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Abstract

1. Abstract

Bioactive small molecules are used in many research areas as important tools to
uncover biological pathways, interpret phenotypic changes, deconvolute protein
functions and explore new therapeutic strategies in disease relevant cellular model
systems. To unlock the full potential of these small molecules and to ensure reliability
of results obtained in cellular assays, it is crucial to understand the properties of these
small molecules. These properties encompass their activity and potency on their
designated target(s), their selectivity towards unintended off-targets and their
phenotypic effects in a cellular system. Approved drugs often engage with multiple
targets, which can be beneficial for some applications such as treatment of cancer
where several pathways need to be inhibited for treatment efficacy. However,
targeting multiple key proteins in diverse pathways also increases the possibility for
unspecific or unwanted side effects. For many drugs the entire target space that they
modulate is not known. This makes it difficult to use these drugs for target
deconvolution or functional assays with the aim to understand the underlying
biological processes. In contrast to drugs, for mechanistic studies, a good alternative
are chemical tool compounds so called chemical probes that are usually exclusively
selective as well as chemogenomic compounds, that inhibit several targets but have
narrow selectivity profiles. Because they are mechanistic tools, chemical tool
compounds must meet stringent quality criteria and they are therefore well
characterized in terms of their potency, selectivity and cellular on-target activity. To
ensure that an observed phenotypic effect caused by a compound can be attributed
to the described target(s), it is essential to study also properties of chemical tools
leading to unspecific cellular effects. There are a variety of unspecific effects that can
be caused by physiochemical compound properties that can interfere with phenotypic
assays as well as functional compound evaluations. One of these effects is low
solubility causing toxicity or intrinsic fluorescence potentially interfering with assay
readouts. But unanticipated cellular responses can also arise from unspecific binding,
accumulation in cellular compartments or damage caused to organelles such as
mitochondria or the cytoskeleton that can result in the induction of diverse forms of

cell death.
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In this study, we investigated the influence of a variety of small molecules on distinct
cell states, by establishing and validating high-content imaging assays, which we called
Multiplex assay. This assay portfolio enabled us to detect different cellular responses
using diverse fluorescent reporters, such as the influence of a compound on cell
viability, induction of cell death programs and modulation of the cell cycle.
Additionally, general compound properties such as precipitation and intrinsic
fluorescence were simultaneously detected. The assay is adaptable to assess other
cellular properties of interest, such as mitochondrial health, changes in cytoskeletal
morphology or phospholipidosis. A significant advantage of the assay is that we are
using live cells, so we can capture dynamic cellular changes and fluctuations that can

be crucial for the understanding of cellular responses.

Further, | present in this thesis, how we used the assay to annotate different
compounds that have been developed in diverse projects of our research team as well
as our general effort characterizing chemical tool collections. For instance, in order to
evaluate the impact on cellular viability and phenotypic changes of chemogenomic
compounds identified by the EUbOPEN project, we performed a two-step viability
assessment, consisting of a primary viability assessment based on brightfield
microscopy, followed by the high-content Multiplex assay for compounds that induced
significant cell death or growth retardation. With the established work flow, we
contributed to the generation and annotation of the larges available set of high-quality
chemical modulators targeting the human proteome, by evaluating the properties of
over 1000 diverse chemical compounds. We also enhanced data availability by
providing all generated data through open science repositories and helped with the
reproducibility of the data by publishing detailed protocols and two step-bye-step

method based book chapters.

In one project we examined 150 chemical probes and controls provided by the
donated chemical probe (DCP) program assessing the cell viability and phenotypic
effects across different standard cancer cell lines. The data generated in 2D tissue
culture can be now compared with phenotypic data measured in more complex
organoid models. In two probe development projects, we annotated the macrocyclic
scaffold compound CK156 and the compound SR-302 with respect of their influence

on cell viability and phenotypic changes, which contributed to their approval as




Abstract

chemical probes for the Serine/threonine kinase 17A (STK17A) (SK156) and for SR-302
as a dual Discoidin domain receptor (DDR)/p38 chemical probe. In another project, we
evaluated the effect of Cyclin-dependent kinase 16 (CDK16) on the cell cycle, testing

different compounds targeting the PCTAIRE kinase family.

Lastly, one of my main projects was to establish high content assays detecting the
poorly understood phenotypic response that causes accumulation of lipids in the
endoplasmic reticulum (ER) and lysosomes called phospholipidosis (PL). After the
assay was validated, | used a test set of 290 small molecules to generate a high quality
data set for the development of a machine-learning based algorithm to identify
structural features, critical for a PL induction and can be used further to validate

various chemical tool compounds.

In conclusion, my work was mainly focused on the development of high content
imaging assays that can now be used for the annotation of chemical tool compounds
in a diverse arrange of assays. The established assay portfolio enabled us to improve
quality, availability and reproducibility of small molecule data, which is a small, yet
significant step towards improving the drug development process and understanding

of the underlying biological functions.







Zusammenfassung (German Summary)

2. Zusammenfassung (German Summary)

Die Verwendung bioaktiver Verbindungen, in der Regel kleinmolekularer Substanzen, ist ein
wesentlicher Bestandteil der menschlichen Kultur. Diese Verbindungen stellen wichtige
Werkzeuge bei der Behandlung von Krankheiten dar und spielen gleichzeitig eine bedeutende
Rolle bei der Entschlisselung biologischer Hintergrinde verschiedener Gesundheitszustande?.
Krankheiten kénnen diverse Urspriinge haben, darunter Infektionen, genetische Faktoren oder
Funktionsstorungen des Immunsystems?. Seit den frihesten menschlichen Aufzeichnungen
wurden Substanzen, die als Bestandteile in Pflanzen oder Materialien aus der Umgebung
gefunden wurden, genutzt um Krankheitssymptome zu behandeln. Oft fihrte dieses
Ausprobieren jedoch zu erheblichen Nebenwirkungen, in vielen Fillen sogar zum Tod3. Seit
dem 19. Jahrhundert hat die ,,Pharmazie” als Disziplin, was die Untersuchung und Erforschung
von Substanzen fiir die Behandlung verschiedener Krankheiten an geht, weiter an Bedeutung
gewonnen. Maligeblich dazu beigetragen hat auch, dass in dieser Zeit bedeutende Fortschritte
in der organischen Synthese und in der Isolierung von Verbindungen zum Beispiel aus Pflanzen,
gemacht wurden, was das Wissen Gber molekulare Strukturen von bioaktiven Verbindungen
vergroRerte und den Einsatz der Substanzen als Werkzeuge zur Erforschung wichtiger
biologischer Funktionen weiter voran trieb®. DarUber hinaus haben die Zugdnglichkeiten von
aktiven Verbindungen und die Moglichkeit, ihre Struktur zu modifizieren, erheblich zur

Entwicklung der heutigen Pharmakotherapie beigetragen®.

Neben der Entwicklung von Arzneistoffen, werden bioaktive Kleinmolekdile in verschiedenen
Forschungsbereichen unter anderem eingesetzt um biologische Signalwege aufzudecken,
phanotypische Verdnderungen zu interpretieren oder Proteinfunktionen zu entschlisseln. Um
hierbei die korrekte Interpretation der resultierenden Ergebnisse zu gewahrleisten, ist es
entscheidend, eine genaue Kenntniss (ber die Eigenschaften der Verbindungen zu haben. Dazu
gehoren das Wissen Uber die biologische Aktivitdat der Verbindungen gegeniber ihrem vorher
definierten Zielprotein (,Target”), die Selektivitdit gegenlber anderen, ungewollten
Zielproteinen und ihre phanotypischen Effekte in biologischen Systemen, wie zum Beispiel in
Zellen®. Die meisten bereits zugelassenen Arzneistoffe interagieren oft mit mehreren
Zielproteinen, was vorteilhaft sein kann in Indikationsgebieten wie der Onkologie, wo erst die

Inhibierung diverser Signalwege zum erhofften Ergebnis fuhrt. Die Ausrichtung auf
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verschiedene Zielproteine vergroBert jedoch auch die Moglichkeit fir unerwinschte

Nebenwirkungen oder unspezifische Effekte der Kleinmolekdle.

Flr die meisten Arzneistoffe sind die Zielproteine, die von den Substanzen moduliert werden,
nicht einmal bekannt. Das erschwert die Nutzung dieser Verbindungen, um neue
Krankheitsbilder zu therapieren oder funktionelle experimentelle Versuche, zum
tiefergehenden Verstandnis der zugrundeliegenden biologischen Prozesse, durchzufihren.
Eine gute Alternative zur Durchfihrung solcher mechanistischen Studien ist die Verwendung
von so genannten ,,chemical tool compounds“. Diese chemischen Modulatoren sind zellaktive
Kleinmolekile, die eingeteilt werden koénnen in ,,chemical probes”, mit besonders hoher
Selektivitdt oder ,,chemogenomic compounds”, die mehrere Proteine gleichzeitig modulieren
konnen®®, Damit solche Kleinmolekile als mechanistische Werkzeuge eingesetzt werden
konnen, missen sie bestimmte Kriterien erfillen und daher basierend auf ihrer Potenz,
Selektivitat und Aktivitat in Zellen gut charakterisiert werden® 19, Um sichzustellen, dass die
nach Behandlung beobachteten phanotypischen Effekte, die durch diese Verbindungen in
spateren experimentellen Versuchen ausgeldst wurden, Rickschlisse auf das Zielprotein
erlauben, ist es wichtig unspezifische Effekte der Verbindungen, auf die in den Experimenten

verwendeten Zellen, vorher zu untersuchen.

Es gibt eine Vielzahl unspezifischer Effekte, die nicht nur phanotypische Versuche, sondern
auch funktionelle Validierungen der Verbindungen beeintrachtigen konnen. Unter anderem
kdnnen physikochemische Eigenschaften der Kleinmolekile, wie eine geringe Loslichkeit oder
intrinsische Fluoreszenz, verschiedene zelluldre Funktionen beeintrdachtigen oder die
Auswertung der Ergebnisse storen 3. AuRerdem kénnen ungewollte zelluldre Reaktionen, die
zu einer Induktion diverser Zelltotformen fihren kénnen, auch aufgrund unspezifischer
Bindungen, einer Akkumulation in zelluldren Kompartimenten oder einer Schadigung von

Zellorganen, wie Mitochondrien oder dem Cytoskelett, entstehen®® 1>,

In dieser Doktorarbeit, habe ich den Einfluss verschiedener chemischer Verbindungen auf
verschiedene Zellzustdnde untersucht, indem wir ein Hochdurchsatz-Bildgebungsverfahren
namens ,Multiplex” etabliert und validiert haben. Diese Methode ermoglichte es uns
verschiedene zelluldre Reaktionen, wie den Einfluss der chemischen Verbindungen auf die
Viabilitdat der Zellen, die Induzierung unterschiedlicher Formen des Zelltodes oder

Modulationen des Zellzyklus, zu detektieren, indem wir verschiedene Zelllinien mit
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fluorezierenden biologischen Reportern behandelt haben. Gleichzeitig konnen Eigenschaften
der Verbindungen, wie eine Prazipitation in den Zellen oder eine intrinsische Fluoreszenz
erfasst werden. Die Methode ist aulRerdem einfach anzupassen, um andere interessante
zelluldre Eigenschaften zu detektieren, wie beispielsweise den Einfluss auf Mitochondrien,
Veranderungen in der Morphologie des Cytoskeletts oder die Akkumulation von

Phospolipiden.

Ein wesentlicher Vorteil dieser Methode besteht darin, dass lebende Zellen untersucht
wurden. Dies ermoglichte die Untersuchung dynamischer zelluldrer Veranderungen, die flr
das Verstdndnis zellularer Reaktionen entscheidend sein kdnnen. Selbst geringflgige
Veranderungen in der Konzentration einer chemischen Verbindung oder in der Expositionszeit,
kdnnen bereits einen Einfluss auf die zellulare Antwort haben. Durch die Messung zu
verschiedenen Zeitpunkten und bei verschiedenen Konzentrationen ist es mdglich zu
unterscheiden ob ein phanotypischer Effekt durch unspezifische Zellschddigungen verursacht
wurde oder ob Zellschadigungn durch einen phanotypischen Effekt, wie etwa eine Inhibierung

des Mikrotubulin-Aufbaus entstanden ist.

Mit Hilfe eines machine-learning basierten Algorithmus, teilen wir die Zellen in einer
Einzelzellanalyse nach einer Baumstruktur, in verschiedene Gruppen, ein. Mit dieser Methode
werden nur Zellen auf phanotypische Eigenschaften untersucht, die in der Analyse vorerst als
gesund erkannt wurden. Das tragt dazu bei, die Effekte, die durch Aktivitats-Eigenschaften der
chemischen Verbindung hervorgerufen wurden, von solchen zu unterscheiden, die aufgrund

einer unspezifischen Zellschadigung entstanden sind.

Weiterhin beschreibe ich in dieser Arbeit, wie wir das Multiplex Testsystem verwendet haben,
um verschiedene Verbindungen, die innerhalb unserer Arbeitsgruppe entwickelt oder
aufgrund unseres Arbeitsgruppen-weiten Hauptprojekts zusammengestellt wurden, auf ihre
Eigenschaften in Zellen hin zu untersuchen. Wir haben den Einfluss 1000 chemischer
Modulatoren auf ihre Effekte in verschiedenen Zelllinien untersucht, indem wir eine Zwei-
Schritt Evaluierung etabliert und durchgefliihrt haben. Der erste Schritt umfasst eine
mikroskopie-basierte Analyse des Einflusses der Kleinmolekile auf das Zellwachstum. Alle
Kandidaten, die zu einer signifikanten Wachstumsverzogerung gefihrt haben, welche durch

eine Wachstumsrate kleiner 0.5 angezeigt wurde, oder die phanotypisch auffillig waren,
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wurden im zweiten Schritt mit der Druchfihrung des Multiplex Testsystems charakterisiert.
Mit dieser Vorgehensweise haben wir innerhalb des Arbeitsgruppen-weiten EUbOPEN
Projekts, zur Generierung und Beschreibung des groften Sets an Daten flir hochwertige

chemische Modulatoren des menschlichen Proteoms beigetragen.

Weiterhin haben wir dazu beigetragen, die Verfligbarkeit und Reproduzierbarkeit von Daten
fur die Wissenschaft im Allgemeinen zu verbessern, indem wir die von uns generierten Daten
in einer oOffentlich zuganglichen Datenbank bereitgestellt haben, sowie ein detailiertes
Protokoll und zwei methodische Schritt-fir-Schritt Anleitungen in Fachbuchkapiteln

veroffentlicht haben.

In einem weiteren Projekt haben wir 150 chemische Modulatoren des ,Donated chemical
probes“-Programmes mit den dazugehodrigen Kontrollen, auf ihren Einfluss auf die Viabilitat
von Zellen, sowie phanotypische Verdnderungen in diversen Krebszelllinien, untersucht?®.
Diese Daten, die in 2D-Zellkulturen aufgenommen wurden, konnten anschlielend genutzt

werden, um sie mit komplexeren 3D-Modellen, wie Organoid-Studien, zu vergleichen.

In zwei Projekten haben wir den Einfluss von Kandidaten fir die Zulassung als ,,chemical probe”,
auf ihren Einfluss auf die Zellviabilitat und phanotypische Verdnderungen mit Hilfe des hier
entwickelten Multiplex Testsystems untersucht. Diese Evaluierung hat dazu gefthrt, dass die
makrozyklische Verbindung CK156 fir die Serine/Threonin-Kinase 17 A (STK17A) und die
Verbindung SR-302 als dualer Discoidin-Doméanen-Rezeptor (DDR) und p38 Binder als

»,Cchemical probe” zugelassen werden konnte.

Das Multiplex Testsystem kann in einfacher Weise angepasst werden, um andere zelluldre
Reaktionen auf verschiedene Verbindungen zu untersuchen, die flr den zu untersuchenden
Forschungsbereich von bedeutenderer Rolle sind. Ich habe daher das Multiplex Testsystem
unter anderem mit dem ,fluorescent ubiquitin cell cycle indicator” (FUCCI) verbunden, um
Veranderungen im Zellzyklus, hervorgerufen durch chemische Verbindungen, zu erkennen'’
13 Mit Hilfe dieses Versuchsaufbaus konnte dann der Einfluss der cyclin-anhangigen Kinase-16
(CDK16) auf den Zellzyklus untersucht werden, indem wir verschiedene Inhibitoren der

PCTAIRE Kinase-Familie getestet haben.

Weiterhin konnten wir das Multiplex Testsystem dahingehend anpassen, dass Verbindungen

detektiert werden kénnen, die zu einer Akkumulation von Phospholipiden in Geweben,
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vornehmlich in Lysosomen, fihren. Dieses Phanomen der sogenannten Phospholipidose, kann
zu der Zerstérung normaler lysosomaler Funktionen fihren und geht mit morphologischen
Veranderungen einher, die potentiell Krankheiten der Leber, Lunge und anderer Organe
hervorrufen kénnen?% 21, Der Mechanismus hinter Phospholipidose ist sehr komplex und bis
heute nicht vollstandig verstanden. Da Verbindungen, die zu Phospholipidose fihren, oft mit
Sicherheitsproblemen und Nebenwirkungen flr Patienten verbunden sind, ist es wichtig
potenzielle Arzneistoffkandidaten daraufhin zu untersuchen. Nachdem das Testsystem
etabliert war, haben wir daher 290 Verbindungen getestet, um ein Datenset zu generieren,
welches anschliefend genutzt wurde, um einen machine learning Algorithmus zu etablieren,
der strukturelle Eigenschaften von Verbindungen erkennt, die dazu fihren, dass eine
Verbindung eher zu einer Phospholipidose-Induktion fihrt. Sowohl der Algorithmus, als auch
der das etablierte Testsystem kann nun genutzt werden, um diverse chemische Verbindungen

auf Phospholipidose hin zu untersuchen.

Zusammenfassend konnte ich zeigen, dass eine Charakterisierung von chemischen
Verbindungen hinsichtlich ihrerer Eigenschaften im zellularen Kontext, nicht nur fir chemische
Modulatoren, sondern fir alle chemischen Verbindungen, von groRer Bedeutung ist, wenn
man diese fir mechanistische Studien und Signalweg-Analysen verwenden mochte. Das hier
vorgestellte Hochdurchsatz-Bildgebungsverfahren, welches wir als Multiplex Testsystem
etabliert haben, ist eine gute Methode, um verschiedene Zellzustande und zellulare
Reaktionen, induziert durch chemische Verbindungen, auf einfache und schnelle Weise zu
erkennen. Es bietet zudem breite Anwendungsmoglichkeiten und lasst sich mihelos anpassen,
um projektspezifische oder krankheitsbilderbezogene Fragestellungen gezielt zu beantworten.
Die Annotierung der Verbindungen und Bereitstellung der Daten tragt malgeblich dazu bei die
Qualitat, Verflugbarkeit und Reproduzierbarkeit von Daten zu verschiedenen chemischen
Verbindungen zu verbessern, was ein kleiner aber bedeutender Schritt zur Verbesserung des
Arzneimittelprozesses und des Verstandnisses der zugrundeligenden molekularen

Mechanismen der Medikamentenkandidaten ist.
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Introduction

3. Introduction

3.1. Biological targets in drug development

Bioactive small molecules are a fundamental components of human culture, as they are our
most important tools for the treatment of human diseases, and also play a significant role in
deciphering biological pathways underlying various health conditions!. Diseases can occur
through a variety of mechanisms, including infections, genetic factors or immune system
dysfunctions?. Since the earliest record, substances which derived from plants or materials
found in the surroundings of early humans, were used to treat disease symptoms. These trial-
and-error attempts often resulted in significant side effects or in many cases even led to
death3. Since the 19™ century, the discipline of pharmacy emerged, encompassing the
examination and study of substances intended for the treatment of various diseases. At this
time, significant advancements were made in organic synthesis and in the field of isolation of
compounds, including the capability to extract active substances from natural products such
as plants®. The knowledge about chemical structures significantly promoted the use of small
molecules as research tools for understanding biological functions and dysfunctions.
Additionally, the accessibility of active substances and the ability to modify their structure have
greatly contributed to the development of the pharmacotherapy as we know it today®. The
identification and optimization of active substances for the development of a new drug to treat
diseases, without harming the organism as a whole, is one of the most crucial scientific
challenge facing humanity. The optimization of a small molecule to a drug takes on average 15
years from start to the final clinical phase and costs around 2 billion US dollars® 22, Even after
this considerable investment of time and resources, the final approval of the drug candidate
as a drug remains uncertain, because the drug discovery process is associated with a high risk
of attrition?3. Out of 20.000 drug candidates entering the lead optimization phase of the drug
discovery process, only one will ultimately be successfully being approved for the treatment of
a specific disease® ?*. To optimize and enhance the entire drug development process, it is of
utmost importance to understand the biological origin of the disease one intends to treat.
Specific molecules or biological entities (such as proteins, receptors or genes), that are
associated with a particular disease or pathological condition are commonly referred to as

“targets”*. Frequently, drug molecules are designed to have a primary target being responsible
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for the therapeutic effect. However, most times, drug molecules also influence diverse other
proteins or processes, which is a common phenomenon in the field of pharmacology, referred
to as “polypharmacology”. This potentially leads to additional therapeutic benefits or, in some
cases, unwanted side effects. Understanding a drug’s target interaction is therefore crucial to
minimize unanticipated side effects, rationally optimizing the compound and to uncover new
uses for existing medications. If the disease-specific biological target is already known, a
chemical modulator can be identified using screening efforts or developed by structure-activity
relationship approaches. In the drug development process, this target-oriented approach is
referred to as the “reverse approach” (Figure 1). The opposing approach, called “forward
approach”, starts with a compound, which has been identified in a disease relevant phenotypic
screen®. The compound is then tested in various systems such as in vitro or in vivo analyses to

identify the target(s) modulated by it. Such compounds are usually found by screening large

5,7,13,26
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Figure 1: Drug-target identification approaches. Schematic overview of “forward” and
“reverse” approach in the drug development process®. This figure was created using Adobe
lllustrator v26.5.
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3.1.1. Target identification via phenotypic screening

In the forward approach, phenotypic screening has regained interest in the field of drug
development in recent years® ?/. Rather than focusing on specific molecular targets or
substrates, this approach evaluates desired observable changes or phenotypes caused by a
compound in a biological system. The number of drugs approved by the Food and Drug

Administration (FDA) in recent decades was higher for drugs discovered by phenotypic
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screening compared to target-based approaches?®. If disease-relevant systems are available
for compound screening, phenotypic screening is often the method of choice’. A critical aspect
of phenotypic screening is the choice of the disease-relevant cellular model system used. Over
the past decades, comprehensive collections of cellular model systems were curated by so
called “cellbanks” with thousands of choices for immortalized cell lines relevant in different
diseases or disease states?. Each cell line exhibits a unique protein expression profile and
signaling pathways based on tissue types, different diseases or relevant mutations, resulting in
a variety of phenotypic responses when exposed to different small molecules. To obtain a
comprehensive understanding of the potential interactions of a compound within the cellular
system, it is essential to test them in multiple cell lines representing different tissues. For more
disease-related inquiries, using specific patient-derived cells, that are more likely to be clinically

relevant, can further enhance the accuracy and applicability of the screening approach3® 31

Furthermore, compounds that were identified using phenotypic screening technologies, often
demonstrate the effect of the most phenotypically relevant target in the pathway which means
the protein they bind with the highest potency. They are also more likely to act on multiple
targets (polypharmacology), leading to off-target effects, which can result in diverse adverse
events®?. Therefore, a retrospective identification of the responsible target or a deconvolution

of multiple targets is often limited?.

A simpler approach to identify targets responsible for a physiological response is the use of
highly selective and well validated tool compounds called chemical probes3* 34 or a recently

emerged strategy called chemogenomics®.

3.1.2. Target deconvolution using chemical tool compounds

Approved drugs often have multiple targets, which can be beneficial when target modulation
results in a broader spectrum of efficacies, either affecting multiple proteins important for the
same disease or allowing a drug to address other diseases as well. On the other hand, these
different protein-target interactions often lead to safety problems of the drug. In most cases,
the primary target leading to the desired pharmacological effect is not known (Figure 2 A).
Many clinical trials have failed and wrong conclusions about biological processes have been
drawn from approved drugs that lack characterization data®. For example the v-raf murine

sarcoma viral oncogene homolog B1 (BRAF) kinase inhibitor Dabrafenib, approved by the FDA
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for the treatment of unresectable or metastatic BRAF-mutated melanoma, advanced non-
small cell lung cancer and anaplastic thyroid cancer3® 3/, was shown to also have activity on
other kinases such as ALK5 (Activin receptor-like kinase 5), LIMK1 (LIM domain kinase 1),
NEK11(NIMA-related kinase 11) and SIK1(Salt-inducible kinase 1) enhancing the probability for

adverse events3/ 38,

Another example is Crizotinib, originally developed as cMET
(mesenchymal-epithelial transition factor) inhibitor, which has been approved by the FDA and
EMA for the treatment of metastatic non-small cell lung cancer (NSCLC) with anaplastic
lymphoma kinase (ALK) rearrangements, as this inhibitor was shown to also target ALK and ROS

proto-oncogenel (ROS1) that are deregulated in a subtype of NSCLC3%41,

In contrast to drugs that inhibit multiple targets, chemical tool compounds offer a versatile
strategy to understand the specific target functions at the mechanistic level®>. Chemical probes
are cell-active small molecules that selectively modulate the function of a specific protein®
(Figure 2 B). The modulation of a protein function for an enzyme would be an inhibition of its
biochemical reaction. The affinity of a potential inhibitor is a measure of the strength of this
inhibition effect and is measured in the dissociation constant. The dissociation constant of the
enzyme-inhibitor system is defined as the concentration of inhibitor that inhibits the enzymes
function to 50 % of its maximal effect*?. Hence, the lower the dissociation constant, the less
inhibitor is needed to inhibit the enzyme or the more potent the inhibitor is. Chemical probes
are highly validated and should meet stringent criteria for potency, selectivity and toxicity.
Precisely, they need an in vitro potency lower than 100 nM in a biochemical or biophysical
assay or lower than 1 uM in cells, a 30-fold higher activity over related proteins and must not
be cytotoxic at 10 uM?® 1043 When well profiled, chemical probes can be used for mechanistic
and phenotypic studies to decipher the biology of their target at the appropriate
concentration® %44 Complementary to genetic tools such as Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) and ribonucleic acid (RNA) interference, they can rapidly
alter a specific protein’s function and improve the knowledge about the connection between

genomic target identification and druggability of a target” 4> 46,

When using chemical probes, it is good practice to use them at the recommended
concentrations and to use a structural closely related inactive control, to confirm that the
observed effect is caused by the main target and not due to unspecific binding or off-target

effects beyond the 30-fold selectivity window. The non-existence of certain characteristics




Introduction

such as selectivity or unknown binding to cellular structures may cause misleading results and
result in conflicting data about the function of a target and its role in biology*. It is therefore
important that compounds are profiled comprehensively and that this data is made available*’.
In the last decade, academic laboratories in close collaboration with pharmaceutical companies
have joined forces and have helped to systematically enlarge the number of available chemical
probes e.g. for the target family of protein kinases” 34, Initiatives such as the Chemical Probes Portal

(www.chemicalprobes.org)!®, an online resource for sharing data and reviewing various

compounds® 8 and the chemical probes website of the Structural Genomics Consortium (SGC)

(https://www.thesgc.org/chemical-probes), a public-private consortium of academical

institutes and pharmaceutical companies that offer access to diverse sets of chemical probes

as well as the Donated Chemical Probes (DCP) program (https://www.sgc-ffm.uni-

frankfurt.de/)*?, have helped to significantly improve the quality of tool compounds and their
availability to the global research community*® #°. As it is often challenging to develop
inhibitors targeting one specific protein, a new approach, called chemogenomics, has gained

interest in recent years.

In contrast to chemical probes, chemogenomic compounds target often more than one protein
and preferably represent different chemotypes® 4 °9. The compounds included in
chemogenomic libraries should have known selectivity profiles and distinct mode of actions °.
Compounds with overlapping target spectra are tested in parallel. Based on the observed
phenotypic effect and these tight target spectra, deconvolution conclusions can then be drawn
about the responsible target (Figure 2 C). For building such a library and being able to connect
a specific chemotype to a target it is crucial to evaluate a compound on diverse criteria like
selectivity, potency as well as their effect in a cellular context**. Using diverse chemogenomic
libraries thus enlarges the targetable space, which is needed due to the unavailability of

chemical probes for every target.
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Figure 2: Graphical lllustration of target-effect relationship of pharmacological drugs, chemical
probes and chemogenomic compounds. A. Approved drugs are frequently identified through
phenotypic screening. These drugs often interact with multiple proteins and their target might be
unknown. B. Chemical probes are highly validated, cell active small molecules that selectively target
one specific protein. The resulting phenotypical effect can be traced back to the main target
protein. C. Chemogenomic compounds have more than one target. They are used within a set of
well-validated and characterized compounds. By examining the observed phenotypical effect of
diverse compounds, conclusions can be drawn about the responsible target for the mode of action.

This figure was created using Adobe Illustrator v26.5.
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3.2. Quality and Properties of small molecules in cellular systems

Small molecule modulators play a crucial role in drug discovery and target identification. They
are more versatile than genetic tools as they can be applied in a dose-and—time dependent
manner, and be used in cell models that are more difficult to address with genetic tools*.
Moreover, specific protein domains can be targeted enabling modulation of a protein’s
function without removing the protein and its interactome. However, small molecule
modulators need to be well-characterized to allow linking the phenotype to a specific target or
group of targets. Unfortunately, in the past decades, a large number of chemical compounds
were published that were not properly validated. Often, the global research community
retrospectively reported these chemical compounds to be non-selective, to contain chemical
or physical properties interfering with different assays® or to have off-target activities leading
to cytotoxic and other effects on various cellular compartments that could not be linked to the

intended target** 2,

In 2010, Baell et al.*! highlighted inherent flaws of certain compounds, which interfered with
biological assays, making it challenging to accurately assess the true activity of the compounds.
These Pan-Assay Interference Compounds (PAINS) often exhibit different effects such as
toxicity, reduced efficacy and unwanted side effects through off-target or unspecific binding>3.
For example, these compounds were often characterized by their propensity to exhibit
promiscuous binding behavior to various targets''. Also chemical substances could show
biological effects through diverse mechanisms, such as non-specific aggregation, redox activity
or fluorescence interference. Certain compounds are also classified as PAINS based on the
structural properties of the compound itself*? 2. It is therefore crucial to validate compounds
at both, the chemical and cellular effect level and make this data available to the public.
Although computational PAINS filter are available to help the researchers, ultimately, PAINS

have to be determined for each assay used*?.

3.2.1. Chemical quality of a compound can influence cell reactions

An underappreciated problem is that commercially available compounds are not always what
they are supposed to be. This ranges from different salt forms to different compound identities
such as different isomers, which may be inactive on the supposed target or a complete mix of

different impurities or heterogeneities. Moreover, the purity of the compounds may not be
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sufficiently high and influence a cellular readout as the impurities may influence cell viability
or interfere with the assay. Therefore, ideally the identity of compounds should be confirmed
and verified through appropriate analytical techniques such as spectroscopy, chromatography,
or mass spectrometry>* >, Also chemical and metabolic stability under common storage and

>/, The compounds shouldn’t undergo

handling conditions should be guaranteed®
degradation, decomposition, or reaction with environmental factors such as water or oxygen
under standard light or temperature conditions. One significant aspect of chemical stability
also includes the solubility of a compound, which refers to the compound's capacity to dissolve
in a specific solvent or solvent system>®. Additionally, solubility can influence the safety and

toxicity profile of compounds, as poorly soluble ones may tend to accumulate within cells or

tissues.

3.2.2. Methods to assess cell viability

One of the prevalent effects exhibited by compounds is their impact on viability. It is crucial to
differentiate between the desired effect, based on the compound's on-target activity and its
off-target activity. For instance, in cancer treatment, the standard therapy relies on selectively
killing dangerous, uncontrollably growing cells while preserving normal cells>®. Viability refers
to the overall health and functionality of cells or organisms. It indicates whether cells are alive
and capable of normal physiological processes®®. Therefore, standard viability assays assess

properties such as metabolic activity and other indicators of cellular activity.

Assessing the impact of a compound on cell viability or proliferation can be conveniently and
rapidly done using a variety of end-point and commercially available viability assays. These
assays operate through diverse mechanisms, so it is advantageous to perform a combination
of them. One commonly employed mechanism is the assessment of the metabolic activity of
cells using different reagents that can be detected via a spectrometer or luminescence reader.
A frequently used assay involves the utilization of tetrazolium salts, such as MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay®® or XTT (2,3-bis[2-methoxy-4-
nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide)®?®>. In this approach, the activity of
mitochondrial dehydrogenase in metabolic active cells is assessed, which converts the yellow
tetrazolium salt to a visually detectable purple formazan product (Figure 3 A)®¢. The amount of
formazan product can be quantified using a spectrophotometer, and correlates with the

viability of the cells®3. A similar information regarding proliferation, with less incompatibility
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problems such as color interferences of the used compounds or toxicity of the salt®’ can be
obtained using the more sensitive alternative AlamarBlue™, also known as resazurin®/°
(Figure 3 B). Metabolically active cells are able to reduce the non-fluorescent resazurin to a
highly-fluorescent red product called resorufin, which can be detected spectrophotometrically
and allows conclusions regarding the metabolic activity of the cells®’. Another mechanism is
based on the measurement of cellular adenosine triphosphate (ATP), which is present in
metabolically active cells and a widely accepted marker of viable cells’t. These assays for
example the CellTiter-Glo® assay (Promega) take advantage of the firefly luciferase enzymatic
reaction, which requires ATP present in viable cells to generate a luminescence signal

(Figure 3 C)’%73. The intensity of the luminescent signal can be detected using a luminometer,

with higher luminescent signal indicating higher ATP levels and higher viability of the cells’?.

Viability assays based on spectrometers or luminescence read-out provide a rough estimate of
the impact of compounds on cell proliferation. Nevertheless, they do not encompass the full
complexity of the underlying cellular mechanisms or distinguish between viability and

cytotoxicity’?.
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Figure 3: Graphical illustration of end-point viability and cytotoxicity assessment. A. MTT assay.
The yellow tetrazolium salt MTT is reduced by metabolic active cells to formazan (purple). B
AlamarBlue™ assay. The non-fluorescent resazurin is reduced by metabolic active cells to red
fluorescent resorufin. C. CellTiter-Glo® assay. Based on ATP, which is present in living cells,
Luciferin can be oxidized to oxyluciferin which generates a luminescence signal. This figure was
created using Adobe lllustrator v26.5.

3.2.3. Target associated and non-specific cytotoxicity

Specific cytotoxicity refers to the selective destruction of specific cells or tissues while sparing
others. This approach is commonly employed in cancer therapy, where the goal is to eliminate
cancer cells without harming healthy, normal cells’>. Target-specific cytotoxicity is achieved by
using therapies that specifically target molecular markers or vulnerabilities unique to the
cancer cells. Unspecific cytotoxicity, on the other hand, refers to the non-selective destruction

of cellular functions without a specific focus on any cell type where unintended damage to
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both diseased and healthy cells can occur’® ”’. This type of cytotoxicity is often associated with
the side effects of certain drugs or therapies, particularly chemotherapy and is caused by toxic
effects of compounds’®. Cell death is a highly complex and dynamic process involving several
different mechanisms. Each cell death mechanism has distinct molecular and morphological
features and serves different fundamental biological processes. Understanding the influence
of a compound on each mechanism is crucial for unraveling the compounds’ profile and gaining
further target related insights. The best studied forms of cell death include apoptosis, the
programmed cell death, and necrosis, the uncontrolled cell death form. However, in recent
years several other forms of cell death have been discovered for example autophagy,

necroptosis and oncosis’’.

3.2.3.1. Programmed cell death: Apoptosis

Apoptosis, also known as programmed cell death, is a highly regulated and controlled process
to eliminate unwanted or damaged cells to regulate cellular growth, differentiation and
homeostasis (Figure 4 A). It is characterized by distinct morphological changes of the cells,
starting with shrinkage of the cells and condensation of the cytoplasm combined with nuclear
fragmentation and formation of apoptotic bodies’ 8. Apoptotic cells are subsequently
phagocytosed or cleared by neighboring cells without inducing inflammation® 8!, To initiate
apoptosis, frequently a series of proteases known as caspases is activated. Caspases are
aspartate-directed cysteine proteases that are able to cleave diverse intracellular substrates.
They are synthesized as inactive precursors and can be grouped into initiator caspases
(caspase 8 and caspase 9), that transduce various signals into proteolytic activity and
executioner caspases (caspase 3, caspase 6 and caspase 7), which cleave most of the more
than 400 substrates that are degraded in cells undergoing apoptosis’’ 8> 83, They are activated
as a consequence of signaling induced by a wide range of physiological and pathological stimuli
and contribute to various manifestations of apoptosis®®. Apoptosis can be initiated by two
different pathways: the intrinsic pathway and the extrinsic pathway. The intrinsic pathway is
characterized by mitochondrial membrane changes due to positive or negative signals’’.
Negative signals result from the lack of various cytokines, hormones, or growth factors. Within
non-apoptotic cells, these factors inhibit the activation of pro-survival or pro-apoptotic factors
such as puma, noxa, or bax®. Once triggered, these elements have the potential to initiate

apoptosis. The positive signals include external influences such as hypoxia, different toxins,
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radiation, viruses or toxic agents’’. Upon exposure to an apoptotic stimulus, the mitochondrial
membrane changes to open a mitochondrial permeability transition (MPT) pore and pro-
apoptotic proteins such as cytochrome c¢, second mitochondria derived activator of
caspases/direct IAP binding protein with low Pl (Smac/Diablo) or the high-temperature
requirement family member HtrA2/Omi can leak into the cytoplasm, where they can activate

executioner caspases®® &,

The extrinsic pathway or death receptor (DR) pathway is initiated by patrolling natural killer
cells or macrophages. So called death ligands bind to death receptors (DR) which are
transmembrane proteins and members of the tumor necrosis factor (TNF) superfamily®®. By
means of their death-inducing domain (DED), they can activate pro-caspase 8 to caspase 8,
thereby forming a death-inducing signal complex (DISC). This complex includes various other
proteins, that contribute to the autocatalytic activation of caspase 882 82, Additionally, it leads
to the subsequent activation of executioner caspases either directly or in conjunction with
proteins released from mitochondria, which counteract the inhibitors of apoptosis proteins
(IAPs) from inhibiting caspase 8%°. This non-inflammatory, highly regulated form of cell death
is for example important to clear damaged or infected cells in order to maintain surrounding
healthy cells. Nevertheless, in some cases, for example for more selective cell depletion or

when a broader area of cells should be removed, other cell death mechanisms are preferred.

3.2.3.2. Energy-independent cell death: Necrosis and Necroptosis

In contrast to the programmed cell death form apoptosis, necrosis is an energy independent
form of cell death (Figure 4 B). It is an uncontrolled mechanism, induced by external damaging
conditions such as physical trauma, toxins, hypoxia, or sudden inflammation®. Necrosis is
characterized by leakage of cellular compartments and nucleosides into the surrounding
environment, membrane rupture, cellular swelling (often referred to as oncosis) and triggers
inflammatory processes’’. After cell damage occurs, various pro-inflammatory proteins such
as nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) are upregulated,
triggering the inflammatory response to remove harmful components. A specific form of
necrosis is necroptosis, which is a partially regulated process. It is assumed, that necroptosis
happens in an apoptosis deficient environment, controlled by the two receptor-interacting
proteins (RIPK) RIPK1 and RIPK3’’. Necroptosis is mediated by death receptors (DR) such as

TNFR1 (tumor necrosis factor receptor 1), which recruits the survival complex 1, containing
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TNFR1-associated death domain protein (TRADD), polyubiquinated RIPK1 and several E3
ligases. After deubiquination of RIPK1 it recruits and phosphorylates RIPK3, forming the
ripoptosome®’. This complex recruits and activates the mixed lineage kinase domain such as
pseudokinase (MLKL) to form the necrosome, leading to membrane permeabilization and cell

death’’ 86,

3.2.3.3. Autophagy

Another mechanism to maintain cellular homeostasis and promoting overall cell health is the
self-digestion called autophagy (Figure 4 C)®. It is a highly conserved cellular process through
which cellular compartments or whole cells are degraded by lysosomal enzymes. After
digestion, the components can be recycled or even used as a source of energy, which plays an
important role during times of nutrient scarcity, which is next to other internal and external

signals, one of the main autophagy triggers®.

The literature distinguishes between three forms of autophagy: macroautophagy,
microautophagy and chaperone-mediated autophagy. The most described form is
macroautophagy®®. Here, the cargo is enclosed in a double-membrane vesicle
(autophagosome) and later fused with a lysosome to the autophagolysosome, where the cargo
is released into the lysosomal lumen, followed by degradation by lysosomal proteases. The
resulting breakdown products, such as amino acids, nucleotides, or fatty acids are released
back to the cytoplasm, where they can be reused by the cell for energy production or the
synthesis of new cellular components®. The more specific microautophagy is so far not fully
understood. It is characterized by an incorporation of cytoplasmic content into the lysosome
by an invagination of its surface®"°2. The most selective form of autophagy is called chaperone-
mediated autophagy. It is dependent on cytosolic chaperones, which can bind specific target
proteins of interest carrying KFERQ-like motifs and transfer them via the lysosomal-associated
membrane protein (LAMP) receptor 2A to lysosomes where they are degraded®?. All forms of

autophagy are highly regulated and influenced by different proteins®3,

Autophagy has often been shown to be induced by chemical compounds. Furthermore, it was
also shown to play a crucial role in diverse pathologies including neurodegeneration, cancer
and infectious diseases, thus representing as an interesting leverage point for therapeutic

strategies®. In cancer therapy, autophagy was shown to both suppress and promote cancer
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progression and metastasis, dependent on the patient and cancer form®3. While
pharmacological inhibition of autophagy has demonstrated the potential to enhance the
effectiveness of cancer therapies and reduce drug resistance, it is important to note that
certain types of cancer rely on autophagy for their survival. Additionally, there are instances
where boosting autophagy serves as a strategy to improve the efficacy of cancer treatments®.
The first FDA-approved agent capable of inhibiting autophagy was chloroquine, which blocks
autophagy by disrupting lysosomal acidification®® °>. Originally developed as a treatment for
malaria, this drug garnered significant interest, particularly during the coronavirus pandemic
of 2019 (COVID-19), when it became a subject of research and was discussed for potential
antiviral therapy®® °’. The exact mechanism of this drug, however, are complex and not yet
fully understood. In addition to compounds that disrupt lysosomal function, over the years a
wide array of compounds has been developed to specifically target essential proteins of the
autophagy machinery to either inhibit or induce autophagic functions. An example is the
immunosuppressant drug Rapamycin, which targets mammalian target of rapamycin (mTOR),
an important serine/threonine kinase and key regulator of the autophagy pathway. Inhibition
of mTOR by Rapamycin leads to autophagy induction as active mTOR inhibits autophagy
through the inhibitory phosphorylation downstream of unc-51 like autophagy activating kinase
1 (ULK1)%1%0_ ater, the drug was also shown to have potential in different other therapeutic
areas such as cancer therapy and aging!®. Effectively targeting autophagy without causing
harm to other essential cellular processes remains a significant challenge in this field.
Additionally, it is important to acknowledge that while the design of many compounds focuses
on specifically targeting autophagy-related proteins, there are also compounds that can induce
autophagy or general cytotoxic effects through mechanisms that are not yet fully understood.
Therefore, it is desirable to characterize the impact of a compound on autophagy or cell

viability in general, during the early stages of drug discovery.
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Figure 4: Overview of cell death mechanisms. Figure adapted from Asadzadeh et al.*0t A,
Apoptosis is a highly regulated and controlled process, characterized by distinct morphological
changes of the cells, including cell shrinkage and condensation of cytoplasm, nuclear
fragmentation and membrane blebbing and the formation of apoptotic bodies. B. Necrosis is
an energy-independent form of cell death, characterized by cell and organelle swelling
(oncosis), membrane rupture, inflammatory processes and leakage of the cellular components
into the cytoplasm. It is often induced by external stimuli such as trauma, toxins or sudden
inflammation. C. Autophagy is a highly conserved process to degrade and recycle cellular
components or whole cells. The here shown macroautophagy is characterized by a cargo
engulfment in an autophagosome, a fusion of this autophagosome with a lysosome and the
release and degradation of the cargo by Ilysosomal enzymes in the resulting
autophagolysosome. This figure was created using Adobe Illustrator v26.5.

3.2.5. Cell cycle dependent effects

Next to inducing different cell death types, some compounds can influence cell viability by

impacting the cell cycle. The cell cycle is a highly regulated and precisely controlled process in
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cells to ensure accurate progression from one cell cycle phase to another, leading to cell
division and proliferation. It consists of four main phases with specific functions and
checkpoints, to govern cell growth, development and reproduction of the cell, and maintaining
the integrity of the genetic material. The gap 1-phase (G1 phase) is the interval phase between
mitosis (M phase) and Deoxyribonucleic acid (DNA) synthesis (S phase)'® (Figure 5 A). Here,
the cell is growing and prepares itself for DNA replication. Cellular proteins, organelles and RNA
that are important for the division are synthesized. Regular functions and metabolic activities
of the cell continue unaffected'®3. A pivotal moment in this phase involves a decision point at
which the cell either enters the cell cycle and proceeds with division or enters the non-dividing
state, known as quiescence or GO phase. This decision is highly regulated and influenced by
various factors, such as nutrients, growth factors and the overall cell health. Upon choosing to
move forward with the cell cycle progression, the following phase is called DNA synthesis or S
phase. Here, the genetic material, which is stored in the form of DNA, is duplicated to form
two identical copies of each chromosome. Followed by a second gap phase (G2), where the
cell undergoes final preparations for cell division and when a second decision point takes
place'®. It is a critical checkpoint, to ensure that the cell has successfully completed DNA
replication and is ready to enter mitosis (M phase). During mitosis, the duplicated DNA is
separated and the entire cellular content is divided into two new daughter cells (cytokinesis).

Afterwards, the cell cycle returns to G1 phase.

The whole cell cycle progress is controlled by a complex network of regulatory mechanisms
and diverse proteins. Key regulators are cyclin-dependent kinases (CDKs)'%4 105 They interfere
and regulate the cell cycle progression by binding to specific cyclins, which are present at
different cell cycle phases. Binding to the corresponding cyclin leads to CDK activation and

phosphorylation of proteins, triggering specific events of the cell cycle!®> 106,

In many cancer types, cell cycle proteins are frequently overexpressed, leading to uncontrolled
proliferation'®’. Inhibition of proteins such as CDKs has demonstrated to block initiation and
progression of specific cancer types, without harming healthy tissues. In some instances, cell
cycle arrest even triggered apoptotic cell death or senescence of tumor cells'®’. Some
compounds exhibit their mode of action effectively within a specific phase of the cell cycle!®,

Overall, this renders proteins engaged in the cell cycle as promising targets for drug
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development and highlights the need to assess the impact of compounds on the cell cycle

during the drug development process.

There are various techniques to detect the cell cycle such as using nucleotide analogs 5-bromo-
2'-deoxyuridine (BrdU) and 5-ethynyl-2'-deoxyuridine (EdU), which are incorporated into
newly synthesized DNA, immunostaining of replication proteins such as Ki-67 or proliferating
cell nuclear antigen (PCNA), or the usage of flow cytometry!” 109111 Nevertheless, in all of
these methods the cells are not viable, as they are either stained or rely on immunofluorescent

detection, requiring cell fixation.

An alternative method, which was introduced in 2008 by Sakaue-Sawano et al.'’ revolutionized
the cell cycle analysis, as it allows to monitor the cell cycle phases in living cells'®. The
Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) allows to distinguish different
cell cycle phases using a dual-color imaging system?® (Figure 5 B). It takes advantage of the
opposing effects of the licensing factor Cdtl (chromatin Licensing and DNA Replication
Factor 1) and its inhibitor Geminin'®. In eukaryotic cells, Cdtl accumulates only during G1
phase and prevents that DNA is replicated more than once during the cell cycle. It is degraded
in the absence of Geminin, through ubiquitin-dependent proteolysis during the S-phase of the
cell cycle. Geminin binds to Cdtl and prevents MCM (mini chromosome maintenance)
chromatin loading. It starts accumulating when Cdtl levels decrease during S-phase and G2
phase!'?. Geminin levels are low during late mitosis and G1 phase. In the FUCCI assay, each of
these proteins is fused to a different fluorescent protein!'3. Usually, Ctd1 is tagged to red
fluorescent protein (RFP) and Geminin is tagged to green fluorescent protein (GFP)4. When
either of the proteins is targeted for degradation upon entry into a specific cell cycle phase,
the respective other fluorescent tag is detectable. Cells in S/G2/M are labeled green as GFP-
tagged Geminin is expressed, cells in G1 are labeled red as a result of the presence of the RFP-
tagged Ctd1 and all cells in the transition state between G1 and S phase, show both GFP and
RFP-labeled cells, appearing as yellow. During a short period between M and G1 phase, a small

fraction of non-labeled cells are appearing® 113 114,
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Figure 5: General introduction into the cell cycle and the FUCCI system. A. Cell cycle scheme.
Figure adapted from Matthews et a/.*%2. The Interphase represents the longest cell cycle phase.
It is divided in three sub-phases (G1-phase, S-phase and G2-phase). Here, the cell prepares
itself for cell division. Afterwards the cells are dividing during mitosis into two new daughter
cells. B. The FUCCI-system allows to distinguish the different cell cycle phases using a dual-
color imaging system. Cells in S/G2/M will appear green as GFP-tagged Geminin is expressed,
cells in G1 will appear red as a result of the presence of the RFP-tagged Ctd1. Cells in the
transition state between G1 and S phase, show both GFP and RFP-labeled cells, and therefore
appear yellow. Cell of the period between M and G1 phase are colorless. This figure was
created using Adobe lllustrator v26.5.

The FUCCI system has the ability to detect the different cell cycle phases in living cells, which
sets it apart from the traditionally used methods®. The dynamic changes of the cell cycle
progression over a long time-period can be detected in a non-invasive way'*>. The markers are
expressed within the cells and no external substances such as dyes, that can harm the cells are
used. Also, the dual-color system is easy to visibly observe. The FUCCI system is based on single

cell analysis which means that also the heterogeneity of the cells can be taken into account®®.

3.2.6. Impacting cell states by affecting specific cellular compartments

In general, any impact on cell health can influence numerous cellular functions and can also
significantly affect cellular compartments such as microtubules or mitochondria. However, this

also means that affecting these compartment may result in cell death.

Mitochondria are responsible for producing the majority of the cellular energy in form of

adenosine triphosphate (ATP) through oxidative phosphorylation and contribute to many
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important cell mechanisms such as different cell death forms. Mitochondrial changes play an
essential role in apoptosis induction, and other mechanisms. The mitochondrial outer
membrane permeabilization (MOMP) contributes to the release of soluble proteins, leading to
apoptotic cell death®. Mitochondrial membranes are highly dynamic structures undergoing
structural changes every 10 minutes!'’ 118 Mitochondria are also the main source of reactive
oxygen species (ROS), which are formed during the energy production process as byproducts.
If ROS production becomes excessive due to the influence of certain compounds or an
imbalance in cellular antioxidant defenses, it can result in oxidative stress, which can be
harmful to the cells. Some substances lead to cell damage by elevating ROS levels in cells. It is
crucial to understand the interplay between a compound and ROS production to minimize any

interference with cellular energy production and homeostasis®.

Next to mitochondria, another fundamental structure of eukaryotic cells are microtubules.
Microtubules serve as dynamic organizations containing of a- and B-tubulin subunits and play
an integral role in maintaining cell shape, facilitating intracellular transport. They are key
components of the mitotic spindle during cell division!*. Due to their central role in many
cellular processes, microtubules have garnered a significant interest in the drug development
field. Especially in cancer research, microtubule modulating compounds have been extensively
employed using their ability to inhibit tumor growth. There is thus a possibility of
misinterpretation presumed target-specific effects due to unspecific or unrecognized tubulin
binding of a chemical substance. One example to demonstrate the importance of the validation
on tubulin binding is, is the compound TH588, which was published to be an mut-T homolog-
1 (MTH1) inhibitor by Gad et al. in 2014'*°. The compound showed promising cytotoxic effects
in a wide range of human cancer cell lines and even advanced to preclinical studies as a
promising candidate for cancer therapy. However, Gul et al.'?° proposed in 2019, that the
underlying mechanism for the compounds antiproliferative effect was its ability to modulate
microtubules rather than targeting MTH1%°. Firstly, they found, that the concentration
required for the anti-cancer effect was higher than needed for MTH1 inhibition. Secondly,
when they performed a CRISPR-mediated knockout of MTH1, they couldn’t observe the same
effect in cells, indicating that MTH1 is not responsible for the observed phenotype.
Furthermore, the compound displayed a concentration-dependent effect on centrosome

separation, prolonged mitotic duration, and mitotic slippage!?°. These finding showed the




Introduction

importance of identification of tubulin-binding to avoid misdirected interpretations of drug-
target effects. It also highlights the need for comprehensive studies to uncover the precise

molecular mechanism of action of compounds.

3.2.7. Phospholipidosis

Sometimes, it remains uncertain whether an observed phenotypic effect is attributed to a
specific target or if the structure of the compound and its physicochemical properties are
responsible for the resulting phenotypic response. Here, the phenomenon called

phospholipidosis serves as an example.

Phospholipidosis (PL) is a condition characterized by an accumulation of phospholipids in cells
and tissues, particularly in lysosomes®!. Phospholipids are essential components of cell
membranes and play a critical role in maintaining the integrity and function of cells. However,
in certain circumstances, such as exposure to specific drugs or chemicals, phospholipids can
accumulate excessively within the lysosomes, leading to the formation of characteristic
lamellar bodies?!. This occurrence is called drug-induced phopsholipidosis (DIPL) and can
result in the disruption of normal lysosomal function, leading to cellular damage and
potentially contribution to the development of various diseases. DIPL is a significant concern
in drug development and toxicology, as it can interfere with the efficacy and safety of
therapeutic agents and chemical compounds. The mechanisms underlying phospholipidosis
are complex and not fully understood. There is an ongoing debate whether phospholipidosis is
a target-specific process, or a result of non-specific effects caused by the chemical properties
of small molecules. One proposed mechanism is that an accumulation of small molecules in
lysosomal membranes can trigger the release of lysosomal hydrolases and sphingolipid
activator proteins from the surface of intralysosomal luminal vesicles'?!. Another proposed
mechanism emphasizes an interference with normal trafficking of lysosomal enzymes,
resulting in an accumulation of phospholipids and other cellular components. Furthermore,
several targets have been suggested as potential DIPL mediators, including lysosome-specific
phospholipase A2 (PLA2G15)*?, or the sphingomyelinase (Asm)-ceraminde system?!?3.
However, as of now, there are still uncertainties as no single target has been able to fully
explain all observed DIPL cases'?*. Regularly, DIPL is linked to structural characteristics of small
molecules, especially to cationic amphiphilic drugs (CADs). They contain hydrophobic and

hydrophilic domains and carry a positively charged moiety at physiological pH'?!. These
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chemical properties provide small molecules with the capacity to passively diffuse through lipid
bilayers of lysosomes, in which they will become ionized and trapped due to the acidic pH
values!'?> 126 Hence, it is generally accepted that this condition is associated with disturbances

in the normal catabolism and turnover of phospholipids.

3.3. Biological Reporters used to assess different cellular processes

Cellular responses to a chemical compound are diverse and complex, which is why it is
important when annotating compounds to assess a large number of diverse biological effects,
ideally in different cell systems. Next to orthogonal or plate-reader based systems, the use of
biological reporters, also known as biomarkers or biosensors, is a good alternative'?’. Biological
reporters are molecular entities that can be used to assess and report diverse cell states by
interacting with cellular compartments or proteins and translate this binding into a detectable

127 Biological

signal such as fluorescence, chemiluminescence or colour-based reactions
reporters encompass different tools, ranging from genetically encoded fluorescent proteins
such as GFP or RFP, Luciferase Reporter Assays, pH-sensible indicators to small molecules with

light-exciting capabilities.

One group of biological reporters are fluorescent staining dyes that can be applied to diverse
cell systems. By using fluorescent staining of cells, different cellular mechanisms can be
visualized and cellular processes can be quantified with exceptional precision. As of today, a
wide array of organelle-staining fluorescent dyes are commercially available'?®. The choice of
the fluorescent dye depends on the cellular structure or process of interest, but also the
compatibility with the organism and imaging equipment. However, when using several dyes, a
major problem for imaging in different channels is so called bleed through or spectral overlap
of the different dyes as they often have broad excitation and emission spectra?®. This should
always be kept in mind, when setting up multiple staining protocols. A versatile tool to image
specific molecules of interest is the use of small-molecule fluorescent probes. These should
not be confused with selective chemical probes mentioned earlier, as they are highly selective
and specific probes for cellular imaging, which can be easily used in diverse set ups'?® 130, They
act via different mechanisms, interacting with biomolecules, accumulating via transporters, or

participating in metabolism'3%. For example, MitoTracker™ probes have let to major insights,
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visualizing mitochondria in diverse cellular systems'?8. MitoTracker™ probes are commercially
available with different fluorescent tags for example MitoTracker™ red, passively diffuse across
the plasma membranes and accumulates in mitochondria or MitoTracker™ green, which is
membrane potential insensitive and represents the mitochondrial mass. They contain an
additional reactive moiety such as a benzyl chloride group and cationic properties, which make
them cell permeant and mitochondria selective, resulting in their high immobilization in
mitochondria'32. As they are often easily adaptable and applicable for live-cell imaging, they

can be used for high-content imaging.

3.3.1. High-content imaging

High-content imaging (HCI) or alternatives such as high content analysis (HCA) or high content
screening (HCS) are used to describe automated microscope-based assays, to assess the
biological activity in cells or organisms after treatment with thousands of agents such as
compounds or siRNAs, in a multi-well format*?® 133 Typically, the cells or organelles are stained
with one or more fluorescent dyes and imaged to detect multiple characteristics (Figure 6).
The aim is to identify and measure essential features from the captured image under a
particular treatment condition in a short and effective manner®3. For time- and cost-
effectiveness, this can be done simultaneously, using a fast and simple way that provides as
much information as possible. Hence, image acquisition is performed using automated
microscopes such as confocal microscopes with lower magnification ranges, that allow to

capture a larger number of cells for statistically meaningfulness?®.

To extract information from this “high content” set-up, modern, fast and sophisticated image-
analysis software is used. An image generated by a confocal microscope contains a large
amount of data. Depending on the experimental setup and the analysis software used, the
output will differ from a basic object identification to more sophisticated machine learning
based validations up to morphological profiling using deep learning. Typically, first a threshold
is applied to the images to identify all objects different from the background. Depending on
the cell staining dyes used, individual objects can be detected as either part of the main objects

e.g. nucleus as part of the cell body or as an individual object for example dust in the well.
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Figure 6: Example for a high content imaging workflow. Starting with the preparation of the
cells, including staining of the cells using fluorescent biological reporters and seeding them on
a multi-well plate. Afterwards, the cells are treated with compounds of interest and incubated
over a distinct time point e.g., 24 hours. Image acquisition is performed using an automated
microscope detecting multiple different channels. Images are then analyzed using
sophisticated image analysis software that detects different objects, parting them from the
background or confounding factors such as dust in the well. Each cell is the profiled using an
implemented machine learning based algorithm that was trained using different reference
compounds. Dataset is generated and then evaluated based on background information such
as target potency and selectivity. This figure was created using Adobe Illustrator v26.5.

3.3.2. Live-cell imaging as a versatile tool to detect time-dependent cellular changes

A significant advantage of fluorescent probes is their usability in living cells. The choice
between fixed samples and live cells involves balancing the impact and potential damage of
the cells with a high signal-to-noise ratio'3*. Fixed cells can be exposed to a much higher light
capacity than living cells. Additionally, when using living cells, environmental conditions such
as temperature, humidity and COx-levels have to be kept constant!3*. Therefore, one has to
determine if an assay is amenable to live cell imaging conditions. A time-course study on the
environmental conditions as well as the fluorescent probe influence on cell viability should be
tested beforehand. Also, photobleaching or phototoxicity of cells should be kept in mind,

particularly in the presence of fluorophores, as they can generate free radicals'?® 134,
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Nevertheless, especially for compound annotations, live-cell imaging is desired, as dynamic
changes and fluctuations can be crucial for the understanding of the cellular response.
Monitoring kinetic changes also allows to capture the full compound effect starting from early
responses to a potential recovery of the cells. It also helps to verify the optimal time point for
the usage of the compound, as off-target effects can occur after extended exposure. This is

also crucial for follow up validation of the compound.

3.4. Objectives and Outlook

In this study, various cellular responses to chemical compounds were explored using high-
content imaging techniques in living cells. We established a multiplex staining method, which
is feasible to be used in live-cells to capture dynamic cellular effects without harming the cells.
In an easy and fast way, this method can be used to detect the influence of compounds on cell
viability, capture diverse forms of cell death and determine any cell cycle effects. The assay is
adaptable to different cell lines and can be used in combination with other assays to assess
effects, such as mitochondrial health, changes in cytoskeletal morphology or phospholipidosis
(Figure 7). We thus were able to annotate newly developed kinases inhibitors and investigate

their effect on different cell states.

The establishment and suitability of the assay was tested on a small compound library
containing 215 compounds in three different cell lines (section 4.1.1. and Appendix A). To allow
diverse users to reproduce the assay and to make it accessible, we published an exceptionally

detailed protocol (section 4.1.2. and Appendix B).

As part of a EUbOPEN, | contributed to generate and annotate the largest freely available set
of high-quality chemical modulators targeting the human proteome. Within this innovative
medicine initiative (IMI)-funded project, | evaluated over 1000 diverse chemical compounds
for their effects on cellular quality, performing a two-step viability assessment. To ensure
reproducibility and visibility of the data generated, both steps of this characterization pipeline
have been described and published as step-bye-step protocols in the book “Chemogenomics”
(section 4.2. and Appendix C and Appendix D). Additionally, all data generated during that
process was made available to the public to provide a comprehensive understanding of the

cellular quality of the compounds (section 4.2.).
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Using the assay, | also validated the impact of 150 selective chemical probes and controls
provided by the donated chemical probes (DCP) set regarding their cell viability and phenotypic
characteristics across different standard cancer cell lines (section 4.3.1. and Appendix E). This
annotation in model cell lines was used as a basis to compare the effect of these probes to
sophisticated human organoids of colorectal cancer. In other projects, | characterized off-
target activity of different chemical probes such as the macrocyclic scaffold compound CK156,
which selectively targets Serine/threonine kinase 17A (STK17A) (section 4.3.2. and Appendix F)
or the dual Discoidin domain receptor (DDR)/p38 chemical probe, SR-302 (section 4.3.2. and
Appendix G). Additionally, | evaluated the effect of Cyclin-dependent kinase 16 (CDK16)
inhibitors on the cell cycle, by assaying different compounds targeting the PCTAIRE kinase

family (section 4.4. and Appendix H).

Lastly, | tested two diverse compound sets in an optimized assay, enabling the evaluation of
time-dependent phospholipidosis (PL) induction. Within this collaboration, | analyzed two
training sets, containing a total of 290 compounds, which were used to develop a precise
machine learning (ML) algorithm for the prediction of PL inducers. Leveraging the algorithm’s
capabilities, we made exciting discoveries regarding the structural influence on PL. On the
other hand, by evaluating different chemical probes from the chemical probes portal and their
matching negative control, we found that closely related molecules, can differ in their ability

to induce PL (section 4.5. and Appendix I).
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Figure 7: Graphical illustration of the connection between the here presented publications.

This figure was created using Adobe Illustrator v26.5.
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4. Results

4.1. Compound annotation in living cells using high-content imaging

As part of the characterization process of small molecules, testing their influence on cell health
especially at different concentrations, represents a crucial step. To conduct this cellular quality
control efficiently and to generate a large set of data about a compound’s influence on

different cell states and cellular responses, high-content imaging is a suitable method.

4.1.1. Development of a Multiplex high-content imaging approach

| developed a high-content assays platform to characterize compounds in a multi-dimensional
way compounds for their cellular response in live-cells (Appendix A), which will be presented

in the following section.

“Image-Based Annotation of Chemogenomic Libraries for Phenotypic Screening” 14

In this work | developed a high-content assay in living cells to annotate compound libraries.
The assay was originally based on a single time point protocol called “High-Via”, published by
Howarth et al. in 202074, which described an image-based detection of different cell death
forms. In comparison to the High-Via protocol, where the cells are categorized into 4 different
groups (“healthy”, “early/late apoptotic”, “necrotic” and “lysed”), we observed that the
nuclear phenotype alone, when categorized into “healthy nuclei”, “fragmented nuclei” or
“pyknosed nuclei”, resulted in similar cytotoxicity profiles, compared to the overall phenotype
(Figure 8 A). To identify cell nuclei, the DNA-staining dye Hoechst33342 was used. This allowed
us to make an equivalent statement about cell viability, using only one of the five distinct

channels of the microscope.

Relying solely on a single channel, however, increased the risk of assay interference from
compounds sharing similar fluorescent characteristics or from poorly soluble compounds,
which tend to produce a significant fluorescent background. Hence, | introduced a preliminary
categorization in “Hoechst High Intensity objects”. These objects correspond to either a
precipitation or auto fluorescent activity of a compound (Figure 8 B and C). With four other
channels available, the assay was now expandable and could be adapted to investigate diverse

cellular responses. | evaluated and optimized the protocol to be used in different cell lines. The
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main cell lines used in this publication were human embryonic kidney cells (HEK293T),

osteosarcoma cells (U20S) and untransformed human fibroblasts (MRC-9).

To identify next to primary effects also secondary cellular changes, | adapted the protocol for
a continuous usage over 72 hours. When conducting live-cell imaging, it is essential to employ
the optimal dye concentration. This concentration should strike a balance between the dye not
interfering with cellular functions while at the same time providing a sufficient fluorescent
signal for a robust detection. | therefore validated the influence of the cell staining dyes on

their effect on cell viability using AlamarBlue™ (Figure 8 D).
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Figure 8: Viability assessment using nuclear morphology in comparison to overall cell
morphology. This figure is adjusted from Figure 1 and 2 of Tjaden et al.}**. A. Normalized
healthy cell count in comparison to normalized healthy nuclear count of U20S cells exposed to
different concentrations (0.01 uM, 0.05 uM, 0.1 uM, 0.5 uM, 1 uM, 5 uM, 10 uM) of
camptothecin with calculated IC50 values after 14h, 28h and 42h. B. Hoechst High Intensity
objects after 24h of compound exposure (itraconazol 10 uM, berzosertib 1 uM) to U20S cells
in comparison to cells exposed to DMSO 0.1 %. Error bars show SEM of three technical
replicates. Statistical evaluation shows two-way ANOVA analysis calculated using Graph Pad
Prism 8.4.3. (*=0.0332, **=0.0021). C. Brightfield confocal image of stained (blue: DNA/nuclei)
U20S cells after 24h of compound exposure (itraconazol 10 UM, berzosertib 1 uM).
Precipitation of 10 uM itraconazol and fluorescence of 1 uM berzosertib exposure shown as
Hoechst High Intensity objects are highlighted. D. AlamarBlue™ viability assessment of U20S
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cells. Graphs show normalized viability after 90h of exposure to different cell staining dyes at
six different concentrations in comparison to cells exposed to 10 uM of staurosporine. Vertical
lines show optimal concentration used in subsequent assays (Hoechst33342 60 nM,
MitoTracker™ red 75 nM, MitoTracker™ far red 75 nM, YoPro3 1 uM, BioTracker™ Microtubul
3 uM). Error bars show SEM of four technical replicates.

In the publication, the assay was expanded, to detect in addition to diverse cell death forms,
additional effects on membrane integrity, mitochondrial health and influences on tubulin
integrity. Therefore, the cells were additionally stained with MitoTracker™ red to investigate
changes in mitochondrial mass, the taxol-derived tubulin dye BioTracker™488 Green to
observe microtubule effects, as well as Annexin V to identify apoptosis. This expanded protocol
was subsequently verified by testing 21 reference compounds, each having well documented
cellular responses. These references were also used to establish criteria for compound flagging,
determining their suitability to be included in a chemical tool compound library. A workflow of
the resulting assay can be found in Figure 9. This assay structure will be further referred to as
the “Multiplex assay”. The applicability of the assay in a medium throughput format was
demonstrated by testing a small library, comprising 215 chemogenomic compounds. The
compounds were tested at two different concentrations (1 uM and 10 uM) in three different

cell lines (HEK293T, U20S, MRC-9) over 24 h.
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Figure 9: Multiplex assay tree with property thresholds. This figure is adjusted from Figure 4 of
Tjaden et al.}'*. Tree-based workflow of Multiplex assay protocol showing possible comments
for compound annotation and the criteria for a compound to be “flagged”.

To show the adaptability of the Multiplex assay protocol, | also tested the protocol in
combination with the fluorescent ubiquitination-based cell cycle indicator (FUCCI), that allows
to distinguish different cell cycle phases using a dual-color imaging system. Within this
adaptation of the protocol, the effects of 18 different test compounds in human colorectal
cancer cells (HCT116) was examined and the influence on both cell viability as well as the cell

cycle over 70h was validated.

4.1.2. Step by step protocol to improve data availability and reproducibility

In order to make the developed assay accessible to the community and provide all necessary
information to reproduce our results, we published a detailed step-by-step protocol (Appendix
B). In the following section, | want to elaborate on the significant insights that can be gained
by using the protocol, how it facilitates the reproducibility of the Multiplex assay described

above and the advantages of sharing such a protocol with the scientific community.
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“High-Content Live-Cell Multiplex Screen for Chemogenomic Compound Annotation based on

Nuclear Morphology”13®

The protocol describes the workflow to test 135 test compounds in the Multiplex assay at two
different concentrations in U20S cells on one 384 well-microplate. First there is an elaboration
on all measures and procedures that need to be taken before the start of the experiment. It
showes a detailed description of the preparation of the cells, as well as the compounds and
how to set up all instruments that will be used. The user can also find a table indicating all
reagents that were used and where they have been sourced from. A large portion of the
protocol is allocated to the analysis of the images. The analysis was performed applying the
CellPathfinder software from Yokogawa. A general workflow is shown in Figure 10 A. Here, first
we defined two objects called “Cellbody” and “Nucleus” (Figure 10 B). The Nuclei are defined
to be included in the cellbodies, one nucleus per cell. Afterwards a machine learning based
algorithm, implemented in the software, was trained to gate all cells into different categories
(Figure 10 C). The categories were based on the tree principle, shown in Figure 9. All analysis
files and additional information were included in the protocol, ready to use, to ensure

reproducibility and easy access to the methods.

To train the algorithm, a test set comprising 21 compounds was used!*. The protocol
recommends to always add 6 of these reference compounds to every experimental setup, to
assess whether the algorithm performs as desired and vyields statistically significant results.
Here, staurosporine is proposed for apoptotic cell death and pyknosed nuclei, paclitaxel to
indicate structural changes of tubulin, milciclib for an increase in mitochondrial mass,
daunorubicin to train the software on fragmented nuclei, apoptotic cells and an increase in
mitochondrial mass, digitonin as a detergent for cell membrane permeabilization and

berzosertib for Hoechst High Intensity objects.
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Figure 10: Multiplex assay analysis using CellPathfinder software. This figure is adjusted from
figure 6 and figure 9 of Tjaden et a/.13>. A. Scheme of the general workflow of machine learning
based analysis. First detection of “Cellbody” und “Nucleus”, then training of machine learning
based algorithm using distinct references. B. Processed image of stained (blue: DNA/nuclei,
green: microtubule, red: mitochondria content, magenta: Annexin V apoptosis marker) U20S
cells after 24h of exposure to Itraconazol (1 uM) and detection of nuclei and cell bodies after
analysis using the CellPathfinder software. C. Gating of U20S cells in tubulin effect or tubulin
normal using the CellPathfinder analysis after exposure to 1 uM of Itraconazol after 24h. Pie
charts show the ratios of the different gating steps.

To further help scientific progress and enabling drug development, an open access to data is
desirable. Particularly, a high amount of diverse data and easy data accessibility can
significantly improve compound characterization. Therefore, the protocol shows additionally
to the analysis and evaluation of the data, how the data can be made readily available to the
entire scientific community in a straightforward manner. It explains a detailed process to
swiftly and easyly upload the image data into a public database, along with the essential
information relevant to the experiment. It describes how to deposit all acquired images for the
compound annotation on the European Molecular Biology Laboratory (EMBL) European
Bioinformatics  Institute’s ~ (EMBL-EBI)  repository  website  Biolmage  Archive

(https://www.ebi.ac.uk/bioimage-archive/).
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At the end of the protocol, there is also a detailed troubleshooting section, where
comprehensive explanations of various problems, that may arise during the execution of the

protocol, are described, alongside with multiple solutions to address them.

4.2. A versatile pipeline to characterize compounds on their cellular quality within the

EUbOPEN project

The Europe-wide project called EUbOPEN (Enabling and Unlocking Biology in the OPEN), is an
innovative medicine initiative (IMI) funded project, which aims to generate the largest freely
available set of high quality chemical modulators for human proteins*. All compounds within
this set have to undergo comprehensive profiling, including assessments of their selectivity,
potency and cellular activity. One integral aspect of the project is the development of novel
technologies to discover and characterize compounds. For this, within our working-group we
implemented a two-step pipeline to assess both cell viability as well as the overall cellular
quality of compounds. Both steps of this versatile pipeline were reported in the following
publications (Appendix C and D). In the subsequent section, | will provide a brief overview of

the key steps involved in the characterization process using this pipeline.

77136 and

“Characterization of Cellular Viability Using Label-Free Brightfield Live-Cell Imaging
“Annotation of the Effect of Chemogenomic Compounds on Cell Health Using High-Content

Microscopy in Live-Cell Mode” 13’

In the established workflow, all compounds that were potential candidates for inclusion in the
set of high quality chemical modulators of the EUbOPEN project, underwent a comprehensive
two-step cellular quality assessment. First, the general influence on viability of the compounds
was tested using a label-free brightfield live-cell imaging approach (Appendix C). Here the
growth rate and phenotypic appearances were assessed. Noteworthy compounds, identified
in the first screen, were subsequently tested in the second screen (Appendix D). This involved
the Multiplex assay, a high-content live-cell imaging approach, which has been explained in
section 4.1. and 4.2. Following this, compounds that showed specific threshold values of the
different phenotypic characteristics were evaluated based on their specific targets, leading to

either their inclusion in the set or a compound flag (see Figure 9). Moreover, all data generated
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through this process were made accessible to the public via the Biolmage Archive as described

by Tjaden et al.1%.

The initial evaluation step has been explained by Elson et al.'*® (Appendix C). In this report, a
brightfield live-cell imaging approach using the IncuCyte (Satorius) live cell imaging system has
been presented. The protocol described a workflow to test 304 compounds (including controls)
in a 384-well format. The compounds were tested at a relatively high concentration (10 uM) in
human embryonic kidney cells (HEK293T), osteosarcoma cells (U20S) and untransformed

fibroblasts (MRC-9).

Their influence on cell viability was assessed by validating effects on the confluence using the
growth rate. The growth rate (GR) is a normalized parameter, which was introduced by Hafner
et al.*38in 2016. It includes the initial cell confluence and is insensitive to the proliferation rate
of the cells. It therefore allows the characterization of compounds regarding a partial
inhibition, cytostatic properties, cytotoxicity or a healthy outcome (Figure 11). The protocol
comprises a detailed description of all procedures, which included cell culture and treatment,
image acquisition and analysis and a comprehensive guide on how to calculate the growth rate,
illustrated through an example. Compounds with a growth rate smaller than 0.5 were tested
in the second Multiplex assay. In addition to the growth rate, compounds exhibiting

exceptional phenotypes, obtained by visual inspection, were marked for further evaluation.
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Figure 11: Conditions for testing compound in second Multiplex assay. This figure is adjusted
from Hafner et al.13® and Elson et al.13. A. Simplified representation of growth rate calculation
of healthy, partial inhibition, cytostatic or cytotoxic outcome. B. Example images (brightfield,
Incucyte®S3) of different phenotypes observed in U20S cells after confluence analysis using
Incucyte®Base analysis software.
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The second screening step has been described in Tjaden et al.*3’ (Appendix D). In this book
chapter, the process for evaluating 135 compounds in the Multiplex assay has been outlined.
They were examined in the same three cell lines (HEK293T, U20S and MRC-9) and at the same
concentration used in the initial primary screening (10 uM), as well as at a concentration that
is ten times lower (1 uM). This ready-to-use protocol is an easy to use step-by-step guide to

perform the Multiplex assay in different cell lines for a distinct purpose.

The whole pipeline aimed to characterize compounds for potential inclusion in a
chemogenomic compound set. Furthermore, it served as a means to validate the cellular
quality of various diverse compounds across multiple projects. Within the EUbOPEN initiative,
over 1000 compounds were characterized so far. The generated characterization data was
shared through various open-source databases, including the database of bioactive drug-like
small molecules of the EMBL called ChEMBL (https://www.ebi.ac.uk/chembl/) and the
EUbOPEN’s own database platform gateway (https://gateway.eubopen.org/). All data can be
found here: https://www.ebi.ac.uk/biostudies/bioimages/studies/ including the studies #S-
BIAD730, #S-BIAD733, #S-BIAD145 and # S-BIAD568.

4.3. Application of the high-content assay called “Multiplex assay” to characterize

chemical probes

For a compound to be considered as a probe and potentially be included in a probe set, it must
meet stringent criteria und undergo comprehensive profiling. One of the requirements that
compounds must satisfy is that they should not exhibit cytotoxicity at a concentration of
10 uM, unless it is related to the inhibition of the target. A significant advantage of using
chemical probes, is the assurance that the compounds are well-annotated and a link between
a phenotype and a target can be made with some confidence. This helps minimizing the
possibility of inaccurate results due to unspecific or unknown events. Therefore, the
compounds presented in the following were annotated based on their cellular viability and

unspecific phenotypic effects using the Multiplex assay.
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4.3.1. Annotation of compounds included in the donated chemical probes library

To date, the donated chemical probes set comprised at 97 chemical probes

(https://www.thesgc.org/donated-chemical-probes). It originated in an exceptional project,

where a consortium of pharmaceutical companies including AbbVie, Bayer, Boehringer
Ingelheim, Janssen, MSD, Pfizer and Takeda have worked together with the Structural
Genomics Consortium (SGC) to provide highly selective, potent and broadly characterized tool
compounds to the research community*3. The collaboration not only supplied the compounds
with accompanying selectivity and potency data, but also consistently recommended a
concentration at which the probe molecule should be used and, if available, provided an
inactive control compound?®. The DCP set comprised well-validated chemical probes for a
broad range of targets including protein kinases, G-protein-coupled receptors (GPCR), ion
channels and many more. In the following publication (Appendix E), Tredup et al. introduced
the DCP project and presented the progress and developments of the recent years. The
publication showed a variety of in vitro and cellular characterization data of the compounds,

such as kinome wide profiling from KINOMEScan at DiscoverX (Eurofins)!3?

containing 468
kinases or in-cell target engagement data using NanoBRET. The compounds were annotated
based on their cellular quality to reduce the risk of inappropriate use and any potential
misinterpretation of results. The authors additionally characterized the set in relevant human
primary models, such as hepatotoxicity screening in primary human liver spheroids and in
patient-derived colorectal cancer organoids and matched normal-adjacent epithelium. In the

following section, | want to highlight the cellular annotation of the DCP library using the

Multiplex assay (Figure 12 A).

“Deep Annotation of Donated Chemical Probes (DCP) in Organotypic Human Liver Cultures and

Patient-Derived Organoids from Tumor and Normal Colorectum”®

As mentioned above, the DCP collection, comprised highly-selective, openly available tool
compounds, that can be used to study a wide range of biological processes and targets. In total,
150 compounds compiling chemical probes and matching negative controls, were tested in
three different cell lines (HEK293T, U20S, MRC-9) at their recommended concentration (1x),
as well as at a 10-fold higher (10x) concentration using the Multiplex assay. We found,
increased probability of unwanted toxic or phenotypic events at the ten-fold higher

concentration, highlighting the importance of appropriate dosing. However, at their
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recommended concentration, just a few compounds showed unexpected toxicities or cellular

effects (Figure 12 B). Only three compounds decreased the healthy cell count in HEK293T cells

to less than 40 % comprising a bromodomain (BRD2/3/4/T) targeting compound GSK046, the

negative control of the y-secretase complex inhibitor MRK-560 (GSI-NC) and the MALT1 probe

compound NVS-MALT1 (Figure 12 C).

A

Probes for
other targets

/""'\

Protease probes

100

50

cell count ratio %

e

Dopated Chemical Probes.

SGC |

\ Kinase

probes

IMP
probes

U20S 24h
@8 healthy mm fragmented @B pyknosed

GPCR
probes

Assessment of
cellular quality

C

GSK046
150

Compounds with lower concentration

D

compound

BAY-070
BAY-294
BAY-309
Bl-9446
FS-694
GSI-NC
GSK046
GSM1
GSM-NC
A017

MLi-2
MLi-2-NC
MRK-560
GSK943
MRL-CB1-NC
PF-04475866
T3-CLK-N
DMSO 0.1%

target

Complex |
SOS1

TIE1, TEK, DDR1/2
ITGAL
MAPK14
Gamma secr.
BRD2/3/4/T
Gamma secr.
Gamma secr.
DHODH
LRRK2
LRRK2
Gamma secr.
BRD2/3/4/T
CNR1

FAAH
CLK1/2/3/4
Control

mitochondrial tubulin
mass increased effect

membrane
permeabilized

Screening in patient

derived

organoids

tumor vs. normal

GSI-NC

31 2

1 2 3 1 2

3 1 2

1=HEK293T 2=U20S 3=MRC-9

growth
rate

T
&
8

|
- =)
o

3 -



Results

Figure 12: Annotation of Donated Chemical Probes set in cells. This figure is adjusted from
Tredup et al.*®. A. Overview of the DCP set, which includes 97 chemical probes and display of
their target categories. Additionally, outline of the process of annotating them in cells and in
primary human organoids. B. Cell count ratio of different nuclei gating in U20S cells after 24h.
Compounds shown at their recommended concentration. Healthy nuclei count at 50% (viability
threshold) is marked with a red line. C. Compound structures of compounds that showed less
than 50% of healthy nuclei in HEK293T cells after treatment at recommended concentration
(1x). Structures were used from the SGC DCP website (https://www.thesgc.org/donated-
chemical-probes) D. Heat map of phenotypic properties (increase in mitochondrial mass,
tubulin effect, membrane permeabilization) and growth rate values after 24h of “flagged”
compounds with their distinct target in HEK293T, U20S and MRC-9. Values are calculated from
mean of two biological duplicates.

Furthermore, at the recommended concentration, only 17 compounds showed phenotypic
effects higher than 50 % after 24h (Figure 12 D). 70 % of these compounds were negative
controls. Negative controls are structurally similar compounds with less or no activity on the
target. Often they are less characterized, resulting in a higher probability to cause unspecific
or toxic side effects. The five probes that were flagged due to a phenotypic event, were the y-
secretase complex probes MRK-560 and GSM1, the BRD2/3/4/T inhibitor GSK046, the MAPK14
inhibitor FS-694 and the LRRK1 inhibitor MLi-2. Based on these results, the authors stressed
the importance of using probe compounds at their recommended concentration and

highlighted the need to annotate compounds in diverse systems.

4.3.2. Characterisation of chemical probe candidates for the Serine/threonine kinase 17A

(STK17A) and the dual DDR/p38 chemical probe

In the following sections | would like to highlight two projects (Appendix F and G) in which we
characterized probe candidates, which were evaluated by a team of scientific experts und

received approval to be classified as a chemical probe.

“Illuminating the Dark: Highly Selective Inhibition of Serine/Threonine Kinase 17A with

Pyrazolo[1,5-a]pyrimidine-Based Macrocycles”4% (Appendix F)

After many years of ongoing research in the field of biological target identification, and
although many proteins have been extensively studied and well characterized, there are still
numerous proteins that have not yet been fully explored and are not liganded!#!. Nevertheless,
these “untargeted” or “dark” proteins may play important roles in maintaining cellular

functions, but remain undiscovered!*!. In the case of kinases, approximately three quarter of
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the human kinome consists of proteins that have not yet been studied in detail'#? 3, In most
cases the identification of these “dark kinases” and the determination of their biological
function seems to be more challenging and requires comprehensive screening efforts'4. This
is in part due to the conserved ATP-binding site of kinases, which is often the most druggable
part of this protein family. Using highly selective tool compounds, targeting dark kinases, can

gradually improve the knowledge about these proteins.

For this, Kurz et al.*%° developed an exclusively selective inhibitor called CK156 for the dark
kinase death-associated protein kinase-related apoptosis-inducing protein kinase 1 (DRAK1)
(Figure 13 A). DRAK1 is part of the death-associated protein kinase (DAPK) family which
includes also DRAK2, DAPK1, DAPK2 and DAPK3. It is also known as serine/threonine kinase
17A (STK17 A) and regulates many different cellular processes, such as autophagy and
apoptosist# 146 As 3 starting point for the compound CK156, Kurz et al. did a structure-based
optimization of the casein kinase 2 (CK2) inhibitor IC19, which was first introduced by Kramer
et al. in 2020'*” (Figure 13 B). They used the promising hinge binding motif, a pyrazolo[1,5-
a]pyrimidine structure, present in this compound, for the development of a macrocyclic
structure. Macrocyclization can be favorable for alteration of the biological and physiochemical
properties and can improve the selectivity in comparison to acyclic analogues'#®. The
compound was further optimized by improving the back pocket interactions by introducing
space-filling benzylamide derivates. A kinome wide selectivity screen (KINOMEscan) confirmed
the remarkable selectivity of CK156 with exclusive affinity for DRAK1. Target engagement was
also confirmed in cells using NanoBRET target engagement assay. Additionally, a crystal-

structure of DRAK1 revealed a classical type | binding mode of the compound.

To assess the effect of the compound on general cell viability, | performed the high-content
Multiplex assay which was introduced in section 4.1 and 4.2. in HEK293T, U20S and MRC-9
cells (Figure 13 C-E). At 10 pM, the compounds showed a decrease in healthy cells
(Figure 13 C). The highest impact was observed for U20S cells, where almost 50 % of the cells
showed effects on cell viability. For HEK293T and MRC-9 cells the effect was not as severe
(Figure 13 D). At 1 uM, no cytotoxic effects were observed in all three cell lines. Additionally,
no notable effect on microtubule or mitochondrial damage was detected at both

concentrations (Figure 13 E).
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DRAK1 has been described to be highly overexpressed in glioblastoma cells and knock down of
this kinase by shRNA resulted in an alteration of cell shape and cell proliferation#°. To test if
an inhibition of DRAK1 results in the same phenotype, the compound was tested in four
different glioblastoma cells. However, no correlation between DRAK1 expression and the

influence on cell viability or morphological changes was detected.
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Figure 13: Viability assessment for compound CK156 using Multiplex assay. This figure is
adjusted from Kurz et al.**°. A. Chemical structure of CK156 with ECsp value on DRAK1, which
was confirmed using NanoBRET target engagement assay. B. Schematic overview of the
development of DRAK1 inhibitors by exploring the back pocket. Optimization of interactions in
the solvent pocket resulted in the highly selective CK2 inhibitor IC19. Modification of the back
pocket interaction in this study identified the lead structure (14), which lead to selective DRAK1
inhibitors. C. Healthy cell count after 36 h of 10 and 1 uM compound exposure [CK156]
normalized to healthy cells exposed to DMSO (0.1%) in HEK293T, U20S, and MRC-9 cells. Error
bars show standard error of the mean of quadruplicates. Significance was calculated using a
two-way ANOVA analysis. D. Fraction of healthy, apoptotic and dead cells after 18 h of 10 and
1 uM compound exposure [CK156] in HEK293T cells. E. Brightfield confocal image of stained
HEK293T cells after 18 h of 10 and 1 uM compound exposure [CK156] in comparison to 0.1%
DMSO control (blue: DNA/nuclei, green: microtubule, red: mitochondria, and magenta:
Annexin V apoptosis marker).
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“Development of a Selective Dual Discoidin Domain Receptor (DDR)/p38 Kinase Chemical

Probe”?% (Appendix G)

In another project lead by Sandra Rohm, we developed and characterized a cell-active dual
inhibitor for the discoidin domain receptors 1 and 2 (DDR1/2) together with p38, which was
accepted as a dual chemical probe. DDR kinases are members of the receptor tyrosine kinase
(RTK) family and play a pivotal role in fibrotic disorders, atherosclerosis and divers forms of
cancer’>!. Rohm et al.**° optimized the recently published p38 mitogen-activated protein
kinase inhibitor 7, which originally derived from compound VPC-00628°?, to a series of potent
DDR1/2 kinase inhibitors. After extensive characterization using DSF screening and
crystallization, their work resulted in a kinome-wide selective (tested against 468 kinases)
compound called SR-302 (Figure 14 A). Employing a NanoBRET target engagement assay, the
compound displayed ECsp values of 0.023 and 0.018 uM for DDR1/2, respectively and 0.125
and 0.196 uM for p38a/B, respectively indicating a high potency of the compounds in cells.
Additionally, a negative control compound called SR-301 was proposed and characterized
(Figure 14 A). To investigate their dose-and time-dependent effect on cell viability, the probe
compound (SR-302) and the negative control (SR-301) were tested in the high-content
Multiplex assay (see section 4.1 and 4.2) (Figure 14 B-C). At the lower concentration (1 uM),
none of the compounds affected cell viability after 24h. However, at 10 uM there was a
pronounced effect detectable in all three cell lines, especially for the negative control
(Figure 14 B). Negative controls are often less thoroughly characterized and chemically
optimized and can therefore results in more unspecific cellular responses. Both compounds
had no impact on microtubule structures or cell membrane permeabilization (Figure 14 C).

They represent a versatile set of tool compounds to investigate DDR1/2 and p38 function.
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Figure 14: Live-cell high-content viability assessment of DDR/p38 probe compound SR-302 and
corresponding negative control SR-301. This figure is adjusted from Rohm et al.**°. A. Chemical
structure of SR-302 and SR-301. Structures were used from the SGC DCP website
(https://www.thesgc.org/donated-chemical-probes) B. Healthy cell count after 24 h of 10 uM
and 1 uM compound exposure [SR-302, SR-301] normalized to healthy cells exposed to DMSO
(0.1%) in HEK293T, U20S, and MRC-9 cells. Error bars show standard error of the mean of
quadruplicates. Significance was calculated using a two-way ANOVA analysis. Pie charts show
fraction of healthy, apoptotic, lysed and dead cells after 24 h of 10 uM and 1 uM compound
exposure [SR-302, SR-301] in HEK293T cells. C. Brightfield confocal image of stained (blue:
DNA/nuclei, green: microtubule, red: mitochondria, and magenta: Annexin V apoptosis
marker) HEK293T cells after 24 h of 10 uM and 1 uM compound exposure [SR-302, SR-301]).

4.4. Profiling compounds targeting dark kinase PCTAIRE on their impact on the cell cycle

Certain compounds exhibit their mode of action by effectively inhibiting their target protein
within a specific phase of the cell cycle!®. For example, some members of the cyclin-
dependent kinases (CDKs) such as CDK2, CDK4 and CDK6, have been shown to play a pivotal
role in cell cycle progression. Inhibition of these specific proteins can be used to block initiation
and progression of specific cancer types, without harming healthy tissues!®> >3, One subfamily
of the CDKs is the PCTAIRE subfamily. So far, CDK16 is relatively understudied when compared

to other kinases within this family*>*. Still, it was shown that CDK16 contributes to various
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diseases such as breast, prostate and cervical cancer®>. Thus, it is crucial to develop and

characterize tool compounds and selective inhibitors targeting CDK16.

In the following publication, Amrhein et al.*>® (Appendix H) developed a series of 3-amino-1H-
pyrazole-based kinase inhibitors, resulting in two highly potent compounds against CDK16 (42d
and 43d), a member of the PCTAIRE subfamily. One of the compounds (43d) even exhibited
exceptional selectivity against the PCTAIRE and the PFTAIRE subfamily against 100 other

kinases.

“Discovery of 3-Amino-1H-pyrazole-Based Kinase Inhibitors to llluminate the Understudied

PCTAIRE Family”1>®

Until now, there is limited knowledge regarding the impact of the PCTAIRE family on the cell
cycle. So far, it has been shown that the expression of CDK16 is highest during the S-phase of

157 and a knockdown in different cancer cells revealed a G2/M phase arrest

the cell cycle
followed by a p27 dependent apoptotic cell death'®®. Using the developed compounds, the
influence of the PCTAIRE subfamily on the cell cycle using the fluorescent ubiquitination-based
cell cycle indicator (FUCCI), was assessed. This system allows to distinguish between different
cell cycle phases, using the licensing factor Cdtl (chromatin Licensing and DNA Replication
Factor 1) and its inhibitor Geminin®®. Cells in S/G2/M will appear in green, cells in G1 in red and
all cells in the transition state between G1 and S phase, show both GFP and RFP-labeled cells,
so they will appear as yellow. As shown by Tjaden et al.1*4, the FUCCI system can be combined
with the viability assessment used in the Multiplex assay, which is based only on the nuclear
morphology. | therefore additionally tested the influence of the compounds on cell viability.
Compounds with high potency on CDK16 (21i, 42d, and 43d) (Figure 15 A) led to a
concentration-dependent accumulation of cells in the G2/M phase over 24 hours (Figure 15 B).
Compound (43d), exhibiting the highest selectivity for CDK16, produced the most impact in the
cell cycle progression, which is consistent with the genetic knockout studies of Yanagi et al.*>®
(Figure 15 C). The CDK2 inhibitor, Milciclib was used as a reference for G1 phase arrest°. They
further explain a p57 dependent apoptotic cell death after a CDK16 knockout. There also was

a decrease in cell viability found over time (Figure 15 D).
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Figure 15: Cell cycle analysis and viability assessment using fluorescent ubiquitination-based
cell cycle indicator (FUCCI) in HCT116 cells. This figure is adjusted from Amrhein et al.**¢. A.
Chemical structure of N-(1H-pyrazole-3-yl)pyrimidine-4-amine-based inhibitors against CDK16
(21i, 42d and 43d) B. Fractions of red (G1), green (G2/M) or yellow (S) cells after 24 h of
compound exposure (21i [1 uM, 5 uM, 10 uM], 43d [1 uM, 5 uM, 10 uM], 42d [1 uM, 5 uM,
10 uM], milciclib [1 uM, 10 uM]) in comparison to cells exposed to 0.1 % DMSO. Error bars
show SEM of two biological replicates. C. Fluorescence image of HCT116-FUCCI cells after 48h
of compounds exposure (43d [10 uM]) in comparison to cells exposed to 0.1 % DMSO. D.
Normalized cell count of HCT116-FUCCI cells after Oh, 6h, 12h, 24h, 48h and 72h of compound
exposure (43d [1 uM, 5 uM, 10 uM]) in comparison to cells exposed to 0.1 % DMSO. Error bars
show SEM of two biological replicates.
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4.5. Enhancing the detection of compounds inducing phospholipidosis through a

computational approach and identifying chemical probes that trigger phsopholipidosis

A phenomenon impacting cell states is phospholipidosis (PL), which was recently brought into
focus due to a perceived correlation of inhibitors to an antiviral activity against COVID-19%0,
Phospholipidosis is induced by an exposure of cells to external substances such as chemical
substances. Due to an accumulation of phospholipids in acidic compartments such as
lysosomes, the cell undergoes morphological changes and forms distinct structures such as
lamellar bodies??. Given that compounds, capable of inducing PL, can interfere with diverse
biological processes, developed drugs may lead to profound adverse effects including toxicity
in liver and lungs. During drug development, drug candidates are therefore tested for their
capability to induce PL%% 81, However, most current assays employed are endpoint assays and
therefore do not assess this phenomenon in a kinetic manner. Therefore in Hu et al.'®?
(Appendix I), | aimed to establish a live high-content cellular assay, which helped to develop a
machine learning based algorithm to identify structural features critical for a PL induction and

utilized this algorithm to validate various chemical probe compounds.

“A machine learning and live-cell imaging tool kit uncovers small molecules induced

phospholipidosis”16?

Several attempts have been undertaken to predict molecules that can induce phospholipidosis.
The most commonly employed approach involves the analysis of the physicochemical

164 5r the volume

parameters LogP and pKa'®3. Additionally, properties such as the net charge
of distribution (Vg4) were considered!®. To experimentally determine PL, electron microscopy
(EM) has long been used as the gold standard®®. Nevertheless, due to a low throughput, high
costs and long timescales, the utilization of EM is limited. Consequently, diverse imaging
techniques have recently gained popularity. Here, the most commonly used detection
techniques are the use of fluorescently-labelled phospholipids such as (1-acyl-2-(12[(7-nitro-2-
1-,3-benzoxadiazol-4-yl)amino]dodecanoyl) NBD-PE staining®’, nile red lipid stains'®® or the
fluorescence microscopy-based lysosomal perturbation assay developed by Coleman et al. in
2010%°. Unfortunately, a kinetic evaluation over an extended time period has not been

adopted. In the presented publication (Appendix 1), | developed a high-content assay to detect

compounds that induce phospholipidosis in living cells. We optimized the LipidTox™ red
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reagent? 70 where a PL induction enhances the fluorescent signal of the dye that is
conjugated to phospholipids. | also incorporated this assay with the viability assessment of the
Multiplex assay (see section 4.1. and 4.2.) to simultaneously validate the compounds impact
on cell growth (Figure 16 A). To ensure an accumulation within the lysosomes, a LysoTracker™
probe was additionally added to the experimental setup. LysoTracker™ probes consist of a
fluorophore linked to a weak base, which is trapped in acidic organelles'’! (Figure 16 B). The
assay was validated using six known drugs that induce PL (Figure 16 C) and thresholds for
compounds to be either categorized as “inducers” or “non-inducers” were defined. For U20S
cells, a compound was defined as inducer when showing a normalized PL intensity larger than
2, additional to a visual assessment of the images. Testing various other cell lines such as
HEK293T and hepatoblastoma (HepG2) cells revealed, that under identical conditions the
morphological differences are too substantial to establish a general analysis for all cell lines.

Therefore, each cell line should be individually validated when it comes to PL.

To establish the machine learning algorithm, three datasets of different origin were used
(Figure 16 D). The chemogenomic compound set comprised 213 diverse compounds targeting
proteins of different families, including GPCR’s (G-protein coupled receptors), kinases,
epigenetic modulators and diverse others. The second set, introduced as the lysosomal
modulation set, consisted of 99 compounds. While in this set less tool compounds were
included, all of them are recognized to play a role in interfering with lysosomal processes. Both
sets were tested for their ability to affect phospholipidosis in U20S cells. Within the
chemogenomic compound set 33 % and withinthe lysosomal modulation set 41 % of
compounds were defined to be PL inducers. The third set resulted from a literature search,
encompassing substances reported in nine articles representing PL inducing compounds.
Following data curation, this third set was named curated data set. This set included in total
2308 compounds with 1683 being non-inducers and 625 being inducers. The curated data set
was used to evaluate the effectiveness of a simple physicochemical property model (Ploemen’s
criteria using pKa and cLogP values)'3. This resulted in 74 % of inducers and non-inducers that
were correctly predicted. However, only 35 % of all PL inducers were identified, highlighting

the limitation of this model.

To improve this prediction four distinct ML algorithms, namely k-nearest neighbor (KNN),

support vector machine (SVM), random forest (RF), and eXtreme Gradient Boosting (XGBoost),
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using MACCS and ECFP4 fingerprints as molecular representations were explored and
evaluated on all three compound sets. The RF model using MACCS fingerprint exhibited
superior performance over the others. As there is an ongoing debate about whether the cause
of PL is related to the structural of substances, we investigated whether compounds with
similar structures behave alike in their capability to induce PL. Our analysis suggests that even
minor structural adjustments with minimal impact on physicochemical properties (pKa/cLogP)
can lead to a different PL outcome. This was confirmed by testing chemical probe compounds
with structurally close negative controls. This was highlighted by the three probes PPTN (an
antagonist of the GPCR family member P2RY14), MS023 (targeting PRMT1, PRMT3, PRMT4,
PRMT6, and PRMT8) and TP-472 (targeting BRD7 and BRD9) showed different PL outcomes

than their negative control compounds (Figure 16 E).

