
 

 
 

 

Investigation on the diversity and antimicrobial potential of 

marine predatory bacteria enabled elucidation of the thio-

peptide kocurin and aminophenylpyrrole-derived alkaloids 

biosynthesis 

 

 

 

 

 

Dissertation 

zur 

Erlangung des Doktorgrades (Dr. rer. nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Rheinischen Friedrich-Wilhelms-Universität Bonn 

 

 

 

 

vorgelegt von 

Luis Jesus Linares-Otoya 

aus 

Trujillo, Peru 

 

    Bonn 2019



 

II 
 

Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der 

Rheinischen Friedrich-Wilhelms-Universität Bonn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Gutachter : Prof. Dr. Gabriele Maria König 

2. Gutachter : Prof. Dr. Till Friedrich Schäberle 

 

Tag der Promotion  : 19.06.2019 

Erscheinungsjahr : 2019 



 

III 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicado a mi abuela Marina, mis padres y hermanos  

 



 

IV 
 

In advance Publications of the Dissertation 

Parts of this study have been published in advance under permission of the Faculty of Mathe-

matics and Natural Sciences, represented by the supervisor of this study. 

Linares-Otoya, L.; Linares-Otoya, V.; Armas-Mantilla, L.; Blanco-Olano, C.; Crüsemann, 

M.; Ganoza-Yupanqui, M.L.; Campos-Florian, J.; König, G.M.; Schäberle, T.F. Diversity 

and Antimicrobial Potential of Predatory Bacteria from the Peruvian Coastline. Mar. 

Drugs 2017, 15, 308.  

Linares-Otoya, L.; Linares-Otoya, V.; Armas-Mantilla, L.; Blanco-Olano, C.; Crüsemann, 

M.; Ganoza-Yupanqui, M.L.; Campos-Florian, J.; König, G.M.; Schäberle, T.F. Identifi-

cation and heterologous expression of the kocurin biosynthetic gene cluster. Microbi-

ology 2017, 163, 1–6.  

Nasfi Z, Busch H, Kehraus S, Linares-Otoya L, König G, Schäberle TF and Bachoual 

R(2018) Soil Bacteria Isolated from Tunisian Arid Areas Show Promising Antimicro-

bial Activities against Gram-Negatives. Front. Microbiol. 9:2742. 

doi:10.3389/fmicb.2018.02742 

Linares-Otoya, L.; Liu Y.; Linares-Otoya, V.; Armas-Mantilla, L.; Crüsemann, M.; Ganoza-

Yupanqui, M.L.; Campos-Florian, J.; König, G.M.; Schäberle, T.F.2019. Biosynthetic ba-

sis of structural diversity of aminophenyl-derived alkaloids (APPA) ACS Chem. Biol. 

2019, 14, 176−181 

Conference contributions 

Linares-Otoya, L Liu Y.; Schäberle, T.F. Biosynthetic basis of structural diversity of 

aminophenyl-derived alkaloids(APPA) European conference of natural products, Frankfurt 

2018. 

Duell E, Linares-Otoya L. König, G.M.; Schäberle, T. F, Gulder T. Investigations on the 

Biosynthesis of the Cyanobacterial Metabolites Ambigol A and B. 30. Irseer Naturstofft-

age 2018. 

Linares-Otoya, L.; König, G.M.; Schäberle, T.F. Identification and heterologous expres-

sion of the kocurin biosynthetic gene cluster. VAAM. Tuebinguen 2017  



 

V 
 

 

Acknowledgements 

I am thankful to Prof. Dr. Gabriele Maria König for giving me the opportunity to work in this 

research group and her scientific guidance specially during the first years of my studies.  
 

I want to express my deepest gratitude to my supervisor Prof. Dr. Till Schäberle. His expert 

guidance throughout all stages of the dissertation is much appreciated. 

I would like to thank Prof. Heike Wägele and Prof. Dr. Karl Wagner for accepting to partici-

pate in the examination committee.  

I wish to thank Dr. Yang Liu and Dr. Stefan Kekraus. Their NMR expertise were fundamental 

in the development of the present thesis.  
 

I would like to specially thank my sister and colleague Virginia Linares-Otoya for her really 

helpful collaboration in organizing the project and carrying out the experiment.  I sincerely 

appreciate her ideas and suggestions in the academic and personal aspects during my research.  
 

I would like to thank Prof. Mayar Ganoza-Yupanqui and Prof. Julio Campos-Florian for their 

valuable participation during the experiments.  
 

I want to thank Dr. Max Crüsemann for providing HPLC-HRMS data and the guidance for 

the molecular networking work. 

I want to thank my colleagues Dr.  Jamshid Amiri Moghaddam and Nils Böhringer for the 

fruitful discussions during these years. 

I would like to thank Prof. Mayar Ganoza-Yupanqui and Prof. Julio Campos-Florian for their 

valuable participation during the experiments.  
 

Furthermore, I want to thank all the colleagues and people who accompanied and supported 

me during the time at the University of Bonn. Thanks for making the work atmosphere friend-

ly and inspiring. 

Financial support of this project came from “Fondo para la Innovación, la Ciencia y la 

Tecnología (FINCyT-Innovate Peru)” FINCYT  and is gratefully acknowledged. 

 



 

VI 
 

 



 

VII 
 

 

Contents 

 

Introduction ................................................................................................................... 1 

Scope and outline of the dissertation ............................................................................ 17 

Chapter I ..................................................................................................................... 18 

Chapter I Supplementary ............................................................................................. 33 

Summary Chapter I...................................................................................................... 45 

Chapter II .................................................................................................................... 46 

Chapter II Supplementary ............................................................................................ 53 

Summary Chapter II .................................................................................................... 58 

Chapter III ................................................................................................................... 59 

Chapter III Supplementary ........................................................................................... 72 

Summary Chapter III ................................................................................................... 99 

Conclusions and Outlook ........................................................................................... 100 

Summary ................................................................................................................... 102 

References ................................................................................................................. 105 



 

VIII 
 



 

IX 

Abbreviations 

 

 

°C                        Degrees Celsius 

2D Two-dimensional 

3-HPQ 3H-pyrrolo [2,3-c]quinoline 

δ NMR chemical shift in ppm 

µL microliter 

antiSMASH        antibiotic and Secondary Metabolites Analysis Shell 

APPA                 Aminophenylpyrrole Derived Alkaloids 

ATP                     Adenosine triphosphate 

BALOs                Bdellovibrio and like organisms 

BLAST                Basic Local Alignment Search Tool 

BGC       Biosynthetic gene cluster 

br                        broad(NMR data) 

calcd calculated 

COSY Correlated spectroscopy 

d doublet (NMR data) 

Da Dalton 

DMSO                 Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

e.g. “Exempli gratia” 

EF-Tu       Elongation Factor Thermo Unstable 

EIC       Extracted ion chromatogram 

ESI Electrospray ionization 

et al. “Et alii” 

EtOAc Ethyl acetate 



 

X 

FAD       Flavin Adenine Nucleotide 

FMN      Flavin Mononucleotide 

GNPS                   Global Natural Product Social Molecular Networking   

h hour 

HCCA        α-Cyano-4-hydroxycinnamic acid 

HMBC Heteronuclear Multiple-Bond Correlation 

HPLC High Performance Liquid Chromatography 

HRMS High Resolution Mass Spectrometry 

HSQC Heteronuclear Single Quantum Coherence 

Hz Hertz 

IC50 Inhibitory concentration (required for 50 % inhibition level) 

i.e. “Id est” 

IDO Indolamine 2,3 dioxygenase 

IPTG                   Isopropyl-β-D-thiogalactopyranosid 

J Spin-spin coupling constant in Hz 

Kbp kilobase pairs 

L Liter 

LB  Luria Bertani medium 

m multiplet (NMR data) 

MALDI-TOF Matrix-Assisted Laser Desorption Ionization – Time Of Flight 

MB Marine Broth 

MeOH Methanol 

mg  milligrams 

MHz Megahertz 

MIA                  Methyl Indolic Acid  

MIC                     Minimal Inhibitory Concentration  

min                     minutes 



 

XI 

mL  millilitres 

mM   millimolar  

MM   Minimal Medium 

MRSA       Methicillin-Resistant Staphylococcus aureus 

MS Mass Spectrometry 

m/z Mass-to-charge ratio 

n number 

NMR Nuclear Magnetic Resonance 

NOS      Nosiheptide 

NRPS       Non-Ribosomal Peptide Synthase 

OD600      Optical density at wavelength  of 600nm  

ORF      Open Reading Frame   

PAS      Per-Anrt-Sim domain  

PCR       Polymerase Chain Reaction 

PKS       Polyketide synthase 

ppm Parts per million 

q quadruplet (NMR data) 

RiPPs       Ribosomally Synthetized and Post-translationally modified Peptides 

rpm       revolutions per minute 

s Singlet (NMR data) 

SAM      S-Adenosyl Methionine 

SDS-PAGE Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis 

sp. species 

t Triplet (NMR data) 

UPLC Ultra-High Performance Liquid Chromatography 

UV Ultraviolet



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 
 

Introduction 

 

  Prokaryotes like bacteria have evolved various strategies and impressive metabolic 

capabilities to colonize harsh habitats, such as marine in which they have to cope with var-

iations in temperature, salinity, and in some case low nutrient concentration (Eom et al. 

2013). Many bacteria in the marine environment are living in a symbiotic consortium with 

higher organisms, e.g., sponges or other invertebrates like tunicates and sea slugs; seem to 

be highly dependent on their microbiome. For instance, several organisms such as sponges 

acquired and accumulated highly bioactive molecules from their bacterial microbiome that 

could serve as chemical defense molecules to protect themselves from predators.  In the last 

decades, it was recognized that many compounds described before from sponges are indeed 

produced by associated bacteria. For example, it was reported that polytheonamides isolat-

ed from sponges of the genus Theonella have actually a biosynthetic origin in a bacterial 

symbiont (Hamada et al. 2005). This proteusin-type of compound is produced by Candida-

tus Entotheonella, a phylum of uncultured bacteria detected by metagenomics analysis that 

lives associated with sponges of the genus Theonella (Freeman et al. 2012).  

As certain bacteria like the Candidatus entotheonella  live in association with larger 

organisms, others have evolved a totally independent lifestyle  (Korp et al. 2016). This 

group of autonomous bacteria  in most cases possess larger genomes, which provide them 

with a larger metabolic repertoire, enabling them: (i) to get access to scarce nutrients, 

and/or (ii) to produce bioactive specialized metabolites to protect themselves from preda-

tors or even to play this role (Korp et al. 2016). 

In the present study, we focused on the investigation of the antimicrobial potential of 

marine predatory bacteria. The assumption that these organisms use antimicrobial com-

pounds to weaken or even kill their prey predicts a great potential of these bacteria as bio-

resource for novel antibiotics (Korp et al. 2016). 
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1.1 Predatory strategies of bacteria 

Predatory behavior is widely distributed among bacteria and can be found in several 

phyla, e.g., in Actinobacteria (Byrd et al. 1985), Bacteroidetes (Lewin 1997), Chloroflexi 

(Mohseni et al. 2016), and Proteobacteria (Sockett 2009).   

 

However, the predatory behavior can vary significantly among these mentioned 

taxa. Epibiotic predation involves attachment to the outer surface of the prey, which is then 

followed by a degradation of the prey’s cell wall and assimilation of cell components through 

specialized structures. Such an epibiotic predation was reported for Cytophaga species 

(IMAI et al. 1993), as well as for the flavobacterial genus Tenacibaculum (e.g., T. discolor 

LL04 11.1.1 and T. gallaicum A37.1T) , whereby for the latter even an intra-genus prey 

specificity was reported (Banning et al. 2010). Other predatory bacteria are known to use 

diacytosis (penetration of the prey cell) (Taylor et al. 1974), or to invade the periplasm of 

Gram-negative bacteria (Kandel et al. 2015). The corresponding behaviors are referred to as 

endobiotic and periplasmic predation, respectively. An example of a bacterium using the 

periplasmatic type of predation are the Proteobacteria Bdellovibrio spp. These are obligato-

ry predatory bacteria, which grow epibiotically attached to the cell envelope of their prey. 

They are dividing in a binary manner by penetrating the prey’s periplasm to generate a 

number of progeny cells (Jurkevitch and Jacquet 2017; Sockett 2009). 

