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1. Summary

1. Summary

Cellular Selectivity and Kinetics of Clinical Kinase Inhibitors
Written by Lena Marie Berger under the supervision of Prof. Dr. Stefan Knapp

Protein kinases are key signalling molecules and transduce intracellular signals via the post-
translational phosphorylation of substrate proteins, often other protein kinases.
Dysrequlation of this protein family has been linked to many diseases including
neurodegenerative diseases, inflammation and cancer and amplifications of kinases play
important roles as diagnostic biomarkers in a variety of cancers. Various strategies have been
developed to treat dysrequlated protein kinases. Most commonly, chemical small molecule
inhibitors are used to modulate protein kinase activity in cancer cells. Many inhibitor and
general research efforts have focused only on a small subset of protein kinases, resulting in
a large portion of the kinome, the so-called “dark” kinome, remaining largely unexplored. As
part of the strategy to develop inhibitors, it is crucial to understand the structure-activity-
relationships (SAR) of small molecules to the activity towards the targets based on
understanding small molecule-target affinities as determined by biophysical, biochemical,
and cellular methods. However, not always do /n witro determined affinities, which are
frequently used as basis for SAR considerations, correlate with the cellular affinity. For
protein kinases in particular, it has been shown that the cellular concentration of the natural
substrate adenosine-triphosphate (ATP) plays a critical role for the resulting small molecule
affinity, as substrate and inhibitor frequently compete for the same binding site of the
protein kinase. The cellular target engagement assay NanoBRET is a versatile assay that
overcomes this problem and can be used to assess binding of a compound to the full-length
protein kinase, in the presence of natural binding partners. Another important factor in
inhibitor optimization is the selectivity of the molecule within the family of protein kinases.
When comparing the selectivity profiles of small molecule kinase inhibitors /7 vitro and in
cells, different profiles can be observed. Frequently, a compound, binds fewer protein kinases
with high affinity in cells, indicating that cellular profiling of protein kinase inhibitors is

necessary to understand the selectivity profile of an inhibitor.

The goal of this work was to understand cellular SARs of inhibitors for kinases and dark

kinases in medicinal chemistry projects, and to understand the selectivity profiles of existing
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small molecules in cells, including already approved drugs and clinically used kinases
inhibitors. The cellular potency and selectivity aspects guided optimization of the inhibitors
towards selective small molecules ‘chemical probes’ or highly validated inhibitors with a
narrow selectivity profile as part of ‘chemogenomic libraries’. One strateqy to improve
selectivity has been to use sterically restricted cyclic small molecules, called macrocycles,
that allow fewer conformations of the molecule than their non-cyclic parent compound. In
this thesis the dark kinase STK17R was investigated. Macrocyclization was used to develop a
selective chemical probe molecule that is also selective in the cellular context. For another
kinase, SIK2, a rational design approach was used to exclude off-targets bound by the lead
structure, resulting in a chemical probe that selectively targets the SIK1/2/3 proteins.
Assessing cellular potency of another series of inhibitors, a probe was developed for the
PCTAIRE subfamily of the CDK kinases. This required co-expression of the binding partners
of CDKs, the cyclins, in cells to obtain a functional assay. To identify new candidates for the
neglected family of splicing kinases comprising the CLK, SRPK, DYRK and HIPK protein kinase
subfamilies, a literature review was conducted, and the best small molecule candidates were
compared for their target engagement in cells. This led to a series of small molecule inhibitors
that may be used as a set or single agents to target the CLK proteins and SRPK proteins or in
combination to target the remaining proteins. In search of new starting points for this
subfamily of kinases, an initial screen with NanoBRET technology was performed using a
library of over 2000 inhibitors, and new starting points were identified. Additionally, a set of
clinical and approved small molecule kinase inhibitors was assessed for their selectivity in
cells. Several highly selective molecules were identified that were much less selective in /n
vitro approaches. The set of data allowed for a comprehensive comparison of cellular
potencies with published data using /n vitro binding, /n vitro activity and data obtained from

cell lysates and identified several protein kinases that would need to be investigated in cells.

Beyond conventional kinase inhibitors, a new strateqy was to identify and characterize
heterobifunctional binders and use them in an approach to attract the cellular ubiquitination
dependent degradation machinery of E3 ligases and the proteasome thereby not inhibiting
but degrading the target protein. These molecules, called PROTACs, are bivalent, containing
a target-specific binder connected via a linker to a binder of an €3 ligase. BIRC-family proteins

comprise E3 ligases, which contain beside their BIR domain a RING-domain, which carries
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the E3 ligase activity. In order to develop new and characterize existing binders to this family,
the literature small molecule landscape of BIRC binders was assessed to identify tools to use
for the development of PROTACs, revealing several suitable small molecules as starting

points.

This thesis focused on the development and characterization of small molecule inhibitors in
cells using the method NanoBRET. These projects have targeted kinases and dark kinases in
medicinal chemistry projects, identified several new starting points when comparing
literature inhibitors and tool compounds and new starting points for future projects, enabling
the development of chemical probes and chemogenomic libraries to study the role of specific

kinases in biology and disease.
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Zelluldre Selektivitat und Kinetik von klinischen von Klein-Molekularen Kinase Inhibitoren
Geschrieben von Lena Marie Berger unter der Leitung von Prof. Dr. Stefan Knapp.

Proteinkinasen wirken als Signalmolekile und leiten intrazellulare Signale dber die
posttranslationale Phosphorylierung von Substratproteinen, haufig anderen Proteinkinasen,
weiter. Zur Behandlung desrequlierter Proteinkinasen wurden verschiedene Strategien
entwickelt; am haufigsten werden chemische niedermolekulare Inhibitoren zur Modulation
der Proteinkinaseaktivitat in Krebszellen eingesetzt. Viele Hemmstoff- und allgemeine
ForschungsbemGhungen haben sich nur auf eine ahnliche Gruppe von Proteinkinasen
konzentriert, was dazu fihrt, dass ein Teil des Kinoms, das so genannte "dunkle" Kinom,
weitgehend unerforscht bleibt. Als Teil der Strategie fiir den Einsatz von Inhibitoren ist es
von entscheidender Bedeutung, die Struktur-Aktivitats-Beziehungen zwischen kleinen
Molekilen und ihren Zielmolekilen zu verstehen, und zwar auf der Grundlage des
Verstandnisses der Affinitaten zwischen niedermolekularen Molekilen und Zielmolekilen,
wie sie durch biophysikalische, biochemische und zellulare Techniken bestimmt werden.
Wahrend eine /n witro ermittelte Affinitdt haufig mit der zellularen Affinitat korreliert,
mUssen bei manchen anderen Substanzen zusatzliche Faktoren im zelluldren Kontext
beriicksichtigt werden. Bei Proteinkinasen hat sich gezeigt, dass die zellulare Konzentration
des naturlichen Substrats Adenosintriphosphat (RTP) eine entscheidende Rolle fir die
resultierende Affinitdt kleiner Molekile spielt, da Substrat und Inhibitor um die
Bindungsstelle der Proteinkinasen konkurrieren. Weitere Faktoren, die bei dem zelluldren
Target-Engagement-Assay, auch NanoBRET genannt, berlcksichtigt werden, sind die
Verwendung von transient exprimierten Proteinkinasen in voller Lange, posttranslationale
Modifikationen beim Menschen, die subzelluldre Lokalisierung und das Vorhandensein
natirlicher Bindungspartner. Ein weiterer wichtiger Faktor bei der Optimierung kleiner
Molekile ist die Selektivitat des Molekils innerhalb der Familie der Proteinkinasen. Beim
Vergleich der Selektivitatsprofile von niedermolekularen Kinase Inhibitoren /n vitro und in
Zellen wurde festgestellt, dass die Selektivitatsprofile kleiner werden, also weniger

Proteinkinasen mit hoher Affinitat gebunden werden, was darauf hindeutet, dass eine
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zellulare Profilierung von Proteinkinase Inhibitoren notwendig ist, um die Zielprofile zu

verstehen.

Ziel dieser Arbeit war es, die zellularen Struktur-Aktivitats-Beziehungen von Proteinkinasen
und dunklen Proteinkinasen in Projekten der Medizinialchemie zu verstehen, hochselektive
kleine Molekile zu entwickeln und die Selektivitatsprofile bestehender niedermolekularer
Molekiile in Zellen zu untersuchen, einschliellich bereits zugelassener Medikamente und
klinisch verwendeter Kinase-Inhibitoren. Eine Strategie zur Verbesserung der Selektivitat war
die Verwendung sterisch eingeschrankter zyklischer kleiner Molekile, so genannter
Makrozyklen, die weniger Bindungszustdnde des Zielproteins zulassen als ihre nicht-
zyklische Ausgangsverbindung. Die aus dieser Arbeit resultierenden zelluldren Daten halfen
bei der Identifizierung neuer Kandidaten auf der Suche nach chemischen Sonden oder
chemogenomischen Verbindungen, die fir kinftige Studien zur Identifikation neuer
Zielmolekiile von Bedeutung sein konnen, da kleine Molekiile, die ein einziges Zielmolekil
oder nur wenige Zielmolekile hemmen, in phdnotypischen Assays zur Identifizierung neuer

Zielmolekule verwendet werden konnen.

Die in dieser Arbeit hauptsachlich verwendete Methode, NanoBRET, wurde dabei ausgehend
von veroffentlichten Protokollen so weiterentwickelt, dass im Hochdurchsatzverfahren viele
Projekte mit wichtigen Daten bereichert werden konnten. Bei NanoBRET wird eine
Zielproteinkinase innerhalb eines DNA-Plasmids an eine kleine Luciferase fusioniert und
diese Uber transiente Transfektion exprimiert. Durch ein an die Zielkinase bindendes
fluoreszierendes Molekil, dem Tracer, und der Zugabe von einem Substrat der kleinen
Luciferase kommt es zu einem Energielbertrag der Biolumineszenz der kleinen Luciferase an
den Tracer. Der so beobachtbare Signalanstieg kann durch konkurrierende Kleinmolekiile der
Zielkinase dosisabhangig reduziert werden. In Kleinmolekiiltitrationen kann so auf die

Affinitat der Kleinmolekiile im zelluldren Kontext geschlossen werden.

Ein Beispiel fir eine dunkle Kinase, die in dieser Arbeit untersucht wurde, ist STK17A. Fur
STK17A wurde die Strategie der Makrozyklisierung genutzt, um ein selektives chemisches
Sondenmolekil zu entwickeln, das auch im zelluldren Kontext selektiv ist. Dabei wurden
initiale /n vitro Daten der Selektivitat im zelluldren System selektiver im Vergleich zum

Zielmolekil STK17A. Fir eine andere Kinase, SIK2, wurde ein rationaler Designansatz
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verwendet, um unerwinschte Zielmolekile nichtmehr zu inhibieren, die die Leitstruktur
zeigte, wodurch am Ende eine chemische Sonde entwickelt werden konnte, die selektiv fir
die SIK1/2/3-Proteine ist. Die initiale /7 vitro Affinitat hat sich dabei im zelluldren Kontext

bestatigt.

Zur ldentifizierung neuer Kandidaten fir die vernachlassigte Familie der SpleiRkinasen, die
die Unterfamilien der CLK-, SRPK-, DYRK- und HIPK-Proteinkinasen umfasst, wurde eine
Literaturrecherche durchgefihrt, und die besten niedermolekularen Kandidaten wurden
unter zelluldren Bedingungen verglichen. Dies fihrte zu einer Reihe von niedermolekularen
Inhibitoren, die als Set oder einzelne Wirkstoffe gegen die CLK-Proteine und SRPK-Proteine
oder in Kombination gegen die Gbrigen Proteine eingesetzt werden konnen. Auf der Suche
nach neuen Ansatzpunkten fir die in diesem Set noch nicht vollstandig durch chemische
Sonden analysierbaren SpleiRkinasen, wurde an reprasentativen Vertretern der Familien ein
initiales Screening mit einer Bibliothek von ber 2000 Inhibitoren durchgefihrt, und es

wurden neue Ansatzpunkte identifiziert, die zukinftig weiterentwickelt werden konnen.

Innerhalb der Familie der CDK-Kinasen fuhrte das Verstandnis der Struktur-Aktivitats-
Beziehung zu einem fir die Unterfamilie selektiven Inhibitor, der fir das Screening von CDKs
als Targets in neuen phanotypischen Assays verwendet werden kann. Beim Uberpriifen der
Selektivitat des Molekils innerhalb der CDK Familie fiel auf, dass vorrangig die CDKs des
phulogenetischen Asts der sogenannten TAIRE Familie, also CDK14/15/16/17/18 mit quter
Affinitat in Zellen gebunden werden. Entsprechend kann das entwickelte Molekil fir

Zielidentifikationsstudien als chemogenomisches Kleinmolekil verwendet werden.

Innerhalb der Gruppe der klinischen und zugelassenen niedermolekularen Kinase Inhibitoren
wurden mehrere hochselektive Molekile in Zellen identifiziert, die in /7 vitro Ansatzen weit
weniger selektiv waren. Der Datensatz ermoglichte einen umfassenden Vergleich der
zellularen Potenzen mit veroffentlichten Daten unter Verwendung von /n vitro Bindung, /n
vitro Aktivitdt und aus Zelllysaten gewonnenen Daten und identifizierte mehrere
Proteinkinasen, die in Zellen untersucht werden sollten. Fir dieses Projekt wurden neue
Tracer Titrationen fir 238 Proteinkinasen durchgefiihrt und jedes Testsystem an vier
Kontroll-Kleinmolekilen  getestet.  Mithilfe  dieser  Plattform  wurden  folgend

189 Kleinmolekile profiliert. Es wurde dabei festgestellt, dass mehrere klinische
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Kleinmoleklle unerwartet unselektiv waren, wobei sich diese Selektivitat im zelluldren
Kontext verbesserte. Ein Vergleich der zellularen Daten mit publizierten Daten eines /n vitro
Bindungsassauys zeige eine generelle Korrelation der Bindungsaffinitaten, die jedoch um den
Faktor 10-100 unpotenter waren als vorher. Diese Differenz kann mit der natirlichen
Konkurrenz des Substrates ATP erklart werden, da dieses in Zellen in hohen Konzentrationen
vorliegt. Ein weiteres Subset an Proteinkinasen zeigte jedoch besonders hohe Verschiebung
der Affinitat um den Faktor 1000. Hier werden weitere biologische Griinde vermutet, wie das
Vorhandensein posttranslationaler Modifikationen oder subzellularer Lokalisation der

getesteten Proteine. Diese Untersuchungen diesen als Grundlage fir folgende Studien.

Eine weitere Methode um deregulierte Proteine zu behandeln ist der gezielte Proteinabbau.
Niedermolekulare ~ Binder  werden  dabei  verwendet, um  die  zellulare
ubiquitinierungsabhangige Degradationsmaschinerie der E3-Ligasen und des Proteasoms
anzuziehen und dadurch das krebsverursachende Zielprotein abzubauen. Bei dem als
PROTACs bezeichneten Ansatz wird ein bivalentes Kleinmolekil entwickelt, das einen
zielspezifischen Binder enthalt, der Gber einem Linker mit einem Binder fir eine E3-Ligase

verbunden ist.

In einem Projekt wurde das MYC-bindende Protein WDR5 mit Hilfe eines PROTAC-Molekiils
ins Visier genommen, um nicht nur WDR5, sondern auch MYC selbst abzubauen, wobei ein
Literaturligand, eine Linker-Optimierung und Thalidomid als Angriffsmodalitat fir die E3-
Ligase Cereblon zur Polyubiquitinierung von WDR5 verwendet wurden. Der PROTAC Homer
zeigte, dass das Molekil in Zellen WDR5 gebunden hat und WDR5 abgebaut wird. Die
Degradation von MYC konnte leider nicht untersucht werden. Um Sicherzustellen, dass das
Zielmolekiil, hier WDR5, vom PROTAC in Zellen gebunden wird, kann als erste Indikation fir

einen spateren Proteinabbau gesehen werden.

Eine weitere Familie von E3-Ligasen sind die RING-Domanen enthaltenden Proteine der
BIRC-Familie. Es gibt 8 BIRC Proteine mit jeweils 3 BIR-Domanen. Auffallend ist hier, dass
ein BIRC-Protein mehr als eine BIR-Domane enthalten kann und somit auch Verbindungen
denkbar sind, die bivalent an mehrere BIR-Domanen binden. 5 BIRC-Proteine enthalten eine
RING-Domane und sind somit als E3 Ligasen aktiv. Zur Untersuchung der Affinitat der BIRC

Proteine wurden zellulare NanoBRET Testsysteme neu entwickelt. Dafiir wurden die BIRC-
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Proteine sowohl in voller Lange als auch jeweils als einzelne BIR-Domanen als NanoBRET
Plasmide hergestellt und eine Titration des vorhandenen Tracers durchgefiihrt. Die
Literaturlandschaft der Kleinmolekiile von BIRC-Bindern wurde in einem Projekt dieser Arbeit
gescreent, um Werkzeuge fir die Entwicklung von PROTACs zu identifizieren, wobei mehrere
geeignete kleine Molekile als Ausgangspunkte gefunden wurden. Die Liganden wiesen auch
im zellularen Kontext Affinitaten von weniger als T uM auf, was fir die Entwicklung neuer
PROTACS ein ausreichendes MaR ist. Leider wiesen die getesteten Molekiile keine Selektivitat
innerhalb der BIRC-Proteine auf, was fir die Entwicklung chemischer Sonden essentiell ware.
Mithilfe der Charakterisierung der Kandidaten konnen nun medizinalchemische
Entwicklungsprojekte gestartet werden, deren Ziel die Verbesserung der Selektivitat der
Kleinmolekdle ist. Durch die Entwicklung der einzelnen Testsysteme fir die BIRC-Proteine

konnen auch zukinftige Kandidaten charakterisiert werden.

Diese Arbeit konzentrierte sich auf die Entwicklung und das Verstandnis von
niedermolekularen Inhibitoren in Zellen unter Verwendung verschiedener Strategien zur
Bekampfung von Krebs oder zur Entwicklung von Werkzeugen zur Identifizierung neuer
potenzieller Ziele in der Krebstherapie. Ein Schlisselelement in den Entwicklungsprojekten
war die Bewertung von Kleinmolekilen im Kontext der lebenden Zelle mit der Methode
NanoBRET. Im Rahmen dieser Projekte wurden sowohl bereits erforschte Kinasen als auch
dunkle Kinasen in Projekten der Medizinalchemie ins Visier genommen, mehrere neue
Ansatzpunkte beim Vergleich von Inhibitoren aus der Literatur sowie Werkzeugverbindungen

ermittelt und neue Ansatzpunkte fir kiinftige Projekte vorgeschlagen.
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3. Introduction

3.1 Function and dysfunction of protein kinases

Human protein kinases are key players in nearly all aspects of cellular function and are
involved in almost all cellular processes. They are organized in signalling cascades and
transmit external and internal stimuli to requlate cell growth, division, development and
death by requlating the activity of effector proteins or other kinases. Protein kinases are
enzymes that catalyse the transfer of the terminal phosphate group of adenosine
triphosphate (ATP) to a specific substrate resulting in the formation of phosphate ester
linkage through a nucleophilic substitution reaction. During the phosphorylation, the
phosphoanhydride bond between the B- and y-phosphate of ATP is cleaved and free energy
is released which is the driving force of this reaction. Depending on the chemical properties
of the substrates, kinases can be categorized into protein kinases, lipid kinases, carbohydrate
kinases or even nucleoside-phosphate kinases or nucleoside-diphosphate kinases. Due to
their proven involvement in different cancer types, this work will focus on protein kinases.
For eukaryotic protein kinases, the main phosphorylatable sites are serine (Ser), threonine
(Thr) and tyrosine (Tyr); whereas in prokaryotes, the main sites are aspartic acid (Asp),
glutamic acid (Glu) and histidine (His). Other phosphorylatable amino acid residues include

arginine (Arg), lysine (Lys) and cysteine (Cys)'.

The process of phosphorylation is dependent on a tight interplay between kinases and
phosphatases, catalysing dephosphorylation. It enables a flexible and rapid response for
diverse extra- and intra-cellular stimuli and cellular networks?. Protein phosphorylation
performed by protein kinases as a regulatory mechanism of cellular function was first
described by Edwin G. Krebs and Emil Fischer in the 1950s®. The importance of
phosphorylation as a mechanism for cellular signalling is reflected by the fact that 2% of the
human genome is encoded for kinases*. Because of its advantages, reversibility and
versatility, phosphorylation is a key posttranslational modification that introduces a negative
charge to a serine, threonine or tyrosine residue of a protein. This in turn can affect the
conformation of a protein, alter the protein activity and modulate protein-protein

interactions, especially sub- cellular localization®.

11
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The first comprehensive study of all human kinases has been performed in 2002 by Manning
et g/, who identified 518 protein kinases and classified them into nine distinct groups,
according to their sequence similarity in the kinase domain®. Generally, protein kinases are
grouped, depending on their amino acid residue they phosphorylate - as serine/ threonine
kinases, tyrosine kinases or dual-specificity kinases. The total number of protein kinases
included in the kinome is still under debate, since some kinases phosphorylate non-protein
substrates or are so called atypical kinases’. The subgroups defined by Manning et /. are
defined as such: AGC family containing PKA, PKG and PKC, calcium/ calmodulin dependent
kinase (CAMK), casein kinasel (CK1), a group of cyclin dependent kinases, MAP kinases,
glucogen synthase kinase and casein kinases (CMGC), sterile 20-like kinases (STE), turosine
kinases (TK) and tyrosine kinase like (TKL), and others®. Around 10% of the described protein
kinases lack key catalytic function, due to a lack of catalytic residues, hence these kinases are
termed pseudokinases®. Sometimes a kinase can contain both an active kinase domain and a
pseudokinases domain, like e.g. the Janus Kinases (JAKs)?. Almost all of the kinases play an
important role in cellular signalling pathways and transduction'® and are located in various
parts of the cell. Receptor tyrosine kinases are transmembrane proteins localized in the
plasma membrane of the cell and transduce external signals, like the well-known oncogene
called epidermal growth factor receptor (EGFR) which belongs to the ErbB family of tyrosine
kinases. Activation mutations in EGFR and overexpression of EGFR proteins results in
dysrequlated signalling and confer growth advantage to the tumour cells by stimulating
proliferation, survival and metastasis''. Other kinases have very different subcellular
locations, e.g. the nucleus or the cytoplasm. Kinases that are currently targeted by approved
drugs are for example kinases involved in several hallmarks like proliferation, e.g. MEK1 and
MEK2 in the MAPK pathway, mTOR in the PI3K-Akt pathway or RSK in the FGFR dependent
proliferation pathway'2. Also, other important cellular regulation processes are regulated by
kinases, like e.g. energy homeostasis and metabolic stress. The salt-inducible kinases (SIK1-
3) for example are members of the AMP activated protein kinase (AMPK) subfamily of the
CAMK group and play a major role in these processes. SIK2 is activated in cells, that recover
from starvation and activate the transcription factor cCAMP response element-binding protein
(CREB1) by phosphorylation™. In contrast SIK family members can also repress CREB1-

mediated gene expression by phosphorylating the associated transducer of CREB1 TORC'*

12
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1> An imbalance of SIK has been observed in the context of several diseases, especially
cancer, with both tumour-promoting and tumour-suppressive roles being reported’®. The SIK
family members are dysrequlated in many different cancer types. For example, SIK2 is
downregulated or completely deleted in breast cancer and has been linked to a tumour
suppressor role'”. SIK3 on the other hand is highly overexpressed in breast cancer, with an
effect on the inflammation process'®. The SIK kinase family is a good example of a kinase
with complex roles in different types of cancer, which makes them important therapeutic

targets for many different drug discovery processes.

3.1.1 Human protein kinases share a highly conserved architecture

Protein kinases share an evolutionarily conserved tertiary structure, sharing a common
catalytic mechanism. The catalytic kinase domain is highly dynamic and flexible and allows
the binding of ATP and the substrate in the active state (Figure 1). The kinase domain can
switch between two different states, the active and the inactive conformation, during the
process of phosphorylation'. The active conformation is highly conserved within the protein
family, because all kinases catalyse the same reaction. The inactive conformation on the
other hand can vary between the different kinase subfamilies?®. Overall, the kinase domain
is a bi-lobal structure and contains conserved regions most of which are very flexible and can
adopt different states: The N-terminal lobe consists primarily of beta sheets and at least one
alpha helix called aC. The C-terminal lobe consists primarily of alpha helixes. The N- and C-
terminal lobes are connected by the hinge region that is involved in ATP binding via polar

backbone hydrogen bonds with the adenosine ring of ATP.
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N-Lobe

G-Loop

Figure 1| Structure of the protein kinase domain modified from AURKA (PDB code: 10L5). A The kinase domain
is a bi-lobal structure and shows an upper N-terminal lobe (orange) and a lower C-terminal lobe (green)
connected by the hinge region. The ATP binding site (ATP is depicted in yellow stick model) is positioned at the
interface between the two lobes. The aC helix is positioned to the right of the ATP binding site and is part of
the N-lobe. Below the ATP binding site, the activation loop (A-loop) containing the DFG motif forms part of the
protein substrate-binding site. The G-Loop is positioned on top of the ATP binding site including the GxGxxG
motif that coordinates the ATP-phosphates. The catalytic loop (C-loop) including the HRD motif form a second
part of the protein substrate-binding site. B Magnified view of the interface between the lobes, showing key
interactions. A Lysine (K) residue of 83 and a glutamic acid (E) residue of the C-helix form a salt bridge that
connects the ATP site to the C-helix tightening the pocket into its final form. A crucial connection between the
two lobes is formed by the R-spine residues (RS). RS3, a side chain originating from the aC and RS2, also the
central residue in the highly conserved 3-amino acid sequence, the DFG motif, located at the N terminus of the
Activation-loop interact as shown by the surface representation. The HRD motif is positioned in the C-loop
where the phosphorylation of the substrate takes place. Adapted from Arter ef a/".

The DFG (aspartic acid, phenylalanine, glycine) motif is a key player in the activation
mechanism of a kinase. This highly conserved motif can flip between the DFG-in
confirmation, where the kinase is active, and the DFG-out confirmation, where the kinase is
inactive. During the flip, the hydrophobic phenulalanine flips towards the ATP active site and
the necessary interaction with the requlatory spine disrupts. In order to obtain the conserved
kinase structure, each kinase contains two so called spines that stabilize the kinase domain.
The catalytic spine consists of polar residues that align upon binding of ATP. The requlatory
spine consists of hydrophobic residues alongside the DFG-motif. During the activation of a
kinase, many kinases are phosphorylated on the activation loop that also contains the DFG
motif. After phosphorylation, the newly negatively charged phosphate residue interacts with
the positively charged arginine of the HRD (histidine, arginine, aspartate) motif that is
positioned in the catalytic loop (C-loop). In the reaction, ATP binds to the kinase with polar
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interactions of its adenosine chore to the hinge region and its phosphates being coordinated
by the GxGxxG motif in the G-Loop or P-Loop which usually connects B1 and 32 sheets. The
P-Loop also positions the AxK motif to form a salt bridge with the conserved glutamate in the
aC which tightens the binding pocket into its active form. Only if all motifs interact as
described, the kinase is fully active and can phosphorylate a substrate peptide that usually
binds alongside the C-lobe where the residue to be phosphorylated points into a cleft along
the catalytic loop. After the reaction is catalysed, the resulting ADP and phosphorylated

substrate peptide dissociate from the protein kinase.

In order to become fully active, some kinases are dependent on interaction partners. One
prominent example that was investigated in more detail in this thesis are the serine-threonine
cyclin-dependent kinases (CDKs), that require an activation via binding to so called cyclins to
establish a catalytically active ATP binding pocket. The eukaryotic CDK family consists of 21
kinases that are characterized by a highly conserved ATP binding pocket, the so called
PSTAIRE-like binding domain and an activation loop. Upon binding of cyclin, the activation
loop shifts to expose the substrate-binding site and the kinase is activated. CDKs have key
roles in requlating the cell cycle but they also perform diverse other cellular functions, such
as regulation of mRNA processing and transcription?? 23, Dysrequlation of these kinase
involved in mRNRA processing play important roles in tumorigenesis and could be potential

therapeutic targets.

3.1.2 Human protein kinases as key proteins in signalling health and disease

Kinases are important signalling molecules that play key roles in biology ranging from
developmental roles, cell-cell communication, growth and movement and many other roles
of multicellular organisms. Accordingly, dysregulation or mutation of these enzymes is
associated with a plethora of diseases and in particular to cancer. Kinases play key roles in

most if not all of the hallmarks of cancer.

In 2000 Hannahan and Weinberg?# proposed six hallmarks of cancer, which aimed to describe
the complexity of the difference between healthy cells in comparison to cancerous cells. They
added two emerging hallmarks and two enabling characteristics in the year 20112°. Cancer
cells show selective growth and proliferation advantage, altered stress response favouring

overall survival, vascularization, invasion and metastasis, metabolic rewiring, an abetting
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environment and immune modulation?”. Hallmarks can be developed by dysregulated control
mechanisms in biochemical signalling pathways that alter the gene expression due to
genomic mutations. Mostly, this genetic alteration of the DNA leads to a dysregulated
transcriptome, altered protein expression and function and thereby end in the initiation and

survival of a cancerous cells.

3.1.3 Essential eukaryotic pre-mRNRA splicing process is controlled by protein kinases

Pre-mRNA splicing is an essential process during which transcripts of DNA containing
alternative exons are included or removed from mature mRNA. Frequently, transcripts
contain several alternative exons and their incorporation into the mRNA can be combined,
largely increasing the diversity of the mRNA expressed from the genome, making alternative
splicing a central element in forming complex organisms. Alternative splicing patterns
constantly change under phuysiological conditions, allowing an organism to respond to
changes in the environment by determining which part of the genome it expresses?®.
Alternative splicing that is not precisely controlled has a great probability to result in
erroneous splicing events, generating aberrant transcripts and functionally altered proteins,
thereby promoting the onset and progression of diseases, including cancer,
neurodegenerative diseases, cardiovascular diseases, and muscular dystrophy?’. Hundreds of
mis-splicing events have been reported in various types of human solid tumours, which are
associated with malignant progression and treatment-resistance of tumours. Among these
tumours, the expression and activity of dysregulated splicing factors vary in different
models?® 2. Therefore, regulating proteins relevant for alternative splicing, such as RNA
binding proteins (RBPs) and related kinases associated with miss-splicing events in specific
cancer models is considered as an effective strategy for the development of anticancer
drugs®®. RNA binding proteins (RBPs) form a large family of proteins that play essential roles
at all steps of RNA metabolism, including splicing, transcription, transport, stability and
translation®’. Among the RBPs, serine/ arginine-rich splicing factor (SR) proteins constitute
a conserved family of 12 proteins in humans that are capable of requlating the alternative
splicing process®% 3334 SR proteins share some common domains such as one or more RNA-
recognition motif (RRM) at their N-terminus and a region, rich in serine-arginine and/or
serine-proline dipeptides (RS) at their C-terminus®3. Reversible phosphorylation of serine

residues within the RS motif of SR proteins constitutes an essential mechanism that requlates
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their intra-cellular and intra-nuclear localization and their splicing activities®?. Not
surprisingly, the RS domain of SR proteins is also extensively modified by phosphorylation.
Several kinases have been reported to phosphorylate SR proteins in a consecutive manner.
All of these kinases belong to the CMGC (cyclin-dependent kinase [CDK], mitogen-activated
protein kinase [MAPK], glycogen synthase kinase [GSK3], CDC-like kinase [CLK]) family that
includes eight families of highly inter-connected kinases that requlate a variety of processes
and, in particular, transcription and RNA processing®>. The main kinases reported to
phosphorylate SR proteins are SR protein kinases (SRPKs) and CLKs*® 37. Additionally, some
kinases, in particular dual-specificity tyrosine-regulated kinases (DYRKs)®® 3% and pre-mRNA
processing 4 (PRP4)% 41 which were initially described for their function in other biological
processes, appear to be equally able to phosphorylate SR proteins. SRPK1 was the first SR
protein kinase discovered and remains the best studied among them?. Serine-arginine
protein kinases are highly specific for RS repeats and phosphorylate serine residues that are
adjacent to arginine**. SRPKs thus requlate cellular splicing via phosphorylation of SR
proteins. SRPKs are the first kinases phosphorylating newly translated SR proteins in the
cytoplasm, as documented in the case of SRSF1. This activity has been well-documented for
SRPKT1 and to a lesser extent for SRPK2. Besides their direct effect on splicing, SRPKs also
have additional roles potentially linked to their capacity to phosphorylate SR-like domains
that are present in a variety of cellular proteins. The CLK kinases (Cdc2-Like Kinases)
represent the second important family of kinases that control the activity of SR proteins. The
CLK family includes four members (CLK1-4) with CLK1 and CLK4 being considered almost
identical, whereas CLK3 is most distantly related with the most relevant difference being the
DFG-1 residue that changes from a valine to an alanine residue**. CLKs are defined as dual-
specificity kinases because they can phosphorylate both serine/threonine and turosine
residues. However, while auto-phosphorylation occurs at tyrosine residues, phosphorylation
of other substrates seems to target uniquely serines or threonines*> 4®. CLKs play a role in
pre-mRNA splicing by requlating serine-arginine-rich (SR) proteins. When the SR proteins are
phosphorylated by CLKs they relocate to the spliceosome and interact with pre-mRNA to
facilitate exon recognition in the splicing machinery. Cancer can gain a survival advantage
when the splicing machinery is “hijacked”, hence, splicing machinery proteins are often

mutated or overexpressed in cancers. CLK1, CLK2, and CLK4 for example are overexpressed in
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renal cancer, breast cancer, colorectal cancer, liver cancer, and glioblastoma, while CLK3 is
mainly expressed in mature spermatozoa®’. The DYRK subfamily of kinases is encoded by two
groups of paralog genes (DOYRK1A/B and DYRK2/3/4) that are conserved in all animal species.
Their common feature is their function as priming kinases, in particular for glycogen
synthase-3 (GSK-3) and Polo-like (PLK) kinases*®. In contrast to the other two main families
of SR protein kinases, SRPKs and CLKs, DYRK enzymes are mostly known for their activities
in a wide variety of processes such as cell growth, differentiation and transcription and only
a few studies have indicated that some of these enzymes, in particular DYRK1A, can regulate
the activity of SR proteins*®. The kinases were discovered in 1996 as highly expressed in the
brain and their overexpression was shown to be associated to some pathological traits of
neurodegenerative syndromes, in particular Down syndrome*®. Several studies further
indicated a dosage dependent effect of DYRK1TA on neuronal development with
haploinsufficiency leading to intellectual disability, microcephaly, and autism whereas
overexpression confirmed the association with clinical manifestations of trisomy 21°°. DYRK
kinases are described as constitutively active kinases and their activation was thought to
occur by co-translational autophosphorylation at tyrosine residues within their activation
loop®'. The PRP4 kinase was initially identified in yeast as a temperature-sensitive factor
involved in pre-mRNRA processing and as a component of the U4/U6 snRNP>?. Later on, the
protein was characterized as a kinase able to phosphorylate SRSF1 /7 vitro*'. The PRP4 kinase
displays some homologies with CLKs, in particular, a3 N-terminal RS domain. In interphase
cells, the protein localizes in nuclear speckles and interacts with CLK1 which can
phosphorylate the RS domain of PRP4 /n vitro*'. However, despite these initial strong
homologies, no further evidence reported a role of PRP4 in SR protein phosphorylation.
Rather, studies conducted in yeast and mammalian cells, suggest that this kinase is involved
in spliceosome assembly by directly phosphorylating its components. In humans, PRP4
associates with the U5 snRNP and phosphorylates several components of the human

spliceosome B complex>3 4.
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3.2 Targeting dysrequlated proteins by small molecule inhibition

The essential role of human protein kinases in cell signalling and transcription factors and the
relevance of their dysrequlation was discussed in a previous chapter. Given the crucial role of
kinases, targeting them is in the focus of many drug discovery companies and academia over
the last three decades. Two major molecular approaches have emerged for targeting protein
kinases: antibodies and small molecules. Antibodies are large biomolecules that bind to the
extracellular domain of receptor tyrosine kinase and thereby preventing the binding of the
ligand that activates or inactivates the kinase®>. In contrast, small molecules can penetrate
the cells and therefore can inhibit the intracellular kinase domain by inhibiting the target
kinase or a downstream kinase of the receptor tyrosine kinase?®. Both therapeutic strategies
have proven to be successful in various drug campaigns and have led to 28 monoclonal
antibody-drugs and 72 small molecule inhibitor-drugs targeting protein kinases approved by
the U.S. Food and Drug Administration (FDA) in 2022°7 (Figure 2). In this work the focus will
be on small molecule kinase inhibitors, hence, the next chapters will provide a more detailed

insight into small molecules as class of therapeutics.
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Figure 2 | FDA approved kinase inhibitors from 1999 to date. 72 small molecules that mainly target kinases
have been approved by the FDA. Depicted next to the chart are exemplary chemical structures of four inhibitors,
sorafenib, crizotinib, ibrutinib and abrocitinib. The main kinase target is indicated below the inhibitor.

