TECHNISCHE UNIVERSITAT MUNCHEN

Lehrstuhl flir Proteomik und Bioanalytik

Identifying small molecule probes for kinases
by chemical proteomics

Maria Reinecke

Vollstandiger Abdruck der von der Fakultdt Wissenschaftszentrum Weihenstephan fir
Erndhrung, Landnutzung und Umwelt der Technischen Universitdat Minchen zur
Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften

genehmigten Dissertation.

Vorsitzende: Prof. Angelika Schnieke, Ph.D.

Prufer der Dissertation: 1. Prof. Dr. Bernhard Kister
2. Prof. Dr. Stefan Knapp
3. apl. Prof. Dr. Philipp J. Jost

Die Dissertation wurde am 20.04.2020 bei der Technischen Universitat Minchen
eingereicht und durch die Fakultat Wissenschaftszentrum Weihenstephan fiir Erndhrung,
Landnutzung und Umwelt am 05.08.2020 angenommen.












Abstract

Protein and lipid kinases are involved in almost every cellular signalling pathway, and alterations
in their catalytic activity largely affect cellular homeostasis which can lead to the development of
human diseases. Over the past two decades thousands of small molecule kinase inhibitors have
been developed to target aberrant activated kinases. The majority of such compounds target the
ATP binding pocket of the kinase domain which is highly conserved, rendering the development
of selective compounds challenging. Hence, thorough evaluation of the target space of small
molecule kinase inhibitors is essential to fully understand a drug’s mode of action and to evaluate
potential application areas. Small molecule kinase inhibitors can be used either for medical
applications as molecular targeting agents or in basic research as chemical probes to investigate
the cellular function of a certain kinase. Despite the high value of kinase inhibitors, a large part of
the human kinome still lacks highly selective inhibitors. Here, a chemical proteomic approach
(Kinobeads) was harnessed to elucidate the target space of over 1,200 kinase inhibitors in order
to identify potential new chemical probes and to shed light on their mechanisms of action.

Initially, a new Kinobeads matrix was developed that extended the kinome coverage to
phosphatidylinositol 3-kinases (PI3Ks) and PI3K-related kinases (PIKKs). Together with an
optimized cell lysate mixture, more than 300 kinases are now accessible for Kinobeads selectivity
profiling. In addition, optimization of the experimental workflow and the mass spectrometric
measurement method led to a drastic reduction of sample preparation and data acquisition time
enabling large scale selectivity profiling of more than thousand small molecule kinase inhibitors.

Following the method optimization, the target landscape of 1,232 tool compounds (published
kinase inhibitor set (PKIS), PKIS2, kinase chemogenomic set and Roche library) were determined
to find new selective kinase inhibitors and compounds for the hitherto undruggable kinome.
Several hundred new potential chemical probes were found that target 73 different kinases, many
of which were missing a chemical probe. Examples of highly selective inhibitors for the kinases
CK2 and SYK were further validated with functional assays. Moreover, compounds targeting the
understudied kinase PKN3 were discovered and utilized for functional phosphoproteomic studies
to identify potential downstream substrates of PKN3. Overall, the generated dataset proved to be
a valuable resource for drug discovery in order to find new chemical probes.

In addition, the Kinobeads technology was used to survey 55 clinical kinases inhibitors for their
target space. Here, the selectivity of the panel ranged from broad spectrum kinase inhibitors to
highly selective inhibitors. Special emphasis was put on the profiling of clinical mTOR and PI3K
inhibitors which was made possible by the new Kinobeads affinity matrix. Selectivity profiling
revealed an interesting off-target (DCK) of the designated mTOR inhibitor TG100-115. In addition,
an adapted Kinobeads workflow enabled distinguishing between reversible and irreversible off-
targets of five covalent BTK inhibitors. Moreover, it was shown that ATP supplementation of the
lysate prior to Kinobeads enrichment resulted in a shift of affinities for some kinases.

In summary, the presented work highlights the usability of chemical proteomics (Kinobeads) for
elucidating the target space of kinase inhibitors, in order to discover new chemical probes. This
thesis offers a large resource for the scientific community for further drug discovery and drug
development.
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Zusammenfassung

Protein- und Lipid-Kinasen sind an nahezu jedem zellularen Signalweg beteiligt. Eine abnormale
katalytische Aktivitat von Kinasen beeinflusst das zellulare Gleichgewicht und kann zur Entstehung
von Krankheiten fihren. Innerhalb der Iletzten zwei Jahrzehnte wurden zahlreiche
niedermolekulare Kinaseinhibitoren entwickelt, die Kinasen mit abnormaler Aktivitdt hemmen.
Die meisten dieser Verbindungen zielen auf die strukturell konservierte ATP-Bindungstasche in
der Kinasedomane ab, so dass die Entwicklung selektiver Inhibitoren oft eine Herausforderung
darstellt. Eine griindliche Charakterisierung des Zielraums von niedermolekularen Kinase-
inhibitoren ist daher unerlasslich, um die Wirkungsweise eines Inhibitors vollstandig zu verstehen.
Kinaseinhibitoren konnen entweder flir medizinische Anwendungen als zielgerichtete
Medikamente oder in der Grundlagenforschung als chemische Sonden zur Untersuchung der
zelluldren Funktion einer Kinase eingesetzt werden. Obwohl Kinaseinhibitor sehr niitzlich sind,
fehlt einem groRen Teil des menschlichen Kinoms noch immer ein hochselektiver Inhibitor. In
dieser Arbeit wurde ein chemisch-proteomischer Ansatz (Kinobeads Methode) genutzt, um den
Zielraum von Gber 1.200 Kinaseinhibitoren aufzukldren, damit neue chemische Sonden gefunden
werden kdnnen und der Wirkmechanismus der Inhibitoren besser verstanden werden kann.

Zunachst wurde eine neue Kinobeads-Matrix entwickelt, die die Kinomabdeckung auf
Phosphatidylinositol-3-Kinasen (PI3Ks) und PI3K-verwandte Kinasen (PIKKs) erweiterte.
Zusammen mit einem optimierten Zelllysatgemisch kénnen nun mehr als 300 Kinasen mit
Kinobeads angereichert werden. Dariiber hinaus fiihrte die Optimierung des experimentellen
Arbeitsablaufs und der massenspektrometrischen Messmethode zu einer drastischen
Reduzierung der Probenpradparationszeit und der Datenerfassungszeit.

Im Anschluss an die Methodenoptimierung wurden die Zielproteine von 1.232 Verbindungen (aus:
Published kinase inhibitor set (PKIS), PKIS2, kinase chemogenomic set und einer Roche-Bibliothek)
bestimmt, um neue selektive Kinaseinhibitoren zu finden. Es wurden mehrere hundert neue
selektive Inhibitoren gefunden, die 73 verschiedene Kinasen binden, wobei vielen von diesen ein
hochselektiver Inhibitor fehlte. Beispiele fiir selektive Inhibitoren flr die Kinasen CK2 und SYK
wurden mit funktionalen Assays validiert. Dartber hinaus wurden Verbindungen fir die wenig
untersuchte Kinase PKN3 gefunden, welche fiir funktionelle Phosphoproteom-Experimente
verwendet wurden, um nachgeschaltete Substrate von PKN3 zu identifizieren. Insgesamt ist der
generierte Datensatz eine wertvolle Ressource, um neue chemische Sonden zu finden.

Darliber hinaus wurden mit der Kinobeads-Technologie 55 klinische Kinaseinhibitoren auf ihre
Zielproteine hin untersucht. Dabei reichte die Selektivitat der Inhibitoren von Breitspektrum-
Kinaseinhibitoren bis hin zu hochselektiven Inhibitoren. Besonderes Augenmerk wurde auf die
Profilierung der klinischen mTOR- und PI3K-Inhibitoren gelegt, was durch die neue Kinobeads-
Affinitatsmatrix erst ermoglicht wurde. Die Selektivitdtsprofilierung ergab ein interessantes bis
dato unbekanntes Zielprotein (DCK) des designierten mTOR-Inhibitors TG100-115. Darliber hinaus
ermoglichte ein angepasster Kinobeads Workflow die Unterscheidung zwischen reversiblen und
irreversiblen Zielproteinen von fiinf kovalenten BTK-Inhibitoren. Zusatzlich wurde gezeigt, dass
die Zugabe von ATP zum Zelllysat vor der Kinobeads-Anreicherung zu einer Verschiebung der
Affinitaten fur einige Kinasen flhrte.

Zusammenfassend unterstreicht diese Arbeit, wie nltzlich die chemische Proteomik fiir die
Aufklarung der Zielproteine von Kinase-Inhibitoren ist, um damit neue chemische Sonden zu
entdecken. Diese Arbeit bietet der wissenschaftlichen Gemeinschaft eine niitzliche Ressource fiir
die weitere Arnzneimittelentwicklung.
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Chapter 1 | Introduction

1 Human Protein and Lipid Kinases

1.1 Kinases in Cellular Signaling

The human kinome. Human protein and lipid kinases are key players in nearly all aspects of
cellular function and orchestrate the activity of almost all cellular processes. They are organized
in signaling cascades and transmit external and internal stimuli to regulate growth, division,
development and death of a cell by changing the activity of effector proteins and lipids.! Protein
and lipid kinases are enzymes that catalyze the transfer of the terminal phosphate group of
adenosine triphosphate (ATP) to a protein or lipid resulting in the formation of a phosphate ester
linkage through a nucleophilic substitution reaction (Figure 1A).2 During this process that is known
as phosphorylation, the phosphoanhydride bond between the B- and y-phosphate of ATP is
cleaved and 8-12 kcal/mol of free energy is released which is the driving force of this reaction.?

Protein and lipid phosphorylation requires a tight interplay between kinases and phosphatases
catalyzing dephosphorylation (Figure 1A) to enable a flexible and rapid response to diverse extra-
and intracellular stimuli and to fine-tune cellular signaling networks.* Protein phosphorylation as
a regulatory mechanism performed by protein kinases was first discovered by Krebs and Fischer
in the late 1950s. The importance of phosphorylation in cellular signaling is reflected by the fact
that around 2 % of the human genome encodes for kinases.® Due to its reversibility and versatility,
protein 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 protein activity and stability or modulate protein-protein interactions as well as
sub-cellular localization.? As the name suggests, lipid kinases phosphorylate lipids in the plasma
membrane and on the membranes of organelles, thereby changing their localization and
reactivity.®

The first comprehensive study of all human kinases was done in 2002 by Manning and coworkers
who identified 518 protein kinases and classified them into nine distinct groups according to their
sequence similarity.”> The absolute number of protein kinases in the human genome however is
still under debate, since some kinases were recharacterized as member of another protein family
and some phosphorylate non-protein substrates. In a recent publication, the super family of
human kinases, also known as the human kinome, comprises 555 members that can be grouped
into a main class of 497 eukaryotic protein kinases (ePKs) and, due to the lack of sequence
similarity in a class of 58 atypical protein kinases (aPKs) that include the lipid kinases.” Despite the
lack in sequence similarity, some of the atyptical kinases reveal structural similarities to ePK and
share the prototypical ePK fold. Hence, 26 out of the 58 aPKs were further classified as protein
kinase like (PKL).2 The group of ePKs can be further subdivided into nine groups according to the
sequence of their catalytic domain and their biological function: AGC family containing PKA PKG
and PKC, calcium/calmodulin dependent kinase (CAMK), casein kinases 1 (CK1), a group of cyclin
dependent kinases, MAP kinases, glycogen synthase kinase and casein kinase (CMGC), receptor
guanylate cyclases (RGC), sterile 20 kinases (STE), tyrosine kinases (TK) and tyrosine kinase like
(TKL) and others.>®

3|Page



Chapter 1 | Introduction

Approximately 10 % of the protein kinases lack key catalytic residues and hence catalytic activity.
These kinases, termed pseudokinases, can still have important regulatory functions like cell
trafficking and allosteric regulation of other proteins as well as scaffolding functions.'® Regardless
of which class a kinase belongs to, almost all of them play a decisive role in cellular signal
transduction. As an example of the way kinases forward external and internal stimuli via a complex
signaling cascade to reach a cellular response, the PI3K/AKT/mTOR signaling pathway is described
in more detail hereafter.
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Figure 1 | Role of kinases in cellular signaling. (A) Schematic representation of phosphorylation. Proteins
and lipids are phosphorylated by kinases under consumption of ATP. Dephosphorylation is carried out by
phosphatases. (B) Schematic representation of the PI3K/AKT/mTOR signaling cascade. The signaling
network with all nodes, activating and inhibiting interaction partners as well as downstream effectors are
depicted. Red circles indicate inhibitory phosphorylation and green circles activating phosphorylation.
Phosphorylation marked in brown is not induced by this signaling network. Adapted from Yu and Cui.*!

The PI3K/AKT/mTOR pathway. The phosphatidylinositol-3-kinases (P13K), the protein kinase B
(PKB), also known as RAC-alpha serine/threonine-protein kinase (AKT), and the mammalian target
of rapamycin (mTOR) are key players of the PI3K/AKT/mTOR signaling pathway.!! PI3Ks belong to
the family of lipid kinases and have the capability to phosphorylate phosphatidylinositol-(4,5)-
bisphosphate (PIP;) to phosphatidylinositol-(3,4,5)-triphosphate (PIP3) (Figure 1B). The PI3K family
can be divided into three subclasses of which class |, including the a-, B-, y- and 6-isoforms, is the
best studied class.!? Through activation of receptor tyrosine kinases or G protein coupled
receptors (GPCR) by external stimuli like growth factors such as EGF or insulin, PI3K is recruited to
the membrane where it gets activated.!*!* After phosphorylation of PIP,, PIPs recruits AKT
together with phosphoinositide-dependent kinase 1 (PDK1) and mTOR to the membrane. mTOR
is part of the PI3K related kinase (PIKK) family'®> and forms two distinct complexes, mTORC1 and
mTORC2, which can be distinguished by their composition, substrate specificity and sensitivity to
rapamycin.'® The complex phosphorylating AKT at the membrane is mTORC2 which consists of
mTOR, DEP domain-containing mTOR-interacting protein (DEPTOR)Y, target of rapamycin
complex subunit LST8 (mLST8)®, stress-activated map kinase-interacting protein 1 (mSIN1)®,
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Chapter 1 | Introduction

proline-rich protein 5 (PROTOR)?® and the rapamycin insensitive companion of mTOR (RICTOR).
Substrates of mTORC2 are AKT and SGK1.16

After recruitment to the membrane, AKT gets doubly phosphorylated at Thr-309 and Ser-473 by
PDK1 and mTORC2, respectively.!! The AKT kinase belongs to the AGC kinase family and after
activation, mediates cell growth and cell survival by phosphorylation of several downstream
proteins.?? The main downstream effector protein complex of AKT is mTORC1 which consist of
mTOR, DEPTORY, mLST8%, Proline-rich AKT1 substrate (PRAS40, also known as AKT1S1)?* and
regulatory associated protein of mTOR (RAPTOR)?*. The main substrates are the eukaryotic
translation initiation factor 4E (elF-4E) binding protein (4EBP1) and the ribosomal S6 kinase (S6K)
which respectively phosphorylate the eukaryotic translation initiation factor 4E (eiF-4E) and
ribosomal protein S6 (Figure 1 B). The PI3K/AKT/mTOR pathway regulates cell processes like cell
proliferation, cell growth and cell metabolism.!'*% The signaling cascade is antagonized at
different steps by several proteins including the tumor suppressor phosphatase and tensin
homolog (PTEN) which is able to dephosphorylate PIP; to PIP, and thereby leads to inactivation of
AKT. 1

1.2 Structure of Human Protein and Lipid Kinase Domains

Despite overall low sequence similarity, the structure of the catalytic domain is highly conserved
between ePKs and aPKs, notably the PKL class, which was revealed by the first aPK X-ray
crystallographic structure solved by Walker and coworkers in 1999.2%?” Up to date, 268 ePK and
15 aPK X-ray structures have been solved giving an insight into the structure and the different
conformational states of ePKs and aPKs.” The catalytic kinase domain is highly dynamic and flexible
and allows the binding of ATP and the substrate in the active state.?® During the process of
phosphorylation the kinase domain switches between two different states, the active and the
inactive conformation.?® In between the two extreme states the kinase domain performs different
movements which are together referred as kinase domain “breathing”.?° The active conformation
is highly conserved within the kinase family because they all catalyze the same reaction, while the
inactive state can vary greatly between the different kinase classes.?

The basic structure of the kinase domain consists of two structurally different loops connected by
a flexible hinge region (Figure 2). The N-lobe comprises five stranded B sheets and a prominent o
helix also known as aC helix while the larger C-lobe comprises only a helices.” The ATP molecule
and the substrate can bind in the cleft between these two lobes. Overall, the kinase domain
features several conserved regions most of which are very flexible and can adopt different
conformations. A key signature of every active kinase is the formation of a regulatory hydrophobic
spine, known as R-spine which consists of four key residues (RS1-RS4). The four residues are the
histidine in the HDR motif of the catalytic loop, the phenylalanine in the DFG motif of the
activation loop and two aliphatic residues in the aC helix and the B4 strand.3*? The assembly of
the R-spine, mediated by well-organized events, leads to an active conformation of the kinase.

The DFG (aspartic acid, phenylalanine, glycine) motif is a key player in the activation of the kinase.
This conserved motif can rotate and flip between the DFG-in conformation that is characteristic
for an active kinase (R-spine formation) and DFG-out conformation that is characteristic for an
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inactive kinase (disordered R-spine). In the active state of the kinase, the aspartate is pointing
towards the ATP binding pocket where it interacts with bound ATP while the phenylalanine orients
towards the hydrophobic pocket which leads to R-spine formation.®
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Figure 2 | Structure of eukaryotic protein kinase (ePK) domain and atypical protein kinase (aPK) domains.
The ePK domain exemplified by EGFR (left panel) and aPK domain exemplified by mTOR (right panel) are
structured into a N-lobe and C-lobe. Several catalytic motifs that are involved in the transfer of the y-
phosphate of ATP to the substrate are conserved between ePKs and aPKs (middle panel). Adapted with
permission from Kanev et al.”

Many but not all kinases are activated upon phosphorylation of the activation loop which is a loop
of 20-30 residues C-terminal of the DFG motif.3® This leads to an interaction between the
negatively charged phosphate in the activation loop and the positively charged arginine of the
HRD (histidine, arginine, aspartate) motif in ePKs. The HRD motif is mirrored in aPKs (DRH)
suggesting that the histidine rather than the aspartic acid serves as catalytic base.”?* Upon
phosphorylation of the activation loop, ATP is able to bind in the cleft between the two lobes and
sits next to a highly conserved loop that connects B1 and B2 sheets. This loop is known as G-rich
loop as it contains a glycin rich motif (GxGxxG) that makes the loop very flexible. This motif allows
the G-rich loop to approach the phosphate of ATP very closely to position ATP within the pocket.?
The glycine rich motif of the G-rich loop is highly conserved within the ePKs while it is missing in
the G-rich loop (often referred to as p-loop for aPKs) of aPKs.’

The G-rich loop also positions another conserved region in the kinase domain, the AxK motif, that
forms a salt bridge with a glutamate in the aC helix in the active state and thus aligns ATP in the
pocket.3® After ATP binds, the catalytic spine (C-spine) is completed that consists of a series of
hydrophobic residues positioned in the N-lobe and C-lobe and allows the two lobes to close.3! For
the enzymatic reaction to occur, the substrate has to bind to the kinase in close proximity to ATP.
After the catalytic cycle has been completed ADP and the phosphorylated substrate are released.

In order to become fully active, some kinases are dependent on interaction partners. One
prominent example are the cyclin dependent kinases (CDKs) which require the formation of a
cyclin/CDK complex to establish a catalytically active ATP binding pocket.® While the binding sites
are structurally highly conserved between ePKs and aPKS, regions outside the binding sites differ
considerably as exemplified by absence of the aF-helix in most aPKs (Figure 2).’
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1.3 Kinases in Human Diseases

Kinases are molecular switches whose catalytic activity is stringently regulated and tightly
controlled.?® Aberrant kinase activity caused by mutations, chromosomal rearrangements or gene
amplification leads to altered phosphorylation states of cellular proteins which in turn alter
signaling transduction.?”*® Therefore kinases play a major role in various human pathologies like
cancer®¥’, immunological®, neurological®® and inflammatory*® diseases and over the last two
decades have become one of the most important drug targets in pharmaceutical research.®® For
instance, the Janus kinase (JAK) - signal transducer and activator of transcription protein (STAT)
pathway, the Burton tyrosine kinase (BTK)-spleen tyrosine kinase (SYK) pathway and the mitogen-
activated protein kinase (MAPK) are associated with the development of autoimmune and

inflammatory diseases.394!

Especially in the field of cancer, kinases play a crucial role. Cancer is a group of proliferative human
diseases with the capability to invade neighboring tissue and to spread over other parts of the
body. During the development of cancer, the cancer cell can accumulate several malignant
molecular features including abnormal kinase activity that have many diverse functions. However,
the growth and survival of cancer cells can be dependent on the activation of a single critical
oncogene responsible for the malignant phenotype.*? This concept is known as “oncogene
addiction” and provides the rational for molecular targeted therapy.*® By inhibiting the activity of
this single oncogene with antibodies or small molecules, the growth of cancer cells can be
restrained and ideally the patient survival can be prolonged.* The first oncogene to be discovered
was the Rous sarcoma virus transforming factor (v-Src) which was identified as a protein kinase.*
Notorious kinase oncogenes comprise BRAF, which is often mutated (V600E mutation) in
malignant melanoma®®, the oncogenic BCR-ABL fusion gene in chronic myeloid leukemia (CML)*
and the PI13K family. Oncogenic mutations in the catalytic subunit of PIK3CA indeed are found in
approximately 40 % of all breast cancers®® while the PI3K/AKT/mTOR signaling pathway (see
Introduction Chapter 1.1) is one of the most frequently dysregulated pathways in cancer. Besides
PI3K, various other components of the signaling cascade like AKT*® can be mutated and result in a
radical disturbance in the control of cell growth and survival.>®

Sustained cell growth and proliferation as well as resistance to cell death and activation of
migration and invasion are only three of the six postulated hallmarks of cancer that can be caused
by dysregulated kinase signaling.>® Oncogenic kinase mutations and fusion proteins like BRAF
V600E or BCR-ABL can be targeted by molecular targeting agents (MTA) like small molecules or
antibodies. Next generation sequencing (NGS) enables the identification of such oncogenic kinase
mutations in tumor samples from patients and open up the opportunity to treat the patient with
an appropriate MTA that blocks the activity of mutated or dysregulated kinases. This allows
patient to be treated more precisely and with ideally less side effect than standard chemotherapy.
This concept is known as precision medicine and is quickly gaining popularity especially in the field
of oncology.
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2 Targeting Kinases with Small Molecules

Due to their pivotal role in cellular signalling, kinases play an essential role in nearly all disease
areas (see Introduction Chapter 1). Therefore, targeting kinases with aberrant expression or
activation has moved into the focus of drug discovery over the last two decades. With the raising
popularity of targeted therapies over traditional chemotherapy, two major molecular approaches
have emerged for targeting kinases: antibodies and small molecules.>? Antibodies are large
biomolecules that bind to the extracellular domain of receptor tyrosine kinases, thereby
preventing the binding of the ligand that activates the kinase. In contrast, small molecules can
penetrate the cells and therefore inhibit also intracellular kinases downstream of receptor
tyrosine kinases.>® Since small molecule kinase inhibitors have been the focus of my work, this
chapter provides a more detailed introduction to this class of therapeutics.

2.1 Different Binding Modes of Kinase Inhibitors

Different binding types of reversible small molecule kinase inhibitors. As stated above (see
Introduction Chapter 1.2), the kinase domain has high structural flexibility and can adapt different
conformations. Small molecule inhibitors can bind to various kinase conformations and are
classified according to the activation state their kinase target exhibits during binding and to the
pocket of the kinase to which they bind. Several classification categories have been developed in
the past decade.”®*® For instance, Dar and Shokat categorized small molecule kinase inhibitors
into three classes that either target the active kinase conformation (type 1), the inactive
conformation (type Il) or bind to an allosteric site of the kinase (type 111).>* Then, Zuccotto further

subdivided type | inhibitors into two distinct classes (type | and type 14).>

The currently most
acknowledged classification system based on Roskoski*®work divides kinase inhibitors into the

following classes: type |, 1%, llI, IV, and V (Figure 3).®

Type | Type 1% Type ll Type lll Type IV Type V
- -
e o e -
’ﬂ' \4.

\

“™ DFG motif @ R-spine residues @ Compound

Figure 3 | Binding modes of small molecule kinase inhibitors. Kinase inhibitors are categorized into type |,
1%, 11, 11, IV, and V inhibitors. Type |, | % and Il molecules bind to the ATP binding site and are distinguished
by the inactive or active conformation of the kinase. Type Il inhibitors target the neighboring phospho-
acceptor site of the kinase and type IV an allosteric site remote from the catalytic center. Bivalent inhibitors
targeting both the ATP pocket and an allosteric binding site are categorized into type V.
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Type |, 174 and Il inhibitors are ATP competitive and bind the adenosine binding pocket while
forming hydrogen bonds with the hinge region of the kinase.’® The vast majority of kinase
inhibitors engage their target kinase at the active site and compete with the high concentration
of ATP in the cells (intracellular concentration of 1-5 mM). Several structural elements in the
kinase domain are taken into account to classify ATP competitive inhibitors into the three different
classes. Type | inhibitors target the kinase when it is fully active meaning that the DFG-Asp and the
Ca are pointing into the ATP binding pocket and the R spine is ordered and active. As described
by Zuccotto, the DFG-Asp is pointing into the pocket but the Ca is pointing out and the R spine is
disordered for type 1% inhibitors.>® In contrast, type Il inhibitors bind to the fully inactive kinase
where the DFG-Asp and Ca point out of the pocket. The cleft between the two lobes of the kinase
domain can be divided into the front cleft, the gate area and the back cleft.>”*® These defined
regions are used to further classify ATP competitive inhibitors into an A subclass and a B subclass.>®
Inhibitors of subclass A bind in the front cleft, the back cleft and near the gatekeeper residue while
subclass B inhibitors only bind in the front cleft and the gate area and do not reach the back

pocket.>®

Since the active conformation of the kinase is more conserved than the inactive conformation, it
had long been inferred that type Il inhibitors are more selective than type | and 1% inhibitors.>
However recent systematic profiling work of our group has disproven this assumption.®® The
whole classification of kinase inhibitors depending on which activity state of the kinase they bind,
is not exclusive meaning that one inhibitor can bind to different activation states. One example is
Dasatinib which is a type | inhibitor for ABL and type I% inhibitor for LYN.>® Type Ill inhibitors bind
to the phospho-acceptor site next to the ATP binding pocket. A prominent example is Trametinib,
a MEK1/2 inhibitor that binds in the pocket near the ATP binding site of the kinase and blocks the
kinase in its inactive state.®! Type IV inhibitors are also non ATP competitive inhibitors and bind to
an allosteric site remote from the ATP binding pocket. For example, some of the clinically
approved mTOR inhibitors (Everolimus, Rapamycin and Temsirolimus) are type IV inhibitors and
not ATP competitive.>® Bivalent inhibitors that bind to two regions of the kinase domain are
summarized as type V inhibitors. Examples are recently developed CK2 inhibitors that target a
cryptic pocket of CK2 and the ATP binding pocket.®?

Covalent small molecule kinase inhibitors. In contrast to all the other inhibitor types, type VI
inhibitors bind covalently to their targets, typically via Michael addition of a cysteine.>®%3%* This
covalent bond can be either reversible (e.g. with unstable Michael adducts) or irreversible.
Prominent examples of irreversible clinical kinase inhibitors are Acalabrutinib® and Ibrutinib®’
targeting BTK or Afatinib® and Neratinib® inhibiting EGFR. These inhibitors contain a reactive
electrophilic functionality in the parent structure that reacts with nucleophilic cysteine residues
within or close to the binding site of the small molecule to the kinase domain. The inhibitory
mechanism of covalent inhibitors occurs in two steps.”® First, the compound binds non-covalently
to the target protein and places its moderately reactive electrophile close to the cysteine residue
of the kinase. The resulting complex then undergoes specific bond formation, typically via Michael
addition, which forms the inhibiting complex. Accordingly, it has to be noted that designated type
VI inhibitors can engage off-targets as non covalent inhibitors. Ibrutinib for instance forms a
covalent bond with its intended target BTK but can also bind reversibly to several kinases that lack
the reactive cysteine in the active site.
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A covalent mechanism of drug-target binding provides pharmacological advantages over
reversible binding in terms of prolonged duration of action. For the irreversible inhibitors,
uncoupling of the pharmacodynamics of a drug from its pharmacokinetics is achieved. Here, target
inhibition persists after drug clearance and is dependent on target protein turnover (degradation
and synthesis rate). This allows for less frequent dosing and lower drug doses. The potency and
selectivity of covalent inhibitors is dependent on the affinity of the initial non-covalent complex
formation and the rate of subsequent bond formation. To minimize off-target effects, inhibitors
should ideally target a nucleophile that is unique to the specific kinase.

2.2 Promiscuity of Kinase Inhibitors

Selectivity versus polypharmacology. When designing new small molecule kinase inhibitors for
drug or probe discovery, achieving selectivity 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 inhibiting sites are rare. Accordingly, designing highly selective ATP
competitive kinase inhibitors is a challenging task.”? Especially in basic research where chemical
probes (see Introduction Chapter 2.3) are used to study kinase function in cellular signaling, the
imperious necessity arises to have access to selective compounds with known target profiles.
Indeed, high selectivity and potency are a prerequisite for compounds to be classified as chemical
probes.” Only when the function of a single kinase is pharmacologically disrupted can the cellular
effect unambiguously be assigned to the specific kinase. In addition, if the survival and
proliferation of a cancer cell is dependent on a single overactivated kinase, inhibition of this kinase
has dramatic biological and clinical effects. In this case a highly selective inhibitor for this kinase
would be beneficial and would minimize off-target effects.

In contrast, cancer cells that rely on the dysregulation of several kinases or even several pathways,
would be inhibited more effectively if a multi-kinase inhibitor or a combination of selective
inhibitors are administered.”® From a clinical perspective, simultaneous targeting of the
dysregulated kinase(s) and known resistance driver(s) (like MET or EPHA?2 in case of EGFR inhibitor
resistant tumors’>’®) can also be favorable for the patient survival. In practice, compounds with
multiple targets and polypharmacological features are often tolerable or even beneficial for the
treatment of diseases with multiple genetic alterations like cancer.”* Various clinically approved
kinase inhibitors to date are broad spectrum kinase inhibitors like Dasatinib or Bosutinib targeting
67 and 45 proteins, respectively.®® Additionally, inhibitor promiscuity can open up new
opportunities by repositioning approved drugs for other diseases.”” A prime example for kinase
drug repositioning is Imatinib which was approved in 2001 as a BCR-ABL inhibitor for treating
chronic myelogenous leukemia. The discovery of KIT as another target of Imatinib led to
subsequent approval of Imatinib as a KIT inhibitor for treating gastro-intestinal stromal tumors.”’
Despite these advantages, unselective inhibitors can fail clinical evaluation because they elicit off-
target toxic or adverse side effects for the patient.”® 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.
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Different approaches for selectivity calculation. Determining the selectivity of a compound,
however, is a very challenging task. Depending on how selectivity is defined and computed, the
compound can be perceived differently. For example, the compound selectivity can be either
computed to get a global, target-independent view on the selectivity, or to characterize the ability
of a compound to selectively hit a specific enzyme.” Additionally, experimental factors can
influence the quantification of selectivity such as the assay technology (binding assay or activity
assay), the experimental design (single dose or dose response measurement) and the enzyme
source (recombinant, in lysate or in cell) that is used for profiling, which may lead to different
selectivities of the same compound. In the past decades various approaches have been developed

8081 = selectivity score®®®, Gini

to calculate the selectivity of a compound namely entropy
coefficient®, partition index®* and CATDS®%# (concentration- and target-dependent-selectivity).
Compared to the first four approaches, CATDS provides more versatility and works for variable
panel sizes. CATDS measures the target engagement of a specific protein at a certain drug
concentration relative to the target engagement of all targets at that drug concentration and
hence approches selectivity in a concentration- and target-dependent manner.®° With the CATDS
score one dataset can be utilized to answer different selectivity questions. For instance, the
CATDStarget calculates the selectivity of a compound towards a particular target whereas CATDSmuii-

target COMputes the selectivity for a group of proteins.

2.3 Small Molecule Kinase Inhibitors for Clinical Use and Basic Research

Small molecule kinase inhibitors for clinical use. Over the past 30 years protein kinases have been
subjected to extensive drug development efforts. By the end of 2019, 55 small molecule kinase
inhibitors have been approved by the U.S. Food and Drug Administration (FDA) mainly for the
treatment of cancer and inflammation (http://www.icoa.fr/pkidb/).8¢ Overall, cancer is by far the
largest therapeutic area of small molecule kinase inhibitors but recently drug discovery programs
have expanded their focus towards new therapeutic areas.** Small molecule kinase inhibitors are
nowadays also used for the treatment of autoimmune and inflammatory diseases. For example
the JAK inhibitor Baricitinib is approved for the treatment of rheumatoid arthritis and the SYK
inhibitor Fostamatinib is used for chronic immune thrombocytopenia.!’” The foundation of the
clinical success of kinase inhibitors was laid in 2001 with the approval of Imatinib for the treatment
of chronic myelogenous leukemia (Figure 4).28 By inhibiting the oncogenic fusion protein BCR-ABL
that is causing the disease, Imatinib blocks proliferation and induces apoptosis of the cancer cells.
Out of the 55 approved molecules, 39 are designated tyrosine kinases inhibitors and thus form
the largest category of kinase drugs. The group of tyrosine kinases inhibitors can be recognized by
the suffix —tinib in the compound name. The first non-tyrosine kinase inhibitor was approved in
2005: the BRAF inhibitor Sorafenib is administered in advanced renal cell carcinoma and
hepatocellular carcinoma (Figure 4).89% The first inhibitor targeting an atypical protein kinase was
Idelalisib which was approved in 2014 for the treatment of three types of leukemia:
relapsed/refractory chronic lymphocytic leukemia, relapsed follicular lymphoma and relapsed
small lymphocytic lymphoma.®! Idelalisib is orally effective and targets the delta isoform of PI3K.
To date, four inhibitors targeting aPKs are approved and several others are in clinical phases I-1ll.
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Figure 4 | Approved small molecule kinase inhibitors. Time line of FDA approved small molecule kinase
inhibitors are shown as black line. The suffix of the drug name is linked to the mechanism of action or class
of primary targets as indicated by different colors. Tyrosine kinases represent the most targeted kinase
subfamily. Adapted from Kanev et al.”

Rapamycin and its analogues are the first generation of inhibitors of the atypical protein kinase
mTOR but are not categorized as classical ATP-competitive small molecule kinase inhibitors due
to their mode of action (Introduction Chapter 2.1). In 1999, Rapamycin was approved for
immunosuppression after organ transplants.®? In 2007 and 2009 Temsirolimus and Everolimus
followed, two derivatives of Rapamycin that were approved by the FDA for the treatment of
advanced renal cell carcinoma.®® Several second generation ATP-competitive mTOR inhibitors are
currently in clinical trials for various indications. In addition to the 55 approved kinase inhibitor,
several hundred are currently in clinical trials for a variety of human diseases
(www.clinicaltrials.gov).

Small molecule kinase inhibitors for basic research. Apart from pharmaceutical 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. To be qualified as chemical probe, a compound must meet
stringent criteria that were recently debated within the chemical biology community (Figure 5).%%
9 First of all the compounds should address the designated target with sufficient potency
(<100 nM in biochemical assays and <1 uM in cellular assays) and must be able to penetrate into
the cell to engage the target intracellularly.®® Furthermore, the chemical probe must be highly
selective (>30-fold selectivity within the subfamily) such that the cellular effect can be exclusively
assigned to the designated target. Besides the target-related criteria, physicochemical properties
are also considered. Chemical probes should be soluble in agueous or organic solvents and should
be chemically stable. Additionally, control compounds such as inactive analogs would be beneficial
for experimental testing. The compound itself should have no pan-assay interference compounds

(PAINS)®® elements in its chemical structure.
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Figure 5 | Stringent selection criteria for chemical probes. To be qualified as chemical probes, compounds
must meet predefined target-related and chemical matter criteria. Here are criteria shown that are applied
by the structural genomics consortium. Adapted from Mueller et al.%

The highly selective compounds that meet these criteria facilitate the functional annotation of the
human proteome/genome and help to understand physiological and pathological processes in the
cell.*® They are highly complementary to genetic tools like RNA interference (RNAi) or CRISPR since
chemical probes can be used to only modulate the function of a protein rather than removing the
whole protein.”” Currently, 77 chemical probes for 102 different protein kinases and two probes
for lipid kinases are listed in www.chemicalprobes.org, a portal for scientists to find suitable
chemical probes. It should be noted that not all compounds in the portal meet the strict probe
criteria, but are listed due to the lack of a better probe. Hence more than 80 % of the kinome still
lack an appropriate chemical probe that full all probe criteria.

2.4 Progress in Targeting the Untargeted Kinome

More than ten years ago, 75 % of all research was focused on only 10 % of the kinome.**%° Today,
the so called Harlow-Knapp (not peer-reviewed in!) effect is still relevant for kinase research.
Although approximately 85 % of the human kinome is 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 academic pharmaceutical research mainly focus on a few
well-studied kinases with known functions in cellular signaling.1% 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 perspective, it is not surprising that the function of approximately
one third of the kinome is still poorly understood or completely unknown.®® The most studied
kinases are members of the MAP kinase and PI3K/AKT/mTOR pathways such as mTOR with more
than 32,000 PubMed entries at the end of 2019.
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In addition to the kinases involved in these pathways the spleen tyrosine kinase (SYK) is another
well studied kinase which acts downstream of various transmembrane receptors including
classical immunoreceptors and plays a crucial role in a variety of biological processes including
adaptive and innate immunity, cellular adhesion, osteoclast maturation and vascular
development.’® In tumorigenesis, SYK can act as tumor promoter as in the case of many
hematopoietic malignancies, but also as tumor suppressor in the case of non-immune cells, where
SYK restricts cell migration and increases cell-cell interations.'®

In contrast to this, many kinases are still poorly investigated and the function and their
pharmaceutical potential is often unknown. Approximately half of the kinome accounts for only
5 % of all research publications on kinases in general.’®2 The serine/threonine kinase N3 (PKN3) is
one of the poorly investigated kinases with only 26 research publications in PubMed for a keyword
search of the gene name until end of 2019. According to mechanistic studies, PKN3 acts
downstream of PI3K and has been functionally linked to metastasis, invasion and tumor
growth.1%%1%7 An emerging field in basic research represents the non-enzymatic members and non-
catalytic scaffolding functions of the kinome. Pseudokinases like HER2 as prominent example, are
associated with diseases when mutated or overexpressed although they lack the catalytic
activity.1%®

The imbalance in kinase research focusing only on a small subset of the human kinome is also
reflected in the availability of small molecule kinase inhibitors for different kinases. The 55
approved kinase inhibitors to date are designed to target around 20 different protein kinases and
the hundreds of drugs currently in clinical trials are made for an additional 15-20 kinases.®’
Although many kinase inhibitors have been developed already, most of them are very
promiscuous® and hundreds of kinases still lack a selective inhibitor (www.chemicalprobes.org).
Selective and potent small molecule kinase inhibitors are however necessary as powerful tools to
study the function and biology of a specific kinase in dose and time dependent manner in various
cells and animal models.®* Therefore, kinases without a chemical probe tend to be less studied as
it is costlier to study a kinase without an available reagent and their pharmaceutical potential is
ignored.

To functionalize the kinome and help validate new kinase targets for therapeutic intervention, the
structural genomics consortium (SGC) has endeavored to develop chemical probes for the entire
kinome. 19%110 The consortium is an open access public-private partnership of several research
groups supported by eight companies and public funders. The SGC distributed a library of 367
small molecules, namely the protein kinase inhibitor set (PKIS), in order to crowdsource the
discovery of novel chemical starting points for the development of new chemical probes.'?%!! The
compounds were provided by GlaxoSmithKline (GSK) and selected based on the following criteria:
i) the compound structures have been published, ii) compounds were screened against a limited
number of kinases, iii) GSK has the compounds physically in stock and vi) compounds have
balanced chemical and biological diversity.'® The 367 compounds of the PKIS library can be
grouped into 31 chemotypes and target more than 200 kinases as determined in a recombinant
kinase activity assay.!'? After the success of the PKIS library, the SGC compiled a second library
called PKIS2 comprising 645 small molecule kinase inhibitors representing 86 chemotypes that
were provided by GSK, Pfizer, and Takeda.!* Overall, PKIS and PIKS2 were distributed to over 300
laboratories and were mainly used for phenotypic screenings.'*®
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The ultimate goal of the SGC is to build a chemogenomic set that contain chemical probes for all
human kinases. As described by Jones and Bunnage, a chemogenomic set is a collection of well
characterized selective small molecules.!'* As of November 2018, the kinase chemogenomic set
(KCGS) assembled by the SGC is a collection of 188 selective small molecule kinase inhibitors that
were derived from PKIS, PKIS2, compounds from the scientific literature and compounds donated
from SGC members.!** To be included in the KCGS, compounds should demonstrate an activity on
the designated target below 100 nM in a recombinant kinase activity or binding assay and target
less than 5 % of the tested kinases. These criteria are less stringent than the chemical probe
criteria (Introduction Chapter 2.3). Overall, the 188 compounds that meet this criteria target 212
distinct kinases demonstrating that still a lot of kinases are lacking an selective kinase inhibitor.'°
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3 Methodologies to Elucidate Drug-Protein Interactions

Knowing the entire target space of a small molecule kinase inhibitor is indispensable in drug
discovery to fully understand the compounds mode of action and to assess its utility as potential
therapeutic agent or chemical probe. Especially after phenotypic screening where the compound
is tested for a specific biological response, target deconvolution is essential in order to understand
the molecular mechanism that causes the phenotypic effect.!!® To elucidate the target space of
small molecule kinase inhibitors, various different technologies are available today which all have
their merits and drawbacks and can differ greatly from each other.** For example, some
technologies require structural modification of the compound in order to implement an
immobilization or enrichment handle which is often time and cost intensive, whereas other
strategies do not modify the compound at all. Additionally, the input material (kinase resource)
varies strongly between different approaches. On the one hand, there are activity assays or
binding assays that utilize recombinantly expressed full length kinases or only the kinase domain
for compound profiling. On the other hand, other technologies make use of cell lysates as native
protein source and some techniques even identify drug targets in living cells. Furthermore, the
different approaches can vary greatly in their throughput capability from only very few
compounds to thousands of compounds that are tested in parallel. In order to give a closer look
on the different approaches, some of the technologies to elucidate the target spectrum of small
molecule kinase inhibitors are explained in more detail in the following section.

3.1 In-vitro and In-vivo Profiling Assays

In vitro enzymatic and binding assays. High-throughput screening platforms have proven to be
beneficial in the discovery of kinase inhibitors because large compound libraries can be easily
screened against a kinase in a short period of time to determine compound potency. Nowadays,
large kinase panels even offer the possibility to screen compounds against many kinases to assess
the compounds selectivity as comprehensive as possible.'” Over time many different screening
technologies suitable for high throughput screening have been developed. In general, the
technologies can be classified in two different formats, activity based assays (also known as
enzymatic assays) and binding based assays.!'® Both assay formats use either the kinase domain
or the full length kinases. The usage of isolated protein kinase domains or recombinantly
expressed full length kinases facilitates high throughput and yields robust and reproducible
results, but does not accomplish close-to-physiological conditions because the kinase is

completely disentangled from its cellular environment.”

Activity assays are preferentially used by the drug discovery community and directly or indirectly
measure the quantity of product production such as the consumption of ATP, the production of
ADP, or the amount of phosphorylated or non-phosphorylated substrate.''® Typical detection
methods of activity assays are radioactivity, fluorescence and luminescence.*®'® Among the
various activity assays, the radiometric assay remains the gold standard due to its high sensitivity.
In this assay, the kinase is incubated with the substrate, cofactors and radioisotope-labeled ATP.1°
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During the reaction, the radiolabeled phosphate of ATP is transferred to the substrate which is
subsequently quantified. To increase the throughput of this method, Reaction Biology has
developed the HotSpotSM technology, a miniaturized version of this activity assay.!’® Another
example of an activity based assay is the Nanosyn technology that is based on the microfluidic
mobility shift platform of PerkinElmer (former Caliper) (Figure 6).}'%1'° The electrophoretic
mobility shift assay makes use of the fact that phosphorylated peptides are more negatively
charged than their unphosphorylated counterpart and hence the substrate and the product can
be separated via differences in their mobility. The active and purified kinase is incubated with ATP,
the inhibitor that has to be tested and a fluorescence-labeled substrate. After the reaction has
taken place, the mixture of phosphorylated product and unphosphorylated substrate are
separated by electrophoresis and both the substrate and the product fluorescences are measured
to increase the precision of the assay.!'>!® This assay type has successfully been applied to
delineate the target space of the PKIS library (367 compounds; see Introduction Chapter 2.4) by
Elkins et al.**?

An alternative to activity assays are binding based assays that are capable of measuring the
binding of a small molecule towards a kinase. Although binding does not necessarily mean that
the activity of the kinase is inhibited, Rudolf and coworkers showed that there is a good correlation
between measurements of compound binding and enzymatic activity inhibition for reversible
compounds.*® An example of a binding assay is the KinomeScan™ technology developed by Ambit
and later licensed by DiscoverX.!’® This binding assay requires DNA tagged kinases and
immobilized standard kinase inhibitors on Streptavidin-coated magnetic beads. The DNA tagged
kinase is combined with an inhibitor of interest which will prevent its target kinases from binding
to the beads. The quantity of bead bound protein is analyzed by gPCR and compared between the
control and the test sample. The KinomeScan technology has been used for target annotation of
the PKIS2 library.?3
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Figure 6 | Activity assay, binding assay and in-vivo assay for drug target deconvolution. The Nanosyn
technology separates substrate and product based on their different charge (phosphorylation adds a
negative charge to the substrate). The fluorescence of product and substrate are measured. The
KinomeScan technology is a competitive binding assay where the free compounds and beads compete for
binding to the kinase. Bead bound kinases are subsequently quantified by qPCR. NanoBRET technology
measures target engagement in cells by detecting a BRET signal upon tracer binding to the kinase. Free
inhibitor prevent tracer binding and lead to a reduced BRET signal.
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In-vivo target engagement. Biochemical assays such as the ones described above help to identify
possible targets of the kinase inhibitors but do not consider cellular features like posttranslational
modifications, complex partners, target localization, cellular compartments or intracellular ATP
concentration. Knowledge of the kinases which the inhibitor is able to bind to in cells is crucial to
understand the drug’s mode of action. Additionally, in-vitro assays do not measure the cell
permeability of the compound. Therefore, cellular assays are necessary to identify and validate
target engagement in cells and to measure binding affinities of kinase inhibitors in cells. In 2018,
Vasta and coworkers published a technology that utilizes a bioluminescence resonance energy
transfer (NanoBRET) technique.'? Here the full-length kinase is tagged with a 19-kDa luciferase

(NanoLuc, Nluc)*?!

and is used as BRET donor. The BRET acceptor is a cell-permeable fluorescent
energy transfer probe (tracer) which was developed based on broad selective kinase inhibitors.
By adding the energy transfer probe to the cells expressing the full-length kinase NanoLuc fusion
protein, the probe is entering the cell and can bind to the fusion protein. When the BRET donor
and acceptor are in close proximity, a BRET signal is quantified. If the cells are pre-incubated with
the energy transfer probe, compound binding to the targeted kinase results in a competitive
displacement of the tracer. Upon binding of the unlabeled compound, the BRET signal is decreased
dose dependently which is then used for intracellular affinity calculation.'® This technology
enables determination of cell permeability, intracellular target engagement and affinity of ATP
competitive kinase inhibitors under intracellular ATP concentrations. But the NanoBRET assay also
requires cloning of cells to express a fusion gene under maybe artificial concentrations which
reduces throughput.

3.2 Mass Spectrometry Based (Chemical) Proteomics for Target
Deconvolution

Since kinases do not act in isolation but are intertwined in complex signaling cascades, proteomics
approaches in the relevant biological background are highly eligible to get an unbiased view on
the selectivity and potency of small molecule kinase inhibitors.1?212* Mass spectrometry based
guantitative proteomics has emerged as a powerful tool for studying drug-protein interactions
and technological advances over the past two decades enable the identification of thousands of
proteins in a single experiment with higher throughput and less input material. The following
section will give an overview of several proteomic based drug target deconvolution approaches
that have been developed so far, which allow for kinase inhibitor profiling.

Global proteomics approaches. Since the catalytic action of protein kinases is the phosphorylation
of proteins, inhibition of kinases by small molecules leads to an altered phosphorylation state in a
cell. Analysis of the phosphorylation status of cellular substrate proteins upon inhibitor treatment
can therefore be used to elucidate the drug’s mode of action and to indirectly determine drug-
protein interactions (Figure 7).6912° If the phosphorylation of a kinase cognate substrate is
reduced, it can be concluded that the activity of the responsible kinase is inhibited by the
compound. Traditionally Western Blots have been used to monitor such inhibition and validate a
target hypothesis. The multiplexing capacity of mass spectrometry has led to the emergence of
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phosphoproteomics as a powerful tool to investigate perturbed signaling pathways upon inhibitor
treatment in a hypothesis-free and global manner.??® Because phosphorylated proteins tend to be
of lower abundance and phosphorylation of a particular site tends to be substoichiometric'¥,
enrichment of the phosphoproteome is necessary to achieve enough analytical depth. One
common strategy to enrich phosphopeptides is immobilized metal affinity chromatography
(IMAC) where negatively charged phosphopeptides interact with positively charged metal ions
(e.g. Fe3*).128 Despite the advances in phosphoproteomics technologies, the function of many
phosphosites and the kinases responsible for their phosphorylation are unknown making it
challenging to investigate the drug’s mode of action.!® Additionally, substrates can be
phosphorylated by more than one specific kinase leading to potential compensation mechanisms
upon inhibition of one kinase. Nevertheless, many studies have already shown that monitoring
changes in phosphoproteomes after administration of a kinase inhibitor can help to better

understand the drug’s mode of action.®%!%

Another global proteomics based approach is thermal proteome profiling (TPP) that directly
identifies drug-protein interactions in living cells (Figure 7).13%131 TPP is a combination of a cellular
thermal shift assay (CETSA)!32 developed by Nordlund and colleagues and multiplexed quantitative
mass spectrometry.’3! CETSA is based on the assumption that upon drug binding the heat-stability
of a protein is altered (stabilization or destabilization). Hence a liganded protein exhibits a shifted
melting temperature in comparison to the unliganded form, which can be evidenced by
performing a temperature-dependent unfolding and precipitation experiment. Initially, results of
a CETSA experiment were read out by Western Blotting as a hypothesis-driven technique.
Combining CETSA with quantitative mass spectrometry allows the determination of protein
thermal stability on a proteome level enabling hypothesis-free target deconvolution.®®® A variant
of CETSA is the isothermal dose response assay (ITDR) where the temperature is kept constant
and the cells are treated with different inhibitor concentrations.'®? With increasing concentrations
a drug-protein complex stability might be altered which enables the calculation of binding
affinities. The advantage of TPP is the measurement of drug-protein interactions in the
physiological environment of the cell. However, not all proteins are subjected to measurable
thermal shifts upon inhibitor binding, resulting in false negatives as relevantly demonstrated for

multikinase inhibitors.?3%133
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Figure 7 | Schematic representation of different proteomic based approaches for drug target
identification. The phosphoproteomic approach measures the abundance of phosphosites after drug or
control treatment of cells. The cellular thermal shift assay (CETSA) measures thermal stability of proteins
with or without inhibitor treatment. Activity based proteome profiling utilizes a covalent probe that reacts
with the target protein which can be subsequently enriched by an affinity enrichment tag. Photo-affinity
labeling makes use of a probe that reversibly binds to its target protein first and covalently reacts with it
upon irradiation in a second step. Affinity matrices like the Kinobeads enrich the fraction of target proteins
from cell lysates that are not bound by the inhibitor of interest. Modified from Heinzlmeir.13*

Probe-based chemoproteomics approaches. The term “chemoproteomics” describes a research
area at the interface of medicinal chemistry, biochemistry and cell biology that utilizes chemical
probes to gain insights into the mode of action of small molecules.*>% Several probe-based
chemoproteomics techniques have been developed to date that generally utilize a small molecule
as bait to capture target proteins present in cell extracts or intact cells. Binding of the bait to its
targets can be either covalent (activity-based profiling) or noncovalent (affinity based profiling).13¢
Cravatt and coworkers pioneered the activity-based protein profiling (ABPP) approach (Figure
7).B7139 Here active-site directed chemical probes targeting whole enzyme families, like
proteases!® and hydrolases!®’, were developed. The chemical probes consist of at least two
elements, a reactive group that covalently binds to a catalytic residue of the enzyme and a
reporter group to enable protein enrichment with beads. Competition with an investigated small
molecule results in reduced binding of the chemical probe and thus decreased enrichment.
Recently, Taunton and colleagues have developed a sulfonyl fluoride probe (X044) that is capable
of binding covalently to the catalytic lysine of up to 133 endogenous kinases.'* This technology
allows kinase drug target profiling within cells. However, due to the covalent nature of the probe,
which disturbs the binding equilibrium between inhibitor and protein, it is difficult to determine
true binding affinities of mostly reversible kinase inhibitors. Another chemical proteomic strategy
to identify drug protein interaction is photo-affinity labeling (PAL) (Figure 7).1*1 Here, the
compound is functionalized with a photoreactive moiety (e.g. trifluoromethylphenyl diazirine) and
an enrichment tag (e.g. biotin). After the compound has entered the cell and bound reversibly to

20| Page



Chapter 1 | Introduction

its targets, irradiation with a specific wavelength of light leads to the formation of a proximity-
based covalent bond with the nearest molecule, in the best case the targeted protein. Upon
enrichment through the affinity handle, targeted proteins can be identified by mass spectrometry.
In a competition set up, PAL allows target deconvolution of an inhibitor of interest.

In classical affinity based chemoproteomic experiments, a linkable version of the investigated
bioactive compound is directly immobilized on a matrix and targets are pulled out of cell
extracts.'?21% |f the compound is lacking a reactive group for immobilization, an immobilizable
version has to be synthesized. Analysis of the structure-activity relationship of the compound prior
synthesis help to choose a linkage position for the reactive group. Comparison of the activity of
the linkable molecule and its parent compound in a relevant functional assay validates the
engagement of the same main target. Additionally due to the complexity of cell extracts,
unspecific binding can make it challenging to distinguish between background binding and true
binders. This can be in parts avoided by adjusting the linker lengths and coupling density of the
compound on the beads.!* But in order to distinguish between true targets and background
binding, competitive pulldown experiments have to be performed. Nevertheless, the modified
version of the compound is often optimized towards binding to the designated target (if known)
which does not take potential off-targets into account and may lead to false negatives. To alleviate
these limitations and to increase throughput, the affinity matrix should be designed in a way that
allows the affinity enrichment of a complete subproteome and not only the targets of the
compound under investigation.’?® A prerequisite for such a defined affinity matrix is a conserved
and druggable binding site of the targeted subproteome. This is for instance the case for histone

deacetylases and kinases. For these two subproteomes, affinity matrices have been developed.!*>

147

Competition binding assays for target deconvolution of kinase inhibitors. In 2007, Bantscheff et
al introduced the concept of Kinobeads to profile ATP-competitive small molecule kinase
inhibitors (Figure 7).1* The Kinobeads affinity matrix originally consisted of seven ATP competitive
broad spectrum kinase inhibitors immobilized on Sepharose beads that were able to enrich 183
protein kinases from K-562 cell lysates. To increase kinome coverage of Kinobeads, the probes and
the cell lysates were further improved. A cell lysate mixture of four cell lines (K-562, MV-4-11, SK-
N-BE(2), Colo205) and a combination of three broad selective (Purvalanol B, linkable PD-173955,
Compound19) and two more specific probes (linkable Vandetanib, Compound 15) were found to
be an optimal combination.’*” Coupled to quantitative mass spectrometry, the technology
enabled the simultaneous identification and quantification of 253 kinases and several other ATP-
binding proteins in their native background.®® In a competitive set up, targets of reversible ATP-
competitive kinase inhibitors can be deconvoluted. Lysates are pre-treated with increasing
inhibitor concentrations leading to a competition between the free drug and Kinobeads for the
active site of the kinase. Reduced enrichment of the protein target by Kinobeads results in a dose
dependent intensity reduction in the subsequent mass spectrometry readout. The Kinobeads
technology was recently used to annotate the target landscape of 243 clinical kinase inhibitor
identifying novel and to some extent surprising drug-protein interactions.®® Within this study using
Kinobeads, ferrochelatase (FECH) was identified as a common off-target of several small molecule
kinase inhibitors that can be associated with side effects observed during treatment of patients
with kinase inhibitors.#®
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A similar approach is the KiNativ technology that utilizes biotinylated ATP. The labeled ATP
transfers the biotin covalently to the conserved AxK lysine of the active site of kinases and other
ATP-binding proteins. Preincubation with a compound of interest prevents the biotinylated ATP
from binding to the protein. Subsequent enrichment with Streptavidin beads and MS analysis
allows the identification and quantification of targeted proteins.}*!*° While Kinobeads are
designed to enrich mainly kinases, the KiNativ approach enriches a large number of other ATP-
binding proteins.'®! Lysate based technologies like the Kinobeads and KiNativ approach enable
target deconvolution in close-to-physiological conditions. Complex cell extracts contain
endogenously expressed full length proteins that carry all necessary post translational
modifications, cofactors and binding partners. Additionally, such experiments can be performed
using any kind of cell or tissue lysate enabling tissue or cell line specific target deconvolution even
in non-human material.”®

Considerations when performing a competition binding assay. Binding of a compound to a
protein is determined by the basic concepts of thermodynamics and kinetics. While kinetics
expresses how fast the association/dissociation of a complex happens, thermodynamics describes
how tightly two complex partner interact with each other. Both concepts are important to
understand the interaction between a compound and the protein and the interaction between
the protein and the affinity matrix.

