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Abstract 

 
The family of isonitrile natural products, such as xanthocillin X (Xan), exhibits 

promising antibacterial properties. Despite this exceptional trait, their cellular targets 

are largely unknown. Based on the nanomolar potency of Xan against diverse difficult-

to-treat Gram-negative bacteria, including the critical priority pathogen 

Acinetobacter baumannii, in-depth studies to decipher its mechanism of action were 

performed in the scope of this work. While initial studies into Xan’s ability to bind 

metals and the search for cellular protein targets did not yield conclusive results, 

resistant mutants for genome sequencing could be generated. Strikingly, only one 

conserved mutation in the heme biosynthesis enzyme porphobilinogen synthase 

(PbgS) was uncovered, leading to reduced enzymatic efficiency. Corresponding 

upregulation of heme degrading enzymes in the mutants suggested a mechanism by 

which the cell downregulates heme levels. In contrast, Xan-treated wild type cells 

exhibited upregulated transport systems for acquisition of heme precursors along 

with highly elevated levels of porphyrin suggesting an uncontrolled heme 

biosynthesis. It was demonstrated that this previously unknown mechanism is based 

on the direct sequestration of heme by Xan preventing its accessibility to cognate 

binding sites, a prerequisite for regulated heme biosynthesis. As a consequence, 

elevated levels of porphyrins induce reactive oxygen species which are deleterious for 

cell viability. Thus, Xan represents a promising antibiotic lead compound displaying 

activity even against multidrug resistant strains, while exhibiting low toxicity to human 

cells and to greater wax moth larvae (Galleria mellonella). 

 

Pyridoxal kinases (PLK) are important enzymes for the biosynthesis of pyridoxal 

phosphate, an essential cofactor of numerous enzymatic reactions. The evolution of 

PLKs resulted in enzymes with structural diversity. In a subclass of these kinases, the 



 

role of a cysteine embedded within a distant flexible lid region has recently been 

deciphered. This lid cysteine forms a hemithioacetal with the aldehyde of pyridoxal 

and is essential for its phosphorylation. Despite the presence of these enzymes in 

various organisms, no tool to investigate the relevance of this lid residue has been 

available to date. In this work, probes based on the pyridoxal core structure were 

developed, each equipped with a cysteine-reactive warhead instead of the aldehyde. 

These probes mimic the cofactor and irreversibly intercept the nucleophilic attack of 

the lid cysteine. An alkyne-tag placed at two different positions within the pyridoxal 

structure enables the enrichment of PLKs from living cells. Importantly, these probes 

showed a preference for either Gram-positive or Gram-negative PLKs depending on 

the position of the alkyne-tag. The cofactor mimics were used to validate not only the 

previously studied PLKs of Staphylococcus aureus and Enterococcus faecalis, but also 

the PLKs of Escherichia coli and Pseudomonas aeruginosa, thus deciphering a crucial 

role of the lid cysteine in catalysis. Overall, these tailored probes allowed a reliable 

identification of reactive lid cysteines, which qualifies them as chemical tools for the 

detection of further representatives of this enzyme class in various organisms.   



 

Zusammenfassung 
 

Die Naturstoffklasse der Isonitrile weist vielversprechende antibakterielle Aktivitäten 

auf. Trotz dieser außergewöhnlichen Eigenschaft sind ihre zellulären Ziele weitgehend 

unbekannt. Basierend auf der nanomolaren Aktivität von Xanthocillin X (Xan) gegen 

verschiedene schwer behandelbare Gramnegative Bakterien, einschließlich des 

kritischen Erregers Acinetobacter baumannii, wurde im Rahmen dieser Arbeit eine 

umfassende Studie durchgeführt, um den Wirkmechanismus zu entschlüsseln. Da sich 

bei ersten Studien weder Metallbindungen noch zelluläre Proteinziele als relevant für 

die antibiotische Aktivität von Xan erwiesen, wurden resistente Kolonien für die 

Genomsequenzierung generiert. Diese identifizierte eine konservierte Mutation in 

einem Enzym der Häm-Biosynthese, nämlich der Porphobilinogen-Synthase (PbgS), 

die zu einer verminderten enzymatischen Effizienz führte. Eine entsprechende 

Hochregulierung der Häm-abbauenden Enzyme in den Mutanten deutete auf einen 

Resistenzmechanismus hin, durch den die Zelle das Häm-Niveau reduziert. 

Umgekehrt wiesen mit Xan behandelte Wildtypzellen hochregulierte 

Transportsysteme für die Aufnahme von Häm-Vorläufern auf, was zusammen mit 

stark erhöhten Porphyrinspiegeln auf eine unkontrollierte Häm-Biosynthese 

hindeutete. Es konnte gezeigt werden, dass dieser bisher unentdeckte Mechanismus 

auf der direkten Sequestrierung von Häm durch Xan beruht, wodurch dessen Zugang 

zu regulatorischen Bindungsstellen verhindert wird, was eine Voraussetzung für eine 

kontrollierte Häm-Biosynthese ist. Infolgedessen führten erhöhte Porphyrin-

konzentrationen zu reaktiven Sauerstoffspezies, die für die Vitalität der Zellen 

schädlich sind. Xan stellt somit eine vielversprechende antibiotische Leitstruktur dar, 

die sogar gegen multiresistente Stämme aktiv ist und gleichzeitig eine geringe 

Toxizität für menschliche Zellen und Larven der Großen Wachsmotte (Galleria 

mellonella) aufweist. 

 



 

Pyridoxalkinasen (PLK) sind wichtige Enzyme für die Biosynthese von 

Pyridoxalphosphat, einem essentiellen Kofaktor zahlreicher enzymatischer 

Reaktionen. Die Evolution brachte Enzyme mit struktureller Vielfalt hervor. Bei einer 

Unterklasse dieser Kinasen wurde kürzlich die Rolle eines Cysteins, das in einer 

entfernten flexiblen Deckelregion eingebettet ist, demonstriert. Dieses Deckel-Cystein 

bildet mit dem Aldehyd ein Hemithioacetal und ist für die Phosphorylierung essentiell. 

Trotz der Präsenz dieser Enzyme in verschiedenen Organismen standen bisher keine 

Methoden zur Verfügung, um die Relevanz dieses Deckelrestes zu untersuchen. Im 

Rahmen dieser Arbeit wurden Sonden basierend auf dem Grundgerüst des Pyridoxals 

entwickelt, die jeweils mit einer Cystein-reaktiven Gruppe anstelle des Aldehyds 

ausgestattet wurden. Diese Sonden imitieren den Kofaktor und fangen den 

nukleophilen Angriff des Deckel-Cysteins irreversibel ab. Ein Alkin-Rest, der an zwei 

verschiedenen Positionen innerhalb der Pyridoxalstruktur platziert wurde, ermöglicht 

die Anreicherung von PLKs aus lebenden Zellen. Interessanterweise zeigten die 

Sonden je nach Position des Alkin-Rests eine Präferenz für entweder Grampositive 

oder Gramnegative PLKs. Durch Anwendung der Kofaktor-Imitatoren konnten nicht 

nur die zuvor bereits erforschten PLKs von Staphylococcus aureus und Enterococcus 

faecalis validiert werden, sondern auch die PLKs von Escherichia coli und 

Pseudomonas aeruginosa, wodurch eine entscheidende Rolle des Deckel-Cysteins für 

ihre Katalyse entschlüsselt werden konnte. Insgesamt ermöglichten diese 

maßgeschneiderten Sonden einen zuverlässigen Nachweis des Deckel-Cysteins in 

diesen PLKs, was sie als chemische Werkzeuge für die Identifikation weiterer Vertreter 

dieser Enzymklasse in diversen Organismen qualifiziert. 
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1. Natural Products as Source for Novel Antibiotics 

1.1. Antibiotic Crisis 

Since the discovery of penicillin by Alexander Fleming about 100 years ago,1 antibiotics 

have not only saved the lives of patients with bacterial infection, they have also 

enabled surgery for patients with other conditions. In cancer therapy or for organ 

transplantation, for example, effective antibiotics are needed to protect 

immunocompromised patients from infections. However, the rapid emergence of 

antimicrobial resistance endangers those life-saving medical measures, leading to 

predictions of 10 million deaths yearly by 2050 if no action is taken.2 There are already 

strains of bacteria that are resistant to all or almost all available antibiotics, such as 

multidrug-resistant (MDR) Pseudomonas or Acinetobacter species.3 Reasons for this 

resistance development are manifold. For example, the excessive use of antibiotics in 

agriculture as well as inappropriate prescriptions of these drugs, leading to sub-

inhibitory and sub-therapeutic doses, which support genetic alterations and promote 

the development of resistance.4 In the past, the pharmaceutical industry continuously 

developed new antibiotics, ensuring a supply of therapies against resistant bacteria. 

However, 15 of the 18 largest pharmaceutical companies have now discontinued 

antibiotics research, as strict approval requirements must first be met and thereafter 

the drug is available on the market only for a short time due to resistance 

development.5 The remaining companies have focused mainly on synergistic 

antibiotic combinations or on optimizing existing antibiotic scaffolds,6,7 which explains 

the innovation gap in new broad-spectrum compound classes since the discovery of 

fluoroquinolones 50 years ago.8 This is particularly problematic given the increasing 

prevalence of resistance mechanisms that affect an entire class of antibiotics, so-

called cross-resistance. These include the expression of drug-inactivating enzymes, 

the modification of the target molecule, and modifications to reduce the cellular drug 



4      Natural Products as Source for Novel Antibiotics 

concentration.9–12 For example, several cross-resistance mechanisms are known to 

inactivate β-lactam antibiotics, characterised by their β-lactam ring, which is crucial 

for their activity. These antibiotics acetylate penicillin-binding proteins (PBP), which 

belong to the transpeptidase family and catalyse the cross-linking of the peptide side 

chains of adjacent glycan strands.13,14 Enzymes have been developed, so-called β-

lactamases, which hydrolytically cleave the β-lactam ring, whereby the antibiotic loses 

its activity.12–14 Further, many of the β-lactam antibiotics target the same enzymes of 

the PBP family. The result of this selection pressure was the development of 

structurally modified PBPs, such as PBP 2a, which can no longer be inhibited by the 

respective β-lactams, leading to resistance to a large number of approved β-lactam 

antibiotics.12 It should be noted that this is not the individual fate of β-lactams, but 

almost every class of antibiotics suffers from cross-resistance.10,15 

 

Modifications of a target protein are of particular concern since the antibiotics 

currently on the market mainly have only five different cellular targets, namely the 

biosynthesis of the cell wall, proteins, DNA/RNA and folate, or alternatively they lead 

to membrane disruption, each of which is attacked by several different antibiotic 

groups (Figure I-1).16–18 Thus, modifications of target proteins can cause cross-

resistance to even chemically different classes of compounds which have overlapping 

binding sites. One example is the dimethylation of a single adenine in the nascent 

23S rRNA, which is part of the large (50S) ribosomal subunit, that leads to cross-

resistance to macrolides and lincosamide antibiotics.19 These examples illustrate that 

novel structures with new mechanism of action (MoA) are indispensable in the fight 

against resistant bacteria. 
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Figure I-1: Schematic overview of common antibiotic targets. Nucleic acid synthesis targets can be divided into 

DNA/RNA percursor synthesis, namely folate synthesis, and DNA/RNA synthesis (blue). Antibiotics that address 

the cell wall either inhibit cell wall synthesis or disrupt the membrane (orange). Within protein synthesis, 30S and 

50S ribosomal subunits are the major targets of antibiotics (green). 

1.2. Natural Products in Antibacterial Drug Discovery 

Nature has been an unsurpassed source for new lead compounds for antibacterial 

drug discovery.7 This is not surprising, since the properties of natural products (NP), 

such as cell permeability and target specificity, are fine-tuned by evolutionary 

processes to give the producing organism a survival advantage. Until the early 2000s, 

many pharmaceutical companies owned or worked with fully integrated NP groups 

that were able to perform fermentation, isolation, characterization and semi-synthesis 

on a large scale (e.g., Merck, Bayer). Thus, 74% of small molecules used of 

antibacterial therapy are derived from NPs, like rifampicin, or are NPs, such as 

erythromycin, daptomycin, and penicillin G (Figure I-2a).1,20–24 In addition, NP mixtures 

are also used, as is the case with the drug gentamicin, whose main components are 

gentamicin C1, gentamicin C1a and gentamicin C2.
25,26 Only a few classes are of purely 

synthetic origin, such as fluoroquinolones (e.g., ciprofloxacin) and sulfonamides (e.g., 
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sulfadiazine), which is reflected in their very simple and synthetically accessible 

structures. 

 

Despite the success of NPs in drug discovery, most companies have abandoned the 

field of NP research because many of the sources of cultivatable soil microorganisms 

have already been investigated and the risk of expending considerable resources on 

the "rediscovery" of old NPs is too high to justify further investments.7 Companies 

shifted their focus towards the screening of collections of synthetic compounds, that 

are easy to assemble, and can be synthesised via automated, combinatorial, or 

parallel synthesis.27 These libraries for high-throughput screening (HTS) contain 

mainly molecules that follow Lipinski's rule of five, which defines the physiochemical 

requirements of small molecules for good oral bioavailability.28 However, antibacterial 

compounds have always been considered an exception to these rules, as they occupy 

a distinct property space that is very different from drugs used in other therapeutic 

fields (Figure I-2).29 The most probable reason for this is bacteria's different cell 

architecture, which strongly influences the permeability and efflux of antibacterial 

agents.30,31 Considering this fact, it is not very surprising that compounds with either 

only Gram-positive or only Gram-negative activity have very different properties, 

since the cell wall structures of these organisms differ considerably.29,31 Compounds 

with activity against Gram-negative organisms have to penetrate not only the inner 

membrane and the peptidoglycan layer, but also an outer membrane, which 

represents an impermeable barrier for many small molecules and the main reason 

why most antibiotics are ineffective against these bacteria.32 Porins, which create 

cylindrical openings (β-barrels) in the outer membrane with polar amino acid side 

chains coating the inside of the opening, have been shown to be major entry 

pathways for antibacterial compounds into these organisms.29,33 Therefore, highly 

polar molecules can preferentially penetrate the bacteria through these hydrophilic 

channels. This is in line with a study by O’Shea and Moser, which reports a mean 
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calculated logarithm of the partition coefficient between n-octanol and water (clogP ) 

of –0.1 for compounds with Gram-negative activity, which is significantly lower than a 

reference pharmaceutical compound library that on average follows Lipinski's rule of 

five (mean clogP of 2.7, Figure I-2b).29 The importance of this property space is best 

exemplified by aminoglycosides (e.g., gentamycin) and fluoroquinolones (e.g., 

ciprofloxacin), which are highly polar antibiotic classes.28,29 In addition, this study 

revealed a mean molecular weight for these compounds of 414 Da with a clear 

molecular weight threshold of 600 Da, below which approximately 95% are found. 

However, for antibiotics that only act against Gram-positive bacteria, this threshold 

does not exist, with high molecular weight examples including macrolides, 

streptogramines, the lipopeptide daptomycin and cell wall active glycopeptides. The 

clogP of these molecules differs only slightly from the reference library but they have 

highly complex structures, which are almost not found in HTS libraries.29 

 

These very different properties of antibiotics compared to the reference compound 

library can explain why HTS has had little success in discovering new antibiotics. It is 

therefore important to continue research on NPs and their MoA in order to 

successfully combat the increasing number of resistant bacteria. In the "golden age" 

of antibiotic discovery, a plethora of different NP scaffolds with antibacterial activity 

were discovered. However, their mechanistic and biological characterization is still in 

the fledgling stages. Therefore, the systematic investigation of these neglected 

structures for new MoAs represents an unexploited source for new drugs. 
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Figure I-2: Structures of antibiotics and their physicochemical properties. a) Structure of antibiotics classified by 

their activity and origin. b) Table contains Lipinski’s rule of five, as well as a comparison of the pyhsiochemical 
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properties of antibiotics (divided into only Gram-positive or Gram-positive and -negative activity) of a reference 

library of pharmaceutical molecules used for non-infection therapies.28,29 

2. Target Identification of Natural Products 

Target identification of a bioactive substance, whether synthetic or natural, is a 

notoriously difficult task, but one that is of great value for drug discovery and 

development. Identifying the full spectrum of targets of a small molecule can help to 

optimize the lead structure more quickly and simultaneously minimize unwanted side 

effects caused by off-targets.34 The toolbox for target discovery has developed rapidly 

in recent years and numerous methods are now available, each with its advantages 

and disadvantages.35–37  

Traditional methods for discovering the target of an antibiotic small molecule include 

macromolecule biosynthesis assay, affinity chromatography and the generation of 

resistant mutants, which, due to technical advancements and improvements, are still 

the most commonly used techniques and will be discussed in the following 

sections.35,37  

Drug discovery of NPs faces the additional challenge of low compound availability, 

which complicates the application of some target identification strategies requiring 

compounds in milligram quantities. While laboratory cultures can produce 

compounds only at the microgram-per-litre scale, large-scale cultivation technologies 

can overcome this problem but are rarely available in the academic environment. In 

addition, the ease for the subsequent isolation and cleaning of the NP highly depends 

on its structure, stability and quantity. Also synthetic production is often very difficult, 

if at all possible, since many metabolites have very complex structures.37 
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2.1. Macromolecule Biosynthesis Assay 

The macromolecular biosynthesis assay (MBA) can be a good starting point to 

elucidate the MoA of an antibiotic agent. The method examines the effect of sub-

inhibitory or sub-bactericidal concentrations of an antibiotic on the biosynthesis rate 

of macromolecules, thereby identifying the inhibition of cellular processes.38,39  

For this purpose, radiolabelled precursors, such as 3H-thymidine, 3H-uridine, 3H-

leucine, 14C-N-acetylglucosamine specific for DNA, RNA, protein and cell wall 

synthesis, respectively, are used and the incorporation of these into the 

macromolecules is monitored (Figure I-3). While the radioactive count of a control 

without antimicrobial treatment is used as 100% incorporation of precursors, 

treatment with the corresponding control antibiotic serves as a positive control for 

inhibition of this biosynthetic pathway.34,38 In general, this method provides a first hint 

whether the compound specifically inhibits one of the four major biosynthetic 

pathways (DNA, RNA, protein and cell wall). If all cellular processes are affected by a 

compound at once, this is an indication of an unspecific mechanism, which can be 

very valuable additional information.37 

Although macromolecular assays are informative and have been used by 

pharmaceutical companies for years, they have limitations. The MBA was originally 

developed for large culture volumes, which made this method unsuitable for 

elucidating the MoA of natural substances, which are often only available in very 

limited quantities. This drawback has been overcome by optimizing this method for 

microplates, which now makes it applicable to NPs, and also increased the 

throughput.34,40 In fact, macromolecular assays have recently been used to obtain an 

initial hint of the MoA of the novel NP teixobactin. It has been shown that the 

antibiotic has a strong effect exclusively on the synthesis of the cell wall, which 

suggests an inhibition of peptidoglycan synthesis.41 However, MBAs always require in-

depth studies to clarify the exact MoA. In the case of teixobactin, an inhibition 

mechanism was revealed by binding to a highly conserved motif of lipid II, which 

validated the MBA results.41 Another disadvantage of this assay is that it is limited to 
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the major biosynthetic pathways. Therefore, this assay cannot be used to uncover a 

totally novel MoA.37 

 

 

Figure I-3: Schematic workflow of a macromolecular biosynthesis assay (MBA). Radiolabeled precursors, specific for 

the major metabolic pathways, namely DNA, RNA, protein and cell wall synthesis, are used to study the effect of 

a NP on macromolecular biosynthesis and thus to elucidate the MoA. Control antibiotics (examples in parentheses) 

with known MoA are used as positive controls for the inhibition of the respective pathway. 

 

  



12      Target Identification of Natural Products 

2.2. Activity-Based Protein Profiling (ABPP) 

Affinity chromatography enables the identification of the cellular target(s) that directly 

bind the molecule of interest. The traditional method was to screen the 

chromatographic fractions for enzyme activity after the cell lysate was subjected to a 

compound immobilized on a solid matrix. Afterwards, the eluted bound proteins were 

analysed for their protein sequence and characterised.35,37,42 The success of this 

method is best illustrated by the classical pulldown of penicillin-binding proteins 

(PBP).43 However, this method is very labour-intensive and requires large quantities 

of extracts. In addition, the small molecule must be modified for immobilization, which 

in turn requires information about its structure-activity relationship in order to 

maintain the activity of the compound. Moreover, this method can only be applied in 

artificial in vitro settings and is only suited for high-affinity ligands that bind target 

proteins with a comparatively high abundance.37 

Over the last 30 years, advances in affinity reagents and in quantitative and high-

resolution mass spectrometry analysis (MS) have overcome these major drawbacks 

and contributed to the development of modern affinity purification strategies, 

including activity-based protein profiling (ABPP).36 

ABPP is an established proteomic method introduced by Powers and Walkers and 

further developed by Bogyo and Cravatt.44–48 This strategy allows the analysis of 

enzyme function, activity and regulation in vitro and in vivo as well as the identification 

of target proteins of a biologically active substance. 

Generally, the concept of ABPP relies on the treatment of a complex protein sample 

or live cells with a chemical probe functionalized with a reporter tag for subsequent 

analysis. Initially, reporter tags were attached directly to the molecule of interest, 

which limited the methodology to in vitro experiments, as many commonly used tags 

are too polar or bulky to penetrate cells. The bioorthogonal Huisgen-[3+2] azide 

alkyne cycloaddition (click-reaction; CuAAC), however, enabled the late introduction 

of the reporter tag, thus overcoming this limitation.49–53 In this case, the compound is 
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modified with a terminal alkyne tag to which an azide-equipped fluorescent dye (e.g., 

rhodamine azide) or an affinity tag (e.g., biotin azide) is attached. While a fluorescent 

tag enables quick and easy analysis of probe-labelled proteins via gel electrophoresis, 

an affinity tag allows enrichment of target proteins (Figure I-4). After enrichment using 

avidin-coated beads, probe-bound proteins are tryptically digested and analysed by 

liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS). 

This method requires a covalent bond between the compound and its binding 

partners. Where the compound and protein target interact non-covalently, an 

additional functionalization is required to enable covalent cross-linking before the 

aforementioned analysis. A photoreactive group, such as benzophenone and 

diazirine, can be attached to the bioactive molecule in addition to the alkyne tag, 

which will form a covalent bond to the binding partner upon UV irradiation.54 For 

example, the diazarine moiety will form, upon nitrogen release a carbene that will 

readily insert into nearby CH, NH and SH bonds, e.g., from an amino acid of the 

bound protein target.55 The diazirine group in particular has received considerable 

attention because it is comparatively small, chemically stable and requires only a very 

short irradiation time as opposed to the alternatives. Yao et al. developed a series of 

"minimalist" photo-crosslinkers consisting of a linking group (amine, carboxylic acid 

or halide) to allow facile attachment to NPs, the photoreactive diazirine, and an alkyne 

tag as a bioorthogonal enrichment handle.56,57 The reaction of such a probe is then 

affinity-based rather than activity-based, since the binding to the target molecule 

does not depend on the activity of the protein itself - as is the case for covalent probes 

- but rather on the affinity between protein and probe. Hence this approach is also 

called affinity-based protein profiling (Af BPP). 

Thus, ABPP is a powerful technique for studying MoA and has already been 

successfully used for target identification of various NPs, such as vancomycin.58,59 

However, it has to be kept in mind that this technique can almost exclusively be used 

to identify protein targets, so non-protein targets can often be overlooked. In 

addition, ABPP requires a probe which has to be synthesised first and which should 
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have an activity comparable to that of the parent compound. Especially in the case of 

NPs, which are often only available in limited quantities, this can be a great challenge. 

Furthermore, photoreactive groups can have a high background, making validation 

experiments mandatory to exclude false positive hits.60 

 

 

Figure I-4: Schematic workflow for target identification by ABPP and Af BPP. Intact cells are treated with a probe or 

DMSO (as control), ultraviolet (UV) light irradiated (only for photoprobe (AfBPP)) and lysed. For analytical labelling, 

rhodamine azide is clicked to the labelled proteins and analysed by SDS-PAGE. For identification of targets, the 

labelled proteins are clicked to biotin azide, enriched on avidin beads, enzymatically digested and analysed by 

LC–MS/MS measurements. 
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2.3. Selection of Resistant Mutants 

The traditional "old school" method of selecting mutants capable of growing in the 

presence of a lethal concentration of the compound of interest is still a useful tool for 

drug development and target identification. The principle of this method is that the 

identification of the gene causing the resistant phenotype can reveal the MoA of the 

compound. Yet this particular step was traditionally a labour-intensive task that took 

several months, often years, and thus limited the success of this method. With the 

advent of the next-generation-sequencing (NGS) technology, however, genome 

research has been revolutionized and whole genomes of resistant strains can thus be 

sequenced within one day. NGS technologies employ massive parallel resequencing 

of DNA fragments; often more than one billion short reads per instrument run are 

generated, which are then aligned to a reference genome and genetic variations of 

the mutated strains are identified.37,61,62 

Typically, resistant bacteria can be obtained in two different ways. The first method, 

which is the most commonly used, involves the serial passage of bacteria in media 

containing the antibiotic of interest at concentrations close to the MIC, which are 

progressively increased over the course of the experiment with the accumulation of 

resistant mutants (Figure I-5). Since selection is not lethal and growth often occurs 

over several hundred generations, naturally occurring mutations are always acquired 

that are not related to antibiotic selection.63 Therefore, a parallel experiment must be 

carried out, in which the bacteria are passaged under the same conditions but without 

the antibiotic. Overall, this method is very simple and demands only small amounts 

of the compound. One drawback is, however, that only mutants with high fitness are 

selected (e.g., the mutant spectrum is biased), and since selection is gradual, mutants 

often contain more than one mutation, requiring labour-intensive follow-up studies 

to confirm the role of each mutation.64,65  
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Figure I-5: Schematic workflow for target identification by generation and sequencing of resistant mutants. Bacteria, 

resistant to an antibiotic, can be obtained by serial passage or selection on agar plates. After isolation, DNA is 

sequenced and compared to wild type DNA in order to identify altered genes. 

The second approach, which is preferable if possible, is to perform a selection on agar 

plates containing antibiotic concentrations above the MIC. The advantages of this 

approach are that mutants usually contain only one mutation and that resistant 

mutants with strong fitness reductions can also be selected. Using this method, the 

bacterial type I signal peptidase (SPase) LepB was successfully identified as the target 

of Gram-negative active arylomcycins.66 The main problem when using agar plate 

selections is that large amounts of antibiotics are required.64  

Although the NGS technology makes sequencing of resistant mutants indispensable 

for target identification, in some cases it is impossible to create variants that are 

resistant to a compound.67 Furthermore, it is imperative for the success of this method 

that the resistance is caused by changing the target. However, this is only one of many 

resistance mechanisms. For example, multidrug efflux pumps and transporters can be 

overexpressed due to mutations in regulatory regions.11,30 These mutations, however, 
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do not allow conclusions to be drawn about the cellular target. In the case of target 

modification as a resistance mechanism, however, even specific amino acid residues 

can be inferred, which are important for understanding the compound-protein 

interactions.37 

 

  



 

  



 

II. Elucidating the Mechanism of Action of 

the Natural Product Xanthocillin X 

Results of this work have been published as follows: 

 

Hübner, I., Shapiro J. A., Hoßmann, J., Drechsel J., Hacker, S. M., Rather, P. N., Pieper, 

D. H., Wuest, W. M., Sieber, S. A., The broad spectrum antibiotic xanthocillin X 

effectively kills Acinetobacter baumannii via dysregulation of heme biosynthesis, ACS 

Cent. Sci. 2021, 7, 3, 488–498. 



 

 



The Natural Product Class of Xanthocillin X   21 

1. The Natural Product Class of Xanthocillin X 

One class of NPs, the isonitrile family, has received very little attention so far, although 

it has an impressive spectrum of activity. The first compound of this class, xanthocillin 

X (Xan, Figure II-1), was isolated from the fungus Penicillium chrysogenum by W. Rothe 

in 1948.68 He also reported the broad antibacterial activity spectrum of Xan. This 

includes a number of Gram-positive bacteria, numerous Gram-negative bacteria and 

some pathogenic fungi.68,69 Later, Xan was also introduced as an antibiotic onto the 

market, but, because of its poor absorption, its use was limited to local treatments.68,70 

Although the median lethal dose (LD50) of Xan in mice and guinea pigs is comparable 

to antibiotics that have become important for local treatment (tyrothricin, gramicidin 

S), increased reports of skin irritation have led to Xan being withdrawn from the 

market very quickly.69,71 However, it is interesting to note that, compared to 

sulfonamides and penicillin, bacteria have developed resistance very slowly and cross-

resistance was not observed, suggesting a novel MoA.68,70  

 

Despite the fact that Xan is known to have a broad spectrum of activity, a quantitative 

evaluation of its antibiotic properties against various bacterial species, such as the 

current clinically relevant pathogens Acinetobacter baumannii and Klebsiella 

pneumoniae, is missing.72 Only Shang et al. published a minimal inhibitory 

concentration (MIC) of Xan against Staphylococcus aureus and Escherichia coli of 

2 μg/mL and 1 μg/mL, respectively, confirming its highly potent antibiotic 

properties.73  

 

In nature, there is a number of Xan-like compounds in which vinyl isonitrile groups 

are present, all of which have an impressive spectrum of activity. In 1968, Takatsuki et 

al. isolated methyl derivatives of Xan from strains of Aspergillus (Figure II-1): 
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Xanthocillin X mono (XanMME) and dimethyl ether (XanDME) as well as methoxy-

xanthocillin X dimethyl ether (M-XanDME). These compounds were shown to have 

particularly antiviral and antitumoral effects.74 In addition, Tsunakawa et al. extracted 

BU-4704 (Figure II-1), a NP from a strain of Aspergillus, which showed an MIC in E. 

coli of 1.6 μg/mL and in K. pneumoniae of 0.4 μg/mL.75 In search of new active 

compounds against Gram-negative bacteria, the NP MDN-0057 was recently 

discovered (Figure II-1), which exhibits an MIC in the range of 0.25 to 64 μg/mL against 

a large number of Gram-negative bacteria such as E. coli, K. pneumonia, 

Pseudomonas aeruginosa and A. baumannii, the latter ranked as critical pathogen 

with highest priority according to the WHO.7,76 The structure of this NP is quite 

different from Xan, but also has (vinyl) isonitrile groups, which demonstrates the 

presence of this functional group in numerous highly active antibacterial NPs.  

 

To date, about 200 members of this class have been isolated from various sources, 

including fungi (e.g., Xan, MK4588), bacteria (e.g., SF2768) and sponges (e.g., kalihinol 

A, axisonitrile-3), all of which exhibit broad activity against bacteria, viruses, fungi and 

parasites with comparatively low human toxicity (Figure II-1).7,68,73–75,77–80 In addition, 

secondary and tertiary isocyanides have proven to be metabolically stable, making 

isonitrile a promising pharmacophore in the discovery and development of new 

antimicrobial drugs.7,81  

 

Despite these characteristics, neither the reactivity of this functional group in the 

cellular environment has been elucidated, nor is the MoA of a representative of this 

group known. Until now, binding to transition metals (e.g., Fe, Cu) either directly or 

complexed in heme has been linked to the bioactivity of isonitriles. For instance, 

terpene isonitriles have been shown to have antiplasmodial activity by binding to 

heme, thereby inhibiting the parasite's vital heme detoxification processes.82–84 

Furthermore, SF2768 has been shown to bind to copper, which has been linked to 
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antibacterial activity.78,85 However, a comprehensive study to identify the cellular 

targets of this compound class is still missing. Xan was chosen as a representative 

compound for this class to decipher its MoA and provide unprecedented insights into 

the antibacterial mechanism of isonitriles. 

 

 

Figure II-1: Structures of representative examples of the isonitrile NP class. In nature, there are numerous isonitrile-

containing NPs, some structurally very similar to Xan, others not.7,68,74,75,78,86–88 
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2. Results and Discussion 

2.1. Synthesis of Xanthocillin and its Derivatives 

The literature-known synthesis of Xan represented the first part of the doctoral 

thesis.89,90 Xan was then used to synthesize XanDME as well as the xanthocillin probe 

(XP) and the xanthocillin photoprobe (XPP) for ABPP and Af BPP, respectively. 