 

Finally, some bacteria apply a so-called ‘wolf pack strategy’ to prey on cells. This 

strategy involves a quorum of predatory cells showing gliding behavior, which pool hydrolyt-

ic enzymes, proteases or nucleases in order to lyse and feed on nearby prey (Martin 2002). A 

well-known example are myxobacteria (order of Myxococcales) , e.g., the marine 

Enhygromyxa salina (Schaeberle et al. 2010) and Cystobacter sp. (Baumann et al. 2014), 

proliferative producers of antibiotically active metabolites (Schaeberle et al. 2014). Further 

examples can be found within the Gammaproteobacteria, e.g., Lysobacter spp. (Seccareccia 

et al. 2015), the Bacteroidetes, e.g., Rapidithrix thailandica (Srisukchayakul et al. 2007), 

Porifericola rhodea (Yoon et al. 2011), and the Chloroflexi, e.g., Herpetosiphon spp. 

(Mohseni et al. 2016). 
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1.2. Antibiotic potential of predatory bacteria 

It was speculated that the biosynthesis of antibiotic compounds is linked to the preda-

tory lifestyle of these organisms (Berleman and Kirby 2009). As mentioned before, a charac-

teristic feature of these taxa is their large genome size with a high number of biosynthetic 

gene clusters (BGCs) involved presumably in the synthesis of specialized metabolites. 

Among these compounds, antibiotics would play an important role in their predatory life-

style (Korp et al. 2016). 

Myxobacteria have shown their ability to biosynthesize several structural classes of 

specialized metabolites with different biological effects, e.g., antibiotics. Prominent examples 

of myxobacterial compounds that are currently in preclinical evaluation for the development 

as antibiotics are the non-ribosomal peptides (NRP) cystobactamids produced by Cystobacter 

sp. (Baumann et al. 2014) and the hybrid NRP-polyketide corallopyronin A (Jansen et al. 

1985) from Corallococcus coralloides, both terrestrial myxobacteria (Figure 1).  

 

 

Figure 1. Chemical structure of cystobactamid 919-2 and corallopyronin A 
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In 2001 the first antibiotic metabolite of truly marine myxobacteria was isolated from 

Haliangium ochraceum. The active principle was identified as the polyketide haliangicin 

(Figure 2) (Fudou et al. 2001). More than ten years later the first antibiotics from the genus 

Enhygromyxa salina , an obligatory marine myxobacteria were isolated (Felder et al. 

2013).The terpenoid  salimyxin B and the peptide derived enhygrolide A showed inhibitory 

activity towards A. crystallopoietes (MIC value of 8 and 4 μg mL−1, respectively).  

 

 

  

                            Figure 2. Chemical structure of haliangicin and salimyxin A 

 

Besides myxobacteria, which are in the meanwhile regarded as one of the most prom-

ising source for novel specialized metabolites, also members of the Cytophagales clade have 

been proven to produce several antibiotics, and can be regarded as emerging natural product 

producers beside the classical Actinobacteria, Myxobacteria or Bacilliales.   

One example are the ariakemicins (Figure 3), unusual linear hybrid polyketide-

nonribosomal peptide antibiotics, isolated from Rapidithrix sp., (Ariake Inland Sea, Japan). 

The mixture of ariakemicins A and B   inhibited Gram-positive bacteria (S. aureus MIC 0.46 

μg/mL) (Oku et al. 2008). An intriguing fact is that other predatory bacteria, e.g., Herpe-

tosiphon sp. B060 and Sorangium sp. (formerly reported as Polyangium sp.), produce spe-

cialized metabolites, which show structural similarities to the polyketide peptide hybrids 
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ariakemicins. Siphonazole, produced by Herpetosiphon sp. B060 (Nett et al. 2006), and 

phenoxan, produced by Sorangium sp. (Kunze et al. 1992), have the benzoic acid deriva-

tive and the oxazole rings interlinked by unsaturated polyketide-peptide chain(s) in com-

mon.  

It was speculated that the production of related metabolites by phylogenetically dis-

tant taxa may imply that these natural products have the same molecular ancestor, diversi-

fied during evolution (Oku et al. 2008). However, also more recent horizontal transfer 

events should be taken into account, since it was suggested that this could be the case for 

the peptide antibiotic althiomycin that was initially reported in Streptomyces and later in 

myxobacterial strains (Korp et al. 2016). 

 

Figure 3. Chemical structure of ariakemicin A, siphonazole A and phenoxan 
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Another antibiotic produced by Cytophaga strains is the antibiotic G-1499-2, show-

ing antibiotic activity against a narrow range of organisms (Flavobacterium sp.1980 and of 

Staphylococcus aureus Oxford H strain VI). It was isolated from the culture broth of Cy-

tophaga johnsonii ATCC 21123 (Evans et al. 1978). The monobactams PB-5266 (A-C) 

were isolated and purified from the culture broth of Cytophaga johnsonae PB-5266  and 

showed activity against gram positive bacteria (Kato et al. 1987). A 22-membered macrolide 

antibiotic, YM-32890 A (1) was isolated from the culture broth of Cytophaga sp. YL-02905S. 

It showed a potent antimicrobial activity against Staphylococci including a macrolide-resistant 

strain (Kamigiri et al. 1997) (Figure 4). 

Katanosins (A-B) are potent anti-gram-positive bacteria antibiotics (also known as 

lysobactins). The were isolated from the fermentation broth of different microorganisms, 

such as Cytophaga (Shoji et al. 1988) and proteobacteria, i.e.  Lysobacter sp. (Bonner et al. 

1988).  Katanosins are cyclic depsipeptides (acylcyclodepsipeptides).  Despite the phylo-

genetic distance between these taxa both are reported as predatory bacteria (Figure 4).  

 

 

 

Figure 4. Chemical structure of the antibiotics G-1499-2, PB-5266, YM-32890 A and kata-

nosin B. 
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1.3. Biosynthesis of antibiotics from predatory bacteria: Thiopeptides and amino-

phenylpyrrole-derived alkaloids (APPA) 

 

In this project several bacterial species, which possess the potential to biosynthesize 

antibiotically active natural products were identified. In this sense several known antibiotic 

could be dereplicated, e.g., ariakemicin, kocurin, naphthyridinomycin, pumilacidins, resisto-

mycin, surfactin and APPAs.  

Despite the fact that many of these compounds represent promising lead structures for 

the development of novel antibiotic, such as the thiopeptide kocurin and the diverse family of 

APPAs, their biosynthetic basis was still unknown (Schinke et al. 2017). Understanding the 

biosynthetic routes of these compounds by identification of the biosynthetic gene cluster, as 

well as the elucidation of the biosynthetic pathway, would contribute to the future develop-

ment of diverse analogs.  

 In this study, we focused on understanding the biosynthesis of the highly interesting 

bioactive compounds kocurin and APPAs. Therefore, in the following section it is described 

what is known about the biosynthesis of thiopeptides and APPAs in general. This formed the 

basis of the detailed investigations into the biosynthesis of kocurin and APPAs. 

1.3.1. Biosynthesis of ribosomally synthesized and post-translationally modified peptides 

(RiPPs)  

RiPPs are  peptides that are ribosomally-produced and post-translational modified due 

to the action of several diverse enzymes (van der Donk 2013). RiPPs are a highly diverse fam-

ily of natural products, consisting of more than 20 sub-classes, produced by prokaryotes and 

eukaryotes. These compounds exert a wide range of biological functions, for instance antibi-

otic, antifungal, morphogenetic, cytotoxic (Arnison et al. 2013).  
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The biosynthetic gene clusters of RiPPs are small in size (usually between 5-20 kb), 

since the core peptide is encoded in a single ORF called precursor peptide (Figure 5). This 

fact together with  the better predictability of the chemical products make RiPPs  an attractive 

target for genome mining oriented natural product discovery (Bachmann et al. 2014). Almost 

all the compounds produced by RiPPs are initially synthesized as a longer precursor peptide, 

typically ~20–110 residues in length, which is encoded by a structural gene (Arnison et al. 

2013).  As exemplified in Figure 5, in most RiPPs, a so-called “leader peptide” (also called 

“leader sequence”) is appended to the N-terminus of the core peptide. This leader is usually 

important for recognition by many of the post-translational modification enzymes and for ex-

port (Oman and van der Donk 2010). In some more rare examples such as the bottromycins, a 

leader peptide is not attached at the N-terminus, but rather at the C-terminus of the core pep-

tide and has been termed a “follower” peptide (Huo et al. 2012).  

 

 

 

Figure 5. General scheme of RiPPs biosynthesis highlighting the precursor peptide domain 

organization (Arnison et al. 2013). 

RiPPs can be divided into subclasses based on the posttranslational modification the 

propeptides undergo, e.g., lanthipeptides, thiopeptides, lassopeptides, microviridins, pro-

teusins. In the following section the thiopeptides biosynthesis  will be described (Arnison et 

al. 2013).  
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1.3.1.1 Biosynthesis of thiopeptides 

Nearly all thiopeptides exhibit potent  antibiotic  activities, targeting either the elonga-

tion factor thermo unstable (EF-Tu) or the 50S ribosomal subunit (Harms et al. 2008; Par-

meggiani and Nissen 2006). Given their unique mechanisms of action and low toxicities, thi-

opeptides have the potential to become novel antibiotic leads (Schinke et al. 2017). However, 

unfavorable pharmacokinetics limit their further applications, and therefore, molecular engi-

neering to overcome these limitations appears as attractive alternative (Walsh et al. 2010). 

Thiopeptide antibiotics exhibit one of the most complex structures among all RiPPs. The typi-

cal thiopeptide core structure includes five-membered sulfur (or oxygen) heterocycles, dehy-

droserines (or dehydrothreonines) and six-membered azacycles (Figure 6).  

The structural framework of thiopeptides is constructed in a specific chronological or-

der (Figure 7). First, the methyloxazol or thiazole rings are formed from threonine and cyste-

ine residues, respectively. Second, Ser/Thr residues are dehydratated and finally the six-

membered azacycle is generated. The disruption of one of these steps abolishes the production 

of thiopeptides. The further maturation of thiopeptide compounds requires in many cases ad-

ditional tailoring reactions (e.g., halogenation, methylation, amidation of the C- terminus, gly-

cosylation, formylation) and finally from the cytosol to the outside of the cell (Zheng et al. 

2017) . 
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Figure 6. Chemical structure of the thiopeptides thiostrepton and thiomuracin.  

1.3.1.1.1 Thiazole-oxazole formation  

As mentioned before, thiazoles or oxazoles are formed from cysteines and ser-

ine/threonine respectively. This reaction is catalyzed by two enzymes. First an ATP-

dependent cyclodehydratase (containing a YcaO-like domain) form the thia-

zoline/methyloxazoline rings. These intermediate products are later dehydrogenated by the 

action a FMN-dependent enzyme form the thiazol/oxazole rings. In some cases, an auxiliary 

protein is serving as docking protein, being the linker between the leader peptide and the en-

zyme complex (Dunbar et al. 2015). For instance, in the thiomuracin biosynthesis, the dock-

ing protein TbtF, which is encoded by an alone-standing gene, is indispensable in the for-

mation of thiazoles. Only if TbtF is present, it can recruit  the  cyclodehydratase TbtG (Hud-

son et al. 2015). Interestingly, the formation of sulfur and oxygen heterocycles in thiopeptides 



 

11 
 

requires two sets of cyclodehydratase and dehydrogenase. This is most likely due to the 

different nucleophilicities of the sulfhydryl and hydroxyl groups (Malcolmson et al. 2013; 

Tocchetti et al. 2013).  

 

   

 

 

 

 

Figure 7. Biosynthetic pathway of thiostrepton (Zheng et al. 2017).The thiostrepton  biosyn-

thesis starts with the formation of thiazoles and thioazoline  rings from Cys catalized by TsrO 

and TsrM. Later the serine and threonine are dehydrated to dehydroalanine and dehydrobutyr-

ine by TsrJ and TsrK. The next step is the macrocyclization via six-membered ring formation 

catalized by TsrN and TsrL. Additional tailoring modification including methylation, side-

ring formation and cleavage of the leader peptide finally yield thiostrepton. 
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1.3.1.1.2. Dehydratation 

In the dehydratation mechanism of serine and threonine, first, a glutamylation takes 

place, followed by the loss of one water molecule. The donor of glutamyl is glutamyl-

tRNAGlu (Hudson et al. 2015). This mechanism is identical to the type I dehydration in lan-

thipeptides (Repka et al. 2017). However, in thiopeptides the LanB dehydratase that is encod-

ed by one open reading frame in lanthipeptide BGCs, is split in two open reading frames 

(ORFs) (Zheng et al. 2017). Each ORF contains either a glutamylation domain, or an elimina-

tion domain. In thiomuracin biosynthesis, dehydratation is catalyzed by TbtB and TbtC. 

Thereby, TbtB catalyzes the transfer of the glutamyl to the hydroxyl of serine from tRNAGlu, 

and TbtC subsequently catalyzes the elimination of the glutamate from the glutamylated ami-

noacid, yielding a dehydroamino acid (Hudson et al. 2015).  

