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KURZZUSAMMENFASSUNG 
 
Chemische Sonden stellen essentielle Werkzeuge für Zielproteinindentifikations- und 
Valdierungsstudien in der Entdeckung und Entwicklung von Arzneistoffen dar. In dieser 
Doktorarbeit wird die Entwicklung von chemischen Sonden für eine Reihe therapeutisch 
relevanter Zielproteine beschrieben. Hierfür wurden vielfältige medizinisch-chemische 
Ansätze, einschließlich kovalenter und reversibler Proteininhibitoren, sowie Strategien 
zum gezielten Proteinabbau, angewandt. 

Im Hauptteil (Part II) werden drei Sondenentwicklungsprojekte für die Inhibierung der 
Kinasen PI5P4K und CDK12/13, sowie der Isomerase Pin1 präsentiert. Für 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 darüber hinaus zwei neuartige chemische Strukturserien als PI5P4K-Inhibitoren 
identifiziert werden. Medizinisch-chemische Optimierungen führten hier zu verbesserter 
Potenz und Selektivität der initialen Hits in vitro und in cellulo.  

Im Appendix (Part III) werden unpublizierte Sondenentwicklungsprojekte für eine 
Fragment-basierte Pin1-inhibierende Sonde, eine PAL-abgeleitete Sonde zur Untersuchung 
des bakteriellen Proteins MraY, sowie die Ansätze zur Entwicklung von PI5P4K- und Pin1-
abbauenden Verbindungen diskutiert. Obwohl die MraY-inhibierende Sonde und die 
proteinabbauenden Verbindungen weitere Optimierung benötigen, 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 
PI5P4K and CDK12/13, and the isomerase Pin1, 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 PI5P4K 
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 III), the development of unpublished probes is discussed, including 
a fragment-based probe targeting Pin1, a PAL-inspired probe to investigate the bacterial 
target MraY, and approaches to the development of PI5P4K- and Pin1-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[1] – 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 time[2] (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 2016[2]. 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[2]. Notably, age-related conditions, such as dementia and diabetes mellitus arose as 
some of the leading causes of death in 2016[2] (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. 
 

 
 
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[2]. 
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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[2]. 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[2]. 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. 
 

 
 
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.”, 2018[2]. 

 
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[1]. Generally, the pre-clinical process of drug discovery can be divided into four major 
stages: concept development, lead generation, lead optimization, and preclinical 
evaluation[3] (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 compounds[3]. 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[3] (Figure 1.1.3).  
 

 
 
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), 22-27[3]. 
 
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 known[3]. 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[3]. 
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 “5R framework” (Figure 1.1.4 A) in order to promote more efficient drug 
discovery and development[4]. 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[4] (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 Developmenta. 
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.  
a Adapted from Cook et al., Nat. Rev. Drug Discov. 2014, 13 (6), 419-431[4]. 
 
 
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[5]. 

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[5]. In addition, combination 
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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[5,6]. 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 interest[7-9]. 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[2].  

Typically, scaffolds of potential lead compounds or probes are designed de novo, based 
on fragment-based approaches[5,10], or via drug optimization campaigns starting with 
screening hits from small molecule libraries[5], including virtual libraries[7]. 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[11,12]. 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[13], 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[13]. 
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 
candidate[5]. 

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[14]. 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[14]. 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[14].  

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 clinic[15]. 
Because of this, phenotype-focused drug discovery processes generally have the advantage 
of definitively identifying bioactive agents[16]. Target-focused approaches, on the other 
hand, identify biochemically active molecules against a specific (purified) target, making 
the identification of polypharmacology difficult[16]. 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 space[16]. 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[16]. 
 

 
 
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[4]. Therefore, validation of the 
drug target(s) continues to be evaluated until the late stages of clinical trials or even after 
drug approval[17]. 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[17,18], or deconvolute the target(s) of a bioactive compound following 
phenotypic-based discovery strategies[19]. 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[17,18]. 
 
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)[20] (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[18] (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.  
 

 
 
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[20]. 
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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[18,21]. 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[21,22]. 

In contrast, transcriptomic strategies uncover changes on transcription level[21]. One 
advantage of these methods is the possible read-out of acute drug-treatment effects in a 
complex environment such as the cell[21]. 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[21]. 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)[21]. 

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[21]. 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 purpose[21]. 
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[21]. 
 
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)[18]. 
Generally, chemical biology approaches are divided into direct (label-based) and indirect 
(label-free) strategies[21]. 

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[21]. 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[23]. The resulting ligand-target protein complexes are purified, and then 
detected and analyzed via gel electrophoresis and/or mass spectrometry[23]. However, if the 
ligand-target interaction is weak, these targets cannot be detected with this method[21]. 
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[21].  

In contrast, label-free methods have the advantage that the investigated small molecules 
do not have to be chemically modified[21]. Besides the chromatographic co-elution method 
that detects a change in the retention time of a native drug compared to when bound to its 
target[21], stability-based approaches offer an invaluable strategy for target identification[24]. 
The underlying concept stems from the observation that ligand-target complexes exhibit 
different stability properties than the unbound target protein[24]. 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[24]. 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[24]. 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[24]. Combining the 
CETSA approach with mass spectrometry analysis elevates this technology to a proteome-
wide profiling tool[24]. 

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)[25] and thermal proteome profiling (TPP)[24], respectively. Furthermore, 



 I GENERAL INTRODUCTION  

- 10 - 
 

chemical genetic knock-out strategies have emerged with the introduction of protein 
degrader molecules[26]. 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[27]. The advantage of this method is an immediate and long-
term effect on the target of interest mediated by the degrader molecule[28]. 
 
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[18]. 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[29]. 

Naturally, there are several in silico methods to model, dock, and evaluate ligand binding 
using available protein structures or homology models[30]. More recently, artificial 
intelligence (AI) approaches have entered drug discovery processes[31]. Briefly, machine 
learning algorithms, including deep learning strategies, use neural network models to train 
and develop algorithms based on existing data sets[31]. After validation of the resulting 
algorithm on a test set, predictions for novel data sets can be made[31]. This thus opens up 
an emerging field within the drug discovery process, in which prediction tools for target 
identification purposes are being developed[31]. 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[8]. 
 
1.2.2 Techniques of Target Validation 

Target deconvolution techniques primarily aim to identify targets of a small molecule or 
proteins causing a specific phenotype[17]. 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[17].  

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 
system[17]. Moreover, knockout and transgenic animal models are highly useful tools in 
investigating disease biology and verifying a hypothesized target in vivo[17]. 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[17].  

Figure 1.2.3 gives an overview of further methods used to validate drug targets[32]. 
Naturally, the target has to be druggable, meaning that a small molecule needs to be able 
to bind and modulate the target of interest[32]. 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[32]. Manipulating a target of interest 
should further be safe and ideally supported by a link between disease biology and target 
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gene (expression)[32]. For this, biological tools are highly helpful in creating disease models 
and genetic studies of a target of interest[32]. Finally, the effects of a potential drug candidate 
need to be validated in the clinical setting[32].  

 
 

 
 
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[32]. 
 
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 19th 
century and the beginning of the 20th century[33,34], other sources argue that the field was 
initially mentioned after World War II, when first comprehensive SAR studies were 
performed[35]. 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]”[36]. As a highly interdisciplinary approach (Figure 2.1.1)[35], 
medicinal chemistry plays thus an essential part in the development of novel therapeutics. 
 

 
 
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, 1739-1741[35]. 
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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[37]. Consequently, one of 
the main goals of chemical biology is target identification and validation[38,39]. 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[37]. 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[37]. 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 clinic[4].  

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[40]. 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[40].  
 
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[41] (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[41], especially in the context of high-
throughput platforms[42]. Since the main purpose of chemical probes is to investigate a 
target of interest, a defined mode of action and selectivity profile are essential[43]. 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[44].  

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 probe[43,45]. 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[45]. 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[45]. 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[46]. 
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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[37] (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[37]. 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 protein[37]. 
Thus, within phenotypic screens, chemical probes can be used to uncover novel target 
proteins in the context of disease biology[37] or interrogate and characterize a known target 
in the course of target deconvolution and validation studies[32,39]. 

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[47,48]. 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[49], which in other cases are targeted to improve the selectivity profile of a 
probe[46,50]. Similarly, degrader probes tune the selectivity profile of a probe[27], as well as 
offer new opportunities to modulate otherwise challenging protein targets[28]. 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 functions[51]. 

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[45]. 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[25]. Photoaffinity labeling of a probe is a useful technique 
to form covalent ligand-target complexes for further characterization or labeling[45].  

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[45]. Respective probes have hence been applied to chemical 
proteomics[52] and drug discovery processes[45], but are also useful tools in disease 
diagnostics and monitoring[53].  

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

 
 
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 PI5P4K 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 PI5P4Ks 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 PI5P4K 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 PI5P4K-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 CDK12/13 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 (Pin1) protein in Chapter 7 (Publication E). While there is a lot of literature 
found on potential Pin1 functions, poor quality chemical probes led to misunderstandings 
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in the interpretation of Pin1’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 Pin1 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 Pin1 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 Pin1-
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 Pin1 inhibitor, including its efficacy in vivo, which ultimately made 
it possible to study Pin1 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 PI5P4K and Pin1, 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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5 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[1]. While ABPs intrinsically form covalent ligand-
target complexes, AfBPs include a photoaffinity warhead, which is transformed to a 
reactive moiety upon UV-irradiation[1]. ABPP strategies generally combine small molecule 
binders with a reporter tag to study interactions between small molecules and their protein 
targets[1]. 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[1]. 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[2]. 
Biotin is a strongly bound target of avidin (isolated from egg-white)[2], streptavidin 
(isolated from Streptomyces avidinii)[3], and analogs, which form highly stable tetrameric 
target-ligand complexes with KD values of around 10-15 M[2] (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[2] (Figure 5.1.2). Due to non-specific 
binding issues with avidin, streptavidin is commonly preferred[2]. 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[3,4]. 
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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[4]. B. The hydrogen bond network of biotin bound to streptavidin is highlighted. 
Adapted from Stayton et al., Biomol. Eng. 1999, 16 (1-4), 39-44[5]. 

 

 
 
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, 3-11[2]. 
 
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 
spectrometry[6]. In the first step, an ABP is incubated with a protein mixture, e.g. a cell 
lysate[7]. Since ABPs are commonly equipped with an electrophilic warhead, targets are 
usually covalently bound to the probe[7]. Using streptavidin beads, the probe-target 
complexes are separated from unbound proteins and can be ultimately analyzed and 
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identified[7] (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[7]. 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[7]. 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[1,8]. 

 
 
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[9], were 
investigated. As a result of structural analysis studies of biotin, desthiobiotin was formed 
after hydrogenolytic cleavage of the organic sulfide in biotin[9] (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[10]. 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[10]. One technology that applies this is the 
proteome-wide covalent inhibitor target-site identification (CITe-Id)[11] technology, which 
is described in Chapter 7. 
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Scheme 5.1.1 | Structural Relationship of Biotin and 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[12] (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[12]. Moreover, 
ligands usually only bind properly folded proteins[12]. Therefore, binding of a ligand to a 
protein shifts its equilibrium towards its folded state, which positively correlates with the 
concentration of the ligand[12]. 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[13]. 
 

 
 
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 KD. Folded and unfolded (melted) protein states are interchangeable as well 
and are described by Ku. When unfolded protein forms aggregates, the commonly irreversible 
phenomenon is described by the rate constant kagg. Taken from Redhead et al., Biochemistry 2017, 
56 (47), 6187-6199[12]. 
 
In 2013, Molina and colleagues applied the TSA concept to cells to develop CETSA[14]. 
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[14]. 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)[14]. This enables the 
detection of small molecule binding of a target protein in the context of complex 
environments such as within cells or tissues[14]. 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 blota. 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 blota.  
a Plotted result graphics are adapted from Jafari et al., Nat. Protoc. 2014, 9 (9), 2100-2122[16]. 
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thermal dose-response fingerprint; ITDRFCETSA[15]) have been developed as another tool 
for the investigation of target engagement[16] (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[15,17]. CETSA techniques have further been 
applied to metabolomic studies, PPI analysis, post-translational modification 
investigations[18], and the analysis of membrane-based proteins[19]. Finally, high-
throughput versions of CETSAs have been used for drug screens in early drug discovery[20], 
highlighting the broad range of applicability of CETSA techniques to drug discovery and 
development processes[21]. 

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[22,23]. It 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[24]. 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[25]. 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[25]. 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[25]. 

In summary, although CETSA results should be considered in context and validation with 
other assay results[25], 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[14]. 
 
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[26]. 
The basis of the historic perception and treatment of cancerous diseases was primarily 
established by observations and theories of Hippocrates (~400 B.C.)[26]. His association of 
cancer and the physiology of a crab[27] led to the nomenclature of “karkinos” and 
“karkinoma” for benign and malignant tumors, respectively[26]. In the 2nd 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[27]; a theory which 
persisted until long after the end of the middle ages[26]. Even though several connections 
between environmental factors and the occurrence of cancerous conditions had been 
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observed since the early 18th century[26,28], 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)[29], 
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[26,27,30]. 
However, at the end of the 20th century, cancer research had immensely expanded our 
knowledge of the origins and development of tumors[31]. 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[31]. 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)[31].  

In 2000, these and other findings were summarized in Hanahan and Weinberg’s much-
cited publication outlining the six “Hallmarks of Cancer”[32] (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[32]. 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[32]. In order to survive, cancer cells thus require an increased supply of 
nutrition, which depends on the development of an additional blood vessel system[32]. In 
the final stage, a primary tumor invades other tissues, resulting in metastasis, which initiates 
the formation of new tumor sites[32]. 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[32] (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[33] (Figure 5.1.6): 

(1) “Sustaining Proliferative Signaling” describes the ability of cancer cells to promote 
their own growth[33]. 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 receptors[33]. 
Intracellular activation of growth stimulating pathways, which are regulated by 
numerous signaling cascades, poses another option[33]. 

(2) “Evading Growth Suppressors” is a contributing feature of cancer cells to yield 
unhindered cell growth[33]. 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[33]. Blockage or mutation of such 
regulators supports continuous growth signaling[33]. Tumor suppressors also work 
through communication with other cells to trigger growth inhibition caused by 
densely grown cell populations[33]. It has been shown that tumor cells can disable 
these mechanisms to avoid cell contact-based growth regulation[33]. 
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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)a: 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)a: 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.  
a Adapted from Hanahan and Weinberg, Cell 2011, 144 (5), 646-674[33]. 
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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[32]. Survival and death factors, as well 
as cytokines, regulate the viability of a cell[32]. 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-β) is an essential promotor of cytostasis[32]. Other growth-regulating mechanisms work 
through contacts of extracellular matrix (ECM) or other cell contacts, which control cell motility, 
e.g. via the β-catenin pathway[32]. 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[32]. Taken from Hanahan and Weinberg, Cell 
2000, 100 (1), 57-70[32].  
 

(3) “Activating Invasion and Metastasis” describes the local and distant spread of a 
tumor, respectively[33]. Generally, regulating cell surface proteins as communicators 
of cell population organization is one of the main mechanisms through which cancer 
cells enable these processes[33]. 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[33]. 

(4) “Enabling Replicative Immortality” refers to cancer cells and their strategies to avoid 
entering senescence[33]. In healthy cells, a natural response to overstimulation of 
growth signaling is the initiation of a dormant state of the cell[33]. 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[33]. 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[33]. Notably, under certain circumstances, lack in telomerase activity has 
been linked to increased DNA mutations, actually enhancing tumor development[33]. 

(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[33]. Typically, cancer 
cells continuously activate blood vessel development via the secretion of respective 
signaling molecules[33]. 

(6) “Resisting Cell Death” is an important characteristic of cancer[33]. Regulated cell 
death – or apoptosis – is an essential cellular mechanism, which is commonly 
triggered by cellular stress[33]. 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 cell[33]. This is 
achieved by an insufficient machinery to oversee genomic maintenance but also 
includes epigenetic control of the genome[33]. 

(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[33]. 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[33]. 

(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[33]. 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[33]. This allows for the generation of several 
cellular macromolecules needed for upregulated replication rates[33]. 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[33]. 
In summary, cancer cells, especially in the complex environment of a tumor, develop 
balanced energy and nutrition regulating systems to afford increased growth rates[33]. 

(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)[33]. 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[33]. 
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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), 183-198[34].  
 

 
 

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), 883-892[35].  
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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[34] (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[35]. Furthermore, some literature suggests that this is 
a phenomenon of evolutionary development, depending on the conditions a cancer cell is 
facing[35]. Hereby, based on the ten hallmarks proposed by Hanahan and Weinberg[33], 
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[35]. 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[35]. Both conditions require the 
cancer cell to adapt their energy metabolism and are based on an inflammatory tumor 
environment[35] (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[26,27]. From magical rituals to toxic, heavy metal-based 
formulations, many options had been tried in the attempt to control and cure this puzzling 
disease[26,27]. As a result, surgical removal of a tumor was and still is one of the most widely 
applied treatments for solid tumors[26,27,36]. 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[36]. However, these 
treatments exhibit severe toxicity effects due to their lack in selectivity for cancer cells[36]. 
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)[36].  

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[37]. The expression “chemotherapy” was 
introduced by Paul Ehrlich in the beginning of the 20th century, when he was working on 
anti-infectives (also see Chapter 10.1) and refers to “the use of chemicals to treat 
disease”[37]. One of the earliest chemotherapeutics used for treating cancer were alkylating 
agents such as derivatives of nitrogen mustards or cyclophosphamide[37]. Another 
important class of early chemotherapeutic agents are antimetabolites[37]. 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[37].  

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 20th century[37]. 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[37]. 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[37]. 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[36]. 

In order to decrease off-target effects of chemotherapeutics, targeted therapies arose[36,37]. 
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 1940s[37]. Similarly, antiestrogenic therapies for estrogen-dependent breast 
cancers were established in the 1960s[37]. 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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Figure 5.1.10 | Chemical Structures of Early Chemotherapeutics Used for Cancer Treatment. 
Chemotherapeutic agents of the mid to late 20th century are characterized by exhibiting cytotoxic 
effects via DNA damaging mechanisms or unselective targeting of proliferation cascades. Synthetic 
chemotherapeutics include alkylating agents, antimetabolites, and DNA closslinkers. Other early 
chemotherapeutics were derived from antibacterial compounds or isolated from plant-based 
materials. 



 II PUBLICATIONS 

- 36 - 
 

Table 5.1.1 | Early Chemotherapeutics in the Treatment of Cancer 

 

Therapeutic 
Agent Targeta Mechanism of 

Action 
Cancer 
Hallmark Ref. 

Nitrogen mustards nonspecific alkylating agent Proliferation [37] 

Cyclophosphamide nonspecific alkylating agent Proliferation [37] 

Methotrexate DHFR folic acid antagonist Proliferation [37] 

6-Mercaptopurine PRPP nucleic acid 
antagonist Proliferation [37,38] 

5-Fluorouracil TS, RNA nucleic acid 
antagonist Proliferation [37,39] 

Cisplatin DNA 
(purine bases) 

DNA-crosslinking 
agent Proliferation [37,40] 

Actinomycin D DNA transcription 
inhibition Proliferation [37,41] 

Bleomycin RNA, DNA RNA/DNA cleavage Proliferation [37] 

Anthracyclines topoisomerase 
II DNA cleavage Proliferation [37] 

Podophyllins topoisomerase 
II DNA damage Proliferation [37] 

Vinca alkaloids β-tubulin spindle formation 
inhibition Proliferation [37] 

Paclitaxel microtubules microtubule complex 
stabilization Proliferation [37] 

Irinotecan topoisomerase I DNA cleavage Proliferation [37] 
a 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[42]. For example, a variety 
of different DNA repair mechanisms, as well as DNA damage response (DDR) pathways 
were identified[42]. 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 diseases[33]. 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)[42]. As several traditional chemotherapeutic agents as well as radiation 
therapy cause DNA damage[36], the understanding of these DNA repair mechanisms and 
signaling pathways led to a better understanding of the development of cancer resistances 
to these treatments[43]. 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[44] and 
further protect the cells from damage by cytotoxins, such as anticancer treatments[43]. 
 

 
 
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), 35-42[42]. 

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[44]. 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[45]. 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[45].  

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[46]. 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[46,47]. 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 (PARP1 inhibitor) for BRCA-deficient 
ovarian cancers[43]. 

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[48] 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 
stress[48,49]. As a result, first ATR inhibitors are currently being tested in clinical trials[49]. 
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 



 II PUBLICATIONS 

- 38 - 
 

investigated[50]. 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 maintenance[51]. Thus, small 
molecule-based DNA-PK inhibitors can be found in several clinical trials for the treatment 
of different cancers[50]. 

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[52]. 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[52]. 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[52]. 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[52]. 
WEE1 is further downstream of the ATR/ATM pathways and inhibits CDK1-mediated 
mitosis entry in case of persistent DNA damage signaling[53]. However, there are only a 
few WEE1 inhibitors studied in preclinical and clinical trials, suggesting that further 
development of WEE1-targeting chemical tools has to be done to comprehensively 
elucidate the potential of targeting this key regulator in vivo[53]. Additionally, other 
potential targets involved in these signaling pathways such as Schlafen 11 (SLFN11)[54] 
and the Y-family of TLS polymerases[55] are being discussed. 

While WEE1 executes cell cycle control via CDK1 phosphorylation due to DDR 
signaling, other cell cycle regulating pathways have also been identified as promising 
targets for cancer therapy[56]. Key regulators of cell cycle progression are CDKs, especially 
the isoforms CDK1/2/4/6[56], which are discussed in Chapter 6 of this thesis. Other potential 
targets include the Polo-like kinases (PLKs)[56,57] and the Aurora kinases[56]. 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[56]. Similarly, 
Aurora kinases are key players in coordinating mitosis via organizing and controlling 
centrosome function, spindle development, and chromosome movement during cell 
division processes[58]. Inhibitors of PLK1 and Aurora A have thus been developed and are 
being investigated in clinical trials[56]. 

In contrast to these strategies interfering with mitosis entry and execution, therapies 
targeting mitotic exit leading into interphase have been discussed[59]. 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[59]. 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[59], 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[60]. 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[60]. These metabolic systems are stirred by several different mechanisms and 
pathways, including adenosine monophosphate (AMP)-activated protein kinase 
(AMPK)[60], mechanistic target of rapamycin (mTOR) complex[61], hypoxia-inducible 
factors 1-α (HIF-1α)[62], and several others, providing a vast variety of potential therapeutic 
targets[60]. Furthermore, redox-related stress signals are also connected to endoplasmic 
reticulum (ER) stress processes, a consequence of alterations in protein homeostasis[63]. 
Consequently, ER stress regulates a number of different cellular effects, including cell 
death, differentiation, and intercellular communication processes[64]. 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 1 (IRE1), and activating transcription factor 6 (ATF6)), the proteasome 
and de-ubiquitinating enzymes (DUBs), the aggresome pathway (histone deacetylase 6 
(HDAC6)), 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)[60]. 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[60]. Intracellular pathways triggered by FAK or stress sensors, 
such as integrins, are therefore attractive targets for cancer therapeutics[60,65].  

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)[66] (Figure 5.1.12). 
Consequently, cancers are masters in evading these growth regulating mechanisms, which 
is thus one of the hallmarks of cancer[33]. This in turn spurred intensive studies of the 
apoptotic pathways as potential tumor therapeutic targets themselves[66]. Generally, while 
there are numerous ways of triggering apoptosis, the process is mainly controlled by 
caspases, which are activated by cytochrome c[66]. The central cellular mechanism of 
apoptosis, once activated, is then the breakdown and degradation of the nucleus and the 
contained DNA[66]. 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[66]. 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/killer1 (BAK1), which 
induce apoptosis via formation of pores in the mitochondrial membrane, whereas BCL-2, 
BCL-XL, BCL-W, BCL-2-A1, and myeloid cell leukemia sequence 1 (MCL1) inhibit the 
pathway by binding of the activators[66]. 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[66].  

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[66], including AKT and the MAPK 
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pathway[67], extracellular signal-regulated kinase (ERK)[68] and upstream effectors Ras, 
Raf, and MAPK kinase (MEK)[69], mTOR[70], and others[66,71,72]. Furthermore, inhibitors of 
the BCL-2 family proteins, e.g. BAX, BIM, and MCL1, have been developed[66]. 

 

 
 
Figure 5.1.12 | Apoptosis-inducing Signaling Pathways. Apoptosis is commonly induced by 
BAX/BAK1-mediated cytochrome c release from mitochondria, which triggers caspase activity 
resulting in apoptosis. BAX/BAK1 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[66]. 
 
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)[73]. Since these key regulators of gene expression are 
involved in a variety of different diseases, including cancer[73], it was therefore 
hypothesized that targeting transcription factors would be the most straightforward way to 
treat cancer[74]. 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[74]. 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[74]. While inhibitors of steroid receptors have been 
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successfully applied in the clinic[75], other transcription factors have proven more 
challenging to target[74].  

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 PROTACs, PPI inhibitors, transcription factor expression and 
degradation regulators, and DNA-binders[75]. 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[76]. Small 
molecules targeting the Src homology 2 (SH2) domain of STATs interfere with 
phosphorylation and thus activation of these transcription factors[76]. 

(2) Nuclear factor κB (NF-κB) is part of the response to inflammation triggered by 
pathogens, interleukin 1 (IL-1), or tumor necrosis factor-α (TNF-α)[74]. Strategies to 
interrupt NF-κB-DNA binding have been developed[77]. 

(3) β-Catenin is activated by wingless-related integration site (Wnt) protein[78] signaling 
(cell differentiation/development) via Frizzled receptors, which inhibit β-catenin 
inhibiting kinases[74]. Different PPI inhibition as well as degradation strategies have 
been investigated to target this transcription factor[79]. 

(4) Notch receptors undergo conformational changes and cleavage via a disintegrin and 
metalloproteinase (ADAM) 10/17[80] upon ligand binding and are important 
communicators of cell-cell interactions[74]. Strategies to inhibit Notch signaling 
involve prevention of DNA-binding, as well as some degradation-inducing 
compounds[77]. 

(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[81]. 
Inhibitors targeting the DNA-binding site of GLI proteins have been developed[77]. 

(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 p53[82]. In cancer, the TP53 gene is 
most frequently mutated to inhibit its tumor suppressing effect[82]. Hence, direct 
targeting strategies include small molecules that are restoring activity of mutant 
p53[83]. 

(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[84]. Inhibitors 
interfering with FOX-DNA binding have been reported[77]. 

(8) MYC proteins are transcription factors for numerous target proteins by formation of 
a heterodimer with MYC associated factor X (MAX)[85]. While transcription of MYC 
proteins was shown to be induced by the bromodomain-containing 4 (BRD4) 
protein[85], MYC activity is further regulated by a variety of mechanisms, e.g. the 
Ras-MEK-ERK pathway, CDKs, glycogen synthase kinase 3 (GSK3)[86], PLK1, 
Aurora kinases, and others[87]. While mainly indirect targeting strategies have been 
reported, some peptide inhibitors of the complex formation with MAX are being 
investigated in clinical trials[85]. 
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Even though transcription factors were thought to be straightforward targets for cancer 
treatments[74], 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[80], and while NF-κB triggers p53 expression, it also regulates p53 
activity via MDM2 and is itself regulated by p53[88]. Besides transcription factors, 
transcription of target genes is also regulated by epigenetic mechanisms such as DNA 
methylation, histone modifications, and others[89], whose regulators, including HDAC and 
DNA methyltransferases (DNMTs), are attractive targets for cancer therapy[90]. 

Protein expression is further regulated by translational mechanisms. An important role in 
initiating translation play eukaryotic translation initiation factors (eIFs), which build a large 
complex with mRNAs and recruit ribosomes for protein translation[91]. One of the main 
intermediate complexes responsible for ribosome recruitment is the eIF4F complex and is 
regulated by mTOR complex 1 (mTORC1), which initiates translation via various 
mechanisms[91]. Furthermore, MAPK-interacting kinases (MNKs) downstream of the 
MEK-ERK and the p38 MAPK pathways are involved in the eIF4F complex formation, 
providing several pathways for targeted strategies to intervene in upregulated translational 
processes in cancer[91]. For instance, mTOR and PI3K (upstream of mTOR) inhibitors, 
MEK and MNK inhibitors, as well as eIF complex-targeting agents have been reported[91]. 

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[92,93]. 
Moreover, targeting the tumor microenvironment[94], senescence[95], alternative splicing 
events[96], inflammation processes[97], the nucleolus[98], angiogenesis[99], 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[100]. 

 
5.1.3 Targeting Kinases with Small Molecules 

Kinases are enzymes that catalyze the transfer of a phosphoryl group (PO32-) from 
adenosine triphosphate (ATP) to the hydroxy group of a target structure via a dissociative 
transition state, which commonly involves stabilizing Mg2+ or Mn2+ cations[101,102] (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[101,102], as well as 
intramolecular structures[103]. 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 proteome[104]. 
Hence, kinases have been implicated in almost all cellular processes in health and 
disease[102]. For example, kinase activity has been linked to the DDR[105], extracellular 
signaling cascades (e.g. via receptor kinases)[106], the secretory pathway[107], cellular stress 
signaling, cell metabolism[108], apoptosis, cell-cycle regulation, autophagy[109,110], and other 
functions. Thus, dysregulated kinase activity is involved in the development of numerous 
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diseases, including cardiovascular conditions[111,112], neurological diseases, such as 
Parkinson’s[113,114], and cancer[115], and poses therefore an attractive target for potential 
therapeutics.  
 
Scheme 5.1.2 | Proposed Phosphorylation Mechanism of Protein Kinasesa 

 

 
 

a Adapted from Wang et al., Methods Enzymol. 2014, 548, 1-21[101]. 
 
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[116]. Despite differences in their primary 
structure, almost all kinases share similar structural features[116] (Figure 5.1.13). The overall 
structure of kinases is characterized by a β-sheet-rich N-lobe and an α-helices-rich C-lobe, 
which are connected via a short, disordered linker[116]. The ATP-binding pocket is 
commonly situated at the intersection between both domains[116]. 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[116]. 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”[117]. 
Gatekeeper mutations blocking access to this pocket thus lead to inhibitor-resistant 
kinases[117]. 

(2) The (glycine-rich) P-loop of the catalytic domain, which is involved in phosphate 
binding of ATP[117]. 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[116]. 

(3) The DFG (Asp-Phe-Gly; aspartic acid – phenylalanine – glycine) motif, which plays 
an important role in the activation of a kinase[116]. The Asp of the DFG sequence is 
responsible for coordinating the bivalent metal cation (Mg2+/Mn2+) 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[117]. 

(4) The αC-helix at the N-terminus, which contributes to ATP coordination within the 
binding pocket[117]. It 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[117]. 

(5) The HRD (His-Arg-Asp; histidine – arginine – aspartic acid) motif is involved in 
catalyzing the phosphorylation process and is located within the C-lobe[116]. In aPKs, 
the motif is found reversed (DRH motif), while the function stays the same[116]. 

 



 II PUBLICATIONS 

- 44 - 
 

 
 
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 αC-helix. Adapted 
from Kanev et al., Trends Pharmacol. Sci. 2019, 40 (11), 818-832[116]. 
 
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[118,119]. 
Considering the conserved structural features of kinases, ATP-competitive small molecule 
inhibitors exhibit three common binding modes[120] (Figure 5.1.14). For instance, type 1 
inhibitors bind to the active kinase conformation and comprise the majority of known 
kinase inhibitors[120]. While this conformation is generally characterized by a DFG motif 
facing towards the ATP binding site (DFG-‘in’), it is also important that the αC-helix is 
facing the ATP binding pocket as well[117]. The subtly different type 1.5 inhibitors (a 
subgroup of type 1 inhibitors) bind to the inactive DFG-‘in’ but αC-helix-‘out’ kinase 
conformation[121]. In contrast, kinase inhibitors that exhibit binding affinity towards the 
inactive DFG-‘out’ characterized kinase conformations are designated type 2 inhibitors[120]. 

Further mode of actions for small molecule kinase inhibitors include allosteric kinase 
inhibition[122]. 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[122]. Some kinase inhibitors target two motifs within the kinase domain and 
belong to the type 5 kinase inhibitors[123]. In recent years, two more inhibitor types have 
been defined, which describe small molecules affecting protein regions outside the kinase 
domain[122]. 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[124]), while type 7 inhibitors are defined as 
small molecules which effect receptor tyrosine kinase activity by binding extracellular 
protein domains[122]. 
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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 αC-helix-in), type 2 inhibitors bind to the kinase inactive conformation (DFG-‘out’ 
and αC-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[118]. 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[125], and others. 
Since most reported covalent kinase inhibitors, including the first FDA-approved agents, 
carry acrylamide derivatives as their reactive warheads[125], irreversible inhibitors 
commonly bind kinases via a Michael-addition mechanism[126] (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[126]. Using structure-
guided design, rational positioning of a covalent warhead moiety within the reversible 
scaffold can yield an irreversible kinase binder[126]. 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[126]. However, the reactivity of the warheads, as well as 
the covalent binding mechanism itself, can lead to unwanted side effects[127], which might 
also be consequences of non-kinase targets[128].  
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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[126]. 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[118].  

 

 
 
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[126]. 
 
Scheme 5.1.3 | Michael-addition Mechanism of Covalent Kinase Inhibitors 

 

 
 
 
5.1.4 The Lipid Kinase Phosphatidylinositol 5-Phosphate 4-Kinase (PI5P4K) 

Intra- and extracellular membranes pose essential platforms for signaling cascades in 
human cells[129]. That is, membrane lipids are central regulators in the recruitment and 
allosteric manipulation of soluble proteins, and orchestrate cellular processes such as 
membrane trafficking[129]. The key lipid molecules of these mechanisms are 
phosphatidylinositols (PtdIns)[129], which are comprised of diacylglycerol (DAG) and an 
inositol moiety connected via a phosphate group[130] (Scheme 5.1.4). Inositol (here: D-myo-
inositol) is generated from glucose-6-phosphate and is coupled with the lipid component 
by PtdIns synthase[131]. Interestingly, while inositol and its derivatives are ubiquitously 
found in eukaryotes, only very few bacteria take advantage of these lipid-based signaling 
molecules[131]. 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[130]. 
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Scheme 5.1.4 | Structure and Formation of Phosphatidylinositol (PtdIns) 
 

 
 
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-P2) by phospholipase C into the second messengers DAG and 
inositol-1,4,5-trisphosphate (IP3), with the latter triggering intracellular Ca2+-release, was 
investigated[132,133]. 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[133]. 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[134,135]. 

In human cells, PtdIns is typically found phosphorylated at positions 3, 4, and 5, resulting 
in seven distinct PIPs[136] (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[136] (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 ER[136]. 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 Golgi[136]. At the Golgi, phosphatidylinositol 4-phosphate 
(PI-4-P) is commonly found to regulate vesicle trafficking to the plasma membrane[136]. 
Here, PI-4,5-P2 dominates a multitude of processes, including clathrin-mediated 
endocytosis together with phosphatidylinositol-3,4-bisphosphate (PI-3,4-P2)[136]. 
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[136]. 

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[129]. 
One such domain, the Pleckstrin homology (PH) domain, was identified in the context of 
PI-4,5-P2-binding by phospholipase C[135]. 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[134]. Interestingly, the structurally similar 
phosphotyrosine binding (PTB) domains have been also shown to bind PI-4,5-P2, e.g. in 
the context of the clathrin adaptor protein disabled homolog 1 (Dab1)[134]. 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[134]. While these PIP-binding domains can show selectivity for 
different PIPs, FYVE (acronym for: Fab-1 (1-phosphatidylinositol 3-phosphate 5-kinase), 
YGL023 (fungal protein), Vps27 (vascuolar protein sorting-associated protein 27; yeast), 
and EEA1 (early endosome antigen 1)) and phagocytic oxidase (phox) homology (PX) 
domains have been identified as PI-3-P-specific protein structures[134]. PI-4,5-P2-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[134].  
 
Table 5.1.2 | Overview of PIPs and Their Cellular Locationsa 

 

PIP Abundance Location Function 

PtdIns 10-20 mol% of 
phospholipids 

ER (biosynthesis), Golgi, 
early endosomes, plasma 

membrane 
(PIP precursor) 

PI-3-P ~0.1-0.5% of PtdIns early endosomes, 
autophagosomes 

early endosome 
formation 

PI-4-P ~2-5% of PtdIns Golgi, endosomes,  
(plasma membrane)  

Golgi trafficking, 
endosomes 

PI-5-P ~0.02-0.05% of 
PtdIns 

unclear 
(early endosomes, Golgi,  

plasma membrane, 
nucleus) 

cytoskeleton 
regulation,  

stress signaling 

PI-3,4-P2 

~0.04-0.25% of 
PtdIns 

(~2-5% of PtdIns 
after stimulated 

production) 

ER, endosomes, plasma 
membrane 

clathrin-mediated 
endocytosis 

PI-4,5-P2 ~2-5% of PtdIns plasma membrane 
(Golgi, endosomes) 

clathrin-mediated & 
clathrin-independent 

endocytosis 

PI-3,5-P2 
~0.02-0.05% of 

PtdIns late endosomes/lysosomes 

endosome 
maturation/lysosome 

formation,  
trafficking of 

endosomes to Golgi 

PIP3 
~0.02-0.25% of 

PtdIns 

plasma membrane  
(enriched at site of 

chemotactic stimuli), 
phagosomes 

clathrin-independent 
endocytosis, 

phagosome formation 
 

a This information was assembled from Hammond et al., Biochim. Biophys. Acta 2015, 1851 (6), 
746-758[135] and Billcliff et al., Biochem. J. 2014, 461 (2), 159-175[136]. 
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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”. 
 

 
 
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-P2 (black) mediates endocytotic 
processes. In the following, PI-3-P (green) is found in early endosomes and PI-3,5-P2 (orange) 
facilitates maturation to lysosomes. At the plasma membrane, PI-4,5-P2 (red) is produced primarily 
from PI-4-P and can be further phosphorylated to form PIP3 (purple; here: PI-3,4,5-P3). Adapted 
from Burke, Mol. Cell 2018, 71 (5), 653-673[137]. 
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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[130]. 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[138].  

In human cells, 19 kinases and 28 phosphatases orchestrating PIP function have been 
identified[130] (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 α-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 PIKfyve)[137] 
(Figure 5.1.19). Some key features of PtdIns kinases are summarized in Table 5.1.3. 
 

 
 
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 III PI4Ks share a common core 
structure, including an α-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[137]. 
 
 
Table 5.1.3 | Mammalian PtdIns Kinasesa 

 

PtdIns Kinase Expressionb Functionc 

GROUP 1 

Class IA PI3Ks 

PI3Kα (p110α) ubiquitous angiogenesis, Akt pathway activation, insulin signaling 

PI3Kβ (p110β) ubiquitous Akt pathway activation, insulin signaling 

PI3Kδ (p110δ) immune cells TCR/BCR signaling, leukocyte chemotaxis,  
mast cell function 

Class IB PI3Ks 

PI3Kγ (p110γ) immune cells leukocyte and mast cell function 

Class II PI3Ks 

PIK3C2α ubiquitous clathrin-med. membrane trafficking, (insulin signaling) 

PIK3C2β ubiquitous cell migration, clathrin-med. endocytosis 

PIK3C2γ prim. liver unclear 

Class III PI3Ks 

PIK3C3 ubiquitous 
endosome/lysosome function, autophagy,  

innate immune resp. 
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PtdIns Kinase Expressionb Functionc 

Type III PI4Ks 

PI4K IIIα (PI4KA) prim. brain Ca2+-signaling (plasma membrane) 

PI4K IIIβ (PI4KB) ubiquitous membrane trafficking (Golgi) 

GROUP 2 

Type II PI4Ks 

PI4K IIα (PI4K2A) ubiquitous vesicle trafficking, (EGFR turnover, phagocytosis) 

PI4K IIβ (PI4K2B) ubiquitous TCR signaling, (phagocytosis) 

GROUP 3 

Type I PIPKs 

PI4P5Kα (PIPK Iα) ubiquitous chemotaxis clathrin-med. endocytosis 
(regular: α; stimulated: β, γ), 

actin dynamics,  
Ca2+-signaling 

PI4P5Kβ (PIPK Iβ) ubiquitous (nuclear stress response) 

PI4P5Kγ (PIPK Iγ) prim. brain - 

Type II PIPKs 

PI5P4Kα  ubiquitous PI-5-P conversion (general) 

PI5P4Kβ  ubiquitous PI-5-P conversion (nucleus), insulin signaling  

PI5P4Kγ  prim. kidney unclear 

Type III PIPKs 

PIKfyve (PIPK III) prim. muscle 
fat cells membrane dynamics, insulin signaling 

 
a Based on information from Sasaki et al., Prog. Lipid Res. 2009, 48 (6), 307-343[130]. 
b prim., primarily. 
c 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[137]. Class I PI3Ks are primarily responsible for the formation of PIP3 from PI-4,5-
P2 at the plasma membrane, stimulating different intracellular pathways involved in cell 
growth, metabolism, and survival, while also being responsible for immune cell 
function[137]. The class I PI3Ks are further divided into two subgroups based on their 
respective regulatory subunits[137]. PI3K subclass IA is comprised of the isoforms PI3Kα, 
β, and δ, while PI3Kγ is sole member of the IB subclass[137]. Generally, class I PI3Ks are 
stimulated via receptor tyrosine kinases, GTPases (Ras-based), and G protein-coupled 
receptor signaling[137]. Notably, instead of Ras, PI3Kβ is activated by the Rho GTPases[137]. 
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Furthermore, while PI3Kα and β are ubiquitously expressed, PI3Kγ and δ are the main class 
I PI3Ks in immune cells[137].  

Class II PI3Ks are represented by the isoforms PIK3C2α, β, and γ and are mainly 
converting PtdIns into PI-3-P as well as PI-4-P into PI-3,4-P2[137]. Interestingly, class II 
PI3Ks contain a PX domain, recruiting them to PI-4,5-P2-rich membranes[137]. There, they 
function as regulators of clathrin-mediated endocytosis, cilium function, as well as insulin 
signaling[137]. It was shown that PI-4,5-P2 and clathrin act in concert to activate PIK3C2α 
to mediate endocytosis[137], while the function of PIK3C2β and γ are still poorly 
understood[130]. Similar to the class II PI3Ks, class III PI3Ks catalyze the conversion of 
PtdIns into PI-3-P and consist of the protein PIK3C3[137]. Due to its ability to form different 
complexes with varying membrane-binding domains, PIK3C3 is either involved in 
autophagosome formation or endosome trafficking[137].  

Besides the PI3Ks, the first group of PtdIns kinases also includes type III PI4Ks, which 
are comprised of the two isoforms PI4K IIIα and β[137]. PI4Ks produce PI-4-P from PtdIns 
with PI4K IIIα being mainly located at the plasma membrane, providing PI-4-P for PI-4,5-
P2 synthesis, and PI4K IIIβ regulating lipid distribution, membrane trafficking, cytokinesis, 
and lysosomal functions at the Golgi[137]. Interestingly, these PtdIns kinases are commonly 
activated by viruses in course of viral replication[137].  

The second group of structurally distinct PtdIns kinases are type II PI4Ks, including the 
isoforms PI4K IIα and β[137]. Similar to the type III PI4Ks these enzymes catalyze the 
formation of PI-4-P from PtdIns[137]. However, due to their structure including a lipidation 
site, type II PI4Ks are permanently associated with intracellular membranes and regulate 
endosomal exocytosis, EGFR turnover, and some signaling pathways such as the Wnt 
cascade[137]. 

The third group of PtdIns kinases are comprised by PIPKs and can be further divided into 
three subgroups based on their substrate lipids[137]. Type I PIPKs transform PI-4-P to PI-
4,5-P2 and are hence referred to as PI4P5Ks, including the isoforms PI4P5Kα, β, and γ[137]. 
Similarly, type II PIPKs form PI-4,5-P2 from PI-5-P and are thus termed PI5P4Ks, with 
isoforms α, β, and γ[137]. Notably, PI-4,5-P2 is mainly produced via type I PIPKs, while type 
II PIPKs are thought to act mainly through controlling the cellular PI-5-P pool or producing 
small, local PI-4,5-P2 clusters[137]. Type I PIPK activity is stirred by a variety of different 
stimuli, e.g. GTPases, which are mostly directed to activate specific PI4P5K isoforms[137]. 
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 PI5P4K (type II 
PIPKs) function is still mostly unclear[137]. Notably, the type II PIPK isoforms are able to 
form homo- and heterodimers with each other, and while PI5P4Kα and β (PI5P4Kβ 
preferring GTP as a substrate instead of ATP) exhibit decent to strong kinase activity, 
PI5P4Kγ shows no detectable kinase activity[130,137]. Finally, type III PIPKs are comprised 
by the enzyme PIKfyve (or also: phosphatidylinositol 3-phosphate 5-kinase; PI3P5K), 
which is characterized by a FYVE domain[130]. FYVE domain-dependent PI-3-P binding 
leads to production of PI-3,5-P2 and has been associated with membrane dynamics and 
insulin signaling[130].  

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[137]. For 
instance, Ras-activated PI3Kα 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[137]. Type 
III PI4Ks pose potential targets for viral infections, while type II PI4Ks might play a role 
in the development of neurodegenerative diseases[137].  

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[130] (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-P2[130]. The transmembrane phosphoinositide 3-
phosphatase and tensin homolog 2 (TPIP) is able to dephosphorylate PIP3 and PI-3,5-P2 to 
form PI-4,5-P2 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-P2[130]. 
Inositol polyphosphate-4-phosphatases (INPP4s) and transmembrane protein 55s 
(TMEM55s) are phosphoinositide 4-phosphatases and turn PI-3,4-P2 into PI-3-P and PI-
4,5-P2 into PI-5-P, respectively[130]. 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-P2 and 
PI-3,4-P2 from PIP3[130].  
 
The Phosphatidylinositol 5-Phosphate 4-Kinases (PI5P4Ks) 
The type II PIPKs – in the following referred to as PI5P4Ks – were identified in the mid to 
late 1990s[139]. 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 II PIPKs[139]. In 1997, Rameh et al. showed that the PIP 5-kinase activity of 
PI5P4Ks was falsely assumed due to impure PI-4-P batches used to determine PIPK 
activity[140]. The group of Lewis C. Cantley found that, while PI5P4Ks indeed form the 
same product (PI-4,5-P2) as type I PIPKs, the actual substrates of the PI5P4Ks were the PI-
5-P impurities within the PI-4-P lipid samples[140]. Hence, due to the differences in substrate 
specificity, PI5P4Ks were re-labelled from type II PIP 5-kinases to PIP 4-kinases[140]. By 
the late 1990s, three PI5P4K isoforms (α, β, and γ) had been identified, while their cellular 
functions remained mostly unclear[139].  

In 1998, Rao and coworkers solved the crystal structure of the PI5P4K isoform β, 
revealing key features of these lipid kinases[141]. 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 PI5P4Ks[141] (Figure 5.1.20). 
Despite the overall lack in sequence homology, further structural studies revealed that 
PI5P4Ks 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[138]. 
Moreover, similar to protein kinases, PI5P4Ks also exhibit a substrate-determining 
specificity loop at the PIP-binding site, which is conserved among the PI5P4K isoforms[138]. 
In case of PIPKs, these specificity loops are also one determining factor for cellular 
localization of these kinases[138]. Interestingly, immunoprecipitation studies indicate that 
the PI5P4K isoforms are additionally able to form heterodimers with each other, e.g. 
PI5P4Kβ with α[142], and PI5P4Kγ with α[143]. This data further supports the hypothesis that 
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heterodimerization of the PI5P4K isoforms directs PI5P4K activity within the cell (further 
described below)[137,142,143]. 

 

 
 
Figure 5.1.20 | Structure of the Homodimer of PI5P4Kβa. A. Crystal structure of a homodimer 
of PI5P4Kβ (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 PI5P4K lipid kinase.  
a Graphics adapted from Heck et al., Crit. Rev. Biochem. Mol. Biol. 2007, 42 (1), 15-39[138]. 

 
While PI5P4Ks generally catalyze the same phosphorylation reaction, enzymatic studies 
found that the PI5P4Kα isoform exhibits significantly higher enzymatic rates than the other 
two isoforms in vitro, with an approximately 2,000-fold higher kinase activity than 
PI5P4Kβ[144]. Surprisingly, almost no kinase activity was detected for PI5P4Kγ[145], 
underlining the importance of heterodimerization for the understanding of PI5P4Ks’ 
function[140]. For example, while the most active PI5P4K isoform, PI5P4Kα, is commonly 
found in the cytosol, PI5P4Kγ is located at membranes of cellular vesicles and PI5P4Kβ is 
able to transition between cytosolic and nuclear locations[146] via a specific α-helical 
structural motif unique for the PI5P4Kβ isoform[147]. Thus, PI5P4Kα being able to 
heterodimerize with PI5P4Kβ and γ provides an overall explanation as to why PI5P4Kα 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[146]. Further studies 
suggested that heterodimerization may also serve to regulate the activity of the complexes, 
demonstrating that maximal activity of PI5P4Kβ occurs when PI5P4Kβ associates with 
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PI5P4Kα in its kinase active conformation, compared to a complex including its inactive 
conformation[142].  

Because the lipid substrate of PI5P4Ks, PI-5-P, is only found in small pools at the plasma 
membrane or intracellular compartments, most of the cellular PI-4,5-P2 lipid is produced 
via the PI-4-P intermediate by PI4P5Ks (type I PIPKs)[144]. While PI5P4K function could 
still technically control local PI-4,5-P2 production, another intriguing hypothesis suggests 
that PI5P4Ks’ main role involves the regulation of PI-5-Ps[146]. 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 damage[146]. It was 
further found that different cellular stress factors increase nuclear PI-5-P activity[146]. For 
instance, while PI5P4K activity, especially nuclear PI5P4Kβ activity, reduces the local PI-
5-P pool, p38 MAPK or Pin1 (see Chapter 7) are able to inhibit PI5P4Ks, thus increase PI-
5-P signaling[146]. Moreover, nuclear PI-5-P function has been associated with stress-
induced or viral infection-mediated transcription events as well as epigenetic DNA-
modifications[146]. PI-5-P has been further linked to other cellular processes including Akt 
signaling at the plasma membrane and cytoskeletal motility[146]. 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[146]. 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 disassembly[146]. 

Considering that PI5P4Ks are thus regulating PI-5-P and local pools of PI-4,5-P2 and that 
PI5P4K isoforms can trigger localization and function of the formed heterodimers, 
PI5P4Ks have been shown to have additional functions within a cell. For example, Sumita 
and colleagues demonstrated that PI5P4Kβ has a unique feature of preferring GTP over 
ATP as a phosphate-donor[148] (Figure 5.1.21). The group showed that PI5P4Kβ 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[148]. 

 

 
 
Figure 5.1.21 | Co-crystal Structures of PI5P4Kβ in Complex with GTP- and ATP-analogs. 
PI5P4Kβ 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[148]. 
 
In summary, this overview of PI5P4Ks’ modes of action emphasizes the complexity of the 
lipid network and how the different PI5P4K isoforms can direct and regulate their kinase 
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function. To further complicate the understanding of PI5P4K activity, a recent study 
published by Lewis C. Cantley and his group identified a mechanism by which PI5P4Ks 
directly target PI4P5Ks and influence their PIP 5-kinase function independently of 
PI5P4Ks’ kinase activity[149]. Thus, research and proper tools/tool compounds are 
necessary to further investigate the influence of PI5P4K catalytic and allosteric functions 
in regulating cellular processes. 

Even though their function and regulatory processes are still not fully understood, 
PI5P4Ks have been linked to a variety of physiological processes (Figure 5.1.22). For 
instance, PI5P4Kα was found to be activated by photo-induced ROS signaling via its 
phosphorylation by receptor tyrosine kinases, thus implicating a role of PI5P4Kα in retina 
function[150]. Knockdown studies in zebrafish suggest that PI5P4Kα is further essential for 
embryonic development[151]. Recent studies have also linked PI5P4Kα function to 
lysosomal regulation of cholesterol trafficking, which is potentially facilitated by local PI-
4,5-P2 pools at the lysosome-peroxisome interface[152]. Notably, PI5P4Kα and β 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-P2 production at 
respective membranes[153].  

Lamia et al. reported that PI5P4Kβ-/- mice exhibit increased sensitivity towards insulin 
signaling, while generally being of lower body weight than control mice[154]. Surprisingly, 
it was discovered that PI5P4Kβ, while catalyzing PI-4,5-P2 synthesis, actually promotes 
PIP3 dephosphorylation at the 5-position, thus leading to a decrease in PIP3-mediated Akt 
activation following insulin signaling[155]. Recent studies elucidated that these insulin-
dependent mechanisms are mTORC1-independent; however, require PI5P4Kβ catalytic 
activity pointing towards a PI-5-P-mediated mode of action[156]. In contrast, another recent 
study suggests that the hypersensitivity towards insulin in PI5P4Kβ-/- mice is due to 
allosteric effects of PI5P4Ks[149], that form complexes with PI4P5Ks and therefore inhibit 
PIP3 formation, which in turn downregulates class I PI3K signaling such as the Akt 
pathway[149]. Other studies implicated PI5P4Kβ activity in the nucleus with cellular stress 
cascades[157], including mechanical stress-induced healing processes in muscle cells[158] as 
well as vitamin D-facilitated nuclear PI-4,5-P2 production leading to E-cadherin 
expression[159].  

PI5P4Kγ-specific cellular functions include coordination of vesicle transport, especially 
in kidney cells, where PI5P4Kγ is found to be highly expressed[160]. Interestingly, the 
allosteric PI4P5K inhibitory activity of PI5P4Ks could explain how PI5P4Kγ maintains 
high PI-4-P levels at cellular vesicles by preventing conversion of this phospholipid to PI-
4,5-P2[149]. Moreover, PI5P4Kγ function has been implicated in Rho activation and mitotic 
spindle formation[161], which was recently confirmed in a study showing that PI5P4Kγ 
localizes at the spindle pole, producing local pools of PI-4,5-P2 and supporting stability of 
microtubules[162]. PI5P4Kγ has been further found to regulate a variety of signaling 
pathways including mTORC1 signaling in nutrition-deprived cells[163], which is potentially 
also involved in regulatory processes of the immune system[164], as well as Notch signaling 
via induction of receptor recycling mechanisms at tubulovesicular membranes[165]. 
Interestingly, it was found that PI5P4Kγ and Notch are both negatively regulated by the 
local E3 ligase deltex-1 (DTX1) leading to degradation of the receptor and the lipid 
kinase[165].  
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Figure 5.1.22 | PI5P4Ks in Health and Disease. A. Overview of PI5P4K function in cellular 
processes (light orange) and implications in human diseases (dark orange). B. PI5P4Ks are able to 
homo- and heterodimerize. The dimers can associate with cellular membranes, while 
heterodimerization of the isoforms is stirring and regulating PI5P4K function. Besides their kinase 
activity, PI5P4Ks are also able to control effector proteins via allosteric mechanisms. 
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Dysregulation of PI5P4K 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 
PI5P4Kα) have been linked to schizophrenia[166] as well as responsiveness to antipsychotic 
treatment[167]. Similarly, PI5P4Kγ has been investigated as a potential target for the 
treatment of Huntington’s disease due to its implications in autophagy processes[168]. 
PI5P4Kα expression has been further linked to leukemia, including acute lymphoid 
leukemia (ALL) and acute myeloid leukemia (AML)[169]. Interestingly, some studies argue 
that low expression of PI5P4Kα in leukemia cells is associated with poor prognosis, which 
could be a result of the consequently high cellular PI3K/Akt and p38 MAPK signaling[169]. 
This tumor suppressor activity of PI5P4Kα was further described in glioblastoma lacking 
PTEN-facilitated inhibition of the PI3K pathway[170]. However, genetic knockdown studies 
provided evidence that PIP4K2A is an essential gene in AML[171] and that (childhood) ALL 
prevalence is associated with polymorphisms of PIP4K2A[172]. Furthermore, a recent study 
found that not only low PI5P4Kα levels but also downregulated PI5P4Kγ (not PI5P4Kβ) 
in AML patients generally correlated with a positive clinical outcome[173]. Single nucleotide 
polymorphisms (SNPs) in PIP4K2A leading to PI5P4Kα 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 case[174]. Surprisingly, PI5P4Kα 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[175].  

Similar to PI5P4Kα, PI5P4Kβ has been found overexpressed in cancers, such as breast 
cancer, promoting cancer cell proliferation[176]. Some studies suggested that PI5P4Kβ is 
able to sustain cell growth in nutrition-deprived environments, e.g. tumors, via its GTP-
sensing ability to regulate cellular metabolism[177]. However, PI5P4Kβ is also discussed as 
a tumor suppressor by promoting transcription of E-cadherin and low PI5P4Kβ expression 
correlating with a decrease in survival in breast cancer patients[178]. A recent study further 
suggests that the tumor suppressing long non-coding RNA PXN-AS1 act by promoting 
PI5P4Kβ expression[179].  

Notably, Emerling and coworkers reported in 2013 that both PI5P4Kα and β become 
essential proteins in p53-deprived breast cancer cells[180]. The group showed via genetic 
knockout studies that the combination of p53 deletion with PIP4K2B-/- (for PI5P4Kβ) 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[180]. 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 PI5P4Ks in cancer[181]. Consequently, PI5P4K 
inhibitors pose essential tools in interrogating PI5P4K function in cancer progression and 
would further provide essential information for the development of potential novel cancer 
treatments. 

The identification of first small molecule PI5P4K inhibitors (Figure 5.1.23) was reported 
by Davis et al. in 2013[182]. The group presented a novel high-throughput platform enabling 
the screening of chemical libraries for PI5P4K inhibitor scaffolds[182]. As a result, the 
tyrphostin analog I-OMe-AG-538 was identified, exhibiting ATP-competitive inhibition of 
PI5P4Kα with an IC50 of 1 µM[182], while further studies demonstrated pan-PI5P4K activity 
of the inhibitor[183]. Shortly after, a PI5P4Kβ inhibitor, SAR088, was identified in a 
PI5P4Kβ isoform-specific high-throughput screen[184]. The compound showed selectivity 



 II PUBLICATIONS 

- 60 - 
 

within a panel of 35 kinases and inhibited PI5P4Kβ with an IC50 of 2.18 µM, exhibiting a 
9-fold selectivity over PI5P4Kα[184]. Interestingly, the compound showed in vivo efficacy 
in an insulin-resistant type 2 Diabetes mellitus mouse model[184], providing another 
potential therapeutic angle for selective PI5P4Kβ inhibitors. 

In 2015, Clark and colleagues reported the identification of the first PI5P4Kγ-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 PI5P4Kα and β isoforms[185]. 
To determine IC50 values of the compound, the group employed an activity assay using a 
kinase active PI5P4Kγ mutant to increase its intrinsically low catalytic activity, leading to 
an apparent IC50 of 1 µM[185]. The tool compound was further applied to investigate 
PI5P4Kγ function in kidney cells, where the small molecule was able to inhibit Na+/K+-
ATPase redistribution, mirroring effects seen with RNAi knockdown of PI5P4Kγ[185]. More 
recently, Kitagawa et al. reported the discovery of a131, which showed cancer cell-
selective growth inhibition[186]. The group identified pan-PI5P4K inhibitor activity of the 
compound and proposed a unique, dual mode of action, in which a131 causes a temporary 
growth arrest of normal cells via upregulation of PIK3IP1 (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[186]. This novel mechanism 
therefore elucidated a potential cellular link between the Ras/MEK/ERK and 
PI3K/Akt/mTOR pathways[186].  
 

 
 
Figure 5.1.23 | Reported PI5P4K Inhibitors. Structures of reported selective and pan-PI5P4K 
inhibitors. 
 
Taken together, PI5P4Ks pose intriguing novel targets in a variety of diseases including 
neurological conditions, diabetes, and cancer. However, PI5P4K 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 PI5P4K Lipid Kinase Family in Cancer 
    Using Novel Covalent Inhibitors  
 
5.2.1 Specific Aims 

THZ-P1-2 was found to be a potent pan-PI5P4K inhibitor as the result of an internal 
medicinal chemistry campaign, which followed-up on the PI5P4K off-target activity of the 
THZ-P1-2 analog JNK-IN-7. When joining this effort in the development of a selective and 
potent PI5P4K-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 
PI5P4K inhibitor.  
 
5.2.2 Main Outcomes and Context  

The presented study showed that THZ-P1-2 covalently and potently binds and inhibits 
PI5P4K 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 PI5P4K-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 PI5P4K-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, PI5P4K 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 PI5P4K 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.chembiol.2020.02.003 
 

 
 
This article, including Supporting Information, was reproduced with kind permission from 
the journal Cell Chemical Biology © 2020 Elsevier Ltd. 
 