Common thermodynamic measures for compound protein interactions are the half maximal
inhibitor concentration (ICso), the half maximal effective concentration (ECso) and the dissociation
constant at equilibrium (Kg). The ICso value describes the concentration of the compound where
50 % of the protein is inhibited, whereas ECsq values report the concentration at which 50 % of
the maximal effect is observed. While ECso and ICso are assay dependent, the Ky value is assay
independent and describes the tendency of the compound-protein complex to dissociate into its
individual complex components. The dissociation constant describes the concentration of the
compound that is needed to occupy half of the targeted protein and can be calculated by the
following equation, where Lis the ligand (the inhibitor), P is the protein and PL is the ligand-protein
complex.

* [P]

L #(1) (1)

dissociation constant K4 =

Experimental determination of the dissociation constant with a competition binding assay, like
the Kinobeads technology, requires considerations of several assay-dependent aspects.”®%® First
of all, the protein concentration must be lower than the estimated Kq values. If this prerequisite is
not met and the compound concentration is much higher, the experimental K4 would always be
half of the concentration of the protein regardless of the actual affinity of the compound to the
target. Since kinases are generally of low abundance in cell extract, the assumption can be
considered as fair in most cases. Exceptions can arise when a kinase is overexpressed in a specific
cell line, such as EGFR in A549 cells.
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Additionally, the affinity matrix should ideally not influence the equilibrium between the
compound and the targeted protein which is not the case for Kinobeads. During a competitive
Kinobeads pulldown experiment, first an equilibration between the free compound and its targets
is established. By adding Kinobeads to the cell extracts, kinases and other ATP-binding proteins
are captured by the affinity matrix leading to a three membered equilibrium between the protein,
the compound and the affinity matrix. Proteins captured by the affinity matrix are taken out of
the equilibrium between the compound and its targets which results in a distortion of the
compound-target equilibrium. This effect is known as protein depletion and induces a shift of
determined affinity values toward higher concentrations. For this reason, not the Kq but an assay-
dependent ECso value is measured. The extent of protein depletion depends on i) the affinity of
the protein to the immobilized probe, ii) the concentration of the immobilized probe and iii) the
concentration of the protein in the lysate. All these parameters are usually unknown and
impossible to calculate in a classical chemoproteomic experiment. In general, assay conditions
should be selected in a way that protein depletion is less than 10 %. This can be partially achieved
by using sub-micromolar concentrations of the affinity matrix and a large excess of lysate.
Nevertheless, protein depletion cannot be completely eliminated and a depletion factor is
required to correct for this effect. Sharma et al'® introduced a concept to convert assay
dependent ECs values into independent K4 values which was slightly modified for Kinobeads.?
Therefore, two consecutive pulldowns of the vehicle control are performed. At best, a negligible
amount of protein is captured by the beads in the first pulldown so that in the second pulldown
the same quantity of protein can be enriched again. This should lead to almost identical protein
intensities of the first and second pulldown in the mass spectrometry readout. If a larger fraction
of a protein is depleted from the cell extract, less protein can bind to the affinity matrix in the
second pulldown resulting in lower intensities. The depletion factor, also known as correction
factor, can be calculated by dividing the intensity of the second pulldown by the intensity of the
first pulldown as shown in equation 2.

_incubation (PD2) intensity (PD2)  fraction f (P — f(P))

= = = 2
r incubation (PD1) intensity (PD1) fraction f(P) @)

Considering the equation developed by Cheng and Prusoff'>3 to convert experimental ECso values
into Kq values, the correction factor concept described above as well as the binding equilibrium
between Kinobeads and proteins, ECso values can be converted into K4 values with the following
equations:**!

[probe] * [P]

Ka(probe) = [probe * P]

= [probe] (3)

1-—r

Kd(probe)
K, (ligand) = * EC (4)
ity Kd(probe) + [probe] 50

23 |Page



Chapter 1 | Introduction

With (3) in (4):

[probe] * T L
K,(ligand) = 1o % ECsg = ——T—x ECs (5)
[probe] * 1=+ [probe] T—+7
Ky = depletion factor r * EC5 (6)

Furthermore, entropy and enthalpy affect the experimental outcome of a competitive binding
assay. Immobilization of a probe onto a solid matrix reduces the degree of freedom compared to
the non-immobilized compound. This leads to a decrease of entropy which in turn increases the
binding affinity of the immobilized probe. Therefore, proteins have in general higher affinities
which can translate into longer residence times on the beads compared to the free compound.
Taken together, the entropy and residence time alterations upon compound immobilization make
it inevitable to allow the establishment of the thermodynamic equilibrium between the free
compound and its target proteins by preincubation of the cell extract before the addition of the
affinity matrix. Nevertheless, some proteins can display short residence times on the beads which
may lead to the loss of bead-bound proteins during washing of the beads. Overall, the Kinobeads
technology is more suitable to detect rather strong compound-protein interactions in the nano to
low micromolar range.

Although kinetic parameters, represented by the association (kon) and dissociation (kof) rates,
strongly influence the success of the competitive binding assay they are not directly measured by
a competitive binding assay. The residence time is the reciprocal of kof and decribes the period of
time in which the protein is occupied by the compound.’>* To evaluate a drug’s effect in vivo it is
crucial to know not only the affinity and selectivity of a compound but also the residence time. In
an open system like the human body, where the drug is constantly distributed, absorbed or
metabolized, it might be advantageous to have a long residence time at the target protein to
increase the effect of the drug and therefore improve the therapeutic outcome. A special case are
irreversible covalent inhibitors that have infinite residence times. How long the inhibitory effect
last, mainly depends on the turnover of the protein (synthesis and degradation rate) rather than
on the pharmacokinetic properties of the inhibitor.®
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3.3 Basic Principles of Bottom-up Proteomics

Because mass spectrometry allows to simultaneously measure the abundance of thousands of
proteins in a sample, it has evolved to the standard readout of proteomics-based experiments
such as Kinobeads assays. Generally speaking, mass spectrometry is an analytical technique that
measures the mass to charge ratio of an analyte. Mass spectrometry has become the workhorse
of proteomics, able to accurately identify and quantify proteins within complex biological samples.
Mass spectrometry based proteomics can be divided into two main fields, the top-down
approach®>%6, that measures intact proteins, and the bottom-up approach that measures
peptides. This study relied on the nowadays primarily used bottom-up proteomic approach which
is experimentally and computationally more advantageous and evolved than top-down
proteomics and is therefore discussed in more detail below.*>’

Experimental procedure of a bottom-up proteomic experiment. A common bottom-up
proteomics workflow (Figure 8) starts with the extraction of proteins from their cellular context
which can be either done under native or denaturing conditions depending on whether the native
protein structure is required for further analysis or not.*® If necessary, proteins can then be
fractionated or enriched, for example by affinity enrichment with Kinobeads.*”*>° Prior to
digestion, proteins are reduced and cysteines are alkylated (e.g. carbamidomethylation) to unfold
the proteins and ensure the accessibility of digestion enzyme to all cleavage sites. Proteins are
enzymatically digested to peptides using a sequence-specific protease. Here, trypsin is
predominantely used that enzymatically cleaves C-terminally after the amino acids arginine and
lysine.’® To increase sequence coverage, other proteases like chymotrypsin, LysC, LysN, AspN,
GluC and ArgC can be used.!®! At this point, a fractionation step or an enrichment step of peptides,
e.g. carrying posttranslational modifications, can be added to the workflow.®> Immobilized metal
affinity chromatography (IMAC), for instance, is a common technique to enrich phosphopeptides
that are usually of low abundance.’®® The processed samples are highly complex, containing
thousands of peptides which will exceed the analytical capacity of a mass spectrometer.
Therefore, an ion-pair reverse phase liquid chromatography (RP-LC) system is coupled online to a
mass spectrometer to enable temporal distribution of the peptide analytes and reduce the sample
complexity at a given time of the measurement.’®>1%* Hereby, peptides are separated by their
hydrophobicity over time, which improves the accessibility of the peptide to the mass
spectrometer. Upon elution, the peptide gets ionized and the mass and intensity of the ion is
measured in the mass spectrometer.
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Figure 8 | Typical bottom up proteomics workflow. Proteins are lyzed under native or denaturating
conditions. Prior to protein digestion using trypsin, proteins can be enriched by affinity matrices like
Kinobeads. After digestion peptides are separated by online liquid chromatography and subsequently
ionized. Mass to charge ratios of peptides and fragments are measured by tandem mass spectrometry.
Identification and quantification of peptide and fragment spectra is performed by specialized software like
MaxQuant. Modfied from Steen and Mann.6°

Mass spectrometry. Generally speaking, a mass spectrometer is a molecular balance that
measures the response of a charged analyte to electric and magnetic forces.'® A mass
spectrometer can be roughly subdivided into three parts: an ion source, a mass analyzer and a
detector. Since the mass to charge ratio is measured, the analyte needs to get ionized before
subjecting it to the mass spectrometer. The main ionization method used in proteomics to charge
the analyte and transfer it into the gas-phase is electrospray ionization (ESI).’®” Upon elution from
the RP-LC, the analyte passes through a thin emitter to which high voltage is applied resulting in
a charged liquid. The electric potential at the emitter leads to the formation of a Taylor cone.
When the potential reaches a specific limit, a jet of small droplets is emitted from the cone.
Further evaporation of the solvent and fission into smaller droplets ultimatively results in charged
analytes. ESl is a soft ionization technique that produces multiple charged analytes and can be

coupled to liquid chromatography.16816°

The ion optics are composed of several multipoles and lenses that focus and propel the ions under
vacuum from the ion source to the mass analyzer by a direct current voltage gradient.®® Common
mass analyzers that are used to measure the response of a charged analyte to electric and
magnetic forces are quadrupole, ion trap and orbitrap. Their performance is characterized by their
resolution, accuracy, sensitivity and scan speed.'®®'% A quadrupole possesses four rod-shaped
electrodes.’* The two opposite rods always share the same polarity (for example they are both
positive) while the other two rods share the opposite polarity (both negative). By oscillating
electrical fields, the quadrupole selectively stabilizes or destabilizes the trajectories of ions with
specific mass to charge ratios that move through the quadrupole. Therefore, the quadrupole is
mainly used as mass filter in hybrid instruments. The linear ion trap is composed of a quadrupole
framed by two electrodes.?”? The quadrupole as described above confines ions radially while the
static electrodes on the end trap the ions axially. The linear ion trap, as the name indicates, is able
to collect and store ions leading to high sensitivity of the mass analyzer. The orbitrap mass analyzer
consists of a spindle-shaped central electrode surrounded by an outer electrode.'’® By applying
voltage to the electrodes, tangential injected ions oscillate along the z-axis and rotate around the
central electrode. Since the frequency of the oscillation only depends on the mass to charge ratio
and an instrument specific constant k, the recorded image current can be deconvoluted by Fourier
transformation into a mass spectrum (relative intensity over m/z values).}3175
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Hybrid mass spectrometer combining two or three of the mass analyzer mentioned above have
emerged as the leading platform in proteomics. One commonly used instrument is the Q
Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher Scientific) that
combines a quadrupole and an orbitrap and was mainly used for this study (Figure 9).17® Here the
charged analyte is transferred via the ion optics including an improved injection flatapole to the
quadrupole. Filtered ions are forwarded to the C-trap which focuses the ions before further
injection into the orbitrap. Other commonly used types of instruments are the newer generation
Orbitrap Fusion™ Lumos™ Tribrid™ that features three mass analyzer (linear ion trap, quadrupole
and orbitrap) and the older generation Orbitrap Elite (both Thermo Fisher Scientific) that

combines a linear ion trap and an orbitrap mass analyzer.'’’178
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Figure 9 | The Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass spectrometer. After ionization, peptide
ions are focused and propelled through the ion optics. The quadrupole mass analyzer acts as mass filter.
lons are subsequently analyzed in the ultrahigh field orbitrap. Adapted from Thermo Fisher Scientific.

Tandem mass spectrometry. A mass spectrum (MS1 spectrum, Figure 10 A) contains information
about the monoisotopic mass and the charge of the peptide (precursor) which is not enough
information to unambiguously identify the sequence of the peptide. Therefore, tandem mass
spectrometry is required to enable identification of the peptide sequence (Figure 10 A).179 18 Here,
a single precursor ion is selected based on the mass to charge ratio and the intensity. The selected
precursor peptide is collected in the C-trap before it is transferred to the higher energy collision
induced dissociation (HCD) cell.’® In the HCD cell, the precursor peptides are accelerated by a
current offset and fragmented by collision with an inert gas. In addition to HCD, there are other
fragmentation methods all of which lead to different cleavage within the peptide bonds. HCD
fragmentation results in a breakage of the peptide bond between the carbonyl and the nitrogen
(Figure 10 B). This fragmentation method mainly produces b- (N-terminus) and y-ions (C-terminus)
according to the nomenclature of Roepstorff, Fohlman and Biemann (Figure 10 B).'
Subsequently, fragment ions are read out in the mass analyzer. Ideally, the mass of the different
fragment ions should differ by only one amino acid to determine the full amino acid sequence of
the precursor ion by m/z differences of the individual fragments. After a precursor is selected for
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sequencing in MS2, it is excluded for a predefined time from further selection to avoid multiple
sequencing of the very same peptides. During a data dependent acquisition mode the mass
spectrometer automatically switches between MS1 and MS2 scans where several MS2 scan
(depending on the applied method) are acquired after one MS1 scan.!®18> The Orbitrap Fusion
Lumos instrument type is able to operate in a MS3 based mode where fragment ions of the MS2
scan are selected and again fragmented and measured. Acquisition of MS3 spectra is beneficial
for TMT-based quantification (see below).18
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Figure 10 : Tandem mass spectrometry. (A) Basic principle of tandem mass spectrometry. To generate a
precursor (MS1) full scan, all ions are transferred via the quadrupole to the orbitrap and the mass to charge
ratios (m/z) of all ions eluting at that time are recorded in the orbitrap. After acquiring a MS1 spectrum, a
precursor ion is selected in the quadrupole and fragmented in the HCD cell. m/z values and the
corresponding intensities of fragment ions are recorded in the orbitrap and an MS2 spectrum is acquired.
(B) Fragmentation of peptides via HCD leads to the formation of b- and y-ions.

Protein identification. Following data acquisition, the amino acid sequence of the analyzed
peptides can be derived from MS2 spectra. Modern mass spectrometers generate thousands of
spectra (MS1 and MS2) within one hour making it impossible to manually annotate the spectra.
Therefore, several peptide sequencing algorithms have been developed to automatically identify
amino acid sequences from MS2 spectra.’®” One approach is de novo sequencing that identifies
the amino acid sequence directly from the peaks of the MS2 spectra without resource of any
protein database.'® MS2 spectra are inherently deficient making de novo sequencing much more
difficult. The most commonly used approach is peptide matching which relies on database search
algorithms, such as Mascot!® and Andromeda!® (implemented in MaxQuant).!®19! Hereby, a
predefined protein sequence database previously generated by genomics data is digested in silico
and the possible m/z values of all theoretical peptide fragment spectra are calculated. Then, m/z
values of both the experimentally determined and the theoretical spectra are matched and a score
is calculated for each pair (peptide-spectrum-match, PSM) that described how similar the
experimental and theoretical spectra are. The PSM with the highest score is then reported as the
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identified peptide. However, matching thousands of experimental spectra to theoretical spectra
generated by large databases can lead to erroneous matching, especially for low quality MS
spectra. One mechanism to control the false discovery rate (FDR) is the target-decoy
approach.’%19 Here, experimental spectra are searched additionally against a decoy database
that contains reverse versions of the original theoretical spectra of the database. Since the
reversed decoy peptide sequences do not occur in nature, each match to the decoy database is
false by definition. The assumption is that random hits in the target database occur at the same
rate as the decoy hits, allowing for the identification of a score cutoff at which the list of PSMs
contains a controllable amount of false-positives. Common FDR cutoffs in proteomics datasets are
1 %. Since proteins are measured indirectly through measuring peptides derived from tryptic
digestion in bottom-up proteomics, subsequent protein inference from peptide sequence data
becomes necessary. However, the sequence of each peptide can often not be assigned to a single
protein because isoforms or closely related proteins share the amino acid sequence. If no unique
peptide can be assigned to a protein, proteins that share the same peptides are grouped together
(protein groups).

Protein quantification. Typically not only the identity of a peptide or protein in a sample is of
interest but also its quantity in relation to other proteins (absolute quantification), or other
samples (relative quantification) which is primarily done in most proteomic studies.'®*1%> The
intensity measured by a mass spectrometer does not qualify inherently for quantification because
the intensity of a peptide is dependent on its physicochemical properties (length, charge and
hydrophobicity) and its ionization efficiency.’®'% But the peptides should behave similarly
between different measurements facilitating relative quantification between different samples.
In mass spectrometry based proteomics two different strategies can be distinguished: label free
and label based quantification. For label free quantification (LFQ), the intensities of a precursor
ion in consecutive MS1 scans are plotted against the retention time of the peptide from the
chromatography column. The area under the curve of the extracted ion chromatogram (XIC) is
integrated and results in the LFQ intensity of the peptide. The MaxQuant software that is
commonly used in academia for identification and quantification of peptides and proteins,
features an algorithm called MaxLFQ that additionally normalizes the relative intensities between
different samples.’”1% LFQ quantification allows comparison of an unlimited number of samples
and covers a broader dynamic range compared to label based approaches. A shortcoming of LFQ
is the missing value problem that leads to missing quantification or missing identification of
peptides within a sample.’® This can be overcome in part by using an algorithm called match
between runs that aligns retention times of the same peptide between different measurements.
A peptide that was not subjected to MS2 measurement in one sample, can still be identified and
quantified by alignment of its retention time and the accurate mass to charge ratio to another
samples where it was identified.’®” Another option to overcome missing values are label based
quantification approach like isobaric labeling of peptides.?”® The most popular isobaric mass tag is
tandem mass tag (TMT).?°? The structure of the tag consists of a cleavable mass reporter, a mass
normalizer and a peptide reactive group that reacts with lysine residues and the N-terminus of the
peptide. The mass reporter and the mass normalizer are labeled with 3C and N stable isotopes,
so that the overall mass is identical but the position of the isotopes differs between the tags. The
isobarically labeled peptides have the same mass, the same retention behavior on the LC column
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and physicochemical properties in the mass spectrometer. Upon fragmentation the mass reporter
of each tag in cleaved off and generates a specific reporter ion peak that can be used for relative
guantification of the samples. TMT quantification enables multiplexing of up to 16 samples and
thereby significantly reduces measurement time. A drawback of TMT is ratio compression that
occurs by fragmentation of coeluting peptides resulting in an underestimation of the actual
peptide abundance differences. Ratio compression can in parts be diminished by selecting
fragments of the MS2 scan for a second fragmentation (MS3) step. Hereby the effect of coisolated
peptides and therefore the ratio compression is reduced.!8¢202
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4 Objectives and Outline

Protein and lipid kinases are involved in almost every cellular signalling pathway, and alterations
in their catalytic activity largely affect cellular homeostasis which can lead to the development of
human diseases. Thousands of small molecule kinase inhibitors have been developed to target
aberrant activated kinases. The majority of such compounds target the ATP binding pocket of the
kinase domain which is highly conserved, rendering the development of selective compounds
challenging. Although selective small molecules are highly valuable in basic research as chemical
probes to study the function of a particular kinase, large parts of the human kinome still miss an
appropriate molecule that meet the chemical probe criteria. The full target space and the
selectivity of a compound must be known in order to identify a small molecule as potential
chemical probe. Chemical proteomics approaches, such as the Kinobeads technology enable the
identification of drug-protein interactions on a kinome wide scale in close-to-physiological
conditions. The objective of this work was to elucidate the target space of a large library of small
molecule kinase inhibitors (clinical drugs and compounds from medicinal chemistry programs in
the pharmaceutical industry) using an optimized chemical proteomics (Kinobeads) workflow, in
order to find new highly selective chemical probes, novel compounds for the so far undruggable
kinome and to better understand their modes of action.

In this work, the Kinobeads matrix was first optimized to extend the kinome coverage to PIKK and
PI3K kinases. Additionally, the experimental procedure of a Kinobeads pulldown was changed to
reduce the time for sample preparation and data acquisition (Chapter 1). The optimized Kinobeads
assay was then used to elucidate the target space of 1,232 small molecule kinase inhibitor
(Chapter 2) which led among others to the identification of selective compounds for the kinases
CK2 and SYK and compounds targeting the understudied kinase PKN3. In addition to the tool
compounds, the Kinobeads assay was used to systematically elucidate the target space of clinical
kinase inhibitors with special emphasis on clinical mTOR and BTK inhibitors (Chapter 3). Finally,
the influence of different ATP concentrations in the lysates on the targets binding affinities was
investigated (Chapter 3).
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1 Cell Culture

Cell culture and reagents. Compound profiling was performed using a lysate mixture of five cancer
cell lines (OVCAR-8, Colo205, K-562, MV-4-11, and SK-N-BE(2)). To generate the lysate, OVCAR-8
cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM, Biochrom GmbH). Colo205, K-
562 and MV-4-11 cells were cultured in RPMI medium 1640 (RPMI1640, Biochrom GmbH) and SK-
N-BE(2) cells were grown in Dulbecco’s modified Eagle medium/Ham’s F12 (DMEM:Ham’s/F12,
Biochrom GmbH). All were supplemented with 10 % (v/v) fetal bovine serum (Biochrom GmbH).
RKO cells were cultured in IMDM supplemented with 10 % (v/v) fetal bovine serum. SK-BR-3 cells
were grown in DMEM:Ham’s/F12 medium supplemented with 10 % (v/v) fetal bovin serum.

Linkable Omipalisib was synthesized as reported previously 22 Published kinase inhibitor set (PKIS)
and published kinase inhibitor set 2 (PKIS2) were provided free of charge by the Structure
Genomics Consortium (SGC). The kinase chemogenomic set (KCGS) was purchased from the SGC.
Roche library was provided free of charge by Roche (Hoffmann-La Roche, Basel, Switzerland).
Clinical kinase inhibitors were commercially sourced from Selleckchem, MedChemExpress, Active
Biochem and LC Labs.

CK2 inhibitor treatment (performed by Laszlo Gyenis under supervision of David William
Litchfield, Western University, London, Canada). U2-OS cells with tetracycline regulated
expression of exogenous CSNK2A1 with C-terminal HA tag were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 % fetal bovine serum and antibiotic supplements
(0.1 mg/mL streptomycin and 100 units/mL penicillin, 15 pg-mL Blasticidine and 150 pg-mL
Hygromycin B) at 37 °C with 5% CO,. The exogenous kinase was either the wild type (WT) or the
CX-4945 inhibitor resistant form of the kinase containing a triple mutation of V66A/H160D/1174A.
The cell line was developed in the Lichtfield lab following the recommendations of Flp-In™ T-REx
cell line development of Thermo Fisher Scientific. Cells were induced by adding tetracycline to the
media with a final concentration of 1 ug/mL for 24 h. Subsequently, CK2 inhibitors (final
concentration of 10 uM) or DMSO as control were added and cells were incubated for 24 h prior
harvesting.

Protein knock down with small interference RNA (siRNA). Knockdown of PKN3 in RKO cells were
performed by siRNA (siPOOLs Biotch GmbH, Planegg, Germany) according to the instructions of
the manufacture. Briefly, PKN3 siRNA was diluted with Opti-MEM to a concentration of 0.05 puM.
siRNA dilution was then mixed in a 1:1 ratio with Lipofectamine RNAIMAX (diluted by a factor 100
in Opti-MEM; Thermo Fisher Scientific) by vortexing and incubated for 5 min at room
temperature. The transfection mixture was transferred to the bottom of a fresh 10 cm cell culture
plate and RKO cells were added in a density of 1x10° cells/mL. Knockdown was controlled by PRM
assay (parallel reaction monitoring mass spectrometry) where specific PKN3 peptides were
monitored. A complete knockdown was observed after 48 h and a final siRNA concentration of
1nM.
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NanoBRET target engagement assay (performed by Benedict-Tillman Berger under supervision
of Dr. Susanne Mueller-Knapp, Goethe-University in Frankfurt, Germany). The detailed protocol
for cell transfection and BRET measurement was published elsewhere.?%2% |n brief, full-length
PKN3 ORF (Promega) cloned in frame with a C-terminal NanoLuc-fusion were transfected into
HEK293T cells using FUGENE HD (Promega, E2312) and proteins were allowed to express for 20 h.
Serially diluted inhibitor and NanoBRET Kinase Tracer K5 (Promega, N2530) at 150 nM were
pipetted into a 384-well plates using an Echo acoustic dispenser (Labcyte). The PKN3 transfected
cells were added at a density of 2 x 10° cells/mL after trypsinization and re-suspending in Opti-
MEM without phenol red (Life Technologies). The system was allowed to equilibrate for 2 h at
37°Cand 5 % CO; prior to BRET measurements. BRET signaling was measured by adding NanoBRET
NanoGlo Substrate and Extracellular NanolLuc Inhibitor (Promega) according to the
manufacturer’s protocol. Filtered luminescence was measured on a PHERAstar plate reader (BMG
Labtech) equipped with a luminescence filter pair (450 nm BP filter (donor) and 610 LP filter
(acceptor)). Competitive displacement data were then graphed using GraphPad Prism 8 software
using a 4-parameter curve fit with the following equation:

(top — bottom) (7)
14+ 10(LogIC50—X)*hillslope)

Y = bottom +

Cell-based Kinobeads assay. K-562 cells were adjusted to a density of 1.2x10°, 7.2x10%, 2.5x10%,
7.8x10* and 2.4x10° cells per mL in RPMI1640 medium for Acalabrutinib, Zanubrutinib,
Evobrutinib, ONO-4095, and lbrutinib, respectively. The cell suspension was evenly distributed in
9x 25 mL in 50 mL tubes and compounds were added to a final concentration of 0, 3, 10, 30, 100,
300, 1000, 3000, 10000 nM (final DMSO concentration: 0.1 % (v/v)). The highest compound
concentration was substituted by 30 uM for Acalabrutinib, ONO-4095 and Ibrutinib. After
incubation of cells for 1 h at 37 °C and 80 rpm shaking, cells were washed twice by re-suspending
the cell pellet in 25 mL of fresh medium. In between the washing steps, cells were incubated for
30 min at 37 °C and 80 rpm shaking. Subsequently, cells were washed twice in 10 mL ice cold
phosphate-buffered saline (PBS). After each washing step, cells were centrifuged for 5 min at
room temperature and 1,000 rpm.
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2 Biochemistry

Compound immobilization. Probe 1, 5, 13, 19 and BGT226 were immobilized on NHS-activated
sepharose 4 Fast Flow beads (GE Healthcare) by covalent linkage by their primary amine as
described previously.** Briefly, beads (15 mL) were equilibrated with DMSO and the respective
compound was added to the beads. The coupling density was adjusted to 2 umol/mL beads for
probe 5, 13 and 19 and to 1 umol/mL beads for probe 1 and BGT226. The reaction was initiated
by adding triethylamine (225 uL) and took place for 20 h on an end-over-end shaker in the dark.
Free remaining NHS-groups on the beads were blocked with aminoethanol (750 uL) and incubated
for 20 h on an end-over-end shaker in the dark. To remove o-nitrobenzenesulfonyl (oNBS)
protection group of probe 13, beads were equilibrated in dimethylformamide (DMF) and
subsequently  washed six times  using  N-methyl-2-pyrrolidon (10 mL), 1,8-
diazabicyclo(5.4.0)undec-7-ene (7.5 mL) and B-mercaptoethanol (7.5 mL). Probe 7 and linkable
Omipalisib were immobilized on “reverse” NHS-activated sepharose beads through covalent
linkage via carboxylic acid functional groups as described previously.2#”2% Briefly, to functionally
“reverse” beads, an ethylenediamine spacer was introduced by addition of a mixture of
ethylenediamine (40.2 uL), aminoethanol (144.9 plL) and triethylamine (225 uL) to equilibrated
beads. After incubation for 20 h on an end-over-end shaker at room temperature in the dark,
beads were re-equilibrated in DMF and compound, N,N-diisopropylethylamine (1.5 mL of a
200 mM solution in DMF) and triethylamine (300 plL) was added. The reaction was initiated by
addition of the amino coupling reagent PyBrOP (1.5 mL of a 100 mM solution in DMF) and
incubated for 20 h at room temperature in the dark on an end-over-end shaker. A coupling
densisty of 1 or 2 umol/ml beads were adjusted for linkable Omipalisib and probe 7,
respectively. To block remaining binding sites, NHS-acetate was prepared by mixing equal
amounts of 200 mM dicyclohexylcarbodiimide and 200 mM NHS in acetonitrile. The NHS-acetate
was added to beads and incubated for 20 h at room temperature in the dark on an end-over-end
shaker. Coupling reaction was controlled by LC-MS/MS analysis. Beads were stored in ethanol at
4 °C until further use.

Cell-based competition binding assay. Cell pellets were lyzed in so-called compound pulldown
(CP) buffer (50 mM Tris/HCI pH 7.5, 5 % Glycerol, 1.5 mM MgCl,, 150 mM NaCl, 1 mM Na3VO,,
25 mM NaF, 1 mM DTT) supplemented with 0.8 % IGEPAL (Sigma Aldrich), protease inhibitor
(Sigma Aldrich) and phosphatase inhibitor (prepared in-house according to the formula of
Phosphatase inhibitor Cocktail 1, 2, and 3 from Sigma). Subsequent Kinobeads enrichment was
performed as describes for lysate-based competition binding assay.

Lysate-based competition binding assay. For inhibitor selectivity profiling cells were lyzed in
compound pulldown (CP) buffer supplemented with 0.8 % IGEPAL (Sigma Aldrich), protease
inhibitor (Sigma Aldrich) and phosphatase inhibitor (prepared in-house according to the formula
of Phosphatase inhibitor Cocktail 1, 2, and 3 from Sigma). Cell lysates of Colo205, SK-N-BE(2), MV-
4-11, K-562 and OVCAR-8 were mixed in a ratio of 1:1:1:1:1 regarding to the total protein amount
as determined by Bradford assay. If necessary the lysate mixture was further diluted with lysis
buffer to reach a final protein concentration of 10 mg/mL. The lysate was cleared by
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ultracentrifugation at 52,000 rpm for 20 min at 4°C and further diluted with lysate buffer without
IGEPAL to a final protein concentration of 5 mg/mL. A total amount of 2.5 mg of protein was pre-
incubated with compound dilutions in DMSO (either 0, 100, 1000 nM final concentrations for two-
dose screen or 0, 3, 10, 30, 100, 300, 1000, 3000, 30000 nM final concentrations for full dose
screen) for 45 min at 4°C. Subsequently, lysates were incubated with 17.5 uL settled Kinobeads €
for 30 min at 4°C. Flow through of the DMSO control was recovered for pulldown of pulldown
experiment where the lysate was incubated a second time to fresh Kinobeads. Beads were washed
with 1 mL 1xCP buffer supplemented with 0.4 % IGEPAL, 2 mL 1xCP buffer containing 0.2 % IGEPAL
and 3 mL 1xCP buffer.

Kinobeads bound proteins were reduced with 50 mM DTT in 8 M Urea, 40 mM Tric HCI (pH 7.4)
for 30 min at room temperature and 700 rpm shaking. Reduced disulfide bridges were alkylated
with 55 mM chloroacetamide. The urea concentration was reduce to 1-2 M by adding 6 volumes
of 40 mM Tris HCI (pH 7.4). Proteins were digested over night by adding trypsin roughly at a 1:10
enzyme-to-substrate ratio and incubated overnight at 37°C on a shaker at 700 rpm. On the next
day, digests were acidified by adding formic acid (FA) to 1 %.

Peptides were desalted on SepPakt tC18 pEluation plates (Waters) using a vacuum chamber. C18
material was conditioned with 500 pL 100 % ACN (acetonitrile), 500 uL desalting solvent B (0.1 %
FA in 50 % ACN) and subsequently equilibrated with 500 uL desalting solvent A (0.1 % FA in H,0).
Samples were slowly loaded five times. Subsequently, bound peptides were washed three times
with desalting solvent A. Elution of peptides was performed by applying two times 40 uL desalting
solvent B. Samples were frozen, dried by vacuum centrifugation, and stored at -20°C.

Kinobeads competition pulldowns with subsequent in-gel digestion of proteins was performed as

described previously.6%47

Kinase activity assay (performed by ProQinase GmbH, Freiburg, Germany). Dose dependent
activity inhibition of CK2alphal, CK2alpha2 and CDK1/cyclinB were measured for four inhibitors
using a FlashPlateTM-based radiometric assay at Ky (ATP) of the corresponding kinase.

Immunodetection of CK2 substrates (performed by Laszlo Gyenis, Western University, London,
Canada). Western blotting was performed as reported previously?*>2% using 10 pg of cell lysate
and the following antibodies: anti-phospho-EIF2S2 pS2 (1:10.000)%°°, EIF2S2 (Novus; 1:500),
GAPDH (Millipor; 1:1000), totalCSNK2B2%7 (1:10.000), totalCSNK2A1/total CSNK2A22°% (1:2000) and

phosph-CK2 substrate [(pS/pT)DXE] (Cell Signaling Technology; 1:1000).

Cytokine secretion assay in response to SYK inhibitors (performed by Larsen Vornholz under
supervision of Prof. Dr. Jiirgen Ruland, Technical University of Munich, Germany). Primary bone
marrow-derived dendritic cells (BMDCs) were obtain from 9 weeks old C57BL/6 mice which were
maintained under standard specific pathogen-free conditions. BMDCs were differentiated for
seven days in RPMI (Gibco) containing 10 % (v/v) fetal calf serum, Penicillin/Streptomycin (Gibco),
0.05 mM 2-Mercaptoethanol (Gibco) and GM-CSF. On day seven, BMDCs were seeded in 96-well
plates at 10° cells per well in 100 pL culture medium followed by incubation at 37°C for 4 h. Cells
were then incubated with SYK inhibitors for 30 min followed by stimulation with Zymosan (final
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concentration of 50 ng/mL; Invivogen) and dispersed in culture medium for 24h. Subsequently,
cell culture medium was harvested and concentrations of TNF, IL-6 and IL-10 in the supernatant
were determined using mouse ELISA kits (IL-6/TNF: eBioscience, IL-10: Invitrogen) according to
the manufacturer’s protocol.

Drug-perturbed phosphoproteome analysis. For global phosphoproteomic analysis of PKN3
inhibitors, RKO cells were treated with 1 uM GSK949675A, THZ1, GSK902056A, SB-476429A or
DMSO as vehicle control for 1 h in four biological replicates. For phosphoproteomics analysis of
mTOR inhibitors SK-BR-3 cells were treated with AZD-8055, 0SI-027, CC-223, Everolimus or DMSO
for 30 min. After the desired treatment duration with indicated compounds, cells were washed
twice in PBS (Sigma Aldrich) and lyzed by adding 300 L lysis buffer (40 mM Tris-HCl pH 7.6, 8 M
Urea, EDTA-free protease inhibitor complete mini (Roche) and phosphatase inhibitor cocktail).
Lysates were sonicated (10 cycles, 30 sec on, 30 sec pause, at 4°C) and subsequently cleared by
centrifugation for 20 min at 21,000xg at 4°C. The protein concentration was determined by
Bradford and 300 ug protein per condition was used for digestion. After reduction with 10 mM
DTT and alkylation with 50 mM chloroacetamide, the urea concentration was reduced to 1.5 M
by adding six volumes of 40 mM Tris-HCl pH 7.6. By adding trypsin in an enzyme-to-substrate ratio
of 1:50, proteins were digested over night at 37 °C. On the next day, samples were acidified to a
pH of less than 3 with 0.5 % trifluoroacetic acid (TFA) and desalted using 50 mg SepPak columns
(Waters; wash solvent: 0.07 % TFA in deionized water; elution solvent: 0.07 % TFA, 50 % ACN).
Subsequently, samples were frozen at -80 °C and dried by vaccum centrifucation. Before TMT
labelling, peptide concentrations were determined by NanoDrop™ 2000 spectrophotometer
(Thermo Fisher Scientific) to adjust the peptide amount. TMT 6-plex labelling were performed as
described before.?’® Phosphopeptides were enriched using column based Fe-IMAC as described
before.?’® Subsequently, labelled and enriched phosphopeptides were separated into six fraction
using high pH reversed-phase stage tips as described previously.?!! After freezing, samples were
dried down by vacuum centrifugation and stored at -20°C.

CellTiter-Glo® Luminescent assay. To measure the ATP concentrations in cell lysates the CellTiter-
Glo Luminescent assay (Promega) was performed according to the manufacturer’s protocol.
Briefly, a MgATP standard dilution was prepared (concentrations ranging from 10 nM to 5 mM).
Equal volumes of assay reagent and standard dilution or sample were combined in a luminometer
compatible tube and mixed briefly. After incubation for 10 min in the dark, the luminescence was
recorded.
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3 Mass Spectrometry and Data Analysis

LC-MS/MS measurements. NanoLC-ESI-MS measurements of two dose and eight dose Kinobeads
pulldown samples were performed using a Dionex Ultimate3000 nano HPLC coupled online to an
Orbitrap HF (Thermo Fisher Scientific) mass spectrometer. Peptides were delivered to a trap
column (75 um x 2 cm, packed in-house with 5 um C18 resin; Reprosil PUR AQ, Dr. Maisch) and
washed for 10 min with 0.1% FA at a flow rate of 5 uL/min. Subsequently, peptides were
transferred to an analytical column (75 pum x 45 cm, packed in-house with 3 um C18 resin; Reprosil
Gold, Dr. Maisch) at 300 nL/min and separated within a 52 min gradient ranging from 5 to 33 %
solvent B (0.1 % FA, 5 % DMSO in ACN) in solvent A (0.1 % FA in 5 % DMSO). The Orbitrap HF was
operated in data dependent acquisition (DDA) and positive ionization mode. MS1 spectra were
recorded in the Orbitrap from 360 to 1300 m/z at a resolution of 120K (60K resolution of eight
dose Kinobeads pulldown samples), using an automatic gain control (AGC) target value of 3e6
charges and a maximum injection time of 10 ms. Up to 5 (12 for eight dose pulldowns) peptide
precursors were selected for fragmentation by higher energy collision-induced dissociation (HCD)
using 25 % normalized collision energy (NCE), an isolation width of 1.7 m/z, a maximum injection
time of 22 ms (75 ms for eight dose pulldowns), and an AGC value of 1e5 charges (2e5 for full dose
pulldowns). Resulted fragment ions were recorded in the Orbitrap. A previous experimentally
obtained inclusion list containing approximately 3,700 kinase peptide m/z and their corresponding
retention time values, was enabled. Dynamic exclusion was set to 30 sec.

Nano-flow LC-MS/MS measurement of TMT-labeled phosphopeptides was performed using a
Dionex Ultimate3000 nano HPLC coupled online to an Orbitrap Fusion Lumos Tribride (Thermo
Fisher Scientific) mass spectrometer. Peptides were delivered to a trap column (75 um x 2 cm,
packed in-house with 5 um C18 resin; Reprosil PUR AQ, Dr. Maisch) and washed for 10 min with
0.1 % FA at a flow rate of 5 uL/min. Subsequently, peptides were transferred to an analytical
column (75 um x 45 cm, packed in-house with 3 um C18 resin; Reprosil Gold, Dr. Maisch) at
300 nL/min and separated within a 90 min gradient ranging from 4 to 32 % solvent B (0.1 % FA,
5% DMSO in ACN) in solvent A (0.1 % FAin 5 % DMSO). MS1 spectra were recorded in the Orbitrap
from 360 to 1300 m/z at a resolution of 60K, using an AGC target value of 4e5 charges and a
maximum injection time of 20 ms. MS2 spectra were recorded in the Orbitrap at 15K resolution
after HCD fragmentation using 35 % NCE, an AGC target value of 5e4, maximum injection time of
22 ms, and an isolation width of 0.7 m/z. The first mass was fixed to 100 m/z. The number of MS2
spectra was limited by a Top10 method. For TMT quantification an additional MS3 spectrum was
acquired in the Orbitrap over a scan range of 100-1000 m/z at 15K resolution (AGC of 1e5,
maximum injection time of 50 ms). For this, fragment ions were selected by multi-notch isolation
in the Quadrupole, allowing a maximum of 10 notches, and subsequently fragmentation by HCD
at 55 % NCE. Dynamic exclusion was set to 90 sec.

Protein identification and quantification. Peptide and protein identification and quantification
were performed using MaxQuant with its built in search engine Andromeda.’*®%® Tandem mass
spectra were searched against all canonical protein sequences as annotated in the Uniprot
reference database (human proteins only, 20,230 entries, downloaded 06.07.2017).
Carbamidomethylated cysteine was set as fixed modification. Variable modifications included
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phosphorylation of serine, threonine or tyrosine, oxidation of methionine, and N-terminal protein
acetylation. Trypsin/P was specified as proteolytic enzyme with up to two missed cleavage sites.
For Kinobeads pulldown samples, label-free quantification?®” and match-between runs option
were enabled. For phosphopeptide samples, TMT6plex reporter ions were specified for
guantification and isotope impurities of TMT batches were specified in the configuration of
modifications to allow automated correction of TMT intensities. Results were filtered for 1 %
peptide and protein false discovery rate (FDR) employing a target-decoy approach using reversed
protein sequences.

Data analysis of two-dose competition binding assays. Each drug was processed together with
all DMSO controls that were performed on the same plate. Additionally, each search was
supplemented with high quality DMSO controls. The resultant file (proteinGroups.txt) was used
for subsequent filtering, normalization, data visualization and target annotation which was
automatically performed by an automatic data processing pipeline written by Mathias Wilhelm
(Chair of Proteomics and Bioanalytics, Technical University of Munich, Germany). First, reverse
hits, potential contaminants and not quantified proteins in the DMSO control samples were
discarded. Protein raw and LFQ intensities were normalized to the median DMSO control intensity
to obtain relative residual binding intensities and standard deviations for each protein group at
every concentration. ICso values were estimated based on the following equation where [I] is the
inhibitor concentration that was used for ICso calculation and “inhibition” the relative residual
binding intensity.

100 — inhibiton (8)
inhibiton

ICso =[x

Estimated K4 values were then calculated by multiplying the estimated ICso values with a
protein-dependent correction factor that was limited to a maximum value of one. In this study,
the correction factors were set to the median of correction factors across all experiments using
the same lysate mixture and the same beads.

Targets of kinase inhibitors were annotated using the random forest classifier developed by
Florian Seefried under supervision of Mathias Wilhelm and Tobias Schmidt (Chair of Proteomics
and Bioanalytics, Technical University of Munich, Germany). A training dataset was analyzed
manually. Hereby, a protein was considered a high-confidence target if the relative residual
binding intensity was reduced by at least 30 % at the highest compound concentration and if the
standard deviation of the relative residual binding intensity was significantly lower than the overall
reduction of the median relative intensity. Additionally, the number of unique peptides and MSMS
spectra were also included as target selection criteria. Peptide intensity in DMSO controls and
MS/MS data quality were also taken into account.

Targets were considered as direct Kinobeads binders if annotated in Uniprot.org as a protein or
lipid kinase, a nucleotide binder, ATPases and GTPases, a FAD cofactor containing protein (e.g.
NQO2) and a heme containing protein (e.g. FECH). Most other target proteins were interaction
partners/adaptor proteins of kinases and were termed indirect Kinobeads binders.
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Binding affinities are reported as pK4®*® values which is the negative logarithm of K" in mol/L.
Figures and tables were produced in GraphPad Prism 5 (version 5.01), Excel and R.

Data analysis of eight-dose competition binding assays. Data processing was performed as
described in Klaeger et al.*° Briefly, raw MS files of pulldowns for one drug was processed together
with five high-quality DMSO controls. LFQ intensities were normalized to DMSO controls and ECso
values were deduced by a four-parameter log-logistic regression using an in-house pipeline based
on the drc add-on in R. K4°*® values were calculated by multiplying a protein-dependent depletion
faction with ECsp values.

Targets were annotated manually. A protein was considered as high confidence target if the
binding curve showed a sigmoidal shape with a dose-dependent intensity reduction. Proteins that
only showed an effect at the highest concentration were not considered as target. The number of
unique peptides and MSMS spectra were also taken into account and should ideally show the
same behavior as the binding curve with increasing inhibitor concentrations. Peptide intensity in
the DMSO control was also included in target selection.

Concentration and target dependent selectivity calculation (CATDS). The CATDS is a measure of
the target engagement of a specific protein at a certain drug concentration relative to the target
engagement of all targets at that drug concentration. The CATDStarget Was determined at the
respective K" concentration of the targeted protein and was calculated as described
previously.®°

Data analysis of phosphoproteomics experiments. All four replicates were searched together.
Decoy and potential contaminants were removed. Within one replicate the total sum of each TMT
channel was calculated and normalized to the DMSO control (total sum normalization).
Additionally, the average intensity for each phosphopeptide per replicate was normalized to the
average intensity of the same phosphopeptide across all replicates (row wise normalization).The

Perseus software?!?

was utilized for Student’s t-tests using log-transformed TMT intensities.
Statistical tests were corrected for multiple testing by an FDR of 1 %. SO was computed for each
statistical test separately in R (function “samr”). Only phosphopeptides that were detected in at
least three of four replicates were considered for analysis. GraphPad and excel were used for data

visualization.
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1 Optimized Kinobeads Assay for Higher Throughput Target
Identification of Protein and Lipid Kinase Inhibitors

The Kinobeads technology is a powerful approach for target deconvolution of small molecule ATP-
competitive kinase inhibitors under close-to-physiological conditions.* It is a quantitative binding
assay that relies on an affinity matrix able to compete with a compound of interest for binding to
target proteins in cell lysates (Introduction Chapter 3.2). The “target panel” that can be profiled
with this chemical proteomics approach is defined by the nature of the immobilized chemical
probes and by the input biological material. Even though great efforts have been made to expand
assay coverage by combining complementary affinity probes and complementary lysates!¥, the
previous setup enabled the enrichment of 260 kinases out of a lysate mixture of four cancer cell
lines but did not systematically cover the clinically relevant phosphatidylinositol 3-kinase (P13K)
and phosphatidylinositol 3-kinase-related kinase (PIKK) families.®%14>147.213.214 Hence, this chapter
first focuses on the development of a new version of Kinobeads together with an improved cell
lysate mixture to increase kinome coverage. Furthermore, chemical proteomic experiments like
the Kinobeads technology requires large quantities of cell extract to obtain several milligrams of
total protein per experiment. In the previous setup, a competitive Kinobeads pulldown
experiment using eight compound concentrations and one vehicle control per compound
consumed a total of 45 mg protein. Such large amounts prohibit the profiling of a large number of
compounds with the Kinobeads technology. Thus, efforts were also dedicated to reduce the
required amount of input material and the number of inhibitor doses without effecting the quality
of the data. Additional optimization work were concerned with shortening the time required for
samples preparation and data acquisition by reevaluating the digestion and the mass
spectrometric measurement time. To envision the profiling of over thousand compounds using
the Kinobeads technology, a new data analysis pipeline needed to also be established to leverage
all those experimental improvements.

1.1 Increased Kinome Coverage of Kinobeads assay

(In the following subchapter, parts of the publication “Chemoproteomic Selectivity Profiling of
PIKK and PI3K Kinase Inhibitors”?% are included.)

Immobilization of BGT226 and Omipalisib for enrichment of PI3Ks and PIKKs. To develop a novel
version of Kinobeads that extends kinome coverage to the PI3K and PIKK families, the first step
was to screen the literature for potent ATP-competitive small molecule PIKK and PI3K inhibitors
that could be immobilized onto a solid matrix to generate new affinity matrices. The literature
search was mainly done by Guillaume Médard and Benjamin Ruprecht from the Chair of
Proteomics and Bioanalytics, Technical University of Munich. Among others, the commercially
available dual PI3K/mTOR inhibitor BGT226%'>2%® with 1Cso values of 4 nM, 63 nM and 38 nM for
PIK3CA, PIK3CB and PIK3CG respectively, could be directly coupled to NHS-activated beads via its
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piperazine amine (Figure 11 A). BGT226 shares the tricyclic imidazoquinolinone ring core of NVP-
BEZ235 (Figure 11 A) and it has been reported that NVP-BEZ235 potently inhibits PIK3CA, PIK3CB,
PIK3CG, mTOR, and ATR.?'”?1® Omipalisib has been reported as potent inhibitor for all PI3K
isoforms but cannot be directly coupled to beads (Figure 11 B).?%° Yet, a pyridazine-replacing
benzoic acid analogue of Omipalisib CAS1313994-59-0 (Patent W02011082285%%°) can be
immobilized via an amide bond. The decision of using this analogue as potential affinity probe was
further substantiated by the reported activity of the pyrrolidine ester analogue (CAS1607009-17—
5; 1Cso of 0.70 nM versus 0.77 nM for Omipalisib against PIK3CA in the Kinase-Glo assay (Figure 11
B); Patent W02014067473%%!) and the X-ray structure of the co-crystal Omipalisib with PIK3CG
(PDB: 3L08%Y) indicating that the carboxylic acid should be pointing toward the solvent (Figure 11
C). The immobilizable Omipalisib analogue was synthesized following the route reported for the
Omipalisib series.?!?

Next, BGT226 and the linkable analogue of Omipalisib were immobilized on NHS-activated
Sepharose beads (referred to as iBGT226 and iOmipalisib from here on) and a pulldown
experiment was performed using a cell lysate mixture of four cancer cell lines (MV-4-11, K-562,
Colo205 and SK-N-BE(2)) followed by tandem mass spectrometry readout. The affinity matrices
efficiently captured PIKKs and PI3Ks and specificity of the enrichment was confirmed by
competition experiments using the free respective inhibitors as competitor. In summary, iBGT226
was able to specifically enrich PIK3C2A, PIK3C2B, PIK3CA, PIK3CG, PIK3C3, mTOR, PRKDC, ATM,
and ATR and iOmipalisib showed specific enrichment of PIK3C2A, PIK3C2B, PIK3CA, PIK3CB,
PIK3C3, PI4KA, PI4KB, PRKDC, and mTOR.
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iOmipalisib: R,=NHCH2CH2NHC(O)-Sepharose beads

Figure 11 | Chemical structure of novel PIKKs and PI3Ks affinity probes and their parent compounds. (A)
Structure of the commercially available pan-PI3K inhibitor BGT226 that shares the tricyclic
imidazoquinolinone ring core with the pan mTOR/PI3K and ATR inhibitor NVP-BEZ235. BGT226 can be
directly immobilized on beads via its piperazine amine to yield iBGT226. (B) Chemical structure of Omipalisib
and its pyridazine-replacing benzoic acid/ester analogues. The benzoic acid can be immobilized on
Sepharose beads via its carboxylic acid moiety to yield iOmipalisib. The pyrolidine ester analogue has been
reported to exhibit similar activity on PIK3CA as Omipalisib.?2! (C) Co-crystal structure of PIK3CG and
Omipalisib, indicating that the carboxylic acid of the analogue points towards the solvent (PDB:3L08).
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Extending coverage of Kinobeads to PI3Ks and PIKKs by adding new affinity probes. To extend
the kinome coverage of the latest Kinobeads version (Kinobeads y, KBy) to PI3Ks and PIKKs, the
aim was to combine KBy with iBGT226 and iOmipalisib. This would enable determination of
binding affinities of a compound toward PI3Ks, PIKK and the ePKs captured by KBy within one
experiment. Therefore, iOmipalisib beads were combined with the KBy matrix in different mixing
ratios: iOmipalisib:KBy in a ratio of 1:1, 1:5, or KBy alone. A eight dose competitive pulldown
experiment (0.3 nM - 1 uM plus vehicle control and pulldown of pulldown for target depletion)
was performed using Omipalisib as competitor and a lysate mixture of five cancer cell lines (MV-
4-11, K-562, Colo205, SK-N-BE(2) and OVCAR-8). In the resulting dose-response curves, some PIKK
family members such as mTOR and PRKDC, could not be completely competed when the
proportion of iOmipalisib on the bead mixture was too low (Figure 12 A). One reason for this could
be that those proteins are allosterically bound by one of the KBy affinity probes preventing
competition by the ATP-pocket binders. Since the number of captured ePKs did not significantly
diminish with a higher ratio of iOmipalisib (1:1) and the number of quantified PIKKs and PIKs
remained identical (Figure 12 B), a KBy:PIK(K)-matrix ratio of 1:1 was chosen to maximize the
dynamic range of the observable competition.
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Figure 12 | Addition of iOmipalisib and iBGT226 to KBy allows for PIKK and PI3K inhibitor profiling. (A)
Dose-response curves for mTOR after competitive pulldown experiments with different bead ratios of
iOmipalisib and KBy beads (KBy:iOmipalisib of 5:1 or 1:1 or KBy alone) using eight doses of Omipalisib as
competitor (0.3 nM—1 uM). (B) Number of competed PI13Ks, PI4Ks, and PIKKs and number of identified ePKs
in competitive pulldown experiments. (C) Volcano plot comparing proteins captured by KBy and KBe in a
triplicate experiment. The significance of the differences was tested in a two-sided t test (So =0.1, 1 % FDR).
PIKKs (except for TRRAP), PI3Ks, and PI4Ks (all labeled in pink) were significantly enriched by KBe. Proteins
exhibiting significant differences are colored in gray. (D) pK4?PP values of targets of the small molecule kinase
inhibitor AT-9283 obtained by KBe were correlated to the ones previously published®® using KBy.
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Next, the identity and intensity of the proteins captured by KBy in combination with iBGT226 and
iOmipalisib were examined more closely. Therefore three bead mixtures (i) KBy supplemented by
iBGT226, (ii) KBy supplemented by iOmipalisib, and (iii) KBy supplemented by both iOmipalisib and
iBGT226 (termed Kinobeads &, KBg, later on referred to as Kinobeads) were prepared and
compared to KBy alone. The triplicate pulldown experiments of the different matrices showed
that nearly all PIKKs and PI3Ks (except for TRAPP) were statistically significantly enriched (So = 0.1,
1 % FDR) by KBe over KBy (Figure 12 C). ATM and ATR were mainly enriched by iBGT226, whereas
iOmipalisib led to a stronger enrichment of PI3Ks (e.g. PIK3CA and PIK3CB; Appendix Figure S 1 A-
C). Of note, interaction partners of several PIKK and PI3K family members were identified, for
example MLST8 which is a known interactor of mTOR. In addition, KBe enriched some metabolic
enzymes (ACOX1, NQO1, or CPOX; Figure 12 C). If this enrichment was specific, Kinobeads may
provide an assay for those non-kinase proteins in the future. Such unexpected off-targets of kinase
drugs have already been reported including NQO2 and FECH that are commonly engaged by small
molecule kinase inhibitors.®%' ACOX1 uses FAD as a cofactor like NQO2, and CPOX, akin to FECH,
possess a heme binding site, which renders these proteins highly susceptible to bind specifically
to KBe.

Last, the very unselective protein kinase inhibitor AT-9283 was used to compare target K4°°° values
between KBe and KBy.®° Here, AT-9283 was chosen because its more than 100 targets cover a
broad spectrum of proteins (different protein kinase families, non-kinase targets) across an
affinity range of four orders of magnitude. The target affinities determined by the two affinity
matrices were reasonably well conserved (correlation of R = 0.73; Figure 12 D). The discrepancies
can be explained by a few outliers caused by technical and/or biological variation. For instance,
EPHA7 and MET were represented by few unique peptides in only one of the two data sets. In
summary, the newly developed affinity matrix, KBe, was as good for ePKs as KBy but also allowed
studying drug interactions for 14 out of 17 PIK and PIKK kinases (Appendix Figure S 1 D). Thus, the
integration of iBGT226 and iOmipalisib to the latest version of Kinobeads enables the profiling of
PIKK and PI3K inhibitors.

