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Summary 

Antibiotics are our major weapon to fight infectious diseases. Many of today’s 

standard medical procedures, such as organ transplants or cancer treatments, are 

only possible through the use of antibiotics, and they have drastically increased 

the average human lifespan. But we are about to lose this huge advantage as we 

are facing an antimicrobial resistance crisis. Some microorganisms are no longer 

susceptible to antibiotics, making infectious diseases very difficult to treat. 

Alongside to tuberculosis, the most problematic pathogens are Gram-negative 

bacteria, like Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae and 

Pseudomonas aeruginosa. Since not many novel antibiotics have been discovered 

since the so-called ‘golden age’ of antibiotic discovery, we are in urgent need of 

new treatment options. A lot of the antibiotics discovered during this period were 

natural products, which still represent a source of great potential for the discovery 

of new antibiotics.  

The discovery of the natural product darobactin A (DAR A) is a good example, 

marking a major step forward in the fight against the looming antimicrobial 

resistance crisis. The compound shows activity against all the important Gram-

negative pathogens and has a novel mode of action with no known cross-resistance 

to antibiotics available on the market. By targeting BamA, a part of a complex in 

the outer membrane of Gram-negative bacteria responsible for the folding and 

integrating of outer membrane proteins, DAR A acts on the outside of the bacterial 

cell wall. This avoids the major problem of antibiotics having to cross both the 

inner and outer cell membrane to reach a target inside of Gram-negative bacteria. 

With DAR A opening up a new class of BamA inhibitors, many derivatization studies 

were initiated to optimize the structure of this compound. In addition to 

exchanging amino acids in the sequence of the cyclic heptamer, genome mining 

approaches have been used to identify other DAR producers and find natural 

derivatives. 

In the first project of this work, this approach led to the discovery of the DAR 

biosynthetic gene cluster in P. luteoviolacea H33, which was found to contain 

additional genes next to the ones encoding for DAR. This strain produces three 

new DAR variants: bromodarobactin, dehydrodarobactin and 

dehydrobromodarobactin. One of these genes revealed to be a flavin-dependent 

tryptophan halogenase with a novel fold. This halogenase, DarH, brominates the 
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N-terminal tryptophan of DAR A to form bromodarobactin. The enzyme was 

purified and further characterized. In vitro and heterologous expression studies in 

vivo showed that DarH can also brominate a DAR derivative and catalyze the 

iodination of tryptophan. Furthermore, activity assays with bromodarobactin 

revealed increased activity and plasma binding compared to DAR A.  

To further increase the activity of DAR A or to optimize the pharmacokinetics of 

the compound, in the second project of this dissertation a technique was developed 

to replace the natural amino acids by non-canonical amino acids. This was achieved 

by adapting the amber stop codon suppression technique for the production of 

DAR A derivatives. An altered aminoacyl-tRNA synthase that accepts non-canonical 

amino acids is used in combination with a tRNA that recognizes a nonsense codon. 

This nonsense codon is integrated into the biosynthetic gene cluster at the desired 

position of exchange by mutation. In the case of DAR A, the codon at position 

seven of the heptapeptide has been changed, resulting in the production of 

darobactin A F7F with a 4-fluoro-L-phenylalanine, darobactin A F7I (4-iodo-L-

phenylalanine), darobactin A F7F5 (2,3,4,5,6-pentafluoro-L-phenylalanine) and 

darobactin A F7OMe (4-methoxy-L-phenylalanine). Darobactin A F7F could be 

purified in large scale, was characterized by NMR experiments and showed a 

similar activity compared to DAR A in activity assays.  
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Zusammenfassung 

Antibiotika gehören zu den wichtigsten Werkzeugen der modernen Medizin. Nur 

dank ihnen können Infektionskrankheiten wirksam bekämpft werden, wodurch sich 

die Lebenserwartung der Menschen heutzutage deutlich erhöht hat. Auch 

medizinische Eingriffe wie Organtransplantationen oder Chemotherapien, die 

unseren medizinischen Fortschritt ausmachen, werden erst durch Antibiotika 

möglich. Leider sorgen resistente Erreger dafür, dass wir diesen Fortschritt immer 

mehr verlieren und uns eine antimikrobielle Resistenzen Kriese bevorsteht. Wenn 

Bakterien resistent werden, also Abwehrmechanismen gegen ein Antibiotikum 

entwickeln, sind die entsprechenden Infektionen nur noch sehr schwer zu 

behandeln. Neben resistenten Tuberkuloseerregern stellen vor allem Gram-

negative Bakterien wie Acinetobacter baumannii, Escherichia coli, Klebsiella 

pneumoniae und Pseudomonas aeruginosa ein großes Problem dar. Leider wurden 

nach dem sogenannten Goldenen Zeitalter der Antibiotikaentdeckung nicht mehr 

viele neue antibiotisch wirksame Substanzen entdeckt, so dass wir dringend neue 

Behandlungsmöglichkeiten für diese Krankheitserreger benötigen. Viele der 

damals entdeckten Antibiotika sind Naturstoffe und diese Klasse birgt auch heute 

noch ein großes Potenzial für die Entdeckung neuer Antibiotika.  

Ein gutes Beispiel dafür ist die Entdeckung des Naturstoffes Darobactin A (DAR A). 

Das Antibiotikum ist wirksam gegen alle wichtigen Gram-negativen Erreger und 

hat einen neuartigen Wirkmechanismus, so dass keine Kreuzresistenzen zu 

kommerziell erhältlichen Antibiotika zu erwarten sind. Das Antibiotikum bindet an 

BamA, einem Teil eines Komplexes in der äußeren Membran Gram-negativer 

Bakterien. Dieser faltet Proteine der äußeren Zellmembran und integriert sie 

anschließend. Durch diesen Wirkmechanismus wird das große Problem umgangen, 

welches bei der Behandlung von Infektionen mit Gram-negativen Bakterien 

besteht, nämlich dass der Wirkstoff zwei Zellmembranen überwinden muss, um 

sein Ziel im Inneren des Bakteriums zu erreichen. Damit begründet DAR A eine 

neue Klasse von BamA-Inhibitoren und inspirierte zahlreiche 

Derivatisierungsstudien. Einige dieser Studien beschäftigen sich mit dem 

Austausch einzelner Aminosäuren des Peptidgrundgerüsts von DAR A, andere 

nutzen Genomdatenbanken, um Bakterien zu identifizieren, die ebenfalls DAR 

produzieren.  
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Letzteres führte in der ersten Studie dieser Arbeit zur Entdeckung des DAR 

Biosyntheseclusters in P. luteoviolacea H33, welches neben den ursprünglichen 

Genen zur DAR Expression noch weitere unbekannte Gene enthält. Der Stamm 

selbst produziert drei neue DAR Derivate: Bromodarobactin, Dehydrodarobactin 

und Dehydrobromodarobactin. Eines der unbekannten Gene konnte als Flavin-

abhängige Tryptophan-Halogenase identifiziert werden. Die Halogenase DarH 

zeichnet sich durch eine bisher unbekannte Teilstruktur aus und katalysiert die 

Bromierung des N-terminalen Tryptophans des DAR A Grundgerüsts, wodurch 

Bromodarobactin entsteht. Das Enzym wurde aufgereinigt und durch in vitro und 

heterologe in vivo Expressionsstudien charakterisiert. Dadurch konnte gezeigt 

werden, dass nicht nur DAR A, sondern auch ein anderes DAR Derivat bromiert 

werden kann und außerdem eine Iodierung des Tryptophans möglich ist. 

Bromodarobactin selbst zeigt während in vitro Studien eine höhere Aktivität und 

eine besser Plasmabindung im Vergleich zu DAR A.  

Um eine verbesserte Aktivität von DAR A zu erreichen oder die 

pharmakokinetischen Eigenschaften des Antibiotikums zu verbessern, wird in der 

zweiten Studie dieser Arbeit die „amber stop codon suppression“-Technik dazu 

genutzt proteinogene Aminosäuren des DAR A Grundgerüsts gegen nicht-

proteinogene Aminosäuren auszutauschen. Hierzu wird eine Aminoacyl-tRNA 

Synthase benötigt die so modifiziert ist, dass sie nicht-proteinogene Aminosäuren 

als Substrat nutzen kann. Diese wird in Verbindung mit einer tRNA verwendet, die 

das Anticodon eines Stopcodons trägt. Das Stopcodon wird mit 

molekularbiologischen Methoden an der gewünschten Stelle in das Gencluster von 

DAR A eingefügt. In diesem Fall wurde das Phenylalanin an Position sieben des 

DAR A Grundgerüsts ausgetauscht. Dies ermöglichte die heterologe Expression von 

vier neuen Derivaten: Darobactin A F7F durch die Integration von 4-Fluoro-L-

Phenylalanin, sowie Darobactin A F7I (4-Iodo-L-Phenylalanin), Darobactin A F7F5 

(2,3,4,5,6-Pentafluoro-L-Phenylalanin) und Darobactin A F7OMe (4-Methoxy-L-

phenylalanin). Darobactin A F7F wurde in größerem Maßstab aufgereinigt und 

seine Struktur durch NMR-Experimente bestätigt. In Aktivitätstests zeigte die 

Substanz eine ähnliche Aktivität wie DAR A.     
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1. Introduction 

 

1.1 The antimicrobial resistance crisis 

Antimicrobial drugs are used to treat a wide range of infectious diseases caused 

by bacteria (antibiotics), viruses (antivirals), fungi (antifungals) or other parasites. 

When these organisms are no longer affected by the drugs, antimicrobial 

resistance (AMR) occurs. AMR is a natural process and has been observed since 

the first antimicrobial drugs were discovered, but the process is heavily driven by 

the misuse and overuse of these drugs (O'Neill, 2016). Antibiotics are often used 

in livestock for the treatment of diseases as well as for control or prevention, 

resulting in the development of resistant microbes in animals (Figure 1A). If feces 

are used as fertilizers and the food crops are not properly cleaned or if animal 

meat is not properly handled or cooked, the resistant microbes can be transferred 

to humans. Another transmission route is directly from human to human, either in 

general public or during hospitalization (U. S. Centers for Disease Control and 

Prevention, 2024). Approximately 700,000 patients worldwide suffer from 

infections with resistant microbes each year, which is still less than the number of 

people who suffer from diabetes, cancer or road traffic accidents (Figure 1B). 