3.2.1 Different types of small molecule protein kinases inhibitors

Protein kinases, like all enzymes, are defined by catalysing a reaction that requires binding
to a specific substrate. This binding can be inhibited by multiple mechanisms, in the drug
discovery field most often by competitive inhibition. Usually during competitive inhibition, a
small molecule inhibitor is binding to the active site of the enzyme thereby blocking binding
of the substrate, which ultimately leads to the inhibition of the enzyme and a temporary loss
of function of this protein. In recent decades, numerous small molecule kinase inhibitors have
been developed and revolutionized the cancer treatment landscape. Despite their great
potential, challenges remain in developing effective and selective kinase inhibitors®®. Protein
kinase domains have a high structural flexibility and can adapt different conformation. Small

molecules can bind in various states of the kinase and are classified according to the state
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their target exhibits during binding and by the pocket they bind. Several classifications have
been developed in the past decades, but the currently most acknowledged and detailed
classification is based on Roskoskis®® work and divides kinase inhibitors into following seven
sub-types: Tupe I, | %, 11, I, IV, V.and VI (Figure 3).

Typel Typel % Typell Typelll
ALK-Crizotinib (4ANQ) p38-Skepinone-L (3QUE) p38-Sorafenib (3HEG) LIMK2-TH300 (5NXD)

DFG-motif
R-Spine (Surface)
Ligand

TypelV TypeV TypeVI
ABL1-GNF-2 (3K5V) INSR-IRS277 (1GAG) BTK-Ibrutinib (6DI9)

Figure 3 | Binding modes of small molecules kinase inhibitors. Kinase inhibitors are categorized into seven
different mechanisms of binding. Type I, | %2 and Il molecules bind to the ATP-binding site competitively and
are distinguished by the inactive or active confirmation of the DFG-motif. Type IIl inhibitors target the
neighbouring phosphor-acceptor site of the kinase and tupe IV an allosteric site remote from the catalytic
center. Bivalent inhibitors targeting both the ATP pocket and an allosteric binding site are categorized into tupe
V. The last class defines inhibitors that bind irreversibly via a covalent bond, irrespective of the location of the
binding on the kinase. The target and exemplary ligand are shown in the figure and the corresponding PDB code
is stated in brackets.

Type | inhibitors are ATP-competitive and bind to the catalytic site of a target kinase in an
active confirmation. The active state confirmation is defined by an active “in” confirmation
of the conserved DFG motif and an intact hydrophobic requlatory spine®®, whereby the
conserved DFG motif on the activation loop is oriented towards the interior of the kinase and
aligned with the ATP-binding site, so called DFG-in. An example for a type | inhibitor is the
approved drug crizotinib that binds its main target ALK. A subtype to the type I inhibitor,
type 1% binds to the ATP binding region and extends into the back pocket (DFG-in

confirmation and C-helix is out). An example would be the inhibitor Skepinone-L. Type Il
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inhibitors are also ATP competitive and bind to the hinge region of the kinase, but
additionally are extending into the adjacent hydrophobic pocket which is made accessible
through the conformational change of the DFG-motif in the activation loop, the DFG-out
confirmation. This confirmation breaks the regulatory spine, which is important for the
activity of the kinase and therefore keeps the kinase in an inactive state. The interaction of
the inhibitors with the kinase leads to the formation of single or multiple hydrogen bonds
with the protein in the hinge region that forms part of the ATP binding pocket®'. An example
fora type Il inhibitor would be the approved drug sorafenib binding to its main target p38°2.
Type Il inhibitors are non-competitive allosteric inhibitors and bind only to the adjacent
hydrophobic pocket opening because of the DFG-out confirmation and thereby remotely
modulate kinase activity in an allosteric manner. An example would be the inhibitor TH300
binding its target LIMK2%%. Type IV inhibitors are non-competitive allosteric inhibitors that
are binding to a site remote from the ATP binding site. This kind of inhibitor is most
frequently of high selectivity as it exploits a unique site in the kinase activity. An example
would be the inhibitor GNF-2 binding an allosteric site of ABL1%*. Type V inhibitors are
bivalent inhibitors that bind to two regions of the kinase domain. They bind to the active
kinase sites and peptide motifs representing the substrate targeted by the kinases®>. Because
they bind to both the ATP-binding site and a structural feature of a specific kinase, bivalent
kinase inhibitors are highly selective and potent. This type of inhibitor class is still under
investigation and has not yet been approved for clinical application. Another class of kinase
inhibitors are the covalent inhibitors, which can be included in Type VI inhibitors. They can
bind reversible, but most often irreversible. Covalent inhibitors are forming a bond to the
kinase active site typically by interaction with reactive electrophilic groups with primarily the
nucleophilic cysteine residue. An example would be the approved drug ibrutinib binding its
target BTK®®. Most of the 72 FDA approved small molecules inhibitors®’ target the receptor
tyrosine kinase (RTK) family.

Typical ATP-mimetic kinase inhibitors are flat hydrophobic molecules with many flexible
rotatable bonds. To improve the drug design and develop more bioactive inhibitors many
other strategies have emerged, one especially promising is the macrocyclization®®. Most
macrocyclic kinase inhibitors contain an ATP-mimetic pharmacophore, which is connected

by a linker of 12 or more atoms that connects flexible moieties. The controlled shape leads to
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conformational restriction in the binding pocket and the entropic costs during binding can be
reduced, which could lead to an increased binding affinity to the target protein. This
compound design strategy has been proven to be effective when the first macrocyclic kinase
inhibitor lorlatinib was approved in 2018 by the FDA for treatment of ALK positive non-small
cell lung cancer (NSCLC)®°.

3.2.2 Promiscuity of protein kinases

When designing new small molecule kinase drugs, achieving selectivity for the very conserved
and similar kinase domain architecture is a major challenge’®. Most of the small molecules
developed today are targeting the ATP binding pocket that is highly conserved within the
human kinome, because allosteric inhibitor sites are rare. Accordingly, designing highly
selective ATP competitive kinase inhibitors is a challenging task. Overall, drug discovery has
much to gain from knowing the full target profile and the selectivity of small molecule kinase
inhibitors which allow to better estimate risks and opportunities of off-target engagement.
Promiscuity is often perceived negatively because of side-effects that can occur when the
drug modulates the activity of off-targets’!. Side-effects associated with common off-targets
are well documented and these targets are often screened during drug development to
decrease the risks of side-effects during subsequent development phases’?. In cancer
treatment, a larger number of off-targets may be tolerated because of short treatment cycles
performed during chemotherapy. With larger screening panels becoming available in the past
decade much was learned about the selectivity of protein kinase inhibitors. However, the
cellular selectivity profile of these inhibitors was not investigated yet which will be a focus of

this work.

3.2.3 Targeting understudied kinases - the “dark kinome”

More than ten years ago, 75% of all research was focused on only 10% of the human
kinome’® 74 Although most of the kinases in the human kinome are associated with at least
one disease as revealed by disease-gene association databases, cancer mutation data, text
mining and genome wide association studies, industrial and academical pharmaceutical
research mainly focused on a few well-studied kinases with known function on cellular
signalling. Especially, tyrosine kinases and a few other kinases, that are important for cell

survival and proliferation, are of great interest for most research groups. From this
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perspective it is not surprising that the function of approximately one third of the kinome is
still poorly understood or completely unknown’?. One example for an understudied kinase
family are the death associated protein kinases (DAPKs) that are part of the CAMK subfamily.
The best studied kinase in this branch is DAPK1, which is involved in many different cellular
processes, such as autophagy and apoptosis’>. The DAPKs are highly conserved compared to
the other part of the DAPK subfamily the DRAKs (death-associated protein kinase-related
apoptosis-inducing protein kinase 1, also called serine/ threonine kinase 17A and B
[STK17A/B]).). The C-terminal requlatory domains of the DAPKs differ substantially. For
example, in testicular cancer cells, cell death is induced by DRAKT as a result of reactive
oxygen species, induced by cisplatin in a p53-dependent manner’®. DRAKT is mainly
localized in the nucleus where it interacts with p53. Nevertheless, DRAK1 can translocate
into the cytosol upon the activation of protein kinase C (PKC) and DRAK1 can also be found
in mitochondria interacting with the anti-apoptotic oncoprotein adenine nucleotide
translocator 2 (ANT2)”’. Compared to the normal brain tissue, DRAK1 is overexpressed in
multiple gliomas, with the highest expression levels occurring in glioblastoma multiform
(GBM), promoting cell proliferation, migration, and resistance to genotoxic agents in GBM’8.
Other functions of the DAPKs are unknown, which makes it harder to treat cancer related to

these kinases.

3.2.4 Classification of small molecule protein kinase inhibitors

Apart from pharmaceutical drug discovery research, small molecule kinase inhibitors also
play a major role in basic research for exploring the function of a kinase in a defined biological
context. A chemical tool compound must meet strict criteria that were debated within the
chemical biology community. A so-called chemical probe should address the designated
target with sufficient /n vitro potency of < 100 nM or cellular potency of <1 uM and must be
able to penetrate the cell (https://www.sgc-ffm.uni-frankfurt.de/#!donateview).
Furthermore, the chemical probe must be selective within >30-fold selectivity in the
subfamily such that the effect can be assigned to the designated target protein. Besides these
on-target-related criteria, the physiochemical properties, like solubility in different solvents
(aqueous or organic solvents) and chemical stability should also be considered. Additionally,
an inactive analogue of the chemical molecule in an inactive form should be provided, which

is beneficial in experimental testing. The highly selective compounds that meet these criteria

24



3. Introduction

facilitate the functional annotation of the human proteome and help to understand
physiological and pathological processes in the cell. Selectivity and known target profile is a
special requirement for chemical probe compounds. Indeed, high selectivity and potency are
prerequisite for compounds to be classified as chemical probes. Only when the function of a
single kinase is pharmacological disrupted the cellular effect can unambiquously be assigned
to the specific kinase. In addition, if the survival and proliferation of a cancer cell is dependent
on a single over-activated kinase, inhibition of this kinase has dramatic biological and clinical
effect. In this case, a highly selective inhibitor for this kinase would be beneficial and would
minimize off-target effects. The search for these highly specific and selective chemical
probes is tedious and expensive, which is why a new idea of so called chemogenomic
inhibitors focuses on less strict criteria. Here, a chemogenomic inhibitor may inhibit up to ten
different targets but needs to show exceptional selectivity beyond these. By creating a library
of inhibitors with overlapping target spectra, it is possible to deconvolute the target causing

the phenotypical response observed experimentally’®.

The ultimate goal of consortia, like the Structural Genomics Consortium (SGC), is it to build a
chemogenomic set that consist of chemical probes and chemogenomic tool compounds for
all human kinases. Despite the success of small molecules as drug treatment and probe
programs, there are a large quantity of proteins, including human protein kinases, that
cannot be targeted so far. For these, the investigation and development of orthogonal

strategies for altering protein functionality are essential.
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3.3 Novel protein targeting strategies

Targeted protein degradation is attracting substantial interest owing to its potential to
therapeutically modulate proteins that have proved difficult to target with conventional small
molecules. Some targets have been undruggable so far because their active site it too broad,
contain shallow pockets that are difficult to bridge or simply have no surface for a small
molecule to bind. Many of these targets have remained of great therapeutic interest, because
they have key roles in cancer and other diseases. Through a rather unintentional discovery,
the first molecular glue, thalidomide, was found. Used in the late 1950s as treatment for
morning sickness in pregnant woman, thalidomide was causing severe phusical abnormalities
in thousands of children through the exposure in the uterus®. Many years later in 1994
thalidomide was found to be effective in treating multiple myeloma®', although it was not
yet discovered that it was through its function as a so-called molecule glue. Molecules that
act as molecular glue stick two proteins together, first a target protein that causes a specific
phenotype, like a disease, and secondly an E3 ubiquitin ligase that later is responsible for the
polyubiquitination and subsequent degradation of the first target by the ubiquitin-
dependant cellular protein-degradation machinery. Such destruction of a protein function
has advantages over the more common protein-targeting strategy of inhibition. Once its
target protein is degraded, a molecular glue can catalytically bind to another protein and
repeat the process as a cycle®?. Furthermore, while a more traditional small molecule needs
to actually bind to its target and inhibit it in order to stop the proteins activity, a molecular

glue only requires binding which may be achieved with much lower doses.

3.3.1 PROTAC-mediated targeted protein degradation

Beyond molecular glues like thalidomide, induced targeted protein degradation through
proteolysis-targeting chimeras (PROTACs) by the ubiquitin-proteasome system represent a
new therapeutic modality and owing the potential advantages with respect of dosing, side-
effect, drug resistance and modulating un-targetable protein®. At least 15 designed
degraders are in clinical phases in the beginning of 202284, with Arvinas Therapeutics in
2019 being the first company that introduced heterobifunctional degrades in two clinical
trials®®. This chapter will focus on the emerging class of small molecule drugs that do not
inhibit protein activity but destroy it by degradation. These degrader small molecules consist

of two moieties: one binds a target of interest (POI) while the other binds a cellular E3-
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ubiquitin ligase such as CEREBLON (CRBN) or the von Hippel-Lindau tumour suppressor
(VHL), that are connected with each other via a linker. Degraders produce proximity between
the target and the E3 ligase, resulting in ubiquitination of the target of interest and thereby

inducing the proteasome system.

3.3.2 Clinical proof of concept for PROTACs

To date no heterobifunctional degrader molecules are approved by the FDA. The question
remains if PROTACs compared to traditional occupancy-based inhibitors would have drug-
like properties and are safe for humans®?. There are positive reports for the first PROTACs in
phase | trials that answered these foundational questions. In 2019, the first PROTAC
molecules ARV-110 and ARV-471 have entered clinical testing. In 2020 the trials showed
modality against two well-established cancer targets: the oestrogen receptor (ER) and the

androgen receptor (AR) (Table 1).

Table 1| Selected degraders in and approaching the clinical, adapted from Mullard®.

Drug Company/ Sponsor Target, Indication Clinical Phase (2021)
ARV-110 Arvinas AR, Prostate cancer Phase Il
ARV-471 Arvinas ER, Breast cancer Phase Il
ARV-766 Arvinas AR, Prostate cancer Phase |
AR-LD Bristol Myers Squibb AR, Prostate cancer Phase |
DT2216 Dialectic BCL-XL, Liquid and solid cancers Phase |
KT-474 Kymera/ Sanofi IRAK4, Autoimmune Phase |
KT-413 Kymera IRAK4, MYD88-mutant DLBCL Phase |
KT-333 Kymera STAT3 Liquid and solid tumors Phase |
NX-2127 Nurix BTK, B cell malignancies Phase |
NX-5948 Nurix BTK, B cell malignancies and autoimmune  Phase |
CG001419  Cullgen TRK, Cancer and other diseases Phase |
CFT8634 C4 Therapeutics BRDY, Synovial sarcoma Phase |
FHD-609 Foghorn BRD9, Synovial sarcoma Phase |

AR = Androgen receptor, ER = Qestrogen receptor, DLBCL = diffuse large B cell lymphoma

So far, the heterobifunctional degraders currently in the clinic have focused only on proteins
with well-characterized biological and biochemical properties and previously established

clinical efficacy. To expand the toolbox of PROTACs it will be necessary for academia and
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pharmaceutical industry to focus on the investigation of new E3 ligases and especially the
establishment of the proof of concept, because it induces a completely new variable in the

design of PROTACs.

3.3.3 Investigation of new E3 ligases

After the development of ARV-110 and ARV-471 it was disclosed that both PROTACSs recruit
CRBN as their E3 ligase to catalyse their target ubiquitination and proteasome degradation®.
The first molecular glue thalidomide and its close analogues lenalidomide and pomalidomide
have been identified as ligands for CRBN, and hence it appears that CRBN is the preferred E3
ligase for the first wave of targeted protein degradation therapeutics in clinical trials, with
the exception of BCL-XL that recruits VHL as 3L ligases. Academia and the pharmaceutical
industry have realized that CRBN and VHL supplanted as the initial workhorses and that it
might be useful to explore the more than 600 human ubiquitin E3 ligases®®. Resistance
mechanisms play a major role in targeting proteins with small molecules and using the same
E3 ligase creates concerns that tumour cells could mutate to evade degraders that rely on
non-essential ligases, such as CRBN and VHL. Preclinical studies suggest that degraders that
use CRBN and VHL to target multiple protein classes have detected emerging resistance that
occurs via mutation and/ or downregulation of components of the ubiquitin ligases
machinery®’. The development of novel E3 ligases involved practical considerations such as
structural enablement, druggability and mechanistic understanding of the ligase. However,
ligases have other key characteristic, like tissue and cell-type specificity, tumour enrichment
or tumour essentiality. Several new emerged E3 ligases have been identified so far: tripartite
motif-containing protein 24 (TRIM24)8% DCAF 15, GID4%%nd RING (Really Interesting

New Gene) containing proteins®' and many others®.

The family of human inhibitors of apoptosis (IAP) proteins, also called baculoviral IAP repeat
containing proteins (BIRCs) consists of five RING type E3 ligases and 3 non-E3 ligases (BIRC1,
BIRC5 and BIRC6) and share a homologous domain, called baculoviral IRP repeat (BIR)
domain. All BIRC E3 ligases contain next to the C-terminal RING domain a BIR3 domain,
which are both required for their protein degradation activity®®>. BIRC2/3 E3 ligases are
involved in the modulation of diverse pathways including TNFa requlation through TRAF2

degradation and the requlation of the NFkB pathway®*. BIRC4 has been reported to activate
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the NFkB pathway but plays additional roles in TGFB signalling, mammary gland
development and maturation of T-cells. Deficiency of BIRC4 in humans causes defects in
immunity such as susceptibility to infections, splenomegaly, cytopaenias, and auto
inflammatory disease®. BIRC7 acts as an activator of non-apoptotic functions of caspases
such as spermatogenesis. BIRC8 was reported to be active in immune deficiency response as
a result of £ coli infection®®. BIRCs have been shown to inhibit apoptosis of cells, while
uncontrolled BIRC activity leads to resistance of requlated cell death, an acquired property
that constitutes one of the hallmarks of cancer?®. Biological roles of BIRCs have been
extensively reviewed®” %% % X-linked IAP (XIAP/ BIRC4) is one of the best characterized
family members and is considered a target for therapeutic intervention in several cancers®.
The natural inhibitor of XIAP is the so called Second Mitochondria-derived Activator of
Caspases/Direct IAP Binding with Low pl (SMAC/Diablo), an N-terminal tetrapeptide (AVPI)
which inspired IAP antagonists, called “SMAC mimetics” binding to the IAP binding motif
(IBM) groove of some BIR domains®’-°® and have potential to function as the €3 ligase handle
when designing PROTAC molecules to recruit the E3 ligase machinery to degrade different
proteins of interests. Despite the increasing number of SMAC mimetic inhibitors including a
number of compounds in clinical evaluation, no comprehensive assay platforms have been
established to characterize the selectivity of BIRC inhibitors within this family of protein

interaction domains.
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3.4 Methodologies to elucidate drug-protein interactions
Investigating the interaction between small molecules and proteins can be approached from
different perspectives and is important for the advancement of both basic science and drug

discovery.

3.4.1 In vitro profiling assays

Biochemical methods, especially ones that can be used in a high-throughput approach, have
proven to be beneficial in the discovery of small molecule kinase inhibitors. Using these
enzymatic and binding assays enables to screen large compound sets in a short period of time
and give important information about the compound’s potency. Besides confirming the on-
target affinity it is important to screen additional targets to determine the compounds
selectivity profile. Many different screening technologies have been proven suitable for the
high throughput assessment of selectivity, in general these technologies can be divided in
activity/ enzymatic based assays and binding assays. Both formats need the purified protein,
either the kinase domain or the full-length kinase, meaning that they do not accomplish
close-to-physiological conditions and are far from the cellular environment. Enzymatic
assays are mainly used to directly or indirectly measure the activity of the kinase, often the
product production such as the consumption of ATP, the production of ADP or the amount of
converted phosphorylated substrate. Radioactivity, fluorescence or luminescence are
common detection methods. Competition binding assays are capable of measuring the
binding of a small molecule kinase. Although binding to a kinase does not automatically alter
the kinase activity, both are in good correlation with each other. An example for a binding
assay is the KinomeScan™ technology developed by Ambit, now licensed by DiscoverX'®.
The method uses DNA-tagged kinases and quantifies them by immobilized kinase inhibitors
on streptavidin-coated magnetic beads and subsequent PCR readout'®’. The DNA tagged
kinase is combined with an inhibitor of interest which will prevent its target kinase from
binding to the beads. The quantity of bead bound protein is analysed by qPCR and compared
between the control and test sample. This commercially available assay is commonly used to
determine the selectivity of probe molecules and chemogenomics on around 350 kinases.
The assay uses purified proteins and is limited by the capability of a kinase to bind to an
inhibitor-immobilized bead. An example for a commercial kinase activity assay is the

radioactivity-based assay of Reaction Biology. Here, a >*Phosphor labelled ATP is used as a
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substrate and the resulting transfer of the radioactive phosphate onto the peptide or protein
substrate is quantified via membrane spotting. A competing inhibitor prevents the transfer
of the radioactive phosphate in a dose-dependent manner and the resulting affinity can be
calculated. The assay is limited by finding a suitable substrate for a given kinase, a task that

is challenging for assaying the dark kinome.

3.4.2 Cell-based profiling assays

Biochemical assays such as mentioned above help to determine possible targets and give
important information of the selectivity of a small molecule and the drug’s mode of action
Unfortunately, these methods do not consider cellular features like posttranslational
modification, complex partners, target localization, cellular compartments or intracellular
ATP concentration. An important aspect which can be investigated in cell-based assay is the
cell permeability of a test molecule, which is particularly important for larger molecules like
macrocyclic compounds and bivalent PROTAC molecules. A method taking some of these
cellular features into account is called Kinobeads'®" 192 In this method, a mixture of lysates
from six different cell lines, expressing the maximum amount of endogenous proteins
without diluting the individual protein concentrations beyond detectability, is used to form a
panel of assays covering most of the human kinome. The lysates are mixed with a set of
kinase ligand immobilized beads that bind the kinases and enrich them after a wash-out. If
in a test sample a compound binds the kinase it competes with the Kinobeads and the kinase
no longeris enriched. The dose-dependent reduction in signal later is quantified to determine
the compounds binding potency using mass spectrometry. The Kinobeads assay used
endogenous human expressed proteins with human PTMs as present in the six cell lines.
About 400 protein kinases are detectable with the limitations being the expression of the
target kinase in the lysates used, the ability to be bound by Kinobeads and the kinases ability

to get ionized for mass spec detection.

3.4.3 Cellular target engagement NanoBRET - an /n ce/lu/o method

The NanoBRET target engagement assay determines the binding potency of a small molecule
in the environment of a living cell'®. A full-length protein kinase is fused to a NanoLuc
luciferase and that construct is transiently transfected into a suitable host cell for protein

expression. In this setup, the kinase is overexpressed and will carry human post translational
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modification. Usual binding partners are present in the cell as well as a cellular concentration
of the kinase's substrate ATP. If a suitable tracer molecule, often a promisous kinase inhibitor
fused to a BODIPY fluorophore, is added to the cells a bioluminescence resonance energy
transfer (BRET) can be observed for the luciferase and BODIPY upon furimazine substrate
addition. Because of a competition for the binding site of both test compound and tracer
molecule, this BRET is reduced in a dose-dependent manner when test compound is added
and the affinity can be determined. The method is limited by finding a matching kinase-tracer

pair.

3.5 Objectives of this thesis
The aim of this thesis is to assess and investigate the cellular selectivity of small molecules

inhibitors.

e The first aim was to support medicinal chemistry SAR projects using the cellular target
engagement method and determine on-target activity as well as off-target profiles for

different chemical probes and chemogenomics compounds (Chapter 5.1).

e The second aim was to evaluate current literature compounds regarding their potency
and family selectivity and potential use as a chemical tool compound of two specific
understudied subfamilies of the human kinome, the splicing kinase family and the CDK

family (Chapter 5.2).

e Thethird aim was to evaluate a large library of published FDA approved and clinical small
molecule kinase inhibitors regarding their selectivity using an optimized target

engagement method in cells (Chapter 5.3).

e Thelast aim was to enable the design of PROTACs with novel E3 binders by investigating
published small molecules for the WDR5 and BIRC proteins and test them in prospect of

their potency and family selectivity (Chapter 5.4).
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4. Experimental Procedures

4.1 Methods

In this chapter general techniques used in the thesis will be described. If not stated otherwise
all experiments were conducted as described below. This chapter will be divided into
biochemical methods and cell-based methods. Biochemical methods allow the detection,
quantification or the activity of molecules, while cell-based assays allow the determination
of health of cells in response to a biological active molecule. The main method in this thesis,
the NanoBRET cellular target engagement assay, allows the determination of the molecule
binding in an intact living cell environment, and hence is a combination of these two

methods.

4.1.1 Biochemical methods to determine small molecule potency

The biochemical methods used in this thesis require purified protein and were mainly used
to determine the potency of a test molecule and rank chemical SAR projects. The purified
proteins used for the projects described in thesis were purified by different colleagues,
namely Dr. Andreas Kramer, from the SGC Frankfurt and are part of our in-house Tu panel. A

full list of all purified proteins can be found in SI Table 1.

4.1.1.1 Differential scanning fluorimetry (DSF) assay

Most of the DSF data collected for the projects used in this thesis, especially the
characterization of the chemical probes (Chapter 5.1) and the splicing kinases set (Chapter
5.2.1) was performed by Lewis Elson. The DSF data measured for the kinome-wide clinical

inhibitor analysis (Chapter 5.3) was performed by Martin P. Schwalm.

DSF measurements were performed as described previously'®. In more detail: During the
DSF assay the protein denaturation process over a temperature gradient from 25°C to 99°C
is monitored using a fluorescent probe, namely SYRPO-Orange. The dye is binding to the
hydrophobic parts of the protein which are usually located inside of the protein, but become
solvent exposed once the protein gets denaturized. Upon temperature increase the now
hydrophobic solvent exposed protein molecules aggregate and thereby reduce the
fluorescence of the dye, which results in the well-known protein melting curve. If a small
molecule is binding to the protein it is believed to increase the melting temperature

proportional to the binding affinity of the compound and thereby thermally stabilize the
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protein. The shift in the temperature is the shift of the melting temperature of non-treated
protein and small molecule treated protein and is often used as an assay parameter to guide
a SAR. The comparison for single proteins to a set of small molecule inhibitors gives
comparable results and the thermal shift can serve as ranking parameters, while it could be
difficult to compare different temperature shift of proteins, because the stabilization of each
protein can vary. A comparison of these different thermal shifts between different proteins

could be leading to false conclusions regarding the selectivity profile of inhibitors.

For the projects described in detail in this thesis DSF measurements were performed on the
QuantStudio5, if not stated otherwise. The purified proteins were buffered in DSF buffer
(25 mM HEPES pH 7.5, 500 mM NaCl) and assayed in a 384-well plate with a final protein
concentration of 2 uM in 10 pL final assay volume. Small molecule inhibitors were added in
excess to a final concentration of 40 uM, using the ECHO 550 acoustic dispenser. SYPRO-
Orange was used at five times final concentration. Filters for excitation and emission were
setto465and 590 nm, respectively. The temperature was increased from 25°C with 3°C/min
to a final temperature of 99°C, while scanning. Data was analysed using Boltzmann-equation

in the Protein Thermal Shift software.

4.1.1.2 Isothermal titration calorimetry (ITC) assay
The ITC data collected for the projects used in this thesis, especially the investigation of the

current BIRC inhibitor landscape (Chapter 5.4.2) were performed by Martin P. Schwalm.

Isothermal titration calorimetry is a technique by which thermodynamic parameters as AG,
AH and TAS and the reactions stoichiometry can be determined'®>. ITC determines the
binding heat upon protein titration into test compound solution in comparison to a reference
cell. Based on the signal upon this titration of the analyte solution to the test solution the

thermodynamic parameters are calculated.

For the projects described in detail in this thesis ITC measurements were performed using a
NanolTC instrument at 25°C. Purified protein at a concentration of 116 uM was titrated into
the reaction cell containing 10 uM inhibitor dissolved in gel filtration buffer. For this protocol,
the chamber was pre-equilibrated with the test compound, and the protein was titrated in
while continuously measuring the rate of exothermic heat evolution. The heat of binding was

integrated, corrected, and fitted to an independent single-binding site model based on the
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manufacturer’s instructions, from which thermodynamic parameters (AH and TAS),
equilibrium association and dissociation constants (A and Ap, respectively), and
stoichiometry (n) were calculated. Data was analysed and displayed using GraphPad Prism

9.3 software.

4.1.2 Cell-based assays
Cell-based assays do not have the need to purify protein, but rather use the endogenous

protein level from a human cell or transfect the protein directly in an intact cell environment.

4.1.2.1 Mammalian cell culture

Human cancer derived cell-lines used in projects described in this thesis are embryonic
kidneys cells HEK293T (ATCC CRL-3216), epithelioid carcinoma PANCT (ATCC CRL-1469),
adenocarcinoma/ cervical carcinoma Hela (ATCC CCL-2), osteosarcoma U-20S (ATCC HTB-
96), bipenotypic B muyelomonocytic leukemia MV4-11 (ATCC CRL-9591) and acute
monocytic leukemia THP-1 (ATCC TIB-202). In general mammalian cells can be separated
into adherent and suspension cells. The information for the appropriate growth media can be

found on the ATCC website.

Adherent cell lines. The cells were cultured using DMEM supplemented with 1%
Penicillin/Streptomycinand 10% FBS ina 75 cm? flask. The old culture medium was removed
and the cell layer was briefly rinsed with PBS and 0.05% Trypsin EDTA solution was added
to disperse the thin cell layer. The Trypsin mixture is incubated for a few minutes at 37°C/
5% CO,, till the cells are detached. After incubation DMEM is added to inactivate the Trypsin-
EDTA solution. The cells were distributed to a new flask at an appropriate concentration or
the cell number was counted and diluted to use for experiments. Cells were counted by using
a Cell Counter and Counting Slides. To measure the cells, they were stained using

0.4% trypan blue.

Suspension cell lines. Suspension cell lines do not adhere to the culture flask and thereby do
not need to be trypsinized, before used in an experiment. The cells were mixed and
centrifuged at 200g for 1 min to separate the old growth media from the cells. The old media
was removed and fresh media was added to the cells. The cells were distributed to a new
flask, or the cell number was counted, to be used in further experiments. The cell number was

counted as the adherent cells described above.
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4.1.2.2 Cell viability assay in living cells

The assay for cell viability which was used in chapter 5.4.1 was the alamarBlue assay. A
resazurin-based reagent that functions as a cell healthy indication can be used to
quantitatively measure the cell viability. Living cells have a natural metabolic reducing power
to convert the added non-fluorescent dye resazurin to bright red-fluorescent resorufin. To
readout the fluorescence a PHERRAstar plate reader is used at 560/590 nm

(excitation/emission) filter settings.

4.1.2.3 Cell viability using the IncuCyte
The cell viability assay data for the projects used in this thesis, especially the investigation of

the splicing kinase family (Chapter 5.2.1) were performed by Lewis Elson.

Viability assessment was performed using the IncuCyte S3 in U20S and HEK293T cells.
HEK293T and U20S were cultured in DMEM supplemented by 10% FBS and 1%
Penicillin/Streptomuycin. For every cell line, 1500 cells per well were seeded in 384- well
plates in culture medium. Confluence was measured before compound treatment and 12 h,
24 h as well as 48 h after 10 uM of compound exposure. Staurosporine 10 uM was used as a
positive control and DMSO 0.1% as a negative control. Growth rate was calculated as

described previously by Hafner et a/'%. Two biological duplicates were performed.

4.1.2.4 High content live-cell multiplex assay
The multiplex assay data for projects used in this thesis, especially the investigation of the

splicing kinases families (Chapter 5.2.1) were performed by Amelie Tjaden.

The Multiplex live-cell high-content assay was performed as described previously described
by Tjaden et 4/ In brief, U20S were cultured in DMEM supplemented by 10% FBS and
Penicillin/Streptomycin. MRC-9 fibroblasts were cultured in EMEM plus L-glutamine
supplemented by 10% FBS and Penicillin/Streptomycin. For every cell line, 1500 cells per
well were seeded in 384- well plates in culture medium. Cells were stained with 60 nM
Hoechst33342, 75 nM Mitotracker red, 0.3 puL/well Annexin V Alexa Fluor 680 conjugate and
25 nL/well BioTracker 488 green microtubule cytoskeleton dye. Each compound was tested
at two different concentrations (1 and 10 uM), n = 4. Staurosporine 10 pM was used as a
positive control. Cellular shape and fluorescence were measured before compound treatment

and 12 h, 24 h as well as 48 h after compound exposure using a CQ1 high-content confocal
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microscope. The following setup parameters were used for image acquisition: Ex 405 nm/Em
447/60 nm, 500 ms, 50%; Ex 561 nm/Em 617/73 nm, 100 ms, 40%; Ex 488/Em 525/50
nm, 50 ms, 40%; bright field, 300 ms, 100% transmission, one centered field per well, 7 z-
stacks per well with 55 um spacing. Images were analysed using the CellPathfinder software.
The cells were detected as described previously, gated using a machine learning algorithm
and divided in different categories. Normal cells were further gated in cells showing healthy,
fragmented or pyknosed nuclei. The program was trained using a training set of five
compounds with known effects (staurosporine, paclitaxel, digitonin, milciclib, and
daunorubicin). Data was normalized against the average of DMSO (0.1%) treated cells.
Significance was shown using a two-way ANOVA analysis. Two biological duplicates were

performed.

4.1.2.5 Cellular target engagement assay NanoBRET

The NanoBRET target engagement assay determines the binding potency of a chemical
molecule in the environment of a living cell’® and is described in Figure 4. For that, a full-
length protein kinase is fused to a NanolLuc luciferase and that construct is transiently
transfected into a suitable host cell for protein expression. In this setup, the kinase gets
mildly overexpressed and will carry human post translational modifications. Usual binding
partners are present in the cell as well as a cellular concentration of the kinase substrate ATP.
If a suitable tracer, here a promiscuous kinase inhibitor fused to a BODIPY fluorophore, is
added to the cells a bioluminescence resonance energy transfer (BRET) can be observed for
the luciferase and BODIPY upon furimazine substrate addition'%®. Because of a competition
for the binding site of both test compound and tracer, this BRET reduces in a dose-dependent

manner when test compound is added.
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Figure 4 | Cellular target engagement NanoBRET assay. Transiently overexpressed kinase of interest is fused to
a Nanoluc construct. Upon addition of the substrate, the luciferase emits light a 450 nm. After addition and
binding of the tracer molecule a second signal at 610 nm can be measured. If the test small molecule is binding
to the kinase of interest, it displaces the tracer molecule thereby decreasing the tracer BRET signal at 610 nm.
This dose-dependent reduction in the signal can be plotted against the inhibitor concentration used and an ECsg
can be determined. Figure adapted from cellinib.com (https://www.cellinib.com/technique/).