Five cell line mixture for broad kinome coverage. Since the overall number of kinases amenable
to Kinobeads profiling not only depend on the affinity matrix but also on the biological input
material, the cell lysate mixture of different cancer cell lines was evaluated to further increase
kinome coverage. The previous Kinobeads assay setup used a mixture of four different cancer cell
lines (Colo205, K-562, SK-N-BE(2) and MV-4-11) as protein source and was able to enrich around
250 kinases.®>'%” To enhance the kinome coverage it was first tested whether the addition of a
fifth cancer cell line would be beneficial. As potential fifth cell line OVCAR-8 was chosen which has
been reported as the cell line with the highest diversity of kinase expression within a set of nine
cancer cell lines and was easy to cultivate.’*” Therefore, Kinobeads pulldown experiments were
performed with lysates from each of the five different cancer cell lines individually (Colo205, K-
562, SK-N-BE(2), MV-4-11 and OVCAR-8). A total of 261 different kinases were identified with
OVCAR-8 being the cell line expressing the most diverse kinase set (178 kinases in total; Figure 13
A). The number of identified kinases after Kinobeads enrichment ranged from 158 (K-562) to 167
(MV-4-11 and Colo205) for the other four cell lines. An overlap of 96 kinases could be enriched by
Kinobeads from all five cell lines (Figure 13 A). Twelve kinases including ERBB3, FGFR4 and PLK2
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were exclusively identified in the pulldown experiment using OVCAR-8 lysates (Figure 13 A)
indicating that it might be beneficial to add the cell line to the current lysate mixture.
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Figure 13 | Optimized cell lysate mixture for broad kinome coverage. (A) The overlap of identified kinases
after Kinobeads pulldowns of different cell lines (K-562, MV-4-11, OVCAR-8., SK-N-BE(2), Colo205) is shown.
The highest number of kinases are identified in OVCAR-8 lysates. (B) Stacked bar plot that shows the in silico
prediction of the number of kinases for five different cell mixtures consisting of one to five cell lines, based
on experimental single cell line lysate pulldowns. Each cell line is displayed in a different color, whereas the
grey color represents kinases that are captured in at least two cell lines of the considered combination of
cells. (C) Number of kinases are shown that were identified after Kinobeads enrichment out of three
different cell lysate mixtures. Cell mix 2 has the highest number of kinases.

Next, kinaseblender!#

(https://github.com/ThomasKuehne/kinaseblender) was utilized to
determine the best cumulative combination of the five different cell lines (Figure 13 B). While
OVCAR-8 cells expressed the highest diversity of kinases, MV-4-11 was the most complementary
cell line to OVCAR-8 in regard to kinome coverage. Adding a third (SK-N-BE(2)), fourth (Colo205)
and fifth (K-562) cell line in silico could further increase the number of kinases to a total of 261
kinases. This result suggested that a slight increase in the number of kinases could be gained by
adding a fifth cell line to the lysate mixture. To investigate whether this in silico calculation would
translate in an experiment, three different cell lysate mixtures were prepared and Kinobeads
pulldowns were performed. The first cell mix to be tested was a 1:1:1:1 lysate mixture of the four
cell lines of the state of the art workflow. The second mix contained again the four cell lines and
in addition, lysate of OVCAR-8 cells. Since K-562 showed the lowest number of exclusively
expressed kinases (Figure 13 A), a third mixture was prepared with lysates of OVCAR-8, Colo205,
SK-N-BE(2) and MV-4-11. Overall, the number of kinases enriched by Kinobeads were relatively
similar between the three mixtures and 247, 254 and 243 kinases were identified in cell mixture
one (previous setup), cell mixture two and cell mixture three, respectively (Figure 13 C). Although
the five cell line mixture obtained slightly better results than the four cell line mixture, the total
number of kinases was close but did not match the predicted maximal number from the in silico
calculation. As expected, mixing different lysates lead to a dilution of low abundant and/or low
affine kinases which has already been reported by Médard et al.1*’” Too many high abundant and
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potent binders in the lysate mixture prevent the enrichment of low abundant and/or low affine
kinases by Kinobeads. The lysate mixture of five different cancer cell lines was used for further
experiments, since it provided the highest kinome coverage.

To summarize, the addition of iOmipalisib and iBGT226 to KBy has created a novel version of
Kinobeads that enables the enrichment of the PIKK and PIK families and hence the profiling of
inhibitors thereof. In addition, the coverage of ePKs could be extended by using a protein source
consisting of a lysate mixture of five different cancer cell lines. This experimental setup was used
for all further experiments, unless otherwise indicated.

1.2 Towards a Higher Throughput Kinobeads Assay

Improved experimental procedure to reduce sample preparation time. To enhance the
throughput of Kinobeads drug profiling, the experimental workflow of a competitive Kinobeads
assay was re-evaluated. First, in-gel digestion of bead bound proteins was compared to an on-
bead digestion protocol. On-bead digestion of proteins does not require an elution step with
subsequent SDS polyacrylamide gel electrophoresis and in-gel digestion. As the name suggests,
proteins are instead directly digested on the beads potentially resulting in fewer experimental
steps and significant time savings. Hence, on-bead digestion was compared to in-gel digestion in
terms of number of quantified kinase peptides and reproducibility. Triplicate pulldown
experiments with subsequent on-bead or in-gel digestion were performed using Kinobeads y and
lysates of a four cell line mixture (Colo205, K-562, MV-4-11, SK-N-BE(2)). To make on-bead
digestion compatible with subsequent measurement, the washing steps after incubation of lysates
with Kinobeads had to be changed. The Kinobeads washing buffer (CP Buffer; Experimental
Procedure Chapter 2) contains 0.2 % and 0.4 % IGEPAL, a detergent that is not compatible with
mass spectrometric measurement because it can block the chromatography column and can
result in singly charged ions that overshadow signal of peptide ions. IGEPAL does not pose a
problem for in-gel digestion as it is removed during SDS polyacrylamide gel electrophoresis. Thus,
after the standard washing procedure, pulldowns subjected to on-bead digestion were washed
three times with CP buffer without IGEPAL. After digestion of bead bound proteins, an additional
desalting step is also required to clean up peptides and remove salt and other buffer components
like urea.

Despite the additional washing steps and desalting of peptides, on-bead digestion outperformed
in-gel digestion in terms of numbers of kinases and peptides. The total number of quantified
kinases peptides could be increased by more than 15 % resulting in an increased number of
identified kinases by 18 (Figure 14 A-B). The two digestion methods exhibit an overlap of 2008
kinase peptides (42 % of 4763 total peptides) indicating that the two methods produced similar
peptides (Figure 14 B). The reproducibility was slightly superior for in-gel digestion with an overlap
of 68 % of identified kinase peptides between triplicate pulldowns than for on-bead digestion with
an overlap of 60 % which could be caused by the desalting step (Figure S2 A). Hence, in view of
the higher number of identified kinases and kinase peptides for the more time-efficient
unoptimized on-bead digestion protocol, on-bead procedure was deemed advantageous and was
further optimized.
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The washing procedure and the digestion conditions were evaluated. Various washing buffer
volumes were assessed to decrease IGEPAL concentrations without losing low affine binders. In
total seven different washing procedures were tested with volumes ranking from 1 mL to 8 mL
per washing solvent. Number of identified kinases and peptides as well as unspecific binding were
compared (Appendix Figure S2 B). Only minor differences in the number of kinases (231 to 249
kinases) and the total MS1 intensity of kinases relative to the total intensity of all proteins (49 %
to 57 % relative intensity) were observed for the different washing procedures (Appendix Figure
S2 B). Since the highest number of kinases (249) and the highest relative intensity of kinases were
observed for condition 5, Kinobeads were washed with 1 mL CP buffer + 0.4 % IGEPAL, 2 mL CP
buffer + 0.2% IGEPAL followed by 3 mL CP buffer for all subsequent pulldown experiments.
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Figure 14 | Optimized experimental procedure of a Kinobeads pulldown to reduce sample preparation
time. (A) Comparison of identified kinases between in-gel digestion and on-bead digestion protocol. The
number of identified kinases is higher when proteins are digested on-bead. (B) Overlap of identified kinase
peptides after Kinobeads pulldowns with different digestion workflows. Number of identified kinases
peptides is higher for on-bead digestion. (C) Number of identified proteins and kinases using different
amounts of protein while keeping protein concentration at 5 mg/mL. 2.5 mg yield similar numbers as 5 mg
of proteins. (D) Relative kinase intensity depending on the amount of total protein. The proportion of kinase
intensity compared to the total intensity was highest for 2.5 mg with 62 %. (E) Correction factor distribution
using different slurry bead volumes (1:1 slurry in ethanol) and a constant protein amount of 2.5 mg protein.
At lower bead volumes with constant protein amount, the correction factor distribution is closer to one. (F)
Protein depletion is reduced for certain kinases if lower Kinobeads volumes are used for a pulldown
experiment with 2.5 mg of protein.

Having established a new digestion protocol, the amount of cell extract that is needed for a
pulldown experiment was re-evaluated. The production of cell extracts is very time consuming
and is only feasible for screening a limited number of compounds with the previous set up, where
45 mg of protein were required to perform a selectivity profiling experiment with 8 compound
concentrations plus vehicle control. Hence, for a larger profiling campaign the quantities of cell
extracts have to be reduced. To miniaturize the Kinobeads workflow, pulldowns were performed
using different lysate volumes (corresponding to 5 mg, 2.5 mg, 1 mg, 0.5 mg and 0.3 mg protein)
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while keeping protein concentration at 5 mg/mL. Simultaneously, the volume of Kinobeads was
decreased in similar ratio (slurry bead volumes of 70 uL, 35 uL, 14 uL, 10 yL, 5 pL) to maintain
reasonable protein to bead ratio and void excessive protein depletion. The pulldown with 0.3 mg
protein was performed in a 384-well filter plate because the sample volume became too small to
be handled reproducibly in a 96-well 2 mL filter plate. Surprisingly, reducing the protein amount
by a factor of two did not lead to a decrease in the number of identified kinases. In total, 210
kinases were identified with a protein input of 5 mg and 217 kinases with an input of 2.5 mg
(Figure 14 C). Reducing the protein amount further by a factor of five (1 mg) and especially by a
factor of ten (0.5 mg) resulted in lower numbers of identified kinases (195 and 140 kinases
respectively). Additionally, the relative kinase intensity, which is indicative of the enrichment
efficiency, was even higher with lower input material (Figure 14 D). 62 % of the total intensity was
assigned to kinases in the 2.5 mg pulldown experiment, whereas only 51 % of the intensity was
kinase-related in the 5 mg pulldown. These results led to the conclusion that the quantity of cell
extracts could be reduced by a factor of two without losing kinases.

In contrast to this trend, the 384-well format with protein input of 0.3 mg led to a higher number
of identified kinases (160 kinases) compared to the pulldown with 0.5 mg of protein in 96-well
format (140 kinases). This seems to favor the 384-well format, however, the relative kinase
intensity between the pulldowns performed in different filter plates draw another picture. When
using the 384-well plate only 17 % of the total intensity was assigned to kinases, compared to over
50 % for the 96-well plate. This was probably caused by adsorption of proteins to the plastic of
the plate. Hence, the 384-well plates were considered unfavorable for pulldown experiments
where low background target binding is a prerequisite, to avoid dose-response curve
compression.

Next, different beads volumes were tested in order to keep protein depletion as low as possible
(Introduction Chapter 3.2). Ideally, chemical probes such as Kinobeads should not lead to protein
depletion. For Kinobeads, however, a depletion of less than 10 % is estimated. If the bead-to-
protein ratio is too high, more proteins get depleted from the lysate which leads to a shift of the
compound-target equilibrium towards more dissociated species and results in higher ECso values
(since the apparent compound concentration required for 50 % complex concentration becomes
higher). The protein depletion is examined experimentally by performing two consecutive
pulldowns of the vehicle-treated lysate. The correction factor is calculated by the ratio of the
intensity obtained in the second pulldown divided by the intensity measured in the first pulldown.
Values close to one mean low depletion and values close to zero refer to high depletion. As
expected and shown in Figure 14 D, high volumes of beads resulted in higher protein depletion.
The reduction of slurry bead volumes (1:1 slurry in ethanol) from 70 pL to 35 pL led to higher
correction factors which were closer to one. This trend was also illustrated for certain kinases
(Figure 14 F). For example, the depletion factor of TGFBR1 was 0.62 when 70 pL beads were used
and was increased to 1.0 with 35 L slurry Kinobeads. However, the overall distribution of
correction factors was relatively broad with correction factors around 0.2 to 1. As a consequence
of these results, the volume of beads was reduced by a factor of two to 35 L slurry beads,

resulting in the same beads-to-protein ratio as in the original protocol.'¥

After reducing the quantity of proteins and beads, it is now possible to perform higher throughput
screening using the Kinobeads technology. It might be even possible to further decrease the
guantities of biological extracts by using a different 384-well plate which does not bind proteins
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unspecifically. This has been reported by Eberl and coworkers??? who reduced the protein amount
to 250 pug while keeping protein concentration and the protein-to-bead ratio constant, or by
Golkowski et al**® who used 300 pg of protein and 5 pL beads for a pulldown experiment. Such
miniaturized chemoproteomic enrichment protocols enable not only large profiling campaigns of
small molecule kinase inhibitors but also the enrichment of kinases from primary material derived
from tissues of patients which is often only available in very small quantities.

Optimized mass spectrometry measurement method for fast data acquisition. Within only a few
years, technological advances in mass spectrometry instrumentation boosted the number of
proteins analyzed per hour extensively. One of the most recent machine generations, the Q
Exactive instruments (including Q Exactive HF), feature a quadrupol front for precursor selection,
high ion currents provided by the S-lens and a fast fragmentation by parallel filling and detection
modes.??* In combination with almost instantaneous isolation and fragmentation, cycle times of
one second for a Top10 method are achieved. Since previous Kinobeads projects®® were analyzed
with a 100 min liquid chromatography gradient on an Orbitrap Elite instrument, the performance
of the older generation of mass spectrometer was compared to the performance of a Q Exactive
HF instrument. Therefore, Kinobeads pulldown experiments were either measured on the Q
Exactive HF with a 50 min gradient or on the Orbitrap Elite with a 100 min gradient. As expected,
the number of kinases and proteins identified on the Orbitrap Elite was significantly lower,
although the gradient was twice as long (Figure 15 A). The number of identified kinase peptides
could be increased by 30 % with the newer generation of mass spectrometers. Hence, a shorter
measurement time while increasing identification rates led to the decision to measure Kinobeads
pulldown samples on a Q Exactive HF instrument.
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Figure 15 | Comparison of different mass spectrometers and measurement methods. (A) Table of
identification features of pulldown samples measured either on a Q Exative HF or an Orbitrap Elite
instrument. More proteins and peptides were identified using the Q Exactive HF instrument. (B) Bar plot
showing the numbers of identified peptides and kinase peptides using different TopN methods. (C)
Radarplot depicting the number of MS scans, MSMS scans, MSMS identified and cycle time of different
TopN methods relative to the Top10 method. Different colors represent different parameters.

To further optimize the measurement method on the Q Exactive HF instrument, different
parameters were modified to enhance identification rates and quantification. First, different
injection times were tested and as expected, longer injection times (75 ms) led to an increased
identification rate because more ions, especially low abundant peptides, could be collected
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resulting in a better quality of MS2 spectra and higher identification rates (data not shown here).
However longer injection times have the disadvantage of longer cycle times which in turn leads to
fewer MS1 scans required for MS1-based label-free quantification. Therefore, the injection time
was set to 22 ms to reduce the cycle time and enhance peptide quantification. Next, the state of
the art Top10 methods was compared to a Top2, Top5 and Top15 methods and the influence on
peptide identification as well as number of scans and cycle times were analyzed. The number of
identified kinase peptides was similarly high for the Top5 and Top10 method with 3469 and 3451
peptides, respectively (Figure 15 B). The Top2 and Top15 method resulted in a decreased number
of peptides (3004 and 3151 kinase peptides respectively; Figure 15 B), indicating that a Top5 or a
Top10 method would be the best choice. Using the match-between-runs option in MaxQuant
which matches identified features from one sample to another based on retention time and mass-
to-charge ratio can further boost the identification rate. In contrary to the identification rate,
stable and accurate label-free quantification depends on the number of MS1 scans over an elution
peak of a peptide which can be increased by a fast cycle time. As expected the cycle time was
shorter with the Top5 method (0.41 sec) than with the Top10 method (0.67 sec). Accordingly, the
number of MS1 scans is also higher for the Top5 method (10,967 MS1 scans) than for the Top10
method (9,824 MS1 scans), which is however associated with a reduced number of MS2 scans
(35,822 and 38,819 MS2 scans, respectively). Finally, the method of choice was the Top5 method
that presented a good balance between identification rate and robust quantification and was used
for the measurement of Kinobeads pulldown samples.

Recent advances in mass spectrometry instrumentation (Q Exactive HF-X) in combination with
micro-flow liquid chromatography systems facilitate the identification of the same quantity of
kinases within a 15 min liquid chromatography gradient, reducing expensive mass spectrometry
measurement time by a factor of four.??> Another option to shorten the measurement time is to
multiplex samples by isobaric mass tag labeling like tandem mass tags (TMT).??2 This quantification
method allows multiplexing of up to sixteen conditions so that all samples of one experiment
(eight compound concentrations, vehicle control and target depletion control) can be combined
and measured together.??2 TMT labeling also reduced missing values between samples enabling
more robust data analysis. But TMT labeling can lead to ratio compression which results in an
underestimation of protein competition off the beads and can hamper proper annotation of target
proteins.

In summary, measurement time could be reduced through advances in mass spectrometry
instrumentation. In addition, the sample preparation time was reduced by switching from in-gel
digestion to the on-bead digestion protocol and by reducing the amount of biological extract
required for one experiment. For all further experiments, a protein amount of 2.5 mg per
pulldown was used, on-bead digestion was carried out and samples were measured using a Q
Exactive HF device with a Top5 method and 50 min gradient time.
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1.3 The Challenge of Screening Thousand Inhibitors Using the Kinobeads
Technology

Equipped with an optimized Kinobeads profiling assay, the endeavor to profile more than 1,200
tool compounds (see Results and Discussion Chapter 2) was however still out of practical reach.
The ten samples per inhibitor to measure would indeed add up to a 1.5 years mass spectrometry
measurement time and around three million dose-response curves would need manual
inspection. Hence, the reduction of inhibitor concentrations and improvements of the data
analysis pipline were investigated. The following section details their implementation as means to
face the challenge of profiling libraries of molecules and explicit the selection of quality and
reproducibility controls necessary for such screening campaigns.

Reducing the number of compound concentrations for profiling. One major bottleneck of the
Kinobeads profiling assay was the number of samples or more precisely the number of evaluated
concentrations per inhibitor to establish a dose-response curve. With ten samples to be measured
per inhibitor, using this technology as higher throughput method was prohibitive. Hence, it was
investigated whether the number of concentrations could be reduced to two (plus vehicle control)
and which concentration would yield enough information about compound-protein binding to
access the complete target profiles. In this regard, two extreme cases can be considered: very high
concentrations of the competing compound can be used to reveal optimally all binding partners,
or lower concentrations could be applied to get more fine-tuned information about binding
partners and their affinities. The former profits from compound concentrations that are much
higher than the inflection point where all the targets are completely competed off the beads. In
order to get this picture, one very high concentration like 30 uM and a low concentration like 3 nM
where large parts of the interaction partners are not yet competed could be the concentrations
of choice to identify all target protein. While this high concentration is suitable to give a good
overview over all interactions in general, it is not appropriate to estimate ICsp values since most
of the intensities will be zero at this concentration. On the contrary, concentrations around the
inflection point would be favorable to get a more subtile picture and calculate binding parameters,
even though some high affinity targets might be disregarded in such setting. Since kinase
inhibitors mainly have binding affinities in the nanomolar range for their primary targets, 100 nM
and 1 uM were considered as possible competitor concentrations to distinguish between very
affine targets (Kq below 100 nM) and less affine target (Kq up to 1 uM), where respectively two or
one datapoint(s) would be nearing zero.

In order to investigate whether this combination is suitable for the calculation of precise binding
affinities, Kinobeads pulldowns of 50 clinical kinase inhibitors were performed using the optimized
workflow described above and only two inhibitor concentrations. In a previous study by Klaeger
et al, the target landscape of these 50 clinical kinase inhibitors has already been determined by
the previous Kinobeads setup using eight compound concentrations (full dose response),
Kinobeads y and a lysate mixture of four cancer cell lines.®® This dataset was used as reference to
compare Kinobeads assay results of a full dose response with eight concentrations and the novel
higher-throughput setup with only two concentrations. ECso values for each interacting protein in
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a full dose response Kinobeads pulldown experiment are deduced by a four-parameter log-logistic
regression (see Experimental procedure), which is not applicable to two inhibitor concentrations.
Another method was imagined, based on the studies of Kuzmic et al?*® about determining tight-
binding inhibition constants, and the following formula was derived to estimates ICso values based
on a single inhibitor concentration:

100 — inhibiton (9)

I =11
Cso = ] x inhibiton

[1] is the inhibitor concentration that is used for the 1Cso calculation (either 100 nM or 1 uM). The
100 reflects the DMSO control intensity which is set to 100 %. ‘inhibition’ is the relative reduction
of the MS signal intensity at the concentration that was used for ICsp calculation. The inhibitor
concentration closest to 50 % inhibition was used for ICso calculation. Only if the higher
concentration led to a residual binding that was closer to 50 % inhibition but was higher than the
residual binding of the lower concentration which should per default not happen, then the lower
concentration was used. By multiplying with a correction factor (Introduction Chapter 3.2) that
accounts for the depletion of the protein out of the lysate, the ICso value was converted into an
apparent dissociation constant K4°PP. Hence binding affinities of 50 clinical kinase inhibitors were
estimated based on this formula.

The calculated apparent dissociation constants were then correlated to the ones obtained by

1.%° Overall, the pK4?° values were reasonably well conserved (Pearson correlation of

Klaeger et a
R=0.808) considering that a different Kinobeads version, a different cell lysate mixture and a
different sample preparation protocol was used (Figure 16). Dots on the x- or y-axis represent
targets that have only been identified in one of the experiments. This was expected because the
new Kinobeads matrix enriched kinases that were not assessable before and the new lysate
mixture cover a slightly different kinase spectrum. Additionally, the target selection criteria were
slightly different between the two approaches. While the targets of the eight dose Kinobeads
pulldown experiment were annotated manually as described by Klaeger et a/®®, target annotation
based on the two dose data were performed using an automated classification tool (see next
paragraph for detailed description).??” Manual annotation of targets can lead to more variations,
since no strict rules are applied and the annotation depends on the subjective evaluation of an
expert. A machine learning model annotates targets of an inhibitor in a more reproducible way
because it follows strict rules and evaluates more objectively. In addition, variations in affinities
can be caused by targets of low abundance and few unique peptides that are more susceptible to
variation in their intensities and thus in their ECsq or 1Csq calculation.
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Figure 16 | Number of compound concentrations for Kinobeads pulldown experiments. pK4**® values of
targets of 50 clinical kinase inhibitors obtained with two inhibitor concentrations (100 nM and 1 uM) were
correlated to the ones previously published® using KBy and a four cell lines lysate mixture. Each dot
represents one drug-target combination. Blue line depicts the linear regression whereas the black line
represents the diagonal. Affinity values were reasonably well conserved with a Pearson correlation of
R=0.808.

Given these influences, the correlation between the two datasets was fairly good. In summary,
the two compound concentrations (100 nM and 1 uM) are sufficient to estimate an apparent
dissociation constant of small molecule kinase inhibitors, which reduces the time required for
experimental data acquisition and sample preparation. The selection of concentrations was
further corroborated by another screening campaign of kinase inhibitors that used the same
compound concentrations to profile the published kinase inhibitor library.*?

Automatic data analysis for higher throughput. In order to achieve better reproducibility and
consistency and because manual data inspection of over 1,200 compounds (see Results and
Discussion Chapter 2) is impossible, targets of two-dose Kinobeads data were annotated using an
automated classification tool. A random forest classifier to distinguish targets from non-targets
was developed by Florian Seefried under supervision of Mathias Wilhelm and Tobias Schmidt at
the Chair of Proteomics and Bioanalytics, TU Munich.??” Therefor the targets of a limited number
of compounds (around 100) were annotated manually. The annotated two-dose Kinobeads
dataset was then used to train and optimize the random forest classifier (performed by Florian
Seefried). The final classifier assigns a target probability score to each quantified protein in the
Kinobeads dataset ranging from 0 to 100 %. Proteins with a target probability higher than 93.5 %
were annotated as target of the corresponding compound and proteins below the threshold were
annotated as no targets. The target probability threshold of 93.5 % reached a good balance
between false positive and false negative rates. Lowering the threshold would lead to more false
positive hits and increasing would result in a higher false negative rate.

To achieve an optimal and integrative way of Kinobeads data analysis, several data processing
steps are required: protein and peptide identification (MaxQuant), calculation of relative intensity
ratios and visualization of data together with annotation of potential targets (see Experimental
procedure Chapter 3). Since these steps have to be carried out separately for each compound that
has been profiled, Mathias Wilhelm from the Chair of Proteomics and Bioanalytics, Technical
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University of Munich, wrote an automatic data processing pipeline containing all data processing
steps required for the analysis of a two-dose Kinobeads pulldown experiment (see Experimental
procedure). Briefly, the tool was launched by automatically copying raw files generated by mass
spectrometry measurement into a designated folder. Proteins and peptides were then identified
and quantified by a MaxQuant search with predefined parameters. MS raw files of a specific drug
and the corresponding vehicle controls from the same plate were processed together. The
resulting output file (proteinGroups.txt) was used for further filtering, normalization and for the
generation of relative intensity plots. The final step in the pipeline was the random forest classifier
which assigned the target probability. This automatic data analysis pipeline together with the
random forest classifier enables consistent and reliable data generation for large Kinobeads
screening projects.

Assay stability assessed by quality controls. In order to evaluate the quality and reproducibility
of Kinobeads pulldown experiments with two inhibitor concentrations over a longer period of time
and to estimate the performance of the random forest classifier for target annotation, suitable
quality controls had to be selected. The 96-well assay format enables parallel selectivity profiling
of 40 inhibitors leaving 16 wells for vehicle and quality controls (Figure 17 A). DMSO, Lestaurtinib,
a compound mixture and blocked beads were used as control.

Six DMSO controls were distributed over the 96-well plate. The median intensity of all DMSO
controls per plate was used to calculate relative residual binding intensities for each protein group
at every inhibitor concentration. To account for how reproducibly a protein was enriched by
Kinobeads, the standard deviation of the six DMSO LFQ intensities for each protein per plate was
calculated and visualized in the respective two-dose data plots. In addition, the DMSO controls
were used to assess the intra-plate variability of the overall experimental design. Therefore, the
protein and kinase log, LFQ intensities of the different DMSO controls were correlated. Overall,
the Pearson correlations ranged between 0.98 and 0.99 which showed a high reproducibility of
the pulldown experiment within one plate (Figure 17 B, kinases are marked in green). DMSO
controls with median Person correlation to all other DMSO controls of the plate below 0.96 were
excluded from further analysis (see Figure 17 B, Plate MR024 DMSO1 versus DMSQ2). In addition,
the coefficient of variations for each kinase of the DMSO controls was calculated per assay plate.
Around 70 % of the kinases showed coefficient of variation values below 10 % which was also
indicative for high reproducibility of the pulldown.

The vehicle pulldowns also served as control to determine which and how many kinases were
enriched by the Kinobeads per plate. A compound mixture of seven wide-spectrum kinase
inhibitors (OTS-167, AT-9283, Dasatinib, Brigatinib, GSK-690693, PF-3758309 and BGT226), dosed
at a concentration of 10 uM were used to compete as many kinases from the beads as possible.
Kinobeads pulldowns of the compound mixture were performed in triplicates on each plate
(Figure 17 A). In average, statistical testing revealed a significant decrease in LFQ intensities for
212 kinases (Figure 17 C). Apart from the fact that the number and type of kinases competed off
the beads were compared between the plates, the compound mix Kinobeads pulldown results
were not considered for further analysis.
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Figure 17 | Quality controls for the large scale Kinobeads profiling study. (A) Layout of a 96-well plate for
Kinobeads pulldown experiments. 40 compounds are fitted on one plate (labeled in grey) together with 6
DMSO controls, 3 Lestaurtinib controls (two concentrations), 3 compound mixtures and one well for blocked
beads. (B) Log, LFQ intensity correlation of DMSO controls of one plate. The Pearson correlation is between
0.98 and 0.99. Kinases are marked in green. (C) Volcano plot showing differently enriched proteins of DMSO
control versus broad selective compound mixture pulldowns. Kinases are marked in blue. Differently
enriched proteins are marked in grey.

In addition to 40 tool compounds that were profiled together on one 96-well plate, the tyrosine
kinase inhibitor Lestaurtinib was analyzed in two concentrations (100 nM and 1 uM) on each plate
in triplicates (Figure 17 A). The results of the Lestaurtinib pulldowns were used to check the overall
performance of the random forest classifier for target annotation. Lestaurtinib was chosen
because its more than 70 targets cover a broad spectrum of proteins (different protein kinase
families, non-kinase targets) across a large affinity range. A total of 95 Lestaurtinib pulldowns
distributed over 32 plates were conducted during the large scale selectivity profiling study of more
than 1,200 tool compounds resulting in a drug target matrix depicting the target space of
Lestaurtinib (Figure 18 A). Most targets were identified in all 95 experiments with similar affinities
showing again the high intra- and inter-plate reproducibility of the assay. Only one experiment
exhibited higher affinities for all targets (Figure 18 A, first line) and another Lestaurtinib pulldown
resulted in more identified targets compared to the average (last line in Figure 18 A) both of which
indicated to an experimental error in the pulldown experiment. Based on data from Klaeger et a/®°
and data generated here, 76 proteins were identified as targets of Lestaurtinib with an affinity
below 1 uM. Based on the results, the number of false positives and false negatives were
calculated (Figure 18 B). In total, the 95 experiments should lead to the identification of 7,220
targets (76 targets per experiment) out of more than 235,000 identified proteins (~2,500 proteins
per experiment). The random forest classifier identified 7,079 targets of which 361 proteins were
incorrectly annotated as target and represented the false positive hits (0.05 %). In contrast, 483
proteins were falsely classified as non-target while being targets of Lestaurtinib (false negative
hits, 0.07 %). As 93 % of the targets were assigned correctly, the overall performance of the
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random forest classifier was very satisfying. In order to examine more precisely where the errors
derived from, the false negatives and false positives hits were investigated. Especially targets like
TGFBR1, with rather low affinities around 1 uM were often falsely classified (Figure 18 C). An
affinity of 1 uM was used as cutoff since the Kinobeads assay using two inhibitor concentrations
is most reliable the submicromolar range. Therefore, slight variations in residual binding can lead
to an affinity below or above 1 uM and thus to an error in target annotation. In addition, low
abundant proteins and proteins with low affinity tended to have false annotation. One example
was the designated target of Lestaurtinib JAK2, which was annotated as target in only 52 out of
95 experiments (Figure 18 D). The overall intensity of JAK2 was quite low and over 50 % of the
guantified proteins had higher intensities. This can be caused by either low expression of JAK2 in
the used cell lines or by low affinity of JAK2 to Kinobeads. Low protein intensity also resulted in a
high standard deviation of the LFQintensity of the six DMSO controls (Figure 18 E). In addition,
only a few unique peptides were identified for JAK2 | (eight unique peptides in the DMSO control;
Figure 18 E). Hence, the overall performance of the random forest classifier was excellent and
false positive or false negative hits were mainly deriving from experimental errors or detection
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Figure 18 | Evaluation of the random forest classifier using 95 Lestaurtinib pulldowns. (A) Unsupervised
clustering of 95 Lestaurtinib pulldowns and their targets (color code reflects the pK4®*® of drug-protein
interaction). (B) Performance of the random forest classifier determined on the basis of 95 Lestaurtinib
Kinobeads pulldown experiments. Lestaurtinib has 76 targets and numbers of false positives and false
negatives were calculated. (C, D) Radarplot depicting all Lestaurtinib experiments where binding to TGFBR1
(C) or JAK2 (D) was observed. Each spike represents one Kinobeads experiment were TGFBR1 or JAK2 were
identified as target of Lestaurtinib, the length of the spike reflects the binding affinity (pK4®"?). (D) Relative
intensities, number of peptides, unique peptides and MSMS counts for JAK2 showed a dose dependent
(Lestaurtinib) reduction and JAK2 was identified as target.
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A total of 95 wells were occupied by tool compounds, DMSO controls, compound mixtures and
Lestaurtinib. The last well of the 96-well plate was allocated to blocked beads (Figure 17 A) to
assess unspecific binding to plastic ware and the beads. Blocked beads are made by reacting NHS
activated sepharose beads with aminoethanol. This reagent is also used for blocking the residual
immobilization sites after coupling of amino-probe to Kinobeads and hence coats 80-90 % of the
surface of the Kinobeads. In total 84 kinases were identified in pulldowns performed with blocked
beads (29 different pulldown experiments) but with more than 90 % lower intensities as compared
to kinase intensities in the DMSO control. Hence, unspecific binding to the beads did not
substantially affect the calculation of residual binding for kinases.
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Figure 19 | Schematic representation of Kinobeads workflow designed to profile 1,232 tool compounds.
Lysates of five cancer cell lines are separately equilibrated with two inhibitor concentrations or vehicle.
Kinobeads € are used to enrich the fraction of protein targets not engaged by the inhibitor. After washing
bead bound proteins are digested on-beads. After LC-MSMS measurement the automatic data analysis
pipeline including the random forest classifier is used for peptide and protein identification and
guantification, data processing and target annotation.

To summarize, all optimization steps described in this chapter resulted in a more efficient and
robust Kinobeads workflow (Figure 19) which enables the selectivity profiling of libraries of kinase
inhibitors. Higher kinome coverage was gained by combing lysates of five different cancer cell lines
and by using Kinobeads €. Two compound concentrations, on-bead digestion and an optimized
LC-MSMS method resulted into a drastic reduction of the samples preparation and data
acquisition time. Together with the automatic data analysis pipeline including the random forest
classifier for target annotation, the new Kinobeads workflow constitutes a technological milestone
which came to fruition when profiling 1,232 tool compounds as will be discussed in the next
chapter.
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2 In Search of New Chemical Probes — A Chemoproteomic
Selectivity Screen of 1,232 Kinase Inhibitors

Chemical probes are small molecules that have high affinity and selectivity as well as high efficacy
for one particular protein (Introduction Chapter 2.3).”>%* Such selective small molecules enable
the mechanistic and phenotypic investigation of its molecular target in biochemical, cell-based
and animal experiments. Therefore, they are valuable reagents for basic research, applied
biological research and early drug discovery. However, a large part of the human kinome still lacks
an adequate chemical probes. Therefore, one major goal of this work was to find new selective
kinase inhibitors and inhibitors for the hitherto untargeted kinome. The optimized Kinobeads
assay was used in a competitive pulldown setup with two inhibitor concentrations to screen 1,232
compounds and the results of this screening effort are presented in this chapter.

2.1 The Target and Selectivity Landscape of 1,232 Kinase Inhibitors

The profiled compound set. To constitute the library to be profiled, the published kinase inhibitor
set (PKIS), PKIS2, and the kinase chemogenomic set (KCGS) introduced in the Introduction Chapter
2.3 were complemented by a compound library provided by Roche (Roche) and a set of cherry
picked clinical kinase inhibitors (Clinical KI) (Figure 20 A). A list of all profilied compounds can be
found in the Appendix (Supplementary Table 1). The PKIS and PKIS2 count 367 and 645
compounds respectively and have 10 compounds in common.213 Due to solubility problems and
missing compounds, only 358 and 521 compounds were screened with the Kinobeads technology.
The kinase chemogenomics set (188 molecules) gathers molecules from the PKIS, PKIS2,
compounds from the scientific literature, and compounds donated from SGC members.'° Hence,
there is an overlap of 52 compounds between KCGS and PKIS and of 45 compounds between KCGS
and PKIS2 (Figure 20 B). Only a subset of the duplicates were profiled twice in order to analyze
reproducibility of the compound screen. The library provided by Roche comprises 222
compounds. Additionally, 50 clinically approved or phase Ill compounds were screened. These
clinical kinase inhibitors have already been profiled by Klaeger et al®® in full dose response
Kinobeads competition assays and were mainly used as control for the optimized Kinobeads
workflow (see Results and Discussion Chapter 1.3). The compound set were structurally diverse.
Overall, the 1,232 compounds could be grouped into 58 chemotypes based on the classification
of Elkin et al**? and Drewry et al.'*® Each chemotype comprised at least 5 compounds (Figure 20
C). Examples of two core structures are given in Figure 20 C showing the structural diversity of the
chemotypes.
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Figure 20 | Composition of the profiled compound set. (A) The compound set is composed of the PKIS and
PKIS2 libraries, the KCGS, the Roche library and 50 kinase inhibitors that are in clinical trials or approved.
Overall, 1,232 unique compounds were profiled. (B) Overlap of compounds that are included in two
libraries. KCGS and PKIS share 52 compounds and KCGS and PKIS2 have 45 compounds in common. (C)
Compounds can be grouped into 58 different chemotypes. Minimum number of compounds per chemotype
is five. Core chemical structure of two chemotypes are shown as example.

The target landscape of 1,232 kinase inhibitors. The association of Kinobeads € and mixture of
cell line lysates defined a screening “panel” of 308 kinases that can be enriched out of 555 human
protein and lipid kinases (Figure 21 A). A total of 239 kinases were targeted by at least one inhibitor
(Figure 21 A), including an impressive 228 kinases with submicromolar affinity for at least one
compound. Hierarchical clustering of the compounds and their respective kinase targets revealed
the druggable kinome, where each colored square represents the strength of one compound-
kinase interaction (Figure 21 B). White space indicates no interaction between the compound and
the corresponding kinase. Overall, 6,131 compound-kinase interactions with a submicromolar
affinity were identified with the Kinobeads technology. The compound set targeted a broad range
of kinases from different subfamilies with a slight overrepresentation of the tyrosine kinase (TK)
and CMGC families because many inhibitor were originally designed for these two families (Figure
21 C). The most frequently inhibited kinases were GSK3A, PRK3CD, GAK, RIPK2 and RET with more
than 100 compounds. GAK and RET in particular appeared to be promiscuous and bound to a
larger number of inhibitors in comparison with other kinases, although not a significant number
of compounds were specifically designed to target either of these two proteins. Visualization of
the data displayed clusters of compounds that selectively inhibited one kinase like the cluster of
compounds targeting EGFR. Additionally to some selective inhibitors, several broad spectrum
kinase inhibitors were identified in the screen. In contrary, no target was detected for 67 inhibitors
and another 194 compounds had no target with submicromolar affinity to any protein. Either the
compounds did not bind any kinase and were inactive or the targeted kinase was not presented
in the screening panel and represent a blind spot of the assay. In all further analysis of the screen
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only compound-target interactions of submicromolar affinity where considered, since the
Kinobeads assay using two inhibitor concentrations is most reliable in this affinity range.

A C 1507 GSK3A
T RIPK2
g PRK3CD
2
100~
£
o
o
N
3]
i 50
-]
£
=]
Z
B # human kinases r — — T - T
@ # identified kinases g ¢ £5 888 ¥ ¢ =
O # kinases as target < & g = ¢ % w
o 3
Kinase families
B Compounds R
AN S I VR 0 RNORNNN) 1 0 IR AT O IW00 W0 VORI Y | VRN 00N VO 0100 VNN W Library
Y — P —.
L L = Yo | 08Ks g g BewE [0 Library
¥ 'ﬁi ‘ ‘ ! ﬁ M Ciinical Kis
i H ' - - . S L : : 2 % . : KCGS
L 3 P ! ot - : '} ‘ LLrl
T T e TR b Ve R PKIS1
el EGFR P h b PKIS2
; & hie o ‘ L s pi 3 ) Roche
73 s : - T o . : L
m - L ~ 1
nl’ i l,'"vA
a|. i
£ Ol
=1 | i1
£ ® , 0 Multi- [ 7
% G - kinase: |,
& 5, ' -y hign affinity
o !
e = L W : g 8 s
N y o 2
f P - JfE B Foa e
1 e s I W7E
By it ’
R M (4] ) ] -
b -I: = g ; o ; p—— oo i .‘: H 6
L 2 . i " - ; : &l ‘1 | =£] low affinity

Figure 21 | The target landscape of 1,232 kinase inhibitors. (A) Number of kinases that are enriched by the
optimized Kinobeads workflow. 239 kinases show binding to at least one inhibitor. (B) Hierarchical clustering
of kinase targets against 1,232 compounds. Each dot represents one compound-kinase interaction and the
color indicates the affinity of the interaction. (C) Number of compounds that target one kinase. Kinases are
alphabetically ordered by their subfamilies.

Non-kinase targets. In addition to kinase targets, the experimental setup of a Kinobeads assay
allows for the identification of non-kinase targets including nucleotide binder, helicases, ATPases,
GTPases, FAD (e.g. NQO2) and heme (e.g. FECH) containing proteins. These target classes are
typically not included in classic recombinant assays. Non-kinase targets can potentially add to the
drug’s mode of action or lead to adverse side effects. Examples for this are ferrochelatase
(FECH)® and ribosyldihydronicotinamide dehydrogenase (NQO2)'* that have been shown to
bind to diverse clinical kinase inhibitors. Within this large scale kinase inhibitor profiling study, 16
nucleotide binding (non-kinase) proteins, five FAD binding proteins, two heme binding proteins
and four metabolic kinases were found as targets of various compounds (Figure 22 A). Besides the
already known non-kinase off-targets of kinase inhibitors, the FAD binding protein peroxisomal
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acyl-coenzyme A oxidase 1 (ACOX1) was discovered as potent target of several compounds (Figure
22 B). The enzyme ACOX1 catalyzes the desaturation of acyl-CoA to 2 trans-enoyl-CoA, the first
step of the fatty acid beta-oxidation pathway. Defects in the gene can lead to accumulation of
very long chain fatty acids and is associated with a disease called pseudoneonatal-
adrenoleukodystrophy.??#?2° One example is the compound GW775608X that induced a dose
dependent intensity reduction of ACOX1 and bound this target with an affinity of 808 nM (Figure
22 B). Additionally, NAD(P)H dehydrogenase [quinone]l (NQO1) was discovered as off-target of
various kinase inhibitors. The enzyme serves as quinone reductase and is expressed at higher
levels in divers human cancers.° Since NQO1 plays a crucial role in chemoresistance and
proliferation of some cancer types, inhibition of NQO1 might be beneficial in combination with
conventional chemotherapeutics.?®' The metabolic kinase PDXK (pyridoxal kinase) is another
example of non-protein kinase target of several tool compounds. PDXK is responsible for
phosphorylation of pyridoxal (vitamin B6) to pyridoxal-5-phosphate and has been identified as
target of Roscovitine, a clinical CDK inhibitor.?** The Kinobeads technology allows for the
identification of such off-targets but the non-kinase off-targets require further validation in
complementary assays.
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Figure 22 | Non-kinase targets of kinase inhibitors. (A) Nucleotid binding proteins, FAD binding proteins,
heme binding proteins as well as metabolic kinases were identified as non protein kinase off-targets of the
compounds. (B) Radar plot displays compounds that bind to ACOX1 (each spike is a drug and the length
correspond to the affinity of the interaction). Left panel shows dose dependent intensity reduction of ACOX1
with increasing concentrations of GW775608X.

Correlation for affinity results to external data. As already mentioned, PKIS and PKIS2 have been
distributed by the SGC to hundreds of research groups and have been extensively studied.°
Therefore, complementary information on the target profiles of these inhibitors is already
available in the scientific literature. In 2016, Elkins et a/**? published the results of profiling PKIS
compounds against a panel of 224 recombinant kinases including 196 protein kinases, 21 mutated
protein kinases and 5 lipid kinases with the Nanosyn enzyme assay using inhibitor concentrations
of 100 nM and 1 puM. The Nanosyn assay is an in vitro kinase activity assay that utilizes
recombinant kinases to screen for targets of inhibitors and reports percentage of inhibition values
(Introduction Chapter 3.1).12 Their screening panel comprised 125 kinases which were also
enriched and competed with the Kinobeads. Based on this overlap, the results of the Nanosyn
assay were compared to the results of the Kinobeads screen. First, the 125 kinases and their
corresponding binding values for 358 compounds were selected. The percentage of inhibition was
then plotted against the pK4*"° values as determined by the Kinobeads assay (Figure 23 A). Only

inhibition values greater than 50 % and affinity values higher than 1 uM (pKs* of 6) were
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considered to exclude potential false positives. Both assays overlapped in the identification of 491
drug-protein interaction (Figure 23 A) and more than 41,000 drug-protein combinations that did
not show any binding. A total of 1,800 drug-protein interactions with inhibition of more than 50 %
were identified only by the Nanosyn assay (x-axis in Figure 23 A) whereas 189 drug-protein
interaction with affinities in the submicromolar range were exclusively discovered by the
Kinobeads assay (y-axis Figure 23 A). The overall correlation of the results was rather poor with
R=0.26. The differences between the two assays were partly kinase dependent. For example, CDK2
was identified in both assays as target for 13 inhibitors. Results of the Nanosyn assay suggest the
binding to CDK2 for additional 23 compounds of the library. In contrast, within the Kinobeads
assay 15 compounds bound to PIK3CD whereof only one was confirmed in the recombinant assay.
These examples indicated that the correlation between recombinant kinase activity assays and
lysate based assay depends to a certain extent on the kinase. These kinase dependent
discrepancies might be explained by potential complex partners. For example, CDKs are forming
stable complexes with specific cyclins. In recombinant kinase assays like the Nanosyn assay, one
CDK/cyclin complex is analyzed at a time whereas several different CDK/cyclin complexes at once
are present in the cell lysate mixture used for Kinobeads profiling. PIK3CD also functions in
complex with its regulatory subunit which is present in native cell lysate while in recombinant
kinase assays only the PI3K kinase without the regulatory subunit is usually analyzed. Hence, the
observed differences could be in parts explained by different assay conditions.
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Figure 23 | Comparison to external data. (A) Correlation of inhibition data of PKIS derived from Elkins et
al*'? against binding data of the Kinobeads screen. Each dot represents one drug-target pair. (B) Correlation
of inhibition data of PKIS2 derived from Drewry et a/**3 to the results of the Kinobeads screen.

The PKIS2 library has been profiled by Drewry et al.''® Here, 645 compounds of PKIS2 were
screened in singlicates at a concentration of 1 uM against 392 wild-type human kinases using the
commercially available KINOMEscan assay panel.'*? 200 kinases of the screening panel were also
enriched and competed by Kinobeads. This overlap was again used to compare the results of the
binding assay utilizing recombinant kinases to the results of the lysate based Kinobeads screen. In
total, 1,613 drug-protein interactions were identified in both assays with a Pearson correlation of
R=0.21 (Figure 23 B). Binding of 828 drug-protein combinations were additionally identified only
by Kinobeads while the KINOMEscan assay exclusively elucidated more than 6,000 drug-protein
interactions.
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Overall, the two recombinant kinase assays identified considerably more targets compared to the
lysate based Kinobeads assay. It should be noted that the values that were compared did not have
the same dimension and may therefore lead to distorted results. Kinobeads results have been
reported with pKs®" values (log scale) while recombinant kinase assay results were reported in
percentage of inhibition. But the discrepancy does not change the fact that more targets were
identified by Elkins et a/**? and Drewry et al*. The Kinobeads assays accomplish close-to-
physiological conditions and features the full length protein with all posttranslational modification
and interaction partners which can vary the binding to the inhibitor. It can be just speculated that
lysate based assays are closer to physiological conditions in cells and therefore might show higher
correlation to in-cell target engagement results in comparison with recombinant assays. A similar
observation was made, when the NanoBRET method for in-cell target engagement was compared
with classical biochemical approaches like activity assays which revealed that also the NanoBRET
identified much less targets.!?® This statement, however, requires further investigation via
systematic comparison between NanoBRET, Kinobeads and recombinant kinase assay profiling
results for instance.

The selectivity landscape of 1,200 kinase inhibitors. After the target space of the 1,232 kinase
inhibitors was elucidated, the selectivity of the compounds based on the CATDS metric was
calculated (Introduction Chapter 2.2). CATDS is a concentration and target dependent selectivity
score that measures the target engagement of a specific protein at a certain compound
concentration relative to the target engagement of all targets at that concentration.®® Values close
to one indicate highly selective compounds with only one target engaged at the given
concentration, whereas values close to zero refelects very unselective profiles. Depending on the
target(s) and the concentration that are chosen, the same inhibitor will exhibit different
selectivities. In order to assess the highest selectivity a compound can achieve, irrespectively of
its designated target, the selectivity of each compound was investigated using the CATDS for the
most potent target at its respective K4 concentration.

Calculated CATDSmostpotent SCOres of the screening panel were ranked and highly selective
compounds as well as very unselective inhibitors were identified (Figure 24 A). ERK-IN-1 for
instance, appeared to be very selective with only one target (Ks**® of 813 nM), whereas
GSK1269851A was very unselective with a CATDS close to zero (Figure 24 A). Additionally to the
CATDS of the most potent target, the selectivities of a compound to all its targets (CATDStarget)
were calculated (at the respective K4°® concentration), and assembled in a drug-protein
interaction matrix using unsupervised clustering (Figure 24 A). Red colored dots illustrate highly
selective compounds whereas blue dots reflect unselective inhibitors.
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Figure 24 | The selectivity landscape of 1,232 kinase inhibitors. (A) Hierarchical clustering depicting the
selectivity of the compound set. Each dot represents one drug-protein interaction and the color indicates
the selectivity of the compound towards this target according to its CATDStargets. Insert: Ranking of the
compounds according to their CATDS of the most potent target. (B) Number of targets per compound sorted
by libraries. Blue indicates targets with affinities below 100 nM and grey between 100 nM and 1 uM. (C)
Compounds per library are grouped into four selectivity categories. Number of compounds within one
category are labeled in white numbers.

PKIS1

The KCGS is composed of the most selective inhibitors of PKIS, PKIS2 and highly selective
compounds from the literature leading to the assumption that inhibitors of KCGS are significantly
more selective than compounds of the other libraries. Inhibitors were sorted by libraries and the
number of targets with an affinity below 100 nM (blue) and between 100 nM and 1 uM were
plotted. In each library, compounds with high numbers of targets as well as compounds with only
one target were identified (Figure 24 B) and no significant difference between the selectivity of
the libraries was observed in this analysis. In addition to counting targets, the CATDS score of the
most potent target was used to group compounds into four different selectivity categories (Figure
24 C). Here, the percentage of highly selective compounds with a CATDSmostpotent between 0.5 and
1 was higher for the KCGS library compared to the other libraries. In contrast, the Roche library
comprised the smallest fraction of highly selective inhibitors. Even though KCGS was designed to
contain only potent and selective kinase inhibitors and showed the best selectivities in this screen,
still several broad spectrum compounds have been identified using the Kinobeads technology.
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In summary, the target landscape of 1,232 small molecule kinase inhibitors derived from different
compound libraries have been elucidated with the Kinobeads technology. The selectivity of the
compounds varied strongly between highly selective inhibitors as well as very unselective
inhibitors. The CATDS score was used in further analysis to identify potential chemical probes
within the compound set.

2.2 Characterization of Potential New Chemical Probes

Selection of new potential chemical probes. With this set of affinity and selectivity data, the
search for new chemical probes could commence. Chemical probes must meet certain criteria in
terms of selectivity and target engagement as set out in the introduction.®® For the Kinobeads
data, these criteria were translated as following: for a compound to be considered as a potential
chemical probe its affinity must be below 1 uM and the CATDSmostpotent Must be above 0.5 (Figure
25 A). These thresholds would act as selection criteria. To determine other chemical probe criteria
such as cellular potency other tools or assays are required. A few examples are hereafter
presented as prototypical cases. Therefore, the identified chemical probes in this data set have to
be seen from the perspective of building a profound basis for further validation experiments
proving if the compound fulfills also all other chemical probes criteria.

In total, 354 of the 1,232 screened compounds fulfilled the here applied probe selection criteria,
targeting 73 different kinases that were scattered across all subfamilies (Figure 25 B). Contrary to
what was expected, there was no bias for kinases of the TK and CMGC families, although most of
these inhibitors were designed for those two groups. As mentioned above, the chemical probe
portal report on probes for 102 human protein kinases. In the data set presented here, candidate
probes for an additional 53 kinases were found providing the opportunity to greatly expand the
portfolio of chemical probes assuming that the Kinobeads results can be validated. Chemical
probes for a further 20 kinases were proposed for which a probe already exist in the chemical
probe portal. A total of 20 compounds previously classified as selective probes, were reprofiled
using the Kinobeads technology whereof only three (Afatinib, BI2536, GSK583) were identified as
chemical probes within this screen and another two compounds (DDR1-IN-1 and CCT24474) barely
missed the selection criteria with @ CATDSmostpotent Of 0.46. For seven compounds, the designated
target (e.g. CDK8 or RIPK1) could not be enriched by Kinobeads hampering selectivity
determination. The eight remaining compounds showed rather poor selectivity in the Kinobeads
assay. Such discrepancies between reported chemical probes and Kinobeads selectivity profiling
have already been reported by Klaeger et al.®°
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Figure 25 | Identification of potential chemical probes within the dataset. (A) Criteria to search the dataset
for potential chemical probes. The affinity of the compound must be below 1 uM and the CATDS of the most
potent target should be above 0.5. (B) Kinometree depicting kinases (red and blue circle) that have been
targeted by at least one inhibitor that fulfill the criteria of a potential chemical probe. For kinases marked
in blue, a chemical probes has been reported on the chemical probe portal. (C) Radarplot depicting targets
of the inhibitor RO0272148-000. Each spike represents one target and the length displays the affinity.

Overall, the large data set of over 1,200 compounds revealed potential chemical probes for well-
studied kinases as well as understudied kinases (see also Results and Discussion Chapter 2.3). The
largest diversity of chemical probes (37 compounds) were detected for the well-studied kinase
EGFR. Some of the compounds were derived from EGFR medicinal chemistry programs
emphasizing the success of these programs to develop selective EGFR inhibitors. Another example
was the receptor tyrosine kinase FLT3 that has been targeted by 88 inhibitors of which several
revealed high selectivity. For instance, RO0272148-000 is a potent (Ks**® = 99 nM) and highly
selective (CATDSgrs = 0.87) FLT3 inhibitor with ACOX1 as only additional and less affine target
(Figure 25 C). Mutations of FLT3 (internal tandem duplication; FLT3-ITD) occur in around 30 % of
acute myeloid leukemia (AML), hence, compounds targeting FLT3 are in high demand.?? In
addition, a total of 44 compounds targeted the serine/threonine kinase CDKL5 of which one
fulfilled the chemical probes selection criteria. CDKL5 is essential for normal brain development
and deficiency is associated with epileptic encephalopathy.?** Selective and affine compounds
might help to better understand the cellular function of this kinase.

Furthermore, several selective ephrin type-B receptor 6 (EPHB6) inhibitors were discovered in the
dataset. EPHB6 is a pseudokinase and modulates cell adhesion and migration when stimulated by
ephrin-B2.2% It is unclear how ATP-competitive small molecules could modulate nonenzymatic
functions of pseudokinases but with selective inhibitors in hand like GW458344A, this can be
further examined. Pseudokinases in general are gaining interest in drug discovery as important

new drug targets due to their physiological roles associated with various human diseases.?%®
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New selective CK2 inhibitors. Casein kinase 2 (CK2) is a constitutively active serine/threonine
kinase and occurs as tetramer that is composed of two catalytic a units and two regulatory B
units.??” The a domain appears as o (CSNK2A1) and a’ (CSNK2A2) variant and form either a
homotetramer or a heterotetramer. CK2 is involved in regulation of many cellular processes
including cell growth and proliferation as well as cell death and is often overexpressed in cancer
cells promoting proliferating effects leading to an addiction of the cancer cell to high levels of
CK2.%3823 For this reason, CK2 has emerged as a promising drug target in cancer therapy.?*°
Several ATP-competitive CK2 inhibitors have been developed to date and one of these, CX-4945,
has progressed to clinical phase Il. Although CX-4945 has been reported to be highly selective for
CK2 (K4 of 1 nM as etermined by Kinobeads®?), several studies showed off-target effects and
described several other kinases to be inhibited by the compound.®%2%12%2 Kinobeads profiling of
CX-4945 also uncovered several off-targets including CLK3 (K4 of 10 nM), STK10 (K4*° of 96 nM)
and SLK (K42P of 220 nM).%° Therefore, the data of the Kinobeads screen were searched for potent
and selective CK2 inhibitors. In total, 64 compounds were identified as CK2 binders some of which
were potent and highly selective for CK2 (Figure 26 A). Due to the two a domains which represent
two different proteins to which the compound can bind, a CATDScsnk2a1 Of 0.5 indicates already a
highly selective inhibitor which only binds to CK2a and CK2a’ at the specific K4°°® concentration.
Compounds, assigned to the quinolinyl-methylene-thiazolinones chemotype, were
overrepresented with a total of 25 compounds. This chemotype was originally optimized for
selective and potent inhibition of CDK1 and led to the identification of the highly selective CDK1
inhibitor RO-3306.2%32%* 35 compounds of this chemotype were profiled using the Kinobeads
technology and especially RO4613269-000, RO4493940-000 and RO4603632-000 appeared to be
promising compounds with high selectivity (CATDScsnk2a1 Of 0.43, 0.36, 0.3) and relatively high
potency for CK2 (pK4**P of 7.2, 6.5, and 6.6, respectively). In addition, GW869516X that belongs to
the imidazotriazine chemotype was discovered as potent and selective CK2 binder. Within the
Kinobeads screen only CK2 was identified as target of GW869516X whereas R04613269-000
displayed some off-target effects and bound to three other proteins but with much lower affinity
(Figure 26 B).