 
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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Supplemental Excel Table (Kinome Selectivity Data Set): 

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

Ambit Gene Symbol Percent 
Control 

RPS6KA4(Kin.Dom.1-N-
terminal) 0.1 
TYK2(JH2domain-
pseudokinase) 0.9 
CSNK2A2 1.3 
EGFR(E746-A750del) 1.3 
ABL1(Y253F)-
phosphorylated 2.4 
KIT(D816V) 4.2 
PDGFRB 4.3 
ABL1(H396P)-
nonphosphorylated 5.8 
PIKFYVE 6.4 
ABL1(H396P)-
phosphorylated 6.6 
BRK 6.6 
EGFR(L747-T751del,Sins) 6.8 
ABL1-phosphorylated 8.1 
EGFR(L747-E749del, 
A750P) 9 
PIP5K2C 9 
KIT(V559D) 11 
ABL1(M351T)-
phosphorylated 12 
KIT(L576P) 12 
ABL1-nonphosphorylated 13 
EGFR(S752-I759del) 14 
EGFR(L747-S752del, 
P753S) 16 
EGFR(G719C) 18 
EGFR(L858R) 18 
ABL1(Q252H)-
phosphorylated 20 
PIP5K1C 20 
ABL1(E255K)-
phosphorylated 21 
EGFR(L861Q) 21 
MKNK2 21 
EGFR 22 
EGFR(G719S) 22 
SRC 23 
ABL1(Q252H)-
nonphosphorylated 24 

Ambit Gene Symbol Percent 
Control 

KIT 24 
CSNK2A1 27 
BLK 34 
KIT(D816H) 35 
ABL2 36 
CDK7 37 
FLT3(D835V) 37 
STK36 38 
SIK 39 
ABL1(F317L)-
phosphorylated 44 
FLT3(D835Y) 45 
HIPK4 47 
RSK4(Kin.Dom.1-N-
terminal) 47 
SIK2 47 
CDK4-cyclinD1 48 
CIT 48 
TNK2 48 
FLT3(D835H) 50 
FLT3(ITD,D835V) 51 
GSK3A 52 
IRAK3 56 
KIT(A829P) 57 
PDGFRA 58 
KIT(V559D,V654A) 59 
FLT3(N841I) 60 
DRAK2 61 
NEK11 61 
FLT3(ITD) 62 
CSNK1D 63 
GRK3 63 
LIMK2 63 
LIMK1 64 
LKB1 64 
CSF1R 67 
DDR1 67 
RET 67 
CDK4-cyclinD3 70 
ERK4 70 
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Ambit Gene Symbol Percent 
Control 

ABL1(F317L)-
nonphosphorylated 71 
ALK(L1196M) 71 
CDK4 71 
EPHA2 71 
MERTK 71 
EPHB6 72 
IKK-alpha 72 
TRKA 72 
EGFR(L858R,T790M) 73 
IKK-beta 73 
MLK3 73 
RET(M918T) 73 
ERK5 74 
ERK8 74 
JAK1(JH1domain-catalytic) 74 
JAK1(JH2domain-
pseudokinase) 74 
DRAK1 75 
EPHB1 75 
GCN2(Kin.Dom.2,S808G) 75 
PRKD2 75 
MYLK4 76 
PKN2 76 
ADCK3 77 
EPHA1 78 
MAP3K1 78 
PAK6 78 
TAK1 78 
LCK 79 
MAP4K4 79 
SRMS 79 
SYK 80 
TNNI3K 80 
TRKC 80 
BMX 81 
CSNK1G2 81 
SRPK1 81 
TNK1 81 
DMPK 82 
EPHB2 82 
FGR 82 
FLT3(K663Q) 82 

Ambit Gene Symbol Percent 
Control 

INSRR 82 
MARK3 82 
MST1 82 
PFTK1 82 
PIP5K2B 82 
PRP4 82 
RIOK3 82 
ARK5 83 
AURKC 83 
CSF1R-autoinhibited 83 
FLT3-autoinhibited 83 
MLK1 83 
CDK9 84 
CSNK1E 84 
MUSK 84 
PIP5K1A 84 
YANK3 84 
CSNK1A1L 85 
DYRK2 85 
IRAK1 85 
p38-delta 85 
PKAC-beta 85 
JNK1 86 
KIT-autoinhibited 86 
MLK2 86 
NEK6 86 
RIPK1 86 
RSK1(Kin.Dom.1-N-
terminal) 86 
CDKL2 87 
EPHA5 87 
ERK2 87 
ERK3 87 
MKNK1 87 
NEK5 87 
PIK3CA(H1047Y) 87 
RIOK1 87 
TIE1 87 
YANK1 87 
CDK3 88 
ERBB4 88 
FGFR3 88 
FLT4 88 
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Ambit Gene Symbol Percent 
Control 

GAK 88 
MINK 88 
STK16 88 
TESK1 88 
VEGFR2 88 
BIKE 89 
BMPR1A 89 
CDK5 89 
DYRK1B 89 
EPHB4 89 
FLT1 89 
FLT3(ITD,F691L) 89 
LYN 89 
PAK3 89 
SGK3 89 
TEC 89 
ACVRL1 90 
FAK 90 
FLT3 90 
GRK2 90 
JNK2 90 
LRRK2(G2019S) 90 
MET(M1250T) 90 
PIM2 90 
RSK2(Kin.Dom.2-C-
terminal) 90 
SRPK3 90 
VPS34 90 
VRK2 90 
WEE1 90 
ACVR2B 91 
DAPK2 91 
ERBB2 91 
FGFR3(G697C) 91 
LRRK2 91 
MYLK2 91 
PAK1 91 
PAK2 91 
PCTK2 91 
PFPK5(P.falciparum) 91 
PYK2 91 
RIOK2 91 
RIPK2 91 

Ambit Gene Symbol Percent 
Control 

ROCK2 91 
RSK3(Kin.Dom.1-N-
terminal) 91 
TRPM6 91 
ALK 92 
AXL 92 
CASK 92 
CDK11 92 
CSNK1A1 92 
DDR2 92 
FGFR4 92 
FYN 92 
JNK3 92 
KIT(V559D,T670I) 92 
MAP3K4 92 
MEK1 92 
MEK6 92 
PFTAIRE2 92 
YES 92 
ABL1(F317I)-
nonphosphorylated 93 
ABL1(T315I)-
nonphosphorylated 93 
ALK(C1156Y) 93 
AMPK-alpha1 93 
CAMK1 93 
CAMK1D 93 
CAMK2A 93 
CDC2L2 93 
CSK 93 
DLK 93 
DMPK2 93 
HIPK3 93 
IGF1R 93 
LTK 93 
MAPKAPK5 93 
MEK5 93 
PLK4 93 
PRKCH 93 
PRKCQ 93 
TXK 93 
ZAK 93 
ACVR1 94 
ACVR2A 94 
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Ambit Gene Symbol Percent 
Control 

CAMKK2 94 
CDC2L1 94 
CLK3 94 
ERK1 94 
LOK 94 
MAP4K5 94 
PRKD3 94 
ROS1 94 
RSK3(Kin.Dom.2-C-
terminal) 94 
TLK1 94 
TTK 94 
TYRO3 94 
AKT1 95 
AKT2 95 
ASK2 95 
BRSK2 95 
BUB1 95 
CLK4 95 
DYRK1A 95 
EGFR(T790M) 95 
FER 95 
FGFR1 95 
MARK1 95 
MARK4 95 
PIK3C2B 95 
PIK4CB 95 
PIM1 95 
QSK 95 
RPS6KA4(Kin.Dom.2-C-
terminal) 95 
TBK1 95 
TSSK1B 95 
WNK4 95 
YSK1 95 
BRAF 96 
BTK 96 
CAMKK1 96 
CDKL1 96 
CDKL3 96 
CLK1 96 
CLK2 96 
CSNK1G1 96 

Ambit Gene Symbol Percent 
Control 

DCAMKL3 96 
FRK 96 
GRK4 96 
PIM3 96 
PRKCI 96 
RET(V804M) 96 
RPS6KA5(Kin.Dom.1-N-
terminal) 96 
RSK2(Kin.Dom.1-N-
terminal) 96 
SNRK 96 
ADCK4 97 
ANKK1 97 
BMPR1B 97 
CAMK4 97 
FLT3(R834Q) 97 
HASPIN 97 
JAK3(JH1domain-catalytic) 97 
MAST1 97 
MST4 97 
NDR2 97 
NLK 97 
PCTK3 97 
PRKR 97 
TGFBR2 97 
CHEK1 98 
EIF2AK1 98 
FGFR2 98 
GSK3B 98 
HCK 98 
MET 98 
MLCK 98 
NEK2 98 
NEK7 98 
NEK9 98 
PAK4 98 
PAK7 98 
SNARK 98 
TAOK1 98 
TIE2 98 
TNIK 98 
AURKA 99 
BRSK1 99 
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Ambit Gene Symbol Percent 
Control 

CSNK1G3 99 
MAP4K2 99 
MEK3 99 
MST1R 99 
MYLK 99 
PIK3CA(Q546K) 99 
PKMYT1 99 
RET(V804L) 99 
RIPK4 99 
RPS6KA5(Kin.Dom.2-C-
terminal) 99 
SLK 99 
TLK2 99 
AAK1 100 
ABL1(F317I)-
phosphorylated 100 
ABL1(T315I)-
phosphorylated 100 
ACVR1B 100 
AKT3 100 
AMPK-alpha2 100 
ASK1 100 
AURKB 100 
BMPR2 100 
BRAF(V600E) 100 
CAMK1B 100 
CAMK1G 100 
CAMK2B 100 
CAMK2D 100 
CAMK2G 100 
CDC2L5 100 
CDK2 100 
CDK8 100 
CDKL5 100 
CHEK2 100 
CTK 100 
DAPK1 100 
DAPK3 100 
DCAMKL1 100 
DCAMKL2 100 
EPHA3 100 
EPHA4 100 
EPHA6 100 
EPHA7 100 

Ambit Gene Symbol Percent 
Control 

EPHA8 100 
EPHB3 100 
ERBB3 100 
ERN1 100 
FES 100 
GRK1 100 
GRK7 100 
HIPK1 100 
HIPK2 100 
HPK1 100 
HUNK 100 
ICK 100 
IKK-epsilon 100 
INSR 100 
IRAK4 100 
ITK 100 
JAK2(JH1domain-catalytic) 100 
LATS1 100 
LATS2 100 
LZK 100 
MAK 100 
MAP3K15 100 
MAP3K2 100 
MAP3K3 100 
MAP4K3 100 
MAPKAPK2 100 
MARK2 100 
MEK2 100 
MEK4 100 
MELK 100 
MET(Y1235D) 100 
MKK7 100 
MRCKA 100 
MRCKB 100 
MST2 100 
MST3 100 
MTOR 100 
MYO3A 100 
MYO3B 100 
NDR1 100 
NEK1 100 
NEK10 100 
NEK3 100 
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Ambit Gene Symbol Percent 
Control 

NEK4 100 
NIK 100 
NIM1 100 
OSR1 100 
p38-alpha 100 
p38-beta 100 
p38-gamma 100 
PCTK1 100 
PDPK1 100 
PFCDPK1(P.falciparum) 100 
PHKG1 100 
PHKG2 100 
PIK3C2G 100 
PIK3CA 100 
PIK3CA(C420R) 100 
PIK3CA(E542K) 100 
PIK3CA(E545A) 100 
PIK3CA(E545K) 100 
PIK3CA(H1047L) 100 
PIK3CA(I800L) 100 
PIK3CA(M1043I) 100 
PIK3CB 100 
PIK3CD 100 
PIK3CG 100 
PKAC-alpha 100 
PKN1 100 
PKNB(M.tuberculosis) 100 
PLK1 100 
PLK2 100 
PLK3 100 
PRKCD 100 
PRKCE 100 
PRKD1 100 
PRKG1 100 

Ambit Gene Symbol Percent 
Control 

PRKG2 100 
PRKX 100 
RAF1 100 
RIPK5 100 
ROCK1 100 
RSK1(Kin.Dom.2-C-
terminal) 100 
RSK4(Kin.Dom.2-C-
terminal) 100 
S6K1 100 
SBK1 100 
SGK 100 
SgK110 100 
SGK2 100 
SRPK2 100 
STK33 100 
STK35 100 
STK39 100 
TAOK2 100 
TAOK3 100 
TGFBR1 100 
TRKB 100 
TSSK3 100 
TYK2(JH1domain-catalytic) 100 
ULK1 100 
ULK2 100 
ULK3 100 
WEE2 100 
WNK1 100 
WNK2 100 
WNK3 100 
YANK2 100 
YSK4 100 
ZAP70 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-PI5P4K 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 PI5P4Ks, 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 PI5P4K inhibitor. This label-free method was further successfully 
applied to compare cellular PI5P4K binding of selected analogs of THZ-P1-2, leading to 
the identification of compound 30 as an interesting chemical probe to further study PI5P4K 
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 I. 
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 
 
 
 

 
 
 
 
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. 
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Brimacombe, NCATS; Matthew Hall, NCATS & Donna M. Huryn (ACS MCL Assoc. 
Ed.); Illustration: Jeffrey Everett, NIH Medical Arts. 
 



 

- 102 - 
 

 



 

- 103 - 

 



 

- 104 - 
 

 



 

- 105 - 

 



 

- 106 - 
 

 



 

- 107 - 

 



 

- 108 - 
 

 



 

- 109 - 

 
 



 

- 110 - 
 

 
 



 

- 111 - 

 
 



 

- 112 - 
 

 
 



 

- 113 - 

 
 



 

- 114 - 
 

 
 



 

- 115 - 

 
 



 

- 116 - 
 

 
 



 

- 117 - 

 
 



 

- 118 - 
 

 
 



 

- 119 - 

 
 



 

- 120 - 
 

 
 



 

- 121 - 

 
 



 

- 122 - 
 

 
 



 

- 123 - 

 
 



 

- 124 - 
 

 
 



 

- 125 - 

 
 



 

- 126 - 
 

 
 



 

- 127 - 

 
 



 

- 128 - 
 

 
 



 

- 129 - 

 
 



 

- 130 - 
 

 
 



 

- 131 - 

 
 



 

- 132 - 
 

 
 



 

- 133 - 

 
 



 

- 134 - 
 

 
 



 

- 135 - 

 
 



 

- 136 - 
 

 
 



 

- 137 - 

 
 



 

- 138 - 
 

 
 



 

- 139 - 

 
 



 

- 140 - 
 

 
 



 

- 141 - 

 
 



 

- 142 - 
 

 
 



 

- 143 - 

 
 



 

- 144 - 
 

 
 



 

- 145 - 

 
 



 

- 146 - 
 

 
 



 

- 147 - 

 
 



 

- 148 - 
 

 
 



 

- 149 - 

 
 



 

- 150 - 
 

 
 



 

- 151 - 

 
 



 

- 152 - 
 

 
 



 

- 153 - 

 
 



 

- 154 - 
 

 
 



 

- 155 - 

 
 



 

- 156 - 
 

 
 



 

- 157 - 

 
 



 

- 158 - 
 

 
 



 

- 159 - 

 
 



 II PUBLICATIONS 

- 160 - 
 

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 PI5P4K inhibitor scaffolds, a high-throughput screen 
of an in-house kinase inhibitor library, interrogating PI5P4Kα inhibitory activity, was 
performed. As a result of this screen, CVM-05-002 was identified as a potent PI5P4Kα 
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 PI5P4Kα, 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 PI5P4Kα inhibitor, CVM-05-
002 exhibited potent biochemical inhibition of both PI5P4Kα and β isoforms and was quite 
selective regarding other kinases. Crystallographic analysis confirmed a reversible binding 
mode of the compound at the ATP-binding site of PI5P4Kα 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 PI5P4K activity, this 
analog turned out to be a more potent PI5P4K binder in the cellular context.  

Taken together, the study introduces and characterizes a novel PI5P4K inhibitor scaffold 
and provides an attractive chemical probe for the investigation of PI5P4K 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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5.4.3 Published Article 

The following peer-reviewed publication was originally published as: 
 
Discovery and Structure-Activity Relationship Study of (Z)-5-
Methylenethiazolidin-4-one Derivatives as Potent and Selective 
Pan-phosphatidylinositol 5-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.  
 
 
 

 
 
 
 
 
This article, including Supporting Information, was reproduced with kind permission from 
the Journal of Medicinal Chemistry © 2019 American Chemical Society. 
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Data Summary (including compound SMILES): 
 

Compound 
ID SMILES 

Biophysical Data (IC50; nM) KD 
(nM) 

PI5P4
Kα 

PI5P4
Kβ 

ACVR
2A 

ACVR
2B 

TGFBR
2 

PI4P5
Kγ 

PI5P4
Kγ 

CVM-05-
002 

CS(=O)(=O)NC
1=CC=C(C=C1)
C1=CN=CC(\C=
C2/SC(=N)NC2

=O)=C1 

0.27 1.7 3.3 5 2.1 93 1.6 

3 

CS(=O)(=O)NC
1=CC=C(C=C1)
C1=CN=CC(\C=
C2/SC(=O)NC2

=O)=C1 

0.13 1.9  4.4 1.1 53 0.58 

4 

[H]/C(C1=CN=
CC(C2=CC=C(

NS(C)(=O)=O)C
=C2)=C1)=C3O
C(NC/3=O)=O 

21 >50      

5 

[H]/C(C1=CN=
CC(C2=CC=C(

NS(C)(=O)=O)C
=C2)=C1)=C3C
C(NC/3=O)=O 

6.1 27      

6 

CS(=O)(=O)NC
1=CC=C(C=C1)
C1=CN=CC(=C
1)C1=CC=CC2=

C1CC(=O)N2 

8.9 15      

7 

CC(=O)NC1=C
C=CC(=C1)C1=
CN=CC(=C1)C1
=CC=C(NS(C)(=

O)=O)C=C1 

5.3 36      

8 

CS(NC(C=C1)=
CC=C1C2=CC(
C3=CC=C(NC(
NC)=O)C=C3)=
CN=C2)(=O)=O 

3.7 43      

9 

CC(=O)NC1=C
C=CC(OC2=CN
=CC(=C2)C2=C
C=C(NS(C)(=O)
=O)C=C2)=C1 

14 45      

10 

CS(NC(C=C1)=
CC=C1C2=CC(
NC3=CC=CC(N
C(C)=O)=C3)=C
N=C2)(=O)=O 

14 45      
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Compound 
ID SMILES 

Biophysical Data (IC50; nM) KD 
(nM) 

PI5P4
Kα 

PI5P4
Kβ 

ACVR
2A 

ACVR
2B 

TGFBR
2 

PI4P5
Kγ 

PI5P4
Kγ 

13 

O=S(NC(C=C1)
=CC=C1C2=CC
(C3=C(C=CN4)
C4=CC=C3)=C
N=C2)(C)=O 

2 9.4 1190 344 348 398 3.4 

14 

O=S(NC(C=C1)
=CC=C1C2=CC
(C3=CC(NC=C4
)=C4C=C3)=CN

=C2)(C)=O 

2.1 22      

15 

O=S(NC(C=C1)
=CC=C1C2=CC
(C3=CC(C=CN4
)=C4C=C3)=CN

=C2)(C)=O 

3.2 29      

18 

[H]/C(C1=CN=
CC(C2=CC=C(S
(NC)(=O)=O)C=
C2)=C1)=C3SC(

NC/3=O)=N 

0.27 1.7      

19 

[H]/C(C1=CN=
CC(C2=CC=C(S
(C)(=O)=O)C=C
2)=C1)=C3SC(N

C/3=O)=N 

1.4 4.3      

20 

CC(=O)NC1=C
C=C(C=C1)C1=
CN=CC(\C=C2/
SC(=N)NC2=O)

=C1 

35 >50      

21 

[H]/C(C1=CN=
CC(C2=CC=C(

NC(NC)=O)C=C
2)=C1)=C3SC(N

C/3=O)=N 

11 >50      

22 

CC(=O)NC1=C
C=CC(=C1)C1=
CN=CC(\C=C2/
SC(=N)NC2=O)

=C1 

1.8 8.6      

23 

[H]/C(C1=CN=
CC(C2=CC=C(
OC(F)(F)F)C=C
2)=C1)=C3SC(N

C/3=O)=N 

11 >50      
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Compound 
ID SMILES 

Biophysical Data (IC50; nM) KD 
(nM) 

PI5P4
Kα 

PI5P4
Kβ 

ACVR
2A 

ACVR
2B 

TGFBR
2 

PI4P5
Kγ 

PI5P4
Kγ 

24 

FC(F)(F)C1=CC
=C(C=C1)C1=C
N=CC(\C=C2/S
C(=N)NC2=O)=

C1 

>50 26      

25 

FC1=CC=C(C=
C1)C1=CN=CC(
\C=C2/SC(=N)N

C2=O)=C1 

>50 28      

26 

[H]/C(C1=CN=
CC(C2=CC=C(
N(C)C)C=C2)=

C1)=C3SC(NC/3
=O)=N 

8.8 >50      

27 

[H]/C(C1=CN=
CC(C2=CC=C(
OC)C3=C2C=C
C=C3)=C1)=C4
SC(NC/4=O)=N 

3.9 >50      

30 

CS(=O)(=O)NC
1=CC=C(C=C1)
C1=CN=C(N)C(
\C=C2/SC(=N)N

C2=O)=C1 

4 25      

31 

CS(=O)(=O)NC
1=CC=C(C=C1)
C1=CC(\C=C2/S
C(=N)NC2=O)=

CN=C1N 

0.66 2.7  2490 4960 1.9 0.023 
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6 Desthiobiotin Labeling of a Covalent Kinase Inhibitor for the 
Study of CDK12 and CDK13 
 
 
6.1 Introduction 
 
6.1.1 The Cyclin-Dependent Kinase Family – An Overview 

Cyclin-dependend kinases (CDKs) are serine/threonine-kinases, which were originally 
found in the 1980s to require cyclins as activating subunits[1,2]. Cyclins on the other hand 
are named after the cell cycle-dependent oscillations of their activity[1]. While CDK/cyclin 
complex activity was first found to be an essential driver of cell cycle progression, 
additional roles for both CDKs and cyclins have been identified since, including CDKs 
which do not require cyclin activation as well as cyclins exhibiting stable cellular levels 
throughout the cell cycle[1].  
 
Orchestrating Cell Cycle Progression and Transcription are Main Functions of CDKs 
Generally, the CDK family is divided into two main groups based on functional 
characteristics[2] (Figure 6.1.1). CDK1-6 and CDK14-18 are able to bind a variety of 
different cyclins, which facilitate the regulation of cell cycle progression initiated by 
various different signaling pathways[2]. In contrast, CDK7-13 and CDK19/20 selectively 
bind specific cyclins and are involved in protein transcription[2]. Comparing respective 
kinase analogs in yeast and humans (Figure 6.1.1) further emphasizes a major evolutionary 
diversification, especially within the cell cycle-regulating CDKs[2]. Within the two main 
CDK groups, CDKs are further categorized into subgroups, which are based on their 
conserved structural features[2] (Figure 6.1.2). 
 

 
 
Figure 6.1.1 | Cell Cycle-regulating and Transcriptional CDKs. Overview of CDKs involved in 
either cell cycle-regulating functions or transcription with subfamilies being indicated by CDKs in 
the same, orange-framed boxes. Functionally related enzymes in yeast and humans are shown for 
comparison and highlight the evolutionary development within enzymes of this kinase family. 
Furthermore, cyclins, which are bound by the CDKs, are shown in green-framed boxes. Taken from 
Malumbres et al., Genome Biol. 2014, 15 (6), 122[2]. 
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Figure 6.1.2 | Overview of CDK Subfamilies. The evolutionary development of the human CDKs 
is shown with an emphasis on structural features of the kinases. Cell cycle-regulating CDKs are 
located in the orange space, whereas transcriptional CDKs are found in the green space. Taken from 
Malumbres et al., Genome Biol. 2014, 15 (6), 122[2]. 
 
CDKs exhibit typical structural features of kinases (see Chapter 5) including a certain 
flexibility within the catalytic site to take on active or inactive kinase conformations[3] 
(Figure 6.1.3). For example, it was shown that CDK2’s active kinase conformation is 
induced by binding cyclin A[3]. Due to similar structural features among many CDKs, it is 
thus believed that this mechanism of CDK activation via allosteric effects of cyclin-binding 
is also applicable to other CDKs[3]. Notably, phosphorylation of specific sites in the 
glycine-rich loop of CDKs is a common mechanism found to cause CDK inactivation[2].  

In accordance with cyclin activity throughout the cell cycle, CDKs are main regulators 
of important cell cycle events[1]. Briefly, before a human cell can enter mitosis to divide 
into two daughter cells (also referred to as M-phase), the cell has to go through a growth 
phase in which its genome is replicated (also referred to as S-phase)[1]. In between these 
two phases of cell growth and division, cells enter gap phases (G1/2-phases)[4] (Figure 6.1.4 
A). Consequently, the G1/S transition, as well as the G2/M transition, come with crucial 
changes to a cell’s mode and function and need to be meticulously regulated to ensure 
optimal cell growth[1].  

CDK2, 4, and 6 are essential in regulating G1/S-phase progression[4]. CDK4 and CDK6 
are both activated by cyclin D, which is itself activated as the result of several mitotic 
stimuli[4]. Among other targets, activated CDK4/6 complexes are able to phosphorylate 
retinoblastoma (Rb) proteins, which normally inhibit DNA replication in their 
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unphosphorylated state[4]. Another important function of CDK4 and CDK6 is the 
phosphorylation and subsequent inactivation of CDK-inhibiting proteins, which, amongst 
other processes, results in CDK2 activation[1]. CDK2/cyclin E complexes act 
complementary to CDK4 and CDK6 and further inactivate inhibitors of CDKs and DNA 
replication[1]. After initiation of the S-phase, CDK2 associates mainly with cyclin A (Figure 
6.1.4 B), which shifts its activity towards driving DNA replication, including 
phosphorylation of transcription factors, DNA repair mechanism proteins, histone 
modifiers, and cell cycle checkpoint factors, such as p53 and MDM2[1,4]. 
 

 
 
Figure 6.1.3 | Structural Features of CDKsa. A. Typical structural features of kinases are 
highlighted within the crystal structure of CDK2 as a representative example for CDKs. B. An 
overlay of unbound CDK2 and CDK2 in complex with cyclin A is given. The movement of the αC-
helix (shown in purple) is highlighted and determines the active or inactive state of CDK2. 
a Adapted from Wood et al., Open Biol. 2018, 8 (9), 180112[3]. 
 

 
 
Figure 6.1.4 | Cyclin Activity Within the Cell Cyclea. A. Graphical overview of the different 
phases of the human cell cycle. B. The fluctuation of activity of selected cyclins throughout the cell 
cycle is shown, highlighting how cyclin activity dictates CDK function.  
a Adapted from Hochegger et al., Nat. Rev. Mol. Cell Biol. 2008, 9 (11), 910-916[5].  
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In cells experiencing DNA damage, CDK2 activity is generally inhibited to prevent cell 
cycle progression[6]. Eventually, cyclin A associates with CDK1 (Figure 6.1.4 B), which is 
activated by the CDK2/cyclin A complex, indicating the end of the S-phase[1,4]. After 
termination of the S-phase, cyclin B takes the place of cyclin A and associates with CDK1, 
which has several targets and promotes the G2/M-phase transition[4]. The resulting complex 
is initially inhibited by the Wee1 kinase but later activated by the CDC25 phosphatase[1]. 
Subsequently active CDK1/cyclin B complexes form a positive feedback loop in which 
they phosphorylate Wee1 and CDC25, leading to the inhibition of their inhibiting kinase 
and activation of their activating phosphatase, respectively, at which point the cell has 
committed to mitosis[1]. CDK1/cyclin B complex activity further mediates several essential 
steps of mitosis such as nuclear envelope breakdown, spindle assembly, and chromosomal 
condensation[1,4]. Notably, CDK1 is the only essential CDK isoform in human cells[2]. 
Finally, mitotic exit of a cell is facilitated via cyclin B degradation[4]. 

Another important function of CDKs is the regulation of transcription, especially via 
CDK-mediated RNAPII C-terminal domain (CTD) phosphorylation[7]. Similar to the cell 
cycle-regulating CDKs, transcription is facilitated by the careful interplay of different 
CDKs to promote various steps during transcription[7] (Figure 6.1.5). For instance, CDK8 
and CDK19 form a complex with cyclin C and can inhibit or initiate transcription via 
several mechanisms[7]. CDK8 or CDK19-mediated phosphorylation of the CTD interferes 
with RNAPII function, while phosphorylation of certain transcription factors can also lead 
to transcription inhibition[7]. In other cases, CDK8 and CDK19 activate transcription 
factors through phosphorylation[7]. Furthermore, these CDK complexes have been shown 
to support RNAPII initiation, phosphorylate histones to support transcription activation, 
and enable the recruitment of certain transcription factors to trigger transcription 
elongation[7].  

 
 

Figure 6.1.5 | CDKs Are Master Regulators of Transcription. Different stages of the 
transcription cycle are mediated by specific CDK/cyclin complexes. Taken from Parua et al., Nat. 
Chem. Biol. 2020, 16 (7), 716-724[7]. 
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CDK7 teams up with cyclin H and does not only phosphorylate the RNAPII CTD and other 
factors to promote gene transcription but also plays an important role in phosphorylating 
and activating cell cycle-regulating CDKs[7]. Interestingly, CDK9 is activated by complex 
formation with cyclin T and CDK7-mediated phosphorylation[7]. The CDK9/cyclin T 
complex is involved in transcription elongation processes and checkpoints leading into 
transcription termination[7]. Furthermore, CDK12 and CDK13 form complexes with cyclin 
K and have been implicated in transcription elongation and proper termination[7]. 
Specifically, both CDK12 and CDK13 have been shown to phosphorylate specific motifs 
within the RNAPII CTD and promote the transcription of a specific pool of genes, including 
proteins of the DDR[7]. In addition, CDK11/cyclin L complexes have been linked to 
regulate transcription and RNA splicing events, while also playing a role in receptor 
signaling pathways and autophagy[2].  

Finally, the other known CDKs exhibit rather unusual CDK activity. For instance, CDK5 
is a membrane-associated CDK and interacts with non-cyclin proteins[2]. CDK5 has been 
shown to be involved in several cellular mechanisms including transcription, 
differentiation, angiogenesis, and senescence[2]. While CDK14-18, in contrast, form 
complexes with a cyclin (cyclin Y), they were also found to be located at the plasma 
membrane, where they were shown to be associated with many signaling pathways; 
however, these functions are still poorly understood[2]. Similarly, CDK10 and CDK20 are 
rather understudied CDKs and have so far been linked to transcription events and cell cycle 
progression, respectively[2]. 

Given the essential role of CDKs in cell cycle progression and transcription, CDK activity 
has been thus shown to be involved in many cell functions in health and disease. For 
example, by promoting transcription of proinflammatory transcription factors, including 
NF-κB and STAT3, CDK activity was shown to affect inflammation[8]. Specifically, 
CDK2, 5, and 7 have been shown to promote the NF-κB pathway, while CDK9 was shown 
to be involved in many aspects of TNF-induced signaling cascades[8]. Surprisingly, the cell 
cycle-regulating CDKs, CDK4 and CDK6, were also associated with effects on 
proinflammatory gene expression[8]. That is, recent studies have shown that CDK6 is able 
to regulate transcription of its target proteins via kinase-independent mechanisms[9]. 
Consequently, CDK-mediated transcription regulation was shown to play an important role 
in infections, including virus-related diseases[10]. Finally, cell cycle-regulating CDKs are 
involved in the promotion of cell differentiation, especially in the context of immune cells 
and adaptive immunity[11], the development of pluripotent stem cells[12], ciliogenesis[13], as 
well as spermatogenesis[14].  

Interestingly, CDK5 has been specifically linked to several developmental mechanisms 
in neurons[15] and has been thus shown to be involved in pathoneurological conditions such 
as Alzheimer’s disease[16]. Another important role of CDKs has been found in the 
development of cancerous conditions as a result of their involvement in cell proliferation 
and transcription[17]. Consequently, many approaches have been developed to inhibit CDKs 
as potential targets for cancer therapy[18]. While first CDK inhibitors lacked in 
selectivity[18], some CDK family-selective CDK inhibitors have been approved for the 
treatment of cancer, e.g. CDK4/6 inhibitors for the treatment of hormone receptor-positive 
breast cancer[19].  
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6.1.2 CDK12 and CDK13 as Therapeutic Targets 

In the early 2000s, CDK12 and CDK13 (back then still referred to as CRKRS and CDC2L5, 
respectively) were discovered as regulators of the cell cycle[20,21]. However, functional 
studies showed that CDK12 and CDK13, in contrast to cell cycle-regulating CDKs, act as 
transcriptional orchestrators by targeting Ser2 at the RNAPII CTD[21]. CDK12 and CDK13 
were further initially believed to interact with cyclin L, which turned out to be a false 
assumption due to biased experimental set-ups[20]. Instead, cyclin K could be identified as 
the interaction partner of these CDKs[20]. Similarly, cyclin K was first believed to form 
complexes with CDK9, but later it was demonstrated that CDK9 actually forms complexes 
with cyclin T[20].  
 
Structural and Functional Characteristics of CDK12 and CDK13 
Co-crystal structures of CDK12 and CDK13 in complex with cyclin K have clarified the 
mechanism by which these CDKs regulate transcription[22-24] (Figure 6.1.6). As is common 
for transcriptional CDKs, CDK12 and CDK13 exhibit C-terminal extensions, which are 
associated with their ability to phosphorylate the CTD of RNAPII thus promoting 
transcriptional elongation[22,24]. Notably, the pattern formed by the electrostatic surface in 
this region is in perfect contrast to the negatively charged RNAPII CTD tail, allowing for 
optimal substrate binding as well as determining substrate specificity[22,24]. It was further 
shown that the flexibility of this extended loop is also responsible for the opening and 
closing of the ATP-binding pocket to ensure ATP binding and ADP release[23]. 
Interestingly, CDK12 and CDK13 show conserved loops forming additional cyclin 
interactions, which is in contrast to other transcriptional CDKs[23]. Cell cycle-regulating 
CDKs on the other hand show even stronger cyclin interactions, while also exhibiting a 
strong connection between the cyclin-binding site and their kinase active site[23]. This is 
commonly not the case for transcriptional CDKs, such as CDK9, which instead interact 
with other factors to regulate their kinase activity and is also not true for CDK12[23].  

In 2011, Blazek and coworkers could link CDK12/cyclin K and CDK13/cyclin K activity 
with the transcription of genes involved in DDR, including BRCA1 and ATR[25]. Further 
studies have indicated that CDK12 activity regulates transcription, as well as splicing 
events and polyadenylation or cleavage sites[26], while CDK12 targets have been shown to 
be involved in cellular stress responses, such as nuclear factor erythroid 2-related factor 2 
(Nrf2) target genes[27], cell proliferation and immune response via the NF-κB pathway[28], 
mitotic genome stability through promotion of mTORC1 activity[29], and G1/S-phase 
transition[30]. In contrast, little is reported about further targets of CDK13. Notably, some 
studies have indicated that inhibition of individual CDK12 or CDK13 activity resulted in 
changes in DDR gene transcription, while only dual inhibition of CDK12 and CDK13 also 
led to antiproliferative effects[31]. Interestingly, it was shown that CDK12 and CDK13 are 
involved in CDK5 expression and therefore neuronal development[32].  

CDK12 and CDK13 have consequently been shown to be involved in several diseases, 
especially cancer, including breast[33] and ovarian cancers[34]. In the past couple of years, 
CDK12 activity has been studied in various other oncological conditions, e.g. thyroid[35], 
prostate[36], and hepatocellular cancer[37], Ewing sarcoma[38], and others. Notably, low 
CDK12 levels were associated with late stage cancers and poor clinical outcomes in gastric 
cancer[39]. However, CDK12 has also been shown to have tumorigenic effects[40], which is 
thought to be due to its effects on both tumor suppressors and oncogenes, which leads to 
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an imbalance in case of loss in CDK12 activity as well as in case of its overactivation or 
overexpression[41].  The potential role for CDK12 in cancer development could also vary 
throughout the cancer cycle, in which loss of CDK12 increases genomic instability and 
could promote tumorigenesis in early stages of a cancer cell, while an increase in CDK12 
expression or gain-of-function mutations could lead to overexpression of oncogenes 
throughout the cancer cell development[42]. Consequently, several studies report CDK12 as 
an attractive target to treat cancers due to its effects on transcriptional and post-translational 
effects[43], especially regarding DDR genes[44]. 

 

 
 

Figure 6.1.6 | CDK12 and CDK13 in Complex with Cyclin K. A. Shown is the co-crystal 
structure of CDK12 (blue) in complex with cyclin K (red). The kinase is in its active conformation 
with bound ADP and including the phosphorylated T-loop moiety T893. Adapted from Bösken et 
al., Nat. Commun. 2014, 5, 3505[22].  B. Shown is the co-crystal structure of CDK13 (green) in 
complex with cyclin K (puder). The kinase is in its active conformation with bound 
ADP·AlF3·2Mg2+ and including the phosphorylated T-loop moiety T871. Adapted from 
Greifenberg et al., Cell Rep. 2016, 14 (2), 320-331[24].   
 
While CDK12 and CDK13 are thus attractive targets for the treatment of diseases such as 
cancer, at the start of this project, potent and selective CDK12 and CDK13 inhibitors were 
still needed to further investigate their potential as targets in tumor therapy as well as to 
further study their modes of action e.g., their effects on disease biology. 
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6.2 Publication D: Covalent targeting of remote cysteine residues to 
develop CDK12 and CDK13 inhibitors 
 
6.2.1 Specific Aims 

Since potent and selective CDK12/13 inhibitors were still missing at the start of this project, 
the aim was to develop a CDK12/13-selective inhibitor from the in-house CDK7/12/13-
targeting inhibitor THZ1. When joining these efforts, thorough medicinal chemistry efforts 
had yielded a CDK12/13-selective compound, THZ531. In order to further analyze this 
covalent CDK inhibitor, the goal was to develop and synthesize a biotin-labeled analog of 
the compound (bioTHZ531), which could be applied to investigate the cellular target 
engagement of the probe. In addition, first cellular characterizations of THZ531 target 
engagement were to be performed.  
 
6.2.2 Main Outcomes and Context  

In this study, the first CDK12/13-selective, covalent CDK inhibitor THZ531 is presented. 
Starting from the CDK7/12/13 inhibitor THZ1, rational design efforts were able to out-dial 
CDK7 binding of the compound, resulting in the CDK12/13-selective derivative THZ531. 
The covalent binding mode of the compound was demonstrated through co-crystallization 
with the CDK12/cyclin K complex. With the synthesis of a biotinylated THZ531 analog 
(bioTHZ531), it was possible to confirm covalent target engagement and selectivity 
towards CDK12/13 in the cellular context.  

After thorough characterization of the biochemical target inhibition effects and their 
kinetics, THZ531 was shown to cause apoptosis in Jurkat cells. It could further be 
confirmed that this effect was dependent on the covalent binding of CDK12 and CDK13 
by THZ531. Moreover, effects on transcription after THZ531 treatment were analyzed and 
could verify that CDK12/13 inhibition led to an increase in Ser2 phosphorylation in 
RNAPII CTD as well as an inhibition of transcription elongation. These effects negatively 
regulated several super enhancer-associated oncogenes and genes involved in the DDR. 

Notably, while the biotin-labeled THZ531 probe served as an essential tool to validate 
THZ531 as a selective and potent CDK12/13 inhibitor in cells, the synthetic and 
experimental work was performed as part of my “Diplom” thesis[45] (degree: Dipl.-Pharm.; 
comparable to a Master’s degree), while the majority of the analysis of the developed probe, 
including the publication of the work, were still ongoing at my graduation and finalized 
during the beginnings of my time as a Ph.D. student. Experimental descriptions of the 
synthetic route for the bioTHZ531 probe and cellular assays are given in the Methods 
section and the Supplementary Note. 
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6.2.3 Published Article 

The following peer-reviewed publication was originally published as: 
 
Covalent targeting of remote cysteine residues to develop 
CDK12 and CDK13 inhibitors 
 
Tinghu Zhang, Nicholas Kwiatkowski, Calla M. Olson, Sarah E. Dixon-Clarke, Brian J. 
Abraham, Ann K. Greifenberg, Scott B. Ficarro, Jonathan M. Elkins, Yanke Liang, Nancy 
M. Hannett, Theresa Manz, Mingfeng Hao, Bartlomiej Bartkowiak, Arno L. Greenleaf, 
Jarrod A. Marto, Matthias Geyer, Alex N. Bullock, Richard A. Young, Nathanael S. Gray. 
 
Nat. Chem. Biol. 2016, 12, 876-884. 
 
DOI: https://doi.org/10.1038/nchembio.2166 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
This article, including Supporting Information, was reproduced with kind permission from 
the journal Nature Chemical Biology © 2016, Springer Nature. 
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7 Novel Chemical Probes for the Study of the Peptidyl-prolyl 
Isomerase Pin1  
 
 
7.1 Introduction 
 
7.1.1 Determining Proteome-wide Selectivity of a Covalent Probe via a Novel 
Desthiobiotin-mediated Pulldown Technique 

Covalent protein binders, being equipped with a reactive, electrophilic warhead, are 
important chemical probes for the labeling and study of their targets and pose interesting 
starting points in the development of novel small molecule treatments for various diseases 
(see also Chapters 5 and 6). While the covalent binding of probes can generally increase 
their selectivity, e.g., by targeting a unique cysteine, the inherent reactivity of certain 
warheads can also lead to unintended binding effects within a cell. Thus, proteome-wide 
selectivity profiling of reactive probes is essential to uncover potential off-target activities.  

A novel approach for determining the cellular selectivity of covalent probes is the CITe-
Id technology, which was introduced by Browne et al. in 2019 and quantifies a probe’s 
proteome-wide cysteine reactivity using respective desthiobiotin-tagged probe analogs[1] 
(the biotin/desthiobiotin-streptavidin technology was already introduced in Chapter 5). Pre-
treatment of live cells or lysates with the unlabeled parent compound in a competition 
format further enables the differentiation of specific and non-specific labeling events[1]. In 
contrast to classical ABPP techniques (further described in Chapter 10), in which 
competition with promiscuous cysteine-reactive probes such as iodoacetamide-alkyne 
reflects the proteome-wide cysteine selectivity of covalent compounds, CITe-Id enriches 
for compound-specific binding sites, resulting in a more direct and simplified approach for 
profiling covalent protein binders[1].  

Figure 7.1.1 gives an overview of the general experimental set-up of a CITe-Id profiling. 
Cell lysates are treated with a compound of interest at varying doses, followed by addition 
of its respective desthiobiotin-labeled analog[1]. The samples are then subjected to tryptic 
digest and labeled protein fragments are enriched via streptavidin-mediated pulldown of 
the desthiobiotin-labeled target-probe complexes[1]. Using iTRAQ methods (see also 
Chapter 10), the different aliquots are further labeled with stable isotope reagents, which 
can then be analyzed by mass spectrometry[1]. Using this approach, the dose-dependent 
binding of the covalent parent compound for specific cysteine-thiols is determined and is 
used to differentiate between specific and non-specific binding effects[1]. 

Importantly, Browne and coworkers showed that the CITe-Id method was not only able 
to detect targets that are identified using other screening methods (including ABPP) but 
also that it revealed novel target proteins generally not identified with common ABPP 
techniques, highlighting the value of this method[1]. Moreover, due to the LC-MS/MS 
analysis step, which is also found among classical ABPP techniques, this approach can 
precisely pinpoint the labeled cysteine residues within the target proteins, which further 
helps to inform probe development and optimization purposes[1]. 
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Figure 7.1.1 | Example of the CITe-Id Workflowa. A. Overview of the CITe-Id experimental set-
up (here with the known kinase inhibitor THZ1 and its desthiobiotin analog, THZ1-DTB). In the 
first step, the parent compound (THZ1) was pre-incubated with aliquots of cell lysate (here: HeLa 
cells) at different concentrations. After addition and co-incubation with THZ1-DTB, the protein 
samples were trypsin digested, followed by a streptavidin-mediated pulldown of labeled protein 
fragments. Using the iTRAQ strategy, the resulting samples were labeled with isotope reagents 
consisting of varying isobaric tags, which label the N-termini and side chain amines of the peptides 
in the samples. Due to the differently labeled peptides, the samples of the different treatments can 
be combined and analyzed via mass spectrometry as one sample. B. The quantified read-outs are 
further analyzed in accordance with dose-response effects. 
a Adapted from Browne et al., J. Am. Chem. Soc. 2019, 141 (1), 191-203[1]. 
 
7.1.2 The Peptidyl-prolyl Isomerase Pin1 – A Key Regulator of Cellular Processes 

Peptidyl-prolyl isomerases (PPIases) catalyze the conformational switch between cis- and 
trans-isomers of peptidyl-prolyl peptide bonds[2,3] – a feature unique to proline (Pro) 
(Figure 7.1.2). This isomerization effect, which was first discovered in the 1980s, dictates 
protein folding processes and regulates the shape of native proteins[2]. There are three 
known families of PPIases, including the cyclophilins, the FK506-binding proteins 
(FKBPs), and the parvulins[2].  
 
The Unique Case of Never-in-Mitosis (NIMA)-interacting Peptidyl-prolyl cis-trans 
Isomerase 1 (Pin1)  
While cyclophilins and FKBPs typically form multidomain complexes, parvulins generally 
consist of only one catalytic PPIase domain[2], resulting in relatively small-sized proteins, 
which is the origin of their name (from Latin “parvulus”, meaning “tiny”)[3]. In the 1990s, 
a variety of parvulins were identified, including the yeast and human analogs Ess1 
(essential protein 1) and Pin1, respectively[3]. Generally, Pin1 is found in all human tissues 
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at low levels, but is mainly expressed in the brain[3]. Intracellularly, Pin1 is normally 
localized in the nucleus, though in the context of certain cancers, Pin1 can also be found in 
the cytoplasm[3]. In addition, two more human parvulins, Par14 and Par17 (reflecting their 
sizes of 14 and 17 kDa, respectively), were identified, though they differ from Pin1 
(~18 kDa[4]) in their substrate specificity as well as catalytic activity[3]. 
 

 
 
Figure 7.1.2 | Function of Peptidyl-prolyl Isomerases. PPIases catalyze the transitioning between 
the cis/trans-state of a prolyl moiety within a peptide bond. Taken from Matena et al., Biol. Chem. 
2018, 399 (2), 101-125[3]. 

 
Pin1 (Figure 7.1.3) has unique substrate-recognition specificity, being the only PPIase that 
acts on phosphorylated Ser/Thr-Pro motifs, thereby connecting kinase activity with PPIase 
function[5]. This selectivity for phosphorylated substrates is in part determined by Pin1’s 
WW domain (derived from “Wechselwirkung”, the German word for “interaction”), which 
mediates phosphate binding via a specific arginine residue[2]. The WW domain is linked to 
the C-terminal PPIase domain via a flexible linker region forming the catalytic cleft, which 
is structurally conserved among human parvulins[3]. The catalytic cleft is composed of 
hydrophobic amino acids, such as leucine, methionine, phenylalanine, and isoleucine, 
which make up the prolyl-binding pocket, as well as charged and polar residues, which 
interact with the phosphorylated serine or threonine residue of Pin1’s endogenous 
substrates[3]. The active site also contains a cysteine (Cys) residue, Cys113, which is unique 
to Pin1[3] (Figure 7.1.4).  

The catalytic activity of Pin1 (and human parvulins in general) was originally thought to 
be mediated by a covalent mechanism, here, via nucleophilic attack of the catalytic Cys113, 
to form a tetrahedral intermediate[3]. However, a non-covalent theory, in which the negative 
charge of the cysteine stabilizes the sp2-character of the peptide carbonyl, thus supporting 
the sp3-hybridization of the amide bond and enabling the rotation of the substrate peptide 
bond, was recently confirmed[3]. This mechanism also explains why parvulins can tolerate 
substitution of the cysteine for an aspartate residue[3]. Notably, besides Cys113, His59, 
Ser154, and His157 also support the catalytic mechanism by forming a defined hydrogen-
bonding network[7]. 
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Figure 7.1.3 | Structure of Human Pin1. The PPIase and WW domains of the human peptidyl-
prolyl isomerase Pin1 are connected via a flexible linker (red). Residues within the WW domain 
determine substrate specificity of the isomerase (magenta sticks) or facilitate domain-domain 
binding (cyan sticks). Catalytic and substrate-directing moieties (green sticks) are found within the 
PPIase domain. Residues depicted in gray sticks coordinate the formation of the domain-domain 
interface. Taken from Olsson et al., Structure 2016, 24 (9), 1464-1475[6]. 
 

 
 
Figure 7.1.4 | Surface Charges of the Human Parvulin Pin1. The surface charges of the crystal 
structure of Pin1 (with a bound substrate; not shown in this graphic) are depicted as blue for 
positively charged and red for negatively charged areas. Neutral surface structures are shown in 
gray. Adapted from Matena et al., Biol. Chem. 2018, 399 (2), 101-125[3]. 
 
As a key regulator of proline-directed phosphorylation signaling networks, Pin1’s activity, 
stability, and localization are in turn regulated by various post-translational modifications 
including phosphorylation, oxidation, acetylation, ubiquitination, and SUMOylation 
(SUMO stands for “small ubiquitin-like modifiers”)[7] (Figure 7.1.5). Interestingly, a single 
modification can lead to a vast variety of effects. For example, while the phosphorylation 
of Ser16 by protein kinase A (PKA) reduces Pin1’s ability to bind certain substrates and 
thereby inhibits cell cycle progression, in a different context, Ser16 phosphorylation 
mediated by the cancer Osaka thyroid (COT) kinase increases Pin1’s ability to bind other 
substrates, which ultimately results in increased cyclin D1 levels and elevated 
tumorigenesis[7]. These findings highlight the complexity of this regulatory system, which 
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orchestrates Pin1 function and is highly dependent on enzyme localization, cell type, and 
cell signaling networks[7].  
 

 
 
Figure 7.1.5 | Post-translational Modifications of Pin1. Pin1 activity is directed by a variety of 
different post-translational modifications including phosphorylation, SUMOylation, acetylation, 
and oxidation. Given are some examples of enzymes that regulate Pin1 activity, either having a 
positive (green) or negative (red) effect on Pin1 function. Taken from Chen et al., Front. Cell Dev. 
Biol. 2020, 8, 179[7]. 
 
Pin1 Function in Health and Disease 
Given the abundance of proline-adjacent Ser/Thr-motifs in proteins and the importance of 
proline-directed kinases and phosphatases, including CDKs, ERKs, Jun-N-terminal kinases 
(JNKs), PP2A, and others, Pin1 provides another layer of regulation for numerous 
phosphoproteins[8,9]. Pin1-mediated conformational changes in substrate proteins have 
been linked to several cellular effects such as cell cycle progression, stress and immune 
responses, as well as germ and neuronal cell development[8]. Consequently, deregulation of 
Pin1 has been implicated in a variety of related pathological conditions, including aging, 
asthma, infectious diseases, neurodegenerative conditions, and cancer[8].  

As Pin1 was originally identified by its affinity for the essential mitotic kinase NIMA, 
thus controlling entry into mitosis in Aspergillus nidulans, the potential role of Pin1 in 
regulating cell cycle progression has thus been investigated[4]. In fact, several Pin1 
substrates involved in the G2-M phase transition have been identified[10]. For example, 
GSK3β activity promotes hBora function in G2[10]. hBora in turn activates Aurora A, which 
stimulates PLK1 to activate the phosphatase CDC25, ultimately leading to activation of the 
cyclin-B/CDK1 complex and mitotic entry[10]. Pin1 regulates multiple nodes within this 
pathway; for instance, by facilitating hBora degradation, and by directly inhibiting CDC25 
function[10]. Within the G2 phase, activated Aurora A leads to Pin1 inactivation via 
phosphorylation, which facilitates cell cycle progression[10]. Furthermore, Pin1-mediated 
inhibition of Wee1 kinase, a negative regulator of CDK1 function, promotes mitotic 
entry[10]. 

In addition to its role in the G2-M phase transition, Pin1 also regulates the G1-S phase 
transition[10]. For example, Pin1 activates and stabilizes cyclin D1, which is required for 
progression through G1[10]. Furthermore, Pin1 inactivates proteins that block cell cycle 
progression, such as the Rb protein, which binds and inhibits E2F to prevent the G1-S phase 
transition, and p27, a CDK2 inhibitor[10]. Notably, Pin1 also stabilizes p53 expression by 
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disrupting its interaction with the E3 ligase MDM2, therefore initiating cell cycle arrest or 
apoptosis[10].  

Besides its role in controlling cell cycle progression, Pin1 also regulates transcription by 
affecting the localization, stability, and DNA-binding ability/affinity of transcription 
factors such as cyclin D1, β-catenin, NF-κB, the nuclear factor of activated T cells (NF-
AT), Notch1, c-MYC, p53, and c-Jun[11]. Furthermore, Pin1 directly binds and isomerizes 
several motifs within the RNAPII CTD to regulate RNAPII activity during transcription 
initiation, elongation, and termination[12]. It has further been shown that Pin1 activity 
affects histone function[12] and is able to directly influence mRNA stability[13]. In summary, 
these findings highlight that Pin1 regulates multiple aspects of transcription. 

Furthermore, Pin1 was found to play a role in metabolism[14]. For instance, it was shown 
that Pin1 promotes insulin signaling through its interaction with insulin receptor substrate 
1 (IRS-1), leading to the activation of the PI3K/Akt pathway and ultimately to an increase 
in glucose uptake, for example in liver cells[14]. Interestingly, by activating JNK and S6 
kinase (S6K), which inhibit IRS-1 activity, Pin1 also triggers insulin resistance under high-
stress conditions[14]. Recent studies further implicated Pin1 function in promoting insulin 
secretion and the proliferation of pancreatic β-cells[15]. Moreover, some studies indicate 
that Pin1 is also involved in the regulation of gluconeogenesis to balance glucose levels in 
cell states under nutrient-deprived conditions as well as in adipogenesis through its 
interaction with peroxisome proliferator activated receptor γ (PPARγ) and AMPK[14]. 
Recently, it was shown that Pin1 facilitates degradation of the PR domain 16 (PRDM16) 
protein in adipocytes, which results in the downregulation of non-shivering 
thermogenesis[16]. 

Over the past decade, other tissue-specific effects of Pin1 have been described. In muscle 
cells, Pin1 was found to be involved in myogenesis and muscle regeneration processes by 
interacting with Smad3, a key player in regulating myoblast differentiation and fusion[17]. 
Through regulation of Smads, NF-κB, Wnt, TGF-β, and others, Pin1 orchestrates bone cell 
development and balances osteoclastogenesis as well as osteoblastogenesis[18]. Pin1 further 
facilitates spermatogenesis by promoting cell cycle progression[19].  

Certain tissue-specific Pin1 activities have been associated with pathological events. For 
example, increased Pin1 expression in the myocardium as a result of cardiac injury, e.g. 
caused by increased pressure on the heart muscle, is connected to hypertrophy and is linked 
to Pin1’s activating effects on Akt and MEK[20]. Furthermore, Pin1 was shown to be 
involved in hyperglycemia-mediated cardiovascular dysfunctions[21] and the development 
of atherosclerosis through regulation of NF-κB[22]. Pin1’s function in regulating 
metabolism further suggests a role for Pin1 in facilitating the development of type 2 
diabetes mellitus[15] as well as high-fat diet-induced obesity and non-alcoholic 
steatohepatitis[16,23]. In contrast, in neurodegenerative conditions such as Alzheimer’s 
disease (AD), studies have implicated Pin1 as a key player in sustaining tau function and 
preventing tau aggregation, while also regulating GSK3β-induced Aβ-secretion, two 
essential processes that are dysregulated in AD[24]. Thus, reduced levels of functional Pin1 
in the brain are associated with the development of AD[23]. Similarly, insufficient Pin1 
activity in bone tissue is linked to osteoporosis[18].  

Pin1 also regulates the immune system. For example, in dendritic cells, Pin1 affects CD8 
(cluster of differentiation 8 antigen) expression and therefore the innate immune 
response[25]. Upregulated Pin1 function is thus associated with the development of systemic 
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lupus erythematosus, a severe autoimmune disease[26], asthma, and allergies[27]. In the 
context of viral infections, including feline coronaviruses[28], the human 
cytomegalovirus[29], and hepatitis B[30], Pin1 was found to facilitate viral replication. 
Another recent study suggests that Pin1 plays an essential role in lipopolysaccharide (LPS)-
mediated activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in 
neutrophils, causing pathogen-induced inflammation, which can develop into sepsis[31].  

Finally, a lot of research has been dedicated to investigate Pin1’s role in the development 
and severity of cancers such as breast[32-34], cervical[35], ovary[36], and prostate cancer[37], 
brain tumors[38,39], gastric[40], colorectal[41], pancreatic[42,43], and hepatocellular 
carcinoma[44,45], B-cell lymphoma[46], melanoma[47,48], and others. In cancer, Pin1 is often 
overexpressed[49] and localized in both the cytoplasm and the nucleus, which is generally 
linked with a poor clinical prognosis[41,47,49]. In addition, several activating PIN1 mutations 
are associated with a higher risk of developing cancer, while other mutations, leading to 
reduced cellular Pin1 levels, are correlated with lower cancer risk[49]. Even though these 
studies suggest that Pin1 is an oncogene, other studies show that Pin1 can also act as a 
tumor suppressor depending on the cell type and state[49]. 
 

 
 
Figure 7.1.6 | Pin1 and Its Role in Cancer. An overview of important Pin1 protein targets involved 
in either tumor promoting (dark orange) or tumor suppressing (blue) functions is shown. Some 
examples of reported Pin1 inhibitors are listed in the green box. As Pin1 mainly acts to activate 
oncogenes and to inactivate tumor suppressors, Pin1 activity facilitates cancer development. Taken 
from Yu et al., Front. Cell Dev. Biol. 2020, 8, 120[54]. 
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Taken together, Pin1 orchestrates diverse cellular functions ranging from metabolism to 
regulation of numerous transcription factors, kinases, phosphatases, E3 ligases, nuclear 
receptors, and other proteins[50]. Therefore, Pin1 hyperactivation leads to an imbalance in 
these signaling pathways, which is often associated with the development of cancer and 
metastasis[51] (Figure 7.1.6). By simultaneously promoting the effects of several oncogenes 
and silencing tumor suppressor functions, overexpression of Pin1 drives oncogenesis, e.g. 
by controlling cell cycle events, cellular growth, apoptosis, protein transcription, and 
various cellular signaling pathways[50]. Transcription of Pin1 is predominantly activated by 
the E2F and Notch proteins, and its expression and function are further regulated by several 
miRNAs and post-translational mechanisms, respectively, as described above[52]. 
Consequently, while Pin1 expression and function are tightly regulated by a complex 
network of events, cancer-characteristic triggers, including cellular stress signals as well as 
hormonal and nutrient stimuli, can promote Pin1 expression and hyperactivation, which in 
turn facilitates differentiation of a cell towards a cancerous state[53].  
 

 
 
Figure 7.1.7 | Regulation and Function of Pin1. Pin1 regulates a variety of cellular processes via 
its effects on PPIs, protein transcription, post-translational modifications, as well as protein stability 
and localization of its target proteins. Several hormonal, nutrient, and cell stress signals induce Pin1 
activity, which is further directed by Ser/Thr-Pro-directed kinase function. Ultimately, Pin1 was 
found to be involved in several cellular mechanisms, such as aging, metabolic reprogramming, 
differentiation, proliferation, and cell cycle function. Taken from Zannini et al., Front. Oncol. 2019, 
9, 94[53]. 
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As many of the aforementioned cellular mechanisms and Pin1 targets were summarized in 
previous chapters on cancer (Chapter 5) and considering the multitude of cellular pathways 
affected by Pin1 function (Figure 7.1.7), it is clear that Pin1 poses a highly interesting target 
for the treatment of a variety of diseases, including cancer. In particular, given Pin1’s ability 
to direct “non-druggable” targets such as transcription factors, a Pin1 inhibitor could enable 
regulation of these targets that are classically difficult to modulate with small molecules[51]. 
Furthermore, Pin1 knockdown reduces cancer growth in mice, and Pin1 knockout mice 
have been shown to be resistant to tumorigenesis[51]. These studies, combined with Pin1’s 
function in angiogenesis and metastasis, suggest that Pin1 inhibitors could prevent tumor 
initiation[54]. Notably, Pin1-/- mice develop normally, suggesting that a Pin1 inhibitor might 
have minimal toxicity, which is in contrast to the majority of anti-tumor treatments[51].  

In summary, Pin1 is a master regulator of various cellular mechanisms by orchestrating 
the function, localization, and stability of its target proteins. Given Pin1’s ability to 
intervene in multiple stages of the same pathway as well as its own regulation via 
translational and post-translational modifications, Pin1’s effects could be extremely 
context- and cell line-dependent, which further adds to the complexity of studying this 
unique isomerase. However, its hyperactivation in diseases such as cancer, makes it an 
attractive target for the development of small molecule inhibitors as novel therapeutics.  
 
