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ABSTRACT  

UNC119 is a chaperone protein, which regulates the trafficking of myristoylated proteins 

between cellular membranes. Even though these chaperones were extensively studied in the 

past two decades, only few of their interaction partners are known to date. Transient 

interactions and low affinities can hamper the identification of new previously unknown 

binding partners. Photoactivatable myristoyl analogues, which form a covalent bond upon 

irradiation, can serve as tools to overcome these obstacles and study protein-myristate 

interactions. 

In the course of this project three different photoactivatable myristatic acid analogues (Pacman 

1-3) were designed and synthesized. These photoactivatable lipid analogues were attached to 

the short N-terminal peptide sequences, derived from myristoylated proteins Src and transducin 

alpha subunit Gnat1. The affinities of these probes to UNC119 proteins and photolabeling 

efficiencies were investigated. Pacman-1 and -2 based probes did not covalently label 

UNC119A and UNC119B. Pacman-3-Src established a covalent crosslink selectively with 

UNC119B protein, not labelling UNC119A. Pacman-3-Gnat covalently labelled both UNC119 

proteins.  

 

The photocrosslinking site of Pacman-3 probes was characterized within the hydrophobic 

pocket of UNC119. The myristate analogues binding mode is similar to the native myristate 

moiety. Co-crystallization of covalently labelled UNC119 proteins with Pacman probes was 

unsuccessful. Affinity enrichment of UNC119A and UNC119B from lysate by immobilized 

Pacman-peptide demonstrated specific interaction of the probe with UNC119 chaperones in a 

complex protein mixture. Substrate recognition of Pacman-3 by N-myristoyl transferase 

(NMT) enzymes from different organisms was investigated. Pacman-3 was not incorporated 

into a peptide substrate by human NMT. Remarkably, NMT derived from the protozoan 

parasite Leishmania and Trypanosoma recognized Pacman-3 as a substrate. Conclusively, 

Pacman-3 can serve as a valuable tool to investigate the role of UNC119 protein in these 
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parasites, to identify novel myristoyl-interaction partners and shed light on the myristoylome 

of different organisms.  

Autophagy is an essential biological process for the regulation of cellular homeostasis and 

energy supply. Furthermore, this catabolic mechanism is involved in various severe disorders, 

such as cancer and neurodegenerative diseases. Modulators of autophagy are highly valuable 

tools, which can provide insight into the regulation of autophagic flux and unravel its role in 

various diseases. In order to obtain and characterize novel autophagy modulators, a medium 

throughput phenotypic screen was performed. Three structurally different potential inhibitors 

of autophagic flux were investigated in detail.  

 

The first compound 51 was a representative of the oxazolidinone-scaffold, namely Autoxain. 

Autoxain inhibited starvation-induced autophagy with an IC50 of 2.7 ± 1.9 µM. A thermal 

proteome profiling experiment performed for target identification revealed a high amount of 

ribosomal proteins as potential interaction partners. This result indicated a similar mode of 

action as the oxazolidinone-based antibiotics linezolid and tedizolid. Both of these therapeutics 

exert their antibacterial activity by inhibition of protein biosynthesis via the ribosome. Due to 

a possible interaction of Autoxain with the ribosome, this potential autophagy inhibitor was 

not evaluated further.  
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Another small molecule 52 that inhibited starvation-induced autophagy with the IC50 of 0.90 ± 

0.09 µM was Autoquin. Autoquin features high structural similarity to chloroquine, which 

suggests lysosomotropic activity. The compound has an indirect inhibitory effect on the 

lysosomal acid ceramidase and prevents autophagosome-lysosome fusion. Thus, Autoquin 

seems to interfere with correct function of the lysosome, which impairs autophagic flux. An 

affinity enrichment experiment identified ferrochelatase as a potential target of Autoquin. This 

suggested a similar mode of action to the known autophagy inhibitors salinomycin and 

ironomycin, which sequester Fe2+ in the lysosome. Autophagy plays a crucial role in 

maintenance of cellular iron homeostasis and novel tool compounds, which could shed light on 

this biological process are highly relevant. 

The third potential inhibitor of autophagy 53 is Authipyrin, which inhibited starvation-induced 

autophagy with an IC50 of 0.02 ± 0.01 µM and rapamycin-induced autophagy with an IC50 of 

0.18 ± 0.07 µM. Authipyrin interferes with mitochondrial respiration by direct inhibition of 

complex I. Complex I activity is required for regular autophagic flux. Furthermore, mitophagy 

is frequently dysregulated in patients suffering from Parkinsonôs disease. However, the exact 

mechanism underlying this interplay remains to be elucidated. Authipyrin is a structurally 

novel tool compound, which can be employed to investigate this interdependency in detail.  
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KURZZUSAMMENFASSUNG  

UNC119 ist ein Chaperon-Protein, welches den Transport myristoylierter Proteine zwischen 

zellulären Membranen reguliert. Obwohl dieses Chaperon in den vergangenen zwei 

Jahrzehnten intensiv erforscht wurde, sind bislang nur wenige Interaktionspartner bekannt. 

Transiente Interaktionen und geringe Affinitäten können die Identifizierung bisher 

unbekannter Bindungspartner erschweren. Photoaktivierbare Myristinsäureanaloga, welche 

bei Bestrahlung eine kovalente Binding eingehen, können nützlich sein, um diese 

Herausforderungen zu überwinden und Protein-Myristat-Interaktionen zu untersuchen.  

Im Verlauf dieses Projekts wurden drei verschiedene photoaktivierbare Myristatanaloga 

entworfen und synthetisiert. Diese photoaktivierbaren Lipidanaloga wurden an kurze N-

terminale Peptidsequenzen gebunden, welche von den myristoylierten Proteinen Src und der 

transducin alpha Untereinheit Gnat1 abgeleitet wurden. Anschließend wurde die Affinität 

dieser Sonden zu UNC119 und die Effizienz der Photomarkierung untersucht. Auf Pacman-1 

und -2 basierende Sonden, markierten weder UNC119A noch UNC119B. Pacman-3-Src ging 

selektiv eine kovalente Querverbindung mit dem UNC119B Protein ein, markierte aber nicht 

UNC119A. Pacman-3-Gnat markierte kovalent beide UNC119 Proteine.  

 

Charakterisierung der Lage der Photomarkierung durch Pacman-3 innerhalb der hydrophoben 

Tasche zeigte, dass der Bindungsmodus des Myristinsäureanalogs ähnlich zu dem der nativen 

Myristinsäure-Gruppe ist. Co-Kristallisation des kovalent markierten UNC119 Proteins mit der 

Pacman-Sonde war nicht erfolgreich. Affinitätsanreicherung von UNC119A und UNC119B 

aus Lysat durch immobilisiertes Pacman-Peptid zeigte eine spezifische Interaktion der Sonde 

mit UNC119 Chaperonen in einem komplexen Proteingemisch. Anschließend wurde die 

Substraterkennung von Pacman-3 durch N-Myristoyl Transferase (NMT) Enzyme aus 

unterschiedlichen Organismen untersucht. Pacman-3 wurde nicht durch die humane NMT auf 

das Peptidsubstrat übertragen. Bemerkenswerterweise erkannten NMTs, aus den parasitischen 

Protozoen Leishmania und Trypanosoma, Pacman-3 als Substrat. Daher könnte Pacman-3 als 
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wertvolles Hilfsmittel dienen, um die Rolle von UNC119 in diesen Parasiten zu erforschen, 

neue Myristoyl-Interaktionspartner zu identifizieren und das Myristoylom unterschiedlicher 

Organismen zu beleuchten.  

Autophagie ist ein essentieller biologischer Prozess für die Regulierung der zellulären 

Homöostase und Energieversorgung. Dieser katabolische Mechanismus ist an verschiedenen 

schweren Erkrankungen, einschließlich Krebs und neurodegenerativen Krankheiten, beteiligt. 

Autophagie-Modulatoren sind äußert wertvolle Hilfsmittel, welche Einsicht in die Regulierung 

der Autophagie verschaffen und deren Rolle in verschiedenen Krankheiten entschlüsseln 

können. Um neue Autophagie-Modulatoren zu finden und zu charakterisieren wurde ein Screen 

mit mittlerem Durchsatz durchgeführt.  

 

Verbindung 51 ist ein Stellvertreter des Oxazolidin-Gerüsts, genannt Autoxain. Autoxain 

inhibiert Hunger-induzierte Autophagie mit einem IC50 von 2.7 ± 1.9 µM.  Ein Experiment zur 

Erstellung des thermischen Proteom Profils (thermal proteome profiling), welches zur Target-

Identifizierung diente, ergab eine hohe Anzahl ribosomaler Proteine als potentielle 

Interaktionspartner. Dieses Ergebnis weißt auf einen ähnliches Wirkprinzip, wie das der 

Oxazolidin-basierten Antibiotika Linezolid und Tedizolid hin. Beide dieser Therapeutika üben 

ihre antibakterielle Wirkung durch die Inhibierung der Proteinbiosynthese durch das Ribosom 
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aus. Aufgrund der möglichen Interaktion Autoxains mit dem Ribosom wurde dieser potentielle 

Autophagie-Inhibitor nicht weiter evaluiert.  

Substanz 52, die durch Aushungern induzierte Autophagie mit einem IC50 Wert von 0.90 ± 

0.09 µM inhibierte, war Autoquin. Autoquin ist strukturell mit Chloroquine verwandt, was eine 

lysosomotropische Aktivität vermuten lässt. Die Verbindung hat einen direkten inhibierenden 

Effekt auf die lysosomale saure Ceramidase und verhindert die Fusion des Autophagosoms mit 

dem Lysosom, welches den Verlauf der Autophagie beinträchtig. Ein Experiment zur 

Affinitätsanreicherung identifizierte Ferrochelatase als ein potentielles Target von Autoquin. 

Dies weist auf ein ähnliches Wirkprinzip, wie die bekannten Autophagie-Inhibitoren 

Salinomycin und Ironomycin hin, welche Fe2+ im Lysosom anreichern. Autophagie spielt eine 

wesentliche Rolle in der Erhaltung der zellulären Eisen-Homöostase und neue Hilfsmittel, 

welche diesen biologischen Prozess aufklären können, sind hochrelevant.  

Der potentielle Autophagie-Inhibitor Authipyrin 53, inhibiert Hunger-induzierte Autophagie 

mit einem IC50 von 0.02 ± 0.01 µM und Rapamycin-induzierte Autophagie mit einem IC50 von 

0.18 ± 0.07 µM. Authipyrin beeinträchtigt die mitochondrielle Atmung durch die direkte 

Inhibierung von Komplex I. Komplex I Akti vität wird für den normalen Verlauf der 

Autophagie benötigt. Weiterhin weißt die Mitophagie häufig Fehlfunktionen in Patienten auf, 

welche unter Parkinson leiden. Allerdings ist der genaue Mechanismus, welcher dieser 

Erkrankung zugrunde liegt noch ungeklärt. Authipyrin ist ein strukturell neues Hilfsmittel, 

welches dafür verwendet werden kann diese Wechselbeziehung im Detail zu untersuchen.  
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1. GENERAL INTRODUCTION  

1.1. Chemical genetic approaches in chemical biology 

Chemical Biology describes the interdisciplinary field comprising biology, chemistry and 

pharmacology. In this discipline bioactive molecules are developed and employed to 

investigate biological questions. The selective alteration of a phenotype with chemical tool 

compounds is a valid strategy to study biological processes and signaling pathways. 

Furthermore, the function of cellular macromolecules including proteins, lipids and nucleic 

acids can be investigated on a mechanistic level.[1],[2] 

Obtaining biologically relevant compounds with a desired activity can be a challenging task, 

especially due to the large size of chemical space. One strategy to overcome this obstacle is 

biology-oriented synthesis (BIOS). Biological macromolecules and their respective ligands 

evolved interdependently. Thus, certain small molecule scaffolds are biologically favored. The 

bioactivity of these natural products is proposed to originate from the scaffold itself. BIOS 

employs this hypothesis by creating small molecule libraries derived from selected natural 

product scaffolds. By introducing different substituents and functional groups the desired 

bioactivity can be fine-tuned. [3],[4] However, libraries based on those privileged scaffolds often 

feature equivalent biological activity to the parent natural products they are derived from. The 

fusion of two or more natural product-based fragments can serve as a gateway to novel 

biological functions. These novel chemical entities are referred to as pseudo natural products.[5]  

Pseudo natural product or BIOS libraries can subsequently be subjected to chemical genetic-

based screening approaches, to identify compounds with a desired biological activity. In 

chemical genetics biological processes can be altered by small molecules instead of directly 

influencing the genetic code. This has the advantage that, in contrast to the conventional 

method, the applied changes are temporary and reversible. Moreover, chemical genetics gives 

access to a dose-dependent modification of the respective biological process and compound 

treatment can be performed at arbitrary time points during the experiment.[6]  

Two different approaches exist in chemical genetics, forward and reverse chemical genetics 

(Figure 1). In forward chemical genetics compounds that cause a desired change in cellular or 

organismal phenotype are identified. Subsequently, the biological target of the most promising 

hit compound has to be identified and validated.[7] The forward chemical genetics approach 

can be beneficial to identify novel therapeutic targets for the pharmaceutical industry. 
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Furthermore, the role of a protein in a certain biological process or signaling pathway can be 

studied directly. In reverse chemical genetics a protein of interest is selected and screened 

against a compound library to determine interaction partners. Afterwards, the cellular effect 

and phenotypic influence of the chosen hit compound are investigated (Figure 1).[8]   

 

 

Figure 1: Schematic representation of chemical genetic approaches. A: Forward chemical genetics. B: 

Reverse chemical genetics. 

 

1.2. Phenotypic screening 

Phenotypic screening offers unbiased identification of bioactive substances. The screening 

takes place on organismal or cellular level, which should provide physiologically relevant 

results. Due to recent advances in technology and the development of robotic screening 

platforms, the efficiency of phenotypic screens has improved significantly. This makes it 

suitable for the analysis of chemical libraries by high throughput screening (HTS). Phenotypic 

screens can for instance be applied to identify disease-relevant compounds, as well as those 

substances that affect certain signaling pathways or influence cell viability.[9]  

In order to determine cell viability, fluorescent dyes can be employed. One such dye is 

propidium iodide, which interacts with nucleic acids. Propidium iodide is not membrane 

permeable and therefore unable to enter viable cells. However, cell death results in 

compromised cell membrane integrity, enabling propidium iodide to access and intercalate 

with the DNA of these cells. Hence, propidium iodide stains exclusively dead cells.[10]  
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Furthermore, phenotypic screens are applied to investigate cellular signaling pathways. The 

readout can for instance be a fluorescent protein conjugate, which is expressed downstream of 

a certain signaling pathway.[11] The green fluorescent protein (GFP) can be fused to proteins of 

interest and expressed in cells as well as in vivo. Optimization regarding its temperature 

sensitivity, stability and brightness provided the enhanced GFP (eGFP). The eGFP protein 

enables tracking of cellular protein dynamics and cellular visualization under minimal 

photobleaching.[12] Another experimental readout is based on reporter genes (e.g. luciferase). 

In this technique the generation of a detectable fluorescence or luminescence signal directly 

correlates with pathway activity.[13],[14] The main advantage of a phenotypic screen based on 

signaling pathways is that a bioactive compound could possibly target every component at 

various levels of the pathway. Thus, signaling pathway assays are especially beneficial for 

identification of novel targets.[9] 

 

1.3. Target identification  

A crucial step in the development of novel bioactive compounds from phenotypic screens is 

target identification and validation. To understand the biological mechanism underlying the 

observed phenotypic changes, the molecular interaction partner of a small molecule has to be 

determined.[15] There are various different methods available to achieve this. However, target 

identification is a time-consuming process and, depending on target and compound, some 

approaches are better suited than others.  

 

1.3.1. Affinity enrichment  

One of the most widely used methods for target identification is affinity enrichment. This 

method requires ligand immobilization on a solid support. Therefore, the bioactive compound 

is chemically modified with a suitable linker. The linker serves as a spacer between solid 

support and compound, to avoid steric hindrance. To exclude non-specific binders, an inactive 

compound is employed as a negative control. Subsequently, the negative and positive probes 

are incubated with cell lysate. The small molecules function as ñbaitò and enrich interaction 

partners from the lysate. The amount of non-specific binding partners is further reduced by 

several thorough washing steps. The remaining proteins are digested by proteases, which 

generate specific peptide fragments. These peptides can be annotated to their respective protein 
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of origin with the aid of databases, such as Uniprot. Subsequently, the proteins enriched by the 

positive and negative probes are analyzed. Only those proteins which are significantly enriched 

with the positive probe in comparison to the negative probe are considered as possible targets 

(Figure 2).  

 

 

Figure 2: Schematic representation of affinity enrichment. 

 

However, this method usually requires high affinity ligands, since low affinity interactions 

might not be stable during washing and result in loss of target protein.[16],[17] Another 

disadvantage of this method is the chemical modification by the linker, which can influence 

the target affinity of the bioactive compound. Thus, structure activity relationship studies are 

helpful to determine a suitable modification point, which is not required for compound activity. 

In order to avoid impairment by the linker, several label free techniques were developed.  

 

1.3.2. Label free techniques 

Label free target identification methods have several advantages. One main advantage is that 

they do not require extensive modification of the bioactive compound. Thus, laborious 

structure activity relationship (SAR) studies to identify a suitable site for linker attachment can 

be avoided.[18] A novel method for label free target identification is the cellular thermal shift 

assay (CETSA). This approach is based on the assumption that a compound can influence the 

thermal stability of a protein. A l igand-treated target protein should have a different melting 
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temperature than the control. This shift in the melting temperature can be an indication for 

target engagement (Figure 3). Until now the thermal shift assay was mostly performed with 

purified proteins. However, CETSA allows analysis of complex protein mixtures. Aliquots of 

compound and control treated cell lysates are subjected to incubation at various temperatures. 

Denaturated proteins tend to form aggregates and precipitate and can therefore be removed by 

ultracentrifugation. The supernatant is subsequently analyzed by immunoblotting. Thus, the 

soluble fraction of the protein of interest can be quantified and the shift in melting temperature 

determined.[19] However, to define the correct compound concentration for the CETSA 

experiment might be a challenge. If the melting curve of the potential target protein is available, 

an isothermal dose response fingerprint (ITDRF) can be generated. With an ITDRF the effect 

of ligand concentration on protein stability can be determined at a constant temperature, which 

is typically close to the melting point.[20]  

CETSA is usually limited to analysis of only few proteins, since the detection is performed by 

immunoblotting. However, in combination with high-resolution mass spectrometry (HRMS) 

this method can also be applied in a proteome-wide manner as thermal proteome profiling 

(TPP). Therefore, the samples are digested by addition of trypsin protease after heat treatment. 

Subsequent labeling with neutron-encoded isobaric mass tagging reagents (TMT10), allows 

differentiation of the single temperature points (Figure 3).[21] Thus, melting curves for all 

identified proteins can be generated. Addition of detergents, such as NP40, during cell lysate 

preparation improves the solubility of membrane proteins and increases the overall amount of 

detected proteins.[22] TPP is an unbiased method and in comparison to CETSA does not 

necessarily require a target hypothesis. Thus, TPP can also be applied for de novo target 

identification.[23]  
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Figure 3: Schematic representation of TPP (left) and CETSA (right) 

 

Another approach for mode of action prediction and target identification is the cell painting 

assay (CPA) (Figure 4). The CPA is an unbiased image-based, high-content screening 

approach. Standard phenotypic screening usually focuses on alteration of one specific 

parameter. The CPA also relies on cell morphology profiling for compound evaluation. 

However, in contrast to traditional image-based approaches, a large number of cellular features 

is investigated in parallel.[24] In this assay five fluorescent dyes are employed, which can be 

detected in different channels. These fluorophores stain important cellular organelles or 
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components, such as the nuclei, mitochondria, the endoplasmic reticulum (ER) and the golgi 

apparatus. Furthermore, the cell membrane and cytoskeleton, as well as cytoplasmic RNA and 

nucleoli are visualized. Cell-based screening can be performed with extensive compound 

libraries. The readout is performed by means of high throughput fluorescence microscopy. 

Subsequently, hundreds of features are detected and analyzed to determine possible 

morphological alterations. The collectivity of these data for each compound provides a unique 

fingerprint.  

 

 

Figure 4: Representative scheme of the cell painting assay. 

 

The fingerprint of a certain bioactive compound is compared to those of reference 

compounds.[24] Similarity to a reference compound might indicate the molecular target. 

Furthermore, the analyzed compound could have a similar mode of action or affect the same 

signaling pathway. Thus, for efficient and reliable data evaluation, CPA requires numerous 

reference compounds. These references should be biologically and structurally diverse 

molecules with known target or mode of action.  

 

1.4. Target validation 

Target validation forms the final step in the forward chemical genetics approach. Therefore, 

target engagement has to be demonstrated. Furthermore, a connection between the observed 

phenotype and the potential target should be established. Often target identification yields not 

a single, but several different targets. Initially, the involvement of these possible targets in the 
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investigated biological process is researched, to prioritize certain candidates. Subsequently, 

suitable validation methods are chosen.  