However, this number is estimated to increase to 10 million people per year, 

making AMR the leading cause of death by 2050 (O'Neill, 2016). 
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Figure 1: How antimicrobial resistance spreads and the consequences. A: Scheme showing examples of how 

antimicrobial resistance spreads (adapted from: U. S. Centers for Disease Control and Prevention, 2024). B: Estimated deaths 

attributed to different diseases and road traffic accidents per year (O'Neill, 2016).  
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The excess costs to the US health care system caused by infections with resistant 

microbes is approximately USD 20 billion per year (Smith and Coast, 2013). In 

particular, during the COVID-19 pandemic, which caused a major disruption to the 

healthcare system itself, the number of hospitalized COVID-19 patients with 

resistant microbial infections increased dramatically (Segala et al., 2021; Yang et 

al., 2024). According to the WHO (2024), apart from tuberculosis, the pathogens 

for which we most urgently need new antibiotics for are Gram-negative bacteria. 

The top three strains with “critical” status are carbapenem-resistant Acinetobacter 

baumannii and Escherichia coli as well as β-lactamase-producing Klebsiella 

pneumoniae. Carbapenem-resistant Pseudomonas aeruginosa has recently been 

reclassified from the “critical” to the “high” status (WHO, 2024). Infections with 

resistant microbes are on the rise, and the infections are no longer just associated 

with hospitals or care facilities, resulting in the fact that we are facing an AMR 

crisis. Due to our reliance on antimicrobial drugs to fight life-threatening diseases 

such as tuberculosis and malaria or to support patients with a weak immune 

systems during organ transplants or chemotherapy, new antibiotics are urgently 

needed to avoid losing ground in modern medicine (O'Neill, 2016).   

 

1.2 Antibiotic discovery in the past, present and future 

The antibiotic era began in 1910, when Paul Ehrlich invented Salvarsan for the 

treatment of syphilis (Figure 2) (Gelpi et al., 2015). Inspired by his work, Gerhard 

Domagk developed sulfonamides 20 years later, which became the first broad-

spectrum antimicrobials in clinical use, with resistance emerging just a few years 

later (Otten, 1986; Hutchings et al., 2019). In 1928, Alexander Fleming (1929) 

discovered penicillin, and its structure was elucidated by Dorothy Hodgkin (1949) 

in 1945, paving the way for semi-synthetic derivatives of the compound to 

overcome the resistances already observed in 1940 (Hutchings et al., 2019). 

Subsequently, the so-called ‘golden age’ of antibiotic discovery from 1940 to 1960 

was initiated by Selman Waksman, who systematically studied microorganisms as 

producers of antibiotics (Katz and Baltz, 2016). He identified the class of 

actinomycetes as potent natural product (NP) producers and discovered the NP 

streptomycin as the first agent active against tuberculosis (Waksman et al., 2010). 

NPs are secondary metabolites produced by an organism (mainly bacteria and 

fungi). These compounds are not required for the growth of the organism and 
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some of them show antibacterial, antiviral, antifungal or anticancer activity 

(Newman and Cragg, 2016). The last class of NP antibiotics was discovered in the 

1980s, leading to the fact that most of the antibiotics in clinical trials today are 

derivatives of known NP classes or synthetic antibiotics (Katz and Baltz, 2016; 

Hutchings et al., 2019).   

 

 

Figure 2: Timeline of antibiotics and antibiotic classes reaching the market. The top of the timeline shows the antibiotics 

colored according to their origin (green: actinomycetes, blue: other bacteria, purple: fungi, orange: synthetic). The bottom shows 

the first emergence of resistance and key events in antibiotic discovery (Hutchings et al., 2019).  

 

With the dawn of the genomic era, whole genome sequencing of pathogens 

revealed potential antibiotic targets which are essential for their survival. High-

throughput screening was expected to enable to the discovery of a large number 

of compounds binding to these targets, leading to huge investments by 

pharmaceutical companies in these platforms. However, this strategy failed and 

the resulting financial losses have led companies to exit the antibiotic discovery 

business (Livermore, 2011; Da Ribeiro Cunha et al., 2019). The median cost of 

bringing a new antibiotic to the market is USD 985 million, and antibiotics are 

usually only needed for a short period of time (Ventola, 2015; Hernandez et al., 
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2020). Drugs for chronic diseases, which are typically administered throughout a 

patient’s lifetime, are estimated to have a net present value three times higher 

than a new antibiotic (Power, 2006; Ventola, 2015). Therefore, antibiotic discovery 

and development seems to be a rather unattractive business for pharmaceutical 

industry and the development of new antibiotics is mainly handled by small or 

medium-sized companies, resulting in an insufficient clinical pipeline (WHO, 2021). 

From 2017 to 2023, there have been 97 antibiotics or combination therapies 

including an antibiotic in the clinical antibacterial pipeline. Of these, 57 are 

traditional antibiotics and 40 are non-traditional antibiotics. Most of the traditional 

antibiotics (32) are active against the WHO bacterial priority pathogens, 19 against 

M. tuberculosis, five against C. difficile and one against H. pylori. From these 32 

antibacterial compounds, active against the WHO priority pathogens, only 12 fulfill 

at least one of the WHO innovation criteria (new chemical class, new target, new 

mode of action or the absence of cross-resistance). Only four of these new 

compounds are active against the multidrug-resistant Gram-negative bacteria in 

the WHO “critical” group. In addition, only 16 antibiotics have been approved for 

the market between July 2017 and December 2023 and most of them are classified 

as reserve antibiotics, which further supports the urgent need for new antibacterial 

compounds (WHO, 2023).  

 

1.3 Natural products as antimicrobial agents 

NPs have been and continue to be a promising compound class for the discovery 

of new antibiotics (Hutchings et al., 2019; Newman and Cragg, 2020). Especially 

microorganisms are able to produce a variety of NPs to kill competitors, protect 

themselves, for predation purposes or as signaling molecules for interaction within 

their species or with their eukaryotic host (Seipke et al., 2012; Klassen, 2014; 

Traxler and Kolter, 2015). These properties make NPs, especially those produced 

by microorganisms, a good source for antibiotic discovery (Katz and Baltz, 2016). 

Many of these compounds produced by bacteria, which are easy to cultivate, were 

discovered during the golden age of antibiotic discovery, and rediscovery of these 

compounds became a problem soon (Hutchings et al., 2019). This can be 

circumvented by sampling in under-explored environments that were inaccessible 

or unknown during this period or taking a closer look at symbiotic bacteria, such 

as those living associated with sponges or insects (Kaltenpoth, 2009; Palaniyandi 
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et al., 2013; Wilson et al., 2014; Payne et al., 2015). Furthermore, advanced tools 

for genome mining have revealed that the majority of the potential NPs of a 

microorganism are not expressed under standard laboratory conditions, leading to 

a new field of NP discovery (Figure 3) the genomic-driven NP discovery (Rutledge 

and Challis, 2015; Blin et al., 2019). Next generation sequencing is used to access 

the whole genome sequence of an organism of interest (Rutledge and Challis, 

2015). Bioinformatic tools like antiSMASH (Medema et al., 2011), SMURF (Khaldi 

et al., 2010) or BAGEL3 (van Heel et al., 2013) can be used to identify cryptic 

biosynthetic gene clusters (BGCs) within the genome (Rutledge and Challis, 2015). 

 

 

Figure 3: Overview of the process of genomic-driven NP discovery. The genome sequence of the microorganism of 

interest is obtained by whole genome sequencing and bioinformatical tools are used to predict biosynthetic gene clusters (BGCs). 

Afterwards cryptic gene clusters can be activated by different molecular biological approaches (e. g. pleiotropic approaches or 

pathway-specific approaches), the NP is identified in the culture broth and characterized by high-resolution mass spectrometry 

and NMR spectroscopy (Rutledge and Challis, 2015).  

 

Afterwards, different molecular biologic approaches can be used to access a cryptic 

BGC. One option are pleiotropic approaches, which are more untargeted and 

therefore useful for high-throughput screenings. An example of this would be the 

variation of the growth conditions (Rutledge and Challis, 2015). This can be 

achieved by using different media and temperatures, co-cultivation, addition of 

unusual trace elements, addition of soil extracts or by triggering the organism with 

antibiotics to increase the selective pressure (Scherlach and Hertweck, 2006; 

Kawai et al., 2007; Lincke et al., 2010; Scherlach et al., 2010; Tanaka et al., 2010; 
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Seyedsayamdost, 2014; Rutledge and Challis, 2015). Furthermore, novel 

cultivation techniques such as the iChip allow the cultivation of previously under 

laboratory conditions ‘unculturable microorganisms’ directly in their natural 

environment (Nichols et al., 2010; Gavrish et al., 2014; Ling et al., 2015). Other 

than triggering the microorganisms with external factors, intrinsic measures can 

be taken, such as modifying the RNA polymerase, ribosomal proteins, global 

regulators or histone modifying enzymes (Shima et al., 1996; Rutledge and Challis, 

2015).  

In contrast to the pleiotropic approaches, pathway-specific approaches are more 

targeted and can be used when more knowledge is acquired about the BGC from 

bioinformatic analysis. Examples include, inducing the expression of BGC specific 

activator genes or deleting repressor genes. Another option could be refactoring 

combined with heterologous expression. Refactoring refers to replacing the natural 

promoter of the BGC with a constitutive promoter or one that can be stimulated 

by a known external stimulus. When there are no genetic tools for the natural 

producer available, or when the BGC contains only a few genes, the refactoring 

can be combined with the expression in a heterologous host. This technique is 

especially suitable for marine NPs, which are the most abundant biological NP 

resource, with more than 42,000 (https://marinlit.rsc.org/, 2024) compounds. On 

the one hand, their adaptation to high pressure, high salinity, low temperature and 

low light has driven the evolution of unique metabolic and biosynthetic pathways, 

but on the other hand, these adaptations make them difficult to cultivate in the 

laboratory (Zhao et al., 2024).  