Small Molecule Pin1 Inhibitors – An Overview 
The first small molecule inhibitor of Pin1 was reported by Hennig and coworkers in 
1998[55]. The group identified the small, covalent natural product juglone during a screen 
of inhibitors of bacterial parvulins[55]. However, juglone is highly promiscuous and 
covalently labels active-site cysteines in many other proteins, which makes it not suitable 
for use as an informative Pin1 probe[51]. In the following years, substrate-based strategies 
enabled the design of potentially more selective Pin1 inhibitors, yielding a series of 
phosphorylated or carboxylated, reversible Pin1 inhibitors, predominantly 
peptidomimetics[56]. One of the most potent of these early competitive Pin1 inhibitors was 
pTide, with a biochemical IC50 value of 1.2 nM[51,57]. However, due to the charged 
phosphate or carboxylate functions of these and other potent Pin1 inhibitors, they are not 
cell-permeable and therefore their potent biochemical activity does not translate into 
cells[51]. As a result, some octaarginine-decorated cyclic peptide analogs were developed 
and showed some antiproliferative activity in breast cancer cells[58]. Moreover, PiB – 
another reversible but non-phosphorylated isomerase inhibitor – was found in a low-
throughput screen and was shown to target human parvulins with a biochemical IC50 value 
of ~1.5 µM[59]. However, PiB exhibited equivalent antiproliferative activity in Pin1 wild-
type and Pin1-/- cells[59], highlighting its off-target effects.  

It was further reported that the natural product epigallo-catechin-3-gallate (EGCG) also 
targets Pin1[51]. However, besides its weak inhibitory activity with a biochemical IC50 value 
of 22 µM, EGCG is also highly promiscuous[51]. In addition, all-trans retinoic acid (ATRA) 
has been shown to inhibit Pin1 and lead to its degradation; however, its therapeutic efficacy 
in patients with leukemia points to a multi-targeted mechanism, in particular through its 
activity against the retinoic acid receptors (RARs)[60]. Similarly, a recent study suggests 
that arsenic trioxide causes inhibition and degradation of Pin1; however, this compound is 
also highly promiscuous and exhibits toxicity at high doses[61]. 
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In 2017, Campaner et al. identified another covalent Pin1 inhibitor, KPT-6566, via a high-
throughput screen[62]. While the compound showed growth inhibition in wild-type cells, 
these effects were rescued in Pin1 knock-out cells[61]. Interestingly, the group proposed a 
unique mechanism for KPT-6566, in which the compound covalently labels Pin1, releasing 
a DNA-damaging agent that then leads to cytotoxic effects[62]. More recently, 4,6-
bis(benzyloxy)-3-phenylbenzofuran-based[63] as well as dibenzothiophene-based[64] 
scaffolds have been investigated as potential, reversible Pin1 inhibitors, showing 
antiproliferative activity in cancer cells; however, the selectivity of these compounds for 
Pin1 was not demonstrated[63,64].  

Figure 7.1.8 shows the structure of the Pin1 inhibitor scaffolds discussed in this chapter. 
In summary, while there have been many medicinal chemistry campaigns to develop potent 
Pin1 inhibitors, most of the reported scaffolds are either not potent, show no selectivity for 
Pin1, or are not cell-permeable. These findings demonstrate the difficulty in designing a 
suitable Pin1 inhibitor, potentially due to the shallow binding pocket and the highly charged 
phosphate-binding residues within Pin1’s active site. Notably, while none of the reported 
Pin1 inhibitors exhibits suitable properties to be used as a probe to interrogate Pin1 function 
in cells or in vivo, many have been used as such in the past, likely leading to biased findings 
regarding Pin1 function and the effect of small molecule-based Pin1 inhibition in health 
and disease. 
 

 
 
Figure 7.1.8 | Reported Pin1 Inhibitors. Overview of selected Pin1 inhibitor scaffolds mentioned 
in this chapter. 
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7.2 Publication E: Identification of a potent and selective covalent Pin1 
inhibitor 
 
7.2.1 Specific Aims 

Starting from the reported peptide-based Pin1 inhibitor pTide, thorough lab-intern SAR 
studies led to the development of BJP-06-005-3, a potent and cell-permeable Pin1 inhibitor. 
When joining this project, the main aim was to support the chemistry and cell-biological 
characterization efforts.  
 
7.2.2 Main Outcomes and Context  

The presented study reports the development and characterization of the first potent, highly 
selective, and cell-permeable Pin1 inhibitor. BJP-06-005-3 was developed from the nM 
Pin1 modulator pTide, which was the first reported potent, biochemical Pin1 inhibitor. 
However, like many other Pin1-targeting compounds, pTide is equipped with a phosphate 
moiety to target the charged phosphate-binding site of the PPIase domain of Pin1 and it 
therefore is cell-impermeable. After extensive SAR studies and iterative optimization, BJP-
06-005-3 was obtained not only as an improved non-phosphorylated Pin1 binder but also 
as a covalent modulator of the isomerase, specifically targeting C113. 

Thorough characterization of the probe via mass spectrometric analysis and co-
crystallization confirmed the covalent binding mode of the inhibitor. A desthiobiotin-
labeled analog of BJP-06-005-3 (BJP-DTB) was further used to confirm the selectivity of 
the covalent probe by using the novel CITe-Id technology, showing that Pin1’s C113 is the 
only dose-dependently labeled cysteine in HEK293 cell lysate samples. BJP-DTB was also 
highly useful in tracking cellular target engagement of BJP-06-005-3 using streptavidin 
bead-based pulldown assays. 

Lastly, the consequences of Pin1 loss in pancreatic ductal adenocarcinoma (PDAC) were 
investigated. Genetic studies were performed to interrogate the phenotype of Pin1 
overexpression, knockout, and mutation. NIH/3T3 cells were transduced with doxycycline 
(dox)-inducible Pin1; dox treatment successfully induced Pin1 overexpression and 
promoted cell transformation in the context of a KRASG12V oncoprotein. It was further 
noted that Pin1-/- PATU 8988T cells showed a significant reduction in their growth rate as 
compared to Pin1 wild-type cells. Pin1 mutants with impaired catalytic activity, including 
W34A (WW domain), K63A (PPIase domain), and C113S (PPIase domain), all led to the 
same reduced cell growth phenotype as the knockout cell line. Similarly, long-term BJP-
06-005-3 treatment in PATU 8988T cells led to time-dependent growth defects in a Pin1-
dependent manner and was synergistic with KRASG12V loss. BJP-06-005-3’s mode of 
action was further analyzed and was linked to Pin1’s effects on cell cycle progression.  

In summary, the study presents the development and characterization of a high-quality 
chemical probe to interrogate Pin1 function in cellulo and provides evidence of the 
therapeutic potential of Pin1 inhibition in PDAC. The presented work underlies the 
importance and necessity of high-quality, well-characterized probes for the study of 
biological targets, and demonstrates another important application of desthiobiotin-labeled 
probes, here, using CITe-Id, which was critical in characterizing the proteome-wide 
selectivity of BJP-06-005-3. 
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Methods for cellular assays are found at the end of the article. Information regarding the 
chemical synthesis is provided in the Supplementary Information. 
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7.2.3 Published Article 

The following peer-reviewed publication was originally published as: 
 
Identification of a potent and selective covalent Pin1 inhibitor 
 
Benika J. Pinch, Zainab M. Doctor, Behnam Nabet, Christopher M. Browne, Hyuk-Soo 
Seo, Mikaela L. Mohardt, Shingo Kozono, Xiaolan Lian, Theresa D. Manz, Yujin Chun, 
Shin Kibe, Daniel Zaidman, Dina Daitchman, Zoe C. Yeoh, Nicholas E. Vangos, Ezekiel 
A. Geffken, Li Tan, Scott B. Ficarro, Nir London, Jarrod A. Marto, Stephen Buratowksi, 
Sirano Dhe-Paganon, Xiao Zhen Zhou, Kun Ping Lu and Nathanael S. Gray. 
 
Nat. Chem. Biol. 2020, 16 (9), 979-987. 
 
DOI: https://doi.org/10.1038/s41589-020-0550-9  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
This article, including Supporting Information, was reproduced with kind permission from 
the journal Nature Chemical Biology © 2020, Springer Nature. 



 

- 297 - 

       



 

- 298 - 
 

     



 

- 299 - 

       



 

- 300 - 
 

     



 

- 301 - 

       



 

- 302 - 
 

     



 

- 303 - 

       



 

- 304 - 
 

     



 

- 305 - 

       



 

- 306 - 
 

     



 

- 307 - 

       



 

- 308 - 
 

    



 

- 309 - 

       



 

- 310 - 
 

           
 



 

- 311 - 

             
 



 

- 312 - 
 

         
 



 

- 313 - 

        



 

- 314 - 
 

 
 



 

- 315 - 

 
 



 

- 316 - 
 

 
 



 

- 317 - 

 
 



 

- 318 - 
 

 
 



 

- 319 - 

 
 



 

- 320 - 
 

 
 



 

- 321 - 

 
 



 

- 322 - 
 

 
 



 

- 323 - 

 
 



 

- 324 - 
 

 
 



 

- 325 - 

 
 



 

- 326 - 
 

 
 



 

- 327 - 

 
 



 

- 328 - 
 

 
 



 

- 329 - 

 
 



 

- 330 - 
 

 
 



 

- 331 - 

 
 



 

- 332 - 
 

 
 



 

- 333 - 

 
 



 

- 334 - 
 

 
 



 

- 335 - 

 
 



 

- 336 - 
 

 
 



 

- 337 - 

 
 



 

- 338 - 
 

 
 



 

- 339 - 

 
 



 

- 340 - 
 

 
 



 

- 341 - 

 
 



 

- 342 - 
 

 
 



 

- 343 - 

 
 



 

- 344 - 
 

 
 



 

- 345 - 

 
 



 

- 346 - 
 

 
 



 

- 347 - 

 
 



 

- 348 - 
 

 
 



 

- 349 - 

 
 



 

- 350 - 
 

 
 



 

- 351 - 

 
 



 

- 352 - 
 

 
 



 

- 353 - 

 
 



 

- 354 - 
 

 
 



 

- 355 - 

 
 



 

- 356 - 
 

 
 



 

- 357 - 

 
 



 

- 358 - 
 

 
 



 

- 359 - 

 
 



 

- 360 - 
 

 
 



 

- 361 - 

 
 



 

- 362 - 
 

 
 



 

- 363 - 

 
 



 

- 364 - 
 

 
 



 

- 365 - 

 
 



 

- 366 - 
 

 
 



 

- 367 - 

 
 



 

- 368 - 
 

 
 



 

- 369 - 

 
 



 

- 370 - 
 

 
 



 

- 371 - 

 
 



 

- 372 - 
 

 
 



 

- 373 - 

 
 



 

- 374 - 
 

 
 



 

- 375 - 

 
 



 

- 376 - 
 

 
 



7 Novel Chemical Probes for the Study of the Peptidylprolyl Isomerase Pin1 

- 377 - 

7.3 References 
 

[1] Browne, C. M.; Jiang, B.; Ficarro, S. B.; Doctor, Z. M.; Johnson, J. L.; Card, J. D.; Sivakumaren, S. C.; 
Alexander, W. M.; Yaron, T. M.; Murphy, C. J.; Kwiatkowski, N. P.; Zhang, T.; Cantley, L. C.; Gray, N. 
S.; Marto, J. A. A Chemoproteomic Strategy for Direct and Proteome-Wide Covalent Inhibitor Target-Site 
Identification. J. Am. Chem. Soc. 2019, 141 (1), 191-203. 

[2] Schiene-Fischer, C. Multidomain Peptidyl Prolyl cis/trans Isomerases. Biochim. Biophys. Acta 2015, 
1850 (10), 2005-2016. 

[3] Matena, A.; Rehic, E.; Hönig, D.; Kamba, B.; Bayer, P. Structure and function of the human parvulins 
Pin1 and Par14/17. Biol. Chem. 2018, 399 (2), 101-125. 

[4] Lu, P. K.; Hanes, S. D.; Hunter, T. A human peptidyl-prolyl isomerase essential for regulation of mitosis. 
Nature 1996, 380 (6574), 544-547. 

[5] Ranganathan, R.; Lu, K. P.; Hunter, T.; Noel, J. P. Structural and Functional Analysis of the Mitotic 
Rotamase Pin1 Suggests Substrate Recognition Is Phosphorylation Dependent. Cell 1997, 89 (6), 875-886. 

[6] Olsson, S.; Strotz, D.; Vögeli, B.; Riek, R.; Cavalli, A. The Dynamic Basis for Signal Propagation in 
Human Pin1-WW. Structure 2016, 24 (9), 1464-1475. 

[7] Chen, D.; Wang, L.; Lee, T. H. Post-translational Modifications of the Peptidyl-Prolyl Isomerase Pin1. 
Front. Cell Dev. Biol. 2020, 8, 129. 

[8] Lu, K. P.; Zhou, X. Z. The prolyl isomerase PIN1: a pivotal new twist in phosphorylation signalling and 
disease. Nat. Rev. Mol. Cell Biol. 2007, 8 (11), 904-916. 

[9] Litchfield, D. W.; Shilton, B. H.; Brandl, C. J.; Gyenis, L. Pin1: Intimate involvement with the regulatory 
protein kinase networks in the global phosphorylation landscape. Biochim. Biophys. Acta 2015, 1850 (10), 
2077-2086. 

[10] Lin, C.-H.; Li, H.-Y.; Lee, Y.-C.; Calkins, M. J.; Lee, K.-H.; Yang, C.-N.; Lu, P.-J. Landscape of Pin1 
in the cell cycle. Exp. Biol. Med. 2015, 240 (3), 403-408. 

[11] Hanes, S. D. Prolyl isomerases in gene transcription. Biochim. Biophys. Acta 2015, 1850 (10), 2017-
2034. 

[12] Hu, X.; Chen, L.-F. Pinning Down the Transcription: A Role for Peptidyl-Prolyl cis-trans Isomerase 
Pin1 in Gene Expression. Front. Cell Dev. Biol. 2020, 8, 179. 

[13] Thapar, R. Roles of Prolyl Isomerases in RNA-Mediated Gene Expression. Biomolecules 2015, 5 (2), 
974-999. 

[14] Nakatsu, Y.; Matsunaga, Y.; Yamamotoya, T.; Ueda, K.; Inoue, Y.; Mori, K.; Sakoda, H.; Fujishiro, M.; 
Ono, H.; Kushiyama, A.; Asano, T. Physiological and Pathogenic Roles of Prolyl isomerase Pin1 in 
Metabolic Regulations via Multiple Signal Transduction Pathway Modulations. Int. J. Mol. Sci. 2016, 17 
(9), 1495. 

[15] Nakatsu, Y.; Mori, K.; Matsunaga, Y.; Yamamotoya, T.; Ueda, K.; Inoue, Y.; Mitsuzaki-Miyoshi, K.; 
Sakoda, H.; Fujishiro, M.; Yamaguchi, S.; Kushiyama, A.; Ono, H.; Ishihara, H.; Asano, T. The prolyl 
isomerase Pin1 increases β-cell proliferation and enhances insulin secretion. J. Biol. Chem. 2017, 292 (28), 
11886-11895. 

[16] Nakatsu, Y.; Matsunaga, Y.; Yamamotoya, T.; Ueda, K.; Inoue, M.-k.; Mizuno, Y.; Nakanishi, M.; 
Sano, T.; Yamawaki, Y.; Kushiyama, A.; Sakoda, H.; Fujishiro, M.; Ryo, A.; Ono, H.; Minamino, T.; 
Takahashi, S.-I.; Ohno, H.; Yoneda, M.; Takahashi, K.; Ishihara, H.; Katagiri, H.; Nishimura, F.; 
Kanematsu, T.; Yamada, T.; Asano, T. Prolyl Isomerase Pin1 Suppresses Thermogenic Programs in 
Adipocytes by Promoting Degradation of Transcriptional Co-activator PRDM16. Cell Rep. 2019, 26 (12), 
3221-3230.e3. 



 II PUBLICATIONS 

- 378 - 
 

[17] Islam, R.; Yoon, H.; Shin, H.-R.; Bae, H.-S.; Kim, B.-S.; Yoon, W.-J.; Woo, K.-M.; Baek, J.-H.; Lee, 
Y.-S.; Ryoo, H.-M. Peptidyl-prolyl cis-trans isomerase NIMA interacting 1 regulates skeletal muscle fusion 
through structural modification of Smad3 in the linker region. J. Cell. Physiol. 2018, 233 (12), 9390-9403. 

[18] Islam, R.; Yoon, W.-J.; Ryoo, H.-M. Pin1, the Master Orchestrator of Bone Cell Differentiation. J. Cell. 
Physiol. 2017, 232 (9), 2339-2347. 

[19] Kurita-Suzuki, A.; Kamo, Y.; Uchida, C.; Tanemura, K.; Hara, K.; Uchida, T. Prolyl isomerase Pin1 is 
required sperm production by promoting mitosis progression of spermatogonial stem cells. Biochem. 
Biophys. Res. Commun. 2018, 497 (1), 388-393. 

[20] Hariharan, N.; Sussman, M. A. Pin1: A Molecular Orchestrator in the Heart. Trends Cardiovasc. Med. 
2014, 24 (6), 256-262. 

[21] Wang, J.-Z.; Liu, G.-J.; Li, Z.-Y.; Wang, X.-H. Pin1 in cardiovascular dysfunction: A potential double-
edge role. Int. J. Cardiol. 2016, 212, 280-283. 

[22] Liu, M.; Yu, P.; Jiang, H.; Yang, X.; Zhao, J.; Zou, Y.; Ge, J. The Essential Role of Pin1 via NF-κB 
Signaling in Vascular Inflammation and Atherosclerosis in ApoE-/- Mice. Int. J. Mol. Sci. 2017, 18 (3), 644. 

[23] Inoue, M.-K.; Nakatsu, Y.; Yamamotoya, T.; Hasei, S.; Kanamoto, M.; Naitou, M.; Matsunaga, Y.; 
Sakoda, H.; Fujishiro, M.; Ono, H.; Kushiyama, A.; Asano, T. Pin1 Plays Essential Roles in NASH 
Development by Modulating Multiple Target Proteins. Cells 2019, 8 (12) 1545. 

[24] Wang, L.; Zhou, Y.; Chen, D.; Lee, T. H. Peptidyl-Prolyl Cis/Trans Isomerase Pin1 an Alzheimer’s 
Disease. Front. Cell Dev. Biol. 2020, 8, 355. 

[25] Barberi, T. J.; Dunkle, A.; He, Y.-W.; Racioppi, L.; Means, A. R. The Prolyl Isomerase Pin1 Modulates 
Development of CD8+ cDC in Mice. PLoS One 2012, 7 (1), e29808. 

[26] Wei, S.; Yoshida, N.; Finn, G.; Kozono, S.; Nechama, M.; Kyttaris, V. C.; Zhou, X. Z.; Tsokos, G. C.; 
Lu, K. P. Pin1-Targeted Therapy for Systemic Lupus Erythematosus. Arthritis Rheumatol. 2016, 68 (10), 
2503-2513. 

[27] Shen, Z.-J.; Malter, J. S. Eosinophils, Pin1 and the Response to Respiratory Viral Infection and Allergic 
Stimuli. Crit. Rev. Immunol. 2019, 39 (2), 135-149. 

[28] Tanaka, Y.; Amano, A.; Morisaki, M.; Sato, Y.; Sasaki, T. Cellular peptidyl-prolyl cis/trans isomerase 
Pin1 facilitates replication of feline coronavirus. Antiviral Res. 2016, 126, 1-7. 

[29] Schütz, M.; Thomas, M.; Wangen, C.; Wagner, S.; Rauschert, L.; Errerd, T.; Kießling, M.; Sticht, H.; 
Milbradt, J.; Marschall, M. The peptidyl-prolyl cis/trans isomerase Pin1 interacts with three early regulatory 
proteins of human cytomegalovirus. Virus Res. 2020, 285, 198023. 

[30] Nishi, M.; Miyakawa, K.; Matsunaga, S.; Khatun, H.; Yamaoka, Y.; Watashi, K.; Sugiyama, M.; 
Kimura, H.; Wakita, T.; Ryo, A. Prolyl Isomerase Pin1 Regulates the Stability of Hepatitis B Virus Core 
Protein. Front. Cell Dev. Biol. 2020, 8, 26. 

[31] Liu, M.; Bedouhene, S.; Hurtado-Nedelec, M.; Pintard, C.; Dang, P. M-c.; Yu, S.; El-Benna, J. The 
Prolyl Isomerase Pin1 Controls Lipopolysaccharide-Induced Priming of NADPH Oxidase in Human 
Neutrophils. Front. Immunol. 2019, 10, 2567. 

[32] Knowlson, C.; Haddock, P.; Bingham, V.; McQuaid, S.; Mullan, P. B.; Buckley, N. E. Pin1 plays a key 
role in the response to treatment and clinical outcome in triple negative breast cancer. Ther. Adv. Med. 
Oncol. 2020, 12, 1758835920906047. 

[33] Kim, G.; Bhattarai, P. Y.; Choi, H. S. Peptidyl-prolyl cis/trans isomerase NIMA-interacting 1 as a 
molecular target in breast cancer: a therapeutic perspective of gynecological cancer. Arch. Pharm. Res. 
2019, 42 (2), 128-139. 

[34] Rustighi, A.; Zannini, A.; Campaner, E.; Ciani, Y.; Piazza, S.; Del Sal, G. PIN1 in breast development 
and cancer: a clinical perspective. Cell Death Differ. 2017, 24 (2), 200-211. 



7 Novel Chemical Probes for the Study of the Peptidylprolyl Isomerase Pin1 

- 379 - 

[35] Ma, J.-Q.; Yang, Y.; Juan, J.; Guo, C.-F.; Tuerxun, M.; Ting, W.; Hasim, A. Over-expression of prolyl 
isomerase Pin1 promotes cervical tumorigenesis and metastasis. Int. J. Clin. Exp. Pathol. 2018, 11 (2), 664-
674. 

[36] Spena, C. R.; De Stefano, L.; Poli, G.; Granchi, C.; El Boustani, M.; Ecca, F.; Grassi, G.; Grassi, M.; 
Canzonieri, V.; Giordano, A.; Tuccinardi, T.; Caligiuri, I.; Rizzolio, F. Virtual screening identifies a PIN1 
inhibitor with possible antiovarian cancer effects. J. Cell. Physiol. 2019; DOI: 10.1002/jcp.28224. 

[37] Wu, K.-J.; Zhong, H.-J.; Yang, G.; Wu, C.; Huang, J.-M.; Li, G.; Ma, D.-L.; Leung, C.-H. Small 
Molecule Pin1 Inhibitor Blocking NF-κB Signaling in Prostate Cancer Cells. Chem. Asian J. 2018, 13 (3), 
275-279. 

[38] Xu, T.; Zhang, H.; Park, S.-S.; Venneti, S.; Kuick, R.; Ha, K.; Michael, L. E.; Santi, M.; Uchida, C.; 
Uchida, T.; Srinivasan, A.; Olson, J. M.; Dlugosz, A. A.; Camelo-Piragua, S.; Rual, J.-F. Loss of Pin1 
Suppresses Hedgehog-Driven Medulloblastoma Tumorigenesis. Neoplasia 2017, 19 (3), 216-225. 

[39] Stifani, S. The Multiple Roles of Peptidyl Prolyl Isomerases in Brain Cancer. Biomolecules 2018, 8 (4), 
112. 

[40] Zhang, Z.-Z.; Yu, W.-X.; Zheng, M.; Liao, X.-H.; Wang, J.-C.; Yang, D.-Y.; Lu, W.-X.; Wang, L.; 
Zhang, S.; Liu, H.-K.; Zhou, X. Z.; Lu, K. P. PIN1 Inhibition Sensitizes Chemotherapy in Gastric Cancer 
Cells by Targeting Stem Cell-like Traits and Multiple Biomarkers. Mol. Cancer Ther. 2020, 19 (3), 906-
919. 

[41] Pyo, J.-S.; Son, B. K.; Oh, I. H. Cytoplasmic Pin1 expression is correlated with poor prognosis in 
colorectal cancer. Pathol. Res. Pract. 2018, 214 (11), 1848-1853. 

[42] Liang, C.; Shi, S.; Liu, M.; Qin, Y.; Meng, Q.; Hua, J.; Ji, S.; Zhang, Y.; Yang, J.; Xu, J.; Ni, Q.; Li, M.; 
Yu, X. PIN1 Maintains Redox Balance via the c-Myc/NRF2 Axis to Counteract Kras-Induced 
Mitochondrial Respiratory Injury in Pancreatic Cancer Cells. Cancer Res. 2019, 79 (1), 133-145. 

[43] Sun, Q.; Fan, G.; Zhuo, Q.; Dai, W.; Ye, Z.; Ji, S.; Xu, W.; Liu, W.; Hu, Q.; Zhang, Z.; Liu, M.; Yu, X.; 
Xu, X.; Qin, Y. Pin1 promotes pancreatic cancer progression and metastasis by activation of NF-κB-IL-18 
feedback loop. Cell Prolif. 2020, 53 (5), e12816. 

[44] Kim, G.; Kim, J. Y.; Choi, H. S. Peptidyl-Prolyl cis/trans Isomerase NIMA-Interacting 1 as a 
Therapeutic Target in Hepatocellular Carcinoma. Biol. Pharm. Bull. 2015, 38 (7), 975-979. 

[45] Bae, J. S.; Noh, S. J.; Kim, K. M.; Jang, K. Y.; Park, H. S.; Chung, M. J.; Park, B.-H.; Moon, W. S. 
PIN1 in hepatocellular carcinoma is associated with TP53 gene status. Oncol. Rep. 2016, 36 (4), 2405-
2411. 

[46] D’Artista, L.; Bisso, A.; Piontini, A.; Doni, M.; Verrecchia, A.; Kress, T. R.; Morelli, M. J.; Del Sal, G.; 
Amati, B.; Campaner, S. Pin1 is required for sustained B cell proliferation upon oncogenic activation of 
Myc. Oncotarget 2016, 7 (16), 21786-21798. 

[47] Chen, X.; Liu, X.; Deng, B.; Martinka, M.; Zhou, Y.; Lan, X.; Cheng, Y. Cytoplasmic Pin1 expression 
is increased in human cutaneous melanoma and predicts poor prognosis. Sci. Rep. 2018, 8 (1), 16867. 

[48] Braun, C.; Schneider, N.; Pei, D.; Bosserhoff, A.; Kuphal, S. Inhibition of peptidyl-prolyl isomerase 
(Pin1) and BRAF signaling to target melanoma. Am. J. Transl. Res. 2019, 11 (7), 4425-4437. 

[49] El Boustani, M.; De Stefano, L.; Caligiuri, I.; Mouawad, N.; Granchi, C.; Canzonieri, V.; Tuccinardi, T.; 
Giordano, A.; Rizzolio, F. A Guide to PIN1 Function and Mutations Across Cancers. Front. Pharmacol. 
2019, 9, 1477. 

[50] Lu, Z.; Hunter, T. Prolyl isomerase Pin1 in cancer. Cell Res. 2014, 24 (9), 1033-1049. 

[51] Zhou, X. Z.; Lu, K. P. The isomerase PIN1 controls numerous cancer-driving pathways and is a unique 
drug target. Nat. Rev. Cancer 2016, 16 (7), 463-478. 



 II PUBLICATIONS 

- 380 - 
 

[52] Pu, W.; Zheng, Y.; Peng, Y. Prolyl Isomerase Pin1 in Human Cancer: Function, Mechanism, and 
Significance. Front. Cell Dev. Biol. 2020, 8, 168. 

[53] Zannini, A.; Rustighi, A.; Campaner, E.; Del Sal, G. Oncogenic Hijacking of the PIN1 Signaling 
Network. Front. Oncol. 2019, 9, 94. 

[54] Yu, J. H.; Im, C. Y.; Min, S.-H. Function of PIN1 in Cancer Development and Its Inhibitors as Cancer 
Therapeutics. Front. Cell Dev. Biol. 2020, 8, 120. 

[55] Hennig, L.; Christner, C.; Kipping, M.; Schelbert, B.; Rücknagel, K. P.; Grabley, S.; Küllertz, G.; 
Fischer, G. Selective Inactivation of Parvulin-Like Peptidyl-Prolyl cis/trans Isomerases by Juglone. 
Biochemistry 1998, 37 (17), 5953-5960. 

[56] Guo, C.; Hou, X.; Dong, L.; Dagostino, E.; Greasley, S.; Ferre, R.; Marakovits, J.; Johnson, M. C.; 
Matthews, D.; Mroczkowski, B.; Parge, H.; VanArsdale, T.; Popoff, I.; Piraino, J.; Margosiak, S.; 
Thomson, J.; Los, G.; Murray, B. W. Structure-based design of novel human Pin1 inhibitors (I). Bioorg. 
Med. Chem. Lett. 2009, 19 (19), 5613-5616. 

[57] Wildemann, D.; Erdmann, F.; Alvarez, B. H.; Stoller, G.; Zhou, X. Z.; Fanghänel, J.; Schutkowski, M.; 
Lu, K. P.; Fischer G. Nanomolar Inhibitors of the Peptidyl Prolyl Cis/Trans Isomerase Pin1 from 
Combinatorial Peptide Libraries. J. Med. Chem. 2006, 49 (7), 2147-2150. 

[58] Liu, T.; Liu, Y.; Kao, H.-Y.; Pei, D. Cyclic Peptidyl Inhibitors against Human Peptidyl-Prolyl Isomerase 
Pin1. J. Med. Chem. 2010, 53 (6), 2494-2501. 

[59] Moore, J. D.; Potter, A. Pin1 inhibitors: Pitfalls, progress and cellular pharmacology. Bioorg. Med. 
Chem. Lett. 2013, 23 (15), 4283-4291. 

[60] Wei, S.; Kozono, S.; Kats, L.; Nechama, M.; Li, W.; Guarnerio, J.; Luo, M.; You, M.-H.; Yao, Y.; 
Kondo, A.; Hu, H.; Bozkurt, G.; Moerke, N. J.; Cao, S.; Reschke, M.; Chen, C.-H.; Rego, E. M.; LoCoco, 
F.; Cantley, L.; Lee, T. H.; Wu, H.; Zhang, Y.; Pandolfi, P. P.; Zhou, X. Z.; Lu, K. P. Active Pin1 is a key 
target of all-trans retinoic acid in acute promyelocytic leukemia and breast cancer. Nat. Med. 2015, 21 (5), 
457-466. 

[61] Kozono, S.; Lin, Y.-M.; Seo, H.-S.; Pinch, B.; Lian, X.; Qiu, C.; Herbert, M. K.; Chen, C.-H.; Tan, L.; 
Gao, Z. J.; Massefski, W.; Doctor, Z. M.; Jackson, B. P.; Chen, Y.; Dhe-Paganon, S.; Lu, K. P.; Zhou, X. Z. 
Arsenic targets Pin1 and cooperates with retinoic acid to inhibit cancer-driving pathways and tumor-
initiating cells. Nat. Commun. 2018, 9 (1), 3069. 

[62] Campaner, E.; Rustighi, A.; Zannini, A.; Cristiani, A.; Piazza, S.; Ciani, Y.; Kalid, O.; Golan, G.; 
Baloglu, E.; Shacham, S.; Valsasina, B.; Cucchi, U.; Pippione, A. C.; Lolli, M. L.; Giabbai, B.; Storici, P.; 
Carloni, P.; Rossetti, G.; Benvenuti, F.; Bello, E.; D’Incalci, M.; Cappuzzello, E.; Rosato, A.; Del Sal, G. A 
covalent PIN1 inhibitor selectively targets cancer cells by a dual mechanism of action. Nat. Commun. 2017, 
8, 15772. 

[63] Fan, X.; He, H.; Li, J.; Luo, G.; Zheng, Y.; Zhou, J.-K.; He, J.; Pu, W.; Zhao, Y. Discovery of 4,6-
bis(benzyloxy)-3-phenylbenzofuran as a novel Pin1 inhibitor to suppress hepatocellular carcinoma via 
upregulating microRNA biogenesis. Bioorg. Med. Chem. 2019, 27 (11), 2235-2244. 

[64] Wu, K.-J.; Liu, X.; Wong, S.-Y.; Zhou, Y.; Ma, D.-L.; Leung, C.-H. Synthesis and Evaluation of 
Dibenzothiophene Analogues as Pin1 Inhibitors for Cervical Cancer Therapy. ACS Omega 2019, 4 (5), 
9228-9234. 

 
 
 



8 Conclusion and Perspectives 

- 381 - 

8 Conclusion and Perspectives 
 
In this thesis, the main goal was the development and characterization of chemical probes 
for the study of biological targets or novel protein inhibitor scaffolds. Generally, chemical 
probes that were investigated in the presented projects have been confirmed to potently and 
selectively engage their targets in biochemical and cellular assays. This ensured a high 
quality of the developed probes, which is an essential feature to produce reliable data.  

In Chapter 5, two different scaffolds of PI5P4K inhibitors were investigated. With the 
development of THZ-P1-2 and its desthiobiotin analog, THZ-P1-2-DTB, a decently 
selective and potent PI5P4K inhibitor was presented. The desthiobiotin-labeled analog 
provided a valuable tool in investigating target engagement as well as selectivity within the 
cellular context, providing important information on the quality of THZ-P1-2 as a PI5P4K-
targeting probe. While this probe was thus able to demonstrate that small molecule-based 
inhibition of PI5P4K can lead to autophagy defects in cells, further medicinal chemistry 
efforts led to increased proteome-wide selectivity of this inhibitor scaffold, resulting in the 
reported compound 30. These novel compounds are thus the first potent and selective, 
irreversible PI5P4K inhibitors that have been reported up to this point and could be applied 
to further investigate the still poorly understood mode of action of this lipid kinase family 
and their potential as therapeutic targets in diseases such as cancer.   

While the THZ-P1-2 compound covalently engages all three PI5P4K isoforms by 
targeting a remote cysteine on a disordered loop outside of the ATP-binding pocket, another 
promising, reversible PI5P4K-binding scaffold was discovered in a high-throughput screen 
of an in-house kinase inhibitor library. Since covalent kinase inhibitors might have off-
target effects due to the reactivity of their electrophilic warheads as well as the potential to 
induce resistance as the result of mutations in the targeted cysteines of the protein binding 
site, developing a reversible PI5P4K inhibitor might pose another interesting opportunity 
to study the PI5P4K kinases. After identification of CVM-05-002 as the initial hit 
compound of the screen, thorough medicinal chemistry efforts led to improved lipophilicity 
of the compound, thus enhancing cellular target engagement of this scaffold. This was 
confirmed using an isothermal CETSA to evaluate cellular target engagement of CVM-
based analogs. While this novel PI5P4K inhibitor scaffold is another promising tool to 
probe PI5P4K activity in cells in further studies, this SAR study provides an intriguing case 
of a PAINS-like screening hit, which, with careful evaluation, turned out to be a valuable 
starting point for the development of a small molecule protein inhibitor. Future 
investigations with this reversible kinase inhibitor scaffold will potentially yield important 
information on the effects of PI5P4K function in cells and could be used to compare with 
the effects seen with the covalent THZ-based scaffold. 

In Chapter 6, CDK12/13-selective, covalent inhibitors were characterized. As a result of 
optimization efforts of the in-house CDK7/12/13 inhibitor THZ1, THZ531 was developed. 
With the synthesis of a biotin analog of this novel CDK12/13-selective inhibitor, it was 
possible to characterize the inhibitor’s target engagement and selectivity in the cellular 
context, which again proved to be valuable in the evaluation of THZ531 as a chemical 
probe to target CDK12 and CDK13. After the characterization of the probe, important 
cellular consequences of CDK12 and CDK13 inhibition were investigated and could 
confirm that CDK12 and CDK13 are involved in transcription elongation of target genes 
of the DDR. These results provide essential information for CDK12/13 function in health 
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as well as in disease models of cancer. This could furthermore lead to the investigation of 
CDK12/13 inhibitors as potential therapeutic targets for a variety of cancerous conditions. 
Importantly, the presented study introduces the first CDK12/13-selective, potent inhibitors 
reported to that date and highlights the importance of high-quality chemical probes for the 
study of biological targets. 

Finally, Pin1-targeting inhibitor scaffolds are investigated in Chapters 7 and 9 
(Appendix). In the first part, a peptide-based, covalent Pin1 inhibitor, BJP-06-005-3, was 
developed and thoroughly characterized, which included the development of a 
desthiobiotin-labeled analog for further cellular characterization. Similarly, the second part 
describes the development of a fragment-based, covalent Pin1 inhibitor, sulfopin, with a 
respective desthiobiotin-labeled probe being used to provide valuable information 
regarding compound potency and selectivity in the cellular context. In addition to the 
previously described applications of biotin/desthiobiotin-labeled probes of covalent protein 
inhibitors, another application, the CITe-Id technique, was introduced, which is able to 
employ these labeled probes to test for proteome-wide compound selectivity of cysteine-
targeting compounds. Both approaches led to the development of compounds that can be 
used to study Pin1 in the cellular context, while sulfopin further showed promising efficacy 
in vivo. Since Pin1 has been widely discussed in the literature, with an enormous amount 
of reported target proteins, probes for the study of Pin1 historically were either not potent 
or highly promiscuous, making it difficult to generate reliable data. The presented studies 
are thus introducing the first highly selective and potent Pin1 inhibitors reported to this 
point and provide the option to thoroughly analyze Pin1 activity in cellulo and in vivo. 
These studies are essential to investigate Pin1’s potential use as a therapeutic target in 
diseases including PDAC or other cancers. 

While the described studies are either already published or have been accepted for 
publication during review of this thesis (Chapter 9), further approaches of chemical probes 
in drug discovery and development have been investigated as part of this work and are 
presented in additional chapters of the Appendix. For instance, in Chapter 10, reversible 
MraY binders, the muraymycins, were used as the starting point to develop photoactive 
chemical probes for investigations on these natural product antibiotics. Extensive organic 
chemistry efforts yielded a first reference compound, which was used to confirm MraY-
engagement of the designed probe, providing a valuable proof of concept for the design of 
this project. By simplifying the synthetic route to access the main core of this natural 
product, it would be possible to produce enough material to further investigate human and 
bacterial targets as well as the binding mode of muraymycins. This data would provide 
essential information for the elevation of these promising antibiotic agents to potential 
novel drug candidates. 

Lastly, final Chapter 11 summarizes first efforts in the development of targeted protein 
degraders based on the protein inhibitor scaffolds presented in Chapters 5 and 9. While the 
work presented in this thesis does not include compounds that are able to degrade PI5P4K 
or Pin1, the described chemistry efforts and first characterizations of these compounds 
provide valuable information for further design strategies. For example, for PI5P4K-
targeting degraders, it turned out that the disordered loop, covalently targeted by the THZ-
P1-2-based scaffold, might interrupt ternary complex formation to facilitate target 
degradation. It would thus be interesting to design compounds with a different exit point 
for the thalidomide-carrying linker. Moreover, in context of fragment-based degraders 
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derived from sulfopin, the issue of cellular uptake of these heterobifunctional small 
molecules became obvious. Desired linker length and composition to increase cell-
permeability of the compounds and optimal linker length to facilitate ideal ternary complex 
formation turned out to be incompatible. Consequently, further optimization of the linker 
composition or a change in the targeted E3 ligase could potentially lead to compounds with 
a better balance in linker properties and overall cell permeability of the degraders.  

Interestingly, some of the discussed degraders turned out to have surprising targets (data 
not provided, ongoing projects), which are currently followed-up on. These findings 
highlight some advantages of targeted protein degraders, which, in contrast to conventional 
protein inhibitors, only require low affinity to induce effects on their target. 

In summary, the presented work describes the value of chemical probes for target 
validation studies as well as their use in the characterization of novel chemical scaffolds, 
especially in the cellular context. By combining medicinal chemistry and chemical biology 
approaches, different kinds of chemical probes were developed and characterized. These 
probes further provided or have the potential to provide valuable information for future 
studies of various disease biology, including cancer and infectious diseases, as well as to 
determine the quality of developed protein modulators. While other approaches, such as 
genetic studies, are nonetheless powerful techniques for drug discovery, chemical probes 
and the steady growth of their applications provide essential tools, which complement 
target validation and identification studies and furnish important starting points for drug 
discovery and development efforts. 
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9 Novel Chemical Probes for the Study of the Peptidyl-prolyl 
Isomerase Pin1 (continued) 
 
 
9.1 Introduction 
 
In this chapter, another covalent Pin1 inhibitor series is introduced. Since the general topic 
of this chapter has been already discussed in Chapter 7 of this thesis, no further introduction 
is provided.  
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9.2 Pre-Print: Sulfopin, a selective covalent inhibitor of Pin1, blocks Myc-
driven tumor initiation and growth in vivo 
 
9.2.1 Specific Aims 

BJP-06-005-3 (Chapter 7.2) has poor mouse microsome stability and therefore, its 
applications are limited to biochemical and cell-based assays. Consequently, in a parallel 
Pin1 project, the aim was to identify novel Pin1 inhibitor scaffolds that could potentially 
be applied in vivo. As a result of this effort, sulfopin (originally named Pin1-3), was 
identified as a hit in a screen of an electrophilic fragment-based library. This low molecular 
weight compound is equipped with a chloroacetamide warhead and potently inhibits Pin1 
catalytic activity via covalent labeling of its active site Cys113. When joining this effort, 
the main goal was to design, synthesize, and characterize a desthiobiotin-labeled sulfopin 
derivative, which should serve to further interrogate sulfopin’s properties as a Pin1 
inhibitor.  

To this end, a desthiobiotin linker was attached to the sulfopin scaffold using a structure-
guided design approach, which included optimization of the linker length, to give sulfopin-
DTB. Furthermore, optimal incubation conditions for Pin1 pulldown were investigated, and 
ultimately, sulfopin-DTB was applied to study the selectivity of sulfopin as well as its 
cellular target engagement. 
 
9.2.2 Main Outcomes and Context  

In the presented study, a fragment-based, covalent Pin1 modulator, sulfopin, was 
discovered and characterized in the context of cancer cell line models. Mass spectrometry 
analysis as well as a co-crystal structure of Pin1 in complex with sulfopin confirmed 
covalent binding of sulfopin to Pin1 Cys113. In competitive pulldown assays using 
sulfopin’s desthiobiotin analog (sulfopin-DTB), sulfopin demonstrated potent cellular 
engagement of Pin1 in several different cancer cell lines, including PATU 8988T 
(pancreatic cancer) and HCT116 (colon cancer) cells, as well as in spleen samples from an 
in vivo mouse model. Despite its low molecular weight, sulfopin exhibited excellent 
proteome-wide selectivity in two different experimental set-ups (CITe-Id with sulfopin-
DTB and TOP-ABPP). 

After thorough characterization of sulfopin as a Pin1 modulator, the probe was used to 
interrogate the phenotype of Pin1 inhibition in cellulo and in vivo. Sulfopin treatment led 
to phenotypes that resembled Pin1-/- cells, such as time-dependent antiproliferative effects 
in cancer cell lines, with more pronounced effects observed in 3D cell culture models. 
Moreover, the transcriptional effects of Pin1 inhibition were investigated, suggesting that 
Pin1 inhibition leads to the downregulation of MYC-regulated genes. Consequently, 
sulfopin treatment was interrogated in in vivo models (neuroblastoma models in zebrafish 
and mice) of MYC-driven cancers, in which it successfully blocked Pin1-mediated tumor 
initiation and progression. 

In summary, this novel fragment-based Pin1 inhibitor is the first reported selective and 
potent Pin1 inhibitor that can be applied in vivo. Application of the desthiobiotin label to 
sulfopin once again elegantly demonstrated the compound’s selectivity and cellular target 
engagement in cells and in vivo, highlighting the advantages and applicability of this probe-
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based technique. Furthermore, the presented study provides another example of the 
importance of using a well-characterized probe to interrogate biological phenotypes. 

The synthesis of the sulfopin-DTB probe is described in the Supplementary Information, 
and its characterization is shown in the main article as well as the Supplementary 
Information.  
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9.2.3 Pre-print Article 

The following pre-print was originally published (not peer-reviewed) as: 
 
Sulfopin, a selective covalent inhibitor of Pin1, blocks Myc-
driven tumor initiation and growth in vivo 
 
Christian Dubiella, Benika J. Pinch, Daniel Zaidman, Theresa D. Manz, Evon Poon, 
Shuning He, Efrat Resnick, Ellen M. Langer, Colin J. Daniel, Hyuk-Soo Seo, Ying Chen, 
Scott B. Ficarro, Yann Jamin, Xiaolan Lian, Shin Kibe, Shingo Kozono, Kazuhiro 
Koikawa, Zainab M. Doctor, Behnam Nabet, Christopher M. Browne, Annan Yang, Liat 
Stoler-Barak, Richa B. Shah, Nick E. Vangos, Ezekiel A. Geffken, Roni Oren, Samuel Sidi, 
Ziv Shulman, Chu Wang, Jarrod A. Marto, Sirano Dhe-Paganon, Thomas Look, Xiao Zhen 
Zhou, Kun Ping Lu, Rosalie C. Sears, Louis Chesler, Nathanael S. Gray, Nir London. 
 
bioRxiv 2020.03.20.998443. 
 
DOI: https://doi.org/10.1101/2020.03.20.998443 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
This article, including Supporting Information, was reproduced with kind permission from 
Dubiella and Pinch et al.© 2020, and was made available under a CC-BY 4.0 International 
license. 
 
 
 
 
 
 
 
Note: This pre-print was submitted and has been accepted at Nature Chemical Biology 
while this thesis was reviewed.
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10 Diazirine-tagged Muraymycin Analogs as Photoaffinity 
Labeling Probes to Study a Novel Class of Antibiotics 
 
 
10.1 Introduction 
 
10.1.1 Activity-Based Protein Profiling and Photoaffinity Labeling as Tools in Drug 
Development  

Activity-Based Protein Profiling (ABPP): Methods and Applications 
Understanding the function of a protein in the complex environment of a cell or tissue, 
including its activation state, active site, localization within the cell, up- and downstream 
signaling pathways, PPIs, expression levels, and native substrates, is crucial for drug 
discovery campaigns. These features are important parts of understanding target biology, 
providing key links between a protein of interest and its potential to function as a 
therapeutic target (see Chapter 1). Likewise, it is important to thoroughly characterize novel 
drug candidates, especially in terms of their selectivity, in order to understand their modes 
of action, including on- and off-target effects. One method identifying protein expression 
levels and therefore protein functions in a global context is mass spectrometry-based 
proteomics analysis[1,2]. Over time, advanced chemical proteomic approaches have been 
developed and applied to small molecule discovery and characterization methods, such as 
drug screens, target identification and protein localization studies in the context of drug 
binding, as well as evaluation methods of downstream inhibitor effects on the proteome 
and phosphoproteome[3,4].  

One important technique in chemical proteomics is ABPP, which arose from advances 
made in different areas including genomics[5] and mass spectrometry analysis[6]. Utilizing 
chemical probes that recognize and bind to the active site of their target protein in a complex 
system such as cells or tissues, this technique enables the functional investigation of target 
proteins[7], in contrast to mere quantitative methods that commonly determine mRNA or 
protein levels[8]. The general strategy behind this method is to covalently bind a protein by 
an ABP or AfBP via direct crosslinking or after activation of a photoreactive moiety, 
respectively[3]. The ligand-target complexes are then enriched or detected via affinity tags 
such as biotin[3]. ABPs/AfBPs are therefore commonly equipped with a reactive warhead 
at the target-binding structure of the molecule, that can thus form a covalent bond with the 
targeted protein, a linker as a spacer, and either a bioorthogonal group that can serve as an 
attachment point for the introduction of a tag or a tag directly attached to the linker[5,9] 
(Figure 10.1.1). 

Covalent small molecule binders of proteins generally carry electrophilic warhead 
moieties such as Michael-acceptors, epoxides, or β-lactones/-lactams[5]. These groups 
irreversibly label specific amino acids, commonly at the active site, of a protein upon 
binding of the probe (Figure 10.1.2) and can therefore be found in ABP scaffolds[3]. 
However, most reported protein binders reversibly engage their target enzyme. For these 
ligands, PAL groups can be introduced into their structure, creating AfBPs that form highly 
reactive intermediates upon UV irradiation and resulting in covalent bond formation 
between ligand and target protein[10]. Widely used PAL groups include aryl azides, 
benzophenones, and diazirines[10]. Recently, α-pyrones, pyrimidones[11], and tetrazoles[12] 
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(Figure 10.1.2) have been exploited as photoactive groups for ABPP studies that potentially 
show reduced non-specific labeling due to their unique modes of action[13]. Appropriate 
linkers, connecting the covalent affinity probe with a respective tag or bioorthogonal group 
for further complex enrichment or identification, also serve as a spacer to ensure optimal 
function of the target binding moiety on one side as well as the tag/bioorthogonal group 
function on the other. While these linkers usually consist of alkyl chains, polyethylene 
glycol (PEG) chains, or peptides[5] (Figure 10.1.2), some minimalist linkers include the 
photoactive moiety adjacent to the bioorthogonal group, having the advantage of leaving 
the original scaffold of the bioactive molecule mostly unchanged[14] (Figure 10.1.1). In 
some contexts, cleavable linkers have been used as well, as they offer advantages in target 
enrichment and isolation of proteins (not shown here)[15]. 
 

 
 
Figure 10.1.1 | General Structure of ABPs/AfBPs. Overview of common probe designs. 
ABPs/AfBPs consist of a small molecule-based protein binder (blue diamond) that is decorated with 
a reactive warhead (yellow star). A linker (black line) connects the target binding moiety with a tag 
(green oval) for further analysis/detection either via direct linkage or a bioorthogonal handle 
(dark/light brown structures). If a reactive warhead is not part of the target-binding structure, a 
minimalist linker can be applied, which would have the advantage of incorporating the warhead 
moiety as well as the bioorthogonal handle within the linker, therefore leaving the target binding 
molecule mostly unchanged. 

 
As seen with minimalist linkers, a probe should ideally exhibit the same properties and 
target interactions as the respective bioactive molecule. Therefore, using bioorthogonal 
reactive groups instead of directly attaching the tag to a probe can be of advantage. Here, 
smaller moieties such as azides or alkynes replace bulky tags, which can not only lead to 
an enhanced cellular permeability but can also increase the versatility of a probe as many 
different and complex tags can be introduced after a probe bound its target(s)[16]. In ABPP, 
Staudinger ligation, click chemistry, or inverse electron-demand (IED) Diels-Alder 
reactions are often applied to attach tags to bioorthogonal handles[4], with the alkyne group 
being the most commonly used moiety for ABPs/AfBPs[3].  

Generally, the choice of the reporter group is dependent on the desired function of a 
probe. Biotin is a widely applied tag since it can be used for detection and purification or 
enrichment of a target protein. In contrast, fluorescent or radio-labeled tags are limited to 
the detection of a protein; however, these groups offer several advantages over biotin as 
the read-out of the samples is often faster and more sensitive[5] (Figure 10.1.2). 
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Figure 10.1.2 | Overview of Commonly Used ABP/AfBP Moieties. Examples of some ABPP 
probe moieties, mentioned in this chapter, are given (same color code as used in Figure 10.1.1). 
MoA; Mode(s) of Action. 
 
 
 
 

N
H

O

N
H

O
Hal

Hal = -I, -Cl, -F

O

O

X
X = NH, O

O
NN

N3

N N

O

O

O

N N
N

N

Reactive Warhead

Electrophilic

Photoactive

Bioactive Molecule

Inhibitor/Binder
> Target ID, Selectivity

Substrate
> Target ID, 
   MoA/Pathway Identification, 
   Cellular Localization

Promiscuous Fragment
> Chemical Proteomics

Reporter Tag

Biotin

Fluorescent

Radio-label

O
S

NHHN
H H

O

O
N
B N

S

F
F

O

NO2

OH

125I

Alkyl

PEG

Peptide

Linker

N
H

H
N

N
H n

O

R O

OR

R

O
O
n

n

Bioorthogonal Group

Click Chemistry

Staudinger Ligation

IDE Diels-Alder

N3+
CuI

N
NN

N3 +

O
Ph2P

O

O

O
Ph2P

N
H

O

+ N
N N

N
- N2

N
NH



 III APPENDIX 

- 458 - 
 

Initially, ABPP probe-target enzyme complexes were analyzed using gel-based 
approaches, where the samples would be separated by 1D- or 2D-gel electrophoresis, 
followed by trypsin digest and mass-spectrometry analysis of the resulting peptides in order 
to identify the labeled proteins[1] (Figure 10.1.3). Later, using streptavidin- or antibody-
coated beads for biotin or fluorescent tag pulldown, respectively, samples incubated with 
an ABP/AfBP could be directly digested by trypsin, affinity-purified using the beads, and 
then analyzed by mass-spectrometry after elution[17]. This procedure simplified the gel-
based approach to a straightforward, LC-MS-focused approach for the identification of 
labeled active sites[17] (Figure 10.1.4). 
 

 
 
Figure 10.1.3 | ABPP Analysis of Target Binding Sites with Photoaffinity Probes. Complex 
protein mixtures, e.g. whole cells, are incubated with AfBPs (same color code as described in Figure 
10.1.1). Subsequent UV irradiation causes formation of covalent target-probe complexes with either 
an already tagged probe (A) or with a probe that is equipped with a bioorthogonal handle for tag 
introduction in an additional follow-up step (B). The resulting labeled complexes can then be further 
analyzed. In earliest ABPP methods, this was achieved merely by gel electrophoresis and is now 
commonly coupled with complex isolation, trypsin digest, and LC-MS/MS analysis for active 
site/protein identification (C)[1].  
PAGE, polyacrylamide gel electrophoresis. 
 
A variation of this initial bead-based approach is the ABPP-multidimensional protein 
identification technology (MudPIT), in which tagged ligand-target protein complexes are 
first purified and then trypsin digested so that all fragments of the resulting target protein 
peptides can be analyzed by multi-layered LC-MS/MS, providing excellent resolution and 
quantitative read-outs[17] (Figure 10.1.4 B). Combining the initial bead-based approach 
with the MudPIT strategy led to the development of tandem orthogonal proteolysis (TOP) 
ABPP, in which purified target-ligand complexes are trypsin digested and the labeled 
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peptide fragment isolated in a second bead-based purification step, comparable to the 
MudPIT method[17] (Figure 10.1.4 C). TOP-ABPP was further improved by the use of 
isotope-labeled probes, resulting in better and more reliable read-outs – the so-called 
“isoTOP-ABPP” method[18]. Besides LC-MS(/MS), capillary electrophoresis, microarray 
analysis[17], and microfluidic chip-based[18] platforms were also applied to these ABPP 
methods.  
 

 
 
Figure 10.1.4 | Bead-based ABPP Strategies. A. Trypsin digest of the whole sample followed by 
affinity purification and LC-MS/MS analysis for active site/protein identification. B. Affinity 
purification of intact target-probe complexes, followed by trypsin digest and comparative analysis 
of all peptide fragments, serves as a target identification method, also providing quantitative read-
outs (ABPP-MudPIT). C. Combination of A and B led to the development of TOP-ABPP. 
Following a first affinity purification of the intact target-probe complex and trypsin digest, a second 
affinity purification step separates labeled binding-site peptides from unlabeled peptides of target 
proteins. LC-MS/MS analysis of both fractions gives information about identity and binding site of 
the target protein as well as quantitative read-outs.  
 
Comparative strategies using gel-based approaches can help identify (unknown) target 
proteins. For example, comparing labeling patterns of promiscuous AfBPs from healthy 
and diseased cells can provide valuable information about potential disease-associated 
targets[7] (Figure 10.1.5 A). Competitive ABPP approaches are used to identify small 
molecules that bind specific enzymes by outcompeting an AfBP[7] (Figure 10.1.5 B). 
Applying this competition platform with a fluorophore-equipped probe further improves 
the read-out of this approach to enable high-throughput screens (fluorescence polarization-
ABPP; FluoPol-ABPP)[19], while improved fluorescent probes in quenched near-infrared 
fluorescent (qNIRF) ABPP are highly useful for diagnostics and monitoring purposes, since 
their detection is only possible after covalent binding of a target structure[18].  
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Figure 10.1.5 | Examples for ABPP Experiment Set-ups. A. Whole cells or cell lysates can be 
analyzed using promiscuous AfBPs. Comparison of gel electrophoretic analysis of healthy and 
abnormal cells can lead to the identification of potential drug targets in a comparative experiment 
set-up. B. Pre-incubation with a small molecule before labeling with a promiscuous AfBP can help 
in the identification of inhibitor targets in competitive experiment set-ups. By combination of 
competitive and comparative set-ups, selectivity profiles of different inhibitors can be compared 
(C), or, if different concentrations of the same inhibitor are employed (D), this method can be used 
to determine inhibitor potencies in complex biological media. 
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Combining comparative and competitive strategies by, for example, comparing 
competitive labeling patterns of different drugs or different drug concentrations, can 
indicate selectivity advantages or drug potency, respectively[5] (Figure 10.1.5 C and D). 
Further refinement of ABPP techniques, such as quantitative methods[20], including 
SILAC[21] or label-free methods[22], as well as organelle-specific proteomics[23,24], have 
added a broad variety of biochemical techniques to the toolbox for medicinal chemistry 
campaigns and drug discovery. 

As already mentioned, ABPP strategies are widely used for drug target identification 
experiments, including small molecule selectivity profiling, due to their applicability in 
complex systems such as cells or tissues. A study analyzing FDA-approved drugs with 
covalent target-binding modes of action, such as tetrahydrolipstatin, monoamine oxidase 
(MAO) inhibitors, acetylsalicylic acid, ibrutinib, β-lactams, omeprazole, and others, 
highlights the importance and power of these technologies[25]. In these screens, many off-
targets were identified, which were either useful in the context of other diseases, such as 
fatty acid synthetase (FAS) off-target activity of tetrahydrolipstatin, or demonstrated high 
promiscuity of the drug, as in the case of acetylsalicylic acid[25].  

Screening for off-targets is especially important for enzyme families with highly 
conserved binding sites, such as kinases. For example, enzyme family specific 
“kinomebeads”, which are covered with a mixture of different promiscuous kinase 
inhibitors, are able to identify and bind a great variety of kinases and are therefore used to 
study selectivity profiles of small molecule kinase inhibitors via competition 
experiments[26]. Other successful probe-based strategies to characterize target proteins of 
small molecules include the use of non-specific, lipid-based[27], or cysteine-directed 
probes[28]. Over time, ABPP strategies have been applied to identify potential new drug 
targets or inhibitor scaffolds for a variety of enzymes and enzyme classes, such as serine 
hydrolases, proteases, protein kinases (including PI3K), phosphodiesterases (PDEs), 
cytochrome P450s (CYPs), histone deacetylases, as well as proteins involved in infectious 
diseases, e.g. malaria[9]. Besides target identification and selectivity profiling of small 
molecules, the discussed techniques have also been applied for the characterization of drug 
metabolites in vivo[29], including CYP activity of small molecules, and can provide 
important information in the context of potential drug interactions[30].  

Another important application of ABPs/AfBPs is the investigation of enzymatic pathways 
and functional studies of proteins. For example, sialic acid 9-O-acetylesterase (SAE) was 
identified as a serine hydrolase despite its lack in sequence homology to common serine 
hydrolases, using an AfBP[31]. Similarly, probes derived from protein substrates were 
designed for a variety of other enzyme classes, including agmatine[32] and arginine 
deiminases, acetyl-coenzyme A (CoA)-binding enzymes, protein tyrosine phosphatases, 
nitrilases, protein kinases, proteases, neuramidases, sulfatases[33], cysteine-, aspartyl-, and 
metallo-hydrolases, glycosidases, histone deacetylases, as well as oxidoreductases[34], thus 
enabling the study of their function. In cancer, ABPP techniques have helped to elucidate 
autophagy mechanisms[35] and putative driver genes[36] in human cells. Beyond human cell 
culture, ABPP has also been used to investigate functions of plant-based enzymes[37] and 
microbial processes, such as bioenergy conversion[38], microbial communities[39], virulence 
factors[40], and bacteria-host interactions[41], clearly highlighting the richness and diversity 
in ABPP applications. Some other implementations of ABPP methods cover mapping of 
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protein binding sites[42] and bioimaging[3], including diagnostics and monitoring of 
diseases[18]. 
 
Photo-Affinity Labeling (PAL) Warheads 
PAL has been a successful strategy of turning reversible ligands of proteins into covalent 
chemical probes to study target profiles of bioactive compounds as well as to interrogate 
functions of a protein of interest. Since this chapter focuses on PAL probes, different PAL 
strategies and modes of action will be discussed with the emphasis on diazirines as 
photoactive warheads.  

AfBPs and their structures have already been described (Figures 10.1.1 and 10.1.2). 
Generally, photoactive groups are introduced to the scaffold of reversible protein binders 
or the linker of a probe and are meant to covalently label the bound target enzyme upon 
UV irradiation. Using photoactive warheads for irreversible target labeling has already 
been reported in the early 1960s, describing a carbene-generating diazo warhead[43]. Within 
the following decade, aryl azides, benzophenones, and diazirines were established as PAL 
groups and are still the most commonly used warheads for PAL today[43]. However, in the 
past decade, warheads consisting of novel scaffolds such as pyrones, pyrimidones[11], and 
tetrazoles[12] were added to the PAL toolbox (Figure 10.1.2). Incorporating PAL into ABPP 
strategies has thus resulted in the development of AfBP probes for the investigation of 
binding sites of small molecules[44], and were used to investigate proteins, such as 
vasoactive intestinal peptide receptor 1 (VPAC1)[45] and nicotinic receptors[46], and also 
PPIs[47]. Furthermore, functional studies of plasma proteins[48] or even whole 
biomembranes[49] were performed using PAL-based probes, and applications of AfBPs in 
target identification investigations for proteins such as carbohydrate-binding proteins, 
kinases, and phosphatases[50] can be found in the literature. Notably, AfBPs are also useful 
bioimaging agents[13], highlighting the versatility of this technique. 

