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1. Summary 

Procurement of new antibiotics is the main way of fighting the threat to human health 

posed by the increasing prevalence of antibiotic resistances amongst pathogenic 

microorganisms. One way to obtain new antibiotics is to modify the chemical structure 

of proven compounds to, for example, improve their overall effectiveness as antibiotics 

or to circumvent specific resistance mechanisms against them. One such approach, 

termed mutasynthesis, combines selective precursor feeding with genetic modification 

of an original producer strain to introduce desired features into complex compounds. 

Since the genetic modifications target genes involved in the supply of specific 

precursors, mutasynthesis can only be employed by understanding the genetic 

background of the respective synthesis pathways. This work is focused on the 

streptogramin antibiotic pristinamycin, which is a combination of two synergistically 

active protein synthesis inhibitors, used as an antibiotic of last resort, primarily against 

methicillin- and vancomycin resistant pathogens. However, resistances against 

pristinamycin are endangering its use against those organisms. First, our knowledge 

about the diversity of streptogramin gene clusters, in general, was expanded. To this 

end, the streptogramin biosynthetic gene clusters from multiple producers were 

compared. This comparison included clusters described and characterized in 

literature, recently discovered yet unexplored clusters, as well as one cluster from 

Streptomyces kurssanovii, which was identified as a streptogramin producer in this 

work. Clusters, which code for the synthesis of the same compounds, were found to 

be highly similar in most regions, showing that the structure of previously reported 

clusters is conserved in other producers. Second, pristinamycin I, the streptogramin B 

component of pristinamycin, was modified by mutasynthesis. Two new halogenated 

and bioactive derivatives of pristinamycin I were generated and purified in this study. 

The structures of the new derivatives were elucidated by NMR, and their overall 

antimicrobial potency, as well as their effect on streptogramin resistant organisms, 

were shown to be comparable to that of natural pristinamycin I. 
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2. Zusammenfassung 

Die Findung neuer Antibiotika ist die wichtigste Strategie, um die Bedrohung für die 

menschliche Gesundheit durch die zunehmende Verbreitung von 

Antibiotikaresistenzen unter pathogenen Mikroorganismen zu bekämpfen. Ein Ansatz 

hierfür stellt die Veränderung der chemischen Struktur bewährter Verbindungen dar, 

um beispielsweise ihre generelle Wirksamkeit als Antibiotika zu verbessern oder 

bestimmte Resistenzmechanismen gegen sie zu umgehen. Ein solcher Ansatz, die so 

genannte Mutasynthese, kombiniert die selektive Zufütterung von Antibiotika-

Vorstufen mit der genetischen Veränderung eines ursprünglichen 

Produzentenstamms. Gewünschte Eigenschaften können so in komplexe 

Verbindungen eingebracht werden. Da die gentechnischen Veränderungen auf Gene 

abzielen, welche an der Synthese spezifischer Vorstufen beteiligt sind, kann die 

Mutasynthese nur angewandt werden, wenn der genetische Hintergrund der jeweiligen 

Synthesewege verstanden ist. Im Mittelpunkt dieser Arbeit steht das Streptogramin-

Antibiotikum Pristinamycin, eine Kombination aus zwei synergistisch wirkenden 

Proteinbiosynthese-Inhibitoren, welches als Notfallantibiotikum gegen Methicillin- und 

Vancomycin-resistente Krankheitserreger eingesetzt wird. Resistenzen gegen 

Pristinamycin gefährden jedoch den Einsatz gegen diese Erreger. Als ersten Schritt 

erweitert diese Arbeit den Forschungsstand über die Diversität von Streptogramin-

Biosynthese Gencluster im Allgemeinen. Zu diesem Zweck wurden die Streptogramin-

Biosynthese-Gencluster mehrerer Produzenten miteinander verglichen. Dieser 

Vergleich umfasste aus der Literatur bekannte und charakterisierte Cluster, kürzlich 

entdeckte aber noch unerforschte Cluster sowie ein Cluster aus Streptomyces 

kurssanovii, eine Art, welche in dieser Arbeit als Streptogramin-Produzent identifiziert 

wurde. Der Vergleich zeigt, dass Cluster welche für die Synthese derselben 

Verbindungen kodieren, in großen Teilen sehr ähnlich sind. Dies verdeutlicht, dass die 

Struktur der zuvor beschriebenen Cluster auch in anderen Produzenten konserviert ist. 

Zudem wurde Pristinamycin I, die Streptogramin-B-Komponente von Pristinamycin, 

durch Mutasynthese modifiziert. In dieser Arbeit wurden zwei neue halogenierte und 

bioaktive Derivate von Pristinamycin I hergestellt und aufgereinigt. Die Strukturen der 

neuen Derivate wurden mittels NMR aufgeklärt und ihre allgemeine antimikrobielle 

Wirksamkeit sowie ihre Wirkung auf Streptogramin-resistente Organismen erwiesen 

sich als vergleichbar mit der von natürlichem Pristinamycin I.  
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3. Introduction 

 

3.1. Antibiotics 

Antibiotics are substances which kill microorganisms or inhibit their growth. They are 

secondary metabolism products of mostly bacteria, fungi, and plants, with some 

notable synthetic exceptions, such as sulfonamides or quinolones. Regardless of their 

origin, substances defined as antibiotics are of low molecular weight (between 150 

and 5000 Da) and active at concentrations of less than 1 mg/ml (Lancini and Parenti, 

1982) Classification of antibiotics can be based on multiple criteria, like mode of action 

(e.g. protein synthesis inhibitors, cell wall synthesis inhibitors) or chemical structure 

(e.g. peptide antibiotics, polyketide antibiotics; Gräfe, 1992). 

Antibiotics are of great importance in modern medicine. Before they became readily 

available during the 1940s, bacterial infectious diseases like cholera, typhus, syphilis, 

and tuberculosis were one of the leading causes of death (Mohr, 2016). Effective 

treatment of infectious diseases, as well as new medical procedures like organ 

transplants and open-heart surgery, have been made possible by the use of antibiotics 

and extended the average human life span by approximately 23 years (Hutchings et 

al., 2019). Bacterial resistance to antibiotics has, however, been observed soon after 

their widespread use. For example, 50% of Staphylococcus aureus isolates were 

resistant to penicillin only seven years after the first use of the drug (Scheffler et al., 

2012). Antimicrobial resistance (AMR) is the product of a multifactorial complex 

process involving the increasing effectiveness of resistance genes and their 

proliferation in bacterial populations via horizontal gene transfer (Prescott, 2014). The 

main facilitator of AMR is the widespread use of antibiotics, which leads to selection 

for resistant strains (Prescott, 2014). 

The spread of antibiotic resistance amongst pathogens leads to complications in the 

treatment of the associated infections, which results in a growing number of deaths 

caused by bacterial infections. Almost five million deaths associated with AMR have 

been estimated for the year 2019 (Murray et al., 2022). Studies predict that by 2050 

infections with antibiotic resistant microorganisms will cause the death of an estimated 

10 million people per year unless drastic action is taken (O´Neil et al., 2016). The issue 

of AMR is exacerbated by the decreasing number of new antibiotics which find their 
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way into the market (Hutchings et al., 2019). AMR is one of the biggest threats to 

public health of the 21st century and it is obvious that novel antibiotics are needed to 

treat infections caused by antibiotic resistant pathogens (Murray et al., 2022; Scheffler 

et al., 2010). Most classes of antibiotics in clinical use today have been discovered 

during the so called ‘Golden Age’ of antibiotics, heralded by the discovery of penicillin 

in 1928 by Alexander Fleming and ranging from the 1940s to the 1960s (Baltz et al., 

2016). The main strategy to obtain new antibiotics with clinical applications during this 

golden age was the systematic screening of, mainly soil dwelling, bacteria in bioassays 

for the production of antimicrobial compounds. This approach was pioneered by 

Selman Waksman and his colleagues and led, amongst others, to the discovery of 

streptomycin (Waksman, 1944), the first antibiotic used to treat tuberculosis. The main 

focus was being placed on the phylum Actinomycetota (formerly Actionobacteria), 

which includes the producers of about two thirds of all known antibiotics in clinical use 

today (Hutchings et al., 2019; Barka et al., 2016). 

 

3.2. The genus Streptomyces as potent producers of antibiotics 

Streptomycetes (members of the genus Streptomyces) are Gram-positive, 

predominantly soil dwelling organisms of the phylum Actinomycetota (Barka et al., 

2016; Oren and Garrity, 2021). The morphology of streptomycetes is highly diverse 

based on their state of differentiation. Growth of streptomycetes usually starts with a 

germinating spore. After germination, the spore grows into a fungus-like, branching 

filament, called substrate mycelium. During the growth, which occurs at the tip of the 

hyphae, septa are introduced in regular intervals. The resulting compartments contain 

multiple copies of the chromosome. The chromosomes of streptomycetes are large, 

mostly linear and have a high GC-content of about 74% (Wright and Bibb, 1992). 

Nutritional limitation and other causes of stress induce the formation of the 

hydrophobic aerial mycelium. In contrast to the substrate mycelium, the aerial 

mycelium grows up and out of the substrate. Numerous spore septa are introduced 

(up to 100 per hyphae) as the aerial mycelium matures, allowing for the differentiation 

and separations of spores which completes the streptomycetes life cycle (Wright and 

Bibb, 1992; Chater, 1993). 



Introduction 

5 
 
 

Streptomycetes are of particular importance as potent producers of biologically active 

compounds, which include many antibiotics. The phylum of Actinomycetota is 

regarded as the most prolific group of antibiotic producers. Of the substantial number 

of antibiotics produced by members of this phylum, about 80% originate from the 

genus Streptomyces alone (Barka et al., 2016). Antibiotics produced by 

streptomycetes include representatives of different compound classes, such as 

tetracyclines, streptogramins aminoglycosides, glycopeptides and more (Barka et al., 

2016). Models have suggested that the total number of antibiotics produced by 

streptomycetes might be as high as 100.000, most of which have not been identified 

yet (Watve et al., 2001). Antibiotics are secreted into the environment most likely to 

give the producing organisms an advantage against competitors. Antibiotic 

biosynthesis is genetically encoded by the producer organism and the respective 

genes, which include those required for precursor supply, assembly, resistance and 

regulation, are often organized in so-called biosynthetic gene clusters (BGC). 

3.3. The bacterial ribosome as a drug target 

The bacterial ribosome is a complex, macromolecular machinery responsible for 

protein biosynthesis (Voorhees and Ramakrishnan, 2013) and target for many 

clinically relevant antibacterial drugs (Poehlsgaard et al., 2005). The bacterial 70S 

ribosome consists of the small 30S and the large 50S ribosomal subunit, composed 

of ribosomal RNA and ribosomal proteins. Antibiotics targeting the bacterial ribosome 

can be grouped into the ones that target the 30S, and those that target the 50S subunit 

(Wilson, 2014). Most antibiotics that target the 30S subunit interfere either with the 

delivery of aminoacyl-tRNAs or the transfer of tRNAs within the ribosome during 

translocation. These antibiotics include, amongst others, the aminoglycosides and 

tetracyclines (Wilson, 2014). The antibiotics that target the 50S subunit primarily 

disrupt peptide bond formation or the elongation of nascent peptide chains. 

Representative substance classes are macrolides, lincosamides, pleuromutilins, 

phenicols, and streptogramins (Wilson, 2014). 

3.4. Streptogramin antibiotics, mode of action, resistance, and application 

Streptogramins are a group of clinically and industrially important antibiotics that target 

the bacterial ribosome and are primarily produced by the genus Streptomyces. 

Examples of streptogramins and their respective producers include pristinamycin 
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produced by Streptomyces pristinaespiralis, virginiamycin produced by Streptomyces 

virginiae, and viridogrisein/griseoviridin produced by Streptomyces griseoviridis. 

Chemically, streptogramins are a mixture of two structurally unrelated compounds that 

are co-synthesized by their respective producers. They feature at least one 

streptogramin A (SA) type and one streptogramin B (SB) type compound that are 

naturally produced in a 2:1 to 1:1 SA/SB ratio (Cocito, 1979). Often, however, multiple 

congeners of the respective compounds are produced in variable proportions (Barriere 

et al., 1998). SA antibiotics are polyunsaturated macrolactones synthesized by hybrid 

polyketide synthase (PKS) - nonribosomal peptide synthetase (NRPS) systems. SB 

antibiotics are cyclic hexa- or heptadepsipeptides derived from NRPS biosynthetic 

pathways (Barriere et al., 1998; Johnston et al., 2002; Fig. 1).  

 

Figure 1: Structures of the SB Pristinamycin I (left), the SA Pristinamycin II (right) as well as 

their natural congeners. 

Streptogramins inhibit the bacterial protein biosynthesis as a mode of action. Both 

streptogramin components bind to closely adjacent locations at the 50S subunit of the 

bacterial ribosome via hydrogen bonds and hydrophobic interactions with the 23S 

rRNA (Harms et al., 2004). SA group antibiotics bind at the entrance of the ribosomal 

exit tunnel at the peptidyl transferase catalytic center (PTC). By overlapping the 

acceptor (A) and donor (P) substrate binding sites (Tu et al., 2005; Hansen et al., 
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2003), they block the attachment of tRNAs to both locations (Vanuffel and Cocito, 

1996), preventing the elongation of the nascent peptide chain. Additionally, the uracil 

residue 2585 (E. coli numbering) of the 23S rRNA is rotated by 180° upon SA binding 

(Harms et al., 2004). This conformational change, which persists even after the 

removal of the compound, prevents U2585 from fulfilling its proposed role, which is 

the positioning of P-site substrates during peptide bond formation (Harms et al., 2004). 

The SB group binding site is located inside the ribosomal exit tunnel, which is shared 

as a binding site with macrolides like erythromycin. This shared binding site leads to 

a competition between macrolides and SB antibiotics for binding to the ribosome if both 

substances are present, as shown for erythromycin and virginiamycin S (Parfait et al., 

1981). By occupying this space, SB antibiotics cause a misalignment of the peptidyl-

tRNA at the P-site which leads to a blockage of the elongation and premature release 

of the nascent peptide chain after the formation of a few peptide bonds (Chinal et al., 

1987). Both streptogramin groups have a bacteriostatic effect, but display a synergistic 

activity when administered in combination, leading to a bactericidal effect (Cocito et 

al., 1997). Binding of SA compounds to the ribosome causes the rotation of an adenine 

residue 2062 by about 90° (Harms et al., 2004). Thereby, the binding affinity of the SB 

component to the ribosome in this conformation is increased (Cocito et al., 1997), 

leading to an approximately 100-fold decrease of the minimal inhibitory concentration 

(MIC) of the SA/SB combination, compared to that of the respective single compound 

(Vanuffel and Cocito, 1996).  

Because of the unrelated chemical structure and separate binding sites of SA and SB 

groups, most resistance mechanisms against streptogramin antibiotics confer 

resistance to one or the other compound but not both. However, most Gram-negative 

bacteria (with the exception of some members from genera like Neisseria, 

Haemophilus, and Legionella) display an intrinsic resistance to both groups (Johnston 

et al., 2014; Mast et al., 2014). This observation is attributed to the rather large 

compound size and hydrophobicity of streptogramins, which prevent the compounds 

from passing through the outer membrane of Gram-negatives (Seoane et al., 2000). 

Furthermore, mutations of the 23S rRNA at residue A2062 have been shown to cause 

a combined SA and SB resistant phenotype in the Gram-positive Streptococcus 

pneumoniae (Depardieu et al., 2001). 



Introduction 

8 
 
 

Target modification by 23S rRNA methylation can cause resistance to streptogramins. 

Mono- or dimethylation of A2058 is the most prominent form of resistance against SB 

antibiotics (Johnston et al., 2014). This modification is catalysed by methyl 

transferases, which are encoded by ubiquitous plasmid borne erm genes. These 

modifications confer resistance to not only SB antibiotics, but also macrolide and 

lincosamide antibiotics, and thus was termed MLSB resistance (Svetlov et al., 2021). 

For SA antibiotics, resistance by target modification is achieved by methylation of the 

adenine residue 2503 by the methyl transferase Cfr encoded by the gene cfr (Long et 

al., 2006). Next to SA antibiotics, Cfr also confers resistance against phenicols, 

lincosamides, oxazolidinones and pleuromutilins (the PhLOPSA group). The cfr gene 

has been found on plasmids but also on chromosomes (Reisser et al., 2020).  

Furthermore, resistance to SA or SB can be achieved by inactivation of the respective 

compound. SB antibiotics can be linearised by Vgb lyases through an elimination 

reaction at the ester bond between the threonine and phenylglycine residues, leading 

to an inactive compound (Mukhtar et al., 2001). The most prominent resistance 

mechanism against SA antibiotics is their inactivation by acetylation of the compounds 

C14 alcohol by the family of Vat acetyltransferases, encoded by vat genes (Kehoe et 

al., 2003). The vgb and vat genes, coding for Vgb and Vat, respectively, are often 

plasmid borne and co-localized on the same plasmid in staphylococci (Canu et al., 

2001). 

Resistance against SA and SB can also be conferred by vga and msr genes, 

respectively. Both groups of genes code for a family of ATP-binding cassette (ABC) 

domain containing proteins. While these proteins show characteristics of ABC 

transporters and have therefore been proposed to be drug exporters, more recent 

investigations point towards a resistance mechanism by ribosome protection (Sharkey 

et al., 2016). Vga genes are also plasmid borne and frequently accompanied by vat 

and vgb genes in staphylococci (Reisser et al., 2020). 