If target identification included affinity enrichment, a competitive pulldown is often the method 

of choice for validation. Here, protein lysates are incubated with an excess of the unmodified 

active compound prior to protein enrichment. The compound should interact with the target 

protein and thus interfere with binding of the immobilized small molecule. Those proteins, 

which are detected during affinity enrichment, but not in the competition assay can be regarded 

as targets.[25] A method for target validation that requires compound modification with a 

fluorophore is fluorescence polarization (FP). In the FP assay, a protein-ligand mixture is 

excited with polarized light. Due to molecular rotation the light depolarizes in a rate 

proportional to the size of the labeled species. While small molecules depolarize quickly, the 

depolarization rate for macromolecules is higher. Thus, protein-ligand interaction will result in 

significant decrease of the depolarization rate.[26]  

Furthermore, target interaction can also be shown in a label free manner by previously 

mentioned CETSA method. After establishment of a target hypothesis, thermal protein stability 

can be detected by immunoblotting with a specific antibody. While CETSA is temperature 

dependent the ITDRF can show target engagement in a dose-dependent manner at a constant 

temperature.[27] Another method to determine the influence of a ligand on protein stability is 

differential scanning fluorimetry (DSF). Upon unfolding of a protein hydrophobic domains are 

exposed. For DSF a dye is employed, which is quenched in aqueous environment and becomes 

highly fluorescent in non-polar surroundings. Thus, protein denaturation is characterized by a 

significant increase in fluorescence intensity.[28] Further biophysical assays to show ligand 

target interaction are isothermal titration calorimetry (ITC) and circular dichroism (CD).[29],[30] 

Since protein-ligand interaction is not sufficient for alteration of protein function, additional 

assays are required for target validation. Provided that the potential target is an enzyme, the 

possible alteration of catalytic activity could be studied. If inhibitors for the respective target 

are already known, they can also be analyzed to determine whether they cause similar changes 

in phenotype. Moreover, knock-down experiments based on RNA interference are often 

utilized in attempts to phenocopy the effect of the bioactive species of interest.[25] 

In order to gain structural information of a protein-ligand complex on a molecular level, X-ray 

crystallography is a powerful tool. However, even if crystallization conditions for the purified 

protein are known, co-crystallization of small molecule and a protein represents a major 
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challenge. Different factors that can influence co-crystallization include protein and ligand 

concentration, temperature and the use of additives. Thus, crystallization of a protein ligand 

complex is a time-consuming endeavor and requires extensive optimization.[31],[32]  

Bioactive compounds with thoroughly validated targets are invaluable tool compounds for the 

investigation of signaling pathways and biological processes. Furthermore, the discovery of 

novel targets and the elucidation of their biological function is of utmost importance for the 

discovery of novel therapeutic targets and the development of efficient pharmaceuticals for 

clinical application.  
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2. DESIGN AND SYNTHESIS OF PHOTOACTIVATABLE MYRISTIC ACID  

ANALOG UES FOR UNC119 CARGO INTERACTIONS 

2.1. Introduction 

An essential component of numerous biological processes is the specific interaction of diverse 

proteins. These protein-protein interactions (PPI) can be characterized according to their 

complex stability. While some interactions are only transient, other proteins require permanent 

complex formation to obtain their native structure.[33] The protein surfaces involved in PPI 

interactions are complementary and often highly hydrophobic. Thus, the main driving force 

that underlies the interaction is the reduction of the non-polar surface area.[34]   

The collectivity of all PPIs in an organism is referred to as the interactome. A protein network 

that represents a certain cluster of these interactions can be visualized in an interaction map. 

Most cellular processes and the resulting phenotypes are characterized by those complex PPI 

networks. Thus, elucidation of the interactome is highly important to fully understand relevant 

genotype-phenotype connections and the respective biological processes on a system wide 

level.[35] The interaction maps that arise therefrom can also assist in prediction of possible 

protein function and drug targets for novel therapeutics.[36] However, PPIs are often highly 

dynamic, which creates further challenges in the prediction and establishment of the respective 

maps.  

 

2.1.1. Posttranslational modifications  

The complexity of an organism is not only determined by its genome, but predominantly by 

the proteome. The diversity of the proteome is on one hand regulated by alternative splicing 

during gene expression and processing. The second influencing factor is posttranslational 

modifications (PTM) (Figure 5).[37] Even though the name implicates that the PTM occurs after 

translation, the modification can also take place co-translationally. Those modifications 

describe the proteolytic cleavage or covalent attachment of a functional group or 

macromolecule to one or more amino acids of a protein. This highly dynamic process can be 

reversible as well as irreversible and alters the functionality of the respective protein. PTMs 

can change the active state and localization of a protein and regulate its turnover and interaction 

with other proteins.[38] To date more than 300 different physiological PTMs were identified 

with approximately 5% of the eukaryotic proteome designated to the implementation of these 
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modifications.[39],[40] The five most common PTMs are acylation, alkylation, phosphorylation, 

glycosylation and oxidation. The possible combination of various PTMs give rise to a severe 

increase in proteome heterogeneity.[39] Furthermore, PTMs facilitate a quick reaction to 

changes in external and internal cellular conditions. Recognition and interpretation of these 

modifications is performed by specific interaction domains.[41]  

 

 

Figure 5: Exponential increase of complexity from genome to proteome due to RNA processing and 

posttranslational modifications.  

 

A modification that regulates the cellular localization of a protein is lipidation, which describes 

the covalent attachment of a lipid moiety to an amino acid side chain or the C- or N-terminus. 

The hydrophobic lipid moiety induces membrane association of the respective proteins and is 

often crucial for biologic function. Lipidation is of central importance in cellular trafficking 

and signaling, as well as protein-protein and protein-lipid interactions.[42]  

 

2.1.2. Protein lipidation  

Isoprenylation (S-prenylation) and acylation (S-palmitoylation and N-myristoylation) are the 

most thoroughly researched lipid modifications (Figure 6). During the process of S-prenylation 

a C15 farnesyl or C20 geranylgeranyl moiety is attached to a cysteine residue in proximity of 

the C-terminus. The consensus sequence for prenylation is referred to as the CaaX box, in 
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which C represents a cysteine and A is an aliphatic amino acid, while X can be any amino acid. 

However, the nature of X influences the substrate specificity.[42] If serine, methionine, 

glutamine or alanine are in X position farnesylation occurs, while leucine results in 

geranylgeranylation. The lipid moiety is attached to the side chain of cysteine through thioether 

formation followed by subsequent cleavage of the three C-terminal residues (aaX) by the Ras 

converting enzyme 1. Finally, the resulting C-terminal cysteine residue is methylated by the 

isoprenylcysteine methyltransferase.[43] However, not all isoprenylated proteins feature a CaaX 

box, especially double prenylated proteins are characterized by a CC- or CXC-motif. Only in 

case of the CXC-motif, the C-terminal cysteine is methylated.[44] 

During S-palmitoylation a cysteine side chain is modified by reaction with the C16 palmitate. 

The attachment is catalyzed by the palmitoyl-transferase through formation of a labile thioester. 

In contrast to the other two mentioned lipid modifications, S-palmitoylation is reversible, which 

creates a ñswitch-likeò system.[45],[46] To date, no distinct consensus sequence was identified 

for palmitoylation.[47],[48] The modification can occur independently or in combination with 

other lipid PTM, including prenylation and N-myristoylation.[49]  

 

 

Figure 6: The four most studied lipid modifications. A: S-Palmitoylation; B: N-Myristoylation; C: 

S-Geranylgeranylation; D: S-Farnesylation.  

 

N-Myristoylation describes the covalent attachment of C14 saturated fatty acid to the N-

terminal glycine of a protein (Figure 5).[50] This lipidation usually occurs co-translationally.[51] 

Myristoylation is found almost exclusively in eukaryotes and viruses. This modification plays 

also an essential role in parasite viability.[52] Attachment of the myristate moiety is catalyzed 

by the N-myristoyl transferase (NMT). Initially, myristoyl-CoA binds to NMT, which initiates 

a conformational change and creates a binding-site for the peptide moiety. Subsequently, 
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transfer of the myristate onto the peptide substrate is catalyzed and the respective product 

released.[53]  The consensus sequence for myristoylation is Met-Gly-X-X-X-Ser/Thr. Initially, 

the initiator methionine is removed prior to lipidation by the methionine amino peptidase. The 

now N-terminal glycine is essential for myristoylation and cannot be substituted by any other 

residue. While the subsequent three amino acids are variable, serine or threonine in 6 position 

and arginine or lysine in 7/8 position are favored.[54]  

Most myristoylated proteins are localized at cellular membranes, where the lipid moiety 

promotes reversible membrane attachment. However, insertion of the myristate chain into the 

lipid bilayer is often not sufficient for stable localization. Thus, a second signal might be 

required to reinforce the membrane interaction. Such a signal could be a polybasic stretch on 

the protein surface that binds to the negatively charged phospholipids of the membrane.[54] Also 

a second lipid modification or the interaction with other membrane proteins would increase 

overall membrane affinity.[55] Another proposed mechanism to regulate membrane binding is 

the myristoyl switch. Ligand binding can induce a conformational change, which sequesters 

the myristate within an intramolecular hydrophobic pocket of the protein. This mechanism 

triggers protein release from the membrane.[56] Furthermore, a myristoyl switch facilitates 

cytosolic trafficking of lipidated proteins. Due to the presence of the lipid moiety myristoylated 

proteins are hardly soluble. However, inside the hydrophobic pocket the myristate moiety is 

concealed from the hydrophilic environment of the cytoplasm. Overall solubility of the protein 

is increased significantly, which enables trafficking through the cytosol.[57] Proteins that lack a 

myristoyl switch require the assistance of a chaperone protein to cross the cytosol. One such 

chaperone of myristoylated proteins is uncoordinated 119 (UNC119). 

 

2.1.3. The myristoyl-chaperone protein UNC119 

UNC119 is a lipid-binding protein that regulates the transport of myristoylated proteins 

between different cellular membranes.[58] This chaperone protein was first identified in C. 

elegans, due to the fact that a mutated form caused severe abnormalities in chemosensation, 

feeding behavior and locomotion.[59] Following this discovery, ubiquitous expression of 

UNC119 was described in various different organisms including animals and plants. UNC119 

proteins share significant sequence similarity with PDEŭ, which is a farnesyl-binding protein. 

In vertebrates, two different homologues of UNC119 are expressed, termed UNC119A and 

UNC119B with a respective size of 240 and 251 amino acids.[60] The two homologues exhibit 
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a sequence homology of about 55%.[61] Highest similarity occurs in the C-terminal region, 

while the N-terminal tail deviates. UNC119A was only recently co-crystalized with a 

myristoylated nephrocystin-3 (NPHP3) peptide (Figure 7).[62] 

 

 

Figure 7: Co-crystal structure of UNC119A and myristoylated NPHP3 subunit (PDB code: 5L7K). 

 

An immunoglobulin-like ɓ-sandwich fold dominates the structure of this chaperone protein, 

which creates a hydrophobic cavity. The lipid chain can insert into this binding pocket together 

with the first N-terminal amino acids. The amino acids in +2 and +3 position, which follow the 

myristoylated glycine are postulated to have a great influence on cargo affinity. High affinity 

interaction partners have small amino acids such as glycine, alanine and serine in these 

positions. Cargo proteins with low affinity feature more bulky amino acids, such as 

phenylalanine and glutamine, which might cause minor steric clashes with the UNC119 protein 

residues.[62] The hydrophobic pocket itself is characterized by 11 highly conserved 

phenylalanine residues. These aromatic amino acids play a key role in lipid binding, while 

especially the residues on the bottom of the binding site (F144, F148, and F207) have the 

greatest influence (Figure 8).[63]  
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Figure 8: Highly conserved phenylalanine residues within the binding site of UNC119A. The most 

important residues (F207, F148, and F144) for binding of myristolyated proteins are highlighted in bold. 

Adaptation from Wright et al.[63] 

 

Myristoylated cargo can be allosterically released by the small GTPases Arf-like proteins 2 and 

3 (Arl2 and Arl3). However, only Arl3 is able to unload high affinity interaction partners. While 

myristoylated cargo proteins with high affinity are located in the cilia, those with low affinity 

reside in the cytoplasm. Thus, Arl2 and Arl3 seem to regulate the sorting of myristoylated 

proteins between cilia and cytoplasm.[61],[62] UNC119 is predominantly expressed in synaptic 

regions and the retinal photoreceptor inner segments. For this reason, human UNC119A is also 

referred to as human retina gene 4 (HRG4). In the retina the UNC119 protein is responsible for 

translocation of the guanine nucleotide binding protein (G protein) subunit alpha transducin 1 

and 2 (Gnat1 and Gnat2) from the inner to the outer segment as part of the light-adaption 

mechanism.[58],[64] Furthermore, UNC119 is required for trafficking of NPHP3 to the ciliary 

membrane. NPHP3 is essential for correct function and development of the cilia.[63] The 

UNC119 protein also interacts with and controls plasma membrane localization of the proto-

oncogene Src family kinases (SFK).[65],[66] Bastiaens et al. reported the UNC119-mediated 

dynamics of the spatial Src cycle. The chaperone protein solubilizes Src from the cytoplasm 

and transports it by diffusion to the recycling endosome (RE). Arl2 and Arl3 are localized close 

to the RE and unload Src from UNC119, where the kinase binds to the RE membrane and those 
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membranes in close proximity. While Src is strongly interacting with RE due to its polybasic 

stretch, palmitoylatable SFKs are located at the Golgi. The kinases are subsequently relocated 

through vesicular transport to the plasma membrane, which restores their signaling activity.[66] 

Furthermore, UNC119 trafficking of the SFK lymphocyte-specific protein tyrosine kinase 

(Lck) strongly contributes to initiation of T-cell receptor (TCR) antigen signaling and 

formation of the immune synapse. However, UNC119 does not only interact with SFKs 

through the lipid moiety. It was also postulated that the UNC119 protein can bind to Src 

homology 2 and 3 (SH2 and SH3) domains.[67]  This interaction causes SFK activation, which 

is crucial for TCR signaling.[68] Furthermore, apparent SFKs play a crucial role in tumor 

development and progression.[69] Mutation of UNC119 is known to be involved in different 

diseases, including the retinopathy cone-rod dystrophy and the immunodeficiency idiopathic 

CD4 lymphocytopenia.[70],[71] Thus, the UNC119 protein would be an attractive target for drug 

development. Recently, Squarunkin A the first small molecule inhibitor of this chaperone 

protein was developed. Squarunkin A prevents activation of Src kinase by UNC119.[72] In a 

subsequent study, another UNC119 inhibitor was shown to interfere with Src localization to 

the plasma membrane.[73] 

 

2.1.4. Photoaffinity labelling probes  

The identification of different binding partners and the further characterization of a protein-

protein-interaction is crucial for the detailed understanding of its biological function. However, 

the investigation of PPIs is challenging. Often the binding sites are difficult to identify, since 

they cover a large surface area of the protein and the interaction itself is usually highly 

dynamic.[74] Photoaffinity probes can assist to overcome this problem. These ligands feature a 

photoactivatable group, which can establish a covalent bond upon irradiation. Initially, probe 

and protein of interest are incubated and form an affinity-based, non-covalent interaction. 

Subsequent irradiation with UV light transforms the photoactivatable group into a highly 

reactive intermediate, which creates a covalent bond. The covalent crosslink stabilizes transient 

interactions and allows identification of low affinity binding partners. Therefore, 

photoactivatable probes are highly valuable tools to investigate protein-protein and protein-

ligand interactions.[75],[76]  

The three most frequently employed photoactivatable groups are the benzophenone, the aryl 

azide and the diazirine (Figure 9). To be suitable for incorporation in a photocrosslinking probe, 
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the photophore has to fulfil several criteria. First it should be fairly stable at ambient light, even 

though these compounds are activated through UV-radiation. Otherwise synthesis and handling 

of photophores under normal working conditions would be rather challenging. Furthermore, 

the photochemistry should be distinct, to ensure reproducible generation of a single covalent 

bond. Therefore, the reactive species should be able to insert into C-H bonds, as well as 

nucleophilic X-H bonds. The life time of the photoactivated state has to be appropriate. Thus, 

the reactive moiety has to react before dissociation of the protein-ligand complex. However, 

the lifetime should also be sufficient for covalent bond formation with a suitable interaction 

partner in a close proximity.[77]  

Aryl azides consist of a phenyl moiety that features a linear azide. These photophores are 

advantageous due to their small size, which prevents steric clashes and should not affect the 

interaction of interest. Aryl azides are converted to the excited state at wavelength of around 

250 nm. The average absorption wavelength of most proteins is below 300 nm. Thus, molecular 

macromolecules could potentially be damaged and non-specific covalent protein-DNA 

crosslinks might occur. Upon irradiation aryl azides generate nitrenes under release of 

molecular nitrogen. However, rearrangement of aryl-nitrenes into less reactive species by ring 

expansion reduces overall reactivity (Figure 9).[78]  

Photolysis of benzophenones generates a reactive biradical with high crosslinking efficiency 

(Figure 8). They are advantageous due to their inertness towards solvents and simple synthesis. 

However, benzophenones are relatively bulky photophores, which can interfere with the 

desired protein-ligand interaction. They are activated at wavelength above 350 nm, thus the 

risk of affecting cellular macromolecules is minor. Another drawback is the long irradiation 

time benzophenones require, which causes increased non-specific labeling.[79]  
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Figure 9: The three most frequently used photophores aryl azide, benzophenone and diazirine.  

 

Since the photophore might affect the features of a bioactive compound, alteration of the 

biomolecule should be minor. In order to mimic the original compound, photoactivatable 

groups of small size are beneficial. The least bulky of the mentioned photophores is the 

diazirine. Upon irradiation the diazirine is converted into a highly reactive carbene species, 

which has a relatively short lifetime. Thus, the resulting carbene quickly reacts with an 

interaction partner in close proximity or is quenched by buffer components, which reduces 

unspecific labelling. The carbene can insert into C-H and heteroatom-H bonds to rapidly create 

a covalent bond.[80] Furthermore, diazirines are activated at >350 nm. Thereby, damage of 

cellular macromolecules is prevented.[77] One drawback of diazirines is the possibility of diazo 

isomerization through photolysis, which reduces the photo-crosslinking efficiency (Figure 8). 

However, a trifluoromethyl group in Ŭ-position to the diazirine can prevent undesired 

isomerization.[81]   
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2.2. Motivation and goals 

N-Myristoylation plays a key role in regulation of cellular signaling and protein activation and 

myristoylation is involved in various severe disorders. Furthermore, the myristoyl moiety 

contributes to protein-protein and protein-lipid interactions and dictates localization and 

reversible membrane attachment of the lipidated protein. Due to their hydrophobic nature 

myristoylated proteins preferably locate at cellular membranes. The UNC119 chaperone 

protein facilitates trafficking of myristoylated proteins through the cytosol. UNC119 proteins 

have a well-defined hydrophobic pocket for insertion of the myristoyl chain of its binding 

partner. However, short-lived interactions and low affinities can cause great difficulties in 

identification of new binding partners. Photoactivatable myritoyl analogues (Pacman) forming 

a covalent bond upon irradiation, can serve as tools to overcome these obstacles.  

For this purpose, several diazirine based analogues of myristic acid should be designed and 

synthesized (Figure 10). Subsequently, the probes should be evaluated for their affinity to 

UNC119 and their ability to establish a covalent bond with the chaperone protein. To obtain 

structural information, identification of the cross-linking site and co-crystallization of Pacman 

probes with UNC119 protein should be attempted. The interaction of the myristoyl analogues 

with UNC119 in a complex mixture of proteins should be confirmed by affinity enrichment. 

Moreover, the probes should be screened in a fluorescence-based assay to investigate substrate 

recognition by NMT. Finally, metabolic labeling should be performed followed by affinity 

enrichment of new interaction partners of UNC119 chaperone protein. The identification of 

previously unknown UNC119 binding partners would provide valuable insight into the 

biological role of the chaperone protein and its involvement in various disorders.  
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2.3. Results and discussion 

2.3.1. Design and Synthesis of photoactivatable myrist ic acid analogues 

The myristate moiety is a C14 saturated fatty acid and the photoactivatable group should be 

incorporated into the backbone of this lipid chain. The diazirine group was chosen as the photo-

activatable moiety, since it has several advantageous characteristics (as described in the 

Introduction). The small size of the diazirine should allow insertion of the myristic acid 

analogue into the hydrophobic binding pocket of UNC119 proteins without creating steric 

hindrance. Potentially, the diazirine moiety can be installed at various positions along the 

aliphatic chain. The photoactivatable moiety was installed at the end of the alkyl chain to target 

one of the residues inside the hydrophobic pocket of UNC119 proteins. This should ensure a 

stable covalent crosslink between UNC119 protein and its interaction partner. Three potential 

analogues were envisioned (Figure 10). The first two analogues contain a more reactive 

aliphatic diazirine moiety, which keeps the structural perturbation to a minimum. Analogue 3 

is based on an aryl diazirine with a trifluoromethyl group. Even though the aromatic diazirine 

is relatively bulky in comparison to alkyldiazirines, it brings several advantages. The aromatic 

ring and the trifluoro group prevent isomerization to the less reactive linear diazo-species and 

stabilize the formed carbene.[82]  

 

 

Figure 10: Diazirine based photoactivatable analogues of myristic acid Pacman 1-3. 

 

2.3.1.1. Synthesis of Pacman-1 

Pacman-1 analogue 1 was synthesized from two building blocks, 1,8-octanediol 6 and 4-

hydroxybutan-2-one 4 (Figure 11). Initially, the keto group of 4-hydroxybutan-2-one 4 was 

transformed into the diazirine 5 in two steps following a published procedure.[83] First, the 

diaziridine moiety was formed by the reaction of the ketone with liquified ammonia and 

hydroxylamine-O-sulfonic acid. Subsequently, the diaziridine moiety was oxidized to the 

corresponding diazirine using iodine as an oxidant and triethylamine as a base. In parallel, 1,8-

octanediol 6 was monoprotected with tert-butyldimethylsilyl chloride (TBDMSCl) and 
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equipped with a leaving group, introduced by substitution of the remaining alcohol with 

methane-sulfonylchloride. Consequently, the diazirinated alcohol 5 was deprotonated with 

potassium hydride in dioxane under reflux and reacted with the methanesulfonate 8. The silyl 

protecting group of the alcohol was removed with tetrabutylammonium fluoride (TBAF). The 

alcohol 10 was oxidized to furnish the desired carboxylic acid to obtain Pacman-1 analogue in 

overall 15% yield.  

 

 

Figure 11: Synthesis of Pacman-1 1 from 4-hydroxybutan-2-one 4 and 1,8-octanediol 6. 