Despite its application to activate AfBPs, UV irradiation can generally cause damage to 
biomolecules. Since proteins absorb UV light at 200 and 280 nm due to their peptide bonds 
and aromatic amino acids, respectively[51], longer UV irradiation wavelengths would be 
needed for the activation of a photoactive warhead to avoid damage to proteins. For 
example, benzophenones form reactive diradical species after irradiation at 350-360 nm[51]. 
However, the long irradiation times necessary for sufficient conversion lead to an increase 
in unspecific labeling events[51]. Moreover, their bulky structure makes it difficult to 
incorporate benzophenone moieties into small molecule structures without potentially 
altering the probes’ target-binding properties relative to the parent compounds[51] (Figure 
10.1.6). Nevertheless, benzophenones have been helpful tools in drug development; for 
instance, for studying the target engagement of PDE inhibitors[52]. Here, by incorporating 
the bulky photoactive group within the bioorthogonal linker of the probe, interference in 
the probe’s binding properties was avoided[52].  

More commonly used PAL warheads are aryl azides, as they are easily accessible both 
commercially and synthetically[51]. Unfortunately, aryl azides come with several 
disadvantages (Figure 10.1.6). For example, wavelengths as short as 250 nm are required 
to yield the reactive nitrene species, causing potential damage to proteins and other 
biological molecules in the samples, while their labeling efficiency is generally lower than 
that of carbenes[51]. However, it was found that longer irradiation wavelengths of ~340 nm 
can be used if the aryl component carries a nitro group[53]. Furthermore, to avoid 
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undesirable rearrangement reactions after irradiation, fluoro-substituted analogs have 
shown to prevent phenylnitrene formation[54]. Despite these issues, including their lower 
chemical stability as compared to other photoactive moieties[53], aryl azide-based 
photoaffinity warheads have been successfully incorporated into peptide substrates for the 
active conformation of the Abl tyrosine kinase, due to their ability to function as 
phenylalanine side chain substitutes[55]. Incorporation into linkers of DNA probes for the 
identification of DNA-binding proteins[56] or diubiquitin probes to study DUBs[57] are some 
other examples of the application of aryl azide-based warheads, highlighting their value as 
tools for the interrogation of biological systems.  

Because of the described disadvantages of benzophenones and aryl azides, diazirines are 
the most commonly applied PAL warheads to date[51]. While benzophenones and aryl 
azides require an aromatic ring system as part of their photoactive warhead, diazirines can 
be aryl- or alkyl-based, with the latter being not only very small in size but also providing 
additional desirable features for AfBPs. For example, long wavelengths of 350-355 nm are 
sufficient to induce the formation of carbenes from diazirines, which also exhibit relatively 
low unspecific labeling due to their short half-life[51]. While a short half-life thus results in 
overall better selectivity of a probe, it also results in low overall labeling yields[51]. 
Furthermore, diazirines show favorable stability properties for optimal handling and 
synthetic use[51]. In summary, considering the highly reactive nature[58] as well as the 
excellent labeling selectivity[59] of the carbene intermediates, the labeling properties of 
diazirines have been shown to be superior to other PAL groups[58] (Figure 10.1.6). 
 

 
 

Figure 10.1.6 | Advantages and Disadvantages of Common PAL Warheads. A summary of 
important advantages (green boxes) and disadvantages (red boxes) for the common PAL warheads 
benzophenones, aryl azides, and diazirines is given. 

 
As a result, diazirine-labeled probes have been used in a vast variety of studies, including 
the mapping of binding sites of proteins such as mammalian O-linked β-N-
acetylglucosamine (O-GlcNAc) hydrolase[60], Na+/K+-ATPase[61], sweet taste receptor[62], 
lactate dehydrogenase[63], ion channel binding sites of general anesthetics[64], and 
topoisomerase II[65]. Other applications include the target identification of small molecules 
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or also larger biomolecules (for example RNA) for selectivity, metabolism, and mode of 
action studies. These include for example kinase inhibitors[14], quorum sensing 
autoinducers[66], ethanol[67], siRNA[68], microRNA (miRNA)[69,70], DNA[71], 
oligonucleotides[72], Δ8/9-tetrahydrocannabinol (THC)[73], histone-based peptides[74], 
ligands of membrane proteins[75], such as isoprenoid[76] and GLUT1 ligands[77], sialic 
acid[78], nicotinic acid adenine dinucleotide phosphate (NAADP)[79], PI-4,5-P2[80], 
phosphotyrosine as a protein recognition feature[81], sphingosine[82], and neurosteroids[83]. 
Furthermore, diazirine-labeled probes have been applied to protein isolation and 
purification techniques[84] as well as to determine the location of small molecules within 
cells, for example, in the investigation of cholesterol trafficking[85]. In certain contexts, 
AfBPs can be developed as potential new drugs themselves, as shown by the oncologic 
therapeutic RH1 (2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone), which 
is transformed into a DNA-alkylating agent upon metabolic activation by different 
reductases, which are commonly overexpressed in certain solid tumors like lung, colon, 
pancreatic, and breast cancers[86]. 

Upon UV irradiation, aryl and alkyl diazirines form highly reactive singlet carbene 
species with a half-life of ~1 ns while releasing molecular nitrogen (N2)[87]. Because singlet 
carbenes have an empty p-orbital, they readily form bonds with nearby C-C/H or 
heteroatom-H bonds via insertion reactions[88]. However, about 30% of diazirines are 
commonly isomerized into diazo groups, which slowly release nitrogen to form singlet state 
carbenes, resulting in a majority of non-specific binding events[87]. Notably, recent studies 
have shown that the diazo intermediates can form covalent bonds with carboxylic acids, as 
found in glutamic and aspartic acid side chains, to form esters[89]. To reduce non-specific 
labeling, trifluoromethyl phenyl diazirines can be applied as they exhibit stabilization of 
their respective diazo intermediate compared to simple phenyl diazirines[87]. In some cases, 
such as for trifluoromethyl phenyl diazirines[88] or singlet state carbenes, triplet carbenes 
are formed, which react with heteroatom/C-H bonds via a radical intermediate[87]. While 
current literature suggests that alkyl-derived diazirines undergo diazo isomerization for 
~40% of the probe – in contrast to ~30% for aryl-based diazirine analogs – other 
intramolecular rearrangement reactions are also reported, including rearrangements in the 
excited state (RIES) yielding C=C-double bonds[90], indicating that the diazirine 
disintegration upon UV irradiation is potentially even more complex (Scheme 10.1.1). 

The main strategy to access diazirines synthetically is through the conversion of a 
carbonyl moiety into a diaziridine, followed by its oxidation to the desired diazirine 
(Scheme 10.1.2). Several synthetic routes to yield diaziridines from ketones or aldehydes, 
including co-treatment of a carbonyl with ammonia and hydroxylamine-O-sulfonic acid 
(HAOSA) as well as oxidation steps using basic iodine solutions or silver nitrate, are 
reported[88]. The aromatic trifluoromethyl phenyl diazirine is most commonly synthesized 
from the respective carbonyl, using hydroxylamine and tosyl chloride to yield a tosylated 
oxime, which can then be treated with liquid ammonia (NH3) resulting in a diaziridine 
intermediate[91]. For aliphatic diazirines, commonly employed synthetic routes involve 
treating ketones with liquid ammonia, resulting in an imine, which is subsequently 
converted into a diaziridine intermediate via reaction with HAOSA and oxidized with 
iodine in the presence of triethylamine (TEA)[92]. A recent paper further describes 
simplified one-pot versions of those conditions, using potassium tert-butoxide (t-BuOK) or 
potassium hydroxide (KOH) and air to convert the diaziridine, formed by treating a ketone 
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with HAOSA and liquid NH3, to the respective diazirine[93]. Diazirine-labeled precursors 
are then incorporated into the ligand of interest. These synthetic procedures almost 
exclusively consist of amide formations, alkylations, and esterifications, while further 
improvements were made to broaden the applicability of diazirine chemistry to other 
common reaction types in drug discovery, including Suzuki couplings[94] and Staudinger 
ligations[95]. 
 
Scheme 10.1.1 | UV Irradiation of Diazirines and their Productsa 

 

 
 

a Undesirable isomerization reactions or transformations are depicted in brown. Final ligand-target 
complexes are highlighted in dark blue. Het, heteroatom. 
 
Scheme 10.1.2 | General Synthetic Route to Access Diazirines from Ketones 
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10.1.2 Antibiotics – An Overview 

Documents from 3,500 years ago provide evidence that humans had found ways to treat 
infectious diseases, using molds from old bread and certain soils to prevent infections of 
open wounds[96]. However, it was not until the discovery and study of bacteria in the 17th 
century as well as the understanding of the connection between pathogens and diseases 
introduced by Robert Koch and Louis Pasteur in the late 19th century that investigations 
and developments of antibacterial agents could be undertaken[97] (Figure 10.1.7). For 
example, starting with Alexander Fleming’s fortunate observation of penicillin’s 
antibacterial effects from an unintendedly grown mold on a petri dish in 1928[98], the 
discovery and development of penicillin is probably the most famous example of how 
antibiotics have entered and elevated medicine in the 20th century.  

Notably, in the early 1900s, Emmerich and Löw had already isolated an antibacterial 
mixture from Pseudomonas aeruginosa to treat patients with infectious diseases, while Paul 
Ehrlich was the first to perform a drug screen for antibacterial agents[96]. Even though he 
initially screened for dyes that would stain bacteria, Ehrlich uncovered the antibacterial 
activity of what later became the antibiotic class of sulfonamides, which inspired him to 
screen other compound libraries and led to the discovery of the arsenic prodrug antibiotic 
salvarsan for the treatment of syphilis in 1910[96]. Based off Ehrlich’s work, Gerhard 
Domagk refined the antibacterial dyes, resulting in the development of sulfonamides in the 
early 1930s[96] and marking the beginning of the era of efficient “anti-infective 
medicine”[98]. Another important development, marking this period, was the commercial 
production of a penicillin-containing liquid as an antibacterial drug in the 1940s – following 
its initial isolation by Florey and Chain at Oxford University –, which became a famous 
life-saving agent in World War II[98]. 

From the 1940s to the 1960s, almost 30 new classes of antibiotics were discovered, 
marking this era as the “Golden Age” of antibiotics[96] (Figure 10.1.7). This incredible 
progress in the field of antibiotics is mainly owed to Selman Waksman, who intensely 
studied Actinomycetes found in soil samples[96]. Among the identification of various 
antibacterial secondary metabolites from this class of bacteria, 55% of newly discovered 
antibiotics in the period of 1945 to 1978 were isolated from a single genus of Actinomycetes 
- the Streptomyces[96]. One important product of these discoveries was streptomycin, a 
potent agent in the treatment of tuberculosis (TB) and even multi-drug-resistant TB, which 
is still in use today[99].  

Interestingly, from the 27 newly identified antibiotic classes in the 20 years of the Golden 
Age, ~70% were natural products or derived from natural products[96]. These numbers 
highlight the richness and value of natural sources for the identification of bioactive 
compounds. In parallel to the discovery of naturally occurring antibiotics, medicinal 
chemistry campaigns arose, which initially aimed to improve identified antibacterial 
scaffolds to make them useful drugs[100]. For example, the semi-synthetically produced 
dihydrostreptomycin exhibits similar antibacterial activity to streptomycin, while being 
more stable[100]. This so-called “Medicinal Chemistry Era”, starting out with semi-synthetic 
approaches in the 1940s, further initiated fully synthetic strategies to uncover novel 
antibacterial scaffolds, leading to the development of chloramphenicol as a clinically useful 
antibiotic in 1949[100] (Figure 10.1.7). Due to the ever-rising issue of drug-resistant bacteria, 
coupled with the extreme drop in the development of new antibacterial scaffolds (especially 
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antibiotics with novel modes of action) after the Golden Age[96], other strategies to tackle 
these challenges are needed and will be discussed in the course of this chapter. 
 

 
 
Figure 10.1.7 | Timeline of Early Antibiotic Discovery and Development. A timeline showing 
important developments and discoveries in antibacterial research (blue boxes; important scientists 
are listed in italic), mentioned in the text. Key eras are marked underneath the main timeline. 
 
Common Antibiotic Targets 
As a result of Waksman’s efforts and the Golden Era, combined with medicinal chemistry 
efforts and modern approaches, antibiotics targeting key processes of bacterial cell growth, 
metabolism, and survival mechanisms have already been developed. To avoid undesired 
off-target effects in human cells, features unique for prokaryotes are commonly modulated 
by antibiotics in clinical use and development (Figure 10.1.8). For example, in order for 
DNA to replicate, the DNA double helix has to be temporarily unwound to enable enzymes 
to bind to ssDNA. The proteins responsible for this mechanism are topoisomerases, which 
can be divided into class I and class II enzymes, which either perform single-strand or 
double-strand breaking of the DNA, respectively[101]. Gyrase and topoisomerase IV are the 
two class II topoisomerases that can only be found in bacteria and were identified to be 
selective targets of quinolone-type antibiotics[101]. Recent efforts have further identified 
other inhibitors of this mechanism, such as gyrase-specific aminocoumarines[102], 
simocyclinones[103], and non-quinolone scaffolds[101], while topoisomerase I inhibitors are 
also being investigated[104]. Other DNA-targeting antibiotics include nitrofurans and azoles, 
which act through DNA damage mechanisms, along with guanine-binding antibiotics of 
the phenazine-type[96]. 
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Figure 10.1.8 | Targets of Antibacterial Agents. Established targets of antibiotics (bold, black), 
as well as currently investigated targets (bold, dark gray) are summarized with examples of 
respective antibiotics mentioned in this chapter. Common bacterial targets include DNA (DNA-
damaging agents, topoisomerase inhibitors), RNA polymerase, tRNA, ribosomes (mainly 30S and 
50S unit), the cellular membrane, metabolic pathways (folic acid and fatty acid biosynthesis, as 
well as antimetabolites), and the bacterial cell wall (peptidoglycan biosynthesis, polymerization, 
and crosslinking). Other targets, such as tmRNA and sRNA, dTMP biosynthesis, cell division and 
shape processes (FtsZ, MreB), Gram-specific cell wall features (NagZ, L-rhamnose biosynthesis, 
RemX), and cell wall anchoring mechanisms, as well as ATP synthase and IMPDH are discussed 
in the literature. 
 
The first step in protein synthesis is the transcription of DNA to mRNA. Hence, the 
bacterial RNA polymerase poses an attractive target for antibiotics, with multiple subunits 
providing various potential binding sites[105]. For instance, rifamycins (polyketides), are 
well-known inhibitors of this RNA polymerase binding to the DNA/RNA-channel[105]. 
Furthermore, other antibacterial agents have been reported to inhibit this step of protein 
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biosynthesis including sorangicin (macrolide), antibiotics from the SB-2 series 
(transcription initiation inhibitors), pseudouridimycin (nucleoside analog), salinamides, 
streptolydigin, CBR-series-based antibiotics, D-AAP1, microcin J25 (peptide), as well as 
fidaxomicin, myxopyronin, corallopyronin, ripostatin, and squaramides, which prevent 
necessary conformational changes of the RNA polymerase[105]. 

Also, ribosomes are targets of certain antibiotics e.g., due to the pronounced differences 
of prokaryotic to eukaryotic ribosomal RNA (rRNA). The most well-known examples of 
ribosome-targeting antibiotics, mainly targeting rRNA substructures, are aminoglycosides 
and tetracyclines for the 30S subunit (16S rRNA), and oxazolidinones, macrolides, 
lincosamides, chloramphenicol, and streptogramins for the 50S subunit (23S rRNA)[106-108]. 
Transfer RNAs (tRNAs), being actively involved in protein synthesis, are targeted by 
antibiotics via various mechanisms, including prevention of tRNA maturation by binding 
premature tRNA (neomycins and bis-benzimidazoles) or via ribonuclease P (RNase P) 
inhibition (antisense oligomer), direct binding of tRNAs (aminoglycosides, pentamidine, 
purpuromycin), aminoacylation prevention by inhibition of aminoacyl tRNA synthetases 
(aaRSs) (mupirocin), and other mechanisms that are currently being investigated[109,110].  

So far, almost every step in protein translation, such as initiation, elongation, and 
termination, has been found to be targeted by various antibiotics[111], highlighting the 
importance of this mechanism for bacterial survival and the opportunity for achieving 
selectivity over eukaryotic translation mechanisms via several bacteria-specific target 
structures. Finally, other RNA molecules, such as tmRNA – hybrid t/mRNAs –, which are 
involved in the recycling of ribosomes and the removal of incorrectly translated proteins, 
have been targets of pyrazinamide or respective acid analogs, while small regulatory RNAs 
(sRNAs) are also being considered potential new targets for antibiotics[107]. 

Additional successful strategies of targeting bacteria have aimed to inhibit metabolic 
pathways, including folic acid and fatty acid metabolism or nucleoside biosynthesis. For 
example, folic acid is an important cofactor for various enzymatic processes in humans and 
bacteria[112]. Since substrate-related folic acid analogs are commonly used as targets to treat 
eukaryotic diseases, such as cancer, one strategy to selectively target bacteria is to inhibit 
their unique dihydropteroate synthase (DHPS) using sulfamethoxazole and trimethoprim, 
a common combination treatment known as “co-trimoxazole”[112].  

Enzymes involved in fatty acid metabolism of prokaryotes are also different from 
eukaryotes as they use type II instead of type I FAS, making this essential metabolic 
pathway an attractive target for antibiotics[113]. For instance, the biosynthetic assembly of 
fatty acid chains is performed by enzymes such as FabH/F/B and can be targeted by 
antibiotics like cerulenin, while other enzymes involved in reduction reactions, including 
FabI enoyl-acyl carrier protein (ACP) reductase and homologs, are targeted by triclosan 
and isoniazid[113]. Moreover, other pathways, which are part of fatty acid metabolism, such 
as the bacterial acetyl-CoA carboxylase and acetyltransferases, are currently being 
investigated as potential antibiotic targets[113].  

The flavin-dependent thymidylate synthase (FDTS) is a prokaryotic-specific enzyme 
responsible for the de novo synthesis of 2'-deoxythymidine-5'-monophosphate (dTMP), 
which presents another promising target for antibiotics with first inhibitors being 
developed[114]. Furthermore, antimetabolite strategies were successfully applied to inhibit 
effects of nitrogen metabolism by phosphinothricin (glufos; glutamic acid antimetabolite) 
or tabtoxinine-β-lactam (TβL), L-threonine biosynthesis by 2-amino-5-phosphono-3-
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pentenoic acid (APPA; homoserine phosphate antimetabolite), the isoprenoid biosynthetic 
pathway by FR-33289 (deoxyxylulose phosphate antimetabolite), and CoA-dependent 
mechanisms by CJ-15,801 (pantothenic acid antimetabolite), but also include broadly 
acting antimetabolites such as alanine and arginine antimetabolite, argolaphos A[115]. 

One of the most obvious differences between prokaryotic and eukaryotic cells – besides 
the absence or presence of a nucleus – is the bacterial cell wall that is missing in eukaryotic 
cells. Since the antibacterial target discussed in this thesis is part of the bacterial cell wall’s 
biosynthetic pathways, these and other bacterial cell wall targets will be discussed in detail 
in following chapters.  

Non-specific disruption of the integrity of the cellular membrane is the mode of action of 
a variety of different antibiotics. For example, aminoglycosides or peptides, such as 
daptomycin and its analogs (lipopeptides), as well as polymyxins, potentially increase 
cellular permeability by polarization mechanisms of the bacterial membrane[115]. Generally, 
these antibiotics are proposed to assemble within the membranes to form pores, thus 
increasing diffusion of i.a. antibiotic agents[115]. This mechanism has also been confirmed 
for antimicrobial agents naturally occurring on the human skin, such as beta defensin 2[115]. 

Besides the described, most explored target strategies of antibacterial therapeutics, recent 
progress has been made in the identification of other promising targets for novel antibiotics, 
such as ATP synthase that is inhibited by bedaquiline[116], prokaryotic guanosine 5'-
monophosphate (GMP) synthesis via inosine 5'-monophosphate dehydrogenase (IMPDH) 
inhibition by mycophenolate[117], bacterial actin-homolog MreB (from murein region “e” 
B gene) involved in bacterial cell shape and division processes that is inhibited by S-
benzylisothiourea compounds[118], as well as the essential cell division mediator 
filamenting temperature-sensitive protein Z (FtsZ) that is inhibited by berberine[119]. 
Targeting FtsZ-ZipA (Z interaction protein A) PPIs and other PPI-inhibitor strategies (i.e. 
β-sliding clamp inhibitors), as well as disrupting DNA replication and repairing 
mechanisms[120], represent new approaches for the development of antibiotics. Lastly, some 
studies have implicated that most antibiotic treatments lead to oxidative stress in the 
bacteria cell ultimately causing cell death, which suggests that the potency of antibiotics 
could be increased by co-treatment with other agents targeting cellular stress response 
pathways[121]. 
 
Antibiotic Resistance – An Old but Ever-growing Problem 
Figure 10.1.9 shows a timeline comparing development and introduction of an antibiotic 
class vs. first appearance of bacteria exhibiting resistance to that class[108]. Notably, most 
resistances are developed right after introduction of the antibiotic class, as in the case of 
aminoglycosides, glycopeptides, or quinolones, while some antibiotic resistances already 
occurred during the developmental stages before their introduction, as seen with 
tetracyclines and lipopeptides. This data highlights how fast and inevitably bacteria are able 
to evolve to overcome antibiotics’ modes of action; a phenomenon that naturally also 
applies to specific antibiotics within a specific class[122].  

Common mechanisms of resistance (Figure 10.1.10) include the decrease of antibiotic 
penetration through changes in pore-forming outer membrane proteins (Omps), which are 
crucial for the uptake of antibiotics such as β-lactams[123]. In a similar matter, bacteria can 
develop an increased ability to actively export antibiotics, which is seen for a majority of 
antibiotic classes including tetracyclines, β-lactams, macrolides, aminoglycosides, 
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sulfamides, lincosamides, chloramphenicol, and others[124]. For this, efflux pumps (Figure 
10.1.11), such as small multidrug resistant (SMR) transporters, major facilitator 
superfamily (MFS) transporters, ATP-binding cassette (ABC) transporters, or multidrug 
and toxic compound extrusion (MATE) transporters, can be found among Gram-negative 
and Gram-positive bacteria, whereas resistance nodulation division (RND) transporters are 
only seen in Gram-negative prokaryotes[124].  

Intracellular processes of resistance can include overproduction of the target enzyme 
(sulfonamides)[124], mutations of the targeted structures (quinolones)[125], non-genetic 
modifications of the target protein (chloramphenicol, quinolones, and macrolides)[126], and 
bypassing of the targeted pathways (sulfonamides and trimethoprim)[124]. Antibiotics can 
also be direct targets for antibiotic resistance mechanisms. One well-known example of this 
strategy is the deactivation of β-lactams by a vast variety of β-lactamases found in 
bacteria[127]. Ultimately, prokaryotes have developed community-based approaches to 
protect themselves from antibiotic agents, such as biofilms[128]. These films are found in 
surface-based infections and are particularly hard to treat, since antibiotics struggle with 
not only the physical barrier created by the film matrix but also the increase in mutually 
shared resistance mechanisms of bacteria within a biofilm, which are communicated by 
elaborate signaling pathways, including quorum sensing networks and available free 
DNA[128]. 
 

 
 

Figure 10.1.9 | Development of Antibiotics and Appearance of Resistance. A timeline showing 
the development (above timeline) of different classes of antibiotics (color-coded). Below the 
timeline, first appearances of resistant bacteria and the relation to the introduction of the respective 
antibiotic class are depicted using the same color code. The arrows reflect the relationship between 
introduction of the antibiotic class and the first appearance of resistant bacteria, in which the start 
of the arrow marks the introduction and the end of the arrow the appearance of resistance 
(highlighted by explosion bubble). Therefore, arrows going from left to right represent antibiotic 
classes, where antibiotic resistance appeared after their introduction, while arrows going from right 
to left show antibiotic classes, for which development of antibiotic resistance already occurred 
before their introduction. The Golden Age is marked as a yellow two-sided arrow. The graphic is 
based on information taken from Lewis, Nat. Rev. Drug Discov. 2013, 12 (5), 371-387[108]. 
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Figure 10.1.10 | Bacterial Resistance Mechanisms. Summary of the most common resistance 
mechanisms (affected antibiotics listed below) developed by bacteria to fight antibacterial 
treatments. Taken from Yilmaz et al., Biochem. Pharmacol. 2017, 133, 43-62[124]. 
 

 
 

Figure 10.1.11 | Bacterial Efflux Pumps. Overview of common efflux pumps involved in 
antibiotic resistance mechanisms. Antibiotic classes that are substrates to these transporters are 
mentioned below, highlighting the importance of this well-established bacterial defense mechanism 
for antibiotic resistance. Taken from Yilmaz et al., Biochem. Pharmacol. 2017, 133, 43-62[124]. 
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Several antibiotic resistance mechanisms have their origin in changes in the prokaryotes’ 
genes or gene expression. For example, one important family of transcription factors, 
responsible for the upregulation of efflux pumps or downregulation of transporters for 
cellular uptake of antibiotics, is the multiple antibiotic resistance repressor (MarR) family, 
whose members are able to recognize several different classes of antibiotics[129]. Other 
regulators of protein expression are sRNAs, which have been implicated in regulating drug 
uptake and efflux, as well as target modifications, cell wall specific processes, biofilm 
production, and transcription factors[130]. Based on the genomic richness in antibiotic 
resistance genes (ARGs), the term “antibiotic resistome” had been introduced, referring to 
ARGs in their entirety in the context of a prokaryotic organism[131]. Because of the fact that 
antibiotic agents naturally appear in the environment, ARGs have been found in samples 
as old as 30,000 years[132].  

Aiding in the spread of ARGs among bacteria is their high genomic flexibility, meaning 
that prokaryotes are able to take up and incorporate foreign DNA via various mechanisms 
such as conjugation (with other prokaryotes), transformation (through uptake of free DNA), 
and transduction. Transduction can occur via bacteriophages – a mechanism, which is also 
referred to as “horizontal gene transfer”[133] – but also through mobile genes including 
circular DNA plasmids[134] and highly agile transposons[135]. Transposons are DNA 
molecules that can easily move between plasmids and genomic DNA and are key players 
in the spread of ARGs[135], which takes place even without the pressure of antibiotic 
selection[136]. Recent studies have further unveiled how bacterial communities 
communicate and induce increased virulence and expression of ARGs in the context of 
biofilms via quorum sensing mechanisms as part of their communal defense strategies[137]. 
Lastly, epigenetic processes, involving phosphorothioation of bacterial DNA, capping of 
bacterial mRNA, and methylation of DNA and mRNA, have been linked to adaptive 
acquisitions of antibiotic resistance[138]. 

This brief overview of resistance mechanisms and how bacteria acquire and stir 
resistance-managing genes or gene regulators highlight the importance of ongoing efforts 
in the fight of overcoming antibiotic resistance, and why it is essential to identify not only 
new scaffolds of antibacterial agents but also novel modes of action in targeting pathogens. 
In this regard, it is important to emphasize that bacteria can survive antibacterial treatments 
even without developing specific resistance mechanisms but instead by exhibiting 
tolerance, e.g. by slowing down their growth, which can lead to reduced damage caused by 
the antibiotic[139]. In extreme cases, bacteria can fall into a dormancy state in order to 
survive antibacterial exposure[139]. Hence, efforts in trying to understand these mechanisms 
are crucial in the development of novel and potent antibacterial compounds and treatments.  

Some examples of successful campaigns trying to overcome resistance mechanisms 
include structure-based efforts leading to improved existing antibiotics or antibiotic target 
strategies[140]. In addition, antibiotic adjuvants, which do not have antibacterial functions 
of their own but are essential parts of co-treatment regiments with antibiotic agents to 
prevent resistance mechanisms, pose another successful strategy[141], as in the prominent 
case of the β-lactamase inhibitors[142]. Furthermore, strategies specifically targeting the 
spread of ARGs through inhibiting conjugation[143] or physically targeting bacteria with 
nanomaterials[144] are discussed. New targets within the bacterial cell that are currently 
investigated are, for instance, prokaryotic esterases[145], as well as the secretion pathway 
unique for prokaryotes[146]. In addition, approaches looking at targets outside of the 
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pathogen are being developed, which aim to circumvent the selectivity pressure on bacteria, 
and include host-directed therapies that target virulence or immunological mechanisms[147] 
as well as quorum sensing pathways to disrupt bacterial communication in the context of 
biofilms[148]. 
 
10.1.3 The Bacterial Cell Wall as a Promising Target for Antibacterial Treatments 

 
Structure of the Bacterial Cell Wall 
 

 
 
Figure 10.1.12 | General Structures of Bacterial Cell Walls. Schematic representation of the 
bacterial cell walls for Gram-negative, Gram-positive, and Mycobacteria. Taken from Porfirio et 
al., Trends Microbiol. 2019, 27 (7), 607-622[149]. 
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The prokaryotic cell wall is a distinct feature of bacteria and therefore absent in eukaryotes 
such as human cells. Following a conserved structure (Figure 10.1.12), the main function 
of the bacterial cell wall is to provide cell shape and stability, while also furnishing 
protection and communication features. In general, anchored within the inner cellular 
membrane are lipoproteins, which connect to the carbohydrate backbone of peptidoglycan 
polymers[149]. Peptidoglycan – also known as murein – is a polymer of linear carbohydrate 
chains, comprised of N-acetylglucosamine-N-acetylmuramic acid (GlcNAc-MurNAc) β-
1,4-connected disaccharides, which are linked to peptide side chains forming an amide 
bond with the lactyl moiety of MurNAc[149] (Figure 10.1.13).  
 

 
 
Figure 10.1.13 | Structural Composition of Peptidoglycan Repeating Units. General structure 
of peptidoglycan repeating units for Gram-negative and Gram-positive bacteria. Adapted from 
Porfirio et al., Trends Microbiol. 2019, 27 (7), 607-622[149]. 
 
In Gram-negative bacteria, the peptidoglycan layer is covered by a second outer membrane, 
which is connected to the peptidoglycan backbone via lipoproteins and contains pore 
forming proteins or cell surface carbohydrate structures such as lipopolysaccharides 
(LPSs)[149]. In contrast to that, Gram-positive bacteria are lacking this second lipid bilayer; 
however, their peptidoglycan network is much thicker than that of Gram-negative bacteria, 
including lipoteichoic acid and teichoic acid polymers, which are connected to the inner 
membrane and the peptidoglycan layer, respectively[149]. Another special form of bacterial 
cell wall structure is found among mycobacteria. Here, similarly to Gram-positive bacteria, 
they are missing a second outer membrane[149]. However, instead of a thicker peptidoglycan 
layer, mycobacteria form a mycolylarabinogalactan-peptidoglycan complex comprised of 
widely branching arabinogalactan polymers attached to the peptidoglycan layer, which 
carry long mycolic acid chains towards the outer layer of the cell wall[149]. Additionally, 
long glycolipids, such as lipoarabinomannan, stretch through the cell wall from the inner 
membrane and, together with the arabinogalactan layer, form a thick and low-penetrable 
barrier[149]. 

Despite the overall assembly of the bacterial cell wall, peptidoglycan structure itself – 
especially within the peptide crosslinkers – differs between Gram-positive and Gram-
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negative bacteria (Figure 10.1.13), and can even vary between different bacteria 
species[149]. For example, while the peptide chains of peptidoglycans commonly consist of 
five amino acids, Gram-negative cell walls are generally based on L-Ala-D-iGlu-m-DAP-
D-Ala-D-Ala (D-iGlu and m-DAP stand for D-iso-glutamate and meso-diaminopimelic acid, 
respectively), while Gram-positive cell walls have a D-iso-glutamine (D-iGln) instead of D-
iGlu (this is also true for mycobacteria[150]) and an L-Lys instead of m-DAP[149].  

Except for the 4-position D-Ala, a variety of different amino acids have been reported for 
other positions in the pentapeptide for different species[150]. For instance, Mycobacterium 
leprae exhibits a Gly in position 1 instead of the L-Ala, and Streptococcus pyogenes 
incorporates an L-5-hydroxylysine in position 3[150]. Moreover, while Gram-negative 
bacteria usually exhibit direct 3-4-cross-linkage of their peptide side chains between the 3-
position m-DAP amine and the 4-position D-Ala carboxylic acid (Figure 10.1.14), Gram-
positive bacteria commonly exhibit long pentaglycine bridges, connecting their 3-position 
L-Lys and the 4-position D-Ala[149] (Figure 10.1.15). Notably, the cross-linked peptide 
chains in mature peptidoglycan lose the final D-Ala[150].  

 

 
 

Figure 10.1.14 | Peptidoglycan Crosslinking in Gram-negative Bacteria. General structure of 
the direct 3-4-crosslinked peptidoglycan polymers in Gram-negative bacteria (same color code as 
in Figure 10.1.13). Adapted from Porfirio et al., Trends Microbiol. 2019, 27 (7), 607-622[149]. 
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Figure 10.1.15 | Peptidoglycan Crosslinking in Gram-positive Bacteria. General structure of the 
peptidoglycan polymers in Gram-positive bacteria, which typically exhibit pentaglycine-bridged 
crosslinking patterns (same color code as in Figure 10.1.13). Adapted from Porfirio et al., Trends 
Microbiol. 2019, 27 (7), 607-622[149]. 
 
Another important difference between the disaccharide polymers of Gram-positive and 
Gram-negative bacteria is the typical 1,6-anhydro-MurNAc moiety (Figure 10.1.14) found 
exclusively in peptidoglycan strand endings of Gram-negative bacteria[149]. The 
incorporation of this capping moiety results in overall shorter strands and ultimately an 
increase in peptidoglycan elasticity, as compared to the more rigid Gram-positive cell wall 
structures[151]. Further reported modifications in the peptidoglycan structure include N-
deacetylations of either one or both carbohydrate moieties, N-glycolylation, O-acetylation, 
and cyclic modifications such as muramic δ-lactam[149].  

Other general modifications to the peptide amino acids include the cyclic imide-
derivatization of the L-Lys in Gram-positive bacteria or modifications of their cross-
linking, such as 2-4-cross-linkage via ornithine, direct 1-3- or 3-3-cross-linkage, and 3-4-
cross-linkage of three pentapeptide units[149]. Some of these diversifications, for example 
the 5-position D-lactate found in vancomycin-resistant Enterococci (VRE), have been 
specifically associated with antibiotic resistance[150]. Similarly, changes in the crosslinking 
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pattern, like direct 3-3-cross-linked peptide chains that result in a denser net structure of 
the peptidoglycan layer, can be linked to β-lactam resistance[151].  

In summary, the peptidoglycan structures of bacterial cell walls are highly complex 
arrangements in which the orchestration of unlinked and cross-linked peptide chains with 
connections to up to four other pentapeptide units[151] not only determines the stability and 
fluidity of the bacterial cell wall but also influences important aspects for mechanisms 
related to antibiotic resistance. Interestingly, peptidoglycans can further function as 
signaling molecules communicating antibiotic interference of bacterial cell wall 
biosynthesis of a fellow bacterium to adjacent bacteria, while the human innate immune 
response interprets these molecules as a sign of a bacterial infection via Nod-like 
receptors[152]. 
 
Biosynthesis of the Bacterial Cell Wall and Antibiotic Interference 
The biosynthesis of peptidoglycan begins within the bacterial cell and is mainly performed 
by enzymes of the mur family[153] (Figure 10.1.16). In the cytoplasm, uridine diphosphate 
(UDP)-functionalized GlcNAc is reacted with phosphoenolpyruvate via the transferase 
MurA to yield enolpyruvyl-UDP-GlcNAc, which is subsequently reduced by the reductase 
MurB, resulting in UDP-MurNAc[153]. The thereby introduced acid function serves as a 
handle to which the respective pentapeptide chains of the different peptidoglycan units can 
be attached[153]. MurC-MurF are amide bond ligases that are responsible for the 
introduction of the pentapeptide to UDP-MurNAc[153]. As described above, these in general 
are L-Ala via MurC, D-Glu (derived from L-Glu by the racemase, MurI) via MurD, mDAP 
via MurE, and the D-Ala-D-Ala motif, synthesized from L-Ala by alanine racemase (alr) 
and D-Ala-D-Ala ligase (ddl), via MurF[153].  

The resulting, still soluble, UDP-MurNAc-pentapeptide intermediate – also referred to as 
“Park’s nucleotide” (first described by James T. Park[154]) – is then loaded onto the lipid 
carrier undecaprenyl phosphate (C55-P) by the translocase MraY upon cleavage of a UMP 
unit at the inner membrane[140], which will be discussed in more detail below. Structurally, 
C55-P is a polymerization product of isoprene units[155]. In bacteria, this is achieved through 
the combination of short, all-trans oligoprene building blocks, most commonly catalyzed 
by cytosolic undecaprenyl diphosphate synthase (UppS) under formation of cis-configured 
bonds[155,156] (note: describing the conformation of C=C-double bonds as “cis” or “trans” 
is obsolete; however, it is used here as it is still commonly seen in the context of 
prenyltransferases, thus is in accordance with current conventions in the respective 
literature). Typically, this process yields chain lengths of up to 55 carbons, although shorter 
lengths of C50 or C45 have also been reported[155]. Subsequent dephosphorylation of the 
pyrophosphate lipid carrier, which can be performed by a variety of different enzymes, 
results in the monophosphate intermediate needed for the following reactions in the 
bacterial cell wall biosynthesis[155] (Figure 10.1.16).  

To the product of the linkage between C55-P and Park’s nucleotide – the so-called “lipid 
I”, the glycosyltransferase MurG introduces another UDP-GlcNAc moiety, forming the 
disaccharide unit of the peptidoglycan molecule, thereby transforming lipid I to lipid 
II[157,140]. In case of Gram-positive bacteria, several acetyltransferases, such as FemX/A/B, 
introduce the pentaglycine bridge at this point in the biosynthesis[140]. To transport the 
completed peptidoglycan unit across the bacterial membrane, numerous potential enzymes 
have been discussed. For example, MurJ[158] and the shape, elongation, division, and 
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sporulation (SEDS) family member FtsW[159] are currently thought to be key flippases in 
this process, while other SEDS family members, such as RodA and SpoVE, are believed to 
perform flippase activity during elongation and sporulation, respectively[159].  

 

 
 
Figure 10.1.16 | Peptidoglycan Biosynthesis. The peptidoglycan biosynthesis begins in the 
cytoplasm, where peptidoglycan units are built by a variety of Mur enzymes. Completed 
peptidoglycan molecules are transported to the periplasm by flippases, where they are polymerized 
and crosslinked through a variety of different enzymes. Established inhibitors of pathways involved 
in this biosynthesis are highlighted in red. Taken from Chellat et al., Angew. Chem. Int. Ed. Engl. 
2016, 55 (23), 6600-6626[140]. 
 
Ultimately, class A penicillin-binding protein (aPBP) and SEDS family members, such as 
RodA, function as transpeptidases to build the peptidoglycan layer[160]. While aPBPs can 
perform the polymerization of the peptidoglycan units as well as the cross-linking of the 
peptides, SEDSs only function as glycosyltransferases and need to work together with class 
B penicillin-binding proteins (bPBPs) to build the murein layer[161]. As transpeptidases, 
PBPs recognize the D-Ala-D-Ala motif in peptidoglycan molecules and form amide bonds 
with amino acids from other units, while removing the 5-position D-Ala of the 
pentapeptide[161]. Other transpeptidases are specialized for L,D-amino acid connections and 
form connections of peptidoglycan with membrane-based lipoproteins (YbiS, ErfK, and 
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Ycf in Escherichia coli), or mDAP-linkages through direct DAP-DAP or 3-3-cross-linking 
(YnhG and YcbB in Escherichia coli)[162].  

At the end of this process, the lipid carrier C55-P stays in the cellular membrane as a 
pyrophosphate byproduct of the described polymerization reactions, and can be recycled to 
the respective monophosphate for another cycle of lipid II formation and transportation 
through the membrane via dephosphorylation by phosphatases including the membrane 
protein undecaprenyl pyrophosphate phosphatase (UppP), also known as BacA[163]. Figure 
10.1.16 gives an overview of peptidoglycan biosynthesis, discussed in this chapter, 
including some established antibiotic targets with respective examples[140]. 

The bacterial cell wall is a crucial feature to bacterial survival and is formed in a multistep 
biosynthetic pathway, providing various targeting strategies for antibiotic interference. 
Several known antibiotics take advantage of this fact[140]. For example, inhibition of the 
(soluble) peptidoglycan unit biosynthesis is one successful strategy for antibacterial 
compounds, including covalent MurA inhibitors such as the clinically established 
fosfomycin[164] and other natural products such as the terreic acid, which has been found to 
covalently label Cys115 of this transferase in investigational studies[165]. To date, several 
inhibitors for Mur enzymes have been reported (MurA-G), with most inhibitors showing 
cross-activity with several Mur proteins[164]. For instance, phosphorylated hydroxyethyl 
amine derivatives exhibit inhibitory activity of MurC-MurF[166], and phenyl thiazolyl ureas 
and carbamates were reported as inhibitors of MurA and MurB[167]. In contrast to these 
multi-targeting antibiotics, selective MraY inhibitors, especially nucleoside-based natural 
products, have been discovered[164], and will be discussed in more detail in following 
chapters. Other antibiotic agents target precursors of the peptidoglycan building blocks, as 
in the case of the recently reported benzamide-based scaffolds, which have been shown to 
inhibit the UDP-functionalization of UDP-GlcNAc by targeting the uridyltransferase 
GlmU[168], while the clinically approved D-cycloserine prevents D-Ala-D-Ala formation by 
inhibiting ddl[164].  

Since all these targets require the antibiotics to penetrate the bacterial cell in order to 
reach their targets, mechanisms involved in the polymerization and cross-linking of the 
peptidoglycan units have been attractive targets for antibiotic compounds to circumvent the 
hurdle of cellular uptake. For instance, clinically used vancomycin and non-approved 
lantibiotics bind lipid II thereby preventing polymerization of the disaccharide, while the 
investigational moenomycins are reported to directly target the glycosyltransferases[169]. 
Similarly, PBPs are covalently bound by clinically established β-lactams, which thereby 
inhibit PBP transpeptidase activity[164].  

More recently, antibacterial agents targeting Gram-specific enzymes of the cell wall 
synthesis pathways have been reported in the literature. For instance, the NagZ glycosylase 
is a key player in the recycling process of peptidoglycan in Gram-negative bacteria, due to 
their unique 1,6-anhydromuramyl-based terminal moieties, and has been found to be 
inhibited by iminosaccharide analogs[170]. In Gram-positive bacteria, L-rhamnose 
biosynthesis is targeted by thymidylyltransferase inhibitors based on nucleotide 
analogs[171], while RNA-based molecules inhibit the unique pentaglycine-introducing 
FemX acetyltransferases[164].  

Finally, recent studies have shown that bacterial features, such as biofilm function, can 
be influenced by cell wall biosynthesis targeting agents. For example, D-Leu is able to 
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interrupt anchoring mechanisms of matrix carbohydrate polymers for biofilm formation, 
having the advantage of avoiding direct cell killing effects[172]. 
 
MraY as a Target of Nucleoside-based Antibiotics 
As mentioned above, MraY poses an attractive target for antibiotics. The murein synthetic 
gene cluster a-Y – short, mraY – has been initially described for Escherichia coli by Ikeda 
and colleagues in the early 1990s[173]. The group reported that the gene encodes for the 
protein responsible for attaching the MurNAc-pentapeptide peptidoglycan precursor onto 
the membrane-based undecaprenyl phosphate lipid carrier as part of cell wall 
biosynthesis[173] (Figure 10.1.16). The group further found that the hydrophobic clusters 
within the structure of MraY suggested that it is a membrane-based protein, which is in 
contrast to other enzymes encoded within this gene region, e.g. the cytosolic mur gene-
derived proteins[173].  

While Ikeda et al. already showed that tunicamycin inhibits MraY enzymatic activity in 
a dose-dependent manner (Figure 10.1.17 A)[173], it was Boyle and Donachie who validated 
an essential function of mraY for bacterial cell growth (Figure 10.1.17 B) as mraY-null 
mutant Escherichia coli would exhibit a distinct cell lysis phenotype[174]. In the late 1990s, 
Bouhss et al. elucidated important structural features of the MraY protein by comparing 
the sequence and in silico topological models of MraY from 25 different bacterial 
strains[175]. Their work supported Ikeda’s initial model of MraY being an integral 
membrane protein[173], proposing a structure with ten transmembrane helices, five 
hydrophilic loops I-V facing the cytoplasm, and six periplasmic domains, including the N- 
and C-termini[175]. Notably, while the transmembrane and periplasmic structures of MraY 
show variability among different strains, their overall structural features are comparable, 
whereas the cytoplasmic loops are highly conserved among the orthologs[175]. Taken 
together, this data suggests that the hydrophilic loops facing the cytoplasm are responsible 
for substrate binding[175]. Moreover, it was shown that the MraY active sites of Gram-
positive and Gram-negative strains bind to the same substrates, indicating that the binding 
mode is pentapeptide-independent[175]. Later, Al-Dabbagh et al. performed single amino 
acid mutations of 19 conserved amino acids within the five cytosol-facing loops (Figure 
10.1.17 C) and uncovered that 14 of these conserved amino acids – distributed over all five 
hydrophilic segments – were essential for MraY function, providing evidence of a mutual 
interplay for the formation of the enzyme’s binding site[176].  

The long-time unknown structure and therefore binding mode of the MraY substrate 
historically prevented medicinal chemistry campaigns from rational development of MraY 
inhibitors. In 2013, Chung and co-workers reported the first crystal structure of MraY 
isolated from Aquifex aeolicus strains (MraYAA), which validated studies carried out by Al-
Dabbagh and Bouhss[177]. The crystal structure shows ten transmembrane helices, with the 
ninth exhibiting a distinct bend (Figures 10.1.18 A and B), as well as five conserved loops 
– referred to as loops A-E, facing the cytosol[177]. Moreover, the structure reveals two MraY 
molecules dimerizing to form a hydrophobic pore in their interface[177] (Figure 10.1.18 B). 



 III APPENDIX 

- 482 - 
 

 
Figure 10.1.17 | MraY – An Integral Membrane Protein Essential for Bacterial Cell Growth. 
A. Tunicamycin inhibits MraY (from E. coli mutants containing different plasmids either including 
mraY (circles) or not (squares)) catalytic activity in a dose-dependent manner. Taken from Ikeda et 
al., J. Bacteriol. 1991, 173 (3), 1021-1026[173]. B. Bacterial cell growth for mutant E. coli strains 
with suppressed (small diamonds) or induced (big squares) mraY expression. Taken from Boyle et 
al., J. Bacteriol. 1998, 180 (23), 6429-6432[174]. C. Proposed topology of MraY with conserved 
regions marked as identical (circle) or similar (square). Taken from Al-Dabbagh et al., Biochemistry 
2008, 47 (34), 8919-8928[176]. 

 
Chung et al. identified Asp117/118/265 and His324 as crucial amino acids in the catalytic 
mechanism of MraY via mutation-based experiments[177]. Furthermore, it was reported that 
Asp265 is potentially involved in the complexation of a Mg2+-ion, and that Asp117 may 
bind the C55-P phosphate[177] (Figure 10.1.18 C). An adjacent long hydrophobic pocket 
supports this hypothesis, since it could serve as a potential binding site for the C55-P 
polyisoprenyl chain[177] (Figure 10.1.18 D). However, it was not until the publication of a 
co-crystal structure of MraYAA with the inhibitor muraymycin D2 (Figure 10.1.19) that the 
binding mode of small molecules to the cytosolic loops was vaguely understood and 
therefore useful for drug development purposes[178]. 
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Figure 10.1.18 | Crystal Structure of MraYAA

a. A. Principle topology of MraYAA. B. Crystal 
structure of MraYAA dimer (one homolog in gray, the other shown in the same color-code as in A). 
C. Sequence conservation of MraYAA with colors ranging from magenta (absolutely conserved) to 
cyan (least conserved), including a zoom-in on the proposed substrate binding site as well as 
important amino acids (highlighted in red). D. A hydrophobic pocket adjacent to the nucleotide 
binding site is depicted in dashed lines. Mg2+ and Asp117 are highlighted as yellow and red shapes, 
respectively.  
a Figures adapted from Chung et al., Science 2013, 341 (6149), 1012-1016[177]. 
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Figure 10.1.19 | Co-crystal Structure of MraYAA in Complex with Muraymycin D2a. A. 
Muraymycin D2 bound to MraYAA. View from cytosol. B. Close-up on muraymycin D2 interactions 
with the MraYAA binding site. Important amino acids are highlighted (labeled). C. Comparison of 
the structure of apoMraYAA (top and bottom, left) and the co-crystal structure of MraYAA in complex 
with muraymycin D2 (top and bottom, right).  
a Adapted from Chung et al., Nature 2016, 533 (7604), 557-560 [178]. 

 
Interestingly, it was shown that the conserved loops undergo impressive conformational 
changes upon ligand binding, especially within the E loop that interacts with the peptide 
chain of the inhibitor[178] (Figure 10.1.19 C). This flexibility might contribute to the ability 
of MraY to bind peptidoglycan precursors carrying different pentapeptide moieties, as well 
as to the variety of inhibitor scaffolds that are targeting MraY[178]. Other co-crystal 
structures with different nucleoside-based antibiotics that have been reported since then 
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support this hypothesis and further add to our understanding of MraY function and 
inhibition, and aid in ongoing efforts to develop potential antibacterial agents[179,180]. For 
example, structures of MraY from Clostridium bolteae strains crystallized in complex with 
tunicamycin[179], as well as structures of MraYAA bound to nucleoside-based, naturally-
occurring antibiotics (caprazamycin, capuramycin, and mureidomycin)[180] reveal the 
chemical logic for binding of these distinct natural products, highlighting the characteristic 
flexibility of the nucleoside binding site through the interplay of the intracellular loops 
(Figure 10.1.20).  
 

 
 
Figure 10.1.20 | Comparison of Co-crystal Structures of MraYAA. Co-crystal structures of 
MraYAA in complex with a caprazmycin (magenta), capuramycin (yellow), and a mureidomycin 
(green). Adapted from Mashalidis et al., Nat. Commun. 2019, 10 (1), 2917[180]. 
 
Finally, kinetic studies using a fluorescent substrate probe further deepened our 
understanding of the catalytic mechanism of MraY[181]. The results of these studies suggest 
that the binding of both C55-P and Park’s nucleotide is crucial for MraY activity[181]. It is 
further believed that His289 facilitates the nucleophilic attack of the C55-P phosphate either 
through direct binding of the phosphate or activation by deprotonation via its activity as a 
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base, yielding bond formation with the MurNAc-pentapeptide substrate under cleavage of 
UMP in a reversible SN2-type reaction[181]. However, it remained unclear whether MraY 
forms a covalent complex with MurNAc-pentapeptide first, resulting in a two-step 
mechanism, or whether C55-P gets deprotonated to directly attack the nucleotide, which 
would be a one-step catalytic mechanism. Studies that employed radiolabeled MraY 
substrates support the one-step mechanism in which the C55-P phosphate is deprotonated 
and subsequently reacts with the Park’s nucleotide[182]. Interestingly, these studies also 
suggest that conserved aspartate residues within the active site are responsible for the 
phosphate deprotonation rather than His289[182] (Scheme 10.1.3).  

Based on these catalytical studies and due to mutual lipid substrates, MraY is considered 
part of the polyprenyl-phosphate N-acetylhexosamine 1-phosphate transferase (P2HPT) 
superfamily, whose enzymes are all sharing similar catalytic mechanisms[182]. Notably, 
some prokaryotic enzymes, such as WecA, TagO, WbcO, WbpL and RpG (exhibiting 
substrate specificity for their carbohydrate substrates), but also eukaryotic enzymes, such 
as glutamate pyruvate transaminase 1 (GPT), are part of this family[182]. 

 
Scheme 10.1.3 | Proposed One-Step Mechanism for the Catalytic Activity of MraYa 

 

 
 
a Adapted from Al-Dabbagh et al., Biochimie 2016, 127, 249-257[182]. 
 
Several efforts in the development of MraY inhibitors as novel antibiotic agents have been 
described. To date, six different classes of nucleoside antibiotics – most of which were 
isolated from Streptomyces strains – have been identified to have MraY inhibitory activity, 
namely, caprazamycins, capuramycins, mureidomycins, muraymycins, 
tunicamycins[180,183], and sphaerimicins[184] (Figures 10.1.21 and 10.1.22 B). Even though 
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these classes all target a distinct nucleoside binding site due to their conserved uridine 
motif, their unique structures exhibit otherwise distinguishable binding modes as a result 
of the overall flexible binding site of MraY[180] (Figure 10.1.20). Notably, while these 
nucleoside antibiotics are generally selective for the prokaryotic MraY enzyme, 
tunicamycins also bind the related eukaryotic GPT protein, leading to off-target 
toxicity[180,183]. Interestingly, other nucleoside-based natural products, including 
nikkomycins and polyoxins, have been shown to inhibit the fungal chitin biosynthesis – a 
crucial building block of the cell wall found in fungi[183].  
 

 
 
Figure 10.1.21 | Structures of Natural Product-based MraY Inhibitors. Overview of well-
established, nucleoside-based MraY inhibitors. Shown are the general scaffolds of caprazamycins, 
capuramycins, mureidomycins, muraymycins, and tunicamycins. The structure of sphaerimicin – 
another structurally related MraY inhibitor – is shown in Figure 10.1.22 B. 
 
Another reported MraY inhibitor with a completely different binding mode is the 
bacteriophage-based lysis protein E, which is proposed to bind to helix 9 via specific π-π-
interactions with amino acids close to the periplasmic side of MraY[185] (Figure 10.1.22 A). 
Some studies further suggest that certain nucleoside antibiotics are potentially also binding 
to this site as part of their mode of action[186]. Interestingly, strategies to develop MraY 
inhibitors from closer substrate mimetics yielded disappointing results[187], while genetic 
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approaches and library screenings led to the discovery of novel nucleoside-based MraY 
inhibitor scaffolds (sphaerimicin)[184], and the isoquinoline alkaloid-related michellamine 
B[188], respectively (Figure 10.1.22 B). Recent studies have further added MraY-specific 
monoclonal antibodies as potential novel antibacterial therapeutic strategies, showing good 
antibacterial activity in mouse models[189]. As the muraymycin class of antibiotics is part 
of this work, they will be discussed in more detail in the following chapter. 
 

 
 
Figure 10.1.22 | Additional Structures of Reported MraY Inhibitors. A. Proposed binding 
mechanism of MraY-inhibiting lysis protein E of bacteriophage ϕ X174. Figure taken from Rodolis 
et al., ChemBioChem. 2014, 15 (9), 1300-1308[185]. B. Recently reported MraY inhibitors, 
sphaerimicin A (nucleoside antibiotic) and michellamine B (alkaloid). 
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10.1.4 Muraymycin-based Nucleoside Antibiotics 

While nucleoside antibiotics can generally affect a variety of different processes within a 
bacteria, such as pseudouridimycin-based inhibition of RNA polymerases[190] or 
albomycin-based inhibition of seryl-tRNA synthases[191], uridine-derived natural products 
are an important class of potent and selective MraY inhibitors, which disrupt peptidoglycan 
biosynthesis. The uridine motif shared by MraY-inhibiting nucleoside antibiotics is also 
found in the natural MraY substrate UMP-MurNAc-pentapeptide[180] (Figures 10.1.21 and 
10.1.22 B). As already described, these nucleoside antibiotics bind to the intracellular 
substrate binding site of the membrane-bound translocase[180] (Figure 10.1.20). 

There are several subclasses of uridine-derived MraY-inhibiting nucleoside antibiotics, 
including (Figure 10.1.21): 

(1) Tunicamycins (including tunicamycins, streptovirudins, and corynetoxins), which 
have a distinct tunicamine carbohydrate structure, including the sugar moiety of the 
uridine nucleoside, as well as a GlcNAc and a fatty acid group[192].  

(2) Mureidomycins (such as mureidomycins, pacidamycins, napsamycins, and 
sansanmycins), which contain a unique 3'-deoxyuridine core, which is connected to 
a short peptide motif via an unsaturated 4',5'-enamide linkage[192]. Notably, reduced 
analogs retain MraY inhibitory activity[192]. The peptide commonly includes an N-
methylated 2,3-diaminobutyric acid motif with an aromatic amino acid – mostly 
meta-tyrosine – in the 3-position and a methionine in the 2-position, followed by 
another meta-tyrosine connected via a urea linker[192].  

(3) Liponucleoside antibiotics, such as the liposidomycin group (including 
liposidomycins and caprazamycins), commonly contain the typical uridine base 
linked to an aminoribofuranoside carbohydrate moiety in the 5'-position, followed 
by a distinct diazepanone ring system[192]. Attached to this aliphatic heterocycle are 
long fatty acids carrying a 3-methylglutaryl group, which, in case of the 
caprazamycins, includes another L-rhamnose sugar substituent[192].  

(4) Finally, the capuramycins (comprised of capuramycin and A-500359A (and 
analogs)), which have a uronic acid moiety attached to the 5'-position of the uridine 
core, which is decorated with a carbamate and methyl group at the 2'- and 3'-
positions, respectively[192]. The uronic acid forms an amide linkage with an 
aminocaprolactam ring or is replaced by a simple methyl ester in some A-500359 
analogs[192]. 
 

This chapter will focus on muraymycin antibiotics, as this is the main focus of this project 
as part of this thesis. In 2002, McDonald and co-workers first reported the isolation and 
MraY inhibitory activity of 19 muraymycin analogs extracted from Streptomyces 
species[193]. Based on structural features, muraymycin antibiotics can be divided into four 
groups, A-D [193] (Table 10.1.1).  

Generally, muraymycins have a 5'-hydroxy group at the uridine nucleoside core, which 
is functionalized with an aminoribofuranoside moiety; this is putatively cleaved off during 
purification processes, leading to a free hydroxy group for analogs A5 and C4[192,193]. 5'-
Deoxy analogs, which can be more easily accessed synthetically, were also shown to be 
active MraY inhibitors[194]. A diaminopropyl linker connects the nucleoside core to a short 
peptide sequence, which consist of the characteristic amino acids L-(hydroxy)leucine, 
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epicapreomycidine (a cyclic guanidino amino acid), and an L-valine, which is linked by a 
urea motif[192].  
 
Table 10.1.1 | Structures of Naturally Occurring Muraymycinsa 

 

 
 

Muraymycin R3 Acyl n R4/5 

A 
 

1 -OCH3 

 

11 -OH 
2 -OCH3 9 -OH 
3 -OCH3 11 -H 
4 -OH 11 -OH 
5 N/A 11 -OH 

B 

1 -OCH3 

 

5 -CH3 
2 -OCH3 5 -H 
3 -OCH3 3 -CH3 
4 -OCH3 4 -H 
5 -OH 4 -H 
6 -OCH3 3 -H 
7 -OH 3 -H 
8 -OCH3 11 -H 
9 -OCH3 9 -H 

C 

1 -OCH3 

N/A 

- - 
2 -OH - - 
3 -H - - 
4 N/A - - 

D 
1 -OCH3 

N/A 
- - 

2 -OH - - 
3 -H - - 

  
a N/A, not applicable. 
 
The (hydroxy)leucine functionalization determines the muraymycin classification into sub-
Groups A-D (Table 10.1.1). Compounds of Group A, which most potently inhibit MraY, 
contain guanidinylated or hydroxyguanidinylated fatty acids at this position, while Group 
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B compounds have unfunctionalized alkyl fatty acid chains[193]. Group C and D 
muraymycins do not carry any lipophilic side chain; instead, Group C compounds are 
characterized by a free hydroxy group at the central leucine moiety, while the group D 
compounds consist of an unfunctionalized leucine[193]. Recent studies have added 
additional members to the B- and C-Groups of muraymycins, raising the number of isolated 
muraymycin analogs to a total of 21[195].  

In 2011, Cheng et al. identified the gene cluster responsible for muraymycin biosynthesis 
in the Streptomyces strain NRRL 30471, which allowed them to propose the first 
biosynthetic route for muraymycin antibiotics[196]. While the exact mechanism is still being 
investigated, several Mur proteins are reported to orchestrate muraymycin biosynthesis 
starting from uridine monophosphate (UMP) units[196,197]. Furthermore, it was found that 
the biosynthetic buildup of the uridine-based muraymycin core was found to be comparable 
to the biosynthesis of other nucleoside antibiotic core structures, including those of 
liposidomycins, caprazamycins, and capuramycins[198]. Notably, in the same gene cluster, 
Cui and colleagues have identified Mur28 and Mur29, which phosphorylate or adenylate 
the aminoribosylated uridine core, respectively, yielding compounds with no significant 
MraY inhibitory activity[199]. This mechanism is essential to protect nucleoside antibiotics-
producing bacteria from interfering in their own cell wall biosynthesis[199]. 
 