To validate the results of the Kinobeads assay, the four compounds were tested in a recombinant
activity assay that was conducted by Reaction Biology Corporation. The compounds were
screened against CSNK2A1 and CSNK2A2 as well as against CDK1/cyclinB as it was the designated
target of the quinolinyl-methylene-thiazolinones chemotype. All four tested inhibitors revealed a
reduced activity for CK2 with higher inhibitor concentration and ICso values for CSNK2A2 of 34 nM,
65 nM, 372 nM and 51 nM were measured for GW869516X, RO4613269-000, RO4603632-000
and R0O4493940-000 (Figure 26 C, D). Activity of CDK1 was only slightly reduced with higher
concentrations but no ICso values could be determined. This coincides with published data that
reported no activity inhibition of CDK1/cyclinB for the three compounds of the quinolinyl-
methylene-thiazolinoes chemotype.?*
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Figure 26 | Selective CK2 inhibitors. (A) Affinity of CK2 inhibitors is plotted against the selectivity
(CATDScsnkaa1) as determined by Kinobeads. Red dots indicate compounds that belong to the quinolinyl-
methylene-thiazolinones chemotype. (B) Radar plot depicting the target space of GW869516X (left) and
RO4613269-000 (right). Each spike represents one target and the length correspond to the affinity of the
interaction. (C) Kinase activity assays of the indicated compounds for CDK1/cyclinB, CSNK2A1 and CSNK2A2
validate the binding results obtained by Kinobeads. (D) K4?PP and ICso values for CSNK2A1 and CSNK2A1 in
Kinobeads screen (binding) and in recombinant kinase assays (activity, performed by Reaction Biology).

To further explore CK2 target engagement of the four CK2 inhibitors in cells, the phosphorylation
state of CK2 downstream targets with and without inhibitor treatment were investigated in
collaboration with Laszlo Gyenis and David Litchfield at the Department of Biochemistry at
Western University, London. For this purpose, Flp-In T-Rex U-2 OS (human osteosarcoma) cells
expressing either CSNK2A1-HA wild type or a triple mutant (TM, V66A/H160D/1174A) form of the
kinase, were induced for 48 h with tetracycline and then treated for 24 h with 10 uM of
GW869516X, RO4613269-000, RO4603632-000, R0O4493940-000, CX-4945 or DMSO as control.
The effect of the compounds on the phosphorylation state of CK2 substrate was investigated by
Western Blot analysis (Figure 27). It has been reported that CK2 phosphorylates EIF2S2 on serine
2 and serine 67. Hence, the phosphorylation of EIF2S2 S2 was investigated.?%>?%> As expected, the
phosphorylation of this site was reduced by CX-4945 in the wild type cell line but not in the triple
mutant cell line that was engineered to be resistant against CX-4945 inhibition (Figure 27 A). No
effect on EIF2S2 pS2 was observed after treatment of GW869516X, RO4613269-000, RO4603632-
000 or RO4493940-000 (Figure 27 A). Additionally, only CX-4945 showed a slightly reduced
phosphorylation of CSNK2B S2, S3, S4, S8 and slightly reduced levels of total CSNK2A1-HA. Next,
a phospho serine/threonine antibody that recognizes proteins containing the CK2
phosphorylation consensus sequence motif pS/pTDXE motif which is also present in EIF2S2, was
used to investigate the effect of the compounds on CK2 substrates in cellulo. Again CX-4945
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treatment led to reduced CK2 substrate phosphorylation (Figure 27 B) which was also observed
for the wild type cell line after GW869516X and RO4613269-000 treatment indicating that the
compounds were able to enter the cells and potentially bind and inhibit CK2. The effect was
smaller compared to CX-4945 speculating that the potency in cells might be lower or that the cells
might be less permeable for the compounds. Only GW869516X but not RO4613269-000 had a
slight effect on CK2 substrate phosphorylation in the triple mutant cell line indicating that the CX-
4945 resistant cell line might still responds to the newly identified CK2 inhibitor RO-4613269-000.
Hence, CK2 inhibition in cells could be validated for GW869516X and RO4613269-000 making
them interesting CK2 inhibitors with high selectivity but potentially low intracellular activity than
CX-4945.
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Figure 27 | Cellular CK2 target engagement. (A) Immunoblot analysis of EIF2S2 pS2, a known CK2 substrate,
and total CK2 levels as well as (B) of CK2 substrates carrying the CK2 phosphorylation consensus sequence
motif (pS/pT)DXE after treating U-2 OS cells with 10 uM of the indicated inhibitors for 24 h. U-2 OS (human
osteosarcoma) cells expressing either CSNK2A1-HA wild type (WT) or a triple mutant (TM,
V66A/H160D/1174A) form of the kinase were induced by tetracycline. GAPDH was used as loading control.
Experiments were performed by Laszlo Gyenis and David Litchfield at Department of Biochemistry of
Western University.

A new strategy to develop selective and potent CK2 inhibitors exploits the poorly conserved
cryptic pocket close to the ATP binding site of CK2. Hyvoenen and coworkers®? generated chimeric
molecules composed of chemical fragments binding to the cryptic pocket and fragments binding
to the ATP-binding pocket to selectively inhibit the activity of CK2. The two highly selective CK2
inhibitors identified in this study might be potential molecules that can be evaluated using this
approach in order to generate more affine and selective CK2 binders.

New selective SYK inhibitors. The spleen tyrosine kinase (SYK) is a member of the Src family of
non-receptor tyrosine kinases and plays a crucial role in adaptive and innate immune
response.l94246.247 Seyera| studies have validated SYK as potential target for the treatment of
various hematological cancers, autoimmune disorders and other inflammatory states.?*32>° To

date, several SYK inhibitors including Fostamatinib, TAK659 and Entospletinib are assessed in
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clinical phases or are already approved by the FDA.%12>3 These clinical kinase inhibitors are mostly
not very selective and lead to several side effects in patients including neutropenia and
diarrhea.®®?>* Therefore, there is still a need for highly selective SYK inhibitors that can be used
either as chemical probes or as drugs with ideally fewer side effects in patients. To allow a fair
comparison between the selectivity of SYK tool compounds and clinical drugs, the target space of
two clinical kinase inhibitors (TAK659 and Entospletinib) were determined with the Kinobeads
technology (see also Results and Discussion Chapter 3). TAK659 in particular showed binding to
many other kinases and appeared to be rather a multikinase inhibitor than a specific SYK inhibitor
(Figure 28 A). In contrast, Entospletinib displayed fewer targets but surprisingly, SYK was not the
most potent target (Figure 28 A). CK2 and NQO2 were targeted with higher affinities indicating
that Entospletinib is also not a highly selective SYK inhibitor. To find new selective SYK inhibitors,
the screening results were searched for potential SYK inhibitors with a CATDSsvk above 0.5. The
compound GSK986310C displayed a CATDSsyk of 0.51 and an apparent dissociation constant of
80 nM (Figure 28 B). A Kinobeads pulldown experiment using eight inhibitor concentrations (full
dose response pulldown) verified the two dose results and a K4°° of 58 nM was determined
(Figure 28 B). Even though GSK986310C bound other kinases like PAK4 with an affinity of 322 nM,
SYK was the most potently inhibited target and selectivity towards SYK was superior as compared
to the clinical kinase inhibitors.
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Figure 28 | Compounds targeting the kinase SYK. (A) Target space of the clinical SYK kinase inhibitors
TAK659 (left) and Entospletinib (right). Each spike represents one target and the length displays the affinity
of the interaction as pK4®*P. (B) Dose response curve of the Kinobeads competition experiment with
GSK986310C for SYK. Radarplot shows all targets of the tool compound with SYK as the most potent target.
(C) Scheme of the cytokine expression assay that was performed by Prof. Dr. Jirgen Ruland and Larsen
Vornholtz. (D) IL-10, TNF and IL-6 levels are reduced after treatment of Zymosan stimulated bone marrow-
derived dendritic cells with increasing inhibitor concentrations (tool compound GSK986310C in red and two
clinical inhibitors Entospletinib and TAK659 in grey).
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Cellular target engagement of SYK by GSK986310C was further surveyed in a cytokine secretion
assay in collaboration with Prof. Dr. Jirgen Ruland and Larsen Vornholtz from the Institut fir
Klinische Chemie und Pathobiochemie, Klinikum rechts der Isar, Technical University of Munich.
Hereby, bone marrow-derived dendritic cells (BMDC) were stimulated with Zymosan which
activates Dectin-1 signaling. This in turn induces downstream SYK signaling and leads to an
increased cytokine (IL-10, IL.-6 and TNF) production (Figure 28 C).2>>2° Treatment of cells with SYK
inhibitors prior to Zymosan stimulation should therefore result in decreased levels of cytokines
which has been shown for BAY61-3606, a known SYK inhibitor.?®® In fact, the tool compound as
well as the two clinical kinase inhibitors Entospletinib and TAK659 induced a dose dependent
reduction of IL-6, IL-10 and TNF levels (Figure 28 D). The tool compound had the same effect on
IL-10 and TNF levels as the clinical kinase inhibitor while TAK659 had the strongest effect on IL-6
levels. The cytokine secretion assay confirmed cellular target engagement of SYK by GSK986310C
in BMDC. Since GSK986310C had similar cellular effects as the clinical SYK inhibitors but showed
less off-targets in the Kinobeads screen, the compound might be a promising highly selective SYK
inhibitor for applications as clinical drug as well as chemical probe.

In summary, within the data set several hundred new chemical probes were identified targeting
73 different kinases whereof 53 still lack an appropriate chemical probe. Here, CK2 and SYK were
selected as two examples to illustrate the potential of the dataset to find new highly selective
inhibitor. The results obtained by the Kinobeads technology for this two kinases were further
confirmed by additional activity assays and cellular experiments. Since not only selective inhibitors
for well-studied kinase were sought out, but also inhibitors for the hitherto undruggable kinome,
the understudied kinase PKN3 was selected as example and will be discussed next.

2.3 Inhibitors for the Understudied Kinase PKN3

The serine/threonine kinase PKN3 is an understudied kinase whose molecular mechanism and
downstream targets are largely unknown. In recent studies, PKN3 has been functionally linked to
metastasis, invasion and tumor growth making it a promising drug target in pharmaceutical
research.'”%7 Kaufmann and coworkers developed a liposomal small interfering RNA (Atu027)
against PKN3 which is currently being under investigation in clinical trials for solid tumors and
pancreatic cancer.?®®%° |n 2019, Browne and coworkers were the first to report on a small
molecule inhibitor that covalently target the cysteine at position 840 on PKN3.2%° The compound
JZ2128 was developed based on the structure of THZ1 which is a CDK9 inhibitor with reported off-
target binding to PKN3. A proteome wide assay for inhibitor target-site identification (CITe-Id)
revealed covalent binding of JZ128 to PKN3, TNK1, RIOK2, SRC, PIKFYVE and RIPK2 whereas the
KiNativ assay only identified binding to PIKFYVE, PIP4K2C and RIPK2 indicating that the compound
might not bind to the ATP binding pocket of PKN3. Since, the reported PKN3 inhibitor displayed
several off-targets, novel PKN3 targeting compounds are of great interest and could serve as
chemical probes or could be used as starting point for medicinal chemistry programs to develop
ATP competitive PKN3 inhibitors with higher selectivity and affinity.
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Identification of novel PKN3 inhibitors. Kinobeads screening results of 1,232 small molecules
were searched for potential PKN3 inhibitors. PKN3 was engaged by 49 different small molecules
of the screened compound set with submicromolar affinities (Figure 29 A). Plotting the binding
affinities against CATDSpkn3 Scores (selectivity) of the compounds revealed several highly potent
and selective PKN3 inhibitors including GSK902056A and GSK260205A which had a CATDSpkn3 of
close to one and an affinities of around 1 nM (Figure 29 B, Appendix Figure S 3). PKN3 was so far
still unknown as target of PKIS compounds, since PKN3 was not included in any recombinant
kinase assay panel in which the PKIS libraries were previously screened with recombinant kinase
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Figure 29 | PKN3 as target of various tool compounds. (A) Radarplot showing compounds that bind to PKN3
(each spike represents one compound and the length corresponds to the affinity). (B) Selectivity for PKN3
as determined by CATDS are plotted against affinities of compounds. Compounds in the top right corner
represent high selectivity and affinity. (C-E) Target space (left) of three compounds that led to dose
dependent reduction of the intensity of PKN3 (right). K4°PP values in grey are derived from two dose data
and black K4?PP values from full dose response curves.

To confirm affinity values in full dose response manner, several selective and potent PKN3
compounds were profiled using the Kinobeads technology. The compounds were dosed in eight
concentrations ranging from 3 nM to 30 uM. As exemplified by GSK949675A (Figure 29 C), SB-
476429-A (Figure 29 D) and GSK902056A (Figure 29 E), relative binding of PKN3 to Kinobeads was
reduced with increasing compound concentrations. K4?*P values of the two dose screen were
confirmed and in very good agreement with the full dose response results as exemplified by
GSK949675A that showed K47 values of 82 nM (two dose experiment) and 90 nM (eight dose
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experiment). In addition to PKN3, the target space of the three compounds revealed various other
targets but with mostly lower affinities (Figure 29 C-E). GSK902056A stood out as the inhibitor
with the highest selectivity (CATDSpkn3 of 0.93) for PKN3 (10 nM) with PRKCQ (59 nM) being the
second most affine target.

In cell target engagement of PKN3 inhibitors. In order to further investigate PKN3 inhibition by
the inhibitors, cellular target engagement was measured with a NanoBRET assay in collaboration
with Benedict-Tillmann Berger and Dr. Susanne Mueller-Knapp from the Goethe University in
Frankfurt, Germany. The NanoBRET assay is a proximity-based assay in live cells that measures the
energy transfer of a bioluminescent protein donor to a fluorescent probe (tracer). In the event of
competition with an inhibitor of interest, the tracer is displaced and a reduced BRET signal is
measured (Introduction Chapter 3.1).12° In total, sixteen PKN3 inhibitors were selected based on
their affinity, selectivity and chemical structure (seven different chemotypes) to be profiled with
the NanoBRET assay. Out of the 16 compounds eleven showed a dose dependent reduction of the
normalized BRET signal indicating PKN3 target engagement in living cells. Six compounds
(structure in Appendix Figure S 3) from four different chemotypes are represented in Figure 30
(remaining compounds are represented in Appendix Figure S 4).
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Figure 30 | In-cell target engagement of PKN3 inhibitors. Dose dependent reduction of the BRET signal
with increasing inhibitor concentrations were observed indicating PKN3 target engagement in cells. Affinity
values (ICsp) obtained by Kinobeads experiments are displayed in grey. Experiments were performed by
Benedict-Tillmann Berger under supervision of Dr. Susanne Mueller-Knapp at the Goethe University in
Frankfurt.

In general, the cellular assay revealed much lower affinities for PKN3 compared to the lysate based
assay. For instance, the NanoBret assay unveiled an ICsp value of almost 2 uM for GSK949675A
while an ICso values of 87 nM was determined using the lysate based Kinobeads technology. Other
compounds, like GSK938890A, showed smaller affinity discrepancies between the lysate based
assay and the cellular assay with ICso values of 25 nM and 330 nM, respectively. The affinity
differences between the two assays are not surprising since the ATP concentration in lysate-based
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assays is very low which could lead to an overestimation of the compounds affinity (see Results
and Discussion Chapter 3.3). Additionally, it is unknown how well the compounds are transported
across the cell membrane which in turn can lead to lower intracellular concentrations of the
compounds. A previous study already described affinity and selectivity discrepancies between
cellular and recombinant kinase activity assay. Using Dasatinib and Crizotinib as examples, the
study revealed improved selectivity in the cellular assay compared to previously published results
of biochemical profiling.>>?° A systematic comparison of affinity and selectivity results obtained
by the Kinobeads technology and the NanoBRET assay could help to better estimate cellular target
engagement based on Kinobeads screening results.

Identification of potential PKN3 substrates. In the next step, the newly discovered PKN3
inhibitors were utilized to investigate the cellular function and downstream signaling pathways of
the understudied kinase in more detail. In order to identify changes in cellular signaling upon PKN3
inhibition, the phosphoproteome of cancer cells in response to PKN3 inhibitor treatment were
analyzed. Together with the target space information of the inhibitors, such analysis can help to
elucidate potential downstream targets of PKN3. The human colon carcinoma cell line RKO was
selected as suitable cell system because of its high expression level of PKN3 according to
proteomicsDB.2®! Out of the 49 compounds targeting PKN3, SB-476429-A, GSK902056A and
GSK949675A were chosen as they were the most selective and potent compounds with sufficiently
material available and most important revealed intra cellular target engagement according to the
NanoBRET assay. By overlaying the target space of the three compounds, PKN3 was the only
common target (Figure 31 A) which could help to disentangle the drug induced changes of the
phosphoproteome of the different inhibitors. In addition, to the three tool compounds identified
in this study, phosphoproteomic changes upon THZ1 treatment were investigated. This compound
was reported to covalently bind to PKN3 and was commercially available. Phosphoproteomic
changes upon THZ1 treatment were already investigated in a previous study in PC3 cells.?®®
Moreover, phosphoproteomic changes caused by siRNA knockdown of PKN3 were analyzed. RKO
cells were treated with 1 uM of the corresponding inhibitor for 1 h in four biological replicates
which led to a total identification of 21,400 phosphosites (Figure 31 B). Significantly regulated
phosphosites were identified by statistical testing (t-test, three out of four replicates) and led to a
total number of over 8,100 drug-regulated phosphosites (Figure 31 C/D, Appendix Figure S 5).
THZ1 and SB-476429-A showed the highest number of significantly regulated phosphosites with
6583 and 3584 respectively whereas GSK949675A, GSK902056A and the siRNA knockdown led to
identification of 18, 379 and 801 significantly regulated phosphosites. PKN3 was not completely
knocked down by siRNA, since the PKN3 phosphosites T869 and T308 were still identified (Figure
31 C). But as they were detected as significantly down-regulated phosphosites the results were
still considered for further analysis.

78 | Page



Chapter 3 | Results and Discussion

B c
4/

]
2

A

GSK902056A

SB-476429-A « PKN3_T508

6+ :

+« MARCKSL1_S104

e /MARCKS_Sl70
* « PKN3_T860

.3, +BTBD7_S1119

2/
tota

-Log student t-test p-value
e

| S S e S
“’@Q »“Q@ \‘,”Q@ ”Sés) 'f’ép 4 Log, st est différence

phosphosites 2 /siRNA)

D E F
S 7+ » s 1(2) MARCKSL1 5104
> 6+ N T‘%_O:S
>
= 5 . : 03 Ss06 -
8, . IARCKS_S170 2 _ a4
& o o (€] 202
8 s BD7_
£ 31 e ° N » 200 .
5 R o — w
S L | & gl2 BTBD7 $1119
7 14 O,
00 N 8308
o 0 T T T 1 © 3 g'
= -3 -2 -1 0 1 2 3 > 'gﬁos
og, student t-test difference @ 204 _
{DMSO/GSK902056A) £02 I l l
0.0
Regulated p-sites in all conditions
eSA W DMSO W THZ1
MARCKSL1 5104  NPM15217 M SB-476429-A M GSK949675A
MARCKS 5170 EPB41 585 GSK902056A M PKN3 siRNA

BTBD7 51119 ARGLU1 S266

Figure 31 | PKN3 inhibitor perturbed phosphoproteome. (A) The only common target of SB-476429-A,
GSK902056A and GSK949675A is PKN3 as determined by the Kinobeads technology. (B) Number of
phosphosites identified in the respective numbers of replicates. RKO cells were treated for 1 h with 1 uM of
the compounds in quadruplicates. (C, D) Volcano plot showing the regulation of phosphosites after PKN3
knock-down (C) or inhibition by GSK902056A (D). Significantly regulated phosphosites are labeled in red
(0.1 % FDR, SO of 0.05 or 0.04). (E) Overlap of regulated phosphosites after PKN3 inhibition or knockdown.
Six phosphosites were down regulated in all conditions. (F) Residual phosphorylation of potential PKN3
downstream targets after inhibition or knock down of PKN3.

Overlaying the regulated phosphosites of all four tested conditions resulted in 6 phosphosites that
were down-regulated by all treatment conditions (Figure 31 E). Especially, down-regulation of the
phosphosite MARCKSL1 S104 validated the strategy, since it was also identified as potential
downstream target of PKN3 in the study of Browne et al.2%° The phosphorylation was significantly
reduced by almost 50 % after inhibition or knockdown of PKN3 (Figure 31 F). MARCKSL1 is an actin
binding protein that controls cell movements. It has been shown that dephosphorylation of
MARCKSL1 S120, T148, and T183 which are phosphorylated by JNK, induces cell migration.?®? The
function of the phosphosite MARCKSL1 S104 is not yet annotated but since it has been shown that
PKN3 and MARCKSL1 are both involved in cell migration one can speculate that MARCKSL1 is a
downstream target of PKN3 and that this phosphosite is involved in the migrative
phenotype 106107262 |nhibition of PKN3 led to decreased MARCKSL1 S104 phosphorylation which
in turn might reduce cell migration. This hypothesis need to be validated by additional
experiments which is beyond the scope of this thesis. Like MARCKSK1 S104, the phosphosite
MARCKS S170 was also identified as potential downstream target of PKN3 in a previous study.?®
Although this site is reported to be phosphorylated by PKCA, it could theoretically be
phosphorylated by both kinases.?®® Furthermore, the phosphosite BTBD7 S1119 was significantly
down-regulated upon PKN3 inhibition or knockdown and might thus also be a potential
downstream target of PKN3 (Figure 31 F). The protein promotes epithelial-mesenchymal
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transition in cancer cells and is associated with metastasis in non-small-cell-lung cancer patient
and thus has similar functions to PKN3.26%2%> Here again, further experiments must validate BTBD7
as downstream target of PKN3. In addition, the phosphosites NPM1 S217, EPB41 S85 and ARGLU1
S266 whose function are all unknown, were significantly down-regulated in all treatment
conditions.

Overall, Kinobeads profiling of 1,232 small molecule kinase inhibitors revealed more than 6,000
compound-protein interactions and a total of 354 potential chemical probes were identified that
target 73 different kinases. Examples of highly selective inhibitors for the kinases CK2 and SYK
were validated with functional assays resulting in the identification of novel valuable chemical
probes. Also, inhibitors for the understudied kinase PKN3 have been found and utilized for a
functional phosphoproteomic study elucidating six potential substrate phosphosites of PKN3. The
screening results are publicly available on proteomicsDB?! so that other scientist can view the
data and use them for their specific research question.
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3 The Target Landscape of Clinical Kinase Inhibitors

Within the past ten years, 55 small molecule kinase inhibitors have been approved by the FDA and
hundreds more entered clinical trials, making small molecule kinase inhibitors one of the fastest
growing therapeutical area.” In comparison to the tool compounds, knowning the target space of
clinical kinase inhibitors is even more important as they are administered to patients. In 2017,
Klaeger et al published the results of a large scale selectivity profiling study, where the Kinobeads
technology was used in a competitive set up to elucidate the target space of 243 clinical kinase
inhibitors.%° Since the publication by Klaeger et al does not cover all kinase inhibitors currently in
clinical trials, the aim was to continue the Kinobeads profiling of clinical kinase inhibitors. Special
emphasize was put on profiling clinical mTOR and PI3K inhibitors, since only due to the new
Kinobeads matrix, profiling of such inhibitors was possible. Additionally, an adapted cell-based
Kinobeads approach developed by Dittus et al?®® was utilized to distinguish between reversible
and irreversible targets of clinical covalent BTK inhibitors. Last, the influence of ATP
supplementation of cell lysates on the target space of Brigatinib was investigated.

3.1 Compound and Protein Centric Evaluation

The Kinobeads technology was utilized to elucidate the target landscape of 55 clinical small
molecule kinase inhibitors. Hereby, compounds were dosed in eight concentrations ranging from
3 nM to 30 uM plus vehicle and target depletion control in a combined lysate of five cancer cell
lines (SK-N-BE(2), MV-4-11, K-562, OVCARS, Colo205) and Kinobeads €, as an optimal combination
(Results and Discussion Chapter 1).

The inhibitor set contained 10 approved drugs, 12 drugs in clinical phase Ill, 3 in phase II/Ill, 14
drugs in phase Il, 3 in phase I/Il and 13 drug in clinical phase | (as of March 2020; a complete list
of inhibitors can be found in Supplementary Table 2). The pK4**" values of 55 clinical kinase
inhibitors and their corresponding targets were assembled in a drug-target interaction matrix
using unsupervised clustering (Figure 32). In total, the 55 drugs targeted 218 direct binders, of
which 210 were protein kinases, three were FAD binding proteins, one was a heme binding
protein, one metabolic kinase and three were nucleotide binders. The dataset can be analyzed
either from a drug centered perspective which provided insights into the target space of a
particular drug to uncover off-targets important for toxicity or polypharmacology, or from a
protein centered perspective which allowed identification of inhibitors binding to a particular
protein, useful, for example, for probe discovery.
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Figure 32 | Target landscape of clinical kinase inhibitors. Unsupervised clustering of 55 clinical kinase
inhibitors and their corresponding targets (color code reflects the K4°°? of drug-protein interaction). Groups
of highly selective (for example MET and MEK inhibitors) and relatively unselective inhibitors (for example
multi-kinase inhibitors such as Brigatinib) were identified.

Drug centered perspective. From a drug centered perspective, the data set included several highly
selective inhibitors as well as broad spectrum kinase inhibitors. Brigatinib, a designated ALK and
ROS1 inhibitor (approved for NSCLC?*’) and Peficitinib, a designated JAK and TYK2 inhibitor
(approved for rheumatoid arthritis in Japan®®) were identified as broad selective inhibitors with
107 and 90 targets, respectively (Figure 32). Contrary, the dataset comprised several highly
selective inhibitors such as AMG-337 which showed binding only towards the designated target
MET with submicromolar affinity.

Among the 55 clinical kinase inhibitors, 17 were highly selective compounds. As all these
molecules have passed stringent criteria of cellular activity to enter clinical trials, they can be
considered as chemical probes which target 16 different kinases (Figure 33A). These selective
compounds bound to an additional seven kinases (MAP2K4, PKN1, PIK3CG, FGFR1, PLK4, NTRK1
and CDK9) that have not been covered by any selective tool compound (see Results and Discussion
Chapter 2.2). The other nine kinases were also targeted by at least one highly selective tool
compound.

One example is BAY1251152 (Figure 33 B) which is a selective CDK9 inhibitor with a K4*° of 4 nM
and almost 40 times higher affinity to CDK9 over its second most potent target GSK3A (154 nM).
Furthermore, Larotectinib is a designated NTRK1 inhibitor. Kinobeads screening results confirmed
selective inhibition of NTRK1 with an affinity of 13 nM (Figure 33 B). However, with the used
Kinobeads assay setup, enrichement and profiling of the closely related kinases NTRK2 and NTRK3
was not possible, so that it is not known whether the two kinases were also inhibited.
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B Bav1251152 Larotrectinib

Figure 33 | Identification of potential chemical probes. (A) Kinometree depicting kinases that have been
targeted by a selective chemical probe. Kinases marked in red were only selectively targeted by clinical
kinase inhibitors, kinases in black were selectively targeted by both tool compounds (Results and Discussion
Chapter 2) and clinical kinase inhibitor and kinases in blue were targeted only by selective tool compounds.
(B,C) Radarplots showing targets of BAY 1251152, Larotrectinib (B) and Pyrotinib (C). Each spike represents
one target and the length displays the affinity.

In contrast to these inhibitors that both targeted their designated target with highest affinity,
Pyrotinib, a designated EGFR and HER2 inhibitor, bound to MAP2K4 most potently (K4?"° of 2 nM,
Figure 33 C). The designated target EGFR was targeted with the second highest affinity (K4®"° of
13 nM). MAP2K4 as well as MAP4K5 (K4 of 24 nM) have not been reported as targets of the
approved EGFR/HER2 inhibitor Pyrotinib. Since the affinities were in the same range as for the
designated target, MAP2K4 and MAP4K5 probably contribute to the drug’s mode of action in
patients. MAP2K4 is a dual specific kinase that is involved in the MAP kinase signaling pathway
and the SAP/INK signaling pathway.?®® Large scale genomic studies identified loss-of-function
mutations in the MAP2K4 gene in divers cancers.?’ Additionally, other studies categorized
MAP2K4 as tumor suppressor and that inhibition promote proliferation of cancer cells.?’%?72
Hence, inhibition of MAP2K4 might not be beneficial in cancer patients and it needs to be

confirmed, whether Pyrotinib is indeed a MAP2K4 inhibitor.

Next, the selectivity of the profiled clinical kinase inhibitors were analyzed depending on the
clinical phase they reached (as of March 2020). Therefore, compounds were sorted according to
their clinical status and the number of targets (total, < 1 uM and < 100 nM) were plotted (Figure
34 A). In each clinical phase the number of targets for each inhibitor ranked from only very few to

[%° for 243 clinical kinase inhibitors, the

almost 100 targets. As already shown by Klaeger et a
progress of compounds in the clinic is not dependent on the selectivity of the compound and
compounds that recently entered clinical trials are not more selective than compounds that have

been in clinical trials for some time.
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Figure 34 | Selectivity of clinical kinase inhibitors & protein centric view. (A) Compounds are sorted
according to their clinical status and the number of targets are plotted (blue < 100 nM; light grey < 1 uM,
dark grey total targets). The clinical phase the compound reached so far, is not dependent on their
selectivity. (B, C) Radarplots depicting compounds that bind to the kinases RET (B) or PIK3CG (C). Each spike
represents one drug and the length of the spike displays the affinity.

Protein centered perspective. The results of Kinobeads screening can be used not only to study
the selectivity of a particular drug, but also to investigate the number of drugs against a certain
kinase of interest. The most often hit protein was the kinase RET which was targeted by 20
compounds followed by FLT3 with 14 compounds. None of the two kinases were a designated
target of any screened compound, indicating that they are very promiscuous kinases.?’® The
clinical kinase inhibitor screen revealed that nine clinically relevant inhibitors bind to PIK3CG,
three of which were not designated PIK3CG inhibitors (PI3K inhibitors will be further discussed in
Results and Discussion Chapter 3.2).

As expected, the majority of targets are protein or lipid kinases but several non-kinase targets
were identified. For example, the quinone reductase NQO2 was targeted by three compounds.
BGJ398 was the compound with the highest affinity for NQO2 and represented the second most
potently inhibited protein of the compound. Previous studies already reported NQO?2 as off-target
of various kinase inhibitors but the physiological relevance of this off-target still remains

unclear.8014

Here, only a brief overview of the Kinobeads drugs screen of 55 kinase inhibitors were given. This
project is still ongoing and further clinical kinase inhibitors will be profiled.
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3.2 Mode of Action Analysis of Clinical mTOR and PI3K Inhibitors

(The following subchapter is based on data generated by Stephan Eckert during his Master Thesis
“Mode of action analysis of clinical mTOR and PI3K inhibitors using chemical proteomics and
phosphoproteomics” conducted under the author’s continuous supervision at the Chair of
Proteomics and Bioanalytics, Technical University of Munich.)

The target landscape of clinical mTOR and PI3K inhibitors. The PI3K/AKT/mTOR signaling pathway
is one of most frequently dysregulated signaling pathways in cancer and can be inhibited by
various compounds addressing different members of the pathway including mTOR and class | PI3K
(referred to as PI3K hereafter). Klaeger et al®® have already analyzed the selectivity of several
clinical PI3K and mTOR inhibitors but the used Kinobeads version (Kinobeads y) was not capable
of enriching and competing mTOR and PI3K kinases. By adding iOmipalisib and iBGT226 to
Kinobeads y, profiling of PIK (including P13K) and PIKK (including mTOR) inhibitors became possible
(see Results and Discussion Chapter 1.1). Therefore, 16 PI3K, 11 mTOR and 9 dual PI3K/mTOR
inhibitors were (re-)profiled using Kinobeads € in a competitive pulldown setup. Compounds were
dosed at eight inhibitor concentrations ranging from 3 nM to 30 uM and lysates of five cancer cell
lines were used. The inhibitor set contained six approved drugs, three drugs in clinical phase I,
13 inhibitors in phase Il, two in phase I/1l and 12 drugs in clinical phase |. Unsupervised clustering
of 36 PI3K and mTOR inhibitors and their respective targets was visualized in a drug-target
interaction matrix (Figure 35).
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Figure 35 | Drug Matrix of PIKK and PIK inhibitors. Unsupervised clustering of 36 clinical mTOR and PI3K
inhibitors and their corresponding targets (color code reflects the pK4*® of drug-protein interactions).
Mainly kinases of the PIKK and PI3K family were targeted by the inhibitors.
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A total of 86 proteins were targeted by the 36 mTOR and PI3K inhibitors including 79 protein
kinases, whereof 13 belong to the PIK and PIKK families, four non-kinase targets and three
metabolic kinases. As expected, PI3K and mTOR were predominantly targeted by the inhibitors
with high affinities and formed distinct clusters (pK4?*° greater than 6). Other family members of
the PIK and PIKK were also frequently addressed by the compounds.

Rapamycin, Deforolimus, Temsirolimus and Everolimus (known as Rapalogues) were not listed in
the drug matrix because no targets have been annotated. Rapamycin and its analogues exert their
inhibitory function in an allosteric way. They form a ternary complex together with FKBP12 and
mTOR in mTORC1 preventing the kinase from binding its substrate.?’* Since the Kinobeads
technology can only be used to profile ATP competitive compounds unless allosteric inhibitors
cause a conformational change in the ATP binding pocket of their targets, the Rapalogues did not
score in this assay. Palomid-529 is another known clinical mTOR inhibitor that inhibits both
MTORC1 and mTORC2 in an allosteric manner by disrupting the kinase complexes. As expected,
binding to mTOR was not observed for Palomid-529 and only NQO1 was identified as off-target of
Palomid-529 (Figure 35). CC-223 is a designated ATP competitive mTOR inhibitor but mTOR was
not identified as a target, which will be discussed in detail below. Furthermore, co-competition of
interaction partners of several PIKK and PI3K family members was detected. For example MLST8
is a known complex partner of mTOR and showed the same dose response behavior as mTOR.*®
Additionally, TTC7B was always co-competed from the beads together with the complex
component Pl4K that was enriched by the Kinobeads matrix.

Selectivity of mTOR and PI3K inhibitors. To investigate the selectivity more closely in regard to
clinical progress and kinase families, the compounds were grouped according to their clinical
phases and the number of targets were plotted (Figure 36 A). Additionally, the number of targets
within and outside the PIKK and PI3K family were separated by different colors. Rapamycin and
its analogs were not included in the analysis, since no statement on the selectivity could be made
based on the Kinobeads screening results. The global number of targets of the inhibitors ranked
from one target (e.g. GDC-0349) to more than forty (GSK-1059615). Despite off-target binding of
some inhibitors (especially GSK-1059615 and Sapanisertib) to several kinases outside the PIKK and
PI3K families, most inhibitors were fairly selective for the PIKK and PI3K families. As the PIKK and
PI3K families belong to aPKs one can speculate that despite the high structural similarity of the
catalytic domain of aPKs to ePKs, the improved selectivity to PIKKs and PI3Ks over ePKs is caused
by low sequence similarity of aPks and ePKs. In terms of clinical phases, advanced clinical
compounds (phase Ill and approved) appeared to have fewer targets than compounds currently
in clinical phase | or Il (Figure 36 A). But only five compounds are currently approved or in clinical
phase Il making it difficult to draw a conclusion, especially since such a trend was not observed
for other clinical compounds targeting ePKs (see Results and Discussion Chaper 3.1). Therefore,
the future will show whether the unselective inhibitors currently in phase | or Il will also reach
clinical approval.

Idelalisib was the first approved aPK inhibitor and was designed as selective PIK3CD inhibitor. The
Kinobeads screen confirmed PIK3CD (K4 of 2 nM) as the most potent target of Idelalisib. Only
PIK3CG was identified as additional target but with 150 times lower affinity (K4°*® of 300 nM)
(Figure 36 B). In addition, selective compounds for other PI3K isoforms and mTOR were found
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(Appendix Figure S 6). For example IPI-549 was identified as highly selective PIK3CG inhibitor with
over 300 times higher affinity for the main target compared to the other targets. mTOR was
selectively inhibited by GDC-0349 and AZD-8055 with K4 values of 438 nM and 1nM,
respectively.
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Figure 36 | Selectivity of mTOR and PI3K inhibitors. (A) Number of targets of 32 clinical mTOR and PI3K
inhibitors sorted according to their clinical phase. Color reflects off-targets outside the PIKK and PIK families
(red) and targets within the PIKK and PIK families (grey). (B) Radar plots representing the targets and the
corresponding affinities for Idelalisib. Idelalisib was identified as selective PIK3CD inhibitor.

Novel targets of PI3K and mTOR inhibitors. OSI-027 is a designated mTOR inhibitor and a more
than 100-fold higher affinity for mTOR relative to PIK3CA, PIK3CB, PIK3CG and DNA-PK has been
reported.?’”®> The Kinobeads assay revealed nine additional targets to mTOR (K¢*° of 118 nM) of
0SI-027 with ATR (K4%*° of 14 nM) as the most potently bound kinase (Figure 37 A). Up to now,
ATR has not been reported as target of OSI-027 which is currently investigated in clinical phase I.
To confirm ATR inhibition by 0SI-027, a quantitative phosphoproteomic experiment was
performed to measure cellular target engagement. SK-BR-3 cells that are characterized by
overexpression of HER2 which leads to dysregulated PI3K/AKT/mTOR signalling pathway were
treated with 1 uM 0SI-027 for 30 min in four biological replicates. After stringent filtering and
statistical analysis (FDR of 1% and S¢=0.24), 51 phosphosites were found to be significantly
downregulated after OSI-027 treatment (Figure 37 B). Of these, 32 phosphosites were associated
with known substrates of mTOR (marked in blue) like EIF4E-BP1 (S65, T68 and T70) and AKT1S1
(5246) confirming mTOR as target of OSI-027. Additionally, 5 of the downregulated phosphosites
could be associated with ATR signalling. For example the nuclear casein kinase and cyclin-
dependent kinase substrate 1 (NUCKS1)?’® and mini-chromosome maintenance 3 (MCM3)%”7 are
known substrates of ATR and both showed reduced phosphorylation (NUCKS1 S75/79 and MCM3
T722) upon 0SI-027 treatment. Taken together, the global phosphoproteomic analysis confirmed
inhibition of the designated target mTOR and ATR was validated as target of OSI-027 which opens
up the opportunity to repurpose the compound as ATR inhibitor.
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Figure 37 | Unknown off-targets of mTOR and PI3K inhibitors. (A) Radarplot depicting the targets and
corresponding affinities of 0OSI-027. (B) Volcano plot showing log, fold changes of quantified
phosphorylation sites after treating SK-BR-3 cells with 1 uM 0OSI-027 for 30 min. Phosphorylation of AKT1S1
S246 and NUCKS1 S75/79 were reduced after OSI-027 treatment. Significantly regulated phosphosites are
marked in grey, mTOR associated phosphosites in blue and ATR associated phosphosites in red. (C) Radar
plot showing the targets and corresponding affinities of TG100-115. (D) Dose response curve of DCK, peptide
and MS/MS counts per TG100-115 dose as well as overall intensity abundance of DCK across all identified
proteins within the Kinobeads pulldown experiment are shown.

TG100-115 is a dual PIK3CG and PIK3CD inhibitor that is investigated in clinical phase I/l for
myocardial infarction. Selectivity profiling using Kinobeads revealed 20 proteins that were
targeted by TG100-115 (Figure 37 C). Affinities of 404 nM and 2 uM were measured for the
designated targets PIK3CG and PIK3CD. In comparison, ICso values of 83 nM and 235 nM for
PIK3CG and PIK3CD have been reported from a recombinant kinase assay showing discrepancies
in the affinity of the compound between Kinobeads and recombinant kinase assay.?’®
Deoxycytidine kinase (DCK) was the most potent target of TG100-115 with a K4?*° of 18 nM. Dose
response curve for DCK derived from Kinobeads pulldowns showed a good sigmoidal shape. This
in combination with the overall intensity of DCK in the pulldown and the dose-response behaviour
of unique peptides and MS/MS counts indicates DCK as very likely target of TG100-115 (Figure 37
D). DCK phosphorylates deoxycytidine (dC), deoxyguanosine (dG) and deoxyadenosine (dA) and is
one of the initial steps in the nucleoside salvage pathway (NSP). Additionally, DCK is responsible
for the activation of pro-drugs such as AraC and Cladribine as well as of chemotherapeutic agents
like Gemcitabine and Troxacabine.?’® Hence, inhibition of DCK is unfavourable in combination with
chemotherapeutics or nucleoside analog pro-drugs due to the reduced conversion rates of the
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prodrug into its active phosphorylated form.?° On the other hand, a previous study showed that
inhibition of DCK in combination with thymidine leads to CEM tumor growth inhibition in mice
which might open up the opportunity to repurpose TG100-115 as DCK inhibitor for treating some
forms of cancers.?®! But DCK first needs to be validated as target of TG100-115 by further
experiments.

Characterization of CC-223. The clinical phase Il compound CC-223 has been reported to be a
selective mTOR inhibitor with an ICso value of 16 nM and FLT4, CSF1R and EPHB3 as off-targets
with much lower affinities.?®2 While EPHB3 was confirmed as off-target of CC-223 in the Kinobeads
assay, no binding to mTOR was detected (Figure 38 A,B). This was quite surprising, since CC-223 is
a designated ATP-competitive mTOR inhibitor and profiling using the KiNativ technology has
already shown mTOR inhibition by CC-223. The reported results ruled out that CC-223 could be an
allosteric inhibitor not accessible to Kinobeads profiling. Additionally, the structure of CC-223
comprises features that are typical for an ATP competitive inhibitor such as the hinge binding
region (Figure 38 C). A hypothesis why mTOR was not identified as target in the Kinobeads assay
was that the supplier provided a wrong isomer of the compound. Looking at the chemical
structure, the substituent of the heterocyclic core structure exhibits stereochemistry. The trans
conformation in which the methoxy group and the heterocyclic core show the opposite
orientation to the cyclohexane ring was identified as the best mTOR inhibitor in the original SAR
study.?® In order to evaluate the hypothesis that the wrong isomer was provided, CC-223 was
purchased from Cazman, Adooq and again from Selleckchem (same batch, new aliquot) and
Kinobeads pulldowns of the compounds were performed using lysates of a five cancer cell line
mixture. The drug-target matrix revealed submicromolar mTOR inhibition by all newly purchased
inhibitors (Figure 38 B). ATM, ATR, PIK3C2A, PI4KB and MAP3K1 were identified as novel off-
targets of CC-223 in addition to the already known off-targets FLT4 and EPHB3. This outcome

overlaps with reported results by Mortensen et al.?82283

In conclusion, the first aliquot obtained from Selleckchem did not contain the correct compound
but since the total mass of the molecule as analyzed by an amazon speed ETD ion trap mass
spectrometer was 397 Da as expected, the compound is most likely an isomer of the original
compound. A previous study for instance also revealed that a incorrectly synthesized regioisomer
of NVP-BHG712, which led to strong effects on the binding mode of the compound, are provided

by several chemical vendors.?®*

It was still surprising that the new Selleckchem aliquot showed
mTOR inhibition while the first aliquot did not, although both were from the same batch. A
Kinobeads pulldown experiment from the first Selleckchem aliquot was even repeated by two
independent people with newly generated compound dilution stocks so that an experimental
error could be excluded. One explanation could be that the compound is not stable in DMSO but
this needs to be tested with further experiments. Nevertheless, Kinobeads profiling of CC-223
revealed PIK3C2A as most potent target of the inhibitor which makes the molecule interesting for
the development of PIK3C2A inhibitors. The class Il PI3K isoform currently lacks a selective
inhibitor and CC-223 could be a starting point for medicinal chemistry to develop a chemical probe

for PIK3C2A.
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Figure 38 | Characterization of CC-223. (A) Residual binding of mTOR to Kinobeads was not reduced with
increasing concentrations of CC-223 (first aliquot provided by Selleckchem). (B) Drug-target matrix depicting
pK4*PP values of CC-223 obtained from different suppliers and its corresponding targets. (C) Chemical
structure of CC-223.

3.3 Kinobeads for Target Identification of Irreversible BTK Inhibitors

(The following subchapter is based on data generated by Doil Yun during his Bachelor Thesis
“Establishing a chemical proteomics assay for target identification of irreversible BTK inhibitors”
conducted under the author’s continuous supervision at the Chair of Proteomics and Bioanalytics,
Technical University of Munich.)

The Kinobeads technology was originally developed to profile reversible ATP competitive kinase
inhibitors. Dittus and colleagues®®® have adapted the Kinobeads technology to enable the
differentiation between irreversible and reversible binding of type VI inhibitors to kinase targets
(Figure 39). Hereby, a lysate-based and a cell-based Kinobeads assay are performed in parallel. In
the lysate-based Kinobeads assay, the drug is added to lysates and Kinobeads pulldowns are
performed as usual. In contrast, in a cell-based Kinobeads assay, the drug is incubated with live
cells and after incubation, washing, and lysis, a Kinobeads pulldown is performed. Drug dilution
after washing and lysis leads to re-equilibration of the binding equilibrium of reversible drug-
target interactions and results in an ICso shift to lower affinities in the cell-based compared to the
lysate-based Kinobeads assay. In contrast, irreversible covalent drug-target interactions were not
affected and appear equipotent or even more potent in cell-based assays. Higher target
engagement in cells can be explained by higher incubation temperatures and longer incubation
times in the cell-based Kinobeads assay. Additionally, the lysis of cells causes disruption of the

native cellular redox environment and local pH which influences cysteine reactivity.26¢28
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Figure 39 | Concept of Kinobeads selectivity profiling of irreversible kinase inhibitors. Lysate-based and
cell-based Kinobeads assays are performed in order to distinguish between reversible and irreversible
binding of kinase inhibitors. While irreversible targets display similar potencies in both assays, reversible

targets display an ICsg shift towards lower affinities in a cell-based Kinobeads assay. Modified from Dittus et
al.?%®

BTK is a kinase that plays an essential role in activation of B-cell receptor signaling which stimulates
cellular processes such as B-lymphocyte proliferation and survival.?®® Constitutively active BTK
leads to pathogensis of B-cells making it an important therapeutic target for treatment of blood-
related cancer types such as leukemia and lymphoma.?®” Several irreversible covalent BTK
inhibitors have been profiled in the clinical kinase inhibitor screen (Figure 32). The first approved
covalent BTK inhibitor was lbrutinib which targets the cysteine at position 481 within the ATP
binding site.?®® A wide range of side effects and resistance to Ibrutinib has led to the development
of second-generation BTK inhibitors (for example Acalabrutinib, ONO-4059, Evobrutinib and
Zanubrutinib).?® To better understand the drug mode of action and to distinguish between
reversible and irreversible target inhibition, the adapted Kinobeads assay by Dittus et al?®® for
covalent inhibitors was performed. The myelogenous leukemia cell line K-562 or lysates thereof
were incubated with Ibrutinib, Acalabrutinib, ONO-4059, Evobrutinib and Zanubrutinib over a
range of concentrations (3 nM to 30 uM plus vehicle) and subsequent Kinobeads pulldowns were
performed. Obtained pKs*® values of the two experiments were compared for each inhibitor
(Figure 40). Irreversible targets were located on the left side of the diagonal and could be
differentiated from reversible targets that were located on the right side.
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Figure 40 | Reversible and irreversible target space of covalent BTK kinase inhibitors. pKs**® values
obtained by K-562 lysate-based and cell-based Kinobeads assays are compared. Data points left of the line
represent irreversible targets (marked in red) and points on the right reversible targets (marked in black).
Data points on the axes are imputed targets that were exclusively identified in the lysate based assay.

BTK was identified as covalent target of all five BTK inhibitors with I1Cso values of 1 to 14 nM in cells
and 4 to 24 nM in lysates (Figure 40) indicating that the cell based Kinobeads assay resulted in
equipotent or even slightly higher affinities compared to the lysate-based assay. Additionally, TEC
was a common off-target for all inhibitors showing ICso values between 1 to 6 nM in cells and 4 to
49 nM in lysates (Figure 40). Beside these two kinases another eight kinases including the whole
TEC kinase family (BTK, TEC, ITK, BMX and TXK), have been reported to contain a cysteine in the
front pocket that can theoretically covalently attacked the BTK inhibitors.?®° In fact, some adverse
side effects of Ibrutinib has been reported to be caused by covalent EGFR?!, TEC and ITK??
inhibition.?®® While TEC was identified as irreversible target of Ibrutinib in the Kinobeads assay,
EGFR and ITK were not detected as targets. EGFR and ITK are not expressed in K-562 cells
according to full proteome analysis of the cell line, which prohibit Kinobeads profiling of these
kinases in the experiment.®® BMX2%, ERBB42°> and MAP2K72%, all carrying a reactive cysteine in
the front pocket of the kinase domain, were also reported as covalent targets of lbrutinib but
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could not be identified as targets with the Kinobeads assay. BMX and ERBB4 were both not
expressed in K-562 cells, whereas MAP2K7 was highly expressed but could not be enriched by
Kinobeads €. Kinases that are not expressed in the used cell line or cannot be enriched by the
affinity matrix are not amenable to Kinobeads profiling. This feature of the Kinobeads assay
prevent comprehensive target deconvolution of BTK inhibitors, so that potential covalent off-
targets such as BMX and ERBB2 also remain undetected for the other four compounds. An
optimized affinity matrix that can enrich the whole TEC family and another cell system that highly
express proteins of the TEC family might therefor be beneficial for BTK inhibitor profiling.

The Kinobeads assay also displayed LIMK1 as irreversible covalent target of Acalabrutinib (Figure
40) whereas Dittus et al’°® reported the kinase as reversible target. LIMK1 was identified only with
a few peptides and showed a low intensity. In addition, LIMK1 lack a reactive cysteine in the front
pocket of the kinase domain suggesting that LIMK1 is rather a reversible than an irreversible target
of Accalabrutinib.

Overall, Ibrutinib, a first-generation BTK inhibitor displayed the highest number (12) of reversible
off-targets whereas second-generation BTK inhibitors were more selective towards BTK with a
significantly lower number of off-targets. The adapted Kinobeads assay detected 13 kinase and
three other proteins (HSP90) as reversible targets of the screened BTK inhibitors. All five
compounds showed reversible binding to RIPK2. Additionally, members of the SRC kinase family,
including SRC, LYN, FYN, YES1, and CSK were also targeted by three compounds (lbrutinib, ONO-
4059 and Zanubrutinib). These kinases appeared to be common off-targets of BTK inhibitors and
binding to such kinases should be considered in the development of new covalent BTK inhibitors.
In contrary, several kinases were only inhibited by one of the screened compounds like LIMK1
(Acalabrutinib) or ABL1, ABL2, LATS1 (lbrutinib). Evobrutinib revealed binding to multiple heat
shock protein 90 isoforms (HSP90B1, HSP90OAA1, HSP90AB1). These were however targets of low
confidence with very low affinity values (0.01-3 nM) which were difficult to detect with the used
assay set up (lowest inhibitor concentration of 3 nM). Nevertheless, since three isoforms of HSP90
showed the same binding behavior and the HSP90 has ATPase activity so that it can theoretically
be enriched by Kinobeads, HSP90B1, HSP90OAA1, HSP90AB1 were still considered as potential
target. Further experiments are required to validate HSP90 inhibition of Evobrutinib.

In general, reversible targets were mostly identified only in the lysate based assay due to drug
washout and dilution in the cell based assay that led to re-equilibration of the drug-target binding
equilibrium and a shift of ICs values outside the examined concentration range. However, some
exceptions occurred such as RIPK2 in ONO-4059 treatment which can be caused by long residence
times of the compound to this target, or in the case of Ibrutinib due to insufficient re-suspension
of cells during the washing steps.

I?%¢ could successfully be reproduced and was used to

In summary, the methodology of Dittus et a
distinguish between irreversible and reversible target inhibition of five BTK inhibitors.
Differentiation between reversible and irreversible targets is of great importance for clinical
application of the drugs. The turnover of BTK has been estimated to be between 18 and 24 h.%’
This rather slow turnover rate causes high level of target engagement and inhibition of BTK long
after clearance of the irreversible inhibitor from the body. Hence, less dosing of the drug is
required to block the activity of the designated target. This in turn mitigate off-target effects of

reversible targets in vivo, since the concentration of the drug is only transiently above a level
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where off-target binding matters. In contrast, covalent off-target are still highly relevant for in vivo
administration of the drug where the duration of the effect is only dependent on the turnover
rate of the protein.

3.4 Influence of ATP Concentrations on the Target Landscape of Brigatinib

(The following subchapter is based on data generated by Felix Klingelhuber during his Master
Thesis “Influence of the ATP concentration on the affinity between Brigatinib and its targets in
kinome-wide binding assays” conducted under the author’s continuous supervision at the Chair
of Proteomics and Bioanalytics, Technical University of Munich.)

Most small molecule kinase inhibitors bind to the ATP binding pocket of the kinase and thus
compete with ATP for binding to that pocket (Introduction Chapter 2.1). The concentration of ATP
in human cells has been reported to be between 1 mM and 5 mM and can vary between cell type,
cell state and on sub-cellular levels between different organelles and compartments. 29830
Depending on the Michaelis-Menten constant Ky of ATP towards protein kinases in cells, the high
ATP concentrations can prevent target engagement of kinase inhibitors in cells. Cell lysis leads to
a drastic dilution of the ATP concentration to less than 1 uM which was determined by a
luminescent CellTiter-Glo assay (data not shown here). The Kinobeads assay that was used in this
study, is a lysate based method and previous results have shown that values derived from lysate
based assays do not always correlate well with in vivo target engagement (see Results and
Discussion Chapter 2.3). Such discrepancies can not only be caused by cell permeability which can
lead to lower intracellular drug concentrations but also for example by different ATP
concentration in cells and in lysates.

The target landscape of Brigatinib. To investigate the influence of increasing ATP concentrations
on the binding affinities as determined by Kinobeads, a series of competitive Kinobeads pulldowns
of Brigatinib with addition of different ATP concentrations in the lysates were performed.
Brigatinib, a type | inhibitor, was chosen here because the clinical kinase inhibitor screen revealed
Brigatinib as multi-kinase inhibitors with a total of 107 targets covering a broad spectrum of
different kinases and other proteins across an affinity range of four orders of magnitude. MgATP
were dosed in eight concentrations ranging from 0.32 uM to 5 mM and was added together with
the inhibitor to the lysate. Unbound proteins were subsequently enriched by Kinobeads.

As stated above (Results and Discussion Chapter 3.1), the Kinobeads pulldown without ATP
supplementation revealed 107 targets of Brigatinib with TNK1 being the most potent target with
an affinity of 0.6 nM (Figure 41 A, B). Seven Brigatinib targets had affinities below 10 nM and
another 17 proteins an affinity lower than 100 nM. With increasing ATP concentrations the
number of Brigatinib targets decreased. In particular at an ATP concentration of 5mM,
significantly fewer targets (65 targets) were identified including only 14 targets with affinities
below 100 nM (Figure 41 B). Targets with high affinities in pulldowns without the addition of
MgATP generally drifted to higher K4**° values, while proteins with already low affinities tended
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not to be identified as targets any more. This global trend did not apply to every single kinase,
therefore, the differences in affinities of individual kinases were investigated in the following.
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Figure 41 | Target space of Brigatinib dependent on ATP concentrations in lysates. (A) Matrix of all
Brigatinib targets that were determined in a Kinobeads pulldowns supplemented with increasing ATP
concentration as indicated. Number of targets with an affinity below 1 uM are displayed above the
heatmap. (B,C) Radarplots depicting the targets of Brigatinib with and without addition of 5 mM MgATP to
the lysates. Increasing ATP concentrations led to fewer Brigatinib targets.

Addition of 5 mM MgATP to lysates resulted in a 50-fold shift of the affinity of the most potent
Brigatinib target TNK1 from 0.6 nM to 28 nM (Figure 41 B; Figure 42 A). For another 47 Brigatinib
targets, the affinity was also reduced at least by a factor of two. The kinases NUAK1 and CSNK2B
were detected as submicromolar targets of Brigatinib with affinities of 157 nM and 310 nM. The
two kinases could not be identified as targets anymore, when lysates were supplemented with
5 mM of MgATP. The affinities of an additional 42 targets were shifted outside of the examined
drug concentration range and no dose response curves were detected when the lysate was
supplemented with 5 mM MgATP. In contrast, increasing MgATP concentrations in the cell lysates
had no effect on the affinities of 19 targets including PRKD3 with affinities of 209 nM and 276 nM.
Hence, supplementation of lysates with MgATP led to different affinity shifts of Brigatinib targets.

The different affinity offsets additionally resulted in a new order of ranked affinities. For example,
while PTK6 was classified as the 14" most potent target in the pulldown experiment without
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MgATP addition, it became the 7™ most potent target when lysates were supplemented with
5 mM MgATP. The affinity of PTK6 (42 nM) in the experiment without MgATP supplementation,
was about 40 times higher than the affinity of TNK1 (0.6 nM). This affinity difference was
drastically minimized to a factor of two, when 5 mM MgATP was added to the lysate. In this case
affinities of 59 nM and 28 nM were determined for PTK6 and TNK1. Overall, the results suggest
that the selectivity of a compound as determined by a Kinobeads pulldown experiment, might
change in cells due to the presence of high ATP concentrations. Some targets might not be
targeted in cells anymore while other targets might gain importance in cells and become one of
the most potently inhibited protein (like PTK6).
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Figure 42 | Affinity shift of Brigatinib targets with higher ATP concentrations. (A) Dose response curves of
Kinobeads competition assays with Brigatinib and different MgATP concentrations for TNK1. With higher
MgATP concentrations, ICso values are shifted towards lower affinities. (B) Correlation of MgATP pK42PP
values as determined by competition Kinobeads assay in two individual replicates. (C) Correlation of MgATP
PECso values as determined by competition Kinobeads assay to reported plCso values by Becher et al.3* (D)
Correlation of the log, fold change in the affinities of Brigatinib targets measured with or without 5 mM ATP
supplementation of cell lysates to the measured ATP affinities. Higher ATP affinities seems to result in a
larger target affinity shifts.