The NanoBRET target engagement assay was performed as described previously'® 19 Full-
length kinases plasmids containing N- or C-terminal placements of NanoLuc were obtained
by the manufacturer. See full list of constructs used in this thesis in SI Table 2. To lower
intracellular expression levels of the reporter fusion, the NanoLuc/kinase fusion constructs
were diluted into carrier DNA (pGEM3ZF-) at a mass ratio of 1:10 (mass/mass), prior to
forming FUGENE HD complexes according to the manufacturer’s instructions. DNA and
FUGENE complexes were formed at a ratio of 1:3 (ug DNA/uL FUGENE). One part of the
transfection complexes was then mixed with 20 parts (v/v) of HEK293T cells suspended at a
density of 2 x 10° cells /mL in DMEM + 10% FBS seeded into T75 flasks and allowed to
express for 20h. For target engagement both serially diluted test compound and NanoBRET
Kinase Tracer as specified in SI Table 2 at the indicated final concentration were pipetted into
white 384-well plates. The corresponding transfected cells were added and reseeded at a
density of 2 x 10° cells /mL after trypsinization and resuspending in Opti-MEM without
phenol red. The system was allowed to equilibrate for 2 hours at 37°C /5% CO; prior to BRET
measurements. To measure BRET, NanoBRET NanoGlo Substrate and Extracellular NanoLuc
Inhibitor was added as per the manufacturer’'s protocol, and filtered luminescence was

measured on a PHERAstar plate reader equipped with 450 nm BP filter (donor signal) and
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610 nm LP filter (acceptor signal). Competitive displacement data was then graphed using

GraphPad Prism 9 software using a 3-parameter curve fit with the following equation:

v 100
~ (1 4 10G—logiCso))

The data was normalized to background and tracer only control signal. To perform the
NanoBRET assay in lysed assay mode digitonin a non-ionic detergent is added to the cells
after the incubation time of cells and transfection mix after 20h, while adding the tracer
molecule and the small molecule inhibitor. The cell-tracer-digitonin mixture is than incubated

at 1h at room temperature, instead of the 2h at 37°C from the standard protocol.

4.1.2.6 The comparability problem of competition-based assays

In this work, a kinase cellular profiling panel was developed. The signal of the respective
assays is dependent on the match of kinase and tracer and a BRET will be more efficient if
the proximity of the tracer and luciferase are smaller. The signal can be increased by using a
higher tracer concentration but when determining the potency of a kinase inhibitor, the
reagents used may disturb the determination of an inhibitor affinity because of a competition
of the reagent, here the tracer, and the inhibitor for the binding site are related to the
concentrations of tracer and compound used in the respective assay. The relation of the
influence of the reagent used to the resulting Kp is given by the Cheng-Prusoff-Relation''?:

ICsg

[tracer]
tracer Kp qpp

KD=

1+

If a tracer concentration is now used at a previously determined Kp, app Of the tracer molecule,
50% of the kinases are bound by that tracer. According to the Cheng-Prusoff-Relation, the
“true” Kp of the inhibitor in this competition assay would be described as:

ICs, I (T (2

[tracer] —1+1 2
tracer Kp qpp

KD:

1+

If a tracer is used at higher concentration, e.qg. 10-times the Kp, app, this would shift to:

10 x tracer Kpgpp 1+10 11
tracer Kp qpp

KD=

1+




4. Experimental Procedures

This would result in a dramatic underestimation of the 1Cso because of a very high tracer
concentration. In the other case, when a concentration lower as the tracer Kp, app is Used, e.g.
0.1-times the tracer Ko, app:

ICso ICsy  ICsp

0.1 x tracer Kp qpp “1+01 11
tracer Kp qpp

KD:

1+

When a lower tracer concentration is used in relation to the tracer Kp, app, the ECsg is a better
estimate for the “true” Kp. In the panel set-up to make each kinase as comparable to the other
as possible, each tracer and kinase are used at their respective Kp, app if possible but because
of solubility limitations of the tracer-coupled BODIPY fluorophore a maximum concentration
of 1 uM may be used. In a tracer titration this may result in an overestimation of the tracer
Kb, app bUt 35 observed above, if a lower tracer concentration is used than the tracer Kp, app, the
effect of the reagent is lower and hence closer to the true Kp. This means, the maximum error
of a potential “underestimation” of the true Kp would be 2-fold as used at tracer Kp, app and
the minimal error would be 1-fold. Between these two points is the estimated error created

in this panel set-up which is deemed within the normal margin of error for cell-based assay.

4.1.3 Compound handling and management

Small molecule inhibitors used for this thesis were purchased from different vendors. For the
analysis of the kinase panel a set of clinical and FDA approved kinase inhibitors was
purchased from Selleckchem (SI Table 6). A list of all compounds used in this thesis and they

suppliers can be found in SI Table 3.
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Listed below are the different devices (Table 2), materials (Table 3) and reagents (Table 4)

used for this thesis.

Table 2 | List of devices used.

Description

Name

Company (Location Headquarter)

Cell Counter

Cell culture hood
Confocal microscope
DSF instrument
Heat Sealer
Incubator
ITCinstrument
Liquid Handler
Liquid Handler
PCR machine

pH meter
Pipettes
Pipettes
Pipettes
Pipettes
Pipettes
Pipettes

Plate Reader

TC20 Automated Cell Counter
HeraSafe 2025

o)

QuantStudio5

Plateloc

CellXpert® C170i

NanolTC

ECHO 550 acoustic dispenser
Multidrop Combi

Thermo cycler

3510 pH Meter

Eppendorf Research Plus 0.1-2.5
Eppendorf Research Plus 2-20
Eppendorf Research Plus 20-200
Eppendorf Research Plus 100-1000
Thermo E1 Clip-Tip 200

Thermo E1 Clip-Tip 12.5

PHERAstar FS

Bio-Rad (US, CR)

Thermo Fisher (US, MA)
Yokogawa (Tokio)

Applied Biosystems (US, MA)
Agilent Technologies (US, Santa Clara)
Eppendorf AG (GE, Hamburg)

TA Instruments (US, DE)

Labcyte (US, CA)

Thermo Fisher (US, MA)
Biometra (GE, Gottingen)

Jenway Bibby (UK, Straffordshire)
Eppendorf AG (GE, Hamburg)
Eppendorf AG (GE, Hamburq)
Eppendorf AG (GE, Hamburq)
Eppendorf AG (GE, Hamburq)
Thermo Fisher (US, MR)

Thermo Fisher (US, MR)

BMG labtech (GE, Offenburg)

Table 3 | List of materials used.

Description Name Company (Location Headquarter)
Assay plate 1536-well, black, #782900 Greiner Bio-One (Austria)
Assay plate 96-well 2 mL #780270 Greiner Bio-One (Austria)

Cell Viability assays

384-well #781 091

Greiner Bio-One (Austria)
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Counting Slides
DSF plate

ECHO plate
ECHO plate
NanoBRET plate
PCR plate

Seals

Cell Counting Slides #145-001
384-well #BC3384

PP 384-well #LBCYPP-0200
LDV 384-well # LBCYLP-0200
384-well #781 207

Standard PCR plate for LC480

Nunc Aluminium Acrylate

Bio-Rad (US, CR)

Thermo Fisher (US, MR)
Labcyte Inc. (US, Sunnyvale)
Labcyte Inc. (US, Sunnyvale)
Greiner Bio-One (Austria)
4titude Ltd. (US, Sacramento)

Thermo Fisher (US, MR)

Table 4 | List of reagents used.

Description

Name

Company, Location Headquarter

Agar

Antibiotic cell culture

Antibiotics

Antibiotics

Antibiotics

Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients
Buffer ingredients

Cell Culture

Agar, pure, powder
Penicillin/Streptomycin
Kanamycin
Chloramphenicol

Ampicillin

Bovines Serum Albumin #A-7906

DL- Dithiothreithol >98% (DTT)

Glycerol

HEPES buffer solution
Imidazole, 99+%, crystalline
KCl

MgCl2

MnCl2

MOPS >99.5%
Sodium chloride
TCEP

TRIS Base

Tween 20

Trypsin 0.1% EDTA
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Sigma-Aldrich Corp. (US, St. Louis)
Thermo Fisher (US, MA)
Sigma-Aldrich Corp. (US, St. Louis)
Sigma-Aldrich Corp. (US, St. Louis)
Sigma-Aldrich Corp. (US, St. Louis)
Invitrogen AG (US, Carlsbad)
Sigma-Aldrich Corp. (US, St. Louis)
Melford Laboratories (UK, Chelsworth)
Sigma-Aldrich Corp. (US, St. Louis)
Thermo Fisher (US, MR)

Thermo Fisher (US, MR)

VWR Chemicals (US, Radnor)
Thermo Fisher (US, MR)
Sigma-Aldrich Corp. (US, St. Louis)
Sigma-Aldrich Corp. (US, St. Louis)
Thermo Fisher (US, MR)

Merck KGaR (GE, Darmstadt)
Cisbio Bioassauys (FR, Codolet)

Thermo Fisher (US, MA)



Cell Culture

DNA Loading Dye
DNA staining due
Dye

Due

Dye

E.colicells
Fluorescent probe DSF
Growth Medium
Growth Medium
Luciferase Inhibitor
Media

Media

Media

Midi Prep Kit

Midi Prep Kit
NanoBRET substrate
NaOH

Solvent

Supplement Medium
Transfection Reagent

Transfection Reagent

Phosphate Buffered Saline (PBS)
5x DNA Loading Buffer, Blue
Hoechst33342

Mitotracker red

Annexin V Alexa Fluor 680
BioTracker 488

MACHT cells

SYPRO-Orange #S6651
DMEM, Gibco

Opti-MEM wo phenol red
Extracellular NanoLuc Inhibitor
LB broth (MILLER)

Peptone from casein (Tryptone)
Yeast Extract Granulated
MidiPrep Kit Qiagen

MidiPrep Kit Promega
NanoGlo Substrate

Sodium hydroxide - pellets
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5. Results and Discussion

The results presented in the thesis were generated by me as well as by internal and external
collaboration partners. The exact distribution of the contributions is listed in Appendix 9.2
List of publications and collaboration partners, 9.3 Statutory declarations and in the author

contributions from the respective publications.

5.1 The search for new chemical probes - cellular selectivity as main criteria

During my thesis, | contributed to the characterization of several chemical probes and
chemogenomic tool compounds. Next to the potency of below 100 nM /7 vitro and below
T uM in cells, the narrow selectivity profile for probes is essential, because they are used to
question a specific targets biology. Per definition, the closest off-target needs to show a 30-
fold window to allow for using the chemical probe at a concentration where the on-target
effect is still observable but any off-target effects are negligible. Chemogenomic tool
compounds are less strict when it comes to their selectivity, they are allowed to have up to
ten “on-targets”, but the knowledge about the on-targets and their respective affinity is
indispensable. Using a set of chemogenomic tool compounds with overlapping target spectra
allows for target identification within phenotuypical assays. Within these projects, we
frequently investigated the selectivity profile derived from /n vitro assay technologies as
basis for their profiling in living cells and assessed the cellular target affinity for these

molecules. A selection of these projects will be presented during the next chapter.

5.1.71 Selective macrocyclic molecule to investigate understudied kinase STK17A
(Inthe following subchapter, parts of the publication “llluminating the Dark: Highly Selective
Inhibition of Serine/Threonine Kinase 17A with Pyrazolo[1,5-a]pyrimidine-Based

Macrocycles” are included™").

In this study, we investigated the apoptosis inducing protein kinase DRAKT, also called
serine/threonine kinase 17A (STK17A) which is part of the dark kinome. The cellular function
of DRAK1 and its involvement in different physiological processes is widely unknown.
Although DRAKT has been identified as an off-target for several kinase inhibitors - for
example the multi kinase inhibitor AT9283'"” as well as the FDA approved drug
tomivosertib' - no selective DRAK1 inhibitor has been reported yet to study the targets

biology. A reported DRAK2 isoform selective compound SGC-STK17B-1, shows only weak
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activity on the DRAK1 isoform of 4.7 uM'4, which is surprising because both isoforms share
a sequence similarity of 66% in the kinase domain. The starting point for the development of
a selective DRAKT inhibitor was the published non-selective macrocyclic inhibitor 1C19,
which is based on a pyrazolo[1,5-a]pyrimidine scaffold''®. Interestingly the initial starting
compound (14) was not exclusively selective for DRAK1, but it showed no activity against the
closely related DAPKs. To further optimize the SAR, we solved the structure of DRAKT bound
to 14 " (PDB ID: 7QUE ). The structure revealed an activation loop exchange with a second
kinase domain located in the asymmetric unit. This has been also described for the auto-
activated DAPK family member DAPK3'1®. Whether DRAKT requires phosphorylation at this
position to be fully activated is not known. In the observed conformation, DRAK1-T226 is
positioned in the substrate-binding site of the interaction protomer. Indeed, DRAK1-T226 is
conserved in DRAK2 (T198). A phosphorylation at this tyrosine would stabilize the
interaction with a lysine residue in the catalytic loop next to the HRD (HLD in DRAK1) motif
resulting in a stabilization of the substrate-binding site. The initial compound 14 is
interacting with DRAKT in a type | binding mode. A structural alignment of the DAPKs
confirmed that DAPK1-3 differed significantly from DRAKT and DRAK2, whereas the ATP-
binding pocket of DRAK1 shared high similarity with DRAK2.
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Figure 5 | Structure activity relationship (SAR) of a pyrazolo[1,5-a]pyrimidine series. A Chemical starting point
of the SAR series resulting in CK156 with improved potency and selectivity. B Selectivity profile of pyrazolo[1,5-
a]pyrimidine-based macrocycle CK156 measured in the KINOMEscan assay (Eurofins) at 100 nM. Green cycles
represent the displacement of the control and their size corresponds to the % displacement (small value
corresponds to high potency) as indicated in the figure. The S-score quantifies the selectivity at the measured
concentration - here Sss calculates the ratio of kinases hit below 35% displacement and the total amount of
kinases tested. CCellular potencies of macrocyclic pyrazolo[1,5-a]pyrimidine series on DRAK1 using
NanoBRET. D Cellular potencies of CK156 on potential off-targets CK2a1, CK2a2, GAK, BIKE and DRAK2
determined by NanoBRET. E Binding mode of CK156 to DRAK1 determined by x-ray crystallography.
F Brightfield confocal image of stained HEK293T cells after 18h of 10 and 1 uM compound exposure (blue:
DNA/nuclei, green: microtubule, red: mitochondria, and magenta: Annexin V apoptosis marker). Figure
compiled and modified from Kurz et a/"".

To rank the synthesized compounds accordingly to the binding affinity to DRAK1 and obtain
an overview of the selectivity, a DSF assay against 44 kinases, including DRAK1, was
performed (final protein concentration: 2 uM; final inhibitor concentration: 10 uM). CK156
and CK228 showed an excellent thermal stabilization of DRAK1, of 12.3 and 11.3 K, and
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therefore were the most promising candidates for a sufficiently potent DRAK1 molecule. The
chemical structure of CK156 is shown in Figure 5A. The /n witro binding affinity was
confirmed using isothermal titration calorimetry (ITC) and revealed a low Kp value of 9 nM
and 21 nM for both compounds, respectively. The enthalpic contribution for binding of
DRAKT were comparable for CK156 and CK228, showing a large negative enthalpy and
therefore suggest that macrocyclization has reduced the compounds flexibility and stabilizes
the conformation of DRAK1. The on-target potency was further validated by an orthogonal
radioactivity-based enzyme kinetic assay provided by ProQinase (reaction biology). The ICsg
values from the kinetic assay of 15nM (CK228) and 49nM (CK156) are in good
correspondence with the ITC values and confirmed the potency against DRAK1. After
confirming the on-target potency in DSF, ITC and the enzymatic assay, the selectivity profiles
of the two most promising compounds were verified using the kinome-wide KINOMEscan
assay by Eurofins. For comparison, the parental compound 14 was also assessed. The initial
selectivity was tested using a DSF assay of 44 kinases and five targets (CK228) and three
targets (CK156) with Tu-shifts higher than 5 K. The selectivity profile of CK156 at 100 nM
screening concentration is shown in Figure 5B and revealed next to the on-target DRAK1 only
one off-target CK2a2 with a selectivity score (35%) of 0.005. The off-target detected in the
KINOMEscan assay was 20-fold weaker that the potency measured on DRAK1, which
correlates well with the measured weak thermal shifts for CK2a2 from the DSF panel. The
crystal structure of compound CK156 bound to DRAKT (Figure 5E) revealed an excellent
complementarity with the active binding site of the kinase, which explains the exceptional
selectivity determined in DSF and the KINOMEscan assay. In comparison to the other tested
compounds from the SAR study the smaller fer#-butyl moiety of CK156 was able to bind
deeper into the hinge region, compared to other larger moieties, which is only possible due
to a conformational rearrangement in the hinge region. DRAK1-G143, which belongs to a
subsequent linker region, was twisted in the binding mode of CK156 in comparison to the
parental compound 14. This flexibility in the back pocket is unusual for a kinase, but could
explain the promiscuity of DRAKT1 to other kinase inhibitors. In the next step the most
promising compound CK156 was assessed in the NanoBRET target engagement assay to
verify the /n vitroon-target potency as well as the promising kinome-wide selectivity data in

living cells. Especially interesting is the cell permeability of the molecule, because so far, the
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compound was only analysed in /n vitroassays and macrocyclic compounds tend to be bulkier
and have a higher molecular weight than traditional kinase inhibitors and therefore could
potentially be less cell penetrant. CK156 showed good cellular potency of 182 + 22 nM,
which is in good correlation with the /7 vitro data with about 4-fold change and suggested
excellent cell penetration of these inhibitor (Figure 5C). Furthermore, all potential identified
off-targets CK2a1, CK2a2, GAK, BIKE and DRAK2 were investigated using the NanoBRET
assay. All ECsp were more than 30-fold higher than compared to potencies measured for
DRAK1T and CK156 (8 uM for BIKE - 39 uM for CK2a2) as shown in Figure 5D. It has been
described in the literature that DRAK1 is highly overexpressed in gliomas compared to other
cancer cells"”. A knockdown of DRAKT results in decreased proliferation, clonogenicity and
cell migration'"’. To assess this effect of DRAKT and test our highly selective and potent
chemical probe CK156 we tested its cytotoxicity in glioma cells. As a control experiment, we
investigated the general cell viability using a multiplex high content assay simultaneously
allowing the observation of phenotupic effects. CK156 showed no cytotoxicity at 1 uMin the
tested cell lines (U20S, HEK293T and MRC-9), whereas at 10 uM some toxicity was observed.
It cannot be ruled out that this cytotoxic effect at the higher tested concentration is due to
unspecific off-target effects. The brightfield confocal image for HEK293T cells treated with
CK156 at T uM and 10 uM is shown in Figure 5F. After a general cytotoxic effect of CK156
at its intended concentration was excluded, the effect in glioma cells was tested. The
expression levels of five different glioblastoma multiforme (GBM) cell lines were tested
revealing that LN-229 and D-247MG showed the highest expression levels of DRAKT. A
DRAKT knock-out was reported to alter glioma cell line morphology but surprisingly, only
minor changes in the morphology of the cell lines upon treatment of up to 20 uM CK156
were observed, indicating that an inhibition of the DRAK1 kinase activity alone may not lead

to the observed phenotype in GBM.

In this study we made modifications on a pyrazolo [1,5-a]pyrimidine-based macrocyclic
scaffold that resulted in a highly selective and potent DRAKT inhibitor. Our selective chemical
probe CK156 will help to elucidate the biological role of DRAK1 although its effect in glioma
cells was surprisingly not sufficient to induce a knock-out indicated phenotupe pointing to

additional scaffolding roles of this kinase.
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5.1.2 Probe development for Salt-Inducible Kinase (SIK2)
(In the following subchapter, parts of the publication “Structure-Based Design of Selective

Salt-Inducible Kinase Inhibitors” are included''8).

In this study we investigated the salt-inducible kinases 1,2 and 3 (SIKs) which are key
metabolic requlators. Dysregulation of SIK is associated with the development of diverse
cancer types, including breast, gastric and ovarian cancer. Known SIK and pan-SIK inhibitors
have been reported, for example HG-9-91-01, YKL-05-099, ARN-3236 and G-5555, but all
display significant off-target activity, limiting their use a chemical tool compound. The aim
of this study was to develop a well-characterized chemical tool compound for the SIK family
that lacks the activity on other kinases and hence reduced the number of off-targets
compared to the currently available SIK inhibitors. The p-21-activtiated kinase (PAK) inhibitor
G-5555'"9 has a reported dual activity against STE kinase, including PAKs and MSTs, but also
potent activity against SIK2. This is intriguing, because these kinases share little sequence
homologuy, such as the gatekeeper residue and therefore we hypothesized that selectivity
against the targets of the STE family towards SIK can be achieved. To validate G-5555 as a
suitable scaffold for the development of a selective SIK chemical probe, we assessed its
selectivity /n vitro using the KINOME scan technology from Eurofins at 100 nM and 1 pM.
After identifying G-5555 as an attractive starting point a crystallization effort was made to
guide the SAR using a structure of a SIK family member bound G-5555. Unfortunately, it has
been challenging to crystallize any isoform of the SIK family, due to poor expression yields
in insect cell expression and general instability of the resulting proteins. To be able to
rationally design the chemical molecule with high selectivity for the SIK kinases, the crystal
structures of two off-targets MST3 and MST4''8 (PDB ID: 7B30 and 7B36) bound to G-5555
were solved. These structures served as surrogate models and as a template for generating a
SIK2 family homology model. The binding mode of G-5555 revealed that the pyridine ring is
positioned to the catalytic reside MST3-K65 and that the serine located in the P-loop (MST3-
S46) is linked with the catalytic MST3-L65 and the pyridine ring of G-5555, through the
formation of a water-mediated hydrogen-bond network. MST3 and MST4 in comparison to
PAK1 contain a bulkier residue at the glycine-rich loop which has been moved out in the ATP-
binding pocket of PAK1. When comparing these off-targets to the SIK family model it became
apparent that MSTs and PAK1 contain a bulky methionine gatekeeper and the SIK family
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members in contrast a smaller threonine residue. Based on the crystal structures of MSTs and
PAKT1 and /n sifico simulations on SIK we designed a series of compounds in order to explore
the potential of the pyrido[2,3- d]pyrimidin-7-one scaffold for the development of selective

SIK inhibitors. The proposed modifications are depicted in Figure 6.

(5555 MRIAS

Figure 6 | Design of a focused series of pyrido[2,3-d]pyrimidin-7-one analogues based on the PAK1 inhibitor G-
5555 with complete SAR characterization resulted in the selective compound MRIAY. Figure modified from Rak
and Tesch et a/'"®.

The activity on the proposed on-targets SIK2 and SIK3 were evaluated using the cellular
target engagement assay NanoBRET, while the off-target effect on other kinases, especially
MSTs and PAKT was evaluated using a DSF assay. G-5555 was used as a positive control. The
DSF data correlated well with reported literature data''®. G-5555 showed melting
temperature shifts (ATv) of 9.9 K, 6.6 K, and 6.6 K for MST3, MST4, and PRKT, respectively.
Removing the methyl group in the ortho-methoxyphenul ring of the backpocket modification
lead to much lower potency against SIK2 (ICso = 777 nM) and SIK3 (ICso = 117 nM), and ATwm
of 5.7 K and 3.9 K for MST3 and MST4, respectively, indicating that the methyl group is
important for MST binding. We were able to increase the cellular potency on the SIK family
by adding a fluorine atom at position 3 in the methoxyphenuyl ring, but still retained activity
against the off-targets. By removing the methyl group, which we observed to be important
for the MST binding, we observed reduced ATwm values for MST3/4 by 5.9 K and 3.4 K
compared with G-5555. Introducing another halogen atom at the fluorine position led to a
similar cellular potency of 139 nM confirming that a halogen substitution at position 3 can

account for high potency toward both SIK2 and SIK3. These data highlight the role of
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substitutions at positions 3 and 6 of the G-5555 core scaffold for modulating SIK2 and SIK3
activity. In conclusion MRIAY, the compound with the fluorine in 3-position in the
methoxyphenyl ring showed the best SIK2/3 cellular potency and lowered potency on the
known off-targets of G-5555. The compound was therefore screened at T uM concentration
against 443 kinase in the *3*PanQinase radioactivity-based activity assay from reaction
biology. The selectivity score (35%) of MRIA09 was with 0.018 much lower than compared
to the selectivity score of G-5555 with 0.12, confirming that designing a focused series on
SIK inhibitors based on the G-5555 scaffold was successful. The next step was to follow-up
the kinome-wide screening data by determining ICsg values in an enzymatic assay as well as
testing the same off-targets in our cellular screening platform NanoBRET. The data is shown

in Table 5.

Table 5 | Selectivity profile of G-5555. Results of screening of MRIAY against 443 as percent control >50% at 1
uM as well as /n vitro |1Cso (radiometric protein kinase assay, reaction biology) and /n ce/lulo ECsp (NanoBRET
data, duplicates) data for the main targets. Table adapted from Rak and Tesch et a/'®.

Targets Percent of [Cs0 (NM) EC50 (nM)
control (%) NanoBRET

SIK2 1 48 180 + 40
SIK3 2 22 127 + 23
SIK1 4 55 516+5
KHS1 8 210 13000 + 280
PAK3 9 140 n.d.
PAK2 10 41 n.d.
NLK 13 250 3100+ 160
PKN3 35 1400 6700 + 750
PAK1 36 580 n.d.

MAP2K4 37 830 n.d.
TIE2 39 3100 6000 + 1800
MST4 45 1600 34000 + 14000
MELK 48 2200 n.d.

MIRA9 showed ICsp against its main targets SIK1-3 of 48, 22 and 55 nM, with similar
potencies in a cellular environment of 180, 127 and 516 nM. Unfortunately, MRIA9 showed

relatively low 1Cso for PAK1-3 of 580, 140 and 41 nM and it was not possible to determine

51




5. Results and Discussion

the cellular PAK activity in the NanoBRET assay due to a lack of suitable tracer molecules for
this kinase. Hence, MRIA9 shows sufficient cellular potency of below 1 uM and good overall
selectivity except a PAKT off-target activity within the required 30-fold selectivity window.
However, combining MRIA9 with a known PAK1 chemical probe NVS-PAK1'2%, MRIA9 can
be used as a chemical probe for elucidating the complex biology of SIK kinases. Other targets
that showed up in the kinome-wide selectivity screening like MST4 showed larger selectivity

in cells (ICso = 2200 nM and cellular ICsg = 34 uM), as well as KHS1, NLK and PKN3.

After identifying MRIAY as a potent SIK2 inhibitor with narrowed and well characterized off-
target profile compared to its lead scaffold we decided to further investigate the compound
as a chemical tool compound to better understand the mechanism and phenotype of the SIK
family, specifically SIK2. It is known that SIK inhibitors can sensitize ovarian cancer cells to
paclitaxel treatment'?% 121 We selected SKOV3 ovarian cancer cells as a model and monitored
them over 9 days with low concentration of MRIA9 in presence and absence of paclitaxel, and
observed that cells that were treated with paclitaxel in combination with MRIA09 showed a
strong reduction in cell viability. A general cytotoxic effect of MRIA9 without paclitaxel

treatment could be excluded.

The /n vitro and in cellulo screening results showed that MRIAY is a highly potent pan-SIK
and PAK2/3 inhibitor with excellent cellular activity, especially against SIK3 and we also
showed that a combination treatment with paclitaxel and SIK inhibitors may result in
improved therapeutic effects for ovarian cancer and that MRIAR09S can be used as a chemical

tool compound to elucidate the cellular function of the SIK subfamily.

5.1.3 The necessity for cellular profiling of on-target and off-target effects for chemical
probes and chemogenomics.

The first aim of this thesis was to support different medicinal chemistry SRR projects using
the cellular target engagement method NanoBRET and to determine on-target activity as well
as off-target profiles for different chemical probes and chemogenomics. The two projects
explained in more detail in the chapter above are good examples for medicinal chemistry
projects that benefited from the /n ce/lulo potency data as well as the profiling of determined
off-targets in a cellular context. Sometimes, the protein was simply not available to perform

/n vitro measurements like DSF or an activity assay because the protein is instable or hard to
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obtain, like e.q. SIK2. Therefore, it is useful to have a complementary method the NanoBRET
assay where proteins are transiently expressed in mammalian cells with post-translational
modifications and potential chaperones present in the cellular environment. Other times the
selectivity profile which we obtain from commercially available kinome-wide screening
platforms like ProQinase from Reaction Biology can be further evaluated by looking at the
inhibitor in a cellular context. Sometimes targets and/ or off-targets found to be potent /n
vitroare significantly less potent in a cellular context, due to for example the presence of the
high cellular ATP concentration as described for crizotinib and dasatinib'®. It can be
beneficial to use a cellular screening method to determine on-target effects as well as off-
target effects, especially when developing and characterizing chemical probe molecules and

chemogenomics compounds that are intended to be used in a cellular phenotypic assay.
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5.2 Family selectivity for small molecule chemogenomic candidates

When developing a chemical tool compound or a chemogenomic compound many things
need to be taken into consideration. Next to the on-target potency of below T uM in cells the
selectivity is most important. Developing a selective small molecule can be challenging,
especially in the kinase field where the sequence similarity inside the kinase domain is very
high. This similarity is even higher for closely related kinases and kinases in the same
subfamily. Due to this reason, chemical probes are often pan-family or dual probes, because
it is nearly impossible to develop family selective small molecules (MRIAY is a pan-SIK probe
[https://www.thesgc.org/chemical-probes/mria9], T3-CLK is a pan-CLK probe
[https://www.thesgc.org/chemical-probes/T3-CLK] or TH-257 is a LIMK1 and LIMK2 probe
[https://www.thesgc.org/chemical-probes/TH-257]). Thus, to complement exclusively
selective chemical probes, the idea of a chemogenomic tool compound was developed. These
molecules are very well characterized, but a lesser selectivity is acceptable (having up to 10
close on-targets). Using a set of chemogenomic compounds with overlapping target spectra
it may be easier to target subfamilies of kinases and still be able to assign a phenotupic effect
to a specific kinase. In the next chapter, two subfamilies of kinases will be examined in more
detail. The first part focused on an attempt to developed a subfamily-specific inhibitor for the
PCTAIRE family and the second part explains an attempt to cover an entire subfamily with a

set of well characterized published molecules.

5.2.1 Development pf a small molecule inhibitor to target the PCTAIRE family
(In the following subchapter, part of the publication “Discovery of 3-amino-1H-pyrazole-

based kinase inhibitors to illuminate the understudied PCTAIRE family” are included'??).

In this study we investigated an understudied subfamily of the cyclin-dependent kinases
(CDK), which are activated by binding of cyclin Y, the so-called TAIRE family (CDK14-16)
(Figure 7R). CDKs have key roles in regulation of the cell cycle and also perform diverse other
cellular functions, such as requlation of mRNA splicing and transcription. There are many
drugs reported and approved for CDK4/6 for the treatment of cancer'??, but so far, no family-
selective inhibitor is published and the majority of this kinase family is still understudied. The
high similarity of the kinase domain within the TRIRE family makes it challenging to develop

family-selectivity kinase inhibitors'?4. Although it was shown by Dixon-Clarke et a/in 2017
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after solving the crystal structure that CDK16 can be bound by type | and type Il inhibitors
and known FDA approved drugs like rebastinib and dabrafenib, no selective compound has
been developed yet'%°. In this study we developed a set of small molecule inhibitors based on
a 3-aminopyrazole-scaffold that is based on kinase inhibitors that were previously published
as promiscuous kinase inhibitors, targeting over 300 kinases in a 360 wild-type kinome-wide
screen at a concentration of 1 uM'28. The flexibility of these small molecules in the binding
pocket, that was disclosed looking at the structure in complex with VRK1 and STK178B, could
be an explanation for the various targets and the promiscuous behaviour'?. Using the
knowledge of the high on-target potency in the CDK family in combination with the solved
crystal structure makes the 3-aminopyrazole moiety (Figure 7B) an excellent starting point

for an extensive SAR study to better explore the TAIRE subfamily.
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Figure 7 | Family selectivity of pyrazole-based kinase inhibitors. A Phylogenetic tree of CDK family based on
sequence similarity. Figure adapted from Wells er &/ '**. B Summary of modifications made on the 3-
aminopyrazole scaffold. On position R' different smaller and bulkier residues were introduced, on position R?
different linkers that vary in length were introduced and on position R> the influence of the head group was
investigated. Optimization of the molecule led to three favoured molecules 21i, 42d and 43d. C Cellular ECso
values of molecules 21i, 42d and 43d against the CDK family were determined using the NanoBRET technology
in @ 11-point-dose-response curve in duplicates. D Cellular target engagement of 43d as a bar chart
representation against the seven main targets inside the CDK family. B-D adapted and modified from Amrhein
etall*.
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The hinge binding moiety present in the 3-aminooyrazole scaffold represents a known
scaffold for targeting kinases in different medicinal chemistry approaches. Previous
publications highlighted the inhibitory proliferation and anticancer potential of pyrazole-
based small molecules. Three different positions were selected for improving the inhibitor
selectvitiy and potency for CDK16. First, the head group on the pyrazole was varied, different
smaller and bulkier alkyl groups were added and amide groups were tested. To investigate
the selectivity profile and obtain first insights into the potency of the compound sets, a DSF
assay was used. We determined thermal stabilization using an in-house panel of 89 kinases,
including CDK16 and other CDK proteins and included the parental compound as promiscuous
control. We identified several molecules from the series, which showed strong stabilization
of CDK16, but also other targets that are favoured by the scaffold, like CDK2, JNK3 and
GSK3B, which are potential off-targets of this compound series. The overall selectivity was
indicated by the number of kinases with thermal shifts higher than 5 K. The lead structure
was highly promiscuous as indicated by stabilizing up to 60 kinases with ATy shifts >5 K. An
introduction of a methyl ester at the purazole led to a reduction in the stabilization of CDK16
in comparison to the lead structure, however the thermal shift of 6.5 K was still high
compared to the shift of staurosporine (9.1 K) which translates to an ICso of 24 nM'%7. A
cleavage of the Boc group which was introduced as R? showed no significant influence on
compound selectivity. Introducing a tert-butyl ester at the pyrazole increased the thermal
shifts on CDK16 to up to 9.3 K. These moieties can be found in various approved drugs
indicating that these groups have valuable pharmacokinetic properties'?® 29 The other
common off-targets for the scaffold, CDK2 and GSK3B, were in a moderate range. Only two
other kinases beside CDK16 exhibited a DSF shift >5 Kon 43d, MAPK15 and PLK4, however,
these shifts were comparatively small compared to the staurosporine reference, suggesting
that these compounds did not bind strongly to these kinases. The most favourable thermal
shift was observed in 43d with no addition in position R', the introduction of a tert-butyl

after a pyrazole at position R? and a tert-butyl at position R3.

To validate the DSF data in an orthogonal assay method and to obtain insight into the cellular
potency of the compound series, a NanoBRET cellular target engagement assay was
performed. The lead structure exhibited the highest shift against CDK16 with 10.3 Kand a

corresponding cellular ECso of 18 nM. Compound 42d and 43d showed comparable DSF shifts
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to the lead structure that was also reflected in cellular ECso values of 44 and 33.4 nM,
respectively. Having these on-target potencies from the DSF and NanoBRET assay in mind
and including the information about the selectivity, 42d and 43d were selected as the best
candidates for a more comprehensive selectivity study within the CDK subfamily. To assess
the CDK family-wide selectivity we profiled the 3 most promising compounds 21i, 43d and
43d in the NanoBRET assay. As expected the lead structure showed high potencies on most
of the CDKs, but no selectivity towards a specific kinase. 21i exhibited an interesting profile
by targeting only CDK16 and CDK17 with 380 and 673 nM) (Figure 7C). However, a much
higher potency was observed for 42d and 43d. Additionally 43d exhibited the best selectivity
profile within the CDK family with nanomolar values only for the PCTAIRE (CDK16-18) and
the PFTAIRE (CDK14-15) subfamily (Figure 7D).