1.3.1.1.3. Pyridine ring formation 

In thiopeptides, the generation of a six-membered nitrogen heterocycle is reached by a 

unique aza-Diels–Alder reaction, which results at the same time in the formation of the mac-

ro-ring system. Thereby, the conversion that occurs after the [4 + 2] cycloaddition is different 

for aromatic and non-aromatic azacycles (Zheng et al. 2017).  Examples of aromatic azacycle-

containing thiopeptides are thiocillin and thiomuracin. In these compounds, a single multi-

functional enzyme catalyzes a series of reactions, including isomerization, cycloaddition, de-

hydration and aromatization that together form the pyridine moiety (Wever et al. 2015). 

Moreover, in some cases, e.g. nocathiacin, pyridine can be transformed into hydroxypyridine 

via  further oxidation reactions (Ding et al. 2010). On the other hand, in the biosynthesis of  

non-aromatic azacycle containing thiopeptides, like thiostrepton, the six-membered ring is 

constructed in a different manner without aromatization (Zheng et al. 2016). After isomeriza-

tion, cycloaddition and dehydration, the subsequent 1,4-reduction generates a dehydropiperi-

dine. This dehydropiperidine moiety can be further modified by reduction or rearrangement 

into piperidine (Miyairi et al. 1970) or imidazopiperidine (Puar et al. 1998). 
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1.3.1.1.4. Tailoring reactions 

Thiopeptides usually lose the free N-terminus and have diverse strategies to protect  

their C-terminus, including amidation, esterification, cyclization, etc. (Zheng et al. 2017). For 

instance the Cys residue of lactocillin is acylated by an indole-3-carboxylic acid (Donia et al. 

2014). Formation of side-ring systems is another common feature from thiopeptides, as ex-

emplified in thiostrepton (Weisblum and Demohn 1970). In bimacrocyclic members of the 

thiopeptide family, such as thiostrepton and nosiheptide (NOS), the mature molecules possess 

a side-ring system that contains a tryptophan-derived moiety (i.e., quinaldic acid or methyl 

indole acid (MIA)) (Wang et al. 2013). The MIA in the NOS biosynthesis is generated by a 

radical S-adenosylmethionine (SAM)-dependent rearrangement, mediated by a single enzyme 

(NosL) (Zhang et al. 2011). Further tailoring reactions include halogenations, methylation, 

formylation, glycosylation and others (Zheng et al. 2017).  

1.3.2. Bacterial aminophenylpyrrole derived-alkaloids   

Pyrrolnitrin was discovered in an antibiotics  screening in 1964 from a Pseudomonas pyr-

rocinia strain (Arima et al. 1964). The active molecule identified was a phenylpyrrole derivative 

containing a nitro group and two chlorine atoms and was named pyrrolnitrin. This compound 

showed  mostly antifungal activity but also antimicrobial activity against gram-positive bacteria 

(Arima et al. 1965). In the next decades, this compound was also  isolated from a number of differ-

ent proteobacterial species, such as Burkholderia (El-Banna and Winkelmann 1998), Myxococcus 

fulvus, Corallococcus exiguus, Cystobacter ferrugineus and Enterobacter agglomerans (Gerth et 

al. 1982). Pyrrolnitrin was later synthetically modified, leading to the more photostable deriva-

tives fenpiclonil and fludioxonil, which are widely used in agriculture as foliar fungicides (Ki-

lani and Fillinger 2016).   

In the last years, more structural variants of APPAs with diverse bioactivities were 

discovered from bacteria belonging to the order of Cytophagales (phylum Bacteroidetes). For 

instance, 3-(2-aminophenyl)pyrrole and the antibacterial 3-(2-aminophenyl)-5-methoxy-1,5-

dihydro2H-pyrrol-2-one were isolated from Rapidithrix thailandica TISTR 1749 and TISTR 
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1741, respectively (Sangnoi et al. 2014; Sangnoi et al. 2008). Furthermore,  marinoquinolines 

(A− K) and marinoazepinones (A−B) (Figure 8), structurally related compounds, were isolat-

ed from the marine bacteria Ohtaekwangia koreensis PWU25 and Mooreia alkaloidigena 

CNX-2166 (Okanya et al. 2011; Choi et al. 2015). For the Cytophagales-derived APPAs, no 

oxidation of the amino group, nor halogenation, as is the case for pyrrolnitrin, was observed. 

Instead, the aminophenylpyrrole seems to be fused to several acyl, indole, or aromatic side 

chains, yielding the 3H-pyrrolo [2,3-c] quinoline (3-HPQ) ring system of the highly diverse 

marinoquinolines . In addition, N-methylation of the quinolone ring further expands the diver-

sity of these alkaloids (Choi et al. 2015). 

 

 

 

 

 

 

 

 

Figure 8.  Chemical structure of pyrrolnitrin and of Cytophagales produced APPAs. 
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1.3.2.1. Biosynthetic studies on pyrrolnitrin 

In contrast to the recently discovered APPAs from Cytophagales, the biosynthesis of 

pyrrolnitrin was in detail investigated (Kirner et al. 1998). However, initial biosynthetic stud-

ies were done using feeding experiment. First of all, the authors found that these compounds 

were tryptophan-derived (Elander et al. 1968). Later it was observed that a different halogena-

tion mechanism should be involved in the biosynthesis than the in that time known one catalyzed 

by haloperoxidases (Wiesner et al. 1986). Almost two decades later it was reported that this halo-

genation reaction is catalyzed by FAD-dependent halogenases (Dong et al. 2005).   

1.3.2.2. Biosynthetic gene cluster and pathway 

After several attempts Hammer et al. managed in 1997 to isolate a 32-kb genomic DNA-

fragment from P. fluorescens BL915 that contained several genes involved in the production of 

pyrrolnitrin (Hammer et al. 1997). Detailed investigations using Tn5 mutagenesis revealed that 

four genes were required for the production of pyrrolnitrin in Escherichia coli. The functions of the 

individual gene products were elucidated using deletion mutants and feeding experiments (Kirner 

et al. 1998). The initial step is the halogenation of tryptophan to 6-chlorotryptophan, followed by 

the ring opening and monodechloroaminopyrrolinitrin formation. The latter is further halogenated 

and finally the amino group is dioxidized to forme a nitro group (Figure 9).  

PrnA and PrnC are FAD-dependent enzymes, which were found to be involved in the chlo-

rination of the tryptophan at the 5 position and in the chlorination of the monodechloroamino-

pyrrolnitrin intermediate (Kirner et al. 1998). 

 A mutant which did not produce PrnB was found to accumulate the L-isomer of chlorinat-

ed tryptophan; no D-isomer was detected in this mutant. Therefore, it can be concluded that PrnB 

catalyzes the ring rearrangement and decarboxylation of tryptophan to monodechloroamino-

pyrrolnitrin (Laurentis et al. 2007).  
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PrnD was found to have strong homologies to class IA dioxygenases, including a consen-

sus sequence of the [2Fe-2S] Rieske-type binding domain and a region that is highly similar to the 

proposed mononuclear nonheme Fe(II) binding domain, which is also common to terminal dioxy-

genases. PrnD is involved in the oxidation of the amino group of aminopyrrolnitrin  to the nitro 

group of pyrrolnitrin (Lee et al. 2005).   

 

Figure 9. Biosynthesis of pyrrolnitrin by Pseudomonas strains (Laurentis et al. 2007). 
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Scope and outline of the dissertation 

 

In the present study, the microbiome from the intertidal zone of Peruvian coastline was 

investigated in the context to its potential to produce bioactive antibiotic compounds. The fo-

cus of this research was on specialized metabolites from predatory bacteria. Given their life-

style, predatory bacteria are regarded as promising bioresource for antibiotics, since they 

might use such compounds in order to get access to the prey.  

 First of all, culture-dependent and -independent studies were performed to get first in-

sights into the bacterial biodiversity and the antimicrobial potential of the bacterial isolates. 

The results of this preliminary investigation are detailed in chapter 1.  

After identifying the basis of the antimicrobial activity for some of the most interest-

ing isolates, we focused on the elucidation of the biosynthesis of the corresponding com-

pounds. In this regard, in chapter 2 the biosynthesis of the potent antibiotic kocurin, biosyn-

thesized by Kocuria rosea s17 is described; and in chapter 3 the biosynthesis of the highly 

diverse aminophenylpyrrole derived alkaloids, which show various bioactivities, was eluci-

dated from the strains Rapidithrix thailandica s80 and Porifericola rhodea s47. 
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Chapter I 

 

Diversity and Antimicrobial Potential of Predatory Bacteria from 

the Peruvian Coastline 

Luis Linares-Otoya , Virginia Linares-Otoya , Lizbeth Armas-Mantilla , Cyntia Blanco-

Olano , Max Crüsemann , Mayar L. Ganoza-Yupanqui , Julio Campos-Florian , Gabrie-

le M. König and Till F. Schäberle 

Mar. Drugs 2017, 15, 308 

 

In this chapter the diversity and antimicrobial potential of the marine microbiome of 

the intertidal area along the Peruvian coastline was investigated. The Peruvian coastline is re-

garded as one of the richest in biodiversity of marine higher organisms given that it represents 

the confluence point of the cold Humboldt coastal current and the warm Caribbean current. It 

is of interest if this biodiversity is also translated to the bacterial level. Culture-independent 

and dependent approaches were used to get first insides into the bacterial diversity with a fo-

cus on predatory bacteria. The focus on predatory bacteria was chosen based on the assump-

tion that due to their hunting habits, these microorganisms make use of antimicrobial metabo-

lites. The predatory bacteria, which could be isolated and cultured in vitro were screened for 

antimicrobial compounds.  

 

 

 

 

 

Own contributions: planning of the experiment, sample collection, isolation of bacterial 

strains,  dereplication of antimicrobial specialized metabolites ( MS data analysis and GNPS 

molecular networking), and manuscript writing. 
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Chapter I Supplementary 
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Summary Chapter I 

 

 

This chapter provides an overview of the under-investigated microbial biodiversity of 

the Peruvian coastline with a special focus on predatory bacteria. The microbiome of different 

sites at the Peruvian coast was analyzed, showing clear differences among the sampling sites. 

In total 138 bacterial strains were retrieved and screened for production of antimicrobial com-

pounds. The obtained results implicate that the microbiomes present at the various habitats 

(Isla Foca, Manglares and Bahia Paracas) at the Peruvian coastline are a promising source for 

heterotrophic bacterial strains, showing high potential for the biotechnological production of 

antibiotics. First insights into the chemical basis of the antibacterial activities observed indi-

cated the biosynthetic production of the known compounds ariakemicin, kocurin, naphthy-

ridinomycin, pumilacidins, resistomycin, and surfactin. However, most active compounds re-

mained elusive until now.  

 Despite several highly interesting compounds that were identified in this project had 

been previously isolated by other authors, the biosynthetic basis of several of them was not 

elucidated.  In the next chapters, we focused on elucidating the biosynthesis of the thiopeptide 

antibiotic kocurin and of the APPAs.  
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Chapter II 

Identification and heterologous expression of the kocurin biosyn-

thetic gene cluster 

Luis Linares-Otoya, Virginia Linares-Otoya, Lizbeth Armas-Mantilla, Cyntia Blanco-

Olano, Max Crüsemann, Mayar L. Ganoza-Yupanqui, Julio Campos-Florian, Gabriele 

M. König, Till F. Schäberle* 

 

Linares-Otoya et al., Microbiology 2017;163:1409–1414 

 

By the characterization of the antimicrobial potential of the marine microbiome of the 

Peruvian Coastline, the biosynthesis of several promising antimicrobial compound was 

shown. Among them the potent antibiotic kocurin produced by Kocuria rosea s17. Despite its 

potential to become developed into an anti-gram-positive antibiotic for use in the clinic, the 

biosynthetic basis was still unknown. The chapter deals with the in silico identification of the 

kocurin biosynthetic gene cluster, its cloning and heterologous expression.  

 

 

 

 

 

Own contributions: planning of the research project, identification of the biosynthetic gene 

cluster, cloning and heterologous expression, writing the manuscript. 
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Chapter II Supplementary 
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Summary Chapter II 

 

Following the identification by LC/MS-based analysis of kocurin, an antibioti-

cally bioactive thiopeptide in Chapter I, the genetic basis of this promising natural 

product with activity against methicillin-resistant Staphylococcus aureus (MRSA) 

strains was investigated.   

By comparative genome analysis of a newly isolated and sequenced Kocuria 

rosea s17 strain and other reported thiopeptide producer strains, the putative biosynthet-

ic gene cluster was identified. The kocurin biosynthetic gene cluster comprises nine 

open reading frames and spans around 12 kbp of the genome. 