Streptogramins are active against Gram-positive pathogens, such as staphylococci, 

streptococci and most enterococci, as well as some Gram-negative pathogens, e.g. 

Moraxella catarrhalis, Neisseria spp., and Legionella pneumophila (Mast et al., 2014, 

Reisser et al., 2020). Their activity against methicillin- or vancomycin resistant 
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pathogens, including strains of Staphylococcus aureus and Enterococcus faecium 

(Reisser et al., 2020), is an important factor in the clinical context (Reisser et al., 2020). 

Two commercial streptogramin formulations have been approved for clinical use. 

These are Pyostacine® (Sanofi-Aventis, Gentilly, France), which consists of 

pristinamycin I and pristinamycin II, and Synercid® (Pfizer, New York, USA), which 

consists of the respective semi-synthetic derivatives quinopristin and dalfopristin. 

Pristinamycin, produced by Streptomyces pristinaespiralis, has been used as an orally 

administered antibiotic in France for over 50 years and is currently also used in Tunisia 

and Lithuania (Reisser et al., 2020). As a semisynthetic pristinamycin derivative with 

increased solubility properties, Synercid® is the only injectable streptogramin 

antibiotic in clinical use. The therapeutic use has been approved in the USA in 1999 

and 2001 in Europe. However, its use in Europe has since been discontinued (Reisser 

et al., 2020). Disadvantages of Synercid® are, besides clinical limitations (an 

intravenous catheter is needed) and high costs (Reisser et al., 2020), serious side 

effects like arthralgia or myalgia (Delgado et al., 2000). Another semisynthetic 

pristinamycin derivative, NXL-103 (combination of linopristin and flopristin) underwent 

phase II clinical trials, which were concluded in 2010, but the substance was not 

introduced into the market since then (Reisser et al., 2020). The first discovered 

streptogramin, virginiamycin produced by Streptomyces virginiae, has been used as 

a feed additive in livestock for decades due to its properties as growth promoter and 

for disease prevention. While the use of virginiamycin for this purpose was forbidden 

in Europe by 1999, it is still used as a feed additive in countries like Canada, China, 

Japan, and the USA (Mast et al., 2014). Additionally, virginiamycin is used to prevent 

contamination of fermenters in the industrial production of ethanol (Bischoff et al., 

2016). 

 

3.5. Pristinamycin biosynthesis 

The synthesis of streptogramins requires a large number of specialized enzymes for 

multiple functions. These include precursor supply, assembly, regulation, and self-

resistance. The respective genes are organized in a large BGC. The S. 

pristinaespiralis pristinamycin ‘supercluster’ (Fig. 2), which is responsible for the 

synthesis of pristinamycin, spans 210 kb in size (Mast et al. 2011a). 
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Figure 2: The pristinamycin supercluster of Streptomyces pristinaespiralis PR11. 

Genes are shown as arrows indicating the respective orientation. Colors indicate the 

function of encoded enzymes: red = PI synthesis, blue = PII synthesis, green = 

regulation, yellow = self-resistance, black = unknown (Mast et al., 2011a).  

Most genes involved in the regulation of pristinamycin synthesis are located on the 

right border of the cluster. Here, one Streptomyces antibiotic regulator protein (SARP) 

type activator gene (papR4), two TetR type regulator genes (papR3, papR5) and one 

γ-butyrolactone receptor gene (spbR) are clustered together (Mast et al., 2011a). A 

putative cytochrome P450 monooxygenase encoded by snbU has been suggested to 

be involved in γ-butyrolactone-like synthesis (Handel et al., 2020). Further regulatory 

genes, including two SARP type activator genes (papR1, papR2) and one response 

regulator gene (papR6), are scattered throughout the cluster. One putative resistance 

gene is present in the cluster in the form of a member of the major facilitator 

superfamily (snbR; Mast et al., 2011a). An additional putative drug exporter, which 

confers resistance to both streptogramin types as well as rifampicin, is encoded by the 

gene ptr outside of the cluster borders (Bamas-Jacques et al., 1999; Blanc et al., 

1995a). 

Pristinamycin II (PII) is assembled by a hybrid PKS/NRPS, encoded by five genes 

(snaE1-4, snaD) as well as a group of six mono functional enzymes (encoded by snaG, 

snaH, snaI, snaJ, snaK and snaL). The products of three additional genes (snaA, snaB 

and snaC) are responsible for the conversion of the intermediate PIIB to the 

predominant PII congener PIIA (Fig. 1) by oxidation of the D-proline residue to 

dehydroproline (Blanc et al., 1995b). Most PII precursors are derived from the primary 

metabolism with the exception of the initial starter unit isobutyryl-CoA, which is likely 

to be synthesized from valine by the branched-chain α-keto acid decarboxylase SnaF 

and then installed by the hybrid PKS/NRPS SnaE1 (Mast et al., 2011a). The assembly 

of pristinamycin I (PI) is performed by a large NRPS, encoded by three genes (snbA, 

snbC and snbDE). SnbA activates the first amino acid (AA) 3-hydroxypicolinic acid, 
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followed by the incorporation of L-threonine and D-α-aminobutyric acid by SnbC. 

SnbDE catalyzes the subsequent incorporation of the L-proline, 4-N,N-dimethylamino-

L-phenylalanine, 4-oxo-L-pipecolinic acid, and L-phenylglycine (L-Phg) residues 

followed by the cyclisation and release of PI. Furthermore, the production of PI 

requires the biosynthetic pathways for the four non-proteinogenic AA precursors 3-

hydroxypicolinic acid (3-HPA), 4-oxo-L-pipecolinic acid (OPPA), 4-N,N-

dimethylamino-L-phenylalanine (DMAPA) and L-phenylglycine (L-Phg). The 

biosynthesis of these precursors is known to involve the products of twelve genes 

(hpaA, pipA, snbF, papA, papB, papC, papM, and pglA-E). HpaA is required for the 

synthesis of 3-hydroxy picolinic acid (3-HPA) (Blanc et al., 1996). The involvement of 

three additional gene products (encoded by snaC, snaO and snaQ) in 3-HPA 

synthesis has been suggested based on their homology to respective genes from 

Streptomyces sp. NRRL12068, the producer of the 3-HPA containing benzoxazole 

antibiotic A33853, but has not been shown experimentally for pristinamycin 

biosynthesis (Yun et al., 2019). pipA and snbF code for OPPA synthesis enzymes and 

the pap-operon codes for the enzymes needed for DMAPA synthesis (Mast et al., 

2011a; Blanc et al., 1997). L-Phg synthesis is encoded by the pgl-operon. The 

products of the five pgl genes catalyze the stepwise synthesis of L-Phg starting with 

phenylpyruvate, which is derived from the shikimate pathway (Mast et al., 2011b; 

Osipenkov et al., 2018; Wohlleben et al., 2012). The pgl operon of S. pristinaespiralis 

is the first known natural synthesis pathway for L-Phg (Mast et al., 2011b).  

 

3.6. The non-proteinogenic amino acid phenylglycine 

Phenylglycines (Phgs) represent a rare family of non-proteinogenic AA and are 

components of a diverse group of bioactive secondary metabolites (e.g. PI, 

vancomycin, ramoplanin; Al Toma et al., 2015). Phgs feature a unique structural 

property in the direct attachment of the phenyl group to the α-carbon. When Phgs are 

part of a fixed peptide backbone, the flexibility of their phenyl group is restricted 

compared to that of other aromatic AA (Al Toma et al., 2015). While the effects of this 

property on Phg containing compounds is not clear, it might be important for bioactivity 

(Al Toma et al., 2015). For example, the reduced flexibility of the phenyl group in Phg 

is suggested to allow the compounds they are part of to maintain stable conformations, 
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which are essential for interaction with their respective targets, at a lower entropic cost 

(Walker and Clardy, 2021). A recent study from Walker and Clardy on a machine 

learning bioinformatics approach to predict bioactivities from BGCs found that BGCs 

containing Phg encoding genes are explicitly associated with the production of 

compounds that display antibacterial activity (Walker and Clardy, 2021). Phg and 

derivatives thereof are of commercial interest since they are used as starting blocks 

for the synthesis of semisynthetic antibiotics, e.g. D-Phg is used for the synthesis of 

β-lactam antibiotics, such as penicillins and cephalosporins, while D-4-

hydroxyphenylglycine (Hpg) is used as a building block for the synthesis of polyoxins 

(Al Toma et al., 2015). However, since Phg are prone to racemisation, employing them 

as constituents in chemical synthesis approaches is challenging (Al Toma et al., 2015). 

The conventional chemical methods used for deprotection of AA and/or 

macrocyclisation of peptides often cause racemisation of the Phg residue, which 

complicates the synthesis of the desired compound (Al Toma, et al. 2015; Elsawy et 

al., 2011).  

 

3.7. Mutasynthesis  

While natural compounds constitute the majority of known antibiotics, artificial 

modifications to these molecules are often attempted to improve their bioactivity, 

pharmacokinetic properties or to address antibiotic resistance (Majhi et al., 2020). 

Many clinically important antibiotics are derivatives of natural compounds, modified to 

make them more potent (Majhi et al., 2020; Lewis, 2020; Kennedy, 2008). The 

modification of natural products can be achieved by different methods. Total chemical 

synthesis, for example, relies exclusively on chemical transformations without using 

any natural producer (Prusov, 2013). While this approach provides highly controlled 

conditions, many natural compounds cannot be synthesized due to their complex 

chemical structures. Furthermore, substance yields are often very low when many 

reaction steps are required (Sun et al., 2015). Semi-synthesis utilizes intermediates or 

fully formed natural products as starting points for further modification (Weist et al., 

2004) and has provided many relevant drugs (e.g. clindamycin, rifamycin SV synercid, 

amoxicillin, cefacitrile, retapamulin; Majhi et al., 2020; Hutchings et al., 2019). 

Precursor-directed biosynthesis is an approach that does not rely on chemical 
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synthesis, but instead exploits the substrate promiscuity of the biosynthetic machinery 

of the natural producer (Sun et al., 2015). The basic principle is to provide altered 

precursor molecules to the organism and rely on the biosynthetic machinery to 

implement it into the original compound (Kennedy, 2008). This allows for the 

modification of complex natural compounds. Not all supplied precursors are, however, 

efficiently incorporated. Furthermore, the alternative precursor will have to compete 

with the usually preferred natural precursor for incorporation, decreasing the yield of 

the desired compound. Finally, both, the modified as well as the original compound, 

are produced in this process. The generated substances may have similar chemical 

and physical properties, which can make downstream purification challenging 

(Kennedy, 2008). Some of these problems can be overcome by a refined version of 

precursor directed biosynthesis, named mutasynthesis. This method was introduced 

by Kenneth L. Rinehart in 1977 (Rinehart, 1977). The mutasynthesis approach utilizes 

mutants of natural product producers that are blocked in the synthesis of a target 

precursor by either gene deletion or silencing. This allows for precursor feeding 

experiments in strains that do not produce the original precursor anymore and in 

consequence cannot synthesize the respective natural product (Fig. 3). Instead, 

feeding of precursor derivatives to the respective mutant strain enables the production 

of the desired antibiotic derivative in a natural product-free background. Likewise, 

precursor derivatives do not have to compete with the original precursor, increasing 

the likelihood of incorporation and overall yield. While the first mutasynthesis 

experiments were conducted with mutants generated by random mutagenesis, 

knowledge of the natural compound biosynthetic pathways allows for targeted 

manipulation of producer strains by genetic engineering methods for mutant 

construction (Kennedy, 2008). Mutasynthesis has been successfully applied for the 

derivatization of various different compound classes, such as polyketides (Weissman, 

2007; Eichner et al., 2012; Toscano et al., 1983), nonribosomal peptides (Hojati et al., 

2002; Weist et al., 2004), aminoglycosides (Delzer et al., 1984), alkaloids (Winand et 

al., 2021) aminocoumarins (Galm et al., 2004) and more. The lincosamide antibiotic 

lincomycin for example was modified by mutasynthesis. The gene lmbX, which is 

necessary for the synthesis of the lincomycin precursor 4-propyl-L-proline, was 

deleted in the natural lincomycin producer Streptomyces lincolnensis ATCC 25466. 

Two derivatives of 4-propyl-L-proline (4-butyl-L-proline and 4-pentyl-L-proline) were 
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then fed to the mutant. The mutasynthesis approach yielded two new lincomycin 

derivatives, of which one (4-pentyl-4-depropyllincomycin) showed increased activities 

against low-level lincosamin resistant staphylococci compared to the original 

compound (Ulanova et al., 2010). Mutasynthesis was also used in studies involving S. 

gandocaensis DHS334, the producer of the peptide antibiotics cahuitamycin A-C. 

Here, the deletion of the gene cahI (ΔcahI), necessary for the synthesis of the 

cahuitamycin A and B starter unit salicylate, led to the abolishment of cahuitamycin A 

and B synthesis. Cahuitamycin C, which incorporates 6-methylsalicylate as its starter 

unit was produced exclusively in ΔcahI. Feeding of the blocked mutant with seven 

salicylate derivatives led to the isolation of two new cahuitamycin derivatives 

(cahuitamycin D and E), which showed an increased potency in inhibiting biofilm 

formation of Acinetobacter baumannii compared to cahuitamycin A-C (Park et. al, 

2016). 

 

Figure 3: Schematic presentation of the mutasynthesis principle. Colored hexagons represent 

the different antibiotic building blocks. The mutasynthon is shown as yellow hexagon. The 

biosynthesis products are indicated by connected black lines (Publication 1, mod.). 
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4. Research Goals 

 

The goal of this thesis is to improve our understanding of the diversity of streptogramin 

BGCs. For this purpose, the pristinamycin BGC of Streptomyces pristinaespiralis, 

which codes for the production of PI and its synergistic SA partner compound PII, is 

compared to BGCs of other streptogramin producers. This analysis shall include 

already known streptogramin BGCs, as well as a BGCs from newly identified 

streptogramin producers. The concrete understanding of the genetic basis of 

streptogramin biosynthesis is a prerequisite for genetic manipulation of the 

streptogramin producer organism, which will be employed to reach the second goal of 

this thesis. Here, new derivatives of the SB antibiotic PI will be generated by 

mutasynthesis. New PI derivatives will be isolated and purified to evaluate their 

bioactivity against PI susceptible and resistant organisms. 
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5. Results 

 

5.1. Identification of new streptogramin producers and characterization of the 

corresponding biosynthetic gene clusters 

Streptogramins are a unique class of antibiotic mixtures. The corresponding BGCs 

code for the biosynthetic pathways of two chemically unrelated compounds and their 

respective precursors. So far, three streptogramin BGCs have been characterized. 

These include the pristinamycin BGC from Streptomyces pristinaespiralis (Mast et al., 

2011a), the virginiamycin BGC from Streptomyces virginiae (Pulsawat 2007), and the 

griseoviridin (GV) /viridogrisein (VG) BGC from Streptomyces griseoviridis (Xie et al., 

2012). More producers of streptogramin antibiotics are known (Ahmed and Donaldson, 

2007), however the respective BGCs have not been characterized. To understand the 

genetic background of how different streptogramin producers accomplish the 

production of the respective compounds, various streptogramin BGCs should be 

compared. Additional new streptogramin producing strains and their corresponding 

BGCs were identified before: A bioactivity screening with mode of action studies that 

included 500 strains from the Actinomycetes strain collection of the University of 

Tübingen led to the identification of two previously unknown streptogramin producers 

Streptomyces sp. Tü 2975 and Tü 3180 (Wex et al., 2021). One further streptogramin 

producer, Streptomyces sp. SW4 was identified following bioactivity screenings of 

actinomycetes strains from the biodiversity hotspot Indonesia (Aziz et al., 2018). 

Additionally, new streptogramin producers shall be identified and their BGCs 

compared to the known BGCs they most closely resemble. In the current study, all so 

far known and recently identified streptogramin BGCs are compared with each other 

to unveil genetic similarity as well as differences, which can ultimately help to assign 

compound characteristics to specific coding genes and may set a basis for studying 

evolutionary development of streptogramin BGCs.  

 

5.1.1. Identification of novel streptogramin producers and their respective 

streptogramin BGCs 

Tü 2975 and Tü 3180 are confirmed producers of pristinamycin and 

griseoviridin/viridogrisein, respectively (Wex et al., 2021). To investigate the 



Results 

17 
 
 

respective BGCs, genomic DNA from both strains was first extracted and the PacBio 

RS II platform was employed to sequence the respective genomes for Publication 3. 