 

In the first step of the Xan synthesis, the tert-butyldimethylsilyl (TBS)-protected 

benzaldehyde (2) was converted in a Corey-Fuchs reaction via the dibromoolefin (3) 

into the corresponding propionic acid (4),91 which was subsequently reacted with 

ammonia to the corresponding amide (5). The hydrostannation of this amide yielded 

the (E )-vinylstannate (6). By an oxidative rearrangement of compound 6 using 

Pb(OAc)4,
92 the corresponding isocyanate (7) could be obtained, which was directly 

converted into the N-formyl-enamides (8) by reduction with LiEt3BH. A Cu(I)-catalysed 

homocoupling of compound 8 led to the symmetrical (Z,Z )-diene (9), which was 

dehydrated with triphosgene to yield the corresponding (Z,Z )-diisonitrile (10). In the 

last step, the TBS protecting group was removed using tetrabutylammonium fluoride 

(TBAF) and acetic acid to obtain Xan with an overall yield of 4% over 10 steps (Scheme 

II-1a).89,90 

 

Afterwards Xan was used to synthesize XanDME, which was also tested for its 

biological activity to obtain first structure-activity relationship (SAR) data. For this 

purpose, Xan was dimethylated using two equivalents of methyl iodide and XanDME 

was obtained with a yield of 24%. For XP and XPP, Xan was alkylated using propargyl 

bromide and the minimal photoprobe (11),93 respectively. To prevent double 

methylation, the reactions were monitored by mass spectrometry and stopped as 

soon as a double methylated compound was detected. XP and XPP were obtained 



Results and Discussion   25 

with yields of 19% and 22%, respectively, while Xan could be re-isolated with a 

recovery of 81% for the XP synthesis and 49% for the XPP synthesis (Scheme II-1b). 

 

 

Scheme II-1: Synthesis of Xan, XanDME, XP und XPP. a) Xan was synthesised according to a published procedure.89,90 

b) For the synthesis of XanDME, XP and XPP, Xan was methylated using the respective methylation reagents. 
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2.2. Antibacterial Screen 

A quantitative evaluation of Xan’s antibiotic properties against currently clinically 

relevant bacteria, such as A. baumannii and K. pneumoniae, is lacking so far. Thus, 

activity of Xan was first tested against a panel of Gram-positive and Gram-negative 

strains. 

 

Table II-1| Activity of Xan against pathogenic bacteria. MIC values were determined in 

n = 3 independent experiments. 

 Strain MIC (24 h) [µM] 

G
ra

m
-n

e
g

a
ti
ve

 

Acinetobacter baumannii ATCC19606 0.25 – 0.5 

Acinetobacter baumannii ATCC17978 0.25 – 0.5 

Acinetobacter baumannii AB5075 (MDR) 1 

Escherichia coli K12 1 

Escherichia coli 536 1 

Escherichia coli UTI89 1 

Pseudomonas aeruginosa DSM 22644 (PAO1) 3 

Klebsiella pneumoniae DSM 30104 3 

Salmonella typhimurium LT2 3 

Salmonella typhimurium TA98 1 

Salmonella typhimurium TA100 1 

G
ra

m
-p

o
si

ti
ve

 Staphylococcus aureus NCTC 8325 (MSSA) 3 

Staphylococcus aureus Mu 50 (MRSA) 1 

Staphylococcus aureus USA300 FPR3757 (MRSA) 3 

Listeria monocytogenes EGD-e 1 

Enterococcus faecium DSM 17050 (VRE) > 10 

Enterococcus faecalis V583/ATCC 700802 (VRE) > 10 

 

The screening revealed a broad bioactivity spectrum for Xan that includes many 

clinically relevant strains, with the notable exception of Enterococcal species (Table 

II-1). Xan eliminated not only the antibiotic-sensitive (MSSA) and methicillin-resistant 

(MRSA) S. aureus reference strains, but also the difficult to treat Gram-negative 

pathogens such as P. aeruginosa, K. pneumoniae, E. coli and multi-drug resistant 

(MDR) A. baumannii AB5075 in the low µM range. Remarkable was the activity of Xan 
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against A. baumannii ATCC19606 and ATCC17989, a critical pathogen with highest 

priority according to the WHO,76 in the nanomolar range, which is why this strain was 

chosen as a model organism for mechanistic studies. 

2.3. Metal Binding Studies 

It has already been shown that the activity of isonitriles is related to their copper-

binding ability. More specifically, Zhu et al. published that the isonitrile compound 

SF2768 binds copper, which leads to a decrease in the free metal concentration within 

bacteria and thus possibly to disturbances of essential copper-dependent enzymatic 

processes.85 Hence, the MoA analysis was initiated with metal binding assays to test 

whether Xan exerts a similar MoA.  

 

A metal-ligand fluorescence titration with different metals of physiological relevance 

(Cu(II), Fe(II), Fe(III), Ni(II), Co(II), Mn(II), Al(III), Zn(II) and Mg(II)) was performed to 

investigate Xan’s metal binding ability.94 This study showed that of the nine metals 

tested, Cu(II) was the only one that interacted with Xan (Figure II-2a). Based on this 

result, XanDME's ability to bind copper was tested. Interestingly, under these 

experimental conditions XanDME showed no significant interaction with Cu(II) (Figure 

II-2b), suggesting an important role of the two hydroxy groups for metal binding. 

While XanDME's antiviral activity has been reported,74 data on its antibiotic potency is 

completely lacking. This suggests a low bacterial activity of XanDME, which was 

corroborated by its inactivity against A. baumannii ATCC17978 (MIC >16 µM, Figure 

II-2c) and, at least at first glance, confirmed copper-binding as potential MoA. 

Unexpectedly, however, both compounds showed comparable activity against A. 

baumanni ATCC17978 ΔadeBΔadeJ, a knock-out strain of two efflux pumps (adeB, 

adeJ ). This indicates that the loss of activity of XanDME against wild type A. baumannii 

is predominantly due to a higher efflux rate, which is caused by the efflux pumps adeB 

and adeJ. This discrepancy between the inability to bind copper and the comparable 
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activity in the knock-out strain to Xan suggests that copper binding is not the main 

MoA and contributes, if at all, only partially to the activity of these compounds. 

 

 

Figure II-2: Metal binding studies using Xan and XanDME. a) Fluorescence titration of Xan with various metals. The 

data represent average values ± s.d. of independent experiments (n = 3 per group). b) Fluorescence titration of 

XanDME with Cu(II). The data represent average values ± s.d. of independent experiments (n = 3). c) MIC values 

of Xan and XanDME in A. baumannii ATCC17978 wild type and A. baumannii ATCC17978 ΔadeB ΔadeJ,95 a knock-

out strain of two efflux pumps (adeB, adeJ ). MIC values were determined in n = 3 independent experiments. 
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2.4. Protein Target Identification by Chemical Proteomics  

Next, an unbiased method for target identification was performed. Since a large 

number of antibiotics have proteins as cellular targets,16 a chemical proteomics 

approach, more specifically ABPP and Af BPP, was performed. For this, the strains A. 

baumannii ATCC19606, in which Xan shows the highest activity, and E. coli K12, the 

best studied Gram-negative pathogen, were selected.  

 

The design of the respective probes was straightforward. As there are methylated 

derivatives of Xan in nature (e.g., XanDME, XanMME) which, as know from previous 

experiments, show comparable activity to Xan in a strain with downregulated efflux 

pumps, it is assumed that modifications at a phenolic OH group do not alter the MoA.  

Consequently, Xan was synthetically equipped with an alkyne tag and a minimal 

photocrosslinker for ABPP and Af  BPP, respectively. The synthesis of these probes, XP 

and XPP, is described in chapter "Synthesis of Xanthocillin and its Derivatives".  

 

In fact, these modifications of Xan resulted in only a slight increase in MIC (~6-fold), 

rendering the probes suitable for proteomics experiments (Figure II-3). 

 

 

Figure II-3: Bioactivity data of Xan and its probes. In E. coli and A. baumannii, MICs of XP and XPP increased 3 to 

12-fold compared to Xan. MIC values were determined in three independent experiments. 
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To decipher the identity of the covalently targeted proteins, a quantitative gel and 

label-free ABPP analysis was performed.96 For this purpose, either intact E. coli or A. 

baumannii cells were incubated with 3 µM (MIC concentration) XP for 2 h. After cell 

lysis, labelled proteins were clicked to biotin-azide, enriched on avidin beads and 

analysed by mass spectrometry (liquid chromatography-tandem mass spectrometry 

(LC-MS/MS)). In order to exclude non-specific avidin binding, a dimethyl sulfoxide 

(DMSO) control was additionally performed. Although Xan and XP exhibit similar 

activity, the cellular targets may be different. Therefore, competitive labelling 

experiments were conducted to ensure that the enriched target proteins of XP are 

also addressed by Xan. For this purpose, either E. coli or A. baumannii cells were pre-

treated with an excess of Xan (30 µM) before adding XP.  

 

The enrichment of several proteins by XP in both strains revealed considerable 

covalent binding (Figure II-4a and d). In addition, some of these proteins are 

significantly less enriched in the corresponding competitive experiments (Figure II-4b 

and e). Proteins were only considered as targets if they were enriched by XP and out-

competed by Xan. Interestingly, all proteins that met both criteria are non-essential 

for the survival of A. baumannii or E. coli (Figure II-4c and f). However, it is conceivable 

that the activity is based on the simultaneous inhibition of several non-essential 

targets.32  
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Figure II-4: Target identification in E. coli and A. baumannii using XP. a) and d) The volcano plots show enrichment 

of proteins after treatment of respective bacteria with XP (3 µM) compared to DMSO on a log2 scale. The vertical 
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threshold line represents a log2 enrichment ratio of 2 and the horizontal threshold line a −log10 (P value) of 2 and 

1.3 (two-sided two-sample t-test) for E. coli (n = 4 independent experiments) and A. baumannii (n = 3 independent 

experiments), respectively. Green dots represent proteins that were significantly enriched by XP compared to 

DMSO. b) and e) Competitive ABPP experiments using XP. The volcano plots show enrichment of proteins after 

pre-treatment of intact bacterial cells with Xan (30 µM) on a log2 scale. The vertical threshold line represents a log2 

enrichment ratio of -0.9 and the horizontal threshold line a −log10 (P value) of 2 and 1.3 (two-sided two-sample 

t-test) for E. coli (n = 4 independent experiments) and A. baumannii (n = 3 independent experiments), respectively. 

c) and f) Tables that allocate proteins above the set threshold from the ABPP experiments (a) and d)). Three 

essential gene databases for E. coli K12 were used to determine essentiality.97–99 To determine essentiality for A. 

baumannii proteins, a transposon mutant library generated by Gallagher et al. was used.100 For that, BLAST search 

was performed to assign homologous proteins in A. baumannii AB5075 (Program version BLASTP 2.10.1+, search 

limited to A. baumannii AB5075 (taxid:1116234), the resulting query coverage and percent identity are listed in 

Supplementary Table 1).101,102 

 

In order to investigate this hypothesis in more detail, validation experiments were 

conducted, focusing on the catalase peroxidase (CAT) of A. baumannii (AbCAT; 

UniProt: D0CAQ1, katG) and E. coli (EcCAT; UniProt ID: P13029, katG), which was the 

only overlapping target protein. For this purpose, the two catalases, were cloned, 

overexpressed in E. coli strains and purified by affinity chromatography.103 To confirm 

the covalent binding of XP to these target proteins, an analytical ABPP experiment 

was performed in which XP was incubated with each of the two CATs, which were 

then subjected to the “click-reaction” using rhodamine azide as fluorescent marker 

and analysed by SDS-PAGE. The dose dependent labelling of the CATs, including the 

negative heat-inactivated control samples, validated a specific and covalent binding 

(Figure II-5a). However, a subsequent activity assay showed that this binding does not 

affect enzyme activities, excluding them as relevant cellular targets (Figure II-5b). 
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Figure II-5: Validation of CATs as targets of Xan. a) Gel-based labelling of recombinant AbCAT and EcCAT. 

Recombinant protein (1 µM) was treated with indicated concentrations of XP or DMSO as control for 1 h. Heat 

inactivated protein samples were included as control for unspecific binding. After incubation, samples were 

subjected to click-reaction and analysed by SDS-PAGE with subsequent in-gel fluorescence scanning and 

Coomassie staining. The gel is representative for three independent experiments. b) Catalase activity assay kit 

(BioVision, catalog number K773-100) was used to investigate Xan’s influence on CAT activity. Hydroxylamine was 

used as positive control for CAT inhibition.104 Values represent mean ± s.d. of averaged duplicates of independent 

experiments (n = 3) and are normalised to the DMSO-treated samples (positive control, 100%) and the negative 

control (without enzymes, 0%). 

 

Since isonitriles are also known as ligands in metal complexes, non-covalent targets 

may be involved in Xan's MoA.105 Therefore, an Af BPP experiment was performed in 

A. baumannii. For this purpose, intact cells were incubated with 3 µM XPP, irradiated 

with ultraviolet light to establish a covalent bond with the putative target protein, 

lysed, clicked to biotin azide, enriched and analysed by LC-MS/MS. However, again 

there was no essential protein among the enriched hits (Supplementary Figure 1 and 

Supplementary Figure 2).  

In summary, chemical proteomics has not been able to identify a cellular target to 

explain the MoA, which could have several reasons. Firstly, this method always bears 
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the risk that the probe cannot address the main target due to the modification. 

However, both probes show an activity comparable to that of Xan, making this 

argument rather unlikely. Furthermore, as described in section “Activity-Based Protein 

Profiling (ABPP)”, ABPP as well as Af BPP can only identify protein targets. It is thus 

conceivable that Xan acts largely via a proteome-independent mechanism.  

2.5. Target Identification by Selection of Resistant Mutants 

2.5.1. Generation of Resistant Mutants 

Since previous experiments have not provided evidence that metals or proteins are 

involved in Xan's MoA, the next step was to generate Xan-resistant mutants. By 

comparing the gene sequences of mutant and wild type, altered cellular targets that 

may explain the MoA can be identified. 

Initially, attempts to develop resistant colonies by selection on agar plates 

supplemented with Xan (2× and 4× MIC) have failed. However, serial passage of A. 

baumannii in the presence of sub-inhibitory concentrations of Xan for 11 days was 

successful. Although the bacteria developed resistance to Xan after only a few 

passages, this development was significantly slower compared to the control 

antibiotic ciprofloxacin (Cip; Supplementary Table 2). The slower development of 

resistance compared to conventional antibiotics is consistent with a previous study in 

which staphylococci were treated with sub-MICs of Xan for 240 days that did not yield 

resistant strains.68 Since serial passage can result in mutations unrelated to the MoA 

of Xan, bacteria were passaged for 11 days in the presence of only DMSO to identify 

these naturally occurring mutations (negative control). In total, nine resistant colonies 

were isolated from three independent biological experiments (referred to as A-C) as 

well as three colonies of the negative control.  

Whole-genome sequencing of these variants and comparison with the wild type 

revealed that only the gene hemB, which codes for the enzyme porphobilinogen 

synthase (PbgS), was consistently mutated in response to Xan (Figure II-6). 
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Interestingly, exactly the same missense mutation within hemB was found in all nine 

colonies that led to the amino acid change P241S (Supplementary Table 3).  

All other mutations found consistently in all resistant colonies were also present in the 

negative control. Consequently, these are presumably of natural origin and were thus 

not considered as cellular targets.  

 

 

Figure II-6: Sequence analysis of Xan-resistant isolates. Mutants were obtained in three independent experiments 

by sequential passaging in sub-MIC concentrations of Xan. Three colonies from each independent experiment 

were sequenced and compared to three colonies of the negative control (passaging in the presence of DMSO). 

Mutations are ordered according to the recently published genome sequence of A. baumannii ATCC19606 

(CP045110, chromosome and CP45108 plasmid p1ATCC19606).106 Space between locus tags was omitted, if 

adjacent genes were mutated. 
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2.6. Phorphobilinogen Synthase  

2.6.1. Introduction 

The class of tetrapyrroles is structurally characterised by its four five-membered 

pyrrole rings, which are usually connected to each other by single atom bridges. Two 

classes of cyclic tetrapyrroles occur in nature, the porphyrins and the porphinoids. 

The former, which include heme as the most important representative, are 

characterised by their completely unsaturated ring system. In comparison, the 

porphinoids are more reduced cyclic tetrapyrroles such as vitamin B12, siroheme and 

heme d1.
107  

The common precursor of all tetrapyrroles, 5-aminolevulinic acid (5-ALA), is 

synthesised in nature by two different, unrelated pathways, which are the C4 pathway 

(Shemin pathway) and the C5 pathway (Figure II-7).108,109 The latter, which is present in 

most bacteria, all archaea and all plants, starts from the C5 skeleton of glutamate, 

more specifically glutamyl-tRNA, which is converted to 5-ALA by the catalysis of two 

consecutive enzymes, namely glutamyl-tRNA reductase (GtrR; hemA) and glutamate-

1-semialdehyde-2,1-aminomutase (GsaM, hemL).107,108 In contrast, in humans, animals, 

fungi and the α-group of proteobacteria, 5-ALA is produced by the condensation of 

succinyl coenzyme A and glycine, catalysed by the enzyme 5-aminolevulinic acid 

synthase (AlaS, hemA).109,110 It is important to note that although the 5-ALA synthesis 

differs between organisms, this always seems to be the rate-limiting step of the 

porphyrin synthesis.110 

The following three enzymes in the tetrapyrrole biosynthesis, porphobilinogen 

synthase (PbgS), hydroxymethylbilane synthase (HmbS) and uroporphyrinogen 

synthase (UroS), are highly conserved and can be regarded as a universal trunk, 

producing the precursor uroporphyrinogen III (UPGIII). UPGIII is used subsequently 

for the synthesis of numerous tetrapyrrole-based cofactors including heme.110,111 
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Figure II-7: Schematic overview of heme biosynthesis. In nature, the synthesis of 5-aminolevulinic acid (5-ALA) 

occures via two different pathways, the C4 and the C5 pathway. The latter is the most common in bacteria. The 

following three enzymatic steps of the tetrapyrrole biosynthesis, catalyzed by porphobilinogen synthase (PbgS, 

highlighted in blue), hydroxymethylbilane synthase (HembS) and uroporphyrinogen synthase (UroS), are highly 

conserverd throughout different organisms and produce uroprophyrinogen III (UPGIII), a precursor for numerous 

cofactors. For the synthesis of heme, UPGIII is converted to protoporphyrin IX, into which the insertion of ferrous 

iron leads to heme B. Freshly synthesised free heme has several functions such as the regulation of its own 

biosynthesis by feedback control. Further it serves as a cofactor for hemoproteins. 

 

Heme refers to a group of structurally very similar molecules, of which the most 

important representatives are heme B and heme C.112 In cells, heme acts as a 

prosthetic group of many hemoproteins, which are involved in essential biological 

functions such as oxygen binding and metabolism (e.g., hemoglobin and oxidases) 

and electron transfer (e.g., cytochromes).113 Furthermore, heme functions as a 

regulator for certain proteins (heme-responsive proteins) by binding to the heme 

regulatory motif in an ON/OFF mechanism. It is assumed that heme-responsive 
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proteins are regulated by free heme, heme from heme-binding proteins with low 

affinity, or newly synthesised heme, which are referred to as regulatory heme (RH).114  

 

Although heme plays a crucial role in all organisms, the regulation of its biosynthesis 

is not well understood and different hypotheses have been published. In bacteria, two 

regulatory steps were recognized, namely the oxygen dependent expression of the 

coproporphyrinogen oxidase (CgoX, hemF or hemN) enzyme and the abundance of 

the initial enzyme GtrR (hemA).111 In several strains it was shown that the regulation of 

GtrR (hemA) is characteristically heme-dependent, suggesting that bacteria reduce 

the synthesis of heme and all intermediates in heme-replete conditions.115–117  

2.6.2. Overexpression of Porphobilinogen synthase (PbgS) 

Porphobilinogen synthase (PbgS), a homooctamer in both eukaryotes and 

prokaryotes, catalyses the asymmetric condensation of two 5-ALA molecules to the 

monopyrrole porphobilinogen (PBG) (Figure II-7).107,110,118 There are two 5-ALA binding 

sites, known as A- and P-sites, each containing an active site lysine. The conserved 

lysine residue in the P-site forms a Schiff base with 5-ALA.119 The A-site characteristics 

of PbgS enzymes from different organisms may differ depending on the metal 

requirements (Zn2+, Mg2+).110,120 These metal requirements vary greatly from organism 

to organism. While human PbgS (hPbgS) and P. aeruginosa PbgS (PaPbgS) require 

only Zn2+ and Mg2+ ,respectively, for their activity,119,121 E. coli PbgS (EcPbgS) demands 

both metals.110,122 

In A. baumannii, PbgS is an essential enzyme, which has not yet been 

characterised.100,107 In order to obtain an initial hint about the relevance of the 

mutation P241S for the enzyme, a sequence alignment was first performed using 

Clustal O.123 This clearly illustrated the mutation being close to the active site 

(Supplementary Figure 3). Given that PbgS might be the cellular target of Xan, this 

target mutation could possibly prevent the binding of Xan, which would explain the 

resistance development.  
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To investigate this, N-terminally His-tagged PbgS(wt) (pDest 17-abhemBwt) was 

cloned and transformed into E. coli BL21(DE3) and E. coli Lemo21(DE3) expression 

strains and test expressions were performed. However, soluble protein could not be 

isolated under any condition tested (varying IPTG concentrations, expression time and 

temperature), as assessed by SDS-PAGE after purification on Ni-NTA resin, which is 

in line with studies on homologous proteins reporting on the formation of inclusion 

bodies (Figure II-8a).124 Only the expression as N-terminally His-tagged maltose-

binding protein (MBP) fusion construct either with (pET MBP-1a-abhemBwt) or without 

(pET-41-K-abhemBwt) TEV cleavage site in E. coli Lemo21(DE3) resulted in a partially 

soluble protein, which aggregated after cleavage of MBP by TEV protease. The 

corresponding MBP fusion construct of the mutant protein P241S (pET MBP-1a-

abhemBP241S) showed a similar expression behaviour. After expression as a partially 

soluble protein, it proved to be highly unstable after MBP cleavage, making the 

recombinant proteins unsuitable for further investigations. 

Often proteins require their natural environment for correct folding. Thus, PbgS(wt) 

and PbgS(P241S) were cloned tag-free into plasmid pVRL2, which has been shown to 

be suitable for gene cloning and expression in Acinetobacter species.125  The resulting 

plasmids pVRL2-abhemB wt and pVRL2-abhemB P241S were transformed into A. 

baumannii ATCC19606. Satisfyingly, PbgS(wt) and the mutant were expressed as 

soluble, active proteins upon arabinose induction as gauged by an activity assay using 

the crude cell lysate. The activity assay was performed as previously described.120,126 

Under these conditions the Michaelis-Menten parameters, Km and vmax , of the 

enzymes were determined. A. baumannii (wt) lysate was included as control, to 

subtract the basal activity of the native PbgS(wt), which was considerably lower 

compared to the activity measured in the overexpressed lysates. For PbgS(wt), the Km 

towards the substrate 5-ALA was determined to be 153 µM for PbgS(wt), which was 

in line with literature data of homologous proteins (Figure II-8b).121,127,128 Notably, 

PbgS(P241S) was still active, albeit with a 37-fold increase in Km (5670 µM), concluding 

that the mutation led to a significant decrease in affinity for 5-ALA. Further, the 
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maximum reaction velocity, vmax , of the wild type protein (0.027 min-1) was significantly 

higher compared to the variant (0.015 min-1).  

In order to compare the efficiency of the two enzymes,129,130 it must be ensured that 

the cell lysates contained similar amounts of enzyme (kcat /Km with 

kcat = vmax /[Enzyme]). Since the enzymes were cloned without tag to ensure 

expression conditions as native as possible, these could not be quantified directly. To 

make an indirect quantitative estimation, the relative amount of overexpressed 

proteins was quantified via label-free LC-MS/MS analysis. The LFQ intensities revealed 

that PbgS(wt) and PbgS(P241S) were overexpressed in comparable quantities (Figure 

II-8c), thus the ratio vmax /Km revealed a significant drop in enzyme efficiency for mutant 

PbgS(P241S) of about 60-fold. 

Next, Xan’s influence on the enzyme activity was investigated. Therefore, Xan was pre-

incubated with the wild type protein before the addition of the substrate, however, 

no inhibitory effect was observed under the conditions tested (Figure II-8d). This also 

supports the results of the chemical proteomic experiments, which indicated a largely 

proteome-independent MoA and in which PbgS was also not enriched as a target 

protein. 

Thus, the consistent mutation of this essential heme biosynthesis enzyme throughout 

all resistant mutants may have a more global effect on the tetrapyrrole biosynthesis 

in general. 
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Figure II-8: Overexpression and activity assay of PbgS(wt) and PbgS(P241S). a) SDS-PAGE analysis of test expressions 

of PbgS(wt). E. coli Lemo21(DE3) and E. coli BL21(DE3) harbouring plasmids pDest 17-abhemBwt or pET-41-K-

abhemBwt were used for expression of fusion proteins with a molecular weight of 42.6 kDa (6×His-tag-PbgS) and 

83.6 kDa (6×His-tag-MBP-PbgS), respectively. This gel is representative for all conditions tested (varying IPTG 

concentrations, temperature and duration of expression). Here, protein expression was induced with 400 µM IPTG, 

cells were incubated at indicated temperature (20 °C or 30 °C) for 20 h at 150 rpm. Afterwards, 5 mL of cell culture 

were purified using Ni-NTA matrix (Qiagen) following the manufacturer’s protocol. 50 µL of eluted sample was 

analysed by SDS-PAGE and Coomassie staining. Blue arrows indicate the expected position of the fusion proteins. 

b) PbgS activity assay with wild type and P241S mutant. Assays were conducted in crude lysates of A. baumannii 

that harbour either pVRL2-abhemBwt or pVRL2-abhemBP241S for expression of PbgS(wt) and PbgS(P241S), 

respectively. Lysate of A. baumannii (wt) (without plasmid) was used as blank control in order to subtract the basal 

PbgS activity level. All the data represent mean values ± s.d. of averaged duplicates of independent experiments 

(n = 3 per group). Data were analysed with GraphPad Prism (version 5.03) using non-linear regression. c) LFQ 
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intensities of PbgS(wt) an PbgS(P241) in crude lysates, which were used for the activity assay (b). d) The activity 

assay described in b) was used to test PbgS(wt) inhibition by Xan. For that, 100 µM Xan was pre-incubated with 

the crude lysate for 15 min at 37 °C before 5-ALA (100 µM) was added. Enzymatic reaction was stopped after 

30 min. Data represent mean values ± s.d. of averaged duplicates of independent experiments (n = 2 per group). 

2.7. Whole Proteome Analysis 

To further investigate the impact of the mutation of this essential enzyme on the 

cellular level, the mutant strains were compared with wild type A. baumannii in a 

whole proteome analysis. For this purpose, A. baumannii wild type and three mutants 

(A-3, B-3 and C-3) were grown in the absence of Xan until the mid-exponential phase 

(OD600 of 2.0) was reached and subsequently subjected to label-free LC-MS/MS 

analysis. Notably, the three mutants showed a high overlap of dysregulated proteins, 

a large number of which was upregulated compared to the wild type (Figure II-9a and 

b). Among these proteins were those involved in protection against oxidative stress 

(catalase, two heme-oxygenase like proteins), biofilm formation (e.g., protein CsuC/E, 

spore coat protein U domain protein), efflux transporters (RND transporter, efflux 

transporter (RND family)) and acetoin metabolism (e.g., TPP-dependent acetoin 

dehydrogenase complex) (Figure II-9a). Biofilm formation and the upregulation of 

efflux pumps are common methods to evade the antibiotic pressure.11,131 Remarkable 

was the upregulation of two heme-oxygenase like proteins in all mutants, as these 

enzymes catalyse the degradation of heme. Together with impaired porphobilinogen 

synthesis by mutated PbgS, their increased expression indicates the need to reduce 

heme concentration during resistance formation to Xan. It is known that reduced 

heme levels may limit the electron flow in the electron transport chain and thus shift 

the metabolism from respiration to fermentation.132 In fact, A. baumannii is considered 

strictly aerobic, but a recent paper published first evidence for the survival of A. 

baumannii under anaerobic conditions.133 This is consistent with the upregulation of 

enzymes that metabolize acetoin, a key fermentation product in bacteria.134 
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Figure II-9: Whole proteome analysis of Xan-resistant mutants and wild type A. baumannii. a) One colony from each 

independent serial passage experiment was compared to A. baumannii wild type. The volcano plots show the 

change of protein levels in the full proteome on a log2 scale. The vertical and horizontal threshold lines represent 

a log2 change of 1.6 and −1.6 and a −log10(P value) of 2 (two-sided two-sample t-test, n = 4 independent 

experiments per group), respectively. Black circle represents proteins up- or downregulated consistently in all 

three colonies compared with the wild type. Green dots represent proteins involved in biofilm formation.135,136 Blue 

dots represent proteins that belong to the resistance-nodulation-division (RND) transporter family.131 Red dots 

represent redox enzymes known to protect cells from oxidative stress. Orange dots represent proteins involved in 

acetoin metabolism.137 Supplementary Table 4 and Supplementary Table 5 give details on the dysregulated 

proteins. b) Venn-diagrams showing consistently up- and downregulated proteins that are above the set 

thresholds of the full proteome analysis of Xan-resistant colonies.  
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To better understand the direct impact of Xan on heme biosynthesis, a 

complementary experiment was performed by comparing the whole proteome of 

Xan-treated and untreated wild type A. baumannii. To this end, the cells were cultured 

either in the presence of 125 nM Xan (½ MIC) or DMSO until the mid-exponential 

phase (OD600 of 2.0) was reached. LC-MS/MS analysis revealed the highest change in 

protein level (> 3-fold) for a putative proton/sodium glutamate symport protein 

(Figure II-10).138 In bacteria, glutamate is needed for the formation of 5-ALA, the 

precursor of heme, which is why the upregulation of this symporter points to an 

increased demand for glutamate and thus to an enhanced heme biosynthesis in the 

presence of Xan. Additionally, the increased expression of two TonB-dependent 

siderophore receptors, which transport iron chelates, also supports this assumption, 

as it suggests elevated uptake of iron, which is the substrate for the final step of heme 

biosynthesis.139 

 

 

Figure II-10: Full proteome analysis of Xan compared with DMSO-treated A. baumannii ATCC19606. Volcano plot 

shows the change of protein levels in the full proteome on a log2 scale. The vertical and horizontal lines represent 

a log2 change of 1 and −1 and a −log10(P value) of 2 (two-sided two-sample t-test, n = 4 independent 

experiments per group), respectively. The table allocates upregulated proteins above the set threshold from full 

proteome analysis of Xan-treated A. baumannii. Supplementary Table 6 gives details on the downregulated 

proteins. 



Results and Discussion   45 

In summary, whole proteome analysis of Xan-resistant and Xan-treated A. baumannii 

indicates that Xan stimulates heme biosynthesis and the resistance strategy is to 

counteract this activation. 

2.8. Heme Binding  

Both chemical proteomics and the analysis of the resistant mutants suggest that Xan 

triggers the activation of heme biosynthesis, which was revealed via whole proteome 

analysis, by a protein-independent mechanism. 

A previous study published that the binding of various isonitrile compounds to heme 

can be linked to their activity against the malaria-causing parasite, Plasmodium 

falciparum, without providing comprehensive data.83 The interaction of the isonitrile 

compounds and hemin was detected spectroscopically.83  

2.8.1. In vitro Heme Binding  

To further test this hypothesis, the effect of Xan on the visible absorption spectrum 

of hemin was investigated. Hemin exhibits a Soret absorption band with a peak at 

390 nm, which was red-shifted to 438 nm, and a peak at 550 nm appeared upon Xan 

addition, emphasizing a direct interaction of Xan with hemin (Figure II-11a). 

