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Zusammenfassung 

Naturstoffe werden seit Jahrhunderten vom Menschen für die Behandlung verschiedener 

Krankheiten verwendet. Obwohl die Investitionen der Pharmaunternehmen in die 

Naturstoff-Forschung in den letzten Jahrzehnten zurückgegangen sind, spielen Naturstoffe 

nach wie vor eine wichtige Rolle in der Entwicklung neuer Arzneimittel. Eine Quelle für 

neue bioaktive Naturstoffe von zunehmender Bedeutung sind Cyanobakterien. Daher war 

es das Ziel der vorliegenden Arbeit, neue Naturstoffe aus Cyanobakterien für die 

Arzneimittelentwicklung zu identifizieren und zu charakterisieren, wobei drei verschiedene 

Ansätze verfolgt wurden.  

(I) Ein strukturgeleitetes Screening mit der Software HaloSeeker wurde durchgeführt, die 

der Identifizierung neuer halogenierter Naturstoffe dient. Das Screening zeigte das 

Vorhandensein mehrerer unbekannter halogenierter Verbindungen im Extrakt des 

Cyanobakteriums Fischerella ambigua (Näg.) Gomont 108b an. Drei neue Naturstoffe, 

Tjipanazole K, L und M, sowie die beiden bereits bekannten Tjipanazole D und I wurden 

aus F. ambigua (Näg.) mittels Flash-Chromatographie und semi-präparativer HPLC 

isoliert. Die Strukturen der Verbindungen wurden mittels HRMS und NMR aufgeklärt. 

Wir konkretisierten den Tjipanazole-Biosyntheseweg aufgrund neuer Erkenntnisse über 

den biosynthetischen Gencluster sowie über die Strukturen der im Stamm nachgewiesenen 

Tjipanazole. Aufgrund der strukturellen Ähnlichkeiten aller Tjipanazole mit bereits 

bekannten Inhibitoren des Brustkrebs-Resistenz-Transporters ABCG2 wurden alle 

Verbindungen hinsichtlich ihrer Fähigkeit, ABCG2 zu hemmen, charakterisiert. 

Tjipanazole M zeigte eine ähnlich starke hemmende Wirkung gegen ABCG2 wie der 

bekannte Inhibitor Acyriaflavin A. Die durchgeführte Struktur-Wirkungsbeziehungsstudie 

zeigte, dass der Pyrrolo[3,4-c]-Ring eine entscheidende Voraussetzung für die ABCG2 

hemmende Wirkung in dieser Substanzklasse ist.  

(II) Eine Extraktsammlung von Cyanobakterien wurde mit Hilfe eines Screenings auf 

immunmodulierende Naturstoffe untersucht. Zwei neue Naturstoffe, Hapalindole 

A-Formamid und Hapalindole J-Formamid, wurden zusammen mit den drei zuvor 

beschriebenen Hapalindolen A, D und M aus dem Cyanobakterium Hapalosiphon sp. 

CBT1235 mittels semi-präparativer HPLC isoliert. Die Strukturen aller Hapalindole 

wurden mit Hilfe von HRMS und NMR aufgeklärt. Die Auswirkungen der Verbindungen 

auf die T-Zellproliferation und T-Zellapoptose wurden untersucht. Alle Hapalindole 
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unterdrückten die T-Zellproliferation, wobei Hapalindole A die stärkste hemmende 

Aktivität zeigte. Obwohl Hapalindole A apoptotische Aktivität gegen T-Zellen zeigte, war 

die Abschwächung der T-Zellproliferation bei bis zu 10-fach niedrigeren Konzentrationen 

messbar, was es zu einem potenziellen Kandidaten für die Entwicklung neuer 

immunmodulierender Medikamente macht. 

(III) Ein Screening einer Extraktsammlung von Cyanobakterien wurde durchgeführt, um 

Inhibitoren des Quorum Sensing Systems von Serratia marcescens zu identifizieren. 

Es wurde kein Quorum Sensing hemmender Extrakt entdeckt. Jedoch wurde festgestellt, 

dass ein Extrakt von Fischerella ambigua (Näg.) Gomont 108b die Produktion des Quorum 

Sensing regulierten Pigments Prodigiosin in S. marcescens erhöht. Aufgrund dieser 

faszinierenden Aktivität, wurden die beiden neuen Naturstoffe, Ambigol D und E, sowie 

die beiden bereits bekannten Ambigole A und C mittels Flash-Chromatographie und semi-

präparativer HPLC aus F. ambigua isoliert. Die Strukturen der Verbindungen wurden 

mittels HRMS und umfangreichen NMR-Experimenten aufgeklärt. Alle Ambigole 

erhöhten die Prodiginin-Produktion von Serratia sp. ATCC 39006, wobei Ambigol C die 

stärkste Aktivität zeigte. Darüber hinaus zeigten Ambigol A und D antibakterielle Aktivität 

gegen Serratia sp. ATCC 39006. Eine Genexpressionsanalyse des Prodigiosin-

Biosynthese-Genclusters ergab, dass Ambigol C die Prodigiosin-Produktion in Serratia sp. 

ATCC 39006 nicht erhöht, indem es die Transkriptionsrate der Prodigiosin-

Biosynthesegene verstärkt. Daher wurde der Einfluss von Ambigol C auf das Transkriptom 

von Serratia sp. ATCC 39006 mit Hilfe von RNA-Seq und anschließender differentieller 

Genexpressions- und funktioneller Anreicherungsanalyse untersucht. 

Der Wirkmechanismus für die beobachtete Aktivität der Ambigole konnte anhand der 

Transkriptomanalyse nicht ermittelt werden. Unsere Ergebnisse deuten jedoch darauf hin, 

dass Ambigol C einen großen Einfluss auf die Translationsmaschinerie und die 

Präkursorversorgung der Prodigiosin-Biosynthese von Serratia sp. ATCC 39006 hat.  

Alle drei Screening-Ansätze waren erfolgreich in der Identifizierung neuer bioaktiver 

Naturstoffe aus Cyanobakterien und veranschaulichen, dass Cyanobakterien in der Tat eine 

produktive Quelle für bioaktive Naturstoffe sind. Die mögliche Verwendung der isolierten 

Verbindungen als Kandidaten für die Arzneimittelentwicklung oder andere 

Anwendungsbereiche muss in zukünftigen Studien noch untersucht werden.
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Summary 

Natural products have been used by humans for the treatment of various disease since 

centuries. Although the investments of pharmaceutical companies in natural product 

research declined over the last decades, natural products still play a major role in the 

development of new drugs. An increasingly recognized source for new bioactive natural 

products are cyanobacteria. Thus, the present thesis aimed to identify and characterize new 

natural products from cyanobacteria for drug development purposes utilizing three distinct 

approaches.  

