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“The advancement of science is slow; it is effected only by virtue of hard work and perseverance. And 

when a result is attained, should we not in recognition connect it with the efforts of those who have 

preceded us, who have struggled and suffered in advance?” 

- Henri Moissan
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Abstract 
 

The rise in antibacterial resistance is one of the most significant threats to public health. This 

increase has coincided with a decline in the development of novel antibiotics in recent decades. 

Consequently, there is an urgent, unmet medical need to develop antibacterial drugs with novel 

molecular targets. Over the past two decades, chemical proteomics has emerged as a powerful 

tool for identifying the protein targets of potential drugs, making it ideally suited for developing 

drug candidates with novel mechanisms of action. This thesis comprises three distinct projects, 

each addressing a different part of antibacterial research, utilising various chemical proteomic 

approaches to identify new potential drug targets.  

In the first project, the focus lies on addressing the necessity for novel Tuberculosis (TB) drugs. 

Starting with an initial hit compound from an in-house library, the objective was to identify the 

cellular targets in Mycobacteria. Using affinity-based protein profiling (AfBPP), the mycolic acid 

transporter MmpL3 was identified as a target of the new compound class. The target was 

validated by radioactively labelling fatty acids in living cells and analysing the extracted fatty 

acids by autoradiography. Furthermore, isolation of resistant M. tuberculosis (Mtb) strains 

confirmed MmpL3 as the primary target of the new compound. The lack of a shift in 

susceptibility in Mtb overexpressing MmpL3 suggested a polypharmacological mode of action. 

Using a new affinity-based probe, more closely resembling the structure of the hit compound, 

two epoxide hydrolases (Eph) were identified as additional targets. An in vitro assay using 

purified EphF confirmed that the novel compound inhibits this enzyme, affirming the dual mode 

of action of the new compound class. Meanwhile, based on the hit compound's core structure 

and the information about the identified protein targets, an extensive hit-to-lead optimisation 

focusing on improving the pharmacokinetic (PK) profile was conducted, resulting in a new lead 

compound with enhanced antibacterial activity and superior PK properties.  

The second project aimed to identify the molecular targets of Chlorotonil, a novel antibacterial 

natural product isolated from Sorangium cellulosum. Thermal proteome profiling (TPP) in 

Staphylococcus aureus identified the essential methionine aminopeptidase (MetAP) as a 

potential protein target. Subsequent investigations demonstrated that Chlorotonil-derivatives 

inhibit the MetAP in an in vitro assay. The rapid onset of bacterial cell death upon treatment 

suggested that inhibition of the MetAP is only a secondary effect. Therefore, the role of the 

most stabilised hit from the TPP experiment, a potassium efflux channel, was investigated. 

Significant shifts in susceptibility when supplementing media with potassium confirmed the role 

of potassium homeostasis in the mode of action (MoA). Full proteome analysis of treated cells 

further corroborated this, as many dysregulated proteins play a role in this cellular process. 
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Proteomic profiling of Chlorotonil-resistant S. aureus identified an intriguing resistance 

mechanism. A mutation in the transcription factor farR leads to a strong upregulation of the 

fatty acid efflux pump FarE. The exported fatty acids interact with Chlorotonil, causing 

neutralisation of Chlorotonil and high-level resistance. While the entire mechanism of action of 

Chlorotonil is still under investigation, this study contributes to a better understanding of the 

complex MoA of Chlorotonil. 

The third project aimed to investigate the nucleotide promiscuity of AMPylators and whether 

the target scope changes depending on the nucleotide substrate. AMPylation is a crucial post-

translational modification (PTM) in cellular homeostasis and during bacterial infection of host 

cells. The role of other nucleotides has yet to be studied extensively. A novel UMPylation 

prodrug activity-based probe was used to profile uninfected and Vibrio parahaemolyticus-

infected human cells. These proteomic studies of labelled protein targets revealed an 

unexpected promiscuity of human nucleotide transferases with an almost identical target set 

of AMP- and UMPylated proteins. On the other hand, studies in cells infected by V. 

parahaemolyticus and its effector VopS revealed solely AMPylation of host enzymes, 

highlighting a hitherto unknown specificity of this transferase for ATP. Gaining a better 

understanding of the protein targets and the molecular mechanism of PTMs catalysed by 

bacterial effector proteins could identify novel pathways that antibacterial and anti-virulence 

drugs could address.  

Together, these three projects underscore the utility of chemical proteomic methods in 

understanding complex bacterial pathways and identifying the mechanism of action of novel 

antibacterial drugs.  
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Zusammenfassung 
 

Die Zunahme der Antibiotikaresistenz ist eine der größten Bedrohungen für die öffentliche 

Gesundheit. Dieser Anstieg fiel in den letzten Jahrzehnten mit einem Einbruch bei der 

Entwicklung neuer Antibiotika zusammen. Daher besteht ein dringender medizinischer Bedarf 

an der Entwicklung von antibakteriellen Medikamenten mit neuen molekularen Zielen. In den 

letzten 20 Jahren hat sich die chemische Proteomik zu einem leistungsfähigen Instrument für 

die Identifizierung der Proteinziele potenzieller Arzneimittel entwickelt und ist damit ein ideales 

Instrument für die Entwicklung von Arzneimittelkandidaten mit neuartigen Wirkmechanismen. 

Diese Arbeit ist eine Kombination aus drei verschiedenen Projekten, die sich jeweils mit einem 

anderen Teilbereich der antibakteriellen Forschung befassen. In allen Projekten wurden 

verschiedene chemische proteomische Ansätze verwendet, um neue potenzielle 

Zielstrukturen für Medikamente zu identifizieren.  

Das erste Projekt befasst sich mit dem Bedarf an neuen TB-Medikamenten. Ausgehend von 

einer ersten Hit-Struktur aus einer internen Bibliothek sollten die zellulären Ziele in 

Mykobakterien identifiziert werden. Mittels affinity-based protein profiling (AfBPP) wurde der 

Mykolsäuretransporter MmpL3 als Ziel der neuen Wirkstoffklasse identifiziert. Das Ziel wurde 

durch die radioaktive Markierung von Fettsäuren in lebenden Zellen und die Analyse der 

extrahierten Fettsäuren durch Autoradiographie validiert. Darüber hinaus bestätigte die 

Isolierung resistenter M. tuberculosis (Mtb) Stämme MmpL3 als primäres Ziel der neuen 

Verbindung. Das Fehlen einer Änderung der minimalen bakteriziden Konzentration (MIC) von 

Mtb, die MmpL3 überexprimieren, deutet auf einen polypharmakologischen Wirkmechanismus 

hin. Mit Hilfe einer neuen affinitätsbasierten Sonde, die der Struktur des neuen Wirkstoffs 

ähnlicher ist, konnten zwei Epoxidhydrolasen (Eph) als zusätzliche Ziele identifiziert werden. 

Ein in vitro Test mit EphF bestätigte, dass die neue Verbindung dieses Enzym hemmt, was 

den dualen Wirkmechanismus der neuen Wirkstoffklasse bestätigt. In der Zwischenzeit wurde 

auf der Grundlage der Kernstruktur der Hit-Substanz und der Informationen über die 

identifizierten Protein-Targets eine umfassende Hit-to-Lead-Optimierung mit Schwerpunkt auf 

der Verbesserung des pharmakokinetischen (PK) Profils durchgeführt, was zu einer neuen 

Leitverbindung mit verstärkter antibakterieller Aktivität und verbesserten PK-Eigenschaften 

führte.  

Das zweite Projekt zielte darauf ab, die molekularen Ziele von Chlorotonil, einem neuartigen 

antibakteriellen Naturstoff, der aus Sorangium cellulosum isoliert wurde, zu identifizieren. 

Mittels thermal proteome profiling (TPP) in Staphylococcus aureus wurde die essentielle 

Methionin-Aminopeptidase (MetAP) als potenzielles Proteinziel identifiziert. Es wurde dann 
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gezeigt, dass die Chlorotonil-Derivate die MetAP in einem in vitro Test hemmen. Das schnelle 

Einsetzen des bakteriellen Zelltods nach der Behandlung deutet darauf hin, dass die 

Hemmung der MetAP nur ein sekundärer Effekt ist. Daher wurde die Rolle des am stärksten 

stabilisierten Treffers aus dem TPP-Experiment, eines Kalium-Efflux-Kanals, untersucht. 

Erhebliche Änderungen in der MIC, wenn das Medium mit Kalium supplementiert wurde, 

bestätigten die Rolle der Kalium-Homöostase in der Wirkungsweise (MoA). Eine 

Proteomanalyse der behandelten Zellen bestätigte dies zusätzlich, da viele dysregulierte 

Proteine eine Rolle in diesem zellulären Prozess spielen. Weitere Proteomanalysen von 

Chlorotonil-resistenten S. aureus Stämmen identifizierten einen interessanten 

Resistenzmechanismus. Eine Mutation im Transkriptionsfaktor farR führt zu einer starken 

Hochregulierung der Fettsäure-Effluxpumpe FarE, die Fettsäuren aus den Zellen exportiert, 

welche Chlorotonil binden und somit neutralisieren. Der vollständige Wirkmechanismus von 

Chlorotonil wird noch weiter Untersucht, diese Studie trägt jedoch schon zu einem besseren 

Verständnis des komplexen Wirkmechanismus von Chlorotonil bei. 

Das dritte Projekt zielte darauf ab, die Nukleotid-Promiskuität von AMPylatoren zu untersuchen 

und festzustellen, ob sich die Zielproteine je nach Nukleotidsubstrat ändern. Die AMPylierung 

ist eine wichtige Post-translationale Modifikation (PTM) in der zellulären Homöostase und 

während der bakteriellen Infektion von Wirtszellen. In diesem Projekt wurde eine neuartige 

prodrug UMPylierungs-Sonde verwendet, um Zielproteine von nicht infizierten und von Vibrio 

parahaemolyticus-infizierten menschlichen Zellen zu identifizieren. Diese proteomischen 

Untersuchungen zeigen eine unerwartete Promiskuität menschlicher Nukleotid-Transferasen 

mit einem fast identischen Target-Set von AMP- und UMPylierten Proteinen. Andererseits 

ergaben Untersuchungen an Zellen, die mit V. parahaemolyticus und seinem Effektor VopS 

infiziert waren, dass Wirtsenzyme ausschließlich AMPyliert wurden, was auf eine bisher 

unbekannte Spezifität dieser Transferase für ATP hinweist. Ein besseres Verständnis der 

Zielproteine und des molekularen Mechanismus der PTMs, die von bakteriellen 

Effektorproteinen katalysiert werden, könnte neue Wege aufzeigen, auf die antibakterielle und 

antivirulente Medikamente ansetzen könnten.  

Zusammengenommen unterstreichen diese drei Projekte die Nützlichkeit chemischer 

Proteomik-Methoden für das Verständnis komplexer bakterieller Stoffwechselwege und die 

Identifizierung der Wirkmechanismen neuartiger antibakterieller Medikamente. 
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1. Antimicrobial Resistance Crisis 

Antimicrobial resistance (AMR) occurs when bacteria, fungi, viruses or parasites change over 

time and no longer respond to medicines. As a result of drug resistance, antibiotics and other 

antimicrobial medications become ineffective, and infections become difficult or impossible to 

treat1. In 2019, AMR was directly responsible for 1.27 million deaths and contributed to nearly 

5 million deaths2. If no further efforts are undertaken, it is estimated that by 2050, 10 million a 

year will die due to AMR3,4. Antibiotic-resistant bacteria are especially concerning as there are 

already multi-drug resistant (MDR) Pseudomonas and Acinetobacter species resistant to 

almost all available antibiotics5,6. Since the advent of antibiotics nearly 100 years ago, when 

Alexander Fleming discovered Penicillin7, many antibiotics with different cellular targets have 

been developed. Most of them target five different cellular targets and processes, and there 

are resistance mechanisms for all known antibiotics8: (1) Cell wall biosynthesis targeting 

antibiotics such as ß-lactams were the first commercially available antibiotics. Resistance 

against these antibiotics is often conferred through the expression of β-lactamases, enzymes 

that open the ß-lactam ring9. (2) Lipopeptides such as daptomycin target the cell membrane, 

leading to depolarisation. Some bacteria have become resistant to this by thickening and 

increasing the cell wall's positive charge, reducing the effect of depolarisation 10,11. (3) The 

folate biosynthesis can be inhibited by sulfonamides, which inhibit the dihydropteroate 

synthase, stopping the folate biosynthesis. Simple mutations in the target protein sequence 

can confer resistance12. (4) Nucleic acid biosynthesis is targeted by many antibiotics, such as 

quinolones. Here, DNA replication is arrested by inhibiting the gyrase and topoisomerase IV, 

which are involved in DNA supercoiling, strand cutting, and ligation. Mutations of the target 

enzymes and efflux of quinolones can confer resistance against this class of antibiotics13. (5) 

Aminoglycoside antibiotics such as gentamicin can inhibit protein synthesis by targeting 

ribosomal proteins. Here, enzymes that modify aminoglycosides, such as acetyl-transferases, 

can cause resistance14. Overall, antibiotic resistance can be conferred by many different 

molecular mechanisms such as drug efflux, target bypass, target site modification, decreased 

influx, inactivation of the antibiotic or down-regulation of the target15. These resistance 

mechanisms can be transferred from one species to another through horizontal gene transfer, 

or resistance can arise through random mutations. The use of antibiotics then leads to selective 

pressure, killing of drug-sensitive bacteria, and selecting resistant ones16. This selective 

pressure is increased through the overuse of antibiotics and prophylactic use in agriculture16–

18.  
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Figure 1. Molecular mechanisms of antibacterial resistance. Bacteria have various resistance mechanisms. 

Some bacteria actively pump out the antibiotic through ATP-driven drug efflux. Resistance can also be 

conferred through the expression of drug-inactivating enzymes such as β-lactamases. Drug-influx can 

be tuned down through the down-regulation of porins through which the drug enters the cell. Alternative 

enzymes can be expressed that bypass the targeted enzyme, or the enzyme itself is mutated so that 

the drug does not inhibit it anymore. Resistance against membrane-acting antibiotics can be conferred 

through changes in membrane properties such as a more positive charge at the outer membrane. This 

figure was created with BioRender.com. 

While many high-income countries have started to adapt to a more conservative and targeted 

use of antibiotics5,19, many low- and middle-income countries  (LMICs) still struggle to provide 

antimicrobial medicines to all of their population. Coupled with a higher infectious disease 

burden in LMICs, antibiotic use will rise in the future, as it has risen by 39% from 2000-2015 

already20. The rise in AMR and the greater need for antibiotics coincide with a slump in the 

pharmaceutical development of antibiotics. Most large pharmaceutical companies have left the 

antibiotic field due to economic and regulatory barriers17. To prolong the efficacy of newer 

antibiotics, the World Health Organisation (WHO) has released a classification of antibiotics 

into first- or second-line antibiotics and last-line therapies (“Reserve”)21. While restricting the 

use of newer antibiotics will indeed prolong the time in which resistance to them is minimal, 

this leads to the economic difficulties faced by the few companies that have brought new 

antibiotics to market in recent years. The rare use of new antibiotics is at odds with a pay-per-

use model22. In 2018, plazomicin, a broad-spectrum aminoglycoside antibiotic active against 

difficult-to-treat carbapenem-resistant Enterobacteriaceae (CRE), was approved by the Food 

and Drug Administration (FDA). Plazomicin was developed by Achagogen, a small 

biotechnology company. Difficulties in finding enough patients for a phase III clinical study 

against CRE meant that it was only approved for complex urinary tract infections (cUTIs). In 
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the first year, the drug earned less than USD 1 million in sales, forcing the company to file for 

bankruptcy in 201923. This example highlights the inadequacies in antibiotic drug approval and 

pricing. In the current economic landscape for antibiotic development, the true societal worth 

of new antibiotics is not considered, even though the cumulative loss of economic output is 

projected to be up to 100 trillion dollars by 2050 if the AMR crisis continues as it has in the 

previous years4. To address the economic issues of antibiotic development, policymakers are 

contemplating new programs in which income for new antibiotics is delinked from the volume 

of drug sales. For example, the UK's National Health Service (NHS) has piloted a scheme in 

which drugs effective against crucial ESKAPE pathogens are paid for in a subscription model 

by the NHS. This should incentivise more investment in research and development, as this 

generates a path to return on investment22,24. Whether these financial commitments are 

enough remains to be seen. Meanwhile, basic research into novel potential antibiotics with 

unexploited cellular targets is vital to generate the next generation of clinical candidates.  
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2. Mycobacterium tuberculosis 

Tuberculosis (TB) remains a formidable challenge to global health. Its causative agent, 

Mycobacterium tuberculosis (Mtb), has evolved to be perfectly adapted to humans, its primary 

host25. About a quarter of the world population has a latent M. tuberculosis infection26, resulting 

in 10.6 million people becoming ill with TB and 1.6 million deaths in 2021, the highest number 

of deaths caused by a single infectious agent, apart from SARS-COV227. One of the challenges 

of fighting Mtb is its unique and complex cell wall structure, which effectively prevents the 

penetration of many small molecules28,29. The cell wall comprises peptidoglycan and 

arabinogalactan layers, which are, in turn, surrounded by the outer mycomembrane. This outer 

membrane comprises trehalose dimycolates (TDMs), consisting of a trehalose head group and 

two mycolic acids. Mycolic acids are very long fatty acids (70-90 carbons), exclusive to 

mycobacteria30 (Figure 2a). They are the reason for the low fluidity and, therefore, the low 

penetrability of the mycomembrane30,31. Overall, the mycobacterial cell envelope is rich in a 

wide variety of lipids, many of which are important for virulence and immune evasion32. Another 

unique feature of Mycobacteria is their cell division mechanism. Unlike other bacteria, 

Mycobacteria undergo asymmetric division, leading to the formation of daughter cells and a 

distinctly slow replication rate33. Interestingly, growth rates of more pathogenic and virulent 

mycobacterial species such as Mtb are significantly lower than less virulent, faster-growing 

species such as M. smegmatis. The exact reason for the correlation between virulence and 

growth rate is still unknown34. Furthermore, Mtb has evolved strategies to survive and persist 

within human host cells, particularly in macrophages. Macrophages are cells of the innate 

immune system and are vital for the first-line defence against pathogens35. Mtb enters the 

macrophage through passive phagocytosis. Once inside the cell, macrophage phagosomes 

usually fuse with lysosomes for degradation of the content and, therefore, lysis of the pathogen. 

Mtb can modulate phagosomal maturation and prevent phagolysosome formation36,37. Its 

ability to modulate this immune response while adapting to other stressors, such as 

acidification and reactive oxygen species38, allows Mtb to survive and grow inside 

macrophages36.  
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Figure 2. Tuberculosis is hard to treat, and MDR-TB is a big burden on public health in many countries. (A) 

Schematic representation of the Mycobacterial membranes and cell wall. This figure was created with 

BioRender.com (B) World map showing the percentage of previously treated TB cases with MDR or 

rifampicin-resistant (RR) TB in 2021. Figure was adapted from the WHO World TB Report 202227. 

Due to the distinct attributes of Mtb compared to other bacteria, treatment relies on only a few 

drugs, most of which were developed decades ago. These drugs have to be applied in 

combination for several months with possible severe side effects 39. Over the past 20 years, 

only two new drugs, bedaquiline and delamanid, have been approved against Mtb40. 

Meanwhile, more and more infections with multidrug-resistant (MDR TB) and extensively drug-

resistant Mtb (XDR-Mtb) are being reported27. Armed conflicts such as the war in Ukraine and 

the related displacement of people are likely to increase the incidence of MDR-TB throughout 

Europe41. The global burden of TB necessitates novel drugs that can kill the emerging drug-

resistant Mtb strains. The prevalence of TB in low-income countries also requires that new 

drugs be low-cost, easy to transport, and store, thereby highlighting small molecule drugs as 

ideal candidates for new TB drugs.  
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3. Post-Translational Modifications During Bacterial Infection 

The human genome consists of approximately 20.000 protein-coding genes. The number of 

proteoforms vastly exceeds the number of canonical gene sequences. This protein 

heterogeneity is partly achieved through post-translational modifications (PTMs)42,43. PTMs 

can be categorised into reversible modifications with chemical groups, such as 

phosphorylation, or more complex molecules, such as glycosylation, and irreversible 

modifications, such as deamidation or proteolytic cleavage44. PTMs influence protein stability, 

conformation, cellular location, activity and protein-protein interactions, enabling rapid 

responses to all kinds of stimuli. PTMs are integral to almost all cellular processes. Enzymes 

responsible for PTMs represent around 5% of all proteins in eukaryotic cells, highlighting their 

importance45. For example, the human kinome, proteins that perform phosphorylation, consists 

of over 500 proteins, many of which are important drug targets46–48.  

 

Figure 3. Overview of a selection of important PTMs categorised into different classes. The figure was adapted 

from Ribet et al.49 

However, cellular homeostasis is not the only process in which PTMs are crucial. Many 

bacteria use PTMs as key virulence strategies 50. These bacteria often use bacterial type III 

secretion systems to deliver effector proteins into the host cell49. Once inside the host cell, 

bacterial effector proteins catalyse PTMs to modulate cellular processes to their advantage. 

The first such virulence mechanism to be elucidated was that of the diphtheria toxin from 

Corynebacterium diphteriae. It catalyses the transfer of an adenosine diphosphate ribose 
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moiety from NAD+ onto the mammalian Elongation-Factor 2 (EF-2). This ADP-ribosylation 

inhibits host cell protein synthesis and leads to cell death51. Some bacteria secrete up to 300 

effector proteins into host cells, waging biochemical warfare, in which PTMs play a crucial 

role52–54. The importance of PTMs during bacterial infections has become more evident over 

the years, with discoveries of a variety of PTMs catalysed by many different pathogens that 

modulate the host immune response, promoting further infection52. For example, Yersinia 

pestis, the causative agent of the plague, secretes the acetyltransferase YopJ which inhibits 

the MAPK and NF-κB pathways used in the innate immune response. It does this by using 

coenzyme A (CoA) to acetylate critical serine and threonine residues in the activation loops of 

MAPKK6 and IKK, directly competing with phosphorylation and therefore preventing 

activation55,56. Another example is PtpA from Mycobacterium tuberculosis. PtpA is an effector 

phosphatase, which dephosphorylates two host proteins important for innate immunity upon 

binding to host Ubiquitin. Furthermore, its binding to Ubiquitin competes with the binding of 

TAB3 to Ubiquitin, affecting the NF-κB signalling pathway57,58. PtpA is an important regulatory 

protein in attenuating phagosome-lysosome fusion59. Gaining a better understanding of PTMs 

introduced by bacterial effector proteins during infection could become a novel approach for 

virulence attenuation. Fighting bacterial virulence instead of killing bacteria is a promising 

strategy to fight bacterial infections with a much lower risk of bacterial resistance due to 

reduced selective pressure.  
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4. Proteomics – Finding the Molecular Targets of Novel Drugs 

 

4.1. Proteomics – Over 20 Years of Technological Advancement 

In all three projects of this thesis, various proteomic methods constitute integral parts of the 

research. Proteomics is the study of all proteins in a living system. It represents the third tier 

of the omics fields consisting of genomics, transcriptomics, proteomics and metabolomics. 

Each tier increases in complexity to the previous one. A single protein-encoding gene can give 

rise to several mRNA isoforms on a transcriptomic level through alternative splicing or the use 

of different promotors60,61. After translation, proteins can be further modified by PTMs or protein 

splicing, resulting in a wide variety of proteoforms42. Most currently known drugs act by 

targeting proteins62, highlighting the importance of understanding proteomic differences in 

diverse biological contexts. Therefore, modern mass spectrometry (MS) based proteomics has 

become a vital tool for drug discovery63. Every MS-based bottom-up proteomic experiment 

consists of at least three fundamental steps: (1) sample preparation and proteolytic digest, (2) 

data acquisition (MS), and (3) protein identification and quantification64 (Figure 4). All three 

parts have been improved significantly over the past 20 years to achieve deeper proteome 

coverage, higher throughput, and more robust quantification65.  

 

4.1.1. Proteomic sample preparation 

For the sample preparation, the cells of interest need to be lysed to extract cellular proteins. 

While human cells are easy to lyse merely through using detergents in a buffer, many bacterial 

cells are hard to lyse. Here, the use of detergents in combination with mechanical disruption, 

such as sonication or small beads, is often used. For some bacteria, the rigid cell wall or 

lipopolysaccharide layer can also be enzymatically degraded using Lysozyme or more genus-

specific enzymes such as Lysostaphin66, making the subsequent lysis with detergents easier. 

Next, the proteins need to be isolated from other cellular components. For many years, the 

standard procedure was the simple precipitation of the proteins with organic solvents such as 

acetone or chloroform and subsequent separation through centrifugation or liquid-liquid 

extraction. In recent years, other methods such as the acid-based one-pot lysis and protein 

clean-up method termed SPEED67, filter-aided sample preparation (FASP)68, in-StageTip 

digestion (iST)69, or single-pot solid-phase-enhanced sample preparation (SP3) have been 

described70,71. All these methods were developed to improve quantitative protein recovery 

even at low input amounts, simplify the experimental setup, and, in some cases, make the 

sample preparation automation compatible with high throughput workflows. Every method has 
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benefits and limitations. However, SP3 has been widely adopted due to its applicability with a 

wide variety of lysis and protein solubilisation components, minimal handling time, 

reproducibility at low protein input amounts and automation compatibility70–72. In SP3, cell 

lysates of any origin are precipitated onto magnetic beads using organic solvent. Magnets can 

then be used to separate bead-bound precipitated proteins from the supernatant. The proteins 

can be washed several times before adding the proteolytic enzymes for on-bead digest. This 

results in very clean peptide samples free of detergents or chaotropic salts, allowing the 

sample to be measured without further peptide clean-up, such as desalting71. As this method 

uses magnetic beads, it requires no centrifugation steps, making it adaptable to most liquid 

handling systems73. 

 

Figure 4. General Proteomics workflow. Cells are lysed, and the proteins are extracted. Clean protein mixture 

(bound to beads) is digested with a protease to yield a peptide mixture of all proteins from the sample. 

Peptides are separated through liquid chromatography before being ionised (ESI) and analysed using 

tandem mass spectrometry. Spectra are analysed and matched with peptides, which are then allocated 

to proteins for quantification. This figure was created with BioRender.com. 

 

4.1.2. LC-MS/MS measurements and data acquisition 

After sample preparation, the complex peptide mixture is analysed by liquid chromatography 

coupled to tandem mass spectrometry (LC-MS/MS). The peptides are usually separated based 

on their hydrophobicity using reversed-phase material, such as C18. Nano-flow liquid 

chromatography has been the most used LC setup for proteomics for 25 years74. The low flow 

rate coupled to electrospray ionisation (ESI) or nano-electrospray ionisation (NSI) leads to 

efficient peptide ionisation and, hence, high sensitivity75–77. In recent years, micro-flow LC has 

been used more often when the sample amount is not limited. Micro-flow LC is significantly 

less sensitive due to lower ionisation efficiency, but the chromatographic performance is 

increased due to lower peak widths, allowing shorter gradient lengths and increasing 

throughput77. However, the large amount of sample needed per measurement is not feasible 
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for many new applications, such as single-cell proteomics and miniaturisation for higher 

throughput. Therefore, nano-flow LC is still the state-of-the-art method used for most 

applications. After chromatographic separation and ionisation of the peptides, they are 

analysed by tandem mass spectrometry. Here, the full-length peptides are first measured in a 

survey scan (MS1) before being selected, fragmented, and then measured (MS2) to allow 

peptide identification. For over 20 years, the most used mass spectrometers for proteomics 

have been Orbitrap instruments78,79. Their high resolution and low cycle time, when combined 

with linear ion traps, have proven to be ideally suited for the quantitative analysis of complex 

peptide samples80. Introducing hybrid quadrupole, Orbitrap, and linear ion trap (Tribrid) 

instruments was another leap in performance, as the parallelisation of ion trapping, MS1, and 

MS2 measurements led to significantly shorter cycle times81. Recently, the Orbitrap has been 

coupled with another novel mass analyser termed Asymmetric Track Lossless (Astral), 

characterised by ultra-fast scan rates and high sensitivity, promising another leap in 

performance82. In recent years, time of flight (TOF) analysers, which used to lack the sensitivity 

needed for proteomics applications, have improved significantly. The breakthrough was 

coupling trapped ion mobility spectrometry (TIMS) with quadrupole- TOF technology83. TIMS 

adds another chromatographic dimension in which co-eluting ionised peptides are separated 

in the gas phase based on their cross-section relative to their m/z. Ions entering the TIMS 

analyser are positioned within an electrical field by the drag of the gas flow84 and can then be 

separately released into the quadrupole-TOF mass analyser. One such TIMS scan (50 ms) is 

much shorter than a typical full MS/MS scan (1-2 s), allowing one survey scan (MS1) followed 

by multiple TIMS-separated MS2 scans using the parallel accumulation serial fragmentation 

(PASEF) method83. The accumulation of a given peptide in the TIMS device increases the 

subsequent signal-to-noise ratio in the TOF analyser, alleviating the issue of low sensitivity of 

previous TOF generations83.  