The assembled genome sequences were subsequently analysed with antiSMASH 4.0 

for the identification of BGCs. The predicted BGCs (20 for Tü 2975, 27 for Tü 3180) 

were manually reviewed, revealing potential BGCs coding for the synthesis of the 

respective produced streptogramins. For Tü 2975, region 2 was found to contain a 

cluster, which showed >60% similarity to a known pristinamycin BGC, while the 

genome of Tü 3801 contained a cluster that showed >70% similarity to a known 

griseoviridin/viridogrisein BGC located on region 25 (Publication 3). To find additional 

new streptogramin producers, genome sequenced strains of the DSMZ strain 

collection were screened in silico. By specifically searching amongst DSMZ strains, 

prospective producers can easily be accessed and tested for streptogramin 

production. All known streptogramin BGCs contain the so called pgl operon, coding 

for the enzymes that enable the synthesis of the non-proteinogenic amino acid Phg. 

pglA is the first gene of this operon, encoding a Phg dehydrogenase. This enzyme and 

correspondingly the coding gene is unique for L-Phg and thus hints at streptogramin 

biosynthesis. Accordingly, the occurrence of pglA within a given genome sequence 

should be an indication for streptogramin producers. Therefore, the PglA amino acid 

(AA) sequence was chosen to search for respective homologs in genome sequenced 

DSMZ strains. A BLAST search using the translated AA sequence of the pglA gene 

from S. pristinaespiralis PR11 revealed a putative protein of the enoyl-CoA 

hydratase/isomerase family (WP_189473706) with 96% identity in the strain 

Streptomyces kurssanovii DSM 40162. Analysis with antiSMASH 4.0 predicted 23 

BGCs, of which one (region 1 (NZ_BMTN01000016) closely matched the 

pristinamycin BGC of S. pristinaespiralis PR11. S. kurssanovii was cultivated as liquid 

culture in three different media (R5, HT7T, and NL800) and crude extraction of the 

whole cultures were performed with ethyl acetate. Bioactivity assays against B. subtilis 

ATCC 6633 (Pelzer et al., 1999) confirmed the production of an antibacterial 

compound by S. kurssanovii after fermentation for 72 h in NL800 at 28°C. Bioactive 

crude extracts were analysed via HPLC-MS and pristinamycin I/II were identified 

based on their respective m/z signals (525.3+1 for PII and 866.5+1 for PI; Fig. 4), 

confirming S. kurssanovii as a new pristinamycin producer. 
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Figure. 4: HPLC-MS analysis of S. kurssanovii fermentation broth crude extract. A and B are 

the positive mode extracted ion chromatogram for PII and PI, respectively. C is the 

corresponding mass spectrum from 7.2 to 8 min. The m/z signals for PII (526.3) and PI (867.5) 

are marked with a blue and red arrow, respectively. 

 

5.1.2.  Comparison of different streptogramin BGC types  

The three known streptogramin BGCs (prs, sgv and vir) and the four newly described 

ones were grouped into cluster “types” based on the compounds produced. The prs 

type resembles the pristinamycin BGC originally described for S. pristinaespiralis, 

which enables the host to produce PI and PII (Fig. 5). The prs type was in this study 

also identified in the new streptogramin producer strains SW4, Tü 2975, and S. 

kurssanovii and the respective clusters were designated prsSW4, prs2975 and prskurs. 

The sgv BGC type was originally described for S. griseoviridis and enables the host to 

produce VG and GV (Fig. 5). A sgv type BGC was identified to be present in Tü 3180 

and was designated sgv3180. The last type, and the only one without multiple 

representatives, is the vir type from S. virginiae, which is responsible for the production 

of virginiamycin S (VS) and M (VM) (Fig. 5). 
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Figure 5: Structures of the molecules that make up pristinamycin (PI/PII), virginiamycin 

(VS/VM) and viridogrisein (VG)/griseoviridin (GV). PII and VM are identical in structure and 

two natural congeners, PIIA/VM1 and PIIB/VM2, are shown. 

 

The three known BGC types are compared concerning their overall organisation (Fig. 

6). Additionally, the newly discovered streptogramin BGCs from SW4, Tü 2975, and 

S. kurssanovii are compared with the original prs cluster from S. pristinaespiralis. The 

streptogramin BGC discovered in Tü 3180 is compared with the original sgv cluster 

from S. griseoviridis. Genes of the new streptogramin BGCs are referred to by their 

NCBI locus IDs. 
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Figure 6: Overview over the organization of three streptogramin BGC types sgv, prs, and vir, including the respective sizes. Genes are 

coloured according to the function of the encoded proteins: red = PI synthesis, blue = PII synthesis, green = regulation, yellow = self-

resistance, black = unknown. The dotted line in the prs type marks large intergenic regions of unknown function with their respective 

sizes being displayed above. Further areas of variation are marked with arrows for single ORFs and curved brackets for groups of 

ORFs. (Mast et al., 2011a; modified) 
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To get an overview of the enzymes encoded in the streptogramin clusters, a 

comprehensive comparison table has been compiled (Tab. 1). All genes found in any 

of the three cluster types and their confirmed or proposed function were listed.  

 

Table 1: Genes of the different streptogramin gene clusters and the confirmed/proposed 

function of the encoded enzymes (+ = homolog present; - = no homolog present). Colour 

code of the biosynthetic role: red = SB synthesis, blue = SA synthesis, green = regulation, 

yellow = self-resistance, black = unknown. 

ORF (following the 
naming in S. 
pristinaespiralis, if not 
marked otherwise, 
asterisk = 
experimental 
evidence for function 
of product)  Biosynthetic role Function 

Gene (or analogous gene) present in the given streptogramin 
clusters 

prs prsSW4 prs2975 

 
 
 
 
prskurs 

vir sgv sgv3180 

samS     SB assembly 
S-adenosylmethionine 
synthetase  + 

+ + + 

- 

- - 

snaB*  SA tailoring PIIA synthase subunit B 

+ + + + - - - 

trs2*    - 
S200/IS605 family 
transposase  

+ 

- 

+ - - - - 

snaA* SA tailoring PIIA synthase subunit A  

+ + + + - - - 

snaD* SA assembly PII peptide synthetase  

+ + + + orf7 sgvE5, 
sgvE6 
 

+ 

pglE* 
SB precursor 
synthesis 

Hydroxyphenylglycine 
aminotransferase 

+ + + + orf6 - - 

mbtY* (SB assembly) MbtH-like protein                                 

+ + + + orf5 

sgvJ 

+ 

pglD* 
SB precursor 
synthesis Thioesterase type II                               

+ + + + orf4 

sgvH3 

- 

pglC* 
SB precursor 
synthesis 

Pyruvate 
dehydrogenase E1 
component β-subunit      

+ + + + bkdD 

sgvH2 

+ 

pglB* 
SB precursor 
synthesis 

Pyruvate 
dehydrogenase E1 
component α-subunit           

+ + + + bkdC 

sgvH1 

+ 

pglA* 
SB precursor 
synthesis 

Hydroxyacyl-
dehydrogenase 

+ + + + visG 

sgvN 

+ 

snbDE SB assembly PI synthetase 3 and 4                                

+ + + + visF 

sgvD4 

+ 

snbC SB assembly PI synthetase 2 

+ + + + visE 

sgvD2 

+ 

papR6* regulation Response regulator 

+ + + + vmsT  - - 

snaQ* 
SB precursor 
synthesis 

Flavin-dependent 
oxidoreductase 

+ + + + 

virN  sgvF 

+ 

snaP* SA tailoring/assembly Thioesterase 

+ + + + 

virJ   sgvI - 
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snaO* 
SB precursor 
synthesis Sarcosine oxidase 

+ + + + 

virM   sgvS 

+ 

papR2* regulation SARP-type regulator    

+ + + + 

vmsS sgvR3 

+ 

snaC SA tailoring 
NADH:FMN 
oxidoreductase  

+ + + + 

- 

- - 

snaN* (SA assembly) 
4'-phosphopantetheinyl 
transferase 

+ + + + 

virK  

- - 

snaM* SA assembly Acyltransferase 

+ + + + 

virI  sgvQ 

+ 

snaE4* SA assembly 
Hybrid NRPS/PKS 
(PKSIV) 

+ + + + 

virH  sgvE4 

+ 

snaE3* SA assembly 
Hybrid NRPS/PKS (III), 
PKS (PKSII) 

+ + + + 
virG, 
virF  sgvE3 

+ 

snaL* ? Unknown 

+ - - + - - - 

snaK* SA assembly Enoyl-CoA hydratase  

+ + + + virE  - - 

snaJ* SA assembly Enoyl-CoA hydratase 

+ + + + virD  - - 

snaI* SA assembly 
HMG-CoA synthase-like 
protein 

+ + + + virC  - - 

snaH* SA assembly 
β-ketoacyl-ACP 
synthase 

+ + + + virB  - - 

snaG* SA assembly 
Acyl carrier protein 
(ACP) 

+ + + + 

- 

- - 

snaE2* SA assembly 
Hybrid PKS/NRPS   
(PKSI)                       

+ + + + 

virA  sgvE2 

+ 

snaE1* SA assembly 
Hybrid PKS/NRPS   
(PKSI)                       

+ + + + 
bkdB, 
virA  sgvE1 

+ 

snaF* 
SA precursor 
synthesis 

Branched-chain α-keto 
acid 
decarboxylase76/84 

+ + + + 

bkdA  

- - 

papR1* regulation SARP-type regulator 

+ + + + - - - 

papM 
SB precursor 
synthesis N-Methylase  

+ + + + - - - 

papB 
SB precursor 
synthesis Mutase 

+ + + + - - - 

papC 
SB precursor 
synthesis Dehydrogenase 

+ + + + - - - 

papA 
SB precursor 
synthesis 

p-aminobenzoate 
synthase 

+ + + + - - - 

snbF 
SB precursor 
synthesis 

Cytochrome P450 
monooxygenase             

+ + + + 

visD    

- - 

pipA 
SB precursor 
synthesis Lysine cyclodeaminase                               

+ + + + 

visC - - 

snbA SB assembly PI synthetase 1             

+ + + + 

visB sgvD1 

+ 

hpaA 
SB precursor 
synthesis 

L-lysine 2-
aminotransferase                   

+ + + + 

visA   sgvL 

+ 

snbT* ? 
4-oxalocrotonate 
tautomerase  

+ + + + 

- sgvO 

+ 

snbR resistance 
Protein of the Major 
Facilitator Superfamily 

+ + + + 
varS  
 sgvT1 

+ 

snbS*               ? 
Methylmalonyl-CoA 
decarboxylase α-SU     

+ + + + - - - 

snbW* ? 
Hypothetical protein 
SghaA1_39280  

+ + + + - - - 
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snbV* ? 
Hypothetical protein 
pSLA2-L_p058  

+ - - + - - - 

papR3* regulation TetR-type regulator 

+ - - + 
barB 
 

- - 

papR4* regulation SARP-type regulator  

+ - - + - 

sgvR2 

- 

papR5* regulation TetR-type regulator 

+ + - + - 

sgvR1 

- 

snbU*   ? 
Cytochrome P450 
monooxygenase 

+ + + + - 

sgvP  + 

spbR* regulation 
Autoregulator receptor 
protein 

+ + + + 
barA 
 sgvB - 

SgvU (sgv) ? hypothetical protein 

- - - - - + 

+ 

sgvD3 (sgv) 
SB precursor 
synthesis/assembly 

NRPS, for generation 
and addition of 4-
hydroxy-D-proline 

- - - - - + + 

sgvG (sgv) 
SB precursor 
synthesis 

branched-chain amino 
acid aminotransferase 

- - - - - + + 

sgvM (sgv) 
SB precursor 
synthesis 

SAM-dependent 
methyltransferase, for 
N,beta-dimethyl-L-
leucine production 

- - - - - + + 

sgvA (sgv) regulation 
AfsA-like, GBL 
biosynthesis 

- - - - 

barX 

+ - 

sgvK (sgv) regulation 
ketoreductase, GBL 
biosynthesis 

- - - - 

barS1 

+ - 

sgvC (sgv) regulation 
phosphatase, GBL 
biosynthesis 

- - - - 

- 

+ - 

barS2 (vir) regulation 
dehydratase, GBL 
biosynthesis 

- - - - 

+ 

- - 

vmsR (vir) regulation 
TetR family 
transcriptional regulator 

- - - - 

+ 

- - 

varR (vir) regulation 
TetR family 
transcriptional regulator 

- - - - + 

- 

- 

sgvT2 (sgv) resistance ABC transporter protein 

- - - - varL 
 

+ + 

sgvT3 (sgv) resistance 

EmrB/QacA subfamily 
drug resistance 
transporter 

- - - - - + + 

sgvY (sgv) resistance streptogramin B lyase 

- - - - - + 

- 

 

To investigate the relationship between the carriers of the various streptogramin 

BGCs, the type strain genome server (TYGS; Meier-Kolthoff and Göker, 2019) 

platform was used to construct a phylogenomic tree which was then visualized by the 

Iroki webservice (Moore et al., 2020; Fig. 7). Whole genome sequences were used for 

the generation of the tree. 



Results 

24 
 
 

 

Figure 7: Phylogenomic relationship of the streptogramin BGC carriers investigated in this 

thesis on a whole genome level. Queried organisms are marked with a coloured background. 

blue: carriers of a sgv type BGC; red: carriers of a prs type BGC; green: carrier of the vir type 

BGC. 
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5.1.3. The prs type BGC 

The prs type clusters are the largest clusters overall (prs: 210 kb, prsSW4: 166 kb, 

prskurs: 161 kb, prs2974: 158 kb; Fig. 6). The large size has multiple reasons. First, 

regions of varying, but substantial size (51-90 kb) and unknown function are located 

in all prs type clusters in addition to the genes associated with pristinamycin 

production. The prs type is also the most thoroughly researched in this comparison 

(Mast et al., 2011a; Mast et al., 2015). As all genes involved in the synthesis of PI and 

PII are known for the prs type, its defined borders are likely to contain the whole 

cluster, while the sgv and vir types might miss some genes. The genes coding for PI 

and PII synthesis are not strictly separated from each other in the prs type, giving the 

clusters a mosaic appearance. 

The nucleotide sequences of the three prs type representatives were compared to prs 

of S. pristinaespiralis PR11 using Clone Manager 9. The following percent identities 

were obtained: 90% for prs2975, 89% for prskurs and 69% for prsSW4. This comparison 

excludes the large intergenic regions (IGRs; Fig. 6) of unknown function, which will be 

discussed separately below (5.1.4). Additionally, eight genes (upstream of snbR) at 

the right cluster border are excluded from the comparison, as a continuous sequence 

for this area is not available for prskurs. The three new representatives of the prs type 

therefore show a high overall nucleotide sequence identity with prs from S. 

pristinaespiralis. The carriers of prs2975 and prskurs, Streptomyces sp. Tü2957 and S. 

kurssanovii, respectively, also show a close relationship to Streptomyces 

pristinaespiralis PR11 on a whole genome level (Fig. 7). Streptomyces sp. SW4, 

carrier of prsSW4, is however less closely related to the other prs type carriers. The 

cluster comparison revealed that homologs of all genes necessary for precursor 

supply and pristinamycin assembly can be found in all prs type BGCs of the newly 

identified producer strains and are organised in the same way as in prs (Tab. 1). Most 

regulatory genes are also found in the same organisation in all prs type BGCs. An 

exception is prsSW4, which deviates from prs in the “regulatory island” region at the 

right cluster border. In prs, this region includes the regulatory genes papR3, papR4, 

papR5, and spbR, as well as some genes of unknown function (snbS, snbW, snbV, 

snbU). In prsSW4, a putative TetR-type regulator, which shows 56% AA identity with 

PapR5, is encoded by a gene (SW4_3_00271) located between the homologs of snbR 

(SW4_3_00270) and snbS (SW4_3_00272). Homologs of snbV, papR3, papR4, and 
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papR5 are missing in prsSW4 but an additional gene (SW4_3_00277) coding for a 

putative TetR-like regulator with 67% AA identity to SpbR is located directly upstream 

(further towards the right border) of the respective snbU homolog (SW4_3_00276). In 

S. kurssanovii, the regulatory island on the right cluster border seems to be missing at 

first glance. However, homologs to most genes of the regulatory island (with the 

exception of snbS) can be found in a different region of the assembly. This region is 

contig 9 (NZ_BMTN01000009.1; Fig. 8), while the rest of the cluster is located on 

contig 16 (NZ_BMTN01000016.1). Since the homologs share high nucleotide 

sequence identity (92% on average) to those found in prs and are organized in the 

exact same order, an error in the genome assembly seems to be the most likely reason 

for the apparently missing regulatory island in prskurs. prs and prs2975 both also feature 

a transposase coding gene (trs2 in prs and 2975_1_00119 in prs2975) between the 

genes snaA and snaB in prs and their homologs 2975_1_00118 and 2975_1_00120 

in prs2975. prskurs carries a transposase gene (IE119_RS27120) between the genes 

IE119_RS27125 and IE119_RS27115, which are homologs of snaE1 and snaF from 

prs, respectively.  

 

Figure 8: Nucleotide sequence similarity between the right cluster border of prs from S. 

pristinaespiralis PR11 (top, the sequence corresponding to the missing right border on S. 

kurssanovi contig 16 is marked in yellow), and contig 9 of the S. kurssanovii genome assembly 

(bottom). Blue indicates stretches of sequence similarity.  

5.1.4. The prs type intergenic region 

All prs type BGCs contain an additional subcluster of so far unknown function. A role 

in the synthesis of PI or PII is unlikely, since all pristinamycin encoding genes have 

been identified and are accounted for outside this IGR (Mast et al., 2011a). Despite 
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their overall high similarity, the four prs type clusters show variations in large parts of 

the IGR. In S. pristinaespiralis PR11, the IGR includes 87 ORFs of which 32 have 

been described as forming a potential type II polyketide BGC and were labelled as cpp 

(cryptic pristinaespiralis polyketide) cluster (Mast et al., 2011a). No biosynthesis 

product of the cpp cluster has been identified so far and the function of the remaining 

55 ORFs in prs have not been investigated. 

To compare the IGRs of the four prs type clusters, their nucleotide sequences were 

aligned using prfectBLAST (version 2.0) and visualised with Artemis (version 18.2; Fig. 