Furthermore, this effect was detectable in a concentration dependent manner. No 

alteration of the absorption spectrum was observed when using resveratrol (Res), a 

molecule structurally highly similar to Xan, but without isonitrile groups (Figure II-11b), 

highlighting the relevance of isonitriles for  interactions with heme.  

In the cells, heme is involved in various cellular processes and reactions. A simple 

assay based on the degradation of heme by glutathione (GSH) was performed to get 

a first insight into whether Xan may influence the biochemical behaviour of heme by 

binding to it.83,140 Indeed, heme degradation was inhibited dose-dependently and 

even equimolar amounts of Xan were sufficient to achieve complete inhibition (Figure 

II-11c).  
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Figure II-11: Validation of Xan’s binding to heme. a) UV-Vis spectra of hemin with DMSO (black), Xan (20 µM, light 

green, and 40 µM, dark green) and resveratrol (Res) (20 µM, light blue, and 40 µM, dark blue) in 200 mM HEPES 

(pH 7.0). Data represent averaged technical duplicates and this figure is representative for n = 3 independent 

experiments. b) Structure of Res compared to Xan. c) Inhibition of the GSH–mediated destruction of hemin by 

Xan. Hemin (20 µM) was pre-incubated with Xan and the assay was started by the addition of GSH (2 mM). 

Decomposition was followed spectroscopically at 400 nm. Values represent mean ± s.d. of averaged triplicates of 

independent experiments (n = 3) and are normalised to the DMSO-treated control. 

2.8.2. Measurement of Regulatory Heme (RH) Level 

As already described in the previous section "Phorphobilinogen Synthase", RH plays 

an important role not only in the regulation of hemoproteins, but also in the inhibition 

of its own biosynthesis.141 It is conceivable that by binding, Xan may unbalance the 

finely tuned regulatory role of heme in cells and reduce the level of free RH. 

To investigate this hypothesis, the RH level was inspected using a colourimetric 

assay.114 This assay is based on the reconstitution of horseradish peroxidase (HRP) in 

its cofactor-free form (apoHRP) with RH, monitored by the activity of the resulting 

active holoHRP. Thus, high activity reflects a high RH level.114 To first prove the 

applicability of this assay for investigations of reduced RH levels due to Xan binding, 

hemin was pre-incubated with increasing concentrations of Xan followed by addition 

of apoHRP (5 µM) for reconstitution. Indeed, this assay showed a decreasing holoHRP 

activity with increasing Xan concentration (Figure II-12a, green bars). To rule out that 

the decrease in activity is due to holoHRP inhibition, Xan was added after 

reconstitution, which did not affect activity even at high concentrations (Figure II-12a, 
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blue bars). These results suggest that in the presence of Xan, the holoHRP has less 

RH available for reconstitution which can be accurately detected with this assay.  

Next, this HRP assay was applied to intact A. baumannii cells. For this purpose, A. 

baumannii was incubated with Xan for 30 minutes, which is presumably long enough 

to allow the compound to enter the cell but not sufficiently long to cause stimulation 

of heme biosynthesis by Xan. DMSO-treated A. baumannii served as positive control 

for the reconstitution. After cell lysis, a clear decrease of RH levels with increasing 

concentration of Xan was detected (Figure II-12b). 

Combined with the heme binding experiments, these results show that Xan effectively 

sequesters heme and thereby lowers free RH levels. This restricts the ability of 

hemoproteins to acquire this crucial cofactor, thus impairing their physiological 

metabolic function, as has been shown for HRP. Furthermore, heme regulates its own 

synthesis by binding to glutamyl-tRNA reductase (GtrR, hemA) via a feedback 

mechanism,110 which may also be adversely affected. Such an impairment of feedback 

inhibition might lead to an uncontrolled heme biosynthesis resulting in excessive 

production of heme, which is highly toxic for the cells. Remarkably, this stimulation of 

heme biosynthesis has already been recognized in the whole proteome analysis of 

Xan-treated A. baumannii. 

 

 

Figure II-12: Measurement of RH level. a) In vitro activity assay of reconstituted holoHRP in the presence of various 

concentrations of Xan. Hemin (5 nM) was pre-incubated with either Xan (green bars) or apoHRP (blue bars, 5 µM) 

followed by addition of apoHRP or Xan, respectively and activity of holoHRP was subsequently measured. 
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Averaged technical duplicates were normalised to the respective DMSO-treated samples and values represent 

mean ± s.d. of independent experiments (n = 3). b) Reconstitution activity assay of holoHRP in A. baumannii cell 

lysate after treatment of intact cells with various concentrations of Xan for 30 min. ApoHRP (final concentration 

10 µM) was added to cell lysates and activity of holoHRP was measured. Averaged technical quadruplicates were 

normalised to the respective DMSO-treated samples and values represent mean ± s.d. of independent 

experiments (n = 3). Noteworthy, at low concentrations of Xan a higher activity, both in vitro and in intact A. 

baumannii, was observed for unknown reasons (Supplementary Figure 4). 

2.9. Extraction and Quantification of Porphyrins 

An upregulated heme biosynthesis caused by restricted feedback inhibition would 

lead to elevated tetrapyrrole levels. The most direct way to prove this would be to 

quantify the intracellular heme level. However, since initial tests have shown that such 

a quantification is not achievable in the presence of Xan, due to its binding to heme, 

the fluorescent properties of metal-free tetrapyrroles (e.g., protoporphyrin IX) have 

been exploited.142 

For this purpose, A. baumannii was incubated for 1 h with either Xan or DMSO. 

Subsequently, the porphyrins were extracted from the cell lysate according to an 

established protocol and the fluorescence spectra were measured (λex. = 406 nm).143–

145 It is important to note that the spectra of the Xan- and DMSO-treated samples 

have the same characteristic features, namely two maxima at about 612 nm and 

658 nm (Figure II-13a). Therefore, the fluorescence signal at λex. = 406 nm and 

λem. = 612 nm was used to compare the fluorescence intensities. As expected for 

upregulated heme biosynthesis, the fluorescent signal of Xan-treated A. baumannii 

was significantly higher (Figure II-13b), indicating the accumulation of fluorescent 

porphyrins. Furthermore, incubation of the bacteria over a longer period of time with 

Xan (4 h) resulted in a reddish-brown colour of the bacterial pellet (Figure II-13c), 

which is very characteristic for the accumulation of porphyrins.146–148 
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Figure II-13: Accumulation of porphyrins. a) Fluorescence spectrum of extracted porphyrins. Intact A. baumannii 

ATCC19606 was incubated with Xan (1 µM) or DMSO for 1 h. After cell lysis, porphyrins were extracted and 

fluorescence spectra were recorded (λex. = 406 nm). Samples containing Xan without added bacteria (1 µM, violet) 

served as fluorescence control. Figure is representative for n = 6 independent extractions. b) Detection of 

accumulated porphyrins by fluorescence spectroscopy. Intact A. baumannii ATCC19606 was incubated with Xan 

(1 µM) for 1 h. After cell lysis, porphyrins were extracted and fluorescence intensities (λex. = 406 nm, λem.= 612 nm) 

were measured. Data represent mean values ± s.d. of fluorescence intensities of independent experiments (n = 6). 

c) Pellets of A. baumannii treated with either Xan (1 µM, left) or DMSO (right) for 4 h.  

2.10. Time-Kill Experiments 

The accumulation of porphyrins potentially produces reactive oxygen species (ROS), 

which is known to be deleterious to bacteria.149 In order to explore the biological effect 

of the elevated porphyrin level caused by Xan, time-kill experiments were performed. 

A. baumannii was incubated either with Xan (1× MIC and 16× MIC) or DMSO and 

colony forming units (CFU) were determined after several time points on LB agar 

plates.  

While the bacterial population in the DMSO control increased to 109 CFU/mL, Xan 

exhibited bacteriostatic activity over a period of 7 hours at both concentrations tested 

(Figure II-14a). However, after 24 h, Xan at 250 nM (1× MIC) no longer affected 

bacterial growth and CFU/mL were comparable to the DMSO control, whereas at a 

concentration of 4 µM (16× MIC) the bacteria were completely eliminated, showing a 

bactericidal effect. The bacterial growth after 24 h at 1× MIC is most likely due to the 
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known inoculum effect of antibiotics, as the starting CFU/mL for MIC determination 

and the time-kill experiment were approximately 105 and 107, respectively.150 

 

 

Figure II-14: Time-kill experiments. a) Time-dependent killing of exponentially growing A. baumannii ATCC19606 

(~107 CFU/mL) by Xan (1× MIC and 16× MIC). After various time points viable cells (CFU/mL) were determined in 

quadruplicates. The data represent average values ± s.d. (n = 3 independent experiments per group). b) Protective 

effect of thiourea (TU) on Xan-treated A. baumannii ATCC19606. DMSO (grey bars), TU (150 mM, orange bars), Xan 

(4 µM, green bars) as well as TU (150 mM) and Xan (4 µM, blue bars) were added to A. baumannii ATCC19606 

(~107 CFU/mL) and cells were incubated for 24 h. After 0 h and 24 h CFU/mL were determined in quadruplicates. 

Data represent mean values ± s.e.m of n = 4 (DMSO), n = 3 (Xan) and n = 2 (TU, TU and Xan) independent 

experiments.  

 

Next, it was investigated whether the bactericidal effect was caused by ROS. For this 

purpose, the time-kill experiment was performed in the presence of the known radical 

scavenger thiourea (TU).151 Indeed, TU was able to counteract the deleterious activity 

of Xan (Figure II-14b), which is demonstrated by the bacteriostatic effect. This suggests 

that the bactericidal activity of Xan is caused by ROS. 

2.11. Checkerboard Assay 

The synergistic combination of two antibiotics is generally an effective strategy to 

combat resistant strains.6 Since the activity of aminoglycoside antibiotics, such as 

gentamicin (Gen), is known to be influenced by altered heme biosynthesis, the 

synergistic effect of Xan and Gen was investigated next.132,147,152 Fractional inhibitory 
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concentrations (FICs) in a Gen-sensitive (ATCC19606) and Gen-resistant (AB5075)153 

A. baumannii strain were determined by checkerboard assays. In fact, Xan potentiated 

the activity of Gen not only in the Gen-sensitive, but also in the Gen-resistant strain. 

This was manifested by FIC indices in the range of 0.3125 – 0.375 (Table II-2), which 

means that Xan (0.25× MIC) resensitized the Gen-resistant A. baumannii AB5075, 

resulting in a reduction of the MIC of Gen from 800 µM to 50 – 100 µM. 

 

 

2.12. Toxicity and Galleria mellonella Infection Model 

Xan has already been studied in animals and humans without exhibiting high toxic 

effects.68–71 In addition, Shang et al. published a half maximal inhibitory concentration 

(IC50) in HeLa cells of approximately 35 µM, which provides a therapeutic window.73 In 

order to validate these results, Xan’s toxicity was tested in HeLa cells, which didn’t 

show significant toxicity in HeLa cells up to its solubility limit of 10 µM (Figure II-15).  

Encouraged by these results, in vivo models were next used to study Xan. In addition 

to testing the toxicity of Xan in these models, Xan's ability to eliminate A. baumannii 

in vivo was investigated.  

The murine model is the most frequently used model for the investigation of microbial 

infections. However, there are ethical, financial and logistical hurdles associated with 

the use of rodents as an infection model, preventing them from being used in many 

Table II-2| Antimicrobial synergy study with Gen and Xan in A. baumannii. checkerboard assay was 

performed in n = 3 (ATCC19606) and n = 2 (AB5075) independent experiments. 

A. baumannii Gen MIC (µM) FIC Index 

ATCC19606 8 – 16 0.3125 – 0.375 

AB5075 800 0.3125 – 0.375 
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laboratories.154 Galleria mellonella has proved to be an alternative model, as the larvae 

can be obtained easily, cheaply and in large numbers.154,155 Although insects have no 

adaptive immune defence, their innate immune response resembles the immune 

system in vertebrates.156 Furthermore, there are no ethical restrictions and no 

additional laboratory equipment is required, making it a viable infection model for 

many research groups.154 

For this model, injection is the most common way of administration, for which, 

however, the compound has to be dissolved. Since the solubility of Xan was 

repeatedly a limiting factor in previous experiments, the DMSO tolerance of Galleria 

mellonella larvae was first investigated. Injections of various concentrations of DMSO 

in PBS into the larvae revealed a DMSO tolerance of up to 10% (Figure II-15a), which 

was thus used as a solvent for Xan. To study the toxicity, different concentrations of 

Xan were injected, which was found to be not lethal to the larvae up to 1 mM, the 

highest concentration tested (Figure II-15b). However, it should be noted that Xan was 

not completely dissolved at the highest concentration but was administered as a 

suspension.  

To investigate the in vivo efficacy of Xan against A. baumannii, the larvae were 

infected with a lethal dose of A. baumannii AB5075 (approximately 105 total CFUs). 

However, administration of Xan 1.5 h later did not enhance the survival rate of the 

larvae (Figure II-15c).  

Several standard antibiotics have already been tested in similar infection models. 

Cefotaxime, tetracycline, gentamicin and meropenem were used at concentrations of 

150 mg/kg, 50 mg/kg, 6 mg/kg and 60 mg/kg, respectively.157 The highest 

concentration at which Xan was completely dissolved was 100 µM, equivalent to 

0.6 mg/kg, and thus significantly lower than the concentrations of standard 

antibiotics, which could be a potential reason for the lack of activity. 
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Figure II-15: Toxicity of Xan and activity of Xan tested in Galleria mellonella. Cytotoxicity of Xan against human cells 

(HeLa). Averaged technical sextuplicates were normalised to DMSO-treated samples and value represents mean 

± s.d. of independent experiments (n = 3). b) Various concentrations of DMSO were injected intoGalleria 

mellonella larvae to study the maximum DMSO tolerance. c) Various concentrations of Xan, dissolved in PBS + 

10% DMSO, were injected (5 µL) into the worms to study the toxicity. The reported values in b) and c) represent 

the averages of n = 3 independent experiments with at least 10 worms per group for each experiment. d) Galleria 

mellonella larvea were infected with A. baumannii (~105 CFU). After 1.5 h, various concentrations of Xan, dissolved 

in PBS + 10% DMSO, were injected (5 µL). The control group (grey) was not infected with A. baumannii and PBS 

+ 10% DMSO was injected 1.5 h later. The reported values represent one independent experiment with 10 worms 

per group. 
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2.13. Summary – Mechanism of Action  

Based on the fascinating activity of Xan against a variety of pathogenic bacteria, 

including A. baumannii, a multidisciplinary target analysis was performed to unravel 

the MoA. A metal binding assay and chemical proteomic methods, ABPP and AfBPP, 

suggest that neither metal complexation nor protein binding is the major contributor 

to the MoA. The generation and subsequent sequencing of Xan-resistant mutants 

identified PbgS as the only consistently mutated enzyme among all variants. 

Interestingly, an identical missense mutation was found in all mutants, resulting in the 

amino acid modification P241S near the active site. Activity studies revealed a 

significantly lower efficiency (kcat /Km) for the mutated PbgS for substrate 5-ALA, which 

presumably entails a lower tetrapyrrole synthesis rate. Notably, inhibition experiments 

excluded PbgS as a direct target of Xan, which was consistent with ABPP and AfBPP 

results.  

A whole proteome analysis of Xan-resistant mutants versus wild type as well as Xan-

versus DMSO-treated wild type A. baumannii was performed to explain the causes 

and consequences of Xan treatment. With the addition of Xan, the upregulation of 

putative proton/sodium glutamate symport protein as well as TonB-dependent 

siderophore receptors demonstrated enhanced heme biosynthesis, which was 

validated by elevated porphyrin levels. In contrast, resistant mutants have made 

adaptations, besides the mutation in PbgS, aiming to reduce heme levels. These 

include the upregulation of heme degrading as well as acetoin metabolizing enzymes. 

The latter indicate a change in metabolism from respiration to fermentation. In 

addition, the direct binding of Xan to heme results in a corresponding reduction in 

free RH levels and impedes access to RH by heme-dependent enzymes. 

How does Xan trigger heme biosynthesis and eliminate bacteria? In summary, the 

results refer to a MoA in which Xan penetrates bacterial cells and binds to free RH 

(spectroscopic analysis, Figure II-16). This complexation impairs the binding of RH to 
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essential hemoproteins (as shown in the HRP assay), which consequently cannot carry 

out their biological function due to the lack of their crucial cofactor. Examples of 

essential heme dependent proteins are those of the electron transport chain (e.g., 

succinate dehydrogenase cytochrome b556 subunit, cytochrome bo3 ubiquinol oxidase 

subunit).158 Another important function of RH is the feedback inhibition of its own 

biosynthesis, which might be compromised by the binding of Xan to heme. As a result, 

uncontrolled heme biosynthesis leads to an increased demand for its substrates 

(upregulation of glutamate symporter and TonB-dependent siderophore receptors) 

and ultimately to increased porphyrin levels (fluorescence analysis). This dysregulation 

can have multiple detrimental consequences for the bacteria. The elevated porphyrin 

level causes deleterious ROS (time-kill experiment). It is also conceivable that the 

increased demand for glutamate leads to a glutamate deficiency within the bacteria. 

To escape this antibiotic pressure, the bacteria have evolved a resistance strategy in 

which a single mutation in a regulatory enzyme of heme biosynthesis, PbgS, 

significantly reduces the porphobilinogen synthesis rate, an intermediate in the 

tetrapyrrole biosynthesis. Together with the expression of heme-degrading enzymes 

and the upregulation of efflux pumps (whole proteome analysis), the effects of Xan 

can be balanced. The binding of Xan to heme and the down-regulation of heme 

production may result in an insufficient supply of the electron transport chain with 

the cofactor, forcing bacteria to switch to fermentative metabolism, as indicated by 

the upregulation of acetoin metabolizing enzymes (whole proteome analysis).  

This MoA, which is based on binding to a cofactor, also explains the broad spectrum 

of activity of Xan, with the exception of E. faecalis and E. faecium. Interestingly, both 

strains represent natural heme auxotrophs that do not synthesize their own heme. 

They take up heme from the environment, but can also survive without this cofactor 

due to their metabolically diverse fermentation pathways.159  

In summary, this multidisciplinary study has succeeded in understanding the MoA of 

the NP Xan, which has been known for over 70 years. 
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Figure II-16: Dysregulation of heme biosynthesis by Xan. Hypothesis of Xan’s MoA is based on experimental 

evidence within this study. Full proteome analysis of Xan compared to DMSO-treated A. baumannii revealed a 

putative proton/sodium-glutamate symport protein as well as two TonB-dependent siderophore receptors as 

significantly upregulated proteins pointing to enhanced demand for heme biosynthesis substrates, glutamate and 

iron. Extraction of porphyrins of Xan-treated A. baumannii validated the accumulation of tetrapyrroles. UV-Vis 

spectroscopy showed an interaction between hemin and Xan. Further, a reconstitution assay using apoHRP let to 

the conclusion, that complex formation of Xan with hemin leads to a reduced effective level of RH and thus to an 

impaired regulatory role of heme. Conceivable consequences are the inability of hemoproteins to acquire heme 

for their normal metabolic function and uncontrolled biosynthesis by hampered feedback inhibition. In-depth 

analysis of Xan-resistant isolates showed a shared amino acid mutation P241S in PbgS, which leads to a significant 

drop in enzyme efficiency and thus counteracts the upregulation by Xan. Further, Xan-resistant colonies 

upregulate proteins involved in biofilm formation, RND transporters, acetoin metabolism and redox enzymes, 

protecting cells from oxidative stress, e.g., putative heme oxygenase. Abbreviations include the following: TCA, 

tricarboxylic acid cycle; α-KG, α-ketoglutarate; GluRS (gltX), glutamyl-tRNA synthetase; GtrR (hemA), glutamyl-

tRNA reductase; GsaM (hemL), glutamate-1-semialdehyde-2,1-aminomutase; PbgS (hemB), porphobilinogen 

synthase; PpfC (hemH), protoporphyrin IX ferrochelatase. Cellular effects induced by Xan treatment are shown by 

green arrows, while effects of resistance formation are indicated by red arrows. 
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2.14. Outlook 

Xan exhibits a broad spectrum of activity and, as this study has shown, an 

unprecedented MoA with low toxicity. These are the perfect requirements for a new 

lead compound for antibiotic development.  

 

In many experiments the solubility of Xan posed a major limitation, and structural 

optimisations are needed to improve this property. In order to be able to do so, the 

binding of Xan to heme needs to be structurally clarified, which can be achieved by a 

crystal structure of the complex. Further, derivatives of Xan, either with only one 

isonitrile group or a saturated core structure might help to identify the features 

important for complex formation. In addition, isonitrile compounds are known for 

their heme binding, making it conceivable that other representatives of this class of 

NPs, e.g., MDN-0057, have a comparable MoA. Thus, this functional group might 

serve as a starting point and common denominator for a structurally diverse set of 

antibiotic compounds with improved physicochemical properties (e.g. solubility). 

 

In addition, remarkably many compounds of this class are effective against Gram-

negative bacteria, which means that they penetrate the outer membrane and enter 

the cell. This is the major challenge in the search for antibiotics that are effective 

against Gram-negative pathogens. Therefore, it is important to examine the 

contribution of the functional group of isonitriles to this process. It is conceivable that 

isonitriles could possibly enable compounds with exclusively Gram-positive activity to 

have an effect even on Gram-negative pathogens. 

 

In conclusion, the elucidation of this novel MoA may enable the development of 

structurally new antibiotic compounds that are urgently needed to combat multi-

resistant pathogens. 
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3. Experimental Section 

3.1. Media 

Unless otherwise stated B medium (10 g/L casein peptone, 5 g/L NaCl, 5 g/L yeast 

extract, 1 g/L K2HPO4, pH 7.5) was used for cultivation of all S. aureus strains. LB 

medium (Lysogeny Broth; 10 g/L casein peptone, 5 g/L NaCl, 5 g/L yeast extract, 

pH 7.5) was used for cultivation of all S. typhimurium strains, all A. baumannii strains, 

both E. coli strains, and P. aeruginosa PAO1. BHB medium (Brain Heart Infusion, 

7.5 g/L brain infusion, 10 g/L heart infusion, 10 g/L casein peptone, 5 g/L NaCl, 

2.5 g/L Na2HPO4, 2 g/L glucose, pH 7.4) was used for cultivating L. monocytogenes, 

K. pneumonia, E. faecalis and E. faecium. 

 

For resistance development, A. baumannii was cultivated in cation-adjusted Mueller-

Hinton broth (17.5 g/L acid hydrolysate of casein, 3 g/L beef extract, 1.5 g/L starch, 

pH 7.3).  

 

3.2. Stock Solutions 

Xan, XanDME, XP and XPP were synthesized as described in section “Chemical 

Synthesis” and stock solutions were prepared with DMSO as solvent. 1 mM hemin 

working solution in 0.1 N aqueous NaOH was freshly prepared before use and stored 

in the dark.  

 

Gentamicin (Gen) and Ciprofloxacin (Cip) stock solutions were prepared in sterile 

ddH2O and 0.1 N aqueous HCl, respectively. 
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3.3. Overnight Cultures 

The appropriate medium (5 mL) for cultivation was inoculated (1:1,000) with the 

desired bacterial cryostock with a sterile pipette tip in a plastic culture tube. The 

culture was then incubated overnight (14 – 16 h, 37 °C, 200 rpm). A sterile control 

(medium containing no bacteria) was included each time. 

3.4. Minimum Inhibitory Concentration (MIC) 

Overnight cultures were diluted 1:10,000 into medium and directly used for the tests. 

Various dilutions of the compounds in DMSO were prepared and 1 µL thereof was 

pipetted in triplicates in 96 well-plates (transparent Nunc 96-well flat bottom, Thermo 

Fisher Scientific), including DMSO only, which served as growth control. Then, 99 µL 

of the diluted bacterial suspension were transferred to each well and a sterile control 

containing only medium was included. Bacteria were incubated for 24 h (37°C, 

200 rpm) and the dilution series was analysed for microbial growth, indicated by 

turbidity. The lowest concentration in the dilution series at which no growth of 

bacteria could be observed by eye was defined as the minimum inhibitory 

concentration (MIC) of the compound. MIC values were determined by three 

independent experiments. 

3.5. Metal Chelation Assay 

The assay was performed as described by Shapiro et al. with slight modifications.94 All 

fluorescence titrations were performed in MeOH on a Dual-FLTM (HORIBA Scientific) 

using a sub-micro fluorometer cell (open top, Starna, catalog number: 16.160F-Q-

10/Z15). Briefly, a 12.5 μM stock solution of Xan (150 µL; 5% DMSO final concentration) 

was prepared and an emission spectrum was recorded (λexcitation = 366 nm, integration 

time = 1 s, accumulations = 10). The metal chloride stock solution (125 µM) was added 

in 3.75 µL portions (0.25 eq.), the solution was gently mixed, and an emission 
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spectrum was recorded after each addition. All experiments were performed in 

triplicates. An emission spectrum of MeOH with 5% DMSO was used as a blank 

control and was subtracted from values. A fluorescence titration using only MeOH 

served as a negative control for metal binding. 

3.6. Gel-free ABPP and AfBPP 

3.6.1. Culture, labelling, lysis and click-reaction  

Preparative ABPP in A. baumannii ATCC19606 and E. coli K12 with XP 

Overnight cultures were diluted 1:100 in LB medium and incubated (37 °C, 200 rpm) 

until an OD600 of 2.0 was reached. Bacterial cells were harvested (6,000 ×g, 4 °C, 

15 min), washed with PBS and resuspended in PBS to give a final OD600 of 40. This 

bacterial suspension was split into aliquots of 1 mL and either XP (3 µM, 1% DMSO 

final concentration) or DMSO (1%) was added, followed by incubation (37 °C, 

200 rpm) for 2 h. For competition labelling, cells were treated with Xan (30 µM, 1% 

DMSO final concentration) for 2 h (37 °C, 200 rpm) before the addition of XP (3 µM, 

1% DMSO final concentration). After compound treatment, bacteria were harvested 

(6,000 ×g, 4 °C, 15 min) and washed with PBS. Cell pellets were resuspended in 0.4% 

(w/v) SDS in PBS (1 mL) and lysed by sonication (4 × 30 sec, 75% intensity; Sonopuls 

HD 2070 ultrasonic rod, Bandelin electronic GmbH) with cooling breaks on ice. The 

cell lysate was clarified by centrifugation (20,000 ×g, 30 min, 4 °C), protein 

concentration was measured using the Pierce BCA Protein assay kit (Thermo Fisher 

Scientific, Pierce Biotechnology) and sample concentrations were adjusted to equal 

protein amount. Next, 500 µL clear cell lysate (2 mg/mL protein concentration) were 

subjected to click-reaction (CuAAC) by adding 3 µL biotin azide (10 mM in DMSO), 

10 µL tris(2-carboxyethyl) phosphine (TCEP; 52 mM in ddH2O), 30 µL TBTA ligand 

(1.667 mM in 80% tBuOH and 20% DMSO) and 10 µL CuSO4 (50 mM in ddH2O) and 

samples were incubated for 1 h at room temperature (RT). Following CuAAC, proteins 
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were precipitated with ice-cold acetone (4 volumes) at -20 °C overnight, centrifuged 

(16,900 ×g, 4 °C, 15 min) and washed twice with ice-cold methanol (1 mL). Pellets were 

resuspended in 0.4% (w/v) SDS in PBS (500 µL) at RT by sonication (10% intensity, 10 s; 

Sonopuls HD 2070 ultrasonic rod, Bandelin electronic GmbH). Affinity enrichment was 

performed with avidin agarose resin (product no. A9207, Sigma Aldrich, pre-washed 

three times with 0.4% (w/v) SDS in PBS (1 mL); 400 ×g for 2 min was used to pellet 

beads; typically, 50 µL of bead slurry was used for enrichment). Samples were added 

to the resin in LoBind Eppendorf tubes and incubated with agitation for 1 h at RT. To 

remove unbound proteins, the beads were washed three times with 0.4% (w/v) SDS 

in PBS (1 mL), two times with 6 M urea (in ddH2O, 1 mL) and three times with PBS 

(1 mL). For quantitative mass spectrometric analyses, avidin agarose beads with 

bound proteins were resuspended in 200 µL denaturation buffer (7 M urea, 2 M 

thiourea in 20 mM pH 7.5 HEPES buffer). Upon on-bead reduction with TCEP (5 mM) 

at 37 °C for 1 h, proteins were alkylated using iodoacetamide (IAA, 10 mM) at 25 °C 

for 30 min and samples were quenched with dithiothreitol (DTT, 10 mM) at RT for 

30 min. Samples were diluted with 600 µL triethylammonium bicarbonate (TEAB) 

buffer (50 mM in ddH2O) and digested with 1.5 µL trypsin (0.5 µg/µL; sequencing 

grade, modified, Promega) at 37 °C overnight under continuous shaking (450 rpm). 

On the next day, the digestion was stopped by adding formic acid (FA, 10 µL) and the 

suspension was centrifuged (17,000 ×g, 3 min, RT) to pelletize the beads. The 

supernatant was loaded on 50 mg SepPak C 18 columns (Waters) equilibrated with 

0.1% trifluoroacetic acid (TFA). The peptides were washed three times with 1 mL 0.1% 

TFA and 500 µL 0.5% FA. Afterwards, the peptides were eluted three times with 250 µL 

elution buffer (80% acetonitrile (ACN), 0.5% FA), lyophilized and stored at – 80 °C 

until further usage. The experiment was performed in n = 4 (E. coli K12) and in n = 3 

(A. baumannii ATCC19606) independent experiments. 
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Preparative AfBPP in A. baumannii ATCC19606 with XPP 

Overnight cultures were diluted 1:100 in LB medium and incubated (37 °C, 200 rpm) 

until an OD600 of 3.5 was reached. Bacterial cells were harvested (6,000 ×g, 4 °C, 

15 min), washed with PBS and resuspended in PBS to give a final OD600 of 40. This 

bacterial suspension was split into aliquots of 1 mL and either XPP (3 µM, 1% DMSO 

final concentration) or DMSO (1%) was added, followed by incubation (37 °C, 

200 rpm) for 2 h. After treatment, samples were transferred to 6-well plates (flat 

bottom, VWR) and irradiated for 15 min with UV light (UV low-pressure mercury-

vapour fluorescent lamp, Philips TL-D 18W BLB, 360 nm maximum). During irradiation 

a cool pack was placed under the plate. Subsequently, bacteria were harvested 

(6,000 ×g, 4 °C, 15 min) and washed with PBS. Cell pellets were resuspended in PBS 

(1 mL) and lysed (3 × 30 s at 6,500 rpm, 30 s cooling breaks on ice after each run; 

Precellys Glass/Ceramic Kit SK38 2.0 mL tubes; Precellys 24 Homogenizer, Bertin 

Technologies). The cell lysate was clarified by centrifugation (20,000 ×g, 30 min, 4 °C). 

The soluble fraction was transferred to a new Eppendorf tube. The insoluble fraction 

was washed twice with PBS and resuspended in PBS (600 µL). Protein concentration 

was measured using the Pierce BCA Protein assay kit (Thermo Fisher Scientific, Pierce 

Biotechnology) and sample concentrations were adjusted to equal protein amount 

(soluble fraction, 1 mg/mL; insoluble fraction, 2 mg/mL). Next, 10% (w/v) SDS in PBS 

was added to 500 µL of adjusted protein samples to get a final concentration of 0.4% 

(w/v) SDS in PBS. Afterwards, the experimental procedure was analogous to ABPP 

with XP in A. baumannii and E. coli as described above. The experiment was 

performed in n = 4 independent experiments. 

3.6.2. LC-MS/MS analysis 

Before MS measurements, the lyophilized peptides were resolved in 25 µL 1% FA and 

filtered through 0.22 µm PVDF filters (Millipore), which were equilibrated with 300 µL 
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1% FA. The filtrates were transferred into MS-vials and stored at –20 °C until the 

measurements were performed.  