Since the start of MS-based bottom-up untargeted proteomics, data-dependent acquisition 

(DDA) has been the standard MS data acquisition method. When an MS instrument is used in 

DDA mode, all precursor ions are scanned during the survey scan (MS1), which is then 

followed by the selection of a defined number (TopN) of, or as many precursors as possible 

within a given cycle time, for fragmentation and MS2 scans, normally in order of decreasing 

intensity85 (Figure 5). This sequential fragmentation and scanning of single precursors results 

in easy-to-interpret peptide sequences in the MS2 scans. Over time, improvements in MS 

technologies and data analysis tools have led to improved speed and sensitivity that have 

enabled the development of a novel acquisition method, previously not applicable to 

untargeted proteomics, termed data-independent acquisition (DIA). All DIA methods used for 

bottom-up proteomics are essentially based on Sequential Windowed Acquisition of All 

Theoretical Fragment Ion Mass Spectra (SWATH-MS)86. After the survey scan (MS1), all 



I − 4. Proteomics – Finding the Molecular Targets of Novel Drugs 

12 
 

precursor ions within a predefined m/z window are isolated, co-fragmented, and measured in 

several fixed m/z isolation windows covering all of the relevant m/z range86 (Figure 5). This 

acquisition method results in far more complex MS2 spectra that must be deconvoluted in silico 

after data acquisition. For this, the obtained spectra are searched against a previously 

generated spectral library that includes information on peptide-spectrum matches and 

retention times86. The spectral libraries are usually generated through deeply fractionated DDA 

measurements of the same type of samples86. The generation of such libraries is very laborious 

and uses a lot of instrument time. In recent years, the use of in silico generated libraries using 

deep neural networks has proven to be a useful tool that does not require extensive 

measurements for library generation87,88. The stochastic nature of precursor selection in DDA 

leads to less reproducible peptide identifications and less reliable quantification of low 

abundant proteins85. The fact that all precursor ions are fragmented and measured in DIA 

methods alleviates the problem of stochastic precursor sampling86. Until recently, one of the 

limitations of DIA has been the availability of high-quality spectral libraries. However, in recent 

years, the new deep neural network-based DIA analysis tools have proven to acquire deeper 

proteome coverage while improving quantitative accuracy compared to DDA85–87. 

 

Figure 5. Comparison of data-dependent (DDA) and data-independent acquisition (DIA) for proteomics. Figure 

was adapted from Krasny et al.85. 
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4.1.3. Protein quantification 

After data acquisition and peptide/protein identification, the peptides and proteins must be 

quantified to identify differences in the proteome of different biological samples. To attain 

quantitative information, the intensities of peptides between samples are compared. For 

accurate quantification, several technical approaches include isotopic labels. One of the 

earliest methods developed was stable isotope labelling in cell culture (SILAC)89. In this 

metabolic labelling method, cells are grown in a medium that contains 13C6-arginine and 13C6-

lysine, which ensures that at least one labelled amino acid is present in all tryptic peptides90. 

Protein quantification is then based on the ratio of co-eluting labelled (heavy) and light 

peptides. The advantage of this method is that the differentially treated samples can be 

combined at the level of intact cells, which excludes quantitative differences based on 

downstream sample processing and mass spectrometry measurements90. The disadvantages 

of SILAC are the cost and time-intensive generation of fully labelled cell lines and the maximum 

number of three comparisons (light, 13C6, and 15N4). Additionally, SILAC is mainly limited to 

immortalised cell lines and is not expandable to many other biological samples. Another 

quantification method using isotopic labels is the use of isobaric labels, such as tandem mass 

tags (TMTs)91. Isobaric mass tags have identical overall mass but vary in the distribution of 

heavy isotopes. TMT labels consist of three functional groups: an amine-reactive group, a 

mass normalisation linker, and a reporter ion group. TMT labels are introduced on the peptide 

level through amine-reactive NHS esters. The differentially labelled peptides can be combined 

(multiplexing) and measured in a single LC-MS/MS run. The labelled peptides are isobaric, 

meaning the co-eluting peptides from the differently labelled samples have the same mass on 

MS1 level. The reporter-ions can then be cleaved off through fragmentation at the same time 

as the peptide bonds on MS2 level or, when using tribrid mass spectrometers, separately on 

MS3 level. Quantification on MS3 level alleviates the problem posed by co-fragmenting 

peptides92. TMT labels allow multiplexing of up to 18 samples while delivering highly accurate 

quantification93. All isotopic labelling strategies, including isobaric labelling and SILAC, 

introduce additional steps in sample preparation and additional costs but reduce the amount 

of separate LC-MS/MS measurements. When LC-MS/MS measurement times are not limiting, 

label-free quantification is often the most used quantification method. Here, the MaxLFQ 

algorithm is the most commonly used algorithm for label-free protein quantification for both 

DDA and DIA data87,94. In general, the MaxLFQ algorithm allows the relative quantification of 

a large number of samples without the use of labels. It is based on the assumption that the 

overall intensity of protein abundance is stable across different samples. A delayed 

normalisation, in which intensities are summed up with the normalisation values as free 

variables and a final global normalisation procedure, together with an innovative way of 

determining which peptides to use for protein quantification, has cemented the MaxLFQ 
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algorithm as the benchmark for accurate label-free protein quantification for over ten years94. 

The advantage of label-free quantification compared to label-based methods is that no 

additional sample preparation steps are introduced, making sample preparation time and cost-

effective. However, the lack of sample-multiplexing leads to increased measurement times of 

LC-MS instruments.  

Taken together, the field of proteomics has taken vast leaps forward over the past 25 years. 

Every technological aspect of the methodology, including sample preparation, 

chromatography, mass spectrometry, and software for data analysis, has been improved to a 

point where proteomics is set to play a vital role in clinical settings95,96. Proteomics has already 

proven that it is an ideal candidate for discovering and profiling novel biomarkers, a 

precondition for precision medicine95. Proteomic profiling of drug-treated cells (human or 

pathogens) can also help to identify drug targets, and more precise chemical proteomic tools 

such as activity-based protein profiling (ABPP) enable drug-target identification in an unbiased 

manner63,66,97. 
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4.2. Activity/Affinity−Based Protein profiling (ABPP, AfBPP) 

Phenotypic drug discovery approaches have seen a resurgence due to their potential to 

address the incompletely understood complexity of diseases. In contrast, target-based drug 

discovery is limited to well-understood concepts and does not necessarily yield active drugs in 

vivo. The challenge of phenotypic approaches is that target deconvolution can be difficult98, 

while the knowledge of the drug target is invaluable for further hit-to-lead optimisation. A 

leading chemical proteomic approach to identifying the targets of novel drugs in an unbiased 

manner is activity- or affinity-based protein profiling (ABPP, AfBPP)99. Pioneered by Cravatt 

and Bogyo100,101, the method employs a chemical probe based on the structure of the active 

hit compound, which is further functionalised to allow subsequent analysis. These approaches 

operate on the principle that the active compounds bind to their protein targets in a covalent or 

non-covalent manner. The activity-based probes (ABPs) are equipped with a tag moiety, which 

allows the visualisation or purification of bound proteins based on the functionality of the 

applied tag. Classical ABPP utilises ABPs with covalent electrophiles, often called “warheads”, 

to covalently bind to nucleophilic residues in the active sites of protein targets. Depending on 

the warhead and molecule used, it is possible to target specific enzymes or whole classes of 

enzymes, such as kinases, cysteine proteases, or serine hydrolases100,102. Once the targets 

are covalently attached to the probe, the cells can be lysed and, depending on the functional 

tag of the ABP, further processed. The most used tag in ABPs is a terminal alkyne moiety due 

to its small size and chemical inertness. It can be used for copper(I) catalysed azide-alkyne 

Huisgen cycloaddition, for which Sharpless and Meldal won the Nobel Prize for Chemistry in 

2022, together with Carolyn Bertozzi, who further developed biorthogonal click-reactions for 

biological use103. Using click chemistry, the ABP bound to a target protein can be reacted with 

an affinity tag such as biotin, which allows purification or enrichment of target proteins using 

streptavidin. The proteomic workflow follows the same procedure as discussed above, with the 

addition of an enrichment step using streptavidin. After LC-MS/MS analysis, comparing ABP-

treated to untreated samples enables the identification of protein targets in an unbiased 

way66,97,104. Classical ABPP has a distinctive advantage in that, by specifically targeting the 

active sites of enzymes, it not only identifies the protein targets of new drugs but also offers a 

comprehensive understanding of disease-specific enzyme dysregulation through warheads 

designed for entire enzyme classes 100. However, many drugs and bioactive natural products 

do not bind covalently to their protein targets, and the target site does not always have a 

nucleophilic group that can react with an ABP. The covalent attachment of ABPs to their targets 

is essential for processing samples for ABPP. Therefore, ABPs of non-covalent molecules are 

further functionalised with photo-reactive groups (termed AfBPs), enabling affinity-based 

protein profiling (AfBPP)105. The most commonly used photo-reactive groups for AfBPP are 

aryl azides and diazirines106. These groups form highly reactive intermediates upon UV 
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irradiation, thereby inserting non-specifically into any non-reactive C-H bond in close proximity 

(Figure 6). Diazirines are the most widely used photo-reactive group due to their small size, 

lowering the chance that the AfBP loses its biological activity. Upon UV irradiation, a singlet 

carbene is formed by the release of molecular nitrogen, which can insert into C-H, O-H, and 

N-H bonds. A side reaction of diazirines is the formation of the diazoisomer. However, this 

reaction is significantly slower, and the side product is readily eliminated by reacting with water. 

Diazirines have been used successfully for AfBPP for many years and are being developed 

and improved further through functionalisation107–109. Aryl azides are often used to substitute 

arylic moieties in the molecule of interest, minimising structural perturbation of the molecule of 

interest. Upon UV irradiation, a reactive and short-lived singlet nitrene is formed through the 

release of molecular nitrogen, which can insert into C-H bonds in close proximity. The singlet 

nitrene can also form benzazirines, which can, upon rearrangement, lead to the formation of 

dihydroazepine, which can react as an electrophile with nucleophiles in proximity106. The 

disadvantage of aryl azides compared to diazirines is that they necessitate UV irradiation of 

lower wavelengths, which can be harmful to biological samples. Using various probes and 

photo-reactive groups, AfBPP has been a crucial method for the target elucidation of many 

drugs and natural products105. 

 

Figure 6. Two commonly applied photocrosslinking moieties for AfBPP and their respective mechanism of 

action for insertion upon UV irradiation. (A) Diazirines (B) Aryl azides. 
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4.3. Thermal Proteome Profiling (TPP) 

As discussed, ABPP and AfBPP have proven very useful in studying the activity of whole 

enzyme classes and have successfully been used to identify drug targets. The main drawback 

of these methods is the need to modify the drugs or natural products to obtain the ABPs. In 

many cases, any perturbation of the molecular structure of a drug can lead to the loss of its 

biological activity. In other cases, introducing the chemical moieties needed for an ABP is 

synthetically not feasible, especially for many natural products with no published total 

synthesis. In these cases, methods such as thermal proteome profiling (TPP) can be applied 

in which no ABPs, and therefore no prior derivatisation of the compound, are needed. TPP is 

based on the thermal shift assay, in which stabilising or destabilising effects of protein-ligand 

binding are analysed110. The method is based on the fact that proteins are stabilised upon 

ligand binding, thereby shifting the melting curve towards higher temperatures. This can be 

analysed by exposing the samples to a temperature gradient and comparing the melting curves 

of treated and untreated proteins. This concept was developed further to be used in living cells. 

The cellular thermal shift assay (CETSA) has been used to identify or confirm drug targets in 

living cells111. Cells are treated with a compound of interest and heated, followed by the 

separation of cell debris and aggregates. Then, the melting curves of specific proteins are 

analysed using western blotting111. The main disadvantage of this method is that only a limited 

number of potential protein targets can be analysed, and there needs to be a specific antibody 

for each investigated protein. In 2014, Savitski et al. published TPP, in which they showed that 

they could analyse the melting curves of over 7000 human proteins and thereby identify over 

50 targets of a known broad-spectrum kinase inhibitor and identified off-targets of the cancer 

drugs Vemurafenib and Alectinib which are responsible for known side-effects112. They used 

state-of-the-art proteomics methods to achieve this. In principle, the method is based on the 

previously described CETSA protocol. Instead of using western blotting, each sample from 

each temperature gradient is processed for proteomics LC-MS/MS measurements. The tryptic 

peptides of each sample are then TMT labelled before combining all temperature points of one 

experiment. These multiplexed samples are then fractionated offline to lower sample 

complexity and then analysed by high-resolution mass spectrometry on orbitrap instruments. 

The melting curves for all identified proteins can be calculated using the TMT reporter ion 

quantification. Treated and untreated samples can be compared to identify drug targets and 

other downstream effects113.  
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Figure 7. Schematic workflow of a thermal proteome profiling experiment. Cells are treated with compound or 

vehicle. Subsequently, aliquots of each sample are incubated at ten different temperatures ranging 

from 37 °C to 67 °C. After isolating the soluble fraction via centrifugation, the proteins are digested and 

TMT labelled before being fractionated and analysed by mass spectrometry. For more accurate 

reporter ion quantification, tribrid instruments can be operated in MS3 methods, in which the TMT 

reporter ions are only cleaved off from the already fragmented peptide ions to avoid co-quantification 

from co-eluting peptides. For each identified protein, melting curves can then be calculated to analyse 

the effect of compound on thermal stability of all proteins.  

Since its first publication, TPP has been used to identify various drug (off-)targets, showcasing 

the capability of this relatively new method114–116. Due to the global nature of TPP in living cells, 

in that it measures the thermal stability of the whole proteome, the breadth of data does not 

just allow drug target identification but can identify numerous down-stream effects of drugs and 

other environmental stimuli, which affect proteins such as protein-protein interactions, nucleic 

acid binding, metabolite binding, and even PTMs 117–120. While this large quantity of data can 

aid in getting a more holistic understanding of a drug's effects on cells, it makes it more difficult 

to identify direct drug targets amid secondary effects. One way to address this is using 2-

dimensional (2-D) TPP, in which the TPP experiment is conducted at various compound 

concentrations to estimate a drug's affinity to certain proteins117. One of the biggest caveats of 

TPP is the time-intensive sample preparation, especially when performing 2D-TPP 

experiments. The continued trend towards more automation of proteomic sample preparation 

will help allay this problem in the future. A method which already significantly reduces the 

sample preparation time for thermal shift proteomics is proteome integral solubility alteration 

(PISA)121. Here, the temperature points of a sample are pooled and later, the replicates of 

treated and untreated samples are TMT labelled. In essence, instead of measuring melting 

curves as in TPP, in PISA, the integral of the melting curves is measured, and any change in 

the integral through stabilisation or destabilisation leads to a lower or higher intensity of a given 

protein. This method has been shown to successfully identify drug targets121, although its 

sensitivity is lower. The biggest caveat of all thermal shift-based analyses is that ligand binding 

has to induce a significant thermal shift to identify drug targets, which is not always the case, 

especially for larger proteins111. Overall, TPP is a capable resource in the chemical proteomic 

toolbox, which complements probe-based methods such as ABPP very well when ABPs are 

unavailable. Additionally, TPP is not just a method to identify direct drug targets but can give 
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a holistic view of pathways that are dysregulated through drug treatment or other stimuli without 

the need for changes in expression levels to identify these effects. 
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5.  Aim of this Doctoral Thesis 

With the backdrop of the growing antibiotic resistance crisis, finding novel antibacterial 

compounds that address new cellular targets is vital for the future of the antibiotic clinical 

pipeline. While the pharmaceutical industry is still holding back on this issue due to the 

aforementioned financial and regulatory issues, publicly funded basic research has to continue 

to deliver novel candidates for further clinical studies. This thesis is a combination of three 

different projects, each addressing a different part of antibacterial research. In all projects, 

various chemical proteomic approaches were used to identify new potential drug targets.  

In the first project, the need for novel TB drugs is addressed. From an initial hit compound from 

an in-house library, the aim was to identify the cellular targets and validate these. Meanwhile, 

based on the hit compound's core structure and the information about the identified protein 

targets, the aim was an extensive hit-to-lead optimisation focusing on improving the 

pharmacokinetic profile. 

The second project aimed to identify the molecular targets of Chlorotonil, a novel antibacterial 

compound isolated from Myxobacteria. The aim was to establish a thermal proteome profiling 

(TPP) protocol in S. aureus. This is the first time TPP is attempted in a pathogenic Gram-

positive bacterium. Using TPP and other proteomics and biochemical experiments, the 

complex mode of action of Chlorotonil was further investigated.  

In the third project, the aim was to investigate the nucleotide promiscuity of AMPylators. 

AMPylation is a crucial PTM in cellular homeostasis and during bacterial infection of host cells. 

Gaining a better understanding of the protein targets and the molecular mechanism of PTMs 

catalysed by bacterial effector proteins could identify novel pathways which antibacterial and 

anti-virulence drugs could address. Here, a novel UMPylation prodrug activity-based probe is 

used to identify potential differences in nucleotide promiscuity between human AMPylators and 

the bacterial effector protein VopS.  

Together, these three projects highlight the usefulness of chemical proteomic methods in the 

pursuit of understanding complex bacterial pathways and identifying the mechanism of action 

of novel antibacterial drugs.  
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1. Introduction 

 

With rising numbers of multi-resistant superbugs, healthcare professionals desperately call for 

novel strategies to fight pathogenic bacteria, with particular emphasis on those with already 

limited treatment options27,122,123. Mycobacterium tuberculosis (Mtb) especially poses a 

significant challenge due to its elaborate and unique cell wall structure, effectively preventing 

the penetration of small molecules28,29. Front-line antibiotics comprise compounds such as 

isoniazid (INH) and ethambutol, all addressing cell wall biosynthesis as a hot spot target. For 

example, INH is a prodrug that forms a radical intermediate readily reacting with NADH upon 

activation by catalase peroxidase (KatG). The resulting NADH-INH conjugate effectively blocks 

enoyl-acyl carrier protein reductase (InhA), which is crucial for the biosynthesis of essential 

cell wall mycolic acids. Mutations in the prodrug activating KatG are one of the major INH 

resistance mechanisms limiting its application124. 

Several other targets in the cell wall biosynthesis pathway have been identified as sweet spots 

to kill the pathogen, including D-Alanyl-D-alanine ligase125, polyketide synthase Pks13126 and 

mycobacterial membrane protein large (MmpL3)127–135. MmpL3 is a membrane transporter 

required for the translocation of trehalose monomycolates (TMM) across the Mtb inner 

membrane, where the mycolic acid chain is transferred to arabinogalactan via the Ag85 

complex to yield trehalose dimycolate (TDM). MmpL3 also transports other lipids needed to 

strengthen the cell wall and is thus regarded as an essential protein and promising drug 

target130,136. Several inhibitors of MmpL3 have been identified via high-throughput screens and 

rational design campaigns131,137. Among those, SQ109, an ethylene diamine derivative, was 

the most advanced and reached clinical phase 2138 (Figure 1A). In addition, carboxamides, 

benzothiazole amides, pyrrols, benzimidazoles, spiropiperidines, and adamantly ureas 

(AU1235) have been reported as MmpL3 inhibitors130,139–142. The co-crystal structures of 

several MmpL3 inhibitors, including SQ109, AU1235, and ICA38, have been obtained, 

demonstrating a conserved binding pocket in the proton translocating channel143(Figure 1A). 

For most compounds, MmpL3 was confirmed as a target via sequencing of resistant strains 

with corresponding mutations in the respective binding site141,144. Some of these molecules 

also address additional targets, such as menaquinone biosynthesis enzymes, dissipation of 

the proton motive force, and epoxide hydrolases (Eph)145,146. However, limitations of the current 

MmpL3 compound generations include the decoration by large lipophilic, non-aromatic groups 

associated with high CLogP values, low solubility and limited pharmacokinetics (PK)147.  
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2. Results and Discussion 

2.1. Screening of an in-house urea library reveals a potent Mtb antibiotic 

hit molecule 

 

The diphenyl urea compound PK150 (Figure S1) was previously shown to rapidly kill 

Staphylococcus aureus by a dual mode of action targeting menaquinone methyltransferase 

MenG and the signal peptidase SpsB66. The compound was also tested against other bacteria 

and displayed high activity against Mtb with a minimal inhibitory concentration (MIC) of 

6.25 µM. However, the underlying MoA in Mtb remains unknown. Prior to an in-depth target 

deconvolution, an in-house urea library comprising 450 compounds was screened against 

M. smegmatis (Msm), an easier-to-handle surrogate of Mtb, to search for hits with even better 

activity. 26 compounds displayed the same or better MIC values than PK150 (3,1 µM in Msm) 

with 275 as the most potent derivative (MIC = 0.8 µM) (Figure 1A). The top 3 hits plus PK150 

as a reference were selected for a counter screen against Mtb H37Rv, which largely confirmed 

their potency. 227, a cyclohexyl substituted phenyl urea, stood out with the best MIC of 1.8 µM, 

which is in the same range as front-line antibiotics such as ethambutol.  

 

2.2. Chemical proteomics reveal essential targets in the mycolic acid 

pathway 

 

Prior to chemical proteomic studies, unspecific effects on the membrane integrity were 

excluded. No pronounced membrane disruption was observed for the most active compounds 

(Figure S2). To decipher the cellular targets responsible for the antibiotic effect, three probes 

closely mimicking 227 were deigned and synthesised (synthesis conducted by Josef Braun). 

In the first case, the aryl ring was substituted with an azide moiety to install a photocrosslinker. 

The cyclohexyl ring was equipped with an alkyne handle to enrich bound proteins via click 

chemistry to affinity handles (227-p1). In the second probe, a minimal alkyne photocrosslinker 

was appended to the aryl ring (227-p2) and in the third probe, on the cyclohexyl ring (227-p3) 

(Figure 1B). All probes were tested for their anti-mycobacterial activities, and although probes 

227-p2 and -p3 were inactive, 227-p1 retained antibiotic activity albeit with a higher MIC of 25 

µM. In addition, the existing PK150-like probe (150-p), which exhibited a MIC of 25 µM was 

used and an inactive analogue (150-ip) was used as control (Figure S1).  
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Scheme 1. Synthesis of affinity-based probes based on the structure of 227. 

Affinity-based protein profiling (AfBPP) studies were initiated by 150-p labelling in living Msm 

cells. As described in the introduction, live bacteria were incubated with various probe 

concentrations, followed by lysis, click to rhodamine azide, and SDS-gel analysis via 

fluorescence scanning100,101,148,149. Several fluorescent bands were visible on the gel with a 

concentration for a good signal-to-noise ratio of 12.5 µM (Figure S3A). Mass spectrometry 

based studies were initiated by treatment of Msm cells with 150-p and the inactive derivative 

probe 150-ip, followed by lysis, click to biotin azide, enrichment on avidin beads, and tryptic 

digest to release peptides for LC-MS/MS analysis via label free-quantification (LFQ)94. 

Identified proteins were visualised in a volcano plot with significantly enriched targets 

compared to the inactive probe (p-value < 0.01, fold-change >2 (Log2(1)) displayed on the 

upper right side (Figure 1D, Table S1). Among the proteins solely enriched by the active probe, 

MmpL3 and the signal peptidase LepB were the only proteins assigned to be essential for 

mycobacterial growth according to the MycoBrowser database150. Of note, MmpL3 was also 

significantly enriched when Mtb H37Ra cells were labelled with 150-p (Figure S3C). AfBPP 

experiments in M. smegmatis were conducted with an older protocol and data-dependent 

acquisition, which explains why less proteins were found overall. All subsequent AfBPP 

experiments were conducted using the SP2E104 workflow coupled to data-independent 

acquisition, enhancing the proteomic depth.  

 

To gain further insight into the target scope of the hit-compound 227, the optimised 227-p1 

probe, which more closely resembles the hit-compound, was applied in the labelling of intact 

Mtb H37Ra, with a pre-treatment of the bacteria with a 5-fold excess of parent 227 prior to 

probe addition, to verify high-confident targets by competition (Figure 1E). Interestingly, two 

epoxide hydrolases, EphD and EphF, involved in mycolic acid metabolism, were the only 

competed hits and thus pertained as high-confident targets. MmpL3 could not be enriched with 

227-p1 (Figure 1F), which might be due to the different location of the photocrosslinker 

compared to 150-p and the introduction of the charged azide which might hinder the probe 

from getting into the MmpL3 binding pocket. This could also explain the significant drop in 

activity of the probe compared to 227. Overall, chemical proteomic studies with two different 

affinity-based probes suggest that LepB, MmpL3, and two epoxide hydrolases are putative 

targets which are selected for in-depth validation. 
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Figure 1. AfBPP to decipher protein targets. (A) Structures of known MmpL3 inhibitors SQ109, AU1235, and 

ICA38 and the best two hits, 275 and 227, from a screen against M. smegmatis and their respective 

CLogP-values. (B) Structures of affinity-based probes based on the structure of 227 and their 

respective MIC against MTB H37Ra. (C) Schematic overview of the AfBPP workflow used in this study. 

An affinity-based probe is incubated with a Mycobacterial culture followed by UV-irradiation for covalent 

attachment of the probe to its bound protein. After cell lysis, the protein-bound probe is clicked to a 

biotin-azide, the proteins are captured on magnetic beads, and the probe-bound proteins are enriched 

using streptavidin beads. After tryptic digest, the bound proteins can be identified by LC-MS/MS 

analysis. (D) Volcano-plot of M. smegmatis cells treated with 12.5 µM 150-p compared to the inactive 

probe 150-pi. Both MmpL3 and LepB (both essential) are significantly enriched. Dotted lines indicate 

significance cut-off at p < 0.01 (n=7) and a Log2(fold change) > 1. (E) Volcano-plot of M. tuberculosis 

cells treated with 5 µM 227-p1 compared to 5 µM 227-p1 in competition with 25 µM 227. Both EphD 

and EphF are significantly enriched and out-competed by parent compound 227. Dotted lines indicate 

significance cut-off at p < 0.01 (n=4) and a Log2(fold change) > 1. (F) Profile plot of the mean LFQ-

values of MmpL3, EphF and EphD across different proteomic samples in Mtb. 150-p significantly 

enriches MmpL3 compared to its UV-control (p < 0.0001, n=7), while 227-p1 significantly enriches 

EphF and EphD and is out-competed by 227 (p < 0.0001, n=4), adjusted p-values, two-way ANOVA. 
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2.3. MmpL3 and two epoxide hydrolases are targets of 227 and 

derivatives 

 

The signal peptidase LepB is essential for the cleavage of protein signal tags prior to secretion 

and is needed for survival. Although the corresponding signal peptidase of S. aureus, SpsB, 

was a significant target of PK15066, the corresponding LepB assay with Mycobacterial 

membranes did not show any inhibition compared to MD3, a known mycobacterial LepB 

inhibitor (Figure S4). Thus, binding of LepB does not seem to play a role in the mechanism of 

action in Mycobacteria.   

MmpL3 is a transporter essential for Mycobacterial cell wall biosynthesis. The activity of 

MmpL3 can be probed by feeding mycobacterial cultures with 14C-acetic acid and monitoring 

its incorporation into TMM and TDM via autoradiography (Figure 2A, B). If MmpL3 is blocked, 

TMM levels increase while TDM levels decline. The known MmpL3 inhibitor SQ109 was 

included as a positive control, reducing the transporter activity to 26% at a concentration of 10 

µM (Figure 2D). Importantly, the hit-compound 227 reduced MmpL3 activity to 16% at 10 µM 

with high accumulation of TMM, validating this transporter as an antibiotic target. Newer 

227-derivatives with improved MICs against Mtb H37Ra, 21, and 12 inhibit MmpL3 even 

stronger (Figure 2D). Moreover, the previously reported MmpL3 under and over-expressing 

Mtb H37Rv strains132 were used to determine MIC shifts with the compounds (conducted by 

Curtis Engelhart, Dirk Schnappinger Lab). SQ109 was used as a positive control and shows 

the expected higher susceptibility of MmpL3 under-expressing and lower susceptibility in over-

expressing strains (Figure 2C, S5B, C). Ethambutol was included as a negative control and 

showed no significant shifts. Interestingly, the urea analogues, including 227, exhibited higher 

susceptibility only in under-expressing strains but not when MmpL3 is over-expressed, 

suggesting a diverging MoA compared to SQ109, which may involve additional targets. 