These results demonstrated the need of investigating a time- and concentration-dependent

phopholipidosis activity when it comes to compound annotation in cells.




Results
<G cell count
ZIN
Fluorescent q‘@ Precipitation
compounds P
Fragmented Normal cell
nuclei ¥/ 4 !\
Pyknosed® '@
nuclei Lysosomes
Healthy  ppogpholipidosis
nuclei
Viability assessment Phospholipidosis
of multiplex assay detection
PL dots area
C U20S 48h D
> . ® Non-inducer = Inducer
= 12 | = Amiodarone p—
S -# Chloroquine 1681
E 107 Chlorpromazine o 1600
Tg g Haloperidol 8 1400 +
o -+ Sertraline g 1200 -
[ - =
—  6— -® Tamoxifen Citrate A 1000
o 2
= @ DMSO00.1% S 800 -
O 44 3 622
N 600 -
S §
£ 24 O 400 4
S 160
z 200 1 53 70 39
0 I I T T | -
-6.5 -6.0 -5.5 -5.0 Curated = Chemogenomic Lysosomal
E log [inhibitor, (M)] data set compound set modulation set
Phospholipidosis Chemical probe Negative control Phospholipidosis
inducer

; non-inducer

pKa: 10.06 P2RY14 pKa: 10.06
clLoP:4.43 OH " cLoP: 4.94
name: PPTN + name: PPTN-NC E
PRMT1
PRMT3
PRMT4
N PRMT6 4
pKa: 9.37 PRMT8 pKa: 8.90
cLoP: 2.46 —  cloP:2.57
name: MS023 ¢ e {3 ™" name: MS094
o BRD7
pKa:0.38 ¥4 BRD9  V° pKa: 0.27
cloP:1.94 (X, — (T cLoP: 2.51
name: TP-472 name: TP-472N

Figure 16: Phospholipidosis annotation in living cells to implement machine learning algorithm
for PL detection. This figure is adjusted from Hu et al.1®? . A. Schematic representation of live-
cell phospholipidosis protocol. B. Fluorescent images of stained (blue: DNA/Nuclei, green:
lysosomes, red: phospholipidosis dots) U20S cells and the detection of the cellbody area and
phospholipidosis (PL) dots in Lysosomes after Cellpathfinder analysis. C. Normalized PL total
intensity of U20S cells exposed to 0.5 uM, 1 uM, and 10 uM of reference compounds
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(amiodarone, chloroquine, chlorpromazine, sertraline, tamoxifen, and haloperidol) in
comparison to cells exposed to 0.1 % DMSO after 48h. Error bars show standard error of mean
(SEM) of four biological replicates. D. Bar diagram of different datasets used in this study
(curated dataset, chemogenomic compound set, lysosomal modulation set). Bars with a blue
color are showing the number of compounds defined as non-inducer, while orange bars show
the number of PL-inducers of every compound set. E. Three analog pairs consisting of chemical
probes and their corresponding negative controls are presented. Each pair is accompanied by
the compound name and two calculated physicochemical properties (cLogP and pKa). The
primary target gene names corresponding to each probe are provided in the center. Structural
modifications between pairs are highlighted in red. Additionally, fluorescent stained image
(blue: DNA/Nuclei, red: phospholipidosis dots) of U20S cells for each compound is provided.
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5. General Discussion and Outlook

Many small molecules used in disease models including cellular systems, are not fully
characterized or validated, resulting in numerous misleading results and a large amount of false
positive data33. This leads to data with poor reproducibility and considerable time and money
being invested in follow-on projects that ultimately have no meaningful outcome.
Unfortunately, this is affecting not only researchers in the field of chemical biology or the
medicinal chemistry community, but also has strong impact on the whole drug development
process’. A powerful tool to overcome this limitation, was the defining of guidelines for
chemical tool compounds, with stringent criteria for selectivity and cellular potency!’2. Over
the years, these criteria were continuously optimized by experts to enhance data generated
with these compounds in diverse disease areas and to accommodate new compound
modalities besides reversible inhibitors. In addition to assessing selectivity, potency and activity
on the main target(s) of chemical tool compounds, off-target assessment plays a crucial role
when it comes to compound characterization. An essential component of evaluating off-
targets is the assessment of the impact of a compound on cell health. Especially, for oncological
diseases where the main readout is based on impacting cell growth, it is crucial to distinguish
if the resulting phenotype is connected to the main target or non-related cytotoxicity. For this
purpose, easy-to perform and commercially available assays, that operate through the
assessment of metabolic activity (MTT or alamarBlue®) or ATP production (CellTiter-Glo®
assay) of the cells, are commonly used®® 66672 They are widely used as they are easy to apply
to different cells and are less expensive than more complex systems'’3. However, they have
some disadvantages when it comes to cell health assessment. First, most of them are end-
point methods, which is why they are often not suitable for the detection of small differences
in proliferation rates. They don’t have the ability to distinguish between cytostatic and
cytotoxic effects of a compound, as cytostatic compounds show a more subtle growth
inhibition, which may be missed using end-point methods'’3 174, Second, they are frequently
constrained in their sensitivity and as they rely on detection with a spectrophotometer or
luminometer, there also is a risk of fluorescence interference by the compound to be tested,

potentially leading to false results’3.
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The most significant drawback, however, is that these assay systems cannot detect more
complex cellular effects or distinguish between different cell death forms. They can only
provide a straightforward assessment of the cell's metabolic activity, to make a quick
statement about the impact of a compound on the overall cell viability. The impact of a
compound on cell health is not trivial and can affect various cellular processes while also being
influenced by them, which is why there is an urgent need to enhance the testing of cell viability
in a more detailed manner. This can be obtained by using cell imaging techniques such as high-
content imaging, to truly capture changes of the cells such as morphological changes, behavior

of single cells or effects on cellular compartments'’>.

The best strategy is to utilize a combination of different assays or to include diverse detection
methods in one assay to comprehensively assess various aspect at the same time!’® 174, The
choice of assays should align with the specific purpose of the study, the conditions, or the cell
types under investigation. Our purpose was to develop a strategy to test compounds in a high-
throughput manner on their effects on cell health of different model cell lines to provide a
basic assessment of these compounds on cell health and to enhance data quality of individual
compounds and thereby reduce false positive or misleading data, aiming to improve the drug
development process. | therefore established a pipeline consisting of a primary viability
assessment followed by a high-content assay called Multiplex assay, with minimal impact on
the exposed cells and a simple and fast protocol that can be adapted to detect diverse cellular
features (see section 4.2.). In the following, | want to highlight the advantages and
disadvantages of using the introduced pipeline, based on the EUbOPEN project, where we so
far evaluated close to 1000 (925) compounds for their effects on cell health. Additionally, |
want to elaborate on the reason, why most of the compounds resulted in a “flag” indicating,
that they are not feasible to be used for target deconvolution alone or that specific phenotypic
effects should be considered when testing them further (Figure 17 A). In the end | want to give
an outlook on how the Multiplex assay can be further optimized and used for mechanistic

studies.

The primary viability assessment included a label-free brightfield live-cell imaging approach,
based on cell confluence detection (see section 4.2.). This assay was performed to exclude
candidates that, compared to the negative control (DMSO), showed no influence on cell

proliferation and are neither cytostatic nor cytotoxic. Conducting a primary screening
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approach to reduce the amount of compounds that enter the second, more expensive and
time intensive high-content screen, saves time and resources, as the probability that they exert
unspecific effects are less likely. In this assay, however, only the effect on the general viability
was tested, no phenotypic effects such as unspecific tubulin binding, which can also influence
a follow up validation of a compound and force misleading compound data. To minimize the
risk to miss out on compounds, that would be interesting to test in the second screen, we set
the threshold relatively low, which resulted for the 925 compounds in over 65 % that were
tested in the second screen, as they either resulted in a growth rate <0.5 or showed
‘interesting’ phenotypes after visual evaluation. The high ratio of compounds that were
noticeable, might also be explained by the fact that many of them targeted kinases, such as
Aurora kinase A (AURKA) which is important for mitotic cell proliferation'’® or DDR which is
involved in the regulation of cell growth, differentiation and metabolism®”’. Kinase inhibitors
are more likely to inhibit important signaling pathways resulting in cell death, in particular as
many of these inhibitors have been developed as potential tools for oncological kinase targets.
Additionally, the compounds were tested at a relatively high concentration of 10 uM. The
purpose of this approach was to avoid categorizing the compounds as suitable for a compound
set such as a chemogenomic library, despite the potential for inducing phenotypic changes at
higher concentrations. Furthermore, in subsequent phenotypic studies, compounds are
frequently employed at concentrations exceeding the recommended doses. Testing them at
higher concentrations therefore enhances the reproducibility and comparability of different
phenotypic data. All noticeable compounds were afterwards measured in the second screen,
the Multiplex assay. High-content image-based methods such as the Multiplex assay, are
excellent tools to discover different cell state changes. Each feature tested represents a
compound characteristic that can influence diverse cellular reactions, can interfere with follow
up validation of a compound and should be considered when using this compound in all kinds
of applications. Out of these 600 tested compounds, 158 compounds were detected to
influence different cell states with more than 50 % in more than one cell line. These so called
“flagged” compounds represented 17 % of all compounds tested within the pipeline. 3 % of
the compounds were flagged due to Hoechst High Intensity objects indicating a precipitation
of the compounds or intrinsic fluorescence (Figure 17 B). Due to the reliance on fluorescence

in most of the selectivity readouts, it is possible that the intrinsic fluorescence of compounds
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would lead to falsely identified or unidentified targets. Another reason for Hoechst High
Intensity objects is the precipitation of compounds in the cellular systems. This can result in
diverse unspecific cellular reactions and also could lead to adverse events harming cells over
time. One example of a compound showing these Hoechst High Intensity is Enzastaurin.
Enzastaurin was initially identified as protein kinase C (PKC)-B selective inhibitor!’®, Later it was
shown, that is also inhibits diverse other isoforms of protein kinase C (PKC)'’® 79 the glycogen
synthase kinase 3 (GSK3) and ribosomal protein S6 phosphorylation, resulting in a lower
vascular endothelial growth factor (VEGF) expression'®. So far, it has been tested in diverse
clinical trials with promising activity on a wide range on different cancers such as colon cancer
and glioblastoma and showed pro-apoptotic growth-inhibitory effects!’®81 In 2005, it was
granted orphan designation for the treatment of glioblastoma. Nevertheless, there are
multiple adverse events known such as high cytotoxicity and prolonged QT interval in guinea
pig hearts and increased the action potential duration (APD) in a dose-dependent manner'8?.
The initial failure to identify the main targets of the compound and even falsely identified
targets of the compound, as well as the observed multiple side effect in different cell systems,
may in part be attributed to the compound precipitation or intrinsic fluorescence. If the
compound had been tested earlier for characteristics such as Hoechst High Intensity objects,
it may have resulted in earlier abortion of the clinical studies, saving money, time and

resources.

Interestingly, 6 % of the flagged compounds were negative controls. They are used as structural
closely related controls to chemical tool compounds, with inactivity or less activity (100-fold
less) on the main target. They are typically used to verify that an observed phenotype is driven
by the target protein of the matching chemical probe'®. To abrogate binding to the main
target, often just small chemical modifications are engineered into the negative controls. The
change of the structure by a single atom can already change the activity against a target up to
80 %83, This occurrence is not limited to the main target but also extends to the off-target
profile of a compound. As negative controls are typically used to confirm a phenotype induced
by a chemical tool compound, rather than to explore its own target space, they are often less
characterized than their matching probe compound in terms of selectivity and potency. This
can influence the resulting phenotype and can lead to wrong gene-phenotype associations. It

is therefore not surprising that negative controls exhibit more non-specific effects on cells. For
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example RL2578, the negative control for the AKT1/2 inhibitor Borussertib, affected
microtubule integrity at 1 pM*84 18> or BAY-294, the negative control of the SOS1 inhibitor BAY-
29318 precipitated after 24h in HEK293T cells.
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Figure 17: Viability assessment pipeline resulting in 158 “flagged” compounds. A. This figure
shows the workflow of the viability assessment pipeline used to characterize cellular quality of
diverse compounds. Out of 925 compounds tested in the primary viability assessment, 600
compounds were “noticeable” with a GR < 0.5 or interesting phenotypic appearance. They
were tested in the Multiplex assay and “flagged” when they influenced different cell states
after 24h to more than 50 % in more than one cell line. B. Distribution of features for a
compound to be “flagged” after Multiplex assay evaluation. This figure was created using
Adobe lllustrator v26.5.

As it was already shown, that just by counting of the cell nuclei alone is the most accurate

174 we implemented this in our assay setup. We were able to

method to detect cell viability
demonstrate that a gating of the cells based on their nuclear morphology results in similar 1Cso
values compared to the gating based on the whole cell morphology. For maximum efficiency
in utilizing one channel, we further optimized the gating protocol for the cell nuclei. Next to
the detection of precipitation or intrinsic fluorescence and the influence on cell viability, we
can make predictions about the cell death mechanism leading to the viability decrease and

even detect mitotic cell cycle arrest. However, as one of the main readouts of the assay is based

on one distinct channel, it is important to use the right concentration of Hoechst33342, as it
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was shown to be toxic at concentrations higher 1 M@’ 188 Additionally, compounds that
interfere with this channel, showing intrinsic fluorescence at the same wavelength or
destroying cellular DNA can be much harder to evaluate as they can result in false positive
results. A major advantage of using just one distinct channel for multiple cellular investigation
was that it, enabled us to simultaneously assess additional cell health parameters in the same
assay setup. For the Multiplex assay we decided to implement the detection of cytoskeletal
changes, increase of the mitochondrial mass, membrane permeabilization and apoptotic cell

death.

Assessing diverse features at the same time, enabled us to observe, that only 3 % of all
compounds tested in the Multiplex assay, affected the viability without influencing the other
examined phenotypic effects such as tubulin structures or mitochondrial damages. Viability
and phenotypic effects such as affecting tubulin structures or mitochondrial health are
influenced by each other. If a compound affects the overall cell viability or if different cell death
mechanisms such as apoptosis or necrosis are triggered, diverse cell organelles are naturally
affected and can undergo structural changes. The majority of the flagged compounds
therefore affected the overall cellular health (68 %), which included different phenotypic
effects such as mitochondrial changes and tubulin interference. Additionally, a strong
dependence between phenotypic effects and cell viability was also shown as none of the
compounds were flagged due to an influence on mitochondria without decreasing the overall
cell viability. Mitochondria are essential for various cell functions, consequently most of the

compounds that affect mitochondrial health will also impact the overall cell health.

To distinguish if a phenotypic effect results from an effect on cell viability or viability is
influenced due to an effect on cell organelles, such as microtubules or mitochondria,
compounds could be tested in a dose-dependent manner over time. To illustrate this
dependency, | want to introduce a project initiated by Martin Schwalm, where | tested, among
other things, potential proteasome inhibitors in HEK293T cells over 24h in a concentration-
dependent manner, using the Multiplex assay (Figure 18). In the Multiplex assay, | tried to
distinguish between phenotypic effects and cell viability by including the tree-based principle,
where cells were grouped as “healthy” before being gated in different phenotypic groups. This
approach allowed me for example to detect changes in tubulin structures that are not

undergoing cell death, as identified by a pyknosed or a fragmented nucleus. For example,
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Bortezomib, a proteasome inhibitor that was approved by the FDA for the treatment of
multiple myeloma and mantle cell lymphoma® %0 reversible inhibits the chymotrypsin-like
activity of the 20S proteasome®®’ 192 |t was shown that Bortezomib induces endoplasmic
reticulum (ER) stress and leads to cytochrome c release and activation of effector caspases,
resulting in apoptotic cell death'®!. Another compound, RA190 has originally been published
to bind cysteine 88 of the ubiquitin receptor RPN13 in the 26S proteasome!®3, but later found
to rather be a very unspecific chemical compound targeting diverse proteins!®*. We compared
the concentration and time-dependent effect of both compounds on the cell count against two
phenotypic properties, including the influence on mitochondrial mass and tubulin integrity. For
Bortezomib, | observed an impact on both mitochondria and microtubules at concentrations,
at which overall cell viability was comprised as well (Figure 18 A). This highlights that there is a
mutual influence between the effect on cell viability and phenotypic changes of the cells and
that it is often difficult to distinguish which of these characteristics is the primary cause of the
observed phenotype. In case of the second tested compound, RA190, | observed that
alterations of microtubule and mitochondria occurred at earlier time points and lower
concentrations than impacting cell viability (Figure 18 B). At 1 uM RA190 influenced tubulin
integrity and impacted the mitochondrial mass already after one hour. At the same
concentration, however, a decrease of the cell count on the same extend was only observed

after 6 hours.
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Figure 18: Evaluating time and concentration dependent influences on cell states. This figure
was adjusted from Schwalm et al. (to be published soon). A. Normalized cell count, effect on
mitochondrial mass and tubulin integrity after 1h, 4h, 6h and 24h of HEK293T cells exposed to
Bortezomib (25 nM — 10 uM). Data was normalized against cells exposed to 0.1 % DMSO. Error
bars show standard error of mean (SEM) of biological duplicates. The overall cell count and the
phenotypic properties are comparably affected at the same concentrations and time points. B.
Normalized cell count, effect on mitochondrial mass and tubulin integrity after 1h, 4h, 6h and
24h of HEK293T cells exposed to RA190 (25 nM — 10 uM). Data was normalized against cells
exposed to 0.1 % DMSO. Error bars show standard error of mean (SEM) of biological duplicates.
The phenotypic properties are influenced at earlier time points and lower concentrations than
the overall cell count. This figure was created using Graph Pad Prism v8.4.3.

Using end-point methods or testing the compounds only after a specific time-points at single
concentrations, we could not be able to distinguish if the phenotypic effect was the cause of
harming the cells or the reason for it. The Multiplex assay serves as a versatile tool to
distinguish these small differences in the same cell after different time points and include the
impact on cell viability when it comes to phenotypic characterization. We were therefore able
to see that almost a quarter of the compounds (24 %) affected tubulin structures before they
affected the overall cell viability. It can therefore be concluded that for these compounds cell
death was a consequence of the compound’s effect on tubulin. As tubulin binding can also be
a desired effect of a compound, especially in cancer therapy to disrupt cellular functions, for
some of the compound the observed effect was already known. For example, CGP-60474, a
potent inhibitor of cyclin-dependent kinases and protein kinase C (PKC), had an impact on
tubulin structure higher 50 % in more than one cell line and was therefore “flagged” after
Multiplex assay assessment!®> 1% As CDKs have been described to influence diverse cellular
processes such as regulation of the cell cycle, splicing, transcription or DNA repair, this effect
is due to the inhibition of the targets. However, for some compounds the impact on
microtubule was so far not known, such as for the chemical probe BAY-784. BAY-784 selectively
targets the gonadotropin releasing hormone receptor (GNRHR)¥” 1% Maybe the observed
effect was a result of affecting tubulin within a signaling complex known as the signalosome,
consisting of GNRHR, diverse kinases and tubulin®®. However, for some compounds the impact
on microtubules was not known, such as for the chemical probe BAY-784. BAY-784 selectively
targeted the gonadotropin releasing hormone receptor (GNRHR)°” 1% Maybe the observed
effect was a result of affecting tubulin within a signaling complex known as the signalosome,

consisting of GNRHR, diverse kinases and tubulin'®. However, it could also stem from non-
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specific binding to a segment of microtubules. The assay relies on an implemented machine
learning algorithm, that detects changes of tubulin in comparison to “normal” looking cells.
Consequently, it can detect that the tubulin structure is affected but at the chosen
magnification for the assay a precise determination of how the tubulin structure is influenced
was difficult. Changes of microtubule structures can manifest itself in diverse ways.
Compounds can either inhibit the disassembly or the assembly or bind to different parts of
microtubules, as there is a complex interplay between various molecules?® 291, Compounds
without a known indication regarding their effect on microtubules, whether related to the
target or known off-targets, were therefore not directly be excluded from the chemogenomic
set. Instead, these findings were shared with the community via Biolmage Archive
(https://www.ebi.ac.uk/biostudies/bioimages/studies/) and the Gateway
(https://gateway.eubopen.org/) providing valuable information for other researchers to
compare their data when observing similar effects. For a more in-depth understanding of a
compound’s impact on microtubule, higher magnifications or alternative biochemical methods
such as electron microscopy prove to be a more efficient tool?°2. Hence, a next step would be
to further investigate these compounds to offer a more comprehensive assessment about their

precise influence on microtubules and the underlying functionality.

Live cell imaging allows the detection of kinetic changes and better comparability of compound
characterization. So far, most of the well-established high-content assays, which examine
cellular changes from a multiplex perspective, are based on fixed samples, detecting only one
distinct time point. One prominent example is the cell painting assay, which was introduced in
2013%%3, Here, eight components (DNA, cytoplasmic RNA, nucleoli, actin, Golgi apparatus,
plasma membrane, endoplasmic reticulum and mitochondria) are detected utilizing six cellular
stains, imaged on five fluorescent channels. It is a high-throughput method to capture various
cellular features, which are then used to generate morphological profiles of each compound?®*
206 |n contrast to the Multiplex assay, this assay provides many more cellular features and
multiparametric information. However, using fixed samples limits the ability to capture
dynamic, real-time cellular processes and do not encompass compound effects at different

time-points.

Next to the time-dependence another crucial aspect of compound characterization and to

distinguish a phenotypic effect from an unspecific effect, is the use of the correct
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concentration, particularly when testing chemical tool compounds. Chemical tool compounds
selectively target one or more proteins at one specific concentration range. They are used for
mechanistic and phenotypical studies to interpret the biology of their target(s). To decipher a
target-phenotype relationship or use them in general for mechanistic studies, it is therefore
crucial to use them at their recommended concentration> 1 44 When used at the wrong
concentration, even selective compound will interact with different targets or result in diverse
unspecific or toxic effects®. Therefore, chemogenomic compounds are annotated at their
recommended concentration and additionally at a 10-times higher than the recommended
concentration'®. For the chemical quality pipeline, all compounds are tested at the same two
concentrations for better comparison, easier execution and robustness. However, to evaluate
if the resulting effects are on-target or off-target related, one should always consider the target
affinity and therefore test the compound rather at their recommended concentration. For
example, if the concentration of a compound against its main target is in the low nanomolar
range, the cellular annotation of this compound should also be performed at this concentration
range. This was especially visible, when evaluating chemical probes and their matching
negative control on phospholipidosis induction (section 4.5.). Six compounds out of 31, showed
a phospholipidosis induction at their recommended concentration®?, which is an unspecific
side effect that can lead to a variety of phenotypic changes or clinical adverse events'?>. A study
of Sterling et al.> in 2023 also revealed that chemical probes are frequently used incorrectly.
They examined 662 publications in which chemical probes were used. Surprisingly, 22 %
employed these chemical probes at concentrations higher than recommended and 58 %
neglected to include an inactive control or an orthogonal compound in addition to the probe
compound. Therefore, such studies cannot be used to determine whether the resulting effect,

such as a specific phenotype, is due to the primary target or some off-target.

The effect of a compound on cell health is an important parameter when it comes to
compound annotation in cells. Nevertheless, other unspecific compound characteristics such
as the influence on the cell cycle, phospholipidosis or more complex cell death mechanisms
such as autophagy can influence compound activities as well. Depending on the research
question asked, the purpose of the assay and the available characterization data of a
compound, the specific cell system relevant for the disease or biological functional of the

compound should be tested. The Multiplex assay protocol is a useful tool in these different
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scenarios as it is easy adaptable to include other fluorescent biological reporters or to test
diverse cell systems. By assessing a range of cell lines, more potential effects and cell-type
specific responses can be detected and compared. In the Multiplex assay standard setup,
therefore three different cell lines (HEK293T, U20S and untransformed MRC-9 fibroblasts) are
tested. This was decided, as they are often used as a standard in the field of medicinal
chemistry, enhancing the comparability of different assays?®’. Additionally, these cell lines are
often already used in diverse laboratories, which therefore enables an easy set-up of the assay
in a different laboratory. As each cell lines possesses unique genetic properties they can
respond to external stimuli, such as chemical compounds, in different manners?%. Testing
these three cell lines, already allowed us to observe variations in the cellular responses to a
given compound. This was not surprising, as the cell lines naturally differ in their morphology
and proliferation rate. This is also important for the image-based evaluation of the cells, as the
algorithm incorporates morphological features when gating the cells into different groups.
Therefore, every cell line needs to have their own, individual image analysis, that was
specifically trained using cell images of the distinct cell line. | could also observe that cell lines
having a similar proliferation rate are more likely to cluster together, which was demonstrated
as the cancer-based cells HEK293T and U20S were more likely to induce similar characteristics
in comparison to the untransformed fibroblasts. Ideally, one would select for every compound
(group of compounds) a cell system that is the most relevant for the target space, such as a
potential disease model and compare this data to standard cell lines. If the protocol is used to
investigate other features or cell lines of interest it must be adapted accordingly. An important
aspect is that the dyes should not interfere with the cellular responses and viability itself.
Especially in applications with living cells, it is crucial to determine the optimal concentration
of the biological reporter used, such as different fluorescent dyes, that ensures a robust signal-
to-noise ratio with minimal impact on the cells'34. This means, when the protocol is adapted
to other dyes or other cell lines, the impact of the biological reporters on the new system has

to be evaluated.

As an intriguing direction for the future, it would also be fascinating to explore whether the
setup of the Multiplex assay could be adapted to more complex systems such as patient
derived cell systems or three-dimensional (3D) cell cultures. In comparison to two-dimensional

(2D) cell cultures, which have many limitations and cannot represent a physiological response,
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more complex systems such as spheroids or organoids, are used to better mimic in vivo
conditions?%> 210 Although, with these complex systems, cell-cell interactions, tumor
characteristics, metabolic processes and other cell environmental factors can be investigated,
they are still more time consuming, require more complex assay setups and often have limited

throughput, especially when it comes to cell imaging?%%-211,

In various projects, | could demonstrate the significance of compound annotation in a cellular
context and how high-content imaging serves as a valuable tool for examining these diverse
effects of compounds on cell states. With the growing importance of high-throughput
screening methods and computational approaches, more complex data can be generated in a
faster and easier way. However, as these methods are based on automated analysis protocols
with high demands on computational power, such assays are often associated with high costs
and expensive and high-maintenance equipment. So far the images are evaluated using the
CellPathfinder software (Yogogawa)?!?. This software has a wide range of functions, such as
machine learning detection and in newer versions even deep learning functions. However, the
software is not publicly accessible and does not have the most intuitive user interface. To make
such an assay and the analysis wider accessible, it would be desirable to implement the analysis
using open-source software such as Image J (https://imagej.net/) or Cell profiler
(https://cellprofiler.org/). To enable people to utilize the generated data in an open science
context, we have uploaded all data via freely accessible platforms such as ChEMBL

(https://www.ebi.ac.uk/chembl/) and the Biolmage Archive (https://www.ebi.ac.uk/bicimage-

archive/). This allows users to obtain necessary information about a compound of interest and
utilize the data for their own analyses. Data availability is also important to enhance the data
landscape of the compounds. It can be utilized not only by scientists in the field of biology and
chemistry but also by computational scientists. The recent emergence of artificial intelligence
(Al)-based data analysis plays a significant role in accelerating and simplifying the drug
development process. Often, computational scientists can use the already available data to
evaluate diverse features and enhance compound knowledge. Nevertheless, these approaches
require high computational power and extensive knowledge of the available data and usage
and it is often hard to make these algorithms applicable and comparable. The data used for
such Al-based analysis need to be highly reproducible and robust. Therefore, it would be

desirable to use standardized equipment and standardized analysis protocols, which is often
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challenging when especially for example machine learning algorithms that were trained using
different example images. For future directions a combination of computational approaches
together with experimental data would be desirable. For this, computational experts and

researches should combine forces to improve the drug development process.

To use small molecules, such as chemical tool compounds for the development of a new drug
or to decipher biological signaling pathways, it is crucial to annotate them regarding their
selectivity for different proteins and their potency on the main target, and on their diverse
cellular properties and off-target profiles. For this, it is crucial to test a compound in diverse
cell systems over different time points and at a meaningful concentration range. The here
introduced pipeline, serves as a versatile tool, to annotate diverse cellular compound
characteristics using an easy and fast protocol that can be adapted to diverse research
questions and cell systems. It enhances the characterization process of compounds, as it can
be used in a middle-throughput manner, testing hundreds of compounds at the same time. In
order to promote the use of this pipeline within the scientific community, as a fundamental
method for evaluating the effect of small molecules on their cellular effect, | have made all
protocols and analysis setups utilized available and uploaded all data regenerated so far, for

people all over the world to be used.
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Abstrack Phenotypical screening is a widely used approach in drug discovery for the identification
of small moleciile s with cellilar activities. However, fiinctional annotation of identified hits oftenn
poses a challenge. The development of small molecules with narrow or exdusive target selectivity
stich as chemical probes and chemogenomic (OG) libraries, greatly diminishes this challenge, but
non-specific effects caused by compotind toxicity or interference with basic cellular functions still
pose a problem to associate phenotypic readouts with molecular targets. Hence, each compound
should ideally be comprehensively characterized regarding its effects on general cell functions.
Here, we report an optimized live-cell multiplexed assay that classifies cells based on nudear
morphology, presenting an excellent indicator for cellular responses such as early apoptosis and
necrosis. This basic readout in combination with the detection of other general cell damaging
activities of small molecules such as changes in cytoskeletal morphelogy, cell cycle and mitechondrial
health provides a comprehensive time-dependent characterization of the effect of small molecules on
cellular health in a single experiment. The developed high-content assay offers multi-dimensional
comprehensive characterization that can be used to delineate generic effects regarding cell functions
and cell wiability, allowing an assessment of compotind suitability for subsequent detailed phenotypic
and mechanistic stiidies.

Keywords: phenotypic screening; high content imaging; che mogenomics; machine leatning; cell cycle

1. Introduction

Phenotypic screening has recently experienced a resurgence in drug discovery af-
ter many years of focus on target based approaches [1]. In particular, methods such as
cell painting [2-4] or phenomics are gaining interest due te their ability to detect dis-
ease relevant morphological and expression signatures. These exciting new technologies
provide insights into the biclogical effects of small molecules on cellular systems and
the suitability of identified hits for translational studies. One of the main advantages
of phenoty pic screening lies in the potential of identifying functionally active chemical
modulators without the need to know their precise mode of action (MoA ). However, the
lack of detailed mechanistic insight complicates the rational development of identified
hit matter and validation studies [5]. One way to circumvent these complications is the
use of better annotated chemical libraries, consisting of highly target-specific chemical
probes [6—5] or chemogenomics libraries which contain well-characterized inhibitors with
narrow but not exclusive target selectivity [9,10] In particular, the latter have gained
increasing interest as a new approach in drug discovery [11,12] as chemogenomic libraries
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may cover a large diversity of targets and a larger fraction of druggable proteins. Thus,
chemogenomic compounds (CGCs) can supplement chemical probe collections that are
not available for many targets due to their stringent quality criteria [13]. In cellular studies,
the use of several CGCs directed towards one target but with diverse additional activities,
will allow deconvolution of phenoty pic readouts and identification of the target causing
the cellular effect [14,15]. In addition, compounds from diverse chemical scaffolds may
enable an easier identification of off-targets from different families. Further validation such
as proteomic-based approaches or quantitative structure-activity relationships (QSAR) may
be required [16]. The importance of chemogenomics for drug development has recently
been demonstrated by a call of the Innovative Medicines Initiative (IMI), which resulted in
the funding of the EUBOPEN project. One aim of this project is to assemble an open access
chemogenomic library covering more than 1000 proteins by well annotated CGCs as well
as chemical probes [17]. The expansion of this CGC collection to cover the entire druggable
proteome will be the goal of the Target 2035 [18].

While target selectivity is an important parame ter, there is a need for a comprehensive
annotation of CGCs in terms of quality of the used chemical matter, such as structural
identity, purity and solubility. In addition, the effects of CGCs on basic cellular functions
such as cell viability, mitochondrial health, membrane integrity, cell cycle and interference
with eytoskeletal functions which may be affected by non-specific binding of CGCs to
tubulin should be considered [19]. Computational as well as screening approaches have
been employed to predict the (unspecific) toxicity of libraries used for screening [20].
Although it is not always easy to distinguish between on-target and off-target effects in a
cell viability assay, adding information on chemical and biclogical quality to CGC libraries
will help to differentiate between target specific and unspecific effects [10]. New technology
developments such as automated image analysis systems and machine learning algorithms
enabled high-content techniques to become the method of choice for the essential annotation
of chemogenomic libraries. Here, we present a modular live-cell high-content cellular
viability assay, which we expanded to include assessment of CGC effects on the cell cycle,
tubulin, mitochondrial health and membrane integrity. In contrast to the Cell Painting assay,
which captures a multitude of morphological features of fixed cells at a given time point
and requires extensive downstream analysis [3], the purpose of our assay is to describe cell
health in living cells, providing the opportunity for ral-time measurement over a long
time-period. The modular nature of the assay offers the opportunity for an expansion such
as adding compound-safety assays and other cellular stress reporter systems without the
need for additional informatics capacities [21].

2. Results
2.1. Optimization of HighVia Protoca and Validation of Cell Staining Dyes

Analyzing cytotoxicity at multiple time points improves the annotation of small
molecules and facilitates distinguishing between primary and secondary target effects.
In this report, we improved our previously published, single time point protocol [22] to
provide a more continuous readout. Live-cell imaging using fluorescent dyes for an ex-
tended period of time requires low concentrations of dyes that do not interfere with cellular
functions yet provide flucrescent signals that are sufficiently high for robust detection.
Therefore, we first optimized the concentration of the DNA-staining dye Hoechst33342 and
determined 50 nM as the minimal concentration that still yielded robust detection of nuclei
in Hela cells {Supplementary Figure 51). Previous studies have identified the toxicity level
of nuclear stains such as Hoechst33342 at concentrations around 1 pM [23,24]. We tested
in a cell viability experiment using U205 cells and the alamarBlue™ dye (alamarBlue H5

nt, ThermoFisher, Massachusetts, United States) whether Hoechst33342 at concentra-
tions below 170 nM resulted in reduced viability (Figure 1A/Supplementary Table 51). Ad-
ditionally, we assessed in this experiment the potential effects on cell viability of other live-
cell dyes such as the mitochondrial stain MitotrackerRed® and the taxol-derived tubulin
dye BioTracker™ 488 Gmreen Microtubule Cytoskeleton Dye. Gratifyingly, none of the dyes
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exerted any significant impairment of cell viability at the proposed assay concentration over
a time period of72 h (Figure 1A). To exclude the potential influence of multiple dyes at their
given concentration would influence viability, we tested different combinations of dyes in
U205 cells using an orthogonal high content readout (Figure 1B/Supplementary Table 51).
Consistent with the data of the single dye experiments, none of the dyes or their combina-
tion inhibited cell viability.

Encouraged by these results, we assessed whether by lowering the dye concentra-
tions of the previously published HighVia protocol (workflow of HighVia protocol see
Figure 1C), this method could be adapted to allow a continuous readout (workflow con-
tinuous protocol see Figure 1D). In addition to the dyes used in the HighVia protocol, we
included I\-ﬁtohackerDeepRed® to measure the mitochondrial content and thus named
the protocol "HighVia Extend’. Changes of mitochondrial mass are indicative of certain
cytotoxic events such as apoptosis [25,26]. Cells were detected as previously described [22]
and gated into five different populations using a supervised machine-learning algorithm
{Figure 1E/Supplementary Table S7. We chose nine reference compounds as a training
set (Supplementary Table 52) for the assay setup, which was tested in three different
human cell lines: human embryonic kidney cells (HEK293T), ostecsarcoma cells (U205)
and non-transformed human fibroblasts (MRC9). These reference compounds covered
multiple modes of actions including topoisomerase inhibitor camptothecin, which trig-
gers apoptotic cell death by inducing strand breaks in chromosomal DNA [27], the BET
bromodomain inhibitor JQ1 [28], the mTOR inhibitor torin [29] and the glycosidic drug
digitonin, a detergent used to permeabilize cell membranes [30] (Figure 1F). We found
that the new continuous assay format captured the kinetics of the selected diverse cell
death mechanisms: the cell-membrane permeabilizing agent digitonin as well as the multi-
kinase inhibitor staurosporine and the ATM/ATR inhibitor berzosertib displayed rapid
induction of cytotexicity, while inhibitors of epigenetic targets Q1 and ricolinostat showed
slower and less pronounced cytotoxic effects (Figure 1F), consistent with previous re-
ports [31,32]. Treatment with the non-selective CDK inhibitor milciclib, the mTOR inhibitor
torin and the tubulin-disassembly inhibitor paclitaxel resulted in cytotoxic response with
intermediate kinetics. ICg values of the different compounds over Hme are compiled in
Supplementary Table 52.

Consistent with the overall cell count of healthy cells, the population gating also
followed different kinetic profiles, exemplified by camptothecin (Figure 1G). These data
sugpested that the continuous format of the HighVia Extend facilitated the assessment of
time-dependent eytotoxic effects of small molecule compounds.

2.2, Investigation of Nuclear Properties

While analyzing data from the continuous experiment, we identified a strong correla-
tion between the overall cellular phenoty pe (categories: “healthy”, “early /late apoptotic”,
“necrotic”, “lysed”) and the nuclear phenotype defined as either “healthy”, “pyknosed” or
“fragmented” (Figure 2A). To further test whether the gating based on the nuclear pheno-
type alone resulted in similar cytotoxicity profiles, we compared the calculated ICgy values
of the aforementioned nine reference compounds gated either as described above (based
on entire cellular phenotype) or based on the nuclear phenotype alone (features used for
machine learning algorithm described in Supplementary Table 57). We found that the time-
dependent [Cgp values and the maximal reduction in the healthy cell population were highly
comparable between these gating methods (Figure 2B,C/Supplementary Figure S2A-F).
Additionally, the overall population distribution profiles from both gating protocols wem
highly similar {(Figure 2D,E). The dependence on only one fluorescent channel might how-
ever increase the risk of assay interference of compounds with similar fluorescent properties
such as berzosertib or with poorly soluble small molecules such as itraconazole that exhibit
high flucrescent background (Figum 2F, Supplementary Figure 53). In order to minimize
the risk of such interferences, we included an additional layer of gating to the protocol In
the first step, all fluorescent objects in the corresponding channel were classified either as
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“nuclei”, independent of their phenotype oras “high intensity objects” that detected both

fluorescent compounds as well as precipitations (Figure 2G,H). We noticed that a limitation
of this method was that we were not able to readily distinguish between pyknosed nuclei of
mitotic cells or condensed nuclei of apoptotic cells. However, performing a normalization
of the healthy nuclear count against the healthy nuclear count of the DMSO controls (see
Materials and Method section) eliminated the uncertainty between mitotic and apoptotic
nuclei and corrected the overall information on the healthy nuclear count per well.

These data suggested that the classification of cells based on their nuclear pheno-
type can be used as a surrogate of more complex gating protocols. Thus, the gating
based on the Hoechst33342 signal simplified the High-Content assay setups by not only
enabling the counting and identification of cells but also by assessing their health state
and compound properties such as intrinsic compound fluorescence or the occurrence of
compound precipitation.

A Viability of U20S cells after 90h B Viability of U20S cells
1 - o # = Oh == 127 ww 24h =m 48h = 72h
z H | S100
340 ] i 8
> '—W. =
H S S 4
¥ [ 4 (1M £
+TT5nM | . [
E i g 110w 20
= (" A §
004 - 8 2
] -5 E
[dye] go

log
+ Hoechst33342 @ Staurosporine 10 M = YoPro3
= MitoTracker red + MiloTracker farred BiOTrOCKEr  °

C

‘early

apoptotic’

‘late

apoptotic’

Early Late Necrotic,

Microtubule

Time

‘healthy’ . . .

[Bge*]
B -
e’ '
R

@®twwm1@® -

NV

v

Paclitaxel 5 pM

ﬂ.

mm healthy

mm early apoptotic
i late apoptotic
i necrotic

== |lysed

Figure 1. Cont.

Appendix A



Appendix A

Moleaides 2022, 27, 1439

50f21

normalzed healthy cell count

0.0

Viability of U20S cells

G
DMSO0 0.1 % Camptothecin 10 uM
- Camptothecin 10 uM

JQ1 10 M 100+ B B

—————9

Paclitaxel 5 yM
Milciclib 10 M
Ricolinostat 10 uM
Staurosporine 5 pM
Berzosertib 5 pM

cell count %
&
1

-
-
-
- Torn 5 uM
»
.
-
-
=T
-

-« Digitonin 100 uM
43 B 86 g u 0 14 28 42 72
fime (h) time (h)

Figure 1. Validation of cell staining dyes and optimization of High-Via Protocol. (A) Healthy cell
count after 90 h of cell staining dye exposure at six different concentrations and 10 uM of staurceporine
in U20S cells. Vertical lines show optimal concentration used in subsequent assays (Hoechst33342
60 nM (ThermoFisher, Waltham, MA, USA), MitoTracker ™ red 75 nM (Invitrogen, Waltham, MA,
USA), MitoTracker ™ far red 75 nM (Invitrogen, Waltham, MA, USA), YoPro3 1 pM (Invitrogen,
Waltham, MA, USA), BioTracker Microtubule 3 uM (EMD Millipore, Burlington, MA, USA). Error
bars show SEM of four technical replicates. (B) Healthy cell count 0 h, 12 h, 24 h, 48 h and 72 h after
cell staining dye exp alone or in combination (Multiplex: Hoechst33342 60 nM, BioTracker ™
Microtubule 3 M, MitoTracker ™ red 75 nM, Annexin V Alexa Fluor 680 0.3 uL/well; HighVia
Extend: Hoechst33342 60 nM, MitoTracker ™ far red 75 nM, YoPro3 1 uM, AnnexinV Alexa Fluor 488
03 uL/well) and 10 uM of staurceporine (stauro) normalized to healthy cells exposed to DMSO 0.1%
in U20S cells. Error bars show SEM of four technical replicates. (C) Generic workflow of cell gating
in HighVia protocol. (D) Generic workflow of cell gating in HighVia Extend protocol. (E) Cellular
classification in healthy, early apoptotic, late apoptotic, necrotic and lysed by trained cell biologist.
Cellular classifications shown after segmentation using a machine learning algorithm. Fractions of
healthy, early apoptotic, late apoptotic, necrotic and lysed cells after 24 h of 5 uM paclitaxel exposure
in U20S cells. (F) Healthy cell count before and 14 h, 28 h, 42 h and 72 h after compound exposure
(camptothecin 10 uM, JQ1 10 uM, torin 5 uM, paclitaxel 5 uM, milciclib 10 uM, ricolinostat 10 uM,
staurosporine 5 uM, berzosertib 5 pM, digitonin 100 M) normalized to healthy cells exposed to
DMSO 0.1% in U20S cells. Error bars show SEM of technical triplicates. (G) Fractions of healthy,
early apoptotic, late apoptotic, necrotic and lysed cells before and 14 h, 28 h, 422 hand 72 h after 10 uM
camptothecin exposure in U20S cells. Error bars show SEM of technical triplicates

2.3. FUCCI Céll Cyde Analysis

Validating effects of small molecules on the cell cycle is an important test for new drug
candidates which is frequently assessed, e.g., by Fluorescence-activated cell sorting (FACS)
using DNA-binding dyes such as propidium iodine (PI) [33] or the cell cycle dependent
degradation of fluorescent maker proteins described by Sakaue-Sawano et al. [34]. The
FUCCI technology allows us to distinguish between live cells in different cell phases using
a dual-color imaging system [35]. Thanks to the opposing effects of the licensing factor Cdt1
(RFP-tagged) and its inhibitor Geminin (GFP-tagged) on DNA replication, their presence,
seen by the fluorescent tag, can be used to distinguish between G1 and S/G2/M phases of
the cell cycle. Cells in §/G2/M are identified by a GFP-labeled nucleus (hereafter referred
to as “green”). Cells in G1 result in RFP-labeled nuclei (“red”) and those in the transition
state between G1 and S phase, show both GFP and RFP-labeled nuclei (‘yellow”). A small
fraction of non-labeled nuclei that appear shortly in between M and G1 phase is rare and
can be neglected in the analysis [36].
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Figure 2. Analysis of Cell Nudlei by Hoechst Channel Intensity level. (A) Nuclei classification in
healthy, pyknosed and fragmented by trained cell biologist. (B) Normalized healthy cell count and
normalized healthy nuclear count of different concentrations (0.01 uM, 0.05 uM, 0.1 M, 0.5 uM,
1 pM, 5 uM, 10 uM) of camptothecin exposure with calculated IC50 values after 14 h, 28 h, 2 h
and 56 h. (C) Correlation between the healthy cell count and the healthy nudlei count after 28 h of
compound expostre normalized to healthy cells exposed to DMSO 0.1% in U208 cells. (D) Fractions
of HighVia gating and fractions of healthy, fragmented and pyknosed nucdlei after exposure to
different concentrations (0.01 pM, 0.05 pM, 0.1 uM, 0.5 uM, 1 uM, 5 M, 10 uM of camptothecin
in U205 cells after 56 h of compound exposure. Error bars show SEM of three technical replicates.
(E) Fluorescence image of different gatings of U206 cells exposed to 1 uM camptothecin after 56 h
based on total cell morphology and based on nuclei. (F) Bright field confocal image of stained (blue:
DNA /nuclei, green: Annexin V apoptosis marker, red: YoPro3, magenta: Mitotracker Deep Red,
mitochondria content) U208 cells after 24 h of compound exp (itra ole 10 uM, b rtib
1 uM). Precipitation of 10 uM itraconazole and fluorescence of 1 uM berzosertib expostre shown
as Hoechst High Intensity Objects are highlighted. (G) Hoechst High Intensity Objects after 24 h of
compotnd exposure (itraconazole 10 pM, berzosertib 1 uM) and DMSO 0.1% as negative control
Error bars show SEM of three technical replicates. (H) Generic workflow of cell gating based on
cell nuclei.
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To test the compatibility of the nuclei-based gating protocol in combination with other
fluorescent markers, we used this cell cycle reporter together with the described nuclear
gating strategy in HCT116 cells. We chose this cell line for this experiment due to its
favorable nucleus:cell-body distribution.. In our analysis, we focused on the cell cycle
phases of unaltered, “healthy” gated nuclei, but also the pyknosed, and to a certain extent,
the fragmented populations could be further gated based on the intensities of the FUCCI
reporters (general workflow see Figure 3A). We only considered the three major populations
of “green”, “red” and “yellow” nuclei, while the neglectable fraction of non-labeled cells
was exchuded (Figure 3B).

We first assessed whether the introduction of the FUCCI system would influence
sensitivity of cells with respect to compound viability. HCT116-FUCCI cells treated with
the CDK inhibitor milciclib resulted in a comparable cytotoxic profile as observed with
the same protocol above for U20S cells (Figure 3C). The gating based on the nuclear
phenotype enabled the exclusive analysis of cells not showing an apoptotic or damaged
phenotype over several time points in one experiment. Comparing the effect of HCT116
treated with 1 uM of milciclib with the one of DMSO treated cells resulted in the expected
alteration of cell cycle distribution upon compound treatment. Milciclib treated cells not
only showed a lower number of “healthy” classified cells but also displayed a higher
population of ‘red’ nuclei after 18 h of compound treatment (Figure 3D), indicative of a G1
phase arrest, consistent with milciclib’s ability of inhibiting cyclin-dependent kinases such
as CDK2 [37,38]. The timing of the accumulation of cells in the G1 phase after 18 h correlated
well with the less pronounced cytotoxicity at the earliest time point of 3.5 h, further pointing
to a primary rather than secondary compound effect. These data underlined the advantages
of simultaneously detecting cytotoxicity and investigating different phenoty pes at several
time points in one experiment.

Encouraged by these results, we analyzed the effect of additional 17 compounds ata
single concentration of 10 uM in HCT116-FUCCI cells for up to 70 h (Figure 3E). This set of
compounds included compounds known to affect the cell cycle, such as the topoisomerase
II inhibitors daunorubicin, doxorubicin as well as mitoxantrone and topoisomerase I
inhibitors camptothecin and topotecan. We also included paclitaxel and vinorelbine tartrate,
representing drugs that influence the tubulin function. Overall, the compounds represented
a broad range of mechanisms affecting the cell cycle, suchas triggering check point response,
and various cytotoxic agents. A full list of known effects of the used compounds is included
in Supplementary Table S3.
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Figure 3. FUCCI Cell Cycle Assay. (A) Gating scheme of the hine 1 ing-based analysis of the

HCT116-FUCCI reporter cell line (B) Example images of HCT116 cells treated either with 10 uM
vinorelbine tartrate or 0.1% DMSO for 42 h. Highlighted by colored lines are the gating results of
both the nuclear gating step into “healthy”, “pyknosed” and “fragmented” nuclei and the FUCCI
gating step of healthy’ nuclei only. (C) Cytotoxicity of milciclib for HCT116-FUCCI at different time
points assessed by the normalized healthy cell count. The depicted IC50 values are the average
and SEM of two independent experiments. (D) Population distribution of ‘healthy” gated (based
on nuclear features) HCT116-FUCCI cells treated with 1 pM milciclib or 0.1% DMSO for different
periods. (E) Heat map analysis of HCT116-FUCCI cells treated with 10 uM of different inhibitor for
different time points. (F) Detailed rep ion of the population fractions of HCT116-FUCCI cells
exposed to 10 uM of trametinib, mitoxantrone and HI-TOPK-032. The size of the pie charts reflected
the normalized cell count. For comparison, the fractions of DMSO are shown as well
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The population analysis confirmed an increase in red nuclei for the flavone derivate
a-naphthoflavone [39], the tubulin binding taxol-derivative paclitaxel [40,41] and MEK1/2
inhibitor trametinib [42] consistent with previous reports of these compounds to cause a
cell cycle arrest in G1. An increase in green nuclei, in comparison to DMSO, was detected
for both tested topoisomerases I inhibitors, camptothecin and topotecan, as well as mitox-
antrone, which are known to cause mitotic cell cycle arrest [27,43-46]. More yellow nuclei
were observed for cells treated with the topoisomerase II inhibitors daunorubicin and
doxorubicin, both of which are known to cause cell cycle arrest due to DNA double strand
breaks [44,47]. Treatment of cells with the TOPK inhibitor HI-TOPK-032 [48] also resulted
in an increased number of cells with yellow nuclei, indicating induction of an S phase arrest.
In general, all compounds that have been described to interfere in cell cycle progression,
showed the expected effects in the FUCCI assay system. Figure 3F shows an example of
the nuclei population analysis for the three compounds, trametinib, mitoxantrone and
HI-TOPK-032 in comparison to cells exposed to DMSO 0.1%. Additional data can be found
in Supplementary Table 54.

2.4. Multiplex Protocol

Low cell viability can be the result of on-target effects, off-target effects or be based on
undesirable characteristics of compounds that interfere with the assay system. We therefore
included the assessment of tubulin structure, mitochondrial mass changes and membrane
permeability in the phenotypical analysis. We used a test set of 21 compounds with known
effects on cell viability to validate the protocol (Supplementary Table S6). However, we
envisioned that depending on the phenotypes of interest, additional cell staining dyes
can be used to detect further changes in cellular morphology or health. Compounds that
modulate microtubule functions have been used extensively in cancer research, because
of their interference with tumor growth. However, unspecific or unrecognized tubulin
binding can lead to false interpretation of presumed target specific effects, in particular
in oncological assays. We therefore included a microtubule cytoskeleton dye to detect
changes in the tubulin structure. In addition, mitochondrial health was monitored using
Mitotracker™ Red (Invitrogen), providing information on mitochondrial mass, which has
been shown to provide a good indicator for the apoptotic susceptibility of cells. Higher
mitochondrial mass can lead to cell damage, because mitochondria are the main source
of ROS (reactive oxygen species) [26]. Membrane permeability was detected using the
microtubule cytoskeleton dye and cells were compared to digitonin, as a cell lysis control.
Cellular shape and fluorescence were measured as before, at 12 h and 24 h after compound
treatment. To analyze effects on tubulin, mitochondria and membrane permeability, a ma-
chine learning-based protocol was implemented, based on four earlier tested compounds
asa training set for the algorithm (Supplementary Table S6). Cells that showed different
tubulin appearance compared to the DMSO 0.1% control were marked as ‘tubulin effect’.
Cells that showed an increase in mitochondrial mass in comparison to DMSO 0.1% were
marked ‘mitochondrial mass increase” and cells that showed membrane permeability were
marked ‘membrane permeable’. For membrane permeability, the reference compound digi-
tonin, a cell detergent leading to cell perforation, was used. In our first approach, we gated
all cells, independently of their viability, into the different phenotypical groups, namely
“tubulin effect’ or ‘no tubulin effect’. With this first analysis, (Supplementary Figure 54)
we saw that an increase in mitochondrial mass as well as a tubulin effect was frequently
associated with cytotoxicity. When adding “cytotoxic’ compounds such as staurosporine
(10 uM) or puromycin (10 uM), most cells showed as expected increased mitochondrial
mass and tubulin effects [25]. To exclude these phenotypic effects caused merely by cell
death, only cells defined as ‘healthy nuclei’ were gated into the different groups. The
generic workflow of the analysis is shown in Figure 4A. Compounds that have certain
quality deficiencies, shown by not passing the property thresholds, were marked. First,
compounds that showed a Hoechst High Intensity Object ratio of more than 50% (Figure 4B)
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were selected, because they either precipitated or showed auto-fluorescent, interfering with
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Figure 4. High Content Multiplex screen of different compounds in U20S cells. (A) General workflow
of Multiplex High Via protocol analysis with property thresholds (B) Ratio of Hoechst High Intensity
Objects after 24 h of compound exposure (Supplementary Table S5) in U20S in comparison to DMSO
0.1% of biological duplicates. Error bars show SEM of technical triplicates. Property threshold at 50%
marked red. For ple, fl wce confocal images of stained (blue: DNA /nuclei, Hoechst33342)
U205 cells after 24 h of exposure to camptothecin 10 uM in comparison to DMSO 0.1%. (C) Cell count
ratio of different Nuclei gating after 24 h of 10 pM of compound exposure (Supplementary Table S5)
in comparison to DMSO 0.1% in U20S cells. Error bars show SEM of technical triplicates. Property
threshold at 50% marked red. Brightfield confocal image of stained (blue: DNA /nuclei, green:
Microtubule different, red: mitochondria genta: A in V apoptosis marker) U20S cells
after 24 h of compound exposure of staurosporine 10 uM) in comparison to DMSO 0.1%. Gating
of cells for Nuclei gating and Amx.l.n V based gating shown. (D) Cell count ratio of tubulin effect
(green), mitochondrial mass i genta) and meml P bility (blue) of U208 cells after
24 h of 10 uM of compound exposure (WM-l 119, TP-080-1, NVS-MALT-1, SR-302, a-naphthoflavone,
vinorelbine tartrate, digitonin, milciclib, SR-318, BAY-179) in comparison to DMSO 0.1% Error bars
show SEM of technical triplicates. Property threshold at 50% marked. Brightfield confocal image
of stained (blue: DNA/nuclei, greer: microtubule different, red: mitochondria content, magenta:
Annexin V apoptosis marker) U208 cells after 24 h of compound exposute (vinorelbine tartrate 10 uM,
milciclib 10 uM, digitonin 10 uM) in comparison to DMSO 0.1%. Flucrescent image of different
staining is highlighted.

For the test set of 21 compounds (Supplementary Table S5), two compounds (camptothecin
and topotecan) showed Hoechst High Intensity Objects at levels > 30% after 24 h in one of
two biological replicates at 10 uM. Image validation demonstrated, that depending on the
location of the precipitated compound, the intensity levels of the channels could vary, thus
both duplicates should be considered as precipitation is a stochastic event and dependents
on compound handling [49]. All other “normal” cells were then gated based on their nuclei
properties in “healthy”, “pyknosed” or “fragmented” (Figure 4C). As mentioned above, a
distinction between cells that showed condensed nuclei while undergoing apoptosis and cells
that were mitotic was only possible taking into account the total cell number and comparison
to DMSO as a control. To increase the robustness of this parameter, we added Annexin V as
an apoptotic marker to the Hoechst33342 stain. After inclusion of this marker, it was possible
to distinguish between mitosis and apoptosis for U206 cells. Even for the human embryonic
kidney cells (HEK293T), which are smaller and rounder than the other cell lines used, the
distinction between mitosis and apoptosis was confirmed by normalization to DMSO as control
For the tested small chemogenomic set, all compounds that showed less than 50% of healthy
cellswere marked and should be assessed further. In our test set, five compounds were marked
at 10 uM (daunorubicin, staurosporine, topotecan, camptothecin and puromycin), as expected.
To detect phenotypical properties, thatare independent of cell death, only nudlei that were gated
healthy earlier, were considered. Vinorelbine tartrate, a vinca alkaloid with antimicrotubule
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properties interfering with mitotic spindle function, was used as a positive control for tubulin
effects [50]. As expected, after 24 h, vinorelbine tartrate treated cells, exhibited increased
tubulin effects compared to DMSO 0.1% treated cells. For mitochondrial mass increase, we
used milcidlib as a test compound. Milcidlib, is a known apoptosis modulator [51] and showed
an increase in mitochondrial mass over 60% in comparison to DMSO. The chemical probe
compounds, SR-318 (a chemical probe for MAPK14) [52] and BAY-179 (a chemical probe for
complex I) also showed over 80% healthy nuclei but an increase in mitochondrial mass over
60%. The MAPK14 probe SR-318 as well as the orthogonal dual MAPK14/DDR probe SR-302
also showed a tubulin effect of more than 90%. Interestingly, compounds that are known to
permeabilize the membrane such as digitonin (10 uM), showed still more than 50% healthy
nuclei after 24 h. The same compounds were tested in HEK293T and MRC-9 cells. The data
have been included in the Supplemental Figures S5-58.

The tested compounds were used, toestablisha protocol for detection of multiple readouts.
The following requirements were determined for compound flagging: Hoechst High Intensity
Objects > 50%, Healthy Nuclei < 50%, Pyknosed Nuclei > 50%, Fragmented Nuclei > 50%,
Tubulin effect > 50%, mitochondrial mass increase > 50%, membrane permeability > 50%.
However, we recommend that every experiment should contain control compounds with
known characteristics as an internal standard. This primary screen was able to flag compounds,
which should be further investigated, regarding their suitability for inclusion as compounds in
a chemogenomic set. For instance, target specific and off-targeted mechanisms affecting cellular
health can be distinguished by control compounds and/or alternative inhibitors with diverse
chemical structure that makes it unlikely that these targets also inter with similar off-target
mechanisms as the investigated compound.

2.5. Multiplex Analysis of Chemog ic Compound

To validate whether this assay can be performed in a medium throughput format, we
tested a small library of 215 compounds at two different concentrations, 1 uM and 10 uM, in
U208, HEK293T and MRC-9 cells. Here, we describe the analysis of the U20S cells while
the results for the further two cell lines are provided in the Supplementary Materials (Sup-
plementary Table S8). Most of the compounds tested have cellular on-target activities in the
nanomolar range. It was thus not surprising to observe strong viability effects for a large
number of compounds at 10 uM (Figure 5A). We therefore mainly evaluated the effects at
the lower concentration of 1 uM. In the first step, compounds that showed Hoechst High
Intensity Objects were considered as described earlier. Here, only three of the 215 compounds
showed more than 50% of Hoechst intensity compared to normal nuclei after 1 uM treat-
ment: the control compounds berzosertib and camptothecin, as well as the FGFR inhibitor
PD173074 [53], which precipitated, a property that can be explained by its hydrophobicity
(logP of 47). It should be noted that PD173074 has a cellular activity at less than 25 nM and
should therefore be used at lower concentrations than 1 uM. The validation of cell viability
using the nudlei gating described earlier, revealed 20 compounds with less than 50% of healthy
ruclei. Among these, only nine compounds (volasertib, BMS-754807, DDR-TRK-1N, TP0903,
GNEF-5837, infigratinib, adavosertib, ML154, omipalisib) showed 40% or less healthy nuclei,
whereas for example the dual PI3K-AKT-mTOR inhibitor omipalisib, known to cause apoptosis
in this concentration range [54], as well as the multi-kinase inhibitor TP-0903 [55] and the TRK
inhibitor GNF-5837 [56], both known to have an impact on cell viability, decreased the healthy
ruclei count more than 60%. Compounds that showed a phenotypic characteristic above the
threshold in all three cell lines were ‘flagged’. Further investigations are warranted, if the
mode of action is responsible for the ‘flagged” phenotype or unintended compound features,
such as off-target effects or inappropriate concentrations used. In our test chemogenomic set,
49 compounds were ‘flagged” (Figure 5B). For example, compound KN-62 was marked due
to tubulin effects greater 90%. KIN-62 is a calcium/calmodulin kinase inhibitor [57], which
inhibits the polymerization of tubulin [57], so the phenotypical effect can be explained by its
mode of action. For the TIE2 inhibitor BAY-826, there is no link to tubulin function known
so far [58]. However, the recently described off-target activity on DDR1/2 may explain the
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observed phenotype [59]. In total, eight compounds were marked to have tubulin effects while
they crossed no other phenotypic threshold (BAY-826, bromosporine, CINK4, PF-299804, SR318,
SU11274, YM-201636, ZM447439) in U206 cells. We detected mitochondrial mass increase
for 10 compounds (azelastine, GSK1070916, INJ-5207787, ML-290, NVP-AEW541, PD 102807,
SGC-GAK-1, TC-G 1003, topotecan, XMD17-109) whereas only the pan-HER kinase inhibitor
PF-299804 [60] demonstrated membrane permeabilization effects of more than 65%. Impor-
tantly, the protocol allows for continuous monitoring enabling the detection of time-dependent
observations. For example, WZ-4002, a mutant selective covalent EGFR inhibitor showed
initially (12 h) at 1 uM an effect on tubulin and mitochondrial mass before causing membrane
permeabilization at 24 h.
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Figure 5. Multiplex Certificates of Chemogenomic Compounds. (A) Cell count ratio of different
nuclei gating after 24 h of 10 pM and 1 pM of compound exposute (Supp tary Table S8) in U208
cells. Error bars show SEM of biological duplicates. Healthy nuclei count at 50% (viability threshold)
marked as a red line. (B) Heat map of phenoty pical property ratios (tubulineffect, mitochondrial mass
increased and membrane permeabilized) and the growth rate, which was calculated against the non-
treated cell number, as described earlier by Hafner et al [61] of U20S cells exposed to 49 compounds,
that were marked as ‘flagged’ after Multiplex analysis (phenotypical property threshold > 50%). Heat
map shows meaning of two biological duplicates. All data are available in Supplementary Table S8.
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3. Discussion

Microscopy-based high-content screening, as a strategy for drug discovery, allows
monitoring of multiple phenoty pes in a fast and economical way [62]. Phenotypic screening
has regained attention in drug discovery in recent years. In comparison to target-based
drug discovery methods, phenotypic screening does not rely on the knowledge of a spe-
cific target per se and works as a tool to address complex relations of poorly understood
diseases [5]. Extracting information from biological images collected during phenotypic
screening and reducing them to a multidimensional profile, a process called image-based
profiling, can be used to identify new disease-associated phenotypes, provide a better
understanding about target effects and to predict compound activity, toxicity and mecha-
nism of actions [63]. Here, we present HighVia Extend, a live-cell, expandable, unbiased,
image-based profiling assay, suitable for real-time measurements [64]. Similar to HighVia,
HighVia Extend is modular in nature, inexpensive and flexible, providing the possibility to
add additional fluorescent dyes for further readouts or adaptations for the use in different
cell lines. Importantly, the assay is applicable for kinetic measurement for over 72h and
can therefore differentiate between primary target effects and secondary phenotypic results
caused by the compound treatment. The lack of kinetic information is a frequent problem in
phenotypic screens, which monitor endpoints [65]. Using a single readout, Hoechst33342,
to assess cell nuclei, we were able to identify healthy cells with high confidence, which
enabled the use of additional stains to detect changes in tubulin appearance and mitochon-
drial content, respectively. Adding the FUCCI system, additional information regarding
compounds affecting the cell cycle could be obtained. However, compared to CellPainting,
which uses mostly fixed cells and is based on the generation and evaluation of thousands
of features [3] our assay provides comprehensive information about cytotoxicity with
considerably less features. Thus, the subsequent data processing is less demanding on
bioinformatics capabilities while providing additional kinetic aspects. The modular nature
of the assay allows for free combination with other dyes or a pre-screening of compounds
with only Hoechst33342 and nuclear gating of the cells to reduce the costs of live-cell dyes.
We also successfully combined this experiment with other less complex cytotoxic screens
as primary screens, such as proliferation experiments using a plate-reader based readout
assessing the metabolic state of cells.

The presented assay offers a suitable annotation for (chemogenomic) libraries, pro-
viding information on the effect of these compounds on cellular health. It can be used in
combination with assays assessing other aspects of cellular health, such as proteome stress
involving protein misfolding and aggregation to better annotate a compound library [66].
Our assay thus helps to distinguish between false-positive or false-negative results of
subsequent phenotypic assays [67,68]. False negative results can for example be caused by
compounds with low solubility or precipitation of a compound as well as low permeability
properties. Poorly soluble compounds can also cause false positive results, which may
arise by causing unspecific cell death. Another potential source of false negative data
might arise due to the missing expression of certain proteins in the tested cell line. The
use of several cell lines in parallel as well as assessing the expression profiles using mRNA
sequencing databases can, to a certain extent, offset this bias. Other compounds may cause
false positive signals in cell assays due to reactivity of structural groups under applied
conditions such as redox effects, complex formation, intrinsic fluorescence, degradation
and others [68,69]. In the literature, already a large number of small molecules have been
annotated as substances to frequently interfere with different assays [70]. Additional un-
specific effects on cellular viability have been described for compounds binding to tubulin,
e.g., Guletal. showed that the preclinical used MTH1 inhibitor TH588 showed decreased
tumor growth due to involvement in microtubule spindle regulation instead of the first
investigated targeteffect [19,71]. The assessment of the tubulin modulating properties of
compounds in a library can thus provide an alert with respect to the downstream effect on
cell viability, which is particularly important for cancer cell biology.
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For compounds without specific binding information to a protein as well as for target
validation, the assay can provide a simple profile for each compound in a time dependent
manner. By comparing the effect on cellular health for compounds targeting the same
protein, unspecific effects can be easily detected using further analysis and clustering of
results. Testing a well-annotated compound collection can thus be used to identify new
biology mechanisms for known targets or even find new target correlations.

3.1. Materials and Methods HighVia Extend Protocol

For testing the High-Via Extend protocol, nine reference compounds (digitonin, torin,
ricolinostat, paclitaxel, staurosporine, JQ1, berzosertib, milciclib, camptothecin) with known
mode of actions (Supplementary Table 52) were dissolved in DMSO to a concentration
of 10 mM. A 7-point serial dilution of every compound were tested in three different cell
lines (HEK293T, U20S, MRC-9). HEK293T (ATCC® CRL-1573™) and U20S (ATCC®*HTB-
96™) were cultured in DMEM plus L-Glutamine (High glucose) supplemented by 10%
FBS (Gibco, Waltham, MA, USA) and Penicillin/Streptomycin (Gibco). MRC-9 fibroblasts
(ATCC® CCL-2™) were cultured in EMEM plus L-Glutamine supplemented by 10% FBS
(Gibco) and Penicillin/Streptomycin (Gibco). Cells were seeded at a density of 1250 cells
per well in a 384 well plates in culture medium (Cell culture microplate, PS, f-bottom,
u.Clearo, 781091, Greiner), with a volume of 50 uL per well. All outer wells were filled
with 100 uL PBS-buffer (Gibco). Simultaneously with seeding, cells were stained with
60 nM Hoechst33342 (Thermo Scientific, Waltham, MA, USA), 75 nM MitoTracker™ far
red (Invitrogen, Waltham, MA, USA), 0.3 uL/well Annexin V Alexa Fluor 488 conjugate
(Invitrogen, MA, USA) and 1 uM YoPro3 (Invitrogen, MA, USA).

Cellular shape and fluorescence of the untreated cells was measured 24 h after seeding,
using the CQ1 high-content confocal microscope (Yokogawa, Tokyo, Japan). The com-

unds were added in a 1:1000 dilution (50 nL/well) using an Echo 550 (LabCyte, San Josef,
CA, USA) and measured again once and then every 12 h over 72 h. The following setup
parameters were used for image acquisition: Ex 405 nm/Em 447 /60 nm, 500 ms, 50%; Ex
561 nm/Em 617 /73 nm, 100 ms, 40%; Ex 488 /Em 525/ 50 nm, 50 ms, 40%; Ex 640 nm/Em
685 /40, 50 ms, 20%; bright field, 300 ms, 100% transmission, one centered field per well,
seven z-stacks per well with 55 um spacing,

Images were analyzed using the CellPathfinder software (Yokogawa), segmented and
classified as described previously [22]. Briefly, using an automated algorithm, cell “nuclei”
were identified by Hoechst channel intensity levels and optimized by smoothing of mean
intensity levels, thresholding and afterwards size-filtering to accurately segment nuclei
from cytosol. The ‘cell body” was defined using the bright field channel The digital phase
contrast was determined between z-stack 3 and 5 with a phase-contrast level of 0.003 to
improve cellular shape separation from background. To better identify cytoplasmic areas,
the threshold results of the cell body were defined as interdependent of nuclei. After
segmentation of the cells, classification was performed using the machine learning feature
of the CellPathfinder Software. Training of the machine learning algorithm was performed
by an experienced cell biologist. The cells were classified in healthy, early apoptotic, late
apoptotic, necrotic and lysed cells by 19 features of the cell body and 13 features of the
nuclei (Supplementary Figure 57 including dye intensity levels and cellular morphology
characteristics such as cell diameter or compactness. Different control compounds were
used to train the machine learning algorithm. Staurosporine 10 uM was used to identify
apoptotic cells, digitonin 10 uM was used to classify lysed cells. The analysis was validated
using duplicate wells of the named compounds. For nuclei classification, the cells were
subdivided in healthy, pyknosed and fragmented nuclei by ten features (Supplementary
Figure 57) of the Hoechst channel. To detect objects that show high intensity of the
Hoechst channel, classification in High Intensity Objects and Normal Intensity Objects
was implemented using three features for the cell body and two features for the nuclei
(Supplementary Figure S57). The health cell count and the healthy nuclei count were
normalized against the healthy cell count and healthy nuclei count of cells treated with
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0.1% DMSO. Significance was calculated using a two-way ANOVA analysis in GraphPad
PRISM 8.

3.2 Multiplex Protocol

HEK293T (ATCC® CRL-1573™) and U205 (ATCCPHTB-%™) were cultured in DMEM
plus L-Glutamine (High glucose) supplemented by 10% FBS (Gibco) and Penidllin/Streptomycin
(Gibco). MRC-9 fibroblasts (ATCC™ CCL-2™) were cultured in EMEM plus L-Glutamine
supplemented by 10% FBS (Gibco) and Penicillin/Streptomycin (Gibco). One day prior to
compound exposure, cells were stained simultaneously to seeding with 60 nM Hoechst33342
(Thermo Scientific, MA, USA), 75 nM Mitotracker red (Invitrogen, MA, USA), 0.3 uL/well
Annexin V Alexa Fluor 680 conjugate (Invitrogen, MA, USA) and 25 nL/well BioTracker™
488 Green Microtubule Cytoskeleton Dye (EMD Millipore, MA, USA). Cells were seeded
at a density of 2000 cells per well in a 384 well plates in culture medium (Cell culture mi-
croplate, PS, f-bottom, uClear®, 781091, Greiner, Frickenhausen, Germany), with a volume
of 50 uL per well. All outer wells were filled with 100 pL PBS-buffer (Gibco).

Using the CQ1 high-content confocal microscope (Yokogawa), cellular shape and fluores-
cence was measured before and 12 h as well as 24 hafter compound treatment. All compounds
were diluted in DMSO to a concentration of 10 mM. Compounds were added directly to the
cells in a 1:1000 dilution (50 nL/well) using an Echo 550 (LabCyte, San Josef, CA, USA).

For image acquisition, the following parameters were used: Ex 405 nm/Em 447/60 nm,
500 ms, 50%; Ex 561 nm/Em 617/73 nm, 100 ms, 40%; Ex 488/Em 525/50 nm, 50 ms, 40%;
Ex 640 nm/Em 685/40, 50 ms, 20%; bright field, 300 ms, 100% transmission, one centered
field perwell, seven z-stacks per well with a total of 55 pm spacing. The rather large spacing
distance was used to create a robust readout, compensating potential plate variations and
enabling automated screening without the use of autofocus. The overlap of the fluorescence
emission spectra of the dyes was neglectable for all but the MitoTracker Red and Annexin
V Alexa Fluor 680 (Supplementary Figure 59). However, this overlap does not influence the
analysis, since the excitation maxima of these two dyes are well separated and the gating
algorithm analyses only the Mitotracker Red intensity in Annexin 5 negative cells.

All images were analyzed using the CellPathfinder software (Yokogawa). Segmentation
of cells was performed as described earlier. First, the cells are classified in Hoechst High
Intensity Objects or Normal Intensity Objects (Supplementary Table 57). All normal gated cells
are further classified in healthy, fragmented or pyknosed nuclei (Supplementary Table 57).
The pyknosed cells are gated in mitotic or apoptotic cells using seven features for the
cell body and five features for the cell nuclei according to their Annexin V staining in-
tensity (Supplementary Table 57). All cells that were classified as including a healthy
nucleus are further gated into three phenotypic classes. They are gated in tubulin ef-
fect or no tubulin effect (Supplementary Table 57), mitochondrial mass increased or
not increased (Supplementary Table S7) and membrane permeability/ membrane normal
(Supplementary Table 57). Growth rate was calculated against non-treated cells and cells
treated with DMSO 0.1% [61].

3.3. FUCCI Assay Protocol

For generation of a stable cell line, including the florescent ubiquitination-base cell
cycle indicator FUCCI, the plasmid-based transposon system Skeeping Beauty was used.
Vector (pSBbi_Fucci) and the Transposase SB100X have been described previously [72].
HCT116 cells (ATCC® CCL-247™) were cotransfected in a small cell culture flask (5 mL)
with a mixture of 9.5 ug pSBbi_Fucci vector and 0.5 g if the SB100X transposase vector
using FuGENE HD (Promega) as described previously [73]. Two days after transfection,
cells were selected over 10 days using puromycin (1 ug/mL) and cultivated afterwards
for two more weeks in McCoys 5A plus L-Glutamine (Gibco) supplemented by 10% FBS
(Gibco) and Penicillin/Streptomycin (Gibco).

HCT116-FUCCI cells were seeded at a density of 1250 cells per well in a 384 well
plate (Cell culture microplate, PS, f-bottom, uClear®, 781091, Greiner) in culture medium
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to 50 uL per well and stained additionally with 60 nM Hoechst33342 (Thermo Scientific).
Outer wells were filled with 100 uL PBS-buffer (Gibco). Fluorescence and cellular shape
were measured before and after compound treatment for 72 h every 12 h using the CQ1
high-content confocal microscope (Yokogawa). Compounds were added directly to the
cells, using an Echo 550 (LabCyte, San Josef, CA, USA) in a 1:1000 dilution (50 nL/well) to
a final concentration of 10 pM.

Following parameters were used for image acquisition: Ex 405 nm/Em 447 /60 nm,
500 ms, 50%; Ex 561 nm/Em 617/73 nm, 100 ms, 40%; Ex 488/Em 525/50 nm, 50 ms,
40%; Ex 640 nm/Em 685/40, 50 ms, 20%; bright field, 300 ms, 100% transmission, one
centered field per well, seven z-stacks per well witha total of 55 pm spacing. Image analysis
was performed using the CellPathfinder software (Yokogawa). Segmentation of cells was
performed as described earlier. First, the cells are classified in Hoechst High Intensity
Objects or Normal Intensity Objects (Supplementary Table 57). All normal gated cells are
further classified in healthy, fragmented or pyknosed nuclei (Supplementary Table 57). The
cells that showed healthy nuclei were then further gated in red/green or yellow using
11 features of the cell body and four features of the cell nuclei (Supplementary Figure 57).
Total cell count was normalized against total cell count of cells treated with 0.1% DMSO.

3.4. DyeTitration CQ1 and Alamarblue Assay

U206 cells (ATCC®HTB-96™) were cultured in DMEM plus L-Glutamine (High
glucose) supplemented by 10% FBS (Gibco) and Penicillin/Streptomycin (Gibco) and
seeded on a 384 well plate in culture medium (Cell culture microplate, PS, f-bottom, pClear®,
781091, Greiner, Frickenhausen, Germany) with half of the plate with and the other half
of the plate, without dyes at a density of 1500 cells per well in a, in a volume of 50 pL per
well. All outer wells were filled with 100 uL PBS-buffer (Gibco). Then, 24 h after seeding,
cells without dyes were treated with the same concentration of dyes and directly measured
by the CQ1 confocal microscope (Yokogawa) over 72 h every 12 h. The dyes Hoechst33342
(Thermo Scientific, MA, USA), Mitotracker red (Invitrogen, MA, USA), Mitotracker far
red (Invitrogen, MA, USA), Annexin V Alexa Fluor 680 conjugate (Invitrogen, MA, USA),
Annexin V Alexa Fluor 488 conjugate (Invitrogen, MA, USA), BioTracker™ 488 Green
Microtubule Cytoskeleton Dye (EMD Millipore, Massachusetts, United States), YoPro3
(Invitrogen, MA, USA)) were added using an Echo 550 (LabCyte, San Josef, CA, USA) in a
7-fold dilution and different dye combinations (Supplementary Table 51). Image acquisition
was completed with the following parameters: Ex 405 nm/Em 447 /60 nm, 500 ms, 50%; Ex
561 nm/Em 617 /73 nm, 100 ms, 40%; Ex 488 /Em 525/ 50 nm, 50 ms, 40%; Ex 640 nm/Em
685 /40, 50 ms, 20%; bright field, 300 ms, 100% transmission, one centered field per well,
seven z-stacks per well with a total of 55 pm spacing. Image analysis was performed using
the CellPathfinder software (Yokogawa) as described earlier. To detect the cells without
Hoechst33342 stain, the cell body was defined just by bright field intensity levels. Cells were
classified using machine learning algorithms by an experienced cell biologist as healthy or
not healthy.

After 72 h, the plate was treated with 1:10 alamarBlue™ (ThermoFisher, MA, USA)
solution for 12 h. Fluorescence was measured on a PHERAstar plate reader (BMG Labtech,
Ortenberg, Germany) with an emission of 590 nm and excitation of 545 nm.

Suppl tary Materials: The following supporting information can be downloaded at: https:
//w»\ w.mdpi.com/ article/10.3390/molecules27041439/ 51, as single file: Figure S1: Hoechst33342
dye titration in HeLa cells after 20 h. Figure S2. Analysis of Cell Nuclei by Hoechst Channel
Intensity level. Figure S3: Fluorescence Spectrum of berzosertib. Figure 54: Validation of Multiplex
high Via protocol. Figure S5: Hoechst High Intensity Object. Figure S6: Viability analysis over
nuclei gating protocol. Figure S7: Phenotypical property analysis in HEK293T cells. Figure S8:
Phenotypical property analysis in MRC-9 cells. Figure S9: Spectra Viewer visualization. Table 51:
Concentrations in uM of tested cell staining dyes. Table S2: reference compounds tested in High-Via
Extend protocol. Table S3: Compounds tested in FUCCI Assay System. Table S5: References used
for Multiplex protocol. Table Sé: Trainings set. Table S57: Features of machine learning algorithm.
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Table 54: Additional data FUCCI assay (Excel). Table S8: Multiplex Chemogenomic data (Excel).
References [74-52] are cited in the Supplementary Materials.
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SUMMARY

Well-characterized small molecules enable the study of cell processes and facili-
tate target validation. Here, we describe a high-content multiplex screen to
investigate cell viability over 48 h, which can be combined with investigating
phenotypic features, such as tubulin binding and mitochondrial content, as initial
cellular quality control of diverse compounds. The protocol is on a live-cell basis
and easily adaptable and scalable. It details cell preparation, compound
handling, plate layout configuration, image acquisition with the CQ1, and data
analysis using the CellPathfinder software.

For complete details on the use and execution of this protocol, please refer to
Tjaden et al. (2022).

BEFORE YOU BEGIN

Here, we describe a high iltiplex screen, able to characterize generic effects regarding
basic cell properties and cell viability in a amulti-dimensional way, using phenotypic characterization
to annotate compounds on their suitability for further phenotypic and mechanistic screening.

The present protocol describes the workflow for 135 test compounds, screened at two concentra-
tions (1 and 10 uM) in addition to 6 control compounds in a single 384 well plate, measured for a
total of 48 h at 4 different time points.

The protocol below describes the specific steps for testing osteasarcoma cells (U-2 OS). However,

we have adapted this protocal to other cell lines including human embryonic kidney cells (HEK293T)
and human fibreblasts (MRC-9) (see problem 1).

Culture cell lines
® Timing: 2 weeks

1. Prior to the experiment, U-2 OS cells were cultured over two weeks in modified Dulbecco’s Modi-
fied Eagle’s medium (DMEM) plus L-Glutamine (4 mM) and high glicose (4.5 g/L D-Glucose),
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supplemented with 10% fetal bovine serum (FBS) and 1% Penidillin (100 U/mL)/Streptomycin
(100 pg/mL) in a carning T-75 cell culture flask.
a. The cells should be incubated at 37°C and 5% CO, partial pr in a suitable incub
b. Constant cell growth was abtained by passaging the cells two to three times a week.
i The cells should be passaged when they reach 70%-80% confluence.
ii. Cells were detached from the culture flask using trypsin (0.025% Trypsin and 0.01% EDTA),
followed by quenching with the modified DMEM and diluted at a ratio of 1:30
(2-6 x 10° cells) in a new culture flask with fresh, modified DMEM.
¢ In our experience, U-2 OS cells of passage 5-35 yield reproducible results.

Optimize cell seeding density
®Timing: 48 h

The described protocal is optimized and validated for immortalized and primary adherent cell
lines. Due to the autofocus mechanism of the imager, suspension cells, as well as 3D cultures,
will require additional optimization steps and may not be suitable for this protocol (see problem
1). Live cell imaging is best plished when cells in the wells have a confluence ranging from
50 to 90%. High confluence can result in difficulties in the segmentation of individual cells. Low
confluence can affect the statistical power of the data (see problem 2) and the overall cell
behavior. Depending on the length of the experiment, cell densities should be adapted accord-
ingly. The starting confit should be ch such that robust segmentation of individual cells
can still take place after 48 h i.e., cells should not be overgrown at that time point. We conducted
an experiment before the start of the experiment to determine the best seeding concentration of
U-2 OS cells for optimal cell segmentation and cell growth (see Figure 1). We therefore recom-
mend that the confluence at the first time paint should be more than 40% and after 48 h the
confluence should not exceed 90%.

9

and monitor their confluence over 48 h.
a. Wash the cells cultured in a T75 culture flask once with 5 mL PBS buffer.
b. Detach the cells using 3mL trypsin and determine the cell count and viability of the cells using

2. Optimize cell seeding density by setting up a preliminary experiment with varying cell densities

trypan blue 0.4% solution in a Neub chamber or an d cell such as the

TC20 Automatad Cell Counter (Bio-Rad).

L Mix 10 pL cells and 10 uL trypan blue and add to a ting slide for d cell
counting.

i. Countthe ined (live) and stained (dead) cells.

iil. Viability of the cells should be mare than 95%.
c. Dilute the cells into 6 different concentrations ranging from 2,500 cells/well to 1,000 cells/well
in steps of 250 cells/well.
d. Pipet 50 uL/ well of diluted cells according to the layout shown in Table 1 in a dear bottom,
black, 384-well plate.
e. Create 3 mL of a stock solution with 50,000 cells/mL for a final count of 2,500 cells/well.
L For 2,500 cells pipet 50 pL of stock solution inrow 2 B to G.
ii. For 2,250 cells pipet 45 pL of stock solution and 5 pl of media inrow 3B to G.
iii. For 2,000 cells pipet 40 pL of stock solution and 10 uL of mediainrow 4B o G.
iv. For 1,750 cells pipet 35 ul of stock solution and 15 pl of media inrow 5B to G.
v. For 1,500 cells pipet 30 uL of stock solution and 20 L of media inrow 6 B to G.
vi. For 1,250 cells pipet 25 pl of stock solution and 25 pl of media inrow 7B to G.
vil. For 1,000 cells pipet 20 pL of stock solution and 30 pL of media inrow 8B to G.
viil. Pipet 100 pL/well of PBS or any other buffer in the outer wells to minimize evaporation
variations (see problem 3).
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1000 cells per well 2000 cells per well

2500 cells per well

confluence confluence confluence
too high too low optimal

!

statistical power statistical power confluency range

and normal cell and normal cell from 50%-90% is

growth affected growth affected optimal to detect all
cells and assure

normal cell growth

Figure 1. Confluence display of U-2 OS cells
Brightfi eld image of U-2 OS cells stained after 48 husingthe Cellkcyte X livecellimaging system. Images show U-20S
after diff cell seeding ations (2500 cells/well, 1000 cells/well and 2000 cells/well) and the detection of
the confl using the impk d Celicyte X analysis software.

3. Image the plate one dayafter seeding (time point 0 h) and 48 h after the firstimaging. Forthis step
any light microscope can be used. Here we used the Cellcyte X Live-cell imaging system.

Note: The first imaging will represent the baseline ime paint of the later experiments. The
second and third imaging step is important to validate the confluence after 48 h.

a. Image the plate once 24 h after seeding and 48 h after time point 0 h using the brightfield
channel at 10x magnification.

4. Determine confluence levels at both time paints (Figure 1).
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Table 1. Layout to determine optimal cell seeding density

384 plate 1 2 3 4 5 6 7 8

A Buffer buffer buffer buffer buffer buffer buffer buffer
8 Buffer 2500 2250 2000 1750 1500 1250 1000
c Buffer 2500 2250 2000 1750 1500 1250 1000
2] Buffer 2500 2250 2000 1750 1500 1250 1000
E Buffer 2500 2250 2000 1750 1500 1250 1000
F Buffer 2500 2250 2000 1750 1500 1250 1000
G Buffer 2500 2250 2000 1750 1500 1250 1000

STAR Protocols 3, 101791, December 16, 2022
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a. Either use the software impl d in the mi pe used or any other software that can
detect the confluence level of the cells using the brightfield channel. We used the imple-
mentad Celleyte X analysis software.

L Train the software with 5-10 example wells.

ii. Use wells from different columns to increase the variability of the confluence levels.

iii. Analyze the whole plate and check by eye on 5-10 other wells, to see if the mask detected
all cells.

b. The confluence at the first time point should be sufficient for normal cell growth.

¢. Confluence after second time point should not exceed 90%.

5. Select the best concentration of cells, at which you can see normal cell growth (Musa etal., 2013)

and the confluence after 48 h does not exceed 90%.

A CRITICAL: Ensure that the cells are seeded at an appropriate density and are evenly
distributed within the wells to avoid maffunction of the autofocus and ensure statistical
evaluability (see problem 6). To make surethe cells are evenly distributed when attaching
to the plate, leave the plate at room temperature for 30 min before placing it in the incu-
bator. For best measurement results, the plate should be left in the incubator for a few
minutes before being imaged.

Preparation of compounds and plate layout

@ Timing: 5 min per compound
The ds of i as well as specific reference compounds y for the experiment
canbepreparedlnadvanca If using the Echo 550 d liquid handler, we d

paringa source plate and a “pick list”’. The reference compounds are necessary to train the machine
learning algorithm. For each cell property, at least one reference compound must be tested. As part
of the assay development, we testad the described reference compounds in U-2 OS cells (Tjaden
et al, 2022) and confirmed their suitability to g te a training d (see data analysis
CellPathfinder software).

6. All compounds should be dissolved and/or diluted in a suitable solvent such as DMSO to a
1000-fold higher concentration than the final assay ion. This a minimal final
concentration of 0.1% DMSO which has been found to produce no measurable effect (Brayton
1986) on the proliferation of U-2 OS cells.

Note:If other cell lines are used, the DMSO sensitivity should be tested beforehand (see prob-
lem 4).

7. If using an d tic liquid handler, such as an Echo 550 (LabCyte) the compounds
should be added to a compatible source plate, e.g., 384-well LDV Source plate (Labeyte).
a. Add a minimum 3 pl of 1000 x compound solution into each well of the source plate.
b. Centrifuge theLDVso«.roa plate once at 500 x g for 3 min.
¢. To minimi ination, the plates should be sealed with DMSO resistance
seals (VWR) aftar each usage.
d. Theplates can be stored at-20°C overa longer time period (for at least 2 years on average).

i. One compound plate can be used multiple times, when stored correcdy.

il. Before reusing the plate, ensure that the compounds are ! thawed. We recom-
mend leaving the compound plate at least one hour at room mmpa'am before pipet-
ting. Also, predipitation of compounds should be checked by eye, because precipitation
of compounds within the source plate can lead to false negative results (see problem 4).

li. Check also if there is enough compound solution left for your experiment. You can check
that using the survey detection function included in the Echo550 Labceyte software.
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Table 2. Reference compounds with mode of actions and gating steps they are used for

Reference compound Mode of action Used for what gating step
staurasporine promiscuous kinase inhibitor (Bruno etal., 1992) spoptotic cells, pyknosed nudei
packtaxel targets tubulin/no dissssembly of mitotic spindle (Wang et al. 2000) Change of tubulin structure
milcicib COK inhibitor (SanchezMartinez et al, 2015) Increase of mitochondrial mass.
daunorubicin antiblotic, intercalation of DNA strands, ROS production Increase of mitochondrial mass,
(Al-Aamri etal., 2019) fragmented nuclei, apoptotic cells

digitonin Detergent (Styrt et al. 1985) Permeabilization of plasma membranes
berzosertb ATR/ATM-inhibitor (Fokas et &, 2012) Hoechst high intensity cbjects

iv. To minimize absorption of the "lnmd\ewallofﬂnsmgeplate use polypro-

pylene plates or other plams ded for comp. g

8. For the analysis, use the followi ds ata final conc jon of 10 uM: staur-

24

osporine, paditaxel, milddib, chmaubldn digitonin and berzosertib (see Table 2).
a. Dissolve reference compounds in DMSO to a final concentration of 10 mM.
ds 1o an individual well of your LDV

b. Add aminimum 3 uL of each of these

£,

P

source plate when pipetting with the Echo 550.

9. Prepare a pick listby using the “Pick list” program for the Echo 550 according to the manufac-
ture’s manual (manual can be found here: https://www.agilent.com/cs/library/usermanuals/
Public/G5415-90026_DDUG_EN. pdf).

a. A passible layout of the pick list is shown in Table 3.

10. For an example of a pick list refer to Table $1 (Zenode: https://zenodo.org/record/7092795#.
YyhponZByUk).

11. Add the compounds as well as the reference compounds to your pick list so that they will be
added to your destination plate.

a. Thereference compounds should be added in technical quadruplicates (see Figure 2) to get

a sufficient validation set for the analysis protocol (see data analysis CellPathfinder software).

b. C

ds should be pipetted to the destination plate at the concentration of interest in a
ﬁmlvolu'neofSOuLThe“‘-““",. tocal pounds at 10 uM and 1 uM. Thus,
50 nLand 5 nL of inhibitor stock solution should be ferred, respectively (see ple in

Table S1 (Zenodo: https://zenodo.org/record/7092795#.YyhponZByUK)). Due to the large
dilution factor, the volume of 45 nL DMSO can be neglected and a final concentration of
0.1 vol% of DMSO is not affecting cell (Brayton 1986) proliferation.
are tested in tachnical duplicates.
d. 5%-10% of the plate should be “blank” wells filled with DMSO 0.1% i.e., by transferring 50nL

of DMSO per well. Thisis similar to the diluti

factor for ¢

12. A possible layout of the plate can be found in Figure 2.
13. Save your picklist as “.csv" on your local storage space.

ds from 10mM -> 10 M.

ACRITICAL: Compounds with limited solubility in DMSO can precipitate in the source wells
and will thereforenot be dispensed to the cells. Pay attention to minimize freeze-thaw-cy-
cles, because this can affect the stability of the compound solutions. Test DMSO solubility
of the compound stock solutions before testing the compound. if not solublein DMSO, try
diluting in water and pipet by hand or with ECHO LabCyte protocol for aqueous solvents
(384LDV_aq). (See problem 4).

Table 3. Layout Pick list for Echo550 Liquid Handling Sy stem

Source plate  Source plste  Destinstion plate  Destination plate  Transfer volume Compound
name well name well nl) description
Source Plate1  AD1 Destination Plate 1 B02 50 Compound 1
Source Plate 1 A02 Destination Plate 1 BO3 S0 Compound 2
Source Plate 1 AO3 Destination Plate 1 BO4 50 Compound 3
Source Plate 1 AD4 Destination Plate 1 BOS S0 Compound 4
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384 well

plate 1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2 2 23 24
A PBS or water

B

[ P P
D B B
E S S
F

G o )
H r r
I

J w w
K a compounds 10 uM ; compounds 1 pM a
L t t
1] e ; e
N r Reference compounds in Reference compounds in r
o quadruplicates quadruplicates

P PBS or water

Figure 2. Possible Layout of one 384-well plate to test 135 compounds at two different concentrations

Determination of channels and scan parameters for imaging protocol
®Timing: 1h

For image acquisition, the protocol for the CQ1 can be found under the name “Measurement pro-
tocol for the Multiplex assay using the CQ1 and files containing the settings to opx the CQ1
micr pe with M, sm™ at Zenodo: https://doi.ong/10.5281/2en0do 6394521, However, for

every change in the assay protocol (different plate, different cell line, different conditions etc.) or
when using a different microscope, the protocol should be adjusted accordingly.

14. Here are the standard settings in detail:

a. Magnification: A 10x objective is used, as it will capture a large surface area while retaining
resolution to capture cell morphology. Higher magnifications like 20X can ako be used to
obtain a more detailed image, but with the consideration that fawer cells can be imaged.
Lower magnification of 2x might not detect detailed phenotypic properties.

b. Five channels are used for image acquisition: Ex 405 nm/Em 447/60 nm, 500 ms, 50%; Ex
561 nm/Em 617/73 nm, 100 ms, 40%; Ex 488/Em 525/50 nm, 50 ms, 40%; Ex 640 nm/Em
685/40, 50 ms, 20%; brightfield, 300 ms, 100% transmission.

c. Focusand Z-stacks: The area where the Z-stacks will be set can vary from plate toplate. Use 7
Z-stacks for optimal cell imaging with a total of 55 um spacing to ensure the compensation of
p ial plate varations and g tion of a robust readout. If using the autofocus for your
experiment, it may happen that the mi pe will imes focus on dust and will lose
focus (see problem 6), so we recommend to set the focus area for 384-well plates with a
height of 14,4 0,1 mm at -15.5 um for the lowest (-20.2 pm) and highest focus of 39.7 ym
(51.6 pm), respectively.

Note: All parameters should be adjusted when details in the set-up are changed e.g.,
when other cells, plates or other dyes are used. Akso, the time frame can freely be adapted
depending on the experi For viability studies an incubation time of at least 24 h is
recommended.

A CRITICAL: Use the same plates that are implemented in the CQ1 measuring software. If
the plate differs, the focus area might not be as accurate as intended (see problem 6).
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The specific platep eters must be impl ted inthe CQ1 software (refer to theman-
ufacturer's manual, which can befound here: https://www.ibios.uni-osnabrueck.de/index.

php?cat=Light%20Microscopy/Yokogawa%20CQ18file=CQ1_User_Manual.pdf).

Preparation of the data analysis workflow

®Timing: 2h
15. Install Python 3 on your computer, preferentially via the distribution Ar d
a. A da can be downloaded from https://www anaconda.com.

b. Follow the Getting started instructions at https//docs anaconda.com/anaconda/

user-guide/getting-started/ to open the Anaconda Prompt.
c. Note the path displayed in the Prompt. This will be named “root path” in this protocol.

16. To set up your Python

org/10.5281/zenodo 6325622 and follow the instructions given.

and prepare the analysis scripts, visit Zenodo: https:/dol.

Note: The exact version and specific DOI of the software you will be using by checking the
“Versions” box In Zenodo, and cite the Zenodo record comrespondingly in your work (e.g.,
v1.0.1 of the seripts has the DOI: Zenodo: https://doi.org/10.5281/zenodo. 6327 204).

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIRER

Ch Is, peptides, and b proteins

staurcsporin Selleckchem Cat#: S1421

packtaxel Selleckchem Cat#: S1150

digitonin Iwitrogen Cati: BN2006

mikidib Selleckchem Cat#: S2751

daunorubicin Selleckchem Catd#: S3035

berzosertd Selleckchem Cat#: S7102

Hoechst33342 Thermo Scientific Catd: 62249 https//www thermofisher com/
orderfestalog/product/62249

BioTracker™ 488 Green EMD Milipore Cat#: SCT142 httgs: //waw.merckmillipore.com/DE/

Microtubule Cytoskeleton Dye de/product/Bio Tracker- 488-Green-Microtubule-
Cytaskeleton-Dye, MM_NF-SCT142

MitoTracker red Invitrogen Cati: M22425 https:/ v thermofishercom/
order/catalog/productM22425

Annexin V Alexa Fluor 680 conjugate Invitrogen Cati: A35109 https/ Mww the mofisher.com/
order/catalog/product/A35109

Trypen blue 0.4% Thermo Fisher Scientific Cat#: 15250061 https:/ v thermofisher.com/
order/catalog/product/15250061

Critical commercial assays

slamarBlue ™ Cell Vidbiity Reagent iwitrogen Cat#: DAL1025

Deposited data

raw images and processed images Biolmage Archive S-BIAD145

[ ol informati Tiaden et al. https://doiorg/10.20944

Experimentsl models: Cell ines

U-2 OScells ATCC HTB-96™

Software and algorithms

CQ1 micrescope software Yokogawa v 104.0301

CellPathfinder Software v3.04.02.02 Yokogawa N/A

Python V3.9 Python Software Foundation  N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Microsoft Excel v16.0.4266.1001 Microsoft N/A

GraphPad Prism v8.4.3 GraphPad Software NA

Celkcyte Studio CYTENA V2.60

Scripts for data analysis Python Zenodo: https:/dol org/10.5281 fzenode. 6325622

CellPathfinder analysis protocols Yokogawa Zenodo: htps://doi org/10.5281 /zenodo.6415330

Other

€Q1 microscope Yokogawa N/A

384-well cell aulture microplate, PS, f-bottom, uClear®  Greiner Cat#: 781091

ECHO® 550 Acoustic Liquid Handler Labeyte NA

ECHO® source plate Labeyte Cat#: P.0S525

Cytomat2C24 incubator Thermo Scientific N/A

TC20 Automated Cell Counter Bio-Rad https://wew biorad com/de-defproduct/
1c20-sutomated-cell-coun terID=M7FBGI4VY

CELLCYTEX™ CYTENA .11

DMSO resistance seals VWR 3910642

Supplemental Material Zenoda: https://zenodo org/record /70927958  Yyhpon ZBy Uk

MATERIALS AND EQUIPMENT

This pretocol should be adaptable to other confocal mier pes, which have similar imaging ca-
pacities than the Yokogawa CQ1. However, the image acquisition and analysis would need to be

adapted accordingly.
For data analysis, other software, such as the open-source software “deeplmageJ” with an imple-
d deep learning function (https://deepimage|.github.io/deepimage]/) or other built-in soft-

ware can be used, though the described
matting steps might be necessary.

lysis will no longer be applicable and further data refor-

Optional: As analternative to a liquid handling system, manual pipetting was tested. The vol-
ume and lon of the chemicals and ds have to be adaptedaccordingly to

1 1
24

The CQ1 can ako be impl dinan k like M v5.3.

