined by anti-FLAG
immunoblot. Band intensities were normalized to wild-type control (N = 3, individual transfections). (D) Correlation
between FP-TAMRA and LEI463 labeling intensities. (E) Relative expression of MAGL mutants compared to wild-type.
Band intensities were corrected for protein loading and normalized to wild-type control (N = 3, individual transfections).
(F) Biochemical activity of DAGLa mutants analyzed by 2-AG hydrolysis assay. Activity was determined using slope of
reaction progress curve in linear range and normalized to wild-type control (N = 3, individual transfections measured
in n = 4 technical replicates). (G) Design of proposed irreversible inhibitor 5 to covalently target indicated cysteines in
this pocket. (H) Structures of designed and synthesized ZYX304 analogs to covalently target MAGL cysteine mutants.
Compounds 5-8 did not inhibit wild-type MAGL nor any of the tested mutants A151C, S155C and G210C (pICso <5 in
2-AG hydrolysis assay). Data represent means + SEM.
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revealed that mutants S185C and Y194C were not expressed (Figure 7.5E), suggesting that
these mutations result in a unstable protein fold that is prone to degradation. Three
mutants (M123C, S185C and Y194C) showed a major reduction (> 80%) in 2-AG hydrolysis
activity, whereas the activity of S181C, L184C and L213C was reduced by approximately
50% (Figure 7.5F). In most cases, these reductions can be ascribed to lower expression
levels. Other mutants showed 2-AG hydrolysis activity comparable to or even higher than
wild-type (A51C, A151C, S155C, G210C and V270C). Interestingly, most of these active
mutants were located in the cyclohexyl-benzoxazole binding pocket (Figure 7.5A and G).
Acrylamide-derivatized ZYX304 analogs 5-8 were designed and synthesized to target (one
of) these cysteine mutants (Figure 7.5H). Compounds were tested in dose-response
experiments, which revealed that all derivatives had greatly diminished inhibitory potency
on both wild-type MAGL and tested mutants A151C, S155C and G210C (plCsg < 5 in 2-AG
hydrolysis assay). This suggests that the cyclohexyl-benzoxazole group may be required
for initial binding in the active site, or that the cysteine residues cannot be targeted by the
acrylamide warhead of these compounds. Another possibility is that the acrylamide is not
sufficiently reactive to undergo Michael addition to the cysteines under the employed
assay conditions, as was also observed in chapter 5 for DAGLa. It may be useful to explore
whether compounds bearing more reactive warheads do show a mutant-specific inhibition
profile. Alternatively, other MAGL mutants could be selected for structure-based design of
new derivatives, such as V270C, the MAGL homolog of DAGLa®>'C, directly adjacent to the
catalytic His269 residue.

Chapter 6 reports on the optimization and miniaturization of a natural substrate-
based activity assay for MAGL. This assay was then used for a high-throughput screening
campaign on 233,820 compounds, which resulted in 1,142 confirmed actives. Deselection
assays and hit triaging reduced this number to a list of 50 compounds that were profiled
in dose-response experiments. Validation of these hits in an orthogonal competitive ABPP
experiment led to a selection of 7 compounds that constitute starting points for the
development of novel, reversible MAGL inhibitors. Blockage of 2-AG hydrolysis with MAGL
inhibitors may prove beneficial for a wide variety of disorders, including Tourette
syndrome, neuroinflammation, anxiety, pain and cancer.***#’ In addition to their use as
potential future therapeutics, these reversible hit compounds may be used for the design
of chemical genetic tools as alternative for the ZYX304 scaffold.

Integration of chemical genetics in drug discovery

The development of new therapeutics depends on our understanding of the protein
targets that are targeted by these drugs. The potential compensatory effects and lack of
temporal control using genetic techniques as well as the lack of selective pharmacological
modulators to acutely perturb protein function contribute to the fact that target validation
remains a major challenge in current drug discovery.
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As demonstrated in this thesis, the use of chemical genetic approaches may
provide novel opportunities to aid in the validation of putative therapeutic targets. The
specificity achieved by the use of an engineered, mutant protein allows one to apply the
same chemical probe on a variety of different targets within a larger protein family, such
as kinases or serine hydrolases. In addition, mutagenesis of amino acid residues into a
reactive cysteine also allows one to target protein classes that completely lack nucleophilic
residues in their binding site and are thus challenging to target with conventional chemical
probes.

The generation of a homozygous mutant cell line as an endogenous model
system is one of the key steps in the developed chemical genetic approach. Tremendous
advances in gene and base editing technologies are expected to improve the efficiency
and throughput of site-directed mutagenesis in cells. It would be interesting to explore
whether fluorescent chemical probes that covalently bind to the engineered cysteine, such
as WELO33, can be used to select and enrich for mutant cells in a fluorescence-activated
cell sorting (FACS) setup. On the long term, it may be possible to generate site-directed
mutagenesis libraries that can be universally applied to any (human) cell line of choice.*84°
Broad applicability of the corresponding chemical probes is another prerequisite for
effective integration in the drug discovery process, since it circumvents laborious
optimization of the probes prior to application in target validation studies. It would be
particularly powerful to couple target engagement and target validation studies to
techniques that allow unbiased, global identification and quantification of target-specific
downstream cellular processes, e.g. phosphoproteomics for kinases and lipidomics for
lipases.

Concluding remarks

In this thesis, it was demonstrated that the field of chemical genetics can provide powerful
tools to aid in target validation. Chemical genetics combines the specificity of genetic
techniques with the acute and dynamic nature of pharmacology using small-molecule
inhibitors. Compounds that bind in a covalent, irreversible fashion to mutant proteins
harboring engineered cysteine residues are particularly useful by acting as chemical probes
that can visualize target engagement. Chapter 2 showed the development of such a
chemical genetic strategy that can be used for visualization of mutant kinases and their
engagement by inhibitors. Potential applications in the target validation process were
illustrated in chapter 3 and 4. The ability to perform comparative target engagement
studies in wild-type and mutant cells was instrumental to refute the role of FES in myeloid
differentiation of HL-60 cells. Chemical genetics can also be a valuable method to discover
new enzyme substrates and functions, such as the identification of SYK as a substrate of
FES and the discovery that FES plays a role in neutrophil phagocytosis. Chapter 5
demonstrated that a similar chemical genetic approach can be applied to other enzyme
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classes, such as serine hydrolases. This also highlighted that successful design of mutant-
specific inhibitors with a covalent binding mode greatly depends on structural information
of the protein target, the reactivity of the introduced cysteine and the available (reversible)
inhibitors. Chapter 6 reported on the use of high-throughput screening to identify novel
chemical scaffolds with reversible binding modes that can be used for further optimization
towards covalent probes or future therapeutics.