Although CDK16 is considered to be part of the understudied dark kinome, some cellular
functions of the kinase are known. CDK16 expression has been linked to be cell cycle
dependent’?and that a knockdown of CDK16 leads to late G2/ M phase cell cycle arrest that
is followed by apoptosis’™'. To assess the cellular function of CDK16 using our newly
characterized chemogenomic molecule we performed a cell-based assay in liver cells using
the fluorescent ubiquitination-based cell cycle reporter (FUCCI) system™! 132 This
technology enables the detection of cell cycle states (G1, G2/M, or S phase) on a single cell
level. 43d, the most potent and family selective inhibitor of our SAR series, led to the
accumulation of cells in G2/M phases at all three concentrations tested (1 uM, 5 uM, 10 uM)
demonstrating the biggest influence on the cell cycle. Milciclib, a published CDK2 inhibitor
that was used a control compound'??, led to G1 cell cycle arrest at both tested concentrations.
In comparison, the lead structure compound, which displays no family or kinome wide-

selectivity, had no effect on the cell cycle at all three concentrations tested.

Dysregulation of CDK16 has been described in many cancers such as breast, prostate, cervical
cancer and melanomas'4 130131 and with 43d we found a two-digit nanomolar potent and

family selective molecule to investigate the biology of the TAIRE family.
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5.2.2 Characterization of current chemogenomic candidates for splicing kinase family
(Parts of the following chapter will be included in the in the publication “Evaluation of current
chemogenomic candidates for splicing kinase subfamily”, which manuscript is currently in

draft.)

Industrial and academical drug discovery research efforts have focused only on a small subset
of kinases of the human kinome. As mentioned above, chemogenomic compound libraries
which consist of well-characterized small molecules that target a small number of kinases
have emerged as a method to explore the biological relevance and therapeutic potential of
yet underexplored kinases. In this project, we focus on a small branch of the kinome tree
consisting of 17 closely related kinases of the CMGC branch involved in various RNA
metabolism functions. The goal was to identify the best inhibitors available and to
characterize them in /n vitro and in cellulo systems for their efficacy and kinome-wide
selectivity as well as their subfamily-wide selectivity. In this project, we selected published
small molecule inhibitors, focusing on the compounds that have the potential to be utilized
as quality chemical biology probes and assembled them into a high-quality chemogenomics
set. Moreover, the selected compounds provide chemical starting points for further
optimisation of more selective compounds for the so-called splicing kinase subfamily.
Despite the good general knowledge of some functions of the splicing kinase subfamily,
specific functions of these proteins, which often act in concert to regulate splicing, are still
underexplored. In order to study their biological mechanisms in more detail, potent and
selective small molecules, like chemical probe molecules, could be used to question the
targets function in phenotypic assays. In this project we analysed the current landscape of
kinase inhibitors of the splicing kinases and tested the best candidates form the literature for
their /n witro and cellular potency and their kinome-wide selectivity to identify a set of

chemogenomic compounds.

5.2.2.1 Small molecule inhibitor landscape targeting the splicing kinase family

In the kinase inhibitor literature, many compounds have been developed and described for
the CLKs, DYRKs, HIPKs and SRPKs. However, the data presented are often incomplete and
critical assessments of e.g. the kinome-wide selectivity are missing. These data are needed

to be able to assess the inhibitors usefulness to interrogate the biology of a specific splicing
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kinase and subsequent inclusion in our chemogenomic library. We therefore mostly relied on
reported on-target potencies from various assay formats (SI Table 4) and identified 29
promising candidates that were selected based on their suitability to be used as tool
compounds to study the proteins’ biological functions. Compounds that show high potency
and are currently in clinical trials, but do not show a comprehensive reported selectivity
towards one kinase or subfamily of the splicing kinases were not included. An overview of
the chemical structures of the tested compounds we selected, grouped based on their
reported main target, can be found in Figure 8. A problem often observed in the 29 candidates
is a cross-activity between different subfamilies. For all the proteins, crystal structures have
been reported. However, the 3D-structures of the splicing kinases overall is nearly identical,
with only minor opportunities to gain selectivity windows as e.g. described in targeting the

DFG-1 residue for CLK1/2/4 versus CLK3%4.
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Figure 8 | Literature reported small molecule inhibitors targeting the splicing kinases. The compounds are
grouped based on their literature-reported main target. There are no sufficient compounds reported for PRP4,
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which is why PRP4 is not included in this overview. Highlighted in green are MU1210, SGC-CLK-1 and T3-CLK
and highlighted in orange is MSC2711186 which are already approved chemical probes by the Structural
Genomics Consortium (https://www.thesgc.org/chemical-probes) for their respective targets SRPK (orange),
HIPK (yellow), CLK (green) and DYRK (blue).

Before testing the compound set on their splicing family-wide potency and selectivity /7 vitro
as well as their potency and selectivity in cells, we evaluated the chemical integrity of each
of the commercially obtained compounds, by performing a quality control HPLC. Also, cell
viability was assessed in osteosarcoma cells (U20S) and human embryonic kidney cells
(HEK293). All described compounds (29 candidates and 4 negative controls) were tested in a
first screen using brightfield microscopy at 10 uM over 24 h. Based on the growth rate'% as
well as image evaluation, we observed effects on cell viability for four tested compounds in
U20S and ten in HEK293T cells. Exemplarily shown in Figure 9A are two compounds (RZ191
and KuwWAL151) that showed different cell morphology at 10 uM in comparison to the
negative control 0.1% DMSO in both cell lines. To evaluate generic effects reqarding basic cell
properties and cell viability, we performed a live-cell multiplex high-content assay'®” (Figure
9B-D) in U20S, HEK293T and MRC-9 cells at two different compound concentrations (1 uM
and 10 uM). To investigate autofluorescence or precipitation, Hoechst High Intensity Objects
were used as described by Tjaden er a/'*>. One compound (Leucettine L41) showed an
increase in Hoechst High Intensity Objects at both tested concentrations (Figure 9B),
indicating that the compound has autofluorescent properties at a concentration of T uM. This
compound property can influence further evaluation, e.g. explaining the following low
healthy cell count (< 50%), that was observed in the next evaluation step for Leucettine L41
at 1 uM (Figure 9C). At the same concentration, only one compound (GW779439X) showed
a healthy cell count of less than 50%, next to the assay controls (Figure 9D). GW779439X is
a reported DYRK inhibitor'® also binding to all splicing kinases presented. The healthy cell
proportion was around 30%, the pyknosed at around 20% and the fragmented at 50%. The
main targets of GW779439X are CLKs and DYRKs and both are also involved in many different
cellular processes explaining the effect on cell viability even at lower concentrations'®’. None
of the other tested compound showed an effect on general cytotoxicity at 1 uM, regardless
of which target they mainly inhibit, indicating that impairment of single kinases which alter
the splicing function has no crucial survival function for the tested cell lines U20S, HEK293T

and MRC-9.
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Figure 9 | Viability Assessment and live-cell high content screen of the candidates in U20S cells. A Brightfield
image of U20S cells after 24h of 10 uM compound exposure (CLK inhibitors AZ191 and KuWAL151) in
comparison to Staurosporine (10 uM) and 0.1% DMSO control measured in the IncuCyte. B Hoechst High
Intensity Objects after 0, 12, 24 and 48 h compound exposure. Error bars show standard error of the mean of
biological triplicates. Significance was calculated using a two-way ANOVA analysis. Brightfield confocal image
of stained U20S cells after 24 h at T uM compound exposure of Leucettine in comparison to 0.1% DMSO (blue:
DNA/nuclei, green: microtubule, red: mitochondria, and magenta: Annexin V apoptosis marker). C General cell
viability of U20S cells after 24h compound treatment classified by healthy, pyknosed or fragmented cells at the
two tested concentrations 1 uM (left) and 10 uM (right). D Brightfield confocal image of stained U20S cells
after 24h of compound MU1210 at 1 uM and cytotoxic compound GW779439X at the same concentration (blue:
DNA/nuclei, green: microtubule, red: mitochondria, and magenta: Annexin V apoptosis marker). Figure was
made by Amelie Tjaden.

The candidates /n witro on-target potency, was assessed using a Differential Scanning
Fluorimetry (DSF) assay. A higher potency correlates with a higher thermal stabilization of
the protein. We tested 11 of the 17 splicing kinases, with exception of HIPK1, HIPK3, HIPK4,
CLK4, DYRK1B and DYRK4, because no in-house expression constructs were available.
Overall, our collected thermal shift data showed only minor correlation with reported
literature data of the compound'’s potency. Reasons for the poor correlation may be (3) the
different assay formats that were used in this comparison, (b) insufficient data points in our

correlations or (c) a variety in chemical scaffolds tested, as it has been shown that different



5. Results and Discussion

binding modes may results in different degree of protein stabilization and hence a
comparison would be rendered difficult. For example, on HIPK2, the compounds tested have
reported affinities in a range from 10 uM to two-digit nM, but we measured thermal shifts
with a maximum of 2.5 K. Hence, the HIPK2 DSF assay only shows an assay window of about
2.5-fold, with errors being typically around 0.1 K. Lorecivivint has a reported 1Cso of 16.8
nM"8 and resulted in a thermal shift on HIPK2 of 2.1 K. The correlation is better for kinases
which show a large thermal stabilization upon compound binding, like CLKs or DYRKs with
(20 Kand 8 K for CLK1 and DYRK3. respectively). It is worth mentioning that, because 16 of
the 29 literature compounds have one of the CLKs as their main target, the data coverage was
better for the CLKs. An exception is CmpdA'*°, the only reported PRP4 inhibitor, that showed
no on-target affinity for PRP4 in our DSF assay. When we assessed the compounds mass and
HPLC spectrum, we discovered it had been hydrolysed which was reproducible when
preparing new DMSO stocks. Because of these stability issues we removed the compound
from further consideration as a useful tool for the chemogenomic set. The broader /n vitro
selectivity of the candidates was assessed using a kinase panel consisting of 96 kinases using
DSF (additional to the 11 members of the splicing kinases family tested) and the resulting
heatmap of these interactions is shown in Figure 10A. The kinases are listed in SI Table 1 and
depicted in SI Figure 1 as a kinome tree showing the distribution of the kinases of the tested
DSF panel that covers a representative fraction of the kinome. Most compounds showed high
thermal shifts against the tested CLK1, CLK2 and CLK3 with Lorecivivint showing the highest
shifts with 21 K, 19 K and 19 K, respectively. To better compare the selectivity of the
compounds we calculated a selectivity score, which is shown in the column on the right side
of Figure 10A. All but four compounds showed a S (s k below 0.15, meaning they show higher
than 5 K thermal stabilization on less than 15% of the 96 tested kinases. The reported DYRK
inhibitors GSK 626616, GW779439X, GNF4877 and AZ191 show a S (s k selectivity score of
0.28,0.36,0.25, 0.23, respectively, in comparison to the promiscuous control Staurosporine
with a much higher selectivity score of 0.75. Because DSF cannot be used to determine an
inhibitor ICsgs as a high protein concentration is necessary for a sufficient assay quality and
in order to test the cellular selectivity of the set, we next assayed the compounds in the
cellular target engagement method NanoBRET in a lysed assay format. To ensure that the

results in intact cells and in lysed cells are comparable, we tested the inhibitor set against
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CLK1 in two assay modi. The data obtained in lysed format and intact format correlate with r
= 0.93 (Figure 10F), indicating that all compounds are cell permeable and show the same
behaviour in lysed cells as in intact cells for CLKT. We previously reported ATP assay
interference to be a main driver of differences between lysed format and intact cell format'?4.
All NanoBRET data were collected in the lysed modus for comparability reasons and are
visualized in Figure 10B as a heatmap and will be further discussed for each subfamily

individually in the next sections.

A 22 Y a1y, K]
e Soa =3 Kinase Panel (#96) 0 B s S
SRPIN340 0.00
SRPKIN-1 IO 0.07
SPHINX31 0.00
MSC2711186A 0.04
GSK 626616 1 0.28
GW779439x 1 0.36
MU135 0.01
CVM-6-139-1 1 013
T3-CLK 0.11
SGC-CLK-1 0.02
MU1210 0.04
T025 | 0.07
GNF4877 0.2¢
MIRK-IN-1 0.00
Lorecivivint | ] 0.10
KH-CB13 0.00
CC-671 11 0.07
Leucettine L41 0.05
EHT1610 0.05
(Pro)INDY 0.00
AZ191 0.23
KUWAL151 0.00
KuFal194 0.05
TG003 0.02
SRI-29329 0.09
LDN-192960 0.07
Suns Inhibitor 0.00
ML167 0.00
1>-8 0.02
Staurosporine (DL W 1 0.75
3 - b =
28588 ,3_ %3 Bz:z9,538_ J3F _83¢%
2 EZR B0 MY =20d_ 2358288232383 E(5
iz e=zx:z3szfosgds =z Y = 2 £ o0 2 =z 2 9w
55 & 2052008505289 88583228285 .893E-¢
L 4
o 00-® £ M
N [ ] [ o ( 1) [ ) @ <001
o0 o000 ([ <01
<1.0
- o <10.0
DYRK3 >10.0
C D E F
10 4
109 @2- g0 10 _
— — 3 - 54
I o @ SRPKIN-T = g ¢, Hon g
W & EL I 4 3 . B =
o = o o olecariizees ) = . s . ° g
a [+ é 24 SPHINX31 7 - B 74
== D& . [ . d ooR
& B = = &, s £
= & se o e HIFKZ (0] 2 £ g
e ] . s . o N et e CLK1(0.76) €
T T _ © e CLK2 (0.73) = 5
= = © . " T e T Y ® DVRK2(0)
-, L DYRK3 (0}
1 4 T T T T 1 44 T T T T 1 -10 T LI — T 1
10 4 s & 7 8 9 10 0 5 10 15 20 25 -0 8 -7 6 5 4
MNanoBRET plog(ECsq) MNanoBRET plog(ECsq) ATy [°K] NanoBRET log(ECsg)
CLK1 CLK1 lysed cells
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= HIPKs, green = CLK and grey = pan-family compound. C Correlation of NanoBRET ECso of DYRK1B and CLK.
Hits bigger than 50 uM were set to 4.3 (plog (50 uM). All compounds targeting DYRK1B also target CLK1. D
Correlation of NanoBRET ECsg of SRPK1 and CLK1. Hits bigger than 50 uM were set to 4.3 (plog(50uM). Only
three compounds from our set - SRPKIN-1, MSC271186A and SPHINX31, targeting SRPK1 are selective over
CLK1. E Correlation of NanoBRET ECso and ATy data. A good correlation was observed for CLK1 and CLK2 (R?
values of 0.76 and 0.73), but no correlations were observed for HIPK2, DYRK2 and DYRK3 (R? values of 0). F
Correlation of data collected in this study between intact cells and lysed cells in NanoBRET on CLK1 (R? of 0.93).

There are 16 small molecule inhibitors reported targeting the CLK kinase family characterized
in this work, as demonstrated in Figure 8 for more detailed information. Because all reported
DYRK inhibitors also target the CLK subfamily with similar potency we decided to evaluate
them together. Lorecivivint (Adavint, SM08502) is a first-in-class small molecule
CLK2/DYRK1A dual kinase inhibitor developed by Biosplice for the treatment of osteoarthritis
in the knee and is currently in Phase Il clinical trials'®. Lorecivivint demonstrated relatively
good selectivity with 19 of 402 wild-type kinases (4.7%) for which the ICso was <50 nM or
within 25-fold of that of CLK2 in a DiscoverX commercial kinome panel. Next to CLK2 the
compound is reported to also inhibit the whole CLK subfamily as well as the whole DYRK
subfamily. Inour cell-based NanoBRET assauy, Lorecivivint was binding to CLK2 most potently
with an ECso of 1 nM and additionally binding to the CLK and DYRK subfamily and binding to
HIPK2, HIPK4, SRPK2 with 20 nM, 27 nM and 80 nM, respectively, which makes Lorecivivint
a pan-splicing kinase inhibitor. Benzothiazole TG003 is reported as a CLK inhibitor'4% 141 with
reported potencies in the nM range for CLK1, CLK2 and CLK4 and also potent ICso for DYRKTA
and DYRK1B (12 nMand 130 nM). In our cell-based assay TGO03 showed moderate potencies
on CLK1, CLK2 and CLK4, with ECsos of 580 nM, T uM and 60 nM, but no potency higher than
T uM toward the other tested targets. None of the reported literature DYRK compounds
showed selectivity against another subfamily. Most compounds targeting DYRKs also target
CLKs. Figure 10C shows a correlation of the NanoBRET data for DYRK1B and CLK1 with a
good correlation with an R? = 0.69., indicating that most compounds showed a similar
potency for CLK1 and for DYRK1B. It is challenging to develop compounds that are selective
for DYRK without targeting CLK, due to a high sequence similarity between the two
subfamilies. Nathanael Grays lab recently published a selective DYRKTA macrocyclic inhibitor
JH-XVII-10"42. The macrocyclic compound was screened in a KiNativ kinase assay in CAL57
cells and showed no significant targets other than DYRK1A. It shows an ICso of 13 nM against
DYRK1A and 15 nM against DYRK1B (Select Screen Kinase Profiling by Thermo Fisher). This

compound was not tested in this inhibitor set because it is currently not commercially
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available and could not be obtained on time from the Gray lab in time of this thesis. As already
discussed above, the four DYRK inhibitors GSK 626616, GW779439X, GNF4877 and AZ191
showed high selectivity scores for the tested kinases, making them unsuitable for the
inclusion in chemogenomic compound libraries. GNF4877 together with dual probe MIRK-
IN-1 were the only tested compounds also binding to DYRK3 with below 1 uM (480 and 590
nM, respectively). In comparison to the other tested compounds AZ191 showed a relatively
low potency against all splicing kinases. Interestingly, GSK 626616 and GW779439X,
together with Lorecivivint were the only compounds that showed good binding to CLKs and
DYRKs, but also the HIPK subfamily. The compound (Pro)INDY, a prodrug of INDY, showed
good activity in ATP-competitive /n vitro assays against DYRKTA'™3 In the lysed NanoBRET
it showed an ECso of 6 uM against DYRK1B and 582 nM against DYRK2, but was much more
potent for the tested CLKs (274, 425 and 37 nM). LDN-192960 is published as a potent and
selective DYRK2 inhibitor'#4, which was not reflected in our cellular assay system. DYRK2

showed a relatively low ECsg of 3.6 uM.

Within the 16 reported literature compounds for targeting the CLK family are three well
characterized small molecule probes. SGC-CLK-1 is a chemical probe for CLK1, CLK2 and CLK4
(https://www.thesgc.org/chemical-probes/SGC-CLK-1)  developed by the SGC in
collaboration with Luceome Biotechnologies. In the lysed NanoBRET assay it had an ECsp of
60, 5 and 40 nM for the corresponding CLKs and a small shift of 3.2 K for CLK3 in the DSF
assay were observed, which is negligible in comparison to a shift of CLK3 of 18 K for
Lorecivivint. A NanoBRET assay for CLK3 was not available because the tracer shows no
binding to CLK3. The furo[3,2-B]puridine MU1210, which was developed in collaboration
with Kamil Paruch, Masaryk University in Brno, has been recommended as a quality chemical
biology probe for pan-CLKs (CLK1/2/4)'*> and shows a binding of 140, 65 and 40 nM to the
tested CLKs, which is in good correlation with the published data. Similar to SGC-CLK-1,
MU1210 shows a small thermal shift of 3.3 Kin CLK3, but we published data that shows no
binding to CLK3 up to 3 uM (https://www.thesgc.org/chemical-probes/MU1210). Next to
the two probe scaffolds that inhibit the subfamily of CLKs except CLK3, a chemical probe was
developed by Takeda Pharmaceutical Company and further characterized by the SGC
Frankfurt (https://www.sgc-ffm.uni-frankfurt.de/chemProbes#!specificprobeoverview/T3-

CLK). T3-CLK is 10- times more potent than the other two chemical probes and additionally
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inhibits CLK3. T3-CLK shows minor off-target /n witro activity tested at 100 nM against
DYRK1A/B (32/67 nM), DYRK2 (274 nM), SIK2 (125 nM), FLT1(D385W) (138 nM) and FLT3
(668 nM) as shown in Figure 10B, D. In our Tm-panel it showed a good selectivity score of
0.20 with high shifts for CLK1, CLK2 and CLK3 (16, 10 and 14 K). This is also reflected in the
NanoBRET data. T3-CLK shows an ECso of 1.5, 3.5 and 1.4 nM towards CLK1, CLK2 and CLK4
with relatively good selectivity over DYRK1B and DYRK2 with 270 and 760 nM (7-fold and
21-fold to lowest bound CLK2). This makes T3-CLK the most potent probe for CLKs in this set.
The binding mode of T3-CLK to CLK3 is shown in Figure 10C. It binds as a type | kinase
inhibitor with polar interactions to K241 and L239 from the hinge region and K186 from 3.
The backpocket is shielded by the large phenylalanine gatekeeper. The negative controls -
small molecules with the same scaffold as the probe with only minor chemical changes
rendering the compound inactive - for all three CLK probes were also included in the inhibitors
set and tested against the splicing kinases. The information of MU140, SGC-CLK-TN and T3-
CLKN are shown in S| Figure 2. All negative control compounds show only low thermal shifts
against the tested kinases and close to no potency on any other tested splicing kinases in
NanoBRET. To assess the CLKs biological functions, these three probes can be used, providing
three different chemical scaffolds. However, there is no selectivity within the CLK-family

which stays a task for future optimizations.

From the four HIPKs present in human, HIPK2 was tested in DSF and HIPK2 and HIPK4 were
further tested in NanoBRET measurements in this work. The study that explored MU1210 as
a potential chemical probe for targeting the CLKs also discussed a promising starting point
for targeting HIPK2'46. MU135, a MU1210 scaffold with 4-tert-butyl-phenyl substituent at
position 3, shows promising selectivity for the HIPKs with similar binding mode to MU1210
and CLK'® (PDB ID: 7NCF). The potency of MU135 was previously described using the
radiometric assay from Eurofins and showed an ICso of 248 nM, 119 nM and 476 nM for
HIPK1, HIPK2 and HIPK3, respectively'#®. The selectivity of MU135 was determined using
the Eurofins kinase panel consisting of 373 kinases at a concentration of 10 uM. Despite this
selectivity MU135 showed a thermal shift on HIPK2 of 1 Kand a cellular ECso of 4.7 uM and
11 uM on HIPK2 and HIPK4, respectively. These /n ce/lulo potencies fit the cell-based activity
of close analogues of MU135 (21e) 12c and 12d of 30 uM and >100 puM in MCF-7, that was

performed by Nemec et a/'*®. Despite its low cellular potency against its main target HIPK2,
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MU135 remains a valuable starting point for future HIPK probes, due to its exceptional family
selectivity especially over the closely related DYRKs and their shared mechanism of activation
by tyrosine autophosphorylation'’. The more potent compound CVM-6-139-1 (HY-
U00439R) (reported HIPK2 ICs0 = 74 nM) has a moderate selectivity profile across the kinome
(determined via screening against 353 kinases at 10 uM concentration'#® that was reflected
in our internal Tm-panel with a selectivity score at 5 K of 0.20. CVYM-6-139-1 shows good
binding for HIPK2 of 478 nM with also targeting all tested CLK variants CLK1, CLK2 and CLK4
(358 nM, 409 nM and 286 nM). HIPK4 showed a weaker potency of 1.1 uM in comparison
the other HIPKs. GSK626616'#° a reported DYRK3 inhibitor shows next to CLK4, CLK2 and
DYRK?2 a relatively good potency for HIPK2 and HIPK4. GW779439X'3®, a published STK1
kinase inhibitor shows a similar profile as GSK626616 with good potencies for HIPK2 and
HIPK4 and for all CLKs and DYRKs, but also generally insufficient kinome selectivity with a
selectivity score (5 K) of 0.28 and 0.36, respectively. In combination with the CLK probes
presented in the paper both compounds could be used nonetheless as chemogenomics
compounds for targeting HIPKs - although a possible strong CLK phenotype could
overshadow the effects caused by inhibiting the HIPKs. Because of the general lack of a
potent and selective small molecule inhibitor for the HIPK subfamily we decided to further
screen a representative - HIPK4 - against a large set of compounds to find new starting points
or potential chemogenomic candidates. This data will be discussed in the SGC Initial

Screening library section below.

The family of SRPKs consists of three proteins (SRPK1-3). Compared to the ubiquitously
expressed SRPK1, the expressions of SRPK2 and SRPK3 are mainly limited to the nervous
system and muscles, respectively’® 1>, The constitutively active SRPK1 is one of the best
studied splicing kinases. SRPK1 knockout mice are embryonically lethal'2. SRPK1 interacts
with and influences functioning of CLK1 kinase'>. There is a strong need for chemical probes
to study the function of SPRK3, because its function is unknown. Our inhibitor set contains
four compounds reported to be selective towards the SRPK family. SRPIN340 gets covalently
attached to the tyrosine phenol group in the SRPK2-ATP binding pocket, thereby behaving
as a competitive inhibitor'*. With a cellular ECso of 0.77, 4.2 and 2.1 uM against SRPKI,
SRPK2 and SRPK3 it was the least potent out of the four tested SRPK literature compounds.
SPHINX compounds (SPHINX, SPHINX-7, SPHINX-31) have a similar structure and were able
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to target SRPK1 kinase, which can affect the VEGF phenotype. In this study we tested
SPHINX31. SPHINX31 shows decent ECsg for SRPK1 and 2 with 40 and 258 nM, but low
affinity against SRPK3 with 2.36 uM. Inside the splicing kinase family the CLK subfamily is
also inhibited with 336 to 1,620 nM. The SPHINX compounds are currently in preclinical
studies for the treatment of different cancer tupes, including prostate cancer'*. SRPKIN-1
is, similarly to SRPIN340, an irreversible covalent inhibitor that binds to Y227 inside the ATP-
binding side of SRPK1 and 2. In our cellular assay it showed high potency for all SRPKs with
4.3, 3.2 and 20 nM for SRPK1, SRPK2 and SRPK3 and also affinity for CLK2 with around 200
nM. MSC2711186 is an accepted chemical probe developed by Merck™>. MSC2711186
shows a shift of 5 and 7 K on SRPK1 and SRPK3 (MSSK1), and a relatively small shift on
SRPK2 with 2 K. This translates well to the cellular NanoBRET data with 42 nM and 172 nM
on SRPK1and 2 and 45 nM on MSSK1. In comparison to the other SRPK compounds, SRPKIN-
1and SPHINX31, MSC2711186 shows no activity on the other tested splicing kinases, which
makes it selective for the SRPK family. Similar to the proposed HIPK chemogenomics
compounds identified from this set we propose to use the SRPK compounds SRPKIN-1 and
SPHINX31 in combination with the accepted CLK probes to create a set of SRPK selective
compounds together with MSC2711186. Rlthough the strong CLK phenotype may be

overshadowing'?®.

5.2.2.2 SGCinitial screening library to identify chemical starting points for targeting
understudied splicing kinases

Due to the lack of sufficiently potent and selective compounds for PRP4 and part of the
HIPKs, DYRKs and SRPKs we assembled an initial screening library consisting of 2064
compounds to find new chemical starting points for these proteins. It consists of the LOPAC
library, published kinase inhibitors, clinical kinase inhibitors and diverse and representative
compounds from our kinase inhibitor development projects that used macrocyclization,
covalent inhibition and SARs as strategies for gaining selectivity over several different kinase
families. Notably, our selected screening library consists of a large number of compounds,
but it is biased and shows limited chemical diversity. The data analysis was supported by
clustering the compounds into similar scaffolds using the build-in function of DataWarrior
V5.5.0 (https://openmolecules.org/datawarrior/download.html) called “Cluster Compounds

or Reactions” with a threshold of 0.6 (highest similarity falls below). A total of 736 different
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clusters were identified. PRP4 was not available as a NanoBRET assay because no tracer could
be identified and hence we decided to test the library in DSF only. The results are shown in
Figure 11A-B. All compounds were tested at a concentration of 10 uM. A potent c-Met
inhibitor BMS 794833 showed the highest shift with 7.1 K. The multi kinase inhibitor
staurosporine showed a shift of 5.3 K and has a reported Kp for PRP4 of 220 nM'>” making
BMS 794833 a potentially very potent PRP4 inhibitor. HIPK4 is a difficult protein to express
so we decided to screen the initial screening library in the lysed format NanoBRET assays.
The results are shown in Figure 11C-D. All compounds were tested at a concentration of 10
UM. The best hits were further evaluated in full ECso measurements (Sl Table 5). Surprisingly,
LDN-192960, a known Haspin and DRYK2 inhibitor, which was also tested in our set, was
binding to HIPK4 with 52 + 5 nM.
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Figure 11 | Hits of an “Initial Screen” against understudied kinases PRP4, HIPK4, SRPK3 and DYRK3. A DSF
results for PRP4 screened at10 uM against an initial screening library and zoomed in to a cut-out of the 20
highest shifts. Compound name can be found on the x-axis (right side). B Chemical structure of compounds with
highest shifts against PRP4. C NanoBRET 1-shot results at 10 uM for HIPK4 using tracer molecule K10. D
Correlation between 1-shot at 10 uM and log (ECso) both measured in NanoBRET. For correlation comparison,
the yellow dashed lines indicate a perfect modelled fit for 1, 10 and 100 uM, respectively. The fitted line for
ECs0 = 10 uM describes the data best. E ECsq curves for the 12 best hits with ECses below 100 nM. The data was
measured in technical duplicates (n=2). F Correlation of 1-shot NanoBRET data and DSF for SRPK3 with focus
on positive DSF shifts and NanoBRET tracer remaining % to 100% on the right side. G Diarylurea compounds
are the compound scaffold which had the highest affinity against SRPK3 in our tested set, including type-II
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respectively. Similarity in scaffold is marked with light red circles. H Correlation of 1-shot NanoBRET data and
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100%. | Follow-up ECso data for 5 hits, including the indolocarbazole multi kinase inhibitors Lestaurtinib and K-
2523, with chemical structures shown in J. NanoBRET curves of identified cluster of indolocarbazole that
showed strongest binding to DYRK3. (n=2, technical duplicates).
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Additionally, we tested this initial library against CLK1, SRPK3 and DYRK3 both in DSF as well
as in NanoBRET. For hits that showed up in both orthogonal assay systems with a threshold
in NanoBRET of 25% (corresponding to T uM with 11% and including a (large) margin of
error) and for DSF of 5 K, a full ECso curve was measured in NanoBRET. CLK1 as a target is
already well covered with the probes we discussed previously, but we decided to test CLK1 as
a control to compare the /n vitroand /in cellulo data to more easily access the hits on the more
interesting targets SRPK3 and DYRK3. The DSF and NanoBRET hits correlate well and show
that both assays are suitable for this large screening effort. Figure 11 shows the hits from
the initial screening library against SRPK3 (Figure 11F-G) and DYRK3 Figure 11H-)). After
assessing the more than 2000 compounds in both screening assays DSF and 1-shot
NanoBRET, both screened at 10 uM concentrations, the best hits were identified and further
assessed in full ECso curves, screened using NanoBRET. The best hit for SRPK3 with an
affinity of 79 + 1 nM was identified as ASC-082, a promiscuous kinase inhibitor. This
compound is a3 member of a cluster consisting of 5 members, namely ASC-033, ASC-069,
ASC-081 and ASC-086. Interestingly, ASC-082 was the only compound from this cluster
which showed a % tracer bound value from the NanoBRET 1-shot experiment of below 50%,
with all other members varying from 54-106%. Notably this scaffold was among the most
potent hits for all tested kinases, including HIPK4, CLK1, DYRK3 and SRPK3. The next cluster
which was a frequent hit in the screening were the diarylurea molecules Sorafenib, Linifanib
and regorafenib with 1-shot values of 16, 22 and 23%, respectively. Part of the same cluster
are NS5806, NF023 and Suramin with 1-shot values of 78, 77 and 101%. All three
compounds are multi-target inhibitors of RTKs, specifically the VEGFR and PDGFR family'®
159 G-749 showed an ECsp of 655 + 432 nM against SRPK3, which is interesting because it
showed a tracer remaining 1-shot value of 127% in the same assay system. It was included
in the follow-up screening due to its relatively high DSF shift of 4.23 K. Probably it showed
a high tracer signal at the tested 10 uM due to autofluorescence, which is a phenomenon we
often observe in NanoBRET. This autofluorescence mimics the tracer signal and results in a
false negative result. This issue can be addressed by measuring a full 11-step curve. G-749 is
a pico-molar FLT3 inhibitor, which shows lower potency against other tyrosine kinases'®. It
is part of a cluster including other compounds like TAK-901 a promiscuous kinase inhibitor

and R54, a selective CDK inhibitor. None of the other compounds in the cluster showed a 1-
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shot NanoBRET of < 50%, or a similarly high thermal shift. In summary, SRPK3 was bound
by six small molecules below a cellular ECsg of T uM, all of which are more or less promiscuous
tyrosine kinase inhibitors. The best hit for DYRK3 with an affinity of 192 + 214 nM was the
ATP-competitive CDK inhibitor milciclib™" (Figure 11H). The related cluster consists of four
compounds in total of which NMS-1286937 (PLK1 inhibitor in Phase 1 clinical trials '®
shows a thermal shift of 3.5 K and Dovitinib (multi-target RTK inhibitor'®?) a 1-shot
NanoBRET value of 43% (Figure 111). The second most affine hit in the set with an ECsg of
214 + 2 nM was PIK-75, a reversible DNA-PK inhibitor, which is known to induce
apoptosis'®. PIK-75 was clustered together with 3 other compounds, namely Compound4,
IP9 and IP12, but none of these showed binding for DYRK3. The scaffold that was most
represented in the hits of DYRK3 was a common scaffold known for kinase inhibitors,
indolocarbazole, including its most famous representative multi-kinase inhibitor
staurosporine. Some representatives from this cluster (Figure 11J) showed - next to high
thermal stabilization - corresponding low 1-shot NanoBRET values. This was validated by the
follow up ECso determination and resulted in affinities for Lestaurtinib, K-252a and
Staurosporine of 387 + 149, 391 + 36 and 565 + 106 nM, respectively (Figure 111). This
cluster was identified as one of the biggest in the screening set with 30 members of which
only 4 hit DYRK3 with a 1-shot NanoBRET value of below 50% (3 mentioned above and
midostaurin). Other clusters showed up with a coverage of 100%, but could not be validated
by the follow-up ECso. The promiscuous kinase inhibitor ASC-082, which was mentioned
above as the best hit for SRPK3 and its cluster, including ASC-033, ASC-069, ASC-081 and
ASC-086 with relatively low 1-shot NanoBRET values of -20.2 to 47% and high thermal shifts
of 0.2 - 4.8 K. These findings could not be confirmed by the follow-up ECso, which showed
only two-digit micro-molar binding ranging from 2105 + 409 nM for ASC-082 to > 50 uM
for ASC-086 and ASC-069. Two other clusters were conspicuous, despite low 1-shot
NanoBRET values, these hits could not be confirmed, neither by DSF nor by the follow-up
NanoBRET experiments. In summary DYRK3, similarly to SRPK3 was bound by only five more
or less promiscuous kinase inhibitors. Nonetheless it would be useful to confirm these hits in
an orthogonal assay method and validate them by creating a 3D-bound structure with SRPK3

or DYRK3 respectively, to obtain an idea of the binding mode of the compounds and find
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potential new starting points for a structure-based drug design, to create selective and potent

compounds for these yet only unselectively targeted kinases.