Epoxide hydrolases, the third target class, could be linked to the MoA due to their role in 

mycolic acid metabolism. Although not essential to promote Mtb growth in vitro, EphD was 

shown to be essential for survival in macrophages and the biosynthesis of oxygenated mycolic 

acid species, important for maintaining the integrity of the cell envelope151,152. To validate the 

target engagement of the urea compounds on EphD and EphF, the enzymes were cloned, 

expressed, and purified. Despite unsuccessful attempts to yield functional EphD, functional 

EphF was successfully expressed, allowing the establishment of an in vitro activity assay 

(Figure 2E). A new assay for Mycobacterial Ephs was devised that employs epoxystearic acid 

as a substrate and quantifies the enzymatic conversion from the epoxide to the diol using LC-

MS. Previously, assays using radioactively labelled substrate were used to measure 
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mycobacterial EpH activity. Heat controls with inactivated enzyme were included to assess 

background hydrolysis. 227 showed strong inhibition even at a mere 10-fold excess of 

compound compared to the enzyme (Figure 2E). Compound 21 also inhibits EphF, albeit to a 

lesser extent. As observed in the competition experiment (Figure S3F), 227 out-competes 227-

p1 for both EphF and EphD. Conversely, compound 21 appears to bind EphD to a similar 

extent as 227 but with a significantly reduced affinity for EphF. The results from the activity 

assay and the competitive proteomics experiment are in line with each other. Whether this 

means that 21 is more effective in inhibiting EphD compared to EphF would be an interesting 

experiment for future studies into the role of EphD in the mechanism of action.  

 

Figure 2. 227 and its derivatives inhibit MmpL3 and EphF. (A) MmpL3 is an essential mycolic acid transporter 

that exports trehalose monomycolate (TMM) across the mycomembrane, where it is then converted to 

trehalose dimycolate (TDM) by Ag85 before being incorporated into the cell wall of Mycobacteria. 

(B) MmpL3 activity can be measured in living cells by feeding them 14C acetic acid, which is 

incorporated into mycolic acids. After the extraction of fatty acids and thin layer chromatography (TLC), 

their relative abundance can be measured by autoradiography. As TMM is only converted to TDM after 

export by MmpL3, the ratio of TDM to TMM is a direct measure of MmpL3 activity. Mycolic acids can 

be identified by comparison to INH-treated cells, in which mycolic acid biosynthesis is completely 
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inhibited. (C) Dose-response curves of Mtb H37Rv WT, MmpL3 over- (+ATc), and underexpressing (-

ATc) strains dosed with 227 or SQ109. Figures each represent one of two biological replicates, each 

consisting of three technical replicates. (D) MmpL3 activity in Mtb H37Ra cells treated with different 

compound concentrations and SQ109, a known MmpL3 inhibitor. The Assay was performed in 

biological replicates (n=3), and the activity was calculated from the ratio of TDM to TMM and then 

normalised to a DMSO control. (E) EphF activity of purified EphF. Protein was pre-treated with 

compound or DMSO before adding 9-10-cis epoxystearic acid. After 15 minutes, the reaction was 

quenched with chloroform, the stearic acids were extracted, and taurocholic acid was added as an 

internal standard. The resulting 9,10-dihydroxystearic acid was relatively quantified by LC-MS/MS. A 

heat control (HC) of heat-denatured EphF was included to monitor the background hydrolysis of the 

epoxide. Statistical significance of inhibition (compared to DMSO) was calculated using ordinary one-

way ANOVA (* = p < 0.05; *** = p < 0.001; **** = p < 0.0001, n=5). (F) Dose-response curves of Mtb 

H37Rv WT and 8 227-resistant mutants. The MICs and the mutations are illustrated in the table. The 

mutants carrying a mutation of V684 in mmpL3 result in the biggest shift in MIC. 

 

To further investigate additional targets of the novel urea compounds compared to SQ109, 

comparative whole-cell proteomic MS studies with sub-lethal doses of SQ109, 227, and 21 in 

Mtb H37Ra were performed (Figure 3). SQ109 is the most advanced MmpL3 inhibitor, having 

reached clinical phase 2b, and was therefore chosen as the compound for the comparative 

analysis. There is a significant overlap of dysregulated proteins between the two urea 

compounds and SQ109, highlighting the fact that all three compounds target the same protein, 

MmpL3 (Figure 3A-D). All three compounds lead to a down-regulation of 3 subunits of the 

fumarate reductase complex (FrdA, FrdB, FrdD) (Figure 3E, F). Previous studies have shown 

that impaired succinate oxidation attenuates the activity of cell wall inhibitors, including 

SQ109153. Another cluster dysregulated by all three compounds is the two carbon starvation-

inducible Proteins, Rv2557 and Rv2558, whose function is still unknown but has been linked 

to persistence. Interestingly, some notable differences between the urea compounds and 

SQ109 were observed. First, the proteins belonging to the mymA operon and its transcription 

factor VirS are down-regulated (Figure 3F, G). The proteins of the mymA operon are required 

for appropriate mycolic acid composition of the cell wall and survival under acidic stress154. 

Secondly, both 227 and 21 trigger the upregulation of the isoniazid inducible proteins IniA and 

IniC (Figure 3H), which provide tolerance to various cell wall biosynthesis inhibitors155. 

Previous studies did show that SQ109 induces the iniBAC operon, however, these were 

conducted at much higher, lethal concentrations156. These results indicate that in contrast to 

SQ109, both urea compounds target an additional step in cell wall biosynthesis. This additional 

step could be linked to the epoxide hydrolase targets as both 227 and 21 induce upregulation 

of EphF (Figure 3C), another indication that its inhibition plays a vital role in the mechanism of 

action of these novel compounds. Interestingly, both urea compounds induce a slight 

upregulation of the validated target MmpL3, while SQ109 does not (Figure 3G). 
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Figure 3. Comparative Full-proteome analysis of 227, 21, and SQ109. (A - D) Volcano-plot of Mtb cells treated 

with 0.5 µM SQ109 (A), 0.5 µM 21 (B) or 1 µM 227 (C, D) compared to DMSO. C and D are the same 

data, with differently labelled proteins. Coloured Dark blue dots indicate proteins that are significantly 

down-regulated by a fold-change of more than 2 (Log2(fold change) > 1) in SQ109 treated cells. 

Maroon dots indicate proteins that are significantly up-regulated by a fold-change of more than 2 

(Log2(fold change) > 1) in SQ109 treated cells. Green dots indicate proteins that are significantly up-

regulated by a fold-change of more than 2 (Log2(fold change) > 1) in 21 treated cells. Violett dots 

indicate proteins that are significantly down-regulated by a fold-change of more than 2 (Log2(fold 

change) > 1) in 21 treated cells. Light blue dot represents IniA, purple dot IniC. Light green dot is the 

epoxide hydrolase EphF, and orange dot is MmpL3. Pink dot is the transcriptional regulator VirS, 

responsible for activation of the mymA operon. Dotted lines indicate significance cut-off at p < 0.01 

(n=4) and a Log2(fold change) > 1. (E, F) STRING GO-term analysis of Significantly dysregulated 

proteins (Log2(fold change) > 1 or < -1, p < 0.01 of SQ109 treated cells (E) and 21 treated cells (F). 

For the analysis, the default STRING DB v.12.0157 settings were used, and the required interaction 

score was set to high confidence (> 0.7). Both Compounds induce a down-regulation of the clusters 

CL:3015 (red) and CL:377 (dark blue), while 21 additionally induces down-regulation of the entire 

mymA operon (CL:2640, yellow) and an up-regulation of isoniazid inducible genes iniA and iniC (light 

blue). (G) Profile plot of the normalised abundance of EphF, VirS, and MmpL3 across the different full 

proteome samples. ephF and MmpL3 are slightly upregulated in 227 and 21 treated cells but not in 

SQ109 treated cells. VirS is slightly down-regulated in 21 treated cells, explaining the down-regulation 

of the whole mymA operon. (* = p < 0.05, ** = p < 0.01, **** = p < 0.0001 adjusted p-values, two-way 

ANOVA) (H) Profile plot of the mean LFQ-values of, IniA and IniC across the different full proteome 

samples. Both proteins are concentration-dependently upregulated when cells are treated with 227 or 

21, but not induced by SQ109 (**** = p < 0.0001, adjusted p-values, two-way ANOVA). 

To finally validate the protein targets of 227 on a genetic level, resistant mutants of Mtb H37Rv 

were generated at an estimated frequency of resistance of 1.5x10-7 at 4-fold the MIC 

(conducted by Curtis Engelhart, Dirk Schnappinger Lab). In total, eight resistant strains were 

isolated and sequenced (Figure 2F). The most substantial shift was observed for strains 

carrying a mutation in mmpl3 (9.5-fold MIC), followed by strains carrying mutations in rv1254 

(4.8-fold MIC), an uncharacterised acyl transferase essential for growth. Three strains had a 

distinct single point mutation in rv1254 (L74R, L284P, A42T), and another two strains had a 

frame-shift in rv1254, which resulted in a C-terminal truncation, losing the last 31 or 33 amino 

acids. Given the lack of direct interaction with the tailored probes, dysregulation in the full-

proteome analysis, and the unknown function of rv1254, in-depth studies into its role in the 

mode of action will be subject to future work. Importantly, three strains with the most 

pronounced resistance each carried a single point mutation of V684 in mmpL3, confirming 

MmpL3 as the main target of the new compound class.  
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2.4. Optimised 227-analogues are more potent, less hydrophobic and 

exhibit improved pharmacokinetic properties 

 

Many MmpL3 inhibitors suffer from high hydrophobicity (expressed in LogP values) and, 

therefore, limited pharmacological properties. In fact, a CLogP of 5.2 for 227 is insufficient, and 

a snapshot PK experiment in mice confirmed poor bioavailability (Figure S6A). An intra-venous 

(i.v.) snapshot PK experiment also showed fast clearance of 227 (Figure S6B) (PK studies 

conducted by Matthew Zimmerman in the laboratory of Véronique Dartois). Thus, 227 needed 

a severe structural revision to become suitable for in vivo studies. Over 50 compounds were 

devised and synthesised to obtain closer insights into the structure-activity relationship (SAR) 

and introduce structural moieties that reduce the LogP and enhance solubility (Table 1) 

(synthesis conducted by Josef Braun). In the first series of 227 analogues, the substituents on 

the aromatic ring were varied (1-8, 49-51); however, all compounds deviating from the 227-

based trifluoromethyl and chlorine substitution showed no significantly improved or, in most 

cases, even strongly reduced antibiotic activity. The focus was, therefore, shifted to the 

aliphatic side for further derivatisation. The ring size was reduced from cyclohexyl over 

cyclopentyl, cyclobutyl to cyclopropyl (9-11). While for 3 and 4-membered rings, the MIC 

increased to >25 µM, cyclopentyl derivative 9 remained active with a MIC of 3.2 µM. The 

aliphatic side was systematically varied by introducing methyl substituents, which could break 

planarity and influence the compound conformation. Interestingly, the incorporation of a methyl 

group either at 1, 2, 3, or 4 position (12-15) of the cyclohexyl ring significantly enhanced the 

antibiotic potency with the best MIC of under 0.1 µM for compound 12 bearing the methyl group 

at the 1-position. The two learnings were combined to minimise hydrophobicity while improving 

the MIC and fused the methyl group in 1-position to the cyclopentyl ring (3). Compound 3 

indeed showed a favourable MIC of 0.4 µM compared to the non-methylated derivative 9 

(3.2 µM). 

To lower the hydrophobicity further, the methyl group at the 1-position was hydroxylated (16, 

17) and different ligands bearing acetal groups and other hetero-atoms were introduced (18-

22, 24-46). Here, compound 21, bearing a cyclobutyl acetal moiety, stood out with a MIC of 

0.8 µM and an improved CLogP of 3.9. Finally, 21, the best compound with a low CLogP, and 

12, the C1-methylated cyclohexyl derivative with the best MIC under 0.1 µM, were combined 

to synthesise 23. However, this did not lead to an improved derivative as the MIC dropped to 

6.25 µM, highlighting 21 as the most promising compound for in vivo studies. The mode of 

action of 21, namely MmpL3- and Eph-inhibition, was confirmed to be the same as its parent 

227 (Figures 2A, D, 3). Importantly, compounds 227, 21, and the most active compound, 12 
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showed no shift in MIC when testing against a bedaquiline-resistant clinical isolate, displaying 

the potential use of these compounds to treat drug-resistant TB. 
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Table 1. Overview of novel 227-derived compounds. 
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2.5. Compound 21 displays improved pharmacokinetic properties 

 

As a result of the medicinal optimisation, compounds 21 and 22 were identified to have 

promising activity profiles to advance into in vivo studies. Of note, 21 is 2 to 4-fold antibiotically 

more active than the parent 227. To select the best derivative for in vivo applications, snapshot 

PK studies were performed with both compounds (all PK studies conducted by Matthew 

Zimmerman in the laboratory of Véronique Dartois). A suitable bioavailability with both 

compounds was obtained exhibiting plasma concentrations above the MIC upon 25 mg/Kg p.o. 

administration (Figure 4A, B). As 21 has a sub-micromolar MIC and displayed no pronounced 

cytotoxicity against human cells in a biologically relevant range (IC50 = 71 µM) in MTT assays 

(Figure S6B), it was selected for dose escalation studies (Figure 4C). The compound was well 

tolerated, with a dose-dependent increase in the plasma concentration. The bioavailability was 

slightly decreased compared to the snapshot PK analysis, probably due to a different 

formulation. Time over MIC was about 7 h for a 200 mg/kg dose with an AUC of 43 µM*h, a 

maximum concentration at Tmax = 1 h, and a half-life of about 2.5 – 3 h, depending on the dose.  
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Figure 4. New 227 derivatives exhibit improved PK properties. (A, B) Snapshot PK studies of compounds 21 (A) 

and 22 (B). Compounds were dosed orally at 25 mg/Kg in 95% (20%) Solutol HS15, 5% DMA, and the 

plasma concentration was measured over time (n=2). MIC against MTB H37Ra is indicated by the 

dotted line. (C) Dose escalation study of compound 21. Compounds were dosed orally in 20% Solutol 

HS15 on day 1 and on day 3 (n=3). The compound was well tolerated, and there was no weight loss, 

sickness, or necrosis. 
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3. Conclusion 

 

Finding novel drugs is crucial for the continued fight against a rise in drug-resistant Mtb. At the 

same time, only two new Mtb drugs, bedaquiline and delamanid, against resistant strains have 

been approved within the past 20 years40. In recent years, the essential mycolic acid 

transporter MmpL3 has been intensively studied as a promising novel drug target. Several 

inhibitors have been reported, and some have been validated by co-crystallisation. While there 

have been some reports of potential secondary targets for some of the MmpL3 inhibitors145, 

these have not been studied in an unbiased approach. Furthermore, SAR studies and hit-to-

lead developments have often only focused solely on activity (MIC) and have resulted in highly 

hydrophobic compounds, which suffer from poor PK properties.  

 

In this study, an in-house library was screened and identified novel urea compounds that are 

active against Mtb. Tailored affinity-based probes were applied to identify the drug targets of 

the new hit compound in an unbiased manner. One of the only essential targets enriched in 

the affinity-based profiling experiment was the mycolic acid transporter MmpL3. Two other 

proteins identified as hits are the epoxide hydrolases EphF and EphD, both linked to mycolic 

acid metabolism151. MmpL3 was functionally validated as the main driver of activity by 

measuring its inhibition by the novel compounds and on a genomic level by generating and 

sequencing mutants that are resistant against 227. The strains with the highest resistance to 

227 all carried a single-point mutation of V684 in mmpL3. This mutation has been reported for 

strains resistant to indolecarboxamides139,158, which indicates a similar binding mode or a 

conserved resistance mechanism. Some mutant strains that conferred mild resistance towards 

227 had mutations in rv1254, an uncharacterised membrane-bound acyl transferase. As there 

was no direct interaction with the tailored probes nor any dysregulation in the comparative full-

proteome studies, its potential role in the mode of action or metabolisation of the compounds 

will be subject of future work. While the activity assay and sequencing of the resistant mutants 

validated MmpL3 as a target, overexpression of MmpL3 in Mtb did not result in reduced 

susceptibility, which is typical for MmpL3 inhibitors. This hints towards a polypharmacological 

mode of action. Here, we make use of the unbiased nature of affinity-based protein profiling, 

which identified two epoxide hydrolases as targets. Although both proteins are not essential 

for growth in vitro, they are essential for survival in macrophages, which could translate to 

improved in vivo efficacy. EphD plays a role in the biosynthesis of oxygenated mycolic acid 

species and in the integrity of the cell envelope. The exact role of EphF is still elusive, but due 

to the similar in vitro substrate specificity, a role in mycolic acid biosynthesis is also likely. While 
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EphD could not be expressed actively, strong concentration-dependent inhibition of EphF 

could be shown. Comparative full proteome analysis at sub-lethal doses of 227, 21, and SQ109 

revealed several additional dysregulated protein clusters when Mtb was treated with the novel 

ureas compared to SQ109. First, IniA and IniC were upregulated in the urea-treated cells. 

Upregulation of the Ini-operon is a well-documented tolerance mechanism against drugs that 

target cell wall biosynthesis. Second, the urea compounds trigger a down-regulation of the 

mymA-operon, in line with the down-regulation of its transcription factor VirS. The proteins of 

the mymA operon are required for the appropriate mycolic acid composition of the cell wall and 

survival under acidic stress. Lastly, both urea compounds cause an up-regulation of the target 

proteins MmpL3 and EphF. Taken together, these changes in the proteome of Mtb upon 

compound treatment and the fact that overexpression of MmpL3 does not decrease the 

susceptibility towards the novel compounds strongly indicate that another protein, apart from 

MmpL3, is targeted. The MmpL3 inhibitor AU1235 has been shown to inhibit EphD in M. 

smegmatis cells over-expressing EphD146. Here, the interaction with the compounds was 

shown in an unbiased way. The two epoxide hydrolases EphF and EphD, were both bound by 

the probe 227-p1 and out-competed by 227, EphF is inhibited by 227 in vitro, and EphF is 

upregulated by compound treatment. All this strongly suggests that inhibition of these epoxide 

hydrolases plays an important role in the mode of action of the novel urea compounds. By 

targeting multiple proteins in the mycolic acid biosynthesis pathway (MmpL3, EphF, EphD), 

two of which are essential for growth in macrophages, we have identified a promising novel hit 

candidate for further optimisation.  

The initial hit 227 was further optimised through extensive SAR studies. The aim was to 

improve the activity while also focusing on lowering the hydrophobicity. It was identified that 

introducing acetals on the non-aromatic side of the urea compounds accomplished both goals. 

Compound 21 has a significantly lower cLogP (3.89) while exhibiting a sub-micromolar MIC. 

This lowered hydrophobicity resulted in significantly improved oral bioavailability, even with 

non-optimised formulations. A recent study focused on improving the solubility of AU1235-

derived compounds was successful159. However, the study was limited to only adamantane-

containing compounds. Other, significantly more hydrophobic, MmpL3 inhibitors needed 

extensive formulation studies and optimisation to achieve satisfactory bioavailability139. In 

future, more in-depth formulation studies could significantly improve the bioavailability of 21, 

for example, by extending its half-life through sustained-release formulations160. In conclusion, 

we were able to significantly expand the chemical space of less hydrophobic MmpL3 inhibitors 

beyond adamantane-containing compounds while further elucidating their 

polypharmacological profile beyond MmpL3 inhibition. 
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4. Supplementary Information 

Table S1. Significant hits from volcano plot in figure 1D. M. smegmatis cells treated with 12.5 µM 150-

p compared to 150-pi 

 

  

Uniprot ID Gene name Protein Description 
Log2 fold-

change 
Essential ortholog 

in MTB? 

(Mycobrowser) 
A0QV43 lepB Signal peptidase I 3.23 yes 
A0QTI3 MSMEG_1855 Tetratricopeptide repeat protein, putative 2.72 no 

A0R5I8 MSMEG_6207 Polyketide cyclase / dehydrase and lipid 

transport 2.59 no 

A0R2U1 MSMEG_5233 RmlD substrate binding domain superfamily 

protein 2.45 no 

A0R292 MSMEG_5030 Deazaflavin-dependent nitroreductase family 

protein 2.32 no 

A0R5R8 MSMEG_6288 Transmembrane protein 2.19 no 
A0QSW8 MSMEG_1629 Uncharacterized protein 2.17 no 
A0R1J8 MSMEG_4779 Probable regulatory protein 2.13 no 
A0QWJ1 yajC Preprotein translocase, YajC subunit 1.99 no 

Q3I5Q7 MSMEG_0919 HBHA-like protein, Heparin-binding 

hemagglutinin 1.93 no 

A0R0Z5 MSMEG_4563 Puromycin N-acetyltransferase 1.72 no 

A0QTV7 MSMEG_1981 Deazaflavin-dependent nitroreductase family 

protein 
1.60 no 

A0R2T3 MSMEG_5225 Lipid droplet-associated protein 1.59 no 
A0R2B0 MSMEG_5048 EcsC protein family protein 1.54 no 
A0QRA8 MSMEG_1049 Methyltransferase 1.53 no 
A0QQB0 MSMEG_0690 Iron-sulfur cluster-binding protein 1.39 no 
A0QNZ7 MSMEG_0220 Monoacylglycerol lipase 1.27 no 
A0QP27 mmpL3 Trehalose monomycolate exporter MmpL3 1.18 yes 
A0R5G6 MSMEG_6183 Serine protease 1.06 unclear 
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Figure S1. Structures of PK150 and the probes derived from its structure. Minimal inhibitory concentrations (MICs) 

in M. tuberculosis H37Ra show that 150-p is active, while 150-pi is inactive. 

 

 

 

 

 

Figure S2. Membrane integrity assay. M. tuberculosis H37Ra cells were incubated with propidium iodide for 12 

minutes before adding the indicated compounds. The Detergent benzalkonium chloride (BAC) was 

used as a positive control. Neither 227 nor 21 disrupt the membrane to allow propidium iodide to enter 

the cells. The experiment was conducted in triplicates, and the mean (n=3) was plotted.   
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Figure S3. AfBPP to decipher protein targets. (A) Analytical labelling studies using 150-p and 150-pi in M. 

smegmatis. (B) Analytical labelling studies using 227-p1 in Mtb H37Ra. (C) Volcano-plot of Mtb cells 

treated with 12.5 µM 150-p compared to its UV-control. MmpL3 is also enriched in Mtb. Dotted lines 

indicate significance cut-off at p < 0.01 (n=4) and a Log2(fold change) > 1. (D) Volcano-plot of Msm 

cells treated with 12.5 µM 150-p compared to DMSO. Both MmpL3 and LepB are significantly enriched. 

Dotted lines indicate significance cut-off at p < 0.01 (n=7) and a Log2(fold change) > 1. (E) Volcano-

plot of Mtb cells treated with 5 µM 227-p1 compared to DMSO. Both EphD and EphF are significantly 

enriched. (F) Profile plot of the mean LFQ-values (n=4) of EphF and EphD across different proteomic 

samples. 227-p1 significantly enriches EphF and EphD and is strongly out-competed by 227. 21 and 

12  show weaker competition in EphF binding and also slightly weaker competition in EphD binding.  
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Figure S4. LepB is not a target of PK150 in Mycobacteria. (A) Structure of the known mycobacterial LepB inhibitor 

MD3. MD3 is known to strongly inhibit LepB in Mtb and to weakly inhibit LepB in M. smegmatis. (B) 

Cleavage of a fluorogenic LepB substrate by isolated M. smegmatis membranes treated with different 

compounds. (C) Calculated initial velocities in linear range. Neither PK150 nor the probes derived from 

it modulate LepB activity. Statistical significance was determined using ordinary one-way ANOVA 

(n=3), * = p < 0.05. 
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Figure S5. MmpL3 is the main target of the new compounds. (A) Example of a TLC plate quantified for the MmpL3 

assay. The spots corresponding to TDM and TMM were quantified, the background was subtracted, 

and the ratio of TDM to TMM was calculated. (B) Dose-response curves of Mtb H37Rv WT, MmpL3 

over- (+ATc), and underexpressing (-ATc) strains dosed with various compounds. Each Compound 

was performed in three technical triplicates and two biological replicates. Ethambutol activity is known 

not to be affected by MmpL3 expression levels. Rifampicin activity is known to be affected when MmpL3 

is under-expressed. This is not due to direct binding. SQ109, a known MmpL3 inhibitor, exhibits distinct 

shifts in both directions, depending on whether MmpL3 is under- or over-expressed. (C) Table of the 

MICs from all under- and over-expressing experiments in Figure S5B and Figure 2D. MICs were 

calculated using the Gompertz model.  



II − 4. Supplementary Information 
 

43 
 

 

 

Figure S6. Initial hit 227 is not bioavailable and more toxic compared to novel compound 21. (A) Snapshot PK 

study of compound 227. Compounds were dosed orally at 25 mg/Kg in 95% (20 %) Solutol HS15, 5% 

DMA, and the plasma concentration was measured over time (n=2). MIC against MTB H37Ra is 

indicated by the dotted line. (B) Snapshot PK study of compound 227. Compound was dosed 

intravenously at 5 mg/Kg in 95% PEG300, 5% DMA, and the plasma concentration was measured over 

time (n=4). MIC against MTB H37Ra is indicated by the dotted line. (C) MTT assay in HeLa cells of 

compounds 21 and 227. 95% confidence interval (CI) of 21 (52-97 µM) and of 227 (15- 37 µM). 

Compound 21 displays toxicity at only very high concentrations. 
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5. Methods 

5.1. Biochemical Methods 

5.1.1. Mycobacterial culture 

Unless otherwise stated, mycobacteria were cultured in 7H9+OADC+0.05% Tween-80. OADC 

(0.5 g/L oleic acid, 50 g/L BSA Frac V, 20 g/L Dextrose, 30 mg/L catalase) was sterile filtered 

and added 1:10 to autoclaved 7H9 broth (4.7 g/L 7H9 powder). The broth was stored in the 

fridge for no more than 4 weeks. For each culture, sterile filtered 20% Tween-80 was added 

freshly to a final concentration of 0.05%. Mycobacterium tuberculosis H37Ra was inoculated 

1:100 from a glycerol Stock and grown for 10-21 days in T-175 cell culture flasks (37 °C, 

humidified) prior to any experiment. M. smegmatis was inoculated 1:1000 from a glycerol stock 

and grown for 3 days prior to experiments. M. tuberculosis was grown at 37 °C in a humidified 

plate incubator, while M. smegmatis was grown at 37 °C and 200 rpm shaking in Erlenmeyer 

flasks. All sample preparations for LC-MS based analysis were performed in at least four 

biological replicates (n=4) from four separately cultured Mycobacterial cultures.  

 

5.1.2. Minimal inhibitory concentration measurements 

To prepare the inoculum, a 10 to 14-day culture of M. tuberculosis H37Ra was harvested in a 

50 mL falcon tube by centrifugation (7000 xg) and reconstituted in fresh 7H9+OADC+0.05% 

Tween-80. Five sterile glass beads were added, and the cells were vigorously vortexed to 

homogenise the culture. The culture was left standing for 10-20 minutes to allow the larger cell 

clumps to settle at the bottom. The homogenous supernatant was carefully transferred to a 

new sterile falcon tube, and the optical density (OD600) was measured. The culture was 

adjusted to an OD600 = 0.0063 (equivalent to 0.05 McFarland) and used as such as an inoculum 

for MIC measurements. For this, a serial dilution (1:1) was performed in the wells. The 

compounds were added from a DMSO stock to 100 µL of medium (1:50), and the serial dilution 

was prepared on the same plate (50 µL + 50 µL). Lastly, 50 µL of the inoculum was added to 

each well (accept sterile control), the plates were sealed with gas-permeable seals, and 

incubated for 18 days at 37 °C (humidified plate incubator).  