In conclusion, chemical genetics provides versatile pharmacological tools to modulate
protein function with high specificity and can aid in the validation of proteins as therapeutic
targets.
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Experimental procedures

General

All chemicals were purchased at Sigma Aldrich, unless stated otherwise. DNA oligos were purchased
at Sigma Aldrich or Integrated DNA Technologies and sequences can be found in Supplementary
Table 1. Cloning reagents were from Thermo Fisher. FP-TAMRA*® and LEI463 were previously
synthesized in-house and characterized by NMR and LC-MS. All cell culture disposables were from
Sarstedt. Bacterial and mammalian protease inhibitor cocktails were obtained from Amresco. Assay
enzymes (glycerol kinase from Cellulomonas sp., product code G6142; glycerol-3-phosphate oxidase
from Streptococcus thermophilus, product code G4388; horse radish peroxidase from Horseradish,
product code 77332) were purchased from Sigma Aldrich. 2-Arachidonoylglycerol was purchased
from Cayman Chemicals.

Cloning

Full-length wild-type mouse DAGL and human MAGL cDNA was obtained from Source Bioscience
and cloned into pcDNA3.1 expression vectors as previously described.®® Point mutations were
introduced by site-directed mutagenesis and all plasmids were isolated from transformed XL10-Gold
competent cells (prepared using E. coli transformation buffer set; Zymo Research) using plasmid
isolation kits following the supplier's protocol (Qiagen). All sequences were verified by Sanger
sequencing (Macrogen).

Supplementary Table 1 - List of oligonucleotide sequences.

D Name Sequence D Name Sequence

P1 MAGL_forw CTTAAGCTTTGGTACCGCCGCCACCATGGAAACAGGACCTGAAG P15 MAGL_S185C_forw CGGGCCCATCGACTCGAGCGTGCTCTGTCGGAATAAGACAGA
P2 MAGL_rev CATTCTAGATCACTCGAGACCGGTGGGTGGGGACGCAGTTC P16 MAGL_S185C_rev TCTGTCTTATTCCGACAGAGCACGCTCGAGTCGATGGGCCCG

P3 MAGL_A51C_forw TTTGTGTCCCATGGATGTGGAGAGCACAGTGGC P17 MAGL_Y194C_forw TAAGACAGAGGTCGACATATGTAACTCAGACCCCCT

P4 MAGL_A51C_rev GCCACTGTGCTCTCCACATCCATGGGACACAAA P18 MAGL_Y194C_rev AGGGGGTCTGAGTTACATATGTCGACCTCTGTCTTA

P5 MAGL_M123C_forw CTTCTGGGCCACTCCTGTGGAGGCGCCATCGCC P19 MAGL_G210C_forw CTGAAGGTGTGCTTCTGCATCCAGCTGCTGAATGCCGTC

P6 MAGL_M123C _rev GGCGATGGCGCCTCCACAGGAGTGGCCCAGAAG P20 MAGL_G210C_rev ‘GACGGCATTCAGCAGCTGGATGCAGAAGCACACCTTCAG

P7 MAGL_A151C_forw ACTCATTTCGCCTCTAGTACTTTGCAATCCTGAATCTGC P21 MAGL_L213C_forw GAAGGTGTGCTTCGGAATTCAATGCCTGAATGCCGTCTCA

P8 MAGL_A151C_rev GCAGATTCAGGATTGCAAAGTACTAGAGGCGAAATGAGT P22 MAGL_L213C_rev TGAGACGGCATTCAGGCATTGAATTCCGAAGCACACCTTC

P9 MAGL_S155C_forw GGTTCTTGCCAATCCGGAATGTGCAACAACTTTCAA P23 MAGL_V270C_forw CAAGATTTATGAAGGCGCTTACCATTGCCTCCACAAGGAGCTT
P10 MAGL_S155C_rev. TTGAAAGTTGTTGCACATTCCGGATTGGCAAGAACC P24 MAGL_V270C_rev AAGCTCCTTGTGGAGGCAATGGTAAGCGCCTTCATAAATCTTG
P11 MAGL_S181C_forw TCGGGCCCATCGACTGCAGCGTGCTCTCTCG P25 mDAGLb_forw CTTAAGCTTTGGTACCGCCGCCACCATGCCGGGGATGGTGCTGTT
P12 MAGL_S181C_rev CGAGAGAGCACGCTGCAGTCGATGGGCCCGA P26 mDAGLb_rev ‘GAGGCGGCCGCACCTGCCATACCGGTCGGTACACTTGAGCCGCCTT
P13 MAGL_L184C_forw CGGGCCCATCGACTCGAGCGTGTGCTCTCGGAATAAGAC P27 mMDAGLb_M639C_forw ATGCTGATTGACCACTGCCCTGACGTCATGATT

P14 MAGL_L184C_rev GTCTTATTCCGAGAGCACACGCTCGAGTCGATGGGCCCG P28 mDAGLb_M639C_rev AATCATGACGTCAGGGCAGTGGTCAATCAGCAT

Cell culture

HEK293T (human embryonic kidney) cells were obtained from ATCC and tested on regular basis for
mycoplasma contamination. Cultures were discarded after 2-3 months of use. Cells were cultured at
37 °C under 7% CO2 in DMEM containing phenol red, stable glutamine, 10% (v/v) heat-inactivated
newborn calf serum (Seradigm), penicillin and streptomycin (200 pug/mL each; Duchefa). Medium was
refreshed every 2-3 days and cells were passaged two times a week at 80-90% confluence. One day
prior to transfection, HEK293T cells were transferred from confluent 10 cm dishes to 15 ¢cm dishes.
Before transfection, medium was refreshed (13 mL). A 3:1 mixture of polyethyleneimine (PEIl; 60
pg/dish) and plasmid DNA (20 pg/dish) was prepared in serum-free medium (2 mL) and incubated for
15 min at rt. The mixture was then dropwisely added to the cells, after which the cells were grown to
confluence in 72 h. Cells were then harvested by suspension in PBS, followed by centrifugation (200
g, 5 min). Cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C until membrane fraction
preparation.