We identified the best in class kinase inhibitors to be included in a set of chemogenomic
compounds to study the individual protein functions of a selected subfamily of the CMGC
branch using chemical biology. We thus covered the landscape of the CLKand SRPK subfamily
with quality chemical probe molecules but found insufficient coverage for the DYRKs and
HIPKs. Do address this lack of chemical biology tool compounds for these subfamilies we
performed an initial screening of more than 2000 compounds and identified several

promising chemical starting points for future structure-based drug design studies.

In particular, the inhibitors identified here often displayed identical or similar potency against
CLKs and DYRKs. DYRK1A, as an example, is highly homologous in sequence to e.qg. CLK1 and
inhibition of DYRK1A has been shown to pose a potential toxicological risk'®*. CLK1 is an
particularly critical target, because it is one of the key enzymes in the alternative splicing
machinery, which has a huge impact in almost all aspects of tumour biology including,
angiogenesis, apoptosis and cell cycle control and therefore could overshadow any other
protein inhibition™®. It is therefore crucial to not only identify selective probes that target a

subfamily of the splicing kinases, but to identify compounds that show family selectivity.

5.2.3 Cellular selectivity assessment as quality control step for chemogenomics libraries

Although all these literature compounds screened for the splicing kinase project were
described as potent and selective compounds, many failed the strict criteria the Structural
Genomics Consortium has published for a chemical probe and even a chemogenomic
compound. Surprisingly, also the cellular potency was often below the required threshold,
although the /n vitro data showed sufficient potencies below 100 nM. For the first described,
a subfamily selective compound was developed that targets the TRIRE family of the CDKs.
Screening the family for on-target and off-target effects was crucial for this project and
would have been laborious using purified proteins. Using the NanoBRET technique made
protein production and activation with the required co-constructs much easier and allowed
the expression of activated proteins with their respective cyclin. The second project was more
focused on characterizing current inhibitors than designing and developing new chemical

compounds and using NanoBRET enabled us to verify or diversify literature data and provide
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a screening platform that made the cellular potency and family selectivity data more
comparable, because the same assay system was used. We validated chemical probes and

identified starting points for new development projects for uncovered splicing kinases.
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5.3 Assessing the human kinome using the NanoBRET technology

The NanoBRET cellular target engagement technology is a powerful approach to study small
molecule ATP-competitive kinase inhibitors under close-to-physiological conditions. It is a
quantitative binding assay that measures the displacement of a tracer molecule upon small
molecule binding and enables the user to assess the cellular potency (as discussed in
introduction chapter 3.4). Currently, eight different disclosed tracer molecules are
commercially available that enable to measure the target engagement of about 340 kinases
including  clinically ~ relevant  mutants  (https://www.promega.de/products/cell-
signaling/kinase-target-engagement/). The next chapter will provide an overview over the
kinase assays with the best assay quality and will present how the selectivity of clinical and

FDA-approved kinase inhibitors changes compared to /n witro reported affinities.

5.3.1 Large-scale analysis of /n cellulo selectivity against 234 kinases using NanoBRET
(Parts of the next chapter are part from the publication (Kinome-wide /n cellulo selectivity
assessment of kinase inhibitors and probe molecules), where the manuscript is currently in

preparation).

Despite a great progress in the field of developing clinical protein kinase inhibitors for the
treatment of various diseases, the cellular targets of the small molecules used in the clinics
remain largely unknown. In this project we used the NanoBRET cellular target engagement
assay to create an /n cellulo protein kinase selectivity panel consisting of 234 kinase assays
spanning various kinase families and determined the affinity for a large set of 165 small
molecule FDA approved and clinical kinase inhibitors /7 ce/lulo. The data that we collected
was validated against published potency data using conventional /7 vitro enzyme or binding
assays. The next chapter will report progress on cellular profiling of clinical kinase inhibitors
and mechanisms explaining differences of inhibition data measured outside and in cellular

environments.

To test the kinase selectivity of a large number of small molecule kinase inhibitors we
conducted low volume high-throughput kinase assays using a panel of 234 transiently

expressed full-length human protein kinases (Figure 12R)
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Figure 12 | Large-scale kinase- inhibitor interaction map. A Panel of 234 screened NanoBRET kinases
depicted as a kinome tree. Each kinase represented in the assay panel is marked with a light blue circle.
The kinase dendrogram was adapted from Science and Cell Signaling Technology (cellsignaling.com). B
Distribution of intended targets of the tested kinase inhibitor library, by kinase sub-family. C Hierarchical
cluster analysis of kinase targets against clinical and approved kinase drugs. Darker blue colours
correspond to more affine interaction. 165 kinase inhibitors were profiled against 234 kinases.

We used the NanoBRET cellular engagement assay, a bioluminescence competitive tracer
displacement assay, which measures the binding of a small molecule in competition to a
fluorescently labelled tracer molecule. The small molecule kinase inhibitor library comprised
189 compounds known to bind to kinases form all major protein kinase subfamilies rather
selectively or unselectively. Unfortunately, we had to exclude compounds (SI Table 7), that
showed high autofluorescence often accompanied with a bright yellow colour that interfered
with the fluorescent readout of the assay. Testing these compounds in a 1-shot experiment
led to values much higher than 100% (tracer control) due to the occurrence of the same
wavelength as the tracer molecule, which led to false negative data. Inhibitors that exhibit
selectivity for a very limited number of kinases targets are most valuable as research tools for
probing kinases function as discussed in previous chapters. The collection of kinase inhibitors
included FDA-approved drugs, compounds in clinical testing, and compounds primarily used

as research tools. The library comprised 165 small molecules known to inhibit kinases from
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all major protein kinase subfamilies as shown in Figure 12B. To obtain a general idea of the
kinome-wide selectivity of the compounds, they were screened at a single concentration of

10 uM and the results are shown as a heatmap in Figure 12C.

After collecting information about the cellular potency and selectivity data of our kinase test
set the first step was to compare it with reported data originating from another method. The
1-shot data was compared with an established method for testing kinase selectivity, the DSF
assay. The resulting correlation broken down by kinase inhibitor binding type is shown in

Figure 13A and B.
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that was also used in Fedorov et al 2%, A hit in NanoBRET was considered < 50% and in DSF >4 K which
varies for each individual kinase. C ABL1 example data for a full ECso data in comparison to 1-shot data
at 10 uM. D 1-shot NanoBRET data correlation of AT9283 with the kinases tested. Blue curve shows the
perfect fit for compound at ECsg of 10 uM.

The correlation between the NanoBRET and DSF data cannot be interpreted unambiguously,
since it compares displacement in a cellular system, which is displayed as a percentage, with
stabilization of the melting temperature in an /n witro system. Overall, however, the trend of
a correlation can still be observed, especially looking at the ATP-competitive type | and type
[l inhibitors (Figure 13A). Compound-kinase pairs that show a strong displacement of the
tracer molecule in the NanoBRET, /e. show a low percentage value, usually also show a high
shiftin the melting temperature of the corresponding kinase. The compound-kinase pairs can

be divided into different quadrants when a line is drawn at specific thresholds. The upper left
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quadrant shows compound-kinase pairs with a NanoBRET value >50% and DSF shifts < 4 K.
The compounds located in this region did not show binding/ stabilization in both assay
systems. The lower right quadrant on the other hand shows the top hits in both assay
systems with tracer displacement in NanoBRET of <50% and thermal shifts > 4 K. The two
others quadrants show the data point that are in no correlation to each other with either good
tracer displacement and low thermal shifts or high thermal shifts and no tracer displacement.
Type Il and type IV inhibitors (Figure 13B) on the other hand often show only a small thermal
stabilization of the proteins, most likely because no significant structural conformational
changes are induced to stabilize the protein. Figure 13B shows the correlation of 1-shot
NanoBRET data with the DSF data and visualized that although the inhibitors tested in the
NanoBRET show displacement of the tracer molecule at 10 uM of up to below 50% no
significant thermal shift is observed. To confirm the correctness of our 1-shot NanoBRET data
and to verify that the nonexistent correlation of the two assay systems for some compound-
kinase pairs is not due to limitations in one assay system, we chose three highly unselective
inhibitors to be tested in a full dose-response and compared the data with the 1-shot data.
Figure 13C shows the overlay of the single concentration data (circle, 10 uM or log (-5)) with
the full response curve of the three inhibitors dasatinib, staurosporine and AT2983 and
Figure 13D depicts the correlation of 1-shot data at 10 uM with full ECso of each compound-
kinase pair for compound AT2983. The light blue line shows the perfect fit of an inhibitor at
ECso of 10 uM and 1-shot data screened at that concentration should overlay with this curve.
Except for a few kinases (KDR, ACVRL1 and CDK9) both data points, 1-shot and full ECsp,
correlates very well, validating that the single-shot data correlates well with the dose-

response data.

In the next step we took a closer look at the kinase inhibitor selectivity (Figure 14R) and the

kinase durability (Figure 14B).

Kinase inhibitor selectivity. We ranked the compounds according to the number of kinases
that were bound with more than 75% (or 25% tracer remained bound) at the tested
concentration of 10 uM. The left side shows the small molecule that were able to target a lot
of kinases, like known promisous kinase inhibitors staurosporine and AT2983. Very

promiscuous cell-penetrant inhibitors are valuable to be used as tools for proteomic pull-
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downs of target proteins or as a scaffold for tracer development. The right side shows small
molecules that exhibit selectivity for a very limited number of kinases targets are most

valuable as research tools for probing kinases function.

Kinase durability. We ranked the kinases with respect to a selectivity score (S (25%)), the
fraction of all compounds tested that bound to the kinase by >25% (75% tracer displaced).
Despite the 11 kinases (left insert), including NIM1K, PARK6 and MAP3K14 in the set that
were not inhibited by any compound in the test set, except for the internal control of the
unlabelled tracer molecule (CC1), we overall observed a good coverage of the kinome by this
set of inhibitors (Figure 14B). These untargeted kinases show a set of targets that are highly
unlikely to be bound by ATP-like compound scaffolds, that are already FDA approved or are
currently used in clinical studies based on the intended targets of the inhibitor set. A subset
of targets (FLT1, NTRK2, TIE2, RIPK2, FER, ADK and STK10) was broadly inhibited by a large
number of compounds (right insert), representing kinases that are prone to chemical
inhibition. These results have a potential impact on the selection of kinases that could be
grouped into a smaller representative screening panel and the sensitivity of these kinases
should be taken into consideration for focused selectivity panels. We cannot exclude that
these selectivity results will be impacted by hidden biases in our compound set. Very
promiscuous cell-penetrant inhibitors are valuable to be used as tools for proteomic pull-
downs of target proteins or as a scaffold for tracer development. Based on the assumption
that off-target interaction is more likely to be found with kinases with closely related by
amino acid sequence, the selectivity of novel kinase inhibitors is frequently assessed by

testing against a limited panel of closely related kinases.
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(left side) and rabusertib, PF-04217903 and VX-745 as highly selective “probe-like” inhibitors (right side). The corresponding kinome coverage of highly unselective compounds
AT9283, R406 and KW-2449 is depicted in a kinome dendrogram was adapted and is reproduced, courtesy of Cell Signaling Technologies (cellsignaling.com). B Ranked bar chart of
selectivity score (25%) of tested kinases at 10 uM testing concentration, identification of dark kinases and common off-targets of the inhibitor set. This score corresponds to the
fractions of all tested inhibitors that displace the tracer molecule by >75% at 10 uM (and hence correspondingly 25% tracer remains bound). Each bar represents the selectivity
score of an individual kinase, left inset identifies 11 kinases that were not bound by any of the tested compounds. Right panel shows the seven most frequently inhibited kinases.
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5.3.2 Comparison of data between published /n vitroand /n cellulo assay formats

For comparison with already published datasets, we standardized protein kinases names
using the UniProt identifier and compound names using InCHI identifier in both datasets for
a direct comparison. Moreover, studies have shown that assessment of compound selectivity

using cellular or enzymatic assays may provide different results'%°.

5.3.3 Influence of ATP concentration on potency

Most inhibitors target the ATP binding site either directly or allosterically. As a consequence,
cellular ATP directly competes with inhibitor binding and the Kv for the substrate and
therefore influences the inhibitor potency. The concentration of ATP in cells is estimated to
be in the range of 1 to 3 mM and typical Kvs are in the micromolar range, hence very potent
inhibitors are needed for a full inhibition of the target in competition with ATP. Vasta and
colleagues'® showed that kinases which have a higher Ku did not shift to lower potencies as
much as kinases showing a low Kv for ATP in cells. Furthermore, they showed that the Ku for
ATP for individual kinases is dependent on kinase activation states and interaction partners.
We compared our data with different assay formats, that utilize different concentrations of
ATP. The /n vitromethods that were used to assess kinome-wide selectivity of a large amount
of inhibitors tested here, use ATP at the individual kinases Ku or at low concentrations and
are either enzymatic activity assays (radioactivity-based by Reaction Biology) or binding
assays (KINOMEscan by DiscoverX). The Kinobeads assay uses endogenous full-length
protein but lyses their cells which leads to a large dilution of ATP. NanoBRET uses full-length
overexpressed proteins and cellular concentrations of ATP. Comparing the data (Figure 15),
we observe an about 10-fold shift between the Kinobeads data and NanoBRET with

NanoBRET showing lower potency.
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Figure 15 | Comparison of data between in vitro and in cellulo assay formats. A Correlation of NanoBRET
1-shot data at 10 pM with published ICso data calculated using the Kinobeads assay'®®. Displayed are
127 of 156 (19812) kinase-inhibitor pairs. The blue fitted curve shows the perfect distribution of data
points. The black horizontal line highlights 50% threshold for binding of the tested compounds and the
vertical line denotes the screening concentration in the NanoBRET assay. B Correlation of in-house
NanoBRET 1-shot data at 10 pM and published in vitro data extracted from drugkinet.ca.

When comparing NanoBRET to the /n vitro data, we observe a shift of 10 to 100-fold. This
shows that a part of cellular data being less potent may be attributed to the cellular high
concentration of ATP, but another part may be attributed to full-length proteins being used
in the NanoBRET assay and Kinobeads assay opposed to classical /7 vitroassays that use the

catalytic domains only.

5.3.4 Deviations in selectivity profiles of published kinase inhibitors

As discussed already in the introduction of this work the publication from Vasta et a/in
2018'%9 investigated that FDA-approved kinase inhibitors dasatinib and crizotinib showed a
narrowed selectivity profile in cells than compared to /7 vitroassays. This discovery could be

confirmed on a larger kinase inhibitor set in this project.

It is worth mentioning that the 234 kinases selected for this project only consist of the assay
with high assay quality in a 384-well plate format. It is possible to test more kinases and their
mutants in other format with higher assay volumes or in the lysed assay mode (as used in
chapter 5.2.2), where the cell walls are lysed by addition of a detergent and an overall better

assay quality is observed.

Although strong kinase selectivity may not be essential for efficacy of therapeutic agents it
is critical for tool compounds used in cells to elucidate kinase biology. The assay platform

generated here may be used for future studies and has been made commercially available.
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5.4 Beyond kinases - targeting dysrequlated proteins

In the previous chapters 5.1 to 5.3 it was discussed how the cellular target engagement
method NanoBRET influenced many different protein kinase projects from development of
chemical probes to a kinome-wide cellular selectivity panel. However, NanoBRET as an assay
method is a versatile displacement technique that enables to not only study a single protein
family like kinases but also enables the investigation of other proteins. The small luciferase
NLuc can also be fused to different proteins and with a suitable tracer molecule, a
displacement can be measured and a cellular affinity of small molecules can be determined.
In the next chapter, two non-kinase projects will be presented in which the NanoBRET
method was used as an additional screening method to determine the on-target potency in

cells as well as the cell permeability of test compounds.

5.4.1 WD-Repeat-Containing Protein 5 (WDR5) Degraders to target transcription factor MYC
(In the following subchapter, parts of the publication “Design, Sunthesis, and Evaluation of

WD-Repeat-Containing Protein 5 (WDR5) Degraders” are included'6®).

Dysrequlated transcription is often associated with cellular growth and proliferation and
might ultimately induce the development of cancer'®’. The transcription process is highly
requlated by transcription factors, such as the MYC proteins and their expression is frequently
enhanced and dysrequlated in human tumours'®®. Transcription factors, like many other
proteins, rely on the help of other proteins to obtain the correct protein tertiary structure, so
called scaffolding proteins. For example, the WD-repeat-containing protein 5 (WDR5) binds
directly to the MYC oncoprotein family'®®. WDR5's propeller-shaped WD interaction domain
interacts with a large diversity of proteins as well as some long noncoding RNAs. Both
surfaces of the doughnut-shaped WD domain protein present docking sites, which are called
WIN (WDR5-interacting site) and WBM (WDR5-binding motif) sites'”?. MYC binds to the WBM
site of WDR5 with an evolutionary conserved N-terminal region, which is called Myc-box
[1Ib™7. The transcription factor MYC is an attractive drug target, however, attempts to develop
small molecules that modulate MYC functions have not been developed yet as MYC was
deemed undruggable. In this project presented in the next chapter, we aimed to use the
PROTAC approach to degrade the MYC scaffold protein WDR5 and thereby modulate the

oncogenic function of MYC. A PROTAC molecule consists of two linked moieties that act as
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binders for the target of interest on one hand and an E3 ubiquitin ligase on the other hand.
When binding both proteins, the PROTAC creates proximity between the two proteins,
leading to a polyubiquitination of the target by the E3 ligase and subsequent proteasomal
degradation. The PROTAC emerges unchanged by this reaction and can enter a new cycle to
degrade the target of interest. We designed two compound series targeting WDR5, based on
two published inhibitors OICR-9429'72 and a modified pyrroloimidazole-based inhibitor'”*
174 that were combined with known E3 ligase ligands targeting cereblon, VHL and MDM2.

The rational compound design is shown in Figure 16.
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Figure 16 | Synthesis design of WDR5 degraders based on two different literature WDR5 binders. The molecules
contain either the OICR-derivate or the pyrroloimidazole derivate as WDR5 ligands (ligand for target protein,
blue) that are connected with different linker molecules (PEG linker, aliphatic linker or aromatic linker) with a
different E3 ligase ligand (VHL, CRBN or MDM2, green). CRBN = cereblon. Figure adapted from Dolle er a/'%®.

WDRS5 shows two binding pockets. Both literature compounds target WDR5 at its WIN pocket,
in order for the WBN pocket of WDR5 to remain free for MYC to bind and be degraded
alongside its scaffold protein WDR5. As a first indication of biding of the molecules a DSF
assay was performed. OICR-9429 was used aa a reference compound in all assays.
Unfortunately, some compounds that contained aliphatic linkers showed weaker thermal
stabilization due to the limiting solubility. Heterobifunctional molecules that contained

shorter PEG linkers showed the highest melting temperature shifts, regardless of the E3
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ligase ligand used. The unmodified E3 ligase ligand did not show any temperature shift on
WDR5. As a next step the /n witro Kps of the CRBN-based degrader 7a and the VHL based
degrader 8a were determined using the ITC assay. Both molecules exhibited relatively high
thermal shifts that could not be confirmed by the ITC data. For both PROTACs that we
selected, large negative binding enthalpies were observed ranging from —10 to —4.9
kcal/mol. 8a showed large negative binding enthalpies of —10 kcal/mol with close-to-zero
entropy changes (—0.2 to 1.1 kcal/mol), whereas compounds with large positive entropy
changes showed small binding enthalpies (e.g., 8e: AH = —6.3 kcal/mol, TAS = +4.5
kcal/mol). Taken the solubility issues of some tested compounds as well as unexpected
behaviour of the attached linker into account, ITC is not necessarily a suitable method to
measure binding of PROTACs. As a next method to test the binding affinity of the molecules
and have an orthogonal method to DSF that verifies the binding of our molecules against
WDR5, a NanoBRET assay was performed. Additionally, to the binding, also the cell
permeability can be measured, which is most likely a limiting factor, due to the large
molecular weight of the heterobifunctional molecules. For the NanoBRET assay the construct
of the protein of interest was fused with a Nano Luciferase. This C-terminal and N-terminal
constructs were kindly provided by our collaborating site in the SGC Toronto. Furthermore,
we needed to design a tracer molecule, which later could be used in the assay as the
displacement molecule. The C-terminally tagged WDR5 showed the best assay parameters,
including the assay window and overall luciferase signal and was selected as best NanolLuc

construct for the NanoBRET assays (Figure 17R).
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Figure 17 | Cellular permeability and target engagement on WDR5. A Tracer titration of all three newly
synthesised tracer molecules based on the OICR-9429 scaffold on either C-terminal or N-terminal NanolLuc-
tagged WDR5. NanoBRET dose-response curves for degrader molecule 6 and 8g, and parental compound OICR-
9429 in intact cells (B) and in lysed cells (C).

The lead compound for compound 7a and 8a showed a cellular potency of 139 nM and the
addition of a linker molecule as well as the E3 ligase handle led to a significant decrease in
the compound affinity towards WDR5. Furthermore, both assay modi measured in
NanoBRET, intact and lysed format showed only low micromolar affinity for WDR5. The only
aliphatic linker containing degrader 8g showed a two-digit micromolar affinity in the intact
cellular experiment. MDM2 targeting degraders showed weak /n vitro affinity in the DSF
assay, the BRET measurements confirmed this weak activity of these molecules to WDR5.
Taken together with the DSF results, the MDM2 targeting degraders were excluded from
further experiments. Several degrader molecules were identified as cell-permeable and able
to bind to WDRS5 in cells and cell-lysates, demonstrating their potential to degrade WDR5 in

/n vivo experiments.

Before testing the degradation of WDR5 in a cellular context we confirmed the formation of
a PRTOAC-bound complex between WDR5 and the respective E3 ligase using the split-

luciferase based HiBiT system. In this assay the open reading frame of WDR5 is fused to a
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small 11 amino acid luciferase peptide (called HiBiT) and stably transduced into the AML cell
line MV4-11 (MV4-11WDR5-HiBIiT). The final cells are than treated with various
concentration of degrader molecules for 24 h and a depletion of WDR5-HiBIT is measured by
observing a decrease in the luciferase activity that occurred after addition of the LgBiT part
of the split luciferase and a luciferase substrate. Unfortunately, none of the cereblon-based
PROTAC molecules showed depletion of the luciferase signal, while many different VHL-
PROTACs showed good cellular degradation. The most effective degrader was identified as
8¢, which showed a maximum WDR5-HiBiT depletion of 58% and a calculated DCsp value of
53 + 10 nM. Strikingly, degrader 83, a degrader resembling 8g, but containing a [PEG];
moiety instead of an aliphatic chain, did not induce degradation of WDR5. The best degrader
from the pyrroloimidazole-based series was 17b, which contained a [PEG]; linker, although
the degradation was smaller than compared to 8g. To verify the degradation effect in the
HiBiT-assay system, two negative control compounds resembling 17b and 8g, but with an
inactive £3 ligase ligand, were synthesized and tested. None of the tested control compounds
showed degradation of WDR5. To confirm that the degrader molecules did not alter the WDR5
transcription, but only reduce the protein level of WDR5, the MV4-11 cells were treated with
both ligands and the mRNA level was quantified using quantitative qPCR. As expected, all
molecules only reduce the protein level of WDR5 by degradation. The next step was to
analyse the cellular protein levels by quantitative proteomics to measure if the molecule
induced degradation is specific to WDR5 or rather unspecific. Among the 5805 proteins that
were detected in the treated MV4-11 cells compared to the untreated control only WDR was

significantly and substantially depleted.

In this project, we were able to develop a selective WDR5 PROTAC that was able to degrade
WDR5 in cells. This PROTAC was accepted by the SGC with new criteria for PROTAC
molecules'”> under the name Homer (https://www.thesgc.org/chemical-probes/homer) as
a chemical tool compounds to study WDR5 function in cells. We established a variety of assay
systems such as a BRET-based target engagement assay and a stable HiBiT cell line, which
will allow further testing of future second-generation WDR5 degrader molecules with
improved potency. Moreover, the molecules presented here are versatile tools that will allow
comprehensive evaluation of WDR5 degraders in diverse cancer types and the potential of

this strategy for drug discovery. Unfortunately, we did not further test the degradation of
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transcription factor MYC, respectively the interaction between the MYC binding protein
WDR5 and MYC itself, but helped to develop a tool compound that could be used to

investigate this interaction in the future.

5.4.2 Cellular family-wide selectivity platform for BIRC proteins
(In the following subchapter, parts of the publication “A Toolbox for the Generation of

Chemical Probes for Baculovirus IAP Repeat Containing Proteins” are included'’®.

E3 ligases form a large and diverse family of proteins that play a central role in the
proteasomal degradation machinery and are of special interest as hijacking the E3 function
has become a proven method to degrade dysrequlated proteins and thereby stopping the
function of a protein of interest. The small molecule PROTACs recruit protein targets to the
ubiquitin system and form a new class of pharmacologically active drugs. Recent efforts have
focused on identifying new E3 ligases and the structurally conserved interaction domain
RING domain was discovered. In this project 16 BIR domains, that contain the RING E3 ligase
domain, have been investigated. Although there are known small molecule ligands for these
Inhibitors of Apoptosis (IAP) family, the family selectivity and overall characterization of
these molecules is lacking. In this project we developed assays that allowed the
determination of the inhibitor potency /n vitro and in cellulo, as well as to gain insight into

the family selectivity of the BIRC inhibitor landscape.

The first objective was to cluster the 8 different BIRC proteins that contain 16 BIR domains
based on their BIR-domain sequence homology to identify constructs needed for a
comprehensive selectivity platform. The resulting homology tree is shown in Figure 18 and
clusters the BIRC domains according to the presence of the 3 individual identified BIR

domains (BIR1-3).
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Figure 18 | Phylogenetic tree of BIRC family. Analysis of the BIR domains from all 8 BIRC proteins showing the
clustering of BIRT (green), BIR2 (orange) and BIR3 (yellow), as well as ungrouped BIR domains (blue). The figure
was made by Martin P. Schwalm and is adapted from Schwalm and Berger et a/'7®.

5.4.2.1 In vitro affinity assessment of literature BIRC compounds

We chose to test the BIRC2-BIR3 domain as representative domain for all /7 vitroassay since
the published data was often based on this domain. The /n vitroselectivity platform consisted
of three orthogonal assay methods including fluorescence polarization (FP) assay,
differential scanning fluorimetry (DSF) and isothermal titration calorimetry (ITC). 10 diverse
and commercially available inhibitors were identified from literature reports as candidate
compounds, including monovalent as well as bivalent molecules that bind two BIR-domains
simultaneously. All selected inhibitors showed literature potencies from 300 pM for SM-
164 to 169 nM for BV-6 towards different BIR domains'’’. The FP assay was based on the
displacement of a fluorescent tracer molecule, in this case a SMAC mimetic, from the binding
site and was established first, since it was reported in most references as a BIRC /n vitro
binding assay. Nearly all tested compounds showed potent ICso values in the range of 1.8 nM
for SM-164 to 8.4 nM for BV-6, which are in good correlation with the published data and no
difference in the potencies between monovalent and bivalent molecules could be observed.
UC-112 did not bind the BIRC2-BIR3 construct. As a second assay we chose the DSF assay.
Although BIRC2-BIR3 shows a relatively high native melting temperature of 74 K it was
possible to stabilize it even further with thermals shifts of up to 18 K (RZD5582). Overall, 7
of the 10 compounds displayed good thermal shifts and a good correlation to the FP assay,

demonstrating that higher shifts correlate to higher affinities in the FP binding assay.
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Addition of UC-112 did not lead to an increase of the thermal stability of BIRC2-BIR3, which
is in good agreement with the FP data. As last biophysical method ITC measurements were
performed. Overall, the data generated from ITC correlate well with the other two assay
methods and showed dissociation constants between 20 and 60 nM. AZD5582, which
showed a high stabilization of BIRC2-BIR3 did show lower affinities than compared to other
molecules which showed less thermal stabilization, which could mean that the DSF assay is

influenced by another characteristic, like the compound composition.

5.4.2.2 BIRC family /n celluloselectivity characterization platform

To assess the cellular affinity and establish a family-wide selectivity platform we established
NanoBRET assays for full-length BIRC proteins as well as individual BIR domains. All
constructs were cloned using an N-terminal NanoLuc placement. Constructs for BIRC1 and
BIRC6 could not be obtained, due to accumulations of mutations in the construct or the large
size of the protein and a lack of cDNR, respectively. A pan-BIRC tracer was synthesized that
was believed to be able to target all BIRC protein, using the pan-BIRC inhibitor LCL161'78. To
test the newly synthesized tracer which we obtained from Promega, we performed tracer
titrations for all constructs, including full-length BIRCs and single BIR domains. All five full-
length BIRC proteins (BIRC2, 3, 4, 7 and 8) bound to the tracer with high affinities of below
250 nM with overall good assay quality (Figure 19A-B). The single BIR domains often bound
to the tracer molecule in much lower affinity of higher than 1 uM up to 4 uM which is due to
solubility problems of the fluorophore the highest possible tracer concentration. However,
BRIC2-BIR3, BIRC3-BIR3 and BRIC7-BIR3 showed higher affinities with Kp, app values of
below T uM. In general, all BIR3 single domain constructs showed good assay quality, which
was unfortunately not the case for the BIR1 and BIR2 domains. The tracer molecule was
based on the LCL161, which was also included in the test set. The cellular potency of the
BIRC2-BIR3 construct was 20 nM, which is slightly higher than the biophuysical data we
generated using ITC with 50 nM. The cellular environment could be a possible explanation for

this increase in cellular affinity of the tracer molecule.

After establishment of all possible full-length and single domain assays all 10 literature
compounds were tested. As with the /7 vitro data, UC-112 did not show any binding the in

cellular assay format. All other compounds showed potent binding to all BIR proteins. BV-6
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and birinapant were the least potent molecules with an affinity of higher than 1 uM. In
addition, these compounds showed a significant loss of affinity in our cellular assay
compared to the measured /n witro efficacy. Since the bivalent molecules SM-164 and
AZD5582 did not exhibit such a drastic loss of efficacy, the high molecular weight and size
of the bivalent compounds cannot be the factor influencing the lower cellular activity. None
of the tested compounds showed any selectivity towards a specific BIRC protein. CUDC-427
was the most selective inhibitor with a cellular affinity of 38.8 + 2.5 nM for BIRC7 but a much
weaker affinity towards the remaining measured BIRC proteins ranging from 190—720 nM.
The same behaviour was observed for AZD5582 (Table 2), suggesting that family selectivity
for BIRC7 could be achieved. Next to the full-length E3 ligases, the test set was measured
against the single domain proteins and their cellular potency was determined. The results of
the selectivity screening were visualized on the established phylogenetic tree (Figure 19C).
Large difference in binding affinity were observed between individual BIR domains. For
example, BV-6 showed no binding to BIRC2-BIR2 but bound strongly to other closely related
BIR2 domains. Some molecules, such as the bivalent inhibitor AZD5582, bound with almost
equal affinity to BIR2 and BIR3 domains, whereas others, such as CUDC-427 or LCL161,

bound almost exclusively to the BIR3 domains.
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Figure 19 | NanoBRET Tracer Titration and full-length screening data of compound set. A Tracer potency across
the BIRC family. Here, BIRC6 was not tested and the BIRC1-BIR1 domain did not show a significant luciferase
signal and therefore, both constructs were excluded (/¢a/ic). B Tracer Titration curves for BIRC2 full-length
protein and its corresponding BIR domains (n=4). C Heatmap for 10 literature compound potencies towards the
corresponding protein constructs. Bivalent compounds are marked with (*). Figure is adapted from Schwalm and
Berger et a/'’®.

In this project, we established a cellular family-wide screening panel for BIR domain proteins
and assessed the commercially available inhibitor landscape for BIRC proteins towards their
BIRC selectivity. Unfortunately, most of the tested compounds did not show any selectivity
within in the small family, including clinical candidates. BIRC proteins are involved in a
diversity of pathways, and hence a pan-BIRC inhibitor could induce unwanted side effects.
However, cellular potency and cell membrane penetrance was observed which makes the ten
BIRC inhibitors suitable PROTAC handles. The established /n vitro platforms as well as the
cellular selectivity panel will prove helpful for the development of more selective BIRC

inhibitors.
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5.4.3 NanoBRET target engagement beyond kinases - challenges and new applications

The last two projects presented in the last chapter have shown that NanoBRET can be used
as a highly effective assay method in non-kinase projects. Using a suitable tracer molecule,
NanoBRET can be used as a simple assay method to test multiple proteins simultaneously
due to the rapid and efficient overnight transfection of the protein of interest. It enables an
assay method to target many proteins at the same time and is a3 good medium-high
throughput screening method compared to conventional biophysical methods that require
purified protein, as presented in the BIRC family toolbox project. The last aim of this thesis
was to investigate another protein family, the BIRC proteins and develop tools to design
better PROTACS and examine the current coverage of literature compounds in prospect of

their potency and family selectivity.
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6. General Discussion and Outlook

6.1 The future of cellular target engagement assays

Throughout this thesis it was the aim to understand the selectivity and affinity of small
molecule inhibitors in living cells. As a general technique, NanoBRET was used for that
purpose. NanoBRET is a displacement assay where the compounds ability is measured to bind
the target of interest. The technique does not measure the influence of the compound on the
kinase activity and hence gives no insight about the inhibitory effect of the compound. Here,
binding does not necessarily indicate an influence of the compound on the activity or
inhibiting the protein function. However, in the case of protein kinases any inhibitor binding
to the ATP binding pocket and hence being characterized as a type | or type Il binder, will
automatically also be a competitive inhibitor. For other types binding as allosteric inhibitor

this may not be the case.

There are different methods reported in the literature that measure cellular target
engagement as a binding assay. For example, the cellular thermal shift assay (CETSR)
measures thermal stabilization of a protein upon compound binding, similar to the DSF assay
used throughout the projects in this thesis. CETSA has the advantage to measure large
amounts of proteins simultaneously on an endogenous level without any labels if coupled
with a mass spectrometry-based readout. This is beneficial as the cellular model may be
chosen that is most applicable for the scientific question. However, many proteins are not
detectable in mass spectrometric assays. In NanoBRET, there is a need for labeling with the
NLuc and the cell used, HEK293T, is only used as a mammalian expression system. A
different technique measuring endogenous cellular activity used for decades’ is Western
Blotting. Here, cells are treated, lysed and analyzed using an SDS gel electrophoresis,
subsequent blotting to a membrane and readout using a primary antibody usually directed
towards the phosphorylated substrate and secondary antibody for detection are employed.
This way, the activity of proteins may be monitored. However, the throughput is low

compared to CETSA or NanoBRET and not always<s are specific antibodies available.

The biggest limitation of the NanoBRET method is that it requires the use of a suitable tracer
molecule. According to Cheng-Prusoff, the binding of a tracer molecule may influence the

resulting inhibitor potency. In this thesis a comprehensive selectivity platform was developed
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to compare a large panel of different protein kinases. To make them comparable, the effect
of the tracer on the resulting inhibitor potency needed to be similar. To achieve that, for each
kinase-tracer pair a tracer titration was performed and the Kp, spp determined was used as the
tracer concentration in subsequent compound ECso determinations. This way, the resulting

ECso differed no more than 2-fold, making all assays comparable within this threshold.

6.2 Chemical tool compounds are valuable resources, if they are well characterized

The first aim of this thesis was to support medicinal chemistry SAR projects using the cellular
target engagement method NanoBRET and determine both the on-target affinity as well as
off-target profiles for different chemical probes and chemogenomics library compounds.
Chemical probes are highly characterized molecules that are intended to be used as
mechanistic tool for target identification and validation. Using a chemical probe with a
distinct selectivity profile it is able to investigate the phenotypical responses of their targets.
Many researchers use poorly characterized inhibitors as selective tool compounds which
prevents the field from correctly identifying the protein kinase causing the phenotypic effect.
In several probe development projects NanoBRET was able to provide cellular characterization
that led to approval by an independent committee. It is crucial to determine the selectivity of
protein kinase inhibitors in cells, as the resulting chemical probes are intended for cellular

use.