(I) A chemistry-guided screening using the software HaloSeeker dedicated to the 

identification of new halogenated natural products was conducted. The screening indicated 

the presence of several unknown halogenated compounds in the extract of the 

cyanobacterium Fischerella ambigua (Näg.) Gomont 108b. Three new natural products, 

tjipanazole K, L, and M, as well as the two already known tjipanazoles D and I were isolated 

from F. ambigua (Näg.) using flash chromatography and semi-preparative HPLC. 

The structures of the compounds were elucidated using HRMS and NMR. We substantiated 

the putative tjipanazole biosynthetic pathway based on new insights into the biosynthetic 

gene cluster as well as the structures of the tjipanazoles detected in the strain. Due to the 

structural similarities of all tjipanazoles to already known inhibitors of the breast cancer 

resistance transporter ABCG2, all compounds were characterized for their capability to 

inhibit ABCG2. Tjipanazole M exhibited similar potent inhibitory activity against ABCG2 

as the known inhibitor acyriaflavin A. The conducted structure-activity relationship study 

showed that the pyrrolo[3,4-c] ring is a critical requirement for the ABCG2 inhibitory 

activity in this compound class.  

(II) A cyanobacterial extract collection was screened for immunomodulating natural 

products. Two new natural products, hapalindole A-formamide and hapalindole 

J-formamide, along with the three previously described hapalindoles A, D, and M were 

isolated from the cyanobacterium Hapalosiphon sp. CBT1235 using semi-preparative 

HPLC. The structures of all hapalindoles were elucidated by HRMS and NMR. The effects 

of the compounds on T cell proliferation and T cell apoptosis were investigated. 

All hapalindoles suppressed T cell proliferation, with hapalindole A showing the most 

potent inhibitory activity. Although hapalindole A showed apoptotic activity against 

T cells, the attenuation of T cell proliferation was measurable at up to 10-fold lower 
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concentrations, making it a potential candidate for the development of new 

immunomodulating drugs.  

(III) A screening of a cyanobacteria extract collection was conducted to identify inhibitors 

of the quorum sensing system of Serratia marcescens. No quorum sensing inhibiting 

extract was detected. However, an extract of Fischerella ambigua (Näg.) Gomont 108b 

was found to increase production of the quorum sensing-regulated pigment prodigiosin in 

S. marcescens. Intrigued by this activity, the two new natural products, ambigol D and E, 

as well as the two already known ambigols A and C were isolated from F. ambigua using 

flash chromatography and semi-preparative HPLC. The structures of the compounds were 

elucidated using HRMS and extensive NMR experiments. All ambigols increased the 

prodiginine production of Serratia sp. ATCC 39006, with ambigol C showing the most 

potent activity. Moreover, Ambigol A and D showed antibacterial activity against Serratia 

sp. ATCC 39006. A gene expression analysis of the prodigiosin biosynthetic gene cluster 

revealed that ambigol C does not increase prodigiosin production in Serratia sp. ATCC 

39006 by elevating the transcription rate of prodigiosin biosynthesis genes. Thus, the 

influence of ambigol C on the transcriptome of Serratia sp. ATCC 39006 was examined 

using RNA-Seq and subsequent differential gene expression and functional enrichment 

analyses. The mode-of-action for the observed activity of the ambigols could not be 

determined based on the transcriptome analysis. However, our results indicate that ambigol 

C has a major impact on the translation machinery and the precursor supply of prodigiosin 

biosynthesis of Serratia sp. ATCC 39006.  

All three screening approaches were successful in identifying new bioactive natural 

products from cyanobacteria and illustrate that cyanobacteria are indeed a prolific source 

for bioactive natural products. The potential use of the isolated compounds as candidates 

for drug development or other applications remains to be investigated in future studies. 
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1 Introduction 

1.1 Cyanobacteria as a prolific source for bioactive natural products 

Chemical substances derived from living organisms, such as plants, bacteria, fungi and 

animals, are called natural products and have been used by humans for medical purposes 

since ancient times. They are used as a direct source for therapeutic agents in form of pure 

compounds or defined mixtures, a source for the development of semi-synthetic drugs, or 

prototypes for the design of lead molecules.1 In the past 39 years 23.5 % of all approved 

therapeutic agents were natural products, natural product derivatives or botanical drugs. 

This percentage rises to 37.9 %, if synthetic drugs with a natural product pharmacophore 

and mimics of natural products that feature a natural product pharmacophore but have been 

discovered differently are being taken into account.2  

Most recently, cyanobacteria gained attraction as a prolific source for bioactive natural 

products, since many cyanobacterial compounds with novel structural scaffolds and potent 

bioactivities have been discovered.3–5 Cyanobacteria represent one of the most ancient life 

forms on earth with discovered fossils of cyanobacteria-like organisms dating back 

3.5 billion years.3 They colonize various and sometimes extreme environments around the 

world, resulting in a high morphologic, physiologic and metabolic diversity.4 

Their widespread appearance in different ecological niches and long evolutionary history 

could explain their production of chemical diverse natural products, such as alkaloids, 

depsipeptides, lipopeptides, macrolides, terpenoids, polysaccharides, and lipids (Table 1).5 

Around half of the known cyanobacteria metabolites are peptides or peptide derivatives 

that are produced by nonribosomale petide synthetases (NRPS) or polyketide synthases 

(PKS), or a combination of both systems.6,7 Notably, 70 % of all studied genome sequenced 

cyanobacterial strains exhibit NRPS and PKS gene clusters in their genomes.8 

However, only 20 % of all known cyanobacterial compound families can be linked to 

specific identified biosynthetic gene clusters, showing that the vast majority of biosynthetic 

pathways of cyanobacterial metabolites is still unknown.9 The discovery of many 

derivatives of one parent compound is not uncommon in cyanobacteria. Over 270 different 

microcystins,10 82 cyanopeptolins,6 and over 30 hapalindoles11 have been isolated from 

different cyanobacteria, showing a high natural diversity within a given compound family.  
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Table 1. Examples for cyanobacterial compounds according to their respective chemical 

classes and producer strains. 