Membrane fraction preparation

Cell pellets were thawed on ice and homogenized by polytron (20,000 rpm, 3 x 7 s; SilentCrusher S,
Heidolph) in lysis buffer A (20 mM HEPES pH 7.2, 2 mM DTT or 0.5 mM TCEP, 250 mM sucrose, 1 mM
MgClz and 25 U/mL benzonase). Suspensions were incubated on ice for 30 min to yield cell lysates.
For preparation of membrane fractions, lysates were subjected to ultracentrifugation (93,000 g, 30
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min, 4 °C; Beckman Coulter, Ti70 or Ti70.1 rotor) and pellets were homogenized in storage buffer B
(20 mM HEPES pH 7.2, 2 mM DTT or 0.5 mM TCEP) by polytron (20,000 rpm, 1 x 10 s). Protein
concentrations were determined using Quick Start™ Bradford Protein Assay (Bio-Rad). Membrane
preparations were frozen in liquid nitrogen and stored at -80 °C until use.

Activity-based protein profiling (DAGLP)

Membrane fractions (14 pL, 1.38 mg/mL) were incubated with inhibitor (0.5 pL in DMSO, 29x
concentrated stock, 20 min, rt), followed by incubation with probe MB064 or DH379 (0.5 pL in DMSO,
30x concentrated stock, 15 min, rt). Reactions were quenched with 4x Laemmli buffer (5 pL, final
concentrations 60 mM Tris pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-mercaptoethanol,
0.01% (v/v) bromophenol blue) for 15 min at rt. Samples were resolved by SDS-PAGE on a 10%
polyacrylamide gel (180 V, 75 min). Gels were scanned using Cy3 channel settings (605/50 filter;
ChemiDoc™ MP System, Bio-Rad). Fluorescence intensity was corrected for protein loading
determined by Coomassie Brilliant Blue R-250 staining and quantified with Image Lab (Bio-Rad).

Activity-based protein profiling (MAGL)

Cell lysate (14 pL, 1.38 mg/mL) was incubated with inhibitor (0.5 pL in DMSO, 29x concentrated stock,
20 min, rt), followed by incubation with probe FP-TAMRA or LEI463 (0.5 uL in DMSO, 30x concentrated
stock, 20 min, rt). Reactions were quenched with 4x Laemmli buffer (5 pL, final concentrations 60 mM
Tris pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 0.01% (v/v) bromophenol
blue) for 5 min at 95 °C. Samples were resolved by SDS-PAGE on a 10% polyacrylamide gel (180 V, 75
min). Gels were scanned using Cy3 and Cy5 multichannel settings (605/50 and 695/55 filters,
respectively; ChemiDoc™ MP System, Bio-Rad). Fluorescence intensity was corrected for protein
loading determined by Coomassie Brilliant Blue R-250 staining and quantified with Image Lab (Bio-
Rad).

Immunoblot

Samples were resolved by SDS-PAGE and transferred to 0.2 pm polyvinylidene difluoride membranes
by Trans-Blot Turbo™ Transfer system (Bio-Rad) directly after fluorescence scanning. Membranes were
washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and blocked with 5% milk in TBS-T (50 mM Tris
pH 7.5, 150 mM Nacl, 0.05% Tween-20) for 1 h at rt. Membranes were then incubated with primary
antibody in 5% milk in TBS-T (FLAG: 1:5000, 1 h at rt or o/n at 4 °C). Membranes were washed three
times with TBS-T, incubated with matching secondary antibody in 5% milk in TBS-T (1:5000, 1 h at rt)
and then washed three times with TBS-T and once with TBS. Imaging solution (10 mL luminol in 100
mM Tris pH 8.8, 100 pL ECL enhancer, 3 pL H20z) was added and chemiluminescence was detected on
ChemiDoc™ MP System. Primary antibody: monoclonal mouse anti-FLAG M2 (1:5000, Sigma Aldrich,
F3156), secondary antibody: goat anti-mouse-HRP (1:5000, Santa Cruz, sc-2005).

PNP-butyrate hydrolysis assay (DAGLp)

Assays were performed in 50 mM HEPES pH 7.0, 10 mM CaClz in clear, flat-bottom 96-well plates
(Greiner). Inhibitors were added from 40x concentrated stock solution in DMSO. DAGLp-
overexpressing membrane preparations (20 pg per well) were incubated with inhibitor for 20 min at
rt in a total volume of 190 pL. Next, 10 pL substrate solution (PNP-butyrate in 1:1 mixture of
DMSO/H:0, final concentration 600 uM) was added. Absorbance at 420 nm was measured at 37 °Cin
1 min intervals for 20 min on a GENios plate reader (Tecan). Final assay concentrations: 100 ng/uL
DAGLB-overexpressing membranes, 600 uM PNP-butyrate, 5% DMSO in a total volume of 200 pL. All
measurements were performed in N = 2 (individual plates), n = 2 (technical replicates on same plate)
or N = 2, n = 4 for controls, with Z' > 0.6.

2-AG hydrolysis assay (MAGL)
Assays were performed in HEMNB buffer (50 mM HEPES pH 7.4, 1 mM EDTA, 5 mM MgClz, 100 mM
NaCl, 0.5% (w/w) BSA) in black, flat-bottom 96-well plates (Greiner). Inhibitors were added from 40x
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concentrated stock solution in DMSO. MAGL-overexpressing membrane preparations (0.3 pg per well)
were incubated with inhibitor for 20 min at rt in a total volume of 100 pL. Next, 100 pL assay mix
containing glycerol kinase (GK), glycerol-3-phosphate oxidase (GPO), horse radish peroxidase (HRP),
adenosine triphosphate (ATP), Amplifu™Red and 2-arachidonoylglycerol (2-AG) was added.
Fluorescence (Aex = 535 nm, Aem = 595 nm) was measured at rt in 5 min intervals for 60 min on a
GENios plate reader (Tecan). Final assay concentrations: 1.5 ng/uL MAGL-overexpressing membranes,
0.2 U/mL GK, GPO and HRP, 125 pM ATP, 10 uM Amplifu™Red, 25 pM 2-AG, 5% DMSO, 0.5% ACN in
a total volume of 200 pL. All measurements were performed in N = 2 (individual plates), n = 2
(technical replicates on same plate) or N = 2, n = 4 for controls, with Z' > 0.6.

Data analysis, statistics and software

All shown data represent means + SEM, unless indicated otherwise. Replicates are indicated in figure
legends with N for biological and n for technical replicates, respectively. All modeling figures were
rendered using Discovery Studio 2016 (BIOVIA).