Correctly characterized and applied chemical probes are valuable tools for both drug discovery
as well as academic research and help to understand cellular function of a protein that later
could become a drug target. There is still a need for chemical tool compounds for
understudied kinases as well as other proteins, because their function is yet unknown but
could have the potential to become drug targets. Using medicinal chemistry efforts and
understanding protein targets using a chemical SAR, we developed chemical tool compounds

for the understudied kinase DRAK1 and for the known drug target SIK2.

Another approach to identify tool compounds is a literature review and a subsequent
comprehensive cellular characterization of the candidates for their suitability as chemical
probes or chemogenomic candidates. Hence, the second aim for this thesis was to examine
the current status and coverage with literature compounds in prospect of their potency and

family selectivity and subsequent use as chemical tool compounds of two specific
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understudied subfamilies of the human kinome, the splicing kinase family and the CDK
family. In this thesis we characterized novel compounds and enabled development of a highly
selective inhibitor for the PCTAIRE family and identified the best reported inhibitors to be

used to study the function of the splicing kinase family.

Within the known set of clinical and approved kinase inhibitors some dark kinases that may
be assayed with NanoBRET may be hidden. To identify promising starting points or find
chemogenomic candidates, the third aim of this thesis was to elucidate the target space of a
large library of published FDR approved and clinical small molecule kinase inhibitors using an
optimized target engagement method in cells, in order to find new highly selective chemical
probes and novel compounds for so far untargeted kinases to better understand their modes
of action. Using this set as a starting point there was an inherent bias for known drug targets.
However, using this set we were able to better understand differences in inhibitor selectivity
profiles comparing in vitro methods such as binding and activity assays with cellular target
engagement. We identified a subset of kinases that were showing differences and that may
better be analysed using cellular methods. The FDA approved kinase inhibitors only target a

small section of the kinome and this explains why they exhibit a similar selectivity profile.

Another yet underdeveloped strategy for cellular selectivity is the so-called kinetic selectivity
that was not investigated in this thesis. Here, selectivity may not be assessed on the criteria
of equilibrium affinity alone, but on the cells as an open system. After a wash-out of treated
compounds only compounds binding longer to the target may lead to a phenotypic response.
In the open system of in vivo the pharmacology may have an influence on the selectivity of

protein kinase inhibitors.

6.3 Cellular target engagement method as versatile tool to study proteins

Using NanoBRET to study the cellular selectivity of protein kinase inhibitors may not be
enough for future projects. Within the Structural Genomics Consortium, the next large effort
is to identify a chemogenomic tool compound for each of the about 5000 druggable proteins
in the proteome. With the large NanoBRET platform for protein kinases, this thesis provided
a subset available for testing. Additionally, we identified and developed constructs and
tracers for non-kinase proteins to study new methods to target proteins. Therefore, the last

aim of this thesis was to investigate another protein family, namely the BIRC proteins and
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develop tools to design better PROTACS and examine the current coverage of literature
compounds in prospect of their potency and family selectivity. We provided tools to be used
for future mechanistic studies and for more development programs for family-selective
inhibitors. These tools may be used to answer whether BIRCs may be used as E3 ligases in
PROTAC approaches or whether binding of a PROTAC to the BIR domains of the BIRCs is
sufficient to reach the RING domain acting asan E3. Using NanoBRET as a technique to study
the proteins of the proteome, many more landscape characterizations of known and yet
unknown chemical matter may lead to exciting insights into these proteins’ functions. The

project described in this thesis was a first step towards this goal.
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7. List of Abbreviations

Proteins and gene names are based on UniProt and HUGO nomenclature.

ADP adenosine diphosphate

AR androgen receptor

ATP adenosine triphosphate

AVPI N-terminal tetrapeptide

BRET bioluminescence resonance energy transfer
C-lobe C-terminal lobe

C-loop catalytic loop

C-spine catalytic spine

CETSA cellular thermal shift assay

CRBN cereblon (E3 ligase)

DFG aspartate-phenylalanine-glycine motif
DMEM Dulbecco’s modified eagles’ medium
DMSO dimethyl sulfoxide

DSF differential scanning fluorimetry

ECso concentration at half maximal effect

ER oestrogen receptor

FBS fetal bovine serum

FDA Food and Drug Administration (US)

FP Fluorescence Polarisation

GBM glioblastoma multiform

RING Really Interesting New Gene finger domain
HEK293 human embryonic kidney cells

Hela adenocarcinoma/ cervical carcinoma cells
HRD Histidine-arginine-aspartate motif

IAP inhibitors of apoptosis

IBM IAP binding motif

ICso Concentration at half maximal inhibitory effect
ITC isothermal titration calorimetry

Ko dissociation constant

Kb, app apparent dissociation constant

MV4-11 bipenotypic B myelomonocytic leukemia cells
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MRC-9
N-lobe
Nluc
NSCLC
PANCT
PCR/ qPCR
PEG
POI
PRTOAC
PTM
RBPs
RRM
RS
R-spine
SAR
SGC
SMAC
SR
THP-1
Tm
U-20S

fibroblasts

N-terminal lobe

Nanoluciferase

non-small cell lung cancer

epithelioid carcinoma cells

Polymerase Chain Reaction/ quantitative Polymerase Chain Reaction
polyethylene glycol linkers

Protein of interest

Proteolysis targeting chimeras

Posttranslational modifications

RNA binding proteins

RNA-recognition motif

serine-proline dipeptides

Regulatory spine

Structural Affinity Relationship

Structural Genomics Consortium

Second Mitochondria-derived Activator of Caspases
arginine-rich splicing factor proteins

acute monocytic leukemia cells
Thermal shift (DSF assauy)

osteosarcoma cells
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9. Appendix

9. Appendix

9.1 Supplementary Figures

SI Figure 1 | Kinome coverage of the DSF assay panel. Each kinase represented in the assay panel is marked
with a light blue circle. The kinase dendrogram was adapted from Science and Cell Signaling Technology
(cellsignaling.com).
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SI Figure 2 | Data for negative control compounds for CLK and SRPK probe. A DSF screening of 29 kinase
inhibitors against available splicing kinases and 96 additional kinases sampled across the kinome. B NanoBRET
ECso (lysed mode) as a dot heat plot. Big dark blue spots correspond to high potency of below 10 nM against the
target. NanoBRET data for T3-CLK-NC missing. C Chemical structures of with circles indicating the changes from
the probe molecule.



9.1 Supplementary Tables

SI Table 1| Kinases used in the DSF panel.

HUGO name
RAK1
ABL1
AKT3
AURKB
BMP2K
BMPR2
BMX
BRAF
BRD4
BRPF1
CAMK1D
CAMK1G
CAMK2B
CAMK2D
CAMK4
CAMKK2
CASK
CDC42BPA
CDK2
CDKL1
CHEK2

SGC construct name

AAK1A-c046
ABL1A-c006
AKT3A-c005
AURKBA-c004
BMP2KA-c502
BMPR2A-c019
BMXRA-c031
BRAFA-c039
BRD4A-c002
BRPF1R-c001
CAMK1DA-c022
CAMK1GA-c034
CAMK2BA-c013
CAMK2DA-c028
CAMK4R-c007
CAMKK2B-c014
CASKA-cf001
CDC42BPAA-c004
CDK2RA-c002
CDKL1A-c024
CHEK2A-c023

Group
Other
TK
AGC
Other
Other
TKL
TK
TKL
Atypical
Bromodomain
CAMK
CAMK
CAMK
CAMK
CAMK
Other
CAMK
AGC
CMGC
CMGC
CAMK

AA start
T27
S229
S120
055
S38
M189
K264
R444
N44
M626
S10
Q15
T11
T11
S15
H149
M1
M1
M1
M1
T205

AA end
A365
K512
E479
A344
E345
1517
H675
P705
E168
G746
D329
H316
A303
N335
G340
H449
S337
424
L298
H301
1543

vector
pNIC-CTHO
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC-ZB
pNIC-CH
pNIC-CH
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsad
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsad
pNIC28-Bsa4
pNIC28-Bsad
pNIC28-Bsa4
pNIC-CTHO
pNIC28-Bsa4
pNIC-CTHF
pNIC28-Bsa4

Xl

cutting site
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
none

none

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease

Tag

C-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag

Basic solubility-enhancing Tag

C-terminal His Tag
C-terminal His Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
C-terminal His-Tag
N-terminal His-Tag
C-terminal His-Tag
N-terminal His-Tag

9. Appendix

Mutations

V600E

D254G



9. Appendix

CLK1
CLK3
CSNK1D
CSNK2A1
CSNK2A2
DAPK1
DAPK3
DCLK1
DMPK
DYRK1A
DYRK2
EPHA2
EPHA5
EPHA7
EPHB3
FES
FGFR1
FGFR2
FGFR3
FLOT1
GAK
GRK5
GSG2
GSK3B
MAP2K1
MAP2K4

CLK1A-c012
CLK3A-c005
CSNK1DA-c010
CSNK2ATA-c001
CSNK2A2A-c002
DAPK1A-c006
DAPK3A-c010
DCAMKL1A-c032
DMPK1A-c026
DYRK1AA-c004
DYRK2A-c022
EPHA2A-c001
EPHA5A-cf00T
EPHA7A-cf001
EPHB3A-cf001
FESA-c001
FGFR1B-cf003
FGFR2A-cf002
FGFR3A-cf003
FLT1A-c002
GAKA-c028
GPRK5A-c034
GSG2A-c009
GSK3BB-c026
MAP2K1AR-c007
MAP2K4A-c052

CMGC
CMGC
CK1
CK2
CK2
CAMK
CAMK
CAMK
AGC
CMGC
CMGC
TK
TK
TK
TK
TK
TK
TK
TK
TK
Other
AGC
Other
CMGC
STE
STE

H148
R134
M1
M1
M1
M1
V9
5358
AG4
5127
M73
D596
P653
0590
D616
1448
S461
T457
P449
P8O1
P14
M1
G465
M26
E62
580

1484
T484
K294
S337
P335
D334
G289
A680
P430
E485
R479
G900
P939
S899
S910
R822
E765
E768
E759
L1158
V351
E544
K798
R383
V393
D399

pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsad
pNIC-CTHO
pNIC28-Bsad
pNIC28-Bsa4
pNIC28-Bsa4
pET28a
pNIC-CH
pNIC-CH
pLIC-SGC1
pNIC28-Bsa4
pLIC-SGC1
pLIC-SGC1
pLIC-SGC1
pNIC28-Bsa4
pNIC-H102
pNIC28-Bsa4
pNIC28-Bsad
pNIC-CH
pNIC-CTHF
pNIC-CH

Xl

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
Thrombin
none

none

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
none

TEV protease

none

N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
C-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag

N-terminal His Tag and C-terminal His Tag

C-terminal His Tag
C-terminal His Tag
N-terminal His Tag
N-terminal His-Tag
N-terminal His Tag
N-terminal His Tag
N-terminal His Tag
N-terminal His-Tag
N-terminal His10

N-terminal His-Tag
N-terminal His-Tag
C-terminal His Tag
C-terminal His-Tag
C-terminal His Tag

(582S and K650E



MAP2K6
MAP3K5
MAPK10
MAPK13
MAPK14
MAPK1
MAPK8
MAPK9
MARK3
MARK4
MELK
MERTK
STK26
NEK1
NEK2
NEK7
OXSR1
PAK1
PAK4
CDK16
PHKG2
PIM1
PIM3
PKMYT1
PLK4
RIOK1

MAP2K6A-c025
MAP3K5A-c005
MAPK10R-c008
MAPK13A-c011
MAPK14R-c001
MAPK1A-c001
MAPK8B-c007
MAPK9A-c008
MARK3A-cf003
MARK4RA-c031
MELKA-c060
MERTKA-c002
MST4R-c202
NEK1A-c011
NEK2A-c112
NEK7R-c022
OSR1A-c001
PAK1AR-c027
PAK4A-c010
PCTK1A-c031
PHKG2A-c020
PIM1A-c001
PIM3A-c030
PKMYT1AR-c004
PLK4A-c115
RIOK1A-cf001

STE
STE
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CAMK
CAMK
CAMK
TK
STE
Other
Other
Other
STE
STE
STE
CMGC
CAMK
CAMK
CAMK
Other
other
Atypical

E47
R659
M39
N15
M1
M1
M1
M1
D48
H18
M1
E571
M1
M1
M1
N29
M1
M248
$291
E163
G6
M1
M1
H75
M1
E143

D334
L951
E402
R359
$360
S360
L363
A380
R366
T397
T348
V864
S300
K328
1271
$302
P322
H545
R591
S478
R293
S312
L326
P362
M265
T494

pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pET-Duet-1
pNIC28-Bsa4
pNIC28-Bsad
pNIC28-Bsa4
pNIC-CT10HF
pNIC28-Bsa4
pNIC-ZB
pNIC28-Bsa4
pLIC-SGC1
pNIC28-Bsa4
pET22b
pNIC-CH
pNIC28-Bsa4
pNIC28-Bsa4
pGEX-6P-2-Nde-Xho
pNIC-CH
pNIC-ZB
pLIC-SGC1
pNIC28-Bsad
pNIC28-Bsa4
pNIC-CTHF
pNIC28-Bsa4

Xl

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
none
terminal-His
TEV protease
TEV protease
PreScission protease
none

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease

N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag

C-terminal His10+flag

N-terminal His-Tag

Basic solubility-enhancing Tag

N-terminal His-Tag
N-terminal His Tag
N-terminal His-Tag
C-terminal His-Tag
C-terminal His Tag
N-terminal His-Tag
N-terminal His-Tag
N terminal GST-Tag
C-terminal His Tag

Basic solubility-enhancing Tag

N-terminal His Tag
N-terminal His-Tag
N-terminal His-Tag
C-terminal His-Tag
N-terminal His-Tag
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Mouse

T175A

R250G
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RPS6KA1
RPS6KA5
SLK

SRC
SRPK1
STK10
STK17A
STK178B
STK24
STK38L
STK39
STK3
STK4
AURKA
TAF1
PBK
TTK
ULK1
ULK3
VRK1
WNK1
PDK4
MAPK15
TLK1
MAPKAPK2

RPS6KATA-c036
RPS6KA5A-c049
SLKA-c004
SRCA-c004
SRPK1A-c002
STK10R-c013
STK17AR-c029
STK17BA-c014
STK24R-c019
STK38LA-c006
STK39A-c006
STK3A-c013
STK4R-cf001
STK6A-c001
TAF1A-c005
TOPKA-c066
TTKA-c013
ULK1A-c900
ULK3A-c500
VRK1R-c025
WNK1R-c003
PDK4R-c017
MAPK15HSD-cf009
TLK1A-c010
MAPKAPK2A-cf002

CAMK
CAMK
STE
TK
CMGC
STE
CAMK
CAMK
STE
AGC
STE
STE
STE
Other
Bromodomain
other
Other
Other
Other
CK1
other
atypical
CMGC
other
CAMK

V413
417
R26
A262
D58
R18
A39
M25
R4
E76
A53
518
M1
E122
D1522
532
$519
M1
A2
R3
0194
G16
V5
D448
H47

L735
N696
£320
L536
$655
E317
E369
$329
D301
N410
P357
H302
E311
5403
D1656
N302
E808
5283
Y204
G347
E488
E401
N414
N746
K353

pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pNIC-H102
pNIC28-Bsa4
pNIC-CH
pNIC28-Bsa4
pLIC-SGC1
pNIC28-Bsa4
pNIC28-Bsa4
pETM-11
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsa4
pET47b
pET28a
pNIC-H102
pNIC28-Bsa4
pNIC28-Bsa4
pNIC28-Bsad
pNIC28-Bsa4
pNIC28-Bsad

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
none

TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
SUMO
Thrombin
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease
TEV protease

XV

N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His10

N-terminal His-Tag
C-terminal His Tag
N-terminal His-Tag
N-terminal His Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-tag

N-terminal His Tag and C-terminal His Tag

N-terminal His10

N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag
N-terminal His-Tag

D47V



SI Table 2 | List of all cellular target engagement NanoBRET assauys.

Kinase

ARK1
ABL1
ABL1(E255K)
ABL1(F317I)
ABL1(F317L)
ABL1(H396P)
ABL1(M351T)
ABL1(Q252H)
ABL1(Y253F)
ABL2

ACVR1
ACVR1(G328V,
ACVR1(G356D
ACVR1(Q207D
ACVR1(R206H
ACVR2A
ACVR2B
ACVRLT

ADK

AKTT
AKT1(E17K)
AKT2
AKT2(E17K)
ALK
ALK(C1156Y)
ALK(L1196M)
AURKA

o — —

Reported Assay Quality

High
Medium
Medium
Medium
Medium

High

High

High

High

High

High

High

High

High

High
Medium
Medium

High
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium

High

Family

Other
TK
TK
TK
TK
TK
TK
TK
TK
TK
RTKL
RTKL
RTKL
RTKL
RTKL
RTKL
RTKL
RTKL

AGC
AGC
AGC
AGC
RTK
RTK
RTK
Other

NanoLuc Fusion
Catalog #
NV1001
NV1011
NV2251
NV2261
NV2271
NV2281
NV2291
NV2301
NV2311
NV2331
NV2341
NV2351
NV2361
NV2371
NV2381

NV2391
NV2401
NV2411
NV2421
NV1031
NV2431

NV1041

Preferred Nluc Orientation

M OO OO OO N Z2Z 22222222

bY

Recommended TE Tracer

ADH Format
K10

K4

K4

K4

K4

K4

K4

K4

K4

K4

K11

K11

K11

K11

K11

lead discovered
lead discovered
K11

K8

K10

K10

K10

K10

K15

K15

K15

K10

Recommended [Tracer]
ADH Format
0.063
0.13
0.25
0.25
0.13
0.063
0.13
0.13
0.13
0.016
0.078
0.16
0.31
0.16
0.16
1
1
0.31
0.5
1
0.5
0.5
0.25
0.13
0.13
0.13
0.0078
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AURKB
AURKC
AXL
AXL(R4920)
BLK
BMPR1A
BMPR2
BMX

BRAF

BRAF + KRAS(G12C)

BRAF(VE00E)
BRSK1
BRSK2

BTK
BTK(C481S)
BTK(E41K)
BTK(L528W)
BTK(M437R)
BTK(P190K)
BTK(T4741)
BTK(V416L)
CAMK1
CAMKID
CAMKIG
CAMK2A
CAMK2B
CAMK2D
CAMK2G
CASK
cDC7

CDK1/Cyclin A2

High
High
High
Medium
High
Medium
Low/Medium
High
Low
Medium
High
High
High
High
Medium
High
High
High
High
Medium
High
High
Medium
High
High
High
High
Medium
Low
Medium
Medium

Other
Other
RTK
RTK
TK
RTKL
RTKL
TK
TKL
TKL
TKL

CAMK
TK
TK
TK
TK
TK
TK
TK
TK
CAMK
CAMK

CAMK
CAMK
CAMK
CAMK

CMGC

NV1051
NV1061
NV1071

NV2461
NV2471

NV1101

NV2481
NV2491
NV1111
NV2501
NV2501
NV2511

NV2521

NV2531
NV2541
NV2551
NV2561

NV2571
NV2581

NV2701

N Z Z N ZZZZZZOoOoOooOo oo 00O Z ZoOooOohoh oo O 2zZ2 00O M

XVI

K10
K10
K10
K10
K4
K11
lead discovered
K4
K10
K10
K10
K10
K10
K10
K10
K10
K10
K4
K10
K10
K4
K9
K9
K9
K10
K16
K10
K10
K10
lead discovered
K12

0.0078
0.016
0.25
0.25
0.13
0.63
0.5
0.13

0.063
0.13
0.25

0.5
0.5

0.13
0.13
0.13
0.13
0.25
0.016
0.66
0.33
0.66
0.5
0.25
0.5
0.13

0.5
0.5



CDK1/Cyclin B1
CDK1/Cyclin E1
CDK14/CyclinY
CDK15/CyclinY
CDK16/CyclinY
CDK17/CyclinY
CDK19/Cyclin C
CDK2/Cyclin A2
CDK2/Cyclin B1
CDK2/Cyclin D1
CDK2/Cyclin E1
CDK20/CyclinH
CDK3/Cyclin E1
CDK3/Cyclin E2
CDK4/Cyclin D1
CDK4/Cyclin D3
CDK5/CDK5R1
CDK5/CDK5R2
CDK6/Cyclin D1
CDK6/Cyclin D3
CDK7
CDK8/Cyclin C
CDK9/Cyclin T1
CDKL2

CDKL3

CDKL5

CHEK1

CHEK2

CIT

CLK1

CLK2

Medium
High
Medium
Medium
High
High
Medium
High
High
High
High
High
High
Medium
High
High
High
High
Medium
Medium
High
Medium
High
High
High
High
Medium
Medium
Low
High
High

CMGC
CMGC

CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CAMKL

CMGC
CMGC

NV2701
NV2701
NV2721
NV2731
NV2741
NV2751
NV2771
NV2781
NV2781
NV2781
NV2781
NV2791
NV2801
NV2801
NV2811
NV2811
NV1121
NV1121
NV2841
NV2841
NV2851
NV2861
NV2871
NV2891
NV25901
NV2911
NV2921
NV2931

NV1131
NV1141

Nz zZ0NzZzZZ2Z2Z2Z2Z22Z2ZZ2Z2Z2Z2Z002Z22Z0002Z000n=Zo0on0Zo0nn

XVl

K9

K9

K10
K10
K10
K10
K8

K10
K10
K10
K10
K10
K10
K12
K10
K10
K10
K10
K10
K7

K10
K8

K8

K11
K11
K11
K9

K10
K9

K10
K9

0.66
0.66
0.5
0.25
0.5
0.5
0.13
0.5
0.5
0.5
0.5
0.5
0.5
0.25
0.25
0.25
0.5
0.5
0.5
0.13
0.5
0.13
0.063
0.63
0.16
0.31
0.33

0.25
0.33
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CLK4

C0QsA

CoQsB

CRAF

CRAF + KRAS(G12C)
CSF1R

CSK

CSNK1A1L
CSNK1D
CSNKI1E
CSNK1G2
CSNK2A1
CSNK2A2
DAPK2

DCLK1

DCLK1 isoform 2
DCLK3

DDR1

DDR2
DDR2(N456S)
DYRK1A
DYRK1B

DYRK2

DYRK3

EGFR
EGFR(D770,N771 insSVD)
EGFR(V769,D770 insASV)
EIF2AK4(Dom.2)
EML4-ALK
EPHA1

EPHA10

High
Medium
High
Low
Medium
Medium
High
Medium
High
Medium
Medium
Medium
High
Medium
High
High
Medium
High
High
High
Medium
Medium
Medium
Low
medium
low
low
High
Medium
High
High

CMCG

TKL
TKL
RTK
TK
CK1
CK1
CK1
CK1
CMGC
CMGC
CAMK
CAMK
CAMK
CAMK
RTK
RTK
RTK
CMGC
CMGC
CMGC

RTK
RTK
RTK
Other

RTK
RTK

NV1151

NV2941

NV1161
NV1171
NV2951
NV2961
NV2971
NV1181
NV2981
NV1191
NV2991

NV3001
N2451

NV1201
NV3011
NV3031
NV1211
NV3041

NV3051

NV1221

=z

N alalFdalalalalaldFdalialalaslaslaliFdalalidrdrdrdalia

XVl

K9

lead discovered
K10

K4

K4

K4

K4

K10

K8

K8

K10

K10

K10

K10

K15

K15

K10

K4

K4

K4

K10

K10

K10

K10, lead discovered
lead discovered
lead discovered
lead discovered
K10

K15

K4

K4

0.17

0.5

0.13
0.25
0.5
0.13
0.5
0.5
0.5
0.25
0.5
0.5
0.5

0.031
0.063
0.063
0.5
0.5

0.5
0.5
0.5
0.5
0.13
0.13
0.063



EPHA2
EPHA3

EPHR4

EPHA7

EPHRS

EPHB1

EPHB2

EPHB3

EPHB4

ERN1

ERN2

FER

FES

FGFR1

FGFR2
FGFR2(K659M)
FGFR2(L617F)
FGFR2(L617V)
FGFR2(M537I)
FGFR2(N549H)
FGFR2(N549K)
FGFR2(V564F)
FGFR4

FGR

FLTT

FLT3
FLT3(D835H)
FLT3(D835V)
FLT3(D835Y)
FLT3(K663Q)
FLT3(N8411)

High
Medium
High
High
High
High
High
High
High
Medium
High
Medium
High
High
Medium
High
Medium
High
High
High
Medium
High
Medium
High
Medium
Medium
Medium
High
High
High
High

RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
Other

TK

TK

RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
TK

RTK
RTK
RTK
RTK
RTK
RTK
RTK

NV1231
NV3061
NV1241
NV1271
NV1281
NV3071
NV1291
NV1301
NV1311
NV1321
NV3081
NV1331
NV3091
NV1341
NV1351

NV1371
NV1381
NV3111
NV1391
NV3121
NV3131
NV3141
NV3151
NV3161

A O MO OO Z OO OO OO OO OO OOy Oy Oy M M

XIX

K4
K11
K4
K10
K4
K9
K4
K4
K4
K10
K10
K10
K9
K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
K4
K9
K10
K10
K10
K10
K9
K10

0.031
0.63
0.016
0.5
0.0063
0.66
0.013
0.13
0.0063
0.25
0.25
0.5
0.66
0.25
0.13
0.25
0.25
0.25
0.13
0.25
0.25
0.13
0.5
0.25
0.33
0.13
0.016
0.016
0.016
0.041
0.063
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FLT3(R834Q)
FRK

FYN
FYN(Y531F)
GAK

GRK1

GRK7
GSK3A
GSK3B

HCK

HIPK2
HIPK3
HIPK4
HUNK

ICK

IGF1R
IKBKE

INSR

IRAK1
IRAK3
IRAK4

ITK

JAK1
JAK1_JH1 Domain
JAK2
JAK2(JH1 Domain)
JAK2(V617F)
JAK3

JNK3

KDR

Kit

Medium
Medium
High
High
High
Medium
Medium
High
High
Medium
Medium
Medium
High
Low
High
High
High
High
Medium
High
High
High
Low
High
Medium
Medium
High
Medium
Medium
Low
Medium

RTK
TK
TK
TK
Other
AGC
AGC
CMGC
CMGC
TK
CMGC
CMGC

CAMK
CMGC
RTK
Other
RTK

TKL
TKL
TK
TK
TK
TK
TK
TK
TK
CMGC
RTK
RTK

NV3171
NV1401
NV1411
NV3181
NV1421

NV3191
NV3201
NV3211
NV3221
NV3231
NV3241

NV3251
NV3261
NV1431
NV3271
NV3281
NV1441
NV1451
NV1461

NV3291
NV3311
NV3301
NV1471
NV1481

NV1491

A O N0 Zo0ohZoOooZoZZowz OZZ2Z2Z2Z0Oh2zZ22Z22Z22Z2Z0 0ooom

K10
K4
K4
K4
K10
K16
K16
K8
K8
K4
K10
K10
K10
K10
K8
K9
K10
K9
K9
K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
K9
K4

XX

0.063
0.13
0.13

0.016

0.031

0.5
0.13
0.13

0.063

0.25

0.25

0.25
0.33
0.25
0.33
0.66
0.032
0.13
0.25
0.25
0.25

0.25
0.25
0.25
0.25
0.5
0.063



KIT(R829P)
KIT(D816H)
KIT(D816V)
KIT(L576P)
KIT(V559D)
KIT(V559D,T6701)
KIT(V559D,V654A)
LATST

LATS2

LCK

LIMK1

LIMK2

LRRK2
LRRK2(G20195)
LRRK2(12020T)
LRRK2(R1441C)
LTK

LYN

MAP2K1 + KRAS(G120)
MRAP2K2 + KRAS(G120)
MRP2K5
MRAP2K6
MAP3K10
MAP3K11
MAP3K12
MAP3K13
MAP3K19
MRP3K2
MAP3K21
MRP3K3
MAP3K4

Medium
Medium
High
High
High
Medium
Medium
High
High
High
High
High
High
Medium
High
Medium
High
High
Low
Low
Low/Medium
Medium
High
High
High
Medium
Medium
Medium
Medium
Medium
High

RTK
RTK
RTK
RTK
RTK
RTK
RTK
AGC
AGC
TK

TKL
TKL
TKL
TKL
TKL
TKL
RTK
TK

STE
STE
STE
STE
TKL
TKL
TKL
TKL
STE
STE

STE
STE

NV3321
NV3331
NV3341
NV3351
NV3361
NV3371
NV3381
NV1501
NV1511
NV1521
NV3391
NV1531
NV3401
NV3421
NV3411
NV3431
NV1541
NV1551

NV3441
NV1561
NV1571
NV1581
NV3451
NV3461
NV3471
NV3481
NV3491
NV1591

aialFdalialiFdrdrdrdalialialialalislalialialslalalialaslslalalsHalaHale)

XXI

K4
K4
K9
K4
K4
K8
K4
K10
K10
K4
K10
K10
K9
K9
K9
K9
K9
K4
K10
K10
K10
K11
K10
K10
K9
K9
K10
K10
K10
K10
K10

0.25
0.5
0.33
0.13
0.031
0.13
0.5
0.13
0.016
0.031
0.5
0.5
0.0083
0.0083
0.031
0.0039
0.33
0.031
0.5
0.5
0.5
0.63
0.5
0.25
0.66
0.17
0.13
0.5
0.5
0.5
0.5
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MRP3K5
MRP3K9
MRP4KT
MRP4K2
MRP4K3
MRP4KS5

MAPK1

MAPK1 + KRAS(G120)
MAPK11
MAPK13
MAPK14
MAPK14(T106M)
MRPK15

MAPK3 + KRAS(G12C)
MRPK4

MRPKG
MAPK7(1-713)
MRPKS

MRPK9

MARK2

MARK3

MARK4

MRST3

MELK
MELK(T460M)
MERTK
MERTK(A708S)
MET
MET(D1228H)
MET(D1228N)
MET(F12001)

High
Medium
High
High
High
Medium
Low
High
High
Medium
High
High
High
Medium
High
High
High
High
High
High
Medium
High
Medium
High
High
Medium
Medium
High
High
High
High

STE
TKL
STE
STE
STE
STE
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CMGC
CAMK
CAMK
CAMK
AGC
CAMK
CAMK
RTK
RTK
RTK
RTK
RTK
RTK

NV1601
NV1611
NV1621
NV1631
NV3501
NV1641
NV1641
NV1651

NV1661
NV3511

NV1671
NV1681
NV1691

NV1701
NV1711
NV1721
NV3521
NV1731
NV3531
NV1741
NV3551
NV3561
NV3571
NV1751
NV3691
NV3681
NV3701

A O 0 Z2Z 222222222222 ZZ000h0zZ2Z2Z02Z2Z2Z2Z2Z2Z0

XXII

lead discovered
K10
K10
K10
K10
K10
K10
K10
K4
lead discovered
K4
K10
K10
K10
K10
K10
K10
K10
K10
K9
K9
K10
K10
K9
K9
K9
K9
K10
K10
K10
K10

0.25

0.5
0.25
0.5
0.063
0.5

0.5
0.13
0.5
0.031

0.0078
0.5
0.031
0.0078
0.5
0.13
0.13
0.33
0.33
0.13

0.66

0.5
0.17
0.25
0.25
0.25
0.25
0.25



MET(M1250T)
MET(P9915)
MET(T1173I)
MET(T9921)
MET(V10921)
MET(Y1230A)
MET(Y12300)
MET(Y1230D)
MET(Y1230H)
MET(Y1235D)
MKNKT
MKNK2
MLTK

MOK

MUSK
MYLK2
MYLK3
MYLK4

NEKT

NEK11

NEK2

NEK3

NEK4

NEKS5

NEK6

NEK9

NIM1K
NPM1-ALK
NRK

NTRK1
NTRK1(G667C)

High
High
High
High
High
High
High
High
High
Medium
Medium
Medium
Medium
High
High
High
High
High
High
High
Medium
High
Medium
High
High
High
High
Medium
Medium
High
High

RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
CAMK

TKL

RTK
CAMK

Other
Other
Other
Other

Other
Other
Other
CAMK

RTK
RTK

NV3581
NV3601
NV3621
NV3611
NV3631
NV3641
NV3651
NV3661
NV3671
NV3591

NV3711
NV3721
NV3731
NV1761
NV1771
NV3741
NV3751
NV3761
NV3771
NV1781
NV1791
NV3781
NV3791
NV3801
NV1801
NV3811

NV3831
NV1811
NV3841

NN Z Mo zZ 0N Z Z22ZZ2Z2Z0O0o00h 0 ZZZZoooohooo 00 o0 0O

K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
lead discovered
K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
K10
K9
K10
K10
K15
K11
K10
K10

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.5

0.5
0.25
0.5
0.25
0.13
0.5
0.13
0.5
0.5
0.5
0.25
0.5
0.063
0.17
0.5
0.5
0.063
0.32
0.13
0.13
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NTRK2

NURK1

NUAK2

PAK4

PAKG
PDGFRA(V561D)
PDPK1

PHKGT

PHKG2

PI4KA

PI4KB

PIK3C3

PIK3CA
PIK3CA(C420R)
PIK3CA(E542K)
PIK3CA(E545R)
PIK3CA(E545K)
PIK3CA(H1047L)
PIK3CA(H1047R)
PIK3CA(H1047Y)
PIK3CA(I800L)
PIK3CA(M1043])
PIK3CA(Q546K)
PIK3CB
PIK3CD
PIK3CG
PIKFYVE
PIM3
PIP4K2C
PIP5K1B
PKMYTT

High
High
Medium
High
High
Medium
Medium
High
Medium
High
Medium
Medium
High
High
Medium
High
High
High
High
High
High
High
High
High
High
Low/Medium
Medium
Medium
High
Medium
Medium

RTK
CAMK
CAMK
STE
STE
RTK
AGC
CAMK
CAMK

Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical
Atypical

CAMK

Other

NV1821
NV1831
NV3851
NV1841
NV3861
NV3871

NV1861
NV3881

NV3891
NV3901
NV3911
NV3921
NV3931
NV3941
NV3951
NV3961
NV3971
NV3981
NV3991
NV4001
NV4011
NV4021

NV4041
NV4051
NV4061
NV4071
NV1871

N zZnN0zZzZ0nOzZ22Z22Z2Z2Z2Z2ZZ2ZZ2ZZZZZOoOooZzZo0o oo o0 o0 ZO

XXIV

K10
K10
K10
K10
K10
K4
K16
K10
K10
K17
K17
K9
K3
K3
K3
K3
K3
K3
K3
K3
K3
K3
K3
K3
K3
K3
K8
K10
K8
K8
K10

0.25
0.063
0.25
0.5
0.5
0.13
0.25
0.25
0.5
0.13
0.13
0.33
0.016
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.063
0.063
0.031
0.13
0.13
0.5
0.13

0.063
0.25



PKN1

PKN2

PLK1

PLK2

PLK3

PLK4

PNCK

PRKAA1

PRKAA2

PRKACA

PRKACB
PRKCa + PMA stim
PRKCB + PMA stim
PRKCD + PMA stim
PRKCE
PRKCE + PMA stim
PRKCG + PMA stim
PRKCH + PMA stim
PRKCQ + PMA stim
PRKG2

PRKX

PTK2

PTK2B

PTK6

RET

RET(M918T)
RET(V804L)
RET(V804M)
RIOK2

RIPK1

RIPK2

Medium
Medium
Medium
High
High
High
Low
High
High
High
Medium
High
High
High
Medium
High
High
Low
High
High
High
High
Medium
High
High
High
High
High
High
High
High

AGC
AGC
Other
Other
Other
OTHER

CAMK
CAMK
AGC
AGC
AGC

AGC
AGC
AGC

AGC
AGC
AGC
AGC
TK
TK
TK
RTK
RTK
RTK
RTK
Atypical
TKL
TKL

NV4081
NV4091
NV1881

NV4101
NV1891
NV1901
NV4111

NV4121
NV4121

NV4131
NV1911
NV1921
NV1931
NV1941
NV1951
NV4141
NV4151
NV4161
NV1961
NV4171
NV1971

Z ZZ OO OO OO ZoOooOoo oo O OO O O ZZ2 0O Z2Z2 Z2 Z 00

XXV

K16
K16
K18
K9
K9
K10
K10
K10
K10
K10
K10
K10, lead discovered
K10, lead discovered
K10, lead discovered
K10
K10, lead discovered
K10, lead discovered
K10, lead discovered
K10, lead discovered
K9
K10
K10
K10
K4
K10
K10
K10
K10
K10
K9
K10

0.13
0.25
0.25
0.17
0.33
0.25

0.13
0.063
0.5
0.25
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.66
0.25
0.25
0.25
0.25
0.13
0.25
0.13
0.13
0.5
0.25
0.13
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RIPK3
ROCK1
ROCK2
RON
ROST
ROS1(1883-2347)
RPSEKA1
RPS6KA2
RPS6KA4
RPS6KA6
RPS6KBT
RPS6KB1 + KRAS2B(G12C)
SBK3
SGK1
SGK2
SGK3
SIK1

SLK
SNF1LK2
SNRK
SRC
SRMS
STK10
STK11
STK16
STK17B
STK24
STK26
STK3
STK32A
STK328B

Medium
High
High
High
Low
High
High
High
High
High

Medium

Medium
High
High

Medium

Low/Medium
High

Medium
High
High
High

Medium
High
High
High
High
High
High

Medium

Medium
High

TKL
AGC
AGC
RTK

AGC
AGC
AGC
AGC
AGC
AGC

AGC
AGC
AGC
CAMK
STE
CAMK
CAMK
TK
TK
STE
CAMK
Other
CAMK
STE

STE
AGC
AGC

NV4181

NV1981
NV1991
NV2011
NV2021

NV4211
NV4221
NV4231

NV2031
NV2051
NV2061
NV4241
NV2071
NV4251
NV4261
NV2081
NV2091
NV4271
NV4281
NV4291
NV4301
NV4311
NV2101

zZzZZ0O0N0 N zZ2zZZ2Z0OZZZZZ0hh0h2Z22Z22Z2Z2ZZZZ0owonzZ2Z

XXVI

K19
K16
K16
K9
K9
K9
K10
K10
K10
K10
K10
K10
K10
K10
K9
K10
K10
K10
K10
K10
K4
K10
K10
K10
K10
K9
K9
K9
K10
K9
K9

0.25
0.25
0.66

0.25
0.063
0.13
0.063
0.13
0.25
0.25
0.5
0.5
0.66

0.063

0.063
0.5
0.063

0.5
0.5
0.063
0.66
0.66
0.66
0.25
0.66
0.66



STK33
STK35
STK38
STK38L
STK4

TBKT

TEC

TEK
TEK(A1124V)
TEK(P883A)
TEK(R849W)
TEK(Y1108F)
TEK(Y897C)
TEK(Y8975)
TESK1
TGFBR1
TGFBR2
TIET

TLKT

TLK2

TNIK

TNIK + KRAS2B(G12()

TNK1
TNNI3K
TSSK1B
TTK
TXK

TYK2(JH2 Domain)

TYRO3
UHMK1
ULK1

Medium
High
High
High
High
High
High
High
High
High
High
High
High
High

Medium

Medium
High
High

Medium
High
Low

Medium
High
High

Medium
High
High
High

Medium
Low
High

CAMK

AGC
AGC
STE
Other
TK
RTK
RTK
RTK
RTK
RTK
RTK
RTK
TKL
RTKL
RTKL
RTK
Other
Other

TK

CAMK

Other

TK

RTK

Other

NV2111
NV4321
NV2121
NV4341
NV4351
NV2131
NV2141
NV2151
NV4361
NV4371
NV4381
NV4391
NV4401
NV4411
NV2161

NV4421
NV2171
NV4431
NV4441

NV2181
NV4461
NV4471
NV2191
NV2201
NV4531
NV4481

NV2211

Z Z OO O N Z 0 Z ZZoOoooOooh 0 Z oo oo O Z2 Z2 Z 0o O Z

K10
K10
K10
K10
K10
K10
K4

K10
K10
K10
K10
K10
K10
K10
K4

K14
K11
K10
K10
K10
K16
K16
K10
K10
K9

K9

K4

K10
K10
K10
K10

0.5
0.25
0.5
0.5
0.25
0.13
0.5
0.13
0.25
0.25
0.25
0.25
0.25
0.25
0.5
0.5
0.32
0.25
0.5
0.5
0.25
0.25
0.031
0.5
0.66
0.66
0.13
0.5
0.5

0.13
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ULK3v1
WEET
WEE2
YES1

High Other

High Other
Medium Other
Medium TK

NV4491 N K10
NV2231 C K10
NV4501 N K10
NV2241 C K4

Sl tables to chapter 5.2 Family selectivity of small molecule chemogenomics candidate for splicing kinase family

SI Table 3 | Chemogenomic candidates for splicing kinase family.