Chemical class Compounds (examples) Producing cyanobacterium 

Alkaloids hapalindoles, ambiguine isonitrils Hapalosiphon fontinalis,12 H. hibernicus13 

Depsipeptides cryptophycins, cyanopeptolins Nostoc sp.,14,15 Microcystis sp.16 

Lipopeptides anabaenolysins, majusculamides Anabaena sp.,17 Lyngbya majuscula18 

Macrolides scytophycins, biselyngbyasides Scytonema pseudohofmanni,19 Lyngbya sp.20 

Terpenoids comnostins, norabietanes Nostoc commune,21 Microcoleous lacustris22 

Polysaccharides calcium spirulan, cyclodextrins Arthrospira platensis,23 Tolypothrix byssoidea24 

Lipids lyngbic acid, lyngbyoic acid Lyngbya majuscula25,26 

 

Cyanobacteria are famous for the formation of blooms in freshwater bodies all over the 

world and their production of toxins, which pose a threat to the health of humans and 

animals.27 Apart from toxins, it has become more and more clear that cyanobacteria have 

the ability to produce natural products with antibacterial, antifungal, antiviral, 

antiprotozoal, molluscicidal, anticancer, immunosuppressive, anti-inflammatory, 

antioxidant activities, as well as the ability to inhibit proteases, and 

histone deacetylases.9,28,29  

Some cyanobacterial natural products with promising bioactivities are or were in clinical 

trials (Figure 1). The most successful cyanobacterial natural products with a medical 

application are the peptidic dolastatins. They were isolated from the genera Lyngbya and 

Symploca and show antiprotozoal and antiproliferative activities.30–32 Both activities are 

caused by binding to tubulin, preventing the microtubule assembly during mitosis.32,33 

Especially dolastatin 10 (1) showed promising in vitro activities as a potential anticancer 

drug. Thus, phase I and II clinical trials were conducted with this compound as a single 

therapeutic agent, but a phase III clinical trial was dropped due to toxic effects.34 

Moreover, the dolastatin 10 synthetic analogue soblidotin (2) showed promising results as 

an effective drug against MX-1 breast carcinoma and LX-1 lung carcinoma in p53 normal 

and mutant cells.35,36 Soblidotin (2) reached phase II clinical trials, but did not enter a phase 

III clinical trial due to a lack of efficacy during trials.37  

The most successful cyanobacterial natural product is a synthetic analogue of 1, 

monomethyl auristatin E (3). This compound passed all clinical trials as an antibody drug 

conjugate for the treatment of Hodgkin’s lymphoma or systemic anaplastic large cell 
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lymphoma,38 making it the first approved drug (Brentuximab vedotin) based on a 

cyanobacterial natural product. Since then, more than 30 antibody drug conjugates with 

monomethyl auristatin E (3) or monomethyl auristatin F (4) as a drug, were evaluated in 

clinical trials.37 Two analogues of the peptide dolastatin 15, cemadotin (5) and 

synthadotin/tasidotin (6), were also examined as potential anticancer drugs in clinical 

studies. However, follow up clinical trials on 5 were discontinued, whereas 6 has completed 

three phase II clinical trials.39  

Further prominent molecules from cyanobacteria that are or were in clinical trials as 

potential therapeutic drugs are the cryptophycins. They are depsipetides with very high 

cytotoxicity based on their ability to inhibit microtubule assembly and were isolated from 

the cyanobacterium Nostoc.14,15 The semi-synthetic analogue cryptophycin 52 (7) showed 

promising cytotoxic activities against multi-drug resistant tumor cells with adequate 

stability in aqueous solution compared to other cryptophycins.40 Thus, 7 was chosen to 

undergo clinical evaluation. Cryptophycin 52 (7) reached phase II of clinical trials. 

However, due to a lack of efficacy in vivo and toxicity effects further investigations have 

been discontinued.41 Although 7 failed in phase II clinical trials as a single therapeutic 

agent, there is still an interesting perspective for the usage of cryptophycins as antibody 

drug conjugates for the treatment of cancer.42 

Moreover, neosaxitoxin (8), a derivative of saxitoxin, is a cyanobacterial natural product 

that was tested as a long-acting local anesthetic in phase I clinical trials.43,44 Neosaxitoxin 

(8) is a highly potent neurotoxin that was isolated from various species from the 

cyanobacteria genera Aphanizomenon.45–47 Studies showed that 8 as well as other 

saxitoxins function as reversible inhibitors of voltage-gated sodium channels, thereby 

blocking impulse generation and propagation in animals and humans.48,49 Furthermore, 

studies revealed that the local anesthetic activity of 8 can be potentiated and prolonged, if 

it is administered in combination with other local anesthetics (e.g. bupivacaine) or 

vasoconstrictors (e.g. epinephrine).43,50 In addition to the local anesthetic activity of 8, 

Montero et al. showed that 8 inhibits the expression of inflammatory cytokines derived 

from macrophages, making 8 a potential candidate for the development of 

anti-inflammatory drugs.51  
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Figure 1. Selected cyanobacterial metabolites that are or were in clinical trials. 

 

1.2 Halogenated natural products from cyanobacteria 

Many halogenated natural products (HNPs) are biosynthesized by marine organisms, such 

as marine bacteria,52,53 algae,52,54–59 and marine invertebrates.60–66 However, they are also 

produced by terrestrial plants,67–71 fungi,72–77 soil bacteria,78–82 insects,83–85 and higher 

animals.86,87 Cyanobacteria synthesize a wide range of HNPs, including various peptides, 

indole alkaloids, and other chemical classes (Table 2). 

HNPs exhibit various bioactivities including antibacterial, antifungal, antiparasitic, 

antiviral, anti-inflammatory, antitumor and molluscicidal activities.88 The bioactivity of 

natural products is often depended on the presence of halogen substituents. 

For instance, the non-chlorinated derivative of cryptophycin 1, exhibited an 8-fold lower 

inhibitory activity against human cervical carcinoma cells than cryptophycin 1.89 
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Chlorodysinosin A is another cyanobacterial HNP from the aeruginosin family that showed 

increased enzyme inhibitory activities against thrombin, FVIIa and trypsin compared to its 

non-chlorinated variant.90  

 

Table 2. Examples for halogenated compounds from cyanobacteria according to their 

respective chemical classes and producer strains. 

Chemical class Compounds Producing cyanobacterium 

Peptides aeruginosins, cyanopeptolins, 

cryptophycins, microginins, 

lyngbyabellins 

Microcystis aeruginosa,91,92 Scytonema 

hofmanni,93 Nostoc sp., 14 Lyngbya 

majuscula94 

Indole alkaloids ambiguines, hapalindoles, 

welwitindolinones, fischerindoles 

Hapalosiphon hibernicus,13 

H. fontinalis,12 H. welwitschii,95 

Fischerella muscicola96 

Polychlorinated 

polyphenols 

ambigols Fischerella ambigua97 

Glycolipids bartolosides Nodosilinea sp.98 

Paracyclophanes carbamidocyclophanes Nostoc sp. 99 

Fatty acid amides malyngamides Lyngbya majuscula100 

Indolocarbazoles tjipanazoles Tolypothrix tjipanasensis101 

 

Chlorine is the halogen most frequently found in HNPs, followed by bromine, whereas 

fluorination and iodination are quite unusual in nature.102 Enzymatic halogenation of 

natural products is often facilitated by hydrogen peroxide-dependent haloperoxidases or 

oxygen-dependent halogenases,103 and corresponding enzymes have been found in 

cyanobacteria.104,105 Halogenation of metabolites contributes to the high chemical diversity 

in cyanobacteria (Figure 2). Various HNP from cyanobacteria with one (9, hapalindole A), 

two (10, tjipanazole A1) or even six halogens (11, ambigol A) incorporated in their 

structure have been discovered. Further unusual modifications are the addition of several 

halogens to one carbon atom like in hectochlorin (12) and barbamide (13) or the 

incorporation of chlorine and bromine such as in the case of jamaicamide A (14).  
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Figure 2. Selected halogenated natural products from cyanobacteria.  

