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KURZZUSAMMENFASSUNG

Chemische Sonden stellen essentielle Werkzeuge fiir Zielproteinindentifikations- und
Valdierungsstudien in der Entdeckung und Entwicklung von Arzneistoffen dar. In dieser
Doktorarbeit wird die Entwicklung von chemischen Sonden fiir eine Reihe therapeutisch
relevanter Zielproteine beschrieben. Hierfiir wurden vielféltige medizinisch-chemische
Ansitze, einschlieBlich kovalenter und reversibler Proteininhibitoren, sowie Strategien
zum gezielten Proteinabbau, angewandt.

Im Hauptteil (Part IT) werden drei Sondenentwicklungsprojekte fiir die Inhibierung der
Kinasen PISP4K und CDKI12/13, sowie der Isomerase Pinl présentiert. Fiir alle
Zielproteine wurden Biotin/Desthiobiotin-markierte Sonden auf der Grundlage der
entsprechenden Proteininhibitoren kreiert, welche zur Identifizierung der chemischen
Verbindungen als potenzielle Leitstrukturen oder zur Untersuchung der Zielproteinbiologie
dienten. Ausgehend von Screeninghits oder Off-targeteffekten von Kinaseninhibitoren
konnten dariiber hinaus zwei neuartige chemische Strukturserien als PISP4K-Inhibitoren
identifiziert werden. Medizinisch-chemische Optimierungen fiihrten hier zu verbesserter
Potenz und Selektivitét der initialen Hits in vitro und in cellulo.

Im Appendix (Part III) werden unpublizierte Sondenentwicklungsprojekte fiir eine
Fragment-basierte Pinl-inhibierende Sonde, eine PAL-abgeleitete Sonde zur Untersuchung
des bakteriellen Proteins MraY, sowie die Ansétze zur Entwicklung von PISP4K- und Pinl-
abbauenden Verbindungen diskutiert. Obwohl die MraY-inhibierende Sonde und die
proteinabbauenden Verbindungen weitere Optimierung bendtigen, gibt die hier dargelegte
Arbeit wertvolle Einblicke in die Entwicklung dieser Sonden.
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ABSTRACT

Chemical probes are important tools for target identification and validation studies that
guide drug discovery and development. In this thesis, the development of chemical probes
for therapeutially relevant protein targets is described. To achieve this, a wide variety of
medicinal chemistry approaches were applied and include covalent and reversible protein
inhibitors as well as targeted protein degradation strategies.

In the main part (Part II), three chemical probe discovery projects, targeting the kinases
PI5SP4K and CDK12/13, and the isomerase Pinl, are presented. For all three protein targets,
biotin/desthiobiotin-labeled probes of the covalent protein binders were developed and
enabled the investigation of the target inhibitors’ scaffolds as potential leads for further
drug development purposes or served to investigate target biology. In case of the PISP4K
inhibitors, two novel scaffolds were identified, starting from screening hits or kinase
inhibitor off-targets. Medicinal chemistry optimization efforts led to improved potency and
selectivity properties of initial hit compounds in vitro and in cellulo.

In the Appendix (Part I1I), the development of unpublished probes is discussed, including
a fragment-based probe targeting Pinl, a PAL-inspired probe to investigate the bacterial
target MraY, and approaches to the development of PISP4K- and Pinl-targeting protein
degraders. While the MraY-targeting probe and the degrader molecules require further
optimization, the presented work gives important insights into the development of these
kinds of probes.
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’It’s a dangerous business (...) going out your door. You step onto the road, and if you
don’t keep your feet, there’s no knowing where you might be swept off to.”
- J.R.R. Tolkien, The Lord of the Rings
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1 Drug and Probe Discovery and Development

1.1 General Approaches in Drug and Probe Discovery and Development

1.1.1 How Medicinal Research Influences Human Health

Drug discovery and development processes aim to introduce a new drug for the treatment
or cure of a disease. While these processes are naturally long and expensive — currently
estimated to cost over $2.5 billion per newly developed drug!!! — there is a consistent need
for novel therapies. Constant progress in our understanding of disease biology and the
completion of successful research and development (R&D) programs broaden our options
to treat or cure pathological conditions, therefore majorly improving our quality of life and
life expectancy. Obtaining information on current threats to human health and survival is
therefore essential in directing research and drug development efforts.

The World Health Organization (WHO) frequently reports several statistics on global
causes of death. For example, in the reports of 2000 and 2016, ischaemic heart disease and
stroke were not only the leading causes of death world-wide, but also showed an increase
in absolute numbers of deaths over timel?! (Figure 1.1.1). Interestingly, while infectious
diseases, such as lower respiratory infections, tuberculosis, and HIV/AIDS, were the
second major causes of death in 2000, this was not the case in 20162]. Instead, the second
most common causes of death posed different lung-based diseases, including chronic
obstructive pulmonary disease (COPD), lower respiratory infections, and lung-based
cancers!?], Notably, age-related conditions, such as dementia and diabetes mellitus arose as
some of the leading causes of death in 201621 (Figure 1.1.1). Although this shift from
infectious diseases to metabolic and age-related conditions could be interpreted as a
positive effect of improvements to modern health care systems, several areas of research
focusing on pathological conditions, such as heart diseases, cancer, COPD, infectious
diseases, and dementia, require further progress to deepening our understanding in their
disease biology, thus enabling the development of novel treatments.

Top 10 global causes of deaths, 2000 Top 10 global causes of deaths, 2016
Deaths (millions) Deaths (millions)
o 2 4 6 8 (4] 2 4 6 8 10
ischaemic heart disease Ischaemic heart disease
Stroke Stroke | |
ILcwer'espwratDrv infections | EEEEEG—— Chronic obstructive pulmonary disease |
Chronic obstructive pulmonary disease  IEEEEEEEEEE_——_ Lower respiratory infections | N
Diarrhoeal diseases | IEEEEG—_—_—_— Alzheimer disease and other dementias I
Tuberculosis | —— —— ey E——
rov/aos| m— S Pr—— — g et e
Preterm birth complications . Bl s Lo i Road injury B

Trachea, bronchus, lung cancers I
¢ Injuries Diarrhoeal diseases NN njuries

Road injury |
Tuberculosis I

Figure 1.1.1 | Top 10 Causes of Death World-Wide. Global causes of death from 2000 (left) and
2016 (right) are compared. While the top causes of death (orange boxes) in both years were
ischeamic heart disease and stroke, the second most common causes of death (purple boxes) were
either infectious disease-related deaths in 2000 or lung-based diseases in 2016. Adapted from
WHO, “The top 10 causes of death.”, 2018,
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The WHO further provides statistics that present the main causes of death in relation to the
wealth of a country. While Figure 1.1.1 could indicate that infectious diseases do not pose
a major problem for global causes of death anymore, Figure 1.1.2 clearly shows that this is
only true for high-income countries!?!. In low-income countries, infectious diseases, such
as lower respiratory infections and HIV/AIDS, are still lead causes of deaths, and only in
high-income countries are these effectively replaced by metabolic- or age-related diseases,
such as cardiovascular conditions, dementia, cancer, diabetes mellitus, and kidney
diseases!?]. In summary, this data implies that advances in health care and lifestyle improve
with the wealth of a country and majorly impact the overall health of its population.

Top 10 causes of deaths

in low-income countries in 2016

Crude death rate (per 100 000 population)
0 10 20 30 40 50 60 70 80

Lower respiratory infections _
Diarrhoeal diseases ‘_
Ischaemic heart disease I
Hiv/aos I
stroke |
Malaria I
Tuberculosis |
Preterm birth complications |NEG_G_———
Birth asphyxia and birth trauma  [INEREGEGGE

Road injury |

Top 10 causes of deaths

in high-income countries in 2016
Crude death rate (per 100 000 population)
0 20 40 60 80 100 120 140 160

Ischaemic heart disease |
stroke I
Alzheimer disease and other dementias |
Trachea, bronchus, lung cancers |
Chronic obstructive pulmonary disease | INENEG__E_—_
Lower respiratory infections |
Colon and rectum cancers |
Diabetes meliitus I
Kidney diseases [N
Breast cancer [N

Figure 1.1.2 | Top 10 Causes of Death for Low- and High-Income Countries. Compared are the
top 10 causes of death for low- (top) and high-income (bottom) countries in 2016. While low-
income countries are mainly suffering from infectious disease-related deaths, high-income
countries show a majority of age- and metabolic disease-related deaths. Adapted from WHO, “The
top 10 causes of death.”, 20182,

While the presented data further implies that it is possible to shift or alter global causes of
death within just 16 years — possibly due to changes in treatment availability, improvements
in health care, and changes in lifestyle — it also indicates that there is great potential for
current and future R&D programs to have a great impact on global health. Especially
cardiovascular conditions, lung diseases, cancer, dementia-related, and infectious diseases
still require a more thorough understanding of their underlying mechanisms to advance the
development of novel or improved treatments.
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1.1.2 From Bench to Clinic — A Short Overview

Drug discovery and development starts with the identification of disease-relevant target(s)
or phenotype(s), and ends in the clinical evaluation of highly optimized and characterized
drugs!!). Generally, the pre-clinical process of drug discovery can be divided into four major
stages: concept development, lead generation, lead optimization, and preclinical
evaluation® (Figure 1.1.3). While the last stage aims to characterize a drug candidate for
clinical trials, the first three stages pose the important phases of generating biologically
active compoundsPl. Depending on the starting point, a drug discovery process can be
target- or phenotype-based, meaning that compounds are either screened against a target of
interest or for a specific phenotype, respectively!® (Figure 1.1.3).

Target-based drug discovery

Target Assay Screarin Hits and
identification development Ae=S leads
. Y —"-—— [ 9
Drug discover Concept \, Lead Lead Preclinical Clinical "\ -
g y development/ generation optimization z evaluation trial // Patients
\\
\

process

Phenotype-based drug discovery
Assay Screerin Hits and Target
development 9 leads deconvolution

Figure 1.1.3 | Basic Concept of a Drug Discovery Process. Drug discovery and development
processes are commonly initiated starting from target- or phenotype-based approaches. Taken from
Kubota et al., Biochim. Biophys. Acta Proteins Proteom. 2019, 1867 (1), 22-275,

Phenotype-based approaches were the most widely applied drug discovery strategies in the
past, even though the underlying pharmacological targets of screening hits are (initially)
not knownP’l. However, with advancements in genetic techniques and small molecule
libraries, target-based approaches arose, which provide the basis for rational drug design.
Thus, while phenotype-based approaches potentially offer better translation to in vivo
models and clinical effectiveness, the majority of drug discovery campaigns currently
utilize target-based approaches due to the compounds’ comprehensible modes of action!®,
Although target-based approaches have therefore accelerated drug discovery, target
identification has remained a problem.

In a longitudinal examination of AstraZeneca’s R&D strategies in 2014, the company
came up with a “SR framework” (Figure 1.1.4 A) in order to promote more efficient drug
discovery and development!*. The analysis shows that the majority of program failures
were due to insufficient in vivo efficacy, mainly due to weak or insufficient links between
the target protein of a drug candidate and effectiveness for disease biology!¥ (Figure 1.1.4
B). The data highlights the importance of thorough target identification and validation
studies for successful target-based drug discovery, as well as the necessity for target
deconvolution after phenotypic screens.
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Figure 1.1.4 | Target Identification and Validation are Crucial Steps in Drug Development”.
A. The “5R framework” from AstraZeneca’s R&D analysis. Five important considerations were
identified, based on issues that led to terminations of clinical trials in the past. B. Missing link
between target and disease was the most common reason for failures of drug development
processes.

“ Adapted from Cook et al., Nat. Rev. Drug Discov. 2014, 13 (6), 419-431%1,

1.1.3 Approaches in the Drug and Probe Development and Discovery Process

Due to the general complexity of disease biology, continuous advancements in technologies
and tools used for its study offer a variety of techniques to aid drug development
campaigns. As previously mentioned, target-based strategies are commonly applied drug
discovery approaches, which require the development or discovery of potent target binders.
Hence, biochemical and cell-based activity screens build an essential foundation for testing
potency and selectivity of small molecules in these processes!®.

Commonly, high-throughput screens are used as starting points in the discovery of a
novel lead scaffold, which, in some cases, can be expanded to multi-target screens to define
polypharmacological profiles of the screened compounds®!. In addition, combination

-4-
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screens, in which the synthetic lethality of drug combinations is investigated, as well as
screens of already approved drugs, aiming for drug repurposing to accelerate the
development process, both add to the drug discovery toolbox>®l. More recently, in silico
screening methods, applying artificial intelligence and machine learning approaches to
drug discovery, enabling virtual screens of compound libraries with billions of molecules
against a target of interestl’l. In case of phenotype-based drug discovery, screens for
desired phenotypes in cellular assays are used as starting points for the development of
bioactive compounds!?!,

Typically, scaffolds of potential lead compounds or probes are designed de novo, based
on fragment-based approaches™!'%, or via drug optimization campaigns starting with
screening hits from small molecule libraries), including virtual libraries!”l. Thorough
structure-activity relationship (SAR) studies further guide lead optimization processes.
Ideally, co-crystal structures or docking models of the target of interest in complex with
the lead compound are used to elucidate the compounds’ binding mode and assist in rational
SAR study design[!!-1?], Ultimately, after iterative cycles of compound design, in vitro or
in cellulo testing, and optimization phases, the lead compound(s) with desired biochemical
and/or cellular potency can be selected for further characterization. Figure 1.1.5 provides
an overview of common drug (and probe) discovery and development processes.

Notably, one essential lead compound property, despite on-target potency, is selectivity.
Over time, a variety of different chemical proteomic approaches have emerged to aid in the
target identification process of small molecules!!3], a crucial step in both target- and
phenotype-based approaches. Chemical proteomics generally include global profiling
techniques via identification of trypsin-digested peptides of cell lysates, as well as affinity-
or activity-based approaches using beads for protein purification and enrichment steps!!3].
These and other strategies for target identification purposes are discussed in more detail in
following chapters. Finally, at the stage of hit optimization, ADME(T) (acronym for:
absorption, distribution, metabolism, excretion, and toxicity) parameters of a subset of hit
compounds are determined and optimized to prepare for in vivo application of a
candidatel®!,

After the discovery, optimization, and characterization steps, a small molecule lead or
probe can be obtained. Briefly, while lead molecules serve as the starting point for drug
development and compounds that move into clinical trials, chemical probes are used to
investigate disease biology or the mode of action of a bioactive compound!'¥l. While
polypharmacological profiles of drug candidates are often acceptable and sometimes even
desired for optimal clinical efficacy, for chemical probes, compound selectivity is essential
to guarantee optimal traceability of probe-specific effects!']. That is, probes help in
identifying the connection between a target and its physiological function, as well as guide
translation of these links into the clinical setting!'4].

Naturally, chemical probes can also serve as a starting point for the development of a
potential drug candidate. While drug candidates are ideally potent and selective agents to
avoid off-target effects in vivo, many drugs to date have actually been reported to be multi-
targeting agents, highlighting the importance of polypharmacology for the clinicl!®).
Because of this, phenotype-focused drug discovery processes generally have the advantage
of definitively identifying bioactive agents!!®. Target-focused approaches, on the other
hand, identify biochemically active molecules against a specific (purified) target, making
the identification of polypharmacology difficult!®. However, target-based screens can
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detect low-weight and fragment-size molecules, which is mostly not feasible for phenotypic
screens, allowing the exploration of a larger chemical spacel!®l. Consequently, a
combination of target-based approaches and phenotypic screens poses a valuable
consideration to increase the chances of a successful drug and probe development

campaign!'6],

DISCOVERY OPTIMIZATION
e Activity Screen:
© . .
s :0: : : . B|ochemlcal/cellular HTS e SAR
LT $ * Multi-target screen e . ) o
e® .0 ¢ « Phenotypicscreen ¥ o * Hit derivatization
« Combination screen L . Potency assessment
Compound Library  « Insilico screen Screening Hits
* Fragments P
* Small molecules ad
* Natural products
« Approved drugs CHARACTERIZATION
* Virtual library ,,"
Essential Properties: 0@
® * On-target potency o et
(biochemical/cellular/in vivo)
Lead/Probe * Selectivity profile Potential
* ADME(T) parameters Leads/Probes

Figure 1.1.5 | General Overview of a Drug/Probe Discovery and Development Process. Hit
compounds are often discovered through activity screens of compound libraries. These libraries can
consist of fragments, small molecules, natural products, or approved drugs. In the case of in silico
screens, virtual libraries of billions of compounds can be screened. Activity screens are often based
on biochemical or cellular screens (HTS = high-throughput screen), but also include multi-target,
phenotypic, and combination screens to uncover synthetic lethal drug combinations. Screening hits
are further optimized by thorough SAR studies. Finally, selected potential leads or probes of these
optimization processes are then characterized to assess cellular or in vivo on-target activity,
selectivity profiles, and ADME(T) parameters. The results from this characterization stage can
either lead to further optimization processes or to a potential drug candidate, which moves towards
preparation for clinical trials, or a probe for the investigation of a target of interest.
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1.2 Methods of Target Deconvolution and Validation

Confidence in the association of a biological target and disease biology positively correlates
with a higher success rate in drug development processes!*l. Therefore, validation of the
drug target(s) continues to be evaluated until the late stages of clinical trials or even after
drug approval'”l. In contrast, target identification studies, commonly performed at the
beginning of the drug discovery process, either serve to identify new targets for target-based
drug discovery!!7181 or deconvolute the target(s) of a bioactive compound following
phenotypic-based discovery strategies!!?]. For example, identification of key players within
a physiological pathway involved in disease biology or the off-target activity of a bioactive

compound can lead to the discovery of new targets for potential novel treatments!!”-18],

1.2.1 Techniques of Target Deconvolution

Target identification steps can either start from an observed phenotype (“top-down”
approach) or with the detection of small molecule-target interactions (“bottom-up”
approach)?®! (Figure 1.2.1). Briefly, target deconvolution strategies can be divided into
three general methods: chemical biology (direct) approaches, genetic (indirect) approaches,
and computational approaches!!®! (Figure 1.2.2). While specific methods used are described
within their respective chapters of this thesis, a general overview shall be given as part of
this introduction.

Phenotype

yoeoidde umop-doy

Protein target

Bottom-up approach

Small molecule

Figure 1.2.1 | “Top-down” and “Bottom-up” Approaches as Target Deconvolution Strategies.
The identification of a protein target for drug and probe discovery purposes can be identified
through a “top-down” approach, in which an underlying phenotype is observed and leads to the
identification of a protein target. In contrast, a “bottom-up” approach is characterized by the direct
identification of a protein target of a small molecule. Taken from Titov et al., Bioorg. Med. Chem.
2012, 20 (6), 1902-1909*"",
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Figure 1.2.2 | Basic Approaches for Target Identification Studies. Methods to uncover target
identity (target ID) of a small molecule of interest are generally divided into chemical biology,
computational, and genetic approaches. Selected examples of commonly used techniques applied
(further mentioned in this chapter) in drug and probe discovery and development are given.

Genetic (indirect) Approaches

In genetic approaches, a small molecule or physiological gene activity is observed before
and after genetic manipulation or with and without drug treatment. Changes in phenotype
or drug efficacy provide evidence for protein targets of a bioactive molecule or the
physiological role of novel targets of interest for subsequent discovery processes. For
example, comparative genomic methods, including sequencing of drug resistant strains
(genome-wide sequencing), RNA-interference (RNAi)-based selection for drug-sensitive
strains, or desensitization of cell clones with overexpressed drug target, give an indication
for the mechanism of action of a small molecule!'®2!]. More recent methods, such as the
CRISPR/Cas9 (CRISPR standing for clustered regularly interspaced short palindromic
repeats) technology, small interfering RNA (siRNA), and short hairpin RNA (shRNA),
pose additional methods to investigate loss-of-function phenotypes of a protein of
interest(?!-22],

In contrast, transcriptomic strategies uncover changes on transcription levell?!l. One
advantage of these methods is the possible read-out of acute drug-treatment effects in a
complex environment such as the cell?!]. For example, reverse transcription techniques, in
which messenger RNA (mRNA) is transformed into complementary DNA (cDNA), which,
due to its higher stability, can be utilized to reveal amplified or down-regulated gene
transcripts caused by drug treatment/?!!, This method can be found within microarrays of
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labeled cDNA samples, RNA-seq experiments, and reverse transcription quantitative
polymerase chain reaction (RT q-PCR)!,

Similar to transcriptomic approaches, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) techniques used within proteomic studies provide information about changes
in expression levels of proteins?!l. Isotope-labeled proteins in stable isotope labeling with
amino acids in cell culture (SILAC) methods, or isobaric tags for relative and absolute
quantification (iTRAQ) methods are commonly applied methods for this purposel?!.
Likewise, LC-MS/MS-based metabolomic approaches have emerged in the context of
metabolic enzymes, providing valuable information about changes in metabolic substrate
to product ratios?!,

Chemical Biology (direct) Approaches

Chemical biology-based target deconvolution approaches are affinity-based methods and
provide information on direct interactions of small molecules with their target protein(s)!*8l.
Generally, chemical biology approaches are divided into direct (label-based) and indirect
(label-free) strategies!?!l.

Affinity chromatography and photoaffinity labeling (PAL) are among the most
commonly applied direct approaches and require modification of the investigated small
molecule for detection or enrichment purposes?!l. For example, in affinity-based
chromatography techniques, a small molecule of interest is either directly fixed on beads
or tagged with biotin via a linker for target enrichment through pulldown with streptavidin-
coated beads!?*). The resulting ligand-target protein complexes are purified, and then
detected and analyzed via gel electrophoresis and/or mass spectrometry!?3]. However, if the
ligand-target interaction is weak, these targets cannot be detected with this method!!l,
Thus, PAL strategies have been developed to overcome these limitations by introducing
reactive warheads to the compound structure, yielding covalent ligand-target complexes,
which are then analyzed in ways similar to the chromatographic approaches!?!l.

In contrast, label-free methods have the advantage that the investigated small molecules
do not have to be chemically modified!?!!. Besides the chromatographic co-elution method
that detects a change in the retention time of a native drug compared to when bound to its
targetl?!], stability-based approaches offer an invaluable strategy for target identification?*],
The underlying concept stems from the observation that ligand-target complexes exhibit
different stability properties than the unbound target protein'?*l. For instance, drug affinity
responsive target stability (DARTS) methods recognize differences in proteolytic stability
of ligand-target complexes, while stability of proteins from rates of oxidation (SPROX)
methods detect changes in methionine oxidation levels, which correlate with
thermodynamic changes within the ligand-target complex?*. Finally, cellular thermal shift
assays (CETSAs) analyze thermodynamic stability of a target of interest incubated with a
potential ligand in cell lysate or intact cells®*]. Briefly, melting curves of a target of interest
are compared to compound treated samples, which show a curve-shift due to
thermodynamic stabilization of the complex upon ligand binding?. Combining the
CETSA approach with mass spectrometry analysis elevates this technology to a proteome-
wide profiling tool4,

Similar to genetic approaches, affinity-based target identification methods and CETSA
methods can be applied as chemical proteomic tools in the context of activity-based protein
profiling (ABPP)!**! and thermal proteome profiling (TPP)?*, respectively. Furthermore,
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chemical genetic knock-out strategies have emerged with the introduction of protein
degrader molecules?®l. Here, small molecule-mediated protein-protein interactions (PPIs)
between a target of interest and E3 ubiquitin ligases induce protein degradation via the
cellular proteasomal machinery!?’l. The advantage of this method is an immediate and long-
term effect on the target of interest mediated by the degrader molecule?8].

Computational Approaches

Growing databases and collected knowledge on well-characterized compounds and their
modes of action allow computer-based prediction tools to help identify potential targets of
a molecule of interest!'®l, For example, the COMPARE analysis algorithm from the
National Cancer Institute (NCI) was derived from comparing toxicity profiles of different
compounds, and the Connectivity Map database from the Broad Institute is the result of
whole-genome transcript profiling efforts?”,

Naturally, there are several in silico methods to model, dock, and evaluate ligand binding
using available protein structures or homology models*?”. More recently, artificial
intelligence (AI) approaches have entered drug discovery processes*!l. Briefly, machine
learning algorithms, including deep learning strategies, use neural network models to train
and develop algorithms based on existing data sets®!l. After validation of the resulting
algorithm on a test set, predictions for novel data sets can be madel®!l. This thus opens up
an emerging field within the drug discovery process, in which prediction tools for target
identification purposes are being developed®!l. Some of these algorithms interrogate the
chemical space of protein ligands by applying methods such as natural language processing
(NLP) to simplified molecular input line entry specification (SMILES) of molecules as
input data to generate predictions of novel scaffolds!®.

1.2.2 Techniques of Target Validation

Target deconvolution techniques primarily aim to identify targets of a small molecule or
proteins causing a specific phenotypel!”l. Target validation approaches, however, function
as selection tools for choosing appropriate targets for the development of a treatment for a
disease, meaning, whether targeting a specific protein actually has the desired effects within
the complex environment of a cell or organism!!”],

Most techniques for early target validation purposes are genetic approaches and
interrogate changes in the mRNA or protein levels within a certain disease model or cellular
systemt7]. Moreover, knockout and transgenic animal models are highly useful tools in
investigating disease biology and verifying a hypothesized target in vivol!”l. As this is an
important step in the drug development process, it highlights the advantage of phenotype-
based discovery processes, since these already include preliminary validation of compound
efficacy in cellulo or in vivo early-on in the discovery process. Notably, as mentioned
before, target validation is a process that stretches through all drug and probe development
and discovery steps!!7l,

Figure 1.2.3 gives an overview of further methods used to validate drug targets
Naturally, the target has to be druggable, meaning that a small molecule needs to be able
to bind and modulate the target of interest!*?]. Chemical probes are often used to investigate
cellular and in vivo effects of target manipulation, while desired phenotypes should be
reproducible in an animal model at acceptable doses!*?l. Manipulating a target of interest
should further be safe and ideally supported by a link between disease biology and target

32
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gene (expression)*?, For this, biological tools are highly helpful in creating disease models
and genetic studies of a target of interest!*?!, Finally, the effects of a potential drug candidate
need to be validated in the clinical setting!?],
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Figure 1.2.3 | Approaches to Target Validation. Target validation methods begin in early stages
of the drug discovery process with establishing a strong link between target gene and disease
biology via biological and chemical tools and continue on through investigations of a target of
interest in in vivo models, as well as the clinical setting, including patients. Taken from Blagg et
al., Curr. Opin. Pharmacol. 2014, 17, 87-100%,

The presented examples of target deconvolution and validation strategies and techniques
emphasize the importance of a strong connection between disease and biological target for
the drug discovery and development process. However, the variety and richness in
technologies and methods available further highlight that there is no superior strategy to
drug discovery. Depending on the disease biology, target structure, chemical probe
availability, lead compound scaffold properties and other factors, combining different
techniques and strategies is necessary to gain the desired confidence in a drug target in the
context of a novel treatment.
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2 The Development and Application of Chemical Probes

2.1 Medicinal Chemistry and Chemical Biology Orchestrate Drug
Development

While some literature suggests that “Medicinal Chemistry” began with the introduction of
the drug receptor theory by John Newport Langley and Paul Ehrlich at the end of the 19%
century and the beginning of the 20" century[**34], other sources argue that the field was
initially mentioned after World War II, when first comprehensive SAR studies were
performed®], In 1998, the International Union of Pure and Applied Chemistry (IUPAC)
ultimately defined “Medicinal Chemistry” as a discipline that combines the fields of
“biological, medical and pharmaceutical sciences” with chemistry, with the intent to
“[invent, discover, design, identify, and prepare] biologically active compounds”, including
“the study of their metabolism, the interpretation of their mode of action and the
construction of [SARs]”*¢]. As a highly interdisciplinary approach (Figure 2.1.1)B%],
medicinal chemistry plays thus an essential part in the development of novel therapeutics.
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Figure 2.1.1 | “The Orchestra of Medicinal Chemistry”. Cartoon of a medicinal chemist
orchestrating a diverse range of different disciplines with the aim of creating, optimizing, and
characterizing novel bioactive molecules. Taken from Holbrook et al., Med. Chem. Commun. 2017,
8, 1739-17415%,
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In recent years, chemical biology emerged as another important field in drug discovery,
interrogating biological systems with chemical tools and probes!*”). Consequently, one of
the main goals of chemical biology is target identification and validation®3°, Thus,
medicinal chemistry and chemical biology approaches go hand in hand in early drug
discovery, with medicinal chemistry enabling drug design, synthesis, and optimization to
generate potential drug candidates and probes, which in turn serve as tools to interrogate
disease biology in chemical biology studies!*’l. Hence, at the heart of both disciplines are
small molecules as chemical tools or probes. In contrast to genetic approaches, chemical
probes have the advantage of closely mimicking effects of potential novel medicines on
cellular or whole organism level®”). As shown in Chapter 1, this is particularly important
for drug development, since efficacy issues in patients is a prominent reason for failure of
drug candidates in the clinicl*.

Development of novel technologies and methods, including the appearance of
interdisciplinary fields such as chemical biology, has immensely changed the face of
medicinal chemistry as a discipline over the years!*’l, However, the underlying mission of
medicinal chemistry campaigns to advance drug discovery and development processes
stays the same, resulting in an ever-evolving field that unites diverse disciplines to
efficiently develop therapeutics!l,

2.2 Chemical Probes — Useful Tools in the Drug Discovery and
Development Process

2.2.1 Development of Chemical Probes

Historically, chemical probes were developed based on natural products or by structure-
based designs in the case of target-focused approaches*! (Figure 2.2.1). In recent years,
screening technologies have changed the landscape of probe discovery and now pose
important sources for small molecule probes!*!l, especially in the context of high-
throughput platforms*?. Since the main purpose of chemical probes is to investigate a
target of interest, a defined mode of action and selectivity profile are essential*}]l. Several
examples of applying “low quality” probes in drug development processes, including
promiscuous or “frequent hit” compounds, such as pan-assay interference compounds
(PAINS), led to false understandings of disease biology, which underlines the importance
of applying well-characterized probes!*+l.

While high-quality ligands of a target of interest can already exhibit sufficient properties
to allow investigation of target function and phenotype, labeled ligand analogs increase the
chemical biology toolbox and are commonly used to further analyze cellular target
engagement and selectivity profiles of a bioactive molecule, as well as cellular localization
of a target of interest or probel*#*31. Respective labels serve imaging or affinity purposes
and consist of either detection tags, such as fluorophores or radio-labeled agents, or affinity
ligands, such as biotin*]. In case of bulky reporter groups, which can cause potential
cellular uptake issues, probes can be modified with a bioorthogonal handle, which allows
for the introduction of a tag after ligand binding!*]. In addition, the formation of covalent
ligand-target complexes can be achieved by the introduction of electrophiles or photoactive
warheads into a probe scaffold, further broadening the options for target detection,
enrichment, and purification methods!*l,
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(High-Throughput)
Natural Products Structure-Based Design Screen

Probe Optimization:

* Defined mode of action

* Characterized selectivity
profile

* Potent target engagement

Probe Labeling:
* Detection label
» Affinity label

High-Quality Chemical Probe

Figure 2.2.1 | Development of a Chemical Probe. Chemical probes are generally derived from
natural products, structure-based designs, or screening hits, further optimized, and, in some cases,
labeled with a tag.

2.2.2 Applications of Chemical Probes in Drug Discovery and Development

To study complex biological systems, chemical probes and their effects on a cell, tissue, or
organism are essential tools in modern research and drug discovery”! (Figure 2.2.2). While
chemical probes reveal cellular effects often immediately and reversibly, complementary
genetic approaches are commonly analyzed after days and cause irreversible changes to a
system, which highlights the advantages of applying chemical probes!*’l. Furthermore,
small molecule probes generally bind to a specific subunit or binding site of a protein of
interest and may be used to specifically study the catalytic function of the target proteint7],
Thus, within phenotypic screens, chemical probes can be used to uncover novel target
proteins in the context of disease biology®*”! or interrogate and characterize a known target
in the course of target deconvolution and validation studies!*>3%,

Besides reversible ligands (discussed in Chapter 5), recent studies introduced covalent
probes (discussed in Chapters 5, 6, 7, and 9) or small molecule-based degraders (discussed
in Chapter 11) for immediate but long-term modulation of a target of interest!*’#8), Covalent
small molecule binders further have the advantage that otherwise “undruggable” targets
can be engaged by labeling target-specific nucleophilic structures, such as conserved
cysteines!*’l, which in other cases are targeted to improve the selectivity profile of a
probel*-301. Similarly, degrader probes tune the selectivity profile of a probel?’, as well as
offer new opportunities to modulate otherwise challenging protein targets!?®. Hence,
probes for targeted protein degradation have added valuable tools for the investigation of
biological systems in drug discovery, while not only targeting the catalytic function of a
protein but also potential scaffolding functionst!l,

The described unmodified ligands not only serve as probes for the study of a target of
interest but further pose potential starting points for drug development. However, initially
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identified small molecule ligands are often labeled to enable further characterization and
interrogation of a probe’s or target protein’s modes of action®!. For example, ABPP
strategies apply tagged covalent probes (discussed in Chapters 5, 6, 7, and 9) or
photoaffinity probes (discussed in Chapter 10) for target deconvolution and validation
purposes, as well as drug screens?*!, Photoaffinity labeling of a probe is a useful technique
to form covalent ligand-target complexes for further characterization or labeling!*],

Through ABPP functionalization of a probe, fluorescent tags, radio labels, or affinity
reporter groups are introduced and aid in a vast variety of different target and probe
characterization processes, including imaging, selectivity profiling, target identification,
and engagement studies!*). Respective probes have hence been applied to chemical
proteomics?! and drug discovery processes*’), but are also useful tools in disease
diagnostics and monitoring[>*,

Specific applications of chemical probes used within this thesis are discussed in detail
in the respective following chapters of the publication section and appendix.

Unlabeled Labeled
* Reversible ligand Covalent/Photodffinity Ligand
* Covalentligand * Affinity label
* Small molecule degrader * Fluorescence label

* Radio label

\ /

Chemical Probe

/ \

Drug Discovery Others
e Targetidentification/validation * Disease diagnosis
* Chemical proteomics/Selectivity profiling * Disease/treatment monitoring

e Starting point for drug development
* Uncovering disease biology

Figure 2.2.2 | Applications of Chemical Probes. Labeled and unlabeled chemical probes are
widely used in the drug discovery process to uncover disease biology, identify and validate target
proteins, define selectivity profiles of small molecules through chemical proteomics, or are starting
points for drug development processes. Other applications of chemical probes include diagnostics
and monitoring of diseases and treatments.
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4 Aims and Scope

Medicinal chemistry and chemical biology tools are essential parts of drug development
and discovery processes. Especially during early steps in the development of a novel
therapeutic, chemical probes play a critical part in target identification and validation, can
help to further study disease biology, and pose potential starting points for the development
of new small molecule drugs. Considering the complexity of human physiology in health
and disease, continual advancement of improved chemical and biological tools for the
investigation of cellular processes is needed. While there are numerous research campaigns
for various diseases and physiological mechanisms, cancerous and infectious diseases still
pose prominent threats to human health.

In this thesis, the development of chemical probes as part of drug discovery and
development is described. The presented compounds were developed with the aim to
provide useful chemical tools for further investigations of a target’s or inhibitor’s mode of
action. To achieve this goal, medicinal chemistry techniques and tools from chemical
biology were married to discover, optimize, and characterize novel tool compounds.

In Chapter 5, chemical probes for the study of phosphatidylinositol 5-phosphate 4-kinases
(PI5P4Ks) — a lipid kinase subfamily, whose cellular modes of action in health and disease
are still poorly understood due to a lack of available, potent, and selective kinase binders —
are introduced. In the first part, the application of a desthiobiotin-labeled probe, derived
from an in-house developed, covalent PISP4K binder, is shown (Publication A; Chapter
5.2). Here, the primary aim in context of this thesis was the synthesis of the labeled probe
to support characterization efforts of the covalent parent compound, which could then be
applied to investigate PISP4Ks involvement in autophagy.

In the second and third parts, medicinal chemistry campaigns aiming to improve the
presented covalent chemical probe of Chapter 5.2 (Publication B; Chapter 5.3) as well as
to develop a novel reversible PISP4K inhibitor based on a screening hit (Publication C;
Chapter 5.4) are presented. These studies include the rational design and synthesis of small
compound libraries for the performance of SAR studies, as well as the application of
chemical biology tools to investigate the compounds’ efficacies in cell-based assays. This
required the establishment of a CETSA set-up for the testing of selected subsets of
compounds for in cellulo analysis. The publications also include crystallographic and mass
spectrometry-based protein labeling analysis, as well as kinome-wide selectivity profiling
for further characterization of the developed PI5SP4K-binding probes.

In Chapter 6, an example of the development of a biotin-labeled covalent kinase inhibitor
is given (Publication D). Based on an in-house developed, covalent cyclin-dependent
kinase 12/13 (CDK12/13) inhibitor, the aim was to design and synthesize a biotin-labeled
probe, which could then be used for further analysis and characterization of this CDK-
inhibitor scaffold and confirmed its selectivity towards CDK12 and CDK13 in the cellular
context. Because of the thorough characterization of the CDKI12/13 inhibitor, the
compound could be applied to elucidate CDK12/13’s function in transcription regulation.

Concluding the main part of this thesis, the huge benefits of developing a desthiobiotin-
labeled chemical probe based off a covalent protein inhibitor is shown for an irreversible
inhibitor of the peptidyl-prolyl cis/trans isomerase never-in-mitosis, gene A (NIMA)-
interacting 1 (Pinl) protein in Chapter 7 (Publication E). While there is a lot of literature
found on potential Pinl functions, poor quality chemical probes led to misunderstandings
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in the interpretation of Pinl’s modes of action in the past, further highlighting the
importance of high-quality chemical probes for proper target validation studies. Here, the
goal in context of this thesis was to support the chemistry efforts within the probe
development, as well as to aid with the biochemical and cellular characterization of this
covalent Pinl inhibitor.

While the presented published studies already cover a great variety of application
strategies for a diverse set of chemical probes, including biotin/desthiobiotin-labeled, or
reversible and covalent unlabeled protein inhibitors, as well as label-free in cellulo
characterization methods such as CETSA, further ongoing studies are presented in the
appendix (Chapters 9-11).

In Chapter 9, the development of another desthiobiotin-based probe of a covalent,
fragment-derived Pinl inhibitor is described (pre-print; the article has been accepted in
Nature Chemical Biology while this thesis was reviewed). For this project, a desthiobiotin-
labeled version of the covalent parent compound was designed, synthesized, and its Pinl-
labeling activity was then characterized, applying the streptavidin-coated bead-based
pulldown technology. The developed probe proved highly valuable in the validation of the
fragment as a selective Pinl inhibitor, including its efficacy in vivo, which ultimately made
it possible to study Pinl function in cancer development.

In Chapter 10, the development of a photo-affinity probe for the study of nucleoside-
derived antibiotics is presented. To accomplish this, the scaffold of a group of natural
product-based antibiotics, the muraymycins, was modified with a photo-affinity label,
leading to a potentially useful tool to investigate the mechanism by which these nucleoside
antibiotics inhibit their known bacterial target MraY in the context of infectious diseases,
as well as to uncover potential human off-targets. In addition, a reference probe without the
photo-affinity label was synthesized, which was essential to confirm activity of the
designed compound on MraY, providing proof of concept for this project.

In final Chapter 11, another kind of protein modulator strategy is introduced. Here,
attempted strategies in the development of bivalent protein degraders, which are based off
small molecule inhibitors for PISP4K and Pinl, are described. This relatively novel
technique of target modulation through degradation provides an interesting mode of action
for probing enzyme function, including the development of novel therapeutics.

In summary, the main aim of this thesis was the investigation of the development,
characterization, and subsequent application of different chemical probes in modern drug
development and discovery. Ranging from labeled and unlabeled, covalent and reversible
inhibitors, to protein degraders and photo-affinity probes, the presented studies utilize
techniques from medicinal chemistry and chemical biology to optimize and characterize
the discussed probes, which further enabled confirmation of their suitability for the study
of their protein targets or as novel inhibitor scaffolds. Eventually, the characterized
bioactive compounds could then be applied to interrogate their targets’ function in the
cellular system and in vivo, providing valuable information about disease biology and
respective target validation.
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S Discovery and Development of Chemical Probes for the
Study of Lipid Kinases

5.1 Introduction

5.1.1 Label-based and Label-free Methods for Target Identification Studies in Drug
Development

During the development of small molecule protein binders as chemical probes or potential
drug candidates, target identification studies are critical for the deconvolution of the
compounds’ mode of action. While general chemical biology methods for target
identification were discussed in the General Introduction (Chapter 1.2), in this chapter, the
application of label-based strategies (e.g. biotin- or desthiobiotin-labeled probes) and label-
free techniques (such as CETSA) is discussed in detail in the context of developing both
reversible and covalent chemical probes.

Biotin- and Desthiobiotin-labeled Probes for Target Identification Studies

Biotin-tagged covalent small molecules are part of the so-called activity-based probes
(ABPs), which, together with affinity-based probes (AfBPs), are important chemical tools
for ABPP strategies in drug discovery!!l. While ABPs intrinsically form covalent ligand-
target complexes, AfBPs include a photoaffinity warhead, which is transformed to a
reactive moiety upon UV-irradiation!!!. ABPP strategies generally combine small molecule
binders with a reporter tag to study interactions between small molecules and their protein
targets!!). These reporter tags can either be moieties that enable affinity purification, as in
case of biotin/desthiobiotin, or tags that enable detection, such as fluorescent or radioactive
groups!!l. While general ABPP strategies are further discussed in Chapter 10 of this thesis,
this chapter focuses on affinity-based strategies using ABPs for target identification
purposes of covalent protein binders.

Biotinylated small molecules and macromolecular probes and their wide variety of
applications have transformed drug discovery and development for the past 40 years!?.
Biotin is a strongly bound target of avidin (isolated from egg-white)?!, streptavidin
(isolated from Streptomyces avidinii)®), and analogs, which form highly stable tetrameric
target-ligand complexes with Kp values of around 10715 Ml (Figure 5.1.1). By 1990,
several methods involving (strept)avidin-biotin complex formation had already been
established, including affinity chromatography, gene probes, diagnostics, immunoassays,
microscopy methods, flow cytometry, and others!?! (Figure 5.1.2). Due to non-specific
binding issues with avidin, streptavidin is commonly preferred!?). Notably, genetically
altered versions of avidins and streptavidins were deployed to investigate the mechanisms
of complex formation with biotin, as well as to tailor the properties of the complexes to
enable further applications of the (strept)avidin-biotin technology!>*l.
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Figure 5.1.1 | The Biotin-Streptavidin Complex. A. The tetramer complex of streptavidin with
bound biotin (gray sticks) is shown. Streptavidin monomers are highlighted in different colors
(gray, blue, red, and yellow ribbons). Adapted from Laitinen et al., Cell Mol. Life Sci. 2006, 63
(24), 2992-3017". B. The hydrogen bond network of biotin bound to streptavidin is highlighted.
Adapted from Stayton et al., Biomol. Eng. 1999, 16 (1-4), 39-445!,
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Figure 5.1.2 | Overview of Major Applications of Avidin-biotin Complex Strategies Already
Available in 1990. Taken from Bayer et al., J. Chromatogr. 1990, 510, 3-111,

One essential application of the streptavidin-biotin technology is the target identification
of bioactive small molecules. Here, biotin tagged ABPs are commonly used for affinity-
based target isolation via streptavidin-coated beads, enabling target identification of
candidate proteins by Western blot analysis or more unbiased approaches utilizing mass
spectrometryl®l. In the first step, an ABP is incubated with a protein mixture, e.g. a cell
lysatel”l. Since ABPs are commonly equipped with an electrophilic warhead, targets are
usually covalently bound to the probel”l. Using streptavidin beads, the probe-target
complexes are separated from unbound proteins and can be ultimately analyzed and
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identified”! (Figure 5.1.3), which makes this method fruitful for identifying potential
protein targets. This approach can be further refined by performing competitive pulldown
assays with untagged probes!’]. That is, by applying the described strategy to samples pre-
incubated with an untagged compound, read-out of competition experiments can identify
targets of a small molecule of interest!’!. This pulldown technique is therefore a useful tool
to determine the selectivity and potency of a bioactive molecule, as well as to confirm target

engagement of a probe in cells!!®,
R
—

N €

| Probe Incubation | Affinity
purificati
urification Probe-Target
______________________________________ Complex Analysis
4—G» Biotin-tagged ABP
| Protein mixture b co
| (e.g.celllysate) | | « —— e | = —
i . 1 i : u| llu Illnl ll‘ -
N Streptavidin-coated ! o s
» bead ; LC-MS/MS Western blot
Analysis

| Target Identification |

Figure 5.1.3 | General Mechanism of Affinity-based Target Isolation and Identification Using
the Biotin-Streptavidin Technology. A mixture of proteins (e.g. cell lysate) is incubated with a
biotin-tagged ABP. Since ABPs are commonly derived from covalent bioactive molecules, the
probe binds irreversibly to its target protein (depicted as black line). The probe-target complexes
are isolated using streptavidin-coated beads, which bind to the biotin of the complexes. The isolated
target proteins are further analyzed by Western blot, which can be coupled with mass spectrometry
analysis.

While a variety of streptavidin analogs were engineered to study and tailor streptavidin
complex formation with biotin, also different biotin analogs, such as desthiobiotin!®), were
investigated. As a result of structural analysis studies of biotin, desthiobiotin was formed
after hydrogenolytic cleavage of the organic sulfide in biotin® (Scheme 5.1.1).
Interestingly, because the binding affinity of the biotin-streptavidin complex is so strong,
the bond between biotin and streptavidin can be described as essentially irreversible; in
contrast, the desthiobiotin-streptavidin binding affinity is weaker, and the bond therefore
reversible under physiological conditions!!”). In some applications, this feature of
desthiobiotin is actually taken advantage of, as the harsh dissociation conditions needed to
separate the strong biotin-streptavidin complexes often results in target inactivation, which
leads to problems in target isolation studies!!’l. One technology that applies this is the
proteome-wide covalent inhibitor target-site identification (CITe-Id)!'!! technology, which
is described in Chapter 7.
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Scheme 5.1.1 | Structural Relationship of Biotin and Desthiobiotin

(0] (0]
HN” NH HN)LNH
HﬁH o “/ o
s "(ﬁj\oH |Hydrogenolysis| ) /\MJ\OH
4 4
biotin desthiobiotin

Cellular Thermal Shift Assay — A Label-free Method to Study Cellular Target
Engagement

The premise of thermal shift assays (TSAs) is that binding of a ligand to a protein will alter
the thermal stability of this protein!?! (Figure 5.1.4). While the ligand-bound and -unbound,
folded and unfolded versions of a protein exist in an equilibrium, the formation of
aggregates from unfolded proteins is considered to be an irreversible process!!?. Moreover,
ligands usually only bind properly folded proteins!!?l. Therefore, binding of a ligand to a
protein shifts its equilibrium towards its folded state, which positively correlates with the
concentration of the ligand"?!. Ligand binding thus causes a shift in the melting point (Tm)
of a protein, which has led to the development of a variety of different thermal shift assays,
ranging from high-throughput platforms to highly accurate techniques, which are capable
of not only describing ligand binding mechanisms but also the kinetic properties of a
ligand-protein complex!!31,

9= 8=

Folded, Ligand bound Folded Melted Precipitated/
Aggregated

Figure 5.1.4 | Overview of Important Protein States to Consider for Thermal Shift Assays. A
protein-ligand complex and the unbound, folded protein are reversible states described by the
equilibrium constant Kp. Folded and unfolded (melted) protein states are interchangeable as well
and are described by K.. When unfolded protein forms aggregates, the commonly irreversible
phenomenon is described by the rate constant ka.g,. Taken from Redhead et al., Biochemistry 2017,
56 (47), 6187-61991'21,

In 2013, Molina and colleagues applied the TSA concept to cells to develop CETSA4],
While TSA methods commonly analyze ligand binding for purified proteins, classical
CETSA determines melting curves for proteins within the context of a cellular system
treated with a small molecule ligand of interest!!4l. Aggregated and precipitated proteins
(Figure 5.1.5 A) are separated from the soluble fraction of the respective cell lysate, which
can then be analyzed by Western blot, in which band intensities are quantified and plotted
against the temperature to determine the melting point (Figure 5.1.5 B)['4l. This enables the
detection of small molecule binding of a target protein in the context of complex
environments such as within cells or tissues!!#. Since the stabilizing effect of a ligand
depends on ligand concentration, isothermal concentration-response experiments (iso-
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Figure 5.1.5 | Experimental Set-up of Cellular Thermal Shift Assays. A. A protein mixture, e.g.
cell lysate, is treated with a bioactive small molecule. Bound protein targets are more heat-resistant
due to the stabilizing effect of the ligand, while unbound proteins will aggregate and precipitate
after heat treatment. B. Shown is the general experimental procedure to determine the melting curve
of a protein of interest. Briefly, cells are incubated with a small molecule or DMSO. The cells are
aliquoted, and the aliquots treated at increasing temperatures. After lysis of the samples, the soluble
fractions are analyzed by Western blot’. C. Shown is the general experimental procedure of an
isothermal CETSA set-up. Cells are treated with different concentration of a compound or DMSO.
The cells are then incubated at a specific temperature and the soluble fractions of the cell lysates
are analyzed by Western blot”.

“ Plotted result graphics are adapted from Jafari et al., Nat. Protoc. 2014, 9 (9), 2100-2122!"¢!,
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thermal dose-response fingerprint; ITDRFcersal'®!) have been developed as another tool
for the investigation of target engagement!'®! (Figure 5.1.5 C).