Antibacterial Activity of Nucleoside Antibiotics 
As already mentioned, the A-Group among the muraymycins – especially muraymycin A1 
– exhibit the most potent antibacterial effects of these nucleoside antibiotics[193]. 
Muraymycin A1 shows strong potency against Gram-positive bacteria, including 
Staphylococci and Enterococci with minimum inhibitory concentration (MIC) values of 2-
16 and 16->64 µg/mL, respectively[200]. In addition, muraymycin A1 also exhibits potency 
against certain Gram-negative strains with MIC values varying from 8->64 µg/mL[200]. 
Notably, cellular uptake of the drug was likely an issue in strains that muraymycin exhibited 
little to no potency in, as the MIC was under 0.03 µg/mL in mutant E. coli with an improved 
membrane permeability[200].  

In comparison, other nucleoside-based MraY inhibitors have shown different profiles. 
For example, tunicamycins are mainly active against Bacillus strains (MIC = 0.1-
20 µg/mL; Gram-positive). The structurally related streptovirudins and corynetoxins show 
a similar profile, including toxicity effects due to mutual off-targets in mammals[200]. 
Liposidomycins were found to have cellular uptake issues, as their biochemical MraY 
activity differs significantly from their cellular activity[200]. Here, extensive SAR studies 
have shown that only analogs with long fatty acid chains are active against, for example, S. 
aureus (MIC = 2.5 µg/mL; Gram-positive)[200].  

In contrast, mureidomycins are active against the Gram-negative Pseudomonas 
aeruginosa including β-lactam resistant strains, with MIC values of 1.5-12.5 and 0.1-
1.56 µg/mL, respectively[200]. Interestingly, some mureidomycin analogs were even found 
to be potent against M. tuberculosis with a MIC90 of 12.5 µg/mL[200]. Other examples for 
nucleoside antibiotics active on Gram-negative bacteria are the mureidomycin-related 
pacidamycins, which are potent against P. aeruginosa (MIC = 4-16 µg/mL), napsamycins, 
being active against P. aeruginosa and M. tuberculosis (MIC = 8-20 µg/mL), and 
sansanmycins, with MIC values of 2 and 8 µg/mL for M. tuberculosis and P. aeruginosa, 
respectively[200]. Caprazamycins are highly potent against mycobacteria with a MIC value 
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of 3.13 µg/mL against M. tuberculosis[200]. Notably, muraymycin D1 was also found to 
inhibit M. tuberculosis, with a MIC50 of 1.56 µg/mL[201].  

Interestingly, some synthetic analogs of caprazamycins exhibit big shifts in their activity 
profile upon minor changes in their scaffold, leading to active compounds against S. aureus, 
E. faecalis, and/or lost activity on M. tuberculosis[200]. Antibiotics of the class among the 
A-series, such as A-94964, show similar profiles[200]. Capuramycins and analogs, as well 
as relatives from the A-series (e.g. A-500359A), exhibit antibacterial activity against M. 
smegmatis (3 µg/mL)[200]. Here, more lipophilic analogs, carrying additional fatty acids, 
yielded in an improved activity profile towards Gram-negative and -positive species[200], 
potentially indicating better cellular uptake. A summary of the data presented in this chapter 
is given in Table 10.1.2. 
 
Table 10.1.2 | Antibacterial Activity of Selected Nucleoside Antibioticsa 

 

Nucleoside 
Antibiotic 

MIC 
Gram pos. Gram neg. M. tuberculosis 

[µg/mL] strain [µg/mL] strain [µg/mL] 

muraymycin 
A1 

2 - 16 
8 - >64 

Staphylococci 
Enterococci 

8 - >64 
<0.03 

various 
E. coli 

(mutant) 
N/A 

muraymycin  
D1 N/A N/A N/A N/A 1.56 

tunicamycins 0.1 - 20 Bacillus N/A N/A N/A 

liposidomycins 2.5 S. aureus N/A N/A N/A 

mureidomycins N/A N/A 1.5 - 12.5 
(0.1 -1.56) 

P. aeruginosa 
(resistant 

strain) 

12.5 
(MIC90) 

pacidamycins N/A N/A 4 - 16 P. aeruginosa N/A 

napsamycins N/A N/A 8 - 20 P. aeruginosa 8 - 20 

sansanmycin N/A N/A 8 P. aeruginosa 2 

caprazamycins N/A N/A N/A N/A 3.13 

capuramycins N/A N/A N/A N/A 3  
(M. smegmatis) 

a N/A, not available.  
Note: This table is not a comprehensive list and merely functions as a summary of the data provided 
in this chapter. 
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Synthesis of Muraymycins and Their Analogs 
In order to study the SAR and antibacterial profiles of muraymycin analogs, as well as to 
achieve more drug-like molecules, efficient and affordable synthetic strategies to access 
their core scaffolds were developed. The first synthetic approaches to yield the muraymycin 
core structure were reported by Yamashita et al.[202] (Scheme 10.1.6). Similar to the 
reported biosynthetic route, the group started from a protected uridyl-5' aldehyde (1), which 
was converted with a protected glycine in an aldol reaction, followed by separation of the 
resulting diastereomers (2)[202]. Subsequently, reductive amination reactions with different 
linkers (3), amide couplings with simplified short peptides (5), and different deprotection 
strategies of intermediates 4 and 6 yielded a small library of some structurally simplified 
muraymycin analogs[202]. Notably, these analogs all lack the aminoribose group in the 5'-
position, as well as the fatty acid moiety and the distinct cyclic epicapreomycidine in the 
peptide chain of naturally occurring muraymycins[202].  

 
Scheme 10.1.6 | First Synthetic Approaches towards Muraymycin Analogsa 

 

 

 
a Based on Yamashita et al., Bioorg Med. Chem. Lett. 2003, 13 (19), 3345-3350[202].  
Bn, benzyl; Cbz, benzyloxycarbonyl; der., derivative; i-Pr, isopropyl; PMB, p-methoxybenzyl; red., 
reductive; TBDMS, tert-butyldimethysilyl ether; tert-Bu, tert-butyl. 
 
In 2008, Tanino and co-workers developed a synthetic route for muraymycin analogs based 
on the Ugi-four component reaction method[203]. In their approach, a nucleoside core 
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isonitrile, a leucine-derived aldehyde, a benzylic amine, and a urea dipeptide carboxylic 
acid were coupled in a one-pot reaction to yield analogs of the D-Group muraymycins[203] 
(the four components of the Ugi-four component reaction are highlighted in italic). While 
these analogs included the aminoribose substituent at the nucleoside core, they only 
contained a ring-opened version of the epicapreomycidine amino acid[203] (not shown). Two 
years later, the group had developed a synthetic approach to yield the cyclic L-
epicapreaomycidine amino acid, which enabled them to report the first total synthesis of 
muraymycin D2[204] (Scheme 10.1.7).  
  
Scheme 10.1.7 | Total Synthesis of Muraymycin D2 via Ugi-four Component Reactiona 

 

 
 

a Based on Tanino et al., Nucleic Acids Symp. Ser. 2008, (52), 557-558[203], Hirano et al., J. Org. 
Chem. 2008, 73 (2), 569-577[205], and Tanino et al., J. Org. Chem. 2010, 75 (5), 1366-1377[204].  
Cbz, benzyloxycarbonyl; Boc, tert-butyloxycarbonyl; Tces, 2,2,2-trichloroethoxysulfonyl. 
 
For this, they combined the established synthetic route for the generation of the 
aminoribosylated uridine core, in which a uridine 5'-aldehyde is converted using Wittig 
reaction conditions, Sharpless aminohydroxylation, and subsequent β-selective 
aminoribosylation to yield key intermediate 10[205], with their synthetic route for the 
epicapreomycidine building block (7)[204]. The latter was synthesized starting from L-
ornithine via a C-H amination and the formation of sulfamate intermediate 11, followed by 
cyclization of the desired isomer resulting in guanidine 12[204]. The corresponding 
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intermediates were then taken forward with their Ugi-four component approach to yield 
muraymycin D2[204] (Scheme 10.1.7). 

Similarly, another total synthesis route was developed in 2016 by Mitachi et al. for the 
muraymycin analog D1 (not shown) – only differing from muraymycin D2 in a methylated 
hydroxy moiety[201] (Table 10.1.1). While the group here also used a β-selective 
ribosylation reaction to introduce the additional carbohydrate moiety to the uridine core, 
the 3-aminopropyl linker was added via a stereoselective Strecker reaction[201]. Finally, the 
peptide was combined with the nucleoside core via an amide coupling, and the use of almost 
exclusively acid cleavable protecting groups simplified the endgame of this synthetic 
approach to one global acidic deprotection step[201].  

In the early 2010s, Spork et al. developed a tripartite synthetic approach for simplified 
5'-deoxy analogs of C-Group muraymycins that carry a hydroxyleucine residue in the 
center[194,206,207] (Scheme 10.1.8). Starting from the precursor 15 (uridine-5'-aldehyde), the 
carboxylic acid motif was introduced to the nucleoside core via a Wittig-Horner reaction 
with phosphate 16, followed by an asymmetric hydrogenation and a benzyloxycarbonyl 
(Cbz) deprotection step to yield key intermediate 18 in a stereoselective manner[207]. In the 
following, linker aldehyde 19, including the stereoselective hydroxyleucine amino acid, 
was introduced using reductive amination conditions[207]. In the final steps, urea dipeptide 
analog 7 was reacted with intermediate 20 in an amide coupling and the resulting product 
was deprotected in an acidic global deprotection step, resulting in 5'-deoxy muraymycin 
C4 as the final compound[207].  

Building block 19 was synthesized following a novel protocol described by Ries et al.[208] 
(not shown), and the urea dipeptide analog 24 was accessed following an optimized 
synthetic route to build the epicapreomycidine moiety (Scheme 10.1.9)[206]. For this, 
Garner’s aldehyde was used to form a terminal imine (structure not shown), which was 
alkylated using a Grignard reaction to yield amine 21 with great diastereoselectivity[206]. 
The introduced alkene moiety was then transformed via ozonolysis and another sequence 
of imine formation and reduction to the respective amine to yield intermediate 22[206]. The 
two primary amines of deprotected intermediate 23 were then cyclized using a specifically 
prepared guanidinylation reagent (24), resulting in the desired functional group[206]. The 
epicapreomycidine precursor (25) was further transformed to the respective amino alcohol, 
converted to the urea dipeptide (27), and oxidized to yield the desired carboxylic acid 
(7)[206]. Since this synthetic route was used for the synthesis of the muraymycin analogs 
part of this thesis, more detailed schemes and discussions are provided in Chapter 10.3. 

Based on the described synthetic route, Spork and coworkers also attempted to access 5'-
hydroxylated congeners such as muraymycin C4 (Scheme 10.1.10)[206]. For this, precursor 
15 was used to form a uridine-epoxide intermediate (29), enabling the stereospecific 
formation of a bromohydrin (30), which was subsequently transformed into an azide by 
SN2-type nucleophilic substitution[206]. The intermediate was eventually reduced to the 
respective amine, resulting in the nucleosyl precursor 31, which was the first key building 
block for the synthesis of 5'-hydroxylated muraymycin analogs in no more than four 
additional steps, including the final global acidic deprotection step[206]. Importantly, while 
it takes 8 steps to form compound 31 from starting material 15, it only takes a total of 3 
steps to arrive at the respective analog (18) in the case of 5'-deoxy analogs. Surprisingly, 
the total synthesis of muraymycin C4, using this synthetic approach, did not succeed due 
to the chemical instability of intermediates 31 and 33 under acidic conditions[206]. 
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In summary, the three main building blocks of the tripartite approach developed by Spork 
and colleagues – uridine 18, linker 19, and dipeptide moiety 7 – are synthetically accessible 
intermediates with manageable and flexible synthetic routes for the introduction of 
chemical changes to the muraymycin core scaffold. Hence, via three synthetic steps – a 
reductive amination, an amide coupling, and final global deprotection – muraymycin core 
scaffolds can be built[206], making this synthetic route the most efficient and adaptable for 
building compound libraries and probes. 
 
Scheme 10.1.8 | Tripartite Synthesis of 5'-Deoxy Analog of Muraymycin C4a  
 

 
 
a Based on Spork et al., J. Org. Chem. 2011, 76, 10083-10098[207].  
The three key intermediates for the construction of the muraymycin core are highlighted in gray 
boxes. The final assembly of these building blocks can be achieved in three overall steps 
(highlighted in framed boxes).  
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Scheme 10.1.9 | Synthetic Strategy to Access Urea Dipeptide Intermediate 7a  
 

 
 

a Based on Spork et al., J. Org. Chem. 2011, 76, 10083-10098[207].  
Red., reductive. 
 
 
Scheme 10.1.10 | Attempted Total Synthesis of Muraymycin C4a  
 

 

 

a Based on Spork et al., Chem. Eur. J. 2014, 20 (47), 15292-15297[206].  
d.r., diastereomeric ratio. 
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Structure-Activity Relationship of Muraymycins as MraY Inhibitors 
Before comprehensive synthetic routes for the muraymycin core were developed, 
Yamashita et al. reported antibacterial activity of some truncated muraymycin analogs, 
targeting exclusively Gram-positive bacteria[202]. Comparing naturally occurring 
muraymycin analogs in a fluorescence-based biochemical MraY assay, Koppermann et al. 
later showed that the fatty acid moieties in muraymycins from the A- and B-Groups 
potentially affect cellular uptake, rather than on-target activity[209]. Thus, these findings 
could provide an explanation for the lack of activity against Gram-negative bacteria of the 
truncated muraymycin analogs in Yamashita’s studies. However, muraymycin analogs 
with a substituted leucine were generally also found to be more potent than D-Group 
muraymycins in in vitro MraY assays[209], pointing towards some importance of this moiety 
for on-target inhibition.  

In the past decade, due to increasing advances in synthetic approaches to access 
muraymycin analogs, more information regarding the SAR of these promising nucleoside-
based natural antibiotics has been reported. For instance, Tanino and coworkers 
demonstrated that several simplifications of the muraymycin core scaffold are tolerated, 
including the truncation of the dipeptide, exchange of the epicapreomycidine to a simpler 
ornithine moiety, as well as a direct conjugation of the central leucine function and long 
alkyl chains, with activities of these compounds against antibiotic-resistant strains, such as 
methicillin-resistant S. aureus (MRSA) and VRE[210]. Notably, truncations of the dipeptide 
moiety were generally not tolerated in our hands[211]. More importantly, full-length 
muraymycin core structures seem to be essential for MraY inhibitory activity in the context 
of 5'-defunctionalized analogs[212].  

Other studies focused their investigations on specific parts of the muraymycin scaffold. 
For example, Heib et al. showed that changes in the uracil unit were generally not tolerated, 
while certain changes in the nucleoside moiety, such as 2'-defunctionalization, were well 
tolerated[213]. Similarly, analogs in which the aminoribose group was directly linked to the 
uracil ring lost MraY inhibitory activity[214]. Strategies to link the aminoribose moiety to 
the 6'-N of the nucleoside core also led to inactive compounds; however, smaller 
substituents at the 6'-N were decently tolerated[214]. Importantly, muraymycin analogs with 
a missing aminoribose lost biochemical potency by about 6,000-fold, while O-methylations 
on the aminoribose moiety had no effect on MraY activity[209]. Nonetheless, despite the 
significant loss of MraY inhibitory activity of muraymycin analogs lacking the aminoribose 
moiety (such as the 5'-defunctionalized muraymycin analogs described above), such 
analogs can still be decent MraY inhibitors, thus making them excellent compounds for 
SAR studies and the development of MraY-specific probes due to their superior chemical 
accessibility[209], as further discussed in the course of this work. 

In another study, Spork et al. indicated that the stereochemistry at the 5'- and the 6'-
position of the uridine motif as well as the central leucine amino acid might stir MraY 
inhibitory activity, with the most potent analogs of this study exhibiting S-configuration for 
the 6'-position (particularly pronounced for the 5'-deoxy analogs) and leucine, and R-
configuration (anti) at the 5'-position of the uridine[215]. However, these effects were rather 
mild and the native muraymycin configuration ((5'-S,6'-S)-syn for the uridine moiety) was 
not included in this data set due to challenges in synthetically accessing respective 
analogs[215]. Regarding the configuration at the leucine, Tanino and coworkers also found 



10 Diazirine-tagged Muraymycin Analogs 

- 499 - 

that S-configured leucines are generally more active than respective R-configured 
analogs[216].  

The group further showed that longer alkyl chains, including analogs with incorporated 
aromatic ring systems within the chains, did not improve potency on MraY inhibitory 
activity[216]. Nevertheless, these analogs had improved antibacterial activity[216], which 
again points to a cellular uptake enhancing function of the fatty acid chain in muraymycins. 
Tanino et al. further demonstrated in another study that truncated analogs that lack the 
complete peptide motif were inactive in cells[210]; however, the resulting free carboxylic 
acid in combination with the smaller molecular size of the compound probably caused 
cellular uptake issues. Thus, this data is likely not informative about the biochemical MraY 
inhibitory activities of these compounds. 

The SAR data for the MraY inhibitory activity of muraymycins presented in this chapter 
is summarized in Figure 10.1.23. 

 

 
 
Figure 10.1.23 | Structure-Activity Relationship for MraY Inhibition by Muraymycin 
Antibiotics. SAR summary of data provided within this chapter.  
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10.2 Aim of this Project 
 
When this project was started, co-crystal structures of MraY confirming the binding site of 
nucleoside antibiotics, such as muraymycins, were not available and more detailed studies 
of muraymycin analogs were still needed to fully understand their binding mode, SAR, as 
well as selectivity. In particular, information about binding affinity to other target proteins 
was missing and it was hypothesized that knowledge of these interaction partners could 
enlighten cellular uptake or efflux mechanisms of muraymycin antibiotics. Furthermore, 
other secondary targets in prokaryotic cells, and also potential off-targets in human cells, 
remained unknown. This is partially due to the lack of efficient tool compounds to study 
and detect muraymycin binding, thus being able to provide information on their binding 
profile across the human and bacterial proteomes.  

In this work, ABPP strategies were applied to design a chemical probe that would allow 
a more in-depth analysis of muraymycins’ mode of action, and which could be used to 
perform chemical proteomics studies in the human as well as the bacterial cell. Although 
co-crystal structures of several nucleoside antibiotics – including muraymycin D2[178] – in 
complex with MraY have been reported since the initiation of this project[178-180], 
comprehensive selectivity studies of this class of nucleoside antibiotics are still needed.   
 
10.2.1 Design of Muraymycin-based AfBPs  

Since AfBPs are supposed to provide information about a molecule of interest, the overall 
goal was to keep the muraymycin core structure mainly intact; meaning that the photoactive 
warhead structure as well as the bioorthogonal handle moiety were supposed to be as small 
as possible, as well as most efficiently incorporated into the parent muraymycin scaffold. 
The following considerations and designs are summarized in Figure 10.2.1.   

In a first step, a diazirine was chosen as a photoaffinity warhead. The muraymycin 
scaffold does not naturally carry aryl groups, which would be necessary for the introduction 
of other PAL warheads such as aryl azides or benzophenones. In contrast, alkyl-based 
diazirines are established reactive groups for chemical proteomic studies, as discussed in 
chapter 10.1.1. Other advantages of diazirines include their long excitation wavelength of 
~365 nm, as well as the high reactivity of the carbenes resulting from UV irradiation, which 
provide optimal conditions for cellular treatments with a diazirine probe and potentially 
fewer unspecific labeling events as compared to other warheads. 

Based on available SAR data at that time, it was already known that truncated 
muraymycin scaffolds, lacking the terminal L-valine amino acid in the dipeptide moiety[210], 
or compounds with different alterations at the central leucine motif, with or without fatty 
acid groups[216], were still inhibiting MraY in biochemical activity assays. Consequently, it 
was envisioned that the valine or the fatty acid were ideal attachment points for the 
introduction of the photoactive warhead – here, a diazirine – and an alkyne group as the 
bioorthogonal handle. Diazirine-decorated long alkyl chains have been reported for 
example in the context of quorum sensing studies[62], and were here applied to the fatty acid 
chain of the muraymycin scaffold. Additionally, terminal alkyne groups within these 
diazirine-decorated alkyl chains have the advantage of combining both functional groups 
of AfBPs in one structural motif[62].  
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Figure 10.2.1 | Design of Muraymycin-based Chemical Probes. Considerations in the probe 
design based on muraymycin C4 analogs. 5'-Deoxy analogs simplify the chemical synthetic route 
accessing the main muraymycin core, while still exhibiting MraY inhibitory activity[194,206]. Even 
though introduction of the warhead or bioorthogonal handle are potentially possible within the L-
valine moiety, a minimalist PAL group – combining both functional groups in one fatty acid moiety 
– would be most efficient. Shown is the first design of a muraymycin-based probe with either PAL-
functionalized fatty acid or reference moiety. This design allows for the core scaffold to stay mostly 
unchanged, with only hydroxyleucine being exchanged for 2,3-diaminopropionic acid (blue), in 
order to shorten the synthetic route. 
 
Another potential strategy to incorporate the diazirine group into the muraymycin scaffold 
could be the introduction of photo-amino acids, such as photo-leucine or photo-
methionine[217], in place of the terminal valine, or incorporation of alkyne-carrying amino 
acids such as propargylglycine. Even though this feature of the peptide moiety in the 
muraymycin scaffold is not considered essential for MraY binding, in order to avoid 
unnecessary changes within the muraymycin core scaffold, the minimalist strategy, 
including both PAL groups incorporated into one fatty acid moiety, was deemed superior. 
Moreover, an established simplification in the muraymycin scaffold, leading to the 5'-

muraymycin C4

N

O
N
H

O

OH

H
N

HN

N
H

O

H
N

HO

O

HN

muraymycin-based probe

N
H

N

O
N
H

O
NH

H
N

HN

N
H

O

H
N

HO

O

HN

R

O

NN

O

R:

PAL-functionalized

reference

photo-leucine

NH2HO

O

N
N

photo-methionine

NH2HO

O

N
N

propargylglycine

NH2HO

O

potential warhead bioorthogonal handle

HO

O

minimalist PAL group

N N

O-Acylation in muraymycin A- and B-Group
> Potential introduction of functionalized minimalist PAL groups possible 
   – combining warhead and handle for tag
Hydroxyleucine can be replaced by other amino acids 
> Introduction of amino group for amide bond formation

5’-Deoxy analogs
> Better chemical accessibility

L-Valine derivatization
> Potential introduction of photo-amino 
   acids or bioorthogonal handle

DESIGN

H

H

NH

O

ON
O

OHOH

OHO

OH

NH

O

ON
O

OHOH

OHO

OH
N
H



 III APPENDIX 

- 502 - 
 

deoxy analogs, was considered (Figure 10.2.1). These analogs, missing the second sugar 
moiety including the respective hydroxy group at the nucleosyl unit, are much more 
synthetically accessible[194], while still exhibiting potent MraY inhibition[206]. 

Considering that changes in the leucine moiety were well tolerated[216], it was further 
envisioned that a primary amine in this position could serve as a flexible and easily 
accessible hinge for the introduction of different functionalized or unfunctionalized fatty 
acids. Amide couplings are common reactions carried out under mild basic conditions, 
which would not interfere with the chemical stability of the overall acid-labile protecting 
groups of the muarymycin core structure. In addition to that, there are a vast variety of 
respective amino acid derivatives, carrying a primary amine in the side chain while offering 
several different protecting groups and protecting group combinations, (commercially) 
available. This allows for convenient protecting group strategies for selective deprotection 
of this central building block, when introducing the fatty acid groups, while leaving the 
other protection groups of the core structure intact.  

Finally, even though the changes made to the muraymycin scaffold are relatively minor, 
it is necessary to synthesize a respective analog (reference probe) without the diazirine 
moiety. This reference probe can be used to provide a proof of concept for the described 
probe design, while being synthetically more easily accessible than the respective diazirine 
analog. For this, biochemical MraY inhibitory activity of the probe is validated in our 
fluorescence-based MraY activity assay. Since the photosensitive diazirine warhead might 
not be stable under these assay conditions, it might also be problematic to determine MraY 
inhibitory activity of the final probe directly.  

 
10.2.2 Retrosynthetic Considerations for the Synthesis of Muraymycin-based 
Chemical Probes  

The general synthetic strategy to assemble the 5'-deoxy muraymycin core structure has 
been previously reported[194,206,207]. Four building blocks are connected to form the core 
structure of this nucleoside antibiotic (Figure 10.2.2). Starting from the 5'-deoxy nucleosyl 
amino acid (BB1), Cbz-deprotection, and subsequent reductive amination with aldehyde 
BB2 would lead to the introduction of the 3-aminopropyl linker. Following another Cbz-
deprotection, the leucine-replacing 2,3-diaminopropionic acid (BB3) could be introduced 
via amide coupling. 

Since BB3 has two amino groups, which have to be deprotected at different stages of the 
synthetic route and should not require acidic deprotection conditions with respect to the 
acid-cleavable protection groups of the core scaffold, Cbz and the base-labile 
fluorenylmethyloxycarbonyl (Fmoc) group were chosen. In a last step, following Cbz-
deprotection and another amide coupling, the urea dipeptide unit (BB4) would be 
introduced, thus completing the muraymycin core scaffold. Under basic conditions, Fmoc, 
an amine protecting group well-known from solid-phase peptide synthesis, would be 
cleaved, allowing for the amide coupling with the respective PAL-functionalized fatty acid 
(BB5-PAL) or unfunctionalized reference fatty acid (BB5-ref), which would represent the 
fifth and last key building block of this retrosynthetic approach. 
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Figure 10.2.2 | Retrosynthetic Considerations to Access Muraymycin-based Probes. Five main 
building blocks (BB1-5) are necessary to form the muraymycin-based AfBP probe. While synthetic 
strategies to access BB1, BB2, and BB4 have already been developed within our lab[194,206,207], 
additional retrosynthetic approaches for the synthesis of BB5-PAL and BB5-ref are given, starting 
from commercially available starting materials (shown in white boxes). BB3 was commercially 
available. 
 
The synthetic routes towards the uridinyl unit (BB1), the urea dipeptide intermediate 
(BB4), and the propionaldehyde analog (BB2) had already been developed within our 
lab[194,206,207] and protected diamino acid analogs (BB3) are readily available. In contrast, 
retrosynthetic approaches to access the fatty acid moieties (BB5-PAL/ref) had to be 
investigated. For this, a ketone precursor (35) could serve as the building block to access 
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the diazirine moiety (BB5-PAL) via diaziridine intermediate (34), for which several 
different reaction conditions have been described[88,91-93].  

It was envisioned that the carbonyl-containing fatty acid (35) could be obtained from the 
respective alcohol (36) via oxidation using, for instance, 2-iodoxybenzoic acid (IBX). In a 
Grignard reaction, alkyne-containing Grignard reagent 37 could be converted with 
aldehyde 38 to form the desired C-C-bond, while also introducing a hydroxyl group at the 
coupling site. For this, the protected short carboxylic acid could be synthesized from γ-
butyrolactone (40) under ring-opening with methanol and subsequent IBX-oxidation to the 
respective aldehyde. On the other side, the Grignard reagent could be potentially accessed 
through commercially available alcohol 39 that carries a terminal alkyne group. Alcohols 
can be transformed to the corresponding alkyl bromides using N-bromosuccinimide (NBS). 
Due to the potential reactivity of Grignard reagents with terminal alkynes, protection of the 
alkyne moiety with a trimethyl silyl (TMS) group was considered and could be achieved 
by silylation of the hydroxy and alkyne groups in a first step and subsequent selective 
deprotection of the resultant silyl ether under mild acidic conditions in a second. It was 
further envisioned that reference fatty acid BB5-ref could be synthesized starting from a 
respective ω-bromo-functionalized fatty acid (41), into which the desired alkyne moiety 
would be introduced via an alkylation reaction. 
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10.3 Results and Discussion 
 
In the following chapter, the detailed synthesis of each building block for the synthesis of 
muraymycin-based AfBPs is described. The chapter is hence divided into three major parts. 
First, the synthesis of the two main intermediates BB1 and BB4 is presented in detail, since 
these building blocks make up a big part of this work – even though their synthetic routes 
had already been developed and reported by our group[194,206,207]. In the second part, the 
synthesis of the fatty acid moieties (BB5-PAL/ref), carrying either a photoactive diazirine 
warhead or being unfunctionalized, is discussed in detail, including some chemical stability 
investigations of the photoactive intermediate. With these building blocks in hand, the 
chapter ends in the description of the overall assembly yielding the full muraymycin core 
structure, while also providing first biochemical data of the synthesized reference probe. 
 
10.3.1 Synthesis of the Main Building Blocks  

Synthesis of Reagent IBX 
Some of the discussed reactions below are in need of a reagent to transform a hydroxy 
function into a carbonyl. A very useful and mild reagent for this purpose is IBX, which was 
synthesized in accordance with reported procedures from the commercially available 
precursor 2-iodobenzoic acid using potassium peroxymonosulfate 
(2KHSO5·KHSO4·K2SO4), also known as OXONE®[218]. Besides its reliable and versatile 
applicability for chemical synthesis, IBX is easy to synthesize and use, which is in part due 
to its poor solubility in many organic solvents[218,219].   

The reaction was carried out in large scale as this reagent is part of a general supply within 
our lab. For this, 2-iodobenzoic acid (42) and OXONE® were stirred in water at 70 °C 
(Scheme 10.3.1). Since IBX has an extremely low solubility in water, the reaction mixture 
is cooled to 0 °C after completion, enabling simple filtration of the precipitated product, 
which is thus obtained as a pure white solid in good yield of 49%. This feature is highly 
convenient when using this reagent for oxidation reactions as well, as a quick filtration can 
also serve as a sufficient work-up for IBX-mediated oxidation reactions. 
 
Scheme 10.3.1 | Synthesis of IBX 
 

 
 

Synthesis of the Uridine Building Block (BB1) 
The uridine moiety was synthesized following optimized protocols that had been developed 
within our lab (Scheme 10.3.2). According to procedures described in A. Spork’s Ph.D. 
thesis[211], the three free hydroxyl groups in uridine were protected with TBDMS groups 
using TBDMSCl in pyridine with addition of imidazole. In a first step, uridine was co-
evaporated with pyridine, re-dissolved in pyridine, and all reagents were added. The 
reaction mixture was stirred at room temperature for a few days until full protection of the 
nucleoside, which was obtained in 91% yield as a white foam upon aqueous work-up and 
column chromatography. A subsequent selective deprotection of the 5'-hydroxy group was 
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necessary to enable the following functionalization step. This reaction was carried out 
under careful monitoring of the reaction progress via thin-layer chromatography (TLC) 
control. Here, the tris-TBDMS-protected uridine intermediate (43) was dissolved in 
tetrahydrofuran (THF) and cooled to 0 °C. The reaction was quenched at the first 
appearance of double-deprotection products, resulting in the desired 2',3'-O-bis(tert-
butyldimethylsilyl)uridine product (44) as a white foam in good yield of 69% after work-
up and purification. 

 
Scheme 10.3.2 | Synthesis of the Uridine Building Block (BB1) 
 

 
 
The following two steps had to be performed in a successive manner due to the instability 
of the intermediate aldehyde (15). For this, alcohol 44 was oxidized using IBX in 
acetonitrile (ACN) under standard conditions known from the literature[219]. Upon heating 
of the reaction mixture to 80 °C, IBX dissolves just enough to perform the oxidation of the 
primary alcohol to the respective aldehyde function, while cooling and subsequent filtration 
of the resulting suspension led to pure product 15 without the need of further purification 
steps. Notably, the reaction progress was monitored by proton nuclear magnetic resonance 
(1H NMR) spectroscopy, allowing for fast detection of the characteristic aldehyde proton 
signal. However, even with immediate and fast work-up, decomposition of the aldehyde 
moiety was already detectable in the NMR spectrum, highlighting the sensitivity of this 
intermediate. 

Hence, this reaction was immediately followed by the conversion of the aldehyde in a 
Wittig-Horner reaction, as described by Spork et al.[194]. Here, aldehyde 15 was dissolved 
in THF and added dropwise to a flask with phosphonate 45 in THF and potassium 
bis(trimethylsilyl)amide (KHMDS) at -78 °C. Phosphonate 45 was prepared in large 
quantities in our lab and was kindly provided for this project. After addition of a slight 
excess of aldehyde 15, the reaction mixture was allowed to warm to room temperature 
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overnight. Notably, it was previously shown by our group that the reaction yielded almost 
exclusively the Z-isomer of 46 using 1H-NOE-NMR experiments[194]. Intermediate 46 was 
obtained after aqueous work-up and column chromatography purification as a white foam 
in 56% yield over two steps from 44, which was in accordance to reported yields of around 
66-67% for protected uridine analogs starting from the respective aldehyde 
intermediates[194], thereby not including potential loss of product due to decomposition of 
the aldehyde. Diastereomeric purity of the product was confirmed by 1H NMR analysis. 

In a last step, intermediate 46 was reduced using stereoselective hydrogenation conditions 
to yield the (6'S)-epimer BB1 as the final uridine building block for further assembly of the 
muraymycin core structure. This strategy had been developed and validated by A. P. 
Spork[194,211]. For this last step, intermediate 46 was dissolved in methanol (MeOH) and 
degassed with argon gas. To control the stereochemical course of the reaction, the 
hydrogenation was performed in the presence of the chiral (S,S)-Me-DUPHOS-Rh catalyst, 
which is highly sensitive towards oxygen and thus requires strict inert gas atmosphere 
conditions at all times. The reaction mixture was stirred under slight overpressure of 
hydrogen gas (grade 6.0), which was re-applied every day for several days until completion 
of the reaction was observed. For this, a small sample was taken, worked up in a miniature 
scale work-up, and analyzed by NMR spectroscopy every other day. Column 
chromatography purification ultimately yielded the final product (BB1) as a white foam in 
a good yield of 83%. 
 
Synthesis of the Urea Dipeptide Building Block (BB4) 
For the synthesis of the urea dipeptide intermediate (BB4), optimized synthetic routes 
developed in our lab were used (Scheme 10.3.3) and mainly based on efforts by M. 
Büschleb[220,221]. In a first step, protected valine 47 was functionalized with a thiocarbamate 
moiety. For this, ester 47 was dissolved in a 1:1-mixture of ethyl acetate (EtOAc) and a 
saturated aqueous solution of sodium bicarbonate (NaHCO3). Commercially available 
thioethyl chloroformate (48) was added at room temperature and the reaction mixture was 
stirred for a few minutes. After completion, the reaction was quenched and the desired 
product 49 was obtained after aqueous work-up and column chromatography as a colorless 
oil in an excellent yield of 93%. 

Intermediate 49 could then be directly coupled with the epicapreomycidine moiety. 
Important precursors of this moiety had been synthesized in large quantities within our lab 
and were kindly provided for this project. Starting from D-serine, Garner’s aldehyde (not 
shown) was synthesized over five steps. Another two steps led to alkene intermediate 21, 
which was kindly provided by K. Leyerer. The alkene was cleaved in an ozonolysis reaction 
with subsequent treatment of the reaction mixture with dimethyl sulfide (DMS), resulting 
in aldehyde formation. The reaction mixture was dried and the crude was re-dissolved in 
dichloromethane (DCM) including molecular sieve (pore size = 3 Å) to avoid moisture in 
the reaction mixture. Benzylamine was added and the mixture was stirred at room 
temperature for about one day, yielding an imine intermediate (not shown). The solvent 
was again removed in vacuo and the crude was re-dissolved in MeOH and cooled to 0 °C. 
Reduction of the imine with sodium borohydride (NaBH4) yielded the respective benzyl-
protected amine 22 after aqueous work-up and column chromatography as a light-yellow 
oil in 91% yield over three steps.  
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For the subsequent ring formation, the benzyl and Cbz protecting groups were cleaved. 
Thus, intermediate 22 was dissolved in MeOH and palladium on charcoal (Pd/C; 10 wt.% 
loading) was added. The reaction was stirred under a hydrogen atmosphere (1 bar; balloon) 
at 80 °C for a few hours until its completion, as observed by TLC control. The mixture was 
cooled to room temperature, filtered, and the solvent was removed in vacuo to yield pure 
product 23 as a clear, yellow oil. Without further purification steps, compound 23 was 
dissolved in a 1:1-mixture of THF and dimethyl formamide (DMF). Guanidinylation with 
dimethyl-2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-ylsulfonylcarbonimidodithioate 
(24) – which was available in large quantities in the lab and was kindly provided for this 
work – was achieved after addition of triethylamine as a base and silver 
trifluoromethanesulfonate (AgOTf) at room temperature and overnight stirring of the 
mixture, resulting in the formation of the 2,2,4,6,7-pentamethyldihydrobenzofuran-5-
sulfonyl (Pbf)-protected cyclic guanidine moiety. Filtration and subsequent aqueous work-
up, followed by column chromatography, led to the desired product 25 in 51% yield over 
two steps from 22.  
 
Scheme 10.3.3 | Synthesis of Urea Dipeptide Building Block (BB4)a 

 

 
a aq., aqueous; Bn, benzyl; MS, molecular sieve. 
 
Acidic cleavage of the acetonide and Boc protecting groups in a 5 M HCl/THF mixture at 
80 °C furnished the epicapreomycidine precursor for the subsequent urea formation with 
valine 49. For this, the dried crude product from the deprotection step was re-dissolved in 
DMF and triethylamine was added as a base. AgOTf and 49 were added and the mixture 
was stirred at room temperature overnight. Filtration, aqueous work-up, and column 
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chromatography purification afforded product 27 as a white solid in a moderate yield of 
57% over two steps from 25.  

In a final step, the primary alcohol was oxidized to the respective carboxylic acid using 
combined 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)-catalyzed and Pinnick reaction 
conditions, resulting in the formation of the amino acid motif of the desired building 
block[222]. Here, alcohol 27 was dissolved in acetonitrile and phosphate buffer (pH = 6.7). 
After addition of catalytic amounts of TEMPO reagent as well as sodium chlorite (NaClO2) 
in excess, the mixture was slightly warmed to 35 °C. Aqueous sodium hypochlorite 
(NaOCl) solution was added dropwise to the reaction mixture, which was stirred at this 
temperature until completion of the reaction. Following aqueous work-up and column 
chromatography purification, the desired urea dipeptide building block BB4 was obtained 
as a white solid in 58% yield. 
 
10.3.2 Synthesis of the Fatty Acid Building Blocks 

Essential to the development of the discussed muraymycin-based probes was the 
incorporation of both a photoactive group (here: diazirine) and a bioorthogonal handle 
(here: alkyne) into a fatty acid-like moiety. The minimalist fatty acid PAL group was 
derived from the O-acylated muraymycins of the A- and B-Groups, which are naturally 
decorated with long fatty acids at the hydroxyleucine moiety (Table 10.1.1). Hydroxy-
functionalized alkyl chains with ω-alkyne groups were commercially available and alkyl-
based diazirines are commonly accessed from respective ketones[88]. Thus, we sought to 
synthesize minimalist PAL fatty acids, with an alkyne group at the ω-position and a ketone 
within the chain, as well as strategies for converting the ketone into a diazirine group.  

In the first step, synthetic routes to build the fatty acid core were investigated. Here, it 
was critical to introduce a ketone moiety, which would serve as the starting point for the 
conversion into a diazirine moiety, into the alkyl chain. Subsequently, the synthesized 
diazirines were used to interrogate the chemical stability of the probe. Lastly, since a 
reference compound with the same fatty acid as the photoactive probe but lacking the 
diazirine warhead was required for biochemical evaluation of the probe as an MraY 
inhibitor, synthetic routes of respective unfunctionalized ω-alkyne fatty acids are described. 
 
Synthesis of the Fatty Acid Core 
To access a fatty acid with a ketone moiety within its chain, reaction of a Grignard reagent 
with an aldehyde could result in the desired long alkyl chain, forming a hydroxyl group at 
the coupling site, which could subsequently be oxidized to yield the respective ketone 
intermediate (Figure 10.2.2). As similar reactions between Grignard reagents and 
aldehydes had been reported[223-225], we began with the synthesis of short alkyl chains with 
a protected carboxylic acid on one end and an aldehyde moiety on the other. An elegant 
and affordable way of synthesizing such an aldehyde is through ring-opening of γ-
butyrolactone using MeOH, which would yield the respective methyl ester and a 4-hydroxy 
group, followed by alcohol oxidation (Scheme 10.3.5).  

Using previously reported conditions[223], lactone 40 was dissolved in MeOH and stirred 
at 60 °C in the presence of triethylamine as a base. Although yields of over 90% after 
15 hours are reported in the literature[223], overnight conversion only gave about 25% of 
ring-opening product, as determined by 1H NMR analysis, in our hands. After another 6 
days of heating the reaction mixture, this ratio could be shifted to only 20% of cyclic 
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starting material (40). The dried crude product was obtained as a yellow oil with about 70% 
calculated product yield, considering a 1:4-ratio of product (50) to starting material (40). 
Since the starting material would not interfere with following reactions, the crude could be 
used without further purification. Using the prepared IBX reagent[219] enabled the 
transformation of the primary hydroxy group into the desired aldehyde. For this, incubation 
at 80 °C in acetonitrile for as little as one hour was sufficient to complete the reaction and 
generate desired intermediate 38 in 70% calculated yield over two steps from lactone 40 
(1H NMR analysis showing a 1:4-ratio of 40 to 38). Interestingly, the resulting aldehyde 
exhibited excellent stability and was still intact after several weeks of storage at -20 °C. 
 
Scheme 10.3.5 | Synthesis of Aldehyde 38 
 

 
 
The synthesis of the alkyne motif – the second part of the fatty acid structure – began with 
commercially available long-chain (C6) alkyne alcohols. Since shorter alkyl chains (C4) 
were more affordable than the relatively expensive long chains, the below-described 
synthetic strategy was first established using short chain analogs and later applied to longer 
alkyl chains. Here, the primary alcohols could be transformed into bromides following a 
previously reported synthetic route[226], which was successfully employed to generate the 
desired Grignard precursors (Scheme 10.3.6). For this, TMSCl was used to protect both the 
alcohol and the alkyne groups. To do so, starting material 51 was dissolved in THF and 
cooled to -78 °C. Under nitrogen atmosphere, about two equivalents of the strong base n-
butyllithium (n-BuLi; 2.5 M in n-hexanes) were carefully added, while making sure to 
maintain a temperature of approximately -78 °C. This mixture was stirred for a few 
minutes, leading to deprotonation of the hydroxy and alkyne groups. TMSCl was then 
added, and the reaction mixture was allowed to warm to room temperature, thereby 
generating the dual-TMS-protected intermediate (not shown).  

 
Scheme 10.3.6 | Synthesis of Bromide 52 
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aqueous HCl solution. After stirring the reaction mixture at room temperature for about 
three hours, an aqueous work-up followed to give the crude intermediate alcohol (not 
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was allowed to warm to room temperature and was continuously stirred for a few hours 
until completion of the reaction was confirmed by TLC control. The resulting suspension 
was diluted with petroleum ether (PE), filtered, and purified using a very short silica 
column, since the only impurities in the crude would separate very well using PE/EtOAc 
(99:1) as the mobile phase, resulting in a convenient and fast work-up procedure. The 
product (52) was obtained as a slight-yellow oil with a yield of 76% over three steps from 
51.  

In order to connect intermediates 38 and 52 to yield the desired fatty acid, bromide 52 
was converted into a Grignard reagent. For this, commonly used conditions that had been 
reported for structurally related compounds involved stirring the respective bromide 
compound in dry THF in the presence of magnesia turnings at room temperature[227,228]. 
Furthermore, addition of catalytic amounts of iodine was reported to serve as an excellent 
activator for Grignard formation[228]. Since this reaction could not be monitored by TLC, 
LC-MS, or NMR analysis, the putative Grignard reagent was immediately used in the 
subsequent coupling reaction with aldehyde 38 to confirm Grignard formation.  

Several different conditions for reactions between Grignard reagents and aldehydes are 
reported, commonly employing Et2O or THF as a solvent and using temperatures ranging 
from -78 °C to room temperature[223,225,227,229]. Consequently, THF as a solvent was chosen 
so that the solvents for Grignard reagent formation and subsequent coupling were the same 
(Scheme 10.3.7). Moreover, -30 °C was chosen as an initial reaction temperature because 
the reactivity of the Grignard reagent was not yet known. However, as it was not certain 
whether those coupling conditions would work in this case, the Grignard formation reaction 
itself was carefully monitored. Certain indicators, such as self-sustained heating of the 
mixture, local boiling of the solvent, or dissolving of the magnesia turnings, could indicate 
a positive Grignard reagent formation. Conditions used for this step are summarized in 
Table 10.3.1. 

 
Scheme 10.3.7 | Development of the Synthetic Route to Access Fatty Acid 57 
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Table 10.3.1 | Optimization of the Formation of Grignard Reagent 53 
 
 

 
 

 
Attempt 

 
52 [eq.] c(52) [M] Mg [eq.] Mg Batch Heated Outcome 

1 1.0 0.26 3.4 old, 
untreated no no conversion 

2 1.0 0.24 1.5 old, 
crushed yes no conversion 

3 1.0 0.16 1.7 old, 
polished yes no conversion 

4 1.0 0.87 1.5 new, 
untreated yes conversion 

 
In the first attempt, 52 in THF was slowly added to magnesia turnings, and a few crumbs 
of iodine were added to help start the reaction. However, no signs of Grignard formation, 
such as warming of the reaction mixture, was observed and subsequent treatment of 
aldehyde 38 with the potential Grignard reagent did not lead to the desired product, even 
after the reaction had been allowed to warm to room temperature. Moreover, TLC control 
showed the formation of several side products, the identities of which could not be 
determined by NMR spectroscopy. In a second attempt to synthesize Grignard reagent 53, 
the mixture was carefully heated using a heat gun to help initiate the reaction. Additionally, 
the relatively old magnesia turnings were crushed to increase unoxidized surface area. 
Nonetheless, the reaction did not warm up by itself or exhibited other signs of Grignard 
formation. Due to the old age of the magnesia turnings, the presence of an oxidized coating 
might have hindered this reaction. As a result, the magnesia turnings were polished using 
emery paper, but no conversion was observed.  

Different reaction conditions in the literature[223,225,227] commonly report the use of rather 
concentrated (~0.67-0.87 M) solutions of the bromide reagent, whereas so far, only 
concentrations of up to 0.26 M of bromide 52 in THF had been used in the aforementioned 
test reactions. Consequently, the reaction was repeated using a fresh batch of magnesia 
turnings to avoid time-consuming polishing of this reagent and a 0.87 M solution of 
bromide 52 in dry THF. After addition of a small portion of bromide reagent, the mixture 
was gently heated with a heat gun and autonomous heating of the reaction mixture could 
be observed, indicating initiation of the now self-sustained Grignard formation. After 
complete addition of 52 in THF to the reaction mixture, the resulting Grignard reagent was 
immediately mixed with aldehyde 38 (Scheme 10.3.7). For this, 53 was slowly added to a 
stirred solution of 38 in dry THF at -78 °C. However, several side products, but not the 
desired product, were observed by TLC control and NMR analysis, indicating that a change 
in the synthetic strategy was needed.  

Returning to the literature, a recent paper had reported a synthetic route for minimalist 
PAL-functionalized fatty acids[230]. In this approach, the Grignard reagent was converted 
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with a carboxylic acid chloride in the presence of iron (III) acetylacetonate (Fe(acac)3), 
leading not only to the desired fatty acid chain but also to the formation of the ketone 
function needed for diazirine synthesis. Notably, iron-catalyzed cross coupling reactions 
have a wide range of applicability, and iron salts usually exhibit low toxicity and cost[231]. 
Conveniently, methyl 4-chloro-4-oxobutyrate (54) was commercially available, resulting 
in an overall reduction of steps needed in the synthesis of the fatty acid building blocks, 
including the fact that this strategy directly results in the desired ketone moiety instead of 
a hydroxyl group. Following this procedure, acid chloride 54 and Fe(acac)3 were dissolved 
in THF and freshly prepared Grignard reagent 53 was added dropwise at -78 °C. The 
mixture was allowed to warm to room temperature overnight, and a distinct product was 
observed via TLC control. After aqueous work-up and column chromatography, NMR 
spectroscopy verified that the desired product (56) had been obtained as a light-yellow oil 
in moderate yield of 50% over two steps from 52.  

In a last step, intermediate 56 was deprotected with sodium hydroxide as a base to yield 
free fatty acid 57[231] in a good yield of 87% (Scheme 10.3.7). This optimized synthetic 
scheme was further successfully applied to synthesize the longer fatty acid analog 35 
(Scheme 10.3.8) in 20% overall yield (6 steps). Here, starting from the 6-carbon alkyl chain 
precursor alcohol 39, addition of TMSCl under highly basic conditions resulted in the 
formation of TMS protection of the primary alcohol moiety and the alkyne. Subsequent 
acidic treatment of the intermediate selectively deprotected the primary alcohol, which was 
then converted to a bromide using PPh3 and NBS to form Grignard precursor 58 in 100% 
yield over three steps. As described above, bromide 58 was then converted to Grignard 
reagent 37 using a fresh batch of magnesia turnings and a few crumbs of iodine to initialize 
the reaction. The resulting Grignard reagent was directly converted with aldehyde 38 in a 
Fe(acac)3-containing THF solution at -78 °C, which was allowed to warm to room 
temperature overnight. Product 59 was obtained in 56% yield over two steps from 58. After 
final deprotection of the carboxylic acid moiety under basic conditions, acid 35 was isolated 
in 36% yield. 
 
Scheme 10.3.8 | Synthesis of Fatty Acid 35 
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Fatty acids for the reference compound lacking the photoactive diazirine moiety were 
accessible from commercially available ω-bromo fatty acid analogs (Scheme 10.3.9). First, 
using previously reported conditions[232], a mixture of lithium acetylide and 
ethylenediamine (commercially available, 90% purity; 61) was dissolved in dry THF under 
inert gas atmosphere, while bromide 60 was dissolved in N,N'-dimethylpropyleneurea 
(DMPU). The latter was added to the THF solution of 61 at 0 °C and was allowed to warm 
to room temperature overnight. As before, this synthetic strategy was first tried with a more 
affordable shorter alkyl chain analog (C6). However, no conversion was observed. Hence, 
another strategy, starting from alkyne-functionalized long chain alcohols which could be 
oxidized to the respective carboxylic acids, was investigated (Scheme 10.3.9). Inspired by 
protocols developed by A. Lemke in our lab[233], commercially available alcohol 63, 
TEMPO, and bis(acetoxy)iodobenzene (BAIB) were dissolved in a 1:1-mixture of 
acetonitrile and water. The mixture was stirred at room temperature for a few hours and 
showed full conversion via TLC control. After aqueous work-up and column 
chromatography, pure product 62 was obtained in 25% yield. Notably, the reaction likely 
yielded quantitative conversion; however, some fractions had an unknown impurity that 
was challenging to remove by column chromatography, so only highly pure fractions were 
collected and used for subsequent reactions. This synthetic route was applied to the longer 
fatty acid analog (C10), yielding BB5-ref as a key intermediate in 15% yield from alcohol 
64 (Scheme 10.3.10). 
 
Scheme 10.3.9 | Development of the Synthetic Route to Access Fatty Acid 62 
 

 
 

Scheme 10.3.10 | Synthesis of Reference Fatty Acid (BB5-ref) 
 

 
 
Synthesis of the Diazirine Function 
With ketone-functionalized fatty acids in hand, the next step was to synthesize the diazirine 
moiety via a diaziridine intermediate (Scheme 10.3.11). Based on reported procedures for 
similar molecules[231], ketone 57 was dissolved in dry MeOH and cooled to 0 °C. A 7.0 N 
solution of ammonia in MeOH was added. The mixture was stirred for a few hours and a 
solution of HAOSA in MeOH was slowly added at this temperature. The reaction was 
allowed to warm to room temperature and TLC control confirmed conversion.  
Subsequently, the crude was filtered and dried to yield a yellow oil. However, NMR spectra 
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of the crude product were difficult to interpret, and subsequent TLC analysis suggested 
instability of the diaziridine intermediate. Multiple other attempts of this synthetic step – 
all of which resulted in decomposition of the potential product (65) in the course of 
preparing or handling the molecule during NMR analysis, or even during work-up steps – 
confirmed this instability. Decomposition was mostly indicated by a sudden precipitation 
of a white solid, which could not be identified, as well as multiple spots in TLC analysis. 
Due to these stability issues, it was decided to immediately transform diaziridine 65 into 
the respective diazirine in a follow-up reaction.  
 
Scheme 10.3.11 | Synthesis of the Diaziridine Intermediate 65 
 

 
 
For optimal handling of this sensitive intermediate (65), additional reported work-up 
conditions for the diaziridine were investigated (Table 10.3.2). For example, the reaction 
mixture was dried under a stream of nitrogen gas instead of in a rotary evaporator, 
resuspended in MeOH, filtered, concentrated in vacuo, and then diluted with MeOH to 
continue with the next step[234] (Method A); or alternatively, the mixture was filtered and 
concentrated to about 0.5 mL after addition of triethylamine, then diluted with MeOH and 
more triethylamine to directly continue with the oxidation step to the diazirine moiety[235] 
(Method B).  
 
Table 10.3.2 | Optimization of Work-Up Conditions for Diaziridine Intermediates 
 

 
Attempt 

 
1st Step 2nd Step 3rd Step 4th Step 5th Step Outcome 

1 filtration drying 
in vacuo oxidation - - random 

decomposition 

2 
(Method A) 

drying 
in N2 

stream 

re-
dissolving 
in MeOH  

filtration drying 
in vacuo oxidation 

~stable 
intermediate 

(!not reliable!) 

3 
(Method B) filtration addition 

of TEA 
concentration 
to ~0.5 mL  

addition 
of TEA oxidation stable 

intermediate 

 
Subsequently, crude products from both Methods A and B were treated with an iodine 
solution in MeOH at 0 °C (Scheme 10.3.12). The reaction was performed in the dark until 
its completion was observed as indicated by the persistence of the yellow-brown color of 
the iodine solution for longer than 1 min. TLC control confirmed formation of only one 
product for each method, which showed decomposition after UV irradiation (365 nm) of 
the TLC spots prior to development of the TLC plate (Figure 10.3.1). For both test 
reactions, the solvent was removed in vacuo and the crude products were re-dissolved in 
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water and acidified with a 0.1 M HCl solution. The aqueous layers were extracted with 
EtOAc, and crude products were obtained after drying of the combined organics. TLC 
analysis after work-up showed only one spot, indicating sufficient purity of product 72 to 
continue further reactions. This was preferred as this would avoid unnecessary handling of 
this potentially sensitive intermediate. While crude NMR spectra were still difficult to 
interpret, infrared (IR) analysis revealed a characteristic peak at ~1,586 cm-1 (Figure 
10.3.2) as the known signal for the diazirine moiety[236], thus confirming its successful 
synthesis. 
 

 
 

Figure 10.3.1 | UV Irradiation of Diazirine-functionalized Fatty Acid BB5-PAL. A solution of 
BB5-PAL in MeOH was used for TLC analysis. The spots at the start line were irradiated using 
365 nm UV light (<5 cm distance) for 0 h, 1 h, and 2 h. After irradiation, the TLC plate was 
developed using DCM:MeOH (9:1) and dyed with vanillin/sulfuric acid. Obvious decomposition 
(red arrows) of BB5-PAL was observed after UV irradiation with a strong spot at the start line. 
 
Scheme 10.3.12 | Synthesis of Diazirine-functionalized Fatty Acids 
 

 
 
 
In summary, due to the easier diaziridine work-up of Method B, as well as a higher chance 
for potential decomposition of intermediate 65 during work-up in Method A, Method B 
was chosen as a reliable standard work-up for diaziridine intermediates. As seen with other 
methods, this synthetic route was applied to the longer fatty acid analog 35, resulting in 
similar yields of 35% over two steps of pure diazirine (BB5-PAL) after column 
purification, compared to 40% overall yield for the short fatty acid analog (66). The purified 
analogs gave cleaner NMR spectra, which could now be used to further confirm diazirine 
formation. Hence, only purified functionalized fatty acids were used for the synthesis of 
muraymycin-based probes. While column purification of diazirine-functionalized 
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molecules turned out to be rather challenging and often resulted in product decomposition 
(see below), the crude was commonly used for first test reactions and to explore the general 
handling of these molecules. An overview of the developed synthetic route to access the 
diazirine-labeled intermediates is summarized in Scheme 10.3.12. 
 

 
 
Figure 10.3.2 | Comparison of IR Spectra of Compounds 57 and 66. Excerpts of the IR spectra 
of compounds 57 and 66 are given. Shown is the region of the carbonyl band, present in both 
spectra, with the additional diazirine band highlighted in a black circle, which is missing in the 
reference spectrum of compound 57. 
 
Stability of Diazirine-labeled Fatty Acids 
Diazirines are popular photoaffinity warheads for many reasons, one of which is their 
reasonable stability under common laboratory conditions, including chemical stability 
within a variety of standard coupling reactions[94,95]. To ensure that the designed 
functionalized fatty acids could be incorporated into the muraymycin scaffold, they would 
have to be stable under both amide coupling and strong acidic conditions of the final global 
deprotection step. While coupling of ketone 35 with the muraymycin core and subsequent 
diazirine formation after global deprotection could potentially be a feasible strategy, it is 
likely that the iodine in the diaziridine oxidation step would cause side reactions, e.g. with 
the uracil ring. Hence, optimization of amide coupling conditions with the diazirine-labeled 
fatty acid were performed, and treatments of amidated products under global deprotection 
conditions were monitored. Moreover, other observations regarding the stability of the 
diazirine-functionalized fatty acids and handling suggestions for this probe are provided. 

Even though there are numerous amide coupling reagents commercially available, two 
methods were most commonly used within our lab as part of the synthetic route towards 
different muraymycin analogs, namely benzotriazole-1-yl-oxytripyrrolidinophosphonium 
hexafluorophosphate (PyBOP) and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 
hydrochloride (EDC·HCl). Thus, couplings were first attempted using these reagents. For 
this, diazirine 66 was dissolved in THF. The flask used was either covered or made from 
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brown glass to avoid unintended decomposition due to UV light exposure of the 
intermediate. PyBOP, hydroxybenzotriazole (HOBt), and N,N-diisopropylethylamine 
(DIEA) were added and the mixture was cooled to 0 °C (Scheme 10.3.13). A valine 
derivative (47) was chosen as a first coupling partner, which was dissolved in THF and 
slowly added to the reaction mixture. After stirring for about 1.5 hours at 0 °C, the reaction 
was allowed to warm to room temperature and stirred for another three hours. TLC control 
showed a shift in the main spot, potentially indicating conversion of the starting materials. 
However, due to the rather small size of the product (molecular weight; 321 g/mol) and 
lack of UV activity, LC-MS analysis was difficult to interpret. Preliminary UV irradiation 
(365 nm) of the TLC plate of the reaction product nicely confirmed decomposition only 
after irradiation, which indicated that the diazirine motif was still intact. Notably, column 
chromatography purification of the reaction mixture resulted in complete decomposition of 
the probe, even though the work-up was performed in the dark, which prevented further 
analysis of the reaction mixture. While this suggested a higher sensitivity of the probe to 
diffuse light in the environment of silica gel, we were unfortunately not able to confirm 
conversion of fatty acid 66 to amide 67. 
 
Scheme 10.3.13 | Attempted Amide Coupling with Diazirine-functionalized Fatty Acidsa 

 

 
 

a Conversion could not be confirmed. Product decomposed before identity could be verified. 
 

Since the reaction control via TLC was not conclusive in the reaction described above and 
valine derivative 47 as well as fatty acid 66 are not UV-active, bigger, and preferably 
aromatic coupling partners would be better for these test couplings, which would also allow 
for reaction monitoring by LC-MS. Hence, a benzyl-protected valine derivative (68) was 
chosen to repeat the PyBOP-mediated amide coupling. However, again, neither TLC, nor 
LC-MS could confirm conversion of the starting materials. Performing the reaction under 
inert gas conditions and with dry solvents, as well as allowing for longer reaction periods 
still failed to give the desired amide product (Table 10.3.3).  