ATP affinities of kinases. Similar to Brigatinib competition curves which were derived from
different inhibitor concentrations, the DMSO controls of these pulldown experiments with
increasing ATP concentrations were used to generate target competition curves for MgATP. A
prerequisite for this ATP affinity calculation is the assumption that ATP only binds to the kinase
but is not converted to ADP. To test this, a luminescent CellTiter-Glo assay was performed and the
concentration of ATP in the lysate after addition of 1 mM MgATP were measured. Over a time
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course of 1.5 h incubated at 4°C, no decrease in the ATP concentration was measured (data not
shown here).

ATP binding affinities were determined for 165 proteins, including 123 kinases. K4°°" values for
ATP were in a range between 40 uM and 5 mM. ATP affinity values of two individually performed
Kinobeads pulldowns experiments correlated well (Figure 42 B). ATP binding properties of kinases
in Jurkat and SK-MEL-28 has been reported previously by Becher et al.3°! They utilized a different
version of Kinobeads for affinity enrichment of kinases out of lysates supplemented with
increasing MgATP concentrations. Although the experimental setup was similar to the one
presented here, the correlation of plCso values for ATP was poor (Figure 42 C). Becher et al
reported in general 10 to 100 fold higher affinities for ATP. The major differences between the
two experiments was that i) Becher et al used lysates of one cell line compared to a lysate mixture
of five cell lines as used here in this study and ii) they gel-filtered their lysates to remove
endogenous nucleotides and other low molecular weight compounds. It can be speculated that
the depletion of ATP and other nucleotides largely impact the experimental outcome and led to
the differences in observed ATP affinities.

In the next step, it was evaluated whether changes in the affinities of different Brigatinib targets
was dependent on the ATP affinities. Therefore, the K4 shift (log. fold changes) of Brigatinib
targets determined in pulldowns with or without 5 mM MgATP supplementation were correlated
to their determined ATP affinities (pK4°® values). Only 26 proteins were considered for which a
K4*PP shift and an affinity to ATP could be calculated. Kinases, which were not identified as targets
in the Kinobeads experiment with 5 mM ATP, were excluded from this analysis. Here, a general
trend was observed where slightly higher ATP affinities led to a higher affinity shift of the protein
to Brigatinib. Hence, the different affinity shifts of Brigatinib targets could be explained at least in
parts by the ATP affinities of the kinases.

Prediction of ATP related inhibitor affinities. In the next step, it was investigated whether the
ATP affinities could be utilized to predict affinity values of Brigatinib targets in the presence of
excess ATP without performing an extra experiment where lysates are supplemented with the
corresponding ATP concentration. According to Cheng and Prusoff!>33% the ICso value of a cell
permeable compound to its targets in the presence of competing cellular ATP can be
approximated by the following equation:

[ATP] (10)

Ies0 = K577+ (14 gy
d

With K4°PP as the target affinity determined by Kinobeads pulldowns, the concentration of ATP and
the affinity of the kinase to ATP, ICso values of Brigatinib targets at different ATP concentrations
were calculated. Such calculated plCso values were then correlated to the experimental obtained
pK4PP values (Figure 43). Here again, kinases which were not identified as targets in the Kinobeads
experiment where lysates were supplemented with 5 mM or 1 mM ATP, are not displayed in the
correlation. Hence, the number of data points for 5 mM ATP supplementation was much lower
than the number of data points for 1 mM ATP. In addition, only proteins were correlated for which
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an ATP affinity could be determined. Overall, the predicted plCso values correlated very well to
experimental obtained pK4®* (Figure 43). Moreover, targets that were not detected in the ATP
supplemented pulldowns, had predicted affinities mainly below 10 uM. Overall, the very good
agreement of calculated and measured target plCso and pK4°® values dependent on the ATP
concentration, enables the opportunity to calculate compound affinity values dependent on
different ATP concentrations without the need for additional experiments as long as the ATP
affinity of a kinase is known. The next step would be to investigate whether accounting for higher
ATP concentrations would lead to more comparable reults between the Kinobeads technology
and in cell compound profiling assays which is beyond the scope of this thesis.
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Figure 43 | Prediction of affinity values dependent on ATP concentrations. (A,B) Correlation of calculated
plCso values according to the Cheng and Prusoff equation to measured pK4®°° values when lysates were
supplemented with 1 mM (B) or 5 mM (C) MgATP. Calculated and measured affinities correlated very well.

In summary, target deconvolution of 55 clinical kinase inhibitors were performed which led to the
discovery of highly selective inhibitors as well as highly unselective inhibitors. Special emphasis
was put on the profiling of mTOR and PI3K inhibitors which was made possible by the new
Kinobeads matrix. Kinobeads profiling revealed an interesting off-target (DCK) of the designated
mTOR inhibitor TG100-115. In addition, an adaptive Kinobeads workflow enabled distinguishing
between reversible and irreversible off-target of five covalent BTK inhibitors. Furthermore, it was
shown that ATP supplementation of the lysate prior to Kinobeads enrichment resulted in a shift
of affinities for some kinases which can be predicted by the Cheng and Prusoff equation.
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1 Future Prospects of Kinobeads

Kinobeads - an outdated technology. The Kinobeads technology was first described in 2007 by
Bantscheff et al and is a powerful technique to elucidate the target space of small molecule kinase
inhibitors. In comparison to recombinant kinase assays, Kinobeads enable inhibitor profiling under
close-to physiological conditions by using complex cell lysates that contain endogenously
expressed full-length proteins that have been functionalized in a cellular context and carry all
required post translational modifications, cofactors and binding partners. However, using purified
isolated catalytic domains, like done in recombinant kinase assays, facilitate higher throughput
than the lysate-based Kinobeads assay and enable profiling of thousands of compounds against
many kinases in a short period of time. Although the Kinobeads workflow was optimized towards
higher throughput in this thesis (mainly by reducing input material, inhibitor concentrations and
data acquisition time), profiling of over 1,200 kinase inhibitors still required 8 g of protein from
cell extracts and resulted in a total mass spectrometric measurement time of more than 180 days
prohibiting large scale screening campaigns of thousands of small molecule kinase inhibitors.
Further workflow optimization may increase throughput but recombinant assays still remain the
better high throughput screening method for small molecule kinase inhibitors.

Although the Kinobeads technology accomplishes close-to nature conditions, detection of drug-
kinase interactions with the lysate based method does not necessarily translate into binding of
the drug to the kinase in living cells. Recent studies have shown that lysate-based and intracellular
assays largely differ in their affinity and selectivity results.!?>!% Target localization, cellular
compartments, intracellular ATP concentrations and naturally occurring metabolite
concentrations are not considered in lysate based methods and influence intracellular target
engagement of kinase inhibitors. Over the past few years new technologies have been developed
that enable intracellular profiling of kinase inhibitors. NanoBRET*?° is one such technology which
was also used in this thesis to confirm PKN3 target engagement in cells. Additionally, mass
spectrometry based approaches like activity based proteome profiling (ABPP) and photo affinity
labelling (PAL)*? enable intracellular target identification.3®? These two approaches rely on
compounds bearing reactive capturing groups and an affinity tag (e.g. X044'%°). In a competitive
setup these approaches are used for compound profiling in cells. In addition, the cellular thermal
shift assay (CETSA) has emerged as target identification and target engagement assay.3! All these
technologies can help to better understand and to explain the gap between in vitro assay results
and in vivo observations of a given drug. Compared to the Kinobeads technology which is now
over 13 years old, cellular assays for target identification have been developed and matured only
over the past few years. At the time the Kinobeads assay was first described, the technology was
highly valuable for identification of drug-kinase interaction on a kinome wide level under close-to
physiological condition. But since intracellular target engagement methods are becoming
increasingly matured and more miniature, they are a good or even better alternatives to the well-
established Kinobeads assay.
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The Kinobeads technology is well suited for selectivity profiling of small molecule kinase inhibitors
which has been extensively executed in this study, where a total of 1,287 kinase inhibitors were

19 who screened 243 clinical kinase inhibitors. Therefore, most of the

profiled and by Klaeger et a
frequently used kinase inhibitors in the scientific community (clinical kinase inhibitor, prominent
tool compound libraries) have already been profiled by the Kinobeads technology and there is

currently no urgent need to profile additional kinase inhibitors.

Future applications of the Kinobeads technology. Even if there are some arguments against the
future application of the Kinobeads technology, it is still a valuable approach to address certain
research questions. As described above, the technology is not the first choice for large scale
profiling campaigns due to its lower throughput compared to recombinant kinase assays, but it is
still highly suitable for target deconvolution of a limited number of kinase inhibitors. Hence, the
technology is still valuable to continually screen new clinical kinase inhibitors or tool compounds
that are frequently used by the scientific community. To minimize the reported affinity and
selectivity differences between lysate and cell-based assays, supplementation of lysates with ATP
can be considered for further Kinobeads experiments. But this requires a thorough comparison of
affinity and selectivity results obtained by Kinobeads with or without ATP supplementation and
an in cell profiling assay. In addition, Kinobeads selectivity profiling of newly synthesized inhibitor
candidates can be used to guide academic medicinal chemistry and inhibitor design. This allows
early determination not only of the affinity to a specific kinase of interest, but also selectivity

profiling against the whole kinome.8>3%

Profiling of kinase inhibitors is usually performed in a cell lysate mixture of different cancer cell
lines with varying overexpressed signalling pathways to cover a broad range of protein kinases.
This leads to the fact that one kinase cannot only be present in different proteoforms, splice
variants and protein complexes, but can also carry different mutations. The Kinobeads results or
more precisely the determined binding curve for a kinase is the sum of all these different forms of
the kinase binding to the compound of interest. Hence, in this setup, the Kinobeads technology is
not able to distinguish between interactions of an inhibitor to different mutated forms of the
kinase. This is a major drawback of the method, since many kinases are mutated in human diseases
and several kinase inhibitors have been developed to specifically target only the mutated version
of the kinase.3%® However, in the future, only one cell line or tissue of a cancer patient carrying a
specific kinase mutation of interest could be used for Kinobeads selectivity profiling in order to
determine whether this specific mutated kinase still binds to an inhibitor of interest. A mutation
in the ATP binding pocket of the kinase that is usually accessible for Kinobeads enrichment, can
also prevent binding of the kinase to the affinity matrix. To circumvent this problem, the

h'¥  which utilizes

Kinobeads assay could be combined with the KiNativ approac
desthiobiotinylated ATP to enrich ATP-binding proteins and is therefore more likely to bind kinases
containing a mutation in the ATP binding pocket as long as the mutation does not lead to reduced

ATP binding.

Since lysates can be produced from all types of biological input material including cell lines,
primary cells or even tissues from all kinds of organisms, the Kinobeads technology also facilitate
profiling of kinase inhibitors in other species than human. As example, Kinobeads have enabled

305

the discovery of kinase inhibitors targeting pathogens such as Plasmodium falciparum>®> or
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Trypanosome brucei’® and were used to enrich kinases out of a zebrafish cell line or even of
Arabidopsis thaliana.” Other organisms than human are usually not covered by classic in vitro
screens and so far intracellular assays have only been performed in human cells. The applicability
of in cell assays in other organisms could be restrained, for example, by cell permeability issues.
Additionally, special knowledge is often required for culturing and handling other organisms which
is often not available in laboratories performing such intracellular inhibitor screens. Hence, lysate-
based chemoproteomic technologies, where lysates can be produced everywhere, are more
applicable for profiling compounds in other species than human.

In addition to compound profiling, the Kinobeads technology is used for quantification of kinase
expression in cell lines or tissues.3% Since kinases are often overexpressed and dysregulated in
human diseases it might be advantageous to analyze the kinome expression in such disease tissues
to better understand the molecular mechanisms and to enhance treatment recommendation for
patients. But due to technological advances in mass spectrometry with faster and more sensitive
instruments, enrichment of kinases with Kinobeads might not be necessary and full proteome or
even phosphoproteome analysis might be even more beneficial.

In conclusion, the Kinobeads technology should be further used but for other applications than it
was used so far. The Kinobeads technology is not the first choice anymore for larger scale
selectivity profiling studies like presented here in this thesis, since the approach is very time
consuming and requires lots of resources (cell culture and mass spectrometric measurement
time). In addition, in cell profiling techniques are gaining in importance and might replace the
Kinobeads technology for compound profiling in human cells. While the Kinobeads technology can
only identify potential binding partners of a certain drug, in cell assays can measure target
engagement in living cells and better reflect the drugs mode of action. But the technology is still
highly valuable to screen compounds in other organisms or to answer specific questions like does
a mutated kinase still bind to a specific inhibitor.
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2 Advantages and Risks of Chemical Probes

Advantages of chemical probes. Chemical probes are properly characterized small molecules with
defined cellular potency, selectivity and cell permeability (Introduction Chapter 2.3). In the best
case, a certain protein has two structurally diverse chemical probes with high intracellular affinity,
excellent selectivity and two inactive derivatives. All parameters that a small molecule has to fulfil
to be classified as chemical probe are reviewed by the expert community.”>943% High quality
chemical probes can help to elucidate the mechanistic and phenotypic function of the targeted
protein in healthy and diseased tissue. For example, JQ1 and its inactive partner contributed to
the current understanding of bromodomain biology and pharmacology.3® In addition, from a drug
discovery perspective, chemical probes can be used to validate potential drug targets and to
minimize the biological risk of targeting a specific protein.® Although clinical kinase inhibitors are
often very promiscuous compounds, the field of precision medicine (see General Discussion and
Outlook Chapter 3) in particular would benefit from highly selective small molecule kinase
inhibitors. A combination of highly selective kinase inhibitors that specifically target aberrantly
activated kinases, may lead to less side effects in patients than broad spectrum kinase inhibitors.

Chemical probes are complementary to genetic tools like RNAi or CRISPR and have the advantage
that they can rapidly and reversibly inhibit a certain protein in nearly all cell types and animals. In
combination with RNAI, they can distinguish between scaffolding effects of the proteins and
effects due to inhibition of the catalytic activity.”®

Discovery of new chemical probes. Despite the high value of chemical probes in basic research
and drug discovery, many kinases, especially understudied kinases, still lack a suitable chemical
probe. Currently only 77 probes targeting 102 protein kinases are listed in the chemical probe
portal (www.chemicalprobes.org as of March 2020). The development of high quality chemical
probes is difficult and requires substantial resources, skills and commitment. In the presented
study, over 1,200 small molecule kinase inhibitors were profiled using the Kinobeads technology,
in order to identify potential new chemical probes. A total of 354 compound were identified as
potential chemical probes targeting 73 different kinases illustrating the high value of the dataset
for the discovery of new chemical probes. In addition, 239 kinases were in total targeted by the
compounds so that theoretically many new lead structures can be found for kinases lacking a
chemical probe like PKN3. Since the data set can be grouped into 58 different chemotypes of with
each containing between 5 and 78 compounds, it can be used to analyse structure selectivity
relationships and structure affinity relationships which might help for the development of new
chemical probes.

Furthermore, the comprehensive data set containing selectivity profiles of over 1,200 compounds
can be used to train machine learning models that try to predict targets of compounds. Advances
in machine learning give hope that it might be possible to predict potential targets of an inhibitor
only based on its chemical structure.3°>3%° This could extremely simplify the identification of
chemical probes because only those compounds that reached high selectivity and affinity with the
prediction tool need to be synthesized. Such machine learning models rely on a high quality
training dataset that covers as many diverse compounds and proteins as possible. Whether the
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prediction of targets with a machine learning model will ever be possible remains questionable
but the here presented data might be a well suitable training dataset.

Chemical probes as risk factor. Despite the high value of chemical probes, they are bearing several
risk factors. The development of small molecules that fulfil all chemical probe criteria is often not
possible for most proteins and especially kinases. Hence, it is important to make all profiling and
validation data of a compound publicly available and easily accessible, so that potential off-targets
can be considered for subsequent analysis of biological experiments where the probe was utilized.
Usage of inadequate characterized chemical probes or not considering off-targets for data
interpretation are major problems and often lead to the generation of research results of
suspicious conclusions.”® Many compounds have proven to be unselective and do not fulfil the
strict chemical probe criteria, however, they are still used for mechanistic studies. One example is
the PI3K inhibitor LY294002, a popular but unsuited chemical probe since it exerts at least part of
its function through inhibition of the BET bromodomain.3!! The first publication of a compound
often contains affinity profiling results for a very limited number of proteins. Broad selectivity
profiles of the compound mainly accumulate in the literature over time, when the compound was
included in large screening projects. Such data can be viewed in public databases like the chemical
probe portal that report on the probe quality and can be used by the scientific community to select
an appropriate chemical probe.”® These platforms are highly valuable as vendors usually only
specify the designated target of the compound and not all known targets from the literature.
Hence, researchers have to be aware of the fact that many inhibitors are not as selective as
described on a vendor webpage.

This is especially the case for clinical kinase inhibitors. The above mentioned criteria for
compounds to be classified as chemical probes are not mandatory for a compound to be used as
drug. Chemical probes and drugs can vary greatly in their characteristics and purpose.” While it is
inevitable for a chemical probe to be highly selective, a drug does not have to be selective. Even
the opposite is usually the case and many drugs achieve their clinical effects through
polypharmacology.®® Hence, researchers must be aware of the fact that most clinical drugs that
are claim to be highly selective for the designated target are not as selective as anticipated and
can often not be used as chemical probes.

One can also ask the question, whether selective chemical probes are really necessary. As shown
for PKN3 in this study, a combination of rather unselective inhibitors that only have one target in
common could be used to study kinase-substrate relationships or to elucidate signalling pathways
of kinases. Hence, several research questions could be addressed by such an exclusion procedure.
However, complex phenotypic readouts would still require very selective inhibitors, as the analysis
would be too complex and the effect of different targets difficult to disentangle.

Protein kinases have been extensively studied in regard to their catalytic activities but over the
past decade more evidence has accumulated that kinases also have important non-catalytic
functions like scaffolding of protein complexes, allosteric effects on other enzymes and DNA-
binding.31%313 ATP-competitive kinase inhibitors that are often used as chemical probes, tend to
stabilize the kinase in a specific conformational state and it is often unknown how this affects the
non-catalytic function of a protein kinase. Hence, chemical probes are only suitable for
investigating the catalytic function, but not the non-catalytic function of a protein kinase. As
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described above, a combination of chemical probes and genetic tools or even PROTACs
(proteolysis-targeting chimeras)®** might be favourable to investigate the non-catalytic function
of a protein kinase. Hence, chemical probes alone might not be sufficient to study the function of
a kinase, rather a combination of different strategies would be advantageous in order to fully
explore the catalytic and non-catalytic function of a kinase.

In summary, correctly applied chemical probes in combination with genetic tools or PROTACs are
valuable tools for basic research and drug discovery to better understand the cellular function of
a protein and to identify potential new drug targets. There is still a high need for chemical probes
for understudied kinases in order to better understand their function and their potential as drug
target. But choosing the right chemical probe is not a trivial task and requires thorough literature
search in order to correctly interpret the results of an experiment.
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3 Role of Chemical Proteomics in Changing Precision medicine

Precision oncology. The concept of precision medicine aims to classify patients based on
individual molecular characteristics into different treatment groups, in order to optimize the
benefit and to reduce side effects of the treatment.32>3 In oncology, the branch of precision
medicine is known as “precision oncology”. Molecular stratification of cancer patients by next-
generation sequencing of tumor DNA and RNA can reveal genomic alterations. Such genetic
alterations are not restricted to one histologic entity but are shared across multiple entities so
that treatment recommendation should be given based on the molecular characteristics of the
tumor and not only by the origin of the tumor. Suitable molecular targeting agents (MTA) like
small molecule kinase inhibitors or antibodies can then specifically address the genetic alteration
of the individual patient and provide the basis for precision medicine. In interdisciplinary
molecular tumor boards, patients are categorized into intervention baskets based on their
molecular characteristics (genetic alterations) and treatment recommendations are given.3*® In
reality, the molecular data of a patient often provide the rational for more than one drug. The
different treatment recommendations are categorized into different evidence level depending on
the data basis that led to the recommendation (clinical data (level I and Il) or preclinical data (level
Il and 1V)) which facilitates prioritization of treatment strategies.3!® Based on the acquired data in
molecule tumor boards on large patient cohorts, new treatment strategies can be developed as
well as new clinical trials can be initiated.

Selectivity profiling of drugs to improve treatment recommendation. As already described in
detail, kinases play an important role in onset and progression of cancer. Hence, kinase inhibitors
are among the most important drugs in precision medicine and are used for various tumor
entities.3’® Precision medicine would highly profit from very selective kinase inhibitors that
specifically inhibit the pathogenic alterations of a patient. Combinations of highly selective kinase
inhibitors could be optimized for each patient to gain the best treatment option with less side
effects. But as profiling of more than 50 clinical kinase inhibitors and the study of Klaeger et a/®®
have shown, many kinase drugs are not selective for one particular kinase. Off-target inhibition
can lead for example to toxic or adverse side effects in patients which could result in failure of
clinical trials. On the other hand, unselective kinase inhibitors create the opportunity to reposition
an already approved drug for another indication based on off-target inhibition (Introduction
Chapter 2.3). Imatinib, for example, was repurposed for gastro intestinal stromal tumors due to
its additional KIT-inhibition.3?° To take advantage of the opportunity of repositioning a drug, the
target profile of a drug must be known. If patient stratification then reveals new genetic
alterations, already approved drugs can be screened for targeting this genetic alterations. But
patients that need a treatment recommendation rather sooner than later do not directly profit
from this approach. Although treatment recommendation can be given based on preclinical data
that indicate inhibition of the genetic alteration by a given drug, the level of evidence is low and
the patient will probably not be treated with the drug. Further pre-clinical tests are required
before clinical trials can investigate the efficacy of the repurposed drug. But in the long run, drug
repositioning is a successful approach that reduces research and economic efforts.
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Selectivity profiling of clinical drugs can still help to choose the potentially “best” drug for a
patient. Here a brief gedanken experiment: several EGFR inhibitors with various target profiles are
currently in the clinics. If a patient suffers from two genetic alterations like EGFR and ALK, an EGFR
inhibitor that also targets ALK can be chosen as best treatment option. For such an approach the
Kinobeads results are advantageous since they provide a kinome wide view on the compounds
target space and can help clinicians to choose the best drug for the patient. But the technology
also has one major drawback. Several clinically highly relevant kinases are not covered by the
lysate mixture and/or the affinity matrix. For example, the PIKK and PI3K families were not
accessible to Kinobeads profiling with the previous setup. The new Kinobeads matrix enables now
profiling of mTOR and PI3K inhibitors. Therefore, all PI3K and mTOR inhibitors currently in clinical
trials were re-profiled utilizing the new Kinobeads matrix to get a broader view on the selectivity
within the PI3K and PIKK families However, other families are still missing. For instance the FGFR
family is often dysregulated in many cancer types®?, but these kinases (except for FGFR1) are not
expressed in the used cell lysate mixture.

Future perspectives of chemical proteomics in precision medicine. For patients carrying a well-
known and well-studied genetic mutation, treatment recommendation is a simple task and kinase
inhibitors or other MTAs can be suggested that have been extensively investigated in clinical trials
for this specific genetic alteration. But for patients carrying rare mutations, treatment
recommendation is not as simple. First, it is often unknown whether the mutation is activating or
inactivating, which makes the choice of the best treatment difficult, since it is unclear whether
inhibitors would be useful at all. In addition, if the mutations occur in the active site of the kinase
where most of the small molecules bind, it is often not known if a kinase inhibitor that theoretically
targets the kinase would still bind to the mutated version of the kinase. The latter problem could
in principle be addressed by a chemical proteomic approach like the Kinobeads technology as
already discussed (see Discussion and Outlook Chapter 1). The knowledge if an inhibitor can bind
to a specific mutated kinase would help the patient, as it would prevent unnecessary treatments
of a patient without any outcome. Additionally, if a larger cohort of patients carry the same
mutation, medicinal chemistry programs could develop novel inhibitors that specifically target the
mutated kinase.

Currently, treatment recommendation for cancer patients only consider sequencing results of
tumor DNA and RNA.3®® As most MTAs act on protein level, analysis of the tumor proteome or
even phosphoproteome could guide treatment recommendation. Especially since RNA and
protein levels do not always correlate well*22, measuring protein expression rather than RNA levels
might be more beneficial. Hereby, proteins with abnormal expression level or over activated
pathways as identified by phosphoproteomic measurement, can specifically be inhibited by an
appropriate MTA.

In addition, the overall expression level of kinases varies strongly between different cell lines,
tissues or organs in healthy and disease state.3?*3?* Hence, depending on the tissue the tumor
derived from, the selectivity of a kinase inhibitor might vary greatly. While a drug might be a
potent and selective drug for one tumor entity, the inhibitor can have several targets or even toxic
targets in another entity. Chemical proteomic strategies are suitable for tissue specific selectivity
profiling. Here, activity based probes, like X044, could be used in patient-derived xenografts or
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patient-derived organoids to investigate intracellular target engagement of kinase inhibitors.
Using this approach could help to identify tissue specific drug-protein interaction and could help
to minimize off-target effects.

In summary, chemical proteomic has the potential to change precision medicine. The research
area with its new and ever improving technologies can be beneficial in finding new drugs, in better
understanding the drugs mode of action and in assigning the drugs to the appropriate indication.
Especially since most drugs act on proteins, studying the effect of a drug on a proteome wide scale
is essential.
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ABPP
ACN
ADP
AGC
ATP

BRET

C-lobe
C-spine
CATDS
CETSA
CK2

DDA
DMSO
DMF
DTT

ECso
ESI

FA
FBS
FC
FDA
FDR
FECH

GSK
HCD

ICso
IMAC
ITDR

KPP
KB
KCGS

LC
LFQ

MS
MS/MS
MTA

Activity-based protein profiling
Acetonitrile

Adenosine triphosphate
Automatic gain control
Adenosine triphosphate

Bioluminescence resonance energy transfer

C-terminal lobe

Catalytic spine

Concentration and target dependent selectivity
Cellular thermal shift assay

Casein kinase 2

Data dependent acquisition
Dimethylsufoxide
Dimethylformamide
Dithiothreitol

Effective concentration for half maximal inhibition
Electrospray ionization

Formic acid

Fetal bovine serum

Fold change

Food and Drug Administration
False discovery rate
Ferrochelatase

GlaxoSmithKline
Higher energy collision dissociation

Inhibitory concentration for half maximal inhibition
Immobilized metal ion affinity chromatography
Isothermal dose response assay

Apparent dissociation constant
Kinobeads
Kinome chemogenomic set

Liquid chromatography
Label-free quantification

Mass spectrometry
Tandem mass spectrometry
Molecular targeting agent
Mass-to-charge ratio
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N-lobe N-terminal lobe

NCE Normalized collision energy

NHS N-hydroxysuccinimide

PAL Photoaffinity labeling

PBS Phosphate buffered saline

PI3K Phosphoinositide-3-kinase

PIK Phosphoinositide-3-kinase family
PIKK PI3K-related kinase family

PKIS Published kinase inhibitor set
PSM Peptide spectrum match

PTM Post translational modification
PROTAC Proteolysis targeting chimeras
gPCR Real-time quantitative polymerase chain reaction
R-spine Regulatory spine

RP Reverse phase

SDS Sodium dodecyl sulfate

SGC Structure genomic consortium
siRNA Small interfering ribonucleic acid
TBS Tri Buffered Saline

TFA Trifluoroacetic acid

TK Tyrosine kinase group

TKL Tyrosine kinase like group

T™T Tandem mass tag

WT Wild type

Proteins and gene names are based on UniProt and HUGO nomenclature.
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Figure S 1 | Systematic evaluation of new PIKK and PI3K affinity probes. (A-C) Nature and intensity of
proteins captured by different bead mixtures (KBy & iBGT226, KBy & iOmipalisib or KBy) were determined
by triplicate pulldown experiments using a five cell line mixture and tested for significant differences in a
two-sided t-test (S0=0.1, 1 % FDR). ATR and ATM were specifically enriched by iBGT226 whereas most of
the PI3K family members were significantly enriched by iOmipalisib. PIKKs and PI3Ks are labeled in pink.
Proteins exhibiting significant differences are colored in grey. D) Part of the kinome tree showing the PIK
and PIKK families. Kinases that have been enriched and competed using Kinobeads € are marked in pink.
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Figure S2 | Comparison of digestion protocols. (A) Number kinase peptides of triplicate Kinobeads
pulldown experiments. Proteins were either digested in-gel or on-bead. The overlap was triplicates
pulldowns is slightly higher for the in-gel digestion workflow. (B) Number of identified kinases relative
intensity of kinases using different washing conditions after Kinobeads incubation. Washing condition 5
(1 ml 0.4 % IGPAL, 2 ml 0.2 % IGPAL, 3 ml CP buffer) leads to the highest number of identified kinases.
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Figure S 4 | PKN3 target engagement in cells. Dose dependent reduction of the BRET signal with increasing
inhibitor concentrations were observed for eight compounds indicating PKN3 target engagement in cells.
Experiments were performed by Benedict-Tillmann Berger under supervision of Dr. Susanne Mueller-Knapp
at the Goethe University in Frankfurt.
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Figure S 5 | PKN3 inhibitor perturbed phosphoproteome. Volcano plots showing log2 fold changes of
quantified phosphorylation sites after treating RKO cells with 1 uM GSK949675A, 1 uM THZ1, 1 uM SB-
476429 or DMSO as control for 30 min. Phosphorylation sites exhibiting significant changes are colored in
red (FDR of 1 %, SO of 0.036, 0.04, 0.037, 0.068 and 0.049 for GSK949675A, GSK902056A, SB-476429-A, THZ1
and siRNA).

AZD-8055 GSK2636711 IPI-549

Figure S 6 | Target space of selective mTOR and PI3K inhibitors. Radarplots depicting the targets of the
selective mTOR inhibitor AZD-8055, the selective PIK3CB inhibitor GSK2636711 and the selective PIK3CG
inhibitor IPI-549. Each spike represents one target and the length of the spike depicts the affinity of the
interaction.
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2 Supplementary Tables

Table S1 | List of analyzed kinase Inhibitors in Results and Discussion Chapter 2

Compound Library SMILES

Abemaciclib Clinical Kls CCN1CCN(Cc2cce(Ne3nce(F)e(n3)cdec(F)c5nc(C)n(C(C)C)c5c4)nc2)CCl

Afatinib Clinical Kls CN(C)C\C=C\C(=0)Nc1cc2c(Nc3cec(F)c(Cl)c3)ncnc2cc1O[C@H]4CCOC4

AH20685XX PKIS2 C1(N=CC=NN12)=NC=C2C3=CC=CC=C3

AH2635 PKIS2 NC1=NC=NC2=C1N=CN2C3=CC=C(Cl)C=C3

AH5015_KCGS KCGS Nclncnc2[nH]c(nc12)-clcccecl

Alectinib Clinical Kls CCclcc2C(=0)c3c([nH]c4cc(ccec34)CHN)C(C)(C)c2ccIN5CCC(CC5)N6CCOCCh

Apatinib Clinical Kls 0=C(Nclcce(cecl)C2(CCCC2)CH#N)c3ccenc3NCedceenccd

AT-13148 Clinical Kls NC[C@@](0)(c1ccc(Cl)ccl)c2cece(ce2)c3en[nH]c3

AT-9283 Clinical Kls 0=C(NC1CC1)Nc2c[nH]nc2c3nc4cc(CN5CCOCC5)cccd[nH]3

Axitinib Clinical Kls CNC(=0)clcccec1Sc2cecc3c(\C=C\c4ccececnd)n[nH]c3c2

Baricitinib Clinical Kls CCS(=0)(=0)N1CC(CCHN)(C1)n2cc(cn2)c3nencd[nH]ccc34

BI0O0007366 KCGS N1(CCC(CC1)Oc3c(cc2nenc(c2c3)Ncdec(cced)CH#C)OC)C

BI00009348 KCGS S(=0)(=0)(CCN1CCOCC1)c2cc(ccc2)Ne3ncdc(cn3)N(C(=0)CN4AC(C)C)C

BI00036838 KCGS N2clc(cc(cc1)C(=0)C)C(=C(NN(C)C)CC)C2=0

BI00047804 KCGS Clclc(ceecl)-c2ne-3¢(en2)CCclnc(sc4-3)NC(=0)N5C[C@ @H](CC5)NC(=0)C(C)C

BI00113608 KCGS Fclc(ccccINe2nenc3c2cc(c(c3)0C)0[C@ @H]5CC[C@ @]4(NCCNC4=0)CC5)Cl

8100133844 KCGS Fclc(ccccINe2nenc3c2cec(c(c3)0C)0[C@ @H]4CC[C@H](CC4)[C@ @H]5NCCNC5
=0)cCl

BI00601000 KCGS Fclc(cce(cl)F)Nc2ec3c(cc2)N(C(=0)N3)ccaccccca

B100604564 KCGS s2c1nc(cc(cle3nenc(c32)N)CCC)NACCN(CCC4)C

BlI00614644 KCGS 0=C(C1=CC2=C(C=C1)C=C3N2CC(CN)CNC3=0)NC4=CC=CN=C4

BI00645435 KCGS ;):;(CC1=CC2=C(C=C1)C=C3N2[C@H](C)CCNC3=O)NC4=NC5=CC=CC=C5N4CCC

BI00801818 KCGS Brclc(ccc(c1)C(=0)NCCC)Nc2nc(c(cn2)C(F)(F)F)Nc3c(ccee3)C(=0)C

BI00865461 KCGS Fclc(c(cccINS(=0)(=0)CCC)F)-n2nnc(c2)-c3cncc(c3)0C

BI01125081 KCGS N1(CCOCC1)c2ncc(cc2)-c4cc3ncccc3c(c4)0Cc5ncecc5C(=0)N

BI2536 (CGS Sggclgé(;?)ﬂ]c(N(C2=C(N1C)C=NC(NC3=CC=C(C(NC4CCN(C)CC4)=O)C=C3OC)=N2)

BIBFO846CL KCGS N4clc(cc(c(c1)OC)OC)C(=C(Nc2cccec2)c3cc(ccc3)CN)C4=0

BIBW3133BS KCGS Fclc(cc(ccl)Ne2nenc3c2cc(c(c3)0C)0[C@ @H]4CC[C@H](CC4)N)CI

Binimetinib Clinical Kls Cnlcnc2c(F)c(Nc3cec(Br)ce3F)c(cc12)C(=0)NOCCO

BIRBO876BS KCGS n1(nc(ccINC(=0)Nc2cec(cc2)OCCN3CCOCC3)C(C)(C)C)-cdcec(ccl)C

BIRZ0O518XX KCGS FC(F)(F)OC1=CC=CC=C1CNC2=NC=C([N+]([O-])=0)C(NCC3CCC(CN)CC3)=N2

VXN (OGS Eiil\(l:(;;fglz)(;(z(;z;(?:C(N=CC(C=C3)=C4N(C5=CC(NC(C=C)=O)=C(C)C=C5)C3=O)

Bosutinib Clinical Kls COclcc(Nc2c(cne3cc(OCCCN4CCN(C)CC4)c(OC)cc23)CHN)c(Cl)ccCl

Brigatinib Clinical Kis Sg)l(i;ﬁcl:\l)(c(i;:;c):CZCCN(CCZ)C3=CC(=C(C=C3)NC4=NC=C(C(=N4)NC5=CC=CC=C5P(

CA93.0 KCGS COC1=C(0OC)C(OC)=CC(NC2=C3C(C=CC(Br)=C3)=NC=C2)=C1

Cabozantinib Clinical Kls COclcc2ncec(0c3cec(NC(=0)C4(CC4)C(=0)Nc5cce(F)ec5)cc3)c2cc10C
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Compound Library SMILES

CCT241533 KCGS ;::CCZL(=OC)E(:CC31=.(I\:II.C§|=CC(OC)=C(OC)C=C2C(N[C@ HJ4[C@H]([C@](C)(O)C)CNC4)=N3

CCT244747 KCGS C[C@](0C1=NC(NC(C=C20C)=NC=C2C(C=N3)=CN3C)=CN=C1C#N)([H])CN(C)C

CCT251545 KCGS 0=C(NCC1)C1(CC2)CCN2C3=C(C4=CC=C(C5=CN(C)N=C5)C=C4)C=NC=C3CI

CCT251921 KCGS O=C1NCCC12CCN(C3=C(CI)C(N)=NC=C3C4=CC5=C(N(C)N=C5)C=C4)CC2

Ceritinib Clinical Kls CC(C)Oclcc(C2CCNCC2)c(C)ecINe3ncec(Cl)c(NcdcececdS(=0)(=0)C(C)C)n3

Cobimetinib Clinical Kls OC1(CN(C1)C(=0)c2cce(F)c(F)c2Nc3cec(l)cc3F)[C@ @H]4CCCCN4

Copanlisib Clinical Kls COc1c(OCCCN2CCOCC2)ccc3C4=NCCNAC(=Nc13)NC(=0)c5cnc(N)nc5

Crizotinib Clinical KIs | C[C@@H](Oclcc(cnclN)c2cnn(c2)C3CCNCC3)cac(Cl)cec(F)cacl

D2202-1 KCGS Cclen(enl)clec(cc(cl)NC(clccc2c(CN(C[C@@H]2C)c2encenc2)cl)=0)C(F)(F)F

Dabrafenib Clinical Kls CC(C)(C)cinc(c2ccec(NS(=0)(=0)c3c(F)ccec3F)c2F)c(s1)cdcenc(N)n4

Danusertib Clinical Kls CO[C@@H](C(=0)N1Cc2n[nH]c(NC(=0)c3ccc(cc3)N4CCN(C)CC4)c2C1)c5cccecs

Dasatinib Clinical Kls Cclnc(Nc2nce(s2)C(=0)Nec3c(C)ccec3Cl)ec(n1)NACCN(CCO)CCa

DDRLin.1 <Cas E;;ig?fg):ci(;(lc.cc(lli\l;)=O)=CSC=C4)C=C(NC(C2=CC=C(CN3CCN(CC)CC3)C(C(F)(

Enzastaurin Clinical Kls Cnlcc(C2=C(C(=0)NC2=0)c3cn(C4CCN(Cc5ccecen5)CCA)cbeccce36)c7cceccl?

ERK5-IN-1 KCGS 0=C1C2=CC=CC=C2N(C3CCCC3)C4=NC(NC5=CC=C(C(N6CCC(N7CCN(C)CC7)CC6
)=0)C=C50CC)=NC=C4N1C

Fasudil Clinical Kls 0=S(=0)(N1CCCNCC1)c2ccec3cencec23

FM-381 KCGS (l\:lé()i())(f))féC(\C#N):C\C(:CC:CICZN(C(C(N:Z):CZ):C(C(:NZ)NZ)C:CZ)C(CZ)CCC

Fostamatinib Clinical Kls EOclcc(NCchc(F)c(Nc3ccc4OC(C)(C)C(=O)N(COP(=O)(O)O)c4n3)n2)cc(OC)c10

Gefitinib Clinical Kls COclcc2nenc(Ne3cec(F)c(Cl)e3)c2cc10CCCN4CCOCC4

GI230329A PKIS2 COC1=CC2=NC=NC(NC3=CC=CC(Br)=C3)=C2C=C10C.Cl

GI261520A PKIS1 Cl.COclccc2nenc(Nc3cec(OCcdcccccd)cc3)c2cl

GI261590A PKIS2 COC1=CC2=C(C=C10C)C(NC3=CC=C(C(Cl)=C3)0CC4=CC=CC=C4Br)=NC=N2.CI

GI261656A PKIS2 COC1=C(0OC)C=C2C(N=CC=C2NC3=CC=C(0C4=CC=CC=C4)C=C3)=C1.CI

GI262866A PKIS2 0C1=CC2=C(N=CN=C2NC3=CC=C(C=C3)0CC4=CC=CC=C4)C=C1.CI

GNF-5 KCGS C1=CC(=CC(=C1)C(=0)NCCO)C2=CC(=NC=N2)NC3=CC=C(C=C3)OC(F)(F)F

GR105659X PKIS1 Oclccc2c(CC\C2=C2\C(=0)Nc3ceccec23)cl

GR269666A PKIS1 Cl.C(c1nc2ccc(Ne3nencdcccec34)cc2[nH]1)cleccecl

GSK1000163A PKIS1 CCnlc(nc2c(nc(CN3CCCC3)ccl12)CHCC(C)(C)0)-clnonclN

GSK10071028 PKIS1 OC(=0)C(F)(F)F.CCnlc(nc2c(nc(O[C@@H](CN)c3cceee3)ccl12)C#HCC(C)(C)0)-
clnonclN

GSK1010829B PKIS2 S:E((Eé;fggg;g;:g;ggsc)z:(;(zcc(C(N:C3N4C:CC:C3):C4C5:CC:NC(NCG:C

GSK1014915A PKIS2 0=C(NC(C=C1)=CC=C1C)NC2=CC(C(C)(C)C)=NN2C3=CC=CC=C3

GSK1023156A PKIS1 NC(=0)clsc(cc10CclcececclBr)-nlcnc2cccccl2

GSK1024304A PKIS2 NC(C(S1)=C(C=C1N2C=NC3=C2C=CC=C3)0CC4=CC=C(0OC)C=C4)=0

GSK1024306A PKIS2 NC(C(S1)=C(C=C1N2C=NC3=C2C=CC=C3)0OCC4=CC=CC=C4F)=0

GSK1030058A PKIS1 COC(=0)c1sc(cc10CclccecclC(F)(F)F)-nlcnc2cc(OC)c(0C)cc12

GSK1030059A PKIS1 COclcc2nen(-c3cc(OCcacccecdC(F)(F)F)c(s3)C(C)=0)c2cc10C

GSK1030061A PKIS1 CNC(=0)c1sc(cc10CclccccclC(F)(F)F)-nlcnc2cc(OC)c(0C)ccl12

GSK1030062A PKIS1 COclcc2nen(-c3cc(OCc4cccccdC(F)(F)F)c(s3)C(=0)N(C)C)c2cc10C

GSK1033723A PKIS2 0=C1NC=C(C2=CC=C(0)C=C2)C3=C1C=C(C4=CC=NC=C4)S3
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Compound Library SMILES
GSK1034945A PKIS2 NC1=NNC2=CC(C3=NC(N)=NC=C3)=CC=C21
GSK1070916 (CGS CCN1C=C(C(=N1)C2=CC=C(C=C2)NC(=0)N(C)C)C3=C4C=C(NC4=NC=C3)C5=CC(=
CC=C5)CN(C)C
eskizaonen | P2 | ool s
GSK114 KCGS COC1=CC2=NC=NC(N(C3=C(N(C)C)C=CC(S(=0)(N(C)[H])=0)=C3)[H])=C2C=C10C
GSK1173862A PKIS1 CCCN1CCCC(C1)clcce(Ne2nc(Ne3cc(F)cece3C(N)=0)c3cc[nH]c3n2)c(OC)cl
GSK1220512A PKIS1 COclcc(cccINcdnc(Nc2cec(F)cc2C(N)=0)c2cc[nH]c2n1)N1CCN(CC1)C(C)C
GSK1229496A PKIS2 2;52NC1=CC=C(C=C1)C2=NC(NC(C=C3)=CC=C30C)=NC=C2)C4=CC5=CC(F)=CC=
GSK1229782A PKIS2 E);(\iiNC1=CC=CC(C2=NC(NC(C=C3)=CC=C3OC)=NC=C2)=C1)C4=CC5=CC(F)=CC=
GSK1229959A PKIS2 0=C(NC(CN)C1=CC=CC=C1)C2=CC(C3=C4C=CNC4=NC=C3)=CS2.0=C(NC(CN)C5
=CC=CC=C5)C6=CC(C7=C8C=CNC8=NC=C7)=CS6.CI.CI
0=C(NC(C1=CC=CC=C1)CCCN)C(S2)=CC(Br)=C2C3=C(C=CN4)C4=NC=C3.0C(C(F)
GSK1287544A PKIS2 (F)F)=0.0=C(NC(C5=CC=CC=C5)CCCN)C(S6)=CC(Br)=C6C7=C(C=CN8)C8=NC=C7.
OC(C(F)(F)F)=0
GSK1292139B PKIS2 NCCNC1=NC=C(C(N)=0)C(NC2=CC(C)=CC=C2)=N1
NCCC(NC(C1=CC(Br)=C(C2=C(C=CN3)C3=NC=C2)S1)=0)C4=CC=CC=C4.OC(C(F)(
GSK1307810A PKIS2 F)F)=0.NCCC(NC(C5=CC(Br)=C(C6=C(C=CN7)C7=NC=C6)S5)=0)C8=CC=CC=C8.0
C(C(F)(F)F)=0
NCC(C1=CC=CC=C1)NC(C2=CC(C3=CN=CC=C3)=C(C4=CC=NC5=CAC=CN5)52)=0.
GSK1323434A PKIS2 NCC(C6=CC=CC=C6)NC(C7=CC(C8=CN=CC=C8)=C(CI=CC=NC%10=CIC=CN%10)
$7)=0.Cl.Cl
NCC(C1=CC=CC=C1)NC(C(52)=CC(C3=CNN=C3)=C2C4=CC=NC5=C4C=CN5)=0.0
GSK1325775A PKIS2 C(C(F)(F)F)=0.NCC(C6=CC=CC=C6)NC(C(S7)=CC(C8=CNN=C8)=C7CI=CC=NC%10
=C9C=CN%10)=0.0C(C(F)(F)F)=0
GSK1326180A PKIS2 0=C(C1=C(F)C=CC=C1)C2=CNC(C(NC3=C(F)C=CC=C3F)=0)=C2
GSK1326255A PKIS1 CCCN1CCC(CC1)cleec(Ne2nc(Ne3cec(F)cece3C(N)=0)c3cc[nH]c3n2)c(OC)cl
GSK1379706A PKIS2 0O=C(NCC1=CC=C(OC)C=C1)NC2CN(CC2)C3=NC(NC(C=C4)=CC=C4F)=NC=C3
GSK1379708A PKIS2 0=C(C1=CC(C#N)=CC=C1)NC2CN(CC2)C3=NC(NC4=CC=C(F)C=C4)=NC=C3
GSK1379710A PKIS2 0O=C(NC1=CC=CC(C(C)=0)=C1)NC2CN(CC2)C3=NC(NC(C=C4)=CC=C4F)=NC=C3
GSK1379712 KCGS COC(=0)C(NC(=0)NC1CCN(C1)clcenc(Nc2cec(F)ec2)nl)cleccecl
GSK1379713A PKIS2 0O=C(C(C)C1=CC=C(Cl)C=C1)NC2CN(CC2)C3=NC(NC(C=C4)=CC=CAF)=NC=C3
GSK1379714A pKIS2 S;C(NC(CC1=CC=CC=C1)C(OC)=O)NCZCN(CC2)C3=NC(NC4=CC=C(F)C=C4)=NC=
GSK1379715A PKIS2 0=S(NC1CN(CC1)C2=NC(NC3=CC=C(F)C=C3)=NC=C2)(C(C=C4)=CC=C4CCC)=0
GSK1379716A PKIS2 0O=C(NC1CN(CC1)C2=NC(NC3=CC=C(F)C=C3)=NC=C2)C4=CC5=CC=CC=C554
GSK1379717A PKIS2 0O=C(NC1CN(CC1)C2=NC(NC3=CC=C(F)C=C3)=NC=C2)C4=CN=CN4C
GSK1379720A PKIS2 0=C(NC1=C(C)C=CC(C)=C1)NC2CN(CC2)C3=NC(NC4=CC=C(F)C=C4)=NC=C3
GSK1379721A PKIS2 0=C(NC1=CC(OC)=CC=C1)NC2CN(CC2)C3=NC(NC(C=C4)=CC=C4F)=NC=C3
GSK1379722A PKIS2 0O=C(NC1=CC=CC=C1F)NC2CN(CC2)C3=NC(NC(C=C4)=CC=C4F)=NC=C3
GSK1379723A PKIS2 0=C(NCC1=CC=CC(OC)=C1)NC2CN(CC2)C3=NC(NC4=CC=C(F)C=C4)=NC=C3

XIV|Page




Appendix

Compound Library SMILES
GSK1379724A PKIS2 0=C(NC1=CC=C20C0C2=C1)NC3CN(CC3)C4=NC(NC(C=C5)=CC=C5F)=NC=C4
GSK1379725A PKIS2 0=C(NC1=CC=CC(C(0C)=0)=C1)NC2CN(CC2)C3=NC(NC4=CC=C(F)C=C4)=NC=C3
GSK1379727A PKIS2 0=C(NCC1=CC=C(OC)C=C1)NC2CN(CC2)C3=NC(NC4=CC=C(0OC)C=C4)=NC=C3
GSK1379729A PKIS2 0=S(NC1CN(CC1)C2=NC(NC3=CC=C(0C)C=C3)=NC=C2)(C(C=C4)=CC=C4ANC(C)=
0)=0
GSK1379730A PKIS2 0=C(C1=CC(C#N)=CC=C1)NC2CN(CC2)C3=NC(NC(C=C4)=CC=C40C)=NC=C3
GSK1379731A PKIS2 0O=C(NC1=CC=CC(C(C)=0)=C1)NC2CN(CC2)C3=NC(NC4=CC=C(0C)C=C4)=NC=C3
GSK1379732A PKIS2 0=C(C1=CC(NC(C)=0)=CC=C1)NC2CN(CC2)C3=NC(NC4=CC=C(0C)C=C4)=NC=C3
GSK1379735A PKIS2 0=C(C(C)C1=CC=C(Cl)C=C1)NC2CN(CC2)C3=NC(NC4=CC=C(0C)C=C4)=NC=C3
GSK1379737A PKIS2 0O=S(NC1CN(CC1)C2=NC(NC(C=C3)=CC=C30C)=NC=C2)(C(C=C4)=CC=C4CCC)=0
GSK1379738A PKIS2 O=C(NC1CN(CC1)C2=NC(NC(C=C3)=CC=C30C)=NC=C2)C4=CC5=CC=CC=C554
GSK1379741A PKIS2 0O=C(NC1=C(C)C=CC(C)=C1)NC2CN(CC2)C3=NC(NC(C=C4)=CC=C40C)=NC=C3
GSK1379742A PKIS2 0=C(NC1=CC(OC)=CC=C1)NC2CN(CC2)C3=NC(NC4=CC=C(OC)C=C4)=NC=C3
GSK1379745A PKIS2 0=C(NC1=CC=C20C0C2=C1)NC3CN(CC3)C4=NC(NC5=CC=C(0OC)C=C5)=NC=C4
GSK1379746A PKIS2 E);C(NC1=CC=CC(C(OC)=O)=C1)NCZCN(CC2)C3=NC(NC(C=C4)=CC=C4OC)=NC=
GSK1379748A PKIS2 0=C(NCC1=CC=C(OC)C=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(OC)C(0C)=C4)=
NC=C3
GSK1379751A pKIS2 2_=§;C1=CC(C#N)=CC=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(C(OC)=C4)OC)=N
GSK1379753A pKIS2 0=C(NC1=CC=CC(C(C)=0)=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(OC)C(OC)=C4
)=NC=C3
= 1: = = = = = = =
GSK1379754A PKIS2 0=C(C1=CC(NC(C)=0)=CC=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(0C)C(OC)=C4
)=NC=C3
GSK1379757A pKIS2 0=C(C(C)C1=CC=C(Cl)C=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(OC)C(OC)=C4)=
NC=C3
GSK1379760A PKIS2 0=C(NC1CN(CC1)C2=NC(NC3=CC(OC)=C(C(OC)=C3)0C)=NC=C2)C4=CC5=CC=CC
=C554
GSK1379761A PKIS2 0O=C(NC1CN(CC1)C2=NC(NC3=CC(0C)=C(0C)C(OC)=C3)=NC=C2)C40C5=CC=CC
=C50C4
GSK1379762 KCGS COclcc(Nc2ncee(n2)N2CCC(C2)NC(=0)Nc2ce(C)cec2C)ec(0C)c10C
= 1= =CC=C1 2 2 = = = = =
GSK1379763A PKIS2 E)_E;NC CC(OC)=CC=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(0C)C(0C)=C4)=N
GSK1379766A pKIS2 0=C(NC1=CC=C20C0C2=C1)NC3CN(CC3)C4=NC(NC5=CC(OC)=C(C(OC)=C5)OC)
=NC=C4
GSK1379767A PKIS2 0=C(NC1=CC=CC(C(0C)=0)=C1)NC2CN(CC2)C3=NC(NC4=CC(OC)=C(C(0OC)=C4)
0C)=NC=C3
GSK1379788A PKIS2 0=C(NCC1=CC=C(OC)C=C1)NC2CCN(CC2)C3=NC(NC(C=C4)=CC=C4F)=NC=C3
GSK1379800A PKIS2 0=C(NC1=CC=CC=C1F)NC2CCN(CC2)C3=NC(NC(C=C4)=CC=C4F)=NC=C3
GSK1379812A PKIS2 0=C(C(C)C1=CC=C(CI)C=C1)NC2CCN(CC2)C3=NC(NC4=CC=C(0C)C=C4)=NC=C3
GSK1379825A PKIS2 0O=S(NC1CCN(CC1)C2=NC(NC3=CC(0C)=C(C(0OC)=C3)0C)=NC=C2)(C(C=C4)=CC=
C4NC(C)=0)=0
GSK1379859A PKIS2 0=C(NC1=CC=C20C0C2=C1)NC3CCN(CC3)C4=NC(NCC5=CC=C(C=C5)F)=NC=C4
GSK1379860A PKIS2 g;c(NC1=CC=CC(C(OC)=O)=C1)NC2CCN(CC2)C3=NC(NCC4=CC=C(F)C=C4)=NC=
GSK1379874A PKIS2 0O=C(NCCNC1=NC(NC2=CC=C(F)C=C2)=NC=C1)C3=CC4=CC=CC=C4S3
GSK1379878A PKIS2 FC1=CC=C(C=C1)NC2=NC=CC(NCCNC(NC3=C(C)C=CC(C)=C3)=0)=N2
GSK1379879A PKIS2 FC1=CC=C(C=C1)NC2=NC=CC(NCCNC(NC3=CC(0OC)=CC=C3)=0)=N2