To prove the functionality of the predicted biosynthetic gene cluster, a heterolo-

gous expression in Streptomyces coelicolor M1146 was carried out. Expression of the 

biosynthetic gene cluster under the control of a constitutive promoter enabled the trans-

genic strain to produce kocurin in selected media. 
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Chapter III 

Biosynthetic basis of structural diversity of aminophenyl-

derived alkaloids (APPA) 

Linares-Otoya, L.; Liu Y.; Linares-Otoya, V.; Armas-Mantilla, L.; Crüsemann, M.; 

Ganoza-Yupanqui, M.L.; Campos-Florian, J.; König, G.M.; Schäberle, T.F.2019. 

 

ACS Chem. Biol. 2019, 14, 176−181 

 

Aminophenylpyrrole derived alkaloids represent high value lead compounds for 

the pharmaceutical  and agricultural industry. Recently, highly diverse APPAs produced 

by strains belonging to the order Cytophagales were reported. Their structure differed 

from the pyrrolnitrin, whose production was described from proteobacteria, since no 

halogenation nor oxidation of the amino group was observed. Instead, the aminophe-

nylpyrrole core seems to be fused to different acyl, aryl or aromatic side chains to form 

the highly bioactive marinoquinolines 

In this chapter the  APPAs  3- (2′-aminophenyl)-pyrrole and marinoquinolines 

were identified in the crude extract of the Cytophagales strains Rapidithrix thailandica 

S80 and Rapidithrix thailandica s68 whose isolation was described in chapter 1.  

Despite their interesting bioactivities, including antibiotic, antimalarial and inhi-

bition of acetylcholinesterase the biosynthetic basis of these metabolites was not known. 

A bioinformatics and phylogenetic approach enabled the elucidation of the biosynthesis 

of APPAs in Cytophagales bacteria and their chemical diversification strategy. 

 

 

Own contributions: planning the project, LC-MS analysis, identification of BGC,  het-

erologous expression of  BGC and individual enzymes, in vitro assays, writing the man-

uscript. 
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Biosynthetic basis for structural diversity of aminophenylpyr-
role-derived alkaloids 

Luis Linares-Otoyaa,b, Yang Liua,b, Virginia Linares-Otoyac,d, Lizbeth Armas-Mantillac,d, Max Crüsemanne, 
Mayar L. Ganoza-Yupanquid, Julio Campos-Floriand, Gabriele M. Könige, Till F. Schäberle*a,b 

 

a) Institute for Insect Biotechnology, Justus-Liebig-University of Giessen, Giessen, Germany. 

b) Department of Bioresources of the Fraunhofer Institute for Molecular Biology and Applied Ecology, 

Giessen, Germany. 

c) Research Centre for Sustainable Development Uku Pacha, Trujillo, Peru. 

d) Department of Pharmacology, Faculty of Pharmacy and Biochemistry, National University of Trujillo, 

Trujillo, Peru. 

e) Institute for Pharmaceutical Biology, University of Bonn, Germany. 

 

 

Abstract 

Bacterial aminophenylpyrrole-derived alkaloids (APPAs) represent high value lead compounds. 

Pyrrolnitrin, which was developed into globally important fungicides, is the only reported APPA 

produced by Proteobacteria. Recently, various APPAs showing diverse bioactivities were dis-

covered from Bacteroidetes. Here, a bioinformatics and phylogenetic approach enabled the 

elucidation of the biosynthesis of the  highly diverse APPAs in Cytophagales bacteria and their 

chemical diversification strategy. The biosynthetic gene clusters were identified in producer 

strains and the biosynthesis was experimentally validated by heterologous expression experi-

ments in E. coli. First, one enzyme-dependent biosynthetic step yields the tryptophan-derived 

precursor 3-(2’-aminophenyl)-pyrrole. Second, a spontaneous Pictet-Spengler-like coupling 

reaction enables the bacterial producer strains to create a library of tricyclic alkaloids, since 

several aldehydes can be applied as substrates. The diversity of this natural products class is 

further enlarged by the catalytic action of a methyltransferase, which adds one or more methyl 

groups to the aminophenyl intermediate. 
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The antifungal pyrrolnitrin (1) is an aminophenylpyrrole-derived alkaloid (APPA), initially 

isolated from Pseudomonas pyrrocinia and later from several other proteobacterial 

strains[1,2]. The natural product 1 was discovered in 1964 as a broad-spectrum antifun-

gal compound and later synthetically modified, leading to the more photo-stable deriv-

atives fenpiclonil and fludioxonil, which are widely used in agriculture as foliar fungi-

cides[3]. The biosynthetic gene cluster and the function of the gene products corre-

sponding to biosynthesis of 1 were reported[1,2]. In the last decade, more structural var-

iants of APPAs with diverse bioactivities were discovered from bacteria belonging to the 

order of Cytophagales (phylum Bacteroidetes). For instance, 3-(2-Aminophenyl)pyrrole 

(2) and the antibacterial 3-(2-Aminophenyl)-5-methoxy-1,5-dihydro-2H-pyrrol-2-one (3) 

were isolated from Rapidithrix thailandica TISTR 1749 and TISTR 1741, respectively[4,5]. 

Additionally, structurally related compounds, such as marinoquinolines (A–K) (4) and 

marinoazepinones (A–B) were isolated from the marine bacteria Ohtaekwangia koreen-

sis PWU25 and Mooreia alkaloidigena CNX-216[6,7] (Figure 1 and S1). 

For the Cytophagales-derived APPAs no halogenation, nor oxidation of the amino 

group, as it is the case for 1, was observed. Instead, the aminophenylpyrrole (2) seems 

to be fused to several acyl, indole or aromatic side chains, yielding the 3H-pyrrolo [2,3-

c]quinoline (3-HPQ) ring system of the highly diverse marinoquinolines (4). In addition, 

N-methylation of the quinolone ring further expands the diversity of these alkaloids 

(5)[6,7]. In the present work, we report a bioinformatics and phylogenetic approach, 

which enabled the elucidation of the genetic basis as well as the non-enzymatic pro-

cesses involved in the biosynthesis of the highly diverse APPAs. Furthermore, the dis-

covery of a new aminophenylpyrrolidone suggests a degradation route of these amino-

phenylpyrroles. 
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Scheme 1. Proposed biosynthetic and degradation route of APPAs in Cytophagales bacteria. Possible 

derivatives (R1 and R2) of compounds 4 and 5 are described in Figure S1.  

 

Figure 1. Phylogeny and genomic context of prnB-like genes in bacteria. The symbols indicate from 

which branch of the tree the gene cluster is derived. prnB homologs are colored in red. The arrows indi-

cate the genes corresponding to their size. Genes colored in white are not conserved within the clade. 

The strains that constitute this tree are detailed in Figure S5. Known derivatives for R1 and R2 of com-

pounds 4 and 5 are shown in Figure S1. Phylogenetic tree branches: Black: Firmicutes, Purple: Cytopha-

gales, Green: Proteobacteria, Blue: Actinobacteria. 
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In a previous bioprospecting study, several predatory bacterial strains (n=10) belonging 

to the order Cytophagales were isolated and identified [8]. This gave us the opportunity 

to investigate the biosynthesis of the APPAs (i.e., marinoquinolines), which were re-

ported uniquely from this bacterial taxon. First, extraction of the fermentation broths 

and analysis by LC-HRMS of the isolated Cytophagales strains revealed two Rapidithrix 

strains as potential APPA producers: Rapidithrix thailandica s80 and Rapidithrix 

thailandica s68 (accession numbers: MF796623.1 and MF796622.1, respectively). Sub-

sequently, a large-scale cultivation (20 L) of R. thailandica s80, led to the isolation of 2 

(320 mg) and 3 (0.9 mg) (Figure S2 and S3). In addition, metabolomic analysis using 

mass spectral Global Natural Products Social Molecular Networking (GNPS)[9] revealed 

the presence of the marinoquinolines C, E, F and H (Figure S4 and Table S1). These 

compounds, which share the 3-HPQ ring structure, were identified based on the MS/MS 

fragmentation pattern that showed the corresponding signature ions m/z of 167 and 

185.  

 

In order to elucidate the biosynthesis of the identified APPAs, we sequenced the R. 

thailandica s80 genome. We considered compound 2, previously reported as a dead-

end product in pyrrolnitrin biosynthesis[10], as a common APPA precursor candidate. In 

biosynthesis of 1, a chlorinated version of 2 (monodechloropyrrolnitrin) is formed via 

oxidative conversion of chlorotryptophan, catalyzed by the enzyme PrnB 

(ABW69175.1)[11], which belongs to the family of indolamine 2,3 dioxygenases (IDO)[1,2]. 

Enzymes of this family catalyze O2-dependent oxidation of L-tryptophan (6) to N-

formylkynurenine or, in the case of PrnB, aminophenylpyrrole. The in silico search for 

PrnB homologues allowed the identification of a predicted protein with 40% identity in 

the R. thailandica genome. To form the tricyclic 3-HPQ structure of 4, a Pictet-Spengler 

(PS)-like coupling reaction should follow[12,13]. In the same way, the formation of the 

pyrrolidone moiety in 3 would involve a dioxidation reaction. However, no genes corre-

sponding to these expected functionalities were found adjacent to the prnB homo-

logue. Indeed, no clear operon structure as usually expected for a natural product bio-

synthetic gene cluster (BGC) was observed. The next open reading frame (orf), marA, 

following upstream after a 500 bp gap, was annotated as a hypothetical protein with 

low similarity to a Per-Arnt-Sim (PAS) domain containing protein.   

In a next step, additional accessible bacterial genomes possessing a prnB-like gene were 

analyzed to find evidence of operon conservation. Interestingly, it was observed that 



 

64 

the genomic context differs between the phyla. In Proteobacteria, the prnB homologue 

is part of the pyrrolnitrin BGC, while in Streptomycetes it was found clustering with oxi-

doreductases, homologous to the ones involved in actinomycin biosynthesis. These en-

zymes could be involved in the phenoxazine ring formation of several compounds (7)[14]. 

In Cytophagales, two types of BGCs were identified. Thereby, the prnB homologue 

marC either clusters with one gene, marA, separated by the gap as described before, or 

with two genes, whereby in the second case a predicted SAM-dependent methyltrans-

ferase (MT), marB, is present (Figure 1). The latter set-up is represented by strains of 

the Catalinimonadaceae clade. 

 

To verify that the putative BGC identified in R. thailandica s80 is encoding for the en-

zymes necessary for marinoquinoline biosynthesis, we expressed the marRt gene cluster 

in E. coli (homologous genes have the same name throughout the manuscript, and we 

refer to the original strain by the index used). Indeed, the same marinoquinoline deriva-

tives (4, marinoquinoline H: R1=4-hydroxy-benzol (4a), marinoquinoline E: R1= indole 

(4b), Figure 2A) identified in R. thailandica s80 were identified in the fermentation 

broth of the heterologous E. coli marRt host. However, heterologous expression of ei-

ther marARt or marCRt alone clearly indicated that the protein MarCRt is sufficient for the 

formation of all the mentioned compounds (Figure 2A). Furthermore, the in vivo exper-

iments prove that MarCRt is catalyzing the conversion of the substrate tryptophan to 

compound 2 (Figure 2).  Hence, it might be that MarC exhibits a different substrate 

specificity than PrnB. In pyrrolnitrin biosynthesis, PrnB uses preferentially 7-

chlorotryptophan, yielding the compound monodechloropyrrolnitrin, while only traces 

of 2 were found[15]. In fermentations of R. thailandica s80 instead, 2 is the major com-

pound produced. This shift in specificities among IDO enzymes was also reported for 

the biosynthesis of the mating pheromone gamone 2 in the ciliate Blepharisma 

stoltei[16].   

Our experiments further revealed that compound 2 represents the intermediate to-

wards the 3-HPQ ring of marinoquinolines, which are formed via non-enzymatic PS re-

actions. Hence, aldehydes can be attached, thereby resembling the chemical synthesis 

approach towards marinoquinolines[17]. The non-enzymatic conversion of 2 to 4 was 

supported by an in vitro assay, in which no PS activity could be attributed neither to the 

activity of MarA or MarC, since no influence of these enzymes on the reaction efficiency 

was detected (Figure S6). The results indicated a fast non-enzymatic, spontaneous reac-

tion. Under physiological conditions (30 °C in aqueous solution), 4 was detected as soon 
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as 2 was faced to a suitable aldehyde (Figure 2B). Upscaling of the in vitro assay, using 2 

(isolated before from the original producer R. thailandica s80) and 4-

hydroxybenzaldehyde (4-HBA) under physiological conditions yielded marinoquinoline 

H (structure unambiguously confirmed by NMR measurements, Figure  S7).  