Subsequently, novel variations of the CETSA method have been established and have
further advanced this technique. For example, coupling CETSA with mass spectrometry
(MS) enables TSA-based proteomic profiling of a compound of interest to elucidate its
potential binding partners and its mode of action!!>!7. CETSA techniques have further been
applied to metabolomic studies, PPI analysis, post-translational modification
investigations!'®, and the analysis of membrane-based proteins!!®. Finally, high-
throughput versions of CETSAs have been used for drug screens in early drug discovery!?%,
highlighting the broad range of applicability of CETSA techniques to drug discovery and
development processes(?!l.

While the CETSA methodology is technically fairly simple and can be established under
general laboratory conditions as there are no specific reagents needed to perform the assay
and controlled heating periods can be performed using commonly available thermocyclers,
this technique does have some disadvantages. For instance, the equilibrium for protein
binding of small molecule ligands is temperature-dependent and adjusts during the heating
pulse, which can lead to inaccurate results!?>2%], Tt has also been reported that some ligand-
target interactions do not lead to an increase in thermal target stability, due to domain-
specific effects, general target protein properties, or very high melting temperatures of the
target of interest*]. Notably, while ligand concentration influences target stability, target
concentration within a cellular system can also lead to differences in outcome depending
on the cellular system used in a CETSA!®]. Finally, general assay conditions, including
incubation temperature, as well as heating and cooling periods, further alter the assay
results and are main contributors to fluctuations between assay repeats!®>!. Nevertheless,
the relative tendencies of effects of small molecule ligands on target protein stability stay
the same, making CETSA methodologies a broadly applicable and useful technique!!.

In summary, although CETSA results should be considered in context and validation with
other assay results?®), this method is a straightforward technique for analyzing the cellular
target engagement of bioactive small molecules, without needing to chemically alter the
molecular structure of the compound of interest, as is necessary for ABPP-based methods
described above. Moreover, CETSA allows for direct analysis of the mode of action of a
small molecule in the complex environment of a cell, which is usually only feasible via
indirect methods, such as studies of down-stream target effects!!4l,

5.1.2 Targeting Strategies in the Treatment of Cancer — A Brief Overview

Besides the fact that indications of cancerous diseases were already found in dinosaur
fossils as old as 70 million years, the first documentations of human cancers date back to
approximately 3,500 years ago, in which cases of breast cancer in Egypt were described?®],
The basis of the historic perception and treatment of cancerous diseases was primarily
established by observations and theories of Hippocrates (~400 B.C.)2]. His association of
cancer and the physiology of a crabl?’! led to the nomenclature of “karkinos” and
“karkinoma” for benign and malignant tumors, respectively?®. In the 2" century, Claudius
Galen further refined Hippocrates’ work and hypothesized the origin of cancerous
abnormalities as the result of an imbalance of either black or yellow bile?”); a theory which
persisted until long after the end of the middle ages?®. Even though several connections
between environmental factors and the occurrence of cancerous conditions had been
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observed since the early 18" century?®2%), it was only until recently that cellular
mechanisms of cancer started to be uncovered. As cancer rose to the second leading cause
of death worldwide with ~9.6 million deaths in 2018 (~17% of overall deaths in 2018)?%],
the dire need of advancements in cancer treatment regiments and thus our understanding of
cancer biology becomes evident.

Hallmarks of Cancer

Cancerous diseases have been generally perceived as masses of uncontrolled and excessive
growth in the past, while the underlying molecular mechanisms remained a mystery!26-27-31,
However, at the end of the 20" century, cancer research had immensely expanded our
knowledge of the origins and development of tumors!l. Within 20 years, it was found that
a vast variety of individual diseases are covered by the umbrella-term “cancer” and that a
tumor often originates from only one initial mutated cell®!l. Genetic studies further
identified two classes of genes that are able to initiate tumor growth and development upon
mutation: proto-oncogenes (driving cancer growth) and tumor suppressor genes (inhibiting
cancer growth)B3!,

In 2000, these and other findings were summarized in Hanahan and Weinberg’s much-
cited publication outlining the six “Hallmarks of Cancer”*? (Figure 5.1.6). Briefly, it was
proposed that cancerous cells are characterized by six universal differences to healthy cells,
which can be applied to any tissue in the human body*?. The most obvious characteristics
of cancer cells is cell growth that is independent from extracellular stimuli, as well as a
developed resistance towards intracellular growth inhibiting signals, senescence, and
apoptosis cascades®2. In order to survive, cancer cells thus require an increased supply of
nutrition, which depends on the development of an additional blood vessel system!*2]. In
the final stage, a primary tumor invades other tissues, resulting in metastasis, which initiates
the formation of new tumor sites*. Due to the advances made in the understanding of cell
biology, several cellular signaling pathways have been thus discovered to be associated
with these different hallmarks of cancer!*?! (Figure 5.1.7).

After eleven years, Hanahan and Weinberg revisited their model and added four more
hallmarks of cancer, while providing more detailed explanations of potential mechanisms
for each hallmark!*! (Figure 5.1.6):

(1) “Sustaining Proliferative Signaling” describes the ability of cancer cells to promote
their own growth!®3l. Several mechanisms have been described, including the
production of growth inducing signaling molecules and respective receptors, the
production of signaling agents to stimulate healthy cells to produce growth
stimulating ligands, and the upregulation or mutation of respective receptorst®],
Intracellular activation of growth stimulating pathways, which are regulated by
numerous signaling cascades, poses another option!*3,

(2) “Evading Growth Suppressors” is a contributing feature of cancer cells to yield
unhindered cell growth!*3]. While there are several triggers and regulators inducing
cellular growth cascades, there are always respective counter mechanisms to inhibit
these pathways and promote growth arrest’*’]. Blockage or mutation of such
regulators supports continuous growth signaling®*¥. Tumor suppressors also work
through communication with other cells to trigger growth inhibition caused by
densely grown cell populationst®3). It has been shown that tumor cells can disable
these mechanisms to avoid cell contact-based growth regulation!®3].
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Figure 5.1.6 | Hallmarks of Cancer. Healthy human cells can mutate to develop into cancer cells,
which are characterized by specific hallmarks. In 2000, six characteristics of cancer were defined
(top graphic)”: self-controlled proliferation signaling, decreased growth suppressing factors and cell
death, immortalization of the cell, increased angiogenesis, and further spread via local invasion or
metastasis. In 2011, four additional hallmarks were added (bottom graphic)®: genomic instability to
enable mutation, inflammatory tumor environment to further support cancer development, evasion
of immune responses, and adapted metabolism of the cancer cell. Respective targeting strategies to
treat individual hallmarks are depicted in outlined boxes next to the respective hallmark feature.

“ Adapted from Hanahan and Weinberg, Cell 2011, 144 (5), 646-6745,
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Figure 5.1.7 | Overview of Essential Cellular Signaling Pathways in Cancer. Selected signaling
pathways that play an important role in cancer development are shown. Growth factors and
hormones are essential proliferation driving factors, acting mainly through intracellular Ras/Raf
and the mitogen-activated protein kinase (MAPK) pathways**.. Survival and death factors, as well
as cytokines, regulate the viability of a cell®”. Phosphatidylinositol 3-kinase (PI3K) and the
respective antagonist phosphatase and tensin homolog (PTEN), the signal transducer and activator
of transcription 3/5 (STAT3/5) pathway, and caspase-mediated apoptosis are key players in
regulating the intracellular mechanisms. As a growth-inhibition factor, transforming growth factor
beta (TGF-p) is an essential promotor of cytostasis®®?!. Other growth-regulating mechanisms work
through contacts of extracellular matrix (ECM) or other cell contacts, which control cell motility,
e.g. via the p-catenin pathway?. The overview underlines the interconnectivity of the pathways
orchestrating the different hallmarks of cancer, as well as the importance of the microenvironment
for the regulation of each of the described cascades®”. Taken from Hanahan and Weinberg, Cell
2000, /00 (1), 57-7031,

(3) “Activating Invasion and Metastasis” describes the local and distant spread of a
tumor, respectively!®3l. Generally, regulating cell surface proteins as communicators
of cell population organization is one of the main mechanisms through which cancer
cells enable these processes!**l. However, a comprehensive understanding of invasion
and metastasis is still missing, while a variety of contributing pathways and cascades
are currently being uncovered and investigated!*3].

(4) “Enabling Replicative Immortality” refers to cancer cells and their strategies to avoid
entering senescencel®l. In healthy cells, a natural response to overstimulation of
growth signaling is the initiation of a dormant state of the cell®. Hence, careful
control of growth stimulating pathways to gain maximal replication rates, while
avoiding the shift towards cellular senescence, is crucial for the development of
cancer cells!®3]. Another strategy to enable “unlimited” cell growth is by expressing
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the DNA polymerase telomerase in order to counteract natural DNA tail
degradation!*3]. Notably, under certain circumstances, lack in telomerase activity has
been linked to increased DNA mutations, actually enhancing tumor development(®3,

(5) “Inducing Angiogenesis” in order to accommodate an increase in demand for
nutrients to sustain high replication rates, as well as an accumulation of cellular waste,
describes another important step in the development of a tumor!*3. Typically, cancer
cells continuously activate blood vessel development via the secretion of respective
signaling molecules*!,

(6) “Resisting Cell Death” is an important characteristic of cancer!®l. Regulated cell
death — or apoptosis — is an essential cellular mechanism, which is commonly
triggered by cellular stress!*3l. Cancer cells are able to circumvent initiation of this

cascade by regulating expression of initiators and/or suppressors of this pathway!33],

Newly added hallmarks of cancer (Figure 5.1.6):

(7) “Genome Instability and Mutation” describes a major prerequisite of a cell to acquire
and develop necessary mutations leading to the cancerous state of a celll®3]. This is
achieved by an insufficient machinery to oversee genomic maintenance but also
includes epigenetic control of the genome!*3],

(8) “Tumor-promoting Inflammation” summarizes the overall effect of the immune cell
infiltrated environment of cancer cells within a tumor on several other hallmarks of
cancer*?l, Said effects resemble inflammatory processes and reach from the supply
of growth and survival factors and angiogenesis-inducing agents to an increase in
reactive oxygen species (ROS), which in turn promote genomic instability[*,

(9) “Deregulating Cellular Energetics” poses another logical result from upregulated cell
growth and the consequently higher demand for energy and the production of cellular
components, such as DNA nucleotides, proteins, organelles, and others*3l. One
successful strategy of cancer cells to regulate their energy production is via the so-
called “Warburg effect”, which describes the ability of cancer cells to perform
glycolysis even under aerobic conditions!*}]. This allows for the generation of several
cellular macromolecules needed for upregulated replication rates!**. In order to make
up for lower energy outcomes of this process, cancer cells in turn upregulate
transporters to increase uptake of necessary nutritional molecules, such as glucose!*],
In summary, cancer cells, especially in the complex environment of a tumor, develop
balanced energy and nutrition regulating systems to afford increased growth rates(**),

(10) “Avoiding Immune Destruction” is a necessary characteristic of cancer cells due to
the presence of a variety of immune cells as part of the tumor microenvironment
(Figure 5.1.8), described in point (8)1*3]. Two important mechanisms of cancer cells
to evade an immune response include the secretion of immunosuppressive factors and

the recruitment of immunosuppressive cells of inflammatory processes**.
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Figure 5.1.8 | The Tumor Microenvironment. The tumor microenvironment is a complex
interplay of various cell types. Cancer cells at the tumor core face different conditions than cells at
the edges of a tumor, which leads to different subtypes of cancerous cells throughout a tumor mass.
Adapted from Kozlova et al., Trends Pharmacol. Sci. 2020, 41 (3), 183-19834,
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Figure 5.1.9 | Evolutionary Regulation of Cancer Hallmarks. The hallmarks of cancer can be
viewed as regulatory consequences of environmental conditions a cancer cell is faced with. While
unstable microenvironments trigger fast cell development strategies, environments, which are
stable but lack resources, require slow developmental mechanisms. Taken from Aktipis et al., Nat.
Rev. Cancer 2013, 13 (12), 883-8928,
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In summary, the analysis of cancer hallmarks elucidated many important intracellular
pathways, as well as extracellular stimuli, that are essential for cancer development!32-33],
However, this overview also emphasizes the complexity of the regulatory mechanisms of
cancer (Figure 5.1.7). Especially in recent years, the importance of the tumor
microenvironment was uncovered®¥ (Figure 5.1.8), further complicating a comprehensive
model of cancer regulating pathways. Even within one tumor, multiple different types and
stages of cancerous cells can be found!*>l. Furthermore, some literature suggests that this is
a phenomenon of evolutionary development, depending on the conditions a cancer cell is
facing!*3]. Hereby, based on the ten hallmarks proposed by Hanahan and Weinberg**,
unstable microenvironments are associated with fast cell growth and therefore increased
mutation rates, cellular immortality, and self-sustained proliferation, as well as invasion,
and disabling growth suppressing signals!®*]. Environments of low resources, but stable
conditions therefore favor slow life strategies, including induced angiogenesis, and
suppression of an immune response as well as cell death®>]. Both conditions require the
cancer cell to adapt their energy metabolism and are based on an inflammatory tumor
environment®*! (Figure 5.1.9).

Early Chemotherapeutics — A Short Introduction

Historically, cancer treatment was just as much a mystery as were the underlying
mechanisms that caused cancer?®?’l, From magical rituals to toxic, heavy metal-based
formulations, many options had been tried in the attempt to control and cure this puzzling
disease!?%27], As a result, surgical removal of a tumor was and still is one of the most widely
applied treatments for solid tumors!?27-361 Over the years, radiation therapy and first
chemotherapeutics have been added to the initial treatment regimen of cancerous diseases
and are commonly used in combination to increase therapeutic success*®. However, these
treatments exhibit severe toxicity effects due to their lack in selectivity for cancer cells*®.
Thus, tailored therapies specific for targeting cancer cells have been the goal of latest
research endeavors, leading to the development of immunotherapies, antibody-directed
therapies, small molecule-based targeted therapeutics, and proteolysis targeting chimera
(PROTACS)3¢],

This chapter focuses on small molecule-based (targeted) cancer therapies and serves as a
brief overview of common targeting strategies to engage cancerous cells. After a brief
introduction to the traditional chemotherapeutic agents used in cancer treatment, some
examples of novel targets that are currently being investigated will be discussed. Notably,
this chapter does not give a comprehensive overview on current targets for cancer
treatment, which would go beyond the scope of this thesis.

Early chemotherapeutics (Figure 5.1.10) are highly unspecific agents that are primarily
toxic to fast dividing cells, such as cancer cells®”). The expression “chemotherapy” was
introduced by Paul Ehrlich in the beginning of the 20" century, when he was working on
anti-infectives (also see Chapter 10.1) and refers to “the use of chemicals to treat
disease”*7). One of the earliest chemotherapeutics used for treating cancer were alkylating
agents such as derivatives of nitrogen mustards or cyclophosphamide®”). Another
important class of early chemotherapeutic agents are antimetabolites®”). While Sidney
Farber (Dana-Farber Cancer Institute, Boston) investigated folic acid analogs to treat
pediatric leukemia patients already in the 1940s, methotrexate (folic acid antagonist), 6-
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mercaptopurine (inhibits nucleic acid synthesis), 5-fluorouracil (inhibits nucleic acid
synthesis), and others have been approved for several malignant diseases in the course of
the following decades!®7],

The DNA-crosslinking agent cisplatin was approved in the late 1970s and (including
further analogs) adds to the landscape of small molecule chemotherapeutics in the mid to
late 20" century[3”). While cisplatin’s effects on cell growth were first identified in bacteria,
also other antibiotic agents were later added to cancer-treating chemotherapeutics,
including actinomycin D (as a result of Waksman’s efforts in the 1940s; also see Chapter
10.1), bleomycin, and anthracycline antibiotics®®”!. Furthermore, plant-derived cytotoxins,
such as podophyllins, vinca alkaloids (e.g. vinblastine and vincristine), taxanes (e.g.
paclitaxel), and semi-synthetic analogs of camptothecin (e.g. irinotecan) have been
introduced as cancer therapeutics®’). Table 5.1.1 summarizes some examples of early
chemotherapeutic agents for the treatment of cancer mentioned in this chapter and
highlights that most of these molecules cause DNA damage or target proliferation
mechanisms, making fast proliferating cells most vulnerable to these treatments. While this
includes cancer cells, a variety of non-cancerous cells, such as blood cells, hair follicle
cells, and others, are affected as well, leading to the observed side effects of
chemotherapy*°l.

In order to decrease off-target effects of chemotherapeutics, targeted therapies arose!36-71,
For example, hormone-dependencies of cancers, such as androgen-dependent prostate
cancers, were observed, which led to the development of the antiandrogenic therapy
concept in the 1940sP7), Similarly, antiestrogenic therapies for estrogen-dependent breast
cancers were established in the 1960sP7). Furthermore, even though the basic idea of
targeting angiogenesis was already introduced by Judah Folkman in the 1970s, and
monoclonal antibodies were envisioned to treat cancers via immunomodulatory effects in
the late 1990s, most improvements in targeted therapies were only seen within the past 20

years!37],
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chemotherapeutics include alkylating agents, antimetabolites, and DNA closslinkers. Other early
chemotherapeutics were derived from antibacterial compounds or isolated from plant-based
materials.

-35-

g W;[:LL o
5% T | Toe




IT PUBLICATIONS

Table 5.1.1 | Early Chemotherapeutics in the Treatment of Cancer

Therapeutic

Mechanism of

Cancer

Agent Target® Action Hallmark GE
Nitrogen mustards  nonspecific alkylating agent Proliferation  [37]
Cyclophosphamide nonspecific alkylating agent Proliferation  [37]
Methotrexate DHFR folic acid antagonist ~ Proliferation  [37]
6-Mercaptopurine ~ PRPP Zﬁtcal;i)cn?sctid Proliferation  [37,38]
5-Fluorouracil TS, RNA Zﬁtca};i)cn?sctid Proliferation [37,39]
Cisplatin g)ll\jr?ne bases) {a)gljﬁt-crosslinking Proliferation  [37,40]
Actinomycin D DNA I;a;lri]s;lztrllgrtllon Proliferation [37,41]
Bleomycin RNA, DNA RNA/DNA cleavage Proliferation [37]
Anthracyclines ‘;(I)poisomerase DNA cleavage Proliferation  [37]
Podophyllins ‘;(I)poisomerase DNA damage Proliferation  [37]
Vinca alkaloids B-tubulin fg }11?3113 Ofrcl)rmation Proliferation  [37]
Paclitaxel microtubules g;;ﬁi?ﬁ?;i complex Proliferation  [37]
Irinotecan topoisomerase I DNA cleavage Proliferation  [37]

“ Abbreviations: DHFR, dihydrofolate reductase; PRPP, phosphoribosyl pyrophosphate; TS,

thymidylate synthase.

Small Molecule-based Targeted Cancer Therapies — A Novel Approach

After the identification of DNA and its structure in the 1950s, uncovering of DNA
mutations and their implications in cancer inevitably followed*?. For example, a variety
of different DNA repair mechanisms, as well as DNA damage response (DDR) pathways
were identified*?]. DNA damage and mutations caused by environmental or intracellular
factors are important prerequisites for the initiation of cancer and are recognized as an
important hallmark of cancerous diseases3l. It was found that these cancer initiating
mutations commonly require a downregulated DDR for the development of a mature cancer
cell, while dysregulation in DNA repair processes support initial cancer forming mutations
(Figure 5.1.11)21. As several traditional chemotherapeutic agents as well as radiation
therapy cause DNA damagel*%), the understanding of these DNA repair mechanisms and
signaling pathways led to a better understanding of the development of cancer resistances
to these treatments!*’]. That is, while inaccurate DNA damage repair and DDR signaling
induce cancer cell formation initially, these pathways are necessary regulators to stabilize
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the genome for the survival of cancer cells due to their increased cellular stresses!*#! and
further protect the cells from damage by cytotoxins, such as anticancer treatments[*?/,

\/irus *Exogenous DNA- Downregulation of DDR
damaging agent — processes that prevent
* Compromised proliferation of damaged cells

replication Invasive tumour cell

recovery

replication
Endogenous DNA- fork fidelity
clamaglng agent ¢ Compromised I—

DNA
’/ repair \j WING A

N/ s | .

Initiating
mutation Oncogene activation
and increased replicative
and oxidative stress

* Increased DNA
damage and mutations
* Genomic instability

* Persistent genomic instability
* Further loss of DDR processes

Healthy cell Precancerous cell

Figure 5.1.11 | The DNA Damage Repair and Response Mechanisms and the Development of
Cancer. Initial cancer-causing mutations are commonly detected and regulated by DNA repair
mechanisms. If these mechanisms fail to repair the DNA, DDR pathways are initiated to stop
proliferation. However, continuous DNA damage/mutations can lead to dysregulated DDR
signaling, which leads to the development of a mature cancer cell with increased proliferation.
Taken from Jeggo et al., Nat. Rev. Cancer 2016, 16 (1), 35-4214%,

Structurally impaired DNA, including strand breaks, replication lesions, or gaps, triggers a
diverse network of DNA repair mechanisms, such as mismatch repair (MMR), base
excision repair (BER), nucleotide excision repair (NER), translesion synthesis (TLS),
homologous recombination (HR), and others!**, BER, being mainly involved in the repair
of damaged nucleobases, is the most commonly applied DNA repair mechanism in human
cells and is a key player in the DNA damage repair mechanisms induced by traditional
chemotherapeutics!*l. Thus, inhibition of the BER pathway sensitizes cancer cells to the
cellular stress response, as well as common cancer treatments, including DNA damaging
chemotherapeutics and radiation therapy!*!

One key player in the BER signaling pathway is poly-(adenosine diphosphate (ADP)-
ribose) polymerase 1 (PARP1), which detects single-stranded DNA breaks and tags
adjacent proteins with poly(ADP)-ribose (PAR) chains for further initiation of DNA repair
mechanisms!*®!,  Thus, several substrate-competitive PARP1 inhibitors, which are
structurally derived from nicotinamide adenine dinucleotide (NAD™), have been developed
and applied as treatments for a vast variety of different cancers in the clinic!**#7]. Since
tumor suppressors breast cancer type 1/2 susceptibility proteins (BRCA1/2) are involved
in the HR DNA repair pathway, synthetic lethal interactions with PARP inhibitors were
identified, leading to the approval of olaparib (PARPI1 inhibitor) for BRCA-deficient
ovarian cancers!**,

Within the DDR, ataxia telangiectasia and Rad3-related protein (ATR), ataxia
telangiectasia mutated (ATM), and DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) are essential regulators*®l and therefore interesting targets for targeted cancer
therapy. The kinase ATR is activated by replication-induced cellular stress signals,
ensuring genomic stability during replication via phosphorylation of several downstream
targets involved in cell cycle regulation, DNA repair mechanisms, and replication
stressi*®*1. As a result, first ATR inhibitors are currently being tested in clinical trials!*],
Similarly, ATM inhibitors as well as inhibitors of ATR and ATM down-stream targets,
including cell cycle checkpoint kinases 1 and 2 (CHK1/2), respectively, are currently being
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investigated®l. Part of the same kinase family (PI3K-related kinase family; PIKK family)
as ATR and ATM is the DNA-PK, which is involved in the repair mechanisms of double-
stranded DNA breaks, cell cycle regulation and telomere maintenancel®>'l. Thus, small
molecule-based DNA-PK inhibitors can be found in several clinical trials for the treatment
of different cancers!*°l.

As described, treatments inducing replication stress or inhibiting the cancer cell’s defense
mechanisms to protect itself from replication stress are promising targets for targeted
cancer treatments. Consequently, further strategies targeting or inducing replication stress
have been explored®?. A common origin for replication stress is a lack in resources for
DNA replication, leading to an increase in single-stranded DNA (ssDNA) caused by
helicase activity!®?l. Briefly, ssDNA is normally stabilized by replication protein A (RPA),
while an excess in ssDNA can lead to a “replication catastrophe” and ultimately cell
death?], Besides the already discussed ATR-CHK1, ATM-CHK2, as well as DNA-PK
pathways, another main regulator of the replication stress response is the kinase WEE1[%21,
WEE]1 is further downstream of the ATR/ATM pathways and inhibits CDK1-mediated
mitosis entry in case of persistent DNA damage signaling®*l. However, there are only a
few WEELI inhibitors studied in preclinical and clinical trials, suggesting that further
development of WEEI]-targeting chemical tools has to be done to comprehensively
elucidate the potential of targeting this key regulator in vivol>3l. Additionally, other
potential targets involved in these signaling pathways such as Schlafen 11 (SLFN11)54
and the Y-family of TLS polymerases>! are being discussed.

While WEEI executes cell cycle control vie CDKI1 phosphorylation due to DDR
signaling, other cell cycle regulating pathways have also been identified as promising
targets for cancer therapy!*l. Key regulators of cell cycle progression are CDKs, especially
the isoforms CDK1/2/4/655¢1, which are discussed in Chapter 6 of this thesis. Other potential
targets include the Polo-like kinases (PLKs)7) and the Aurora kinases!*®l. For example,
PLK1 has been identified to regulate CDK1 function via cell division cycle 25C (CDC25C)
activation, which in turn activates CDK1 and degrades WEE1, while also being involved
in other cell cycle regulating mechanisms such as centrosome maturation®®), Similarly,
Aurora kinases are key players in coordinating mitosis via organizing and controlling
centrosome function, spindle development, and chromosome movement during cell
division processes®l. Inhibitors of PLK 1 and Aurora A have thus been developed and are
being investigated in clinical trials>®),

In contrast to these strategies interfering with mitosis entry and execution, therapies
targeting mitotic exit leading into interphase have been discussed®. For example,
traditional chemotherapeutics, such as paclitaxel or vinca alkaloids (Table 5.1.1 and Figure
5.1.10), disrupt mitosis via interference of spindle and tubulin function, thus causing cell
cycle arrest®). However, cancer cells commonly circumvent these mechanisms using
different regulating strategies, including ubiquitin ligase anaphase-promoting
complex/cyclosome (APC/C), cyclin B, mitotic kinases and phosphatases (including
Aurora kinases and PLK1, but also protein phosphatase 2A (PP2A)), as well as kinesins
and microtubule-binding proteins!®), providing another set of potentially novel cancer
therapeutic targets.

Besides replication stress caused by environmental factors or DNA damaging
chemotherapeutics, cancer cells are commonly faced with other cellular stress-inducing
phenomena, leading to a variety of stress response-related therapeutic options for cancer
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treatments!®?l, For instance, upregulated aerobic metabolism pathways also lead to an
increase in ROS, and thus oxidative stress, while a growing need for metabolic products
induces metabolic stress, leading to changes in metabolic regulations — one of the hallmarks
of cancer!®l. These metabolic systems are stirred by several different mechanisms and
pathways, including adenosine monophosphate (AMP)-activated protein kinase
(AMPK)!®l mechanistic target of rapamycin (mTOR) complex!®!l, hypoxia-inducible
factors 1-a (HIF-1a)!%?], and several others, providing a vast variety of potential therapeutic
targets(®l. Furthermore, redox-related stress signals are also connected to endoplasmic
reticulum (ER) stress processes, a consequence of alterations in protein homeostasis(®3].
Consequently, ER stress regulates a number of different cellular effects, including cell
death, differentiation, and intercellular communication processes!®*l. While the heat-shock
protein chaperone system (heat shock protein 90 (HSP90)), the unfolded protein response
pathway (including targets such as protein kinase RNA-like ER kinase (PERK), inositol-
requiring enzyme | (IRE1), and activating transcription factor 6 (ATF6)), the proteasome
and de-ubiquitinating enzymes (DUBs), the aggresome pathway (histone deacetylase 6
(HDAC®6)), and autophagy control the protein life-cycle, disruption of these pathways pose
interesting targets to induce ER stress as a therapeutic strategy in cancer treatment/63],

As the tumor grows, physical stresses caused by the interaction of a cell with the
environment are communicated through integrins, ion channels, and catenins
(mechanosensors)®. A multitude of intracellular signaling cascades transforms these
extracellular triggers into cellular effects, including the focal adhesion kinase (FAK), Src,
PI3K, Rho/Rho kinase, and others, in order to alter the cytoskeleton in accordance with the
environmental conditions(®”). Intracellular pathways triggered by FAK or stress sensors,
such as integrins, are therefore attractive targets for cancer therapeutics[¢-3],

A general theme of stress signaling cascades, as well as most cancer therapeutics, is the
ultimate consequence to lead a cancer cell into cell death (apoptosis)®®! (Figure 5.1.12).
Consequently, cancers are masters in evading these growth regulating mechanisms, which
is thus one of the hallmarks of cancer!®!. This in turn spurred intensive studies of the
apoptotic pathways as potential tumor therapeutic targets themselves!®®l. Generally, while
there are numerous ways of triggering apoptosis, the process is mainly controlled by
caspases, which are activated by cytochrome c!%®l. The central cellular mechanism of
apoptosis, once activated, is then the breakdown and degradation of the nucleus and the
contained DNAI®], Briefly, intrinsic stimuli lead to cytochrome c¢ release from
mitochondria that is controlled by proteins of the B-cell CLL/lymphoma 2 (BCL-2)
family[®®), That is, BCL-2 interacting mediator of cell death (BIM), BCL-2 homolog 3
(BH3) interacting domain death agonist (BID), and BCL-2 binding component 3 (BBC3)
activate BCL-2 associated X protein (BAX) and BCL2-antagonist/killerl (BAK1), which
induce apoptosis via formation of pores in the mitochondrial membrane, whereas BCL-2,
BCL-Xi, BCL-W, BCL-2-A1, and myeloid cell leukemia sequence 1 (MCL1) inhibit the
pathway by binding of the activators!®l, Interestingly, BID is also involved in inducing the
apoptotic pathway caused by extrinsic signaling cascades, which are communicated via
death receptors such as Fas, tumor necrosis factor (TNF) receptors (TNFRs), and TNF-
related apoptosis-inducing ligand (TRAIL) receptors(®®].

Ultimately, cancer cells developed several mechanisms to interfere with these cascades,
many of which are now established oncogenic pathways and targeted by a vast number of
cancer therapeutics in clinic and in development!®l, including AKT and the MAPK
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pathway!®”], extracellular signal-regulated kinase (ERK)[®® and upstream effectors Ras,
Raf, and MAPK kinase (MEK)[%°), mTORI", and others[®®7!72], Furthermore, inhibitors of
the BCL-2 family proteins, e.g. BAX, BIM, and MCL1, have been developed!®¢].
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Figure 5.1.12 | Apoptosis-inducing Signaling Pathways. Apoptosis is commonly induced by
BAX/BAKI1-mediated cytochrome c release from mitochondria, which triggers caspase activity
resulting in apoptosis. BAX/BAKI1 are part of the BCL-2 protein family and are inhibited by other
BCL-2-related proteins. These mechanisms are either stimulated through intrinsic signaling
pathways, including extracellular signal-regulated kinase (ERK), AKT, or mTOR related pathways,
or via extrinsic stimuli communicated via TRAIL, TNF, or Fas receptors. The DDR or cellular
stress responses as well as immune cells from the tumor microenvironment are also common
initiators of apoptosis. Taken from Carneiro et al., Nat. Rev. Clin. Oncol. 2020, 17 (7), 395-417'%,

Many of the described processes eventually initiate transcription factors. These factors are
DNA-binding proteins, which orchestrate transcription of their target genes via recruitment
of RNA polymerase II (RNAPII)!”?). Since these key regulators of gene expression are
involved in a variety of different diseases, including cancer”®), it was therefore
hypothesized that targeting transcription factors would be the most straightforward way to
treat cancer!’#l. That is, upstream signaling pathways are commonly highly complex and
interconnected, which complicates targeting of these pathways due to potential pathway
redundancies or a multitude of affected downstream targets that could lead to unintended
side-effects!’¥. Transcription factors are either steroid receptors, including estrogen and
androgen receptors (ER and AR, respectively), nuclear proteins, such as Jun, or
cytoplasmic proteins, like the STATs[4. While inhibitors of steroid receptors have been
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successfully applied in the clinic!”!, other transcription factors have proven more
challenging to target!’4,

Although most transcription factors lack a distinct targetable binding pocket for small
molecule modulation, different strategies have been developed to control transcription
factor function, involving PROTACSs, PPI inhibitors, transcription factor expression and
degradation regulators, and DNA-binders!’>l. Some examples of important transcription
factor signaling cascades in cancer include:

(1) STAT which are linked with Janus kinases (JAKs) signaling and are regulated by
extracellular stimuli such as cytokines, hormones, and growth factors!’®l. Small
molecules targeting the Src homology 2 (SH2) domain of STATs interfere with
phosphorylation and thus activation of these transcription factors!’¢l,

(2) Nuclear factor kB (NF-«kB) is part of the response to inflammation triggered by
pathogens, interleukin 1 (IL-1), or tumor necrosis factor-a (TNF-a)74]. Strategies to
interrupt NF-kB-DNA binding have been developed!’”.

(3) p-Catenin is activated by wingless-related integration site (Wnt) protein'’®! signaling
(cell differentiation/development) via Frizzled receptors, which inhibit B-catenin
inhibiting kinases!’4. Different PPI inhibition as well as degradation strategies have
been investigated to target this transcription factor!’.

(4) Notch receptors undergo conformational changes and cleavage via a disintegrin and
metalloproteinase (ADAM) 10/17%% upon ligand binding and are important
communicators of cell-cell interactions!’¥l. Strategies to inhibit Notch signaling
involve prevention of DNA-binding, as well as some degradation-inducing
compounds!’”l.

(5) Glioma-associated oncogene (GLI) is a nuclear transcription factor of the Hedgehog
pathway, which is regulated by extracellular stimuli (cell-cell communication) and
induced via the activation of patched (ptch) or smoothened (smo) receptors(®!l.
Inhibitors targeting the DNA-binding site of GLI proteins have been developed!’”.

(6) The tumor protein 53 (p53) transcription factor is commonly downregulated by the
mouse double minute 2 (MDM2) E3 ubiquitin ligase, which is inhibited by cellular
stress signaling pathways leading to upregulated p532l. In cancer, the TP53 gene is
most frequently mutated to inhibit its tumor suppressing effect®. Hence, direct
targeting strategies include small molecules that are restoring activity of mutant
p5383],

(7) Forkhead box (FOX) proteins are a large family of transcription factors, which are
regulated by the PI3K-AKT and the Ras-Raf-MEK-ERK pathways!®4l. Inhibitors
interfering with FOX-DNA binding have been reported!’”!.

(8) MYC proteins are transcription factors for numerous target proteins by formation of
a heterodimer with MY C associated factor X (MAX)!33], While transcription of MYC
proteins was shown to be induced by the bromodomain-containing 4 (BRD4)
proteint®], MYC activity is further regulated by a variety of mechanisms, e.g. the
Ras-MEK-ERK pathway, CDKs, glycogen synthase kinase 3 (GSK3)I8¢ PLKI,
Aurora kinases, and others®’]. While mainly indirect targeting strategies have been
reported, some peptide inhibitors of the complex formation with MAX are being
investigated in clinical trials(®.
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Even though transcription factors were thought to be straightforward targets for cancer
treatments!’#, transcription factors are actually regulated by a variety of different processes,
including other transcription factors, themselves. For example, transcription of Notch2 can
be initiated by STAT3[®%, and while NF-xB triggers p53 expression, it also regulates p53
activity via MDM2 and is itself regulated by p53%8l. Besides transcription factors,
transcription of target genes is also regulated by epigenetic mechanisms such as DNA
methylation, histone modifications, and others®”], whose regulators, including HDAC and
DNA methyltransferases (DNMTS), are attractive targets for cancer therapy®®.

Protein expression is further regulated by translational mechanisms. An important role in
initiating translation play eukaryotic translation initiation factors (elFs), which build a large
complex with mRNAs and recruit ribosomes for protein translation®!l. One of the main
intermediate complexes responsible for ribosome recruitment is the elF4F complex and is
regulated by mTOR complex 1 (mTORC1), which initiates translation via various
mechanisms®!l, Furthermore, MAPK-interacting kinases (MNKs) downstream of the
MEK-ERK and the p38 MAPK pathways are involved in the elF4F complex formation,
providing several pathways for targeted strategies to intervene in upregulated translational
processes in cancer®!l, For instance, mTOR and PI3K (upstream of mTOR) inhibitors,
MEK and MNK inhibitors, as well as elF complex-targeting agents have been reported®!l.

While the described signaling cascades are obviously main regulators of cell
proliferation, hence important targets in cancer therapy, there are multitudinous other
options that have been or are currently explored as anticancer targets. For example, similar
to the antimetabolites of traditional chemotherapeutics, efforts in developing agents that
target cancer-specific alterations in metabolism cascades have been undertaken®>3,
Moreover, targeting the tumor microenvironment, senescencel®), alternative splicing
events®®l, inflammation processesl®”), the nucleolus®®), angiogenesis!®!, and many other
approaches to targeting cancer can be found in the literature.

Even though this chapter provides only a brief overview of selected mechanisms that are
interesting targets for cancer chemotherapeutics, it demonstrates the complexity and
connectivity of regulatory pathways in human healthy and cancerous cells. The overview
also highlights the advantage of multitargeting polypharmacology or synthetic lethal

approaches in cancer therapy over single agent treatment!!'%°],

5.1.3 Targeting Kinases with Small Molecules

Kinases are enzymes that catalyze the transfer of a phosphoryl group (POs*) from
adenosine triphosphate (ATP) to the hydroxy group of a target structure via a dissociative
transition state, which commonly involves stabilizing Mg?* or Mn?" cations!!!192] (Scheme
5.1.2). For protein kinases, target structures are generally comprised of serine/threonine
(Ser/Thr) or tyrosine (Tyr) phosphorylation sites on other proteins!!®-192 as well as
intramolecular structures!!®?), Protein phosphorylation and dephosphorylation are essential
post-translational mechanisms to regulate protein stability, function, cellular localization,
and interaction with other proteins and affect a vast majority of the human proteomel!%4,
Hence, kinases have been implicated in almost all cellular processes in health and
diseasel'??l, For example, kinase activity has been linked to the DDR!%I, extracellular
signaling cascades (e.g. via receptor kinases)!!%®l, the secretory pathway!!%7], cellular stress
signaling, cell metabolism!!%, apoptosis, cell-cycle regulation, autophagy!!%*!1%1 and other
functions. Thus, dysregulated kinase activity is involved in the development of numerous
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diseases, including cardiovascular conditions!!!'’"!!2]| neurological diseases, such as

Parkinson’s!!!>114] " and cancer(!'3], and poses therefore an attractive target for potential
therapeutics.

Scheme 5.1.2 | Proposed Phosphorylation Mechanism of Protein Kinases”

©
©.0 B o ©
oH + Op-OADP Oo-—--o—‘-ﬁfQ----OADP — 0 o9 + ADP
1 + - -
o) ) le) ) O//P\ o

Target Protein ATP

dissociative transition state

“ Adapted from Wang et al., Methods Enzymol. 2014, 548, 1-2111°1,

Structural Features of Kinases

Based on sequence similarity, the over 500 kinases of the human kinome are generally
divided into eukaryotic protein kinases (ePKs), which include almost 500 kinases, and
atypical protein kinases (aPKs), e.g. lipid kinases!!'®l. Despite differences in their primary
structure, almost all kinases share similar structural features!!' ¢! (Figure 5.1.13). The overall
structure of kinases is characterized by a -sheet-rich N-lobe and an a-helices-rich C-lobe,
which are connected via a short, disordered linker!'!®). The ATP-binding pocket is
commonly situated at the intersection between both domains!!!®, In addition, kinases share
several characteristic motifs:

(1) The hinge region within the linker between the N- and the C-lobe, which directs ATP
binding as well as binding of most kinase inhibitors!'']. In certain kinases, the hinge
region hosts a specific amino acid at the entrance of a hydrophobic pocket commonly
accessed by kinase inhibitors, which is hence referred to as the “gatekeeper”'!"l.
Gatekeeper mutations blocking access to this pocket thus lead to inhibitor-resistant
kinases!!!7],

(2) The (glycine-rich) P-loop of the catalytic domain, which is involved in phosphate
binding of ATP!!!'7], While the P-loop fulfills the same function across the kinome,
aPKs do not exhibit the characteristic increase in glycines within this motif, as is
common among ePKs!!16],

(3) The DFG (Asp-Phe-Gly; aspartic acid — phenylalanine — glycine) motif, which plays
an important role in the activation of a kinasel!'®). The Asp of the DFG sequence is
responsible for coordinating the bivalent metal cation (Mg?>/Mn?*) in its “in”
conformation, while a kinase is considered inactive with a DFG-“out” conformation,
meaning that the motif faces towards the outside of the ATP-binding pocket!!!7],

(4) The aC-helix at the N-terminus, which contributes to ATP coordination within the
binding pocket!!!7], Tt carries a glutamate, which forms a salt bridge with the catalytic
lysine within the N-lobe in active kinases but faces away from the lysine in inactive
kinase conformations!!!7l.

(5) The HRD (His-Arg-Asp; histidine — arginine — aspartic acid) motif is involved in
catalyzing the phosphorylation process and is located within the C-lobel!!%l, In aPKs,
the motif is found reversed (DRH motif), while the function stays the samel!!¢],
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Figure 5.1.13 | Structural Comparison of ePKs and aPKs. Despite a lack of sequence homology,
ePKs (eukaryotic; here: epidermal growth factor receptor (EGFR)) and aPKs (atypical; here:
mTOR) are comprised of an N- and C-lobe, which form the ATP binding pocket at their
intersection. Furthermore, kinases share common structural motifs, including a hinge region at the
ATP binding site, a catalytic DFG motif, (glycine-rich) P-loop, HRD motif, and aC-helix. Adapted
from Kanev et al., Trends Pharmacol. Sci. 2019, 40 (11), 818-832['1¢],

Small Molecule-based Kinase Inhibitors — An Introduction
As described above, kinases are involved in the regulation of several cell signaling
pathways and are thus exciting targets for a variety of diseases. Using small molecule
modulators, kinase signaling can be inhibited in vivo and has been successfully applied in
the clinic leading to 59 clinically approved kinase inhibitors within the past 20 years!! 181191,
Considering the conserved structural features of kinases, ATP-competitive small molecule
inhibitors exhibit three common binding modes!'?"! (Figure 5.1.14). For instance, type 1
inhibitors bind to the active kinase conformation and comprise the majority of known
kinase inhibitors!2%), While this conformation is generally characterized by a DFG motif
facing towards the ATP binding site (DFG-‘in’), it is also important that the aC-helix is
facing the ATP binding pocket as welll!'”l, The subtly different type 1.5 inhibitors (a
subgroup of type 1 inhibitors) bind to the inactive DFG-‘in’ but aC-helix-‘out’ kinase
conformation(!?!l, In contrast, kinase inhibitors that exhibit binding affinity towards the
inactive DFG-‘out’ characterized kinase conformations are designated type 2 inhibitors!!2%,
Further mode of actions for small molecule kinase inhibitors include allosteric kinase
inhibition['??]. Kinase modulators binding to allosteric pockets of the kinase domain
adjacent to or further away from the ATP-binding pocket are inhibitors of type 3 and 4,
respectively!!?2l, Some kinase inhibitors target two motifs within the kinase domain and
belong to the type 5 kinase inhibitors!!?], In recent years, two more inhibitor types have
been defined, which describe small molecules affecting protein regions outside the kinase
domain!'??], For instance, kinase inhibitors of type 6 bind to allosteric sites outside the
kinase domain, including pseudokinase domains (pseudokinases are defined as kinase-like
proteins that do not exhibit catalytic activity, thus mainly performing scaffolding, cellular
localization, and complex formation functions!!?*!), while type 7 inhibitors are defined as
small molecules which effect receptor tyrosine kinase activity by binding extracellular
protein domains!?2,
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Figure 5.1.14 | Overview of Main Kinase Inhibitor Types. Since kinases generally share common
structural features, kinase inhibitors are categorized by their targeted binding site. ATP-competitive
inhibitors are divided into three types, where type 1 inhibitors bind to the kinase active conformation
(DFG-‘in’ and aC-helix-in), type 2 inhibitors bind to the kinase inactive conformation (DFG-‘out’
and aC-helix-out). Some kinase inhibitors target the inactive kinase conformation with a DFG-‘in’
motif, which are therefore referred to as type 1.5 kinase inhibitors. Alternative kinase inhibitor
binding pockets are situated either adjacent to (type 3) or further away from (type 4) the ATP
binding site. Notably, these allosteric binding sites are part of the kinase domain.

Even though the great majority of approved kinase inhibitors bind their target proteins
reversibly, the development of irreversible inhibitors which form a covalent bond with the
kinase is an active area of research, culminating in the FDA (U.S. Food and Drug
Administration) approval of several drugs, such as ibrutinib and osimertinib!!!¥l. Covalent
inhibitor-kinase complexes are achieved by the introduction of an electrophilic warhead,
including acrylamide derivatives, haloketones, or sulfonyl-based structures (Figure 5.1.15),
which react with nucleophiles such as cysteines (Cys), lysines (Lys), Asp!!?], and others.
Since most reported covalent kinase inhibitors, including the first FDA-approved agents,
carry acrylamide derivatives as their reactive warheads!!'?’!, irreversible inhibitors
commonly bind kinases via a Michael-addition mechanism!'2% (Scheme 5.1.3).