 

1.3 Immunomodulatory natural products from cyanobacteria 

Immunity of multicellular organisms is a biological defense system against pathogenic 

agents, e.g. bacteria, fungi, parasites, viruses, cancer cells and toxins. The immune system 

can be classified into two categories, the non-specific and the specific immune system.106 

The non-specific immune system, also called innate immune system, is the first 

immunological mechanism for fighting against pathogenic agents that functions 

immediately or within hours. It is not able to recognize or “memorize” a specific pathogen 

if the organism is exposed to it another time.107 Various defensive mechanism are part of 

the innate immune system. Anatomic barriers such as skin and mucous membranes or 

physiologic barriers like inhospitable pH, high body temperatures (fever), or the production 
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of antimicrobial molecules prevent the entry of pathogens into the host as well as their 

spreading within the body. Moreover, phagocytosis of pathogenic agents by macrophages, 

neutrophils, dendritic cells, mast cells, basophils, eosinophils or natural killer cells enables 

their removal. Many of the innate immunity cells also produce cytokines and present 

antigens to T and B cell in order to activate the specific immune system.107  

The specific immune system is also referred to as the adaptive immune system and takes 

more time to develop than the innate immune system. The purpose of the adaptive immune 

system is the recognition and destruction of specific pathogens, as well as their quick 

elimination in subsequent infections. The adaptive immune response is mediated by T and 

B cells. T cells can recognize antigen fragments bound to the surface of antigen-presenting 

cells.108 The recognition of antigen fragments stimulates T cells to differentiate into 

cytotoxic T cells and T helper cells, enabling the destruction of cells infected with 

pathogenic agents and the recruitment and activation of B cells, respectively. In contrast to 

T cells, B cells can be activated by soluble antigens and differentiate into antibody-

secreting plasma cells or memory cells. While plasma cells are short-lived, memory cells 

can live for months, years or a lifetime.108 

Immunomodulators are synthetic or natural substances that help to regulate or normalize 

the immune response by acting on different components of the immune system. 

Potential targets of immunomodulators are components from the innate immune system 

(e.g. macrophages, dendritic cells, natural killer cells, neutrophils) as well as from the 

adaptive immune system (e.g. T and B cells).109,110 Immunomodulators can be further 

classified into immunostimulants and immunosuppressants. Immunostimulants enhance or 

activate components of the immune system and can be used against cancer and infectious 

diseases.109,111 In contrast, immunosuppressants inhibit the immune system and are 

prescribed to treat autoimmune diseases or prevent the rejection of tissue and organ 

transplants.112  

Various biomass extracts, commercial products as well as biomolecules from cyanobacteria 

are known to exhibit immunomodulatory activities. Investigations for immunomodulating 

activities of cyanobacterial extracts showed that extracts of Arthrospira exhibit 

immunostimulating activities,113 whereas extracts of Oscillatoria and Synechocystis 

displayed immunosuppressive properties.114 The protein C-phycocyanin from Arthrospira 

showed potent immunomodulating activities by activating macrophages, T and B cells, 
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stimulating cytokine production or inhibiting antibody and histamine production.115 

Further immunomodulating properties have been credited to the natural products 

microcolin A (15), microcolin B (16), and microcystin-LR (17) (Figure 3). Microcolin A 

(15) and microcolin B (16) are lipopeptides isolated from the cyanobacterium Lyngbya 

majuscula and were found to suppress T cell proliferation.116 Microcystins are 

heptapeptides produced by various cyanobacteria including Microcystis, Anabaena, 

Nostoc, and Planktothrix species.117 The most commonly found microcystin in 

cyanobacterial blooms is 17.118,119 Microcystin-LR (17) has been found to activate 

macrophages,120 whereas other microcystin variants showed no immunomodulatory 

activity.121 Although 17 exhibited immunomodulating properties, it is also known for its 

heptatoxic,122 neurotoxic,123 and genotoxic activities.124  

 

 

Figure 3. Selected natural products from cyanobacteria with immunomodulating activity. 
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1.4 An alternative strategy to fight drug-resistant bacteria 

The discovery of penicillin in 1928 by Alexander Fleming and its use in the 1940s enabled 

the successful treatment of infections caused by Gram-positive bacteria.125 Later, numerous 

antimicrobial agents such as cephalosporin, erythromycin and vancomycin were isolated 

from bacteria and fungi.126 Several of them were chemically modified to improve their 

pharmacological properties during drug development.127 However, resistance in bacteria to 

one or multiple antibiotics has been observed over time.126 Multiple studies established a 

direct link between the consumption of antibiotics and the rise of resistance in bacteria, 

making the overuse of antibiotics a major driving factor for this problem.128,129 

Promoting factors for the excessive use of antibiotics are the fact that in some countries 

antibiotics are unregulated and can be purchased without prescription130,131 as well as their 

simplified purchase through the internet.132,133 Further driving factors for the emergence of 

drug-resistant bacteria is the incorrectly prescription of antibiotics, their extensive 

agricultural use and the stalled development of new antibiotics by pharmaceutical 

companies.126  

Due to the spread of antibiotic resistance and the resulting infections with 

multidrug-resistant bacteria that cannot be treated adequately, the Centers for Disease 

Control and Prevention in the USA declared 18 bacteria and fungi as threats to the public 

health in 2019. Especially, carbapenem-resistant Acinetobacter, Candida auris, 

Clostridioides difficile, carbapenem-resistant Enterobacteriaceae and drug-resistant 

Neisseria gonorrhoeae were reported as urgent threats that require acute and aggressive 

action in the USA.134 Even though there is a growing need for new classes of antibiotics, 

their development is lagging far behind the demand.126,135,136 Thus, alternative strategies to 

fight multidrug-resistant bacteria are warranted.  