For substrate hydrolysis assays, absorbance or fluorescence values were corrected for the average of
the negative control (mock-membranes + vehicle). DAGLB- or MAGL-overexpressing (wild-type or
mutant) membranes incubated with vehicle served as a positive control. Slopes of the corrected data
were determined in the linear interval. The Z'-factor for each assay plate was calculated using the
formula Z' = 1 - 3(0pc + Onc)/(Mpc - Pnc) With o = standard deviation, u = mean, pc = positive control
and nc = negative control. Plates with Z' > 0.6 were accepted for further analysis. For ICso
determination, slopes were normalized to the positive control and analyzed using ‘Non-linear dose-
response analysis with variable slope’. For curves with clear two-phase binding behavior, data were
analyzed using ‘Two sites — Fit loglC50" (GraphPad Prism 7.0).
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Het doel van het onderzoek beschreven in dit proefschrift was het ontwikkelen van een
chemisch-genetische strategie die gebruikt kan worden voor ‘target engagement’ en ‘target
validatie’ studies.

Target engagement en target validatie in medicijnontwikkeling

Hoofdstuk 1 geeft een overzicht van de verscheidene stappen van het huidige
medicijnontdekking- en ontwikkelingsproces. Het eerste stadium omvat validatie van het
therapeutische doel-eiwit (target). Dit is vooralsnog een grote uitdaging en afhankelijk van
de beschikbaarheid van chemisch gereedschap (tools) om de interactie van medicijnen met
hun beoogde doel-eiwit (target engagement) te bestuderen. Chemische sensoren (probes)
met een covalente, irreversibele bindingsmodus kunnen als waardevolle tools dienen om
deze interacties te visualiseren. Deze sensoren moeten echter voldoen aan strikte criteria
op het gebied van potentie, selectiviteit en cel-permeabiliteit en het ontwikkelen van zulke
sensoren is vaak een uitdaging op zich. Het vakgebied van de chemische genetica biedt
middelen om de potentie en selectiviteit van moleculen te verbeteren door niet enkel het
ligand aan te passen, maar ook het doel-eiwit te modificeren. Alhoewel er in het verleden
verschillende benaderingen zijn gerapporteerd, zijn deze niet allemaal geschikt voor target
engagement studies. In het algemeen brengt het gebruik van mutant-eiwitten vaak
verstoringen in eiwitvouwing, een verlaging van katalytische activiteit of andere
functionele defecten met zich mee. De huidige chemisch-genetische strategieén zijn
bovendien allen afhankelijk van het tot overexpressie brengen van een mutant eiwit, wat
tot artefacten kan leiden en de cellulaire fysiologie kan verstoren. Nieuwe strategieén en
probes zijn dus vereist om deze problemen aan te pakken.

Chemische genetica voor visualisatie van gemodificeerde kinases en hun interacties

Hoofdstuk 2 introduceert een chemisch-genetische strategie die het mogelijk maakt om
gemodificeerde kinases en hun interactie met remmers te visualiseren. Het doel-eiwit voor
deze studie was het tyrosine-kinase FES. Tot op heden waren er geen geschikte chemische
tools beschikbaar om FES te valideren als therapeutisch target. De afwezigheid van
cysteineresiduen in de katalytische regio maakt het bovendien moeilijk om chemische
sensoren voor FES te ontwikkelen. Aan de hand van een eerder gerapporteerde
kristalstructuur van FES werden residuen in de katalytische regio geselecteerd die mogelijk
geschikt waren voor mutagenese naar een cysteine. Deze mutant-eiwitten werden tot
expressie gebracht, gezuiverd en geprofileerd in biochemische assays, wat tot het inzicht
leidde dat serine 700, een aminozuurresidu direct voorafgaand aan het geconserveerde
DFG-motief, een uitstekende positie was om in een cysteine te muteren zonder dat dit de
kinase-activiteit, substraatherkenning of eiwit-eiwit-interacties beinvioedde. Hierop-
volgend werden electrofiele derivaten van de breedspectrum kinaseremmer TAE684
ontworpen en gesynthetiseerd. Dit leidde tot de identificatie van WEL028 als een mutant-
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specifieke remmer van FESS7%C met een laag-nanomolaire in vitro en in situ potentie
(Figuur 1). Profilering van de kinoom-brede selectiviteit onthulde dat WEL028 een veel
gunstiger selectiviteitsprofiel had in vergelijking met de uitgangsstof TAE684, met slechts
een beperkt aantal prominente off-targets. Deze off-targets kunnen echter de
toepasbaarheid voor functionele studies beperken, bijvoorbeeld wanneer deze kinases
betrokken zijn bij dezelfde cellulaire signaleringsroutes of worden geassocieerd met
vergelijkbare fysiologische processen als het doel-eiwit. Verdere verbetering van de
selectiviteit van WEL028 zou in deze gevallen gunstig zijn. Hoofdstuk 2 leverde tevens
bewijs voor een covalente, irreversibele bindingsmodus van WEL028. Conjugatie van een
fluorescente groep aan de alkyn-substituent van WEL028 resulteerde in de één-
stapssensor WELO033, die in staat is om FES7%°C maar niet wild-type FES fluorescent te
labelen in cellysaten. Bredere toepasbaarheid van de ontwikkelde chemisch-genetische
gereedschapskist werd geillustreerd met fluorescente labelingsexperimenten op de
DFG-1 cysteinemutanten van vier andere kinases.

C(c. o
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N TAE684 1 WEL028

ET]

Figuur 1 - Chemische structuren van uitgangsstof TAE684, mutant-specifieke FESS’°-remmer WEL028,

L651C,

fluorescente sensor WEL033 en mutant-specifieke DAGLa'®*'“-remmer 4.

In hoofdstuk 3 werd de combinatie van de FESS°C-mutant en de
mutant-specifieke sensoren gebruikt om de rol van FES kinaseactiviteit tijdens
differentiatie  van myeloide cellen te bestuderen. CRISPR/Cas9-gemedieerde
genmodificatie werd gebruikt voor mutagenese van de genomische FES locus, wat
resulteerde in een homozygote HL-60 FESS79C mutant-cellijn. Met behulp van de
fluorescente sensor WELO33 (Figuur 1) kon endogeen FESS7%C gevisualiseerd worden in
lysaten van gedifferentieerde HL-60 cellen. Het inzicht in target engagement van WEL028
op FESS7%C in levende, differentiérende HL-60 cellen leidde tot de ontdekking dat FES
activiteit niet vereist is voor myeloide differentiatie van HL-60 cellen naar macrofagen.
Deze resultaten zijn in tegenspraak met voorgaande studies die gebaseerd zijn op
overexpressie van FES of op knockdown van FES op RNA-niveau en laten de voordelen zien
van acute, farmacologische modulatie van endogene kinaseactiviteit. Bovendien illustreren
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deze resultaten het belang om on-target- en off-target-effecten te kunnen onderscheiden.
Op hogere concentraties dan vereist voor volledige FES-inactivatie verstoorde WEL028 de
differentiatie van HL-60 cellen wel; deze effecten deden zich echter ook voor in de wild-
type controlecellen en konden dus toegeschreven worden aan off-targets,
hoogstwaarschijnlijk kinases uit de MAP kinase-familie. Hoofdstuk 3 besluit met een
differentiatiestudie in FES knockout-cellen, welke ook gegenereerd werden met behulp van
CRISPR/Cas9. Deze knockout-cellen behielden de mogelijkheid in een vergelijkbare wijze
te differentiéren naar macrofagen als wild-type cellen, wat suggereerde dat FES ook geen
essentiéle structurele functie heeft als bindingspartner voor andere eiwitten in dit proces.