 

2.3.1.2. Synthesis of Pacman-2 

In order to synthesize Pacman-2 2, the respective Grignard reagent was prepared from 

1-bromobutane 11 and magnesium (Figure 12). Subsequently, n-butyl magnesium bromide 12 

was reacted with methyl 10-undecanoate 13 to obtain the respective alcohol 14 that was 

oxidized to the corresponding ketone 15 using the Dess-Martin periodinane reagent. The 

methyl ester 15 was cleaved with lithium hydroxide in dioxane under reflux. The ketone 16 

was converted to the corresponding diazirine 2 using 7 N ammonia in methanol, followed by 

oxidation with iodine and triethylamine, providing the desired Pacman-2 2 in 10% overall 

yield.  
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Figure 12: Synthesis of Pacman-2 2 from 1-bromobutane 11 and 10-undecanoate 13. 

 

2.3.1.3. Synthesis of Pacman-3 

The photo-activatable myristoyl analogue Pacman-3 3 is based on a trifluoro-

methylphenyldiazirine (Figure 13). Initially, commercially available 1,7-heptanediol 17 was 

reacted with TBDMSCl to obtain a monoprotected alcohol 18. The alcohol 18 reacted with the 

diazirinated benzyl bromide. Subsequently, the silyl protecting group was removed with TBAF 

and the alcohol 20 was oxidized to the corresponding carboxylic acid 3. The overall yield over 

four synthetic steps was 13%. 

 

 

Figure 13: Synthesis of Pacman-3 3 from a commercially available aromatic trifluoro-diazirine and 

1,7-heptanediol 17.  

 

In order to improve the efficiency of the synthesis, the synthetic route was optimized by directly 

reacting the excess of 1,7-heptanediol 17 with the diazirine building block (Figure 14). The 

desired monosubstituted alcohol 20 was the predominant product of the reaction (66% yield) 

with only traces of the double substituted site product being formed. Thus, the unnecessary 

protection and deprotection steps were omitted from the synthetic sequence, which reduced the 

number of steps and increased the synthesis efficiency. Thus, the Pacman-3 analogue is readily 

accessible in two steps with overall yield of 44%. 
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Figure 14: Optimized synthesis route for Pacman-3.  

 

2.3.1.4. Synthesis of Pacman-based peptide probes 

Pacman-based peptide probes were prepared for the photocrosslinking experiments with 

UNC119 proteins (Figure 15). To this end, short N-terminal peptide sequences were chosen, 

based on known UNC119 interaction partners. The first peptide was derived from the Src 

protein, since previous work in our group showed the interaction of myristoylated Src peptide 

with UNC119A.[65] Furthermore, a transducin alpha subunit Gnat1-based probe was 

synthesized. This protein is known to be a high affinity binding partner of UNC119 proteins.[62] 

The crystal structure of transducin alpha peptide with UNC119 has demonstrated that only the 

first six N-terminal amino acids insert along with the lipid chain into the hydrophobic pocket 

of UNC119.[58] Based on our previous work, peptide sequences of nine (Gnat) and eight (Src) 

amino acids were selected for the photocrosslinking experiments (Figure 15). The peptide 

fragments were synthesized by microwave-assisted solid phase peptide synthesis (SPPS) using 

fluorenylmethoxycarbonyl (Fmoc)-protected amino acids, O-(1H-6-chlorobenzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) as a coupling reagent and N,N-

diisopropylethylamine (DIPEA) as the base. The Fmoc groups were cleaved with a 20% 

solution of piperidine in dimethylformamide (DMF) prior to the coupling step. Subsequently, 

Pacman analogues were coupled to the N-terminus of the corresponding peptide to obtain the 

respective photoactivatable probes. 
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Figure 15: General synthesis of lipidated peptide probes.  

 

The affinity of the photoactivatable probes towards UNC119A and UNC119B was determined 

by fluorescence polarization measurements. For this purpose, fluorescein isothiocyanate 

(FITC) was coupled to the C-terminal lysine residue of the respective Pacman-probes (Figure 

16). As only the first six amino acids insert into the hydrophobic pocket, labeling with the 

fluorophore at this position should not interfere with binding to UNC119. To achieve this goal, 

the C-terminal lysine was protected with the 4-methyltrityl (Mtt) protecting group. The Mtt 

moiety can be removed under mild acidic conditions without affecting other protecting groups. 

Initially, Mtt -removal was attempted with a mixture of TFA/TIS/DCM (1:2:97). However, an 

unwanted partial removal of the Boc-protecting groups of other lysine residues was observed 

under these conditions. This resulted in unselective labeling of several lysine residues with 

FITC. The lysine deprotection was afterwards carried out with HFIP/DCM (1:4), which caused 

selective cleavage of the Mtt-group. The remaining protecting groups were not affected. 

Subsequently, the FITC moiety was attached to the free amino group of the C-terminal lysine 

side chain in the presence of DIPEA. 
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Figure 16: Structures of Pacman-Src probes for photocrosslinking (a) and fluorescence polarization 

measurement (b) with UNC119 proteins. 

 

2.3.2. Evaluation of Pacman-based probes 

2.3.2.1. Determination of the affinity of Pacman-based probes for UNC119 proteins 

Since modification of the myristic acid can alter the interaction of the fatty acid with UNC119 

proteins, the affinity of Pacman-substituted probes to UNC119A and UNC119B was 

determined by means of a FP assay. Therefore, FITC labeled Pacman-Src probes 21b to 24b 
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were prepared. In this assay, the fluorescent probes are incubated with increasing amounts of 

UNC119 protein in a buffer and irradiated with linear polarized light (Figure 17). Fluorescence 

polarization is sensitive to changes in molecular weight. Small fluorescent compounds show a 

high degree of free rotation in solution, which results in quick depolarization of the emitted 

light. If the fluorophore binds to a species with much higher molecular weight, like a protein, 

this results in reduction of the rotational speed and consequently depolarization is slowed 

down.[26]  

 

 

Figure 17: Fluorescence Polarization Assay with FITC labelled Pacman probes and increasing 

concentration of UNC119 protein.  

 

As a reference value the affinity of a myristoyl-Src peptide (Myr-Src) to both UNC119 proteins 

was determined (Figure 18A). Myr-Src has an affinity of 150 nM to UNC119A and 80 nM to 

UNC119B.[65] The affinities of Pacman-2-Src 22b to UNC119A and UNC119B are comparable 

to those of Myr-Src with 40 nM and 60 nM respectively (Figure 18C). In contrast, Pacman-3-

Src 23b (Figure 18C) and Pacman-1-Src 21b (Figure 18B) show a significant drop in affinity, 

which is most likely caused by the bulky aromatic ring of Pacman-3 and the oxygen in the 

backbone of Pacman-1. While the affinity of Pacman-3-Src 23b is 2.3 µM for UNC119A and 

1.3 µM for UNC119B, Pacman-1-Src 21b has an affinity of 1.4 µM for UNC119A. 

Also for Pacman-3-Gnat 24b, affinities to UNC119 proteins were determined (Figure 18D). 

The probe showed high affinity to UNC119A and UNC119B with 40 nM and 130 nM 

respectively. To investigate whether Pacman-3 probes also interact with other lipid binding 

chaperones, affinities of Pacman-3-Gnat 24b and Pacman-3-Src 23b to PDEŭ were determined 

(Figure 18C and 18D). Both probes did not interact with the farnesyl binding protein PDEŭ 

and, thus, are specific for the UNC119 chaperone protein.  
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Figure 18: Affinities of Pacman based probes to UNC119 and PDEŭ proteins. A: Affinity of Myr -Src 

to UNC119A and UNC119B. B: Affinities of Pacman-1-Sr 21b to UNC119A and UNC119B and 

Pacman-2-Src 22b to UNC119A. C: Affinities of Pacman-3-Src 23b to UNC119A, UNC119B and 

PDEŭ. D: Affinities of Pacman-3-Gnat 24b to UNC119A, UNC119B and PDEŭ.  

 

2.3.2.2. Covalent labeling of UNC119 proteins by photoactivatable probes  

In order to confirm photo-activation and covalent bond formation between Pacman peptides 

and UNC119 proteins, a mass spectrometry-based readout was chosen (Figure 19). Following 

incubation of probe and protein, covalent bond formation was initiated by irradiation at 

365 nm. The carbene moiety, created upon irradiation, is highly reactive and is expected to 

insert into C-H and X-H bonds (where X is a heteroatom) of the adjacent moieties, thus forming 

a covalent bond with the residues of UNC119 proteins.[84] Outside of the binding pocket, photo-

activated probes are short-lived species. They are immediately quenched by water molecules 

in the reaction buffer. Fast hydrolysis of the carbene prevents unspecific bond formation with 

outer parts of the protein. When the photoactivated probe is present inside the hydrophobic 

pocket of the protein, a covalent bond between the probe and the protein is formed. The process 

can be monitored using mass spectrometry by following adduct formation of the UNC119 

protein with the Pacman probe. This adduct has the molecular mass of the protein plus the 

probe minus 28 mass units due to the loss of two diazirine nitrogen atoms. For the detection of 
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covalent bond formation, matrix assisted laser desorption ionization spectrometry (MALDI) 

with time of flight (TOF) detection mode was chosen. Since this method can only detect high 

affinity interactions and covalent complexes, MALDI is suitable for confirmation of covalent 

bond formation between Pacman-probes and UNC119 proteins. 

 

 

Figure 19: Photocrosslinking of Pacman-probes and UNC119 protein upon irradiation results in 

increased molecular weight detectible by MALDI spectrometry.  

 

To perform the photocrosslinking experiments a 1:4 mixture of protein and the peptide probe 

in PBS buffer was prepared. Detergent as component of the buffer was avoided, since previous 

experiments indicated interaction of detergents with the UNC119 hydrophobic pocket. The 

concentration of the protein was adjusted to 50 µM and of the Pacman probes to 200 µM. The 

resulting mixture was added to a glass vial and irradiated at 365 nm. Initially, photoactivation 

was performed for 1 h. During the irradiation several aliquots were taken at 0 min, 5 min and 

60 min and stored in darkness on ice, to prevent further photo-activation by ambient light. 
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Subsequently, the samples were measured by MALDI-TOF mass spectrometric analysis. For 

Pacman-1-Src 21a and Pacman-2-Src only the unchanged mass of UNC119A or UNC119B 

was detected (Figure 20). No mass corresponding to the protein featuring the covalent 

modification was observed. The results indicated that Pacman-1-Src 21a and Pacman-2-Src 

22a were not able to establish a covalent interaction with neither UNC119A nor UNC119B.  

 

 

Figure 20: Labeling of UNC119 protein with Pacman-1-Src 21a and Pacman-2-Src 22a. A: Pacman-

1-Src and Pacman-2-Src do not label UNC119A (representative spectrum). B: Pacman-1-Src and 

Pacman-2-Src do not label UNC119B (representative spectrum). 

 

In order to understand why no photolabeling occurred, the results of the MALDI mass 

spectrometry measurements were examined. The mass of the protein remained unchanged, so 

the masses representing the peptide probe and possible derivatives were analyzed (Figure 21). 

The peak with the mass of 1081 Da represents the diazirinated Src peptide probe 22a before 

the irradiation. Upon irradiation, the mass of 1081 Da disappeared and two new peaks with the 

masses of 1053 Da and 1075 Da appeared. The mass of 1053 Da can be attributed to the loss 

of the diazirine under formation of a double bond. The mass of 1075 Da represents the sodium 

adduct of this double bond containing side product.  

 



41 
 

 

Figure 21: MALDI spectrum of Pacman-2-Src 22a.. A: Pacman-2-Src without irradiation. B: Pacman-

2-Src after 30 min irradiation at 365 nm.  

 

Alkyl di azirines are highly reactive. The formed carbene species have very short life time and 

can be quenched by water molecules. Furthermore, a 1,2-hydrogen migration might occur, 

which results in double bond formation.[85] In case of Pacman-2-Src 22a, the alkene formation 

seemed to be favored. The affinity determined by the FP assay indicates an interaction between 

Pacman-2-Src 22b and UNC119 proteins. Thus, the probe seems to insert into the hydrophobic 

pocket of the chaperone protein. However, upon activation the alkyl diazirine seems to form a 

double bond instead of labeling the protein. This could be explained by the absence of a suitable 

moiety in close proximity that the carbene can react with. According to these results the alkyl 

diazirines Pacman-1 and Pacman-2 are unsuitable for covalent labeling of UNC119 proteins. 

While Pacman-1-Src 21a and Pacman-2-Src 22a labeled neither of the UNC119 proteins, 

Pacman-3-Src 23a labeled only UNC119B, but not UNC119A (Figure 22 and 23).  

 

 

Figure 22: Labeling of UNC119A protein with Pacman-3-Src 23a.  
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The labeling efficiency of Pacman-3-Src 23a for UNC119B reached 25 % after 45 min of 

irradiation (Figure 23A). In order to maximize the labeling efficiency, the amount of photo-

activatable probe was increased from 4 equivalents to 10 equivalents. However, the amount of 

covalently bound UNC119B protein increased only slightly to 35%. Due to the potential short 

life-time of the diazirine probe upon irradiation, the labelling was performed in several cycles. 

Hence, the equilibrium between bound and unbound probe is reestablished during each cycle, 

while the covalently labeled protein is effectively removed from the equilibrium. The amount 

of probe added during each cycle was reduced to 3 equivalents and irradiation time for each 

step was adjusted to 20 min. This approach increases the amount of covalently labeled 

UNC119B after four cycles to 80 % (Figure 23).  

 

 

Figure 23: Labelling of UNC119B with Pacman-3-Src 23a. A: Labelling efficiencies with various 

equivalents of Pacman-3-Src at different time points. B: Structure of Pacman-3-Src 23a. C: MALDI 

spectrum of labeled UNC119B with 3x3 eq. of the probe after 0 min (light blue), 20 min (dark blue), 

40 min (green) and 60 min (purple). 

 

Based on this results Pacman-3 was chosen for further evaluation, since it was the only 

analogue featuring sufficient labeling efficiency. Subsequently, also Gnat1-based probe 24a 

was evaluated (Figure 24). Since Gnat1 is a known high affinity interaction partner of UNC119 

proteins higher photolabeling efficiency were expected for this probe. With the Pacman-3-Gnat 

probe 24a photo-crosslinking experiments were performed under the optimized conditions 

described above. In total, two cycles were sufficient to obtain a labeling of UNC119A with 
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95% efficiency and UNC119B with 99% efficiency. The variations in photocrosslinking 

efficiency can be explained by differences in the peptide sequence affecting the interaction 

with UNC119 protein.  

 

 

Figure 24: Labelling of UNC119 proteins with Pacman-3-Gnat 24a. A: Structure of Pacman-3-Gnat 

24a. B: MALDI spectrum of labeled UNC119A with 2x3 eq. of probe after 0 min (light blue), 20 min 

(dark blue) and 40 min (green). C: MALDI spectrum of labeled UNC119B with 2x3 eq. of probe after 

0 min (light blue), 20 min (dark blue) and 40 min (green). 

 

In contrast to Pacman-3-Src 23a, which labelled only the UNC119B isoform, Pacman-3-Gnat 

24a labelled both UNC119 proteins. The selectivity of Pacman-3-Src 23a for UNC119B does 

not seem to be caused by a difference in affinity. Even though, the affinity of Pacman-3-Src 

23a is significantly lower than that of myristoylated Src, Pacman-3-Src 23a shows similar 

affinity for UNC119A and UNC119B proteins.  

 

2.3.3. Mapping of the UNC119 binding pocket 

In order to gain structural insight into the interactions and the difference in labelling efficiency, 

the covalent binding site was localized. To this end, UNC119 proteins were covalently labeled 

with either Pacman-3-Src 23a or Pacman-3-Gnat 24a. Subsequently, a tryptic digestion was 
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performed and the samples were analyzed by tandem MS/MS. The respective unlabeled 

UNC119 protein was used as a control.  

The results confirmed that Pacman-3-Src 23a is selective for UNC119B, since no indication 

for covalent modification was found in the UNC119A sample. The modification in UNC119B 

was located on Tyr-247 (T247) or in the proximity thereof (Figure 25). As expected, in case of 

Pacman-3-Gnat 24a, both UNC119A and B were labelled. Only UNC119A was crystalized, 

but not UNC119B. However, both proteins have high sequence similarity, especially within 

the C-terminal region forming the hydrophobic binding cavity. Thus, a sequence alignment of 

UNC119A and UNC119B was performed (Figure 25).  

 

Figure 25: Sequence alignment of UNC119A and UNC119B. Grey: Identical amino acids; Red: residue 

covalently labeled by Pacman-3-Src 23a (T247). 

 

Sequence alignment revealed that the covalently labeled T247 corresponds to T236 in 

UNC119A (Figure 25). Examination of the UNC119A crystal structure showed that this 

tyrosine is located at the bottom of the hydrophobic pocket. Labelling at this residue confirms 

that Pacman-3 modified peptide 24a inserts into the hydrophobic pocket prior to activation and 

rules out complex formation due to unspecific interactions. No crystal structure of UNC119B 

with or without the lipidated cargo was reported. Therefore, in order to get insight into the 

interactions and the binding mode of the lipidated probes 23a and 24a, a model of UNC119B 

based on the crystal structure of UNC119A in complex with the myristoylated NPHP3 peptide 

(PDB: 5L7K) was created using Swiss Model (Figure 26).[86] 

 

UNC119A         MKVKKGGGGAGTATESAPGPSGQSVAPIPQPPA----------- ESESGSESEPDAGPGP 

UNC119B         --- MSGSNPKAAAAASAAGPGGLVAGKEEKKKAGGGVLNRLKARRQAPHHAADDGVGAAV 

  

UNC119A         RPGPLQRKQPI GPEDVLGLQRI TGDYLCSPEENIYKIDF VRFKIRDMDSGTVLFEIKKPP 

UNC119B         TEQELLALDTI RPEHVLRLSRVTENYLCKPEDNIYSIDF TRFKIRDLETGTVLFEIAKPC 

  

UNC119A         VSERLPINRR--- DLDPNAGRFVRYQFTPAFLRLRQVGATVEFTVGDKPVNNFRMIERHY 

UNC119B         VSDQEEDEEEGGGDVDIS AGRFVRYQFTPAFLRLRTVGATVEFTVGDKPVSNFRMIERHY 

  

UNC119A         FRNQLLKSFDFHFGFCIPSSKNTCEHIYDFPPLSEELI SEMIRHPYETQSDSFYFVDDRL 

UNC119B         FREHLLKNFDFDFGFCIPSSRNTCEHIYEFPQLSEDVI RLMIENPYETRSDSFYFVDNKL 

  

UNC119A         VMHNKADYSYSGTP 

UNC119B         I MHNKADYAYNGGQ 
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Figure 26: Covalent labelling of UNC119 proteins with Pacman-3-Gnat 24a and Pacman-3-Src 23a. 

A: Model of UNC119B protein with the photocrosslinking sites Phe-207 and Tyr-247 (sticks). B: 

Overlay of the myristoylated NPHP3 peptide (PDB: 5L7K, yellow), Pacman-3-Gnat (orange) and 

Pacman-3-Src (cyan). C: Pacman-3-Gnat inside the binding cavity of UNC119B with the diazirine 

oriented towards Phe-207. D: Pacman-3-Src inside the binding cavity of UNC119B with the diazirine 

oriented towards Tyr-247. (adopted from Kaiser et al.)[87] 

 

Pacman-3-Gnat 24a, covalently modified UNC119A as well as UNC119B (Figure 27). Again, 

an aromatic amino acid was labeled. For UNC119A it was Phe-196 (F196) and for UNC119B 

Phe-207 (F209). Sequence alignment of both proteins revealed that the amino acid sequences 

are homologous. This finding suggests a similar binding mode of Pacman-3-Gnat 24a for 

UNC119A and UNC119B. F196 is also localized on the bottom of the binding pocket.  
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Figure 27: Sequence alignment of UNC119A and UNC119B. Grey: Identical amino acids; Red: 

residues covalently labeled by Pacman-3-Gnat 24a (F196 and F209). 

 

2.3.4. Crystallization of photolabelled UNC119 proteins  

To gain even better structural insight into the covalent interaction between Pacman-3 probes 

and UNC119 proteins, the co-crystallization of photocrosslinked Pacman UNC119 protein 

complex was attempted. Up to date only the crystal structure of UNC119A was published and 

not of UNC119B. Recently, UNC119A was co-crystalized with myristoylated NPHP3 

peptide.[62] In this study, a truncated version of the UNC119A protein was employed, since the 

flexible N-terminus of the protein might interfere with crystal formation.[62] Following the same 

logic, the analogically truncated construct of UNC119B protein (termed shUNC119B, 

containing amino acids 42-251) was employed in the co-crystallization with the 

photocrosslinked Pacman-3-based probe. 

For initial experiments, two Pacman-3 probes 25 and 26 with shorter peptide sequences, 

containing four amino acids, were chosen (Figure 28A and 28B). Longer peptide sequences 

might cause more flexibility, which could impair the crystallization process. One probe 25 was 

based on Pacman-3-Gnat 24a and the second probe 26 on NPHP3, which were both previously 

co-crystalized with UNC119A.[62],[58] Initially, short peptide probes shGnat and shNPHP3 were 

synthesized and modified with Pacman-3 as described earlier. Subsequently the efficiencies of 

photo-crosslinking with UNC119A and UNC119B were determined (Figure 28C and 28D).   

 

UNC119A         MKVKKGGGGAGTATESAPGPSGQSVAPIPQPPA----------- ESESGSESEPDAGPGP 

UNC119B         --- MSGSNPKAAAAASAAGPGGLVAGKEEKKKAGGGVLNRLKARRQAPHHAADDGVGAAV 

  

UNC119A         RPGPLQRKQPI GPEDVLGLQRI TGDYLCSPEENIYKIDF VRFKIRDMDSGTVLFEIKKPP 

UNC119B         TEQELLALDTI RPEHVLRLSRVTENYLCKPEDNIYSIDF TRFKIRDLETGTVLFEIAKPC 

  

UNC119A         VSERLPINRR--- DLDPNAGRFVRYQFTPAFLRLRQVGATVEFTVGDKPVNNFRMIERHY 

UNC119B         VSDQEEDEEEGGGDVDIS AGRFVRYQFTPAFLRLRTVGATVEFTVGDKPVSNFRMIERHY 

  

UNC119A         FRNQLLKSFDFHFGFCIPSSKNTCEHIYDFPPLSEELI SEMIRHPYETQSDSFYFVDDRL 

UNC119B         FREHLLKNFDFDFGFCIPSSRNTCEHIYEFPQLSEDVI RLMIENPYETRSDSFYFVDNKL 

  

UNC119A         VMHNKADYSYSGTP 

UNC119B         I MHNKADYAYNGGQ 
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Figure 28: Photocrosslinking of shUNC119B with Pacman-3-shGnat 25 and Pacman-3-shNPHP3 26. 