Many bacteria use quorum sensing (QS), a cell density-dependent mechanism of 

communication, to measure their population density or sense other species in order to 

regulate processes, such as bioluminescence,137,138 biofilm formation,139,140 siderophore 

production,141,142 sporulation,143,144 motility,145,146 synthesis of antibiotics,147–149 and 

virulence factor expression.150,151 All known QS systems in bacteria involve releasing, 

sensing and responding to small molecules, the so-called autoinducers.152 

Many Gram-negative and Gram-positive bacteria produce N-acyl-homoserine lactones 

(18, AHLs) and autoinducing peptides, e.g. autoinducing peptide-1 (19, AIP-1), as 
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autoinducers, respectively (Figure 4). However, autoinducers from other chemical classes 

have also been discovered including the Pseudomonas quinolone signal (20, PQS) in 

Pseudomonas aeruginosa,153 diffusible signaling factor (21, DSF) in Xanthomonas 

campestris,154 cholera autoinducer-1 (22, CAI-1) in Vibrio cholerae,155 and hydroxyl-

palmitic acid methyl ester (23, PAME) in Ralstonia solanacearum.156 Autoinducer-2 

(24, AI-2) is another signal molecule produced by the protein LuxS in Vibrio harveyi.157 

This protein has been found in over 500 different bacterial species, making 24 the most 

common autoinducer in bacteria to date, and thus proposed to facilitate interspecies 

communication.158 In Gram-negative and Gram-positive bacteria, autoinducers are 

produced by the cell and diffuse or are secreted into the environment. The autoinducer 

concentration increases as the bacterial cell density grows. When the autoinducer 

concentration reaches a certain critical threshold, autoinducers can alter gene expression by 

binding to transmembrane histidine protein kinase receptors or transcriptional regulators of 

the cell, allowing the whole population to coordinate its behaviour.152  

Some pathogens use QS to regulate processes important for their pathogenicity, including 

biofilm formation, sporulation, and expression of virulence factors, such as haemolysins, 

adhesins, toxins, siderophores, and proteases.159 Thus, interference with QS systems in 

pathogenic bacteria has been discussed as a promising strategy for the treatment of bacterial 

infections.160–163 Reduction of pathogenicity in pathogens with the utilization of QS 

inhibitors could allow the host immune system to clear the infection before it causes too 

much harm. Various QS inhibitors have been discovered that can interfere with the QS 

system of bacteria by inhibiting the synthases, degrading the signal molecule, or blocking 

the response regulators or transcriptional factors.164  
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Figure 4. Selected autoinducers from QS systems in different organisms. 

 

Several QS inhibitors that disrupt AHL-based QS systems were isolated from cyanobacteria 

(Figure 5). Extracts from Lyngbya majuscula yielded 8-epi-malyngamide C (25),165 

malyngamide C (26),165 malyngolide (27) and lyngbyoic acid (28),26,166 which showed QS 

inhibition activity against a LasR-based reporter strain. LasR is a transcriptional regulator 

and part of the LasI/LasR QS system in P. aeruginosa.167 In addition, 15 and 16 were 

isolated from L. majuscula. Both inhibited the QS of Chromobacterium violaceum.168 

Moreover, pitinoic acid A (29) was isolated from a marine cyanobacterium morphologically 

similar to Lyngbya sp. as an inhibitor of the QS system in P. aeruginosa.169 Further QS 

inhibitors were isolated from the cyanobacterium Blennothrix cantharidosmum such as 

tumonoic acids E–H. All showed quorum sensing inhibition activity on the 

bioluminescence of V. harveyi, with tumonoic acid F (30) showing the most potent 
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inhibitory activity.170 Reduction of the bioluminescence of V. harveyi was also attributed 

to the three γ-butyrolactones, honaucin A–C (31–33), as well as to lyngbic acid (34).171,172 

Honaucins A–C (31–33) were isolated from the cyanobacterium Leptolyngbya 

crossbyana,171 whereas 34 was isolated from L. majuscula.26 Although several QS 

inhibitors have been isolated from cyanobacteria, no QS system has yet been found in this 

phylum. However, the production of autoinducer N-octanoyl-homoserine lactone by a 

Gloeothece sp. strain was reported in 2008. Although the strains showed a QS-like 

behaviour to the accumulation of N-octanoyl-homoserine lactone, no QS genes could be 

identified in its genome.173  

 

 

Figure 5. Selected natural products from cyanobacteria with QS inhibition activity. 
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It has been hypothesized that the non-bactericidal nature of QS inhibitors may lead to a 

lower probability for microorganisms to develop resistance mechanisms against them, 

suggesting that QS inhibitors are potential alternatives for antibiotics.174 

Another application for QS inhibitors is their combination with antibiotics. Multiple in vivo 

and in vitro studies revealed the synergistic effect of QS inhibitors and antibiotics.175–178 

Christensen et al. showed that QS inhibitors furanone C-30, ajoene, or horseradish juice 

extract provide synergistic antimicrobial effects with tobramycin in combination treatments 

of P. aeruginosa biofilms, making this a promising strategy to improve the efficacy of 

antibiotics.176 Currently, no QS inhibitor has been approved as a therapeutic drug. 

However, several clinical trials have already been performed to assess their potential in 

treating bacterial infections.179–181  

 

1.5 Quorum sensing in Serratia 

Bacteria from the genus Serratia are Gram-negative and belong to the family 

Enterobacteriaceae. Serratia species occupy different habitats, such as water, soil, plants, 

animals, and humans.182 Most strains are motile by peritrichous flagella, facultative 

anaerobic and chemoorganotrophic. Several species of Serratia, in particular Serratia 

marcescens, are opportunistic pathogens and can cause numerous infections, e.g., 

pneumonia, bacteremia, wound and urinary tract infections.183–186 Complications in 

treatment of Serratia infections can occur due to resistance to multiple antibiotics.187,188  

Similar to other pathogens, the pathogenicity in Serratia is controlled among other factors 

by QS.189 QS-regulated processes including motility, biofilm formation, and the production 

of virulence factors that may contribute to the pathogenicity of Serratia.189 The four 

AHL-dependent QS systems SmaI/SmaR, SwrI/SwrR, SpnI/SpnR, and SplI/SplR were 

identified in various Serratia strains such as Serratia sp., S. marcescens, S. plymuthica, and 

S. proteamaculans, with N-hexanoyl-L-homoserine lactone being the most common 

AHL.148,190–194 Serratia spp. have two forms of flagellum-dependent motility (swarming 

and swimming) and one flagellum-independent form of motility (sliding). Swarming, 

which allows the bacterium to move on top of agar surfaces, and the production of 

molecules that reduce the surface tension of the agar has been shown to be regulated by 

AHL-dependent QS systems in Serratia spp.192 The production of biofilms has also been 

reported to be QS-dependent in Serratia strains such as in S. marcescens MG1 and 
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S. marcescens strain 12.195,196 Biofilms are produced by homogenous or heterogeneous 

bacterial populations that are embedded in extracellular polymeric substances in order to 

provide advantages to the community, including trapping of nutrients or tolerance to 

antimicrobials.197 Moreover, the production of antibiotics like 1-carbapen-2-em-3-

carboxylic acid are regulated by QS in Serratia sp. ATCC 39006 (S39006).190 1-carbapen-

2-em-3-carboxylic acid is a broad-spectrum β-lactam antibiotic that inhibits the cell wall 

biosynthesis in bacteria.198 The production of extracellular enzymes, such as lipases, 

proteases, chitinases, nucleases, pectate lyases, and cellulases have also been reported to 

be QS-regulated in several Serratia strains, which may contribute to the their pathogenicity 

and their ability to spoil food.190,193,194,196,199  

In addition to the AHL-mediated communication systems, AI-2-dependent QS systems 

have been discovered in S39006, S. marcescens ATCC 274 and S. marcescens strain 

12.196,200 Mutants of these strains lacking the ability to produce 24 showed alterations in 

the production of 1-carbapen-2-em-3-carboxylic acid, prodigiosin, haemolysin and 

biofilm.200 Some of the above mentioned processes are not exclusively regulated by QS 

systems, but are also dependent by other environmental cues, transcriptional or post-

transcriptional regulators, such as in the case of prodigiosin.201  

 