Samples were analysed with an UltiMate 3000 nano HPLC system (Dionex) using an 

Acclaim C18 PepMap100 (75 µm ID × 2 cm) trap column and an Acclaim PepMap 

RSLC C18 (75 μm ID × 50 cm) separation column coupled to a Q Exactive Plus 

(Thermo Fisher) in EASY-spray setting. Samples were loaded on the trap column and 

washed with 0.1% TFA, then transferred to the analytical column (buffer A: H2O with 

0.1% FA, buffer B: ACN with 0.1% FA, flow 300 nL/min, gradient 5 to 22% buffer B in 

115 min, then to 32% buffer B in 10 min, then to 90% buffer B in 10 min and hold 90% 

buffer B for 10 min, then to 5% buffer B in 0.1 min and hold 5% buffer B for 9.9 min). 

Q Exactive Plus was operated in a TOP10 data dependent mode. Full scan acquisition 

was performed in the orbitrap at a resolution of 140,000 and an AGC target of 3e6 

(maximum injection time of 80 ms) in a scan range of 300−1,500 m/z. Monoisotopic 

precursor selection as well as dynamic exclusion (exclusion duration: 60 s) was 

enabled. Precursors with charge states of >1 and intensities greater than 1e5 were 

selected for fragmentation. Isolation was performed in the quadrupole using a 

window of 1.6 m/z. Precursors were collected to an AGC target of 1e5 (maximum 

injection time of 100 ms) and acquisition was performed at a resolution of 17,500 in a 

scan range of 200−2,000 m/z. Fragments were generated using higher-energy 

collisional dissociation (HCD, normalised collision energy: 27%) and detected in the 

orbitrap. 

3.6.3. MS data analysis 

Raw files were analysed using MaxQuant software (version 1.6.2.10) with the 

Andromeda search engine. The following settings were applied: fixed modification: 

carbamidomethylation (cysteine); variable modification: oxidation (methionine), 

acetylation (N-terminus); proteolytic enzyme: trypsin/P; missed cleavages: 2; main 

search tolerance: 4.5 ppm; MS/MS tolerance: 0.5 Da; false discovery rates: 0.01. The 
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options “LFQ” and “match between runs” (0.7 min match and 20 min alignment time 

windows) were enabled; “second peptides” was disabled.96 Searches were performed 

against the UniProt database for A. baumannii ATCC19606 (taxid: 575584, 29.06.2020) 

or E. coli K12 (taxid: 83333, 01.07.2020). Statistical analysis of the data was performed 

using Perseus (version 1.6.13.0.).160 Putative contaminants, reverse peptides and 

peptides only identified by site were deleted. LFQ intensities were log2-transformed 

and data was filtered for either three valid values in at least one group (ABPP with XP 

in E. coli, AfBPP with XPP in A. baumannii) or two valid values in at least one group 

(ABPP with XP in A. baumannii) and missing value imputation was performed over the 

total matrix. For statistical evaluation, –log10(P values) were obtained by a two-sided 

two sample Student’s t-test. 

3.7. Gel-based ABPP 

For labelling of recombinant protein, 100 µL of the protein in PBS (1 µM) were 

incubated with various concentrations of XP (1% DMSO final concentration) for 1 h at 

RT. Heat control (h.c.) protein samples were prepared in 1% (w/v) SDS in PBS and were 

boiled at 95 °C for 20 min prior to the addition of the probe. After compound 

treatment, the samples were subjected to CuAAC by 2 µL rhodamine azide (10 mM in 

DMSO), 2 µL TCEP (52 mM in ddH2O), 6 µL TBTA ligand (1.667 mM in 80% tBuOH and 

20% DMSO) and 2 µL CuSO4 (50 mM in ddH2O) and incubated for 1 h at RT. One 

equivalent of 2× Laemmli buffer (125 mM Tris-HCl, 20% (v/v) glycerol, 4% (w/v) SDS, 

0.005% (w/v) bromphenol blue, 10% (v/v) 2-mercaptoethanol) was added and 

samples were subsequently analysed by SDS-PAGE (12.5% polyacrylamide gels).  

The BenchMarkTM Fluorescent Protein Standard (Thermo Fisher Scientific) and the 

Roti®-Mark Standard (Carl Roth) were used as size markers. An ImageQuant LAS- 

4000 image reader (GE Healthcare) equipped with a Fujinon VRF43LMD3 lens and a 

575DF20 filter (Fujifilm) was used for visualization of labelled proteins. Gels were then 

Coomassie-stained by overnight incubation in staining solution (0.25% (w/v) 
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Coomassie Brilliant Blue R-250, 9.2% AcOH, 45.4% EtOH), followed by destaining with 

10% AcOH, 40% EtOH in ddH2O. 

3.8. Cloning 

Table II-3| Plasmids used in the present work. 

Plasmid Description Cloning method Source 

pDONR 207 

Gateway donor vector; rrnB T2, 

rrnB T1, attP1, ccdB, CmR, attP2, 

GenR, pUC ori 

- Invitrogen 

pDONR 207-abhemBwt 

Gateway donor vector; rrnB T2, 

rrnB T1, attL1, attL2, GenR, pUC 

ori, gene hemB cloned into 

attP1 and attP2 sites of 

pDONR207 

Gateway cloning  This study 

pDONR 207-abkatG 

Gateway donor vector; rrnB T2, 

rrnB T1, attL1, attL2, GenR, pUC 

ori, gene AbkatG cloned into 

attP1 and attP2 sites of 

pDONR207 

Gateway cloning  This study 

pDONR 207-eckatG 

Gateway donor vector; rrnB T2, 

rrnB T1, attL1, attL2, GenR, pUC 

ori, gene EckatG cloned into 

attP1 and attP2 sites of 

pDONR207 

Gateway cloning  This study 

pDest 17 

Gateway destination vector; T7 

promotor, N-6×His, attR1, CmR, 

ccdB,  attR2, AmpR, pBR322 ori 

- Invitrogen 

pET-41-K 
Gateway destination vector; T7 

promotor, lacI, N-6×His, MBP, 
- EMBL 
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attR1, CmR, ccdB,  attR2, KanR, 

pBR322 ori 

pET 300 

Gateway destination vector; T7 

promotor, lacI, N-6×His, attR1, 

CmR, ccdB,  attR2, AmpR, 

pBR322 ori 

- Invitrogen 

pDest 17-abhemBwt 

Expression vector; attB1, attB2, 

AmpR, T7 promotor, pBR322 ori, 

N-6×His, gene hemB cloned 

into attR1 and attR2 sites of 

pDest17 

Gateway cloning  This study 

pET-41-K-abhemBwt 

Expression vector; attB1, attB2, 

AmpR, T7 promotor, lacI, 

pBR322 ori, N-6×His, MBP, 

gene hemB cloned into attR1 

and attR2 sites of pET-41-K 

Gateway cloning  This study 

pET 300-abkatG 

Expression vector; attB1, attB2, 

AmpR, lacI, T7 promotor, 

pBR322 ori, N-6×His, gene katG 

(A. baumannii) cloned into attR1 

and attR2 sites of pET 300 

Gateway cloning  This study 

pET 300-eckatG 

Expression vector; attB1, attB2, 

AmpR, lacI, T7 promotor, 

pBR322 ori, N-6×His, gene katG 

(E. coli) cloned into attR1 and 

attR2 sites of pET 300 

Gateway cloning  This study 

pET MBP-1a 

Modified pET-24d; T7 

promotor, lacI, pBR322 ori, 

KanR, N-6×His, MBP, TEV site, 

MCS 

- EMBL 
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pET MBP-1a-abhemBwt 

Expression vector; T7 promotor, 

lacI, pBR322 ori, KanR, N-6×His, 

MBP, TEV site, MCS, gene hemB 

cloned into MCS (NcoI, NotI) 

Restriction 

enzyme-based 

cloning and 

ligation 

This study 

pET MBP-1a-

abhemBP241S 

Expression vector; T7 promotor, 

lacI, pBR322 ori, KanR, N-6×His, 

MBP, TEV site, MCS, gene 

hemB(P241S) cloned into MCS 

(NcoI, NotI) 

QuikChange 

site-directed 

mutagenesis 

This study 

pVRL2 

 

E. coli-Acinetobacter species 

shuttle vector, araC-PBAD 

arabinose-inducible expression 

cassette; GenR, MCS, origin of 

replication for A. baumannii 

(oriAb). 

- 
Lucidi et 

al.125 
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3.8.1. Gateway Cloning 

For the recombinant expression of porphobilinogen synthase (or 5-aminolevulinic 

acid dehydratase (PbgS)) (gene: hemB, UniProt ID: D0C9T7) wild type, catalase-
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peroxidase (gene: katG, UniProt ID: D0CAQ1) wild type from A. baumannii ATCC19606 

(taxid: 575584; AbCAT) and catalase-peroxidase (gene: katG, UniProt ID: P13029) wild 

type from E. coli K12 (taxid: 83333; EcCAT), the Invitrogen™ Gateway™ cloning system 

(Thermo Fisher Scientific) was used. The following primers containing the required 

attB recombination sites were designed (fwd. = forward, rev. = reverse): 

 

Table II-4| Primers used for Gateway cloning. AttB1- and attB2-sequences are indicated in 

lower case letters. 

Primer 

name 

Sequence (5’ – 3’) 

fwd. attB1 

hemB 

primer 

ggggacaagtttgtacaaaaaagcaggcttt ATGGGGCTACAATACAGCAGT 

rev. attB2 

hemB 

primer 

ggggaccactttgtacaagaaagctgggtg TTAGTTCATTTCCTTGAGTTTTTCAG 

fwd. attB1 

AbkatG 

primer 

ggggacaagtttgtacaaaaaagcaggcttt ATGTCAAACGAATCAAAATGTCCT 

rev. attB2 

AbkatG 

primer 

ggggaccactttgtacaagaaagctgggtg TTAAGCTAAGTCAAAACGGTCAA 

fwd. attB1 

EckatG 

primer 

ggggacaagtttgtacaaaaaagcaggcttt ATGAGCACGTCAGACGATATC  

rev. attB2 

EckatG 

primer 

ggggaccactttgtacaagaaagctgggtg TTACAGCAGGTCGAAACGGT 

 

The polymerase chain reaction (PCR) was carried out in a CFX96 Real-time System in 

combination with a C1000 Thermal Cycler (BioRad). An overnight culture of 

A. baumannii ATCC19606 or E. coli K12 was used as DNA template. The reaction 

mixtures contained 10 µL GC or HF buffer (NEB ), 1 µL dNTP (10 mM), 2.5 µL fwd. 

primer (10 µM), 2.5 µL rev. primer (10 µM), 1 µL overnight culture, 0.5 µL Phusion® 
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High Fidelity DNA polymerase (NEB ) and 32.5 µL ddH2O. After initial denaturation 

(98 °C, 1 min 50 s), the mixtures underwent 34 cycles of denaturation (98 °C, 10 s), 

annealing (60 °C, 30 s) and extension (72 °C, 60 s), before a final extension (72 °C, 

3 min). The PCR products were purified by the MicroElute® Cycle-Pure Kit (OMEGA 

Bio-Tek ) and finally the DNA concentration was measured on an Infinite® M200 Pro 

microplate reader using a NanoQuant Plate™ (Tecan Group Ltd.). 

 

In the BP-reaction the PCR-product is incorporated in the donor vector of choice, 

here pDONR 207 was used. For this, 1 µL of the PCR-product (100-150 ng), 1 µL of the 

vector pDONR 207 (150 ng), 6 µL TE-buffer and 2 µL Gateway® BP Clonase® II 

enzyme mix (Invitrogen) were mixed and incubated for 4 h at RT. For transformation, 

the BP-solution was added to 200 µL of chemically competent E. coli TOP10 cells 

(Invitrogen) and incubated for 15 – 30 min on ice. After a 40 – 45 s heat shock at 42 °C 

the cells were put on ice for another 5 min. Afterwards, the cells were grown for 1 h 

in 500 µL SOC-medium (2% tryptone, 0.5 % yeast extract, 10 mM NaCl, 2,5 mM KCl, 

10 mM MgCl2, 10 mM MgSO4 und 20 mM glucose) at 37 °C, plated on LB agar plates 

supplemented with Gen (7.5 mg/L) and incubated at 37 °C overnight. Single colonies 

were picked and grown in 5 mL LB medium containing Gen (7.5 mg/L) for 15 h at 

37 °C. The plasmid DNA of the cells was isolated using the E.Z.N.A.® Plasmid 

DNA mini Kit I (OMEGA Bio-Tek) according to the manufacturer’s protocol and the 

final DNA concentration was measured as described above. The sequences of 

resulting plasmids pDONR 207-abhemBwt, pDONR 207-abkatG and pDONR 207-

eckatG were verified via Sanger sequencing (GATC Biotech AG). 

 

For the LR-reaction, pDONR 207-abhemBwt, pDONR 207-abkatG or pDONR 207-

eckatG (100 – 150 ng) were mixed with destination vectors (150 ng) (Table II-5) and TE 

buffer was added to a final volume of 8 µL. Afterwards, 2 µL Gateway® LR Clonase® 

II enzyme mix (Invitrogen) was added and mixtures were incubated for 2 h at RT. The 
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transformation into chemically competent E. coli TOP10 cells (Invitrogen), the isolation 

of resulting expression plasmids and verification of their sequences was done as 

already described for the BP-reaction using the appropriate antibiotic.  

 

Table II-5| Destination vectors used for Gateway cloning with respective selection marker. 

Destination vector Tags Selection 

pET 300 N-6×His Ampicillin (100 mg/L) 

pDest 17 N-6×His Ampicillin (100 mg/L) 

pET- 41-K N-6×His-MBP Kanamycin (25 mg/L) 

 

Chemically competent E. coli expression strains (E. coli BL21(DE3) and E. coli 

Lemo21(DE3)) were transformed with the respective expression plasmid (100 ng) 

following the protocol as described in the BP-reaction using the appropriate antibiotic 

or antibiotic combinations (Table II-6).  

 

Table II-6| Combinations of expression vectors and expression strains with respective 

selection markers prepared in this study. 

Vectors Expression strain  Selection Genes 

pET 300 E. coli BL21(DE3) Ampicillin (100 mg/L) abkatG, eckatG 

pDest 17 

E. coli BL21(DE3) Ampicillin (100 mg/L) hemB 

E. coli Lemo21(DE3) 
Ampicillin (100 mg/L), 

Chloramphenicol (30 mg/L) 

hemB 

pET- 41K 

E. coli BL21(DE3) Kanamycin (25 mg/L) hemB 

E. coli Lemo21(DE3) 
Kanamycin (25 mg/L), 

Chloramphenicol (30 mg/L) 

hemB 
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3.8.2. Restriction enzyme-based cloning and ligation 

Cloning of pET MBP-1a-abhemBwt and pET MBP-1a-abhemBP241S 

In order to install a TEV-cleavage site between the maltose binding protein (MBP) and 

PbgS, vector pET MBP-1a was used and hemB was cloned into this plasmid using 

standard techniques based on PCR, restriction digest and ligation.  

For amplification of hemB wt, PCR was performed as described in section “Gateway 

Cloning” using the primers indicated in Table II-7 and an annealing temperature of 

63 °C. After purification, the PCR product as well as plasmid pET MBP-1a (each 1 µg) 

was digested in CutSmart buffer (NEB) at 37 °C for 60 min using 10 units of the 

restriction enzymes NcoI-HF and NotI-HF, each. The digested PCR product was 

purified and DNA concentration was measured as described above. The digested 

vector was purified by agarose gel electrophoresis on a 1% agarose gel. After 

extraction using a gel extraction kit (VWR, catalog no. 101318-972) according to the 

manufacturer’s instructions, 50 ng of the purified vector and 50 ng of the purified 

insert were ligated using 1 µL Quick Ligase (NEB ) in 10 µL of Quick Ligase buffer (NEB ) 

in a total volume of 20 μL. The ligation mixture was incubated at 25 °C for 10 min. The 

transformation in chemically competent E. coli TOP10 cells (Invitrogen), the isolation 

of pET MBP-1a-abhemBwt and the verification of the sequence was performed as 

already described for the BP-reaction using kanamycin (25 mg/L). 

To exchange proline 241 for serine in PbgS, the QuikChange site-directed 

mutagenesis system (Agilent ) was used. The two mismatching primers (fwd. hemB 

P241S, rev. hemB P241S) were designed with the QuikChange Primer Design program 

(Agilent ) and were used for PCR (Table II-7). The plasmid pET MBP-1a-abhemBwt 

served as DNA template for the mismatch PCR reaction. According to Phusion 

manufacturer’s protocol, 50 µL PCR reaction mixture were prepared containing 32 µL 

ddH2O, 10 µL GC buffer (NEB ), 1.5 µL fwd. and 1.5 µL rev. primer (10 μM), 1.0 µL dNTPs 

(10 mM), 1.5 µL DMSO and 2.0 µL template DNA (50 ng/μL). Finally, 0.5 µL Phusion® 
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High Fidelity DNA polymerase (NEB ) was added and the PCR reaction was 

subsequently performed. After initial denaturation (98 °C, 3 min), the mixtures 

underwent 34 cycles of denaturation (95 °C, 45 s), annealing (60 °C, 30 s) and 

extension (72 °C, 4 min), before a final extension (72 °C, 7 min). The unmutated 

parental DNA was removed by digestion of the PCR mixture with the endonuclease 

DpnI (NEB ), which is specific for methylated and hemimethylated DNA. Therefore, 

1.0 µL DpnI (NEB ) as well as 1.0 µL CutSmart® buffer (NEB ) was added to 8 µL of PCR 

product and the digestion mixture was incubated for 3 h at 37 °C. The transformation 

of PCR product into E. coli XL1-Blue competent cells, isolation of the resulting plasmid 

pET MBP-1a-abhemBP241S and verification of the mutation P241S was performed as 

already described for the BP-reaction using kanamycin (25 mg/L). 

 

Table II-7| Primer used for cloning of hemB into pET MBP-1a vector (fwd. = forward, 

rev. = reverse) and for QuikChange site-directed mutagenesis to insert the mutation P241S. 

Restriction sites of NcoI and NotI are underlined and base pairs that were added to avoid 

shift in codon usage are shown in italic. 

Primer name Sequence (5’ – 3’) 

fwd. MBP-TEV-

hemB primer 
TAAGCA CCATGG CA ATGGGGCTACAATACAGCAGT 

rev. MBP-TEV-hemB 

primer 
TGCTTA GCGGCCGC TTAGTTCATTTCCTTGAGTTTTTCAGC 

fwd. hemB P241S  GCATCACGGAACGAACCATAGAAGCTAGACGCAT 

rev. hemB P241S ATGCGTCTAGCTTCTATGGTTCGTTCCGTGATGC 
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Cloning of pVRL2-abhemBwt and pVRL2-abhemBP241S 

The vector pVRL2, which was shown to be suitable for gene cloning and expression 

in Acinetobacter species, was generously provided by Paolo Visca.
125 The genes hemB 

wt and hemB P241S were cloned into the pVRL2 expression vector. The genes hemB 

wt and hemB P241S were amplified by PCR using pET MBP-1a-abhemBwt and pET 

MBP-1a-abhemBP241S as templates, respectively. PCR was performed as described in 

section “Gateway Cloning” using the primers indicated in Table II-8 and an annealing 

temperature of 63 °C. PCR products and vector pVRL2 were digested using EcoRI-HF 

and XbaI and purified as described in section “Cloning of pET MBP-1a-abhemBwt and 

pET MBP-1a-abhemBP241S”. Next, 50 ng of the purified vector and 45 ng of the purified 

insert were ligated using 2 µL T4 Ligase (NEB ) in T4 Ligase buffer (NEB ) in a total 

volume of 20 µL. The ligation mixture was incubated at RT for 4 h. Transformation 

into TOP10 chemically competent E. coli (Invitrogen) and the isolation of the plasmids 

was performed as already described for the BP-reaction using Gen (10 mg/L). The 

plasmid sequence was verified by GeneWiz using pVRL2 sequencing primer (Table 

II-8). 

 

Table II-8| Primers used for cloning and sequencing of hemB wt and hemB P241S into the pVRL2 vector 

(fwd. = forward, rev. = reverse). Restriction sites of EcoRI and XbaI are underlined. 

Primer name Sequence (5’ – 3’) 

fwd. pVRL2 hemB primer TAAGCA GAATTC ATGGGGCTACAATACAGC 

rev. pVRL2 hemB primer TGCTTA TCTAGA TTAGTTCATTTCCTTGAGTTTTTCAGC 

fwd. pVRL2 sequencing 

primer 

CAACTCTCTACTGTTTCTCCAT 

rev. pVRL2 sequencing primer GACGTTGTAAAACGACGG 
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3.9. Catalases-Peroxidases (AbCAT, EcCAT) 

3.9.1. Overexpression and Purification  

To overexpress CATs, a protocol published by Di Gennaro et al. was used with 

modifications.103 E. coli BL21(DE3) harbouring either pET300-abkatG or pET300-eckatG 

were grown at 37 °C overnight in 20 mL LB medium supplemented with ampicillin 

(100 mg/L). The next day, 10 mL of the overnight culture were transferred into 1 L LB 

medium containing ampicillin (100 mg/L) and bacteria were grown at 37 °C to an 

OD600 of 0.4. Then, the gene expression was induced by the addition of IPTG (1 mM) 

as well as FeCl2 (250 µM) and the cells were grown for 24 h at 30 °C. Afterwards, 

bacteria were harvested (6,000 ×g, 4 °C, 30 min) and washed with PBS. The pellets 

were then resuspended in 20 mL His-lysis buffer (20 mM Tris/HCl, 10 mM imidazole, 

150 mM NaCl, 2 mM β-Mercaptoethanol, 0.2% (v/v) NP-40, pH 8.0 in ddH2O) and 

lysed by sonication using the following protocol twice: 7 min at 30% intensity, 3 min 

at 80% intensity (Sonopuls HD 2070 ultrasonic rod, Bandelin electronic GmbH). 

Soluble and insoluble fractions were separated by centrifugation (20,000 ×g, 4 °C, 

30 min), the soluble fraction was loaded on a 50 mL Superloop (GE Healthcare) and 

injected into an Äkta Purifier 10 System equipped with UV-detector (UPC-900, P-900, 

Box-900, Frac-950, GE Healthcare). For affinity chromatography a His-Trap HP 5 mL 

column (GE Healthcare) was used, which was equilibrated with wash buffer 1 (20 mM 

Tris/HCl, 10 mM imidazole, 150 mM NaCl, 2 mM β-Mercaptoethanol, pH 8.0 in ddH2O; 

(5 CV)). The column was washed with wash buffer 1 (8 CV), wash buffer 2 (20 mM 

Tris/HCl, 10 mM imidazole, 1 M NaCl, 2 mM β-Mercaptoethanol, pH 8.0 in ddH2O; 

8 CV)) and wash buffer 3 (20 mM Tris/HCl, 40 mM imidazole, 150 mM NaCl, 2 mM β-

Mercaptoethanol, pH 8.0 in ddH2O; 8 CV) and proteins were eluted with elution buffer 

(20 mM Tris/HCl, 500 mM imidazole, 150 mM NaCl, pH 8.0 in ddH2O). The protein-

containing fractions were pooled and dialyzed in CAT storage buffer (20 mM Tris/HCl, 

2 mM Na2EDTA, pH 7.0 in ddH2O) overnight, aliquoted and stored at –80 °C. Protein 
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concentrations were determined on an Infinite® M200 Pro microplate reader using a 

NanoQuant Plate™ (Tecan Group Ltd.) by measuring the absorption at 280 nm. 

Extinction coefficients of 156,870 and 144,840 M
-1cm-1 were used for AbCAT and 

EcCAT, respectively. 

3.9.2. Catalase Activity Assay 

The catalase activity assay kit (catalog no. K773-100, BioVision) was used and the assay 

was performed according to manufacturer’s protocol with slight modifications. 

Hydroxylamine was used as a positive control for CAT inhibition. CAT (25 nM final 

concentration) was pre-incubated with either Xan or Hydroxylamine for 30 min at RT 

and the reaction was started by the addition of H2O2 (16 µM final concentration). After 

15 min at RT, 10 µL of the stop solution and 50 µL of the develop mix (47.7 µL assay 

buffer, 0.3 µL OxiRed probe, 2 µL HRP) were added to terminate the reaction. After 

incubation for 10 min, the fluorescence signal (λex. = 535 nm, λem. = 587 nm) was 

measured. Experiments were performed in three independent experiments with two 

technical replicates each.  

3.10. Generation and Sequencing of Xan-resistant A. baumannii ATCC19606 

3.10.1. Resistant Development Assay 

Resistance development assay is based on a procedure previously published by Le et 

al. and Bogdanovich et al. with slight modifications.67,161 For resistance development 

by sequential passaging, an overnight culture of A. baumannii ATCC19606 in cation-

adjusted Mueller-Hinton broth (MHII) was adjusted to an OD600 of 2.0 and 

subsequently diluted 1:100 into MHII medium (1 mL) containing various 

concentrations of Xan (1% DMSO final concentration), Cip as positive control as well 

as DMSO (1%) or 0.1 N HCl as growth controls. Bacteria were incubated (37 °C, 

200 rpm) and passaged in 20 – 24 h intervals in the presence of various 
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concentrations of Xan or Cip (0.25, 0.5, 1, 2, 4× MIC). The culture of the second highest 

concentration that allowed visible growth was adjusted to an OD600 of 2.0 and 

subsequently diluted 1:100 into fresh MHII media (1 mL) containing different 

concentrations of the respective antimicrobial agent (0.25, 0.5, 1, 2, 4 × MIC). If a shift 

in MIC levels was observed, the concentrations of the respective antimicrobial were 

adjusted accordingly for the subsequent passage. This serial passaging was repeated 

for 10 days and in three independent biological replicates. The growth control, which 

contained only DMSO, was additionally passaged as a negative control to identify 

naturally occurring mutations. For this purpose, the growth control was adjusted each 

day to an OD600 of 2.0 and diluted 1:100 into MHII medium (1 mL) containing 1% 

DMSO. 

3.10.2. Preparation of Isolated Clones for Whole Genome Sequencing 

For sequencing, clones of Xan-resistant mutants and of the negative control (DMSO) 

were isolated. For this purpose, tubes with 1 mL of MHII media containing either 

25 µM Xan (for resistant mutants) or DMSO (for negative control) were inoculated 

using the cryostocks of day 11 and incubated overnight (37 °C, 200 rpm). On the next 

day, bacteria (120 µL) were harvested (7,000 ×g, 10 min, 4 °C), washed once with MHII 

media to remove excess of Xan and resuspended in 20 µL LB medium. Bacterial 

suspensions were plated on either LB agar plates supplemented with Xan (8 µM, for 

resistant mutants) or on LB agar plates (negative control), which were incubated 

overnight at 37 °C. Three colonies of each independent biological experiment (A-1, 

A-2, A-3 (replicate A), B-1, B-2, B-3 (replicate B), C-1, C-2, C-3 (replicate C)) and of the 

negative control were isolated and were subjected to genome sequencing. 

3.10.3. Whole Genome Sequencing and Processing 

Total bacterial DNA was extracted and purified from A. baumannii ATCC19606 (wt) 

and derivatives using the DNeasy Blood & Tissue kit (Qiagen). DNA sequencing 



Experimental Section   77 

libraries were prepared using the NEBNext UltraII FS DNA Library kit, and the genomic 

DNAs were sequenced using MiSeq Reagent Kits v3 (2 × 300bp) on an Illumina 

MiSeq.  

Whole-genome sequencing data are available on the SRA repository under Bioproject 

number PRJNA639720 with Biosample accession numbers SAMN15248516-

SAMN15248528. 

Briefly, reads were trimmed based on quality with a Phred quality score cut-off of 30 

and reads shorter than 50 nucleotides were discarded. Processed reads were 

assembled using SPAdes (version 3.11.1) de novo genome assembler software in 

careful mode.162 Contigs with a length lower than 200 bp or average coverage lower 

than 15 were discarded. Average contig coverage was determined by mapping 

processed reads to the assembled contigs utilizing Bowtie2 (version 2.3.2) 163 and the 

per base coverage was determined using SAMtools (version 1.8).164  

Processed reads of derivatives were mapped to the ATCC19606 genome assembly 

using Bowtie2.163 Variants were called using mpileup part of BCFtools (version 1.8).165 

Variants were filtered out by a minimum SNP and INDEL distance of 10 bp, variant 

quality of 30, coverage of 50, mapping quality of 40 and a Z-score of 1.96.166 

All assemblies were annotated utilizing Prokka genome annotation software (version 

1.4).167 

3.11. Porphobilinogen Synthase (PbgS) 

3.11.1. Overexpression and Purification of PbgS(wt) in E. coli  

Overnight cultures of E. coli expression strains, whose preparation is described in the 

section "Cloning", were grown (37 °C, 200 rpm) under respective antibiotic selection. 

On the next day, 20 mL LB medium containing appropriate antibiotics were 
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inoculated (1:100) and cells were grown (37 °C, 200 rpm) until an OD600 of 0.4 – 0.8 

was reached. Protein expression was induced by the addition of 400 µm IPTG and 

cells were incubated at indicated temperature for 20 h at 150 rpm. On the next day, 

5 mL of bacterial culture was harvested by centrifugation (15,000 ×g, 1 min, 4 °C) and 

cells were resuspended in 200 µL lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 

imidazole, pH 8.0). Lysozyme was added to a final concentration of 1 mg/ml followed 

by incubation on ice for 30 min. Cells were lysed by gently vortexing and lysate was 

cleared by centrifugation (15,000 ×g, 10 min, 4 °C). The supernatant was transferred 

into a fresh tube, 20 µL of a 50% slurry of Ni-NTA (Qiagen) were added and mixed 

gently for 30 min at 4 °C. Resins were washed twice with 200 µL wash buffer (50 mM 

NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0) by centrifugation (1,000 ×g, 10 s, 

4 °C) and proteins were eluted with 3 × 20 µL elution buffer (50 mM NaH2PO4, 

300 mM NaCl, 250 mM idimazole, pH 8.0). Next, 50 µL of each collected fraction were 

mixed with one equivalent of 2× Laemmli buffer and analysed by SDS-PAGE with 

Coomassie staining as already described in section “Gel-based ABPP”. 

3.11.2. Generation of A. baumannii (pVRL2-abhemBwt) and (pVRL2-abhemBP241S) 

Competent A. baumannii cells were prepared for electrotransformation as previously 

described.125 Briefly, an overnight culture of A. baumannii ATCC19606 was used to 

inoculate 50 mL of pre-warmed LB medium (1:100) and the bacteria were grown for 

24 h (37 °C and 200 rpm). Cells were harvested by centrifugation (3,000 ×g, 15 min, 

4 °C), washed twice with sterile 10% glycerol (25 mL) at RT, and suspended in 10% 

glycerol (1.5 mL). Bacterial suspension was split into 50 µL aliquots, which were stored 

at –80 °C until they were used. 

 

Electroporation was performed in 2 mm electroporation cuvettes (Gene Pulser; 

BioRad) using 300 ng/µL of plasmids pVRL2-abhemBwt and pVRL2-abhemBP241S as well 

as 50 µL aliquots of competent A. baumannii cells. After pulsing (2.5 kV, 200 Ω, 25 µF), 
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cells were immediately recovered in 1 mL of pre-warmed SOC medium (2% tryptone, 

0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 und 20 mM 

glucose) and incubated at 37 °C for 3 h. Transformants were selected on LB agar 

plates supplemented with Gen (100 mg/L). On the next day, 5 mL LB medium 

supplemented with Gen (100 mg/L) were inoculated with single colonies and 

cryostocks were prepared using 600 µL of overnight culture and 400 µL of sterile 

glycerol. 

3.11.3. Overexpression of PbgS(wt) and PbgS(P241S) in A. baumannii ATCC19606 

Overnight cultures of A. baumannii (pVRL2-abhemBwt), A. baumannii (pVRL2-

abhemBP241S) and A. baumannii (wt) (as control) in LB medium supplemented with Gen 

(100 mg/L, only for A. baumannii harbouring pVRL2 plasmids) were diluted 1:100 into 

LB medium containing Gen (100 mg/L, only for A. baumannii harbouring pVRL2 

plasmids) and incubated (37 °C, 200 rpm) until an OD600 of 0.7 – 0.8 was reached. 