Consequently, EDC·HCl coupling conditions were investigated. For this, fatty acid 66, 
amine 68, and 1-hydroxy-7-azabenzotriazole (HOAt) were dissolved in DCM. At room 
temperature, EDC·HCl was added and the reaction was stirred for several hours. After 
three hours, product formation was observed by TLC. However, both starting materials 
were still found in the reaction mixture and overnight incubation led to decomposition of 
the product. Repetition of this step with a reaction period of about three hours yielded 18% 
of product 69 over three steps (including diazirine formation, starting from the respective 
ketone 57), following column chromatography purification. Complete coverage of the 
silica column, as well as working in the dark was necessary for this purification step. 
Successful amide formation could be confirmed by high-resolution MS (HRMS; 
(electrospray ionization; ESI) calculated mass-to-charge-ratio (m/z calc.) for C20H25N3O3 
[M+H]+ 356.1969; found 356.1990). Consequently, EDC·HCl amide coupling conditions 
were chosen for the following assembly of the muraymycin analogs (Table 10.3.3). 
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Table 10.3.3 | Optimization of Amide Coupling Conditions for Diazirine-functionalized 
Fatty Acids 
 

 
 

 
Attempt 

 

Coupling 
Reagent Base Solvent t [h] Dry 

Conditions Outcome 

1 PyBOP 
HOBt TEA THF 3 no no conversion 

2 PyBOP 
HOBt TEA THF 24 yes no conversion 

3 EDC·HCl 
HOAt - DCM 24 no 

conversion, but 
decomposition 

overnight 

4 EDC·HCl 
HOAt - DCM 3 no 18% yield  

over 3 steps 

 
The resulting product 69 was further treated under highly acidic conditions, as would be 
needed for the final global deprotection step of the muraymycin core scaffold. For this, the 
diazirine-containing compound was dissolved in an 80% solution of TFA in water and was 
stirred at room temperature for several hours. The reaction was monitored by TLC control 
and no visible decomposition of the probe was noticed even after 24 hours of incubation 
time, suggesting a high stability of the diazirine motif under acidic conditions. Thus, the 
diazirine intermediate should be chemically stable during incorporation into the 
muraymycin scaffold using EDC·HCl as a mediating reagent for the amide coupling 
reaction as well as during the global deprotection step. Notably, the diazirine compound 
was also stable while being handled in most ambient lighting conditions, although column 
chromatography using silica gel should be avoided or performed only in a strictly dark 
environment and covered column. These findings align with what is commonly reported 
for the (chemical) stability of diazirines[94]. It was also observed that diazirine-decorated 
intermediates decomposed after longer storage (several weeks) at -20 °C, suggesting that 
the fatty acid intermediates, as well as chemical probes, should be prepared for immediate 
use to ensure optimal biochemical analysis.  
 
10.3.3 Synthetic Endgame  

In the final step, the building blocks synthesized in the previous parts of this chapter were 
assembled to build the complete muraymycin core structure, ending in the attachment of 
the PAL-functionalized fatty acid (BB5-PAL), as well as a respective control fatty acid 
(BB5-ref), which is missing the photoactive warhead.  

The assembly started with reaction conditions optimized within our lab, particularly by 
K. Leyerer and C. Schütz[237]. Starting from the uridine intermediate BB1, the primary 
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amine in 6'-position had to be deprotected. For this, 1,4-cyclohexadiene and Pd black were 
added to an isopropanol solution of BB1 and stirred overnight at room temperature to yield 
complete conversion. The product (70) was obtained after filtration of the reaction mixture 
as a white foam in quantitative yield.  

Without further purification, the free amine was transformed in a reductive amination in 
order to introduce the 3-aminopropyl linker BB2. This step had been optimized by A. 
Spork[211] and proceeded as follows. Free amine 70 was dissolved in dry THF including 
molecular sieve (pore size = 4 Å), followed by the addition of aldehyde BB2. The mixture 
was stirred at room temperature overnight and the formed imine was subsequently reduced, 
using sodium triacetoxyborohydride (NaBH(OAc)3) as reducing agent and Amberlyst®15 
as a proton source. The reaction was stirred at room temperature for another 24 hours. 
Ultimately, product 71 was obtained after aqueous work-up and column chromatography 
as a white foam in 66% yield (Scheme 10.3.14).  
 
Scheme 10.3.14 | Synthesis of Intermediate 71 
 

 
 
Another Cbz-deprotection was performed to deprotect the 3''-amino group of the 
aminopropyl linker. Similar to what has been described above, nucleosyl intermediate 71 
was dissolved in isopropanol, and 1,4-cyclohexadiene and Pd black were added. However, 
no conversion could be observed. Changing the solvent to MeOH instead led to Cbz 
deprotection, but also the formation of unidentified side products. Consequently, less harsh 
conditions, using Pd/C (10 wt.% loading) as a catalyst in MeOH, were chosen. The mixture 
was stirred at room temperature for two hours and product 72 was yielded after filtration 
as a white foam with quantitative conversion (Table 10.3.4).  

For this particular probe, the aim was to introduce an amino acid with an amino function 
instead of a hydroxyl group, in place of the naturally occurring hydroxyleucine of 
muraymycins. Thus, a commercially available L-2,3-diaminopropionic acid derivative 
(BB3), carrying a Cbz-protected and an Fmoc-protected amine in the 2- and 3-positions, 
respectively, was coupled with nucleosyl intermediate 72. In a first attempt, PyBOP and 
HOBt were used as coupling reagents in a manner similar to what has been described above 
(Scheme 10.3.13). However, no conversion was observed under these conditions. 
Switching to EDC·HCl and HOAt instead, using conditions described in the previous 
chapter (10.3.2), afforded good conversion to product 73 with moderate yields of 30% in a 
small scale (<10 mg) and good yields of 74% in a larger scale (50-100 mg) (Table 10.3.5).  
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Table 10.3.4 | Cbz-deprotection Optimization to Yield Intermediate 72 
 

 
 

 
Attempt 

 
Catalyst 1,4-cyclo- 

hexadiene Solventa Outcomeb 

1 Pd black 10 eq. iPrOH no conversion 

2 Pd black 10 eq. MeOH side product 
formation 

3 Pd/C (10%) 10 eq. MeOH quant. yield 

a iPrOH = isopropanol. b quant. = quantitative. 
 
Table 10.3.5 | Optimization of Amide Coupling Conditions to Yield Intermediate 73 

 

 
 

 
Attempt 

 

Coupling 
Reagent Base Solvent t [h] Outcomea 

1 PyBOP 
HOBt TEA THF 24 no conversion 

(small scale) 

2 EDC·HCl 
HOAt - DCM 24 30% yield 

(small scale) 

3 EDC·HCl 
HOAt - DCM 24 74% yield 

(up-scale) 
a Small-scale reactions were carried out with <10 mg starting material. Up-scale reactions were 
performed with 50-100 mg. 
 
Notably, since epimer formation is a known issue of peptide coupling reactions[238], for this 
and following amide coupling reactions, configurational integrity of the coupling products 
was investigated by NMR analysis. In general, racemization during peptide coupling can 
occur most commonly through oxazolone formation or as a result of the activation of the 
carboxylic acid moiety[238] (Scheme 10.3.15). In both cases, the carboxylic acid moiety is 
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activated by formation of a good leaving group with the amide coupling reagent[238]. This 
in turn increases acidity of the a-proton, which can promote ozaxolone-mediated or 
immediate racemization of the peptide product[238]. For compound 73, no epimerization 
was observed under the described peptide coupling conditions using 1H NMR analysis. 
 
Scheme 10.3.15 | Mechanism of Racemization During Peptide Coupling Reactionsa 

 

 
 

a Adapted from Al-Warhi et al., J. Saudi Chem. Soc. 2012, 12, 97-116[238]. 
 
In order to attach the urea dipeptide building block BB4, a third Cbz-deprotection had to 
be performed. In a first attempt, the milder conditions used in the last coupling step were 
tried, applying 1,4-cyclohexadiene and Pd/C (10 wt.% loading) in MeOH. However, only 
partial or no conversion to product 74 was observed. Changing the catalyst to Pd black led 
to almost full conversion in small scale reactions and quantitative yields in larger scale set-
ups (Table 10.3.6). For the following amide coupling with BB4, conditions using EDC·HCl 
and HOAt were first applied and led to the desired muraymycin core structure in a good 
yield of 68% (Scheme 10.3.16). However, conformational integrity of the a-proton of the 
epicapreomycidine moiety could not be confirmed in this step as the NMR analysis of the 
fully protected molecule 75 was difficult to interpret. Because of this, the 1H NMR spectra 
of the deprotected final compound was used to retrospectively determine (and confirm) 
epimerization within this amide coupling step.  
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Table 10.3.6 | Optimization of the Cbz-deprotection to Yield Intermediate 74 

 

 
 

 
Attempt 

 
Catalyst 1,4-cyclo- 

hexadiene Solvent Outcomea 

1 Pd/C (10%) 10 eq. MeOH no conversion 
(small scale) 

2 Pd black 10 eq. MeOH ~50% yield 
(small scale) 

3 Pd black 10 eq. MeOH quant. yield 
(up-scale) 

a Small-scale reaction are carried out with <10 mg starting material. Up-scale reactions are 
performed with 50-200 mg. 
 
Scheme 10.3.16 | Synthesis of the Protected 5'-Deoxy Muraymycin Core Structure 75 
 

 
 
Another critical step in the synthesis of these muraymycin-based AfBPs was the cleavage 
of the Fmoc group at the central propionic acid moiety to allow for amide coupling with 
the functionalized fatty acids. Fmoc groups are favorable protection groups in solid phase 
supported peptide synthesis, due to their basic cleavage conditions[239]. Fluoren-9-
ylmethoxycarbonyl – or Fmoc – is cleaved forming carbon dioxide and dibenzofulvene 
upon basic cleavage[240]. The latter reacts with the excess of cyclic amines, e.g. piperidine, 
which are commonly used bases for Fmoc-deprotection reactions[240] (Scheme 10.3.17). 
The yielded adducts are often found to be difficult to separate from the desired deprotection 
product[237]. Thus, in solid phase supported synthesis, this problem is circumvented due to 
the fixation of the desired deprotected amine product on the solid support that is easily 
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washed to remove the undesired side products. In this work, solution-based approaches for 
the removal of the Fmoc-protection group were investigated.  

In a first attempt, the protected muraymycin core structure 75 was dissolved in DCM, 
and piperidine was added at room temperature to reach a 1:3-ratio of piperidine to DCM. 
After about 30 min, deprotection of the Fmoc-protected amine could be observed via TLC 
control. The reaction was then diluted with chloroform and the organic layer was washed 
with a saturated sodium carbonate (Na2CO3) solution. After purification by column 
chromatography, product 76 was obtained as a white foam. However, residues of piperidine 
base or respective dibenzofulvene addition product turned out to be difficult to remove 
(Table 10.3.7). Though it was not clear whether the side product observed on TLC controls 
was the free base or the piperidine adduct of dibenzofulvene, impurities would disturb the 
subsequent amide coupling with the fatty acids. Because of this, the Fmoc deprotection 
reactions and following amide couplings are discussed together.  
 
Scheme 10.3.17 | Proposed Dibenzofulvene-Piperidine Adduct Formation 
 

 
 
Table 10.3.7 | Optimization of the Fmoc-deprotection Step to Yield Intermediate 76 
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Base cbase [%] Solvent t [h] Outcome 

1 piperidine 25 DCM 1.5 38% yield (side product 
tedious to remove) 

2 piperidine 10 DCM 1.5 23% yield (side product 
tedious to remove) 

3 DIEA 50 DCM 72 no conversion 

4 diethylamine 50 DCM 3 mainly side product 
formation 

5 poymer-bound 
piperazine (1.0-2.0 mmol/g) DCM 24 no conversion 
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Attempts to remove excess piperidine by evaporation gave mixed results. Since repeated 
co-evaporation with toluene or subsequent co-evaporation with acetonitrile and DCM did 
not yield the desired removal of piperidine or side product, resulting in failure of the 
following amide couplings, lyophilization of the sample was tested. After two successive 
lyophilization efforts and column chromatography purification, product 76 was obtained in 
49% yield. Subsequent amide coupling, using EDC·HCl as described in previous sections, 
worked well and the resulting amide (77) was obtained with 59% yield (Scheme 10.3.18).  

In an attempt to further optimize the reaction conditions and simplify the work-up, less 
piperidine (10%) was used, but this did not lead to an improved yield. Exchanging the base 
to a sterically hindered base, for example DIEA in DCM (1:1-ratio), was thought to help 
avoiding adduct formation with the dibenzofulvene side product. However, treatments with 
DIEA or diethylamine (DEA) were not able to cleave the Fmoc group. Lastly, another 
approach related to the solid phase synthesis techniques was investigated. Here, polymer-
bound base was envisioned to cleave the protection group, while potential side products 
formed with the base should be easily separable by filtration. This would be in contrast to 
the classical solid phase peptide synthesis approach, in which the product is fixed on the 
solid phase instead. Yet, this method also failed to furnish Fmoc deprotection (Table 
10.3.7).  

Going back to piperidine-based deprotection conditions (Attempt 1, Table 10.3.7), 
simplifications of the general work-up were investigated to help improve yields (Table 
10.3.8). The aim was to optimize the workflow of this step, since these conditions showed 
the best efficacy in Fmoc-cleavage. Skipping the aqueous work-up led to problems with 
the following column chromatography purification step, due to the huge amount of base 
left in the organic layer. Likewise, not performing a final column chromatography 
purification step, even after thorough drying of the crude mixture, also led to problems with 
subsequent amide coupling reactions. Hence, only the combination of aqueous work-up, 
thorough drying steps, and chromatographic purification yielded product 76 in sufficient 
purity for follow-up reactions. Notably, extra lyophilization steps were not superior to 
simple successive co-evaporation with toluene, acetonitrile, and DCM prior to column 
chromatography purification, which resulted in a respectable yield of 67% of pure product 
76, and no issues for following amide coupling reactions. Surprisingly, the extra 
lyophilization step actually led to more loss of compound, and thus to lower overall yields 
of 49%. Thus, conditions of Attempt 4 (Table 10.3.8) were applied for all synthesized 
probes, and subsequent amide coupling reactions with all fatty acids, including diazirine 
labeled analogs, worked well.  

As a first final muraymycin analog, the reference compound for the chemical probe was 
synthesized, introducing a fatty acid with an ω-alkyne function, but missing the photoactive 
diazirine warhead of the photoactive probe. Here, the previously synthesized dec-9-ynoic 
acid (BB5-ref) was coupled with the muraymycin core structure, resulting in final 
intermediate 77 in 59% yield. That reaction followed the global deprotection of the acid-
cleavable protecting groups of the two carboxylic acids, the epicapreomycidine, as well as 
the ribose unit. Final compound 79 was obtained as a white solid after preparative HPLC 
in 36% yield. This final compound is the direct analog of the desired diazirine-
functionalized probe. Hence, it poses an essential compound to determine biochemical 
activity of the designed AfBP, since the diazirine-carrying molecule is likely not stable in 
the conditions used for the fluorescence-based MraY activity assay. Notably, final NMR 
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analysis revealed that compound 79 was obtained as a diastereomeric mixture (d.r. ~ 1.2:1), 
indicating that the amide coupling reaction introducing the epicapreomycidine moiety must 
have caused epimerization at the a-position of the epicapreomycidine, as already indicated 
above.  

 
Table 10.3.8 | Optimization of Work-up Conditions for the Fmoc-deprotection Stepa 
 

 
Attempt 

 
1st Step 2nd Step 3rd Step 4th Step 5th Step Outcome 

1 drying 
in vacuo 

co-evaporation 
(toluene – 

ACN – DCM) 
column chrom. - - No 

separation 

2 aqueous 
work-up 

drying 
in vacuo 

co-evaporation 
(toluene – 

ACN – DCM) 
- - 

Subsequent 
amide 

coupling 
failed  

3 aqueous 
work-up 

drying 
in vacuo 

co-evaporation 
(toluene – 

ACN – DCM) 

freeze 
drying 
(2x) 

column 
chrom. 

49% yield 
(pure) 

4 drying 
in vacuo 

co-evaporation 
(toluene – 

ACN – DCM) 

aqueous work-
up 

drying 
in vacuo 

column 
chrom. 

67% yield 
(pure) 

a chrom., chromatography. 
 
Scheme 10.3.18 | Synthesis of Final Probes 79 and 80 
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Finally, a first coupling with a diazirine-labeled fatty acid was performed. For this, freshly 
prepared diazirine fatty acid BB5-PAL was coupled with the muraymycin core structure 
(76) using brown glass ware. After column chromatography purification, product 78 was 
obtained in good yield of 69%. However, after global deprotection and HPLC purification, 
decomposition was observed, and amounts of isolated product 80 were insufficient for 
further analysis (<1 mg; <4% yield).  

In summary, the envisioned strategy of building the muraymycin analogs (79 and 80) 
from the discussed building blocks was a good start for the development of chemical probes 
for these nucleoside antibiotics. Most of the steps are robust amino deprotection and amide 
coupling steps with decent yields. However, Fmoc deprotection in solution caused issues 
for work-up and follow-up reactions and different amide coupling conditions to introduce 
the epicapreomycidine moiety are needed to avoid epimerization in this step. Even though 
a diazirine-labeled probe was not obtained in sufficient quantities for follow-up biological 
investigations, the presented synthetic route showed that photoactive warheads are 
sufficiently stable under discussed conditions and gave insights into their handling. 
Nevertheless, further optimization of critical steps such as the global deprotection and 
HPLC purification of the diazirine-labeled probe would be essential. 
 
10.3.4 Biological Evaluation  

In vitro activity of the synthesized probe was determined in a fluorescence-based activity 
assay of MraY obtained from S. aureus – developed and previously reported by our lab[241]. 
Here, dansylated Park’s nucleotide (fluorescent) that reacts with MraY to form dansylated 
lipid I exhibits an increase in fluorescence[241]. That is, an increase in fluorescence is a 
measure of formed lipid I and therefore MraY enzymatic activity[241]. As mentioned, a 
reference probe (79) had to be synthesized since the described assay uses excitation 
wavelengths of 355 nm, which would lead to decomposition of the photoactive chemical 
probe. As a proof of concept, reference probe 79 was tested and exhibited an IC50 value of 
0.99 ± 0.14 µM (Figure 10.3.3). This is comparable to other 5'-deoxy analogs tested in this 
assay[206,213], thus validating that the designed muraymycin analog retains reasonably potent 
MraY inhibitor activity. 

 
Figure 10.3.3 | Biochemical IC50 Determination of Reference Probe 79. Reference probe 79 was 
incubated with MraY obtained from S. aureus (as crude membranes) and conversion of fluorescent-
labeled substrate was analyzed in a dose-dependent manner. Shown are the results of three 
independent experiments. c0 = 1 nM. 
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10.4 Conclusion 
 
In this project, the goal was to develop a photoactive chemical probe for studies on a novel 
class of nucleoside-based antibiotics – the muraymycins. Whilst the muraymycins are 
known MraY inhibitors, not much is known about their potential off-targets within the 
human or bacterial cell. We proposed to address this by developing ABPP strategies, 
incorporating reactive groups into the muraymycin core scaffold. For this, fatty acid 
moieties, naturally occurring in muraymycins of the A- and B-Groups, were functionalized 
with a photoactive diazirine warhead as well as an alkyne motif for subsequent tag 
attachment. This new motif had to be merged with the muraymycin scaffold and respective 
synthetic efforts were explored to establish a successful synthetic route to these new 
derivatives. To provide further proof of concept, a reference compound without the 
photoactive warhead was synthesized, which was needed to determine biochemical activity 
of the probe in comparison to other analogs of this naturally occurring scaffold while also 
being much easily chemically accessible than the respective diazirine-decorated probe.  

Synthesizing the muraymycin core structure (Scheme 10.4.1) required the synthesis of 
two main building blocks in the course of this project, namely, the uridine core BB1 with 
a free amine for linker (BB2) attachment, as well as the urea dipeptide moiety BB4 
including a free carboxylic acid for coupling with the central amino acid BB3, which would 
ultimately serve as the hinge to connect the fatty acids (BB5-PAL/ref) to the main 
muraymycin core structure. The general synthetic routes for these two building blocks were 
developed and refined by several people within the lab, including A. P. Spork, K. Leyerer, 
and others[194,206,211,237,242]. The nucleosyl intermediate BB1 was synthesized starting from 
uridine and was obtained over five steps and an overall yield of 29% from uridine. The urea 
dipeptide intermediate (BB4) was built from key intermediate 21, synthesized over seven 
steps from D-serine, and was obtained after another eight steps with an overall yield of 18% 
starting from 21. 

The subsequent assembly of the nucleoside inhibitor core structure (Scheme 10.4.1) 
began with a Cbz-deprotection and reductive amination of the primary amine in the 
nucleosyl unit (BB1) with aldehyde BB2, which was a key intermediate available in stock 
within our lab. Intermediate 71 was obtained in 66% yield. Subsequent Cbz-deprotection 
and introduction of the essential hinge amino acid BB3 led to intermediate 73 in 74% yield. 
This amino acid incorporates two amino groups, which can be ultimately used to connect 
to the urea dipeptide moiety BB4 on one side and the (functionalized) fatty acids (BB5-
PAL/ref) on the other. To do that, a special protection group pattern had to be chosen. A 
commercially available amino acid (BB3), carrying a Cbz protection group for the primary 
amine in the 2-position as well as an Fmoc group on the primary amine in the 3-position, 
was therefore selected. This protection group strategy posed an excellent choice since the 
Cbz group is cleaved under reductive conditions, while the Fmoc group requires strong 
basic conditions. Acidically cleavable protection groups could not have been used for this 
moiety, since those conditions would also lead to deprotection of protection groups on the 
nucleosyl and urea dipeptide moieties. BB3 was hence coupled with the 3-aminopropane 
linker of intermediate 72 using EDC·HCl and HOAt as mediating reagents, which showed 
to be superior to PyBOP and HOBt. 73 was obtained in good yields of 74% over two steps 
from 71. Another sequence of Cbz-deprotection and EDC·HCl/HOAt-mediated amide 
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coupling with BB4 finally led to the complete muraymycin core structure 75 in 68% yield 
over two steps, or 33% overall yield starting from the nucleosyl building block BB1. 

 
Scheme 10.4.1 | Synthesis of the Protected Muraymycin Scaffold 75 
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While the ω-alkyne fatty acid BB5-ref could be synthesized in a one-step TEMPO/BAIB-
oxidation reaction from a respective alcohol starting material (64) (Scheme 10.4.2), the 
corresponding analog carrying a ketone for diazirine synthesis required more effort. To 
access this key intermediate (41), a first strategy was to react an aldehyde with a Grignard 
reagent forming a hydroxy group at the coupling site, which could be subsequently oxidized 
to the respective ketone. The aldehyde moiety was synthesized via ring opening with 
MeOH from γ-butyrolactone, followed by IBX oxidation with an overall yield of 82%. The 
Grignard reagent was built from alcohols of different lengths (57 and 45 for the shorter and 
longer alkyl chain, respectively). Even though longer alkyl chains were generally more 
desirable due to the resemblance with naturally occurring fatty acids in muraymycin 
antibiotics, shorter chains were more affordable and served as test compounds for 
optimization of this synthetic route (therefore not included in schemes within the 
Conclusion chapter).  

To form the desired Grignard reagents, the primary hydroxyl groups of long chain 
alcohols were transformed into the respective bromides over three steps with 76% and 
quantitative yields for the shorter (58) and longer (64) alkyl chains, respectively. Initial 
Grignard reactions failed due to old magnesia turnings and a too dilute solution of the 
bromide reactant. However, even after successful Grignard formation, attempts to couple 
intermediate 58 with aldehyde 44 led to decomposition and side product formation, while 
no product could be obtained (not shown). Thorough literature search suggested a different, 
more elegant synthetic route, using iron (III)-catalyzed conversions of Grignard reagents 
with acid chlorides, leading to the direct formation of the desired ketone function at the 
coupling site. Acid chloride 60 was commercially available and reaction with freshly 
prepared Grignard reagents led to successful formation of the ketone-functionalized fatty 
acids in moderate yields of 52% and 56% for the short (62) and long (65) fatty acids, 
respectively. Final basic deprotection of the TMS-alkyne and the methyl ester yielded key 
intermediates 63 and 41 in 87% and 57% yield, respectively; meaning an overall yield of 
34% for the C8-based fatty acid 63 and 20% for the C10-based fatty acid 41 (simplified route 
shown in Scheme 10.4.2; Note: shorter length linker is not included in this scheme). 

Generally, diazirines are synthesized from ketones via a diaziridine intermediate. In a 
first step, the ketone was treated with ammonia in MeOH at 0 °C and subsequent addition 
of HAOSA led to formation of diaziridine 71. However, it turned out that intermediate 71 
was highly unstable and could decompose even during work-up steps. Hence, different 
work-up techniques were compared, and it was found that filtration, followed by a mere 
concentration of the reaction mixture under addition of triethylamine as a base and 
immediate continuation with the subsequent oxidation step, provided optimal conditions to 
yield the desired diazirine compounds. 

In a final step, the diaziridines were oxidized using an iodine solution in MeOH. 
Including this step, further reactions were carried out in the dark. It was observed that, 
although the diazirines were fairly stable under common laboratory lighting conditions, 
column chromatography had to be performed under strict coverage of the column to prevent 
decomposition of the product in the presence of the silica gel. Octanoic acid 72 and 
decanoic acid BB5-PAL were obtained from their ketone intermediates in overall yields of 
40% and 35% over three steps (simplified route shown in Scheme 10.4.2; Note: shorter 
length linker is not included in this scheme), respectively. Notably, first amide test 
couplings confirmed stability of the diazirine motif within PyBOP/HOBt and 
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EDC·HCl/HOAt amide coupling conditions, whereas the latter gave the best yields for the 
conversion of the employed fatty acids with test coupling partners.  
 
Scheme 10.4.2 | Synthesis of Final Probes 79 and 80 
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In the last steps of the synthesis of muraymycin-based chemical probes (Scheme 10.4.2), 
the Fmoc group on the central core structure of muraymycin intermediate 75 had to be 
cleaved, to allow for the amide coupling with the fatty acids. However, the Fmoc 
deprotection step turned out to be more troublesome than initially anticipated. A lot of 
material (75) was lost in this step, since separation of the dibenzofulvene-piperidine adduct 
or piperidine base from product 76 was challenging. Considering the time- and labor-
intense synthesis of all building blocks up to that point, a different synthetic procedure here 
would be desirable. Attempts to use sterically hindered bases, such as DIEA or 
diethylamine as well as solid phase-supported bases did not lead to any Fmoc-deprotection, 
leaving piperidine-mediated deprotection conditions as the most efficient. Thus, respective 
work-up conditions were optimized in an attempt to increase overall yields of this step, 
resulting in a combination of co-evaporation steps after aqueous work-up and subsequent 
column chromatography purification as the best option with a yield of 67%. 

The resulting free amine 76 was condensed with either diazirine labeled (BB5-PAL) or 
unlabeled (BB5-ref) fatty acids, using EDC·HCl/HOAt conditions, in acceptable yields of 
69 and 59%, respectively. In a final step, intermediates 77 and 78 were treated with 80% 
TFA in water for a global cleavage of several protecting groups, including tert-butyl esters 
at the nucleosyl unit and the urea dipeptide valine, the guanidine protecting group Pbf at 
the epicapreomycidine moiety, as well as the TBDMS groups at the ribose. Subsequent 
purification by preparative HPLC yielded the final reference compound 79 as a TFA-salt 
in a yield of 25% from the muraymycin intermediate 76 (Scheme 10.4.2). Unfortunately, 
NMR analysis revealed at this stage that compound 79 was obtained as a mixture of 
diastereomers (d.r. ~ 1.2:1). Epimerization is a known issue of amide coupling reactions[238] 
and must had occurred when BB4 was coupled with 74, as there was no epimerization 
observed by NMR analysis for intermediate 73 and following amide coupling reactions 
could not have led to diastereomer formation at the a-proton of the epicapreomycidine 
amino acid. Hence, further optimization by for example investigation of alternative amide 
coupling reagents for this step, introducing the epicapreomycidine moiety, is necessary to 
obtain stereochemically pure final products. 

Unfortunately, the diazirine-labeled probe could not be obtained in sufficient quantity. 
Hence, optimization especially of the Fmoc deprotection step would be helpful in 
increasing the overall yield of the probe via this synthetic route. While this work was being 
performed, K. Leyerer in our lab developed solid phase-supported synthetic strategies to 
assemble the muraymycin scaffold[242]. This approach could be applied to synthesize this 
probe in higher quantities, as it would specifically help with some steps, such as the Fmoc 
deprotection. Thus, optimization and simplification of the synthetic route – especially the 
last steps, introducing the fatty acid moiety – would be essential for the application of this 
photoactive probe, as high quantities of probe 80 would be needed for further proteomic 
analysis, while stability issues with diazirine probes during storage also require the probe 
to be synthesized quickly when needed for an experiment. 

Finally, unlabeled final compound 79 exhibited reasonably potent MraY inhibition in 
vitro with an IC50 value of 0.99 µM for MraY obtained from S. aureus – even though as a 
mixture of diastereomers –, providing a first proof of concept showing that a respective 
probe would probably mimic muraymycin activity. 
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10.5 Experimental 
 
10.5.1 General Methods  

Synthetic Procedures 
Synthetic steps presented within this project were generally carried out under inert gas 
atmosphere, especially air- and moisture-sensitive reactions. Before use, glass equipment 
was heated in vacuo, using a heat gun, and filled with nitrogen gas upon cooling – repeated 
three times. Nitrogen gas was passed through a column of phosphorus pentoxide for further 
removal of moisture as well as silica gel, a good indicator for when to refresh this set-up 
due to changes in color depending on moisture content of the gel. Reactions carried out 
below room temperature were cooled in ice water baths or acetone baths cooled with liquid 
nitrogen, depending on the desired temperature. All reactions, work-ups, or other handling 
of diazirine-containing compounds were performed using brown glass ware or an 
appropriate cover to avoid light-induced decomposition.  
 
Reagents/Chemicals 
Reagents and starting materials were purchased from Acros Organics, AK Scientific, Alfa 
Aesar, Carbolution, Fluka Analytical, GL Biochem, Grüssing, Riedel-de Haën, Sigma-
Aldrich, TCI, and VWR, or from a respective facility within Saarland University (Zentrales 
Chemikalienlager). Purchased chemicals were used without further purification. Notably, 
aldehyde BB2 was synthesized by G. Niro and intermediate 21 was synthesized by K. 
Leyerer within our lab.  
 
Solvents 
Most solvents were purchased in technical quality and used without further purification. 
Deionized water was available within the lab set-up. Certain solvents, such as DCM, Et2O, 
EtOAc, and PE, were distilled in our lab before use. For anhydrous conditions, a variety of 
solvents were also degassed and stored over molecular sieves or dried and purified using a 
solvent purification system (MB SPS  800, MBRAUN). Details are listed in Table 10.5.1. 
 
Chromatographic Purifications 
As part of purification processes for intermediate compounds, normal phase column 
chromatography was method of choice. Columns were packed using Si60 silica gel 
purchased from VWR (pore diameter = 40-63 µm). 
 
Thin Layer Chromatography (TLC) 
Reaction controls were usually performed using Si60 F254-coated aluminum plates from 
VWR. TLC plates were analyzed by UV light (254 nm) or staining with appropriate reagents 
(Table 10.5.2).  
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Table 10.5.1 | Solvents 
 

Solvent Purification Anhydrous 

acetone No Degassed 
acetonitrile No SPS 

DCM Distilled SPS 
DMF No SPS 

DMPU No Purchased 
Et2O Distilled SPS 

EtOAc Distilled Pre-dried over K2CO3; distilled 
n-hexane No No 

iPrOH No Pre-dried over K2CO3; degassed 
MeOH No Degassed 

PE Distilled No 
pyridine No Pre-dried over CaH2; distilled 

tert-BuOH No Degassed 
TEA No Degassed 
THF No SPS 

toluene No Purchased 
 
 
Table 10.5.2 | TLC Analysis 
 

Stain Compositiona 

ninhydrin 0.3 g ninhydrin, 3 mL acetic acid, 100 mL 1-butanol 

vanillin/sulfuric acid 4 g vanillin, 25 mL H2SO4 conc., 80 mL acetic acid, 680 mL MeOH 

potassium permanganate 1 g KMnO4, 6 g K2CO3, 1.5 mL 5 M NaOH, 100 mL water 

a conc. = concentrated. 
 
Liquid Chromatography – Mass Spectrometry Analysis (LC-MS) 
LC-MS analysis was used as a reaction control and to confirm product mass formation. For 
this, a Thermo Scientific Spectra (TSP) System (Finnegan) was used, including an AS3000 
auto sampler, a P4000 pump, an SN 4000 controller, an SCM 1000 mixer, a Nucleodur® 
100-5 C18 column (3 x 125 mm, 5 µm), a UV2000 UV-detector, and an MSQ Plus mass 
spectrometer (using ESI). UV/Vis detection for 254 nm was recorded for a total runtime of 
12 or 25 min at a flowrate of 0.8 mL/min of a water (eluent A)/acetonitrile (eluent B) 
mixture (0.1% TFA), or a water (0.1% TFA) (eluent A)/MeOH (eluent B) mixture. Used 
methods are summarized in Table 10.5.3. 
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Table 10.5.3 | LC-MS Methods 
 

Method Eluents A/B Flow rate 
[mL/min] Eluent B [%] 

LC-MS 
analytical 

1 
water (0.1% TFA)/MeOH 0.8 

0 
min 

6 
min 

9 
min 

10.5 
min 

12 
min 

5 100 100 5 5 

LC-MS 
analytical 

2 

water/acetonitrile  
(both 0.1% TFA) 0.8 

0 
min 

7 
min 

8.3 
min 

9.5 
min 

12 
min 

5 100 100 5 5 

LC-MS 
analytical 

3 
water (0.1% TFA)/MeOH 0.8 

0 
min 

15 
min 

20 
min 

20.1 
min 

25 
min 

5 100 100 5 5 

LC-MS 
analytical 

4 

water/acetonitrile 
(both 0.1% TFA) 0.8 

0 
min 

19 
min 

22 
min 

23 
min 

25 
min 

0 100 100 5 5 

 
High-performance Liquid Chromatography (HPLC) 
Final compounds were purified on an Agilent Technologies 1200 Series, including a 
LichroCart® Purospher® RP18e column (10 x 250 mm, 5 µm, VWR). For this, lyophilized 
crude reaction products were dissolved in bi-distilled water, acetonitrile, or MeOH (HPLC 
grade quality) and a few drops of TFA and injected after filtration. UV/Vis detection for 
254 nm, 280 nm, and 360 nm was recorded for a total runtime of 35 min at a flow rate of 
3 mL/min of a water (eluent A)/acetonitrile (eluent B) mixture (0.1% TFA). Table 10.5.4 
gives an overview of the used method. Reported retention times (tR) [min] of detected 
product peaks are not corrected for initial column dead times (~2 min).  
 
Table 10.5.4 | HPLC Method 
 

Method Eluents A/B Flow rate 
[mL/min] Eluent B [%] 

HPLC 
1 

water/acetonitrile 
both (0.1% TFA) 3.0 

0 
min 

19 
min 

25 
min 

30 
min 

35 
min 

5 100 100 0 0 

 
10.5.2 Analytics  

Mass Spectrometry (MS) 
LC-MS analysis has already been described above to yield low resolution mass data for 
compound identification purposes. HRMS data was kindly determined by S. Boettcher in 
our lab using a Thermo Scientific Ultimate 3000 system, including a Dionex UltiMate 3000 
ultra-high-performance liquid chromatography (UHPLC) system. The latter is a complex 
of an autosampler, pump, Thermo Accucore phenyl-X column (3 x 100 mm, 2.1 µm), diode 
array detector, and a Q Exactive OrbiTrap (Thermo Scientific). 
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Nuclear Magnetic Resonance (NMR) Analytics 
Main tool for the identification of synthesized compounds was 1H and 13C NMR analysis 
(at 500 MHz and 126 MHz, respectively). For these, Bruker NMR spectrometers, including 
Avance I 500 (B ACS 60 autosampler), Avance DRX 500, and Avance III 500 with a TCI 
cryo probe head were used. Reported are chemical shifts δ [ppm] (parts per million) in 
relation to the respective solvents used as an internal standard. Spin multiplicities are 
indicated as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt 
(doublet of triplets), tt (triplet of triplets), m (multiplet), and reported with the respective 
coupling constants J [Hz]. For correct peak assignments, 1H,1H-COSY and 1H,13C-
HSQC/HMBC analysis were used. 
 
Infrared (IR) Spectroscopy  
IR spectra were recorded on a Bruker Fourier-transform infrared (FTIR) spectrometer 
ALPHA including an integrated PlatiniumATR® unit, and band wavelengths [cm-1] are 
reported for supported compound identification purposes. 
 
UV/Vis Spectroscopy 
UV/Vis spectra were recorded on an Agilent Technologies Cary series 100 UV 
spectrometer from 200-800 nm and peaks of maximal absorption (λmax) [nm] are reported. 
Compound solutions in MeOH were analyzed.  
 
10.5.3 General Procedures  

Cbz-deprotections 
Method A: Protected amine (1.0 eq.) was dissolved in dry isopropanol under nitrogen 
  atmosphere. 1,4-Cyclohexadiene (10.0 eq.), as well as Pd black (a small spatula tip) 
  were added and the mixture was stirred at room temperature for 2-24 hours. After 
  completion of the reaction (TLC control), the reaction mixture was filtered 
  through a syringe filter and washed several times with isopropanol. The solvent was 
  removed in vacuo to yield the product in sufficient purity for further reactions. 
Method B: Protected amine (1.0 eq.) was dissolved in dry MeOH under nitrogen 
  atmosphere. 1,4-Cyclohexadiene (10.0 eq.) as well as Pd/C (10% loading; a small 
  spatula tip) were added and the mixture was stirred at room temperature for 2-24 
  hours. After completion of the reaction (TLC control), the reaction mixture was 
  filtered through a syringe filter and washed several times with MeOH. The solvent 
  was removed in vacuo to yield the product in sufficient purity for further reactions. 
Method C: Protected amine (1.0 eq.) was dissolved in dry MeOH under nitrogen 
  atmosphere. 1,4-Cyclohexadiene (10.0 eq.) as well as Pd black (a small spatula tip) 
  were added and the mixture was stirred at room temperature for 1-24 hours. After 
  completion of the reaction (TLC control), the reaction mixture was filtered 
  through a syringe filter and washed several times with MeOH. The solvent was 
  removed in vacuo to yield the product in sufficient purity for further reactions. 
 
Amide Couplings 
Method D: The carboxylic acid (1.1 eq.) was dissolved in dry THF under nitrogen 
  atmosphere. HOBt (1.0 eq.), DIEA (1.8 eq.), and PyBOP (1.1 eq.) were added to 
  the solution and stirred at room temperature for about 25 min. The mixture was 
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  cooled to 0 °C and a solution of amine (1.0 eq.) in dry THF was added. The reaction 
  was further stirred at this temperature for 1.5 hours, warmed to room temperature 
  and stirred for another 3-24 hours. 
Method E: The carboxylic acid (1.15 eq.), the amine (1.0 eq.), and HOAt (0.49 eq.) were 
  dissolved in dry DCM under nitrogen atmosphere. EDC·HCl (1.95 eq.) was added 
  and the mixture was stirred at room temperature overnight. After completion of the 
  reaction (TLC control), the solvent was removed in vacuo. The crude product was 
  purified by flash column chromatography to yield the pure product.  
 
10.5.4 Synthesis  

Synthesis of Reagents 
 

2-Iodoxybenzoic acid (IBX) 
 

 
 

OXONE® (186 g, 303 mmol, 3.0 eq.) was dissolved in deionized water (1.0 L). 2-
Iodobenzoic acid (42) (25.0 g, 101 mmol, 1.0 eq.) was added to the solution and the mixture 
was stirred at 70 °C for 5 hours. Upon completion of the reaction, indicated by the 
transformation of the suspension to a clear solution, the mixture was cooled to 0 °C and 
was stirred at this temperature for at least 30 min. The resulting precipitate was filtered off 
using a medium porosity sintered glass funnel and washed several times with ice cold water 
and acetone. The product (IBX) was dried for several days and could be obtained as a white 
powder (13.8 g, 49.3 mmol; 49% yield). 1H NMR (500 MHz, DMSO-d6) δ 7.84 (dd, J = 
7.5, 0.8 Hz, 1 H, 5-H), 8.00 (dd, J = 7.7, 1.3 Hz, 1 H, 4-H), 8.03 (dd, J = 7.4, 1.2 Hz, 1 H, 
6-H), 8.15 (d, J = 7.8 Hz, 1 H, 3-H); 13C NMR (126 MHz, DMSO-d6)) δ 124.97 (C-5), 
130.05 (C-4), 131.41 (C-6), 132.92 (C-1), 133.36 (C-2), 146.53 (C-3), 167.45 (C=O). 
 
Synthesis of the Uridine Building Block (BB1) 
 

2',3',5'-O-Tris-(tert-butyldimethylsilyl) uridine (43) 
 

 
 

After co-evaporation with pyridine (2 x 60 mL), uridine (10.0 g, 41.0 mmol, 1.0 eq.) was 
dissolved in dry pyridine (120 mL) under nitrogen atmosphere. Imidazole (12.6 g, 
185 mmol, 4.5 eq.) and TBDMSCl (27.8 g, 185 mmol, 4.5 eq.) were added and the reaction 
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mixture was stirred at room temperature for 6 days. Following completion of the reaction 
(TLC control), the mixture was cooled to 0 °C and water (15 mL) was added. The solvent 
was removed in vacuo and the crude was re-dissolved in EtOAc (1.0 L). The organic layer 
was washed with water (3 x 480 mL) and brine (150 mL), dried over sodium sulfate 
(Na2SO4), filtered and dried under reduced pressure. The resulting crude product was 
further purified by flash column chromatography (400 g; PE:EtOAc, 4:1) to give the 
product (43) as a white foam with minor impurities (26.4 g; 100% = 24.1 g). Rf (TLC) = 
0.18 (PE:EtOAc, 4:1);  1H NMR (500 MHz, CDCl3) δ 0.06 (s, 3 H, SiCH3), 0.07 (s, 3 H, 
SiCH3), 0.08 (s, 3 H, SiCH3), 0.09 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3), 0.12 (s, 3 H, 
SiCH3), 0.88 (s, 9 H, SiC(CH3)3), 0.90 (s, 9 H, SiC(CH3)3), 0.94 (s, 9 H, SiC(CH3)3), 3.75 
(dd, J = 11.6, 1.2 Hz, 1 H, 5'-Ha),  3.98 (dd, J = 11.6, 1.9 Hz, 1 H, 5'-Hb), 4.05-4.09 (m, 
3 H, 2'-H, 3'-H, 4'-H), 5.68 (dd, J = 8.1, 2.2 Hz, 1 H, 5-H), 5.86 (d, J = 3.6 Hz, 1 H, 1'-H), 
8.02 (d, J = 8.2 Hz, 1 H, 6-H), 8.75 (s, 1 H, NH); 13C NMR (126 MHz, CDCl3) δ -5.45 
(SiCH3), -5.25 (SiCH3), -4.72 (SiCH3), -4.66 (SiCH3),   -4.44 (SiCH3), -4.09 (SiCH3), 18.11 
(SiC(CH3)3), 18.22 (SiC(CH3)3), 18.62 (SiC(CH3)3), 25.79 (SiC(CH3)3), 25.89 
(SiC(CH3)3), 25.97 (SiC(CH3)3), 61.96 (C-5'), 70.93 (C-3'), 76.29 (C-2'), 84.69 (C-4'), 
89.04 (C-1'), 102.01 (C-5), 140.54 (C-6), 150.30 (C-2), 163.34 (C-4); IR (ATR) ṽ = 2953, 
2929, 2857, 1687, 1462, 1254, 1132, 1070, 834, 778. 
 

2',3'-O-Bis-(tert-butyldimethylsilyl) uridine (44) 
 

 
 

43 (6.66 g, 11.1 mmol, 1.0 eq.) was dissolved in THF (125 mL) and cooled to 0 °C. A 1:1-
mixture of TFA in water (55 mL) was added dropwise to the solution and stirred for another 
6 hours. Upon appearance of first double-deprotection products by TLC control, the 
reaction was quenched with saturated, aqueous NaHCO3 solution (500 mL) and NaHCO3 
powder to yield a pH of 8. EtOAc (1.0 L) was added and the organic layer was washed with 
saturated, aqueous NaHCO3 solution (500 mL), dried over Na2SO4, filtered and dried under 
reduced pressure. The resulting crude was further purified by flash column chromatography 
(400 g; DCM:EtOAc, 3:1) to give the product (44) as a white foam (3.59 g, 7.59 mmol; 
69% yield). Rf (TLC) = 0.23 (DCM:EtOAc, 7.5:2.5); MS (ESI) m/z calc. for 
C21H40N2O6Si2 [M+H]+ 473.25; found 473.07; 1H NMR (500 MHz, CDCl3) δ 0.03 (s, 3 H, 
SiCH3), 0.06 (s, 3 H, SiCH3), 0.09 (s, 3 H, SiCH3), 0.09 (s, 3 H, SiCH3), 0.88 (s, 9 H, 
SiC(CH3)3), 0.91 (s, 9 H, SiC(CH3)3), 3.75 (d, J = 12.1 Hz, 1 H, 5'-Ha),  3.94 (dd, 
J = 12.3, 2.1 Hz, 1 H, 5'-Hb), 4.09 (dd, J = 5.4, 2.1 Hz, 1 H, 4'-H), 4.17 (dd, J = 4.5, 3.4 Hz, 
1 H, 3'-H), 4.56 (dd, J = 5.9, 4.6 Hz, 1 H, 2'-H),  5.45 (d, J = 5.5 Hz, 1 H, 1'-H), 5.72 (dd, 
J = 8.1, 2.3 Hz, 1 H,  5-H), 7.59 (d, J = 8.1 Hz, 1 H, 6-H), 8.05 (s, 1 H, NH); 13C NMR 
(126 MHz, CDCl3) δ -4.77 (SiCH3), -4.64 (SiCH3), -4.45 (SiCH3), -4.28 (SiCH3), 18.10 
(SiC(CH3)3), 18.22 (SiC(CH3)3), 25.92 (SiC(CH3)3), 25.97 (SiC(CH3)3), 61.94 (C-5'), 71.97 
(C-3'), 73.60 (C-2'), 86.47 (C-4'), 94.30 (C-1'), 102.33 (C-5), 143.10 (C-6), 150.08 (C-2), 
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162.47 (C-4); UV/Vis (MeOH) λmax = 262; IR (ATR) ṽ = 3448, 2952, 2929, 2857, 1693, 
1463, 1258, 1159, 1098, 869, 836, 778. 
 

2',3'-O-Bis-(tert-butyldimethylsilyl) uridine 5'-aldehyde (15) 
 

 
 

Intermediate 44 (1.70 g, 3.60 mmol, 1.0 eq.) was dissolved in dry acetonitrile (34.4 mL). 
IBX (2.02 g, 7.20 mmol, 2.0 eq.) was added and the reaction mixture was stirred at 80 °C 
(reflux) for 1.5 hours. The mixture was cooled to 0 °C for at least 45 min and IBX was 
filtered off, including several washes with EtOAc. The solvent was removed in vacuo 
(cold!) to give the product (15) as a white foam (1.75 g; 100% = 1.69 g). NMR analysis 
already showed decomposition of the aldehyde, so the product was immediately used for 
the next reaction without further purification. 1H NMR (500 MHz, CDCl3) δ 0.01 (s, 3 H, 
SiCH3), 0.05 (s, 3 H, SiCH3), 0.12 (s, 3 H, SiCH3), 0.12 (s, 3 H, SiCH3), 0.87 (s, 9 H, 
SiC(CH3)3), 0.93 (s, 9 H, SiC(CH3)3), 4.23 (dd, J = 3.8, 3.5 Hz, 1 H, 3'-H), 4.32 (dd, 
J = 5.6, 4.1 Hz, 1 H, 2'-H), 4.55 (d, J = 3.2 Hz, 1 H, 4'-H),  5.74 (d, J = 5.6 Hz, 1 H, 1'-H), 
5.80 (dd, J = 8.1, 2.3 Hz, 1 H,  5-H), 7.70 (d, J = 8.1 Hz, 1 H, 6-H), 8.52 (s, 1 H, NH), 9.82 
(s, 1 H, 5'-H). 
 

Z-Didehydro uridinyl amino acid (46) 
 

 
 

Phosphonate 45 (1.08 g, 2.88 mmol, 1.0 eq.) was dissolved in dry THF (14.0 mL) and 
added to KHMDS (0.5 M in toluene) in dry THF (12.0 mL) at -78 °C under nitrogen 
atmosphere. The mixture was stirred for about 10 min at this temperature, then aldehyde 
15 (1.69 g, 3.60 mmol, 1.25 eq.) in dry THF (18.0 mL) was added dropwise. The reaction 
was allowed to warm to room temperature overnight and TLC control confirmed sufficient 
conversion. MeOH (5.0 mL) was added, and the mixture was diluted with EtOAc 
(100 mL). The organic layer was washed with a 1:1-mixture of brine and water (2 x 
100 mL), dried over Na2SO4, filtered and dried under reduced pressure. The resulting crude 
product was further purified by flash column chromatography (200 g; PE:EtOAc, 7:3, then 
3:2) to give the product (46) as a white foam (1.16 g, 1.62 mmol; 56% yield). Rf (TLC) = 
0.29 (PE:EtOAc, 3:2); 1H NMR (500 MHz, CDCl3) δ 0.07 (s, 3 H, SiCH3), 0.07 (s, 3 H, 
SiCH3), 0.09 (s, 3 H, SiCH3), 0.09 (s, 3 H, SiCH3), 0.89 (s, 9 H, SiC(CH3)3), 0.90 (s, 9 H, 

1
6

5 4

2

1'2'3'4'

5'

3

15

NH

O

ON
O

OTBDMSTBDMSO

O

16

5 4

2

1'2'3'4'

5'

3

46

6'
7'

NH

O

ON
O

OTBDMSTBDMSO

CbzHN

OO



 III APPENDIX 

- 540 - 
 

SiC(CH3)3), 1.48 (s, 9 H, OC(CH3)3), 3.96 (dd, J = 6.3, 3.8 Hz, 1 H, 3'-H), 4.34 (dd, J = 3.8, 
3.4 Hz, 1 H, 2'-H), 4.87 (dd, J = 7.8, 6.0 Hz, 1 H, 4'-H), 5.14 (s, 2 H, Cbz-CH2), 5.58 (d, 
J = 3.5 Hz, 1 H, 1'-H), 5.73 (dd, J = 8.0, 2.5 Hz, 1 H,  5-H), 6.27 (d, J = 7.8 Hz, 1 H, 5'-H), 
6.72 (s, 1 H, 6'-NH), 7.27 (d, J = 8.0 Hz, 1 H, 6-H), 7.34-7.36 (m, 5 H, Cbz-aryl-H), 8.18 
(s, 1 H, 3-NH); 13C NMR (126 MHz, CDCl3) δ -4.87 (SiCH3), -4.83 (SiCH3), -4.49 
(SiCH3), -4.42 (SiCH3), 18.01 (SiC(CH3)3), 18.09 (SiC(CH3)3), 25.77 (SiC(CH3)3), 25.83 
(SiC(CH3)3), 27.84 (OC(CH3)3), 67.50 (Cbz-CH2), 74.68 (C-2'), 76.04 (C-3'), 79.14 (C-4'), 
82.64 (OC(CH3)3), 92.84 (C-1'), 102.31 (C-5), 124.61 (C-5'), 128.15, 128.29, 128.50 (Cbz-
aryl-C), 131.30 (C-6'), 135.76 (Cbz-Cq), 140.44 (C-6), 149.74 (C-2), 153.52 (Cbz-C=O), 
162.69 (C-4), 162.95 (C-7'); IR (ATR) ṽ = 3249, 2953, 2930, 2887, 2857, 1692, 1460, 
1368, 1257, 1223, 1155, 1083, 837, 777. 
 

(6'S)-6'N-Cbz uridinyl amino acid (BB1) 
 

 
 

A solution of 46 (731 mg, 1.02 mmol, 1.0 eq.) in dry MeOH (45.0 mL) was degassed with 
argon (Ar) (~15 min x 13). (S,S)-Me-DUPHOS-Rh catalyst (two large spatula tips) was 
added under inert gas atmosphere. The mixture was flushed with hydrogen gas (grade 6.0) 
for 5 min, which was repeated every day until completion of the reaction. After seven days, 
the progress of the reaction was checked by 1H NMR analysis. The reaction was completed 
after a total of 12 days. The reaction mixture was filtered over a short pad of silica gel and 
washed with EtOAc. The solvent was removed in vacuo and the crude was further purified 
by flash column chromatography (70 g; DCM:EtOAc, 3:2) to give the product (BB1) as a 
white foam (606 mg, 0.842 mmol; 83% yield). Rf (TLC) = 0.32 (DCM:EtOAc, 3:2); 1H 
NMR (500 MHz, CDCl3) δ 0.03 (s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.06 (s, 3 H, SiCH3), 
0.09 (s, 3 H, SiCH3), 0.87 (s, 9 H, SiC(CH3)3), 0.88 (s, 9 H, SiC(CH3)3), 1.44 (s, 9 H, 
OC(CH3)3), 1.97-2.03 (m, 1 H, 5'-Ha), 2.13-2.17 (m, 1 H, 5'-Hb), 3.64 (dd, J = 6.1, 4.3 Hz, 
1 H, 3'-H), 4.14-4.20 (m, 2 H, 2'-H, 4'-H), 4.39-4.42 (m, 1 H, 6'-H), 5.08 (s, 2 H, Cbz-CH2), 
5.55 (d, J = 6.3 Hz, 1 H, 5-H), 5.60 (d, J = 2.8 Hz, 1 H, 1'-H), 5.74 (d, J = 7.8 Hz, 1 H, 6'-
NH), 7.24-7.34 (m, 6 H, 6-H, Cbz-aryl-H), 8.38 (s, 1 H, 3-NH); 13C NMR (126 MHz, 
CDCl3) δ -4.93 (SiCH3), -4.86 (SiCH3), -4.57 (SiCH3), -4.20 (SiCH3), 17.92 (SiC(CH3)3), 
17.96 (SiC(CH3)3), 25.74 (SiC(CH3)3), 25.76 (SiC(CH3)3), 27.86 (OC(CH3)3), 36.04 (C-
5'), 52.12 (C-6'), 66.86 (Cbz-CH2), 75.02 (C-2'), 75.20 (C-3'), 80.07 (C-4'), 82.77 
(OC(CH3)3), 91.59 (C-1'), 102.17 (C-5), 124.61 (C-5'), 128.06, 128.15, 128.47 (Cbz-aryl-
C), 136.22 (Cbz-Cq), 140.47 (C-6), 150.06 (C-2), 155.52 (Cbz-C=O), 163.35 (C-4), 170.54 
(C-7'); IR (ATR) ṽ = 3232, 2954, 2930, 2895, 2857, 1692, 1461, 1369, 1258, 1158, 1061, 
868, 838, 813. 
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Synthesis of the Urea Dipeptide Building Block (BB4) 
 

N-Thiocarbamate-functionalized valine tert-butyl ester (49) 
 

 
 

Valine·HCl 47 (121 mg, 0.577 mmol, 1.0 eq.) was dissolved in a 1:1-mixture of EtOAc 
and saturated, aqueous NaHCO3 solution (6.5 mL). Reagent 48 (60 µL, 0.58 mmol, 1.0 eq.) 
was added and the mixture was stirred at room temperature for 15 min. TLC control 
confirmed conversion of the starting material, so the reaction was quenched with MeOH 
(3.0 mL). The organic layer was washed with brine (3 x 20 mL), dried over Na2SO4, filtered 
and the solvent was removed in vacuo. The crude product was purified by column 
chromatography (PE:EtOAc, 9:1) to give the product (49) as a white solid (122 mg, 
0.467 mmol; 81% yield). Rf (TLC) = 0.33 (PE:EtOAc, 9:1); MS (ESI) m/z calc. for 
C12H23NO3S [M+Na]+ 284.12; found 284.02; 1H NMR (500 MHz, CDCl3) δ 0.88 (d, J = 
7.0 Hz, 3 H, val-4-H), 0.93 (d, J = 7.0 Hz, 3 H, val-4-H), 1.27 (t, J = 7.0 Hz, 3 H, CH2CH3), 
1.45 (s, 9 H, OC(CH3)3), 2.09-2.16 (m, 1 H, val-3-H), 2.89 (q, J = 7.6, 7.2 Hz, 2 H, 
CH2CH3), 4.40 (m, 1 H, val-2-H), 5.80 (d, J = 7.8 Hz, 1 H, NH); 13C NMR (126 MHz, 
CDCl3) δ 15.56 (CH2CH3), 17.50 (C-val-4), 18.83 (C-val-4), 24.31 (CH2CH3), 27.07 
(OC(CH3)3), 31.68 (C-val-3), 58.87 (C-val-2), 82.13 (OC(CH3)3) 167.50 ((C=O)S), 170.62 
(C-val-1); IR (ATR) ṽ = 3331, 2967, 2930, 2874, 1725, 1675, 1515, 1485, 1369, 1348, 
1312, 1258, 1198, 1157, 869, 845, 776. 
 

4-Alkyl-functionalized 2,2-dimethyloxazolidin-3-carboxylate (22) 
 

 
 

Alkene 21 (500 mg, 1.01 mmol, 1.0 eq.) – kindly provided by K. Leyerer in the lab – was 
dissolved in dry DCM (2.2 mL), dry MeOH (18.8 mL), and pyridine (330 µL, 4.04 mmol, 
4.0 eq.) under nitrogen atmosphere. The mixture was cooled to -90 °C and ozone (O3) was 
led through the solution for about 15 min. The slightly blue-colored solution was flushed 
with nitrogen until the blue color disappeared. DMS (750 µL, 10.1 mmol, 10.0 eq.) was 
added at -86 °C and the reaction was allowed to warm to room temperature overnight. The 
solvent was removed in vacuo and the crude was re-dissolved in dry DCM (14.4 mL), 
including molecular sieve (pore size = 4 Å), under nitrogen atmosphere. The solution was 
stirred at room temperature for 30 min, followed by addition of benzylamine (110 µL, 
1.01 mmol, 1.0 eq.). The reaction mixture was stirred at room temperature for 23 hours, 
filtered through a pad of Celite®, and the solvent was removed under reduced pressure. The 
crude intermediate was re-dissolved in dry MeOH (22 mL) under nitrogen atmosphere and 
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cooled to 0 °C. At this temperature, NaBH4 (96 mg, 2.5 mmol, 2.5 eq.) was added to the 
mixture and the reaction was stirred for 1 hour at this temperature and another 2 hours at 
room temperature. TLC control confirmed product formation, so the reaction was quenched 
with saturated, aqueous ammonium chloride (NH4Cl) solution (100 mL). Water (50 mL) 
was added, and the aqueous layer was extracted with Et2O (3 x 100 mL). The combined 
organic layers were dried over Na2SO4, filtered and the solvent was removed in vacuo to 
give the product (22) as a light-yellow oil (537 mg, 0.914 mmol; 91% yield), which was 
used without further purification. Rf (TLC) = 0.45 (DCM:MeOH, 9:1); MS (ESI) m/z calc. 
for C35H45N3O5 [M+H]+ 588.34; found 588.34; HRMS (ESI) m/z calc. for C35H45N3O5 
[M+H]+ 588.3432; found 588.3405; 1H NMR (500 MHz, DMSO-d6, 100 °C) δ 1.43 (s, 
3 H, C(CH3)2), 1.45 (s, 9 H, C(CH3)3), 1.50 (s, 3 H, C(CH3)2), 1.73-1.78 (m, 1 H, 2'-Ha), 
1.84-1.92 (m, 1 H, 2'-Hb), 2.35-2.45 (m, 2 H, 3'-H), 2.99 (s, 1 H, NH), 3.56-3.62 (m, 3 H, 
5-Ha, Bn-CH2), 3.77 (d, J = 9.1 Hz, 1 H, 5-Hb), 3.97-4.04 (m, 1 H, 4-H), 4.15-4.28 (m, 1 H, 
1'-H), 4.28 (d, J = 14.4 Hz, 1 H, Bn-CHaHb), 4.60 (d, J = 14.4 Hz, 1 H, Bn-CHaHb), 5.14 
(s, 2 H, Cbz-CH2), 7.11-7.33 (m, 15 H, aryl-H); 13C NMR (126 MHz, DMSO-d6, 100 °C) 
δ 24.12 (C-2'), 27.74 (C(CH3)2), 28.57 (C(CH3)3), 46.42 (Bn-CH2), 53.42 (Bn-CH2), 58.18 
(C-1'), 59.13 (C-5), 65.58 (C-4), 67.18 (Boc-CH2), 80.04 (C(CH3)3), 94.05 (C-2), 126.81, 
127.38, 127.82, 127.98, 128.17, 128.20, 128.40, 128.67, 128.71, 137.23, 139.39, 141.39 
(aryl-C), 152.47 (Boc-C=O), 156.98 (Cbz-C=O); IR (ATR) ṽ = 3063, 3029, 2977, 2933, 
2874, 1692, 1495, 1453, 1365, 1240, 1169, 1099, 1079, 847, 766, 734, 698. 
 