1.6 Prodigiosin production in Serratia 

Serratia species such as S. marcescens, S. rubideae and S. plymuthica produce a red 

pigment called prodigiosin.182 It belongs to the chemical family of prodiginines that can be 

classified into four structural classes. Prodigiosin (35) and undecylprodigiosin (36) belong 

to the class of linear prodiginines, whereas butyl-meta-cyclo-heptylprodigiosin (37), 

cylcoprodigiosin (38), and cyclononylprodigiosin (39) represent three other classes 

(Figure 6).202 Prodiginines have been isolated from Alteromonas, Beneckea, Hahella, 

Pseudoalteromonas, Pseudomonas, Serratia, Vibrio and various actinobacteria such as 

Streptomyces, Streptoverticillium, Actinomadura, and Saccharopolyspora.202  

Various studies showed that prodiginines exhibit antibacterial, antiprotozoal, antifungal, 

and antimalarial activities.203–206 Moreover, due to their potent anticancer and 

immunosuppressive activities, they have a great therapeutic potential in clinical use.207 

A synthetic compound, obatoclax, that is based on a prodigiosin scaffold has already been 
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tested in phase I and II clinical trials for the treatment of acute myeloid leukemia, small cell 

lung cancer, Hodgkin's lymphoma, and myelodysplastic syndromes.208–211 

The physiological role of prodigiosin in the producer organisms is still debated. Prodigiosin 

was proposed as a “metabolic sink” for bacteria to catabolize metabolites from primary 

metabolism, including proline.212 Moreover, it was suggested that prodigiosin may be an 

important factor in surface adherence, bacterial dispersion, and the trypanolytic activity of 

Serratia.213–215 However, it is assumed that prodigiosin production and its regulation by QS 

is not essential for the proliferation of S. marcescens, since corresponding genes are missing 

in many S. marcescens strains.216  

 

  

Figure 6. Selected natural products from the prodiginine family.  
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Prodigiosin is produced by a combination of PKS and NRPS enzymes that are encoded in 

the biosynthetic gene cluster pig. In S. marcescens ATCC 274 the pig cluster is comprised 

of 14 genes (pigA-N). In contrast, the pig cluster in S39006 consists of 15 genes (pigA-O), 

due to one additional gene (pigO) that has probably a regulatory function.217 

The production of prodigiosin is facilitated by a bifurcated pathway (Figure 7). One branch 

of the pathway synthesizes 2-methyl-3-n-amyl-pyrrole (44) with the enzymes PigD, PigE, 

and PigB. It is assumed that PigD transfers an acetyl group from pyruvate (40) on trans-2-

octenal (41), resulting in the formation of (S)-3-acetyloctanal (42).218 Subsequently, PigE 

performs a transamination on the aldehyde group of 42, leading to a spontaneous 

aminoketone cyclization and the formation of 2-methyl-3-pentyl-4,5-dihydro-3H-pyrrole 

(43).218 The last step is catalyzed by PigB with the oxidation of 43 to 44.218  

 

 

Figure 7. The biosynthetic pathway of prodigiosin in Serratia sp. ATCC 39006, adapted 

from Couturier et al.219 TPP, thiamine pyrophosphate; PLP, pyridoxal phosphate; FAD, 

flavin adenine dinucleotide; FMN, flavin mononucleotide; NAD(P), nicotinamide adenine 

dinucleotide phosphate; SAM, S-adenosyl-L-methionine; ATP, adenosine triphosphate. 

 

The second branch of the biosynthesis facilitates the formation of 4-methoxy-2,2'-

bipyrrole-5-carbaldehyde (49) using the enzymes PigI, PigG, PigJ, PigH, PigM, PigF, and 

PigN. The enzyme PigI enables the ligation of L-proline (45) to the PigG acyl-carrier 

protein, following with the oxidation of L-prolyl-S-PCP to pyrrolyl-2-carboxyl-S-PCP (46) 

by PigA.217,220 Then, the pyrrole-2-carboxyl unit from PigG is transferred to PigJ, whereas 

a malonyl group from Malonyl-CoA is attached to PigH. Subsequently, L-serine is 

decarboxylated, resulting in the attack of the malonly unit on the pyrrole-2-carboxyl 
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thioester. The decarboxylative attack leads to the release of the pyrrole-2-carboxyl unit 

from PigG and its formation to pyrrolyl-β-ketothioester connected to PigH.218 It is assumed 

that PigH condenses pyrrolyl-β-ketothioester and serine to 4-hydroxy-2,2′-bipyrrole-5-

methanol (47). A following oxidation of the alcohol group of 47 by PigM results in the 

intermediate 4-hydroxy-2,2′-bipyrrole-5-carbaldehyde (48). Consecutively, PigF/PigN 

catalyze the methylation of 48 yielding the intermediate 49. In a final reaction, PigC 

catalyzes the condensation of the two intermediates from both branches, 44 and 49, 

resulting in the final product prodigiosin.218  

 

1.7 Regulation of prodigiosin production in S39006 

Biosynthesis of prodigiosin in S39006 is controlled by a complex regulatory network that 

is dependent on QS, transcriptional and post-transcriptional regulators, as well as 

environmental cues (Figure 8). The QS system in S39006 is comprised by SmaI and 

SmaR.190 The synthase SmaI produces N-butanoyl-L-homoserine lactone and N-hexanoyl-

L-homoserine lactone as autoinducers.190 SmaR is a transcriptional regulator that represses 

the transcription of the pig cluster as well as additional transcriptional regulators (PigQ, 

Rap, PigR) at low cell densities.221 The increase of cell density leads to accumulation of 

AHLs that can bind to SmaR and attenuate its repressive activity. Therefore, the highest 

production of prodigiosin can be observed at high cell densities, such as in the late 

exponential phase and stationary phase of the bacterial population.221  

A central role in the regulatory network of prodigiosin production play the transcriptional 

regulators PigP, FloR and SmaR.221,222 All three transcriptional regulators control directly 

or indirectly the transcription of multiple transcriptional and post-transcriptional regulators, 

including activators (FlhDC, PhoBR, PigQ, PigR, PigS, PigT, PstSCAB-PhoU, Rap, SdhE, 

YgfX) and repressors (PigU, PigX, RpoS, RsmAB) of prodigiosin production.201,223–227 

In contrast to FloR, PigP and SmaR also regulate the PIG production directly by altering 

the expression of the pig cluster. PigZ is another transcriptional repressor belonging to the 

TetR family. However, this regulator is not influenced by PigP, FloR, or SmaR.228  
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Figure 8. Model of the regulatory network controlling prodigiosin (PIG) production in 

S39006, adapted from Williamson et al.201 Activation is represented by green arrows, 

repression is displayed by red lines with flat arrow-heads. Detailed information for the 

individual pathways is described in the text.  