A: Structure of Pacman-3-shGnat 25. B: Structure of Pacman-3-shNPHP3 26. C: shUNC119B labeled 

with two times 3 equivalents of Pacman-3-shGnat 25 after 0 min, 20 min and 40 min.  D: shUNC119B 

labeled with two times 3 equivalents of Pacman-3-shGnat 26 after 0 min, 20 min and 40 min.   

 

Both Pacman-3-shGnat 25 and Pacman-3-shNPHP3 26 probes showed excellent labelling 

efficiencies for full length UNC119B, as well as shUNC119B (Table 1). While Pacman-3-

shGnat 25 labels both proteins quantitatively, Pacman-3-shNPHP3 26 labels full length 

UNC119B quantitatively and shUNC119B up to 95%. Furthermore, Pacman-3-shNPHP3 26 

shows lower labelling efficiencies after 20 min. Hence, Pacman-3-shGnat 25 was chosen for 

co-crystallization with shUNC119. 
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Table 1: Photolabelling efficiencies of Pacman-3-shGnat 25 and Pacman-3-shNPHP3 26 for 

shUNC119B and full length UNC119B including irradiation time and applied amounts of probe.  

 

Pacman-3-shGnat Pacman-3-shNPHP3 

Irradiation 

time [min]  
Eq.  

Labelling 

efficiency 

Irradiation 

time [min]  
Eq. 

Labelling 

efficiency 

UNC119B 

0 3 0 0 3 0 

20 3 90 20 3 80 

40 6 100 40 6 100 

shUNC119B 

0 3 0 0 3 0 

20 3 85 20 3 55 

40 6 100 40 6 95 

 

For co-crystallization of shUNC119B with Pacman-3-shGnat 25 the protein was incubated and 

irradiated twice with the probe, in order to achieve complete photo-crosslinking. Subsequently, 

a portion of the complex was shortly incubated with minor amounts of protease. This digestion 

step removes flexible sections of the protein and might promote protein crystallization. Over 

500 different buffer compositions were screened, however under none of these conditions 

protein crystal formation was observed.  

Since UNC119A was previously successfully co-crystalized with different lipidated ligands, 

the screening was repeated under the same conditions with shUNC119A protein. Initially, 

photocrosslinking experiments with Pacman-3-shGnat 25 and full length or shUNC119A were 

performed, resulting in 95% labelling efficiency for both proteins (Figure 29). Thus, Pacman-

3-shGnat 25 was found to be suitable for the crystallization with shUNC119A. 
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Figure 29: Photocrosslinking of full length UNC119A and shUNC119A with Pacman-3-shGnat 25.               

A: Full length UNC119A labeled with two times 3 equivalents of Pacman-3-shGnat 25 after 0 min and 

40 min. B: shUNC119A labeled with two times 3 equivalents of Pacman-3-shGnat 25 after 0 min and 

40 min.   

 

Screening of suitable crystallization conditions with shUNC119A revealed crystal formation 

after 30 min in two different buffers (Figure 30). One buffer contained 0.2 M (NH4)2-tatrate 

and 20% w/v PEG3550, the other one 0.2 M KH2PO4 and 20% w/v PEG3550. However, the 

observed crystals dissolved after 8 h and could not be isolated for further analysis. The protein 

crystalized under no further conditions within the 90 days incubation period.  

 

 

Figure 30: Images of crystals formed during screening with photocrosslinked Pacman-3-shGnat 25 and 

shUNC119A after 30 min. A: Buffer composition: 0.2 M (NH4)2-tatrate and 20% w/v PEG3550. B: 

Buffer composition: 0.2 M KH2PO4 and 20% w/v PEG3550.  

 

Optimization of screening conditions was subsequently performed with hanging drop method. 

Therefore, the predigested, photocrosslinked protein ligand complex was incubated with 0.1 M 

or 0.2 M concentration of either KH2PO4 or (NH4)2-tatrate in presence of 10% to 22.5%. w/v 
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PEG3350. However, no crystallization occurred under any of these conditions. Thus, 

crystallization of UNC119A or UNC119B photolabelled with Pacman-3-shGnat 25 could not 

be achieved. This could be caused by the different properties of the myristoyl moiety and 

Pacman. Consequently, Pacman might prevent formation of crystals. Later analysis of existing 

co-crystal structures of UNC119A with mirstoylated NPHP3 or lauroylated Gnat1 revealed 

that the lipidated peptides are composed of six and eight amino acids respectively, which form 

an alpha helix (Figure 31).  

 

 

Figure 31: Alpha helix formation of both lipidated peptides co-crystalized with UNC119A. A: Co-

crystal structure of UNC119A with lauroylated Gnat1 (PDB: 3RBQ). B: Co-crystal structure of 

UNC119A with myristoylated NPHP3 (PDB: 5L7K). 

 

The Pacman-3-shGnat probe 25 contains only four amino acids, which might not be sufficient 

for formation of an alpha helix. However, the alpha helix could result in stabilization of the 

protein and thus be required for UNC119 crystallization. Therefore, screening for suitable 

crystallization conditions could be repeated with a longer Gnat peptide construct containing at 

least six amino acids, in order to promote possible alpha helix formation. 

 

2.3.5. Affinity e nrichment of UNC119 proteins from lysate 

Since the labeling efficiency was optimized and specificity of the interaction could be 

confirmed, the interaction of Pacman-3 probes with UNC119 in a complex protein mixture was 

investigated. Therefore, an affinity enrichment experiment was chosen. The statistically 
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significant enrichment of a target protein from lysate with the positive Pacman-3 probe in 

comparison to a non-binding negative probe would indicate target engagement.  

 

2.3.5.1. Design and synthesis of affinity enrichment probes 

Initially, negative and positive affinity enrichment probes of Pacman-3-Src 23a and Pacman-

3-Gnat 24a were prepared. As a negative control for affinity enrichment experiments the 

Pacman-3 moiety was substituted by an acetyl group. UNC119 proteins bind to proteins 

carrying the long saturated lauroyl and myristoyl fatty acid functionalities, but do not interact 

with proteins featuring an acetylated N-terminus. On this account, only interaction with 

Pacman modified probes should result in enrichment of UNC119 proteins, but not with 

acetylated probes. Acetylation of the N-terminal glycine was performed with acetic anhydride 

and DIPEA. The C-terminal lysine sidechain of both peptides, Src and Gnat, was chosen for 

linker attachment, since it is in sufficient distance from the Pacman moiety and interference 

with UNC119 protein interaction seems unlikely.  

Attachment of the linker was first performed using HCTU as coupling reagent and DIPEA as 

base. However, the reaction did not lead to any conversion of the starting materials. 

Subsequently different coupling reagents were screened (Table 2). A mixture of (1-cyano-2-

ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophos-

phate (COMU) and DIPEA, as well as a mixture of ethyl cyano(hydroxyimino)acetate 

(Oxyma), N,Nǋ-diisopropylcarbodiimide (DIC), and DIPEA resulted in formation of various 

side products. The desired product was not found. Conditions involving benzotriazole-1-yl-

oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) and DIPEA gave small 

amounts of product. Finally, linker attachment was achieved with a reaction mixture containing 

COMU, Oxyma and DIPEA.  
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Tabel 2: Screened conditions for linker attachment to generate Pacman-3-based affinity enrichment 

probes. SM: starting material. 

Reagents Linker (eq.) Result 

HCTU (4eq.), DIPEA 8 (eq.) 4 No conversion of SM  

PyBOP (3 eq.), DIPEA (6 eq.) 3 Minor product formation 

COMU (3 eq.), DIPEA (6 eq.) 3 Only side reactions 

Oxyma (3 eq.), DIC (3 eq.), DIPEA (6 eq.) 3 Only side reactions 

COMU(4 eq.), Oxyma (4 eq.), DIPEA (8 eq.) 4 Product formation 

 

To ensure that the positive probes are suitable for affinity enrichment and the linker does not 

interfere with binding to UNC119 proteins, a photolabeling experiment was performed. Both 

UNC119 proteins were labeled with efficiencies similar to the probes without linker. The 

results confirmed, that the introduction of the linker does not influence labeling efficiencies. 

(Figure 32). 

 

 

Figure 32: Photocrosslinking of UNC119 protein with affinity enrichment probes. A: UNC119B 

labeled with Pacman-3-Src positive probe 30a after 0 min and 40 min. B: UNC119A labeled with two 

times 3 equivalents of Pacman-3-Gnat positive probe 38a after 0 min and 40 min.  C: UNC119B labeled 

with two times 3 equivalents of Pacman-3-Gnat positive probe 38a.  
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2.3.5.2. Affinity enrichment with Pacman-3-Src 

The established method for affinity enrichment is immobilization of probes with a free amine 

on NHS-coated beads. However, Src contains two additional lysine residues, apart from the C-

terminal one. These lysine moieties could interact with NHS-moieties on the beads and cause 

unspecific immobilization of the probe. Thus, a bioorthogonal linker based on the sulfhydryl-

group was chosen, which can be coupled to iodoacetyl-activated UltraLink Resin. The linker 

was attached to the C-terminal lysine under optimized conditions using a mixture of COMU, 

Oxyma and DIPEA (Figure 33). 

 

 

Figure 33: Synthesis and immobilization of Pacman-3-Src positive probe 30a and the acetylated Src 

negative probe 30b with a sulfhydryl linker for affinity enrichment of UNC119 proteins from lysate.  

 

Initial mass spectrometry-based affinity enrichment was performed with Pacman-3-Src 

positive probe 30a and the acetylated Src negative probe 30b immobilized on iodoacetly-

modified beads. A wide range of proteins was isolated with the positive probe 30a as well as 

the negative probe 30b. However, neither UNC119A nor UNC119B were detected. A possible 

explanation for this unspecific enrichment could be insufficient saturation of the free iodoacetyl 

groups remaining after attachment of the probe. The capping of the unreacted iodoacetyl 

moieties was performed with L-cysteine. However, the free thiol groups of the amino acid 
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sidechain can form disulfide bridges, which prevent reaction with iodoacetyl groups of the 

resin. In order to reduce the disulfide bonds, tris(2-carboxyethyl)phosphine (TCEP) was added 

to the aqueous solution of L-cysteine. Nevertheless, the background could not be reduced and 

no UNC119 proteins were detected. To reduce the amount of the unspecifically bound proteins, 

more stringent washing conditions were applied, which should remove non-covalent binding 

partners. Therefore, a buffer with low pH was chosen that denaturates and dissolves proteins. 

The interaction with the negative probe is by default non-covalent, since it does not have a 

diazirine group. Hence, the denaturated proteins should be washed off and overall amount of 

detected proteins decreases. As an additional negative control beads without probe were 

saturated with L-cysteine to analyze if the high amount of detected proteins is caused by the 

probe or by the beads themselves. The additional negative control revealed that already beads 

without any probe are enriched with high amounts of proteins from the lysate, which could not 

be eluted by more stringent washing conditions. UNC119 proteins could not be identified in 

any of the performed affinity enrichment experiments. Therefore, the beads are not suitable for 

enrichment of low abundant proteins.  

Consequently, different beads were chosen for immobilization of the probe. These were 

dibenzocyclooctyne (DBCO) modified magnetic beads for copper-free click reactions with 

azides. The probes were therefore modified with another linker containing a terminal azide 

moiety (Figure 34). In comparison to NHS- and iodoacetyl-modified beads, copper-free click 

reactions are fully bioorthogonal. This enables selective ligation of the respective reaction 

partners in complex biomolecular mixtures and should prevent undesired reactions with 

components from the lysate.[88] Quenching of the beads after probe immobilization is not 

required. 

.  



55 
 

 

Figure 34: Synthesis and immobilization of Pacman-3-Src positive probe 34a and the acetylated Src 

negative probe 34b with a DBCO linker for affinity enrichment of UNC119 proteins from lysate.  

 

However, also with the DBCO magnetic beads the overall amount of detected proteins was 

high, but neither UNC119B nor UNC119A could be identified. UNC119 proteins are of low 

abundance, thus it is possible that the protein binds to the positive probe, but lies below the 

detection limit. Therefore, the amount of resin was increased by 50 %, in order to enhance the 

overall amount of enriched protein. Additionally, more stringent washing conditions were 

applied with radioimmunoprecipitation assay (RIPA) buffer containing various detergents, 

leading to denaturation and solvation of non-covalently bound proteins. The beads were 

washed with PBS several times, in order to remove remaining detergent. However, 

polyethylene glycol (PEG) groups were detected, which interfere with MS measurements. 

Again, neither UNC119A nor UNC119B were detected. Since the loading density of the 

magnetic beads with 30-50 nmol DBCO-groups/mg resin is very low, agarose beads with a 

loading density of 10-20 ɛmol DBCO-groups/ml resin were used. Since RIPA buffer was not 

suitable, washing steps were performed with 1% SDS in PBS. However, also SDS could not 

be removed by subsequent washing with PBS and the samples could not be analyzed by MS 

measurement. For this reason, urea in PBS was used as washing buffer, which does not interfere 

with MS detection methods. The new conditions with DBCO agarose beads and urea washing 

buffer resulted in detection of UNC119B, but not UNC119A. This was expected, due to the 
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fact, that Pacman-3-Src only labels UNC119B and not UNC119A. However, UNC119B was 

also identified in the negative control samples. Subsequently, the experiment was performed 

with unmodified DBCO agarose beads as an additional negative control, to determine whether 

UNC119B interacts with the probe or binds unspecifically to the bead surface. The result 

showed that UNC119B protein could also be enriched with the unmodified beads. In 

conclusion, any optimization attempts for affinity enrichment of UNC119B with Pacman-3-

Src failed. The interaction of Pacman-3-Src with UNC119B could not be demonstrated in 

lysate. This could be due to the low affinity of the probe for UNC119 combined with very low 

expression levels of the protein in cells. Since Pacman-3-Gnat has higher photolabeling 

efficiency, affinity enrichment of UNC119 proteins from lysates was subsequently attempted 

with this probe.  

 

2.3.5.3. Affinity enrichment with Pacman-3-Gnat 

For immobilization of Pacman-3-Gnat 24a 12-(9-fluorenyl-methyloxycarbonylamino)-4,7,10-

trioxa-dodecanoic acid was chosen as the linker (Figure 35). The amine group of the linker is 

bioorthogonal to the side chains of the peptide. Thus, the peptide does not contain any amino 

groups that could result in linker independent immobilization. The linker was attached to the 

C-terminal lysine under optimized conditions using a mixture of COMU, Oxyma and DIPEA, 

followed by deprotection of the amine on the linker. Finally, the peptide was fully deprotected 

and released from the resin.  
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Figure 35: Synthesis and immobilization of Pacman-3-Gnat positive probe 38a and the acetylated Gnat 

negative probe 38b for affinity enrichment of UNC119 proteins from lysate.  

 

For affinity enrichment the positive probe 38a and negative probe 38b were immobilized on 

NHS-modified magnetic beads. Initially, the experiment was performed with 1 mg of total 

protein per sample, but neither UNC119A nor UNC119B were enriched with Pacman-3-Gnat. 

Since UNC119 is only marginally expressed in cells the amount of enriched protein could be 

below the detection limit. Therefore, the total protein amount was increased to 2.5 mg per 

sample. This resulted in identification and specific enrichment of UNC119A with Pacman-3-

Gnat 38a in comparison to acetylated Gant 38b. However, UNC119B could not be identified. 

A possible reason might be that high abundant proteins saturated the beads and prevented full 

enrichment of UNC119 proteins. Subsequently, also the amount of beads and affinity 

enrichment probe was increased from 25 µl beads and 10 µM probe to 100 µl beads and 60 µM 

probe in coupling buffer, in order to enrich higher amounts of protein from the lysate. This 

resulted in statistically significant enrichment of UNC119A and UNC119B with the positive 

probe 38a in comparison to the negative probe 38b. The affinity enrichment was performed 

twice as triplicate. Only those proteins were considered as hits which were significantly 

enriched in both replicates. A total of sixteen different proteins, including UNC119A and 

UNC119B were identified (Table 3).  
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Table 3: List of proteins significantly enriched in both affinity enrichment experiments with 

Pacman-3-Gnat 38a in comparison to acetylated Gnat 38b. UNC119 proteins (green), fatty acid binding 

proteins (blue), RZZ complex (purple), presumably false positive hits (red), miscellaneous (black). 

 

Hits found in both pulldowns Gene names 

Protein unc-119 homolog A UNC119A 

Protein unc-119 homolog B UNC119B 

Carnitine O-palmitoyltransferase 2, mitochondrial CPT2 

Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial ECH1 

Enoyl-CoA delta isomerase 2, mitochondrial ECI2 

Peroxisomal multifunctional enzyme type 2 HSD17B4 

Hydroxysteroid dehydrogenase-like protein 2 HSDL2 

Methylmalonyl-CoA mutase, mitochondrial MUT 

Sterol carrier protein-2 SCP2 

Kinetochore-associated protein 1 KNTC1 

Protein zwilch homolog ZWILCH 

Centromere/kinetochore protein zw10 homolog ZW10 

Importin-5 IPO5 

[Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 1 PDK1 

Mevalonate kinase MVK 

Fascin FSCN1 

 

A large number of the identified hits either bind lipids or interact generally with hydrophobic 

moieties. Four of these proteins, encoded by the genes CPT2, ECH1, ECI2 and HSD17B4, are 

involved in fatty acid beta-oxidation, a pathway regulating fatty acid degradation for cellular 

energy production. Another hit protein, the sterol carrier protein-2 (SCP2), was first known to 

bind cholesterol and mediate transport across the membrane. However, SCP2 is an unspecific 

lipid-transfer protein and binds also to fatty acids.[89] The function of the hit protein 

hydroxysteroid dehydrogenase-like protein 2 is still mostly unknown, but since it is localized 

in peroxisomes also for this protein a role in fatty acid metabolism was postulated.[90] The 

methylmalonyl-CoA mutase is involved in degradation of certain amino acids and odd-chain 

fatty acids.[91] All these hits suggest that Pacman-3 is recognized as a fatty acid inside cells, 
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even though it is slightly altered with the aromatic ring and the diazirine moiety attached to the 

lipid chain.  

The kinetochore-associated protein 1, protein zwilch homolog and centromere/kinetochore 

protein zw10 homolog are further hits from the affinity enrichment experiment. These three 

proteins form together the RZZ-complex playing a vital role in the spindle assembly 

checkpoint. The kinetochore-associated protein 1 has a lipid-binding site and is known to 

interact with the farnesylated protein spindly.[92] Two more hits are kinases, the [pyruvate 

dehydrogenase (acetyl-transferring)] kinase isozyme 1 and the mevalonate kinase. Another 

enriched protein is fascin, which has an actin binding activity. For these proteins, no direct 

explanation for binding of Pacman-3-Gnat can be found.  

Importin-5 is a frequent hit in affinity-enrichment experiments. Importins recognize and bind 

to the nuclear localization sequence (NLS) of proteins and subsequently transport these into 

the nucleus.[93] Various proteins possess a NLS. Thus, importins are often false positive due to 

possible indirect enrichment by binding to a hit protein. Conclusively, this experiment 

demonstrates that Pacman-3-Gnat can interact with UNC119 proteins in a complex mixture of 

proteins and is recognized as a substrate also under competition with native myristoylated 

proteins. Furthermore, Pacman-3-Gnat is recognized as a fatty acid by several more cellular 

proteins. This is a first indication that the probe is suitable for experiments on cellular level.  

 

2.3.6. Metabolic incorporation of Pacman-3 

The Pacman-3 analogue should also be suitable for metabolic incorporation by cells. One 

critical step during metabolic incorporation is the recognition of Pacman-3 3 by N-Myristoyl-

transferase protein as a substrate. NMT proteins recognize the Coenzyme A (CoA) derivative 

of myristic acid and transfer the lipid moiety to the N-terminal glycine of the target protein 

followed by the release of CoA-SH. In order to investigate, whether Pacman-3 3 is a substrate 

of human NMT, the Pacman-3-CoA derivative 40 was synthesized (Figure 36). Initially, 

Pacman-3 3 was activated with carbodiimidazole (CDI) and subsequently CoA-SH 39 was 

added. The desired product should be precipitated in an aqueous solution with 20% perchloric 

acid. However, only minor amount of precipitate was visible and during the analysis of the 

solution as well as the precipitate only starting materials were detected. Afterwards, the 

reaction conditions were optimized and when the reaction was performed in the presence of 

PyBOP and DIPEA, the desired Pacman-3-CoA adduct 40 was formed in 27% yield. 
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Purification of the desired product 40 was performed by reverse phase HPLC with negative 

detection mode.  

 

 

Figure 36: Synthesis of the Pacman-3-CoA derivative 40.  

 

The transferase assay was carried out in a collaboration with the group of Prof. Edward Tate at 

Imperial College London. The assay detects substrate recognition of myristate analogues by 

NMT enzymes (Figure 37). The assay was performed with purified NMT proteins from 

different species and their respective peptide substrates. During transfer of Pacman-3 3 to the 

N-terminus of a peptide substrate by NMT protein, a free thiol of coenzyme A (CoA-SH) is 

released. The free CoA-SH can then react with 7-diethylamino-3-(4'-maleimidylphenyl)-4-

methyl-coumarin (CPM). CPM by itself is only slightly fluorescent, while the CPM-CoA 

conjugate features strong fluorescence with an excitation maximum at 384 nm and an emission 

maximum at 470 nm. An increase of CPM-CoA-conjugate correlates to an increase in 

fluorescence intensity. Thus, the fluorescence intensity can be used as readout for the reaction 

rate of each NMT. Myristoyl-CoA was used as a positive control.[94] 
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Figure 37: Transfer of Pacman-3 to N-terminus of a peptide substrate by NMT under release of HS-

CoA. HS-CoA reacts with CPM to form a fluorescent adduct.  