XV|Page




Appendix

Compound Library SMILES
GSK1379880A PKIS2 FC1=CC=C(C=C1)NC2=NC=CC(NCCNC(NC3=CC=CC=C3F)=0)=N2
GSK1379882A PKIS2 FC1=CC=C(C=C1)NC2=NC=CC(NCCNC(NC3=CC=C40C0C4=C3)=0)=N2
GSK1379883A PKIS2 FC1=CC=C(C=C1)NC2=NC=CC(NCCNC(NC3=CC=CC(C(OC)=0)=C3)=0)=N2
GSK1379896A PKIS2 O=C(NCCNC1=NC(NC(C=C2)=CC=C20C)=NC=C1)C3=CC4=CC=CC=C4S3
GSK1379899A PKIS2 0=C(NC1=C(C)C=CC(C)=C1)NCCNC2=NC(NC(C=C3)=CC=C30C)=NC=C2
GSK1379901A PKIS2 0=C(NC1=CC=CC=C1F)NCCNC2=NC(NC3=CC=C(OC)C=C3)=NC=C2
GSK1379944A PKIS2 0O=C(NCCNC1=NC(NCC2=CC=C(F)C=C2)=NC=C1)C3=CC4=CC=CC=C4S3
GSK1383280A PKIS2 BrC1=C(C2=C3C=CNC3=NC=C2)SC(C(NC(CNCC)CC4=CC=CC=C4)=0)=C1.BrC5=C(
C6=C7C=CNC7=NC=C6)SC(C(NC(CNCC)CC8=CC=CC=C8)=0)=C5.CI.CI
GSK1383281A PKIS2 BrC1=C(C2=C3C=CNC3=NC=C2)SC(C(NC(CNC(C)C)CC4=CC=CC=C4)=0)=C1.BrC5
=C(C6=C7C=CNC7=NC=C6)SC(C(NC(CNC(C)C)CC8=CC=CC=C8)=0)=C5.Cl.Cl
0=C(N[C@H](CN)CC1=CC=C(OC)C=C1)C2=CC(Br)=C(C3=CAC=CNC4=NC=C3)S2.
GSK1389063A PKIS2 O=C(N[C@H](CN)CC5=CC=C(0C)C=C5)C6=CC(Br)=C(C7=C8C=CNC8=NC=C7)S6.C
I.Cl
1 =
GSK1392956A PKIS1 COclcc(cccINcinc(Nc2cecece(F)cc2C(=0)NC[C@ @H](0)CO)c2cc[nH]c2n1)N1CCN(
cc1)c(c)c
GSK1398460A pKIS2 0=C(NC1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(C4=CC=C(C(Cl)=C4)Cl)=
0)=C3
GSK1398463A PKIS2 ?;;I(NC1:CC:NC:Cl)C(C:CZ):CC:C2C3:C(C)C:CC(NC(C4:CC(C#N):CC:C4):O)
=C(NC1=CC=NC=C1 =C2)=CC=C2(C3= = N 4=CC= 1)C=C4)=0)=
GSK1398467A oKIS2 ;q €1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(C4=CC=C(Cl)C=C4)=0)
GSK1398468A pKIS2 E);()I(NC1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(NC4=CC=CC(CI)=C4)=O)
GSK1398470A oKIS2 0=C(NC1=CC(C2=CC=C(C=C2)C(NC3=CC=NC=C3)=0)=C(C)C=C1)NCA4=CC(C(F)(F)
F)=C(Cl)C=C4
GSK1398471A PKIS2 0=C(NC1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(NC4=CC=CC=C4)=0)=C3
GSK1398472A oKIS2 i)(;C(NC1=CC=NC:Cl)C(C=C2)=CC=C2C3=C(C)C=CC(NC(NC(C=C4)=CC=C4CI)=O)
GSK1398473A pKIS2 0=C(NC1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(NC4=C(C)C=CC(C)=C4)=
0)=C3
GSK1398474A pKIS2 )C:(;(NC1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(NC4=CC(OC)=CC=C4)=O
GSK1398475A oKISD )Ci=CC3(NC1=CC=NC=C1)C(C=C2)=CC=C2C3=C(C)C=CC(NC(NC4=CC=C(OC)C=C4)=O
GSK1398477 KCGS Cclcec(NC(=0)Nc2ceccc2F)ccl-cleec(cecl)C(=0)Ncleenccl
GSK1440913A PKIS2 N#CC1=CC=CC(NC2=NC=CC(C3=CC(C)=C(C(C)=C3)0)=N2)=C1
0=C(N[C@H](CN)CC1=CC=C(C(F)(F)F)C=C1)C2=CC(Br)=C(C3=C(C=CN4)C4=NC=C
GSK1487252A PKIS2 3)52.0=C(N[C@H](CN)CC5=CC=C(C(F)(F)F)C=C5)C6=CC(Br)=C(C7=C(C=CN8)C8=
NC=C7)S6.Cl.CI
GSK1511931A PKIS1 COclcc(cccINcdnc(Nc2cece3ncecc23)c2ec[nH]c2n1)N1CCN(CC1)C(C)C
GSK1520489A PKIS2 CNC(C1=CC=CC=C1INC2=NC(NC3=CC=CC(CS(=0)(C)=0)=C3)=NC=C2C)=0.0C=0
GSK1535721A PKIS2 0=5(C1=CC=CC(C2=CC=C(N=CC(N3CCOCC3)=N4)C4=C2)=C1)(N)=0
GSK1558669A PKIS2 l\::TCC1=CN=C(N=C1NC2=CC=CC=C2C(N)=O)NC3=CC(N4CCN(C)CC4)=C(OC)C=C3
GSK1576028A PKIS2 0=C(NC)C1=CC=CC=CINC2=NC(NC3=CC=C(N4CCOCC4)C=C3)=NC=C2Cl.Cl
GSK1581427A PKIS2 O=C(N[C@H](CN)CC1CCCCC1)C2=CC(Br)=C(C3=C4C(NC=C4)=NC=C3)S2.0=C(N[
C@H](CN)CC5CCCCC5)C6=CC(Br)=C(C7=C8C(NC=C8)=NC=C7)S6.CI.CI
GSK1581428A PKIS2 O=C(N[C@H](CN)CC1CCCCC1)C2=CC=C(C3=CAC(NC=C4)=NC=C3)S2.0=C(N[C@

H](CN)CC5CCCCC5)C6=CC=C(C7=C8C(NC=C8)=NC=C7)S6.Cl.Cl
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GSK1627798A PKIS2 NC1=NC=C(C2=CC3=C(N=CC=C3C4=CC=NC=C4)C=C2)C=C1S(N5CCOCC5)(=0)=0

GSK1645872A pKIS2 CC(N(CC1)CCN1C2=NC=C(NC3=NC(C(SC(C(C)C)=N4)=C4C5=CC(NS(C6=CC=CC=C
6)(=0)=0)=CC=C5)=CC=N3)C=C2)=0

=S(N 1=CC= 2= =CC=NC(NC4=CC=C(N N = N=C4)=N

GSK1645895A PKIS2 0=S(N(C)C1=CC=CC(C2=C(C3=CC=NC(NC4=CC=C(N5CCN(C(C)=0)CC5)N=C4)
3)SC(CC)=N2)=C1)(C6=CC=CC=C6)=0

GSK1649598A PKIS2 0=5(C1=CC=CC=C1)(NC2=CC=CC(C3=C(SC(C(C)C)=N3)C4=CC=NC(NC5=CC=C6C(
CN(C)CC6)=C5)=N4)=C2)=0

GSKLE53537A PKIS2 CC1=NC(NC2=CC(C#N)=CC=C2)=NC(N3CCC(NS(=0)(C4=CC=C(F)C=C4)=0)CC3)=
C1.0C(C(F)(F)F)=0

GSK1653539A PKIS2 C0C1=CC=C(S(=0)(NC2CCN(C3=NC(NC4=CC(CHN)=CC=C4)=NC(C)=C3)CC2)=0)C
=C1.0C(C(F)(F)F)=0

GSK1660437A pKIS2 0=S(NC1=CC=CC(C2=C(C3=CC=NC(NC4=CC=C(N5CCN(C(C)=0)CC5)N=C4)=N3)S
C(C(C)C)=N2)=C1)(C6=CC=CC(Cl)=C6)=0

GSK16604508 PKIS2 NC1=C(OC[C@H](CC2=CNC3=C2C=CC=C3)N)C=C(C4=CC(C(C)=NN5)=C5C=N4)C(
C6=C(C)0C=C6)=N1

GSK1669917A pKIS2 8=CSI(N1CCOCC1)(C(C=C2)=CC=C2NC3=NC(C)=CC(N4CC5=C(C=CC=C5)C4)=N3)=

GSK1669921A pKIS2 NC1=NC=C(C=C1S(=0)(N(C)C)=0)C(C=C23)=CC=C3N=CC=C2C4=CC(S(N)(=0)=0)
=CC=C4

GSK1693850A PKIS2 NC1=NC=C(C2=CC3=C(N=CC=C3C4=CC=NC=C4)C=C2)C=C1S(N5CCCCC5)(=0)=0

GSK1713088A PKIS1 CCCN1CCC(CC1)Oclec(Ne2nc(Ne3ecee(F)e3C(N)=0)c3cc[nH]c3n2)c(OC)cclCl

GSK1723930B pKIS2 0=5(NC1=CC=CC(C2=C(C3=CC=NC(NC4=CC=C(N5CCOCC5)N=C4)=N3)SC(C(C)C)
=N2)=C1)(C6=C(F)C=CC=C6F)=0.CI

GSK1751853A PKIS1 COc1cc2CCN(C(=0)CN3CCN(CC3)C(C)C)c2ccINcinc(Nc2ccec(F)c2C(N)=0)c2cc|
nH]c2nl

GSK175726A PKIS2 CIC1=CC(Cl)=CC(NC2=CC=NC(NC3=CC(Cl)=CC(Cl)=C3)=N2)=C1

GSK1804250A pKIS2 0=S(NC1=C(F)C=CC(C2=C(C3=CC=NC(NC4=CC=C(N5CCOCC5)N=C4)=N3)SC(C(C)
C)=N2)=C1)(C6=C(F)C=CC=C6F)=0

GSK180736A PKIS1 CC1=C(C(NC(=0)N1)clccc(F)ccl)C(=0)Nclccc2[nH]ncc2cl

GSK1819799A PKIS1 COclcc(cccINcdnc(Nc2ceec(F)c2C(0)=0)c2cc[nH]c2n1)NICCN(CC1)C(C)C

= 1 1 1lcc2

GSK182497A PKIS1 CN(C)C(=0)O[C@H]1CN[C@ @H](C1)C#Cclcc2nenc(Nc3cec(OCclccec(F)cd)c(Cl)
c3)c2s1

GSK1838705 (OGS CNC(C1=C(NC2=NC(NC3=C(OC)C=C4CCN(C(CN(C)C)=0)C4=C3)=NC5=C2C=CN5)
C=CC=C1F)=0

GSK189015A PKIS2 CC(S1)=CC=C1C2=NC3=CC=CC=C3C(NC4=CC=NC=C4)=N2

GSK1904529 (OGS 0=C(NC1=C(F)C=CC=C1F)C2=CC(C3=C(C4=NC(NC5=CC(CC)=C(N6CCC(N7CCN(S(
=0)(C)=0)CC7)CC6)C=C50C)=NC=C4)N8C=CC=CC8=N3)=CC=C20C

GSK190937A PKIS2 0=C(NCCC1=C(Cl)C=C(Cl)C=C1)C2=CN=CC(/C=C/C3=C(N)N=CC(C)=C3)=C2.Cl

GSK1917008A pKIS2 0=C(C1=CC(N2CCCCC2)=CC=C1)NC3=CC(C(C=C4)=CC=C4C(NCC5CC5)=0)=C(C=
Cc3)C

GSK192082A PKIS1 CCNC(=0)O[C@H]1CN[C@@H](C1)C#Cclcc2nenc(Nc3cec(OCcaccec(F)cd)c(Cl)c
3)c2s1

= 1= =CC=C1 2=CC= = =CC= = =CC= =

GSK198271A PKIS2 0=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN4N=CC=CC4=C3C5=CC=NC(NC6=CC
=CC=C6)=N5)=C2

GSK200398A PKIS1 Cl.O=C(O[C@H]1CN[C@ @H](C1)C#Cclcc2ncnc(Nc3ceedn(Cc5cccee5)necdc3)c2
s1)N1CCOCC1

GSK2008607A PKIS2 0=S(NC1=CC=CC(C2=C(C3=CC=NC(NC4=CN=C(N5CCOCC5)C=C4)=N3)SC(C(C)C)
=N2)=C1F)(C6=C(F)C=CC=C6F)=0

GSK204559A PKIS2 NC(C1=C(0OCC2CCCCC2)C=C(S1)N3C=NC(C=C40C)=C3C=C40C)=0

GSK204607A PKIS2 NC(C(SC(N1C=NC(C=C20C)=C1C=C20C)=C3)=C30CC4CCC04)=0
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GSK204919 KCGS COclccc2ne(nc(Nc3cence3)c2cl)-clecee(C)nl

GSK204925A PKIS1 COclcc2nen(-c3cc(OCCclcccccd)c(s3)C(N)=0)c2cc10C

GSK205189A PKIS2 NC(C1=C(OCCCC2=CC=CC=C2)C=C(N3C=NC(C=C40C)=C3C=C40C)S1)=0

GSK2110236A PKIS1 COc1cc2CCCN(C(=0)CN(C)C)c2ccINcinc(Nc2cesc2C(N)=0)c2cc[nH]c2nl

GSK2163632A PKIS1 COclcc2c(ccINcince(Nc3cesc3C(N)=0)c3cc[nH]c3n1)N(CCC2(C)C)C(=0)CN(C)C
0=C1C2=C(NC3=CC=C(S(N4CCOCC4)(=0)=0)C=C3)N=C(N[C@H]5CNCCC5)N=C2

GSK2177277A PKIS2 C=CN1.0C(C(F)(F)F)=0.0=C6C7=C(NC8=CC=C(S(N9CCOCCI)(=0)=0)C=C8)N=C(
N[C@H]%10CNCCC%10)N=C7C=CN6.0C(C(F)(F)F)=0

GSK2181306A pKIS2 0=C1C2=C(NC3=CC=C(CCS4(=0)=0)C4=C3)N=C(N[C@ @H]5CCNC5)N=C2C=CN1
.OC(C(F)(F)F)=0

GSK2186269A PKIS1 COc1cc2CCN(C(=0)CN(C)C)c2ccINcinc(N2CCc3cccce23)c2ec[nH]c2nl

GSK2188764A pKIS2 0=C1C2=C(C=CN1)N=C(N[C@H]3CNCC3)N=C2NC4=CC(Cl)=CC(Cl)=C4.0C(C(F)(F
JF)=0

GSK2189892A PKIS2 NC1=NNC2=CC(C3=CC=CC=N3)=CC=C21.CI

GSK2192730A PKIS2 NC1=NNC2=CC(C3=CC=CC(N)=N3)=CC=C21

GSK2193613A PKIS2 NC1=NNC2=CC(C3=CC=CC(N)=C3)=CC=C21

GSK2197149A PKIS2 CC1=CC(NC2=C(C(N)=0)C=NC(N[C@H]3CCNC3)=N2)=CC=C1.CI

GSK2206003A PKIS2 NC1=NNC2=C1C=CC(C3=CC=NC(NC)=N3)=C2

GSK2213727A PKIS1 COclcc(C)c(NC(=0)CN(C)C)ccINclnc(Nc2ccec(F)c2C(N)=0)c2cc[nH]c2nl

GSK2219329A PKIS2 NC1=NC(C2=CC3=C(C=C2)C(N)=NN3)=CC(N(C)C)=N1

GSK2219385 KCGS COclcc(C)c(ccINcinc(Nec2ecec(F)c2C(N)=0)c2cc[nH]c2n1)N(C)C(=0)CN(C)C

GSK2220400A PKIS1 CNC(=0)c1nccccINcanc(Nc2ce3N(CCCc3cc20C)C(=0)CN(C)C)nc2[nH]cccl2

GSK2221681A PKIS2 NC1=NC(C2=CC3=C(C=C2)C(N)=NN3)=CC(NC(C)C)=N1

GSK2224810A PKIS2 NC1=NC(C2=CC3=C(C=C2)C(N)=NN3)=CC(NC)=N1

GSK2225749A PKIS2 NC1=NC(C2=CC(NN=C3N)=C3C=C2)=CC(NC4=CC=CC=C4)=N1

GSK2227430A PKIS2 NC1=NC(C2=CC3=C(C=C2)C(N)=NN3)=CC(N4CCCC4)=N1

GSK2228768A PKIS2 NC1=NC(C2=CC3=C(C=C2)C(N)=NN3)=CC(N4CCCCC4)=N1

GSK223675A PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NC4=CC=NC=C4)=C2)=CC=C1

GSK223810A PKIS2 COC(C(OCCCN1CCOCC1)=C2)=CC3=C2N=CN=C3NC4=CC(NC(C5=CC=CC=C5)=0)
=CC=C4

GSK2250882A PKIS2 CC(C)C1=NC(N)=NC(C2=CC(NN=C3N)=C3C=C2)=C1

GSK2258759A PKIS2 C[C@H](CCCC1)N1C2=NC(N)=NC(C3=CC(NN=C4N)=C4C=C3)=C2

GSK2269557 KCGS CC(C)N1CCN(Cc2cnc(02)-c2cc(cc3[nH]ncc23)-c2ccce3[nH]cce23)CCl

GSK2269905A PKIS2 CC1=CC=CC=C1CN2C=CN3C(C=C(N4CCOCC4)N=C32)=0

GSK2276055A PKIS2 0O=C1NC=C(C2=CC=C(N3CCOCC3)C=C2)C4=C1C=C(C5=CNN=C5)S4

GSK2283293 KCGS C[C@H]1CC[C@H](CN1clce(nc(N)nl)-clccc2e(N)n[nH]c2c1)C(=0)Nclcececl

GSK2286062A PKIS2 NC1=NC(C2=CC(NN=C3N)=C3C=C2)=CC(N4[C@H](C)CC[C@@H](C(NC5=CC=CC
=C5)=0)C4)=N1

GSK2286096A PKIS2 0=C(OC(C)(C)C)NC1CN(C2=NC(N)=NC(C3=CC=C4C(NN=C4N)=C3)=C2)CCC1

GSK2286295A PKIS2 0O=C1N(C=CN2CC3=CC=CC(Cl)=C3Cl)C2=NC(N4CCOCC4)=C1

GSK2286775B PKIS2 NC1=NC(C2=CC=C3C(NN=C3N)=C2)=CC(N4CC(NC(C5=CC=CC=C5)=0)CCC4)=N1
0O=C(NC1=CC=CC=C1)[C@H]2CN(C3=NC(N)=NC(C4=CC(NN=C5N)=C5C=C4)=C3)

GSK2288359A PKIS2 CCC2.0C(C(F)(F)F)=0.0=C(NC6=CC=CC=C6)[C@H]7CN(C8=NC(N)=NC(C9=CC(N
N=C%10N)=C%10C=C9)=C8)CCC7.0C(C(F)(F)F)=0
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GSK22890448B PKIS2 0=C1C=C(N2CCOCC2)N=C3N1C=CN3C([2H])([2H])C4=C(C)C(C(F)(F)F)=CC=C4

GSK2291363A PKIS2 (l\)l;I(;:)E;(:lCZ:CC(NN:C3N):C3C:C2):CC(N4[C@H](C)CC[C@H](C(NCSCCCCCS):

GSk2252767 KCGS f;)ncclcrzg:\fgzl[sz)(fl)]((c()jc))[(?éoil]iz()CS.)oZ)chn[nH]chl

GSK2296823A PKIS2 0O=C1N(C=CN2CC3=CC=CC(Cl)=C3)C2=NC(N4CCOCC4)=C1

GSK2297099A PKIS2 0=C1N(C=CN2CC3=CC=C(F)C(Cl)=C3)C2=NC(N4CCOCC4)=C1

GSK2297428A PKIS2 0O=C1N(C=CN2CC3=CC=CC=C3F)C2=NC(N4CCOCC4)=C1

GSK2297430A PKIS2 0=C1N(C=CN2CC3=CC=CC(F)=C3)C2=NC(N4CCOCC4)=C1

GSK2297542A PKIS2 0=C1N(C=CN2CC3=CC=CC(C)=C3)C2=NC(N4CCOCC4)=C1

GSK2297543A PKIS2 0O=C1N(C=CN2CC3=CC=CC(C(F)(F)F)=C3)C2=NC(N4CCOCC4)=C1

GSK2298859A PKIS2 E[:(;?:I-ic]Sl)l\i(oC)chl\llC(NC)=NC(C3=CC(NN=C4N)=C4C=C3)=C2)C[C@@H](C(NC5=C

GSK2299009A PKIS2 0=C1N(C2=C(C=CC=C2)N3CC4=CC=CC(Cl)=C4Cl)C3=NC(N5CCOCC5)=C1

GSK2306394A PKIS2 0=C1N(C2=C(C=CC=C2)N3CC4=CC=CC(C(F)(F)F)=C4C)C3=NC(N5CCOCC5)=C1

GSK2328680 KCGS Cclc(C)n2c(nc(cc2=0)N2CCOCC2)n1Cclcccc(c1C)C(F)(F)F

GSK2333389A PKIS2 0=C1N(C=CN2CC3=CC=CC4=CC=CC=C34)C2=NC(N5CCOCC5)=C1

GSK2334006A PKIS2 0=C1IN(C=C(C)N2CC3=CC=CC(Cl)=C3Cl)C2=NC(N4CCOCC4)=C1

GSK2334470 KCGS (1))=I\IC(§[5CC(::1:)CC0£):I(-:|;1CN(C2=NC(NC)=NC(C3=CC4=C(C=C3)C(N)=NN4)=C2)[C@ H](C)cC

GSK2336394A PKIS2 0=C1N2C(N(CC3=C(C)C(C(F)(F)F)=CC=C3)C=C2)=CC(N4CCOCC4)=N1

GSK2342769A PKIS2 0=CIN(N=C(C)N2CC3=CC=CC(Cl)=C3Cl)C2=NC(N4CCOCC4)=C1

GSK2344444A PKIS2 0=C1N2C(N(CC3=CC=CC(C(F)(F)F)=C3C)C(C)=N2)=NC(N4CCOC(C)C4)=C1

GSK2347225A PKIS2 0=C1C=C(N2CCOCC2)N=C3N1N=C(SC)N3CC4=CC=CC(Cl)=C4Cl

GSK2358994A PKIS2 0=C1N(N=C(C2CC2)N3CC4=CC=CC(Cl)=C4Cl)C3=NC(N5CCOCC5)=C1

GSK2363608B PKIS2 0=C1C=C(N2CCOCC2)N=C3N1N=C(SC)N3C([2H])([2H])C4=CC=CC(C(F)(F)F)=C4C
.OC(C(F)(F)F)=0

GSK2373690A PKIS2 0=C1N2C(N(CC3=CC=CC(C(F)(F)F)=C3C)C(C)=N2)=NC(N4CCO[C@H](C)C4)=C1

GSK2373693A PKIS2 0=C1N2C(N(CC3=CC=CC(Cl)=C3Cl)C(C)=N2)=NC(N4CCO[C@H](C)C4)=C1

GSK2375584A PKIS2 E[CCCC;))E]Ol)NO(CClhNC(NC)=NC(C3=CC(NN=C4N)=C4C=C3)=C2)C[C@@H](C(NCSCC

GSK2376236A PKIS2 CNC1=NC(C2=CC=C3C(NN=C3N)=C2)=CC(N4[C@H](CC)CO[C@H](C(NC5=CC=CC
=C5)=0)C4)=N1

GSK237700A PKIS1 COclcc2nen(-c3cc(O[C@@H](C)cdccceccaCl)c(s3)C(N)=0)c2cc10C

GSK237701A PKIS1 COclcc2nen(-c3cc(O[C@H](C)cdcceccaCl)c(s3)C(N)=0)c2ccl0C

GSK238063A PKIS1 S?I:;E:(;)SCIFO)O[C@@H]1CN[C@H](Cl)C#Cclchncnc(Nc3ccc(OCc4cccc(F)c4)c(C|)

GSK238583A PKIS1 OC(=0)C(F)(F)F.O=C(O[C@H]1CN[C@ @H](C1)C#Cclcc2ncnc(Nec3cec(Cclcceccd
)cc3)c2s1)N1CCOCCl

GSK248233A PKIS1 CCnlc(nc2enc(Oc3cccc(NC(=0)cdccc(cc4)N(C)C)e3)ccl2)-clnonclN

GSK2576924A PKIS2 NC1=C2C(SC=C2C3=CC(CCN4C(CC5=CC=CC=C5)=0)=C4C=C3)=CC=N1

GSK2578215 KCGS FC1=NC=CC(C2=CC=C(0CC3=CC=CC=C3)C(C(NC4=CC=CN=C4)=0)=C2)=C1

GSK257997A PKIS2 CC1=CC(NC2=CC=NC=C2)=NC(C3=CC=CC(C)=N3)=N1

GSK2587663A PKIS2 NC1=C2C(SC=C2C3=CC(CCN4C(CC5=C(F)C=CC(F)=C5)=0)=C4C=C3)=CC=N1

GSK259178A PKIS1 OC(=0)C(F)(F)F.Fclcec(F)c(Cn2ccc3cec(Necdncne5cc(scd5)CHC[C@ @H]4C[C@H](

CN4)OC(=0)N4CCOCC4)ccc23)cl
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GSK2592465A PKIS2 0O=C(CC1=CC=CC=C1)N2CCC3=C2C=CC(C4=CSC5=C(C6=CC=NC=C6)C=NC(N)=C5
4)=C3

GSK2593067A PKIS2 (_);;I(CC1=CC=CC=C1)N2CCC3=C2C=CC(C4=CSC5=C(C6=CN N=C6)C=NC(N)=C54)

GSK2593074A PKIS2 0=C(CC1=CC=CC=C1)N2CCC3=C2C=CC(C4=CSC5=C(C6=CN(C)N=C6)C=NC(N)=C
54)=C3
NC1=NON=C1C2=NC3=C(C4=CC=CC=C4)N=CC(OCCCN)=C3N2CC.OC(C(F)(F)F)=

GSK260205A PKIS2 0.NC5=NON=C5C6=NC7=C(C8=CC=CC=C8)N=CC(OCCCN)=C7N6CC.OC(C(F)(F)F)
=0

GSK2603346A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC=CC=C5C)=0)=C4C=C3)=CN2C

GSK2603358A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC=CC(F)=C5)=0)=C4C=C3)=CN2C

GSK2606414A pKIS2 2C1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC(C(F)(F)F)=CC=C5)=O)=C4C=C3)=CN2

GSK2606590A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC(Cl)=CC=C5)=0)=C4C=C3)=CN2C

GSK2608885A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC=CC=C5Cl)=0)=C4C=C3)=CN2C

GSK2608899A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC(0C)=CC=C5)=0)=C4C=C3)=CN2C

GSK2634140A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC(F)=CC(F)=C5F)=0)=C4C=C3)=CN2C

GSK2634758A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCN4C(CC5=CC=C(C)C=C5)=0)=C4C=C3)=CN2C

GSK2635225A PKIS2 NC1=NC=NC2=C1C(C3=CC(CCNAC(CC5=CC(C(F)(F)F)=CC(F)=C5)=0)=C4C=C3)=C
N2C

GSK2645446A PKIS2 NC1=NC=NC2=C1C(C3=CC=CAC(CCN4C(CC5=CC(F)=CC=C5F)=0)=C3)=C02

GSK2656157 KCGS NC1=NC=NC2=C1C(C3=CC=C4C(CCN4C(CC5=NC(C)=CC=C5)=0)=C3F)=CN2C

GSK269962B PKIS1 Cl.CCn1lc(nc2cnc(Oc3ccec(NC(=0)cdccc(OCCN5CCOCC5)ccd)c3)ccl2)-clnoncdN

GSK270822A PKIS1 CC1=C(C(CC(=0)N1)clccc2ccccc2cl)C(=0)Nclcec2[nH]ncc2cl

GSK2850163 KCGS 0O=C(N(CCC1)C[C@]21CCN(CC3=CC=C(CI)C(Cl)=C3)C2)NCC4=CC=C(C)C=C4

= 1= =CC=C1 2=CC= = =CC= = =CC= =

GSK292658A PKIS2 0O=C(C1=C(C=CC=C1F)F)NC2=CC=CC(C3=NN4C=CC=CC4=C3C5=CC=NC(NC6=CC(
C(F)(F)F)=CC=C6)=N5)=C2

GSK299115A PKIS1 CC1=C(C(CC(=0)N1)clccc(Cl)c(Cl)c1)C(=0)Nclcece2[nH]ncc2cl

GSK299495A PKIS2 0=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN4N=CC=CC4=C3C5=CC=NC(NC6=CC
=CC(C(F)(F)F)=C6)=N5)=C2

GSK300014A PKIS1 CS(=0)(=0)CCNCclcc(cs1)-clcc2c(Nc3cec(OCchecec(F)cd)c(Cl)e3)nenc2sl

GSK300657X KCGS NS(=0)(=0)clcce(N\N=C2/C(=0)Nc3ccc(cec23)C(=0)NCc2cencc2)ccl

GSK301329A PKIS2 COC(C(OCCCN1CCOCC1)=C2)=CC3=C2N=CN=C3NC4=CC=C(NC(C5=CC=CC=C5)=
0)C=C4

GSK301362A PKIS2 0O=C(N)C1=C(NC=C2C3CCNCC3)C2=CC(C4=CC=CC=C4)=C1

GSK306886A PKIS2 CIC1=C(S(C2=CC(F)=CC=C2)(=0)=0)C=CC(NC3=C(SC(Br)=C4)C4=NC=N3)=C1.Cl

= 1: = = = = = = = = = =~ =

GSK312879A PKIS2 0O=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN4N=CC=CC4=C3C5=CC=NC(NC6=CN
=CC=C6)=N5)=C2.Cl

GSK312948A PKIS1 COclcc2nen(-c3cc(OCc4cccsd)c(s3)C(N)=0)c2ccl0C

GSK317315A PKIS1 COclccc2nen(-c3cc(O[C@H](C)cdcccccdC(F)(F)F)c(s3)C(N)=0)c2cl

GSK317354A PKIS1 CC1=C(C(N=C(N1)clccc(ncl)C(F)(F)F)clccc(F)ccl)C(=0)Nclcec2[nH]ncc2cl

GSK319347A PKIS1 COclce2nen(-c3cc(OCc4cccecdS(C)(=0)=0)c(s3)CH#N)c2cc10C

GSK323521A PKIS2 0O=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN(C=CC=C4)C4=C3C5=CC=NC(NC6=C
C(0C)=C(0C)C(0C)=C6)=N5)=C2

GSK323543A PKIS2 0O=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN(C=CC=C4)C4=C3C5=CC=NC(NC6=C
C=C(CS(C)(=0)=0)C=C6)=N5)=C2

GSK326090A PKIS1 ClC@@H](Ocleclsc1CN)=0)-

nlcnc2ccc(OCC3CCN(C)CC3)cc12)clccccclC(F)(F)F
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GSK326180A PKIS2 0O=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN4C(C=CC=N4)=C3C5=CC=NC(NC6=C
C(S(=0)(CC)=0)=CC=C60C)=N5)=C2

GSK327238A PKIS2 0=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN4C(C=CC=N4)=C3C5=CC=NC(NC6=C
C(0C)=C(OC)C(OC)=C6)=N5)=C2

GSK336313A PKIS2 NC(C(SC(N1C=NC(C=C20C)=C1C=C20C)=C3)=C30CC4=CC=NC=C4)=0

GSK336735A PKIS2 0=C(C1=C(F)C=CC=C1F)NC2=CC=CC(C3=NN(C=CC=C4)C4=C3C5=CC=NC(NC6=C
C=CC(CCS(=0)(N)=0)=C6)=N5)=C2

GSK346294A PKIS2 C[C@@H](0OC1=C(C(N)=0)SC(N2C=NC3=C2C=C(NC(NC(C)(C)C)=0)C=C3)=C1)C4
=CC=CC=C4cCI

GSK350559A PKIS2 CS(CC1=CC=C(NC2=NC(C3=CAN(N=C3C5=CC(NC(C6CCCCC6)=0)=CC=C5)N=CC=
C4)=CC=N2)C=C1)(=0)=0

GSK357952A PKIS2 0=C(C1=C(F)C=CC(F)=C1CI)NC2=CC=CC(C3=NN4C=CC=CC4=C3C5=CC=NC(NC6=
CC(F)=CC=C6)=N5)=C2

GSK361061A PKIS2 0O=C(C1=C(F)C(C)=CC=C1F)NC2=CC=CC(C3=NN4C(C=CC=C4)=C3C5=CC=NC(NC6
=CC(F)=CC=C6)=N5)=C2

GSK361065A PKIS2 0=C(C1=C(0C)C=CC=C10C)NC2=CC=CC(C3=NN4C(C=CC=C4)=C3C5=CC=NC(NC
6=CC(F)=CC=C6)=N5)=C2

GSK364507A PKIS2 0O=C(C(C=CC=C1)=C1C)C2=CNC(C(NCC(C=CC=C3)=C30C)=0)=C2

GSK398099A PKIS2 0=5(C1=CC=C(NC(/C2=C\NC3=CC(S(=0)(N)=0)=CC=C3)=0)C2=C1)(CC4=C(Cl)C=
CC=C4Cl)=0

GSK429286A PKIS2 0=C(CC1C2=CC=C(C=C2)C(F)(F)F)NC(C)=C1C(NC3=C(F)C=C(NN=C4)C4=C3)=0

GSK448459A PKIS2 COC1=C(0C)C=C2N=CN(C3=CC(OCC4=C(Cl)C=CS4)=C(C(N)=0)S3)C2=C1

GSKAE1364 KCGS 0=C(C1=C(O[C@ @H](C2=CC=CC=C2C(F)(F)F)C)C=C(N3C=NC4=CC=C(CN5CCN(C
)CC5)C=C34)S1)N

GSK466314A PKIS1 Ccin[nH]c2cce(NC(=0)C3=C(C)NC(=0)CC3c3ccc(cc3)C(F)(F)F)cc12

GSK466317A PKIS1 CC1=C(C(CC(=0)N1)clccc(ccl)C(F)(F)F)C(=0)Nclce(Cl)c2[nH]ncc2cl

GSKA79719A PKIS2 C[C@H](C1=CC=CC=C1CI)0C2=C(C(N)=0)SC(N3C=NC4=CC(C5=CC=NC=C5)=CC=
€43)=C2

GSK481 KCGS 0=C(C1=NOC(CC2=CC=CC=C2)=C1)N[C@H]3COC4=CC=CC=C4AN(C)C3=0

GSKA83724A PKIS2 C[C@H](C1=CC=CC=C1CI)0C2=C(C(N)=0)SC(N3C=NC4=CC=C(C5=CC=NC=C5)C=
€43)=C2
NC1=NON=C1C2=NC(C(C#CC(C)(0)C)=NC=C30CCCCN)=C3N2CC.OC(C(F)(F)F)=0

GSK507274A PKIS2 .NC4=NON=C4C5=NC(C(CHCC(C)(0)C)=NC=C60CCCCN)=C6N5CC.OC(C(F)(F)F)=
(0]
CC1=NNC(C=C2)=C1C=C2C3=C(N=CC(OC[C@ @H](N)CC4=CC=CC=C4)=C3)C5=C

GSK507358A PKIS2 0OC=C5.0C(C(F)(F)F)=0.CC6=NNC(C=C7)=C6C=C7C8=C(N=CC(OC[C@@H](N)CC
9=CC=CC=C9)=C8)C%10=COC=C%10.0C(C(F)(F)F)=0

GSK534911A pKIS2 CC1=C(C(C2=C(F)C=C(Cl)C=C2)N=C(C3=CC(OC)=NC=C3)N1)C(NC4=CC=C(NN=C5
)C5=C4)=0.0C(C(F)(F)F)=0

1)= 2= = =C2)N=C1C3=CN= = —CC= -

GSK534913A PKIS2 CC(N1)=C(C(C2=C(F)C=C(ClI)C=C2)N=C1C3=CN=C(0OC)C=C3)C(NC4=CC=C(NN=C5
)C5=C4)=0.0C(C(F)(F)F)=0

GSK554170A PKIS1 OC(=0)C(F)(F)F.CCnl1c(nc2c(ncc(OCC3CCNCC3)c12)CHCC(C)(C)O)-clnonclN

GSK561866B PKIS1 OC(=0)C(F)(F)F.CCnlc(nc2c(ncc(OCCCN)c12)C#HCCN)-clnonclN
N[C@ @H](CC1=CNC2=C1C=CC=C2)COC3=CC(C4=CC5=C(C=C4)NN=C5C)=C(N=C

GSK562689A PKIS2 3)C6=COC=C6.0C(C(F)(F)F)=0.N[C@@H](CC7=CNC8=C7C=CC=C8)COC9=CC(C%
10=CC%11=C(C=C%10)NN=C%11C)=C(N=C9)C%12=COC=C%12.0C(C(F)(F)F)=0.
OC(C(F)(F)F)=0

GSK571989A PKIS1 C[C@@H](Oclcc(sc1C(N)=0)-nlcnc2ccc(OCC3CCN(C)CC3)ccl2)clcccecldl

GSK579289A PKIS1 C[C@@H](Oclcc(sc1C(N)=0)-nlcnc2ccc(OC3CCN(C)CC3)ccl2)clcecccldl
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GSKE80432A oKIS2 C[C@H](C1=CC=CC=C1Cl)0C2=C(C(N)=0)SC(N3C=NC4=CC(C5=CN(C)N=C5)=CC
=C43)=C2

GSK581271A PKIS2 0O=S(NC(C=C1)=CC=C1INC2=NC(NC3=CC=CC4=C3C=NN4)=CC=N2)(C5=CC=C(C)C
=C5)=0

GSK583 KCGS CC(C)(C)S(=0)(=0)C1=CC2=C(C=CN=C2C=C1)NC3=NNC4=C3C=C(C=C4)F

GSK586581A PKIS1 CS(=0)(=0)Nclcce(ccl)-clec(cc(C(N)=0)c1N)-clcccecl

GSK605714A PKIS1 COclccc(cc1C(N)=0)-clcenccl

GSK614526A PKIS1 OC(=0)C(F)(F)F.CCnh1c(nc2c(ncc(OC[C@® @H]3CCCN3)c12)CHCC(C)(C)O)-
clnonclN

GSK619487A PKIS1 OC(=0)C(F)(F)F.CCnlc(nc2c(ncc(OC3CCNCC3)c12)CHCC(C)(C)O)-clnoncIN

GSK620503A PKIS1 NC(=0)clcc(cc(-c2cenec2)c1N)-clecc(F)ecl

GSK625137A PKIS1 NC(=0)clcc(cc(-c2ccecc2)c1N)-cleenecl

GSKE41502A PKIS2 )c’\[lcz:?ir;]l()icsizccc(féglzccz)csl(:(N2c3:C(c:C(c4:cc:NC(N5CCN(C)cc5):c4)c:c3

GSK683281A PKIS2 EZC;ICZC(SC C2C3=CC(CCN4C(CC5=CC=CC=C5)=0)=C4C=C3)=C(C6=CC=CN=C6)

GSK711701A PKIS1 COclc(cc(ccl-clecc(cecl)S(N)(=0)=0)-clcec(Cl)ccl)C(N)=0

GSK840 KCGS 0=C(0C(C)(C)C)CC1=CC=C(N2C3=CC=C(C(NC)=0)C=C3N=C2)C=C1

GSK843 KCGS NC1=NC=C(C2=CC(C)=NN2C)C3=C1C(C4=CC=C(SC=N5)C5=C4)=CS3

GSK846226A PKIS2 0=5(C1=CC=C(C=C1)C2=CC=NC3=C2C=CN3)(N4CCCC4)=0

GSK872 KCGS 0=5(C1=CC=C2N=CC=C(NC3=CC=C(SC=N4)C4=C3)C2=C1)(C(C)C)=0

GSK902056A PKIS2 CCN1C2=CC(OCCN)=NC(CH#CC(C)(0)C)=C2N=C1C3=NON=C3N.CCN4C5=CC(OCC
N)=NC(C#CC(C)(0)C)=C5N=C4C6=NON=C6N.Cl.Cl

GSK90T232A oKISD g[)ic;))j]c(;1:557&22?525c2=C(C(N)=0)SC(N3c4=C(c=C(c5=cc=NC(NCCS(C)(:

GSK938890A PKIS1 CCnlc(nc2c(nc(OC[C@@H](N)c3ccece3)cc12)CHCC(C)(C)0)-clnonclN

GSK943949A PKIS1 CCnlc(nc2c(nc(OC[C@H](N)c3ccece3)ccl12)C#CC(C)(C)O)-clnonclN

GSK949675A PKIS1 Cl.CCn1c(nc2c(nc(OCCNC)cc12)CHCC(C)(C)O)-clnoncIN

GSK953913A PKIS1 NS(=0)(=0)clccc(ccl)-clec2eencc2ccl1OCcleccecl

GSK955403A PKIS2 0=C(NC1=CC=C(C)C=C1)NC2=CC=CC(C(F)(F)F)=C2

GSK969786A PKIS1 Fclcecc(COc2ccc(Ne3ncencdsc(cc34)-c3ccco3)cc2Cl)cl

GSK977617A PKIS2 0=5(C1=CC=C(C2=CC=NC3=C2C=CN3)C=C1)(NCCN)=0

GSK977620A PKIS2 0=5(C1=CC=C(C2=CC=NC3=C2C=CN3)C=C1)(NCCN(C)C)=0

GSK978744A PKIS1 C[C@@H](Oclcc(sc1C(N)=0)-nlcnc2ccc(OC[C@@H](0)CO)ccl2)clccceclCl

GSK980961A PKIS1 NS(=0)(=0)clccec(cl)-clcc2eencc2cc10Ccleccecl

GSK986310C PKIS2 0=C(N)C1=C(NC2=CC(C)=CC=C2)N=C(N[C@ @H]3[C@H](N)CCCC3)N=C1.Cl

GSK993273A PKIS2 0=S(NC1=CC=C(C=C1)C2=C3C(NC=C3)=NC=C2)(C)=0

GSK994854A PKIS1 CCCN1CCC=C(C1)clccc(Nc2nc(Ne3ccecec3C(N)=0)c3cc[nH]c3n2)c(C)cl

GW2429374A KCGS Cl.Oc1c(Br)cc(C=C2C(=0)Nc3ccc(cc23)-c2ccenc2)cclBr

GW271431X PKIS2 C1(C2=NNC=C2C3=C4C(C=CC=C4)=NC=C3)=CC=CC=N1

GW272142A PKIS2 C1(CN2C=NC3=C2C=CC(NC4=C5C(C=CC=C5)=NC=N4)=C3)=CC=CC=C1.Cl

GW273749A PKIS2 C1(CN2N=CC3=C2C=CC(NC4=C5C(C=CC=C5)=NC=N4)=C3)=CC=CC=C1.Cl

GW275568A PKIS2 C1(CN2C=CC3=CC(NC4=NC=NC5=C4C=CC=C5)=CC=C23)=CC=CC=C1.Cl

GW275616X PKIS1 NS(=0)(=0)clccec(N\C=C2/C(=0)Nc3ccece23)cl

GW275944X PKIS1 Cclccc2NC(=0)\C(c2c1)=N/Nclcec(ccl)S(N)(=0)=0

GW276655 KCGS NS(=0)(=0)clcce(N\N=C2/C(=0)Nc3ccc(cc23)-c2ecnco2)ccl
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GW278681X PKIS1 CS(=0)(=0)Nclccc(N\C=C2/C(=0)Nc3ccece23)ccl

GW279320X PKIS1 Cclcc(Cl)cc2C(=NNc3ccc(ce3)S(N)(=0)=0)C(=0)Nc12

GW280670X PKIS1 NS(=0)(=0)clccc(N\N=C2/C(=0)Nc3ccc(Cl)cc23)ccl

GW281179X PKIS2 CN1C=NC=C1C2=CC3=C(N=CN=C3C=N2)NC4=CC=C(0OCC5=CC=CC=C5)C=C4

GW282449A PKIS1 Cl.COclcc2nenc(Nc3cccdn(CeScecec5)necdce3)c2ccl0C

GW282450A PKIS2 COC1=CC2=NC=NC(NC3=CC4=C(N=C(C5=CC=CC=C5)N4)C=C3)=C2C=C10C.CI

GW282536X PKIS1 Cclcecc2cINC(=0)\C2=N/Nclccc(ccl)S(N)(=0)=0

GW282974X PKIS1 CN(C)clcc2c(Nc3cecdn(CcS5cccec5)necdce3)nenc2enl

GW284372X PKIS1 C(Oclcec(Nc2nenc3cec(cc23)-c2ccco2)ccl)cleccecl

GW284408X PKIS1 0=C1Nc2ccccc2\C1=C\Nclccc2[nH]c(=0)[nH]c2cl

GW284543A PKIS2 COC1=CC2=C(C=C10C)C(NC3=CC(OC4=CC=CC=C4)=CC=C3)=CC=N2.Cl

GW290597X PKIS1 NS(=0)(=0)clccc(N\N=C2/C(=0)Nc3ccc(cec23)C(=0)NCCCn2cenc2)ccl

GW296115X PKIS1 COclccc2[nH]c3c4[nH]c5ccc(OC)cc5¢4c4C(=0)NC(=0)cdc3c2cl

GW297361X PKIS1 NS(=0)(=0)clcce(N\C=C2/C(=0)Nc3cccldncscdc23)ccl

GW300653X PKIS1 CC(C)clcec2c(NC(=0)\C2=N\Nc2ccc(cc2)S(N)(=0)=0)cl

GW300660X PKIS1 NS(=0)(=0)clcce(N\N=C2/C(=0)Nc3ccc(cc23)C(=0)NCCc2c[nH]cn2)ccl

GW301784X PKIS1 CC(C)(CO)CNC(=0)clccc2NC(=0)\C(c2c1)=N/Nclcce(ccl)S(N)(=0)=0

GW301789X PKIS1 0=C1Nc2ccecc2\C1=C\Nclcce(ccl)-nlenenl

GW301888X PKIS1 CN(C)clcc2c(Nc3cecdnc(Cc5ccecc5)[nH]c4c3)nenc2enl

GW305074X PKIS1 Oclc(Br)cc(C=C2C(=0)Nc3ccc(l)cc23)cclBr

GW305178X PKIS1 NS(=0)(=0)clcce(N\N=C2/C(=0)Nc3cccdnceccdc23)ccl

GW320571X PKIS2 CN1C=NC=C1C2=CC3=C(NC4=CC=C(OCC5=CC=CC=C5)C=C4)N=CN=C3C=C2

GW335962X PKIS1 C\C(Nclccc(cc1)S(N)(=0)=0)=C1\C(=0)Nc2cccccl2

GW345098X PKIS2 CCN1C=NC2=C1N=CN=C2N

GW352430A PKIS1 CI.NS(=0)(=0)c1ccc(N\N=C2/C(=0)Nc3cccc(CCcdeecnecd)c23)ccl

GW396574X PKIS1 CC(C)=Cclcccc2NC(=0)\C(c12)=N/Nclccc(cc1)S(N)(=0)=0

GW405841X PKIS1 COC(=0)c1ccc2NC(=0)C(=Cc3cc(Br)c(O)c(Br)c3)c2cl

GW406108X PKIS1 Oclc(Cl)cc(C=C2C(=0)Nc3cce(cc23)C(=0)c2ccco2)cclCl

GW406731X PKIS1 COC(=0)clcnce(\C=C\c2c(C)cc(0)cc2C)cl

GW407034X PKIS2 C1(NC2=C3C(C=CC(C4=NC=CC=C4)=C3)=NC=C2)=CC=C(0C5=CC=CC=C5)C=C1

GW407323A PKIS1 Cl.Nc1nc(cs1)-clccc2NC(=0)C(=Cc3cc(Br)c(O)c(Br)c3)c2cl

GW410563A PKIS1 Cl.COclcc2nenc(Ne3cec(C)c(0)c3)c2cc10C
C[C@@H](C1=CC=CC=C1)N[C@@H]2CCC3=CC(C4=CN=C(C(C)=C4)N)=CC=C3C2

GW412617A PKIS2 .C[C@@H](C5=CC=CC=C5)N[C@@H]6CCC7=CC(C8=CN=C(C(C)=C8)N)=CC=C7C
6.CI.Cl

GW416469X PKIS1 CN(C)clcece2NC(=0)\C(=C/Nc3cce(ce3)S(N)(=0)=0)c2cl

GW416981X PKIS1 CC(C)COC(=0)clccec2NC(=0)\C(=C/Nc3cec(ce3)S(N)(=0)=0)c2cl

GW424170A oKlS2 FC1=CC=CC=C1COC2=CC=C(C=C2Cl)NC3=C4C(C=CC(C5=NN=C(C(F)(F)F)05)=C4)
=NC=N3.Cl

GW427984X PKIS1 CN(C)C(=0)clcnce(\C=C\c2c(C)cc(0)cc2C)cl

GW432441X PKIS1 CNC(=0)Oc1cc(C)c(\C=C\c2cnce(c2)C(=0)NC)c(C)cl

GW434756X PKIS1 Fclcec(ccl)-cinn2ccccc2cl-cleenecl

GW435821X PKIS1 Cclcc(O)cec(C)c1\C=C\clcnce(cl)C(N)=0

GW439255X PKIS1 Cclce(O)ec(C)c1\C=C\clcnce(c1)C(=0)OoC(C)(C)C

XXl |Page




Appendix

Compound Library SMILES

GW440132A PKIS2 EIOC1=CC2=C(C=C10C)C(NC3=CC=C(C(O)=C3)NC(C4=CC=C(C=C4)C)=O)=CC=N2.
GW440135A pKIS2 ZOC1=CC2=C(C=C10C)C(NC3=CC=C(C=C3)OCC4=CC=C(NC(C)=O)C=C4)=CC=N2.
GW440137A PKIS2 C1(NC2=CC=NC3=C2C=CC(C4=NC=CC=C4)=C3)=CC5=C(NN=C5)C=C1.Cl
GW440138A PKIS2 C1(NC2=CC=NC3=C2C=CC(C4=NC=CC=C4)=C3)=CC5=C(NC=C5)C=C1.Cl
GW440139A PKIS1 Cl.Cclccc(O)ccINcleenc2ec(ccecl2)-cleceenl

GWA440146A PKIS2 ESz:CC(i:C(C(NCZ:CC:C(C:CZO)NC3:CC:NC4:C3C:CC(C5:NC:CC:C5)2C4):O)
GW440148A PKIS2 EE;ZN(()IECC=C(COC2=CC=C(NC3=CC=NC4=C3C=CC(C5=NC=CC=C5)=C4)C=C2)C=
GW441756X PKIS1 Cnlcc(C=C2C(=0)Nc3ccenc23)c2cceccl2

GW441806A PKIS1 Cl.Cclcc(0)ec(C)c1\C=C\clcnce(cl)-cinn[nH]In1

GW442130X PKIS1 COclcececl-clec(\C=C2/C(=0)Nc3ncc(Br)cc23)cc(Br)clO

GW445012X PKIS1 CNC(=0)clenec(\C=C\c2¢(C)ccee2C)cl

GW445014X PKIS1 CNC(=0)clencc(\C=C\c2c(Cl)ccec2Cl)cl

GW445015X PKIS1 CNC(=0)clcnec(\C=C\c2cccec2C)cl

GW445017X PKIS1 CNC(=0)clenec(\C=C\c2cccec2Cl)cl

GW450241X PKIS1 CCclccec(CC)c1\C=C\clcnce(cl)C(=0)NC

GWA457859A PKIS2 CC1=CC2=C(C(C3=CC=C(F)C=C3)=NN2C=C1)C4=CC=NC=C4.Cl

GW458344A PKIS1 Cl.Cclcc(ce(C)c1\C=C\clecnec(cl)-cinn[nH]n1)-clcccol

GW458787A PKIS1 Cl.CS(=0)(=0)CCNCclccc(ol)-cleccc2nenc(Ne3cec(OCc4ccececed)ce3)c2cl
GW459057A PKIS1 Cl.Cclcc(cc(C)ec1\C=C\clcnec(cl)-clnn[nH]n1)-clcccenl

GW459135A PKIS2 COCCOC1=CC2=NC=NC(NC3=CC=CC(C#C)=C3)=C2C=C10CCOocC.CI
GW461104A PKIS1 Cl.CS(=0)(=0)CCNCc1nc(cs1)-clccc2nenc(Nc3cec(F)c(Cl)c3)c2cl

GW461484A PKIS2 CC1=CN2N=C(C(C3=CC=NC=C3)=C2C=C1)C4=CC=C(C=C4)F.CI

GW461487A PKIS2 CC1=CC=CC2=C(C(C3=CC=C(F)C=C3)=NN12)C4=CC=NC=C4.Cl

GW466413A PKIS2 CC1=C(C=CC=C1NC2=C3C(C=CC(C(F)(F)F)=C3)=NC=C2)0.Cl

GW468513X PKIS2 COC1=CC=CC2=C(C(C3=CC=C(F)C=C3)=NN12)C4=CC=NC=C4

GWA475620X PKIS2 FC1=CC=CN2N=C(C(C3=CC=NC=C3)=C12)C4=CC=C(F)C=C4

GW482059X PKIS2 0C1=CC=C(C(C)C)C(NC2=CC=NC3=CC=C(C(F)(F)F)C=C32)=C1

GW493036X PKIS2 CC1=C(NC(C2=CC=NC=C2)=C1C(C)=0)C3=CC=NC=C3

GW494601A PKIS2 0OC1=CC=CC(NC2=C3C(C=C(C4=CC=NC=C4)C=C3)=NC=C2)=C1.Cl
GWA494610A PKIS2 COC1=C(OC)C(OC)=CC(NC2=C3C(C=C(C4=CC=NC=C4)C=C3)=NC=C2)=C1.Cl
GW494702A PKIS2 ;))Czl(:::l(.:((:ll\lC(C2=CC=C(C)C=C2)=O)C=CC(NC3=C4C(C=C(C5=NC=C55)C=C4)=NC=C
GW497681X PKIS2 ;C(F)(F)C(C=C1)=CC=C1CNC2=NC(C)=CC(NCC(C3=CC=CC=C3)C4=CC=CC=C4)=N
GW513184X PKIS1 COclcc(C=NNc2ncnc3n(ncc23)-c2ccecc2)ccclO

GW514784X PKIS2 FC(C=C1)=CC=C1C2=NN3C(OCC(F)(F)F)=CC=CC3=C2C4=CC=NC=C4
GW514786X PKIS2 FC1=CC=C(C2=NN3C(C=CC=C3SC)=C2C4=NC=NC=C4)C=C1

GW515532X PKIS2 FC1=CC=C(C=C1)C2=NN(C(C)=CC=C3)C3=C2C4=CC=NC=N4

GW525701 KCGS Cnlcec(nl)-clecec(Nc2eenc3cec(ccc23)-c2nees2)cl

GW548057X PKIS2 NC1=NC(C2=CC=CC=N2)=C(C3=C(C=CC=C4)C4=NC=C3)S1

GW549390X PKIS1 N(clncc(ol)-clcececel)clececcl

GW551191X PKIS2 FC1=CC(Cl)=CC=C1NC2=C(C=CC(I)=C3)C3=NC=C2
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GW552771X PKIS2 0OC1=CC(NC2=C(C=CC(I)=C3)C3=NC=C2)=CC=C1F

GW554060X PKIS2 NC1=NNC2=C1C(C3=CC=CC=C3)=C(N=N2)C4=CC=CC=C4

GW557777X PKIS2 CC1=CC=C(0)C=CINC2=CC=NC3=CC(C4=CC=C(04)CN5CCCCC5)=CC=C23

GW559768X PKIS1 Cclccc(O)ccINcleenc2cecc(cc12)S(C)(=0)=0

GW560106X PKIS2 FC1=C(NC2=C(C=CC(C3=CC=C(CN4CCSCC4)03)=C5)C5=NC=C2)C=CC(Cl)=C1

GW560109X PKIS2 FC1=C(NC2=C(C=CC(C3=CC=C(CN4CCOCC4)03)=C5)C5=NC=C2)C=CC(Cl)=C1

GW560116X PKIS2 FC1=C(NC2=C(C=CC(C3=CC=C(CN4CCCCC4)03)=C5)C5=NC=C2)C=CC(Cl)=C1

GW560459X PKIS2 FC1=CC=CC=C1C2=C(C3=CC=NC4=CC=CC=C43)SC(N)=N2

GW561436X PKIS1 Fclcec(ccl)-cinn2cc(ccc2cl-cleenc(NC2CC2)n1)CHN

GW566221B PKIS1 CS(=0)(=0)CCNCclcoc(cl)c2cec3nenc(Nedcec(OCc5ccccc5)ccd)c3c2

GW567140X PKIS2 S:;IA(‘ESELCCN 1CC2=CC=C(02)C3=CC4=NC=CC(NC5=CC=C(0C6=NC=CC=C6)C=C5)
C12=NC=CC(NC3=CC=C(0OC4=NC=CC=C4)C=C3)=C1C=CC(C5=CC=C(CN6CCNCC6

GW567142A PKIS2 )05)=C2.C78=NC=CC(NC9=CC=C(0C%10=NC=CC=C%10)C=C9)=C7C=CC(C%11=
CC=C(CN%12CCNCC%12)0%11)=C8.CI.CI.CI

GW567143X PKIS2 gﬁ;iglzc CC(NC3=CC=C(0C4=NC=CC=C4)C=C3)=C1C=CC(C5=CC=C(CN6CCCCCH)

GW567145X PKIS2 E(l:z)é\lSC)=CCC2(NC3 CC=C(0OC4=NC=CC=C4)C=C3)=C1C=CC(C5=CC=C(CNCCN6CCO

GW567148X PKIS2 §N(C)CC1=CC=C(01)C2=CC3=NC=CC(NC4=CC=C(OC5=NC=CC=C5)C=C4)=C3C=C

GW567308A PKIS1 Cl.CS(=0)(=0)CCNCclccc(ol)-
clccec2nenc(Nc3ccc(OCc4cccc(cd)C(F)(F)F)ce3)c2cl

GW568326X PKIS1 Nclncee(nl)-cle(nn2cc(cccl2)C(F)(F)F)-clcec(F)ccl

GW569293E PKIS1 0OC(=0)\C=C\C(0)=0.0CCCNclnccc(nl)-clc(nn2cc(ccecl2)C(F)(F)F)-clcec(F)ccl
CS(CCNCC1=NC(C2=CC=C(N=CN=C3NC4=CC(C=NN5CC6=CC=CC=C6)=C5C=C4)C

GW569716A PKIS2 3=C2)=CS1)(=0)=0.CS(CCNCC7=NC(C8=CC=C(N=CN=CINC%10=CC(C=NN%11C
C%12=CC=CC=C%12)=C%11C=C%10)C9=C8)=CS7)(=0)=0.CI.Cl

GW572399X PKIS1 NS(=0)(=0)clcec(Nc2ncc(02)-c2cceecc2)ccl

GW572401X PKIS1 CCN(CC)S(=0)(=0)clccc(0C)c(Nec2ncc(02)-c2ccecc)cl

GW572738X PKIS1 Fclcecccc1C(=0)Nclsc2CCCCc2c1CHN

GW>74782A PKIS1 :Il-cccsc(znoc)r(1c?l\ii:;:c’\i(c:(ccl)(ciccz(coclc)cc4)c(c3)C(F)(F)F)c2c1

GW574783B PKIS1 Cl.CS(=0)(=0)CCNCclccc(ol)-clccc2nenc(Ne3ccc(OCc4ccceed)c(Cl)c3)c2cl
CS(CCNCC1=CC=C(C2=CC=C(N=CN=C3NC4=CC(Cl)=C(0OCC5=CC=CC=C5)C=C4)C3