 

Moreover, several environmental cues, including AHLs, inorganic phosphate, potassium 

and various carbon sources, such as gluconate and ribose, affect production of prodigiosin 

in S39006. The detection of inorganic phosphate is facilitated by the high affinity phosphate 

transporter PstSCAB-phoU and the two-component system PhoBR. At low inorganic 

phosphate concentrations, PstSCAB-phoU induces PhoR, resulting in the activation of 

PhoB by phosphorylation, which in turn activates the expression of smaI and the pig 

cluster.229,230 Most recently, it has been shown that the potassium transporter TrkH 

modulates prodigiosin production in S39006. High potassium concentrations reduced 

production of prodigiosin in this strain.231 Another two-component system in S39006 that 

is involved in the regulation of prodigiosin consists of PigW and PigQ. PigW is a 

membrane-bound protein that is autophosphorylated in response to an unknown 

environmental input. Due to activation, PigW phosphorylates the response regulator PigQ, 

resulting in the activation of the post-transcriptional regulator RsmB and indirectly in the 

activation of prodigiosin production.232 The membrane bound proteins YgfX and PigX 
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represent further regulatory proteins.221 However, their environmental inputs are not known 

to date. PigX might possess a cyclic-di-GMP-specific diguanylate cyclase and 

phosphodiesterase activities. Thus, intracellular cyclic-di-GMP could potentially be the 

environmental cue of PigX.233 Furthermore, ribose is an effector of the LacI-family 

transcription factor RbsR. This protein controls prodigiosin production as well as other 

physiological processes, such as the production of gas vesicles, siderophore, cellulose, and 

swimming and swarming motility.234 Gluconate is another carbon source that regulates 

prodigiosin production in S39006. It has been shown that the addition of gluconate to a 

S39006 culture represses the transcriptional activator PigT, resulting in reduced prodigiosin 

production.235 
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2 Research aim and objectives 

Since ancient times natural products have been widely used to treat diseases, and they 

continue to play an important role in the discovery of new drugs and drug leads. 

Cyanobacteria have been recognized as a prolific source for new bioactive natural products. 

Thus, this thesis aimed to identify and characterize new natural products from 

cyanobacteria for drug development purposes. Three different approaches were used to 

achieve this goal: (I) a chemistry-guided screening was performed with the software tool 

HaloSeeker in an effort to identify novel HNPs from cyanobacteria; two distinct 

bioassay-based screening campaigns were conducted to identify (II) immunomodulating 

natural products as well as (III) QS inhibitors targeting the QS system of S. marcescens. 

New natural products identified by the screenings were isolated and their structures 

elucidated. Bioactivities of the isolated compounds were characterized in order to evaluate 

their potential as candidates for drug development or other applications. The results of all 

three research objectives were published as original papers and are summarized in the 

following sections. 
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3 Summary of results 

3.1 Publication 1: “Halogenation-guided chemical screening provides 

insight into tjipanazole biosynthesis by the cyanobacterium 

Fischerella ambigua” 

Tomasz Chilczuk, Till F. Schäberle, Sahel Vahdati, Ute Mettal, Mustafa El Omari, Heike 

Enke, Michael Wiese, Gabriele M. König, Timo H. J. Niedermeyer 

ChemBioChem 2020, 21, 2170–2177, DOI: 10.1002/cbic.202000025 

The Supporting Information is available at  

https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cbic.202000025. 

 

HNPs exhibit various bioactivities including antibacterial, antifungal, antiparasitic, 

antiviral, anti-inflammatory, antitumor and molluscicidal activities that can be utilized for 

the development of new drugs and drug leads. Thus, the aim of this study was to identify 

and characterize new HNPs from cyanobacteria. In order to achieve this aim, a chemistry‐

guided screening with the software tool HaloSeeker dedicated to identifying halogenated 

compounds was conducted. The analysis of the HPLC-HRMS data of a F. ambigua (Näg.) 

Gomont 108b extract with HaloSeeker indicated the existence of several unknown HNPs. 

Thus, five HNPs were isolated using flash chromatography and semi-preparative HPLC. 

The structures of all isolated compounds were elucidated based on 1D, 2D and HRMS data. 

All isolated compounds belong to the chemical family referred to as tjipanazoles. 

Two compounds were dereplicated as tjipanazole D and I, whereas the structures of the 

remaining three compounds are new to nature. The new tjipanazoles were named 

tjipanazole K, L, and M.  

Taking into account previous work on tjipanazole biosynthesis, the reported biosynthetic 

pathways for the structurally related natural products rebeccamycin and staurosporine, and 

based on a bioinformatics analysis of the F. ambigua (Näg.) Gomont 108b genome 

sequence and the tjipanazoles detected in the strain, we proposed a putative biosynthetic 

pathway for the tjipanazoles. The tjipanazole biosynthetic gene cluster is comprised of ten 

genes (tjp1-10). The enzymes Tjp1, Tjp2, Tjp7, Tjp8, and Tjp10 show homology to 

enzymes from the rebeccamycin and staurosporine biosynthetic pathway and catalyze 

possibly similar reactions leading to the synthesis of tjipanazole K, J, L, and M. 
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The remaining enzymes Tjp3–6 are expected to be involved in the removal of the 

pyrrolo[3,4-c] ring, resulting in the production of tjipanazole D and I. 

ABCG2 is a clinically relevant multidrug-transporter overexpressed by different cancer cell 

lines and is known to contribute to multidrug resistance in cancer by affecting the 

pharmacokinetics of anticancer drugs. K252c and arcyriaflavin A showed inhibitory 

activity against the ABCG2 transporter and share structural similarities with the isolated 

tjipanazoles. Thus, all tjipanazoles were tested for inhibitory activity against ABCG2. 

Tjipanazole M showed the highest inhibitory activity against ABCG2 from all tjipanazoles 

with IC50 values comparable to arcyriaflavin A. The performed structure-activity 

relationship study showed that the loss of the pyrrolo[3,4-c] ring as well as the presence of 

two chlorine substituents decreases inhibitory activity against ABCG2. In contrast, the 

exchange of a carbonyl group with a methylene group at the pyrrolo[3,4-c] ring increases 

the inhibitory activity of the tested compounds.  
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3.2 Publication 2: “Hapalindoles from the Cyanobacterium Hapalosiphon 

sp. Inhibit T Cell Proliferation“ 

Tomasz Chilczuk, Carmen Steinborn, Steffen Breinlinger, Amy M. Zimmermann-Klemd, 

Roman Huber, Heike Enke, Dan Enke, Timo H. J. Niedermeyer, Carsten Gründemann 

Planta Medica 2020, 86, 96–103, DOI: 10.1055/a-1045-5178 

The Supporting Information is available at  

https://www.thieme-connect.com/products/ejournals/abstract/10.1055/a-1045-5178. 