Hoofdstuk 4 demonstreert hoe de chemisch-genetische methode beschreven in
hoofdstuk 2 en de mutant-cellijn uit hoofdstuk 3 gebruikt kunnen worden om de rol van
kinases in cellulaire processen te bestuderen. Met behulp van een flowcytometrische
meetmethode en fluorescente E. coli-bacterién kon worden aangetoond dat FES-activiteit
een rol speelt in de het fagocytoseproces van HL-60 neutrofielen. Nadere inspectie van het
substraatprofiel van FES (beschreven in hoofdstuk 2) leidde tot de hypothese dat het
tyrosine-kinase SYK een potentieel substraat van FES is in dit proces. Co-expressie
experimenten lieten zien dat FES inderdaad SYK Y352 fosforyleert in situ, dat FES
bindingsinteracties kan aangaan met SYK, en dat deze interactie afhankelijk is van FES
activiteit. Immunoblotanalyse met fosfo-specifieke antilichamen onthulde dat het
blokkeren van SYK Y352 fosforylering met WEL028 de activatie van de eiwitten HS-1 en
PLCy2 verhinderde, wier activatie beide belangrijk is voor het fagocytoseproces. Deze
resultaten suggereren dat FES een signaleringsroute activeert die betrokken is bij de
reorganisatie van het actine-cytoskelet, welke vereist is voor de internalisatie van de te
doden bacterie. Hoofdstuk 4 besluit met een hypothetisch model waarin FES indirect
PLCy2 activeert om de lipide-samenstelling van het membraan te veranderen, wat
resulteert in zijn eigen dissociatie van het membraan en waarmee de signaleringsinput
stopt.

Hoofdstuk 5 beschrijft de eerste stappen naar een chemisch-genetische strategie
om het serine hydrolase DAGLa subtype-selectief te kunnen remmen. Verschillende
posities in de katalytische regio van DAGLa werden gemuteerd naar een cysteine en de
desbetreffende mutant-eiwitten werden recombinant tot expressie gebracht.
Activiteits-gebaseerde eiwitprofilering (ABPP) met de twee sensoren MB064 en DH379,
alsmede twee substraathydrolyse-assays, werden gebruikt voor biochemische
karakterisering van de DAGLa mutanten. Deze methodes toonden aan dat het aanbrengen
van mutaties in één bepaalde holte in de katalytische regio desastreuze gevolgen had voor
de labeling door sensoren en de hydrolase-activiteit. Daarentegen werden mutaties in een
andere bindingsholte veelal getolereerd. Aan de hand van een homologiemodel werden
mutant-specifieke enzymremmers ontworpen en gesynthetiseerd, wat leidde tot de
identificatie van verbinding 4 (Figuur 1) als remmer van DAGLa5'C maar niet wild-type
DAGLa of andere DAGLa-mutanten. Bovendien was het mogelijk om met deze verbinding
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selectieve remming van DAGLa in aanwezigheid van DAGLP te bewerkstelligen in een
competitief ABPP-experiment op gemengde cellysaten van beide DAGL subtypes.
Verbinding 4 vertoonde echter een tweefasige dosis-responscurve in alle gebruikte assays,
wat duidt op twee verschillende bindingsmodi. De meest potente interactie kwam overeen
met een covalente, irreversibele bindingsmodus van Cys651 met de bromoacetamide-
groep van 4, terwijl de andere interactie vermoedelijk overeenkomt met een reversibele
binding van de katalytische serine 472 met de a-keto-groep. Verdere optimalisatie van 4
is vereist voordat deze chemisch-genetische strategie toegepast kan worden in cellulaire
modelsystemen.

Hoofdstuk 6 rapporteert de optimalisatie en miniaturisatie van een activiteits-
assay voor het serine hydrolase MAGL, welke gebaseerd is op omzetting van 2-AG, het
natuurlijke substraat van MAGL. Deze meetmethode werd vervolgens gebruikt in een high-
throughput screen waarin 233,820 verbindingen werden getest en welke resulteerde in de
identificatie van 1,142 actieve stoffen. Met behulp van deselectie-assays en triage werd dit
aantal teruggebracht tot een lijst van 50 verbindingen, welke vervolgens verder
geprofileerd werden in dosis-respons experimenten. Validatie van deze hits in een
orthogonaal, competitief ABPP-experiment resulteerde in een selectie van 7 verbindingen
die het startpunt vormden voor de ontwikkeling van nieuwe, reversibele MAGL-remmers.
Het blokkeren van 2-AG hydrolyse met MAGL-remmers is vanuit therapeutisch oogpunt
gunstig voor een verscheidenheid aan ziektes, waaronder het syndroom van Tourette,
neuroinflammatie, angststoornissen, pijn en kanker. Naast een mogelijke toepassing als
toekomstige medicijn kunnen deze reversibele verbindingen bovendien als startpunt
dienen voor de ontwikkeling van chemisch-genetische sensoren voor MAGL.

Tot slot

De ontwikkeling van nieuwe medicijnen is afhankelijk van onze kennis van de doel-eiwitten
die als aangrijpingspunt dienen voor deze medicijnen. Het valideren van nieuwe
therapeutische aangrijpingspunten blijft een grote uitdaging in het huidige
medicijnontwikkelingsproces. Validatie van targets met genetische methodes komt niet
altijd overeen met de effecten van acute modulatie met chemische liganden en het
permanente karakter van genetische modulatie kan leiden tot compensatie-effecten.
Bovendien is een farmacologische aanpak niet altijd mogelijk door een gebrek aan
selectieve, potente modulatoren.