9). All stretches shown have a BLAST bit-score of at least 350. This was the threshold 

chosen to avoid cluttering by very short stretches, without losing substantial amounts 

of information. The prs2975 and prskurs IGRs have an overall nucleotide sequence 

identity of 89%. For the purpose of clarity, both IGRs are therefore represented as one 

in Fig. 9. 
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Figure 9: Sequence similarity between the intergenic regions in the pristinamycin clusters of 

SW4 (prsSW4), S. pristinaespiralis PR11 (prs), and Tü 2975/S. kurssanovii DSM 40162 

(prs2975/prskurs). The proposed cpp cluster of prs and the respective sequence similarities are 

marked in yellow. Blue indicates inverted stretches of similarities and red marks similarities in 

regions of unknown function. 

High sequence similarity was observed in the “left” part of all IGRs, which is the 

sequence region upstream of the pristinamycin specific regulator gene papR6. The 

prs2975/prskurs IGRs share homology with that of prs on almost their entire lengths (Fig. 

9). They do however lack multiple stretches that are present in the prs IGR. 

Specifically, large parts of the cpp cluster are missing. Like with prs2975/prskurs, the IGR 

of prsSW4 shows sequence similarities to the prs IGR over the length of the whole 

region. While parts of the cpp cluster are also missing in the IGR of prsSW4, it does 
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feature more “unique” areas. The most prominent differences to the prs IGR are found 

in the “middle” and “right” part of the IGR subcluster. Here, the prsSW4 IGR includes 24 

ORFs that are neither found in prs, nor in prs2975/prskurs. These ORFs were designated 

cnp 1-24 (cryptic non-ribosomal peptide, Fig. 9, Tab. 2) since seven of the prsSW4 IGR 

ORFs (cnp5, 7, 13, 14, 15, 16, 17) code for enzymes related to non-ribosomal peptide 

(NRP) synthesis.  

Table 2: ORFs unique to the IGR of prsSW4. ORFs with predicted function related to NRP 

synthesis are highlighted in green. 

ORF antiSMASH locus ID proposed function (based on annotation by NCBI) 

cnp1 SW4_3_00204 hypothetical protein 

cnp2 SW4_3_00203 hypothetical protein 

cnp3 SW4_3_00202 hypothetical protein 

cnp4 SW4_3_00201 hypothetical protein 

cnp5 SW4_3_00200 Enduracididine beta-hydroxylase 

cnp6 SW4_3_00199 tRNA-2-methylthio-N(6)-dimethylallyladenosine synthase 

cnp7 SW4_3_00198 Dimodular nonribosomal peptide synthase 

cnp8 SW4_3_00197 hypothetical protein 

cnp9 SW4_3_00196 hypothetical protein 

cnp10 SW4_3_00195 hypothetical protein 

cnp11 SW4_3_00194 hypothetical protein 

cnp12 SW4_3_00193 hypothetical protein 

cnp13 SW4_3_00192 Tyrocidine synthase 3 

cnp14 SW4_3_00191 Gramicidin S synthase 2 

cnp15 SW4_3_00190 Linear gramicidin synthase subunit D 

cnp16 SW4_3_00189 Linear gramicidin synthase subunit D 

cnp17 SW4_3_00188 Surfactin synthase subunit 2 

cnp18 SW4_3_00187 hypothetical protein 

cnp19 SW4_3_00186 Na(+)/H(+)-K(+) antiporter GerN 

cnp20 SW4_3_00185 L-isoleucine-4-hydroxylase 

cnp21 SW4_3_00184 hypothetical protein 

cnp22 SW4_3_00183 Ferredoxin-NADP reductase 

cnp23 SW4_3_00182 hypothetical protein 

cnp24 SW4_3_00181 Small ribosomal subunit biogenesis GTPase RsgA 

 

In addition, a region within the IGR of prsSW4 does in part align invertedly to prs (Fig. 

9). In the IGR of prsSW4, this region contains five ORFs (SW4_3_00176, 

SW4_3_00175, SW4_3_00174, SW4_3_00173 and SW4_3_00172) which are 

present on prs (Tab. 3). The respective ORFs in prs, (H3L99_RS01180 outside the 

cpp cluster; cpp32, cpp28, and cpp25 inside the cpp cluster) are not located as close 
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together as those in prsSW4, but retain the same order (if the sequence is inverted; 

Tab. 3). These findings indicate that a recombination event might have taken place in 

this region of the original IGR. 

Table 3: ORFs found in a region of the prsSW4 IGR that inversely aligns to the prs IGR (- = no 

sequence similarity). 

locus ID in prsSW4 ORF name/locus ID in prs proposed function (based on annotation by NCBI) 

SW4_3_00176 H3L99_RS01180 dTDP-4-dehydrorhamnose 3,5-epimerase family 

SW4_3_00175 cpp32 NDP-hexose 2,3-dehydratase 

SW4_3_00174 cpp28 oxidoreductase 

SW4_3_00173  - - 

SW4_3_00172 cpp25 dTDP-glucose 4,6-dehydratase 

 

5.1.5. The vir type BGC 

The vir type is the smallest known streptogramin BGC (77 kb). It does not contain an 

IGR like the prs type. Most of the genes involved in VM/VS biosynthesis are homologs 

of those found for PI/PII synthesis in prs and are organized in the same manner (Fig. 

6). There are however exceptions as follows. Even though VM1 is identic to PIIA and 

VM2 is identic to PIIB, no homologs to the prs genes snaB and snaA, which are 

essential for the conversion of PIIB to PIIA, are present in vir. How the conversion of 

VM2 to VM1 is realised, is unknown but the products of virM and virN are suggested 

to be responsible (Pulsawat et al., 2006). Unlike PI, VS does not include DMAPA but 

N-methyl-L-phenylalanine (Fig. 5). This explains why homologs of the genes that 

encode DMAPA synthesis (papA, papC, papB, papM) in the prs type are missing in vir 

(Tab. 1). Besides varS, a homolog to snbR from prs, vir contains two additional 

putative resistance genes (varL and varM). varL and varM both code for ABC 

transporters (Kitani et al., 2010). vir contains three TetR (barB, varR and barZ) type 

regulator genes in contrast to the two (papR3, papR5) found in prs and one response 

regulator gene (vmsT). However, only two SARP type regulator genes (vmsS, vmsR) 

are found in vir, compared to three in prs (papR1, papR2, and papR4). vir also includes 

a γ-butyrolactone receptor gene (barA). Three genes (barX, barS1 and barS2) are 

suggested in the synthesis of the corresponding γ-butyrolactone (Shikura et al., 2002; 

Lee et al., 2008 and 2010). vir also misses a number of genes which are found in prs, 

which do not have a known function (snaG, snbT, snbS, snbW, snbV). 
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5.1.6. The sgv type BGC 

The sgv type is smaller than the prs type but larger than vir (sgv: 105 kb, sgv3180: 89 

kb). Similar to the vir type, the sgv type does not contain an IGR. GV and VG synthesis 

genes are strictly separated in sgv in contrast to the mosaic organisation of prs and 

vir. GV and VG structurally differ from PI and PII far more than VM and VS (Fig 6). 

This is reflected by the genes involved in precursor supply. Unlike PII and VM, GV 

incorporates acetyl-CoA, which is drawn from the primary metabolism, as its starter 

unit instead of isobutyryl-CoA. In agreement with this, sgv does not contain a homolog 

of the corresponding branched-chain α-keto acid decarboxylase snaF, which is 

needed for the synthesis of Isobutyryl-CoA. Where PI and VS incorporate DMAPA and 

N-methyl-phenylalanine, respectively, at position five and OPPA at position six, VS 

deviates by incorporating three AA in this segment of the backbone (sarcosine, N,β-

dimethyl-leucine and L-alanine) instead. This explains why the vir type cluster lacks 

homologs of the synthesis genes for DMAPA or OPPA (papM, papB, papC, papA, 

snbF, pipA; Tab. 1). Unique non-proteinogenic precursors that have to be synthesised 

for VG assembly are N,β-dimethyl-leucine and 4-hydroxy-D-proline. In agreement with 

the need to synthesize N,β-dimethyl-leucine, two genes, sgvG and sgvM, coding for a 

branched-chain amino acid aminotransferase and a SAM-dependent 

methyltransferase respectively (Xie et al., 2012), are found as an operon in the sgv 

type. The biosynthetic pathway for the VG precursor 4-hydroxy-D-proline is not fully 

elucidated. 4-hydroxy-L-proline is thought to be synthesised first and epimerised to the 

D form by the first module of the corresponding NRPS (encoded by sgvD3) before 

incorporation into the peptide backbone (Xie et al., 2012). No gene that codes for the 

expected 4-hydroxylase needed for 4-hydroxy-L-proline synthesis can be found in the 

sgv type cluster. While L-phenylsarcosine is only found in VG, it most likely follows a 

similar synthesis pathway as L-Phg (Xie et al., 2012) and is methylated during or after 

incorporation. Homologs of the L-Phg synthesis associated genes pglA-D (sgvN, 

sgvH1, sgvH2, sgvH3) are found in accordance with this in sgv. A homolog of the 

aminotransferase gene pglE is however missing. Regulation involves two SARP type 

activator genes (sgvR2, sgvR3) and one TetR-type regulatory gene (sgvR1). 

Additionally, a γ-butyrolactone receptor gene (sgvB) and potential γ-butyrolactone 

synthesis genes (sgvA, sgvK, sgvC) are present. Four genes associated with self-
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resistance are found throughout the sgv type cluster, coding for a member of the major 

facilitator superfamily (sgvT1), an ABC transporter protein (sgvT2), an EmrB/QacA 

subfamily drug resistance transporter (sgvT3), as well as a streptogramin B lyase 

(sgvY). The sgv type is the only known streptogramin cluster type to include a 

streptogramin B lyase gene. Streptogramin B lyases are proteins which are encoded 

by genes that are often found on plasmids that confer resistance against both, SA and 

SB antibiotics, to pathogens.  

Comparison of the sgv3180 nucleotide sequence to that of sgv from S. griseoviridis 

using Clone Manager 9 revealed an overall sequence identity of 70%. This comparison 

excludes larger regions that are missing from sgv3180 (Fig. 6). On a whole genome 

level, S. griseoviridis and Streptomyces sp. Tü3180 do not share the same close 

relationship as most carriers of the prs type BGCs (Fig. 7). Most of the genes in sgv, 

which are suggested to be involved in precursor supply and VG/GV assembly, have 

homologs in sgv3180 (Tab. 1). The only one of these genes missing in sgv3180 is a 

homolog of sgvH3, which encodes the putative branched-chain α-keto acid 

dehydrogenase SgvH3. SgvH3 is suggested to be a homolog of PglD from S. 

pristinaespiralis, which is a thioesterase involved in the synthesis of L-Phg. It was 

shown by gene deletion experiments that SgvH3 is not essential for GV synthesis in 

S. griseoviridis and its definitive role is unknown (Xie et al., 2012). Furthermore, 

homologs of most of the genes which are proposed to be involved in regulation (sgvR2, 

sgvR1, sgvB, sgvA, sgvK, sgvC), the streptogramin B lyase gene sgvJ and the 

sarcosine oxidase coding gene sgvS are missing in sgv3180. While the reason for this 

missing regulatory region in sgv3810 might be a genome assembly error, the respective 

genes could not be found elsewhere in the Tü 3810 genome sequence data. Overall, 

sgv3180 is highly similar in sequence and organization to sgv from S. griseoviridis, but 

does not contain the last ≈8,2 kbp of the sgv clusters right border (Fig. 6). 

5.2. Production of new antibiotics by mutasynthesis 

New antibacterial compounds can be obtained from the structural modification of 

known antibiotics. While synthetic chemistry provides many opportunities for the 

modification of antibiotics, an alternative approach involves the modification of 

antibiotic natural compounds by the targeted supplementation of the corresponding 

producer strain. Supplying an antibiotic producer with selected analogs of the natural 
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product precursors can lead to the incorporation of these analogs into the biosynthetic 

assembly line of the antibiotic and thus the subsequent generation of novel 

compounds. 

Publication 2, describes the successful employment of this method, known as 

precursor directed biosynthesis, to generate new derivatives of the nucleoside 

antibiotic amicetin by fermentation of Streptomyces sp. SHP22-7. Three previously 

unknown natural derivatives were identified in addition. Since production of the natural 

derivatives was low, isolation and structural analysis of the natural amicetin derivatives 

necessitated the cultivation and extraction of 26 L SHP22-7 culture (Publication 2).  

To increase both, the chances of installing a precursor analog into the final compound 

and the amount of derivative produced, mutasynthesis is a suitable method. The goal 

of Publication 1 was to generate new congeners of the streptogramin B type antibiotic 

pristinamycin I. The L-phenylglycine residue of PI is a suitable target for derivatization 

because of its uniqueness and its structural importance for many clinically relevant 

antibiotics, characterized by the presence of Phg or Phg-like residues  (Fig. 10) 

 

Figure 10: Structures of PI and its congeners PIA, PIB, and PIC. The L-Phg residue is 

highlighted in blue. 
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Preliminary modeling analysis using SeeSAR software was carried out by P. Klahn 

with the crystal structure of PI bound to the 70S ribosome of Deinococcus radiodurans 

(Harms et al., 2004), to estimate where exactly the Phg residue is positioned and what 

effect the derivatization might have (Fig. 11). Thereby it was found that the Phg residue 

resides in a binding pocket within the ribosome, whereby the para-carbon atom of L-

Phg is distanced between 4.11 and 10.21 Å away from the ribosomal backbone, 

providing enough space for modification at the para-position, without causing sterical 

interference within the binding pocket. Additionally, L-Phg is expected to be involved 

in the binding of PI to its target at the bacterial 23S RNA of the bacterial ribosome. It 

is also located in a way that sterical clashes with its surroundings due to modifications 

at the aromatic sidechain are unlikely. 

 

Figure 11: Left: Interactions of PI with 23S rRNA according to Harms et al. 2004. The 

hydrogen bonds towards 23S rRNA nucleotides are indicated as interrupted lines. Nucleotide 

numbering is according to the E. coli (in green) and D. radiodurans (in red) ribosomal crystal 

structure. Phg residue is highlighted in blue. Right: SeeSAR modeling data showing the 

distances (in Å) from the PI Phg residue to the 50 S ribosomal subunit of D. radiodurans (data 

provided by P. Klahn). 

Finally, L-Phg is the last residue to be added to the PI backbone. Synthetic derivatives 

therefore do not have to be “dragged along” for most of the PI assembly. It was 

reasoned that this would increase the likelihood of L-Phg derivative incorporation as 

there are fewer reaction steps where deviations from the natural substrate L-Phg could 

interference with the actions of the NRPS machinery. All of the mentioned reasons led 

to the decision to modify PI by substitution of its L-Phg residue (Fig. 10). To this end, 
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derivatives of the non-proteinogenic amino acid precursor L-Phg were fed to a 

genetically modified strain of the natural producer S. pristinaespiralis. 

5.2.1. Generation of a S. pristinaespiralis mutant suitable for mutasynthesis 

To make use of the mutasynthesis principle, knowledge of the respective biosynthetic 

pathway is a prerequisite to inactivate the synthesis of the precursor that is supposed 

to be substituted. The biosynthetic pathway for L-Phg in S. pristinaespiralis is well 

characterized by the generation and complementation of deletion mutants for the 

involved genes (pglA-D; Mast et al., 2011b).  

The results of Publication 4 provide further information about the effect of deleting 

genes belonging to the pgl operon. Here, a synthetic Phg synthesis pathway was 

constructed for heterologous expression. Amongst other strains, various mutants of S. 

pristinaespiralis were tested as hosts. While investigating the effect of a pglE deletion 

in S. pristinaespiralis as a host, the respective mutant S. pristinaespiralis MpglE has 

been shown to still produce a small amount of Phg (Publication 4). Deletion of pglE is 

therefore insufficient to abolish L-Phg synthesis and to create a suitable S. 

pristinaespiralis mutasynthesis mutant. 

Additionally, the pglA mutant S. pristinaespiralis MpglA was available from previous 

work, which was confirmed as L-Phg deficient strain (Mast et al., 2011b). Therefore, 

MpglA was used as a basis for the construction of a S. pristinaespiralis mutant suitable 

for mutasynthesis of PI derivatives. To facilitate detection and purification of PI 

derivatives and to eliminate the antibiotic background activity caused by PII, the 

production of the SA type was abolished. For this purpose, the hybrid PKS/NRPS 

enzyme encoding gene snaE1, which is essential for PII biosynthesis, was inactivated 

by homologous recombination. Homologous flanks of the coding region of snaE1 were 

amplified from genomic DNA of S. pristinaespiralis PR11 by PCR. Both regions were 

cloned into the E. coli cloning vector pK18 and a thiostrepton resistance cassette was 

added in between for selection, which yielded the knockout construct pK18MsnaE1. 

pK18MsnaE1 was transferred to S. pristinaespiralis MpglA by PEG mediated 

protoplast transformation. The generation of the double mutant S. pristinaespiralis 

∆pglA∆snaE1 was confirmed by PCR (Fig S26, supplementary information Publication 

1). 
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5.2.2. Verification of the suitability of the S. pristinaespiralis ∆pglA∆snaE  

mutant for the mutasynthesis approach 

The pristinamycin production of the S. pristinaespiralis ∆pglA∆snaE1 double mutant 

was analysed to assess its suitability for the mutasynthesis approach. S. 

pristinaespiralis PR11 was used as a control. The double mutant was cultivated with 

and without the addition of 100 µM L-Phg to the culture medium. Both strains were 

grown for 48 h in HT7T medium. Cultures were extracted with ethyl acetate and crude 

extracts were analysed by HPLC and used for bioactivity tests against B. subtilis ATCC 

6633. Crude extracts of S. pristinaespiralis PR11 showed peaks with characteristic 

retention times (8.2 and 10.3 min) and UV-Vis spectra (data not shown) for PI and PII, 

respectively, in HPLC analysis and also exhibited bioactivity against B. subtilis (Fig. 