Protein expression was induced by adding arabinose (20% in sterile LB medium) to a 

final concentration of 0.5% and bacteria were incubated for 3.5 h (37 °C, 200 rpm). 

Bacterial suspensions equivalent to 200 mL with an OD600 of 2.0 were harvested 

(7,000 ×g, 30 min, 4 °C) and washed with PBS. Pellets were resuspended in 20 mL 

PbgS activity buffer (100 mM Tris/HCl, 1 mM MgCl2, pH 8.5 in ddH2O), lysed by 

sonication (6 × 45 s, 80% intensity, 30 s break on ice, Sonopuls HD 2070 ultrasonic 

rod, Bandelin electronic GmbH) and cell lysate was cleared by centrifugation 

(20,000 ×g, 30 min, 4 °C). The supernatants were transferred into new tubes, kept on 

ice and were directly used for the PbgS activity assay as well as for full proteome 

analysis to quantify overexpressed PbgS(wt) and PbgS(P241S). 
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3.11.4. PbgS Activity Assay 

PbgS activity assay was performed as described by Lentz et al. with slight 

modifications.120 

The assay was performed in a 96 well-plate (transparent Nunc 96-well flat bottom, 

Thermo Fisher Scientific). Into each well, 45 µL of cell lysate (prepared as described in 

“Overexpression of PbgS(wt) and PbgS(P241S) in A. baumannii ATCC19606”) were 

added and equilibrated at 37 °C for 20 min. To determine Km and vmax, varying 

concentrations of 5-aminolevulinic acid (5-ALA; 5 µL of 100× stock in ddH2O) were 

added, reaction mixtures were incubated at 37 °C without shaking and stopped after 

various time points by the addition of 200 µL of modified Ehrlich’s Reagent (1 g p-

dimethylaminobenzaldehyde in 42 mL acetic acid, 12 mL perchloric acid and 7.3 mL 

12% trichloroacetic acid). After another 10 min incubation, the absorption was 

measured at 555 nm with an Infinite® M200 Pro microplate reader (Tecan Group 

Ltd.). Samples without 5-ALA added was used as a negative control and the lysate of 

A. baumannii (wt) (without plasmid) was used to subtract the basal PbgS activity level. 

For each substrate concentration, the linear range from the progress curves was used 

to determine the reaction velocity (slope). Michaelis Menten constants Km and vmax 

were calculated with GraphPad Prism (version 5.03) using non-linear regression. The 

assay was performed in three independent experiments with two technical replicates 

each. 

In order to test PbgS inhibition by Xan, 0.5 µL of Xan (100 µM final concentration with 

1% DMSO) were added to 44.5 µL cell lysate and pre-incubated for 30 min before the 

activity assay was started by the addition of 5-ALA (100 µM final concentration). The 

reaction was incubated at 37 °C without shaking for 30 min. The reaction was stopped 

and the absorption was measured as described above. The assay was performed in 

two independent experiments with two technical replicates each. 
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3.12. Whole Proteome Analysis 

3.12.1. A. baumannii ATCC19606 (wt), A. baumannii (pVRL2-abhemBwt) 

and A. baumannii (pVRL2-abhemBP241S) 

A volume of 500 µL of the cell lysates prepared in “Overexpression of PbgS(wt) and 

PbgS(P241S) in A. baumannii ATCC19606”, corresponding to protein amounts of 

500 µg, 500 µg and 250 µg of A. baumannii (pVRL2-abhemBwt), A. baumannii (pVRL2-

abhemBP241S) and A. baumannii (wt), respectively, was directly used to precipitate 

proteins with ice-cold acetone (4 volumes) at –20 °C overnight. Afterwards, the 

experimental procedure was analogous to ABPP with XP in A. baumannii and E. coli 

as described above, but without enrichment on avidin beads, using 10 µL (0.5 µg/µL; 

sequencing grade, modified, Promega) trypsin for digestion. The experiment was 

performed in n = 2 independent experiments. 

3.12.2. Xan Treatment of A. baumannii ATCC19606 (wt) 

A. baumannii ATCC19606 overnight cultures were diluted 1:100 in 20 mL LB medium 

containing Xan (125 nM, 1% DMSO final concentration) or DMSO (1%). Bacteria were 

incubated (37 °C, 200 rpm) until an OD600 of 2.0, harvested (6,000 ×g, 4 °C, 15 min) 

and pellets were washed with PBS. Cell pellets were resuspended in 0.4% (w/v) SDS 

in PBS (1 mL) and lysed (3 × 6,500 rpm, 30 s, 30 s cooling breaks, liquid nitrogen 

cooling; Precellys Ceramic Kit CK01L, 2.0 mL tubes; Precellys 24 Homogenizer, Bertin 

Technologies). The supernatants were clarified by centrifugation (20,000 ×g, 30 min, 

4 °C) and cell lysates corresponding to protein amount of 250 µg were precipitated 

with ice-cold acetone (4 volumes) at -20 °C overnight, centrifuged (16,900 ×g, 4 °C, 

15 min) and the pellets were washed twice with ice-cold methanol (1 mL). Protein 

pellets were air dried and dissolved in 200 µL denaturation buffer (7 M urea, 2 M 

thiourea in 0.1 M pH 7.5 Tris/HCl-buffer). Upon reduction with TCEP (5 mM) at 37 °C 

for 1 h, proteins were alkylated using IAA (10 mM) at 25 °C for 30 min and samples 
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were quenched with DTT (10 mM) at RT for 30 min. Enzymatic digestion using 1 µL 

Lys-C (0.5 ng/µL, MS-grade, Wako) was first carried out at RT for 2 h, upon which 

samples were diluted with 600 µL TEAB buffer (50 mM in ddH2O) and digested with 

10 µL trypsin (0.5 µg/µL; sequencing grade, modified, Promega) at 37 °C overnight 

under continuous shaking (450 rpm). On the next day, the experimental procedure 

was analogous to ABPP with XP in A. baumannii and E: coli as described above. The 

experiment was performed in n = 4 independent experiments. 

3.12.3. Xan-Resistant A. baumannii ATCC19606 Mutants 

For overnight cultures of three Xan-resistant A. baumannii mutants (A-3, B-3, C-3), 

5 mL of LB medium supplemented with 500 nM Xan were inoculated. Additionally, 

5 mL overnight culture of A. baumannii ATCC19606 (wt) was prepared in LB medium. 

On the next day, overnight cultures were diluted 1:100 in 20 mL LB medium and 

bacteria were incubated (37 °C, 200 rpm) until an OD600 of 2.0 was reached. Bacteria 

were harvested (6,000 ×g, 4 °C, 15 min) and cell pellets were washed with PBS. 

Afterwards, the experimental procedure was analogous to “Xan treatment of 

A. baumannii ATCC19606 (wt)”. The experiment was performed in n = 4 independent 

experiments. 

3.12.4. LC-MS/MS Analysis 

Samples were analysed with an UltiMate 3000 nano HPLC system (Dionex) using an 

Acclaim C18 PepMap100 (75 µm ID × 2 cm) trap column and an Aurora Series Emitter 

Column with Gen2 nanoZero fitting (75 μm ID × 25 cm, 1.6 µm FSC C18) separation 

column (both heated to 40 °C) coupled to an Orbitrap Fusion (Thermo Fisher) in 

EASY-spray setting. Samples were loaded on the trap column and washed with 0.1% 

TFA, then transferred to the analytical column (buffer A: H2O with 0.1% FA, buffer B: 

ACN with 0.1% FA, flow 400 nL/min, gradient 5 to 22% buffer B in 115 min, then to 

32% buffer B in 10 min, then to 90% buffer B in 10 min and hold 90% buffer B for 
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10 min, then to 5% buffer B in 0.1 min and hold 5% buffer B for 9.9 min). Orbitrap 

Fusion was operated in a TOP10 data dependent mode. Full scan acquisition was 

performed in the orbitrap at a resolution of 120,000 and an AGC target of 2e5 

(maximum injection time of 50 ms) in a scan range of 300−1,500 m/z. Monoisotopic 

precursor selection as well as dynamic exclusion (exclusion duration: 60 s) was 

enabled. Precursors with charge states of >1 and intensities greater than 5e3 were 

selected for fragmentation. Isolation was performed in the quadrupole using a 

window of 1.6 m/z. Precursors were collected to an AGC target of 1e4 (maximum 

injection time of 35 ms) and acquisition was performed at a scan range of 

120−2,000 m/z. Fragments were generated using higher-energy collisional 

dissociation (HCD, normalised collision energy: 30%) and detected in the ion trap 

operating in rapid mode. 

3.12.5. MS Data Analysis 

Raw files were analysed using MaxQuant software (version 1.6.2.10) with the 

Andromeda search engine. The settings were applied as described in section “Gel-

free Activity-based protein profiling (ABPP) and Affinity-based protein profiling 

(AfBPP)”. Searches were performed against the UniProt database for A. baumannii 

ATCC19606 (taxid: 575584, 29.06.2020). For comparison of LFQ intensities of 

overexpressed PbgS(wt) and PbgS(P241S) the FASTA file was modified to contain a 

generic PbgS P241W, in order to exclude mutation-site containing peptides from 

quantification. Statistical analysis of the data was performed using Perseus (version 

1.6.13.0.).160 Putative contaminants, reverse peptides and peptides only identified by 

site were deleted. LFQ intensities were log2-transformed and data was filtered for two 

valid values in at least one group (for full proteome analysis of A. baumannii (pVRL2-

abhemBwt), A. baumannii (pVRL2-abhemBP241S and A. baumannii (wt)), for three valid 

values in each group (for full proteome analysis of Xan treatment of A. baumannii 

ATCC19606 (wt)) and for three valid values in at least one group (for full proteome 

analysis of Xan-resistant A. baumannii ATCC19606 mutants) and a missing value 
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imputation was performed over the total matrix. For statistical evaluation, –log10 (P 

values) were obtained by a two-sided two sample Student’s t-test. 

3.13. UV-Vis Spectroscopy 

The assay was performed in a transparent 96-well plate (transparent Nunc 96-well flat 

bottom, Thermo Fisher Scientific) and the final volume was 200 µL. Hemin (20 µM final 

concentration) was incubated with various concentrations of Xan (2% DMSO final 

concentration), resveratrol (Res) or DMSO (2%) in buffer h (200 mM HEPES, pH 7.0) 

for 1 h at RT in the dark without shaking. Afterwards, UV-Vis spectrum was recorded 

with an Infinite® M200 Pro microplate reader (Tecan Group Ltd.). The respective 

compound, Xan or Res, in buffer h served as blank control. The assay was performed 

in three independent experiments with two technical replicates each. 

3.14. Hemin Decomposition 

The glutathione (GSH)-mediated destruction assay of hemin was performed as 

previously described by Wright et al. with slight modifications.83 The assay was 

performed in a 96-well plate (transparent Nunc 96-well flat bottom, Thermo Fisher 

Scientific) with a final volume of 200 µL per well. Hemin (20 µM final concentration) 

was pre-incubated with various concentrations of Xan (1% DMSO final concentration) 

in buffer h (200 mM HEPES, pH 7.0) for 15 min at 37 °C without shaking. DMSO (1%) 

was included as positive control for hemin decomposition and a sample without GSH 

addition was used as a negative control. The assay was started by the addition of GSH 

to a final concentration of 2 mM and the absorption of hemin at the Soret band 

(400 nm) was measured with an Infinite® M200 Pro microplate reader (Tecan Group 

Ltd.). To determine hemin decomposition, the decrease in absorption over a period 

of 7.5 min was calculated and normalised to DMSO-treated samples. The assay was 

performed in three independent experiment with three technical replicates each. 
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3.15. Measuring Regulatory Heme (RH) 

Experiments to measure regulatory heme (RH) was performed as described by 

Atamna et al. with slight modifications.114  

3.15.1. Preparing stock solution of apoHRP  

Briefly, 8 mg holoHRP were dissolved in cold ddH2O (2 mL) and heme was extracted 

with 40 mL acid acetone (1 ml concentrated HCl (36%) in 40 ml acetone). The pellet 

was then collected by centrifugation (2,000 ×g, 2 min), and was dissolved in PBS 

(2 mL). The cycle of extraction was repeated twice and the concentration of apoHRP 

was determined as described in section “Overexpression and purification of catalases-

peroxidases (AbCAT, EcCAT)” using a molar extinction coefficient at 280 nm of 

20,000 M-1cm-1. A stock solution of apoHRP (100 µM) was prepared in PBS and stored 

in aliquots at –20 °C. To exclude residual HRP activity, the peroxidase TMB substrate 

solution (Thermo Fisher Scientific) was used as described in the following section. 

3.15.2. In vitro apoHRP Reconsitution Activity Assay 

The final assay volume of the reconstitution reactions was 100 µL and PBS was used 

as buffer. Hemin (5 nM final concentration) was pre-incubated with various 

concentrations of Xan (1% DMSO final concentration) for 5 – 10 min at RT without 

shaking in the dark. DMSO (1%) was included as a positive control for reconstitution 

of the active holoHRP. Afterwards, apoHRP was added to a final concentration of 5 µM 

and incubated for 10 min at 4 °C without shaking. ApoHRP without hemin added was 

used as a blank control. To measure the resulting holoHRP activity, 10 µL aliquots 

were transferred from the reconstitution reaction to a transparent 96-well plate 

(transparent Nunc 96-well flat bottom, Thermo Fisher Scientific), 100 µL TMB substrate 

solution (Thermo Fisher Scientific) were added to the aliquots and absorbance was 

measured at 650 nm with an Infinite® M200 Pro microplate reader (Tecan Group 
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Ltd.). The assay was performed in four independent experiments with two technical 

replicates each. 

 

To exclude an inhibition of the active holoHRP by Xan, apoHRP (5 nM final 

concentration) was pre-incubated with hemin (5 nM final concentration) for 10 min at 

4 °C in the dark. Afterwards, Xan was added in various concentrations (1% DMSO final 

concentration) and reconstitution reactions were incubated for 5 – 10 min at RT in the 

dark. DMSO (1%) was included as a negative control for inhibition. ApoHRP without 

hemin added was used as a blank control. The resulting holoHRP activity was 

measured as described above. The assay was performed in three independent 

experiments with two technical replicates each. 

3.15.3. In vivo apoHRP Reconsitution Activity Assay 

An overnight culture of A. baumannii ATCC19606 was diluted 1:100 into LB medium 

and incubated (37 °C, 200 rpm) until an OD600 of 1.0 was reached. The bacterial 

suspension was diluted to an OD600 of 0.4 and 5 mL aliquots were prepared containing 

various concentrations of Xan (1% DMSO final concentration) or DMSO (1%). After 

incubation for 30 min (37 °C, 200 rpm), bacteria were harvested (7,000 ×g, 15 min, 

4 °C), washed with PBS and were resuspended in 500 µL PBS. Cells were lysed by 

sonication (3 × 25 s, 75% intensity; Sonopuls HD 2070 ultrasonic rod, Bandelin 

electronic GmbH) with cooling breaks on ice. Next, lysate was cleared by 

centrifugation (20,000 ×g, 30 min, 4 °C), protein concentration was measured using 

the Pierce BCA Protein assay kit (Thermo Fisher Scientific, Pierce Biotechnology) and 

sample concentration was adjusted to 0.15 µg/µL. This lysate was directly used to 

measure regulatory heme by the reconstitution assay. The final volume of this assay 

was 100 µL and PBS was used as buffer. Cell lysate (2.5 µg protein) was pre-incubated 

with apoHRP (10 µM final concentration) for 10 min at 4 °C. Lysate without apoHRP 

added was used as a blank control. The resulting holoHRP activity was measured as 
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described above. The assay was performed in three independent experiments with 

four technical replicates each. 

3.16. Porphyrin Quantification 

The porphyrin extraction was performed as previously described by Mancini et al. with 

slight modifications.145 An overnight culture of A. baumannii ATCC19606 was diluted 

1:100 into LB medium and incubated (37 °C, 200 rpm) until an OD600 of 1.0 was 

reached. The bacterial suspension was diluted to an OD600 of 0.4 and 20 mL aliquots 

were prepared containing 1 µM Xan (1% DMSO final concentration) or DMSO (1%). 

After incubation for 1 h (37 °C, 200 rpm), bacterial suspensions equivalent to 20 mL 

with an OD600 of 0.5 were harvested (7,000 ×g, 30 min, 4 °C) and washed twice with 

PBS. Cell pellets were resuspended in 1 mL EtOAc / acetic acid (3:1, v/v) and lysed by 

sonication (3 × 25 s, 75% intensity; Sonopuls HD 2070 ultrasonic rod, Bandelin 

electronic GmbH) with cooling breaks on ice. Cell debris was removed by 

centrifugation (18,000 ×g, 20 min, 4 °C) and supernatant was transferred to a new 

Eppendorf tube. The organic phase was washed twice with H2O (1 mL), transferred to 

a new Eppendorf tube and 3 M HCl (100 µL) was added to water-solubilize porphyrins. 

In order to quantify porphyrins, 100 µL of the aqueous phase were transferred into a 

black flat bottom 96-well plate (Greiner) and the fluorescence spectrum 

(λex. = 406 nm, λem. = 550 – 750 nm) was recorded with an Infinite® M200 Pro 

microplate reader (Tecan Group Ltd.). The experiment was performed in six 

independent experiments. 

3.17. Time-kill Assays 

To determine the levels of killing by Xan, time-kill experiments were performed as 

described previously by Le et al.67  
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An overnight culture of A. baumannii ATCC19606 was diluted 1:100 into LB medium 

and bacteria were grown to mid-exponential phase (OD600 of 0.3 - 0.7; 37 °C, 

200 rpm). Subsequently, cells were diluted to 1 × 107 CFU/mL in LB medium and were 

split into 3 mL aliquots into culture tubes containing either Xan (4 µM, 1% DMSO final 

concentration), DMSO (1%), thiourea (TU) (150 mM) or TU (150 mM) and Xan (4 µM). 

Cells were incubated (37 °C, 200 rpm) and serial dilutions were plated on LB agar 

plates at indicated time points for the determination of viable cells (CFU/mL). 

Experiments were performed in n = 4 (DMSO), n = 3 (Xan) and n = 2 (TU as well as 

TU and Xan (4 µM)) independent biological experiments and CFU enumeration was 

conducted in four replicates each. 

3.18. Checkerboard Assay 

Overnight cultures of A. baumannii ATCC19606 and A. baumannii AB5075 were 

diluted 1:10,000 into LB medium and were directly used for testing. Various dilutions 

of Xan and Gen were prepared and 1 µL of the respective 100× stock was pipetted in 

a 96 well-plate (transparent Nunc 96-well flat bottom, Thermo Fisher Scientific). Two 

to four-fold the MIC of each antibiotic was used as the highest concentration tested. 

The resulting checkerboard contains each combination of the two test molecules. 

Each well was inoculated with 99 µL of the diluted bacterial suspension, and the plates 

were incubated for 24 h (37 °C, 200 rpm). The lowest concentration in the dilution 

series at which no growth of bacteria could be observed by eye was defined as the 

MIC. In order to quantify the interactions between the antibiotics, the following 

equation was used to determine the fractional inhibitory concentration (FIC) index: 

 

ΣFIC = FIC(Xan) + FIC(Gen), where FIC(Xan) is the MIC of Xan in the combination/MIC 

of Xan alone, and FIC(Gen) is the MIC of Gen in the combination/MIC of Gen alone. 

The combination is considered synergistic when the ΣFIC is ≤0.5, indifferent when the 
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ΣFIC is >0.5 - 4, and antagonistic when the ΣFIC > 4.168 FICs were determined in three 

(A. baumannii ATCC19606) and two (A. baumannii AB5075) independent experiments. 

3.19. MTT Assay 

HeLa cells were grown in DMEM medium (Sigma Aldrich) with 10% FBS (Sigma 

Aldrich) and 2 mM glutamine (Sigma Aldrich) in 5% CO2 at 37 °C.  

 

For splitting or passaging, the medium was removed, and cells were washed with 

10 mL of PBS. Afterwards, the cells were incubated with 1 mL of Accutase® for 10 min 

at 37 °C until full detachment. Then, 10 mL of the respective medium were added, 

mixed thoroughly and 1 mL of this cell-solution was transferred into a new flask. The 

cell-solution was diluted with medium to a volume of 10 mL. 

 

To evaluate the cytotoxicity, HeLa cells were seeded in 96-well plates at a 

concentration of 4,000 cells per cavity. After 24 h the growth medium was removed 

by suction and 100 µL medium (without FBS) with either DMSO (1%) or Xan (10 µM, 

1% DMSO final concentration) was added. After 24 h exposure at 37 °C and 5% CO2 

20 µL Thiazolyl blue tetrazolium bromide (MTT, 5 mg/mL in PBS, Sigma Aldrich) were 

added to the cells and incubated for 4 h to allow the MTT to be metabolized. The 

medium was removed by suction and the resulting formazan dissolved in 200 µL 

DMSO. The optical density was measured with an Infinite® M200 Pro microplate 

reader (Tecan Group Ltd.) at 570 nm and background was subtracted at 630 nm. 

Absorption values were normalised to DMSO control. Each data set represents six 

replicates obtained from three independent experiments. 
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3.20. Galleria mellonella Assay 

G. mellonella waxworms were purchased from Speedy Worm & Minnesota Muskie 

Farm Inc., Alexandria, MN. Assays were performed as previously described.157,169  

 

To study Xan’s toxicity, a 10 µL Hamilton syringe was used to inject 5 µL aliquots of 

the respective solutions into the hemocoel of each caterpillar via the last right proleg 

and worms were incubated in a petri plate at 37 °C in a humidified incubator. At 24 h 

intervals, viability was assessed by checking for movement, and worms not exhibiting 

any movement after prodding with a pipette tip were considered dead and were 

typically dark brown to black.  

 

For infection, LB medium (2 mL) was inoculated with A. baumannii AB5075 and grown 

shaking at 37°C to an OD600 of 0.5. Serial dilutions were prepared in cold PBS, and 

1 × 105 cells of A. baumannii AB5075 were injected into the hemocoel of G. mellonella 

(200 – 250 mg each) via the last left proleg. Worms were incubated in a petri plate at 

37 °C in a humidified incubator for 1.5 h. Afterwards, 5 µL aliquots of Xan solutions 

were injected into the hemocoel of each caterpillar via the last right proleg. Worms 

were incubated in a petri plate at 37 °C in a humidified incubator and at 24 h intervals, 

viability was assessed as described above. Bacterial colony counts on LB agar were 

used to confirm the inoculum. 

 

For all experiments, a control group was included that was inoculated with PBS to 

monitor for killing due to physical trauma. The reported values represent the averages 

of n = 3 (for toxicity tests) or n = 1 (infection) independent experiments with at least 

10 worms per group for each experiment. 
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3.21. Chemical Synthesis 

Reagents and solvents were purchased from commercial suppliers (Sigma Aldrich Co. 

LLC, Thermo Fisher Scientific Inc., Merck KGaA, TCI Europe GmbH and Alfa Aesar 

GmbH) and used as received. Reaction grade or anhydrous solvents (max. 0.01% water 

content, stored over molecular sieve under an argon atmosphere) were used for all 

reactions. TLC was performed on precoated silica gel plates (60 F-254, 0.25 mm, 

Merck KGaA) with detection by UV (λ = 254 and/or 366 nm) and/or by coloration 

using potassium permanganate (KMnO4; 3.0 g KMnO4, 20.0 g K2CO3 and 5 mL 5% 

NaOH in 300 mL ddH2O) stain and subsequent heat treatment. Flash chromatography 

was performed on silica gel 60 (0.035 – 0.070 mm, mesh 60 Å, Merck KGaA). The 

solvent compositions reported for all chromatographic separations are on a 

volume/volume (v/v) basis. Common solvents for chromatography [n-hexane (Hex), 

ethyl acetate (EtOAc), dichloromethane (DCM) and methanol (MeOH)] were distilled 

prior to use. 

 

1H- and proton-decoupled 13C- NMR spectra were recorded at the indicated 

temperature either on a Bruker AVHD-500 or on a Bruker AV-II-500 equipped with 

cryo probe head. Chemical shifts are reported in delta (δ) units in parts per million 

(ppm) relative to residual solvent signals [deuterated acetone (acetone-d6) 

δ H = 2.05 ppm and δ C = 29.84, 206.26 ppm, CDCl3 δ H = 7.26 ppm and 

δ C = 77.16 ppm]. The following abbreviations were used for the assignment of 

signals: s – singlet, d – doublet, t – triplet, m – multiplet. Coupling constants J are 

given in Hertz [Hz].  

 

HR-MS spectra were recorded in the ESI or APCI mode on an LTQ-FT Ultra (FT-ICR-

MS, Thermo Fisher Scientific) coupled with an UltiMate 3000 HPLC system (Thermo 

Fisher Scientific). 
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3.21.1. Synthesis of Xanthocillin X 

Xan was prepared in 10 steps from commercially available 4-hydroxybenzaldehyde (1) 

by following the approach published by Tatsuta et al.89,90,170  

 

4-tert-Butyldimethylsilyloxybenzaldehyde (2) 

 

 

 

A protocol published by Kwong et al. was used.171 A solution of tert-

butyldimethylsilylchloride (18.0 g, 120 mmol, 1.5 eq.) in dry DCM (130 mL) was added 

dropwise to a solution of 4-hydroxybenzaldehyde (1) (9.75 g, 79.8 mmol, 1.0 eq.) and 

NEt3 (16.6 mL, 12.1 g, 120 mmol, 1.5 eq.) in dry DCM (50 mL). The reaction mixture was 

stirred at RT for 2 h and then quenched with water (100 mL). The organic layer was 

separated and the aqueous layer was extracted with DCM (3 × 100 mL). The 

combined organic layers were washed with water (150 mL) and saturated salt solution 

(150 mL), dried over MgSO4, filtered, and concentrated in vacuo. The crude product 

was purified by means of flash column chromatography (EtOAc:Hex = 1:20) to afford 

4-tert-butyldimethylsilyloxybenzaldehyde (2) as a yellow oil (17.7 g, 74.9 mmol, 94%).  

 

TLC (EtOAc:Hex = 1:20): Rf = 0.35 [UV]. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 9.87 (s, 1H), 7.78 (d, J = 8.6 Hz, 2H), 6.93 (d, 

J = 8.6 Hz, 2H), 0.98 (s, 9H), 0.24 (s, 6H). 

13C-NMR (75 MHz, CDCl3): δ [ppm] = 190.9, 161.6, 132.0, 130.6, 120.6, 25.7, 18.4, –4.2.  

ESI-HR-MS (m/z) [M+H+] calcd. for C13H21O2Si, 237.1305; found, 237.1303.  

The NMR and HRMS data match with published data.171 
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tert-Butyl(4-(2,2-dibromovinyl) phenoxy) dimethylsilane (3) 

 

 

 

A protocol published by Dixon et al. was used.172 To a mixture of triphenylphosphine 

(56.6 g, 216 mmol, 3.0 eq.) and carbon tetrabromide (35.8 g, 108 mmol, 1.5 eq.), DCM 

(170 mL) was added dropwise at 0 °C, followed by stirring for 3 h. Then, compound 2 

(17.0 g, 71.9 mmol, 1.0 eq.) was added dropwise, followed by stirring overnight. The 

reaction mixture was filtered and the filtrate was dry-loaded onto silica. Purification 

by column chromatography (Hex) afforded tert-butyl(4-(2,2-dibromovinyl) phenoxy)-

dimethylsilane (3) as a pale-yellow oil (24.6 g, 62.7 mmol, 87%).  

 

TLC (Hex): Rf = 0.42 [UV, KMnO4]. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.47 (d, J = 8.7 Hz, 2H), 7.41 (s, 1H), 6.83 (d, 

J = 8.7 Hz, 2H), 1.00 (s, 9H), 0.23 (s, 6H). 

13C-NMR (75 MHz, CDCl3): δ [ppm] = 156.2, 136.5, 130.0, 128.5, 120.1, 87.4, 25.8, 18.4, –

4.2. 

 

The NMR data match with published data.170 
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3-(4-tert-Butyldimethylsilyloxyphenyl) propionic acid (4) 

 

 

 

Compound 3 (3.00 g, 7.65 mmol, 1.0 eq.) was dissolved in THF (45 mL) and a 2.5 mol/L 

n-BuLi (in Hex) solution (7.96 mL, 19.9 mmol, 2.6 eq.) was dropwise added at –78 °C. 

After stirring for 1 h, crushed dry ice was added while the solution was returned to 

0 °C. After stirring for 20 min at 0 °C, water was added and the solution was 

concentrated under reduced pressure. The residue was diluted with diethyl ether and 

extracted with water. The obtained aqueous layer was acidified (pH 4) with an 

aqueous KHSO4 solution (saturated) and extracted with EtOAc (2 × 20 mL). The 

obtained organic layer was washed with brine (20 mL), dried over anhydrous MgSO4, 

subjected to filtration and concentrated under reduced pressure to give 3-(4-tert-

butyldimethylsilyloxyphenyl) propionic acid (3) (2.12 g, 7.67 mmol, quant.) as crystals. 

The crude acid 3 was used without further purification. 

 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.49 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 

0.98 (s, 9H), 0.22 (s, 6H).  

ESI-HR-MS (m/z) [M-H+] calcd. for C15H19O3Si, 275.1109; found, 275.1111. 

 

The 1H-NMR data match with published data.170 
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3-(4-tert-Butyldimethylsilyloxyphenyl) propiol amide (5) 

 

 

 

Compound 4 (10.9 g, 39.4 mmol, 1.0 eq.) was dissolved in THF (170 mL) and NEt3 

(6.01 mL, 4.39 g, 43.4 mmol, 1.1 eq.) and ethyl chloroformate (7.50 mL, 8.55 g, 

78.8 mmol, 2.0 eq.) were added dropwise under cooling with ice followed by stirring 

for 50 min. Then, an ammonia solution (2 mol/L in methanol, 55.2 mL, 110 mmol, 

2.8 eq) was added dropwise, followed by stirring for 20 min at RT. The reaction 

solution was concentrated under reduced pressure and water was added to the 

residue, followed by extraction with EtOAc (7 × 30 mL). The combined organic layers 

were concentrated under reduced pressure and the residue was purified by silica gel 

column chromatography (Hex:EtOAc = 5:3) to give 3-(4-tert-butyldimethylsilyloxy-

phenyl) propiol amide (5) (8.20 g, 29.8 mmol, 76%) as colourless crystals.  

 

TLC (Hex:EtOAC = 1:1): Rf = 0.51 [UV/KMnO4]. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.43 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 8.8 Hz, 2H), 

5.92 (br. s, 2H), 0.97 (s, 9H), 0.21 (s, 6H). 

13C-NMR (75 MHz, CDCl3): δ [ppm] = 157.9, 155.5, 134.6, 120.6, 112.6, 87.0, 81.9, 25.7, 

18.4, –4.3. 

ESI-HR-MS (m/z) [M+H+] calcd. for C15H22NO2Si, 276.1414; found, 276.1414. 

 

The NMR data match with published data.170 
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(E)-3-(4-tert-butyldimethylsilyloxyphenyl)-2-(tributylstannyl) acrylamide (6)  

 

 

 

Compound 5 (500 mg, 1.82 mmol, 1.0 eq) was dissolved in dry THF (10 mL) in nitrogen 

atmosphere, and tetrakistriphenylphosphine (TPP) palladium (0) (42.0 mg, 36.3 µmol, 

0.02 eq.) was added under cooling with ice. Then, a THF solution (6 mL) of 

tri-n-butyltin hydride (2.30 mL, 2.48 g, 8.53 mmol, 4.7 eq.) was dropwise added. After 

stirring for 30 min at 0 °C, carbon tetrachloride (1.40 g, 878 µL, 9.08 mmol, 5.0 eq.) 

and potassium fluoride (527 mg, 9.08 mmol, 5.0 eq.) were added to terminate the 

reaction followed by stirring for 30 min at RT. After filtration, the filtrate was 

concentrated under reduced pressure and the residue was purified by silica gel 

column chromatography (Hex:EtOAc = 5:1) to give (E )-3-(4-tert-butyl-dimethylsilyl-

oxyphenyl)-2-(tributylstannyl)acrylamide (6) (653 mg, 1.15 mmol, 63%) as a yellow oil. 