Activation of the BGC by any of the above-mentioned techniques is followed by 

detecting changes in the metabolite profile of the NP producer or the heterologous 

host. High-performance liquid chromatography (HPLC) coupled with electrospray 

ionization mass spectrometry (ESI-MS) can be used to identify the masses of the 

metabolites, which vary between the extract with and without the activated BGC 

(Krug and Müller, 2014). When measured with high accuracy, the m/z ratio can be 

used to predict the molecular formula of the compound to assess the likelihood of 

discovering a novel compound, while the fragment ions produced in tandem mass 

spectrometry (MS/MS) can be used to get a first insight into the structure of the 

compound (Medema et al., 2014; Mohimani et al., 2014a; Mohimani et al., 2014b). 

After purification of the target compound by various methods, nuclear magnetic 
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resonance (NMR) spectroscopy can be used for a final structural elucidation 

(Breton and Reynolds, 2013).  

There are four main classes of NPs: non-ribosomal peptides (NRPs), polyketides, 

terpenes and, ribosomally synthesized and post-translationally modified peptides 

(RiPPs) (Rutledge and Challis, 2015). NRPs, polyketides and terpenes are classes 

of NPs that are biosynthesized in a modular fashion. There is always a starter unit, 

which is elongated and/or modified during the biosynthetic process by different 

enzymes in the assembly line. Since the function of the enzymes is known, 

structural predictions can sometimes be made prior to isolation (Hertweck, 2009; 

Oves-Costales et al., 2009; Piel, 2010; Strieker et al., 2010; Gao et al., 2012). 

The BGC of RiPPs consists of a precursor peptide with possible regions of signaling 

function, leader peptides, recognition sites and the core peptide with the 

unmodified amino acid sequence of the RiPP. This precursor peptide is ribosomally 

produced, followed by different maturation steps involving the enzymes for the 

post-translational modifications and a subsequent proteolysis step to get the final 

RiPP (Arnison et al., 2013).  

 

1.4 Heterologous expression 

As already mentioned above, microorganisms have a huge potential to express 

NPs, but many BGCs remain “silent” under laboratory conditions. Therefore, 

heterologous expression is a powerful tool for NP discovery (Rutledge and Challis, 

2015; Katz and Baltz, 2016; Zhao et al., 2024). From 2018 to 2023, at least 63 

NP families were discovered in 50 studies by using heterologous expression. Once 

the BCG is identified, different cloning techniques can be used to integrate it into 

the heterologous expression host, which can be cultivated under laboratory 

conditions (Kadjo and Eustáquio, 2023). 

Although this may sound like a straightforward workflow, heterologous expression 

provides its own challenges, starting with the selection of a suitable host organism 

(Watts et al., 2021). For example, eukaryotic genes have introns and are GC-rich, 

whereas prokaryotic genes are mostly AT-rich without introns (Ullrich et al., 2015; 

Parret et al., 2016). Furthermore, genes within the prokaryotic phylum are not 

transcribed and translated with the same efficiency. In addition, the processing 

and the post-translational modification machinery may not function in the same 

manner and the messenger ribonucleic acid (mRNA) or the protein itself may be 
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degraded by the host cell machinery (Desai et al., 2010; Genuth and Barna, 2018). 

In recent years some heterologous hosts such as E. coli, Bacillus thuringiensis and 

yeast have been established in different fields of heterologous expression (Celik 

and Calık, 2012; Rosano and Ceccarelli, 2014; Watts et al., 2021). Especially for 

marine NPs, the heterologous hosts S. coelicolor or S. lividans are often chosen 

next to E. coli (Zhao et al., 2024).  

If a suitable heterologous host is not available, gene modifications can be made to 

match the characteristics of the host organism, a technique in which codon usage 

is an important factor (Welch et al., 2009). There are 61 codons encoding for the 

twenty different canonical amino acids with additional three stop (nonsense) 

codons (Gustafsson et al., 2004). Codons that encode for the same amino acid are 

called synonymous codons and their frequency of use varies from species to 

species (Sharp and Li, 1987; Hershberg and Petrov, 2008). Therefore, adapting 

the codon usage within the gene to the heterologous host can increase the 

expression rate or even allow the heterologous expression of a NP that would 

otherwise not be expressed (Watts et al., 2021). In addition, using the correct 

Shine-Dalgarno sequence is important for an optimal expression, and the adaption 

the GC content of the gene can increase the mRNA stability, expression and export 

(Li et al., 2012; Mordstein et al., 2020). Heterologous expression requires 

knowledge of both the protein biosynthetic machinery of the original producer and 

the host organism. Therefore, increasing knowledge of the transcriptional and 

translational machinery will also increase the efficiency of heterologous expression 

as a tool in the future (Watts et al., 2021).   

 

1.5 Darobactin  

A promising new antibiotic with huge potential to help us to tackle the coming AMR 

crisis is darobactin A (DAR A) (Imai et al., 2019). DAR A is a RiPP with activity 

against the important drug-resistant pathogens E. coli, P. aeruginosa, 

K. pneumoniae and A. baumannii. It was discovered in 2019 by a classical 

bioactivity guided screening approach. A set of extracts from Photorhabdus and 

Xenorhabdus strains, living associated with the gut microbiome of nematode 

species, was screened against E. coli for inhibition zones in a nutrient agar diffusion 

test. The compound is produced by Photorhabdus khanii HGB1456 and possesses 

a novel mode of action (Imai et al., 2019). It binds to BamA, a part of the β-barrel 
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assembly machinery (BAM), which is a complex that catalyzes the folding and 

integration of outer membrane proteins (OMPs) into the outer membrane (OM) of 

Gram-negative bacteria (Hagan et al., 2010; Konovalova et al., 2017; Imai et al., 

2019). BamA generally exists in two major conformations: the ‘lateral open’ and 

the ‘lateral closed’ state (Iadanza et al., 2016). Studies with a DAR A derivative 

showed that the compound promotes the transition of BamA to the ‘lateral closed’ 

state, stabilizes this conformation and therefore prevents OMPs from entering the 

complex (Haysom et al., 2023). Attempts to obtain resistant mutants at a 

concentration of four times the minimum inhibitory concentration (MIC), resulted 

in a resistance frequency of 8x10-9. This data suggests that a low resistance 

development against the novel antibiotic can be expected (Imai et al., 2019). 

DAR A is a bicyclic heptapeptide with the amino acid sequence 

W1-N2-W3-S4-K5-S6-F7, including an ether bond between W1 and W3 and a carbon-

carbon bond between W3 and K5 (Figure 4A) (Imai et al., 2019).  

 

 

Figure 4: Darobactin A (DAR A) is a ribosomally synthesized and post-translationally modified heptapeptide. A: 

Structure of DAR A. B: BGC of DAR A.  

 

The BGC consists of five genes: darA, darB, darC, darD and darE (Figure 4B). DarA 

encodes for the DAR A precursor peptide, darBCD encode for subunits of an ABC-

transporter and darE for a radical S-adenosylmethionine (SAM) enzyme (Imai et 

al., 2019). This radical SAM enzyme catalyzes the formation of the ether and 
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carbon-carbon crosslinks in the linear peptide (Imai et al., 2019; Nguyen et al., 

2022). However, unlike other radical SAM enzymes, that only install crosslinks 

within already existing functional groups, DarE post-translationally integrates an 

oxygen atom (Nguyen et al., 2022). Initially, this oxygen was assumed to be 

derived from water, as there have been no reports of radical SAM enzymes 

functioning under aerobic conditions due to the oxygen sensitivity of the [4Fe-4S] 

cluster (Gao et al., 2012; Guo et al., 2022; Nguyen et al., 2022). However, later 

studies by Nguyen et al. (2022) showed that molecular oxygen is used, suggesting 

that DarE is the first reported radical SAM oxygenase. It remains unclear which of 

the crosslinks is installed first, but studies to clarify the exact mechanism of DarE 

are ongoing (Nguyen et al., 2022; Nguyen et al., 2024).  

As DarE is the only post-translationally modifying enzyme in the DAR A BGC, a 

DAR minimal BGC was defined by Wuisan et al. (2021). In heterologous expression 

studies the authors showed that only darA and darE are required for a successful 

heterologous expression in E. coli (Wuisan et al., 2021). 

Since DAR A appears to be a promising new compound, its discovery inspired many 

studies to search for more active derivatives. This has been achieved either by 

biosynthetic engineering driven approaches, by exchanging amino acids at several 

positions of the heptapeptide or by random library generation with a subsequent 

activity based high throughput screening. Studies have focused on the 

replacement of amino acids at positions N2, S4, K5, S6 and F7. For position seven, 

aromatic amino acids such as tryptophan or the naturally occurring phenylalanine 

revealed to be the most promising candidates. Positions W1 and W3 were conserved 

in all studies, as otherwise the ring closures are not possible. The most promising 

candidates discovered in these studies are DAR B and DAR B9 (DAR D22), with 

DAR B performing better during in vivo studies (Böhringer et al., 2021; Groß et 

al., 2021; Marner et al., 2023; Seyfert et al., 2023b; Seyfert et al., 2023a; 

Böhringer et al., 2024). Elongation or truncation of the DAR core peptide did not 

lead to a successful production of novel derivatives (Böhringer et al., 2024). Other 

studies used databases to search for alternative DAR producers by blasting darA 

or darE (Böhringer et al., 2021; Groß et al., 2021). These genome-mining 

approaches also revealed DAR BGCs with additional enzymes for post-translational 

modification of the heptapeptide (Groß et al., 2021; Böhringer et al., 2023). 
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1.6 Dynobactin 

Screening databases for the sequence of darE also revealed another class of 

antibiotics called dynobactins (DYN). Computational tools were used to analyze the 

genomic neighborhood of the genes and rank them according to their potential to 

be a RiPP. The most promising strains were fermented, the culture broth was 

concentrated and tested against a set of Gram-negative bacteria. An extract of 

Photorhabdus australis was found to be active. The bacterium possesses an operon 

encoding for a xenorceptide derivative, an operon encoding for a DAR derivative 

and the DYN A operon (Zhang et al., 2021; Miller et al., 2022). MS-based screening 

identified DYN A as the active compound, which is a decapeptide with the 

sequence: W1-N2-S3-N4-V5-H6-S7-Y8-R9-F10. Similar to DAR, the structure of DYN A 

includes two ring closures (Figure 5), a carbon-carbon bond between W1 and N4, 

and an unusual nitrogen-carbon bond between the imidazole of H6 and Y8 (Imai et 

al., 2019; Miller et al., 2022).  