12 A, B). Extracts of S. pristinaespiralis ∆pglA∆snaE1 neither showed peaks, 

characteristic for PI nor PII and did not exhibit inhibition against B. subtilis (Fig. 12 C, 

D). Extracts of the double mutant supplemented with L-Phg showed only a peak with 

a retention time of 8.3 min and a UV-Vis spectrum characteristic for PI, as well as 

exhibited bioactivity against B. subtilis (Fig. 12 E, F). These results confirmed that S. 

pristinaespiralis ∆pglA∆snaE1 is suitable to be used as mutasynthesis strain for PI 

derivatization. 
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Figure 12: HPLC spectrum of crude extract samples from S. pristinaespiralis wild-type (A), S. 

pristinaespiralis ∆pglA∆snaE1 (C) and ∆pglA∆snaE1 supplemented with 100 µM L-Phg (E). 

Chromatogram shows peaks measured at 210 nm. PI- and PII-specific peaks were detected 

at retention time 8.2 and 10.3 min, and are indicated by red and blue arrows, respectively. 

Disc diffusion assays with the respective extract samples against B. subtilis (B, D, and F). 

Inhibition zones are marked with red circles (Publication 1, mod.). 

5.2.3. Generation of new PI derivatives by mutasynthesis 

Twelve mutasynthons were used in feeding experiments with S. pristinaespiralis 

∆pglA∆snaE1 as described above (Tab. 4). Fermentation broths were extracted with 
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ethyl acetate and analysed via HPLC/MS. Supplementation with six mutasynthons (D-

Phg, 2,5-dihydro-D-Phg, 4-fluoro-L-Phg, 2-fluoro-DL-Phg, 4-chloro-DL-Phg, 4-

hydroxy-DL-Phg) led to the production of compounds that matched the mass of the 

corresponding PI derivative, which was calculated based on the mass of the natural 

PIA (866.4, PubChem 2.1) plus the mass of the respective additions to the L-Phg 

residue (Tab. 4). Three mutasynthesis samples, those of cultures supplemented with 

D-Phg, 4-fluoro-L-Phg, 4-chloro-DL-Phg, showed bioactivity against B. subtilis 

ATCC6633 (Tab. 4). PI production of S. pristinaespiralis ∆pglA∆snaE1 was however 

generally low and unstable, even when fed with the natural precursor L-Phg, when 

compared to S. pristinaespiralis PR11. The most stable production was observed after 

supplementation with 4-fluoro-L-Phg and 4-chloro-DL-Phg, which resulted in of the 

respective PI derivatives, named fluoro-PI and chloro-PI, respectively. Further work 

was therefore focused on isolation and structural characterization of fluoro-PI and 

chloro-P. As a control, unchanged PI (produced from S. pristinaespiralis ∆pglA∆snaE1 

supplemented with L-Phg) was used and referred to as C-PI. 
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Table 4: List of tested mutasynthons with indication if PI derivatives with expected masses 

have been detected by HPLC/MS analysis and antibacterial activity observed in bioassays 

(n.t. = not tested). + = derivative/bioactivity observed; - = not observed.  

Mutasynthon calculated mass 

of PI derivative 

new PI-

derivative/mass 

detected 

bioactivity against  

B. subtilis 

D-Phg 866.4 + + 

2,5-dihydro-D-Phg 868.4 + n.t. 

4-fluoro-L-Phg 884.4 + + 

2-fluoro-DL-Phg  884.4 + n.t. 

4-chloro-DL-Phg 900.4 + + 

2-chloro-DL-Phg 900.4 - n.t. 

4-bromo-DL-Phg 944.3 - n.t. 

4-amino-DL-Phg 881.4 - n.t. 

4-hydroxy-DL-Phg 882.4 + n.t. 

2,2-di-Phg 942.4 - n.t. 

3-(trifluoromethyl)-DL-Phg 934.4 - n.t. 

4-(trifluoromethyl)-L-Phg 934.4 - n.t. 

 

Preliminary structural confirmation of the halogenated PI derivatives was conducted 

by HPLC-MS/MS analysis. First, a sample containing C-PI was analysed to 

characterise the fragmentation pattern of PI. Three prominent and reoccurring mass 

signals (m/z 578.3, 663.3, 839.4) were identified and assigned to fragments of the PI 

parent ion, which all contained the L-Phg residue (Fig. S1 a, supplementary 

information publication 1). HPLC-MS/MS analysis of extracts from 4-fluoro-L-Phg and 

4-chloro-DL-Phg supplemented S. pristinaespiralis ∆pglA∆snaE1 cultures showed a 

similar fragmentation pattern. The m/z signals were however shifted by the mass of 

the corresponding incorporated halogen atom, resulting in a mass shift of +18 and +34 

in the extracts of 4-fluoro-L-Phg and 4-chloro-DL-Phg supplemented cultures, 

respectively (Fig. S1 b and c, supplementary information publication 1). The mass shift 

accounts for the loss of one hydrogen atom, which explains the shift by the mass of 

the respective halogen -1. These results suggested the successful incorporation of the 

respective mutasynthons into PI which resulted in the production of the novel 

pristinamycin derivatives fluoro-PI and chloro-PI. 

 

Larger scale production and isolation of halogenated PI derivatives was carried out to 

verify the chemical structures of the PI derivatives by NMR. In total, 6 L and 12 L of 



Results 

40 
 
 

culture were extracted for fluoro-PI and chloro-PI isolation, respectively. Extracts were 

purified by flash-chromatography and preparative HPLC, resulting in pure fractions of 

both halogenated PI derivatives. Purification was carried out with the help of Karen 

Harms (research group Microbial Drugs, HZI Braunschweig). For fluoro-PI, two 

fractions, F2 (1,54 mg) and F2.1 (1,88 mg), were obtained, whereas one pure fraction, 

F3 (0,6 mg), was obtained for chloro-PI (Protocol S1 and S2, Fig. S2 and S3, 

supplementary information Publication 1). Fractions F2.1 and F3 were subjected to H-

NMR-spectral analysis, which confirmed the expected structures of fluoro-PI and 

chloro-PI, respectively (Table 2 and 3, Publication 1). NMR analysis was performed 

by Dr. Frank Surup (research group Microbial Drugs, HZI Braunschweig). 

5.2.4. Bioactivity profile of the halogenated PI derivatives generated by 

mutasynthesis 

 

5.2.4.1. Quantitative bioactivity tests with pure halogenated PI derivatives 

To determine the antibiotic potency of the halogenated PI derivatives, minimal 

inhibition concentration (MIC) assays against a panel of standard test organisms were 

conducted. However, since pure chloro-PI was not available in sufficient amounts, only 

fluoro-PI was analysed in MIC assays. For MIC assays, the pure fraction F2.1 was 

used, while pure PI (Sanofi Aventis) served as a control (Tab. 5). Both, fluoro-PI and 

PI, inhibited the growth of B. subtilis and S. aureus but did not inhibit Gram-negative 

or fungal test strains (Tab. 5). The observed MICs of PI were 2,1 µg/ml for B. subtilis 

and 16,7 µg/ml for S. aureus. Fluoro-PI MICs were 4,2 µg/mg for B. subtilis and 33,3 

µg/mg for S. aureus. With the MICs for fluoro-PI being in a similar range as those of 

PI, it can be concluded that the fluorinated derivative is similar in potency as the natural 

pristinamycin compound. MIC assays were performed by Dr. Frank Surup. 
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Table 5: MIC assay of pristinamycin IA (PI) and fluoro-PI derivative against standard test 

organisms. Inhibited organisms are highlighted in bold. (n.i. = not identified). 

   PI fluoro-PI  

test organism DSM-Nr. MIC µg/mL MIC µg/mL positive control 

Schizosaccharomyces pombe 70572 n.i. n.i. Nystatin 

Pichia anomala 6766 n.i. n.i. Nystatin 

Mucor hiemalis 2656 n.i. n.i. Nystatin 

Candida albicans 1665 n.i. n.i. Nystatin 

Rhodotorula glutinis 10134 n.i. n.i. Nystatin 

Acinetobacter baumannii 30008 n.i. n.i. Ciprofloxacin 

Escherichia coli 1116 n.i. n.i. Oxytetracyclin 

Bacillus subtilis 10 2,1 4,2 Oxytetracyclin 

Mycobacterium smegmatis ATCC 700084 n.i. n.i. Kanamycin 

Staphylococcus aureus 346 16,7 33,3 Oxytetracyclin 

Pseudomonas aeruginosa PA14 n.i. n.i. Gentamycin 

Chromobacter violaceum 30191 n.i. n.i. Oxytetracyclin 

 

To investigate cytotoxicity of fluoro-PI, fraction F2.1 was tested against the human cell 

lines KB3.1 and L929 in cytotoxicity assays (Tab. 6). No morphological change of cells 

was observed and only a low inhibition of proliferation was detected in cell line KB3.1. 

Therefore, fluoro-PI has no obvious cytotoxic effect. Cytotoxicity assays were 

performed by Dr. Frank Surup. 

Table 6: Cytotoxicity assay of fluoro-PI derivative against human cell lines (* = no changed 

cells, no cytotoxic activity; ** = no changed cells, low inhibition in proliferation) 

     

Compound name 

KB3.1 cell 

line  Tox-Nr. 

L929 cell 

line Tox-Nr. 

fluoro-PI (F2.1) ** 3548 * 3549 

 

5.2.4.2. Bioactivity tests against clinical isolates 

To discern whether the halogenated PI derivatives inhibited clinically relevant 

microorganisms, further bioactivity assays were performed against clinical pathogens, 

amongst them streptogramin resistant strains. As the amount of pure PI derivatives 

was limited, methanolic solutions of crude extracts and semi purified fractions thereof 

were used. “Semi purified” refers to fractions obtained by small scale semi preparative 
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HPLC runs to remove some of the residual background from the crude extracts in 

order to ensure that the observed bioactivity was caused by the respective PI 

derivative. Efforts were made to equalize the amount of PI derivatives used in these 

experiments by calculations based on HPLC chromatograms of the respective extracts 

and standard curves with pure PI. Bioassays were conducted as zone of inhibition 

tests. 

Crude extracts were tested against organisms from the WHO priority list of pathogens. 

The test panel included Gram-negative (Escherichia coli DSM 1103, Proteus vulgaris 

DSM 2140, Pseudomonas aeruginosa DSM 1117) and Gram-positive bacteria 

(Staphylococcus aureus DSM 18827, Enterococcus faecium DSM 20477) bacteria, as 

well as fungi (Candida albicans DSM 1386, Trichophyton rubrum DSM 16111; Tab. 

S1, supplementary information publication 1). Filter discs were loaded with crude 

extracts of fluoro-PI, chloro-PI, C-PI, and pure PI to contain approximately 0,5 µg of 

the respective compound. All tested substances inhibited the growth of E. faecium 

DSM 20477 while only Synercid® inhibited S. aureus DSM 18827 (Fig. 13). None of 

the tested substances inhibited any of the remaining strains. 
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Figure 13: Results of the agar diffusion test of PI derivatives against clinically relevant 

pathogens. Synercid® filter discs were used as a positive, filter discs with methanol as 

negative control. The pattern of sample application follows that of the E. coli DSM 1103 

example. 

Semi purified fractions of PI derivatives were tested in combination with the 

corresponding SA antibiotic PII to investigate their combined activity. Of the previous 

bioassay test panel, only the streptogramin sensitive S. aureus DSM 18827 and E. 

faecium DSM 20477 were tested in this experiment. To investigate if the new PI 

derivatives inhibit organisms which are specifically streptogramin resistant, two further 

clinical S. aureus isolates, CIP 111304 and CIP 108540, which both carry resistance 

genes against SA and SB antibiotics, were included (Tab. S1, Supplementary 
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Information publication 1). Filter discs were loaded with semi purified fractions of 

fluoro-PI, chloro-PI, C-PI and pure PI to contain approximately 5 µg of the respective 

compound. The test was conducted with and without the additional application of 5 µg 

pure PII to each disc. All tested semi pure fractions showed inhibition against the 

respective test organisms, similar to that of pure PI (Fig. 14). The same holds true for 

the combinations of semi pure fractions with pure PII, which showed similar inhibition 

as the control mixture of PI with PII. S. aureus CIP 111304 and CIP 108540 were not 

inhibited by the application of PI nor its derivatives alone (Fig. 14). This indicates that 

resistance mechanisms against streptogramins, here specifically against the SB type 

PI, confers resistance to the halogenated PI derivatives as well. Both S. aureus test 

strains, CIP 111304 and CIP 108540, were however inhibited by combinations of PI 

or its derivatives in combination with pure PII. 
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Figure 14: Results of the agar diffusion test of PI derivatives alone and in combination with 

PII against streptogramin susceptible clinical isolates. Semi purified samples of C-PI, fluoro-

PI, chloro-PI were used as well as pure PI and PII. All SB samples were applied with and 

without the addition of PII. Synercid® filter discs were used as a positive, filter discs with 

methanol as negative control. A: Inhibition zones caused by PI derivatives. The pattern of 

sample application follows that of the E. faecium DSM 20477 example. B: Diameter of 

inhibition zones caused by PI derivatives.  

Altogether, the experiments concerning the bioactivity of fluoro-PI and chloro-PI 

showed that both new pristinamycin derivatives are antimicrobially active, with the 
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potency of these new derivatives being very similar to that of the natural PI. Fluoro-PI 

and chloro-PI are also active against the same organisms as PI. Finally, resistance 

mechanisms against streptogramin antibiotics protect test organisms against fluoro-PI 

and chloro-PI, as well as against PI.  
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6. Discussion 

 

6.1. Identification of a new streptogramin producer and characterization of 

known streptogramin BGCs 

In this work, available genome data of strains from the DSMZ strain collection were 

screened for the biosynthetic potential to synthesize L-Phg, using the phenylglycine 

dehydrogenase gene pglA from S. pristinaespiralis as a reference. Screening for 

genes involved in the synthesis of Phgs can lead to the identification of novel peptide 

antibiotics containing Phg residues which, as proposed in a previous study, are 

associated specifically with antibacterial activities (Walker and Clardy et al., 2021). In 

recent years genome mining has developed into a potent tool for the identification of 

novel natural compounds with bioactivity. Genes, which code for enzymes known to 

be involved in the synthesis of certain bioactivity-conferring features, can be used in 

screenings to identify compounds containing these features. Multiple approaches 

were reported, which led to the identification of either entirely new compounds or 

additional members of antibiotic families (Bauman et al., 2021). For example, 

searching the UniProt database against the diazeniumdiolate synthesis genes from 

Paraburkholderia graminis led to the discovery of new gramibactin A-like siderophores 

from multiple plant-associated bacteria (Hermenau et al., 2019). In another recent 

example screening for NRPS domains, which introduce the acyl-substituent into 

lipopeptide antibiotics, led to the discovery of the cryptic cil BGC in Paenibacillus 

mucilaginosus and ultimately to the chemical synthesis of the new lipopeptide cilagicin 

(Wang et al., 2022). In this thesis, S. kurssanovii was identified as a novel producer of 

the L-Phg-containing SB antibiotic PI as well as the corresponding SA antibiotic PII. 

Based on the results presented here, pglA is a suitable screening candidate to find 

further BGCs coding for the synthesis of Phg-containing, potentially bioactive, 

compounds. 

The putative, previously unknown streptogramin BGCs of S. kurssanovii and three 

further unexplored streptogramin producers, Streptomyces sp. SW4, Tü2975 and 

Tü3108 were compared with already described streptogramin BGCs (Mast et al., 

2011a; Pulsawat et al., 2007; Xie et al., 2012). As expected, the streptogramin BGCs 

of organisms that produce the same compounds are highly similar in organisation and 
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share almost all the genes involved in the synthesis of the respective compounds. 