In a natural environment, various aldehydes, which can subsequently be linked with 2, 

should be present in the cell from primary metabolism. Furthermore, by cultivating E. 

coli marACRt in minimal medium supplemented with tryptophan, only marinoquinoline 

E (4b, R1=Indole) was detected (Figure S8). In this derivative, the side chain is derived 

from tryptophan as well, thereby indicating that the abundance of a precursor directs 

the biosynthesis.  

 

MarARt was obsolete in our in vivo and in vitro assays. As mentioned before, this gene is 

distantly related to genes coding for PAS domain containing proteins. The PAS domain is 

found embedded in several proteins involved in sensing external or intracellular stimu-

li[18], including visible light[19], redox potential[20], dissolved gasses[21] and others. There-

fore, a regulatory role can be proposed for this protein in the mar BGC. 

 

Figure 2. Heterologous expression of the marinoquinoline BGC, and in vitro characterization of enzymat-

ic and non-enzymatic processes involved in marinoquinoline formation. a) Heterologous expression of 

the marinoquinoline BGC (marACRt) and of individual genes (marARt, marCRt) in E. coli. Extracted Ion 

Chromatogram (EIC) of 2 (m/z: 159.1 [M+H]+) and marinoquinolines H (m/z: 261.1 [M+H]+) and E (m/z: 

284.1 [M+H]+). b) Spontaneous formation of marinoquinoline H (EIC m/z: 261.1 [M+H]+) from educts 2 
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and 4-HBA in in vitro assays with or without MarARt.  c) In vitro methylation activity of MarCPr (EIC of 2 

(m/z: 159.1 [M+H]+) and 8 (m/z: 173.1 [M+H]+). d) Spontaneous formation of N-methylmarinoquinoline 

H (EIC 275.1 m/z [M+H]+) from 8 and 4-HBA. In vitro (with or without MarARt) and in vivo (marABCPr and 

marACPr) assays.  Mar.: marinoquinoline; Neg.: negative control, without any enzyme in the in vitro as-

say. Asterisk (*): unknown compound with a similar m/z value as 5, but not related to marinoquinolines 

(only present in the in vivo assays). Axes X: Time (min) Y: Intensity. 

 

To get further insights into the different types of the APPA BGCs and into the variety of  

biosynthesized compounds, a mar BGC harboring the additional gene marB, a putative 

SAM-dependent MT, was investigated. By in silico analysis, we could identify the 

marABC BGC in a recently published Catalinimonas alkaloidigena genome. Therefore, 

we genome sequenced a strain of our collection, which was isolated from the same soil 

sample and belongs to the Catalinimonadaceae clade[22]. Indeed, the sequence data of 

strain Porifericola rhodea s47 (MF796606) from our collection[8] revealed a mar BGC, 

which includes a MT, thereby indicating the potential for biosynthesis of methylated 

marinoquinoline derivatives. The encoded MarB protein is closely related to the C20 

type family of SAM-dependent MTs reported in the BGCs of the tryptophan-derived al-

kaloid reductasporin (redM, MIBiG ID. AKG47110.1)[23] and in several type II polyke-

tides[24,25,26]. 

The marPr BGC was subsequently cloned and heterologously expressed in E. coli. Fer-

mentation of the heterologous host E. coli marABCPr resulted in the detection of novel 

masses compared with the empty host strain. MS/MS analysis attributed these masses 

to mono-, di- and trimethylated aminophenylpyrroles (Figure S9 and Table S2). The ex-

pected mono- and dimethylated pyrrolidone degradation products were as well identi-

fied. In addition, traces of putatively methylated marinoquinoline H were detected by 

LC-HRMS analysis as well (Figure 2D). In a next step, the heterologous E. coli strain 

marACPr (without the MT gene marBPr) was generated. No methylated marinoquinolines 

were detected in fermentations of the latter (Figure 2D). 

To verify the results, marBPr was expressed in E. coli and purified to perform in vitro as-

says. These assays should give an indication about the time point of methylation. In 

both in vitro as well as in vivo assays, neither methylated tryptophan nor methylated 

marinoquinolines were detected. Instead, the methylated intermediate was identified 

(8) (Figure 2C). To unambiguously identify the methylated compound, the reaction was 

up-scaled, leading to isolation of 0.2 mg of 8. 1H-NMR spectra, as well as COSY correla-

tion, showed that the methylation occurred at the amino group of 2 (Figure S10 and 
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Table S3). Interestingly, an ion indicating double methylation, as it was observed in the 

in vivo assays, could be detected in vitro, however, in minor amounts. Double methyla-

tion was also observed in the biosynthesis of reductasporin, where the MarB 

orthologue RedM catalyzes the double N-methylation of a dimeric tryptophan struc-

ture[23].  

 

From the obtained results it can be concluded that in a first step 6 is converted into 2 by 

the catalytic activity of MarC and subsequently MarB catalyzes the addition of a SAM-

derived methyl group to the latter molecule, yielding 8 (Figure 2C). To verify that 8 rep-

resents the intermediate product towards N-methylated marinoquinolines, it was 

mixed in equimolar concentration with 4-HBA. Indeed, methylated marinoquinoline H 

could be detected by LC MS/MS analysis in accordance to the in vivo assays (Figure 2D). 

However, the compound indeed showed a clear peak in the ESI-MS analysis, indicating 

that it is ionizing well, but the produced amounts were very low and we could not iso-

late it preparatively. 

From the data, it can be concluded that 2 and 8 are intermediates in the biosynthesis of 

4 and 5, respectively. The proposed mechanism of the 3HPQ formation including a PS-

like reaction followed by a spontaneous oxidation is depicted in the Figure S11.  

 

Finally, the pyrrolidone 3 was found in the native strains and in the heterologous hosts. 

Since there is no gene encoding for the expected dioxygenase within the BGC, it is likely 

that the conversion of 2 to 3 occurs either by unspecific enzymes, e.g. oxygenases, or 

enzyme-independent. Previous work observed analogs of 3 formed after exposition of 

pyrrolnitrin to intense UV light[27] or to rat liver oxidases[28]. Fermentation and extrac-

tion of both, R. thailandica and E. coli marRt, was conducted by applying special care of 

exposition to light, which might explain the low concentration of 3, due to reduced pho-

to-oxidation. Alternatively, it was proposed that the formation of 3 from compound 2 

proceeds by spontaneous or enzymatic oxidation during fermentation [29]. This might 

proceed via a [4+2] cycloaddition of the diene group of the pyrrole ring with oxygen, 

followed by rearrangement of a pyrrolinone intermediate and subsequent methylation 

of the hydroxyl group[29]. The LC-HRMS-based search for the putative intermediate pyr-

rolinone allowed the identification of a compound matching the expected mass. After 

purification, its structure was elucidated by NMR measurements confirming the identity 

of the unreported compound 9 as [3-(2-amino-phenyl)-5-hydroxy-1,5-dihydro-2H-
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pyrrol-2-one] (Figure S12 and Table S4). This result supports the proposed degradation 

mechanism of 2 via oxygenation and methylation towards 3 (Scheme 1).  

 

3-HPQ alkaloids are particularly rare in nature. In prokaryotes, to the best of our 

knowledge, these compounds have only been found in members of the order Cytopha-

gales. In spite of producing similar APP-intermediates during the biosynthesis, pyrrolni-

trin is the only APPA produced by Proteobacteria. Instead, Cytophagales bacteria direct 

the production of APPA towards chemical diversification. This difference can be ex-

plained by the fact that only the latter pathway favors the non-enzymatic reaction, 

which forms 3-HPQ and thereby diversifies this family of metabolites. In pyrrolnitrin bi-

osynthesis the formation of APP is followed by oxidation of the amino group, prevent-

ing in this way the PS coupling reaction to occur[1,2]. In nature, there are several exam-

ples of bacteria making use of non-enzymatic reactions for the formation of structurally 

intriguing heterocycles that are essential for the bioactivity of the compounds; exempli-

fied by the rubrolone pyridine ring assembly of the endophytic 

strain Streptomyces sp. KIB-H033[30], or the formation of discoipyrrole from 4-

hydroxysattabacin, anthranilic acid and 4-HBA in Bacillus hunanensis SNA-048[31]. The 

same principle seems to be applied in marinoquinoline biosynthesis.  

 

In the present work the antimicrobial activity of compounds 2, 3, 4a, 8 and 9 were as-

sessed against E. coli and Bacillus megaterium, whereby only for 4a activity against the 

Gram-positive test strain was observed (Table S5).  

In marinoquinoline biosynthesis the methylation of the amino group does not prevent 

3-HPQ formation, instead it increases the molecular diversity; thereby allowing the 

formation of both, methylated and non-methylated marinoquinoline congeners. This 

can be observed for the marinoquinolines G and A, J and K, as well as for the marino-

azepinones A and B, where both versions were isolated from the same organism 

Mooreia alkaloidigena CNX-216 in equal amounts[7]. It is highly remarkable that the rel-

atively small 3-HPQ containing molecules show a very diverse range of bioactivities, 

e.g., antibiotic, acetylcholinesterase inhibition, cytotoxic, as well as promising activities 

against chloroquine-resistant Plasmodium falciparum K1[10]. The antimalarial aplidiop-

samine A that consists of a 3-HPQ core plus an adenine side chain was isolated from the 

marine tunicate Aplidiopsis confluata[10]. It is likely that this compound plays a role in 

the symbiotic relationship between bacterium and metazoan organism [10]. Further re-

search on the regulation of the corresponding BGCs, e.g. by elucidating the role of Ma-
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rA, would contribute to the understanding of the diversification strategy developed by 

this bacterial taxon. The synthesis of a reactive molecule, which can react with a wide 

range of aldehydes, can be regarded as a combinatorial synthesis strategy of the bacte-

ria. Therefore, it is hard to name the final product of the biosynthesis, since the reactive 

compound 2 represents the major metabolite; but, as well as the degradation products, 

has no observed bioactivities. Furthermore, compound 2 might play a role in detoxifica-

tion by capturing aldehydes. However, the very diverse range of bioactivities[6,7,10] of the 

relatively small 3-HPQ containing molecules supports the idea that they represent the 

final step of this pathway. 

 

 

Methods 
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Chapter III Supplementary 

Biosynthetic basis for structural diversity of aminophenylpyrrole-
derived alkaloids 

Luis Linares-Otoyaa,b, Yang Liua,b, Virginia Linares-Otoyac,d, Lizbeth Armas-Mantillac,d, Max Crüsemanne, 
Mayar L. Ganoza-Yupanquid, Julio Campos-Floriand, Gabriele M. Könige, Till F. Schäberle*a,b 
 
 
 
Experimental Section 

 
Small scale cultivation of Cytophagales strains  

For screening, a small scale cultivation of 10 strains belonging to the genera Echinicola (1 

strain), Fulvivirga (3), Limibacter (1), Porifericola (1), Rapidithrix (2) and Reichenbachiella (2) 

was carried out. A 20 µL cryoculture was inoculated in 50 mL Erlenmeyer flasks containing 10 
mL Difco™ Marine Broth2216 (MB) and cultured for 72 h at 30 °C at 100 rpm. (Table S6). 200 

μL of the preculture was used to inoculate 30 mL MB medium, incubated at 30 °C in an orbital 

shaker (100 rpm) for 96 h. The cells were disrupted by sonication followed by a liquid-liquid 

extraction using ethyl acetate (1:1). The organic phase was dried in a rotary evaporator and re-
suspended in MeOH to a concentration of 1 mg mL-1 for the LC-HRMS analyses.  

 

Large scale cultivation of R. thailandica s80 and P. rhodea s47  

An agar piece containing a single colony was excised from the MB agar plate and used to inocu-

lated 1 L flasks containing 300 mL of MB medium, followed by cultivation at 30 °C. After 48 h, 
20 L of MB medium were inoculated using 10 mL of pre-culture per liter, incubation was done 

for 72 h at 30 °C on an orbital shaker (110 rpm). 

 

Crude extract generation and LC-HRMS analysis 

The bacterial cultures were extracted by liquid-liquid separation (1:1) using ethyl acetate. The 
organic phase was transferred to a spherical flask and completely dried by rotary evaporator. 

The extracts were weighed and resuspended in MeOH to a concentration of 1 mg mL -1  for LC-

HRMS measurements. Mass spectra were recorded on a micrOTOF-Q mass spectrometer 
(Bruker) with ESI-source coupled with a HPLC Dionex Ultimate 3000 (Thermo Scientific) 

using an EC10/2 Nucleoshell C18 2.7 µm column (Macherey-Nagel). The column tempera-

ture was 25 °C. MS data were acquired over a range from 100 to 3000 m/z in positive mode. 