 

TLC (Hex:EtOAc = 7:1): Rf = 0.41 [UV/KMnO4]. 

1H-NMR (300 MHz, CDCl3): δ [ppm] = 7.32 (d, J = 8.5 Hz, 2H), 6.77 (d, J = 8.5 Hz, 2H), 

6.57 (s, 1H), 5.20 (s, 2H), 1.60 – 1.51 (m, 6H), 1.36 – 1.31 (m, 6H), 1.13 – 1.00 (m, 6H), 0.97 

(s, 9H), 0.90 (m, 9H), 0.19 (s, 6H). 

13C-NMR (126 MHz, CDCl3): δ [ppm] = 176.3, 155.9, 141.1, 139.5, 130.0, 129. 8, 120.1, 29.0, 

27.4, 25.8, 18.4, 13.9, 10.5, –4.3. 

 

The NMR data match with published data.170 
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(E )-tert-butyl(4-(2-isocyanato-2-(tributylstannyl) vinyl) phenoxy) dimethylsilane (7) 

 

 

 

 

Compound 6 (4.00 g, 7.06 mmol, 1.0 eq.) was dissolved in dry THF (72 mL) and lead 

tetraacetate (3.44 g, 7.77 mmol, 1.1 eq.) was added at RT. After stirring for 45 min, 

hexane (80 mL) was added, the solution was subjected to filtration with Celite and the 

filtrate was concentrated under reduced pressure. The residue was purified by silica 

gel column chromatography (Hex:EtOAc = 50:1) to give (E )-tert-butyl(4-(2-isocyana-

to-2-(tributylstannyl) vinyl) phenoxy) dimethylsilane (6) (2.36 g, 4.18 mmol, 59%) as a 

yellow oil. 

 

TLC (Hex:EtOAc = 1:50): Rf = 0.54 [UV]. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.54 (d, J = 8.7 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 

5.89 (s, 1H), 1.62 – 1.54 (m, 6H), 1.40 – 1.32 (m, 6H), 1.14 – 1.02 (m, 6H), 0.98 (s, 9H), 0.92 

(t, J = 7.3 Hz, 9H), 0.20 (s, 6H). 

13C-NMR (126 MHz, CDCl3): δ [ppm] = 155.3, 133.7, 130.9, 129.8, 129.1, 124.8, 120.1, 29.0, 

27.4, 25.8, 18.4, 13.8, 10.6, –4.2. 

 

The NMR data match with published data.170 
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(E )-N-(2-(4-((tert-butyldimethylsilyl) oxy) phenyl)-1-(tributylstannyl) vinyl) formamide 

(8) 

 

 

 

Compound 7 (320 mg, 567 µmol, 1.0 eq.) was dissolved in dry THF (6 mL) and lithium 

triethylborohydride in THF (1 M) (590 µL, 590 µmol, 1.04 eq.) was dropwise added 

at -78 °C. After 30 min, the reaction mixture was allowed to warm to RT and a 

saturated aqueous NH4Cl solution (3 mL) was added to stop the reaction. Celite was 

added and the solvent was removed under reduced pressure. The resulting residue 

was purified by silica gel column chromatography (EtOAc:Hex = 1:5) to give (E )-N-(2-

(4-((tert-butyldimethylsilyl)oxy) phenyl)-1-(tributylstannyl) vinyl) formamide (8) as a 

yellow oil (290 mg, 512 µmol, 90%).  

 

1H-NMR (400 MHz, CDCl3): δ [ppm]: = 8.13 (s, 1H), 7.91 (s, 1H), 7.15 (d, J = 8.4 Hz, 2H), 

6.87 (d, J = 8.4 Hz, 2H), 5.93 (s, 1H), 1.62 – 1.48 (m, 6H), 1.41 – 1.32 (m, 6H), 1.14 – 0.96 

(m, 6H), 0.99 (s, 9H), 0.92 (t, J = 7.3 Hz, 9H), 0.23 (s, 6H). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 159.3, 154.7, 135.6, 129.5, 129.4, 122.8, 120.8, 

29.2, 27.5, 25.8, 18.4, 13.9, 12.3, –4.2. 

TLC (EtOAc:Hex = 1:5): Rf = 0.89 [UV, KMnO4]. 

 

The NMR data match with published data.170 
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N,N'-((1Z,3Z )-1,4-bis(4-((tert-butyldimethylsilyl) oxy) phenyl) buta-1,3-diene-2,3-diyl)-

diformamide (9) 

 

 

 

Compound 8 (1.31 g, 2.31 mmol, 1.0 eq.) was dissolved in dry THF (30 mL) in oxygen 

atmosphere, cooled to 0 °C and CuCl (595 mg, 6.01 mmol, 2.6 eq.) was added. The 

reaction mixture was vigorously stirred for 3.5 h, filtered, Celite was added and the 

solvent was removed under reduced pressure. The residue was purified by column 

chromatography (toluene:acetone = 8:1 → 5:1) to give N,N'-((1Z,3Z )-1,4-bis(4-((tert-

butyldimethylsilyl) oxy) phenyl) buta-1,3-diene-2,3-diyl)-diformamide (9) (638 mg, 

1.15 mmol, quant.) as a yellow powder.  

 

TLC (toluene:acetone = 5:1): Rf = 0.15 [UV, KMnO4]. 

ESI-HR-MS (m/z) [M+H+] calcd. for C30H45N2O4Si2, 553.2912; found, 553.2904. 

 

1H-NMR and 13C-NMR: Due to numerous rotamer signals, the product signals could 

not be assigned. This is in accordance with literature references.170 
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((((1Z,3Z )-2,3-diisocyanobuta-1,3-diene-1,4-diyl) bis(4,1-phenylene)) bis (oxy)) bis 

(tert-butyldimethylsilane) (10) 

 

 

 

Compound 9 (226 mg, 409 µmol, 1.0 eq.) was dissolved in dry DCM (3 mL) and NEt3 

(205 µL, 149 mg, 1.47 mmol, 3.6 eq.) was added dropwise at 0 °C. Then, a solution of 

triphosgene (121 mg, 409 µmol, 1.0 eq.) in DCM (1 mL) and was added dropwise. The 

reaction mixture was stirred for 1 h at 0 °C, was diluted with EtOAc (3 mL) while it was 

allowed to warm to RT and poured into a saturated NaHCO3 solution (5 ml). Extraction 

with EtOAc was carried out (2 × 5 mL) and the combined organic layers were 

concentrated under reduced pressure. The residue was purified by column 

chromatography (Hex:EtOAc = 20:1) to give ((((1Z,3Z )-2,3-diisocyano-buta-1,3-

diene-1,4-diyl) bis(4,1-phenylene)) bis(oxy)) bis(tert-butyl-dimethyl-silane) (10) 

(115 mg, 223 µmol, 54%) as a yellow powder. 

 

TLC (Hex:EtOAc = 20:1): Rf = 0.73 [UV, KMnO4].  

1H-NMR (300 MHz, CDCl3): δ [ppm]: = 7.73 (d, J = 8.7 Hz, 4H), 7.01 (s, 2H), 6.92 (d, 

J = 8.7 Hz, 4H), 1.00 (s, 18H), 0.25 (s, 12H). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 173.5, 157.9, 131.9, 127.7, 125.5, 120.8, 116.4, 25.8, 

18.4, –4.2. 

 

The NMR data match with published data.170 
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4,4'-((1Z,3Z )-2,3-diisocyanobuta-1,3-diene-1,4-diyl)diphenol (Xan) 

 

 

 

Compound 10 (20.0 mg, 38.7 µmol, 1.0 eq.) was dissolved in dry THF (1 mL) and the 

reaction mixture was cooled to 0 °C. Then, tetra-n-butylammonium fluoride (TBAF) 

(1 M in THF) (77.4 µL, 77.4 µmol, 2.0 eq.) was slowly added dropwise. The reaction 

solution was stirred for 10 min at 0 °C and the solution was directly purified by column 

chromatography (DCM:MeOH = 20:1 + 1% acetic acid) to give Xan (8.80 mg, 

30.5 µmol, 79%) as a yellow powder. 

 

TLC (Hex:EtOAc = 2:1): Rf = 0.27 [UV, KMnO4].  

1H-NMR (500 MHz, Acetone-d6): δ [ppm] = 9.17 (s, 2H), 7.83 (d, J = 8.7 Hz, 4H), 7.08 

(s, 2H), 7.00 (d, J = 8.7 Hz, 4H). 

13C-NMR (126 MHz, Acetone-d6): δ [ppm] = 175.0, 160.5, 132.9, 128.4, 124.9, 116.9, 

116.6. 

ESI-HRMS (m/z): [M–H+] calcd. for C18H11N2O2, 287.0826; found, 287.0826. 

 

The NMR data of Xan match with published data.89,90,170 
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3.21.2. Synthesis of Xanthocillin dimethylether (XanDME) 

 

 

 

Xan (30.0 mg, 104 µmol, 1.0 eq) was dissolved in dry acetone (7 mL), the suspension 

was cooled to 0 °C and K2CO3 (30.2 mg, 219 µmol, 2.1 eq.) as well as methyl iodide 

(13.6 µL, 31.0 mg, 219 µmol, 2.1 eq.) were added. The reaction mixture was stirred at 

50 °C and the product formation was controlled via ESI-MS. After 2 h the reaction 

solution was concentrated under reduced pressure and the residue was purified by 

column chromatography (Hex:EtOAc = 10:1) to obtain XanDME (7.90 mg, 25.0 µmol, 

24%) as green crystals.  

 

TLC (Hex:EtOAc = 5:1): Rf = 0.46 [UV, KMnO4]. 

1H-NMR (500 MHz, Acetone-d6): δ [ppm] = 7.90 (d, J = 8.8 Hz, 4H), 7.14 (s, 2H), 7.10 

(d, J = 8.8 Hz, 4H), 3.90 (s, 6H). 

13C-NMR (126 MHz, Acetone-d6): δ [ppm] = 175.1, 162.3, 132.6, 128.4, 125.7, 117.0, 115.3, 

55.9. 

ESI-HRMS (m/z): [M+H+] calcd. for C20H17N2O2, 317.1285; found, 317.1283. 

 

The NMR and HRMS data of XanDME match with published data.170  
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3.21.3. Synthesis of the Xanthocillin probe (XP) 

 

 

 

A protocol published by Lee et al. was used with slight modifications.173 Xan (17.0 mg, 

59.0 µmol, 1.0 eq) was dissolved in dry acetone (5 mL), the suspension was cooled to 

0 °C and K2CO3 (8.15 mg, 59.0 µmol, 1.0 eq.) was added. Then, propargylic bromide 

solution (9.2 M in toluene) (6.41 µL, 59.0 µmol, 1.0 eq.) was added, the reaction mixture 

was stirred at 50 °C and the product formation was controlled via ESI-MS. After 2.5 h 

the reaction solution was concentrated under reduced pressure and the residue was 

purified twice by column chromatography (DCM:MeOH = 20:1) to obtain XP (3.60 mg, 

11.0 µmol, 19%) as a light yellow powder. Xan (13.9 mg, 48.2 µmol, 82%) was re-

isolated as a yellow powder.  

 

TLC (DCM:MeOH = 20:1): Rf = 0.18 [UV, KMnO4].  

1H-NMR (500 MHz, Acetone-d6): δ [ppm] = 9.12 (s, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.84 

(d, J = 8.8 Hz, 2H), 7.17 (d, J = 8.8 Hz, 2H), 7.14 (s, 1H), 7.12 (s, 1H), 7.01 (d, J = 8.8 Hz, 

2H), 4.91 (d, J = 2.4 Hz, 2H), 3.15 (t, J = 2.4 Hz, 1H). 

13C-NMR (126 MHz, Acetone-d6): δ [ppm] = 175.2, 175.1, 160.6, 160.1, 133.0, 132.6, 128.9, 

128.0, 126.6, 124.8, 117.7, 116.9, 116.4, 116.3, 79.3, 77.6, 56.5. 

ESI-HRMS (m/z): [M-H+] calcd. for C21H13N2O2, 325.0983; found, 325.0982. 
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3.21.4. Synthesis of the Xanthocillin photoprobe (XPP) 

 

Compound 11 was synthesised as previously described.93 

 

 

 

The protocol for XP was used with slight modifications. Xan (35.5 mg, 123 µmol, 

1.0 eq) was dissolved in dry acetone (10 mL), the suspension was cooled to 0 °C and 

K2CO3 (17.0 mg, 123 µmol, 1.0 eq.) was added. Then, compound 11 (36.0 mg, 123 µmol, 

1.0 eq.) was added, the reaction mixture was stirred at 50 °C and the product 

formation was controlled via ESI-MS. After 8 h the reaction solution was concentrated 

under reduced pressure and the residue was purified by column chromatography 

(Hex:acetone = 6:1) to give XPP (11.2 mg, 27.4 µmol, 22%) as a light yellow powder. 

Xan (17.3 mg, 60.0 µmol, 49%) was re-isolated. 

 

TLC (Hex:acetone = 4:1): Rf = 0.24 [UV, KMnO4].  

1H-NMR (500 MHz, Acetone-d6): δ [ppm] = 9.11 (s, 1H), 7.90 (d, J = 8.8 Hz, 2H), 7.83 

(d, J = 8.8 Hz, 2H), 7.14 – 7.08 (m, 4H), 7.00 (d, J = 8.8 Hz, 2H), 4.03 (t, J = 6.2 Hz, 2H), 

2.4 (t, J = 2.7 Hz, 1H), 2.11 (td, J = 7.5, 2.7 Hz, 2H), 1.97 (t, J = 6.2 Hz, 2H), 1.75 (t, 

J = 7.5 Hz, 2H). 

13C-NMR (126 MHz, Acetone-d6): δ [ppm] = 175.0, 175.0, 161.0, 160.5, 132.9, 132.6, 

128.7, 128.0, 126.0, 124.7, 117.3, 116.8, 116.3, 115.8, 83.6, 70.6, 63.7, 33.3, 33.3, 27.5, 13.6. 

ESI-HRMS (m/z): [M-H+] calcd. for C25H19N4O2, 407.1513; found, 407.1512. 
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1. Vitamin B6 

Vitamin B6 is a collective term for three pyridine analogues known as pyridoxal (PL), 

pyridoxine (PN) and pyridoxamine (PM) (Figure III-1), which are precursors to 

pyridoxal-5’-phosphate (PLP), a crucial cofactor for PLP-dependent enzymes (PLP-

DE). PLP-DEs use PLP to catalyse a number of chemical reactions that are involved in 

essential cellular processes such as glucose, lipid and amino acid metabolism, as well 

as the production of heme, nucleotides and neurotransmitters.174–177 Additionally, PLP 

represents one of the most versatile cofactors of nature, which is illustrated by the 

fact that more than 140 different enzymatic activities are PLP-dependent, 

corresponding to ~4% of all classified activities.175 These include racemization, 

transamination, decarboxylation reactions as well as carbon-carbon bond cleavage 

and formation.175 Thus, numerous PLP-DEs represent promising drug targets,177–179 

such as alanine racemase for the treatment of bacterial infections.180,181 Further, PLP 

has been shown to be crucial for the virulence and survival of pathogenic bacteria 

such as Streptococcus pneumoniae,182 Helicobacter pylori,183 Mycobacterium 

tuberculosis,184 and Vibrio cholerae.185  

 

Cells are provided with PLP either by endogenous de novo biosynthesis or by the 

uptake of vitamin B6 from nutrients. While microorganisms are capable of both 

biosynthesis and uptake, all other organisms depend exclusively on uptake. 

Additionally, all cells possess a salvage pathway, for the interconversion of the B6 

vitamers. For this, PL, PN, and PM are phosphorylated at the 5’-alcohol by a pyridoxal 

kinase (PLK) to PLP, PNP and PMP, respectively. Subsequently, PNP and PMP are 

oxidized by pyridoxine-5’-phosphate oxidase (PNPOx) to PLP (Figure III-1).186,187  
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Figure III-1: Salvage pathways for the interconversion of the B6 vitamers. Pyridoxal kinase (PLK) catalyzes the addition 

of phosphate from adenosine triphosphate (ATP) to the 5′-alcohol group of PN, PM and PL to form PNP, PMP 

and PLP, respectively. Pyridoxine 5’-phosphate oxidase (PNPOx) catalyses the oxidation of the 4’-hydroxyl group 

of PNP or the 4’-amino group of PMP into the aldehyde group of PLP. 

 

While PLP deficiency in cell is suspected to cause several pathologies, too high 

concentrations are known to be toxic due to the reactive aldehyde group at the 4' 

position.186 Thus, the PLP level in the cell must be strictly controlled, which is achieved 

by the enzymes PLK and PNPOx.186 It has been shown that this regulation can be 

manipulated by inhibition of the PLK using small molecules. This resulted in PLP 

deficiency, manifested by headaches, agitation, convulsions, unconsciousness, 

paralysis and even death, demonstrating the importance of these enzymes for cells.  

One example for an inhibitor is ginkgotoxin, which binds to the pyridoxal binding 

pocket of the human PLK (hPLK) with a reported Ki of 0.4 µM.188 
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For a long time, it was believed that a single PLK was responsible for the 

phosphorylation of B6 vitamers in cells, but a study by Winkler et al. challenged this 

hypothesis. An Escherichia coli strain with both a mutation in the PLK gene (pdxK) and 

an inactive de novo biosynthesis can grow on PL, leading to the discovery of a second 

PLK encoded by the gene pdxY, hereafter referred to as EcPLK.189–191 While the PLK 

(pdxK) is able to catalyse the phosphorylation of all three B6 vitamins, the EcPLK is 

only able to convert PL, with a very low activity compared to the PLK (pdxK) (less than 

1% of PLK activity). The crystal structure of EcPLK showed that in one monomer PL 

within the active site is covalently bound as a hemithioacetal to cysteine (Cys) 122, 

which is located in the flexible lid region.189 Interestingly, this covalent PL catalysis is 

not limited to EcPLK, but was subsequently discovered in several strains, such as 

Pseudomonas aeruginosa and Staphylococcus aureus.192,193  

 

In S. aureus, the corresponding PLK was coincidentally discovered in a study to 

unravel cellular targets of the NP rugulactone. An enzyme encoded by thiD (ThiD1, 

UniProt-ID: A0A0H2XGZ0) was identified as the target protein.194 ThiD1 was previously 

predicted to be involved in the thiamine biosynthesis, yet this enzyme did not cluster 

with any of the thiamine biosynthesis genes. In fact, a closer examination of the S. 

aureus genome discovered an additional protein annotated as thiD (ThiD2, UniProt 

ID: A0A0H2XGE7) located in the thiamine biosynthesis operon. Experiments with the 

recombinantly expressed ThiD1 enzyme showed significant activity not only in 

phosphorylation of the predicted substrate, 4-amino-5-hydroxymethyl-2-methyl-

pyrimidine (HMP, the substrate of ThiD2 in the thiamine signalling pathway), but also 

of PL and PN.193 In addition, metabolome studies with a ThiD1 transposon mutant 

showed elevated extracellular PL levels, suggesting that this enzyme plays an 

important role in PL phosphorylation in the cell, which is why the protein ThiD1 was 

reclassified as a PLK (SaPLK).193,194 Detailed mechanistic studies showed that this 

enzyme, similar to EcPLK, has a nucleophilic Cys residue (Cys110) in its flexible lid 
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region, which forms a covalent hemithioacetal with the PL 4'-aldehyde group (Figure 

III-2). Co-crystal structures showed that the lid shields the substrate pocket from bulk 

solvent and the corresponding hemithioacetal intermediate precisely positions PL for 

deprotonation of the 5'-alcohol, facilitated by an active site Cys (Cys214). 

Subsequently, the deprotonated alcohol attacks the γ-phosphate of ATP. Mutation of 

the lid Cys (C110A) completely abolished the activity, which demonstrates the 

importance of the covalent PL binding for the catalysis of this enzyme. A BLAST 

analysis showed that Cys110 is conserved in numerous homologous enzymes of 

Gram-positive bacteria, including Enterococcus faecalis, where the same C110A 

mutation led to a loss of PL turnover. Furthermore, these PLKs all have a reactive Cys 

as base in the active site and were therefore defined as a new class, namely the dual-

Cys (one in the lid, one in the active site) PLKs (CC-PLKs).193 Sequence alignments of 

these Gram-positive and Gram-negative PLKs containing lid Cys showed that 

corresponding lid Cys in Gram-negative enzymes is positioned five residues upstream 

compared to SaPLK (Supplementary Figure 5).189,192 Furthermore, these PLKs in Gram-

negative bacteria, such as EcPLK or P. aeruginosa PLK (PaPLK), bear an aspartate (Asp) 

in the active site and not, like the Gram-positive PLKs, a Cys. Therefore, the class of 

lid Cys containing PLKs was expanded to CD-PLK (Cys in the lid, Asp in the active 

site).189,192 

 

Interestingly, CD- and CC-PLKs seem to be absent in humans, which makes this class 

particularly interesting for antimicrobial drug development. However, the function 

and distribution of these enzymes in bacteria is still poorly understood. Surprisingly, 

studies on the catalytic mechanism of PaPLK suggested that the Cys residue in the lid 

is not directly involved in PL phosphorylation.192 Therefore, sequence alignments of 

putative PLKs without detailed biochemical studies appear to be insufficient to predict 

the catalytic mechanism of these enzymes.192,195  
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Figure III-2: Proposed mechanism for PL turnover by CC-PLKs. Upon binding of PL and ATP in the active site, the 

flexible lid closes and the Cys forms a hemithioacetal with PL. The intramolecular hydrogen bond network lowers 

pKa of 5’-PL alcohol and catalytic base completes its deprotonation. The deprotonated 5'-alcohol then attacks the 

γ-phosphate of bound ATP and the hemithioacetal subsequently collapses. Finally, the flexible lid resumes its 

dynamic state and releases PLP and ADP. 
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2. Results and Discussion 

In this work, a tool was developed to identify PLKs that use a hemithioacetal as an 

intermediate in catalysis. Probes for chemical proteomics were designed, which aim 

to react selectively with these PLKs, if a reactive Cys is involved in the catalysis. 

Therefore, the core scaffold of pyridoxal was equipped with an electrophilic warhead 

instead of the aldehyde, which allowed irreversible trapping of the nucleophilic attack 

of the lid Cys. In addition, these probes were modified with an alkyne handle, which 

enabled whole proteome mining for CC- and CD-PLKs. Upon protein binding, these 

probes could be functionalized with either rhodamine or biotin azide via click-

chemistry to facilitate visualization by SDS-PAGE or identification of targeted proteins 

by LC-MS/MS analysis after enrichment on avidin beads. (Figure III-3). Although it is 

known that the SaPLK tolerates various PL derivatives, the probes were developed 

step by step and always directly biologically evaluated.  

 

 

Figure III-3: Schematic experimental workflow for target identification by activity-based protein profiling (ABPP). 

After incubation of intact cells with a probe or DMSO, cells were lysed and samples subjected to copper-catalysed 

azide–alkyne cycloaddition (CuAAC) to attach rhodamine (analytical labelling) or biotin (preparative labelling) for 
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downstream analysis. For analytical labelling, samples were analysed via SDS-PAGE. For preparative studies, 

labelled proteins were enriched on avidin beads, enzymatically digested and analysed by LC–MS/MS. 

2.1. Synthesis and Biological Evaluation of Inhibitors and Probes 

First, the 4’-aldehyde of PL was replaced by an electrophilic Michael-acceptor moiety 

by acylation of PM using acryloyl chloride, thereby obtaining the inhibitor A-PM-I 

(Scheme III-1a).196 Subsequently, the ability of the inhibitor A-PM-I to covalently modify 

recombinant SaPLK was demonstrated via intact protein mass spectrometry (IPMS). 

In fact, while the wild type (wt) protein was completely modified overnight by A-PM-

I (100 equivalents), treatment of the C110A mutant under the same conditions showed 

only 25% labelling (Figure III-4a). This confirmed the lid Cys as the primary binding 

site of the inhibitor, which was a requirement for the application of the intended 

probes for lid Cys containing PLK mining. 

 

 

Scheme III-1: Synthesis of inhibitors A-PM-I and Cl-PM-I as well as the corresponding probes A-PM-P1, Cl-PM-P1 

and A-PM-P2. (A) A-PM-I and Cl-PM-I were synthesised by acylation of PM as has already been described by Ueda 

et al.196 and Cravatt,197 respectively. Probes A-PM-P1 and Cl-PM-P1 were synthesised by propargylation of inhibitors 

A-PM-I and Cl-PM-I, respectively. (B) Synthesis of A-PM-P2. Compound 12 was synthesised as described by 
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Hoegl et al.198 Compound 12 was converted to oxime 13,199 which was subsequently reduced by LiALH4 and 

acylated using acrylic acid to yield A-PM-P2.200 

Encouraged by the IPMS data, corresponding probe molecules were designed by 

attaching the alkyne handle via either the 3'-alcohol (A-PM-P1) or the 2'-methyl group 

(A-PM-P2). Probe A-PM-P1 was synthesised by alkylation of the 3'-alcohol of inhibitor 

A-PM-I with propargyl bromide (Scheme III-1a). To obtain the probe A-PM-P2, the 

alkylation strategy described by Hoegl et al. was used to synthesize 2’-propargylated 

PL derivative 12.198 An excess of hydroxylamine was then added to 12 in order to obtain 

the corresponding oxime 13,199 which was reduced with LiAlH4 to yield the amine 14.200 

In the last step, the coupling to acrylic acid was performed, resulting in A-PM-P2 

(Scheme III-1b).  

To test A-PM-P1 and A-PM-P2, the recombinant proteins SaPLK wt and SaPLK C110A 

were incubated with the respective probe and then subjected to click-chemistry, in 

which rhodamine azide was attached to the alkyne residues, thus enabling analysis 

via SDS-PAGE. The stronger labelling of SaPLK wt for A-PM-P1 demonstrates the 

preference of SaPLK wt for this probe. In accordance with the IPMS data, the mutant 

protein showed a significantly weaker labelling for A-PM-P1, which was also 

independent of heat inactivation of the protein, indicating non-specific probe binding 

(Figure III-4b). The preference of SaPLK for A-PM-P1 can be explained by using the 

co-crystal structure of SaPLK in complex with the native PL cofactor (PDB: 4C5L)193 as 

a basis for computational modelling. Fitting the probes into the structure visualized 

that the alkyne handle at the 3'-hydroxyl group of A-PM-P1 points into an open space 

next to the -hairpin and Val142. For probe A-PM-P2, however, steric clashes with the 

first -strand and the propargylated 2’-substituent of A-PM-P2 were predicted (Figure 

III-4c). It is important to note, that the preference for attaching the alkyne tag to the 

3'-hydroxyl group was not limited to SaPLK as comparable results were obtained via 
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gel-based labelling experiments for recombinant E. faecalis PLK (EfPLK), another 

confirmed CC-PLK (Figure III-4d).193  

 

 

Figure III-4: Evaluation experiments of inhibitor A-PM-I and probes A-PM-P1 and A-PM-P2. a) Mass spectra of intact 

SaPLK wt and SaPLK C110A after incubation with A-PM-I (100 eq.) for 24 h. b) Gel-based labelling of recombinant 

SaPLK. Wild type and mutant enzymes were incubated with probes (10 eq.) for 24 h, subjected to click-reaction 

and analysed via SDS-PAGE. c) Close-up view of the PL-binding site of SaPLK (thiD, PDB code: 4C5L, pink).193 The 

left panels present the respective binding sites with PL (gray stick model) as previously obtained by co-

crystallization.193 The structures of A-PM-P1 (blue stick model, middle panel) and A-PM-P2 (green stick model, 
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right panel) have been modeled into the available X-ray crystal structures using atoms of the covalently bound PL 

as reference points. The alkyne handle positioned at the 3’-OH group in A-PM-P1 can slot next to the -hairpin 

and Val142 (middle panel), as indicated by the green circle. Consequently, the arrow indicates the conformational 

change of the lid loop and its lid Cys110 to react with the warhead of the accommodated probe. In contrast, the 

alkyne moiety positioned at the 2’-methyl group in A-PM-P2 clashes with the first -strand in SaPLK (right panel), 

highlighted by the red circle. d) Gel-based labelling of recombinant EfPLK. EfPLK wt and EfPLK C110A were 

incubated with probes (10 eq.) for 24 h, subjected to click-reaction and analysed via SDS-PAGE. 

 

Based on these results, the probe set was expanded. Since acrylamide is known to be 

a weak electrophile and relatively unreactive toward thiols, it is of high interest to 

examine whether a more reactive warhead might lead to more efficient PLK labelling. 

For this purpose, the Michael acceptor was replaced by a chloroacetamide (Cl-PM-

I).201 Similar to A-PM-I, the synthesis started with PM, which was acylated using 

chloroacetic anhydride (Scheme III-1a). The corresponding probe, Cl-PM-P1, was 

obtained by subsequent propargylation of the 3'-alcohol of Cl-PM-I.  

With these new compounds at hand, the inhibitors A-PM-I and Cl-PM-I were first 

compared using an activity assay. Previous experiments have shown that the lid Cys 

is the primary binding site for these compounds, which is essential for PL 

phosphorylation. The concentration dependent inhibition of SaPLK and EfPLK activity 

after incubation with A-PM-I and Cl-PM-I supported these results, indicating binding 

of these compounds to the active site with subsequent covalent attachment to Cys110 

(Figure III-5a and b). Furthermore, the elevated reactivity of Cl-PM-I resulted in 

stronger inhibition compared to A-PM-I. In contrast, ginkgotoxin (4'-O-

methylpyridoxine), a hPLK inhibitor, did not inhibit SaPLK highlighting the importance 

of the Cys reactive warheads. 

A higher reactivity may result in a lower selectivity. Therefore, the next step was to 

investigate the selectivity of all probes by labelling lysates of S. aureus with spiked-in 

SaPLK wt. And indeed, a comparison between all probes revealed that although the 



Results and Discussion    119 

probe Cl-PM-P1 labelled SaPLK more strongly than the Michael-acceptor probes, 

significantly more off-target proteins were addressed (Figure III-5c). This clearly 

demonstrated the enhanced but nonspecific reactivity of Cl-PM-P1 compared to A-

PM-P1 and A-PM-P2, which almost exclusively labelled the spiked-in SaPLK. 

Noteworthy, the longer incubation time of 24 h proved to be beneficial in order to 

enhance SaPLK engagement. Similar results were obtained when the probes were 

incubated with intact S. aureus cells; while the probe A-PM-P1 showed only one other 

band besides SaPLK, Cl-PM-P1 displayed a strong background labelling (Figure III-5d).  

 

 

Figure III-5: Evaluation of Cys-reactive warhead of inhibitors A-PM-I and Cl-PM-I as well as probes A-PM-P1, A-PM-

P2 and Cl-PM-P1. a) Influence of compounds A-PM-I, Cl-PM-I and ginkgotoxin on SaPLK phosphorylation activity. 

Activity was measured after incubation for 2 h at 25 °C (n = 3 independent experiments per group; data represent 

the mean ± SEM). b) Influence of the compounds A-PM-I, Cl-PM-I and ginkgotoxin on EfPLK phosphorylation 
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activity. Activity was measured after incubation for 2 h at 25 °C (n = 3 independent experiments per group; data 

represent the mean ± SEM). c) Comparison of probes in spike-in studies with recombinant SaPLK (1 µM) in 

S. aureus lysate after 2 h and 24 h incubation time. Samples were analysed via SDS-PAGE. d) Comparison of in 

situ labelling of intact S. aureus cells using all probes (200 µM, 24 h) visualized by SDS-PAGE and fluorescence 

detection. 