 

 

Figure 5: Structure of Dynobactin A. 

 

The DYN A BGC consists of dynA, which encodes for the radical SAM, and dynB, 

which encodes for the precursor peptide (Miller et al., 2022). Since there are only 

these two genes in the BGC, it was assumed that the two crosslinks are installed 

by dynA, which was later shown by Nguyen et al. (2024). Similar to DAR A, DYN A 

inhibits BamA, but the binding site is slightly different (Kaur et al., 2021; Miller et 
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al., 2022). While the compound shows a higher activity during in vitro assays, 

DAR A is more potent in whole cell assays. These results suggest that the OM of 

the Gram-negative bacteria interferes more with DYN A than DAR A. This issue 

could be addressed in derivatization studies using DYN A as a lead structure for 

the optimization and discovery of novel BamA-targeting compounds (Miller et al., 

2022). 

 

1.7 Other BamA inhibitors 

DAR A was the first BamA inhibitor discovered, inducing and stabilizing the closed 

conformation of this OMP (Imai et al., 2019; Haysom et al., 2023). The later 

discovered DYN A has a similar BamA binding site and therefore shows an 

analogous mode of action (Miller et al., 2022). BamA appears to be an interesting 

target, because it is located in the OM of Gram-negative bacteria (Tomasek and 

Kahne, 2021). Gram-negative bacteria possess this OM in addition to the inner 

membrane (Figure 6) (Silhavy et al., 2010). The OM acts as an extra barrier for 

antibiotics that is not present in Gram-positive bacteria, making it more 

challenging to find Gram-negative active compounds (Nikaido, 2003; Storek et al., 

2024). This is mitigated by acting directly on targets located in the OM, as in the 

case of BamA. Furthermore, BamA is a conserved and essential target, which is 

involved in the folding and integration of OMPs. These OMPs have functions 

associated with cell division, nutrient transport, virulence, and cell wall synthesis 

or maintenance, and their disruption activates multiple stress response systems 

(Voulhoux et al., 2003; Gerding et al., 2007; Silhavy et al., 2010; Typas et al., 

2010; Noinaj et al., 2013; Qiao et al., 2014; Okuda et al., 2016; Tomasek and 

Kahne, 2021; Storek et al., 2024).  
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Figure 6: Illustration of the β-barrel assembly machinery (BAM) complex in Gram-negative bacteria. The graphic 

shows the inner membrane (IM) composed of phospholipids (PL, grey) and the outer membrane (OM) with PL and 

lipopolysaccharides (LPS, purple) on the outside. The periplasmatic space is located in between the IM and the OM, with a 

peptidoglycan cell wall (CW). The IM shows in green the processing enzymes for the transport of OM proteins into the 

periplasmatic space (Date and Wickner, 1981; Driessen et al., 2001). SurA (light green), located in the periplasmatic space, 

delivers the OMPs to the BAM complex (Sklar et al., 2007). BAM is located in the OM showing the different subunits: BamA 

(grey), BamB (cyan), BamC (orange), BamD (blue), BamE (green). Yellow barrels indicate β-barrel outer membrane proteins 

(OMP) (adapted from: Storek et al., 2024). 

 

As these properties make BamA such an interesting target, apart from DARs and 

DYN A, other substances with antibiotic activity that target BamA have been 

discovered. One class are BamA targeting antibodies (Storek et al., 2018; Vij et 

al., 2018). In a screening campaign, 3,000 antibodies were tested for their ability 

to bind to BamA, but only MAB1 showed antibiotic activity. The antibody is only 

active against E. coli as the binding region is not conserved. In studies with this 

antibody, decreased OMP biogenesis and OM permeabilization were observed, 

ultimately leading to cell death (Storek et al., 2018). Another study observed the 

activation of a periplasmatic stress response, leading to the accumulation of 

unfolded OMPs, which can be toxic to Gram-negative bacteria (Mitchell and 

Silhavy, 2019).  
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Another class of compounds targeting BamA with a narrow species range are 

bacteriocins, which even inhibit the growth of species closely related to the 

producer (Riley and Wertz, 2002; Ghequire et al., 2018; Matano et al., 2021). 

Bacteriocins are peptides produced by bacteria with different modes of action, such 

as interfering with DNA, RNA or protein biosynthesis (Riley and Wertz, 2002). 

Examples of bacteriocins are the lectin-like bacteriocins produced by Pseudomonas 

or the bacteroidetocins produced by Bacteroidetes. The lectin-like bacteriocins 

inhibit BamA of other Pseudomonas species, while bacteroidetocins are active 

against various Bacteroidales species (Ghequire et al., 2018; Matano et al., 2021). 

The mode of action is still unknown, but during in vitro experiments the compounds 

induced cell envelope stress and morphological changes by BamA inhibition 

(Matano et al., 2021).  

More potent drug candidates that overcome the access issues associated with the 

antibodies and the narrow species spectrum ranges of the bacteriocins, are small 

molecule inhibitors, such as MRL-494 (Hart et al., 2019; Storek et al., 2024). The 

exact binding mechanism of MRL-494 is not fully understood, but it is known that 

the compound reduces OMP levels, thereby activating a periplasmatic stress 

response, leading to cell death by the accumulation of unfolded OMPs (Mitchell and 

Silhavy, 2019). Interestingly, the compound also kills the Gram-positive bacterium 

Bacillus subtilis. As an amphiphilic cationic peptide, it is proposed that MRL-494 

acts similarly to antimicrobial peptides that non-specifically permeabilize 

membranes (Kundu, 2020). This would imply that the compound has two modes 

of action: the membrane-lytic mechanism observed in B. subtilis and the BamA 

targeting for Gram-negative bacteria (Wade et al., 2022). The compound serves 

as a useful lead structure, but further optimization for Gram-positive/Gram-

negative selectivity and potency is required (Storek et al., 2024).  

With the macrocyclic peptide PTB1-1, Sun et al. (2024) discovered a BamA 

inhibitor with a broader activity spectrum. In addition to E. coli, this compound is 

also active against K. pneumoniae and A. baumannii. No activity against non-

fermenting Gram-negative bacteria was observed in their study. PTB1-1 appears 

to lock the lateral gate, preventing BamA from entering the lateral open state, 

resulting in reduced levels of OMPs. To discover the compound, a library of 

macrocyclic peptides consisting of both, canonical and non-canonical amino acids 

was screened against purified BamA and BAM complexes in a membrane-mimetic 

formulation. This initially led to the discovery of PTB1, which was then optimized 
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in a second screening approach to PTB1-1, this time against purified BamA only. 

The same study also led to the discovery of a second inhibitor, PTB2-1, which is 

only active against E. coli. PTB2-1 has a unique binding site, by binding deep into 

in the β-barrel lumen of BamA, it stabilizes the lateral open state. These two 

compounds are good examples of drug discovery by screening a library specifically 

against a target and show the potential of BamA inhibitors (Sun et al., 2024). 

However, not only can BamA be targeted directly, also the inhibition of the 

interaction between BamA and BamD, another part of the BAM complex, showed 

effects (Mori et al., 2012; Hagan et al., 2015). BamA and BamD interact directly 

in the cytoplasm and this interaction has been shown to be critical for the OMP 

folding (Ricci et al., 2012; Sinnige et al., 2015). In studies, short conserved regions 

of either BamD or BamA were expressed and resulted in increased permeability of 

the OM of the expression strain, leading to increased antibiotic unptake (Mori et 

al., 2012; Hagan et al., 2015). Although these small peptides lack drug-like 

properties and do not show antibiotic activity, this example demonstrates the 

suitability of the BamA-BamD protein-protein interaction as a drug target (Storek 

et al., 2024).  

A compound that inhibits the BamA-BamD interaction and has antibiotic activity 

by itself is IMB-H4. This compound was discovered by screening molecules using 

a BamA-BamD yeast two-hybrid system (Li et al., 2020). By reducing the 

cytotoxicity and improving the potency of the compound, derivatives could become 

potent antibiotics (Storek et al., 2024). However, they still have the major 

disadvantage of having to pass the OM, which is not the case for molecules that 

directly target BamA (Nikaido, 2003; Silhavy et al., 2010; Storek et al., 2024).  

All of the compounds mentioned above have in common that they have a single 

target and therefore carry the risk that a single mutation is sufficient for the 

bacteria to develop resistance against these compounds (Storek et al., 2024). For 

this reason, compound 8 was developed as a chimeric BamA inhibitor (Luther et 

al., 2019). The compound consists of a peptidomimetic macrocycle that inhibits 

BamA and a polymyxin variant that targets lipid A of lipopolysaccharides (LPS). 

Both targets are located in the OM of Gram-negative bacteria and are essential 

(Trimble et al., 2016; Tomasek and Kahne, 2021). Compound 8 appears to be 

active against difficult to treat bacteria such as P. aeruginosa and A. Baumannii, 

and was even active against strains that had already developed resistance against 

polymyxin (Luther et al., 2019). Resistance development was also observed 
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against this chimeric compound, but it provides a good starting point for evaluating 

the potential of such compounds (Luther et al., 2019; Storek et al., 2024).  