 

5.1.3. Gel-based fluorescent labelling in Mycobacteria 

The optical density of a late exponential to early stationary Mycobacterial culture (M. 

smegmatis: 3 days, M. tuberculosis: 21 days) was measured, and the cells were harvested in 

a 50 mL falcon tube by centrifugation (7000 xg, 10 min, 4 °C). The cell pellet was washed with 
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20 mL cold PBS (7000 xg, 10 min, 4 °C) and reconstituted in PBS to a theoretical OD600- value 

of 10. For each labelling condition, 220 µL of the cell suspension was transferred into an 

Eppendorf tube. 2.2 µL of the respective photo-probe was added (1 % final DMSO 

concentration) to the cell suspension. The cells were incubated with the photo-probes for 1 

hour (37 °C, 200 rpm). After incubation, the cells were transferred to a transparent 48-well 

plate. While cooling, the cells were irradiated with UV light using an 18 W Philips TL-D BLB 

UV lamp (= 310- 400 nm) to allow photo-crosslinking of the photo-reactive group. After photo-

crosslinking, the cells were transferred into an Eppendorf tube and washed with 1 mL cold PBS 

(7000 xg, 4°C, 5 min). To lyse the cells, the pellets were reconstituted in 150 µL PBS 

supplemented with 0.5 % SDS and 1 % Triton X-100. The cells were sonicated (10 s, 30 % 

intensity, Sonopuls HD 2070 ultrasonic rod, Bandelin electronic GmbH) and transferred into 

bead-mill lysis tubes filled with 0.1 mm zirconium beads. The cells were lysed at 6500 rpm for 

3x 30 s using a precellys 24 bead beater (peqlab). The Lysate was centrifuged at 10.000 xg 

for 10 minutes, and the supernatant (120 µL) was transferred into a microcentrifuge tube and 

centrifuged for 10 minutes at 21.000 xg. The supernatant (100 µL) was transferred into a new 

centrifuge tube. The lysate was clicked to rhodamine azide by the addition of 7 µL freshly 

prepared click-mix (1 µL 10 mM Rhodamine-azide in DMSO, 3 µL 1.67 mM 

tris(benzyltriazoylmethyl)amine (TBTA) in 80% tBuOH and 20% DMSO, 1 µL 50 mM CuSO4 

in water, and 2 µL 52 mM TCEP in water) and incubation for 1 h at RT. The reaction was 

quenched by adding 500 µL ice-cold acetone and incubating for 1 h at -20°C to precipitate all 

proteins. The proteins were harvested by centrifugation (20 min, 21.000 xg, 4 °C) and 

reconstituted in Laemmli buffer by sonication (10 s, 10% intensity). The samples were then 

analysed by SDS-PAGE and the fluorescence was recorded in a Fujifilm Las-4000 

Luminescent Image Analyser with a Fujinon VRF43LMD3 and a 575DF20 filter.  

 

5.1.4. Preparative labelling in M. smegmatis using probe 150-p for Mass 

spectrometry 

Labelling, Lysis and Click. The M. smegmatis DSM43756 cells were inoculated into 5 mL 

7H9 + ADC broth and incubated for 40 hours (37 °C, 200 rpm). 4 mL of the culture was then 

used to inoculate 60 mL 7H9 + ADC broth in 250 mL Erlenmeyer flasks with deep chicanes. 

The cells were grown (37 °C, 200 rpm) until they reached the stationary phase (20 – 23 hours). 

The OD600- value was measured, and the cells were harvested in 50 mL falcon tubes by 

centrifugation (6000 xg, 5 min, 4 °C). The cell pellet was washed in 20 mL cold PBS (7000 xg, 

5 min, 4 °C) and resuspended in PBS to a theoretical OD600- value of 40. For each labelling 

condition, 1 mL of the cell suspension was transferred into an Eppendorf tube. 10 µL of the 

respective photo-probe was added (1 % final DMSO concentration) to the cell suspension. The 
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cells were incubated with the photo-probes for 1 hour (37 °C, 200 rpm). After incubation, the 

cells were transferred to transparent 6-well plates. While cooling, the cells were irradiated with 

UV-light using a Hitachi FL8BL-B UV-lamp (= 310- 400 nm) to allow photo-crosslinking of the 

diazirine group. After photo-crosslinking the cells were transferred into an Eppendorf tube and 

washed with 1 mL cold PBS (7000 xg, 4°C, 5 min). The cell pellet was frozen and stored at -

80 °C until cell lysis. To lyse the cells, the pellets were resuspended in 1 mL PBS 

supplemented with 0.5 % SDS and 1 % Triton X-100. The resuspended cells were lysed by 

sonication (3x 15 s, 80 % intensity), cooling the samples on ice in between each sonication 

step. The cell debris was now removed by centrifugation (6000 xg, 5 min, 4 °C) and the 

supernatant was transferred into a new Eppendorf tube. The protein concentrations of the 

samples were determined by BCA assay (Roti Quant, Roth), and all samples were adjusted to 

the same protein concentration using the lysis buffer.  1 mL of each sample was transferred 

into a 15 mL falcon tube and clicked to biotin azide by the addition of 80 µL freshly prepared 

click-mix (20 µL 10 mM biotin-azide in DMSO, 30 µL 1.67 mM tris(benzyltriazoylmethyl)amine 

(TBTA) in 80% tBuOH and 20% DMSO, 10 µL 50 mM CuSO4 in water, and 20 µL 52 mM TCEP 

in water) and incubation for 1 h at RT. The click-reaction was quenched, and the proteins 

precipitated by the addition of 5 mL cold (-80 °C) Acetone (5x excess volume). The samples 

were incubated overnight at -20 °C.  

Enrichment and Digestion. The proteins were harvested (21,000 xg, 4°C, 20 min) and 

washed twice with methanol. Therefore, the pellet was reconstituted in 500 µL methanol, 

sonicated (10 % intensity, 10 s, Sonopuls HD 2070 ultrasonic rod, Bandelin electronic GmbH) 

and harvested again via centrifugation as before. Next, the proteins were reconstituted in 500 

µL 0.2% SDS in PBS by sonication (10 % intensity, 10 s) and the insoluble part was removed 

by centrifugation. The soluble fraction was added to 50 µL of washed (3x in 0.2% SDS in PBS) 

avidin-agarose beads and incubated for 1 h with continuous mixing. Afterwards, the samples 

were washed three times with 0.2% SDS in PBS, two times with 6 M urea and 3 times with 

PBS. For this the samples were centrifuged for 3 minutes at 400 xg and the supernatant war 

discarded each time. The beads were now resuspended in 200 µL digestion buffer 1 (3.6 M 

urea, 1.1 M thiourea, 5 mM TCEP in 20 mM Hepes, pH 7.5) and incubated for 30 minutes at 

25 °C, 1000 rpm. The reduced bead-bound proteins were now alkylated with with 5.5 mM 

iodoacetamide (30 min, 1000 rpm, 25 °C) and then the reaction was quenched with 10 mM 

DTT (30 min, 1000 rpm, 25 °C). Samples were first digested with 0.5 µg LysC (Wako) for 2 h 

at 25 °C before adding 600 µL 50 mM TEAB with 1.5 µg Trypsin (Promega) and a further 

incubation of 16 hours at 37 °C, 1000 rpm. The digest was stopped by adding 1 % FA and the 

peptides were desalted using 50 mg Sep-Pak C18 cartridges (Waters Corp.). Therefore, the 

cartridges were equilibrated with 1 mL acetonitrile, 1 mL (elution biffer (80% acetonitrile, 0.5 % 

FA in H2O) and 3 ml of wash buffer 1 (0.1 % TFA in H2O). The samples were loaded, washed 
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with 3 ml wash buffer 1 and 0.5 mL of 0.5% FA in H2O. The peptides were eluted with 2x 250 

µL elution buffer and dried in a centrifugal evaporator. The peptides were reconstituted in 30 

µL 1% FA and measured on an Q Exactive Plus instrument (Thermo Fischer).  

 

5.1.5. LC-MS measurements on QExacative Plus.  

Peptide Samples were analyzed on an UltiMate 3000 nano HPLC system (Dionex) equipped 

d with an Acclaim C18 PepMap100 (75 μm ID × 2 cm) trap column and a 25 cm Aurora Series 

emitter column (25 cm × 75 μm ID, 1.6 μm FSC C18) (Ionoptics) separation column (column 

oven heated to 40 °C) coupled to an Q Exactive Plus Instrument (Thermo Fisher). For peptide 

separation, samples were loaded on the trap column and washed for 10 min with 0.1% TFA in 

ddH2O at a flow rate of 5 µL/min. Subsequently, peptides were transferred to the analytical 

column for peptide separation and separated using the following 132 min gradient (Buffer A: 

H2O + 0.1% FA; B: MeCN + 0.1% FA) with a flow rate of 300 nL/min.: in 7 min to 5% B, in 105 

min from 5% to 22%, in 10 min from 22 to 35% and in another 10 min to 90% B. Separation 

gradient was followed by a column washing step using 90% B for 10 min and subsequent 

column re-equilibration with 5% B for 5 min. Peptides were ionized at a capillary temperature 

of 275 °C and the instrument was operated in a Top12 data dependent mode. For full scan 

acquisition, the orbitrap mass analyzer was set to a resolution of R = 140000, an automatic 

gain control (AGC) target of 3e6, and a maximal injection time of 80 ms in a scan range of 300-

1500 m/z. Precursors having a charge state of >1, a minimum AGC target of 1e3 and 

intensities higher than 1e4 were selected for fragmentation. Peptide fragments were generated 

by HCD (higher-energy collisional dissociation) with a normalized collision energy of 27 % and 

recorded in the orbitrap at a resolution of R = 17500. Moreover, the AGC target was set to 1e5 

with a maximum injection time of 100 ms scan range. Dynamic exclusion duration was set to 

60 s and isolation was performed in the quadrupole using a window of 1.6 m/z.  

 

5.1.6. Data analysis of QExactive Plus samples 

 MS raw data was analysed using MaxQuant161 software (version 2.0.3.0) and peptides were 

searched against the UniProt reference proteome for M. smegmatis mc2155 (taxon identifier: 

246196, downloaded on 02.05.2022). Carbamidomethylation of cysteines was set as fixed 

modification, and oxidation of methionines and acetylation of N-termini were set as variable 

modifications. Trypsin was set as the proteolytic enzyme with a maximum of 2 missed 

cleavages. For the main search, precursor mass tolerance was set to 4.5 ppm and fragment 

mass tolerance to 0.5 Da. Label-free quantification (LFQ) mode was activated with a LFQ 

minimum ratio count of 2. Second peptide identification was enabled, and false discovery rate 



II − 5. Methods 

48 
 

(FDR) determination carried out by applying a decoy database and thresholds were set to 1% 

FDR at peptide-spectrum match and at protein levels and “match between runs” (0.7 min match 

and 20 min alignment time windows) option was enabled. Normalized LFQ intensities extracted 

from the MaxQuant result table proteinGroups.txt were further analysed with Perseus 

software162 (version 2.03.1). Prior to analysis, putative contaminants, reverse hits and only 

identified by site hits were removed. Normalized LFQ intensities were log2 transformed and 

proteins with at least four valid values in at least one group were used for missing value 

imputation from normal distribution (width 0.3, downshift 1.8, total matrix). Two-sample 

Students’ t-test including permutation-based multiple testing correction (FDR = 0.05) was 

performed. 

 

5.1.7. Preparative labelling in M. tuberculosis for Mass spectrometry 

Labelling, Lysis and Click. The optical density of each biological replicate culture of the 

Mycobacterial culture of M. tuberculosis H37Ra was measured and the cells were harvested 

in a 50 mL falcon tube by centrifugation (7000 xg, 10 min, 4 °C). The cell pellet was washed 

with 20 mL cold PBS (7000 xg, 10 min, 4 °C) and reconstituted in PBS to a theoretical OD600- 

value of 15. For each labelling condition, 500 µL of the cell suspension was transferred into an 

Eppendorf tube. 5 µL of the respective photo-probe was added (1 % final DMSO concentration) 

to the cell suspension. The cells were incubated with the photo-probes for 1 hour (37 °C, 200 

rpm). After incubation, the cells were transferred to a transparent 48-well plate. While cooling, 

the cells were irradiated with UV light using an 18 W Philips TL-D BLB UV lamp (= 310- 400 

nm) to allow photo-crosslinking of the photo-reactive group. After photo-crosslinking, the cells 

were transferred into an Eppendorf tube and washed with 1 mL cold PBS (7000 xg, 4°C, 5 

min). To lyse the cells, the pellets were reconstituted in 150 µL PBS supplemented with 0.5 % 

SDS and 1 % Triton X-100. The cells were sonicated (10 s, 30 % intensity, Sonopuls HD 2070 

ultrasonic rod, Bandelin electronic GmbH) and transferred into bead-mill lysis tubes filled with 

0.1 mm zirconium beads. The cells were lysed at 6500 rpm for 3x 30 s using a precellys 24 

bead beater (peqlab). The Lysate was centrifuged at 10.000 xg for 10 minutes, and the 

supernatant (120 µL) was transferred into a micro-centrifuge tube and centrifuged for 10 

minutes at 21.000 xg. The supernatant (100 µL) was transferred into a new centrifuge tube. 

The protein concentrations of the samples were determined by BCA assay (Roti Quant, Roth), 

and all samples were adjusted to a protein concentration of 2.23 mg/mL using the lysis buffer. 

45 µL of Lysate from each sample was transferred to a 96-well plate (Polypropylene, V-bottom, 

Greiner cat. 651201), and the samples were clicked to biotin-azide. For this, 4.9 µL of click-

mix (0.6 µL 20 mM biotin-azide in DMSO, 2.5 µL 1.67 mM tris(benzyltriazoylmethyl)amine 

(TBTA) in 80% tBuOH and 20% DMSO, 1.2 µL 50 mM CuSO4 in water, and 0.6 µL 100 mM 
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TCEP in water) were added to each well, the plate was sealed and incubated for 90 minutes 

at 25 °C, 950 rpm. The reaction was quenched by the addition of 65 µL 8 M urea with 10 mM 

TCEP and 20 mM iodoacetamide (IAA). After 15 minutes at 25 °C, 950 rpm to allow alkylation 

of cysteines, the reaction was quenched by adding 2 µL 500 mM DTT per sample.  

 

Enrichment and Digestion. All reagents used were LC-MS grade. The sample processing is 

based on the publication from Becker et al.104 with some alterations.10 µL of a 2-fold 

concentrated 1:1 mix of washed (3x H2O) hydrophobic and hydrophilic carboxylate-coated 

magnetic beads (Cytiva) was added to each sample. To precipitate the proteins onto the 

beads, 175 µL ethanol were added to each sample. The plate was now placed into an 

automated liquid handling system (Hamilton Microlab Prep) for further processing. The plate 

was incubated for 5 minutes, 500 rpm. For each washing step, the plate was placed onto a 96-

well ring magnet (Alpaqua, Magnum FLX) for 90 s and the supernatant was removed with a 

low draw speed (20 µL/s) in order to not remove any beads. The plate was then removed from 

the magnet and the next washing solution was added, followed by 1 minutes shaking at 800 

rpm. In this way, the samples were washed 3x with 180 µL 80% ethanol and once with 180 µL 

acetonitrile. To elute the proteins from the carboxyl-coated beads, 75 µL 0.2% SDS in PBS 

was added to the samples and the plate was incubated for 5 minutes at 40°C, while shaking 

at 800 rpm. The plate was then placed on the magnet and the supernatant was transferred 

into new wells. This step was repeated and the additional 75 µL of eluted proteins was added 

to yield 150 µL of eluted proteins in new wells. Meanwhile, streptavidin magnet beads (New 

England Biolabs, cat# S1420S) were washed 3x with 0.2 % SDS in PBS. 50 µL of the washed 

streptavidin beads were added to each well containing eluted protein sample. The plate was 

taken out of the liquid handling system, sealed, and incubated for 1 h at 25 °C, 800 rpm in a 

plate shaker, with a heated lid to prevent condensation. This allowed the binding of labelled 

proteins to the streptavidin beads. Afterwards, the plate-seal was removed and the plate was 

placed back into the liquid handling system. The beads were washed 3x with 180 µL 0.1% NP-

40 in PBS, 2x with 180 µL 6 M urea and 3x with 200 µL H2O. The bead-bound proteins were 

digested in 100 µL 50 mM TEAB with 0.5 µg Trypsin (sequencing grade, Promega) overnight 

at 37 °C in a tightly sealed plate and with a heated lid at 800 rpm. After the tryptic digest, the 

peptides were eluted from the beads in the liquid handling system and subsequently desalted. 

For this, the samples were loaded on pre-equilibrated stage tips with two layers of SDP-RPS 

(Empore, 3M). The desalting was performed as previously described Coscia et al.163 with some 

minor alterations. In short, the stage-tips were equilibrated with 150 µL wash buffer 1 (1% 

(vol/vol) TFA in isopropanol) before loading the samples. The samples were loaded at 500 xg 

for 10 minutes, followed by a wash step with 170 µL wash buffer 1 (800 xg, 10 minutes) and 

another washing step with 170 µL wash buffer 2 (0.2% (vol/vol) TFA in H2O). The peptides 
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were eluted with 50 µL elution buffer (1% ammonia, 80% acetonitrile) by centrifugation at 300 

xg for 5 minutes, followed by 800 xg for 5 minutes. Samples were dried in a centrifugal 

evaporator and reconstituted in 35 µL 1% FA for LC-MS measurements on a timsTOF Pro 

instrument in data-independent acquisition.  

 

5.1.8. Full Proteome analysis in Mtb H37Ra 

To prepare the inoculum, four 14-day cultures of M. tuberculosis H37Ra were harvested in  50 

mL falcon tubes by centrifugation (7000 xg) and reconstituted in fresh 7H9+OADC+0.05% 

Tween-80. Five sterile glass beads were added, and the cells were vigorously vortexed to 

homogenise the culture. The culture was left standing for 10-20 minutes to allow the larger cell 

clumps to settle at the bottom. The homogenous supernatants were carefully transferred to a 

new sterile falcon tube, and the optical densities (OD600) were measured. The cultures were 

adjusted to the lowest OD600 value and used to inoculate 20 mL fresh medium (1:20) in T-25 

cell culture flasks with the respective compound already added (1:1000, 0.1% DMSO). After 

10 days at 37 °C (humidified), 10 mL of each culture was harvested by centrifugation (7000 

xg, 4 °C), washed with cold PBS and transferred into a micro centrifuge tube. The cell pellets 

were reconstituted in 150 µL PBS supplemented with 0.5 % SDS and 1 % Triton X-100. The 

cells were sonicated (10 s, 30 % intensity, Sonopuls HD 2070 ultrasonic rod, Bandelin 

electronic GmbH) and transferred into bead-mill lysis tubes filled with 0.1 mm zirconium beads. 

The cells were lysed at 6500 rpm for 3x 30 s using a precellys 24 bead beater (peqlab). The 

Lysate was centrifuged at 10.000 xg for 10 minutes, and the supernatant (120 µL) was 

transferred into a micro-centrifuge tube and centrifuged for 10 minutes at 21.000 xg. The 

supernatant (100 µL) was transferred into a new centrifuge tube. The protein concentrations 

of the samples were determined by BCA assay (Roti Quant, Roth), and all samples were 

adjusted to a protein concentration of 0.6 mg/mL using the lysis buffer. 25 µL of each sample 

was transferred into a 96-well plate and the samples were alkylated with 10 mM TCEP and 20 

mM iodoacetamide (IAA). 10 µL of a 1:1 mix of washed (3x H2O) hydrophobic and hydrophilic 

carboxylate-coated magnetic beads (Cytiva) was added to each sample. To precipitate the 

proteins onto the beads, 175 µL ethanol were added to each sample. The plate was now placed 

into an automated liquid handling system (Hamilton Microlab Prep) for further processing. The 

plate was incubated for 5 minutes, 500 rpm. For each washing step, the plate was placed onto 

a 96-well ring magnet (Alpaqua, Magnum FLX) for 90 s and the supernatant was removed with 

a low draw speed (20 µL/s) in order to not remove any beads. The plate was then removed 

from the magnet and the next washing solution was added, followed by 1 minutes shaking at 

800 rpm. In this way, the samples were washed 3x with 180 µL 80% ethanol and once with 

180 µL acetonitrile. The bead-bound proteins were digested in 100 µL 50 mM TEAB with 0.5 
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µg Trypsin (sequencing grade, Promega) overnight at 37 °C in a tightly sealed plate and with 

a heated lid at 800 rpm. After the tryptic digest, the peptides were eluted from the beads in the 

liquid handling system, the beads were washed with 40 µL of 3.5% formic acid and the resulting 

140 µL were directly transferred into MS-vials without any desalting and 2.5 µL of each sample 

were measured on a timsTOF Pro in data-independent acquisition mode. 

 

5.1.9. LC-MS measurements on timsTOF Pro 

Peptides were measured and online-separated using an UltiMate 3000 nano HPLC system 

(Dionex) coupled to a Bruker timsTOF Pro mass spectrometer via a CaptiveSpray nano-

electrospray ion source and Sonation column oven. Peptides were first loaded on the trap 

column (Acclaim PepMap 100 C18, 75 µm ID x 2 cm, 3 µm particle size, Thermo Scientific), 

washed with 0.1% formic acid in water for 7 min at 5 µL/min and subsequently transferred to 

the separation column (IonOpticks Aurora C18 column, 25 cm × 75 µm, 1.7 µm) and separated 

over a 36 min gradient from 5% to 17% B, then to 25 % B over 18 min, then to 37% B over 6 

min, followed by 10 min at 95% before re-equilibration and at a flow rate of 400 nL/min. The 

mobile phases A and B were 0.1 % (v/v) formic acid in water and 0.1% (v/v) formic acid in 

acetonitrile, respectively. The timsTOF Pro was operated in data-independent dia-PASEF 

mode with the dual TIMS analyser operating at equal accumulation and ramp times of 100 ms 

each with a set 1/K0 ion mobility range from 0.60 to 1.60 V × s/cm2 for MS1 scans. The dia-

PASEF settings for fragmentation were set to a mass range of 400 to 1201 m/z and an ion 

mobility range of 0.60 to 1.43 V × s × cm-2. Two ion mobility isolation windows were performed 

per dia-PASEF scan with 26 m/z window widths. A total of 32 isolation windows with 1 m/z 

overlaps to cover the mass range were used resulting in 16 dia-PASEF scans per MS1 scan 

and an estimated total cycle time of 1.80 s (see Table). The collision energy was ramped 

linearly as a function of the mobility from 59 eV at 1/K0 = 1.3 V × s × cm-2 to 20 eV at 1/K0 = 0.85 

V × s × cm-2. TIMS elution voltages were calibrated linearly to obtain the reduced ion mobility 

coefficients (1/K0) using three Agilent ESI-L Tuning Mix ions (m/z 622, 922 and 1,222) spiked 

on the CaptiveSpray Source inlet filter. The timsTOF Pro was operated in data-independent 

dia-PASEF mode with the dual TIMS analyser operating at equal accumulation and ramp times 

of 100 ms each with a set 1/K0 ion mobility range from 0.60 to 1.60 V × s/cm2 for MS1 scans. 

The dia-PASEF settings for fragmentation were set to a mass range of 400 to 1201 m/z and 

an ion mobility range of 0.60 to 1.43 V × s × cm-2. Two ion mobility isolation windows were 

performed per dia-PASEF scan with 26 m/z window widths. A total of 32 isolation windows 

with 1 m/z overlaps to cover the mass range were used resulting in 16 dia-PASEF scans per 

MS1 scan and an estimated total cycle time of 1.80 s (see Table below). The collision energy 

was ramped linearly as a function of the mobility from 59 eV at 1/K0 = 1.3 V × s × cm-2 to 20 eV 
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at 1/K0 = 0.85 V × s × cm-2. TIMS elution voltages were calibrated linearly to obtain the reduced 

ion mobility coefficients (1/K0) using three Agilent ESI-L Tuning Mix ions (m/z 622, 922 and 

1,222) spiked on the CaptiveSpray Source inlet filter. 

 

Table of DIA-PASEF windows 

MS Type 

 

Scan 

 

Start IM 

[1/K0] 

End IM 

[1/K0] 

Start Mass 

[m/z] 

End Mass 

[m/z] 

MS1 0 0.6 1.6 100 1700 

dia-PASEF 1 0.9 1.2 800 826 

dia-PASEF 1 0.6 0.9 400 426 

dia-PASEF 2 0.92 1.22 825 851 

dia-PASEF 2 0.62 0.92 425 451 

dia-PASEF 3 0.93 1.23 850 876 

dia-PASEF 3 0.63 0.93 450 476 

dia-PASEF 4 0.95 1.25 875 901 

dia-PASEF 4 0.65 0.95 475 501 

dia-PASEF 5 0.96 1.26 900 926 

dia-PASEF 5 0.66 0.96 500 526 

dia-PASEF 6 0.98 1.28 925 951 

dia-PASEF 6 0.68 0.98 525 551 

dia-PASEF 7 0.99 1.29 950 976 

dia-PASEF 7 0.69 0.99 550 576 

dia-PASEF 8 1.01 1.31 975 1001 

dia-PASEF 8 0.71 1.01 575 601 

dia-PASEF 9 1.02 1.32 1000 1026 

dia-PASEF 9 0.72 1.02 600 626 

dia-PASEF 10 1.04 1.34 1025 1051 

dia-PASEF 10 0.74 1.04 625 651 

dia-PASEF 11 1.06 1.36 1050 1076 

dia-PASEF 11 0.76 1.06 650 676 
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dia-PASEF 12 1.07 1.37 1075 1101 

dia-PASEF 12 0.77 1.07 675 701 

dia-PASEF 13 1.09 1.39 1100 1126 

dia-PASEF 13 0.79 1.09 700 726 

dia-PASEF 14 1.1 1.4 1125 1151 

dia-PASEF 14 0.8 1.1 725 751 

dia-PASEF 15 1.12 1.42 1150 1176 

dia-PASEF 15 0.82 1.12 750 776 

dia-PASEF 16 1.13 1.43 1175 1201 

dia-PASEF 16 0.83 1.13 775 801 

 

5.1.10. Data analysis of timsTOF Pro measurements 

MS-data were analysed using DIA-NN87 (version 1.8.1) using the library-free mode. The library 

was generated using the UniProt reference proteome of M. tuberculsosis H37Rv (taxon 

identifier: 83332, downloaded on 09.12.2022). For the precursor ion generation, library 

generation and Deep-learning based spectra, RTs and IMs prediction were enabled. Trypsin/P 

with maximum 2 missed cleavages; protein N-terminal M excision on; Carbamidomethyl on C 

as fixed modification; no variable modification; peptide length from 7 to 30; precursor charge 

2–4; precursor m/z from 300 to 1800; fragment m/z from 200 to 1800 for TIMS data. Precursor 

FDR was set to 0.01; Mass accuracy, MS1 accuracy and Scan window were all set to 0; 

isotopologues, MBR and Remove likely interferences were on; Neural network classifier in 

single-pass mode; protein inference at gene level; heuristic protein inference was enabled (--

relaxed-prot-inf); quantification strategy was set to Robust LC (high precision); Cross-run 

normalisation was RT-dependent; Library generation smart profiling; Speed and Ram usage 

was set to optimal results. LFQ quantities were extracted from the protein groups (pg) results 

file  and were further analysed with Perseus software162 (version 2.03.1). LFQ intensities were 

log2 transformed and protein groups with less than four valid values in at least one group were 

filtered out. Two-sample Students’ t-test including permutation-based multiple testing 

correction (FDR = 0.05) was performed for all relevant comparisons to calculate the fold-

change and statistical relevance. Results table were exported and graphs prepared using 

Graphpad Prims 10.01.  
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5.1.11. Membrane integrity assay in M. tuberculosis H37Ra 

To asses cell permeability upon treatment with compounds, cells were grown until they 

reached an OD600 value of 0.3 - 0.7. The cells were transferred to a 50 mL falcon tube, five 

sterile glass beads were added, and the cells were vigorously vortexed to homogenise the 

culture. The culture was left standing for 10-20 minutes to allow the larger cell clumps to settle 

at the bottom. The homogenous supernatants were carefully transferred to a new sterile falcon 

tube, and the optical densities (OD600) were measured. Cells were harvested and washed with 

5 mM HEPES-NaOH buffer (pH 7.2 supplemented with 5 mM glucose) and then resuspended 

in the same buffer to an OD600 of 0.4. The assay was conducted in 96-well plates (Nunc flat-

bottom transparent 96-well plates: Thermo Fischer Scientific) with 100 µL cell-suspension per 

well. As a negative control the assay was conducted in assay buffer without any cells. The 

assay was started by adding 1 µL of 1 mM propidium iodide in DMF to each well (10 µM final 

concentration) and incubating at 37 °C in the TECAN Infinite M200 Pro microplate reader to 

allow the propidium iodide to be integrated into the membranes. During incubation, 

fluorescence was measured (535 nm excitation and 617 nm emission). After 15 minutes, 1 µL 

of compounds were added from DMSO-stocks with the appropriate concentrations. The 

fluorescence was measured for 45 minutes at 37 °C. As a positive control, 16 µg/mL of the 

detergent benzalkonium chloride (BAC) were added to the cell suspension.  