 

The obtained results showed that Pamcan-3-CoA 40 was not recognized as a substrate by 

human NMT (HsNMT). However, NMTs from different parasitic species revealed that 

Pacman-3-CoA 40 is a substrate for Leishmania donovani and Leishmania major, as well as 

Trypanosoma brucei, but not for Candida albicans, Plasmodium vivax and Plasmodium 

falciparum, which suggests that NMTs of these species might differ slightly in their myristoyl-

CoA binding site (Figure 38).  
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Figure 38: Incorporation of Pacman-3 by NMTs from different organisms. NMTs were incubated with 

substrate peptide and increasing concentrations of Pacman-3-CoA 40 in presence of CPM. Fluorescence 

was detected at an emission wavelength of 470 nm. Left: Incorporation of Pacman-3 (green) and 

myristic acid (blue) by human NMT. Right: Incorporation of Pacman-3 by LdNMT (Leishmania 

donovani, light blue), LmNMT (Leishmania major, purpble), TbNMT (Trypanosoma brucei, red), 

PvNMT (Plasmodium vivax, orange), PfNMT (Plasmodium falciparum, green) and CaNMT (Candida 

albicans, blue).[87] 

 

The protozoan parasites Trypanosoma brucei, Leishmania major and Leishmania donovani are 

responsible for various diseases, including sleeping sickness and different types of 

leishmaniasis. Only recently the involvement of UNC119 in parasite motility and morphology 

of T. brucei was discovered.[95] Knockdown of TbUNC119, together with its interaction partner 

TbUNC119BP resulted in reduced motility, morphological alterations and cellular apoptosis. 

Parasite motility is a key factor in mammalian host pathogenesis. Thus, it is crucial to 

investigate the role of TbUNC119 in this process and to identify unknown cargo proteins, for 

which Pacman-3 3 can be a valuable tool. Furthermore, Pacman-3 3 could be applied for 

analyzing the myristoylome of the mentioned parasitic kinetoplastids Trypanosoma and 

Leishmania also inside human host cells. Since HsNMT does not recognize Pacman-3-CoA 40 

the probe should only be incorporated by the parasite NMT. Hence possible protein substrates 

of the parasite NMT could be identified.  
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2.3.7. Thermal proteome profiling of UNC119 inhibitors  

Detailed knowledge of the binding of UNC119 to different myristoylated proteins including 

Src, led to the development of two classes of UNC119 inhibitors, based on the squaramide and 

benzothiazolone scaffold.[72],[73] These inhibitors bind to the hydrophobic cavity and prevent 

the insertion of the myristoyl moiety of lipidated proteins. The binding of the two most potent 

inhibitors representing both scaffolds, namely Squarunkin A and GG1198, were evaluated in a 

TPP assay to confirm target interaction in a complex protein mixture (Figure 39).   

 

 

Figure 39: Structures of the UNC119 inhibitors GG1198 and Squarunkin A. 

 

TPP is a label-free method, which in comparison to affinity enrichment does not require linker 

attachment (Chapter 1.3.2.). The readout is based on changes in thermal stability of a protein 

upon compound interaction. Therefore, cell lysates are treated with the compound or DMSO 

and subsequently incubated at a temperature range between 37 °C and 65 °C. The soluble 

fraction, obtained by centrifugation is subjected to MS/MS analysis. The measured peak 

intensities correspond to the amount of soluble protein for each temperature and result in a 

melting curve. A shift in the protein melting curve of DMSO and compound treated samples 

indicates a possible interaction of the compound with the respective protein.  

The TPP experiment was performed with Jurkat cells. Initially, the lysis buffer contained 0.4% 

NP-40 alternative, a detergent, which enables solubilization of membrane proteins. Both 

inhibitors, Squarunkin A and GG1198, were added in a final concentration of 1 µM with 0.1% 

DMSO. A significant thermal shift was defined according to the following criteria: 1) the 
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protein is either stabilized in all the replicates or destabilized and 2) each protein shows a 

minimal shift of  Ó 3 °C. 

 

Table 4: Shift in melting temperature dTm for UNC119 proteins with 1 µM TM-A-124 or GG1198 with 

or without detergent. RI-RIII: replicate I-III; av.: average 

inhibitor  detergent 
dTm UNC119A [°C] dTm UNC119B [°C] 

RI RI RII av. RI RI RII av. 

Squarunkin A 
0.4% NP40 4.6 -0.9 0.7 1.5 3.0 2.9 3.5 3.2 

-- 6.8 5.5 -- 6.2 7.4 8.7 -- 8.1 

GG1198 
0.4% NP40 2.4 1.6 -3.4 0.2 0.2 3.7 -5.1 -0.4 

-- 0.1 3.1 1.8 1.6 5.7 0.9 6.7 4.4 

 

Squarunkin A showed an average shift of 3.2 °C in melting temperature (dTm) of UNC119 B. 

UNC119A had only an average dTm of 1.5 °C. While UNC119B could be regarded as a possible 

interaction partner, UNC119A was only stabilized by more than 3 °C in one single replicate 

and would thus not be considered as a target (Table 4).  

With inhibitor GG1198 similar result were obtained (Table 4). UNC119A had an average dTm 

of 0.2 °C, caused by destabilization of -3.4 °C in one of the replicates and stabilization of 2.4 °C 

and 1.6 °C in the other two replicates. Comparable results were obtained for UNC119B with 

an average dTm of -0.4 °C. Again, the same replicate showed a destabilization with a shift 

of -5.1 °C for UNC119B and in the other two replicates UNC119B was stabilized by 0.2 °C 

and 3.7 °C. 

Previous labeling experiments with Pacman analogue and UNC119 proteins showed that 

detergents can interact with the lipid binding pocket and compete with the analogue for the 

binding site. For the lysis buffer of TPP experiments NP40 is used, featuring a 

polyethyleneglycol chain, which could insert into the hydrophobic pocket of UNC119. An 

interaction of the detergent with UNC119 could also result in destabilization or stabilization of 

the protein in DMSO treated samples. This would alter the difference in melting temperature 

between DMSO and compound treated samples unpredictively. Therefore, the TPP experiment 

was repeated without the addition of detergent to the lysis buffer (Table 4). When the 

experiment was performed with Squarunkin A the majority of shifts from one replicate differed 
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significantly from the other two. Thus, this replicate was not considered any further during the 

analysis of the results. The TPP without detergent for Squarunkin A provided an average dTm 

of 6.2 °C for UNC119A, with single shifts of 6.8 °C and 5.5 °C. UNC119B showed dTm of 

7.4 °C and 8.7 °C resulting in an average dTm of 8.1 °C (Figure 40). The respective dTm for 

both UNC119 proteins met the above-mentioned criteria. Thus, the inhibitor can be considered 

as an interaction partner of both proteins, UNC119A and UNC119B.   

 

 

Figure 40: Thermal proteome profiling experiments with Squarunkin A. Jurkat cells were lysed with 

PBS, treated with 1 µM compound (red) or DMSO (blue) and subjected to heat treatment. Thermal 

stability of proteins was determined by tandem MS/MS analysis. n = 2, each graph represents one 

independent experiment. A: Replicates of the thermal shifts of UNC119A. B: Replicates of the thermal 

shifts of UNC119B. 

 

The TPP without detergent for the inhibitor GG1198 gave an average dTm of 1.6 °C for 

UNC119A, with single dTm of 0.1 °C, 3.1 °C, and 1.8 °C and an average dTm of 4.4 °C for 

UNC119B with single dTm of 5.7 °C, 0.9 °C and 6.7 °C (Figure 41). For this inhibitor it is more 

difficult to predict whether it is an interaction partner of UNC119 proteins or not. However, all 



66 
 

three replicates show a trend of stabilization. UNC119B is even stabilized by more than 5 °C 

in two of the replicates. Conclusively, Squarunkin A causes a significant stabilization of 

UNC119A as well as UNC119B and is therefore an interaction partner of both proteins. For 

GG1198 not all replicates show a significant stabilization. However, the general trend is a 

stabilization of both UNC119 homologs and might therefore indicate an interaction.  

 

Figure 41: Thermal proteome profiling experiments with GG1198. Jurkat cells were lysed with PBS, 

treated with 1 µM compound (red) or DMSO (blue) and subjected to heat treatment. Thermal stability 

of proteins was determined by tandem MS/MS analysis. n = 3, each graph represents one independent 

experiment. A: Replicates of the thermal shifts of UNC119A. B: Replicates of the thermal shifts of 

UNC119B.  
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2.4. Summary and conclusion 

N-Myristoylation plays a key role in regulation of cellular signaling and protein activation. It 

is involved in various severe disorders, including cancer and neurodegenerative diseases. Even 

though protein lipidation is intensely studied, the mechanism underlying the trafficking of 

myristoylated proteins between different intracellular membranes remains largely unknow. 

One of the chaperone proteins involved in this process is UNC119. The UNC119 protein 

features a hydrophobic pocket for incorporation of the lipid moiety, in order to conceal it from 

the hydrophilic environment of the cytoplasm. Thus, overall solubility is increased, enabling 

trafficking of the lipidated protein through the cytoplasm. One such cargo protein is the 

myristoylated non-receptor tyrosine kinase Src. Bastiaens et al. reported the UNC119-

dependent spatial cycles of Src. The UNC119 chaperone protein sequesters and transports 

cytosolic Src to the RE. By vesicular transport the kinase is subsequently enriched at the plasma 

membrane, which ensures Src signaling activity. Even though at least 0.5% of the proteome is 

predicted to be myristoylated only few cargo proteins of UNC119 are identified to date. 

Photoactivatable myristate analogues forming a covalent bond upon irradiation, can serve as 

tools to overcome these obstacles and study protein-myristate interactions. 

In the course of this project three different photoactivatable myristic acid analogues were 

designed and successfully synthesized (Figure 42). Two of these analogues, Pacman-1 and 

Pacman-2, are based on alkyl diazirines, which closely mimic the saturated lipid chain of 

myristic acid. The third analogue, Pacman-3, contains a more stable trifluorophenyldiazirine.  

 

 

Figure 42: Diazirine-based photoactivatable analogues of myristic acid Pacman 1-3. 

 

These photoactivatable lipid analogues were attached to the short N-terminal peptide sequence, 

derived from myristoylated proteins Src and transducin alpha subunit Gnat1. The affinities of 

these probes to UNC119 proteins were determined by means of a fluorescence polarization 

assay. While the alkyldiazirine-based probe Pacman-2-Src had comparable affinities to UN119 

proteins as native myristoylated Src-peptide, the affinities of Pacman-1-Src and Pacman-3-Src 

were significantly lower. In contrast Pacman-3-Gnat featured high affinity to UNC119A and 
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UNC119B. Subsequently, photocrosslinking efficiency of all Pacman-peptide probes for both 

UNC119 proteins was determined. The two probes featuring an aliphatic diazirine labelled 

neither UNC119A nor UNC119B. In contrast, Pacman-3-Src established a covalent crosslink 

with UNC119B protein with up to 80% labelling efficiency, but did not label UNC119A. 

Pacman-3-Gnat covalently labelled both UNC119 proteins with Ó 95% efficiency. Since only 

probes based on the myristate analogue Pacman-3, were able to covalently photolabel UNC119 

proteins upon irradiation, this analogue was employed for further evaluation. 

First, the photocrosslinking site within the hydrophobic pocket of UNC119 protein was located. 

Pacman-3-Src covalently labeled an amino acid residue in close proximity of Tyr-247 inside 

the hydrophobic pocket of UNC119B. Pacman-3-Gnat established a covalent crosslink close 

to the conserved phenylalanine residues Phe-196 of UNC119A and Phe-207 of UNC119B. 

Sequence alignment showed that these two residues are homologous. Conclusively, both lipid 

analogues seem to insert into the hydrophobic pocket of UNC119 proteins similar to the native 

myristate moiety. Affinity enrichment of UNC119A and UNC119B from lysate by 

immobilized Pacman-3-Gnat demonstrated specific interaction of the probe with UNC119 

chaperones in a complex protein mixture. For the probe to be suitable for cell-base experiments, 

it has to be recognized as a substrate by the N-Myristoyltransferase. Therefore, substrate 

recognition of Pacman-3 by various NMTs from different organisms was investigated. 

Pacman-3 was not incorporated by human NMT. Remarkably, NMT enzymes derived from the 

protozoan parasite Leishmania and Trypanosoma recognized Pacman-3 as a substrate and 

transferred the myristate analogue to the N-terminus of a suitable peptide. Conclusively, 

Pacman-3 can serve as a valuable tool to investigate the role of UNC119 protein in these 

parasites, to identify novel myristoyl-interaction partners and shed light on the myristoylome 

of different organisms.  
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3. TARGET IDE NTIFICATION OF AUTOPHAGY INHIBITORS  

3.1 Introduction 

3.1.1. Autophagy 

Autophagy refers to a dynamic lysosome-dependent degradation process for cellular 

components, including proteins, whole organelles and pathogens. This highly conserved 

process is involved in clearance of protein aggregates, altered organelles and long-lived 

proteins to maintain cellular homeostasis. Upon starvation autophagy is induced to recycle 

dispensable macromolecules and organelles. Thus, cell survival is ensured by supply of 

essential cellular building blocks and nutrition.[96] While the clearance of harmful and 

superfluous cellular components is selective, starvation-induced autophagy occurs 

predominantly in a non-selective manner.[97] Furthermore, autophagy assists in adaption to 

environmental changes and responses to cellular stress caused by various factors.[96] 

Three major types of autophagy have been reported: chaperone-mediated autophagy (CMA), 

microautophagy and macroautophagy. In CMA cytosolic proteins are transported to the 

lysosome by chaperones, where they are degraded. These proteins are characterized by specific 

peptide sequences, e.g. the KERF-like motif.[98] Microautophagy describes a catabolic 

mechanism, in which the cytosolic cargo is directly invaginated by lysosomal membranes.[99] 

Out of the three mentioned mechanisms, macroautophagy is the most intensively studied. The 

main characteristic of macroautophagy is the engulfment of cellular components, which are 

designated for degradation by autophagosomes.[97]  

Initiation of macroautophagy (hereafter referred to as autophagy) goes along with formation of 

a double membrane, the phagophore or isolation membrane (Figure 43). The membrane source 

and composition of the phagophore is still not fully elucidated. However, recent findings 

suggest that ER-membrane contact sites play a major role in autophagosome nucleation.[100] 

These include contact sites between the ER and mitochondria as well as at the plasma 

membrane and the ER.[101],[102] Upon maturation and closure of the phagophore, the 

autophagosome is formed, which subsequently fuses with the lysosome. This causes 

degradation of the autophagosome content and inner membrane. Finally, lyososomal 

membrane permeases expose the emerging catabolites to the cytosol.[103]  
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Figure 43: Schematic representation of autophagosome formation and fusion with the lysosome.  

 

3.1.2. The molecular machinery of autophagy  

Unraveling of the autophagic machinery was initiated by identification of the autophagy-

related (Atg) genes.[104] Up to date more than 30 Atgs were found in yeast, which feature 

various functions in autophagic signaling. Many other eukaryotic species also express 

orthologues of these genes.[103]   

In yeast the Atg1 protein plays a major role in autophagy initiation. The human homologs of 

Atg1 include the Unc51-like kinases 1 and -2 (ULK1 and ULK2), which form a complex with 

the focal adhesion kinase family-interacting protein of 200kD (FIP200), Atg13 and Atg101.[105] 

Upstream signaling of the ULK1/2 complex is regulated by two kinases, the mammalian target 

of rapamycin-1 (mTORC1) and the AMP-activated protein kinase (AMPK). In its active state 
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mTORC phosphorylates ULK1 as well as Atg13, which inhibits the ULK1 kinase activity. 

Upon amino acid deprivation mTORC is inhibited and the ULK1 complex becomes 

activated.[106] Subsequently, ULK1 kinase binds to Atg14L of the VPS34-Beclin1 complex. 

Beclin-1 gets phosphorylated by ULK1, which causes VPS34 activation.[107] The VPS34 

complex generates phosphatidylinositol 3-phosphate (PI3P), which in turn results in the 

recruitment of WIPI2[108]. WIPI2 is involved in microtubule-associated protein 1 light chain 

(LC3) lipidation.[109] The ubiquitin-like protein LC3 is an Atg8 family member and regulates 

phagophore elongation. LC3 is initially processed by Atg4 to cytoplasmic LC3-I. Further 

conjugation of LC3-I to phosphatidylethanolamine (PE) on the phagophore membrane is 

performed by the E1-like enzyme Atg7 and the E2-like enzyme Atg3. The resulting LC3-II is 

characteristic for the phagophore and the autophagosomal membrane. Upon autophagosome 

lysosome fusion LC3-II inside of the autolysosome is degraded together with the remaining 

cargo.[110] The ubiquitin-like protein Atg12 is part of the Atg5-Atg12-Atg16L1 complex, which 

is also involved in autophagosome biogenesis. Initially, conjugation of Atg12 and Atg5 is 

performed by Atg7 and the E2-like enzyme Atg10. Subsequently, the Atg5-Atg-12 conjugate 

forms a non-covalent complex with Atg16L1. This complex is located on the phagophore, but 

dissociates upon autophagosome maturation (Figure 44).[111],[112]  

This catabolic pathway features a high degree of complexity and is involved in the response to 

various physiological conditions. Therefore, autophagy requires tight regulation through 

upstream signaling. 
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Figure 44: Representative scheme of the autophagic machinery. AMBRA1: Activating molecule in 

BECN1-regulated autophagy protein 1; Atg: Autophagy related protein; FIP200: Focal adhesion kinase 

family-interacting protein of 200kD; LC3: Microtubule-associated protein 1 light chain; PE: 

Phosphatidyl ethanolamine; PI3P: phosphatidylinositol 3-phosphate; ULK: Unc51-like kinase; WIPI2: 

WD repeat domain phosphoinositide-interacting protein 2; VPS34: Vacuolar protein sorting-associated 

protein 34. 

 

3.1.3. Regulation of autophagy signaling  

One of the major regulators in autophagy is the serine/threonine protein kinase mTOR, which 

is part of the mTOR complex 1 (mTORC1). Active mTORC1 suppresses autophagy. Different 

environmental conditions can induce autophagy by inhibition of mTORC1. These include 

amino acid starvation, growth factors and deviations in cellular energy levels.[113] Upstream 

signaling of mTORC1 for nutrition deprivation is mediated by the Ras-related GTP-binding 

protein (Rag) GTPases. Rag GTPases detect cellular amino acid levels and retain mTORC1 in 

an activated state under nutrition-rich conditions to prevent autophagy.[114] Growth factors, 

such as insulin, regulate autophagy through activation of the PI3KC1a pathway. Subsequently, 

Phosphatidylinositol-4,5-bisphosphate (PIP2) is converted to Phosphatidylinositol (3,4,5)-

trisphosphate (PIP3), which results in translocation of the pleckstrin homology domain 

containing proteins phosphoinositide-dependent kinase 1 (PDK1) and Akt to the plasma 

membrane. Akt in turn phosphorylates the tuberous sclerosis complex (TSC), which impedes 

the GTPase-activating protein (GAP) activity of TSC for Rheb and causes mTORC1 
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activation.[115] Furthermore, metabolic stress can cause autophagy upregulation. Cellular 

energy is generated by mitochondrial respiration as well as glycolysis and stored as ATP. The 

AMPK is a sensor of cellular ATP levels and gets phosphorylated under metabolic stress. 

AMPK subsequently phosphorylates TSC2, which in turn induces further phosphorylation of 

TSC2 by Glycogen synthase kinase 3 (GSK3).[116],[117] In contrast to Akt, AMPK induces GAP 

activity of TSC1/2 heterodimer and thus inhibits mTORC1 (Figure 45).[118]  

 

 

Figure 45: Schematic representation of mTOR-dependent signaling pathways in autophagy.  

 

The macrocyclic autophagy inducer rapamycin inhibits mTORC1 and thus activates mTOR 

dependent autophagy. While mTOR plays an important role in autophagy, mTOR-independent 

regulation of the autophagic flux has also been reported, which is not affected by 

rapamycin.[118] One such pathway is the Ca2+/calpain signaling cascade. Calpains are activated 

by accumulation of cytosolic Ca2+ and trigger cAMP generation though heterotrimeric 

G proteins.[119] Subsequently the inositol dependent inhibition of autophagy is mediated 
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through cAMP-dependent upregulation of the Epac, Rap2B, PLCŮ network 

(Figure 46).[120],[121],[122]  

 

 

Figure 46: Schematic representation of mTOR independent signaling in autophagy. AC: Adenyly 

cyclase; cAMP: cyclic adenosine monophosphate; Rap2B: Ras-related protein Rap-2B; PLCŮ: 

Phospholipase CŮ; IP3: Inositol trisphosphate; IP2: Inositol bisphosphate; IP: Inositol monophosphate; 

IMPase: Inositol monophosphatase; Ins: Inositol. 

  

Even though several mTOR-dependent and -independent pathways regulating this catabolic 

process have already been described, the signaling network remains incomplete. Thus, 

numerous components of this catabolic process are still to be discovered to explain crosslinks 

between the different signaling cascades. Since autophagy is also tightly involved in different 

human diseases the knowledge concerning its regulation and malfunction will significantly 

contribute to the development of efficient therapeutics.   
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3.1.4. Autophagy in disease progression and prevention  

Autophagy is involved in numerous diseases including cancer, neurodegenerative disorders 

and pathogen infection. In seemingly contradictory findings, autophagy has been reported to 

be both a protective mechanism against certain diseases, but also contributive factor to 

pathological alterations.[123]  

Basal autophagy is of high relevance for cellular homeostasis, due to cellular protein turnover. 