Overall, BamA is a promising new drug target with the potential to find more Gram-

negative active compounds than the those already discovered, given the growing 

field of biotechnology (Storek et al., 2024). Although BamA is conserved in all 

Gram-negative bacteria, the sequence is not highly conserved, making it difficult 

to find a BamA inhibitor with a broad spectrum of activity. The only highly 

conserved region is the lateral gate, which is targeted by DARs and DYN A (Imai 

et al., 2019; Miller et al., 2022; Storek et al., 2024). Some promising drug 

candidates have already been discovered, but still need to be optimized for potency 

and specificity (Storek et al., 2024).  

 

1.8 Halogenases 

One option for optimizing NPs is halogenation. Halogenation of a compound can 

have a significant effect on its activity and bioavailability (Neumann et al., 2008). 

Examples are vancomycin or salinosporamide A, which are not active without their 

respective chlorine substituents (Harris et al., 1985; Groll et al., 2006). Also for 

DAR A a halogenated derivative was discovered. This halogenation is incorporated 

by DarH, which is a tryptophan halogenase (Böhringer et al., 2023). In general, 

halogenases incorporate halogen atoms into NPs. By 2023, approximately 8,400 

halogenated NPs had been reported (Gribble, 2024). The most prevalent 

halogenation in nature is chlorination, followed by bromination (Neumann et al., 

2008). The majority of marine organisms produce brominated compounds, 

whereas chlorination is preferred by terrestrial organisms (van Pée, 1996). 

Iodination and fluorination are rare in nature, and fluorination in particular is used 

in semi-synthetic derivatizations of NPs (Neumann et al., 2008; Piccionello et al., 

2019). Since halogenated NPs can be very complex in their structures, the 

halogenases can use diverse substrates, but they can be classified according to 

their mechanism (van Pée, 1996; Ludewig et al., 2020).  

There are nucleophilic halogenases such as the 5’-fluoro-5’-deoxyadenosine 

synthase, which catalyzes the first step of fluoroacetate and 4-fluoro-L-threonine 

biosynthesis by mediating the nucleophilic attack of fluoride on S-adenosyl-L-

methionine (Sanada et al., 1986; Dong et al., 2004). A very similar mechanism is 
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used by the halogenase that catalyzes the chlorination of salinosporamide A 

(Eustáquio et al., 2008).  

Radical halogenases are non-haem-iron α-ketoglutarate-dependent enzymes 

which halogenate unactivated aliphatic carbon centers (Ludewig et al., 2020). An 

alkyl radical reacts with a halide to form an alkyl halide. In the case of 

syringomycin E, the methyl group of the L-threonine is chlorinated (Vaillancourt et 

al., 2005).  

Electrophilic halogenases in general halogenate electron-rich carbon centers 

(Neumann et al., 2008). They are divided into two major groups, the 

haloperoxidases (HPOs) and the flavin-dependent halogenases (FDHs). The HPOs 

can be further subdivided into the haem-iron haloperoxidases and the vanadium-

dependent haloperoxidases (V-HPOs). The reaction mechanism of both enzyme 

types is very similar, producing free hypohalous acid, which reacts with the 

substrate. In the case of the haem-iron haloperoxidases, the resting state haem 

reacts with H2O2, to form an intermediate capable of oxidizing the halide, whereas 

in V-HPOs a peroxovanadate intermediate catalyzes the oxidation (Ludewig et al., 

2020). The first characterized haem-iron haloperoxidase is called 

chloroperoxidase, which dichlorinates an activated carbon in caldariomycin (Hager 

et al., 1966). V-HPOs are believed to catalyze, as vanadium-dependent 

bromoperoxidases, the majority of halogenations in marine organisms and they 

are abundant in marine seaweeds (Butler and Carter-Franklin, 2004). In contrast, 

vanadium-dependent chloroperoxidases are rare, occurring only in terrestrial fungi 

and two bacterial species involved in the biosynthesis of napyradiomycin (Winter 

et al., 2007).  

FDHs can act on free or carrier-bound substrates, for example catalyzing the 

chlorination of the precursor of the enediyne antibiotic C-1027 while bound to a 

peptidyl carrier protein during biosynthesis (Lin et al., 2007; Ludewig et al., 2020). 

The first described FDH acting on a free substrate was described in 2000 by Keller 

et al. (2000). PrnA catalyzes the chlorination of tryptophan during the biosynthesis 

of pyrrolnitrin (Keller et al., 2000). Since then, many other members of the 

halogenase family have been discovered, such as RebH (Figure 7), which is 

involved in the biosynthesis of rebeccamycin (Yeh et al., 2005; Neumann et al., 

2008). Both PrnA and RebH halogenate tryptophan at the C-7 position (Keller et 

al., 2000; Yeh et al., 2005). In contrast, FDHs involved in the biosynthesis of 

pyrroindomycin and thienodolin halogenate at position 5 and 6, demonstrating the 
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regioselectivity of these enzymes (van Pée and Zehner, 2003; Zehner et al., 2005; 

Neumann et al., 2008).  

 

 

Figure 7: Reaction mechanism of the halogenation of tryptophan by RebH during rebeccamycin biosynthesis. 

Hypochlorous acid is formed by flavin and a lysine chloramine intermediate is formed by the enzyme, before the halogen is 

transferred to tryptophan (adapted from: Neumann et al., 2008).  

 

The reaction mechanism of FDHs (Figure 7) involves a hypohalite, similar to the 

other groups of the electrophilic halogenases, but molecular oxygen is used as the 

oxidant (Keller et al., 2000; Neumann et al., 2008). The reaction depends on the 

reduced flavin cofactor, oxygen, the halogenide (e.g. chloride) and a NAD(P)H-

dependent flavin reductase, which subsequently reduces the oxidized cofactor 

(Zehner et al., 2005; Neumann et al., 2008). In the first step, the reduced flavin 

cofactor is oxidized by molecular oxygen to the corresponding hydroperoxide 

product (Neumann et al., 2008). The distal oxygen of this hydroperoxide group is 

attacked by chloride to form hypochlorous acid, while the flavin cofactor is 

converted to the corresponding hydroxy derivative and subsequently regenerated 

by the NAD(P)H-dependent flavin reductase (Yeh et al., 2006; Neumann et al., 

2008). A lysine, which is located in a conserved region of the FDHs, reacts with 

the hypochlorous acid to form a lysine chloramine species with a half-life of 

approximately 28 hours (Nightingale et al., 2000; Yeh et al., 2007). This species 

is less reactive than hypochlorous acid and therefore more selective for the final 

halogen transfer to tryptophan (Nightingale et al., 2000). Conserved sequence 

motifs of FDHs and non-haem-iron halogenases have been used in large screenings 

for new NPs (Hornung et al., 2007). For example, the antibiotic class of kutznerides 
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from the actinomycete Kutzneria sp. 744 was discovered using degenerated PCR 

probes (Broberg et al., 2006; Pohanka et al., 2006). 

Although the mechanism of a relatively large number of halogenases has been 

elucidated, there are still some enzymes for which it remains unknown (Neumann 

et al., 2008). For example, the halogenases in the NP family of the jamaicamide 

catalyze unusual alkenyl and alkynyl halogenations (Edwards et al., 2004). Others 

use novel substrates, as in hectochlorin, which contains a dichlorinated methylene 

moiety (Ramaswamy et al., 2007). As halogenations can have significant effects 

on the properties of a compound, the use of halogenases from other biosynthetic 

pathways to engineer NPs could improve their efficacy or optimize their 

pharmacokinetics. Therefore, it is important to understand the halogenation 

mechanism of these enzymes in more detail and to gain knowledge of the substrate 

specificity of the different halogenases (Neumann et al., 2008).  
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2. Chapter 1: Discovery of new darobactin A derivatives 

by genome mining 

DARs have great potential as antibiotics due to their activity against several Gram-

negative pathogens (Imai et al., 2019; Groß et al., 2021; Marner et al., 2023; 

Seyfert et al., 2023b; Seyfert et al., 2023a; Böhringer et al., 2024). Therefore, 

the aim of this study was to identify more potent DAR derivatives by screening the 

amino acid sequence of DarE in databases. This revealed the DAR BGC in 

P. luteoviolacea H33 with two additional genes of unknown function, darG and 

darH. Fermentation of the original producer strain led to the discovery of three 

new DAR derivatives: bromodarobactin A (Br-DAR A), dehydrodarobactin A 

(DH-DAR A) and dehydrobromodarobactin A (DH-Br-DAR A). While the mechanism 

of the double bond formation and the function of DarG remain unknown, DarH was 

identified as a novel halogenase. This halogenase is responsible for the 

halogenation of the C-8 position of W1 in DAR A. To fully elucidate the mechanism 

of this post-translational modification, darH was heterologously expressed in E. coli 

together with the DAR minimal BGC and the culture supernatant was analyzed by 

HRMS/MS based methods. Furthermore, darH attached to a His-tag was 

heterologously expressed to purify the enzyme for in vitro studies. Substrate 

specificity was tested by conducting in vitro studies with DAR B and the linear DAR 

heptapeptide, of which only the former could be halogenated. It was concluded 

that the halogenation is the last step in the maturation of Br-DAR A and takes 

place after the formation of the two rings. Furthermore, when testing different 

halogens in these in vitro studies, tryptophan could only be brominated or 

iodinated, but not fluorinated or chlorinated. Computational analysis of DarH 

revealed that the enzyme has a FAD- and NAD(P)-binding site as well as a unique 

C-terminal region. This C-terminal region is proposed to be involved in the binding 

and correct positioning of DARs in the active site of the enzyme. This novel C-

terminal fold suggests that DarH belongs to a new class of flavin-dependent 

halogenases (Böhringer et al., 2023; Kramer et al., 2023).  
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3. Chapter 2: Derivatization of DAR by introducing non-

canonical amino acids 

Using DAR A as a lead structure, many promising new derivatives with increased 

activity or improved drug-like properties have been developed. However, with the 

exception of a few experiments in one study (Seyfert et al., 2023b), all attempts 

focused on derivatization by exchanging the amino acids with other natural amino 

acids (Imai et al., 2019; Groß et al., 2021; Marner et al., 2023; Seyfert et al., 

2023b; Seyfert et al., 2023a; Böhringer et al., 2024). Therefore, the aim of the 

following study was to develop a targeted approach for the integration of non-

canonical amino acids into DAR (Kramer et al., 2025). This was achieved by 

adapting the amber stop codon suppression technique for the heterologous 

expression of DAR A in E. coli. An altered aminoacyl-tRNA synthase capable of 

recognizing a non-canonical amino acid was used in combination with a tRNA that 

recognizes a nonsense codon. This nonsense codon is integrated into darA by 

mutating the codon of the desired integration site of the non-canonical amino acid. 