Compound
SRPIN340

SRPKIN-1
SPHINX31

MSC2711186A
GSK 626616

GW779439X

MU135
HY-U00439A/CVM-6-139-1

T3-CLK
SGC-CLK-1
MU1210
T025

GNF4877

Intended Target
SRPK1, MSSK1; SRPK2

SRPK1, SRPK2
SRPK1, MSSK1; SRPK2, CLK1, CLK2

SRPK1, SRPK2, SRPK3 (MSSKT1)
DYRK1R, DYRK1B; DYRK3

CLKs,DYRKs, HIPKs, others

HIPK2
HIPK1, HIPK2

CLK1, CLK2, CLK3,CLK4
CLKT, CLK2, CLK4
CLKT, CLK2, CLK4
CLK1, CLK2, CLK3, CLK4, DYRK1A/B/2,
HIPK1/2/3
DYRK1A, DYRK1B, GSK3

SMILES
0=C(Nc1cc(C(F)(F)F)cccIN1CCCCCT)cTcenccl

CCclec2c(ccT-cTeccc(S(=0)(=0)F)c1)C(C)(C)c1[nH]c3cc(C#N)ccc3c1C2=0
0=C(NcTcc(C(F)(F)F)ccc INTCCN(Cc2ccecen2)CCT)clccc(-c2cecncc2)ol

CN(cTcccccTCNeTccee(-c2nc3c(F)c(Clccc3[nH]2)c1)S(C)(=0)=0
0=C(N=C(NC1=C(Cl)C=CC=C1Cl)S/2)C2=C\C3=CC=C(N=CC=N4)C4=C3

CNTCCN(c2cce(Nc3ncce(-c4cnn5nccccd5)n3)cc2C(F)(F)F)CCT

CC(O)(C)cTcce(-c2coc3ccc(-c4cn[nH]c4)nc23)cc
0=C(0)C(F)(F)F.0=CINC(=0)/C(=C/c2c[nH]c(=0)c(-
c3ccc(NACCNCC4)nc3)c2)S1
CNTCCN(C(=0)C(0)(C)c2cec(C(=0)Nc3cn4cc(-c5eence5)ccc4n3)cc2)CCl
COcTcc(Ne2ncee(-c3enn4nc(0C)ccc34)n2)cc(C(F)(F)F)c
CnTcc(-c2ccc3occ(-c4eccc(-c5eence5)cd)c3n2)en
CNc1nc(NCe2nceen2)c2c(-c3cccdncccc4c3)c[nH]c2n1

CC(C)OcTcec(F)c(-
c2cnc(N)c(C(=0)Nc3cnccc3N3CCC[C@@H](C(=0)0)C3)n2)cT

XXVII

CAS
218156-96-
8
2089226-
94-6
1818389-
84-2

1025821-
33-3
551919-98-
3

2321337-
71-5

2407433-
00-3
2041073-
22-5

0.25
0.13
0.5
0.063

Supplier
Cayman Chemical, Cat. No. 16284

MedChemExpress, Cat. No. HY-
116856
Cayman Chemical, Cat. No. 21582

SGC Frankfurt, inhouse/ Merck
Tocis, Cat. No. 6638

MedChemExpress, Cat. No. HY-
103645

MedChemExpress, Cat. No. HY-
U00439A
SGC Frankfurt, inhouse
SGC Frankfurt, inhouse
SGC Frankfurt, inhouse
MedChemExpress, Cat. No. HY-
112296
MedChemExpress, Cat. No. HY-
129492



MIRK-IN-1
Lorecivivint (Rdavivint,
SM04690)
KH-CB19
CC-671
Leucettine L41
EHT1610
(Pro)INDY

AZ191

KuwAL151
Compound 5j/KuFal194
TG003

SRI-29329
LDN-192960
Compound 25/Suns
Inhibitor
ML167
ID-8

SGC-CLK-TN
MU140
T3-CLKN

MSC2705360A

DYRK1A, DYRK1B
DYRK1A, DYRK1B, CLK2, CLK1, CLK3,
HIPK1/3
CLKT, CLK2, CLK3,CLK4, DYRK1A, DYRK1B
CLK2 (+CLK4? unknown)
DYRK1A, DYRK1B, CLK1, CLK4, DYRK2
DYRK1A, DYRK1B
CLK1, CLK2, CLK3,CLK4, DYRK1A, DYRK1B

DYRK18B

CLK1, CLK2, CLK3,CLK4
DYRK1A, DYRK1B
CLKT, CLK2, CLK3,CLK4, DYRK1A, DYRK1B

CLKT, CLK2, CLK4
DYRK2, DYRK1R, DYRK1B, DYRK3, CLK1-4
DYRK1A, DYRK1B, CLK1, CLK4
CLK4
DYRK1A, DYRK1B (maybe CLKs)

NC
NC
NC

NC

COcTncc2cc(C(=0)Nc3cc(C(=0)NCc4cccc(Clcd)ccc3Cl)c(=0)[nH]c2n1
CC(C)CC(=0)NcTence(-c2ccc3[nH]nc(-c4nc5cncc(-
c6eeec(F)cb)c5[nH]4)c3c2)c

CCOC(=0)cTc(/C(C#N)=C\N)c2ccc(Cl)c(Che2n1C

CNC(=0)c1ccc(Ne2nc(0C3CCCC3)c3c(-c4ccc5nc(C)oc5cd)c[nH]c3n2)c(0C)cT

0=CTN=C(Nc2ccccc2)N/CT1=C\cTccc2c(c1)0C02

COC(=N)c1nc2ccc3ncnc(Ncdeec(0C)ccdF)c3c2s
CCN1/C(=C/C(C)=0)Sc2ccc(0C(C)=0)cc21

C0cTcc(N2CCN(O)CC2)cccTNeTneee(-c2en(C)c3enccc23)n

0=CTNCc2ccc3c(-c4ccec(Cl)cd)c[nH]c3c21
0=C(0)c1nc2ccccc2c2[nH]c3c(l)ccec3cl2
C(=CC(=CTN(C2=CC(=0)0)CO)S2)C(=CT)0C

CC(O)n1enc2c(Ne3ccee(Cl)e3)nc(N[C@H]3CCCC[C@@H]3N)nc2 1
COclcce2nc3ecc(0C)cc3c(SCCCN)c2c1.Cl
C([C@@H](cTccc(F)ccT)nTnnc2enc3ccc(-c4ccc50cnc5c4)cc3c2 1
CC1=CC=C(01)CNC2=NC=NC3=C2C=C(C=C3)C4=CC=C(04)CO

CC2=C([N+]([0-])=0

)C1=CC=C(0)C=C1N2C3=CC=C(0C)C=C3

CCOcTccc2c(-c3cc(C)nc(Ncdec(0C)cc(C(F)(F)F)c4)n3)cnn2n
CnTcc(-c2ccc3occ(-c4cccccd-cdeccccd)c3n2)end
CNTCEN(C(=0)C(C)(C)c2ccc(C(=0)Nc3cndcc(-
¢5cc(C(O)(Q)Q)cc(C(C)NO)O)c5)ccc4n3)cc2)CC
CN(cTcccccTCNeTceee(-c2cc3ec(Cl)ececc3[nH]2)c1)S(C)(=0)=0

XXIX

1386979-
55-0
1467093-
03-3
1354037-
26-5
1618658-
88-0
1112978-
84-3
1425945-
60-3
719277-30-
2
1594092-
37-1

300801-52-
9
2086809-
58-5
184582-62-
5

1285702~
20-6
147591-46-
6
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MedChemExpress, Cat. No. HY-
12838
MedChemExpress, Cat. No. HY-
109049
MedChemExpress, Cat. No. HY-
12828
Cayman Chemical, Cat. No. 26184

Cayman Chemical, Cat. No. 29225

MedChem Express, Cat. No. HY-
111380
Tocris, Cat. No. 4998

Tocris, Cat. No. 5232

Conrad Kunick, TU-Braunschweig
Conrad Kunick, TU-Braunschweig
Cayman Chemical, Cat. No. 10398

MedChemExpress, Cat. No. HY-
123600
MedChemExpress, Cat. No. HY-
13455
resynthesized by Jonathan Morris

Cayman Chemical, Cat. No. 18098
Tocris, Cat. No. 3853

SGC Frankfurt, inhouse
SGC Frankfurt, inhouse
SGC Frankfurt, inhouse

SGC Frankfurt, inhouse
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S| Table 4 | Literature small molecule inhibitors targeting the splicing kinases. Literature compounds are sorted for their respective targets. The compounds are grouped based on their literature-
reported main target. There are no sufficient quality compounds reported for PRP4, which is why PRP4 has not been included in this overview.

Target Name

Reported binding assay/ enzymatic assay (ICso/ (*) Kd) [nM], reported cellular NanoBRET (ICso) [nM] / *cellular data, but not NanoBRET

Reported Kinome Selectivity

CLKI  CLK2  CLK3  CLK4 DYRKIA DYRKIB DYRK2 DYRK3 DYRKA HIPKI HIPK2 HIPK3 HIPKA SPRKI SPRK2 SPRK3  PRP4
KuwAL151 88 510 >10000 28  >10000 >10000 >10000 >10000 14 kinases
lorecivivint 239,861 44,22 21,1 271 411 3 33 17,23 126,21 1/318 (500nM, >90%) [466]
ML167 1522 1648 >10000 136 >10000 4420 nd.
 SRI29329 78 16 >1000 86 29 kinases
= MUI210 8,84 20,91 >10000 12,23 213 956 0% 187 2P 59 1/210
' : ' 1700 >10000
SGC-CLK-1 41,165 36,70 >10000 100 50 2 6/403 (1uM)
T3-CLK 14 1517 110 2 260,32 230,67 10000 >10000 71 kinases
CC-671 300 i_gg/ 104 157 99 7/255 (3uM)
O Compound25 2 31 10000 8 138 690 10000 >10000 10000 2/357 (10uM)
= KH-CB19 19.7 530 55 2/129 (10uM, >2°0)
5 7025 5« 0096 7+ 061* 0074 15 32 55+ 96+ 4/468
5 76003 20,19 200, 95 15,30 12 130 7/402 Kinases
5 EHT1610 11 325 1420 32 036 059 3 21 1570
0,
Leucettine L41 75,71 3;2% 70,64 7.8,60 140,44 450,73 320 230 4/402 (10uM, <10%)
(Pro)INDY 240 230 2/66 (10uM,>90%)
AZ191 17 88 8/400 (1uM)
KuFal194 500 5500 >10000 210 6 600 10000 >10000 1/14 (IC50)
GNF4877 6 16 4/19 (200nM, >50%)
N GSK 626616 1
= GW779439X
ID-8 4200 440 54 78 7/339 (10uM)
LDN-192960 122 13 3000 5/140 (1uM)
MIRK-IN-1 22 68
946, 1427, >3000, 1467, >3000, >3000, >3000
! ! ! ! ! ! ! ?
MUI3S 50000 18000 43000 46000 43000 >50000 >50000 i Rl /373 (10uM)

XXX
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CVM-6-139-1 19/ 9* 62 74,9.5* S(10)0.16
SRPIN340 >10000 >10000 =>10000 =>10000 =>10000 =>10000 >10000 >10000 28335'8 12?516% 27,393 0/141 (10 pM, >90%)
= MSC2711186 >10000 >10000 >10000 >10000 =>10000 =>10000 >10000 =>10000 3,98 81,149 1,40 0
& SPHINX31 839 5700 >10000 266 1580 1840 >10000 >10000 17, 60 262% E!WGEQ 0/58 (Tm, 10 uM, > 2°)
SRPKIN-1 422 920 >10000 159 225 293 5720 6780 2 3 5 0/>400 (5uM, > 90 %)

SI Table 5 | Screening of SGC library splicing kinase family. Follow up NanoBRET dose response ECso (M) of identified hit compounds. n.d. = not determined

KFO1145a
KF01021a
PK008310bCL
KF01353a
LENA159
KF01037a
KF01038a
LENA158
KF01406a
KFO1516a
LENA143
KFO1351a
KFO1046a
KF01210a
KF01148a

lysed
SRPK3
2.47E-05
6.72E-06
>50uM
7.87E-08
n.d.
7.99€-07
6.13E-07
n.d.
n.d.
1.96E-05
1.07€E-06
n.d.
1.09E-06
1.22E-05
n.d.

lysed
HIPK4
n.d.
1.59€-07
5.64E-08
4 47E-08
1.41E-07
> 50 uM
7.40€E-07
5.73E-07
n.d.
2.88E-08
6.72E-07
2.80E-08
7.02E-07
n.d.
n.d.

lysed
DYRK3
1.02E-05
3.98E-07
>50 uM
1.70E-06
4.27€-07
4.32E-07
3.55E-07
n.d.
n.d.
1.08E-08
5.98E-07
6.17E-06
>50 uM
2.02E-05
4 57E-06

lysed

CLK1
5.86E-10
4.87E-10
1.49E-09
3.25E-09
1.62E-08
3.50E-09
1.71E-08
1.43E-08
4.04E-08
3.14E-08
2.82E-08
2.58E-08
6.30E-08
2.14E-08
1.73E-07

intact

CLK1
5.50€E-10
6.58E-10
2.10E-09
3.91E-09
7.55E-09
8.07E-09
1.53E-08
1.75E-08
2.66E-08
3.41E-08
3.69E-08
3.70E-08
4 46E-08
4.57E-08
5.73E-08

XXXI
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LENA127
KFO1364a
LENA83
KF01428a
PKO07133e
LENA174
KF01497a
KF01346a
PK016528a
KF01445a
KFO1212a
KFO1188a
KFO1513a
PK006169f
KF01403a
KF01382a
PK006099¢
KFO1538a
KFO1106a
KFO1138a
LENA168
PK007313b
LENA132
KF01350a
KF01042a
Z7000951a

>50 uM
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

4.38E-05
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

>50uM
n.d.
n.d.
n.d.
n.d.
n.d.

> 50 uM

n.d.
n.d.
1.44E-07
n.d.
n.d.
n.d.
n.d.

4 98E-07
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
7.78E-07
n.d.
7.80E-07
n.d.
n.d.
n.d.
n.d.
n.d.
1.07E-06
2.88E-08
n.d.
n.d.

1.86E-06
7.66E-06
2.89E-05
n.d.
n.d.
n.d.
n.d.
> 50 uM
n.d.
n.d.
n.d.
2.80E-05
n.d.
1.90E-05
n.d.
4.04E-05
n.d.
1.96E-06
n.d.
n.d.
n.d.
n.d.
n.d.
1.16E-05
2.80E-06
n.d.

1.45E-07
1.05E-07
2.07E-08
1.63E-07
1.74E-07
7.51E-08
1.50E-07
1.59€-07
2.81€-07
1.37E-07
2.04E-07
1.19€-07
7.28E-07
8.21€E-07
3.89€-07
3.41€-07
1.13E-07
9.11€-08
2.24€-07
1.03E-07
5.85E-07
1.68E-07
1.64E-07
3.10€-07
3.52E-07
2.07€-07

7.47E-08
8.63E-08
9.47E-08
9.73E-08
1.06E-07
1.13E-07
1.32E-07
1.36E-07
1.37E-07
1.61E-07
1.66E-07
1.69E-07
1.74E-07
1.76E-07
1.77€-07
1.82E-07
1.86E-07
1.90E-07
2.01€-07
2.02E-07
2.20€-07
2.25€-07
2.29E-07
2.35€-07
2.56E-07
2.62E-07

XXXII



KFO1411a
KFO1122a
KF01475a
PK009758b
KFO1530a
KF01087a
LENA181
KFO1352a
LENAZ22
LENA42
PK001363hCL
LENA96
PK010852b
KFO1540a
LENA178
LENA157
LENA72
KFO1330a
KF01401a
KF01328a
LENA94
KFO1503a
KFO1354a
PK006016g
LENAGS
KFO1301a

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

>50 uM
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
1.13E-06
n.d.
4.83E-08
n.d.
3.74E-07
n.d.
n.d.
n.d.
n.d.
2.32E-07
7.13E-07
n.d.
8.78E-07
2.15E-06
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

4 98E-06
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

5.11E-06
n.d.
n.d.
n.d.
n.d.
n.d.

3.70E-05
n.d.

6.54E-07
3.72E-07
4.66E-07
3.46E-07
9.13E-07
5.08E-07
6.47€-07
4.26E-07
1.70E-06
6.10E-07
4.32E-07
1.13E-07
9.38E-07
1.92E-06
1.13E-06
6.17€-07
1.41E-06
7.18E-07
9.81€-07
3.96E-07
9.49€-07
4.87E-07
1.41E-06
9.26€-07
2.82E-06
1.54E-06

2.87€-07
2.90€-07
2.95€-07
4.26E-07
4.73E-07
5.05E-07
5.11E-07
5.32E-07
5.63E-07
5.66E-07
5.90E-07
6.10E-07
6.18E-07
6.21E-07
6.25E-07
6.49€-07
6.59E-07
6.67E-07
7.24€-07
7.41E-07
9.02E-07
9.78E-07
1.03E-06
1.06E-06
1.26E-06
1.27E-06
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KF01529a
LENAS2
LENA144
LENA54
LENA103
LENA162
KF01543a
LENA136
KF01142a
KFO1271a
PKO16465a
KFO1366a
Z7000726a
KFO1355a
KFO1115a
Z7000938aNA
PK005950f
XS037212gCL
KF01140a
KF01280a
KFO1185a
KF01304a
KF01281a
KF01303a
LENAGY
KF01452a

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
5.39E-06
n.d.
n.d.
n.d.
> 50 uM
8.19E-06
> 50 uM
1.80E-06
6.55E-06
n.d.
1.28E-05
n.d.
2.68E-05
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
1.29E-08
n.d.
n.d.
n.d.
n.d.
8.78E-07
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
1.84E-06
n.d.
9.09€-07
n.d.
n.d.
6.41E-07
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
6.50E-06
n.d.
n.d.
n.d.
9.93E-07
6.75€E-07
1.41E-06
1.63E-06
2.28E-06
2.71E-06
2.80E-06
3.49E-06
3.77E-06
4.47E-06
4.94E-06
6.74E-06
8.76E-06
9.71E-06

1.16E-06
1.20E-06
2.54E-06
1.38E-06
1.68E-06
2.46E-06
2.99E-06
8.20E-06
1.34E-06
8.37E-06
3.81E-05
3.36E-05
> 50 uM
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

1.29E-06
1.53E-06
1.66E-06
1.73E-06
1.98E-06
2.29E-06
2.59E-06
4.04E-06
4.42E-06
1.05E-05
2.73E-05
3.86E-05
> 50 uM
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
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KF01240a
KF01286a
LENA82
KFO1062a
KF01292a
KFO1455a
LENA73
LENA87
LENA133
KFO1466a
KFO1375a
KFO1377a
PK000236e
Z7000936a
KF01040a
KF01052a
LENA57
KF01418a
KF01068a
PK000244i
KF01094a
KFO1379a
LENA29
LENA126
KFO1316a
LENA3

n.d.
n.d.
>50 uM
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
> 50 uM
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
>50 uM
n.d.
n.d.
n.d.
n.d.
n.d.
3.86E-07

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
5.46E-06
1.54E-06
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
2.83E-09
4.29E-09
1.30E-08
1.38E-08
1.74E-08

1.06E-05
1.26E-05
1.42E-05
1.42E-05
1.54E-05
1.55E-05
1.56E-05
1.63E-05
1.86E-05
1.98E-05
2.21E-05
2.61€E-05
2.88E-05
3.60E-05
n.d.
n.d.
n.d.
n.d.
n.d.
>50 uM
> 50 uM
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
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KF01091a
KF01410a
LENA124
KF01472a
LENA1
LENA191
LENA184
KFO1257a
LENAG7
LENA137
LENA130
LENASO
PKO15606a
LENABY
LENA120
KF01093a
KFO1532a
KFO1160a
KF01143a
LENA31
KF01526a
KF01228a
KF01092a
KF01289a
KF01253a
KF01333a

2.24E-06
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
2.47€E-07
n.d.
n.d.
n.d.

1.33E-07
1.50E-07
1.68E-07
1.86E-07
1.88E-07
2.49E-07
2.61€E-07
3.00E-07
3.00E-07
3.00E-07
3.23E-07
3.37€-07
3.87E-07
5.27€-07
5.46E-07
5.46E-07
5.47€-07
6.74€-07
7.67€-07
7.68E-07
8.96E-07
9.17€-07
9.19€-07
9.19€-07
1.00E-06
1.01E-06

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
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KFO1136a
KFO1161a
KFO1557a
Z7000861a
Z7000928a
KF01204a
HD00002%e
XS035836e
KFO1519a
270009344
KF01219a
LENATT

n.d.
n.d.
1.09E-06
7.85E-06
1.10E-05
1.11€-05
1.62E-05
1.93E-05
3.43E-05
4.07E-05
4.18E-05
> 50 uM

1.23E-06

1.47E-06
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

n.d.

9. Appendix

Sl tables to chapter 5.3 Assessing the human kinome using the NanoBRET technology

SI Table 6 | FDA approved and clinical kinase inhibitors for the NanoBRET kinase panel.

Catalog Number
S2922
S2161
S$2904
S1114
S1055
S1361
S1008
S7007

S7492

Product Name

Icotinib

RAF265 (CHIR-265)
PF-477736
JNJ-38877605
Enzastaurin (LY317615)
Glesatinib?(MGCD265)
Selumetinib (AZD6244)

Binimetinib (MEK162, ARRY-
162, ARRY-438162)
Uprosertib (GSK2141795)

Target
EGFR
Raf,VEGFR

Chk

c-Met
PKC

c-Met, Tie-2,VEGFR

MEK
MEK

Akt

CAS Number
610798-31-7
927880-90-8
952021-60-2
943540-75-8
170364-57-5
875337-44-3
606143-52-6
606143-89-9

1047634-65-0

SMILES
C#CC1=CC(=CC=C1)NC2=NC=NC3=(2C=C40CCOCCOCCOC4=C3
CIN]1C(=NC2=C1C=CC(=C2)0C3=CC=NC(=C3)C4=NC=C([NH]4)C(F)(F)FINC5=CC=C(C=C5)C(F)(F)F
CN]1C=C(C=N1)C2=C3C=NNC(=0)C4=C3C(=CC(=C4)NC(=0)C(N)C5CCCCCH)NH]2
CIN]1C=C(C=N1)C2=N[N]3C(=NN=C3C(F)(F)C4=CC5=C(C=C4)N=CC=C5)C=C2
C[N]1C=C(C2=CC=CC=C12)C3=C(C(=0)NC3=0)C4=C[N](C5CCN(CC5)CC6=NC=CC=C6)C7=CC=CC=C47
CINJ1C=NC(=C1)C2=CC3=NC=CC(=C352)0C4=CC=C(NC(=S)NC(=0)CC5=CC=CC=C5)C=C4F
C[N]1C=NC2=C(F)C(=C(C=C12)C(=0)NOCCO)NC3=CC=C(Br)C=C3C|
CIN]1C=NC2=C1C=C(C(=0)NOCCO)C(=C2FNC3=C(F)C=C(B)C=C3

CINJTN=CC(=C1C2=C(C)OC(=C2)C(=0)NC(CN)CC3=CC(=C(F)C=C3)F)Cl

XXXVII
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$7521
S7014
$1065
S2221
S8057
S8116
$1526
S1145
$2807
S2784
$2621
$2811

$1487
$7854

$7083
S7121
$7694
S1462
$2162
$2696
$1084
S1068
$2193
S7144
S1113
S2740
S2718
S2851

S1124

Afuresertib (GSK2110183)
Merestinib (LY2801653)
Pictilisib (GDC-0941)
Apatinib?mesylate
Pacritinib (SB1518)
Acalabrutinib (ACP-196)
Quizartinib (RC220)
SNS-032 (BMS-387032)
Dabrafenib (GSK2118436)
TAK-285
AZD5438

Sapanisertib (INK 128,
MLNO0128)
PHA-793887

Ulixertinib (BVD-523,
VRT752271)
Ceritinib (LDK378)

MLN2480
AZD8186
AZD6482
AZD1480

Apitolisib (GDC-0980, RG7422)

Brivanib (BMS-540215)
Crizotinib (PF-02341066)
GSK461364
BMS-911543
GSK690693
GSK1070916
TAK-901

Baricitinib (LY3009104,
INCB028050)
BMS-754807

Akt
c-Met
PI3K
VEGFR
FLT3,)AK
BTK
FLT3
CDK
Raf
EGFR,HER2
(DK
mTOR

(DK
ERK

ALK

Raf

PI3K

PI3K

JAK
mTOR,PI3K
FGFR,VEGFR
ALK, c-Met

PLK

JAK

Akt
Aurora Kinase
Aurora Kinase

JAK

c-Met, IGF-1R, Trk
receptor

1047644-62-1
1206799-15-6
957054-30-7
1218779-75-9
937272-79-2
1420477-60-6
950769-58-1
345627-80-7
1195765-45-7
871026-44-7
602306-29-6
1224844-38-5

718630-59-2
869886-67-9

1032900-25-6
1096708-71-2
1627494-13-6
1173900-33-8
935666-88-9
1032754-93-0
649735-46-6
877399-52-5
929095-18-1
1271022-90-2
937174-76-0
942918-07-2
934541-31-8
1187594-09-7

1001350-96-4

CINJTN=CC(=C1C2=C(CNSC(=C2)C(=0)NC(CN)CC3=CC=CC(=C3)F)C]
CINJTN=CC2=CC(=C(C=C12)C3=C[NH]N=C3)0C4=C(F)C=C(NC(=0)C5=CC=C(C)N(C5=0)C6=CC=C(F)C=C6)C=C4
C[S](=0)(=0)NTCCN(CCT)CC2=CC3=NC(=NC(=C352)N4CCOCCA)C5=CC=CC6=C5C=N[NH]6
C[S](0)(=0)=0.0=C(NC1=CC=C(C=C1)C2(CCCC2)C#N)C3=CC=CN=C3NCC4=CC=NC=C4
C1CCN(CT)CCOC2=CC=C3NCA=NC=CC(=N4)C5=CC(=CC=C5)COC\C=C\COCC2=C3
CC#CC(=0)NTCCCCTC2=NC(=C3[N]2C=CN=C3N)C4=CC=C(C=C4)C(=0)NC5=NC=CC=C5
CC(O)(Q)C1=CC(=NOT)NC(=0)NC2=CC=C(C=C2)C3=C[N]4C(=N3)SC5=CC(=CC=C45)0CCN6CCOCCE
CC(C)(C)C1=CN=C(CSC2=CN=C(NC(=0)C3CCNCC3)S2)01
CC(O)(Q)C1=NC(=C(ST)C2=NC(=NC=C2)N)C3=C(F)C(=CC=C3)N[S](=0)(=0)C4=C(F)C=CC=C4F
CC(C)(0)CC(=0)NCCIN]1 C=CC2=C1C(=NC=N2)NC3=CC=C(0C4=CC=CC(=C4)C(F)(F)F)C(=C3)Cl
CC(Q)[N]1C(ENC=C1C2=NC(=NC=C2)NC3=CC=C(C=C3)[S](C)(=0)=0)C
CC(Q)[N]TN=C(C2=CC3=C(0C(=N3)N)C=C2)C4=C(N)N=CN=C14

CC(C)CC(=0)NCT=N[NH]C2=C1CN(C(=0)C3CCN(C)CC3)C2(C)C
CC(QNCT=NC=C(CI)C(=C1)C2=C[NH]C(=C2)C(=0)NC(CO)C3=CC(=CC=C3)Cl

CC(0)0CT =C(NC2=NC(=C(Cl)C=N2)NC3=C(C=CC=C3)[S](=0)(=0)C(C)C)C=C(C)C(=C1)C4CCNCCA
CC(NC(=0)C1=C(Cl)C(=NC=NT)N)C2=NC=C(S2)C(=0)NC3=NC=C(C)C(=C3)C(F)(F)F
CC(NCT=CC(=CC(=CT)F)F)C2=CC(=CC3=C20C(=CC3=0)N4CCOCCA)C(=0)N(C)C
CC(NCT=CC=CC=C1C(0)=0)C2=CC(=CN3C(=0)C=C(N=C23)N4CCOCC4)C
CC(NCT=NC=C(CI)C(=NT)NC2=N[NH]C(=C2)C)C3=NC=C(F)C=N3
CC(0)C(=0)NTCCN(CCT)CC2=C(C)C3=NC(=NC(=C3S2)NACCOCCA)C5=CN=C(N)N=C5
CC(0)COCT=C[N]2N=CN=C(0C3=C(F)C4=C([NH]C(=C4)C)C=C3)C2=C1C
CC(0C1=C(N)N=CC(=C1)C2=C[N](N=C2)C3CCNCC3)C4=C(Cl)C=CC(=CACI)F
CC(0CT=C(SC(=CT)[N]2C=NC3=C2C=C(CNACCN(C)CC4)C=C3)C(N)=0)C5=CC=CC=C5C(F)(F)F
CCIN]TC(=CC2=CTN=C(NC3=N[N](C)C(=C3)C)C4=C2[N](C)C=N4)C(=0)N(C5CC5)C6CCE
CCINITC(=NC2=C1C(=CN=C2C#CC(C)(C)0)0CC3CCCNC3)C4=NON=C4N
CCINJTC=C(C2=C3C=C([NH]C3=NC=(2)C4=CC=CC(=C4)CN(C)C)C(=N1)C5=CC=C(NC(=0)N(C)C)C=C5
CC[S)(=0)(=0)C1=CC=CC(=CT)C2=CC(=C(C)C3=C2C4=C(INH] 3)N=CC(=C4)C)C(=0)NC5CCN(C)CCS
CC[S](=0)(=0)NTCC(CC#N)(CT)[N]2C=C(C=N2)C3=NC=NC4=C3C=C[NH]4