2.2. In situ Profiling in Gram-positive Bacteria 

To assess the application of the probes for the identification of CC-PLKs, preparative 

ABPP was performed. For this purpose, intact S. aureus and E. faecalis cells were 

incubated with individual probes for 24 h, lysed, clicked to biotin azide and enriched 

on avidin beads. After digestion, peptides were analysed via label-free LC-MS/MS 

analysis. Remarkably, the A-PM-P1 probe was able to enrich both SaPLK and EfPLK 

selectively (Figure III-6a and d), which is in agreement with the gel-based labelling 

experiments. In addition, profile plots of the LFQ data revealed a dose-dependent 

enrichment of the two CC-PLKs (Figure III-6c and f).  

As already expected from the crystal structure and gel-based labelling experiments, 

probe A-PM-P2 could neither enrich SaPLK nor the EfPLK, which proved this probe to 

be unsuitable for CC-PLK mining (Figure III-6b and e). Unsurprisingly, the increased 

reactivity of Cl-PM-P1 caused high background labelling (Supplementary Figure 7) 

thus confirming the results of gel-based spike-in studies with recombinant SaPLK. 

Notably, many of these background binders (>58%) are proteins with medium or 

highly reactive Cys, explaining the enrichment of these with Cl-PM-P1.202  
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Figure III-6: Target identification of probes in intact S. aureus and E. faecalis. The volcano plots show enrichment of 

proteins after treatment (24 h) of S. aureus cells with a) A-PM-P1 (10 µM) or b) A-PM-P2 (10 µM) on a log2 scale. 

The vertical and horizontal threshold lines represent a log2 enrichment ratio of 1 and a -log10 (P value) of 2 (two-

sided two-sample t-test, n = 4 independent experiments per group), respectively. Supplementary Figure 7 contains 

volcano plot for Cl-PM-P1. c) Profile plot representation of proteomic data showing LFQ intensities of SaPLK after 
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treatment of intact S. aureus with Cl-PM-P1 (1 µM and 10 µM), A-PM-P1 (10 µM and 50 µM) and A-PM-P2 (10 µM 

and 50 µM) (n = 4 independent experiments per group). Further, the volcano plots show enrichment of proteins 

after treatment (24 h) of E. faecalis cells with d) A-PM-P1 (10 µM) or e) A-PM-P2 (10 µM) on a log2 scale. The vertical 

and horizontal threshold lines represent a log2 enrichment ratio of 1 and a -log10 (P value) of 2 (two-sided two-

sample t-test, n = 4 independent experiments per group), respectively. f) Profile plot representation of proteomic 

data showing LFQ intensities of EfPLK after treatment of intact E. faecalis with A-PM-P1 (10 µM and 50 µM) and A-

PM-P2 (10 µM and 50 µM) (n = 4 independent experiments per group). 

 

Together with the preceding gel-based labelling experiments, the proteomic data 

showed that the probe A-PM-P1 selectively enriches CC-PLKs from intact cells by 

covalent attachment to the lid Cys C110. Thus it can be used as a reliable in situ tool 

for the detection of Gram-positive CC-PLKs. 

2.3. In situ Profiling in Gram-negative Bacteria 

In Gram-negative bacteria, the significance of the lid Cys has not yet been clarified 

and contradictory data exists. A co-crystal structure of the E. coli enzyme revealed a 

covalent bond with PL, albeit in only one of the two monomers, suggesting that the 

Cys is important for PL phosphorylation. In contrast, the lid Cys mutant of the 

corresponding enzyme in P. aeruginosa remains active in phosphorylation assays, 

implying that it is dispensable for catalysis. 

The probes can be used to experimentally consolidate these divergent reports on CD-

PLKs. The reactivity and accessibility of lid Cys were assessed by incubating 

recombinant proteins EcPLK and PaPLK with the two probes A-PM-P1 and A-PM-P2. 

Labelling was subsequently analysed by fluorescent SDS-PAGE. Surprisingly, A-PM-

P1, the probe tailored for CC-PLK, could not mark either protein (Figure III-7a and b). 

In contrast, the probe A-PM-P2 showed very strong labelling of both enzymes, which 

is absent in the respective mutants. This confirms the lid Cys as the primary binding 

site of A-PM-P2 and also suggests that this amino acid residue is important for 

catalysis. 
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The preference of these enzymes for the probe A-PM-P2 can be explained using the 

E. coli co-crystal structure, which revealed different accessibility compared to SaPLK. 

While free space is available at the 2'-methyl group, restricted access is visible at the 

3'-OH group (Figure III-7c).  

 

 

Figure III-7: Evaluation of probes of CD-PLK profiling.  Gel-based labelling experiments using recombinant a) EcPLK 

and b) PaPLK. Wild type and mutant enzymes were incubated with probes (10 eq.) for 24 h and analysed via SDS-

PAGE. c) Close-up view of the PL-binding site of Gram-negative EcPLK (pdxY, PDB code: 1TD2, gray).189 The left 

panels present the respective binding sites with PL (gray stick model) as previously obtained by co-crystallization.189 

The structures of A-PM-P1 (blue stick model, middle panel) and A-PM-P2 (green stick model, right panel) have 

been modeled into the available X-ray crystal structures using atoms of the covalently bound PL as reference 

points. A-PM-P1 clashes with Thr45 located at the small-helix-loop secondary structural element (middle panel, 

red circle) while A-PM-P2 fits well into the binding pocket. Conformational change as well as covalent engagement 

with the lid Cys122 is indicated by the arrow (right panel).  

Next, the enzymatic activity of wild type and mutant proteins was evaluated in order 

to investigate the importance of lid Cys for phosphorylation activity. However, in 

accordance with previous literature reports, turnover of the purified protein in buffer 
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was found to be slow.203 By using the lysate of E. coli, expressing the corresponding 

recombinant proteins, a significantly higher phosphorylation activity was achieved. 

The E. coli cell lysate lacking recombinant PLK expression were used as a control to 

subtract the basal PLK activity level. A PLP turnover rate of 57 µM PLP/h was 

determined for overexpressed EcPLK wt, which was reduced by 50% for the 

corresponding mutant (Figure III-8a). This is in perfect agreement with the results of 

the co-crystal structure of E. coli, where PL was covalently bound in only every other 

monomer. The PaPLK wt showed a 3-fold reduced turnover compared to the E. coli 

wt enzyme. Remarkably, the corresponding PaPLK lid mutant completely lacked the 

enzymatic activity, highlighting the importance of this residue for catalysis. 

To demonstrate the applicability of these probes for in situ experiments and to 

identify CD-PLKs, intact E. coli cells were incubated with the probes A-PM-P1 and A-

PM-P2 and target proteins were analysed after enrichment using LC-MS/MS with 

label-free quantification (Figure III-8b). Importantly, EcPLK has been strongly enriched 

with A-PM-P2 and in a concentration-dependent manner as demonstrated by the 

LFQ intensity profile plot (Figure III-8c). Additionally, several proteins with reactive Cys, 

such as thioredoxin-like proteins and enzymes known for PL or PLP binding, such as 

aromatic amino acid aminotransferase (tyrB) and E. coli PLK (pdxK, kinase without lid 

Cys), were among the hits. As anticipated from the gel-based labelling experiments, 

A-PM-P1 was not able to enrich the EcPLK (Figure III-8d). 

 

In summary, two probes A-PM-P1 and A-PM-P2 were developed with tailored 

performance in different bacteria types. The probe A-PM-P1 can be used to screen 

for further representatives of CC-PLKs in Gram-positive bacteria, while A-PM-P2 is 

suitable for the identification of CD-PLKs in Gram-negative bacteria. 
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Figure III-8: Target identification by chemical proteomic profiling. a) PL phosphorylation activity assay of Gram-

negative PLKs was performed in cell lysate of an E. coli expression strain after overexpression of proteins (n = 3; 

data represent the mean ± SEM).  Further, the volcano plots show enrichment of proteins after treatment (24 h) 

of E. coli cells with b) A-PM-P2 (10 µM, E. coli K12) or d) A-PM-P1 (10 µM, E. coli 536) on a log2 scale. The vertical 

and horizontal threshold lines represent a log2 enrichment ratio of 2 and a -log10 (P value) of 2 (two-sided two-

sample t-test, n = 4 independent experiments per group), respectively. The green dot represents the target 

protein, EcPLK (UniProt IDs for pdxy in E. coli K12 and E. coli 537 are P77150 and Q0THJ1, respectively and proteins 

share 99% sequence identity). Black dots represent PLP associated enzymes and blue dots represent proteins of 

the thioredoxin-like superfamily (assignment according to UniProtKB).204 c) Profile plot representation of 

proteomic data showing LFQ intensities of EcPLK after treatment of intact E. coli cells with A-PM-P2 (10 µM and 

50 µM) (n = 4 independent experiments per group). 

2.4. Conclusion and Outlook 

Pyridoxal kinases are important enzymes for supplying the cell with the essential 

cofactor PLP. Recently, several PLKs with a Cys in their lid region were discovered and 
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Gram-positive PLKs and Gram-negative PLKs were referred to as CC-PLKs and CD-

PLKs, respectively. However, the Cys reactivity for the formation of hemithioacetals 

and their importance for catalytic turnover was largely unknown.  

 

Within the scope of this work, probes were developed that selectively target Gram-

positive or Gram-negative PLKs. The reactive Cys in the lid was validated as the 

primary binding site of these compounds, which was irreversibly trapped by the 

electrophilic groups, thus allowing enrichment and identification by LC-MS/MS. 

Importantly, the lid Cys of all wt enzymes in this study were modified by the respective 

tailored probes highlighting their important role in catalysis, which was confirmed by 

the corresponding activity assays. This approach contributed to elucidate the 

contradictory role of this amino acid residue in CD-PLKs. 

 

 

Figure III-9: This study developed tailored probes for CC-PLK and CD-PLK mining. Probes A-PM-P1 and A-PM-P2 

selectively target Gram-positive and Gram-negative PLKs, respectively and can be used to identify further 

representatives of this PLK subclass family.  

Thus, the probes represent suitable tools to further decipher these PLK subclasses in 

other bacterial cells with yet unknown function. Since this kinase class does not exist 

in humans, they are of great interest as potential antibiotic targets. 
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One example might be a homologous protein encoded by thiD (UniProt ID: P9WG77) 

in Mycobacterium tuberculosis, with a Cys two residues downstream compared to 

SaPLK. This protein is annotated as a HMP kinase and is thought to be essential.181,205 

A compound based on the HMP scaffold and with an acrylamide as a reactive group 

could potentially inhibit this enzyme, thus possibly resulting in antibiotic activity.  
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3.  Experimental Section 

3.1. Bacterial Cultures 

The bacterial strains S. aureus USA 300 LAC JE2, E. faecalis V583, E. coli K12 and P. 

aeruginosa PAO1 were cultivated as described in section “Media” and “Overnight 

Cultures”. 

For pre-cultures, 5 mL of the respective media were inoculated with bacteria and were 

grown for 7 h (200 rpm, 37 °C). 

3.2. Cloning of Pyridoxal Kinases 

Recombinant PLK (pdxY) proteins of E. coli K12 (UniProt ID: P77150) and P. aeruginosa 

PAO1 (UniProt ID: Q9HT57) were constructed to carry an N-terminal His6-tag. The 

Invitrogen™ Gateway™ cloning system (Thermo Scientific) was used following the 

manufacturer’s cloning protocol (as already described in detail in section “Gateway 

Cloning”). Primers for wild type (wt) genes were designed to carry attB1 or attB2 

sequences (Table III-1) to shuffle the respective PCR products into donor vector 

pDONR201Kan (pDONR201_EcPLK_wt, pDONR201_PaPLK_wt) and destination vector 

pET300Amp (pET300_EcPLK_wt, pET300_PaPLK_wt). 

 

Table III-1| Primers used for Gateway cloning and QuikChange site-directed mutagenesis. AttB1- and attB2-

sequences are indicated in lower case. 

Primer name DNA sequence (5’  3’) 

E. coli pdxY wt fwd w/ attB1 ggggacaagtttgtacaaaaaagcaggcttt ATGATGAAAAATATTCTCGCTATCC 

E. coli pdxY wt rev w/ attB2 ggggaccactttgtacaagaaagctgggtg TCAGAGCTTTGTTGCGCT 

E. coli pdxY C122A fwd GTCATCCGGAAAAAGGCGCTATCGTTGCACCGGGTG 

E. coli pdxY C122A rev CACCCGGTGCAACGATAGCGCCTTTTTCCGGATGAC 
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P. aeruginosa pdxY wt fwd w/ attB1 ggggacaagtttgtacaaaaaagcaggcttt ATGCCACGTACGCCCCAC 

P. aeruginosa pdxY wt rev w/ attB2 ggggaccactttgtacaagaaagctgggtg CTAAAGGCGCACTGCGTCGAA 

P. aeruginosa pdxY C124A fwd CCCGGAAAAAGGCGCCATCGTGGCCCCG 

P. aeruginosa pdxY C124A rev CGGGGCCACGATGGCGCCTTTTTCCGGG 

 

Plasmids carrying a point mutation in the respective PLK gene (pET300_EcPLK_C122A, 

pET300_PaPLK_C124A) were obtained using the QuikChange II site-directed 

mutangenesis protocol (Agilent) with the respective pET300 wt plasmids as DNA 

templates. The primer sequences (Table III-1) were designed using QuikChange 

Primer Design (Agilent). After amplification of the desired plasmid containing the 

respective point mutation by PCR using Phusion HF Polymerase, the wt plasmids were 

digested by DpnI and the remaining mutant plasmids were transformed into 

chemically competent E. coli XL1-Blue, which were subsequently plated on LB agar 

supplemented with appropriate antibiotic (Table III-2). Single colonies were picked 

and grown in 5 mL LB medium containing appropriate antibiotic. On the next day, 

plasmid DNA was isolated using E.Z.N.A. Plasmid mini Kit I (OMEGA Bio-Tek) 

according to the manufacturer’s protocol. The plasmid concentration was measured 

on an Infinite® M200 Pro microplate reader using a NanoQuant Plate™ (Tecan Group 

Ltd.) and the sequences were verified by DNA sequencing (Genewiz). Plasmids (Table 

III-2) were transformed into chemically competent E. coli BL21(DE3) cells for protein 

expression. 

 

Table III-2| Plasmids used or prepared in this study. 

Plasmid Gene – UniProt ID Antibiotic (final concentration) Source 

pDONR201 empty Kanamycin (25 µg mL-1) Invitrogen 

pET300 empty Ampicillin (100 µg mL-1) Invitrogen 
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pDONR201_EcPLK_wt pdxY – P77150 Kanamycin (25 µg mL-1) This study 

pET300_EcPLK_wt pdxY – P77150 Ampicillin (100 µg mL-1) This study 

pET300_EcPLK_C122A pdxY – P77150 Ampicillin (100 µg mL-1) This study 

pDONR201_PaPLK_wt pdxY – Q9HT57 Kanamycin (25 µg mL-1) This study 

pET300_PaPLK_wt pdxY – Q9HT57 Ampicillin (100 µg mL-1) This study 

pET300_PaPLK_C124A pdxY – Q9HT57 Ampicillin (100 µg mL-1) This study 

 

3.3. Protein Overexpression and Purification 

For protein overexpression, 1 L LB medium containing 100 µg mL-1 ampicillin was 

inoculated (1:100) with overnight cultures of the corresponding expression strains and 

grown to an OD600 of 0.6 (37 °C, 200 rpm). To induce protein overexpression, 

isopropyl-1-thio-β-D-galactopyranoside (IPTG) was added (EcPLK wt: 1mM, EcPLK 

C122A: 1mM, PaPLK wt: 10 µM, PaPLK C124A: 10 µM) and bacteria were incubated 

under the following conditions: EcPLK wt: 22h, 25 °C; EcPLK C122A: 22h, 18 °C; PaPLK 

wt: 22h, 18 °C, PaPLK C124A: 22h, 18 °C. Bacteria were harvested (6,000 g, 10 min, 

4 °C), washed with PBS and resuspended in 30 mL lysis buffer (20 mM HEPES, 10 mM 

imidazole, 150 mM NaCl, 2 mM β-mercaptoethanol (β-ME), 0.2% (v/v) NP-40, pH 8.0 

in ddH2O). Lysis was performed by sonication repeating the following protocol twice: 

7 min at 30% intensity, 3 min at 80% intensity (Sonopuls HD 2070 ultrasonic rod, 

Bandelin electronic GmbH). The supernatant was cleared (18,000 g, 30 min, 4 °C) and 

transferred into a Superloop (GE Healthcare) for loading onto a 5 mL pre-equilibrated 

HisTrap HP column (GE Healthcare) installed at an ÄKTA Purifier 10 FPLC system 

equipped with an UV-detector (UPC900, P900, Box 900, Frac950, Thermo Fisher). The 

column was washed using the following buffers: Wash buffer 1 (40 mL; 20 mM HEPES, 

10 mM imidazole, 150 mM NaCl, 2 mM β-ME, pH 8.0 in ddH2O), wash buffer 2 (40 mL; 

20 mM HEPES, 10 mM imidazole, 1 M NaCl, 2 mM β-ME, pH 8.0 in ddH2O)), wash 

buffer 3 (40 mL, 20 mM HEPES, 40 mM imidazole, 150 mM NaCl, 2 mM β-ME, pH 8.0 

in ddH2O), and the protein was eluted with elution buffer (25 mL, 20 mM HEPES, 
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500 mM imidazole, 150 mM NaCl, 2 mM β-ME, pH 8.0 in ddH2O). Fractions containing 

proteins were pooled and concentrated using ultra-centrifugal filters (Amicon, 10 kDa 

cut-off). Next, preparative size-exclusion chromatography was performed using a 

120 mL pre-equilibrated Superdex column (HiLoad 16/60 Superdex 75 or 200 prep 

grade, GE Healthcare) and SEC buffer (1.5 column volumes, 50 mM HEPES, 250 mM 

NaCl, pH 8.0 in ddH2O). Homodimeric protein fractions were pooled, concentrated 

and protein concentration was measured on an Infinite® M200 Pro microplate reader 

with a NanoQuant plate (Tecan Group Ltd.) using the following extinction coefficients: 

EcPLK wt:  = 29,910 M-1 cm-1; EcPLK C122A:  = 29,910 M-1 cm-1; PaPLK wt: 

 = 26,930 M-1 cm-1; PaPLK C124A:  = 26,930 M-1 cm-1.  

 

The proteins (EcPLK wt: 1.6 mM, EcPLK C122A: 586 µM, PaPLK wt: 332 µM, PaPLK 

C124A: 496 µM) were stored at –80 °C in SEC buffer. 

 

N-terminally STREPII-tagged SaPLK wt (sav0580, S. aureus Mu50, with TEV site) and 

SaPLK C110A as well as EfPLK wt (EF_0202, E. faecalis V583) and EfPLK C110A were 

prepared as previously described.193 

3.4. Intact Protein Mass Spectrometry (IPMS) 

Recombinant protein was diluted in PBS to a concentration of 1 µM, compound was 

added to a final concentration of 100 µM and samples were incubated overnight at 

RT without shaking. Proteins were analysed on a LTQ FT UltraTM mass spectrometer 

(Thermo Scientific) equipped with electrospray ionization (ESI) source operated in 

positive ionization mode coupled to a Dionex Ultimate 3000 HPLC system (Thermo 

Scientific). Intact protein spectra were deconvoluted by the Thermo Xcalibur software 

2.2 (Thermo Scientific). 
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3.5. Activity-based Protein Profiling 

3.5.1. Labelling of Recombinant Protein 

Recombinant PLK was diluted in 50 µL K-buffer (50 mM HEPES, 50 mM KCl, 10 mM 

MgCl2, pH 7.9 in ddH2O) or S. aureus lysate (1 mg mL-1 protein in PBS) as background 

to a final concentration of 1 µM. For heat control samples, SDS was added to a final 

concentration of 0.4% (w/v) and the solution was heated (95 °C, 30 min). Next, various 

concentrations of the probes were added (50× stock, 2% final concentration DMSO) 

or DMSO (negative control) and samples were incubated for 24 h (if not stated 

differently) without shaking at RT. Afterwards, the samples were subjected to click-

reaction and analysed by SDS-PAGE as already described in section “Gel-based 

ABPP”. 

3.5.2. Analytical in situ Labelling 

Pre-cultures of S. aureus were used to inoculate 50 mL B-media and bacteria were 

grown to stationary phase (OD600 of 7.6, 12 h). The cells were harvested (5,000 ×g, 

10 min, 4 °C) and washed with PBS (15 mL; 5,000 ×g, 10 min, 4 °C). The pellet was 

resuspended in PBS to a final OD600 of 40. The bacterial suspension was split into 

aliquots of 200 µL and either a probe (200 µM, 2% final concentration DMSO) or 

DMSO was added. The cultures were incubated (24 h, 25 °C, 800 rpm) and harvested 

by centrifugation (5,000 ×g, 10 min, 4 °C). The pellet was washed with PBS 

(2 × 0.5 mL) and resuspended in 200 µL 0.4% (w/v) SDS in PBS. The cells were lysed 

by bead disruption (Precellys 24 Homogenizer, Bertin Technologies) using the 

following cycle three times: 30 sec at 6,500 rpm, with 20 sec cooling break using liquid 

nitrogen air flow. The lysed cells were transferred to Eppendorf tubes and centrifuged 

(16,000 ×g, 30 min, RT). Next, 50 µL of supernatant were subjected to click-reaction 

analysed by SDS-PAGE as already described in section “Gel-based ABPP”. 
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3.5.3. Preparative in situ Labelling 

Preparation of MS samples 

Pre-cultures of S. aureus, E. faecalis and E. coli were used to inoculate fresh media 

and bacteria were grown to stationary phase (S. aureus: OD600 of 8.0, 12 h; E. faecalis: 

OD600 of 2.0, 6 h; E. coli: OD600 of 3.0, 6 h). The cells were harvested (5,000 ×g, 10 min, 

4 °C) and washed with PBS (15 mL; 5,000 ×g, 10 min, 4 °C). Pellets were resuspended 

in PBS to a final OD600 of 40. This bacterial suspension was split into aliquots of 1 mL 

and either a probe (final concentrations indicated in corresponding figures, 1% final 

concentration of DMSO) or DMSO was added. The cultures were incubated (24 h, 

25 °C, 800 rpm) and harvested by centrifugation (5,000 ×g, 10 min, 4 °C). The pellets 

were washed with PBS (2 × 1 mL) and resuspended in 1 mL 0.4% (w/v) SDS in PBS for 

lysis. E. coli samples were lysed by sonication (3 × 20 s, 80%, Sonopuls HD 2070 

ultrasonic rod, Bandelin electronic GmbH) with cooling breaks on ice. E. faecalis and 

S. aureus samples were transferred into 2 mL lysis tubes for bead disruption (Precellys 

24 Homogenizer, Bertin Technologies) using the following cycle three times: 30 sec 

at 6,500 rpm, with 20 sec cooling break using liquid nitrogen air flow. The lysed cells 

were transferred to Eppendorf tubes and lysate was cleared (16,000 ×g, 30 min, RT). 

Protein concentration was measured using the Pierce BCA Protein assay kit (Thermo 

Fisher Scientific, Pierce Biotechnology) and sample concentrations were adjusted to 

equal protein amounts (1–2 mg mL-1) in a total volume of 500 µL. Next, click-reaction 

and protein enrichment on avidin beads followed by reduction, alkylation and 

quenching was performed as described in section “Gel-free ABPP and AfBPP”.  

 

The samples were digested by Lys-C (1 µL, 0.5 µg µL-1, Wako) for 2 h (RT, 450 rpm) 

and diluted with TEAB (50 mM, 600 µL). Trypsin (1.5 µL, 0.5 µg µL-1 in 50 mM acetic 

acid, Promega) was added to digest the samples for 16 h (37 °C, 450 rpm). On the 

next day, the reaction was stopped by acidification using formic acid (FA, 10 µL, final 
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pH below 3.0). Desalting and filtration of the samples was performed as described in 

section “Gel-free ABPP and AfBPP”. 

 

LC-MS/MS Measurement 

MS-measurement of S. aureus and E. faecalis samples was performed on a Q Exactive 

Plus instrument equipped with an electrospray easy source (Thermo Fisher) coupled 

to an Ultimate 3000 Nano-HPLC (Thermo Fisher). Samples were loaded on a 2 cm 

Acclaim C18 PepMap100 trap column (particles 3 µm, 100 A, inner diameter 75 µm, 

Thermo Fisher) with 0.1% (v/v) TFA and separated on a 50 cm PepMap RSLC C18 

column (particles 2 µm, 100 A, inner diameter 75 µm, Thermo Fisher) constantly 

heated to 50 °C. The gradient was run from 5-32% (v/v) acetonitrile, 0.1% (v/v) formic 

acid during a 152 min method (7 min 5%, 105 min to 22%, 10 min to 32%, 10 min to 

90%, 10 min wash at 90%, 10 min equilibration at 5%) at a flow rate of 300 nL min-1. 

MS-measurement of E. coli samples was performed on a slightly different setup. The 

Q Exactive Plus instrument was equipped with a Nanospray Flex ion source (ES071, 

Thermo Fisher) and separation of peptides was performed at a flow rate of 

400 nL min-1 on a 25 cm Aurora Series emitter C18 column (AUR2-25075C18A, 

particles 1.6 µm, inner diameter 75 µm, Ionoptics) constantly heated to 40 °C. 

 

MS data on the Q Exactive Plus instrument was acquired with the following 

parameters: survey scans (m/z 300-1,500) were acquired at a resolution of 140,000 

and the maximum injection time was set to 80 ms (AGC target value 3e6). Data-

dependent HCD fragmentation scans of the 10 most intense ions of the survey scans 

were acquired at a resolution of 17,500, maximum injection time was set to 100 ms 

(AGC target value 1e5). The isolation window was set to 1.6 m/z. Unassigned and singly 

charged ions were excluded for measurement and the dynamic exclusion of peptides 

enabled for 60 s. The lock-mass ion 445,12002 from ambient air was used for real-

time mass calibration on the Q Exactive Plus.  
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MS Data Analysis 

Data were acquired using Xcalibur software (version 4.1.31.9, Thermo Fisher) and 

MaxQuant (version 1.6.1.0) was used to analyze the obtained raw files of the label-free 

quantification with Andromeda.206 The following settings were applied: variable 

modifications: oxidation (methionine), acetylation (N-terminus); fixed modifications: 

carbamidomethylation (cysteine); proteolytic enzyme: trypsin/P; missed cleavages: 2; 

“No fractions”, “LFQ”, “Requantify” and “Match between runs” were enabled; “Second 

Peptide” was disabled. Searches were performed against the following FASTA files 

from UniProtKB: S. aureus USA300 (taxon identifier: 367830, downloaded: 1 April 

2019), E. faecalis V583 (taxon identifier: 226185, downloaded:1 April 2019), E. coli K12 

(taxon identifier: 83333, downloaded: 7 April 2020) and E. coli 536 (taxon identifier: 

362663, downloaded: 21 June 2019).204 

 

Perseus (version 1.6.2.3) was used for statistical analysis of MS data.160 Putative 

contaminants, reverse peptides and peptides only identified by site were deleted. LFQ 

intensities were log2-transformed and data was filtered for at least 3 valid values in at 

least one group. Missing values imputation over the total matrix was performed and 

annotations derived from UniProtKB were added.204 For statistical evaluation, –log10(P 

values) were obtained by a two-sided two sample Student’s t-test.  

3.6. PLK Inhibition Assay 

A previously published kinase activity assay was performed with slight 

modifications.207 Briefly, 110 µL K-Buffer (50 mM HEPES, 50 mM KCl, 10 mM MgCl2, pH 

7.9 in ddH2O) containing 2 µM recombinant protein (SaPLK wt and EfPLK wt) was pre-

incubated (2 h, 25 °C, 200 rpm) with 1.1 µL compound (final concentration: 1 µM – 

1 mM, 1% final concentration DMSO) or DMSO in a 96-well flat bottom transparent 

plate. To start the activity assay, 98 µL of the pre-incubated samples were added to 

1 µL ATP (250 mM in K-buffer, final concentration 2.5 mM) and 1 µL PL (200 mM in K-
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buffer, final concentration 2 mM) and the absorption at 388 nm was recorded 

(45 minutes, 25 °C, intervals of 75 seconds) using an Infinite® M200 Pro microplate 

reader (Tecan Group Ltd.). The slope of the curve in the linear range was obtained via 

linear regression using Prism 5.03 (GraphPad). Values were normalised to DMSO-

treated samples (100% activity) and samples without recombinant protein (negative 

controls, 0% activity). The assay was performed in three independent experiments 

with three technical replicates each. 

3.7. PLK Activity Assay in Lysate 

Kinase activity was determined in cell lysate of expression strains for E. coli and 

P. aeruginosa PLK wild types and mutants. E. coli BL21 (DE3) without plasmid was used 

as a negative control to identify the basal PLK activity level. For overexpression, LB 

medium containing 100 µg mL-1 ampicillin (for negative control without antibiotic) was 

inoculated (1:100) with overnight cultures of the corresponding expression strains and 

grown to an OD600 of 0.6 (37 °C, 200 rpm). To induce protein overexpression, IPTG 

was added to a final concentration of 10 µM and bacteria were incubated under the 

following conditions: E. coli BL21(DE3): 3 h, 37 °C, EcPLK (wt and C122A): 3 h, 37 °C, 

PaPLK (wt and C124A): 22h, 18 °C. Cultures were harvested (6,000 ×g, 10 min, 4 °C), 

washed with PBS and resuspended in K-buffer (50 mM HEPES, 50 mM KCl, 10 mM 

MgCl2, pH 7.9 in ddH2O) to a calculated OD600 of 40. Lysis was performed by 

sonication (3 min, 80%, Sonopuls HD 2070 ultrasonic rod, Bandelin electronic GmbH) 

on ice. The supernatant was cleared by centrifugation (18,000 ×g, 30 min, 4 °C), was 

split into aliquots and stored at –80 °C. The concentration of overexpressed PLK in 

lysate was determined semi-quantitatively. For that, varying concentrations of 

recombinant E. coli PLK wt were loaded on a gel and gray values of protein bands 

were measured using ImageJ (Supplementary Figure 6a and b). A calibration curve 

was calculated, which was used to determine the concentration of overexpressed PLK 

in lysates (Supplementary Figure 6c). 
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For the assay, lysates were diluted in K-buffer to a final concentration of 5 µM 

overexpressed PLK (98 µL final volume) and were incubated with 1 µL ATP (250 mM 

in K-buffer, final concentration 2.5 mM) and 1 µL PL (100 mM in K-buffer, final 

concentration 1 mM) at 37 °C. Over a time period of 16 h, the absorption at 388 nm 

was recorded every 15 minutes on a Tecan Infinite M200Pro microplate reader 

(Thermo Fisher). The slope of the curves in the linear range was determined via linear 

regression using Prism 5.03 (GraphPad). Using the PLP extinction coefficient 

( = 5444 M-1 cm-1), slope values were transformed into PLP formation rates per hour. 

Samples containing lysate of untransformed E. coli BL21 (DE3) were included as 

negative controls and values were subtracted from the formation rates of PLK 

overexpression strains. The obtained rates indicate the PLK phosphorylation activity 

of 5 µM overexpressed PLK as PLP formation rate per hour. The assay was performed 

in three independent experiments with three technical replicates each. 

3.8. Computational Modeling 

Atomic models for A-PM-P1 and A-PM-P2 were generated with JLigand208 and 

regularized with AceDRG.209 Modeling of A-PM-P1 and A-PM-P2 in the PL binding site 

in the SaPLK193 and EcPLK189 X-ray crystal structures using the PL atoms of the pyridine 

ring as reference was carried out in Coot.210 Structural figures were prepared in PyMOL 

(Schrödinger). 
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3.9. Chemical Synthesis 

Chemicals 

Chemicals with reagent or higher grade as well as dry solvents were purchased from 

Sigma Aldrich, TCI Europe, VWR, Roth and Alfa Aesar, and were used without any 

further purification. Solvents of technical grade were distilled prior to use. Air- or 

moisture-sensitive reactions were carried out in flame-dried reaction flasks under an 

argon atmosphere.  