The non-canonical amino acid of choice is then added to the culture broth (Young 

and Schultz, 2010; Wang et al., 2012; Kramer et al., 2025). Using this technique, 

four new DAR A derivatives were produced: DAR A F7I with an iodination at the 

para position of F7 in the DAR A heptapeptide, DAR A F7F5 with aromatic 

perfluorination of F7, DAR A F7OMe with a methoxy group attached to the para 

position of F7 and DAR A F7F with a fluorination at the para position of F7. The 

latter was purified and characterized by NMR experiments. In minimum inhibitory 

concentration studies, DAR A F7F showed an activity similar to DAR A (Kramer et 

al., 2025).   
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4. Discussion and future perspectives 

We are facing an AMR crisis which was fruther exacerbated by the COVID-19 

pandemic (O'Neill, 2016; Miethke et al., 2021; Segala et al., 2021; Yang et al., 

2024). From 2017 to 2023, only 16 new antibiotics have entered the market, while 

AMR is increasing. Of these 16 new antibiotics, 13 are traditional antibiotics and 

ten belong to an existing class of antibiotics with already established resistance 

mechanisms (WHO, 2023). This numbers highlight the urgent need for new 

antibiotics, especially against Gram-negative bacteria (WHO, 2024). Next to the 

inner membrane, these bacteria also possess an OM that acts as an additional 

barrier to the antibiotic, making the discovery of new Gram-negative active 

compounds challenging (Nikaido, 2003; Silhavy et al., 2010; Storek et al., 2024). 

Only six out of the 13 traditional antibiotics that entered the marked between 2017 

and 2023 are active against the WHO “critical” Gram-negative pathogens. In 

addition, only four out of twelve traditional antibiotics entering the clinical pipeline 

from 2017 to 2023 meet at least one of the WHO innovation criteria and show 

activity against one of the WHO “critical” Gram-negative pathogens (WHO, 2023). 

These data show that we do not have enough treatment options for these “critical” 

pathogens and that the number of future treatment options is limited as well. The 

fact that large pharmaceutical companies have stopped investing in the 

antibacterial research, and that most of the development work is handled by small 

companies that lack money and man power, has led to a future perspective that is 

forcing us to act (WHO, 2021).   

Approximately 60% of all antibiotics that have entered the clinical phases in the 

last 40 years are derivatives of known NPs or semi-synthetic drugs based on NPs. 

They have been and remain the most promising source of new antimicrobial drugs 

(Hutchings et al., 2019; Newman and Cragg, 2020). After the golden age of 

antibiotic discovery, many of the NPs produced by easy-to-cultivate bacteria had 

already been discovered, leading to a stagnation in the field (Hutchings et al., 

2019). However, sampling in under-explored environments or environments not 

targeted during this period, can reveal novel antibiotics (Kaltenpoth, 2009; 

Palaniyandi et al., 2013; Wilson et al., 2014; Hutchings et al., 2019). With the rise 

of advanced genome sequencing tools, genomic-driven natural product discovery 

provided new insights into the potential of bacteria as NP producers. The BGC of 

the NP can be identified by bioinformatic tools and different molecular biological 
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approaches can be used to produce the NP either in the original producer or in a 

heterologous expression host (Rutledge and Challis, 2015; Hutchings et al., 2019).  

In the case of DAR A, insect symbionts were studied, specifically nematophilic 

bacteria from the genus Photorhabdus and Xenorhabdus (Imai et al., 2019). These 

bacteria live association with the nematode gut microbiome and when the 

nematode invades its prey, these bacteria are released, producing neurotoxins to 

immobilize the prey and antimicrobials to combat environmental microorganisms 

(Crawford and Clardy, 2011; Tobias et al., 2018). However, their most abundant 

competitors probably come from the nematode gut microbiome itself, and these 

competitors are closely related to common opportunistic human pathogens 

(Tambong, 2013; Imai et al., 2019). Given that the antimicrobials should not be 

toxic to eukaryotic organisms such as the nematode, DAR A is a good example of 

a clever selection of under-explored environments for the discovery of novel 

antibiotics (Bellows and Fisher, 1999; Imai et al., 2019). The fact that DAR A is 

active against the “critical” WHO priority pathogens as well as against 

P. aeruginosa, both in vitro and in vivo, makes DAR A a very important discovery 

(Imai et al., 2019; WHO, 2024). In addition, the compound meets three out of the 

four WHO innovation criteria, which is not achieved by any of the 13 traditional 

antibiotics that entered the market between 2017 and 2023 (WHO, 2023). By 

targeting Bam A, a part of the BAM complex, the compound acts on a new target 

and therefore has a new mode of action with no known cross-resistance (Imai et 

al., 2019; WHO, 2023). Since BamA is located in the OM of Gram-negative 

bacteria, the problem of having to penetrate this additional barrier to reach the 

antibiotic target is circumvented (Silhavy et al., 2010; Imai et al., 2019; Tomasek 

and Kahne, 2021). When DAR A binds to BamA, the closed conformation of the 

protein is induced and stabilized (Haysom et al., 2023). This binding site is more 

conserved in Gram-negative bacteria than the binding sites of other BamA 

inhibitors and therefore the reason for the broad-spectrum activity of Dar A (Imai 

et al., 2019; Miller et al., 2022; Haysom et al., 2023; Storek et al., 2024).  

Furthermore, the biosynthetic machinery of DAR A is of interest. DarE, which 

introduces the two crosslinks characterizing DAR A as a bicyclic heptapeptide, 

belongs to a novel class of radical SAM oxygenases and the mechanism has not 

yet been fully elucidated (Imai et al., 2019; Nguyen et al., 2022). These findings 

make DAR A a promising new candidate for lead development opening up a 

promising new class of BamA inhibitors (Imai et al., 2019). 



72 

 

It is therefore not surprising that several studies to improve the potency and 

pharmacokinetics of the compound were soon initiated, leading to the discovery of 

new derivatives (Böhringer et al., 2021; Groß et al., 2021; Böhringer et al., 2023; 

Marner et al., 2023; Seyfert et al., 2023b; Seyfert et al., 2023a; Böhringer et al., 

2024). In the majority of the studies, amino acids at one or more positions of the 

DAR A heptapeptide were exchanged by mutation, the derivatives were 

heterologously expressed in E. coli and purified to obtain the compound for activity 

studies and NMR experiments (Böhringer et al., 2021; Groß et al., 2021; Marner 

et al., 2023; Seyfert et al., 2023b; Seyfert et al., 2023a). The most promising 

candidates published to date are DAR B and DAR B9 (the latter identical to 

DAR D22) (Marner et al., 2023; Seyfert et al., 2023b). In activity studies using 

clinical isolates of multidrug-resistant bacteria, these two compounds performed 

even better against P. aeruginosa than recently licensed drugs such as 

ceftazidime-avibactam and ceftolozane-tazobactam (Marner et al., 2023).  

Another study used a broad-spectrum approach, generating a randomized library 

for heterologous expression. In a first attempt, it was tested whether the size of 

the two rings or the heptapeptide at the C- or N-terminus could be extended or 

shortened, which was not the case. Positions W1, W3 and K5 appeared to be highly 

conserved, while for position F7 also W7 is accepted. This is why two libraries were 

designed: W1-X2-W3-X4-K5-X6-W7 and W1-X2-W3-X4-K5-X6-F7, where X represent 

the randomized amino acids. The screening for active compounds was performed 

by encapsulating the heterologous expression strain with a fluorescent sensor 

strain in alginate-based beads. After growth, the beads were analyzed in a flow 

cytometer to observe the fluorescence level of the sensor strain and thus assess 

the growth inhibition ability of the produced DAR derivative (Böhringer et al., 

2024). The top ten of the most present derivatives included DAR A and DAR 9, 

which were recovered from the beads three times (Böhringer et al., 2024). Others 

are DAR B, DAR D38 and the novel derivatives WNWTKHF and WNWTKTF (Groß et 

al., 2021; Marner et al., 2023; Böhringer et al., 2024). Although the in vitro activity 

of DAR B and DAR B9 is comparable, DAR B showed an advantage over DAR B9 in 

early ADMET (pharmacokinetics with direct influence on the efficacy of a drug: 

absorption, distribution, metabolism, excretion, toxicity) and mouse studies (Davis 

and Riley, 2004; Böhringer et al., 2024).  

Several studies, including the two publications in the first chapter of this 

dissertation, searched in databases for other DAR producers to identify natural 
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derivatives (Groß et al., 2021; Böhringer et al., 2023; Kramer et al., 2023). Groß 

et al. (2021) found the DAR BGC in P. luteoviolacea S4054 and identified two 

additional genes, named darF and darG. Both enzymes yielded only hypothetical 

proteins of unknown function and ABC transporter predictions in database 

searches. In heterologous expression studies, they appeared to reduce the 

production level of DAR. While the function of DarG remains unclear, DarF was 

shown to be a protease that degrades DAR, possibly for self-resistance purposes 

(Groß et al., 2021).  