K Y

This protocol has been validated against three different adherent cell lines, immortalized and non-
immortalized (Tjaden et al., 2022).

STEP-BY-STEP METHOD DETAILS
Addition of fluorescent dyes and cell seeding

© Timing: 45-60 min

These steps describe the preparation of cells, the seeding and the following addition of the flucres-
cant dyes to the cells.

1. Dilution of U-2 OS cells for seeding of one 384 well plate.
a. Wash the cells in a T75 flask once with 5 mL PBS buffer.

b. Detach the cells using 3 mL trypsin and d ine the cc ion and viability of the cells
using trypan blue 0.4% saolution.
L Mix 10 pL cells and 10 pL trypan blue and add to a ting slide for d cell
counting.

ii. Put the counting slide into the TC20 Automated Cell Counter.
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iii. Count the ined (live) and stained (dead) cells.
iv. Wait till the results appear on the Cell Counter screen.
v. Mability of the cells should be higher than 95%.

¢ Dilute the cells to 3 x 10* cells/mLand a final voluma of 16 mLB&Q well plate or the cell con-
centration determined in your preliminary exp fora g from 50%-90%
after 48 h.

Note: Fora 384-well plate format and 50 uL per well, the cell concentration range is typically
between 2-4 x 10* cells/mL (1,000-2,000 cells/well). Depending on the cell type and exper-
imental setup this can be adapted using the steps described above see optimize cell seeding
density.

2. Addition of the fluorescent dyes to the cells.
a. Add to the 16 mL cell suspension prepared in step 1¢:
L 57 pLofa 16.23 uM stock of Hoechst33342 (final assay concentration of 60 nM).
ii. 8yl ofastock of BioTracker™ 488 Green Microtubule Cytoskeleton Dye.
iil. 12 uLofa 100uM stock of Mitotracker red (final assay concentration of 75 nM).
iv. 93 ul of a stock of Annexin V Alexa Fluor 680 conjugate.

Note: Using different flucrescent dyes than the ones ioned here, can p ially lead to
bleed—through problems. For the here described protocol, the ovadq)plng of fluoreseence

P is _,‘ ble for all dyes but the MitoTracker Red and Annexin V Alexa Fluor
680. H , this p does not influence the analysis, since the excitation maxima of
these two dyes are well separahd and the gating. See also (Tjaden et al., 2022).

b. Mix gently by inverting the cell suspension.

c. Transfer 50 pl of the cell suspension with fluorescent dyes prepared in step 2 to the corre-
sponding wells of the 384 well plate using a multichannel pipet and a reagent reservoir.
The plate layout can be found in Figure 2.

d. Pipett 100 pL PBS buffer or water in the outer wells as indicated in Figure 2.

Note: This step helps avoiding edge effects due to evaporation (see problem 3).

3. Remove any air bubbles that may have been formed during pipetting (see Figure 3). This step can
be perfarmed using an ethanol bottle where a straw-like nozzle i positioned above the ethanol
surface within the bottle. Gently press air on the surface of the cell dilutionin the wells to remove
the air bubbles.

4. Puta lid on the plate prepared in steps 3-6 and leave it for 30 min under the cell culture hood at
room temperature to allow reattachment of the U-2 OS cells to the plate.

5. Incubate the plate for 18-24 h at 37°C and 5% CO,.

Figure 3 Debubbler. Example ilk ion of air bubble removal.

A CRITICAL: Ensure an even and reproducible distribution of cells within the wells. Image
acquisition should ideally be performed in the center of the well to ensure the best
coverage of the well area. Uneven distribution of cells within a well can at a later point
impede the statistical analysis (see problem 5).

01 Pause point: The following steps will be conducted the next day.
Image acquisition of non-treated cells

O Timing: 3-4 h
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wells containing air bubbles

N

wells containing no air bubbles
~Debubbler”
Figure 3. Debubbler

Example llustration of air bubble removal.

Thisstep chsalbasd\elmageachsltlm of the non-treated cells. The resulting data serve as a base-

line for the istl lizations (see evaluate your data).
6. Swm:honﬂ\e CQ1 mier pe and the sep laser modul
. Wait 3 min for the laser to heatup
7. Ensu'ethanhemw ilati , CO; partial pressure as well as

the water reservoirs in the CQ1 rricrmcqae and the plame incubater are functioning.

a. The temperature of the CQ1 microscope should be kept stable at 37°C.

b. The partial pressure of CO; should be set to 5%.

c. The humidity should be set to 100% to avoid evaporation (see problem 3).

Placethe phte preparedin stq)sS—élnthe CQ1 and open the imaging software using either the

ion unit or | handling.
9. Open the measuring protocal, described inthe section determination of ch Is and scan pa-

rameters for imaging protocel.

10. Assess if the ring pr | provides fo dimages of sufficdentintensity in all channels.
a. Choose randomly approximately 10 wells spread over the entire plate.
b. Test if the focus area and channel parameters can detect the cells and flucrescent signals of

the different channels (see problem 6).
11. Measure the plate once with non-treated cells using the described protocol.
12. Put the plate into an incubator at 37°C and 5% CO; until compound treatment.

Note: The time between thy and the d should beasshortas
possible.

Compound treatment

@ Timing: 30-60 min
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This step describes compound treatment of the cells.

13. Use the Echo® source plate (see preparation of compounds and plate layout) prepared in step 7
to add the compounds to your plate.

14. Use the “Pick list” program in the Echo® 550 liquid handler system to aliquot the correct val-
umes of the inhibitors and DMSO into each reaction wells in the assay plate (see 9-13 in prep-
aration of compounds and plate layout).

a. Open the “Pick list” program for the Echo 550 system on your computer.

b. Select “new” to create a new protocol.

c. Enter for the source- and destination plate the right Sample Plate Format (384LDV) and the
right Sample Plate Type.
i. For DMSO as a solvent use 384LDV_DMSO as plate type.

d. Now you can import your picklist, which should be saved as “.csv" on your local storage

space.
i. Check your layout again on “plate preview".
15. After adding the compounds, centrifuge the plate for 3 min at 100 x g.

Image acquisition treated cells

®Timing: 24-48 h

This step describes the image isition of the d cells over a defined time.

1

16. Make sure that the CQ1 microscope is prepared as described in steps 8 and 9 of Image Acqui-
sition of non-treated cells and place the plate in the CQ1.

17. Open the measuring protocol used for the acquisition ofthe non-treated cells (see image acqui-
sition of non-treated cells).

Note: For image acquisition of dcells, th ring protocol should be used asis
for non-treated celks. It is important that the same cell area will be imaged and therefare
robust baseline values can be caleulated.

18. Test the measuring protocol with the inserted cell plate.

a. Therefore, scan 3-5 wells to test if the focus area of the initial baseline measurement is still
appropriate (see problem 6). If the CQ1 cannot detect the cells, the plate might not be
placed properly into the machine or there was a problem while pipetting (e.g., air bubbles
occurrad).

b. Define Scan Schedule and Frequency of your testing. Here, we measure the plate 12h, 24 h
and 48 h after compound treatment (see Figure 4).

19. To free instrument time ofthe CQ1 microscope, the plate can be also transferred to an incubator

(37°C, 5% COJ).

Data analysis CeliPathfinder software
©Timing: 4-5h

This step describes the image analysis using the CellPathfind fiy (Yokogawa) and is specific
to the CQ1 microscope. Similar high-content micrascopes with their own built-in software for anal-
ysis or open-source analysis software should be compatible with this protocol, however will require
hard- and software related adaptation. For more comprehensive instructions regarding the Path-
finder software, It the Yokogawa's prodt falists and technical do The resulting

dataand p di will be eval d afterwards (see evaluate your data) to obtaina pheno-
typical annotation of each tested compound. The protocol we used to analyze U-2 OS cells
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Figure 4. General time schedule

Schemed time schedule of one plate, which is m essured before compound treatment and 12 h, 24 h and 48 h after
d using the CQI confocal mi p

“CellPathfinder_AnalysisProtocol_U20S_Mutltiplex” can be found here: Zenodo: https://dai.org/
10.5281/zenodo.6415330.

Note: The generatad protocal is specific to the cell type and magnification. Experiments with
different components will require generating a new protocol.

20. Open the CellPathfinder software (see Figure 5A).

21. In the Data tab you can see the measurement details of your experiment.

22. Open the data you want to analyze first.

a. Open the folder on your computer where you saved the CQ1 measurement data.
b. Select the data that you want to analyze first.
c. Convert the CQ1 image data by clicking “convert”.

23. Itis recommended to create an analysis for each cell line individually.

24. Open the Protocol tab and click on “Load” and select the analysis protocol for U-2 OS cells
“CellPathfinder_AnalysisProtocol_U20S_Multiplex”.Now you can go step by step through
the px by dicking on the p b at the top of the operation window (see Fig-
ure 5A).

25. Open the “Channels” section. Weare using 6 different channels (CH) (see Figure 5B), based on
our study design. The brightfield is used twice.

a. CH1: Hoachst33342 (DNA detection): Ex 405 nm/Em 447/60 nm.

=

b. CH2: BioTracker™ 488 Green Microtubule Cytoskel Dye (tubulin stain): Ex 488/Em 525/
50 nm.

¢. CH3: MitoTracker red (mitochondrial mass ds ion): Ex 561 nm/Em 617/73 nm.

d. CH4: A in V (apoptosi rker): Ex 640 nm/Em 685/40.

e. CHS: brightfield, DCP Fluor Type Simple Mode, Contrast 0.06.
f. CHé: brightfield, DCP Phase Type Simple Mode, Contrast 0.04.
26. Channels 5 and 6 are set on DCP to create the best digital phase contrast (see Figure 5C).
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Figure 5. Protocol generation in CellPathfinder software

(A) Operation window for CellPathfinder software.

(B) Channels used for analysis.

{C) Z-stacks used for digital phase contrast (DCP) and DCP as fluo- and phase type.
(D) Algorithm used to detect nucleus and cell body, as well as example images.

Note: The “fluortype™ setting of the digital phase contrast (DPC) in CHS provides better sag-
mentation of the cells against the background while the phase setting in CHé can be used to
g high ¢ cell images for visual inspection or publication figures.

a. Forbothdigital phase contrast channels, two Z stacks should be used to be overlaid and get
the best contrastimage to detect cellular shape. Here, we used TopZ 5 and Bottom Z 3. De-
pending on the plate, these Z stacks might differ.

27. Feor Object assembly open “Object”. Here we created 2 different objects (“Nucleus” and “Cell
body").

a. “Nucleus”: Ex 405 nm/Em 447/60 nm, Finder: Nuclear, Recognition: Advance.
b. “Cell body": brightfield, Finder: Cell, Recognition: Advance.

28. A process based on the defined objects was created (Figure 5D). The aim of the algorithm is to
detect cellular shape “Cell body”, based on the brightfield and cell nuclei “Nucleus” based on
flucrescent signal of the Hoechst channel. For the Cell body we used the brightfield channel with
the fluor-type (CHS).

29. The Nuclei and the Cells are linked in the “Link” section.

a. Included nucleus in cell body.
b. One inone(1:1).

30. To proceed with the protocol in the CellPathfinder software, you have to first pre-analyze your
data. This step includes image processing and object detaction and ks inevitable to later use the
machine learning-based functions for the cellular gating. For an easier and faster workflow, you
can pre-analyze just wells with reference compounds important for training of the machine
learning (ML)-based functions as well as non-treated cells (see preparation of compounds and

plate layout).

a. Thepre-analyzing of important wells should secure the detection of cell bodies as well as cell
nuclel. Check if the cell bodies and nuclei are ctly detected in 5-10 ple wells.

b. Click on “Pre-Analyze” and select the welks including the ref e compounds (N5 to N12

and O5 to O12) (see preparation of compounds and plate layout).
31. Afterpre-analysis, the ML based gating algorithm can be trained by opening the “Gate™ section.
32. All features we used can be found in the Table $2 (Zenodo: hitps://zenodo.org/record/
7092795#. YyhponZBy Uk).
33. The machine learning based workflow of the analysis is shown in Figure 6.

Note: To detect the phenotypic changes based on healthy nuclei, a tree principle is used.
For a detailed explanation on the gating principle and all features used, see (Tjaden et al.,

2022).

a. The cells will be gated firstinto the categories Hoechst High | ity Objects “HighintObj"
ornormal cells “Normal”.

b. All cells that are gated “Normal” will then be gated into cells ining a healthy nucl

“HealthyNuc”, a pyknosed nucleus “PyknoNuc” or a fragmented nudleus “FragNuc”.

c. Apyknosed nucleus can either appear due to mitosis or apoptosis. Thus, cells with pyknosed
nuclel will be gated further into “mitosks” or “apoptosis™.

d. To investigate the phenotypic properties of interest (tubulin effect, mitochondrial mass
increased, memb : bilized), cells showing a healthy nucleus will be gated further
in “tubulin effect” or “tubulin normal”, “mito mass high” or “mito mass normal” and “mem-
brane permeabilized” or “membrane intact”.
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Figure 6. Workflow of machine learning based analysis using the Cdl’m.hﬁndcr software

The cellbodies and cell nuclei are d dinthep lysis of th Aft ds the machine k g based can be trained based
on the reference compounds (see preparation of compou nds and plate layout). With the trained protocol, the wholeplate and all time points can be
analyzed based on the tree principle explsined in Tjaden et al. (Tjaden et 5l 2022).

Pre-analysis to detect
cell bodies and nuclei

34. Use the reference compounds with known phenotypes to train the machine learning -based

analysis (see Table 2).

a. For each gating step, individual cells (minimum 10 images) are selected to serve as an
example for the gating phenotype (Figure 7). This can be done by a trained scientist or the
example images provided here can be used.

35. Afterselecting the ple images for the ML-based analysis, safe your analysis and unitonce
onallotherwa“s- ining ref =

36. Ensure that the example images worked appropthtdy to create a robust analysis by comparing
the results of all reference compound treated wells (see prablem 9). The results should be
consistent with the known biological mode of action of the reference compounds and should

not differ from each other by mare than 10%.

37. Ifyouare sure that the machine learning-based analysis has been well trained (no deviation of the
results of the reference compounds by more than 10%), the whole plate can be analyzed.
38. Your results in from of separated csv files can be found in the folder containing the data under

“...\PFAnalysis” from where it can then be further evaluated (see evaluate your data).
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Figure 7. Machine Learning based algorithm training images
For every gating step, 10 example images of the chosen cells are shown here. The images show the most relevant fi

ks for th
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gating step. The cells were selected by a trained scientist.

Optional: Generation of processed images

®Timing: 2-3h

Thisisan optional step. For publication and/or deposition of your data, we recommend generating
P d images of your experi (see Figure 8).

39. Open the “View" tab on the CellPathfinder software.

40. Use the contrast enhancement to adjust channel intensity levels for yourimage export.

41. Save Images as .jpg in a folder called “processed images”.

42. name the files ding to the experim I-ID, cell line and time point e.g., CQ1-ctf006-
U20S-0h.

Document your data

®Timing: 1h

This step describes how to d the g d data so it can be evaluated autamatically in the
next step. For preparation of your camp refer to preparation of the data analysis workflow.

43. Visit the “root path” (see preparation of the data analysis workflow) an your computer.
44. Open the metadata template file found here: Zenodo: https://doi.org/10.5281/zenodo.

6325622 (excel file with multiple sheets) called * data_template.xlsx”. Do not change any
column headings. You are free to add additional columns.
45. Fill all sheets.

a. In the sheet “experiments”, describe your basic experimental setup.

F00im

Figure 8. Processed image of U-2 OS cells
Brightfield confocal im age of stained (blue: DNA/nuclei, green: de, red: mitochondria content,
Annexin V apoptosis marker) U-2 OS cells after 24 h of exposure to 0.1% DMSO.

STAR Protocols 3, 101791, December 16,2022 17
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b. In the sheet “imaging campaigns”, describe all time paints for which you acquired images.
Make sure to fill the col “eql lysi: ilable in folder”; this can be a local, absolute
path on your computer (e.g., “C:/Users/CQ1/experiment/PFAnalaysis/timestamp_proto-
col/*) or can be indicated relative to the “root path” (e.q., “../../experiment/PFAnalaysis/
timestamp_protocol/”).

Note: This cannot be a netwerk path. If necessary, copy the files from a network path to your
computer. See also Section “data analysis CellPathfinder software” above.

c. Thesheet “exclude from file list” is only relevant if you want to deposityour data. Inthat case,
you can omit individual processed images from the autog d file list.

d. In the sheet “compounds”, describe all compounds you used in the experiment, e.g., with
their chemical structure formula as SMILES. It is recommended to include InChis, too.

e. In thesheet “compound batches”, list all specific batches of the compounds you used. Infor-
mation may include internal identifiers and supplier lot numbers.

46. Each experiment is linked from the sheet “experiments” to a specific “c map”. This
“compound map” describes the compound batches in individual wells, as di d in Section
“compound treatment”. Example:

a. letus that you d “multiplex1” as the value of “compound map see corre-
sponding excel table” on sheet “experiments”.

b. Create (orrename) a compound map sheetto “compound map multiplex1”. If you entered
“multiplex2”, you should name it “compound map multiplex2”.

c. In the sheet “compound map multiplex1” (oralike), fill cutinf jon about the ¢ tra-
tion of the compound and of your intent, i.e., its experimental type:
i. “blank”: a well with 0.1% DMSO.
il. “cells only”: a well without any addition apart from cells.
li. “chemogenomic candidate”: a well with a compound to be tested.
iv. “control”: a well with a reference compound.

Optional: If you want to deposit your data, fill cut “raw data available in zip file” and “pro-
cessed images awailable in folder”, but relative to the folders in Biolmage Archive (see also
Section “optional: deposit your data” below).

47. Save the file under a name which will be denoted “METADATA_FILENAME" below.
48. Perform automated checks on the file to make surethat itisintact Open the Anaconda Prompt
and enter:

>python quality_control _of excel_file, py METADATA _PILENAME I

49. Make sure to replace “METADATA_FILENAME" with the corresponding filename. If you saved
the file under the name “overview.xsx”, the correct command is:

[ >python quality _control of excel file.pyoverview.xlsx

50. If you receive error messages, comrect your file dingly. If the error ge appearsto be
crypticto you, contact the authars of this protecal. If you do not see any error messages, your file
is ready for the next steps.

Optional: Deposit your data

© Timing: Multiple days, depending on your upload rate
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Thisis an optional step. However, we strongly recommend depositing your image data into a public
repository, preferentially EBI's Biolmage Archive (https://www.ebl.ac.uk/bicimage-archive/).

51. Zip each folder of collected raw data. Each folder is typically a single timepaint of a single plate
witha size of 160 GB. Zipping can take up to 1 hper folder, and results ina zip file with a size of 60
GB. Running multiple pr at the same time can prolong the zipping time.

52. Register y If with Biol ge Archive: https://www.ebi.ac.uk/bioimage-archive/

53. Start a new submission in Biolmage Archive. Fill all required fields.

54. Transfer all zip files, as well as the processed images (see optional: generation of processed Im-
ages) into your personal area in Blolmage Archive.

55. Create file lists for the raw data and the processed images.

56. Open the Anaconda Prompt, and execute:

[ > python create_filelist_raw_cqgl.py METADATA_FILENAME

57. Check the Prompt for error messages and, if applicable, acton them.

Note: Make sure to replace “METADATA_FILENAME" with the actual filename (see Section
“document your data” above).

58. You will find a new folder called “filelists_raw” in the “root path”, if all went well, and a file called
“filelist_raw_data_cq1.xsx” within that folder.
59. In the Prompt, execute:

> python create _filelist_pr images_cl.py PILEMAME

60. Check the Prompt for error ges and, if applicable, acton them.

Note: Make sure to replace “METADATA_FILENAME" with the actual filename (see “docu-
ment your data” above).

61. You will find a new folder called “filelists_cq1 in the “root path”, if all went well, and a file called
“filelist_cq1_processed_images_all_experiments.xisx” within that folder.

62. Create two Study Comp in your submission to Biolmage Archive.

63. Use the "filelist_raw_data_cql xdsx” to populate a Study Comp t about the raw data.

64. Use the “filelist_cq1_processed_images_all_experiments.dsx” to populate a separate study
component about the processed images.

65. Submit your study in Biolmage Archive.

Evaluate your data
®Timing: 1-2h

This step describes the automated combination of data and metadata to derive the phenotypical
characteristics and how to final evaluate each tested compound.

66. Open the Anaconda Prompt and execute:

> python mexrge_and_evaluate_cql_csv_files. py METADATA_FILENAME
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67. Make sure to replace “METADATA_FILENAME" with the corresponding filename (see “docu-
ment your data”).

68. Check the output for error and act dingl

I Y

69. You will find a new file called “cq1_evaluated_all.xdsx” in the “root path”. Open it to manually
inspect the results. An example of the layout can be found in the Table $3 (Zenodo: https://
zenodo.org/record/7092795#. YyhponZBy Uk). The ratios used for validation were calculated
by the following equations:
1a = Ratio Hoechst High Intensity Objects
= Cell_Count_Cell_Stats_HighIntObj/ Cell_Count_Cell_Stats
1b = Ratio Normal Cells
= Cell_Count_Cell_Stats_Normal / Cell_Count_Cell_Stats

2a = Ratio Healthy Nuclei

= Cell_Count_Cell_Stats_HealthyNuc/ Cell_Count_Cell_Stats_Normal
2b = Ratio Fragmented Nuclei

= Cell_Count_Cell_Stats_FragNuc/ Cel_Count_Cell_Stats_Normal

2¢ = Ratio Pyknosed Nuclei

= Cell_Count_Cell_Stats_PyknoNuc/ Cell_Count_Cell_Stats_Normal
3a = Ratio Mitotic cells

= Cell_Count_Cell_Stats_mitosis/Cell_Count_Cell_Stats_PyknoNuc
3b = Ratio Apoptotic cells

= Cell_Count_Cell_Stats_apoptosis/ Cell_Count_Cell_Stats_PyknoNuc
4a = Ratio Intact membrane

= Cell_Count_Cell_Stats_membrane intact/Cell_Count_Cell_Stats_HealthyNuc

4b = Ratio Permeabilized membrane

= Cell_Count_Cell_Stats_membrane permeab/ Cell_Count_Cell_Stats_HealthyNuc

5a = Ratio Mitochondral mass increased

= Cell_Count_Cell_Stats_mito mass high/ Cell_Count_Cell_Stats_HealthyNuc

5b = Mitochondrial mass normal

= Cell_Count_Cell_Stats_mito mass normal/Cell_Count_Cell_Stats_HealthyNuc

ba= Tubulin effect

= Cell_Count_Cell_Stats_tubulin effect/Cell_Count_Cell_Stats_HealthyNuc

6b = Tubulin normal

= Cell_Count_Cell_Stats_tubulin normal/ Cell_Count_Cell_Stats_HealthyNuc

a. Each row corresponds to the data of one compound at a certain imepoint

b. All rows containall information from the sheets in the metadata file, i.e., from the compound
map, the compound batch, the compound, the imaging, and the experiment. This informa-
tion can be used to filter down to entries of | by dard spreadsheet software.

c. The cell counts in each row are automatically compared to the mean of all wellsin the same
plate atthe same timepoint marked as “blank” according to their “experimental type” (see
“document your data”). This allows you to judge whether the phenotype is unique to the
compound or generic to the experimental setup.

d. Asan ple, we have impl d the ratio of the cell count per well for cells annotated
as “healthy” and the mean of cell counts for cells annotated as “healthy” across all wells
containing 0.1% DMSO (i.e., the “blank”). You can use this metric as a rough proxy of
cytotoxicity.

70. Compare the values of interest for individual “blank” rows against the mean of all “blanks”. This
gives you a feeling for “natural distribution” of values for an “uninteresting” effect.

Note: Taking the sample data provided with this protocol, the range of values for the ratio of
healthy cells (described in the step above) is approx. 0.6-1.2 for individual “blank” rows, with
an average of approx. 0.9 and a standard deviation of 0.3. You can use this information to
define thresholds to alarm you on “interesting” compounds.

20  STARProtocols 3, 101791, December 16, 2022
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71. We also impl da on “relative growth”, comparing information from individual
wells with d d cells against the mean of “blank” wells.

P

Note: More measures can easily be implemented in the Python script by interested re-
searchers. You are also invited to contact the authors of this protocol.

a. The “relative " was caleulated by the followi ion (Hafner et al., 2016):

o =

Megmh-?l%fg}-1

a = normal cell count compound.
b = normal cell count DMSO 0.1%.

tx = timepoaint of interest.

10 = timepoint after O h.

We defined threshold values (see Table 4), that will mark a compound with a ¢ If a com-
pound is marked in mare than ane cell line it should be flagged and the property should be evalu-
ated in the of the pound (target, ion, IC50 etc.).

EXPECTED OUTCOMES

The aim of this protocal is the improved annotation of the cell health effect of a compound in a high-
content manner. Itis based on nudear morphology and additional phenotypic characteristics such as
tubulin effect, mitochondrial mass or membrane permeabilization. A detalled outcome exemplified by
Itraconazol tested at 10 uM and 1 uM in comparison to DMSO 0.1% is shown in Figure 9.

After detection of cell bodies and nudlel using the CellPathfinder software (see data analysis
CellPathfinder software) processed images (see optional: generation of processed images) or fluo-
rescant images can be generated (Figure 9A). In order to assess the viability of the cells at a certain
time point, the cell count per well (Figure 9B) or calculated growthrate (Figure 9C) canbe shown. The
growthrate serves as an assessment of whethera compound has ¢y ic (GR 1-0) or cy icef-
fects (GR < 0) (Hafner et al., 2016). Further compound annotation is achieved by varlous additional
gating steps (see data analysis CellPathfinder software). The ratios of compounds and controls can
be represented in different ways e.g., pie charts (Figure 9D).

For d compound annotation, certain thresholds regarding the gated properties were
defined as shown in Table 4). It is nevertheless advisable to lly double check images and
raw data before exduding a compound based on these thresholds. A ple for compound anno-

tation can be found in Figure 9E).

Table 4. Thresholds of compound properties

Property group Property name Theeshold
Compound properties Hoechst High Intensity Objects 1a > 50%
Cell viability properties Healthy Nuclei 2a < 50%
Fragmented Nudei2b > 50%
Pyknosed Nudlei 2¢ > 50%
Phenotypical properties Tubulin effect 6a > 50%
Mitochondrial mass Sa > 50%
Membrane permesbiized 4b > 50%
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Figure 9. Exp: d after multiplex assay based on the example of Itraconazol

(A) Processed Image of stained (blue: DNA/nuclei, green: microtubule, red: mitochondria content, magenta: Annexin
V apoptaosis marker) U-2 OS cells after 24 h of exposure to raconazol (1 uM) and 0.1% DMSO and detection of nuclei
and cell bodies after analysis using the CellPathfinder software.

(B)Detectedcell count per well after O h, 12 h and 24h of P d fitr 11 uM) in rsontocells
treated with 0.1% DMSO. Error bars show SEM of two biological duplkams.
(Q) Calculated relative growth called “growth rate” after 12h and 24 h of compound exp (L3 11 pM and

DMSO 0.1%) to U-20S cells.Error bars show SEM of two biological duplicates.

(D) Gating of U-2 OS cells using the CellPathfinder analysis after exposure to 10 uM and 1 uM of Itraconazal in
comparison to0 0.1% DMSO after 24 h. Pie charts show the ratios of the different gating steps. Scale bars show S0 um .
(E) Example figure for compound after multiph mylnMnggamgvdauulumwmedm.geof
stained U-20S celis blue: DNA /nudei, g icrotubul gents: Annexin V ap marker).

Further examples of cutcomes from this protocol are demonstrated in Tjaden et al.(Tjaden et al,,

2022), where 215 compounds were tested fully using the px | described here.
LIMITATIONS

The described Multiplex assay contains some complex steps, which is why accurate performance of
described working steps and data p ing are y for data acquisition and analysis. Here,

we dascribe the protocol for adherentU-2 OS cells. The protocal was also tested for the adherent
cell lines HEK293T and MRC-9 fibroblasts (Tjaden et al.) (Tjaden et al., 2022). For other cell lines,

dj of the pr | as well as the analysis protocol for the CellPathfinder soft-
ware might be y-The lon of ion cells or 3D culture was not tested and must
therefore be fully revi dl bebre using thesa cell lines.

Imageacquisition of 384 well plates with multiple time points requires rather ded data g

capacity and computational processing power. We advise against saving the imaging data directly

toa rk connection, iting inlonger and not stable measuring time periods, which could bias

the final results. Saving the data first locally on internal/ | ge space followed by a data
fer to the suitabl server is therefore suggested.

g

The measurementtime for one plate d ines the frequency of data acquisith ible. Therefc
ﬂnepohtsamtbed\osmatmsfmhhwdslfamlemwdlphmlsmmredTherearealm
poral deviations b the first and the last measured well. We d therefore including
the reference compounds atdifferentplate areas to correct for this effect. For very high frequency data
acquisition (<1-2 h) one can limit the number of imaged wells or adapt the image acquisition protocol.

In the workflow described here, all compounds are tested at 10 M and 1 M. Depending on target
specfficity and mechanism of action of the ¢ ds, these conc ions can be adjusted

P

The protocal is performed using a 10 X magnification. Formore detailed phy ical readouts such
as structure differentiation of tubulin or localization of mitochondria, hlghermagnlﬂmdcn should be
used. The magnification used in the protocol described here enables therefore only limited detec-
tion of i llular spatial inf i

The detaction of cellular features in this protocol relies ively on fit ce i ity mea-

Thisis lal for the d ) ofmtldtmlr\gHoecfstmuuhldmmblmmekrﬂw
gating steps based the shape of cellular nuclei. Compounds that interfere with light absorption such
as fluorescent compounds, may interfere with this protocal and result in a high ratio of “Hoechst
High Intensity Objects”.

Compounds, insoluble in DMSO and thus precipitated in their DMSO stocks can result in false nega-
tive outcomes (see problem 4). Chemical quality control of the DMSO stocks of tested compound
using LC-MS can help detect and account for this occurrence.
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TROUBLESHOOTING
Problem 1
A different cell line than U-2 OS is used and not properly detected and/or gated.

If different cell lines are used, the analysis protocol for U-2 OS cells is no longer applicable due to
different cell morphology.

Potential solution

The measurement protocol as well as the analysis protocol should be adjusted accordingly. We
tested two other adherent cell lines (HEK293T and MRC9 fibrablasts), where we could see that
mostly the cell body detaction and the machine-learing based algorithm must be changed due
to the different overall cellular morphology of the different cell lines. For the adherent cell lines
HEK293T and MRC-9 fibroblasts, the adjusted protocol can be found here: Zenode: https://doi.
0rg/10.5281/2enodo.6415330. Other cell lines, espedially suspension cells, have not been opti-
mized or tested (see limitations).

Problem 2
Cell seeding density is not optimal. Either too little cells are observed in each image orhigh conflu-

=

ency impedes the seagmentation of individual cells.

Potential solution

Optimize the cell seeding density as described in steps 2-5 in section optimize cell seeding den-
sity. Proper assessment of the cell viability and cell passaging at a confluence not higher than
90% can increase rob and reproducdibility of this assay. As mentioned above an optimal
confic 24 h after seeding should be 90%. If the cell density cannot be optimized by the
cell seeding ber, the imaging time points could be prolonged or shortened to obtain better
results.

Problem 3
Evaporation of the medi

Certain wells, especially on the plate edges may contain less liquid and a higher apoptosis rate can
be observed in control wells located at the edge of the 384 well plate.

Potential solution
1 d evaporation of cell medium can affect the of the i by changing the

ging

P
ition of medi " and increasing the ion of tested pounds

As shown in the layout(see Figure 2), itis best practice toexclude the outer wells of the 384 well plate
from the measurement and fill those with 100 uL PBS buffer or water (see addition of fluorescent dyes
and cell seeding).

Problem 4
Compounds are notsoluble in DMSO and/or precipitation of compounds on LDV source plate.

Compounds that are insoluble in DMSO or less soluble than others can either not be dispensed by
the used ECHO Labeyte protocol to the cells or can precipitate in the source plate.

Potential solution

DMSO solubility of compounds should be tested beforehand. 1f not soluble in DMSO, try diluting
in water and pipet by hand or with ECHO Labeyte protocol for aqueous solvents (384LDV_aq).
Lock by eye to see if the compound precipitated on the Echo plate before pipetting. LC-MS

24  STAR Protocols 3, 101791, December 16, 2022
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can help detect and account for this occurrence. Frequent freeze-thaw-cycles can increase this
problem.

Problem 5
Cells are not evenly distributed within the well.

An uneven distribution of cells can lead to suboptimal cell growth under the assay conditions or a
falsely o imation of the compound toxicity. Additionally, a lower number of cells compromi
the statistical analysis and can impede the dlarity of the results.

Potential solution

Before testing the cells, make sure that the cells have the optimal cell seeding density and are
detached by trypsin to avoid d (see optimize cell seeding density). Gently mix
the cells before seeding to ensure an even distribution of the cells in the culture medium. The
waiting step described in 6 is important to avoid any strong convection currents within the wells
due to the different temperature of the medium and the surface of the plate. The waiting period
allows cells to start attaching themselves to the plate surface and makes them less susceptible to
this phenomenon when placed subsequently in the incub

If the majority of the cells are found on the outer rim of the wells of an already prepared plate,
one can change the image acquisition spot of the well at the CQ1 protocol to a spot less
centered.

Problem &
The focus of CQ1 protocol is set incorrectly.

If the focal plane of the microscope has notbeen properly adjusted, cells may notbe detected and
unwanted errors due to focusing on dirt on the plate may limit the measurement. This can happen
when a different plate, not implemented in the CQ1 software is used, or if the plate is uneven or if
there & evaporation on the plate.

Potential solution

The plate dimensions of the used plates should be impl dinthe CQ1 softy Make sure you
can adopt the temperature of the microscope to avoid condensation occluding the imaging and to
prevent focus problems due to evaporati the platelid. Toset theright focus, test the autofocus
ofthe CQ1 onyour plate using Channel 1. If the focus area differs from the already set focus, change
the protocol accordingly.

Problem 7
The results of the ref ds after the pre-analyzing using the machine learning-based

v J =l

algorithm differed by more than 10%.

After the pre-analysis the results from the reference compounds should not differ by more than 10%.
This can happen when the nomal growth conditions are affected e.g., due to evaporation (see prob-
lem 3), not evenly distribution (see problem 5), different cell morphology due to overgrowing of the
cells or the fluorescence intensity levels differed from the training set. If so, the machine-learning-
based algerithm should be adjusted accordingly.

Potential solution

The machine leaming-based algorithm has to be trained for every new experiment. The same al-
gorithm can then be used for the following experiments with the same conditions. To check if the
analysis worked appropriately, the reference compounds are added in quatruplicates to double-
check your results (see steps 36-39 in data analysis CellPathfinder software). If the results of the
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reference compounds differ from each other more than 10%, the machine learning algorithm
should be trained again with new example images. For this, follow steps 34-36 of Data analysis
CellPathfinder Softy Example training im can be found in Figure 7.

I

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directad to and will be ful-
filled by the lead contact, Susanne Mller-Knapp (susanne.mueller-knapp@bmls.de).

Materials availability
This study did not g new uniqu g

Data and code availability

Theimages and rawd ted during this study ilable at Biol Archive: https://
www.ebi.ac. uk/blostudtes/studtes/S-BlAD‘MS. Analysis data and codes reportad in this paper can
be found at Zenodo: https: //doi.org/10.5281/zenodo 6325622, All supplemental data have been
deposited to Zenodo database under the following link: Zenodo: https://zenodo.org/record/
70927954 YyhponZByUk.

Original data for figures in the paper are available at Tjaden et al. (Tjaden et al., 2022).
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=T Chapter 6

Characterization of Cellular Viability Using Label-Free
Brightfield Live-Cell Imaging

Lewis Elson, Amelie Tjaden, Stefan Knapp, and Susanne Miiller

Abstract

In recent years, the assembly and annotation of chemogenomic libraries have gained interest by the
phenotypic screening community. Apart from basic annotations of the compound potency and selectivity,
these compound libraries benefit in particular from annotation regarding the effect of the inhibitors on
cellular viability to distinguish between on-target effects of a compound and unspecific cytotoxicity. Here,
we provide a protocol to determine viability as a first determinant in compound quality control, using the
Incucyte live-cell imaging system. The compounds are classified according to their calculated growth rate to
determine a cytotoxic, cytostatic, or healthy outcome. All compounds affecting the growth rate can be
further evaluated regarding their specific effects on cell health in a high-content live-cell multiplex assay,
described in Chapter 5.

Key words Viability assay, Phenotypic screening, Cytotoxicity, Growth rate

1 Introduction

The use of well-characterized screening libraries has garnered a rise
in popularity over recent years. These libraries ideally consist of
compounds with high target specificity, so-called chemical probes,
or compounds with a narrower (usually restricted to a few members
of a family) but not exclusive selectivity profile, so-called chemoge-
nomic compounds [1]. The latter has seen increased interest due to
the current lack of readily available chemical probes [2]. With the
resurgence of phenotypic screening over traditional target-based
drug discovery efforts, as it offers the advantage of not requiring
the full understanding of a specific mode of action and being more
physiologically relevant [3], these libraries can offset the lack of
mechanistic insight that can complicate hit validation, often asso-
ciated with such approaches [1]. While these libraries offer a way to

Daniel Merk and Apirat Chaikuad (eds.), Chemog Methods and Pi Is, Methods in Molecular Biology, vdl. 2706,
https://doi.org/10.1007/978-1-0716-3397-7_6,
© The Author(s), under exdlusive licenss to Springer Science+Businass Media, LLC, part of Springer Nature 2023
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validate targets associated with a specific phenotype, it is important
to note that non-specific compound toxicity will impact phenotypic
readouts and thus the ability to interpret the data and associated
phenotypes with the relevant molecular targets [1]. With this in
mind, we propose that each compound should be characterized
based on its effect on cells, in particular its impact on cell viability.

A frequently employed way to assess and profile small mole-
cules based on their effects on cellular viability are colorimetric or
fluorescent-based assay systems such as alamarBlue™ or the tetra-
zolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) [4]. In contrast to these plate reader-based
approaches, live-cell imaging systems can assess cell viability with-
out the use of additional reagents that might in turn affect cell
growth. Here, cellular confluency is measured over a defined period
of time before and after compound treatment. For adherent cells,
confluency refers to the percentage of the culture vessel’s surface
area that is covered by a layer of cells. Suspension cell confluency
can be determined in a similar manner (how crowded a defined area
is), but is usually assessed via medium turbidity and colorimetric
assessment.

The confluency parameter is a simple and cost-effective way to
quantify a compound’s effect on the cell. To validate the confluency
independent of both cell division rates and cell seeding densities
while also including time-dependent changes of compound effects,
test compounds can be evaluated based on their growth rate. The
growth rate is a normalized parameter (against the negative con-
trol) that provides a quantitative measure by incorporating initial
cell confluency allowing for the characterization of either cytotoxic
or cytostatic effects [5].

Calculated growth rate values lie in a range between “—1” and
“1.” Between “0” and “1,” a compound shows partial inhibition of
the cell growth, “0” defines a cytostatic effect, while values between
“0” and “—1” define a cytotoxic effect (Fig. 1a). A value of “1”
matches the value for the negative control and thus denotes no
effect. Compounds that are classified as cytotoxic have growth rates
lower than 1 (Fig. 1b) or appear to show a distinct morphological
effect (Fig. 2) are considered as “hits” and can be further evaluated
in other assays, if appropriate, such as a high-content live-cell
multiplex assay (Chapter 5) which aims to elucidate the particular
effect of the compound within the cell.

Several live-cell imaging systems are available, such as the
CELLCYTE X™ Live-Cell Imager (CYTENA), which can be
used for the assay; however, here, we describe the workflow for a
one-shot assay capable of characterizing general cellular viability
using the Incucyte Live Cell imaging system. With this protocol,
screening of 308 small molecules (including controls) on a
384-well microplate format is possible. The main procedures
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Fig. 1 Graphical illustration of growth rate. (a) Example of a dose-response curve for a compound and
potential outcomes at differing concentrations. As the concentration of a compound increases it is more likely
to exhibit cytotoxic effects and presents graphically as an inverse sigmoid function. (b) Comparison of
compound effect at a fixed concentration. With this format, it is possible to differentiate between the effect
type of each compound and base a selection from the information presented

| -'- C
Fig. 2 Brightfield images of U20S cells incubated with DMSO (a) Daunorubicin (b) and Milciclib (c) at Oh (top)
and 24h (bottom) showing healthy, cytotoxic, and cytostatic effects, respectively

involve cell seeding, Incucyte image acquisition setup, image anal-
ysis and export and growth rate calculation for compound classifi-
cation and viability characterization. The approach described here is
transferable to other systems, but will require adaptations, depend-
ing on the instrument used.

It is recommended to run biological replicates for this assay
due to the lack of technical duplicates.
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Example images from previous experiments are available for
reference on the Biolmage Archive database (https://www.ebi.ac.
uk/biostudies /studies/S-BIAD145#) [9].

2 Materials

2.1 Cell Lines

2.2 Reagents and
Perishables

130

All solutions must be prepared under sterile conditions and kept so;
all work involving live samples requires sterile working. Use cell
lines that have not undergone a substantial number of passages to
ensure genomic integrity [6]. Cell culture reagents including
medium, washing solution, and reagents for cells passaging should
be stored at 4 °C and be warmed up to 37 °C prior to use.
Compounds should be prepared as aliquots and can be stored
sealed at room temperature (RT) for approximately 3—-6 months.
Try to avoid freeze—thaw cycles [7] and ensure that aliquots are
soluble at the stored concentration and are not precipitated prior to
use. For longer term storage, stock solutions should be stored at —
20°C.

This protocol describes a workflow using three adherent cell lines.
Suspension cell lines will require a different workflow. The cell lines
described here are well-characterized and represent transformed
(HEK293T, U20S) as well as non-transformed cell lines
(MRC-9). All cell lines are categorized as Biosafety Level 1 and
are kept incubated at 37 °C with 5% CO,.

1. HEK293T (DMSZ: ACC635)—human embryonal kidney
cells, adherent and epithelial in morphology, grown as
monolayer, DMEM.

2. U-2 OS (ATCC: HTB-96 —human osteosarcoma, adherent
with epithelial morphology, grown as monolayer, DMEM.

3. MRC-9 (ATCC: CCL-212)—human lung fibroblasts, adher-
ent with fibroblast morphology, grown as monolayer, EMEM.

As mentioned previously in Subheading 2.1, the medium listed
here is specific to the cell lines we present as an example. Please
ensure you use correct media and supplementation for your cell
lines of choice.

1. Dulbecco’s modified Eagle’s medium (DMEM) (Thermo
Fisher: 11965084 ): supplement with 10% fetal bovine serum
(Thermo Fisher: 26140079) and 1% penicillin-streptomycin
(Thermo Fisher: 15140122).

2. Eagle’s minimum essential medium (EMEM) (ATCC:30-
2003): supplement with 10% fetal bovine serum (Thermo

Fisher: 26140079) and 1% penicillin-streptomycin (Thermo
Fisher: 15140122).
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3. Cell washing solution: Dulbecco’s phosphate-buffered saline
1x (DPBS): without calcium or magnesium (Thermo Fisher:
14190144).

4. Dissociation reagent: trypsin-EDTA 1x (0.05%) (Thermo
Fisher: 15400054).
5. 0.4% trypan blue solution (Thermo Fisher: 15250061).

6. Cell culture flask: T75 is sufficient (75 cm?/250 mL) (Greiner:
658170).

7. Serological pipettes (Eppendorf: 0030127722) and PIPET-
BOY (Integra 155017).

8. Mechanical pipettes (Eppendorf: 3123000918).

9. Greiner Bio-One 384-well standard CELLSTAR polystyrene
microplate (Greiner: 781091) or compatible 384 microplate.

10. 15-mL and 50-mL tubes (Greiner: 188261,/2120261).
11. Disposable reservoirs (Thermo Fisher: 95128095).

Reference compounds should cover outcomes that include cyto-
toxicity, cytostaticity, cell lysis/permeabilization, and having no
observed effect on cell growth at the concentrations used.
Described below are reference compounds commonly used as con-
trols for the experiment. These compounds are tested at 10 pM
(0.1% v/v for DMSO) and are distributed evenly throughout the
plate. If compounds are dissolved in water, exchange DMSO for
PBS /Water.

—

. Daunorubicin—positive [10].
. Staurosporine—positive [11].
. Digitonin—positive [12].

. Milciclib—positive [13].

. Bromosporine—positive [14].
JQl—positive [15].

. Paclitaxel—positive [16].

. Torin—positive [17].

. DMSO—no effect [18].

o8N O Uk W N

—

. Incucyte® SX1, 83 or SX5 Live-Cell Analysis System (Sartorius
AG), or similar device.

. Incucyte® Base Analysis Software.
. Centrifuge.

. CO, incubator.

. Light microscope.

L2 RV )
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6.

Cell counting device: automated cell counter (i.e., TC20
Bio-Rad) or hemocytometer (Fisher Scientific).

3 Methods

3.1 Cell Seeding

132

Carry out all procedures at room temperature and under sterile
conditions using aseptic technique unless specified otherwise. Seed-
ing density for different cell lines will need to be established prior to
the experiment (see Note 1).

L

Aspirate medium from cell culture flask by angling the flask and
add 5 mL 1x DPBS to the corner of the flask; rinse cells with
the solution.

. Aspirate DPBS from the flask and add 3 mL of 1x trypsin-

EDTA; return flask to the incubator for 1-2 min (dependent
on cell line).

. Remove flask from incubator and determine the detachment of

cells via light microscopy.

. Once the cells are detached, add 7 mL of culture medium to

neutralize trypsin activity and transfer dilution to a
15-mL tube.

. Spin down at 200% g4 for 5 min.
. Aspirate supernatant without disturbing the pellet and resus-

pend in fresh medium.

. Create a 1:1 dilution of cell suspension and 0.4% trypan blue

(10 pL of cells in 10 pL trypan blue), and add 10 pL to the
counting slide and insert into the automated cell counter
(or count using a hemocytometer).

. Note the cell number and wviability (viability above 95% is

acceptable). Create a cell suspension for a desired cell number
per well in a chosen volume resulting in a confluency value of
approximately 40%. Cell seeding density (cell/mL) is calcu-
lated via the formula as follows:

(1000/volume per well) x cells per well.

For example, seeding 1500 cells per well in 50 pL: (1000/
50) % 1500 = 30,000 cells/mL solution.

. Cell numbers for cell lines described above consist of the

following:

(a) HEK293T—1750 cells/well.
(b) U208—1500 cells/well.

(c) MRC-9—1250 cells/well.



3.2 Incucyte Image
Acquisition Setup
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10. Add x pL of your cell solution (volume calculated from step
8) to each well of the plate (avoiding the outer perimeter, see
Note 4), allow to rest for up to 20 min at room temperature
(see Note 2).

11. Remove any air bubbles present in the wells as they can
interfere with the sedimentation and visualization of the
cells (see Note 3).

12. Place in incubator at 37 °C 5% CO; overnight.

13. The following day check your plates and observe the status of
the cells. They should be dispersed evenly throughout each
well and be ~40% confluent; adherent cells should be adhered
to the plate. From here you can set up the Incucyte image
acquisition.

The following setup is specifically tailored to the Incucyte live cell
imaging system; other devices will require adaptation to the
protocol.

The Incucyte software is divided into two main parts: acquiring
scans and viewing and analysis of the scans. Acquisition allows for
vessel configuration, scheduling, image acquisition, and the storage
of'vessel data into a database. Viewing and analysis involve measur-
ing and assessing the acquired vessel data. Any general user
queries regarding the software can be answered by the user
manual [8].

1. Open the Incucyte imaging software and enter your
credentials.

2. Select Schedule to enter the acquisition window.

3. Select Launch Vessel Wizard, the Add Vessel wizard opens.

4. Select Scan on Schedule and click Next, the Create Vessel

Page opens.

5. The Create or Restore Vessel Page provides four options as
follows:

(a) New—creates an entirely new vessel to scan.

(b) Copy Current—creates a new vessel by copying a vessel
from the current schedule.

(c) Copy Previous—creates a new vessel by copying a previ-
ously scanned vessel.

(d) Add Scans (Restore)—restores a previously scanned ves-
sel for additional scanning.

6. Under Create Vessel select New, this will open the Scan
Type page.
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3.3 Incucyte Plate

Run

134

10.

1)

12.

13.

14.

15.

1.

. On the Scan Type page select Standard, this will open the

Scan Settings page.

. Specify the image channel Phase and objective to 10x. Click

Next and the Vessel Type Search page will open.

. On the Vessel Type window, you will need to select the correct

plate; for our assay, we use Greiner 384 Serial Number 781091
(other plate types can be used but ensure they are compatible
and the correct plate is selected). Select Next and the Vessel
Locator page opens.

Select a location in which the plate will be placed, click Next,
and the Scan Pattern page will open.

The Scan Pattern page displays a vessel map which will show
available wells to be scanned based on the plate you have
selected in the Vessel Type window. Drag and drop to select
the inner 308 wells and specify the number of images per well
as 1 (384 plates only allow 1 image per well) (se¢e Note 4). Once
selected, click Next to bring up the Vessel Information
window.

Vessel Information requires a Name for the plate, and enter
cell type and passage at your leisure. A plate map can be created
manually or imported to define each well with compound and
cellular conditions. Click Next and the Analysis Setup win-
dow will appear.

Click Next on the Analysis Setup window, and analysis will be
defined later.

Set the scanning schedule by dragging the bar across the time-
line and set the scan time to 6-h intervals. In the Stop Scan
section, select after 24 h (time point measurements can be
changed to suit the user’s preference). Click Next.

The Summary Page will outline the experimental run, and
click Add to schedule.

Insert the plate into the cassette that was designated earlier (see
step 10 in subheading 3.2) to take the blank measurement (see
Notes 5, 6,10 and 11). The blank is required for calculation of
the growth rate (see subheading 3.6).

. Manipulate the schedule via the timeline on the acquisition

window to scan the plate within the next 5-10 min. You can
see the progress of the scan at the top right of the acquisition
window.

. Once scanned, select the View tab and double-click on the

scan; check that each well is visible and there are no resolution
problems, smears, or scratches (see Notes 7 and 8).
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. Remove the plate from the device, add test and reference

compounds to the plate to a final concentration of 10 pM.
(10 pM is a good benchmark to expect toxicity if it were to
occur). Other concentrations may be used depending on the
expected potency of your compounds.

. Return the plate to the Incucyte, and manipulate the schedule

via the timeline on the acquisition window to scan the plate
within the next 5 min (see Note 9).

. Once scanned, select the View tab and double-click on your

scan, and ensure that each well is visible and there are no
resolution problems, smears, scratches, or apparent precipita-
tion of compounds (se¢ Notes 5 and 6).

. Allow the plate to run for full 24 h duration.

. Select your plate via the View tab.
. Aplate overview will appear with options on the left side of the

window. Check each time point to ensure all wells are in focus.

. Select Launch Analysis from the analysis toolbar.

Select Create a New Analysis Definition.

. Select Basic Analyzer.
. Select the Image Channels, and this assay only uses Phase.
. Select images for the software to train with, and we suggest to

include wells that consist of different morphologies while
incorporating a negative and positive control wells for good
coverage.

. Define the analysis parameters; this process will involve trial and

error to create a fitting mask (see Notes 12 and 13).
For HEK293T/U20S/MRC-9, the following is recom-
mended as follows:
(a) Hole fill (pm): 100,/100,/200.
(b) Adjust size (pixels): —1/—1/—1.
(c) Area (pm?): Select Min and insert 100,/100,/200.

(d) Eccentricity: Select Min and insert 0.3-0.5 /select Min
and insert 0.3-0.5/N/A.

. Select the Preview All function to visualize the defined mask

for all selected wells. A well-fitting mask outlines cell morphol-
ogy well while excluding debris, if acceptable click Next.

On the Scan Times and Wells window select all time points
and wells, click Next.

To Save and Apply the analysis definition input a Definition
Name, analysis notes are not required. Click Next.
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3.5 Data Export and

Analysis

3.6 Growth Rate

Calculation

136

12.

Review and verify the summary information, and click Next to
apply the analysis definition. The software will now run the
analysis; you can view the progress of this via the status tab.

. After the vessel data has been analyzed, the vessel window will

now have the associated analysis masks that were applied.

. Open the vessel and click the Graph Metrics icon to open the

Graph Metrics window.

. Select the Confluence (%) metric from the metrics pane.
. Select all time points and wells you measured. From here you

can select as follows:

(a) Microplate Graph—Shows an overview of every well
analyzed and their confluency against time point.

(b) Graph—each well is plotted on a standard xy plot.
(c) Export—export the values to a third-party software.

. Select Exportand specify the format in which the data should

be exported via the layout and destination can be specified
through three options as follows:

(a) Clipboard—to be able to manually paste into a third-
party software program such as excel.

(b) All scans in one file—specify where the scans should be
stored as a combined file.

(c) Each scan in a separate file—specify where each scan
should be stored as individual files.

(d) Select other options under Other Options.

Determining the growth rate is calculated according to the formula

[5]:

Te92(xle) /xg)
GR(c) = 2 %0miliel — 1

x(c) is the treated cell count.

Xqq 18 the control cell count.

xg is the cell count prior to treatment (Blank).

The workflow and an example of how to calculate this value are

illustrated below:
Blank value—12.

After 24 h:

Test compound—13.
Negative control (each well}—25, 26, 27, 28, 29.

To calculate the growth rate:
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1. Calculate the negative control average confluency value for the
chosen time point.

(25 + 26 +27 + 28 +29)/5=27.

2. Take the test compound, blank and negative control con-
fluency values, and input them into the calculation below:

Teg2{xle) /xg)
GR(c) = 2@ umiliel |

x{¢) is the treated cell count—this is the compound confluency
value.

Xcul is the control cell count—this is the average negative
control confluency value.

Xp is the cell count prior to treatment—this is the blank con-
fluency value.

3. This should be the base formula with the relevant values as
follows:

GR(c) = 203 _ |

13 is the confluency value for the test compound.
12 is the confluency value for the blank measurement.
27 is the confluency value for the negative control.

4. Calculate the first set of brackets. Note - values have been
rounded to three significant figures for simplicity.

GR(c) = 26039 _ |
5. Find the log base 2 (log2) of the result.
GR(c) = 27679 — |
GR(c)=2%W_1
6. Calculate the remaining values.
GR(c) =200 _1.
7. Finish the calculation.
GR(c)=0.0680.
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To minimize the risk of error, it is recommended to use third-
party software for calculation of the growth rate, illustrated below is
an excel formula that can be used for calculation:

=(2 ((LOG(((x(c)/ %o), 2) /LOG((¥etxt/ %o), 2)))) — 1.
x(c) is the treated cell count—this is the compound value.

Xaq is the control cell count—this is the average negative control
value.

X is the cell count prior to treatment—this is the blank value.

4 Notes

1. Different cell lines will require individual optimization to deter-
mine a good seeding confluency; for example, we find that
most adherent cells work well between 1500 and 2000 cells
per well in a 384-well plate. It is important to have sufficient
cells to influence growth but not too many so that the initial
confluency value is too high.

2. Allowing the plate to sit at room temperature for 20min mini-
mizes the impact of convection currents when moved to the
incubator, keeping the cells from aggregating at the edge of the
wells.

3. When pipetting your plates, avoid creating bubbles as much as
possible, as they can interfere with the attachment and distri-
bution ofyour cells. If bubbles are formed, it is possible to use a
so-called debubbler to remove them. This resembles a labora-
tory wash, a nozzle inserted into an empty plastic bottle which
you are able to squeeze to expel liquid for cleaning purposes
(asan example Thermo: 2401-0125). When the bottle is empty
and squeezed, air is expelled and will remove any bubbles that
have formed within the wells.

4. To avoid the so-called edge-effect, do not use the outer perim-
eter of the plate, and it can be used as protection by being filled
with DPBS or media.

5. When inserting your plate into the Incucyte cassette, do so
using a slide motion. Do not press the plate down into the
cassette as this can damage the motor of the drawer.

6. Use fresh plates or those that have been sealed previously.
Plates that have been standing around can accumulate dust
and other debris that will interfere with the analysis software.

7. Avoid touching or abrasively wiping the bottom of the micro-
plate as much as feasibly possible. It can result in smearing and
scratches which are detected by the Incucyte optics and analysis
software, leading to unreliable confluency values.
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8. The Incucyte may have a focusing problem from time to time.
If your scan appears blurry, simply rescan at a later time, it
should rectify itself.

9. While the Incucyte will display a warning when scheduling
additional experiments too close to one another, it is advised
to leave at least 5 min before each scan regardless. This ensures
that different scans will not overlap and cause a loss of data.

10. The Incucyte will generate heat while working; this is unavoid-
able. This temperature increase can have an impact on your
assay. It is often recommended to set the temperature of
the incubator your Incucyte is housed in to 0.5°C lower than
37°C to offset this change.

11. Condensation can build up on the plate’s lid when placed into
the Incucyte. It is recommended to allow the plate to acclima-
tize for up to 10min before beginning a scan.

12. Analysis parameters will be cell line specific; different morphol-
ogies will dictate the criteria you set.

13. While the parameters here will minimize most unwanted debris
from being detected, be aware some compounds can cause a
significant increase in confluency values despite causing cell
death. An example would be digitonin, a non-ionic detergent
that permeabilizes the membrane and causes leakage of cyto-
solic constituents resulting in a haze effect. It is recommended
to assess each image to identify whether the confluency value
can be trusted.
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Annotation of the Effect of Chemogenomic Compounds
on Cell Health Using High-Content Microscopy
in Live-Cell Mode

Amelie Tjaden, Stefan Knapp, and Susanne Miiller

Abstract

The characterization of chemogenomic libraries with respect to their general effect on cellular health
represents essential data for the annotation of phenotypic responses. Here, we describe a multidimensional
high-content live cell assay that allows to examine cell viability in different cell lines, based on their nudear
morphology as well as modulation of small molecules of tubulin structure, mitochondrial health, and
membrane integrity. The protocol monitors cells during a time course of 48 h using osteosarcoma cells,
human embryonic kidney cells, and untransformed human fibroblasts as an example. The described
protocol can be easily established and it can be adapted to other cell lines or other parameters important
for cellular health.

Key words High-contentimaging, Multiplex, Machine learning, Phenotypic screening, Cell viability

1 Introduction

In recent years, the use of chemogenomic compound libraries for
the identification of biological effects associated with specific tar-
gets has gained interest in the scientific community [1-3]. The
majority of compounds used in such chemogenomic libraries are
well validated in terms of target-compound correlations, but infor-
mation about their suitability to be used in complex biological
systems is often lacking [4]. One way to prevent wrong annotation
of phenotypic readouts as a result of the inhibition of specific
targets or false positives in scientific research is the prior annotation
of chemogenomic compounds, based on their effect on cellular
health in different cellular systems. In our laboratory, we use the
multiplex assay described here, as a secondary screen for com-
pounds that show a reduced cell growth rate in a primary viability
assessment, using a label-free brightfield method described in
Chap. 6. There, the compounds are validated based on their

Daniel Merk and Apirat Chaikuad feds.), Chemog Methods and Pi Is, Methods in Molecular Biology, vdl. 2706,
https://doi.org/10.1007/978-1-0716-3397-7_5,
© The Author(s), under exdlusive licenss to Springer Science+Businass Media, LLC, part of Springer Nature 2023
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calculated growth rate (GR) [5] after 24 h. All “hit” compounds,
which are classified as “cytotoxic,” when containing a GR value
smaller than 0, can be tested further. However, the multiplex
method can be used as primary screen as well.

In the multiplex high-content assay, basic cellular functions
such as cell viability, mitochondrial health, membrane integrity,
and interference of compounds with the cytoskeleton are assessed
[6]. Itis performed in live-cell mode over a time period of48 h, but
can be easily expanded to longer time points. To avoid a too strong
bias of the results, we are routinely testing three different cell lines
with diverse cellular morphology: human embryonic kidney cells
(HEK293T), osteosarcoma cells (U20S), and untransformed
human fibroblasts (MRC-9). Other adherent cells have been used
in this assay as well.

Artificial intelligence (AI) techniques greatly improved image
analysis [7] in recent years. The large amount of data that can be
generated and the easier accessibility of phenotypic screening
libraries have taken data evaluation to the next level. Also, morpho-
logical alterations, which are not visible by the human eye, can be
detected [8].

Here, for an advanced image analysis, the data analysis is per-
formed using a machine learning-based algorithm approach, where
the cells are gated according to a “tree principle,” using different
characteristics as decision points. For this, we applied the CellPath-
finder software from Yokogawa. The machine learning-based algo-
rithm was trained by an experienced cell biologist, based on a set of
compounds containing references for every gating step (see Sub-
heading 2.2) [6]. After detection of cell body (“Cellbody”) and
nucleus (“Nucleus”), the cells are gated based on different features
in categories connected to 1. compound properties, 2. cell proper-
ties, and 3. phenotypic properties. First, Hoechst high-intensity
objects are recognized based on the Hoechst33342 channel inten-
sity, to detect autofluorescence or precipitation of a compound.
Afterwards, all remaining cells, termed “normal,” are further eval-
uated based on their nuclear morphology and gated in either
healthy, pyknosed, or fragmented. The addition of Annexin V (see
Subheading 2.3) enables the differentiation between mitotic and
apoptotic cells. For the phenotypic properties, the healthy cells are
gated in three different ways: tubulin effect, increase of mitochon-
drial mass, and membrane permeabilized. All analysis protocols
used in this protocol can be found here as follows: https://doi.
org/10.5281/zenod0.6415330.

The protocol described here was validated and tested against a
compound set of 230 compounds [6]. It is easyadaptable, but must
then be optimized accordingly.

For more detailed information on the establishment and use of
the protocol, please see Tjaden et al. [6].

143



Appendix D

Annotation of the Effect of Chemogenomic Compounds on Cell Health Using. .. 61

2 Materials

2.1 Cell Culture

2.2 Preparation of
Compounds

144

To minimize contamination, all working steps involving live sam-
ples should be carried out under sterile conditions. All cell culture
reagents, including medium, washing solution and reagents for cell
passaging should be stored at 4 °C and be warmed up to 37 °C
prior to use. Do not use cells with a higher passage number than
35, to ensure genomic integrity [9]. Compounds of interest, as well
as reference compounds, can be prepared as aliquots in advance.
They can be stored in a sealed plate or closed vial at —20 °C for a
long time period. If used regularly, compounds can be stored at
room temperature (RT) for 3—-6 month, to avoid freeze—thaw cycles
[10]. Chemical integrity, stability, and solubility of the compounds
should be validated beforehand (see Note 1 and Chap. 6).

The described protocol is optimized and validated to test the
adherent cell lines human embryonic kidney cells (HEK293T),
osteosarcoma cells (U208), and untransformed human fibroblasts
(MRC-9) at once. It can be adapted to test just one cell line or
different adherent cell lines (see Note 2).

1. Cell lines: HEK293T (ATCC® CRL-1573™), U20S (-
ATCC®HTB-96™), MRC-9 fibroblasts (ATCC® CCL-2™),

2. Culture medium for HEK293T cells and U20S cells: Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco) plus
L-glutamine (High glucose) supplemented with 10% FBS
(Gibco) and penicillin/streptomycin (Gibco).

3. Culture medium for MRC-9 cells: Eagle’s Minimum Essential
Medium (EMEM) (Gibco) supplemented with 10% FBS
(Gibco) and penicillin /streptomycin (Gibco).

4. Fetal bovine serum (FBS).

. Penicillin (100 U/mL)/streptomycin (0.1 mg/mL) (Gibco).

. Cell washing solution: Dulbecco’s phosphate-buffered saline

1X (DPBS): without calcium or magnesium (Thermo Fisher
Scientific).

7. Dissociation reagent: trypsin-EDTA 1X (0.05%) (Thermo
Fisher Scientific).

8. Imaging plate: 384-well cell culture microplate, PS, f-bottom,
pClear™ (Greiner).

o !

The protocol described here is optimized to test 135 compounds at
two different concentrations (1 pM and 10 pM). However, this can
be adapted (sez Note 3). The compounds of interest, as well as
reference compounds, should be diluted in a suitable solvent, pref-
erably DMSO, where solubility is anticipated according to the
supplier. Precipitated compounds should be excluded before
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Fig. 1 Example layout of 384-well plate to test 135 compounds at two different concentrations. (This figure is
adapted from Tjaden et al. [17])

testing (see Note 1). Reference compounds with known mode of
actions must be added to every experiment, because they serve as
training images for the subsequent analysis. As negative control,
10% of the plate should contain wells with 0.1% DMSO (see Note
4). An example layout of the plate can be found in Fig. 1. For each
cell property, at least one reference compound must be tested. As
part of the assay development, we tested the following reference
compounds [6] and confirmed their suitability to generate a train-
ing dataset as follows:

1. Compounds are tested at 1 pM and 10 pM in technical
duplicates.

2. Reference compounds should be added in quadruplicates at a
final concentration of 10 pM.

(a) Staurosporine: apoptotic cells, pyknosed nuclei [11].
(b) Paclitaxel: change of tubulin structure [12].
(c) Milciclib: increase of mitochondrial mass [13].
(d) Daunorubicin: fragmented nuclei, apoptotic cells [14].
(e) Digitonin: permeabilized membrane [15].
(f) Berzosertib: Hoechst high-intensity objects [16].
3. 10% of the plate should be filled with DMSO 0.1% to serve as
negative controls (see Fig. 1).

2.3 Cell Staining The following dyes were validated against all three cell lines
Dyes [6]. The concentrations given here should be used, as higher con-
centrations can affect cell viability and lower concentrations might
interfere with the detection power of the analysis software (se¢ Note
5). Using different fluorescent dyes can lead to bleed-through
problems. For the here described protocol, the overlap of
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24 Instruments for
High-Content Imaging
and Parameters

2.5 Analysis
Software

fluorescence emission spectra is neglectable for all dyes but the
MitoTracker Red and Annexin V Alexa Fluor 680. However, this
overlap does not influence the analysis, since the excitation maxima
of these two dyes are well separated during the gating. See also [6].

1.

57 pL of 16.23 pM stock of Hoechst33342 (Thermo Fisher
Scientific) (final assay concentration: 60 nM).

. 8 pL of BioTracker™ 488 Green Microtubule Cytoskeleton

Dye (EMD Millipore).

. 12 pL of 100 pM stock of MitoTracker red (Invitrogen) (final

assay concentration: 75 nM).

. 93 pL of Annexin V Alexa Fluor 680 conjugate (Invitrogen).

. CQl confocal microscope (Yokogawa) for image acquisition

equipped with a CO; incubation chamber.

. Five channels are used for image acquisition: Ex 405 nm/Em

447 /60 nm, 500 ms, 50%; Ex 561 nm/Em 617/73 nm,
100 ms, 40%; Ex 488/Em 525/50 nm, 50 ms, 40%; Ex
640 nm/Em 685 /40, 50 ms, 20%; brightfield, 300 ms, 100%
transmission.

. Magnification 10x.
. Focus and Z stacks: 7 Z stacks with a total of 55 pm spacing,

focus area for a 384 well plate with a height of 14.4 + 0.1 mm
at —15.5 pm for the lowest (—20.2 pm) and highest focus of
39.7 pm (51.6 pm).

. Cytomat2C24 incubator (Thermo Fisher Scientific).

1. CellPathfinder image analysis software (Yokogawa).

. Analysis protocols using the CellPathfinder software for all

three cell lines can be found here as follows: https: //doi.org/
10.5281/zenodo.6415330.

3 Methods

3.1 Preparation of
Cells for Live-Cell
Imaging

146

. Culture HEK293T and U20S over 2 weeks in DMEM plus

L-glutamine (high glucose) supplemented with 10% FBS
(Gibco) and penicillin/streptomycin (Gibco).

. Culture MRC-9 fibroblasts in EMEM plus L-glutamine sup-

plemented with 10% FBS (Gibco) and penicillin/streptomycin
(Gibco) over the same time period.

. When cells reach a confluence of approximately 80%, count all

cell lines individually using either an automated cell counter or
an hemocytometer and assess the cell number and viability
(viability above 95% is acceptable).
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3.2 Image
Acquisition of
Non-treated Cells

4.

Appendix D

Dilute the cells in 16 mL media to create a cell suspension
containing the desired cell number for one 384-well plate.
We recommend the following cell count per well (se¢ Note 6)
as follows:

(a) HEK293T—1500 cells/well.
(b) U208—1500 cells/well.
(c) MRC-9—1250 cells/well.

. Add the cell staining dyes described in Subheading 2.3. to the

cell suspensions.

. Prepare a 384-well plate for every cell line (in total three

plates).

. Mix the cells with the dye solution gently and seed 50 pL per

well to a 384-well plate (see Subheading 2.1). The outer wells
should be excluded to avoid evaporation effects (sez Note 7)
and can be filled with 100 pL PBS or water (see Fig. 1).

. Remove any air bubbles (se¢ Note 8).
. Leave the plate for 30 min at room temperature (RT) to allow

reattachment of the cells.

. Incubate the plate for 18-24 h at 37 °C and 5% CO,.

. Switch on the CQl microscope system and pre-warm the

incubator. Ensure that the environmental controls regulating
temperature and CO; partial pressure are working.

. Turn on the laser light and let it heat up for approximately

3 min.

. The three plates are tested one after another. It is important to

keep the order of the different cell lines to minimize plate
variations (se¢ Note 9).

. Place the first plate prepared in Subheading 3.1. into the CQl.

The other plates should be kept in the incubator until they will
be measured.

. Open the CQ1 software.

. Create a new protocol for image acquisition.

(a) Open the “sample” section and select the used 384-well
plate with a height of 14.4 + 0.1 mm. If your plate has not
already been implemented in the software, please notify
the responsible person for the instrument to implement
the plate (see Note 10).

(b) Go to the “imaging” section and select the parameters
described in Subheading 2.4.

(c) Field: Set the field in the middle of the well.
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o

3.3 Image 1.

Acquisition of Treated
Cells 2

(d) Select the blue channel and click on the autofocus “AF”
button to automatically search for the best cell area on
3 to 7 different wells. If using the autofocus for your
experiment, it can happen that the microscope will some-
times focus on dust and will lose focus (see Note 11).

(e) Testthe set focusagain on 3 to 7 different wells to check if
your focus is on the correct area. Add this area as standard
focus height.

. Save your protocol.
. Start measurement of the first plate.
. Repeat the steps 4 to 7 for all cell lines tested.

Add the compounds as well as reference compounds to the first
plate (see Subheading 2.2.).

. Centrifuge the plate at 100 g4 for 3 min.
. Wait 1.5 h and repeat steps 1 and 2 for the second plate (see

Note 9).

4. Wait again 1.5 h and repeat steps 1 and 2 for the third plate.

11
12.

34 Data Analysis 1.
Using CellPathfinder 2

Software 3
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. Incubate the plates for 12 h after treatment at 37 °C and 5%

CO;. Other time points for image acquisition can be used. The
incubation time must be adapted accordingly (see Note 9).

. Place the first plate into the CQI.
. Open the measurement protocol that was used for the image

acquisition of non-treated cells prepared in Subheading 3.2.

. Measure the plate.
. After measuring, incubate the plate again for 12 h (see Note 9).
10.

Repeat steps 6 to 8 again after 24 h and 48 h after compound
treatment (see Subheading 3.3, step 1).

Repeat steps 6 to 10 with the other two plates, respectively.
A scheme of the workflow can be found in Fig. 2.

Open CellPathfinder software.
Convert CQ1 images as instructed by the software.

. Open the 24 h data of one cell line first to create an analysis

protocol for this cell line (se¢e Note 12) or use the provided
protocols (see Subheading 2.4, step 2). The following steps
should be performed accordingly with the other cell lines.

. The following channels are used for the analysis as follows:

(a) CHI: Hoechst33342 (DNA detection): Ex 405 nm/Em
447 /60 nm, MaxIP.

(b) CH2: BioTracker™ 488 Green Microtubule Cytoskele-
ton Dye (tubulin stain): Ex 488 /Em 525/50 nm, MaxIP.
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Fig. 2 Scheme of workflow for three cell lines

(c) CH3: MitoTracker red (mitochondrial mass detection):
Ex 561 nm/Em 617/73 nm, MaxIP.
(d) CH4: Annexin V (apoptosis marker): Ex 640 nm/Em
685,/40, MaxIP.
(e) CHS: brightfield, DCP mode “fluor-" type.
5. For object detection, create the two objects “Cellbody” and
“Nucleus” (see Fig. 3).
(a) “Nucleus”: Ex 405 nm/Em 447/60 nm, Finder:
Nuclear, Recognition: Advance.
(b) “Cellbody”: brightfield, Finder: Cell, Recognition:
Advance.
6. Define the object “Nucleus” to be included in the “Cellbody”
(see Fig. 3).
7. After object detection, the gating is performed using the
machine learning (ML) based function implemented in the
software.
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Detection of
“Nucleus”

Nucleus
must be
included in
Cellbody

i
" Detection of
q “Cellbody” |

Fig. 3 Object detection. The two objects “Cellbody” and “Nucleus” should be detected by the software
algorithm. The Nucleus should be defined as included in the Cellbody

(a) Use DMSO 0.1% wells as negative controls (see Note 4).

(b) Use the reference compounds (see Subheading 2.2) to
train the ML algorithm (see Note 13).

(c) To validate your algorithm, check other wells containing
the reference compounds (see Note 13).

8. The gating hierarchy can be found in Fig. 4.
9. All features used for training the machine learning algorithm
are shown in Table 1.

10. Select 10 to 15 cells for every gating step. A detailed explana-
tion of how to train the machine learning-based algorithm can
be found in the CellPathfinder user information as well as in
the recently published protocol by Tjaden et al. [17].

11. Save the analysis protocol.
12. Analyze the data from all time points using the same analysis.
13. Repeat the steps 3 to 12 for the other cell lines.
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Cells showing

Hoechst High Cells including Cell showing a
Intensity Objects  a fragmented tubulin effect vs.
All cells nucleus no tubulin effect
\ Cells including a Cell showing an increase

Normal Cells me—=i- healthy nucleus w— N rpitochondrial mass vs.
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/ \
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L JI Il |
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Fig. 4 Gating hierarchy. The gating is performed employing a tree principle. First, the compounds properties
(Hoechst high-intensity objects or normal cells) are defined. Afterward, the cells are gated based on their
nuclear morphology in healthy, pyknosed, or fragmented. Cells containing a pyknosed nucleus are further
gated in apoptotic or mitotic cells. Lastly, phenotypic properties are considered to divide cells into the
categories tubulin effect/no tubulin effect, mitochondrial mass increased/no increase, and membrane
permeabilized/no permeabilization

3.5 Data Evaluation 1. After analyzing all cell lines for all time points, results are
evaluated.

2. You can save the images under the “view” tab.

3. Growth rate can be calculated as shown in Chap. 6.

4. For biological data, at least two biological replicates should be
performed.

5. The cell count of all gating steps can be used to calculate the
ratios of the different properties (see Note 14) (see Fig. 5).

6. All data should always be compared with the screened positive
and negative controls.

7. For a basic annotation, we defined the threshold of 50% to
define a compound as “hit” compound. Compounds that are
“hits” in more than one cell line should be evaluated further.
The phenotypic evaluation can be optimized further if needed
for more in-depth annotation regarding mitochondrial and
tubulin features.
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Fig. 5 Processed image of stained (blue: DNA/nuclei, green: microtubule, red: mitochondria content, magenta:
Annexin V apoptosis marker) U20S cells after 24 h of exposure to Itraconazol (10 pM) and 0.1% DMSO0. U20S
cells are gated into different categories using the CellPathfinder analysis. Pie charts show the rafios of the
different gating steps. (This figure is adapted from Tjaden et al. [17])

4 Notes

1. All compounds should be checked by eye if precipitation hap-
pened during storing. Precipitated compounds look cloudy in
the dilution or on the plate. If precipitation happened, we
recommend to freshly dissolve the compound or use a different
solvent, e.g., water. A more professional check can be per-
formed as described in Chaps 4 and 6.

2. If other cell lines than the once described here are used, the
protocol must be adapted accordingly. The dye concentration,
incubation time, and cell seeding density should be tested
using a reference compound set. For more information on
how to perform this, please see Tjaden et al. [6].

3. Other compound concentrations can be tested. If more than
two are tested, the plate layout (see Fig. 1) must be adapted
accordingly.
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154

4.

10.

11.

The reference compounds are used to train the machine
learning-based algorithm. They should be added in quadrupli-
cates to validate the analysis in different reference compound
wells. Other compounds can also be used, when they have a
similar mode of action. The machine learning-based algorithm
has to be trained accordingly. The negative control is important
to normalize your results and to evaluate the ratios calculated
based on the gating steps in comparison to the controls.

. All dyes used in the protocol described here were tested at

different concentrations over time in all three cell lines. The
concentration used was validated as the best concentration fora
robust fluorescent readout without having an impact on cell
viability. If other dyes or concentrations are used, the protocol
must be adapted accordingly.

. The cell count per well was tested in a pre-experiment to detect

the best cell seeding density for testing the cells over 48 h. For
more information about how to select the best cell seeding
concentration, see Tjaden et al. [17].

. Evaporation of the media and “edge-effects” can be minimized

when filling the outer wells with a buffer of choice, e.g., DPBS
or water in a volume of 100 pL per well.

. Air bubbles can interfere with cell growth or later image acqui-

sition. They should be removed using a “debubbler” or some-
thing similar. The debubbler can be a nozzle inserted into an
empty bottle containing, e.g., ethanol. The nozzle should not
touch the liquid, so that air can be expelled to remove any
bubbles.

. For image acquisition of one 384-well plate, the CQ1 confocal

microscope approximately needs 1.5 h. This time difference
should be kept in mind when pipetting the compounds. The
plate order when testing different plates should always be the
same. The time points of image acquisition can be changed if
desired. For three plates the time points in between measure-
ments must be more than 4.5 h.

If another plate is used than implemented in the CQ1, focus
might be lost during the measurement. We recommend to add
the plate information to the CQl software before measure-
ment. This can be done by the Yokogawa support team.

When using autofocus for the whole measurement, the CQl
sometimes focuses on dust on the lid instead of cells and loses
the best focus area. We recommend to use the autofocus to
search for the best cell area and enter this focus area as a
standard for the whole plate.
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12. The cell lines differ in their morphology and fluorescence
intensity levels. Therefore, individual analysis protocols should
be created for each cell line.

13. For the machine learning based algorithm, approximately
10 to 15 example cells of the reference compounds should be
selected. To validate the analysis, other wells of the same refer-
ence compounds should be used.

14. Keeping the tree principle in mind, cell count ratios of the
different gating steps can be calculated by dividing the cell
count of a gating step by the cell count of next higher level.
Cell count ratios can then be compared with control wells.
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ABSTRACT: Well-characterized small molecules are molsﬁ)rmdymgdmbiologyandﬂnnpmucrdmnuofahrga
H , many compounds reported in the lit and routinely studied in biomedical research lack the potency and
sdodlvitynqmndﬁ)rmcdumshccnllnlarmdiuonthoﬁmdnnofagwnpmmpmd:cmm,mmmmallyanﬂabh
compounds often do not include useful tools developed by industry as part of their research and development efforts, as they
frequently remain proprietary. The freely available donated chemical probe (DCP) library, fueled by generous donations of
compounds from industry and academia, enables easy access to a steadily growing collection of these valuable and well-characterized
tools. Here, we provide a systematic description of the current DCP library collection and their associated comprehensive
dunntmfumndau,indudmgaumtyofmmuandodluhxmys Ofnoh,wachmctodmdlbeutintdmthmpnmary
dels by ploying hep y lnpﬁmalyhummhvusphtoidundvhbihty ing in patient-derived
cancer organoid hed normal-adjacent epithelium. Taken together, anCPh’bnrynprumhawdlmmmed,oponly
available collection of tool comp ‘formdymg:mdonngnofurgﬂx,mdudmghmsu,Gpmtmwhdmmphm,udim
channels. As such, it represents a unique for the biomedical

H INTRODUCTION

High-quality chemical tool compounds are widely accepted as
one of the most versatile way to modulate and study the
function of a protein. However, many compounds reported in - : &
the literature and routinely used in laboratory practice either reactive chemical elements known as PAINS elements.
lack selectivity, stability, and potency needed to achieve exact As a consequence, a growing of resources have been
perturbation of a single target or they are used under made available to scientists, helping to find the most suitable
conditions that favor off-target and pleiotropic effects.'™> chemical tools for their research. Depending on the scientific
One of the most notable efforts in this area was the
establishment of smndard criteria for evalumon of compounds Received: November 23, 2022
as chemical tools.” Ing ], ac d can be consid Accepted: January 18, 2023
to be a chemical probe if it fulflls the following criteria: (a) Published: March 21, 2023
exhibits potency on the intended target <100 nM (ICs, or Kp);
(b) exhibits selectivity within the target family >30-fold; (c)
has undergone extensive off-target profiling outside the target

family; (d) exhibits cellular on-target activity <1 uM (ICg or
ECg); and (e) is tested in comparison with 100-fold less
potent control compound of the same chemical scaffold
(paired control). Ideally, the compounds should not contain

©2023 The Authors. Published
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Table 1. DCP Set of 97 Chemical Probes (As of June 2022)
target family target probe mode of action control
kinase ACVRIB,TGFBR1 TP-008 inhibitor Alll
AKT1, AKT2 BAY1125976 allosteric Inh. BAY-940
AKT1, AKT2 Borussertib covalent-allosteric Inh. RL2578
CLK1/2/3/4 T3-CLK inhibitor T3CLK-N
DDR1/2, MAPK11, MAPK14 SR-302 inhibitor SR-301
IKBKB 605906 inhibitor BI-5026
IRAK4 GNE-2256 inhibitor GNE-6689
LRRK2 MLi-2 inhibitor MLi-2NC
MAPK1/3 ERKi inhibitor ERKi-NC
MAPK7 BAY-885 inhibitor BAY-693
MAPK14 FS-604 type 1.5 Inh. FM-743
MAPK14 Skepinone-L type 1 Inh. FM743
MAPK14 SR-318 type 2 Inh. SR-321
MET BAY-474 inhibitor BAY-827
PIP4K2A BAY-091 inhibitor BAY-0361
PRKAA1, RPS6KA1L BAY-3827 inhibitor BAY-974
PTK2,PTK2B PE-04554878 type 1 Inh. PE-00911705
RIPK1 TP-030-1 inhibitor TP-030n
RIPK1 TP-030-2 inhibitor TP-030n
ROCK1/2 BAY-549 inhibitor BAY-4900
SYK MRL-SYKi inhibitor MRL-SYKi-NC
TBK1, IKBKE BAY-985 inhibitor BAY-440
TIE1,TEK, DDR1/2 BAY-826 inhibitor BAY-309
GPCR ADRAID (R)-95 antagonist (5)9s
CCRI BI 639667 antagonist BI-9307
CCR1 BAY-3153 antagonist BAY-173
CHRM1 MSD-MIPAM PAM MSD-M1PAM-NC
CNR1 MRL-650 inverse agonist MRL-CBI-NC
DRD4 ABT-724 agonist AT6
DRD4 UCSFo24 agonist UCSF924NC
EDNRA ABT-546 antagonist ASES
EDNRB A192621 antagonist A1806262
F2R BAY-386 antagonist BAY-448
GNRHR BAY-784 antagonist BAY-786
GPRS2 TP-024 agonist TP-024n
GPRSS Ogerin PAM ZINC32547799
KISSIR KISS1-305 agonist KISS1-543
LHCGR BAY-899 allosteric antagonist BAY-897
MRGPRX2 (R)-ZINC-3573 agonist (S)ZINC-3573
P2RY14 PPTN antagonist PPTN-NC
PTGDR2 CRTH2 antagonist antagonist CRTH2 neggative control
PTGER2 PF-04418948 antagonist PE-04475866
PTGFR BAY-6672 antagonist BAY-403
ion channel CFTR A-1596586 corrector A-1596584
P2R¥4 BAY-1797 inhibitor BAY-207
SLCYAL BI-9627 antagonist BI-0054
TRPAL A079 antagonist A6
TRPAL BAY-3%0 inhibitor BAY-9897
TRPMS PF-05105679 antagonist PER-05257137
epigenetics BRD2/3/4, BRDT(BD1) GSK778 inhibitor
GSK789 inhibitor GSK791
BRD2/3/4, BRDT(BD2) GSKO46 inhibitor
GSK620 inhibitor no
GSK973 inhibitor GSK943
EP300,CREBBP A-485 inhibitor A-486
KAT6A, KAT6B WM-1119 inhibitor WM-2474
other erzymes ALOXSAP BI 665915 inhibitor BI-0153
BCAT1/2 BAY-069 inhibitor BAY-771
CMA1L BI-1942 inhibitor
Complex I BAY-179 inhibitor BAY-070
CYP11B2 MSD-CYP11B2 inhibitor MSD-CYP11B2 negative control
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Table 1. continued

DHODH 1PP/CNRS-AD17 inhibitor 1PP/CNRS-AD19
ELANE BAY-678 inhibitor BAY-677
ENPP2 BI-2545 inhibitor BI
EPHI2 BI-1935 inhibitor BI-2049
FAAH PF-04457845 covalent Inh. PF-04875474
FASN BI 99179 inhibitar BI 99990
ENTB ABT-100 inhibitor A108
GLS A446 inhibitor A426
y secretase complex GSM1 modulator GSM-NC
MRK-560 inhibitor GSINC
HCV Ns3 BI-1230 inhibitor BI-1675
HCV NSSB BI 207127 inhibitor BI-7656
HIV NNRT BI-2540 inhibitor BI-2439
MALT1 NVS-MALT1 allosteric Inh. NVS-MALT1-C
METAP2 TP-004 inhibitor TPo-004
MGAT2 TP-020 inhibitor TP-020n
MIF BTZO-1 ARE activator BTZO-4
MMP12 BAY-7598 inhibitor BAY-694
MMP13 T-26c inhibitor T-26f
MMP13 BI-4394 inhibitor BI-4395
NUDT1 BAY-707 inhibitor BAY-604
OGA JNJ-65355394 agonist or Inh. NJ-73924149
OGA TP-040 inhibitor TP-0400
PDEI0A JNJ-42396302 inhibitor JNJ-40573663
PDE10A THPP-1 inhibitor THPP-1-NC
SLC2A1 BAY-876 inhibitor BAY-588
SOSt BAY-293 inhibitor BAY-294
UCHL1 SRK64 covalent Inh. JYQss
VNN1 PFI-653 inhibitor PFI-653-N
other targets BCL2 A211212 inhibitor A210207
BCL2L1 A-1155463 inhibitor A-1107969
BCLS TP-021 inhibitor TP-021n
ITGAL BI-1950 inhibitor BI-9446
NR3C1 BI 653048 agonist BI-3047
RORC JNJ-54119936 inverse agonist JNJ-53721590
SLC16A3 MSC-4381 inhibitor MSC-0516

question, researchers may seek for compounds to interrogate
the cellular function of a protein, to study the target of a
chemical probe in a disease phenotype, or to look for a starting
point for further optimization of a compound, eg, as a
degrader molecule.” Most of the available search tools cover a
large number of inhibitors and chemical dul and

Once the user has identified the best tool compounds to use,
most of them can be obtained from « ial
Recently, few noncommercial resources have emerged, offering
access to compounds. Among those are opnMe (https://
opnme.com/molecules),'" which offers more than 70 com-
pounds from a variety of research areas, originating from legacy

provide the user with the opportunity to choose the best
compound for their specific purpose.” Databases such as

and ongoing projects of Boehringer Ingelheim'? and the
hboratory of Nathanael Gray, where inhibitors, mostly for
and several PROTAC molecules, are accessible

ChEMBL (https://www.ebi.ac.uk/chembl/), binding DB
(https://www.bindingdb.org), canSAR (https://cansarblack.
icracuk), ProbeMiner (https://probeminericracuk), and
Probes and Drugs (https://www.probes-drugs.org) are ad-
dressed to the chemical biology community, offering user-
friendly access to data associated with specific compounds.*”
However, the compounds included in these databases are not
limited to high-quality, well-validated chemical probes and
require user appreciation for the chemical probe criteria
outlined above. On the other hand, the Chemical Probes
Portal (https://www.chemicalprobes.org/)™® is an expert
curated database, where each compound is reviewed by a
panel of expert chemical biologists. Therefore, although limited
in scope, the Portal provides expert opinions and guidelines on
probe use to help researchers navigate the complex process of
finding the right tool for their system and their question.

824
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together with the respective profiling data (https://graylab.
dana-farber.org/probeshtml). Additionally, the Structural
Genomics Consortium (SGC) provides chemical probes for
epigenetic targets, protein kinases, and E3 ligases (https://
www.thesgc.org/chemical-probes) as well as a Kinase Chemo-
genomic Set (KCGS)'® (https://www.sgc-unc.org/kegs). A
chemogenomic set is also available via the Enabling &
Unlocking Biology in the OPEN (EUbOPEN ) IMI consortium
(https: / /www.eubopen.org/chemogenomics/chemogenomic-
set).

A unique set, in terms of the breadth of targets covered by
chemical probes is the donated chemical probes (DCP) set.'*
The project was initiated in 2017 by several pharmaceutical
companies (AbbVie, Bayer AG, Boehringer Ingelheim, Janssen,
MSD, Pfizer, and Takeda), which entered into a precompe-

i i0.2c00877
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Figure 1. Overview of the DCP set of 97 chemical probes. (A) Percentage of donated chemical probes per target category and (B) implication of
100 DCP targets in different diseases, based on PubMed search. Please note that one target can be implicated in more than one disease area. IMP =

integral membrane proteins, GPCR = G-protein-coupled receptors.

titive collaboration to make a large number of high-quality
chemical probes available to the public, including their
characterization data, inactive control compounds, and
recommendations on their use (https://www.sgc-fim.uni-
frankfurt.de//). The initial goal was to assemble a set of 70
h | probe compounds with their respective controls,
perform further characterization in a variety of assays, and
make the (hta as well as the actual compounds accessible to
the « ty in a st d without high
contractual hurdles. The abovementioned guidelines and
criteria for chemical probes are evaluated for each «

by an i | and 1 ind. d comnuttee,matwo—
tier scientific review process before the compounds are

c

B RESULTS AND DISCUSSION

DCP Database and Webslite. High-quality chemical tools,
generated by the pharmaceutical industry often remain
undisclosed and unavailable to the research community,
thereby impeding scientific progress. In contrast, DCP
compounds and all associated profiling data are in the public
domain and available through the DCP website (https:/ /www.
sge-fim.uni-frankfurt.de/), free of charge to all researchers
worldwide without any restrictions or need for user

registration.
The DCP website was created based on FAIR'® (Findable,
Accessible, Interop , and Reusable) data principles, thus

included in the set (https://www.sge-fim.uni-frankfurt.de/
#1donateview). Over the course of the project, not only
inhibitors but also activators and positive allosteric modulators
(PAM) have been added. Nevertheless, the set represents only
a starting point and additional target areas need to be covered
by high-quality chemical probes in addition to the proteins
represented in the set, which are still biased toward more
traditional disease areas such as oncology and inflammation.
Hence, with the initial publication, a call went out to the
community to help in this endeavor and donate high-quality
compounds to the set. Meanwhile, 23 contrib from

industry and academia have participated in this unique project
and provided not only characterization data but also physical
compounds to be distributed among the scientific community.

llowing user-friendly access to probes and the associated data.
As of June 2022, the DCP website provides a curated and
accurate source of information for the set of 97 chemical
probes (Table 1), with a DOI number for each probe and
paired control. Through collaboration with ChEMBL and the
Chemical Probes Portal, all compounds possess a unique
ChEMBL compound ID and a link to the Chemical Probes
Portal to the expert review. The website was developed as a
source for different users, such as chemists, biologists, or
clinical researchers, allowing a probe, target, or target family
search as well as providing a list of the probe set on the
overview page (https://www.sgc-ffm.uni-frankfurt.de/
#lprobes). Powered by a PostgreSQL database (https://
www.postgresql.org/about/), detailed potency and selectivity
data, advice for the appropriate use in cellular and in in vivo

dels together with assay descriptions, phenotypic assay

As expected, in some cases, additional profiling data needed to
be generated to meet the chemical probe criteria. Data have
been provided by either the SGC or resources outside the SGC
and we are grateful for the support of the Division of Pre-
Clinical Innovation of the National Center for Advancing
Translational Sciences (NCATS; https://ncatsnih.gov/) and
the National Institute of Mental Health (NIMH) Psychoactive
Drug Screening Program (https://pdspdb.unc.edu/pdspWeb/
), housed at the laboratory of Dr. Bryan Roth at the University

charactensncs, and compound-related structural information
are provided. Most data can be downloaded in a datab

readable format either for a single compound or as a batch for
the whole set. In addition, structure (SD) files as well as
analytical data ("H-NMR, a C-NMR, HPLC data, measured
in-house) and structural properties such as redox activity
data'® are downloadable from the website. Furth , a flyer
with key data of all DCPs as well as the appropriate

of North Carolina at Chapel Hill. Here, we describe the
current composition of this unique resource and the type of
data donated and generated over the last § years, with the aim
to encourage the use of the highly validated compounds as well
as donations to complement the set covering additional target
proteins.

825

c jon to use the compounds is available on the
website.
In addition to providing eq)enmsmal data, the DCP
gram makes all comp openly available through a
nonbureaucratic and simple distribution process, which
involves the supply of individual probes or probe sets under
a simple web-accessible Open Science Trust Agreement

icrg/10. i0.2c00877
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Figure 2. Oﬂ-mget profiling of the IKBKE/TBK1 probe BAY-985 and IRAK4 probe GNE-2256 showed no considerable oﬁ-tmg!n within a 30-
fold selectivity range to the probe potency in cells. In vitro data translated well into living cells. (A) Chemical structures of the chemical probe BAY-
985 and negative control BAY-440. DiscoverX selectivity assessment for BAY-985 (B) and BAY-440 (C) at 100 nM. Illustration reproduced
courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com). The legend is indicated in the figure. NanoBRET in cellulo profiling for BAY-985

(D), BAY-440 (E), GNE-2256 (F), and GNE-6689 (G).

(http:/ /www.thesgc.org/click-trust) as well as through trusted
commercial vendors. Since the start of the program, the
research community has used the DCP set for a wide variety of
applications. More than 12,000 individual compounds and
more than 100 sets have been shared with researchers around
the world in 100 countries and 28 organizations.

The DCP set covers a broad array of targets from different
protein families (Figure 1A and Table 1), which are relevant
for a number of disease indications, such as cancer,
inflammation, cardi ular and neurod ive di
genetic disorders, and other diseases (Flgure 1B). Th

fo

control compound—a close chemical analogue of the probe
with similar physicochemical properties—is inactive or
significantly less active on the target. We implemented a
100-fold (or more) decrease in activity as a criterion for the
control as compared to the probe compound (Table 1). The
negative control compound thus is thought to bind to any
potential off-targets, but not to the intended target of the
probe. For mechanistic studies or target validation, it is
recommended to use these negative controls in parallel to the
probe to confirm that the phenotype observed is due to

the set represents a useful tool for target identification and

target confirmation in a variety of cellular applications.
Characterization of DCPs. Lack of characterization and

annotation of a chemical compound can result in misleading or

dulation of the intended target and not some off-target
activity. Nevertheless, in some cases, the difference between
probe compound and matched control compound may also
resu}tmthelosso binding of off-targets. Therefore, use of an

1 ch probe with a dlferent scaffold is desirable,

incorrect conclusions when it is used as a mechanistic tool in
biomedical research.*!” Therefore, all compounds included in
the DCP set are accompanied by characterization data and a
negative control compound to minimize this risk. The ti

as different scaffolds are expected to have different off-target
binding profiles and activities." # If available, recommendations
for chemically unrelated chemical probes for the same target

162
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are provided on the DCP website. For example, the
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Figure 3. High-content multiplex assay in HEK293T, U20S, and MRC-9 cells. All data are shown in Table S6. (A) Ratio of Hoechst
lntenmy Objects after screening at 10x higher concentrations for 24 h of higher of xp in HEK293T, U208, aml
MRC-9 cells. Error bars show SEM of biological duplicates. Property threshold at 5096 marked orange. (B) Fluorescence image of stained (b}ne
DNA/nuclei, green: microtubule different, red: mitochondria content, mag, V apoptosis marker) U20S cells after screening at 10x
higher ion for 24 h of d (GSK791 10 uM, GSK789 10 uM) in comparison to U20S cells treated with 0.1% DMSO.

Compounds resulting in Hoechst ngh Inbennty Objects are highlighted. (C) Compound structures and corresponding log P values. (D) Cell
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Figure 3. continued

ded lower

of d

count ratio of different nuclei gating after 24 h

in U208 cells. Healthy

P

muclei count at 50% (viability threshold) is marked as a ned line. (E) Heat map of phenotypic property ratios (increase in mitochondrial mass
tabulin effect and membrane permeabilization) and the growth rate, which was calculated against the nontreated cell number, as described earier, <
after 24 h ofHEK293T UZOS and MRC-9 cells exposed to 16 compounds that were marked as flagged after Multiplex analysis. Heat map shows

the mean of two biologi P (E) Al

e image of stained (blue: DNA/nuclei, green: microtubule

different, red: mitochondria

content, magenta: Annexin V apoptosis marker) U20S cells after 24 h of compound exposure (GSM1 1 uM, Skepinone-L at 1 uM, and MLi-2 at

0.1 uM) in comparison to U20S cells treated with 0.1% DMSO.

DCP set features two chemically unrelated DRD4 agonists,
ABT-724 and UCSF924, including their respective controls.
Apart from on-target potency, target selectivity is the most
critical parameter of a chemical probe and must be carefully
Wh ible, a family-specific selectivity
assessment should be perﬁurmed. All approved DCP probes
have been profiled in comprehensive assay panels, induding
broad panels of pharmacologically active targets such as
GPCRs, protein kinases, and ion channels (Tables $1—55).

A screen’® against 45 receptors (GPCRs and ion channels)
was performed at 10 uM for all chemical probes and inactive
controls at the National Institute of Mental Health (NIMH)
Psychoactive Drug Screening Program (https://pdspdb.unc.
edu/pdspWeb/), followed up with the determination of the K|
for primary results with greater than 50% inhibition. This data
can be downloaded from the DCP website (Table S2).

Selectivity of DCP kinase probes was assessed in
comprehensive kinase pands, such as KINOMEScan at
DiscoverX, Eurofins,® 468 ki at the
concentration recommended for collular use. Hits from the
screen were followed up either by determination of Kp/ICsp
values for primary values of less than 50% control inhibition
and/or in an in-cell target engagement NanoBRET assay to
determine the selectivity of the chemical probes in living cells
(Tables S1 and §3).2

To illustrate the type of analysis and the extent of the data
collected for each probe in the DCP set, we selected the
chemical probe BAY-985* (Figure 2A), a potent inhibitor of
the protein kinases TBK1 and IKBKE. This compound
displayed 2.4 and 9.9% remaining activity against these two
targets, respectively, when tested in a selectivity screen at 100
nM (Figure 2B). Additionally, MAP2KS (MEKS) (8.5%),
MAP3K19 (YSK4) (10%), SYK (31%), and STKI7A
(DRAK1) (40%) were identified as potential off-targets as
well as binding to FLT3 (123 nM) was detected. A subsequent
follow-up using the cellular target engagement assay Nano-
BRET” revealed that BAY-985 engages in cells with TBK1
and IKBKE with 48 + 5.1 and 420 + 210 nM, respectively
while binding to MAP2KS and MAP3K19 was several orders
of magnitude weaker (ECg > 50 M) (Figure 2D). There is
currently no NanoBRET assay available for SYK due to the
lack of a suitable tracer, but a follow-up of the next off-targets
revealed an ECg, of 4.8 + 2.0 uM for STK17A and 22 + 3.9
uM for FLT3. The same targets were followed-up with the
corresponding negative control BAY-440 (Figure 2A—-C).
BAY-440 showed a similar potency for FLT3 as for the probe
molecule but lower potency for STK17A (Figure 2E). A more
than 100-fold window to the target TBK1 and IKBKE
compared to the chemical probe was confirmed.