 

5.1.12. Measuring membrane bound LepB activity 

Membrane preparation. A 2-day culture of M. smegmatis DSM43756 was inoculated (1:100) 

into 500 ml 7H9 + ADC broth and incubated for 40 hours (37 °C, 200 rpm). After incubation, 

the cells were harvested (7000 xg, 10 min, 4 ˚C) and washed with cold PBS (7000 xg, 10 min, 

4 ˚C). The cells were reconstituted in 20 mL lysis buffer (50 mM TRIS/HCL pH 7.5) and lysed 

using a bead beater homogenizer (6 x 5500 rpm, 15 s, 2 min cooling breaks on ice after each 

run; Precellys Ceramic Kit CK01L, 7.0 mL tubes; Precellys 24 Homogenizer, Bertin 

Technologies). The lysate was centrifuged (12,000 x g, 4°C, 10 min) to remove intact cells and 

debris. Membranes were collected from the supernatant after centrifugation (39,000 x g, 4°C, 

75 min) and reconstituted in cold sodium phosphate buffer (50 mM, pH 7.5). Protein 

concentrations were determined using Pierce BCA Protein assay kit (Thermo Fisher Scientific, 

Pierce Biotechnology). 

 

FRET assay with membrane-bound LepB. LepB activities were measured using a Förster 

Resonance Energy Transfer (FRET) assay, as described by Rao et al.164 with some alterations. 

A synthetic peptide based on the known LepB from E. coli based on the sequence of maltose 
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binding protein, modified by 2-aminobenzoic acid (abz) and 3-nitrotyrosine (Y(NO2) (Y(NO2)-

FSASALAKIK(Abz), Eurogentec) was used as the substrate. Assays were performed with 

membrane from M. smegmatis DMS43756 (12.5 µg/mL total membrane protein concentration) 

in sodium phosphate buffer pH 7.5. Membranes containing endogenous LepB (100 µL/well 

final volume, sodium phosphate buffer, 50 mM, pH 7.5) were treated with the respective 

compound or DMSO (1:100, final assay concentration of DMSO from compound stocks 1%) 

at 37°C for 5 min. After addition of substrate (10 µM final substrate concentration, final 

dimethylformamide (DMF) concentration from substrate stock 1%) turnover was monitored by 

measuring fluorescence in a Tecan infinite 200Pro plate reader (340 nm excitation and 510 nm 

emission wavelengths, fluorescence top reading mode) at 37°C. Substrate turnover was 

determined and normalized to DMSO-treated samples. The Graphs were plotted using 

Graphpad Prism and the initial velocities were fitted in the linear range. Statistical significance 

was determined using ordinary one-way ANOVA (n=3). 

 

 

5.1.13. MmpL3 activity assay 

A stationary culture of M. tuberculosis H37Ra was inoculated into fresh medium (1:10) and 

grown to an OD600 of 0.4. The culture was aliquoted into culture tubes (5 ml per tube) and the 

respective compounds were added from DMSO stocks (1:1000) and incubated for 20 minutes 

at 37 °C, 200 rpm. INH (20 µg/mL) was used as a control to completely inhibit mycolic acid 

biosynthesis. After pre-incubation with compound, 1 µL of C-14 acetic acid (1 µC/µL in ethanol, 

American Radiolabeled Chemicals) was added to sample and the samples were incubated at 

37 °C, 200 rpm. Cells were harvested at different time-points (1.5 mL per time-point) and 

harvested in micro-centrifuge tubes (7000 xg, 10 min,4 °C). The cells were washed with cold 

PBS and the Pellet was reconstituted in 300 µL chloroform/methanol (2/1). The samples were 

vortexed and sonicated in a sonication bath (3x) before adding 100 µL HPLC-grade H2O and 

centrifugation for 10 min at 17.000 xg. The organic phase was transferred into glass vials and 

used for HPTLC. For the HPTLCs, 20 µL of each sample was spotted and 

chloroform/methanol/water (30/8/1) was used to develop the plates. The HPTLC plates were 

incubated overnight with phosphor-imaging plates and phosphorescence was imaged using a 

Typhoon imager (GE Healthcare). The spots corresponding to TMMs and TDM were quantified 

using ImageJ and the background was subtracted before calculating the TDM/TMM ratios. The 

ratios were normalised to DMSO and the graphs were prepared using Graphpad Prism 10.01. 

The experiments were conducted in 3 independent replicates. Statistical significance was 

determined using an ordinary one-way ANOVA (n=3) (comparison to DMSO control). 
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5.1.14. Expression and purification of Mtb epoxide hydrolases EphF and EphD 

Gene fragments were codon-optimized for expression in E. coli and synthesised by Twist 

Bioscience. The genes were cloned into pETG41K using gateway cloning. This resulted in 

fusion genes of MBP-TEV-EpH (see plasmid sequences below). The fusion-proteins were 

expressed in BL21 DE3 (500 µM IPTG at OD600 of 0.6-0.8) at 18°C for 16 hours. Cells were 

harvested and washed with cold PBS. Cell pellets were reconstituted in lysis buffer (50 mM 

Hepes pH 7.4, 250 mM NaCl, 1 mM TCEP, 10% glycerol, 0.5 mM PMSF, small amount of 

DNASE) and lysed by sonication (7 min at 30%, 3 min at 60%, 7 min at 30% intensity, Sonopuls 

HD 2070 ultrasonic rod, Bandelin electronic GmbH). The lysate was cleared at 38.000 xg for 

45 min and the supernatant was filtered through a 0.45 µm filter prior to purification using an 

Äkta Pure Protein Purification System (Cytiva). Lysate was loaded onto an equilibrated 5 mL 

HisTrapHP column (Cytiva) at a flow-rate of 2 mL/min. The column was first washed with 9.5 

column-volumes (CV) of 95% buffer A (50 mM Hepes pH 7.4, 250 mM NaCl, 1 mM TCEP, 

10% glycerol) and 5% buffer B (50 mM Hepes pH 7.4, 250 mM NaCl, 1 mM TCEP, 10% 

glycerol, 500 mM imidazole) at a flow-rate of 5 mL/min and then washed with another 4 CVs 

of 10% buffer B. The bound proteins were eluted over a gradient of 3 CVs from 10% buffer B 

to 100% buffer B and another 3 CVs at 100% buffer B. The elution fractions were pooled and 

loaded onto a 5 mL MBPTrap column (Cytiva). Due to the lower binding capacity of the MBP-

trap column, the lysate was loaded and eluted in three separate runs. Each time, the lysate 

was loaded at a flow-rate of 2 mL/min, washed over 9.5 CVs with 100% buffer A and eluted 

over 3 CVs with 100% buffer C (50 mM Hepes pH 7.4, 250 mM NaCl, 1 mM TCEP, 10% 

glycerol, 10 mM maltose). The eluted protein was concentrated, analysed via SDS-PAGE and 

then further purified by size-exclusion chromatography in buffer A using a Superdex 75pg 

(Cytiva) to remove another co-eluting protein that was identified by SDS-PAGE. MBP-EphD 

was not active, while MBP-EphF was enzymatically active and could be used for in vitro 

assays.  

 

pETG41K_ephF 

ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAG

CAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTCACCACTTTGTACAAGaaagctg

ggtgTCACGTCTCGCGGCGCAAAAAGGCTCTTACACGATCGAGGACTAAATCAGGCCGCTGATCTACAATCCAGTGACCGACACCGTCCACCA

GTTCAAGCTGAAAATCATCAATCCGTTCTGCGTATCCATCCAGCAAATCCGGAGTCAATACAGGGTCTTCGGTGCCTGAGAGCCACCGTACGG

GGACATGAACACGGGCACCGTCGTATTCACCACGCATCCAAGACAACATTTCTCTGGTCTGAAAGGATCGGTACCATCGAGAACCGGCTTCA

GCATGCCCAGGCTGGCGCATGCACTCTAAATACAGACGCACGTCTTCCTCCGGAAGAGTGTAGCCACCACCCACCCATGATCCCAGTAAGCG

AACGAAGCGGGAGTCCGGTGTGGAGATCACTCGGGGCCCTATCACCGGGAGGCTGATAGGTATCTGATACCAAAAACGCCAGACGTTACGT

ATCGTAGAGAGACTGCGTTTTACGAATGGAGCACTGGTGTTGACCCCAAAAAAACCAGTAACTTTTTCCGGATGCCGTAACATCATAATGAAG

GCAACCGGGCCACCCCAATCATGAGCCACTAAATCTACGCTTCTTACACCAAGACGATCTAACACTCCCGCCAAATCATCGGCCATTTCATCC

TTACGATAGCTCGATCGCGGGGCGCTTGACCAGCCCGCTCCGCGGAGATCGGGACACAGAACGCGATATCCGTCGGCAGCTAAAGGCCCAA

TTAAGGCGCGCCATTCCCACCAATTCTGGGGAAACCCATGAACTAACATCACCGCCGGGCCCGATGCAGGTCCCGCATCAGCCACGTGGATC

GTAACATCATCTCCTAAATCCACATAGCGGTGTTCTACACCATCTAATTCGGGCATGGTGACCATgccctgaaaataaagattctcaaagcctgctttTTTGTAC

AAACTTGTCATGGTACCGCTACCGGGAGTCTGCGCGTCTTTCAGGGCTTCATCGACAGTCTGACGACCGCTGGCGGCGTTGATCACCGCAGT
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ACGCACGGCATACCAGAAAGCGGACATCTGCGGGATGTTCGGCATGATTTCACCTTTCTGGGCGTTTTCCATAGTGGCGGCAATACGTGGAT

CTTTCGCCAACTCTTCCTCGTAAGACTTCAGCGCTACGGCACCCAGCGGTTTGTCTTTATTAACCGCTTCCAGACCTTCATCAGTCAGCAGATA

GTTTTCGAGGAACTCTTTTGCCAGCTCTTTGTTCGGACTGGCGGCGTTAATACCTGCGCTCAGCACGCCAACGAACGGTTTGGATGGTTGACC

CTTGAAGGTCGGCAGTACCGTTACACCATAATTCACTTTGCTGGTGTCGATGTTGGACCATGCCCACGGGCCGTTGATGGTCATCGCTGTTTC

GCCTTTATTAAAGGCAGCTTCTGCGATGGAGTAATCGGTGTCTGCATTCATGTGTTTGTTTTTAATCAGGTCAACCAGGAAGGTCAGACCCGCT

TTCGCGCCAGCGTTATCCACGCCCACGTCTTTAATGTCGTACTTGCCGTTTTCATACTTGAACGCATAACCCCCGTCAGCAGCAATCAGCGGC

CAGGTGAAGTACGGTTCTTGCAGGTTGAACATCAGCGCGCTCTTACCTTTCGCTTTCAGTTCTTTATCCAGCGCCGGGATCTCTTCCCAGGTT

TTTGGCGGGTTCGGCAGCAGATCTTTGTTATAAATCAGCGATAACGCTTCAACAGCGATCGGGTAAGCAATCAGCTTGCCGTTGTAACGTACG

GCATCCCAGGTAAACGGATACAGCTTGTCCTGGAACGCTTTGTCCGGGGTGATTTCAGCCAACAGGCCAGATTGAGCGTAGCCACCAAAGCG

GTCGTGTGCCCAGAAGATAATGTCAGGGCCATCGCCAGTTGCCGCAACCTGTGGGAATTTCTCTTCCAGTTTATCCGGATGCTCAACGGTGA

CTTTAATTCCGGTATCTTTCTCGAATTTCTTACCGACTTCAGCGAGACCGTTATAGCCTTTATCGCCGTTAATCCAGATTACCAGTTTACCTTCT

TCGATTTTCATGGGGTGATGGTGATGGTGATGTTTCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATCCG

CTCACAATTCCCCTATAGTGAGTCGTATTAATTTCGCGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCG

CCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGG

CGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGG

CCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGAGATCCCGGACACCATCGAATGGCGCAAAACCTTT

CGCGGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGG

TGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAG

CTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGC

GCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAA

GCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGT

GGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACG

CGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTC

TGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAA

ACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGA

GTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCA

AACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCC

CGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCAC

GACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACCGGGATCTCGACCGATGCC

CTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACT

CGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTA

TTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGC

GGCCCCACGGGTGCGCATGATCGTGCTCCTGTCGTTGAGGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGTTAGCAGAATGAATCACCG

ATACGCGAGCGAACGTGAAGCGACTGCTGCTGCAAAACGTCTGCGACCTGAGCAACAACATGAATGGTCTTCGGTTTCCGTGTTTCGTAAAGT

CTGGAAACGCGGAAGTCAGCGCCCTGCACCATTATGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGT

ATTAACGAAGCGCTGGCATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCATCCATACCGCCAGTTGTTTACCCTCACAACGTTCCAGTAA

CCGGGCATGTTCATCATCAGTAACCCGTATCGTGAGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTTACACG

GAGGCATCAGTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAG

CTGGACGCGGATGAACAGGCAGACATCTGTGAATCGCTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGA

CGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCG

TCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGA

GCAGATTGTACTGAGAGTGCACCATATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTC

CTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAG

GGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTC

CGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGG

AAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATA

GCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGC

CTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGA

GGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAG

CCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATT

ACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTG

GTCATGAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCTTGCTCTAGGCCGCGA

TTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGA

AGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACG

GAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGGAAAACAGCATTCC

AGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTG

TCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCG

TAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTT

GATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTAT
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GGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCAT

TTGATGCTCGATGAGTTTTTCTAAGAATTAATTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACAT

TTCCCCGAAAAGTGCCACCTGAAATTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGG

CCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAA

CGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGA

GGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGG

GAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCC

GCTACAGGGCGCGTCCCATTCGCCA 

pETG41K_ephD 

ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAG

CAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTCACCACTTTGTACAAGaaagctg

ggtgTTAAATAACGCGCAGGCGGGCCGTTGAACGTAATGCCTGAGGGAGTACACGGCTAATACCATACAGCGCATAAGCCTCGGGCGCCACCG

GGCGTATTGGTTTTTTCTTTTTAACCGCGCTAACAATAGCATCCGCTACTTTGTCGGGGCCATAAGATCTTAAGGCAAACATTTTATCTATCTGC

CCGCGGCGGCCATCAATTTTCTCCTCGTCCGTACCGGGAGCGTGAAATCCTGTGGTTGCAACGATGTTAGTGTCTATAACCCCTGGACATATG

GTGGTAAGCCCAACACCTGCAGCGTCAAGTTCAGCACGGAGACAATCAGAAAACATGTAGGTCGCCGCCTTAGAGGTGCAATAAGCGCTAAG

TGATTGTAATGGCGCATAAGCTGCCATTGAAGACACATTGACAATATGACCACCTGTACCACGCTCTACCAAACGTTGTCCAAATGCCCGACA

ACCATTTACAACGCCACCCAGATTTACGGCCAGCACGCGATCGAACTGTTCCGCCGGTGTGTCCAGAAAGCGGCCTGCTTGGCCGATGCCTG

CGTTGTTGACGACTATATCTGGCACCCCGTGTTCCGCACTAACACGTTCTGCGAACGCTTCGACGGCCTCTGCATCAGATACATCCAGTACAT

ATGGGTACGCTATACCTCCCCGGGCCGCAATTTCTGCTGCGGTATCTTTGACGGTTGCTTCGTCAATGTCGCTAATGACTATTTCAGCTCCTTC

TCGCGCAAACGCCAGTGCCGTCTCACGGCCTATGCCTGAACCCGCTCCCGTGACAGACACTAACGTATCACCAAAATAACCCCGTGGTCTAC

CTACTTGTGCACGCAGAAGGGCTCTGCTCGGCTGTTTCCCATCTGCGAGATCGGCAAAATCATGCACCGCCGCGGCCATGACCTGCGGGTG

CGACATGGGAGAGAAGTGGCCGGCTTTAATATCTCGCCGCCACAGACGTGGCACCCAACGTGCGGTCTGATCATAGCCGTATGGACGGACA

TATGGGTCCTGTGAATTTACAATAAGCTGTACCGGTACATCCACAATCGGAATAGCACGTCCACGCCGAGATGAGCTAAAGGAACGAAAGTAG

TTCGCTGGGTAGGTCTTAACCGAATGCGCAGCGTCGCGTGCCAGAGTCTCCGAGTGATGGATCTGGTCTACAGGGATGTCGCCAACCATATT

ACGTCGGACTGCCGCGGAGGAAAGTGCGACGCGCAAAAGCAGAGGAGCTACCACAGGGACAGAGAATAATGCCATATAGGATAAACGCAGC

GTCTGGCTAATGGCGCGCAGGAACGTACGCGGCCGCCAGGGACGACGTAAACCCCCATAGACATAGTTTACAAGATGATCCTGGGACGGAC

CACTCACTGATGTAAATGAGGCAACACGATCCGACGCACCGGGTCTACGCAGGTATTCCCATACACCGACTGACCCCCAATCATGTGCCAGT

ACATGGACAGGTTCGCCGGGGGAAAGTTCCCCAATCACCGCGTCAAAGTCATCAGCAAAGTGAGCCATGGTGTATGCCGAGATCGGTTTTGG

TACGCTGCTCCGCCCAACCCCGCGATTATCGTATCGTACAATGCGAAAGCGTTCCGCCAACAGAGGGACCACGCCGTCCCATAAAACATGAC

TGTCAGGGAATCCATGCACAAGGACTACCGTCGGACCATCCGGATTACCTTCATGGTACACCGCTATGCGTACGCCGTCTGGTGAATCTACC

AGTCTCGACATTTGTTGGGTTGCCGGCATgccctgaaaataaagattctcaaagcctgctttTTTGTACAAACTTGTCATGGTACCGCTACCGGGAGTCTGCGC

GTCTTTCAGGGCTTCATCGACAGTCTGACGACCGCTGGCGGCGTTGATCACCGCAGTACGCACGGCATACCAGAAAGCGGACATCTGCGGG

ATGTTCGGCATGATTTCACCTTTCTGGGCGTTTTCCATAGTGGCGGCAATACGTGGATCTTTCGCCAACTCTTCCTCGTAAGACTTCAGCGCTA

CGGCACCCAGCGGTTTGTCTTTATTAACCGCTTCCAGACCTTCATCAGTCAGCAGATAGTTTTCGAGGAACTCTTTTGCCAGCTCTTTGTTCGG

ACTGGCGGCGTTAATACCTGCGCTCAGCACGCCAACGAACGGTTTGGATGGTTGACCCTTGAAGGTCGGCAGTACCGTTACACCATAATTCA

CTTTGCTGGTGTCGATGTTGGACCATGCCCACGGGCCGTTGATGGTCATCGCTGTTTCGCCTTTATTAAAGGCAGCTTCTGCGATGGAGTAAT

CGGTGTCTGCATTCATGTGTTTGTTTTTAATCAGGTCAACCAGGAAGGTCAGACCCGCTTTCGCGCCAGCGTTATCCACGCCCACGTCTTTAA

TGTCGTACTTGCCGTTTTCATACTTGAACGCATAACCCCCGTCAGCAGCAATCAGCGGCCAGGTGAAGTACGGTTCTTGCAGGTTGAACATCA

GCGCGCTCTTACCTTTCGCTTTCAGTTCTTTATCCAGCGCCGGGATCTCTTCCCAGGTTTTTGGCGGGTTCGGCAGCAGATCTTTGTTATAAAT

CAGCGATAACGCTTCAACAGCGATCGGGTAAGCAATCAGCTTGCCGTTGTAACGTACGGCATCCCAGGTAAACGGATACAGCTTGTCCTGGA

ACGCTTTGTCCGGGGTGATTTCAGCCAACAGGCCAGATTGAGCGTAGCCACCAAAGCGGTCGTGTGCCCAGAAGATAATGTCAGGGCCATCG

CCAGTTGCCGCAACCTGTGGGAATTTCTCTTCCAGTTTATCCGGATGCTCAACGGTGACTTTAATTCCGGTATCTTTCTCGAATTTCTTACCGA

CTTCAGCGAGACCGTTATAGCCTTTATCGCCGTTAATCCAGATTACCAGTTTACCTTCTTCGATTTTCATGGGGTGATGGTGATGGTGATGTTT

CATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAATTTCG

CGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGAC

ATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGA

CTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGA

GTCGCATAAGGGAGAGCGTCGAGATCCCGGACACCATCGAATGGCGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAGAGTCA

ATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCA

GGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTG

GCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCG

CCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCA

ACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCT

TGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCA

CCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAAT

TCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTG

CGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGT
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GGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGG

ACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCC

CAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCG

CAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACCGGGATCTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTG

GGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTT

TCGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGT

CACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCCCACGGGTGCGCATGATCGTGCTCCTGTCG

TTGAGGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGTTAGCAGAATGAATCACCGATACGCGAGCGAACGTGAAGCGACTGCTGCTGCA

AAACGTCTGCGACCTGAGCAACAACATGAATGGTCTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCCCTGCACCATTA

TGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATTAACGAAGCGCTGGCATTGACCCTGAGTGATTT

TTCTCTGGTCCCGCCGCATCCATACCGCCAGTTGTTTACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTATCGTGA

GCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTTACACGGAGGCATCAGTGACCAAACAGGAAAAAACCGCCC

TTAACATGGCCCGCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACGCGGATGAACAGGCAGACATCTGTGAAT

CGCTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAG

ACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCC

ATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATATGCGGT

GTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGG

CTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGG

CCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCT

CAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTG

CCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTC

GTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGT

AAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGT

GGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGAT

CCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGA

TCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAACAATAAAACTGTCTGCTTACATAAACAGTA

ATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCTTGCTCTAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAA

ATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCA

AAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCG

TACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATT

GTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAG

GCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATG

CATAAACTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTG

TATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAA

ACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAAGAATTAATTCATGA

GCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGAAATTGTAAACGTTAA

TATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATA

GACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTA

TCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGA

GCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTG

GCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCA 

 

5.1.15. EphF activity assay 

The inhibitory of compounds the epoxide hydrolase EphF from M. tuberculosis was assayed 

based on the enzymatic conversion of cis-9,10-epoxystearic acid to 9,10-dihydroxystearic acid. 

Therefore, 500 nM MBP-EphF in HEPES buffer (20 mM HEPES, 300 mM NaCl, 0.1 mM TCEP, 

pH 7.4) were combined with compounds (1:100, 1% DMSO) to a total volume of 100 µL 1.5 

mL microcentrifuge tubes. The enzyme was pre-incubated with the compounds at 37°C and 

300 rpm for 15 min before 500 µM cis-9,10-epoxystearic acid were added to each reaction. To 

assay non-enzymatic hydrolysis of the epoxide, heat controls were prepared by heat 

inactivating the enzyme at 98°C and 350 rpm for 15 min. After substrate addition, the reactions 
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were incubated at 37°C and 300 rpm for 15 min. Then, 1 mL ice-cold chloroform was added to 

stop the enzymatic reaction and to precipitate the protein. The samples were subsequently 

vortexed and centrifuged at 12 000 x g and 0°C for 10 min to obtain a clear separation between 

the aqueous and the organic chloroform phase. 900 µL of the chloroform phase was 

transferred to fresh 1.5 mL low-bind microcentrifuge tubes and the liquid was evaporated at 

45°C in a centrifugal vacuum concentrator. The dry residuals were reconstituted in 50 µL of 

50% MS-grade ACN in ddH2O by vortexing and placing them in an ultrasonic bath for 5 min 

twice. Then, samples were centrifuged at 4°C and 12 000 x g for 5 min and 22 µL from each 

sample were transferred to glass MS vials.  The amount of epoxide and diol was determined 

by mass spectrometry. To account for deviations in LC-MS consistencies, each sample was 

spiked with 5 µL taurocholic acid (final concentration 45 µM) for normalization during MS 

analysis. Samples were analysed by LC-MS for separation of the diol and epoxide and relative 

quantification. LC-MS analysis was performed using an UltiMate 3000 micro HPLC system 

(Dionex) coupled to a QExactive Plus (Thermo Fischer) via an ESI ion source. The samples 

were loaded onto a equilibrated an XBridge BEH300 C4 3.5 µm 2.1 x 150 mm column (Waters) 

and separated over a 15 min gradient from 26% to 90% B, followed by 5 min at 95% before 

re-equilibration at 26% B 7 minutes. The flow-rate was 200 µL/min. The mobile phases A and 

B were 0.1 % (v/v) formic acid in water and 0.1% (v/v) formic acid in acetonitrile, respectively. 

The QExactive plus was operated in negative mode and single ion monitoring (SIM) was 

performed. For the first 9 minutes of the gradient SIM was set to 499 m/z to 529 m/z to measure 

the eluting taurocholic acid. For the rest of the gradient, SIM window was set to 295 m/z to 

317.5 m/z for monitoring of the eluting diol and any remaining epoxide. Area under the curve 

(AUC) was determined using XCalibur software (Thermo Fischer Scientific) using the 

GENESIS algorithm. AUCs of the diol were normalised to taurocholic acid for relative 

quantification. All experiments were conducted in at least 5 independent replicated with 2 

technical replicates each. Values were normalised to the DMSO control and graphs were 

plotted using Graphpad Prism 10.01. Statistical significance of inhibition (compared to DMSO) 

was calculated using ordinary one-way ANOVA.  

 

5.1.16. MTT Cytotoxicity Assay 

HeLa cells were seeded at a density of 4000 cells per well in a transparent, flat-bottomed 96-

well plate (200 µL medium per well). Cells were grown overnight in a humidified atmosphere 

at 37 °C and 5% CO2 to allow the cells to adhere to the surface. Subsequently, the medium 

was aspirated and replaced by fresh medium supplemented with compound in concentrations 

ranging from 2 µM to 500 µM (DMSO content less than 1%) or 1% DMSO as a control. The 

cells were incubated at 37 °C, 5% CO2 for 24 h. For the determination of metabolic activity, 20 
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µL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H- tetrazolium bromide solution (MTT, 5mg/mL 

in PBS) were added to each well and the cells were incubated at 37 °C, 5% CO2 for 4 h. 

Thereafter, the medium was aspirated and the violet formazan crystals were dissolved in 200 

µL DMSO per well under shaking (300 r.p.m., 25 min). Absorbance at 570 nm with a reference 

wavelength of 630 nm was recorded using an Infinite F200 pro plate reader (Tecan). Four 

biological replicates, each consisting of 3 technical replicates, were measured for each data 

point. Cell viability was normalized with respect to the DMSO control and fitted fitted as 

log(inhibitor) vs. response variable slope (four parameters) non-linear regression using 

GraphPad Prism 10.01. Cytotoxicity is reported as the IC50 value, the concentration at which 

50% viability is reached. 

 

5.1.17. Drug susceptibility testing in MmpL3 under/over-expressing M. tuberculosis 

Drug susceptibility assays with WT M. tuberculosis H37Rv and the mmpl3-TetON strains were 

performed as described by Grover et al.132 In short, WT cells were grown in 10 mL 7H9 (10% 

ADNaCl, 0.2% glycerol, 0.05% tyloxapol) and mutant cells in 7H9 (+25 µg/mL Kanamycin, +25 

µg/mL Zeocin, and +500 ng/mL anhydrotetracycline [“ATc”] for mmpL3-TetON) ) in a 25-cm2 

tissue culture flask with a vented cap. Medium was inoculated with 1:10 with a thawed glycerol 

stock, incubated for approx. 7 d at 37 °C and 5% CO2 in a humid incubator, and grown to an 

OD580 of approx. 1. The cultures were pelleted and washed with 7H9 and were diluted to OD580 

= 0.01 in 10 mL 7H9 (plus selection antibiotics but +/- ATc for mmpL3-TetON) and were 

incubated for 14 d at 37 °C and 5% CO2 in a humid incubator, with passage to OD580 = 0.01 in 

10 mL 7H9 (same conditions) at day 7. The cultures were pelleted and washed with fresh 7H9 

and were diluted to OD580 = 0.01 in an appropriate volume of 7H9 for assay requirements (+/- 

ATc as appropriate). The diluted cultures were added to assay-ready 384-well plates at 50 

µL/well. The flat-bottom 384-well microplates (Greiner Bio-One) were prepared by dispensing 

nanoliter volume of drugs into 2-fold dilutions with 14 doses per drug using an automated drug 

dispenser (D300e Digital Dispenser, HP). The plates were wrapped with aluminum foil in 

stacks of no more than six and incubated at 37 °C and 5% CO2 in a humid incubator. The 

OD580 of the plates was read on day 8 of incubation. The OD580 values were normalized to the 

DMSO control (100% growth) and plotted using Graphpad Prism 10.01. The curves were fitted 

as log(inhibitor) vs. response variable slope (four parameters) non-linear regression, with 

bottom and top parameters constrained to 0 and 100, respectively. MIC-values were calculated 

using the Gompertz model165.  
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5.1.18. Isolation of 227-resistant mutants 

M. tuberculosis H37Rv was grown to an OD580 of approx. 0.8 to get an inoculum about 108 

bacteria. The culture was serially diluted and lower dilutions were used to enumerate the cell 

titer. Dilutions with higher titer were plate on 7H10 agar plates containing various 

concentrations of 227. Frequency of resistance was calculated as the number of colonies at a 

concentration divided by the number of cells in the inoculum. In total, Eight colonies emerged 

(2 at 8 µM, 6 at 4 µM), were inoculated into 7H9 (+10% ADNaCl), and grown to an OD580 of 

approx. 0.8. The level of resistance was determined by susceptibility testing as described 

above. For whole-genome-sequencing (WGS), purified genomic DNA was isolated using 

Epicenter MasterPure DNA/RNA isolation kit (Lucigen). The sequenced genomes were then 

analysed for SNPs.  