Covalent kinase inhibitors are generally derived from reversible kinase binders, which
are within reach of a nucleophilic amino acid, e.g. a conserved Cys!!'?®l, Using structure-
guided design, rational positioning of a covalent warhead moiety within the reversible
scaffold can yield an irreversible kinase binder!'?l. Notably, this approach has some
advantages over reversible kinase inhibition. For example, while the additional structural
feature of the kinase needed to result in potent kinase binding of the small molecule often
improves selectivity, the irreversible nature of a covalently binding compound also
commonly results in prolonged inhibitory effects and a general increase in potency
compared to the reversible analogs!?®. However, the reactivity of the warheads, as well as
the covalent binding mechanism itself, can lead to unwanted side effects!!?”], which might
also be consequences of non-kinase targets!!?®!,
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Generally, kinase inhibitors are essential tools in investigating kinases and their
contribution to cell and disease biology as well as in validating kinases as potential targets
for novel therapeutics!!?®l. While small-molecule kinase inhibitors were historically most
commonly developed for the treatment of cancerous diseases, recent advances have been
made in the fields of immune and degenerative diseases, leading to novel applications and
drug discovery campaigns for kinase inhibitors!! 8],
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Figure 5.1.15 | Common Electrophilic Warheads of Covalent Kinase Inhibitors. An overview
of typical warhead structures found among covalent kinase inhibitors. Adapted from Liu et al.,
Chem. Biol. 2013, 20 (2), 146-159!'2¢!,

Scheme 5.1.3 | Michael-addition Mechanism of Covalent Kinase Inhibitors
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5.1.4 The Lipid Kinase Phosphatidylinositol 5-Phosphate 4-Kinase (PISP4K)

Intra- and extracellular membranes pose essential platforms for signaling cascades in
human cells!'?’). That is, membrane lipids are central regulators in the recruitment and
allosteric manipulation of soluble proteins, and orchestrate cellular processes such as
membrane trafficking!'?’l, The key lipid molecules of these mechanisms are
phosphatidylinositols (PtdIns)[!?°], which are comprised of diacylglycerol (DAG) and an
inositol moiety connected via a phosphate group!!*’! (Scheme 5.1.4). Inositol (here: D-myo-
inositol) is generated from glucose-6-phosphate and is coupled with the lipid component
by PtdIns synthasel!*!l. Interestingly, while inositol and its derivatives are ubiquitously
found in eukaryotes, only very few bacteria take advantage of these lipid-based signaling
moleculest3!, The solvent exposed inositol unit of PtdIns is further decorated with
phosphates by a network of lipid kinases, which in concert with phosphatases control the
phosphorylation pattern thus the function of these signaling molecules!!3%,
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Scheme 5.1.4 | Structure and Formation of Phosphatidylinositol (PtdIns)
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Phosphatidylinositol Phosphates (PIPs) — Lipid-based Regulators of Cell Function

The first observation of the signaling function of PtdIns phosphates (PIPs) was in the late
1970s/early 1980s, when the receptor-initiated cleavage of phosphatidylinositol-4,5-
bisphosphate (PI-4,5-P») by phospholipase C into the second messengers DAG and
inositol-1,4,5-trisphosphate (IP3), with the latter triggering intracellular Ca®*-release, was
investigated!!32!33], In the following decades, a vast variety of roles for the different kinds
of PIPs, in addition to serving as precursors of other second messengers, were
uncovered!!*], This was especially owed to the discovery of PIP-binding domains in the
early 2000s, providing a mode of action for various PIP functions as they control protein
complex formation, proximity, or even allosteric activation of target proteins!!3+!135],

In human cells, PtdIns is typically found phosphorylated at positions 3, 4, and 5, resulting
in seven distinct PIPs!!3¢! (Figure 5.1.16). Since their function is based on cellular
localization and recruitment of proteins for downstream effects, an important feature to
understand PIP function is the clustering of PIPs in specific cellular membrane
compartments(!*¢! (Figure 5.1.17) and is summarized in Table 5.1.2. For example,
phosphatidylinositol 3-phosphate (PI-3-P) is mostly found in the membranes of early
endosomes as well as autophagosomes at the ERI¢l. PI-3-P is then converted to
phosphatidylinositol-3,5-bisphosphate (PI-3,5-P2), marking late endosomes, lysosomes,
and their trafficking back to the Golgil'3®l. At the Golgi, phosphatidylinositol 4-phosphate
(PI-4-P) is commonly found to regulate vesicle trafficking to the plasma membranel!3¢],
Here, PI-4,5-P, dominates a multitude of processes, including clathrin-mediated
endocytosis  together with  phosphatidylinositol-3,4-bisphosphate  (PI-3,4-P,)!!36],
Phosphatidylinositol-3,4,5-trisphosphate (PIP3) is also located at the plasma membrane and
is involved in processes such as early phagosome formation or clathrin-independent
endocytosis(!3¢],

PIPs are bound by proteins to direct and regulate their function at specific membrane sites
within the cell, with over 50 protein kinases exhibiting respective PIP-binding domains!'?°1.
One such domain, the Pleckstrin homology (PH) domain, was identified in the context of
PI-4,5-P,-binding by phospholipase C[!*3]. PH domains have thus been intensely studied
and can be found in protein kinases, guanine nucleotide exchange factors, guanosine
triphosphate hydrolase (GTPase)-activating proteins, and a variety of other proteins, while
PIP-selectivity of PH domains can vary!'**l. Interestingly, the structurally similar
phosphotyrosine binding (PTB) domains have been also shown to bind PI-4,5-P>, e.g. in
the context of the clathrin adaptor protein disabled homolog 1 (Dab1)!'3*], FERM (acronym
for: 4.1 Protein, erzin/radixin/moiesin) domains pose another example of PH-like protein
domains and were first identified in proteins mediating the connection of the cytoskeleton
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with the plasma membrane!'**]. While these PIP-binding domains can show selectivity for
different PIPs, FYVE (acronym for: Fab-1 (1-phosphatidylinositol 3-phosphate 5-kinase),
YGLO023 (fungal protein), Vps27 (vascuolar protein sorting-associated protein 27; yeast),
and EEAL1 (early endosome antigen 1)) and phagocytic oxidase (phox) homology (PX)
domains have been identified as PI-3-P-specific protein structures!!34, PI-4,5-P>-specific
domains include the AP180 N-terminal homology (ANTH) and the epsin N-terminal
homology (ENTH) domains and play a role in clathrin adapter proteins!!34],

Table 5.1.2 | Overview of PIPs and Their Cellular Locations”

PIP Abundance Location Function

10-20 mol% of ER (biosynthesis), Golgi,

PtdIns phospholipids early endosomes, plasma (PIP precursor)
membrane
PI3P  ~01-0.5% of Ptdlns early endosomes, early endqsome
autophagosomes formation
PL4-P 2-5% of PtdIns Golgi, endosomes, Golgi trafficking,
(plasma membrane) endosomes
unclear cytoskeleton
~0.02-0.05% of (early endosomes, Golgi, y .
PI-5-P regulation,
PtdIns plasma membrane, . ;
stress signaling
nucleus)
~0.04-0.25% of
Prdlns ER, endosomes, plasma clathrin-mediated
PI-3,4-P,  (~2-5% of PtdIns ’ P :
membrane endocytosis

after stimulated
production)

clathrin-mediated &

plasma membrane clathrin-independent

_ _ ~D_50
P1-4,5-P; 2-5% of PtdIns (Golgi, endosomes)

endocytosis
endosome
0 0.0 (<0 maturation/lysosome
PI-3,5-P» 0.02-0.05% of late endosomes/lysosomes formation,
PtdIns :
trafficking of
endosomes to Golgi
plasma membrane L
o ~0.02-0.25% of (enriched at site of Claﬂ;ﬁg(jﬁiﬁ‘dem
: PtdIns chemotactic stimuli), M ’

phagosomes phagosome formation

“ This information was assembled from Hammond et al., Biochim. Biophys. Acta 2015, 1851 (6),
746-7581*%) and Billcliff et al., Biochem. J. 2014, 461 (2), 159-175!13¢],
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Figure 5.1.16 | Phosphorylation Patterns of PIPs. Shown are the structures of the seven distinct
PIPs found in human cells. Phosphate groups are indicated with a blue circled “P”.
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Figure 5.1.17 | Cellular Localization of PIPs. Due to their specific functions, local accumulations
of PIPs at specific cellular membrane compartments are observed. For example, PI-4-P (light blue)
is mainly found at the Golgi and secretory vesicles (SVs). PI-3,4-P, (black) mediates endocytotic
processes. In the following, PI-3-P (green) is found in early endosomes and PI-3,5-P, (orange)
facilitates maturation to lysosomes. At the plasma membrane, PI-4,5-P, (red) is produced primarily
from PI-4-P and can be further phosphorylated to form PIP; (purple; here: PI-3,4,5-P3). Adapted

from Burke, Mol. Cell 2018, 71 (5), 653-673"7),
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Phosphatidylinositol (Phosphate) Kinases and Phosphatases Regulate PIP Function
While PIPs are bound by their effector proteins, including ion channels, scaffolding,
cytoskeletal, and membrane trafficking-mediating proteins, the main regulators of PIP
function and distribution are PtdIns (phosphate) kinases and phosphatases!!*’l. PtdIns
kinases have been known for over 50 years; however, most of our knowledge on the
significance of PtdIns kinases and their activity has only been generated within the past 30
years!!38],

In human cells, 19 kinases and 28 phosphatases orchestrating PIP function have been
identified'**) (Figure 5.1.18). Even though this chapter focuses on PIP kinases,
phosphatases and their functions are briefly presented for context. Structurally, the PtdIns
(phosphate) kinases are divided into three main groups: PI3Ks and type III
phosphatidylinositol 4-kinases (PI4Ks), sharing an a-helices-rich region, type II PI4Ks,
which are lacking these and other specific domains apart from the kinase domains, and PIP
kinases (PIPKs), exhibiting PIPK-specific dimerization domains (except for PIK fyve)!!37]
(Figure 5.1.19). Some key features of PtdIns kinases are summarized in Table 5.1.3.

R R
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R R R R
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Figure 5.1.18 | The PtdIns Network. Overview of important PtdIns kinases and phosphatases
regulating the biosynthesis of PIPs. Phosphate groups are indicated with a blue circled “P”. Kinases
are shown in dark blue, while phosphatases are depicted in orange.
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Figure 5.1.19 | Structural Relationship of PtdIns Kinases. PtdIns kinases can be divided into
three main groups based on their structural features. PI3Ks and type I1I PI4Ks share a common core
structure, including an a-helix-rich domain. Interestingly, mTOR is part of the PIKK family. Type
II PI4Ks do not share this “helical” domain, thus pose a separate group. Finally, PIPKs (with the
exception of PIKfyve) exhibit a characteristic dimerization domain, thus forming the third group of
PtdIns kinases. Adapted from Burke, Mol. Cell 2018, 71 (5), 653-673!"7],

Table 5.1.3 | Mammalian PtdIns Kinases”

PtdIns Kinase = Expression’ Function®
GRrour 1
Class IA PI3Ks
PI3Ka (p110a) ubiquitous angiogenesis, Akt pathway activation, insulin signaling
PI3Kp (p110pB) ubiquitous Akt pathway activation, insulin signaling
PI3K (p1109)  immunecells  TCR/BCR signaling leukocyte chemotaxi,
Class IB PI3Ks
PI3Ky (p110y) immune cells leukocyte and mast cell function
Class II PI3Ks
PIK3C2a ubiquitous clathrin-med. membrane trafficking, (insulin signaling)
PIK3C2p ubiquitous cell migration, clathrin-med. endocytosis
PIK3C2y prim. liver unclear
Class III PI3KSs
PIK3C3 ubiquitous endosome/lysosome function, autophagy,

innate immune resp.
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PtdIns Kinase Expression® Function®
Type 111 PI4Ks
PI4K IIla (PI4KA) prim. brain Ca”*-signaling (plasma membrane)
PI4K 1IIB (PI4KB) ubiquitous membrane trafficking (Golgi)
GROUP 2
Type II PI14Ks
PI4K Ila (PI4K2A)  ubiquitous vesicle trafficking, (EGFR turnover, phagocytosis)
PI4K IIB (PI4K2B)  ubiquitous TCR signaling, (phagocytosis)
GRouP 3
Type I PIPKSs
PI4P5Ka (PIPK Io)  ubiquitous chemotaxis clathrin-med. endocytosis
PI4P5Kp (PIPK IB)  ubiquitous  (nuclear stress response) (regulz;ré t(ixri S;;?;ﬂi?: B.7),
PI4P5Ky (PIPK Iy)  prim. brain - Ca"-signaling
Type II PIPKSs
PI5P4Ka ubiquitous PI-5-P conversion (general)
PISP4K} ubiquitous PI-5-P conversion (nucleus), insulin signaling
PI5SP4Ky prim. kidney unclear
Type 111 PIPKSs
PIKfyve (PIPK III) prim. muscle membrane dynamics, insulin signaling

fat cells

“ Based on information from Sasaki et al., Prog. Lipid Res. 2009, 48 (6), 307-343[13,

b prim., primarily.

“BCR, B-cell receptor; TCR, T-cell receptor.

The PI3K family is a well-studied PtdIns kinase family and can be divided into three main

classes!!'?’

1. Class I PI3Ks are primarily responsible for the formation of PIP3 from PI-4,5-

P; at the plasma membrane, stimulating different intracellular pathways involved in cell
growth, metabolism, and survival, while also being responsible for immune cell
function!!3”], The class I PI3Ks are further divided into two subgroups based on their
respective regulatory subunits!!37], PI3K subclass IA is comprised of the isoforms PI3Ka,
B, and &, while PI3KYy is sole member of the IB subclass[!*7]. Generally, class I PI3Ks are
stimulated via receptor tyrosine kinases, GTPases (Ras-based), and G protein-coupled
receptor signaling!!37], Notably, instead of Ras, PI3Kp is activated by the Rho GTPases!37.
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Furthermore, while PI3Ka and  are ubiquitously expressed, PI3Ky and 6 are the main class
I PI3Ks in immune cells!!37],

Class II PI3Ks are represented by the isoforms PIK3C2oa, B, and y and are mainly
converting PtdIns into PI-3-P as well as PI-4-P into PI-3,4-P,[!*7]. Interestingly, class II
PI3Ks contain a PX domain, recruiting them to PI-4,5-P,-rich membranes!'*l. There, they
function as regulators of clathrin-mediated endocytosis, cilium function, as well as insulin
signaling!37), Tt was shown that PI-4,5-P, and clathrin act in concert to activate PIK3C2a
to mediate endocytosis!'*”), while the function of PIK3C2B and y are still poorly
understood!!*l. Similar to the class IT PI3Ks, class III PI3Ks catalyze the conversion of
PtdIns into PI-3-P and consist of the protein PIK3C3[!37], Due to its ability to form different
complexes with varying membrane-binding domains, PIK3C3 is either involved in
autophagosome formation or endosome trafficking!!3"].

Besides the PI3Ks, the first group of PtdIns kinases also includes type III PI4Ks, which
are comprised of the two isoforms PI4K ITla and B!'*"). PI4Ks produce PI-4-P from PtdIns
with PI4K Illa being mainly located at the plasma membrane, providing PI-4-P for PI-4,5-
P> synthesis, and PI4K IIIB regulating lipid distribution, membrane trafficking, cytokinesis,
and lysosomal functions at the Golgil!*7]. Interestingly, these PtdIns kinases are commonly
activated by viruses in course of viral replication!!37],

The second group of structurally distinct PtdIns kinases are type II PI4Ks, including the
isoforms PI4K Ilo and B'*7). Similar to the type IIT PI4Ks these enzymes catalyze the
formation of PI-4-P from PtdIns!!3”l. However, due to their structure including a lipidation
site, type Il PI4Ks are permanently associated with intracellular membranes and regulate
endosomal exocytosis, EGFR turnover, and some signaling pathways such as the Wnt
cascade!37],

The third group of PtdIns kinases are comprised by PIPKs and can be further divided into
three subgroups based on their substrate lipids!!3”). Type I PIPKs transform PI-4-P to PI-
4,5-P, and are hence referred to as PI4P5Ks, including the isoforms PI4P5Ka, B, and y!37),
Similarly, type II PIPKs form PI-4,5-P, from PI-5-P and are thus termed PI5P4Ks, with
isoforms o, B, and y!!*71. Notably, PI-4,5-P; is mainly produced via type I PIPKs, while type
IT PIPKSs are thought to act mainly through controlling the cellular PI-5-P pool or producing
small, local PI-4,5-P; clusters!!*7]. Type I PIPK activity is stirred by a variety of different
stimuli, e.g. GTPases, which are mostly directed to activate specific PI4P5K isoforms!!37],
Even though type I and type II PIPKs have been implicated to regulate cellular processes,
such as migration, adhesion, cell division, and polarity, with type II PIPKs also being
involved in autophagy mechanisms and cellular metabolism, especially PISP4K (type 11
PIPKSs) function is still mostly unclear!!*”), Notably, the type I PIPK isoforms are able to
form homo- and heterodimers with each other, and while PISP4Ka and B (PISP4Kj
preferring GTP as a substrate instead of ATP) exhibit decent to strong kinase activity,
PI5P4Ky shows no detectable kinase activity!!3%!137], Finally, type IIT PIPKs are comprised
by the enzyme PIKfyve (or also: phosphatidylinositol 3-phosphate 5-kinase; PI3P5K),
which is characterized by a FYVE domain!'3, FYVE domain-dependent PI-3-P binding
leads to production of PI-3,5-P> and has been associated with membrane dynamics and
insulin signaling!!3°].

Due to the many functions of PtdIns kinases in regulating cellular signaling cascades and
pathways, dysregulation of their function has been involved in many diseases!!*’l. For
instance, Ras-activated PI3Ka and its role in tumorigenesis and angiogenesis processes has
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been target for a variety of oncogenic therapies, while also other class I PI3Ks have been
implicated as key drivers in cancer, immunological conditions, and inflammation!'*]. Type
IIT PI4Ks pose potential targets for viral infections, while type II PI4Ks might play a role
in the development of neurodegenerative diseases!'*"].

Notably, while PtdIns kinases produce PIPs and regulate their function, a set of PIP
phosphatases are also involved in these processes and need to be considered to fully
understand the overall cellular lipid network!3% (Figure 5.1.18). For example, the well-
studied antagonist of class I PI3Ks is the phosphoinositide 3-phosphatase PTEN, which
dephosphorylates PIP3 to form PI-4,5-P,[!3% The transmembrane phosphoinositide 3-
phosphatase and tensin homolog 2 (TPIP) is able to dephosphorylate PIP; and PI-3,5-P> to
form PI-4,5-P> and PI-5-P, respectively, while the family of myotubularins (MTMs) are
mainly responsible for the dephosphorylation of the 3-position of PI-3-P and PI-3,5-P,!3%,
Inositol polyphosphate-4-phosphatases (INPP4s) and transmembrane protein 55s
(TMEMS5s) are phosphoinositide 4-phosphatases and turn PI-3,4-P; into PI-3-P and PI-
4,5-P, into PI-5-P, respectively!!3%l. Phosphoinositide 5-phosphatase activity is found
among type II, III, and IV inositol polyphosphate-5-phosphatases (INPP5s), including
enzymes such as synaptojanins (SYNJs), OCRL1 (from lowe oculocerebrorenal syndrome
protein), Ski-interacting protein (SKIP), and SH2 domain-containing inositol phosphatases
1/2 (SHIP1/2), primarily being responsible for the formation of PI-4-P from PI-4,5-P> and
PI-3,4-P; from PIP;!13%],

The Phosphatidylinositol 5-Phosphate 4-Kinases (P15P4Ks)

The type II PIPKs — in the following referred to as PISP4Ks — were identified in the mid to
late 1990s!'*°1, Even though PI5P4Ks were initially believed to exhibit type I PIPK (PIP 5-
kinase) activity, differences in their catalytic features resulted in the differentiation between
type I and 1T PIPKs!!*1. In 1997, Rameh ef al. showed that the PIP 5-kinase activity of
PI5SP4Ks was falsely assumed due to impure PI-4-P batches used to determine PIPK
activity!'l, The group of Lewis C. Cantley found that, while PI5P4Ks indeed form the
same product (PI-4,5-P») as type I PIPKs, the actual substrates of the PISP4Ks were the PI-
5-P impurities within the PI-4-P lipid samples!'*"l. Hence, due to the differences in substrate
specificity, PI5P4Ks were re-labelled from type IT PIP 5-kinases to PIP 4-kinases!'*’!. By
the late 1990s, three PISP4K isoforms (a, B, and y) had been identified, while their cellular
functions remained mostly unclear!'*"1.

In 1998, Rao and coworkers solved the crystal structure of the PISP4K isoform [,
revealing key features of these lipid kinases!'*!l. Importantly, the group found that
homodimerization of the kinase forms a basic, flat, disc-shaped structure, which could
provide an explanation for the membrane association of PISP4Ks!*! (Figure 5.1.20).
Despite the overall lack in sequence homology, further structural studies revealed that
PISP4Ks share common features of protein kinases including the catalytic lysine, the
catalytic aspartates of the HRD and DFG motives, as well as a glycine-rich (P-)loop!!38],
Moreover, similar to protein kinases, PISP4Ks also exhibit a substrate-determining
specificity loop at the PIP-binding site, which is conserved among the PISP4K isoforms!!3¥],
In case of PIPKs, these specificity loops are also one determining factor for cellular
localization of these kinases!!*8]. Interestingly, immunoprecipitation studies indicate that
the PISP4K isoforms are additionally able to form heterodimers with each other, e.g.
PISP4Kp with al'4%], and PI5P4Ky with al'#], This data further supports the hypothesis that
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heterodimerization of the PISP4K isoforms directs PISP4K activity within the cell (further
described below)H37:142:143],

Figure 5.1.20 | Structure of the Homodimer of PISP4Kf°. A. Crystal structure of a homodimer
of PISP4Kp (monomers indicated in red and blue). While the left side shows the ribbon structure
of the homodimer, the right side shows the space filling structure of the same complex. Notably,
the depiction highlights the membrane-binding site of the enzyme dimer with a basic (blue) patch
in its center. B. A docking model of the cocrystal structure of A bound to a phospholipid layer
representing a cellular membrane. On the right, ATP is docked into the binding site demonstrating
substrate binding of the PISP4K lipid kinase.

“ Graphics adapted from Heck et al., Crit. Rev. Biochem. Mol. Biol. 2007, 42 (1), 15-39!'3%,

While PISP4Ks generally catalyze the same phosphorylation reaction, enzymatic studies
found that the PISP4Ka isoform exhibits significantly higher enzymatic rates than the other
two isoforms in vitro, with an approximately 2,000-fold higher kinase activity than
PISP4KB!44. Surprisingly, almost no kinase activity was detected for PISP4Kyl!4%]]
underlining the importance of heterodimerization for the understanding of PISP4Ks’
function!'#’l. For example, while the most active PISP4K isoform, PISP4Ka, is commonly
found in the cytosol, PISP4KY is located at membranes of cellular vesicles and PISP4K} is
able to transition between cytosolic and nuclear locations!!'*¢! vig a specific a-helical
structural motif unique for the PISP4KP isoform!'*”). Thus, PISP4Ka being able to
heterodimerize with PISP4Kf3 and y provides an overall explanation as to why PI5SP4Ka is
sometimes found to be located mostly in the nucleus or cytosol, where it can be found in
soluble fractions or membrane-bound, depending on the study design['4l. Further studies
suggested that heterodimerization may also serve to regulate the activity of the complexes,
demonstrating that maximal activity of PISP4Kf occurs when PISP4Kp associates with
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PI5P4Ka in its kinase active conformation, compared to a complex including its inactive
conformation!!4?],

Because the lipid substrate of PISP4Ks, PI-5-P, is only found in small pools at the plasma
membrane or intracellular compartments, most of the cellular PI-4,5-P; lipid is produced
via the PI-4-P intermediate by PI4P5Ks (type I PIPKs)!'*4, While PI5P4K function could
still technically control local PI-4,5-P> production, another intriguing hypothesis suggests
that PISP4Ks’ main role involves the regulation of PI-5-Ps[!46], In the nucleus, PI-5-P was
found to orchestrate the function of the tumor suppressor inhibitor of growth protein 2
(ING2), which mediates p53-induced cell death as a result of DNA damagel!®l. It was
further found that different cellular stress factors increase nuclear PI-5-P activity(!46]. For
instance, while PISP4K activity, especially nuclear PISP4Kp activity, reduces the local PI-
5-P pool, p38 MAPK or Pinl (see Chapter 7) are able to inhibit PISP4Ks, thus increase PI-
5-P signaling!'*®l, Moreover, nuclear PI-5-P function has been associated with stress-
induced or viral infection-mediated transcription events as well as epigenetic DNA-
modifications!#®), PI-5-P has been further linked to other cellular processes including Akt
signaling at the plasma membrane and cytoskeletal motility!'4%]. PI-5-P-induced Akt
activation is proposed to be mediated via its inhibitory activity on PTEN as well as through
activation of a variety of other phosphatases, including SHIP2, MTMs, and Akt
phosphatases!!*®l, Furthermore, PI-5-P is able to regulate insulin-mediated translocation of
the glucose transporter type 4 (GLUT4) as well as F-actin stress fiber disassemblyl!46],

Considering that PISP4Ks are thus regulating PI-5-P and local pools of PI-4,5-P> and that
PISP4K isoforms can trigger localization and function of the formed heterodimers,
PI5SP4Ks have been shown to have additional functions within a cell. For example, Sumita
and colleagues demonstrated that PISP4Kf has a unique feature of preferring GTP over
ATP as a phosphate-donor!'*¥! (Figure 5.1.21). The group showed that PI5P4Kp acts as a
GTP-sensor, contributing to orchestrate metabolic processes within the cell and potentially
translating GTP levels into PI-5-P signaling for further downstream effects!!*®l,
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Figure 5.1.21 | Co-crystal Structures of PISP4Kp in Complex with GTP- and ATP-analogs.
PISP4Kf was co-crystallized with either a GTP- (A) or an ATP-analog (B). Analysis of nucleotide
binding pocket revealed an elaborate hydrogen bond network for GTP, while ATP shows less
favorable interactions. Adapted from Sumita et al., Mol. Cell 2016, 61 (2), 187-198!14%!,

In summary, this overview of PISP4Ks’ modes of action emphasizes the complexity of the
lipid network and how the different PISP4K isoforms can direct and regulate their kinase

-56-



5 Discovery and Development of Chemical Probes for the Study of Lipid Kinases

function. To further complicate the understanding of PISP4K activity, a recent study
published by Lewis C. Cantley and his group identified a mechanism by which PI5SP4Ks
directly target PI4P5Ks and influence their PIP 5-kinase function independently of
PI5SP4Ks’ kinase activity!!*). Thus, research and proper tools/tool compounds are
necessary to further investigate the influence of PISP4K catalytic and allosteric functions
in regulating cellular processes.

Even though their function and regulatory processes are still not fully understood,
PI5SP4Ks have been linked to a variety of physiological processes (Figure 5.1.22). For
instance, PISP4Ka was found to be activated by photo-induced ROS signaling via its
phosphorylation by receptor tyrosine kinases, thus implicating a role of PISP4Ka in retina
function!!>%, Knockdown studies in zebrafish suggest that PISP4Ka is further essential for
embryonic development!!>!l, Recent studies have also linked PI5SP4Ko function to
lysosomal regulation of cholesterol trafficking, which is potentially facilitated by local PI-
4,5-P; pools at the lysosome-peroxisome interfacel!*?l. Notably, PI5P4Ka and B activity
have been linked to autophagy and fusion of autophagosomes with lysosomes under
nutrition-starved (metabolic stress) conditions in vivo, likely due to PI-4,5-P> production at
respective membranes!!33],

Lamia et al. reported that PISP4KB”- mice exhibit increased sensitivity towards insulin
signaling, while generally being of lower body weight than control micel'>*. Surprisingly,
it was discovered that PISP4Kf, while catalyzing PI1-4,5-P> synthesis, actually promotes
PIP3 dephosphorylation at the 5-position, thus leading to a decrease in PIP3-mediated Akt
activation following insulin signaling[!>]. Recent studies elucidated that these insulin-
dependent mechanisms are mTORC]1-independent; however, require PISP4Kf catalytic
activity pointing towards a PI-5-P-mediated mode of action(!>®], In contrast, another recent
study suggests that the hypersensitivity towards insulin in PI5SP4KB”" mice is due to
allosteric effects of PISP4Ks!!49), that form complexes with PI4P5Ks and therefore inhibit
PIP; formation, which in turn downregulates class I PI3K signaling such as the Akt
pathway!!#]. Other studies implicated PISP4Kf activity in the nucleus with cellular stress
cascades!!*”), including mechanical stress-induced healing processes in muscle cells!!>® as
well as vitamin D-facilitated nuclear PI-4,5-P» production leading to E-cadherin
expression!'>’],

PI5P4Ky-specific cellular functions include coordination of vesicle transport, especially
in kidney cells, where PI5SP4Ky is found to be highly expressed!!®%l. Interestingly, the
allosteric PI4P5K inhibitory activity of PISP4Ks could explain how PISP4Ky maintains
high PI-4-P levels at cellular vesicles by preventing conversion of this phospholipid to PI-
4,5-P,['*1 Moreover, PI5P4Ky function has been implicated in Rho activation and mitotic
spindle formation'®!], which was recently confirmed in a study showing that PISP4Ky
localizes at the spindle pole, producing local pools of PI-4,5-P, and supporting stability of
microtubules!!®2, PI5SP4Ky has been further found to regulate a variety of signaling
pathways including mTORC1 signaling in nutrition-deprived cells!'®, which is potentially
also involved in regulatory processes of the immune system!!%4, as well as Notch signaling
via induction of receptor recycling mechanisms at tubulovesicular membranes!®%,
Interestingly, it was found that PISP4Ky and Notch are both negatively regulated by the
local E3 ligase deltex-1 (DTX1) leading to degradation of the receptor and the lipid
kinasel16%],
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* Notch signaling
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Figure 5.1.22 | PISP4Ks in Health and Disease. A. Overview of PISP4K function in cellular
processes (light orange) and implications in human diseases (dark orange). B. PISP4Ks are able to
homo- and heterodimerize. The dimers can associate with cellular membranes, while
heterodimerization of the isoforms is stirring and regulating PISP4K function. Besides their kinase
activity, PISP4Ks are also able to control effector proteins via allosteric mechanisms.
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Dysregulation of PISP4K function has thus been associated with the development of a
variety of diseases (Figure 5.1.22 A). Genetic variations of the PIP4K2A gene (for
PI5P4Ka) have been linked to schizophrenial!®! as well as responsiveness to antipsychotic
treatment!'®”]. Similarly, PISP4Ky has been investigated as a potential target for the
treatment of Huntington’s disease due to its implications in autophagy processes!!'®l.
PI5SP4Ka expression has been further linked to leukemia, including acute lymphoid
leukemia (ALL) and acute myeloid leukemia (AML)!!%°], Interestingly, some studies argue
that low expression of PISP4Ka in leukemia cells is associated with poor prognosis, which
could be a result of the consequently high cellular PI3K/Akt and p38 MAPK signaling!!°],
This tumor suppressor activity of PISP4Ka was further described in glioblastoma lacking
PTEN-facilitated inhibition of the PI3K pathway!!”’l. However, genetic knockdown studies
provided evidence that PIP4K2A is an essential gene in AML!7! and that (childhood) ALL
prevalence is associated with polymorphisms of PIP4K2A!"7?!, Furthermore, a recent study
found that not only low PISP4Ka levels but also downregulated PISP4Ky (not PISP4Kp)
in AML patients generally correlated with a positive clinical outcomel!”3]. Single nucleotide
polymorphisms (SNPs) in PIP4K2A leading to PISP4Ka overexpression were thus found
in a variety of different cancers and were associated with lower overall survival rates, while
in certain cancers the opposite was the casel!’#l. Surprisingly, PI5P4Ka was also found to
play a role in transcription initiation via direct mRNA binding in the context of infections
with the malaria-causing parasite Plasmodium falciparum!’>,

Similar to PISP4Ka, PISP4Kp has been found overexpressed in cancers, such as breast
cancer, promoting cancer cell proliferation[!’8l. Some studies suggested that PISP4Kp is
able to sustain cell growth in nutrition-deprived environments, e.g. tumors, via its GTP-
sensing ability to regulate cellular metabolism!'””l, However, PISP4K} is also discussed as
a tumor suppressor by promoting transcription of E-cadherin and low PISP4Kf expression
correlating with a decrease in survival in breast cancer patients!!’®l. A recent study further
suggests that the tumor suppressing long non-coding RNA PXN-ASI act by promoting
PISP4K expression 7],

Notably, Emerling and coworkers reported in 2013 that both PISP4Ka and 3 become
essential proteins in p53-deprived breast cancer cells!!®%, The group showed via genetic
knockout studies that the combination of p53 deletion with PIP4K2B" (for PISP4Kp) was
lethal in vivo, while a PIP4K2A”- and PIP4K2B*" combination led to a significant decrease
in tumor formation in p53-null mice, potentially due to resulting issues in glucose
metabolism and elevated ROS levels!!8%, These results are highly intriguing since p53
mutations or deletion mutations are found in over 70% of human cancers, thus suggesting
an interesting potential in targeting PI5SP4Ks in cancer!!8!l. Consequently, PISP4K
inhibitors pose essential tools in interrogating PISP4K function in cancer progression and
would further provide essential information for the development of potential novel cancer
treatments.

The identification of first small molecule PISP4K inhibitors (Figure 5.1.23) was reported
by Davis et al. in 2013132, The group presented a novel high-throughput platform enabling
the screening of chemical libraries for PISP4K inhibitor scaffolds!!®2l. As a result, the
tyrphostin analog I-OMe-AG-538 was identified, exhibiting ATP-competitive inhibition of
PI5P4Ka with an ICso of 1 uM!!821) while further studies demonstrated pan-PI5P4K activity
of the inhibitor(!83l. Shortly after, a PISP4Kp inhibitor, SAR088, was identified in a
PISP4Kp isoform-specific high-throughput screen!!34. The compound showed selectivity
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within a panel of 35 kinases and inhibited PISP4Kf with an ICso of 2.18 uM, exhibiting a
9-fold selectivity over PISP4Kal'#¥. Interestingly, the compound showed in vivo efficacy
in an insulin-resistant type 2 Diabetes mellitus mouse model!'®*, providing another
potential therapeutic angle for selective PISP4Kf inhibitors.

In 2015, Clark and colleagues reported the identification of the first PISP4Ky-selective
small molecule inhibitor (NIH-12848), which targets the PI-5-P-binding pocket of the lipid
kinase, thus exhibiting an over 100-fold selectivity over the PI5SP4Ka and B isoforms!!#3,
To determine ICso values of the compound, the group employed an activity assay using a
kinase active PISP4Ky mutant to increase its intrinsically low catalytic activity, leading to
an apparent ICso of 1 pMI!8] The tool compound was further applied to investigate
PI5P4Ky function in kidney cells, where the small molecule was able to inhibit Na*/K*-
ATPase redistribution, mirroring effects seen with RNAi knockdown of PISP4Ky!!#], More
recently, Kitagawa ef al. reported the discovery of al31, which showed cancer cell-
selective growth inhibition!!3¢l, The group identified pan-PI5SP4K inhibitor activity of the
compound and proposed a unique, dual mode of action, in which al31 causes a temporary
growth arrest of normal cells via upregulation of PIK3/P] (a negative regulator of the PI3K
pathway), while Ras-activated tumor cells override this signal by activating PI3K signaling,
thus causing mitotic catastrophe and ultimately cell death!'®]. This novel mechanism
therefore elucidated a potential cellular link between the Ras/MEK/ERK and
PI3K/Akt/mTOR pathwaysl!86],

3
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I-OMe-AG-538 O s (PI5P4AKB) = 2.18 uM

ICso (PI5P4Ka) = 1 uM

pan-PI5P4K inhibitor selective inhibitor

; “CF,4
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H o\l g
a131
NIH-12848 ICs0 (PI5P4Ka) = 1.9 uM
ICs0 (PI5P4Ky, mutant) = 1 uM pan-PI5P4K inhibitor

selective inhibitor

Figure 5.1.23 | Reported PISP4K Inhibitors. Structures of reported selective and pan-PISP4K
inhibitors.

Taken together, PISP4Ks pose intriguing novel targets in a variety of diseases including
neurological conditions, diabetes, and cancer. However, PISP4K function and regulation is
still poorly understood, highlighting the need of highly potent and selective chemical tools
to further investigate these lipid kinases and their function in human health and disease.
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5.2 Publication A: Targeting the PI5SP4K Lipid Kinase Family in Cancer
Using Novel Covalent Inhibitors

5.2.1 Specific Aims

THZ-P1-2 was found to be a potent pan-PISP4K inhibitor as the result of an internal
medicinal chemistry campaign, which followed-up on the PISP4K off-target activity of the
THZ-P1-2 analog JNK-IN-7. When joining this effort in the development of a selective and
potent PISP4K-targeting probe, the aim was the synthesis of the DTB-labeled analog of the
parent compound (THZ-P1-2-DTB) to enable further characterization and validation of the
PI5SP4K inhibitor.

5.2.2 Main Outcomes and Context

The presented study showed that THZ-P1-2 covalently and potently binds and inhibits
PISP4K activity in biochemical and cellular assays, with THZ-P1-2-DTB as an essential
labeled probe of the investigated inhibitor. THZ-P1-2 further exhibited decent selectivity
across the kinome, while treatment of PISP4K-dependent AML and ALL cell lines with the
covalent inhibitor resulted in dose-dependent antiproliferative effects. Finally, the probe
was shown to disrupt autophagy via PISP4K-mediated mechanisms.

As a result, the synthesis of the DTB-labeled analog of THZ-P1-2 enabled the direct
investigation of the cellular target engagement and selectivity of the parent compound via
bead-based pulldown experiments. Thus, the characterized probe enabled further studies of
the biological targets — as in this case, PISP4K function in AML/ALL cells, including their
role in autophagy. The presented study nicely shows the value of desthiobiotin-labeling
methods for the study and characterization of a small molecule probe, such as a covalent
protein inhibitor.

The respective synthetic routes can be found in the Supporting Information of the
publication.
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5.2.3 Published Article

The following peer-reviewed publication was originally published as:

Targeting the PISP4K Lipid Kinase Family in Cancer Using
Covalent Inhibitors

Sindhu Carmen Sivakumaren, Hyeseok Shim, Tinghu, Zhang, Fleur M. Ferguson, Mark R.
Lundquist, Christopher M. Browne, Hyuk-Soo Seo, Marcia N. Paddock, Theresa D. Manz,
Baishan Jiang, Ming-Feng Hao, Pranav Krishnan, Diana G. Wang, T. Jonathan Yang,
Nicholas P. Kwiatkowski, Scott B. Ficarro, James M. Cunningham, Jarrod A. Marto, Sirano
Dhe-Paganon, Lewis C. Cantley, and Nathanael S. Gray.

Cell Chem. Biol. 2020, 27 (5), 525-537.

DOI: https://doi.org/10.1016/j.chembi0].2020.02.003
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This article, including Supporting Information, was reproduced with kind permission from
the journal Cell Chemical Biology © 2020 Elsevier Ltd.

i

Note:

The publication was initially available as a preprint on the bioRxiv server.
DOI: https://doi.org/10.1101/819961 (posted: 10/25/2019)
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Targeting the PI5SP4K Lipid Kinase Family in Cancer
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e Inhibitor THZ-P1-2 shows PI5P4K enzyme inhibition and
target engagement in cells

e THZ-P1-2 covalently targets unannotated cysteines outside
the PISP4K active site

e AML/ALL cell lines are broadly sensitive to THZ-P1-2's
covalent effects

e PI5P4K inhibition causes autophagy disruption and
upregulates TFEB signaling
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SUMMARY

The PI5P4Ks have been demonstrated to be important for cancer cell proliferation and other diseases. How-
ever, the therapeutic potential of targeting these kinases is understudied due to a lack of potent, specific
small molecules available. Here, we present the discovery and characterization of a pan-PI5P4K inhibitor,
THZ-P1-2, that covalently targets cysteines on a disordered loop in PI5SP4Ko/B/y. THZ-P1-2 demonstrates
cellular on-target engagement with limited off-targets across the kinome. AML/ALL cell lines were sensitive
to THZ-P1-2, consistent with PI5SP4K’s reported role in leukemogenesis. THZ-P1-2 causes autophagosome
clearance defects and upregulation in TFEB nuclear localization and target genes, disrupting autophagy in a
covalent-dependent manner and phenocopying the effects of PI5P4K genetic deletion. Our studies demon-
strate that PI5P4Ks are tractable targets, with THZ-P1-2 as a useful tool to further interrogate the therapeutic
potential of PI5P4K inhibition and inform drug discovery campaigns for these lipid kinases in cancer meta-

bolism and other autophagy-dependent disorders.
INTRODUCTION

Phosphatidylinositol 5-phosphate (PI-5-P) is one of the seven
phosphosinositides that regulate a wide range of cellular func-
tions (Balla et al., 2009; Bulley et al., 2015). Known to localize
in the nucleus, Golgi, endoplasmic reticulum, and at the plasma
membrane, PI-5-P is an oxidative stress-induced regulator of
AKT activation and is also regulated by proline isomerase Pin1
through Pin1’s interactions with the phosphatidylinositol 5-phos-
phate 4-kinases (PI5P4Ks) in times of cellular stress (Keune et al.,
2012; Keune et al., 2013). The phosphorylation of the low abun-
dance phosphoinositide PI-5-P at the 4-position, yielding the
product phosphatidylinositol-4,5-bisphosphate (PI-4,5-Py), is
catalyzed by PI5P4Ka, B, and y (encoded by genes PIP4K2A,
PIP4K2B, and PIP4K2C) (Rameh et al., 1997; Rameh and Cant-
ley, 1999). PI-4,5-P, is an important precursor for second
messengers inositol-1,4,5-triphosphate, diacylgycerol, and
phosphatidylinositol-3,4,5-trisphosphate (Martelli et al., 1992;
Divecha et al., 1993; Fiume et al., 2012, 2015).

L)

Although most of PI-4,5-P, is generated by phosphorylation of
phosphatidylinositol 4-phosphate on the 5-position by the type |
PI4P5K kinases, a PI5P4K-driven alternate route was discovered
in 1997, hence the designation type Il (Rameh et al., 1997). The
PI5P4Ks were traditionally thought to mainly be crucial directreg-
ulators of PI-5-P levels (Bulley et al., 2015; Stijf-Bultsma et al.,
2015; Hasegawa et al., 2017). However, PI5P4Ka was found to
synthesize a pool of PI-4,5-P, that is specifically important in
mTORC2 regulation (Bulley et al., 2016) and to play a critical
role in intracellular cholesterol transport by modulating Pl-4,5-
P, homeostasis on peroxisome membranes (Hu et al., 2018).
The low-activity isoform PI5SP4Ky was demonstrated to positively
regulate Notch1 signaling by facilitating receptor recycling, sug-
gesting that endosome-localized production of PI(4,5)P, is
involved Notch transport (Zheng and Conner, 2018). PISP4Ko/B
were also shown to be required for autophagosome-lysosome
fusion during times of metabolic stress, suggesting that they
were evolved by multicellular organisms to produce sufficient
PI-4,5-P, in nutrient-deficient conditions (Lundquist et al.,

et Cell Chemical Biology 27, 525-537, May 21, 2020 © 2020 Elsevier Ltd. 525
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2018). These findings have dispelled the notion of PI5SP4K as sim-
ply being functionally redundant in PI-4,5-P, production.

PI5P4K has been suggested to be important in several dis-
eases. PIP4K2B-null mice were found to have increased insulin
sensitivity and reduced adiposity (Lamia et al., 2004). PIP4K2A
was found to be a dependency in acute myeloid leukemia
(AML) and acute lymphoblastic leukemia (ALL) (Jude et al.,
2014; Rosales-Rodriguez, et al., 2016; Urayama et al., 2018)
and PIP4K2A~'~, PIP4K2B*~, TP53~'~ mice had a dramatic tu-
mor-free life extension compared with TP53~/~ mice, uncovering
a potential synthetic lethality of PISP4K with p53 (Emerling et al.,
2013). Knockdown of PIP4K2A/B in human retinal pigment
epithelial cells and rabbit models abrogated the pathogenesis
of proliferative vitreoretinopathy (Ma et al., 2016). Deletion of
PIP4K2C in mice resulted in an increase in proinflammatory cy-
tokines and T helper cells, as well as a decrease in regulatory
T cells via hyperactivation of mMTORC1 signaling (Shim et al.,
2016). Pharmacological inhibition or knockdown of PI5SP4Ky
reduced mutant huntingtin protein in human patient fibroblasts
and aggregates in neurons, and relieved neuronal degeneration
in Drosophila models of Huntington disease (Al-ramahi et al.,
2017). The critical role of the PI5P4Ks in mediating autophagy
may explain their induced essentiality in various disease pathol-
ogies (Emerling et al., 2013; Vicinanza et al., 2015; Al-ramahi
et al., 2017; Lundquist et al., 2018). Collectively, these studies
suggest that the PI5P4Ks represent a lipid kinase family whose
underlying biology is important to numerous cellular processes
and warrants further investigation of their therapeutic potential
across a range of disease states.

The relevance of PI5P4K in a wide range of diseases has moti-
vated efforts to develop PI5P4K inhibitors. Reported pan-
PI5P4K inhibitors (Kitagawa et al., 2017) and isoform-specific in-
hibitors of PI5SP4Ka. (Davis et al., 2013), PISP4KB (Voss et al.,
2014), and PI5P4Ky (Clarke et al., 2015; Al-ramahi et al., 2017)
have laid the foundation for evidence of PI5P4K druggability
and motivated a need for inhibitors with further improved phar-
macological properties. Here, we present the identification of a
potent and selective covalent PI5P4K inhibitor, THZ-P1-2, and
characterize its cellular pharmacology in the contexts of auto-
phagy and cancer. Using a multipronged approach combining
biochemical and cellular assays, mass spectrometry, and crys-
tallography, we discovered that THZ-P1-2 inhibits the PI5SP4K
family at sub-micromolar concentrations by reacting covalently
with cysteine residues in a flexible loop outside the kinase
domain of all three kinase isoforms. We show that THZ-P1-2 ex-
hibits a reasonable selectivity profile across the kinome, with an
S score (S(1g) of 0.02 (Karaman et al., 2008; Davis et al., 2011)
and inhibits cell proliferation at micromolar concentrations in a
panel of leukemia cell lines in a manner dependent on covalent
targeting. Finally, further investigation of the mechanism of ac-
tion of THZ-P1-2 led us to the observation that THZ-P1-2 causes
defects in the clearance of autophagosomes and lysosomes,
halting autophagy and phenocopying the effects of genetic dele-
tion of PI5P4Ka/B/y (Al-ramahi et al., 2017; Lundquist et al.,
2018). These studies provide evidence that irreversible inhibition
of PI5P4K by THZ-P1-2 compromises autophagy, an essential
alternative energy source during periods of metabolic stress
which cancer cells depend on to maintain cellular homeostasis
and prolonged cell viability, further suggesting PI5P4K as a
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potentially important target in cancer metabolism and other
autophagy-dependent diseases.

RESULTS

Chemoproteomic Profiling and Synthetic Chemistry
Approaches Reveal Lead PI5P4K Inhibitor THZ-P1-2

A previously developed acrylamide-based covalent JNK inhibi-
tor, JNK-IN-7, was serendipitously discovered to also have ac-
tivity on PI5SP4Ky through KiNativ cellular selectivity profiling
(Figures 1A and S1A) (Zhang et al., 2012). JNK-IN-7 was found
to inhibit the kinase activity of PI5P4Ka/B/y in a radiometric
thin-layer chromatography (TLC) assay (Figures S1B and S1C),
and mass spectrometry revealed labeling of cysteine residues
located on a disordered loop that is not observed in the available
PI5P4K crystal structures (Figures S1D and S1E). We pursued a
focused medicinal chemistry campaign guided by biochemical
kinase assays and cellular pulldowns to optimize the potency
and selectivity of phenylamino-pyrimidine, which resulted in
the development of THZ-P1-2 (Figure 1A) (full structure-activity
relationship study described in Manz et al., 2019). THZ-P1-2
demonstrated inhibition of PI5SP4Ka kinase activity (Figure 1B),
with a half maximal inhibitory concentration (ICso) of 190 nM us-
ing an ADP-Glo (Promega) bioluminescence assay. THZ-P1-2
exhibited approximately 75% inhibition of PI-4,5-P, formation
by PI5P4Ka and PI5SP4K vy and 50% inhibition by PI5SP4Kp at a
concentration of 0.7 pM monitored using a TLC assay (Figures
1C and 1D).

THZ-P1-2 Binds in the Active Site and Covalently
Modifies Cysteine Residues of the PI5P4Ks

Based on the initial evidence of ATP-competitive inhibition and
the covalent binding of JNK-IN-7 to PI5P4Ky, we sought to
confirm covalent binding of THZ-P1-2 to each PI5P4K isoform.
Upon incubating THZ-P1-2 with recombinant PI5P4Ka/B/y pro-
tein and analyzing each sample by electrospray mass spectrom-
etry, we discovered that the compound covalently labeled each
isoform, as demonstrated by the mass shift corresponding to the
labeled protein, more efficiently than observed with JNK-IN-7
(Figure 2A). Notably, THZ-P1-2 achieved 100% labeling of
PI5P4Ka/B within 2 h, and PI5P4Ky in 30 min, corroborating
earlier observations in the TLC assay. This observed labeling
depends on the compound possessing the cysteine-reactive
acrylamide moiety, and we confirmed this using a non-
cysteine-reactive analog of THZ-P1-2 containing a 4-(dimethyla-
mino)butanamide warhead (Figure 1A). The reversible counter-
part, denoted by THZ-P1-2-R, did not label the recombinant
PI5P4K protein (Figure S2B).

To ascertain the specific residues covalently modified by
THZ-P1-2, we performed protease digestion and tandem mass
spectrometry. Here, we identified peptides containing previously
unannotated cysteine residues on a conserved disordered loop
residing outside of the PI5SP4K isoform kinase ATP-binding
sites—Cys293 on PI5P4Ka, Cys307 and Cys318 on PI5SP4K},
and Cys313 on PI5P4Ky—that were covalently modified by
THZ-P1-2 (Figures 2B and S2A). We hypothesize that this inter-
action is possible as the disordered loop region is brought into
close proximity of the ATP-binding pocket through tertiary struc-
ture. These observations add PI5P4K to the list of kinases that
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Figure 1. Chemoproteomic Profiling and Synthetic Chemistry Approaches Reveal PI5P4K Inhibitor THZ-P1-2
(A) Chemical structures of compounds JNK-IN-7 as reported previously in Zhang et al. (2012) and THZ-P1-2 with its reversible and desthiobiotinylated coun-

terparts. See also Figure S1.

(B) THZ-P1-2 potently inhibits PI5SP4Ka kinase activity in the ADP-Glo luminescence assay. Data shown are the mean of two biological replicates + SEM.
(C) THZ-P1-2 shows potent inhibition of kinase activity of all three PI5P4K isoforms in a radiometric TLC assay measuring radiolabeled PI-4,5-P,. TLC image

shown is representative of two independent experiments.

(D) Quantification of (C). Radiolabeled PI-4,5-P, spots were imaged by autoradiography and quantified by densitometry.

possess targetable cysteines distant from the ATP site in
sequence yet accessible proximal to the ATP site due to the
overall kinase conformation (Zhang et al., 2016; Kwiatkowski
et al., 2014; Browne et al., 2018).

Elucidation of the Crystal Structure of THZ-P1-2 Bound
to PI5P4Ka

To elucidate the detailed molecular interactions involved with
the covalent and noncovalent interactions of THZ-P1-2 with
the PI5P4Ks, we determined a crystal structure of PI5P4Ka. in
complex with THZ-P1-2 to 2.21 A resolution (Figures 2C and
S2C). The crystal structure showed crucial noncovalent interac-
tions within the ATP-binding pocket. Asn198 forms hydrogen-
bonding interactions between the carbonyl of the benzamide
and the amine linker connecting the phenylenediamine with
the pyrimidine moiety of THZ-P1-2. Furthermore, aromatic
T-stacking interactions between the phenylenediamine and
Phe200, as well as hydrophobic interactions between the
indole head group and linker regions of THZ-P1-2 and several
residues in the active site were detected (Figures 2C and 2D).
Unfortunately, as has been observed in previously published

crystal structures, there was insufficient electron density to
resolve the disordered loop containing the reactive Cys293
(Figure S2D). However, it is clear from the co-structure that
the cysteine-containing loop could easily traverse the region
adjacent to where the acrylamide warhead of THZ-P1-2 is sit-
uated. Alignment of crystal structures of PISP4Kp (PDB:
1BO1) and PI5P4Ky (PDB: 2GK9) deposited in the PDB to
our resolved co-crystal structure in PyMOL allowed for a
more direct comparison between the three isoforms, showing
that THZ-P1-2 likely binds to the other two isoforms in a similar
manner given the high degree of homology in the active sites
and cysteine-containing loops (Figure 2E).

Cellular Target Engagement and Kinome Selectivity of
THZ-P1-2

To confirm that the covalent binding observed in vitro is
also observed in a cellular context, we synthesized a desthio-
biotinylated derivative, dtb-THZ-P1-2, which maintained
the biochemical potency of the parental compound (Fig-
ure S3A). A streptavidin pulldown assay in HEK293T cell lysate
confirmed that dtb-THZ-P1-2 could capture PI5P4Ka/B/y at a
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concentration of 1 pM. We further demonstrated cell perme-
ability and cellular on-target engagement of THZ-P1-2 by
performing the streptavidin pulldown assay in a competitive
fashion, first pre-treating HEK293T cells with the parent com-
pound, followed by pulldown in cell lysate with the desthiobio-
tinylated derivative. THZ-P1-2 demonstrated the ability to
compete and block pulldown of PISP4K with dtb-THZ-P1-2 in
a dose-dependent manner (Figure 3B). We observed that
engagement measured by the streptavidin pulldown assay
also determined covalent binding, as pre-treatment with THZ-
P1-2-R was not able to block pulldown by dtb-THZ-P1-2 (Fig-
ure 3B) even though the reversible inactive control compound
was still able to inhibit kinase activity to a lesser extent than
the covalent compound in the ADP-Glo biochemical assay (Fig-
ure S3A). We validated THZ-P1-2’s continuous on-target
engagement typical of covalent inhibitors by performing an
additional pulldown with a washout at 2 and 4 h, observing
engagement as early as 2 h with 1 uM compound treatment
(Figure S3B).