Another insightful example for cellular off-target validation
was the IRAK4 chemical probe GNE-2256, for which binding
to FLT3, JAKI, JAK2, LRRK2, NTRKI1, and NTRK2 has been
reported in an in vitro kinase panel of 221 kinases (Table
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S1).** Interestingly, in cells, these off-targets displayed more
than 30-fold selectivity compared to the main target IRAK4
(Figure 2F), which had an ECg of 3 + 0.3 oM in the
NanoBRET assay. Additionally, both the probe and the
inactive control compound showed a clean profile in a
Differential- Scanning-Fluorimetry (DSF) assay comprising 86
kinases. Collectively, the DCP set includes selectivity profiling
data obtained from target family assays, such as cellular
NanoBRET data and DSF data. This data has been compiled
in Figure SI and Tables $4 and S5 and is available online.

General Cell Health Assessment and High-Content
Multiplex Assay. Even a well-characterized chemical tool can
produce misleading results when used at improper, ie, too
high, concentrations due to the potential effects on proteins
other than those included in selecuntyproﬁhng assays or other
types of sy ic effects. To minimize inappropriate use, we
are distributing the DCP set to researchers in an assay ready
format at 10,000-fold of the recommended concentration for
cellular assays. Nevertheless, promiscuous interactions of a
chemical probe with other proteins that have not been assessed
cannot completely be excluded and may cause toxicity and
unexpected phenotypic effects.” Therefore, we provide
additional annotation of the probe compounds regarding
their cellular quality. To assess the effects of the chemical
probes on cell viability as well as on mitochondrial mass,
tubulin morphology, and membrane permeability, a live-cell
high-content screen was performed, as described previously.*®
All raw data and processed images have been deposited in
Bioimage Archive (Accession number S-BIADS68#).

In total, 150 compounds were tested at the recommended
(1x) as well as the 10-fold higher concentration (10x) in three
different cell lines (U20S, HEK293T, MRC-9 cells). To
evaluate precipitation or auto-fluorescence of the compounds,
Hoechst channel high-intensity objects were detected (Figure
3A). A 50% increased intensity was observed for seven DCP
compounds at 10-fold of the recommended dose. Three of
these compounds showed increased intensity in more than one
cell line (Figure 3B). The BRD2/3/4/T chemical probe
GSK789 and its negative control GSK791 both showed an
increased mtensxty at 10-fold higher concentration, indicating a
nuisance effect’” of the compounds due to the structure. At the
recommended concentration, this effect was not observed,
supporting the advice to use the compounds not higher than at
the recommended concentration in cellular assays. In addition,
the negative control compound MSD-MIPAM-NC of the
CHRM1 probe MSD-MI1PAM showed 62% of Hoechst high-
intensity objects in MRC-9 cells and 40% in U20S cells, while
no significant increase was detectable for the probe compound
(Figure 3C). The logP values of MSD-M1PAM-NC (logP =
1.23) and MSD-M1PAM (logP = — 2.06) indicate that the
solubility of the negative control compound might be limiting
in cells at the higher concentration tested (Figure 3C).
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Figure 4. H of DCP

pounds may assist to evaluate hits in other disease/phenotypic assays. (A) Overview of DCP

thatnlnnc habihty of DCP ymbes at 1x and 10X concentrations (see Methods). (B) Dose-dependent toxicity of the DCP compounds. (C)

nguﬁclnce (p< 0.05, heteroscedastic two-tailed t-tests

ity of all 80 probes tested. Red boxes indicate that spheroid viability was xeducad by >20% wlth st:hshcxl
d to vehicle controls) Gmen boxes indi

these criteria. Compounds for which toxicity was detected at low concentrations but not at T conc ic. (D—
F) Comparison of toxicity profiles between different DCP probes targeting the same protein, MAPK13/14 (D), RIPK.l (E), and BDl (F). etip<

0.0001 heteroscedastic two-tailed t-tests compared to vehicle controls.

The assessment of the cell viability based on the nuclear
morphology over a time course of 24 h indicated that none of
the tested compounds decreased cell viability to more than
S0% at their recommended concentration in U20S cells
(Figure 3D) or nontransformed fibroblasts (MRC-9) (Table
$6). In HEK293T cells, three compounds showed effects on
viability after 24 h and decreased the count of healthy nuclei to
up to 60% (GSI-NC, GSK046, NVS-MALT1) (Table S6). The
BRD2/3/4/T probe GSK046 demonstrated an average of 42%
healthy nuclei, and for the negative control of the y secretase
complex inhibitor MRK-560 GSI-NC, 45% healthy nuclei were
detected after 24 h. At a 10-fold higher ion, only

TEK, DDRI1/2 chemical probe BAY-826 resulted in less than
50% healthy cells after 24 h in all three cell lines. In contrast,
BAY-826 had no effect at either 1x or 10X concentrations.
At the recommended concentration, only 17 of the 150
tested compounds showed one or more phenotypic effects
after 24 h (Figure 3E). Twelve of the compounds affecting cell
growth were negative controls and only five probe compounds
were flagged in one or more of the cell lines (phenotypic effect
higher than 50%). For example, treatment of cells with both y
secretase probes, MRK-560 and GSM1, resulted in an increase
in mitochondrial mass (Figure 3EF). Interestingly, both
cor ding negative controls GSI-NC and GSM-NC

treatment with BAY-309, the control compound of the Tiel,

820

fnduted. the sams phenotype (Figure 3E). The observed

https//doi 10.1021/acschembio. 2c00877
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Figure 5. Chemical probe screen reveals tumor and normal specific hits. (A) Schematic of the compound i klow. (B/C)

Average cell viability of all tumor (B) and normal lines (C). A 75% cell viability cut-off is applied for hit identif

(D) Venn d

showing
the overlap between top DCP hits in tumor organoids (ERKi) and normal organcids (BAY-293, BI99179, GSK778, GSK789). (E) Ratio of cell
viability in the tumor vs normal is represented in the heat map, where the blue color indicates strong effects in tumor organoids and orange shows

pronounced effects in normal organoid lines.

increase in mitochondrial mass could have been connected to
the biology of y secretase as it a key phar 1

mrget of the Notch signaling pathway/m and previous studms
d d that mitochondrial fission and Notch signaling
are likely to be interdependent, which could explain the
increase in mitochondrial mass of the chemical probes when
binding to the y secretase complex?® However, since the
control compounds showed increased mitochondrial mass as
well, this effect is likely not related to modulation of 7 secretase
activity, but might rather be caused by unspecific effects
originating from the chemical scaffold, highlighting the
importance of the use of accompanying negative control
compounds. In addition, some of the compounds affected the
tubulin read-out (Figure 3E). The other probes that were
flagged include (a) the BRD2/3/4/T inhibitor GSK046, which
influenced tubulin stains on average by 78% and increased
mitochondrial mass to an average of 74% in HEK293T cells
but showed no effect in the other cell lines (Figure 3E) and (b)
MAPKI14 inhibitor FS-694 that caused a change in tubulin
stains (91%) and increased mitochondrial mass (84%) in
HEK293T cells. MAPK14, also named p38a, is one of four
p38 MAPKs and involved in the reguhuon of processes such as
diffe phagy, and apoptosi 2 Interestingly, for
the most selective p38 inhibitor Skepinone-L (Figure 3E,F), no

effects were observed in our assay system, indicating that
effects induced by FS-694 might be target-independent and
rather due to chemical properties of the scaffold in HEK293T

ion
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cells, Finally, LRRK1 inhibitor MLi-2 (Figure 3E,F) and its
control MLi-2-NC, both showed an increase in mitochondrial
mass of more than 50% in one cell line. The unspecific effects,
observed for some of the inactive control compounds, might
be due to the lesser optimization and characterization of these
compounds for the use in cells.

In summary, all probe compounds displayed a high cellular
quality when used at their recommended concentrations in the
tested cell lines. Nevertheless, these annotations should be
considered basic guidance for the use of the set and are not a
substitute to determine effects on cell health in the relevant
system of the users.

Hepatotoxicity Screening In Primary Human Liver
Spherokds. In addition to the general cell health assessment,
we employed 3D cultures of primary human hepatocytes
(PHH) that exhibit stable transcriptomic, proteomic, and
metabolomic profiles in culture for multiple weeks.**~* This
model has already been benchmarked extensively regarding the
identification of hepatotoxic liabilities and has been shown to
overall accurately distinguish toxic from nontoxic com-
pounds

The hepatotoxicity of each DCP compound was evaluated at
1x and 10X recommended concentrations. Cell viability was
assessed on day 7 after redosing at day 3 using ATP
quantifications as a proxy. At the recommended concentration,
only 12 out of 80 (15%) DCP compounds exhibited significant
hepatotoxicity, while 29/80 were dassified as toxic at 10-fold
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Figure 6. Validation of top hit ds. (A—C) T 1 y to BCL-XL inhibitor A-1155463. (A) Morphological overview of

tumor and normal organoids (#016) treated with 1 M A-1155463 and A-1211212, resulting in pronounced toxicity of the BCL-XL inhibitor only
in tumor cells. Organoids treated with DMSO or with the related BCL-2 inhibitor show unperturbed growth. Scale bars are 2 mm. (B/C) Dose-
titration curves measured after 4 days of treatment with A-1155463 (B) and A-1211212 (C) are shown in three PDOs. ICg, values are shown on
top of each graph. Blue curves represent tumor organoids and orange normal organoids.

higher concentrations (Figure 4A—C and Table S7). Notably,
we also find that some compounds increase spheroid ATP
content. Potential causes could be alterations of cellular
metabolism, induction of hepatocyte proliferation, or spheroid

colorectal cancer (CRC) tissue and matched normal-adjacent
epithelium, as a model to identify shared and patient-specific
tumor sensitivities. Tumor (T) and normal (N) organoids
from five patients were tested using a semiautomatic platform.

hypertrophy. H , further endpoints would be needed to
evaluate the mechanism and potential relevance of these
effects. In accordance with our phenotypic screening, these
data demonstrate relatively low incidences of toxicity even after
ged repeated dose exposure in primary human cells
when probes are used at their recommended concentration.
We also noticed that certain probes exerted direct cellular

Organoids were seeded in a 96-well format as single cells and
allowed to recover for 3 days, before drug exposure for 4 days
and measurement of cell viability (Figure 5A). To normalize
the seeding, colony formation assay was perfonned for eadl
line (Figure S2A) and plate homog was confl

(Figure S2B). The DCP library was then sczeen«‘] at a single
dose and in two experimental replicates for each line

toxicity over other probes targeting the same protein. For
instance, Skepinone-L, FS694, and SR-318 are MAPKI14
inhibitors with in vitro potency of similar magnitude, but
contrary to the results in cell lines assessed by the multiplex
assay, Sk L exhibited clear h icity at 10X
concemranons, whereas FS694 and SR 318 were nontoxic
(Pigures 3FAD and Table S7). These results confirm that the
compound should be used within the recommended dose limit
of up to 1 uM to avoid unspecific effects. Another interesting
finding is that of the two analogues targeting RIPK1, TP-030-1
and TP-030-2; only the latter exhibited hepatotoxicity at all
doses tested (Figure 4E). In contrast, for other targets, the
different probes showed similar hepatotoxicity profiles,
indicative of on-target toxicity, as exemplified by compounds
targeting the bromodomain and extraterminal (BET) family
BDI1 (Figure 4F).

Screening of Colorectal Cancer-Specific Targets
Using Patlent-Derlved Organolds. Finally, we evaluated
the DCP library in patient-derived organoids (PDO) from

831

generating ~4000 data points (Table S8). In addition to
negative control compounds, orthogonal chemical probes and
inhibitors with a known mode of action were used in parallel to
confirm the observed phenotype (Tables S8, S9 and Figure
$3). Pearson correlation analysis showed robustness of
experimental replicates (Figure S2C—E). Global comparison
revealed the strongest correlation between each patient
followed by the T/N status (Figure S3A). To score this, the

itivity was analyzed. At a 75% threshold, 7 and 10
hits were identified in T and N organoids, respectively, of
which six DCP probes were shared between tumor and normal
entities (Figures SB—D and S3B,C). Most compounds
demonstrated a prominent effect in all individuals; however,
we also observed patient-specific itivities and o
(Figure S3B,C). To study tumor selectivity, the T/N ratio was
computed, which identified three tumor- and three normal-
organoid selective chemical probes (Figure SE). Notably, we
observed a T/N ratio of nearly 40 for the BCL-XL inhibitor A-
1155463.
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We validated the top hits by dose-titration experiments. In
three T/N pairs a pronounced antitumor toxicity was observed
for the BCL-XL inhibitor A-1155463 with ICgs between 0.02
and 0.11 M that caused no toxicity in normal cell lines
(Figure 6A,B). This is in line with our findings in the cellular
health and hepatotoxicity screening, where A-1155463 showed
no effect (Table S8). One tumor organoid pair (015T) was
less sensitive to A-1155463 treatment, which was however also
observed upon treatment with staurosporine, indicating a more
generalized resistance phenotype (Table S$9). Interestingly,
inhibition of the related protein BCL-2 using A-1211212
neither affected tumor nor normal cells, indicating a highly
specific vulnerability of CRC cells to BCL-XL (Figure 6C).
These results reflect the antiapoptotic role of BCL-XL and data
previously published, *% which also showed a sensitivity of a
primary colorectal spheroid culture to A-1155463 at an
inhibitor concentration of about 100 nM. In contrast to
BCL-XL, which is frequently overex;)ressed in CRC, BCL2
plays a secondary role in CRC* and an inverse expression
pattern has been suggested for these two proteins.

In summary, our analysis revealed common tumor-specific
vulnerabilities, indicating possibilities for personalized therapy
targeting known and previously uncharacterized targets in
CRC.

Here, we present a unique set of well-validated chemical
probes. The physical compounds including inactive controls
and characterization data are available via the associated
website: https://www. sgv:-tfm.uni~frankfurt de/. In addition to

dations r g the appropriate concentrations
provxded with the set or individual probe and control
compounds, we also provide additional annotations regarding
the general toxicity of these chemical probes in model cell lines
as well as in primary human hepatocyte organoids. We applied
the ds at the rec ded concentration as well as a
10-fold higher concentration to assess the upper limit at which
unspecific effects may occur to guide further use of the
compounds. In most instances, no unexpected toxicities or
cellular effects could be observed at the recommended dose,
giving testimony to the high quality of probe compounds.
Using a 10-fold higher than the recommended concentration
resulted in some cases in toxic effects, which can be cell type
specific as seen for the p38 inhibitors, highlighting the
importance of appropriate dosing and underlining the need
to evaluate toxicity of the compounds and the ap iate
dosing for each cellular system. Testing the effect of the pmbe
set on patient-derived organoids from colorectal cancer and
matched normal-adjacent epithelium, we 1dennﬁed tumor-

contribute high-quality paired probe compounds to this set,
enriching it with binders for underexplored targets.

B MATERIAL AND METHODS

DSF-Based Selectivity Screening against a Curated Kinase
Library. The assay was performed as previously described.” Briefly,
recombinant protein kinase domains at a concentration of 2 M were
mixed with 10 4M compound in a buffer g 20 mM HEPES,
pH 7.5, and 500 mM NaCL SYPRO Orange (5000X, Invitrogen) was
added as a fluorescent probe (1 wL per mL). Subsequently,
hzmpzutnm-dzpendent pmhem unfoldlng profiles were measured
using the Q s PCR machine (Thermo Fisher).
Excitation and emission filters were set to 465 and 590 nm,
respectively. The temperature was raised with a step rate of 3 °C/min.
Data points were analyzed with the internal software (Thermal Shift
Software Version 14, Thermo Fisher) using the Boltzmann equation
to determine the inflection point of the transition curve.

NanoBRET Target Engagement Assays. The assay was

ol s desibed Iy2 In brief: Fulllength kinase
ORE (Promega) cloned in fxame with a NanoLuc vector (as indicated
in the table below) was 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 (as indicated in the Table 2) were pipetted into white 384-well

lates (Greiner 781207) using an ECHO 550 acoustic dispenser
ELnbcyle). The comesponding transfected cells were added and
reseeded at a density of 2 X 10° cells/mL after trypsinization and
resuspension in Opti-MEM without phenol red (Life Technologies).
The system was allowed to equilibrate at 37 °C for 2 h and 5% CO,
prior to BRET To BRET, NanoBRET
NanoGlo Substrate + Extracellular NanoLuc Inhibitor (Promega,
N2160) were added as per the manufacturer’s protocol, and filtered
luminescence was measured on a PHERAstar plate reader (BMG
Labtech) equipped with a luminescence filter pair (450 nm BP filter
(donor) and 610 nm LP filter (acceptor)). Competitive displacement
dam were normalized and then plotted using GraphPad Prism 9
using a lized three-p curve fit with the
following equation

= 100/(1 + 10%1o8iCs0)

Multiplex Assay. Viability assessment of three different cell lines
was performed using a live-cell high-content screen as described
previously by Tjaden et al*** In brief HEK293T (ATCC CRL-
1573) and UZOS (ATCCHTB-96) were cultured in DMEM plus -
glutamine (high glucose) supplemented by 10% FBS (Gibco) and
penicillin/streptomycin (Gibco). MRC-9 fibroblasts (ATCC CCL-2)
were cultured in EMEM plus 1-glutamine supplemented by 10% FBS
(Gibeo) and penicillin/streptomycin (Gibcog Cells were seeded at a
density of 2000 cells per well in 384-well plates in a culture medium
(cel] culture microplate, PS, f-bottom, uClear, 781091, Greiner).
sly, cells were stained with 60 nM Hoechst33342

specific vulnerabilities. Using this sc thod, we
observed patient-specific tumor sensitivities and resnstances,
suggesting that a focused screening approach using the DCP
library can be valuable to identify suitable targets for
personalized medicine.

The DCP set is continuously expanding, fueled by donations
from the pharmaceutical industry, biotech sector, and
academia. Going forward, we are committed to maintaining
the high standards of chemical probes added to the set by
adhering to strict criteria for chemical probe validation,
overseen by the internal and external review committees.
Moreover, the open access nature of this resource should
enable others to easily access high-quality tools and use them
in their research without restrictions and large bureaucratic
hurdles. We are grateful for the contributions from the
participants and encourage scientists around the world to
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(Thelmo"'“‘),?SnM" ¥er red (Invitrogen), 0.3 uL/
well Annexin V Alexa Fluor 680 conjugate (Invitrogen), and 25 nL/
well BioTracker 488 Green Microtubule Cytoskeleton Dye (EMD
Millipore). Fluorescence and cellular were measured before
compound treatment ((+)-JQl1), 12 and 24 h after compound
exposure, nlpechvely, using the CQI high-content confocal micro-
scope (Yokogawa). The following setup p were used for
image aoq\nﬂlwn Ex 405 nme.m 447/60 nm, 500 ms, 50%; Ex 561
nm/Em 617/73 nm, 100 ms, 40%; Ex 488/Em 525/50 nm, S0 ms,
40%; bright field, 300 ms, 100% transmission, one centered field per
well, 7 z stacks per well with §5 um spacing, Images were analyzed
using the CellPathfinder software (Yokogawa). Cells were detected as
described previously™ and gated using a machine learning algorithm.
Data were normalized against the average of DMSO (0,1%) treated
cells. Compounds were tested in duplicates and the complete screen
was performed twice. SEM was calculated between biological
duplicates.

i i0.2c00877
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Table 2

target Nluc placement target cat. no. tracer [tracer] (M) tracer cat. no.
MAP3KS c kind gift of Promega Tracer 7297 5.00 x 1077 kind gift of Promega
AKT1 C NV2411 Tracer K10 1.00 % 107¢ N2840
AKT2 C NV1031 Tracer K10 5.00 x 1077 N2840
AKT3 € kind gift of Promega Tracer K10 1.00 x 107¢ N2840

TEK C NV2151 Tracer K10 2,00 x 1077 N2840

TIEL c NV2171 Tracer K10 300 x 107 N2840
STK10 N NV4261 Tracer K10 5.00x 1077 N2840
MAPK1 N NV1641 Tracer K10 1.00 x 107¢ N2840

TBKI1 N NV2131 Tracer K10 2,00 x 1077 N2840

SGK1 c NV4221 Tracer K10 5.00 x 1077 N2840
PTK2 N NV1921 Tracer K10 3.00 x 1077 N2840
PTK2B c NV1931 Tracer K10 3.00 x 1077 N2840
IKBKE N NV1431 Tracer K10 3.00 x 1077 N2340
STK17A C kind gift of Promega Tracer K10 1.00 x 107¢ N2340

FLT3 c NV1391 Tracer K10 2,00 x 1077 N2840
MAP2KS c kind gift of Promega Tracer K10 5.00 x 1077 N2840
MAP3K19 (o} NV3461 Tracer K10 2,00 x 1077 N2840
IRAK4 c NV1451 Tracer K10 2,00 % 107 N2840
NTRK2 C NV1821 Tracer K10 3.00 x 1077 N2840

JAK1 c kind gift of Promega Tracer K10 3.00 x 1077 N2840
JAK2 (2] NV3291 Tracer K10 1.00 % 107¢ N2340
DDR1 c N24S1 Tracer K4 320 10°? N2540
DDR2 c NV1201 Tracer K4 1.00x 107 N2540

LYN c NV1551 Tracer K4 320 10°? N2540
EPHB6 C kind gift of Promega Tracer K4 1.00 % 107¢ N2540
MAPK3 N NV1671 Tracer K§ 5.00 x 1077 N2530
NTRK1 C NVi811 Tracer K§ 2.00% 107 N2530
GSK3B N NV3201 Tracer K8 1.00 x 1077 N2820
GSK3A N NV3191 Tracer K8 2,00 x 1077 N2820
LRRK2 c NV3401 Tracer K9 1.00 x 10°* N2830
CLK2 c NV1141 Tracer K9 4.00 x 1077 N2830
CLK4 c NVI151 Tracer K9 2,00 x 1077 N2830
MAP3K14 c kind gift of Promega Tracer K9 1.00 % 107¢ N2830
TTK C NV2191 Tracer K9 7.00 % 107 N2830

Organoid Culture. R i les from col | cancer colonies were counted with Image] software. Linear regression

atients were provided by the Umwmty Cancer Center Frankfurt
f UCT). All materials were collected after prior written informed
consent as part of the interdisciplinary Biobank and Database
Frankfurt (iBDF) and the study was approved by the institutional
review board of the University Hospital Frankfurt (ethics vote: 4/09;
project numbers SGI-12-2018 and SGI-10-2022). Patient-derived
organoids were eltxbhshed and cultured as previously described.*’
Briefly, medi d d DMEM/F12 supplemented
with 10 mM HEPES, 1x Glunmax, 1x penicillin/streptomycin, 2%
B27, 12.5 mM N-acetylcysteine, 500 nM AS83-01 (R&D Symnn), 1o
4M SB202190 (Sigma-Aldrich), 20% R-spondi

analysis was performed with GraphPad Prism to estimate the number
of organoids /2000 input cells. To evaluate the seeding uniformity, the
coefficient of variation was calculated on the raw data from the entire
96-well plate. Pearson correlation was used to calculate the
reproducibility between two replicate plates from lized values
of each replicate.

The DCP library was stored at —80 °C in 5 L volume in DMSO
in a 96-well plate format at the following concentrations: 1, 2, or 10
mM. On the day of treatment, the stock plates were further diluted to
a final concentration of 0.1, 0.2, or 1 gM. Tumor and noxmal

medium, 10% Noggin conditioned medium, 50 ng/mL human EGF
(Peprotech), and Wnt gate (35 ng/mL, # N001-05 mg
ImmunoPrecise) was used for both tumor and normal organoids. Y-
27632 (10 uM) was added to the medium for the first 3 days after
passaging.
Compound Screen in Patient-Derived Organoids. To
dardize the input organoid number for compound screen, we
performed colony formation assay for each tumor-normal pair by
seeding 500, 1000, 2000, and 5000 live cells/well in 15 uL 90%
Matrigel (Corning) in 96-well round bottom plates (Sarstedt). A 100
AL /well medium was added to the cells and the plate was sealed with
Breath-easy mmblmes (Slgma—A]dnch) fo mld medmm mpo-
ration. O ids were with
Accutase (Thermo Fischer), and single cells were filtered (40 ym,
542040, Greiner). Morphological images from three wells were
collected (2x objective, EVOS Fl, Life Technologies) after 7 days and

ids were harvested, singularized by
ﬁltexed, and counted. The seeding organcid cell mumber was
calculated for each line, to optimally obtain 300 org/well. Cells
were embedded in 15 uL of Matrigel and seeded in 96-well round
bottom plates, as described above. The medinum was changed after 3
days and the library was admini d with an ic multichannel
plpette (Integra Mini 96) The expenmmt was stopped after 4 days of
s were taken, and cell
vnablllty was aseued using CellTlter-Clo assay (Promega) following
Badk d
on a SpectraMax |D3 Microplate Rzadet (Molecular Devices). The
data were normalized to the DMSO control and centered for each
replicate plate. The plate centering factor is indicated in the raw data
in Table S8.
For validation of the hit c ds, three hed tumor and
nomal organoids were used. DMSO stock compounds (10 mM)
were stored at —20 °C. Organoid cells were seeded as above, in

833 i 10.2000877
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technical triplicate, in 96-well plates. On day 3, the medium was
changed and compounds were dispensed with D300e digital dispenser
(Tecan) in 7-point dilutions ranging from 0.01 to 10 M in a
logarithmic scale. The DMSO content was normalized to the highest
class volume in all wells, not exceeding 1% of the final volume. Cell
viability was assessed after 4 days using the CellTiter-Glo (as above).
Raw data were normalized to the average of 12 DMSO controls
present per plate. Dose—response analysis and ICy, data were
generated in GraphPad Prism.
3D Liver Spheroid Culture. PHH were seeded in ultralow
attachment plates (faCellitate) with densities of 1500 cells per well in
William’s E medium (Gibeo) suppl d with 2 mM r-gh
100U/mL penicillin, 100 ug/mlL streptomycin, 10 yg/mL insulin, 5.5
pg/mL transferrin, 6.7 ng/mL sodium selenite, 100 nM dexametha-
sone, and 10% fetal bovine serum (EBS) as previously reported.’
Self-aggregation occurred within 1 week. Subsequently, spheroids
were treated for 7 days with FBS-free media containing the DCP
pounds at two (1 and 10x). Cells were redosed
atday3 and cell viability was measured at day 7. Cell viability was
assessed by measuring cellular ATP using the CellTiter-Glo
Luminescent Cell Viability Assay kit (Promega) with luminescence
reading (RLU). Toxicity was defined on the basis of heteroscedastic
two-tailed t-tests between treated spheroids and controls and
ds were classified as h ic if they resulted in a
ltaumcally significant reduction of viability below 80% of control
levels.

B ASSOCIATED CONTENT

Data Availability Statement

All data are readily accessible via the accompanying website

and database https://www.sgc-fim.uni-frankfurt.de /.
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The Supporting Information is available free of charge at

https: //pubs.acs.org/doi/ 10.1021/acschembio.2c00877.
Representative curves for NanoBRET on-target and off-
target profiling of donated chemical probes and negative
controls (Figure S1); assay development for DCP
screening in PDO models (Figure S2); and compound
screening in patient-derived organoids (Figure S3)
(PDE)
Annotated list of 97 donated chemical probes induding
the target, affinity, and selectivity data, as well as
recommendations on usage and control compounds
(Table S1) (XLSX)
Receptor screen (GPCRs and ion channels) for donated
probes and negative controls (Table S2) (XLSX)
Kinome-wide screening of donated probes and negative
controls (Table S3) (XLSX)
NanoBRET on-target and off-target profiling of donated
chemical probes and negative controls (Table S4)
(XLSX)
DSF kinase panel comprising 86 kinases performed for
the IRAK4 chemical probe GNE 225 and its inactive
control GNE-6689 (Table S§) (XLSX)
Cell health screen assessed by multiplex assay for
donated probes and negative controls (Table S6)
(XLSX)
Toxicity effects of compounds in HEK293T, U20S, and
MRC-9 cells vs primary human hepatocytes (Table S7)
(XLSX)
Donated chemical probes screening in patient-derived
organoids (Table $8) (XLSX)
Summarized data of the donated chemical probes
screening in patient-derived organoids (Table S9)
(XLSX)
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ABSTRACT: Sqiae/thxeonine Idnau 17A (death-associated lllumlnaﬂng the Dark Kinome
protein kinase-related in kinase 1—
DRAK1) is a part of the death-associated yroedn kinase (DAPK)
family and belongs to the socalled dark kinome. Thus, the current
state of knowledge of the cellular function of DRAKI and its
TR hophysiological p is very limited
Recently, DRAK1 has been implicated in tumori is of
glioblastoma multiforme (GBM) and other unoem, but no
selective inhibitors of DRAKI are available yet. To this end, we
optimized a pyrmb[l,s-a]pyrinidhe-based macrocyclic scaffold.

Structure-guided op yclic scaffold led to
the development of CK156 (34), whkh dsyhyed high in vitro
potency (Kp = 21 nM) and selectivi vid Crystal structures demonstrated that CK156 (34) acts as a type I
inhibitor. Hmw,oomarytolmdha udnggmeﬁcknockdwn of DRAKI, we have seen the inhibition of cell growth of glioma
cells in 2D and 3D culture only at low micromolar concentrations.

Ll Metrics & More | @ Supporting Information

" CK156 a Chemical
Tool for DRAK1:

lular potency
on DRAK1 = 182 nM
s&cMySeore(ss) 0.005

1. INTRODUCTION

Since the first clinical approval of the small-molecule kinase
inhibitor imatinib in 2001, the ber of kinase inhibi

entering clinical trials has increased dramatically. Kinases are
among the most promising drug target families for various

in_acyclic oonvenﬂoml inhibitors”'® As a result of the
conformati iction, the pic costs during binding
can be reduced, which bly leads to an increased
unangamuq»dnmgtpm" Despite the loss of
ﬂuibility macrocycles are far from being rigid and can

also' with dynamic binding sites in proteins.'

types of human diseases because of their critical function in
cellular signaling pathways.'™* Besides their role in oncology,
kinase inhibitors have now also emerged as therapeutically
approved agents for the of other di such as
autoi and infl y di S All currently
approved inhibitors target the enzymatic activity of the kinase,
thus prennﬁng yhospbotyladon of dowmtteam dgmling
events by inhibition.” The kinas

catalytic process is dcpmdem on ATP, which binds to a hiﬂaly
conserved active site located between the N- and C-lobe of the

iyic domain. Consequently, the development of highly
!d‘Cﬂ'! ATP : " 2l h hall, 3
ATP-mimetic kinase inhibi are often flat hy&oybobk

molecules with many rotatable bonds. One possibility to
improve and control shape compl ity and to lock a
bioactive inhibitor conformation is the introduction of
macrocyclization. Macrocyclic kinase inhibitors typically

ntain an ATP-mimetic ph phore, which is ined
by alinker of 12 or more atoms that connects flexible moieties

© 2022 American Chemical Sodety

< ACS Publications
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M lization strategies not only allow the

morhlaﬁon of inhibitor potency and oelecdvlty but thcy abo

enable optimization of physiochemical and p

pmperﬂes such » solubility, lipophilicity, metabolic stability,
bioactivity.'?

Serine/threondne kinase 17A (STK17A), also known as
death-associated protein kinase-related apoptosis-inducing
protein kinase 1 (DRAK1),'* belongs to the family of death-
associated protein kinases (DAPKs) along with DAPKI,
DAPK2, DAPK3, and DRAK2. DAPK1 is the most studied
kinase of this small family. DAPK1 regulates many different

Received: January 30, 2022
Published: May 24, 2022
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RIPK2 CK2

0oD36 scaffold (Compound 13) Solvent pocket optimization Activity on DRAK1

Compound 14 DRAK1 inhibitors
Back pocket optimization

Figure 1. Schematic overview of the development of DRAKI inhibitors by exploring the back pocket. Pyrazolo[ 1,54 Jpyrimidine-based RIPK2

inhibitor OD36 was used as a starting point to develop an unselective macrocyclic core scaffold. Optimization of interactions in the solvent pocket

Whmh@ﬂymmmml&” Modification of the back pocket interaction in this study identified the lead structure (14),
inhibitors.

which lead to selective DRAK1

Figure 2. Structural features of the DRAK1 complex with 14 (A) overall view of 2 monomer of the co-crystal structure of DRAKI with the
macrocyclic lead structure 14 (PDB: 7QUE). The main structural elements are labeled and 14 is shown in stick representation (ornge carbon

-wm)mhhs!wduhwedhwy-dtﬂwu

14 using the same color-coding for structural elements as

the backbone nitrogen of A141. An additional hyd: bond i cti

the aC-helix in green, and the DEG motif in yellow. (B) Bi mode of
in (A). The ligind binds the hinge forming a hydrogen bond (dashed line) with
was formed b the carbonyl o; of the amide and the side chain

&3 Xygen
amine of the catalytic lysine (K90). The benzylamide motif extends into the back pocket (C). (D) §  alig of key residues in the ATP
binding pocket of the DAPK family. Residues highlighted in yellow marked differences compared to DRAKL

cellular p , such as autophagy'’ or apoptosis,'® and
additional functions have been reported.'” The kinase domains
of DAPK2 and DAPK3 are highly conserved compared to
DAPK1 sharing 83 and 80% identity at the amino acid level,
respectively, whereas the kinase domains of DRAKI and
DRAK2 are only 48 and 51% identical in sequence. The closest
family member of DRAKI is DRAK2 with 66% sequence
identity in the kinase domain, whereas the other DAPKs (1-3)
share only 46%, respectively, 45 and 45% sequence identity in
the kinase domain to DRAKI1 (sequence alignment was

performed using Clusta Omega software'®). However, while
the N-terminal catalytic kinase domains share high similarity,
the C-terminal regulatory domains of DAPKs differ substan-
tially,"” responding to different stimuli for induced cell death in
a context-dependent way.” For example, in testicular cancer
cells, cell death is induced by DRAKI as a result of reactive
oxygen species, induced by cisplatin in a pS3-dependent
manner.. DRAKI is mainly localized in the nucleus where it
interacts with p53. Nevertheless, DRAKI can translocate into
the cytosol upon the activation of protein kinase C (PKC) and

hpss/dotorg N0IR/: hem 2c00173
r Chem. 65, TT99-T817
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Scheme 1. Synthesis of Macrocydic Compounds (14-26)*
A
Z NN Z NN 14:R'=H R*=H R*=H R'=H
& ale 15:R'=Cl  R?=H R®=Cl R'=H
N =2 @ 16:R'=F  R2=H R=ClI R‘=H
_— 17:R'=CH; R?=H R*=Cl R*=H
o 18:R'=H R*=Cl R®=H R*=Cl
Lo o 19:R'=H R?=Cl R®=H R*=F
HO' 20:R'=Cl R2=Cl R¥'=H R'=H
21:R'=F R?=cl R®=H R*'=H
13 )
RI
R L2
22:R'= R2 = 1-Naph
23:R'=CH, R?=Ph
(@ 24:R'=CHy(S) R?=Ph
25:R'=CHy(R) R2=Ph
26:R'=CH; R?= 1-Naph
“(A) Bemyl amide-based d and (B) phenylethan- and maphtylmethyl/ethylamide-based d Reagents and general conditions: (3)

(1) HATU, DIPEA, dry DMF, argon atmosphere, 1 b, rt. (2) Conwpondlngnlm. 18 h, rt.

DRAK1 mnahobefmmdinnﬂtochmdxhhwacﬁngwiﬂitbe

been used for the development of macrocyclic inhibitors

anti-apoptotic P
(ANT2).” In NIH3T3 cells, an overexpression of DRAK.I
induces morpholog.cal changes that are characteristic for

of cytoplasmic DRAKI in head
and neck squamous cell carcinoma (HNSCC) leads to the
negative regulation of a tumor suppressor function of TGE-#1.
This is achieved by binding to Smad3, which is tial for

RIPK2 and ALK2, and we used this scaffold recently

for the development of a highly selective inhibitor targeting the
kinase CK2.”'""® These studies demonstrated how small
modifications in lic inhibitors can result in significant

differences in selecdvity With this study, we report the
based optimization of the CK2 inhibitor IC19*!
h an l K} d’ olo b8 e DR.KI o N RS CKI“

transforming growth factor beta (TGF-f1) signaling.”
Compared to the normal brain tissue, DRAK1 is overexpressed
in multiple gliomas, with the highest expression levels
occurring in glioblastoma mn!dbrme (GBM), promoting cell
proliferation, migration, and to g ic agents in
GBM.*#*%

To date, no selective DRAKI inhibitors have been rep
but DRAKI1 has been identified as an offtarget for several
inhibitors directed at other ki For i the highly
potent MNKI1/2 inhibitor tomivosertib (eFT508) (ICyy: 24
and 1 nM, reapecthely, on MNKI1/2) inhibits also DRAK1
with an ICg of 131 nM.*® Other examples are the aurora A/B
inhibitor AT9283 (DRAKI1 ICg,: 10~30 nM) and the TBK1/
IKKe ishibitor BAY-985 (DRAK! IC;e: 311 aM)."™*
Recently, Picado et al. have developed a chemical probe for
DRAK2 (ICg: 34 nM) with good selectivity against the
kinome and weak activity on the related DRAKI isoform
(ICq: 4700 nM).™ The selectivity between the DRAKI and
DRAK2 isoforms has been surprising, considering the high
degree of sequence conservation.

A versatile pharmacophore that we already utilized ior the

)

(34) vl:nnopﬁmhzdonofback pocket interactions (Figure
1). The cellular activity on DRAKI was confirmed to be in the
nanomolar range by a NanoBRET target engagement assay
and a high-content screen revealed only a minor cytotoxicity
(>10 pM) in four different tested cell lines. Surpdsingly
studies in GBM cell lines showed that selecti

DRAKI1 Hnaseacuvityhdmeamadidnotmukinthe
expected cellular phenotype and toxicity reported by DRAK1
knockdown experiments sugadngthttheennlyﬁcfuncdon
of DRAKI is not required for cell survival.”

2. RESULTS AND DISCUSSION

2.1. identification and Verification of Pyrazolo[1,5-
alpyrimidine-Based Macrocycles as DRAK1 Inhibitors.
The starting point for the development of a series of selective
inhibitors targeting DRAK1 was the non-selective macrocyclic
inhibitor IC19, which was based on the well-established
pyrazolo[1,5-a]pyrimidine scaffold. ™ In our previous work,
we have shown that the carboxylic acid in IC19 was crudial for
CK2 activity. Initial modifications of the carboxylic acid motif
tovmd the back yocket, via amide coupling using N-

develoymmt of potent kinase inhibi are [1,5-
idines.™ This ile hinge bindingmonetyhasalso

alpy
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hth‘"L SN AR P2 (14)
revealed significant a\:ﬂvity of compotm& for DRAK1 in
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Scheme 2. Synthesis of Macrocydic Compounds (27-34)“
A
2NN NN :R'=H R? = Pyridin-3-y!
,C =/ f ~/ 28R =H RY = Pyridin-4-y
HN™ °N (a) HN™ N 29:R'=CH3 (R)  R?= Pyridin-4-yl
. 30:R'=CHy(S)  R?= Pyridin-4-yl
o ° 31:R'=H R? = Quinoline-4-yl
P ko L o
HO HN
13 gt R
B
Z~n-N 32:R'=H
L\ @ 33:R' = CHy
(a) Hrlc\l N 34:R' = C(CHg)3

.(A)II A
atmosphere, lh.n.(z) Corresponding amine, 18 h, rt.

HN

and (B) small amide derivatives. Reagents and general conditions: (a) (1) HATU, DIPEA, dry DMF, argon

differential scanning fluorimetry (DSF) assays. Even though
the initial compound (14) was not selective for DRAKI, it
inhibited only few off-targets and showed no activity against
the closely related family member DRAK2 and DAPK3
another member of the DAPK family (Figures 1 and 3). In
order to guide further optimization of 14, we solved the
structure of DRAKI in complex with 14 (Figure 2). To our
knowledge, this represents the first crystal structure of the
catalytic domain of this kinase. The structure of DRAKI
showed high structural similarity with DRAK2. Comparison
with the DRAK2 qmeﬁn oonyhx (pcb—lD 3LMN) revealed
similar str the l, non-
conserved two small beta sheets located N-terminal to helix
aC. Interestingly, the structure of DRAKI revealed an
activation loop exchange with a second kinase domain located
in the asymmetrbc unit. This uuusud conformation has been
d wihad br g + cHvati at non-
consensus sites located in the activati includi

the DAPK family member DAPK3.** Indeed, in the

to the conserved back pocket lysine (K90) in the f3-strand. A
surface representation of DRAKI co-crystallized with 14

led a large pied back pocket, to which the benzyl
moiety of 14 was podndng A structural alignment of the
DAPKs confirmed that DAPK1~3 differed significantly from
DRAK1 and DRAK2, whereas the ATP-binding pocket of
DRAKI shared high similarity with DRAK2.

2.2. Synthesis of Macrocyclic Pyrazolo[1,5-a]-
pyrimidines. Based on the structure of DRAKI with 14,
further efforts were made to explore the back pocket and a
aenes of macrocycles were synthesized, by focusing on the

ization of the carboxylic acd of IC19. Modifications
were introduced via amide coupling using HATU under basic
conditions in DMF. The synthesis of the macrocyclic core
scaffold 13 yrogeaed by employing the synthesis route
already hed and d “‘L”’(“‘- S1). In the first
series of our optimization, various benzylamide derivati
were introduced (15-21). These molecules were substituted
at the 2 positions of the pendant ring system by introducing

observed conformation, T226 is positioned in the sut
binding site of the interacting ptotomet. However, whether
DRAKI requires phosphorylation at this position for full
catalytic activation is not known. T226 is conserved in DRAK2
(T198). In the active conformation of the activati ta
phosphorylation atmwoddsealxliumintemcdonwkha
lysine residue (K188) in the catalytic loop following the HRD
(HLD in DRAK1) motif resulting in the stabilization of the
substrate-binding site.

The binding mode of 14 revealed that it interacted with the
ATP binding pocket of DRAK1 as a canonical type I inhibi

chlorine, fluorine, and methyl groups (Scheme 1A). A
(AP 1 __1.. +h id. 2 a l- (naphtbalen—l-yl)
ethanamide (26) as well as lpben)kthammides (23—25)
with different i lized in a d series
of DRAKI inhibitors in order to &vusify the inhibitor more at
this ley podﬁon (Scheme 1B). In a third series, hetero-
hesized (Scheme 2A). For this

purpose, pyridin-3 -ylmetbanamines, pyridin-4-ylmethan-
amines, 1-(pyridin-4-yl)ethanamines (R and S conformation),
and quinolin4-ylmethanamines were reacted via an amide
ling at the carboxylic acid to obtain the corresponding

which was anchored via the pyrazole nitrogen to the backbone
nitrogen of Al4l located in the kinase hinge region. An
additional hydrogen bond was formed by the carbonyl oxygen

oom'pomds 27-31. Small non-aromatic amides were intro-
duced in the fourth series. For this, ammonia, methanamine,
and 2-methylpropan-2-amine were used as educts. The

hﬂvl&ln llﬂ.lﬂl/wmln
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Scheme 3. Synthesis of Macrocydic Compounds with Heterocyclic Residues (35 and 36)
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“Reagents and general conditions: (a) (1) HATU, DIPEA, dry DMF, argon atmosphere, 1 b, rt. (2) Corresponding amine, 18 h, rt.

resulting compounds 32—34 are shown in Scheme 2B. In the
last series, heterocyclic amides were introduced via amide
coupling and compounds 35—36 were obtained (Scheme 3).

2.3. Structure—Activity Relationship of Pyrazolo[1,5-
alpyrimidine Macrocycles. To assess the binding and
selectivity of the synthesized compounds agaimt DRAKI and
potential off-targets, a DSF assay was performed.’” Using this
sensitive assay that determines target protein stabilization by
inhibitor binding via a shift of the melting curve (higher shift
corresponds to higher stabilization and hence higher affinity),
the macrocycles were tested against DRAK as well as against a
panel of 44 diverse kinases (final protein concentration: 2 uM;
final inhibitor concentration 10 uM) in order to assess initial
selectivity of the synthesized compounds against the kinome
(Figure 3/Table S1). In a first SAR-series, the substitution

pamrnanhebmylmoietywas lored by the introducti
of mainly halog d and idues and the AT,
shifts were ed to p ‘l4durhgtbe

complete SAR. Onl'ythe double dﬂodnated derivatives in the
ortho and meta positions (20) led to small AT, shifts
suggesting loss of activity against DRAKI, whereas 16, 18. and
21 showed about the same shift, and 15, 17, and 19 lead to
higher shifts. The selectivity of 15 showed imp in
selectivity against our screening panel with just 4 kinases
identified with AT, shifts large than § °C, but the potent
DRAKI1 inhibitors 17 and 19 sh d broad activil
strongly with 6 and 12 kinases, respectively.

In a second SAR-series, we introduced bulkier aromatic
residues, such as the 1-napththyl derivative (22) but also more
branched moieties (23—26), by the introduction of an
additional methyl group in the benzylic position. Whereas
both 1-naphthyl derivatives (22 and 26) showed smaller AT,,
shifts for DRAKI, the introduction of the additional methyl
group in benzylic position 23-25 (rac. S, R) resulted ina

1

.3

significant AT,, shifts. Therefore, all in all for compound 34,
just 3 kinases have been identified with AT, shifts >5 °C
(namely, DRAK], BIKE, and AAKI; Table S1). In a last
clic derivatives 35 and 36
were sy tive i tions with the
back pocket. He , the introduction of the het k
derivatives (35 and 36) dramatically decreased the aﬁrdty of
these macrocycles toward DRAK1 and most kinases in our
DSF panel. These very low affinities toward DRAKI1 provided
a potential use of 35 and 36 as negative control compounds. In
our DSF selectivity panel, the NAK kinases (AAK]1, BIKE, and
GAK) were identified as potential off-targets for most
compounds of this series. Compared to 14, the aﬂ'mity mwd
aurora-B was reduced by introduciny
derivatives. Intriguingly, none of the compounds showed a
significant shift for the closely related DRAK2. In conclusion,
the established SAR series revealed that modifications at
moieties interacting with the back pocket increased both
binding affinity for DRAKI and selectivity within the chosen
lectivity panel. C ds 23, 30, and 34 achieved the
highest AT,, shifts for DRAKI. The introduction of the methyl
group in the benzylic position (23) as well as in the pyridine
derivative (30) led to a similar increase in binding affinity as
judged by AT, shifts as observed for the highly selective tert-
butyl derivative (34) (Figures 3 and 4).

24. CK156 (34) and CK228 (30) Show Excellent
Potency for DRAK1. In order to determine the affinity of the
two most g DRAKI inhibitors CK228 (30) and
CK156 (34) in solution, we used isothermal titration
calorimetry (ITC) (Figure 5). Both compounds revealed low
Ky, values of 9 nM (30) and 21 nM (34), respectively. These
data were in good agreement with the AT, shift data that
showed shifts of 12.3 and 113 °C, respectively (Table 1), that

flects a higher AT, shift leads to lower Ky, values. An

o ol 1+,

significant increase in AT, shifts F y 23
(rac) and the (R)-enantiomer (25) were Jess selecﬂve in this
kinase panel.

In a third optimization step, more heteroaromatic derivatives
were synthesized (27-31). Increased AT, shifts were
identified for the pyridine derivatives 27-30. Again, the

interesthg aspect of ITC data is that the bindin
mics of the inhibitor i ion can be d

The mtbalpk contributions to the binding were oonpuabk

for 30 and CK156 (34) showing large

dnnges upon binding indicative of favorable polar interactions.

bulkier quinoline (31) was not tolerated. This confirmed the
trend already observed for 20, 22, and 26 revealing that large
asymmetric residuals were not preferred at this position. In a
fourth SAR-series, we removed the benzyl moiety in 14 and
introduced smaller motifs at the amide (32—34). The switch
to small amidic residues (32-34) revealed a significant
increase in binding affinity. However, small amide 32 was
the least selective derivative of this series likewise the N-methyl
amide (33) interacted with a significant number of additional
kinases. Intriguingly, the bulkier fert-butyl moiety in 34 had
excellent selectivity with just 2 other kinases that showed

178

7803

gly, the changes in entropy upon binding (TAS) were
also negatln, contributing to binding These data suggested
that macrocycli of these compounds reduced compound
flexibility and most likely stabilized a conformation close to the
bioactive conformation.

We tested compounds 14, 23, 30, and CK156 (34) in
BPpanQinase enzyme kinetic assays provided by ProQinase
(reaction biology Europe; Table S11). This commercial assay
format represents a plate-based variant of a scintillation
g;xinity assay (SPA). In this radiometric activity assay, a

labeled phosphate of ATP is transferred from the kinase to

hﬂvl&ln I!Q.lml/w
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graphic below the AT, shift panel shows temperature shifts compared to the lead 14 (green imp ent, yellow unchanged, and red less
y). Also, the selectivity within the panel of 44 kinases, is shown, respectively, which comespands to the number of kinases with a
AT_-shift > § °C. The values of the AT, shifts are listed in Table SL

the kinase substrate.’*” The resulting ICy, values confirmed vhereas inhibitor potency was significantly improved for 23
the potency of the inhibitors for DRAKI1. The lead compound and 30 with ICy, values of 31 and 15 nM, respectively. The
of our optimization 14 showed an ICy, value of 155 nM, potency of CK156 (34) was slightly below that of 23 and 30

7804 hpss/dolomgNOIm1/; hem 2c00173
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Figure $. Binding affinity of CK156 (34, panel A) and CK228 (30, panel B) d dbyITC led low lar binding affinity of these

compounds for DRAKI. The chemical structure of the two compounds is shown in the lower panel.

but it was still in the low nanomolar range with an ICy, of 49
nM. Compared to the ITC experiments, the data in the
33panQinase assay (by ProQinase) were in good agreement
with determined binding constants as well as with the DSF
data (Table 1).

2.5. CK156 (34) Is a Highly Selective DRAK1 Inhibitor.
After having obtained promising selectivity data for com-
pounds 23, 30, and 34 in our DSF selectivity panel, their

7805

180

selectivity profile was determined in the kinome-wide
KINOMEscan assay by Eurofins, For comparison of the
selectivity profiles, the lead structure 13 and the parental
compound 14 was also screened for this SAR study. The
scanMAX panel covers 80% of the human kinome and
included 468 kinases. The compounds were screened at two
concentrations (0.1 and 1 uM) except 30, which was only
screened at 1 yM (Figure 6 and Tables $2-59). The

hpss/dotorg N0IR/: hem 200173
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Table 1. Binding Affinities of the Promising Compounds 14, 23, 30, and 34—36 against DRAK1 from Various Assay Platforms
(DSF, ITC, ¥PanQinase, and NanoBRET) and Affinities against the Main Off-Targets CK2a1 and CK2a2 Identified by

KINOMEscan®
DSF T, +hift 1TC Ky, BpanQinate ICy, NanoBRET ICy, KINOMEscan $;,
compound DRAKI CK21 (K222 DRAK1 DRAK1 CK2at CR2a2 DRAK1 CK2al CR222 100 nM/1 pM
13 79 106 13 -/026
14 93 17 49 155 aM 171 oM 0.03/009
23 121 -09 19 31 oM 71 aM 0.02/0.05
30 123 12 01 9nM 15 M 70 aM -/Q18
M4 13 08 23 U oM 49nM 950nM  380aM  182aM 34 M 39aM 0.005/0.02
35 21 03 09 >45 pM
% 30 11 25 >45 iM
“Compared to the clic ground 13, all compounds showed an imp aﬁdtymmndlDRAKllnﬂuDSFamy The potendes
hﬂuonlnarugeofbwtwo—d@tmdbwdlud@!nwmdu'l‘heodlduaﬁﬂdumha le range. All compounds show no
significant off-target affinities.
quantification of the selectivity of the compounds was based on bdnding into d'ne hinge region was only possible due to a

the selectivity score (S-score) calculated by the ratio of kinase
hits at a set cut off by the total number of tested kinases. A
value of 35% displacement (35% of Ctrl) was used as a potency
threshold resulting in Sy = (number of non-mutant kinases
with %Ctrl <35)/(number of tant kinases tested).*”
Whereas lead 13 also led potent inhibition of
DRAKI, it was highly unselective in the KINOMEscan assay at
1 4M (Sy = 026). Compounds 14 and 23 already showed a

confor in the hinge region. The hinge
region of DRAKI and the subsequent linker contains a very
small amino acid sequence (AAGG; see Figure 2D). Especially,

cine 143 (G143) was twisted in the binding mode of CK156
34) in comparison to the binding mode of 14 (see Figure
7B). This flexibility within the hinge region is unusual for a
kinase and just a few examples have been described in the

very low selectivity score (Sis = 0.03 and Sy = 0.02) at a
screening concentration of 0.1 uM. At an increased
concentration (1 uM), 14 (S35 = 0.09) bound to 41 kinases
(Table S4), which were almost twice as many as 23 (S =
0.05) (Table S6). Gratifyingly, compound 34 showed an even
better selectivity at both 0.1 M (Sy5 = 0.005) and 1 uM (Sys =
0.02). Surprisingly, the selectivity score of 30 at 1 yM was S
= 0.18, higher by a factor of 10 than that of 34, and 65 kinases
were bound. To validate the encouraging data 0f 23 and 34, an
enzymatic activity “PanQinase assay (ProQinase) was
performed. The activity of the off-targets CK2al and CK2a2,
detected in the KINOMEscan assay was 20-fold and 10-fold
weaker, respectively, than ICg measured for DRAK1 (Table
1). These data were in agreement with our DSF assay that
showed only weak AT, shifts for CK2. Intriguingly, from the
other two off-targets identified in our DSF-Panel, namely,
AAKI and BIKE (BMP2K), just the last-mentioned appeared
only at the higher screening concentration of 1 yM but not at
the lower concentration at 0.1 M. Thus, 34 showed an
excellent selectivity profile in two comprehensive binding and
enzymatic assay panels, apart from very weak activity on the
off-targets GAK and BMP2K and the closely related DRAK2 at
a screening concentration of 1 yM.

Supporting the high selectivity in kinome-wide screens, the
crystal structure of compound CK156 (34) revealed excellent
shape complementarity with the DRAKI active site (Figure
7A). As expected, similar to the benzyl residue of 14, the tert-
butyl residue of CK156 (34) was pointing toward the back
pocket of DRAK1 and hydrogen bonds with the hinge region
and lysine K90 were conserved.

The alignment of DRAK1 co-crystallized with CK156 (34)
and 14 revealed interesting features of the binding mode of
CK156 (34). It seems that due to the smaller tert-butyl mo
(34) in comparison to the benzyl moiety (14), CK156 (34
can bind deeper to the hinge region (see Figure 7B). In
addition, a slight conformational change of the P-loop was
noticed in the case of 14 (Figure 7C). However, this deeper

lit  for le, for Skepi L, a highly selective p38
inhibitor, ** where a complete gycine flip in the hinge region
has been observed. This was not observed in this manner for
CK156 (34) and may indicate a level of flexibility in the back
pocket. As summarized, we have seen that DRAKI covers
some flexible regions in the ATP-binding pocket that might
explain the promiscuity of DRAKI to other kinase inhibitors.

2.6. NanoBRET Confirmed CK156 (34) as a Highly
Sdectlvn md Potent Inhibitor in Cells. Due to the

i vide selectivity data and the low nanomolar
pooency,thc odluhracﬁvkyofz:&andum assessed in the
NanoBRET target engagement assays. This method represents
a tracer disphoement assay meamd in live cell systems.
Hence, the q of compound binding is
performed under physologal ATP concentrations using full-
length kinases and allows the determination of ICg, values in
cellular environments. We tested compounds 14, 23, 30, 34—
36, and porine as a positive control in the DRAK1
NanoBRET assay. The IC, values for 23 and 30 were similar
to 70 and 71 nM, respectively, and 14 and 34 showed ICg,
values of 171 and 182 nM, mgcﬂwly. Compared to the
values determined with ITC and *PanQinase assays, there was
a marginal drop in potency between enzymatic assay data and
cellular NanoBRET values suggesting excellent cell penetration
of these inhibitors (Table 1). Staurosporine showed an IC,
value of 54 nM, which was comparable to the published in
vitro data.”® To evaluate the possible off-targets identified by
KINOMEscan, further NanoBRET assays with CK2al, CK2a2,
GAK, BMP2K, and DRAK2 were performed. The ICg, values
were more than 30-fold higher compared to potencies
measured for 34 against DRAK1 (Figure 8). As expected, 35
and 36 showed no significance in eel!ulo acﬁvlty on DRAKI
(ICs > 45 uM) and are predesti P g
negative control com ds for 34 (CK156)

2.7. Cellular Effects and Cytotoxicity of DRAK1
Inhibition. In CK156 (34), we have identified the first potent
and selective DRAKI inhibitor. Despite the fact, that DRAK1
belongs to the understudied kinases, some potential biological

h'vl&ln nmmlwmnmmn
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Figure 6. Selectivity profile of pyrazolo[1,5-a)pyrimidine-based

es for the non-selective macrocydic core

Shown are selectivity profi
structure 13, the lead structure 14 as well as the compounds 23, CKISG(M),deKZBS (30). The panel included 468 kinases and displacement
data were measured in the KINOMEscan assay (Eurofins) at 0.1 and 1 M, respectively. The red drdes represent the displacement of the control

anddwlrm d lothe*"‘j' {small value corresponds to high potency) as indicated in the figure. The $-score quantifies the
lectivi threshold of %Ctrl = 35% [$;5 = (number of non-mutant kinases with %Ctrl <35)/(number of non-
muumhmumd)]

effects have been attributed to DRAKI in the literature,
DRAthasbeendecdbedwbehighly Xp d in

compound with the best selectivity and CK228 (30), the
ycle with the highest potency toward DRAKI, against

d to the | brain tissue and other cancer
cells™ Knockdown of DRAKI resulted in an alteration of the
cdl shape that is amodandwlth a decrease inpml:lﬁradoo,

jon. In addition, it was d

three different cell lines, human embryonic kidney cells
(HEK293T), osteosarcoma cells (U20S), and non-trans-
formed human lung fibroblasts (MRC-9) at two different

ions (1 and 10 yM) (Figure 9A). Cells were treated

and
that DRAK1 knockdown also sensitized GBM cells to DNA

damaging agents.™
To assess the efficacy of these highly selective macrocydlic
DRAKI inhibitors toward glioma cells, we first investigated
their effect on general cell viability using a multiplex high-
content assay simultaneously allowing the observation of
phenotypic effects (Figure 9). CK156 (34) was screened as the

182

with fluorescent dyes to detect apoptosis (Alexa Fluor 680
conjugate), nuclei/DNA (Hoechst33342 ), mitochondria fanc-
tion (Mito Tracker red), and microtubule effect (BioTracker
488 green microtubule cytoskeleton dye). Fl and
cellular shape were measured before compound treatment and
18 h (Figure 9C) as well as 36 h after exposure to the
compounds [CK156 (34), CK228 (30)], respectively, using

7807 imwdan nmm/wmln
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the CQl high focal mi pe (Yokogawa).
Staurosporine at a tion of 10 yM was used as a

Figure 7. Binding mode of CK156 (34) (A), alignment of 14 and 34
(B), view into the catalytic containing 14 and 34 from
direction of the back pocket (C), and electron density of 14 and 34
(D). The binding mode of the beige stick represented 34 in DRAK1
(FDB:7QyFimdkahoATPooupedﬂve(typel)anddt
pyrazolo(1,5-a)pyrimidine interacts with the hinge via the backbone
nitrogen of Al41. The catbonyl oxygen of 34 shows the same
interaction with the side chain 0of K90 as 14. Alignment of the binding
modes of 14 and 34 shows that 14 binds slightly deeper in the

pocket, ng in a slight defc of the hinge. In (C),
ltunbeoemdm,mmpuedmd:emalatat-buql residue of 34,
there is a slight displacement of the P-loop when 14 binds with the
space-filling aromatic system.

reference compound.

There were no significant cytotoxic effects apparent after 18
h of compound treatment with 1 uM of CK156 (34) or
CK228 (30), respectively, and the distribution of healthy
versus dying cells was simibr for CK156 (34)andCK228
(30), respectively, compared to 0.1% DMSO control (Figure
9B). At the higher concentration, a small increase in the
number of apoptotic cells was observed and the more potent
compound CK228 (30) showed a slightly lower cytotoxic
effect after 18 h at 10 uM compared to CK156 (34). After 36 h
no cytotoxic effects were observed at the lower concentration
(1 M) as well (Figure 9A). Treatment of cells with 10 uM for
36 h resulted in a slightly higher apoptotic rate for both
compounds shown in all three cell lines. However, the EC, in
all cells were higher than 10 uM except for CK156 (34) in the
human osteosarcoma cells (U20S) and no notable effect on
microtubule or mitochondrial was observed with any
of the compounds in all cell lines used. To sum up, at this
point, we have seen that these oompounds [CK156 (34) and

CK228 (30)] showed no ge oy city at 1 uM in the
tated cell lhea, whereas at 10 #M some toxicity was observed.
2 both ds were not tested in the

K]NOMBsan at 10 uM, we cannot completely rule out
whether these are some unspecific cytotoxic effects or if these
effects results from the inhibition of other kinases at the higher
concentration. To study the efficacy of these macrocycles in
glioma cells, we first analyzed the expression of DRAKI in five
different GBM cell lines (Figure 52). The cell lines LN-229
and D-247MG had the highest expression levels of DRAKI,
whereas T98G and LN-18 showed low expression levels.
Interestingly, U-87Mq, which has been shown to be sensitive
to DRAKI depleti also d relatively low
ofdﬂskinme.cdlvhbwtywayuofd:eae cell Hnesupoaadoo
CK156 (34) and CK228 (30) at a concentration range of 0—
20 pM in a dose-dependent manner were performed and
analyzed after 1 and 7 days of compound treatment,
respectively. The ECg, values for CK156 (34) were very
close (9—11 M), except for the activity toward DRAK 1 in D-
247MG cells (Figure 9D). Here, the ECy, value obtained was
2.8 yuM. Treatment of the cell lines with CK228 (30) resulted
in ECy values between 1 and 2 yM (Figure S3A). Surpriahgly,
these data did not correlate with the low nanomolar activity of
compounds 34 and 30 against DRAKI in the NanoBRET
assay. We also did not observe any alteration in the cell shape

Compound ICg, INM]

- 4 171282
- 2 AR
- 3 70218
# 34 (CK156) 182+22
- 35 >45 M
. 36 >45 yM

Figure 8. Cellubr potencies of dlo[1,5-a]pyrimidin

on DRAK1 and of CK156 (34) on potential off targets CK2al, CK2a2,

GAK, BIKE, andDRAKdeﬁnedbyNmehmﬂ cells. The respective ICy, values and errors are given in the figure legend. The
data of # = 4 for inhibitors profiled on DRAKI, except the negative control candidates 35and 36 asn=2,aswell asm=2

ﬁxdleoﬂ'-tzgetpmﬁlng,
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Figure 9. Live cell

P

content screen of HEK293T, U208, and MRC-9 celk. (A) Healthy cell count after 36 h of 10 and 1 M compound

exposure [CKIS6 (34), CK228 (30), and staurosporine] normalized to healthy cells exposed to DMSO (0.1%) in HEK293T, U208, and MRC-9

cells. Errar bars show standard error of the mean of quadruplicates.
healthy, apoptotic and dead cells after 18 h of 10 and 1 uM
the 0.1% DMSO control in HEK293T cells. (C)

was alclated a two-way ANOVA amalysis. (B)anonol

Significance
oowomdw[mﬁ (34), CK228 (30), and
htfield confocal image of stained HEK293T

staurosporine] in
dh*ul&hofwmdl;d\(oowomd

exposure [CKlSG (34), cxzu (30). staurosparine] in comparison to 0.1% DMSO control (blue: DNA/nuclei, green: microtubule, red:
and

marker). Add

| high content data shown in

Figure SL. (D) ECgp values of

CKlSG(M)andCKm (w)mgoumodlhu(uwmc,mw. LN-18, and T98G) after 7 d analyzed with resazurin.

P 14
as in kn i

of DRAKI1 in U87,
SF268, Al72, and U118 cells s Only minor changes in the

phology were ob d in the low exp g T98G cells
(ngm S3B). It therefore seems that an inhibition of the
kinase activity alone does not replicate the ob d phenotype
in GBM.

3. CONCLUSIONS

In this study, we demonstrated that modifications in a
pyrazolo[1,5-a]pyrimidine-based macrocyclic core scaffold
resulted in the development of a highly selective DRAKI
inhibi The introduction of space-filling benzylamide
derivatives interacting with the back pocket significantly
improved the kinome wide selectivity (KINOMEscan).

of DRAKI and led a classical type 1 inhit binding
mode, as expected. In cell viability assays, we observed that
CK156 (34) can be utilized as a chemical tool compound at a
concentration of 1 M without any cytotoxic effect in
HEK293T, U208, and MRC-9 cells. Only in U20S cells, we
have observed some unspecific toxicity at a higher concen-
tration of 10 uM. Previous experiments by Mao et al
demonstrated that the knockout of DRAKI resulted in
dramatic alteration in the cell shape™ This effect was
associated with decreased proliferation, clonogenicity, migra-
tion, invasion, and anchorage independent colony formation.
Ho , our selective tool compound CK156 (34) revealed
an ECg, below 10 yM and only showed an effect in one cell
line, D-247MG, which displayed the highest DRAKI1

xpression level (ECy = 2.75 yM). However, no correlation

Further resulted in highly potent inhibitors (23,
30) of DRAK1 with in vitro IC, valies of 31 and 15 nM,
respectively. The inflt of derivatization with small amides
on kinase inhibition was also i gated. Here, CK156 (34)
entered the spotlight as a potential probe candidate. Although
its potency with an in vitro ICq, value of 49 nM is somewhat
weaker than those of 23 and 30, it is still well below 100 nM,
whicbmsconddetedtheauuhforawcbmhd
probe.** CK156 (34) d bl
mtom;mm.mhs,‘-o.oo.s(mo:.M).mds,s 0.02(1
#M), respectively, and affinity to DRAKI.
Potential off-targets showed a 30-fold lower affinity for CK156
(34) in cellulo compared to DRAK! with an ICq, value of 182
nM. Crystallization experiments resulted in the first

between the DRAKI expression and the effect on GBM
viability or morphological changes was observed. Thus, it is
likely that scaffolding effects rather than kinase activity are
responsible for the phenotype observed in knockdown studies.
Stronger effects were observed for the more potent inhibitor
CK228 (30) (ECgo < 3 M) in all four GBM cell lines tested.
However, it is likely that these effects are not solely due to on-
target effects by DRAK1 inhibition but that they may be
related to offtarget effects, due to the lower selectivity of this
inhibitor (Sy = 0.18@1 uM).
Tnhnuogathet,mhniduﬂﬁedwﬂxa(l%(ﬁ)a
chenicdpmbeixDRAKl her with a suitabl
mpound (36). In previous work it has been reported
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that DRAKI is a novel candidate for th ti ing in Crystals grew at 4 °C within days and were mounted in predpitant

glioblastoma. However, our initial cellular results with this dditional 25% ethylene glycol for cryoprotect
4.4. Data Collection and Structure Determination. Difirac-

chemienl probe for DRAKI revealed discrepancy between the
ted knockdown . and chemical inhibiti
fowdiﬂ'eremGBM ed!Hnes. In future studies, itwouklbe
useful to evaluate more selective DRAKI inhibitors with
di&mt chemical scaffolds to identify if these results were
ompound-related or target-related effects of DRAKI inhib-
ldon.Gwen these insights, it is evident that further systematic
igation of the tiality of DRAKI in glioblastoma cell
HnesisvmmmedwdadfytherokofDRAKlinﬂomzmdw
define the potential for the prospective therapeutic application
of selective DRAKI inhibition. In addition, it would be
worthwhile to investigate the effect of inhibition of DRAKI by
small molecules also in other cancer diseases to assess the
therapeutic potential of DRAK1. We believe that our selective
chemical probe CK1S6 (34) will help to elucidate the
biological role of DRAKI.

4, EXPERIMENTAL SECTION

4.1. Coning and Expression. DNA encoding for human
DRAKI residues VS0—P350 was cloned into the kanamydin resistant
expression vector pNIC28-Bsa4 that indudes a N-terminal Hisgtag
and a TEV protease deavage site. DNA coding for residues A39—
E369 was cloned by ligation-independent doning into expression
vector pNIC-H102 that includes a N-terminal His;ptag, a TEV
protease cleavage site, and a kanamycin resistance gene. For the
expression of His- DRAKI, the plasmid was transformed into
competent Rosetta (DE3) Escherichia coli cells (Novagen). Cultures
were grown in a terrific broth medium at 37 °C until an OD g, of 1
was reached. The temp was reduced to 18 °C and after 30 min
of incubation, the protein expression was induced using IPTG.
Cultures incubated ovemight at 18 °C to allow for sufficient
expression. The cells were then harvested by centrifugation (6000
rpm, 1S min, 4 °C).

4.2. Purification. For the purification of DRAK Ixp, bacterial cell
pellets were resuspended in lysis buffer (S0 mM HEPES pH 7.4, 500
mM NaCl, 20 mM imidazole, 0.5 mM TCEP, and 5% glycerol) and
lysed by sonication (35% amplitude, 5 s pulse and 10's pause, and 12
min total pulse time). After centrifugation (23,000 rpm, 30 min, 4 °C)
to dear the lysate, the supernatant was loaded onto a Ni NTA
column. The column was washed with lysis buffer (150 mL) and His-
tagged protein eluted with lysis buffer containing 300 mM imidazole.
The protein was dialyzed overnight in 2 L dialysis buffer (S0 mM
HEPES pH 7.4, 500 mM NaCl, 0.5 mM TCEP, and 5% glycerol) and
the Hisgtag cleaved by adding TEV protease. The next day, the
cleaved Tag and the TEV protease were removed by loading the
protein solution onto a Ni NTA calumn. The flowthrough containing
the protein of interest was d and subjected to gel il
using a HiLoad 16/600 Superdex 200 pg gel fitration column
connected to an AKTA Xpress system with gel filtration buffer (20
mM HEPES pH 74, 150 mM NaCl 0.5 mM TCEP, and 5%

MMMwlemdamuudnmbmhmm
(Villigen, CH) at a wavelength of 10 A, analyzed, scaled, and merged
with the SLS automated data processing (adp) pipeline.*® Structures
were solved by malecular using Phaser* with STK17B
(PDB ID: 3LMO) as a model. The structure models was built using
Coot"” and refined using Refmacs.*® A summary of the crystallo-
data collection and refinement data can be found in Table
12 The models of DRAKI with 14 and 34 have been deposited to
the PDB and can be found as PDB IDs 7QUE and 7QUE.
4.5. Differential Scanning Fluorimetry Assay. Thermal
melting experiments were carried out as described previously’'
a Mx300Sp real-time PCR machine (Agilent). Proteins were
buffered in 25 mM HEPES (pH 7.5) and 500 mM NaCl and were
assayed in a 96-well plate at a final concentration of 2 uM in 20 uL
volume. Inhibitors were added at a final concentration of 10 uM
SYPRO-orange (Molecular Probes) was added as a fluarescence
probe at a dilution of 1 in 5000. Excitation and emission filters were
set to 465 and 590 nm, respectively. The temperature was raised with
awd3°€wmme,andﬁxwmd!mmnkm!
each interval. The temp depend of the fl was
appnaimmdb]d:eewadm

Yoy = 3, + [0, +2.)/(1 + ep(AuGr)/RT))]

where AuG is the difference in unfolding free energy between the
folded and unfolded state, R is the gas constant, and y; and y,; are the
ﬁlmhmdtyddleprdnlntheruenadwmﬂady
folded and unfolded protein, ctively*’ The b
dmhuedndmﬁvemmweumﬂmudbyalhu&'me
ohavedunper&mdlﬁ:.A‘l“‘ for each inhibitor, were recorded
as the difference b the sition midpoints of sample and
rduenawelsoomhhgdxepraehwldicm&eldﬂbtamdm
determined by nonlinear least-squares fit Measurements were
performed in triplicate.

4 6. Isothermal Titration Calori y. Th dynamic param-
eters of the interactions of 30 and 34 with DRAK1
(residues 39~369) were detemmined by ITC. After equilibration of
the sample cell and injection syringe with gel fitration buffer, the
compound solution (10~20 uM, prepared in gel filtration bufler) was
added into the sample cell and the protein (100 M in gel filtration
buffer) filed into an injection syrnge. The experiments were
performed at 15 °C with 30 injections of 8 uL each using 2 Nano
ITC (TA Instruments) device

4.7. NanoBRET Target Blgagemem Assays. The assay was
axtonned -ss descilbed ely>" In brief, faldength kinase
ORE claned in frame with a NanoLuc-vector (Promega, as indicated
in Table $10) was transfected into HEK293T cells (ATCC CRL-
1573) using FuGENE HD (Promega, E2312), and proteins were
allowed to express for 20 h. The serially diluted inhibitor and the
NanoBRET kinase tracer (P as indicated in Table $10) were
pipetted into white 384-well plates (Greiner 781 207) wsing an
ECHO 550 acoustic dispenser (Labcyte). The omupond.uﬁ

s odhweaddedndmeededdadeaﬂtyofzsxl

dywol)hoﬁnmmg&fyozl-mpodad gether and
4.3. Crystallization. DRAKI (residues 50~350) was co-crystal-
lized with 14 and 34, respectively, using the sitting-drop vapor

cells/mL after tr iz in Opti-MEM without
phenol red (Life 'redmolosiu) The system was allowed to
equilibrate for 2 h at 37 °C and §% CO, prior to BRET

To BRET, NanoBRET NanoGlo substrate

diffusion method 200 nL sized drops, containing the protein soluti

and reservoir solution in ratios of 2:1, 1:1, and 1:2, were set up ona 3-
well crystallization plate (SwissCl). For the co-crystallization
experiment of DRAK1 with 14, crystals were cbtained after mixing
the protein at a concentration of 15 mg/mL with the precipitant
solution containing 17% PEG3350 and 0.2 M ammonium formate in
a ratio of 2:1. Crystals of DRAK1 with 34 (CK156) were cbtained
a&amﬁngdlewdnatacowﬂlmof9mlmlvd&dt
PEG3350and 0.2 M ammanium
chbﬂdelaauuodl.zdpraehmthepradplmteolm

+ extracellular NanoLuc inhibitor (Promega, N2160) were added as
per the manufacturer's protocol, and fitered luminescence was
measured on a PHERAstar plate reader (BMG Labtech) equipped
with a luminescence filter pair [450 nm BP filter (doncr) and 610 nm
LP filter (acceptor)]. Competitive displacement data were then
plotted using GraphPad Prism 9 software using a normalized 3-
parameter curve fit with the following equation

Y = 100/(1 + 10((X~Log IC,)))

hﬂvl&ln llﬂ.lﬂl/wmln
65, 7799-T817
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4.8. Cy icity. To assess cytotoxicity as well as potential m(250wmlcotplhgmnu(])mrepmdhm
tubulin binding, a high content screen was performed in three Hz) and followed. s (singlet), bs

focal Yok, 3\

different cell lines using a (cQ,
HEK293T (ATCC CRL-1573) and U208 (ATCG'IM) were
cultured in DMEM plus 1-glutamine (high ghicose) supplemented by
10% FBS (Gibco) and PeniilSupromyin (Gibeo). MRC-9
fibroblasts (ATCC CCL-2) were cultured in EMEM plus L-glutamine
ted by 10% FBS (Gibco) and Penidllin/Streptomycin
(Gibco). For every cell line, 2000 cells per well were seeded in 384-
well plates in culture medium (cell culture microplate, PS, f-bottom,
puClear, 781091, Greiner). Cells were stained with 60 nM
Hoechst33342 (Thermo Scientific), 7S nM Mitotracker red
(Invitrogen), 0.3 pL/well Annexin V Alexa Fluor 680 conjugate
(Invitrogen) and 25 nL/well Bb"l‘rada 488 green microtubule
cytoskeleton dye (EMD Millipare). Each compound [CK1$6 (34)
and CK228 (30)] was tested at two different concentrations (1 and
lo,‘M),nnisaumcpaine IOprsuwduapodﬁvecomd.
Cellular

(broad d.ndc). d(dwblet).dd(do-ble doublet). ddd (doublet of
doublet ofdotﬂeﬁ),!(tdph().dt(dwbht of triplets), q (quartet),
and m (multiplet). Mass sp analysis was carried out with
anelecmqnyionhaiondwke (VG Phtform 1I) from Fisons
Instruments (Glasgow, UK). For MALDI-HRMS, a MALDI LTQ
Orbitrap XL system from Thermo Sdendﬁc (deum. MA, USA)
was used. Purity of the synthesized was d with:
(1) Agilent Technologies (Santa Clara, CA, USA) 1260 Infinity 11
device with a 1260 MWD detector (G7165A; 254 nm, 280 nm) and a
LC/MSD device (G6125B, ESI pos. 100~1000) using an Agilent
Technologies Eclipse XDB-C18 5 um 4.6 X 250 mm reversed phase
(Cys) column. As mobile phase Milli-Q water (A) and acetanitrile (B)
4+ 0.1% TFA were used with a flowrate of 1 mL/min. The gradient was
running over 19 min starting with 98% A and 2% B, going down on
2% A and 98% B, and finishing at 98% A and 2% B. (1I) Agilent

shape and

mmmtmdlshawdu%hluwmpmmdw[CKISG
(34), CK228 (30)], respectively, using a CQJ high-content confocal
microscope (Yokogawa). The fallowing setup parameters were used
for : Ex 405 nm/Em 447/60 nm, 500 ms, 50%; Ex
561 nm/Em 617/73 nm, 100 ms, 40%; Ex 488/Em 525/50 nm, 50
ms, 40%; bright field, 300 ms, 100% transmission, one centered field
perwell, 7 z-stacks per well with S5 ym spacing. Images were analyzed
using the CellPathfinder software (Yokogawa). The cells were
described ly,*" gated using a machine learning
zszi&mnddﬁdedmdnaegmahakhy q)opteﬁc,anddud
ﬁemmtﬂlmdudlgatnlnhgutd compounds
with known effects (; igi mikcidib, and
d ubicin). Data was d against the average of DMSO
(0.1%) treated cells. Significance was shown using a two-way ANOVA

analysis. Two biclogical duplicates were performed.

4.9. Glioma Cell Viability Assays. The LN-18, LN-229, T98G,
and D247-MG human long-tem glioma cell lines™ were cultured in
Dulbecco’s modified Eagle’s medium applemmedwld: lO%Eeﬂl
calf serum and 10 pL/mL gh (1 Basel, Switzer

i

Technologies (Santa Clara, CA, USA) 1260 Infinity 11 device with a
1260 DAD HS detector (G7117C; 254, 280, and 210 nm) and aLC/
MSD device (G6125B, ESI pos. 100-1000) using an Agilent
Technologies Poroshell 12 EC-C18 2.7 um 3 X 150 mm reversed
phase (Cy) coumn. As mobile phase Mili-Q water (A) and
acetonitrile (B) + 0.1% TFA were used with a flowrate of 0.5 mL/
min. The gradient was running over 8 min with 98% A and
2% B, going down on 2% A and 98% B, and finishing at 98% A and
m&mmqofdcyn&e&zdﬁxdoonpomdsmﬂ%or

4 1o 1. CKJB68 Synthesis of (1°Z, 1'E}-N-Benzyl-3,6-dioxa-9-aza-
,5)-pyrazolo[ 1,5-alpyrimidina-2(1,3)-benzenacyclononaphane-
-catboxomlde (14). (1°2,1*E)-3,6-dicxa-9-xza- 1(3,5)'Pyrwdo[1,s
a] pyrimidina-2(1,3)-benzenacyclononaphane-2*-catboxylic acid (35
mgo.l”mol)w:ldlnulvedlndxydlmedtylfomande(s mL) and
dry N,N-diisopropylethylamine (29 mg, 0.22 mmol) as well as (1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b Jpyridinium
3-oxide hemfluorophosphate (41 mg, 0.11 mmol)) were added. The
mkmremahedfwlhamomtempeumunieruqon
Afterward, benzyl (12 mg 0.11 mmal) was added

Pu'e:dlelllnc,?.modswesemded %Mellplﬂulndxe
culture medium. Compounds CK156, CK228, ar CKJBS2 were added
the following day with concentrations ranging from 0 to 25 uM, n = 6.
Staurosparine 10 uM was used as a positive contral. Cellular
meobdlmwsmeﬂlmdam7daytot’ounpwndwuwg
the duction method** R rin
015mg/lenPBS)wudre¢iyaddedlxl°totheoel&A&er3hd
incubation at 37 °C, was d
Infinite 200 Pro (Tecan) plate reader (560 nm excitation/ 590 um
emission filter set). ECso values were calculated from dose—response
curves fitted using a 4-parameter log-logistic model (R package
'dm')“uumm.gedond.ynlmsfolbw

using an A 100 quipped with an
Axi&amlleumu‘a(Zdu) kNA-oeq&ndomluMﬁom
Cell Model Passparts®® was used to assess DRAK1/STKI7A gene

wcial chemicals and reag
were obtained from Fluorochem, Merck, TCl, abcr, or Apdlo
Scientific Unless otherwise indicated, the purity was 295%. The
solvents used in the analytical gade were obtained from Fisher
Scientific Merck, and VWR Chemicals and all dry solvents, with

AcroSeal from Acros Organics. All performed thin-layer
chromal (’I‘m)wdonewld:dlagelmal\mlnunﬁolk
(60 A pare di ) obtained from Macherey-Nagel and visualized

wi'bdtﬁvbldl@lt(ll -254:nd36£nm).'!‘hepur?&ionvhﬂaﬂ;
Anetl B
p\uﬂ'!uhxs 4204- aqupped with a multi-wavelength UV-DAD
(200—400 nm) detector using Interchim PF-30SIHP normal phase
columns and PF-30CIS8HP reversed phase (Cy) oolunnt- Tlt
nudear magnetic ( y was p
mem&aanku(Kzlmhe.Germny)ﬁﬂalZé,lSl,zso,
400, 500, and 600 MHz. The spectra were recorded in deuterated
dimethyl sulfoxide (DMSO-d;) and the sclvent signal was used as a

186

anddlemkmnwdnedumomwfu 18 h. After
quenching with water and acidification with 1 N HC], the predipitate
was separated by vacuum filtration. The desired product was obtained
as a white salid (33 mg, 75%). 'H NMR (500 MHz, DMSO-d,): &
882 (d,J = 1.5 Hz, 1H), 864 (t,] = 6.1 Hz, 1H), 857 (d, ] = 7.6 Hy,
1H), 838 (s, 1H), 7.91 (t,] = 5.4 Hz, 1H), 7.83 (d,J = 81 Hz, IH),
7.33 (d, J = 4.5 Hz, SH), 727-7.19 (m, 1H), 634 (d, ] = 7.6 Hz,
1H), 452 (d,] = 6.1 Hz, 2H), 450-443 (m, 2H), 4.04 (dd, J= 9.1,
6.3 Hz, 2H), 3.89 (dd, J = 9.2, 6.0 Hz, 2H),3.54 (q, J =72, 68 Hz,
2H) (ppm). C NMR (126 MHz, DMSO-dy): § 164.69, 15650,
156,10, 14520, 14166, 14000, 137.64, 135.80, 131.11, 12826,
127.02, 12658, 117.92, 11620, 110.02, 103.57, 100.15, 65.46, 6536,
64.03 (ppm). MS (ESI*) m/z: 430.10 [M + H]*. HRMS m/z: [M +
H]* caked for CoqHy3N;O;, 430.18737; found, 430.18729. HPLC (I):
ta = 13843, purity 295%.

4.10.2. CKJB52 Synthesis of (1°Z,1°E)-N-(2,4-Dichlorobenzyi)-3,6-
dloxo-9-azo-t(3,5 mzolon s-a]pyﬂml no-2(1,3)—benwm¢y-
ck P ). The tite
ynthesized ding to the o of14udagz.+ad:lop

obenzylamine (28 ngOlémmol)Thedeﬂedpmdua was obtained
as a white salid (53 mg, 72%). "H NMR (500 MHz, DMSO-d;): §
884 (d,J =14 Hz, 1H), 874 (t,] = 6.1 Hz, 1H), 8.57(d,] = 7.6 Hz,
1H), 839 (s, 1H), 7.92 (t, ] = 5.4 Hz, 1H), 782 (d,] = &1 Hgz, 1H),
7.63 (d,] = 2.2 Hz, 1H), 744 (dd, ] = 84, 22 Hz, 1H), 736 (4,] =
8.4Hz 1H),733 (dd, J = 82, 14 Hz, 1H), 6.34 (d,] = 76 Hz, 1H),
4.54 (d, J = 6.1 Hz, 2H), 4.52-447 (m, 2H), 412-3.9 (m, 2H),
3.94-384 (m, 2H), 3.61-3.48 (m, 2H) (ppm). ®°C NMR (126
MHz, DMSO-d,): § 164.86, 15663, 15613, 14525, 14170, 13792,
136.07, 13582, 13268, 13195, 13111, 129.84, 12851, 12738,
117.46, 11626, 110.08, 103.55, 100.17, 65.55, 6540, 64.09 (ppm).
MS (ESI*) m/z: 500.10 [M + H]*. HRMS m/z: [M + H]* cakd for
CyHzpChNyO; 499.11278; found, 499.11153. HPLC (I): tg =
16.058, purity >95%.

hﬂvlﬁn nﬂ.lml/w
m5.77”-7il7
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4.10.3. CKJBS3 Synthesis of (1°Z14E)-N-(4-Chloro-2-fluoroben-
2zyl)-3,6-dioxa-9-aza-1(3,5)-pyrazolo[1,5-ajpyrimidina-2( 1,3)-ben
zenaqdononoph -corboxamlde (16). The title

4.10.7. CK199 Synthesis of (1°Z,1%E)-N-(2,3-Dichlorobenzyl)-3,6-
doxa-Q-azo-l(.i,S)-pymmlo[ 1, Sv]pyﬂmldlno-z(l 3)-benzenacy-

thesized di dure of 14 using (4-chloro-2-
ﬂuaophenyl)meﬂnunine (25 mg, 0.16 mmal). The desired product
was obtained as a white solid (53 mg, 75%). 'H NMR (500 MHz,
DMSO-dg): 5883 (d,] = 1.5 Hz, 1H), 868 (t, ] = 6.1 Hz, 1H), 8.57
(d,J =76 Hz, 1H), 838 (s, 1H), 7.92 (¢, J = S4 Hz, 1H), 781 (d, J =
8.1 Hz, 1H), 741 (dd, J = 10.1, 2.1 Hz, 1H), 7.37 (¢, J = 83 Hz, 1H),
732(dd, J=8.1, L4 Hz, 1H), 728 (dd, J= 83,2.0 Hz, 1H), 634 (d,
J =76 Hz, 1H), 455-4.44 (m, 4H), 4.12-3.98 Em, 2H), 3.96-3.83
(m, 2H), 3.60~3.49 (m, 2H) (ppm). ®C NMR (126 MHz, DMSO-
dg): 8 164.89, 160.75, 158.78, 156.59, 156.12, 145.24, 141.69, 137.86,
13581, 13194, 13109, 13039, 12603, 12462, 117.56, 1162,
115.74, 115.54, 110.04, 10355, 100.17, 6549, 65.38, 64.05 (ppm).
MS (ESI*) m/z: 482.10 [M + H]*. HRMS m/z: [M + H]* calcd for
Oy 482.13897; found, 482.13833. HPLC (I): & =

15.182, purity >95%.
4.10.4 CKJBS1 Synthesis of (1°Z, 1°E)-N-(4-Chloro-2-methyiben-

e R L

ding to the proced: ofldmi.ng(4-dio:o—2-
medaylphuyl)methuamlne (25 0.16 mmol). The desired
pmduamdx:lneduawh!tend!d(57 81%). '"H NMR
(500 MHz, DMSO-dq): 6882 (d, ] = 1.5 Hz, 1:% 8.57(dd,] = 68,
5.0 Hz, 2H), 838 (5, 1H), 791 (t, J = 5.4 Hz, 1H), 7.80 (d, J = &1
Hz, 1H), 732 (dd, J = 8.1, 1.4 Hz, 1H), 7.28-7.20 (m, 3H), 6.34 (d,]
= 7.5 Hz, 1H), 4.52-4.42 (m, 4H), 4.04 (dd, J = 9.2, 6.1 Hz, 2H),
389 (dd, J =9.1,6.0 Hz, 2H), 3.54 (q, J = 6.8 Hz, 2H), 2.33 (5, 3H)
(ppm). C NMR (126 MHz, DMSO-dp): § 164.74, 15647, 156.09,
14522, 14520, 14167, 13775, 13766, 13671, 135.81, 131.02,
130.80, 12933, 12862, 125.58, 11796, 11622, 110.05, 103.58,
100.16, 65.49, 6538, 64.05, 1841 (ppm). MS (ESI') m/z: 478.10 [M
+ H)*. HRMS m/z: [M + H]* caled for CosHyCINO;, 478.16404
found, 478.16341. HPLC (1): ty = 15.436, purity >95%.
4.10.5. (K208 Synthesis of (1°Z, t‘E)-N-(J,s-u:Nombenzyﬂ-s,s—
dloxo~9-am- 13,3) -pyrazolo( 1.5 —q]gfrlnﬂdlna-l’( 1,3}-benzenacy

The title compound was
qnd!edud uoord.ing to the proeedure of 14 using (2,3
)methanamine (25 mg 0.14 mmol). The desired
product was cbtained as a white salid (46 mg, 79%). '"H NMR (500
MHz, DMSO-d): §8.85 (d, J = 1.5 Hz, 1H), 8.77 (t, J = 6.1 Hz, 1H),
857 (d, J = 7.6 Hz, 1H), 838 (s, 1H), 791 (t, ] = 54 Hz, 1H), 7.83
(d, J = 81 Hz, 1H), 7.55 (dd, J = 7.8, 18 Hz, 1H), 740~730 (m,
3H), 6.34 (d, J = 7.6 Hz, 1H), 460 (d, J = 6.1 Hz, 2H), 4.53-4.48
(m, 2H), 410-4.01 (m, 2H), 393-3.86 (m, 2H), 3.58-3.51 (m,
2H) (ppm). "C NMR (126 MHz, DMSO-d): & 164.84, 15663,
156.10, 14522, 14165, 13956, 137.91, 135.77, 13157, 131.08,
129.66, 12875, 128.09, 12694, 117.44, 11624, 110.09, 10352,
100.15, 65.61, 65.44, 64.17, 41.39 (ppm). MS (ESI*) m/z: 498.10 [M
+ H)*. HRMS m/z [M + H]* caled fofCanCl;Np;, 498.10942;
found, 498.10862. HPLC (II): tg = 9.533, purity >
4.108. (K203 Synthesis of (1Z, r‘E)-N-G-OMoro-Z-ﬂuoroben-
2zyl)-3,6-dioxa-9-aza-1(3,5)-pyrazolo[ l,5—a]pyrlmldlno-2(1 3)-ben-
zemcychnomphane- “carboxamide (21). The title compound
g to the procedure of 14 using (3-chloro-2-
ﬁ:omphenyl)nedummhe (23 mg 0.14 mmol). The desired product
was obtained as a slightly yellow solid (38 mg, 67%). '"H NMR (500
MHz, DMSO-d): §8.83 (d, J = 1.5 Hz, 1H), 8.71 (t,J = 6.0 Hz, 1H),
8.55 (d, J = 7.5 Hz, 1H), 837 (s, 1H), 790 (t, ] = 49 Hz, 1H), 7.81
(d, J = 8.1 Hz, 1H), 746 (td, ] = 7.6, 1.7 Hz, 1H), 736~729 (m,
2H), 7.23=7.17 (m, 1H), 634 (d, J = 7.6 Hz, 1H), 457 (d, ] = 60
Hz, 2H), 452-4.46 (m, 2H), 407-4.01 (m, 2H), 388 (dd, J = 9.0,
6.1 Hz, 2H), 3.53 (s, 2H) (ppm). "C NMR (126 MHz, DMSO-d,): §
165.38, 157.07, 156.58, 14569, 14210, 13833, 13622, 13155,
129.33, 12927, 12921, 12838, 12835, 125.70, 125.65, 12562,
117.98, 11669, 110.55, 104.01, 100.64, 66.05, 64.61, 37.05 (ppm).
MS (ESI) m/z: 48220 [M + H]*. HRMS m/z: [M + H]* caled for
CyHnCIFNO,, 482.13897; found, 48213837. HPLC (1): fx =
13927, purity 295%.
4.10.9. CK209 Synthesis of (1°Z, 1*E)-N-(Naphthalen-1-yimethyi)-
3,6wdbxa-9-am-1(3,51-pymzolq 1, 5~q}7yvhlulna-2( 1.3)-benzena-
P 2% . The title compound was

ized di dure of 14 using (35
dldiomphenyi)med:nmine (22 mg, 0.12 mmal). The desired
product was obtained as a white solid (39 mg, 76%). "H NMR (500
MHz, DMSO-dq): 6883 (d,J = 1.5 Hz, 1H), 873 (t, J= 6.2 Hz, 1H),
8.56 (d, J = 7.6 Hz, 1H), 837 (s, 1H), 7.90 (t, ] = 54 Hz, 1H), 7.77
(d,J= 80 Hz, 1H), 7.47 (t, ] = 2.0 Hz, 1H), 7.39 (4, ] = 1.9 Hz, 2H),
732(dd,J =81, 14 Hz, IH;, 6.34 (d, ] = 7.6 Haz, 1H), 4.56-443
(m, 4H), 4.10-4.00 (m, 2H), 3.95-3.83 (m, 2H), 3.60-3.49 (m,
2H) (ppm). *C NMR (126 MHz, DMSO-d): § 165.06, 15641,
15608, 14520, 144.64, 141.62, 137.71, 13576, 133.83, 130.89,
126.16, 125.85, 117.93, 11618, 110.00, 103.54, 100.13, 65.43, 65.40,
64.09, 41.80 (ppm). MS (ESI*) m/z: 49820 [M + H]". HRMS m/z:
[M + H]* caed for qnnam,o, 498.10942; found, 498.10905.
HPLC (1): tg = 14.624, purity >

4.10.6. CK200 Synthesis of (I’Z!‘EJ-N-ﬂ(hblo-S-ﬂuaoben-
zylh 3,6-dlom-9—azo-l js)-pyrazo!oﬂ,sq]fyrlnldlna-a 1.3)-ben-
zen
wu"t,“ sized di dure of 14 using (3-chloro-5-
ﬂuaophenyl)mdnnaniu (23 mg 0.14 mmal). The desired product
was obtained as a white solid (30 mg, 53%). 'H NMR (500 MHz,
DMSO-d;): 5883 (d, ] = 1.5 Hz, 1H), 8.74 (t, ] = 62 Hz, 1H), 8.55
(d,J=7.5 Hz, 1H), 837 (5, 1H), 7.90 (t, J= 5S4 Hz, 1H),7.78 (d, J =
8.1 Hz, 1H), 7.32 (dd, ] = 8.2, 1.4 Hz, 1H), 728 (dt, ] = 86,22 Ha,
1H), 7.26-725 %m, 1H), 7.18-7.13 im. ng, 634 (d, J =76 Ha,
1H), 4.52-447 (m, 4H), 4.09-4.00 (m, 2H), 393-3.84 (m, 2H),
356-351 (m, 2H) (ppm). ®C NMR (126 MHz, DMSO-d): &
165.55, 16359, 16163, 15694, 15657, 14568, 145.47, 14540,
14209, 13822, 13622, 13420, 134.11, 13143, 123.65, 123.63,
11832, 11667, 114.63, 11443, 11339, 11321, 110.50, 104.02,
100.63, 65.95, 65.90, 64.59, 42.42 (ppm). MS (EST*) m/z: 48220 [M
+ HJ*. HRMS m/z: [M + H)* caled for CoyHpCIEN;O; 482.13897;
found, 482.13835. HPLC (1): ty = 14.031, purity 295%.

ynthesized ding to the procedure of 14 using naphthalen-1-
ylmethanamine (19 mg, 0.12 mmol). The desired product was
obtained as a white solid (31 mg, 63%). 'H NMR (500 MHz, DMSO-
dg): 6 882 (d, J = 1.5 Hz, 1H), 8.68 (4, J = 60 Hz, 1H),8.56 (d,] =
7.6 Hz, 1H), 837 (s, 1H), 822 (dd, J = 84, 1.1 Hz, 1H), 7.99-7.94
(m, 1H), 791 (4, J = 54 Hz, 1H), 7.86-7.81 (m, 2H), 7.62~7.53 (m,
2H), 7.52~7.46 (m, 2H), 733 (dd, ] = 81, L4 Hz, 1H), 634 (d, J=
7.6 Hz, 1H), 498 (d, ] = 59 Hz, 2H), 4.50~4.36 (m, 2H), 4.07-3.96
{m, 2H), 3.93-381 (m, 2H), 3.62-345 (m, 2H) (ppm). °C NMR
(126 MHz, DMSO-dg): § 164.64, 15646, 156.07, 145.18, 14161,
137.62, 13575, 13494, 13329, 131.00, 13075, 128.54, 12727,
12615, 12574, 12548, 12477, 123.40, 11803, 11621, 110.10,
103.54, 100.12, 65.57, 65.41, 64.12, 40.68 (ppm). MS (ESI*) m/z:
480.15 [M + H]'. HRMS m/z: [M + H]" caled for CxHaN;Oy
480.20302; found, 480.20349. HPLC (II): ; = 9264, purity >95%.