De chemische genetica combineert de specificiteit van genetische technieken
met het acute, dynamische karakter van farmacologische modulatoren. De specificiteit die
verkregen wordt door het gebruik van een gemodificeerd eiwit, stelt men in staat om
dezelfde chemische sensor toe te passen op een variéteit aan doel-eiwitten binnen een
bepaalde eiwitfamilie, zoals de kinases of serine hydrolases. Bovendien biedt mutagenese
van een aminozuurresidu naar een reactieve cysteine de mogelijkheid om covalente
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sensoren te ontwikkelen voor eiwitten die van nature geen nucleofiele aminozuren in hun
bindingsholtes bevatten, zoals werd geillustreerd in hoofdstuk 2. Zulke chemische
sensoren uitermate nuttige om target engagement te visualiseren. Potentiéle toepassingen
van chemisch-genetische methoden in het targetvalidatieproces werden geillustreerd in
hoofdstuk 3 en 4. De mogelijkheid om vergelijkingsstudies in wild-type en mutant cellen
uit te voeren leidde tot het inzicht dat FES activiteit niet vereist is voor myeloide
differentiatie van HL-60 cellen. De chemische genetica kan ook bijdragen aan de
ontdekking van nieuwe substraten of functies van bepaalde doel-eiwitten, zoals de
identificatie van SYK als een substraat van FES, en de ontdekking dat FES een rol speelt in
fagocytose door neutrofielen. Hoofdstuk 5 illustreerde dat een vergelijkbare chemisch-
genetische strategie ook toepasbaar is op andere enzymklassen, zoals de serine
hydrolases. Tevens werd hier benadrukt dat succesvol ontwerp van mutant-specifieke
remmers met een covalente bindingsmodus in grote mate afhankelijk is van
eiwitstructuurinformatie en beschikbare (reversibele) remmers die als startpunt kunnen
dienen. Hoofdstuk 6 rapporteerde over het gebruik van high-throughput screening om
nieuwe chemische entiteiten te identificeren met een reversibele bindingsmodus, welke
verder ontwikkeld kunnen worden als chemisch-genetische sensoren of toekomstige
medicijnen.

Tezamen laat dit proefschrift zien dat het gebruik van chemisch-genetische methoden
mogelijkheden biedt om bij te dragen aan de validatie van nieuwe therapeutische
aangrijpingspunten.

166



Samenvatting

167



List of publications

List of publications

Identification of a,B-hydrolase domain containing protein 6 as a diacylglycerol lipase in Neuro-2a
cells

A.C.M. van Esbroeck*, V. Kantae*, X. Di, T. van der Wel, H. den Dulk, A.F. Stevens, S. Singh, A.T. Bakker,
B.l. Florea, N. Stella, H.S. Overkleeft, T. Hankemeier & M. van der Stelt.

Front. Mol. Neurosci. 72, 286 (2019)

Chiral disubstituted piperidinyl ureas: a class of dual diacylglycerol lipase-a and ABHDG6 inhibitors
H. Deng, T. van der Wel, RJ.B.H.N. van den Berg, AM.C.H. van den Nieuwendijk, F.J. Janssen, M.P.
Baggelaar, H.S. Overkleeft & M. van der Stelt,

Med. Chem. Commun. 1-7 (2017).

Activity-based protein profiling reveals off-target proteins of the FAAH inhibitor BIA 10-2474
A.C.M. van Esbroeck*, A.P.A. Janssen*, A.B. Cognetta, D. Ogasawara, G. Shpak, M. van der Kroeg, V.
Kantae, M.P. Baggelaar, F.M.S. de Vrij, H. Deng, M. Allara, F. Fezza, Z. Lin, T. van der Wel, M. Soethoudt,
E.D. Mock, H. den Dulk, I.L. Baak, B.l. Florea, G. Hendriks, L. De Petrocellis, H.S. Overkleeft, T.
Hankemeier, C.I. De Zeeuw, V. Di Marzo, M. Maccarrone, B.F. Cravatt, S.A. Kushner & M. van der Stelt.
Science 356, 1084-1087 (2017).

Triazole Ureas Act as Diacylglycerol Lipase Inhibitors and Prevent Fasting-Induced Refeeding

H. Deng, S. Kooijman, A.M.C.H. van den Nieuwendijk, D. Ogasawara, T. van der Wel, F. van Dalen, M.P.
Baggelaar, F.J. Janssen, RJ.B.H.N. van den Berg, H. den Dulk, B.F. Cravatt, H.S. Overkleeft, P.C.N. Rensen
& M. van der Stelt.

J. Med. Chem. 60, 428-440 (2017).

Rapid and profound rewiring of brain lipid signaling networks by acute diacylglycerol lipase
inhibition

D. Ogasawara*, H. Deng*, A. Viader, M.P. Baggelaar, A. Breman, H. den Dulk, AM.C.H. van den
Nieuwendijk, M. Soethoudt, T. van der Wel, J. Zhou, H.S. Overkleeft, M. Sanchez-Alavez, S. Mori, W.
Nguyen, B. Conti, X. Liu, Y. Chen, Q. Liu, B.F. Cravatt & M. van der Stelt.

Proc. Natl. Acad. Sci. 773, 26-33 (2016).

Triazole DAGLalpha inhibitors

B.F. Cravatt, D. Ogasawara, A. Viader, H. Deng, T. van der Wel & M. van der Stelt.

US Patent Application US20180344729A1. Priority date 2 December 2015. Filing date 2 December
2016.

A natural substrate-based fluorescence assay for inhibitor screening on diacylglycerol lipase a
T. van der Wel, F.J. Janssen, M.P. Baggelaar, H. Deng, H. den Dulk, H.S. Overkleeft & M. van der Stelt.
J. Lipid Res. 56, 927-935 (2015).

168



List of publications

Highly Selective, Reversible Inhibitor Identified by Comparative Chemoproteomics Modulates
Diacylglycerol Lipase Activity in Neurons

M.P. Baggelaar, P.J.P. Chameau, V. Kantae, J. Hummel, K.L. Hsu, F.J. Janssen, T. van der Wel, M.
Soethoudt, H. Deng, H. den Dulk, M. Allara, B.l. Florea, V. Di Marzo, W.J. Wadman, C.G. Kruse, H.S.
Overkleeft, T. Hankemeier, T.R. Werkman, B.F. Cravatt & M. van der Stelt.

J. Am. Chem. Soc. 7137, 8851-8857 (2015).

Discovery of glycine sulfonamides as dual inhibitors of sn-1-diacylglycerol lipase o and o/B-
hydrolase domain 6

F.J. Janssen, H. Deng, M.P. Baggelaar, M. Allara, T. van der Wel, H. den Dulk, A. Ligresti, A.C.M. van
Esbroeck, R. McGuire, V. Di Marzo, H.S. Overkleeft & M. van der Stelt.

J. Med. Chem. 57, 6610-6622 (2014).

Chemical genetics strategy to profile kinase target engagement reveals role of FES in neutrophil
phagocytosis via SYK activation

T. van der Wel, R. Hilhorst, H. den Dulk, T. van den Hooven, N.M. Prins, J.A.P.M. Wijnakker, B.I. Florea,
E.B. Lenselink, G.J.P. van Westen, R. Ruijtenbeek, H.S. Overkleeft, A. Kaptein, T. Barf & M. van der Stelt.
Manuscript submitted.