Especially, in long-lived and non-proliferative cells, such as neurons the absence of autophagy 

can induce severe neurodegeneration. The loss of certain autophagic regulators, such as Atg5, 

can lead to the enrichment and aggregation of altered and pathogenic proteins. These 

aggregates are deleterious for normal cellular function and a major cause of neurodegenerative 

disorders.[124] In Huntington disease, formation of protein aggregates is triggered by critical 

elongation of the N-terminal polyglutamine sequence of the huntingtin protein. Even though 

presence of mutant huntingtin induces autophagosome formation, cargo recognition is 

impaired. This results in cellular accumulation of pathological protein aggregates and damaged 

organelles.[125] Hallmarks of Parkinsonôs disease are Ŭ-synuclein aggregates, while aggregation 

of hyperphosphorylated tau and misfolded amyloid-ɓ are characteristic for Alzheimerôs 

disease.[126],[127] These disorders are also connected to autophagy malfunction. Thus, increasing 

autophagic flux might present a possible therapeutic approach for these neurodegenerative 

disorders.[127],[128]  

Autophagy is presumed to have opposite effects in cancer depending on the stage of 

progression. On one hand autophagy can prevent tumorigenesis. Abnormal organelles are a 

possible origin of oxidative stress and can cause DNA damage. Autophagy regulates the 

clearance of these organelles to protect the cell from deleterious genetic defects.[129] 

Furthermore, oncogenic protein substrates are eliminated by autophagic degradation.[130] 

However, in advanced stages of cancer, autophagy promotes tumorigenesis. Cells located at 

the tumor center often suffer from nutrient deprivation due to insufficient vascularization. The 

upregulation of autophagy ensures energy supply and survival of these cells. Furthermore, 

autophagy can be a protective mechanism for tumor cells, by removal of damaged organelles 

and proteins resulting from cancer treatment. Hence, the inhibition of autophagy presents a 

potential therapeutic approach to overcome autophagy based drug resistance and improve 

cancer treatment.[131]  
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3.1.5. Small molecule modulators of autophagy 

The autophagy machinery is highly complex and involved in various pathologic conditions, 

including neurodegenerative diseases and cancer. Thus, novel autophagy modulators are highly 

relevant for the development of effective therapeutics. Furthermore, these modulators are 

valuable tools to investigate and elucidate the mechanism underlying the autophagic 

machinery.  

Inducers of autophagy could be beneficial therapeutics for neurodegenerative diseases 

(Figure 47). These disorders are characterized by the accumulation of protein aggregates and 

dysfunctional organelles. Elevation of cellular autophagy levels could assist in the clearance of 

these pathological components, which might slow down disease progression and reduce 

symptoms.[132] The macrocyclic lactone rapamycin is an inducer of autophagy by inhibition of 

mTOR. Rapamycin has beneficial effects in a mouse model of Alzheimerôs disease. The 

autophagy inducer reduces amyloid-ɓ overload, diminishes cognitive defects and decelerates 

disease progression.[133] Similar effects were observed with the AMPK activator 

resveratrol.[134] Furthermore, the small molecules GSK621, metformin and PT1 activate 

AMPK, which results in inhibition of mTOR activity.[135] 

In contrast to neurodegenerative diseases, in progressive state of cancer the inhibition of 

autophagy could be a possible therapeutic approach (Figure 47).[136] Such an autophagy 

inhibitor is wortmannin, which targets the PI3K kinase. However, wortmannin is rather 

unselective and also inhibits other kinases.[137] Furthermore, several VPS34 inhibitors were 

reported, such as SAR405, PIK-III, VPS34-IN1 and autophinib.[138], [139],[140],[141] Alteration of 

VPS34 activity interferes with autophagosome biogenesis.[141] Two small molecules that 

impair autophagic flux are chloroquine and its derivative hydroxychloroquine. Chloroquine 

prevents fusion of the autophagosome with the lysosome and is an essential tool compound in 

autophagy research. Both hydroxychloroquine and chloroquine are FDA approved drugs.[142] 

Due to synergistic effects these bioactive molecules are applied in co-treatment with several 

chemotherapeutics. The cinchona alkaloid chloroquine is already employed in medical 

treatment for centuries.[143] 
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Figure 47: Structures of the autophagy activators rapamycin, resveratrol, metfonin, GSK621, PT1 and 

the autophagy inhibitors wortmannin, autophinib, SAR405, VPS34-IN1, PIK-III, chloroquine and 

hydroxychloroquine. 
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3.1.6. Biological activity of cinchona alkaloids  

Medical properties of the cinchona bark were first discovered by South American Indians and 

found application for the treatment of fever. From 1640 on the bark was imported to Europe as 

a therapeutic agent against malaria, a disease caused by the protozoan parasite Plasmodium. 

The two cinchona alkaloids that were first isolated pure by Pelletier and Caventou in 1820 are 

quinine and cinchonine. The two remaining of the four major cinchona alkaloids, quinidine and 

cinchonidine, were isolated shortly after (Figure 48).[143]   

 

 

Figure 48: Structure of the four major alkaloids in cinchona bark, quinidine, quinine, cinchonidine and 

cinchonine.  

 

Plasmodium causes malaria by digests of host hemoglobin in its food vacuole and thus triggers 

the release of iron(III) protoporphyrin IX (Fe(III)PPIX). Fe(III)PPIX is further crystalized to 

the non-soluble hemozoin, since the soluble, redox active form is toxic for the parasite. 

Quinoline-based drugs, including quinine, quinidine and chloroquine, were successfully 

applied in malaria therapy for centuries and potentially interfere with hemozoin formation by 

complexation of free Fe(III)PPIX.[144],[145] Co-crystallization of quinine and quinidine with 

Fe(III)PPIX, demonstrated that ́-ˊ stacking of the aromatic quinolone system and 

protoporphyrin define the interaction. Coordination of the alkaloid moiety to the Fe(III) center 

and hydrogen bond formation between the nitrogen atom of the quinuclidine moiety and the 

Fe(III)PPIX carbonate group further increase complex stability (Figure 49). The higher anti-

malarial activity of quinidine in comparison to quinine might be due to their difference in 
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stereochemical configuration. Recent studies suggest that the quinidine is already structurally 

preorganized and thus favored for complex formation with Fe(III)PPIX.[146],[147]  

 

 

Figure 49: Co-crystal structure of Fe(III)PPIX with quinine (A) and quinidine (B).[146] 

 

Additional to the therapeutic effect in malaria, chloroquine also inhibits autophagosome-

lysosome fusion. This results in accumulation of autophagosomes and prevents degradation of 

autophagosomal content.[142] Chloroquine is a weak base and not charged at physiological pH. 

However, upon diffusion into the lysosome chloroquine gets protonated due to the acidic pH 

and is consequently unable to pass the lysosomal membrane again. This effect is referred to as 

lysosomotropism.[148] Inside the lysosome chloroquine causes an increase of pH, which 

significantly reduces lyosomal acid hydrolase activity.[149] However, the exact mechanism of 

autophagy inhibition by chloroquine still remains to be elucidated.   

 

3.1.7. Phenotypic screening in autophagy 

The discovery of novel autophagy inhibitors and identification of previously unknown 

components of the autophagic machinery is of utmost importance, since autophagy is involved 

in various severe disorders. To develop effective therapeutics, elucidating the biological 

machinery that underlies this catabolic process is essential. As described in paragraph 1.2 

phenotypic screening is an elegant method for unbiased identification of bioactive compounds 

and the discovery of novel therapeutically relevant targets.  

The most commonly applied phenotypic assay for detection of small molecules, which alter 

the autophagic process is based on the LC3 protein. As previously described, upon initiation 

of autophagy, cytosolic LC3-I is conjugated to PE to from LC3-II. LC3-II is localized on the 

outer, as well as the inner membrane of the phagophore and the autophagosome. By expression 
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of a GFP-LC3 fusion protein, this effect can be detected with fluorescence microscopy. While 

LC3-I causes a diffuse signal throughout the cytosol, LC3-II is visible as green fluorescent 

puncta, which represent autophagosomes. Bioactive compounds that inhibit autophagy should 

reverse this phenotype and thus, reduce the number of GFP-LC3 puncta per cell. On the other 

hand, inducers of autophagy would cause an increase of GFP-LC3 puncta (Figure 50).[150],[151]  

 

 

 

Figure 50: Schematic representation of the phenotypic autophagy assay. Amino acid starvation or the 

mTOR inhibitor rapamycin are applied to induce autophagy. This results in conjugation of LC3-I with 

PE to form LC3-II, which is relocated to the phagophore membrane. GFP-LC3-I is equally spread 

throughout the cytoplasm. GFP-LC3-II can be detected as fluorescent green puncta that represent the 

autophagosomes. To increase the overall number of puncta, chloroquine is added to prevent 

autophagosome lysosome fusion and the resulting LC3-II degradation. Autophagy inhibitors are 

characterized by the reversal of puncta formation to a diffuse fluorescence signal.  

 

Various transgenic GFP-LC3 model organisms have been created, including mice, Drosophila 

and zebrafish.[152],[153],[154] Transgenic models with tissue-specific expression of GFP-LC3 or 

mCherry-LC3 were applied to demonstrate the alterations in autophagosome numbers under 
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stress and disease relevant conditions.[155],[156] Furthermore, GFP-LC3 based phenotypic high 

throughput screening for novel autophagy modulators, facilitates analysis of extensive small 

molecule libraries. After hit determination by phenotypic screening, target identification and 

validation are required. Therefore, compound-based deviations in protein levels of the 

autophagy markers LC3 and p62 are commonly analyzed by immunoblotting.[157] Furthermore, 

selective toxicity under nutrition deprivation can indicate autophagy modulators.[158] Also 

general target identification and validation strategies, including those mentioned in chapter 1.3. 

are often applied for the deconvolution of molecular targets of autophagy regulators. These 

techniques resulted in the discovery of selective small molecule modulators for various 

autophagy related targets, such as ULK1, VPS34 and mitochondrial complex I.[159],[141],[160]  

Thus, phenotypic screening is an unbiased approach for the identification of autophagy 

modulators with novel chemotypes and previously unknown components of this catabolic 

signaling pathway.  
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3.2. Motivation and goals 

Autophagy is an essential biological process for the regulation of cellular homeostasis and 

energy supply. Furthermore, this catabolic mechanism is crucial for protection against various 

severe disorders, such as infections, autoimmune and neurodegenerative diseases, as well as 

cancer. On the contrary, mis-regulation of this mechanism can promote a variety of 

pathological conditions.[161] Thus, it is of utmost importance to strive for profound knowledge 

of the autophagy machinery and unravel its function in disease.  

The aim of this project is the identification and characterization of structurally novel autophagy 

inhibitors, followed by subsequent target identification. Potential modulators of the autophagic 

machinery were identified in a forward chemical genetic screen. Several hits with different 

chemotypes were chosen for further evaluation (Figure 51). Initially, the inhibitory effect on 

autophagic flux should be confirmed, followed by target identification and validation. Target 

identification was approached by several methods, including thermal proteome profiling and 

affinity enrichment. Subsequently, biochemical and cell-based assays were performed for 

validation of the established target hypothesis. Autophagy is frequently mis-regulated in 

numerous fatal diseases, for which no efficient treatment method was developed to date. 

Therefore, the discovery of previously unknown elements of the autophagic machinery is of 

utmost importance to expand our knowledge of this catabolic process. Furthermore, novel 

bioactive compounds are invaluable tools to analyze autophagy and create innovative 

therapeutic approaches.  
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3.3. Results and discussion  

3.3.1. Identification of novel autophagy inhibitors by phenotypic screening 

In order to identify novel autophagy inhibitors, a medium throughput phenotypic screen was 

performed. This screen was established at the compound management and screening center 

(COMAS) together with the group of Prof. Waldmann at the Max-Planck Institute of Molecular 

Physiology. MCF7 cells were stably transfected with a plasmid coding for an eGFP-LC3 

conjugate (MCF7/LC3 cells). Upon induction of autophagy eGFP-LC3 is visible as small 

puncta representing the autophagosomes. An inhibitor of autophagy should at least partially 

reverse the phenotype to the normal state and thus decrease the number of autophagosomes per 

cell. As part of the autophagic flux, eGFP-LC3 is degraded in the autolysosome, which would 

reduce the fluorescence signal. For this purpose, chloroquine is added to the cells, an 

autophagosome lysosome fusion inhibitor, which prevents eGFP-LC3 degradation.[141],[162],[160] 

Two different conditions were chosen to induce autophagy. One method is replacement of the 

medium with Earleôs balanced salt solution (EBSS). EBSS contains no amino acids and no 

serum, thus causing cell starvation, which in turn initiates autophagy.[157],[163] In a second 

approach, cells were treated with the mTOR inhibitor rapamycin.[164] If a compound 

downregulates autophagy under both conditions it is likely to act downstream of mTOR. If the 

inhibitor has only an effect under amino acid starvation, it is predicted to act                        

upstream of mTOR. First, the compounds were screened at a single concentration of 10 µM. 

Those molecules that inhibited autophagy by Ó70% were retested. Subsequently, confirmed 

hits were analyzed in dose-response to determine their IC50 values. A compound was 

considered as active if at least under one of the tested conditions the determined IC50 value was 

below 10 µM. Those inhibitors with an IC50 value Ò 2-3 µM were considered for further 

studies.  

 From this screen two promising compound classes emerged, the oxazolidinones and the 

thienopyrimidines (Figure 51). Both scaffolds were not previously analyzed regarding their 

activity in autophagy. The two inhibitors with the best IC50 values were chosen for further 

evaluation. The first one is an oxazolidinone 51 (COMAS ID: 351475), which features a 

starvation-induced IC50 of 2.7 ± 1.9 µM and was inactive under induction with rapamycin. The 

second compound is based on the thieno[3,2-d]pyrimidine scaffold (COMAS ID: 156381). 

This thienopyrimidine 53 has a starvation-induced IC50 of 0.63 ± 0.15 µM and a rapamycin-
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induced IC50 of 0.18 ± 0.07 µM. Furthermore, initial target identification for the autophagy 

inhibitor Autoquin 52 was performed (Figure 51). Autoquin 52 is structurally similar to the 

published autophagy inhibitor Oxautin-1[162] and has a starvation-induced IC50 of 0.90 ± 

0.09 µM. The inhibitor is inactive in rapamycin-induced autophagy and thus should be active 

upstream of mTOR. 

 

 

Figure 51: Structures of autophagy inhibitors 51 to 53 selected for further validation. (from left to right: 

351475, Autoquin and 156381) 
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3.3.2. Oxazolidinones as autophagy inhibitors 

The autophagy inhibitor 351475, from here on referred to as Autoxain 51, was identified in the 

before mentioned phenotypic medium throughput screen and has a starvation-induced IC50 of 

2.7 ± 1.9 µM (Figure 52). Autoxain 51 is inactive in rapamycin-induced autophagy, which 

suggests that it acts upstream of mTOR. In the further course of the project, the inhibitory effect 

of Autoxain 51 on autophagy was validated. Therefore, the starvation dependent toxicity of 

Autoxain 51 was investigated as well as its influence on certain key autophagy markers.  

 

 

Figure 52: Autoxain 51 inhibits starvation induced autophagy. A: Structure of Autoxain. B: Phenotypic 

assay for the identification of autophagy inhibitors using MCF7 cells stably transfected with eGFP-

LC3. Non-starved cells were treated with MEM, starved cells with EBSS and 50 µM CQ. 

Simultaneously decreasing concentrations of Autoxain 51 were added. After 3 h incubation, the cells 

were fixed with paraformaldehyde and the nuclear DNA was stained with Hoechst. C: Dose dependent 

effect of Autoxain 51 on the number of autophagosomes per cell. Representative graph shown (n Ó 3). 

MEM: Minimal Essential Medium; CQ: Chloroquine; EBSS: Earleôs balanced salt solution. 
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3.3.2.1. Validation of Autoxain as an inhibitor of autophagy 

Two important markers for monitoring autophagy are the proteins LC3 and p62. LC3 is located 

within the cytoplasm (LC3-I) and is lipidated upon initiation of autophagy, forming a 

phosphatidylethanolamine adduct (LC3-II). [165], An inhibitor of autophagy should dose-

dependently prevent the generation of LC3-II. However, the effect of Autoxain 51 is exactly 

opposite (Figure 53). Under starvation with 10 µM Autoxain 51 the amount of LC3-II is 

comparable with starved cells and higher than with 0.1 µM. The second autophagy marker p62 

acts as a carrier of cellular components targeted for autophagic degradation. The p62 protein 

translocates to the autolysosome, where it is degraded together with its cargo. Initiation of 

autophagy thus results in reduced amounts of p62.[166],[157] Treatment with an autophagy 

inhibitor should reverse this condition. Autoxain 51 has no conclusive effect on p62. The level 

of p62 in fed cells is significantly lower than in starved cells, which should be reversed, since 

p62 is degraded upon autophagy initiation. In Autoxain 51 treated fed cells the level of p62 is 

similar to that in starved cells with and without compound treatment. No dose-dependent 

significant change in p62 level can be observed. Consequently, neither the effect of Autoxain 

51 on p62 nor on LC3-II is conclusive or meets the expectations. 

 

 

Figure 53: Dose dependent effect of Autoxain 51 on LC3-II formation and p62 degradation. Autophagy 

is induced by amino acid starvation. Cells are treated with decreasing amounts of Autoxain 51 or CQ 

as a control and lysed after 3 h. Representative blot shown (n = 3).  
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Subsequently, the toxicity of Autoxain 51 was investigated (Figure 54). Starved cells lack an 

energy source, if autophagy is suppressed. Hence, an autophagy inhibitor, which is non-toxic 

under normal conditions can cause selective toxicity under nutrition-deprivation. Therefore, 

MCF7 cells were cultivated with and without glucose and treated with decreasing amounts of 

Autoxain 51 for 72 h hours. Additionally, propidium iodide was used to monitor cell viability. 

Propidium iodide is an intercalating fluorophore not able to cross the cell membrane. Thus, this 

compound can only stain nucleic acids of dying cells. Cell growth and viability was observed 

with the microscopy-based IncuCyte® Live-Cell Analysis System.  

 

 

Figure 54: Viability of MCF7 cells with different concentrations of Autoxain 51. MCF7 cells were 

cultivated with and without glucose and treated with Autoxain 51 over 72 h. Dying cells were stained 

with propidium iodide. DMSO and nocodazole were used as controls. Representative graph shown 

(n=3, N=3) 
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At concentrations of 10 µM or lower Autoxain 51 does not have an influence on cell viability, 

neither with nor without glucose. In non-starved cells viability did not change over 72 h, except 

for the nocodazole treated samples. Nocodazole was employed as a positive control and causes 

apoptosis by disruption of microtubule polymerization. Under nutrition deprivation 

Autoxain 51 treated cells behave very similar to those treated with DMSO. Cell death starts to 

occur after 48 h. However, the fraction of non-viable cells is below 10 % up to 72 h. This is 

due to nutrition deprivation, which cannot be fully compensated by autophagy. In summary, 

Autoxain 51 does not have an autophagy-dependent effect on cell viability.  

 

3.3.2.2. Thermal proteome profiling 

Subsequently, a TPP experiment was performed. TPP has the advantage that, in comparison to 

other methods for target identification, modification of the compound is not required. The 

readout is based on changes in protein melting temperature upon compound treatment. The 

interaction of a ligand with its target protein can stabilize or destabilize the respective protein. 

Therefore, cell lysates with and without compound are subjected to a temperature gradient. 

Subsequently, denaturated proteins are precipitated and the soluble fraction is analyzed by 

MS/MS. The amount of protein for each sample is quantified and plotted against the 

temperature, resulting in melting curves for each identified protein. Changes in the melting 

temperature of a protein by comparing compound treated and untreated samples can give 

indications for possible interaction partners (Chapter 1.3.2.).  

Since the target of Autoxain 51 is unknown and could also be a membrane protein, MCF7/LC3 

cell lysate was generated with PBS containing 0.4% NP40. NP40 is a non-ionic detergent, 

which improves solubilization of membrane proteins.[22] MCF7/LC3 lysate containing 30 µM 

of Autoxain 51 or equivalent amounts of DMSO was subjected to heat treatment. The 

temperature range was 37 °C to 67 °C. Possible hits were identified according to the following 

criteria: 1) A protein is consistently stabilized or destabilized in all three replicates. 2) The dTm 

has to be >1.5 °C in all three replicates. In total 66 proteins were identified as hits. What was 

striking about the results was that out of these hits 23 were ribosomal proteins (Table 5). 
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Table 5: List of ribosomal proteins identified as hits in a TPP experiment performed with Autoxain 51, 

including gene name, protein name and dTm [°C]. Data is shown as mean ± SD (n = 3). 

Entry  Gene name Protein name dTm [°C]  

1 RPL3 60S ribosomal protein L3 -4.2 ± 1.9 

2 RPL4 60S ribosomal protein L4 -4.3 ± 0.9 

3 RPLS9 40S ribosomal protein S9 -3.6 ± 0-8 

4 RPL10 60S ribosomal protein L10 -2.7 ± 0.8 

5 RPS13 40S ribosomal protein S13 -3.6 ± 1.8 

6 RPL17 60S ribosomal protein L17 -3.2 ± 0.7 

7 RPS18 40S ribosomal protein S18 -3.4 ± 1.5 

8 RPL18A 60S ribosomal protein L18a -4.4 ± 2.6 

9 RPL19 60S ribosomal protein L19 -3.8 ± 2.1 

10 RPL21 60S ribosomal protein L21 -4.3 ± 2.2 

11 RPL35 60S ribosomal protein L35 -3.1 ± 0.9 

12 RPL35A 60S ribosomal protein L35a -3.8 ± 2.8 

13 RPL36 60S ribosomal protein L36 -4.3 ± 0.2 

14 RPS3A 40S ribosomal protein S3a -3.4 ± 1.9 

15 RPS6 40S ribosomal protein S6 -3.5 ± 1.9 

16 RPS14 40S ribosomal protein S14 -3.6 ± 1.9 

17 RPS24 40S ribosomal protein S24 -4.6 ± 1.1 

18 MRPS10 28S ribosomal protein S10, mitochondrial -3.0 ± 0.3 

19 MRPS34 28S ribosomal protein S34, mitochondrial -2.5 ± 0.8 

20 MRPS35 28S ribosomal protein S35, mitochondrial -4.4 ± 2.0 

21 MRPS22 28S ribosomal protein S22, mitochondrial -2.3 ± 0.3 

22 MRPL41 39S ribosomal protein L41, mitochondrial -2.9 ± 1.1 

23 MRPL48 39S ribosomal protein L48, mitochondrial -3.1 ± 0.9 

 

 Literature research revealed that oxazolidinones are a novel chemical class of antibiotics that 

inhibit bacterial protein biosynthesis. Two oxazolidinone-based antibiotics currently on the 

market are linezolid 54 and tedizolid 55 (Figure 55). Linezolid 54 binds to the peptidyl-

transferase center of the prokaryotic ribosome, where it blocks the A site pocket and thus 

interferes with protein synthesis.[167] Oxazolidinone based antibiotics are selective for the 
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prokaryotic ribosome and do not interfere with eukaryotic protein biosynthesis. Nevertheless, 

linezolid 54 causes serious side effects during long-term treatment. It was proposed that these 

side effects occur due to inhibition of the mitochondrial ribosome.[168],[169] In the TPP 

Autoxain 51 destabilized various cytosolic and mitochondrial ribosomal protein subunits. This 

suggests that in analogy to the oxazolidinone antibiotics, Autoxain 51 might target the 

ribosome. In contrast to linezolid, Autoxain 51 might not differentiate between cytosolic and 

mitochondrial ribosome. However, TPP only indicates possible ligand-protein interactions, 

which not necessarily influence enzymatic activity. Thus, Autoxain 51 could also bind to the 

ribosome, without having any effect on protein synthesis.  