Auto MS/MS fragmentation was achieved with rising collision energy (35–50 keV over a 
gradient from 500 to 2000 m/z) with a frequency of 4 Hz for all of the ions over a threshold 

of 100. HPLC begins with 90 % H2O containing 0.1 % acetic acid. The gradient starts after 1 

min to 100% acetonitrile (0.1 % acetic acid) in 20 min. 5 µL of a 1 mg mL-1  sample solution 
was injected; and, flow rate was set to 0.3  mL min-1 

 

Isolation and characterization of compounds 2, 3 and 9 from Rapidithrix thailandica s80 

The cells and the medium of R. thailandica were separated by centrifugation. The medium was 

extract with ethyl acetate (see above). The resulting ethyl acetate fraction (1.3 g) was separated 
by medium pressure LC (Puriflash) on C18 silica gel, using H2O and MeOH in a gradient of 

increasing polarity from 5 % MeOH to 100 % MeOH, to generate eight fractions. Fraction 4 

(~30 % MeOH and 70 % H2O) containing compounds 3 and 9, and fraction 6 (~50 % MeOH 
and 50 % H2O) containing compound 2 were submitted to a Sephadex LH-20 column (eluent 

MeOH) for further purification based on the molecular weight. TLC plates with silica gel F254 
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(Merck) were used to monitor resulting fractions; detection was by spraying the plates with van-

illin-concentrated sulfuric acid reagent followed by heating at 110 ℃. Final purifications were 

carried out by semi-preparative HPLC. Column chromatography included Sephadex LH-20 and 

Merck MN Silica gel 60 M (0.04–0.063 mm). The analysis column (EU250/4.6) and the semi-
preparative column (VP250/10) were Nucleodur C18 Gravity SB 5 µm (MACHEREY-

NAGEL), and the analysis gradient used was (MeOH, 0.1 % HCOOH in H2O): 0 min (10 % 

MeOH); 5 min (10 % MeOH); 35 min (100 % MeOH); 45 min (100 % MeOH). 1H, 13C, and 2D 
NMR spectra were recorded at 25 °C in DMSO-d6 and MeOH-d4 on Bruker AVANCE DMX 

400 and 600 NMR spectrometers. Chemical shifts were referenced to the solvent residual peaks, 

δH 2.50 (DMSO-d6) and 3.31 (MeOH-d4) ppm for 1H, and δc 39.51 (DMSO-d6) and 49.15 
(MeOH-d4) ppm for 13C. Optical rotations were determined with a Perkin-Elmer-241 MC polar-

imeter. By above mentioned analysis program, compound 2 (320 mg) was eluted at 70 % 

MeOH and 30% H2O, retention time 30 min; compound 3 (0.9 mg) eluted at 46 % MeOH and 

54 % H2O, retention time 22 min; compound 9 (1.3 mg) eluted at 58 % MeOH and 42% H2O, 
retention time 26 min. 

Antibacterial activity assays 

The antimicrobial activities against Bacillus megaterium and Escherichia coli  were tested using 
the agar disc-diffusion bioassay method. Therefore, the test strains were cultured overnight in 

LB medium, and then the cultures were diluted to an OD600 of 0.1 and spread onto LB agar 

plates. Compounds were resuspended in methanol (final concentration of 1 mg/mL), and 25 μl 
of this solution were transferred to a paper disc. Negative control discs (solvent only) and posi-

tive control discs (5 μg of chloramphenicol) were also placed on the test plates. 

 

Strains and plasmids 

The plasmids used in this study were constructed using PCR products obtained from genomic 

DNA as template and primer pairs are described in the Table S7. PCR products were assembled 
using Gibson assembly into pRSFduet or pET28a expression vectors for in vivo assays or pro-

tein purification, respectively. 3 µL of the reaction were used for transforming chemically com-

petent E. coli Rosetta cells. For this purpose the competent cells were thawed on ice for 5 min 
and the Gibson assembly reaction buffer prepared by us was added, mixed and left on ice for 20 

min. Then, a heat shock (42 °C) was applied to the mixture for 90 sec and 800 µL of Luria-

Bertani medium (LB) (Table S6) were added to the mixture, followed by incubation for addi-
tional 60 min in a shaking heat block. Finally, the culture was centrifuged for 3 min at 4000 rpm 

and the supernatant was discarded, leaving 100 µL in the vial to resuspend the pellet. The solu-

tion was spread on 60 µg mL-1  kanamycin containing LB agar plates for clone selection. 

  

Heterologous expression of the marinoquinoline BGC 

For in vivo assays, the transgenic E. coli strains, carrying the respective MarRt or MarPr  BGCs, 
and the deletion genotypes ∆marARt, ∆marCRt and ∆marBPr, were grown overnight in LB medi-

um containing 60 µg mL-1   kanamycin. 0.3 mL of these cultures was used to inoculate 30 mL of 

LB or Minimal Medium (kanamycin added for selection) (Table S6). IPTG (final concentration 

0.1 mM) was added to the medium to induce the protein expression when the OD600 reached 0.6 
and the flasks were place on an orbitory shaker, 200 rpm at 30 °C for 12 h. At the moment of 

induction the medium was also supplemented with 10 mM DL-tryptophan. As negative controls, 

the E. coli Rosetta containing empty pET28a or pRSF-duet vectors, were used and as a positive 
control served the 3 days cultured Rapidithrix thailandica s80 strain (MB medium, 30 °C). 

 

 

Heterologous expression and purification of MarA, MarB and MarC 

The transgenic E. coli strains marARt, marCRt and marBPr, carrying pET28a with an N-terminal 

His tag, were grown overnight in LB medium containing 60 µg mL-1   kanamycin at 37 °C. 10 

mL of these cultures was used to inoculate 1 L of LB containing 60 µg mL-1   kanamycin. IPTG 
(0.1 mM) was added to the medium to induce the protein expression when the OD600 reached 
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0.6 and the flasks were placed on an orbital shaker, 200 rpm at 30 °C for 12 h. Then, cells were 

collected by centrifugation at 4 °C and resuspended in ice cold lysis buffer (50 mM NaH2PO4, 

300 mM NaCl and 10 mM imidazole; pH 8.0). The resulting suspensions were sonicated and the 

supernatant, containing the soluble protein, was loaded onto pre-equilibrated 1 mL Qiagen® Ni-
NTA columns. The protein purification was carried out at 4 °C. After washing to remove unspe-

cifically bound protein (using 10 and 20 mM imidazole lysis buffer), the His-tagged proteins 

were eluted from the column using lysis buffer with increasing imidazole concentrations from 
50 to 200 mM (Figure S13). The proteins were rebuffered into an imidazole-free buffer (50 mM 

NaH2PO4, 300 mM NaCl; pH 8.0) and concentrated using the Amicon® Ultra-15 centrifugation 

membrane columns.  

 

Evaluation of marinoquinoline H formation and isolation 

10 mM of compound 2 and of 4-hydroxy-benzaldehyde were mixed in the protein buffer in the 

presence or absence of 20 µL MarA or MarB in 200µL reaction volume. The reaction was incu-

bated at 30 °C and stopped by freeze drying after 5, 15, 30, 60, 120 and 420 min each. The sam-
ples resuspended in 200 μL of 90 % MeOH, 0.05 % formic acid were measured by MALDI-

TOF (Bruker Autoflex III MALDI-TOF/TOF) using α-Cyano-4-hydroxycinnamic acid (HCCA) 

matrix. The corresponding software (Autoflex III Smartbeam, Bruker / FlexAnalysis, Bruker) 

was used for data evaluation. To isolate marinoquinoline H, the same reaction was up-scaled 
100-fold. Then, the samples were freeze dried and extracted with MeOH. The isolation of 

marinoquinoline H (16 mg) was achieved by HPLC with 61 % MeOH and 39 % H2O, retention 

time 27 min. 

 

MarB methylation assay and isolation of 8 

15 mM S-Adenosyl methionine 97 % (Sigma) and 10 mM of compound 2 were mixed in imid-

azole-free protein buffer and the reaction was started by adding 100 µM MarB. Total volume 

was 200 µL and reaction was performed at 30 °C for 24 h. Reactions were freeze-dried and ex-
tracted with MeOH for LC-HRMS analysis. For the isolation of compound 8, the reaction was 

up-scaled 20-fold. After freeze-drying the samples were extracted with MeOH, compound 8 was 

purified by HPLC.  The analysis column (EU250/4.6) and the analysis gradient used before 

were used. The peak corresponding to 8 (0.2 mg) eluted at 75 % MeOH and 25 % H2O, reten-
tion time 34.8 min. 

 

Accession Codes 

Rapidithrix thailandica s80 and Rapidithrix thailandica s68 (accession numbers: MF796623.1 

and MF796622.1; 

Porifericola rhodea s47 (MF796606 ) 

Marinoquinoline BGC: MH566999 

N-methylmarinoquinoline BGC: MH567000 
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Supplementary Figures  
 

 

 

 

Supplementary Figure 1: Reported naturally produced marinoquinolines and marinoaze-

pinones.  

Supplementary Figure 2: LC-HRMS and NMR spectra of compound 2. 

Supplementary Figure 3: LC-HRMS and NMR spectra of compound 3. 

Supplementary Figure 4: LC/MSMS-based molecular mass networking of the Rapidithrix 
thailandica s80 and E. coli marRt crude extracts showing the network of marinoquinolines deriv-

atives.  

Supplementary Figure 5: Phylogeny of prnB-like genes in bacteria. 

Supplementary Figure 6: Spontaneous, non-enzymatic formation of Marinoquinoline H.  

Supplementary Figure 7: LC-HRMS and NMR spectra of compound 4. 

Supplementary Figure 8: In vivo marinoquinoline formation by E. coli marACRt in LB and 
minimal medium.  

Supplementary Figure 9: LC/MS chromatogram of the in vivo assay using the heterologous 
strain E. coli marABCPr. 

Supplementary Figure 10: LC-HRMS and NMR spectra of compound 8. 

Supplementary Figure 11: LC-HRMS and NMR spectra of compound 9. 

Supplementary Figure 12. Proposed mechanism of the 3HPQ formation including a Pictet-

Spengler-like reaction, followed by spontaneous oxidation. 

Supplementary Figure 13: SDS-PAGE gel showing the purification of His-tagged MarA, 

MarB and MarC from E. coli ROSETTA (washing and elution steps). 
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Supplementary Figure 1. Reported naturally produced marinoquinolines and marinoaze-
pinones[1,2].  
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Supplementary Figure 2. LC-HRMS and NMR spectra of compound 2. 
2A. 1H NMR (400 MHz, CH3OH-d4,) spectrum of the compound 2 

 

2B. Expansion 1H NMR (400 MHz, MeOD-d4,) spectrum of compound 2 

 

2C. LC-HRMS spectrum of compound 2 

159.0939

Expected m/z [M+H]+ for C10H10N2: 159.0922
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Supplementary Figure 3. LC-HRMS and NMR spectra of compound 3. 

3A. 1H NMR (400 MHz, CH3OH-d4,) spectrum of the compound 3 

 

 

 

3B. 1H NMR (400 MHz, DMSO-d6) spectrum of the compound 3 
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3C. HSQC spectrum of the compound 3 

 

3D. HMBC spectrum of the compound 3  
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3E. LC-HRMS spectrum of compound 3 

Expected m/z [M+H]+ for C11H12 O2N2: 205.0977

205.0989
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Supplementary figure 4. LC/MSMS-based molecular mass networking of the Rapidithrix 
thailandica s80 and E. coli marRt crude extracts. The network of marinoquinolines derivatives is 

shown.  
 