 

Analytical thin layer chromatography 

Analytical thin layer chromatography was performed on aluminium-coated TLC silica 

gel plates (silica gel 60, F254, Merck KGaA). For visualization, UV light (λ = 254 nm), 

KMnO4-stain (3.0 g KMnO4, 20 g K2CO3 and 5 mL 5% NaOH in 300 mL ddH2O), CAM 

(5.0 g Cer-(IV)-sulfate, 25 g ammoniummolybdate and 50 mL concentrated sulphuric 

acid in 450 mL water) or ninhydrine (10 g ninhydrine in 300 mL ethanol) with 

subsequent heat treatment (ca. 250 °C) were used. Column chromatography was 

carried out using silica gel [40-63 µm (Si 60), Merck KGaA]. 

 

Mass-Spectrometry 

High-resolution mass spectra (HRMS) were obtained using an LTQ-FT Ultra (Thermo 

Fisher) equipped with an ESI ion source. Data were visualized and processed using 

Xcalibur 2.2 (Thermo Fisher). Low-resolution mass spectra were recorded on an MSQ 

Plus instrument (Thermo Fisher) equipped with a Dionex Ultimate 3000 separation 

module (Thermo Fisher). Data were visualized and processed using Chromeleon 7.2.7 

(Thermo Fisher).  
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High Pressure Liquid Chromatography 

Purification by preparative, reversed-phase HPLC was performed using a Waters 2545 

quaternary gradient module equipped with a Waters 2998 photodiode array detector 

and fraction collector on a YMC Triart C18 column (250 × 10 mm, 5 µm). Gradients 

are listed in the Table III-3 using ddH2O and HPLC-grade acetonitrile as the mobile 

phase. 

 

Table III-3| Gradients used for HPLC purifications. 

Method A Method B 

t [min] %-H2O %-ACN t [min] %-H2O %-ACN 

0 98 2 0 98 2 

1 80 20 1 98 2 

7 60 40 12 60 40 

8 2 98 13 2 98 

9 2 98 14 2 98 

11 98 2 15 98 2 

13 98 2 17 98 2 

 

NMR-Spectroscopy 

1H-NMR experiments were conducted on Avance-III HD (300, 400 or 500 MHz) NMR 

systems (Bruker Co.) at RT. using deuterated solvents. Chemical shifts are given in 

parts per million (ppm) and residual proton signals of deuterated solvents 

(CDCl3 δ = 7.26 ppm, MeOD-d4 δ = 4.87 ppm, DMSO-d6 δ = 2.50 ppm, 

D2O δ = 4.79 ppm) were used as internal reference. Coupling constants (J ) are given 

in Hertz (Hz). For assignment of signal multiplicities, the following abbreviations were 

used: br s – broad singlet, s – singlet, d – doublet, dd – doublet of doublets, ddd – 

doublet of doublet of doublets, t – triplet, td – triplet of doublets, q – quadruplet and 

m – multiplet. 13C-NMR spectra were measured on Avance-III HD NMR systems 

(Bruker Co.) with deuterated solvents. Chemical shifts were referenced to the residual 
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solvent peak as an internal standard (CDCl3 δ = 77.16 ppm, MeOD-d4 δ = 49.00 ppm, 

DMSO-d6 δ = 39.52 ppm). Spectra were processed using MestReNova (Mestrelab 

Research). 
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3.9.1. Synthesis of Inhibitor A-PM-I 

 

 

This synthesis was performed according to the protocol published by Ueda et al.196 

Briefly, pyridoxamine dihydrochloride (PM)  (350 mg, 1.45 mmol, 1.0 eq.) was 

dissolved in 5 mL of water. Next, NaOH (480 µL, 30% in H2O) was added slowly and 

the solution was stirred for 5 min. Afterwards, acryloyl chloride (140 µL, 157 mg, 

1.74 mmol, 1.2 eq.) was added and the reaction mixture was stirred for 4 h at RT. 

followed by extraction with EtOAc (3 × 10 mL). The aqueous phase was neutralized 

using 2 N HCl and extracted with EtOAc (3 × 10 mL). The combined organic layers 

were dried over MgSO4 and the solvent was removed under reduced pressure. The 

residue was dissolved in 5 mL of dry EtOH, HCl(g) was passed through the solution 

and the product was precipitated by the addition of diethyl ether (20 mL). The product 

was washed with diethyl ether (2 × 10 mL) and the remaining solvent was removed 

under reduced pressure to obtain the product A-PM-I (25.7 mg, 90.0 µmol, 6%). 

 

1H-NMR (500 MHz, D2O): δ [ppm] = 8.12 (s, 1H), 6.31 - 6.25 (m, 2H), 5.81 (dd, 

J = 9.2 Hz, 2.3 Hz, 1H), 4.89 (s, 2H), 4.62 (s, 2H), 2.63 (s, 3H). 

13C-NMR (126 MHz, D2O): δ [ppm] = 169.2, 153.4, 143.5, 139.5, 137.6, 129.6, 128.63, 

128.6, 58.4, 34.8, 14.7. 

ESI-HR-MS (m/z) [M+H+] calcd. for C11H15N2O3, 223.1077; found, 223.1077. 
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3.9.2. Synthesis of Probe A-PM-P1 

 

 

 

A-PM-I (87.0 mg, 400 µmol, 1.0 eq.) was dissolved in 4 mL of dry DMF and potassium 

carbonate (57.0 mg, 410 µmol, 1.0 eq.) was added. After stirring for 15 min at RT, 

propargyl bromide (30.0 µL, 47.0 mg, 400 µmol, 1.0 eq.) was added dropwise. The 

mixture was stirred at RT for 9 h. The solvent was removed under reduced pressure 

and the crude product was purified by column chromatography (DCM:MeOH = 10:1) 

yielding A-PM-P1 (63.9 mg, 245 µmol, 73%) as a yellow oil. 

 

TLC (DCM:MeOH = 10:1): Rf = 0.34 [UV]. 

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 8.26 (s, 1H), 6.23 (dd, J = 17.1 Hz, 10.1 Hz, 

1H), 6.10 (dd, J = 17.1 Hz, 2.2 Hz, 1H), 5.59 (dd, J = 10.1 Hz, 2.3 Hz, 1H), 5.32 (t, 

J = 5.3 Hz, 1H), 4.67 (d, J = 2.4 Hz, 2H), 4.54 (d, J = 5.0 Hz, 2H), 4.44 (d, J = 5.2 Hz, 

2H), 3.64 (t, J = 2.4 Hz, 1H), 2.54 (s, 1H), 2.46 (s, 3H). 

13C-NMR (126 MHz, DMSO-d6): δ [ppm] = 164.4, 151.2, 150.8, 144.0, 137.2, 135.1, 131.3, 

125.7, 79.2, 79.0, 61.0, 58.4, 33.9, 19.7. 

ESI-HR-MS (m/z) [M+H+] calcd. for C14H17N2O3, 261.1233; found, 261.1233. 
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3.9.3. Synthesis of Inhibitor Cl-PM-I 

 

 

 

This synthesis was performed as previously published.197 To a solution of PM 

dihydrochloride (154 mg, 640 µmol, 1.0 eq.) in anhydrous methanol (20 mL) at RT, 

sodium metal (33.8 mg, 1.47 mmol, 2.3 eq.) and triethylamine (232 µL, 1.66 mmol, 

2.6 eq.) were added. Next, chloroacetic anhydride (383 mg, 1.47 mmol, 2.3 eq.) was 

added and the mixture was stirred at RT for 22 h. The crude reaction mixture was 

concentrated in vacuo and purified by preparative TLC (20 × 20 cm, UV254, 2 mm) 

using EtOAc/Hex (10/1). Fractions detected by UV light were scratched from the glass 

surface and the product was dissolved in methanol. The suspension was cooled to 

0 °C, filtered and concentrated in vacuo to obtain Cl-PM-I (29.9 mg, 122 µmol, 19%) 

as an ocher-colored oil. 

 

TLC (EtOAc:Hex = 10:1): Rf  = 0.08 [UV]. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 9.26 (br s, 1H), 7.88 (s, 1H), 7.85 (br s, 1H), 4.76 

(s, 2H), 4.50 (d, J = 6.7 Hz, 2H), 4.07 (s, 2H), 2.51 (s, 3H). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 169.2, 150.9, 150.4, 139.5, 132.4, 130.1, 62.3, 42.2, 

36.2, 19.8. 

ESI-HR-MS (m/z) [M+H+] calcd. for C10H14ClN2O3, 245.0687; found, 245.0687. 
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3.9.4. Synthesis of Probe Cl-PM-P1 

 

 

 

Cl-PM-I (19.3 mg, 78.9 µmol, 1.0 eq.) was dissolved in anhydrous DMF (1 mL) before 

K2CO3 (10.9 mg, 78.9 µmol, 1.0 eq.) was added. The suspension was stirred at RT for 

15 min. Propargyl bromide (80% in toluene, 8.50 µL, 78.9 µmol, 1.0 eq.) was added 

dropwise and the suspension was stirred at RT for 5 h. Brine (5 mL) was added and 

the aqueous phase was extracted with EtOAc (3 × 10 mL). The combined organic 

phases were washed with brine (5 × 30 mL), dried over Na2SO4 and concentrated in 

vacuo. The crude product was purified by column chromatography (EtOAc:Hex = 10:1 

→ DCM:MeOH 10:1) to obtain Cl-PM-P1 (5.30 mg, 19.0 µmol, 24%) as an ocher-

colored solid. 

 

TLC (DCM:MeOH = 10:1): Rf  = 0.14 [UV]. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 8.29 (s, 1H), 7.61 (br s, 1H), 4.75 (s, 2H), 4.70 (d, 

J = 6.4 Hz, 2H), 4.69 (d, J = 2.4 Hz, 2H), 4.03 (s, 2H), 2.59 (t, J = 2.4 Hz, 1H), 2.55 (s, 

3H). 

13C-NMR (126 MHz, Methanol-d4): δ [ppm] = 168.8, 153.8, 153.0, 145.3, 140.4, 136.3, 

79.3, 78.3, 62.1, 60.6, 43.1, 36.1, 19.6. 

ESI-HR-MS (m/z) [M+H+] calcd. for C13H16ClN2O3, 283.0844; found, 283.0843. 
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3.9.5. Synthesis of Probe A-PM-P2 

2-(But-3-yn-1-yl)-3-hydroxy-5-(hydroxymethyl) isonicotinaldehydeoxim (13) 

 

Compound 12 was synthesised according to Hoegl et al.198 

 

 

The formation of oxime 13 was adapted from Dale et al.199 Compound 12 (126 mg, 

420 µmol, 1.0 eq.) was dissolved in 18 mL of dry EtOH and hydroxylamine 

hydrochloride (115 mg, 1.66 mmol, 4.0 eq.) was added. The solution was stirred at RT 

for 49 h, the solvent was removed under reduced pressure and the crude compound 

was purified by HPLC using method A, yielding compound 13 (62.5 mg, 284 µmol, 

68%) as a pale-yellow solid. 

 

TLC (MeOH:DCM = 1:10): Rf = 0.45 [UV]. 

HPLC: tR = 6.4 min (Method A). 

1H-NMR (300 MHz, DMSO-d6): δ [ppm] = 12.14 (br s, 1H), 10.80 (br s, 1H), 8.60 (s, 1H), 

8.02 (s, 1H), 5.32 (s, 1H), 4.60 (d, J = 4.1 Hz, 2H), 2.97 (t, J = 7.6 Hz, 2H), 2.71 (t, 

J = 2.6 Hz, 1H), 2.57 (dt, J = 7.6 Hz, 2.6 Hz, 2H). 

13C-NMR (75 MHz, DMSO-d6): δ [ppm] = 149.6, 148.2, 147.9, 139.1, 132.7, 120.2, 84.3, 

71.1, 58.7, 30.5, 16.0. 

ESI-HR-MS (m/z) [M+H+] calcd. for C11H13N2O3, 221.0920; found, 221.0920. 
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N-((2-(But-3-yn-1-yl)-3-hydroxy-5-(hydroxymethyl) pyridine-4-yl) methyl) acrylamide 

(A-PM-P2) 

 

A protocol published by Müller et al. was used to reduce compound 13.200 Compound 

13 (100 mg, 450 µmol, 1.0 eq.) was dissolved in 7 mL dry THF under argon and LiAlH4 

(320 µL, 2.4 M in THF, 29.2 mg, 770 µmol, 1.7 eq.) was added slowly at 0 °C. Upon 

stirring at RT for 1 h, the temperature was increased to 80 °C and the mixture was 

stirred for 5 h. Next, 1 N HCl (15 mL) was added, the solvent was removed under 

reduced pressure and crude amine 14 was directly used for the next step. 

 

Acrylic acid (30.0 µL, 450 µmol, 1.0 eq.), DIEA (120 µL, 680 µmol, 1.5 eq.) and HCTU 

(281.3 mg, 680 µmol, 1.5 eq.) were dissolved in 2 mL DMF at 0 °C under argon and 

the solution was stirred for 2 h. Amine 14 dissolved in 7 mL DMF was slowly added at 

0 °C and the mixture was stirred overnight. Next, the solvent was removed under 

reduced pressure and the residue was dissolved in EtOAc (30 mL). The organic phase 

was washed with 30 mL 1 N NaOH, 20 mL saturated NaHCO3(aq) solution and 20 mL 

brine. The combined aqueous phases were neutralized and extracted with EtOAc 

(7 × 10 mL). The solvent of the combined organic phases was removed under reduced 

pressure. The crude product was purified by HPLC using method B followed by 

column chromatography (3% MeOH/DCM  5% MeOH/DCM) yielding A-PM-P2 

(2.17 mg, 8.33 µmol, 2% over two steps) as a yellow oil.  

 

TLC (MeOH:DCM = 1:10): Rf = 0.47 [UV,KMnO4]. 

HPLC: tR = 5.4 min (Method B). 
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1H-NMR (500 MHz, Methanol-d4): δ [ppm] = 8.00 (s, 1H), 6.35 - 6.25 (m, 2H), 5.74 (dd, 

J = 9.5 Hz, 2.5 Hz, 1H), 4.76 (s, 2H), 4.55 (s, 2H), 3.07 (t, J = 7.6 Hz, 2H), 2.58 (td, 

J = 7.6 Hz, 2.6 Hz, 2H), 2.20 (t, J = 2.7 Hz, 1H). 

13C-NMR (126 MHz, Methanol-d4): δ [ppm] = 169.7, 152.8, 149.7, 138.2, 137.1, 134.7, 

130.5, 128.6, 83.8, 70.3, 60.6, 35.6, 32.3, 17.8. 

ESI-HR-MS (m/z) [M+H+] calcd. for C14H17N2O3, 261.1234; found, 261.1232. 
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V. Appendix 

 



 

Supplementary Table 1| Table gives detailed information on proteins above the set threshold from the ABPP experiments (Figure II-4). To determine essentiality, a transposon 

mutant library generated by Gallagher et al. was used.100 For that, BLAST search was performed to assign homologous proteins in A. baumannii AB5075 (Program version 

BLASTP 2.10.1+, search limited to A. baumannii AB5075 (taxid:1116234), the resulting query coverage and percent identity are listed).101,102  

# 
Uniprot ID 

(ATCC19606) 
Protein 

Order Locus Name 

(AB5075) 
Query coverage Percent identity  Essentiality  Competition 

1 D0C6E6 
Transcriptional regulator, HxlR 

family 
ABUW_1714 100% 99% No Yes 

2 D0C997 
Copper-resistance protein, CopA 

family 
ABUW_3228 100% 97% No No 

3 D0CB00 3-ketoacyl-CoA thiolase ABUW_3573 100% 100% No No 

4 D0CDE0 Acetyl-CoA acetyltransferase ABUW_0638 100% 99% No Yes 

5 D0CBN6 Uncharacterized protein ABUW_1015 100% 76% No No 

6 D0C6H5 
UDP-3-O-acylglucosamine N-

acyltransferase 
ABUW_1743 100% 100% Yes No 

7 D0CAQ1 Catalase-peroxidase  ABUW_3469 100% 100% No Yes 

8 D0CA28 
Putative betaine-aldehyde 

dehydrogenase 
ABUW_2942 100% 100% No No 

9 D0CAP3 
3-isopropylmalate dehydratase 

large subunit 
ABUW_3463 93% 100% No No 

10 D0CCP3 
Pyridine nucleotide-disulfide 

oxidoreductase 
ABUW_0299 100% 100% No No 

11 D0CDA9 Uncharacterized protein ABUW_0607 100% 98% No No 



 

 

 

  

Supplementary Table 2| Resistance development during serial passaging in the presence of sub-MIC 

concentrations of antimicrobials. Ciprofloxacin (Cip) served as positive control. For Xan and Cip, the highest 

concentrations tested were 25 µM (100 fold MIC) and 800 µM (~ 100-fold MIC), respectively. The table contains 

all individual data from n = 3 independent experiments. 

Day 

Xan Cip 

Replicate A Replicate B Replicate C Replicate A Replicate B Replicate C 

MIC [µM] MIC [µM] MIC [µM] MIC [µM] MIC [µM] MIC [µM] 

1 0.25 0.25 0.25 16 8 8 

2 0.50 0.50 0.5 64 32 16 

3 1 0.5 0.5 128 32 64 

4 1 1 1 500 128 64 

5 2 2 2 >800 >500 256 

6 2 2 2 >800 >800 500 

7 >8 >8 >8 >800 >800 800 

8 >25 >25 25 >800 >800 800 

9 >25 >25 >25 >800 >800 >800 

10 >25 >25 >25 >800 >800 >800 

11 >25 >25 >25 >800 >800 >800 



 

 

Supplementary Table 3| Overview of mutations found in genes of resistant colonies. 

Variant 

type 

Protein 

variant 

Gene 

abbreviation 
Gene product 

Presence of variant 

Neg. control Replicate A Replicate B Replicate C 

1 2 3 1 2 3 1 2 3 1 2 3 

missense variant Phe52Ile  hypothetical protein + - - - - - - - - - - - 

missense variant Ser739Leu adeB 

multidrug efflux RND 

transporter 

permease subunit adeB 

- - - - - - + + + - - - 

stop gained Glu264* adeA 

multidrug efflux RND 

transporter periplasmic 

adaptor subunit AdeA 

+ - - - - - - - - - - - 

synonymous variant Arg64Arg  acyl-CoA desaturase + + - + + + - + + + + + 

missense variant Leu2Ile gigB anti-anti-sigma factor GigB + - + + + + + + + + + + 

stop gained Gln70* gigA 
RsbU family protein 

phosphatase GigA 
- + - + + + + + + + + + 

missense variant Pro135His aroK shikimate kinase AroK - - - - + - - - - - - - 

missense variant Ala227Val pmrB 
two-component system 

sensor histidine kinase 
- - - - - - - - - + - - 

missense variant Pro241Ser hemB 
Delta-aminolevulinic acid 

dehydratase 
- - - + + + + + + + + + 

stop lost Ter365Lysext*? fmt 
methionyl-tRNA 

formyltransferase 
+ + + + + + + + + + + + 



 

upstream gene 

variant 
  

efflux RND transporter 

periplasmic adaptor subunit 
- - - + + + - - - - - - 

disruptive inframe 

deletion 
His174_Val177del acrR 

HTH-type transcriptional 

regulator AcrR 
- - - - - - - - - + - - 

synonymous variant His339His  
5-(carboxyamino)imidazole 

ribonucleotide synthase 
- - + - - - - - - - - - 

upstream gene 

variant 
 grpE 

nucleotide exchange factor 

GrpE 
- - - + - - - - - - - - 

downstream gene 

variant 
  

helix-turn-helix domain-

containing protein 
- - - + + - - - - - - - 

downstream gene 

variant 
  

helix-turn-helix domain-

containing protein 
- - - + - - - - - - - - 

 

  



 

 

Supplementary Table 4| Table containing detailed information on proteins upregulated in full proteome analysis of Xan-resistant mutants. For uncharacterized proteins, BLAST 

search was used to assign homologous proteins in A. baumannii AB5075 (Program version BLASTP 2.10.1+, search limited to A. baumannii AB5075 (taxid:1116234), query 

coverage and percent identity are listed), which has a higher annotation rate than A. baumannii ATCC19606.101,102  

Function Proteins 
UniProt ID 

(ATCC19606) 
BLAST Search 

Query  

Coverage  

Percent  

Identity 

Gene name 

 (AB5075) 

Acetoin 

metabolism 

Acetoin:2,6-dichlorophenolindophenol oxidoreductase, 

alpha subunit 
D0C7E8 -    

Dihydrolipoyl dehydrogenase D0C7E5 -    

TPP-dependent acetoin dehydrogenase complex, E1 

component, beta subunit 
D0C7E7 -    

Redox 

enzyme 

Uncharacterized protein D0CAC1 Heme oxygenase-like protein 98% 99% ABUW_3351  

Catalase D0C8B2 -    

Uncharacterized protein D0C8B3 

Heme oxygenase-like protein 

(Iron-containing redox enzyme 

family protein) 

99% 99% ABUW_2437 

RND 

transporter 

Efflux transporter, RND family, MFP subunit D0CF95 -    

RND transporter, HAE1/HME family, permease protein D0CF96 -    

Biofilm 

formation 

Fimbrial usher protein D0C5T3 -    

Protein CsuC D0C5T2 -    

Protein CsuE D0C5T4 -    

Spore Coat Protein U domain protein D0C5T1 -    

Poly-beta-1,6 N-acetyl-D-glucosamine export porin PgaA D0C5Z9 -    

Poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase PgaB D0C600 -    



 

 
Putative alpha,alpha-trehalose-phosphate synthase (UDP-

forming) 
D0C9J2 -    

 Trehalose 6-phosphate phosphatase D0C9J3 -    

 Hep/Hag repeat protein D0C912 -    

 OmpA family protein D0C913 -    

 DUF4142 domain-containing protein D0CFS8 -    

 
FMN-dependent oxidoreductase, nitrilotriacetate 

monooxygenase family 
D0C858 -    

 
Oxidoreductase, short chain dehydrogenase/reductase 

family protein 
D0C8B1 -    

 Reverse transcriptase domain-containing protein D0CBF4 -    

 Rhs element Vgr protein D0C9Y7 -    

 Transcriptional regulator, TetR family D0C7Z9 -    

 Transcriptional regulator, TetR family D0CAC2 -    

 Uncharacterized protein D0C5R3 DUF2171 domain-containing protein 100% 100% ABUW_1466 

 Uncharacterized protein D0C5R4 hypothetical protein 96% 99% not found 

 Uncharacterized protein D0C692 DNA breaking-rejoining protein 100% 98% ABUW_1659 

 Uncharacterized protein D0C8B0 Uncharacterized protein 100% 98% ABUW_2434 

 Uncharacterized protein D0C8B6 hypothetical protein 100% 99% ABUW_2440 

 Uncharacterized protein D0C9C4 no significant similarity found - - - 

 Uncharacterized protein D0C9Y0 Rhs element Vgr protein, putative 11% 47 % ABUW_2817 

 Uncharacterized protein D0CAU6 

Chaperone modulatory protein 

CbpM 

(MerR HTH regulatory family protein) 

100% 100% ABUW_3516 

 Uncharacterized protein D0CE49 No significant similarity found - - - 

 Uncharacterized protein D0CE50 No significant similarity found - - - 

 Uncharacterized protein D0CFS7 17 kDa surface antigen 100% 96% ABUW_2678 



 

 

 Supplementary Table 5| Table containing detailed information on proteins downregulated in full proteome analysis of Xan-resistant colonies. For uncharacterized 

proteins, BLAST search was used to assign homologous proteins in A. baumannii AB5075 (Program version BLASTP 2.10.1+, search limited to A. baumannii 

AB5075 (taxid:1116234), query coverage and percent identity are listed), which has a higher annotation rate than A. baumannii ATCC19606.101,102 

Proteins 
UniProt ID 

(ATCC19606) 
BLAST Search 

Query  

Coverage  

Percent  

Identity 

Gene name 

 (AB5075) 

Toxin-antitoxin system, toxin component, Bro domain 

protein 
D0C5H6 -    

Phosphomethylpyrimidine synthase D0CB46 -    

Uncharacterized protein D0CC98 Uncharacterized protein 100% 44% ABUW_0742 

Uncharacterized protein D0CCB7 Uncharacterized protein 82% 54% ABUW_1278 

Uncharacterized protein D0CCD2 Uncharacterized protein 83% 58% ABUW_0781 

Uncharacterized protein D0CCD3 No significant similarity found    

Sulfate ABC transporter, sulfate-binding protein D0CCM4 -    

Protein PilG D0CDH8 -    

Uncharacterized protein D0CDU2 Putative tail fiber 59% 66% ABUW_0790  

Uncharacterized protein (Fragment) D0CDU3 Uncharacterized protein 100% 89% ABUW_0791 

Uncharacterized protein D0CED4 Uncharacterized protein 31% 54% ABUW_2662 

Metallo-beta-lactamase domain protein D0CF44 -    

Cytochrome b562 D0CG11 -    

  



 

 Supplementary Table 6| Table containing detailed information on proteins downregulated in full proteome analysis of Xan versus DMSO-treated A. baumannii. For 

uncharacterized proteins, BLAST search was used to assign homologous proteins A. baumannii AB5075 (Program version BLASTP 2.10.1+, search limited to A. baumannii AB5075 

(taxid:1116234), query coverage and percent identity are listed), that has a higher annotation rate than A. baumannii ATCC19606.101,102 

# Proteins 
UniProt ID 

(ATCC19606) 
BLAST Search 

Query 

Coverage 
Percent Identitiy 

Gene name 

(AB5075) 

1 Uncharacterized protein D0CC95 hypothetical protein 100% 99% ABUW_1256 

2 Uncharacterized protein D0CC98 hypothetical protein 100% 44% ABUW_0742 

3 
Toxin-antitoxin system,  

toxin component, Bro domain protein 
D0C5H6     

4 Uncharacterized protein D0CDH3 YegP family protein 99% 100% ABUW_0673 

5 
Transporter, branched chain amino acid: 

cation symporter (LIVCS) family protein 
D0C8S3     

6 Aspartate racemase D0C5W2     

7 Uncharacterized protein D0CCB7 hypothetical protein 82% 54% ABUW_1278 

8 5-oxoprolinase subunit A D0C8S2     

9 Uncharacterized protein D0C8S0 

5-oxoprolinase/urea 

 amidolyase family 

protein 

100% 97% ABUW_2604 

10 Metallo-beta-lactamase domain protein D0CF44     

11 Cytochrome d ubiquinol oxidase, subunit II D0C6M3     

12 Type VI secretion system lysozyme-related protein D0C8P2     

13 Diacylglycerol kinase catalytic domain protein D0CBD5     

14 Uncharacterized protein (Fragment) D0C8P6 hypothetical protein 100% 100% ABUW_2581 

15 Uncharacterized protein D0C773 hypothetical protein 100% 99% not found 

https://www.ncbi.nlm.nih.gov/protein/WP_000371040.1?report=genbank&log$=prottop&blast_rank=1&RID=MWVR8NMM016


 

16 
Molybdate ABC transporter, 

periplasmic molybdate-binding protein 
D0C793     

17 Fumarylacetoacetase D0CFD2     

18 Uncharacterized protein D0CD61 hypothetical protein 100% 98% ABUW_0514 

19 Conserved TM helix D0C9F9     

20 Putative hydrolyase  D0C8S1     

  



 

 

Supplementary Figure 1: Target identification by chemical proteomic profiling in A. baumannii ATCC19606 using 

XPP in soluble fraction. The volcano plot shows enrichment of proteins after treatment of A. baumannii cells with 

XPP (3 µM) compared with DMSO on a log2 scale. The vertical and horizontal threshold lines represent a log2 

enrichment ratio of 2 and a −log10 (P value) of 2 (two-sided two-sample t-test, n = 4 independent experiments 

per group), respectively. Table gives detailed information on proteins above the set threshold from the AfBPP 

experiments. To determine essentiality, the transposon mutant library generated by Gallagher et al. was used.100 

For that, BLAST search was performed to assign homologous proteins in A. baumannii AB5075 (Program version 

BLASTP 2.10.1+, search limited to A. baumannii AB5075 (taxid:1116234), the resulting query coverage and percent 

identity are listed).101,102 * Essential gene list published by Wang et al. was used to determine essentiality and BLAST 

search was limited to A. baumannii ATCC17978 (taxid: 400667, program version BLASTP 2.10.1+, query coverage 

and percent identity are listed).211 Proteins, for which BLAST search did not find any proteins significantly similar 



 

to proteins in A. baumannii AB5075 or A. baumannii ATCC17978 (no significant similarity found – n.s.s.f.), cannot 

be categorized according to essentiality. 

 

Supplementary Figure 2: Target identification by chemical proteomic profiling in A. baumannii ATCC19606 using 

XPP in insoluble fraction. AfBPP experiment using XPP in A. baumannii ATCC19606 in insoluble fraction. The 

volcano plot shows enrichment of proteins after treatment of A. baumannii cells with XPP (3 µM) compared with 

DMSO on a log2 scale. The vertical and horizontal threshold lines represent a log2 enrichment ratio of 2 and a 



 

−log10 (P value) of 2 (two-sided two-sample t-test, n = 4 independent experiments per group), respectively. Table 

gives detailed information on proteins above the set threshold from the AfBPP experiments. Essentiality of proteins 

was determined as described above. 

 

Supplementary Figure 3: Multiple sequence alignment of orthologous protein sequences using Clustal O (Version 

1.2.4).123 Important structural features are highlighted: Binding site for A-side 5-ALA and P-side 5-ALA (green), 

active site lid (blue) and amino acid mutation in Xan-resistant isolates (yellow).120 



 

 

Supplementary Figure 4: In vitro activity assay of reconstituted holoHRP in the presence of sub-equivalent 

concentrations of Xan compared to hemin. a) Hemin (5 nM) was pre-incubated with either Xan (green bars) or 

apoHRP (blue, 5 µM) followed by addition of apoHRP (5 µM) or Xan, respectively and activity of holoHRP was 

subsequently measured. Averaged technical duplicates were normalised to the respective DMSO-treated samples 

and values represent mean ± s.d. of independent experiments (n = 2). b) Reconstitution activity assay of holoHRP 

in A. baumannii cell lysate after treatment of intact cells with either 250 nM Xan or DMSO for 30 min. Cell lysates 

(2.5 µg protein) were pre-incubated with apoHRP (final concentration 10 µM) for 10 min at 4 °C and the activity of 

resulting holoHRP was measured. Lysates without apoHRP added were used as blank control. Averaged technical 

quadruplicates were normalised to the respective DMSO-treated samples and value represents mean ± s.d. of 

independent experiments (n = 3). 

 



 

 

Supplementary Figure 5: Multiple sequence alignment of putative PL kinases highlighting lid cysteines (Cys) (green) 

and catalytic bases Cys (C) and Asp (D) (blue) using Clustal O (1.2.4).212 Sequences of S. aureus USA300 (UniProt ID: 

A0A0H2XGZ0, SaPLK), E. faecalis V583 (UniProt ID: Q839G7, EfPLK), B. subtilis 168 (UniProt ID: P39610), 

L. monocytogenes EGD-e (UniProt ID: Q8Y971), E. coli K12 (UniProt ID: P77150, EcPLK), P. aeruginosa PAO1 

(UniProt ID: Q9HT57, PaPLK), V. vulnificus CMCP6 (UniProt ID: Q8D4Q2), S. typhimurium LT2 (UniProt ID: 

Q8ZPM8) and Homo sapiens (UniProt ID: O00764, hPLK) were aligned. 



 

 

Supplementary Figure 6: Determining the concentration of overexpressed PLKs in lysate using ImageJ. a) Gel 

containing varying concentrations of recombinant EcPLK wt as well as overexpressed PLK lysates. b) Gray values 

for recombinant enzyme bands were analysed using ImageJ and a calibration curve was calculated. c) Calibration 

curve was used to determine the protein concentration of PLKs in lysates. 

 

 

 

Supplementary Figure 7: The volcano plots show enrichment of proteins after treatment (24 h) of S. aureus cells 

with Cl-PM-P1 (10 M) on a log2 scale. The vertical and horizontal threshold lines represent a log2 enrichment ratio 

of 1 and a -log10 (P value) of 2 (two-sided two-sample t-test, n = 4 independent experiments per group), 

respectively. 