 

In the first and second publication of this dissertation, the amino acid sequence of 

DarE was used for database searches. Thereby a DAR BGC in P. luteoviolacea H33 

could be identified, which was found to contain three additional genes: darF, darG 

and darH (Böhringer et al., 2023; Kramer et al., 2023). DarF was not analyzed 

further as it is expected to be the protease already identified by Groß et al. (2021). 

An OSMAC (one strain many compounds) approach was used to cultivate this strain 

in the laboratory to identify new DAR derivatives and elucidate the function of the 

unknown enzymes (Bode et al., 2002; Böhringer et al., 2023). The three new 

derivatives, bromodarobactin A (Br-DAR A), dehydrodarobactin A (DH-DAR A) and 

dehydrobromodarobactin A (DH-Br-DAR A), were identified. Br-DAR A has the 

same structure as DAR A, but the C-8 position of W1 is brominated. DH-DAR A is 

also based on DAR A with a double bond located in the K5 side chain and 

DH-Br-DAR A has both modifications (Böhringer et al., 2023).  

BR-DAR A and DH-Br-DAR A were purified from the original producer and 

antimicrobial activity was determined. Br-DAR A showed improved activity 

compared to DAR A against the panel tested (Böhringer et al., 2023). As the indole 

ring of the W1 is not involved in the binding of BamA according to the literature, 

this improved activity of Br-DAR A is hypothesized to be due to an improved 

membrane permeability as a result of the bromination (Kaur et al., 2021; 

Böhringer et al., 2023). For DH-Br-DAR A slightly higher MIC values compared to 

DAR A, could be explained by an increase in rigidity caused by the double bond, 

thus affecting BamA binding (Böhringer et al., 2023). In order to identify which of 

the two unknown genes from the BGC is responsible for the post-translational 

modifications, heterologous expression studies were conducted as described in the 

second manuscript of this dissertation (Kramer et al., 2023). DarG and darH were 

codon optimized, cloned together with the DAR minimal BGC and heterologously 
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expressed in E. coli. After a small scale purification step using a C18 column, the 

culture supernatant was analyzed by HRMS/MS to evaluate the change in the 

metabolite profile. Expression of the DAR A minimal BGC together with darG did 

not lead to any results other than the DAR A production, and the mechanism for 

the DH-DAR A production remains unclear. However, when DAR A was expressed 

in the presence of darH, Br-DAR A was observed, leading to the conclusion that 

DarH is a tryptophan halogenase. To further characterize DarH, it was tested 

whether other halogens than bromine could be incorporated by this halogenase. 

Instead of adding potassium bromide to the culture broth, potassium iodide, 

chloride or fluoride was added respectively. The only other modified DAR A that 

could be detected was iodinated DAR A (Böhringer et al., 2023; Kramer et al., 

2023). 

In addition, another construct containing the codon-optimized darH gene was 

cloned to purify the enzyme by His-tag purification. The expression was optimized 

by testing different cultivation conditions and the successful production could 

already be judged by the yellow color of the resin used for the His-tag purification 

(Böhringer et al., 2023; Kramer et al., 2023). This yellow color could be due to co-

purified flavin adenine dinucleotide (FAD), which is supported by the fact that 

screening for homologous enzymes led to the identification of a FAD- and NAD(P)-

binding site in DarH (Wink, 1997; Böhringer et al., 2023). Using the purified DarH, 

an in vitro assay was developed and DAR A was successfully transformed into 

BR-DAR A. Substrate specificity was tested by using DAR B and the linear DAR 

heptapeptide, only the former could be halogenated (Böhringer et al., 2023).  

Screening the UniProtKB and SwissProt databases, the majority of similar enzymes 

were annotated as FAD-dependent oxidoreductases and none of the 250 enzymes 

were annotated as flavin-dependent halogenases. The different homologs were 

widely distributed among bacteria, plants and metazoans. Sequence comparison 

with the Protein Data Bank revealed only homologues in the family of the 

FAD/NAD(P)-binding proteins. In a phylogenetic analysis, DarH is grouped with the 

disulfide reductase YpdA and the flavin-containing putative monooxygenase 

(pdb id 3d1c), both from S. aureus (Hammerstad and Hersleth, 2020; Böhringer 

et al., 2023). Tryptophan halogenases and MibH, the only flavin-dependent 

halogenase with sequence similarity, are clustered in an independent group 

(Ortega et al., 2017; Böhringer et al., 2023). To support the finding that DarH 

possesses a FAD- and NAD(P)-binding domain, an AlphaFold model was calculated 
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and overlaid with proteins of varying similarity (Jumper et al., 2021; Böhringer et 

al., 2023). For MibH, the only significant structural conservation is in the FAD-

binding domain with 160 amino acids, while the similarity to YdpA with 323 amino 

acids in the FAD- and NAD(P)-binding domain is much higher (Ortega et al., 2017; 

Hammerstad and Hersleth, 2020; Böhringer et al., 2023). These results already 

suggest how unique DarH is, which is supported by a novel fold in the C-terminal 

domain that has no similarity to anything in the databases. It is hypothesized that 

this novel fold is involved in the binding of DAR A (Böhringer et al., 2023). When 

using SiteMap to calculate putative binding sites, the top-ranked binding sites for 

FAD and NAD(P) are very similar to those of YpdA and they are common in the 

literature (Halgren, 2007; Halgren, 2009; Hammerstad and Hersleth, 2020; 

Böhringer et al., 2023; Schrödinger, 2024). Other binding sites are located in the 

C-terminal domain, supporting the hypothesized role in binding and positioning of 

DAR A. Taking all of these findings together, DarH opens up a new class of FAD-

dependent oxidoreductases with its novel fold (Böhringer et al., 2023).  

In the future, mutation studies would be a good option to understand the 

mechanism of the halogenation in more detail. DarH mutants can be 

heterologously expressed, His-tag purified like the wild-type enzyme and used for 

microscale thermophoresis experiments (MST). In these experiments molecular 

interactions can be measured, as it has been shown for a protein of the RAS family 

(Seidel et al., 2013; Jerabek-Willemsen et al., 2014; Welsch et al., 2017). In this 

study, the potential ligand binding site was validated by mutants showing a 

reduced binding affinity compared to the wild-type in MST experiments (Welsch et 

al., 2017). Similar conclusions could be drawn from measurements of the 

interaction between DAR A and DarH. For example, it was shown for RebH that a 

specific lysine forms a lysine-halogen intermediate during the halogenation 

reaction of tryptophan (Yeh et al., 2007). It could be confirmed that DarH is a FDH 

and acts according to the mechanism of RebH by exchanging the lysine that is 

predicted to form the lysine-halogen intermediate. If similar binding constants of 

DAR A to the mutant DarH are observed compared to those of DAR A to the wild-

type DarH, but no conversion form DAR A to Br-DAR A takes place during in vitro 

assays, it could be concluded that the transfer of the halogen to DAR A is mediated 

by this lysine. This may indicate how to modify the enzyme to accept halogens 

other than bromide and iodide.  
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The C-terminal domain could also be mutated. If low binding constants and no 

conversion during in vitro assays are observed, this would be another indication 

that this C-terminal domain is involved in DAR A binding. Binding constants could 

not only be determined for DAR A and DarH, but also for FAD or NAD(P) and DarH. 

By measuring the constant for the wild-type and then for a DarH mutant, with 

mutations in the potential FAD-binding site, the binding site could be validated. 

Another option would be to obtain a crystal structure of the enzyme. Also co-

crystallization with FAD, NAD(P) or DAR A could confirm the knowledge gained by 

comparing sequences in databases and performing calculations in AlphaFold and 

SiteMap. This could be a useful tool, especially for identifying the DAR binding site 

and confirming the role of the novel C-terminal fold. 

It has already been shown that DarH can modify another bicyclic DAR derivative, 

but not the linear DAR A heptapeptide. Therefore, it was postulated that after 

translation of the precursor peptide, DarE introduces the rings, yet unidentified 

proteases cut off the signaling sequences and DarH can only act on the matured 

DAR (Böhringer et al., 2023). This suggests that the bicyclic structure is important 

for binding to DarH. Knowledge about the substrate binding site would not only 

help to understand the mechanism of the enzyme, but would also open up the 

possibility of broadening the range of accepted substrates and thus halogenating 

other RiPPs.  

Although the activity of Br-DAR A is very similar to that of the most promising DAR 

candidate DAR B, bringing BR-DAR A to the market would be rather challenging. 

In vitro studies with DAR A and DarH showed a slow conversion rate from DAR A 

to Br-DAR A and the yield from the heterologous expression of the compound itself 

in E. coli is rather low. Also, purification of the product from the original producer 

is not of high yield. DarH is an interesting enzyme, but the bromination is not yet 

suitable for large-scale production. To optimize heterologous expression, the 

turnover rate could be increased, for example by mutation. This would require 

detailed knowledge of the enzyme mechanism, which could be obtained through 

the experiments mentioned above. Another option would be to optimize the 

cultivation conditions for the original producer. Upscaling the cultivation conditions 

of either the heterologous expression host or the original producer in fermenters 

might also be viable routes. However, not only the upstream process should be 

optimized, but also the downstream process needs further development. 

Purification protocols should be revised to avoid compound losses in the 
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purification steps to increase the overall yield. Once production and purification 

have been optimized, these parameters could be applied to the iodinated DAR A, 

for which the activity has not yet been determined. 

 

Given the fact that bromination increased the activity of DAR A, introducing 

halogens or other functional groups into the molecule is an interesting approach. 

As DarH has been shown to halogenate other DAR derivatives as well, the 

identification of the enzyme provides a first step towards DAR derivatization other 

than amino acid exchange (Böhringer et al., 2023; Kramer et al., 2023). This could 

not only increase the in vitro activity of the derivative, but also significantly alter 

the pharmacokinetics of the compound (Piccionello et al., 2019). This is already 

indicated by the stronger plasma binding of Br-DAR A compared to DAR A 

(Böhringer et al., 2023).  