 
 

This part of the molecular mass network of the LC/MS analysis of E. coli marRt crude extracts 

shows the presence of Marinoquinoline E, H and F. Marinoquinoline C was found separated as 

a single node. The m/z of 245.1090 corresponds putatively to an unknown marinoquinoline de-
rivative. 
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Supplementary figure 5. Phylogeny of prnB-like genes in bacteria 

 Paenibacillus apiarius
 Paenibacillus sp. OSY-SE
 Paenibacillus sp. NAIST15-1
 Paenibacillus thiaminolyticus
 Bacillus sp. FJAT-44921
 Bacillus glycinifermentans
 Cylindrospermum sp
 Porifericola rhodea s47
 Catalinimonas alkaloidigena
 Dyadobacter soli
 Rapidithrix thailandica s80
 Flexibacter flexilis DSM 6793
 Sporocytophaga myxococcoides
 Burkholderia sp. LK4
 Burkholderia cepacia
 Burkholderia territorii
 Burkholderia pyrrocinia
 Serratia sp. S4
 Serratia grimesii
 Serratia grimesii
 Serratia sp. BW106
 Pseudomonas protegens Cab57
 Pseudomonas fluorescens
 Pseudomonas sp. NFPP19
 Pseudomonas sp. NFPP12
 Pseudomonas sp. GM17
 Pseudomonas chlororaphis
 Pseudomonas sp. 09C 129
 Pseudomonas sp. NFPP07
 Pseudomonas sp. NFACC41-3
 Pseudomonas sp. CMR5c
 Pseudomonas sp. ABAC61
 Burkholderia contaminans FFH2055
 Burkholderia lata
 Myxococcus fulvus
 Melittangium boletus DSM 14713
 Sorangium cellulosum
 Cystobacter fuscus
 Cystobacter fuscus DSM 2262
 Streptomyces sp. NRRL F-5727
 Nocardia brevicatena
 Allokutzneria albata
 Amycolatopsis lurida
 Actinopolyspora halophila
 Actinopolyspora saharensis
 Kitasatospora aureofaciens
 Streptomyces parvulus
 Streptomyces sp. MOE7
 Kitasatospora albolonga
 Frankia elaeagni
 Deinococcus maricopensis DSM 21211
 Streptomyces agglomeratus
 Streptomyces sp. NRRL S-118
 Streptomyces purpureus
 Streptomyces niveus
 Streptomyces viridochromogenes
 Streptomyces griseoluteus
 Streptomyces exfoliatus
 Streptomyces vietnamensis
 Streptomyces sp. TLI 105
 Streptomyces sp. TLI 105
 Streptomyces globisporus
 Streptomyces venezuelae
 Streptomyces aureus
 Streptomyces flavochromogenes
 Streptomyces sp. CB02009
 Streptomyces sp. CB02009

 
 
Branches are colored according to their phylum. Black: Firmicutes; Purple: Bacteroidetes; 

Green: Proteobacteria; Blue: Actinobacteria. The strains used in this studies are highlighted.  
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Supplementary Figure 6. Spontaneous, non-enzymatic formation of Marinoquinoline H. The 
measurement was performed by MALDI-TOF analysis. 

 

 

 
 

 

No effect of the enzyme was observed on the marinoquinoline H formation. This compound can 

be detected from 5 min at the same intensity than in other time point measurements. 
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Supplementary Figure 7. LC-HRMS and NMR spectra of compound 4. 

 

7A. 1H NMR (400 MHz, DMSO-d6) spectrum of the compound 4 

 

 

7B. HMBC spectrum of the compound 4 
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7C. LC-HRMS spectrum of compound 4 (marinoquinoline H) 

261.1060

Expected m/z [M+H]+ for C17H13N2O : 261.1022
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Supplementary Figure 8. In vivo marinoquinoline formation by E. coli marACRt in LB and 
minimal medium 
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Extracted Ion Chromatogram (EIC) of Marinoquinoline H (m/z: 261.1 [M+H] +), E (m/z: 284.1 

[M+H] +) and F (m/z: 312.1 [M+H] +). Mar.: marinoquinoline, MM.: Minimal medium, Neg.: 

negative control. Axes X: Time (min) Y: Intensity. 

Supplementary Figure 9. LC/MS chromatogram of the in vivo assay using the heterologous 

strain E. coli marABCPr. 
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(8)

(8)+CH3

(3)+CH3 (3)+C2H6

(8)+C2H6

 

Extracted Ion Chromatogram (EIC) of compound 8 (m/z: 173.1 [M+H] +), compound 8+CH2 
(m/z: 187.1 [M+H] +) Compound 8+C2H4 (m/z: 201.1 [M+H] +), Compound 3+CH2 (m/z: 219.1 

[M+H] +), Compound 3+C2H4 (m/z: 233.1.1 [M+H] +). Neg.: negative control. X-axes: time 

(min) y-axes: intensity. 



 

87 

 

Supplementary Figure 10. LC-HRMS and NMR spectra of compound 8. 

10A. 1H NMR (400 MHz, MeOH-d4) spectrum of the compound 8 

 

 

10B. 1H NMR (600 MHz, DMSO-d6) spectrum of the compound 8 
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10C. COSY spectrum of the compound 8 

 

 

10D. LC-HRMS spectrum of compound 8 

Expected m/z [M+H]+ for C11H12N2: 173.1078

173.1088
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Supplementary Figure 11. Proposed mechanism of the 3HPQ formation including a Pictet-

Spengler-like reaction, followed by spontaneous oxidation. 

 

 

 

 

 

Supplementary Figure 12. LC-HRMS and NMR spectra of compound 9. 

12A. 1H NMR (400 MHz, MeOH-d4,) spectrum of the compound 9 

 

 

 

 



 

90 

12B. 1H NMR (400 MHz, DMSO-d6,) spectrum of the compound 9 

 

 

12C. COSY spectrum of the compound 9 

 

 

 

 

 



 

91 

 

12D. HSQC spectrum of the compound 9 

 

 

12E. HMBC spectrum of the compound 9 
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12F. LC-HRMS spectrum of compound 9 

191.0867 

Expected m/z [M+H]+ for C11H12N2: 191.0820
 

 

Supplementary Figure 13. SDS-PAGE gel showing the purification of His-tagged MarA, 

MarB and MarC from E. coli ROSETTA (washing and elution steps). 
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For MarA, the monomer (~15 kDa), as well as the dimer can be seen. 
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Supplementary Tables  
 

 

Supplementary Table 1. Marinoquinoline derivatives detected from E. coli marRt. 

 

Compound Retention 

time(min) 

Detected mass Expected 

mass 

Marinoquinoline H 6.16-6.30 261.1025 261.1022 

Marinoquinoline C 7.26-7.49 259.1217 259.1230 

Marinoquinoline E 7.87-9.32 284.1193 284.1182 

Marinoquinoline F 13.46-13.48 312.1107 312.1131 

 

 

 

Supplementary Table 2. APPA derivatives detected from E. coli marPr. 
 

 

Compound Retention 

time(min) 

Detected mass Expected 

mass 

Compound 8 7.50-8.10 173.1080 173.1078 

Compound 8+ CH2 4.06-4.36 187.1244 187.1235 

Compound 8+ C2H4 7.87-9.32 201.1193 201.1391 

Compound 3+ CH2 6.80-7.00 312.1107 219.1133 

Compound 3+ C2H4 7.20-7.50 233.1287 233.1290 
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Supplementary Table 3. Coupling constant and COSY correlation of the novel compound 8.  
 

 

 

Compound 2 Compound 8 

MeOH-d4 MeOH-d4 DMSO-d6 

1-NH   10.95, br s 

2 6.92, t (1.77) 6.87, t (1.73) 6.95, td (1.73, 1.94) 

4 6.31, dd (2.71, 1.65) 6.25, dd (2.65, 1.64) 6.23, td (2.54, 1.73) 

5 6.82, dd (2.71, 1.94) 6.83, dd (2.65, 1.94) 6.85, dd (2.54, 1.94) 

2’-NH   4.85, q (5.15) 

2’-N-

CH3 

 2.78, s 2.71, d (5.15) 

3’ 6.78, dd (7.94, 1.25) 6.66, d (7.74) 6.55, dd (8.07, 1.20) 

4’ 6.97, ddd (7.94, 7.29, 1.58) 7.07, dd (7.64, 1.70) 7.04, td (7.68, 1.64) 

5’ 6.71, td, (7.42, 1.25) 6.65, dd (7.44, 1.11) 6.59, td (7.39, 1.20) 

6’ 7.17, dd, (7.58, 1.58) 7.11, dd (7.90, 1.57) 7.08, dd (7.41, 1.64) 

1H NMR spectroscopic data of 2 and 8 (MeOH-d4 recorded at 400MHz, and DMSO-d6 recorded 

at 600MHz, δ in ppm, J in Hz). 

Methylation of 2 due to the MarBPr activity occurred at the amino group of the phenyl moiety. 
 

       

Compound 2         compound 8 

The position of methyl group of compound 8 was proved by coupling constant and COSY cor-

relation of δ 4.85 and δ 2.71.  
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Supplementary Table 4. NMR spectroscopic data of the novel compound 9  
 
position δH, multiplicity (J) δc HMBC COSY 

1-NH 8.68, s   H-5 

2  171.7   

3  136.2   

4 6.98, d (1.73) 144.1 C-1’;C-2; C-3; C-
5 

H-5 

5 5.48, br s 78.5  1-NH; H-4; 5-OH 

5-OH 5.99, br s   H-5 

1’  116.6   

2’-NH2 5.14 147.5 C-1’;C-3’  

3’ 6.70, dd (8.14, 1.13) 115.9 C-1’; C-5’ H-4’ 

4’ 7.03, ddd (8.08, 7.26, 
1.65) 

129.5 C-2’; C-6’ H-3’; H-5’ 

5’ 6.56, dd (7.46, 1.22) 116.4 C-1’; C-3’ H-4’; H-6’ 

6’ 7.16, dd (7.69, 1.60) 130.6 C-2’; C-3’; C-3 H-5’ 

6’-NH2 5.14, s    

 

NMR spectroscopic data of 9 recorded in DMSO-d6 (δ in ppm, J in Hz; 1H at 400MHz, 13C at 
100 MHz; quaternary carbons observed from HMBC spectroscopic data). 
 

Light yellowish, amorphous solid; []22 D = -17.5  (c 0.25, MeOH); 1H (400 MHz) and 13C 

(100 MHz) NMR, see Table . The molecular formular of compound 9 was established as 

C10H10N2O2 based on the ion peak observed at m/z = 191.0867 [M+H]+ and m/z=213.0672 

[M+Na]+ in the LC-HRMS spectrum. The 1H and 13C NMR data of 9 was similar to the known 

compound 3. In 1H NMR spectrum, the one additional hydroxy proton of compound 9 resonated 

at δH 5.99 in stead of the methoxy group of compound 3 revealed the difference of the two co-

isolated compounds.  The COSY correaltions of 5-OH to 5-H, and of 5-H to 1-NH and 4-H 

demonstrated the position of hydroxy group, which also can be proved by HMBC correlations 

from 4-H to C-1’, C-2, C-3, and C-5.  So compound 9 was isolated as a new amino phenyl pyr-

rolidone derivative.  
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Supplementary Table 5. Antibiotic and Antifungal activity of APPA derivatives 
 

Compound Anti Gram+a Anti Gram-a Fungicidal Referenceb 

Marinoquinoline A + + - [1,2] 

Marinoquinoline B - - - [1] 

Marinoquinoline C + - + [1,2] 

Marinoquinoline D + - - [1,2] 

Marinoquinoline E + - + [1] 

Marinoquinoline F - - + [1] 

Marinoquinoline G - - - [2] 

Marinoquinoline H +  - - This study 

Marinoquinoline I + - - [2] 

Marinoquinoline J - - - [2] 

Marinoquinoline K - - - [2] 

Marinoazepinone A - - - [2] 

Marinoazepinone B + - - [2] 

Compound 2 - - - This study 

Compound 3 - - - This study 

Compound 9 - - - This study 

Compound 8 - - - This study 

 
a: + indicates that antibacterial activity was observed and – indicates the lack of it. In this study, 

Escherichia coli and Bacillus megaterium were used as Gram-negative and Gram-positive test 
strains, respectively. Details are given above in the experimental section.  
 
b: In [1] the MIC tests were conducted in 96-well microtiter well plates in EBS medium for 
Staphylococcus aureus, N. flava, and M. luteus and the Gram-negative bacteria E. coli and 

Chromobacterium violaceum. In addition, the fungi M. hiemalis, the yeasts Candida albicans, 

R. glutinis, and Pichia anomala as well as the fission yeast S. pombe were tested.In [2] the activ-

ities were measured in an agar diffusion test against Pontibacillus sp. (strain CNJ-912) and 
V. shiloi (strain CUA-364).  
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Supplementary Table 6. Media composition (per liter) 
 
Name Composition 

LB medium 

 

Tryptone 10g 

Yeast extract  5g 

NaCl  10g 

Marine Broth 2216 

 

Peptone 5.00 g  

Yeast extract 1.00 g   

Fe(III) citrate 0.10 g   

NaCl 19.45 g   

MgCl2 (anhydrous) 5.90 g  

 Na2SO4 3.24 g   

CaCl2 1.80 g   

KCl 0.55 g   

NaHCO3 0.16 g   

KBr 0.08 g   

SrCl2 34.00 mg   

H3BO3 22.00 mg  

 Na-silicate 4.00 mg  

 NaF 2.40 mg   

(NH4)NO3 1.60 mg   

Na2HPO4 8.00 mg   

Distilled water 1000.00 ml 

Minimal Medium  

 

Glucose 5g 

NaCl      5g 

FeSO4*7H2O 0.0011g 

MgSO4*7H2O 0.25g 

(NH4)SO4     1.98g 

KOH         4.23g 

KH2PO4  13.63g 
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Supplementary Table 7. Primers, DNA templates, PCR products and constructs used during 

this study. 
      