Concerning the relationship between the types of streptogramin BGCs, differences in 

the overall organisation between the original pristinamycin (prs) and 

viridogrisein/griseoviridin (sgv) clusters that have been observed before (Mast et al., 

2014) could be reaffirmed. There it was remarked that the prs and vir clusters show a 

mosaic or “intermingled” structure, in which genes associated with SA and SB synthesis 

are not separated from each other but are distributed over the entire cluster. In the sgv 

cluster however, a “highly modular and systematic” organisation was observed. These 

differences were confirmed here to be true for all the newly identified prs type clusters 

and the sgv clusters, respectively (Fig. 6). With regard to an evolutionary origin of 

streptogramin BGCs it could be expected that the genes for the synthesis of SA and 

SB were initially separated. Following this hypothesis, as proposed by Mast et al., the 

sgv type would be the more ancient streptogramin BGC amongst those compared 

here. Concerning the carriers of the streptogramin types, phylogenomic analysis using 

the TYGS webservice revealed that most streptogramin producers, which carry a prs 

type BGC show an overall close phylogenetic relation to each other (Fig. 7). This close 

relationship and the presence of transposase genes found in the respective prs 

clusters (prs, prs2975 and prskurs) hints at the acquisition of a prs type BGC by a 

common ancestor of S. pristinaespiralis, S. kurssanovii, and Streptomyces sp. Tü 

2975 through horizontal gene transfer rather than their independent acquisition. 

Interestingly, Streptomyces sp. SW4 is an exception to this observation, as it appears 

to be more closely related to carriers of the sgv type (S. griseoviridis and Streptomyces 

sp. Tü 3180). And while SW4 indeed carries a prs type BGC (prsSW4), it is the one with 

the lowest overall nucleotide sequence identity (69%) to the reference prs from S. 

pristinaespiralis. This means that prsSW4 and SW4 seem less closely related to the 

other prs types and their carriers, respectively. Therefore, since SW4 is more closely 

related to the carriers of the, proposedly, more ancient sgv type BGCs, it is possible 

that SW4 belongs to a lineage of original prs type carriers which might also be the 

origin of the streptogramin BGCs found in S. pristinaespiralis, S. kurssanovii and 

Streptomyces sp. Tü 2975. 

The regulation of streptogramin production in S. pristinaespiralis is well studied and 

resembles a complex signalling network including γ-butyrolactone receptors, TetR-
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type regulators and SARPs in which both, PI and PII biosynthesis, are co-regulated 

(Mast et al., 2015). Comparable co-regulation systems are known for the 

streptogramin production in S. griseoviridis and S. virginiae (Xie et al., 2012; Pulsawat 

et al., 2009). Just recently, two further new streptogramin producers (Streptomyces 

sp. DSM40973 and DSM41931) were shown to be affected by heterologous 

expression of the principal streptogramin synthesis activator gene papR2 from S. 

pristinaespiralis. Intriguingly, papR2 expression inhibited the production of 

streptogramins in these strains rather than promoting it (R. Makitrynskyy, personal 

communication 2024), indicating that the regulation of streptogramin synthesis is not 

universal amongst different producers. Since the streptogramin BGCs investigated 

here are highly similar to their respective reference BGC, it is likely that regulation is 

working much in the same way as in those reference BGCs. It would however still be 

an interesting next step to elucidate the regulatory networks of the new BGCs to 

confirm whether the synthesis of the respective SA and SB compounds are regulated 

in the same manner as is known for prs, sgv and vir.  

The streptogramin BGC prs of S. pristinaespiralis contains a large IGR, which includes 

a putative BGC for which no metabolic product is known (Mast et al., 2011a). The 

presence of a transposase encoding gene hints at the acquisition of the whole IGR via 

horizontal gene transfer. In this study, similar IGRs were also found within the prs type 

BGCs of S. kurssanovii, Streptomyces sp. Tü 2975, and Streptomyces sp. SW4. 

Nucleotide sequence similarity between the different IGRs was found over large 

stretches. Only part of the proposed cpp subcluster, originally described for the IGR 

of prs (Mast et al., 2014), are found in the other IGRs. The fact that the cpp subcluster 

is not conserved within the prs type clusters indicates that there is no evolutionary 

advantage for the carriers to retain it. The high overall similarity between the IGRs 

makes it very likely that they have not been acquired separately by S. pristinaespiralis, 

SW4, TÜ 2975, and S. kurssanovii, but rather have evolved from a more ancient 

“original” carrier of the prs type BGC. However, a large section of the prsSW4 IGR that 

contains genes connected to NRP synthesis, here named as the cnp subcluster, was 

not found in any of the other prs type BGCs. Interestingly, BLAST database search 

revealed that a sequence which is highly similar to the cnp subcluster (coverage 66%, 

identity 77%) can be found on the large plasmid pNBC00162 of Streptomyces sp. 
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NBC00162. The cnp subcluster might therefore originate from the acquisition of a 

mobile element like pNBC00162 by horizontal gene transfer. In general, the IGRs of 

the prs type BGCs might be a hotspot for recombination events.  

By characterizing new streptogramin BGCs, the findings presented here serve to 

showcase the highly conserved nature of streptogramin BGCs of the same type. At 

the same time, previously described differences between the prs and sgv type BGCs 

are confirmed. 

6.2. New halogenated PI derivatives generated by mutasynthesis 

Modification of the chemically complex SB antibiotic PI was achieved by employing the 

mutasynthesis principle. Two new PI derivatives, fluoro-PI and chloro-PI, were 

generated. The influence of the introduced halogens on the bioactivity of PI was 

investigated. Fluoro-PI and chloro–PI were employed in a series of bioactivity assays 

against streptogramin sensitive and -resistant organisms. The bioactivity spectrum for 

both halogenated PI derivatives was shown to match that of natural PI described in 

the literature (Reissier et al., 2020). Moreover, the inhibitory effect of the halogenated 

PI derivatives in combination with pure PII also matched that of natural PI. The same 

observations were also made when testing the new derivatives against strains which 

carried genes that confer resistance to streptogramins. The results of these 

combinatory assays suggest that the natural synergy between PI and PII is not 

disturbed or enhanced in the case of the halogenated PI derivatives. However, a 

checkerboard assay (Berenbaum, 1978) would be necessary for confirmation. The 

antimicrobial potency of fluoro-PI as determined by MIC assays was slightly lower than 

that of the natural PI control and the MIC values given for PI in the literature (Cocito, 

1979). The presence of halogenated residues in bioactive natural compounds often 

has a major influence on bioactivity (Neumann et al., 2008). For example, the 

glycopeptide antibiotics vancomycin and balhimycin both feature two chlorine 

substituents, which are of significant importance to bioactivity, since glycopeptides 

which lack them are far less potent (Cooper et al., 1999). Because of the influence 

halogenated residues can have on bioactivity, biosynthesis of halogenated natural 

products has been intensively studied over the last decades in an attempt to 

understand how halogenation occurs during synthesis and to prepare the way for the 

engineering of novel compounds (Neumann et al., 2008). For fluoro-PI and chloro–PI 
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such an influence could however not be observed. In summary, the results show that 

the newly generated halogenated PI derivatives have the same antibacterial spectrum 

(including resistant organisms), display an at least additive inhibition effect in 

combination with PII and are similar in potency to natural PI. 

While mutasynthesis has been shown to be a viable method for the substitution of the 

L-Phg residue of PI, the used ∆pglA∆snaE1 mutant only produced low amounts of PI 

derivatives in an inconsistent manner. Since even the production of “natural” PI by 

feeding of L-Phg was low compared to the parental strain PR11 (Fig. 12), the low PI 

derivative production rate can likely be attributed to a loss of fitness in the mutant 

strain, rather than being limited by the incorporation of the L-Phg derivatives. 

Specifically, while the ∆pglA∆snaE1 mutant showed growth comparable to PR11 and 

accumulated comparable amounts of biomass in liquid culture, it was observed that 

the mutant did not sporulate on solid media. Life cycle dependent differentiation is an 

important factor for secondary metabolite production in streptomycetes (Chater, 

1993), which might explain why the amount of PI produced by the ∆pglA∆snaE1 

mutant was lower compared to the WT. So far it is unknown what exactly caused the 

mutant to display sporulation deficiency, since both genes targeted for deletion are 

situated in the streptogramin BGC. It has been shown before that the deletion of snaE1 

and snaE2, resulting in the abolishment of PII production, leads to a reduction of PI 

production in S. pristinaespiralis HCCB10218 by 20-40% (Meng et al., 2017). The 

same study proposed that PII might act as a coactivator or inducer of PI biosynthesis, 

which would explain why its absence might have a negative effect on the production 

of PI. It is worth testing if a single mutant S. pristinaespiralis ∆pglA, would be able to 

produce higher yields of PI derivatives. Other ways to increase production might be 

the manipulation of regulatory genes. Overall production of pristinamycin has been 

shown to be increased by 150% and 300% upon the deletion of the TetR-like repressor 

genes papR3 and papR5 respectively, while overexpression of the SARP-type 

activator genes papR1 and papR2 led to an increased production of 100% each (Mast 

et al., 2015).  

In an optimized producer strain, additional PI derivatives could be generated by the 

same mutasynthesis approach. As predicted by in silico modelling with the crystal 

structure of PI bound to the ribosomal and as confirmed by the bioactivity studies with 
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halogenated PI derivatives generated here, the L-Phg residue presents a target for 

modification that does not interfere with the basic activity of PI, encouraging further 

modifications. The same modelling analysis also showed that e.g. iodination at the 

para-position of Phg could increase binding affinities and thus may lead to an improved 

binding of the modified PI substance (P. Klahn, personal communication 2023). 

Furthermore, an amino group at the L-Phg residue might be used for the attachment 

of suitable conjugates, such as siderophores, potentially allowing PI derivatives to 

penetrate into and kill Gram-negative bacteria which are largely intrinsically resistant 

to streptogramin antibiotics. Such siderophore conjugates have been shown to 

increase the effectiveness of a variety of antibiotics against Gram-negative bacteria 

(Negash et al., 2019). Iodo-PI and amino-PI could be generated in a mutasynthesis 

approach by feeding para-iodo-Phg and para-amino-Phg, respectively, to the S. 

pristinaespiralis ∆pglA∆snaE1 mutant, or a further optimized mutasynthesis strain as 

described above.  

Beyond the substitution of the L-Phg residue to achieve the improvements mentioned 

above, modification of PI by mutasynthesis could also target the 3-hydroxypicolinic 

acid (Hpa) residue. Deletion of the Hpa synthesis gene hpaA should abolish Hpa 

synthesis, providing a suitable mutasynthesis strain. When PI is bound to the 

ribosome, the Hpa residue is in close proximity to the crucial nucleotide A2058. PI 

derivatives with Hpa substitutions might include compounds which can bind to 

ribosomes with ErmE mediated methylation (MLSB resistance) of A2058 (P. Klahn, 

personal communication 2023). Hpa also coordinates a Mg2+ ion essential for the 

binding of the streptogramin B lyases which inactivate PI by linearization (Korczynska 

et al., 2007). Therefore, Hpa substitution might present an opportunity to effect two 

resistance mechanisms at once. 

Resistance by linearization of the streptogramin type B molecule might however also 

be addressed by another modification. The target of the streptogramin B lyases is the 

ester which is formed between L-Thr and L-Phg during cyclisation of PI. This 

macrolactonization is performed by the NRPS SnbDE. The replacement of this ester 

with a more thermodynamically stable peptide bond has been proposed to be a way 

to overcome PI resistance (Mukhtar et al., 2005). Mahlert et al. showed that the 

thioesterase domain of SnbDE accepts substrates other than L-Thr (L-Ser was 
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accepted even better than the natural substrate) and can, at least in vitro, form a 

peptide bond instead of an ester (Mahlert et al., 2005). There, a cyclised PI derivative 

was synthesized in which L-Thr was successfully replaced with L-diamino propionic 

acid (DAP). However, no information regarding the effect of this substitution on 

bioactivity was reported. The only comparable work so far was the hybridisation of PI 

with tyrocidine (Mukhtar et al., 2005), resulting in a chimeric compound not susceptible 

to streptogramin B lyases and bioactive against multiple Gram-positive pathogens, but 

with an unknown mode of action. It might be possible to produce the compound 

synthesized by Mahlert et. al in vivo in S. pristinaespiralis to characterize its bioactivity 

and test its susceptibility to streptogramin B lyases. Since mutasynthesis cannot be 

used to replace the proteinogenic L-Thr, engineering of the NRPS SnbC (specifically 

the first A domain) would likely have to be performed to facilitate the incorporation of 

DAP into PI. 

Altogether this work shows that that mutasynthesis is a powerful tool to derivatise 

chemically complex secondary metabolites such as PI. 

  



References 

54 
 
 

7. References 

Al Toma RS, Brieke C, Cryle MJ, and Sussmuth RD. Structural aspects of phenylglycines, their 

biosynthesis and occurrence in peptide natural products. Nat Prod Rep. 2015, 32, 1207-1235. 

10.1039/c5np00025d. 

Aziz S, Mast Y, Wohlleben W, and Gross H. Draft genome sequence of the pristinamycin-producing 

strain Streptomyces sp. SW4, isolated from soil in Nusa Kambangan, Indonesia. Microbiology 

Resource Announcements. 2018, 7, 10.1128/mra. 00912-00918. 

Bamas-Jacques N, Lorenzon S, Lacroix P, De Swetschin C, and Crouzet J. Cluster organization of 

the genes of Streptomyces pristinaespiralis involved in pristinamycin biosynthesis and resistance 

elucidated by pulsed-field gel electrophoresis. Journal of Applied Microbiology. 1999, 87, 939-948. 

https://doi.org/10.1046/j.1365-2672.1999.00955.x. 

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-Kolthoff JP, Klenk HP, 

Clement C, Ouhdouch Y, and van Wezel GP. Taxonomy, Physiology, and Natural Products of 

Actinobacteria. Microbiol Mol Biol Rev. 2016, 80, 1-43. 10.1128/MMBR.00019-15. 

Barriere J, Berthaud N, Beyer D, Dutka-Malen S, Paris J, and Desnottes J. Recent developments 

in streptogramin research. Current pharmaceutical design. 1998, 4, 155. 

Bauman KD, Butler KS, Moore BS, and Chekan JR. Genome mining methods to discover bioactive 

natural products. Nat Prod Rep. 2021, 38, 2100-2129. 10.1039/d1np00032b. 

Berenbaum M. A method for testing for synergy with any number of agents. Journal of Infectious 

Diseases. 1978, 137, 122-130. 

Bischoff KM, Zhang Y, and Rich JO. Fate of virginiamycin through the fuel ethanol production 

process. World J Microbiol Biotechnol. 2016, 32, 76. 10.1007/s11274-016-2026-3.  

Blanc V, Salah-Bey K, Folcher M, and Thompson CJ. Molecular characterization and transcriptional 

analysis of a multidrug resistance gene cloned from the pristinamycin-producing organism, 

Streptomyces pristinaespiralis. Mol Microbiol. 1995a, 17, 989-999. 10.1111/j.1365-

2958.1995.mmi_17050989.x. 

Blanc V, Lagneaux D, Didier P, Gil P, Lacroix P, and Crouzet J. Cloning and analysis of structural 

genes from Streptomyces pristinaespiralis encoding enzymes involved in the conversion of 

pristinamycin IIB to pristinamycin IIA (PIIA): PIIA synthase and NADH:riboflavin 5'-phosphate 

oxidoreductase. Journal of Bacteriology. 1995b, 177, 5206-5214. 10.1128/jb.177.18.5206-

5214.1995.  

Blanc V, Gil P, Bamas-Jacques N, Lorenzon S, Zagorec M, Schleuniger J, Bisch D, Blanche F, 

Debussche L, Crouzet J, and Thibaut D. Identification and analysis of genes from Streptomyces 

pristinaespiralis encoding enzymes involved in the biosynthesis of the 4-dimethylamino-L-

phenylalanine precursor of pristinamycin I. Mol Microbiol. 1997, 23, 191-202. 10.1046/j.1365-

2958.1997.2031574.x. 

Canu A, and Leclercq R. Overcoming bacterial resistance by dual target inhibition: the case of 

streptogramins. Curr Drug Targets Infect Disord. 2001, 1, 215-225. 10.2174/1568005014606152. 

Chater KF. Genetics of differentiation in Streptomyces. Annu Rev Microbiol. 1993, 47, 685-713. 

10.1146/annurev.mi.47.100193.003345. 



References 

55 
 
 

Chinali G, Moureau P, and Cocito CG. The action of virginiamycin M on the acceptor, donor, and 

catalytic sites of peptidyltransferase. J Biol Chem. 1984, 259, 9563-9568. 

Cocito C. Antibiotics of the virginiamycin family, inhibitors which contain synergistic components. 

Microbiol Rev. 1979, 43, 145-192. 10.1128/mr.43.2.145-192.1979. 

Cocito C, Di Giambattista M, Nyssen E, and Vannuffel P. Inhibition of protein synthesis by 

streptogramins and related antibiotics. J Antimicrob Chemother. 1997, 39 Suppl A, 7-13. 

10.1093/jac/39.suppl_1.7. 

Cooper MA, and Williams DH. Binding of glycopeptide antibiotics to a model of a vancomycin-

resistant bacterium. Chemistry & biology. 1999, 6, 891-899. 

Darken MA, Berenson H, Shirk RJ, and Sjolander NO. Production of tetracycline by Streptomyces 

aureofaciens in synthetic media. Appl Microbiol. 1960, 8, 46-51. 10.1128/am.8.1.46-51.1960. 

Delgado G, Jr., Neuhauser MM, Bearden DT, and Danziger LH. Quinupristin-dalfopristin: an 

overview. Pharmacotherapy. 2000, 20, 1469-1485. 10.1592/phco.20.19.1469.34858. 

Delzer J, Fiedler H-P, Müller H, Zähner H, Rathmann R, Ernst K, and König WA. New nikkomycins 

by mutasynthesis and directed fermentation. The Journal of Antibiotics. 1984, 37, 80-82. 