4.10.10. CK201 Synthesis of (v’zl‘aw-a -Phenylethyl)-3,6-
dloxa-9-am-l(3,5)-pymzolo[ 1,5-aJpyrimidina-2(1,3)-benzenacy-

(2. e tile compound was

thesized to the procedure of 14 using 1-phenyleth
anine(l7mg,0.l4mol) Theduimdpmductw(bﬂlnedua
white solid (38 mg, 72%). "H NMR (500 MHz, DMSO-d;): & 8.83
(d,J = 1.5 Hz, 1H), 8.55 (d, ] = 7.5 Hz, 1H), 8.38 (d, ] = 8.0 Hz, 1H),
837 (s, 1H), 790 (. ] = 54 Hz, 1H), 7.74 (d, J = 81 Hz, 1H), 741~
7.30 gm, 6H), 725~7.21 (m, 1H), 634 (d, ] = 7.6 Hz, 1H), 5.18—
5.10 (m, 1H), 4.52-4.44 (m, 2H), 4.08-4.00 (m, 2H), 3.94-3.85
(m, 2H), 3.57-3.52 (m, 2H), 147 (4, ] = 70 Hz, 3H) (ppm). °C
NMR (126 MHz, DMSO-dg): § 163.91, 15646, 156.12, 14522,
144.81, 14165, 13756, 13580, 130.84, 12839, 126,69, 12597,
125.94, 11836, 116.32, 110.30, 103.59, 100.19, 65.89, 65.56, 64.32,
4844, 35.83, 22.84 (ppm). MS (ESI*) m/z: 44420 [M + H]*. HRMS
m/z: [M + H]* calcd for CogH,NSO3, 444.20302; found, 444.20375.
HPLC (1): & = 13.596, purity >95%.

hﬂvl&ln llﬂ.lﬂl/wmln
65, 7799-T817
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4.10.11. CK224 Synthesis of (13Z,1°E-N-((5)-1-Phenylethyl)-3,6- 4.10.15. CK205 Synthesis of (1Z,14E)-N-(Pyridin-4-yimethyl)-3,6-
dona-9-aza-1(3,5}-pyrazolo{ l:-a]prrlnﬂdno-Z( 1,3J-benzenacy dloxa-9~aza-l(3,5)-pymzolo[ 1,5-alpyrimidina-2(1,3)-benzenacy-

P P (28). The title compound was
thesized ding to the du ofuuhg(s)-l-pheuyl ynthesized 'vuodn dure of 14 using pyridin4-
ednnanlne(BngO.llmmd) The desired ylmeth ine (15 mg, 0.14 mmol). The desired product was

as a slightly yellow solid (32 mg, 82%). 'HMF(D:G)MHI. DMSO-
dg): 5884 (s, 1H), 8.56 (d, ] = 7.5 Hz, 1H), 8.41-834 (m, 2H), 791
{t J = 54 Hz, 1H), .75 éd. J = 8.0 Hz, 1H), 741-730 (m, SH),
726~721 (m, 1H), 634 (d, ] = 7.6 Hz, 1H), 5.14 (p, ] = 7.1 Hz,
1H), 4.56-442 (m. 2H), 405 (t, ] =75 Hz, 2H), 395-385 (m,
2H), 3.59-351 (m, 2H), 147 (d, ] = 7.0 Hz, 3H) (ppm). °C NMR
(126 MHz, DMSO-d,): § 16431, 156.89, 156.55, 145.66, 14526,
14209, 13799, 13624, 13127, 12882, 127.11, 126.40, 118381,
116.74, 11072, 104.02, 10061, 6628, 65.96, 64.72, 48.86, 2328
{ppm). MS (ESI*) m/z: 444.10 [M + H]*. HRMS m/z: [M + Na]*
caled for O3 466.18496; found, 466.18413. HPLC (11):
tg = 8938,

295%.
4.10.12. (X233 Synthesis of (1°Z,1°E)-N-((R)-1-Phenylethyl)-3,6-

obtained as a white sclid (42 mg, 83% ). 'H NMR (500 MHz, DMSO-
dg): 6 884 (d, J = 1.5 Hz, 1H), 874 (t, J = 61 Hz, 1H), 856 (d,] =
7.6 Hz, 1H), 8.53-847 (m, 2H), 8.38 (s, 1H), 7.91 (t, ] = 5.4 Hz,
1H), 7.82 (d, J = &1 Ha, 1H), 7.35~728 (m, 3H), 634 (d, J =76
Hz, 1H), 457-4.46 (m, 4H), 409-4.02 (m, 2H), 393-3.86 (m,
2H), 3.59-3.50 (m, 2H) (ppm). ®C NMR (126 MHz, DMSO-dy): §
164.96, 156.57, 15609, 14943, 149.07, 14520, 14163, 137.78,
135.76, 131.08, 122.00, 117.64, 116.17, 110.02, 103.54, 100.14, 6548,
65.40, 64.08, 41.83 (ppm). MS (ESI*) m/z: 43120 [M + H]*. HRMS
m/z: [M + H]* caled for cw,_,tcp,, 431.18262; found, 431.18294.
HPLC (1): tg = 1L156, pusity

4.10.16. (K227 Synthesis of (r’z 1E)-N-((R)-1-(Pyridin-4-yl)-
ethyl)3, 6—dlaxo-9-aza 1(3,5)-pyrazolol 1, S—gfyﬂmldlna-Z( 1.3

title com-

dloxo-Q-aza-IB,S)-pymtoloI li-q]g{rlmldlna-Z( 13)b y-

thesized g to the d ofMushg(R)-l-pbuy‘l
ethanamine (ll mg, 01)9 mmd) The desired
as a white solid (27 mg, 83%). 'H NMR (500 MHz, DMSO-J;) 5
884 (d, J = 1.5 Hz, 1H), 8.56 (d, ] = 7.6 Hz, 1H), 8.41-835 (m,
2H), 791 (4, J = 54 Hz, 1H), 7.75 (d, ] = 8.0 Hz, 1H), 742~7.38 (m,
2H), 7.37-730 (m, 3H), 7.26=721 (m, 1H), 634 (d, ] = 76 Ha,
1H), 5.14 (p, J = 7.1 Hz, 1H), 4.54-4.44 (m, 2H), 4.11-399 (m,
2H), 3.95-3.84 (m, 2H), 3.60-349 (m, 2H), 147 (d, ] = 70 Hz,
3H) (ppm). *C NMR (126 MHz, DMSO-d,): § 163.82, 15640,
156.06, 14516, 144.78, 141.60, 137.50, 13575, 130.78, 12833,
126,62, 12592, 118.32, 11625, 110.23, 103.54, 100.12, 65.80, 6547,
64.23, 4837, 22.80 (ppm). MS (ESI*) m/z: 444.10 [M + H]*. HRMS
m/z: [M + H]* calad for CosHygNsOj 444.20302; found, 444.20273.
HPLC (11): £ = 8.939, 295%.

4.10.13. CK225 Synthesis of (1°Z 1*E)-N~(1-(Naphthalen-1-yi)-
ellyl)-3,6-dloxa-9-aza-1(3,5)-p!mzolo{ I,5-a], rimidina-2(1,3)-

The tile com-

o i
product was obtained as a white solid (33 mg, 76%). '"H NMR (500
MHz, DMSO-dy): & 8.83 (d, J = 1.5 Hz, 1H), 860-8.52 (m, 2H),
836 (s, 1H),823 (d, ] = 84 Hz, 1H),7.96 (dd, J = 82, 1.4 Hz, 1H),
790 (¢, J=54 Hz, 1H), 783 (d, J=8.1 Hz, 1H),7.73 (d, ] = Ml-h.
1H), 7.65~7.48 (m, 4H), 7.31 (dd, J=8.1,14 Hz, 1H), 633 (4, ] =
7.6 Hz, 1H), 593 (p, ] = 7.1 Hz, 1H), 4.51-4.38 (m, 2H), 4.09-3.96
(m, 2H), 3.93-383 (m, 2H), 3.59-3.49 (m, 2H), 1.61 (d, ] = 69 Hz,
3H) (ppm). C NMR (126 MHz, DMSO-d;): § 163.94, 156.44,
156.10, 14521, 14163, 140.50, 137.53, 13578, 133.48, 130.75,
13023, 12875, 127.28, 126.19, 12564, 12322, 122.59, 11849,
11630, 11029, 103.59, 100.17, 65.84, 65.53, 6428, 45.03, 22.12
(ppm). MS (ESI*) m/z: 494.05 [M + H]*. HRMS m/z: [M + Na]*
caled for c,r-a,n,mo, 51620061; found, 51620013 HPLC (11):
tg = 9.589,

4.10.14. mSyMeslsof(l’Z,l‘E}- ‘?ﬂdln-.??'mmyi)-.iﬁ-

PR

pound was din: m dure of 14 using (R)-
1- (pyrum-t-yl)edwnmhe (13 mg 0.11 mol) The desired product
mobh!mduad:kydlmm (34 mg, 87%). '"H NMR (500
MHz, DMSO-dq): 5884 (d, J = 1.5 Hz, 1H), 856 (d, J = 7.5 Hz,
1H), 8.54—8.50 (m, 2H), 844 (d,] = 7.6 Hz, 1H), 8.37 (5, 1H), 7.92
(t,J= 54 Hz, 1H), 7.71 (d, ] = 8.0 Hz, 1H), 7.41-736 (m, 2H), 7.31
(dd, j=8.1, L3 Hz, 1H), 634 (d, ] = 7.6 Hz, 1H), 5.12 (p, = 7.1 Hz,
1H), 4.56-4.45 (m, 2H), 411-4.02 (m, 2H), 3.94-385 (m, 2H),
3.59-348 (m, 2H), 148 (d, ] = 7.1 Hz, 3H) (ppm). °C NMR (126
MHz, DMSO-d): § 16431, 15640, 15608, 153.53, 149.60, 145.18,
14160, 13575, 13069, 12124, 11830, 11620, 110.18, 10354,
100.13, 65.73, 6546, 64.20, 47.73, 21.84 (ppm). MS (ESI') m/z:
445.10 [M + H]*. HRMS m/z: [M + Na]* caled for CoyHyN,NaO,
467.18021; found, 467.17882. HPLC Sn)x ty = 6782, purity >95%.

4.10.17. CK228 Synthesis of (1°Z1°E)-N-((S)-1-(Pyridin-4-yl)-
ethyl)-3,6-dioxa-9-aza-1(3,5)-pyrazolo[1,5-ajpyrimidina-2(1,3)-
bmzenacydmphanez‘-carbaxamlde (30). The title com-
pound was synthesi: ding to the procedure of 14 using (S)-
1- (pyt'ﬂln-4—1l)edummhe (13 m& 0.11 mol) The desired product
was obtained as a slightly yellow solid (32 mg, 82%). 'H NMR (500
MHz, DMSO-dg): & 884 (d, J = 1.5 Hz, 1H), 856 (d, J = 7.6 Hz,
1H), 8.54-8.50 (m, 2H), 8.4 (d, ] = 7.7 Hz, 1H), 837 (5, 1H), 7.92
(tJ = 54 Hz, 1H), 7.71 (d, ] = 8.1 Hz, 1H), 7.41~737 (m, 2H), 7.31
(dd,J =80, L4 Hz, 1H), 634 (d, ] = 7.6 Hz, 1H), 5.12 (p, J= 7.1 Hz,
1H), 4.56-4.45 (m, 2H), 414-4.02 (m, 2H), 3.95-3.85 (m, 2H),
3.61~349 (m, 2H), 1.48 (d, J = 7.0 Hz, 3H) (ppm). ®C NMR (126
MHz, DMSO-d): § 16431, 15640, 15608, 153.52, 149.60, 145.18,
14160, 137.57, 13575, 13069, 121.24, 11830, 11620, 110.18,
103.54, 100.13, 65.73, 65.46, 6420, 47.73, 21.84 (ppm). MS (ESI*)
m/z: 445.15 [M + H]*. HRMS m/z: [M + H]* calod for CHaNgO;
445.19827; found, 445.19843. HPLC (II): t; = 6788, purity >95%.

4.10.18. CK226 Synthesis of (1°Z,1%E)-N-(Quinolin-4-yimethyl)-
3,6-dbx¢-9—azo-1(3,s;-pymzolq 1, nfymumo-z( 1,3}-benzeno-

CYC
o4

thecizad &

of 14 using qﬁnoln4-
). The desired

ol

dona-9-aza-1(3,5)-Pyrazolo{ l:-agfrlml 0-2( ,3)

‘was

21 oll
( ymw.dld(SOW,ﬂ%). 'HNMR(SN MH:,

P

g to the procedure of 14 using pyridin-3-
ylmed:nmlne (ls 0.14 mmal). The desired product was
obtained as a white solid (40mg79’6) 'H NMR (500 MHz, DMSO-
dg): 6882 (d,J = 1.5 Hz, 1H), 873 (¢, J= 6.1 Hz, 1H), 855 (d, ] =
7.5 Hz, 2H), 8.47-8.42 (m, 1H), 837 (s, 1H), 790 (t, ] = 54 Hz,
1H),782(d,J =81 Hz, 1H), 7.73 (dy, ] = 7.9, 20 Hy, ll-l;, 7.36 (dd,
J =79, 48 Hz, 1H), 731 (dd, J = 81, L4 Hz, 1H), 633 (d, J = 7.6
Hz, 1H), 453 (d,J = 6.1 Hz, 2H), 4.50-4.44 (m, 2H), 4.08-3.99 (m,
2H), 3.92-3.83 (m, 2H), 3.53 (g, J = 6.7 Hz, 2H) (ppm). °C NMR
(126 MHz, DMSO-dq): § 16491, 156.56, 156.11, 148.70, 147.85,
14523, 14166, 137.77, 13578, 13557, 13502, 13110, 123.50,
117.72, 116.20, 110.04, 10357, 100.17, 65.51, 6544, 64.11, 4044
(ppm). MS (ESI*) m/z: 43120 [M + H]*. HRMS m/z: [M + H]*
caled for Cp3Hy3NgO;, 431.18262; found, 431.18114. HPLC (1): fg =
11177, pusity >95%.

188

musoa‘) s 889 (d. J =45 Hz, 1H), 8.86-881 (m, 2H), 8.57 (d, ]
=7.5 Hz, 1H), 8.39 (s, 1H), 831 (dd, J = 8.4, 1.4 Hz, 1H), 8.08 (dd,

= 8.4, 1.3 Hz, 1H), 791 (4, J = 5.4 Hz, 1H), 7.85-7.81 (m, 2H

7.74=769 (m, 1H), 747 (d, J = 46 Hz, 1H), 734 (dd, ] = 81, 14
Hz, 1H), 635 (d, J = 7.6 Hz, 1H), 505 (d, J = 5.9 Hz, 2H), 4.56—
4.46 (m, 2H), 4.09-4.03 (m, 2H), 3.93-3.87 (m, 2H), 3.59-3.52
(m, 2H) (ppm). BC NMR (126 MHz, DMSO-d,): 6 165.03, 15657,
15610, 14522, 141,64, 13781, 13578, 131.04, 12684, 12599,
123.69, 11884, 117.75, 116.21, 110.08, 103.55, 100.15, 65.53, 6543,
64.12 (ppm). MS (ESI*) m/z: 481.15 [M + H]*. HRMS m/z: [M +
NaJ* caled for c,u,.xwao, 503.18021; found, 503.17904. HPLC

(I): t = 7.067, purity 295
4.10.19. CK183 Synthesis of (1 3]1‘5-MN-DM¢IM3NOX0-9'
aza-l(3,5)-pyr 15 yrimidina-2(1,3)-benzenacyclonona-

(32). The title compound was synthesized

hﬂvlﬁn nﬂ.lml/w
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to the procedure of 14 using ammonia 2 M in ethanol (88
#L, 0.18 mmol). The desired product was cbtained as a white solid
{23 mg, 42%). 'H NMR (500 MHz, DMSO-d;): 5880 (d, J = LS
nﬁi 8.56 (d, J = 76 Hz, 1H), 837 (s, 1H), 790 (t, ] = 5.5 Hz,
u-l). 7.86(d, J=8.1 Hz, 1H), 7.58 (s, 1H), 742 (-. 1H),731 (dd,J =
8.1, L4 Hz, 1H), 6.33 (d, ] = 7.6 Hz, 1H), 4.54-4.40 (m, 2H), 407-
3.99 (m, 2H), 3.93-3.83 (m, 2H), 3.61-348 (m, 2H) (ppm). C
NMR (126 MHz, DMSO-d): & 16581, 15671, 156.07, 145.17,
14163, 13782, 13576, 131.34, 117.70, 11606, 109.88, 103.5S,
100.12, 6531, 63.95 (ppm). MS (ESI*) m/z: 34020 [M + H]*.
HRMS m/z: [M + HJ* alad for C,,H,,N,O;, 340.14042; found,
340.14063. HPLC (1): tg = 9218, purity 295%.
4.10.20. X182 'Z,1*E)-N-Methyi-3 6-dloxa-9-aza-

Zgwmo[ z"mmldmo-z ,erwamgdononaphaqf

to the procedure of 14 using ethy

medly'lxnlne 33% in ethandl (22 [4].
0.18 mmol). The desired product was obtained as a white solid (30
mg, 58%). 'H NMR (500 MHz, DMSO-dJ): & 879 (d, ] = 1.5 Hz,
1H), 856 (d, ] = 7.5 Hz, 1H), 8.36 (5, 1H), 807 (q,] = 4.6 Hz, 1H),
789 (t, J = 5.4 Hz, 1H), 7.83 (d, J = 8.1 Hz, 1H), 730 (dd, J = &1,
1.5 Hz, 1H), 6.33 (d, ] = 7.6 Hz, 1H), 4.51—4.42 (m, 2H), 4.06—4.00
(m, 2H), 392~3.85 (m, 2H), 3.58—3.49 (m, 2H), 281 (4, ] = 47 Hz,
3H) (ppm). C NMR (126 MHz, DMSO-d;): § 164.96, 15634,
156.04, 14514, 14160, 13741, 135.75, 13100, 117.94, 116.06,
109.84, 103.55, 100.11, 6532, 65.25, 6391, 2634 (ppm). MS (ESI*)
m/z:354.20 [M + H]*. HRMS m/z: [M + H]* calcd for Cy5H; N5 05,
354.15607; found, 354.15544. HPLC (1): & = 9.411, purity >95%.

4.10.21. CKX156 Synthesis of(l’Z!‘E)-N-(ten-Gmy!H 6-dioxa-9-
aza-1(3,5)-pyrazolo[1,5-alpyrimidina-2(1,3)-benzenacyclonona-
phane-Z-carboxamide (34). The title compound was synthesized
according to the procedure of 14 using 2-methylpropan-2-amine (12
mg, 0.16 mmal). The desired product was cbtained as a beige solid
(39 mg, 67%). 'H NMR (500 MHz, DMSO-4): 5882 (d, ] = LS
Hz, 1H), 8.56 (d, ] = 76 Hz, 1H), 837 (5, 1H), 790 (t, ] = 5.4 Hz,
1H), 7.86~7.81 (m, 2H), 7.32 (dd, J =8.1,14 Hz, 1H), 633 (4, ] =
7.6 Hz, 1H), 452~441 (m, 2H), 4.08-3.98 (m, 2H), 3.93-353 (m,
2H), 3.60-349 (m, 2H), 138 (5, 9H) (ppm). °C NMR (126 MHz,
DMSO-d): §163.43, 15629, 156.05, 145.13, 141.60, 137.44, 135.74,
13081, 118.65, 11634, 11026, 103.48, 100.09, 65.97, 6548, 6427,
50.22,28.67 (wm). MS (ESI*) m/z: 39620 [M + H]*. HRMS m/z
[M + H)* cakd for CH,)N;O;, 396.20302; found, 396.20288
HPLC (1): ty = 13293, purity 295%.

4. aiﬁffn ?slmn'mhag(g )(_g;z,. T*B)- 3,6-Dlaxo-9-azo-l( -%
) ina-.
¢ hylplpwgy:v- ) l thesi d
cowomdmarﬂedomawudhgmdnpmoadmof"uﬁgl
med:ylpipeadne (16 % 12 e‘)llw 016 mmal). Puﬂwn was
done by hy with a mabile
plmeef"' thar nd thanol ( ic ratio 93:7). The
desired p cbtained as a white solid (S5 mg, 89%). 'H NMR
(250 MHz, DMSO-d): 5 8.72 (d, = 1.3 Hz, 1H, PhH), 8.54 (d,] =
7.6 Hz, 1H, HetH), 833 (s, 1H, HetH), 7.86 (t, ] = 52 Hz, IH, NH),
725 (dd, J = 7.8, 12 Hz, 1H, PhH), 7.13 (d, ] = 7.8 Hz, 1H, PhH),
632 (d, ] =76 Hz, 1H, HetH), 442-4.25 (m, 2H, CH,), 4.08-3.77
(m, 4H, CHy), 3.67-3.47 (m, 4H, CHy), 323-3.11 (m, 2H, CH,),
245-2.17 (m, 7H, CH,, CH;) (ppm). ®C NMR (151 MHz, DMSO-
dg): 6 166.49, 155.83, 153.71, 144.93, 14127, 135.64, 135.42, 128.13,
12138, 116.14, 109.61, 10372, 99.98, 6527, 6470, 63.83, 6198,
55.99, 54.67, 54.19, 46.04, 4542 (ppm). MS (ESI*) m/z: 423.40 [M
+ H]*. HRMS m/z: [M + H]* ald for cuu,.Np, 425.19586;
found, 445.19612. HPLC (1): t, = 8.139, purity >

4103 ?u]ws Syrehesk of ((PZ TE)- 3,6-onn-9~azo- i 35)-
Py ,S-alpyr
(morpholino) (wm h efd!ﬁde_, »
was carried out ding to the procedure of 14 using morphali
{14 mg, 12 equiv, 0., lémmol).'l‘he desired product was obtained as a
white solid (54 mg, 90%). "H NMR (500 MHz, DMSO-dy): & 8.73
(d,J=14Hz 1H, m), 8.55 (d, ] = 7.5 Hz, 1H, HetH), 833 (s, 1H,
HetH), 7.87 (t, J = 54 Hz, 1H, NH), 7.26 (dd, J = 78, L3 Hz, 1H,
PhH), 7.17 (d, ] = 7.8 Hz, 1H, PhH), 632 (d, ] = 7.6 Hz, 1H, HetH),
442-4.27 (m, 2H, CH,), 407-3.79 (m, 4H, CH,), 3.69-3.57 (m,

7814

4H, CH,), 3.57-344 (m, 4H, CH,), 323-3.11 (m, 2H, CH,)
(ppm). *C NMR (126 MHz, DMSO-d;): & 166.62, 15589, 15372,
144.98, 14140, 13575, 13560, 12839, 12101, 11625, 10952,
103.74, 100.04, 66.37, 66.10, 65.11, 64.59, 63.65, 4861, 46.91, 41.67
(ppm). MS (ESI*) m/z: 410.14 [M + H}*. HRMS m/z [M + H]*
caled for CoHyNsO,, 410.18228; found, 410.18262 HPLC (1): g =
11.067, purity 295%..
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kinase II; DAPK, death-associated protein kinases; DAPKI,
death-associated protein kinase 1; DAPK2, death-associated
protein kinase 2; DAPK3, death-associated protein kinase 3;
DRAKI, DAP kinase-related apoptosis-inducing protein kinase
1; DRAK2, DAP kinase-related apoptosis-inducing protein
kinase 2; GAK, cyclin-G-associated kinase; GBM, glioblastoma
multiforme; HNSCC, head and neck squamous cell carcinoma;
IKKe, inhibitor of nuclear factor kappa-B kinase subunit
epsilon; MNK1, MAP kinase-interacting serine/threont
protein kinase 1; MNK2, MAP kinase-interacting serine/
threonine-protein kinase 2; PKC, protein kinase C; STKI7A,
serine /threonine kinase 17A; TBKI, serine/threonine-protein
kinase TBK1; TGF-$1, transforming growth factor beta
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ABSTRACT: Discoidin domai 1 and 2 (DDR1/2)
phynoenmltohmﬂxoﬁcbotdal.axd:urmland

ﬁmois. therosclerosis, and various forms of cancer.

Potent and sel inhibi lled ch probe
oompounch. have been devdoped © ntudy DDR1/2 lume
these i d undesired activity

mo&uhmaﬂuthemmwmmhmnmmm
or tropomyosin receptor kinases, are related to angiogenesis
mdneu’omlmdty lnﬂunmdy we optimized our recently

blished d protein kinase inhibitor 7 toward
apotentmdodlac&ved:dwwﬁschmcalpmbem

Dual DOR/P3S inkibitor probe SR-I02:
DDR1/2: ICy = 23/ 18 nM, p38arp: IC,, = 125 106 sV

d a st related gndedduiynpprowhuedpmndedm-glmmtbePhop

bl&ngprooes ofpsamdhowcumofnon-oomemdammo

ized DDR/p38 probe, 30 (SR-302), is a
phylology and in disease development.

B INTRODUCTION

The discoidin domain receptor (DDR) kinases DDR1 and
DDR2 were first identified in the early 1990s as members of the
receptor tyrosine lu'nae (RTK) family. DDRZ is expressed asa

single typel puotan. five isof¢ of
DDRI1 produced by alternativi g have been discovered,
namdy, DDRI1a, DDR1b, DDmc, DDRld. and DDRIe.*
DDR kinases share a high simi in their

discoidin domain structure but differ in d:urmtraoelldaneyon
‘While DDR1a-c and DDR2 share an intracellular kinase domain,
the isoforms DDR1d and DDR1e are truncated, kinase-deficient
receptors.” Typically, RTKs wce acﬁvaudbypephde-hke ngth
Sctone dacly. £l

The developed and
Mebodfwshdﬁngdwexdnofbbkhnmmmmnl

DDR1/2 kinases exist mostly in their inactive states if not
stimulated by extracellular n ligands. The low cellular
activity of DDRI1 kinase is also caused by an intrinsic
autoinhibitory YioxYY motif; in which the N-terminal tymnine
(Tyr755) controls the autoinhibitory state by phocphoryhhon.

A similar | motif has p ly been described for the
insulin receptor tyrosine lnmoe (IRK).wbaephoapborylm
S5 fmagen renives Sotolehibiticn s fiu v e

the unexpected low DDRI1 hmaemtymdetheodlua
rarely seen salt bridge between Asp671 (aD helix) and Arg752
(A-oop), which stabilizes the inactivating DFG-out conforma-
tion.” This polar interaction strongly impairs the formation of a

lytically active DFG-in conformation and may explain why

phosphorylation, and fast activation of the ignaling &
Interestingly, DDR kinases are characterized by a unique
mechanism of activation by various forms of triple-helical
collagens present in the extracellular matrix.'”* Furthermore, in
contrast to other RTKs, DDRs exist in preformed autoinhlboted

crystal structures of DDRI kinase in complex with type-I
inhibitors always show the i DFG-out conf ion
Interestingly, this stabilizing sakt bridge has also been observed
in six other kinases, KIT, CSFIR, MEKS, YSK4, and PDGFRa/
p, and it has been suggested to play a role in inhibitor

receptor homo- or heterodimers in the tr an
umblywhchenhmoaoolhgmhn&ng Lmkedbtbe
extracellular matrix, DDR ki
physiological processes auchuodhluadham mgabon.
proliferation, differentiation, matrix deling and survival®
AbernnthmsemmofDDRhmuaplxynmmy«mt
role in fibrotic disorders of the lung, kidney, and liver.
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Figure 1. Inhibitor landscape of published DDRI /2 kinase inhibitors (1—6) and the p38 lead compound used for the development of 2 DDR/p38

chemical probe (7).

Scheme 1. Synthetic Route for the Preparation of Compounds 7 and 12-15%

OH
~Fmoc
ok
9

yn | Yield: 52-96%

O«:ﬁﬁ% OAI

R= ~ oA
10a 10b
0 Clo
Xy U
10c 1 10e
uu,
7,12418
Yield: 19-75%

“Reagents and conditions: (I) 9, RNH,, HATU, DIPEA, DMF, and KT (1I) pipeddine, DMF, and RT; and (1II) 11a~11e, HATU, DIPEA, DMF,

and RT.

promiscuity.” Although DDR kinases have been described as
mzymeadntbmdmmy&menﬂnb&mandsdmty
profiles of kinase inhibi such as imatinib, fi tly show

;--..|'7_L -;am’n‘
and i ive DDRI i . 1617 1o . th . .

DDR kinases as off-targets, few publications have foanedon the
deu@ of selective DDR inhibitors (Figure 1).' So far, the
published inhibi dscape is of limited scaffold diversity,
covering urea compounds designed by derivatization of
inhibitors with known DDR1/2 kin y; such as imatinit

dasatinib, and BIRB-796."'~"> For instance, a recent study has
focused on ponatinib derivatives, and a diverse set of
pyrazolopyrimidine (eg, 1) and imidazopyrazine derivatives
has been evaluated as DDR inhibitors."' In 2016, Wang et al.

13452

g also the DDR-TRK-1 chemical pmbe (5)," show
v.ndan’ed offtarget activities on tropomyosin receptor kinases
(TRKA-C), which are important for the normal function of the
central and peripheral nervous systems.'*'"**° BAY-826 (6)
has been used to probe DDR1/2 kinases, but originally, this
inhibitor was developedto study the role of two related RTKs,
TIE1/2, in anpogemsn ! Roche Pharma duoovered a ut of
very promising potent and sel

using a DNA-encoded hlxwycuumngappmoch In this study,

e o X00858
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Scheme 2. Synthetic Route for the Preparation of Compounds 20-24“
~NH
O,La{ :
16 NS CHs
R [+]
' '""':" 114, 111, 119 ™
% Ow‘
178,170 S.R
e W-NH N g-cu,
N.
rac, S, R

18a, 180

“J i Ho’
Yield: 90%,

Yield: 83%, 96%

Yield: 30-41%

Yldd 60%

1 me mr-m, %@im_—»" u’\g\g g -

ts and conditions: (1) EDC-HC), HOBt, DIPEA, DMF, and RT; (1) LiOH, THF/H,0, and RT; and (III) 114, 11§, 11g, HATU, DIPEA,

DMF, and RT; and (IV) 11b, HATU, DIPEA, DMF, and RT.

2 prohibited collagen-induced activation of renal epithelial cells ~ (Scheme 2). The ester functionality was cleaved with lithium
a:pmngDDRl” hydroxide in a tetrahydrofuran—water mixture to obtain 19aand

To enrich the scaffold diversity of DDR1/2 inhibitors andto  19b by precipitation with hydrochloric acid. In the final step, the
enab!g mednnuhc studies on DDR kinase signaling, we rboxylic acid was d by HATU and DIPEA in DMF,

d 7, deri ’ﬁomd:ep38xnhaberPC-
00628, for targeting DDRI1/2 kinases.* In our comprehensive
characterization of 7, potent activity on DDR1/2 kinases (K; =
31 nM/40 nM for DDR1/2) was disclosed.™ Therefore, we
daou?aasmgpomtfwdzeqnthuudaoomebmm
set of DDR1/2 kinase inhibitors using this chemical scaffold.
Structure variations targeting the back pocket and the hmp-

and the corresponding amine (11b, 11d, 11f and 11g) was
added, leading to the compounds of interest at yields between 30
and 60%.

A mdeoph:hcmm substitution reaction was applied for
the synthesis of compounds 26a and 26b, using the benzylamine
derivative 17a or 17b and either triazolopyrimidine 25a or
pyrazolopyrimidine 25b as a starting material (Scheme 3). For

bm&ngmhmeDRllzkimsenprwided
and mechanistic i into inhibitor bindi
mophnnudthuseneutoy:ddapohm. odl-‘ctm clmlDDR/
p38cbemcalpmbe30 excellent selectivity against the

kinome and a lly related negative control.

x
Furth

B CHEMISTRY

Foc the aynd:eau of 7 and its demvams 12-15, Fmoc-
ine (9) was activated with HATU and

DIPBAmDWandreactedthhdnooﬂapmdmgamme

ds 26c—26f, an amide coupling reaction was
performed with imidazo[1,2-a]pyridine-3-carboxylic acid
(25¢) or S-amino-1-methyl-1H-pyrazole-4-carboxylic acid
(25d), which were achvwdvthATUmlePEAm DMF

before the ponding b ine deri 17a or 17b was
addadlndnnenseap,daem‘ cti thyofall pound:
was hydrolyzed with lithium } ide to yield the

desired acid. Compom& 27a-27f which were prepared
according to this were then reacted with (S)-2-
amino-4-cyclohexyl-N-((SR)-1- (methylmlbnyi)pzpendm—}

)butanamide (11d) in a second amine reaction to

10a—10e in an amide coupling The Fmoc p
mwaadimdeavedmdubancomdim and the
unnatural amino acids 11a—11e were each reacted with 4-((5-
amino-1-phenyl-1H-pyrazole-4-carboxamido)methyl) benzoic
acid (8), HATU, DIPEA, and DMF to obtain the final
compounds 7 and 12—15 in yields between 19 and 75%
(Scheme 1),

For opummng the hnge-bmdmg head decoration, various

gﬁvet:beﬁnloompandsl&—33atpd4hbdmn 11and 65%
ubstituted 3 ives used in these

amxdecouplmg veactions were lynthmed from racemic and/or
enantiomeric pure (R), (S) fert-butyl piperidine-3-ylcarbamate
(34a—34c, Scheme 4). For the sulfonamide decoration, each of
the different 3-amino piperidines 34a—34c was reacted with
methanesulfonyl chloride (35a) in a nucleophilic substitution

ion to obtain ds 36a—36c, respectively. The

oloctad h tht Y 4} 2
(Schemm 2 and 3). For oompomda 20-24, 3-phenyl-1H-
pyrazole-5-carboxylic acid (16) was used as a starting material,
which was activated with EDC~HC], HOBt, and DIPEA and
then reacted with either benzylamine derivative 172 or 17b

196

cyclopropyl decoration ‘was introduced with cyclopropane
carboxylic acid (%b),wh&wsmedmthm&-emmo
piperidine (34a) manHA’l'U isted amide
For the ivati

'ro

36e, a reducti i cti

13453 ot xooss
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Scheme 3. Synthetic Route for the Preparation of Compounds 28—33“
v )
HoN Q"‘.)qu uf 9
cr oo N=N N, N o,
173, 170 9 28 o i 13

n

)\Q{K J\OT" i YO
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e e g0 a0p.

30,31
NZN NPN Yield: 11%/ 51%
|

O~y O

N 25 250
N oM MR "’c- N N’O ‘s—-cu
@ o 32.3:

25d

28¢ Yield: 65%/ 64%

“Reagents and conditions: (I) for nudeophilic substitution: DIPEA, THF, and 60 °C; (II) for amide coupling: EDC-HCI, HOBt, DIPEA, DMF,
and RT; and (III) LIOH, THF/H,0, and RT; and (IV) HATU, DIPEA, DMF, and RT.

Scheme 4. Synthetic Route for the Preparation of Amine & diates (37a—37¢)*
0
o o
WeEel s
Boc™> \Om 8 sl whon, — s o,
34a, 34b, 34c 36a-36¢c 37a, 37b, 37¢

[+]

== b ol

G,

37

w”-()« AT M“UB |

ts and conditions: (I) TEA, DCM, and =20 °C — RT; (1) HATU, DIPEA, DMF, and RT; (III) NaBH(OAc);, HOAc, DCM, and RT;

) TFA, DCM, and 0 °C = RT.

with oxetane-3-one (34c) and sodium triacetoxyborohydride B RESULTS AND DISCUSSION

under acidic conditions was performed. The Boc protecting Inordertoobmnmmaldahond:emoltumbleh:ﬁng
d with blocks for the development of a DDR inhibitor, our p

Lo

group of all compounds synthesized was r

. L e ) . published p38 compound library covering 127 mhbnton was
trif acid to q y obtain the free amines screened by differential scanning fluorimetry (DSF) against the
37a-37 most potent targets found in the selectivity profiling of 7.”* The

13454 Mmﬂmwulu/whm 00863
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13/DDR1

£ ac-elix

@ 4/DDRY

Figure 2. Differences in the binding mode of 13 in p38a and DDRI and shape similarities with published DDR1 kinase inhibitors. (A) Structure
alpmut of 13/p38a (light blue, inhibitor in teal, PDB: 7BE4) and 13/DDR1 kimase complex (gray, inhibitor in yellow, PDB: 7BE6). Hydrogen

bonds are highlighted s black dashed lines;

structural motifs are habeled (teal for DDR1 and gray for p38a). (B) Superimpased

binding
modes of 13 (yellow, PDB: 7BE6), compound 3 (teal, PDB: SBVN) published by Astex and the DDR-TRK-1 precursor 4 (orange, PDB: SFDX).

P38 compound library contained VPC-00628 derivatives,™ a set
of back-pocket-modified type-II inhibitors and allosteric frag-
ments derived from BIRB-796.** Thermal shift values (AT,,)
were d ined for DDR1/2, abel ine protein kinase 1
(ABL1), and mitogen-activated protein kinase kinase kinase 20
(ZAK) and compared with those of p38a/# (Supporting
Information Tables S1 and S2). Because the AT, values
typxaﬂycondatewdlmthk.valuu,pounaelofnew

o ot

tha-malﬁxﬁvaluu Compound 7w:ﬂ:knownl(¢valuuwa
used as a control in these experiments (p38a/f [K; = 6.3/20
nM], DDR1/2 [K; = 31/40 nM], ZAK [Ky = 120 nM], and

ABLL [K‘ =130 nMD Comyumgthesaoenmg dataiurthn
d collection”* ion of

of MCP-042 in complex with p38a.” Interestingly, MCP-047
was the only compound that showed preferential stabilization of

DDRI (AT = 44 °C), with negligible temperature shifts forall
other kinase targets investigated. MCP-047 and VPC-00628
have a similar back-pocket decoration, but they differ in their
hinge-binding moiety, which is a 3-phenyl-1H-pyrazole-5-
carboxamide in the case of MCP-047. This building block
might therefore be useful as a hinge-binding moiety to optimize
7 for the inhibition of DDR1/2 kinase. The chimera of VPC-
oom" and BIRB-796, MCP-081, ptewoully published 2 ancl

db of its in i

showed a slight preference for DDRL ldnasemthetbamdﬁ&
assays (AT = 5.3 °C). H , BIRB-like fr were

d that th

DDR1/2 followed AT,, values measured for p38a, despite the
low sequence homology of these two kinases. A similar behavior

was found for the off-targets ZAK and ABLIL. Tbehugbwt

| DSFamayt(SuppomnghfotmtwnTableSl)and

d not to be optimal for improving activity toward
DDRI1/2. We specdated that the sulfonamide-, cyclopropyl
am»de- or oxetane-decorated 3-amino p-pen&na 13-15,

temperature shifts for DDR1 (AT,, > 4 °C) were
oompounda 7 and 13—15. The aminopiperidine bad:—pudmt
of compounds 13— 15 were theref das
the most useful starting point for the synthesis of new DDR1/2
inhibitors. For our VPC-00628"""based library compounds,
the highest thermal shifts for DDRI1 (AT, > 4 °C) were found
for VPC-00628, MCP-040, MCP-042, MCP-047, MCP -074,
and MCP-081 (structures depicted in S i ion
Tables S1 and S2). In this screen, VPC-N628 and MCP074
shawedo&-mptacuvmesmthxto7onauﬁnmgeu
investigated. Besides DDR1, MCP-040 also displayed th

y, might be better suited for targeting the back pocket
ofDDRl/thse

Next, we crystallized 13 in complexes with DDR1 and p38a
kinase, respectively, to compare binding modes and to reveal
potential sites for DDRI kinase selectivity (Figure 2A).

Although both kinases belong to different kinase groups
(DDRI isaRTK and p38a is a CMGC family member) and thus
share low sequence identity, key i jons with the inhibi
were, however, conmed including the canonical hinge
backbone i d i ions with the conserved

stabilization of ZAK and ABLI1. CompoundMCPO@.ledwa
robust stabilization of DDR1 kinase (AT, =4.3 °C), but it also
showed the highest thermal shift for the off-target ZAK (AT, =
6.5 °C) in the series. The affinity for p38a/f was slightly
reduced in comparison with 7, which may be due to the CF,-
decorated pyrazole hinge-binding motif. The latter plays an
mq)ortant role in stabilizing the P-loop m a speaﬁc
as £ d b] ﬂ'y!hl

198

aC gl While 13 engaged the P-loop inside the ATP-
binding pocket in p38a via interactions with Tyr35, an extended
P-loop conformation was observed in the DDR1 complex. In
both structures, inhibitor binding stabilized a (DFG-out) type-II
binding mode, with the cyclohexyl moiety protruding into the
allosteric DFG-out pocket. Only weak electron density was
observed for the sulfonamide moiety, suggesting that it is flexible
and does notform specific interactions with the protein or that it
adopts alternative binding modes. The hinge region seemed to

) oed Chem 2021 4 1548113474
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Table 1. Back-Pocket Optimization®
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No. Structure
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“Potency of compounds 7 and 12—15 as detemnined by DSF and i cellulo NanoBRET assays for p38a and DDR1/2. *AT,, average + SD derived

from seven replicates for p38a and three replicates for DDR1/DDR2 at a compound concentration of 10 uM. ‘Celdulc,’nluudneminedby
NanoBRET assay in HEK293T cells; IC, values + SEM were derived from technical replicates (n = 3). = Ln=2"n=4.5n = 6.

Table 2. Hinge-Binder Optimization A“*

AT l AT AT, I ICso* ICso* [
No. Structure | rd | ed | M| G |
p38a | DDR1 | DDR2 | p3ta | DDR1 | DDR2
| |
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“Potency of compounds 20~24 determined by AT,, and in cellulo ICs, values for p38a and DDR1/2. ®AT,, average + SD derived from seven
replicates for p38a and three replicates for DDR1/DDR2 at a compound concentration of 10 uM. “Cellular IC, values & SEM determined by
NanoBRET assay in HEK293T cells; ICy, values were derived from technical duplicates (n = 2). %n = 1. “n = 3.

be an attractive target for improving inhibitor activity for published in the KLIFS database (https://klifs.vu-

DDR1/2 because of its high degree of sequence diversity. To compmedchem.nl/) were compared with the in
identify the most promising hinge-binding moieties, all plex with 13 to p ially reveal differences in inhibitor
inhibitors crystallized in complex with DDR1 kinase and binding modes. The most similar compound to our series was 3
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Table 3. Hinge-Binder Optimization B*

ATy i IC 5°

| Kxt K o'
, No. ‘ M| M) (M)
DDR2 | p3sa | DDR1 __ DDR2
|
¥ 48: |0033+ | 237+ | 346%
04 | 0002 : 028¢ | 032
|
—— — g —— — —?-——--» e ———
|
34 06+ | 539% | 219% | 1552
| 00 310 | 544 508
| |
O-&X ’ !
% X 66+ | 57+ | 61 | 024% | 104% | 2061
03 | o7 | 07 | o;2 | o1F | o2r
! {
. ! I
0 fow |1 712 | s1x | 01252 | 0023 | 0018
05 | o1 | 06 | 0on‘ | ooo2 |o0002
| |
% 1 T
‘.:l.“».ﬁ,( % (Yo | |
3 % b ;nl A "Fo | g | 732 | 782 | 02842 | 00ss | o0m2x
l | 03 | 03 | 0007¢ | 000 | 0005¢ |
O i s
| |
oo 9 | | |
- ‘}-m. 98+ | 69+ | 87+ | 193+ | 133+ | 1164
03 | 02 | o1 | oos | oz | oo
| |
l i
207+ | 227% | 746%

B T
iy
o ‘i-os 87+ | 612 | 67% |
I 02 | 05 05 i 006 | 016 238
| |
| |

“Potency of compounds 13 and 27-32 for p38a and DDR1/2 determined by DSF and NanoBRET assays “AT,, average + SD derived from

seven replicates for p38a and three replicates for DDR1/DDR2 at 2 compound concentral

Jofl();lM. “Cellular IC;, values + SEM determined

by NanoBRET assays in HEK293T cells; IC;, values were derived from triplicates (n = 3). “n =2 “n = 4.

from Astex Pharmaceuticals'* and the DDR-TRK-1 p 4

introduction of a methyl group to the benzyl linker of 13 may

(Figure 2B). Although dmved from a oonplewly different
scaffold, 3 showed confc | similarity with 13 and its
interactions with the hinge and DFG-out pocket reg

also improve DDR1/2 kinase activity.
Toval.tdametbeAT values d d for the i
ting the allosteri backpocket.hdklolcs,nlue-of

Fuﬂ)ﬁmae.shadalowermoleadarwuﬁttanddldnot
tain an i t d sulfonamid

An imidazo(1, Za]pmdme hnge-bmdmg motif was used in 3,

bmmmmwmwgmm«m

heterocycle enabled weak face-to-face #-i with

oompumds 7and 12—15 for p38a and DDR1 and DDR2 kinase
were determined (Table 1). Although nanomolar potencies
were measured for p38a, IC s values for DDR1 and DDR2 were
oollecﬁnlyh:gbexmtheoelldarmxomnt.l’«?,

>100 times reduced cellular potency on DDR1/2

Ty703. For 13, an orthogonal geometry between the

pyrazole-phenyl decorations was observed, which partially
extended into the front pocket. Thus, changing the hinge-

wadetermmedoompaxedmﬂathel(‘nluuontbeuohted
enzyme. Differences in potency olxemd intracellularly
oompaudthhk,nhu' ined on isolated

binding head group of 13 to an imidazo[ 1,2-a]pyridine moiety were not § given that NanoBRET assays tnually
might improve potency toward the DDRI1 kinase. The alig; kinase binding in the fulllength proteins at cellular
of DDRI-TRK-1 p 4 and 13 highlighted shape ATP concentrations.
amn!antmmtheallootencDm-wtpocketreponandtbe Although the potency for p38a kinase was largely retained for
solvent-exposed region. Although the 1,2,3,4-tetrahydroi pound 12, p for DDR1/2 kinases increased 3.2-fold
mhnemmetym4umen9d,boﬁ1damnnluuﬂoldndopbed and 13-fold. As apeobod from the very amdar AT, values
a similar geometry in the linker and hinge regions. The DDR1- obmnedﬁ)ttheulﬁ' idk .cy P

TRK-1 p 4 formed hydrogen bonds with Me(704 viaits  decorated amin 1 ity binding of
pyrimidine L yel n atom. Furth both pNamndetemmed.W‘hde 13and 15 inhibited both DDR1/2
database-derived ds harb amethyl kinases with mi 14showed the best potency

ﬂ:ehnkapartthattmgetedﬂ:ehydmpbobxcpodetbebmdﬁn
gatekeeper residue Thr701. We, therefore, speculated that the

200

mthusemu,wntblcsgvalueaoll 31and 1.75 uM for DDR1/2
kinase, respectively.
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Because dteprevndymedhmwmgmoufumdw be
less optimal for DDR1/2 i further
mpounds were evaluated (Table 2). The sulfonamide
d ion was left unchanged, and the hinge-binding moiety
of 13 was replaced with a 3-phenyl-1H-pyrazole isomer
(compounds 20-24). This structural element has already
been used for the synthesis of VPC-00628 derivatives,™ and
DSF assays with 7 (Supporting Information Table S2) showed
that this heterocycle in compound MCP-047 resulted in better
thermal stabilization of DDRI. Inordettoﬁndoutwbethctbe
exact hemistry of the i
in 13 played a role in the bmdmg to DDR kinases,
ananbommﬂy pure (S) and (R)<onfigured derivatives
were sy and investigated. Known DDR kinase
inhibitors, such as ¢ “S,DDRIW-I,DDRI-INZ,
and the DDR-TRK-1 probe, all contain a methyl group targeting
the hydrophobic pocket located adjacent to the gatekeeper. To
investigate the role of the methyl group, a methyl group was
incorporated into the benzyl linker of compounds 21-23. In
pound 24, the sulfonamide decoration was finally replaced
with a propyl residue to investigate the contribution of 3-phenyl-
1H-pyrazole as a hinge binder and to exclude combinatorial
ummau:h effects.

with the data p lnformatnon
TableSZandmowpum blicati 7‘* introd
}phmyl -1H- pyramle deoomtwn prevented binding to psaa.

and negligible thermal shift
uhawndmmdahofo:DDRl/llmmn Regarding the
role of the configuration of the amino piperidines, very similar
binding potencies were obtained for both stereoisomers,
highlighting that the stereochemistry at this particular position
does not affect inhibitor potency. These observations are in
ent with the crystal structure of 13 in complex with
DDRI1 kinase, showing that the (S)- and (R)-configurated
aminopiperidine moiety pointed toward the solvent. Comparing
the AT, and ICy, values determined for all kinase targets of 21
(with a methyl group) and 20 (without a methyl-deoorated
beuzyllnka),noagmﬁcantdﬁmoem binding potency
pp Due to the ble 3-phenyl-1H-pyrazole hmy
binding building block, only negligible inhibitory effects were
determined for compound 24 with a propyl backpocket
decoration.
Next, we focused on the d

9 733
bl ERLYESO

Figure 3. Mechanism of P-loop folding in p38 MAPK. Alignment of 13
(teal, PDB: 7BE4) with 32 (yellow, PDB: 7BES) in complexwith p38a.
Compound 13 engages the Ploop in a folded oonﬁmmdon teal).
With the phenyl-deficient compound 32, the P-loop d
could not be modeled. Hydrogen bonds are highlighted wihuack
dashed lines. Inset: stabilization of the P-loop with 13 with shown
hydrogen bonds (black dashed lines) and distance measurements (red
dashed lines). Important structural motifs are labeled.

Tyr35 and side-on stacking interaction with Phe169 from the
DFG motif, the P-loop was disordered in the complex with 32.
This observation confirmed the hypothesis that the p38a hinge-
:rﬁngphenylmty’ of 32 was crucial for inhibitor potency
for trapping the P-loop inside the ATP-binding pocket.
During the development of the p38a/f type-II probe SR-318
and its negative control compound SR-321, the free amine at the
mgtmmwahoﬁxmdtobempormbrthel’-
ion,™ but the ioned above
suggests that the phenyl-mediated interactions are the driving
force for stabilizing the P-loop conformation.

Analysis of the crystal structures revealed that an intra-
molecular hydrogen bond was formed between the pyrazole-free
amine group and the neighboring carbonyl oxygen atom. This
hydrogen bond stabilized the heterocycle and the amide group
ina conformation, facilitatin, i raction
mmmw and the gatekeeper mmnm of both
gm.npcwuthutfmoomda«l. Compounds 29 and 28 were

moietyin 13 (Table3). hSZandss,d:eyhmylmutythw@t
tobeuucnliorP‘loopwahlnatnnmp&BMAPKand hence,
inhibi Thermal stabilization of
p38aw1th32(AT -948°C)and33(AT = 87 °C) was
agnlﬁeandy lmver than that with 13 (AT = 14.1 °C),
I ingly, thermal stabilization

of I DDRI/Z lnmnen was even lngnr for the phenyl-truncated
s, which was confirmed by BRET assays. While 32
md%swms&fddmd%-fddmduchmmpotmq
for p38a compared with 13, ICy, values of 133 and 1.16 uM
were determined for 32 for DDR1/DDR2 kinases. Compound
33 had slightly higher IC;, values for all kinase targets,
presumably due to unfavorable contacts of the methyl-stabilized
benzyl linker. Tolh:dyid:emdmedaﬁmtyforp&&MAPKn
caused by altered P-loop interactions, a crystal structure
of 32 in complex with p38a kinase was determined (Figure 3).
When comparing the crystal of p38a in complex
mdamyumdslsandslmhblednﬁmsman loop
While 13 engaged the P-loop
vkmphmylmdnbyaﬁoe-(o-&oenbdmgmmmth

full d by the use of a 1-phenyl-1H-pyrazolo[34-
d]pynmxdlm or 3-phenyl-3H- [l,?.,3]umolo[4,5—dbylmdne
bmldmgbhck AT and IC,, values were determined for
d results. For com-
pound 29 [IC,, DDR1/2) = 1.04/2.06 4M], the potency
toward DDR1/2 was improved compared with 13. However,
affinity for p38a remained unaffected, which was probably
eamod by the phenyl decoration in the hinge region.
ingly, for 28 binding to p38a, DDRI, and DDR?, it
wasmq)med.mdonlyneghgbleﬂxrmlshlﬁvahsand
potencies in NanoBRET assays were determined. The latter
finding was unexpected, aonlyaunglecubonatom offhe

pyrazole was replaced with ani in the triazol
mudaul@estedthat&nmuoloﬁ,s-d]pyrmdhemm
impaired binding due to altered el

Compound 28 might theref bemeduapotenhalnegabve
control compound.

In oomp‘:&mds 30and 31, the hmge-bmdmghemocyde was
lisad pri o

reminiscent of oom;;ound 3 for eargztmg DDRI1/2 kinase.
Gratifyingly, the measured IC g4 values of 30 and 31 for DDR1/2

nwm;nmoz/whm 00358
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kinases were significantly lower than IC, values of earlier
compounds. For 30, ICy, values of 23 and anMm
determined for DDR1 and DDR2, ively. For

slightly smaller in DDR1 kinase. The sulfonamide moiety
pommdtuvmdtheoolnnt Inboﬂ:much-u,asm-]ar

31, ha!bomgamothyhhbdmdbmylhnks potmaenvm
only abghtly redwed. However, activity for p38a kinase
d in both inhibi 30 and 31, with potencies 5-6
times higher for p38a than for DDRI.
To understand the differences in inhibitor binding in p38a
and DDRI kinase, a crystal structure in complex with 30 was
determined for both targets (Figure 4).

MIDT704 L
Hinge /=

& 30/p38a
Figure 4. Binding mode of dual DDR/p38 ishibitor 30. The crystal
structure of DDRI khmlnmplexvdda.io(yelbwlduhlwr. PDB:
7BCM) showing an ded P-loop. trast, in the p38a kinase
complex with 30 (teal inhibitor, PDBv 7BDO), the P-loop adopts a
folded conformation where the ligand interacts with the P-Ioop(l@:t
bhe).hbdbmc.thetpof!he?-loopvmpaﬂly
howerer. Hydogen bonds are lghlghted as black dushed s
important structural motifs are labeled

DFG-out

) 30/DDR1

Overall, 30 adopted a similar binding mode in both kinases,
ing an inactive DFG-out state, with the cyclohexyl

k was seen engaging the Glu—Asp salt bridge
o(theDFGmoufandtbeommedjmmammd:,mdm
additional hydrogen bond formed with the DFG aspartate and
the terminal amide. However, differences were observed in
interactions with the hinge region and the P-loop. While in
p38a, Met109 is preceded by a leucine (Leu108), an aromatic
tylmincmduerel‘ym&)hfo\mdeDRlat&apouﬁm
The side chain of Tyr703 pointed toward the ATP-binding
pocket and interacted with the imidazo[1,2-a]pyridine hinge-

d ion. The flat geometry of this hinge binder was
pmbablytbemn&werfctd:empwvedpoencyofsofor
DDRI/2 kinase. In the DDRI~13 complex (Figure 24), an
orthogonal orientation of aminopyrazole and its phenyl
decoration were found, negatively influencing aromatic
interactions with Tyr703. In addition to the potency toward
DDR1/2 kinase, 30 also showed potent binding of p38a/f. The
reason for this can also be exphined based on the crystal
structure, which showed that 30 traps the P-loop of p38a in a
conformation that forms a lid over the inhibitor binding site,
reminiscent of the folded P-loop seen with 13. However, notall
mdmmcbe?bopregonmﬁdlynndudmduaywd

and & ions with Tyr3S and Phel69
from the DFGmoufm not visible in this structure, indicating
that the Poop retained a certain degree of flexibility. As
discussed above, 13 showed a very low ICq, value 0f22.5nM for
p38a, probably mainly due to favorable interactions with the P-
which was fully resolved in the crystal structure (Figure
2A). As the hinge decoration of 30 lacked the phenyl-extended
hinge-binding head group, interactions with the Ploop Tyr35
were less pronounced, which could explain the 4.8-fold reduced
potency for p38a.
Seloctlvity Proﬁlng The most interesting and potent
were selected to study their kinome-wide selectivity.

decoration interacting with the allosteric deep pocket, which is

Therefore, 28, 29, and 30 were each profiled against 468 kinases

A B

percent control

L%, W

468 kinase/mutants tested
Sy (0.1 pM) = 0.05

NN

") lwlywl

468 kinase/mutants tested
Sa5 (1.0 uM) = 0.01

2 i S

468 kinase/mutants tested
Ss (0.1 M) = 0.01

Q’%*p@ﬁ L @/j’k"“@\gn . G“Ojgﬁsﬂ.

Figure $. Selectivity profiling against

468 kinases and kinase mutants. (A) 28 screened at 0.1 zM; (B) 29 screened at 1.0 uM; and (C) 30 screened at
using Eurofins scanMAX

0. lm;mmnyms,,wm forcompound comparison; mutants not shown; the selectivity screen wasperformed

technology.
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and clinically relevant kinase mutants in total (Figure 5,
Supporting Information Table S6). All compounds showed
varydemlelecmtypmﬁlequnpectedbuedoneadm
studies on
Compound 29 whlch contained a bridged pyndm[S.

data of 1 yM
(Fxgure 5B), and a reunrlmbly clean selectivity profile was
obtained. From the 468 kinases and mutations screened with 29,
only DDR1/2 and p38a/fl kinases were inhibited by more than
50% [selectivity score of Sy (14M) = 0.01]. To und d the

ABLI, RIPK2, and RPS6KAS (Table 4). The cellular activity of
these targets and p38a/f was studied by NanoBRET and

Table 4. Selectivity Profiling and Target Activity of 30

reason for this kinome-wide selectivity, a crystal structure in
complex with p38a was determined (Figure 6).

e 3 2
>*-7'\ \@,Dsocul Pl —
29/p38a

Figure 6. Selectivity by targeting the switch-pocket residues in p38a.
Compound 29 (teal, PDB: 7BDQ) in complex with p38a MAPK.
Important structural elements are highlighted, induding the switch-
pocket residues Arg70, Ag67, and Argl49 (shown in orange). The
structure reveals a folded P-loop conformation stabilized by inhibitor
binding. bonds between the inhibitor and the kinase are
highlighted by black dashed lines.

In this crystal structure, 29 bound as expected as a typical
type-II inhibitor the DFG-out deep pocket and made

with the backb id “Metlo9hthehnr
via its pyrazole nitrogen atom. Besides this canonica bm

kinome targets 1 pM 1ICq [uM]*
DDR2 0 0.018 +0.002
DDRI1 01 0.023 +0.002
ABL 1 conghocpharybted " 225 M
RIPK2 30 >25 uM
RPS6KAS 35 >25 M
(Kin Dom 2-C-terminal)
p38f 36 0.196 + 0.008
p3sa 77 0.125 £0011

“ICso values + SEM were derived from triplicates (n = 3).

led potent inhibi ies of 30 on DDR1/2 (ICy, =
23/18 nM) and pssa/ﬂ (Ic,. = 125/196 nM) kinases (Table
4). A significantly lower cellular activity was found for the
additional targets, with I valnu >25 uM, making 30 a very
valuable tool compound (Supporting Information Figure S1,
Tables $3 and $4).

Compound 28, which had no significant inhibitory activity on
p38a and DDR1/2 in the DSF screen, was screened at a
concentration of 0.1 yM (Figure 5A). Interestingly, 28 also
showed a very clean selectivity profile in the kinome scan assay.
With a cutoff value of >35% activity of the control in the assay,
only two kinases, SRPK2 and NDR?2, were detected [S; (0.1
#M) = 0005]. Compared with the potent inhibitor 30,
compound 28 showed more than 850-fold reduced potency
for DDR1/2 kinases (ICg = 21.9/15.5 pM), a 43/8-fold
decreased IC, value for p38a/ﬂ (ICe,= 54/16 yM), and no
additional off-targets. It, there g
oonuolofth:seompomdmﬂwodlbuedasayu

In compounds 31 and 33, a methyl was introduced in
dubanybcpoumnto strengthen the interaction with the

mode, 29 engaged the P-loop in a folded conf
acted as a lid over the hinge-binding moiety, whmhxmpwved
inhibitor selectivity, as seen for other inhibitors crystallized in
this ttudy Hmvevu, none ot’thse inhibitors matched the
i lectivity of 29. The reason for this
:dechntymx@tbedmtoanmupecbed hydrogen bond
formed between Arg70 from the aC helix and one of the
sulfonamide O-atoms, which was not seen in the p38 xes
with 13, 32, and 30. Like Arg67 (aC helix) and Argl49 (HRD
segment), Arg70 belongs to the so-called switch-pocket
residues. Targeting these amino acids was p

pocket behind the gatekeeper (Thr701) and to
stabdmﬁnoompmndumetabdmﬂy This methyl group is part
of many previously published DDR1/2 kinase inhibitors, such as
DDR-TRK-1, DDRI-IN-1, and 3, and it is believed to be
ible for the off-targetinhibition of TRKs.*” Since none of
d:eptevmlytyntbmedoompantbbasedmtbevpcwzs
scaffold showed any binding of TRKs in Eurofins scanMAX, it
wofmteratwhetberametbylmatdmposmonmﬂn
molecule also leads to the af ti i
Compound 31 was therefore investi 'font:' wide
lectivity ata i ofO.l[lM(Suppofhnghformatxon

by Decipt Pt icals, who devel ‘lnd:ly

pNa/ﬂmhhtm“SmoeAxﬂOuammmedamaad
found exclusively in p38a/f, the superior kinome-wide
selectivity of 29 may be primarily caused by the additional
interaction with the basic arginine side chain. The binding mode
ofz9mumpe. s it represented the first switch-pocket
i tacts with the hinge region.
Anoﬂ:erumqmﬁatmvalﬂntntmppedtbePbopman

The most potent compound of our structure—activity
relationship (SAR) series, 30, was screened against the kinome
ata concentration of 0.1 uM to obtain insights into its selectivity
(Figure SC). In addition to DDR1/2, which were bound the
strongest, three other kinases were detected with a residual
activity of <35% of the uninhibited control atthis concentration:

Tablesé Interestingly, screening of 31 revealeda clean profile,
and high-affinity targets such as DDR1/2, p38a, and MELK
were detected at a cutoff value of >35% activity of the control
The anticipated inhibition of TRKA, TRKB, and TRKC based
on the scaffold 31 was, however, not confirmed, and 100%
activity of the control was retained in the Eurofins scanMAX
kinase assay panel. For compound 33, which was studied at the
same concentration, a similar clean selectivity profile, without
inhibition of TRKs, was observed (Supporting Information
Table S6). It can therefore be assumed that the methyl group is
not the only reason for the inhibition of TRKS, as di d by
Zhu et al, " but that this activity is rather dependent on the
hinge-binding scaffold of the inhibitor used.

Cytotoxicity, TNF-a Release, and Drug-like Properties.
We investigated the dose- and time-dependent effects of the

nmmwulu/whm 00358
Med Chem. 2021, 64, 1345113474
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A

Staurosporine 10 pM

Figure 7. Live cell high-content screen of HEK293T, U20S, and MRC-9 cells. (A) mdmdypuulbedp.‘ss probeas (Sll 318) and control

3010 28 10 uM 38 10 M 39 10uM

39(SR-321). (B) Healthy cell countafter24h of 1 and 10 M compound exposure ( 30,28, 38,39, and ainst healthy cells
exposed to DMSO 0.1% in HEK293T, U20S, and MRC-9 cells. Error bars show SEM of three technical dwlom Thellyiﬁcnoewalcdxd
using atwo-way ANOVAanalysis. (C) Fraction of healthy, apoptotic, lysed, and dead HEK293T cells after 24 h of exposure to 1 and 10 #M compound
(30,28, 38,39, and staurosporine ) compared with a 0.1% DMSO control. Additional cytotoxicity data with all three cell lines are shown in Supporting

Information Figures S2~54.
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Figure 8, mwcumxyotmnpmu,nmdaomuuu(l\)" bolic degradati 240 min. (B) Metabolite formati 240min.
d in tripli The values the mean with cmdtddewhdm.

=xp P 3

compounds 28, 30, 38, and 39 on cell viability in three different
cell types—human embryonic kidney cells (HEK293T),
osteosarcoma cells (U20S), and non-transformed human lung
fibroblasts (MRC-9) (Figure 7 and Supporting lnformatwn

exposure unng a CQl high-content confocal microscope
(Yokog: ine at a jon of 10 uM was
u‘edasanfamnoeoo d

Aﬁer‘Mb.tbeDD p38a/p probe compound, 30, and the

Figures 82-84) Collagen-activated DDR1/2 cell si g is
mediated by mi mmdpcooemhm.u,mhammlz,
JNK, and p38a/j “To exclude p38 off-target cytotoxicity, our
previously published p38a/fi-sel u(sa-
318) and its control 39 (SR-321) were included in this assay.™
The cells were treated with fluorescent dyes to detect apoptosis
(Alexa Fluor 680 conjugate), nucleus/DNA (Hoechst33342),

P g Deg: oomml (28) showed no si
o ity at a comp jon of 1 M. At 10 uM,
however, there was a pronounced cytotoxic effect and a drastic
increase in the percentage of apoptotic cells in all three cell lines
for these two inhibitors compared with the DMSO-treated
controls (Figure 7C and Supporting Information Figure $4).
Immsﬁnﬂy,mwumotetoﬁctbanwatmpM,wlﬁchm

mitochondrion (MitoTracker red), and microtubule (Bio- also reflected in a higher proportion of cells. For the
Tracker 488 Green Microtubule Cytoskeleton Dye) effects. p38 a/p probe 38 (SR- 318) and its control 39 (SR-321), there
Fluorescence and cellular shape were measured before was also no notabl d d after 24 h in all three

compound treatment and 12, 24, and 48 h after compound

13461

204

od.lhnuatannﬂnhbroommuonoﬁym No major effect
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on the microtubule function was observed after treatment with

d d in a screen against 468 kinases and mutants at a

any of the compounds from the two probe sets, and none of the
compounds resulted in increased levels of cell lysis at a
concentration of 1 yM (Supporting Information
and $4). Thus, d)edzvdopedpmbe,ao,andmoormpondng
negative control, 28, represent a versatile toolset to study the
DDR1/2 function in normal or disease physiology.

In our NanoBRET target ent studies, we showed that
30 also inhibited p38a/f wi :E five/eightfold lower potency
oompared with DDR1/2. Recent studies indicated that the

ivated DDR recep myupteg:hhetheexpmnm
andrdeauofqbolmennmopbwa. This process is
dependent on NF-xB signaling and has been suggested to be
mediated by the p38 MAPK pathway. To assess the phenotypic
effect of our dual DDR/p38 probe, 30, we measured the TNF-a
release in whole blood. Besides 30, the negative control 28 and
our recently published p38 selective probe set (38 and 39) and
the p38 inhibitor SB203580 were studied in this assay. Both p38
inhibitors, 38 and SB203580, potently inhibited the TNF-«
release with ICy values of 0.17 and 182 uM, respectively, while
no inhibition was seen for 30 and the control 39 (Supportin
Information Figure S5). Based on these results, we oondudeg
that the phenotypic effect of 30 on the p38a/f MAPK pathway
is less pronounced.

We next tested the metabolic stability of ds 13, 29,
mdwmhghmhmmhmu(ﬂm)mahme
interval of 240 min (Figure 8). We observed that 29 was
metabolized slightly faster than 13 and 30, and a slightly higher
proportion of metabolites was thus detected. Aﬂerammon
time of 240 min, only 44.0 + 4.0% of the

ooncentrabonoflpM [S-soore (35) = 0.01]. In addition, we

control compound, 28 (SR-
301), Inaedond:eumelmﬁd. for the use of our compound
series in cell-based assays. Taken together, our data suggest that
the DDR/p38 probe set is a valuable tool for in-depth
mechanistic studies of DDR1/2 signaling under physiological
and pathophysiological conditions.

B EXPERIMENTAL SECTION

Chemistry. All reagents and water-free solvents were purchased
from commercial suppliers and were used, if not otherwise stated,
M&wtﬁmbspndﬁudm,orwlvmmdﬂeduqmdmi

dures. Column graphy on silica was performed on silica
60,004—063mfmmM NagelGabH&Co.l(GPuuy

Analytical dlh-hyu dmxn was camried out using ; alumi-
num-backed plates coated with Merck TLC Silicagel 60 F254. Plates
were visualized under UV light (at A 254 and/ or 360 nm) and/or with
ninhydrin solution. "H NMR and '*C NMR spectra were recorded
either on a Bruker AVANCE 250, 300, 400, and 500 or a Bruker DRX
600 using TMS as an internal standard. The chemical shifts (8) are
reported in ppm and are calibrated against the residual proton peak of
the deuterated solvent. ] values were recorded in Hz, and multiplicities
mwwteuﬂwm Mass spectrometry (ESI)
was don a VG Pl from Fisons. High-
resolution mass spectrometry (FI‘MS + p MALDFHRMS) was
performed u&: MALDI LTQ XL Orbitrap spectrometer from
Themo Scien ination of the
ma&dmwn@ml)@h&lyﬂdﬂav&hall&b@
HS d (G7117C; 254 nm, 280 nm) and a LC/MSD device

forl3,43.6;t45960fd:ecompo|mdnmamedfut30,and28.4
+ 08% of the compound remained for 29. In summary, all
derivatives modified for targeting DDR1/2 showed modest
metabolic stability.

To more comprehensively assess dmg-hke properties of 30,
ADME properties were predicted using QikProp software
(Sch er, ww,Supponuz Information Table §9). Overall,

limits for drug-like compounds, such as
hmmgayodpredmdoellpumeahhtymCaoo—landMDCK
cells, which was supported by our nanoBRET assay data. In
addition, com; 30 had a good oralabs of
st e S0t syl i

B CONCLUSIONS

A hensive set of 127 previously published p38inhibi
wasevaluatedbyDSFa@mtpssandthe in off- of the

(G6125B, ESI pos. 100~1000). The compounds were amlyzed on a
Poroshell 120 EC-C18 (Agilent, 3 X 150 mm, 2.7 ym) reversed-phase
eelmnungamﬁmkaddmmum)ndomwacuh
acetonitrile (ACN) (B) as a mobile phase. The foll
used: omasxn,zmmsxn.anumwxxn(ﬂawuudosmu
min). UV detection was performed at 254 and 280 nm, and al
canpomdl used for further biological characterizations showed >95%
purity, if not otherwise stated. For compound 28, purity was
determined using a LC-20A Promin HPLC in from
Strmbu were performed on a C18 column [Luna 10 pm
C18 (2) 100 A; 250 X 4.6 mm) from Phenomenex using the following
t profile: 0=2 min 95% B, 2=14min 95% B, 14-21 min 10% B,
and 21 min 95% B. As solvent (A), ACN, ultra-MS-grade, was used, and
assolvent (B), MS-grade H,O with 0.1% formic acid at a flow rate of 1
mL/min was used. The detection was carried out with an LCMS-2020
mass spectrometric detector from Shimadzuata wavelength of 254 and
280nm.

10 &

VPC-0062825-derived lead compound, 7, which led to the
identification of suitable chemical starting points for the
development ofoelecﬁveDDRl/thnb:tm A series ot’potmt

DDR1/2 kinase inhibitors were synthesized by g the
hnp—bmdmgnmetymdtbebad(podcetdeooubompum
in the lead structure 7.Ct i ofthese compounds and

the determination of crystal structures of selected inhibitor
compleus hﬂ:lxﬂﬁked the importance of the P-loop con-
ion for potent i i wlthp:&s.mdudmgammly
seen wstacking i ion with the inh arth e,
demonstrated the possibility of targ ,dn.... ed
switch-pocket residue Arg70 in p38a with a type-II inhibitor to
achieve p38 selectivity. Our SAR ization resulted in a very
potent DDR inhibitor, 30 (SR-302), with ICq, values of 0.023
and 0018 uM for DDR1/2 and more than five times lower
cellular IC, values for pssa/p (lc,,, ale/o 196 pM)
Compound 30 displayed an as

A for Fmoc Cleavage and thePreparation
of Amines 11a—11g. Amines 11a=11g used in the amide coupling
reaction fuﬂl procedure B were freshly prepared directly before
coupling to the acid. The corresponding Fmoc protected amine (10a—
10g, 1.2 equiv) was dissolved in DMF (12 mL), and piperidine (20%)
was added. The mixture was stirred for 1 h at RT, and CH,Ch, (30 mL)
orEtOAc (30mL) was added. The organicph hed five times
with water (30 mL) nd&iedegSO. Thewheﬁwaevquad
under reduced pressure, and the crude product (quantitative) was used
without further purification.

General Procedure B for Amide Coupling Reaction Usin 49
HATU for the Py of Final C 12-15, 202
axbaylcadd(leqw)deATU
(1.2 equiv) were dissolved in DMF (8 mL), and DIPEA ( 1.5 equiv) was
added. The solution was stired at RT for 1.5 h, and a solution of the

corresponding amine (11a=11g, 12 equiv) in DMF (8 mL) with
DIPEA (1.5 equiv) was added The mixture was stirred for 20 h at RT.
CH,{, or EtOAc (wml.)wuadded,and(beupkpbmws
washed four times with water (50 mL) and dried over MgSO,. The

solvent was evaporated under reduced pressure, and the crude product

nwm;nmoz/whm 00358
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h N

mpm‘lﬁedby ol silica (eluent: cydch /
'OAc, CH,Cly/MeOH, or EtOAc/MeOH) if not uued d:eﬂdu.
(s}sAmho-N (4((4-cyclohexyl-1-(ethyk
yi)carbamoyl Jbenzyl)- l‘planytmpymb-‘-c«bmﬂde (7), 4
((Sinlno-l 1Hp do)methyl) berzaic acid
(8),and (9H-flucren-9 yl)medl (5)-(4-cydchexyl-1-(ethyl )-1-

7.5, 34 Hz, 2H), 431-4.17 (m, 3H), 3.99-3.90 (m, 1H), 3.75-367
(m, 1H), 3.51-339 (m, 1H), 3.37-3.27 (m, 1H), 2.87-2.82 (m, 3H),
2.81-2.73 (m, 1H), 2.56-249 (m, 1H), 1.83-1.69 (m, 2H), 168~
1.45 (m, 8H), 1.42-1.27 (m, 1H), 126~1.05 (m, 6H), 090-0.77 (m,
2H) ppm. NMR (126 MHz, DMSO-d,, 300 K): (mixture of
di ): 8 170.7 (2x), 1559 (2x), 1439, 14338, 140.7 (2x),

ombuunvz -yl)carbamate (10a) were prepared as previously pub-
lished*

(9H-Fluoren-9-yl)methyl (5)- (4-Cy¢loh¢xyl-l -0x0-1-
106). (8)-2-((((9H-Fluoren-
)4 (9, 400mg,
0.98 mmol) adHATU(“Bm L18 mmol) were dissolved in DMF
(dry, 10 mL), and DIPEA (152 mg 118 mmol) was added The
reaction mixture was stirred for 2h at RT, and propan-1-amine (97 uL,
1.18 mmol) was added. The mixture was stirred for additional 20 hat
RT. DCM (50 mL) wasadded, and the organic phase was washed five
times with H;O (20 mL) and dried over MgSO,. The solvent was
evqaaedundumdmdpmandthemdepmdluzwpuﬁd
by column ch graphy on silica (; /EtOAc 1:1).
Cunpomd 10b was obtained in a of 248 mg (0.55 mmol, 56%)
asacolorless solid. TLC: R,= 0.15(SiO,, cyclohexane/EtOAg, 1:1).'H
NMR (500 MHz, CDCly, 300 K): §7.76 (d, > = 7.5 Hz, 2H),7.57 (d,°]
=7.5Hz, 2H), 739 (t, = 7.4 Hz, 2H),7.30 (t, }/ = 7.4 Hz, 2H), 613
(s, 1H), 548 (d, ] = 79 Hz, 1H), 4.48-4.28 (m, 2H), 4.20 (t, T = 7.0
Hg, 1H), 4.12-402 (m, 1H), 330-3.11 (m, 2H), 1.91-1.76 (m, 1H),
1.73-1.58 (m, 6H), 1.56—143 (m, 2H), 1.36—~1.06 (m, 6H), 0.94—
0.79 (m, SH) ppm. ®C NMR (126 MHz, CDCl, 300 K): & 1718,
156.3, 1439, 141.4, 127.9, 127.2, 1252, 120.1, 67.1, 55.5, 472, 413,
376,33.4,333,33.1,304,26.7, 26.4,22.9, 1.4 ppm. MS (ESIpos.) m/
2(%): 897.62 (84) ([2M + H]* calcd, 897.54), 44924 (92) ([M +H]*
caled, 449.27), 227.18 (100) ([M — Fmoc + H]* caled, 227.20).

( 9H-Fluoren- 9-yl)mnhyl ((S)J-Cycfohexyl -1-(((SR)-1~

onobm 2-yi

carbaomte (10¢). (siz((((sn F 9-y1)
amino)-4-cyclohexylbutanoic add (9, 500 ng 123 md) and
HATU (560 mg, 1.47 mmol) were dissolved in DMF (dry, 10 mL),
anleFEA(l%mg,l 47 mmol) was added. The reaction mixturewas
stirred for 1.5 h at RT, and rac-(3-aminopiperidin-1-yl) { cyclopropyl)-
methanone (37d, 248 mg, 147 mmal) dissolved in DMF (dry, S mL)
was added. The mixture was stirred for additiomal 20 h at RT. EtOAc
(100 mL) was added, and the organic phase was washed fourtimes with
H,0 (50 mL) and dried over MgSO,. The solvent was evaporated
under reduced pressure, and the crude product was purfied

+ {evdah

n_:\.L earb i

using
column /EtOAc 1:3 = l-9g
Compound l&mohdndlnayiddef&ﬁmg(‘”?l mmal, 81%,
asacolorless solid. TLC: Re= 037 (SiO,, cyclohexane/EtOAq, 1:3). 'H
NMR (400 MHz, DMSO-d,, 300 K): (mixture of diastereomeres): &
7.96~7.80 (m,3H), 7.77-7.68 (m, 2H), 746~737 (m, 3H),732 (t,]
=74 Hz,2H), 4.33-4.13 (m, 3H), 4.09-3.78 (m, 2H), 3.76-3 47 (m,
2H), 339~305 (m, 2H), 200-129 (m, 12H), 127-1.03 (m, 6H),
091-0.77 (m, 2H), 0.76-0.53 (m, 4H) ppm. ®C NMR (101 MHz,
DMSO-dg, 300 K): (mixture of diastereomeres): § 171.0, 170.9, 152.0
(2x), 1439, 1438, 140.7 (2X), 1386, 127.6, 127.0, 1253, 120.1 (2x),
65.5, 46.6, 36.8,330, 329, 32.7, 32.6, 261, 25.8 (2X), 104, 6.8 ppm.
MS (ESI pos.) m/z (%): 580.43 (100) ([M + Na]* caked, 580.32).

1276, 1270, 1254, 120.1, 656, 54.8, 54.7, 49.6, 49 4, 467, 454, 45.1,
450,368 gzx),ws, 34.2,33.1, 32.9 (2), 32.7, 32.6, 29.7, 289,286,
262,258 (2x), 23.0, 22.9 ppm. MS (ESI pos.) m/z (%): 58632 (100)
(M ’)Hr caled, $8629), 34621 (62) ([M = Fmoc + H}* ald,
34622)

(mnua»wﬂmatyv ((sH-cycunxyH «(sn)-(:'-ga(m}-s-

((((9!-1 me&-yl)ulﬂbn )ad:ouyl)amlno 4-cydohexylbutanoic
add (9,463 mg, 1. l4mmol?andHA’l'U (432 mg, 1.36 mmol) were
dissolved in DMF (dry, 4 mL), and DIPEA (147 mg 136 mmol) was
added. The reaction mixture was stirred for 1.5 h at RT, and mac-1-
(oxetan-3-yl) piperidin-3-amine (37e, 213 mg, 1.36 mmol) dissolved in
DMEF (dry, 4mL) was added. The mixture was stirred for additional 4h
at RT. DCM (50 mL) was added, and the organic phase was washed
four times with H,0 (S0 mL) and dried over MgSO . The solvent was
Wdund«n&xadpmand&emdepmampmﬁd
by column ch graphy on silica (cy /EtOAc 1:1 = 1:20
~+ EtOAc). Compound 10e was obtained in a yield of 595 mg (1.09
mmol, 96%), asa colorless solid. TLC: R, = 020 (SiO,, cyclchexane/
EtOAq 1:20). "H NMR (500 MHz, DMSO-d, 300 K): (mixture of
diastereomeres): §7.89 (d, ¥ = 7.6 Hz, 2H), 7.78=7.69 (m, 3H), 7.47—
7.38 (m,3H),731 (t, ¥ =74 Hz,2H), 4.52-4.43 (m, 2H), 441-431
{m, 2H), 430-4.17 (m, 3H), 3.96-3.87 (m, 1H), 3.76-3.66 (m, 1H),
3.40~3.28 (m, 3H), 2.55-232 (m, 2H), 1.92-1.39 (m, 11H), 1.31-
1.04 (m, 6H), 0.91-0.76 (m, 2H) ppm. °C NMR(]ZGMH:,DMSO
dgs, 300 K): (mixture of diastereomeres): & 171.3, 171.2, 1559 (2x),
1439, 1438, 140.7, 1276, 127.0, 1253 (2X), 120.1, 74.6 (3x), 745,
65.6 (2), 584 (2X), 5438, 54.4, 54.3, 492, 467, 45.1, 38 3, 368,367,
33.0, 329, 32.7 (2x), 29.7, 29.6, 29.5, 262, 25.8,229 MS (ESI
pos.) m/z (%): 54631 (100) ([M + H]* caled, 546.34)
(9H-Fluor¢n-9-yl) methyl ((S)- 4-Cyclohexyl- 1-(((S)-1-

e H gy % ".?t!*'& (""‘)}f aroam k'
(((x) I-(med:ylmlﬁonyl)plpaldn }yl)amlm) 1-oxobutan-2-yl)-

106) was goudly to that of d10d.
(5)-1-(Methylsulf et yplperidind sl (37b, 262 mg, 1.47 mmol)

was used as a starting matedal to afford 663 mg (1.17 mmol, 95%) of
compound 10f as a colodess solid. TLC: R¢ = 0.76 (SiO,, EtOAc/
MeoH, 9:1). 'H NMR (500 MHz, DMSO-d,, 300K): §7.91-7.78 (m,
;:776-7 .70 (m, 2H), 746~7.59 (m, 1H),7.41 (td, ¥ =74, 12 Hz,
734(td,  =74,1.2Hz, 2H),6.66 (d,’]-&st, 1H), 432-4.18
(m, 3H), 3.92-3.84 (m, 1H), 3.78-3.66 (m, 1H), 3.56-3.22 (m,2H),
2.84 (s, 3H), 285-274 (m, 1H), 2.67-2.49 (m, 1H), 1.86-131 (m,
11H), 128~1.04 (m, 6H), 0.90-0.74 (m, 2H) ppm. "*C NMR (126
MHz, DMSO-dg 300 K): § 174.6, 172.1, 1568 (2X), 1439, 1438,
1407 (2x), 1289, 127.7, 127.3, 1239, 1214, 120.0, 61.8, 546, 54.5,
49.5, 494,454 (2), 45.0, 44.6, 37.0, 36.8, 343, 34.2, 32.9 (2x), 328,
327, 32.6, 32.4,298, 289, 287, 26.2 (2x), 25.7, 22.9, 22.7 ppm. MS
(ESI pos.) m/z (%): 59034 (100) ([M + Na]* caled, 590

(9H-Fluoren- 9-yl‘)ﬂmerbyl ((S)-‘-Cyclohexyl-!-(((SR} -1-

(me wifonwfw
(10d). (5)-2-((((9F-Fluoren-9-y1) methaxy)carbonyl) amino) 4-cyclo-
hexybutancic add (9, 500 mg, 1.23 mugand HATU (560 mg, 147
mmolgmdbobedlnbh@(&y, 10mL), and DIPEA (190mg, 147
mmol) was added. The reaction mixture was stirred for 1.5h at RT, and
1-(; Ifi din-3-amine (37a, 262 mg, 147 mmol)
dbobvedlnDMF(dxy,s mL) was added. The mixture was stirred for
additional 20 h at RT. H,O (50 mL) was added, and the resulting
precipitate was filtered off, washed with H,0, and dded in a vacoum
oven to afford 655 mg (1.15 mmol, 94%) of compound 10d as a
colorless solid TLC: R, = 0.44 (SiO,, cyclohexane/EtOAc, 1:3). 'H
NMR (500 MHz, DMSO-dg, 300 K): (mixture of diastereomeres): &
7.94(d,%]= 74 Ha, 1H), 789(d, *J=7.5 Hz, 2H), 7.76=7.70 (m, 2H),
746 (dd, > = 83,30 Hz, 1H), 742 (t, ¥/ = 7.5 H, 2H), 732 (td, %] =

206

27).
(9H-Fluoren-9- 1)methyl ((5)-4-Cyclohexyl-1-(((R)-1-
e
9H-flucren-9- ethyl ((S 1-
(((S) 1- (me&ylﬂlknyl)p(peddln:i -yl)amino)-1-oxobutan-2-yl)-
(10g) was tothat of compound 10d.
(R)- l-(Mahylaifmyl)ppuldn- 37¢, 262 mg, 1.47 mmol)
was used a5 a starting material to afiord 655 mg (1.15 mmal, 94%) of
compound 10g as a light-brownish solid. TLC: Re=0.76 (SiO5 EtOAc/
MeOH, 9:1). HNMR(soo MHz, DMSO-dg, 300K): §7.92-7.73 (m,
4H), 746~7.59 (m, 1H, NHCOO), 742-731 (m, 4H), 6.65 (d, ¥ =
8.5 Hz, 1H), 4.33-4.22 (m, 3H), 3.89-382 (m, 1H), 3.78-3.66 (m,
1H), 3.53-325 (m, 2H), 2.85 (5, 3H), 2.89~2.71 (m, 1H), 264-247
(m, 1H), 1.82-169 (m, 2H). 1.68—1.28 (m, 9H), 1.26-1.02 (m.GH),
0.90-0.74 (m, 2H) ppm. "*C NMR (126 MHz, DMSO-d,, 300 K): §
1746, 1721, 1568, 143.9, 1406 140.4, 1289, 127.7, 127.3, 1239,

Mnﬂlﬂdﬂgﬂulﬂlwhm 00358
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121.4, 1200, 618, 54.7 (2X), 49.6, 49.5, 454, 45.3, 45.1, 44.6, 369,
368,344, 34.3, 32.9 (2x), 32.8, 32.7 (2x), 32.3,29.8, 28.9, 288, 26.1
(2x),258,230,229 ppm. MS (ESIpos) m/z (%): 59034 (100) ([M
+ H]‘ ald, 59027), 306.22 (33) ([M Fmoc + H]' caled, 346.22).

§)-2-Amino-4-cyclobexy y ide (11a) was prepared
uprwiwdypcbhhed.“
(512-Amino-4-cydohexy-N-p Ide (11b). The syn-
thesis of (S)-Z-uhn+qcloheql N-pwpylbunmuﬂde (11b) was
performed according to the general p

The starting material was (9H &»m&-yl)meduzl( (S )41:7dd:ayl-l

7.41=7.31(m, 3H), 6.38 (br's, 2H), 449 ~4.43 (m, 2H), 439432 (m,
1H), 3.10~293 (m, 2H), 1.81-1.71 (m, 1H), 1.70-1.55 (m, 6H), 140
(sext, ] = 7.3 Hz, 2H), 1.28-1.04 (m, 6H), 0.90~0.77 (m, SH) ppm.
"3C NMR (126 MHz, DMSO-dg, 300 K): § 1717, 166.0, 164.2, 1492,
1436, 1414, 1384, 138.2, 1327, 1294, 127.6, 127.1, 1270, 126.8
sz;, 123.1, 974, 536, 413, 36.8, 33.3, 329, 327, 294, 262, 25.8
2X),22.3, 11.4 ppm. MS (ESIpos.) m/z (%): 545.32 (100) ((M + H]*

caled, 545.33), 48627 (30) ([Mc]* caled, 48625). HRMS (FTMS +p
MALDI) m/z: 5453222 [M+ HJ* akdfor [CyHaNO,)*, 5453240.
s-Amlno-N-(H((S) *Cyclobexyl-l-(((ﬂi)- 1-(mezhylwffonyl)-

({(SR)-1-(cyclop
2 y'l)nrbumwe (lOa, 405 mg, 0.716 mmal). The amine was freshly
prepared prior to the synthesis of 11b.

(5)-2-Amin. clohexyl-N-((SR)-1-(cy bonyl)
plperidin- yobumnamue (17c). The tyﬁhu& of (5) 2-amino-4
cydohexyl -N-({SR)-1- (qdopmpmalbozy‘l)plpaldln 3-yl)

nyi-lH-pymzolMcarboxamHe (13). 4-((5-Amu»-l-phea -1H-
ic add (8, 200 mg, 0.59

mmol) and HATU (280 mg, 074 mmol) were dissalved in DMF (5
mL), and DIPEA (115 mg 089 mmol) was added The solution was
samd for 1.5 b at RT, and (S)-2-amino-4-cyclohexyl-N-((SR)-1-
thylsulfonyl) piperidin-3-yl)butanamide (11d, 247 mg 0.71

(11¢) was p

for Fmoc dqmnecdm_ The starting material was (9H~&1uen-9-
ﬂ)mubyl((SMcydohexyl 1-(((SR)-1-(cyclopropanecarbonyl)-
piperidin-3-y)amino)-1-oxobutan-2-yl) carbamate (10c, 405 mg, 0.716
mmol). The amine was &edllyprqued prior to the synthesis of 11c.

(5)-2-Amino-4-cyclohexyl-N-(( ifonyl)piperidin-3-
yljbutanamide (11d). ‘lhetyuhedso((s) -2-aming chexyl-N-
((SR) 1-(methylsulfonyl ) piperidin-3-yl) bu ide (11d) was pc-

4 Jw‘be dure for Fmocd:

starting matedal was (9H-&\aen-9-yl)n¢hyl ((S)-«:ydd:ayl- 1-
(((SR)-1-(methylsulfonyl )piperidin-3-yl )Jamino)-1-oxcbutan-2-yl)-
carbamate (10d, 405 mg, 0.714 mmol). The amine was freshly prepared
pioctohesmibesroftis, -
butanamide (11e). The smthesis of (5)-2-amino-4-cydohexyl-N-
((RS)-1-(oxetan-3-yl)piperidin-3-yl )outanamide ( 11e) was performed
to the generl procedure for Fmoc The

starting materal was (9H-fluoren-9-yl)methyl ((S mdxayl-l-
(((8)-1-(methylsulfonyl)piperidin-3-yl)amino)-1-cxobutan-2-yl)-
carbamate ( 10e, 453 mg, 0.830 mmal). The amine was freshly prepared
prior to the synthesis of 11e.

(SJ-Z-AmIno- «., hexyl-N+((5)-1-(methylsulfonylipiperidin-3

yl)butanamide (11f). The synthesis of (S) -cnho4~cydduxyl -N-
((S)-l —(med:yladﬁny{)pbauh 3-y'l) (1 lf)wspedonedaccuﬂlq
to the
was gul-ll ﬂnoren‘Qoyl)med:yl((S) 4- cydohexyl 1- ((S) 1-
émeﬁylwlﬂonyl)plpcidln -3-yl)amino)-1-oxobutan-2-yl Jcarbamate

10£, 406 mg, 0.7 16 mmol). The amine was freshly prepared prior tothe
synthesis of 11£

(5)-2-Amino-4-cyclohexyl-N~(R}- 1-(methylsulfonyl)piperidin-3-

yl)butanamide (11g). The synthesis of (S)-2-amino-4-cydchexyl-N-
((R)-l‘(:d'ﬁwbbddzr}ﬂ) (118) was petia-med accord-
:Euxu was (9H-fluoren-9-y)methyl ((S)4<ydchu;-l 1-(((11} 1-
émethylwlﬂonyl)pipcidln -3-yl)amino)-1-oxobutan-2-yl Jcarbamate

103 835 ng, 147 mmol). The amine was freshly prepared prior to the
synthesis of 11g.
(S)-S-Amlno-N-(#((‘ yclohexyl-1-0x0-1-(} flamino)b

mmol). diluted in DMF (S mL) and DIPEA (115 mg 089 mmol),

was added. The mixture was stirred for 20 h at RT. DCM (50 mL) was

added, and the organic phase was washed five times with H;O (20 mL)

anddnedwawo..Thewbemmmpﬂdundamdw

and the qude product was triturated with cydohexane/

EtOAc(l:l)toaﬂovd 78 mg (0.11 mmol, 19%) of compound 13 asa

colorless solid. TLC: Re=0.14 (SiOy, cyclohexane/ EtOAc 1:3). HPLC:

{mixture of diastereomeres) £z ; = 8.90, fy, = 9.08 min, purity: >95%.
'H NMR (500 MHz, DMSO-J. 300 K): (mixture of diastereomeres):

5852 (1, ¥ =6.0Hz, 1H),832 (d,%/=8.1 Hz 1H),8.03 (4, = 7.5 Hz,
1H), 7.9 (s, 1H), 7.85 (d, >] = 84 Hz, 2H), 7.60~7.49 (m, 4H), 7.42~

7.34 (m, 3H), 638 (brs,2H), 447 (d, ¥ = 6.0 Hz, 2H), 4.44~4.35 (m,
1H), 3.78-3.67 (m, 1H), 3.53=3.40 (m, 1H), 337328 (m, 1H),

2.87-2.82 (m, 3H), 2.81-2.71 (m, 1H), 2.58-251 (m, 1H), L85~

1.46 (m, 10H), 1.45-130 (m, 1H), 1.29-1.04 (m, 6H),0.90-0.77 (m,

2H) ppm. ®C NMR (126 MHz, DMSO-dg, 300 K): {mixture of

diastereomeres): §171.7, 166.1 (2x), 164.1, 149.2, 1436, 1384, 1382,
1327, 129.4, 127.6, 127.1, 126.8, 123.1, 974, 536, 53.5, 49.6, 494,

454,452, 45.1, 413, 36.8(2x), 34.3(2x), 33.3,329 (2x), 327 (2x),

29.5, 29.0, 28.7, 26.2, 258 (2x), 230 (2x) ppm. MS (ESI neg.) m/z

(%): 66227 (100) ([M — H]" caled, 662.31),698.30 (50) ([M +Cl)-

caled, 698.77). HRMS (FTMS + p MALDI) m/z: 702.2830 [M + KJ*

calcd for [CyH (KN, O,S]*, 702.2840.

y sbAmIno r;abgvy{)t(:;”l;i 4 ;’mex 'I 'ol(u(:{sné-y;)-
‘yclopropanec peridin-3- Ino)-1-oxobutan-2-yl)-
carbamoyl)benzyl)-1-phenyi-1 pymzob-Hmbox (14). 4-

{(5-Amino-1-phenyl- 1H-p le-4-carb ido)methyl)benzai

add (8, 200 mg, 0.59 mmol) and HATU (280 mg, 0.74 mmol) were

dissolvedin DMF ($ mL), and DIPEA( 115 mg, 0.89 mmol) was added.

The solution was stirred for 1.5h atRT, and (5)-2 ohexyl-

Nv((SR)-l—(cydopopmaaxbonyl)pipddh-}yl)buhmmlde (11¢,

240 mg, 0.71 mmol), diluted in DMF (5 mL) and DIPEA (115 mg,

0.89 mmol), was added. The mixture was stirred for 20 h at RT. DCM
(50 mL) was added, and the organic phase was washed five times with
H,0 (20 mL) and dded over MgSO,. The solvent was evaporated

under reduced pressure, and the crude product was triturated with
yelohexane/EtOAc (1:1) to afford 120 mg (0.18 mmol, 31%) of

nyl-TH-pyrazole-4-carboxamid uz)

4-((“ ino-1-phenyl 1H-pyrazole-4-carboxamido)methyl)benzoic
add (12, 100 mg, 0.30 mmal) and HATU (152 ngOMmml)wue
dissolved in DMF (SmL), and DIPEA (58 mg, 0.45 mmol) was added.
The solution was stirred for 1.5 h at RT, and (§)-2-amino—4-cyclohexyl-
N-propylbutanamide ( 11b, 81 mg, 0.36 mmol), diluted in DMF (Sml.)
and DIPEA (58 mg, 0.45 mmol), was added. Th
20 h at RT. DCM (100 mL) was added, and d:eosgadcphuwa
washed five times with H,O (20 mL) and dried over MgSO,. The
solvent d under reduced p and the crude product
was purfied ui.ng column chmmwky on silica (DCM/MeOH
201;‘ Compound 12 was obtained in a yield of 121 mg (022 mmal,
as a yellowish solid. TLC: Ry= 0.17 (SiO5 DCM/MeOH 20:1).
HPLC: £z = 931 min, purity: >95%. "H NMR (500 MHz, DMSO-ds,
300 K): 58.55~8.47 (m, 1H), 8.28 (d, >J = 8.1 Haz, 1H), 7.98 (5 1H),
792 (t,% =5.7Hz, 1H), 785(d, ’J= 83 Hz, 2H), 7.59~749 (m, 4H),

d 14 as a colorless solid TLC: Re = 021 (SiOy, EtOAc/
MeOH 10:1). HPLC: {mixture of diastereomeres) ty, = 896, 5, =
9.08 min, purity: 91%. 'H 1~n'm(soor‘a-u.m‘aso‘i9 300 K):
{mixture of diastereomeres): §8.52 (t, %= 6.1 Hz,1H),8.30 (d,y =8.1
Hz, 1H), 807-7.88 (m, 2H),7.85 (d, ¥ = 8.3 Hz, 2H), 7.60-7.49 (m,
4H), 743-734 (m, 3H), 638 (brs, 2H), 4.53—431 (m, 3H), 4.20—
3.46 (m, 3H), 3.27-3.01 (m, 1H), 276~2.56 (m, 1H), 254245 (m,
1H), 2.02-131 (m, 12H), 1.30~1.02 (m, 6H), 0.92-0.77 (m, 2H),
0.92-0.77 (m, 4H) ppm. "*C NMR (126 MHz, DMSO-dg 300 K):
(mln\n diastereomeres): § 172.0, 1714, 171.0,170.9, 166.1, 164.1,
1492, 1436, 1384, 138.2, 1327, 1326, 129.4, 1276, 127.1, 1268,
123.1,974,53 4, 49.0, 46.1, 45.9,45.1, 418,41 3, 369, 33.5, 33.3,330,
32.7, 29.9,29.7, 294, 29.3, 262, 258 (2X), 24.1, 22.5, 104, 103, 7.0,
6.8 ppm. MS (ESI neg.) m/z (%): 65231 (100) ([M = H]~ calcd,
652.36). HRMS (FTMS + p MALDI) m/z: 6923311 [M 4 K}* caled
for [ CyH gKN;O, )", 6923321

nwm;nmoz/whm 00358
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5 -Amlm-N-(L(((S?d-cydohe?I 1-(((SR)- l-)(g:nezt'g'n-.i-yﬂ-

:.“,, le-4-carb q(“ ino-1-phenyl-1 H-
A-ranks 1da), .L_A\L . (3. 233 mg 069
mmol) and HATU (316 mg, 033 mmol) were dissolved in DMF (5
mL), and DIPEA (134 mg 1.038 mmol) was added. The solution was
stirred for 1 h at RT, and (8)-2-amino—4-cyclohexyl-N-((SR)-1-
etan-3-yl) 3 ide (1le, 268 mg, 0.83 mmol),
dluwthW(SmL),wuadded. The mixture was stirred for 20h at
RT. DCM (50 mL) was added, and the organic phase was washed five
times with H,0 (20 mL) and dried over MgSO,. The sclvent was
evq;medunderndncdpme,andthemde product was purified
using column ck phy on silica (cyclohexane/EtOAc 1:20 —
EtOAc — EtOH) to afford 175 mg (0.273 mmol, 39%) of compound
15 as a colodess solid TLC: Ry = 0.16 (SiO,, EtOAc/MeOH 10:1).
HPLC: gnimreoldlmmea) ty1 = 7.57, tg2 = 761 min, pusity:
>95%. '"H NMR (500 MHz, DMSO-ds, 300 K): (mixture of
diastereomeres): § 860 (t, % = 59 Hz, 1H), 840 (d, ¥ = 82 Hz,
1H),8.02 (s, 1H), 791 (d, ¥y = 7.9 Hz, 1H), 785 (dd, ¥ = 85,19 Hz,
2H), 7.59-7.49 (m, 4H), 741-7.35 (m, 3H), 6.38 (br 5, 2H), 4.53—
444 (m, 4H), 4.43-4.31 (m, 3H), 3.76-3.67 (m, 1H), 348-3.26 (m,
3H), 2.55-2.46 (m, 1H), 245-235 (m, 1H), 1.89~1.54 (m, 10H),
1.51-138 (m, 1H), 1.31-1.04 (m, 6H), 0.89-0.77 (m,2H) ppm. '*C
NMR (126 MHz, DMSO-d;, 300 K): (mixture of diastereomeres): &
1713(2x), 166.1 (2x), 164.2, 1492, 143.7, 1436,138.5, 1383,132.7
(2x),1294,1276,127.1, 1268, 123.1, 97.5,74.7, 74.6, 584, 544 (2x),
537,53.6,492,452 (2x), 41.3, 36.8 (2x), 333, 33.0, 327,297,295,
294, 26.2, 258 (2x), 23.0, 29.9 ppm. MS (ESI pos ) m/z (%): 642.51
(100) ([M — H)* caled, 642.38). HRMS (FTMS + p MALDI) m/z:
642.3760 [M + H]* alcd for [c 3sHgN,0,), 6423762.