CCT(CCCNTC2=N[N]3C=CC=C3C(=N2)NC4=N[NH]C(=C4)C5CC5)C(=0)NC6=CC=C(F)N=C6
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S2730 Crenolanib (CP-868596) PDGFR 670220-88-9 CC1(COCT)COC2=CC3=C(C=C2)[N](C=N3)C4=NC5=C(C=CC=C5C=C4)N6CCC(N)CC6
S1091 Linsitinib (0SI-906) IGF-TR 867160-71-2 CC1(0)CC(C1)C2=NC(=C3[N]J2C=CN=C3N)C4=CC=C5C=CC(=NC5=(4)C6=CC=CC=C6
S1470 Orantinib (TSU-68, SU6668) PDGFR 252916-259-3 CC1=C(CCC(0)=0)C(=C([NH]1)/C=C/2C(=0)NC3=CC=CC=C23)C
S7215 Losmapimod (GW856553X) p38 MAPK 585543-15-3 CC1=C(F)C=C(C=C1C2=CC=C(C=N2)C(=0)NCC(O)(C)O)C(=0)NC3CC3
S2736 Fedratinib (SAR302503, JAK 936091-26-8 CCT1=C(NC2=CC=CC(=C2)[S](=0)(=0)NC(C)(C)C)N=C(NC3=CC=C(OCCNACCCCA)C=C3)N=CT
TG101348)
S1171 Ccyc11e Aurora 693228-63-6 CC1=C(SC(=NT)N)C2=NC(=NC=C2)NC3=CC=C(C=C3)N4Ccocc4
Kinase VEGFR
S2814 Alpelisib (BYL719) PI3K 1217486-61-7 CC1=C(SC(=NT)NC(=0)N2CCCC2C(N)=0)C3=CC(=NC=C3)C(C)(C)C(F)(F)F
S1033 Nilotinib (AMN-107) Ber-Abl 641571-10-0 CC1=C[N](C=NT1)C2=CC(=CC(=C2)C(F)(F)F)NC(=0)C3=CC=C(C)C(=C3)NC4=NC=CC(=N4)C5=CN=CC=(5
S1056 AC480 (BMS-599626) EGFR,HER2 714971-09-2 CC1=C2[N](C=CINC(=0)0CC3COCCN3)N=CN=C2NC4=CC5=C(C=C4)[N](CC6=CC=CC(=C6)F)N=C5
S1003 Linifanib (ABT-869) CSF- 796967-16-3 CC1=CC(=C(F)C=CT1)NC(=0)NC2=CC=C(C=C2)C3=C4C(=N[NH]C4=CC=C3)N
1R,PDGFR,VEGFR
$8362 Irbinitinib (ARRY-380, ONT- HER2 937263-43-9 CC1=CC(=CC=C10C2=CC3=NC=N[N]3C=C2)NC4=NC=NC5=CC=C(NC6=NC(C)(C)C06)C=C45
380
S1574 Doramapimod )(BIRB 796) p38 MAPK 285983-48-4 CC1=CC=C(C=C1)[N]2N=C(C=C2NC(=0)NC3=CC=C(0CCN4CCOCC4)C5=C3C=CC=C5)c(O)(C)C
S7799 Pexmetinib (ARRY-614) p38 MAPK,Tie-2 945614-12-0 CC1=CC=C(C=C1)[N]2N=C(C=C2NC(=0)NCC3=C(0C4=CC5=C(C=C4)[N](CCO)N=C5)C=CC(=C3)F)C(C)(C)C
S1028 Lapatinib (GW-572016) EGFR,HER2 388082-77-7 CC1=CC=C(C=C1)[S](0)(=0)=0.CC2=CC=C(C=C2)[S](0)(=0)=0.C[S](=0)(=0)CCNCC3=CC=C(03)C4=CC=C5N=CN=C(N
Ditosylate (6=CC=C(0CC7=CC=CC(=C7)F)C(=C6)CNC5=C4
S2230 Galunisertib (LY2157299) TGF-beta/Smad 700874-72-2 CC1=CC=CC(=N1)C2=N[N]3CCCC3=C2C4=CC=NC5=C4C=C(C=C5)C(N)=0
S2719 AMG-900 Aurora Kinase 945595-80-2 CC1=CSC(=C1)C2=NN=C(NC3=CC=C(0C4=C(C=CC=N4)C5=NC(=NC=C5)N)C=C3)C6=C2C=CC=C6
$1021 Dasatinib Bcr-Abl, c-Kit, Src 302962-49-8 CC1=NC(=CC(=NT)N2CCN(CCO)CC2)NC3=NC=C(S3)C(=0)NC4=C(Cl)c=CC=C4C
S2626 Rabusertib (LY2603618) Chk 911222-45-2 CC1=NC=C(NC(=0)NC2=C(0CC3CNCCO3)C=C(C)C(=C2)BrN=C1
S7665 CH5183284 (Debio-1347) FGFR 1265229-25-1 CC1=NC2=C([NH]1)C=C(C=C2)[N]3N=CC(=C3N)C(=0)C4=CC5=C([NH]4)C=CC=C5
$8002 GSK2636771 PI3K 1372540-25-4 CC1=NC2=((C=C(C=C2[N]1CC3=CC=CC(=C3C)C(F)(F)F)N4CCOCC4)C(0)=0
S5001 Tofacitinib (CP-690550) Citrate JAK 540737-29-9 CCTCCN(CCTIN(C)C2=C3C=C[NH]C3=NC=N2)C(=0)CC#N.0C(=0)CC(0)(CC(0)=0)C(0)=0
S2755 Varlitinib EGFR 845272-21-1 CC1COC(=NT)NC2=CC3=C(C=C2)N=CN=C3NC4=CC(=C(0CC5=NC=CS5)C=C4)Cl
S7536 Lorlatinib?(PF-6463922) ALK 1454846-35-5 CC10C2=C(N)N=CC(=C2)C3=C(C#N)[N](C)N=C3CN(C)C(=0)C4=C1C=C(F)C=C4
S1153 Roscovitine (Seliciclib,CYC202) (DK 186692-46-6 CCC(CO)NCT=NC(=C2N=C[N](C(C)C)C2=N1)NCC3=CC=CC=C3
S2226 Idelalisib (CAL-101, GS-1101) PI3K 870281-82-6 CCC(NCT=C2N=C[NH]C2=NC=NT1)C3=N(4=CC=CC(=C4C(=0)N3(5=CC=CC=C5)F
S1267 Vemurafenib (PLX4032, Raf 918504-65-1 CCC[S](=0)(=0)NC1=CC=C(F)C(=CT1F)C(=0)C2=C[NH]C3=NC=C(C=C23)C4=CC=C(Cl)C=C4
RG7204)
S2768 Dinaciclib (SCH727965) (DK 779353-01-4 CCCT=C2N=C(C=C(NCC3=CC=C[N+](=C3)[0-])[N]2N=C1)N4CCCCC4cco
S2762 Alectinib (CH5424802) ALK 1256580-46-7 CCC1=CC2=C(C=CIN3CCC(CC3)NACCOCC4)C(C)(C)C5=C(C2=0)C6=CC=C(C=C6[NH]5)C#N
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S7754
$2235
S1109
S1042
S1147
S1486
S7158
$7843
$1035

S7634

S1101
$8058
$1524
S7440
S1011
S1369
$7094
$2672

S2774
S7170
$2617
$2673
S2134
$1230
S2198
S7067
S1181

$7998
$1525

Gilteritinib (ASP2215)
Volasertib (Bl 6727)
Bl 2536
Sunitinib Malate
Barasertib (AZD1152-HQPR)
AEE788 (NVP-AEE788)
abemaciclib (LY2835219)
BI-847325

Pazopanib HCl (GW786034
HCl)
Cerdulatinib (PRT062070,
PRT2070)
Vatalanib (PTK787) 2HCl

P276-00
AT7519
Ribociclib (LEE011)
Afatinib (BIBW2992)
Bafetinib (INNO-406)
PF-3758309
PF-00562271 Besylate

MK-2461
R0O5126766 (CH5126766)
TAK-733
Trametinib (GSK1120212)
AZD8330
Flavopiridol (Alvocidib)
SGI-1776 free base
Tepotinib (EMD 1214063)
ENMD-2076

Entrectinib (RXDX-101)
Adavosertib  (MK-1775)

FLT3,TAM Receptor
PLK
PLK
c-Kit,PDGFR,VEGFR
Aurora Kinase
EGFR,HER2, VEGFR
CDK
MEK,RAurora Kinase
c-Kit,PDGFR,VEGFR

JAK

VEGFR
CDK
CDK
(DK

EGFR,HER2

Ber-Abl
PAK
FAK

c-Met,FGFR,PDGFR

Raf
MEK
MEK
MEK
(DK
Pim

c-Met

Aurora
Kinase,FLT3,VEGFR
Trk receptor, ALK

Weel

1254053-43-4
755038-65-4
755038-02-9
341031-54-7
722544-51-6
497839-62-0

1231930-82-7

1207293-36-4
635702-64-6

1369761-01-2

212141-51-0
920113-03-7
844442-38-2
1211441-98-3
439081-18-2
859212-16-1
898044-15-0
939791-38-5

917879-39-1
946128-88-7
1035555-63-5
871700-17-3
869357-68-6
146426-40-6
1025065-69-3
1100598-32-0
934353-76-1

1108743-60-7
955365-80-7

CN(C1=C(CNC2=C(C=NC(=N2)NC3=CC=CANC(=0)CC4=C3)C(F)(F)F)C=CC=N1)[S](C)(=0)=0.0[S](=0)(=0)C5=CC=CC

CCC1=NC(=C(NC2=CC=C(N3CCC(CC3)NACCN(C)CCA)C(=C2)00)N=CTNC5CCOCC5)C(N)=0
CCCTN(C(C)0)C2=C(C=NC(=N2)NC3=CC=C(C=C30C)C(=0)NCACCC(CCANSCCN(CCE)CCECCE)N(C)C1=0
CCCTN(C2CCCC2)C3=NC(=NC=C3N(C)C1=0)NCA=CC=C(C=C40C)C(=0)NC5CCN(C)CCS
CCN(CO)CENC(=0)CT=C(C)NH]C(=C10)/C=C/2C(=0)NC3=CC=C(F)C=C23.0C(CC(0)=0)C(0)=0
CCN(CCO)CCCOCT =CC=C2C(=NC=NC2=C1)NC3=CC(=N[NH]3)CC(=0)NC4=CC=CC(=C4)F
CCNTCEN(CCT)CC2=CC=C(C=C2)C3=CC4=C(NC(C)C5=CC=CC=C5)N=CN=C4[NH]3
CCNTCCN(CCT)CC2=CC=C(NC3=NC(=C(F)C=N3)C4=CC(=C5N=C(C)[N](C(C)C)C5=C4)F)N=C2.C[S](0)(=0)=0
CCNC(=0)C#CC1=CC=C\2C(=CT)NC(=0)C2=C(NC3=CC=C(CN(C)C)C=C3)/C4=CC=CC=C4
C1.C[N] TN=C2C=C(C=CC2=CTC)N(C)C3=NC(=NC=C3)NC4=CC=C(C)C(=C4)[S](N)(=0)=0

CL.CCIS](=0)(=0)NTCCN(CCT)C2=CC=C(NC3=NC(=C(C=N3)C(N)=0)NC4CC4)C=C2

C1.C1.CICT1=CC=C(NC2=NN=C(CC3=CC=NC=C3)C4=CC=CC=C24)C=C]
C1.CNTCCC(CTC0)C2=C(0)C=C(0)C3=C20C(=CC3=0)C4=C(Cl)C=CC=C4
CIC1=CC=CC(=C1C(=0)NC2=C[NH]N=C2C(=0)NC3CCNCC3)CI
CN(Q)C(=0)C1=CC2=CN=C(NC3=NC=C(C=C3)NACCNCC4)N=C2[N]1C5CCCC5
CN(C)C/C=C/C(=0)NC1=CC2=C(NC3=CC=C(F)C(=C3)CI)N=CN=C2C=C10C4CCOC4
CN(Q)CTCON(CT)CC2=CC=C(C=C2C(F)(F)F)C(=0)NC3=CC=C(C)C(=C3)NC4=NC=CC(=N4)C5=CN=CN=C5
CN(C)CC(NC(=0)N1CC2=C(INH]N=C2NC3=NC(=NC4=C35C=C4)C)C1(C)C)C5=CC=CC=C5

=(5
CN(CCTCOCCO1)[S](=0)(=0)NC2=CC3=C(C=C2)C=CCA=C(C=C(C=N4)C5=C[N]((N=C5)C3=0
CNIS](=0)(=0)NC1=NC=CC(=C1F)CC2=C(C)C3=CC=C(0C4=NC=CC=N4)C=C30C2=0
CN1C(=0)C(=C(NC2=CC=C(I)C=C2F)C3=C1N=CN(CC(0)CO)C3=0)F
CN1C(=0)C(=C2N(C(=0)N(C3CC3)C(=0)C2=CT1NCA=CC=C()C=C4F)C5=CC(=CC=C5)NC(C)=0)C
CN1C(=0)C(=CC(=CINC2=C(F)C=C(1)C=C2)C(=0)NOCCO)C
CN1CCC(C(0)CT)C2=C30C(=CC(=0)C3=C(0)C=C20)C4=C(CI)C=CC=C4
CN1CCC(CCT)CNC2=N[N]3C(=NC=C3C4=CC=CC(=C4)0C(F)(F)F)C=C2
CN1CCC(CCT)COC2=CN=C(N=C2)C3=CC=CC(=C3)CNAN=C(C=CC4=0)C5=CC(=CC=C5)C#N
CNTCCN(CCT)C2=CC(=NC(=N2)\C=C\C3=CC=CC=C3)NCA=N[NH]C(=C4)C

CNTCCN(CCT)C2=CC=C(C(=0)NC3=N[NH]C4=C3C=C(CC5=CC(=CC(=C5)F)F)C=C4)C(=C2)NC6CCOCCH
CNTCCN(CCT)C2=CC=C(NC3=NC4=C(C=N3)C(=0)N(CC=C)NAC5=NC(=CC=C5)C(C)(C)0)C=C2



S1018

S2791
$1048
$2859
$1490

S1064
S2475
$1006
$2726
S1178
$1040
$2783
S1005
S2751
$2231
$2634
$2192
S1010

S1107

S1133
S1164
S1014
S1555
$1089

S2727

S7284

Dovitinib (TKI-258, CHIR-258)

Sotrastaurin
Tozasertib (VX-680, MK-0457)
Golvatinib (E7050)
Ponatinib (AP24534)

Masitinib (ARB1010)
Imatinib (STI571)
Saracatinib (AZD0530)
PH-797804
Regorafenib (BAY 73-4506)
Sorafenib Tosylate
Vistusertib (AZD2014)
Axitinib
Milciclib (PHA-848125)
Telatinib
Rebastinib (DCC-2036)
Sapitinib (RZD8931)
Nintedanib (BIBF 1120)

Danusertib (PHA-739358)

Alisertib (MLN8237)

Lenvatinib (E7080)

Bosutinib (SKI-606)
AZD8055

Refametinib (RDEA119, Bay
86-9766)
Dacomitinib (PF299804,
PF299)

Rociletinib (CO-1686, AVL-301)

c-
Kit,FGFR,FLT3,PDG
FR,VEGFR
PKC

Aurora Kinase
c-Met,VEGFR

Ber-
Abl,FGFR,PDGFR,V
EGFR
c-Kit,PDGFR

PDGFR
Src
p38 MAPK
c-RET,VEGFR
PDGFR,Raf, VEGFR
mTOR
c-Kit,PDGFR,VEGFR
CDK
c-Kit,PDGFR,VEGFR
Bcr-Abl
EGFR,HER2

FGFR,PDGFR,VEGF
R
Aurora Kinase,Bcr-
Abl,c-RET,FGFR
Aurora Kinase

VEGFR
Src
mTOR
MEK

EGFR

EGFR

405169-16-6

425637-18-9
639089-54-6
928037-13-2
943319-70-8

790299-79-5
152459-95-5
379231-04-6
586379-66-0
755037-03-7
475207-59-1
1009298-59-2
319460-85-0
802539-81-7
332012-40-5
1020172-07-9
848942-61-0
656247-17-5

827318-97-8

1028486-01-2
417716-92-8
380843-75-4

1009298-09-2
923032-37-5

1110813-31-4

1374640-70-6

9. Appendix

CNTCCN(CC)C2=CC3=C(C=C2)N=C(INH]3)C4=C(N)C5=C(NC4=0)C=CC=C5F

CNTCCN(CCT)C2=NC(=C3C=CC=CC3=N2)C4=C(C(=0)NC4=0)C5=C[NH]C6=C5C=CC=C6
CN1CCN(CCT)C2=NC(=NC(=C2)NC3=N[NH]C(=C3)C)SC4=CC=C(NC(=0)C5CC5)C=C4
CN1CCN(CCT)C2CEN(CC2)C(=0)NC3=NC=CC(=C3)0C4=CC(=C(NC(=0)C5(CC5)C(=0)NC6=CC=C(F)C=C6)C=CA)F
CNTCCN(CCT)CC2=C(C=C(NC(=0)C3=CC(=C(C)C=C3)C#CCA=CN=C5C=CC=N[N]45)C=C2)C(F)(F)F

CNTCCN(CCT)CC2=CC=C(C=C2)C(=0)NC3=CC(=C(C)C=C3)NCA=NC(=CS4)C5=CC=CN=C5
CNTCCN(CCT)CC2=CC=C(C=C2)C(=0)NC3=CC=C(C)C(=C3)NCA=NC=CC(=N4)C5=CC=CN=C5
CN1CCN(CCOC2=CC(=C3C(=NC=NC3=C2)NC4=C(Cl)C=CC5=C40C05)0C6CCOCCE)CCT
CNC(=0)C1=CC(=C(C)C=CT)N2C(=CC(=C(Br)C2=0)0CC3=CC=C(F)C=C3F)C
CNC(=0)C1=CC(=CC=N1)0C2=CC(=C(NC(=0)NC3=CC=C(CI)C(=C3)C(F)(F)F)C=C2)F
CNC(=0)C1=CC(=CC=N1)0C2=CC=C(NC(=0)NC3=CC=C(CI)C(=C3)C(F)(F)F)C=C2.CC4=CC=C(C=C4)[S](0)(=0)=0
CNC(=0)C1=CC=CC(=C1)C2=CC=C3C(=N2)N=C(N=C3N4CCOCC4C)N5CCOCC5C
CNC(=0)C1=CC=CC=C15C2=CC3=C(C=C2)C(=N[NH]3)\C=C\C4=CC=CC=N4
CNC(=0)C1=N[N]J(C)C2=C1C(C)(C)CC3=CN=C(NC4=CC=C(C=C4)N5CCN(C)CC5)N=C23
CNC(=0)C1=NC=CC(=C1)COC2=NN=C(NC3=CC=C(Cl)(=C3)C4=C20C=C4
CNC(=0)C1=NC=CC(=C1)0C2=CC(=C(NC(=0)NC3=CC(=N[N]3C4=CC5=C(C=C4)N=CC=C5)C(C)(C)C)C=C2)F
CNC(=0)CNTCCC(CCT)0C2=C(0C)C=C3N=CN=C(NC4=C(F)C(=CC=C4)Cl)(3=C2
COC(=0)C1=CC=C\2C(=CT)NC(=0)C2=C(NC3=CC=C(C=C3)N(C)C(=0)CNACCN(C)CCA)/C5=CC=CC=C5

COC(C(=0)NTCC2=C(CT)C(=N[NH]2)NC(=0)C3=CC=C(C=C3)NACCN(C)CC4)C5=CC=CC=C5

COCT=C(C(=CC=C1)F)C2=NCC3=C(N=C(NCA=CC(=C(C=C4)C(0)=0)0C)N=C3)C5=C2C=C(Cl)C=C5
COCT=C(C=C2C(=CC=NC2=C1)0C3=CC(=C(NC(=0)NC4CC4)C=C3)C)C(N)=0
COCT=C(Cl)C=C(CI)C(=CT)NC2=C(C=NC3=CC(=C(0C)C=C23)0CCCNACCN(C)CCA)CH#N
C0C1=C(CO)C=C(C=C1)C2=NC3=C(C=C2)C(=NC(=N3)N4CCOCCAC)N5CCOCC5C
COCT=C(N[S](=0)(=0)C2(CC2)CC(0)CO)C(=C(F)C(=CT)F)NC3=CC=C(1)C=C3F

COC1=C(NC(=0)/C=C/CN2CCCCC2)C=C3C(=NC=NC3=C1)NC4=CC(=C(F)C=C4)Cl

COC1=C(NC2=NC=C(C(=N2)NC3=CC=CC(=C3)NC(=0)C=C)C(F)(F)F)C=CC(=C1)N4CCN(CC4)C(C)=0
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$7297
$1533
$2625
S1017
$1025
$8401
$1523

$8054
$1485
S2743
$2688
$2624
S1119

$1207
S1194
S8015
$2658

$1022

S1167
S7786
$7818
$1220
S1458
S1378
S6005
S1532
$8019
$2680
S7877

Osimertinib (ARZD9291)
R406 (free base)
Fostamatinib (R788)
Cediranib (RZD2171)
Gefitinib (ZD1839)
Erdafitinib (JNj-42756493)

Voxtalisib (SAR245409, XL765)
Analogue
ASP3026

HMN-214
PF-04691502
R547
0S1-027

Cabozantinib (XL184, BMS-
907351)
Tivozanib (AV-951)

Cubc-101
CEP-32496

Omipalisib (GSK2126458,
GSK458)
Ridaforolimus (Deforolimus,
MK-8669)
CP-724714

Erlotinib
Pexidartinib (PLX3397)
0SI1-930
VX-745
Ruxolitinib (INCB018424)
VX-702
AZD7762
AZD5363
Ibrutinib (PCI-32765)
ONO0-4059 analogue

EGFR
Suk
Suk

VEGFR

EGFR

FGFR

mTOR,PI3K

ALK
PLK
Akt,mTOR,PI3K
CDK
mTOR
c-Met,VEGFR

c-Kit,PDGFR, VEGFR

EGFR,HDAC,HER2
CSF-1R,Raf
mTOR,PIZK

mTOR

EGFR,HER2
EGFR
CSF-1R,c-Kit
c-Kit,CSF-TR VEGFR
p38 MAPK
JAK
p38 MAPK
Chk
Akt
BTK
BTK

1421373-65-0
841290-80-0
901119-35-5
288383-20-0
184475-35-2
1346242-81-6
1349796-36-6

1097917-15-1
173529-46-9
1013101-36-4
741713-40-6
936890-98-1
849217-68-1

475108-18-0
1012054-59-9
1188910-76-0
1086062-66-9

572924-54-0

537705-08-1
183321-74-6
1029044-16-3
728033-96-3
209410-46-8
941678-49-5
745833-23-2
860352-01-8
1143532-39-1
936563-96-1
1351635-67-0

COCT1=C(NC2=NC=CC(=N2)C3=C[N](C)C4=C3C=CC=C4)C=C(NC(=0)C=C)C(=CT)N(C)CCN(C)C
C0C1=C(0C)C(=CC(=CT)NC2=NC(=C(F)C=N2)NC3=NC4=C(0C(C)(C)C(=0)N4)C=C3)0C
COC1=C(00)C(=CC(=CT)NC2=NC=C(F)C(=N2)NC3=CC=C40C(C)(C)C(=0)N(CO[P](0)(0)=0)C4=N3)0C
C0C1=C(0CCCN2CCCC2)C=C3N=CN=C(0C4=C(F)C5=C([NH]C(=C5)C)C=C4)C3=C1
C0C1=C(0CCCN2CCOCC2)C=C3C(=NC=NC3=CT)NCA=CC=C(F)C(=C4)CI
COCT=CC(=CC(=CT)N(CCNC(C)C)C2=CC3=NC(=CN=C3C=C2)C4=C[N](C)N=C4)0C
COCT=CC(=CC(=CT)NC2=NC3=CC=CC=C3N=C2N[S](=0)(=0)C4=CC=C(NC(=0)C5=CC=C(C)C(=C5)0C)C=C4)0C

COC1=CC(=CC=CTNC2=NC(=NC=N2)NC3=CC=CC=C3[S](=0)(=0)C(C)CNACCC(CCA)N5CCN(C)CCH
COC1=CC=C(C=CT)[S](=0)(=0)N(C(C)=0)C2=C(C=CC=C2)\C=C\C3=CC=[N+]([0-])C=C3
COC1=CC=C(C=N1)C2=CC3=C(C)N=C(N)N=C3N(C4CCC(CC4)0CCO)C2=0
COC1=CC=C(F)C(=C1C(=0)C2=C(N)N=C(NC3CCN(CC3)[S](C)(=0)=0)N=C2)F
COC1=CC=CC2=C1[NH]C(=C2)C3=CA[N](N=CN=C4N)C(=N3)C5CCC(CC5)C(0)=0
C0C1=CC2=C(C=C10C)C(=CC=N2)0C3=CC=C(NC(=0)C4(CC4)C(=0)NC5=CC=C(F)C=C5)C=C3

C0C1=CC2=C(C=C100)C(=CC=N2)0C3=CC=C(NC(=0)NC4=NOC(=C4)C)C(=C3)C|
C0C1=CC2=C(C=CT10CCCCCCC(=0)NO)C(=NC=N2)NC3=CC(=CC=C3)C#C
C0C1=CC2=NC=NC(=C2C=C100)0C3=CC(=CC=C3)NC(=0)NC4=NOC(=C4)C(C)(C)C(F)(F)F
COCT1=NC=C(C=CTNI[S](=0)(=0)C2=CC=C(F)C=C2F)C3=CC=C4N=CC=C(C5=CC=NN=C5)C4=C3

COC1CC(CCCTO[P)(C)(C)=0)CC(C)C2CC(=0)C(CNC=C(ONC(0)C(0C)C(=0)C(C)CC(C)/C=C/C=C/C=C(C)/C(CC3CCC(C)C(O

)(03)C(=0)C(=0)N4CCCCC4C(=0)02)0C
COCC(=0)NC/C=C/C1=CC=C2N=CN=C(NC3=CC=C(0C4=CC=C(ON=C4)C(=C3)0)C2=CT

C0CCOCT=C(0CCOC)C=C2C(=NC=NC2=C1)NC3=CC=CC(=C3)CHC
FC(F)(F)C1=NC=C(CNC2=NC=C(CC3=C[NH]C4=NC=C(Cl)(=C34)C=C2)C=C1
FC(F)(F)OC1=CC=C(NC(=0)C2=C(NCC3=CC=NC4=CC=CC=(34)(=CS2)C=C1

FC1=CC(=C(SC2=NN3C=NC(=0)C(=C3C=C2)C4=C(CI)C=CC=CACI)C=CT)F
N#CCC(CTCCCCT)[N]2C=C(C=N2)C3=NC=NC4=C3C=C[NH]4
NC(=0)N(C1=NC(=C(C=C1)C(N)=0)C2=C(F)C=C(F)C=C2)C3=C(F)C=CC=C3F
NC(=0)NC1=C(SC(=C1)C2=CC(=CC=C2)F)C(=0)NC3CCCNC3
NCT(CCN(CCT)C2=NC=NC3=C2C=C[NH]3)C(=0)NC(CCO)C4=CC=C(Cl)C=C4
NC1=C2C(=NC=N1)[N](N=C2(3=CC=C(0C4=CC=CC=C4)C=C3)C5CCCN(C5)C(=0)C=C
NC1=C2N(C(=0)N(C3CCCN(C3)C(=0)C=C)C2=NC=N1)C4=CC=C(0C5=CC=CC=C5)C=C4

XLII



S2247

S1352
S7104
$7563

$2700
$2158

S7036
$7605
S1134

$2219
$2753
$2770
$1100
$2248
S8041

$2864
$7960

S1475
$1036
$1094
S1244

Buparlisib (BKM120, NVP-
BKM120)
TG100-115

AZD1208
AT13148

KX2-391
Kw-2449

XL019
Filgotinib (GLPG0634)
AT9283

Momelotinib (CYT387)
Tivantinib (ARQ 197)
MK-5108 (VX-689)
MLN8054
Silmitasertib (CX-4945)

Cobimetinib (GDC-0973,
RG7420)
IMD 0354

Larotrectinib (LOX0-101)
sulfate
Pimasertib (AS-703026)

PD0325901
PF-04217903
Amuvatinib (MP-470)

PI3K

PI3K
Pim
Akt,S6

Kinase,ROCK,PKA
Src

Aurora Kinase,Bcr-
Abl,FLT3
JAK

JAK

Aurora Kinase,Bcr-
Abl,JAK
JAK

c-Met
Aurora Kinase
Aurora Kinase
Casein Kinase

MEK

IkB/IKK

Trk receptor

MEK

MEK

c-Met
c-Kit,FLT3,PDGFR

944396-07-0

677297-51-7
1204144-28-4
1056901-62-2

897016-82-9
1000669-72-6

945755-56-6
1206161-97-8
896466-04-9

1056634-68-4
905854-02-6
1010085-13-8
869363-13-3
1009820-21-6
934660-93-2

978-62-1
1223405-08-0

1236699-92-5
391210-10-9
956905-27-4
850879-09-3
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9. Appendix

NC1=CC(=C(C=N1)C2=NC(=NC(=C2)N3CCOCC3)N4CCOCCA)C(F)(F)F

NC1=NC2=NC(=C(N=C2C(=N1)N)C3=CC(=CC=C3)0)C4=CC=CC(=C4)0
NC1CCCN(C1)C2=C(C=CC=C2(3=CC=CC=C3)\C=C\4SC(=0)NC4=0

NCC(0)(C1=CC=C(CI)C=C1)(2=CC=C(C=C2)C3=C[NHIN=C3

0=C(CC1=CC=C(C=N1)C2=CC=C(0CCN3CCOCC3)C=C2)NCC4=CC=CC=C4
0=C(NTCCNCCT)C2=CC=C(C=C2)/C=C/C3=N[NH]C4=C3C=CC=C4

0=C(NC1=CC=C(C=C1)C2=CC=NC(=N2)NC3=CC=C(C=C3)N4CCOCCA)C5CCCNS
0=C(NC1=N[NJ2C(=N1)C=CC=C2C3=CC=C(CNACC[S](=0)(=0)CC4)C=C3)C5CC5
0=C(NC1CCT)NC2=CINH]N=C2C3=NC4=CC(=CC=C4[NH]3)CN5CCOCC5

0=C(NCC#N)C1=CC=C(C=C1)C2=NC(=NC=C2)NC3=CC=C(C=C3)NACCOCCA
0=C1NC(=0)C(C1C2=C[NH]C3=C2C=CC=C3)C4=C[N]5CCCC6=CC=CC4=C56
0C(=0)C1(CCC(CCT)0C2=C(F)C(=CC=C2)CI)CC3=CC=CC(=N3)NC4=NC=CS4
0C(=0)C1=CC=C(NC2=NC3=C(CN=C(C4=CC(=CC=C34)Cl)C5=C(F)C=CC=C5F)C=N2)C=C1
0C(=0)C1=CC2=C(C=C1)C3=CN=CC=C3C(=N2)NC4=CC(=CC=CA)Cl
0C1(CN(C1)C(=0)C2=C(NC3=CC=C(1)C=C3F)C(=C(F)C=C2)F)CACCCCN4

0CT=C(C=C(C)C=CT)C(=0)NC2=CC(=CC(=C2)C(F)(F)F)C(F)(F)F

0C1CCN(CT)C(=0)NC2=C3N=C(C=C[N]3N=C2)N4CCCCAC5=CC(=CC=C5F)F.0[S](0)(=0)=0

0CC(0)CNC(=0)C1=CC=NC=CTNC2=C(F)C=C(1)C=C2
0CC(0)CONC(=0)CT=C(NC2=CC=C(1)C=C2F)C(=C(F)C=CT)F

OCC[N]1C=C(C=N1)C2=NC3=C(N=C2)N=N[N]3CC4=CC5=CC=CN=C5C=C4
S=C(NCC1=CC=C20C0C2=CT)N3CCN(CC3)C4=NC=NC5=C40C6=CC=CC=C56



SI Table 7 | Small molecules that were excluded from the final evaluation due to assay interference.

Compound

IMD 0354

Linifanib (ABT-869)
GSK-1059615

Varlitinib

AZD5438

Sorafenib Tosylate
Ceritinib (LDK378)
Bosutinib (SKI-606)
Orantinib (TSU-68, SU6668)
Amuvatinib (MP-470)
R05126766 (CH5126766)
BI-847325

Nintedanib (BIBF 1120)
Pexidartinib (PLX3397)
Erdafitinib (JNJ-42756493)
Enzastaurin (LY317615)
Cl-1033

Rebastinib (DCC-2036)
Sunitinib Malate
Netarsudil

Axitinib

SMILES

0C1=C(C=C(Cl)C=C1)C(=0)NC2=CC(=CC(=C2)C(F)(F)F)C(F)(F)F
CC1=CC(=C(F)C=C1)NC(=0)NC2=CC=C(C=C2)C3=CAC(=N[NH]C4=CC=C3)N
€1=CC2=NC=CC(=C2C=C1C=C3C(=0)[N-]C(=0)S3)C4=CC=NC=C4.0.
CCTCOC(=NT)NC2=CC3=C(C=C2)N=CN=C3NC4=CC(=C(0CC5=NC=CS5)C=C4)Cl
CC(CQ)[N]1C(=ENC=C1C2=NC(=NC=C2)NC3=CC=C(C=C3)[S](C)(=0)=0)C
CNC(=0)C1=CC(=CC=N1)0C2=CC=C(NC(=0)NC3=CC=C(CI)C(=C3)C(F)(F)F)C=C2.CC4=CC=C(C=C4)[S](0)(=0)=0
CC(C)0CT=C(NC2=NC(=C(Cl)C=N2)NC3=C(C=CC=C3)[S](=0)(=0)C(C)C)C=C(C)C(=C1)CA4CCNCCA
COCT=C(CI)C=C(CI)C(=CT)NC2=C(C=NC3=CC(=C(0C)C=C23)0CCCNACCN(C)CCA)CEN
CC1=C(CCC(0)=0)C(=C(INH]1)/C=C/2C(=0)NC3=CC=CC=C23)C
S=C(NCC1=CC=C20C0C2=C1)N3CCN(CC3)C4=NC=NC5=C40C6=CC=CC=(56
CN[S](=0)(=0)NC1=NC=CC(=C1F)CC2=C(C)C3=CC=C(0C4=NC=CC=N4)C=C30C2=0
CCNC(=0)C#CC1=CC=C\2C(=C1)NC(=0)C2=C(NC3=CC=C(CN(C)C)C=C3)/C4=CC=CC=C4
COC(=0)C1=CC=C\2C(=CT)NC(=0)C2=C(NC3=CC=C(C=C3)N(C)C(=0)CN4CCN(C)CC4)/C5=CC=CC=C5
FC(F)(F)C1=NC=C(CNC2=NC=C(CC3=C[NH]C4=NC=C(Cl)(=C34)C(=C2)C=C1
COC1=CC(=CC(=CT)N(CENC(C)C)C2=CC3=NC(=CN=C3C=C2)C4=C[N](C)N=C4)0C
CN]1C=C(C2=CC=CC=C12)C3=C(C(=0)NC3=0)C4=C[N](C5CCN(CC5)CC6=NC=CC=C6)C7=CC=CC=C47
C=CC(=0)NC1=C(C=C2C(=C1)C(=NC=N2)NC3=CC(=C(C=C3)F)CI)OCCCNACCOCC4
CNC(=0)C1=NC=CC(=C1)0C2=CC(=C(NC(=0)NC3=CC(=N[N]3C4=CC5=C(C=C4)N=CC=C5)C(C)(C)C)C=C2)F
CCN(CO)CCNC(=0)CT=C(C)INH]C(=C1C)/C=C/2C(=0)NC3=CC=C(F)C=C23.0C(CC(0)=0)C(0)=0
CC1=CC(=C(C=C1)C(=0)0CC2=CC=C(C=C2)[C@@H](CN)C(=0)NC3=CC4=C(C=C3)C=NC=C4)C
CNC(=0)C1=CC=CC=C15C2=CC3=C(C=C2)C(=N[NH]3)\C=C\C4=CC=CC=N4

XLIV

Mw
383.67
37541
333.36
466.94
371.46
637.03
558.14
530.45
310.35
447 .51
471.46
464.56
539.62
417.81
446.54
515.61
485.94
553.59
532.56
526.45
386.47

Color

yellow

yellow
yellow
yellow

orange

orange

ALogP
4.921
4.169

4.577
2.966
5.824
6.479
4.883
2.868
4.867
2.473
4.041
2.965
4.811
3.943

4.32

5.14
-1.049

4.492

Supplier Catalog No
S2864
S1003
S1360
S2755
S2621
S$1040
S7083
S1014
S1470
S1244
S7170
$7843
S1010
$7818
S8401
S1055
S1019
S2634
S1042
$8226
S1005
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