 

 

Figure 55: Structure of Autoxain 51 and the antibiotics linezolid 54 and tedizolid 55 with the 

oxazolidinone scaffold marked in red.  

 

3.3.2.3. Cell painting assay 

This assay was performed at COMAS 

To develop a target hypothesis for Autoxain 51 a CPA was performed. The CPA is an unbiased 

image-based, high-content screening approach. By means of fluorescence microscopy an 

extensive number of cellular features can be detected and analyzed. These parameters provide 

a specific finger print for each compound. The fingerprint is subsequently compared to those 

of a reference compound library to determine possible similarities in bioactivity and mode of 

action.[24] (Chapter 1.3.2) In the cell painting assay, Autoxain 51 has a maximal induction of 

1%. The induction describes the fraction of parameters, which are altered by a compound. In 

total 579 different parameters are analyzed. In order to calculate a reliable fingerprint, which 

can be compared to the different finger prints of reference compounds, the induction should be 

Ò 5%. The induction of Autoxain 51 was only 1%. Thus, no similarity to reference compounds 

was determined. Also the oxazolidinone-based antibiotic linezolid is part of the reference 

compound set. Like Autoxain 51, linezolid 54 has an induction Ò 5%. Conclusively, the 
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biological activity of these compounds does not cause strong alterations of the cell morphology. 

Thus, CPA is not suitable for mode of action studies of Autoxain 51.  

 

3.3.2.4. Conclusion  

The oxazolidinone based compound Autoxain 51 was identified as a potential autophagy 

inhibitor in an in-house medium-throughput screen. However, the effect of Autoxain 51 on 

autophagy markers LC3 and p62 was inconclusive. Furthermore, no selective toxicity under 

nutrient-deprivation was observed. However, this might be due to the low potency of 

Autoxain 51. A subsequent approach in target identification by means of CPA was 

unsuccessful, since Autoxain 51 featured an induction of only 1%. Thus, the compound is 

inactive and no biosimilarity to reference compounds was determined. The performed TPP 

experiment suggested an interaction of Autoxain 51 with the cytoplasmic and mitochondrial 

ribosome. Literature research revealed that oxazolidinones possess antibacterial activity. 

Tedizolid 55 and linezolid 54 are commercially available oxazolidinone-based antibiotics that 

impair prokaryotic protein biosynthesis by targeting the ribosome. Furthermore, linezolid 54 

was shown to inhibit the mitochondrial ribosomes, which could be the cause for long-term side 

effects. Presumably, Autoxain 51 features a similar mode of action, but might not necessarily 

differentiate between different ribosomes. However, TPP only indicates a possible interaction. 

Thus, Autoxain 51 might interact with the ribosome, but does not necessarily have an influence 

on protein biosynthesis. Nevertheless, since Autoxain 51 could not be validated as an 

autophagy inhibitor and might target the ribosome, the project was not pursued further.  
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3.3.3. Autoquin as an inhibitor of autophagy 

Synthesis of Oxautin and Autoquin compound collections was performed by Dr. Luca Laraia, 

Dr. Guillaume Garivet and Dr. Daniel Foley. 

Screening of the compound library for structurally novel autophagy inhibitors revealed an 

oxazatwistane as a potential candidate. Subsequent optimization of the hit compound provided 

Oxautin-1 56 as the most potent autophagy inhibitor.[162] During the SAR studies for this 

compound the non-cyclized derivative, termed Autoquin 52, was prepared. Autoquin is a 

cinchona alkaloid-based inhibitor with the quinidine scaffold and has a starvation-induced 

IC50 of 0.90 ± 0.09 µM (Figure 56). The compound is inactive in rapamycin-induced 

autophagy. Thus, it probably acts upstream of mTOR. To improve potency, a compound 

collection was synthesized, which consists of 60 different derivatives. However, Autoquin 52 

remained the most potent inhibitor. Therefore, the compound was chosen for target 

identification and mode of action studies.  
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Figure 56: Autoquin 52 inhibits starvation induced autophagy. A: Structure of oxazatwistane based 

autophagy inhibitor Oxautin-1 56 and its non-cyclized derivative Autoquin 52. B: Phenotypic assay for 

the identification of autophagy inhibitors using MCF7 cells stably transfected with eGFP-LC3. Non-

starved cells were treated with MEM, starved cells with EBSS and 50 µM CQ. Simultaneously 

decreasing concentrations of Autoquin 52 were added. After 3 h incubation, the cells were fixed with 

paraformaldehyde and the nuclear DNA was stained with Hoechst. C: Dose dependent effect of 

Autoquin 52 on the number of autophagosomes per cell. Representative graph shown (n Ó 3); MEM: 

Minimal Essential Medium; CQ: Chloroquine. EBSS: Earleôs balanced salt solution. 

 

3.3.3.1. Validation of Autoquin as an autophagy inhibitor 

The influence of Autoquin 52 on autophagy markers LC3 and p62 was investigated first 

(Figure 57). Upon initiation of autophagy LC3-II is generated and translocated to the 

autophagosomal membrane. Thus, downregulation of autophagy should decrease LC3-II 

levels. However, Autoquin 52 has exactly the opposite effect and leads to LC3-II accumulation. 

This effect can also be observed with chloroquine, an autophagosome lysosome fusion 

inhibitor.[142] LC3-II is located on autophagosomes and is degraded upon autolysosome 

formation. Inhibition of autophagic flux interferes with LC3-II degradation, which causes an 
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increase of LC3-II in the cell. The second autophagy marker p62 transports cargo proteins, 

intended for autophagic degradation, to the lysosome. The p62 protein is degraded together 

with its cargo upon initiation of autophagy. Under starvation conditions Autoquin 52 dose-

dependently prevents p62 degradation. However, under nutrition rich conditions the compound 

seems to induce p62 degradation at high concentrations. Thus, the effect on the autophagy 

maker p62 is not fully conclusive. Nevertheless, Autoquin 52 might have a similar mode of 

action as chloroquine and Oxautin-1 56 and interferes with autophagosome maturation.  

 

 

Figure 57: Effect of Autoquin 52 on LC3-II formation and p62 degradation. Autopahgy is induced by 

amino acid starvation. Cells are treated with decreasing amounts of Autoquin 52 or CQ as a control and 

lysed after 3 h. 

 

Subsequently, the toxicity of Autoquin 52 towards fed and starved cells was investigated 

(Figure 58). Therefore, MCF7 cells were cultivated with and without glucose and treated with 

decreasing amounts of Autoquin 52 over 72 h hours. Propidium iodide was added to monitor 

cell viability. 
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Figure 58: Viability of MCF7 cells with different concentrations of Autoquin 52. MCF7 cells were 

cultivated with and without glucose and treated with Autoquin 52 over 72 h. Dying cells were stained 

with propidium iodide. DMSO and nocodazole were used as controls. Representative graph shown 

(n=3, N=3). 

 

At concentrations of 7.5 µM or lower Autoquin 52 does not have an influence on cell viability, 

neither with nor without glucose. However, at a concentration of 10 µM Autoquin 52 causes a 

strong toxic response. Under normal conditions cell death is induced in about 40% of the MCF7 

cells and under starved conditions in up to 70%. This also explains, why in the phenotypic 

autophagy assay the inhibitory effect is strongest at 3 µM (Figure 56C).  
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3.3.3.2. Autoquin has lysosomotropic activity 

Experiments were performed by the Arenz Lab, Humboldt Universität Berlin 

Autoquin 52 has strong structural similarity with chloroquine, which has a lysosomotropic 

effect (Figure 59).[170] Lysosomotropic compounds selectively accumulate inside the lysosome. 

This applies especially for weak bases, which are able to diffuse through cellular membranes. 

In the acidic environment of the lysosome these compounds become protonated. These charged 

species are subsequently unable to cross the membrane and are trapped inside the lysosome. 

This results in lysosomal accumulation.[148] 

 

 

Figure 59: Lysosomotropic compounds A: Protonation and accumulation of weak bases in the 

lysosome. B: Structures of Autoquin 52, Oxautin-1 56 and chloroquine with the common quinoline 

scaffold marked in red.  

 

Lysosomes play an essential role in autophagy, since they are required for autolysosome 

formation and subsequent autophagosomal cargo degradation.[171] Lysosomotropic compounds 

typically inhibit autophagy at least in part by targeting sphingolipid hydrolases such as acid 

sphingomyelinase (aSM) in the lysosomes. However, they do not directly bind these 

hydrolases, but, when protonated sequester the negatively charged bis-monoacyl glycerol 

phosphate, which is required for sphingolipid hydrolase activity.[172],[173] Chloroquine inhibits 

aSM and acid ceramidase (aCD).[174] In order to elucidate whether Autoquin 52 has a similar 

mode of action, the inhibitory effect on aCM was investigated (Figure 60).  
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Figure 60: Autoquin 52 and Oxautin-1 56 indirectly inhibit aCM. A: Conversion of sphingomyelin to 

ceramide and further to sphingosine by aSM and aCD. B: Cell based aCD assay. C: Cell free aCD assay.  

 

The assay developed by the Arenz group is based on a doubly labelled fluorescent ceramide 

analogue. This ceramide probe is labeled with 7 nitrobenz 2 oxa 1,3 diazole (NBD) as a donor 

fluorophore and Nile Red as the acceptor fluorophore. Hydrolysis of the probe by aCDase 

caused a significant increase in NBD emission intensity, while NR emission decreases. The 

ceramide probe is suitable for a cell based assay with intact lysosomes, as well as in cell lysates, 

without a functional lysosome.[175] The aCD assay revealed that both Autoquin 52 and 

Oxautin-1 56 inhibit the aCD in a cell based, but not in a cell free setup (Figure 60B and 60C). 

Thus, both compounds have an indirect effect on aCD. These results support the hypothesis 

that Autoquin 52 interferes with lysosome function due to its lysosomotropic activity and could 

explain the influence of Autoquin 52 on autophagosome lysosome fusion. Sphingolipid 

metabolism is highly important for the regulation of autophagic flux.[176] 
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3.3.3.3. Thermal proteome profiling  

To obtain further information about a possible target of Autoquin 52 thermal proteome 

profiling was performed (Chapter 1.3.2.). MCF7/LC3 cell lysate was incubated with 

Autoquin 52 and subjected to heat treatment. Subsequently, denaturated proteins were 

precipitated by centrifugation and the soluble fraction was analyzed by tandem MS/MS. A hit 

was defined according to one or both of the following criteria: 1) A consistent shift of Ó 1.5 °C 

for all replicates and/or 2) An increase of non-denaturated protein by more than 10% in every 

replicate. In total 26 hits were obtained.  
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Table 6: List of proteins identified as hits in TPP experiments performed with Autoquin 52, including 

gene name, protein name and dTm [°C]. Data is shown as mean ± SD. (n = 3). 

Entry  Gene name Protein name dTm [°C]  

1 SLC35F6 Solute carrier family 35 member F6 4.1 ± 2.1 

2 NDUFA9 
NADH dehydrogenase [ubiquinone] 1 alpha 

subcomplex subunit 9, mitochondrial 
4.1 ± 1.8 

3 TMEM128 Transmembrane protein 128 3.7 ± 1.5 

4 SNX7 Sorting nexin-7 3.3 ± 2.4 

5 RPS27L 
40S ribosomal protein S27;40S ribosomal protein S27-

like 
3.2 ± 1.8 

6 MALSU1 
Mitochondrial assembly of ribosomal large subunit 

protein 1 
3.1 ± 1.4 

7 SLC25A1 Tricarboxylate transport protein, mitochondrial 2.9 ± 0.4 

8 SLC25A24 
Calcium-binding mitochondrial carrier protein 

SCaMC-1 
2.9 ± 1.2 

9 EXOC6B Exocyst complex component 6B  2.9 ± 0.9 

10 
GPR89A 

GPR89B 

Golgi pH regulator A 

Golgi pH regulator B 
2.9 ± 1.4 

11 STT3A 
Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit STT3A 
2.7 ± 0.7 

12 FBL rRNA 2-O-methyltransferase fibrillarin 2.6 ±0 .1 

13 SURF4 Surfeit locus protein 4 2.5 ± 0.8 

14 SLC25A5 
ADP/ATP translocase 2;ADP/ATP translocase 2, N-

terminally processed 
2.4 ± 0-3 

15 PFKM ATP-dependent 6-phosphofructokinase, muscle type 2.3 ± 0.4 

16 LARS Leucine--tRNA ligase, cytoplasmic 2.3 ± 0.6 

17 SLC25A13 Calcium-binding mitochondrial carrier protein Aralar2 2.3 ± 0.7 

18 IDH3G 

Isocitrate dehydrogenase [NAD] subunit gamma, 

mitochondrial;Isocitrate dehydrogenase [NAD] 

subunit, mitochondrial 

2.3 ± 0.6 

19 RPS19 40S ribosomal protein S19 2.2 ± 0.3 

20 RPL11 60S ribosomal protein L11 2.2 ± 0.6 

21 HUS1 Checkpoint protein HUS1 2.2 ± 0.9 

22 POLR3C DNA-directed RNA polymerase III subunit RPC3 2.2 ± 0.4 

23 NO66 
Bifunctional lysine-specific demethylase and histidyl-

hydroxylase NO66 
2.1 ± 0.3 

24 HNRNPR Heterogeneous nuclear ribonucleoprotein R 2.1 ± 0.6 

25 
TUBA1A 

TUBA3C 

Tubulin alpha-1A chain 

Tubulin alpha-3C/D chain 
2.1 ± 0.1 

26 PFKL ATP-dependent 6-phosphofructokinase, liver type 2.0 ± 0.2 
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Several mitochondrial proteins were identified as potential interaction partners of Autoquin 52. 

The NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, (NDUFA9) showed 

one of the strongest shifts in melting temperature. NDUFA9 is an essential component of the 

mitochondrial complex I, which is part of the electron transport chain. Disruption of NDUFA9 

expression results in impairment of mitochondrial respiration.[177] Furthermore, four different 

members of the solute carrier family 25 (SLC25) were stabilized by Autoquin 52. The 

tricarboxylate transport protein SLC25A1 and the ADP/ATP translocase SLC25A5, as well as 

the two calcium-binding mitochondrial carrier proteins SLC25A24 and SLC25A13. The 

SLC25 protein family is also referred to as the mitochondrial carrier (MC) family, since most 

of its members are located in the inner mitochondrial membrane. MCs transport solutes, such 

as numerous metabolites and nucleotides, across the mitochondrial membrane. This protein 

family also has an essential influence on mitochondrial function and oxidative 

phosphorylation.[178] Damaged or nonfunctional mitochondria can be selectively degraded by 

autophagy. This process is referred to as mitophagy. Vice versa autophagy can be regulated by 

mitochondria due to the generation of reactive oxygen species (ROS) and ATP.[179] 

Additionally, inhibition of mitochondrial respiration impairs autophagic flux.[180] Thus, the 

effect of Autoquin on mitochondrial respiration was subsequently investigated.  

 

3.3.3.4. Mito Stress Test 

The effect of Autoquin 52 on mitochondrial respiration was determined with the Seahorse XF 

Cell Mito Stress Test. The Seahorse XFp analyzer can detect live cell responses with two 

different fluorophores. One fluorophore is sensitive to changes in oxygen concentration and 

the other to fluctuations of the pH. The oxygen consumption rate (OCR), as well as the 

extracellular acidification rate (ECAR) can be determined time- and dose-dependently. The 

ECAR represents the anaerobic glycolysis level of the cell, responsible for the excretion of 

lactate. Lactate accumulation in turn results in decrease of cellular pH. Cells induce anaerobic 

glycolysis upon oxygen shortage. Thus, the addition of a mitochondrial respiration inhibitor to 

cells should cause a decrease of the OCR and an increase of the ECAR. 

Initially, the basal respiration of the cell was determined (Figure 61). This represents the cellsô 

glycolysis level and respiration rate under normal resting conditions. Subsequently, the 

compound of interest is added to the cells. If a molecule inhibits mitochondrial respiration, the 
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oxygen consumption rate should drop. The cells switch to glycolysis and the ECAR increases. 

The amount of oxygen required for cellular ATP production can be determined by injection of 

oligomycin, a complex V inhibitor. Subsequent addition of carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) disrupts the proton gradient. This results in 

increase of mitochondrial respiration to maximal capacity and reflects the cells respiration 

under stress. The difference between basal and maximal respiration is the spare capacity of the 

cells to respond to increased energetic demand. Finally, a mixture of rotenone, a complex I 

inhibitor, and antimycin A, a complex III inhibitor, is added to determine the lowest possible 

OCR. Non-mitochondrial processes cause the remaining oxygen consumption.  

 

 

Figure 61: Representative scheme of mitochondrial respiration. Complex I (NADH-CoQ reductase) 

oxidizes NADH to NAD+ and complex II FADH2 to FAD+. Complex I and complex II both transfer 

electrons to coenzyme Q. From coenzyme Q the electrons are passed on to complex IV via complex III 

and cytochrome C. Complex IV reduces molecular oxygen to water under consumption of protons. 

These protons are translocated into the mitochondrial matrix by complex V (ATP synthase). Complex V 

utilizes the proton gradient between mitochondrial matrix and intermembrane space to generate ATP 

from ADP and phosphate. CoQ: Coenzyme Q; CytC: Cytochrome C. 
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MCF7 cells were incubated with 10 µM and 1 µM Autoquin 52 and the OCR and ECAR were 

monitored (Figure 62). Autoquin 52 caused no significant change in the OCR and only slightly 

reduced the ECAR. Analysis of oxidative phosphorylation is an established method to 

investigate mitochondrial function. Dysfunction of mitochondria caused by a bioactive small 

molecule should ultimately also alter respiration.[181] However, Autoquin 52 had no strong 

effect on the electron transport chain. Thus, the interaction of Autoquin 52 with mitochondrial 

proteins could not be confirmed by the Seahorse Mito Stress Test.  

 

 

Figure 62: Influence of Autoquin on mitochondrial respiration. MCF7 cells were treated with 

Autoquin 52 (10 µM and 1 µM) or DMSO (0.1%) upon acute injection. Subsequently oligomycin 

(1 µM), FCCP (0.25 µM) and a mixture of rotenone/antimycin A (0.5 µM) were added. The OCR and 

ECAR were monitored over time. Data shown is mean values ± SD (n = 3, N=2). 
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3.3.3.5. Affinity enrichment with Autoquin  

The synthesis of the affinity enrichment probes was performed by Dr. Daniel Foley. 

To gain further information about possible targets of Autoquin 52, an affinity enrichment 

experiment was performed (Chapter 1.3.1.). Therefore, quinidine was chosen as the negative 

probe, since it was inactive in the autophagy assay. To facilitate immobilization on a solid 

support, the small molecules have to be modified with a suitable linker (Figure 63). Previous 

SAR studies showed that reduction of the double bond caused only a minor decrease in 

starvation-induced IC50 to 1.05 ± 0.14 µM. Thus, this position was selected for linker 

attachment. First, a Boc-protected aminoethanethiol linker was introduced to facilitate further 

modification. The Boc protected precursor of the Autoquin 52 probe had an IC50 of 

7.9 ± 1.96 µM, while the quinidine-based precursor was inactive. Subsequently, both 

compounds were modified with a PEG-linker featuring a terminal amine for immobilization on 

solid support. 
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Figure 63: Structures of the Autoquin-based positive probe 59 and the quinidine-based negative 

probe 60 for affinity enrichment and the corresponding Boc-protected precursors 57 and 58. 

 

For affinity enrichment, the probes 59 and 60 were immobilized on NHS-activated beads and 

incubated with MCF7/LC3 lysate. Subsequently, the beads were washed to remove unbound 

protein, followed by digestion with the proteases trypsin and chymotrypsin. The samples were 

analyzed by mass spectrometry to identify bound proteins. Those proteins that were 

significantly enriched with the positive probe in comparison to the negative probe in all three 

biological replicates were considered as hits. This resulted in identification of ferrochelatase 

(FECH) as the only hit protein. FECH is located in mitochondria and catalyzes the insertion of 

iron into protoporphyrin IX (Figure 64). This represents the last step in the heme biosynthesis 

pathway.[182]  
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Figure 64: Insertion of iron into protoporphyrin IX by ferrochelatase. 

 

The interaction of the positive probe with FECH was investigated by competitive affinity 

enrichment and subsequent immunoblotting (Figure 65). Therefore, the lysate was incubated 

with increasing concentrations of unlabeled compound. Subsequently, the pretreated lysate was 

added to the immobilized probe. However, FECH was enriched with the positive probe as well 

as with the negative probe. It could not be competed off in a reproducible dose-dependent 

fashion. Thus, no confirmation of the target hypothesis from mass spectrometry-based 

experiments could be obtained.  