Depardieu F, and Courvalin P. Mutation in 23S rRNA responsible for resistance to 16-membered 

macrolides and streptogramins in Streptococcus pneumoniae. Antimicrob Agents Chemother. 

2001, 45, 319-323. 10.1128/AAC.45.1.319-323.2001. 

Eichner S, Knobloch T, Floss HG, Fohrer J, Harmrolfs K, Hermane J, Schulz A, Sasse F, Spiteller 

P, and Taft F. The interplay between mutasynthesis and semisynthesis: generation and evaluation 

of an ansamitocin library. Angewandte Chemie-International Edition. 2012, 51, 752. 

Elsawy MA, Hewage C, and Walker B. Racemisation of N-Fmoc phenylglycine under mild 

microwave-SPPS and conventional stepwise SPPS conditions: attempts to develop strategies for 

overcoming this. J Pept Sci. 2012, 18, 302-311. 10.1002/psc.2398. 

Fahim A, and William AD. Chemistry and Biology of the Streptogramin A Antibiotics. Mini-Reviews 

in Organic Chemistry. 2007, 4, 159-181. http://dx.doi.org/10.2174/157019307780599315. 

Galm U, Dessoy MA, Schmidt J, Wessjohann LA, and Heide L. In vitro and in vivo production of 

new aminocoumarins by a combined biochemical, genetic, and synthetic approach. Chem Biol. 

2004, 11, 173-183. 10.1016/j.chembiol.2004.01.012. 

Giancarlo Lancini FP. Antibiotics - An Integrated View Springer-Verlag.1982. 10.1007/978-1-4612-

5674-8. 

Gräfe U. Biochemie der Antibiotika 1992 Spektrum Akademischer Verlag. 

Handel F, Kulik A, Wex KW, Berscheid A, Saur Julian S, Winkler A, Wibberg D, Kalinowski J, Brötz-

Oesterhelt H, and Mast Y. Ψ-Footprinting approach for the identification of protein synthesis 

inhibitor producers. NAR Genomics and Bioinformatics. 2022, 4. 10.1093/nargab/lqac055. 

Hansen JL, Moore PB, and Steitz TA. Structures of five antibiotics bound at the peptidyl transferase 

center of the large ribosomal subunit. J Mol Biol. 2003, 330, 1061-1075. 10.1016/s0022-

2836(03)00668-5. 



References 

56 
 
 

Harms JM, Schlünzen F, Fucini P, Bartels H, and Yonath A. Alterations at the peptidyl transferase 

centre of the ribosome induced by the synergistic action of the streptogramins dalfopristin and 

quinupristin. BMC Biology. 2004, 2, 4. 10.1186/1741-7007-2-4. 

Hermenau R, Ishida K, Gama S, Hoffmann B, Pfeifer-Leeg M, Plass W, Mohr JF, Wichard T, Saluz 

H-P, and Hertweck C. Gramibactin is a bacterial siderophore with a diazeniumdiolate ligand system. 

Nature Chemical Biology. 2018, 14, 841-843. 

Hojati Z, Milne C, Harvey B, Gordon L, Borg M, Flett F, Wilkinson B, Sidebottom PJ, Rudd BA, and 

Hayes MA. Structure, biosynthetic origin, and engineered biosynthesis of calcium-dependent 

antibiotics from Streptomyces coelicolor. Chemistry & biology. 2002, 9, 1175-1187. 

Hutchings MI, Truman AW, and Wilkinson B. Antibiotics: past, present and future. Curr Opin 

Microbiol. 2019, 51, 72-80. 10.1016/j.mib.2019.10.008. 

Katz L, and Baltz RH. Natural product discovery: past, present, and future. J Ind Microbiol 

Biotechnol. 2016, 43, 155-176. 10.1007/s10295-015-1723-5. 

Kehoe LE, Snidwongse J, Courvalin P, Rafferty JB, and Murray IA. Structural basis of Synercid 

(quinupristin-dalfopristin) resistance in Gram-positive bacterial pathogens. J Biol Chem. 2003, 278, 

29963-29970. 10.1074/jbc.M303766200. 

Kennedy J. Mutasynthesis, chemobiosynthesis, and back to semi-synthesis: combining synthetic 

chemistry and biosynthetic engineering for diversifying natural products. Nat Prod Rep. 2008, 25, 

25-34. 10.1039/b707678a. 

Kitani S, Yamauchi T, Fukushima E, Lee CK, Ningsih F, Kinoshita H, and Nihira T. Characterization 

of varM encoding type II ABC transporter in Streptomyces virginiae, a Virginiamycin M1 producer. 

Actinomycetologica. 2010, 24, 51-57. 

Korczynska M, Mukhtar TA, Wright GD, and Berghuis AM. Structural basis for streptogramin B 

resistance in Staphylococcus aureus by virginiamycin B lyase. Proceedings of the National 

Academy of Sciences. 2007, 104, 10388-10393. 

Lee YJ, Kitani S, Kinoshita H, and Nihira T. Identification by gene deletion analysis of barS2, a gene 

involved in the biosynthesis of gamma-butyrolactone autoregulator in Streptomyces virginiae. Arch 

Microbiol. 2008, 189, 367-374. 10.1007/s00203-007-0327-5. 

Lee YJ, Kitani S, and Nihira T. Null mutation analysis of an afsA-family gene, barX, that is involved 

in biosynthesis of the gamma-butyrolactone autoregulator in Streptomyces virginiae. Microbiology 

(Reading). 2010, 156, 206-210. 10.1099/mic.0.032003-0. 

Lewis K. The Science of Antibiotic Discovery. Cell. 2020, 181, 29-45. 10.1016/j.cell.2020.02.056. 

Long KS, Poehlsgaard J, Kehrenberg C, Schwarz S, and Vester B. The Cfr rRNA Methyltransferase 

Confers Resistance to Phenicols, Lincosamides, Oxazolidinones, Pleuromutilins, and 

Streptogramin A Antibiotics. Antimicrobial Agents and Chemotherapy. 2006, 50, 2500-2505. 

10.1128/aac.00131-06. 

Mahlert C, Sieber SA, Grunewald J, and Marahiel MA. Chemoenzymatic approach to enantiopure 

streptogramin B variants: characterization of stereoselective pristinamycin I cyclase from 

Streptomyces pristinaespiralis. J Am Chem Soc. 2005, 127, 9571-9580. 10.1021/ja051254t. 



References 

57 
 
 

Majhi S, and Das D. Chemical derivatization of natural products: Semisynthesis and 

pharmacological aspects- A decade update. Tetrahedron. 2021, 78, 131801. 

https://doi.org/10.1016/j.tet.2020.131801. 

Mast Y, Weber T, Golz M, Ort-Winklbauer R, Gondran A, Wohlleben W, and Schinko E. 

Characterization of the 'pristinamycin supercluster' of Streptomyces pristinaespiralis. Microb 

Biotechnol. 2011a, 4, 192-206. 10.1111/j.1751-7915.2010.00213.x. 

Mast YJ, Wohlleben W, and Schinko E. Identification and functional characterization of 

phenylglycine biosynthetic genes involved in pristinamycin biosynthesis in Streptomyces 

pristinaespiralis. J Biotechnol. 2011b, 155, 63-67. 10.1016/j.jbiotec.2010.12.001. 

Mast Y, and Wohlleben W. Streptogramins - two are better than one! Int J Med Microbiol. 2014, 

304, 44-50. 10.1016/j.ijmm.2013.08.008. 

Mast Y, Guezguez J, Handel F, and Schinko E. A Complex Signaling Cascade Governs 

Pristinamycin Biosynthesis in Streptomyces pristinaespiralis. Appl Environ Microbiol. 2015, 81, 

6621-6636. 10.1128/AEM.00728-15. 

Meier-Kolthoff JP, and Göker M. TYGS is an automated high-throughput platform for state-of-the-

art genome-based taxonomy. Nature communications. 2019, 10, 2182. 

Meng J, Feng R, Zheng G, Ge M, Mast Y, Wohlleben W, Gao J, Jiang W, and Lu Y. Improvement 

of pristinamycin I (PI) production in Streptomyces pristinaespiralis by metabolic engineering 

approaches. Synthetic and Systems Biotechnology. 2017, 2, 130-136. 

Mohr KI. History of Antibiotics Research. Curr Top Microbiol Immunol. 2016, 398, 237-272. 

10.1007/82_2016_499. 

Moore RM, Harrison AO, McAllister SM, Polson SW, and Wommack KE. Iroki: automatic 

customization and visualization of phylogenetic trees. PeerJ. 2020, 8, e8584. 

Mukhtar TA, Koteva KP, Hughes DW, and Wright GD. Vgb from Staphylococcus aureus inactivates 

streptogramin B antibiotics by an elimination mechanism not hydrolysis. Biochemistry. 2001, 40, 

8877-8886. 10.1021/bi0106787. 

Mukhtar TA, Koteva KP, and Wright GD. Chimeric streptogramin-tyrocidine antibiotics that 

overcome streptogramin resistance. Chem Biol. 2005, 12, 229-235. 

10.1016/j.chembiol.2004.12.009. 

Murray CJ. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. 

Lancet. 2022, 399, 629-655. 10.1016/S0140-6736(21)02724-0. 

Negash KH, Norris JKS, and Hodgkinson JT. Siderophore-Antibiotic Conjugate Design: New Drugs 

for Bad Bugs? Molecules. 2019, 24. 10.3390/molecules24183314. 

Neumann CS, Fujimori DG, and Walsh CT. Halogenation strategies in natural product biosynthesis. 

Chemistry & biology. 2008, 15, 99-109. 

Nicole JJ, Tariq AM, and Gerard DW. Streptogramin Antibiotics: Mode of Action and Resistance. 

Current Drug Targets. 2002, 3, 335-344. http://dx.doi.org/10.2174/1389450023347678. 

O'Neill J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Review 

on Antimicrobial Resistance. Wellcome Trust and HM Government. 2016 



References 

58 
 
 

Oren A, and Garrity GM. Valid publication of the names of forty-two phyla of prokaryotes. Int J Syst 

Evol Microbiol. 2021, 71. 10.1099/ijsem.0.005056. 

Osipenkov N, Kulik A, and Mast Y. Characterization of the phenylglycine aminotransferase PglE 

from Streptomyces pristinaespiralis. J Biotechnol. 2018, 278, 34-38. 10.1016/j.jbiotec.2018.05.007. 

Parfait R, Giambattista MD, and Cocito C. Competition between erythromycin and virginiamycin for 

in vitro binding to the large ribosomal subunit. Biochimica et Biophysica Acta (BBA) - Nucleic Acids 

and Protein Synthesis. 1981, 654, 236-241. https://doi.org/10.1016/0005-2787(81)90177-5. 

Park SR, Tripathi A, Wu J, Schultz PJ, Yim I, McQuade TJ, Yu F, Arevang CJ, Mensah AY, Tamayo-

Castillo G, et al. Discovery of cahuitamycins as biofilm inhibitors derived from a convergent 

biosynthetic pathway. Nat Commun. 2016, 7, 10710. 10.1038/ncomms10710. 

Pelzer S, Sussmuth R, Heckmann D, Recktenwald J, Huber P, Jung G, and Wohlleben W. 

Identification and analysis of the balhimycin biosynthetic gene cluster and its use for manipulating 

glycopeptide biosynthesis in Amycolatopsis mediterranei DSM5908. Antimicrobial agents and 

chemotherapy. 1999, 43, 1565-1573. 

Poehlsgaard J, and Douthwaite S. The bacterial ribosome as a target for antibiotics. Nat Rev 

Microbiol. 2005, 3, 870-881. 10.1038/nrmicro1265. 

Prescott JF. The resistance tsunami, antimicrobial stewardship, and the golden age of microbiology. 

Vet Microbiol. 2014, 171, 273-278. 10.1016/j.vetmic.2014.02.035. 

Prusov EV. Total synthesis of antibiotics: recent achievements, limitations, and perspectives. Appl 

Microbiol Biotechnol. 2013, 97, 2773-2795. 10.1007/s00253-013-4757-5. 

Pulsawat N, Kitani S, and Nihira T. Characterization of biosynthetic gene cluster for the production 

of virginiamycin M, a streptogramin type A antibiotic, in Streptomyces virginiae. Gene. 2007, 393, 

31-42. 10.1016/j.gene.2006.12.035. 

Reissier S, and Cattoir V. Streptogramins for the treatment of infections caused by Gram-positive 

pathogens. Expert Rev Anti Infect Ther. 2021, 19, 587-599. 10.1080/14787210.2021.1834851. 

Rinehart KL. Mutasynthesis of new antibiotics. Pure and Applied Chemistry. 1977, 49, 1361-1384. 

doi:10.1351/pac197749091361. 

Scheffler RJ, Colmer S, Tynan H, Demain AL, and Gullo VP. Antimicrobials, drug discovery, and 

genome mining. Appl Microbiol Biotechnol. 2013, 97, 969-978. 10.1007/s00253-012-4609-8. 

Seoane A, and Lobo JMG. Identification of a Streptogramin A Acetyltransferase Gene in the 

Chromosome of Yersinia enterocolitica. Antimicrobial Agents and Chemotherapy. 2000, 44, 905-

909. doi:10.1128/aac.44.4.905-909.2000. 

Sharkey LK, Edwards TA, and O'Neill AJ. ABC-F Proteins Mediate Antibiotic Resistance through 

Ribosomal Protection. mBio. 2016, 7, e01975. 10.1128/mBio.01975-15. 

Shikura N, Yamamura J, and Nihira T. barS1, a gene for biosynthesis of a γ-butyrolactone 

autoregulator, a microbial signaling molecule eliciting antibiotic production in Streptomyces species. 

Journal of bacteriology. 2002, 184, 5151-5157. 

Sun H, Liu Z, Zhao H, and Ang EL. Recent advances in combinatorial biosynthesis for drug 

discovery. Drug Des Devel Ther. 2015, 9, 823-833. 10.2147/DDDT.S63023. 



References 

59 
 
 

Svetlov MS, Syroegin EA, Aleksandrova EV, Atkinson GC, Gregory ST, Mankin AS, and Polikanov 

YS. Structure of Erm-modified 70S ribosome reveals the mechanism of macrolide resistance. 

Nature Chemical Biology. 2021, 17, 412-420. 10.1038/s41589-020-00715-0. 

Toscano L, Fioriello G, Spagnoli R, Cappelletti L, and Zanuso G. New fluorinated erythromycins 

obtained by mutasynthesis. The Journal of Antibiotics. 1983, 36, 1439-1450. 

Tu D, Blaha G, Moore PB, and Steitz TA. Structures of MLSB Antibiotics Bound to Mutated Large 

Ribosomal Subunits Provide a Structural Explanation for Resistance. Cell. 2005, 121, 257-270. 

10.1016/j.cell.2005.02.005. 

Ulanova D, Novotna J, Smutna Y, Kamenik Z, Gazak R, Sulc M, Sedmera P, Kadlcik S, Plhackova 

K, and Janata J. Mutasynthesis of lincomycin derivatives with activity against drug-resistant 

staphylococci. Antimicrob Agents Chemother. 2010, 54, 927-930. 10.1128/AAC.00918-09. 

Vannuffel P, and Cocito C. Mechanism of action of streptogramins and macrolides. Drugs. 1996, 

51 Suppl 1, 20-30. 10.2165/00003495-199600511-00006. 

Voorhees RM, and Ramakrishnan V. Structural basis of the translational elongation cycle. Annu 

Rev Biochem. 2013, 82, 203-236. 10.1146/annurev-biochem-113009-092313. 

Waksman SA. Microbial Antagonisms and Antibiotic Substances. Soil Science. 1945, 59, 482. 

Walker AS, and Clardy J. A Machine Learning Bioinformatics Method to Predict Biological Activity 

from Biosynthetic Gene Clusters. J Chem Inf Model. 2021, 61, 2560-2571. 

10.1021/acs.jcim.0c01304. 

Wang Z, Koirala B, Hernandez Y, Zimmerman M, and Brady SF. Bioinformatic prospecting and 

synthesis of a bifunctional lipopeptide antibiotic that evades resistance. Science. 2022, 376, 991-

996. 

Watve MG, Tickoo R, Jog MM, and Bhole BD. How many antibiotics are produced by the genus 

Streptomyces? Arch Microbiol. 2001, 176, 386-390. 10.1007/s002030100345. 

Weissman KJ. Mutasynthesis - uniting chemistry and genetics for drug discovery. Trends 

Biotechnol. 2007, 25, 139-142. 10.1016/j.tibtech.2007.02.004. 

Weist S, and Sussmuth RD. Mutational biosynthesis--a tool for the generation of structural diversity 

in the biosynthesis of antibiotics. Appl Microbiol Biotechnol. 2005, 68, 141-150. 10.1007/s00253-

005-1891-8. 

Wex KW, Saur JS, Handel F, Ortlieb N, Mokeev V, Kulik A, Niedermeyer TH, Mast Y, Grond S, and 

Berscheid A. Bioreporters for direct mode of action-informed screening of antibiotic producer 

strains. Cell Chemical Biology. 2021, 28, 1242-1252. e1244. 

Wilson DN. Ribosome-targeting antibiotics and mechanisms of bacterial resistance. Nat Rev 

Microbiol. 2014, 12, 35-48. 10.1038/nrmicro3155. 