 

5.1.19. Pharmacokinetics studies 

CD-1 female mice (22–25 g) were used in oral pharmacokinetic studies. All animal studies 

were performed in biosafety level 2 (BSL2) facilities and approved by the Institutional Animal 

Care and Use Committee of the New Jersey Medical School, Rutgers University, Newark, NJ. 

Snapshot PK studies. Snapshot PK studies were performed as described previously166. In 

short, uninfected CD-1 mice dosed once vie 25 mg/kg (po). The po formulation was dosed as 

a solution consisting of 5% dimethylacetamide (DMA)/95% solutol HS15 (20% in ddH2O). 

Blood was collected at 30 min, 1 h, 3 h, and 5 h after dosing. Aliquots of 50 μL of blood were 

taken by puncture of the lateral tail vein from each mouse (n = 2 per route and dose) and 

captured in CB300 blood collection tubes containing K2EDTA and stored on ice. Plasma was 

obtained by centrifugation for 10 min at 5000 rpm and stored at −80 °C until analysed by LC-

MS.   

Dose escalation study. Dose escalation study was performed as described previously167. 

Dose escalation studies were formulated as suspensions in solutol HS15 (20% in ddH2O). 

Mice were dosed with increasing doses of test compound, Sequential bleeds were collected 

at the appropriate time intervals (up to and including 24 h) post-dose via the tail snip method. 

Blood (50 mL) was collected in capillary microvette EDTA blood tubes and maintained on ice 

before centrifugation at 1500g for 5 min. The supernatant (plasma) was transferred into a 96-

well plate and stored at -80°C. until analysed by LC-MS.   

Quantitative analysis. Test compound levels in plasma were measured by LC-tandem MS 

(LC-MS/MS) in ESI mode on a Sciex Applied Biosystems Qtrap 6500+ triple- quadrupole mass 

spectrometer coupled to a Shimadzu Nexera X2 UHPLC system to quantify each drug in 



II − 5. Methods 
 

63 
 

plasma. Chromatography was performed on a Waters HSS Cyano column (2.1 x 100 mm; 

particle size, 5 µm) using a reverse phase gradient. Milli-Q deionised H2O with 0.1% formic 

acid was used for the aqueous mobile phase and 0.1% formic acid in MeCN for the organic 

mobile phase. Multiple-reaction monitoring of parent/daughter transitions in electrospray 

negative-ionization mode or electrospray positive ionisation mode was used to quantify 

compounds. A 1 mg/mL DMSO stock of test compound was serial diluted in 50/50 ACN/Water 

and subsequently diluted in blank K2EDTA (dipotassium ethylenediaminetetraacetic acid) 

plasma (Bioreclammation) to create standard curves and quality control samples. Test 

compound was extracted by combining 20 mL of spiked plasma or study samples and 200 mL 

of acetonitrile/methanol (50/50) protein precipitation solvent containing 20 ng/mL verapamil 

internal standard (IS). Extracts were subjected to vortex mixing for 5 min and centrifuged at 

4,000 rpm for 5 min. The supernatants were analysed by LC-MS. Verapamil IS was sourced 

from Sigma Aldrich. MRM transition values of 455.4 and 165.2 for verapamil. The sample 

analysis results were accepted if the concentrations of the quality control samples were within 

20% of the nominal concentration. 
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1. Introduction 

Natural products are a valuable source of novel compounds in the fight against resistant 

pathogenic bacteria. One such natural product is Chlorotonil A, a polyketide isolated from 

Sorangium cellulosum, a gram-negative bacterium belonging to the group of Myxobacteria168. 

Chlorotonil A  is highly active against Gram-positive bacteria, has moderate anti-fungal activity, 

and is highly potent against Plasmodium falciparum126,169. Although Chlorotonil A is a promising 

antibacterial compound due to its nanomolar activity against various drug-resistant pathogens, 

its highly lipophilic structure limits its use as an orally available drug. To address this, the 

biosynthetic cluster was first identified. Here, the fact that Chlorotonil carries the dichloro-

pattern suggests the involvement of a halogenating enzyme. The biosynthetic clusters were 

therefore screened for genes encoding for putative halogenating enzymes. A gene cluster 

harbouring a putative halogenase gene and a tandem-AT domain was co-localised on one 

scaffold. Gene knockouts confirmed this gene cluster to be responsible for the biosynthesis of 

Chlorotonil A and three other isomers169. With this knowledge, a large-scale fermentation and 

purification of Chlorotonil A was established and used as a starting material for further 

compound optimisation170. These semi-synthetic new derivatives, such as the epoxide carrying 

ChB1-Epo2, have significantly improved pharmacokinetic (PK) properties while retaining their 

activity and reducing the bacterial load in an S. aureus thigh infection model170. Chlorotonil A 

and ChB1-Epo2 have been shown to be effective in treating mice with established Clostridium 

difficile infections (CDIs) while having a lesser impact on the overall gut microbiota171. A newer 

derivative of Chlorotonil, termed Dehalogenil (DHG), retained its activity while further improving 

the PK properties172.  

 

Figure 1. Structures of the natural product Chlorotonil A and its semi-synthetic derivatives ChB1-Epo2 and DHG. 

The effect of Chlorotonil on C. difficile has been investigated on  transcriptome and proteome 

level171. Chlorotonil seems to induce metabolic reprogramming while influencing metal 

homeostasis. So far, the mechanism of action of the Chlorotonil derivatives is still elusive. In 

this study, variety of proteomic and biochemical methods was applied to elucidate the 

mechanism of action of Chlorotonil.  
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2. Results and Discussion 

 

2.1. Thermal Proteome Profiling in S. aureus 

Thermal proteome profiling (TPP) has extensively been shown to be a valuable method for 

target elucidation in human cells173–175. So far, only one study has shown that TPP can also be 

used for probing drug-target interactions in living bacteria176. This previous study performed 

experiments only in non-pathogenic E. coli K12. Our goal was to extend this method to more 

relevant, pathogenic bacteria. Here, the focus was set on methicillin-resistant Staphylococcus 

aureus (MRSA). One of the most critical steps when performing TPP in living cells is the lysis 

after compound and temperature treatment. Most lysis protocols, especially for bacteria, 

include several steps that can re-solubilise crashed-out proteins. While this is preferential for 

most applications, TPP only works when the denatured and precipitated proteins are not re-

solubilised. This excludes the use of most commonly used detergents and mechanical cell-

disruption techniques such as sonication and bead-beating. Gram-positive bacteria, like S. 

aureus, are especially hard to lyse and, therefore, require harsh lysis conditions. One way 

around this is the use of enzymes that are able to degrade the cell wall. The most well-known 

enzyme used for this is Lysozyme, a glycoside hydrolase (muramidase) that catalyses the 

hydrolysis of specific linkages in peptidoglycans that make up the cell wall of Gram-positive 

bacteria. Lysozyme can also be used to lyse Gram-negative bacteria when combined with 

outer-membrane permeabilisers such as EDTA177. However, Lysozyme is not effective against 

S. aureus due to a genus-specific o-acetylation at C6-OH of muramic acid catalysed by 

OatA178. The Enzyme Lysostaphin, first isolated in 1961179, is a glycylglycine endopeptidase 

which specifically cleaves the cross-linking pentaglycine bridges in staphylococcal cell walls180. 

This enzyme is active at relatively low amounts and is, therefore, ideally suited for the 

preparation of proteomic samples. To identify optimal conditions for the lysis of S. aureus TPP 

samples, eight different buffers were tested at two different incubation temperatures. The 

variables in the buffers were two different concentrations of Lysostaphin, a protease inhibitor 

mix, and the addition of the detergent NP-40. NP-40 was shown to not re-solubilise precipitated 

proteins up to a concentration of 1%176. All buffers contained DNAse due to the lack of any 

mechanical lysis that would shear the genomic DNA. The buffers were prepared as 2-fold 

concentrates and added to the same volume of S. aureus USA300 cells in PBS (Figure 2A). 

The cells were incubated for 30 minutes at the respective temperatures and then lysed by a 

freeze-thaw cycle of liquid nitrogen and 25 °C, repeated three times. The cell debris was 

removed, and the soluble protein and membrane-bound protein fraction were separated by 

centrifugation. Afterwards, the membrane fraction was re-solubilised in PBS with 0.2% SDS 
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and sonication. The total protein concentrations of all samples were measured and compared 

(Figure 2B). The best lysis condition was identified to be buffer 4 and incubation at 37°C. This 

condition yielded the highest ratio of soluble to insoluble protein.  

 

Figure 2. Determining the ideal lysis conditions for in situ thermal proteome profiling in S. aureus. (A) Overview 

of different buffers tested. All buffers are based on PBS pH 7.4 with 30 µg/mL DNAse I. (B) Protein 

concentrations of soluble and insoluble fractions after cell lysis with different buffers and at two different 

concentrations. Buffer 4 at 37 °C had the highest ratio of soluble/insoluble protein and one of the 

highest overall concentrations of soluble protein and was therefore used for further experiments.  

Thermal proteome profiling using these lysis conditions was performed in S. aureus USA300 

to identify potential protein targets of the Chlorotonil-derivative ChB1-Epo2. The MIC of this 

compound in this strain was 0.08 µg/mL. However, in order to see a significant thermal shift of 

a direct compound target, the target protein should be fully engaged with the compound. For 

this reason, a high compound concentration of 4 µg/mL (50x MIC) was used as a single-dose 

experiment. The cells were treated for 45 minutes at 37 °C, exposed to a thermal gradient and 

lysed according to the new protocol. After several washing steps, the proteins were digested 

and TMT-labelled to allow pooling of all temperature points of one experiment. The complex 

mixtures were fractionated offline and measured on an Orbitrap Fusion MS instrument. The 

samples were measured in an MS3-based TMT method for more accurate quantification of 

peptides using the TMT reporter ions. The resulting melting curves were fitted, and the thermal 

shifts in both biological replicates were calculated (Figure 3, Table 1).  
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Figure 3. Thermal protein profiling in living S. aureus USA 300 treated with 4 µg/mL ChB1-Epo2. (A) Thermal 

shifts (∆Tm) between Treated and untreated cells in both biological replicates were calculated using the 

TPP R-package (see methods for details). All proteins that passed all significance criteria are numbered 

(See Table 1 for details). (B) Melting curves of the most stabilised protein SAUSA300_0362 (1). (C) 

Melting curves of the only stabilised protein essential for growth, MetAP (red dot, 5). 

In total, eight proteins were stabilised and passed all significance tests (see methods for 

details), while eight proteins were significantly destabilised. Among the significantly 

destabilised proteins are three ribosomal proteins (rplB, rplC, rplF). In fact, 8 out of 15 proteins 

that are destabilised by more than 3°C are ribosomal proteins (Table S1). While this could be 
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an indication of a potential ribosomal target protein, a down-shift of the melting temperature of 

ribosomal proteins is often caused by changes in metal-ion concentrations176.  

Table 1. List of all significant protein hits from the TPP experiment. Numbers are in accordance with Figure 2A. 

# Gene name Protein Name ∆ Tm 1 ∆ Tm 2 
Stabilised 

1 SAUSA300_0362 Mechanosensitive ion channel family protein 5.9 5.4 
2 SAUSA300_2234 Inosine-uridine preferring nucleoside hydrolase 5.5 4.6 
3 SAUSA300_1448 Transcriptional regulator, Fur family 4.7 4.8 
4 SAUSA300_1654 Uncharacterized peptidase 4.4 2.7 
5 map Methionine aminopeptidase 4.0 3.8 
6 rnr Ribonuclease R 3.8 6.0 
7 SAUSA300_1349 Glycosyl transferase, group 1 family protein 3.5 5.4 
8 aldA2 Aldehyde dehydrogenase 3.4 3.7 

Destabilised 
9 rplC Large ribosomal subunit protein uL3 -3.9 -4.8 
10 SAUSA300_0538 Uncharacterized epimerase/dehydratase -4.0 -4.0 
11 ddl D-alanine--D-alanine ligase -4.1 -3.8 
12 rplF Large ribosomal subunit protein uL6 -4.1 -4.3 
13 thrB Homoserine kinase -4.2 -4.3 
14 glk Glucokinase -4.2 -3.9 
15 rplB Large ribosomal subunit protein uL2 -4.5 -4.0 
16 SAUSA300_0373 Uncharacterized protein -5.8 -4.4 

 

The most stabilised protein is an uncharacterised ion channel (SAUSA300_0362) with an 80% 

sequence identity with the Potassium efflux system KefA from S. saccharolyticus. The 

methionine aminopeptidase (map, MetAP) is the only stabilised protein that is essential for 

growth. For all other stabilised proteins, deletion mutants from the Nebraska Transposon 

Mutant Library (NTML) were tested for potential shifts in MIC. None of these mutants had a 

shift in MIC compared to the wild-type strain (data not shown). To further investigate the 

potential role of the most stabilised protein SAUSA300_0362, a probable potassium channel, 

the MIC in the presence of elevated KCl concentrations was determined. Interestingly, when 

the medium is supplemented with 500 mM KCl, the susceptibility of the cells is vastly reduced 

(Table 2, Table S2).  
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Table 2. MICs of DHG, ChB1-Epo2 and control compound PK150 against S. aureus USA 300 JE2 WT and 

Transposon mutants. NE323 is the transposon mutant of SAUSA300_0362, and NE572 is a randomly 

chosen transposon mutant of a gene not involved in metal homeostasis.

MICs [µM] Dehalogenil ChB1-Epo2 PK150 
Strain WT NE323 NE572 WT NE323 NE572 WT NE323 NE572 
MH2 0.04 <0.02 0.04 0.04 <0.02 <0.02 0.625 0.3125 0.3125 

+ 500 mM KCl 10 10 10 1.25 0.625 1.25 0.625 0.3125 0.3125 
+ 500 mM NaCl <0.02 0.04 0.04 <0.02 0.04 <0.02 0.625 0.625 0.625 

 

For ChB1-Epo2, the MIC in WT S. aureus USA300 shifts by over 30-fold, while the shift for 

the newer Chlorotonil-derivative, Dehalogenil, has an even more pronounced shift of 250-fold 

compared to the MIC in normal growth medium. This effect is only observable for KCl and not 

for NaCl. In fact, the WT strain seems to be slightly more susceptible to both derivatives when 

NaCl was added to the medium. For the transposon mutant of SAUSA300_0362 (NE323), 

there is no shift towards more susceptibility when adding NaCl. However, the lower 

susceptibility towards both compounds when adding KCl is the same for the transposon mutant 

of SAUSA300_0362 (NE323) or another randomly chosen transposon mutant. The urea 

compound PK150 was used as a control compound to control for compound-unspecific MIC 

shifts. These results are a strong indication that the mode of action of the Chlorotonil 

derivatives is linked to potassium homeostasis. The supplemented concentration of 500 mM 

KCl is in the range of normal intracellular concentrations in bacteria181. If the mechanisms that 

control the potassium gradient from high intracellular to low extracellular concentrations are 

disrupted by Chlorotonil, this could lead to an influx of water due to the osmotic pressure or 

efflux of potassium. When the extracellular concentration of potassium is supplemented to be 

in the same concentration range as the natural intracellular concentration, no flux of ions or 

water across the membrane will take place. The fact that the shift is the same for the WT strain 

and the transposon mutant of the hit Protein SAUSA300_0362, a potassium efflux pump, 

suggests that binding of the Chlorotonil directly to this protein is not responsible for the effect 

on potassium homeostasis. The observed thermal stabilisation is most likely a secondary effect 

caused by the disruption of potassium homeostasis in another way. While the MIC of 

ChB1-Epo2 shifted significantly when supplementing the medium with KCl, the resulting MIC 

of 1.25 µM is still relatively potent, hinting towards a polypharmacological mechanism of action.  

The only significantly stabilised protein that is essential for bacterial growth was the methionine 

aminopeptidase (MetAP). MetAPs are metallopeptidases that are conserved across all 

organisms, from bacteria to eukaryotes182. They remove the N-terminal methionine from 

nascent polypeptides, a crucial step for protein maturation183. While most MetAPs are active 
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with various bound divalent cations, in bacteria, cobalt generally leads to the highest in vitro 

activity183–185. To investigate the potential impact of the Chlorotonil derivatives on MetAP 

activity, the map gene from S. aureus USA300 was cloned into a pETG41K vector. The 

expressed SaMetAP is N-terminally maltose binding protein (MBP) –tagged, as untagged 

protein was expressed insolubly. The N-terminally MBP-tagged protein was expressed and 

purified. The fusion protein was used for initial activity studies. After confirming that the purified 

protein was indeed active, the MBP-tag was cleaved by adding TEV-protease. The cleaved 

SaMetAP was purified and used for activity assays. First, the optimal protein-to-metal 

concentration was determined to be a 3 to 6-fold molar excess of CoCl2. Using these optimised 

conditions, the protein was pre-incubated with CoCl2, followed by incubating with the 

Chlorotonil derivatives for 30 minutes before the addition of the methionine-p-nitroanilide 

(MetpNA) substrate. The release of cleaved para-nitroanilide was measured, the linear range 

was fitted by a linear regression fit, and the slopes were calculated (Figure 4). 

 

Figure 4. SaMetAP activity assay using recombinantly expressed and purified SaMetAP. Slopes of the linear fits 

are normalised to their respective DMSO control. ChB1-Epo2 and DHG inhibit SaMetAP in a 

concentration-dependent manner. The inactive Chlorotonil derivative WH0024 does not show any 

inhibition. Fumagillin, a known human MetAP-2 inhibitor, also inhibits SaMetAP. The enzyme is inactive 

without addition of CoCl2 and it specifically cleaves only Met-pNA and not the leucine derivative Leu-

pNA. The assay was performed in at least 2 independent replicates consisting of 3 technical triplicates.  

Both active Chlorotonil derivatives ChB1-Epo2 and DHG inhibit the SaMetAP in a dose-

dependent manner with a molar excess of about 6-fold, leading to about 50% inhibition. 

Interestingly, an inactive Chlorotonil derivative WH0024, which lacks the crucial Diketo moiety, 

did not inhibit SaMetAP, while Fumagillin, a human MetAP-2 inhibitor, also showed 
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concentration-dependent inhibition of SaMetAP. These activity assays were conducted using 

a 3-fold molar excess of CoCl2. To test whether the observed inhibition is merely due to a 

complexation of Co2+, rather than direct inhibition of the protein, a 10-fold molar excess of DHG 

with a 16-fold molar excess of CoCl2 was measured, which resulted in the same inhibition as 

before, pointing to an inhibition of the enzyme and not just a complexation of the metal cofactor. 

Of note, SaMetAP is slightly inhibited by higher concentrations of CoCl2, so a DMSO control 

with the higher CoCl2 concentration was also included and used for normalisation. The in vitro 

assay confirms that the Chlorotonil derivatives inhibit SaMetAP.  

While this is an interesting finding, a time-kill assay of DHG in S. aureus (conducted by Felix 

Deschner, HIPS) showed that at concentrations above the MIC, DHG acts rapidly bactericidal 

(data not shown). At 2x and 10x MIC, cells are eradicated after only 20 minutes. This clearly 

indicates a main mechanism of action independent of the SaMetAP inhibition, as this would be 

a slower acting mechanism, as it only affects newly synthesised proteins. At sub-MIC 

concentrations, growth is strongly delayed, and at 0.5x MIC, cell count is significantly reduced 

before achieving full growth after 24 h. Importantly, this was not due to the development of 

spontaneous resistance, as isolated clones showed no change in susceptibility. 

 

2.2. Full proteome analysis of S. aureus treated with DHG 

To investigate the changes in protein expression in response to DHG treatment, S. aureus 

cells were treated with 0.2x MIC and grown until stationary. Samples from each culture were 

analysed after 30 minutes, in the exponential phase, and in the early stationary phase. Overall, 

the proteomic changes were very similar across the different growth stages. Here, the focus is 

put on the samples from the exponential phase (Figure 5). In total, 16 and 27 proteins were 

significantly up- and downregulated by a fold-change of more than Log2(1.5), respectively 

(Figure 5A). Due to a lack of detailed protein annotation in S. aureus, pathway analysis is not 

fully reliable. However, pathway analysis using STRING DB (version 12)157 resulted in two 

protein clusters among the upregulated proteins (Figure 5B). All proteins of the main potassium 

uptake system KdpABC (cluster strength: 2.13), as well as some secreted bacterial 

haemolysins (cluster strength: 1.19), showed significant functional enrichment. This full-

proteome analysis confirms the previous findings that the Chlorotonil derivatives dysregulate 

the potassium ion homeostasis. The fact that the potassium uptake system (KdpABC) is 

upregulated suggests an uncontrolled release of potassium ions upon treatment, which the cell 

compensates through upregulation of KdpABC. Interestingly, two of the most strongly down-

regulated proteins in are BetA and GbsA, both involved in the biosynthesis of the most 

important prokaryotic osmoprotectant, glycine betaine (N,N,N-trimethyl glycine, GB). GB is 
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produced when organisms are exposed to a high osmotic environment. Along with other 

solutes, it is accumulated to maintain a higher osmolarity in the cytoplasm compared to the 

environment and thus provide turgor pressure186. For its biosynthesis, choline is first taken up 

into the cell by specific uptake proteins. Then, choline is oxidised to betaine aldehyde by the 

choline dehydrogenase BetA. A second oxidation step is then catalysed by the glycine betaine 

aldehyde dehydrogenase (GbsA, BetB) to yield GB187,188. Up-regulating GB biosynthesis is 

normally a response to high osmolarity. Down-regulation could, therefore, be a response to a 

perceived low osmolarity. This would also explain the reduced susceptibility under higher 

potassium concentrations. K+ is the most important solute under normal osmolar conditions. 

An induced efflux of K+-ions would signal a low-osmolarity environment and could, therefore, 

trigger a down-regulation of GB biosynthesis. A Chlorotonil-induced potassium efflux could be 

triggered by the most stabilised protein from the TPP experiment SAUSA300_0362, a 

mechanosensitive potassium efflux pump. So far, the results do not indicate a direct binding 

to this potassium channel as the transposon mutant is still susceptible to the Chlorotonil 

derivatives. A non-proteinogenic target in the membrane could also lead to a potassium efflux. 

Studies into membrane-lipid binding of DHG are currently being conducted and are the subject 

of a later publication.  

 

Figure 5. Full proteome analysis of S. aureus treated with a sub-MIC concentration of DHG. (A) Volcano plot of 

S. aureus ATCC29213 treated with 0.2x MIC DHG compared to the vehicle control (DMSO). The 

subunits of the main K+-importer KdpABC is upregulated while the glycine betaine (GB) biosynthesis 

proteins (BetA, GbsA) are downregulated. All MS experiments were conducted in 4 biological replicates 

and significance of fold-changes was calculated using a two-tailored students t-test and permutation 

based FDR (<0.05). (B) GO-term analysis of significantly upregulated protein in S. aureus shows 

upregulation of potassium uptake (blue) and secreted toxins (green). GO-term analysis was performed 

using STRING-DB (v.12)157.  
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2.3. Full proteome analysis of Chlorotonil-resistant S. aureus  

Resistant S. aureus ATCC29213 mutants were generated by long-term exposure and 

adaptation (LEA) (performed by Felix Deschner, HIPS). After one week of daily passaging in 

a medium with sub-MIC concentrations of Chlorotonil A and DHG, resistant mutants with more 

than a 64-fold shift in susceptibility could be isolated and were analysed for single nucleotide 

polymorphisms (SNPs) and other genetic phenotypes by whole genome sequencing (WGS). 

Four mutants were selected for full-proteome analysis compared to the WT strain (Table 3). 

All four mutants carry at least one mutation in farR. Mutants with high-level resistance carry an 

additional mutation in farR or, in the case of Sa_D3, an SNP upstream of farE. FarR is the 

negative transcription regulator of the fatty acid efflux pump FarE189.  

Table 3. List of Chlorotonil-resistant mutants of S. aureus ATCC29213 used for comparative proteomics. 

Mutants are cross-resistant to Rhodomyrtone (ROM) and carry mutations in farR.  

Fold-change  ChA DHG ROM  farR farE 
Sa_WT Sa_WT 1 (0.025) 1 (0.0625) 1 (0.5)     

Sa1_TSB_D3 Sa_D3 >64 >64 >64  Val115Ile  -52A > T 

Sa2_TSB_D3 Sa_D6 8 32 4-8  Val115Ile   

Sa1_MHB_D3 Sa_D11 >64 >64 >64  Val115Ile Glu151Lys  

Sa2_MHB_A8 Sa_A11 >64 >64 >64  Arg96Ile Cys116Arg  
a -52A > T exchange of A to T 52 bp upstream of the coding region 
 

 

The resistant mutants and the WT were grown, and their proteome was analysed and 

compared to the WT (Figure 6). Here, both FarR and FarE were found to be strongly 

upregulated. The mutations seem to lead to an inactivation of the negative regulator FarR, as 

FarE is strongly upregulated. The level of upregulation of FarR/E seems to correlate with the 

level of resistance as the less resistant mutant Sa_D6 has a fold-change of 32 compared to a 

128-fold change in the high-resistance strains (Figure 7A). In literature, farR mutations are 

reported to convey resistance to Rhodomyrtone (ROM), a membrane-active antibiotic inducing 

cell lysis190. Therefore, the Chlorotonil-resistant S. aureus strains were tested for cross-

resistance to ROM (conducted by Felix Deschner, HIPS). Indeed, the mutants were also 

resistant to ROM to the same extent (Table 3), suggesting the same lipid-mediated resistance 

mechanism via FarE overexpression. The exported fatty acids interact with Chlorotonil, 

causing neutralisation of Chlorotonil. Lower susceptibility towards Chlorotonil when adding 

lysyl-phosphatidylglycerol (lysyl-PG) to the medium (performed by Felix Deschner, data not 

shown) corroborates this mechanism of resistance.  
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Figure 6. Full-proteome analysis of Chlorotonil-resistant S. aureus mutants compared to the WT. All mutants 

overexpress FarR and FarE. The high-level resistant mutants have additional dysregulated proteins. 

All MS experiments were conducted in 4 biological replicates and significance of fold-changes was 

calculated using a two-tailored students t-test and permutation-based FDR (<0.05).  

Interestingly, the high-level-resistant mutants, Sa_D3, Sa_D11 and SA_A11, show the exact 

reverse of what was seen when treating WT S. aureus with sub-MIC levels of DHG. While 

treatment of the WT induced a down-regulation of BetA and GbsA and an upregulation of 

KdpABC, these two show the exact opposite (Figure 7B). This trend was also not reversed 

when treating the mutants with DHG (Figure 7C). The reversal of the KdpABC and BetA, GbsA 

expression compared to treatment of the WT do, however, also indicate a mechanism of action 

in which the Chlorotonil-derivatives influence potassium homeostasis. How this reversal is 

linked to resistance and the farR/E mutations needs to be investigated further. The less 

resistant clone does not exhibit the reversal of the expression levels, indicating that the higher 

resistance could also be linked to the changes in the expression levels of these proteins in 

addition to FarE overexpression. Further studies into potential non-proteinogenic targets of 

Chlorotonil, such as lipids, are ongoing and might elucidate this further.  
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Figure 7. S. aureus mutants exhibit strong upregulation of FarE and dysregulation of proteins responsible for 

potassium homeostasis. (A) FarR and FarE fold changes compared to WT. FarR and FarE are strongly 

upregulated in S. aureus mutants. The high-level resistant mutants have a 128-fold increase in FarE 

levels, while the less resistant strain (Sa_D6) exhibits a 32-fold increase. (B) Normalised protein 

abundance of selected proteins from the full proteome analysis of the S. aureus mutants compared to 

the WT. The high-level resistant mutants show an upregulation of GbsA and BetA, which the low-level 

resistant mutant Sa_D6 does not. Sa_D3 and Sa_A11 also down-regulate the potassium importer Kdp 

(KdpB2 is exemplary for this). (C) Normalised protein abundance of selected proteins from S. aureus 

mutants treated with 0.2x MIC of DHG compared to WT treated with 0.2x MIC. The upregulation of 

GbsA and BetA in the high-resistant mutants is still evident. Interestingly, all mutants show a down-

regulation of the potassium import system compared to the treated WT. Low-level resistant mutant 

Sa_D6 also exhibits a downregulation of GbsA and BetA. 
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3. Conclusion 

Due to the growing problem of antimicrobial resistance, there is an urgent need to find novel 

antibiotics. Natural products (NPs) have proven to be an essential source of antibiotic 

compounds in the past191. One promising NP with nanonmolar activity against various 

pathogenic bacteria is Chlorotonil. Recently, extensive structure-activity relationship (SAR) 

studies have resulted in novel, highly active derivatives with improved pharmacokinetic (PK) 

properties170. The exact mechanism of action of Chlorotonil and its derivatives is still elusive. 