To broadly evaluate the kinome-wide selectivity of THZ-P1-2
we used the commercially available DiscoverX KINOMEscan
profiling platform which revealed appreciable selectivity across
the kinome with a selectivity score at a 10% DMSO control
cutoff, S(4), of 0.02 (indicating THZ-P1-2 bound to 2% of queried
kinases at the specified cutoff) (Figure 3C) (Karaman et al., 2008;
Davis etal., 2011). We found the related lipid kinase PIKfyve to be
an off-target (6.4% DMSO control). Because PIKfyve and
PI4P5Ka/B/y could reasonably be off-targets due to overall
similar lipid kinase structure, we first tested THZ-P1-2 inhibitory
activity on these kinases. We observed low micromolar ICsq
values against PI4P5Ka/B/y and an ICsq of 40 nM on PIKfyve in
a fixed time point ADP-Glo assay (Carna Biosciences) (Fig-
ure S3C). To further assess if THZ-P1-2 biochemical inhibition
of these closely related lipid kinases was maintained in cells,
we evaluated dtb-THZ-P1-2 binding of these targets by strepta-
vidin pulldown. We observed no engagement of PI4P5Kao/B/y
and PIKfyve, establishing the cellular selectivity of THZ-P1-2
against these related type 1 and type 3 lipid kinases (Figure 3D).
Because of THZ-P1-2’s high potency on PIKfyve in the biochem-
ical context, we took a step further to investigate its cellular ac-
tivity on PIKfyve in a vacuolar enlargement assay. THZ-P1-2 pro-
duced the established PIKfyve-inhibitory phenotype in Vero cells
only at a high concentration of 10 uM, 1,000x that of positive
control apilimod (Cai et al., 2013; Choy et al., 2018; Sharma
et al., 2019), which causes substantial vacuolar enlargement at
10 nM (Figure S3D), but failed to show inhibition of PIKfyve at
1 uM. THZ-P1-2 was also unable to impair the ability of PIKfyve
inhibitor apilimod to induce vacuolar enlargement when cells
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were either pre-incubated with THZ-P1-2 followed by apilimod,
or co-incubated with both compounds (Figure S3E).

The additional potential off-targets identified through
KINOMEscan were further evaluated using the Z'LYTE kinase
assay (Invitrogen). All top off-targets except for BRK and
ABL1 were found to have ICsq values in the micromolar range
(Figure S4A). Engagement of both BRK and ABL1, both of
which lack cysteines in or near the vicinity of the ATP-site,
were assessed in the cellular pulldown assay with dtb-THZ-
P1-2 and found to have little to no pulldown, suggesting that
the affinity observed in the Z'LYTE assay may have been
due to tight noncovalent binding which was not perpetuated
in the cellular context (Figure S4B). THZ-P1-2 was markedly
less potent than the ABL inhibitors, imatinib, nilotinib, and da-
satinib, at killing BCR-ABL translocation containing cell lines
(K562 and KU812F), indicating that THZ-P1-2 does not effec-
tively inhibit BCR-ABL in cells (Figure S4C). Interestingly, even
with retention of the indole head group of THZ1 and THZ531,
the switch in 2,4- to 4,6-pyrimidine from JNK-IN-7 to THZ-P1-
2 was sufficient to alleviate engagement of kinases targeted
by related phenylaminopyrimidine acrylamides, including
JNK, IRAK1, PKN3, CDK7, and CDK12, when probed in a
streptavidin pulldown with their respective biotinylated or des-
thiobiotinylated compounds (Zhang et al., 2012; Kwiatkowski
et al., 2014; Browne et al., 2018) (Figure S4D).

THZ-P1-2 as a Probe for Potential PISP4K Dependencies
in Cancer

PIP4K2A was found to be essential for cell survival in AML
(Jude et al., 2014), and several variant SNPs in the PIP4K2A
locus have been associated with ALL susceptibility and leuke-
mogenesis (Rosales-Rodriguez, et al., 2016; Urayama et al.,
2018). We evaluated the sensitivity of a small panel of leuke-
mia cell lines to THZ-P1-2, using a 72-h CellTiter-Glo assay.
We used THZ-P1-2-R as a negative compound to control for
effects of THZ-P1-2 that are mediated solely by reversible
binding. THZ-P1-2 demonstrated modest anti-proliferative ac-
tivity in all six AML/ALL cell lines with 1Cso values in the low
micromolar range. We observed approximately 10-fold ICsq
shifts between THZ-P1-2 and THZ-P1-2-R (Figure 4), indi-
cating that the presence of the PI5P4K cysteine-targeting
acrylamide partially contributes to the anti-proliferative
activity. ABL1 fusion genes are also heavily involved in hema-
tological malignancies (De Braekeleer et al., 2011), but the
weak engagement of ABL1 in the cellular context (Figures
S4B and S4C), together with the covalent dependency, gave
confidence that the anti-proliferative activity observed is not
solely due to ABL1 inhibition.

Figure 2. THZ-P1-2 Binds Covalently to All Isoforms of the PI5SP4K Family on Unique Cysteine Residues Located on a Disordered Loop

Outside the Kinase Domain

(A) Electrospray mass spectrometry of recombinant PI5P4Ka/B/y incubated with THZ-P1-2 demonstrates covalent labeling of PI5P4K isoforms. See also Fig-

ure S2B.

(B) Subsequent protease digestion and tandem mass spectrometry confirms that THZ-P1-2 covalently labels cysteine residues. See also Figure S2A.

(C) Crystal structure of PI5P4Ka in complex with THZ-P1-2, colored according to B factor and shown with covalent warhead extended out toward the covalently
targeted cysteine, C293 (labeled; not resolved in crystal structure). See also Table S1.

(D) Ligand interaction map of THZ-P1-2 with residues in the ATP-binding pocket of PI5SP4Kea.. Related to Figures S2C and S2D.

(E) Modeled THZ-P1-2 binding showed for all three isoforms based on alignment of published PISP4KB (PDB: 1BO1; Rao et al., 1998) and vy (PDB: 2GK9;
Uppenberg et al., 2006) structures with obtained PI5SP4Ka structure. PI5P4Ka (magenta), PI5SP4Kp (blue), and PI5P4Ky (orange).
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Figure 3. Cellular On-Target Engagement and Selectivity Profile of THZ-P1-2
(A) A desthiobiotinylated analog of THZ-P1-2 irreversibly engages all PI5P4K isoforms in a streptavidin pulldown in HEK293T lysate.
(B) THZ-P1-2, but not its reversible analog, exhibits dose-dependent on-target engagement of PI5P4K isoforms in a competitive streptavidin pulldown with 1 uM

desthiobiotinylated-THZ-P1-2. See also Figure S3B.

(C) Kinome selectivity profile of THZ-P1-2. Complete dataset for off-targets included as Table S2. See also Figures S4A-S4C.
(D) THZ-P1-2 does not engage the PI4P5Ks or PIKfyve in a streptavidin pulldown. See also Figures S3C.

Inhibition of PISP4K by THZ-P1-2 Results in Autophagy
Defects

Recently, PI5SP4K was demonstrated to be necessary for the
proper completion of autophagy in mouse models (Lundquist
et al., 2018). Loss of PIP4K2A and PIP4K2B in mouse embryonic
fibroblasts and mouse liver leads to accumulation of lysosomes
and autophagosomes. Lysosomes are enlarged, fused to multi-
ple autophagosomes, and clustered at the nuclear membrane,
indicating a defect in the autophagy process. The nuclear
localization of the master autophagy transcription factor TFEB
was also increased and downstream transcriptional targets
were upregulated, indicating an activation of the autophagy
gene program (Settembre et al.,, 2011). However, it has yet to

530 Cell Chemical Biology 27, 525-537, May 21, 2020

be demonstrated whether these defects were caused by the
loss of the full-length protein or the enzymatic activity.

To validate that PI5SP4K enzymatic activity is necessary for
completion of autophagy, we sought to demonstrate that THZ-
P1-2 phenocopies the genetic loss of PI5SP4Ka and PISP4Kp.
We first treated Hela cells with either DMSO or THZ-P1-2 for
18 h and stained for the lysosomal and autophagosomal markers
LAMP1 and LC3B, respectively. Similar to the genetic knockouts
of PI5P4K, treatment with THZ-P1-2 at concentrations as low as
250 nM results in the formation of numerous, enlarged LAMP1
puncta with fusion defects to LC3B-stained autophagosomes
(Figure 5A). This upregulation in autophagosomal/autolysosomal
puncta was accompanied by little to no increase in LAMP1
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Figure 4. Preliminary Cancer Cell Line Profiling with THZ-P1-2 to Identify Potential PI5SP4K Dependencies
A panel of AML and ALL cell lines were treated with THZ-P1-2 and THZ-P1-2-R for 72 h, and cell proliferation was measured with a CellTiter-Glo luminescence

assay. Data shown are the mean of three biological replicates + SEM.

protein levels with THZ-P1-2 treatment for 24 h, and an increase
in LC3B-Il and p62 protein levels in serum starvation conditions
(HeLa cells cultured in medium supplemented with 0.3% fetal
bovine serum) when compared with known autophagy inhibitors
bafilomycin A1 and chloroquine (Figure S5A). Interestingly, we
did not observe cumulative effects on autophagy markers by
western blot when THZ-P1-2 treated in combination with these
commercially available inhibitors. However, using an RFP-
GFP-LC3B tandem-tagged sensor, we were able to further
confirm that THZ-P1-2 treatment leads to a marked increase in
GFP signal and a moderate increase in RFP signal, suggesting
a disruption in autophagy flux, more specifically the induction
and upregulation of autophagy without the autolysosome fusion
that leads to GFP fluorescence signal loss (Figure S5B). We also

observed an increase in nuclear TFEB accumulation (Figures 5B
and 5C) and the upregulation of downstream TFEB targets with
THZ-P1-2 treatment (Figure 5F).

We next investigated whether the effects of THZ-P1-2 are spe-
cific to PI5P4K by rescuing the autophagy defects with the
expression of PI5SP4Ka/B Cys-Ser mutant isoforms, which are
unable to bind the inhibitor covalently. We infected HelLa cell
lines to stably express a GFP-only vector, GFP-tagged
PI5P4Ka/B, and GFP-tagged PI5P4K Cys-Ser mutants (o
C293S; B: C307,318S). We treated the cells for 18 h with either
DMSO or THZ-P1-2. As observed with uninfected cells, cell lines
expressing GFP alone saw an increase in lysosome/autophago-
some dysfunction with THZ-P1-2 treatment (Figures 5D and 5E).
These effects were partially ameliorated by expression of the

Cell Chemical Biology 27, 525-537, May 21, 2020 531

-70-



- ¢? CellPress Cell Chemical Biology

A LAMP1LC3B DAPI DAPI C

DMSO

o
e
N
z
(=
=
s
@«
g
S

Nuclear/Cytosolic TFEB ratio

).5 UM THZ-P1-2 “ 0.25 pM THZ-P1-2 “

5 UM THZ-P1-2

|

1.0 M THZ-P1-2

1.0 uM THZ-P1-2

IU

*

OMSO

I DVSO
[ THZ-P1-2

oFP
Lysosomal number

FP-PISPAKa

0.25 yM THZ-P1-2
TT e ||

GEP-PISPAKD
Fold change

& N Q
2 N 2)
& & Y &

Figure 5. Inhibition of PI5P4K with THZ-P1-2 Leads to Lysosomal-Autophagosomal Defects and Increased TFEB Activation
(A) Similar to genetic loss of PIP4K2A/B, inhibition of PISP4K activity with THZ-P1-2 increases LAMP1-positive lysosomal size, number, and contact with LC3B-
positive autophagosomes. Hel a cells were cultured overnight with DMSO, 0.25, 0.5, or 1.0 uM THZ-P1-2 and stained for LC3B (magenta) or LAMP1 (green) with
nuclei in blue. Scale bars, 10 pm. See also Figure S5.
(B) Inhibition of PI5SP4K activity with THZ-P1-2 increases TFEB nuclear localization. HeLa cells were cultured overnight with DMSO, 0.25, 0.5, or 1.0 uM THZ-P1-2
and stained for TFEB (green) with nuclei in blue. Scale bars, 10 pm.

(legend continued on next page)
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PI5P4K constructs and even more so by the cysteine to serine
mutants (Figures 5D and 5E). The PI5P4K Cys-Ser mutants
also partially rescued the nuclear localization of TFEB and the
expression of downstream TFEB target genes (Figures 5D-5F).

DISCUSSION

The PI5P4Ks comprise a family of lipid kinases that regulate
levels of their substrate and product PI-5-P and PI-4,5-P,,
maintaining compartment-specific concentrations of these
phosphoinositides at a subcellular level. Initially thought to be
mainly a PI-5-P modulator within a noncanonical PI-4,5-P, gen-
eration pathway, the PI5P4Ks have garnered a lot of interest in
recent years because of their purported importance in specific
disease contexts, spurring efforts to develop PI5P4K inhibitors.
In this study, we designed and characterized THZ-P1-2, a first-
in-class covalent inhibitor of the PI5P4K family. THZ-P1-2, a
small molecule containing an electrophilic acrylamide moiety
capable of undergoing a Michael addition, bound in the active
site and irreversibly inhibited the enzymatic activity of these ki-
nases. A covalent targeting strategy with THZ-P1-2 resulted in
prolonged on-target engagement in cells and modest anti-prolif-
erative activity in a panel of AML and ALL cell lines, while retain-
ing a reasonable selectivity across the kinome. Finally, we found
that THZ-P1-2 treatment phenocopied the effects of genetic
deletion of PI5P4K «/B/y in mice by causing autophagy defects
in Hela cells.

Our initial point of compound development was JNK-IN-7, a
previously reported covalent JNK inhibitor that was found to
be capable of binding to PI5P4Ky by KiNativ profiling. Origi-
nally inspired by the imatinib core structure, this “privileged”
kinase scaffold served as a promising starting point for devel-
oping a selection of analogs with chemical modifications with
which to explore structure-activity relationships. Among this
panel of molecules (Manz et al., 2019), we found a critical
feature resulting in superior potency to be a switch from a
2,4-pyrimidine to a 4,6-pyrimidine hinge-interacting motif.
We established THZ-P1-2’s inhibitory activity with an apparent
IC50 of 190 nM on PI5P4Ka in a fixed time point assay, the iso-
form with the highest kinase activity and thus easiest to
analyze using an ATPase assay (ADP-Glo). We confirmed
that THZ-P1-2 specifically prevents phosphate transfer to
the PI-5-P substrate at nanomolar concentrations for all iso-
forms with an orthogonal TLC assay measuring radiolabeled
PI-4,5-P, formation.

THZ-P1-2 covalently labels all three PI5P4K isoforms, with the
reactive cysteine residues located on analogous disordered
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loops of unknown function outside the kinase domain. There
has been a resurgence of interest in covalent inhibitors, espe-
cially with recent clinical successes of cysteine-directed cova-
lent BTK inhibitor ibrutinib (Pan et al., 2007), epidermal growth
factor receptor inhibitors neratinib (Rabindran et al., 2004), afati-
nib (Li et al., 2008), and osimertinib (Cross et al., 2014). Covalent
irreversible inhibitors characteristically exhibit an enhanced po-
tency and prolonged pharmacodynamics due to permanent
disabling of kinase enzymatic activity, and high selectivity as
covalent inhibitors will only bind irreversibly to a kinase with an
appropriately placed cysteine within the trajectory of the electro-
philic warhead (Liu et al., 2013). Our approach in developing
probes THZ1 against CDK7 (Kwiatkowski et al., 2014), TH531
against CDK12/13 (Zhang et al., 2016), and most recently
JZ128 against PKN3 (Browne et al., 2018) showcased to great
effect the modification of a reactive cysteine residue outside
the active site, widening the scope of “accessible” cysteines.
We sought to apply these principles and strategies toward
PI5P4K. Our study validates the PI5P4Ks as additional candidate
kinases with cysteines that are distant from the active site in
sequence but brought close to the ATP-binding site due to
kinase tertiary structure, rendering them amenable to covalent
targeting. Moreover, our approach in targeting these unique cys-
teines provides a proof-of-concept in using a combination of in-
hibitor covalent and noncovalent affinities to achieve selectivity,
due to a lack of equivalent off-target cysteines across the
kinome.

Structural insights into the binding mode of THZ-P1-2 with
PI5P4Ka were obtained through a co-crystal structure. As un-
derscored in the results for Figures 2C-2E, we were unable to
resolve the covalent bond between the acrylamide warhead
and Cys293 likely due to the degree of disorder in the
cysteine-containing loop, as demonstrated by the lack of elec-
tron density (Figure S2D). However, we believe the combination
of techniques in our study, particularly the mass spectrometry
(MS) results (Figures 2A and 2B) and Cys-Ser rescue in auto-
phagy dysfunction (Figures 5D-5F), led to observations that
taken together support the covalent binding of THZ-P1-2 to
the specific PI5P4K cysteine residues, once again emphasizing
the value of our multipronged approach. Besides the noncova-
lent interactions highlighted in the results, hydrogen-bonding
between the backbone of Val199 and the 4,6-pyrimidine may ac-
count for the increased potency compared with analogs with a
2,4-pyrimidine, especially if they contain substituents on the
heterocycle linker. Notably, the Phe205 residue that engages
in aromatic 7t-stacking interactions with the phenylenediamine
moiety of THZ-P1-2 is conserved among the PI5P4Ks and has

(C) Quantification of results in (B). The intensity of TFEB immunofluorescence was quantified in the nucleus and the cytoplasm, and used to calculate the ratio.
Statistical significance determined by ANOVA (***p < 0.0005) with Dunnett multiple comparison post-test. Each group was compared with control HelLa cells
treated with DMSO (n > 30).

(D) Expression of PI5SP4K cysteine to serine mutants alleviates lysosomal dysfunction induced by THZ-P1-2 treatment. HelLa cells were infected with viruses
expressing GFP, GFP-PI5P4Ka, GFP- PI5P4Ka C293S, GFP-PI5SP4KB, or GFP-PI5SP4KB C307S C318S and treated with either DMSO or 250 nM THZ-P1-2
overnight. Expression of both the PI5SP4Ka and PISP4Kp cysteine to serine mutants alleviated dysfunctional lysosomes (green) with nuclei in blue. Scale
bars, 10 um.

(E) Quantification of results in (D). The number of lysosomes was quantified per cell. Statistical significance determined by ANOVA (***p < 0.0005) with Dunnett
multiple comparison post-test. Each group was compared with control Hela cells expressing GFP and treated with DMSO (n > 30).

(F) HeLa cells expressing GFP, GFP-PI5P4Ka, GFP- PI5P4Ka C293S, GFP-PISP4KB, or GFP-PI5SP4KB C307S C318S were treated with either DMSO or 250 nM
THZ-P1-2 overnight for 16 h and subsequently harvested for qPCR of TFEB targets. Fold change is calculated by comparison with HelLa cells expressing GFP
treated with DMSO. *p < 0.05, Student’s t test (n > 8).
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been identified as the residue responsible for the GTP-sensing
ability of PISP4Kp (Sumita et al., 2016). This co-crystal structure
also serves as an important resource for the scientific commu-
nity, enabling structure-guided design of PI5P4K inhibitors with
improved properties and continuing to bring to attention the
challenges of structurally capturing the targeting of regions of
disorder. Cell permeability and dose-dependent on-target
engagement of THZ-P1-2 was validated in HEK293T cells,
chosen for their robust expression of all three PI5P4K isoforms,
and the necessity for covalency verified through observing
effects after washout and in anti-proliferation assays alongside
THZ-P1-2-R.

Our first bona fide look at covalent-dependent on-target
engagement was using a streptavidin pulldown assay with a
desthiobiotinylated analog of THZ-P1-2 (Figure 3). In the direct
pulldown, THZ-P1-2 engages with PI5P4K preferentially over
PI4P5K and PIKfyve. Because we saw a very mild decrease in
activity in the ADP-Glo biochemical assay from covalent to
reversible compound (190-319 nM, Figure S3A), but observed
that THZ-P1-2-R was not able to compete and prevent pulldown
by dtb-THZ-P1-2, this indicates that the covalent contribution of
the compound’s binding mechanism truly comes into effect and
is relevant in the cellular context. Furthermore, this also suggests
that our conditions for the ADP-Glo assay may really only be ac-
curate for determining the noncovalent binding potency for this
family of kinases, with the covalent aspect needing to be verified
in cellular assays.

Our biochemical selectivity profiling of THZ-P1-2 indicates
that, although the compound exhibits satisfactory selectivity,
there are some off-targets observed. The most potent off-tar-
gets, such as ABL1, PIKfyve, and BRK, were not engaged by
dtb-THZ-P1-2 in a cellular pulldown assay. PIKfyve was inhibited
by THZ-P1-2 only at concentrations of 10 uM or greater, higher
than concentrations relevant for observable PI5SP4K targeting.
These results indicate that THZ-P1-2 does have some off-target
activity on PIKfyve, but maintains a preference for the PI5P4Ks,
again possibly due to a combination of covalent and noncovalent
binding modes.

A principal part of our study was to further confirm recently
discovered functions of the PI5P4Ks beyond their asserted pri-
mary role of noncanonical Pl-4,5-P, generation. Treatment with
THZ-P1-2 phenocopied genetic deletion of PI5P4K in causing
autophagosome and lysosome dysfunction, TFEB nuclear local-
ization, and TFEB target gene upregulation, indicating that
PI5SP4K kinase activity is required for the role of these kinases
in autophagy. Cancer cell line profiling demonstrates AML/ALL
cancer cell lines to be sensitive to THZ-P1-2 covalent targeting.
Consistent with findings that PI5SP4K mediates autophagy in
times of nutrient stress (Lundquist et al., 2018) our studies using
THZ-P1-2 as a tool suggest that the PI5P4Ks display an induced
essentiality by facilitating autophagy as an energy source in a
metabolically stressed environment, such as cancer (Kimmel-
man and White, 2017). Additional studies are required to fully
dissect the connection between PI5P4K inhibition, autophagy
flux disruption, and subsequent effects on cell viability, as well
as investigate the sensitivities of various cancer types to specific
PI5P4K inhibition. THZ-P1-2 may be a useful probe of the phar-
macological consequences of covalent inhibition of PISP4K that
can complement genetic approaches (such as CRISPR- or
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RNAi-based screening) to identify unique vulnerabilities in
cancer.

In conclusion, we have characterized a potent and selective
covalent PI5P4K inhibitor that exhibits durable cellular pharma-
codynamics, causes autophagy dysfunction, and demonstrates
modest anti-proliferative activity against leukemia-derived cell
lines. THZ-P1-2, THZ-P1-R, and the inhibitor-resistant PI5P4K
Cys to Ser mutants described in this article provide a chemical
biology toolbox serving as a valuable resource with which to
investigate the pharmacological consequences of covalent inhi-
bition of PI5P4Ks. Our discovery of THZ-P1-2 may be used as a
model for targeting other understudied gene families, especially
those bearing targetable cysteines in unique sites. Finally, our
small-molecule strategy for disrupting autophagy through cova-
lent PI5P4K inhibition exposes a new Achilles heel and indicates
that exploiting this metabolic vulnerability may be a viable thera-
peutic approach in cancer and potentially other autophagy-ad-
dicted disorders.

SIGNIFICANCE

Our discovery and characterization of a pan-PI5P4K inhibi-
tor, THZ-P1-2, that covalently targets cysteines on a disor-
dered loop in PI5P4Ko/B/y presents a new way to target ki-
nases, especially noncanonical lipid kinases, by taking
advantage of unique unannotated cysteines outside the ki-
nase domain. THZ-P1-2 demonstrates cellular on-target
engagement with limited off-targets across the kinome,
displaying requisite potency and selectivity to be a useful
tool compound. The sensitivity of leukemia cancer cells to
THZ-P1-2 covalent inhibition is evidence of the potential of
THZ-P1-2 to be used more universally in larger-scale cancer
cell line screens to identify PISP4K dependencies in other
cancer types, or other diseases beyond cancer. This can
be done in parallel with typical genetic approaches (such
as CRISPR- or RNAi-based screening) to identify unique vul-
nerabilities in a cheaper, faster, less labor-intensive manner.
One of the major advantages of THZ-P1-2, as with covalent
inhibitors in general, is the ability to verify on-target activity
through inhibitor-resistant cysteine to serine mutations. In
the case of the PI5P4K family of enzymes which has three
isoforms, the utility of having both covalent and reversible
compounds is extremely valuable, where both compounds
can be used in combination to broadly assess PI5P4K de-
pendencies in disease, with follow-up mutant rescue studies
to verify the PI5SP4K contribution once the scope is narrowed
down. Finally, THZ-P1-2-induced autophagy dysfunction
phenocopying the effects of PISP4K genetic deletion lends
confidence to the on-target activity of the compound and
presents an alternative strategy for targeting autophagy-
lysosome homeostasis in disease. Our studies demonstrate
that PI5P4Ks are tractable targets, with THZ-P1-2, its revers-
ible and desthiobiotinylated analogs, and wild-type and
mutant cell lines as a useful toolbox to further interrogate
the therapeutic potential of PI5P4K inhibition, providing a
new starting point for drug discovery campaigns for these
lipid kinases in cancer metabolism and other autophagy-
dependent disorders.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti PI5SP4Ka Cell Signaling Cat# 5527; RRID: AB_2722636

Rabbit monoclonal anti PI5P4Kf3 Cell Signaling Technologies Cat# 9694; RRID: AB_2164572

Rabbit monoclonal anti PI5SP4Ky Sigma-Aldrich Cat# HPA058551; RRID: AB_2683752

Rabbit monoclonal anti PI4P5Ka
Rabbit monoclonal anti PI4P5K

Rabbit monoclonal anti PI4P5Ky
Mouse monoclonal anti PIKfyve

Mouse monoclonal anti c-Abl

Mouse monoclonal anti Brk

Rabbit monoclonal anti IRAK1

Mouse polyclonal anti PKN3

Rabbit monoclonal anti SAP/JNK
Mouse monoclonal anti CDK7

Rabbit polyclonal anti CDK12

Rabbit monoclonal anti LAMP1

Rabbit monoclonal anti LC3B

Rabbit monoclonal anti LC3B

Rabbit polyclonal anti TFEB

Rat monoclonal anti LAMP1

Mouse monoclonal anti Tubulin

Rabbit polyclonal anti Vinculin

IRDye® 800CW Goat anti-Rabbit IgG (H + L) antibody
IRDye 680LT Goat anti-Mouse IgG (H + L) antibody
Donkey anti-Rabbit IgG Alexa Fluor 647
Donkey anti-Mouse IgG Alexa Fluor 647
Donkey anti-Mouse IgG Alexa Fluor 488
Donkey anti-Rabbit IgG Alexa Fluor 488

Cell Signaling Technologies
Proteintech

Cell Signaling Technologies
EMD Millipore

Santa Cruz

Santa Cruz

Cell Signaling Technologies
Novus Biologicals

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Sigma-Aldrich

Abcam

Cell Signaling Technologies
Cell Signaling Technologies
LI-COR Biosciences
LI-COR Biosciences
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 9693; RRID: AB_2164698

Cat# 12541-1-AP; RRID: AB_10734598
Cat# 3296; RRID: AB_2164719

Cat# MABS522; RRID: AB_1904178
Cat# sc-56887; RRID: AB_781732

Cat# sc-137045; RRID: AB_2174228
Cat# 4504; RRID: AB_1904032

Cat# H00029941-B01P; RRID: AB_2237066
Cat# 9252; RRID: AB_2250373

Cat# 2916; RRID: AB_2077142

Cat# 11973; RRID: AB_2715688

Cat# 9091; RRID: AB_2687579

Cat# 2775; RRID: AB_915950

Cat# 3868; RRID: AB_2137707

Cat# SAB4503154; RRID: AB_10761398
Cat# ab25245; RRID: AB_449893

Cat# 3873; RRID: AB_1904178

Cat# 4650; RRID: AB_10559207

Cat# 925-32211; RRID: AB_2651127
Cat# P/N 925-68020; RRID: AB_2687826
Cat# A-31573; RRID: AB_2536183

Cat# A-31571; RRID: AB_162542

Cat# A-21202; RRID: AB_141607

Cat# A-21206; RRID: AB_2535792

Bacterial and Virus Strains

NEB 10-beta NEB Cat# C3019I
NEB Stable NEB Cat# C3040I
Chemicals, Peptides, and Recombinant Proteins

PI5P diC16 Echelon Biosciences Cat# P-5016
DPPS (16:0/16:0 PS) Echelon Biosciences Cat# L-3116
Chloroquine Cell Signaling Technologies Cati# 14774
Bafilomycin A1 Cell Signaling Technologies Cat# 54645
Critical Commercial Assays

Z'LYTE (TYK2 | Km app) Invitrogen Assay ID 864
Z’LYTE (RPS6KA4 (MSK2) | Km app) Invitrogen Assay ID 801
Z'LYTE (CSNK2A2 (CK2 alpha 2) | Km app) Invitrogen Assay ID 363
Z'LYTE (ABL1 | Km app) Invitrogen Assay ID 220
Z’LYTE (KIT | Km app) Invitrogen Assay ID 542
Z'LYTE (PDGFRB (PDGFR beta) | Km app) Invitrogen Assay ID 687
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REAGENT or RESOURCE SOURCE IDENTIFIER

Z’LYTE (PTK®6 (Brk) | Km app) Invitrogen Assay ID 771

Adapta (PIP5K1A | 10) Invitrogen Assay ID 2340

Adapta (PIP5K1B | 10) Invitrogen Assay ID 2341

Adapta (PIP5K1C | 10) Invitrogen Assay ID 2342

ADP-Glo (PIKfyve) Carna Biosciences N/A

ADP-Glo kinase assay Promega Cat# V6930
CellTiter Glo Promega Cat# G7571
Premo Autophagy Tandem Sensor RFP-GFP-LC3B Kit Thermo Fisher Scientific Cat# P36239
CalPhos Mammalian Transfection Kit Clontech Cat# 631312
RNeasy Mini Kit Qiagen Cat# 74104
SuperScript VILO cDNA Synthesis Kit Thermo Fisher Scientific Cat# 11754250
Quikchange XL Site-Directed Mutagenesis Kit Agilent Cat# 200517
Eppendorf MasterCycler RealPlex with SYBR Green Thermo Fisher Scientific Cat# K0251
Deposited Data

PI5P4Ko/THZ-P1-2 co-crystal structure This paper PDB: 60SP
PI5P4K@ crystal structure Rao et al., 1998 PDB: 1BO1
PI5P4Ky crystal structure Uppenberg et al., 2006 PDB: 2GK9
Experimental Models: Cell Lines

Hela (gender: female) ATCC Cat# CCL-2
HEK293T (gender: undetermined) ATCC Cat# CRL-3216
THP1 (gender: male) ATCC Cat# TIB-202
SEMK?2 (gender: female) DSMz RRID:CVCL_S906
HL-60 (gender: female) ATCC Cat# CCL-240
SKM1 (gender: male) DSMZ Cat# ACC 547
NOMO1 (gender: female) DSMZ Cat# ACC 542
K562 (gender: female) ATCC Cat#f CCL-243
KU812F (gender: male) ATCC Cat# CRL-2101
OCI/AML-2 (gender: male) DSMZ Cat# ACC 99
HelLa-GFP/GFP-PI5P4K WT and Cys-Ser mutants This paper N/A

(e C293S; B: C307,318S;) (gender: female)

Oligonucleotides

qPCR primers Lundquist et al., 2018 N/A

hPI5P4Ka C293S QuikChange forward primer: This paper N/A
catcgttctcctcactctecacttectectg

hPI5P4Ka C293S QuikChange reverse primer: This paper N/A
caggaggaagtggagagtgaggagaacgatg

hPI5P4KB C307S QuikChange forward primer: This paper N/A
gcagaggacgaggagagtgagaatgatgggg

hPI5P4KB C307S QuikChange reverse primer: This paper N/A
ccccatcattctcactctcetegtectetge

hPI5P4KB C318S QuikChange forward primer: This paper N/A
gtgtgccataggagctgagtaggttgccace

hPI5P4Kp C318S QuikChange reverse primer: This paper N/A

ggtggcaacctactcagctcctatggcacac

Recombinant DNA

pCL-Eco

pLP1
pLP2
pVSV-G

Naviaux et al., 1996

Lundquist et al., 2018
Lundquist et al., 2018
Lundquist et al., 2018

Addgene plasmid
Cat# 12371

N/A
N/A
N/A
(Continued on next page)
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PGEX-2T-PIP4K2A This paper N/A

pNIC28-Bsa4-PIP4K2A This paper N/A

PGEX-2T-PIP4K2B This paper N/A

pNIC28-Bsa4-PIP4K2C This paper N/A

Software and Algorithms

Prism GraphPad https://www.graphpad.com/scientific-
software/prism/

ImageJ NIH https://imagej.nih.gov/ij/download.html

ZEN lite Carl Zeiss https://www.zeiss.com/microscopy/us/
products/microscope-software/zen-lite.html

Fiji NIH https://imagej.net/Fiji

Phenix Adams et al., 2010 https://www.phenix-online.org/

XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de/

Phaser McCoy et al., 2007 http://www.ccp4.ac.uk/html/phaser.html

Coot Emsley and Cowtan, 2004 https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

Other

Streptavidin-agarose beads

ProLong Gold DAPI Antifade Mountant

Polybrene
Puromycin
4% Affymetrix/Alfa Aesar

Thermo Fisher
Thermo Fisher
Millipore Sigma
Invivogen
Affymetrix/Alfa Aesar

Cat# 20349
Cat# P36931
Cat# TR-1003-G
Cat# ant-pr-1
Cat# J19943K2

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding authors
Lewis C. Cantley (LCantley@med.cornell.edu) and Nathanael S. Gray (nathanael_gray@dfci.harvard.edu). All unique/stable reagents
generated in this study are available from the corresponding authors with a completed Materials Transfer Agreement.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell Lines

Sources of Cell Lines

All cell lines were sourced from ATCC or DSMZ unless otherwise noted. K562 and KU812F cell lines were obtained from James D.
Griffin (Dana-Farber Cancer Institute), and all other leukemia cell lines were obtained from James E. Bradner (formerly Dana-Farber
Cancer Institute). HeLa-GFP cell lines were generated using lentiviral or retroviral transduction (see method details). The genders of
all cell lines can be found in the Key Resources Table with additional information available on ATCC or DSMZ.

Culture and Maintenance of Cell Lines

All cell culture was performed using standard techniques. HEK293T and Hela cells were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco). Leukemia cells were cultured according
to ATCC or DSMZ recommendations. All cells were cultured at 37°C and 5% CO,.

METHOD DETAILS

Chemistry

All solvents and reagents were used as obtained. 'TH-NMR spectra were recorded with a Varian Inova 600 NMR spectrometer and
referenced to DMSO. Chemical shifts are expressed in ppm. Mass spectra were measured with Waters Micromass ZQ using an ESI
source coupled to a Waters 2525 HPLC system operating in reverse mode with a Waters Sunfire C18 5 um, 4.6 x 50 mm column.
Purification of compounds was performed with either a Teledyne ISCO CombiFlash Rf system or a Waters Micromass ZQ preparative
system. The purity was analyzed on a Waters LC-MS Symmetry (C18 column, 4.6 x 50 mm, 5 uM) using a gradient of 5%-95%
methanol in water containing 0.05% trifluoroacetic acid (TFA). Detailed synthetic schemes and characterization data below (see
Scheme S1).
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ADP-Glo Kinase Assays

ADP-Glo assay protocol was modified from Davis et al. (2013). DPPS and PI5P (Echelon Biosciences) were dissolved in DMSO
(833 nL/mg) and mixed by sonication and vortexing in a ratio of 2:1 DPPS:P15P. First, 63 pL of DMSO was added to 1255 uL of buffer
1 (80 mM Hepes pH 7.4, 1 mM EGTA, 0.1% CHAPS) and 2868 pL of buffer 2 (46 mM Hepes pH 7.4, 0.1% CHAPS). Volumes were
multiplied according to number of assays to be run. PI5P4Ka enzyme was added to the buffer mixture at 32 nM concentration
(predetermined on a batch-by-batch basis to give maximal signal to background). 10 uL was dispensed into white 384-well plates
(Corning #3824). Then, 100 nL of compounds in DMSO were transferred by a pintool (JANUS, PerkinElmer). To initiate the reaction,
5 uL of ATP (Promega) at 15 uM (final assay concentration of 5 uM) and PI5SP/DPPS (at concentrations of 0.06 pg/pL and 0.12 pg/pL
respectively) in buffer 3 (20 mM Hepes pH 7.4, 60 mM MgCl,, 0.015 mM ATP and 0.1% CHAPS) was added to each well. The final
concentration of DMSQO in the reaction was less than 5%. The resulting mixture was incubated at room temperature in the dark for one
hour, at which time 5 pL of ADP-Glo reagent 1 were added to stop the reaction and remove any remaining ATP. After a 45-minute
incubation, 10 uL of the ADP-Glo reagent 2 were added and allowed to incubate for 30 minutes. The luminescence was then read
on an EnVision 2104 Multilabel Plate Reader (PerkinElmer). IC5os were determined using the GraphPad Prism nonlinear regression
curve fit.

Radiometric Kinase Assays

The PI5P4K assay was carried out as described in Rameh et al. (1997). Briefly, the kinase reaction was carried out in a total of 70 uL of
kinase buffer (50 mM HEPES pH 7.4, 10 mM MgCl,) with 0.1 pg of purified PI5P4K protein (preincubated with DMSO or compound at
various concentrations), followed by addition of 20 uL of the resuspended lipids (sonicated and vortexed), 10 uM non-radiolabeled
ATP, and 10 uCi [y->2P]-ATP for 10 minutes at room temperature. The reaction was terminated by adding 50 uL of 4 N HCI.
Phosphoinositides were extracted by adding 100 pL of methanol/chloroform (approximately 1:1, vol:vol) mix and subjected to
TLC (thin-layer chromatography) separation using heat-activated 2% oxaloacetate-coated silica gel 60 plates (20 cmx20 cm,
EMD Millipore) and a 1-propanol/2 M acetic acid (65:35, vol:vol) solvent system. The radiolabeled product, PI(4,5)P,, was quantified
with a Phosphorimager (Molecular Dynamics, STORM840, GE Healthcare).

Immunoblotting

Cells were lysed with Pierce IP Lysis buffer supplemented with a cOmplete™ Mini Protease Inhibitor Cocktail tablet (Roche) on ice for
60 min. Lysates were clarified by centrifugation at 20,000 x g for 15 min at 4°C. Protein concentration

was determined by a BCA assay (Pierce), and all samples were run with equal

total protein content. Imaging was performed by detection of fluorescently labeled infrared secondary antibodies (IRDye) on the
Odyssey CLx Imager (LI-COR).

Pulldown Assays

HEK293T cells were lysed with Pierce IP Lysis buffer supplemented with a cOmplete™ Mini Protease Inhibitor Cocktail tablet (Roche)
on ice for 60 min. Lysates were clarified by centrifugation at 20,000 x g for 15 min at 4°C. Protein concentration

was determined by a BCA assay (Pierce), and all samples were equalized for protein content. DMSO or 1 uM dtb-THZ-P1-2 was
added and rotated overnight at 4°C. Samples were rotated for 2h at room temperature to enhance covalent binding and then
incubated with streptavidin resin for 2h at 4°C. Beads were washed with lysis buffer five times, resuspended in 1x LDS sample buffer,
boiled at 95°C for 10 min and subjected to immunoblotting. For competitive pulldowns, HEK293T cells were grown to 90-95%
confluence, pretreated for 6h with DMSO or varying concentrations of THZ-P1-2, washed twice with cold PBS, lysed, and strepta-
vidin pulldown conducted as described above with normalized samples.

Mass Spectrometry

For intact MS analysis, recombinant PI5P4K protein was incubated with DMSO or 5 uM inhibitor (JNK-IN-7, THZ-P1-2 or THZ-P1-
2-R) for 2 h at 37°C and analyzed by LC-ESI-MS essentially as described in Zhang et al. (2012). In each analysis, 5 pg protein was
injected onto a self-packed reversed phase column (1/32” O.D. x 500 um I.D., 5 cm of POROS 10R2 resin). After desalting for four
minutes, protein was eluted with an HPLC gradient (0-100% B in 4 min, A = 0. 2M acetic acid in water, B = 0.2 M acetic acid in
acetonitrile, flow rate = 10 ul/min) into an LTQ ion trap mass spectrometer (ThermoFisher). Mass spectra were deconvoluted using
MagTran1.03b2 software. To determine the site of modification, the samples used for intact analysis were reduced with TCEP (10 mM
final concentration), alkylated with iodoacetamide (22.5 mM final concentration) and digested with Asp-N or Glu-C (37°C, overnight)
and analyzed by nanoLC-MS. Digested peptides were injected onto the precolumn (4 cm POROS 10R2, Applied Biosystems) and
eluted with an HPLC gradient (NanoAcquity UPLC system, Waters, Milford, MA; 10-70% B in 60 min; A = 0.1 M acetic acid in water,
B = 0.1M acetic acid in acetonitrile). Peptides were resolved on a self-packed analytical column (50 cm Monitor C18, Column Engi-
neering, Ontario, CA) and introduced to the mass spectrometer (LTQ Orbitrap XL) at a flow rate of ~30 nL/min (ESI spray voltage =
3.2 kV). The mass spectrometer was programmed to perform data-dependent MS/MS on the five most abundant precursors (35%
collision energy) in each MS1 scan (image current detection, 30K resolution, m/z 300-2000). MS/MS spectra were matched to pep-
tide sequences using Mascot (version 2.2.1) after conversion of raw data to .mgf using multiplierz scripts. Precursor and peptide ion
mass tolerances were 10 ppm and 0.6 Da, respectively. Supplemental Intact MS Spectra for representative raw MS spectra used for
charge deconvolution included separately as Data S1.
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Protein Expression and Purification

Constructs of human PI5P4K in pNIC28-Bsa4/pGEX-2T vectors were overexpressed in E. coli BL21 (DE3) in TB medium in the pres-
ence of 50 ng/ml of kanamycin for pNIC28-Bsa4 or 100 pg/ml ampicillin for pGEX-2T. Cells were grown at 37°C to an OD of 0.7,
induced overnight at 17°C with 400 uM isopropyl-1-thio-D-galactopyranoside, collected by centrifugation, and stored at -80°C.
Cell pellets were resuspended in buffer A (50 mM sodium phosphate, pH 7.4, 500 mM NaCl, 10% glycerol, 20 mM Imidazole, and
14 mM BME), lysed by sonication, and the resulting lysate was centrifuged at 16,000 xg for 30 min. ~5mL Ni-NTA beads (Qiagen)
were mixed with lysate supernatant for 45 min, washed with buffer A, and eluted with buffer B (50 mM sodium phosphate, pH
7.4, 500 mM NaCl, 10% glycerol, 300 mM Imidazole, and 14 mM BME). The eluted sample was gel-filtered through a Superdex-
200 16/600 column in buffer C (20 mM HEPES, pH 7.5, 500 mM NaCl, 10% glycerol, 10mM DTT, and 1mM TCEP). Protein fractions
were pooled, concentrated, and stored at -80°C. To purify GST-tag proteins, cell pellets were resuspended in buffer G (50 mM so-
dium phosphate, pH 7.4, 500 mM NaCl, 10% glycerol, 1 mM EDTA, and 14 mM BME), lysed, centrifuged, and purified as described
above using ~5mL GSH beads (GE healthcare) and glutathione elution buffer (50 mM sodium phosphate, pH 7.4, 500 mM NaCl, 10%
glycerol, 15 mM Gilutathione, and 14 mM BME).

Crystallization

A sample of 400 uM protein and 500 pM THZ-P1-2 was co-crystallized in 20% PEG3350 and 200 mM NaMalate by sitting-drop vapor
diffusion at 20°C. Crystals were transferred briefly into crystallization buffer containing 25% glycerol prior to flash-freezing in liquid
nitrogen.

Data Collection and Structure Determination

Diffraction data from complex crystals were collected at beamline 24ID-E of the NE-CAT at the Advanced Photon Source at the Ar-
gonne National Laboratory. The following beamline settings were used: 12662.0 eV (0.9792 /f\) beam energy, ADSC QUANTUM 315
detector, 0.2° oscillation, and 0.2s exposure. Multiple crystals were examined, the best of which diffracted to approximately 2.2 A.
XDS was used for integration and scaling (Kabsch, 2010). The structure was solved by molecular replacement using the program
Phaser (McCoy et al., 2007) and the search model PDB entry 2YBX, which generated solutions having TFZ scores > 50. Refinement
strategy included iterative model building, ligand fitting, and refinement using Phenix (Adams et al., 2010) and Coot (Emsley and Cow-
tan, 2004). Initial maps had well-defined density (Fo-Fc maps) for the core of the compound, but not for the linker nor electrophile.
This was the case for multiple datasets, collected from crystals derived from different crystallization conditions, including primary
precipitants Citrate at pH 8 and PEG50000 at pH 6. Despite repeated attempts at including the linker/electrophile segment, with
various exit vectors, maps did not improve and did not suggest significant order or occupancy. Also, two residues upstream and
30 downstream of the cysteine in question, Cys293, were disordered. Final refinement led to a model with excellent statistics, shown
in Table S1.

Proliferation Assays

Cells were plated in 96-well or 384-well format and treated with indicated compounds at varying concentrations for 72h. Anti-pro-
liferative effects of compounds were assessed using the Cell Titer Glo assay kit (Promega) with luminescence measured on an
EnVision 2104 Multilabel Plate Reader (PerkinElmer). ICsos were determined using the GraphPad Prism nonlinear regression curve fit.

qRT-PCR

Total RNA was prepared using RNeasy (Qiagen). cDNA was synthesized using Superscript Vilo (Thermo) and gRT-PCR performed
utilizing Fast SYBR green (Thermo) and the Realplex Mastercycler (Eppendorf). For a list of primers used see Lundquist et al. (2018).
Isolation of MRNA and qPCR was performed as follows. 200,000 cells were plated in 6-well plastic dishes. 24 hours later, the RNA in
the lysates was extracted using the RNeasy protocol. The RNA was resuspended in 50 ul H,O at a concentration of 1 ng/ulL. cDNA
was transcribed using the SuperScript Vilo. The sequences of the oligonucleotides used as primers in the PCR reactions are given in
Lundquist et al. (2018). The genes that were quantified here were previously shown to be regulated by TFEB (Perera et al., 2015).

Fluorescence Microscopy

HelLa were grown on glass coverslips pre-treated with poly-d-lysine. When indicated cells were treated with 250-1000 nM THZ-P1-2
for 16 hours. Adherent cell lines were rinsed with phosphate-buffered saline, pH 7.4 (PBS) and fixed with 4% paraformaldehyde (PFA)
in PBS for 15 minutes at room temperature. After fixation, the cells were permeabilized for 10 minutes with PBS/0.1% Triton X-100,
blocked for 30 minutes in blocking buffer (PBS with 3% BSA) and labeled with primary antibodies in blocking buffer for 1 hour at room
temperature or overnight at 4°C. Alternatively, for staining, LC3B and LAMP1 (ab25245; Abcam) cells were fixed/permeabilized in
-20 MeOH for 20 minutes. Coverslips were washed three times with blocking buffer and incubated with Alexa Fluor-conjugated
goat secondary antibodies in blocking buffer for 1 hour at room temperature. After incubation with secondary antibodies, coverslips
were washed three times with PBS, once with water, and then mounted on a glass microscope slide with Prolong Gold with DAPI
(Thermo). The following primary antibodies were used: TFEB (SAB4503154; Sigma), LC3B (3868; Cell Signaling), LAMP1
(ab25245; Abcam). Alexa Fluor-conjugated secondary antibodies (Thermo) were used at 1:1000. Fluorescent and phase contrast
images were acquired on a Nikon Eclipse Ti microscope equipped with an Andor Zyla sCMOS camera. Within each experiment,

e5 Cell Chemical Biology 27, 525-537.e1-e6, May 21, 2020

-81-



Cell Chemical Biology ¢? CelPress

exposure times were kept constant and in the linear range throughout. When using the 60x and 100x oil immersion objectives, stacks
of images were taken and deconvoluted using AutoQuant (Media Cybernetics).

Autophagy Flux Assays

Hela cells were plated in 24-well coverslip-bottomed dishes and transduced with 40 particles per cell of the Premo Autophagy
Tandem Sensor kit (Thermo Fisher) and cultured for 16-24 hours. Cells were then incubated in either DMSO, 50 uM chloroquine
or 1 uM THZ-P1-2 for an additional 16 hours. Cells were mounted in an Okolab Stage Top Incubator warmed to 37°C. DMEM without
phenol red (Gibco) was used during image acquisition. All images were collected with a Yokagawa CSU-X1 spinning disk confocal
with Spectral Applied Research Aurora Borealis modification on a Nikon Ti motorized inverted microscope equipped with Perfect
Focus System. Images were acquired with a Hamamatsu ORCA-ER2 cooled-CCD camera controlled with MetaMorph image acqui-
sition software. Within each experiment, exposure times were kept constant and in the linear range throughout. Images were
analyzed and puncta quantified using Fiji software and values plotted using GraphPad Prism.