 

 

Figure 65: Competitive affinity enrichment of the positive probe 59 with increasing concentrations of 

Autoquin 52 in MCF7/LC3 cell lysate. Detection was performed by SDS-PAGE and subsequent 

immunoblotting against FECH. (Blots represent 3 independent experiments.) 

 

3.3.3.6. Isothermal dose response fingerprint 

The isothermal dose response fingerprint (ITDRF) is derived from the cellular thermal shift 

assay. In contrast to TPP the variable is not the temperature, but compound concentration.[20] 

Cell lysate is treated with increasing concentrations of compound and DMSO is used as a 

reference. Subsequently, the lysate is heated to the melting point of the protein of interest, since 

the shift is calculated from the difference in melting temperature of treated and untreated 
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samples. Denaturated protein is removed by ultracentrifugation and the fraction of soluble 

protein can be determined by immunoblotting. That allows to determine the effect of compound 

concentration on protein stability.  

In order to analyze the effect of Autoquin 52 on the thermal stability of ferrochelatase, an 

ITDRF was performed (Figure 66). MCF7/LC3 cell lysate was treated with increasing 

concentrations of compound and the samples were heated to 56 °C. Immunoblotting revealed 

that Autoquin 52 had no influence on ferrochelatase stability at concentrations up to 400 µM. 

Thus, interaction of Autoquin 52 with ferrochelatase could also not be confirmed by ITDRF.  

 

 

Figure 66: Autoquin 52 has no influence on thermal stability of ferrochelatase. MCF7/LC3 lysate was 

treated with decreasing concentrations of Autoquin 52 or DMSO (1%). All samples were heated to 56°C 

and subsequently centrifuged. Non-denaturated fraction of ferrochelatase was detected by 

immunoblotting. A: Immunoblot of ITDRF for ferrochelatase with different concentrations of 

Autoquin 52. (representative blot shown, n=3) B: Quantification of the immunoblots normalized to the 

DMSO control. Data shown is mean ± SD (n=3) 

 

3.3.3.7. Autoquin possibly sequesters iron in lysosomes 

The only hit of Autoquin 52 in affinity enrichment experiments was ferrochelatase. The human 

ferrochelatase is located at the inner mitochondrial membrane and forms a homodimer. The 

hydrophobic active sites are oriented towards the membrane and feature each a [2Fe-2S] 

cluster. These two clusters face towards the dimer interface.[183] Ferrochelatase catalyzes the 

insertion of ferrous iron into protoporphyrin IX to form iron(III) protoporphyrin IX 

(Fe(III)PPIX). Protoporphyrin substrate binding initiates dynamic and conformational changes, 

which generates an ion channel. This channel stabilizes the active site and mediates iron uptake 

and insertion into protophorphyrin to produce Fe(III)PPIX.[184] Even though ferrochelatase 
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could not be confirmed as an interaction partner of Autoquin 52 by competitive affinity 

enrichment or ITDRF, it indicated a possible mode of action for the autophagy inhibitor. The 

quinidine scaffold that Autoquin 52 is based on, as well as the quinidine-derived compound 

chloroquine feature anti-malarial activity.[185] A possible explanation for this anti-malarial 

activity is complex formation of the quinidine scaffold with the ferrochelatase product 

Fe(III)PPIX. This results in an inhibition of hemozoin production, which is toxic for the 

Plasmodium parasite (Chapter 3.1.6.).[186] Co-crystallization of quinidine with Fe(III)PPIX 

suggested several components to be critical for complex formation. The first one is an 

intramolecular hydrogen bond between the nitrogen atom of the quinuclidine and the 

Fe(III)PPIX propionate functionality. Furthermore, the alcohol coordinates the Fe(III) center 

of porphyrin and the whole complex is stabilized by ˊ- -́stacking.[146] The quinidine derivative 

Autoquin 52 contains all of the proposed critical structural components and could therefore 

also coordinate the iron center in Fe(III)PPIX. Complementary to this assumption, the group 

of Raphaël Rodriguez showed that the two lysosomotropic autophagy inhibitors, Salinomycin 

and Ironomycin, sequester iron in the lysosome. The shortage of cytosolic iron causes 

lysosomal degradation of ferritin. Thus, the iron content of the lysosomes is further increased, 

which finally results in initiation of the iron dependent cell death pathway ferroptosis.[187] 

Similar to Salinomycin and Ironomycin, Autoquin 52 also affects the lysosomes and was 

proposed to be lysosomotropic. Furthermore, the structurally similar lysosomotropic 

compound chloroquine interferes with cellular iron metabolism and transporation. Thus, the 

compound could have a similar mode of action as Salinomycin and Ironomycin and disturb 

cellular iron homeostasis by sequestering iron in lysosomes. To investigate this possibility, a 

collaboration with the group of Raphaël Rodriguez from the Institut Curie in Paris was 

established.  

 

3.3.3.8. Conclusion 

Autoquin 52 is a potent autophagy inhibitor with a starvation-induced IC50 of 0.90 ± 0.09 µM. 

The compound is inactive in rapamycin-induced autophagy and thus acts upstream of mTOR. 

The structural similarity to the lysosomotropic compound chloroquine suggested that 

Autoquin 52 has similar properties. As chloroquine, Autoquin 52 indirectly inhibits the 

lysosomal protein aCD and seems to cause impaired autophagosome lysosome fusion. 

Lysosomotropic compounds frequently interfere with sphingolipid hydrolase activity. 



111 
 

Sphingolipid metabolism and autophagic flux are highly interdependent. However, the exact 

mechanism underlying this interplay still remains to be elucidated. 

Several mitochondrial proteins were identified as potential interactions partners of Autoquin 

52 by means of TPP experiments.  Furthermore, by affinity enrichment FECH was identified 

as a possible target of Autoquin 52. However, the hit protein ferrochelatase could not be 

confirmed by competitive pulldown. Like some of the hits from the TPP experiments, 

ferrochelatase is located in the mitochondria, but no effect of Autoquin 52 on mitochondrial 

respiration was observed. Even though none of these mitochondrial proteins could be 

confirmed as a hit, ferrochelates indicated a possible mode of action for Autoquin 52. 

Autoquin 52 is based on the quinidine scaffold. Quinidine is known to complex Fe(III)PPIX, 

which is the product of the reaction catalyzed by ferrochelatse. In alnalogy to this, Autoquin 52 

may also coordinate to the ion center of Fe(III)PPIX. Furthermore, Rodriguez and coworkers 

published the lysosomotropic autophagy inhibitors Salinomycin and Ironomycin. These 

compounds sequester iron in the lysosome and finally cause ferroptosis. As Salinomycin and 

Ironomycin, Autoquin 52 is proposed to be lysosomotropic. Furthermore, the structurally 

similar compound chloroquine was reported to interfere with iron metabolism and 

transportation. Thus, Autoquin could posses a similar mode of action as Salinomycin and 

Ironomycin and sequester iron in the lysosome. For this reason, a collaboration with the group 

Rodriguez was initiated, who will investigate this hypothesis in detail. Autophagy maintains 

the cellular iron balance and regulates iron recycling by degradation of iron-based proteins. 

However, little is known to date about the mechanism, which underlies the interplay of iron 

metabolism and autophagy.[188] Thus, small molecules tool compounds to investigate this 

biological process are highly relevant.  
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3.3.4. Thienopyrimidines as autophagy inhibitors 

Another bioactive compound class, which was identified by the aforementioned phenotypic 

screen, were the thienopyrimidines. The most potent autophagy inhibitor was a commercially 

available thieno[2,3-d]pyrimidine (COMAS ID: 156381), from here on referred to as 

Authipyrin 53 (Figure 67). Authipyrin 53 displays a starvation-induced IC50 of 0.02 ± 0.01 µM 

and a rapamycin-induced IC50 of 0.18 ± 0.07 µM. Since Authipyrin 53 is active in starvation- 

as well as in rapamycin-induced autophagy the inhibitor is predicted to act downstream of 

mTOR. To validate the inhibitory effect of this thienopyrimidine on autophagy, the starvation 

dependent toxicity upon initiation of autophagy was investigated as well as its influence on 

particular key autophagy markers. Furthermore, target identification and validation of 

Authipyrin 53 was performed.  
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Figure 67: Authipyrin 53 inhibits starvation induced autophagy. A: Structure of Authipyrin 53. B: 

Phenotypic assay for the identification of autophagy inhibitors using MCF7 cells stably transfected with 

eGFP-LC3. Non-starved cells were treated with MEM, starved cells with EBSS and 50 µM CQ. 

Simultaneously decreasing concentrations of Authipyrin 53 were added. After 3 h incubation, the cells 

were fixed with paraformaldehyde and the nuclear DNA was stained with Hoechst. C: Dose dependent 

effect of Authipyrin 53 on the number of autophagosomes per cell. Representative graph shown (n Ó 3); 

MEM: Minimal Essential Medium; CQ: Chloroquine; EBSS: Earleôs balanced salt solution. 

 

3.3.4.1. Validation of Authipyrin as an autophagy inhibitor  

Initially, the influence of Authipyrin 53 on the autophagy markers LC3 and p62 was 

investigated (Figure 68). Authipyrin 53 reduced LC3-II formation compared to starved cells at 

concentrations of 1 µM and 100 nM. Also at 10 nM a minor decrease of LC3-II was visible in 

comparison to starved cells. Authipyrin 53 did not prevented p62 degradation upon starvation. 

Nevertheless, the effect of Authipyrin 53 on LC3 lipidation provides a first confirmation that 

Authipyrin 53 is a potential autophagy inhibitor.  
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Figure 68: Effect of Authipyrin 53 on LC3 lipidation and p62 degradation. Autophagy is induced by 

amino acid starvation. Cells are treated with decreasing amounts of Authipyrin 53 or CQ as a control 

and lysed after 3 h.  

 

In order to determine the effect of Authipyrin 53 on cell viability under fed and starved 

conditions a cell viability assay was performed. At concentrations of 10 µM or lower 

Authipyrin 53 does not alter cell viability of non-starved cells (Figure 69A). However, under 

starved conditions without glucose Authipyrin 53 has a dose-dependent effect on cell viability 

(Figure 69B and 69C). At a concentration of 0.37 µM and higher the inhibitor causes cell death 

of about 40% to 50% of the cells within 72h. These results suggest that Authipyrin 53 can 

induce autophagy dependent cell death under starvation, but is not toxic under nutrition rich 

conditions.   

 



116 
 

 

Figure 69: Viability of MCF7 cells with different concentrations of Authipyrin 53. MCF7 cells were 

cultivated with (A) and without Glucose (B) and treated with Authipyrin 53 over 72 h. Dying cells were 

stained with propidium iodide. DMSO and Nocodazole were used as controls. Representative graph 

shown (n=3, N=3). C: Fraction of dead cells plotted against concentration of Authipyrin 53 after 72 h.  
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3.3.4.2. Devalidation of Authipyrin as a kinase inhibitor 

The thienopyrimidine scaffold of Authipyrin is contained in various published kinase 

inhibitors.[189],[190],[191] A subset of these inhibitors is also known to affect autophagy.[192],[193] 

Thus, Authipyrin 53 could also modulate kinase activity. Authipyrin 53 was screened by 

SelectScreenTM (Thermo Fisher Scientific) in a full panel against 485 different kinases. The 

screen was performed at a single concentration of 1 µM. The obtained screening results showed 

only four kinases with an inhibition higher than 50%. 

 

Table 7: Results from SelectScreenTM Kinase profiling with Authipyrin 53. Six kinases with the 

strongest inhibition at a single concentration of 1 µM were chosen for IC50 measurements. Kinases were 

screened against decreasing concentrations of Authipyrin 53 with the highest concentration being 1 µM.  

Kinase Single point inhibition [%]  IC50 Inhibition [%]  IC50 [µM]  

PEAK1 83 68 0.62 

ABL1 F317L 47 60 0.85 

CDK11 (inactive) 70 47 >1.0 

BLK  47 44 >1.0 

DDR2 N456S 58 38 >1.0 

GSG2 (Haspin) 51 33 >1.0 

 

The kinase with the strongest inhibition of 85% was pseudopodium-enriched atypical kinase 1 

(PEAK1). PEAK1 is a non-receptor tyrosine kinase involved in regulation of the cytoskeleton, 

cell migration and cancer progression.[194] Another kinase inhibited up to 70% was the inactive 

form of cyclin-dependent kinase 11 (CDK11). The CDK11/cyclin C complex was only 

inhibited by 38%. CDKs control transcription and progression of the cell cycle. They are 

activated by interaction with the respective cyclin. CDK11 regulates apoptosis and cytokinesis, 

as well as RNA splicing.[195] Furthermore, Authipyrin 53 modulated a mutated version of 

discoidin domain-containing receptor 2 (DDR2). The DDR2 protein is a collagen-induced 

receptor, which regulates cell proliferation and adhesion, as well as extracellular matrix 

remodeling.[196] The DDR2 (N456S) mutant was inhibited up to 58%, while the wild-type 

DDR2 protein was inhibited only by 14% and the mutant DDR2 (T654M) by 7%. Haspin 
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showed 51% inhibition by Authipyrin 53 and is a serine/threonine kinase, responsible for 

phosphorylation of histone H3 during mitosis.  

Subsequently, the six kinases with strongest alteration by Authipyrin 53 were chosen for IC50 

measurements. The IC50 values were determined at a maximal concentration of 1 µM. These 

kinases include the four previously mentioned ones PEAK1, CDK11, DDR2 (N456S) and 

haspin. Furthermore, the B-lymphoid tyrosine kinase (BLK) and an abelson tyrosine-protein 

kinase 1 mutant (Abl1 F317L) were chosen. Out of these CDK11, BLK, DDR2 (N456S) and 

haspin had an IC50 higher than 1 µM. According to calculations by SelectScreenTM Abl (F317L) 

was inhibited by Authipyrin 53 with an IC50 of 850 nM and PEAK1 with an IC50 of 620 nM. 

However, after inspection of the provided graphs both IC50 values are probably inaccurate, 

since they do not reach saturation at the highest concentrations (Figure 70).  

 

 

Figure 70: Determination of IC50 values of Authipyrin 53 with maximum concentration of 1 µM by 

SelectScreenTM. A: Inhibition measurement for PEAK1. B: Inhibition measurement for Abl (F317L). 

 

The kinase panel was performed with purified protein. Thus, the IC50 of a target protein 

responsible for autophagy inhibition should be comparable to or lower than the cellular IC50. 

Authipyrin 53 has a cellular starvation-induced IC50 of 0.02 ± 0.01 µM and a rapamycin-

induced IC50 of 0.18 ± 0.07 µM. However, the affinity for all six kinases is significantly 

weaker. Thus, the inhibitory effect of Auhipyrin 53 in autophagy is most probably not caused 

by alteration of a kinase.  
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3.3.4.3. Influence on mitochondrial respiration 

Damaged or nonfunctional mitochondria can be selectively degraded by autophagy. This 

process is referred to as mitophagy. Vice versa autophagy can be regulated by mitochondria 

due to the generation of ROS and ATP.[179] Additionally, inhibition of mitochondrial 

respiration impairs autophagic flux.[180] Recently a new autophagy modulator termed 

Aumitin 61 was reported, which downregulates autophagy by inhibition of the mitochondrial 

electron transport chain complex I.[160] Alteration of autophagic flux was also previously 

demonstrated for the complex I inhibitor rotenone.[197] This underlines the important 

interdependency between oxidative phosphorylation and the regulation of autophagic flux. The 

effect of Authipyrin 53 on mitochondrial oxygen consumption was investigated in detail with 

the Seahorse XF Mito Stress Test, which revealed that Authipyrin 53 inhibits mitochondrial 

respiration (Figure 71). At a concentration of 1 µM it reduces the OCR by about 75%. With a 

lower concentration of 0.1 µM the OCR drops by about 25%. Under both conditions the ECAR 

increases significantly.  
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Figure 71: Influence of Authipyrin 53 on mitochondrial respiration. MCF7 cells were treated with 

Authipyrin 53 (1 µM and 0.1 µM) or DMSO upon acute injection. Subsequently, oligomycin (1 µM), 

FCCP (0.25 µM) and a mixture of rotenone/antimycin A (0.5 µM) were added. The OCR (A) and 

ECAR (B) were monitored over time. Data shown is mean values ± SD (n = 3, N=2). 

 

Subsequently, the compounds 62 and 63 (COMAS ID: 226101 and 133633) were analyzed by 

Mito Stress Test. Both are based on the thienopyrimidine scaffold and not active in the 

phenotypic autophagy assay. None of these compounds had an influence on mitochondrial 

respiration (Figure 72). Thus, the inhibition of the respiratory chain by Authipyrin 53 is 

dependent on downregulation of autophagy.  
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Figure 72: Influence of the thienopyrimidines 62 and 63 on mitochondrial respiration. A: Structure of 

62 and 63. B: MCF7 cells were treated with compound (10 µM) or DMSO upon acute injection. 

Subsequently oligomycin (1 µM), FCCP (0.25 µM) and a mixture of rotenone/antimycin A (0.5 µM) 

were added. The OCR was monitored over time. Data shown is mean values ± SD (n = 3, N=2). 

 

3.3.4.4. Investigation of individual mitochondrial complexes 

Hereafter, the effect of Authipyrin 53 on the individual mitochondrial complexes I to IV was 

investigated in detail by semi-intact assay (Figure 73).[198] Therefore, each complex is supplied 

with the respective substrates in combination with Authipyrin 53 (1 µM), a control inhibitor or 

DMSO (Table 8). In order to ensure delivery of the substrates to mitochondria, Seahorse XF 

plasma membrane permeabilizer (PMP) is added. This reagent specifically permeabilizes the 

plasma membrane, but has no effect on mitochondrial membranes.  

 

Table 8: Reagents and control inhibitors required for analysis of mitochondrial complex inhibition by 

Authipyrin 53. ADP (1 mM) and PMP (1 nM) were added to all complexes. TMPD: N,N,Nǋ,Nǋ-

Tetramethyl-p-phenylenediamine.  

Complex Reagents Control Inhibitor  

I  Pyruvate (10 mM), malate (1 mM) Rotenone (1 µM) 

II  Succinate (10 mM), rotenone (1 µM) Malonate (2 mM) 

III  Duroquinol (0.5 mM) Antimycin A (30 µM) 

IV  TMPD (0.5 mM), sodium ascorbate (20 mM) Potassium cyanide (20 mM) 
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Figure 73: Semi-intact assay with Authipyrin 53. The plasma membrane of MCF7/LC3 cells was 

permeabilized with PMP. Substrates for the respective complex were added together with Authipyrin 53 

(1 µM), a control inhibitor or DMSO. A: Effect of Authipyrin 53 on complex I with rotenone (1 µM) 

as control inhibitor. B: Effect of Authipyrin 53 on complex II with malonate (2 mM) as control inhibitor. 

C: Effect of Authipyrin 53 on complex III with antimycin A (30 µM) as control inhibitor. D: Effect of 

Authipyrin 53 on complex IV with potassium cyanide (20 mM) as control inhibitor. Data shown is mean 

values ± SD (n = 3, N=2). 

 

Separate investigation of each individual mitochondrial complex revealed that Authipyrin 53 

had no effect on complexes II to IV (Figure 73B to 73D). While the selective inhibitors of these 

complexes reduced the OCR, Authipyrin 53 did not cause an alteration. However, upon 

simultaneous addition of Authipyrin 53 and the substrates of complex I, mitochondrial 

respiration was inhibited (Figure 73A). This indicates that Authipyrin 53 is a selective inhibitor 

of mitochondrial complex I. Aumitin 61 is a known autophagy inhibitor, which also targets 

mitochondrial complex I. Furthermore, previous studies proved that the complex I inhibitor 

rotenone downregulates autophagy, as well as complex III inhibitors antimycin A and 

complex V inhibitor oligomycin.[160],[197] Thus, complex I can be considered as a relevant target 

for the effect of Authipyrin 53 on autophagy.  
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3.3.4.5. Thermal proteome profiling 

In order to confirm complex I as a target of Authipyrin 53, a TPP experiment was performed. 

Therefore, MCF7/LC3 cell lysate was incubated with 1 µM of Authipyrin 53. The samples 

subjected to heat treatment with a temperature gradient between 37 °C and 67 °C. 

Subsequently, insoluble components were removed by centrifugation and the supernatant was 

analyzed by mass spectrometry. A hit was defined according to one or both of the following 

criteria: 1) A consistent shift of Ó1.0 °C for all replicates and/or 2) An increase of the non-

denaturated protein fraction by more than 0.1 in every replicate. Evaluation of the obtained 

data provided 30 potential hit proteins. (Appendix) Furthermore, several subunits of complex I 

were identified. However, none of them fulfilled the criteria for being a hit. Two of those, the 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 1 and 2 (NDUFB1 and 

NDUFB2), were stabilized in two out of three replicates (Figure 74). While NDUFB1 was 

twice stabilized by 5.76 °C and 3.23 °C and once destabilized by -3.50 °C, NDUFB2 showed 

a stabilization of 4.52 °C and 1.35 °C and a destabilization of -0.32 °C.  
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Figure 74: Thermal Proteome Profiling with Authipyrin 53. MCF7/LC3 lysate was treated with 1 µM 

Authipyrin 53 (red) or DMSO (blue). Samples were subjected to heat treatment and analyzed by mass 

spectrometry. A: Melting curves of NDUFB1. B: Melting curves of NDUFB2. n = 3, each graph 

represents one independent experiment. 

 

Complex I consists of 45 different subunits. NDUFB1 and NDUFB2 are believed to be 

accessory subunits, which are not involved in catalysis.[199] Nevertheless, compound binding 

could cause conformational changes that interfere with the catalytic function. In order to obtain 

further indication whether NDUFB1 and NDUFB2 should be considered as possible interaction 

partners of Authipyrin 53, two more replicates of the TPP were prepared. However, neither 

NDUFB1 nor NDUFB2 were sufficiently identified in these replicates to calculate the shifts in 

melting temperature. In conclusion, the interaction of Authipyrin 53 with complex I could not 

be confirmed by TPP.  

 

 