Partially deprotected 4-alkyl-functionalized 2,2-dimethyloxazolidin-3-carboxylate 
(23) 

 

 
 

Intermediate 22 (260 mg, 0.442 mmol, 1.0 eq.) was deprotected following Method B. After 
4 hours, TLC control confirmed complete deprotection of the starting material, thus, the 
reaction was filtered and the solvent was removed in vacuo to give the crude product (23) 
as a light-yellow oil (207 mg; 100% = 121 mg), which was used immediately in the 
subsequent reaction without further purification.  
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N-Pbf-protected cyclic guanidine (25) 
 

 
 

Deprotected intermediate 23 (121 mg; crude) was dissolved in a 1:1-mixture of dry 
THF/dry DMF (5.4 mL) under nitrogen atmosphere. Guanidinylation reagent 24 (182 mg, 
0.486 mmol, 1.1 eq.) and TEA (250 µL, 1.81 mmol, 4.1 eq.) were added. After addition of 
AgOTf (284 mg, 1.11 mmol, 2.5 eq.), the reaction mixture was stirred at room temperature 
for 19 hours. TLC control confirmed full conversion, and the mixture was filtered. The 
filtrate was washed with brine (3 x 100 mL), dried over Na2SO4, filtered, and the solvent 
was removed in vacuo. The crude was further purified by flash column chromatography 
(50 g; PE:EtOAc, 2:3) to give the product (25) as a clear oil (135 mg, 0.245 mmol; 56% 
yield over two steps from 22). Rf (TLC) = 0.11 (PE:EtOAc, 2:3); MS (ESI) m/z calc. for 
C27H42N4O6S [M+H]+ 551.29; found 551.28; HRMS (ESI) m/z calc. for C27H42N4O6S 
[M+H]+ 551.2898; found 551.2930; 1H NMR (500 MHz, DMSO-d6, 100 °C) δ 1.40 (s, 6 H, 
Pbf-2-C(CH3)2), 1.44 (s, 6 H, C(CH3)2), 1.46 (s, 9 H, Boc-C(CH3)3), 1.46-1.64 (m, 1 H, 5'-
Ha), 1.78-1.85 (m, 1 H, 5'-Hb), 2.04 (s, 3 H, Pbf-7-CH3), 2.46 (s, 3 H, Pbf-6-CH3), 2.51 (s, 
3 H, Pbf-4-CH3), 2.97 (s, 2 H, Pbf-3-H), 3.20-3.26 (m, 1 H, 6'-Ha), 3.32-3.37 (m, 1 H, 6'-
Hb), 3.61-3.67 (m, 1 H, 4'-H), 3.86-3.88 (m, 1 H, 4-H), 3.91-3.96 (m, 2 H, 5-H), 7.11 (s, 
1 H, guanidine-NH), 7.21 (s, 1 H, guanidine-NH); 13C NMR (126 MHz, DMSO-d6, 
100 °C) δ 12.46 (C-Pbf-7), 17.70 (C-Pbf-6), 19.07 (C-Pbf-4), 23.42 (C(CH3)2), 28.50 (Boc-
C(CH3)3), 28.65 (Pbf-2-C(CH3)2), 31.02 (C-5'), 37.98 (C-6'), 43.24 (C-Pbf-3), 51.67 (C-4'), 
59.74 (C-4), 63.96 (C-5), 80.55 (Boc-C(CH3)3), 86.59 (Pbf-C(CH3)2), 94.24 (C-2), 116.54, 
124.69, 131.98, 135.63, 137.50 (aryl-C), 152.87 (Boc-C=O), 154.11 (guanidine-C), 157.94 
(C-Pbf-7a); IR (ATR) ṽ = 3325, 3165, 2974, 2932, 1694, 1612, 1553, 1368, 1303, 1257, 
1170, 1103, 902, 649. 
 

Urea dipeptide alcohol (27) 
 

 
 

Guanidine 25 (100 mg, 0.182 mmol, 1.0 eq.) was dissolved in dry THF (2.0 mL) under 
nitrogen atmosphere. A 5.0 M HCl solution (0.37 mL) was added to the mixture and the 
reaction was stirred for 2 hours under reflux (80 °C). The solvent was removed under 
reduced pressure and the crude was re-dissolved in dry DMF (2.0 mL) under nitrogen 
atmosphere. Valine 49 (57 mg, 0.22 mmol, 1.2 eq.) was added, followed by dropwise 
addition of TEA (110 µL, 0.782 mmol, 4.3 eq.). The reaction was stirred for 17 hours at 
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room temperature. After complete conversion, the mixture was filtered, and the filtrate was 
washed with saturated, aqueous NaHCO3 solution (2 x 50 mL) and brine (40 mL), dried 
over Na2SO4, filtered, and the solvent was removed in vacuo. The crude was purified by 
flash column chromatography (11 g; DCM:MeOH, 97:3) to give the product (27) as a clear 
oil (79 mg, 0.13 mmol; 71% yield). Rf (TLC) = 0.49 (DCM:MeOH, 99:1); MS (ESI) m/z 
calc. for C29H47N5O7S [M+H]+ 610.32; found 610.30; HRMS (ESI) m/z calc. for 
C29H47N5O7S [M+H]+ 610.3269; found 610.3259; 1H NMR (500 MHz, DMSO-d6, 100 °C) 
δ 0.90 (d, J = 6.6 Hz, 3 H, val-4-H), 0.91 (d, J = 6.6 Hz, 3 H, val-4-H), 1.43 (s, 9 H, 
OC(CH3)3), 1.45 (s, 6 H, Pbf-2-C(CH3)2), 1.71-1.83 (m, 2 H, 5'-H), 1.96-2.03 (m, 1 H, val-
3-H), 2.05 (s, 3 H, Pbf-7-CH3), 2.46 (s, 3 H, Pbf-6-CH3), 2.50-2.52 (m, 3 H, Pbf-4-CH3), 
2.98 (s, 2 H, Pbf-3-H), 3.13-3.18 (m, 1 H, 6'-Ha), 3.29-3.34 (m, 1 H, 6'-Hb), 3.43-3.48 (m, 
2 H, 4'-H, 1-Ha), 3.56-3.61 (m, 2 H, 2-H, 1-Hb), 3.94-3.97 (m, 1 H, val-2-H), 6.08 (d, J = 
11.7 Hz, 1 H, urea-NH), 6.15 (d, J = 11.7 Hz, 1 H, urea-NH), 7.14 (s, 2 H, guanidine-NH); 
13C NMR (126 MHz, DMSO-d6, 100 °C) δ 12.48 (C-Pbf-7), 17.73 (C-Pbf-6), 18.35 (C-
val-4), 19.09 (C-Pbf-4), 19.32 (C-val-4), 22.32 (OC(CH3)3), 28.30 (C-val-3), 28.66 (Pbf-2-
C(CH3)2),  30.94 (C-5'), 37.30 (C-6'), 43.24 (C-Pbf-3), 50.87 (C-4'), 53.66 (C-val-2), 59.28 
(C-2), 61.67 (C-1), 80.76 (OC(CH3)3), 86.58 (Pbf-2-C(CH3)2), 116.55, 124.70, 132.01, 
135.57, 137.55 (aryl-C), 153.73 (guanidine-C), 157.93 (C-Pbf-7a), 158.42 (urea-C=O), 
172.01(C-val-1); IR (ATR) ṽ = 3345, 2970, 2930, 1730, 1651, 1610, 1550, 1457, 1369, 
1349, 1305, 1249, 1156, 1093, 848, 657. 
 

Urea dipeptide (BB4) 
 

 
 

Alcohol 27 (82 mg, 0.14 mmol, 1.0 eq.), and TEMPO (6 mg, 0.04 mmol, 0.3 eq.) were 
dissolved in acetonitrile (4.8 mL) and phosphate buffer (0.67 M; pH = 6.7; 2.9 mL). 
NaClO2(39 mg, 0.43 mmol, 3.2 eq.) was added and the mixture was heated to 35 °C. After 
dropwise addition of an aqueous 5% NaOCl solution (40 µL, 0.041 mmol, 0.3 eq.), the 
reaction was stirred for 24 hours. For complete conversion, another batch of TEMPO 
(6 mg, 0.04 mmol, 0.3 eq), NaClO2 (39 mg, 0.43 mmol, 3.2 eq.), and aqueous 5% NaOCl 
solution (40 µL, 0.041 mmol, 0.3 eq.) was added and the mixture was stirred for another 
48 hours. TLC control confirmed product formation and the mixture was diluted with 
EtOAc (50 mL). The organic layer was washed with saturated, aqueous sodium thiosulfate 
(Na2S2O3) solution (2 x 50 mL) and brine (2 x 40 mL), dried over Na2SO4, filtered, and the 
solvent was removed in vacuo. The crude product was purified by flash column 
chromatography (10 g; DCM:MeOH, 95:5, then 8:1) to give the product (BB4) as a white 
solid (75 mg, 0.12 mmol; 89% yield). Rf (TLC) = 0.32 (DCM:MeOH, 9:1); MS (ESI) m/z 
calc. for C29H45N5O8S [M+H]+ 624.31; found 624.29; HRMS (ESI) m/z calc. for 
C29H45N5O8S [M+H]+ 624.3062; found 624.3076; 1H NMR (500 MHz, DMSO-d6, 100 °C) 
δ 0.90 (d, J = 1.4 Hz, 3 H, val-4-H), 0.91 (d, J = 1.4 Hz, 3 H, val-4-H), 1.42 (s, 9 H, 
OC(CH3)3), 1.44 (s, 6 H, Pbf-2-C(CH3)2), 1.58-1.66 (m, 1 H, 5'-Ha), 1.80-1.88 (m, 1 H, 5'-
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Hb), 1.95-2.04 (m, 1 H, val-3-H), 2.04 (s, 3 H, Pbf-7-CH3), 2.46 (s, 3 H, Pbf-6-CH3), 2.51 
(s, 3 H, Pbf-4-CH3), 2.97 (s, 2 H, Pbf-3-H), 3.09-3.14 (m, 1 H, 6'-Ha), 3.32-3.38 (m, 2 H, 
6'-Hb, 4'-H), 3.81-3.84 (t, J = 7.1 Hz, 1 H, 2-H), 3.95 (dd, J = 5.4, 3.1 Hz, 1 H, val-2-H), 
6.32 (d, J = 6.1 Hz, 1 H, urea-NH), 6.41 (d, J = 8.5 Hz, 1 H, urea-NH), 7.09 (s, 1 H, 
guanidine-NH), 7.52 (s, 1 H, guanidine-NH); 13C NMR (126 MHz, DMSO-d6, 100 °C) δ 
12.49 (C-Pbf-7), 17.73 (C-Pbf-6), 18.53 (C-val-4), 19.11 (C-Pbf-4), 19.35 (C-val-4), 23.95 
(OC(CH3)3), 28.33 (C-val-3), 28.69 (Pbf-2-C(CH3)2),  30.92 (C-5'), 38.73 (C-6'), 43.28 (C-
Pbf-3), 53.80 (C-4'), 57.52 (C-val-1), 59.49 (C-2), 80.56 (C(CH3)3), 86.51 (Pbf-2-C(CH3)2), 
116.45, 124.59, 132.03, 135.81, 137.53 (aryl-C), 153.63 (guanidine-C), 157.86 (C-Pbf-7a), 
158.88 (urea-C=O), 172.03 (C-val-1), 173.61 (C-1); UV/Vis (MeOH) λmax = 253; IR 
(ATR) ṽ = 3347, 2969, 2930, 1730, 1602, 1553, 1456, 1407, 1370, 1305, 1259, 1155, 1105, 
1007, 845, 622. 
 
Synthesis of Fatty Acid Derivatives 
 

Methyl 4-hydroxybutyrate (50) 
 

 
 

γ-Butyrolactone (40) (2.0 mL, 26 mmol, 1.0 eq.) was dissolved in MeOH (131 mL). TEA 
(18.5mL, 132 mmol, 5.1 eq.) was added and the mixture was stirred under reflux (60 °C) 
for 15 days. The mixture was diluted with toluene (131 mL) and the solvent was removed 
in vacuo. The crude was co-evaporated with toluene a few more times (2 x 50 mL) and the 
crude product (50) was yielded as a yellow oil (2.54 g; 100% = 3.10 g), which was used 
without further purification. Note: NMR analysis showed a ratio of ~1:4 of lactone to ring-
opened product. Rf (TLC) = 0.50 (DCM:MeOH, 9:1); 1H NMR (500 MHz, CDCl3) δ 1.83-
1.90 (m, 2 H, 3-H), 2.43 (t, J = 6.7 Hz, 2 H, 2-H), 3.65-3.68 (m, 5 H, 4-H, OCH3); 13C 
NMR (126 MHz, CDCl3) δ 27.62 (C-3), 30.76 (C-2), 51.68 (OCH3), 62.02 (C-4), 174.39 
(C-1); IR (ATR) ṽ = 3376, 2959, 2853, 1715, 1644, 1441, 1367, 1325, 1259, 1234, 1206, 
1058, 799. 
 

Methyl 4-oxobutyrate (38) 
 

 
 

Alcohol 50 (503 mg, 3.60 mmol (calc.; assuming 1:4 ratio of 40:50), 1.0 eq.) was dissolved 
in dry acetonitrile (30 mL) under nitrogen atmosphere. IBX (2.84 g, 10.2 mmol, 2.3 eq.) 
was added and the mixture was stirred at 80 °C for 5 hours. TLC control showed product 
formation and the mixture was cooled to 0 °C for at least 30 min. The precipitate was 
filtered off and washed several times with ice cold EtOAc (200 mL). The filtrate was dried 
in vacuo to give the product (38) as a yellow solid (513 mg; 100% = 418 mg; 70% calc. 
yield over 2 steps from 40). Note: NMR analysis showed a ratio of 1:4 of lactone (40) to 
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aldehyde (38). Rf (TLC) = 0.58 (DCM:MeOH, 9:1); 1H NMR (500 MHz, CDCl3) δ 2.62 
(t, J = 6.7 Hz, 2 H, 2-H), 2.79 (t, J = 6.7 Hz, 2 H, 3-H), 3.67 (s, 3 H, OCH3), 9.80 (s, 1 H, 
4-H); 13C NMR (126 MHz, CDCl3) δ 26.28 (C-2), 38.51 (C-3), 51.95 (OCH3), 172.90 (C-
1), 199.97 (C-4). 
 

TMS-protected 4/6-bromoalkynes (52/58) 
 

 
 

n = 1: 
Alcohol 51 (1.85 g, 26.4 mmol, 1.0 eq.) was dissolved in dry THF (40 mL) under nitrogen 
atmosphere. The solution was cooled to -78 °C and n-BuLi (2.5 M in n-hexanes; 22.2 mL, 
55.5 mmol, 2.1 eq.) was added dropwise at this temperature. The mixture was stirred for 
~10 min, followed by the addition of TMSCl (7.39 mL, 58.1 mmol, 2.2 eq.). The reaction 
was allowed to warm to room temperature and TLC showed formation of TMS-protected 
products. The double-protected intermediate was converted to the free alcohol by treatment 
with a 3.0 M HCl solution (20 mL) and was stirred overnight at room temperature. TLC 
control confirmed cleavage of the alcoholic TMS group. The reaction mixture was then 
extracted with Et2O (70 mL + 2 x 40 mL). The combined organics were washed with 
saturated, aqueous NaHCO3 (2 x 50 mL) and brine (50 mL), dried over Na2SO4, filtered, 
and the solvent was removed in vacuo. The crude was re-dissolved in a 1:1-mixture of dry 
Et2O/acetonitrile (3.4 mL) under nitrogen atmosphere. PPh3 (10.4 g, 39.6 mmol, 1.5 eq.) 
was added to the solution. After cooling to 0 °C, NBS (7.04 g, 39.6 mmol, 1.5 eq.) was 
added over the course of ~10 min. The reaction mixture was allowed to warm to room 
temperature and stirred for 3 hours. TLC confirmed conversion, so the mixture was diluted 
with PE (40 mL) and filtered through a pad of Celite®, which was washed with PE several 
times. The filtrate was dried under reduced pressure and the crude product was purified 
through a pad of silica gel (PE:EtOAc, 9:1) to give the product (64) as a yellow oil (4.12 g, 
20.1 mmol; 76% yield). Rf (TLC) = 0.61 (PE:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) δ 
0.16 (s, 9 H, Si(CH3)3), 2.77 (t, J = 7.5 Hz, 2 H, 3-H), 3.43 (t, J = 7.5 Hz, 2 H, 4-H); 13C 
NMR (126 MHz, CDCl3) δ 0.08 (Si(CH3)3), 24.42 (C-3), 29.34 (C-4), 87.16 (C-2), 103.33 
(C-1); UV/Vis (MeOH) λmax = 205; IR (ATR) ṽ = 2962, 1260, 1092, 1018, 842, 799. 
 
n = 3: 
Alcohol 39 (3.0 mL, 27 mmol, 1.0 eq.) was dissolved in dry THF (60 mL) under nitrogen 
atmosphere. The solution was cooled to -78 °C and n-BuLi (2.5 M in n-hexanes; 22.6 mL, 
56.5 mmol, 2.1 eq.) was added dropwise at this temperature. The mixture was stirred for 
~10 min, followed by the addition of TMSCl (7.53 mL, 59.2 mmol, 2.2 eq.). The reaction 
was allowed to warm to room temperature and TLC showed formation of TMS-protected 
products. The double-protected intermediate was converted to the free alcohol by treatment 
with a 3.0 M HCl solution (30 mL) and was stirred overnight at room temperature. TLC 
control confirmed cleavage of the alcoholic TMS group. The reaction mixture was 
extracted with Et2O (90 mL + 2 x 60 mL). The combined organic layers were washed with 
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saturated, aqueous NaHCO3 (2 x 60 mL) and brine (60 mL), dried over Na2SO4, filtered 
and the solvent was removed in vacuo. The crude was re-dissolved in a 1:1-mixture of dry 
Et2O/acetonitrile (3.4 mL) under nitrogen atmosphere. PPh3 (10.60 g, 40.4 mmol, 1.5 eq.) 
was added to the solution. After cooling to 0 °C, NBS (7.19 g, 40.4 mmol, 1.5 eq.) was 
added over the course of ~10 min. The reaction mixture was allowed to warm to room 
temperature and stirred for 3 hours. TLC confirmed conversion, so the mixture was diluted 
with PE (150 mL) and filtered through a pad of Celite®, which was washed with PE several 
times. The filtrate was dried under reduced pressure and the crude was purified through a 
pad of silica gel (PE:EtOAc, 9:1) to give the product (58) as a light-yellow oil (6.27 g, 
26.9 mmol; 100% yield). Rf (TLC) = 0.70 (PE:EtOAc, 9:1); 1H NMR (500 MHz, CDCl3) 
δ 0.15 (s, 9 H, Si(CH3)3), 1.67 (tt, J = 7.1, 7.1 Hz, 2 H, 4-H), 1.95-2.00 (m, 2 H, 5-H), 2.27 
(t, J = 7.0 Hz, 2 H, 3-H), 3.44 (t, J = 6.7 Hz, 2 H, 6-H); 13C NMR (126 MHz, CDCl3) δ 
0.27 (Si(CH3)3), 19.17 (C-3), 27.09 (C-4), 31.81 (C-5), 33.38 (C-6), 85.37 (C-2), 106.56 
(C-1); UV/Vis (MeOH) λmax = 203; IR (ATR) ṽ = 2958, 2174, 1249, 841, 759. 
 

TMS-protected Grignard reagents (53/37) 
 

 
 

n = 1: 
First Attempt: Magnesia turnings (199 mg, 8.19 mmol, 3.4 eq.) were stirred without solvent 
  under nitrogen atmosphere for about 10 min. Dry THF (3.0 mL) was added and the 
  mixture was stirred for another 30 min. Bromide 52 (487 mg, 2.38 mmol, 1.0 eq.) 
  was dissolved in dry THF (9 mL) and was added dropwise to the magnesia turnings. 
  To initiate the conversion, a few crumbs of iodine were added. After about 2 hours 
  of stirring at room temperature, no conversion had happened. 
 
Second Attempt: Magnesia turnings (70 mg, 2.9 mmol, 1.5 eq.) were stirred without 
  solvent under nitrogen atmosphere for about 10 min. Dry THF (2.0 mL) was added 
  and the mixture was stirred for another 20 min. Bromide 52 (195 mg, 0.952 mmol, 
  1.0 eq.) was dissolved in dry THF (4.0 mL) and was added dropwise to the 
  magnesia turnings. To help start the conversion, a few crumbs of iodine were added, 
  and the mixture was gently heated using a heat gun. The mixture was heated until 
  reflux without conversion. 
 
Third Attempt: Magnesia turnings (40 mg, 1.7 mmol, 1.7 eq.) were polished and stirred in 
  dry THF (2.0 mL) under nitrogen atmosphere for about 10 min. A few crumbs of 
  iodine were added to help activate the magnesia turnings. Bromide 52 (195 mg, 
  0.952 mmol, 1.0 eq.) was dissolved in dry THF (6 mL) and added dropwise to the  
  magnesia turnings. The mixture was gently heated with a heat gun, but no 
  conversion was observed.  
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Fourth Attempt: A new batch of magnesia turnings (183 mg, 7.53 mmol, 1.5 eq.) was 
  stirred with dry THF (1.0 mL) under nitrogen atmosphere for about 3 hours. A few 
  crumbs of iodine were added to help activate the magnesia turnings (stirred for 
  about 5 min). Bromide 52 (1.03 g, 5.02 mmol, 1.0 eq.) was dissolved in dry THF 
  (5.8 mL) and 0.5 mL were added immediately to the magnesia turnings. The 
  mixture was gently heated with a heat gun and conversion was observed. The rest 
  of the bromide solution was added in small portions, so that the solvent was steadily 
  bubbling. After the reaction was cooling down, it was heated for another 30 min at 
  60 °C. The THF solution was immediately used for the following reaction. 
 
n = 3: 
Magnesia turnings (532 mg, 21.9 mmol, 1.5 eq.) were stirred with dry THF (3.3 mL) under 
nitrogen atmosphere for about 30 min. A few crumbs of iodine were added to help activate 
the magnesia turnings (stirred for about 5 min). Bromide 58 (3.00 g, 14.6 mmol, 1.0 eq.) 
was dissolved in dry THF (9.5 mL) and 0.5 mL were added immediately to the magnesia 
turnings and conversion was already observed. The rest of the bromide solution was added 
in small portions, so that the solvent was steadily bubbling. After the reaction was cooling 
down, it was heated for another 30 min at 60 °C. The THF solution was immediately used 
for the following reaction. 
 

TMS-protected 4-hydroxy fatty acid ester (55) 
 

 
 

For the attempted synthesis of 55, freshly prepared Grignard reagent 53 (1.15 g, 5.02 mmol, 
1.2 eq.) in dry THF (11.0 mL) was added dropwise to a solution of aldehyde 38 (485 mg, 
4.18 mmol, 1.0 eq.) in dry THF (4.5 mL) under nitrogen atmosphere at -78 °C. The mixture 
was stirred at this temperature for 1.5 hours. TLC control showed side product formation 
and no product could be identified. 
 

TMS-protected 4-oxo fatty acid esters (56/59) 
 

 
 

n = 1: 
Acid chloride 54 (1.98 mL, 16.1 mmol, 1.1 eq.) and Fe(acac)3 (516 mg, 1.46 mmol, 
0.1 eq.) were dissolved in dry THF (30 mL) under nitrogen atmosphere. The mixture was 
cooled to -78 °C and freshly prepared Grignard reagent 53 (3.35 g, 14.6 mmol, 1.0 eq.) in 
dry THF (33 mL) was added dropwise to the reaction mixture. TLC control confirmed 
product formation and the reaction was quenched with saturated, aqueous NH4Cl solution 
(100 mL). The aqueous layer was extracted with EtOAc (3 x 100 mL) and the combined 
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organics were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude 
product was purified by flash column chromatography (120 g, PE:EtOAc, 99:1) to give the 
product (56) as a colorless oil (1.84 g, 7.65 mmol; 52% yield). Rf (TLC) = 0.34 (PE:EtOAc, 
9:1); MS (ESI) m/z calc. for C12H20O3Si [M+Na]+ 263.11; found 263.01; HRMS (ESI) m/z 
calc. for C12H20O3Si [M+H]+ 241.1245; found 241.1235; 1H NMR (500 MHz, CDCl3) δ 
0.11 (s, 9 H, Si(CH3)3), 2.47 (dd, J = 6.4, 2.1 Hz, 2 H, 6-H), 2.57 (t, J = 6.1 Hz, 2 H, 2-H),  
2.68 (dd, J = 6.4, 2.1 Hz, 2 H, 5-H), 2.72 (t, J = 7.5 Hz, 2 H, 3-H), 3.64 (s, 3 H, OCH3); 13C 
NMR (126 MHz, CDCl3) δ 0.07 (Si(CH3)3), 14.37 (C-6), 27.64 (C-2), 37.11 (C-3), 41.55 
(C-5), 51.78 (OCH3), 85.14 (C-8), 105.47 (C-7), 173.08 (C-1), 206.68 (C-4); UV/Vis 
(MeOH) λmax = 206, 276; IR (ATR) ṽ = 2956, 2175, 1736, 1718, 1437, 1360, 1249, 1197, 
1175, 1096, 838, 759, 698, 638. 
 
n = 3: 
Acid chloride 54 (290 µL, 2.35 mmol, 1.1 eq.) and Fe(acac)3 (74 mg, 0.21 mmol, 0.1 eq.) 
were dissolved in dry THF (4.2 mL) under nitrogen atmosphere. The mixture was cooled 
to -78 °C and freshly prepared Grignard reagent 37 (551 mg, 2.14 mmol, 1.0 eq.) in dry 
THF (4.9 mL) was added dropwise to the reaction mixture. TLC control confirmed product 
formation and the reaction was quenched with saturated, aqueous NH4Cl solution (12 mL). 
The aqueous layer was extracted with EtOAc (3 x 20 mL) and the combined organics were 
dried over Na2SO4, filtered and the solvent was removed in vacuo. The crude was further 
purified by flash column chromatography (60 g, PE:EtOAc, 99:1, then 9:1) to give the 
product (71) as a yellow oil (319 mg, 1.19 mmol; 56% yield). Rf (TLC) = 0.16 (PE:EtOAc, 
9:1); MS (ESI) m/z calc. for C14H24O3Si [M+Na]+ 291.14; found 290.96; 1H NMR 
(500 MHz, CDCl3) δ 0.10 (s, 9 H, Si(CH3)3), 1.45-1.51 (m, 2 H, 7-H), 1.63-1.69 (m, 2 H, 
6-H), 2.19 (t, J = 7.1 Hz, 2 H, 8-H), 2.45 (t, J = 7.1 Hz, 2 H, 5-H),  2.56 (t, J = 6.4 Hz, 2 H, 
3-H), 2.67 (t, J = 6.4 Hz, 2 H, 2-H), 3.64 (s, 3 H, OCH3); 13C NMR (126 MHz, CDCl3) δ 
0.34 (Si(CH3)3), 19.85 (C-8), 23.09 (C-6), 27.90 (C-2), 28.21 (C-7), 37.18 (C-3), 42.36 (C-
5), 51.98 (OCH3), 84.97 (C-9), 107.09 (C-10), 173.46 (C-1), 208.80 (C-4); UV/Vis 
(MeOH) λmax = 206, 276; IR (ATR) ṽ = 2954, 2172, 1736, 1716, 1437, 1410, 1360, 1248, 
1203, 1160, 1101, 839, 759, 698, 639. 
 

4-Oxo fatty acids (57/35) 
 

 
 

n = 1: 
Protected fatty acid 56 (967 mg, 4.02 mmol, 1.0 eq.) was dissolved in THF (29 mL) and 
4.4 M NaOH solution (9.1 mL) was added. The mixture was stirred at room temperature for 
18 hours and TLC control confirmed complete conversion. The reaction was quenched with 
a 0.1 M HCl solution (420 mL) and the aqueous layer was extracted with DCM (3 x 
420 mL). The combined organics were dried over Na2SO4, filtered, and the solvent was 
removed in vacuo. The crude product was purified by flash column chromatography (60 g, 
DCM:MeOH, 9:1) to give the product (57) as a light-yellow oil (537 mg, 3.48 mmol; 87% 
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yield). Rf (TLC) = 0.23 (DCM:MeOH, 9:1, 0.1% TFA); HRMS (ESI) m/z calc. for 
C8H10O3 [M-H]- 181.0870; found 181.0849; 1H NMR (500 MHz, CDCl3) δ 1.93 (t, J = 
2.7 Hz, 1 H, 8-H), 2.44 (dt, J = 7.3, 2.7 Hz, 2 H, 6-H), 2.63 (t, J = 5.9 Hz, 2 H, 2-H),  2.67-
2.73 (m, 4 H, 5-H, 3-H); 13C NMR (126 MHz, CDCl3) δ 12.90 (C-6), 27.63 (C-2), 36.78 
(C-3), 41.24 (C-5), 68.81 (C-8), 82.81 (C-7), 178.44 (C-1), 206.32 (C-4); UV/Vis (MeOH) 
λmax = 206, 276; IR (ATR) ṽ = 3289, 2936, 2869, 1708, 1405, 1375, 1211, 1180, 1103, 643. 
 
n = 3: 
Protected fatty acid 59 (300 mg, 1.12 mmol, 1.0 eq.) was dissolved in THF (8.0 mL) and 
4.4 M NaOH solution (2.6 mL) was added. The mixture was stirred at room temperature for 
19 hours and TLC control confirmed complete conversion. The reaction was quenched with 
a 0.1 M HCl solution (120 mL), and the aqueous layer was extracted with DCM (3 x 
120 mL). The combined organic layers were dried over Na2SO4, filtered, and the solvent 
was removed in vacuo. The crude product was purified by flash column chromatography 
(45 g, DCM:MeOH, 3:1) to give the product (35) as a light-yellow solid (73 mg, 
0.40 mmol; 36% yield). Rf (TLC) = 0.23 (DCM:MeOH, 3:1); MS (ESI) m/z calc. for 
C10H14O3 [M+H]+ 155.07; found 154.98; 1H NMR (500 MHz, CDCl3) δ 1.48-1.54 (m, 2 H, 
7-H), 1.67-1.73 (m, 2 H, 6-H), 1.93 (t, J = 2.7 Hz, 1 H, 10-H), 2.18 (dt, J = 6.9, 2.7 Hz, 
2 H, 8-H), 2.45 (t, J = 7.1 Hz, 2 H, 5-H),  2.62 (t, J = 6.4 Hz, 2 H, 3-H), 2.70 (t, J = 6.4 Hz, 
2 H, 2-H); 13C NMR (126 MHz, CDCl3) δ 18.19 (C-8), 22.73 (C-6), 27.68 (C-2), 27.78 (C-
7), 36.72 (C-3), 42.02 (C-5), 68.57 (C-10), 83.97 (C-9), 178.30 (C-1), 208.39 (C-4); IR 
(ATR) ṽ = 3288, 2923, 1709, 1405, 1374, 2151, 1190, 1098, 843, 646. 
 
Synthesis of the Reference Fatty Acid (BB5-ref) 
 

C8 reference fatty acid (63) 
 

 
 

First Attempt: A 90% complex of lithium acetylide and ethylenediamine (917 mg, 
  8.96 mmol, 2.0 eq.) was dissolved in dry THF (11.3 mL) under nitrogen 
  atmosphere. Acid bromide 60 (1.00 g, 4.48 mmol, 1.0 eq.)  was dissolved in DMPU 
  (5.8 mL) and slowly added to the mixture at 0 °C. The reaction was allowed to 
  warm to room temperature overnight. However, no conversion was detected by  
  TLC control and 1H NMR analysis.  
 
Second Attempt: Alkyne alcohol 60 (1.0 mL, 7.0 mmol, 1.0 eq.), TEMPO (330 mg, 
  2.11 mmol, 0.3 eq.), and BAIB (5.0 g, 15.5 mmol, 2.2 eq.) were dissolved in a 1:1- 
  mixture of acetonitrile and water (40 mL). The reaction was stirred at room 
  temperature for 3 hours, and TLC control verified conversion of the starting  
  material. The organic layer was washed with 1.0 M HCl solution (30 mL). The  
  aqueous layer was again extracted with EtOAc (3 x 30 mL). The combined organics  
  were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude  
  was purified by flash column chromatography (80 g, DCM:MeOH, 98:2; 0.1%  

1
2 6

5
O

HO
3

4

7

63

8



10 Diazirine-tagged Muraymycin Analogs 

- 551 - 

  formic acid) to give the product (75) as a colorless oil (245 mg, 1.74 mmol; 25%  
  yield). Rf (TLC) = 0.21 (DCM:MeOH, 98:2); 1H NMR (500 MHz, CDCl3) δ 1.42- 
  1.47 (m, 2 H, 4-H), 1.51-1.56 (m, 2 H, 5-H), 1.61-1.66 (m, 2 H, 3-H), 1.92 (t, J =  
  2.7 Hz, 1 H, 8-H), 2.18 (dt, J = 7.3, 2.7 Hz, 2 H, 6-H), 2.34 (t, J = 7.4 Hz, 2 H, 2  
  H); 13C NMR (126 MHz, CDCl3) δ 18.21 (C-6), 24.21 (C-3), 28.04 (C-5), 28.10  
  (C-4), 33.99 (C-2), 68.35 (C-8), 84.27 (C-7), 179.69 (C-1); IR (ATR) ṽ = 3296,  
  2939, 2863, 1708, 1460, 1412, 1275, 1225, 942, 636. 
 

C10 reference fatty acid (BB5-ref) 
 

 
 
Alcohol 76 (1.0 mL, 5.6 mmol, 1.0 eq.), TEMPO (264 mg, 1.69 mmol, 0.3 eq.), and BAIB 
(3.99 g, 12.4 mmol, 2.2 eq.) were dissolved in a 1:1-mixture of acetonitrile and water 
(32 mL). The reaction was stirred at room temperature for 18 hours, and TLC control 
verified conversion of the starting material. The organic layer was washed with 1.0 M HCl 
solution (20 mL). The aqueous layer was again extracted with EtOAc (3 x 20 mL). The 
combined organic layers were dried over Na2SO4, filtered and the solvent was removed in 
vacuo. The crude product was purified by flash column chromatography (150 g, 
DCM:MeOH, 98:2; 0.1% formic acid) to give the product (BB5-ref) as a colorless oil 
(142 mg, 0.844 mmol; 15% yield). Rf (TLC) = 0.21 (DCM:MeOH, 98:2); 1H NMR 
(500 MHz, CDCl3) δ 1.27-1.35 (m, 4 H, 5-H, 6-H), 1.35-1.41 (m, 2 H, 4-H), 1.47-1.53 (m, 
2 H, 7-H), 1.59-1.65 (m, 2 H, 3-H), 1.92 (t, J = 2.7 Hz, 1 H, 10-H), 2.16 (dt, J = 7.3, 2.6 Hz, 
2 H, 8-H), 2.33 (t, J = 7.4 Hz, 2 H, 2-H); 13C NMR (126 MHz, CDCl3) δ 18.31 (C-8), 24.59 
(C-3), 28.32, 28.45 (C-5, C-6), 28.66 (C-7), 28.85 (C-4), 34.01 (C-2), 68.11 (C-10), 84.59 
(C-9), 179.90 (C-1); IR (ATR) ṽ = 3298, 2932, 2857, 1704, 1459, 1411, 1284, 1246, 934, 
627. 
 
Synthesis of the Diazirine Function (BB5-PAL) 
 

3-(3-(but-3-yn-1-yl)diaziridin-3-yl)propanoic acid (65)/ 
3-(3-(hex-5-yn-1-yl)diaziridin-3-yl)propanoic acid (34) 

 

 
 

n = 1: 
Fatty acid 57 (25 mg, 0.16 mmol, 1.0 eq.) was dissolved in dry MeOH (100 µL) and cooled 
to 0 °C. A 7.0 N ammonia in MeOH solution (2.4 mL) was slowly added and the mixture 
was stirred for 4 hours. After the mixture was cooled to -12 °C, HAOSA (20 mg, 
0.178 mmol, 1.1 eq.) in dry MeOH (340 µL) was added and the reaction was allowed to 
warm to room temperature for 22 hours.  
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Work-up 1: The suspension was filtered, and the solvent was removed in vacuo. The 
  resulting intermediate turned out to be very instable and would decompose 
  spontaneously. 
 
Work-up-2: The reaction mixture was dried under a stream of nitrogen. The crude was re- 
  dissolved in MeOH, filtered and evaporated in vacuo. The concentrated crude was 
  diluted with more MeOH and it was continued with the following step without 
  further work-up. The intermediate seemed to be stable. 
Work-up-3: The suspension was filtered, and TEA (1.6 eq.) was added. The basic filtrate 
  was evaporated to ~0.5 mL and more TEA (1.6 eq.) was added. It was continued  
  with the next reaction without any further work-up, and the intermediate was stable. 
  Decomposition was observed in the absence of TEA, thus, potential decomposition   
  during work-up 2 could occur.  
 
n = 3: 
Fatty acid 35 (25 mg, 0.13 mmol, 1.0 eq.) was dissolved in dry MeOH (100 µL) and cooled 
to 0 °C. A 7.0 N ammonia in MeOH solution (2.0 mL) was slowly added and the mixture 
was stirred for 3 hours. After the mixture was cooled to -12 °C, HAOSA (30 mg, 
0.27 mmol, 2.0 eq.) in dry MeOH (510 µL) was added and the reaction was allowed to 
warm to room temperature for 18.5 hours. The suspension was filtered, and TEA (20 µL, 
0.14 mmol, 1.04 eq.) was added. The basic filtrate was evaporated to ~0.5 mL and more 
TEA (20 µL, 0.14 mmol, 1.04 eq.) was added. It was continued with the next reaction 
without any further work-up, and the intermediate was stable as confirmed by TLC control. 
 

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (66)/ 
3-(3-(hex-5-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (BB5-PAL) 

 

 
 

n = 1: 
Crude diaziridine 65 (109 mg, 0.649 mmol, 1.0 eq.) in MeOH (0.7 mL) and TEA (145 µL, 
1.04 mmol, 1.6 eq.) were stirred at 0 °C using brown-glass ware. In the dark, a 0.1 M 
solution of iodine (275 mg, 1.04 mmol, 1.6 eq.) in MeOH (10.4 mL) was added dropwise 
to the mixture until the yellow-brown color of the iodine would stay for longer than ~1 min. 
The solvent was removed under reduced pressure in the cold. The crude was re-dissolved 
in water (40 mL) and the aqueous phase was extracted with EtOAc (2 x 40 mL). The 
combined organics were washed with brine (40 mL), dried over Na2SO4, filtered, and the 
solvent was removed in vacuo (cold). The crude product was purified by flash column 
chromatography (10 g, DCM:MeOH, 9:1) under strict exclusion of light to give the product 
(66) as a yellow oil (44 mg, 0.27 mmol; 40% yield over 2 steps from 57). Rf (TLC) = 0.69 
(DCM:MeOH, 3:2); MS (ESI) m/z calc. for C8H10N2O2 [M+H]+ 167.08; found 166.98; 1H 
NMR (500 MHz, CDCl3) δ 1.64 (t, J = 7.1 Hz, 1 H, 1'-H), 1.80 (t, J = 7.8 Hz, 2 H, 3-H), 
1.97-2.02 (m, 3 H, 2'-H, 4'-H), 2.16 (t, J = 7.4 Hz, 2 H, 2-H); 13C NMR (126 MHz, CDCl3) 

n

4'/6'
3'/5'

a

1'

66: n = 1
BB5-PAL: n = 3

n = 1: a = 2'
n = 3: a = 2'-4'

O

HO 1
2

3

N N



10 Diazirine-tagged Muraymycin Analogs 

- 553 - 

δ 13.22 (C-2'), 27.44 (C-2), 27.75 (C-1'), 28.05 (C-3), 32.18 (CN2), 69.29 (C-4'), 82.52 (C-
3'), 177.56 (C-1); UV/Vis (MeOH) λmax = 226, 345; IR (ATR) ṽ = 3295, 2924, 2856, 1709, 
1586, 1433, 1260, 1212, 932, 803, 638. 
 
n = 3: 
Crude diaziridine 34 (108 mg, 0.549 mmol, 1.0 eq.) in MeOH (0.41 mL) and TEA (122 µL, 
0.878 mmol, 1.6 eq.) were stirred at 0 °C using brown-glass ware. In the dark, a 0.1 M 
solution of iodine (223 mg, 0.878 mmol, 1.6 eq.) in MeOH (8.80 mL) was added dropwise 
to the mixture until the yellow-brown color of the iodine would stay for longer than ~1 min. 
The solvent was removed under reduced pressure in the cold. The crude was re-dissolved 
in water (40 mL) and the aqueous phase was extracted with EtOAc (2 x 40 mL). The 
combined organics were washed with brine (40 mL), dried over Na2SO4, filtered, and the 
solvent was removed in vacuo (cold). The crude product was purified by flash column 
chromatography (10 g, DCM:MeOH, 9:1) under strict exclusion of light to give the product 
(BB5-PAL) as a brown oil (28 mg, 0.14 mmol; 26% yield over 2 steps from 35). Rf (TLC) 
= 0.24 (DCM:MeOH, 9:1); HRMS (ESI) m/z calc. for C10H14N2O2 [M-H]- 193.0938; found 
193.0956; 1H NMR (500 MHz, CDCl3) δ 1.17-1.24 (m, 2 H, 1'-H), 1.39-1.48 (m, 4 H, 2'-
H, 3'-H), 1.72 (t, J = 7.6 Hz, 2 H, 3-H), 1.92 (t, J = 2.5 Hz, 1 H, 6'-H), 2.11-2.15 (m, 4 H, 
4'-H, 2-H); 13C NMR (126 MHz, CDCl3) δ 18.39 (C-4'), 23.12 (C-3'), 28.01 (C-2, C-2'), 
28.14 (C-1'), 28.57 (C-3), 32.45 (CN2), 68.89 (C-6'), 84.09 (C-5'), 178.41 (C-1); IR (ATR) 
ṽ = 3299, 2935, 2862, 1711, 1584, 1433, 1289, 1219, 917, 838, 639. 
 
Synthesis of Final Compound 79 
 

(6'S)-Uridinyl amino acid (70) 
 

 
 

The Cbz group in intermediate BB1 (480 mg, 0.667 mmol, 1.0 eq.) was cleaved following 
Method A. After 22 hours, the reaction was filtered through a syringe filter, which was 
washed several times with isopropanol. The solvent of the filtrate was removed in vacuo to 
give the product (70) as a white foam (400 mg; 100% = 391 mg). HRMS (ESI) m/z calc. 
for C27H51N3O7Si2 [M+H]+ 586.3338; found 586.3329; UV/Vis (MeOH) λmax = 262; IR 
(ATR) ṽ = 3206, 2954, 2929, 2895, 2857, 1693, 1461, 1369, 1253, 1157, 1115, 1090, 1059, 
868, 837, 813, 777. 
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Cbz-protected (6'S)-uridinyl amino acid (71) 
 

 
 

Amine 70 (360 mg, 0.614 mmol, 1.0 eq.) was dissolved in dry THF (16 mL), including 
molecular sieve (pore size = 4 Å), under nitrogen atmosphere. The mixture was stirred for 
about 10 min at room temperature. Aldehyde BB2 (146 mg, 0.706 mmol, 1.15 eq.) – kindly 
provided by G. Niro in the lab – was added to the mixture. After stirring the reaction 
overnight at room temperature, NaBH(AcO)3 (260 mg, 1.23 mmol, 2.0 eq.) and 
Amberlyst® 15 (42 mg, 0.14 mmol, 0.22 eq.) were added and the mixture was stirred for 
another 21 hours at room temperature. TLC control confirmed conversion and the reaction 
was filtered. The filter was washed with EtOAc (3 x 50 mL), and the organic layer was 
washed with saturated, aqueous Na2CO3 solution (200 mL). The aqueous layer was again 
extracted with EtOAc (150 mL), and the combined organics were dried over Na2SO4, 
filtered, and the solvent was removed under reduced pressure. The crude was purified by 
flash column chromatography (75 g; DCM:MeOH, 98:2) to give the product (71) as a white 
foam (314 mg, 0.404 mmol; 66% yield). Rf (TLC) = 0.34 (DCM:MeOH, 96:4); MS (ESI) 
m/z calc. for C38H64N4O9Si2 [M+H]+ 777.42; found 777.59; HRMS (ESI) m/z calc. for 
C38H64N4O9Si2 [M+H]+ 777.4285; found 777.4271; 1H NMR (500 MHz, CDCl3) δ 0.04 (s, 
3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.07 (s, 3 H, SiCH3), 0.87 (s, 9 H, 
SiC(CH3)3), 0.88 (s, 9 H, SiC(CH3)3), 1.44 (s, 9 H, OC(CH3)3), 1.59-1.70 (m, 2 H, 2''-H), 
1.77-1.84 (m, 1 H, 5'-Ha), 1.92-1.97 (m, 1 H, 5'-Hb), 2.49-2.54 (m, 1 H, 1''-Ha), 2.69-2.74 
(m, 1 H, 1''-Hb), 3.19-3.38 (m, 3 H, 3''-H, 6'-H), 3.63-3.66 (m, 1 H, 3'-H), 4.06-4.11 (m, 
1 H, 4'-H), 4.24-4.26 (m, 1 H, 2'-H), 5.04-5.17 (m, 2 H, Cbz-CH2), 5.53 (d, J = 3.8 Hz, 1 
H, 1'-H), 5.69 (d, J = 7.5 Hz, 1 H, 5-H), 7.27-7.35 (m, 6 H, 6-H, Cbz-aryl-H); 13C NMR 
(126 MHz, CDCl3) δ -4.55 (SiCH3), -4.55 (SiCH3), -4.35 (SiCH3), -3.93 (SiCH3), 18.20 
(SiC(CH3)3), 18.30 (SiC(CH3)3), 26.00 (SiC(CH3)3), 26.06 (SiC(CH3)3), 28.32 (OC(CH3)3), 
29.94 (C-2''), 37.41 (C-5'), 39.63 (C-3''), 45.99 (C-1''), 60.07 (C-6'), 66.73 (Cbz-CH2), 75.74 
(C-2'), 75.52 (C-3'), 81.35 (C-4'), 82.77 (OC(CH3)3), 92.67 (C-1'), 102.34 (C-5), 128.27, 
128.28, 128.72 (Cbz-aryl-C), 136.94 (Cbz-Cq), 140.78 (C-6), 150.30 (C-2), 156.80 (Cbz-
C=O), 163.00 (C-4), 175.40 (C-7'); UV/Vis (MeOH) λmax = 262. 
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Cbz-deprotected (6'S)-uridinyl amino acid (72) 
 

 
 

First Attempt: The Cbz group in intermediate 71 (10 mg, 0.013 mmol, 1.0 eq.) was 
  attempted to be cleaved following Method A. However, no conversion was 
  observed after 24 hours, several work-up and new set-up cycles, and careful  
  warming of the reaction to 27 °C. 
 
Second Attempt: The Cbz group in intermediate 71 (33 mg, 0.043 mmol, 1.0 eq.) was 
  attempted to be cleaved following Method C. After overnight reaction, partial 
  conversion was observed by TLC control. The reaction was gently warmed to 
  25 °C and stirred for another 2.5 hours and no more conversion was observed. 
  However, side product formation was identified. The crude was filtered through a 
  syringe filter and the solvent was removed in vacuo. The side products were 
  separated from the product by column chromatography using a small pad of silica 
  gel (DCM:MeOH, 3:2). Only 2.4 mg (9% yield) product (72) could be isolated. 
  Although the side product could not be identified, it would pose the majority of the 
  conversion. 
 
Third Attempt: The Cbz group in intermediate 71 (9.0 mg, 0.012 mmol, 1.0 eq.) was  
  cleaved following Method B. After overnight conversion, almost all starting  
  material was deprotected as observed by TLC control. For complete conversion,  
  more Pd/C (10% loading) was added and stirred for another 24 hours. The reaction  
  was filtered through a syringe filter, which was washed several times with MeOH.  
  The solvent of the  filtrate was removed in vacuo to give the product (72) as a white  
  foam (6.7 mg; 100% = 7.5 mg). 
 
Scale-Up: The Cbz group in intermediate 71 (30 mg, 0.039 mmol, 1.0 eq.) was cleaved 
following Method B. After 2 hours, the reaction was filtered through a syringe filter, which 
was washed several times with MeOH. The solvent was removed in vacuo to give the 
product (72) as a white foam (25 mg; 100% = 25 mg). MS (ESI) m/z calc. for 
C30H58N4O7Si2 [M+H]+ 643.39; found 643.35; HRMS (ESI) m/z calc. for C30H58N4O7Si2 
[M+H]+ 643.3917; found 643.3907; 1H NMR (500 MHz, CDCl3) δ 0.04 (s, 3 H, SiCH3), 
0.05 (s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.06 (s, 3 H, SiCH3), 0.86 (s, 9 H, SiC(CH3)3), 
0.88 (s, 9 H, SiC(CH3)3), 1.45 (s, 9 H, OC(CH3)3), 1.59-1.65 (m, 2 H, 2''-H), 1.85-1.93 (m, 
2 H, 5'-H), 2.52-2.57 (m, 1 H, 1''-Ha), 2.69-2.74 (m, 1 H, 1''-Hb), 2.78-2.86 (m, 2 H, 3''-H), 
3.31 (dd, J = 7.0, 7.0 Hz, 1 H, 6'-H), 3.65-3.70 (m, 1 H, 3'-H), 4.07-4.11 (m, 1 H, 4'-H), 
4.29-4.32 (m, 1 H, 2'-H), 5.53 (d, J = 3.7 Hz, 1 H, 1'-H), 5.72 (d, J = 8.4 Hz, 1 H, 5-H), 
7.32 (d, J = 7.9 Hz, 1 H, 6-H); 13C NMR (126 MHz, CDCl3) δ -4.82 (SiCH3), -4.80 
(SiCH3), -4.64 (SiCH3), -4.23 (SiCH3), 17.94 (SiC(CH3)3), 18.04 (SiC(CH3)3), 25.75 
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(SiC(CH3)3), 25.80 (SiC(CH3)3), 28.08 (OC(CH3)3), 29.67 (C-2''), 37.29 (C-5'), 40.43 (C-
3''), 46.20 (C-1''), 59.51 (C-6'), 74.30 (C-2'), 75.38 (C-3'), 81.21 (C-4'), 81.61 (OC(CH3)3), 
92.68 (C-1'), 102.16 (C-5), 140.86 (C-6), 154.04 (C-2), 163.35 (C-4), 173.85 (C-7'); 

UV/Vis (MeOH) λmax = 262; IR (ATR) ṽ = 3279, 2953, 2928, 2856, 1694, 1462, 1389, 
1368, 1254, 1158, 116, 1086, 1056, 869, 838, 778. 
 
Nα-Cbz-Nβ-Fmoc-protected 2,3-diaminopropionamide-extended (6'S)-uridinyl 

amino acid (73) 
 

 
 

First Attempt: Amine 72 (4.2 mg, 0.0065 mmol, 1.0 eq.) was coupled with carboxylic acid  
  BB3 (3 mg, 0.007 mmol, 1.05 eq.) following Method D. However, no conversion 
  was observed after 24 hours. 
 
Second Attempt: Amine 72 (7.5 mg, 0.0116 mmol, 1.0 eq.) was coupled with carboxylic  
  acid BB3 (6 mg, 0.013 mmol, 1.15 eq.) following Method E. After 24 hours, the  
  solvent was removed under reduced pressure and the crude was purified by flash  
  column chromatography (6 g; DCM:MeOH, 98:2) to give the product (73) as a  
  white foam (3.8 mg, 0.0035 mmol; 30% yield). 
 
Scale-Up: Amine 72 (71 mg, 0.11 mmol, 1.0 eq.) was coupled with carboxylic acid BB3 
(59 mg, 0.13 mmol, 1.15 eq.) following Method E. After 5.5 hours, the solvent was 
removed in vacuo and the crude was purified by flash column chromatography (20 g; 
DCM:MeOH, 98:2) to give the product (73) as a white foam (89 mg, 0.082 mmol; 74% 
yield). Rf (TLC) = 0.11 (DCM:MeOH, 98:2); MS (ESI) m/z calc. for C56H80N6O12Si2 
[M+H]+ 1085.54; found 1085.25; HRMS (ESI) m/z calc. for C56H80N6O12Si2 [M+H]+ 
1085.5446; found 1085.5432; 1H NMR (500 MHz, CDCl3) δ 0.03 (s, 3 H, SiCH3), 0.04 (s, 
3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.82 (s, 9 H, SiC(CH3)3), 0.87 (s, 
9 H, SiC(CH3)3), 1.43 (s, 9 H, OC(CH3)3), 1.52-1.66 (m, 2 H, 2''-H), 1.70-1.75 (m, 1 H, 5'-
Ha), 1.89-2.09 (m, 1 H, 5'-Hb), 2.47-2.57 (m, 1 H, 1''-Ha), 2.67-2.73 (m, 1 H, 1''-Hb), 3.25-
3.42 (m, 3 H, 3''-H, 6'-H), 3.56-3.66 (m, 3 H, 3'-H, prop-3-H), 3.94-4.00 (m, 1 H, 4'-H), 
4.32-4.40 (m, 3 H, prop-2-H, Fmoc-CH2), 4.52-4.59 (m, 1 H, 2'-H), 5.00 (d, J = 12.0 Hz, 
1 H, Cbz-CH2a), 5.17 (d, J = 12.0 Hz, 1 H, Cbz-CH2b), 5.35 (s, 1 H, 1'-H), 5.67 (d, 
J = 10.5 Hz, 2 H, 5-H), 6.27 (d, J = 7.4 Hz, 1 H, Fmoc-9-H), 7.23-7.30 (m, 8 H, 6-H, Cbz-
aryl-H, Fmoc-3-H, Fmoc-6-H), 7.36 (ddd, J = 7.3, 7.3, 2.4 Hz, 2 H, Fmoc-2-H, Fmoc-7-
H), 7.55 (m, 2 H, Fmoc-4-H, Fmoc-5-H), 7.73 (d, J = 7.3 Hz, 2 H, Fmoc-1-H, Fmoc-8-H); 
13C NMR (126 MHz, CDCl3) δ -4.85 (SiCH3), -4.75 (SiCH3), -4.71 (SiCH3), -4.33 
(SiCH3), 17.86 (SiC(CH3)3), 18.00 (SiC(CH3)3), 25.71 (SiC(CH3)3), 25.77 (SiC(CH3)3), 
28.09 (OC(CH3)3), 28.36 (C-2''), 37.00 (C-5'), 39.03 (C-3''), 43.27 (C-prop-3), 46.27 (C-
1''), 47.07 (C-Fmoc-9), 55.74 (C-prop-2), 59.83 (C-6'), 67.17 (Fmoc-CH2, Cbz-CH2), 72.81 
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(C-2'), 75.60 (C-3'), 81.73 (C-4'), 82.40 (OC(CH3)3), 94.37 (C-1'), 102.27 (C-5), 119.92 
(Fmoc-C-1, Fmoc-C-8), 125.09, 125.16 (Fmoc-C-4, Fmoc-C-5), 127.06, 127.66, 127.69, 
128.24, 128.49, 136.14 (Cbz-aryl, Fmoc-C-2, Fmoc-C-3, Fmoc-C-6, Fmoc-C7), 141.22, 
141.24 (C-Fmoc-4a, C-Fmoc-5a), 142.39 (C-6), 143.72, 143.78 (C-Fmoc-1a, C-Fmoc-8a), 
150.07 (C-2), 156.78 (Cbz-C=O), 157.45 (Fmoc-C=O), 163.12 (C-4), 169.64 (C-prop-1), 
173.69 (C-7'); IR (ATR) ṽ = 3296, 2952, 2928, 2856, 1696, 1529, 1461, 1389, 1368, 1253, 
1155, 114, 1086, 1068, 868, 839, 778, 740, 697, 674. 
 
Nβ-Fmoc-protected 2,3-diaminopropionamide-extended (6'S)-uridinyl amino acid 

(74) 
 

 
 

First Attempt: The Cbz group in intermediate 73 (3.8 mg, 0.0035 mmol, 1.0 eq.) was  
  cleaved following Method B. However, no conversion was observed, even after  
  adding more Pd/C (10% loading) or warming the reaction to 25 °C. After addition  
  of Pd black (one small spatula tip), full conversion was observed. The mixture was  
  filtered through a syringe filter and the solvent was removed in vacuo to yield the  
  product (74) (2.2 mg; 100% = 3.3 mg). 
 
Second Attempt: The Cbz group in intermediate 73 (26 mg, 0.024 mmol, 1.0 eq.) was 
  cleaved following Method C. However, the mixture showed only partial 
  conversion, but could be fully converted after setting up the reaction with the crude 
  again. The mixture was filtered through a syringe filter and the solvent was removed 
  in vacuo to yield the product (74) (11 mg; 100% = 22 mg). 
 
Scale-Up: The Cbz group in intermediate 73 (164 mg, 0.151 mmol, 1.0 eq.) was cleaved 
following Method C. After 1 hour, the reaction was filtered through a syringe filter, which 
was washed several times with MeOH. The solvent of the filtrate was removed in vacuo to 
give the product (74) as a white foam (149 mg; 100% = 144 mg). 1H NMR (500 MHz, 
CDCl3) δ 0.03 (s, 3 H, SiCH3), 0.03 (s, 3 H, SiCH3), 0.04 (s, 3 H, SiCH3), 0.05 (s, 3 H, 
SiCH3), 0.85 (s, 9 H, SiC(CH3)3), 0.88 (s, 9 H, SiC(CH3)3), 1.44 (s, 9 H, OC(CH3)3), 1.59-
1.67 (m, 2 H, 2''-H), 1.84-1.89 (m, 1 H, 5'-Ha), 1.90-1.97 (m, 1 H, 5'-Hb), 2.50-2.56 (m, 
1 H, 1''-Ha), 2.66-2.71 (m, 1 H, 1''-Hb), 3.28-3.31 (m, 2 H, 6'-H), 3.35 (d, J = 6.6 Hz, 1 H, 
3''-H), 3.46-3.52 (m, 2 H, prop-3-H), 3.71 (dd, J = 4.6, 4.6 Hz, 1 H, 3'-H), 4.04-4.08 (m, 
1 H, 4'-H), 4.19 (d, J = 7.2, 7.2 Hz, 1 H, prop-2-H), 4.31-4.43 (m, 3 H, 2'-H, Fmoc-CH2), 
5.43 (d, J = 3.7 Hz, 1 H, 1'-H), 5.63-5.67 (m, 1 H, Fmoc-9-H), 5.69 (d, J = 8.0 Hz, 1 H, 5-
H), 7.26-7.32 (m, 3 H, 6-H, Fmoc-3-H, Fmoc-6-H), 7.33-7.39 (m, 2 H, Fmoc-2-H, Fmoc-
7-H), 7.55-7.59 (m, 2 H, Fmoc-4-H, Fmoc-5-H), 7.73 (d, J = 7.3 Hz, 2 H, Fmoc-1-H, 
Fmoc-8-H); 13C NMR (126 MHz, CDCl3) δ -4.77 (SiCH3), -4.74 (SiCH3), -4.72 (SiCH3), 
-4.28 (SiCH3), 17.92 (SiC(CH3)3), 18.03 (SiC(CH3)3), 25.74 (SiC(CH3)3), 25.79 
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(SiC(CH3)3), 28.08 (OC(CH3)3), 29.35 (C-2''), 37.23 (C-5'), 37.59 (C-3''), 45.25 (C-prop-
3), 45.59 (C-1''), 47.20 (C-Fmoc-9), 59.43 (C-6'), 66.82 (Fmoc-CH2), 73.61 (C-2'), 75.50 
(C-3'), 81.61 (C-4'), 81.78 (OC(CH3)3), 95.00 (C-1'), 102.20 (C-5), 119.93 (Fmoc-C-1, 
Fmoc-C-8), 123.97, 125.07 (Fmoc-C-4, Fmoc-C-5), 126.87, 127.02, 127.67 (Fmoc-C-2, 
Fmoc-C-3, Fmoc-C-6, Fmoc-C-7), 141.27 (C-Fmoc-4a, C-Fmoc-5a), 143.87 (C-Fmoc-1a, 
C-Fmoc-8a), 143.87 (C-6), 150.05 (C-2), 157.55 (Fmoc-C=O), 163.12 (C-4), 169.70 (C-
prop-1), 173.87 (C-7'); IR (ATR) ṽ = 3296, 2952, 2928, 2856, 1696, 1529, 1461, 1389, 
1368, 1253, 1155, 114, 1086, 1068, 868, 839, 778, 740, 697, 674. 
 

Fully protected muraymycin core structure (75) 
 

 
 

Amine 74 (40 mg, 0.038 mmol, 1.0 eq.) was coupled with carboxylic acid BB4 (31 mg, 
0.049 mmol, 1.15 eq.) following Method E. After 19 hours, the solvent was removed in 
vacuo and the crude was purified by flash column chromatography (12 g; DCM:MeOH, 
98:2, then 9:1) to give the product (75) as a white foam (40 mg, 0.026 mmol; 68% yield). 
NMR analytics in later steps confirmed that 75 was obtained as an epimeric mixture (C-
epi-2). Rf (TLC) = 0.29 (DCM:MeOH, 98:2); IR (ATR) ṽ = 3342, 2966, 2930, 2857, 1717, 
1651, 1607, 1566, 1460, 1370, 1260, 1155, 1092, 1033, 841, 619. 
 

Fmoc-deprotected muraymycin core structure (76) 
 

 
 

First Attempt: Fmoc deprotection of muraymycin core structure 75 (34 mg, 0.022 mmol,  
  1.0 eq.) was attempted by dissolving the intermediate in a 25% piperidine in DCM  
  solution (1.0 mL) and stirring at room temperature for 1.5 hours. TLC control  
  showed conversion of the starting material. Chloroform (10 mL) was added and the  
  organic layer was washed with saturated, aqueous Na2CO3 (2 x 5 mL). The organic  
  layer was dried over Na2SO4, filtered, and the solvent was removed under reduced  
  pressure. The crude was purified by flash column chromatography (3 g;  
  DCM:MeOH, 99:1, then 95:5, then 94:6) to give the product (76) as a white foam 
  (11 mg, 0.0082 mmol; 38% yield). 