GW574783B PKIS2 =C2)01)(=0)=0.CS(CCNCC6=CC=C(C7=CC=C(N=CN=C8NC9=CC(Cl)=C(OCC%10=
CC=CC=C%10)C=C9)C8=C7)06)(=0)=0.Cl.Cl

GW575533A PKIS1 Cl.COcl1cec(Ne2ncec(02)-c2cecce2)cc10C

GW575808A PKIS1 Cl.Cclccc(Nc2cenc(Ne3ccec(c3)C(N)=0)n2)ccl0

GW576484X PKIST Séct?z)f\c(r?lfl\cl'c\gcccclc((:;f::;cc(F)c4)c(c3)C(F)(F)F)c2c1

GW576604X PKIS2 C1(C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2)=CC=CC=C1

GW576609A PKIS1 OC(=0)C(F)(F)F.Fclccec(COc2ccc(Nc3nencdccec(cc34)-
c3ccc(CN4ACCS(=0)CC4)o3)cc2Cl)cl

GW576924A PKIS1 Cl.Fclcc(Nc2nenc3cec(cc23)-c2ccc(CN3CCS(=0)CC3)02)ccc1OCcleccecl

GW577382X PKIS2 COC1=C(0C)C=C(C=C10C)NC2=CC=NC3=CC=C(C(F)(F)F)C=C23

GW577921A PKIS1 Cl.COclcccccINclnec(ol)-cleccecl
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GW578342X PKIS2 CN1CCN(CC2=CC(C3=CC=C4C(N=CC=C4NC5=CC=C(0C6=CC=CC=C6)C=C5)=C3)=
CC=C2)cCl

GW578748X PKIS1 COclcc(\C=N\Nc2ncnc3[nH]ncc23)cccl0

GW579362A PKIS2 CC(C=C1)=C(0)C=C1NC2=NC(NC3=CC(CS(C4)(=0)=0)=C4C=C3)=NC=C2.Cl

GW580509X PKIS1 CCS(=0)(=0)clccc(OC)c(Nc2nec(02)-c2ccec(0C)c2)cl

GW581744X PKIS1 NC(=0)clccc2c(c(nn2cl)-clcec(F)ecl)-clecenc(NCCCO)nl
CS(CCNCC1=NC(C2=CC=C(N=CN=C3NC4=CC=C(0CC5=CC=CC=C5)C(Cl)=C4)C3=C

GW582764A PKIS2 2)=CS1)(=0)=0.CS(CCNCC6=NC(C7=CC=C(N=CN=C8NC9I=CC=C(OCC%10=CC=CC
=C%10)C(Cl)=C9)C8=C7)=CS6)(=0)=0.Cl.Cl

GW582868A PKIS2 0C1=C(C)C=CC(NC2=NC(NC3=CC=C(C)C(F)=C3)=NC=C2)=C1.Cl

GW583340C pKIS2 EI5C=1C=CC(E§S§CZ==£\IS(?(=::\IC3=CC=C(C4=CSC(CNCCS(C)(=O)=O)=N4)C=C32)=CC=C10C

GW583373A PKIS1 Cl.Clclcc(Nc2nenc3ccec(cc23)-c2cecc(CN3CCS(=0)CC3)02)ccc1OCcleccecl

GW589933X PKIS1 NS(=0)(=0)clccc(NC=C2C(=0)Nc3cccdncscdc23)ccl

GW589961A PKIS1 Cl.COC(=0)Nc1nc2ccc(Oc3cec(NC(=0)Ncdcccc(Cl)cd)ce3)cc2[nH]1

GW591947A PKIS2 0=5(C1=CC=C(0OC)C(NC(02)=NC=C2C3=CC=C(F)C=C3)=C1)(CC)=0.Cl

GW595885X PKIS2 CC1=NN=C(C2=CC=C(C)C(C3=CC=C(C(NC4=CC=C(OC)C=C4)=0)C=C3)=C2)01

GWA599550X PKIS2 FC(F)(F)C(C=C1)=CC=C1C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2

GW607049C PKIS1 (::;(1))(=O)=O.COC(=O)Nclnc2ccc(Sc3ccc(NC(=O)Nc4cc(ccc4F)C(F)(F)F)cc3)cc2[

GW607117X PKIS1 Cclnnc(ol)-clcec(C)c(cl)-clecc(ccl)C(=0)Nclecec(cl)CHN

GW608005X PKIS2 CC1=NN=C(C2=CC=C(C)C(C3=CC=C(C(0)=0)C=C3)=C2)01

GW612286X PKIS1 COclcc(Nc2ncee(Nc3cecdc(C)n[nH]c4c3)n2)cc(OC)c10C

GW615311X PKIS1 Fclceee(COc2cec(Ne3nencdcec(cc34)-
c3ccc(COCCS(=0)(=0)cdcccecd)o3)cc2Cl)cl

GW616030X PKIS1 :ficsz)ﬁcglfl\(l:gccccjgziicczz((z)1c)4)c(CI)c3)c2c1

GW618013A PKIS1 CS(0)(=0)=0.CN(C)CCCNclncee(nl)-cle(nn2cc(ccec12)C(F)(F)F)-clcec(F)ccl

GW620972X PKIS1 0O=C(Nc1sc2CCCCc2c1C#N)clcccc2eccecl2

GW621431X PKIS1 CCS(=0)(=0)clcec(OC)c(Nc2ncee(02)-c2ccec(c2)C(C)=0)cl

GWE21581X oKISD ;E_c’fli=c1)=cc=c1c2=N N3C=C(C(F)(F)F)C=CC3=C2C4=CC=NC(NCCCN5CCN(C)CC5

GWE21823A pKIS1 Cl.CCCN(CCS(C)(=0)=0)Cclccc(ol)-
clccc2nenc(Ne3cec(OCc4ccecc(F)cd)c(Cl)e3)c2cl

GW621970X PKIS1 CCS(=0)(=0)c1ccc(OC)c(Nc2nec(o02)-c2ccec(F)c2)cl

GW622055X PKIS1 CCS(=0)(=0)clcec(OC)c(Nc2nee(02)-c2ccecec2Cl)cl

GW622475X PKIS2 0=C(N)C1=CN2N=C(C3=CC=C(F)C=C3)C(C4=CC=NC(NCCCN5CCN(C)CC5)=N4)=C
2C=C1

GW627512B PKIS1 COclcc(Nc2ncec(02)-c2ccecc2)cc(0C)c10C

GW627834A PKIS1 Cl.N#Cclcccc(Nc2ncec(02)-c2cccec2)cl

GWE30813X pKIS2 ’:(;(F)(F)C1=CN2C(C=C1)=C(C3=CC=NC(NCCCO)=N3)C(C4=CC(C(F)(F)F)=CC=C4)=

GW630823A PKIS2 FC(C1=CC(NC2=C(C)C=CC(0)=C2)=C3C(C=CC(C4=CC=NC=C4)=C3)=N1)(F)F.Cl

GW631581B PKIS1 COclcc(Nc2ncec(02)-c2cccec2)ec(0C)cl

GW632046X PKIS1 Cclccec(Ne2ncec(02)-c2ccecc2)cl

GW632580X PKIS1 COclccc(COc2ccc(Ce3enc(N)nc3N)cc20C)ccl
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GW633459A PKIS1 Cl.Fclceee(COc2cec(Ne3nencé4cec(cc34)-
c3ccc(CNCCS(=0)(=0)c4cccecd)o3)cc2Cl)cl

GWE35815X pKIS2 0=C(C1=CSC=C1)NC2=NC(C=C3CN4CCN(S(=0)(C(C)C)=0)CC4)=C(C=C3)N2C[C@
H](0)C5=CC=CC=C5

GW639905A PKIS2 N#CCC1=CC=C(C=C1)NC2=NC=CC(NC3=CC=C(0C4=CC=CC=C4)C=C3)=N2.CI

GW641155A PKIS1 Cl.N(c1ncc(o1)-clcccecl)cleec(Oc2ceccec2)ecl

GW642125X PKIS1 COclccec(ccl)-clcoc2nenc(N)cl2

GW642138X PKIS1 COclccc(ccl)-clec2e(N)nenc2ol

GW643971X PKIS1 COclcc(C=NNc2ncnc3n(Cclcccccd)ncc23)ceclO

GW644007X PKIS1 COclcc(ccc10)\C=N\Nc1ncnc2n(ncecl2)C(C)C

GW651576X PKIS1 Fclcecc(COc2ccc(Ne3ncnce3CHCc3cccee3)cc2Cl)cl

GWES4607A oKIS2 S:Cc;ﬁ?Zm:Nc2=cc=C(oc3=cc=C(NC(NC4=C(F)C:CC(C(F)(F)F)=C4)=0)c=c3)

GW654652C PKIS1 Cl.CCS(=0)(=0)clccc(O0C)c(Nc2ncec(n2)N(C)c2cee3c(C)n[nH]c3c2)cl

GWE59008A pKISD S;((I:(IN)m:CC(NC2=NC=CC(NC3=CC=C(OC4=CC=CC(CI)=C4)C(CI)=C3)=N2)=CC=

GWES9009A pKIS2 (=)C=f.(CI\II)C1=CC(NC2=NC=CC(NC3=CC=C(OC4=C(CI)C=CC=C4CI)C(CI)=C3)=N2)=CC

GW659386A PKIS1 Cl.COC(=0)Nc1nc2cc(Oc3ccec(NC(=0)Ncdcec(cccaF)C(F)(F)F)c3)ccec2[nH]1

GW659893X PKIS1 Nclcec(ccl)CHCclenencINcleec(OCc2ccec(F)c2)c(Cl)cl

GW663929X PKIS2 ?)z(’;(gl)i(é(zm 1CCOCC1)C2=CC=CC(NC3=NC=CC(NC4=CC=C(C=C4)0C5=CC=CC=C

GW664114X PKIS2 nggézgeN)c(:li(;(C CC(C3=CN=C(CNCCN4CCOCC4)S3)=C2)=C1NC5=CC=C(0C6

GW673715X PKIS1 CCclccec(NC(=0)Nc2ccec(0c3cccdnc(NC(=0)0C)[nH]c4c3)cc2)cl

GW678313X PKIS1 CCS(=0)(=0)clccc(0C)c(Ne2ncee(02)-c2ccec(c2)-c2ccecc2F)cl

GW679395X PKIS2 CC1=CC=CC(C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2)=C1

GW679396X PKIS2 FC(F)(F)C1=C(C=CC=C1)C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2

GW679410X PKIS1 COclccc(ccl)-clec(cenl)-clc[nH]ncl-clcceenl

GW679662X PKIS2 CC1=NN=C(C2=CC=C(C)C(C3=CC=C(C(NCC4CC4)=0)C=C3)=C2)01

GW680061X PKIS2 CC1=C(C=CC=C1)C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2

GW680191X PKIS1 CS(=0)(=0)CCNCCCCOclccc2nenc(Nc3ccee(c3)CHC)c2cl

GW680338X PKIS2 COC1=CC=CC(C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2)=C1

GW680903X oKISD 0=C(OC)NC1=NC2=C(C=C(0C3=CC=C(CC(NC4=CC(C(F)(F)F)=CC=C4F)=0)C=C3)C
=C2)N1

GW680908A PKIS1 :Il.COC(=O)Nc1nc2ccc(cc2[nH]1)S(=O)(=O)c1ccc(NC(=O)Nc2cc(ccc2F)C(F)(F)F)c

GW680975X PKIS1 Fclcec(ccl)-clec(cenl)-clc[nH]Incl-clcccenl
0=C(OC)NC1=NC(C=C(0C2=CC=C(NC(NC3=CC(C(F)(F)F)=CC=C3F)=0)C=N2)C=C

GW681170A PKIS2 4)=C4N1.0=C(OC)NC5=NC(C=C(0C6=CC=C(NC(NC7=CC(C(F)(F)F)=CC=C7F)=0)C
=N6)C=C8)=C8N5.CI.CI

GW681251X PKIS2 CIC1=CC=C(C=C1)C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2

GW682569X PKIS2 CC1=NNC2=C1C=CC(NC3=NC(NC4=CC(CN5CCOCC5)=CC=C4)=NC=C3)=C2

GW682841X PKIS1 CC(C)clccc(cel)-clec(cenl)-clc[nH]ncl-clcceenl

GW683003X PKIS1 FC(F)(F)CNclnccc(n1)-clcnn2nccecl2

GW683109X PKIS1 C(CNclncce(nl)-clecnn2ncceccl2)CN1CCOCCL

GW683134A KCGS Cl.Fclcec(ccINC(=0)Nclcec(Oc2cce3[nH]c(NC(=0)cdcccod)nc3c2)ccl)C(F)(F)F
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GW683768X PKIS1 CCclnn2ncccc2cl-cleenc(NC2CC2)nl

GW684083X PKIS2 NC1=NC(C2=CC=CN=C2)=C(S1)C3=CC=NC4=CC=CC=C34

GW684088X PKIS2 CC1=CC=C(C=C1)C2=CC(C3=CNN=C3C4=CC=CC=N4)=CC=N2

GW684374X PKIS2 CCCCC1=NN2N=CC=CC2=C1C3=CC=NC(NC4CC4)=N3

GW6846268B PKIS1 Fclcecc(COc2ccc(Ne3nencdsc(cc34)-c3ccees3)cc2Cl)cl

GW684941X PKIS2 CN(CC1)CCN1C(C=C2)=CC=C2NC3=NC=CC(C4=C(C=CC=N5)N5N=C4CCCC)=N3

GW689066X PKIS2 CIC1=CC(NC2=NC=NC3=NN4C=CC=CC4=C32)=CC=C10CC5=CC=CC(F)=C5

GWE92089A pKIS2 FC(F)(F)C1=CC(NC(NC2=CC=C(0C3=CC=C(N=C(NC(OC)=0)N4C)C4=C3)C=C2)=0)
=C(F)c=C1.Cl

GW693028X PKIS2 N#CC1=CC=C(C=C1)C2=CC(C3=CNN=C3C4=CC=CC=N4)=CC=N2

GW693481X PKIS1 Nclnc(c(s1)-clecc2ncece2nl)-cleceenl

GW693542X PKIS2 NC1=NC(C2=NC=CS2)=C(S1)C3=CC=NC4=CC=CC=C34

GWG693881A PKIS1 Cl.Fclccee(COc2cec(Ne3nencédcec(sc34)-c3ccc[nH]3)cc2Cl)cl

GWG693917A PKIS1 CI.COC(=0)Nclnc2cec(Oc3cec(NC(=0)Ncdcec(cccdF)C(F)(F)F)cc3)cc2s1

GW694077X PKIS2 C1(C2=CC=CC=N2)=NNC=C1NC3=CC=NC4=CC=CC=C34

GW694234A PKIS1 Cl.COC(=0)Nc1nc2cc(Oc3ccc(NC(=0)Ncdcecc(Br)cd)cc3)ccc2[nH]1

GW694590A PKIS1 Cl.COC(=0)Nc1nc2cc(Oc3ccc(NC(=0)Ncdcececed)ce3)ceec2[nH]1

GW695874X PKIS1 C(CN1CCOCC1)Oclcec(ccl)-clec(cenl)-clc[nH]Incl-cleccenl

GW696155X PKIS2 CN(CC1)CCN1C(C=C2)=CC=C2NC3=NC(C4=C5C=CC(OC(C)C)=NN5N=C4)=CC=N3

GWE97465A pKIS2 A(Z‘);(é(f’\(lil)'l\::?:NC(C=C(OC2=CC=C(NC(NC3=CC(C(F)(F)F)=CC=C3CI)=O)C=C2)C=C

GWE97999A pKIS2 SI—C(OC)NCI—NCZ—CC(OC3—CC—C(NC(NC4—CC—CC(SC)—C4)—O)C—C3)—CC—C2N1.

GW700494A PKIS1 Ell.CN1CCN(CCCNc2nc3ccc(0c4ccc(NC(=O)Nc5cc(ccc5F)C(F)(F)F)cc4)cc3[nH]2)C

GW701032X PKIS1 COclccc(CNC(=0)c2ccec(cc2)-c2cc(cec2C)-c2nnc(C)o2)ccl

GW701424A pKIS2 (1)=C(II(OC)NC1=NC(C=C(OC2=CC=C(NC(NC3=CC(F)=CC=C3F)=O)C=C2)C=C4)=C4N

GW701427A PKIS1 Cl.COC(=0)Nc1nc2cc(Oc3ccc(NC(=0)Ncdceec(cd)C(0)=0)cc3)ccc2[nH]1

GW702865X oKlS2 g?éC:ZEC(CkNN=C(C)O1)=C2)=C2C3=CC=C(C(NC4=CC=C(NS(=O)(C)=O)C=C4)=

GW703087X PKIS1 CC(=0)Nclccce(cl)CHCclenenclNcelecc(OCc2ccec(F)c2)c(Cl)cl

GW707818B PKIS2 CIC1=CC(NC2=NC=NC3=C2C=C(C4=CC=CN4)S3)=CC=C10CC5=CC(F)=CC=C5

GW708336X PKIS1 C1CC1Nclncee(nl)-clenn2nc(ccc12)N1CCOCCL

GW708893X PKIS1 Cclnnc(ol)-clcec(C)c(cl)-clecc(cecl)C(=0)NCclecc(Cl)ccl

GW709042A PKIS1 Cl.Fclcec(ccINC(=0)Nclcec(Oc2ece3[nH]c(NC(=0)cdccececd)nc3c2)ccl)C(F)(F)F

GW709199X PKIS2 E(SI(CI:=)£:F;C(C=C1)=CC=C1/C=C/C2=CN=CN=C2NC3=CC(N=C(CC4=CC=CC=C4)N5)=

GW709213X PKIS2 C1(NCC2=CC=C(C3=NC=CC(C4=CNN=C4C5=CC=CC=N5)=C3)C=C2)CcCOoCC1l

GW711782X PKIS1 C(Cnlcencl)Oclecc(ccl)-clec(cenl)-clc[nH]ncl-clcceenl

GW734508X PKIS1 Cclnnc(ol1)-cleccec(cl)-cleec(ccl)C(=0)NCC1CCL

GW743024X PKIS1 Cclcec(NC(=0)c2ccoc2)ccl-cleec(ccl)C(=0)NCC1CCl

GW759710A PKIS1 CI.NC(=0)c1cccc(Nc2ncec(Ne3ccec(F)e3)n2)cl

GW767488X PKIS2 CN(C)CC(0)COC(C=C1)=CC=CINC2=NC(C3=C(C=CC(N4CCOCC4)=N5)N5N=C3)=

CC=N2
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CN(CC1)CCN1CCNC2=NC(C=C(0C3=CC=C(NC(NCA=CC(C(F)(F)F)=CC=C4F)=0)C=

GW768504A PKIS2 €3)C=C5)=C5N2.CN(CC6)CCN6CCNC7=NC(C=C(OC8=CC=C(NC(NCI=CC(C(F)(F)F)
=CC=C9F)=0)C=C8)C=C%10)=C%10N7.CI.CI

GW768505A PKIS1 Cl.COc1ccec(ccl)-cloc2nenc(N)c2c1-clecc(NC(=0)Nc2cec(ccc2F)C(F)(F)F)ccl

GW769076X PKIS1 Cclcec(NC(=0)c2cenc(c2)N2CCCC2)ccl-clecc(ccl)C(=0)NCC1CCl

GW770220A PKIS1 Cl.CN(c1ccc2c(C)nn(C)c2cl)cleenc(Nc2cecee(c2)S(N)(=0)=0)nl

GW770249A PKIS1 Nclncnc2occ(-c3ccc(NC(=0)Ncdcc(cccdF)C(F)(F)F)cc3)c12

GW771127A PKIS1 Cl.CN(c1ccc2c(C)n(C)nc2cl)cleenc(Nc2cecee(c2)S(N)(=0)=0)nl

GW772405X PKIS1 CNC(=0)clccec(cl)CHCclenencINclcec(OCc2ccec(F)c2)c(Cl)cl

GW775604X PKIS2 0O=C(NCC1CC1)C2=CC=C(C3=C(C)C=CC(NC(C4=CC(N5CCN(C)CC5)=NC=C4)=0)=C
3)C=C2

GW775608X PKIS1 Cclcec(NC(=0)c2cenc(c2)N2CCOCC2)ccl-clecc(ccl)C(=0)NCC1CCl

GW775610X PKIS2 S:é:;NCC1CC1)C2:CC:C(C3:C(C)C:CC(NC(C4:CC(N5CCCCC5):NC:C4):O):C3)

GW776245A PKIS2 N1(CC2=CC=C(C3=NC=CC(C4=CNN=C4C5=CC=CC=N5)=C3)C=C2)CCOCC1.Cl

GW777257X PKIS2 CC1=C2C(C=CC(C3=C(C4=CC=CC=N4)N=C(N)S3)=N2)=NC=C1

GW778894X PKIS1 N#Cclccec(Nc2necc(n2)-c2cnn3ncccc23)cl

GW779439X PKIS1 CN1CCN(CC1)clcec(Nec2ncee(n2)-c2cnn3ncecc23)ccl1C(F)(F)F

GW780056X PKIS1 CCN(CC)Cclececc(Nc2ncee(n2)-c2ecnn3ncecc23)ccl

GW780159X PKIS1 Nclnc(c(s1)-clccc2neece2nl)-clecec(Cl)cl

GW781483X PKIS2 CIC1=C(F)C=CC(NC2=NC=NC3=C2C=C(NC(C=C)=0)C(OCCCN4CCOCC4)=C3)=C1

GW781673X PKIS1 Clclcec(CNe2ncec(n2)-c2cnn3ncccc23)ccl

GW782612X PKIS1 NC(=0)clccec(Nc2ncec(Ne3ccecd[nH]Ince34)n2)cl

GW782907X PKIS1 Cclcec(ccl-cleec(ccl)C(=0)NCC1CCL)C(=0)NC1CCCccl

GW782912X PKIS1 Cclcec(ccl-cleec(ccl)C(=0)NCC1CC1)C(=0)NC1CcCCl

GW784041A PKIS2 CC1=C(NC2=NC(NC3=CC=C(C4=CN=CN4)C=C3)=NC=C2)C=C(0C)C=C1.CI

GW784307A PKIS1 Cl.COclcccc(c1)-n1ncc2c(N\N=C\c3ccc(ce3)C(=0)NCCN(C)C)ncncl2

GW784684X PKIS1 CN1CCN(Cc2ccc(02)-c2cc3nenc(Ncdccc(OCc5ccec(F)c5)c(Cl)cd)c3s2)CCl

GW784752X PKIS1 COclccec(cl)-nIncc2c(N\N=C\c3ccnee3)nencl2

GW785404X PKIS1 CCnlc(nc2ccc(F)ccl2)-clnonclN

GW785804X PKIS1 Nclnc(c(s1)-clecc2necce2nl)-cleec(F)ecl

GW785974X PKIS1 CC(C)NC(=0)clcce(C)e(cl)-clece(ccl)C(=0)NCC1cCl

GW786460X PKIS1 Cclccece(nl)-cln[nH]ccl-clcec2necec2nl
CC1=C(C=C2)C(C=C2N(C)C3=NC(NC4=CC(S(=0)(N)=0)=CC=C4)=NC=C3)=NN1CC

GW787226A PKIS2 5=CC=CC=C5.CC6=C(C=C7)C(C=C7N(C)C8=NC(NC9=CC(S(=0)(N)=0)=CC=C9)=N
C=C8)=NN6CC%10=CC=CC=C%10.CI.Cl

GW789449X PKIS2 NC(C1=C(NC(N)=0)SC(C(C=C2)=CC=C2F)=C1)=0

GW792479X PKIS2 0=C(N1CCCC1)C2=CC=C(C=C2)C3=NC=CC(C4=CNN=C4C5=CC=CC=N5)=C3

GW794607X PKIS1 CCCNclccec(cl)-nlncc2c(N\N=C\c3ccnee3)nencl2

GW794726X PKIS1 CC(=0)Nclccec(nl)CH#CclenenclNcleec(OCc2ccec(F)c2)c(Cl)cl

GW795486X PKIS1 Nclncnc2occ(-c3ccc(NC(=0)Ncdcc(cc(c4)C(F)(F)F)C(F)(F)F)cc3)c12

GW795493X PKIS1 Ncincnc2occ(-c3ccc(NC(=0)Ncdccec(cd)C(F)(F)F)cc3)c12

GW796920X PKIS1 Cclcec(NC(=0)CC2CC2)ccl-clecc(ccl)C(=0)NCC1cCl

GW796921X PKIS1 CCC(=0)Nclcee(C)c(c1)-cleec(cecl)C(=0)NCC1CCL

GW799251X PKIS1 Nclncee(nl)C#CclenenclNclceec(OCc2ccec(F)c2)c(Cl)cl
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GW800172X PKIS2 0=C(C1=CC=C(C2=CC(C(NC3CCCC3)=0)=CC=C2C)C=C1)NCC4CC4
GW801372X PKIS1 COclcc(Nc2ncee(n2)-c2cnn3ncccc23)cc(0C)cl

GW804482X PKIS1 COclccec(COc2cc(sc2C(N)=0)-n2cnc3cecce23)cl

GW805758X PKIS1 CC(C)clcec(Ne2ncec(n2)-c2cnn3ncecc23)ccl

GW806290X PKIS1 C1COc2cc(Nc3ncec(n3)-c3cnndncccc34)ccc201

GW806742X PKIS1 CN(clccc(NC(=0)Nc2cec(OC(F)(F)F)cc2)cel)cleenc(Nc2cecee(c2)S(N)(=0)=0)nl
GW806776X PKIS1 0O=C(NCC1CC1)clcce(ccl)-clecec(cl)C(=0)NC1CCL

GW807930X PKIS1 CC(=0)NCclcccc(cl)CHCclenenclNclecc(OCc2ccec(F)c2)c(Cl)cl

GW807982X PKIS1 CCOclccc2c(cnn2nl)-clcenc(Nc2cec(OC)cc(c2)C(F)(F)F)nl

GW809885X PKIS1 COclcece(cl)-n1nc(C)c2c(N\N=C(/C)c3ccnce3)nencl2

GW809893X oKIS2 gl)\lz(g;;:CEZ)C:(NNgI(\i;kCC(C(F)(F)F)=CC=C2F)=O)C=C1)C3=NC(NC4=CC=C(S(N)(=
GW809897X PKIS1 CN(c1ccc(NC(=0)Nc2c(Cl)ccec2Cl)ecl)cleenc(Ne2ceec(CS(C)(=0)=0)c2)nl
GW810083X PKIS2 0=C(N(C)C1CCOCC1)C2=CC=C(C=C2)C3=NC=CC(C4=CNN=C4C5=CC=CC=N5)=C3
GW810372X PKIS1 COclccc2c(ecnn2nl)-cleenc(Nc2ccec(OC(F)(F)F)c2)nl

GW810437X PKIS2 0=C(C1=COC=C1)NC2=CC(C3=CC=C(C(NCCACC4)=0)C=C3)=C(0C)C=C2
GW810445X PKIS2 0=C(NCC1CC1)C2=CC=C(C3=C(F)C=CC(C(NC4CC4)=0)=C3)C=C2

GW810576X PKIS1 COclccec(Ne2neec(n2)-c2cnn3nccec23)cl

GW810578X PKIS2 BrC1=CC(NC2=NC=CC(C3=C4C=CC=NN4N=C3)=N2)=CC(C(F)(F)F)=C1
GW811168X PKIS1 COclccce(cl)-n1ncc2c(N\N=C\c3ccc(ce3)S(C)(=0)=0)ncncl2

GW811603A oKIS2 Elz\l((:(;)lzl\f(czzi\lcc?fll\lc(liz=CC=C(CS(C)(=O)=O)C=C2)=N 1)C3=CC=C4N(C)C(NCC5=CC=C
GW811761X PKIS1 CCOclccc2c(cnn2nl)-clcenc(Nc2ccec(c2)C(F)(F)F)nl

GW812171X PKIS2 0=C(N1CCOCC1)C2=CC=C(C=C2)C3=CC(C4=CNN=C4C5=CC=CC=N5)=CC=N3
GWS13244A pKIS2 E)l\ifi()l\(i()fé:fézi?CzCZ)zNC3=CC(N(C4=CC=NC(NC5=CC=C(CS(C)(=O)=O)C=C
GW813349X PKIS2 NC(C(SC(N1C=NC2=C1C=CC(Cl)=C2)=C3)=C30CC4=CC=CC=C4C)=0
GW813360X PKIS1 COclcece(cl)-nlcnc2c(N\N=C\c3ccnee3)nencl2

GW814408X PKIS1 COclccec(cl)-clc[nH]c2c(N\N=C\c3ccnce3)necncl2

GW817394X PKIS1 COclcece(cl)-n1ncc2c(N\N=C\c3ccce(F)c3)nencl2

GW817396X PKIS1 COclcece(cl)-n1ncc2c(N\N=C\c3ccc(F)ce3)nencl2

GW818933X PKIS2 0=C(NCCC)NC1=CC=C(N(C2=CC=NC(NC3CC3)=N2)C)C=C1

GW818941X PKIS2 :(\IC3=C1)(C2=CC=CC=C2)=N N3C1=C(C4=NC(NC5=CC=C(0OCCO6)C6=C5)=NC=C4)C
GW819077X PKIS1 FC(F)(F)clccec(Nc2ncec(n2)-c2cnn3nc(ccc23)-c2ccecc2)cl

GW819230X PKIS1 Cclcec(ccl)-clec2¢(NC(=0)C3CC3)nenc20l

GW819776X PKIS2 CC1=NN2N=CC(C3=NC(NC4=CC=C(C(F)(F)F)C=C4)=NC=C3)=C2C=C1
GW820759X PKIS1 Cclccc(ccl-clcec2[nH]nec2c1)C(=0)NC1CC1

GW823670X PKIS2 0=C(C1=CNC(C(NCC2=CC=CS2)=0)=C1)C(C(Cl)=CC=C3)=C3Cl

GW824645A PKIS2 0=5(C1=CC(NC2=CC(C3=CC=C(F)C=C3)=NN2)=CC=C1)(N)=0.Cl

GW827102X PKIS1 FC(F)(F)clccec(cl)-clnn2nccec2cl-cleenc(Nec2ccc30CCOc3c2)nl
GW827105X PKIS1 COclccec(ccl)-cInn2ncccc2cl-cleenc(Nc2ccec(c2)C(F)(F)F)nl

GW827106X PKIS1 COclccc(ccl)-clnn2ncccc2cl-cleenc(Nc2ccc30CC0Oc3c2)nl

GW827396X PKIS1 COclccc(cel)-cinn2ncccc2cl-cleenc(Nec2cec(F)c(F)e2)nl
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GW827654A oKIS2 ;tg()l;lg)1;CCCS=)C:(§4N)2C?CCL\I<§.);C2)C=C1)NC3=CC=C(N(C4=CC=NC(NC5=CC=C(CS(C

GW828205X pKIS2 FC(F)(F)C1=CC=CC(NC2=NC=CC(C3=C4C=CC=NN4N=C3C5=CC=C(C(F)(F)F)C=C5)
=N2)=C1

GW828206X PKIS2 FC(F)(F)C1=CC=C(C2=NN3N=CC=CC3=C2C4=NC(NC5=CC=CC=C5)=NC=C4)C=C1

GW828525X PKIS1 FC(F)(F)clcce(ccl)-clnn2nccec2cl-cleenc(Nec2cce30CCOc3c2)nl

GW828529X PKIS1 Fclecc(Nc2ncec(n2)-c2c(nn3ncccc23)-c2cec(cc2)C(F)(F)F)cclF

GW829055X PKIS1 Clclcec(ccl)-clnn2ncecc2cl-cleenc(Nc2cecee2)nl

GW829058X PKIS2 CIC(C=C1)=CC=C1C2=NN3N=CC=CC3=C2C4=CC=NC(NC5=CC(F)=C(F)C=C5)=N4

GW829115X PKIS1 COclccc(ccl)-cinn2nccecc2cl-cleenc(Nc2cec(Cl)c(c2)C(F)(F)F)nl

GW829116X PKIS2 (_::\(IIA(tC=C1)=CC=C1C2=NN3N=CC=CC3=C2C4=CC=NC(NC5=CC(OCC06)=C6C=C5)

GW829350X PKIS2 Lcc(:)c(:));l;fc:C(czzNN3N:cc:cc3:c2c4:NC(NCS:CC(C(F)(F)F):C(Cl)c:c5):

GW829351X pKIS2 CIC1=CC=C(C2=NN3N=CC=CC3=C2C4=NC(NC5=CC(C(F)(F)F)=C(Cl)C=C5)=NC=C4
)C=C1

GW829874X PKIS1 COclcecec(\C=N\Nc2ncnc3n(ncc23)-c2ccec(0C)c2)cl

GW829877X PKIS1 COclccee(cl)-nlncc2c(N\N=C\c3ccc(C)ce3)nencl2

GW829906X PKIS1 Cclccc2c(c(nn2nl)-clcccccl)-cleenc(Nc2cecec(c2)C(F)(F)F)nl

GW830263A PKIS1 gl).ilg)(zcls)c:iNC(=O)Nc2ccc(cc2)C(=O)NZCCN(C)CCZ)ccl)clccnc(Nc2ccc(CS(C)(=

GW830365A PKIS1 Cl.CN(c1ccc(NC(=0)NCCN2CCOCC2)ccl)clecenc(Nc2ccee(CS(C)(=0)=0)cc2)nl

GW830707A PKIS2 CN(C1=CC=C(NC(NC2=CC=CC(Cl)=C2)=0)C=C1)C3=NC(N)=NC=C3.CI

GW830899A pKIS2 (czl\g)(::15)ccc:=cc5()r\:1:\:l(gzzcc4c.cNI(cccN3ccocc3)cc2)=o)c:c1)c4=NC(Nc5=cc=C(c5(C)

GWS830900A PKIS1 CI.CN(C)CCNC(=0)Ncicec(ce1)N(C)cleenc(Nc2cec(CS(C)(=0)=0)cc2)nl

GW831091X PKIS1 NS(=0)(=0)clccc(Nc2cc(n[nH]2)-c2ccc(O)c(F)c2)ccl

GW832467X PKIS1 Cclcec2c(c(nn2nl)-cleec(ccl)C(F)(F)F)-clcenc(Nc2ccc30CCOc3c2)nl

GW832476X KCGS NS(=0)(=0)clccc(Nc2cc(n[nH]2)-c2ccec(0)c2)ccl

GW833373X PKIS1 Cclccc2c(c(nn2nl)-clcec(F)ecl)-cleenc(Nc2cccec2)nl

GW835314X PKIS2 CN(C)CCOC1=CC=C(C2=NC=CC(C3=CNN=C3C4=CC=CC=N4)=C2)C=C1

GW837331X PKIS1 COclcc(Nc2nce3c(C)nc(-c4ccee(cd)C(F)(F)F)n3n2)cc(OC)c10C

GW839464X PKIS2 82((::(5l\)l§;lc=§C(C(C)(C)C)=NN1C2=CC=C(C)C=C2)NC3=C(C=CC=C4)C4=C(OCCN5CC

GW843682X PKIS1 COclcc2nen(-c3cc(OCcacccecdC(F)(F)F)c(s3)C(N)=0)c2cc10C

GW846105X PKIS1 O=C(Nc1sc2N(CCCc2c1C#N)C(=0)C1CC1)clccec2eccecl2

GW852849X PKIS1 COclcc2nen(-c3cc(OCc4cccccdCl)c(s3)C(N)=0)c2ccl10C

GW853606X PKIS1 NC(=0)clsc(cc10CclccecclBr)-nlcnc2cec(ccl2)C(F)(F)F

GW853609X PKIS1 NC(=0)c1sc(cc10CclccceclBr)-nlcnc2cc(cccl2)C(F)(F)F

GW854278X PKIS2 NC(C(SC(N1C=NC2=C1C=C(0C)C(0C)=C2)=C3)=C30CC4=C(Br)C=NC=C4)=0

GW855857X PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NC4=CC=NC=C4)=N2)=CC=C1

GW856795X PKIS2 0C1=CC(NC2=C3C(C=CC(C(C)(C)C)=C3)=NC=C2)=CC=C1

GW856804X PKIS1 Nclnce(-c2ceec(c2)S(N)(=0)=0)c2scc(-c3ccc(F)c(Cl)c3)c12

GW856805X PKIS2 CC(C)(C)C1=CC2=C(NC3=C(C)C=CC(0)=C3)C=CN=C2C=C1

GW857175X PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NC4=CC5=C(NN=C5)C=C4)=N2)=CC=C1

GW861893X PKIS1 COclcc(Nc2nee3c(C)nc(-c4ccee(Oc5cecce5)cd4)n3n2)cc(0C)c10C
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GW867253X oKIS2 gS(C1=CC=CC(C2=CC=C3N=CC=C(C4=CC=CC(S(N)(=O)=O)=C4)C3=C2)=C1)(=O)=

GW867587X PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NC4=CC(N=NN5)=C5C=C4)=N2)=CC=C1

GW867588X PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NC4=CC(SC=N5)=C5C=C4)=N2)=CC=C1

GW868318X PKIS2 COCCNC(C1=CC=C(C2=C(C)C(F)=CC(C(NC3CC3)=0)=C2)C=C1)=0

GWBE9516X oKlS2 (12C1=C2C=NC(NC3=CC(OC)=C(OC)C(OC)=C3)=NN2C(C4=CC(C=CC=C5)=C5N4)=N

GW869640X PKIS2 CC1=CSC(C2=NC3=CC=CC=C3C(NC4=CC=NC=C4)=N2)=N1

GW869641X PKIS2 CC1=NC(C(N=C2NC3=CC=NC=C3)=NC4=C25C=C4)=CC=C1

GWS69810X PKIS1 Fclccee(COc2cec(Ne3nencdcec(sc34)CHC[C@ @H]3C[C@H](CN3)OC(=0)N3CCOC
C3)cc2Cl)c1

GW8E9979X oKIS2 Tg(C(SC(N1C=NC(C=C20C)=C1C=C20C)=C3)=C3OCC4=CC=C(S(C)(=O)=O)C=C4)

GW872411X PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NC4=CC(C)=NC=C4)=N2)=CC=C1

GW873004X PKIS2 CIC1=CC(C2=NC3=CC=CC=C3C(NC4=CC=NC=C4)=N2)=CC=C1

GW874091X PKIS1 Cclnc(-c2ccecec2)n2nc(NCCCN3CCOCC3)necl2

GW876019X PKIS2 CC1=NC(C2=NC3=CC=CC=C3C(NCA4=CC=CC(C(N)=0)=C4)=N2)=CC=C1

GW876731X PKIS2 CN1N=CC2=C1C=CC(NC3=NC(C4=CC=CC(C)=N4)=NC5=CC=CC=C35)=C2

GW876790X PKIS1 CCnlc(nc2cncc(C(=0)NCCNC)c12)-clnonclN

HG-10-102-01 KCGS 0=C(C1=CC(0C)=C(NC2=NC=C(CI)C(NC)=N2)C=C1)N3CCOCC3

HTH-01-015 KCGS 0=C1N(C)C2=C(N=C(NC3=CN(C4CCNCC4)N=C3)N=C2C)N(C)C5=CC6=CC=CC=C6
C=C51

Ibrutinib Clinical Kls Nclncnc2clc(nn2[C@@H]3CCCN(C3)C(=0)C=C)c4ccc(Oc5ccece5)ccs

Icotinib Clinical Kls C#Cclccee(Ne2nenc3cc40CCOCCOCCOc4cc23)cl

Idelalisib Clinical Kls CC[C@H](Nc1ncnc2[nH]cnc12)C3=Nc4cccc(F)c4C(=0)N3c5cceees

Imatinib Clinical Kls CN1CCN(Cc2ccc(cc2)C(=0)Nc3cce(C)c(Nec4ncec(nd)c5ceenc5)c3)CCl

JH-1I-127 KCGS CNC1=C2C(NC=C2Cl)=NC(NC3=CC=C(C(N4CCOCC4)=0)C=C30C)=N1

INKAN.7 (CGS 0=C(NC1=CC=C(NC2=NC=CC(C3=CC=CN=C3)=N2)C(C)=C1)C4=CC=CC(NC(/C=C/
CN(C)C)=0)=C4

K05908 KCGS COC1=CC(C2=CN=CC(C3=CN(C4CCNCC4)N=C3)=C2)=CCc(0C)=C10C

Lapatinib Clinical Kls CS(=0)(=0)CCNCcloc(ccl)c2cec3nenc(Ncdcec(OCc5ccec(F)e5)c(Cl)cd)c3c2

Lenvatinib Clinical Kls COclcc2ncec(Oc3cec(NC(=0)NCACC4)c(Cl)c3)c2cclC(=0)N

. . . CO[C@@H]1[C@@H](C[C@H]20[C@]1(C)n3clcccccdc5c6CNC(=0)cbc7c8cccc

Midostaurin Clinical Kls
¢8n2c7c35)N(C)C(=0)c9ccccc9

Neratinib Clinical Kls CCOclce2ncc(C#N)c(Nc3ccc(OCc4cccen4)c(Cl)e3)c2ccINC(=0)\C=C\CN(C)C

Nilotinib Clinical Kls Cclen(cn1)c2cc(NC(=0)c3ccc(C)c(Necdncec(nd)c5ceenc5)e3)ce(c2)C(F)(F)F
COC(=0)c1 = = =

Nintedanib Clinical Kis (=0)clecc2\C(=C(\Nc3ccc(ce3)N(C)C(=0)CN4ACCN(C)CC4)/c5cccec5)\C(=0)
Nc2cl

NVP-2 KCGS CIC1=CN=C(N[C@H]2CC[C@H](N[C@H](C)COC)CC2)C=C1C3=CC=CC(NCC4(C#N
)JCCOCC4)=N3

NVS-PAKI-1 KCGS 0O=C(N1C[C@@H](NC2=NC3=CC(F)=CC=C3N(CC(F)F)C4=CC=C(Cl)C=C42)CC1)NC
(c)c

Osimertinib Clinical Kls COclcc(N(C)CCN(C)C)c(NC(=0)C=C)ccINc2ncec(n2)c3cn(C)c4ccecc34

Pazopanib Clinical Kls CN(clcec2c(C)n(C)nc2cl)c3cenc(Nedceec(C)e(cd)S(=0)(=0)N)n3

PFE-PKIS_1 (CGS 2=C1C(Br)=C(OCC2=C(F)C=C(F)C=C2)C=C(C)N1C3=CC(C(NCC(N)=O)=O)=CC=C3

PFE-PKIS_12 KCGS 0O=C(NCCCN1CCOC1=0)C2=CN=C(NCC3=C(Cl)C=CC(Cl)=C3)N=C2NC4CCCC4a
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PFE-PKIS_21 KCGS FC1=C(F)C=CC(C(NOC[C@H](0)CO)=0)=C1NC2=CC=C(1)C=C2F

PFE-PKIS_29 (CGS Sgc(N:Cl):CC:C1C2:CC3:C(C)N:C(N)N:C3N([C@ H]4CC[C@H](OCCO)CC4)C2

PFE-PKIS_3 KCGS COC1=CC(C2=CC3=CN=C(N)N=C3N=C2NC(NC(C)(C)C)=0)=CC(OC)=C1

PFE-PKIS_32 KCGS CC(C1=CN=C(NC2=NC=C(N3CCNCC3)C=C2)N=C1N4C5CCCC5)=C(C(C)=0)C4=0

PFE-PKIS_34 KCGS CN([C@H]1CN(C(CO)=0)CC[C@H]1C)C2=C3C(NC=C3)=NC=N2

PFE-PKIS_39 KCGS CN(N=C1)C=C1C(C=C2)=NN3C2=NN=C3[C@ @H](C)C4=CC=C(N=CC=C5)C5=C4

PFE-PKIS_40 KCGS 2:C1N([C@@H]2CC[C@@H](O)CCZ)C3=NC(N)=NC(C)=C3C=C1C4=CC=C(OC)N=

PFE-PKIS_41 KCGS CC1=CC(OCC2=C(F)C=C(F)C=C2)=C(Br)C(N1C3=C(C)C=CC(C(NC)=0)=C3)=0

PFE-PKIS_44 KCGS CC(C1=CN=C(NC2=NN(C)C=C2)N=C1N3C4CCCC4)=C(C(C)=0)C3=0

Ponatinib Clinical Kls CN1CCN(Cc2ccc(NC(=0)c3cec(C)c(c3)CHCecacnc5ccennd5)cc2C(F)(F)F)CCL

R-547 Clinical Kls COclcec(F)c(F)c1C(=0)c2enc(NC3CCN(CC3)S(=0)(=0)C)nc2N
CO[C@@H]1C[C@H](C[C@@H](C)[C@@H]2CC(=0)[C@H](C)\C=C(/C\[C@@H

Rapamycin Clinical Kis 1(0)[C@@H](OC)C(=0)[C@H](C)C[C@H](C)\C=C\C=C\C=C(/C\[C@H](C[C@@H
13cC[C@@H](C)[C@@](0)(03)C(=0)C(=0)N4CCCC[C@H]4C(=0)02)0C)CC[C@
H]10

Regorafenib Clinical Kls CNC(=0)clcc(Oc2cec(NC(=0)Nc3cce(Cl)e(c3)C(F)(F)F)c(F)c2)cenl

Ribociclib Clinical Kls CN(C)C(=0)clcc2enc(Ne3ccc(cn3)N4CCNCC4)nc2n1C5CCCC5

RO0117162-000 Roche [O-1[N+](=0)clccc2Ne3n[nH]cc3N=C(c4cccccaCl)c2cl

RO0150463-000 Roche Nc1n[nH]c2nc(cc(c12)C(F)(F)F)c3cces3

R00271528-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)cdnccce34)c5eccecls

R0O0272148-000 Roche Fclccc2NC(=0)\C(=C/c3ccc[nH]3)\c2cl

R00272159-000 Roche COclcc[nH]c1\C=C\2/C(=0)Nc3cccec23

R0O0274406-000 Roche Ccl[nH]nc2Nc3cec(cc3C(=Nc12)cdcccccdCl)[N+](=0)[0-]

R0O0274710-000 Roche CC(C)c1[nH]Inc2Nc3ccc(cec3C(=Ncl12)cdccececaCl)[N+](=0)[0-]

R0O0275062-000 Roche Ccl[nH]nc2Nc3cec(cc3C(=Nc12)cdcccccdF)CEN

R0O0281498-000 Roche COclccc2Ne3n[nH]c(C)c3N=C(c4cccecaCl)c2cl

R0O0281567-000 Roche COclcc[nH]c1\C=C\2/C(=0)Nc3ccc(F)c(l)c23

R0O0281601-001 Roche CI.CNCC#Cc1c(F)ccc2NC(=0)\C(=C/c3[nH]ccc30C)\c12

R0O0281752-000 Roche CC(=0)Nclccc2Nce3n[nH]c(C)c3N=C(c4ccceccaCl)c2cl

R0O0282586-000 Roche Ccl[nH]nc2Nc3cec(cc3C(=Nc12)cdcccccdF)C(=0)N

R0O0282986-001 Roche Cl.COc1cc[nH]c1\C=C\2/C(=0)Nc3ccc(F)c(C#HCC4(O)CCNCC4A)c23

R0O0283049-001 Roche CI.CN[C@ @H](CO)C#HCc1c(F)ccc2NC(=0)\C(=C/c3[nH]ccec30C)\c12

RO0283120.000 | Roche g())cczlacc[nH]c1\C=C\2/C(=O)Nc3ccc(F)c(C#C[C@@H](O)[C@@H](N)[C@@H](C)

RO0316045-000 Roche CN1C(=0)C(=C(C1=0)c2c[nH]c3ccccc23)cdc[nH]c5ccceccad5

R0O0316233-000 Roche 0O=C1NC(=0)C(=C1c2c[nH]c3ccecc23)cdc[nH]c5cceccd5

R0O0316849-000 Roche 0=C1INC(=0)C(=C1c2cccecc2)c3c[nH]c4ccecc34

RO0316873-000 Roche OC1INC(=0)C(=C1c2c[nH]c3cccec23)c4c[nH]c5cccecd5

R0O0317208-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)cdccecc34)c5cececcls

R0O0317253-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccclccecc34)c5cccccls

R0O0317254-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccdcccecdce3)c5eccccls

R0O0317257-000 Roche COclcec(ccl)C2=C(C(=0)NC2=0)c3cn(C)cdccccc3s

R0O0317302-000 Roche COclccc2c(en(C)c2c1)C3=C(C(=0)NC3=0)c4cn(C)c5cceecca5
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R0O0317328-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3ccsc3)cdccccclsd
R0O0317340-000 Roche CSclc(C2=C(C(=0)NC2=0)c3cn(C)caccccc34)c5ccecc5n1C
R0O0317365-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)cdcce(N)cc34)c5ccececls
RO0317373-001 Roche Cl.Cn1cc(C2=C(C(=0)NC2=0)c3ccc(N)cc3)cdcccccld
RO0317377-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCCO)cdccccc34)c5cecccls
R0O0317379-000 Roche CS(=0)c1c(C2=C(C(=0)NC2=0)c3cn(C)c4cccecc34)c5cccecs5n1C
R0O0317432-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)clccc(OCc5cccec5)cec34)cbeccecclb
R0O0317452-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)cdc(cccc34)[N+](=0)[0-])c5cceccl5
RO0317471-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccc(N)c3)cdcecccls
RO0317474-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccc(c3)[N+](=0)[O-])cdccecccls
RO0317476-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccc(Cl)c3)cdcccccld
RO0317482-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)cdc(N)cccc34)cS5ccececls
R0O0317494-000 Roche COclceec2clce(en2C)C3=C(C(=0)NC3=0)c4cn(C)c5ccececs5
R0O0317510-000 Roche Cclccc2c(cl)c(ecn2C)C3=C(C(=0)NC3=0)c4cn(C)c5ccceca5
R0O0317511-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)cdcc(N)ccc34)c5cceccls
R0O0317549-002 Roche Cl.Cn1cc(C2=C(C(=0)NC2=0)c3cn(CCCN)cdccccc34)c5cccccls
RO0317596-000 Roche CC(=0)Nclccc2ce(en(C)c2c1)C3=C(C(=0)NC3=0)c4cn(C)c5ccceca5
R0O0317597-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)clcc(Cl)ccc34)c5cceccls
RO0317612-000 Roche Cclccecc1C2=C(C(=0)NC2=0)c3cn(C)clccccc34
R0O0317621-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)caccc(Cl)cc34)c5cceccls
R0O0317625-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccc(Br)c3)cdcccecls
RO0317699-000 Roche Cclcec(C)c(c1)C2=C(C(=0)NC2=0)c3cn(C)clccccc3d
R0O0317717-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3ccccc3C(F)(F)F)cacccecls
R0O0317753-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3ccccc3[N+](=0)[0-])c4cccecl4d
R0O0317777-000 Roche Cc1c¢(C2=C(C(=0)NC2=0)c3cn(C)c4cccec34)c5cceec5n1C
RO0317843-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCCCCN)clcccecc34)c5cececls
R0O0317884-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3c[nH]c4cccce34)c5cececls
R0O0317886-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccnc3)cdccceclsd
R0O0317888-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCCCN)c4cccce34)c5cececls
R0O0318036-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCO)clccccc34)c5ececcls
RO0318044-001 Roche Cl.CNCCCn1cc(C2=C(C(=0)NC2=0)c3cn(C)c4cccce34)c5cecccls
R0O0318045-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCN)c4cccec34)c5cceccls
R0O0318053-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCCCCO)c4ccccc34s)c5eccecls
R0O0318069-000 Roche Cnlcc(C2=C(C(=0)NC2=0)n3cccidcccec34)c5eccccls
RO0318161.000 | Roche Chlcc(C2=C(C(=0)NC2=0)c3cn(CCCN\C(=N\[N+](=0)[O-
1)\N)c4cccee34)c5cececl5
R0O0318220-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCCSC(=N)N)cdcccee34)c5cececls
R0O0318259-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3c4CCCCn4c5ccecc35)cbecccclb
R0O0318352-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(CCCNC(=N)N)cdccccc34)c5cececcl5
RO0318365-001 Roche Cl.Cn1cc(C2=C(C(=0)NC2=0)c3c4CNCCn4c5cccec35)cbecceclb
RO0318425-001 Roche Cl.Cn1cc(C2=C(C(=0)NC2=0)c3c4CC(CN)CCn4c5cccce35)cbeecccle
R0O0318549-000 Roche CCCnlcc(C2=C(C(=0)NC2=0)c3cn(C)c4cccec34)c5cceccls
R0O0318564-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(cdcccced)c5ecece35)cbecceclb
R0O0318649-000 Roche COclccee(c1)C2=C(C(=0)NC2=0)c3cn(C)clccccc3s
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RO0318676-000 Roche CNCC1CCn2c(C1)c(C3=C(C(=0)NC3=0)cdcn(C)c5cceccd5)cbecccc26

R0O0318830-000 Roche CN(C)CC1CCn2c(C1)c(C3=C(C(=0)NC3=0)c4cn(C)c5cccecca5)cbeccec26

R0O0318987-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3c4CCCCCn4c5cccce35)cbeececclb

R0O0319317-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)clcc(ccc34)C(=0)N)c5ccceccls

RO0319318-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cn(C)clcc(ccc34)C(=0)0)c5cceccls

RO0319371-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3c4CCC(CN)CCn4c5cccec35)cbecceclb

R0O0319377-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3c4CN(CCn4c5cccecc35)C(=S)N)cbecceclb

RO0320234-001 Roche ClL.CN1C[C@@H]2Cc3c(C4=C(C(=0)NC4=0)c5cn(C)cbeeeece56)c7ccccc7n3C[C@
H]2C1

R0O0320344-000 Roche 0=C10C(=0)C(=C1c2c[nH]c3ccccc23)cdc[nH]c5cceccd5

R0O0320346-000 Roche ON1C(=0)C(=C(C1=0)c2c[nH]c3ccccc23)cdc[nH]c5cccecds

R0O0320432-000 Roche CN(C)C[C@H]1CCNn2c(C1)c(C3=C(C(=0)NC3=0)c4cn(C)c5ccceced5)cbeccecc26

RO0320557-001 Roche ClL.CN1C[C@@H]2Cc3c(C4=C(C(=0)NC4=0)c5cn(C)cbeeeece56)c7cecccc7n3C[C@
H]2C1

RO0324253-000 Roche ;E(;g;fé?gi?&(ggjzzif;(:O)(O)O)ccl)C(:O)N[C@H]ZCCC(:O)N3CCC[C@H

R00324381.000 | Roche ]C(E(;Coz)Eléc)gir)lil(ccccjcccccc((g;(;o)(O)O)ccl)C(=0)N[C@H]ZCCC(:O)N3CCC[C@H

RO0324438.000 | Roche ;Z((IZ\I(;E)Z)L\lc[)(;c@()fac):'L(CC:ézcccs(izzz(O)O)ccl)C(=O)N[C@H]ZCCC(=O)N3CCC[C@H

RO0324694-000 | Roche giffg;}lggz?zigﬁgjgiCCN2N1C(=O)[C@H](CCC2=O)NC(=O)[C@ H](Cc3cec(

RO0325308-000 Roche ]C(il(;(?z)i\l([)(;giT’L(gccjssz((g;DC(::))(O)O)ccl)C(=O)N[C@H]2CCC(=O)N3CCC[C@H

RO0325851.000 | Roche g?(l\(ljc)g)(zigc)N@c@(ﬂ:I-(i)])l(:CCCNZN1C(=O)[C@H](CCC2=O)NC(=O)[C@ H](Cc3cec(OP(=

RO0480500-002 Roche zl).ccl(iclccc(o)c(c( 0)c2cec(cc2)C(=0)0[C@ @H]3CCCNC[C@H]3NC(=0)cdcencc

R0O0504985-000 Roche COclcc[nH]c1\C=C\2/C(=0)Nc3ccc(c(NACC[C@@H](O)C4)c23)[N+](=0)[O-]