Winand L, Sester A, and Nett M. Bioengineering of Anti-Inflammatory Natural Products. 

ChemMedChem. 2021, 16, 767-776. https://doi.org/10.1002/cmdc.202000771. 

Wohlleben W, Mast Y, Muth G, Rottgen M, Stegmann E, and Weber T. Synthetic biology of 

secondary metabolite biosynthesis in actinomycetes: Engineering precursor supply as a way to 

optimize antibiotic production. FEBS Lett. 2012, 586, 2171-2176. 10.1016/j.febslet.2012.04.025. 



References 

60 
 
 

Wright F, and Bibb MJ. Codon usage in the G+C-rich Streptomyces genome. Gene. 1992, 113, 55-

65. 10.1016/0378-1119(92)90669-g. 

Xie Y, Wang B, Liu J, Zhou J, Ma J, Huang H, and Ju J. Identification of the biosynthetic gene 

cluster and regulatory cascade for the synergistic antibacterial antibiotics griseoviridin and 

viridogrisein in Streptomyces griseoviridis. Chembiochem. 2012, 13, 2745-2757. 

10.1002/cbic.201200584. 

Yun X, Zhang Q, Lv M, Deng H, Deng Z, and Yu Y. In vitro reconstitution of the biosynthetic pathway 

of 3-hydroxypicolinic acid. Org Biomol Chem. 2019, 17, 454-460. 10.1039/c8ob02972e. 

  



List of Publications 

61 
 
 

8. List of Publications 

 

8.1. Research articles 

Hennrich O, Weinmann L, Kulik A, Harms K, Klahn P, Youn JW, Surup F, Mast Y. 

Biotransformation-coupled mutasynthesis for the generation of novel pristinamycin 

derivatives by engineering the phenylglycine residue. RSC Chem Biol. 2023, 4::1050-1063. 

doi: 10.1039/d3cb00143a. 

 

Aryal N, Chen J, K. Bhattarai, Hennrich O, Handayani I, Kramer M, Straetener J, Wommer 

T, Berscheid A, Peter S, Reiling N, Brötz-Oesterhelt H, Geibel C, Lämmerhofer M, Mast Y, 

Gross H. High Plasticity of the Amicetin Biosynthetic Pathway in Streptomyces sp. SHP 22-

7 Led to the Discovery of Streptcytosine P and Cytosaminomycins F and G and Facilitated 

the Production of 12F-Plicacetin. J Nat Prod. 2022, 85::530-539. 

doi:10.1021/acs.jnatprod.1c01051. 

 

Hennrich O, Handel F, Ort-Winklbauer R, Mast Y. Genome Sequences of Two Putative 

Streptogramin Producers, Streptomyces sp. Strains TÜ 2975 and TÜ 3180, from the 

Tübingen Strain Collection. Microbiol Resour Announc. Microbiol Resour Announc. 2020, 

9::e01582-19. doi:10.1128/MRA.01582-19. 

 

Moosmann D, Mokeev V, Kulik A, Osipenkov N, Kocadinc S, Ort-Winklbauer R, Handel F, 

Hennrich O, Youn YW, Sprenger G, Mast Y. Genetic engineering approaches for the 

fermentative production of phenylglycines. Appl Microbiol Biotechnol. 2020, 104::3433-

3444. doi:10.1007/s00253-020-10447-9. 

 

Nouioui I, Zimmermann A, Hennrich O, Xia S, Rössler O, Makitrynskyy R, Gomez-

Escribano JP, Pötter G, Jando M, Döppner M, Wolf J, Neumann-Schaal M, Hughes C, Mast 

Y. Challenging old microbiological treasures for natural compound biosynthesis capacity. 

Front Bioeng Biotechnol. 2024, 12::1255151. doi:10.3389/fbioe.2024.1255151. 

 

 

8.2. Relevant articles 

Feeney MA, Newitt JT, Addington E, Algora-Gallardo L, Allan C, Balis L, Birke AS, Castaño-

Espriu L, Charkoudian LK, Devine R, Gayrard D, Hamilton J, Hennrich O, Hoskisson PA, 

Keith-Baker M, Klein JG, Kruasuwan W, Mark DR, Mast Y, McHugh RE, McLean TC, Mohit 

E, Munnoch JT, Murray J, Noble K, Otani H, Parra J, Pereira CF, Perry L, Pintor-Escobar 

L, Pritchard L, Prudence SMM, Russell AH, Schniete JK, Seipke RF, Sélem-Mojica N, 

Undabarrena A, Vind K, van Wezel GP, Wilkinson B, Worsley SF, Duncan KR, Fernández-

Martínez LT, Hutchings MI. ActinoBase: tools and protocols for researchers working on 

Streptomyces and other filamentous actinobacteria. Microb Genom. 2022, 8::mgen000824. 

doi:10.1099/mgen.0.000824. 



Publication 1 

62 
 
 

9. Publications 

 

9.1. Publication 1 



Publication 1 

63 
 
 



Publication 1 

64 
 
 



Publication 1 

65 
 
 



Publication 1 

66 
 
 



Publication 1 

67 
 
 



Publication 1 

68 
 
 

 



Publication 1 

69 
 
 

 



Publication 1 

70 
 
 

 



Publication 1 

71 
 
 



Publication 1 

72 
 
 

 



Publication 1 

73 
 
 



Publication 1 

74 
 
 

 



Publication 1 

75 
 
 

 

 



Publication 1: Supplementary information 

76 
 
 

9.1.1. Publication 1: Supplementary information 

 

 



Publication 1: Supplementary information 

77 
 
 



Publication 1: Supplementary information 

78 
 
 



Publication 1: Supplementary information 

79 
 
 



Publication 1: Supplementary information 

80 
 
 



Publication 1: Supplementary information 

81 
 
 



Publication 1: Supplementary information 

82 
 
 



Publication 1: Supplementary information 

83 
 
 



Publication 1: Supplementary information 

84 
 
 



Publication 1: Supplementary information 

85 
 
 



Publication 1: Supplementary information 

86 
 
 



Publication 1: Supplementary information 

87 
 
 



Publication 1: Supplementary information 

88 
 
 



Publication 1: Supplementary information 

89 
 
 



Publication 1: Supplementary information 

90 
 
 



Publication 1: Supplementary information 

91 
 
 



Publication 1: Supplementary information 

92 
 
 



Publication 1: Supplementary information 

93 
 
 



Publication 1: Supplementary information 

94 
 
 



Publication 1: Supplementary information 

95 
 
 



Publication 1: Supplementary information 

96 
 
 



Publication 1: Supplementary information 

97 
 
 



Publication 1: Supplementary information 

98 
 
 



Publication 1: Supplementary information 

99 
 
 



Publication 1: Supplementary information 

100 
 
 



Publication 1: Supplementary information 

101 
 
 

  

 



Publication 1: Supplementary information 

102 
 
 

Reproduced from 

Hennrich O, Weinmann L, Kulik A, Harms K, Klahn P, Youn JW, Surup F, Mast Y. 

Biotransformation-coupled mutasynthesis for the generation of novel pristinamycin 

derivatives by engineering the phenylglycine residue. RSC Chem Biol. 2023, 4::1050-

1063. doi: 10.1039/d3cb00143a. 

with permission from the Royal Society of Chemistry. 

 



Publication 2 

103 
 
 

9.2. Publication 2

 



Publication 2 

104 
 
 



Publication 2 

105 
 
 



Publication 2 

106 
 
 



Publication 2 

107 
 
 



Publication 2 

108 
 
 



Publication 2 

109 
 
 



Publication 2 

110 
 
 



Publication 2 

111 
 
 



Publication 2 

112 
 
 

 

 

 

 



Publication 2 

113 
 
 

Reprinted (adapted) with permission from  

Aryal N, Chen J, K. Bhattarai, Hennrich O, Handayani I, Kramer M, Straetener J, 

Wommer T, Berscheid A, Peter S, Reiling N, Brötz-Oesterhelt H, Geibel C, 

Lämmerhofer M, Mast Y, Gross H. High Plasticity of the Amicetin Biosynthetic 

Pathway in Streptomyces sp. SHP 22-7 Led to the Discovery of Streptcytosine P and 

Cytosaminomycins F and G and Facilitated the Production of 12F-Plicacetin. J Nat 

Prod. 2022, 85::530-539. doi:10.1021/acs.jnatprod.1c01051. 

Copyright 2022 American Chemical Society. 

  



Publication 3 

114 
 
 

9.3. Publication 3

 



Publication 3 

115 
 
 

 

 

 



Publication 3 

116 
 
 

The Article 

Hennrich O, Handel F, Ort-Winklbauer R, Mast Y. Genome Sequences of Two 

Putative Streptogramin Producers, Streptomyces sp. Strains TÜ 2975 and TÜ 3180, 

from the Tübingen Strain Collection. Microbiol Resour Announc. Microbiol Resour 

Announc. 2020, 9::e01582-19. doi:10.1128/MRA.01582-19. 

is licensed under a Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/). 

  

http://creativecommons.org/licenses/by/4.0/


Publication 4 

117 
 
 

9.4. Publication 4

 



Publication 4 

118 
 
 



Publication 4 

119 
 
 



Publication 4 

120 
 
 



Publication 4 

121 
 
 



Publication 4 

122 
 
 



Publication 4 

123 
 
 



Publication 4 

124 
 
 



Publication 4 

125 
 
 



Publication 4 

126 
 
 



Publication 4 

127 
 
 



Publication 4 

128 
 
 

 

 

 

 



Publication 4 

129 
 
 

The Article 

Moosmann D, Mokeev V, Kulik A, Osipenkov N, Kocadinc S, Ort-Winklbauer R, 

Handel F, Hennrich O, Youn YW, Sprenger G, Mast Y. Genetic engineering 

approaches for the fermentative production of phenylglycines. Appl Microbiol 

Biotechnol. 2020, 104::3433-3444. doi:10.1007/s00253-020-10447-9. 

is licensed under a Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/). 

 

http://creativecommons.org/licenses/by/4.0/


Contributions 

130 
 
 

10. Contributions 

 

Publication 1: Biotransformation-coupled mutasynthesis for the generation of novel 

pristinamycin derivatives by engineering the phenylglycine residue 

The project described in Publication 1 aimed at modifying the peptide antibiotic 

pristinamycin I (PI) and investigate the effects of those modifications on its bioactivity. 

For the employed mutasynthesis method, the production of L-phenylglycine (L-Phg), 

a precursor to pristinamcin I, was disrupted in the natural producer Streptomyces 

pristinaespiralis by genetic modification. Commercially available derivatives of L-Phg 

(mutasynthons) were then fed to the mutant to generate new PI congeners. The 

isolated new compounds were investigated by agar diffusion, MIC and cytotoxicity 

assays, as well as by NMR analysis. Additionally, an Escherichia coli-based 

biotransformation process was developed to generate further mutasynthons in a 

biological system. I was responsible for the execution of the mutasynthesis 

experiments concerning the generation of pristinamycin I derivatives. This included 

generation of mutants and feeding experiments with those mutants, isolation and 

HPLC analysis of halogenated derivatives, as well as performing agar diffusion and 

ivTT bioassays. I performed the purification of halogenated PI derivatives together with 

F. Surup and K. Harms. F. Surup and K. Harms also performed MIC and cytotoxicity 

assays as well as NMR analysis. A. Kulik conducted HPLC-MS/MS analysis of 

pristinamycin I derivatives. JW. Youn and L. Weinmann developed the Phg 

biotransformation system and carried out the generation of Phg derivatives. P. Klahn 

performed SeeSAR modelling analysis. The manuscript was written by me and Y. 

Mast with contributions from all co-authors. Y. Mast designed the mutasynthesis 

concept and coordinated the study. 

Publication 2: High Plasticity of the Amicetin Biosynthetic Pathway in Streptomyces 

sp. SHP 22-7 Led to the Discovery of Streptcytosine P and Cytosaminomycins F and 

G and Facilitated the Production of 12F-Plicacetin 

In Publication 2, Streptomyces sp. SHP 22-7 was shown to produce the nucleoside 

antibiotics amicetin and plicacetin, as well as several new nucleoside antibiotic 

derivatives. Additionally, new fluorinated amicetin analogs were generated by a 

precursor directed biosynthesis approach with SHP 22 7. New amicetin analogs were 
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isolated, their structure was elucidated by NMR and their bioactivity against multiple 

organisms was investigated.  I performed large scale cultivations of SHP 22-7 and 

prepared crude extracts for isolation and analysis of natural amicetin derivatives. I 

wrote the respective Material and Methods part for the publication. I. Handayani 

identified the strains as amicetin producer and provided the strain on plate. Y. Mast 

supervised the amicetin cultivation part and was involved in writing the Material and 

Methods section. A. Berscheid performed in vitro translation assays. H. Brötz-

Oesterhelt supervised mode-of-action analysis studies. N. Reiling performed anti-

mycobacterial assays. J. Chen, K. Bhattarai, M. Kramer, J. Straetener, T. Wommer S. 

Peter, C. Geibel, and M. Lämmerhofer were in involved in chaemical analsis of the 

compound and bioassays/cytotoxicity assays, respectively. N. Aryal performed 

compound isolation and analysis. H. Gross conceptualized, supervised the study and 

wrote the publication.  

 

Publication 3: Genome Sequences of Two Putative Streptogramin Producers, 

Streptomyces sp. Strains TÜ 2975 and TÜ 3180, from the Tübingen Strain Collection 

Publication 3 discloses the genome sequences of the two Streptomyces sp. strains, 

TÜ 2975 and TÜ 3180, from the Tübingen Strain Collection which were previously 

shown to produce the streptogramin antibiotics pristinamycin and 

griseoviridin/viridogrisein, respectively. F. Handel identified TÜ 2975 and TÜ 3180 as 

streptogramin producers and provided the strains on solid medium. R. Ort-Winklbauer 

cultivated the strains and isolated genomic DNA. I deposited the genome sequence 

data of the two strains at the GenBank database. The manuscript was written by me 

and Y. Mast. 

 

Publication 4: Genetic engineering approaches for the fermentative production of 

phenylglycines 

Publication 4 describes a project for the biogenic production of the industrially 

significant non-proteinogenic amino acid D-phenylglycine (D-Phg) by Streptomyces 

pristinaespiralis. S. pristinaespiralis possesses the first natural synthesis pathway of 

L-phenylglycine (L-Phg) ever described and was therefore seen as a promising 
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starting platform for the fermentative production of D-Phg by genetic modification, 

including the introduction of the stereo-inverting aminotransferase gene hpgAT from 

Pseudomonas putida. I performed multiple control experiments concerning residual 

pristinamycin production levels of multiple S. pristinaespiralis mutant strains used in 

this study. I was involved in the editing process including generation of figures and 

organisation of literature references. D. Moosmann, V. Mokeev, N. Osipenkov, S. 

Kocadinc, and F. Handel generated the cloning constructs, carried out genetic 

manipulation of the expression strains, and performed Phg analysis. F. Handel and R. 

Ort-Winklbauer contributed to cloning experiments and strain cultivation. R. A. Kulik 

performed HPLC-MS/MS analysis. J-W. Youn performed Phg analysis for detection of 

enantiomers, which was supervised by G. Sprenger. Y. Mast wrote the manuscript, 

designed, supervised and coordinated the study.  

 

Publication 5: Challenging old microbiological treasures for natural compound 

biosynthesis capacity 

The project described in Publication 5 focused on underexplored Streptomyces strains 

from the DSMZ strain collection which were investigated for their phenotypic, 

chemotaxonomic and genetic features, as well as their biosynthetic potential 

concerning bioactive compounds. I performed cultivations of strain DSM 40484 and 

prepared crude extracts for the identification of the antibiotic cinerubin. Furthermore, I 

conducted agar diffusion assays and fractionation of extracts. I also contributed with 

writing parts of the respective Material and Methods section for the publication. I. 

Nouioui conceptualized and supervised the study. She carried out data analysis for 

species description and was involved in writing. A. Zimmermann performed bioassays 

and edited phylogenetic trees. She was involved in formatting of the publication. O. 

Rössler and R. Makitrynskyy carried out genetic manipulation of strains. R. 

Makitrynskyy was involved in compound analysis. S. Xia and C. Hughes performed 

compound analysis. J-P. Gomez-Escribano, submitted genomes to GenBank. M. 

Neumann-Schaal and J. Wolf performed phospholipid fatty acid profiling. G. Pötter, M. 

Jando, M. Döppner carried out lab work as technical assistants. J-P. Gomez-

Escribano, R. Makitrynskyy, C. Hughes were involved in writing. Y. Mast did BGC 

analysis, supervised the study and wrote the publication together with I. Nouioui. 
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Publication 6: ActinoBase: tools and protocols for researchers working on 

Streptomyces and other filamentous actinobacteria 

This article introduces researchers working in the field of streptomycetes to the tools, 

protocols and forums provided by the community powered platform ActinoBase. I was 

an organizer, presenter and chairman of the ActinoBase E seminars 2021. I was also 

involved in the editing process for this publication. MA. Feeney, JT. Newitt, KR. 

Duncan, LT. Fernández-Martínez and MI. Hutchings conceived the paper and wrote 

the manuscript. All additional authors read and edited the manuscript and contributed 

to Actin-oBase.org and/or were organizers and hosts of the ActinoBase seminar 

series. 
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