Generation and Transduction of GFP PIP4K2 Lentiviral Constructs

Replication-deficient lentiviruses were prepared using a third-generation lentiviral system. GFP was inserted by itself or upstream of
either human PIP4K2A or PIP4K2B in a lentiviral vector. Cysteine to Serine point mutations were made using the Quikchange XL Il
site-directed mutagenesis kit (Agilent). Virus was generated by cotransfecting three helper plasmids (pLP1, pLP2, pVSV-G) and the
vector containing the gene of interest with cis-acting sequences for proper packaging were used to generate pseudovirions. A sub-
confluent culture of HEK293T cells was transfected using the CalPhos Mammalian Transfection Kit (Clontech). The titer of each virus
was determined using HEK293T cells. Viral supernatant was then used to express PI5P4Ks in HelLa cells.

Virus Production and Infection

The 293T packaging cell line was used for retroviral amplification. Cells were transfected at 80-90% confluence with packaging
plasmid and viral vectors. The packaging plasmid used for retroviral infection was pCL-Eco (Naviaux et al., 1996). Media was re-
freshed after 6 hours and the virus-containing media was collected 48 hours later, filtered, and subsequently used for infecting cells
in the presence of 8ug/ml polybrene (Sigma). Media was once again refreshed 24 hours post-infection, and cells were subjected to
puromycin selection or cell sorting for GFP 48 hours post-infection.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis, methods, and details for experiments can be found in the legend of each figure. Figures 1B, 1D, 4, 5C, 5E, 5F,
S1C, S3A, S4C, and S5B were generated using GraphPad Prism 7.0.

DATA AND CODE AVAILABILITY

The PI5P4Ka/THZ-P1-2 co-crystal structure generated in this study has been deposited to the PDB under code 60SP.
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Supplemental Information
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Figure S1, Related to Fig. 1A. (A) list of selected targets, including PI5SP4Ky (PIP4K2C), from KiNativ profiling of JNK-IN-7 at 1 uM for 3
hours in A375 cells. Full list is available in Zhang et al. (2012). (B) JNK-IN-7 inhibits kinase activity of all three PISP4K isoforms in a radiometric
TLC assay measuring radiolabeled PI-4,5-P>. JNK-IN-7 was incubated with purified protein for 30min, followed by a 10min kinase reaction,
quenching, lipid extraction and TLC development. (C) Quantification of (B). (D) Zero charge masses of recombinant PI5P4Ka and y incubated
with JNK-IN-7 for 2 hours at 37°C demonstrates covalent labeling of PISP4K isoforms as determined by intact mass spectrometry. See
Supplemental Intact MS Spectra for representative raw MS spectra used for charge deconvolution. (E) Subsequent protease digestion and
tandem mass spectrometry confirms that THZ-P1-2 covalently labels cysteine residues on all three PISP4K isoforms. The peptide for PISP4K@
was exclusively observed to be singly labeled at either Cys-307 or Cys-318. See Supplemental Intact MS Spectra for representative raw MS

spectra used for charge decon
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volution.

mass
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Figure S2, Related to Fig. 2. (A) Protease digestion and tandem mass spectrometry following intact mass labeling confirms that THZ-P1-2
covalently labels cysteine residues on all three PI5P4K isoforms. The peptide for PISP4KB was exclusively observed to be singly labeled at
either Cys-307 or Cys-318. Related to Fig. 2B. See Supplemental Intact MS Spectra for representative raw MS spectra used for charge
deconvolution. (B) THZ-P1-2-R was found not to covalently label recombinant PI5SP4Ka and y when incubated with purified protein for 2 hours
at 37°C. Mass labeling plot shown here is compared to mass shift observed with THZ-P1-2 from Fig. 2A. (C) Surface representation of co-
crystal structure of PISP4Ka in complex with THZ-P1-2. Related to Fig. 2C. (D) Zoom-in of ligand electron density within the active site of
PI5P4Ka. See Table S1 for diffraction data collection and refinement statistics.
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we= THZ-P1-2 (IC4 = 190 nM) Input dtb-THZ-P1-2
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E Gtb-THZ-P1-2 (ICs = 197 nM)  DMSO P1-2 DMSO P1-2 DMSO P1-2 DMSO P1-2 Ki ICso (NM)
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DMSO, then 1 nM apilimod DMSO & 1 nM apilimod

1 pM THZ-P1-2, then 1M THZ-P1-2 & 1 uM THZ-P1-2, then 1M THZ-P1-2 &
1 nM apilimod 1 nM apilimod 1 nM apilimod 1 nM apilimod

Figure S3, Related to Fig. 3. (A) THZ-P1-2-R and dtb-THZ-P1-2 were found to inhibit PISP4Ka in an ADP-Glo assay, with a slight loss in
potency with THZ-P1-2-R. Both compounds were incubated with PISP4Ka. for 15min before proceeding with a 1 hour reaction with ATP and
development with ADP-Glo reagents. Data are represented as mean + SEM. Plots are shown in comparison with THZ-P1-2 from Fig. 1B. (B)
THZ-P1-2 engages PI5P4K isoforms at 2h and 4h timepoints, exhibiting prolonged engagement when a washout is performed. HEK293T
cells were treated with DMSO or THZ-P1-2 at time, t=0 and cells were washed 2X with PBS at either 2 or 4h and harvested at the end of 6h.
A streptavidin pulldown was then conducted in lysates after normalization of protein content with a BCA assay. (C) THZ-P1-2 inhibits the Type
1 PI4P5K kinases at a lower extent but shows potent inhibition on PIKfyve by ADP-Glo. In vitro kinase assays were performed by Invitrogen
and Carna Biosciences. (D) THZ-P1-2 causes vacuolar enlargement, characteristic of PIKfyve inhibition, at a concentration of 10 uM but not
1 uM, compared to PIKfyve inhibitor apilimod at 10 nM treatment. Vero cells were treated with DMSO or compound for 6h and imaged. (E)
Incubation of Vero cells with 1 uM THZ-P1-2 was unable to impair the PIKfyve inhibitory phenotype of apilimod. Preincubation: Vero cells
were incubated with DMSO/THZ-P1-2 for 1 or 6h, washed with PBS to completely remove compound, treated with DMSO/apilimod and
imaged after 6h. Coincubation: Vero cells were incubated with DMSO/THZ-P1-2 for 1 or 6h, and then co-treated with DMSO/apilimod and
imaged after 6h.
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Figure S4, Related to Fig. 3 and 4. (A) THZ-P1-2 inhibits off-target kinases identified in the DiscoverX KINOMEScan panel to varying
degrees. In vitro kinase assays were performed by Invitrogen using the Z'LYTE assay. (B) A streptavidin pulldown in HEK293T lysate shows
little to no engagement of C-ABL and BRK by dtb-THZ-P1-2. (C) THZ-P1-2 shows mild antiproliferative activity on BCR-ABL addicted cell
lines. Two cell lines containing BCR-ABL translocations, K562 and KU812F, were treated with THZ-P1-2 or known BCR-ABL inhibitors
imatinib, nilotinib and dasatinib for 72h and assayed using Cell-Titer Glo. Data are represented as mean + SEM. (D) THZ-P1-2 does not bind
to and engage off-targets such as JNK, IRAK1, PKN3, CDK7 and CDK12 despite originating from the same core scaffold as inhibitors of these
targets. Competitive streptavidin pulldowns in HEK293T cells were conducted with DMSO, 1 uM THZ-P1-2 and 1 uM of each target's

corresponding inhibitor, followed by pulldown in lysate with 1 uM of the corresponding biotinylated or desthiobiotinylated inhibitor.
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Figure S5, Related to Fig. 5. (A) THZ-P1-2 causes a slight increase in LAMP1, LC3B and p62 protein levels, as observed with positive
control compounds bafilomycin A1 and chloroquine, and this effect is not cumulative in combination with these known autophagy inhibitors.
Hela cells were cultured for 24h in DMEM media supplemented with either 0.3% (serum-starved conditions) or 10% FBS. Cells were treated
with DMSO, 250 nM, 500 nM, and 1000 nM concentrations of THZ-P1-2 and single doses of bafilomycin A1 and chloroquine, harvested after
24h, and analyzed by Western blot. Related to Fig. 5A. (B) THZ-P1-2 causes a dramatic increase in GFP signal and moderate increase in
RFP signal in Hela cells, as observed with positive control chloroquine, suggesting that autophagy was upregulated (leading to increase in
LC3B fluorescence signal) but not completed with autolysosome fusion as GFP signal was not quenched. Cells were transfected with the
Premo Autophagy Tandem Sensor for 16h and treated with DMSO or compounds for another 16h before analyzed using confocal microscopy.
Fluorescence signal was quantified for at least n=10 per condition and data are represented as mean of two independent experiments + SEM,
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Scheme 1. Synthetic route of THZ-P1-2/THZ-1-2-R/dtb-THZ-P1-24, Related to Fig. 1A.
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aReagents and conditions: (i) NaHCO3, Pd(PPh3)2Cl2, ACN/H20 (4:1, v/v), 90 °C, overnight, 61 % (ii) DIEA, NMP,
150 °C, overnight, 95 % (iii) pyridine, 80 °C, 3 h (iv) SnCl2-2H20, EtOAc/MeOH (5:2, v/v), 80 °C, overnight, 69 % over
2 steps (v) 1) DIEA, ACN, 0 °C, 5 min. 2) THF, rt, 2 h (vi) 1 m NaOH/1,4-dioxane (1:1, v/v), rt, 6 h, 7-73 % over 3
steps.

THZ-P1-2: MS m/z 532.24 [M+H]+. 1H NMR (400 MHz, DMSO-ds) & 11.73 (s, 1H), 10.50 (s, 1H), 10.19 (s,
1H), 9.55 (s, 1H), 8.63 (s, 1H), 8.27 (d, J = 7.2 Hz, 1H), 8.20 (s, 1H), 8.15 (d, J = 2.8 Hz, 1H), 8.00 (d, J =
8.7 Hz, 2H), 7.83 (d, J = 8.8 Hz, 2H), 7.59 — 7.44 (m, 2H), 7.37 (d, J = 8.3 Hz, 1H), 7.34 — 7.26 (m, 2H),
7.24 —7.09 (m, 2H), 6.81 (dt, J = 15.4, 6.2 Hz, 1H), 6.40 (d, J = 15.4 Hz, 1H), 3.37 (d, J = 5.3 Hz, 2H),
2.39 (s, 6H).

THZ-P1-2-R: MS m/z 534.64 [M+H]+. 1H NMR (500 MHz, DMSO-ds) & 12.06 (s, 1H), 10.32 (s, 1H), 10.23
(s, 1H), 9.49 (s, 1H), 8.76 (s, 1H), 8.27 (d, J = 3.0 Hz, 1H), 8.24 (d, J = 2.1 Hz, 1H), 8.12 (d, J = 7.7 Hz,
1H), 7.97 (d, J = 8.6 Hz, 2H), 7.75 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 7.7 Hz, 1H), 7.52 (d, J = 8.1 Hz, 1H),
7.43 (d, J = 8.2 Hz, 1H), 7.41 - 7.34 (m, 2H), 7.26 (p, J = 7.0 Hz, 2H), 3.16 — 3.04 (m, 2H), 2.81 (d, J =
4.6 Hz, 6H), 2.47 (d, J = 7.1 Hz, 2H), 2.02 — 1.90 (m, 2H).

dtb-THZ-P1-2 MS m/z 961.13 [M+H]+. 1H NMR (500 MHz, DMSO-ds) 5 12.08 (s, 1H), 10.69 (s, 1H), 10.28
(s, 2H), 10.06 (s, 1H), 8.75 (s, 1H), 8.55 (s, 2H), 8.38 — 8.19 (m, 3H), 8.15 (d, J = 7.6 Hz, 1H), 8.00 (d, J =
8.8 Hz, 2H), 7.83 (d, J = 8.6 Hz, 2H), 7.54 (t, J = 8.6 Hz, 2H), 7.44 (d, J = 8.2 Hz, 1H), 7.40 — 7.32 (m,
2H), 7.32 — 7.15 (m, 2H), 6.83 (dt, J = 14.7, 7.2 Hz, 1H), 6.53 (d, J = 15.3 Hz, 1H), 3.69 — 3.56 (m, 4H),
3.52-3.49 (m, 8H), 3.43 (t, J = 6.0 Hz, 2H), 3.38 (t, J = 6.1 Hz, 2H), 3.25 (d, J = 7.0 Hz, 2H), 3.21 - 3.10
(m, 6H), 2.78 (s, 3H), 2.64 (t, J = 7.0 Hz, 2H), 2.05 (t, J = 7.5 Hz, 2H), 1.46 (q, J = 7.4 Hz, 2H), 1.28-1.22
(m, 4H), 0.95 (d, J = 6.4 Hz, 3H).
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Table S1, Related to Figure 2C-D. Crystallization conditions, data collection and refinement statistics for
co-crystal structure of complex THZ-P1-2 with PISP4Ko..

Structure Name

PI5P4Ka/THZ-P1-2

Ligand THZ-P1-2
RCSB accession code 60SP
Data collection a
Space group P21
Cell dimensions
a, b, c(A) 44.19 98.68 105.12
a,b,g () 90.00 93.66 90.00
Resolution (A) 44.1-2.21 (2.29-2.21)»
Rpim 0.042 (0.525)
I/cl 13.44 (1.53)
Completeness (%) 99.17 (99.44)
Redundancy 3.7 (3.7)
Structure solution
PDB entries used for molecular replacement 2YBX
Refinement
Resolution (A) 44.1-2.21
No. reflections 44717
Rwork / Riree 0.1779/0.2254
No. atoms 5450
Protein 5102
Ligand/ion 92
Water 256
B-factors
Protein 53.08
Ligand/ion 70.65
Water 50.74
R.m.s. deviations
Bond lengths (A) 0.012
Bond angles (°) 1.15
Ramachandran
Preferred 98.21%
Allowed 1.63%
Not Allowed 0.16%

a A single crystal was used to collect data for each of the structures reported here.

b Values in parentheses are for highest-resolution shell.
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Table S2, Related to Fig. 3C. Complete dataset for THZ-P1-2 kinome selectivity using the

DiscoverX commercial profiling platform.

The kinome selectivity dataset for THZ-P1-2 is 11 pages and provided as a supplemental excel

table.

Data S1. Supplemental Intact MS Spectra, Related to Fig. 2A, S1D, S2B.
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Supplemental Excel Table (Kinome Selectivity Data Set):

The presented results were obtained with a 1 uM concentration of THZ-P1-2

Ambit Gene Symbol

RPS6KA4(Kin.Dom.1-N-
terminal)
TYK2(JH2domain-
pseudokinase)
CSNK2A2
EGFR(E746-A750del)
ABLI1(Y253F)-
phosphorylated
KIT(D816V)
PDGFRB
ABLI1(H396P)-
nonphosphorylated

PIKFYVE
ABLI1(H396P)-
phosphorylated

BRK
EGFR(L747-T751del,Sins)

ABLI1-phosphorylated
EGFR(L747-E749del,
A750P)

PIP5K2C

KIT(V559D)
ABLI1(M351T)-
phosphorylated
KIT(L576P)
ABLI1-nonphosphorylated

EGFR(S752-1759del)
EGFR(L747-S752del,
P753S)

EGFR(G719C)

EGFR(L858R)
ABLI1(Q252H)-
phosphorylated

PIP5K1C
ABLI1(E255K)-
phosphorylated

EGFR(L861Q)
MKNK2
EGFR
EGFR(G719S)

SRC
ABLI1(Q252H)-
nonphosphorylated

Percent
Control

0.1

0.9
1.3
1.3

24
4.2
43

5.8
6.4

6.6
6.6
6.8
8.1

12
12
13
14

16
18
18

20
20

21
21
21
22
22
23

24
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Ambit Gene Symbol

KIT
CSNK2A1
BLK
KIT(D816H)
ABL2

CDK7
FLT3(D835V)
STK36

SIK
ABLI(F317L)-
phosphorylated

FLT3(D835Y)

HIPK4
RSK4(Kin.Dom.1-N-
terminal)

SIK2
CDK4-cyclinD1
CIT

TNK2
FLT3(D835H)
FLT3(ITD,D835V)
GSK3A

IRAK3
KIT(A829P)
PDGFRA
KIT(V559D,V654A)
FLT3(N8411)
DRAK2

NEK11
FLT3(ITD)
CSNK1D
GRK3

LIMK2

LIMK1

LKBI

CSFIR

DDRI1

RET
CDK4-cyclinD3
ERK4

Percent
Control

24
27
34
35
36
37
37
38
39

44
45
47

47
47
48
48
48
50
51
52
56
57
58
59
60
61
61
62
63
63
63
64
64
67
67
67
70
70



Ambit Gene Symbol
ABLI(F317L)-
nonphosphorylated
ALK(L1196M)
CDK4

EPHA2

MERTK

EPHB6

IKK-alpha

TRKA
EGFR(L858R,T790M)
IKK-beta

MLK3

RET(M918T)

ERKS

ERKS

JAK1(JH1domain-catalytic)

JAK1(JH2domain-
pseudokinase)

DRAKI1
EPHBI

GCN2(Kin.Dom.2,S808G)

PRKD2
MYLK4
PKN2
ADCK3
EPHAI
MAP3K1
PAK6
TAKI
LCK
MAP4K4
SRMS
SYK
TNNI3K
TRKC
BMX
CSNK1G2
SRPK 1
TNKI1
DMPK
EPHB2
FGR
FLT3(K663Q)

Percent
Control

71
71
71
71
71
72
72
72
73
73
73
73
74
74
74

74
75
75
75
75
76
76
77
78
78
78
78
79
79
79
80
80
80
81
81
81
81
82
82
82
82
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Ambit Gene Symbol

INSRR

MARK3

MST1

PFTK1

PIP5K2B

PRP4

RIOK3

ARKS5

AURKC
CSF1R-autoinhibited
FLT3-autoinhibited
MLK1

CDK9

CSNKI1E

MUSK

PIP5K1A
YANK3
CSNKI1AIL
DYRK2

IRAK1

p38-delta
PKAC-beta

JNK1
KIT-autoinhibited
MLK2

NEK6

RIPK1
RSK1(Kin.Dom.1-N-
terminal)

CDKL2
EPHAS
ERK2
ERK3
MKNK1
NEKS
PIK3CA(H1047Y)
RIOK1
TIE1
YANK1
CDK3
ERBB4
FGFR3
FLT4

Percent
Control

82
82
82
82
82
82
82
&3
&3
&3
&3
&3
84
84
84
84
84
&5
&5
&5
&5
&5
86
86
86
86
86

86
87
87
87
87
87
87
87
87
87
87
88
88
88
88



Ambit Gene Symbol

GAK
MINK

STK16

TESK1

VEGFR2

BIKE

BMPRI1A

CDK5

DYRKIB
EPHB4

FLTI
FLT3(ITD,F691L)
LYN

PAK3

SGK3

TEC

ACVRLI

FAK

FLT3

GRK2

INK2
LRRK2(G2019S)
MET(M1250T)

PIM2
RSK2(Kin.Dom.2-C-
terminal)

SRPK3

VPS34

VRK2

WEE1
ACVR2B
DAPK?2

ERBB2
FGFR3(G697C)
LRRK?2
MYLK2

PAKI1

PAK?2

PCTK2
PFPKS5(P.falciparum)
PYK2

RIOK?2

RIPK?2

Percent
Control

88
88
88
88
88
89
89
89
89
89
89
89
89
89
89
89
90
90
90
90
90
90
90
90

90
90
90
90
90
91
91
91
91
91
91
91
91
91
91
91
91
91
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Ambit Gene Symbol

ROCK2
RSK3(Kin.Dom.1-N-
terminal)

TRPM6
ALK

AXL
CASK
CDK11
CSNKIA1
DDR2
FGFR4
FYN

JNK3
KIT(V559D,T670I)
MAP3K4
MEK1
MEK6
PFTAIRE2

YES
ABLI1(F3171)-
nonphosphorylated
ABLI1(T315I)-
nonphosphorylated

ALK(C1156Y)
AMPK-alphal
CAMKI1
CAMKID
CAMK2A
CDC2L2
CSK

DLK
DMPK2
HIPK3
IGFIR

LTK
MAPKAPKS
MEKS5

PLK4
PRKCH
PRKCQ
TXK

ZAK
ACVRI
ACVR2A

Percent
Control

91

91
91
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92

93

93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
93
94
94



Ambit Gene Symbol

CAMKK?2
CDC2L1
CLK3
ERK1
LOK
MAP4KS
PRKD3

ROSI
RSK3(Kin.Dom.2-C-
terminal)

TLK1
TTK

TYRO3

AKTI

AKT2

ASK2

BRSK2

BUBI

CLK4
DYRKIA
EGFR(T790M)
FER

FGFRI
MARK]1
MARKA4
PIK3C2B
PIK4CB

PIM1

QSK

RPS6KA4(Kin.Dom.2-C-

terminal)
TBK1
TSSKI1B
WNK4
YSK1
BRAF
BTK
CAMKKI1
CDKLI1
CDKL3
CLK1
CLK2
CSNK1G1

Percent
Control

94
94
94
94
94
94
94
94

94
94
94
94
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95

95
95
95
95
95
96
96
96
96
96
96
96
96

-95-

Ambit Gene Symbol

DCAMKL3
FRK
GRK4
PIM3
PRKCI

RET(V804M)
RPS6KA5(Kin.Dom.1-N-
terminal)
RSK2(Kin.Dom.1-N-
terminal)

SNRK
ADCK4
ANKK1
BMPR1B
CAMK4
FLT3(R834Q)
HASPIN
JAK3(JH1domain-catalytic)
MASTI1
MST4
NDR2
NLK
PCTK3
PRKR
TGFBR2
CHEK1
EIF2AK1
FGFR2
GSK3B
HCK
MET
MLCK
NEK2
NEK?7
NEK9
PAK4
PAK7
SNARK
TAOKI1
TIE2
TNIK
AURKA
BRSK1

Percent
Control

96
96
96
96
96
96

96

96
96
97
97
97
97
97
97
97
97
97
97
97
97
97
97
98
98
98
98
98
98
98
98
98
98
98
98
98
98
98
98
99
99



Ambit Gene Symbol

CSNK1G3
MAP4K2

MEK3

MSTIR

MYLK
PIK3CA(Q546K)
PKMYTI
RET(V804L)

RIPK4
RPS6KA5(Kin.Dom.2-C-
terminal)

SLK
TLK2

AAK1
ABLI1(F3171)-
phosphorylated
ABLI1(T315I)-
phosphorylated

ACVRIB
AKT3
AMPK-alpha2
ASK1
AURKB
BMPR2
BRAF(V600E)
CAMKI1B
CAMKIG
CAMK2B
CAMK2D
CAMK2G
CDC2L5
CDK2
CDKS8
CDKL5
CHEK2
CTK
DAPKI1
DAPK3
DCAMKLI
DCAMKL2
EPHA3
EPHA4
EPHA6
EPHA7

Percent
Control

99
99
99
99
99
99
99
99
99

99
99
99
100

100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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Ambit Gene Symbol

EPHAS
EPHB3
ERBB3
ERNI1
FES
GRK1
GRK7
HIPK1
HIPK2
HPK1
HUNK
ICK
IKK-epsilon
INSR
IRAK4
ITK

JAK2(JH1domain-catalytic)

LATSI
LATS2

LZK

MAK
MAP3K15
MAP3K2
MAP3K3
MAP4K3
MAPKAPK?2
MARK?2
MEK2
MEK4
MELK
MET(Y1235D)
MKK7
MRCKA
MRCKB
MST2

MST3
MTOR
MYO3A
MYO3B
NDRI

NEK]1
NEK10
NEK3

Percent
Control

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100



Ambit Gene Symbol

NEK4

NIK

NIM1
OSR1
p38-alpha
p38-beta
p38-gamma
PCTK1
PDPK1

PFCDPK 1 (P.falciparum)

PHKG1

PHKG2

PIK3C2G
PIK3CA
PIK3CA(C420R)
PIK3CA(E542K)
PIK3CA(E545A)
PIK3CA(E545K)
PIK3CA(H1047L)
PIK3CA(I800L)
PIK3CA(M1043I)
PIK3CB

PIK3CD

PIK3CG
PKAC-alpha
PKNI1
PKNB(M.tuberculosis)
PLK1

PLK2

PLK3

PRKCD

PRKCE

PRKDI

PRKGI

Percent
Control

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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Ambit Gene Symbol

PRKG2
PRKX
RAF1
RIPKS

ROCKI1
RSK1(Kin.Dom.2-C-
terminal)
RSK4(Kin.Dom.2-C-
terminal)

S6K1
SBK1
SGK
SgK110
SGK2
SRPK2
STK33
STK35
STK39
TAOK2
TAOK3
TGFBRI1
TRKB
TSSK3

TYK2(JH1domain-catalytic)

ULK1
ULK2
ULK3
WEE2
WNK1
WNK2
WNK3
YANK?2
YSK4
ZAP70

Percent
Control

100
100
100
100
100

100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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5.3 Publication B: Structure-Activity Relationship Study of Covalent Pan-
phosphatidylinositol 5-Phosphate 4-Kinase Inhibitors

5.3.1 Specific Aims

With the identification of the covalent pan-PISP4K inhibitor THZ-P1-2 (see Chapter 5.2),
the aim was to further explore its SAR, especially regarding biochemical and cellular target
engagement as well as kinome-wide selectivity. For this, a small library of THZ-P1-2
analogs had to be designed, synthesized, and biochemically characterized.

Due to issues in the interpretation of the results from pulldown assays with the THZ-P1-
2-DTB probe (see Chapter 5.2), the label-free CETSA method was to be established to
investigate THZ-P1-2-analog efficacy in cellulo.

5.3.2 Main Outcomes and Context

The presented SAR study was able to confirm key interactions of the THZ-P1-2 scaffold
with its identified binding site of PISP4Ks, especially in regard to the interactions of the
compound with the hinge of these lipid kinases. The findings were in accordance with the
previously reported co-crystal structure (Chapter 5.2). Furthermore, changes in the indole
and pyrimidine moieties of THZ-P1-2 led to the development of compound 30, which
exhibited improved kinome-wide selectivity, while retaining on-target activity in
biochemical and cellular assays.

Using isothermal CETSA conditions circumvented read-out issues experienced with
pulldown assays of the THZ-P1-2 analogs and enabled determination of cellular binding
activity of the covalent PISP4K inhibitor. This label-free method was further successfully
applied to compare cellular PISP4K binding of selected analogs of THZ-P1-2, leading to
the identification of compound 30 as an interesting chemical probe to further study PISP4K
function in the cellular context. The study emphasizes the value of label-free methods in
the characterization of a probe, as well as the importance of cellular characterization in
addition to biochemical assays for the development of high-quality chemical probes.

Details regarding the synthesis of the THZ-P1-2-analog library as well as the isothermal
CETSA conditions are found in the Supporting Information of the article.
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5.3.3 Published Article

The following peer-reviewed publication was originally published as:

Structure-Activity Relationship Study of Covalent Pan-
phosphatidylinositol 5-Phosphate 4-Kinase Inhibitors

Theresa D. Manz, Sindhu C. Sivakumaren, Adam Yasgar, Matthew D. Hall, Mindy L.
Davis, Hyuk-Soo Seo, Joseph D. Card, Scott B. Ficarro, Hyeseok Shim, Jarrod A. Marto,
Sirano Dhe-Paganon, Atsuo T. Sasaki, Matthew B. Boxer, Anton Simeonov, Lewis C.
Cantley, Min Shen, Tinghu Zhang, Fleur M. Ferguson, and Nathanael S. Gray.

ACS Med. Chem. Lett. 2020, 11 (3), 346-352.

DOI: https://doi.org/10.1021/acsmedchemlett.9b00402

Improved Selectivity Profile

o N N
N A N NH ’
" THZ-P1-2 X 5
ICso = 0.95 uM (PISP4Ka) - R
X IC5o = 5.9 UM (PISP4KB) )
Rational Compoundl SAR THZ-P1-2 30
Design
) N7N Y\ Cellular Target-engagement
. PP , Yy
N | . u a N G’.\*ﬂ’:\biqv \Q\:?
NS S
" 30 oyok\:\}“\&‘?@gmb‘»
IC5 = 1.34 uM (PISP4Ka) PISPAKa | W b o ot
ICs, = 9.9 UM (PISP4KB) _ GAPOH e

This article, including Supporting Information, was reproduced with kind permission from
ACS Medicinal Chemistry Letters © 2019 American Chemical Society.

Note:
This publication is part of the “Women in Medicinal Chemistry” special issue of the Journal
ACS Med. Chem. Lett. © 2019 American Chemical Society.

-99.-



ACSIv\edlcmal

emlstry tters

sssssssssssssssssssssss

ACSP blic t
R Most Trusted. MostCited. Most Read.



About the Cover:

The cover shows some of the contributors to the Women in Medicinal Chemistry
Special Issue (first and/or corresponding authors): Bottom Row (L-R): A.Cheng, M.
Chang, N. Rajapaksa, H. Park, C.B. Cooley, M.-J. Blanco; Row 2 (L-R): K. Hiesinger,
G. White. A. I. de Lucas. T. Manz. A. Newman; Row 3 (L-R): E.H. D'Agostino, C.
Wells, X. Lu, K. Nelson, C. Garrison, M. L. Bolognesi; Row 4 (L-R): A. Axtman, W.
Young, A.E. Garces, F. Ferguson, J. Farand; Row 5 (L-R): D.M. Huryn, Q. Wang, A.
Hart, L. Ferrins, S. Varghese; Row 6 (L-R): I. Landel, L. Terrab, C. Haskell-Luevano,
M. Bryan, N. Castilho, M. Grenier, M. Buskes. Image credit: Conception: Kyle
Brimacombe, NCATS; Matthew Hall, NCATS & Donna M. Huryn (ACS MCL Assoc.
Ed.); Illustration: Jeffrey Everett, NIH Medical Arts.

-101 -



Downloaded via HARVARD UNIV on June 3, 2020 at 22:51:24 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACSMedicinal

|
Chemlstry tters & Cite This: ACS Med. Chem. Lett. 2020, 11, 346—352

pubs.acs.org/acsmedchemlett

Structure—Activity Relationship Study of Covalent Pan-
phosphatidylinositol 5-Phosphate 4-Kinase Inhibitors

Theresa D. Manz,"** Sindhu C. Sivakumaren,”* Adam Yasgar,'® Matthew D. Hall, Mindy 1. Davis, !
Hyuk-Soo Seo,”*® Joseph D. Card,”"© Scott B. Ficarro,”""© Hyeseok Shim, ® rIarrod A. Marto,”""©
Sirano Dhe-Paganon,T’* Atsuo T. Sasaki,™ Matthew B. Boxer,|| Anton Simeonov,| Lewis C. Cantley,‘
Min Shen,! Tinghu Zhang,*"* Fleur M. Ferguson,*"*® and Nathanael S. Gray*"*

fDepartment of Cancer Biology, Dana-Farber Cancer Institute, 360 Longwood Avenue, Boston, Massachusetts 02215, United States

iDepartment of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, Massachusetts 02215, United
States

SDepartment of Pharmaceutical and Medicinal Chemistry, Saarland University, Saarbruecken, Germany
INational Center for Advancing Translational Sciences, National Institutes of Health, Rockville, Maryland 20850, United States
‘Division of Hematology and Oncology, University of Cincinnati, 3125 Eden Avenue, Cincinnati, Ohio 45267-0508, United States

#Department of Cancer Biology and Blais Proteomics Center, Dana-Farber Cancer Institute, Boston, Massachusetts 02215, United
States

VDepartment of Oncologic Pathology, Dana-Farber Cancer Institute, 360 Longwood Avenue, Boston, Massachusetts 02215, United
States

oDepartment of Pathology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts 02215, United States
’Meyer Cancer Center, Weill Cornell Medicine and New York Presbyterian Hospital, New York, New York 10065, United States

© Supporting Information

ABSTRACT: Phosphatidylinositol S-phosphate 4-kinases
(PISP4Ks) are important molecular players in a variety of
diseases, such as cancer. Currently available PISP4K inhibitors
are reversible small molecules, which may lack selectivity and
sufficient cellular on-target activity. In this study, we present a
new class of covalent pan-PISP4K inhibitors with potent
biochemical and cellular activity. Our designs are based on
THZ-P1-2, a covalent PISP4K inhibitor previously developed in
our lab. Here, we report further structure-guided optimization
and structure—activity relationship (SAR) study of this scaffold,
resulting in compound 30, which retained biochemical and
cellular potency, while demonstrating a significantly improved

THZ-P1-2
ICso = 0.95 UM (PIS5P4Ka)
\ ICs0 = 5.9 UM (PISP4KB)

Rational Compoundl
Design

30
ICs = 1.34 UM (PISP4Ka)
\ ICs0 = 9.9 UM (PI5P4KB)

Improved Selectivity Profile

iz

- ©
AR THZ-P1-2 30

Cellular Target-engagement

S

sty

S TS
SESLS
PISPaKa | e Wl -
GAp0H et s e

S
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st

selectivity profile. Furthermore, we confirm that the inhibitors show efficient binding affinity in the context of HEK 293T cells
using isothermal CETSA methods. Taken together, compound 30 represents a highly selective pan-PISP4K covalent lead

molecule.

KEYWORDS: PISP4K, lipid kinase inhibitors, structure—activity relationship, covalent inhibitors, phosphoinositide, drug discovery

he phosphatidylinositol S-phosphate 4-kinases

(PISP4Ks), consisting of the three isoforms, PISP4Ka,
B, and y, are lipid kinases that catalyze phosphorylation of
phosphatidylinositol S-phosphate (PISP) on its 4-position to
form phosphatidylinositol-4,5-bisphosphate (PL-4,5-P,)." In
the cellular membrane, PI-4,5-P, is also produced by another
signaling pathway in which phosphatidylinositol 4-phosphate
(P14P) is phosphorylated by phosphatidylinositol 4-phosphate
S-kinases (PI4PSKs). Although the majority of PI-4,5-P, is
produced via the PI4PSK pathway, the PISP4Ks have been
recognized as key regulators of many cell functions including
metabolism, stress response, autophagy, and immunological

v ACS Pub“cations © 2019 American Chemical Society
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processes.” ™" Dysregulation of the PISP4K signaling pathway

has been further linked to diseases such as diabetes,’

neurodegenerative disorders,” and cancers.””"" These findings
indicate that the inhibition of PISP4K kinase activity with a
small molecule inhibitor might have a therapeutic potential

across various diseases.
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To date, several scaffolds have been developed as PISP4K
inhibitors.>'*~"* For example, -OMe Tyrphostin AG 538 was
reported to inhibit PISP4Ka with an ICg, of 1 uM,"* while
NIH-12848 was found to be a PISP4Ky selective compound'®
(Figure 1). However, though some of the reported compounds

1
Ho. N OH
HO ‘ > ! OMe
(e}
1-OMe Tyrphostin AG 538
ICsp = 1 uM (PI5P4Ka)

a131
ICs0 = 1.9 uM (PISP4Ka)

CF3
NH, O S N-N C\)',o
2 AL e Y
N N
)N‘\ ) N CFs ©/\NH NS
>(\N N \6 NI
HN’&O s/ KN/ s
SARO088 NIH-12848 NCT-504

ICs = 3.8 uM (PISP4K) ICso=1puM (PISP4Ky)  ICgo = 15.8 uM (PISP4Ky)

Figure 1. Reported PISP4K inhibitors.

might seem able to covalently label kinases, such as al31, these
inhibitors are reversible inhibitors with micromolar biochem-
ical potency against PISP4K, which limits their use in the
investigation of PISP4K function in the cellular context
(Supporting Figure 6). In general, irreversible binding through
a unique cysteine represents a viable strategy to improve
potency and selectivity.'® We recently reported the discovery
of THZ-P1-2 as a pan-PISP4K covalent small molecule
inhibitor by targeting conserved cysteines across all three
PISP4K isoforms that are situated outside of the ATP-binding
pocket. Here we report the structure—activity relationship
(SAR) for this series of compounds.

Our recently reported irreversible inhibitor of PISP4Ks,
THZ-P1-2, displays submicromolar biochemical potency
against PISP4Ka kinase activity.'” Although the THZ-P1-2/
PISP4Ka cocrystal structure (PDB-ID: 60SP) did not resolve
the loop that contains the covalently targeted cysteine
(Cys293), the structure clearly revealed key noncovalent
interactions, including two hydrogen bonds between the
aminopyrimidine, as well as the benzamide carbonyl and
Asn198, a hydrogen bond forming between the pyrimidine and
Vall99, and T-shaped z-stacking between the phenylenedi-
amine group and Phe134 in the p-loop (Figure 2). In addition,
Phel34 and Phe200 form a narrow passage encaging the
phenylenediamine of THZ-P1-2 (Supporting Figure 7). Even
though the electron-density for the warhead tail was
insufficiently resolved, the acrylamide moiety seemed to be
positioned toward the solvent exposed region, which allows
proximity to the targetable cysteines for each isoform: Cys 293
(a), 307 or 318 (f), and 313 (y) (Supporting Figure 8).
Hydrophobic interactions between the indole and the
hydrophobic pocket under the p-loop contribute to the overall
affinity.

To understand the SAR of THZ-P1-2 analogs, we employed
biochemical assays for PISP4Ka (ADP Glo) and PISP4Kf
(Transcreener), which have produced reliable ICj, values for
THZ-P1-2. The THZ-P1-2 analogs, which contain either a
variety of different indole ring systems or bulkier mono- or
bicyclic aromatic six-membered rings, were first designed to
investigate the tolerability of the hydrophobic pocket that is
occupied by the indole group in THZ-P1-2. The synthetic
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Solvent-exposed
region

= N *
Phe 200 - '
s
g \ ¢
Val 199
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\

fa.;: -

%
- 2 -
Figure 2. Cocrystal structure of PISP4Ka and THZ-P1-2 (dark gray).
The pocket bound by the inhibitor is highlighted in pale-green. H-
bonds are shown as dashed bonds. For clarity, only Asn198, Val199,

Phel34, and Phe200 are shown as capped sticks. PDB-ID: 60SP.

strategy for these analogs revolved around the 4,6-dichlor-
opyrimidine, which underwent either a Suzuki coupling
reaction with aromatic boronic acids/esters or an Sy2
nucleophilic substitution reaction with aromatic amines. The
second chloride group was then substituted with m-phenyl-
enediamine, which was extended through an amide bond with
4-aminobenzoic acid, containing a free amino group for 4-
dimethylaminocrotonamide transformation, as the final step
(Scheme 1).

THZ-P1-2 showed submicromolar potency (ICs, of 950
nM) against PISP4Kaq, as well as an ICyy of 5.9 uM against
PISP4Kp. Pyrrolo[2,3-b]pyridine installed in compound 6 led

Scheme 1. Synthesis of THZ-P1-2 and Compounds 6—11°

NN _aorb | NN o NN _de
C|)\/k0| o R HoN NMR
1 2a-g 3a-g
o /@\ NTSN o /@\ NTSN
| forg |
H NJ\%R | o N HJ\/\R
HN /N\/\)I\N
2 da-g i 5a,b, 7-11 h’:;_
THZ-P1-2, 6
R= R =
R &
o D Ty
N O S0,Ph H

C\
NH

SO,Ph

“Reagents and conditions: (a) (HO),B-R or respective pinacol
boronic acid esters, NaHCO;, Pd(PPh;),Cl,, ACN/H,0, 90—100 °C,
2.5—19 h, 53—83% yield; (b) 4-methylaniline, TEA, BuOH, 140 °C, 1
h or 3/4-phenylaniline, TEA, EtOH, 120 °C, 3 h, 99%-quant. yield;
(c) m-phenylenediamine, DIEA, NMP, 140—160 °C, 1.5 h to 2 d,
37—95% yield; (d) 4-nitrobenzoyl chloride, pyridine or TEA/DCM,
rt, S h or 4-((tert-butoxycarbonyl)amino)benzoic acid, HATU,
Hunig’s Base, DMF, rt, 1 h, then TFA/DCM, rt, 2 h, 37% yield;
(e) SnCl,-2H,0, EtOAc/MeOH, 80 °C, 4.5 h to 2 d, or H,, 10% Pd/
C, EtOAc/MeOH or MeOH, rt, 16 h, 4—87% yield over 2 steps; (f)
4-bromocrotonyl chloride, DIEA, DCM or ACN, 0 °C, then
dimethylamine, THF, rt, 1 h, 24—71% yield; (g) 4-dimethylaminoc-
rotonic acid, DIEA, HATU, DCM, or oxalylic chloride, DMF rt, 1-12
h, 6—30% yield; (h) 1.0 M NaOH/1,4-dioxane, rt, 4—6 h, 8—60%
yield.

DOI: 10.1021/acsmedchemlett.9b00402
ACS Med. Chem. Lett. 2020, 11, 346—352
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to a slight decrease in potency on both isoforms, while a 2-
methylindazole of compound 7 dampened the activity even
further to 3.5 and 15.8 uM for PISP4Ka and PISP4Kp,
respectively (Table 1). Introducing an NH-linker, connecting

Table 1. IC;, Evaluation of THZ-P1-2 and Compounds 6—
11

o) NTSN
. Q)LNQNJ'\/\R
/NMH = "
1Cso [pM]*
Cpd R s0 [nM]
PI5P4Ka PISP4Kp
THZ-P1-2 ’T’Q 0.95 +0.34 59+54
H
6 oLt 21400 10.9+4.0
H
7 T 35024 158%7.5
8 1.3+0.36 63+2.6
ey
H
9 ;rN/Q/ 13£0.16 62+13
H
4
10 S 193+00 245+6.1
1 17448 3043238

“Average + SD of three experiments, each using an 11-point titration.

Table 2. IC;, Evaluation of Compounds 14—19, 22, 25, and
30

ICs [uM]*
Cpd Structure PISP4K
a B
H
\N/\//YN 7 NTSN = 52 29.8
4 i SWe
° O““Qu (- +28 121
~NH
15 i ,@j\f‘ Q\’Q d oo
AL AL F L £39 82
16 | o ) ON/©\/N N\/‘N A2 6.5 20.5
AL AS T Y s090  £119
A T 2 8.9
17 Y y
Py =078 %29
H
. 7 N.
Y 7@\(" . 199 356
i O NN 2036 +24
N I \> . B
4
N 4 4 SR 318
AAAAS T Y s 24
B A
22 WY TN inactive  inactive
I o ° NN
H
- . SO w28 10.1
|
My LAY 2076 2102
o # NTSN
2 A~ 134 9.9
o “ N N NN/
o »‘%A)\ﬁ@ e aeeY £0.156  +2.8

“Average + SD of three experiments, each using an 11-point titration.

the pyrimidine with a phenyl group carrying either a 4-methyl
group or even a bulky 4-phenyl substituent (compounds 9 and
8, respectively) were well tolerated and maintained ICs, values
of around 1.3 uM and 6.2—6.3 uM for the a- and f-isoform of
the PISP4Ks, respectively. In contrast, a 3-phenylaniline or
direct conjugation of pyrimidine with a 3-phenylbenzene group
resulted in a more than 10-fold loss in PISP4Ka activity
(compounds 10 and 11), underlining that these changes in the
trajectory of binding seem to cause a steric clash with some
residues in the hydrophobic pocket under the p-loop.

Next, to understand the SAR for the groups that bind the
hinge region, as well as the solvent-exposed region, we
designed a second batch of THZ-P1-2 analogs, shown in
Table 2. To access these compounds, the second chloride
moiety at the 6-position of the pyrimidine was substituted with
different aromatic amines through Sy2 reactions, which were
then further conjugated with either 3- or 4-nitro benzoic acid,
4-aminocyclohexane-1-carboxylic acid, or 4-aminopiperidine
through amide bond formation to yield compounds 14—19
and 25 (Schemes 2 and 4). We also synthesized compound 22
with a distinct 3-aminopiperidine group installed at the 6-
position of the pyrimidine, followed by a urea functionality,
which was utilized to conjugate with 3-aminobenzeneamine
(Scheme 3). All these compounds contain a free amino group,
which was eventually converted to a 4-dimethylaminocrotona-
mide as a cysteine reactive warhead.

348

We first found that introducing a methyl group to either
carbon-4 (compound 15) or carbon-6 (compound 16) led to
up to S-fold higher ICsos compared to THZ-P1-2 and
compound 6. An explanation could be that the conformational
changes in these compounds are potentially causing steric
clashes with the relatively small passage (Supporting Figure 7)
or are jeopardizing the s-stacking interaction with Phel34.
Going even further, using a bulky, nonaromatic piperidine ring
resulted in the overall inactive compound 22.

A scan of different crotonamide warhead-containing linkers
pointing toward the solvent-exposed area, including piperidine,
cyclohexane, or phenyl rings with different substitution
patterns, demonstrated high tolerability to both the composi-
tion and the conformation of the linker with respect to activity
against PISP4Ka. For example, both piperidine and cyclo-
hexane containing compounds (compounds 25 and 19,
respectively) showed almost identical activity with IC, values
of 2.0—2.5 uM on PISP4Ka. Interestingly, PISP4K/} seems to
be more sensitive to changes in this motif since the ICg, of
compound 19 drops by S-fold, compared to THZ-P1-2.
Similarly, the regiochemical variation of compound 6 to
compound 17, attaching the crotonamide residue in either the
3- or 4-position of the benzamide, or to compound 18,
carrying either a m- or p-phenylenediamine, displayed again
only minor effects on the inhibitory activity on PISP4Ka.
While changing the warhead attachment-site on the benzamide
did not have any effect on PISP4Kf activity either

DOI: 10.1021/acsmedchemlett.9b00402
ACS Med. Chem. Lett. 2020, 11, 346352
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Scheme 2. Synthesis of Compounds 14—19
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“Reagents and conditions: (a) anilines, DIEA, NMP, 150 °C, 6—8 b, then TFA/DCM, rt, 1 h, 67—84% yield; (b) anilines, DIEA, NMP, 150 °C, 8
h to overnight, 46—60% yield; (c) nitroaniline, Cs,CO3, X-Phos, Pd,(dba);, 1,4-dioxane, 104 °C, 3 h, then SnCl,, MeOH, 80 °C, 8 h, 61% yield;
(d) carboxylic acid chlorides, pyridine, rt, overnight, then SnCl,-2H,0, EtOAc/MeOH, 80 °C, 1.5—2 d, 23—39% yield over 2 steps; (e) carboxylic
acid chlorides, DIEA or TEA, DCM, 0 °C, $ min or rt, 1.5 h, then H,, 10% Pd/C, MeOH or EtOAC/MeOH, rt, 12 h to overnight, 36—51% over 2
steps; (f) carboxylic acids, HATU, DIEA, DCM, rt, 0.5—3 h, then HCI, MeOH or EtOAg, rt, 0.5 h to overnight, 54—85% over 2 steps; (g) 4-
bromocrotonyl chloride, DIEA, DCM or ACN, 0 °C, S min to 0.5 h, then dimethylamine (2.0 M in THEF), rt, 0.5—2 h, 30—91% yield; (h) 4-
dimethylaminocrotonic acid hydrochloride, DIEA, HATU, DCM, rt, 12 h, 30% yield; (i) 1.0 M NaOH/1,4-dioxane, 10 °C to rt, 3—6 h, 10—46%

yield.

Scheme 3. Synthesis of Compound 22
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“Reagents and conditions: (a) tert-butyl 3-aminopiperidine-1-
carboxylate, DIEA, NMP, 110 °C, overnight, 50% yield; (b) TFA/
DCM, rt, overnight, quant. yield; (c) 3-nitroaniline, triphosgene, TEA,
DCM, 0 °C, 2 h, then rt, overnight, 83% yield; (d) SnCl,, EtOAc/
MeOH, reflux, overnight, 74% yield; (e) 4-bromocrotonyl chloride,
DIEA, DCM, 0 °C, S min, then dimethylamine (2.0 M in THF), rt, 1
h, 68% yield; (f) 1.0 M NaOH/1,4-dioxane, 10 °C to rt, 4 h, 30%
yield.

Scheme 4. Synthesis of Compound 25
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“Reagents and conditions: (a) 2-(3-aminophenyl)acetic acid, DIEA,
NMP, 140 °C, 12 h, 6% yield; (b) tert-butyl piperidin-4-ylcarbamate,
HATU, DIEA, DMF, 1t, 0.5 h, 51% yield; (c) HCl, EtOAc, t, 0.5 b,
90% yield; (d) 4-dimethylaminocrotonic acid hydrochloride, DIEA,
HATU, DCM, tt, 0.5 b, 50% yield; (e) 1.0 M NaOH/1,4-dioxane, rt,
4 h, 56% yield.
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(compounds 6 and 17), changes in the phenylenediamine
moiety led to a 3.5-fold higher IC;, (compound 18),
underlining a higher sensitivity of the f-isoform to alterations
in this region. However, an extended linker with an insertion of
a methylene group, shifting the benzamide carbonyl further
away from the hinge region, in compound 14 became more
resistant to both, PISP4Ka and PISP4Kf.

Inspired by the SAR information we obtained above, as well
as the cocrystal structure of our inhibitor THZ-P1-2 with
PISP4Ka,'” we cyclized the pyrimidine ring from carbon-4 and
-5 to yield a bicyclic pyrrolo[2,3-d]pyrimidine and introduced
a 4-methylphenyl, a favored residue (e.g, compound 9),
attached to the N atom of the pyrrolo ring system. We
hypothesized that this could potentially improve the overall
selectivity of the scaffold while maintaining on-target activity.
The compound was synthesized through the coupling of 4-
chloro-7H-pyrrolo[2,3-d]pyrimidine with 4-iodotoluene in a
copper-catalyzed nucleophilic substitution reaction. The free
chloride was then coupled with m-phenylenediamine, extended
with benzoic acid via an amide bond, and the free amino group
was finally converted to a crotonamide as already described in
Scheme 1 (Scheme 5), leading to active compound 30 with
IC;, values of 1.3 and 9.9 uM for PISP4Ka and PISP4Kp,
respectively.