R0O0505124-000 Roche CN1CCN(CC1)c2cec(Ne3nc(N)c(s3)C(=0)cdccc50CCOc5cd)cc2

RO0506220-000 Roche COclcece(cl)C(=0)c2sc(Nc3cec(cc3)NA4CCN(CC4)C(C)C)nc2N

R0O1150868-000 Roche 0O=C(clcccecl)c2enn(c3ccecc3)c2CHN

RO1151080-000 Roche Cclnn(c(0O)c1C(=0)c2cceec2)c3cccec3

RO1151246-000 Roche Nclc(cnnlc2cec(F)cc2)C(=0)c3cccce3

R0O1151248-000 Roche Cclcececin2nce(C(=0)c3cecec3)e2N

R0O1153136-000 Roche Nclc(cnnlc2cec(F)cc2)C(=0)c3ccc(cc3)CHCCNACCOCCA

R0O1153198-000 Roche Nclc(cnnlc2cce(F)cc2)C(=0)c3cec(cc3)CHN

RO1153320-001 Roche Cl.Nc1c(cnnlc2ccc(F)cc2)C(=0)c3ceec(c3)C#CCN4CCOCCH

R0O1153321-000 Roche Nclc(cnnlc2cec(F)ec2)C(=0)c3ccec(c3)CHN

RO1153427-001 Roche Cl.Nc1c(cnnlc2ccc(F)cc2)C(=0)c3cec(CCCNACCOCC4)cc3

R0O1153583-001 Roche Cl.Nc1c(cnnlc2ccc(F)cc2)C(=0)c3ceccc(CCCN4CCOCC4A)c3

R0O1153836-000 Roche Nclc(cnnlc2cce(F)cc2)C(=0)c3cecc(c3)C#HCCO

R0O1153853-000 Roche Fclcec(ccl)c2c([nH]c3ccenc23)cdcenecd

R0O1154309-001 Roche Cl.CN1CCN(CC#Cc2ccec(c2)C(=0)c3cenn(c3N)cdccc(F)cc4)CCl

RO1154461-001 Roche Cl.Nc1c(cnnlc2ccc(F)cc2)C(=0)c3cecc(c3)C#CCN4ACCCCCA
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R0O1154507-000 Roche Fclcec(ccl)c2c(c3cence3)n(CCN4CCOCC4)c5ccenc25
RO1154641-001 Roche CIl.CN(C)CC#Cclccec(c1)C(=0)c2cnn(c2N)c3ccc(F)cc3
R0O1155240-000 Roche Cnlc(c2cence2)c(c3cec(F)ce3)cdnceccld
R0O1155697-000 Roche Fclcec(ccl)c2c([nH]c3ncenc23)cdcenccd
R0O1155798-000 Roche OCCnlc(c2cence2)c(c3cec(F)ec3)cdncceccld
R0O1160347-001 Roche CI.CN1CCN(CCc2cccc(c2)C(=0)c3cenn(c3N)cdcecc(F)ccd)CCl
R0O1162009-000 Roche Nclc(cnnlc2cec(F)ec2)C(=0)c3cccc(CCS(=0)(=0)N)c3
R0O1162529-002 Roche Cl.Nclc(cnnlc2cec(F)cc2)C(=0)c3cecc(c3)cdccencd
RO1163374-000 Roche CO\N=C(/clccccel)\c2cnn(c2N)c3cecee3
RO1164194-001 Roche Cl.Nc1c(cnnlc2ccc(F)cc2F)C(=0)c3ccec(c3)cdccencd
RO1165037-001 Roche Cl.Nc1c(cnnlc2ccc(F)cc2)C(=0)c3ccec(c3)cdcecnecd
R0O1166259-000 Roche Nclc(cnnlc2cec(F)cc2F)C(=0)c3ccec(c3)cdccc[n+]([O-])c4
R0O1166300-001 Roche Cl.Nc1c(cnnlc2cec(F)cec2F)C(=0)c3ccec(c3)c4cenecd
R0O3200567-000 Roche Nclc(cnnlc2cec(F)cc2)C(=0)c3cecc(c3)C(0)COo
R0O3200934-000 Roche Nclc(cnnlc2cce(F)cc2)C(=0)c3ceec(CCC4(0)CCCCa)c3
R0O3200935-000 Roche CC(C)(0)CCclccec(cl)C(=0)c2enn(c2N)c3ccc(F)cc3
R0O3201196-000 Roche Nclc(cnnlc2cec(F)cc2)C(=0)c3cccc(OC[C@H](0)CO)c3
R0O3201331-000 Roche CS(=0)(=0)CCclcccc(c1)C(=0)c2cnn(c2N)c3cec(F)ec3
R0O3201790-000 Roche Nclc(cnnlc2cec(F)cc2)C(=0)c3cecc(c3)C(0)(CO)Co
R0O3202002-001 Roche Cl.Nclc(cnnlc2cec(F)cc2)C(=0)c3cec(ce3)cdccencd
R0O3202312-001 Roche Cl.CC(CO)Nclcc(cenl)c2[nH]c3ccenc3c2c4ccc(F)ecd
R0O3206145-001 Roche Cl.C[C@H](O)CNclcc(cenl)c2[nH]c3ccenc3c2cdccc(F)ccd
R0O3206173-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccc(OC[C@H](0)CO)c3)clcccccld
R0O3206363-000 Roche COclccc(cc10C)C2=C(C(=0)NC2=0)c3cn(C)clccccc34
R0O3208546-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3ccc(OC[C@@H](0)CO)cc3)cdcccccls
R0O3245084-000 Roche COclcec(0C)c(c1)C2=C(C(=0)NC2=0)c3cn(C)cdccccc3s
R0O3300167-000 Roche COclcece(cl)C2=C(C(=0)NC2=0)c3c(C)n(C)caccccc34
R0O3300230-000 Roche COclcece(cl)C2=C(C(=0)NC2=0)c3cn(C)cdccc(Cl)cc34
R0O3300896-000 Roche COclccee(c1)C2=C(C(=0)NC2=0)c3cn(C)cdcc(F)ccc3d
R0O3300953-000 Roche COclccec(c1)C2=C(C(=0)NC2=0)c3cn(C)clccec(0OC)c34
R0O3301011-000 Roche Cnlcc(C2=C(Sc3cccec3)C(=0)NC2=0)cdcccccld
R0O3301012-000 Roche COclcece(cl)C2=C(C(=0)NC2=0)c3cn(C)c4c(C)ccec34
R0O3301277-000 Roche Cnlcc(C2=C(0Oc3cccec3)C(=0)NC2=0)c4cccecls
R0O3301767-000 Roche Cnlcc(C2=C(Nc3cccec3)C(=0)NC2=0)cdcccccld
R0O3303031-000 Roche Cnlcc(C2=C(N3CCOCC3)C(=0)NC2=0)cdccccclsd
R0O3303470-000 Roche CN1C(=0)C(=Cc2cnc(NC3CCOCC3)ncl2)clcceccaCl
R0O3303724-001 Roche Cl.Cn1cc(C2=C(C(=0)NC2=0)c3cccc(NCC(0)CO)c3)cacc(Cl)ccc14
R0O3304757-001 Roche CI.CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Oclcccecd
RO3304774-001 Roche CI.CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Oc4cccc(F)ca
R0O3304805-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)OclcccecaF
R0O3304806-000 Roche CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Ochccc(F)ccaF
R0O3304882-001 Roche CI.CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Oclccc(F)ccs
R0O3305377-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)CclccecchF
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R0O3305411-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NC(C)(C)CO)nc12)Oc3ccc(F)cc3F
RO3305413-001 Roche Cl.CN1C(=0)C(=Cc2cnc(N[C@@H]3CC[C@@H](0)CC3)nc12)Ochccc(F)ccaF
R0O3308271-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NC3CCS(=0)(=0)CC3)nc12)Ocdccc(F)ccaF
R0O3308757-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Cclccc(F)ccaF
R0O3308967-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NCC(C)(C)O)nc12)Oc3cec(F)cc3F
RO3309180-001 Roche CI.CC(C)Nclncc2C=C(Oc3ccc(F)cc3F)C(=0)N(C)c2nl
R0O3309294-001 Roche Cl.CN1C(=0)C(=Cc2cnc(NCCS(=0)(=0)C)nc12)0c3ccc(F)cc3F
R0O3310123-001 Roche CI.CN1C(=0)C(=Cc2cnc(NC(CO)CO)nc12)Oc3cec(F)cc3F
R0O3310867-000 Roche Fclcec(0C2=Cc3cnc(NCACCOCCA)nc3NC2=0)c(F)cl
RO3311017-001 Roche Cl.CN1C(=0)C(=Cc2cnc(N[C@H]3CCOC3)nc12)Oc4ccc(F)ccaF
RO4241967-000 Roche Cclcc(C)c2c(nl)sc3c(N)nenc23

R0O4241984-000 Roche Cclnc2sc3c(N)nenc3c2c¢(C)clC

R0O4367438-000 Roche CCN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Oc4ccc(F)ccaF
RO4367842-001 Roche Lcll).ccl(ic1ccc(O)c(C(:O)c2ccc(cc2)C(:O)N[C@@H]3CCCNC[C@ H]3NC(=0)c4ccncc
R0O4383596-000 Roche COclccc(cc1)N2Cc3cenc(Ncdceccecd)nc3N([C@@H]5CC[C@ @H](0)C5)C2=0
R0O4399247-000 Roche Fclcec(0C2=Cc3cnc(NCACCOCCA)Nc3N(C5CC5)C2=0)c(F)cl
R0O4442080-000 Roche 0=C1N=C(NCc2ccccc2)S/C/1=C\c3cccdnceccdc3
R04442245-000 Roche OCCCN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Ochccc(F)ccaF
R0O4493940-000 Roche 0=C1N=C(Nc2cccec2)S/C/1=C\c3cccdnccecdc3
R0O4493941-000 Roche 0=C1N=C(NCCCc2ccccc2)S/C/1=C\c3cccdnccecdc3
RO4493944-000 Roche CCclc(C)nc2sc3c(N)ncnc3c2clC

R0O4498476-000 Roche COclcec(CCNC2=NC(=0)\C(=C\c3cccdnceccdc3)\S2)ccl
R0O4498479-000 Roche Clclccc(CCNC2=NC(=0)\C(=C\c3ccc4nccecdc3)\S2)ccl
R0O4498483-000 Roche Fclecccc1CCNC2=NC(=0)\C(=C\c3cccdnceccdc3)\S2
R0O4498484-000 Roche Clclccccc1CCNC2=NC(=0)\C(=C\c3cccdnccecdc3)\S2
R0O4503314-000 Roche CCOclcccecc1CCNC2=NC(=0)\C(=C\c3cccdnccccdc3)\S2
R0O4503315-000 Roche COclcccec1CNC2=NC(=0)\C(=C\c3ccclnccecdc3)\S2
R0O4503316-000 Roche COclcccecc1CCNC2=NC(=0)\C(=C\c3ccecdnccccdc3)\S2
R0O4503319-000 Roche OC[C@H](Cclccececc1)NC2=NC(=0)\C(=C\c3cccdnceccdc3)\S2
R0O4506917-000 Roche Clclcceccc1CNC2=NC(=0)\C(=C\c3cccdncecc4c3)\S2
R0O4506918-000 Roche Brclccccc1CNC2=NC(=0)\C(=C\c3cccdnccccdc3)\S2
R0O4508334-000 Roche Brclccc(CCNC2=NC(=0)\C(=C\c3ccc4nccccdc3)\S2)ccl
R0O4508340-000 Roche Fclccc(CCNC2=NC(=0)\C(=C\c3cccdnceccdc3)\S2)ccl
R0O4508344-000 Roche Fclccec(CCNC2=NC(=0)\C(=C\c3cccdnccccdc3)\S2)cl
R0O4508346-000 Roche 0=C1N=C(NCCc2ccccn2)S/C/1=C\c3cccdnceccdc3
R0O4508348-000 Roche 0=C1N=C(NCCc2cccs2)S/C/1=C\c3cccdnceccdcl
R0O4509200-000 Roche OC[C@@H](Cclccccc1)NC2=NC(=0)\C(=C\c3cccdnceccdc3)\S2
R0O4509201-000 Roche Clclccec(CCNC2=NC(=0)\C(=C\c3cccdnceccdc3)\S2)cl
R0O4509407-000 Roche NC1=NC(=N)\C(=C\c2ccc3ncccc3c2)\S1

RO4514610-000 Roche COclcecceclC(=0)c2enc(NC3CCN(CC3)S(=0)(=0)C)nc2N
R0O4517872-000 Roche COclccc(F)ec1C(=0)c2enc(NC3CCN(CC3)S(=0)(=0)C)nc2N
R0O4554339-000 Roche OC[C@@H](NC1=NC(=0)\C(=C\c2ccc3ncccc3c2)\S1)chcccecd
R0O4554340-000 Roche OC[C@H](NC1=NC(=0)\C(=C\c2ccc3nccce3c2)\S1)clcccccd
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R0O4569139-000 Roche NC1=NC(=0)\C(=C\c2ccc3nccec3c2)\S1

R0O4582641-000 Roche OCC(CNC1=NC(=0)\C(=C\c2ccc3nccec3c2)\S1)cdcececd

R0O4595655-000 Roche COclcc(F)c(F)cc1C(=0)c2enc(NC3CCN(CC3)S(=0)(=0)C)nc2N

R0O4595946-000 Roche COC[C@H](NC1=NC(=0)\C(=C\c2ccc3ncccc3c2)\S1)cdcececd

R0O4595949-000 Roche CNC1=NC(=0)\C(=C\c2ccc3ncece3c2)\S1

R0O4600445-000 Roche Clclccec(Cl)c1CNC2=NC(=0)\C(=C\c3cccanceccdc3)\S2

R0O4600703-000 Roche COclcc(F)c(F)c(F)c1C(=0)c2cnc(NC3CCN(CC3)S(=0)(=0)C)nc2N

R0O4602005-000 Roche COclcecc(F)c1C(=0)c2cnc(NC3CCN(CC3)S(=0)(=0)C)nc2N

R0O4603632-000 Roche 0=C1INC(=0)\C(=C\c2ccc3nccec3c2)\S1

RO4607009-000 Roche C\C(=C/1\SC(=NC1=0)NCc2cccs2)\c3cccdnccecdc3

R0O4613269-000 Roche CONC1=NC(=0)\C(=C\c2ccc3ncece3c2)\S1

R0O4624208-000 Roche 0=C1N=C(NCc2cccs2)0/C/1=C\c3cccdnccecdc3

R0O4629078-000 Roche 0=C1N=C(NCc2cccs2)SC1Cc3cccdnccccdc3

R0O4874953-001 Roche Cl.0=C1N=C(NCc2ccccn2)S/C/1=C\c3cccdnceccdc3

R0O4915610-000 Roche 0=CIN=C(N[C@@H]2C[C@H]2c3ccccc3)S/C/1=C\cdcecSnecec5cd

R0O4930481-000 Roche CS(=0)(=0)N1CCC(CC1)Nc2ncc(C(=0)c3c(F)ccce3F)c(N)n2

R0O4944065-000 Roche CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)ScacccccdF

R0O5027956-000 Roche CS(=0)(=0)CCN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Ocsccc(F)ccaF

R0O5033700-000 Roche CS(=0)(=0)CCCN1C(=0)C(=Cc2cnc(NC3CCOCC3)ncl12)Oc4ccc(F)ccaF

R0O5036538-000 Roche Fclecc(OC2=Cc3cnc(NC4CCOCCA)nc3N(C5CCS(=0)(=0)CC5)C2=0)c(F)cl

R0O5036558-000 Roche CC(C)(0)CN1C(=0)C(=Cc2cnc(NC3CCOCC3)nc12)Ocaccc(F)ccaF

R0O5040027-000 Roche Fclcec(0C2=Cc3cnc(NCACCOCCA)Nc3N(CCHN)C2=0)c(F)cl

RO5043011-000 Roche CN1C(=0)C(=Cc2cnc(NC3CCN(CC3)C(=0)C)nc12)Oc4ccc(F)ccaF

R0O5043312-000 Roche C[C@H](CS(=0)(=0)C)Nc1ncc2C=C(0c3ccc(F)cc3F)C(=0)N(C)c2nl

R0O5044198-000 Roche C[C@@H](CS(=0)(=0)C)Nc1ncc2C=C(Oc3ccc(F)ce3F)C(=0)N(C)c2nl

RO5045977-000 | Roche C5(=0)(=0)N1CCC(CC1)N2C(=0)C(=Cc3cnc(NCACCOCCA)nc23)0c5ccc(F)ccSF

R0O5067310-000 Roche C[C@@H](Cn1ncnnl)Nc2ncc3C=C(Ocdccc(F)ccdF)C(=0)N(C)c3n2

RO5068760-000 Roche C[C@H]([C@H](N1C(=O)N[C@@H](C1=0)c2ccc(OC[C@H](0)CO)cc2)C(=0)Nc3
ccc(l)cc3F)clceccecd

R0O5083957-000 Roche CNc1ncc2C=C(0c3ccc(F)ce3F)C(=0)N(C)c2nl

R0O5198354-000 Roche Cnlcc(C2=C(C(=0)NC2=0)c3cccc(0OCC(0)CO)c3)cscccccls

R0O5301104-000 Roche Nclc(cnnlc2cec(F)ec2)C(=0)c3cccc(OCCNACCOCCE)c3

Ruxolitinib Clinical Kls N#CC[C@H](C1CCCC1)n2cc(cn2)c3ncnc4[nH]ccc34

SB-202620 PKIS2 FC1=CC=C(C=C1)C(N=C2C3=CC=C(C(0)=0)C=C3)=C(N2)C4=CC=NC=C4

SB-210313 PKIS1 Fclcec(ccl)-clnen(CCCN2CCOCC2)cl-clcencel

SB-210486 PKIS2 FC1=CC=C(C=C1)C2=C(C3=CC=NC=C3)N(CCCNCC4=CC=CC=C4)C=N2

SB-211742 PKIS2 FC1=CC=C(C=C1)C2=C(C3=NC=CC=C3)N(CCCN4CCOCC4)C=N2

SB-211743 PKIS2 FC1=CC=C(C=C1)C2=C(C3=CN=CC=C3)N(CCCN4CCOCC4)C=N2

SB-213663 PKIS2 FC1=CC=C(C=C1)C2=C(C3=CC=NC=C3)NC(C4=C(S(C)(=0)=0)C=CC=C4)=N2

SB-216385 PKIS1 Nclncec(n1)-c1c(ncn1CCCN1CCOCC1)-clccc(F)ccl

SB-217146-A PKIS2 CSC1=NC=CC(C(N(CCCN2CCOCC2)C=N3)=C3C4=CC=C(F)C=C4)=N1.CI

SB-217360 PKIS2 FC1=CC=C(C=C1)C(N=CN2)=C2C3=CC=NC=C3

SB-217780 PKIS2 FC(F)(F)C1=CC=C(C=C1)C2=C(C3=CC=NC=C3)N(CCCN4CCOCC4)C=N2

SB-219952 PKIS2 NC1=NC(C(N(C=N2)C(CC3)CCN3C(OCC)=0)=C2C4=CC=C(F)C=C4)=CC=N1
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SB-219980 PKIS2 NC1=NC(C(N(C=N2)C(CC3)CCN3CC4=CC=CC=C4)=C2C5=CC=C(F)C=C5)=CC=N1

SB-220025-A PKIS1 Cl.Nc1ncce(n1)-c1c(ncn1C1CCNCC1)-clcec(F)ecl

SB-220455 PKIS1 CN1CCC(CC1)nlcnc(cl-clcenc(N)n1)-clccc(F)ccl

SB-221466 PKIS1 CC1(C)CC(CC(C)(C)N1)n1cnc(cl-cleenc(N)nl)-clcec(F)ecl

SB-222516 PKIS2 CNC1=NC=CC(C(N(CCCN2CCOCC2)C=N3)=C3C4=CC=C(F)C=C4)=N1

SB-222517 PKIS2 CC1=CC(C(N(CCCN2CCOCC2)C=N3)=C3C4=CC=C(F)C=C4)=NC(N)=N1

SB-222903 PKIS2 CNC1=NC(C(N2C(CC3)CCN3C)=C(N=C2)C(C=C4)=CC=C4F)=CC=N1

SB-223132 PKIS2 NC1=NC(C(N(C=N2)C(CC3)CCN3C(C)C)=C2C4=CC=C(F)C=C4)=CC=N1

SB-223133 PKIS1 Nclncec(nl)-clc(ncn1C1CCC(O)CC1)-clecc(F)ecl

SB-226605 PKIS2 FC1=CC=C(C=C1)C(N=C2)=C(C3=NC(NCC)=NC=C3)N2C(CC4)CCN4C

SB-226879 PKIS1 CN1CCC(CC1)nlcnc(cl-cleenc(NCCO)n1)-cleec(F)ecl

SB-229482 PKIS2 FC1=CC=C(C=C1)C(N=C2)=C(C3=NC(NC4CCNCC4)=NC=C3)N2C(CC5)CCN5C

SB-236560 PKIS2 NC1=NC=CC(C(N(C=N2)C(CC3)CCN3CC(F)(F)F)=C2C4=CC=C(F)C=C4)=N1

SB-236687 PKIS1 CN1CCC(CC1)nlcnc(cl-clcenc(Nc2cecce2)nl)-clecc(F)ccl
FC1=CC=C(C=C1)C(N=C2)=C(C3=NC(NC4=CC=CC=C4)=NC=C3)N2C5CCNCC5.FC6

SB-238039-R PKIS2 =CC=C(C=C6)C(N=C7)=C(C8=NC(NC9=CC=CC=C9)=NC=C8)N7C%10CCNCC%10.C
l.cl.cl

SB-239272 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-cleenc(Oc2cccec2)nl

SB-242717 PKIS1 Fclcec(Oc2ncec(n2)-c2¢(ncn2C2CCNCC2)-c2cec(F)cc2)ccl

SB-242718 PKIS1 NC(=0)clcce(Oc2ncec(n2)-c2¢(ncn2C2CCNCC2)-c2ccc(F)cc2)ccl

SB-242719 PKIS1 CCclcec(Oc2ncec(n2)-c2¢(necn2C2CCNCC2)-c2ccc(F)cc2)ccl

SB-242721 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-clcenc(Oc2ccc(cc2)CHN)nl

SB-245391 PKIS2 ;Eéz(é(;:ccc(g:CDC(N=C2)=C(C3=NC(OC4=CC=C(C5=CC=CC=C5)C=C4)=NC=C3)N

SB-245392 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-cleenc(Oc2ccc(Oc3ccece3)cc2)nl

SB-249175 PKIS2 FC1=CC=C(C=C1)C(N=C2)=C(C3=NC(OCC)=NC=C3)N2C4CCNCC4

SB-250715 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-cleenc(Oc2ccc30C0c3c2)nl

SB-251505 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-cleenc(Oc2cccc(F)c2)nl

SB-251527 PKIS1 COclccececlOclncec(nl)-clc(ncn1C1CCNCCL)-clccc(F)ccl

SB-253226 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-cleenc(Oc2ccec(c2)C(F)(F)F)nl

SB-253228 PKIS1 Fclcece(ccl)-c1nen(C2CCNCC2)c1-cleenc(Oc2cec(F)c(F)c2)nl

SB-254169 PKIS1 CS(=0)(=0)clccc(Oc2ncec(n2)-c2¢(ncn2C2CCNCC2)-c2ccc(F)cc2)ccl

SB-264865 PKIS1 NC(=0)Cclccccc1Oclncec(nl)-c1c(ncn1C1CCNCC)-clccc(F)ecl

SB-264866 PKIS1 NC(=0)CCclccccclOclncec(nl)-clc(necn1C1CCNCCL)-clecc(F)ecl

SB-278538 PKIS1 CC(C)(C)clcee(Oc2neec(n2)-c2¢(ncn2C2CCNCC2)-c2ccc(F)cc2)ccl

SB-278539 PKIS1 Fclcec(ccl)-clnen(C2CCNCC2)cl-cleenc(Oc2ccc(Cl)cc2)nl

SB-282852 PKIS2 COC1=NC=CC(C(N(CCCN2CCOCC2)C=N3)=C3C4=CC=C(F)C=C4)=N1

SB-282975-A PKIS2 CC1=NC=CC(C(N(CCCN2CCOCC2)C=N3)=C3C(C=C4)=CC=C4F)=N1.Cl

SB-284847-BT PKIS1 OC(=0)C(F)(F)F.Cclcccc(Oc2ncece(n2)-c2¢c(ncn2C2CCNCC2)-c2ccc(F)cc2)clC
FC1=CC=C(C=C1)C(N=C2)=C(C3=NC(OC4=CC(C)=CC(C)=C4)=NC=C3)N2C5CCNCC

SB-284851-BT PKIS2 5.0C(C(F)(F)F)=0.FC6=CC=C(C=C6)C(N=C7)=C(C8=NC(0C9=CC(C)=CC(C)=C9)=N
C=C8)N7C%10CCNCC%10.0C(C(F)(F)F)=0.0C(C(F)(F)F)=0
FC1=CC=C(C=C1)C(N=C2)=C(C3=NC(OC4=C(C)C=CC(C)=C4)=NC=C3)N2C5CCNCC

SB-284852-BT PKIS2 5.0C(C(F)(F)F)=0.FC6=CC=C(C=C6)C(N=C7)=C(C8=NC(0C9=C(C)C=CC(C)=C9)=N

C=C8)N7C%10CCNCC%10.0C(C(F)(F)F)=0.0C(C(F)(F)F)=0O
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Compound Library SMILES
SB-285234-W PKIS1 [Li+].[0-]C(=0)clccc(Oc2ncec(n2)-c2¢c(ncn2C2CCNCC2)-c2ccec(F)cc2)ecl
SB-300079 PKIS2 0=C(N1C)C(C2=CC=CC=C2)=C(NC3=CC=CC=C3)C1=0
SB-317651 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC3=CC(Cl)=CC=C3
SB-317658 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC(C=C3)=CC=C3SC
SB-317661 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC3=CC=CC=C3
SB-326892 PKIS2 0=C(N1)C(C(C=C2)=CC=C20C)=C(C1=0)NC3=CC=CC(Cl)=C3
SB-331032 PKIS2 0=C(N1)C(C2=CC(OC)=CC=C2)=C(C1=0)NC(C=C3)=CC=C3SC
SB-333612 PKIS1 Clclcec(cc1)C1=C(N2CCc3ccccc23)C(=0)NC1=0
SB-333613 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC3=CC(0)=CC=C3
SB-334860 PKIS2 0=C(N1)C(C2=CC=CC=C2)=C(C1=0)N(C)C3=CC=CC=C3
SB-334865 PKIS2 0=C(N1)C(C2=CC(0C)=CC=C2)=C(C1=0)N(C)C3=CC=CC=C3
SB-340867 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC3=CC=C(0)C=C3
SB-341528 PKIS2 0=C(N1)C(C2=CC(Cl)=CC=C2)=C(C1=0)NC(C=C3)=CC=C3SC
SB-341556 PKIS2 0=C(N1)C(C2=CC(0C)=CC=C2)=C(C1=0)NC3=CC=CC(CI)=C3
SB-342409 PKIS2 0=C(N1)C(C2=C(Cl)C=CC=C2)=C(C1=0)NC3=CC(Cl)=CC=C3
SB-342411 PKIS2 0=C(N1)C(C2=C(Cl)C=CC=C2)=C(C1=0)NC(C=C3)=CC=C35C
SB-347804 PKIS1 Fclcec(ccl)C(=0)Nclsc2CCCCc2c1CHN
SB-358518 PKIS1 Oclc(Cl)cc(NC2=C(C(=0)NC2=0)c2cccc(c2)N(=0)=0)cci1Cl
SB-360737 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC3=CC=CC(C(0)=0)=C3
SB-360741 PKIS1 OC(=0)c1cc(NC2=C(C(=0)NC2=0)c2ccc(Cl)cc2)ccclCl
SB-361058 PKIS1 COclccc(ccl)C1=C(N2CCc3cccec23)C(=0)NC1=0
SB-373598 PKIS2 0=C(N1)C(N(CC2)C3=C2C=CC=C3)=C(C1=0)C4=C(Cl)C=CC=C4
SB-376715 PKIS2 0=C(N1)C(C2=C(Cl)C=CC=C2)=C(C1=0)NC3=CC=CC=C3
SB-376719 PKIS1 COclccececlCl=C(Nc2ccecec2)C(=0)NC1=0
SB-381891 PKIS2 0=C(N1)C(C2=C(0C)C=CC=C2)=C(C1=0)NC3=CC(0)=CC=C3
SB-381904 PKIS2 0=C(N1)C(C2=C(0C)C=CC=C2)=C(C1=0)NC(C=C3)=CC(Cl)=C30
SB-386023-B PKIS2 0OC1=CC(C(N=C2C3=CC=CC=C3)=C(N2)C4=CC=NC=C4)=CC=C1Cl.0C5=CC(C(N=C
6C7=CC=CC=C7)=C(N6)C8=CC=NC=C8)=CC=C5CI.CI.CI
SB-390523 PKIS1 Oclc(Cl)cc(NC2=C(C(=0)NC2=0)c2ccccc2Cl)cclCl
SB-390526 PKIS2 0=C(N1)C(C2=C(Cl)C=CC=C2)=C(C1=0)NC3=CC=CC(C(0)=0)=C3
SB-390527 PKIS1 Oclccec(NC2=C(C(=0)NC2=0)c2ccccc2Cl)cl
SB-390530 PKIS2 0=C(N1)C(C2=CC=CC=C2)=C(C1=0)NC3=CC(Cl)=C(0)C(Cl)=C3
SB-390532 PKIS2 0=C(N1)C(C2=CC=CC=C2)=C(C1=0)NC3=CC=C(Cl)C(C(0)=0)=C3
SB-390534 PKIS2 0=C(N1)C(NC2=CC=CC(0)=C2)=C(C1=0)C3=CC=CC=C3
SB-390765 PKIS2 0=C(N1)C(C(C=C2)=CC=C20C)=C(C1=0)NC3=CC=CC(C(0)=0)=C3
SB-390766 PKIS2 0=C(N1)C(C(C=C2)=CC=C20C)=C(C1=0)NC3=CC=CC(0)=C3
SB-390767 PKIS2 0=C(N1)C(NC2=CC(Cl)=C(0)C(Cl)=C2)=C(C1=0)C3=CC(OC)=CC=C3
SB-390769 PKIS2 0=C(N1)C(C2=CC(0C)=CC=C2)=C(C1=0)NC3=CC=C(CI)C(C(0)=0)=C3
SB-390770 PKIS2 0=C(N1)C(C2=CC(0C)=CC=C2)=C(C1=0)NC3=CC=CC(C(0)=0)=C3
SB-390771 PKIS2 0=C(N1)C(C2=CC(OC)=CC=C2)=C(C1=0)NC3=CC=CC(0)=C3
SB-400868-A PKIS1 Cl.C1Cc2nc(c(-c3ccc40C0c4c3)n2C1)-clececenl
SB-404290 PKIS2 0=C(N1C)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC(C=C3)=CC(C(0)=0)=C3Cl
SB-404321 PKIS2 0=C(N1C)C(C(C=C2)=CC=C2Cl)=C(NC(C=C3Cl)=CC(Cl)=C30)C1=0
SB-405367 PKIS2 0=C(N1)C(C(C=C2)=CC=C2Cl)=C(C1=0)NC3=CC=C(0)C(Cl)=C3
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SB-408010 PKIS2 0=C(N1)C(N(CC2)C3=C2C=CC=C3)=C(C1=0)C4=CC(Cl)=CC=C4

SB-409513 PKIS1 OC(=0)c1cc(NC2=C(C(=0)NC2=0)c2cccc(Cl)c2)ccclCl

SB-409514 PKIS1 Oclcec(NC2=C(C(=0)NC2=0)c2cccc(Cl)c2)cciCl

SB-428218-A PKIS2 0C1=CC=C(C=C1)C(N=C2C3=CC=CC=C3)=C(N2)C4=CC=NC=C4.Cl

SB-431533 PKIS1 OCclccc(ccl)-clnc(c([nH]1)-clccc20COc2cl)-clcceenl

SB-431542-A PKIS1 CI.NC(=0)c1ccc(ccl)-cinc(c([nH]1)-c1lccc20COc2cl)-clcccenl

SB-437013 PKIS1 COclccc2cec(ccc2el)-cle(nc(-c2cec(ce2)S(C)=0)n1C)-clcenccl

SB-476429-A PKIS1 Cl.NCclccc(cel)-clnc(c([nH]1)-clcenecl)-cleec(Cl)c(0)cl

SB-477794-AAA | PKIS2 0C1=CC(C(N=C2C(C)(C)CN)=C(N2)C3=CC=NC=C3)=CC=C1Cl.0C(C(F)(F)F)=0

SB-517081 PKIS2 Ncln[nH]c2ncc(ccl2)-cleccecl

SB-517389 PKIS2 NC1=NNC(N=N2)=C1C=C2C3=CC=CC=C3

SB-548492 PKIS2 CC(NC1=NNC2=NC=C(C3=CC=CC=C3)C=C21)=0

SB-589132 PKIS2 NC1=NC=NC2=C1C(C(C=C3)=CC=C30C)=C(C4=CC=C(OC)C=C4)02

SB-590885 KCGS CN(C)CCOC1=CC=C(C2=NC(C3=CC=C4/C(CCCA4=C3)=N\0)=C(C5=CC=NC=C5)N2)
C=C1

SB-590885-AAD PKIS1 0.CI.CN(C)CCOclcce(ccl)-clnc(c([nH]1)-clccc2c(CC\C2=N/O)c1)-clcenccl

SB-601273 PKIS2 0=C1C(C2=C(Cl)C=CC=C2Cl)=CC3=CN=C(NC(C=C4)=CC=C40CCN(CC)CC)N=C3N
1C

SB-601436 PKIS2 0=C(CCC)NC1=NNC2=NC=CC=C12

SB-610250 PKIS2 COC1=CC(C(N=C2C3=CC=CC=C3)=C(N2)C4=CC=NC=C4)=CC=C1

SB-610251-B PKIS1 Cl.Oclcccc(c1)-cinc([nH]cl-clcencel)-cleccecl

SB-614067-R PKIS1 CI.ON=C1CCc2cc(cccl2)-clnc([nH]cl-cleenccl)C1CCNCCL

SB-625086-M PKIS2 gé\l'locc(((?(:;E$F=)58=C(OC)C=C3C=C2)=C(C4=CC=NC=C4)N=C1C(C=C5)=C(C)C=C5

SB-627772-A PKIS2 0=C(CCCN(C)C)NC1=NNC2=NN=C(C3=CC=CC=C3)C=C21.C

SB-630812 PKIS1 COclccc2cec(ccc2el)-cle(nc(-c2cec(cc2C)S(C)=0)n1C)-cleenecl

SB-633825 PKIS1 COclccc2cec(cec2cl)-cle(nc(-c2cec(cc2C)S(C)(=0)=0)n1C)-clcenccl

SB-642057 PKIS2 0=C(CCC)NC1=NNC2=NC=C(C3=C(C=CC=C4)C4=CC=C3)C=C21

SB-642124-AAA PKIS2 NC1=NNC2=CN=C(C3=CC=CC=C3)C=C21

SB-657836-AAA PKIS1 0OC(=0)C(0)=0.0=C(CN1CCOCC1)Nc1lsc2CCCCc2c1CHN

SB-660566 PKIS2 (ZZC(C)C1=C(C=CC=C1)C2=NC(C3=CC4=CC=C(OC)C=C4C=C3)=C(C5=CC=NC=C5)N

SB-675259-M PKIS1 OC(=0)C(F)(F)F.0=C(Nc1n[nH]c2nnc(cc12)-clccencl)C1CCL

SB-678557-A PKIS1 Cl.CN1CCC(CC1)C(=0)Ncin[nH]c2nnc(ccl2)-clcceccl

SB-682330-A PKIS1 CI.CN(C)CCOc1ccc(ccl)-clec(c(ol)-clecencel)-cleecc2C(CCc2cl)=NO

SB-684387-B PKIS2 0OC1=CC(C(C=C2C(C=C3)=CC=C30CCN(C)C)=C(N2)C4=CC=NC=C4)=CC=C1CI.0C5
=CC(C(C=C6C(C=C7)=CC=CTOCCN(C)C)=C(N6)C8=CC=NC=C8)=CC=C5Cl.CI.CI

SB-686709-A PKIS1 CI.CCN1CCC(CC1)C(=0)Ncin[nH]c2nnc(cc12)-clceec(F)clF

SB-693162 PKIS2 NC1=NON=C1C2=NC3=C(C=CC=C3)N2CC

SB-693578 PKIS2 C1(C(C2=CC=CC=C2)=CC=N3)=C3NC=C1

SB.698596.AC pKIS1 O[C@H]([C@@H](0)C(0)=0)C(0)=0.CCN1CCC(CC(=0)Nc2n[nH]c3nnc(cc23)-
c2ccec(F)c2F)CC1

SB-708998 PKIS2 BrC1=C(C2=CC=CC=C2)N=C3C(C(NC(CACC4)=0)=NN3)=C1

SB-708999 PKIS2 0=C(C1CC1)NC2=NNC3=NC(C4=CC=CC=C4)=CC=C32

SB-710363 PKIS2 0=C(C1CC1)NC2=NNC3=NC(C(C=C4)=CC=C40)=CC=C32

SB-710397 KCGS CN(C)CCN(C)C(=0)clcc(c(ol)-clcce(Cl)c(O)cl)-clcencel
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SB-710397-B PKIS2 0OC1=CC(C(OC(C(N(C)CCN(C)C)=0)=C2)=C2€3=CC=NC=C3)=CC=C1Cl.OC4=CC(C(
OC(C(N(C)CCN(C)C)=0)=C5)=C5C6=CC=NC=C6)=CC=CA4CI.CI.CI

SB-710903 PKIS2 0O=C(C1CC1)NC2=NNC3=C2C=CC(C4=CC(0C)=CC=C4)=N3

SB-711237 PKIS1 COclccc(ccl)-clecc2c(NC(=0)C3CC3)n[nH]c2n1

SB-711239 PKIS2 COclcccecl-cleec2c(NC(=0)C3CC3)n[nH]c2nl

SB-711805 PKIS2 0=C(C1CC1)NC2=NNC3=C2C=CC(C4=CC(0)=CC=C4)=N3

SB-711880 PKIS2 0O=C(C1CC1)NC2=NNC3=C2C=CC(C4=C(0)C=CC=C4)=N3

SB-725317 PKIS1 Oclcec(cel)-cinc2[nH]nc(NC(=0)C3CC3)c2cclBr

SB.731254-M oKIS2 E)zg:czqqc:cs):cc:csNC(cc4=CC(F)=cc=c4F)=0)=csc2=Nc=N1.OC(C(F)(F)

SB-731284 PKIS2 0=C(C1CC1)NC2=NNC3=CC(C4=CC=CS4)=CC=C32

SB-731579 PKIS2 BrC1=C(C(C=C2)=CC=C20)N=C3C(C(NC(CCCN(CC4)CCNACC)=0)=NN3)=C1

SB-732881 PKIS1 CN1CCC(CC1)C(=0)Ncin[nH]c2nc(-c3ccc(0)cc3)c(Br)ccl2

SB-732881-H PKIS1 0OC(=0)\C=C/C(0)=0.CN1CCC(CC1)C(=0)Nc1n[nH]lc2nc(-c3ccc(O)ce3)c(Br)ccl2

SB-732932 PKIS2 0O=C(Ncln[nH]c2cc(ccecl12)-cleescl)C1CCL

SB-732941 PKIS1 0O=C(Ncln[nH]c2cc(ccecl2)-clececcl)C1CCL

SB-733371 PKIS2 0O=C(C1CC1)NC2=NNC3=CC(C4=CC=CC=C4F)=CC=C32

SB-733416 PKIS2 CCN1C(C2=CC=CC=C2)=NC3=CN=CC=C13

SB-733887 PKIS2 CCN1C(C2=C0OC=C2)=NC3=CN=CC=C13

SB-733894 PKIS2 0O=C(C1CC1)NC2=NNC3=CC(C4=CC=CC(F)=C4F)=CC=C32

SB-734117 PKIS1 Nclnoncl-clnc2cnccc2n1C1CCCCCL

SB-734909 PKIS2 ClC1=C(C2=CC=CC=C2)N=C3C(C(NC(CACC4)=0)=NN3)=C1

SB-735216 PKIS2 CCN1C(C2=CC=NC=C2)=NC3=CN=CC=C13

SB-735297 PKIS2 BrC1=C(C2=CC=CS2)N=C3C(C(NC(C4CC4)=0)=NN3)=C1

SB-735464 PKIS2 0O=C(C1CC1)NC2=NNC3=C2C=CC(C4=CC(F)=CC=C4)=C3

SB-735465 PKIS1 Fclcec(F)c(c1)-clcec2¢(NC(=0)C3CC3)n[nH]c2c1

SB-735467 PKIS1 Fclcec(ccl)-cleecc2¢(NC(=0)C3CC3)n[nH]c2cl

SB-736290 PKIS1 Cnlc(nc2enceccl2)-clnonclN

SB-736302 PKIS1 Nclnoncl-clnc2encec2n1C1CCl

SB-736398 PKIS2 CCN1C(C2=CC=CC=N2)=NC3=CN=CC=C13

SB-736715 PKIS2 CCN1C(C2=C(0)N=CC=C2)=NC3=CN=CC=C13

SB-737198 PKIS1 CCOclncce2n(CC)c(ncl2)-clnonclN

SB-737447 PKIS2 0O=C(C1CC1)NC2=NNC3=CC(C4=CC=C04)=CC=C32

SB-737856 PKIS2 NC1=NOC(C)=C1C2=NC3=CN=CC=C3N2CC

SB-738004 PKIS2 BrC1=C2N(CC)C(C3=NON=C3N)=NC2=CN=C1

SB-738481 PKIS2 0=C(C1CC1)NC2=NNC3=CC(C4=COC=C4)=CC=C32

SB-738482 PKIS1 NS(=0)(=0)clcec(ccl)-cleec2c(NC(=0)C3CC3)n[nH]c2cl

SB-738561 PKIS1 CCnic(nc2cencel2)-clnonclN

$B.739245.AC oIS 0[C@H]([C@@H](0)C(0)=0)C(0)=0.CCN1CCC(CC(=0)Nc2n[nH]c3nc(-
c4ccesd)c(Br)cc23)CCl

SB-739452 PKIS1 Brclcc2c(NC(=0)C3CC3)n[nH]c2ncl-clcccol

SB-741905 PKIS1 NS(=0)(=0)clcccc(cl)-cleec2c(NC(=0)C3CC3)n[nH]c2cl

SB.742034.AC pKIS2 BrC1=C(C2=CC=C02)N=C3C(C(NC(C(CC4)CN4CC5=CC=CC=C5)=0)=NN3)=C1.0[
C@@H](C(0)=0)[C@H](C(0)=0)0

SB-742251 PKIS2 BrC1=C(C2=NC=CS2)N=C3C(C(NC(C4CC4)=0)=NN3)=C1
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SB-742352-AC PKIS2 BrC1=C(C2=CC=C0O2)N=C3C(C(NC(C(C=C4)=CC=CACN5CCCC5)=0)=NN3)=C1.0[
C@@H](C(0)=0)[C@H](C(0)=0)0

SB-742609 PKIS2 BrC1=C(C2=NC=CS2)N=C3C(C(NC(C4CCCC4)=0)=NN3)=C1

SB-742864 PKIS1 CS(=0)(=0)Nclccec(cl)-clecc2c(NC(=0)C3CC3)n[nH]c2cl

SB-742865 PKIS1 CS(=0)(=0)Nclcce(ccl)-clecc2c(NC(=0)C3CC3)n[nH]c2cl

SB-743341 PKIS2 BrC1=C(C2=CC=CS2)N=C3C(C(NC(C4CCCC4)=0)=NN3)=C1

SB-743899 PKIS1 0O=C(Ncln[nH]c2nc(cccl12)-cleccol)ClCCL

SB-744941 PKIS1 CCnlc(nc2c(ncccl12)N1CCCCL)-clnonclN

SB-747651A KCGS NC1=NON=C1C(N2CC)=NC3=C2C(CNC4CCNCC4)=CN=C3

SB-750140 PKIS1 NCclcec(ccl)-nlc(nc2encecl2)-clnonclN

SB-750250-M PKIS2 ;:Eig;Z(Cczc(cc;ccz);ccc((cF()Fj(ch)r:)c:((lj\lc3=cc=c4C(c=cc=c4)=c3)=0)C(c=N5)=c1N=c

SB-751148 PKIS1 CCclncce2n(CC)c(ncl2)-clnonclN

SB-751399-B PKIS1 CN(C)CCCnlc(nc2cncec12)-cinoncdN

SB-759335-B PKIS1 Cl.CCn1c(nc2cnce(C(=0)N3CCNCC3)c12)-clnonclN

SB-772077-B PKIS1 Cl.CCn1c(nc2cnce(C(=0)N3CC[C@H](N)C3)c12)-clnonclN

SB-814597 PKIS1 Fclcec(C(=0)Nc2sc3CCCCc3c2C#N)c2cccccl2

SGC-AAK1-1 KCGS 0O=S(N(CC)CC)(NC1=CC(C2=CC3=C(C(NC(C4CC4)=0)=NN3)C=C2)=CC=C1)=0

SKF-104365 PKIS2 FC1=CC=C(C=C1)C(N(CCS2)C2=N3)=C3C4=NC=CC=C4

SKF-104493-B2 PKIS2 COC1=CC=C(C=C1)C2=C(C3=CC=NC=C3)N(CCC4)C4=N2.05(0)(=0)=0.CcoC5=CC
=C(C=C5)C6=C(C7=CC=NC=C7)N(CCC8)C8=N6.0S(0)(=0)=0

SKF-105561 PKIS2 CSC1=CC=C(C=C1)C2=C(C3=CC=NC=C3)N(CCC4)C4=N2

SKF-105942 PKIS2 CS(C1=CC=C(C=C1)C2=C(C3=CC=NC=C3)N(CCC4)C4=N2)(=0)=0

SKE-106164-A2 PKIS2 CCSC1=CC=C(C=C1)C2=C(C3=CC=NC=C3)N(CCC4)C4=N2.CCSC5=CC=C(C=C5)C6
=C(C7=CC=NC=C7)N(CCC8)C8=N6.CI.CI

SKF-12778 PKIS2 NC1=NC(N)=NC(N2)=C1N=C2C3=CC=CC=C3

SKF-18267 PKIS2 NC1=NC=NC2=C1C=NN2C

SKF-18355 PKIS2 CNC1=NC=NC2=C1C=NN2

SKF-31736 PKIS2 CN(C)C1=NC=NC2=C1NC=N2

SKF-62604 PKIS1 0O=C1NC(=0)C(=C1Nclcccccl)clececcl

SKF-86002-A2 PKIS1 Cl.Fclcec(cel)-c1nc2SCCn2cl-cleenecl

SKF-86055 PKIS1 Fclcec(ccl)-clc(nc2SCCn12)-clcenccl

SKF-96418 PKIS2 CCN1C2=C(N=C1)C(NCC3=CC=CC=C3)=NC=N2

SKF-97184 PKIS2 NC1=NC=NC2=C1N=CN2C3=CC=CC4=C3C=CC=C4

SKF-97236 PKIS2 NC1=NC=NC2=C1N=CN2C(C=C3)=CC=C30C

SKF-97255 PKIS2 NC1=NC=NC2=C1N=C(CCCCC)N2CCCCC

SKF-97263 PKIS2 NC1=NC=NC2=C1N=CN2C(C=C3)=CC=C3C(C)(C)C

SKF-97293 PKIS2 NC1=NC=NC2=C1N=C(C3=CC=CC=C3)N2C4=CC=CC=C4

SKF-97359 PKIS2 NC1=NC=NC2=C1N=CN2C(C)(C)C

SKF-97416 PKIS2 NC1=NC=NC2=C1N=CN2C3=CC=CC(0OC)=C3

SKF-97510 PKIS2 CC1=C(C=CC=C1)N(C=N2)C3=C2C(N)=NC=N3

SKF-97560 PKIS2 NC1=NC=NC2=C1N=CN2C3=CC(F)=CC=C3

SKF-97620 PKIS2 CCC(CC)(CC)N(C=N1)C2=C1C(N)=NC=N2

SKF-97623 PKIS2 NC1=NC=NC2=C1N=CN2C

Sorafenib Clinical Kls CNC(=0)clcc(Oc2cec(NC(=0)Nc3cee(Cl)c(c3)C(F)(F)F)cc2)cenl
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Sunitinib Clinical Kls CCN(CC)CCNC(=0)c1c(C)[nH]c(\C=C\2/C(=0)Nc3ccc(F)cc23)clC

TH257 KCGS 0O=C(N(CCCC)CC1=CC=CC=C1)C(C=C2)=CC=C2S(NC3=CC=CC=C3)(=0)=0

THZL (CGS CIC1=CN=C(N=C1C2=CNC3=CC=CC=C23)NC4=CC=CC(NC(C5=CC=C(NC(/C=C/CN
(C)C)=0)C=C5)=0)=C4

THZS31 (CGS CN(C)C\C=C\C(=0)NC1=CC=C(C=C1)C(=0)N1CCC[C@H](C1)NC1=NC=C(Cl)C(=N
1)C1=CNC2=CC=CC=C12

Tivozanib Clinical Kls COclcc2ncec(Oc3cec(NC(=0)Ncdce(C)ond)c(Cl)e3)c2cc10C

Tofacitinib Clinical Kls C[C@@H]1CCN(C[C@@H]1N(C)c2ncnc3[nH]ccc23)C(=0)CCHN

TPKI-100 KCGS COC(=0)C1=C(C2=CC=CC=C2)C2=CC(Br)=CC=C2C(=0)N1CC1=CC=C(C=C1)S(C)(=
0)=0

TPKI-105 KCGS CCC(=0)C1=C(C2=CC=CC=C2)C2=CC(Cl)=CC=C2C(=0)N1CC1=NN(CC(N)=0)C(=C
1)S(C)(=0)=0

TPKI-106 KCGS CCC1=NC(=C(S1)C1=CC=NC=C1)C1=CC(C)=CC=C1

TPKI-16 KCGS Cnlc2ncn(OC[C@H](0)CO)c(=0)c2c(Nc3ccec(l)cc3F)c(F)c1=0

TPKI-24 KCGS COclcc(cccINc2nce3N(C)C(=0)C(F)(F)CN(CACCCC4)c3n2)C(=0)NC5CCN(C)CC5

TPKI26 (CGS S(C)[C@]1(F)CN(C2CCCC2)c3nc(Nc4ccc(cc4OC)C(:O)NC5CCN(C)CC5)ncc3N(C)C1

TPKI-39 KCGS 0=C(NC1=CC=CC=C1)NC1=CC=CC(0C2=NN3C=CN=C3C=C2)=C1

TPKI-58 KCGS CC(C)(C)C1=CC=C(C=C1)C(=0)NC1=CN2C=C(C=CC2=N1)C1=CC=CN=C1

TPKI-69 KCGS CN1C=CC2=C1C(0C1=CC=C(NC(=0)NC3=CC=CC=C3)C=C1)=NC=N2

TPKI-72 KCGS CN1C=CC2=C1C(0OC1=CC=C(NC3=NC4=C(N3)C=CC=C4)C=C1)=NC=N2

TPKI-85 KCGS CC1=NN=C(N1)C1=CC=C20C=C(C2=C1)C1=CC=C(C=C1)S(C)=0

TPKI-91 KCGS COC1=CC=C(CSC2=NN=C(02)C2=CC3=C(C=C2)N=CS3)C=C1C(F)(F)F

TPKI-97 KCGS COC(=0)C1=C(C2=CC=CC=C2)C2=CC(0C)=CC=C2C(=0)N1CC1=CC=CC=C1

N . CN1C(=0)C(=C2N(C(=0)N(C3CC3)C(=0)C2=C1Ncdecc(l)ccdF)c5ccec(NC(=0)C)c5

Trametinib Clinical Kls C

X851 (CGS CC(=0)N1CCN(CC1)C2CCC(CC2)N3CA=C(C(=N3)C5=CC(=C(C=C5)0C6=CC=CC=C
6)NC(=0)C=C)C(=NC=N4)N

UNC-AA-1-0017 KCGS 0=S(N(C)CC)(NC1=CC(C2=CC3=C(C(NC(C4CC4)=0)=NN3)C=C2)=CC=C1)=0

Vandetanib Clinical Kls COclcc2c¢(Nc3cce(Br)cc3F)nenc2cc10CC4CCN(C)CCa

VE-821 KCGS NC1=C(C(N([H])C2=CC=CC=C2)=0)N=C(C3=CC=C(S(=0)(C)=0)C=C3)C=N1

VE.822 (CGS CC(C)S(=0)(=0)C1=CC=C(C=C1)C2=CN=C(C(=N2)C3=CC(=NO3)C4=CC=C(C=C4)C
NC)N

Vemurafenib Clinical Kls CCCS(=0)(=0)Nclcec(F)c(C(=0)c2c[nH]c3nce(ce23)cdccc(Cl)ced)clF

Vertexlle (CGS [H]N1C(C(N[C@H](CO)C2=CC=CC(Cl)=C2)=0)=CC(C3=NC(NC4=C(Cl)C=C(F)C=C4
)=NC=C3C)=C1

=C2)= =C2NC1=NC= = —0)=CC=

W2Z4003 KCGS :l:ll(1CC3)CCN3C(C C2)=CC(0OC)=C2NC1=NC=C(Cl)C(OC4=CC(NC(CC)=0)=CC=C4)

XMD-17-51 KCGS CN(C1=CN=C(NC2=CN(C3CCNCC3)N=C2)N=C1N(C)C4=C5C=CC=C4)C5=0

XMDS.87 (CGS 0=C1C2=C(C=CC=C2)N(C)C3=NC(N(C4=C(OC)C=C(N5CCN(C)CC5)C=C4)[H])=NC
=C3N1

XMD8-92 KCGS 0=C1N(C)C2=CN=C(NC3=CC=C(N4CCC(0)CC4)C=C30CC)N=C2N(C)C5=CC=CC=C
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Appendix

Table S2 | List of analyzed clinical kinase inhibitors in in Results and Discussion Chapter 3. Clinical
phase as of (March 2020)

Compound Clinical Phase Designated PubChemCID Supplier Order #
(March 2020) Target
Acalabrutinib | approved BTK 71226662 | Selleckchem S8116
stemness
Amcasertib Phase Il kinases 25190990 | MedChemExpress HY-17602
AMG-337 Phase | MET 44181686 | Selleckchem S8167
Anlotinib Phase IlI VEGFR2 25017411 | Selleckchem S8726
Asciminib Phase Il ABL 72165228 | MedChemExpress HY-104010
Atuveciclib Phase | PTEFb, CDK9 71618220 | Selleckchem S8727
Avapritinib approved PDGFRa, KIT 118023034 | Selleckchem S8553
AZD3759 Phase 1I/11I EGFR 78209992 | Selleckchem S7971
BAY1125976 Phase | AKT1/2 70817911 | MedChemExpress HY-100018
BAY1251152 Phase | CDK9 74767009 | MedChemExpress HY-103019
BGB324 Phase Il AXL 46215462 | Selleckchem S2841
BGJ398 Phase Il FGFR1/2/3 53235510 | Selleckchem $2183
BMS-582949 Phase Il MAPK14 10409068 | Selleckchem S8124
Brigatinib approved ALK, ROS1 68165256 | Selleckchem S7000
CC-223 Phase Il MTOR 58298316 | Selleckchem S7886
CEP-37440 Phase | FAK, ALK 71721648 | Medchem Express | HY-15841
CFI-402257 Phase I/II TTK, Mps1 118086034 | MedChemExpress HY-101340
CH5132799 Phase | PIK3CA 49784945 | Selleckchem $2699
Derazantinib Phase Il FGFR 46834118 | MedChemExpress HY-19981
Duvelisib approved PIK3CD, PIK3CG 50905713 | Selleckchem $7028
Entospletinib Phase Il SYK 59473233 | Selleckchem S§7523
Erdafitinib approved FGFR 67462786 | Selleckchem S8401
Evobrutinib Phase Il BTK 71479709 | MedChemExpress HY-101215
Fenebrutinib Phase Il BTK 86567195 | MedChemExpress HY-19834
Fruquintinib Phase lll VEGFR 44480399 | APEXBIO B5864
GDC-0349 Phase | MTOR 59239165 | Selleckchem S8040
GDC-0623 Phase | MEK1 42642654 | Selleckchem S7553
GSK2256098 Phase Il FAK 46214930 | Medchem Express | HY-100498
Ipatasertib Phase lll AKT 24788740 | Selleckchem 52808
IP1-549 Phase | PIKCG 91933883 | Medchem Express HY-100716
Itacitinib Phase lll JAK1 53380437 | Medchem Express HY-16997
VEGFR2,

JI-101 Phase I/II PDGFRb, EPHB4 11691242 | Medchem Express | HY-16265
Larotrectinib approved TRK 46188928 | Selleckchem S$7960
Leniolisib Phase lI/11I PIK3CD 57495353 | MedChemExpress HY-17635
Lorlatinib approved ALK, ROS1 71731823 | MedChem Express | HY-12215
LY2090314 Phase Il GSK3 10029385 | Selleckchem S7063
LY3009120 Phase | RAF 71721540 | Selleckchem S7842
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Compound Clinical Phase Designated PubChemCID Supplier Order #
(March 2020) Target
PI3K, mTOR,
LY3023414 Phase Il PRKDC 57519748 | Medchem Express HY-12513
Olmutinib Phase Il EGFR 54758501 | MedChem Express | HY-19730
ONO-4059 Phase Il BTK 71571562 | Medchem Express HY-15771A
Palomid529 Phase | MTORC1/2 11998575 | Selleckchem S2238
approved
Peficitinib (Japan) JAK 57928435 | Selleckchem S7650
PIM447 Phase | PIM 44814409 | Medchem Express HY-19322
PLX8394 Phase /11 RAF 90116675 | Medchem Express HY-18972
Pyrotinib Phase lll EGFR, HER2 51039030 | MedChemExpress HY-104065
Radotinib Phase IlI BCR-ABL1 16063245 | Selleckchem S8134
Rogaratinib Phase lI/11I FGFR 71611869 | MedChemExpress HY-100019
Selonsertib Phase IlI MAP3K5 71245288 | Selleckchem 58292
Semaxanib Phase IlI VEGFR 5329098 | Selleckchem $2845
VEGFR, FGFR,

Sulfatinib Phase Il CSF1R 52920501 | MedChemExpress HY-12297
TAK659 Phase Il SYK 53252276 | MedChemExpress HY-100867A
Taselisib Phase IlI PIK3 51001932 | Selleckchem S7103
Upadacitinib approved JAK 58557659 | MedChemExpress HY-19569
Zanubrutinib approved BTK 121413432 | MedChemExpress HY-101474A
ZSTK474 Phase | PIK3 11647372 | Selleckchem $1072
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