Methyl 4-((3-Phenyl-IH-pyrazole-S-calboxamldo)mahyl)-
benzoate (18a). 3-Phenyl-1H-pyrazole-S-carboxylic add (16, 500
mg 2.66 md). HOR {431 mg, 3.19mmol), and EDC-HCI(611mg,
3.19 mmal) were dissolved in DMF (dry, 10mL), and DIPEA (512mg,

3.99 mmol) was added. The mixture was stirred for 1 hat RT,and a
solution of methyl 4-(aminomethyl)benzoate hydrochloride (17a, 688
mg, 3.19 mmol) dissolved in DMF (dry, 15 mL) and Dn’m(sn mg,
3.99 mmol) wasadded The reaction mixture was stirred for

1462, 130.1, 1292 (zx), 1289, 126.3, 1262, 1257, 1034, 523,487,
MS (ESI neg.) m/z (%): 34811 (100) ([M - H]™ aalcd,
1 wno(u) 2M H]’ caled, 697. 27).

hyl)benzolc Add

(31’hayl 1H-pyrazole-S-carboramido) methyl)-
benzoate (18a, 600 1.79 mmol) was dissolved in 2 mixture of
THF/H,0 (10 mL, 1%, and LIOH X H,0 (214 mg, 8.95 mmol) was
added. The suspension was stired for 24 h at RT and then addified
with HCI (aq, 10 mL, 1 M). The precipitate was filtered, washed with
H,0, and dried under reduced pressure in a vacuum ovento afford 544
mg (1.69 mmol, 95%) of compound 19a as a colorless solid. TLC: R, =
0.30 (Si0y, cydohexane/EtOAc 1:3). 'H NMR (600 MHz, DMSO-dg,
300K): 513.70-12.68 (m, 2H),8.95 (5, 1H),7.91(d,*J=8.0Hz,2H),
7.80 (d,%] = 7.6 Hy, 2H), 7.50-741 (m, 4H), 7.36 (¢t *J= 7.6 Hz, 1H),
7.17 (s, 1H), 4.54 (d, ¥J = 62 Hz, 2H) ppm. ®C NMR (150 MHz,
DMSO-dg, 300 K): & 167.2, 157.0, 147.7, 144.8, 140.8, 129.4, 1293,
1290, 1282, 127.2 ?X)‘ 1252, 102.5, 41.8 ppm. MS (ESI neg.) m/z
(%):320.10 (wo) ([M = H]" caked, 320.10), 356.08 (56) ([M + CI)~

caled, 35&

4-(1-(3 henyl 5 dojethyl)benzolc Acid
(19b). Methyl +(lv(3-phenyl lH—pynzol&Saxbazuido)ethyl)
benzoate (18b, 200 057 mmol) was dissolved in a mixture of
THF/H,0 (10 mL, 113, and LIOH X H,0 (69 mg, 2.86 mmal) was
added The suspension was stired for 24 h at RT and then addified
with HCI (aq, 10 mL, 1 M). The precipitate was filtered, washed with
H,0, and dried under reduced pressure in a vacuum oven to yield 178
mg(0.531 mmol, 93%) of d19basacolorless solid TLC: Ry=
0.33 (SIOy, cydohexne/EtOAc 1:3). "H NMR (600 MHz, DMSO-dg,
300K): §13.95-12.45 (m, 2H), 8.72 (5, 1H),7.91(d, ’J=82 Hz,2H),
7.80(d, ¥/ =76 Hz, 2H),7.52 (d, ¥ = 82 Ha, 2H), 7.46 (1, = 76 Ha,
2H), 735 (t, %] = 7.5 Hz, 1H), 7.19 (5, 1H), 5.21 (p, ’ = 7.1 Hg, 1H),
1.56 (d, ] = 7.1 Hz, 3H) ppm. ®C NMR (150 MHz, DMSO-d,, 300
K): § 168.1, 1507, 148.6, 1462, 130.4, 103.2, 1299, 129.1, 1273,
1262, 1252, 1036, 47.8,21.8 ppm. MS (ESI neg.) m/z (%): 334.10
(wo) ([M H]" caked, 334.12), 37005 (22) [M + Q)" ald,

N-(#(((S)—Kyclol%!-«(ﬂ) 1-(methylsulfonyljpiperidin-3-

20 h at RT. DCM (150 mL) was added, and the organic phase was
washed four times with H;O (150 mL). The organic phase was
separated and dried over MgSO,, and the solvent was removed under
reduced pressure. The crude product was dissolved in DCM and
precipitated with cydohexane to afford 711 mg (212 mmol, 80%) of
compound 184, as a colorless solid. TLC: R¢=0.70 (SiOy, cydohexane/
EtOAc 1:3)."H NMR (600 MHz, DMSO-dg 300 K): & 13.70 (s, 1H),
9.22-8.73 (s 1H), 7.93 (d, ¥ = 8.1 Hz, 2H), 780 (d, %] = 73 Hz,2H),
7.51=7.42 (m, 4H), 739~732 (m, 1H), 460-448 (m, 2H), 3.84 (s,
3H) ppm. 5C NMR (150 MHz, DMSO-dg, 300 K): § 166.1, 1618,
147.7, 145.4, 140.8,129.2(2x), 1289, 128.1,127.3, 125.2, 102.5,52.0,
418 ppm. MS (ESI neg)) m/z (%): 33407 (100) ([M — H]" aldd,
334.12).

Methyl 4-(1-(3-Phenyl-1H-pyrazole-5-carboxamidojethyl)-
benzoate (18b). 3-Phenyl-1H-pyrazole-5-carboxylic add (16, 1.00 g,
5314 mmol), HOBt (862 mg, 6.38 mmal), and mc-ml? .22, 638
mmol) were dissolved in DMF (dry, 10 mL), and DIPEA (1.03 g, 797
mmol) was added The mixture was stirred for 1.5 h at RT, and a
solution of methyl 4-(1-aminoethyl Jbenzoate hydrochloride (17b, 1.38
g 638 mmol) dissolved in DMF (dry, 10mL) and DIPEA (1.03 g, 797
mmol) was added. The reaction mixture was medbuddm@dzoh
at RT. DCM (100 mL) and H,O (200 mL) were added, and
aqueous phase was extracted two times with DCM (50 mL). 'lhe
otgankﬂlnem:pudandd-ladovuh@O«ndhodvenu

dp crude product was purified

column & /EtOAc 1:1 = 1:3).
Compound mbwuobhlnedhayldddlm;(“Ommd.%"), B
a colorless solid. TLC: Ry = 029 (SiOy, EtOAc 1:1). 'H
NMR (500 MHz, DMSO-d;, 300 K): § 7.94(d, ¥ = 8.5 Hz, 2H), 7.58
ﬁd' ¥ = 6.9Hz, 2H),7.41 (d,%] = 8.3 Hz,2H),7.38-7.30 (m, 4H), 706

s,1H),535 (p,*)=74Hz,1H),3.88(5,3H), 1.56 (d, ¥ = 7.0 Hz,3H)
ppm. C NMR (126 MHz, DMSO-dg 300 K): § 167.1, 1614, 1486,

I..IL

208

benzyl)-3- -1H-pyra-
Zzole-5-carboxamide (20). 4-((3 Phenyl-1H-pyrazole-5-
carboxamido) methyl)benzoic acd (193 200 mg, 0.62 mmol) and
HATU (284 mg, 0.75 mmol) were dissalved in DMF (S mL), and
DIPEA (96 mg, 0.75 mmol) was added. The soluti stirred for 1.5
b at RT, and (5)-2-amino—4-cyclobexyl-N-((SR)-1-(methylsulfonyl)-
piperidin-3-yl Jbutanamide (11d, 258 mg, 0.75 mmol), diluted in DMF
(SmL), was added The mixture was stirred for 20 h at RT. DCM (100
mL) was added, and the organic phase waswashed four times with H,0
(100 mL) and dried over MgSO,, The salvent was evaporated under
rdmedmmdlbea\ldeprodmwspudﬁed flash
column ch on silica (cydoh /EtOAc lxl - 13 =
I:zo-ol!mc)toaﬁ)tdllsmg(o.l7mml, 28%) of compound 20 as
a colarless solid. TLC: R = 044 (SiO,, cydohexane/EtOAc 1:10).
HPLC: (mixture of diastereomers) ty; = 9.03 min; fa; = 920 min,
purity: >95%. '"H NMR (600 MHz, DMSO-d,:«)w:S- mixture of
diastereomers): & 13.68 (brs, 1H), 8.86 (brs, 1H),8.32 (d,”J= 80 Hz,
1H), 801(d,% =76 Hz, 1H),7.91-7.71 (m, 4H 7.54—729(-::.511),
7.12(brs, 1H), 4.60-432 (m, 3H), 3.82~3.64 (m, 1H),3.55-3 41 (m,
1H), 337324 (m, 1H), 2.85 (s, 3H), 2.82-2.70 (m, 1H), 260-2.53
(m, 1H), 185-146 (m, 10H), L44-131 (m, 1H), 1.26-1.02 (m,
6H), 0.90-0.76 (m, 2H) ppm. '3C NMR (150 MHz, DMSO-d, 300
K): (mixture of diastereomers): § 1716, 166.0, 162.1, 1495, 1439,
1327, 128.9, 127.5, 126.9, 125.2, 102.9, 53.6, 534, 49.5, 49.4, 453,
45.3,452,45.1, 41 8, 368,344, 34.3, 332, 329, 32.6,29.4, 289, 286,
26.1,25.7,22.9 ppm. MS (ESIneg.) m/z (%): 64722 (100) ([M~ H
caled, 647.30). HRMS (FTMS + p MALDI) m/z: 671.2980 [M+ Na

caled for [CaH o NeN20S]*, 6712992
N-((SR)-T-(4~(((5)-4-Cyclohexyl-1-(((SR)-1-(methylsulfonyl)-

piperidin-3-y) amino)-1-oxobutan-2-yl)carbamoyljphenyl)ethy)-3-

phenyl-1H-pyrazole-5-carboxamide Carboxamide (21). 4(1-(3-

Phenyl- 1H-pyrazole-5-carboxamido ) ethyl)benzoic acid (19b, 200
mg 0.60 mmal) and HATU (309 mg, 0.72 mmol) were dissolved in

P b nd
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DMF (5 mL), and DIPEA (105 mg, 0.72 mmol) was added. The
solution was stired for 1.5 h at RT, and (5)-2-amino-4-cydohexyl-N-
((SR)-1-(methylsulfonyl Jpiperdin-3-yl) butanamide (11d, 281 mg
0.72 mmal), diluted in DMF és mL), was added. The mixture was
stirred for 20 h at RT. DCM (100 mL) was added, and the organic
phuwuwxbedieudmsvdﬂsﬂ,o (lwml.)addrbdovc
MgSO, The solvent was evap d under P and the
crude product was purified using flash column chromatography onsilica
(cyclobexane /EtOAc 1:3 = EtOAc) to afford 89 mg (0.13 mmal, 30%)
of compound 21 as a colorless solid. TLC: R¢= 0.70 (SiOy, EtOAc/
MeOH 1:10). HPLC: (mixture of diastereomers) t5 ;= 9.21 min; tgy =
9.34 min, purity: >95%. '"H NMR (400 MHz, DMSO-dg 300 xg
{mixture of diastereomers): & 13.64 (brs, 1H), 8.97-8.76 (m, 04H
8.66-845 ém. 0.6H), 8.30 (d, °J = 7.6 Hz, 1H), 8.04=7.93 (m, 1H),
7.89~7.82 (m, 2H), 7.80 (d, ¥ = 7.2 Hz, 2H), 7.54-729 (m, 54H),
7.06(s,0.6H),520 (p,’J=7.6 Hz, 1H), 445-433 (m, 1H), 381366
(m, 1H), 3.54-3.40 (m, 1H), 3.39~3.27 (m, 1H), 285 (5, 3H), 2.81—
2.70 (m, 1H),2.59-2.51 (m, 1H), 185146 (m, 13H), 1 44—131 (m,
1H), 129-105 (m, 6H), 092072 (m, 2H) ppm. *C NMR (101
MHz, DMSO-dg 300 K): (mixture of diasterecmers): & 171.6, 1662,
1619, 147.7, 1449, 1327, 129.1, 128.8, 1279, 127.7, 1276, 1260,
125.4, 102.8, 535, 53.4, 49.6, 49.4, 45.4, 452, 45.1, 36.8, 344, 33.3
(2x),329 (2x),327,294,289,28.7, 26.1, 25 8 (2X), 23.0 (2x), 22.0
(2x) ppm. MS (ESI neg.) m/z (%): 70729 (93) ([M + EtOH — H]~
caled, 707.36), 65119”?100) ([M = H)" caled, 66132), 418.17 (30)
([Me + EtOH = H]~ alcd, 41823), 37219 (42) ([M])™ alai,
372.20). HRMS (FI'MS¢ pMALDI) m/z: 685.3138 [M + Na]* cal

for [ CygH g NeNaO;S]*, 685.

N-((5R)- l-(4-((($)-4-cyclohory1 l-(((S) 1-(mahylsulfonyl}-
plperidin-3-yljamino)-1
ol

m-maaﬂe-s-cmboxamlde 122). 4(1-(3-Phenyk 1H-pyn-
thyl )b acid (19b, 200 mg, 0.60 mmol) and
HATU (272 mg, 072 nunol) were dissolved in DMF (S mL), and
DIPEA (93 mg, 0.72 mmol) was added. The solution was stirred for 1.5
h at RT, and (S)-2-amino-4-cydohexyl-N-((S)-1-(methylsulfonyl)-
piperidin-3-y) butanamide (11£ 248 mg, 0.72 mmol), diluted in DMF
(5mL), was added. The mixture was stirred for 20 h at RT. DCM (100
mL) was added, and the organic phase was washed four times with H,0
(100 mL) and dried over MgSO,, The solvent was evaporated under
re&lcdpme,and\bec\ldepmdmwxpurﬁdudm&lh
column ch y on silica (cydoh /EtOAc 111 = 1:3 =
1:20) to afford 121 mg (0.18 mmol, 41%) of compound 22 as a
colorless solid. TLC: Re=0.07 (SiO,, cyclohexane/EtOAc 1:3). HPLC:
{mixture of diastereomers) &; = 9.21 min, purity: >95%. 'HNMR (600
MHz, DMSO-dg 300 K): {mixture of diastereomers): § 13.66-13.57
(m, 1H), 888 (d,*] = 8.0Hz, 04H), 8.56 (d, ¥ = 8.4 Hz, 0.6H), 8.34—
827 (m, 1H), 8.03-7.96 (m, 1H), 789782 (m, 2H),7.80 (d, ¥ =7.6
Hz, 2H), 7.52-742 (m, 4H), 740-730 (m, L.4H), 7.06 (s, 06H),
520 (p,J= 73 Hz, 1H), 439 (q, J =8.0Hz, 1H),3.77-367 (m, 1H),
3.52-3.46 (m, 1H), 337~331 (m, 1H), 285 (5 3H), 2.78-2.71 (m,
1H), 2.56~249 (m, 1H), 1.81-1.46 (m, 13H), 139130 (m, 1H),
128~1.04 (m, 6H), 0.89-0.79 (m, 2H) ppm. ®C NMR (150 MHz,
DMSO-dg, 300 K): (mixture of diastereomers): § 171.6, 166.1, 1610,
148.2, 1478, 1435, 132.6, 129.1, 128.8, 1284, 127.5, 1259, 1258,
125.4, 1250, 1028, 1022, 53.5, 49.5, 47.7, 45.3, 45 2, 36.8, 344,332,
329,32.7,294,28.9,26.1,25.8,25.7,23.0, 21.9 ppm. MS (ESIneg. ) m/
z(%): 70735 (71) ([M + EtOH — H]~ caled, 707.36), 66126 (100)
(M= H]" caled, 661.31), 372.24 (65) ([M, )~ calcd, 372.20). HRMS
EF’I‘MS 4+ p MALDI) m/z: 6853140 [M + Na]* caled for
NsNaOST, 6853148,
N-((SR)-1-(4-(((5)- 4-Cyclohexyl- -(((R)- l-(melhylsullon 1)-
plfall u-y')nnww)- -oxobutan-2-ylicar et

bamoyi)pheny! -3-
{23). 4(1-(3-Phenyl 1H-pyna-
zde&c«bonmﬂo)edqlbmdt. acid (19b, 200 mg, 0.60 mmol) and
HATU (309 mg, 0.72 mmol) were dissclved in DMF (S mL), and
DIPEA (105 mg, 0.72 mmol) was added. The solution was stirred for
1.5h atRT, and (5)-2-amino-4-cydchexyl-N-((R)-1-(methylsulfonyl)-
iperidin-3-y1) butanamide (11g, 281 mg, 0.72 mmal), diluted in DMF
ESmL),wuadded. The mixture was stirred for 20 h atRT. DCM (100
mL) was added, and the organic phase was washed four times with H,0

(100 mL) and dried over MgSO,, The solvent was evaporated under
reduced pressure, and the crude product was purified using flash
phy on silica (g

1:20) to afford 102 ng (01s mmol, 34%) of compound 23 as a
colorless solid. TLC: Ry = 0.63 (SiO,, EtOAc/MeOH 1:10). HPLC:
{mixture cf(huceemeu) £ = 931 min, purity: >95%. "H NMR (600
MHz, DMSO-dg 300 K): {mixture of diastereomers): § 13.68—13.56
(m, 1H), 8.94-8.82 (m, 0.4H), 8.63-851 (m, 0.6H), 8.35-8.26 (m,
1H), 799(d, ¥ =7.9 Ha, 1H),7.88-781(m,2H),7.79 (4, = 7.7 Ha,
2H), 7.51~7.29 (m, 5.4H), 7.06 (s 0.6H), 520 (p, ¥ = 7.4 Hz, 1H),
4.44-4.36 (m, 1H), 3.76-3.67 (m, 1H), 346-341 (m, 1H), 3.34—
3.27 (m, 1H), 2.84 (s, 3H), 2.80~2.77 (m, 1H), 2.58-2.51 (m, 1H),
1.84-1.33 (m, 14H), 130~1.05 (m, 6H), 0.90-0.77 (m, 2H) ppm. '3C
NMR (150 MHz, DMSO-dg 300 K): (mixture of diastereomers): &
1716, 1661, 160.7, 1482, 147.8, 1434, 1326, 1290 (2x), 1275,
1259, 1253 (2X), 1250, 102.1, 534, 49.4, 453, 45.1, 45.0, 36 8, 343,
332, 329, 32.6, 29.4, 286, 26.1, 25.8, 23.0, 2.9 (2x) ppm. MS (ESI
neg.) m/z(%): 707.32 (48) ([M + EtOH — H]" caled, 707.36), 66131
(41) ([M = H)" caled, 66132), 418.19 (57) ([M¢, + EtOH — H]™
caled, 418.23), 372.19 (100) ([Me ] caled, 372.20). HRMS (FTMS +
p MALDI) m/z 6853144 [M + Na)* calcd for [CysHdNgNaOsS]*,
6853148.
(5)-N-(4-((4-Cyclohexyl-1-oxo-1-(propylamino)butan-2- yl)-
)benzyl)-3-phenyl- 1H-pyrazole-5-carboxamide (24,

carbamoyl)
((3-Phenyl-1 H-pyrazole-5-carboxamido Jmethyl)benzoic add (l9a,
200 mg, 0.62 mmol) and HATU (284 mg, 0.75 mmol) were dissolved
in DMF (5 mL), and DIPEA (96 mg, 0.75 mmol) was added. The
solution was stirred for 1.5 h at RT, and (S)-2-amino-4-cydchexyl-N-
propylbutanamide (11b, 169 mg, 0.75 mmol), diluted in DMF (SmL),
was added. The mixture was stirred for20h at RT.DCM (100 mL) was
added, and the organic phase was washed four times with H,0 (150
mL) and once with a NaCl solution (sat., 50 mL) and dried over
MgSO,. The solvent was d under reduced and the
audtpm&hdmpwc@lud&unﬂmwﬂad 197 mg (037
mmol, 60%) of compound 24 as a colorless solid. TLC: Re= 034 (SiO,,
cyclohexane/EtOAc 1:3). HPLC: & = 9.44 min, purity: >95%. 'H
NMR (250 MHz, DMSO -4, 300K): ( mixture of rotamers): § 13.67 (s,
1H), 9.18-9.02 (m, 0.4H), 8.89-8.73 (m, 0.6H), 8.26 (d, ¥ =79 Hz,
1H), 7.98=7.71 (m, SH), 7.55-7.25 (m, 54H), 7.09 (s, 0.6H), 4.60—
4.42 (m, 2H), 4.41-4.28 (m, 1H), 3.15-2.90 (m, 2H), 1.80-1.51 (m,
7H), 140 (sext,, *J = 73 Hz, 2H), 1.28-1.04 (m, 6H), 0.92-0.72 (m,
SH) ppm. ®C NMR (126 MHz, DMSO-ds, 300 K): (mixture of
rotamers): § 171.7, 166.0, 1618, 147.7, 143.5, 1433, 132.7, 1291,
1288, 1285, 1276, 1269, 125.3, 125.1, 102.8, 53.7, 41.8, 368,333,
329, 32.7, 294, 262, 258 (2x), 22.3, 114 ppm. MS (ESI neg.) m/z
(%): 528.14 (100) ([M — H]" caled, 528.30). HRMS (FTMS + p
MALDI) m/z: 5522922 [M + Na)* caled for [CyHyyNsNaO4)*,

552.2945.
Methyl 4-(((3-Phenyl-3H-{1,2,3]trlazolo[4,5-d]Jpyrimidin-7-
amlw)guhﬁ)bmzme (26a). 7-Chloro-3-phenyl-3H-[1, 2?315
trizzolo[ 4,5-dJpyrimidine (25a, 250 mg, 1.08 mmol) was diluted in
THF (dry, lOmL) and Dm(lwng 1.08 mmol) wasadded. Ina
M Sudnnahiasdd <l7‘,
2]8m 1.08 mmol) adD[FEA (lwmg 1.08 mol)wew dissolved
in THF (dry, lOmL) and stirred at RT for S min. This suspension was
und themixture was heated to 60 °C for
mhnOM(ISOmL)wad&d,nd&eowﬂlmmw
three times with H,O (50 mL). The organic phase was separated and
dried over MgSO,, and the solvent was removed under reduced
pressure. The crude product wspwq’lued ﬁnmcydobenne w
afford 324 mg (0.899 mmol, 83%) asa colod.
TLC: R, = 072 (SIO,, cyclobexane/EtOAc 1: 1) H NMR(GMMH;,
DMSO-dg, 300K ): (mixture of rotamess): § 9.73 (t, J = 6.1 Hz, 08H),
9.35 (t, %] = 7.0 Hz, 0.2H), 8.47 (5 0.8H), 843 (5, 0.2H), 815 (d, ’] =
7.9 Hz, 1.6H), 8.15 (d, °] = 79 Hz, 0.4H), 7.92 (d,’}=79Hl,2H),
7.66 (¢, °] = 7.9 Ha, 2H), 7.58~7.49 (m, 3H), 5.32 (d, °] = 7.0 Hz,
0.4H), 4.88 (d, ] = 6.1 Hz, 1.6H), 383 (s 3H) ppm. "*C NMR (150
MHz, DMSO-dg, 300 K): {mixture of rotamers): 8 166.0, 157 4, 157.0,
154.5, 148.1, 1445, 135.7, 1296, 129.4, 1293, 1285, 1283, 1274,

nwm;nmoz/whm 00358
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124.8, 121.5, 1214, 520, 43.0 ppm. MS (ESI neg.) m/z (%): 359.05
(lw)([M HJ" caled, 359.12).

i 4l

and DIPEA (600 mg, 4.64 mmol) was added. The mixture was stirred
for 1 h at RT, and a solution of methyl 4-(1-aminoethyl)benzoate

4-(((!-P -1H-pyrazolo[3 4-dj|
mahyl ). wuao-l-pheay{ 1H- pymolo[3,+dj
pytmidine (m, zso mg 1.08 mmol) was diluted in THF (dry, 10
mL). and DIPEA (140 mg, 1.08 mmol) was added. In a separate flask,
methyl 4-(aminomethyl)benzoate hydrochloride (17a, 219 mg, 1.08
mmol) and DIPEA (140 mg, 1.08 mmal) were dissolved in THF (dry,
10mL) and stirred at RT for S min. The latter suspension was added to
the fist solution, and the mixture was heated to 60 °C for 20 h. EtOAc
(150 mL) was added, and the organic phase was washed three times
with H,O (50 mL). The organic phase was separated and dried over
MgSO, and the solvent was removed under reduced pressure. The
crude product was purified using column chromatography on silica
{cyclohexane/EtOAc 10:1) to afford 358 mg (0.996 mmol, 92%) of
compound 26b a5 a colarless solid. TLC: Ry= 0.59 (SiOy, cydohexane/
EtOAc 1:1). "H NMR (400 MHz, DmOngOK)x”m (:.’;-u
Hz, 1H),8.45 (s, 1H), 838 (5 1H),8.20 (d, J=8.1 Hz, 2H),7.95 (d,}) J
=81 Hz,2H),7.59-749 (m,‘H? 735 (t,%] 'J=73Hz, 1H),488(d, %
= 5.8 Hz, 2H) 3.84 (5,3H) ppm. *C NMR (150 MHz, DmOd.aoo
K): §166.0, 1564 (2x), 152.8,144.8, 1389, 133.7, 129.3 Szx). 129.1,
127.5, 1261, 120.6, 101.8, 522, 429 ppm. MS (ESI pos.) m/z (%):
35:&”&?03-%“ i;a}z’I(?;d' oyrid ; 3-carboxamido)methyl)
et im, ,2-a jpyridine-3-carboxam me o
benzoate (26c). Imidzo[1 Jagﬂ&méorbovlk add (25¢ 500
mg, 3.08 mmal), HOBt (500 mg, 3.70 mmol), and EDC-HClém mg,
3.70 mmol) were dissolved in DMF (dry, 8 mL), and DIPEA (598 mg,
4.63 mmol) was added. The mixture was sticred for 1 hat RT,and a
solution of methyl 4-(aminomethyl)benzoate hydrochloride (17a, 789
mg, 3.91 mmol) dissolved in DMF (dry, 7 mL), DMSO (dry, 3 mL),
and DIPEA (598 mg, 4.63 mmal) dd
stirred for additional 20 h at RT. D(M(zmm.) was added, ndd:e
organic phase was washed four times with H,0 (150 mL). The organic
phnmaqahdadd-ledoveMgSO,adduodu!ws
removed under reduced pressure. The crude product was dissclved in
DCM and precipitated with cydchexane to afford 837 mg (2.71 mmal,
88%) of compound 26¢ as a colorless salid TLC: R = 026 (SiO,,
cydohexane/EtOAc 1:3). 'H NMR (600 MHz, DMSO-dg, 300 K): &
947 (d,%/=7.0Hz,1H),9.13(t, = 5.8 Hz, 1H), 842 (s, 1H),7.93 (4,
%/ =82 Hz,2H), 772 (d, ¥ = 92 Hg, 1H), 7.49 (d, ¥ = 80 Hz, 2H),
746 (t, ¥ = 7.7Hz, 1H), 7.11 (¢, = 69 Hz, 1H), 460(d, ] = 5.8 Hz,
2H), 3.83 (s, 3H) ppm. "°C NMR (150 MHz, DMSO-dg, 300 K): §
166.1, 1602, 1469, 1453, 1369, 129.3, 1282, 127.5, 1274, 1269,
117.9, 11722, 1138, 520, 41.6 ppm. MS (ESI neg.) m/z (%): 30809
(100) ([M = H]" caked, 308.10
Methyl 4-((5-Amino-1-methyl-1H- azdmmboxanﬂdo}-
methyThenzodte (G5 5 Amince Lmeiyt 1t

hydrochloride (17b, 800 mg, 3.71 mmol) dissolved in DMF (dry, 7
mL)anlePEA (600 mg, 4.64 mmol) was added. The reaction mixture
was stirred for additional 20 h at RT. Then, DCM (100 mL) was added,
and the organic phase was washed four times with H,0 (50 mL) and
once with a NaCl solution (sat, SO mL). The organic phase was
separated and dried over MgSO,, and the solvent was removed under
reduced pressure. The qrude product was ed from cyclo-
hexane to afford 632 mg (2.09 mmol, 68%) of compound 26e as a
colorless solid TLC: R¢ = 0.20 (SiOy cyclobexane/EtOAc 1:3). 'H
NMR (600 MHz, DMSO-d, 300 K): §8.25~7.68 (m, 4H), 7.65~728
{m, 2H), 6.11 (s, 2H), 5.30~4.95 (m, 1H), 3.83 (s, 3H), 3.50 (s 3H),
1.43 (5, 3H) ppm. "3C NMR (150 MHz, DMSO-dg, 300 K): & 166.1,
1634, 1512, 1494, 1363, 129.2, 1278, 126.2, 96.7, 52.0, 47.2, 338,
m. MS (ESI ) m/z (%): 301.14 (100) ([M - H]" calcd,

3011 , 347.06 (35) (M - H + EtOH]" caked, 347.17).

Methyl 4-( 1-(Inddazo[1,2 ajpyridine-3-carboxamido)ethyl)-
umi”’ (26f). Imid=zol1,2- At 3-carboxylic acid (25c, gl
mg, 1.55 mmol), HOBt (2091!3. 1.85 mmal) and EDC-HC1 (296 mg,
1.85 mmal) were dissolved in DMF (dry, 8 mL), and DIPEA (300 mg,
2.32 mmol) was added. The mixture was stirred for 1 h at RT, and a
solution of methyl 4-(1-aminoethyl )bernzoate h oride (17, 400
mg, 3.71 mmol) dissolved in DMF (dry, 7 mL), DMSO (dry, SmL),
andbm(mmlnmml)wsadded.ﬁeMonmws
stirred for additional 20h at RT; then, DCM (150 mL) was added, and
the organic phase was washed four times with H,O (100 mL). The
chMm:epuednd&iedqugSO andthe solventwas
The crude product was purified
calumn dmmmwbyon silica { gyclohexane/EtOAc 1:10) to affo
365 mg (1.13 mmol, 73%) of compound 26fas a yellowish solid. TLC:
R¢ = 031 (SiO,, cyclobexane/EtOAc 1:3). 'H NMR (600 MHz,
DMSO0-dg, 300 K):5 940(d, *J=72Hz, 1H),888(d, =76 Hz, 1H),
8.51(s,1H),7.93(d, 7 =8.3Hz,2H), 770(6.? 89 Hz, 1H)7.55 (d,
3/=8.1 Hz, 2H),7.44 (t, ¥ = 7.6 Hz, 1H),7.08 (t, ¥ = 69 Haz, IH), 527
(p, ¥ =72 Hz, 1H), 383 (5, 3H), 1.52 (d, ¥ = 7.1 Hz, 3H) ppm. "'C
NMR (150 MHz, DMSO-dg, 300 K): § 166.1, 159.5, 150.4, 1469,
137.1, 1293, 1281, 127.5, 1269,126.3, 1179,117.2, 113.8, 52.0,47.7,
219 ppm. MS (ESI neg.) m/z (%): 32208 (100) ([M - H]" ald,

2212).
4((G-Phenyi-3H(1,23Rriazolol 4, S—
methyfoen (27a). Methyl 4-(((3-phenyk-35-{ l,ZJ]uuob—

[4.$beﬂnidh7 yi)-nxm)me&yl)bm (26a, 290 mg 0381
mmol) was dissolved in a mixture of THF/H,0 (20 mL, 1:1), and

LiOH X Hy0 (96 mg, 4.03 mmol) was added. The suspension was
stirred for 4 dat RT and then addified with HCl (aq, 10mL, 1 M). The

pyrazal
add(25d, 500mg, 3.54 mmal), HOBt (574 mg, 4.25 mmal), andEDC-
HC (815 mg, 4.25 mmol) were dissolved in DMF (ci'y. 10 ml.).
DIPEA (687 mg, 5.31 mmol) dded. The mixture
at RT, and a solution of methyl 4(aminomethyl)benzoate
cHotlde(l7a.8$7mg,4.?.$mwl)dboMlnDW(d’y,lOmL and
DIPEA (687 mg, 531 mmol) was added The reaction mixture was
stirred for additional 20 h at RT. DCM (100 mL) was added, and the
organic phase was washed fourtimes with H,0 (100 mL) and once with
brine (100 mL). The organic phase was separated and dded over
MgSO, and the solvent was removed under reduced pressure. The
crude product was predpitated from cydohexane to afford 722 mg
2250md,7l%)ofmwwnd26duaa)laluudld.'l’l.CxR,tO.ZS
Si0,, cyclohexane/EtOAc 1:3). "H NMR (600 MHz, DMSO-d;, 300
K): 6832 (t,°] = 5.9 Hz, 1H), 7.92 (d, °] = &1 Hz, 2H), 7.68 (5, 1H),
741 (d,%J=8.1Hz,2H), 6.16 (s, 2H), 445 (d,%/= 6.1 Hz,2H), 3.84 (s,
3H),3.51 (s, 3H) ppm. "C NMR (150 MHz, DMSO-dg, 300 K): §
166.1, 164.1, 149.4, 146.1, 136.1, 129.2, 1280, 127.2,96.7, 52.0, 413,
339 ppm. MS (ESI pes.) m/z (%): 289.03 (100) ([M + H]* aldd,
289.13).

1 -(5-Amino-1
=y

am)w-zm (26e). S Anﬂno-l-med:yllﬂ-pyrade-#alboxyﬂc
add (254, 436 mg, 3.09 mmol), HOBt (501 mg, 3.71 mmol) and
EDC-HO (711 mg, 3.71 mmol) were dissolved in DMF (dry, 8 mL),

othvi-1H- 4 e
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precipitate was filtered, washed with H,0, and dried under reduced
pressure in a vacuum oven to afford 231 mg (0.67 mmol, 83%) of
compound 27a as a colorless solid. TLC: R, = 0.60 (SiO,, cydchexane/
EtOAc 1:10). '"H NMR (300 MHz, DMSO-ds, 300 K): (mixture of
rotamers): & 12.86 (s, 1H), 981-9.60 (m, 08H), 9.42-9.26 (m,
0.2H), 8.56-8.37 (m, 1H), 815 (d, > = 8.1 Hz, 2H), 7.91 (4, % = 7.8
Hz, 2H), 7.73-737 (m, SH), 539~525 (m, 0.4H), 4.97-4.77 (m,
L6H) BC NMR (75 MHz, DMSO-dg, 300 K): (mixture of
rotamers): & 167.1, 157.5, 154.5, 148.1, 144.0, 1358, 129.6, 1294,
1285, 127.3,127.2, 1249, 1214, 43.1 ppm. MS (ESI neg)) m/z (%):
34507 (100) ([M H]‘ cdcd. 345. n'f

4-(((7-"! Idin-4-yl) )
benzolc Acl (m) Medxyl t?((r enytmﬂmolo[s,uj
pyrimidin-4-y)amino) methyl)benzoate (26b, 500 mg, 139 mmol

was dissolved in a mixture of THF/H,0 (20 mL, 1:1), and LIOH x
H,0 (166 mg, 6.96 mmol) wasadded. The was stirred for 4
d at RT and then addified wthHCl(aq lOmL. 1 M). The precipitate
was filtered, washed with H,O, and under reduced pressure ina
vacuum oven toafford 455 mg (132 mmol, 95%) of compound 27b asa
colorless solid. TLC: R¢= 0.02 (SiOy, cyclobexane/EtOAc 1:10). 'H
NMR (300 MHz, DMSO-dj, 300K): § 13.41~1235 (brs, 1H),9.16 (¢,
3] = 6.1 Hz, 1H), 848 (5, 1H), 8.38 (5, 1H), 8.19 (d, ¥ = 7.8 Hz, 2H),
7.92 (d, ¥ = 83 Hz, 2H), 7.60~745 (m, 4H), 7.34 (tt, ) = 74, 1.1 Hz,
1H), 4.86 (d, %] = 5.9 Hz, 2H) ppm. "*C NMR (75 MHz, DMSO-dg,

P b nd
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300 K): 8 167.1, 1564 (2x), 152.8, 1443, 1389, 133.8, 1295, 129.1
(2x), 1274, 1262, 120.7, 1019, 43.1 MS (ESI neg.) m/z (%):
34404(13:;&[»1 -H]':lod.mlo o M

4-((iml I.ZVJWTI ine-3-carboxamido)met c Acid
(27¢). Methyl 4((imidazo[1,2-a) ethyl)-
benzoate (26c, 600 m, lmmmol)ws dnolwdinamkumcf
THF/H,0 (20 mL, 1:1),and LIOH X H,0 (232 mg, 9.70 mmol) was
added.'l‘heuwdonws stirred for 3d at RT and then addified with
HC (ag, 10 mL, 1 M). The precipitate was filtered, washed with H,O,
and dded under reduced pressure in a vacuum oven to afford 367 mg
(124 mmal, 64%) of compound 27¢ as a yellowish solid. TLC: Ry =
0.02 (Si0,, cyclohexane/EtOAc 1:10). 'H NMR (300 MHz, DMSO-
dg, 300 K): 59.89(t, ) = 5.9 Hz, 1H),9.69 (d,% =7.0 Hz, 1H), 903 (s,
1H), 8.08-7.67 (m, 4H), 7.58~7.45 (m, 3H), 459 (d, ¥ = 5.8 Hz, 2H)
ppm. BC NMR (75 MHz, DMSO-dy, 300 K): & 167.1, 158.7, 144.1,
141.5,133.3,129.5, 129.4, 1292, 127.7,1274,118.8,117.4, 1135, 41.8
ppm. MS (ESI neg.) m/z (%): 294.10(100) ([M — H] " calcd, 294.09).

4-((5-Amino-1-methyl-1H-pyrazole-4-carboxamido)methyi)-
benzok Acid (27d). Methyl 4-((S-amino-1-methyl-1H-pyraole-4-
catboxamido)methyl)benzoate (26d, 600 mg 2.08 mmol) was
dissolved in a mixture of THF/H,0 (10 mL, 1:1), and LIOH X H,0
(249 mg, 10.4mmol) dded. The si stired for 24 hat
RT and then acidified with HC (aq, 10mL, 1 M). The precipitate was
filtered, washed with H,O, and dried under reduced pressure in a
vacuum oven to afford S04 mg (1.84 mmol, 88%) of compound 27d asa
colorless solid. TLC: R, = 0.08 (SiO, cyclohexane/EtOAc 1:3). 'H
NMR (600 MHz, DMSO-dg 300K ): §8.50-8.44 (m, 1H),7.90 (4, %
=82 Hz, 2H), 784 (5, 1H), 739 (d, ¥ = 82 Hz, 2H), 634—4.64 (m,
3H), 4.47-4.42 (m, 2H), 355 (5 3H) ppm. "*C NMR (150 MHz,
DMSO-dg, 300 K): & 167.2, 1638, 149.6, 145.5, 1357, 129.4, 1292,
127.1,97.0,41 4, 33.8 ppm. MS (ESI neg.) m/z (%): 273.08 (100) ([M
- H]" akd, 273.10), 309.07 (47) (£M + ] caled, 308.53), 229.11
(28) ([M — COOHJ" caled, 229.11

4-(14(5-Amino-1-methyl-1 H»?mzole-l-carboxamldokthyﬂ-
benzolc Acid (27e). Methyl 4-(1-(S-amino-1-methyl-1H-pyrazole-4-
carboxamido)ethyl Jbenzoate (26e, S00 mg, 1.65 mmol) was dissolved
in amixture of THF/H,0 (10 mL, 1:1), and LiOH X H,0 (198 mg,
827 mmol) was added. The solvent was removed under reduced
pressure. The crude product was triturated with DCM/H,0 (1:1),
filtered, washed with H,O, and dried under reduced pressure in a
vacuum oven to afford 368 mg (128 mmal, 77%) of compound 27e as a
colorless solid. TLC: Re = 0.13 (Si0,, DCM/MeOH 10:1). '"H NMR
{600 MHz, DMSO-d, 300 K): § 12.83 (brs, 1H), 806 (d,% = 79 Ha,
1H),7.89 (d, % = 7.9 Hz, 2H), 7.78 (s, 1H), 7.44 (d, ¥ = 8.0 Hz, 2H),
6.11 (brs,2H),5.13 (p, J =7.3 Hz, 1H),3.50 (5, 3H), 143(d, ¥ =7.2
Hz,3H) ppm. '3C NMR (150 MHz, DMSO-d, 300 K): 5167.2,1634,
150.7, 149.5, 1363, 129.3, 1290, 126.1,96.7, 47.2, 33.9, 22.1 ppm. MS
(ESI neg.) m/z (%): 287.10 (100) ([M — H]" caled, 287.29), 243.12
e N

- pyridine-3-carl
(276). Methyl (imidazo[1,2-a] pyridine-3 do)ethyl)-
benzoate (266, 337 mg, 1.04 mmol) was dissolved in a mixture of
THF/H,0 (20 mL, m‘ and LIOH X H,0 (125 mg, 521 mmol) was
added. The suspension was stirred for 4d at RT and then addified with
HC (ag, 10 mL, 1 M). The predipitate was filtered, washed with H,0,
and dded under reduced in avacuum oven to afford 308 mg
(1.00mmol, 96%) of compound 27fas ayellowish solid TLC: R, = 0.07
(SiO,, cyclohexane/EtOAc 1:3). 'H NMR (300 MHz, DMSO-dg, 300
K): 8 12.85 (5, 1H),9.41 (d,% =7.1Hz, 1H),893 (d,% = 7.7Hz, 1H),
8.55 (5, 1H),7.91(d, ¥ =8.3Hz,2H), 7.71 (d, ¥ = 9.0 Hz, 1H) 7.53 (d,
*J= 83 Hz, 2H),745 (t, = 7.7Hz, 1H), 7.09 (t, ¥ = 7.0 Hz, 1H), 526
(p, ¥ =73 Hz, 1H), 1.52(d, %] = 7.1 Hz, 3H) ppm. “CNMR (75 MHz,
DMSO-dg, 300 K): & 167.2, 1595, 1504, 146.8, 137.0, 129.5, 1293,
127.6,127.1, 1262, 118.0, 1172, 1139,47.8,22.0 ppm. MS (ESI neg.)
m/z (96) 308.12 (100) ([M — H]™ caled, 308.10).
)-4-Cyclohexyl-1-(((SR)-1{methy s ulfony Dpiperidin-3-yi)-

amho}- -1-oxobutan-2-yl)4~(((3-phenyl- 3H-[l zzfr(hzolo&sgjl-
[1,2,3)triazolo[4,5-d)pyrimidin-7- yl)anlno)me(hyl benzoic add
(27a, 200 mg, 0.58 mmol) and HATU (263 mg, 0.69 mmol) were

dissolvedin DMF (S mL), and DIPEA (90 mg, 0.693 mmol) was added.
The solution was stirred for 1.5h uRT and (§)-2-amino-4-cydohexyl-
N-((SR)-1-(methylsulionyl ) pip yl)b de (11d, 239 mg,
0.70 mmal), diluted in DMF és ml.), was added The mixture was
stirred for 20 h at RT. DCM (150 mL) was added, and the organic
phase was washed five times with H,O (lso mL) and dried over
MgSO,. The solvent was and the
crude product was triturated with EOAdcyddunne (X:1) and
recrystallized from DCM to afford 51 mg (0.075 mmol, 13%) of
compound 28 as a colorless solid. TLC: R, = 020 (SiO,, cydchexane/
EtOAc 1:10). HPLC: (mixture of diastereomers) tg y = 15.97 min; ty, =
1627 min, purity: >95%. 'H NMR (400 MHz, DMSO-d, 300 K):
Emlnm of diastereomers/rotamers): §9.77-9.63 (m, 1H) 856~839
m, 2H), 822-809 (m, 3H), 7.72~7.60 (m, 2H), 7.58=7.39 (m, 3H),
7.32 (d,%]= 7.5 Ha, 2H), 484 (d, ¥ = 5.6 Hz, 2H),3.89~3.10 (m, 4H),
2.95~2.79 (m, SH), 1.87-138 (m, 12H), 130-1.03 (m, SH), 0.94~
0.76 (m, 2H). MS (ESI pos.) m/z(%): 696.30 (100) ([[M+ Na&‘ caled,
69631). HRMS (FTMS + p MALDI) m/z: 696.3054 [M + Na)* caled
&'Jf(’s‘l)-l&c Iohex];l 1 «(sn )-1-(methylsulfony Dplperidin-3-yi)
- s In-3-yl)-
amlno}-l-oxobutan-z yl)-4—(((!-phenyl-IH-gy‘(r(a(%o{.?A-d -
1-Phenyl-1H-
pytuolo[& 4yl Jamino) methyl) benzoic acid (27b, 200
mg 0.58 mmol) and HATU (264 mg, 0.70 mmol) were dissolved in
DMF (SmL),and DIPEA (90 mg, 0.70 mmol) was added. Thesolution
was stied for 1.5 h at RT, and (5)-2-amino-4-cyclohexyk-N-((SR)-1-
{methylsulfonyl)piperidin-3-yl)butanamide (11d, 240 mg, 0.70
mmol), diluted in DMF (5 mL), was added. The mixture was stirred
for20h at RT. DCM (ISOmL)wadded.ad'heoquphsews
washed five times with H,O (100 mL) and dried over MgSO,. The
solvent was evaporated under reduced pressure, and the crude product
was triturated with EtOAc/cydobexane (1:1) and recrystallized from
DCM to afford 125 mg (0.19 mmol, 32%) of compound 29 as a
colorless solid. TLC: Ry = 0.21 (SiOy cydohexane/EtOAc 1:10).
HPLC: (mixture of diasterecmers) fz; = 9.76 min; t; = 9.92 min,
purity: >95%. 'H NMR (300 MHz, DMSO-dg, 300 K): (mixture of
diastereomers): & 9.03 (t, ° = 5.8 Hz, 1H), 8.45 (s, 1H), 8.38 (5, 1H),
831 (d,% =8.0Hz, 1H),8.19 (d, = 8.0 Hz, 2H), 800(d, *J= 7.6 Hz,
1H), 786 (4, ¥ =7.8 Hz,2H), 7.55(:. ¥ =7.8Hz,2H), 745 (4, T =8.0
Hz,2H),7.34 (1,% =7.6 Hz, 1H), 484 (d, ] = 5.8 Hz, 2H), 446-434
{m, 1H), 3.79-3.64 (m, 1H), 3.53-3.40 (m, 1H), 3.37-3.23 (m, 1H),
2.84 (s, 3H), 2.83-2.69 (m, 1H), 2.59-2.41 (m, 1H), 1.86-132 (m,
11H), 130-1.01 (m, 6H), 0.95~0.72 (m, 2H) ppm. "C NMR (150
MHz, DMSO-dg 300 K): (mixture of diastereomers): § 1716, 166.1,
1564, 1529, 1424, 1389, 1337, 1329, 129.1, 127.7, 1270, 1261,
1207, 1018, 53.4, 49.5, 494, 453, 452, 45.1, 43.0, 36.8, 344, 343,
332, 329, 326, 294, 286, 26.1, 25.7, 229 ppm. MS (ESI pos.) m/z
(%): 673.25 (loo) ([M + H)* caled, 67333), 494.98 (26) ([Me.
caled, 495.28). HRMS (FTMS + p MALDI) m/z: 695.3099 [M+ Na
caled for [CygH NgN2O,S]*, 6953104
N-(J-(((S)-#Cyclahayl-!-(((sn) 1-(methylsulfonyljpiperidin-3-
yl)amino)-1-oxobutan-2-yl)carbamoyi)benzyl)imi l,z-ql-
pyridine-3-carboxamide (30). 4-({Imidazo[1,2-a]pyridine-3-
carboxamido) methyl) benzoic acid (27¢, 200 mg, 0.677 mmol) and
HATU?W mg, 0.813 mmol) were dissolved in DMF ($ mL), and
DIPEA (105 mg, 0.813 mmol) was added. The solution was stirred for
1.5 h at RT, and (§)-2-amino-4-cyclohexyl-N-((SR)-1-
(methylsulfonyl)piperidin-3-yl)butanamide (11d, 281 mg, 0.813
mmol), diluted in DMF (5 mL), was added. The mixture was stirred
for20 h at RT. DCM (150 mL) was added, and the organic phase was
washed five times with H,O (150 mL) and dried over MgSO,. The
solvent was evaporated under reduced pressure, and the crude product
was purified using column y on silica (EtOAc/MeOH
10:1) to afford 48 mg (0.077 mmol, 11%) of compound 30 as a
colorless solid. TLC: R, = 0.19 (Si0,, EtOAc/MeOH 10:1). HPLC:
{mixture of diastereomers) fy ; = 7.88 min; ty = 8.04 min, purity: 93%.
'HNMR (SOOMHL,DMSO-d“ 300 K): (mixture of diastereomers): §
9.47(d,%=7.0Hz, 1H),9.09(t, % =6.1 Hy, 1H),840 (5, 1H),831 (d,
37= 8.0 Hz, 1H), 800 (d, %] = 7.5 Hz, 1H), 7.85 (d, %] = 83 Hz, 2H),
772 (d,% =9.0Hz, 1H), 751-731 (m, 3H), 7.12(td, ] = 6.9, 13 Hz,
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1H),457(d, ¥ =6.1 Hz,2H), 445-433 (m, 1H), 3.79-3.65 (m, 1H),
3.53-3.37 (m, 1H), 336325 (m, 1H), 285 (5, 3H), 2.83-2.70 (m,
1H), 2.59~241 (m, 1H), 1.88-131 (m, 11H), 129-1.00 (m, 6H),
0.93-0.71 (m, 2H) ppm. ®C NMR (75 MHz, DMSO-d, 300 K):
{mixture of diastereomers): & 171.7, 166.1, 160.2, 146.9, 143.0, 1369,
132.8, 1276 (2x), 127.0, 126.9, 118.0, 117.3, 113.9, 107.0, 53.6, 534,
494,454,452, 45.1, 4156, 36.8, 344,343,333, 329, 32.7, 294,286,
26.1 (2x),258,23.0 ppm. MS (ESI neg.) m/z (%): 667.29 (100) ([M
+ EtOH — H]" aled, 667.32), 621.30 (94) ([M - H]~ caled, 621.28),
361.24 (48) ((M_ + EtOH + H]~ caked, 361.24). HRMS (FTMS +p

MALDI) m/z 645.2801 [M + Na]* caled for [CM,NAO;S]‘

32.7, 326, 29.4, 28.9, 286, 26.1, 25.8 (2x), 23.0, 229 ppm. MS (ESI
neg.)m/z(x)xmls(”)([uwou —HJ™ akd, 64633),600.19
(100) ([M - H]~ caked, 600-29). HRMS (PI'MS+p MALDI) m/z:
6242950 [M + Na]* caled for [CygH N5 1, 624.2944.
5-Amino-N-((SR)-1-(4-(((5)- 4 ’ytlohexyl-l-(((SR) -1-
(me!bylsulfonyl) lperldIn-B- Jamino)-1-oxobutan-2-yl)-
carbamoyi) Nethyl)-1-m lH-pymzole-(-carboxam ide
(33). 4-(1-(5-Amino-1-methyl- u-t,,, ! yl)-
benzoic add (27¢ 125 mg, 0.40 mmol) and HATU (184 mg 049
mu»l;wceduolwdlnDMF(SmL),andDm(&m g 040
mmol) was added. The solution was stirred for 1.5 h at RT; (5)-2-
4 ll_ll'/(sn)l( ol e vd £ J)wems'yl)
b de (114, l&mM9mmo|),dlhwdlnDMF (5 mL), was

645.2835.
NN-ggRH-(H((SMC,W'N’W 1-(((SR)-1-(1

iperidin-3-ylJamino)-1 bamoyl Wk”’y"
dazoll,2alpyridine-3 ). 4(1-(1 (120}
pydine-3.carboramido)ethyl)b add(2742wm&°55"‘“'°l)

and HATU (BSng&de)mdbobedh DMF (6 mL), and
DIPEA (100 mg, 0.78 mmol) was added. The solution was stirred for
1.5 h at RT, and (5)-2-amino-4-cyclohexyl-N-({SR)-1-
{methylsulfonyl)piperidin-3-yl)butanamide (11d, 268 mg 0.78
mmol), diluted in DMF (6 mL), was added. The mixture was stirred
for20 h at RT. DCM (100 mL) was added, and the organic pluuws
wadaed four times with H,0 (100 mL) and dried over WSO‘

d under reduced p and the crude product
mpuiﬁedudngodmn chromatography on silica (bexane/EtOAc
1:1 = EtOAc = EtOAc/MeOH 10:1) to afford 209 mg (033 mmal,
51%) of compound 31 as a colodess solid TLC: R = 020 (SiO,,
EtOAc/MeOH 10:1). HPLC: (mixture of diasterecomers) t5 ; = 796
min; £, , =8.12 min, pusity: >95%. "H NMR (600 MHz, DMSO-d,, 300
K): {mixture of diastereomess): §9.41 (d, *J= 6.9 Hz, 1H),8.84 (d, ¥ =
7.9Hz, 1H), 849(d, Y= 1.5 Hz, 1H),8.30(d,% =81 Hz, 1H),7.99 (d,
3] = 7.5 Hz, 1H), 7.85 (dt, %] = 8.3, 3.0 Hz, 2H), 7.70 (d, ] = 9.0, L.1
Hz, 1H), 749(d, ¥ = 83 Hz, 2H) 7.44 (ddd, ¥ = 9.0,6.8, 1.3 Hz, 1H),
7.08 (td, ¥ = 69, 1.1 Hz, 1H), 525(p, ¥ = 7.2 Hz, 1H), 4.43-4.36 (m,
1H),3.76~3.69 (m, 1H),3.51-3.41 (m, 1H),336-329 (m, 1H), 284
(s,3H), 279-2.71 (m, 1H), 2.57-2.52 (m, 1H), 1.84~1.55 (m, lng
1.52 (d, ¥ = 7.1 Hz, 3H), 1.44~131 (m, 1H), 1.28=1.06 (m, 6H),
0.89-0.77 (m, 2H) ppm. ®C NMR (150 MHz, DMSO-dg 300 K):
{mixture of diastereomers): § 1716, 166.1, 159.4, 148.2, 146.9, 137.0,
1327, 127.6, 127.5, 126.9, 125.8, 118.0, 1172, 113.8, 535, 53.4, 496,
494,477, 45.4,45.2, 45.1, 36.8 (2X), 34.4, 34.3,33.2, 329, 32.6,29.4,
289,286, 26.1, 258, 25.7, 23.0 (2x), 222, 22.1 ppm. MS (ESI pos.
m/z(%):637.50 (100) ([M + H]* caled, 637.32), 45931 (60) ([MJ
caled, 459.24). HRMS (FTMS + p MALDI) m/z: 6373173 [M + H]*

caled for [Cy3H gNsOsS)*, 6373172,

5-Amino-N-(4-(((5)-4-cyclohexyl- 1-((($R)-1-(mehylwlbnyl)-
plpMdh- y)amino)-1-oxobutan-2-yi)c
yl-1H- (32). 4-((S-Amino-1-m -leyr-

le-4-carb ethyl )benzaic acid (27d, 200 mg, 0.73 mmol)
and HATU (333u:g,uﬂsmcl)mdhwlndh DMF (S mL), and
DIPEA (113 088 mmol) was added. The solution was stirred for
15h a RT;B? 5)-2-amino—4-cyclobexyk-N-({ SR)-1-(methylsulfonyl)-
piperidin-3-y)butanamide (11d, 302 mg, 0.875 mmol), diluted in
DMF (5 mL), was added. The mixture was stirred for 20 hat RT. DCM
{100 mL) was added, and the organicphase was washed four times with
H,0 (100 mL) and dried over MgSO,. The solvent was evaporated
under reduced pressure; the crude product was triturated with EtOAc/
cydohexane (1:1) and recrystallized from DCM to aford 281 mg (047
mmol, 64%) of com 32asacolorless solid TLC: Re= 037 (Si0,,
DCM/MeOH 10:1). HPLC: (mixture of diastereomers) 8.17
min; & , = 834 min, purity: 94%. 'H NMR (300 MHz, DMS
K): (mixture of diastereomers): §8.35-8.24 (m, 2H), 8.01 (4, ’]s 7.6
Hz, 1H), 783 (d, %] = 72 Hz, 2H), 7.68 (5, 1H), 736~7.28 (m, 2H),
6.15 (s, 2H), 446435 (m, 3H), 3.77-3.67 (m, 1H), 3.51 (5, 3H),
3.50-3.40 (m, 1H), 3.36—328 (m, 1H), 290-271 (m, 4H), 2.58—
247 (m), 1.82-1.48 (m, 10 l) 1L45-1.31 (m, 1H), 128-1.03 (m,
6H),0.90-0.79 (m, 2H) ppm. '*C NMR (75 MHz, DMSO-d, 300K ):
{mixture of diastereomers): § 171.6 (2x), 166.1 (2x), 164.1, 1494,
143.8, 136.1, 132.6, 132.5, 127.5, 127.0, 1267, 126.6, 967, 53.5, 534,
496,494, 45.4, 452, 45.1, 41.2, 36.8, 344, 343, 33.9, 332, 329,328,

212

added The mixture was stirred for 20 h at RT. DCM (100 mL) was
added, and the organic phase was washed three times with H,O (100
mL)andoncewlhaNaCloolmbn(u.,SOmL)mdd&dove
MgSO,. The solvent was evap d under d and the
crude product was purified usingflash column dlmntqu»ltycndla
(cyclobexane/ EtOAc 1:1 = EtOAc — EtOAc/MeOH 10:1) to afford
162 mg (0.26 mmol, 65%) of compound 33 asa colorless solid. TLC: R,
=024 (Si0, EtOAc/MeOH 10:1). HPLC: (mixture of diastereomers)
= 834 min; ty , = 851 min, pusity: >95%. 'H NMR (600 MHz,
DMSO-dg, 300 K): (mixture of diastereomers): & 8.28 (d, % = 8.1 Hz,
1H), 8.02 (d, ] = 78 Hg, lH)-799(d«’I'3”Hlu 1H), 7.82 (dv, ] =
8.4,2.6 Hz, 2H), 7.77 (s, 1H), 7.40 (d, ] = 8.4 Hz, 2H), 6.10 (5, 2H),
511 (p, ¥ = 73 Hz, 1H), 443-4.35 (m, 1H), 3.80~3.68 (m, 1H),
3.52-3.47 (m, 1H), 349 (s, 3H), 3.46-3.42 (m. 1H), 2.86-2.68 (m,
4H), 2.57-248 (m, 1H), 1.84~148 (m, 10H), 142 (d,*] = 7.1 Hz,
3H), 145-130(m, 1H), 128-1.05 (m, 6H), 092-078 (m.zH) P
15C NMR (150 MHz, DMSO-dy, 300K): (mixture of diastereom TL
1716 (2X), 1662, 166.1, 163.4, 149.4, 148.9, 136.2, 1324, 1274,
1257, 113.7, 967, 53.5, 534, 49.5, 49.4, 492, 47.1, 45.4 (2x), 452,
45.1, 36.9, 36.8, 344, 343,338, 33.2, 329, 326,294, 28.9, 28.6, 26.1
(2x), 26.1 (2x), 25.8 (2x), 257, 23.0 (2X), 223, 22.2 ppm. MS (EST
) m/z (%): 6 16.22 (100) ([M + H]* caled, 616.33), 438.14 (37)
mralod, 5). HRMS (FT'MS + p MALDI) m/z:638.3092 [M
+NaJ* caked for [Wmo,s]‘ 6383101
rac-tert-Butyl (1-(Methylisulfonyl)piperidin-3-ylicarbamate (36a).
rac-tert-Butyl piperidin-3-ylcarbamate (34a, 801 mg, 4.00 mmol) was
dissolved in DCM (dry, 20 mL), and tdethyhmine (405 mg, 400
mmol) was added The solution was cooled to =15 °C, and
methanesulfonyl chloride (35a, 687 mg 6.00 mmol) was added
The mixture was stirred for 6 h at RT. The reaction mixture
was acidified with NH,CI (sat, 3 mL) and extracted three times with
DCM. The separated arganic phase was washed three times with H,0
(mmL)andddedover MgSO,. The solvent was ed under
reduced pressure to afiord L08 mg (388 mmal, 97%) of 36a 25 2
colorless salid TLC: Ry = 063 (SiO,, cydchexane/EtOAc, 1:20,
ninhydrin). 'H NMR (500 MHz, CDCl, 300K): §495-4.78 (m, 1H),
3.89-3.74 (m, 1H), 3.72-2.95 (m, 4H), 277 (5, 3H), 1.88-1.57 (m,
4H), 1.43 (5, 9H) ppm. "*C NMR (126 MHz, CDCl;, 300 K): § 155.0,
798, 508, 463, 45.6, 352,292, 285,221 ppm. MS (ESI neg.) m/z
gs), 323.08 (84) ([M + EtOH - H;‘ caled, 323.16), 313.06 (100)
[M + ClJ" caled, 313.58), 162.95 (67) ([M, ]~ calcd, 162.95), 16092
(60) ([M¢. — H]" caled, 16094).
tert-Butyl (5)(1-{Methyls Apiperidin-3yi)carb (36b).
The synthesis of tart—bmyl (S )-(I-(mehyluiﬁmyl)ppcldh 3-7!)
(36b) was in analogy to that of compound
m-nmyl (s)plpa-mn-s -ylcarbamate (34b, 801 mg, 4.00 md) was
used as a starting material to afiord 1.03 g (3.71 mmal, 93%) of
compound 36b as a colorless solid. TLC: Re= 063 (SiO,, cydohexane/
EtOAg, 1:20, ninhydrin). "H NMR (250 MHz, CDCly, 300 K): § 695
(4] = 7.5 H, 1H), 3.58=3.46 (m, 1H) 3.40-3.01 (m, 2H), 285 2:,
3H), 2.71-2.57 (m, 1H), 2.47-2.35 (m, 1H), 184~167 (m, 2H), (s,
9H), 1.59=1.11 (m, 2H) ppm. BC NMR (126 MHz, CDCl;, 300 K): &
1550, 79.8, 50.8, 463, 45.6, 352, 29.2, 28.5, 22.1 ppm. MS (ESI neg.)
m/z (%): 323.15 (100) ([M + EtOH — H]" calcd, 323.16), 31313
(39) ([M+ ClJ" caled, 313.58).
tertButyl (RI-(1-{Methylsulfonyl)piperidin-3-yl)carbamate (36d.
The synthesis of tert-butyl (R)-(1-(methylsulfonyl)piperidin-3-yl)-
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wx {36c) was performed analogously to that of compound 36b.

tert-Butyl (R)-piperidin-3-ylabamate (34c, 801 mg, 4.00 mmal) was

used as a starting material to afford 915 mg (3.29 mmol, 97%) of

compound 36¢ as a light-brownish solid The analytical data are in
dance with those of d 36b.

rac-tert-Butyl (1-(Cyclopropanecarbonyl)piperidin-3-yl)
3 fic add (355, 215 zso

mlnol) lndHATU(l.M& 3.00 mmol) were dissolved in DMF dry, 7
mL), and DIPEA (387 mg 3.00 mmol) was added The reaction
mixture was stirred for 1.5 h at RT, and rac-tert-butyl 3-
ylcarbamate ( 34a, 600 mg, 3.00 mmol) dissolved in DMF {dry, S mL)
was added. The mixture was stirred r additional 20 h at RT. DCM
(100 mL) was added, and the organic phase was washed four times with
H;0 (100 mL) and once with NH&I (sat. wo ml..) and dried over
MgSO. The solvent was d under and the
crude product was purified \nhg column d)mmwpﬂly on silica
{cyclohexane/EtOAc 1:9). Compound 36d was obtained in a yield of
636mg (237 md,%%) s a colorless salid TLC: Re= 0.56 (SO,
/Et hydrin). "H NMR (500 MHz, CDCl,, 300
K): 6 4.73-4.54 (m. lH), 4.05-2.84 (m, SH), 1.97-1.86 (m, 1H),
181-149 ﬂ? 4H), 142 (s, 9H), 1.01-0.89 (m, 2H), 0.80-0.66 (m,
2H) ppm. "*C NMR (126 MHz, CDCL, 300 K): § 1727, 1553, 797,
50.4,46.9,42.7,303,28.8,22.5,11.0,7.7 ppm. MS (ESI pos.) m/z (%):
307.17(23) ([M + KJ* caked, 307.27), 291.20(100) ([M + Na]* caled,
291.17),269.21 (5) ([M + H]* caled, 269.19), 169.12 (32) ([M — Boc

+H)* calod, 169.14).

rac-tert-Butyl (1-(Oxetan-3-yljpiperidin-3-y)carbamate (36e).
rac-tert-Butyl piperidin-3-ylcarbamate (34a, 400 mg, 2.00 mmol) was
dissolved in THF (dry, 10 mL), and oxetan-3-one %35(:. 107 L, 166

pubsscsargime
(37d)ws formed ', sty to that of compound 37a. rac-tert-
Buyl (l A, P <% 4\4 _:Jl ‘)-.l\ Y (”d, “o
mg 1 d mﬂuﬂmﬁc«lwqwund 37d
in q\nnﬂuive yiedd The cmde product was used without further

purification in the next step.

rac-1Oxetan-3-ylpiperidin-3-amine (37e). The synthesis of rac-
1-(oxetan-3-yl Jpiperidin-3-amine (37e) was performed amlogously to
that of compound 37d. mc-tet-Butyl (1-(oxetan-3-1)piperidin-3-
yl)carbamate (36e, 350 mg, 1.37 mmol) was used as a starting material
to afiord compound 37e in quantitative yield. The crude product was
used without further purification in the next step.

Biological and Biochemical Methods. DSF Assay. Differences in
the mekting temperature (AT,,) data were measured as described in
Fedorov ef al*

NanoBRET Assay. The assay was performed as described
previously.*** In brief, full length kinase ORF (Promega) cloned in
framewitha NanoLuc-vector (asindicated in Table $7) was transfected
into HEK293T cells using FuGENE HD (Promegs, E2312), and
pmwhxw«dwdtowﬁxwhhmlydﬂmdhhbtu
andNamBREThmcemalbe pective

(as indicated in Table ?I)wweplpemd into white 384-
‘z Greiner 781 207) using an ECHO 550 acoustic dispenser
(l..tc)te)'!‘heco transfected cells were added and
reseeded at a dersity of 2 X 10° cells/mL after trypsinkzation and
resuspension in Opti-MEM without phenol red (Life Technologies).
The system was allowed to equilibrate for 2 h at 37 °C and 5% CO,
pdor to BRET measurements. To measure BRET, NanoBRET
NanoGlo substrate + extracellular NanoLuc inhibitor (Promega,
NZléO)wuaddad spulhemmﬁmm"lmood.udﬂud

mmol) was added at 0 °C. The mixture was stirred for 1.5h andallowed
to warm to RT. Sodium triacetoxyborohydride (708 mg, 333 mmol)
was added, and the suspension was stired for additional 20 h at RT.
The reaction was quendwd with NaHCO, (sat, 30 mL), and the
solvent was d under The residue was
dissolved in EtOAc (30 mL); H,0 (30 mL) was added and extracted
four times with EtOAc (30 mL). The agnlcphoewsdﬂedovq
MgSO,, The solvent was evap and the
crude product was purified !ingcolum duomwgnphyondlca
cyclohexane /EtOAc 1:20 + 1% TEA). Compound 36e was obtained
ina yleld of 240 mg (0.937 mmol, 47%) as a colodess solid TLC: R, =
020 (SiOy, cyclohexane/EtOAc+ 1% TEA, 1:20, ninhydrin). '"HNMR
(500 MHz, CDCly, 300 K): §5.16—4.92 (m, 1H, NH), 466—4.50 (m,
4H),382-3.69 (m, 1H),3.41 (p, ] = 6.4 Hz, 1H), 247-1.83 (m, 4H),
1.81-133 (m, 4H), 143 (s, 9H) ppm. "*C NMR (126 MHz, CDCl,
300K): & 1552, 793,759, 59.1, 55.2, 50.2, 45.8, 296,286,219

MS (EST neg.) m/z (%): 25520 (100) ([M — H]" caled, 255.17).

mc-l-(Methy&llfonybpperHln-s-anune (37a). rac-tert-Butyl (1-
( A)piperidin-3-yl)carbamate (364, 450 mg, 1.62 mmol)
wudmlvedhncm(loml,) and cooled to 0 °C, and TFA (2 mL)
was added dropwise. The mixture was stirred for 1 b, allowing to warm
up to RT. The solvent was removed under reduced pressure, and the
residue was dissolved in MeOH. The mixture was cooled to 5 °C;
K,CO, (36 g 26.0 mmol) was added and stirred for 10 min. The solid
was filtered off and the solvent was removed under reduced
The quantitatively obtained crude product was used without further
purification in the next step.

(S)-1-(Methyisulfc ",', ridin-3-amine (-Wb)k'nle ynthesis of
(5)-1- methylsulfonyl ) ‘{cﬁrmed
gously to that ofaonyound 37;. mnmyi (S)-(I ethylsulfonyl)-
pﬁmidh&-yl)cbmae (36b, 420 mg, 151 mmol) was used as a

erial to afiord compound 37b in yield. The
pm&lctwuusadwllhoutﬁmhrpﬁﬁﬁbnln!bemnnq)

(R)-1-(Methylsulfonyl)piperidin-3 ne (37c). The synthesis of
(R)-1-(methylsulfonyl) piperidin-3-amine (37c) was performed analo-
?otd to that of compound 37b. ’!‘beﬂningmacldmm-buyl

R) l .l’J Yrrad Wninard din -,_J\ (36(‘, 420 mg, 151
mmol). m«depmdlamohdndlnquﬂaMylddeM
without further purification in the next step.
rac-(3-Aminopiperidin-1-y) (cyclopropyl)meth (37d). The
{ 1), h

in d on a PHERAstar plate reader (BMG
Labtech) eqippedwnh a luminescence filter pair (450 nm BP fiker
(donor) and 610 nm LP fikter (acceptor) ). Competitive displacement
data were then plotted using GraphPad Prism 8 software using a 4-
parameter curve fit with the following equation: ¥ = bottom + (top-
bottom)/(1.+ 10(lg IC — X) EilSpe))
Praeln Purification and Ciystallography. Murine MAP kinase
was_expressed in Escherichia coli and purified as previ
dwbd.*‘ The kinase domain of human Dmu (residues 601913
weqwedhbx\lcdmsandpulﬁedfdhmdzpﬂﬂad
procedure.” Crystals of p38a and DDRI inhibitor complexes were
grown in 3-well crystallization plates (SwisSCI) using the sitting drop
vapor diffusion method. anblmm p38a (10~13 mg/mL) was
d with 1 mM ding inhik andlbewwluuww
ayulludau"Cunhgl’EC based
17.0-22.5% medium-molecular weight PEG smears and 0.1 M MES,
pH 6.0-6.5, or 14% high-molecular weight PEG smears and 0.1 M
MES, pH 60. For the DDR1-13 complex, the protein (10 mg/mL
DDRI in 50 mM HEPES, pH 7.5, 300 mM NaCl, and 1 mM TCEP)
was mixed with 13 at a final inhibitor concentration of 1 mM. Crystals
were then grown at 20 °C with a reservoir solution consisting of 20%
PEG 3350, 10% ethylene glycol, 0.1 M bis-tris propane, pH6.5, and 0.2
M sodium sulfate (SOnL of p d 100 nL of reservair). Crystals of
the DDRI-30 complex were grown at 4 °C by mixing the protein
solution (100 nL, 16 mg/mL DDRI, 1 mM 30) with 100 nL of
pndpta\twhﬂmwm&ml’ﬂclmudul M HEPES,
pH 7.5. Crystals of the inhit were d with
mother liquor comp d with 20-25% thyl dycohndﬂd:—
frozen in liquid nitrogen. X-ray diffraction data were collected at 100 K
at Diamond beamlines i04 and i04-1, BESSY beamline 14.1, and Swiss
utSouu (SLS) beamline XMSA. The data were processed with
and Aimless.* The structures were then solved
by molecular mﬁm using Phaser’’ and published p38a (PDB
ID: SLAR) or DDRI (PDB IDs: 4BK] and SFDX) coordinates as a
search model The structural models were then manually rebuilt in
om”m:ﬁdwuﬁuumc”umm”nedn
llecti d in Table S8.
Structure Qnrcwm generated uuthyMOL (https://pymol.org/2/

UdethCmScrmTom&eMuenaoﬁhe

yuthesis of rac-(3-aminopiperidin-1-71) (cyclopropy

ds on cell viability and the p | effect on microtubules, a
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llvecellblﬂ:coneummpuﬂom\ed,ndng
{CQl, Yok ). HEK293T (ATCC CRL-1573) and
U20§ (ATCCHTB-96) were cultured in DMEM plus 1-ghutamine
(high glucose) supplemented with 10% FBS (Gibco) and
streptomydn (Gibco). MRC-9 fibroblasts (ATCC CCL-2) were
cultured in EMEM plus 1-glutamine supplemented with 10% FBS
{Gibco) and penidllin/streptomydn (Gibeo). For every cell line, 2000
cells per well were seeded in 384-well plates in culture medium (cell
culture microplate, PS, f-bottom, Clear, 781091, and Greiner). Cells
were stained with 75 nM Hoechst 33342 (Themmo Sdentific), 75 nM
MitoTracker red (Invitrogen), 0.3 ul/well Annexin V Alexa Fluor 680
conjugate (Invitrogen), and 25 nL/well BioTracker 488 green
microtubule cytoskeleton dye (EMD Millipore). Each compound
(28, 30, 38, and 39) was tested at two different concentrations (1 and
10 uM) in triplicate. Staurosporine, 10 uM, was used as a positive
mwhwwﬂmmammwm
compound treatment and 12, 24, and 48 h after p

a confocal

The spray voltage was set to 4 kV. The heated capillary operated at 270
°C, and the desolvation gs flow was set to 650 L/h.

B ASSOCIATED CONTENT
o Suppomng Information
is available free of charge at
https //pd)&acs.org/dm/lo 1021 /acs jmedchem. 1c00868.
Biochemical assay, selectivity data, X-ray data collection
and refinement statistics as well as NMR and HRMS
spectra (PDF)
Molecular formula strings (CSV)

Accession Codes
Com&mtaandsmmtmﬁctonofﬂ:ep&amdDDkl
inhibi lexes were dep d in the Protein Data Bank

using the CQJ high-content confocal mi { Yok wa). The

setup parameters were userlﬂorlmge aapudon: Ex 405
nm/Em 447/60 nm, 500 ms, 50%; Ex561 nm/Em 617/73 nm, 100 ms,
40%; Ex 488/Em 525/50 nm, 50 ms, 40%; and bright field, 300 ms,
100% transmission, one centered field per well, 7 z stacks per well with
55 pm qndng hgsmmﬂy&duﬁgcmlﬁnduwm
(v L. il ) ‘lFN“q
amdunel algorithm, nddvﬂedhmt&ucgoduhuhby,
Weﬁt,lped,ndd»dcdkawgamwamdudnga
training set of five compounds with known effects (staurcsporine,
paclitaxel, digitonin, milcichb, and daunorubicin). Data were
normalized against the average of DMSO (0.1%)-treated cells.

Significance was shown using a two-way ANOVA amlysis. Two
biological duplicates were performed.

TNF-a Release Assay in Human Whole Blood. The assay was
performed as published by Bauver et al** The asay principle i
summarized here in brief: the tested compounds were preincubated in
human whole blood from two different donors for 15 min before TNF-
a release was stimulated by addition of LPS. After stimulation, the
samples were incubated at 37 °C and 6% CO, for 2.5 h followed by
centrifugation to separate cells and plsma. The supermatant was
separated, and the TNF-a levels were determined using a sandwich
ELISA.

In Vitro Metabolism Studies. Pocled male HLMs were purchased
from Xenotech. These microsomes were characterized in protein and
cyﬁodnome?—‘&ﬁmmlﬂllnmhﬂuuwumadelnthem
of an NADPH i sisting of 5 mM glucose-6-
phosphate, § U/mL ducae-&-phaphu dd:y&ogenne. and 1 mM
NADP". The substrate (100 M), the NADPH
and 3.8 mM MgCl, X 6 H,0 in 0.1 M Tis buffer '7;{7“:37“@
were pre-incubated for 5 min in a shaking heating block at 37 °C and
650 rpm. The incubation mix was split into 50 uL aliquots, and the
reaction was started by addition of the HLMs. The microsomal protein
content was standardized to 1 mg/mL. To follow the course of
metabalism, the reaction tubes were quenched at selected time points
(0, 10,20, 30, 60, 120, 180, and 240 min) by adding 100 L of ice-cold

intemal standard ata concentration of 20 uM in ACN. The samples
were vortexed for 30 s and centrifuged (19,800 relative centrifugal
force/4 °C/20 min). 'lqumw-meddlmlth—rds
amalysis. Al incubations were wd ncobati
vdd: hut-uuaiumd HLMJ were used to tllow that analyte reduction

oli dation cnly. In all incubations, a limitof 1%

oganlcodmtvmnoteweeded.

LC~MS Analysis. Ch d onan
Alliance 2695 SqmuuuMo&:le (Wnen GntH. Bd:bom)mhga
Dr. Maisch Nudeasil 100 C18, 5 ym, 53 X 4.6 mm column with water
(A) and ACN (B) with 0.1% (v/v) formic acid as mobile phases. The
following gradient was applied: 20% B from 0 to 0.2 min, 20 to 80% B
from 0.2 to 5.5min, and 20% B from 5.6 to 14 min at a flowrate of 400

(PDB). Accession codes: 7BE4 (p38a-13), 7BES (p38a-32),
7BDQ_(p38a-29), 7BDO (p38a-30), 7BE6 (DDRI-13), and
7BCM (DDRI1-30). Authors will release the atomic coordinates

upon article publication.
B AUTHOR INFORMATION

Corresponding Author
Stefan Knapp — Institute of Pharmaceutical Chemistry, Johann
Wolfgang Goethe University, 60438 Frankfurt am Main,
Germany; Structural Genomics Consortium (SGC),
Buchmann Institute for Molecular Life Sciences, 60438
Frankfurt am Main, Germany; © orcid.org/0000-0001-
5995-6494; Email: knapp @pharmchem uni-frankfurt.de
Authors
Sandra Rohm — I ical Chemistry, Johann
Wubmg Goaﬁc lhmnty 60438 lefv? am )Muh
SGC,
&xm Institute for Md«rlq’: Sciences, 60438
Frankfurt am Main, Germany; © orcid.org/0000-0003-

3999-712X
Benedict-Tilman Berger — Institute a_fPhamaM

Ph

Tvm&ﬁwt ; St
Consortium (SGC),%mImﬁerq’e
Sciences, 60438 Frankfurt am Main, Germany; ¢ orcid.org/
otnom3314-2617

Martin Schroder — I of Ph .1 Ch ';:

Johann Wolfgang Goethe Umvasﬂy 60438

Main, ; St (scc),

bnmlmﬁvwk:davla_fc Saawas 60438

Frankfurt am Main, Germany; © orcid.org/0000-0001-
7631-7766

Deep Chatterjee — Institute of Pharmaceutical Chemistry,
Johann Wo&&agGwIn Unéva:dy 60438 Frankfurt am
Main, Germany; St ! Genomics Consortium (SGC),

Buchmann Institute for Molecular Life Sciences, 60438
Frankfurt am Main, Germany

Sebastian Mathea — Institute of Pharmaceutical
Johann Wolfgang Goethe University, 60438 Frankfiurt am
Main, Germany; Structural Genomics Consortium (SGC),
Buchmann Institute for Molecular Life Sciences 60438
Frankfurt am Main, Germany; © orcid.org/0000-0001-
8500-4569

Iy

HL/min Samples were maintained at4 °C, the col Andreas C. Joerger — Institute of Ph. 1Ch
oetto40°C,ndlheh}ecﬂonvohmewuwyLThedemnws Johann WMG"“’“U""‘“" WW‘”‘
performed on a Waters Quattro Micro wmm(Wam Main, Germany; St (sGC),
GmbH, Eschborn) operated in the el ization (+) mode. mermjwmmmmsm

214

13471

P b nd
J.Med Chem. 2021, 64, 1345113474




Journal of Medicinal Chemistry

Appendix G

pubsacsorgime

Frankfurt am Main, Germany; © orcid.org/0000-0002-
12320138

Daniel M. Pinkas — Centre for Medicines Discovery, University
of Oxford, Oxford OX37DQ, UK; © orcid.org/0000-0002-
4740-6695

Joshua C. Bufton — Centre for Medicines Discovery, Universil

7

A::fée’l)adm Imq’PkumaWChanwy Johann
Wom&duﬁumsty wsapwmm

(sGe),
Bumrmfwmumwem;m
 Brankfurt am Main, Germany
Hitesh Kaovoorn — Siructeral Genommics Consort (SGC),

Bwhum!wmfwuahahlifcsmsm
Frankfurt am Main, Germany; Institute of Biochemistry I1,
Faculty of Medicine, Johann Wolfgang Goethe University,
60438 Frankfurt am Main, Gmnmy

875510], Janssen, Merck KGaA (aka EMD in Canada and US),
Merck & Co (aka MSD outside Canada and US), Pfizer, Sdo
Paulo Research Foundation-FAPESP, Takeda and Wellcome
[106169/ZZ14/Z). We thank the staff at BESSY, Diamond, and

SLS for assi during data collection. Data collection at SLS
wa:ppotmdbyﬁm&ngﬁomﬁn&lmpmlhmsﬂm
2020 under grant agreement

number 730872. project CAHPSOplua. We thank Thales

Kronenberger from the University Hospital of Tiibingen for
predicting the pharmacokinetic properties of our probe
compound.

B ABBREVIATIONS
Abl1, abelsontyromptom lunaoe 1 CSFIR, meaophag
colony DDR, d

receptor; DIPEA. N,N dnaopmpylethylamne DSF, differential

Mm '\ j il /MM odicinal
OumthUm%&7w76
Tiln‘npn,Gcrmmy

Christian Pohl — Str ! Genomics C ium (SGC),
Buchmann Institute for Molecular Life Sciences, 60438

y; AT,, differences in the melting tan'par
ature; EDC— HCl 1-ethyl- }(S-dmathylamxnopro
wbodlmde—hy&od:lmwle, EGFR, rmal gtor
receptor; HATU, N[(dmeﬂrylmnmo) 1H- l,2,3-trnmlo [45
blpyridin-1-ylmethylene]- N-methyl

Frankfurt am Main, Germany; Institute of Biochemistry I1,
Faculty of Medicine, Johann Wolfgang Goethe University,
60438 Frankfurt am Main, Germany; Present
Address: Neuroscience Discovery, AbbVie Deutschland
GmbH & Co KG, KnollstraBe 50, 67061 Ludwigshafen,
Germany

Alex N. Bullock — Centre for Medicines Di

phate N-oxide; HLM, human liver microsomes; HOB,
hydroxybemomazole IRK, insulin receptor kinase; KIT, mast/

stem cell growth factor receptor kit; MAPK, mitogen-activated
protein kinase; MEKS, dual-specificity mitogen-activated
protein kinase kinase 5; PDGFR, platelet-derived growth factor
receptor; Pyk2, protein-tyrosine kinase 2-f; RTK, receptor
kinase; TEA, triethylamine; Tie, tyrosine protein kinase

ity of
Oxford, Oaford OX3 7DQ, UK;; mnd.otg/OO(D-OOOl-

6757-0436

Susanne Maller — Institute of Pharmaceutical Chemistry,
Johann Wolfgang Goethe Umasify mﬁmy'mm
Main, Germany; St (5GC),
Buchmann mmpwuwhly& Sciences, 60438
Frankfurt am Main, Germany; © orcid.org/0000-0003-

2402-4157
Stefan Laufer — Department of Pharmaceutical/Medicinal
Chemistry, Eberhard Karl University Tibingen, 72076
Tubingen, Germany; © orcid.org/0000-0001-6952-1486
Complete contact inft ion is available at:
htps: //pubs acs.org/10.1021 /acsjmedchem. 100868

Author Contributions
S.R.wmthemam:pt.dsdtynthem and contributed to
1 data; | studies were performed by M.S.,

A.C.J D.C,, SM.,, D.MP,, and J.CB,; NanoBRET was
yerfmmadbyB.TB,mdﬁnhzodluhrmaylmperhmed
by AT, MK, and LK; CP, ANB, SM,, SL, and SK.
supervised research. All authors edited and approved the
manuscript

Notes

The authors declare no ing financial i

' -3

B ACKNOWLEDGMENTS

S.R,ACJ, B.-TB, SM, and SK. are grateful for support by the
SGC,uegﬁtzmddnnty(nolm7 that receives funds from
AbbVie, Bayer AG, Boeh Ingelheim, Canada Foundati

for Innovation, Eshelman Institute for Innovation, Genentech,
Genome Canada Ontario Genomics Institute [OGI-
196], EU/EFPIA/OICR/McGill/KTH/Diamond, Innovative
Medicines Initiative 2 Joint Undertaking [EUbOPEN grant

reoeptor tie; TRK, tropomyosin receptor kinase; YSK4,
mitogen-activated protein kinase kinase kinase 19; ZAK,
mitogen-activated protein kinase kinase kinase 20

B REFERENCES

(1) Shrivastava, A; Radziejewski, C; Campbel, E; Kovac, L
McGlynn, M.; Ryan, T. E;; Davis, S.; Goldfarb, M. P; Glass, D. J;
l.emkc,G;Y:unpoﬂu,G D. Anupbmmaptutymdnehmx
family wh bers serve as nonintegrin collagen recep Mal.
C¢"l997,1 25-34.
(2)VogeLW;Gld>,GD;Alvet.P;PameTbechcdd.ndomh
y kinases are activated by collagen. Mol Cell 1997, 1,
3-23.
(S)U,Y;mx.ynen.x;bth.Snlmbmkdhcddndomh
kinase i

tial medical applications. J. Med.
alal. 2015, 58, 3287-330L

(4) Leitinger, B. Molecular analysis of collagen binding by the human
discoldin domain receptors, ddr] and ddr2: Identification of collagen
binding sites in dde2. . Biol. Chem. 2003, 278, 16761~16769.

(5) Agarwal, G.; Smith, A. W; Jones, B. Discoidin domain receptors:
Micro insights into macro assemblies. Biochim. Biophys Acta, Mol. Cell
Res. 2019, 1866, 118496.

(6) Leitinger, B. Chapter two - discoidin domain receptor functions in

hysiologicaland pathological diti In I Revi Cell

adlﬂauddﬂobmjm K W, Ed;AcademicPress, 2014; Vol 310,

39-87.

Pf)Yemg.D A.; Shanker, N; Schail, A; Weiss, B. A; Wang, C;

WM&];DS.S}G&]\I,R.K.}MII&,J LC;Heﬂ.A.Bx

Fridman, R; Agarwal, G. Clustering, spatial d and

M«yhﬁmo(dhcdﬂndcmdnucqmlanlenreqmn

to soluble collagen i. J. Mol Biol. 2019, 431, 368-390.

(8) Artim, S.C.; Mendrala, J. M.; Lemmon, M. A. Assessing the range

of kinase autcinhibition mechanisms in the insulin receptor family.

Biochem. J. 2012, 448, 213-220.

(9)Cm&PxTﬂ.L;Chl,X.ﬂ.ee,S W;Gl‘q N.S.; Bullock, A.
bition of the collagen

nwm;nmoz/whm 00358
Med Chem. 2021, 64, 1345113474

215



Appendix G

Journal of Medicinal Chemistry

pubsacs.org/jmc

receptor ddrl by selective and multi-targeted type ii kinase inhibitors. J.
Mol. Biol. 2014, 426, 2457~2470.

(10) Hanson, S. M; Georghiou, G.; Thakur, M. K.; Miller, W. T; Rest,
J-S.;Chodera, J. D; Seeliger, M. A. What makes a kinase promiscuous
for inhibitors? Cell Chem. Bial. 2019, 26, 390-399.

{11) Richters, A.; Nguyen, H. D.; Phan, T; Simard, J. R;; Griitter, C;
Engel, 1; Rauh, D. dentification of type il and i dde2 inhibitcrs. . Med.
Chem. 2014, 57, 4252~4262.

(12) Murray, C. W Berdini, V; Buck, L. M; Carr, ME.; Cleasby, A
Coyle, J. E; Curty, J. E; Day, J. E. H; Day, P.J; Hearn, K Iqbal, A;
Lee, L. Y. W,; Martins, V.; Mortenson, P. N;; Munck, J. M.; Page, L. W;
Patel, S.; Roomans, S.; Smith, K; Tamanini, E; Saxty, G. Fragment-
based discovery of potent and selective ddrl /2 inhibitors. ACS Med.
Chem. Lett. 2015, 6, 798—-803.

(13) Lig, L; l‘hmM;U”aJ;MMCMB.C-JNZ;MJ
Synthesis and biological
mzun.mmmmbnmaummm 2017, ,
420—-427.

(14) Gao, M.; Duan, L.; Luo, |.; Zhang, L; Lu, X; Zhang, Y.; Zhang,
Z;Tu,Z; Xu,Y.;Ren, X.; K. Discovery and optimization of 3-(2-
(pyrazalo] 1,5-a) pyrimidin-6-yl Jethynyl Jbenzamides as novel selective
and onally bioavailable discoidin domain receptor 1{ddr1) inhibitors. |
Med. Chem. 2013, 56, 3281-3295.

(15) Wang, Z.; Zhang, Y.; Pinkas, D. M.; Fox, A. E; Luo, ] ; Huang, H;
Cui, $.; Xiang, Q; Xu, T;; Xun, Q; Zbu, D;; Tu, Z; Ren, X ; Brekken, R.
A; Bullock, A. N; Liang, G; Ding, K; Lu, X Design, synthesis, and
biclogical evaluation of 3-(imidxzo[1,2- aJpyrzin-3-ylethynyl)4-
isopropyl- n'(3-(Q&methylplperuln-l-yl)methyl)-s-
(trifl hyl)phenyi )b ide 2s 2 dual inhib of d 3
domain receptors 1 and 2. . Med Chem. 2018, 61, 7977-7990.

(16) Wang, Z; Bian, H.; Bartual, S. G; Du, W, Luo, J; Zhao, Hy
Zhang, S.; Mo, C.; Zhou, Y; Xu, Y; Ty, Z; Ren, X; Lu, X; Brekken, R.
Aj Yao, L;BMA.N.: s«.;;mnsww&m:

a' 1 (ddrl) inhibitors. J. Mad. Chem. 2016, 59, 5911-5916.

(17) Wang, Z,; Zhang, Y; Bartwal, 8. G; Luo, J.; Xu, T.; Du, W.; Xun,
Q; Ty, Z; k&w,R.A.)M.x.; Mod‘A. N.} Liang, G; Lu, X;
Ding, K. Tetrh quinaline-7 as new

lective discoldin domain recep l(ddrl)' hibitors. ACS Med.
Chem. Lett. 2017, 8, 327-332.

(18) Miiller, S; Ackloo, S Arrowsmith, C. H; Bauser, M.; Baryza, J.
L.; Blagg, J.; Béttcher, J; Bountra, C.; Brown, P. J; Bunnage, M. E;
Carter, A. J; Damerell, D.; Détsch, V.; Drewry, D. H; Edwards, A. M.;
Edwards, J; Ekins, J. M; Fischer, C; Frye, S. V.; Gallner, A;
Grimshaw, C. E; Ijzerman, A;; Hanke, T.; Hartung, L V.; Hitchcock, S5
Howe, T; Hughes, T.V.; Laufer, S; Li, V. M; Liras, S.; Marsden, B. D;
Matsu, H; Mathias, J.; O'Hagan, R. C.; Owen, D. R Pande, V,; Rauh,
D.; Rosenberg S. H; Roth, B.L.; Schneider, N. S.; Scholten, C.; Singh
Saikatendu, K; Simecnov, A; Takizawa, M.; Tse, C; Thompson, P. R;
Treiber, D.K; Viana, A. Y;; Wells, C. L; Willson, T. M.; Zuercher, W. ]
Knapp, S; Mueller-Fahrow, A. Donated chemical probes for open
science. eLife 2018, 7, No. e34311.

{19) Klein, R; Silos-Santiago, L; Smeyne, R. J.; Lira, S. A; Brambilk,
R &'ymt.i;zhng,l.)suda w. D;B:hdd,M.Dhﬂpdm of the

gene trke elimi b musde affe and
results in al:nenml movements. Nature 1994, 363, 249-251.

(20) Smeyne, R. J; Klein, R; depp A; Long, L. K; Bryant, S;
Lewin, A; Lira, S. A; Barbacid, M. Severe sensory and sympathetic
neurcpathies in mice camrying 2 disrupted trk/ngf receptor gene. Nature
1994, 368, 246-249.

{21) Schneider, H,; Szabo, E.;Machado, R. A. C.; Broggini-Tenzer, A;
Walter, A; Lobell, M.; Heldmann, D,; Sussmeier, F; Griunewald, S.;
Weller, M. Novel tie-2 inhibitor bay-826 disphys in vivo efficacy in
murine glioma models. J. Neurochem. 2017,

experimental
140, 170-182.
(22) Richter, H; Satz, A. L.; Bedoucha, M.; Buettelmann, B.; Petersen,
A. C; Hammeler, A; Hemosilh, R; Hochstrasser, R; Burger, D.; Gsell,
B.; Gasser, R; Huber, S.; Hug, M. N; Kocer, B.; Kuhn, B; Ritter, M;
Rudolph, M. G; Weibel, F.; Molina-David, J.; Kim, ] -J.; Santos, J. V.5

216

Stihle, M.; Georges, G.J.; Bonfil, R. D.; Fidman, R; Uhles, $.; Mol, S ;
Faul, C; Fornoni, A; Prunotto, M. DNA-encoded library-derived ddrl
inhibitor prevents fibrosis and renal function loss in a genetic mouse
model of alport syndrome. ACS Chem. Biol. 2019, 14, 37-49.

(23) Petersen, L. K; Blakskjer, P.; Chaikuad, A; Christensen, A. B.;
Dietvorst, J.; Holmkvist, J.; Knapp, S; Kofinek, M.; Larsen, L. K;
Pedersen, A. E; Rohm, S; Slok, F. A.; Hansen, N. J. V. Novel p38amap
kimase inhibitors identified from yocto reactor dna-encoded small
molecule library. MedChemComm 2016, 7, 1332

(24) Rohm, S; Schroder, M; Dwyer, J. E; Widdowson, C. S
Chaikuad, A; Berger, B.-T.; Joerger, A. C.; Krimer, A; Harbig, J;
Dauch, D.; Kudolo, M.; Laufer, S.; Bagley, M. C; Knapp, S. Selective
targeting of the ac- and dfg-out pocket in p38 mapk. Eur. ]. Med. Chem.
2020, 208, 112721

(25) Rohm, S; Berger, BT ; Schroder, M ; Chakuad, A; Winkel, R;
Hekking, K. F. W; Benningshof, J. J. C.; Miiller, G.; Tesch, R; Kudolo,
M.; Forster, M.; Laufer, S.; Knapp, S. Fast iterative synthetic approach
toward identification of novel highly selective p38 map kinase
inhibitors. J. Med. Chem 2019, 62, 10757-10782.

(26) Ahn, Y. M_; Clare, M.; Ensinger, C. L; Hood, M. M.; Lord, . W;
Lu, W.-P; Miller, D. F; Patt, W. C.; Smith, B. D.; Voget,, L; Kaufman,
M. D; Petillo, P. A;; Wise, S. C.; Abendroth, J.; Chun, L; Clark, R;
Feese, M.; Kim, H.; Stewart, L; Flynn, D. L. Switch control pocket
inhibitors of p38-map kinase. Durable type ii inhibitors that do not
require binding into the canonical atp hinge region. Bioorg. Med. Chem.
Lett. 2010, 20, 5793.

(27) Zhu, D; Huang, H.; Pinkas, D. M; Luo, J.; Ganguly, D.; Fox, A.
E.; Ames, E; Xiang, Q. Tu, Z.-C; Bullock, A. N.; Brekken, R A; Ding,
K; Ly, X. 2-amino-2,3-dhydro-1h-indene-S-catboxamide-based dis-
coldin domain 1(ddr1) inhibitors: Design, synthesis, and in
vivo an! c cancerefficacy. J. Med. Chem 2019, 62, 7431 =7444.

(28) Ruiz-Castro, P.A; Shaw, D.; Jarai, G. Discoidin domain receptor
signaling and pharmacological inhibitors. In Discoidin Domain Receptors
in Health and Disease; Fridman, R, Huang, P. H., Eds.; Springer New
York: New York, NY, 2016; pp 217-238.

(29) mwy:n.w;w:ng,l..; Famag, W. L.; Faure, M.; Yoshimura,
T““" of discoidin domain receptor 1 soform b with collagen

hemoki duction in human macrophages: Role of
p38 nlwge:-aamwd ptmdn kinase and nf-xb. J. Immunol 2004, 172,
2332-2340.

(30) Pedorw,O;Nlueq. F.H; Kmpp S. Kinase inhibitor selectivity
profiling using different rimetry. In Kinase Inhib
Methods and Protocols; Knm B.Bd.;l-hnum?resxTom NJ,
2012; pp 109-118.

(31) Vasta, J. D.; Coroma, C. R; Wikinson, J.; Zimprich, C. A;
Hartnett, . R; Ingold, M. R;; Zimmerman, K.; Machledt, T; Kirkland,
T. A.; Huwiler, K. G; Ohana, R. F; Slateg, M; Otto, P; Cong, M.;
‘Wells, C.L; Berger, B.-T.; Hanke, T.; Glas, C.; Ding, K; Drewry, D.H,;
Huber, K. V. M; Willson, T. M.; Knapp, S.; Miiller, S.; Meisenheimer,
P. L.; Fan, F;; Wood, K. V.; Robers, M. B. Quantitative, wide-spectrum
kinase profiling in live cells for assessing the effect of cellular atp on
target engagement. Cell Chem. Biol. 2018, 25, 206.

(32) Machleidt, T.; Woodroofe, C. C; Schwinn, M. K; Méndez, J;
Robers, M. B.; Zimmerman, K; Otto, P.; Daniels, D. L.; Kirkland, T. A;
Wood, K. V. Nanobret—a novel bret platform for the analysis of
protein—protein interactions. ACS Chem. Biol. 2015, 10, 1797.

(33) De Nicola, G. F;; Martin, E. D.; Chakuad, A ; Bassi, R.; Chak, J.;
Martino, L; Verma, S; Sicard, P.; Tata, R; Atkinson, R. A;; Knapp, S.;
Conte, M. R; Marber, M. S. Mechanism and consequence of the

of p38a mitogen-activated protein kinase p d by
tabl. Nat. Strud. Mol. Biol 2013, 20, 1182~1190.

(34) Winter, G.; Labley, C. M. C; Prince, S. M. Decision making in
xia2 Acta Crystallogr, Sect. D: Biol Crystallogr. 2013, 69, 1260~1273.

(35) Kabsch, W. Xds. Acta Crystallogr,, Sedt. D: Biol. Crystallogr. 2010,
66, 125.

(36) Evass, P. R;; Murshudov, G. N. How good are my data and what
is the resolution? Acta Crystallogr, Sect. D: Biol Crystallogr. 2013, 69,
1204.

P b nd
J.Med Chem. 2021, 64, 1345113474




Journal of Medicinal Chemistry

pubsacsorg/jmc

Appendix G

(37) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P.D.; Winn, M.
D;Smd,LC;MR.J Phaser crystallographic software. J. Appl.
Crystallogr. 2007, 40,

(38) &ndey.?;hhhnp.n;smw G;Gomn.K.Peaulmand

of coot. Adta Crystallogr., Sect. D: Biol Crystallogr. 2010,

56486.

(39) Kowlevskiy, O; Ndldls, R A; lpng, F; C:Im. A.;
Murshudov, G. N. Overview of
Uﬂm&nﬁmd&rmtmmm SthW
Biol 2018, 74, 215-227.

(40) Adams, P. D; Afonine, P.V.; Bunkécz, G; Chen, V. B; Davis, L.
W Echol, N; Headd, J. J; Hung, L-W; Kapral, G J; Grosse-
Kunstleve, R. W; McCoy, A_J; Motiarty, N. W.; Oeffner, R ; Read, R.
J.s Richardson, D. C; Richardson, J. S.; Terwilliger, T. C; Zwart, P. H.
Phenix: A comprehensive pythonbased system for macromolecular
structure solution. Ada Crystallogr,, Sect. D: Biol. Crystallogr. 2010, 66,
213-21

(41) Howarth, A; Schrder, M.; Montenegro, R. C.; Drewry, D. H.;
Salem, H.; Millag, V; Miiller, S.; Ebner, D. V. Highvia-a flexible live-cell
high-content screening pipeline to assess cellular toxicity. SLAS
Discovery 2020, 25, 801-811.

(42) Baver, S. M,; Knl:l*.] M; lebneq U; Laufer, S From
enzyme to whole blood: for
identification and evaluation of p38 mapk nuum. Methods Mol.
Biol 2018, 1360, 123~148.

13474

nwm;nmoz/whm 00358

Med Chem, 2021

2021, 64, 1345113474

217



Appendix H

Appendix H: Discovery of 3-Amino-1h-Pyrazole-Based Kinase Inhibitors to

llluminate the Understudied Pctaire Family

Reprinted with permission from: Amrhein, Jennifer Alisa, Lena Marie Berger, Amelie
Menge, Andreas Kramer, Lewis Elson, Tuomas Tolvanen, Daniel Martinez-Molina,
Astrid Kaiser, Manfred Schubert-Zsilavecz, Susanne Miller, Stefan Knapp, and Thomas
Hanke. "Discovery of 3-Amino-1h-Pyrazole-Based Kinase Inhibitors to Illluminate the
Understudied Pctaire Family." International Journal of Molecular Sciences 23, no. 23
(2022): 14834. https://www.mdpi.com/1422-0067/23/23/14834. Copyright 2022 by
MDPI.