Towards a chemical genetic strategy for subtype-selective inhibition of diacylglycerol lipase alpha

T. van der Wel, T.J. Wendel, F. Mohr, H. den Dulk & M. van der Stelt.
Manuscript in preparation.

Discovery of an in vivo active NAPE-PLD inhibitor that reduces brain anandamide levels and pain
behavior

E.D. Mock, M. Mustafa, R. Cinar, V. Kantae, X. Di, ZV. Varga, J. Paloczi, G. Donvito, A.C.M. van Esbroeck,
A.M.F. van der Gracht, . Kotsogianni, J.K. Park, A. Martella, T. van der Wel, M. Soethoudt, M. Jiang, T.J.
Wendel, A.P.A. Janssen, A. Bakker, B.I. Florea, J. Wat, H. van den Hurk, M. Wittwer, U. Grether, M.W.
Buczynski, C.A.A. van Boeckel, T. Hankemeier, P. Pacher, A.H. Lichtman & M. van der Stelt.
Manuscript submitted.

Highly Specific, Fluorescent Cannabinoid Type 2 Receptor Probes Enable Applications in
Microscopy, Flow Cytometry and FRET-based Binding Assays

R. Sarott, M. Westphal, P. Pfaff, C. Korn, D. Sykes, T. Gazzi, B. Brennecke, K. Atz, M. Weise, Y. Mostinski,
P. Hompluem, T. Miljus, N. Roth, H. Asmelash, M. Vong, J. Piovesan, W. Guba, A. Rufer, E. Kusznir, S.
Huber, C. Raposo, E. Zirwes, A. Osterwald, A. Pavlovic, S. Moes, J. Beck, |. Benito-Cuesta, T. Grande, A.
Yeliseev, F. Drawnel, G. Widmer, D. Holzer, T. van der Wel, H. Mandhair, Y. Saroz, N. Grimsey, C. Yuan,
W. Drobyski, M. Honer, J. Fingerle, K. Gawrisch, J. Romero, C. Hillard, Z. Varga, M. van der Stelt, P.
Pacher, J. Gertsch, P. McCormick, C. Ullmer, S. Oddi, M. Maccarrone, D. Veprintsev, M. Nazare, U.
Grether & E. Moran Carreira.

Manuscript submitted.

169



List of publications

Drug Derived Fluorescent Probes for the Specific Visualization of Cannabinoid Type 2 Receptor - A
Toolbox Approach

T. Gazzi, B. Brennecke, K. Atz, C. Korn, D. Sykes, R. Sarott, M. Westphal, P. Pfaff, M. Weise, Y. Mostinski,
B. Horare, T. Miljus, M. Mexi, W. Guba, A. Alker, A. Rufer, E. Kusznir, S. Huber, C. Raposo, E. Zirwes, A.
Osterwald, A. Pavlovic, S. Moes, J. Beck, |. Benito-Cuesta, T. Grande, F. Drawnel, G. Widmer, D. Holzer,
T. van der Wel, H. Mandhair, Y. Saroz, N. Grimsey, M. Honer, J. Fingerle, K. Gawrisch, J. Romero, C.
Hillard, P. McCormick, Z. Varga, M. van der Stelt, P. Pacher, J. Gertsch, C. Ullmer, S. Oddi, M.
Maccarrone, D. Veprintsev, E. Carreira, U. Grether, M. Nazaré.

Manuscript submitted.

Chemical proteomics enables cellular selectivity profiling of clinical FLT3 inhibitors

S.H. Grimm, E.J. van Rooden, R. Wijdeven, L. de Paus, H. You, M. Quik, T. van der Wel, E.D. Mock, H.S.
Overkleeft, J. Neefjes & M. van der Stelt.

Manuscript in preparation.

Development of a fluorescent probe reveals the mitochondrial localization of monoacylglycerol
lipase in breast cancer cells

H. Deng, M. Jiang, A.C.M. van Esbroeck, A.C.P. Zottola, T. van der Wel, D.M. van Elsland, H.M.N.
Klaassen, S. Eshuis, H. den Dulk, Z. Varga, RJ.B.H.N. van den Berg, G. Marsicano, P. Pacher, S.I. van
Kasteren, S.E. Le Dévédec & M. van der Stelt.

Manuscript in preparation.

Discovery and optimization of PLAAT2 a-ketoamide inhibitors that reduce N-acylethanolamine

production

J. Zhou*, E.D. Mock*, K. Al Ayed, V. Kantae, X. Di, L. Burggraaff, A.F. Stevens, A. Martella, F. Mohr, M.
Jiang, T. van der Wel, T.J. Wendel, T. Ofman, Y. Tran, N. de Koster, G. van Westen, T. Hankemeier &

M. van der Stelt.

Manuscript in preparation.

* Authors contributed equally.

170



Curriculum Vitae

Curriculum Vitae

Tom van der Wel was born on May 6™, 1991 in Delft, The Netherlands. He
obtained his high school diploma (VWO) from the Interconfessionele
Scholengemeenschap Westland (ISW) in ‘s-Gravenzande in 2009. The same year, he started
a bachelor study in Life Science and Technology, a shared program between the TU Delft
and Leiden University. After a minor in organic chemistry in Leiden, he performed a
research internship titled 'A tetrahedral boron catalyst for the aldol reaction’ in the
Biocatalysis & Organic Chemistry group at TU Delft. The bachelor degree was obtained in
2012.

He subsequently started the master program Chemistry with specialization
‘Design and Synthesis’ at Leiden University later that year. In this period, Tom performed a
research internship on '‘Development and application of natural substrate-based assays for
endocannabinoid hydrolases’ in the group of Bio-organic Synthesis at Leiden University.
During this internship, he set up biochemical assays for various hydrolases of the
endocannabinoid system and applied these in the process of inhibitor hit optimization.
The corresponding thesis was nominated for the KNCV Golden Master Award 2014 and
resulted in a first author publication. Tom obtained his master’'s degree summa cum laude
in 2014,

In October 2014, he started his doctoral studies in the Bio-organic Synthesis
group under supervision of prof. dr. M. van der Stelt and prof. dr. H.S. Overkleeft. A year
later, part of this group transitioned into the new Molecular Physiology group, headed by
prof. dr. M. van der Stelt. The research described in this thesis was performed in
collaboration with dr. A. Kaptein and dr. T. Barf of Covalution Biosciences. NWO and
Topsector Chemistry (TKl-project ‘OncoDrugs’) are kindly acknowledged for financial
support.