In this study, known TPP protocols were adapted to be used in S. aureus, a widespread Gram-

positive pathogen. Using TPP in living S. aureus cells, several significantly stabilised and 

destabilised proteins were identified. The only significantly stabilised protein essential for 

growth was the methionine aminopeptidase. This protein was cloned, expressed and purified 

to be used in an in vitro assay. The MetAP is inhibited by ChB1-Epo2 and DHG in a 

concentration-dependent manner. An attempt to generate co-crystal structures of MetAP with 

bound compound was unsuccessful. While crystal structures of MetAP with bound cobalt were 

obtained, the limited solubility of the Chlorotonil derivatives hindered the formation of 

co-crystals. A time-kill assay performed by Felix Deschner (HIPS), showed a very fast mode 

of action in which cells were killed within 20 minutes of compound treatment. Such a fast 

mechanism of action makes it unlikely that MetAP inhibition is the primary mode of action. It 

can be therefore concluded that this is merely a secondary target of Chlorotonil. 

The most strongly stabilised protein in the TPP experiment was a potassium transporter 

(SAUSA300_0362). The effect on potassium homeostasis was further investigated by 

measuring drug susceptibility in the presence of high concentrations of potassium and sodium. 

Indeed, supplementing the growth medium with high concentrations of potassium vastly 

reduces the susceptibility of S. aureus against two Chlorotonil derivatives. Moreover, treating 

wild-type S. aureus strains with a sub-lethal dose of DHG leads to an upregulation of the main 

potassium importer KdpABC and a down-regulation of BetA and BetB, the proteins responsible 

for the biosynthesis of glycine betaine, an important osmoprotectant. These findings point 

towards a perceived low-osmolarity environment induced by DHG. This could be caused by a 

DHG-induced potassium efflux. However, direct involvement of the most stabilised protein, the 

potassium efflux pump SAUSA300_0362, could not be shown using the transposon mutant 

NE323. Furthermore, whole-proteome analysis of Chlorotonil-resistant S. aureus mutants 

identified an interesting resistance mechanism. Mutations in farR lead to a strong upregulation 

of the fatty acid exporter FarE. This resistance mechanism was previously shown for the 

antibiotic Rhodomyrtone (ROM). Indeed, Chlorotonil resistant mutants are cross-resistant to 

ROM, confirming that the resistance mechanism is the same as for ROM. Here, the 
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upregulation of FarE increases the efflux of certain fatty acids, which bind to Chlorotonil, 

neutralising its activity. 

Interestingly, the dysregulation of KdpABC, BetA and BetB (GbsA) is reversed in the high-level 

resistance mutants. While the exact reason for this still has to be investigated, this also points 

towards a mechanism of action on potassium homeostasis. Of note, transcriptome analysis of 

Rhodomyrtone-resistant clones and of Rhodormyrtone treated WT S. aureus did not reveal 

any dysregulation of betA, gbsA, or kdpABC190. This indicates that dysregulation of these 

proteins is a direct response to the mechanism of action of Chlorotonil and is not merely linked 

to FarR/E dysregulation. The effect of Chlorotonil on various lipids is currently being 

investigated. These findings will be published together with the findings shown in this study. In 

conclusion, the use of TPP and comparative full-proteome analysis have been vital in the effort 

to further understand the mechanism of action of Chlorotonil and are helping to piece together 

results from different experiments. Furthermore, resistance generation with subsequent 

proteomic investigation has identified the primary resistance mechanism in S. aureus against 

Chlorotonil.  
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4. Supplementary Information 

 

Table S1. List of all proteins with a thermal shift > 3°C from the TPP experiment. 
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Table S2. OD600 table of MIC determination of Nebraska transposon mutants in different salt containing medium. 

Colour indicates growth (Higher OD600) 
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Figure S1. Structure of the inactive Chlorotonil derivative WH0024. 
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5. Methods 

5.1. Biochemical Methods 

5.1.1. Bacterial strains and culture 

All S. aureus strains were cultured in Mueller Hinton Broth 2 (MHB) unless otherwise stated. 

E. faecium ATCC51559 was cultivated in TSB (17.5 g/L casein tryptone, 3 g/L Soja peptone, 

2.5 g/L glucose, 5 g/L NaCl, 2.5 g/L potassium dihydrogen phosphate). All cultures were 

inoculated from Agar plates or glycerol stocks and incubated at 37 °C, 200 rpm.  

 

5.1.2. Thermal Proteome Profiling in S. aureus USA300 

S. aureus USA300 was inoculated into 2 separate culture tubes with B-Medium (LB-medium, 

Roth, 1 g/L potassium dihydrogen phosphate) and grown overnight at 37°C, 200 rpm. All steps 

were performed in biological duplicates. The overnight cultures were inoculated into 20 ml B-

medium and grown until stationary. The cells were harvested in falcon tubes and washed with 

cold PBS (6000 xg, 4°C, 5 min). The cells were now reconstituted in PBS to a theoretical OD600 

of 20/ml. Per replicate, 1.2 mL of the culture was transferred into two new microcentrifuge 

tubes and ChB1-Epo2 or DMSO were added (1:100, 1% DMSO final). The cells were 

incubated for 45 minutes at 37 °C, 200 rpm and then the each of the 4 samples was split into 

10x 100 µL in 200 µL PCR tubes. The samples were placed into a preheated thermal cycler at 

the positions corresponding to the following temperatures. 

Sample 1 2 3 4 5 6 7 8 9 10 

T [°C] 42.3 45.9 49.2 52.8 56.4 59.8 62.6 67.1 71.1 77.7 

 

The samples were heated for 3 minutes, followed by an incubation at RT for another 3 minutes. 

Next, 100 µL of 2x Lysis buffer (PBS pH 7.4, 50 µg/mL Lysostaphin, 1.6% NP-40, 30 µg/mL 

DNAse I) and the cells were incubated at 37 °C for 30 minutes. The samples were snap-frozen 

in liquid nitrogen and thawed at 25 °C. This was repeated 4 times in total. 180 µL of each 

sample was transferred into a new Protein LoBind microcentrifuge tube and centrifuged (6000 

xg, 4°C, 10 minutes) to remove cell debris. 160 µL of the supernatant were transferred into an 

ultracentrifuge tube (Beckman Coulter) and subjected to ultra-centrifugation (20 minutes, 

100.000 xg, 4 °C) to remove the aggregated proteins. The protein concentration of the 

supernatant of the first 2 temperature points was determined using the Roti®-Quant universal 

kit (Carl Roth) for BCA assay. All samples were adjusted to a total protein concentration of 65 

µg in 100 µL based on the average of the first 2 temperature points, and the proteins were 
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precipitated by adding a 5-fold excess of ice-cold LC-MS grade acetone and incubating 

overnight at -20 °C. The following day the precipitated proteins were pelleted (21.000 xg, 20 

min, 4 °C) and the supernatant was aspirated. To remove residual impurities, the pellet was 

reconstituted in 500 µL ice cold methanol by sonication (10 s, 10 % intensity, Sonopuls HD 

2070 ultrasonic rod, BANDELIN electronic GmBH & Co. KG) and pelleted again. The methanol 

was aspirated and the protein pellet was reconstituted in 200 µL X-buffer (7 M urea, 2 M 

thiourea in 20 mM HEPES buffer pH 7.5) and the proteins were reduced by the addition of 1 

mM DTT (from 1 M stock in H2O) and incubating under gentle mixing (25 °C, 950 rpm, 45 

minutes). To alkylate the reduced cysteines of the proteins, 5.5 mM iodoacetamide was added 

(550 mM stock in 50 mM in H2O) and incubated for 30 minutes (25 °C, 950 rpm). The alkylation 

reaction was quenched by adding 4 mM DTT (from 1 M stock in H2O) and incubating for 30 

minutes (25 °C, 950 rpm). The proteins were pre-digested by adding LysC (2.5 µg/mL, 0.5 

mg/mL stock, FUJIFILM Wako Chemical Corporation) and incubating for 3 hours (25 °C, 950 

rpm, 45 minutes). After pre-digest, 600 µL 50 mM triethylammonium bicarbonate (TEAB) was 

added to each sample, followed by the addition of 1.3 µL of Trypsin (0.5 mg/ml stock, 

sequencing grade, modified; Promega) for overnight digest (37 °C, 950 rpm). The following 

morning, the digest was quenched by adding 8 µL of formic acid (FA) and the peptides were 

desalted using Sep-Pak C18 1 cc Vac cartridges (Waters) using the following procedure: Using 

gravity flow, the cartridges were first washed with 2 ml elution buffer (80 % MeCN, 0.5 % FA) 

followed by washing 3x with 1 ml 0.1 % TFA. The samples were now loaded and then washed 

3x with 0.1 % TFA and 1x with 0.5 ml 0.5 % FA. The peptides were eluted from the cartridges 

with 2 x 250 µL elution buffer under gravity flow and once with 250 µL elution buffer under 

vacuum. The peptides were dried using a centrifugal vacuum concentrator and subsequently 

reconstituted in 7.5 µL TMT-labelling buffer (50 mM HEPES, 20 % MeCN, pH 8.5) through 

repeated vortexing, sonication (bath) and centrifugation. For TMT-labelling, 5 µL of previously 

prepared TMT isobaric labels (TMT10plexTM isobaric Labels Reagent set 1x 0.8 mg, Thermo 

Fischer Scientific) were added (10 µg/µL stock concentration in anhydrous MeCN), vortexed, 

centrifuged and incubated for 1 h (450 rpm, 25 °C). The labelling reaction was quenched by 

the addition of hydroxylamine to a final concentration of 0.4 %. To test whether the TMT 

labelling was successful, 187.5 µL of 0.1 % FA were added to each sample, and 2 µL of each 

temperature point within a condition were combined, dried in a centrifugal vacuum 

concentrator, reconstituted in 1 % FA, and the samples were measured using LC-MS/MS. After 

confirming complete TMT labelling, all temperature points within a condition were pooled (25 

µg of protein based on initial protein concentration) and dried in a centrifugal vacuum 

concentrator. The combined samples were now fractionated. For this, the labelled peptides 

were now reconstituted in 105 µL HILIC buffer A (95 % MeCN, 0.1 % TFA) by sonication and 

transferred to a LC-MS vial. The peptide fractionation was carried out using an UlitMate 3000 
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HPLC system (Dionex) equipped with an YMC-Pack PVA-Sil column (5 µm, 150 x 2.1 mm, 

120 Å, YMC Europe GmbH). Gradient elution was carried out with 95 % MeCN, 5 % H2O, 0.1 

% TFA (A) and 95 % H2O, 5 % MeCN, 0.1 % TFA (B). 100 µL of the sample was injected and 

separated using a 62.5 min gradient (7.5 min 0% B, 50 min to 30 % B, 3.5 min to 50 % B, 2.5 

min to 100 % B) at a flow rate of 0.2 mL/min, followed by a washing and equilibration step. 

During equilibration, an on-line UV detector at 215 nm was used to monitor peptide elution. 

Fractions were collected into a 96-well plate and then pooled into 5 greater fractions, which 

were dried in a centrifugal vacuum concentrator and subsequently reconstituted in 100 µL 1 % 

FA by placing the tubes in a sonication bath for 10 min. The peptides were then filtered using 

freshly equilibrated (300 µL, 1 % FA) 0.22 µM Ultrafree-MC® centrifugal filters (Merck, 

UFC30GVNB). The filtered samples were transferred into LC-MS vials. The experiment was 

conducted in duplicate. 

 

5.1.3. Mass spectrometry for thermal proteome profiling 

TMT-labelled peptide samples were analyzed on an UltiMate 3000 nano HPLC system 

(Dionex) equipped with an Acclaim C18 PepMap100 (75 μm ID × 2 cm) trap column and a 25 

cm Aurora Series emitter column (25 cm × 75 μm ID, 1.6 μm FSC C18) (Ionoptics) separation 

column (column oven heated to 40 °C) coupled to an Orbitrap Fusion (Thermo Fisher) in NSI-

spray setting. For peptide separation, samples were loaded on the trap column and washed 

for 10 min with 0.1% TFA in ddH2O at a flow rate of 5 µL/min. Subsequently, peptides were 

transferred to the analytical column for peptide separation and separated using the following 

120min gradient (Buffer A: H2O + 0.1% FA; B: MeCN + 0.1% FA) with a flow rate of 300 

nL/min.: in 10 min to 5% B, in 50 min from 5% to 22% and in 60 min from 22% to 35%. The 

separation gradient was followed by a column washing step using 90% B for 10 min and 

subsequent column re-equilibration with 5% B for 5 min. MS full scans were recorded at a 

resolution of 120.000 with the following parameters: Ion transfer tube temperature 275 °C, RF 

lens amplitude 60 %, 375-1500 m/z scan range, automatic gain control (AGC) target of 2.0 x 

105, 3 s cycle time and 20 ms maximal injection time. Peptides with a higher intensity than 5.0 

x 103 and charge states between 2 and 7 were selected for fragmentation in the collisional-

induced dissociation (CID) cell at 35 % collision energy and analysed in the ion trap using rapid 

scan rate. In the ion trap, the isolation window was set to 1.6 m/z, an AGC target of 1.0 x 104 

and a maximal injection time of 100 ms. For MS3-based reporter ion quantification, the number 

of synchronous precursor selections (SPS) was set to 10 with an isolation window of 2.5 m/z. 

The selected precursors were fragmented using the higher-energy collisional dissociation 

(HCD) cell at 55 % collision energy and analysed in the orbitrap at a resolution of 60.000 with 

the AGC target set to 2 x 105 and a maximal injection time of 118 ms.  
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5.1.4. Data analysis of thermal proteome profiling experiments 

MS raw data was analysed using MaxQuant161 software (version 1.6.17.0), and peptides were 

searched against Uniprot database for S. aureus USA300 (taxon identifier: 367830, 

downloaded on 13.11.2020, canonical). Carbamidomethylation of cysteines was set as fixed 

modification, and oxidation of methionines and acetylation of N-termini were set as variable 

modifications. Trypsin was set as a proteolytic enzyme with a maximum of 2 missed cleavages. 

For the main search, precursor mass tolerance was set to 4.5 ppm and fragment mass 

tolerance to 0.5 Da. Fractions were assigned for each experiment. Group-specific parameters 

were set to “Reporter ion MS3” with 10plex TMT isobaric labels for N-terminal and lysine 

modification selected. The isotope correction factor was set for each TMT channel according 

to the data sheet of the TMT labels. Carbamidomethylation of cysteines was set as fixed 

modification, and oxidation of methionines and acetylation of N-termini were set as variable 

modifications. Trypsin was set as proteolytic enzyme with a maximum of 2 missed cleavages. 

For main search, precursor mass tolerance was set to 4.5 ppm and fragment mass tolerance 

to 0.5 Da. Second peptide identification was enabled, and false discovery rate (FDR) 

determination was carried out by applying a decoy database and thresholds were set to 1% 

FDR at peptide-spectrum match and at protein levels. The remaining parameters were used 

as default settings. Calculated corrected reporter ion intensities were normalized to the 

channel corresponding to the lowest temperature and were used to determine the melting 

curves of the proteins and the resulting thermal shifts (Tm). These were calculated using R 

(version 4.1.1) and the TPP package113 (version 3.20.1) using the “analyzeTPPTR” function. 

Proteins that fulfilled all requirements192 were considered to have a significant thermal shift. 

For visualization of the TPP output files, the data was filtered as follows: R2 > 0.8 for all fitted 

curves, plateaus < 0.3 for DMSO curves, steepest slopes of melting curves < -0.06, difference 

in Tm between both DMSO replicates < 1.5 °C. The resulting Tm shifts were visualized using 

GraphPad Prism 10.  

 

5.1.5. Full Proteome analysis 

S. aureus ATCC29213 and the Chlorotonil resistant mutants were inoculated from glycerol 

stocks into MHB2 and grown overnight. The following day the overnight culture was inoculated 

into fresh medium with DMSO (0.1%) or compound added (depending on the experiment) to 

an OD600 of 0.5. Cells were grown at 37 °C, 200 rpm and the optical density was measured 

regularly. For samples of the exponential phase, samples were harvested after about 2.5 hours 

(OD600 ~2). For samples of the stationary phase, samples were harvested after about 9 hours 
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(OD600 ~7). The samples were harvested and washed with cold PBS (6000 xg, 4°C,5 minutes) 

and reconstituted in 200 µL lysis buffer (PBS pH 7.4, 0.4% SDS, 1 % Triton X-100). The cells 

were sonicated (10 s, 30 % intensity, Sonopuls HD 2070 ultrasonic rod, Bandelin electronic 

GmbH) and transferred into bead-mill lysis tubes filled with 0.1 mm zirconium beads. The cells 

were lysed at 6500 rpm for 3x 30 s using a precellys 24 bead beater (peqlab). The Lysate was 

centrifuged at 10.000 xg for 10 minutes, and the supernatant (180µL) was transferred into a 

micro-centrifuge tube and centrifuged for 10 minutes at 21.000 xg. The supernatant (150 µL) 

was transferred into a new centrifuge tube. The protein concentrations of the samples were 

determined by BCA assay (Roti Quant, Roth), and all samples were adjusted to the same 

protein concentration using the lysis buffer. 80 µL of each sample was transferred into a 96-

well PCR plate and the samples were alkylated with 10 mM TCEP and 20 mM iodoacetamide 

(IAA). 10 µL of a 1:1 mix of washed (3x H2O) hydrophobic and hydrophilic carboxylate-coated 

magnetic beads (Cytiva) was added to each sample. To precipitate the proteins onto the 

beads, 135 µL ethanol were added to each sample. The plate was incubated for 10 minutes, 

500 rpm. For each washing step, the plate was placed onto a 96-well magnet (Dynamag, 

Invitrogen) for 90 s and the supernatant was carefully removed. The plate was then removed 

from the magnet and the next washing solution was added, followed by 1 minutes shaking at 

800 rpm. In this way, the samples were washed 3x with 180 µL 80% ethanol and once with 

180 µL acetonitrile. The bead-bound proteins were digested in 50 µL 50 mM TEAB with 0.5 µg 

Trypsin (sequencing grade, Promega) overnight at 37 °C in a tightly sealed plate and with a 

heated lid at 800 rpm. After the tryptic digest, the peptides were eluted from the beads, and 

the beads were washed with 50 µL of 1% formic acid and the resulting 100 µL were directly 

transferred into MS-vials without any desalting and 2.5 µL (250 ng) of each sample were 

measured on a timsTOF Pro in data-independent acquisition mode. 

 

5.1.6. Mass spectrometry for full proteome analysis 

Peptides were measured and online-separated using an UltiMate 3000 nano HPLC system 

(Dionex) coupled to a Bruker timsTOF Pro mass spectrometer via a CaptiveSpray nano-

electrospray ion source and Sonation column oven. The method was the same as described 

in chapter II – 5.1.10. 

 

5.1.7. Data analysis of timsTOF Pro measurements 

 MS-data were analysed using DIA-NN87 (version 1.8.1) using the library-free mode. The library 

was generated using the UniProt proteome for S. aureus USA300 (taxon identifier: 367830, 

downloaded on 07.06.2022, canonical). For the precursor ion generation, library generation 
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and Deep-learning based spectra, RTs and IMs prediction were enabled. Trypsin/P with 

maximum 2 missed cleavages; protein N-terminal M excision on; Carbamidomethyl on C as 

fixed modification; no variable modification; peptide length from 7 to 30; precursor charge 2–

4; precursor m/z from 300 to 1800; fragment m/z from 200 to 1800 for TIMS data. Precursor 

FDR was set to 0.01; Mass accuracy, MS1 accuracy and Scan window were all set to 0; 

isotopologues, MBR and Remove likely interferences were on; Neural network classifier in 

single-pass mode; protein inference at gene level; heuristic protein inference was enabled (--

relaxed-prot-inf); quantification strategy was set to Robust LC (high precision); Cross-run 

normalisation was RT-dependent; Library generation smart profiling; Speed and Ram usage 

was set to optimal results. LFQ quantities were extracted from the protein groups (pg) results 

file  and were further analysed with Perseus software162 (version 2.03.1). LFQ intensities were 

log2 transformed and protein groups with less than four valid values in at least one group were 

filtered out. Two-sample Students’ t-test including permutation-based multiple testing 

correction (FDR = 0.05) was performed for all relevant comparisons to calculate the fold-

change and statistical relevance. Results table were exported and graphs prepared using 

Graphpad Prims 10.01.  

 

5.1.8. Cloning and Expression of S. aureus MetAP 

The map gene was amplified from the extracted genomic DNA of S. aureus USA300 using 

PCR and the primers in the following table: 

Primer 1 ggggacaagtttgtacaaaaaagcaggctttgagaatctttattttcagggcATGATTGTAAAAACAGAAGA

AGAATTACAAG 

Primer 2 ggggaccactttgtacaagaaagctgggtgCTATTCTTCTTCAATCTTTGTCGTTAAAATC 

 

The resulting PCR fragment was purified using a preparative agarose gel and subsequent 

DNA gel extraction. The cleaned PCR fragment was then cloned into pETG41K (via 

pDONR207) using the Gateway BP and LR Clonase (Invitrogen) according to the standard 

manufacturer protocol. The plasmid was transformed into BL21 DE3 cells and grown on LB-

kanamycin plates. Two colonies were picked, grown in LB-Kan and the plasmid extracted using 

a miniprep kit (Machery Nagel). The plasmid was sequenced and a colony with the correct 

sequence was used for protein Expression purification. The MBP-TEV-SaMetAP fusion protein 

was expressed solubly at 18°C overnight. 2 L of LB-Kan were inoculated (1:100) with BL21 

DE3 pETG41K_SaMetAP and grown to OD600 = 0.5. Protein expression was induced by adding 

IPTG to a final concentration of 0.5 mM. The next day, cells were harvested and washed with 

cold PBS. Cell pellets were reconstituted in lysis buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 

1 mM TCEP, 5% glycerol, 1 mM PMSF, small amount of DNASE) and lysed by sonication (7 
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min at 30%, 3 min at 60%, 7 min at 30% intensity, Sonopuls HD 2070 ultrasonic rod, Bandelin 

electronic GmbH). The lysate was cleared at 38.000 xg for 45 min and the supernatant was 

filtered through a 0.45 µm filter prior to purification using an Äkta Pure Protein Purification 

System (Cytiva). Due to the low binding capacity of the MBPTrap the purification was split into 

14 runs (from 2 L harvested cells). Each time, 5 mL Lysate was loaded onto an equilibrated 5 

mL MBPTrap column (Cytiva) at a flow-rate of 2 mL/min. The column was washed with 6 

column-volumes (CV) buffer A (50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM TCEP, 5% glycerol, 

5 mM EDTA) at a flow-rate of 5 mL/min and eluted over 3 CVs with 100% buffer B (50 mM 

Hepes pH 7.4, 150 mM NaCl, 1 mM TCEP, 5 mM EDTA, 5% glycerol, 10 mM Maltose). The 

elution fractions were pooled (not concentrated) and the MBP-tag was removed by TEV 

cleavage using TEV-protease at a ratio of 1:20 at 4°C overnight (stirring). The following 

morning, the TEV-digest was monitored by IP-MS. Precipitated protein was removed by 

centrifugation. The supernatant was desalted using 2 combined 5 mL HiTrap Desalting column 

(Cytiva) into buffer C (50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM TCEP, 5% glycerol) to 

remove EDTA. The His-MBP tag and uncleaved fusion protein was removed by loading the 

sample onto two connected 5 mL HisTrapHP columns (Cytiva) at a flow-rate of 5 mL/min. 

Cleaved SaMetAP was eluted using 7.5% buffer D (50 mM Hepes pH 7.4, 150 mM NaCl, 1 

mM TCEP, 5% glycerol, 500 mM imidazole). The bound HisMBP tag and fusion protein eluted 

only at 100% buffer D. The presence of cleaved SaMetAP was confirmed by IP-MS and SDS-

PAGE and the fractions were pooled and concentrated. The protein was then further purified 

by size-exclusion chromatography in buffer A using a Superdex 75pg (Cytiva) and eluted 

fractions corresponding to SaMetAP were concentrated up to 10 mg/mL, snap-frozen in liquid 

nitrogen and stored at -80 °C.  

 

5.1.9. SaMetAP activity assay 

To measure the activity of SaMetAP the protein was thawed on ice and diluted into assay 

buffer (50 mM Hepes, 150 mM NaCl, 0.1 mM TCEP) to a final concentration of 5 µM. The ideal 

Metal concentration was determined to be a 3 to 5-fold excess of CoCl2. The metal was added 

from a 100x stock and the protein was incubated for 15 minutes at room temperature. 

Meanwhile, compounds or DMSO were added to a plate from 100-fold stocks. 100 µL of pre-

incubated cobalt-bound enzyme was added to each well. The plate was incubated at 35 °C for 

15 minutes while measuring the absorption at 405 nM in a plate reader (Tecan F200 pro). The 

substrate was added using a Multipette® (Eppendorf). Here, 1 µL of 100 mM methionine-p-

nitroanilide (MetpNA) was added for a final concentration of 1 mM. The absorbance was 

measured every minute for 3 hours. The release of cleaved para-nitroanilide was measured 
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(405 nm) and the linear range was fitted by a linear regression fit and the slopes calculated 

using GraphPad Prism 10.01.  
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1. Introduction 

Post-translational modifications (PTMs) largely enhance the functional scope of proteins 

beyond the structural diversity of the 20 natural amino acids. These modifications play crucial 

roles in, e.g., cellular signalling, enzyme catalysis, and the structural integrity of proteins60,194–

196. However, PTMs are not limited to enhancing the functions of proteins within a cell but can 

also be involved in the onset of numerous diseases197–200. These include aberrant PTMs in 

signalling cascades leading to uncontrolled cellular growth of cancer cells201–205 as well as in 

the warfare of pathogens that dysregulate the host cell physiology206. For example, bacteria 

have evolved numerous ways to interfere with human signalling, silencing the immune 

response and promoting infection207,208. This interkingdom warfare is mediated by bacterial 

effector proteins, often transferred into human cells via type III secretion systems209. Once 

inside the cell, these effectors mediate various PTMs, including phosphorylation, acetylation, 

proteolysis, and the transfer of larger molecules such as adenosine diphosphate (ADP)-ribose 

or adenosine monophosphate (AMP). Many effectors have common targets, such as 

membrane-bound guanosine triphosphatases (GTPases) from the Rho family involved in 

signal transduction that regulates the actin cytoskeleton and diverse immune processes, 

mitogen-activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB) which are both 

part of signalling pathways responsible for immune response regulation49,206,210–212. 

AMPylation (also termed adenylylation) was first discovered in Escherichia coli as a regulatory 

mechanism for glutamine synthetase213. In addition, several other AMPylators were discovered 

in bacteria. These enzymes, including VopS from Vibrio parahaemolyticus and IbpA from 

Histophilus somni, are secreted into host cells where they AMPylate GTPases of the Rho 

family, leading to a disruption of the actin cytoskeleton and a characteristic rounded cell 

phenotype210. The catalytic regions of both enzymes share a conserved filamentation induced 

by cyclic AMP (Fic) domain mediating the covalent attachment of an AMP moiety to a Ser, Thr, 

or Tyr protein side chain211,214. A single Fic-domain-containing enzyme, termed FICD (HYPE), 

was also discovered in eukaryotic cells. It AMPylates the chaperone BiP (HSPA5) in the 

endoplasmatic reticulum, which regulates the unfolded-protein response (UPR)196,215–217. 

Moreover, the recent discovery of the pseudokinase SelO as an AMPylator in human cells 

highlights that Fic-independent enzymes can also catalyse this PTM218.  

Since the discovery of AMPylation, methods to decipher the cellular substrates have been 

developed utilising a diverse set of chemical probes bearing radioactive, fluorescent, or affinity 

reporter tags210,219. Here, recent advancements in the profiling of AMPylation targets within cell 

lysates using ATP analogues functionalised with alkyne tags for protein enrichment via click 

chemistry to biotin azide, subsequent avidin enrichment, and mass spectrometric (MS) 
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analysis revealed new potential substrates of Fic-enzymes VopS and FICD220,221.  A cell-

permeable AMP pronucleotide probe (pro-N6pA) for the identification of AMPylated proteins 

in intact human cells was recently introduced222,223. In addition, this method was used to identify 

targets of VopS in V. parahaemolyticus infected human cells224.  