As previously reported, the selectivity profiling of THZ-P1-
2'7 with KINOMEscan has shown that this compound exhibits
cross activity with the type I lipid kinase PIKFYVE, as well as
several protein kinases including BRK, TYK2, and Abl. We
next questioned whether the bicyclic pyrrolo[2,3-d]pyrimidine
scaffold on compound 30 could dial out these off-targets,
making it a more selective PISP4K inhibitor. Therefore,
another KINOMEscan profiling assay for compound 30 was
undertaken. At 1 uM, compound 30 lost almost all off-targets
seen with THZ-P1-2, including the PISP4K-related PIKFYVE
kinase (Figure 3). An ADP-Glo biochemical assay (commer-
cially available from Carna Biosciences, Inc.) done with
PIKFYVE confirmed these findings as an ICy, value of 40.1
nM for THZ-P1-2, whereas compound 30 did not show any
activity in this assay format, which was also true for other off-
targets (Supporting Table 2). Since the two compounds solely
differ in their headgroup moieties, facing the hydrophobic
pocket in the binding site, potential reasons for the selectivity
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Scheme S. Synthesis of Compound 30”
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“Reagents and conditions: (a) 4-iodotoluidine, trans-1,2-cyclohex-
anediamine, K;PO,, Cul, toluene, 110 °C, 1 d, 48% yield; (b) m-
phenylenediamine, DIEA, NMP, 150 °C, 4 d, quant. yield; (c) 4-
nitrobenzoyl chloride, pyridine, rt, overnight; (d) SnCl-2H,O,
EtOAc/MeOH, 80 °C, 1 d, 40% yield over 2 steps; (e) 4-
bromocrotonyl chloride, DIEA, ACN, 0 °C; (f) dimethylamine (2.0
M in THF), rt, 1 b, 4% yield over 2 steps.

improvement could be the slightly bulkier headgroup in
compound 30, as well as the missing hydrogen bond offering
NH group of the indole found in THZ-P1-2. It should be
noted that PISP4Ka is not assessed in the KINOMEscan
panel. Although PISP4Kf and PISP4Ky were included in the
kinases tested, we could not see significant binding of both
compounds tested, despite their biochemical potency and
cellular target engagement. Hence, the kinome-wide profiling
data (Figure 3A) was used to investigate potential off-targets.

To assess the cellular activity of the THZ-P1-2 analogs, we
used a cellular thermal shift assay (CETSA) in which we
treated HEK 293T cells with our most potent pan-PISP4K
inhibitors. We first determined the optimal incubation
temperature for the assay, by comparing melting curves of
cells treated with either DMSO or 10 yuM THZ-P1-2 at
temperatures ranging from 40 to 67 °C (Figure 4A). While we
observed loss of soluble PISP4Ka and PISP4Kf between 49
and 52 °C with the DMSO control, THZ-P1-2 stabilized the
enzymes to temperatures up to 58 to 61 °C, showing that
THZ-P1-2 exhibits good pan-PISP4K binding in the cellular
context. We determined 52 °C to be the optimal assay
temperature to investigate cellular target engagement of our

compounds since incubation at this temperature resulted in
still optimal stabilization of soluble PISP4Ka/f with THZ-P1-
2, while the DMSO-treated cells show already an immense loss
of soluble protein. This temperature was used for further
CETSA experiments. Next, an isothermal CETSA was
performed to compare cellular target engagement of our top
inhibitors, showing good target binding activity of all selected
compounds in HEK 293T cells (Figure 4B,C). Dose—response
curves were obtained using the same isothermal CETSA
conditions. Surprisingly, compounds 8 and 30 generally
showed slightly less cellular activity compared to THZ-P1-2,
while compound 9 seems to be slightly more active in cells
(Figure 4D,E and Supporting Figure SA,B).

Ultimately, comparing our lead compounds, THZ-P1-2 and
compound 30, with their reversible analogs (THZ-P1-2-R and
compound 30-R, respectively) led to an overall decrease in
biochemical activity of 3—4-fold, except for compound 30 and
its PISP4Ka activity, which did not change significantly
(Supporting Figure 9A). The same trend was seen in an
isothermal CETSA experiment, although compound 30 now
seems to show similar potency changes on both, PISP4Ka and
-p (Supporting Figure 9B,C). However, the observed potency
changes between covalent and noncovalent analogs were again
more pronounced with THZ-P1-2. To make sure that
compound 30 is still a covalent PISP4K inhibitor, an intact
mass spectrometry experiment was undertaken, which showed
indeed covalent labeling of PISP4Ka, -3, and -y by compound
30 (Supporting Figure 10). These results indicate that
compound 30 might be a slower covalent binder than THZ-
P1-2, which could explain not only the biochemical results but
also the weaker cellular activity of compound 30.

In conclusion, the discovery of THZ-P1-2 and its analogs
present a novel class of covalent inhibitors for PISP4Ks. The
SAR study reported here provides a rationale for further
development, by systematically exploring the tolerability of
each binding region for chemical modification. The selectivity
profiling indicated a highly selective PISP4K inhibitor is
achievable through the modification of the core 4,6-pyrimidine
scaffold, shown by compound 30. Furthermore, investigating
the cellular target engagement, using isothermal CETSA
methods, we were able to confirm that the inhibitors show
efficient binding affinity in the context of HEK 293T cells.
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Figure 3. (A) KINOMEscan results for THZ-P1-2 and compound 30. Selectivity profile was determined for 469 kinases as percent DMSO control
at 1 yM inhibitor concentration (excluding mutant, atypical, and pathogen). (B) Table comparing percent DMSO control for top five off-targets of

THZ-P1-2 to compound 30.
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Figure 4. (A) Melting-curves (T,,) of PISP4Ka and PISP4Kf. Treatment with THZ-P1-2 at 10 uM for 1 h, in comparison to DMSO. (B)
Representative Western blot of isothermal CETSA at 52 °C (HEK 293T cells) with selected PISP4Ka/f inhibitors at 1 or 10 M. (C) Quantified
relative band intensity (%) of isothermal CETSA experiment (Figure 4B). Mean of three independent experiments. (D) Dose—response curve of
isothermal CETSA for PISP4Ka at 52 °C (HEK 293T cells) with selected PISP4Ka/f inhibitors. Mean of three independent experiments
(representative Western blot, see Supporting Figure SA). (E) Dose—response curve of isothermal CETSA for PISP4Kf at 52 °C (HEK 293T cells)
with selected PISP4Kar/f inhibitors. Mean of three independent experiments (representative Western blot, see Supporting Figure SB).

These findings suggest that compound 30 is a selective,
covalent pan-PISP4K inhibitor, which may overcome limi-
tations of cellular activity of reported PISP4K inhibitors.
Further efforts to optimize cellular potency of compound 30
and its pharmacokinetics for in vivo studies are ongoing.
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cellular thermal shift assay; Cpd, compound; DCM, dichloro-
methane; DIEA, N,N-diisopropylethylamine; DMF, dimethyl-
formamide; DMSO, dimethyl sulfoxide; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; HATU, 1-[bis-
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxide hexafluorophosphate; NMP, N-methyl-2-
pyrrolidone; Pd,(dba);, tris(dibenzylideneacetone)-
dipalladium(0); PI-4,5-P,, phosphatidylinositol-4,5-bisphos-
phate; PI4P, phosphatidylinositol 4-phosphate; PI4PSK,
phosphatidylinositol 4-phosphate S-kinase; PISP, phosphatidy-
linositol S-phosphate; PISP4K, phosphatidylinositol S-phos-
phate 4-kinase; PIKFYVE, phosphatidylinositol 3-phosphate S-
kinase; rt, room temperature; SAR, structure—activity relation-
ship; SD, standard deviation; TEA, triethylamine; TFA,
trifluoroacetic acid; THF, tetrahydrofuran; TYK2, tyrosine
kinase 2; X-Phos, 2-dicyclohexylphosphino-2/,4’,6-triisoropyl-
biphenyl
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1. Supporting Tables and Figures

1.1 Supporting Tables

Supporting Table 1. Full KINOMEscan datasets

. Compound Percent Control
Kinage ID conc.p [uM] | THZ-P1-2 | Cpd30
AAK1 1 100 98
ABLI1(E255K)-phosphorylated 1 21 78
ABLI1(F317I)-nonphosphorylated 1 93 100
ABLI1(F3171)-phosphorylated 1 100 100
ABLI1(F317L)-nonphosphorylated 1 71 100
ABLI(F317L)-phosphorylated 1 44 100
ABLI1(H396P)-nonphosphorylated 1 5.8 88
ABL1(H396P)-phosphorylated 1 6.6 89
ABLI1(M351T)-phosphorylated 1 12 100
ABL1(Q252H)-nonphosphorylated 1 24 64
ABL1(Q252H)-phosphorylated 1 20 78
ABLI1(T315I)-nonphosphorylated 1 93 100
ABLI1(T315I)-phosphorylated 1 100 100
ABLI1(Y253F)-phosphorylated 1 2.4 100
ABL1-nonphosphorylated 1 13 99
ABL1-phosphorylated 1 8.1 76
ABL2 1 36 92
ACVRI1 1 94 77
ACVRIB 1 100 91
ACVR2A 1 94 100
ACVR2B 1 91 100
ACVRLI 1 90 70
ADCK3 1 77 89
ADCK4 1 97 93
AKT1 1 95 100
AKT2 1 95 88
AKT3 1 100 98
ALK 1 92 93
ALK(C1156Y) 1 93 100
ALK(L1196M) 1 71 100
AMPK-alphal 1 93 100
AMPK-alpha2 1 100 100
ANKK1 1 97 100
ARKS5 1 83 100
ASK1 1 100 99
ASK2 | 95 100
AURKA 1 99 93
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AURKB
AURKC
AXL
BIKE
BLK
BMPRIA
BMPRIB
BMPR2
BMX
BRAF
BRAF(V600E)
BRK
BRSK1
BRSK2
BTK
BUBI
CAMKI1
CAMKIB
CAMKI1D
CAMKIG
CAMK2A
CAMK2B
CAMK2D
CAMK2G
CAMK4
CAMKK1
CAMKK?2
CASK
CDC2L1
CDC2L2
CDC2L5
CDKI11
CDK2
CDK3
CDK4
CDK4-cyclinD1
CDK4-cyclinD3
CDK5
CDK7
CDKS8
CDK9
CDKLI
CDKL2
CDKL3
CDKLS5
CHEK1
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100
83
92
89
34
89
97
100
81
96
100
6.6
99
95
96
95
93
100
93
100
93
100
100
100
97
96
94
92
94
93
100
92
100
88
71
48
70
89
37
100
84
96
87
96
100
98

100
100
100
100
87
91
100
100
92
100
100
100
86
100
100
100
100
100
100
100
95
89
96
97
78
59
96
100
100
100
100
96
100
100
100
96
77
100
95
100
100
99
100
98
100
73
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CHEK2
CIT
CLK1
CLK2
CLK3
CLK4
CSFIR
CSFI1R-autoinhibited
CSK
CSNKI1A1
CSNKI1AIL
CSNK1D
CSNKI1E
CSNKI1G1
CSNK1G2
CSNK1G3
CSNK2A1
CSNK2A2
CTK
DAPK1
DAPK?2
DAPK3
DCAMKLI1
DCAMKIL2
DCAMKL3
DDRI1
DDR2
DLK
DMPK
DMPK2
DRAKI
DRAK?2
DYRKIA
DYRKIB
DYRK2
EGFR
EGFR(E746-A750del)
EGFR(G719C)
EGFR(G719S)
EGFR(L747-E749del, A750P)
EGFR(L747-S752del, P753S)
EGFR(L747-T751del,Sins)
EGFR(L858R)
EGFR(L858R,T790M)
EGFR(L861Q)
EGFR(S752-1759del)
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100
48
96
96
94
95
67
83
93
92
85
63
84
96
81
99
27
1.3
100
100
91
100
100
100
96
67
92
93
82
93
75
61
95
89
85
22
1.3
18
22

16
6.8
18
73
21
14

97
82
100
98
100
91
86
98
100
79
100
100
100
100
94
100
100
90
100
100
86
64
94
100
90
67
89
100
96
81
100
100
100
96
100
74
80
75
88
79
71
88
75
100
72
89
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EGFR(T790M)
EIF2AK1
EPHAI
EPHA2
EPHA3
EPHA4
EPHAS
EPHA6
EPHA7
EPHAS
EPHBI1
EPHB2
EPHB3
EPHB4
EPHB6
ERBB2
ERBB3
ERBB4
ERK1
ERK2
ERK3
ERK4
ERKS5
ERKS8
ERNI
FAK
FER
FES
FGFRI1
FGFR2
FGFR3
FGFR3(G697C)
FGFR4
FGR
FLTI
FLT3
FLT3(D835H)
FLT3(D835V)
FLT3(D835Y)
FLT3(ITD)
FLT3(ITD,D835V)
FLT3(ITD,F691L)
FLT3(K663Q)
FLT3(N&41I)
FLT3(R834Q)
FLT3-autoinhibited

T T e T e T e S e R R R e T T e T T e e T e e e e R S T T e T o T e B e R e R e R e R e e e e T e T e T e B e e e S S S S Sy

95
98
78
71
100
100
87
100
100
100
15
82
100
89
72
91
100
88
94
87
87
70
74
74
100
90
95
100
95
98
88
91
92
82
89
90
50
37
45
62
51
89
82
60
97
83

81
100
96
98
100
84
100
95
94
94
82
92
94
93
100
70
100
100
90
97
70
100
100
100
100
99
93
100
100
100
91
100
100
87
100
100
86
61
86
100
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FLT4
FRK
FYN
GAK
GCN2(Kin.Dom.2,S808G)
GRK1
GRK2
GRK3
GRK4
GRK7
GSK3A
GSK3B
HASPIN
HCK
HIPK1
HIPK2
HIPK3
HIPK4
HPK1
HUNK
ICK
IGFIR
IKK-alpha
IKK-beta
IKK-epsilon
INSR
INSRR
IRAKI
TRAK3
IRAK4
ITK
JAK1(JH1domain-catalytic)
JAK1(JH2domain-pseudokinase)
JAK2(JH1domain-catalytic)
JAK3(JH1domain-catalytic)
JNK1
JNK2
JNK3
KIT
KIT(A829P)
KIT(D816H)
KIT(D816V)
KIT(L576P)
KIT(V559D)
KIT(V559D,T670I)
KIT(V559D,V654A)

T T e T e T e S e e e R e T T T T e e T e e e e R S T T T e T e TR e e e e e e S e T S e T T S e S S S

88
96
92
88
75
100
90
63
96
100
52
98
97
98
100
100
93
47
100
100
100
93
72
73
100
100
82
85
56
100
100
74
74
100
97
86
90
92
24
57
35
42
12
11
92
59

93
100
100
98
94
84
98
100
98
100
99
90
100
89
87
95
100
96
97
93
100
80
100
100
100
91
100
100
94
100
94
100
80
90
73
90
100
100
93
100
88
98
100
86
91
100
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KIT-autoinhibited
LATS1
LATS2

LCK
LIMK1
LIMK2

LKBI

LOK
LRRK?2

LRRK2(G2019S)

LTK

LYN

LZK

MAK

MAP3K1
MAP3K15
MAP3K2
MAP3K3
MAP3K4
MAP4K?2
MAP4K3
MAP4K4
MAP4KS5
MAPKAPK?2
MAPKAPKS5
MARKI
MARK?2
MARK3
MARK4
MASTI1
MEK]
MEK2
MEK3
MEK4
MEKS5
MEKG6
MELK
MERTK
MET
MET(M1250T)
MET(Y1235D)
MINK
MKK?7
MKNK1
MKNK?2
MLCK

86
100
100
79
64
63
64
94
91
90
93
89
100
100
78
100
100
100
92
99
100
79
94
100
93
95
100
82
95
97
92
100
99
100
93
92
100
71
98
90
100
88
100
87
21
98
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100
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92
78
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71
96
59
55
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100
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100
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94
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84
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100
95
98
100
100
83
98
100
100
95
100
83
86
100
100
91
100
100
100
98
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MLK1
MLK?2
MLK3
MRCKA
MRCKB
MST1
MSTIR
MST2
MST3
MST4
MTOR
MUSK
MYLK
MYLK2
MYLK4
MYO3A
MYO3B
NDRI1
NDR2
NEK1
NEK10
NEK11
NEK2
NEK3
NEK4
NEKS5
NEK6
NEK?7
NEK9
NIK
NIM1
NLK
OSRI1
p38-alpha
p38-beta
p38-delta
p38-gamma
PAK1
PAK2
PAK3
PAK4
PAK6
PAK7
PCTK1
PCTK2
PCTK3
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61
98
100
100
87
86
98
98
100
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97
100
100
100
85
100
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91
89
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78
98
100
91
97

68
70
98
94
100
97
86
94
100
98
96
98
95
100
100
95
94
96
73
92
100
100
99
86
100
79
100
100
98
100
100
100
100
99
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100
100
98
91
94
96
100
100
100
95
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PDGFRA
PDGFRB
PDPK1
PFCDPK (P falciparum)
PFPKS5(P.falciparum)
PFTAIRE2
PFTKI
PHKGI1
PHKG2
PIK3C2B
PIK3C2G
PIK3CA
PIK3CA(C420R)
PIK3CA(E542K)
PIK3CA(E545A)
PIK3CA(E545K)
PIK3CA(H1047L)
PIK3CA(H1047Y)
PIK3CA(I800L)
PIK3CA(M10431)
PIK3CA(Q546K)
PIK3CB
PIK3CD
PIK3CG
PIK4CB
PIKFYVE
PIM1
PIM2
PIM3
PIP5K1A
PIPSK1C
PIP5SK2B
PIPSK2C
PKAC-alpha
PKAC-beta
PKMYTI
PKN1
PKN2
PKNB(M.tuberculosis)
PLK1
PLK2
PLK3
PLK4
PRKCD
PRKCE
PRKCH
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58
43
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91
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95
6.4
95
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96
84
20
82

100
85
99
100
76
100
100
100
100
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100
100
93

100
70
100
92
100
100
100
100
86
100
81
92
100
100
97
67
100
85
66
90
100
100
95
100
100
100
91
100
96
96
93
96
78
94
100
95
100
72
85
100
100
90
86
96
57
96
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PRKCI
PRKCQ
PRKDI1
PRKD2
PRKD3
PRKG1
PRKG2
PRKR
PRKX
PRP4
PYK2
QSK
RAF1
RET
RET(M918T)
RET(V804L)
RET(V804M)
RIOK1
RIOK2
RIOK3
RIPK1
RIPK2
RIPK4
RIPKS
ROCK1
ROCK2
ROSI1
RPS6KA4(Kin.Dom.1-N-terminal)
RPS6KA4(Kin.Dom.2-C-terminal)
RPS6KAS(Kin.Dom.1-N-terminal)
RPS6KAS5(Kin.Dom.2-C-terminal)
RSK1(Kin.Dom.1-N-terminal)
RSK1(Kin.Dom.2-C-terminal)
RSK2(Kin.Dom.1-N-terminal)
RSK2(Kin.Dom.2-C-terminal)
RSK3(Kin.Dom.1-N-terminal)
RSK3(Kin.Dom.2-C-terminal)
RSK4(Kin.Dom.1-N-terminal)
RSK4(Kin.Dom.2-C-terminal)
S6K1
SBK1
SGK
SgK110
SGK2
SGK3
SIK
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96
93
100
15
94
100
100
97
100
82
91
95
100
67
73
99
96
87
91
82
86
91
99
100
100
91
94
0.1
95
96
99
86
100
96
90
91
94
47
100
100
100
100
100
100
89
39

81
95
91
100
75
100
100
68
96
100
86
100
97
98
97
98
100
100
100
100
77
96
100
96
100
96
94
100
100
94
60
97
100
94
100
100
72
96
98
95
100
91
99
100
100
100
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SIK2
SLK
SNARK
SNRK
SRC
SRMS
SRPK 1
SRPK?2
SRPK3
STK16
STK33
STK35
STK36
STK39
SYK
TAKI1
TAOK1
TAOK2
TAOK3
TBK1
TEC
TESK 1
TGFBRI1
TGFBR2
TIE1
TIE2
TLK1
TLK2
TNIK
TNK1
TNK2
TNNI3K
TRKA
TRKB
TRKC
TRPM6
TSSKI1B
TSSK3
TTK
TXK
TYK2(JH1domain-catalytic)
TYK2(JH2domain-pscudokinase)
TYRO3
ULK1
ULK2
ULK3
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80
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100
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94
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100
98
76
100
83
97
100
100
93
100
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100
53
86
69
97
98
100
69
85
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100
100
100
100
100
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VEGFR2 1 38 100

VPS34 1 90 100

VRK2 1 90 100

WEEI 1 90 100

WEE2 1 100 96

WNK1 1 100 100

WNK2 1 100 93

WNK3 1 100 100

WNK4 1 95 100

YANK1 1 87 100

YANK?2 1 100 100

YANK3 1 84 95

YES 1 92 79

YSK1 1 95 100

YSK4 1 100 83

ZAK 1 93 92

ZAP70 1 100 100

Supporting Table 2. Off-targets of THZ-P1-2 and compound 30
THZ-P1-2 Cpd 30
Y%control 1Cso [uM]* Y%control ICso [uM]”

PI5SP4Kp 82 59 96 9.9
PIPSK1C 20 0.0821 93 >10
MSK?2 0.1 >10 100 >10
TYK2 09 22 100 >10
TNK1 81 7.33 48 >10
CSNK2A2 1.3 1.97 90 >10
PDGFRb 43 3.01 70 >10
PIKFYVE 6.4 0.0401 100 >10

13
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1.2 Supporting Figures

A B
Time 60 min
Conc.
Mean sD
—Ul;i{)’(‘;” — — PISP4Kp Assay:
250 396 37 GDP Antibody Titration with
10 uM GTP and 2 nM Alexa633
125 376 22 (1 hour incubation)
62.5 366 16 450
31.25 365 12 400 } }
15.6 369 10 350 it i
7.8 351 20 300
3.91 306 36 % 2% {
1.95 261 48 200 { i
0.98 203 24 150 p--*f
0.488 198 36 100
0.244 174 18 5
0.122 178 14 ¥ 1 & 1 2 3
0.061 166 8 Log [GDP Antibody] pg/mL
0.0305 165 11
0.0153 159 19
HILLSLOP 1.228
EC, 2.553
EC,. 10.5
C
%GTP_ [GDP], pm Mean SD %CV AmP Z'-factor
Conversion
0 0 334 8 2 z :
1 0.1 299 10 3 37 -0.58
10 1 210 9 4 126 0.59
50 5 157 11 7 179 0.67
100 10 146 10 7 191 0.72

Supporting Figure 1. A. GDP antibody titration summary table. B. GDP antibody titration summary
curve. C. %GTP conversion table with Z’-factor determination.

A B
PISP4Kp reaction time-course
with 1X Lipid Mix and GDP Transcreener
Reagents in 1536-well format
150 daaa"’j:;:%—:*—?—"i s 25nM
= 7 e o 50nM
) 7w
s O™ = 100 nM
= ( oo 0 200 nM o
&3 e £
= *® <
c
o
a

120 180 240 300 360
Time (min)

PI5P4Kp reaction time-course
with 1X Lipid Mix and GDP Transcreener
Reagents in 1536-well format

150-] .
%-125— :
T 100
= o
2 754 »
2 50|
k=
@ 25

0 TR “C s

T T T T T T 1§ T
0 15 30 45 60 75 90 105 120

Time (min)

0nM
25nM
50 nM
100 nM
200 nM

Supporting Figure 2. A. PISP4Kf reaction time-course curve (0-360 min). B. PISP4Kp reaction time-

course curve (0-120 min).
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Compound Titration in
50 nM PI5P4Kp with 1X Lipid Mix and
GDP Transcreener Reagents in

1536-well format
(60 or 90 minute incubation)

=

= s () e NCGC00372529-01_1h
S 254 —% 5% ©  NCGC00372529-01_1.5h
a8 N\

T 754 I\

§ i

a 100

¢ T T T T 1
-8 -7 -6 -5 -4 -3
Log [Compound], M

Percent Inhibition (%)

(=]
1

25+
50

Compound Titrations in
PI5P4Ka and PISP4KpB

in 1536-well format

-8 -7 -6 -5 -4 -3

Log [Compound], M

351566 (alpha)
372529 (alpha)
351566 (beta)
372529 (beta)

OH
g

HO, S S S R g
H H

NCGC00372529(-01) NCGC00351566(-01)

PISPAK IC,, [nM]

Compound ID a B
NCGC00351566 7.3 229
NCGC00372529 57.6 21.970

Supporting Figure 3. A. Dosc-response curve (Transcreener assay) for PISP4Kf inhibition with
reference compound NCGC00372529 at 1 h and 1.5 h. B. Combined dose-response curves for PISP4Ka
and PISP4Kp with reference compounds NCGC00351566 and NCGC00372529. C. Structures of
reference compounds NCGC00372529, and NCGC00351566. D. ICso summary for reference compounds

NCGC00372529 and NCGC00351566.

PIP4K2A

PIP4K2B

GAPDH

DMSO

i

THZ-P1-2

Supporting Figure 4. HEK 293T cells were treated with 10 pM compound or DMSO for 1 h at 37 °C.
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0.1 025 05 075 1 2.5 I8 7.5
P|5P4Ku|h---------~]

GAPDH I----------I

Y SER————TT 1

10 [uMm]

THZ-P1-2

01 025 05 075 1 25 5
P'SP“KBI- L e e e e e -
GAPDH e e e ) e e S ) ) |
P|5P4KB|- - -------i

75 10 [uM]

THZ-P1-2

GAPDH b-.------- i GAPDH |_--------_I o
PISPAKa | o I —— bl PISPdKﬂh-!-!!-!-- i
GAPDH b--------_ GAPDH m
PI5P4KQ|----------| PISPAKBI-----—----_
oo D e | oxrov e |

Supporting Figure 5. A. Representative western blot of isothermal CETSA for PISP4Ka at 52 °C (HEK
293T cells) from three independent experiments. Dose-response curves were generated and are shown in
Figure 4D. B. Representative western blot of isothermal CETSA for PISP4K at 52 °C (HEK 293T cells)
from three independent experiments. Dose-response curves were generated and are shown in Figure 4E.
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A
WMM ' T700
B

miz 1700

DMSO

|

+al31

rnm PIP4K2A

46300 47600
INo Reaction

F'IDJA
|
48800 40 47600

- DMSO 48106 PIP4K2B
WMM“ ““.“.LL[HLL.L.. J
m/z 1700 43000 43500
No Reaction
e !
- B 43106
m/z 1700 48000 pyqq5 46600
= DMSO an2 PIP4K2C
m/z - 1700 46500 | 48000
| No Reaction
F +a131
47117
| W N O e L
m/z 1700 46500 48000

Mass

Supporting Figure 6. Mass spectra (left) and zero-charge mass spectra (right) obtained from recombinant
PISP4Koa (A, B), PISP4Kp (C, D) and PISP4Ky (E, F) treated with DMSO (A, C, E) or a 10-fold molar
excess of al31 (B, D, F) for 2 hours at room temperature.
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Supporting Figure 7. Phel34 and Phe200 form a narrow passage.'

Supporting Figure 8. Electron-density map for the ligand THZ-P1-2 in the cocrystal structure obtained
for PI5P4Ka with THZ-P1-2.!
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H THZ-P1-2
ICsp (PI5P4Ka) = 0.95 uM ICso (PI5P4Ka) = 1.34 uM
ICs0 (PISPAKB) = 5.9 uM ICs0 (PISP4KP) = 9.9 uM

THZ-P1-2-R
ICs0 (PISP4Ka) = 3.2 uM ICs0 (PISP4Ka) = 1.47 uM
ICs0 (PISP4Kp) = 23.6 uM ICsq (PISP4KpB) = 29.1 uM
B C

=
5 100 . PISP4Ka THZ-P1-2 THZ-P1-2-R 30 30-R
= =
2 RISRAKS -1 5 10 1 5 10 1 5 10 1 5 10 [uM]
2 50
o
>
: -
14 0

O
919‘;;\:;5;\”\:»*" R
S

Supporting Figure 9. A. Chemical structures of THZ-P1-2 and compound 30 with their respective
reversible analogs. B. Quantified relative band intensity (%) of isothermal CETSA experiment
(Supporting Figure 8C). Mean of three independent experiments. C. Representative western blot of
isothermal CETSA at 52 °C (HEK 293T cells) with THZ-P1-2, compound 30 and their reversible analogs
at1,5,and 10 uM.
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A DMSO !47“39 PIP4K2A
L l—L Ly i
650 miz 1200 46800 47400
Mass
— »|AMass |
3
B +30 l47535
LL‘l Lol Lol oqp.q .q
650 miz 1200 47400 47800
Mass
= DMSO 48106 PIP4K2B
0 m/z 1700 48000| 48600
D +130 _.i AMass
486563
m/z 1700 48400 Mass 49200
E DMSO 47105 PIP4K2C
650 miz 1200 47000| Mass 47800
| M N
650 miz 1200

Supporting Figure 10. Mass spectra (left) and zero-charge mass spectra (right) obtained from
recombinant PISP4Ka (A, B), PISP4K (C, D) and PISP4Ky (E, F) treated with DMSO (A, C, E) or a 10-
fold molar excess of compound 30 (B, D, F) for 2 hours at room temperature.
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2. Experimental Procedures
2.1 Synthesis

2.1.1 General Methods

Reagents and solvent were purchased from commercial vendors and used without further purification,
unless otherwise noted. Mass spectra were obtained on a Waters Acquity UPLC. Final purification steps
were performed by preparative HPLC, using a Waters Sunfire C18 column (19 mm x 50 mm, 5 pM) and
a gradient of 15-95% MecOH in water (0.05% TFA) over 22 min (28 min run time total) at a flow rate of
20 mL/min. Final compounds were isolated and tested as either TFA-salts or their free base. Their
purities, determined by reverse-phase HPLC analysis, were greater than 95%, unless otherwise noted.
Other purifications were performed, using a Teledyne ISCO CombiFlash Rf system. '"H NMR spectra
were recorded on a 500 MHz Bruker Avance III spectrometer. Chemical shifts are reported in ppm (3)
downfield from TMS, coupling constants (J) are reported in Hz and spin multiplicities are described as s
(singlet), d (doublet), t (triplet), q (quartet), dt (doublet of triplet) or m (multiplet).

General Procedure A

4,6-Dichloropyrimidine (1-2 eq.), boronic acid or pinacol boronic acid ester (1 eq.), NaHCOs (1 eq.) and
Pd(PPhs),Cl: (0.05 eq.) were dissolved in ACN/water (4:1, v/v). The reaction mixture was heated to 90-
100 °C for 2.5-19 h under N». After cooling to room temperature, the mixture was diluted with EtOAc
and the organic layer was washed with water and brine. The organic layer was further dried over Na>SO4
and purified by flash chromatography.

General Procedure B

Substituted 6-Chloropyrimidine (1 eq.) and phenylenediamine (5 eq.) were dissolved in NMP. DIEA (5-
10 eq.) was added and the reaction mixture was stirred at 150-160 °C for 1.5 h - 2 d. The resulting
mixture was allowed to cool to room temperature, diluted with EtOAc and the organic layer was washed
with water and brine. The organic layer was further dried over Na>SO4 and purified by flash
chromatography.

General Procedure C

Aniline (1 eq.) and 4-nitrobenzoyl chloride (1.2 eq.) were dissolved in pyridine and the reaction mixture
was stirred at room temperature for 5 h. The solvent was removed in vacuo and it was continued without
further purification.

General Procedure D
Aniline (1 eq.) and 4-nitrobenzoyl chloride (1.2 eq.) were dissolved in DCM. TEA (1.2 eq.) was added
and the reaction mixture was stirred at room temperature for 1-5 h.

General Procedure E

Nitrobenzamide (1 eq.) and SnCl>- 2H,O (10 eq.) were suspended in EtOAc/MeOH (5:2, v/v) and the
rcaction mixture was stirred at 80 °C for 4.5 h - 2 d. The reaction was quenched with saturated NaHCO:-
solution and the aqueous layer was extracted with DCM. The organic layer was then washed with water
and brine, dried over Na>SOs and purified by flash chromatography.

General Procedure F
Nitrobenzamide (1 eq.) and Pd/C (10%) were suspended in EtOAc/MeOH (1:1, v/v) or just MeOH and the
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reaction mixture was stirred at room temperature for 16 h under H,. The resulting mixture was filter over
a pad of CELITE and purified by flash chromatography.

General Procedure G

Aminobenzamide (1 eq.) was dissolved in ACN or DCM and DIEA was added. A solution of 4-
bromocrotonyl chloride in DCM was added dropwise to the reaction mixture at 0 °C until completion of
reaction. The mixture was either purified by preparative HPLC or it was continued without further
purification.

DMA in THF (2.0 M) was added to the mixture or purified intermediate and the reaction was stirred at
room temperature for 1 h. The mixture was purified by preparative HPLC or flash chromatography.

General Procedure H

4-Dimethylaminocrotonic acid (1.2 eq.) and aminobenzamide (1 eq.) were dissolved in DMF or DCM.
DIEA (3.5 eq.) and HATU (1.2 eq.) were added and the reaction mixture was stirred at room temperature
for 12 h. The mixture was diluted with water and the aqueous layer was extracted with DCM. The organic
layer was further washed with water and brine, dried over Na;SO; and purified by flash chromatography.

General Procedure J
Protected indole or azaindole (1 eq.) was dissolved in 1.0 M NaOH/1,4-dioxane (1:1, v/v) and the reaction
mixture was stirred at room temperature for 4-6 h. The mixture was purified by preparative HPLC.

2.1.2 Synthesis of THZ-P1-2 and compounds 6-11

3-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-indole
XN

\
Clv\@
N

:/\ P
W
2a

Compound 2a was synthesized from 4,6-dichloropyrimidine (989 mg, 6.64 mmol) and (1-
(phenylsulfonyl)-1H-indol-3-yl)boronic acid (1.0 g, 3.32 mmol) following General Procedure A. The
crude was purified by flash chromatography (MecOH:DCM) to yield the product (750 mg, 2.03 mmol,
61%) as an ochre solid. MS (ESI) m/z calc. for C1sHi2CIN3O-S [M+H]* 370.04; found 370.05.
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N'-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-yl)benzene-1,3-diamine

P

a0
=
HoN N
5 H)\)\E,:Q
\/: 50
A\

3a

m-phenylenediamine (0.82 g, 2.0 mmol) and 3-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-indole
(2a) (1.4 g, 3.78 mmol) were used as described in General Procedure B to synthesize compound 3a. The
crude was purified by flash chromatography (MeOH:DCM) to yield the product (1.6 g, 3.6 mmol, 95%)
as an ochre solid. MS (ESI) m/z calc. for C24H19NsO-S [M+H]" 442.13; found 441.97.

4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-yl)amino)phenyl)benzamide

4a

N'-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-yl)benzene-1,3-diamine (3a) (0.25 g, 0.57 mmol)
and 4-nitrobenzoyl chloride (137 mg, 0.74 mmol) were reacted as described in General Procedure C.
Without further purification, the resulting nitrobenzamide was reduced to the respective aromatic amine
(4a), following General Procedure E. The reaction mixture was purified by flash chromatography (1.75 M
NH3 in McOH:DCM) to yield the product (177 mg, 0.32 mmol, 56% over 2 steps) as a white solid. MS
(ESI) m/z calc. for C31H24N6O3S [M+H]™ 561.17; found 560.89.

(E)-4-(4-(dimethylamino)but-2-enamido)-/NV-(3-((6-(1-(phenylsulfonyl)-1 H-indol-3-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

5a

Compound 5a was synthesized from 4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-
yl)amino)phenyl)benzamide (4a) (1.4 g, 2.5 mmol) following General Procedure G. The reaction mixture
was diluted with water and the aqueous layer was extracted with DCM. The combined organic layers
were washed with water and brine, dried over Na>SOs and the solvent was removed in vacuo. The crude
was purified by flash chromatography (MeOH:DCM) to yiceld the product (0.4 mg, 0.6 mmol, 24%).
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(E)-N-(3-((6-(1H-indol-3-yl)pyrimidin-4-yl)amino)phenyl)-4-(4-(dimethylamino)but-2-

enamido)benzamide
N
Q)k W
THZ-P1-2

In a final step, (£)-4-(4-(dimethylamino)but-2-enamido)-N-(3-((6-(1-(phenylsulfonyl)-1H-indol-3-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (5a) (0.4 g, 0.6 mmol) was deprotected according to General
Procedure J. The reaction mixture was extracted with chloroform/2-propanol (4:1, v/v) and the organic
layer was washed with water and brine, dried over Na>SO4 and the solvent was removed in vacuo. The
crude was purified by flash chromatography (MeOH:DCM) to yield the title compound (THZ-P1-2)
(0.19 mg, 0.36 mmol, 60%). MS (ESI) m/z calc. for C31H20N;0, [M+H]" 532.25; found 532.45. '"H NMR
(400 MHz, DMSO-d6) 8 11.73 (s, 1H), 10.50 (s, 1H), 10.19 (s, 1H), 9.55 (s, 1H), 8.63 (s, 1H), 8.27 (d, J
= 8.8 Hz, 1H), 8.20 (s, 1H), 8.15 (d, /=2.8 Hz, 1H), 8.00 (d, /= 8.7 Hz, 2H), 7.83 (d, /= 8.8 Hz, 2H),
7.59-7.44 (m, 2H), 7.37 (d, J= 8.3 Hz, 1H), 7.34-7.26 (m, 2H), 7.24-7.09 (m, 2H), 6.81 (dt, /=154,

6.2 Hz, 1H), 6.40 (d, J = 15.4 Hz, 1H), 3.37 (d, J = 5.3 Hz, 2H), 2.39 (s, 6H).

5-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-pyrrolo[2,3-b|pyridine

Compound 2b was synthesized from 4,6-dichloropyrimidine (0.38 g, 2.6 mmol) and 1-(phenylsulfonyl)-
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrolo[2,3-b|pyridine (1.0 g, 2.6 mmol) following
General Procedure A. The crude was purified by flash chromatography (MeOH:DCM) to yield the
product (0.8 g, 2.2 mmol, 83%) as a slightly yellow solid. MS (ESI) m/z calc. for C,7H;1CIN4O-S [M+H]|"
371.04; found 371.81.

N‘-(6—(1—(phenylsulfonyl)—lH—pyrrolo [2,3-b]pyridin-5-yl)pyrimidin-4-yl)benzene-1,3-diamine

N\N

11N
o

@:§

3b

m-phenylenediamine (1.1 g, 10.0 mmol) and 5-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-
pyrrolo|2,3-b|pyridine (2b) (1.85 g, 5.0 mmol) were used as described in General Procedure B to
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synthesize compound 3b. The crude was purified by flash chromatography (McOH:DCM) to yield the
product (1.0 g, 2.3 mmol, 46%) as a slightly yellow solid.

4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

/©)L W
NN o
§<

4b

N'-(6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b|pyridin-5-yl)pyrimidin-4-yl)benzene-1,3-diamine (3b) (0.3 g,
0.67 mmol) and 4-nitrobenzoyl chloride (151 mg, 0.81 mmol) were reacted as described in General
Procedure D. The reaction mixture was diluted with DCM and the organic layer was washed with water
and brine, dried over Na>SOs and the solvent was removed in vacuo. The reaction mixture was purified by
flash chromatography (MeOH:DCM) to yield 4-nitro-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-
b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide (0.3 g, 0.51 mmol, 75%) as a slightly yellow
solid. MS (ESI) m/z calc. for C30H21N;0sS [M+H]" 592.14; found 592.60.

The intermediate nitrobenzamide (0.3 g, 0.50 mmol) was reduced to the respective aromatic amine (4b)
according to General Procedure F. The reaction mixture was filtered through a pad of CELITE and the
filtrate was concentrated in vacuo to yield the product (0.24 g, 0.43 mmol, 84%) as a slightly yellow
solid. MS (ESI) m/z calc. for C30H23N;0sS [M+H]" 562.17; found 562.60.

(E)-4-(4-(dimethylamino)but-2-enamido)-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)benzamide

5b

Compound 5b was synthesized from 4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (4b) (0.24 g, 0.42 mmol) following General Procedure G.
The crude was purified by flash chromatography to yield the product (0.2 g, 0.3 mmol, 71%).
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(E)-N-(3-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)-4-(4-
(dimethylamino)but-2-enamido)benzamide

N\N

N

6

In a final step, (%)-4-(4-(dimethylamino)but-2-enamido)-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-
blpyridin-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide (5b) (0.10 g, 0.14 mmol) was deprotected
according to General Procedure J. The pH of the reaction mixture was adjusted to 7 by addition of 1.0 M
HCIL. The solvent was removed in vacuo and the crude was by flash chromatography to yield the title
compound (6) (6 mg, 0.011 mmol, 8%). MS (ESI) m/z calc. for C30H2sNsO, [M+H]* 533.24; found
533.60. '"H NMR (500 MHz, DMSO-d6) & 11.89 (s, 1H), 10.67 (s, 1H), 10.23 (s, 1H), 9.75 (s, 1H), 8.91
(s, 1H), 8.73 (s, 1H), 8.61 (s, 1H), 8.20 (s, 1H), 8.01 (d, /= 8.8 Hz, 2H), 7.83 (d, /= 7.8 Hz, 2H), 7.57 (s,
1H), 7.51 (s, 1H), 7.44-7.37 (m, 2H), 7.32 (t, J= 8.1 Hz), 6.80 (dt, /= 14.7, 7.2 Hz, 1H), 6.59 (s, 1H),
6.52 (d,J=15.3 Hz, 1H), 3.19 (s, 2H), 2.81 (s, 6H).

5-(6-chloropyrimidin-4-yl)-2-methyl-2H-indazole

o
a1 =

2c

Compound 2¢ was synthesized from 4,6-dichloropyrimidine (0.7 g, 4.65 mmol) and 2-methyl-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-indazole (1.2 g, 4.7 mmol) following General Procedure A. The
crude was purified by flash chromatography (PE:EtOAc) to yield the product (0.8 g, 3.2 mmol, 70%).

N'-(6-(2-methyl-2H-indazol-5-yl)pyrimidin-4-yl)benzene-1,3-diamine
Q0
HoN N F =

3c

m-phenylenediamine (0.7 g, 4.9 mmol) and 5-(6-chloropyrimidin-4-yl)-2-methyl-2 H-indazole (2¢) (0.8 g,
3.27 mmol) were used as described in General Procedure B to synthesize compound 3c. After aqueous
work-up, the solvent was removed in vacuo to yield the product (0.5 g, 1.6 mmol, 50%).
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4-amino-N-(3-((6-(2-methyl-2H-indazol-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide

O
=

N N =

H,N N

4c

N'-(6-(2-methyl-2H-indazol-5-yl)pyrimidin-4-yl)benzene-1,3-diamine (3¢) (0.5 g, 1.58 mmol) and 4-
nitrobenzoyl chloride (0.45 g, 2.3 mmol) were reacted as described in General Procedure D. The reaction
mixture was filtered, and the filtrate was washed with DCM to yield N-(3-((6-(2-methyl-2H-indazol-5-
yl)pyrimidin-4-yl)amino)phenyl)-4-nitrobenzamide (0.6 g, 100% yield = 0.7 g).

The crude intermediate nitrobenzamide (0.6 g) was reduced to the respective aromatic amine (4c¢)
according to General Procedure F to yield the product (0.6 g, 1.38 mmol, 87% over 2 steps).

(E)-4-(4-(dimethylamino)but-2-enamido)-/V-(3-((6-(2-methyl-2H-indazol-5-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

@*Q%

4-amino-N-(3-((6-(2-methyl-2 H-indazol-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide (4¢) (0.6 g,

1.76 mmol) was coupled with 4-dimethylaminocrotonic acid (0.35 g, 2.11 mmol) following General
Procedure H. The crude was purified by flash chromatography to yield title compound (7) (0.2 g,

0.37 mmol, 30%). MS (ESI) m/z calc. for C31H30NsO> [M+H]" 547.26; found 547.41. "H NMR (400 MHz,
DMSO0-d6) 6 10.33 (s, 1H), 10.17 (s, 1H), 9.66 (s, 1H), 8.70 (d, /= 1.0 Hz, 1H), 8.51 (s, 2H), 8.17 (t, J =
2.0 Hz, 1H), 8.03-7.94 (m, 2H), 7.90 (dd, /=9.1, 1.7 Hz, 1H), 7.83-7.76 (m, 2H), 7.71 (dd, /=54,

4.6 Hz, 1H), 7.53 (d, /= 8.0 Hz, 1H), 7.40 (dd, /J=7.1, 1.9 Hz, 1H), 7.35-7.24 (m, 2H), 6.79 (dt, J=15.4,
5.8 Hz, 1H), 6.31 (dt, J=15.4, 1.6 Hz, 1H), 4.20 (s, 3H), 3.08 (dd, /= 5.9, 1.4 Hz, 2H), 2.19 (s, 6H).

N-([1,1'-biphenyl]-4-yl)-6-chloropyrimidin-4-amine

Compound 2d was synthesized from 4,6-dichloropyrimidine (723 mg, 4.85 mmol) and [1,1'-biphenyl]-4-
amine (547 mg, 3.23 mmol) were dissolved in EtOH (5.0 mL). TEA (0.9 mL, 6.46 mmol) was added and
the reaction mixture was stirred at 120 °C for 3 h. The mixture was poured into ice water. The resulting
suspension was filtered to yield the product (899 mg, 3.19 mmol, 99%) as a brown-yellow solid. MS
(ESI) m/z calc. for CisH2CIN3 [M+H|" 282.08; found 282.17.
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N*-([1,1'-biphenyl]-4-yl)-N°-(3-aminophenyl)pyrimidine-4,6-diamine

IYSSNe :
HoN H)\/Lu

3d

m-phenylenediamine (664 mg, 6.14 mmol) and N-([1,1'-biphenyl]-4-yl)-6-chloropyrimidin-4-amine (2d)
(346 g, 1.23 mmol) were used as described in General Procedure B to synthesize compound 3d. For full
conversion, an additional 300 mg m-phenylenediamine were added to the mixture. The crude was purified
by flash chromatography (1.75 M NH3 in MeOH:DCM) to yield the product (0.16 g, 0.45 mmol, 37%) as
a brown solid. MS (ESI) m/z calc. for CoHioNs [M+H]" 354.17; found 353.96.

N-(3-((6-(]1,1'-biphenyl]-4-ylamino)pyrimidin-4-yl)amino)phenyl)-4-aminobenzamide
1, L =
/@)J\ N N /K)\ N
H H H
HoN
4d

N*~([1,1'-biphenyl]-4-y1)-N°-(3-aminophenyl)pyrimidine-4,6-diamine (3d) (0.24 g, 0.68 mmol) and 4-
nitrobenzoyl chloride (151 mg, 0.82 mmol) were reacted as described in General Procedure C. Without
further purification, the resulting nitrobenzamide was reduced to the respective aromatic amine (4d),
following General Procedure E. The reaction mixture was purified by flash chromatography
(MeOH:DCM) to yield the product (232 mg, 0.49 mmol, 69% over 2 steps) as a brown solid. MS (ESI)
m/z calc. for C20H24NcO [M+H]™ 473.20; found 473.05.

(E)-N-(3-((6-([1,1'-biphenyl]-4-ylamino)pyrimidin-4-yl)amino)phenyl)-4-(4-(dimethylamino)but-2-

enamido)benzamide
SRS I
o @A” oy
/N\/\)J\N
H

Compound 8 was synthesized from N-(3-((6-([1,1'-biphenyl]-4-ylamino)pyrimidin-4-yl)amino)phenyl)-4-
aminobenzamide (4d) (0.1 g, 0.22 mmol) following General Procedure G. The crude was purified by
reverse-phase HPLC to yield the product (TFA-salt, 3 mg, 0.004 mmol, 4%) as a white solid. MS (ESI)
m/z calc. for C3sH3N-O, [M+H]* 584.28: found 584.45. 'H NMR (500 MHz, DMSO-d6) & 10.67 (s, 1H),
10.23 (s, 1H), 9.87 (s, 1H), 9.45 (s, 1H), 9.40 (s, 1H), 8.39 (s, 1H), 8.11 (d, /= 2.2 Hz, 1H), 8.08-8.02 (m,
2H), 7.91-7.85 (m, 2H), 7.74-7.63 (m, 6H), 7.50 (t, J= 7.7 Hz, 2H), 7.45 (dd, /= 7.5, 2.0 Hz, 1H), 7.41-
7.31 (m, 3H), 6.85 (dt, J=14.9, 7.2 Hz, 1H), 6.56 (d, J=15.3 Hz, 1H), 6.32 (s, 1H), 4.03 (d, /= 6.9 Hz,
2H), 2.88 (d, /= 3.4 Hz, 6H).
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6-chloro-N-(p-tolyl)pyrimidin-4-amine
N‘/%N /@/
ey
H

2e

To a solution of 4,6-dichloropyrimidine (1.39 g, 9.33 mmol) in BuOH (9.33 mL) was added p-toluidine
(1.0 g, 9.33 mmol) and TEA (1.951 mL, 14.0 mmol). The reaction was stirred at 140 °C for 1 h, affording
the initial adduct very cleanly. It was continued without further work-up.