Notice that further permission related to the material excerpted should be directed to
the publisher.

Contribution Menge, A.: Conducting fluorescent ubiquitination-based cell cycle
reporter (FUCCI) assay, contribution to study design, data evaluation, figure
preparation, manuscript writing and editing.

218



https://www.mdpi.com/1422-0067/23/23/14834

Intemational Journal of
Molecular Sciences

Artide

Discovery of 3-Amino-1H-py

Appendix H

ey

razole-Based Kinase Inhibitors to

Illuminate the Understudied PCTAIRE Family

Jennifer Alisa Amrhein 12, Lena Marie Berger 127, Amelie Tjaden 127, Andreas Kriimer 230, Lewis Elson 12,
Tuomas Tolvanen 4/, Daniel Martinez-Molina %, Astrid Kaiser !, Manfred Schubert-Zsilavecz !,
Susanne Miiller 12, Stefan Knapp »***" and Thomas Hanke »**"

check for
updates

Citation: Amrhein, JA.; Bergey, LM;
Tjaden, A.; Krémer, A ; Elson, L.;
Tolvanen, T.; Martinez-Molina, D.;
Kaiser, A.; Schubert-Zsilavecz, M;
Midller, S,;etal. Disavery of
3-Amino-1H-pyrazole-Based Kinase
Inhibitors to Iluminate the
Understudied PCTAIRE Family. Int.
J- Mol Sa.2022 23, 14834 hitps//
doi.org/ 10.3390/jme 232314524

Receivedt 10 November 2022

Acceptec: 23 November 2022
Published: 27 November 2022

Publisher’s Note: MDPI stay s neutral
with regard to jurisdictional clsims in
published maps and institutional affil-
PN

Copyright © 2022 by the suthors.
Licensee MDP], Basel Switzerland.
This aticle is an open acaess articde
distributed under the terms and
conditions of the Creative Commore
Attribution (CC BY) liceree (https://
creativecommons.org/ license s /by/
40/).

1 Institute of Ph ical Ch
60438 Frankfurtam Main, Germany

2 Structural Genomics Consortium, Buchmann Institute for Life Sci Goethe-Uni ity Frankfurt
Max-von-Laue-Str. 15 60438 Frankfurt am Main, Germany

3 German Cancer Consortium (DKTK), German Cancer Research Center (DKFZ), DKTK Site Frankfurt Mainz,
69120 Heidelberg, Germany

y, Goethe-University Frankfurt, Max-von-Laue-Str. 9,

¢ Division of Rh logy, Dep of Medicine Solna, Karolinska University Hospital and Karolins}
Institute, Solnavagen 1, 17177 Solna, Sweden

5 Pelago Bicecience AB, Scheeles Vag 1, 17165 Solna, Sweden

+ Correspondence: knapp@pharmehem.uni-frankfurt de (5.K ); hanke@pharmchem, uni-frankfurt.de (T.H.)

Abstrack The PCTAIRE subfamily belongs to the CDK (cydlin-dependent kinase) family and repre-
sents an understudied class of kinases of the dark kinome. They exhibit a highly conserved binding
pocket and are activated by cyclin Y binding. CDK16 is targeted to the plasma membrane after
binding to N-myristoylated cyclin Y and is highly expressed in post-mitotic tissues, such as the brain
and testis. Dysmegulation is associated with several diseases, including breast, prostate, and cervical
cancer. Here, we used the N(1H-pyrazol-3-yljpyrimidin-4-amine moiety from the promiscuous
inhibitor 1 to target CDK16, by varying different residues. Further optimization steps led to 43d,
which exhibited high cellular potency for CDK16 (ECsp = 33 nM) and the other members of the
PCTAIRE and PFTAIRE family with 20-120 nM and 50-180 nM, respectively. A DSF screen against
a representative panel of approximately 100 kinases exhibited a selective inhibition over the other
kinases. In a viability t, 43d d d the cell count in a dose-dependent manner. A
FUCCI cell cycle assay revealed a G2/M phase cell cycle arrest at all tested concentrations for 43d,
caused by inhibition of CDK16.

Keywords: CDK16; cell cycle; FUCCI; kinase; kinase inhibitor; NanoBRET; synthesis

1 Introduction

Cyclin-dependent kinases are serine-threonine kinases activated by activation loop
phosphorylation and cyclins. The CDK family in eukaryotic cells consists of 21 ser-
ine/threonine kinases that are characterized by conserved structural motifs and sequence
similarity (Figure 1A) [1]. They are characterized by a largely conserved ATP binding
pocket, a PSTAIRE-like binding domain, and an activating T-loop motif. Activation of
the kinase through cyclin binding shifts the T-loop to expose the substrate-binding site
and primes the phospho-transfer reaction by aligning specific residues within the active
site [2,3]. CDKs have key roles in regulating the cell cycle but they also perform diverse
other cellular functions, such as regulation of mRNA processing and transcription [4-6].
Many CDKs have evolved as major drug targets which has led to recent approvals of
CDK4/6 inhibitors for the treatment of cancer [7-9].
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Figure 1. (A) Phylogenetic tree of the CDK family. The PFTAIRE subfamily is highlighted in green,
the PCTAIRE subfamily in orange (Adapted from Wells et. al,) [1]. (B) Overview of the cell cycle
ph and the invol t of CDK's 1,2,4 and 6 in the transitions through the different phases
(Adapted from Suryadinata etal,) [10]. Dysregulation of p27 through CDK16 led to a G2/M phase
cell cycle arrest. (C) Alignment of key residues of the ATP binding pocket of CDK14-18, Differences
in comparison to CDK16 are highlighted in grey.

However, CDK14-18, also called “TAIRE” kinases based on a conserved sequence
motif, remain poorly studied and no selective inhibitors have been developed so far, despite
interesting links to disease development. CDK14, for instance, is implicated in the regula-
tion of Wnt signaling by forming a CDK14-cyclin Y complex at the plasma membrane that
phosphorylates the Wnt co-receptor Lrp6 [11]. CDK14 together with CDK15 forms a small
subfamily also referred to as PFTK1 and PFTK2, based on the sequence of the cyclin-binding
domain (PFTAIRE). Additionally, CDK15 regulates the Wnt pathway and B-catenin/MEK-
ERK signaling by phosphorylation of PAK4, promoting cell proliferation and migration.
CDKI15 activation has therefore been linked to colorectal cancer progression [12]. CDK16-18
(PCTK1-3) form the PCTAIRE subfamily, which shares high sequence similarity with small
differences within their N- and C-terminal domains [13]. CDK17 plays a role in regulating
the glycerophospholipid metabolism and it shows high expression levels in Alzheimer’s
disease where it promotes neurodegeneration [14]. Dysfunction of CDK18 has been associ-
ated with Alzheimer’s disease and other diseases, such as neurological disorders, cerebral
ischemia, and cancer [15]. CDK16 is activated by cyclin Y at the plasma membrane and
participates in many different pathways including Wnt-dependent signalling or signal
transduction in the primary cilium [16]. In contrast to other CDKs, binding of cyclin Y to
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CDK16 requires a part of an N-terminal extension in addition to the kinase domain. This
additional region contains serine 153, which can be phosphorylated. Phosphorylation at
this site prevents the formation of the CDK16-cyclin Y complex preventing CDK16 activa-
tion [17]. CDK16 is highly expressed in postmitotic tissues such as the testis and the brain.
Furthermore, CDK16 is highly expressed in postmeiotic spermatids, whereas it is absent
in mature spermatozoa [18]. In the brain, CDK16 can be found in Purkinje and pyramidal
cells of the hippocampus and in the neocortex and plays a role in regulation of intracellular
vesicles and neurite outgrowth [19,20]. Itis also involved in other processes such as glucose
homeostasis [21], vesicle trafficking [22], and muscle differentiation [23]. Dysregulation
of CDK16 has been described in many cancers such as breast, prostate, cervical cancers,
and melanomas [24~-26]. For example, CDK16 phosphorylates the tumor suppressor p27 at
Ser10, which promotes ubiquitination, thereby attenuating apoptosis [27]. p27 regulates
the cell cycle by inhibiting CDK4 and CDKé6/ cyclin complexes, aswell as influencing the
motility and apoptosis of cells [28]. Downregulation of p27 is associated with high-grade
tumors and a poor survival prognosis [29,30]. Yanagi et. al. demonstrated that CDK16
knockout induces G2/M cell cycle arrest, apoptosis, and accumulation of p27 in cutaneous
squamous cell carcinoma cells (SCC) (Figure 1B) [28]. In 2018, Wang et. al. found increased
expression of CDK16 in NSCLC tumor tissues. Therefore, the oncogenic role of CDK16 is
attributed to the p27 ubiquitination triggered by the phosphorylation [31]. Degradation of
the tumor suppressor p53 via ubiquitination is also attributed to CDK16. It has been shown
that CDK16 phosphorylates p53 at Ser315 and enhances the transcriptional activity which
promotes radioresistance in lung cancer [32]. In addition, Dohmen et. al. identified the
CDK16/cydin Y complex as a substrate of AMPK in macroautophagy. Cyclin Y is phosphory-
lated by AMPK at Ser326, which promotes the activity of CDK16 by forming the CDK16-cyclin
Y complex and a subsequent autophosphorylation at Ser336. These phosphorylation events
induce autophagy in a ULK1 and Beclinl-dependent manner [33,34]. Despite their biological
importance, CDK14-18 represents an understudied subclass of CDKs, whereas CDK1, 2,
and 4, in particular, are well characterized [35]. This highlights the need to develop new
inhibitors to gain a better understanding of the functions of these understudied kinases.
CDK inhibitors represent an important class of anti-tumor therapeutics. The develop-
ment of CDK inhibitors extends to the 1990s. The first ones were pan-CDK inhibitors, such
as Flavopiridol or Roscovitine, which affected cell proliferation. Due to the low selectivity
and high toxicity of the so-called first generation of pan-CDK inhibitors, most of them
failed in clinical trials. The second generation of pan-CDK inhibitors led to compounds
such as dinaciclib or roniciclib with an improved selectivity profile and consequently fewer
side effects. To date, approximately 40 pan-CDK inhibitors are in diverse stages of research
or different phases of clinical trials and are used for the treatment of various tumors, such
as leukaemia, melanoma, or breast cancer. Nevertheless, the development of specific CDK
inhibitors represents an important research area in the medicinal chemistry. Palbociclib,
ribociclib, and abemaciclib are FDA-approved CDK4/6 inhibitors for the treatment of HR*
advanced breast cancer. They interfere with the cell cycle by blocking the phosphorylation
of Rb protein, resulting in cell cycle arrest from G1 to S phase. ICEC0942 is a phase I/1I
CDK?7 inhibitor for the treatment of breast or prostate cancer. AZD-4573 inhibits CDK9,
leading to a down-regulation of oncogenic genes such as MCL-1. Preclinical studies re-
vealed anti-tumor effects in hematologic malignancies. The covalent CDK12/13 inhibitor
THZ531 exhibits down-regulation effects of DNA damage response genes and is used
together with sorafenib for the treatment of hepatocellular carcinoma [36,37]. To date, only
a covalent pan-TAIRE inhibitor has been developed [38]. However, some PARP inhibitors
have been recently described targeting kinases including CDK15 [39] and the structure of
CDK16 with non-selective kinases inhibitors that may serve as starting points for chemical
probe development has been disclosed [40]. The development of selective inhibitors for
the PCTAIRE subfamily is still in the early stages and to date, no selective inhibitors are
published. The high similarity of the kinase domain within the PCTAIRE subfamily with
73% identity makes it challenging to develop selective kinase inhibitors (Figure 1C) [26].
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In 2008, Statsuk et. al. published the promiscuous kinase inhibitors 1, 2 and 3
(Figure 2A). A kinome-wide screen against 359 wild-type kinases emphasized their
promiscuous behaviour by targeting 337 and 317 kinases for 1and 3, respectively. The
selectivity profile of 1 at a screening concentration of 1 uM is shown in Figure 2B.
Additionally, the Kp values of 1 against 40 different kinases have been reported. CDK2,
CDKS, and JNK3 were the most potently inhibited kinases in this set with 4.6, 27.6,
and 26.1 nM, respectively [41]. The crystal structures of all compounds (1-3) were each
determined in complex with different kinases such as VRK1 with 1, STK17B with 2,
and c-Src with 3 (Figure 2C-E). These different crystal structures indicated mainly two
different binding modes. While for 1 the pyrimidine is facing towards the hydrophobic
pocket, in 2 and 3 the molecule is reversed and the pyrimidine or quinazoline moiety
targets the front pocket. The flexibility of the molecule in the binding pocket could be an
explanation for the various targets and the promiscuous behaviour. The high on-target
potency within the CDK family, particularly the PCTAIRE family [41], combined with the
known crystal structures of the various derivatives makes the 3-aminopyrazole moiety
anexcellent starting point for the development of a structure activity relationship (SAR)
study to obtain a selective kinase inhibitor for exploring the dark kinase CDK16.
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Figure 2. (A). Chemical structures of three previous published promiscuous kinase inhibitors 1, 2
and 3. (B). Selectivity profile of 1 against 359 recombinant human protein kinases at a screening
concentration of 1 uM, using the KINOMEscan assay platform [41]. (C). Crystal structure of VRK1
in complex with 1 (PDB: 30P5). (D). Crystal structure of STK17B in complex with 2 (PDB: 3LMO0).
(E). Crystal structure of c-Src in complex with 3 (PDB: 3F6X). The hinge region is highlighted in beige,
the P-loop in blue, and the DFG motif (in VRK1 DYG motif) in yellow.

The pyrazole hinge binding moiety represents a privileged scaffold in the medicinal
chemistry for the development of kinase inhibitors. Previous publications underline the
importance, as well as the anti-proliferative and anti-cancer potential of pyrazole-based
molecules. They play a crucial role in the treatment of various diseases and cancer types,
such as breast cancer, lymphoma, cervical cancer, or inflammation disorders [42,43].

Here, the N‘-(lH—pyrazol—3—yl)pyrimidine—2,4—diamim core of the promiscuous in-
hibitors (1-3) was chosen as pharmacophore for the structure-based modification on this
scaffold (Figure 3). The N-(1H-pyrazol-3-yl)py rimidin-4-amine core can be also found in the
aurora kinase inhibitor tozasertib. It harbors a methyl moiety at the pyrazole, an additional
residue at the Cé position of the pyrimidine, and an aromatic linker that is connected
through a sulphur atom. It exhibited a better selectivity profile than the promiscuous
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inhibitor 1, showed no affinity for CDK2 and CDKS5, however, targeted CDK16 with a
Kp value of 160 nM [44,45]. Those results underlined the hypothesis to gain selectivity
by varying the different substituents at the pyrazole and the pyrimidine. Three different
positions were selected to determine their influence on selectivity and potency against
CDK16. Therefore, the head group on the pyrazole was varied. Different smaller and
bulkier alkyl groups, ester, and amide groups were tested. Furthermore, the effect of an
additional residue at the pyrimidine was explored. Based on the lead structure, a methyl-,
a chloro-, and a phenyl-residue were used and different linkers were selected for the third
position in our SAR analysis. Derived from the nitril of 1, Boc-protected amines in different
positions of the aromatic ring were explored first. In addition, the position of the aromatic
ring was varied, alkyl linkers were used and the linker length was changed. The influence
of the Boc group was also tested by replacing it with a smaller amide and free amines.

Exploring the influence of the
head group, attached lo the pyrazole
N-NH
| y —R* N
) ¢

Figure 3. Summary of modifications, using 1-3 as the lead structure.

2. Results
2.1. Synthesis of 3-Aminopyrazole-Based Kinase Inhibitors

Based on the scaffold of 1, the first set of molecules was synthesized. Therefore,
5-cyclopropyl-1H-pyrazole-3-amine (4) and a pyrimidine derivative (5-7) were used for
a nucleophilic substitution under basic conditions, whereby different substituents such
as a hydrogen, a methyl, and a chloro residue at position 5 of the pyrimidine were used.
The yields were in the range of 35-89%. Various linkers were attached to the precursor via
a second nucleophilic substitution under basic conditions under microwave irradiation
or with a catalytic amount of 1M HCL For this purpose, different aniline derivatives,
benzylamine derivatives, and aliphatic linkers were used to obtain the final compounds
11a-f, 12a-e, and 13a, c. The aniline derivatives could be obtained in moderate to good
yields, ranging from 16 to 90%. However, the aliphatic linkers required quite harsh reaction
conditions with long reaction times under microwave irradiation and ended in yields of
5-52%. To determine the influence of the Boc group in comparison to a smaller residue, the
protecting group of 11e was cleaved with TEA in DCM. A smaller residue was introduced
via an amide coupling, using HATU and acetic acid under basic conditions to obtain 15
with a 30% yield (Scheme 1).
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Scheme 1. Synthesis of the first series of derivatives 11a-f, 12a—e, 13a, ¢, and 15 a. Reagents and
conditions: (a) TEA and isopropanol, 48 h, 55-80 °C; (b) TEA and ethanol, microwave, 5-10 h,
80-90 °C; (c) HCl and ethanol, reflux, 4-18h; (d) TEA and DCM, 0 °C-rt, oN;; (e) Acetic acid, HATU,
DIPEA and DME, t, oN.

For the second series, we replaced the cyclopropyl group on the pyrazole with a
methyl ester. Again, we used different substituents such as a hydrogen or a chloro residue at
position 5 of the pyrimidine, or a quinazoline moiety instead of the pyrimidine and different
linkers to investigate their influence. Compounds 18-20 were received in yields between
16-84%. The final compounds 21a-i, 22a—e, and 23a-c were synthesized as described above
in a two-step synthesis route. The aniline derivatives could be obtained in moderate yields
between 49-72% for 21 and 23. However, a chloro residue at position 5 of the pyrimidine
(22) decreased the yields dramatically to 5-9%. The yields for the introduction of the
aliphatic linkers ranged from 17 to 64%. The Boc group was cleaved for 21a and 21i to
determine the influence of the primary amines. 24 and 25 were received with 54% and
36%, respectively (Scheme 2). The moiety on the pyrazole was exchanged through various
residues like a methyl, isopropyl, tert-butyl, methyl amide, isopropyl ester, or tert-butyl
ester group in the third series. The alkyl groups (32-34) and the ester moieties (36-37) could
be obtained in moderate yields ranging from 35-84%. However, the amide (35) was only
achieved with 14%. One to three different linkers were attached for each of these functional
groups to obtain the molecules 38—43. For the second nucleophilic substitution, compounds
38-41 were gained with yields between 22 and 79%. The compounds harboring an ester
moiety (42-43) reduced the turnover rate to 4-12% (Scheme 3).
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Scheme 2. Synthesis of the second series of derivatives 21a—i, 22a—e, 23a—¢, and 24-25. a. Reagents
and conditions: (a) TEA and isopropanol, 2472 h, 50-60 °C; (b) TEA and methanol or ethanol,
microwave, 3-8 h, 80-120 °C; (c) HCl and ethanol, 70 °C-reflux, 18 h; (d) TFA and DCM, 0 °C-rt, oN.

2.2. Structure-Activity Relationship of 3-Aminopyrazole-Based Molecules

To investigate the selectivity profile of the different series, a differential scanning fluorime-
try (DSF) assay was used [46]. This assay offers a rapid and sensitive screening method that
determines the denaturation temperature of a protein in absence and presence of a compound.
This assay format measures the fluorescence of a dye, which depends on the folding state
of the protein. The difference between the melting temperature (ATm) in the absence and
presence of the compound represents the binding strength to the protein. We used anin-house
panel of 89-105 kinases to screen all synthesized inhibitors (Tables S1-53).

The lead structure 1 was resynthesized, based on the synthetic route of Statsuk et. al. [41].
Using the DSF assay format, we identified several molecules, which showed a strong
stabilization of CDK16 (Figure 4), including targets that were reported to be strongly
inhibited by lead structure 1. For example, CDK2 and JNKS3, as well as GSK3B, which is
a potential off-target of the newly synthesized compounds are shown together with the
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number of kinases with ATm shifts >5 °C, providing an indication of the overall selectivity.
The compounds of the first series that lacked substitution at the pyrimidine (11a-11f)
exhibited a high stabilization of CDK16. Especially 11c showed a comparable ATm shift
with 9.4 °C in comparison to 1 (10.3 °C). The stabilization of CDK2 was also quite high;
however, the shifts of JNK3 were negligible. The introduction of a methyl or chloro residue
at the pyrimidine was not tolerated. An additional methyl group (12a—e) reduced the ATm
shifts by 2 °C on average in comparison to the corresponding molecule without the methyl
group. An even stronger reduction of ATm shifts was observed by the introduction of
a bulkier chloro residue (13a, 13c) showing ATm shifts of only 3.2 °C. Additionally, the
stabilization of CDK2 was decreased by introduction of the residues at R!; however, a
chloro residue was tolerated screening JNK3 and the presence of this R! group increased
ATm shifts to 4.9-7.0 °C. The replacement of the Boc group to a smaller amide (15) had no
influence on ATm shifts.
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Scheme 3. Synthesis of the third series of derivatives 38-39a-b, 40-41a—, and 42-43b, d. a. Reagents
and conditions: (a) TEA and isopropanol, 18-120 h, 60 °C; (b) TEA and ethanol or isopropanol or
terf-butanol, microwave, 8 h, 90-100 °C; (¢) HCl and ethanol, 70 °C-reflux, 18 h.

The lead structure 1was highly promiscuous as indicated by stabilizing 60 kinases
with ATm shifts >5 °C. The compounds with the same precursor but an exchanged linker
moiety 11a-f and 15 were also nonselective with 12-32 significantly stabilized kinases.
Additionally, the introduction of an additional residue, such as a methyl or chloro residue
at the pyrimidine (12a-12e, 13a, and 13c), did not lead to an improved selectivity with
16-28 shifts >5 °C. The best selectivity within this series was observed for compounds
11d and 12d with the fert-butyl (2-(aminomethoxy Jethyl)carbamate linker, whereas the
replacement from 11e with the smaller amide in 15 did not impact selectivity.

The introduction of the methyl ester at the pyrazole (21a-i) led to an overall lower
stabilization of CDK16 in comparison to the lead structure 1; however, 21cand 21e exhibited
still similar ATm shifts compared to staurosporine (9.1 °C), which has a reported Kp value
of 24 nM [47]. Additionally, 21i showed significant ATm stabilization (6.5 °C). Surprisingly,
the 4-aminobenzonitrile linker (21f) exhibited a high stabilization of GSK3B and JNK3, while
CDK16 and CDK2 showed with 5.3 and 7.8 °C moderate ATm values. Additionally, here,
modifications at R! were not tolerated by CDK16. All molecules with the bulkier chloro
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residue at this position (22a-22e) or the exchange of the pyrimidine to a quinazoline moiety
(23a-23c¢) showed no stabilization in the DSF assay. Furthermore, in this second series we
were interested in the overall impact of the Boc group and cleaved these compounds to the
Pprimary amine in compounds 24 and 25, which led to a decreased stabilization of CDK16.
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Figure 4. Heatmap of the DSF results of the N-(1H-py
against CDK16, CDK2, GSK3B, and JNK3 (red means a low stabilization of the desired kinase, green a
high stabilization). The ber of kinases with shifts >5 °C provided an indication of the selectivity
profile of the newly synthesized compounds (red indicates a high ber of stabilized kinases and
therefore a promiscuous behaviour, green a low number of stabilized kis ). * DSF ts
were performed in duplicates (£SEM).
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Gratifyingly, the second series showed in general a better selectivity profile and
compounds of this series stabilized only between 0-9 kinases with a ATm shift > 5 °C. In
analogy to the first series, substitution at R! (22a-22e, 232-23¢) had no influence compared
to compounds that had a hydrogen at this position (21a-21i). Furthermore, the tert-butyl
(2-(aminomethoxy Jethyl)-carbamate linker (21d, 22d) improved selectivity and led also
to a completely inactive compound 22d. Interestingly, 21f revealed strong ATm shifts of
27 kinases. It seemed that not only the cyclopropyl, but also the 4-aminobenzonitrile linker
increase inhibitor promiscuity. The cleavage of the Boc group led to no significant influence
on compound selectivity. 24 exhibited the same amount of potential targets, whereby the
amount was even increased for 25.
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The introduction of a methyl, iso-propy], or tert-butyl group in the third series led
to moderate (38a-38b, 40a-40c) to good (39a-39b) stabilization of CDK16. Nevertheless,
these modifications exhibited also high ATm shifts for CDK2, GSK3B, and JNK3. The
replacement to a methyl amide moiety led surprisingly to inactive compounds with a ATm
stabilization of 0.9-1.5 °C for CDK16. Only the 4-aminobenzonitrile linker (40c) resulted in
ATm shift of GSK3B of 9.3 °C. Next, an iso-propyl- (42b, 42d) and fert-butyl (43b, 43d) ester
were introduced at the pyrazole. These moieties can be found in various already approved
drugs or those who are in clinical trials indicating that these groups might have valuable
pharmacokinetic properties [48,49]. This led to increased ATm shifts between 8.4-9.3 °C
for CDK16, while the stabilization for CDK2 and GSK3B was in a moderate range with
3.0-6.5 °C and 2.9-7.8 °C, respectively. JNK3 did not tolerate these variations with DSF
shifts below or around 0 °C.

The introduction of a methyl, iso-propy], or tert-butyl group again led to an increased
number of ATm shifts >5 °C. The number of hits was between 6 and 48 with the trend
that the bulkier tert-butyl group (40a-40c) was more selective than the smaller methyl- or
iso-propyl groups (38a-b, 39a-b). Remarkably, a methyl amide group was not tolerated in
this position. 41a and 41b were completely inactive, only 41c showed residual shifts due to
the promiscuous 4-aminobenzonitrile linker. The replacement of the methyl ester to a more
stable iso-propyl or tert-butyl ester decreased the number of potential off-targets. Only
1-2 kinases beside CDK16 exhibited a DSF shift >5 °C for 42d and 43d (Figure 5). However,
these shifts were comparatively small compared to the staurosporine reference, suggesting
that these compounds did not bind strongly to these kinases. 42b and 43b exhibited
7-10 ATm shifts >5 °C, which is in the same range as the corresponding compound 21¢
which has a methy] ester at this position.

DSF Shifts

@ -8

® 7-109°C

| cam
b e 5-69°C
3456
Figure 5. (A). Graphic representation of the selectivity data of 1 preserved from the DSF assay,
illustrated with Cell Signaling Technology. (B). Graphic representation of the selectivity data of 43d
preserved from the DSF assay, illustrated with Cell Signaling Technology.

In conclusion, the introduction of the cyclopropyl group achieved the highest ATm
shifts for CDK16 in the DSF assay; however, these compounds had a high number of
other potential off-targets. A bulkier substituent at the pyrimidine, as well as a methyl
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21d

e

amide group at the pyrazole, were not tolerated by CDK16. The most favorable combina-
tion of CDK16 stabilization and potential off-targets was observed for 21, 21e, 21g, 21h,
and 21i which belonged to the second series, and 42d and 43d carrying an iso-propyl or
tert-butyl ester.

2.3. 3-Aminopyrazole-Based Molecules Selectively Stabilized CDK16 in Cells

To verify whether the substances also lead to stabilization of proteins in the cellular
system, proteome-wide CETSA experiments were performed. Therefore, lead structure 1
and some compounds from the second series (21b, 21d, 21e, 21h, and 21i) were selected for
this study (Figure 6, Figure S1). While the statistical significance is plotted on the Y-axis,
the relative protein amount is shown on the X-axis. As expected, all selected compounds
exhibited a stabilization of CDK16 and GSK3 in the CETSA experiment. 21b, 21e, and 21h
revealed a broader range of stabilized kinase off-targets, which also correlated with the DSF
data. Based on excellent proteome-wide selectivity identifying CDK16 and GSK3 as the
most prominently stabilized kinases, 21d and 21i were selected for further investigations.
In particular, 21i showed excellent selectivity and potency in CETSA MS (Figure 6). Due
to the high stabilization of CDK16 in the cellular system and the great selectivity, we
hypothesised that we would see similar properties also for compounds 42d and 43d which
had even more potent and selective properties from our biochemical screens. We therefore
decided to proceed with a CDK16-specific cellular assay.
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Figure 6. Volcano plots of stabilized (positive amplitude) and destabilized (negative amplitude)
proteins of 21d and 21i

2.4. NanoBRET Assay Revealed Highly Potent CDK Inhibitors in Céls

Next, to specifically quantify the outcome of the cellular activity of the compounds,
a NanoBRET cellular target engagement assay was performed. The determination of
the cellular potency on CDK16 correlated well with the corresponding DSF assay data
(Figure S2). The lead structure (1) exhibited the highest DSF shift with 10.3 °C and a
corresponding ECg value of 18.0 nM (Figure 7). Compounds 11a-f bearing the cyclopropyl
moiety on the pyrazole ring resulted in excellent cellular activity with ECsp values of
33.0-124.0 nM. The introduction of an additional residue on the pyrimidine ring resulted
in less potent inhibitors (12a—e, 13a, 13¢), associated with a high number of potential off-
targets. The second series yielded in some interesting compounds 21c, 21e, 21h, and 21i
with ECsg values of 107.0, 152.0, 391.0, and 380.2 nM, respectively. Although slightly less
potent than the lead structure and the derivatives from the first series with the cyclopropyl
residue, these modifications resulted in more selective compounds with only 4-9 kinases
identified with ATm shifts >5 °C (Figure 4). The introduction of a chlorine residue at
the 5 position of the pyrimidine (22a-22e) and the exchange of the pyrimidine ring to a
quinazoline (23a-23c¢) led to inactive compounds with ECgg values >1 uM on CDK16. As
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mentioned before, the exchange from a methyl ester to an iso-propyl or tert-butyl ester led
to a higher stabilization of the kinase in the DSF assay, which correlated with an increase in
cellular potency as determined in the NanoBRET assay. 42d and 43d showed comparable
DSF shifts to the lead structure and ECg, values of 44.0 and 33.4 nM, respectively. The
number of potential off-targets was low with 1and 2 kinases with ATm >5 °C (Figure 4),
highlighting these inhibitors for more comprehensive selectivity studied within the CDK
and particular the TAIRE subfamily. The potency of 24 was also assessed for GSK3A and
GSK3B in the NanoBRET assay, whereby a shift of 9.5 °C correlated with an ECg value of
only 18 uM for GSK3B. 43d exhibited a DSF shift of 2.9 °Cand its activity against GSK3B
was consequently negligible (Table S4).
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Figure 7. Overview of the binding affinities of the N-(1H-pyrazole-3-yl)py rimidine-4-amine-based
inhibitors against CDK16. ® ECg values were determined using the NanoBRET assay in a 11-point
dose —response curve in duplicates.
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To gain insights into CDK family-wide selectivity, we further profiled the most promis-
ing compounds 21i, 42d, and 43d, as well as the lead structure 1 against the CDK family
including co-expressed corresponding cyclins, using the NanoBRET technology. As ex-
pected, 1 was highly potent on all CDKs, but showed no selectivity within this kinase
subfamily. 21i exhibited an interesting profile, by targeting only CDK16 and CDK17 in the
nanomolar range (380.2 and 673.1 nM). However, a much higher potency was observed
for 42d and 43d, and 43d exhibited the best selectivity profile within the CDK family. 43d
was highly potent for the PCTAIRE subfamily with 33.4 nM, 21.2 nM, and 120.6 nM for
CDK16/cyclin Y, CDK17/cyclin Y, and CDK18/cyclin Y, respectively. The structurally
highly related PFTAIRE subfamily was also targeted by 43d with ECg values ranging
from 72.1 to 301.6 nM for CDK14/cyclin Y and CDK15/ cyclin Y, respectively. Only CDK]1,
CDKO9, and CDK10 were further off-targets inside the family but with weaker ECg values
of 581.9 nM, 993.4 nM, and 651.2 nM, respectively. 42d showed additionally a nanomolar
potency for CDK6, CDK?7, and CDK20 (Figure 8, Table S5).
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Figure 8. Cellular ECsp values of 21i, 42d, and 43d against the CDK family were determined using
NanoBRET technology in a 11-dose-tesponse curve in duplicates.

2.5. Metabolic Stability of 21i and 43d

Since the most potent and selective PCTAIRE inhibitors harbored an ester linkage, we
assessed metabolic stability using liver microsomes. The lead structure 1 was not included
in this assay due to its promiscuous behaviour. Since 1 is presumably not suitable as a tool
compound to study the effect of selective kinase inhibition in an in vivo application, we
focused on the newly synthesized compounds 211 and 43d. The compounds were tested
against an activated microsome mix derived from the liver of Sprague-Dawley rats, as
previously reported [50]. 21i and 43d were incubated at 37 °C for 60 min and the amount of
unmetabolized compound was determined in 15 min steps, using high-performance liquid
chromatography (HPLC). These experiments revealed an increased metabolic stability for
43d in comparison to 21j, thus replacing the methyl ester in 21i with a tert-butyl ester
(Figure 9A). After an incubation time of 60 min, only 16% of 21i were detected; however,
microsomal stability was significantly increased to 79% for the tert-butylester 43d.
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Figure 9. Metabolic stability and cell cycle analysis (FUCCI). (A). Metabolic stability of 21i [10 uM]
and 43d [10 uM] after treatment of 60 min. The residual amount of compound in percent was plotted
against time in minutes. (B). Normalized cell count of HCT116-FUCCI cells after 0, 6, 12, 24, 48 and
72 h of compound exposure (21i [1, 5, 10 pM], 43d [1, 5, 10 uM]) in comparison to cells exposed to
0.1 % DMSO. Error bars show SEM of two biological replicates. (C). Fraction of healthy, fragmented
and pyknosed nuclei after 24 h of 1 and 10 pM compound exposure (43d) in HCT116 cells. Average
data of two biological duplicates are shown. (D). Fractions of red (G1), green (G2/M) or yellow (S)
cells after 24 h of compound exposure (21i [1 pM, 5 uM, 10 uM], 43d [1 pM, 5 uM, 10 uM], 42d [1, 5,
10 pM], 1 (1, 5, 10 uM], milciclib [1, 10 pM]) in comparison to cells exposed to 0.1 % DMSO. Error
bars show SEM of two biological replicates. (E). Fluorescence Image of HCT116-FUCCI cells after
48 h of compounds exposure (21i [10 uM], 43d [10 uM]) in comparison to cells exposed to milciclib
[1 uM] and cells exposed to 0.1 % DMSO.

2.6. Inhibition of CDK16 Led to Cell Cycle Arrest in G2/M

Expression of CDK16 has been shown to be cell cycle dependent with a peak in §
and G2 phases [25]). Moreover, knockdown of CDK16 in different cancer cell lines like
SCC has been shown to lead to late G2/M phase arrest followed by apoptosis, an effect
that was mediated through regulation of the tumor suppressor p27 [28]. We therefore
performed a cell-based assay in liver cells using the fluorescent ubiquitination-based cell
cycle reporter (FUCCI) system [51,52]. This technology enables the detection of cell cycle
states (G1, G2/M, or S phase) on a single cell level. Additionally, a viability assessment, as
described by Tjadenet. al. [53], was performed using Hoechst33342 as a nuclear marker.
Compounds 21i and 43d decreased the cell count at all concentrations tested (1, 5, 10 uM)
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in a dose-dependent manner, in comparison to cells treated with DMSO (0.1 %) shortly
after treatment (Figure 9B), and with an increasing effect over time. After 72 h, both
compounds showed less than 50% cells compared to the control suggesting attenuated cell
growth. The nudlear gating, based on a machine learning algorithm in healthy, pyknosed,
and fragmented nuclei [53], revealed for cells treated with 1 uM of 43d on average 10%
of pyknosed nuclei, an irreversible condensation of chromatin undergoing necrosis or
apoptosis. At 10 uM of the same compound, the pyknosed nuclei rate was even higher,
on average 45% (Figure 9C). An increase in cells including a pyknosed nucleus indicate
apoptotic cell death, due to typical morphological changes like DNA condensation [54].
These results support the hypothesis of Yanagi et. al. that the inhibition of CDK16, which
has been linked to up-regulation of p27, induces apoptosis. The compounds 21i, 42d, and
43d led to the accumulation of cells in G2/ M phases at all three concentrations tested (1 uM,
5 uM, 10 uM) (Figure 9D,E). The most potent and selective inhibitor of our series, 43d,
had the most significant impact on the cell cycle. Milciclib is a published CDK2 inhibitor
and was used as a reference compound [55]. It led to G1 cell cycle arrest at both tested
concentrations. In comparison, the lead structure compound 1, which displays no family
or kinome wide-selectivity, had no effect on the cell cycle at all three concentrations tested.
At later time points, the G2/M phase arrest was no longer detectable (Table S7). This
can be explained due to the increasing amount of apoptotic cells. This observation is also
consistent with CDK16 knockout data that have been shown to lead to a G2/M phase arrest
followed by apoptotic cell death.

3. Discussion

We developed a new series of 3-amino-1H-pyrazole-based kinase inhibitors, based
on the scaffold of the promiscuous inhibitor 1. Selectivity screens against a representative
set of 100 kinases revealed that small modifications, especially on the pyrazole ring, had
significant effects on the selectivity of the new synthesized compounds. Alkyl residues
on the pyrazole led to non-selective inhibitors, whereby the introduction of an amide
moiety instead of the ester linkage was not tolerated and yielded in inactive compounds.
The introduction of a methyl ester caused a dramatic reduction of potential hits while
maintaining high potency on CDK16. The replacement of the methylester to an iso-propyl
or tert-butyl ester increased the stabilization on CDK16 and led to a great selectivity profile
in our in-house DSF panel, screening over one hundred kinases representing the human
kinome. The cellular potency against CDK16 was determined for all new synthesized
compounds, using the NanoBRET technology. The optimization of the promiscuous scaffold
led to 42d and 43d, which were highly potent on CDK16 with a comparable potency to
staurosporine or the lead structure 1, which had reported low nM activity in enzyme-based
assays. Further profiling against the whole CDK family revealed that 43d only targeted
the PCTAIRE and PFTAIRE subfamily with low nanomolar activity in cells. All members
of this family belong to the dark kinome of understudied kinases. 43d showed good
metabolic stability at the compound induced cell cycle arrest and apoptosis in agreement
with genetic knockout studies of CDK16. Thus, the reported synthesis and discovery of
the tool compound 43d provides a well characterized inhibitor for cell-based mechanistic
studies on the PCTAIRE family of CDKs.

4. Materials and Methods
4.1. Differential Scanning Fluorimetry Assay

Recombinant protein kinase domains with a concentration of 2 uM were mixed with a
10 M compound solution in DMSO, 20 mM HEPES, pH7.5, and 500 mM NaCl. SYPRO
Orange (5000x, Invitrogen) was added as a fluorescence probe (1 ul per mL). Subsequently,
temperature-dependent protein unfolding profiles were measured, using the QuantStudio™
5 realtime PCR machine (Thermo Fisher, Waltham, MA, USA). Excitation and emission
filters were set to 465 and 590 nm. The temperature was raised with a step rate of 3 °C per
minute. Data points were analyzed with the internal software (Thermal Shift SoftwareTM
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Version 1.4, Thermo Fisher) using the Boltzmann equation to determine the inflection
point of the transition curve [56]. Differences in melting temperature are given as ATm
values in °C. Measurements were performed in duplicates.

4.2. Cellular Thermal Shift Assay

Compressed CETSA MS assays, also known as PISA (Proteome Integral Stability
Alteration assay), were performed as previously described by Chernobrovkin et. al, with
some minor changes [57]. K562 cells were obtained from ATCC. K562 cells were mixed
with an equal volume of compound solution, final concentartion of 30 uM, in a buffer
(20 mM HEPES, 138 mM NaCl, 5 mM KCl, 2mM CaCl,, 1 mM MgCl,, pH7.4). One percent
and DMSO was used as a control. Cells were incubated at +37 °C for 60 min. The cell
suspension was split into 12 aliquots which were heated at a different temperature between
44 and 66 °C for 3 min. After the heating, the cells were lysed through freeze-thawing
them 3 times and the lysed aliquots were pooled together. Cell debris and aggregates were
removed through centrifugation (20 min at 30.000x g).

4.3, NanoBRET

The assay was performed as described previously [58]. In brief: Full-length kinases
were obtained as plasmids cloned in frame with a terminal NanoLuc-fusion (Promega,
Madison, WI, USA), as specified in table (Table S6). Plasmids were transfected into
HEK293T cells using FUGENE HD (Promega, E2312) and proteins were allowed to ex-
press for 20h. Serially diluted inhibitor and NanoBRET Kinase Tracer (Promega) at a
concentration determined previously as the Kpgpp (Table S5) were pipetted into white
384-well plates (Greiner 781207) using an Echo acoustic dispenser (Labcyte, San Jose, CA,
USA). The corresponding protein-transfected cells were added and reseeded at a density of
2.5 x 105 cells/mL after trypsinization and resuspending in Opti-MEM without phenol
red (Life Technologies, Carlsbad, CA, USA). The system was allowed to equilibrate for 2 h
at 37 °C/5% CO, prior to BRET measurements. To measure BRET, NanoBRET NanoGlo
Substrate + Extracellular NanoLuc Inhibitor (Promega, N2540) was added as per the manu-
facturer’s protocol, and filtered luminescence was measured on a PHERA star plate reader
(BMG Labtech, Ortenberg, Germany ) equipped with a luminescence filter pair (450 nm BP
filter (donor) and 610 nm LP filter (acceptor)). Competitive displacement data were then
graphed using GraphPad Prism 9 software using a normalized 3-parameter curve fit with
the following equation: Y = 100/ (1 + 10°(X-LogEC50)).

4.4. Microsomal Stability Assay

The solubilized test compound (5 pL, final concentration 10 uM) was preincubated at
37 °Cin 432 uL of phosphate buffer (0.1 M, pH 7.4) together with 50 nL. NADPH regener-
ating system (30 mM glucose 6 phosphate, 4 U/mL glucose 6 phosphate dehydrogenase,
10 mM NADE, 30 mM MgCl,). After 5 min, the reaction was started by the addition of 13 uL
of microsome mix from the liver of Sprague —Dawley rats (Invitrogen; 20 mg protein/mL
in 0.1 M phosphate buffer) in a shaking water bath at 37 °C. The reaction was stopped by
adding 500 pL of ice cold methanol at 0, 15, 30 and 60 min. The samples were centrifuged
at5000x g for 5 min at 4 °C, and the supernatants were analyzed and test compound was
quantified by HPLC: The composition of the mobile phase is adapted to the test compound
in a range of MeOH 40-90% and water (0.1% formic acid) 10-60%; flow rate: 1 mL/min;
stationary phase: Purospher® STAR, RP18, 5 um, 125 x 4, precolumn: Purospher® STAR,
RP18, 5 um, 4 x 4; detection wavelength: 254 and 280 nm; injection volume: 50 uL. Control
samples were performed to check the test compound's stability in the reaction mixture: first
control was without NADPH, which is needed for the enzy maticactivity of the microsomes,
second control was with inactivated microsomes (incubated for 20 min at 90 °C), and third
control was without test compound (to determine the baseline). The amounts of the test
compound were quantified by an external calibration curve. Data are expressed as the
mean =+ SEM remaining compound from three independent experiments.
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4.5, FUCCI Cdll Cycle Assay

To validate the influence of the compounds on the cell cycle, a florescent ubiquitination-
based cell cycle indicator (FUCCI) assay was performed as described previously [53]. In
Brief, HCT116-FUCCI cells, stably expressing the FUCCI system, introduced by the Sleep-
ing Beauty transposon system [53,59], were seeded at a density of 1250 cells per well in
a 384 well plate (Cell culture microplate, PS, f-bottom, uClearo, 781091, Greiner, Fricken-
hausen, Germany ) in culture medium (50 pL per well) and stained additionally with 60 nM
Hoechst33342 (Thermo Scientific). Fluorescence and cellular shape were measured before
and after compound treatment for 72 h every 12 h using the CQ1 high-content confocal
microscope (Yokogawa, Tokyo, Japan). Compounds were added directly to the cells at three
different concentrations (1 uM, 5 uM and 10 uM). The following parameters were used
for image acquisition: Ex 405 nm/Em 447/60 nm, 500ms, 50%; Ex 561 nm/Em 617/73 nm,
100 ms, 40%; Ex 488/Em 525/50 nm, 50 ms, 40%; Ex 640 nm/Em 685/40, 50 ms, 20 %;
bright field, 300ms, 100% transmission, one centered field per well, 7 z stacks per well
with 55 um spacing. Analysis of images was performed using the CellPathfinder software
(Yokogawa). The cell count was normalized against the cell count of cells treated with
0.1% DMSO. All normal gated cells were further classified in cells containing healthy,
fragmented or pyknosed nuclei. Cells that showed a healthy nucleus were gated in red,
gteen or yellow based on 11 features of the cellbody and 4 features of the cell nuclei. Error
bars show SEM of biological duplicates. All data can be found in Table 57.

4.6. Chemistry

The synthesis of compounds will be explained in the following and the analytical
data for them can be found in the Supporting Information. All commercial chemicals were
purchased from common suppliers with a purity >95% and were used without further
purification. The solvents with an analytical grade were obtained from VWR Chemicals and
Merck and all dry solvents from Acros Organics. All reactions were proceeded under an
argon atmosphere. The thin layer chromatography was done with silica gel on aluminium
foils (60 A pore diameter) obtained from Macherey-Nagel and visualized with ultraviolet
light (A = 254 and 365 nm). The purification of the compounds was done by flash chro-
matography. A puriFlash XS 420 device with a UV-VIS multiwave detector (200—400 nm)
from Interchim was used with pre-packed normal-phase PF-SIHP silica columns with
particle sizes of 15 and 30 um (Interchim). The nuclear magnetic resonance spectroscopy
(NMR) was performed on a DPX250, AV300, AV400 or AV500 MHz spectrometers from
Bruker. Chemical shifts (§) are reported in parts per million (ppm). DMSO-d6 was used
as a solvent, and the spectra were calibrated to the solvent signal: 2.50 ppm (*H NMR)
or 39.52 ppm (1*C NMR) for DMSO-dé. Coupling constants (J) were reported in hertz
(Hz) and multiplicities were designated as followed: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet). Mass spectra were measured on a Surveyor MSQ device from
ThermoFisher measuring in the positive- or negative-ion mode. Final compounds were ad-
ditionally characterized by HRMS using a MALDI LTQ Orbitrap XL from ThermoScientific.
The purity of the final compounds was determined by HPLC using method A: an Agilent
1260 Infinity II device with a 1260 DAD HS detector (G7117C; 254 nm, 280 nm, 310 nm)
and a LC/MSD device (G6125B, ESI pos. 100-1000). The compounds were analyzed on a
Poroshell 120 EC-C18 (Agilent, 3 x 150 mm, 2.7 um) reversed phase column using 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B) as a mobile phase. The
following gradient was used: 0 min 5% B-2 min 5% B—8 min 98% B-10 min 98% B (flow rate
of 0.5 mL/min). Method B: an Agilent 1260 Infinity II device, with a 1260 MWD detector
(G7165A; 254 nm, 280 nm) and a LC/MSD device (G6125B, ESI pos. 100-1000) was used.
The compounds were analyzed on an Eclipse XDB-C18 (Agilent, 4.6 x 250 mm, 5 pm)
reversed phase column using 0.1% TFA in water (A) and 0.1% TFA in acetonitrile (B) as
a mobile phase. The following gradient was used: 0 min. 2% B-2 min. 2% B-10 min.
98% B-15 min. 98% B-17 min. 2% B-19 min. 2% B (flow rate of 1 mL/min.). UV-detection
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was performed at 254, 280 and 310 nm and all compounds used for further biological
characterizations showed a purity >95%.

General procedure 1. The 3-aminopyrazole derivative (1.1 equiv) and the correspond-
ing 2 4-dichloropyrimidine (1.0 equiv) were dissolved in anhydrous isopropanol (0.15 M).
TEA (3.0 equiv) was added and the mixture was stirred at 50-80 °C for 18-120 h. The
solvent was evaporated under reduced pressure and the crude product was purified by
flash chromatography using DCM /methanol or n-hexane/EE as an eluent.

General procedure 2. The corresponding product of general procedure 1 (1.0 equiv)
and the aniline derivative (1.0 equiv) were dissolved in anhydrous ethanol (0.07 M). A
catalytic amount of 1 M HCl was added and the mixture was stirred at 70 °C-reflux for
4-18 h. A solid precipitated, which was filtered and washed with ethanol to obtain the
title compound.

General procedure 3. The corresponding product of general procedure 1 (1.0 equiv)
and the aniline derivative (1.0 equiv) were dissolved in anhydrous ethanol (0.07 M). A
catalytic amount of 1 M HCl was added and the mixture was stirred at 70 °C-reflux for
18-24 h. The solvent was evaporated under reduced pressure and the crude product was
purified by flash chromatography using DCM/methanol or n-hexane/EE as an eluent.

General procedure 4. The corresponding product of general procedure 1 (1.0 equiv)
and the primary amine (1.0 equiv) were dissolved in anhydrous ethanol (0.07 M). TEA
(3.0 equiv) was added and the mixture was stirred at 80-120 °C for 3-10 h under microwave
irradiation. The solvent was evaporated under reduced pressure and the crude product
was purified by flash chromatography using DCM/methanol or n-hexane/ EE as an eluent.

2-bromo-N-(3-cyclopropyl-1H-pyrazol-5-yl)py rimidin-4-amine (8). The title com-
pound was prepared according to the general procedure 1, using 5-cyclopropyl-1H-pyrazol-
3-amine and 2 4-dichloropyrimidine. The mixture was stirred at 55 °C for 48 h to obtain
the product (133 mg, 35%) as a white solid. 1H NMR (250 MHz, DMSO-dé6) § 12.17 (s, 1H),
10.26 (s, 1H), 8.08 (d, ] = 5.9 Hz, 1H), 7.26 (s, 1H), 5.96 (s, 1H), 1.95-1.81 (m, 1H), 0.98-0.88
(m, 2H), 0.73-0.62 (m, 2H). 13C NMR (126 MHz, DMSO) § 160.36, 158.81, 151.52, 151.40,
147.27, 105.57, 92.64,7.75, 6.69. MS-ESI m/z [M + H]*: calcd 281.1, found 280.0.

2-chloro-N-(3-cyclopropyl-1H-pyrazol-5-yl)}-5-methylpyrimidin-4-amine (9). The title
compound was prepared according to the general procedure 1, using 5-cyclopropy-1H-
pyrazol-3-amine and 2,4-dichloro-5-methy Ipyrimidine. The mixture was stirred at 80 °C for
48 h to obtain the product (366 mg, 40%) as a beige solid. TH NMR (300 MHz, DMSO-d6)
81217 (s, 1H), 9.7 (s, 1H), 7.97 (d, ] = 1.0 Hz, 1H), 6.26 (s, 1H), 2.11 (d, ] = 1.0 Hz, 3H),
1.97-1.85 (m, 1H), 0.98-0.89 (m, 2H), 0.74-0.66 (m, 2H). *C NMR (75 MHz, DMSO-dé)
5 159.78, 156.99, 155.86, 113.90, 94.84, 13.37, 7.66, 6.97. MS-ESI m/z [M-HJ : calcd 2487,
found 248.0.

2,5-dichloro-N-(3-cy clopropyl-1H-pyrazol-5-yl)pyrimidin-4-amine (10). The title com-
pound was prepared according to the general procedure 1, using 5-cyclopropyl-1H-pyrazol-
3-amine and 2,4,5-trichloropyrimidine. The mixture was stirred at 60 °C for 48 h to obtain
the product (866 mg, 89%) as a white solid. 1H NMR (300 MHz, DMSO-d6) § 12.33 (s, 1H),
9.65 (s, 1H), 832 (s, 1H), 6.19 (s, 1H), 1.99-1.82 (m, 1H), 0.99-0.89 (m, 2H), 0.74-0.66 (m, 2H).
13C NMR (75 MHz, DMSO) § 157.05, 156.86, 155.14, 145.81, 145.55, 113,13, 95.57, 7.72, 6.79.
MS-ESIm/z [M-H]: caled 269.1, found 268.1.

tert-buty14-((4-((3-cy clopropy F1H-pyrazol-5-yl Jamino)py rimidin-2-y lJaminojphenethyl-
carbamate (11a). The title compound was prepared according to the general procedure 2,
using 5 and fert-butyl 4-aminophenethylcarbamate. The mixture was stirred for 4 h under
reflux to obtain the product (155 mg, 67%) as a white solid. 1H NMR (300 MHz, DMSO-dé)
51242 (s, 1H), 11.18 (s, 1H), 10.39 (s, 1H), 7.91 (d, ] = 5.8 Hz, 1H), 7.40 (d, ] =7.8 Hz, 2H),
7.27 (d,J= 82 Hz, 2H), 6.91 (t, ] = 5.4 Hz, 1H), 6.43 (s, 1H), 6.06 (s, 1H), 3.17 (q, ] = 6.9 Hz,
2H), 2.74 (t, ] =7.5 Hz, 2H), 1.90-1.74 (m, 1H), 1.37 (s, 9H), 0.99-0.87 (m, 2H), 0.54 (s, 2H).
13C NMR (75 MHz, DMSO) § 159.54, 155.52, 152.68, 152.56, 149.03, 145.91, 137.11, 134.25,
129.20, 123.96, 99.20, 93.29, 77.53, 41.44, 35.06, 28.24, 7.88, 6.70. MS-ESI m/z [M + H]*: caled
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436.5, found 436.4. HRMS m/z [M + HJ*: caled 436.2456, found 436.2446. HPLC: tg = 7.57,
purity > 95% (UV: 254/280 nm).

tert-butyl 3-((4-((3-cy clopropy F1H-pyrazol-5-yl Jamino)py rimidin-2-yl)Jamino )phenethyl-
carbamate (11b). The title compound was prepared according to the general procedure 3,
using 5 and tert-butyl 3-aminophenethylcarbamate. The mixture was stirred for 18 h under
reflux to obtain the product (29 mg, 19%) as a colorless oil. 1H NMR (300 MHz, DMSO-dé6)
§11.97 (s, 1H), 9.48 (s, 1H), 8.97 (s, 1H), 7.98 (d, ] = 5.8 Hz, 1H), 7.66 (d, ] = 8.2 Hz, 1H), 7.50
(s, 1H), 7.16 (t, ] = 7.8 Hz, 1H), 6.86 (t, ] = 5.6 Hz, 1H), 6.75 (d, ] = 7.5 Hz, 1H), 6.58-6.09
(m, 2H), 3.21-3.07 (m, 2H), 2.66 (t, ] = 7.6 Hz, 2H), 1.93-1.78 (m, 1H), 1.37 (s, 9H), 0.89
(d, ] = 82 Hz, 2H), 0.74-0.62 (m, 2H). 13C NMR (75 MHz, DMSO0) § 159.61, 155.90, 155.54,
140.98, 139.54, 128.28, 121.20, 119.14, 116.81, 98.14, 92.99, 77.51, 48.61, 41.66, 35.89, 28.27,
7.66. MS-ESI m/z [M + H]*: caled 4365, found 4364. HRMS m/z [M + HJ*: calcd 436.2456,
found 436.2452. HPLC: tg =7.58, purity > 95% (UV: 254/280 nm).

tert-butyl (5-((4-((3-cyclopropyl-1H-pyrazol-5-ylJamino)pyrimidin-2-yl)Jamino)pentyl)
carbamate (11c). The title compound was prepared according to the general procedure
4, using 5 and tert-butyl (5-aminopentyljcarbamate. The mixture was stirred for 5 h at
90 °C to obtain the product (37 mg, 42%) as a colorless oil. 1H NMR (300 MHz, DMSO-d6)
§11.92 (s, 1H), 9.31 (s, 1H), 7.77 (d, ] = 5.7 Hz, 1H), 6.74 (t, ] = 5.9 Hz, 1H), 6.65 (s, 1H),
6.30-5.97 (m, 2H), 3.21 (q, ] = 6.7 Hz, 2H), 2.98-2.84 (m, 2H), 1.91-1.76 (m, 1H), 1.61-1.43 (m,
2H), 1.43-1.33 (m, 11H), 1.33-1.20 (m, 2H), 0.99-0.82 (m, 2H), 0.76-0.60 (m, 2H). 13C NMR
(75 MHz, DMSO) § 162.30, 162.02, 155.99, 155.57, 123.51, 95.71, 77.29, 40.66, 35.77, 30.76,
29.33, 28.98, 28.26, 23.93,7.65. MS-ESIm /z [M + H]*: calcd 402.4, found 402.2. HRMS m/z
[M +HJ*: caled 402.2612, found 402.2622. HPLC: tg =7.37, purity > 95% (UV: 254/280 nm).

tert-butyl (2-(2-((4~((3-cyclopropy 1 H-pyrazol-5-y1)amino)pyrimidin-2-yl)amino)ethoxy)-
ethyl)carbamate (11d). The title compound was prepared according to the general proce-
dure 4, using 5 and fert-butyl (2-(2-aminoethoxy Jethyl)carbamate. The mixture was stirred
for 7 h at 90 °C to obtain the product (43 mg, 30%) as a colorless oil. 1H NMR (300 MHz,
DMSO-dé) § 11.92 (s, 1H), 9.34 (s, 1H), 7.79 (d, ] = 5.7 Hz, 1H), 6.92-6.50 (m, 2H), 6.30-6.00
(m, 2H), 3.56-3.46 (m, 2H), 3.45-3.36 (m, 4H), 3.09 (q, ] = 5.9 Hz, 2H), 1.91-1.76 (m, 1H), 1.37
(s, 9H), 0.95-0.83 (m, 2H), 0.72-0.63 (m, 2H). 13C NMR (75 MHz, DMSO) § 161.92, 159.58,
156.01, 155.61, 95.89, 92.13, 77.61, 69.12, 40.47, 28.23, 7.84, 7.68. MS-ESIm/z [M + H]*: caled
404.5, found 404.4. HRMS m/z [M + HJ*: caled 404.2405, found 404.2405. HPLC: tg = 546,
purity > 95% (UV: 254/280 nm).

tert-butyl (6-((4-((3-cy clopropyl-1H-pyrazol-5-yl)Jamino)pyrimidin-2-yl)aminohexyl)-
carbamate (11e). The title compound was prepared according to the general procedure 4,
using 5 and tert-butyl (6-aminohexyl)carbamate. The mixture was stirred for7 hat 90 °C
to obtain the product (66 mg, 45%) as a colorless oil. 1H NMR (300 MHz, DMSO-d6) &
11.87 (s, 1H), 9.29 (s, 1H), 7.77 (d, ] = 5.6 Hz, 1H), 6.73 (t, ] = 5.7 Hz, 1H), 6.62 (s, 1H),
6.35-6.00 (m, 2H), 3.44-3.28 (m, 2H), 3.28-3.14 (m, 2H), 2.89 (q, ] = 6.5 Hz, 2H), 1.89-1.77
(m, 1H), 1.56-1.44 (m, 2H), 1.36 (s, 9H), 1.33-1.22 (m, 4H), 0.97-0.83 (m, 2H), 0.73-0.60 (m,
2H). 13C NMR (75 MHz, DMSO) § 162.06, 159.61, 156.03, 155.59, 95.62, 77.28, 69.07, 41.18,
40.67, 29.57, 29.33, 28.26, 26.39, 26.20, 7.66. MS-ESI m/z [M + H]": calcd 416.5, found 416.5.
HRMS m/z [M + HJ": calcd 416.2769, found 416.2768. HPLC: tg = 7.557, purity > 95%
(UV: 254/280 nm).

tert-butyl 4-(((4-((3-cyclopropyl-1H-pyrazol-5-yl)amino)pyrimidin-2-yl)amino)methyl)-
benzylcarbamate (11f). The title compound was prepared according to the general proce-
dure 4, using 5 and tert-butyl 4-(aminomethyl)benzylcarbamate. The mixture was stirred
for 6 hat 90 °C to obtain the product (22 mg, 24%) as a colorless oil. 1H NMR (300 MHz,
DMSO-dé) § 11.97 (s, 1H), 9.35 (s, 1H), 7.79 (d, ] = 5.7 Hz, 1H), 7.38-7.10 (m, 6H), 6.26-5.92
(m, 2H), 4.46 (d, ] = 6.2 Hz, 2H), 4.08 (d, ] = 6.2 Hz, 2H), 1.88-1.73 (m, 1H), 1.38 (s, 9H),
0.93-0.79 (m, 2H), 0.71-0.53 (m, 2H). 13C NMR (75 MHz, DMSO) § 161.99, 159.65, 156.01,
155.77, 139.25, 138.28, 126.81, 96.08, 77.69, 43.72, 43.15, 28.24, 7.65. MS-ESI m /z [M + HJ*:
caled 436.5, found 436.4. HRMS m/z [M + HJ*: caled 436.2456, found 436.2448. HPLC:
tg =7.45, purity > 95% (UV: 254/280 nm).
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tert-butyl 4-((4-((3-cyclopropy F1H-pyrazol-5-yl)amino)-5-methy lpy rimidin-2-yl)amino)-
phenethylcarbamate (12a). The title compound was prepared according to the general pro-
cedure 3, using 6 and tert-butyl 4-aminophenethylcarbamate. The mixture was stirred for
18 h under reflux to obtain the product (85 mg, 90%) as a colorless oil. 1H NMR (300 MHz,
DMSO-dé) § 12.56 (s, 1H), 10.61 (s, 1H), 10.16 (s, 1H), 7.88 (s, 1H), 7.38 (d, ] = 7.2 Hz, 2H),
7.19 (d, J= 7.3 Hz, 2H), 6.90 (s, 1H), 6.07 (s, 1H), 3.21-3.07 (m, 2H), 2.77-2.63 (m, 2H), 2.11
(s, 3H), 1.94-1.81 (m, 1H), 0.99-0.87 (m, 2H), 0.64-0.51 (m, 2H). 13C NMR (75 MHz, DMSO)
§160.12, 15541, 151.27, 14640, 145.12, 140.12, 136.01, 134.68, 128,98, 122.29, 107.06, 95.10,
77.40,41.38, 34.96, 28.16, 13.26, 7.84, 6.78. MS-ESIm /z [M + H]*: caled 450.6, found 450.4.
HRMS m/z [M + HJ*: calcd 450.2612, found 450.2603. HPLC: tg = 7.54, purity > 95%
(UV: 254/280 nm).

tert-butyl 3-((4-((3cyclopropy F1H-pyrazol-5-yl)amino)-5-methy lpy rimidin-2-yl)amino)-
phenethylcarbamate (12b). The title compound was prepared according to the general
procedure 3, using 6 and tert-butyl 3-aminophenethylcarbamate. The mixture was stirred
for 18 h under reflux to obtain the product (34 mg, 36%) as a colourless oil. 1H NMR
(300 MHz, DMSO-d6) § 12.09 (s, 1H), 9.12 (s, 2H), 7.86 (s, 1H), 7.62 (d, ] = 8.2 Hz, 1H),
7.45 (s, 1H), 7.14 (t, ] = 7.8 Hz, 1H), 6.86 (t, ] = 5.7 Hz, 1H), 672 (d, ] = 7.5 Hz, 1H), 5.83
(s, 1H), 3.33 (s, 3H), 3.21-3.05 (m, 2H), 2.72-2.59 (m, 2H), 1.93-1.79 (m, 1H), 1.37 (s, 9H),
0.96-0.81 (m, 2H), 0.72-0.61 (m, 2H). 13C NMR (75 MHz, DMSO) § 158.12, 155.52, 155.14,
141.21, 139.56, 128.35, 120.81, 118.44, 116.14, 10546, 77.49, 41.65, 35.91, 28.26, 13.33, 7.68.
MS-ESIm/z [M + H]*: calcd 450.6, found 450.4. HRMS m/z [M + HJ*: caled 450.2612,
found 450.2607. HPLC: tg =7.63, purity > 95% (UV: 254/280 nm).

tert-butyl (5-((4-((3-cyclopropyl-1H-pyrazol-5-ylJamino)-5-methy lpyrimidin-2-yl)amino)-
pentyl)carbamate (12c). The title compound was prepared according to the general proce-
dure 4, using 6 and terf-butyl (5-aminopentyl)carbamate. The mixture was stirred for 6 h at
90 °C to obtain the product (5 mg, 5%) as a colorless oil. 1H NMR (300 MHz, DMSO-d6) &
12.06 (s, 1H), 8.58 (s, 1H), 7.65 (s, 1H), 6.75 (t, ] = 5.5 Hz, 1H), 6.32 (s, 1H), 3.18(q,] = 6.7 Hz,
2H), 2.90 (q, ] = 6.5 Hz, 2H), 1.96 (s, 3H), 1.90-1.78 (m, 1H), 1.55-1.45 (m, 2H), 1.36 (s, 9H),
1.32-1.21 (m, 4H), 0.97-0.81 (m, 2H), 0.69-0.61 (m, 2H). MS-ESI m/z [M + H]*: calcd 416.5,
found 416.2. HRMSm /z [M + H]*: calcd 416.2769, found 416.2769. HPLC: tg = 7.43, purity
> 95% (UV: 254/280 nm).

tert-butyl (2-(2-((4-((3-cyclopropyl-1H-pyrazol-5-yl)amino)-5-methylpyrimidin-2-yljam
inojethoxy)ethyl)carbamate (12d). The title compound was prepared according to the gen-
eral procedure 4, using 6 and tert-butyl (2-(2-aminoethoxy)ethyl)carbamate. The mixture
was stirred for 10 h at 90 °C to obtain the product (7 mg, 7%) as a colorless oil. 1H NMR (300
MHz, DMSO-dé) § 8.66 (s, 1H), 7.66 (s, 1H), 6.92-6.70 (m, 2H), 6.15(s, 1H), 3.49 (t, ] = 5.8 Hz,
2H), 3.44-3.37 (m, 2H), 3.08 (q, ] = 5.9 Hz, 2H), 2.94-2.84 (m, 2H), 1.97 (s, 3H), 1.90-1.78 (m,
1H), 1.37 (s, 9H), 0.96-0.79 (m, 2H), 0.71-0.62 (m, 2H). 13C NMR (75 MHz, DMSO) & 160.77,
155.55, 116.98, 102.86, 77.61, 69.28, 69.12, 41.33, 40.57, 28.22, 23.63, 13.19, 7.70. MS-ESIm/z
[M + HJ*: caled 418.5, found 418.4. HRMS m/z [M + HJ*: caled 4182561, found 418.2559.
HPLC: tg = 7.18, purity > 95% (UV: 254/280 nm).

tert-butyl (6-((4-((3-cyclopropyl-1H-pyrazol-5-yl)Jamino)-5-methylpy rimidin-2-yl)am
ino)hexyl)carbamate (12e). The title compound was prepared according to the general
procedure 4, using 6 and tert-butyl (6-aminohexyl)carbamate. The mixture was stirred
for 6 h at 90 °C to obtain the product (5 mg, 5%) as a colourless oil. 1H NMR (300 MHz,
DMSO-dé) 6 12.17 (s, 1H), 8.57 (s, 1H), 7.67 (s, 1H), 6,78 (t, ] = 5.0 Hz, 1H), 6.44 (s, 1H), 3.21
(q J= 6.7 Hz, 2H), 2.91 (q, ] = 6.5 Hz, 2H), 1.98 (s, 3H), 1.92-1.80 (m, 1H), 1.60-1.47 (m, 2H),
1.38 (s, 9H), 1.33-1.24 (m, 4H), 0.96-0.82 (m, 2H), 0.71-0.60 (m, 2H). MS-ESIm /z [M + HJ*:
caled 430.6, found 430.3. HRMS m/z [M + HJ*: calcd 430.2925, found 430.2924. HPLC:
tg =7.69, purity > 95% (UV: 254/280 nm).

tert-butyl 4-((5-chloro-4-((3-cyclopropyl-1H-pyrazol-5-yl)amino)pyrimidin-2-yl)Jamino)
phenethylcarbamate (13a). The title compound was prepared according to the general
procedure 3, using 7 and tert-butyl 4-aminophenethylcarbamate. The mixture was stirred
for 18 h under reflux to obtain the product (20 mg, 16%) as a yellow oil. 1H NMR (300 MHz,
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DMSO-dé) § 12.25 (s, 1H), 9.31 (s, 1H), 8.58 (s, 1H), 8.09 (s, 1H), 7.54 (d, ] = 8.4 Hz, 2H),
7.07 (d, ] = 8.1 Hz, 2H), 6.85 (t, ] = 5.6 Hz, 1H), 6.16 (s, 1H), 3.11 (g, ] = 6.9 Hz, 2H), 2.63
(t,] =7.6 Hz, 2H), 2.00-1.80 (m, 1H), 1.37 (s, 9H), 0.98-0.86 (m, 2H), 0.74-0.62 (m, 2H). 13C
NMR (75 MHz, DMSO) § 157.86, 155.52, 155.10, 154.26, 138.41, 132.39, 128552, 119.32, 103.36,
77.46, 4173, 34.99, 28.26,7.73. MS-ESIm /z [M + H]*: caled 471.0, found 470.4. HRMS m/z
[M + HJ*: caled 470.2066, found 470.2061. HPLC: tg = 8.70, purity > 95% (UV: 254/280 nm).

tert-butyl (5-((5-chloro-4-((3-cyclopropyl-1H-pyrazol-5-yl)amino)pyrimidin-2-yl)amin
ojpentyl)carbamate (13c). The title compound was prepared according to the general
procedure 4, using 7 and tert-butyl (5-aminopentyl)carbamate. The mixture was stirred
for 8 hat 80 °C to obtain the product (50 mg, 52%) as a colorless oil. 1H NMR (300 MHz,
DMSO-dé) § 12.11 (s, 1H), 8.42 (s, 1H), 7.91 (s, 1H), 7.02 (s, 1H), 6.74 (t, ] = 5.6 Hz, 1H),
6.31 (s, 1H), 3.27-3.13 (m, 2H), 2.90 (q, ] = 6.5 Hz, 2H), 1.93-1.80 (m, 1H), 1.58-1.46 (m,
2H), 1.43-1.34 (m, 11H), 1.33-1.21 (m, 2H), 0.98-0.85 (m, 2H), 0.73-0.61 (m, 2H). 13C NMR
(75 MHz, DMSO) § 160.41, 158.17, 155.59, 154.56, 101.48, 93.37, 77.29, 40.99, 29.30, 28.77,
28.26, 23.87,7.69. MS-ESIm/z [M + H]*: calcd 437.0, found 436.4. HRMS m/z [M + H]*:
caled 436.2222, found 436.2218. HPLC: tg = 7.56, purity > 95% (UV: 254/280 nm).

Nz-(6-aminohexyl)-N‘-(3-qc)opropy]—1H—pyraz.ol-5—yl)pyrimidine—2,4~diamh\e (14).
8e (50 mg, 0.1 mmol) was dissolved in anhydrous DCM (4 mL). TFA (549 mg, 4.8 mmol)
was added at 0°C and the reaction mixture was allowed to warm up to rt overnight. The
solvent was evaporated under reduced pressure. The residue was dissolved in methanol
and neutralized with saturated KCOj3 solution. The solvent was again evaporated under
reduced pressure and the crude product was purified by flash chromatography using
H,0/acetonitrile as an eluent to obtain the desired product with impurities. The product
was used without further purification. MS-ESIm /z [M + H]*: caled 316 4, found 316.2.

N-(6-((4-((3-cyclopropyl-1H-pyrazol-5-y1)amino)pyrimidin-2-ylJamino)hexyl)acetamide
(15). Aceticacid (7 uL, 0.1 mmol) and HATU (55 mg, 0.1 mmol) were dissolved in anhy-
drous DMF (4 mL). DIPEA (37 mg 0.3 mmol) was added and the resulting mixture was
stirred at rt for 1 h. 11 (38 mg, 0.1 mmol) was added and the reaction mixture was stirred
at rt for further 18 h. The solvent was evaporated under reduced pressure and the crude
product was purified by flash chromatography using DCM/ ethanol as an eluent to obtain
the desired product (13 mg, 30%) as a colorless cil. 1H NMR (300 MHz, DMSO-d6) § 12.42
(s, 1H), 11.12 (s, 1H), 8.47 (s, 1H), 7.92-7.68 (m, 2H), 6.57-6.17 (m, 2H), 3.39-3.21 (m, 2H),
3.00 (q, ] = 6.4 Hz, 2H), 1.97-1.82 (m, 1H), 1.77 (s, 3H), 1.67-1.50 (m, 2H), 1.47-1.23 (m, 6H),
1.02-0.90 (m, 2H), 0.83-0.62 (m, 2H). 13C NMR (75 MHz, DMSO) § 168.91, 153.77, 150.30,
146.28, 142.21, 97.72, 93.29, 40.93, 3841, 29.14, 28.36, 26.17, 22.60, 7.86, 6.76. MS-ESIm/z
[M + HJ*: caled 358.5, found 358.3. HRMS m/z [M + HJ*: calcd 358.2350, found 358.2352.
HPLC: tg = 6.51, purity > 95% (UV: 254/280 nm).

methyl 5-((2-chloropyrimidin-4-yl)amino)-1H-pyrazole-3-carboxylate (18). The title
compound was prepared according to the general procedure 1, using methyl 3-amino-1H-
pyrazole-5-carboxylate and 2,4-dichloropy rimidine. The mixture was stirred at 50 °C for
72 h to obtain the product (132 mg, 16%) as a white solid. 1H NMR (250 MHz, DMSO-d6) &
1370 (s, 1H), 10.63 (s, 1H), 8.20 (d, ] = 5.9 Hz, 1H), 7.19-6.81 (m, 2H), 3.86 (s, 3H). 13C NMR
(151 MHz, DMSO) § 160.56, 159.39, 147.77, 133.08, 128.15, 127.41, 99.45, 52.04. MS-ESIm/z
[M + Na]*: caled 276.7, found 276.1.

methyl 5-((2,5-dichloropyrimidin-4-yl)Jamino)-1H-pyrazole-3-carboxylate (19). The
title compound was prepared according to the general procedure 1, using methyl 3-amino-
1H-pyrazole-5-carboxylate and 2,4,5-trichloropyrimidine. The mixture was stirred at 60 °c
for 72 h to obtain the product (781 mg, 84%) as a beige solid. 1H NMR (250 MHz, DMSO-dé6)
§13.87 (s, 1H), 10.10 (s, 1H), 8.40 (s, 1H), 7.06 (s, 1H), 3.86 (s, 3H). 13C NMR (126 MHz,
DMSO) 6§ 159.22, 156.95, 156.77, 155.60, 146.39, 133.11, 11343, 102.23, 52.12. MS-ESI m/z
[M + H]*: calcd 287.1, found 286.0.
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methyl 5-((2-chloroquinazolin-4-yl)amino)-1H-pyrazole-3-carboxylate (20). The title
compound was prepared according to the general procedure 1, using methyl 3-amino-1H-
pyrazole-5-carboxylate and 2,4-dichloroquinazoline. The mixture was stirred at 60 °C for
72h to obtain the product (823 mg, 84%) as a white solid. 1H NMR (300 MHz, DMSO-d6) &
13.88 (s, 1H), 11.12 (s, 1H), 8.67 (d, ] = 8.3 Hz, 1H), 7.88(t, ] = 7.6 Hz, 1H), 7.73 (d, ] = 8.3 Hz,
1H), 7.61 (t, ] = 7.6 Hz, 1H), 7.35 (s, 1H), 3.89 (s, 3H). 13C NMR (75 MHz, DMSO) 6§ 159.32,
158.58, 156.07, 150.82, 147.41, 134.16, 132.93, 126.87, 12677, 123.63, 113.45, 101.83, 52.11.
MS-ESIm/z [M + HJ*: caled 304.7, found 304.1.

methy1 5-((2-((4-(2-((tert-butoxycarbonyl)amino)e thyl)phenyl)amino)py rimidin-4-y1)
amino)-1H-pyrazole-3-carboxylate (21a). The title compound was prepared according to
the general procedure 3, using 16 and fert-butyl &-aminophenethylcarbamate. The mixture
was stirred for 18 h under reflux to obtain the product (219 mg, 63%) as a light yellow solid.
1H NMR (250 MHz, DMSO-d6) § 13.87 (s, 1H), 11.29 (s, 1H), 10.50 (s, 1H), 8.00 (d, ] = 6.9 Hz,
1H),7.47 (d, ] = 8.0 Hz, 2H), 7.23 (d, ] = 8.1 Hz, 2H), 7.06 (s, 1H), 6.90 (t, ] = 5.3 Hz, 1H), 6.52
(s, 1H), 3.87 (s, 3H), 3.22-3.10 (m, 2H), 2.80-2.65 (m, 2H), 1.37 (s, 9H). 13C NMR (126 MHz,
DMSO) & 160.11, 155.54, 146.85, 136.35, 133.35, 129.22, 122.79, 100.87, 99.04, 77.52, 52.04,
41.52, 35.06, 28.24. MS-ESIm /z [M + H]*: calcd 454.5, found 454.1. HRMSm/z [M + Na]*:
caled 476.2017, found 476.2038. HPLC: tg = 6.09, purity > 95% (UV: 254/280 nm).

methyl 5-((2-((3-(2-((tert-butoxycarbonyl)amino)e thyl)phenyl)amino)py rimidin-4-y1)
amino)-1H-pyrazole-3-carboxylate (21b). The title compound was prepared according to
the general procedure 3, using 16 and tert-butyl 3-aminophenethylcarbamate. The mixture
was stirred for 18 h under reflux to obtain the product (178 mg, 49%) as a light yellow solid.
1H NMR (250 MHz, DMSO-dé6) § 13.85 (s, 1H), 11.33 (s, 1H), 10.54(s, 1H), 8.01 (d, ] = 6.7 Hz,
1H), 7.54-7.28 (m, 3H), 7.08 (d, ] =7.1 Hz, 1H), 6.98 (s, 1H), 6.85 (t, ] = 5.6 Hz, 1H), 6.52 (s,
1H), 3.84 (s, 3H), 3.16-3.06 (m, 2H), 2.75-2.64 (m, 2H), 1.34 (s, 9H). 13C NMR (126 MHz,
DMSO) § 160.28, 159.49, 155.52, 153.45, 147.09, 140.65, 136.85, 133.51, 129.09, 125.61, 123.38,
121.02, 100.73, 99.19, 77.53, 51.93, 41.30, 3537, 28.22. MS-ESI m/z [M + H]": caled 4545,
found 454.3. HRMSm /z [M + H]*: calcd 454.2197, found 454.2182. HPLC: tg = 6.07, purity
> 95% (UV: 254/280 nm).

methyl 5-((2-((5-((tert-butoxycarbonyl)amino)pentyl)amino)pyrimidin-4-yl)amino)-
1H-pyrazole-3-carboxylate (21c). The title compound was prepared according to the general
procedure 4, using 16 and fert-butyl (S-aminopentyl)carbamate. The mixture was stirred
for 5hat 120 °C to obtain the product (142 mg, 45%) as a white solid. 1H NMR (400 MHz,
DMSO-d6) § 13.38 (s, 1H), 9.91 (d, ] = 185.8 Hz, 1H), 7.83 (s, 1H), 7.21 (s, 1H), 6.75 (s, 2H),
6.04(d, ] =53.4 Hz, 1H), 3.82 (s, 3H), 3.23 (q, ] = 6.3 Hz, 2H), 2.91 (q, ] = 6.4 Hz, 2H), 1.61-1.46
(m, 2H), 1.36 (s, 13H). 13C NMR (101 MHz, DMSO) § 162.50, 160.04, 157.02, 156.06, 150.13,
142.02, 100.07, 96.24, 77.78, 52.27, 41.26, 40.66, 29.78, 29.39, 28.74, 24.33. MS-ESIm /z [M +
HJ*: caled 420.5, found 420.9. HRMS m/z [M + H]*: caled 420.2354, found 420.2350. HPLC:
tg = 5.57, purity > 95% (UV: 254/280 nm).

methy1 5-((2-((2-(2-((tert-butoxycarbonyl)amino)e thoxy Jethyl)Jamino)py rimidin-4-y1)
amino)-1H-pyrazole-3-carboxylate (21d). The title compound was prepared according to
the general procedure 4, using 16 and tert-butyl (2-(2-aminoethoxy Jethyl)carbamate. The
mixture was stirred for 5 h at 120 °C to obtain the product (10 mg, 31%) as a colorless
oil. 1H NMR (500 MHz, DMSO-dé) 6 13.39 (s, 1H), 9.91 (d, ] = 245.4 Hz, 1H), 7.86 (s, 1H),
7.54-5.86 (m, 4H), 3.82 (s, 3H), 3.60-3.49 (m, 2H), 3.46-3.38 (m, 4H), 3.09 (q, ] = 59 Hz, 2H),
1.36 (s, 9H). 13C NMR (126 MHz, DMSO) 5 162.14, 159.69, 156.87, 155.63, 149.28, 141.64,
13278, 99.45, 96.01, 92.69, 77.62, 69.08, 51.72, 40.48, 28.22. MS-ESIm/z [M + H]*: caled 422.5,
found 422.9. HRMSm /z [M + H]*: caled 422.2146, found 422.2135. HPLC: tg = 5.18, purity
> 95% (UV: 254/280 nm).

methyl 5-((2-((6-((tert-butoxycarbonyl Jamino)hexyl)amino)pyrimidin-4-ylJamino)-1H-
pyrazole-3-carboxylate (21e). The title compound was prepared according to the general
procedure 4, using 16 and tert-butyl (6-aminohexyl)carbamate. The mixture was stirred
for 5h at 120 °C to obtain the product (36 mg, 42%) as a colorless oil. 1H NMR (400 MHz,
DMSO-dé) § 13.37 (s, 1H), 9.90 (d, ] = 169.7 Hz, 1H), 7.85 (s, 1H), 7.17 (s, 1H), 6.94-6.58 (m,
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2H), 6.07 (s, 1H), 3.81 (s, 3H), 3.23 (q, ] = 6.7 Hz, 2H), 2.98-2.83 (m, 2H), 1.57-1.45 (m, 2H),
1.40-1.23 (m, 15H). 13C NMR (101 MHz, DMSO) § 162.04, 159.47, 156.64, 155.60, 149.06,
14095, 132.46, 99.15, 95.72, 77.29, 51.72, 40.65, 29.53, 29.24, 28.27, 2631, 26.18. MS-ESIm/z
[M + HJ*: caled 434.5, found 435.0. HRMS m/z [M + H]*: caled 4342510, found 434.2500.
HPLC: tg = 5.86, purity > 95% (UV: 254/280 nm).

methyl 5-((2-((4-(cyanomethyl)phenyl)amino)pyrimidin-4-yl)amino)-1H-pyrazole-3-
carboxylate (21f). The title compound was prepared according to the general procedure 2,
using 16 and 2-(4-aminophenyl)acetonitrile. The mixture was stirred for 18 h under reflux
to obtain the product (46 mg, 61%) as a white solid. 1H NMR (300 MHz, DMSO-dé) & 11.52
(s, 1H), 10.90 (s, 1H), 8.05 (d, ] = 7.1 Hz, 1H),7.58 (d, ] = 8.1 Hz, 2H), 7.40 (d, ] = 8.3 Hz,
2H), 7.01 (s, 1H), 656 (s, 1H), 4.08 (s, 2H), 3.88 (s, 3H). 13C NMR (75 MHz, DMSO) § 160.20,
159.36, 152.75, 146.04, 143.59, 135.95, 133.88, 128.85, 127.98, 123.09, 119.23, 100.74, 99.31,
52.14,21.99. MS-ESIm /z [M + HJ*: calcd 350.4, found 350.2. HRMS m/z [M + H]*: caled
350.1360, found 350.1363. HPLC: tg = 6.79, purity > 95% (UV: 254/280 nm).

methyl 5-((2-((4-(((tert-butoxycarbonyl)amino)methyl)benzyl)amino)py rimidin-4-yl)
amino)-1H-pyrazole-3-carboxylate (21g). The title compound was prepared according to
the general procedure 4, using 16 and tert-butyl 4-(aminomethyl)benzylcarbamate. The
mixture was stirred for 5 h at 120 °C to obtain the product (71 mg, 26%) as a white solid. 1H
NMR (400 MHz, DMSO-d6) § 13.39 (s, 1H), 9.95 (d, ] = 203.0 Hz, 1H), 7.86 (s, 1H), 7.39-7.11
(m, 5H), 6.12 (s, 1H), 4.46 (d, ] = 6.1 Hz, 2H), 4.08 (d, ] = 6.1 Hz, 2H), 3.83 (s, 3H), 1.38 (s, 9H).
13C NMR (101 MHz, DMSO) § 161.88, 159.45, 156.66, 155.78, 149.13, 141.49, 139.09, 138.33,
127.28, 126.96, 126.83, 96.28, 77.72, 51.72, 43.83, 43.15, 28.25. MS-ESIm/z [M + H]*: caled
4545, found 455.1 HRMS m/z [M + HJ*: caled 4542197, found 454.2190. HPLC: tg = 5.60,
purity > 95% (UV: 254/280 nm).

methy] 5-((2-((4-(((tert-butoxycarbonyl)amino)methyl)phenyljamino)pyrimidin-4-y1)
amino)-1H-pyrazole-3-carboxylate (21h). The title compound was prepared according to
the general procedure 3, using 16 and fert-butyl 4-aminobenzylcarbamate. The mixture
was stirred for 18 h under reflux to obtain the product (228 mg, 64%) as a white solid. 1H
NMR (500 MHz, DMSO-dé) § 13.18 (d, ] = 722.0 Hz, 1H), 11.46 (s, 1H), 10.70 (s, 1H), 8.00
(s, 1H), 7.47 (d, ] = 8.0 Hz, 2H), 7.41 (t, ] = 6.2 Hz, 1H), 7.29 (d, ] = 8.1 Hz, 2H), 7.21-6.97
(m, 1H), 6.50 (s, 1H), 416 (d, ] = 6.0 Hz, 2H), 3.88 (s, 3H), 140 (s, 9H). 13C NMR (126 MHz,
DMSO0) & 160.20, 155.83, 152.89, 143.48, 137.58, 135.01, 133.33, 127.77, 122.86, 100.87, 99.23,
77.86, 52.13, 43.05, 28.26. MS-ESIm /z [M + HJ*: caled 440.5, found 440.2. HRMS m /z [M +
H]*: calcd 440.2041, found 440.2038. HPLC: tg = 5.86, purity > 95% (UV: 254/280 nm).

methyl 5-((2-((4-((tert-butoxycarbonyl)amino)benzyl)amino)py rimidin-4-ylJamino)-
1H-pyrazole-3-carboxylate (21i). The title compound was prepared according to the general
procedure 4, using 16 and tert-butyl (4-(aminomethyl)phenyl)carbamate. The mixture was
stirred for 3 h at 120 °C to obtain the product (45 mg, 17%) as a white solid. 1H NMR
(400 MHz, DMSO-d6) 6§ 13.34 (s, 1H), 9.87 (d, ] = 138.1 Hz, 1H), 9.24 (s, 1H), 7.87 (s, 1H),
7.59-6.81 (m, 6H), 6.09 (s, 1H), 441 (d, J = 6.1 Hz, 2H), 3.82 (s, 3H), 1.45 (s, 9H). 13C NMR
(101 MHz, DMSO) & 161.86, 159.46, 156.56, 152.80, 138.03, 134.23, 127.79, 127.51, 118.04,
96.14,78.86,5171, 43.66, 28.14. MS-ESI m/z [M + H]*: calcd 440.5, found 441.0. HRMS m /z
[M + HJ*: caled 440.2041, found 440.2040. HPLC: tg = 5.79, purity > 95% (UV: 254/280 nm).

methyl 5-((2-((4-(2((fert-butoxycarbonyl)amino)ethyl)phenyl)amino)-5-chloropyrimid
in-4-yl)amino)-1H-pyrazole-3-carboxylate (22a). The title compound was prepared accord-
ing to the general procedure 3, using 17 and tert-butyl 4-aminophenethylcarbamate. The
mixture was stirred for 18 h under reflux to obtain the product (14 mg, 5%) as a light
yellow solid. 1H NMR (250 MHz, DMSO-dé) § 9.92 (s, 1H), 9.88 (s, 1H), 8.23 (s, 1H), 7.50
(d, J=7.4Hz, 2H),7.09 (d, ] = 7.5 Hz, 2H), 7.00-6.77 (m, 2H), 3.85 (s, 3H), 3.18-3.01 (m,
2H), 2.72-2.58 (m, 2H), 1.36 (s, 9H). 13C NMR (75 MHz, DMSO) § 160.79, 155.83, 155.40,
15523, 151.51, 143.10, 137.10, 133.41, 128.67, 119.73, 103.59, 77.37, 51.73, 41.55, 34.90, 28.16.
MS-ESIm/z [M + H]*: calcd 489.0, found 488.2. HRMS m/z [M + H]*: calcd 488.1808,
found 488.1799. HPLC: tg = 9.01, purity > 95% (UV: 254/280 nm).
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methyl 5-((2-((3-(2-((tert-butoxycarbonyl)amino)ethyl)phenyl)amino)-5-chloropyrimid
in4-yl)amino}-1H-pyrazole-3-carboxylate (22b). The title compound was prepared accord-
ing to the general procedure 3, using 17 and tert-butyl 3-aminophenethylcarbamate. The
mixture was stirred for 18 h under reflux to obtain the product (23 mg, 9%) as a light yellow
solid. 1H NMR (300 MHz, DMSO-d6) & 13.82-13.29 (m, 1H), 9.9 (s, 1H), 9.72 (s, 1H), 8.22
(s, 1H), 7.53 (d, ] = 8.2 Hz, 1H), 7.42 (s, 1H), 7.17 (s, 1H), 6.88-673 (m, 2H), 6.62 (s, 1H),
3.83 (s, 3H), 3.22-3.04 (m, 2H), 2.70-2.56 (m, 2H), 1.37 (s, 9H). 13C NMR (75 MHz, DMSO)
5 157.65, 155.50, 154.62, 140.16, 139.83, 128 46, 126.57, 121.82, 118.74, 116.55, 103.68, 77.51,
51.59, 41.58, 35.77, 28.26. MS-ESIm /z [M + HJ*: calcd 489.0, found 488.2. HRMS m/z [M +
H]*: caled 488.1808, found 488.1802. HPLC: tg = 9.03, purity > 95% (UV: 254/280 nm).

methy] 5-((2-((5-((tert-butoxycarbonyl)amino)pentyl)amino)-5-chloropyrimidin-4-y1)
amino)-1H-pyrazole-3-carboxylate (22c). The title compound was prepared according to the
general procedure 4, using 17 and tert-butyl (S-aminopentyl)carbamate. The mixture was
stirred for 3 h at 80 °C to obtain the product (28 mg, 35%) as a white solid. 1H NMR (300
MHz, DMSO-d6) § 13.50 (d, ] = 68.2 Hz, 1H), 9.36 (d, ] = 271.2 Hz, 1H), 7.99 (d, ] = 26.2 Hz,
1H), 7.63-6.31 (m, 3H), 3.80 (s, 3H), 3.29-3.12 (m, 2H), 2.99-2.84 (m, 2H), 1.63-1.43 (m, 2H),
1.44-1.25 (m, 13H). 13C NMR (75 MHz, DMSO) § 160.48, 160.03, 155.59, 155.20, 141.57,
140.72, 101.18, 95.10, 77.30, 51.49, 40.73, 29.27, 28.71, 28.25, 23.79. MS-ESIm/z [M + H]*:
caled 454.9, found 454.2. HRMS m/z [M + HJ*: caled 454.1964, found 454.1954. HPLC:
tg =7.59, purity > 95% (UV: 254/280 nm).

methyl 5-((2-((2-(2-((fert-butoxy carbonyl)amino)ethoxy)ethylJamino)-5-chloropyrimid
in-4-yl)Jamino)-1H-pyrazole-3-carboxylate (22d). The title compound was prepared accord-
ing to the general procedure 4, using 17 and tert-butyl (2-(2-aminoethoxy)e thyl)carbamate.
The mixture was stirred for 8 h at 80 °C to obtain the product (147 mg, 46%) as a white
solid. 1H NMR (300 MHz, DMSO-dé) & 13.53 (d, ] = 61.3 Hz, 1H), 9.38 (d, J = 280.8 Hz,
1H), 8.02 (d, J = 22.6 Hz, 1H), 7.17 (d, ] = 40.1 Hz, 1H), 6.77 (t, ] = 5.5 Hz, 1H), 6.57 (s, 1H),
3.92-3.75 (m, 3H), 3.58-3.48 (m, 2H), 3.49-3.35 (m, 4H), 3.17-3.01 (m, 2H), 1.38 (s, 9H). 13C
NMR (75 MHz, DMSO) § 163.17, 160.84, 156.09, 155.59, 154.53, 142.03, 141.04, 101.91, 95.75,
78.10, 69.55, 69.41, 52.46, 51.95, 41.18, 28.69. MS-ESIm/z [M + HJ*: calcd 456.9, found
456.3. HRMS m/z [M + H]*: caled 457.1790, found 457.1785. HPLC: tg =7.35, purity > 95%
(UV: 254/280 nm).

methyl 5-((2-((6-((tert-butoxycarbonyl)amino)hexyl)amino)-5-chloropyrimidin-4-yl)am
ino)-1H-pyrazole-3-carboxylate (22e). The title compound was prepared according to
the general procedure 4, using 17 and tert-butyl (6-aminohexyl)carbamate. The mixture
was stirred for 8 h at 80 °C to obtain the product (177 mg, 54%) as a colorless oil. 1H
NMR (300 MHz, DMSO-dé) & 13.49 (d, ] = 68.2 Hz, 1H), 9.33 (d, J = 284.3 Hz, 1H), 7.98
(d, J=287Hz, 1H), 7.17 (d, ] = 434 Hz, 1H), 673 (t, ] = 57 Hz, 1H), 6.65-641 (m, 1H),
3.90-3.76 (m, 3H), 3.29-3.14 (m, 2H), 2.95-2.83 (m, 2H), 1.60-1.44 (m, 2H), 1.39-1.20 (m,
15H). 13C NMR (75 MHz, DMSO) § 162.58, 159.99, 155.54, 155.04, 153.78, 147.66, 132.63,
101.06, 95.10, 77.26, 51.91, 51.45, 40.72, 29.49, 29.00, 28.25, 26.23, 26.11. MS-ESIm/z [M +
HJ*: caled 469.0, found 468.4. HRMS m/z [M + H]*: caled 468.2121, found 468.2116. HPLC:
tg =7.82, purity > 95% (UV: 254/280 nm).

methy1 5-((2-((4-(2-((tert-butoxycarbonyl)amino)e thyl)phenyl)amino)quinazolin-4-yl)
amino)-1H-pyrazole-3-carboxylate (23a). The title compound was prepared according to
the general procedure 3, using 21 and tert-butyl 4-aminophenethylcarbamate. The mixture
was stirred for 18 hat 70 °C to obtain the product (325 mg, 72%) as a yellow solid. 1H NMR
(300 MHz, DMSO-dé) § 13.32 (s, 1H), 11.84 (s, 1H), 10.76 (s, 1H), 8.73 (d, ] = 8.2 Hz, 1H),
7.87 (t,J=7.7 Hz, 1H),7.61 (d, ] = 8.2 Hz, 1H), 7.55-7 41 (m, 3H), 7.23 (d, ] = 8.0 Hz, 2H),
7.13 (s, 1H), 6.92 (t, ] = 5.4 Hz, 1H), 3.88 (s, 3H), 3.24-3.09 (m, 2H), 2.81-2.67 (m, 2H), 1.37
(s, 9H). 13C NMR (75 MHz, DMSO) § 159.64, 158.44, 155.56, 151.92, 145.61, 139.54, 136.79,
135.78, 134.22, 129.28, 124.88, 124.78, 122,92, 117.59, 110.25, 102.96, 77.55,52.06, 4149, 35.13,
28.25. MS-ESIm/z [M + HJ*: caled 505.6, found 505.2. HRMS m/z [M + H]*: calcd 504.2354,
found 504.2348. HPLC: tg =7.77, purity > 95% (UV: 254/280 nm).
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methyl 5-((2-((3-(2-((tert-butoxycarbonyl)amino)e thyl)phenyl)amino)quinazolin-4-y1)
amino)-1H-pyrazole-3-carboxylate (23b). The title compound was prepared according to
the general procedure 3, using 21 and tert-butyl 3-aminophenethylcarbamate. The mixture
was stirred for 18 h at 70 °C to obtain the product (305 mg, 61%) as a yellow solid. 1H
NMR (300 MHz, DMSO-d6) § 13.65 (d, ] = 246.4 Hz, 1H), 11.82 (s, 1H), 10.70 (s, 1H), 8.72
(d, J=83Hz, 1H),7.88 (t, ] = 7.8 Hz, 1H), 7.65 (d, ] = 8.3 Hz, 1H), 7.50 (t, ] = 7.7 Hz, 1H),
7.45-7.29 (m, 3H), 7.13 (d, ] = 7.3 Hz, 1H), 7.06 (s, 1H), 6.85 (t, ] = 5.9 Hz, 1H), 3.86 (s, 3H),
3.20-3.06 (m, 2H), 2.74-2.64 (m, 2H), 1.34 (s, 9H). 13C NMR (75 MHz, DMSO) & 159.75,
158.31, 155.56, 152.14, 140.75, 139.90, 13616, 135.74, 129.18, 126,19, 124.95, 124.70, 123.51,
121.24, 117.69, 110.35, 102.58, 77.60, 51.95, 41.28, 35.38, 28.24. MS-ESIm/z [M + HJ*: caled
505.6, found 505.4. HRMS m/z [M + HJ*: calcd 504.2354, found 504.2347. HPLC: tg = 8.11,
purity > 95% (UV: 254/280 nm).

methyl 5-((2-((5-((tert-butoxycarbonyl)amino)pentyl)amino)quinazolin-4-yl)Jamino)-
1H-pyrazole-3-carboxylate (23¢). The title compound was prepared according to the general
procedure 4, using 21 and fert-butyl (S-aminopentyl)carbamate. The mixture was stirred
for 8 hat 90 °C to obtain the product (233 mg, 50%) as a yellow solid. 1H NMR (250 MHz,
DMSO-d6) 6 14.04 (s, 1H), 11.60 (s, 1H), 8.59 (d, ] = 8.1 Hz, 1H), 8.10-7.65 (m, 2H), 7.62-7.24
(m, 2H), 6.76 (s, 1H), 3.87 (s, 3H), 3.53-3.42 (m, 2H), 3.03-2.87 (m, 2H), 1.75-1.54 (m, 2H),
1.46-1.25 (m, 13H). 13C NMR (75 MHz, DMSO) § 156.10, 136.42, 135.13, 125.12, 124.67,
117.61, 110.68, 102.74, 77.82, 52.56, 41.71, 40.17, 29.66, 29.02, 28.73, 24.05. MS-ESIm/z [M +
H]*: caled 470.6, found 470.5. HRMS m/z [M + H]*: caled 470.2510, found 470.2505. HPLC:
tg =7.91, purity > 95% (UV: 254/280 nm).

methyl 3-((2-((4-(2-aminoethyl)phenyl)amino)pyrimidin-4-ylJamino)}-1H-pyrazole-5-
carboxylate (24). 18a (50 mg, 0.1 mmol) was dissolved in anhydrous DCM (4 mL). TFA
(503 mg, 4.4 mmol) was added at 0°C and the reaction mixture was allowed to warm up
to rt overnight. The solvent was evaporated under reduced pressure. The residue was
dissolved in methanol and neutralized with saturated K;COj; solution. The solvent was
again evaporated under reduced pressure and the crude product was purified by flash
chromatography using H>O/ acetonilrile as an eluent to obtain the desired product (21 mg,
54%) as a yellow solid. 1H NMR (250 MHz, DMSO-dé6) § 9.27 (s, 1H), 8.03 (d, ] =5.7 Hz,
1H), 7.69-7.53 (m, 2H), 7.19-7.06 (m, 2H), 6.81 (s, 1H), 6.30 (d, ] = 5.7 Hz, 1H), 3.84 (s, 3H),
2.84-2.70 (m, 2H), 2.68-2.54 (m, 2H). 13C NMR (126 MHz, DMSO) § 160.93, 159.55, 159.08,
156.32, 15148, 145.39, 138,58, 132.90, 128,62, 119.03, 98.07, 96.95, 51.72, 43.72, 39.02. MS-ESI
m/z [M + HJ*: caled 354.4, found 354.7. HRMS m/z [M + Na]*: calcd 376.1492, found
376.1485. HPLC: tg = 10.09, purity > 95% (UV: 254/280 nm).

me thyl 3-((2-((4-aminobenzyl)amino)pyrimidin-4-ylJamino)-1H-pyrazole-5-carboxylate
(25). 18i (20 mg, 0.05 mmol) was dissolved in anhydrous DCM (1 mL). TFA (208 mg,
1.8 mmol) was added at 0 °C and the reaction mixture was allowed to warm up to rt
overnight. The solvent was evaporated under reduced pressure. The residue was dissolved
in methanol and neutralized with saturated K>CO3 solution. The solvent was again evapo-
rated under reduced pressure and the crude product was purified by flash chromatography
using H,O/acetonitrile as an eluent to obtain the desired product (5 mg, 36%) as a yellow
solid. 1TH NMR (250 MHz, DMSO-dé6) § 13.38 (s, 1H), 9.81 (s, 1H), 7.88 (d, ] = 5.5 Hz, 1H),
7.26 (s, 1H), 7.01 (d, ] = 8.3 Hz, 2H), 6.50 (d, ] = 8.3 Hz, 2H), 6.07 (d, ] = 4.8 Hz, 1H), 4.89 (s,
2H), 4.30 (d, J = 5.9 Hz, 2H), 3.81 (s, 3H). MS-ESIm/z [M + H]*: calcd 340.4, found 340.6.
HRMS m/z [M + HJ*: caled 340.1517, found 340.1529. HPLC: tg = 10.13, purity > 95% (UV:
254/280 nm).