While these previous efforts largely focused on the identification of AMPylation protein 

substrates, the transfer of alternative nucleotides, such as UMP, via these enzymes is rather 

underexploited. In vitro studies with several Fic-enzymes, including VopS and FICD, 

demonstrated a relaxed substrate specificity for VopS, transferring AMP, GMP, CMP, and 

UMP, while FICD showed efficient transfer for solely AMP211. However, how these in vitro 

results translate into cellular nucleotide specificities, i.e., considering the large amount of 

cellular ATP as a competitor, remains elusive. Of note, studies into nucleotide specificity have 

focused only on the bifunctional wild-type FICD, which typically shows low AMPylation and, 

hence, likely low general NMPylation activity211. Interestingly, a recent study with YdiU, a 

bacterial homolog of the human pseudokinase SelO, demonstrated the inactivation of 

chaperones via UMPylation, suggesting that other nucleotides could play a role in these 

processes225. 

To analyse the in situ specificity for AMPylation vs UMPylation, a cell-permeable pronucleotide 

UMPylation probe (pro-N3pU) was designed and synthesised and applied together with the 

pro-N6pA probe in cellular labelling studies. The aim was to investigate the nucleotide 

selectivity of human AMPylators and of the bacterial effector protein VopS during infection.  
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2. Results and Discussion 

2.1. Design of a UMPylation pronucleotide 

To study cellular UMPylation, a tailored probe bearing an alkyne handle for target protein 

enrichment and a masked pronucleotide moiety for cellular uptake was designed. The latter 

was already successfully applied in the first AMPylation probe generation222,224. Once inside 

the cell, the pronucleotide is cleaved by hydrolases, and the AMP probe is subsequently 

converted into the triphosphate by a kinase226 (Figure 1A). The probe design contains two main 

features: the terminal alkyne handle on the heterocyclic N3 and the phosphoramidate prodrug 

moiety (Figure 1B). First, the alkyne handle is necessary for chemical proteomics in-gel and 

MS-based analysis. The position on the heterocyclic N3 possesses two advantages: synthetic 

feasibility and that it likely decreases its incorporation into nucleic acids due to the hindrance 

of the Watson-Crick-Franklin base pairing. Second, the phosphoramidate moiety has been 

shown to yield the desired modified nucleoside triphosphates on many ‘highly challenging’ 

nucleotide analogues226,227. The UMP/CMP kinase structure responsible for phosphorylation 

of CMP and UMP analogues to the corresponding NDPs and NTPs has an induced-fit active 

site enabling the accommodation of various substrates.228 

 

Figure 1. Phosphoramidate pronucelotide probes are cell-permeable and well-tolerated. (A) Postulated 

mechanism for the metabolic activation of phosphoramidate pro-nucleotides in living cells226. (B) 

Structure of the phosphoramidate UMPylation probe pro-N3pU. (C) MTT assay of pro-N3pU in HeLa 

cells (n=3). This figure was adapted from: W. A. Bubeneck193. 

 

The synthesis followed published procedures222, starting with the alkylation of the N3-position 

of commercially available uridine with propargyl bromide (synthesis was conducted by W. A. 
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Bubeneck). The final compound was isolated as a 1/1 mixture of diastereomers due to 

unselective substitution at the phosphorus (V) and was used as such in proteomic experiments 

due to the fact that the R-P and S-P isomers usually exhibit similar rates of metabolism and 

are difficult to separate by chromatography226.  

 

2.2. Labelling in human cells reveals promiscuity of nucleotide transfer 

Prior to pro-N3pU labelling in human cells, the viability of HeLa cells in the presence of the 

probe was tested. Satisfyingly, toxicity was only observed at high concentrations with an IC50 

value > 400 µM in MTT assays (Figure 1C) (MTT assay was conducted by W. A. Bubeneck). 

The probe was subsequently incubated with intact HeLa cells for 4, 8, and 16 h at various 

concentrations (Figure S1A). Cell lysis followed by click chemistry to rhodamine azide and 

fluorescent SDS-PAGE of the labelled proteome revealed an optimal concentration of 150 µM 

and 16 h incubation time for clearly visible protein signals. Interestingly, a direct comparison 

with the pro-N6pA AMPylation probe resulted in an overall comparable labelling pattern (Figure 

S1B). In order to decipher the targets of pro-N3pU, HeLa cells were labelled under the 

optimised conditions, followed by cell lysis and click of the treated proteome with biotin azide 

to facilitate the enrichment of probe-modified proteins on avidin beads (Figure 2A). Tryptic 

digest and LC-MS/MS analysis via label-free quantification (LFQ) enables the ranking of 

protein hits in volcano plots compared to a DMSO control sample. Of note, both probes seem 

to only slightly enrich the well-known AMPylation target HSPA5 (Log2 fold-change of ~0.5). 

The high endogenous levels of HSPA5 combined with a high background binding to agarose-

avidin beads could make it challenging to achieve higher enrichment values for HSPA5 with 

this experimental setup. 

Interestingly, a side-by-side comparison of significantly (p-value > 0.01) enriched proteins by 

either pro-N3pU or pro-N6pA probes revealed a largely comparable profile of targets (Figure 

2B). In fact, 37 out of 41 proteins that were enriched by pro-N3pU with a log2-fold enrichment 

> 2 are also enriched by pro-N6pA with a log2-fold enrichment > 1 among both datasets 

including proteins such as CTSA and CTSB, previously identified as major AMPylation targets. 

The overlap is still evident when comparing hits enriched by both probes by a fold-change > 2 

(Figure S2A). As these comparisons can be somewhat misleading depending on the fold-

change cut-off used, the best way to visualize the similarities is to plot the fold-changes of both 

probes against each other directly and calculate the correlation. Given the vast correlation of 

targets by either probe (Pearson correlation r = 0.86) and the correlation of the fold-changes 

overall (Pearson correlation r = 0.89) (Figure 2C), it can be concluded that human nucleotide 

transferases are rather promiscuous in the substrate selection. Considering the high 
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concentration of ATP in the cell, it is remarkable that 150 µM of probe concentration was 

sufficient to compete for binding. Of note, this method does not distinguish between different 

types of AMPylating enzymes, and it is possible that more enzymes are involved in this 

process. 

 

Figure 2. Metabolic labelling in living cells suggests a degree of promiscuity between AMPylation and 

UMPylation. (A) Schematic overview of the workflow for metabolic labelling using activity-based 

probes. (B) Volcano-plot of HeLa cells treated with 150 µM pro-N3pU for 16 hours compared to DMSO 

control. Proteins that are also enriched by the AMPylation probe pro-N6pA (p < 0.01 and a Log2(fold 

change) > 1) are marked in blue. Dotted lines indicate cut-off at p < 0.01 (n=4) and a Log2(fold change) 

> 1 and Log2(fold change) > 2. (C) Scatter plot plotting Log2(fold changes) of all significant (p < 0.01 

proteins from the pro-N3pU enrichment experiment against the Log2(fold changes) of all significant 

proteins from the pro-N6pA enrichment experiment. The overlapping protein targets from (B) are 

marked in blue, and the respective Pearson correlation of all proteins and of all Targets Log2(fold 

change) > 1 was calculated using prism 10.01. Figure 2A was adapted from W. A. Bubeneck193. 

 

2.3. V. parahaemolyticus effector protein VopS solely AMPylates human 

proteins 

Intrigued by the relaxed substrate tolerance of human AMPylators, the attention was turned to 

the class of protein nucleotide transferases in bacteria. VopS of V. parahaemolyticus was 

previously shown to address a specific set of rho GTPases in human cells via the pro-N6pA 
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probe224. To investigate if the reported in vitro substrate tolerance of VopS towards different 

nucleotide substrates211 also holds true for its action in living cells during infection, the novel 

pro-N3pU probe was applied in HeLa cells infected with V. parahaemolyticus. Cells were 

infected with bacteria in a multiplicity of infection (MOI) of 1:10, resulting in characteristic round-

shaped cells after 90 min (Figure 3A). Accordingly, a strain carrying the corresponding VopS 

active site H348A mutation did not affect HeLa cell morphology.  

With these established conditions, HeLa cells were treated individually with both pro-N6pA and 

pro-N3pU cells prior to the infection with bacteria. Cells were prepared as described above, 

and LC-MS/MS-based proteome analysis revealed a comparable pro-N6pA enrichment of 

target proteins as observed before224 that was absent in the mutant control (Figure 3B). 

Strikingly, no significant protein enrichment was observed with pro-N3pU, highlighting that 

VopS performs AMPylation but no UMPylation of human protein targets (Figure 3C, S3A). Both 

probes exhibit the same enrichment pattern of endogenously enriched samples in the infection 

assay, but while pro-N6pA additionally enriches the known VopS substrates (Figure S3B), the 

UMPylation probe pro-N3pU only enriches the endogenously AMP/UMPylated targets and not 

any of the VopS targets (Figure S3C), highlighting the diverging specificity of VopS and the 

human AMPylators. To rule out that the diverging nucleotide promiscuity of human AMPylators 

and VopS is only due to the shorter time span (16 h vs 90 min), HeLa cells were labelled with 

both probes for only 90 minutes (Figure S2B, C). As expected, the overall enrichment is 

significantly lower for both probes. However, both probes lead to similar labelling patterns, also 

after only 90 minutes. This confirms that the human AMPylators are indeed more promiscuous 

than the bacterial VopS, even when given the same amount of time for labelling. To finally 

validate this substrate specificity, an in vitro experiment was performed with recombinant VopS 

and Cdc42 as a cognate substrate. Enzymes were incubated with 100 µM ATP and 100 µM 

UTP for 90 min at 30 °C before being analysed by intact protein mass spectrometry (IP-MS) 

(Figure 3D, E). For this experiment, it can be assumed that the ionization potential of Cdc42-

AMP and Cdc42-UMP are the same. In intact protein MS, the ionization potential is mainly 

driven by the amino acid sequence. Both AMP and UMP differ only slightly in size but introduce 

the same charge to the protein and, therefore, should not differ in their effect on the ionization 

potential. When VopS and Cdc42 are incubated with an equimolar amount of ATP and UTP, 

the preferred substrate is clearly ATP. While both Cdc42 adducts (+AMP, + UMP) are detected, 

the signal for Cdc42-AMP is far greater than the signal for Cdc42-UMP (Figure 3E). When 

taking into account the higher intracellular concentration of ATP (3152 µM) compared to UTP 

(576 µM)229, this in vitro preference for AMPylation translates to a negligible rate of UMPylation 

in vivo, as seen in the metabolic labelling experiments using the pronucleotide probes.  
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Figure 3. The bacterial AMPylator VopS does not UMPylate in an in situ infection assay. (A) Differences in 

phenotypic appearance when infecting HeLa cells with V. parahaemolyticus wild type or VopS mutant 

H348A for 90 minutes (MOI = 10). (B) Volcano plot of HeLa cells (treated with 100 µM pro-N6pA) 

infected with V. parahaemolyticus WT compared to VopS H348 mutant infection. Dotted lines indicate 

cut-off at p < 0.01 (n=4) and a fold change > 2.5 (Log2 > 1.322). Known VopS AMPylation targets are 

highlighted in red. (C) Volcano plot of HeLa cells (treated with 150 µM pro-N3pU) infected with V. 

parahaemolyticus WT compared to VopS H348 mutant infection. Dotted lines indicate cut-off at p < 

0.01 (n=4) and a fold change > 2.5 (Log2 > 1.322). Known VopS AMPylation targets are highlighted in 

red. False positive hits are marked in blue and their respective profile plots are shown in Figure S3D. 

(D) No nucleotide control of in vitro assay of VopS and the substrate Cdc42. Intact protein mass of 

Cdc42 (monoisotopic) without any modification. Figure is representative of 3 independent replicates. 

(E) In vitro assay of VopS and the substrate Cdc42 with 100 µM ATP and UTP (equimolar). Intact 

protein mass of Cdc42 (monoisotopic) modified with AMP and, to a far lesser extent, UMP. Figure is 

representative of 3 independent replicates. 
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3. Conclusion 

The pronucleotide probes were showcased to be useful to decipher the substrate and target 

scope of human and bacterial nucleotide transferases and demonstrate the need for 

complementary approaches in the study of enzymes under in vitro and in situ conditions. While 

assays with the recombinant VopS enzyme indicated a relatively relaxed specificity for several 

nucleotides211, the in situ labelling suggests at least no tolerance for UTP as an alternative 

substrate to ATP. On the other hand, human nucleotide transferases exhibited a rather relaxed 

substrate tolerance with the probes, which was unexpected given the previously obtained 

specificity of FICD solely for ATP in vitro211. However, it cannot be excluded that other 

nucleotide transferases, such as SelO, modify protein targets more promiscuously. Future 

studies into the distinct targets of different human AMPylators and their potential difference in 

nucleotide promiscuity could give further insights into the role of different NMPylations in 

human cells. For example, AMPylation was shown to play an important role during neuronal 

development and degeneration230. Understanding how this substrate promiscuity might 

translate into different phenotypes under varying cellular conditions could give further insights 

into the role of these PTMs during these processes. The pronucleotide probes represent an 

ideal tool for gaining further insight into the substrate promiscuity of different human 

NMPylators. The probes could be used in various knock-down cells to identify the substrate 

scope and the nucleotide specificity of different known and putative NMPylators. Acquiring 

such a detailed understanding of different NMPylators would be the foundation for targeting 

this enzyme class for clinical use. 



 

 

4. Supplementary Figures 

 

Figure S1. Initial analytical labelling using pro-N3pU to determine ideal conditions visualized by in-gel fluorescence 

after clicking treated samples with rhodamine azide. (A) Concentration-dependent labelling (B) 

Concentration- and time-dependent labeling, including a direct comparison with AMPylation probe pro-

N6pA. (C) Analytical labelling in human cells, including a DMSO control to exclude unspecific 

fluorescence (Duplicates).  
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Figure S2. (A) Venn-Diagram of all proteins enriched by the pro-N3pU and pro-N6pA probes by a fold-change of 

more than 2. There is a significant overlap of both probes. Of note, some of the proteins that do not 

overlap are still enriched by both probes, just not to the same extent. (B, C) Volcano-plot of HeLa cells 

treated with 150 µM pro-N6pA (B) or 100 µM pro-N3pU (C) for 90 minutes compared to DMSO control. 

Proteins that are also enriched by the respective probe after 16h h incubation (p < 0.01 and a Log2(fold 

change) > 1) are marked in blue. Dotted lines indicate cut-off at p < 0.01 (n=4) and a Log2(fold change) 

> 1 and Log2(fold change) > 2. Both probes enrich many of the same proteins as after 16 h incubation, 

albeit to a lesser extent. 
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Figure S3. (A) Volcano plot of HeLa cells (treated with 150 µM pro-N3pU) infected with V. parahaemolyticus WT 

compared to no bacterial infection; (B) HeLa cells (treated with 100 µM pro-N6pA) infected with V. 

parahaemolyticus WT compared to HeLa cells (treated with DMSO) infected with V. parahaemolyticus 

WT; (C) HeLa cells (treated with 150 µM pro-N3pU) infected with V. parahaemolyticus WT compared 

to HeLa cells (treated with DMSO) infected with V. parahaemolyticus WT. Dotted lines indicate cut-off 

at p < 0.01 (n=4) and a fold change > 2.5 (Log2 > 1.322). Known VopS AMPylation targets are 

highlighted in red. False positive hits from Figure 3C are marked in blue and their respective profile 

plots are shown in Figure S3D.  (D) Profile plots of the VopS targets and apparently enriched proteins 

from Figure 3C. False hits (blue) are not enriched by the probe but are merely less abundant in the 

mutant-treated cells due to missing value imputation. 
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5. Methods  

5.1. Biochemical Methods 

5.1.1. Cell Culture  

Human epitheloid cervix carcinoma cells (HeLa) purchased from Sigma Aldrich (93021013) 

were cultivated with high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 10 % fetal bovine serum (FBS) (Sigma-Aldrich) and 2 mM L-glutamine (Sigma-Aldrich) in 

T-175 culture flask (Sarstedt). Cells were maintained at 37 °C in a humidified 5% CO2 

atmosphere. 

 

5.1.2. Bacterial Strains and Media 

Vibrio parahaemolyticus strain RIMD 2210633 was received from Dr. Tetsuya Ida and Dr. 

Takeshi Honda from the Research Institute for Microbial Diseases, Osaka University. The 

bacteria were cultured in lysogeny broth (LB) medium (10 g/L casein peptone, 5 g/L NaCl, 5 

g/L yeast extract, pH = 7.5) supplemented with NaCl for a total content of 3% at 30 °C, 200 

r.p.m. Vibrio parahaemolyticus (strain RMID 2210633) mutant VopS- H348A and the VopS 

deletion mutant (ΔVopS) were obtained by double homologous recombination using a suicide 

plasmid as described in a previous study224. 

 

5.1.3. MTT Cytotoxicity Assay 

HeLa cells were seeded at a density of 4000 cells per well in a transparent, flat-bottomed 96-

well plate (200 µL medium per well). Cells were grown overnight in a humidified atmosphere 

at 37 °C and 5% CO2 to allow the cells to adhere to the surface. Subsequently, the medium 

was aspirated and replaced by fresh medium supplemented with pro-N3pU in concentrations 

ranging from 100 µM to 1mM (DMSO content less than 1%) or 1% DMSO as a control. The 

cells were incubated at 37 °C, 5% CO2 for 24 h. For the determination of metabolic activity, 20 

µL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H- tetrazolium bromide solution (MTT, 5mg/mL 

in PBS) were added to each well and the cells were incubated at 37 °C, 5% CO2 for 4 h. 

Thereafter, the medium was aspirated and the violet formazan crystals were dissolved in 200 

µL DMSO per well under shaking (300 r.p.m., 10min). Absorbance at 570 nm with a reference 

wavelength of 630 nm was recorded using an Infinite F200 pro plate reader (Tecan). Three 

biological replicates were measured for each data point. Cell viability was normalized with 

respect to the DMSO control (highest absorbance) and fitted by least-squares regression with 
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variable-slope logistic function using Prism (GraphPad). Cytotoxicity is reported as the IC50 

value, the concentration at which 50% viability is reached. 

 

5.1.4. Analytical in Situ Labeling 

HeLa cells were seeded into 6-well plates and treated with various concentrations of pro-N3pU 

for three different time periods. The previously described labelling using pro-N6pA at 100 µM 

for 16 hours was included as a control. After probe treatment, the cells were harvested by 

carefully scraping them off and transferring them into micro-centrifuge tubes. The cells were 

then washed with 1 ml of cold PBS. The cell pellets were reconstituted in 100 µL lysis buffer 

(1% NP-40, 1% sodium deoxycholate, 1 tablet protease inhibitor (cOmplete, Mini, EDTA-free 

protease inhibitor cocktail, Roche, 1 tablet in 15 mL). The samples were incubated for 15 

minutes on ice and inverted twice. The lysed cells were centrifuged (21,000 xg, 5 min, 4 °C) 

and the soluble supernatant was transferred into a new tube. The protein concentrations of the 

samples were determined by BCA assay (Roti Quant, Roth) and all samples were adjusted to 

the same protein concentration using the lysis buffer. The samples were clicked to Rhodamine-

azide by copper-catalyzed azide-alkyne cycloaddition (CuAAC) with 0.2 mM Rhodamine.azide, 

0.1 mM TBTA ligand (1.67 mM stock in 80% t-BuOH, 20 % DMSO, TCI), 1 mM TCEP (52 mM 

stock in H2O) and 1 mM CuSO4 (50 mM stock in H2O). The reaction was quenched by the 

addition of 100 µL 2x lämmli buffer and samples were analyzed via SDS-PAGE with fluorescent 

imaging.      

 

5.1.5. Preparative in Situ Labeling 

All proteomics experiments were conducted in 4 independent biological replicates. HeLa cells 

were seeded into 10 cm petri dishes and grown until 90 % confluence. Cells were treated with 

150 µM of pro-N3pU or 100 µM pro-N6pA for 16 hours (37°C, 5% CO2). After probe treatment, 

the cells were harvested by carefully scraping them off and transferring them into falcon tubes. 

The cells were then washed with 1 ml of cold PBS and transferred into micro-centrifuge tubes. 

The cell pellets were reconstituted in 230 µL lysis buffer (1% NP-40, 1% sodium deoxycholate, 

1 tablet protease inhibitor (cOmplete, Mini, EDTA-free protease inhibitor cocktail, Roche, 1 

tablet in 15 mL). The samples were incubated for 15 minutes on ice and inverted twice. The 

lysed cells were centrifuged (21,000 xg, 5 min, 4 °C) and the soluble supernatant (200 µL) was 

transferred into a new tube. The protein concentrations of the samples were determined by 

BCA assay (Roti Quant, Roth) and all samples were adjusted to the same protein concentration 

using the lysis buffer. The samples were clicked to biotin-azide as described in the analytical 

labeling protocol. The reaction was quenched and the proteins precipitated by the addition of 
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5-fold excess ice cold acetone and incubated overnight at -20 °C. The proteins were harvested 

(21,000 xg, 4°C, 20 min) and washed twice with methanol. Therefore, the pellet was 

reconstituted in 500 µL methanol, sonicated (10 % intensity, 10 s, Sonopuls HD 2070 ultrasonic 

rod, Bandelin electronic GmbH) and harvested again via centrifugation as before. Next, the 

proteins were reconstituted in 500 µL 0.2% SDS in PBS by sonication (10 % intensity, 10 s) 

and the insoluble part was removed by centrifugation. The soluble fraction was added to 50 µL 

of washed (3x in 0.2% SDS in PBS) avidin-agarose beads and incubated for 1 h with 

continuous mixing. Afterwards, the samples were washed three times with 0.2% SDS in PBS, 

two times with 6 M urea and 3 times with PBS. For this the samples were centrifuged for 3 

minutes at 400 xg and the supernatant war discarded each time. The beads were now 

resuspended in 200 µL digestion buffer 1 (3.6 M urea, 1.1 M thiourea, 5 mM TCEP in 20 mM 

Hepes, pH 7.5) and incubated for 30 minutes at 25 °C, 1000 rpm. The reduced bead-bound 

proteins were now alkylated with with 5.5 mM iodoacetamide (30 min, 1000 rpm, 25 °C) and 

then the reaction was quenched with 10 mM DTT (30 min, 1000 rpm, 25 °C). Samples were 

first digested with 0.5 µg LysC (Wako) for 2 h at 25 °C before adding 600 µL 50 mM TEAB with 

1.5 µg Trypsin (Promega) and a further incubation of 16 hours at 37 °C, 1000 rpm. The digest 

was stopped by adding 1 % FA and the peptides were desalted using 50 mg Sep-Pak C18 

cartridges (Waters Corp.). Therefore, the cartridges were equilibrated with 1 mL acetonitrile, 1 

mL (elution biffer (80% acetonitrile, 0.5 % FA in H2O) and 3 ml of wash buffer 1 (0.1 % TFA in 

H2O). The samples were loaded, washed with 3 ml wash buffer 1 and 0.5 mL of 0.5% FA in 

H2O. The peptides were eluted with 2x 250 µL elution buffer and dried in a centrifugal 

evaporator. The peptides were reconstituted in 30 µL 1% FA and measured on an Q Exactive 

Plus instrument.  

      

5.1.6. Preparative in Situ labeling with infection 

HeLa cells were seeded and labelled in the same way as the non-infection samples. Two 

additional plates were seeded which were later used to count the amount of cells per dish. In 

parallel, cultures of the desired vibrio parahaemolyticus strains were inoculated from 

cryostocks and grown overnight. The overnight cultures were inoculated 1:100 into fresh 

medium and grown for 2.5 h. The OD600 of the bacterial cultures were measured and the CFUs 

per µL were calculated. After counting the amount of HeLa cells on the two additional plates, 

the needed amount of bacteria for a MOI of 10 were harvested and then taken up in DMEM 

with 2 mM L-glutamine and 15 µM pro-N3pU or 10 µM pro-N6pA. The HeLa cells were washed 

with PBS and the respective bacteria-compound mix in DMEM was added to the plates. The 

cells were now incubated for 90 min at 37 °C, 5% CO2. The cells were harvested and further 

processed as described in the in situ labelling without infection. 
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5.1.7. In Vitro UMPylation/AMPylation assay 

The in vitro UMPylation/AMPylation assay with recombinant VopS was performed as described 

previously224 with some minor changes. Purified VopS (AA 31-378, 1 µM) was incubated with 

a mix of 100 µM ATP and 100 µM UTP and the known AMPylation target Cdc42 (AA 1-188, 

25 µM) in assay buffer (20 mM Hepes, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.1 mg/mL BSA, 

1 mM DTT) for 90 min at 30 °C. The samples were analyzed by intact protein MS (IPMS) as 

described previously224. 

 

5.1.8. Mass Spectrometry Analysis of Proteomics Samples 

Peptide Samples were analyzed on an UltiMate 3000 nano HPLC system (Dionex) equipped 

d with an Acclaim C18 PepMap100 (75 μm ID × 2 cm) trap column and a 25 cm Aurora Series 

emitter column (25 cm × 75 μm ID, 1.6 μm FSC C18) (Ionoptics) separation column (column 

oven heated to 40 °C) coupled to an Q Exactive Plus Instrument (Thermo Fisher). For peptide 

separation, samples were loaded on the trap column and washed for 10 min with 0.1% TFA in 

ddH2O at a flow rate of 5 µL/min. Subsequently, peptides were transferred to the analytical 

column for peptide separation and separated using the following 132 min gradient (Buffer A: 

H2O + 0.1% FA; B: MeCN + 0.1% FA) with a flow rate of 300 nL/min.: in 7 min to 5% B, in 105 

min from 5% to 22%, in 10 min from 22 to 35% and in another 10 min to 90% B. Separation 

gradient was followed by a column washing step using 90% B for 10 min and subsequent 

column re-equilibration with 5% B for 5 min. Peptides were ionized at a capillary temperature 

of 275 °C and the instrument was operated in a Top12 data dependent mode. For full scan 

acquisition, the orbitrap mass analyzer was set to a resolution of R = 140000, an automatic 

gain control (AGC) target of 3e6, and a maximal injection time of 80 ms in a scan range of 300-

1500 m/z. Precursors having a charge state of >1, a minimum AGC target of 1e3 and 

intensities higher than 1e4 were selected for fragmentation. Peptide fragments were generated 

by HCD (higher-energy collisional dissociation) with a normalized collision energy of 27 % and 

recorded in the orbitrap at a resolution of R = 17500. Moreover, the AGC target was set to 1e5 

with a maximum injection time of 100 ms scan range. Dynamic exclusion duration was set to 

60 s and isolation was performed in the quadrupole using a window of 1.6 m/z.  

 

5.1.9. Data analysis 

MS raw data was analyzed using MaxQuant161 software (version 2.0.3.0) and peptides were 

searched against Uniprot database for Homo sapiens (taxon identifier: 9606, downloaded on 

14.03.2022, canonical, reviewed). For infection assays, all proteins in the UniProt database of 
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the Vibrio parahaemolyticus serotype O3:K6, strain RIMD 2210633, taxon identifier: 223926, 

canonical version, reviewed and unreviewed proteomes were added to the MaxQuant 

contaminants file. Carbamidomethylation of cysteines was set as fixed modification and 

oxidation of methionines and acetylation of N-termini were set as variable modifications. 

Trypsin was set as proteolytic enzyme with a maximum of 2 missed cleavages. For main 

search, precursor mass tolerance was set to 4.5 ppm and fragment mass tolerance to 0.5 Da. 

Label free quantification (LFQ) mode was activated with a LFQ minimum ratio count of 1. 

Second peptide identification was enabled, and false discovery rate (FDR) determination 

carried out by applying a decoy database and thresholds were set to 1% FDR at peptide-

spectrum match and at protein levels and “match between runs” (0.7 min match and 20 min 

alignment time windows) option was enabled. Normalized LFQ intensities extracted from the 

MaxQuant result table proteinGroups.txt were further analyzed with Perseus162 software 

(version 2.03.1). Prior to analysis, putative contaminants, reverse hits and only identified by 

site hits were removed. Normalized LFQ intensities were log2 transformed and proteins with 

at least four valid values in at least one group were used for missing value imputation from 

normal distribution (width 0.3, downshift 1.8, total matrix). Two-sample Students’ t-test 

including Benjamini-Hochberg multiple testing correction (FDR = 0.05) was performed. The 

protein hits in the different various comparisons are listed in the supplementary Excel File.  
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