N*-(3-aminophenyl)-N°-(p-tolyl)pyrimidine-4,6-diamine
Q0
HoN H )\% u

3e

To the mixture of compound 2e was added N-(3-aminophenyl)acetamide (1.402 g, 9.33 mmol) and then
concentrated HCI (5 mL) at which point (pH around 2.0) a solid precipitated. The reaction mixture was
stirred at 140 °C for 4 h. After cooling to room temperature, the mixture was diluted with EtOAc and the
organic layer was washed with NaHCO; and brine, dried over MgSO4 and the solvent was removed in
vacuo. The crude was partially dissolved in some EtOAc and triturated with n-hexanes and DCM to
afford the product (3e) (1.05 g, 3.6 mmol, 39%) as a tan solid. MS (ESI) m/z calc. for C;7H7Ns [M+H]*
292.16; found 292.1.

4-amino-/NV-(3-((6-(p-tolylamino)pyrimidin-4-yl)amino)phenyl)benzamide

1, 0L
. Ao
H H H
HoN
4e

A mixture of compound 3e (1.05 g, 3.6 mmol) and 4-((tert-butoxycarbonyl)amino)benzoic acid (1.026 g,
4.32 mmol) in DMF (7.21 mL) was treated with HATU (1.781 g, 4.69 mmol) and Hunig’s Base

(1.888 mL, 10.81 mmol) at 23 °C and was stirred at this temperature for 1 h. The solution was
concentrated over a stream of air.

The crude was treated with TFA/DCM (1:1, v/v) (10 mL) and stirred at 23 °C for 2 h. The solution was
concentrated over a stream of air. The crude mixture was diluted with DMSO and purified by reverse-
phase HPLC. The TFA-salt was neutralized with saturated NaHCOs (to pH 7-8) and the aqueous mixture
was extracted with EtOAc. The organic layer was washed with NaHCOs and brine, dried over MgSO4 and
the solvent was removed in vacuo to yield the product (4e) (550 mg, 1.34 mmol, 37%). MS (ESI) m/z
calc. for C24H2oNqO [M+H]|" 411.19; found 411.2.
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(E)-4-(4-(dimethylamino)but-2-enamido)-/N-(3-((6-(p-tolylamino)pyrimidin-4-
yl)amino)phenyl)benzamide

2 O
. @AH oy
/NNJ\N
H
9

To (E)-4-(dimethylamino)but-2-enoic acid, HCI (353 mg, 2.132 mmol) in THF (2.13 mL) was added
oxalylic chloride (0.187 mL, 2.13 mmol). A drop of DMF was added and the reaction mixture was stirred
at 23 °C for 1 h. The mixture was treated dropwise with a solution of 4-amino-N-(3-((6-(p-
tolylamino)pyrimidin-4-yl)amino)phenyl)benzamide (4e) (350 mg, 0.853 mmol) in NMP (2.13 mL) and
stirred at 23 °C for 1 h. The solvent was removed in vacuo and the crude was purified by reverse-phase
HPLC. The TFA-salt was dissolved in EtOAc and the organic layer was washed with saturated NaHCOs-
solution and brine, dried over MgSOs and the solvent was removed in vacuo to yield the title compound
(9) (28 mg, 0.054 mmol, 6%) as a light yellow solid. MS (ESI) m/z calc. for C30H31N;0, [M+H]" 522.26;
found 522.3. "H NMR (400 MHz, DMSO-d6) & 10.29 (s, 1H), 10.07 (s, 1H), 9.10 (s, 1H), 8.97 (s, 1H),
8.21 (s, 1H), 8.00-7.86 (m, 3H), 7.76 (d, J = 8.8 Hz, 2H), 7.37 (d, /= 8.2 Hz, 2H), 7.31 (t,J= 8.5 Hz,
2H), 7.22 (d, J= 8.0 Hz, 1H), 7.06 (d, J= 8.2 Hz, 2H), 6.75 (dt, J= 15.4, 5.8 Hz, 1H), 6.27 (d,J =
15.5Hz, 1H), 6.13 (s, 1H), 3.04 (d, /= 6.2 Hz, 2H), 2.21 (s, 3H), 2.16 (s, 6H).

N-([1,1'-biphenyl]-3-yl)-6-chloropyrimidin-4-amine
2 O
cl )\%u O
2f

Compound 2f was synthesized from 4,6-dichloropyrimidine (500 mg, 3.36 mmol) and [1,1'-biphenyl]|-3-
amine (379 mg, 2.24 mmol), which were dissolved in EtOH (5.0 mL). TEA (0.62 mL, 4.48 mmol) was
added and the reaction mixture was stirred at 120 °C for 4 h. The mixture was poured into ice water. The
resulting suspension was filtered. The filtrate was re-dissolved in acetone and the solvent was removed in
vacuo to yield the crude product (893 mg, 100% yield = 631 mg) as a dark brown oil. It was continued
without further purification. MS (ESI) m/z calc. for C1sH12CIN3 [M+H]" 282.08; found 282.17.

N*-([1,1'-biphenyl]-3-y1)-N°*-(3-aminophenyl)pyrimidine-4,6-diamine
Q2 3
LA RS Ra s

3f

m-phenylenediamine (1.15 g, 10.7 mmol) and N-(|1,1'-biphenyl]-3-yl)-6-chloropyrimidin-4-amine (2f)
(0.6 g, 2.13 mmol) were used as described in General Procedure B to synthesize compound 3f. The
mixture was purified by flash chromatography (1.75 M NHs in MeOH:DCM) to yield the crude product
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(1.6 g, 100% yield = 0.75 g) as an ochre solid. MS (ESI) m/z calc. for C22HioNs [M+H]|™ 354.17; found
354.24.

N-(3-((6-(]1,1'-biphenyl]-3-ylamino)pyrimidin-4-yl)amino)phenyl)-4-aminobenzamide

2O O
. 2N
H H H
HoN
4f

N*~([1,1'-biphenyl]-3-y1)-N®-(3-aminophenyl)pyrimidine-4,6-diamine (3f) (0.2 g, 0.57 mmol) and 4-
nitrobenzoyl chloride (126 mg, 0.68 mmol) were reacted as described in General Procedure C. Without
further purification, the resulting nitrobenzamide was reduced to the respective aromatic amine (4f),
following General Procedure E. The reaction mixture was purified by flash chromatography (1.75 M NH3
in MeOH:DCM) to yield the product (58 mg, 0.12 mmol, 22% over 2 steps) as an orange solid. MS (ESI)
m/z calc. for C20H24N6O [M+H]* 473.21; found 473.38.

(E)-N-(3-((6-([1,1'-biphenyl]-3-ylamino)pyrimidin-4-yl)amino)phenyl)-4-(4-(dimethylamino)but-2-
enamido)benzamide

SeSole
| o @* M O
/N\/\)I\N
H 10

Compound 10 was synthesized from N-(3-((6-(| 1,1'-biphenyl]-3-ylamino)pyrimidin-4-yl)amino)phenyl)-
4-aminobenzamide (4f) (58 mg, 0.12 mmol) following General Procedure G. The crude was purified by
reverse-phase HPLC to yield the product (TFA-salt, 26 mg, 0.037 mmol, 69%) as a white solid. MS (ESI)
m/z cale. for CssHysN;0, [M+H]* 584.28; found 584.42. '"H NMR (500 MHz, DMSO-d6) & 10.60 (s, 1H),
10.18 (s, 1H), 9.82 (s, 1H), 9.51 (s, 1H), 9.48 (s, 1H), 8.34 (s, 1H), 8.02-7.91 (m, 3H), 7.84-7.73 (m, 4H),
7.64 (d,J=7.3 Hz, 2H), 7.54 (d, /= 8.2 Hz, 1H), 7.48 (t,J = 7.6 Hz, 2H), 7.44-7.35 (m, 2H), 7.34-7.23
(m, 4H), 6.78 (dt, J = 14.8, 7.2 Hz, 1H), 6.49 (d, /= 15.3 Hz, 1H), 6.25 (s, 1H), 3.96 (s, 2H), 2.81 (s, 6H).

4-([1,1'-biphenyl]-3-yl)-6-chloropyrimidine

Cr )
v
2g
Compound 2g was synthesized from 4,6-dichloropyrimidine (1.5 g, 10.1 mmol) and [1,1'-biphenyl]-3-
ylboronic acid (1.0 g, 5.1 mmol) following General Procedure A. The crude was purified by flash

chromatography (MeOH:DCM) to yield the product (0.708 g, 2.7 mmol, 53%) as an off-white solid. MS
(ESI) m/z calc. for C16H11CIN, [M+H]* 267.07; found 267.04.
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N'-(6-(|1,1'-biphenyl]-3-yl)pyrimidin-4-yl)benzene-1,3-diamine

[<Ss e
HoN NN O
H

39

m-phenylenediamine (101 mg, 0.94 mmol), 4-([ 1,1'-biphenyl]-3-yl)-6-chloropyrimidine (2g) (250 mg,
0.94 mmol) and DIEA (170 pL, 0.94 mmol) were dissolved in NMP (5.0 mL) and stirred at 150 °C for
2 h. The reaction mixture was worked up as further described in General Procedure B. The mixture was
purified by flash chromatography (MeOH:DCM) to yield compound 3g (153 mg, 0.45 mmol, 48%) as a
brown solid. MS (ESI) m/z calc. for C2,H1sNs [M+H]™ 339.16; found 338.98.

N-(3-((6-([1,1'-biphenyl]-3-yl)pyrimidin-4-yl)amino)phenyl)-4-aminobenzamide
1, 0
ieaag ane
H H
HoN
4g

N'-(6-(| 1,1'-biphenyl|-3-yl)pyrimidin-4-yl)benzene-1,3-diamine (3g) (0.37 g, 1.1 mmol) and 4-
nitrobenzoyl chloride (241 mg, 1.3 mmol) were reacted as described in General Procedure C. More 4-
nitrobenzoyl chloride was added in small portions until the reaction was completed. The solvent was
removed in vacuo. Without further purification, the resulting nitrobenzamide was reduced to the
respective aromatic amine (4g), following General Procedure E. The reaction mixture was purified by
flash chromatography (MeOH:DCM) to yield the product (255 mg, 0.56 mmol, 51% over 2 steps) as a
brown solid. MS (ESI) m/z calc. for C20H23N5O [M+H]" 458.20; found 458.05.

(E)-N-(3-((6-(|1,1'-biphenyl]|-3-yl)pyrimidin-4-yl)amino)phenyl)-4-(4-(dimethylamino)but-2-
enamido)benzamide

1,0, O
| o /@)J\u H
/NNJ\N
Bt "

Compound 11 was synthesized from N-(3-((6-([1,1'-biphenyl]-3-yl)pyrimidin-4-yl)amino)phenyl)-4-
aminobenzamide (4g) (0.1 g, 0.22 mmol) following General Procedure G. The crude was purified by
reverse-phase HPLC to yield the product (TFA-salt, 8 mg, 0.011 mmol, 7%) as a white solid. MS (ESI)
m/z cale. for C3sHuNeO, [M+H]™ 569.27: found 568.98. 'H NMR (500 MHz, DMSO-d6) & 10.60 (s, 1H),
10.22 (s, 1H), 9.83 (s, 1H), 9.75 (s, 1H), 8.78 (s, 1H), 8.31 (t, /= 1.9 Hz, 1H), 8.24 (t,/ = 2.1 Hz, 1H),
8.06 (d,J= 7.8 Hz, 1H), 8.02 — 7.96 (m, 2H), 7.83 (dd, /= 8.8, 7.0 Hz, 3H), 7.76 (dd, /= 7.3, 1.6 Hz,
2H), 7.66 (t,J= 7.7 Hz, 1H), 7.53-7.47 (m, 3H), 7.46-7.38 (m, 3H), 7.33 (t,J = 8.0 Hz, 1H), 6.80 (dt, J =
14.8,7.2 Hz, 1H), 6.50 (d, /= 15.3 Hz, 1H), 3.98 (t, J= 5.6 Hz, 2H), 2.83 (d, /= 4.2 Hz, 6H).

32

-140 -



2.1.3 Synthesis of compounds 14-19

N-(3-(aminomethyl)phenyl)-6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-amine

12a

tert-butyl (3-aminobenzyl)carbamate (0.48 g, 2.17 mmol) and 3-(6-chloropyrimidin-4-yl)-1-
(phenylsulfonyl)-1H-indole (2a) (0.20 g, 0.54 mmol) were dissolved in NMP (2 mL) and DIEA (0.38 uL,
2.17 mmol) was added. The reaction mixture was stirred at 150 °C for 10 h. The reaction was allowed to
cool to room temperature and was diluted with EtOAc. The organic layer was washed with water and
brine, dried over Na,SO, and the solvent was removed in vacuo.

The crude was redissolved in DCM (2 mL) and TFA (2 mL) was added. The mixture was stirred at room
temperature for 1 h. The solvent was removed in vacuo and the crude was further purified by flash
chromatography (MeOH:DCM) to yield the product (12a) (0.21 g, 0.46 mmol, 84% over 2 steps) as a
dark-brown solid. MS (ESI) m/z calc. for C2sH21NsO,S [M+H]" 456.15; found 456.00.

4-amino-NV-(3-((6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-yl)amino)benzyl)benzamide
HoN N
ROUVPERS
" N
o N
§°
s

13a

N-(3-(aminomethyl)phenyl)-6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-amine (12a) (0.21 g,
0.46 mmol) and 4-nitrobenzoyl chloride (102 mg, 0.55 mmol) were reacted as described in General
Procedure C. Without further purification, the resulting nitrobenzamide was reduced to the respective
aromatic amine (13a), following General Procedure E. The reaction mixture was purified by flash
chromatography (MeOH:DCM) to yield the product (61 mg, 0.11 mmol, 23% over 2 steps) as an ochre
solid. MS (ESI) m/z calc. for C32H26NsOsS [M+H]" 575.19; found 574.92.
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(E)-N-(3-((6-(1H-indol-3-yl)pyrimidin-4-yl)amino)benzyl)-4-(4-(dimethylamino)but-2-
enamido)benzamide

W@YQ/N

14

Compound 14 was synthesized from 4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-
yl)amino)benzyl)benzamide (13a) (61 mg, 0.11 mmol) following General Procedure G. The solvent was
removed in vacuo and the crude was purified by reversed-phase HPLC to yield (£)-4-(4-
(dimethylamino)but-2-enamido)-N-(3-((6-(1-(phenylsulfonyl)-1 H-indol-3-yl)pyrimidin-4-
yl)amino)benzyl)benzamide (66 mg, 0.096 mmol, 91% over 2 steps) as a yellow solid.

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
quenched with 1.0 M HCI, the solvent was removed in vacuo and the crude was purified by reverse-phase
HPLC and flash chromatography (MeOH:DCM) to yield the product (7 mg, 0.013 mmol, 14%) as an off-
white solid. MS (ESI) m/z calc. for C3xH31N-O, [M+H]" 546.26; found 545.98. '"H NMR (500 MHz,
DMSO0-d6) 8 11.70 (s, 1H), 10.42 (s, 1H), 9.48 (s, 1H), 8.98 (s, 1H), 8.56 (s, 1H), 8.22 (d, J=7.3 Hz,
1H), 8.11 (d, J=3.1 Hz, 1H), 7.91 (d, /= 8.9 Hz, 2H), 7.76 (d, /= 8.9 Hz, 2H), 7.68 (d, /= 7.9 Hz, 1H),
7.61 (s, 1H), 7.48 (d,J="7.0 Hz, 1H), 7.28 (t, /= 7.9 Hz, 1H), 7.24-7.14 (m, 3H), 6.96 (d, /= 7.6 Hz,
1H), 6.83-6.73 (m, 1H), 6.38 (d, /= 15.3 Hz, 1H), 4.49 (d, /= 5.8 Hz, 2H), 3.44 (s, 2H), 2.43 (s, 6H).

4-methyl-N'-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-yl)benzene-1,3-diamine

12b

tert-butyl (5-amino-2-methylphenyl)carbamate (0.5 g, 2.25 mmol) and 3-(6-chloropyrimidin-4-yl)-1-
(phenylsulfonyl)-1H-indole (2a) (0.21 g, 0.56 mmol) were dissolved in NMP (2 mL) and DIEA (0.39 uL,
2.25 mmol) was added. The reaction mixture was stirred at 150 °C for 6 h. The reaction was allowed to
cool to room temperature and was diluted with EtOAc. The organic layer was washed with water and
brine, dried over Na,SO, and the solvent was removed in vacuo.

The crude was redissolved in DCM (2 mL) and TFA (2 mL) was added. The mixture was stirred at room
temperature for 2 h. The solvent was removed in vacuo and the crude was further purified by flash
chromatography (MeOH:DCM) to yield the product (12b) (0.17 g, 0.37 mmol, 67% over 2 steps) as a
dark-brown oil. MS (ESI) m/z calc. for C2sH21N50,S [M+H]" 456.15; found 455.97.

34

-142 -



4-amino-N-(2-methyl-5-((6-(1-(phenylsulfonyl)-1H-indol-3-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

DAUQLW

O

13b

4-methyl-N'-(6-(1-(phenylsulfonyl)- 1 H-indol-3-yl)pyrimidin-4-yl)benzene-1,3-diamine (12b) (0.17 g,
0.38 mmol) and 4-nitrobenzoyl chloride (84 mg, 0.46 mmol) were reacted as described in General
Procedure C. Without further purification, the resulting nitrobenzamide was reduced to the respective
aromatic amine (13b), following General Procedure E. The reaction mixture was purified by flash
chromatography (MecOH:DCM) to yield the product (84 mg, 0.15 mmol, 39% over 2 steps) as a yellow-
brown solid. MS (ESI) m/z calc. for C3;HsN¢OsS [M+H]" 575.19; found 575.21.

(E)-N-(5-((6-(1H-indol-3-yl)pyrimidin-4-yl)amino)-2-methylphenyl)-4-(4-(dimethylamino)but-2-
enamido)benzamide

15

Compound 15 was synthesized from 4-amino-N-(2-methyl-5-((6-(1-(phenylsulfonyl)-1H-indol-3-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (13b) (107 mg, 0.19 mmol) following General Procedure G.
The solvent was removed in vacuo and the crude was purified by reversed-phase HPLC to yield (£)-4-(4-
(dimethylamino)but-2-enamido)-N-(2-methyl-5-((6-(1-(phenylsulfonyl)-1 H-indol-3-yl)pyrimidin-4-
yl)amino)phenyl)benzamide.

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
quenched with 1.0 M HCI, the solvent was removed in vacuo and the crude was purified by reverse-phase
HPLC to yield the product (TFA-salt, 4 mg, 0.006 mmol, 10%) as a white solid. MS (ESI) m/z calc. for
C3,H31N;0, [M+H]" 546.26; found 546.02. "H NMR (400 MHz, DMSO-d6) & 12.14 (s, 1H), 10.63 (s,
1H), 10.47 (s, 1H), 9.98 (s, 1H), 9.85 (s, 1H), 8.78 (s, 1H), 8.30 (s, 1H), 8.07 (s, 1H), 8.02 (d, /= 8.5 Hz,
2H), 7.86-7.78 (m, 3H), 7.57 (d, J= 7.0 Hz, 1H), 7.49 (s, 1H), 7.35 (s, 1H), 7.34-7.24 (m, 3H), 6.79 (dd, J
=15.1,7.5 Hz, 1H), 6.50 (d, /= 15.6 Hz, 1H), 3.97 (d, /= 7.0 Hz, 2H), 2.82 (s, 6H), 2.25 (s, 3H).

35

-143 -



6-methyl-NV'-(6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b]|pyridin-5-yl)pyrimidin-4-yl)benzene-1,3-
diamine

12¢

2-methyl-5-nitroaniline (1.23 g, 8 mmol), 5-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-pyrrolo[2,3-
blpyridine (2b) (1.5 g, 4 mmol), Cs,CO; (1.4 g, 4.4 mmol), Pd>(dba)s (0.07 g, 0.08 mmol) and 2-
dicyclohexylphosphino-2',4',6'-triisopropyl-1,1'-biphenyl (0.14 g, 0.24 mmol) were dissolved in 1,4-
dioxane. The reaction mixture was stirred at 104 °C for 3 h under N,. The reaction was allowed to cool to
room temperature and was diluted with EtOAc. The organic layer was washed with water and brine, dried
over Na,SO4 and the solvent was removed in vacuo. The crude was further purified by flash
chromatography.

The intermediate (4.2 g, 8.63 mmol) redissolved in MeOH (200 mL) and SnCl, (16.4 g, 86.3 mmol) was
added. The mixture was stirred at 80 °C for 8 h. The pH of the reaction mixture was adjusted to 7.0 using
1.0 M NaOH and the solvent was removed in vacuo. The crude was further purified by flash
chromatography to yield the product (12¢) (2.4 g, 5.3 mmol, 61%) as a yellow solid.

4-amino-/NV-(4-methyl-3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

=
N N N
/@)kH H)\m
e
HoN N" N o

11N

o8
6-methyl-N'-(6-(1-(phenylsulfonyl)-1 H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)benzene-1,3-diamine
(12¢) (0.91 g, 2.0 mmol), 4-((tert-butoxycarbonyl)amino)benzoic acid (0.71 g, 3.0 mmol) and HATU
(1.14 g, 3.0 mmol) were dissolved in DMF (5.0 mL). DIEA (0.59 g, 4.0 mmol) was added and the
mixture was stirred at room temperature for 30 min. The reaction mixture was diluted with EtOAc and the
organic layer was washed with water and brine, dried over Na;SO4 and the solvent was removed in vacuo.
The crude was purified by flash chromatography to yield fert-butyl (4-((4-methyl-3-((6-(1-
(phenylsulfonyl)-1H-pyrrolo|2,3-b |pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)carbamoyl)phenyl)carbamate (1.0 g, 1.48 mmol).

The intermediate (1.0 g, 1.48 mmol) was converted to the respective free amine (13c¢) via stirring in 4.0 M
HCI in EtOAc at room temperature for 30 min. The reaction mixture was further diluted with EtOAc and
the pH of the solution was adjusted to 7.0, using 1.0 M NaOH. The organic layer was then washed with

water and brine, dried over Na>SO4 and the solvent was removed in vacuo to yield the product (0.8 g,
1.39 mmol, 85%) as a white solid.

13c

36

- 144 -



(E)-N-(3-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)-4-methylphenyl)-4-(4-
(dimethylamino)but-2-enamido)benzamide

@*g“\m

16

Iz .

Compound 16 was synthesized from 4-amino-N-(4-methyl-3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-
b|pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide (13c) (0.4 g, 0.7 mmol) following General
Procedure G. The solvent was removed in vacuo and the crude was purified by flash chromatography to
yield (£)-4-(4-(dimethylamino)but-2-enamido)-N-(4-methyl-3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-
blpyridin-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide (0.2 g, 0.29 mmol, 42%) as a slightly yellow
solid.

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
quenched with 1.0 M HCl, the solvent was removed in vacuo and the crude was purified by flash
chromatography to yield the product (26 mg, 0.048 mmol, 16%) as a white solid. MS (ESI) m/z calc. for
C31H30NsO, [M+H]" 547.26; found 547.40. "H NMR (400 MHz, DMSO-d6) & 11.88 (s, 1H), 10.45 (s,
1H), 10.18 (s, 1H), 9.08 (s, 1H), 8.90 (s, 1H), 8.60 (d, J= 6.5 Hz, 2H), 7.97 (s, 3H), 7.81 (d, J=7.8 Hz,
2H), 7.56 (s, 2H), 7.27 (d, J= 7.7 Hz, 1H), 7.21 (s, 1H), 6.79 (d, J = 15.0 Hz, 1H), 6.57 (s, 1H), 6.36 (d, J
=15.0 Hz, 1H), 3.22 (s, 2H), 2.28 (s, 6H), 2.24 (s, 3H).

3-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

o ey

\//

Q&o

N'-(6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)benzene-1,3-diamine (3b)

(0.88 g, 2 mmol) and 3-nitrobenzoyl chloride (0.45 g, 2.4 mmol) were reacted as described in General
Procedure D. The reaction mixture was diluted with DCM and the organic layer was washed with water
and brine, dried over Na,SO; and the solvent was removed in vacuo. The reaction mixture was purified by
flash chromatography to yield 3-nitro-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (0.8 g, 1.35 mmol, 68%) as a slightly yellow solid.

The intermediate nitrobenzamide (0.8 g, 1.35 mmol) was reduced to the respective aromatic amine (13d)
according to General Procedure F. The reaction mixture was filtered through a pad of CELITE and the
filtrate was concentrated in vacuo to yield the product (0.4 g, 0.71 mmol, 53%) as a slightly yellow solid.

13d
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(E)-N-(3-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)-3-(4-
(dimethylamino)but-2-enamido)benzamide

N\N

N

17

Compound 17 was synthesized from 3-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b|pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (13d) (0.4 g, 0.7 mmol) following General Procedure G. The
solvent was removed in vacuo and the crude was purified by flash chromatography to yield (£)-3-(4-
(dimethylamino)but-2-enamido)-N-(3-((6-(1-(phenylsulfonyl)-1 H-pyrrolo[2,3-b|pyridin-5-yl)pyrimidin-
4-yl)amino)phenyl)benzamide (0.28 g, 0.42 mmol, 59%) as a slightly yellow solid.

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
quenched with 1.0 M HCI, the solvent was removed in vacuo and the crude was purified by flash
chromatography to yield the product (102 mg, 0.19 mmol, 46%) as a white solid. MS (ESI) m/z calc. for
C10HasNsO, [M+H]* 532.23; found 533.60. "H NMR (400 MHz, DMSO-d6) & 11.86 (s, 1H), 10.32 (s,
1H), 10.27 (s, 1H), 9.70 (s, 1H), 8.91 (d, J=2.1 Hz, 1H), 8.72 (d, /= 0.9 Hz, 1H), 8.60 (d, /= 2.0 Hz,
1H), 8.18 (t, /= 1.9 Hz, 2H), 7.90 (s, 1H), 7.66 (d, J= 8.0 Hz, 1H), 7.58-7.55 (m, 1H), 7.52 (s, 1H), 7.48
(t,J=7.9 Hz, 1H), 7.39 (s, 1H), 7.39-7.33 (m, 1H), 7.31 (d, /= 7.9 Hz, 1H), 6.78 (d, /= 15.4 Hz, 1H),
6.59 (dd,J=3.4, 1.8 Hz, 1H), 6.30 (d, /= 15.4 Hz, 1H), 3.10 (d, /= 5.9 Hz, 2H), 2.21 (s, 6H).

N'-(6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)benzene-1,4-diamine

12d

Benzene-1,4-diamine (0.81 g, 7.5 mmol) and 5-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-
pytrolo|2,3-b|pyridine (2b) (1.85 g, 5 mmol) were dissolved in NMP. DIEA (0.97 g, 7.5 mmol) was
added and the reaction mixture was stirred at 150 °C for 16 h. The mixture was allowed to cool to room
temperature and was diluted with EtOAc. The organic layer was washed with water and brine, dried over
Na»SO; and the solvent was removed in vacuo. The crude was further purified by flash chromatography
(MeOH:DCM) to yield the product (12d) (1.3 g, 2.9 mmol, 60%).
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4-amino-N-(4-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)benzamide

ZQQW
a

N'-(6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b|pyridin-5-yl)pyrimidin-4-yl)benzene-1,4-diamine (12d)
(0.6 g, 1.36 mmol), 4-nitrobenzoyl chloride (0.3 g, 1.2 mmol) were coupled as described in General
Procedure D. The resulting suspension was filtered, and the filtrate was washed with DCM to 4-nitro-N-
(4-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b|pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)benzamide
(0.65 g, 1.1 mmol, 85%).

The intermediate (0.65 g, 1.1 mmol) was converted to the respective free amine (13e) following General
Procedure F to yicld the product (0.4 g, 0.71 mmol, 60%).

13e

(E)-N-(4-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)-4-(4-
(dimethylamino)but-2-enamido)benzamide

18

Compound 18 was synthesized from 4-amino-N-(4-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (13e) (0.11 g, 0.84 mmol) following General Procedure G.
The solvent was removed in vacuo and the crude was purified by flash chromatography (MeOH:DCM) to
yield (£)-4-(4-(dimethylamino)but-2-enamido)-N-(4-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b]pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)benzamide (0.17 g, 0.19 mmol, 30%).

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
extracted with chloroform/2-propanol (4:1, v/v). The organic layer was washed with water and brine,
dried over Na,SOy and the solvent was removed in vacuo. The crude was purified by flash
chromatography (MeOH:DCM) to yield the product (22 mg, 0.038 mmol, 10%) as a white solid. MS
(ESI) m/z calc. for C30H2sNsO, [M+H]" 533.24; found 533.42. "H NMR (400 MHz, DMSO-d6) 5 11.86
(s, 1H), 10.34 (s, 1H), 10.11 (s, 1H), 9.61 (s, 1H), 8.88 (s, 1H), 8.69 (s, 1H), 8.57 (s, 1H), 7.96 (d,J =

8.7 Hz, 2H), 7.90-7.77 (m, 4H), 7.67 (d, ] = 9.1 Hz, 2H), 7.59-7.51 (m, 1H), 7.26 (s, 1H), 6.79 (m, 1H),
6.59 (m, 1H), 6.32 (d, J = 15.2 Hz, 1H), 3.13 (s, 2H), 2.28 (s, 6H).
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4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)cyclohexane-1-carboxamide

i /@\ N'&N
/
N N X
/O)LH H | N\
-
H,N N~ N o

13f

N'-(6-(1-(phenylsulfonyl)-1 H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)benzene-1,3-diamine (3b) (1.5 g,
3.39 mmol), 4-((tert-butoxycarbonyl)amino)cyclohexane-1-carboxylic acid (0.9 g, 3.73 mmol) and
HATU (1.55 g, 4.07 mmol) were dissolved in DCM. DIEA was added and the reaction mixture was
stirred at room temperature for 3 h. The mixture was diluted with water and the aqueous layer was
extracted with DCM. The organic layer was further washed with water and brine, dried over Na,SO; and
the solvent was removed in vacuo. The crude was then purified by flash chromatography to yield tert-
butyl (4-((3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b|pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)carbamoyl)cyclohexyl)carbamate (1.5 g, 2.25 mmol, 60%).

The intermediate was deprotected to the free amine (13f) by treating the respective MeOH-solution with
4.0 M HCl.q. After completion of the reaction, the solvent was removed in vacuo to yield the product
(HCl-salt, 1.2 g, 2.11 mmol, 90%).

(E)-N-(3-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)-4-(4-
(dimethylamino)but-2-enamido)cyclohexane-1-carboxamide

19

Compound 19 was synthesized from 4-amino-N-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b]|pyridin-5-
yl)pyrimidin-4-yl)amino)phenyl)cyclohexane-1-carboxamide (13f) (1.0 g, 1.76 mmol) following General
Procedure H to yield (£)-4-(4-(dimethylamino)but-2-enamido)-N-(3-((6-(1-(phenylsulfonyl)-1H-
pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)cyclohexane-1-carboxamide (0.5 g, 0.7 mmol,
30%).

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
extracted with chloroform/2-propanol (4:1, v/v). The organic layer was washed with water and brine,
dried over Na,SO, and the solvent was removed in vacuo. The crude was further purified by flash
chromatography to yicld the product (0.15 g, 0.28 mmol, 30%) as a white solid. MS (ESI) m/z calc. for
C30H34NsO, [M+H]* 539.29; found 539.47. '"H NMR (500 MHz, DMSO-d6) § 11.86 (s, 1H), 9.86 (s, 1H),
9.65 (s, 1H), 8.89 (d, J=2.1 Hz, 1H), 8.69 (s, 1H), 8.59 (d, /=2.1 Hz, 1H), 8.02 (s, IH), 7.97 (d, J=

7.0 Hz, 1H), 7.57-7.52 (m, 1H), 7.38 (d, /= 7.6 Hz, 1H), 7.33 (s, 1H), 7.29-7.21 (m, 2H), 6.78 (dd, J =
3.4, 1.8 Hz, 1H), 6.54 (dt, J=15.6, 6.1 Hz, 1H), 6.19 (d, /= 15.6 Hz, 1H), 3.90 (s, 1H), 2.96 (d, J =

6.1 Hz, 2H), 2.48-2.39 (m, 1H), 2.13 (s, 6H), 1.88-1.77 (m, 2H), 1.77-1.67 (m, 2H), 1.67-1.49 (m, 4H).
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2.1.4 Synthesis of compound 22

6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)-N-(piperidin-3-yl) pyrimidin-4-amine

\//

©S~o

Tert-butyl 3-aminopiperidine-1-carboxylate (7.2 g, 36 mmol) and 5-(6-chloropyrimidin-4-yl)-1-
(phenylsulfonyl)-1H-pyrrolo|2,3-b |pyridine (2b) (11 g, 30 mmol) were dissolved in NMP (200 mL).
DIEA (4.3 g, 33 mmol) was added and the reaction mixture was stirred at 110 °C for 16 h. The mixture
was allowed to cool to room temperature and poured into water/EtOAc mixture. The resulting suspension
was filtered, dried over Na,SO; and the solvent was removed in vacuo. The crude was further purified by
flash chromatography to yield tert-butyl 3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b|pyridin-5-
yl)pyrimidin-4-yl)amino)piperidine-1-carboxylate (8 g, 15 mmol, 50%).

The intermediate was redissolved in DCM (80 mL). TFA (40 mL) was added and the reaction mixture
was stirred at room temperature for 16 h. The solvent was removed in vacuo to yield the product (20),
which was used without further purification.

20

N-(3-aminophenyl)-3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)piperidine-1-carboxamide

yols.
HoN N N
2 N F

21

3-nitroaniline (0.33 g, 2.4 mmol) in DCM (10 mL) was added to a solution of triphosgene (0.24 g,

0.8 mmol) and TEA (0.71 g, 7 mmol) in DCM (30 mL). The mixture was stirred at 0 °C for 2 h. A
solution of 6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)-N-(piperidin-3-yl)pyrimidin-4-amine
(20) (0.87 g, 2 mmol) in DCM was added dropwise to this mixture and the resulting reaction mixture was
allowed to warm to room temperature and was stirred for 16 h. Filtration of the reaction mixture yields in
N-(3-nitrophenyl)-3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-
yl)amino)piperidine-1-carboxamide (1 g, 1.67 mmol, 83%).

The intermediate (1.29 g, 2.15 mmol) was redissolved in EtOAc/MeOH (50 mL, 4:1, v/v) and SnCl,

(3.3 g, 17.24 mmol) was added. The mixture was stirred at 80 °C for 16 h. The mixture was allowed to
cool to room temperature and was diluted with chloroform/2-propanol (4:1, v/v). The organic layer was
washed with saturated sodium bicarbonate solution and filtered through a pad of CELITE. The filtrate
was dried over Na>SO;s and the solvent was removed in vacuo. The crude was further purified by flash
chromatography (1.75 M NH3 in MeOH:DCM) to yield the product (21) (0.9 g, 1.58 mmol, 74%).
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(E)-3-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)-/NV-(3-(4-(dimethylamino)but-2-
enamido)phenyl)piperidine-1-carboxamide

)
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~
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22

Compound 22 was synthesized from N-(3-aminophenyl)-3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-
blpyridin-5-yl)pyrimidin-4-yl)amino)piperidine- 1 -carboxamide (21) (0.32 g, 0.56 mmol) following
General Procedure G. The solvent was removed in vacuo and the crude was purified by flash
chromatography to yield (£)-N-(3-(4-(dimethylamino)but-2-enamido)phenyl)-3-((6-(1-(phenylsulfonyl)-
1 H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)piperidine- 1 -carboxamide (0.26 g, 0.38 mmol,
68%).

The intermediate was further deprotected according to General Procedure J. The reaction mixture was
extracted with chloroform/2-propanol (4:1, v/v). The organic layer was washed with water and brine,
dried over Na>SO4 and the solvent was removed in vacuo. The crude was purified by flash
chromatography (MeOH:DCM) to yield the product (0.06 g, 0.038 mmol, 30%) as a white solid. MS
(ESI) m/z calc. for C20H33NoO, [M+H]" 540.28; found 540.45. '"H NMR (500 MHz, DMSO-d6) & 11.80
(s, 1H), 9.97 (s, 1H), 8.85 (s, 1H), 8.52 (s, 2H), 7.84 (s, 1H), 7.55-7.48 (m, 2H), 7.40 (s, 1H), 7.29-7.19
(m, 2H), 7.18-6.92 (m, 3H), 6.75-6.64 (m, 1H), 6.54 (s, 1H), 6.26 (d, J= 15.3 Hz, 1H), 4.21-3.80 (m, 2H),
3.04 (d,J=5.2 Hz, 2H), 3.00-2.78 (m, 3H), 2.17 (s, 6H), 2.01 (s, 1H), 1.76 (s, 1H), 1.53 (s, 2H).

2.1.5 Synthesis of compound 25

2-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)acetic acid

ISels
~
NN o

%

o

2-(3-aminophenyl)acetic acid (1.83 g, 12 mmol) and 5-(6-chloropyrimidin-4-yl)-1-(phenylsulfonyl)-1H-
pyrrolo[2,3-b]pyridine (2b) (3.7 g, 10 mmol) were dissolved in NMP (10 mL). The reaction mixture was
stirred at 140 °C for 12 h. The mixture was allowed to cool to room temperature and diluted with EtOAc.
The organic layer was washed with water and brine, dried over Na>SO4 and the solvent was removed in
vacuo. The crude was further purified by flash chromatography to yield the product (23) (0.3 g,

0.62 mmol, 6%) as a slightly yellow solid.

23
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1-(4-aminopiperidin-1-yl)-2-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo|2,3-b]| pyridin-5-yl)pyrimidin-4-
yl)amino)phenyl)ethan-1-one

24

2-(3-((6-(1-(phenylsulfonyl)-1 H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)acetic acid (23)
(0.3 g, 0.62 mmol), tert-butyl piperidin-4-ylcarbamate (0.19 g, 0.93 mmol) and HATU (0.35 g,

0.93 mmol) were dissolved in DCM. DIEA (0.22 mL, 1.24 mmol) was added and the reaction mixture
was stirred at room temperature for 30 min. The mixture was diluted with EtOAc. The organic layer was
further washed with water and brine, dried over Na,SO; and the solvent was removed in vacuo. The crude
was then purified by flash chromatography to yield fert-butyl (1-(2-(3-((6-(1-(phenylsulfonyl)-1H-
pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)acetyl)piperidin-4-yl)carbamate (0.21 g,

0.31 mmol, 51%) as a white solid.

The intermediate was deprotected to the free amine (24) by treating the respective EtOAc-solution with
4.0 M HCl.q. After completion of the reaction, the pH of the solution was adjusted to 7.0 with 1.0 M
NaOH. The organic layer was washed with water and brine, dried over Na,SO4 and the solvent was
removed in vacuo to yield the product (0.15 g, 0.26 mmol, 90%).

(E)-N-(1-(2-(3-((6-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)acetyl)piperidin-4-
yl)-4-(dimethylamino)but-2-enamide
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Compound 25 was synthesized from 1-(4-aminopiperidin-1-yl)-2-(3-((6-(1-(phenylsulfonyl)-1H-
pyrrolo[2,3-b]pyridin-5-yl)pyrimidin-4-yl)amino)phenyl)ethan-1-one (24) (0.5 g, 0.88 mmol) following
General Procedure H to yield (£)-4-(dimethylamino)-N-(1-(2-(3-((6-(1-(phenylsulfonyl)-1H-pyrrolo[2,3-
blpyridin-5-yl)pyrimidin-4-yl)amino)phenyl)acetyl)piperidin-4-yl)but-2-enamide (0.3 g, 0.44 mmol,
50%) as a white solid.

The intermediate was further deprotected according to General Procedure J. The pH of the reaction
mixture was adjusted to 7.0 using 1.0 M HCL. The solvent was removed in vacuo and the crude was
purified by flash chromatography to yield the product (180 mg, 0.33 mmol, 56%) as a white solid. MS
(ESI) m/z calc. for C30H34NsO> [M+H]" 539.29; found 539.46. "H NMR (500 MHz, DMSO-d6) & 11.87
(s, 1H), 9.66 (s, 1H), 8.90 (d, J = 2.1 Hz, 1H), 8.70 (s, 1H), 8.59 (d, /= 2.1 Hz, 1H), 7.95 (d, /= 7.6 Hz,
1H), 7.64 (d, J= 8.2 Hz, 1H), 7.56-7.54 (m, 2H), 7.36-7.23 (m, 2H), 6.92 (d, /= 7.6 Hz, 1H), 6.63-6.48
(m, 2H), 6.01 (d, /= 15.6 Hz, 1H), 4.26 (d, /= 13.3 Hz, 1H), 3.92 (d, /= 14.3 Hz, 1H), 3.87-3.79 (mm,
1H), 3.73 (s, 2H), 3.19-3.12 (m, 1H), 2.99 (d, /= 6.0 Hz, 2H), 2.87-2.77 (m, 1H), 2.15 (s, 6H), 1.78-1.69
(m, 2H), 1.27-1.16 (m, 1H), 0.86 (t, /= 7.3 Hz, 1H).
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2.1.6 Synthesis of compound 30

4-chloro-7-(p-tolyl)-7H-pyrrolo[2,3-d]pyrimidine

NN

S0

4-chloro-7H-pyrrolo|2,3-d|pyrimidine (0.25 g, 1.63 mmol), 4-iodotoluidine (0.39 g, 1.79 mmol), trans-
1,2-cyclohexanediamine (59 pL, 0.49 mmol), K3PO4 (0.86 g, 4.07 mmol) and Cul (31 mg, 0.16 mmol)
were dissolved in toluene (10 mL) and the reaction mixture was stirred for 17 h at 110 °C. After cooling
to room temperature, the mixture was diluted with DCM, filtered and the solvent was removed in vacuo.
The crude was further purified by flash chromatography (MeOH:DCM) to yield the product (27) (0.19 g,
0.78 mmol, 48%) as a slightly yellow solid. MS (ESI) m/z calc. for C13H10CIN; [M+H]" 244.06; found
244.03.

N'-(7-(p-tolyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)benzene-1,3-diamine
Q1
Sy SO
28

Compound 28 was synthesized from m-phenylenediamine (0.83 g, 7.7 mmol) and 4-chloro-7-(p-tolyl)-
7H-pyrrolo[2,3-d|pyrimidine (27) (0.37 g, 1.5 mmol) following General Procedure B to yield the product

(0.8 g, 100% yield = 0.5 g) as a brown solid. MS (ESI) m/z calc. for C1oH;7Ns [M+H]|" 316.16; found
316.05.

4-amino-N-(3-((7-(p-tolyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino)phenyl)benzamide
2,0
=
HoN
29

N'-(7-(p-tolyl)-7H-pyrrolo[2,3-d|pyrimidin-4-yl)benzene-1,3-diamine (28) (0.48 g, 1.5 mmol) and 4-
nitrobenzoyl chloride (341 mg, 1.8 mmol) were reacted as described in General Procedure C. Another 0.2
eq. of 4-nitrobenzoyl chloride were added to complete the reaction.

Without further purification, the resulting nitrobenzamide was reduced to the respective aromatic amine
(29), following General Procedure E. The reaction mixture was purified by flash chromatography
(MeOH:DCM) to yield the product (268 mg, 0.62 mmol, 40% over 2 steps) as a slightly brown solid. MS
(ESI) m/z calc. for CosH2N6O [M+H]" 435.19; found 435.25.
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(E)-4-(4-(dimethylamino)but-2-enamido)-N-(3-((7-(p-tolyl)-7H-pyrrolo|2,3-d|pyrimidin-4-
yl)amino)phenyl)benzamide
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Compound 30 was synthesized from 4-amino-N-(3-((7-(p-tolyl)-7H-pyrrolo[2,3-d|pyrimidin-4-
yl)amino)phenyl)benzamide (29) (0.1 g, 0.23 mmol) following General Procedure G. The crude was
purified by reverse-phase HPLC to yield the product (TFA-salt, 4 mg, 0.006 mmol, 4%) as a white solid.
MS (ESI) m/z calc. for C3;H31N;0, [M+H]" 546.26; found 546.00. 'H NMR (500 MHz, DMSO-d6) &
10.61 (s, 1H), 10.20 (s, 1H), 9.90 (s, 1H), 9.64 (s, 1H), 8.39-8.32 (m, 2H), 8.00 (d, /= 8.9 Hz, 2H), 7.82
(d, J=8.5 Hz, 2H), 7.75-7.63 (m, 4H), 7.42 (s, 1H), 7.39-7.29 (m, 3H), 7.07 (d, /= 3.7 Hz, 1H), 6.78 (s,
1H), 6.50 (d, J=15.3 Hz, 1H), 3.96 (s, 2H), 2.82 (s, 6H), 2.38 (s, 3H).

2.2 X-ray Crystallography
THZ-P1-2 was co-crystallized with PI5P4Ka as previously described'.

2.3 Mass Spectrometry

PI5P4Ka and y were incubated with compound 30 and analyzed as previously described'.

2.4 Biochemical Assay Protocols
2.4.1 Materials and Methods

Compounds

All compounds were initially sourced from the National Center for Advancing Translational Studies
(NCATS)/National Institutes of Health (NIH). All compounds shipped from NCATS were subjected to
quality control by LC/UV, LC/MS, or HRMS unless otherwise noted. All compounds exhibited >90%
purity by peak arca or m/z*.

qHTS Data Analysis and Statistics

Data from each assay were normalized plate-wise to corresponding intra-plate controls (neutral control
DMSO and positive control as noted) as described previously®. The same controls were also used for the
calculation of the Z’-factor, a measure of assay quality control, as previously described*. Percent activity
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was derived, using in-house software®. Concentration-response curves were fitted, classified, and ICso
values were determined as described previously>S. Otherwise, concentration-response curves were fitted
and ICso values were calculated using Prism software (version 7.04, GraphPad Software, Inc. San Diego,
CA), sigmoidal dose-response (variable slope) equation.

2.4.2 ADP-Glo™ Kinase Assay (PI5P4Ko)

Screen

Assay buffer conditions were adopted from previously described methods’® incorporating the ADP-Glo™
Kinase Assay (Promega, Madison, WI). Briefly, 2 uL of PI5SP4Ka and “Lipid Mix” (final concentrations
of 20 nM and “1X” mixture of 52.8 uM DPPS (1,2-dipalmitoyl-sn-glycero-3-phosphoserine) and

20.9 uM D-myo (Dipalmitoyl Phosphatidylinositol 5-phosphate), respectively; columns 1-2, 5-48) in
“reaction buffer” (40 mM HEPES pH 7.5, 0.25 mM EGTA, 20 mM MgCl; with 0.1% CHAPS; columns
3-4), or 2 uL of reaction buffer, were dispensed into a 1,536-well solid-bottom white plate (Greiner Bio
One, Monroe, NC). 16 nL of DMSO or compound (final concentration range 884 pM to 52.2 uM) or
intraplate control compounds NCGC00351566 or NCGC00372529 (final concentration range 4.7 nM to
10 uM or 23.9 nM to 52.2 uM, respectively) were transferred via Wako Pin-tool (Wako Automation,
Richmond, VA). Samples were incubated for 15 min (room temperature, protected from light), followed
by a 1 uL dispense (final assay volume of 3 uL) to all wells of ATP (final concentrations of 5 uM; in
“ATP buffer”: 20 mM HEPES, pH 7.5, 60 mM MgCl, with 0.1% CHAPS). Plates were incubated for 1 h
(room temperature, protected from light) followed by 2 uL of ADP-Glo™ Reagent to all wells and a
room temperature incubation (protected from light) of 40 min, to allow enough time for ATP to convert to
ADP. Following the incubation, 4 puL of Kinase Detection Reagent was dispensed to all wells, incubated
for 30 min (room temperature, protected from light), and read on a ViewLux imager (Perkin Elmer,
Waltham, MA) using luminescence optics. The luminescence intensity (RLU) was normalized against
DMSO and no-enzyme controls and the resulting percent inhibition data were fitted to a 4-parameter Hill
equation.

Counterscreen

Assay buffer conditions were adopted from previously described methods®. Briefly, 2 uL of reaction
buffer with 7.5% DMSO (final concentration of 5%), were dispensed into a 1,536-well solid-bottom
white plate (Greiner Bio One, Monroe, NC). 16 nL of DMSO or compound (final concentration range
884 pM to 52.2 uM) were transferred via Wako Pin-tool (Wako Automation, Richmond, VA). Samples
were incubated for 15 min (room temperature, protected from light), followed by a 1 uL dispense (final
assay volume of 3 pL) of ATP/ADP mixture (final concentrations of 3 uM and 12 uM, respectively, in
ATP buffer; representing 20% conversion levels; columns 1-2, 5-48) or ATP (final concentrations 15 uM
in ATP buffer; columns 3 and 4). Plates were incubated for 1 h (room temperature, protected from light)
followed by 2 uL of ADP-Glo™ Reagent to all wells and a room temperature incubation (protected from
light) of 40 min. Following the incubation, 4 puL of Kinase Detection Reagent was dispensed to all wells,
incubated for 30 min (room temperature, protected from light), and read on a ViewLux imager (Perkin
Elmer, Waltham, MA) using luminescence optics. The luminescence intensity (RLU) was normalized
against DMSO and no-ADP controls and the resulting percent inhibition data were fitted to a 4-parameter
Hill equation.
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2.4.3 GDP Transcreener Assay (PISP4Kp)

Screen

Briefly, 2 uL of PISP4Kp and “Lipid Mix” (final concentrations of 50 nM and “1X”, respectively) in
assay buffer (40 mM HEPES, pH 7.5, 0.25 mM EGTA, 20 mM MgCl, with 0.1% CHAPS), or 2 pL of
assay buffer were dispensed into a 1,536-well solid-bottom black plate (Greiner Bio One, Monroe, NC).
34 to 46 nL of DMSO, compound (final concentration range 1.3 nM to 114 uM) or intraplate control
compounds NCGC00351566 or NCGC00372529 (final concentration range 7.7 nM to 17 uM or 38.5 uM,
respectively) were transferred via Wako Pin-tool (Wako Automation, Richmond, VA). Samples were
incubated (room temperature, protected from light) for 15 min, followed by a 2 uL dispense to all wells of
GDP Transcreener mixture (final concentrations of 10 uM, 2 nM, and 10 pg/mL of GTP, Alexa633, and
GDP antibody, respectively). Plates were centrifuged (1,000 rpm), then read immediately on an EnVision
microplate reader (PerkinElmer, Waltham, MA) equipped with fluorescence polarization (FP) optics
(620(45) nm excitation, 688(45) nm emission, S and P filters; Mirror = D658{p/D688). The plate was then
incubated (room temperature, protected from light) for 90 min (~90% conversion) and then read for a
second time, using the same optics. The change in fluorescence polarization (AmP) over the 120-minute
reaction period was normalized against no-inhibitor and no-enzyme controls and the resulting percent
inhibition data were fitted to a 4-parameter Hill equation.