In particular, halogenations are widely observed in NPs (Gribble, 2024), but apart 

from the study in the second chapter of this dissertation, there is only one other 

study dealing with the halogenation of DAR (Seyfert et al., 2023b; Kramer et al., 

2025). In this study, 6-fluoro- and 5-chloro-L-tryptophan were added to the 

culture broth during heterologous expression of DAR D9 (W1-N2-W3-S4-K5-S6-W7). 

This approach led to the discovery of five halogenated DAR D9 compounds, three 

fluorinated and two chlorinated derivatives. However, this approach shows low 

selectivity for the position, in which the halogenated amino acid is integrated, 

because DAR D9 has more than one tryptophan in its structure. For example, when 

5-chloro-L-tryptophan was added to the culture broth, a mixture of the substrate 

either chlorinated at W3 or W7 was obtained. This mixture of products and low yields 

are disadvantages of this technique (Seyfert et al., 2023b). 

With the amber stop codon suppression technique described in chapter two of this 

dissertation the introduction of non-canonical amino acids is targeted (Young and 

Schultz, 2010; Wang et al., 2012; Kramer et al., 2025). This technique uses a 

tRNA that recognizes a nonsense codon, together with an aminoacyl-tRNA 

synthase, mutated to extend the substrate range to non-canonical amino acids. 

The integration site of the non-canonical amino acid is selected by replacing the 

original codon at the exchange position in the BGC to the nonsense codon. The 

modified aminoacyl-tRNA synthase, the tRNA and the modified BGC are 

heterologously expressed in E. coli. The non-canonical amino acid of choice is then 

supplemented to the culture broth during the heterologous expression (Young and 
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Schultz, 2010; Wang et al., 2012). In this study, the nonsense codon is located in 

darA at the C-terminal position of the heptapeptide (F7) (Kramer et al., 2025). This 

position was chosen on the one hand because the available aminoacyl-tRNA 

synthase can use non-canonical phenylalanine derivatives as substrates. On the 

other hand, phenylalanine is the last amino acid in the DAR A heptapeptide and 

therefore has the greatest distance from the ring closures. As there is no data 

available for the exact binding of DAR A to DarE, choosing this position reduces 

the chance of the modification interfering with the DAR maturation process.  

For initial tests, it was decided to add 4-fluoro-L-phenylalanine to the culture broth, 

as the fluorine atom is rather small and the carbon-fluorine bound is strong, 

theoretically reducing the risk of interfering with the DarE interaction. In small-

scale cultivation, the expected mass-to-charge ratio of DAR A F7F with the 

corresponding fragmentation pattern was observed in HRMS/MS. But the 

production of DAR A was also observed, and was even higher than the production 

of DAR A F7F in this small-scale experiment. Furthermore, small amounts of 

DAR A F7F could be observed in the cultivation without the mutant aminoacyl-

tRNA synthase, the specific tRNA and the altered darA sequence. This finding 

indicates that also the wild-type aminoacyl-tRNA synthase can use 4-fluoro-L-

phenylalanine as substrate and vice versa. However, the amount of DAR A F7F was 

low in the wild-type cultivation compared to the cultivation of the mutant, 

suggesting that only feeding of the non-canonical amino acid alone is not sufficient 

(Kramer et al., 2025). Also in the feeding studies of Seyfert et al. (2023b), only 

one out of the five new halogenated derivatives was produced in a sufficient 

quantities for NMR studies. Upscaling the production of DAR A F7F resulted in an 

increase in the production of the target compound, while the production levels of 

DAR A decreased drastically. DAR A F7F could be purified in sufficient yield for NMR 

experiments and activity assays. In these activity assays, DAR A F7F showed a 

similar range of activity compared to DAR A (Kramer et al., 2025). But even if the 

fluorination does not improve the activity, it could improve pharmacokinetics of 

the compound. This effect of halogenation has already been observed for other 

compounds, in particular for the fluorination of NPs (Piccionello et al., 2019). It 

was also shown that the plasma binding of Br-DAR A was increased compared to 

DAR A, providing an example of a halogenation altering the pharmacokinetics of 

DAR (Böhringer et al., 2023). Therefore, pharmacokinetic studies should be 

performed to further characterize the potential of DAR A F7F. 
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Next to 4-fluoro-L-phenylalanine, a set of other non-canonical phenylalanine 

derivatives was tested for integration in small-scale cultivation experiments. This 

set included the following derivatives: 4-chloro-L-phenylalanine (4-Cl-F), 

4-trifluoromethyl-L-phenylalanine (4-CF3-F), 4-azido-L-phenylalanine (4-N3-F), 

4-nitro-L-phenylalanine (4-NO2-F), 4-methoxy-L-phenylalanine (4-OMe-F), 

4-bromo-L-phenylalanine (4-Br-F), 4-iodo-L-phenylalanine (4-I-F), 

3,4-dihydroxy-L-phenylalanine (3,4-OH-F) and 2,3,4,5,6-pentafluoro-L-

phenylalanine (F5-F). From this set, DAR A F7OMe with a methoxy group at the 

para position of F7, DAR A F7I with an iodination at the para position of F7 and 

DAR A F7F5 with aromatic perfluorination of F7 could be detected by HRMS/MS. 

Other phenylalanine derivatives of this set did not lead to the production of DAR A 

derivatives (Kramer et al., 2025). One reason for this could be different integration 

efficiencies, which have been observed in other studies as well (Young et al., 2011; 

Wang et al., 2012; Tharp et al., 2014; Kakkar et al., 2018; Kramer et al., 2025). 

This is supported by the varying yields of the derivatives obtained, the highest 

being DAR A F7F5, followed by DAR A F7F, DAR A F7OMe and DAR A F7I (Kramer 

et al., 2025).  

In general, the integration efficiencies observed in the literature partially reflect 

the observations of this study (Kramer et al., 2025). For example, the integration 

efficiency for 4-bromo-L-phenylalanine was reported to be very high in most of the 

studies, only for Wang et al. (2012) integration efficiencies were low (Young et al., 

2011; Tharp et al., 2014; Kakkar et al., 2018). For 

4-iodo-L-phenylalanine, a rather low integration efficiency can be observed in the 

literature (Wang et al., 2012; Tharp et al., 2014), with the exception of the study 

by Young et al. (2011). However, it should to be noted that Young et al. (2011) 

used a system derived from a different organism. In contrast, in the study 

presented here, DAR A F7Br was not observed at all and DAR A F7I could be 

obtained. The analogue 4-chloro-L-phenylalanine could be integrated in Tharp et 

al. (2014), but not in the study of Wang et al. (2012) or in the study of this 

dissertation (Kramer et al., 2025). This suggests that the efficiency may also 

depend on the peptide. For DAR, low yields together with the slow working DarE 

could result in production levels below the detection limit (Nguyen et al., 2022; 

Kramer et al., 2025). In addition, the modification could further slowdown the 

reaction with DarE. To overcome these problems, a longer fermentation could be 
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tested. To avoid nutrient depletion in the broth during longer fermentation times, 

it may be necessary to use fermenters with constant nutrient supply. 

Another possible reason for the unsuccessful DAR production with some of the 

phenylalanine derivatives could be interference of the modified linear heptapeptide 

with the reaction catalyzed by DarE. With the amber stop codon suppression 

technique, there is always a risk that the heptapeptide of the derivative is 

translated, but the peptide cannot be processed by DarE and therefore the ring 

closures are not integrated and the peptide being degraded by proteases. This risk 

can be decreased when more detailed information about DarE is available to 

predict which position can be exchanged and which functional groups attached to 

the amino acid would not interfere with the reaction. Expression systems derived 

from other organisms such as the one used in the study by Young et al. (2011), 

could also be tested to obtain the missing variants. 

It would also be possible to integrate darH into the expression system to obtain 

Br-DAR A variants with a phenylalanine derivative. Another possibility would be to 

conduct the DarH in vitro assay, developed in the first and second publication of 

this dissertation, using a DAR A derivative with a non-canonical amino acid as 

substrate. But, since the production of Br-DAR is rather low, combined with the 

low yields of the DAR A derivatives containing the non-canonical amino acids, these 

attempts would still need a lot of optimizations to obtain more than analytical 

amounts.     

For the already existing derivatives upscale experiments should be carried out to 

obtain enough material to test activity and pharmacokinetics (Kramer et al., 2025). 

Furthermore, the successfully developed method for the integration of non-

canonical amino acids into DAR A, could be adapted to other DAR derivatives, such 

as the most promising candidate DAR B, in order to further optimize the derivative 

(Marner et al., 2023; Kramer et al., 2025). At present, this technique is limited to 

phenylalanine derivatives due to the mutanted aminoacyl-tRNA synthase used in 

this study. However, it would be possible to mutate other types of aminoacyl-tRNA 

synthases to accept non-canonical tryptophan derivatives, for example. This would 

be particularly interesting for DAR, since for Br-DAR A, which has a bromination at 

the W1, the activity was increased (Böhringer et al., 2023). But this exchange is 

likely to be even more problematic, since DarE acts directly on these amino acid 

(Imai et al., 2019; Nguyen et al., 2022).    
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Overall, daropeptides represent a promising new compound class for which many 

optimization techniques have already been applied to improve the activity and 

pharmacokinetics. However, the three studies of this dissertation show that there 

is still potential for optimization, especially when it comes to the integration of 

functional groups. While the production methods for the compounds discussed 

here still leave room for improvement, the studies provide an example of using 

DAR A, an antibiotic with a novel mode of action, as a lead structure for compound 

optimization. The modifications may not always increase the activity itself, but 

they might have a significant impact on the pharmacokinetics of the compound, 

potentially making the derivative a more suitable antibiotic drug. Therefore, 

pharmacokinetic studies and in vivo studies should be conducted to evaluate 

promising candidates. The next steps, especially for further developed compounds 

such as DAR B, should be in-depth testing of the clinical candidate to provide a 

dossier to apply for and enter clinical trials to bring the compound to the market 

and help us tackle the upcoming AMR crisis (Ventola, 2015; O'Neill, 2016; Marner 

et al., 2023).  
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