Primer name  Sequence Construct  DNA template 
PCR product 

amplified  

marRT1_f 
Aataattttgtttaactttaataaggagatataccatgagtgagttag-
taacatc 

pRSF-MarRt 
 

R. thailandica 
s80  MarARt marRT1_r gtgatgatggtgatggctgcttactcattcaaccaatcaa 

marRT2_f ttgattggttgaatgagtaagcagccatcaccatcatcac pRSF 
 

T7 prom.  
 marRT2_r attgacttaacaacttccatatgtatatctccttcttata 

marRT3_f tataagaaggagatatacatatggaagttgttaagtcaat 
R. thailandica 
s80  MarCRt marRT3_r 

ggccggccgatatccaattgagatctgccattataactccactgattgata
cttt 

marPR1_f   
aataattttgtttaactttaataaggagatataccatgattactacaagtaaa
gc 

pRSF-MarPr 

Porifericola 
rhodea s47  
  

MarAPr 
 marPR1_r  tgggtttgtgatgttatcatatgtatatctccttcctactcgtttaagtactcaa 

marPR2_f   
ttgagtacttaaacgagtaggaaggagatatacatatgataacatcacaa
accca 

MarBPr 
 marPR2_r   gtgatgatggtgatggctgcttatttgtaagctatacctg                

marPR3_f   caggtatagcttacaaataagcagccatcaccatcatcac                
pRSF 
 

T7 prom.  
 marPR3_r   tcaaaagctaatgttttcatatgtatatctccttcttata                

marPR4_f   tataagaaggagatatacatatgaaaacattagcttttga                
Porifericola 
rhodea s47  

MarCPr 
 marPR4_r  

cgcgtggccggccgatatccaattgagatctgccattatctgttttcgtaac
ttt 

marPR_DMT_f 
ttgagtacttaaacgagtagaaggagatatacatgaaaacattagcttttg
a    

pRSF-

MarPr∆MarB 
Porifericola 

rhodea s47  

∆MarB in   
pRSF-MarPr used 

instead 

marPR1_r 

marPR4_f  
mrPR_DMT_r  tcaaaagctaatgttttcatgtatatctccttctactcgtttaagtactcaa    

marA_pET28_f 
catgactggtggacagcaaatgggtcgcggatccggcatgagtgagtta
gtaaca 

pET28 marA R thailandica s80  
MarARt 
 marA_pET28_r 

tagcagccggatctcagtggtggtggtggtggtgcttactcattcaacca
atcaa 

marB_pET28_f 
gactggtggacagcaaatgggtcgcggatccggcatgataacatcaca
aacccaa 

pET28 marB 
Porifericola 

rhodea s47  
MarBPr 
 marB_pET28_r 

tagcagccggatctcagtggtggtggtggtggtgcttatttgtaagctata

cctg 

marC_pET28_f 
catgactggtggacagcaaatgggtcgcggatccggcatggaagttgtt
aagtca 

pET28 marC 
R. thailandica 
s80  MarCRt marC_pET28_r 

tagcagccggatctcagtggtggtggtggtggtgcttataactccactgat
tgat 

 

PCR reaction conditions (Q5® High-Fidelity DNA Polymerase)  Initial denaturation 30s at 

98°C;  30  Cycles : 10 s(98°C),  15 s(52°C) , 72°C (20s per kb)  and final extensión 2 min at 

72°C. 
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Summary Chapter III 

 

The last chapter summarizes the results on the biosynthetic investigation of AP-

PAs in bacteria belonging to the Cytophagales order. A bioinformatics and phylogenetic 

analysis allowed the identification of the biosynthetic gene cluster in Rapidithrix 

thailandica s80 (corresponding to marinoquinolines production) and Porifericola 

rhodea s47 (corresponding to N-methylmarinoquinolines production). 

The biosynthesis of these alkaloids, including enzymatic and spontaneous reac-

tions, was elucidated by different in vivo and in vitro experiments. This experiments in-

clude the heterologous expression of the BGCs and construction of deletion mutants as 

well as the expression and purification of single enzyme for further in vitro assays. In 

addition , the discovery of a new aminophenylpyrrolidone suggests a degradation route 

of these aminophenylpyrroles. 

The experiments revealed that the in a first step tryptophan is converted into 

aminophenylpyrrole in a reaction catalized by MarC(homologue to PrnB from pyrrolni-

trin biosynthesis).  This enzymatic product is a common precursor for the diverse class 

of APPA.  From this point on, a spontaneous Pictet−Spengler-like coupling reaction en-

ables the bacterial producer strains to create a library of tricyclic marinoquinolines, 

since several aldehydes can be applied as substrates. In an alternative route a SAM de-

pendent methyltransferase MarB adds one or more methyl groups to the aminophenyl 

intermediate that later reacts with aldehydes to form the N-methylated marinoquino-

lines. 
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Conclusions and Outlook 
 

The microbiomes of the intertidal area of different sites at the Peruvian coast 

vary considerably most likely in response to the seawater temperature. From the total 

microbiome, the known predatory bacterial taxa represented only 0.5%. However, by 

applying the bait streak isolation method using E. coli and Pheobacter inhibens as prey, 

several predatory strains were highly enriched and isolated.  

The culturable predatory bacteria showed a high potential for the production of 

antibiotics. From the isolates, several antibacterial compounds were identified, includ-

ing the known compounds ariakemicin, kocurin, naphthyridinomycin, pumilacidins, re-

sistomycin, surfactin and APPAs. However, most compounds remained elusive until 

now. 

  Kocurin, a compound with antibiotic activity against methicillin-resistant Staph-

ylococcus aureus (MRSA) strains was identified in the broth of Kocuria rosea s17. The 

biosynthetic gene cluster was identified by comparative genome analysis with other re-

ported thiopeptide producers. It comprises nine open reading frames and spans around 

12 kbp of the genome. Heterologous expression was used to prove the functionality of 

the predicted kocurin biosynthetic gene cluster.  

The highly diverse APPAs were isolated from the predatory bacterial strains Ra-

pidithrix thailandica s68, Rapidithrix thailandica s80 and Porifericola rhodea s47. Bio-

informatics and phylogenetic analyses allowed the identification of the biosynthetic 

gene cluster, which seems to be only present in the Cytophagales order.  The biosynthe-

sis of the Cytophagales APP alkaloids, their chemical diversification strategy, as well as 

the putative degradation pathway were elucidated making use of different in vivo and in 

vitro experiments.  

The first step in the biosynthesis consists in a one enzyme dependent reaction 

that yields 3- (2′-aminophenyl)-pyrrole from tryptophan. Second, a spontaneous Pic-

tet−Spengler-like coupling reaction followed by oxidation enables the bacterial produc-

er strains to create a library of tricyclic marinoquinolines alkaloids, since several alde-
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hydes can be applied as substrates. The diversity of this natural products class is further 

enlarged by the catalytic action of a methyltransferase, which adds one or more methyl 

groups to the aminophenyl intermediate. Furthermore, the discovery of a new amino-

phenylpyrrolidone suggests a degradation route of these aminophenylpyrroles via dioxi-

dation and methylation. 

The elucidation of the promising antibiotic kocurin and APPAs might facilitate 

the further development of such compound classes. In the case of kocurin, synthetic bi-

ology approaches to obtained analogs with exchanged aminoacids appears as an inter-

esting option to improve the physicochemical limitations of this compounds.  

With the elucidation of the APPA biosynthesis, the idea to use a chemoenzymat-

ic approach to build a library of natural and unnatural marinoquinolines derivatives with 

diverse bioactivies appears feasible. In this sense experiments using the methyltransfer-

ase MarB will be carried out for this approach. 
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Summary 

 

Bacteria are a remarkable source of bioactive compounds, of which many served 

as lead compounds for the development of medicinal drugs currently used for diverse 

applications in clinic. Despite the immense bacterial diversity, only a few taxa common-

ly isolated in bioprospecting projects are known as proliferative producers of these 

compounds (e.g., 70% of antibiotics are derived from Streptomyces species). In recent 

years, the re-isolation of known compounds became a recurrent problem, making the 

search for novel talented taxa a priority.  

Predatory bacteria possess large genomes, which provide them with a large met-

abolic repertoire. The assumption that these bacteria use antibiotics to weaken or even 

kill their prey implements the great potential of these organisms as source for novel bio-

active compounds. In the present work, the isolation of predatory bacterial strains, char-

acterization of their produced specialized metabolites and elucidation of the biosynthe-

sis of these metabolites was pursued. The Peruvian coastline was selected as sampling 

area, since it represents a biodiverse ecosystem, rich in endemic species. It is of interest, 

if the grade of biodiversity, usually judged by macroorganisms, can also be transferred 

to microorganisms. Therefore, a culture-independent metagenomics study was carried 

out to obtain first insights into the bacterial diversity. The microbiome of three different 

sites at the Peruvian Pacific coast was analyzed, revealing a lower bacterial biodiversity 

at Isla Foca than at Paracas and Manglares, with 89 bacterial genera identified, as com-

pared to 195 and 173 genera, respectively. Only 47 of the bacterial genera identified 

were common to all three sites.  

Then, in order to obtain promising strains for the production of novel antimicro-

bials, predatory bacteria were isolated from these sampling sites, using two different 

bait organisms. Even though the proportion of predatory bacteria was only around 0.5% 

in the here investigated environmental microbiomes, by this approach in total 138 bacte-

rial strains were isolated as axenic culture. 25% of these strains showed antibacterial 

activity, thereby nine revealed activity against clinically relevant methicillin resistant 

Staphylococcus aureus (MRSA) and three against enterohemorrhagic Escherichia coli 

(EHEC) strains. Phylogeny and physiological characteristics of the active strains were 
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investigated. Metabolomic analyses enabled first insights into the chemical basis of the 

antibacterial activity and indicated production of the known compounds ariakemicin, 

kocurin, naphthyridinomycin, pumilacidins, resistomycin, surfactin and amino-

phenylderived alkaloids. However, most antibacterial compounds remained elusive until 

now.   

Among the reported compounds, it was aimed to understand the biosynthesis of 

the promising antibiotic kocurin. Kocurin is a ribosomally synthetized and posttransla-

tional modified (RIPP) thiopeptide produced by Kocuria rosea s17. The genetic basis of 

this natural product with activity against MRSA was revealed by comparative genome 

analysis of this new isolate and other reported thiopeptide producer strains. The func-

tionality of the predicted gene locus was experimentally proven by heterologous expres-

sion in Streptomyces coelicolor M1146. Expression of the gene cluster under the control 

of a constitutive promoter enabled the transgenic strain to produce kocurin in selected 

media. The kocurin biosynthetic gene cluster (BGC) comprises 9 open reading frames 

and spans around 12 kbp of the genome.  

Another class of highly interesting natural products, showing various bioactivi-

ties, for which the biosynthesis was investigated in detail, were the highly diverse ami-

nophenyl-derived alkaloids (APPAs). APPAs, like the antifungal pyrrolnitrin, which 

was already discovered in the 60ies, represent high value lead compounds that were de-

veloped into globally important fungicides. More recently, diverse APPAs were discov-

ered from bacteria belonging to the Cytophagales order (phylum Bacteroidetes). In the 

present work, a bioinformatics and phylogenetic approach enabled the elucidation of the 

genetic basis, as well as the non-enzymatic processes involved in the biosynthesis of 

these natural products. A bioinformatic analysis of the producer genomes (Rapidithrix 

thailandica s80 and Porifericola rhodea s47) allowed the identification of the putative 

APPA BGC. The biosynthesis was experimentally validated by heterologous expression 

of the BGCs in E. coli and revealed that first, one enzyme-dependent biosynthetic step 

yields the tryptophan-derived precursor 3-(2’-aminophenyl)-pyrrole. Second, a sponta-

neous Pictet-Spengler-like coupling reaction enables the producer strains to create a li-

brary of tricyclic alkaloids. Which alkaloids are formed is highly dependent on the 

chemical environment, since several aldehydes can be applied as substrates. The diver-

sity of these natural products class is further enlarged by the catalytic action of a me-

thyltransferase (MT), which adds a methyl group to the aminophenyl intermediate. This 
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N-MT is encoded in some of the bacterial BGCs, and was investigated in detail, using in 

vivo and in vitro experiments. 

In summary, predatory bacteria represent an important bioresource for the dis-

covery of novel metabolites. In the present study, the combination of bioinformatics and 

metabolomics analyses enabled the elucidation of the BGCs for kocurin and APPAs. 

The results obtained might facilitate the further development of such compound classes 

in the future and might contribute to enlarge the toolbox for synthetic biology approach-

es. 
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