Parts of the research described in this thesis were presented on posters at various
(inter)national conferences, including CHAINS (Veldhoven 2014 and 2016), the Reedijk
symposium (Leiden 2015 and 2018), International Cannabinoid Research Society's
conference (Leiden 2018), ABPP conference (Leuven 2019), and EMBO Chemical Biology
(Heidelberg 2018), of which the latter was awarded a poster prize. Oral presentations were
held at CHAINS (Veldhoven 2017), the ABPP conference (Oxford 2018) and most recently
at the FIGON Dutch Medicine Days (Leiden 2019), which was granted the best oral
presentation award by the KNCV Division Medicinal Chemistry. In addition, Tom was
selected to present his work as delegate for the Netherlands during the Young Medicinal
Chemist Symposium (EFMC-YMCS 2020) in Basel, Switzerland.

171



Dankwoord

Dankwoord

De multidisciplinariteit van chemisch-biologisch onderzoek is iets wat mij vanaf
dag één al aansprak en het samenwerken met mensen uit verschillende disciplines is hier
onlosmakelijk mee verbonden. Het is overduidelijk dat behalve ikzelf ook vele anderen een
bijdrage aan dit proefschrift hebben geleverd.

In de eerste plaats mijn beide promotores, Mario van der Stelt en Hermen
Overkleeft. Mario, al vanaf de eerste dag dat ik in de groep binnenkwam (toen nog als
masterstudent), heb ik me op mijn plek gevoeld. Bedankt voor de prettige begeleiding, het
delen van kennis, de motiverende woorden en de vrijheid om eigen ideeén na te jagen.
Hermen, tijdens jouw colleges werd mijn interesse in de chemische biologie gewekt.
Bedankt voor je bijdrage tijdens het promotietraject en nadien bij het vinden van een
nieuwe uitdaging.

De collega’s van de groep ‘moleculaire fysiologie’ hebben de afgelopen jaren
bijgedragen aan een aangename sfeer op de werkvloer, tijdens de koffiepauzes en bij
feestjes. Alexander, Anthe, Berend, Bing, Elliot, Floor, Hedwich, Kim, Laura, Na, Rob,
Sebastiaan, Verena en Wouter: thank you all for the great atmosphere, your help and useful
discussions. Mirjam, Tyrza, Thomas en Nina: ook jullie bedankt voor de gezelligheid tijdens
het pipetteren en met de lunch. Bepaalde delen van mijn werk bouwen verder op de
fundamenten die voorgangers hebben gelegd. | also want to acknowledge former
colleagues for this: Freek, Marc, Hui, Marjolein, Eva, Sebastian, Andrea and Juan. Florian,
Ming, Timo: I'm very grateful for your help with (re)synthesis of some of the compounds in
this thesis. En natuurlijk Hans den Dulk: ik ben heel dankbaar voor je hulp, je ideeén en het
delen van je jarenlange ervaring.

De afgelopen jaren heb ik een groot aantal studenten mogen begeleiden. Sanne,
Timo, Alessandro, Bart, Jessica, Nienke, Paulien, Mandy, Rick, Tim, Glenn and Joost: thank
you for your effort. Some of you are likely to find parts of your work back in this thesis; in
many other cases your projects were continued by other group members and some of
these are still ongoing.

Tijdens mijn projecten heb ik tevens mogen samenwerken met vele personen
buiten de eigen onderzoeksgroep. Het werk dat het grootste gedeelte van dit proefschrift
in beslag neemt, is uitgevoerd in samenwerking met (copromotor) Tjeerd Barf en Allard
Kaptein van Covalution Biosciences. Bedankt voor jullie ideeén en suggesties de afgelopen
jaren. Tevens wil ik de mensen van PamGene hartelijk bedanken. Riet Hilhorst, Tim van den
Hooven en Rob Ruijtenbeek, jullie bijdrage heeft ervoor gezorgd dat we concrete
aangrijpingspunten vonden om het kinaseproject mee te vervolgen. Bedankt voor jullie
enthousiasme en de prettige en efficiénte samenwerking. Tsang-Wai Lam, Helma Rutjes
en Stan van Boeckel van Pivot Park Oss: veel dank voor de optimalisatie en uitvoering van
de high-throughput screen en de verdere selectie van hits. Bobby en Hans van den Elst:
bedankt voor de technische ondersteuning. Rolf, Marco, Marri, Martijn en Daphne: het was

172



Dankwoord

erg fijn af en toe naar beneden te kunnen lopen om gebruik te maken van jullie expertise
of apparatuur. Geri Moolenaar en Nora Goosen, dank voor jullie hulp bij één van de
allereerste stappen van het kinaseproject: de eiwitexpressie en —zuiveringen. Bart Lenselink
en Gerard van Westen, bedankt voor jullie bijdrage op het vlak van de computationele
chemie. Ménica Varela, | greatly appreciate your time and efforts with the zebrafish
experiments. It is a pity we could not make it work in the limited amount of time we had.
Ruud Wijdeven, onze experimenten samen hebben helaas niet veel opgeleverd, maar
desondanks waardeer ik het dat je hiervoor tijd wilde vrijmaken. Graag wil ik ook mijn
waardering laten blijken voor de medewerkers van ‘de keuken'. Hellen, Annelies en
Sebastiaan, naar mijn mening wordt soms onderschat hoeveel dingen jullie voor ons uit
handen nemen, bedankt hiervoor.

Natuurlijk mogen mijn twee paranimfen in dit dankwoord niet ontbreken.
Annelot, we zijn ooit samen gestart met onze studie, en later beide op dezelfde dag
begonnen aan ons PhD-avontuur. Bedankt voor het meedenken met experimenten, het
betalen van vele bekertjes kantinesoep en bovenal voor je humor en steun. Lindsey, wij
begonnen ooit samen aan onze masterstage bij toenmalig Biosyn, en sindsdien hebben
we flink wat uurtjes geklaagd, gelachen en gediscussieerd (jij op alle fronten wat luider dan
ik). Ik weet zeker dat ik jullie ook na onze promotieperiode blijf zien.

Tenslotte uiteraard het thuisfront. Pa, ma, schoonfamilie, en bovenal Jordy: ook
jullie hebben bijgedragen aan dit proefschrift met jullie support, interesse en de nodige
afleiding. Bedankt voor dit alles!

Tom

173



“In biology, nothing is clear, everything is too complicated, everything is a mess,
and just when you think you understand something, you peel off a layer
and find deeper complications beneath. Nature is anything but simple.”

— Richard Preston