Counterscreen

Briefly, 2 uL of 5% DMSO in assay buffer, were dispensed into a 1,536-well solid-bottom black plate. 34
to 46 nL of DMSO of compound (final concentration range 1.3 nM to 114 pM) were transferred via
Wako Pin-tool. Samples were incubated (room temperature, protected from light) for 15 min, followed by
a2 pL dispense to columns 1-2, 5-48 of the counterscreen GDP Transcreener mixture (final
concentrations of 2.5 uM, 7.5 uM, 2 nM, and 10 pg/mL of GDP, GTP, Alexa633, and GDP antibody,
respectively) or 2 pL to columns 3 and 4 of GDP Transcreener mixture. Plates were processed, read and
analyzed as described above.

2.4.4 Assay Optimization and Miniaturization

PI5P4Ka

Using the protocol described above, we tested 20 nM PISP4Ka vs. NCGC00351566 and
NCGC00372529, where we observed a Z’-factor of 0.8 (ARLU ~940; S:B ~24) resulting in ICso values of
7.27 nM and 57.6 nM, respectively (Supporting Figure 3B), confirming the assay was adopted correctly
from the previously published method.

PI5SP4Kp

Assay design was based on previous work®.

Assay buffer conditions were adopted from previously described methods”® and modified to 40 mM
HEPES, pH 7.5, 0.25 mM EGTA, 20 mM MgCl, with 0.1% CHAPS.

To measure the rate of GDP formation, we purchase the Transcreener® GDP FP Assay (Bellbrook Labs,
Madison, Wisconsin).

We first performed a GDP antibody titration as recommended in their technical manual'®. To simulate
assay conditions, we added 5% DMSO to the buffer. In a 1,536-well plate, we performed a GDP antibody
titration (assay volume =4 pL) at 500 pg/mL, 1:2 dilution, 24-points (n = 4), containing 2 uM Alexa633
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Tracer and 10 uM GTP, followed by a 1 h incubation (room temperature, protected from light). The plate
was read on an EnVision microplate reader (PerkinElmer, Waltham, MA) equipped with fluorescence
polarization (FP) optics (620(45) nm excitation, 688(450) nm emission, S and P filters; Mirror =
D658fp/D688). Using Prism software (version 7.04, GraphPad Software, Inc. San Diego, CA), we
calculated an ECsgs value of 10.5 pg/mL, and chose to move forward with an antibody concentration of
10 pg/mL (Supporting Figure 1).

Next, we sought to determine the signal window of the assay by performing a GDP titration at various %
GTP conversions of 0, 1, 10, 50, and 100%, or GDP concentrations of 0, 0.1, 1, 5, and 10 pM. We mixed
these respective GDP concentrations with our detection mixture of 10 uM GTP, 10 pg/mL GDP antibody,
and 2 nM Alexa633 tracer, incubated for 1 h (room temperature, protected from light) and the read for FP,
using the above parameters. As shown in Supporting Figure 1, we observed acceptable assay statistics
(subtracting the signal at the various GDP concentrations from the zero concentration wells) at 10% GTP
conversion (1 uM GDP) or greater, with a signal window (AmP) range of 126-191, and Z’-factor range of
0.59 t0 0.72.

Having confirmed the Transcreener GDP FP assay components work in 1,536-well format, we next
determined its compatibility with our enzyme and substrate. Substrate solutions were prepared as
previously described. Briefly, 1,2-Dipalmitoyl-sn-glycero-3-phosphoserine, sodium salt (DPPS; Echelon
Biosciences, Salt Lake City, Utah) was weighed out in a glass vial and suspended in DMSO at
concentration of 3 mg/mL (4 mM) and sonicated. Dipalmitoyl Phosphatidylinositol 5-phosphate (D-myo;
Echelon Biosciences) was similarly weighed out in a glass vial and suspended in DMSO at a
concentration of 3 mg/mL (3.1 mM) and sonicated. The DPPS and D-myo were combined (“Lipid Mix”)
at a ration of 2:1 in DMSO, for working concentrations of 106 uM and 41.8 uM, respectively. The Lipid
Mix (final concentration of 52.8 uM and 20.9 uM for DPPS and D-myo, respectively, or “1X”’) was then
mixed with enzyme (final concentrations of 0, 25, 50, 100, and 200 nM; n = 64/condition) or assay buffer
in a glass vial, dispensed at 2 uL into a 1,536-well plate. The plate was then incubated at room
temperature for 15 min, followed by a 2 pL addition of the GDP Transcreener solution of GTP,
Alexa633, and GDP antibody at final concentrations of 10 pM, 2 nM, and 10 pg/mL, respectively, and a
final percent DMSO of 5%. The plate was centrifuged at 1,000 rpm and immediately read, using the
optics described above. The plate was then read in 15-min intervals over 120 min (Supporting Figure 2).
For signal window calculation, we chose the 15, 30, 60, 90, and 120 min timepoints, and calculated the
AmP for each to determine optimum assay performance (Supporting Figure 2).

We observed a AmP ranges of 14-71, 25-93, 43-117, and 58-122 for the 25, 50, 100, and 200 nM enzyme
concentrations, respectively, over the 120-minute time-course. We observed Z’-factor ranges of (-2.4)-
0.2, (-0.8)-0.5, (-0.2)-0.5, and 0.2-0.6 for the 25, 50, 100, and 200 nM enzyme concentrations,
respectively, over the 120-minute time-course. Our goal was to have as low an enzyme concentration as
possible, while maintaining acceptable assay statistics. With this in mind, balancing assay performance,
reagent consumption, and percent conversion, we chose 50 nM enzyme and a 90 min incubation (~90%
conversion) for compound testing, where we observed a AmP of 84 and Z’-factor of 0.3.

With these conditions in place, we initially prepared intraplate titrations of NCGC00372529 and
NCGC00357560 (inactive compound) (final concentration ranges of 52 nM to 114 pM). Briefly, 2 pL of
PISP4Kp and “Lipid Mix” (final concentrations of 50 nM and “1X”, respectively) in assay buffer (40 mM
HEPES, pH 7.5, 0.25 mM EGTA, 20 mM MgCl, with 0.1% CHAPS), or 2 uL of assay buffer, were
dispensed into a 1,536-well solid-bottom black plate (Greiner Bio One, Monroe, NC). 46 nL of DMSO or
intraplate control compounds NCGC00351566 or NCGC00372529 (final concentration range 7.7 nM to
17 uM or 38.5 nM to 84 uM, respectively) were transferred via Wako Pin-tool (Wako Automation,
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Richmond, VA). Samples were incubated (room temperature, protected from light) for 15 min, followed
by a 2 uL dispense to all wells of GDP Transcreener mixture (final concentrations of 10 uM, 2 nM, and
10 pg/mL of GTP, Alexa633, and GDP antibody, respectively). Plates were centrifuged (1,000 rpm), then
read immediately on an EnVision microplate reader (PerkinElmer, Waltham, MA) equipped with
fluorescence polarization (FP) optics (620(45) nm excitation, 688(45) nm emission, S and P filters;
Mirror = D658{p/D688). The plate was then incubated (room temperature, protected from light) for

90 min (~90% conversion) and then read for a second time, using the same optics. The change in
fluorescence polarization (AmP) over the 90-minute reaction period was normalized against no-inhibitor
and no-enzyme controls and the resulting percent inhibition data were fitted to a 4-parameter Hill
equation. We observed a Z’-factor of ~0.3 (AmP ~74), resulting in ICso values of 14.6 uM and inactive
(>114 uM) for NCGC00372529 and NCGC00357560, respectively (Supporting Figure 3A).

Using the above protocol, we then compared NCGC00351566 and NCGC00372529, where we observed
a Z’-factor of 0.3 (AmP ~86), resulting in ICso values of 0.229 uM and 22.0 uM, respectively (Supporting
Figure 3B).

2.5 Kinome Profiling
Kinome profiling was performed, using KINOMEscan at compound concentrations of 1 M. Protocols
arc available from DiscoverRx.

TREEspot images were generated, using TREEspor™ Software Tool, and reprinted with permission from
KINOMEscan®, a division of DiscoverRx Corporation, °©DISCOVERX CORPORATION 2010.

2.6 CETSA Protocol

2.6.1 Cell culture

HEK 293T cells were cultured as recommended by ATCC and were kept frozen, so only freshly thawed
cells at early passage were used. No authentication was done by the authors. Cells were maintained in
DMEM media, which was supplemented with 10% FBS and 100 uL/mL penicillin-streptomycin and
incubated at 37 °C and 5% CO..

2.6.2 Compounds and Reagents

Anti-PI5P4Ka (5527) and anti-PISP4Kp (9694) were purchased from Cell Signaling Technology
(Hanover, MA). Anti-GAPDH (MAB374) was obtained from EMD Millipore Corporation (Merck
KGaA, Darmstadt, Germany).

2.6.3 Cellular Thermal Shift Assay
The following procedures were performed in accordance to reported protocols!?, unless otherwise noted.

T'w Determination (melting curve)
A suspension of 20 Mio. HEK 293T cells in 15 mL DMEM media were plated in 15 cm culture dishes
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and incubated overnight. The confluent cells were treated with either 15 pL of 10 mM THZ-P1-2 stock
solution in DMSO or DMSO and were incubated for 1 h at 37 °C. The media was aspirated, and the cells
were detached from the culture dish, using trypsin. The cell suspensions were spun down (1,000 rpm,

3 min) and the media/trypsin mixture was aspirated. After the cells were washed with PBS buffer, the cell
pellets were resuspended in 1.05 mL PBS buffer, supplemented with a cOmplete™ Mini Protease
Inhibitor Cocktail tablet (Roche). The cell suspensions were split into aliquots of 100 uL and transferred
into 10 PCR tubes per condition. The leftover cell suspension was checked for cell viability.

The cell suspensions were heated in a SimpliAmp™ thermal cycler (ApplicdBiosystems®, Life
Technologies) for 3 min at different temperatures, ranging from 40-67 °C. After the heating step, the
tubes were allowed to cool down to room temperature over a period of 3 min and were then immediately
snap-frozen, using liquid nitrogen. The cells were further lysed by freeze-thawing the tubes twice using
liquid nitrogen and the thermal cycler (at 25 °C). The tubes were vortexed between each step. The
resulting lysate was further kept on ice.

Isothermal Dose-Response

2 mL of a 1 Mio cells/mL cell suspension of HEK 293T cells were transferred into wells of a 6-well plate.
The cells were either treated with different concentrations of inhibitor (ranging from 100 nM to 10 uM) or
DMSO and were incubated for 1 h at 37 °C. The media was aspirated, and the cells were detached from
the culture dish, using trypsin. The cell suspensions were spun down (1,000 rpm, 3 min) and the
media/trypsin mixture was aspirated. After the cells were washed with PBS buffer, the cell pellets were
resuspended in 100 uL PBS buffer, supplemented with a cOmplete™ Mini Protease Inhibitor Cocktail
tablet (Roche).

The cell suspensions were heated in a SimpliAmp™ thermal cycler (AppliedBiosystems®, Life
Technologies) for 3 min at 52 °C. After the heating step, the tubes were allowed to cool down to room
temperature over a period of 3 min and were then immediately snap-frozen, using liquid nitrogen. The
cells were further lysed by freeze-thawing the tubes twice using liquid nitrogen and the thermal cycler (at
25 °C). The tubes were vortexed between each step. The resulting lysate was kept on ice from this point
on.

2.6.4 Western Blot Analysis

The cell lysates were clarified by centrifugation at 14,000 rpm for 15 min at 4 °C. The supernatants were
normalized to have equal protein content, using a BCA assay (Pierce), and diluted to a total volume of
75 pL. 25 pL 4x LDS/BME sample buffer were added to each sample, which were boiled at 95 °C for

5 min.

Imaging was performed by detection of fluorescently labeled infrared secondary antibodies (IRDye) on
the Odyssey CLx Imager (LI-COR). The bands observed were quantified using Image Studio™ Lite
software. The relative band intensities (%) were plotted as a function of temperature or ligand
concentration using Prism software (version 7.04, GraphPad Software, Inc. San Diego, CA).
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3. Abbreviations

ACN, acetonitrile; ADP, adenosine diphosphate; ATP, adenosine triphosphate; ATCC, American type
culture collection; BCA, bicinchoninic acid; BME, B-mercaptoethanol; calc., calculated; cpd, compound;
CETSA, cellular thermal shift assay; CHAPS, 3-((3-cholamidopropyl) dimethylammonio)-1-
propanesulfonate; DCM, dichloromethane; DIEA, N,N-diisopropylethylamine; DMA, dimethylamine;
DMEM, Dulbecco’s modified eagle medium; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; D-
myo, dipalmitoyl phosphatidylinositol 5-phosphate; DPPS, 1,2-dipalmitoyl-sn-glycero-3-hosphoserine;
FP, fluorescence polarization; EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid,
ESI, clectrospray ionization; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GDP, guanosine diphosphate; GTP, guanosine triphosphate; HATU, 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HRMS, high-resolution mass spectrometry;
HPLC, high-performance liquid chromatography; LC, liquid chromatography; LDS, lithium dodecyl
sulfate; MS, mass spectrometry; NCATS, National Center for Advancing Translational Studies; NIH,
National Institutes of Health; NMR, nuclear magnetic resonance; NMP, N-methyl-2-pyrrolidone; PBS,
phosphate-buffered saline; Pda(dba)s, Tris(dibenzylideneacetone)dipalladium(0); PISP4K,
phosphatidylinositol 5-phosphate 4-kinase; PIKFYVE, phosphatidylinositol 3-hosphate 5-kinase; qHTS,
quantitative high-throughput screen; TEA, triethylamine; TFA, trifluoro acetic acid; THF,
tetrahydrofuran; TMS, tetramethylsilane; UPLC, ultra-performance liquid chromatography; UV,
ultraviolet; X-Phos, 2-Dicyclohexylphosphino-2',4',6'-triisoropylbiphenyl.
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IT PUBLICATIONS

5.4 Publication C: Discovery and Structure-Activity Relationship Study of
(Z)-5-Methylenethiazolidin-4-one Derivatives as
Potent and Selective Phosphatidylinositol 5-Phosphate
4-Kinase Inhibitors

5.4.1 Specific Aims

In another attempt to discover novel PISP4K inhibitor scaffolds, a high-throughput screen
of an in-house kinase inhibitor library, interrogating PISP4Ka inhibitory activity, was
performed. As a result of this screen, CVM-05-002 was identified as a potent PISP4Ka
inhibitor. Consequently, the aim of this study was the characterization of CVM-05-002 as
well as the study of its SAR in regard to selectivity and potency. Most importantly, the
cellular potency of the scaffold was expected to be poor due to the low LogD value of the
compound. Thus, an important goal of the SAR study was the investigation of compounds
with higher LogD values, while retaining on-target potency and selectivity.

Besides the design and synthesis of a small compound library of CVM-05-002 analogs
based on an available co-crystal structure of the inhibitor with PISP4Ka, characterization
in biochemical and cellular assays was to be performed. Due to the reversible binding mode
of the presented compounds as well as their relatively small size, labeling of the scaffold
with a detection tag or photoaffinity warhead for the study of cellular target engagement
would potentially interfere with the inhibitors’ target binding. Thus, the label-free
isothermal CETSA methodology was to be applied to confirm direct target engagement of
the reversible kinase inhibitors in HEK293T cells.

5.4.2 Main Outcomes and Context

The presented publication shows the discovery, characterization, and optimization of the
pan-PI5P4K inhibitor CVM-05-002. While discovered as a PISP4Ka inhibitor, CVM-05-
002 exhibited potent biochemical inhibition of both PISP4Ka and 3 isoforms and was quite
selective regarding other kinases. Crystallographic analysis confirmed a reversible binding
mode of the compound at the ATP-binding site of PISP4Ka and inspired designs for further
CVM-05-002 analogs.

Interestingly, exchange of the (Z)-5-methylenethiazolidin-4-one moiety with an indole
group (compound 13) dialed out additional off-targets of the parent compound, while
improving the LogD value of the compound from 0.66 for CVM-05-002 to 2.5 for
compound 13. Even though compound 13 loses some biochemical PISP4K activity, this
analog turned out to be a more potent PISP4K binder in the cellular context.

Taken together, the study introduces and characterizes a novel PISP4K inhibitor scaffold
and provides an attractive chemical probe for the investigation of PISP4K function in cells
and potentially in vivo. It also underlines the importance of characterizing a probe in the
cellular context in addition to biochemical assays, and thus the value of label-free methods
for the study and characterization of reversible protein (kinase) inhibitors.

Details of the chemical synthesis and assay conditions are found in the Experimental
section at the end of the main publication.
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5 Discovery and Development of Chemical Probes for the Study of Lipid Kinases

5.4.3 Published Article

The following peer-reviewed publication was originally published as:

Discovery and Structure-Activity Relationship Study of (£)-5-
Methylenethiazolidin-4-one Derivatives as Potent and Selective
Pan-phosphatidylinositol S-Phosphate 4-Kinase Inhibitors
Theresa D. Manz, Sindhu C. Sivakumaren, Fleur M. Ferguson, Tinghu Zhang, Adam
Yasgar, Hyuk-Soo Seo, Scott B. Ficarro, Joseph D. Card, Hyeseok Shim, Chandrasekhar
V. Miduturu, Anton Simeonov, Min Shen, Jarrod A. Marto, Sirano Dhe-Paganon, Matthew
D. Hall, Lewis C. Cantley, and Nathanael S. Gray.

J. Med. Chem. 2020, 63 (9), 4880-4895.

DOI: https://doi.org/10.1021/acs.jmedchem.0c00227.
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ABSTRACT: Due to their role in many important signaling e :: s ™ e ﬁ\";
pathways, phosphatidylinositol S-phosphate 4-kinases (PISP4Ks) are M | d R e ITAN%;D
attractive targets for the development of experimental therapeutics for | . LHTS — n‘ Cpd13
cancer, metabolic, and immunological disorders. Recent efforts to .- s B e PPk =54
develop small molecule inhibitors for these lipid kinases resulted in LogD =066 L%

X . i Hit Characterization ____Hit Optimization
compounds with low- to sub-micromolar potencies. Here, we report

the identification of CVM-05-002 using a high-throughput screen of
PISP4Ka against our in-house kinase inhibitor library. CVM-05-002 is
a potent and selective inhibitor of PISP4Ks, and a 1.7 A X-ray
structure reveals its binding interactions in the ATP-binding pocket.
Further investigation of the structure—activity relationship led to the cmosonz g pd13 A
development of compound 13, replacing the rhodanine-like moiety

present in CVM-05-002 with an indole, a potent pan-PISP4K inhibitor with excellent kinome-wide selectivity. Finally, we employed
isothermal cellular thermal shift assays (CETSAs) to demonstrate the effective cellular target engagement of PISP4Ka and - by the
inhibitors in HEK 293T cells.

B INTRODUCTION Here, we report our efforts to find chemically distinct
PISP4K inhibitors that can serve as chemical probes for further
drug development efforts. We focused on developing reversible
inhibitors that would not be susceptible to potentially acquired

> ) . ; resistance through mutation of the active site cysteine residue,
kinases, which alter their phosphorylation pattern, thus which is modified by irreversible PISPAK inhibitors.'®\7 A
generating a range of signaling molecules with different

Phosphoinositides, such as phosphatidylinositol 4,5-bisphos-
phate (PI-4,5-P,), are key players in many cell-regulating and
-signaling processes. Inositide function is controlled by lipid

prominent example of this type of resistance mechanism is the

downstream effects. Phosphatidylinositol S-phosphate 4- EGFR C797S mutation that develops in nonsmall cell lung
kinases (PISP4Ks) represent a family of these lipid kinases, cancer following treatment with irreversible small molecule
which have been shown to phosphorylate phosphatidylinositol EGFR inhibitor AZD9291 and renders tumors resistant.'®
5-phosphate (PISP) on its 4-position to produce PI-4,5-P,." In To find novel, reversible PISP4K inhibitor scaffolds, we
healthy cells, PISP4Ks play a role in regulating cellular performed a high-throughput screen of our internal kinase
metabolism, stress response, and immunological processes,” inhibitor library, containing approximately 6,000 structurally
while the abnormal function of these lipid kinases has been diverse compounds developed and synthesized in our lab
linked to diseases, such as diabetes and cancer.*"" As a result, against PISP4Ka, using an ADP-Glo assay to measure the
PISP4K inhibitors pose potentially important therapeutic PISP4Ka kinase activity. This screen identified potent hit
agents, for example, in oncology. To date, several small

molecule PISP4K inhibitors with low- or sub-micromolar Received: February 7, 2020

Medicinal
Chemistry

potency have been reported in the literature,"*~" including Published: April 16, 2020
our recently reported phenylamino pyrimidine-based, covalent
pan-PISP4K inhibitors, THZ-P1-2 and compound 32 (labeled

compound “30” in the original publication; Supporting Figure
1).1617

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jmedchem.0c00227
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Figure 1. (A) Scatter plot of high-throughput screen for the PISP4Ka activity of in-house small molecule library with ~6000 compounds (shown
are hits at <120% DMSO control). The results of two replicates are plotted against each other (normalized to DMSO). Negative controls (DMSO)
are shown in dark gray, CVM-05-002 is depicted in green, and the 10% DSMO control cutoff (90% inhibition) is labeled. (B) Concentration—
response curves of CVM-05-002, including counterscreen results. (C) Structure of identified lead compound, CVM-05-002.
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Figure 2. (A) Binding site of cocrystal structure of PISP4Ka with bound inhibitor CVM-05-002 (dark gray). Key hydrogen bond interactions are
depicted by dashed lines (numbers indicate distances in A). (B) Key hydrogen bond interactions of the hinge-binding site are shown as dashed
lines (numbers indicate distances in A). (C) Proposed hydrogen bond network of the thiazolidinone moiety of CVM-05-002 with Lys209 and
Thr232 (interactions are shown as dashed lines; numbers indicate distances in A). PDB-ID: 6UX9.

compound CVM-05-002 (ICg, 270 nM). CVM-05-002
contains a distinct (Z)-S-methylenethiazolidin-4-one moiety,
which can be described as a rhodanine-like structure. Although
rhodanine-type compounds can function as pan-assay interfer-
ence compounds (PAINS) in AlphaScreen assays,'”™>* in
other settings, rhodanines and their derivatives elaborated
through focused medicinal chemistry campaigns™>~>° have
been advanced into clinical trials.”” In this study, we describe
the discovery, validation, and structure—activity relationship
(SAR) of compounds based on this scaffold as potent, specific
pan-PISP4K inhibitors.

B RESULTS AND DISCUSSION

High-Throughput Screen. Since reliable ADP-Glo-based
assays for PISP4Ka inhibition have been previously
described,'” we adapted this assay to establish a protocol for
a miniaturized high-throughput screen. We optimized the assay
to perform in a 384-well format with respect to PISP4Ka
enzyme concentration and ADP-Glo reagent volumes to obtain
a robust signal-to-background ratio, a stable Z'-factor (0.85),
and a low coefficient of variation (CV = 0.098) (Supporting

4881

Figure 2). Our in-house compound library, consisting of
diverse kinase inhibitor scaffolds, was screened at a
concentration of 66 yM. This relatively high concentration
was chosen based on previous reports describing low potency
inhibition of PISP4K by known kinase inhibitor scaffolds,
indicating that the identification of a highly potent inhibitor for
this subfamily of lipid kinases may be more challenging than
for the protein kinase family. Our screen resulted in the
identification of approximately SO hits exhibiting >90%
inhibition (Figure 1A and Supporting Figures 3 and 4). With
a mean of 2.7% dimethyl sulfoxide (DMSO) control, CVM-05-
002 showed the strongest effects on the screen. All identified
hits were analyzed regarding the diversity of the scaffolds, and
historical data relating to kinase selectivity was examined.
Highly promiscuous or potentially covalent scaffolds were
excluded from the set. Based on this, a subset of hit
compounds was tested in an 11-point concentration—response
experiment, which confirmed CVM-05-002 as the most potent
hit for PISP4Ka inhibitory activity (ICs, 0.27 uM; Figure
1B,C). We verified that the PISP4Ka activity was not due to
compound interactions with assay reagents. This was done by

https://dx.doi.org/10.1021/acs jmedchem.0c00227
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Figure 3. Kinome-wide selectivity profile for compounds CVM-05-002, 3, 13, and 31 (excluding mutant, atypical, and pathogen panels). The
inhibitors were tested at 1 #M on a panel of 468 kinases. The results are displayed as red circles with their sizes correlating with the inhibitor’s

binding affinity (percent DMSO control).

counterscreening at a fixed ADP/ATP concentration ratio
representing 20% conversion but excluding the PISP4Ka
enzyme, as well as the lipid substrate, confirming no assay
interference with CVM-05-002 (Figure 1B).

Interestingly, several structurally similar molecules to CVM-
05-002 were present in the library, while only four analogues
were found among the top hits identified in the high-
throughput screen. Subsequent testing of these hits in our
ADP-Glo-based PISP4Ka assay revealed that these analogues
are ~30-fold less potent than CVM-05-002, or more (data not
shown). Furthermore, the closest analogues of CVM-05-002,
only differing in the 3,S-substituted pyridine moiety of the hit
compound, showed strong PIM kinase off-targets (Supporting
Table 1). This was not surprising since similar scaffolds have
been shown to be potent PIM kinase inhibitors.”® However,
since CVM-05-002 was the only compound of this scaffold
without any PIM kinase off-target activity, carrying a unique
3,S-substituted pyridine moiety, while showing potent on-
target activity, we were highly motivated to further optimize
this screening hit and explore its SAR.

Finally, knowing that the scaffold of CVM-05-002 could
potentially have nonspecific effects due to its similarity to
compounds with reported reactivity,”> we performed mass
spectrometry (MS) analysis of recombinant PISP4Ka and -f,
incubated with CVM-05-002. PISP4Ka showed no detectable
reaction after 2 h, while the f-isoform of the lipid kinase was
modified only at a very low level (~14%). Under the same
conditions, our previously reported covalent PISP4K inhibitor,
THZ-P1-2," labeled ~63—87% of both isoforms (Supporting
Figures S and 6).

Structural Basis of the CVM-PI5P4K Interaction.
Recombinant PISP4Ka was cocrystallized in complex with
CVM-05-002 at a 1.7 A resolution, confirming a noncovalent

binding mode of the inhibitor in the active site of the lipid
kinase (Figure 2) (PDB-ID: 6UX9).

The obtained cocrystal structure revealed general hydro-
phobic interactions of CVM-05-002 with the ATP-binding
pocket. For example, Phel78, lle147, Ile194, and Leu361 form
a nonpolar pocket encasing the methyl group of the
sulfonamide (Figure 2A). In addition, five key hydrogen-
bonding interactions could be identified. At the hinge, the
pyridine nitrogen anchors the inhibitor via a hydrogen bond
with the backbone of Val199 (Figure 2B). The thiazolidinone
moiety interacts with the side chains of Thr232 and Lys209 on
the left-hand side of the scaffold, while the sulfonamide
engages in two hydrogen-bonding interactions with the
backbone of Ile360 and the side chain of Asp359 on the
right-hand side (Figure 2A). Furthermore, Asp359 and Lys14S
form a salt-bridge, potentially improving the hydrogen-bonding
interaction with the sulfonamide-NH. Likewise, it should be
noted that the thiazolidinone moiety is positioned in a way that
permits the formation of hydrogen-bonding interactions of the
imine, the carbonyl, and the cyclic-NH groups with Thr232
and Lys209, together forming a fork-like hydrogen bond
network on the left-hand side of the inhibitor with the binding
site. While the interaction of the pyridine moiety seemed to be
essential for the selectivity of the molecule (Supporting Figure
1), the strong left- and right-hand-side hydrogen bond
interactions are likely contributing to the relatively high
potency of this scaffold (Figure 2A,C).

Selectivity Screening. The kinome-wide binding selectiv-
ity of CVM-05-002 at a 1 uM concentration was determined,
using the commercial KINOMEscan profiling platform,
consisting of 468 kinases. CVM-05-002 showed an excellent
selectivity profile (Figure 3; selectivity score for hits with a
percent control < 35, S35 = 0.02), providing further evidence
that this inhibitor is a selective and potent pan-PISP4K

4882 https://dx.doi.org/10.1021/acs jmedchem.0c00227
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inhibitor. Taken together, these findings were encouraging to
pursue further medicinal chemistry efforts to better understand
the SAR around this promising hit.

Chemistry. Given the above, the presented SAR study
focuses mainly on changes regarding the thiazolidinone and
the N-phenylmethanesulfonamide groups, decorating the
hinge-binding pyridine moiety and being referred to as left-
and right-hand sides of the scaffold, respectively (Figure 1C).
Hence, two main series of CVM-05-002 analogues were
designed as summarized in Tables 1 and 2, with changes made
on either side of the molecule.

In general, CVM-05-002 and analogues were synthesized as
summarized in Scheme 1, starting from a 3-bromopyridine
analogue (1, 11, 16, 28a,b) and by introducing different
aromatic ring systems via Suzuki couplings (2a—c, 6—8, 12a—
¢, 13—15, 17a—j, and 29a,b). (Z)-Methylenethiazolidinone
and its analogues were accessed from nicotinaldehyde
derivatives, which were coupled with either 2-iminothiazoli-
din-4-one, oxazolidine-2,4-dione, or maleimide, using different
Knoevenagel condensation reaction conditions (CVM-05-002,
3-S5, 18—27, and 30—31). Compounds 9 and 10 were yielded
via Sy2 reactions with different 3-substituted N-phenyl-
acetamide analogues.

Biological Evaluation. The biochemical inhibition of
PISP4Ka and -f was determined as previously described.'*!”
Due to its low enzymatic activity,””*” we were unable to
determine the PISP4Ky activity for our compounds; thus, this
discussion focuses solely on the PISP4Ka and -f isoforms. It
should be noted that the structural alignment of all three
PISP4Ks confirmed that the binding pocket is highly conserved
within this lipid kinase family (Supporting Figure 7). The
amino acids, highlighted in Figure 2, are identical among all
three isoforms, with the exception of Ile147 and Ile194 in
PISP4Ka, which are being replaced by valines in PISP4Kf or a
valine and a leucine, respectively, in PISP4Ky. Vall99 in
PISP4Ka is a methionine in PISP4Ky, which should not affect
the hinge binding of CVM-05-002, since the interaction of the
pyridine is with the backbone of the amino acid.

In this biochemical evaluation, our initial hit compound,
CVM-05-002, showed consistent ICs, values of 270 nM and
1.69 uM for PISP4Kar and -f3, respectively, hence represent-
ing—to the best of our knowledge—the most potent reported
pan-PISP4K inhibitor to date. However, CVM-05-002 is a
polar compound with a log D value of 0.66, which limits its use
in cells and, subsequently, as a useful probe to study PISP4Ks
in vivo. The balance of lipophilicity and PISP4K inhibitory
activity was therefore another crucial criterion of this SAR
study.

With a first set of compounds, summarized in Table 1, we
introduced different substituents on the left-hand side of the
scaffold, altering or replacing the methylenethiazolidinone
moiety. For example, changing the imine of the thiazolidinone
to a carbonyl (compound 3) slightly improved the inhibitory
activity with respect to PISP4Ka by about 2-fold to an IC, of
133 nM, while the p-activity did not change. This is not
surprising since the carbonyl-O and the imine-NH can both
function as hydrogen bond acceptors. However, an oxazoli-
dine-2,4-dione in compound 4 led to an inactive compound on
both isoforms, highlighting the importance of the electro-
chemical properties of this five-membered ring system for the
PISP4K activity, since the electronegativity of oxygen
(compound 4) is much higher as compared to that of sulfur
(compound 3). This is further supported by the fact that
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introducing a carbon (compound §), having similar electro-
negativity as sulfur, in position of the oxygen (compound 4)
led to a moderately active compound with ICyys of 6.1 and 27
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H#M for PISP4Ka and -f, respectively. It should be noted that
this equals a 1—2-log-fold drop in the PISP4K activity of
compound § compared to that of compound 3, pointing
toward an essential role of the cyclic sulfur for the PISP4K
activity of the scaffold. One major difference between the five-
membered ring systems of compounds 3 and § is the
aromaticity. Whereas compound 3 shows aromatic features
due to the lone electron pairs of the sulfur, compound 5
introduces an sp>-hybridized carbon atom, disrupting the
aromatic z-system of the ring.

All compounds mentioned above have lower log D values
than CVM-05-002, with compounds 3 and $ having a log D of
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around 0, while compound 4 has the lowest log D value of the
set with —1. Consequently, we next focused on replacing the
entire methylenethiazolidinone moiety to improve lipophilicity
of the inhibitors. Strategies for this replacement were inspired
by the cocrystal structure, which suggests that the (Z)-S-
methylenethiazolidin-4-one could be cyclized, by linking the
methylene-H with the cyclic carbonyl to form an aromatic six-
membered ring. An initial version of this is compound 6,
carrying an indolinone moiety on the left-hand side. This
structure is closely related to compound $§ since the five-
membered ring systems of both compounds only differ in the
carbonyl oxygen in the 2-position, which is missing in
compound 6. Here, an aromatic six-membered ring, directly
connecting to the pyridine, was introduced instead. The
compound showed ICgps of 8.9 and 15 uM for PISP4Ka and
-p, respectively, which is comparable to compound §’s PISP4K
activity, while improving logD by 1.5-log-folds to 1.5.
Interestingly, the loss of the carbonyl interaction did not
seem to affect the overall PISP4K activity, which might
indicate a positive effect of the aromatic six-membered ring
system of compound 6 for the PISP4K activity, potentially
compensating for the loss of the carbonyl hydrogen bond
interaction.

Due to the overall connected z-electron system in
compound 6, the molecule is likely rather flat, as compared
to CVM-05-002, which shows a slight bend at the methylene
linker between the pyridine and thiazolidinone moiety in the
cocrystal structure (Figure 2). Thus, the left-hand side residues
with higher flexibility, especially in the hydrogen-bond-forming
groups to compensate for this, were of interest to us. Ring
opening of the pyrrolidine-2-one ring, resulting in a more
flexible amide in compound 7, led to minor improvements in
the PISP4Ka activity while showing a slight drop in -f activity
with ICgs of 5.3 and 36 uM, respectively. This trend was
further pronounced in compound 8, introducing a methylated
urea motif in the para-position of the aromatic ring system,
with ICss of 3.7 uM for PISP4Ka and 43 uM for PISP4Kp.
Compound 8 offers more potential hydrogen bond interactions
than the acetamide of compound 7, which could be an
explanation for its slightly higher potency on the a-isoform of
the lipid kinase. It should be noted, however, that, even though
there seems to be a drop in the PISP4KJ activity of over 2-fold
from compound 6 to compound 8, the relatively high standard
deviation values are causing the differences in IC, values to be
statistically nonsignificant.

Introduction of an O- or NH-linker to compound 7
(compounds 9 and 10, respectively) is further increasing the
flexibility of the acetamide to form hydrogen bond interactions
with the lipid kinase. Both compounds showed a slight loss in
the PISP4Ka activity by about 2—3-fold compared to
compound 7, while there was no significant difference in the
PISP4K} activity. In summary, comparing the overall lipophilic
efficiency (LipE) of these molecules, the flatness of the SAR
for compounds 6—10 becomes obvious. LipE is an important
feature in drug discovery since it sets the lipophilicity of a
molecule in relation to its activity, here, log D to pICy,. Since
compounds 6—10 have very similar log D values, plotting
against pICg, shows that the compounds depict almost
identical PISP4Ka and -f activity profiles with LipE values
between 3 and 4 for PISP4Ka and of values of about 3 for
PISP4Kf (Supporting Figure 10), clearly showing no real
improvement of the PISP4K activity by more flexible
hydrogen-bond-offering moieties. These findings indicate a
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Scheme 1. Synthesis of Compound CVM-05-002 and Analogues”
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9-93% yield; (b) (Z)-methylenethiazolidinone derivative, f-alanine, AcOH, 100 °C, 0.5 h, 12—33% yield, or maleimide, PPh;, dichloromethane
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limited benefit of the hydrogen bond interactions in Figure 2C
while highlighting the gained PISP4K activity through the
introduced aromatic ring system.

When further simplifying the bicycle of compound 6 by
introducing an indole on the left-hand side of the molecule
(compound 13), the activity on both PISP4K isoforms could
be improved to low micromolar ICss. While the slight
improvement in the PISP4K/ activity is not significant, the
PISP4Ka activity of compound 13 improves significantly to 2.0
UM (P value = 0.049 by t-test) as compared to that of
compound 6. This further supports our findings that the
aromaticity of the bicyclic system is more important than the
hydrogen-bonding interaction by the lactam. Hence, removing
the carbonyl of compound 6, while increasing the aromaticity
across both rings of the bicyclic moiety, did not result in loss in
the potency of the compound, but actually improved the
potency on PISP4Ka. Consequently, the higher lipophilicity
with a log D value of 2.5, which is an improvement of over 1-
log-fold as compared to that of compounds 6—10, as well as
the enlarged aromatic ring system of compound 13, is
beneficial for the PISP4Ka activity, but also likely improves
the properties of the compound for the use in cells.

We assume that this benefit of aromatic moieties on the left-
hand side could be indicating 7—7 interactions with either
Phe200 or Phel34 (Figure 2A), which we had previously
identified as a crucial interaction for our reported covalent pan-
PISP4K inhibitor series.'” This was supported by the fact that
further changes in the attachment site of the indole from the 4-
position (compound 13) to the S- or 6- position (compounds
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14 and 15, respectively) led to no change in the PISP4Ka
activity and only a minor 2—3-fold decrease in the f-activity.
Even though compounds 13—15 show, thus, a very similar
PISP4K activity profile, compound 13, the isomer closely
related to compound 6, showed the best-combined PISP4Ka
and -f activities. As already mentioned, since all three
compounds have improved log D values of 2.5, leading to
LipE values of around 3 for PISP4Ka and values of 2—2.5 for
PISP4Kp, the compounds should show a good cellular target
engagement, considering the improved balance of lipophilicity
and biochemical activity as compared to the initial hit
compound, CVM-05-002 (Supporting Figure 10A,B).

In a next step, the SAR on the right-hand side of CVM-05-
002 was investigated by introducing aromatic ring systems,
carrying different substituents ranging from polar sulfona-
mides, amides, and urea motifs to nonpolar and bulkier
moieties (Table 2). The sulfonamide moiety in CVM-05-002
significantly contributes to the compound’s high hydro-
philicity, which inspired designs that aim to create compounds
of higher lipophilicity, while at the same time interrogating the
necessity of the sulfonamide of the parent compound for the
PISP4K activity.

Compound 18, a reversed sulfonamide analogue of CVM-
05-002, lost activity against both PISP4K isoforms by about 1-
log-fold, most likely due to the changed hydrogen bond
donor/acceptor configuration. Removing the sulfonamide-NH
in compound 19 kept the log D of the compound comparable
to that in compound 18 at 1.1; however, the overall polar
surface area (PSA) of the compound decreased from 112 for

https://dx.doi.org/10.1021/acs.jmedchem.0c00227
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CVM-05-002 and compound 18 to 100 for compound 19.
Interestingly, losing this additional NH hydrogen-bonding
interaction led to a complete loss of activity on PISP4Ks.
These results might indicate that the sulfonamide moiety of
CVM-05-002 is crucial for the optimal PISP4K activity.

Switching from a sulfonamide to an acetamide (compound
20) increased the lipophilicity by about 1-log-fold, compared
to that of CVM-05-002, to a log D value of 1.5. Nevertheless,
the trigonal-planar conformation of the amide, in contrast to
the tetrahedral conformation of the sulfonamide, led to an
activity decrease of 2-log-folds or higher on the PISP4K
isoforms. The configuration of the amide in compound 20
makes it impossible for the hydrogen of the NH and the
oxygen-O to point into the same direction, which is necessary
to form both hydrogen bond interactions seen for CVM-05-
002 with Asp359 and Ile360. This is further supported by
compound 21, carrying a methylated urea motif and showing
improved biochemical potency on both PISP4K isoforms to
levels comparable to the reversed sulfonamide analogue 18,
while having a higher log D of around 1.4. The additional NH-
moiety in compound 21 is likely forming similar interactions to
the NH group of compound 18, which would explain the
similar potency, as well as the lack in the potency of compound
20. Changing the acetamide from p- to m-position (compound
22) did not influence the PISP4K activity, underlining a certain
tolerance in this substituent. The meta-position could either
point toward the deeper pocket, or toward the thiazolidinone
moiety, which would mean that both the NH and the carbonyl-
O could potentially form hydrogen bond interaction with
Asp359 or 11e360.

Interestingly, compound 23, carrying a trifluoromethoxy
substituent, exhibited the same activity profile as compound 20
with weak PISP4Ka (11 M) and no PISP4Kf activity. This
points toward a tolerance for hydrogen bond donors, as well as
acceptors for PISP4Ka in this position, which is in accordance
with the cocrystal structure, since Lys14S is in reach to form
hydrogen bond interactions with the methoxy-O (2.4 A).
Removing the hydrogen bond acceptor, resulting in compound
24, supports this hypothesis by showing the loss of PISP4Ka
activity. In addition to that, compounds 23 and 24 exhibit
good lipophilicity for cellular treatments with log D values of
3.7 and 3.2, respectively, while the matched methoxy or methyl
substituents would have had logD values of only 1.4 or 1.9
instead. Surprisingly, compound 24 gained back some
PISP4Kp activity with an ICy, of 26 yM. However, this j-
activity does not seem to be influenced by the trifluoromethyl
moiety since a simple fluoro substituent (compound 25) led to
the same activity profile. Furthermore, comparing compounds
23 and 25, it seems that the polar NH- or O-groups adjacent to
the aromatic ring are beneficial for the PISP4Ka activity,
whereas it is unfavorable in the context of PISP4Kf activity,
which is in contrast to the high similarity of the two binding
sites (Supporting Figure 7).

Similarly, compounds 26 and 27 introduce either a
dimethylamine or a methoxy group, respectively, in the para-
position of the phenyl moiety on the right-hand side. These
substituents pose hydrogen bond acceptors, leading to the
activity pattern already seen above with PISP4Ka, but no -8
activity. Interestingly, the bulky naphthalene of compound 27
was well tolerated by PISP4Ka and even led to a slight increase
in ICsy (3.9 uM) as compared to that of compound 23 (11
uM). Despite the desirable lipophilicity of these two molecules
with log D values of 2.4 and 3.1 for compounds 26 and 27,
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respectively, the lack of PISP4Kf activity, as seen with other
compounds of this batch of CVM-05-002 analogues, makes
them unfit as pan-PISP4K inhibitor probes. Taken together, it
appears that trying to increase lipophilicity by changing the
right-hand side of the molecule led to either poor PISP4Ka or
-f inhibitors, while even slight changes in the sulfonamide
moiety of CVM-05-002 led to a drop in PISP4K activity of at
least 1-log-fold. These findings suggest that the sulfonamide of
CVM-05-002 is indeed necessary to maintain both PISP4Ka
and -f# activities.

In summary, the SAR analysis on the left- and right-hand
sides of the PISP4K inhibitor scaffold revealed that the key
interactions seen in the cocrystal structure of PISP4Ka with
CVM-05-002 seem to be essential for the potency of the
inhibitor. Removal of hydrogen bond donors or acceptors on
either side of the molecule generally led to a minimum of 1-
log-fold decrease in potency. Interestingly, replacing the (Z)-
methylenethiazolidinone moiety with an aromatic bicyclic
indole (compound 13) retained good potency comparable to
our previously reported pan-PISP4K inhibitors (Supporting
Figure 1),"” while improving the lipophilicity of the scaffold by
about 2-log-folds.

Although we had shown that the 3,5-substituted pyridine is
likely essential for the CVM-05-002’s kinome-wide selectivity
(Supporting Table 1), we had noticed a small pocket extending
from the 2-position of the pyridine at the hinge-binding region
(Supporting Figure 8). Hence, we designed and synthesized
the additional compounds 30 and 31 with an amino group at
either the 2- or 6-position of the central pyridine of CVM-05-
002. According to the cocrystal structure, the amino group of
compound 30 should cause a steric clash with the protein
surface at the hinge, whereas compound 31 should be able to
fit the amino group into the adjacent pocket, potentially
causing a shift in the compound’s selectivity profile. The polar
amino group was chosen since the backbone carbonyl of
Arg197, as well as the side-chain hydroxyl group of Thr196, is
in close proximity to the pyridine with distances under 4 A
(Supporting Figure 8). 2-Aminopyridine moieties are also well-
known hinge-binding motifs of kinase inhibitors since they
mimic the adenine binding interactions of ATP.*°7** As
expected, compound 30 lost activity on both, PISP4Ka and -f3,
by almost 1.5-log-folds with ICgs of 4.0 and 25 uM,
respectively (Table 3). In contrast to this 15-fold decrease in

Table 3. ICy, Evaluation of Compounds 30 and 31
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Figure 4. (A) Western blot of the melting curve determination of PISP4Ka and -f3. HEK 293T cells were either treated for 1 h with DMSO or 10
#M CVM-05-002. Representative Western blot of two independent repeats. (B) Structures of selected compounds of the presented SAR study and
their biochemical activities. (C) Quantified relative band intensity (%) of the isothermal CETSA experiment (Supporting Figure 10). The mean of
four independent experiments is shown. ** p < 0.01, *** p < 0.001 by t-test.

potency, compound 31 showed only a very minor decrease in
potency with 660 nM and 2.7 uM potency on PISP4Ka and -§,
respectively. Naturally, both compounds are more polar than
the parent inhibitor, CVM-05-002, with log D values of 0.4.

Selectivity Profiling. Selected compounds of our series
were tested on a set of 468 kinases in Ambit’s commercially
available KINOMEscan platform. Besides our most potent
pan-PISP4K inhibitors (CVM-05-002, as well as compounds 3
and 31), compound 13, with the best balance between
lipophilicity and biochemical activity, was selected as well. The
compounds’ binding activity was determined at 1 yM as
percent DMSO control and is summarized in Figure 3. It
should be noted that PISP4Ka was not available in this
profiling panel.

Our initial hit compound, CVM-05-002 (selectivity score for
hits with a percent control < 35; S;5 = 0.02), showed high
selectivity among the kinases tested, with only 10 hits at a
cutoff of 35% DMSO control, such as activin A receptor type
2A (ACVR2A) and TGFBR2, both of which are members of
the TGEf family receptors.”>”*° Within the lipid kinases,
PISP4Ky is the only strongly bound target, suggesting excellent
selectivity of the inhibitor within the lipid kinase families.
PISP4Kf did not show up as a hit in this assay, potentially due
to the weaker activity of CMV-05-002 toward this isoform.
Consequently, we do not believe that the assay is a good
predictor for identifying PISP4Kf activity in the micromolar
range at this concentration, but it is still very useful to identify
potential off-targets. This is true for all of the analogues tested
in this assay format.

Surprisingly, even though compound 3 is similarly potent to
CVM-05-002 in biochemical assays, the change from the 2-
iminothiazolidin-4-one to the thiazolidine-2,4-dione led to a
slight selectivity shift of the inhibitor. With a similar number of
off-targets (S35 = 0.03), compound 3 was not more
promiscuous than CVM-05-002; however, its activity shifted
from ACVR2A toward MEK3. More importantly, among the
lipid kinases, a major off-target, phosphatidylinositol 4-
phosphate S-kinase y (PI4PSKy), showed strong binding
affinity to compound 3, while losing affinity for PISP4Ky. We
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further confirmed potential off-targets by commercially
available biochemical activity assays (Supporting Table 2).
This data validated that CVM-05-002 and compound 3 have
potent off-target activity for activin A receptor type 2B
(ACVR2B) and TGFBR2. Compound 3 showed slightly
stronger PI4PSKy activity as compared to CVM-05-002 by
almost 2-fold, which is not as pronounced as in the Ambit
KINOMEscan profiling, nonetheless confirming this lipid
kinase off-target. As mentioned before, there are no kinase
activity assays for PISP4Ky; however, we have compared the
binding affinity using Ky, values (Supporting Table 2). This
data supports our findings that CVM-05-002 is a strong binder
of PISP4Ky with a Kp, of 1.6 nM. Interestingly, compound 3
showed a slightly stronger Kp,. It should be noted that we have
added our previously reported pan-PISP4K inhibitor, THZ-P1-
2, as a positive control for PISP4Ky 