1
6

5 4

2

1'2'3'4'

5'

3

75

6'
7'

1''3''

2''
prop-1prop

-2

prop-3
O

O

1

2

3 4

4a

9
5a

5

67

8

8a
1a

Fmoc =

N
H O

N

NH

O

ON
O

OTBDMSTBDMSO

N
H

OO
NHFmoc

HH
N

H
N

O

O

O

O

HN

N
H

PbfN

epi-1

epi-2

epi-3

epi-4

epi-5

val-2

val-3

val-4

val-1

1
6

5 4

2

1'2'3'4'

5'

3

76

6'
7'

1''3''

2''
prop-1prop

-2

prop-3

N
H O

N

NH

O

ON
O

OTBDMSTBDMSO

N
H

OO
NH2
HH

N
H
N

O

O

O

O

HN

N
H

PbfN

epi-1

epi-2

epi-3

epi-4

epi-5

val-2

val-3

val-4

val-1



10 Diazirine-tagged Muraymycin Analogs 

- 559 - 

Second Attempt: Fmoc deprotection of muraymycin core structure 75 (11 mg,  
  0.0071 mmol, 1.0 eq.) was attempted by dissolving the intermediate in a 10%  
  piperidine in DCM solution (1.0 mL) and stirring at room temperature for 1.5 hours.  
  TLC control showed conversion of the starting material, but slower as compared to  
  the first method. The solvent was removed under reduced pressure and the crude  
  product was purified by flash column chromatography (3 g; DCM:MeOH, 99:1,  
  then 9:1) to give the product (76) as an impure mixture. The collected fractions   
  were lyophilized due to residual base, and the crude was again purified by column  
  chromatography (3 g; DCM:MeOH, 99:1) to give the product (76) (2.1 mg,  
  0.0016 mmol; 23%yield). 
 
Third Attempt: Fmoc deprotection of muraymycin core structure 75 (11 mg, 0.0071 mmol,  
  1.0 eq.) was attempted by dissolving the intermediate in a 1:1-mixture of DIEA in  
  DCM solution (1.0 mL) and stirring at room temperature for up to 3 days. However,  
  no conversion was observed by TLC control. 
 
Fourth Attempt: Fmoc deprotection of muraymycin core structure 75 (11 mg,  
  0.0071 mmol, 1.0 eq.) was attempted by dissolving the intermediate in a 1:1- 
  mixture of DEA in DCM solution (1.0 mL) and stirring at room temperature for  
  3 hours. However, side product formation was observed. The solvent was removed  
  under reduced pressure and the crude was purified by column chromatography (3 g,  
  DCM:MeOH, 9:1), but only traces of product (76) could be isolated (<1 mg). 
 
Fifth Attempt: Fmoc deprotection of muraymycin core structure 75 (7.0 mg, 0.0045 mmol,  
  1.0 eq.) was attempted by dissolving the intermediate in DCM (1.0 mL), followed  
  by the addition of polymer-bound piperazine (1.0-2.0 mmol/g; 27 g). However, no  
  conversion was observed by TLC control after 24 hours. 
 
Given the above, the method described in the first deprotection attempt showed the best 
conversion and yield. Nevertheless, different work-up conditions were investigated to 
potentially increase the yields. 
 
Work-up 1: The solvent was removed in vacuo and the crude was co-evaporated using 
  toluene, acetonitrile, and DCM. Following column chromatography (3 g,  
  DCM:MeOH, 9:1), only mixed fractions with side product (76) could be isolated. 
 
Work-up 2: Chloroform (10 mL) was added and the organic layer was washed with 
  saturated, aqueous Na2CO3 (2 x 5 mL). The organic layer was dried over Na2SO4, 
  filtered, and the solvent was removed under reduced pressure. The crude was co- 
  evaporated with toluene, acetonitrile, and DCM until completely dried (white  
  foam). It was continued without further purification. However, the follow-up amide  
  coupling failed due to piperidine residues in the crude. 
 
Work-up 3: Chloroform (10 mL) was added and the organic layer was washed with 
  saturated, aqueous Na2CO3 (2 x 5 mL). The organic layer was dried over Na2SO4, 
  filtered, and the solvent was removed under reduced pressure. The crude was co- 
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  evaporated with DCM and lyophilized twice. However, piperidine traces could still 
  be found in TLC control of the crude. After column purification (3 g, DCM, 100%, 
  then DCM:MeOH, 4:1), pure product (76) (49% yield) could be obtained.  
 
Work-up 4: The solvent was removed under reduced pressure and the crude was co- 
  evaporated with toluene and acetonitrile. The crude was re-dissolved in chloroform 
  (25 mL) and the organic layer was washed with saturated, aqueous Na2CO3 (2 x 
  10 mL). The organic layer was dried over Na2SO4, filtered, and the solvent was 
  removed under reduced pressure. After column purification (3 g, DCM, 100%, then 
  DCM:MeOH, 4:1), pure product (76) (67% yield) could be obtained. 
 
Given the above, work-up 4 seemed to furnish the best results. 
 
Combined: Fmoc deprotection of muraymycin core 75 (35 mg, 0.023 mmol, 1.0 eq.) was 
attempted by dissolving the intermediate in a 25% piperidine in DCM solution (1.0 mL) 
and stirring at room temperature for 1 hour. TLC control showed conversion of the starting 
material. The solvent was removed under reduced pressure and the crude was co-
evaporated with toluene and acetonitrile. The crude was re-dissolved in chloroform 
(25 mL) and the organic layer was washed with saturated, aqueous Na2CO3 (2 x 10 mL). 
The organic layer was dried over Na2SO4, filtered, and the solvent was removed under 
reduced pressure. The crude product was purified by flash column chromatography (3 g; 
DCM:MeOH, 9:1) to give the product (76) as a white foam (22 mg, 0.016 mmol; 73% 
yield). Rf (TLC) = 0.18 (DCM:MeOH, 9:1); MS (ESI) m/z calc. for C62H107N11O15SSi2 
[M+H]+ 1334.73; found 1334.99; 1H NMR (500 MHz, CDCl3) δ 0.02 (s, 3 H, SiCH3), 0.04 
(s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.81-0.89 (m, 24 H, SiC(CH3)3, 
val-4-H), 1.40-1.45 (m, 24 H, 7'-OC(CH3)3, val-OC(CH3)3, Pbf-2-C(CH3)2), 1.53-1.70 (m, 
2 H, 2''-H), 1.79-1.84 (m, 2 H, epi-4-H), 1.87-1.96 (m, 1 H, 5'-Ha), 1.98-2.13 (m, 5 H, Pbf-
7-CH3, val-3-H, 5'-Hb), 2.44 (s, 3 H, Pbf-6-CH3), 2.48-2.58 (m, 4 H, Pbf-4-CH3, 1''-Ha),  
2.64-2.74 (m, 1 H, 1''-Hb), 2.91 (s, 2 H, Pbf-3-H), 3.12-3.24 (m, 2 H, epi-5-H), 3.28-3.47 
(m, 6 H, prop-3-H, 3''-H, epi-3-H, 6'-H), 3.64-3.71 (m, 1 H, epi-2-H), 3.78-3.82 (m, 1 H, 
3'-H), 3.99-4.06 (m, 1 H, 4'-H), 4.13-4.19 (m, 1 H, val-2-H), 4.34-4.43 (m, 1 H, prop-2-H), 
4.63-4.73 (m, 1 H, 2'-H), 5.29-5.40 (m, 1 H, 1'-H), 5.67-5.74 (m, 1 H, 5-H), 7.06-7.30 (m, 
1 H, 6-H). (Note: The spectrum resolution in this step did not allow for identification of an 
epimeric mixture of 76, which is why the analytical data for both epimers is reported 
together.) 
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Fully protected reference probe (77) 
 

 
 

Amine 76 (15 mg, 0.011 mmol, 1.0 eq.) was coupled with fatty acid BB5-ref (2.2 mg, 
0.013 mmol, 1.15 eq.) following Method E. After 21 hours, the solvent was removed in 
vacuo and the crude was purified by flash column chromatography (3 g; DCM:MeOH, 
96:4, then 99:1) to give the product (77) as a white foam (10 mg, 0.0066 mmol; 59% yield). 
Rf (TLC) = 0.43 (DCM:MeOH, 96:4); MS (ESI) m/z calc. for C72H121N11O16SSi2 [M+H]+ 
1484.83; found 1485.00. 
 

Reference probe (79) 
 

 
 

Fully protected muraymycin intermediate 77 (19 mg, 0.013 mmol, 1.0 eq.) was dissolved 
in an 80% TFA in water solution (5.0 mL). The mixture was stirred at room temperature 
for 12 hours. The solvent was removed in vacuo and the crude was purified by preparative 
HPLC to give an apparent diastereomeric mixture of the TFA-salt of the product (79) as a 
white solid (4.1 mg, 0.0036 mmol; 36% yield). Note: NMR analysis revealed a mixture of 
diastereomers (d.r. ~ 1.2:1).  
 
Analytic data of excess epimer: 
MS (ESI) m/z calc. for C39H61N11O13 [M+H]+ 892.45; found 892.41; 1H NMR (500 MHz, 
D2O) δ 0.83-0.87 (m, 3 H, val-4-H), 0.87-0.90 (m, 3 H, val-4-H), 1.15-1.23 (m, 4 H, 5'''-H, 
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6'''-H), 1.27-1.30 (m, 2 H, 4'''-H), 1.36-1.42 (m, 2 H, 3'''-H), 1.42-1.48 (m, 2 H, 7'''-H), 1.75-
1.88 (m, 4 H, epi-4-H, 2''-H), 2.06-2.14 (m, 4 H, val-3-H, 8'''-H, 2'''-H), 2.14-2.22 (m, 1 H, 
5'-Ha), 2.24 (t, J = 2.6 Hz, 1 H, 10'''-H), 2.33-2.38 (m, 1 H, 5'-Hb), 2.97-3.04 (m, 2 H, 1''-
H), 3.18-3.32 (m, 4 H, epi-5-H, 3''-H), 3.34-3.38 (m, 0.5 H, prop-3-Ha), 3.53-3.57 (m, 
0.5 H, prop-3-Hb), 3.77-3.85 (m, 0.5 H, epi-3-H), 3.83-3.87 (m, 1 H, 6'-H), 3.97-4.01 (m, 
2 H, val-2-H, 3'-H), 4.04-4.09 (m, 1 H, 4'-H), 4.27 (dd, J = 7.6, 2.3 Hz, 0.5 H, epi-2-H), 
4.31-4.36 (m, 2 H, prop-2-H, 2'-H), 5.66 (d, J = 3.8 Hz, 1 H, 1'-H), 5.79 (d, J = 7.3 Hz, 1 H, 
5-H), 7.56 (d, J = 8.2 Hz, 1 H, 6-H); 13C NMR (126 MHz, D2O) δ 16.95, 17.04 (C-val-4), 
17.43 (C-8'''), 18.45 (C-val-4), 20.58 (C-epi-4), 25.23 (C-7'''), 25.49 (C-2''), 27.55, 27.58 
(C-3'''), 27.70, 27.74, 27.95, 28.05, (C-4'''-6'''), 29.78 (C-val-3'), 32.66 (C-5'), 35.55 (C-2'''), 
35.93 (C-epi-5), 36.13 (C-3''), 40.09 (C-prop-3), 44.16, 44.23 (C-1''), 49.63 (C-epi-3), 
54.31 (C-prop-2), 55.93 (C-epi-2), 59.00 (C-val-2), 59.41 (C-6'), 68.98 (C-10'''), 72.57, 
72.57 (C-2'), 72.87 (C-3'), 79.74 (C-4'), 86.52 (C-9'''), 91.65, 91.68 (C-1'), 102.16 (C-5), 
116.28 (q, 1JCF = 291.9 Hz, TFA-CF3), 142.73 (C-6), 151.35 (C-2), 153.80, 153.83 (C=N), 
159.07 (urea-C=O), 159.36 (C-4), 162.97 (q, 1JCF = 35.6 Hz, TFA-C=O), 166.13 (C-1'''), 
171.93 (C-prop-1), 176.54 (C-epi-1), 177.37 (C-7'), 178.16 (C-val-1). 
 
Analytic data of minor epimer: 
MS (ESI) m/z calc. for C39H61N11O13 [M+H]+ 892.45; found 892.41; 1H NMR (500 MHz, 
D2O) δ 0.83-0.87 (m, 3 H, val-4-H), 0.87-0.90 (m, 3 H, val-4-H), 1.15-1.23 (m, 4 H, 5'''-H, 
6'''-H), 1.27-1.30 (m, 2 H, 4'''-H), 1.36-1.42 (m, 2 H, 3'''-H), 1.42-1.48 (m, 2 H, 7'''-H), 1.75-
1.88 (m, 4 H, epi-4-H, 2''-H), 2.06-2.14 (m, 4 H, val-3-H, 8'''-H, 2'''-H), 2.14-2.22 (m, 1 H, 
5'-Ha), 2.24 (t, J = 2.6 Hz, 1 H, 10'''-H), 2.33-2.38 (m, 1 H, 5'-Hb), 2.97-3.04 (m, 2 H, 1''-
H), 3.18-3.32 (m, 4 H, epi-5-H, 3''-H), 3.42-3.47 (m, 0.5 H, prop-3-Ha), 3.49-3.53 (m, 
0.5 H, prop-3-Hb), 3.71-3.74 (m, 0.5 H, epi-3-H), 3.83-3.87 (m, 1 H, 6'-H), 3.97-4.01 (m, 
2 H, val-2-H, 3'-H), 4.04-4.09 (m, 1 H, 4'-H), 4.27 (dd, J = 7.6, 2.3 Hz, 0.5 H, epi-2-H), 
4.31-4.36 (m, 2 H, prop-2-H, 2'-H), 5.66 (d, J = 3.8 Hz, 1 H, 1'-H), 5.79 (d, J = 7.3 Hz, 1 H, 
5-H), 7.56 (d, J = 8.2 Hz, 1 H, 6-H); 13C NMR (126 MHz, D2O) δ 16.95, 17.04 (C-val-4), 
17.43 (C-8'''), 18.45 (C-val-4), 20.37 (C-epi-4), 25.01 (C-7'''), 25.60 (C-2''), 27.55, 27.58 
(C-3'''), 27.70, 27.74, 27.95, 28.05, (C-4'''-6'''), 29.78 (C-val-3'), 32.66 (C-5'), 35.40 (C-2'''), 
35.93 (C-epi-5), 36.13 (C-3''), 40.09 (C-prop-3), 44.16, 44.23 (C-1''), 49.85 (C-epi-3), 
53.52 (C-prop-2), 55.56 (C-epi-2), 58.92 (C-val-2), 59.28 (C-6'), 68.98 (C-10'''), 72.57, 
72.57 (C-2'), 72.87 (C-3'), 79.74 (C-4'), 86.52 (C-9'''), 91.65, 91.68 (C-1'), 102.16 (C-5), 
116.28 (q, 1JCF = 291.9 Hz, TFA-CF3), 142.73 (C-6), 151.35 (C-2), 153.80, 153.83 (C=N), 
159.07 (urea-C=O), 159.36 (C-4), 162.97 (q, 1JCF = 35.6 Hz, TFA-C=O), 166.13 (C-1'''), 
171.82 (C-prop-1), 176.59 (C-epi-1), 177.37 (C-7'), 178.16 (C-val-1). 
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Attempted Synthesis of Final Compound 80 
 

Fully protected probe (78) 
 

 
 

Amine 76 (42 mg, 0.032 mmol, 1.0 eq.) was coupled with fatty acid BB5-PAL (7.1 mg, 
0.036 mmol, 1.15 eq.) following Method E. After 12 hours, the solvent was removed in 
vacuo and the crude was purified by flash column chromatography (9.5 g; DCM:MeOH, 
99:1) to give the product (78) as a white foam (33 mg, 0.022 mmol; 69% yield). The 
reaction and work-up of this compound were performed in the dark and using brown glass 
ware. Rf (TLC) = 0.24 (DCM:MeOH, 99:1); MS (ESI) m/z calc. for C72H119N13O16SSi2 
[M+H]+ 1510.82; found 1511.09. 
 

Diazirine probe (80) 
 

 
 

Fully protected muraymycin intermediate 78 (33 mg, 0.022 mmol, 1.0 eq.) was dissolved 
in an 80% TFA in water solution (5.0 mL). The mixture was stirred at room temperature 
for 14 hours. The solvent was removed in vacuo and the crude was purified by preparative 
HPLC to give the TFA-salt of the product as a white solid. However, decomposition of the 
product was visible during HPLC purification, and even though one fraction with pure 
product was collected, only insufficient quantities of product 80 could be isolated (<1 mg). 
The reaction and work-up of this compound were performed in the dark, using brown glass 
ware. MS (ESI) m/z calc. for C39H59N13O13 [M+H]+ 918.44; found 918.52. 
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11 Development of Protein Degraders from Small Molecule 
Protein Inhibitors 

 
 

11.1 Introduction 
 
11.1.1 Targeted Protein Degradation – A Promising Tool of Chemical Biology 

Protein degradation is an important regulatory mechanism of protein function in human 
cells, disposing of unnecessary or damaged proteins as part of constant turn-over cycles[1,2]. 
After the discovery of the lysosome-mediated protein degradation mechanism in the middle 
of the last century, the ubiquitin-proteasome system was described in the late 1970s and 
early 1980s[1], and accounts for the largest cellular protein degradation machinery[2].  
 
Artificial Induction of Proteasomal Degradation of a Protein of Interest 
Within the cellular system, proteins are commonly tagged with ubiquitin to initiate their 
proteasomal degradation process[3,4] (Figure 11.1.1). Briefly, ubiquitin is bound by E1 
enzymes, which transfer the ubiquitin to the active site of E2 enzymes[3]. The ubiquitin-
carrying E2 enzymes are then able to associate with E3 ligases (binding specific proteins), 
which brings the E2 enzyme and a target protein into close proximity facilitating 
ubiquitination of the target, where ubiquitin is attached to lysin motifs on the target 
protein’s surface[3]. Since ubiquitin (a small protein unit) itself carries several lysins that 
can be ubiquitinated, monoubiquitination can lead to the formation of polyubiquitin 
chains[3].  

Over 600 different E3 ligases are encoded in the human genome, each with their specific 
targets and functions[3]. Generally, E3 ligases are divided into three main families: the 
RING (really interesting new gene), the HECT (homologous to the E6AP carboxyl 
terminus), and the RBR (RING-between-RING) E3 ligases[3]. Notably, in contrast to the 
main catalytic mechanism of the RING (including the CRLs; cullin RING ligases) family 
(which is described above), the HECT and RBR E3 ligases transfer the ubiquitin units via 
an additional intermediate step[3]. After E3 ligase-mediated ubiquitination of the target 
protein, the proteasome – a protease – degrades the tagged protein[5]. By forming a hollow 
cylinder, encasing the active site, the proteasome only disassembles polypeptide chains 
which are guided through its core, forming a highly specific and regulated protein 
degrading machinery[5]. 

In chemical biology, the ability to control protein expression or stability within an intact 
cellular system poses a valuable tool and can provide essential information in the study of 
disease biology as well as target validation studies and drug development processes. Hence, 
a variety of genetic techniques, such as the CRISPR/Cas9 gene editing approach, and 
translational regulators, including RNAi, are often applied, which inhibit the expression of 
a protein of interest[6]. While these are powerful tools, they usually require prolonged 
periods until their effects are noticeable, which can create the opportunity for the studied 
cellular system to develop compensation mechanisms[6]. Furthermore, these techniques 
have also been reported to potentially have off-target effects[6]. Considering these 
limitations, non-genetic, small molecule-based strategies could offer an interesting 
alternative. For example, small molecule-mediated targeted protein degradation could 
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enable directed and fast removal of a protein of interest. In addition, since small molecule 
agents would only have to bind, and not necessarily inhibit, a target protein, it was further 
envisioned that this approach could be used to degrade proteins that are historically 
challenging to inhibit with common covalent or reversible inhibitor strategies[3]. 

In the early 1990s, selective estrogen receptor α (ERα) binders were identified to cause 
degradation of their target, thus being one of the first reported small molecules with targeted 
protein degradation effects[7]. Later, a strategy aiming at the introduction of hydrophobic 
patches on a protein’s surface to induce its degradation due to the resemblance to a partially 
unfolded protein was developed[3]. This so called “hydrophobic tagging” strategy uses 
protein of interest-HaloTag fusion proteins, which are bound by hydrophobic probes, 
leading to the selective degradation of the target-fusion protein[3]. The same concept was 
also applied to adamantane-linked known ligands of a protein, which introduce the 
lipophilic adamantane moiety via small molecule-directed binding of a target[3]. However, 
with the identification of E3 ligase ligands a novel approach was investigated, in which an 
E3 ligase binder and a binder of a protein of interest would be linked to initiate the 
proteasomal degradation machinery to degrade that target protein[8]. 
 

 
 
Figure 11.1.1 | The Proteasomal Degradation Machinery. Schematic overview of the 
proteasomal degradation of proteins. Free ubiquitin is bound by E1 enzymes in an ATP-dependent 
manner. From E1 enzymes, ubiquitin is transferred to the active site of E2 enzymes. E3 ligases 
recruit substrate proteins to ubiquitin-carrying E2 enzymes, which either ubiquitinate the E3 ligase 
substrate directly or by transferring the ubiquitin unit onto the E3 ligase in an intermediate step. 
Monoubiquitination can lead to polyubiquitination, which can either influence the substrate 
protein’s function or lead to its degradation. While the ubiquitin-induced protein degradation is 
mostly carried out by the proteasome, in some cases the tagged proteins are degraded via autophagy 
mechanisms. Taken from Kudriaeva et al., Acta Naturae 2020, 12 (1), 18-32[4].  
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Bivalent Small Molecule Protein Degraders 
One of the most successfully applied E3 ligase ligands for targeted protein degradation are 
thalidomide and its analogs[8]. In the late 1950s, thalidomide was a novel agent to treat 
morning sickness in pregnant women[9]. While the compound appeared to be safe in mouse 
models – although its mode of action was not known –, serious side effects were seen in 
form of severe birth defects in children whose mothers were taking thalidomide during their 
pregnancies[9]. Consequently, thalidomide was removed from the market and further 
research was performed to investigate the question of thalidomide’s mechanism[8]. 
Interestingly, in the meantime, thalidomide was proven to be an effective treatment for 
leprosy and multiple myeloma[8]. However, it was not until Ito et al. reported that 
thalidomide directly binds to cereblon (CRBN), an E3 ligase, in 2010 that thalidomide’s 
effects were slowly uncovered[10]. 

Structural studies further elucidated how thalidomide and its analogs, including the less 
toxic lenalidomide and pomalidomide (also commonly referred to as “IMiDs” because of 
their immunomodulatory effects)[8], bind CRBN via their glutarimide rings, while the 
phthalimide moieties are solvent exposed[11] (Figure 11.1.2). Subsequent studies further 
demonstrated IMiD-mediated changes in CRBN’s substrate specificity, now including 
transcription factors such as Ikaros (IKZF1) and Aiolos (IKZF3), explaining the 
immunomodulatory phenotype[8]. 

 

 
 
Figure 11.1.2 | Co-crystal Structure of CRBN in Complex with Thalidomide and Analogs. The 
co-crystal structure of CRBN CTD is shown in black, helical-bundle domain (HBD) in purple, N-
terminal domain (NTD) in yellow, and the DNA damage-binding protein 1 (DDB1) in green, which 
is part of the ubiquitin ligase complex. The E3 ligase CRBN is further shown with its bound ligands 
thalidomide, lenalidomide, and pomalidomide. Taken from Bhogaraju et al., Struct. Mol. Biol. 
2014, 21 (9), 739-740[11].  
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While IMiDs directly induce targeted protein degradation effects, approaches of linking 
these E3 ligase ligands with other protein binders to specifically facilitate the ubiquitination 
and subsequent degradation of a target of interest were thus investigated[12]. These bivalent 
degrader molecules are also referred to as PROTACs (proteolysis-targeting chimera)[12]. A 
first study providing proof of concept of this method was published in 2001, when a first 
PROTAC recruiting Skp1-cullin-F box (SCF) containing Hrt1 E3 ligase was shown to 
induce degradation of methionine aminopeptidase 2 (MetAp-2)[12]. Further studies 
demonstrated the degradation of various targets, mediated through several different E3 
ligases. For example, aryl hydrocarbon receptor nuclear translocator (ARNT)[13] and 
ERα[14] were degraded via the Von Hippel-Lindau (VHL) E3 ligase, an MDM2-recruiting 
PROTAC induced androgen receptor degradation, and a cellular inhibitor of apoptosis 
protein 1 (cIAP1)-binding PROTAC mediated the proteasomal degradation of cellular 
retinol- and retinoic acid-binding proteins (CRABP-I and II)[12]. However, all of these early 
PROTACs lacked sufficient cellular efficacy, thus requiring high micromolar 
concentrations to show cellular effects[12].  

The first highly potent degrader molecules that were reported are CRBN-recruiting 
PROTACs[8]. In 2015, Winter, Buckley and coworkers, as well as Lu et al., led by James 
E. Bradner and Craig M. Crews, respectively, published the development of bromodomain-
containing protein 4 (BRD4) degraders based on the BRD4 inhibitor JQ1 and thalidomide 
analogs as CRBN binders, only differing in the linker moiety[15,16] (Figure 11.1.3). While 
exhibiting potencies of around 100 nM in cells[15,16], the group of James E. Bradner was 
further able to show efficacy of their PROTAC in a murine xenograft model[16]. Notably, 
murine CRBN has to be humanized by the exchange of Ile391 for a valine, which otherwise 
prevents the degradation of target proteins[17]. 

 

 
 

 
Figure 11.1.3 | Structures of the First CRBN-based BRD4 Degraders. Structures of the two 
BRD4 degraders reported from the labs of Crews (ARV-825) and Bradner (dBET1). Both 
compounds are derived from the established BRD4 inhibitor JQ1 (blue) and the CRBN recruiter 
thalidomide (magenta).  
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These studies ultimately initiated a whole movement in which medicinal chemists and 
chemical biologists started to hunt for small molecule-based targeted protein degraders. In 
the past five years, many targets were shown to be degradable by small molecule degraders, 
recruiting CRBN, VHL, and various other E3 ligases. Table 11.1.1 gives an overview of 
some examples of targeted protein degraders reported in the literature, highlighting the 
variety of targets that were found degradable by one or more E3 ligases using small 
molecules.  
 
Table 11.1.1 | Examples of Recently Reported Small Molecule-based Protein Degradersa 

 
Target 
Protein E3 Ligase Ref. 

ALK VHL [18] 

AMPKγ CRBN [19] 

APP CRBN [20] 

AR VHL [21] 

Bcl-2 CRBN [22] 

BCL-XL VHL [23] 

BCR-ABL1 VHL [24] 
BRAF-
V600E CRBN [25] 

BRD4 DCAF16 [26] 

BRD7/9 VHL [27] 

BTK CRBN [28] 

CDK2/5 CRBN [29] 

CDK6 CRBN/VHL/IAP [30,31] 

CDK9 CRBN [32] 

CK2 CRBN [33] 

EGFR CRBN [34] 

ERα VHL [35] 

FAK CRBN/VHL [36,37] 
 

 
Target 
Protein E3 Ligase Ref. 

FKBP12 DCAF16 [38] 

HDAC6 CRBN/VHL [39,40] 

IGF-1R/Src CRBN [41] 

IRAK4 VHL [42] 

JAK IAP [43] 

Mcl-1 CRBN [22] 

MDM2 CRBN [44] 

MEK VHL [45] 

PDEδ CRBN [46] 

RIPK2 VHL/IAP/CRBN [47] 

SHP2 VHL [48] 

Sirt2 CRBN [49] 

SMARCA2/4 VHL [50] 

STAT3 CRBN [51] 

Tau Keap1 [52] 

TBK1 VHL [53] 

TrkC CRBN [26] 

a ALK, anaplastic lymphoma kinase; APP, amyloid precursor protein; AR, androgen receptor; 
BTK, Bruton’s tyrosine kinase; CK2, casein kinase 2; DCAF16, DDB1 and CUL4-associated factor 
16; IAP, inhibitor of apoptosis protein; IGF-1R, insulin-like growth factor 1 receptor; IRAK4, 
interleukin-1 receptor-associated kinase 4; Keap1, Kelch like ECH-associated protein 1; RIPK2, 
receptor interacting serine/threonine kinase 2; SHP2, Src homology 2 domain-containing 
phosphatase 2; Sirt2, sirtuin 2; SMARCA2/4, SWI/SNF related, matrix-associated, actin-dependent 
regulator of chromatin A2; TBK1, TANK-binding kinase 1; TrkC, tropomyosin receptor kinase C.  
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The Mode of Action and Properties of Small Molecule Protein Degraders 
Similar to the endogenous process of proteasomal protein degradation in human cells, small 
molecule-based degraders facilitate the binding of a protein of interest to an E3 ligase[54] 
(Figure 11.1.4). In the case that this artificial connection between an E3 ligase and a target 
protein allows for optimal ternary complex formation, the target protein is ubiquitinated by 
the E2 enzyme, which is recruited by the E3 ligase[54]. These ubiquitin-tagged proteins are 
further recognized by the proteasomal degradation machinery and converted into 
oligopeptide fragments[54].  
 

 
 

Figure 11.1.4 | The Mode of Action of Small Molecule Protein Degraders. A bivalent small 
molecule degrader (magenta) binds an E3 ligase complex (blue) on one side and a protein of interest 
(green) on the other. By facilitating optimal ternary complex formation between the two proteins, 
the small molecule degrader enables ubiquitination of the target protein by the nearby E2 enzyme. 
After polyubiquitination, tagged proteins are recognized by the proteasome and subsequently 
degraded, while the small-molecule degrader is released to initiate another cycle of targeted protein 
degradation. Adapted from Zhang et al., Drug Discov. Today Technol. 2019, 31, 53-60[54]. 

 
The different stages of this mechanism can be validated with competition experiments that 
suppress the degradation effects of the protein degrader[55]. For example, by adding an 
excess of ligand for either the E3 ligase or the target protein, the formation of the ternary 
complex can be prevented[55]. Similarly, adding neddylation inhibitors (an important step 
in the ubiquitination process) or proteasome inhibitors, such as bortezomib, can prevent 
ubiquitination or proteasomal degradation of the target, respectively, to further provide 
evidence of a ubiquitin/proteasome-dependent mode of action of the heterobifunctional 
protein degrader[55]. Moreover, assays that apply fluorescent visualization techniques to 
trace ternary complex formation can be used to study the localization[56] and kinetics[57] of 
this mechanism in a cellular context. Notably, small molecule-based degraders, which 
naturally facilitate the same mechanism without carrying a distinct E3 ligase- or target 
protein-binding moiety, are referred to as “molecular glues”[58]. As mentioned above, one 
famous example of such a compound is thalidomide itself, which binds a tiny pocket of the 
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E3 ligase CRBN and is able to facilitate the PPIs between CRBN and target proteins[58] 
(Figure 11.1.5).  
 

 
 
Figure 11.1.5 | Molecular Glues vs. Heterobifunctional Targeted Protein Degraders. Shown is 
a cartoon of the mechanism by which molecular glue compounds (left) and bivalent targeted protein 
degraders (PROTACs; right) facilitate the complex formation between an E3 ligase (here: CRBN) 
and a protein of interest (POI). Adapted from Hanzl et al., Curr. Opin. Chem. Biol. 2020, 56, 35-
41[58]. 
 
When regarding targeted protein degraders as potential therapeutics or probes for in vivo 
treatments, it is important to note that, because of their rather large structure, these 
compounds commonly defy Lipinsky’s rule of five[59]. With average molecular weights of 
about 700-900 Da, heterobifunctional degraders need to be thoroughly optimized with 
respect to their solubility and other key physicochemical properties to ensure optimal 
bioavailability of the probe[59,60]. For example, due to the described mode of action, 
degraders only require a transient interaction with their target to cause protein 
degradation[60]. Thus, target protein-binding moieties should be compact to keep the overall 
size of the conjugate as small as possible, even if some binding affinity is sacrificed[60]. 
Furthermore, switching to other E3 ligase ligands also impacts the physicochemical 
properties of a targeted protein degrader[60]. Lastly, the linker region poses a highly crucial 
part of the degrader molecule[60]. While its length determines degradation efficacy by 
enabling optimal ternary complex formation[61], the linker composition is another critical 
feature, as it influences pharmacokinetic/pharmacodynamic (PK/PD) parameters of a 
degrader and directs its bioavailability[60]. Since the optimization of the linker moiety is 
typically a non-rational process of intense medicinal chemistry campaigns, in silico 
methods have been developed to serve as a guidance tool in choosing linker lengths that 
can potentially promote ternary complex formation[62].  

Interestingly, the tight interplay of optimal linker properties to support ternary complex 
formation dependent on the E3 ligase, which is recruited by the degrader, can also lead to 
a surprisingly selective degrader molecule derived from non-selective or even promiscuous 
protein-binding scaffolds[63,64]. Furthermore, the unique mechanism of degradation can 
provide advantages over traditional inhibition effects, such as improved efficacy and 
potency, due to the complete removal of the target instead of mere catalytic inhibition[65]. 
These features, coupled with the potential to target otherwise “undruggable” targets, 
emphasize the immense opportunities this approach has to offer[65]. As a research tool, 
targeted protein degraders have been shown to be highly useful in facilitating relatively fast 
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protein degradation, which provides another attractive method to investigate disease 
biology[65]. However, the development of such probes is highly complex and time-
consuming, since there is no good method available yet to confidently predict the design of 
a degrader and linker constitution, and overall physicochemical properties need to be 
optimized and can vary dramatically for each individual target protein and recruited E3 
ligase[65]. Nevertheless, the first heterobifunctional targeted protein degraders have made it 
into clinical trials, which is a major step of this relatively young approach towards being 
used as an established therapeutic in the clinic[66]. 

In recent years, targeted protein degradation strategies that use other degradation 
machineries within the human cell have been applied[67] (Figure 11.1.6). For instance, 
lysosome targeting chimeras (LYTACs), which generally combine an antibody of a target 
protein with a small glycan-like moiety, enable endosome/lysosome-mediated degradation 
of their target[67]. In contrast to PROTACs, LYTACs are also able to degrade extracellular 
and membrane-bound targets[67]. Furthermore, autophagy-targeting chimeras (AUTACs) 
have been reported, which function similar to PROTACs via ubiquitination of their target 
protein[67]. However, AUTACs initiate a specific ubiquitination pattern that is recognized 
by the autophagy pathway[67]. Moreover, autophagosome-tethering compounds (ATTECs) 
have been described, which lead to autophagy-mediated degradation of a protein of interest 
without ubiquitinating the target, but by directly conjugating a protein to the 
autophagosome[67].  

 

 
 

Figure 11.1.6 | Novel Targeted Degradation Approaches. Overview of recently reported targeted 
degradation approaches, involving the endosome/lysosome (LYTAC) and the autophagosome 
(AUTAC/ATTEC) machinery. Taken from Ding et al., Trends Pharmacol. Sci. 2020, 41 (7), 464-
474[67]. 
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Targeted Protein Degradation Using the Degradation Tag (dTAG) System 
In 2018, Nabet, Roberts, Buckley, and coworkers reported the development of a novel 
technique to induce targeted protein degradation via a specific degradation tag (dTAG) 
system[68] (Figure 11.1.7). The group was able to show that by expressing fusion proteins 
of a protein of interest with the FKBP12F36V mutant, it is possible to imitate the effects of 
a targeted protein degrader by degrading the fusion protein using FKBP12F36V-specific 
degrader, dTAG-13[68]. This compound takes advantage of the “bump-and-hole” strategy, 
where a small change in the binding site leads to a highly selective probe, which induces 
CRBN-dependent FKBP12 mutant degradation, but cannot bind wild-type FKBP[69]. While 
the initial publication demonstrated the universal application of this novel technique by 
degrading BRD4, KRASG12V, HDAC1, MYC, EZH2 (enhancer of zeste 2 homolog 2), and 
PLK1, as well as its ability to be a useful tool in mice[68], further studies applying this 
method have since shown promising results, highlighting the value of this intriguing 
chemical biological tool[69]. 
 

 
 
Figure 11.1.7 | The dTAG Approach for Targeted Protein Degradation. In the dTAG approach, 
a selective degrader molecule, which specifically targets an FKBP bump-hole mutant, is used to 
facilitate CRBN-mediated degradation of a fusion protein with a protein of interest. Adapted from 
Nabet et al., Nat. Chem. Biol. 2018, 14 (5), 431-441[68]. 
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11.2 Development of Potential PI5P4K Degraders 
 
11.2.1 Aim of This Project 

With the development and characterization of potent and selective PI5P4K inhibitor 
scaffolds in Chapter 5, another approach to target these lipid kinases was pursued. It was 
envisioned that, similar to the desthiobiotin-labeled probes in Chapter 5, THZ-P1-2 could 
be linked to an E3 ligase-recruiting moiety via a flexible linker. Since it was shown that 
PI5P4Ks seem to have not only kinase but also important scaffolding functions, a protein 
degrader would have the advantage of completely silencing PI5P4K activity. The overall 
goal therefore was to design, synthesize, and characterize a small library of THZ-P1-2-
based, CRBN-recruiting protein degraders with varying linker lengths and compositions. 
Notably, while some of the developed degraders are currently investigated in other projects, 
the depiction of full compound structures in this chapter is avoided. Moreover, the synthetic 
route for the core scaffold has been already introduced in Chapter 5.  
 
Design of PI5P4K-targeting Protein Degraders 
When this project was initiated, the reversible CVM-based PI5P4K inhibitor scaffold was 
not yet fully characterized and optimized. In contrast, the covalent pan-PI5P4K inhibitor, 
THZ-P1-2, had already been identified as a selective and potent inhibitor of these lipid 
kinases, covalently labeling a cysteine on a disordered loop outside of the ATP-binding 
pocket. Moreover, desthiobiotin-labeled analogs of this inhibitor had already been 
successfully designed and synthesized, which feature a long linker extending from the 
covalent warhead.  

Consequently, in a first approach, linkers of different length and composition were 
planned to be introduced in place of the electrophilic warhead (Figure 11.2.1). Removal of 
the Michael-acceptor moiety would potentially further improve the efficacy of the 
degraders, since one targeted protein degrader molecule is typically able to degrade many 
target protein molecules in a catalytic or sub-stoichiometric manner, whereas a covalent 
binder would only be able to target one target molecule. In addition to that, the reversible 
THZ-P1-2 analog (THZ-P1-2-R) exhibited weak PI5P4K activity, supporting the 
assumption that, even after removing the covalent warhead, the reversible scaffold would 
have sufficient PI5P4K binding affinity to facilitate degradation. Besides the linker 
composition, it was planned to also vary the attachment point of the linker itself. For this, 
some degraders were based on the full-length THZ-P1-2 scaffold, while others were 
designed based on a slightly truncated scaffold without the aminobenzoic acid moiety. This 
would help in reducing the overall size of the degraders, while keeping all essential features 
for PI5P4K binding intact (see reported co-crystal structure in Chapter 5). 

Furthermore, two additional, related scaffolds of PI5P4K inhibitors were chosen as 
starting points for potential PI5P4K degraders, based on their biochemical potency. Since 
more elaborated SAR studies on the THZ-P1-2 scaffold (described in Chapter 5) were not 
yet completed when this project was started, using the additional scaffolds as reference was 
aimed at avoiding scaffold-specific bias.  

Finally, thalidomide was chosen as the E3 ligase ligand for the first set of compounds, as 
this E3 ligase had been shown before to facilitate the degradation of many target proteins, 
while being a relatively small and easily accessible molecule. 
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Figure 11.2.1 | Design Strategy to Access Potential PI5P4K Degraders. Based on the validated 
PI5P4K inhibitor THZ-P1-2 and related analogs NCGC00381518-01 and HAB001-027, potential 
targeted protein degrader molecules were designed. By introducing a linker, the PI5P4K binder 
(blue) was connected to an E3 ligase ligand (here: thalidomide; CRBN-binder; magenta), as shown 
in the general example of the degrader design at the bottom. 
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11.2.2 Results and Discussion 

In this chapter, a brief overview is given on first efforts in the development of potential 
PI5P4K degraders. Since the synthetic routes for the PI5P4K inhibitors, THZ-P1-2 and 
HAB001-027 (compound 9 in Chapter 5), are already described in Chapter 5, 
NCGC00381518-01 intermediates were kindly provided by Fleur Ferguson in the lab, and 
further structural details of the degrader designs are not disclosed. Due to ongoing projects, 
no in-depth discussion of the synthetic efforts is provided. Rather, the results of cellular 
activities and the general strategy in the development of the designed probes is presented.  
 
Biochemical Characterization of Potential PI5P4K Degraders 
After initial synthesis of the designed potential PI5P4K degraders (Figure 11.2.2), the 
compounds were evaluated for PI5P4Kα and β inhibitory activity, as described in Chapters 
5.3 and 5.4 (performed in collaboration with Matthew Hall’s lab at NCATS). In total, seven 
different degraders were synthesized and characterized (Figure 11.2.3).  

Surprisingly, while it was expected that removal of the covalent warhead would lead to a 
decrease in PI5P4K activity to some degree, most of the designed degraders completely 
lost PI5P4K activity. Since THZ-P1-2-R maintained PI5P4K inhibitory activity, it is likely 
that the linker moieties cause unfavorable target binding. However, PIPDeg1 and PIPDeg7 
showed promising PI5P4K activity with IC50 values in the low-micromolar range (Figure 
11.2.3). Because of their catalytic mode of action, targeted protein degraders typically do 
not require strong target affinities to induce degradation. It is therefore likely that the weak 
PI5P4K affinity of these compounds might still be sufficient for target protein degradation. 
 

 
 
Figure 11.2.2 | General Structure of Synthesized Potential PI5P4K Degraders.  
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Figure 11.2.3 | Biochemical PI5P4K Inhibitory Activities of Potential Degraders. Biochemical 
inhibitory activities of potential PI5P4K degraders were determined in an ADP-Glo and 
Transcreener assay set-up for PI5P4Kα and β, respectively (as described in Chapter 5). THZ-P1-2 
and its reversible analog, THZ-P1-2-R, are included for reference.  
 
In the meantime, the cellular engagement of CRBN for the degraders was evaluated in 
HEK293T cells (performed in collaboration with Eric Fischer’s lab at HMS/DFCI). While 
this assay provides valuable information about the ability of the designed molecules to 
engage the E3 ligase CRBN, it mainly functions as a validation tool to confirm cellular 
permeability of the degraders. The results of this assay are summarized in Table 11.2.1. 

Generally, all designed degraders showed CRBN engagement in cells. Interestingly, 
degraders based on the same scaffold exhibited a noticeable range of cellular activity, 
pointing towards a strong effect of the linker composition influencing cellular efficacy. 
PIPDeg1 and PIPDeg7 were again amongst the most active analogs of the designed 
degraders in this assay, further providing promising initial data for these potential PI5P4K 
degraders.  
 
Table 11.2.1 | Cellular CRBN Engagement Assay for Potential PI5P4K Degraders 

 

Compound ID IC50 [µM] 

PIPDeg1 0.8 

PIPDeg2 11.5 

PIPDeg3 3.1 

PIPDeg4 7.9 

PIPDeg5 11.7 

PIPDeg6 1.3 

PIPDeg7 2.9 
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Evaluation of PI5P4K Degradation 
In a final step, Jurkat cells were treated with the potential PI5P4K degraders at various 
concentrations, ranging from 10 nM to 10 µM, for 24 hours (Figure 11.2.4). The absolute 
protein concentration of all three PI5P4K isoforms was detected by Western blot analysis 
(data was kindly provided by Benjamin Fram in the lab). In summary, none of the tested 
degrader molecules showed PI5P4K degradation activity. While this could be due to the 
lack in affinity for the target protein for most of the tested degraders, even decent PI5P4K 
binders, such as PIPDeg1 and PIPDeg7, did not show any activity in this cell line. These 
are also the compounds that showed sufficient cellular CRBN-binding and did not exhibit 
cellular uptake issues. Thus, it is highly likely that the linker might not facilitate optimal 
ternary complex formation in this case. It was further ruled out that PI5P4Ks might not be 
degradable, since some in-house data (not shown) of CRBN-recruiting, promiscuous 
degraders suggests degradability of PI5P4K. 
 

 
 
Figure 11.2.4 | PI5P4K Degrader Activity in Jurkat Cells. Jurkat cells were treated with 
increasing concentrations of potential PI5P4K degrader compound or DMSO for 24 hours. Total 
protein levels of PI5P4Kα, β, and γ were detected by Western blot analysis. 
 
Following up on the hypothesis that the linkers used in this first batch of potential PI5P4K 
degraders were not able to support a ternary complex formation between PI5P4Ks and 
CRBN, an in silico docking of the two proteins, including their ligands, was performed (in 
collaboration with Eric Fischer’s lab, HSM/DFCI). While the results (Figure 11.2.5) 
suggest that linkers, connecting the thalidomide analog (here: pomalidomide) and THZ-
P1-2, probably need to be of eight carbons in length or longer, it is important to consider 
that the model did not include the flexible loop, which is normally covalently labeled by 
THZ-P1-2. Since this loop would be localized directly at the interface between CRBN and 
PI5P4K, it is likely that this disordered loop hinders ternary complex formation.  
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Figure 11.2.5 | Model of Ternary Complex Formation Between CRBN and PI5P4Kα. The co-
crystal structures of PI5P4Kα (turquoise) with THZ-P1-2 (yellow sticks) and CRBN (green) with 
pomalidomide (yellow sticks) were docked and optimized for ternary complex formation features. 
The distance of the closest connection between pomalidomide and THZ-P1-2 was calculated as 
7.0 Å. 
 
11.2.3 Conclusion 

In this project, the goal was to develop targeted protein degraders on the basis of a potent, 
covalent PI5P4K inhibitor, THZ-P1-2. While desthiobiotin-labeled probes of THZ-P1-2, 
with a linker extending from the covalent warhead tail of the scaffold, had been successfully 
applied in streptavidin-mediated pulldown assays (Chapter 5), so far none of the designed 
THZ-P1-2-based degrader molecules was able to induce PI5P4K degradation.  

Many linker compositions caused complete loss of PI5P4K inhibitory activity of the 
compounds already in biochemical assays, indicating unfavorable compound features for 
binding the ATP-binding pocket. Cellular evaluation of the degraders’ efficacy revealed 
that none of the compounds was able to sufficiently facilitate ternary complex formation 
between CRBN and PI5P4K. Further computational analysis suggested that the flexible 
loop, which is covalently labeled by THZ-1-2, is potentially jeopardizing the PPI, and 
would thus explain the observed results.  

While some of the data in the lab suggested that PI5P4Ks are indeed degradable by 
CRBN, a different linker attachment site would be needed to circumvent issues caused by 
the disordered loop. Moreover, since this project was initially started, other potent PI5P4K-
targeting scaffolds have been developed in the lab and might serve as better starting points 
for the development of PI5P4K-selective degraders. Another option would be to consider 
different E3 ligases, as this might change the required linker length and composition. 

This study thus provided valuable insights into potential strategies for the development 
of PI5P4K degraders. These would be highly interesting tools, as PI5P4Ks are not only 
active kinases but also perform essential scaffolding functions, which would not be 
inhibited by a conventional kinase inhibitor (see Chapter 5). Further efforts towards the 
development of PI5P4K degraders are therefore currently ongoing in the lab.  
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11.3 Development of Potential Pin1 Degraders 
 
11.3.1 Aim of This Project 

In Chapter 9, the development and characterization of the potent and selective Pin1 
inhibitor, sulfopin, is described. Similar to the PI5P4K inhibitors, a desthiobiotin-labeled 
analog of sulfopin was developed, which was an essential tool in characterizing this 
covalent inhibitor. Consequently, the possibility of designing sulfopin-based degrader 
molecules was investigated. The overall goal of this project was therefore to design and 
synthesize a small initial compound library based on a commercially available sulfopin 
analog to elucidate effects of different linkers. In a second step, a set of full-length sulfopin-
based compounds, which should be analyzed in cellular assays, were to be synthesized. 
Since the discussed compounds are currently further characterized, no specific structures 
are provided.  
 
Design Strategy for Potential Pin1 Degraders 
As sulfopin is a covalent fragment inhibitor of the isomerase Pin1 with a small molecular 
weight, the linker for the desthiobiotin-labeled probes had to be thoroughly optimized, 
leading to sulfopin-DTB, as shown in Chapter 9. Consequently, a similar linker approach 
was chosen for the design of potential Pin1 degraders, introducing various linker lengths 
and compositions, extending from the tert-butyl moiety (Figure 11.3.1). Since the 
covalency of the fragment, due to the chloroacetamide warhead, is essential for target 
affinity, a covalent targeted protein degrader approach was investigated.  

While the chemistry to access respective sulfopin analogs for the synthesis of potential 
Pin1 degraders was optimized, a commercially available analog (Pin1-3-Acid) was used 
for an initial screen for linker lengths and compositions. Finally, the CRBN ligand 
thalidomide was chosen as the E3 ligase-recruiting moiety due to its small molecular 
weight, chemical accessibility, and CRBN’s reported ability to degrade a variety of 
proteins.  

 
Figure 11.3.1 | Design Strategy for Potential Pin1 Degraders. Based on the validated Pin1 
inhibitor sulfopin, potential targeted protein degrader molecules were designed. By introduction of 
a linker, the Pin1 binder (blue) was connected to an E3 ligase ligand (here: thalidomide; CRBN-
binder; magenta), as shown in the general example of the degrader design at the right. To test initial 
linker designs, the commercially available sulfopin analog, Pin1-3-Acid, was used as the Pin1-
binding moiety instead. 
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11.3.2 Results and Discussion 

In this chapter, an overview of the first steps towards Pin1 degraders is given. Since the 
discussed compounds are currently further characterized, no specific structures are shown 
in this chapter. Thus, experimental procedures for the synthetic routes of the designed 
compounds are not disclosed. Nevertheless, this chapter provides an introduction to the 
development of Pin1 degraders and their characterization.  
 
Determination of Target Affinity 
Figure 11.3.2 summarizes the designed and synthesized sulfopin analogs for targeted 
degradation purposes of this chapter. As the target-binding moiety is a small fragment, 
addition of a thalidomide molecule via a linker drastically changes the properties of the 
parent compound. Thus, cLogP values are provided as this is an important feature for the 
following discussion. In total, six degraders were synthesized with the commercially 
available sulfopin analog, followed by five degrader molecules with the full-length sulfopin 
core structure.  
 

 
 
Figure 11.3.2 | Structural Overview of Potential Pin1 Degraders. Based on the characterized 
Pin1 inhibitor sulfopin, potential Pin1 degraders, as depicted at the bottom, were designed and 
synthesized. For further characterization, cLogP values are provided with sulfopin as reference.  
 
In order to determine the compounds’ Pin1 affinity, a competition pulldown experiment 
using the sulfopin-DTB probe (Chapter 9) in lysate from PATU-8988T cells was performed 
(Figure 11.3.3). After pre-incubation with the covalent degrader molecules, sulfopin-DTB 
was added, irreversibly labeling Pin1 that has not been bound by the potential degrader 
molecules. In general, all compounds that have the full sulfopin scaffold show potent Pin1 
affinity, while the sulfopin analog-derived compounds only exhibit weak Pin1 binding. 
Interestingly, even though this assay does not require the compounds to be cell-permeable, 
compounds with a higher cLogP value showed more potent Pin1 labeling. This effect was 
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very prominent among the less potent analogs, based on the commercially available, 
sulfopin-related scaffold. 
 

 
 
Figure 11.3.3 | Pin1 Affinity of Potential Pin1 Degraders. PATU-8988T cell lysate was treated 
with 10 µM sulfopin or degrader, or DMSO. The lysate samples were incubated at 4 °C overnight 
and subsequently treated with sulfopin-DTB for 1 hour. The desthiobiotin-labeled Pin1 was then 
purified by streptavidin-mediated pulldown and analyzed by Western blot analysis.  
 
In the next step, the compounds were tested in a cellular CRBN binding assay using 
HEK293T cells (Table 11.3.1). Most compounds showed no to very low cellular CRBN 
binding affinity. Since some of the potential degraders are highly polar, these results were 
not completely surprising. However, some designed compounds have comparable cLogP 
values to sulfopin or higher and nonetheless show poor cellular CRBN binding. A potential 
explanation for this might be that sulfopin’s small size enhances cellular uptake, even 
though its cLogP is rather low. By increasing the molecules’ size, the degraders might 
therefore lose their ability to be cell-permeable. Notably, while a positive result in this assay 
has been a good indication for potent CRBN binding and thus cellular permeability, a 
compound with a negative result might still be able to permeate into the cell in a sufficient 
amount to induce degradation. 
 
Table 11.3.1 | Cellular CRBN Engagement Assay for Potential Pin1 Degraders 

 

Compound ID IC50 [µM] 

PinDeg1 >10 

PinDeg2 >10 

PinDeg3 4.5 

PinDeg4 >10 

PinDeg5 >10 

PinDeg6 >10 

 

Compound ID IC50 [µM] 

PinDeg7 >10 

PinDeg8 >10 

PinDeg9 >10 

PinDeg10 >10 

PinDeg11 ~10.1 

 
Cellular Characterization of Potential Pin1 Degraders 
Considering the results from the target engagement studies above, the most promising 
degrader molecules with the full-length sulfopin scaffold were chosen for cellular 
evaluation of their potential Pin1 degradation ability (Figure 11.3.4). PATU-8988T cells 
were treated with 10 µM degrader or DMSO for five hours. The cells were lysed and lysates 
incubated with sulfopin-DTB. This way, both total cellular Pin1 levels and compound-
labeled Pin1 could be analyzed by Western blot analysis.  
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Figure 11.3.4 | Cellular Efficacy of Potential Pin1 Degraders. PATU-8988T cells were treated 
with 10 µM degrader or DMSO for 5 hours. The cell lysates were then incubated with sulfopin-
DTB for 1 hour and desthiobiotin-labeled Pin1 enriched by streptavidin-mediated pulldown. Pin1 
input (showing total Pin1 levels) and labeled Pin1 from the pulldown were analyzed by Western 
blot. 
 
While none of the compounds showed Pin1 degradation effects, PinDeg9 exhibited weak 
competition with the sulfopin-DTB probe, indicating a sufficient cellular concentration of 
this degrader in PATU-8988T cells. Consequently, even though the compound seems to 
bind Pin1 in cells, no productive ternary complex formation with CRBN is accomplished. 
To further validate PinDeg9 activity in cells, a follow-up experiment was performed in 
which PinDeg9 was incubated at different concentrations, ranging from 100 nM to 10 µM, 
for either eight or 24 hours (Figure 11.3.5). As expected, PinDeg9 did not show any Pin1 
degradation effects in this assay set-up. Interestingly, due to the low molecular weight of 
Pin1 itself, binding of the degrader probe caused a visible shift of the Pin1 band at high 
concentrations (10 µM) in the Western blot analysis. These results further verified that 
PinDeg9 labels Pin1 at a concentration of 10 µM in cells. 
 

 
 
Figure 11.3.5 | Cellular Efficacy of PinDeg9. PATU-8988T cells were treated with different 
concentrations of PinDeg9 or DMSO for 8 or 24 hours. Total Pin1 levels were analyzed by Western 
blot analysis.  
 
In the meantime, a molecular docking of CRBN and Pin1 was performed to simulate ternary 
complex formation mediated by a CRBN-based degrader, which can provide valuable 
information for the rational design of future Pin1 degraders (in collaboration with Eric 
Fischer’s lab, HSM/DFCI) (Figure 11.3.6). Since sulfopin binds to a shallow pocket on 
Pin1, the resulting data suggests that linkers of as short as three to four carbon atoms should 
be able to facilitate efficient ternary complex formation.  
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Figure 11.3.6 | Model of Ternary Complex Formation Between CRBN and Pin1. The co-crystal 
structures of Pin1 (turquoise) with sulfopin (yellow sticks) and CRBN (green) with pomalidomide 
(yellow sticks) were docked and optimized for ternary complex formation features. The distance of 
the closest connection between pomalidomide and sulfopin was calculated as ~3.3 Å. 
 
11.3.3 Conclusion 

With the development of sulfopin as a potent and selective, covalent Pin1 inhibitor, the 
goal of this project was to design, synthesize, and characterize sulfopin-based degraders. 
So far, none of the designed compounds was able to yield Pin1 degradation.  

Due to the small size and high polarity of the parent scaffold, the main issue of these 
compounds has been a lack in cellular permeability. Thus, future designs of potential Pin1 
degraders based on this scaffold need to be thoroughly optimized for higher cLogP values 
and cellular permeability. One option to achieve this goal would be to switch to a different 
E3 ligase. For example, reported VHL ligands are commonly much more hydrophobic than 
thalidomide and might help in increasing lipophilicity of the probes. Since the linker length 
should be relatively short, long, lipophilic linkers would likely not be sufficient to balance 
out the hydrophilicity of thalidomide and sulfopin to obtain a degrader molecule that 
exhibits good cell permeability and optimal Pin1 degrader properties.  

In summary, this chapter provides the first results in the efforts to develop a Pin1-
targeting protein degrader. These results nicely show the issue of cellular uptake for 
heterobifunctional degraders. Due to the fragment size of the parent compound, it turned 
out to be quite challenging to balance degrader lipophilicity and cellular permeability-
determining properties, while providing optimal structural features for ternary complex 
formation. This data is thus highly valuable for further efforts towards the development of 
Pin1 degraders, which are currently ongoing in the lab.  
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11.3.4 Experimental 

Cell Culture and Reagents 
PATU-8988T cells were obtained from DSMZ and cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (including 10% fetal bovine serum (FBS; Sigma Aldrich) and 
1% penicillin/streptomycin) at 37 °C. Incubators were humidified and exhibited 5% of CO2 
content. The cells were frequently tested for the absence of Mycoplasma infection. 
 
Immunoblotting 
Cell were collected and pelleted at 4 °C (300 g) for 5 min. After washing the cell pellet 
with 5 mL cold PBS buffer, cells were re-suspended in cell lysis buffer (50 mM Hepes, pH 
7.4, 1 mM EDTA (ethylenediaminetetraacetic acid), 10% glycerol, 1 mM TCEP (tris(2-
carboxyethyl)phosphine), 150 mM EDTA, 0.5% NP-40, and protease inhibitor tables 
(Roche)). Subsequent clarification of the resulting lysate at 14,000 rpm for 15 min at 4 °C 
yielded the desired cell lysate, which were quantified by BCA assay (Pierce).  

Lysates were loaded into Bolt 4-12% Bis-Tris Gels (Thermo Fisher) and run at 90 V for 
1.5 hours. Fully developed gels were blotted, using the iBlot Gel Transfer at P3 for 7 min. 
The nitrocellulose membranes were then blocked in Odyssey blocking buffer (LICOR 
Biosciences) for 1 hour at room temperature. The blots were further incubated with 
respective antibodies at 4 °C overnight, using a 20% Odyssey blocking buffer in 1X tris 
buffered saline with tween (TBST) buffer mixture.  

After washing the membranes three times with 1X TBST buffer, the blots were incubated 
for another 1 hour at room temperature with a secondary, IRDye goat, anti-rabbit or goat, 
anti-mouse antibody (LICOR; 1:1,000), using a 20% Odyssey blocking buffer in 1X TBST 
buffer mixture. The membranes were washed three times with 1X TBST buffer, before 
being analyzed with an ODYSSEY Infrared Imaging System (LICOR).  
 
Lysate Pulldown with Sulfopin-DTB 
Lysate samples from lysed cell experiments or lysates, pre-treated with a compound of 
interest at the indicated concentrations, were then treated using the following protocol. 
PATU-8988T cell lysates (500 µL per sample) were treated with sulfopin-DTB (1 µM) for 
1 hour at 4 °C. Streptavidin-coated beads (Thermo scientific) were diluted with lysis buffer 
(1:1). 30 µL of the bead slurry was added to each lysate sample and incubated for 1.5 hours 
at 4 °C. Beads were further washed with washing buffer (50 mM Hepes, pH 7.5, 10 mM 
NaCl, 1 mM EDTA, 10% glycerol) four times, pelleted, and dried. After addition of 30 µL 
of 2X LDS buffer (containing 5% β-mercaptoethanol) per sample, the beads were boiled at 
95 °C for 5 min, cooled on ice for at least 30 min, and analyzed by Western blot.  
 
Cellular Target Engagement Assay 
PATU-8988T cells were plated in 6-well plates (100,000 cells per well) in 2 mL of media. 
A day after plating, cells were treated with DMSO or at the indicated concentrations with 
a compound of interest and for the indicated amount of time. Cells were then collected, 
lysed, and either treated with sulfopin-DTB for a pulldown experiment or directly used for 
immunoblotting, after being diluted with 4X LDS buffer (including 10% β-
mercaptoethanol) in a ratio of 3:1, boiled (95 °C for 5 min), and cooled. 
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