2-chloro-N-(3-methyl-1H-pyrazol-5-yl)pyrimidin-4-amine (32). The title compound
was prepared according to the general procedure 1, using 5-methyl-1H-pyrazol-3-amine
and 2,4-dichloropyrimidine. The mixture was stirred at 60 °C for 72 h to obtain the product
(466 mg, 48%) as a beige solid. 1H NMR (300 MHz, DMSO-dé) § 12.13 (s, 1H), 10.28 (s, 1H),
8.15(d, ] =5.9 Hz, 1H), 7.15 (s, 1H), 6.09 (s, 1H), 2.22 (s, 3H). 13C NMR (75 MHz, DMSO) §
160.77, 159.37, 147.35, 142.17, 138.83, 104.97, 95.50, 10.61. MS-ESI m/z [M + H]*: calcd 210.6,
found 210.2.

243



Appendix H

Int. ].Mal. Sd. 2022, 23, 14834

26 0f 32

244

2-chloro-N-(3-isopropyl-1H-pyrazol-5-yl)pyrimidin-4-amine (33). The title compound
was prepared according to the general procedure 1, using S-isopropyl-1H-pyrazol-3-amine
and 2 4-dichloropyrimidine. The mixture was stirred at 60 °C for 120 h to obtain the product
(543 mg, 63%) as a beige solid. 1H NMR (300 MHz, DMSO-dé) § 12.17 (s, 1H), 10.28 (s, 1H),
8.16 (d, ] = 6.0 Hz, 1H), 7.20 (s, 1H), 6.07 (s, 1H), 293 (p, ] = 6.9 Hz, 1H), 1.21 (d, ] = 6.9 Hz,
6H). 13C NMR (75 MHz, DMSO) § 161.09, 160.80, 159.35, 149.85, 147.06, 104.94, 92.75, 25.29,
22.21. MS-ESIm/z [M + H]*: caled 2387, found 238.2.

N-(3-(tert-butyl)-1H-pyrazol-5-y1)-2-chloropyrimidin-4-amine (34). The title com-
pound was prepared according to the general procedure 1, using 5-(tert-butyl)-1H-pyrazol-
3-amine and 24-dichloropyrimidine. The mixture was stirred at 60 °C for 72 h to obtain
the product (688 mg, 84%) as a beige solid. 1H NMR (300 MHz, DMSO-d6) § 12.17 (s, 1H),
10.28 (s, 1H), 8.16 (d, ] = 5.9 Hz, 1H), 7.24 (s, 1H), 6.04 (s, 1H), 1.26 (s, 9H). 13C NMR (75
MHz, DMSO) 5 160.80, 159.35, 157.60, 152.96, 146.72, 104.86, 92.35, 30.66, 29.89. MS-ESIm /z
[M + HJ*: caled 252.7, found 252.2.

5-((2-chloropyrimidin-4-yl)amino)-N-methy}1H-pyrazole-3-carboxamide (35). The
title compound was prepared according to the general procedure 1, using 3-amino-N-
methyl-1H-pyrazole-5-carboxamide and 2,4-dichloropyrimidine. The mixture was stirred
at 60 °C for 48 h to obtain the product (82 mg, 14%) as a white solid. 1H NMR (300 MHz,
DMSO-dé6) & 13.18 (s, 1H), 10.49 (s, 1H), 8.52 (d, ] = 5.2 Hz, 1H), 8.20 (d, ] = 5.9 Hz, 1H),
7.18 (s, 1H), 6.85 (s, 1H), 276 (d, ] = 45 Hz, 3H). 13C NMR (126 MHz, DMSO) & 160.84,
160.77, 159.46, 158.95, 147.31, 137.29, 105.11, 95.89, 25.55. MS-ESI m/z [M + H]*: caled 253.7,
found 253.2.

isopropy1 3-((2-chloropyrimidin-4-yl)Jamino)-1H-pyrazole-5-carboxylate (36). The title
compound was prepared according to the general procedure 1, using isopropyl 3-amino-
1H-pyrazole-5-carboxylate and 2,4-dichloropyrimidine. The mixture was stirred at 60 °C
for 48 h to obtain the product (363 mg, 43%) as a beige solid with impurities. MS-ESIm/z
M + HJ*: caled 282.7, found 282.1.

tert-butyl 3-((2-chloropyrimidin-4-yl)amino)-1H-pyrazole-5-carboxylate (37). The title
compound was prepared according to the general procedure 1, using tert-butyl 3-amino-1H-
pyrazole-5-carboxylate and 2,4-dichloropy rimidine. The mixture was stirred at 60 °C for
48 h to obtain the product (565 mg, 35%) as a white solid. 1H NMR (400 MHz, DMSO-dé6) &
13.49 (s, 1H), 10.61 (s, 1H), 8.20 (d, ] = 59 Hz, 1H), 7.27-6.55 (m, 2H), 1.54 (s, 9H). 13C NMR
(101 MHz, DMSO) § 160.59, 159.40, 158.09, 147.59, 142.19, 134.61, 105.37, 99.20, 81.95, 27.79.
MS-ESIm/z [M + H]*: caled 296.7, found 296.1.

tert-butyl 4-((4-((3-methyl-1H-pyrazol-5-yl)Jamino)pyrimidin-2-ylJamino)phenethyl-
carbamate (38a). The title compound was prepared according to the general procedure
2, using 28 and tert-butyl 4-aminophenethylcarbamate. The mixture was stirred for 18 h
under reflux to obtain the product (66 mg, 67%) as a white solid. 1H NMR (300 MHz,
DMSO-dé) § 1241 (s, 1H), 11.20 (s, 1H), 10.68 (s, 1H), 7.96 (s, 1H), 7.45 (d, ] = 6.5 Hz, 2H),
7.25 (d, J= 8.0 Hz, 2H), 6.91 (t, ] = 5.6 Hz, 1H), 6.45 (s, 1H), 6.24 (s, 1H), 3.16 (q, ] = 6.9 Hz,
2H), 278-2.66 (m, 2H), 2.19 (s, 3H), 1.37 (s, 9H). 13C NMR (75 MHz, DMSO) & 159.67, 155.54,
152.57, 145.99, 142.74, 139.27, 136.66, 134.69, 129.15, 123.31, 98.95, 97.03, 77.53, 41.57, 34.98,
28.25,10.63. MS-ESIm /z [M + HJ*: caled 410.5, found 410.4. HRMS m /z [M + H]*: caled
410.2299, found 410.2297. HPLC: tg =7.30, purity > 95% (UV: 254/280 nm).

tert-butyl (5-((4-((3-me thyl-1H-pyrazol-5-yl)amino)pyrimidin-2-yl)amino)pentyl)-carb
amate (38b). The title compound was prepared according to the general procedure 4, using
28 and tert-butyl (5-aminopentyl)carbamate. The mixture was stirred for 8 h at 90 °C to
obtain the product (31 mg, 29%) as a colorless oil. 1H NMR (300 MHz, DMSO-d6) § 11.84
(s, 1H), 9.30 (s, 1H), 7.78 (d, ] = 5.7 Hz, 1H), 675 (t, ] = 5.7 Hz, 1H), 6.62 (s, 1H), 6.33-6.07
(m, 2H), 3.21 (q, ] = 6.6 Hz, 2H), 2.91 (q, ] = 6.5 Hz, 2H), 2.18 (s, 3H), 1.58-1.47 (m, 2H),
1.44-1.37 (m, 2H), 1.36 (s, 9H), 1.32-1.22 (m, 2H). 13C NMR (75 MHz, DMSO) & 162.09,
159.66, 156.04, 155.60, 148.52, 138.40, 95.58, 95.15, 77.31, 41.30, 39.89, 29.36, 28.97, 28.28,
23.94,11.07. MS-ESI'm /z [M + HJ*: caled 376.5, found 376 4. HRMS m /z [M + H]*: caled
376.2456, found 376.2458. HPLC: tg =7.08, purity > 95% (UV: 254/280 nm).
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tert-butyl 4-((4-((3-isopropyl-1H-pyrazol-5-yl)Jamino)pyrimidin-2-yl)amino) phenethyl-
carbamate (39a). The title compound was prepared according to the general procedure 2,
using 29 and fert-butyl 4-aminophenethylcarbamate. The mixture was stirred for 18 h at
70 °C to obtain the product (70 mg, 64%) as a white solid. 1H NMR (300 MHz, DMSO-dé)
§1241 (s, 1H), 11.22 (s, 1H), 10.62 (s, 1H), 7.96 (d, ] = 5.8 Hz, 1H), 7.43 (d, ] =7.9 Hz, 2H),
7.24 (d, = 82 Hz, 2H), 6.90 (t, ] = 5.0 Hz, 1H), 645 (s, 1H), 6.22 (s, 1H), 3.21-3.07 (m, 2H),
2.98-2.81 (m, 1H), 2.74-2.66 (m, 2H), 1.37 (s, 9H), 1.15 (d, ] = 6.9 Hz, 6H). 13C NMR (75 MHz,
DMSO0) § 159.67, 155.52, 152.65, 149.96, 145.70, 142.19, 136.62, 134.50, 129.22, 123.45, 99.10,
94.05, 77.52, 41.45, 35.03, 28.25, 25.35,22.21. MS-ESIm /z [M + H]*: calcd 438.6, found 438.5.
HRMS m/z [M + HJ*: caled 4382612, found 438.2609. HPLC: tg =7.92, purity > 95% (UV:
254/280 nm).

tert-butyl (5-((4-((3-isopropyl-1H-pyrazol-5-yl)Jamino)pyrimidin-2-yl)Jamino)pentyl)}-
carbamate (39b). The title compound was prepared according to the general procedure
4, using 29 and tert-butyl (5-aminopentyl)carbamate. The mixture was stirred for 8 h at
90 °C to obtain the product (22 mg, 22%) as a yellow solid. 1H NMR (300 MHz, DMSO-d6)
§11.97 (s, 1H), 9.71 (s, 1H), 7.78 (d, ] = 6.0 Hz, 1H), 6.98 (s, 1H), 6.74 (t, ] = 5.7 Hz, 1H),
6.45-6.04 (m, 2H), 3.25 (q, ] = 6.9 Hz, 2H), 2.96-2.82 (m, 3H), 1.62-1.47 (m, 2H), 1.45-1.26 (m,
13H), 1.21(d, J = 6.9 Hz, 6H). 13C NMR (75 MHz, DMSO) § 160.54, 159.70, 155.61, 153.36,
149,65, 147.25, 96.01, 92.67, 77.34, 40.75, 29.32, 28.86, 28.29, 25.61, 23.90, 22.34. MS-ESIm/z
[M + HJ*: caled 404.5, found 404.5. HRMS m/z [M + H]*: calcd 404.2769, found 404.2767.
HPLC: tg = 7.81, purity > 95% (UV: 254/280 nm).

tert-butyl 4-((4~((3-(tert-butyl)-1H-pyrazol-5-yljamino)pyrimidin-2-y1Jamino)phenethy -
carbamate (40a). The title compound was prepared according to the general procedure 3,
using 30 and tert-butyl 4-aminophenethylcarbamate. The mixture was stirred for 18 h under
reflux to obtain the product (70 mg, 79%) as a yellow solid. 1H NMR (300 MHz, DMSO-dé6)
§12.38 (s, 1H), 11.24 (s, 1H), 10.65 (s, 1H), 7.96 (d, ] = 4.5 Hz, 1H), 7.42 (d, ] = 7.7 Hz, 2H),
7.23 (d, J = 8.0 Hz, 2H), 6.89 (t, ] = 5.2 Hz, 1H), 645 (s, 1H), 6.21 (s, 1H), 3.22-3.08 (m, 2H),
276-2.62 (m, 2H), 1.37 (s, 9H), 1.20 (s, 9H). 13C NMR (75 MHz, DMSO) 6 159.59, 155.51,
15298, 152.52, 145.46, 142.22, 136.67, 134.40, 129.26, 123.32, 99.15, 93.71, 77.51, 41.39, 35.02,
30.71,29.87, 28.24. MS-ESI m/z [M + H]*: calcd 452.6, found 452.4. HRMS m/z [M + HJ*:
caled 452.2769, found 452.2763. HPLC: tg = 7.78, purity > 95% (UV: 254/280 nm).

tert-butyl (5-((4-((3-(tert-butyl)}-1H-pyrazol-5-yl)Jamino)pyrimidin-2-yl)Jamino)pentyl)-
carbamate (40b). The title compound was prepared according to the general procedure 4,
using 30 and fert-butyl (5-aminopentyl)carbamate. The mixture was stirred for 8 h at 90 °C
to obtain the product (24 mg, 24%) as a colorless oil. 1H NMR (300 MHz, DMSO-dé) § 11.86
(s, 1H), 9.27 (s, 1H), 7.77 (d, ] = 5.7 Hz, 1H), 6.73 (t, ] = 5.3 Hz, 1H), 6.59 (s 1H), 6.38 (s, 1H),
6.14 (s, 1H), 3.23 (q, ] = 6.7 Hz, 2H), 2.90 (q, ] = 6.5 Hz, 2H), 1.58-1.46 (m, 2H), 1.44-1.22
(m, 22H). 13C NMR (75 MHz, DMSO) § 162.10, 159.74, 156.02, 155.57, 151.97, 148.06, 95.55,
92.47,77.29, 40.69, 30.73, 30.05, 29.32, 29.03, 28.27, 23.92. MS-ESIm/z [M + H]*: caled 4186,
found 418.5. HRMSm /z [M + H]*: caled 418.2925, found 418.2924. HPLC: tg = 7.65, purity
> 95% (UV: 254/280 nm).

2-(4((4-((3-{tert-butyl)-1H-pyrazol-5-ylJamino)pyrimidin-2-yl)Jamino)phenyl)acetonitrile
(40c). The title compound was prepared according to the general procedure 3, using 30 and
2-(4-aminophenyljacetonitrile. The mixture was stirred for 18 h under reflux to obtain the
product (31 mg, 41%) as a white solid. 1H NMR (300 MHz, DMSO-d6) 5 12.43 (s, 1H), 11.26
(s, 1H), 10.81 (s, 1H), 7.9 (d, ] = 6.9 Hz, 1H), 7.56 (d, ] = 80 Hz, 2H), 7.39 (d, ] = 8.3 Hz, 2H),
6.49 (s, 1H), 6.19 (s, 1H), 4.04 (s, 2H), 1.21 (s, 9H). 13C NMR (75 MHz, DMSO) & 159.77,
153.14, 152.57, 145.39, 142.44, 136.06, 128.82, 127.96, 123,51, 119.02, 99.32, 93.71, 30.73, 29.90,
21.91. MS-ESIm/z [M + H]*: calcd 348.4, found 348.3. HRMS m/z [M + HJ*: caled 3481931,
found 348.1933. HPLC: tg =7.27, purity > 95% (UV: 254/280 nm).

tert-butyl 4-((4-((3-(methylcarbamoyl)-1H-pyrazol-5-yl)Jamino)pyrimidin-2-yl)amino)-
phenethylcarbamate (41a). The title compound was prepared according to the general
procedure 3, using 31 and tert-butyl 4-aminophenethylcarbamate. The mixture was stirred
for 24 h at 70 °C to obtain the product (20 mg, 40%) as a yellow solid. 1H NMR (300 MHz,
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DMSO-dé6) § 13.08 (s, 1H), 10.12 (d, J = 126.5 Hz, 1H), 9.40 (d, ] = 98.9 Hz, 1H), 8.35 (s,
1H), 8.04 (s, 1H), 7.64 (d, ] = 8.0 Hz, 2H), 7.10 (d, ] = 8.1 Hz, 2H), 6.98-6.77 (m, 1H), 6.24
(s, 1H), 3.19-3.07 (m, 2H), 2.78 (d, ] = 4.6 Hz, 3H), 2.68-2.59 (m, 2H), 1.37 (s, 9H). 13C
NMR (75 MHz, DMSO) & 164.36, 159.06, 155.55, 151.53, 142.19, 138.52, 132.28, 129.03, 128.71,
119.31, 114.78, 100.24, 98.02, 77.50, 41.76, 34.97, 28.28, 25.60. MS-ESIm/z [M + H]": caled
453.5, found 454.0. HRMS m/z [M + Na]*: calcd 4752177, found 475.2173. HPLC: tg =7.04,
purity > 95% (UV: 254 /280 nm).

tert-butyl (5-((4-((3-(methylcarbamoyl)-1H-pyrazol-5-yl)amino)py rimidin-2-yl)amino)-
pentyl)carbamate (41b). The title compound was prepared according to the general proce-
dure 4, using 31 and tert-butyl (5-aminopentyl)carbamate. The mixture was stirred for 8 h
at90°C to obtain the product (17 mg, 34%) as awhite solid. 1H NMR (300 MHz, DMSO-d6)
§12.95 (d, ] = 48.6 Hz, 1H), 9.74 (d, ] = 191.6 Hz, 1H), 8.36-7.75 (m, 2H), 7.33-6.86 (m, 1H),
675 (t, ] =4.9 Hz, 1H), 6.60-5.86 (m, 2H), 3.24 (q, ] = 6.6 Hz, 2H), 2.90 (q, ] = 6.5 Hz, 2H),
2.76 (d, ] = 4.6 Hz, 3H), 1.59-1.45 (m, 2H), 1.45-1.21 (m, 13H). 13C NMR (75 MHz, DMSO0) &
164.36, 162.01, 159.74, 156.72, 155.62, 151.55, 142.21, 100.24, 95.70, 77.33, 40.58, 29.30, 28.93,
28.28, 25.59, 23.89. MS-ESIm /z [M + H]*: calcd 419.5, found 419.8. HRMS m/z [M + HJ*:
caled 419.2514, found 419.2524. HPLC: tg = 6.83, purity > 95% (UV: 254/280 nm).

5-((2-((4-(cyanomethyl)phenyl)amino)py rimidin-4-ylJamino)-N-me thy -1 H-pyrazole-
3-carboxamide (41c). The title compound was prepared according to the general procedure
2, using 31 and 2-(4-aminophenyl)acetonitrile. The mixture was stirred for 18 h under
reflux to obtain the product (15 mg, 45%) as a yellow solid. 1H NMR (300 MHz, DMSO-dé6)
§11.28 (s, 1H), 10.90 (s, 1H), 8.56 (s, 1H), 8.14-7.92 (m, 1H), 7.61 (d, ] = 8.1 Hz, 2H), 7.38
(d,]=8.1Hz, 2H),7.19 (s, 1H), 6.57 (s, 1H), 4.04 (s, 2H), 2.79 (d, ] = 4.5 Hz, 3H). 13C NMR
(75 MHz, DMSO) 6 160.50, 159.22, 152.53, 145.57, 144.26, 138.51, 136.11, 128.96, 127.72,
122,60, 119.27, 9.11, 98.18, 25.60, 21.97. MS-ESI m/z [M + H]*: calcd 349.4, found 349.6.
HRMS m/z [M + HJ*: caled 349.1520, found 349.1525. HPLC: tg = 6.23, purity > 95% (UV:
254/280 nm).

isopropyl 3-((2-((5-((tert-butoxycarbonyl)Jamino)pentyl)amino)pyrimidin-4-yl)amino)-
1H-pyrazole-5-carboxylate (42b). The title compound was prepared according to the general
procedure 4, using 32 and tert-butyl (S-aminopentyl)carbamate. The mixture was stirred
for 6 hat 100 °C to obtain the product (8 mg, 4%) as a yellow solid. 1H NMR (400 MHz,
DMSO-d6) §13.32 (s, 1H), 9.89 (d, J = 172.8 Hz, 1H), 7.83 (s, 1H), 7.15 (s, 1H), 6.74 (s, 2H),
6.10 (s, 1H), 5.11 (q, J = 12.9, 66 Hz, 1H), 3.24 (q, ] = 6.6 Hz, 2H), 2.90 (q, ] = 6.6 Hz, 2H),
1.58-1.47 (m, 2H), 1.44-1.28 (m, 19H). 13C NMR (101 MHz, DMSO) § 156.59, 155.58, 96.06,
91.63, 77.29, 68.23, 29.29, 28.88, 28.26, 23.86, 21.66, 13.39, 12.99. MS-ESI m/z [M + H]*: calcd
4485, found 448.5. HRMS m/z [M + HJ*: caled 448.2673, found 448.2667. HPLC: tg = 6.16,
purity > 95% (UV: 254/280 nm).

isopropyl 3-((2-((4-((tert-butoxy carbonyl)amino)benzyl)amino)pyrimidin-4-yl)amino)-
1H-pyrazole-5-carboxylate (42d). The title compound was prepared according to the general
procedure 4, using 32 and tert-butyl (4-(aminomethyl)phenyl)jcarbamate. The mixture was
stirred for 6h at 100 °C to obtain the product (8 mg, 4%) as a beige solid. 1H NMR (400 MHz,
DMSO-dé) § 13.31 (s, 1H), 9.91 (d, ] = 194.0 Hz, 1H), 9.23 (s, 1H), 7.83 (s, 1H), 7.65-6.93 (m,
6H), 6.12 (s, 1H), 5.11 (s, 1H), 442 (d, ] = 6.2 Hz, 2H), 1.45 (s, 9H), 1.30 (d, ] = 6.3 Hz, 6H).
13C NMR (101 MHz, DMSO) § 162.00, 159.59, 158.67, 156.43, 152.78, 148.97, 137.95, 134.39,
127.73, 127.25, 117.99, 99.18, 96.05, 78.84, 68.27,43.59, 28.13, 21.65. MS-ESIm/z [M + H]*:
caled 468.5, found 468.5. HRMS m/z [M + H]*: caled 468.2351, found 468.2354. HPLC:
tr = 6.24, purity > 95% (UV: 254/280 nm).

tert-buty1 3-((2-((5-((tert-butoxycarbonyl)amino)pentyl)amino)py rimidin-4-ylJamino)-
1H-pyrazole-5-carboxylate (43b). The title compound was prepared according to the general
procedure 4, using 40 and tert-butyl (5-aminopentyl)carbamate. The mixture was stirred
for 6 h at 100 °C to obtain the product (14 mg, 5%) as a yellow oil. 1H NMR (400 MHz,
DMSO-dé) § 13.25 (d, ] = 59.3 Hz, 1H), 9.86 (d, ] = 176.8 Hz, 1H), 7.81 (s, 1H), 7.10 (s, 1H),
6.73 (s, 2H), 6.10 (s, 1H), 3.24 (q, ] = 6.6 Hz, 2H), 2.90 (q, ] = 6.6 Hz, 2H), 1.56-1.47 (m, 11H),
1.42-1.26 (m, 13H). 13C NMR (101 MHz, DMSO) & 162.18, 159.53, 158.61, 156.31, 155.57,
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149.02, 134.08, 99.07, 95.80, 81.44, 77.29, 40.76, 29.31, 28.88, 28.27, 28.13, 27.85, 23.88. MS-ESI
m/z [M + HJ*: caled 462.6, found 462.5. HRMS m/z [M + H]": caled 462.2819, found
462.2823. HPLC: tg = 6.36, purity > 95% (UV: 254/280 nm).

tert-buty1 3-((2-((4-((tert-butoxy carbonyl)amino)benzyl)amino)py rimidin-4-yl)amino)-
1H-pyrazole-5-carboxylate (43d). The title compound was prepared according to the general
procedure 4, using 40 and tert-butyl (4-(aminomethyl)phenyl)carbamate. The mixture was
stirred for 6 h at 100 °C to obtain the product (26 mg, 12%) as a white solid. 1H NMR
(400 MHz, DMSO-dé) & 13.26 (d, ] = 60.0 Hz, 1H), 10.26-9.51 (m, 1H), 9.39-9.05 (m, 1H),
7.83 (s, 1H), 7.65-7.02 (m, 6H), 6.13 (s, 1H), 4.42 (d, ] = 6.2 Hz, 2H), 1.52 (s, 9H), 1.45 (s, 9H).
13C NMR (101 MHz, DMSO) § 162.05, 159.57, 15846, 156.39, 152.79, 148.89, 137.99, 134.44,
127.79, 127.38, 117.99, 99.26, 96.07, 81.51, 78.85, 43.63, 28.14, 27.85. MS-ESIm /z [M + H]*:
caled 482.6, found 482.5. HRMS m/z [M + HJ*: calcd 482.2507, found 482.2510. HPLC:
tg = 6.58, purity > 95% (UV: 254/280 nm).

Suppl tary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232314834/s1.
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Appendix I: A Machine Learning and Live-Cell Imaging Tool Kit Uncovers Small

Molecules Induced Phospholipidosis

Reprinted with permission from: Hu, Huabin, Amelie Menge, Stefan Knapp, Albert A.
Antolin, and Susanne Miller. "A Machine Learning and Live-Cell Imaging Tool Kit
Uncovers Small Molecules Induced Phospholipidosis." Cell Chemical Biology
(2023/10/04/2023). https://doi.org/10.1016/j.chembiol.2023.09.003. Copyright 2023
by Elsevier Ltd.

Notice that further permission related to the material excerpted should be directed to
the publisher.
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A machine learning and live-cell imaging tool kit
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Highlights
o Drug-induced phospholipidosis (DIPL) can lead to clinical
adverse effects

e Alive-cell imaging and machine leaming tool kit for DIPL
detection is presented

o Closely related molecules (chemical probes and controls)
induce DIPL differentially
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In brief

Hu et al. present an improved machine
learning method as well as live-cell assay
to detect drug-induced phospholipidosis,
a pathological condition induced by
pharmacological substances. Applying
these methods, the differential
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closely related molecules, such as
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SUMMARY

Drug-induced phospholipidosis (DIPL), characterized by excessive accumulation of phospholipids in lyso-
somes, can lead to clinical adverse effects. It may also alter phenotypic responses in functional studies using
chemical probes. Therefore, robust methods are needed to predict and quantify phospholipidosis (PL) early in
drug discovery and in chemical probe characterization. Here, we present aversatile high-content live-cell im-
aging approach, which was used to evaluate achemogenomic and a lysosomal modulation library. We trained
and evaluated severalmachine leaming models using the most comprehensive set of publicly available com-
pounds and interpreted the best model using SHapley Additive exPlanations (SHAP). Analysis of high-quality
chemical probes extracted from the Chemical Probes Portal using our algorithm revealed that closely related
molecules, such as chemical probes and theirmatched negative controls can differ in theirability toinduce PL,
highlighting the importance of identifying PL for robust target validation in chemical biology.

oceress [

INTRODUCTION 2 via DIPL mechanisms and not by acting on their primary tar-
gets.’ It is therefore of utmost importance to comprehensively

Ph ipidosis (PL) isa p gical condition rized libraries used in functional cellular assays not only

by an si of p lipids in ly regarding their general toxicity® but also for subtier cellular alter-

and a P g app of lamellar bodies.'  ations, such as phospholipidosisinduction, to facilitate more reii-

PL is fr tly induced by the exp of cells to exog able target in chemical biology.

swshnces h logical agents.” This The exact mok g the occurrence of

drug-induced phospholipidosis (DIPL) can have significant impli-
cations for drug safety and side effect profiles, including toxicity
in the liver and lungs.®~ Currently, over fifty clinically studied
dmgshaanmodiuiuﬂngaumﬂqwchmofdhm
such as and in
known to induce phosmolddosb (Figure 1A).2#

Importantly, DIPL is also a critical risk factor in experiments
tm‘!uﬁlud\eniedpmbsshoelcwunuhvmuhm

P!.rnsmtyvtboenoonpbtdyehddand ‘lhoreandwmem
views on whether it is a target-specific process, or whether PL is
mewotomn@dﬂcoﬁmmmb{um
'_.—-.uueof“‘ ] For the
lation of small molecules inthe ly a lead to
the rel of ly | hydr and spt lipid activator
p from the surfaces of inraly | luminal vesicles.”
Several targets have been proposed to mediate DIPL, such as

of ph founding effects in y

Iy specific phospholip A2 (PLA2G15)° or the sphin-

bblouedprooesus. in particular, when using cell-based

the mechanism of action of the used small
mdsctlesmodsbbealﬂealyw‘hrubmroounry
reported that several drugs identified in celiular repurposing
screens showed apparent antiviral activity against SARS-CoV-

(A mide system, but ,mdnue

tugotwwundofhoobsuvodDIPLM
DIPL has been associated with cationic amphiphilic drugs
(CADs) and 1he underlying non-specific mechanisms that
to are widely believed to be
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Figure 1. Phospholipidosis detection in cells
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Ismanotd.lnzowmlmdsogalmd
d with the physicochemical properties of CADs. Spe- Wi ead adoption as a reliabk thod.

cifically, CADs feature hydrophobic and hydrophilic domains
and carry a positive charge at physiological pH which may

tribute to their dation within ly ? This physi-
cochemical property could be attributed to the ability of small
molecules to diffuse pasdve!y across lipid bilayers in their union-
ized form and subseq ionized and trapped within
Iywmesduetohbwpﬂvwahwsceluuww
ment.'*'? For these cases, it is also

!hoinplunsnhﬂm of an efficient assay using live-cell Irmghg
methods that could also assess kinetic aspects is still lacking.
Experimental phospholipidosis profiling can be resource inten-
sive, and thus several in siico approaches have been developed
to reduce the experimental burden.'**' PI et al. introduced
the first physicochemical property model that utilized cLogP and
pKaasmydcod\cnbalpmpenhstoidunIfyeathchO

CADs to phospholipids may lead to the formation orfdug-ldd
complexes that cannot be digested.'*'® Given the impact of
PL for drug development, several approaches have been devel-

that the binding of thod hasb wuuyadopiad,
mdlttnsbmlau'roﬂmdL i
nnnetcrugo“onumardswbuuon(v z‘lngenu'al.prys-
loooh s elisnisiuat ot

oped to identify molecules that induce phospholipidosis in order

to deprioritize them during the early stages of drug discovery.'®
Electron microscopy (EM) has been recognized as the most reli-

2 Cell Chemical Biology 30, 1-18, December 21,2023

254

datasets but their predicth y dimin-
lshedvmhaseshgbrgudatm”Tonrmh
jility of ph Przybylak et al. introduced the




Appendix |

Chemical Biclogy (2023), https://dai.arg/10.10164.chembicl. 2023 09.003

Please cite this arficie in press as: Hu et al, A maching leaming and ive-call imaging todl kit uncovers small

smmwummwuowp&mssswusmnmm
closely captured chemical phospholipi
dosis, such as peripheral amine groups and hydromoblcmd-
efies.”*” Next, scientists from the U.S.A. National Institute of
Health (NIH) developed a g (ML) app hbased
on support vector machine (SVM) model, trained using molecular
descdpbrsofabmtypcsuﬂ%ndealepmpuﬂssdim
large ** achieving a high y of 0.90
evaluated by the area under the
curve (AUC). NiH scientists also sh thatmany phespholipi
is and hERG-blocking cc struc-
tuﬂfutuomposodbytwoxamﬁcrhgummudmm
fi g athree
Moromoem.ly wd\asmAstraZamuﬂmdaslgM
tofprop y data (1,537 ds with 441 )

¢ CellPress

optimized this procedua (Figure 1B) (see STAR methods for de-
tails).” The cat of PLdots d their localiza-
tion within boththocel body and lysosomes, with the latter being
identified using LysoTracker as an additional dye (Figure 1C). To
rule out possible toxicity of the dyes used in live cells over long
periods of time (up to 72 h) and t the op -
tration, we p d a viability using alamarBlue
after adding different dye concentrations. This experiment re-
vealed no significant effects on cell survival at the concentrations
used (Figure S1A). To validate the assay, we tested six drugs
known to induce phospholipidosis (Figure 1AY" including anti-
depressant drug sertraline, a selective aarotonln reuptake inhib-
itor, antipsychotic drug haloperidol targ mine D, re-

oepbr,a;tdtm ““‘,'agom“““ushg

(U208) cells. Drugs were tested at three different

to create a consensus computational model that ML
and physicochemical property model (Ploemen’s criterion).”'
The d model d strong ce in an

tof 183 ds (ick tmod76%ofalPLlndtm)

} , most hine learning app tudi donotyot
fainabl that

over72 h, and the normalized PL was assessed
based on the total intensity of the dyed molecules compared to
cells treated with DMSO. After 48 h, all reference compounds
significantly induced PL, which was detected already at the
lowest concentration used (500 nM) (Figure 1D). For all control

benefit from developed

of PL with

alow for model htupmtabl!y b better mdustand their

traﬁ;n and';ha time of exposure (Figure 1E). Torembh subse-

strengthsand limitations.* Thus, itis quent ysis (a binary classification task mir-
ing computational approaches and gain deeper insights into the  roring the public canpound annotation used for model training)
underlying ph ofhmodwelopod‘ tasets, it was yto a
muisdudy,vnwdopoduuwldateda"‘-‘- live- rig threshold for classifying the compounds as either

cell imaging appr two iy
cornpiungaamconpou\ds.wgahonlmdasdofMLmodab

or “non-inducer” of PL. Utilizing the initial reference
we d a d in U20S cells by defining

Aatacat

using the most compr set of pubiicly ilable com- d PL y larger than 2 based on the intensity
pounds to date and d these models using the twointemal d for chloroquine (Figure 1D). Nonetheless, in cases
experimentally sets, We preted the best model us- where compounds were close to the threshold value, we per-
ing the SHAP approach and used it to predict whetherhigh-quality formed a careful visual t to shether the
elective probes by the Chemical Probes Portal wound should be as an or “non-
(https:/Awww chemicalprobes.org)™ may induce PL. Experi-  inducer”. Most PL data described in the lit have b: re-
mmtalvaldalcn firmed many p and us to rded in HepG2 cells. Since our assay was performed in oste-
identify bes thatinducePL at recommended concen-  osarcoma cells (U20S), we tested the context dependency of PL

trations. Finally, our analysis of structurally highly similar com-
pounds, such as chemical probes and their inactive analogs
used as negative controls, that small changes in
compound structure maylead to varying PL Ourfind-

in different cell lines by testing the reference compounds also in
HEK293T and HepG2 cells after 24 h (Table S1). In all cell lines,
PL was detected for all refe ds. Given the distinct

rphologh dmgdsﬁesdmhullm.adhaconw

ings have important for the p of
biology evaluation and chanchdmﬂon, advamhg our under-
tanding of the nature of

RESULTS

High-content assay establishment and screening two in-
house datasets

Several high-content assays have been proposed in the litera-
ture to detect phospholipidosis in a cellular context.''*'® How-
ever, these assays are endpoint assays, and they have not been
adapted for imaging in live cells. To this end, we used the
LipidTox red reagent, an alread high- im-
aging method first described byMnl otaL and later optimized
by Shahane et al.' In this method,
Mhaﬂwmﬁdyobtumﬂutvhblltyﬁmfwym
muiate during phospholipidosis. In order to adapt this assay for
live-cell monitoring, we incorporated this detecti thod into

ison of the total intensities was not feasible (Figure S1B). We
g each cell line separately and
setting the threshold for significant PL induction accordingly.
This will be particularly important in drug discovery projects
where PL may be evaluated on pati. “-“cel to
assess the spondin h id appropriately.
After establishing the Ngh-eonhnt assay and defining the
threshold to distinguish beh “inducer” and “non-inducer”,
we tested two in-house compound sets in order toidentify PL in-
duwaﬂnﬂrstconpaniseﬂmhdadadlvuumofdm
of different families,

g ooty &

including GPCRs. kin epig dulators, and others
(Table S2A).In to probes which are highly se-
lective and potentmodulators of their targets, frequently accom-
panied by matched structurally related negative controls, che-
mogenomic compounds are not exclusively selective and
thsyoﬂernangstmom“‘ tein. H , the selectivity

our previously published live-cell muitiplex assay and further

of ch pound rnsboen pr ively as-
seesod.mdhornpeismmomicdu\geslnoelalm
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can be assigned to a target based on hits from chemogenomic
wnpouﬂswithshilson—ﬂrgot activity but diverse off-target
The set consisted of 213

¢? CellPress

2,422 unique compounds that we termed the curated dataset.
Among these compounds, 114 (4.7%) had inconsistent phospho-

cu'npomd&outofwﬂd\..’»s(ﬁ%)wmlduﬁbdas”‘ ™

the literature, a fact that has been observed
P y.* For ple, a number of compounds have been

with a nommalized PL intensity larger than 2 (Figure 2A;
Table S2B). Tomwnpam;mm”h\omtouaya
pivotal role in ly a set

labeled as ind! as well as no in different publica
tions. These inconsistencies illustrate the challenges around

identifying phospholipidesis and buikiing

compr ty

of 99 compounds was used (Tabie S3A). In order to cap
cellular phenotypes over long incubation times, this set was sub-

dels with the limited data quality, quantity, and
Muilty To aﬁdndaﬂwﬂh arlyl level of confidence, we elim-

jected to alonger incubation time of 72 h. In total, 29 compounds  inated P This
(299%) of this d set were defined as “i " (Figure 2B, Iedmmecreaﬂonofanm t. isting of 2,308
Tablessayknmgmﬁ.-“ ing ds was pounds, of which 1,683 ind and 625 were

y kinase geting ALK and Next, we assessed the overlap between the curated set and
eMEl'aswolasa smber of other protein ki which have  our two in-house d sets. This analysis identified 38 com-

been reported to boost the lyscsomal count.*® In addition, we

pomdsttntwelo;;wnhbothsandtlue.alyﬂw

detected PL upon ouposu'e of cells with daurisoline, which pounds (~13%)had annotations due to precipita-
actsasan phagy in uppr g ly | acidifica- mummwwmmwmeﬂmmmm
tion.”® Also, the histone deacetylase (HDAC) inhibitor i a total of 213 ds for the chemog
stat, whichp has beensh totrigger of set (Table S2), 99 P for the ly I dulati
Iy:osonnshoelsmwod PL.”Asmaxtmdeormd.fou set (Table S3), and 2,303 ds for the curated ot
(amiod: (Table S5) wer The Venn in Figure 2C presents
zim,mdsortr*ne)wmaddadbbothwsam.. tly an riew of the of pounds among these three
identified as “in . gtherepr ility of our  sets, while Figure 2D illustrates the distribution of phospholipidosis

live-cell assay. There were 22 pounds that were p in

wmdmhmhma:«ifbdy the curated set obtained

both sets, mmmsimmbfgurem

ingly, although for most pound: was

from th 62 and 1,681
pt the 0 pound set comprised 53 ind and 160
non- s;andthe | l it dof29in-

observed after 24 h in both sets, some compounds reached

the threshoid only at48 h, indicating the importance of ing

A 470 inch 1 1+ " Finh

compounds at longer time points.
PL has been frequently associated with off-target phenotypic

in each setwas quite simiar with 24.9%-29.3% PL inducers.

cﬂects.andltmld\tomtﬂb\lteb toxicity of di
drugs.® Nevertheless, in our 2-D cell altuomdds. wo did
not observe bety PL and

A simple physicochemical model is limited to
di"orontlata‘ d from ind ]
,and only  Using the dataset obtained from the e, we initially

few compounds, such as kinase o rtib, sh d

experimentally PL induction at late time points and affected

cell viability (Figures S2Amd328k0herwﬂm‘hmsug-

gested a P -agy and PL. However,
g the it of the ly setin an

LCsI-IETmpomrassuy waddnotobmadmctounlaﬂm

phagy (Table S4). Therefore,

addﬁorﬂ waﬁnﬂms may beroqtiod to further elucidate the
p beh these two ph

luated the effecti ofa simple physi property
mwd(ﬁommscﬂhdatd\gpl(amww todiffer-
entiate holipidosis inducers from ind (see STAR
methodsfcrdotals) An overview of the analytical workflow is pre-
sented in Figure 3. Using this simple model, an accuracy value of
0.74wasoblaindbrhmbdsetof2.3&wnpomdsmm
ingthat74% of PLinducers and ind
dicted. Howover morlyouatwdarwdlvduaofo.ss(ﬁguea,
left),i g that impk del ly able to identify 35%
of all Pl.ina.loersaru lusuhgthemodalslnlbd ability to

Curation of a comprehensive ph
from the literature

First, a thorough analysis of PubMed was carried out, resuiting in
the identification of nine articles that reported large compound
datasets assessed for PL. From these articles, we identified re-
ported pound. their structure with
the aid of the PdJChenPy package (htps:/github.com/mcs07/
PubChemPy) and applied a

(see STAR methods 1or details). This analysis resulted In aset of

holinidosie dat: t

prehensively predict phosphoipidoss (Le., inducers were
frequently misclassified as s). The P perfor-
mance of the model prompted us to expk hether ML algo-
rithms could be more effective.

A random forest algorithm pled with d
features outperforms other approaches

Firstly, we evaluated four distinct ML algorithms, namely k-near-
est neighbor (KNN), support vector machine (SVM), random

@) plot of inthe dutati alv using U208 celis over 48
h.29 na showing dPL. y after 12 h, 24 h, 48 h, and 72 h of compound Freatment.

C) Schematic overview of the different datasets used inthis study (curated dataset, et) and th ber of
overlapping compounds.

(D) Bar diagram of different datasets used in this study (curated dataset,

et). Bars with a blue color are

sat,
showing the number of compounds defined as “non-inducer”, while orange bars show the number of “inducers™ of every compound set.
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Figure 3. Flowchart of the analysis
The process began with a curation of reported
phospholipidosis data from aclentific terature, fol-

T lowed by the of a
msedulation set standardization protocol 1o obtain high-confidence
(ot B anrmummmmnm

cursted dataset. However, lmhnifnluva

the need for

ammmwntw@
and

Therefore, ML models were subsequently devel-
oped. To validate the performance of the ML model,
ﬁa In-house Mdm-uulﬂmi—
set and a
modulation set, in addition to a test set. The evalu-
ation metrics were used to select thebest ML model
which was further validated by additional PL data

property model — 1 T External validation #om the lterature. The best model was subse-
N | Trnim model quently used for n
FPloemen's medel Tnternal ch inthe C! Portal. The

validation,

Machise
learning models

.
035 | 04 -

Model
performance

| Best model

Tt set performance

Fractical lwlkdm

< S |
Chemical Prebes Portal .hﬂ'”a'o@
Pr Ebos.org

(raeing In cell = three stars)

forest (RF), and eXtreme gradlam oosting (XGBoost), using

—
— —=1  Further validation
T RE with MACCS [T

metric of recall sssesses the models ablily to
comectly identlly positive samples, while the F1
acore 8 a measure of he harmonic mean of preci-
slon and recall. Accuracy provides an overall eatl-
mate of the model's prediction accuracy.

Literaturc-reported

external validation set

also outperformed the SVM, KNN, and
XGBoost models in this setting, as indi-
cated by the highest average recall and
F1 scores of 0.57 and 0.47, respectively,
on the chemogenomic compound set (Fig-
ure 4B). In contrast to the RF algorithm,
SWM, KNN, and XGBoost exhibited
average recall values of less than 0.4 with
anyof the two fingerprints tested. Similarly,
when evaluating the lysosomal modulation set (Figure 4C), the

462 CPDs
(N7 indwcers)

MACCS and ECFP4 fing:

forest algorithm using MACCS fingerprint exhibited su-

In order to better phy | properties
that are known to be important to predict PL, the molecular rep-

were tenated with two additional properties
(pKa and clogP) and termed “concatenated features” (see
STAR methods for detalls). At first, the curated data were spiit
into two distinct datasets: a training set that served the purpose
of training the model and fine-tuning its hyperparameters and a
testing set that wasutilized to evaluate homodel'sperfomnme

perior performance over the other three methods, achieving an
average recall value of 0.84.

Following our assessment of the three sets, we decided to
further investigate the performance of the RF algorithm in com-
bination with different moloala representations, including
MOE 2D ptors (206 L property f )
mdPLthnmfhguprm(sa‘l chemical substructure patterns).
Our analysis demonstrated that there was litle variation in the

mmdhmomusdumwmtom
the model’s predictability on real-world datasets, as depicted
in the workflow illustrated in Figure 3. The results presented in
Figures 4A-4C and S3 indicate the performance of the ML
models across 10 independent trials (Le., 10 times indepen-
dently splitting the curated data to train and test the models).
Our analysis revealed thatmostof the models had robust predic-
tive performance on the test set, with the RF model using
MACCS fingerprint exhibiting the highest average recall value
of 0.73. Accuracy values around 0.80 and F1 values around 0.6
were similar across all explored ML methods (Figure 4A). We
next investigated the generalization ability of these models by

intamally , the two physical ph
Py

dictive performance of the RF algorithm when using different
mbaluwmaimlnbothﬂntestsat(ﬂguesm)w
u.rtwum\omom(FlguesSSBu'dSSC)

Based on thy ait: ef-
ficlency, wododdadbfmonFFinwnmaﬁoanhe
MACCS fingerprint for further To further assess this
mdd,muoﬁothOvauofﬂnmmWod
sets based on this best ML model (Figure 4D). The AUC values
ofhtestsmaldlywaondmodthﬂonmmo.a7md
0.90, ly—a high parable to previously
reported meﬂ\ods"’ﬂnuvdnswwubd that the model
has a high-predictive capability for these two sets. However,

g their per on the ch genomic pound
set and the lysosomal modulation set {extemal validation data-
sets). Notably, the RF algorithm coupled with MACCS fingerprint
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the modeis’ predictability for the diverse chemogenomic com-
pound set was lower with an AUC value of approximately 0.7,
indicating that it is less able to make accurate predictions for
this set.
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[iosomal Dadalationset 3 47 16 0% 065 077 053 080 090
Chemogenomic compoundset s 36 137 19 033 038 074 023 060 -
Ploemen’s (191)
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Figure 4. Performance machine leaning models in combination with different molecular representations

A) The ffour different ML algorithma, which were based on MACCS and ECFP4 fith
LogP and pKa. The models were evaluated using the test set across 10 independent trials.
) The models using the sot.
(C) The models were using the et
fegend condinued on next page)
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The statistical results of the RF model with MACCS on the test
set, ch o pound, and ly | sets
based on the best trial are presented in Figure 4E. For comparison,

ical similarity to the test set with a median maximum Tanimoto
coefficient (mmTc) of 0.51, f d by the ly |
tion set (mmTC = 0.33). The chemogenomic set was the most

the same sets were predicted using Pk 's simple physk

(mmTc = 0.29), which may explain why all methods

perform worse with this extemal dataset (Figure 4E). However,

hemical .wdu:.“ showninFigure 4E, boththephysi
chemical and RF moddshave similar accuracy values (0.71-0.81)
while the F1 and, importantly, the recall, are much better with the
RF (0.64-0.86) than with the physicochemical model (0.33-0.48).
These iits o that ok A del ich
tify many more PL compounds that would be misclassified if orly
physicochemical properties were considered.

To benchmark our ML model further, we previousl!

it isworth highlighting that our model still yielded the best perfor-
mance across all models tested when predicting the chemoge-

nomic set, il g its effecti inac ging, real-
world scenario.
In addition to the y, we also lyzed the

physicochemical properties on each set of compounds to gain
more into the diffe bet them. As shown in

thods that d the exact code or wela
Mﬂmdbmtopmmmwm@g,mwm
via webserver) and we identified FP-ADMET,™ a repository of
molecular ﬁngerpdm-basodHdetcanMely wlonng
molecular descriptors for | ADMET p:

PL prediction (see STAR methods for details). FP-AD'\ET bdt
an RF model to predict PL using 1,719 compounds and reported
an AUC of 0.88. When we used FP-ADMET to predict our che-
and ly | sets, its recall was 0.44
and 0.71, nspecivdy (Figure 4E). It is worth highlighting that
although FP-ADMET was able to improve the recall of the simple
Ploemen’s physicochemical property model (0.33, 0.48), our al-
gorithm displayed a significantly better recall (0.64, 0.86) on
these ty fidation sets—ilk g how our algorithm
favorably with availabl and can identify

more DIPL compounds from two different compound sets.
As fan additional we identified a set of 462

Figure S6, these two sets represent different areas of the prop-
erty space which translate modlﬂerernlwdsofdlﬂb.ltybr
real-world p In the ly

fion set, most PL hduoefs fall within the caﬂonlc amphiphilic
area of the chemical space (cLogP >3 and pKa >7.4). There-
fore, they are easy to predict, which explains the higher recall
of the ML method (0.86) and that even the simple physicochem-
ical model achieves a significant recall (0.48). In contrast, in the
chemogenomic set, there are far more PL-inducing compounds
(orange dots in Figure S6) that fall outside the cationic amphi-
philic area of the property space and thus are more difficult to
predict. Therefore, different extemal validation sets can be
easier or harder to predictdepending on the area of the chemical
space they cover. Despite th ML still outp ms
the simple model by a abs!anﬂd marw (Flgurs 4E). Addition-
ally, we also expl P g pKa and clLogP
properties into the MACCS fingerprint was tnly proving the

new ds (117 PL and 345

Tabless)trunplblcswm ”wtidlwewodasmaddlﬁoml
\nldaﬂmmuigouRFmodetwownabhtooome
dict 85of the ds as PL spond to a

diction per ‘l'liswasdaaﬂydamonsfrahdbyme
hmohmcdlvdmfmmo.ss(wmmu(amdd.ogPpmp-

erties) to 0.64 (with these two properties) on the chemog
set, as pr ‘lnTableSﬁ.Mm.wenado

recal value of ~0.73—in fine with our previous recal values of
0.64-0.86 In the external validation sets (Figure 4). The

the doddon to continue utilizing the RF model with MACCS
and features for further

pufunmnmmatwlnhwihﬂnmdbmhtm
previous external validation sets or siightly higher (Figure Sd)
hence further highlighting the strong predictability and robustness
of our algorithm when validated prospectively and when we

d it to other published approaches such as FP-ADMET.

Two different real-world prediction scenarios explain
the disparity of prediction performances

Intrigued by the P hhpndlcmodiltyoﬂho
I\Lmethod developed whenap to the 0

pound (recall = 0.64) orlwuscmd mode(mnl =0.w)sds
(Figure 4E), we to explore the underlying factors.

y

Model interpretation based on SHAP-based feature
analysis

Based onthe selected computational model, it was important to
elucidate the underlying mechanisms by which the model gener-

ates its pr s to dits and limitations.
Therefore, we applied the SHAP approach™*” to analyze the
of fi (see STAR methods for de-

tails). The top 15 features that significantly affected the predic-
tion output, along with their SHAP value distributions, were
uﬂymdaﬂpmuﬂthiweSA.ﬂnubpbaﬁ:uwm
also mapped back to an P structure to facili-

First, we evaluated the chemical between the
sﬂmdﬂ»ﬂmhmﬁgmm(ﬁguess)l\sw lhe
training set (used for model ) had the highest chem-

tate asshovmthgmeSB.Dmbﬂnrdaﬁvdy
low-SI-MP values observed for all feature bits (< 0.1, Figure 5A),
it d that there were no that

gy

(D) Based on the best trial of Mewmmwwm wca-vuhnuea validation sets are plotted.
the

E) The model and FP-ADMET model are presented. TP
refers fo “¥rue positive”, 'I'Nm"tuemmﬂm' FP to “false positive”, and FN to fﬁnmm The metric of recall thy del's abllity to ly
mmmﬂhﬂmh- of he mean of and recall. Y pr wall estimate of fhe model's

mean of data: MGG 3T
binary dela of 4 h " ROC) curve

mdmmmpanummmmmmuuwm«mmwmmmmwmmmm

—1to1, all other caled

of the MCC, which
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infi d the pr g d by the ML model. Thus,us-  group with a pKa value below 7.4 (Figure 5C). We also analyzed

ing a small number of features may not yield accurate predic-
tions. All top features, except for the MACCS feature “O = A
>1", had a positive effect on predicting PL inducers. Thus, the

d of these f additively in the likelfihood
of molecules being categori. ‘as' di The most influential
i were the mok ical properties of pKa

and cLogP, as wel as the MACCS fingerprint “CH2QCH2".
The presence of the pKa feature (pKa > 7.4) and cLogP feature
(cLogP > 3.0) indicated that these compounds can be proton-
ated to camy a positive charge in the acidic endolysosomal
compartment and are more amphiphilic.’’ This observation
was in line with previous reports that suggested thatcompounds
that induce phospholip tend to be amphiphilic in
nature.” Nevertheless, a significant number of compounds
inducing PL fall outside the cationic amphiphilic chemical space
(Figure S6). The “CH2QCH2" substructure often accounts for
the presence of a hydrophilic amine group in a molecule, which
is a structural representation of the pKa property. Additionally,
other MACCS structural feat such as tic or six-
membered ring systems, indirectly accounted for the lipophilic
nature of molecules. In summary, the ML model outperformed
the simple physicochemical model by giving small weights to
muitiple features that induded pKa and cLogP {ndicating the

the features of the 18 false negative (FN) cases (Figure 4E and

Table S7)in the d and ly i mod-
ulation sets. Themaloﬂtydmm (3996)dld m!comalnths“pKa
> 7.4" feature, indi dicted

to be sufficiently pmtomhd These results could pmnpt the
development of better pKa prediction approaches or challenge
the sity of comp to bep d in order to induce
PL. On the other hand, a certain number of false positive (FP)
mmdsoldu\ﬁﬁod.suchas(S)—ZlNO—@S?&(S)—ZlNG—
3573 is the inacth of ical probe (R)}-ZINC-
3573, a selective agonist of MRGPR)X2.“ (S‘)-ch-amm
misclassified as an ofp it pre-
mmmwumﬂcﬁua “CH2QCH2",
and pKa > 7.4. These two examples illustrated that the pres-
morabsmofq:edﬂcmdoﬁosmdphysbochmicdpmp—
erties was not sufficient to ty classify all P
Tdcmtogcthof.’heSHAPvaluesasslg\odboaehb&m
contribute to the tra y of the ML significantly
aiding our comprehension of how the model amrived at the spe-
cific prediction.

Structurally similar compounds may differ in inducing
phospholipidosis

characteristics of the whole molecule) as some of the top- gued by the of ds that pr aphos-
king features, but the model also ranked highly chemical fea-  pholipidosi ype that was contradictory with the g
tures rep g and tic/aliphatk ieti pKa,eLnf,mdfaa’tuasassochbdwﬁhlt,mdeddedb
Therefore, the ML “I tmtovonlpralsnot> investigate the structural P
7.4 or cLogP > 3, the p of other L with varying dos ,mdogarﬂ-
tributed to correct predictions of PL. ysis. In this study, we used a substructure-based ap;
Next, we to deeply explore the prediction of a few hwnuhemaundmmupatwm“touuﬂfysm

representatives from our in-house compound sets shown in Fig-
ure 5C. Afatinib and BI-2536 are kinase inhibitors that target

tural analogs among the i tigated three pound sets.

MMPs can be obtained via the ap ofa d frag-

EGFR/ErbBand PLK1, respectively. While auto-
magyand thereby increases lysosomal activity,” BI-2536 sup-

algorithm (see STAR methods for datds)."ﬂrouyl a
ystematic fr atotal of 1,368 MMPs

o y ! fusion® N both yound

were as by the ML model, with

were g t ‘ournp’ldng1149uriquecorwa.nds(10780f
which were curated and 71 were chemogenomic/lysosomal

predicted probablny values of 0.87 and 0.80, respectively (Fig-
ure 5C). The high probaullyofm inducer prodic'doncan be

d to the pr of eral positive repre-
sunedwposmsr-wuunmmmuwlgmadhlm
on their Sp Our analysis also

two lﬁed“‘ L

(+)~JQ1 and (S)-ZINC-3573. (+)-JQ| isaBET I:mmodomaln h-
hibitor** that suppresses cell proliferation and promotes lyso-
somal modulation. The model gly predicts that (+)-JQ1 is
not a phospholipidosis inducer, which is primarily attributed to
the absence of significant features, such as a hydrophilic amine

pounds). This P to approximately
45% of the entire collection of compounds analyzed
high-structural diversity inthe three sets. To visualize the gonu-
ated MMPs, they were organized into a network (Figure 6, upper
panel). In this network, the nodes correspond to compounds and
the edgesrepresent the pairwise MMP relationship. Coordinated
MMPs formed by subsets of compounds gave rise to the forma-
tion of distinct clusters within the network. Upon analyzing the
generated MMPs, we were able to identify a total 0f 343 clusters.
Ingeneral, cluster sizes are small, with an average of three to four
compounds per cluster. Out of the identified clusters, a

d thy g of dote y of SHAP values. A higher positive SHAP value suggests to

the of Indu Atom symbols and bond types are m\udnﬂnbdmndﬁnﬂpnhrm
B) Toaidin ding the MACCS 1l the top 13 features. and cLogF d back to
mummmmram some MACCS features such as “ACH2CH2A" spedfying an atomic via using SMARTS pattem
(htipa//github /MACCSkeys.py), the is also e atom.
(C) Four exemplary compounds coming from in-house datasets deplict how Two of th (top)
were comectly predicted, while the other two (b ) The of each feature s the SHAP force plot, which

features that ly or othe d and biue cok ly. In the force plot, features witha value
dmovomMM@hdﬂmumdhwmm and the lengt of the bars the degree of of each featwre
toward the prediction. The base value ks the base probabiliity and In plot find probabiiitytobe PL

Inducer) of all features.
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Figure 6. Structure-phospholipidosis network and exemplary analog pairs with disparate phospholipidosis annotation

The network representation at the top displays MMP-based b from three sats. Each node represents a compound and the
edgesr pairwise The circular nodes ] from curated and in-house sefs, respectively. The
fegend condinued on next page)
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significant portion of 213 (62.1%) consisted solely of non-in-
ducers while a smaller subset of 43 (12.5%) was composed
exclusively of inducers. This suggests that compounds with
snilﬂ'sh'uc’urd characteristics tend to exhibit similar phospho-
lipidosis profiles. H also detected 87 c (25.4%)
that contained conpomds mhbﬁng both phospholpidods
ind and non-indt ind g that structur-

Article

8,000-fold difference) while pKa and cLogP remain very similar.
MS023 (targetng PRMT1, PRMT3, PRMT4, PRMTS, and
mm"mmm(mngsm7sum“w
two additional examples of the

Another in ing chemical probe/negative control pair was
TP-064/TP-064N (Figure S7) targeting PRMT4.%' In this case,
dwno raphclng the Mmygmwwnh a secondary amine,

alyshilarcanpomdsmaydgiﬂcumydmrhhdr P

lpidosls induction properties. The analysis of analogs with vary-
yielded a total of 236 MMPs
(17.2%) Among the MMPs, we have identified a total of 214
distinct chemical transformations (Table S8), representing varia-
tions in their chemical composition. The large number of trans-
formations suggests that there is not a single or a few structural
modifications that are able to unambiguously explain PL induc-
tion. The most frequent transformation is an H « CHS3 transfor-
mation (7 MMPs), followed by an H < OH mation (5

g that these
smal hanges did not -ylnmcea hange in
the propensity of small molecul g PL. Finally, in the
case of SGC3027 (Figure S7), which targets PRMT7,” wi
observe the opposite behavior where the probe was experimen-
tally confirmed to be a while the neg control
was an inducer of PL.

Overall, the identification of this series of chemical probes/
negative control pairs revealing differences in phospholipidosis
induction, demonstrated that minor chemical modifications

MMPs) and an H « F transformation (4 MMPs). All of them are
single-atom modification indicating that minor structural modifi-
cations with conservative impact on physicochemical properties
are enough to aiter the PL b of small molecules. This
observation underscores the intricate nature of the PL mecha-
nisms at play. These afo results d that pro-
tonation state, pKa, cLogP, and substructural features were
insufficient to comectly identify all PL-inducing compounds,

which has important for the development of more
robust thods and highlights the P Y
of PL.

Chemical probes and their oorrespondlng negative

controls may ind diy p holipidosi

phenotypes

Itisnoteworthy that out of the 236 MMPs with different phospho-

lipidosis annotations, 13 MMPs were related to compounds that

in-house. ,,,.iouMMPsmfonnedbya

probe and the P ly related nega-

tive control, mbﬂ\eﬁﬁhMl\Pmﬁxmsdbytwo

with very limited impact on pKa/cLogP values and overall com-
pound structure can a d from a PL

1o a non-inducer. Tlmosnaldbraﬁmslnconpm structure
pose ges on comy xplaining why
w«domoandpropuﬂesmd.oﬁwmmumnh
predicting PL in some cases. These results also caution on the
use of negative controls without further validation or character-
ization since the observed p ype diffs bet
probes and confrols can be mediated via PL and not the known

drug target.

PREDICTION AND EXPERIMENTAL CONFIRMATION OF
CHEMICAL PROBES INDUCING PHOSPHOLIPIDOSIS
CHALLENGE THEIR USE AT RECOMMENDED HIGH
CONCENTRATIONS

Finally, we decided to apply our ML model to identify chemical
probes thatmightbe inach y producing PL athigh
trations and thus represent a risk when they are used for target

probes (GSK6853 and PFI-4). Three of them were highlighted
in the network (cluster |, II, and W) and were summarized in
Figure 6.

In three cases, chemical probes were experimentally found to
induce phospholipidosis, while their comesponding negative con-
mwnmmwew“hmwwr

wmm&mdmwmwwawewmds

properties,
WQWNMPVMWVWQMIM
modifi a pound from a PL inducer
barm-lnduoerwmomdgrlﬂwﬂy gp

T¢ tify high-quality probes, we used the Chemical

Probes Portal (https://www.chemicalprobes.org)** and pre-
dicted all of them using our ML algorithm. Of these high-quality
probes, 160 probes were predicted to be PL inducers. We then
prioritized 31 probes with predicted probability value greater
than or equal to 0.7 to induce PL for experimental validation
(see STAR methods for details). From these, we correctly pre-
dicted 21 chemical probes as PL inducers, resulting in a preci-
sion value of around 0.7. Table S9 provides a comprehensive
list of the 31 probes that were tested and experimental raw
data are provided in Table S10. Figure 7A summarizes the pri-
mary targets of these 21 chemical probes. In total, 31 targets

properties. For example, the chemical probe PPTN functions as
an antagonist of the GPCR family member P2RY14 (ICso =
0.5nM).**Thy ibstitution of a hydrogen atom with a methyl
group nearly abrogates affinity for P2RY14 (ICso = 4,381 nM, >

pig and kinase groups were identified illus-
mtngtmtthuolsno prominent primary target that is shared
orincreases the likelihood of compounds inducing PL. Figure 78
depicts 10 of these chemical probes that we predicted and
ttally i to induce sis and are

ot thatactas

orange and biue hues of thy ul

d
their

and two

Inhe network)

s (cLogP and pKa). The pr
dfications

the canter.

y target

image (blue: DNA/Nuclel, red: phospholipidosis dots) of U20S cells

d. Additionally,
for each compound ke also provided.
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Figure 7. P and of high-quality chemical probes from the Chemical Probes Portal inducing phospholi-
pidosis
{A) Target for the 21 probes to Induce
) Detalls of 10 ML model and tob Ind foruseat
high concentrations (1 uuuinmhmmmmhw by Its name, primary target (gene name), recommended in-cell con-
by the Ch Portal, and probability of
(C) Heatmy Mhmumm,uhmnnu attwo (1 yMand 10uM)in
mmmmmm%wr A-TT0041 thatis at higher (1-10 pM)
and that induces s PL d biu PL Vslues show SEMoftwo blological
duplicates.

recommended for utilization athigh concentrations (up to 10 M)
by the Chemical Probes Portal. The lower panel highlights the
time and of phospholipi-
dosis induction, revealing an awmentod induction at higher

doses and prolonged exp periods. These observations un-
derscored the necessity of carefully accounting for such dose
and time-dependent effects when employing these probes in
experimental settings. Alarmingly, A-770041 and GSK484
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induce phospholipidosis at their recommended 10 M dose. In Divergent phx lipidosis profil g closely related ana-
addition, A-770041, GSK343, adavosertib, and NVP-2 logsthatsh phy chemical rties suggested that
mmtnlbldoshatwmbwwwmaﬂomo uM)Figure 7C)  the i for inducing phosph is P

that also fall within the portal

Therefore, when utilizing these probes at the suggested concen-
trations in functional cell assays, a 1 of phospholipt

Comparing data on related analogs also lustrated the challenge
of training computational models that refiably predict PL using
duced and simp physicochemical properties. On the other

dosis to the observed phenotype should be taken into consider-
ation. We have contacted the Portal with a request to annotate
the compounds accordingly.

DISCUSSION

hand, identifying highly similar analogs that contain both i
and non-inducer properties presented an opportunity for medici-
wmwmmsmmmmmmmmm-
tures of phosph

We identified in ~20% of cases very similar conpomds ds-
layin sing PL phenot in g four pairs comprising

piaylig Opp

achmicdprobomdi'slmcﬂw analog. Chemical probes are

Given the importanceofimproving il molecul d phos-
pholipidosis for de-risking drug discovery and improving the
quality of chemical probes,”’ we have developed a live-cell,

q modhedlassuystolmnsﬁgatehassodaﬁmbo—

Mmaspeclﬂcgwomdadmotype and matched negative
the confid that ob d

S B dbnd bty
aging assay g P
e s

ig
and develop

Tima-d

M).

ax of PL on cellular sigr

poorly understood. lmpcnamly,ouo)podmemdnulzdcnm
strated the importance of studying time dspmdmcyh live cells,
to ensure the correct ch of P of

This time dependency may also explain some inconsistencies
regarding the effect of compounds to induce DIPL found in the
literature, although other factors and experimental setups such
as cell line of choice could also have contributed. Overall, theim-

[ Y arohdeeddrhlenbyihotugobdmﬂehOu’m-
sults highlight the need to also comp
mgaﬁvewmolsforptmtypassuchasPL,asmeobsavod
phenotype might be caused by PL induction rather than the pre-
sumed target. This hypothesis is in agreement with recent re-
ports on distinct off-target effects of probes and their negative
controls.*

Our ML model and experimental data identified 21 chemical
probes of high-quality chemical probes in the Chemical Probes
Portal (hitps://www.chemicalprobes.org/) that induce phospholi-

aging assay that we oped has the tage of gPL pidosis, some at the cellular
dcvdq:nunmhemmnwdyowya\dm Thus, the additional of the ok juated in
for g the infl ofa pound on  theCh .mPcruvdladdvdueiothomedcdm

cell viabiity thus redudru costs and resources. Generating
large-scale, robust datasets with experimental methods that track
DIPL across time might hold the key to improve ML model perfor-
mance further.

Our computational methods confirmed previous observations
that ML outperforms methods relying solely on physicochemical
properties.”® RF was the best-performing algorithm in our
assessment using public data as well as in our two in-house da-
tasets. mwcwmofowmddonmtestsetmanhb

= » when benchmarked
vdthtwo datasets, our approach d FP-
ADMET™® a recently published and easy-to-lnplement RF to
predict DIPL (Figure 4E). Given that both methods use RF, we
believe that our larger compound set (aprox. 600 more com-
pounds) for ML model truction, and the of

munity to this highly amotated compound set. With the improved
PL prediction algorithm and the live-cell assay, we moreover pro-
vide a tool set to identify masked PL inducers among small mole-
cule to in and repr
ibility in bk h. H , closely related analogs
such as chemical probes and their controls which differ in PL in-
ductk also offer g tools studying the consequences
of PL on cellular signaling and potentially, they will lead to PL bio-
markers for drug safety studies in the future.

Limitations of the study

While the ML models developed in this study demonstrated
robust PL prediction cqaaﬂlﬁes, ho wdsm of structurally
closely related d PL

features were key to improve performance and illustrate the ad-
vantages of our approach. Therefore, our algorithm, together
with the comprehensive dataset that we have curated, repre-
sents a valuable addition to the available tool kit to predict
DIPL. Using the SHAP approach®*“ to interpret the best-per-
forming model, it became clear that pKa and clLogP are still

behavior illustrat MInitaﬁonsMsﬂlaxisttomp'dm
sively predict PL. These results not only highlight the complex
nature of PLinduction, which should be further explored through

additional tudies, butalso emp theneed to
develop more ad d modeling techniques and descriptors to
improve P for prediction of com-

plex phenomena such as PL. For example, the pKa caiculations

P H , many other features can also focused only on the most basic center of each small molecule,
significantly contribute to the of the prediction. While  and therefore the rep ion of overall molecular basicity in
u(as\dd.ou’valueswmanop«tyofhemlnmb- heconbxtofmutbmﬁc molecueslsanaaaofpobmﬂ
cule, the g top featt ep! proper- pr Until the perfc of P thod:
Neshduclngbnmtlrlitedb phiphilic es, impr further, we d that all computational predic-
such as peripheral amin d tic rings. He ,bycon- tions are experimentally validated, in particular for key com-

ducting this feature analysis on misclassified cases, we also
identified compounds displaying many PL features that did not
induce PL.
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pounds such as chemical probes and their negative controls.
Since has pr tered around
chemical pattems and mysbod'mmcd properties (a
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g PL ), the elucidation of PL ph in
target-based isp y red it for structurally
similar molecules with different PL which often sh:

Disparities in off-target profiles
related to lipid metabolism or synthesls among analogs coud
potentially serve as an L meriting th gt
investigation. Gventhodmaranoes we have identified between
cell lines, care should be taken in selecting the relevant cell sys-
tem to be used for such validation. Characterization of more cel
lines would also be important to better understand PL thresholds
in different cellular systems. In the present study, we only tested
a fraction of the small molecules in the Chemical Probes Portal,
and it is thus possible that some PL-inducing chemical probes
were not identified.
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Significance

Phospholipidosis is a pathological condition ch terized by
an excessive accumulation of phospholipids in X
which is d by the exp e of cells to exog-

enous substances, including various pharmacalogical
agents. This DIPL can have significant implications for drug
safety and side effect profiles, potentially causing toxicity
and should therefore be identified early on in the screening
process for small molecules. We present a comprehensive
mtﬂlsofm‘:anpomtform&cwubm

two libraries
in our high-content live-cell assay, we annotated DIPL over
time. The resuits were used to identify and implement an
improved state-of-the-art lmchho learning algorithm to
annotate of ds effec-
tively, extending the currently used bahnsh predict phos-
pholipidosis and rationalizing the prediction via using SHAP
approach. By incorporating these elements, we not only vali-
dated the effex ofour approach but also
demonstrate that close analogs are able to induce divergent
phospholipidosis phenotypes. We thus contribute to the
mmummagaw
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STARXMETHODS

KEY RESOURCES TABLE

o CellPress -

REAGENT or RESOURCE SOURCE IDENTIFIER

Chami epti and B proteins

Hoechst33342 Thermo Scientific Cat#: 62248 hitps://www.thermafisher.
com/order/catalog/product/62249

HCS LipidTOX Red phosphadiipidosis Thermo Scientific Cat#: H34351 hitps://www.thermofisher.

detection reagent com/order/ catalog/product/H343517
SID=srch-sp-H34351

LysoTracker Green DND-26 Thermo Sclentific Cat#: L7526 hitps://www.thermafisher.
USH#:MM:L;WTMIG%ZOGGM%
20DND%2D26% 20is, excited %620using%
20a%20FTC% 20fiter,

Trypan blue 0.4% Thermo Scientific Cat#: 15250081 https://www themmofisher.
com/order/ catalog/product/ 15250061

Critical commercial assays

AlamarBlue Cell Viability Reagent Invitrogen Cat#: DAL1025

Autophagy LC3 HIBIT Reparter Assay Promega Cat#: GA1050

Experimental models: cell ines

U20S celis (female, 15-years oid) ATCC HTB-96™

HEK293T (female, fetus) ATCC CRL-1573™

HepG2 fmale, 15-years od) ATCC HB-8085™

Software and algorithms

PubChemPy GitHub hitps://github.com/mecs07/PubChemPy

KNIME 4.6.2 KNIME Analytics Platform Hitps:/Awww.knime.com/

canSARchem workfiow KNIME Hub https://hubknime.
spacas/Public/latest/
canSARchem~hquSdFp3didkiEv

RDKit version 2022.035 Package https:/Awww.rdkit.org/

PaDELPy GitHub tps://git

MOE 2020.09 Software https:/Avww.chemocomp.com/
Products.htm

ChemAxon/instant JChem Version 22.16.0 Software tp fin jchem

sckitdeam 1.0.2 Package hitps://scikit4eam.org/stable/

Python 3.9.10 Programming language Https:/Avww. python.org/

Cytoscape version 39.1 Software https://cytoscape org/

SHAP 0.41.0 Package https://shap readthedocs.io/en/iatest/
index.html

CQ1 microscope software Yokogawa v1.04.03.01

CellPathfinder Software v3.04.02.02 Yokogawa NA

GraphPad Prism v8.4.3 Graphpad Software https:/Avww.graphpad.com/features

PL prediction model This paper https://github.com/HuabinHuwML -for-PL-
prediction

Other

CQ1 microscope Yokogawa NA

384-well cell culture microplate, PS, Greiner Cat#: 781091

f-bottom, pClear®

ECHO® 550 Acoustic Liquid Handler Labeyte NA

ECHO® source plate Labeyte Cat#: P.05525

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cytomat2C24 incubator Thermo Scientific NA

TC20 Automated Cell Counter Bio-Rad hitps7/www.bio-rad.com/de-de/product/
tc20-automated-cell-counter?
1D=M7FBG34VY

PHERAstar® plate reader BMG Labtech NA

DMEM medium plus L-gutamine (high Thermo Scientific Cat#11965084

gucose)

McCoy's 5A medium Gibco Cati#15410804

Fetal bovine serum FBS) Thermo Scientific Cat#26140079

Penicillin-Streptomycin (10.000 U/mi) Thermo Scientific Cat#14190144

DPBS Thermo Scientific Cat#14190-084

Geneticin™ (G418 Suifate) Thermo Sclentific Cat#10131035

RESOURCE AVAILABILITY

Lead contact
Further information and for and reagents should be directed to and will be fulfilled by the lead contact, Susanne

Muiller, susanne.mueller-knapp@bmis.de.

Materials availability
This study did not generate any new reagents.

Data and code availability
@ Alldata reported including curated y omi pound set, ly | modulati t, and probesin
this paper are provided Inhestpuamenmyﬂlasm aaptbldyavﬂweasolthsdabofpbluim
o The source code used in this study has been deposited at https:/github.com/HuabinHu/ML-for-PL-prediction and are publicly
avallable as of the date of publication.
® Any additional inft tion required to lyze the data reported in this paper is available from the lead contact uponrequest.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell line culture
U20S (female, 15-yearsold) celis egularly tested form infection. Cells were grown in DMEM medium supplemented
with 10% FBS and 1% Penicillin/Streptomycin (100 U/ml penicillin and 100 mg/mL streptomycin) at 37°C and 5% COz.

HEK293T (female, fetus) cells were regularly tested for mycop infection. Cells were grown in DMEM medium supplemented
with 10% FBS and 1% Penicillin/Streptomycin (100 U/ml penicillin and 100 mg/mL streptomycin) at 37°C and 5% CO..

HepG2 (male, 15-years old) cells were regularly tested for mycoplasma infection. Cells were grown in DMEM medium supple-
mented with 10% FBS and 1% Penicillin/Streptomycin (100 U/ml penicilin and 100 mg/mL streptomycin) at 37°C and 5% CO..

U20S Autophagy LC3 HiBIT Rep: ( 15-years old) cells were regularly tested formycoplasma infection. Cells were grown
in McCoy’s 5A medium supplemented by 10% FBS (Thermo Scientific) and 250 pg/mL G418 (Thermo Scientific) at 37°C and
5% CO..

Al cell lines were d from ATCC ( in the key resource table) without further authentication. Influence of
sex, gender or both is not expected.

METHOD DETAILS

holipidosis detection using i I microscopy
Humn Osbosarooma cells (U20S) (ATCC HTB-96), human hepatocellular carcinoma cells (HepG2) (ATCC HB-8065) and human
embryonic kidney cells (HEK293T) (ATCC CRL-1573) were cultured in DMEM plus L-glutamine (high yucoso) supplemented by
10% FBS (Thermo Scientific) and Penicillin/Streptomycin (Thermo Scientific). HCS Lipid TOXRed ph
(Thermo Scientific) was diluted in cell cutture medium 1:1000 and incubated br5mhat37‘cm696 OO, Toromowmyamm-
gates, the dye was filtered using 0.2 um sterile filters. Additionally, the cells were stained with 60 nM Hoechst33342 (Thermo Scien-
tific) and 75 nM LysoTracker Green DND-26 (Thermo Scientific). For every cell line 1500 cells per well in 50 ul/well were seeded in
384- well plates (cell culture microplate, PS, f-bottom, pClear, 781091, Greiner) in culture medium supplemented with the indicated
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it of cell g dyes. Al d msdhﬁsswy,mbsbdaﬂo;MoverawhﬂrmpedodhUZ(Boells Com-
pounds from the Ly | set and hit compounds from the chemical probe portal were additionally tested at 1 uM over
a72h period. Ref ok e, chloroquin, Pr sertralin, tamoxifen, haloperidol) were tested at three
dwmma\sﬁOpMmedM;M)hdhmedlms(iﬂ(mr HepG2and U20S) and were used as positive con-
trols for all experiments. Cellular shape and fi were ‘at10xmagiﬁuﬁona16h.12h.24h 48haswellas72h
after compound exposure using aCQ1 high- focal mi pe (Yokog imaged at

60x magnification. The following mmmmwbimemﬂm Ex405 nm/Em 447/60 nm, 500 ms, 5096
(Hoechst33342); Ex 561 nm/Em 617/73 nm, 100 ms, 40% (HCS LipidTOX); Ex 488/Em 525/50 nm, 50 ms, 40% (LysoTracker Green);
bright field, 300 ms, 100% transmission, one centered field per well, 7 z-stacks per well with 55 um 0 ges were analyzed
using the CellPathfinder software (Yokogawa). Viability assessment using an ML algorithm implemented in the CellPathfinder soft-
ware was performed as described previously by Tjaden et al.*““ In brief, cell body and cell nuciel were detected and gated in different
MQmwmdwameh.C&mmgMdemnym mmu:ludad Celis defined as

“Normal” were further gated in cells g healthy, fragmented or pyk d nuclei. fined asbeing
included in ly based onLy Ph siswas ushgthobtal ly (average) of
3. Datawere against th g 'DM30(u1%)mwa‘NIMMmeufomodhudouwww

Significance was shown which was calculated by using an unpaired multiple t test analysis of timepoints 12 h and 48 h using
GraphPad Prism 8.4.3.

AlamarBlueTM cell viability t of cell staining dyes

Human Osteosarcoma cells (U20S) (ATCC HTB-96) were cultured in DMEM plus L-glutamine (high glucose) supplemented by 10%
FBS (Thermo Scientific) and Penicilin/Streptomycin (Thermo Scientific). 5000 cells per well wetosoeded in 384-well plates (oel al-
ture microplate, PS, f-bottom, uClear, 781091, Greiner) containing 50 ul/well culture medit y prior to exp

Cells were incubated over night at 37°C and 5% CO.. Six different concentrations of HCS LipidTOX Red phospholipidosis detection
reagent (Thermo Scientific) (1:4000, 1:2000, 1:1000, 1:500, 1:250, 1:125) or LysoTracker Green DND-26 (Themo Scientific) (400 nM,

200 nM, 100 nM, 50 nM, 25 nM, 12.5 nM) or both (1:1000 HCD LipidTOX Red phospholip det agent and 75 nM
LysoTracker Green DND-26) were added in six replicates. Staurosporine 10 uM was added as a positive control. After 24 hof com-
pw\dtnbaﬂmdunuﬂuam%wasaddedﬂo(wujwal)towywel g to the if s Plates

incubated for 1.5 h protected from light at 37°C and 5% CO.. Fit length of 560 nm and emission
weknghd&OmwsmmmaHﬂAswdeGMGl ). Data were lized ag the average of

DMSO (0.1%) treated cells. Two biclogical replicates were tested.

Autophagy LC3 HIBIT reporter assay

agy flux d Aously.™ In brief, U20S Autophagy LC3 HIBIT Reporter Cells (Promega) were cultured
in McCoy’s 5A medium (Gibco) sqplomenhd by 10% FBS (Thermo Scientific) and 250 ug/mL G418 (Tharmo Scientific). 2000 cells
per well were seeded in 384-well plates (cell culture PS, - low , 784075, r) containing 10 pl/well
culture medium one day prior to experimental readout. Celis were incubated over night at 37°C and 5% CO2. Compounds (Lyso-
somal modulation set) were added at Mo different concentrations (2.5 M and 10 uM). Nano-Glo HIBIT Lytic Reagent was added
to the cells 1:100 prior to readout. L was d 6 h, 24 h and 48 h after compound exposure with or without auto-
phagy induction of 250 nM Torin using a PHERAstar plate reader (BMG Labtech).

Ch g i n d and ly | dulation d. t curation

The “ch L P ‘sof'was lected from of our in-hot pound library, g compounds covering kin
eplgemﬁcdePCRtugaB The screen was performed to further the already imp ted in-house library. The second
set called “ly dulation set” was selected from an in-house library of compounds, containing a collection of small mole-

cules involved in autophagy.

Literature-reported phospholipidosis data curation and structure standardization

Folowlngacoanombwof pt related literature, we manually piled pound: wllh ported in vivo or
in vitro phospholip tations from nine literature swloeszu"z"“"‘"‘””f‘ d: d fromd origins were
ibjected to rig ta protocols involving | steps. First, the compound’s name was converted to SMILES-

folrnat strings with theald of the PubChemPy package (https:/github.com/mcs07/PubChemPy). Subsequently, the chemical struc-
tures of the P were standardiz: ‘ushgmoms;jpdin.namlyﬂnw%dmmybtaﬂmwmm"'ﬂis
pipeline involved several steps such as salt removal, tautomerization, and charge neutralization. This multistep standardization pro-
tocol ensured the identification of duplicates, enabling appropriate subsequent analyses.

In cheminformatics, vari repr suchas fingerp and rical physicochemical descriptors,
have been developed and widely adopted to de chemical or physical of small molecules in a comp dabl
format for multiple app “To exp! the perf of ML pr 1, we employed three widely used two-dimensional
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(2D) fingerprints and one 2D mysbocmmlcd descriptor from Molecular Operating Emimnrmnt (MOE 2020.09, https:/www.
chemcomp.com/Products.htm), y: (1) the Molecular ACCess System (MACCS) fingerprint,* which contains 166 pr
mmmmwwaﬂmmnumawhmwmao..m ); (2) the ded ivity finger-
print (ECFP), whichis a ap g local atom layers centered at
each heavy atom withi bond mba ofa predefi vﬂn.“Hu‘e.vnerrpbyodtmECFPﬁngupdm
Mhabonddiunoh'ofﬁEOFN}.\mbhwuuded into a 2048-bit vector; (3) the PubChem fingerprints, which encodes a total of
881 p! fi fragr or patterns to represent the chemical information of a molecule (https:/ftp.ncbi.nim.nih.gov/
pubchem/specifications/pubchem _fingerprints.txt); and (4) 206 MOE 2D dosaiptou, which provide puial d\arge. marnnoophote
feature information, subdivided surface areas, and other physical prop in to the previously The

of MACCS fi was perfc ushgiheRDKh pad(agommmm(hnps o/ Awwew. rdkit. org/LGNensovard
existing tn;iememﬂmsmd riations for g ECFP4 fingerprint (e.g., ChemAxon, OpenEye), we utilize the ECFP4 finger-
printimplemented in RDKit (I\Aorgm/ciulrﬂngerpdm with radius of 2). PubChem fingerprint were generated the by PaDELPy li-
brary,”® while MOE 2D descriptors were computed by MOE 2020.09 software (https:/Avww.chemcomp.com/Products.htm). In addi-
tion, the physicochemical properties of cLogP and pKa (the most basic center) were using Ch /l JChem
version 22.16.0 (https:/chemaxon.com/instant-jchem). These properties were with the molecular representations
mentioned above. To fit with the binary nature of the molecular fingerprints, the continuous cLogP and pKa values were transformed
into binary values, with a bit setto oneif the cLogP value was greater than or equal to 3.0 (or if the pKa value was greater than orequal
to 7.4) and a bit set to zero if the cLogP value was less than 3.0 (orif the pKa value was less than 7.4).'

Build a simple physi hemical property model

Previously calculated pKa and cLogP values were used to Pl s rule fi as: (pKap + (cLogP)® > 90, in
conjunction with pKa >8 and cLogP > 1, as the criteria for classifying a pound as a p phosph ind o
FP-ADMET model

We utilized a recently developed model (https://gitlab.com/vishsoft fpadmet) le of predicti meta-

bolism, excretion, and toxicity (ADMET) for the compounds of interest. This model hoorpaabs 20 distinct binary fingerprints,
enabling the modeling of over 50 ADMET-related properties. Specifically, we employed the model to assess its performance on
our two extemal sets on PL prediction, aiming to compare it with our own developed model.

Chemical similarity calculation
Tanimoto coefficient (Tc), as a popular similarity metric, was used to quantify the structural similarity between two compounds.® Tc
is generally defined as:
c
To(AB) = o
where aand b are the number of p in Aand B, respectively, and cis th mber of featt shared by A
and B. Here, are rep by ECFP fingerprint with radius of 2 (ECFP4) and folded into 2048-bit vector. Tc measure-

ments were camied outin RDKit package version 2022.03.5 (https://wwwe.rdkit.org/).

Machine leamlng mochls and hyperparameter optimization

To d from s, four ML algorithms were employed to generate classification
tasks. AllML models were generated using the pyﬂm-tnucmantod scikitdeam 1.0.2 (https:/scikit-learn.org/stable/).”
K-nearest neighbor

A k-nearest neighbor (k-NN) algorithm is a non-parametric and supervised ML method introduced by Fix and Hodges.” It can be
used to solve both classification and Won pmblems In classification tasks, the algorithm uses predefin

to caiculate the ranked bet P of interest ( le) and its k st neighbors in the g

dataeeL”TMmablityvote(chsslwd)amongthek gt is assigned to the pound of The value of kis a critical

parameter that needs to be optimized to control the bias and variance of the method.

Random forest

Arandom forest (RF) classifier is a popular supervised ML aigorithm that invoh ble of decisk tlm"’lllllnghmdnl
chindividual tree is dusingab ap sampling ' and subset of features for node spiitting,

resulting in a diverse setof trees. The prediction fora given input data s obtained by aggregating the outputs of allindividual trees and

determining the majority class vote. RF is known for its robustness against overfitting and its ability to handle high-dimensional
datasets.

Support vector machine

&pMVecwrMm(SVMs)maehssofWMLwormmsvdddyusedﬁrdudtkaﬂonm"ﬂnmmouocﬂveof
SVMis to find the op )in a high-dim feature space that can op tors from each
ehs&hembyrmxhﬂzhghomughor b the classes. Ifttnlrp.ltdutapctﬂﬂmthu‘lyﬂpu&bh
the original feature space, a kernel function can be appilied to map them into a higher-dimensional feature space where they can be
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inearly separable. ™ The choice of kemel ft dingp di i (RBF), and sigmoid kernel, is critical and
ofhndopondsmthemhmoftfndatauﬂhdasmmmu
eXtreme gladiant boosting

dient B: g (XGBoost) is ahighly popular supervised mbk hine | ing algorithm used for classification and
regression tasks.” Unlike RF, which relies on independent decision trees and a bagdng-based algorithm, XGBoost follows a
gradient boosting approach.”® It del ina sequential stage-wise fashion by progr mmmmw-
cdydoeidwtrees!ntpubmsldﬂybothrﬂmrmdangxsdng.ﬂndwnm i
the prediction perfo of the p din Ioamerltdymﬁmllyaqwsmow#ltd&rb.lﬁon,gvlngg'eahrwphadstoasn-
ples that have a significant infl on the cor of the q leamer. By aggregating multiple I and

considering the importance or weight assigned to each leamer, XGBoost effectively redt bias and enh: predictive perfor-
mance. XGBoost is implemented in xgboost package (https://xgboost.readthedocs. io/en/stable/).

Hyperparameter optimization

The ML models were fine-tuned by adjusting their parameters through the use of an internal stratified 5-fold cross-validation tech-
nique, which was implemented using the scikit4eam package® version 1.0.2 (hitps:/scikit-learn.org/stable/) implemented in python
version 3.9.10.

For the k-NIN algorithm, the optimal k values lected froma range of [1, 3,5, 7, 10}, and the leaf size was adjusted with values
of 30, 40, and 50.

For the Random Forest algorithm, the g p d: (1) the number of decision trees ("n_ ":100,
200, 300, 400); (2) the number of fe dulnguswchiorhbestwlt('max_futuas :sqrt, log2, 0.7); (3) the min-

imum number of samples required at a leaf node ("min_samples_leaf": 1, 3, 5, 10}; (4) the maximum depth of the tree ("max_depth": 7,
10, 12, None). Additionally, the model was built using a balanced class weight.
For the SVM algorithm, the following parameters, which greatly impact the performance of the model, were fine-tuned: (1) the reg-

ularization parameter ("C": 0.1, 1, 10, 50, 100, 200, 300, 400, 500, 1000); (2) the of the kemel function (poly , RBF, and
sigmoid kernel); (3) the kemel coefficient gama ("gama*: 1, 0.1, 0.01, 0.001).

For XGBoostalgorithm, the ft d: (1) the step size ge used for upx (“d g :0.05,
0.15, ozrcz)mwdnundomhofam(“max_depth'-s,ilsx(a)“ imum sum of inst weight (hessian) needed in a child
(“min_child_weight™: 1,3, 5,7); (4) lossr quired t: ke a further partition on a leaf node of the tree ("gamma’: 2,
4); (5) the portion of columns to be randomi ples for individual base trees (“colsample_bytree™: 0.3, 0.5); §6) the number of de-

cision trees (n_estimators: 100, 300, 400, 5(!)).
Performance evaluation

Fora!M.models,m%ofhwmwp!upholpidodsdatammodhmodd g and hyp on. The
best per g hyperp mbinations were then sel ‘*wmmmmwvﬁchmmuhmom
plete g set. The g 30% of curated data (test set), -"wllhhuo and
rysoaonumodl.hﬁonu'o mu'llzodfu luating the predicti ofhmodellnarsdsﬂcawuloudngwmdo-
pmnm&.Towﬂnmodd'qubmmﬁnmml F1-eoon(F“ Y, y (BA), and 's Cor-
relation Coefficient (MCC)were calculated using the g eq
™
Recal = r5ren
F1 2TP
2TP+FP+FN
TP+TN

0.5TP  0.5TN
BA = PN’ TP
MGG = TPXTN - FPXFN
/(TP+FP)(TP+FN)[TN+FP)(TN+FN)
where TP denotes “true positives”, TN“tuanegmves , FP “false positives”, and FN “false negatives”. Recall measures the model’s
ability to detect positive samples; F1 score ind ic mean of precision and recall; epi the

diction accuracy of the model; BAbnnuihnnicmmofmnya\dspodﬂdtwademgwm bnbdmooddata,MOCa
metric used to assess the performance of binary classification models, a score of 0 indicates that the classifier performs no better
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Chemical Biology (2023), hitps://dai.org/10.10164.chembicl. 2023.09.003

¢? CellPress Cell Chemical Biology

Article
than sing. M. , the Receh Opmhgmaacudstb(ROC)cuvoudlsoompondngNuu\duROC(AUC)
uadsouﬂwasaﬂruhdd-i\deputdmnwmuofum‘umu\eovudl perft With the ption of the

MCC, which ranges from —1 to 1, all other metrics are scaled between 0 and 1 with 1 representing perfect classification.

Model interpretation and probability calculation
mwumwmlwmlmummwmmmmm lipidosi we utilized alocally inter-
thod calk ‘StﬂpbyAddﬂvooxHunﬂw(&-M““meuudonmeumy was originally

dwelopodbaloce\ahtotdgahnmgr y P team, g for the evaluati player 1t
to the outcome of a game. in the of oury P del, Shapley values were used to estimate the con-
tributions of each feature to the final output. The magnltudo and drocﬁon(slgn) of the feature contribution are manifested by the
StupbyVMPodﬂwStmbyvmmmmﬂumposty trib the prediction of phospholipidosis inducers,
whereas for features with negative toind o (i.e., positi to non-ind prediction), Shapley
values with a negative sign will be used. All workin a ner, and the final output prediction reflects the additive
Shapley values of all featt To the predicted prob: L-lkyd!ate&emlpouﬂmm&w the method first calculates the

probability also referring to as the base probability. The base probability is obtained as the average model output over
training set inst: and sponds to the predicted probability of a test compound with unknown feature values. Then, SHAP
vduesmcduhtodbrwhbatuaofhbstwnpouﬂquuﬂfyhgthowmummofawhfaammhnodcbdprobaﬂlty
relative to the expected value. The SHAP values are added to the expected value to modify the base probability. By combining the
SHAP values with the base probability, we can obtain the fina output probability of the ML model. SHAP analysis is carried out via
using SHAP package version 0.41.0 (https://shap readthedocs.io/en/latest/index.htmi).

Matched molecular pair generation
Matched molecular pair (MMP) is defined as a pair of compounds distinguished by a single site.* In order to identify structurally

similar pairs, amwwwmmmmﬂmdmwas“—* d to systematically g te MMPs in large-scale
. This in yelic single bonds in the P y g two frag

stapf'ToobmuuogsmtypbdlygumbdduhgmmdoMMbmsmum were imp ted during

the fragmentation process to derive a core and substituent fragment. In particular, the core frags was d to of

no fewer than 1.5 times the number of non-hydrogen atoms present in the substituent fragment. Furthermore, the maximal size of
fragment substituent was set to 13 non-hydrogenatoms.”® Al MMPs were generated using MMP-related nodes that were integrated
into KNIME 4.6.2 (hitps://www knime.com/). Following the generation of MMPs, they were organized in a network format using Cyto-
scape version 3.9.1 (htips://cytoscape.org/)

Chemical Probes Portal

Compounds from the Chemical Probes Portal (https://www.chemicalprobes.org/), a ptbldy available resource based on expert re-
views that aims to enable the assessment, selection, and utilization of chemical probes,* were downloaded (accessed in August,
2022). Only the compounds with an in-cell rating of three stars or more were selected, resulting in 321 high-quality charlicdm

((rcrnnspobeslnmal).mbeanuﬂmmgmdelwasuudbwodlctlfmyofﬂmcodd ly induce phospholi
pidosis. After g those already g in the ted dat: woﬁrﬂmprm&edupmbnwnhapmdb’tedprobaulty
valuogoaﬂrthanorequaltoOJbr tal yielding 31 probes for experimental confirmation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Al statistical analysis was performed using GraphPad Prism 8.4.3. Statistical details and definition of parameters are stated in the
STAR methods sections and figure legends. Sample sizes are indicated in the respective figure legend.
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Abbreviation Full name

2D

3D

Al

ALK
ALKS
APD
ATP
AURKA
BRAF
BRD
BrdU
CADs
CDKs
Cdtl
CK2
cMET
CovVID-19
CRISPR
DAPK
DCP
DDR
DED
Diablo
DIPL
DISC
DNA
DR
DRAK1

EdU
EMBL
EMBL-EBI

ER
EUbOPEN
FDA
FUCCI
G1l-phase

Two-dimensional

Three-dimensional

Artificial intelligence

Anaplastic lymphoma kinase

Activin receptor-like kinase 5

Action potential duration

Adenosine triphosphate

Aurora kinase A

v-raf murine sarcoma viral oncogene homolog B1
Bromodomain

5-bromo-2'-deoxyuridine

Cationic amphiphilic drugs

Cyclin-dependent kinases

Chromatin Licensing and DNA Replication Factor 1
Casein kinase 2

Mesenchymal-epithelial transition factor
Coronavirus disease of 2019

Clustered Regularly Interspaced Short Palindromic Repeats
Death-associated protein kinase

Donated Chemical Probes

dual Discoidin domain receptor

Death-inducing domain

Direct IAP binding protein with low PI

Drug-induced phopsholipidosis

Death-inducing signal complex

Deoxyribonucleic acid

Death receptor

Death-associated protein kinase-related apoptosis-inducing protein
kinase 1

5-ethynyl-2'-deoxyuridine

European Molecular Biology Laboratory

European Molecular Biology Laboratory (EMBL) European
Bioinformatics Institute’s

Endoplasmic reticulum

Enabling and Unlocking Biology in the OPEN

Food and Drug Administration

Fluorescent Ubiquitination-based Cell Cycle Indicator
Gap 1 phase
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GFP Green fluorescent protein

GPCR G-protein-coupled receptors

GR Growth rate

GSK Glycogen synthase kinase

HCA High-content analysis

HCI High-content imaging

HCS High-content screening

HCT Human colorectal cancer cells

HEK293T  Human embryonic kidney cells

HepG2 Hepatoblastoma cells

HtrA2/ High-temperature requirement family member HtrA2/Omi
Omi

IAPs Inhibitors of apoptosis proteins

IMI Innovative medicine initiative

KNN K-nearest neighbor

LAMP Lysosomal-associated membrane protein

LIMK1 LIM domain kinase 1

MCM Mini chromosome maintenance

ML Machine learning

MLKL Mixed lineage kinase domain like pseudokinase
MOMP Mitochondrial outer membrane permeabilization
MPT Mitochondrial permeability transition

MRC Human fibroblasts

MTH1 Mut-T homolog-1

mTOR Mammalian target of rapamycin

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NBD-PE 1-acyl-2-(12[(7-nitro-2-1-,3-benzoxadiazol-4-yl)Jamino]dodecanoyl
NEK11 NIMA-related kinase 11

NFkB Nuclear factor kappa-light-chain-enhancer of activated B cells
NSCLC Non-small cell lung cancer

PAINS Pan-assay interference

PCNA Proliferating cell nuclear antigen

PKC Protein kinase C

PL Phospholipidosis

PLA2G15 Lysosome-specific phospholipase A2

RF Random forest

RFP Red fluorescent protein

RIPK Receptor-interacting proteins

RNA Ribonucleic acid

ROS Reactive oxygen species

ROS1 ROS proto-oncogene 1

RTK Receptor tyrosine kinase

S phase DNA synthesis phase

SEM Standard error of mean

SGC Structural Genomics Consortium

SIK1 Salt-inducible kinase 1

Smac Second mitochondria derived activator of caspases
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STK17A
SVM
TNF
TNFR1
TRADD
U20sS
ULK1
VEGF
XGBoost
XTT

Serine/threonine kinase 17A

Support vector machine

Tumor necrosis factor

Tumor necrosis factor receptor 1
TNFR1-associated death domain protein
Osteosarcoma cells

Unc-51 like autophagy activating kinase 1
Vascular endothelial growth factor
EXtreme Gradient Boosting
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2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-

carboxanilide
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