 

Immunomodulatory drugs are currently sought after for their ability to stimulate or suppress 

the immune system and help the body to fight cancer or autoimmune diseases. 

Therefore, this study aimed to identify and characterize new immunomodulating natural 

products from cyanobacteria. A cyanobacteria extract collection was screened for 

immunomodulating compounds resulting in the identification of 35 active cyanobacteria 

extracts. Bioactivity-guided fractionation of a Hapalosiphon sp. CBT1235 extract showed 

that the major compounds of the extract caused the attenuation of T cell proliferation. 

Thus, five compounds responsible for the observed bioactivity were isolated by 

semi-preparative HPLC. All compounds belong to the chemical family known as 

hapalindoles. Their structures were elucidated based on 1D, 2D NMR and HRMS data. 

NOESY experiments and specific rotation values were used to determine the absolute 

configuration of the hapalindoles. The previously already isolated compounds, hapalindole 

A, D, and M, were dereplicated. The two remaining isolated compounds, hapalindole 

A-formamide and hapalindole J-formamide, were not yet described as natural products.  

Detailed characterization of the immunomodulating activities of the pure compounds 

showed that all hapalindoles suppressed T cell proliferation, with hapalindole A exhibiting 

the highest antiproliferative activity. Except for hapalindole J-formamide, all hapalindoles 

showed apoptotic effects at high concentrations. Although, hapalindole A induced T cell 

apoptosis, attenuation of T cell proliferation was measurable at up to 10-fold lower 

concentrations, making this compound a potential candidate for the development of 

anti-inflammatory drugs. Moreover, the conducted structure-activity relationship study 

highlights the importance of the isonitrile functional group for the antiproliferative 

bioactivity of the hapalindoles.   
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Abstract 

Novel immunomodulating agents are currently sought after for the treatment of 

autoimmune diseases and cancers. In this context, a screening campaign of a collection of 

575 cyanobacteria extracts for immunomodulatory effects has been conducted.. The 

screening resulted in several active extracts. Here we report the results of subsequent 

studies on an extract from the cyanobacterium Hapalosiphon sp. CBT1235. We identified 

five hapalindoles as the compounds responsible for the observed immunomodulatory 

effect. These indole alkaloids are produced by several strains of the cyanobacterial family 

Hapalosiphonaceae. They are known for their anti-infective, cytotoxic, and other 

bioactivities. Modulation of the activity of human immune cells has not yet been described. 

The immunomodulatory activity of the hapalindoles was characterized in vitro using flow 

cytometry-based measurements of T cell proliferation after carboxyfluorescein diacetate 

succinimidyl ester staining, and apoptosis and necrosis induction after annexin V / 

propidium iodide staining. The most potent compound, hapalindole A, reduced T cell 

proliferation with an IC50 of 1.56 µM, while relevant levels of apoptosis were measurable 

only at ten-fold higher concentrations. Hapalindole A-formamide and hapalindole J-

formamide, isolated for the first time from a natural source, had much lower activity than 

the non-formylated derivatives while, at the same time, being less selective for anti-

proliferative over apoptotic effect. 
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Introduction 

Cyanobacteria are an intriguing source for structurally diverse and biologically active 

natural products. Especially the genera Microcystis, Nostoc, and Lyngbya or Moorea are 

chemically well characterized [1–7]. Several strains of the family Hapalosiphonaceae 

produce indole alkaloids [8]. The major classes of these indole alkaloids include 

hapalindoles, ambiguines, fischerindoles, and welwitindolinones, of which more than 80 

variants have been described in the literature [9–24]. They share several common motifs: 

an indole or oxindole core, a cyclohexane fused to that core, an isonitrile or isothiocyanate 

functional group, a chlorine substituent, or an additional ring  [25]. The largest group of 

these alkaloids are the hapalindoles. So far 30 different hapalindoles have been reported [9, 

10, 15, 18, 21, 26]. The first hapalindoles, hapalindoles A and B, were discovered in 1984 

by Moore et al. from Hapalosiphon fontinalis [9]. Since then, diverse hapalindoles have 

been isolated from various strains of the genera Hapalosiphon, Fischerella, and 

Westiellopsis [9, 17, 21, 26].  

The hapalindoles have a broad spectrum of biological activities, e.g. antimicrobial activity 

against bacteria [17, 19, 21, 27], fungi [19, 27] and algae [27]. Studies by Doan et al. 

suggested inhibition of RNA polymerase and consequently the disturbance of the protein 

biosynthesis as a possible mode of action for the antibacterial activity [27, 28]. 

Furthermore, cytotoxic activity against normal mammalian and numerous cancer cell lines 

has been reported for various hapalindoles [21, 27]. However, no mode of action for this 

activity has been described, yet. Finally, they have been shown to be toxic to insects [18, 

29] and vertebrates [23]. The insecticidal activity could be explained by sodium channel 

modulating activity of the indole alkaloids [30]. Interestingly, inhibition of sodium 

channels did not lead to any cytotoxicity in neuroblastoma cell lines. Thus, compared to 

insects, a different mode of action must underlie the cytotoxicity on mammalian cells. 

Although various bioactivities can be attributed to hapalindoles, modulation of the activity 

of human immune cells has not yet been described. Immunomodulatory drugs are used as 

modifiers of the immune system to either enhance the immune response against infectious 

diseases, tumors and immunodeficiency, or to suppress the immune reaction in organ 

transplants or to treat autoimmune responses. Screening of a cyanobacteria extract 

collection (575 extracts) derived from strains from all cyanobacteria orders for inhibition 

of T cell proliferation resulted in 35 extracts with an activity at 1 µg/ml or lower. One of 
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the active extracts was derived from a Hapalosiphon sp. strain. Bioassay-guided 

fractionation of the extract led to the isolation of three known hapalindoles, hapalindole A 

(1) [9], D (2), and M (3) [10], as well as two formamide-bearing hapalindoles that are 

reported here for the first time from a natural source, namely hapalindole A-formamide (4) 

[31] and hapalindole J-formamide (5) [32]. Here, we report the isolation, structure 

elucidation, and the investigation of the immunomodulatory properties of the hapalindole 

derivatives isolated from Hapalosiphon sp. CBT1235. 

 

Results and discussion 

Our initial screening of a cyanobacteria extract collection for immunomodulating activity 

on human immune cells resulted in 35 extracts with an activity at a concentration of 1 

µg/mL or lower. Nine out of the 11 most potent extracts were derived from cyanobacteria 

of the genus Nostoc. Dereplication of the natural products in these Nostoc strain extracts 

showed the presence of the well-known cytotoxic compound cryptophycin-1 in most of 

these strains [33–36], so they were excluded from further investigation. Chromatographic 

evaluation of the remaining extracts by HPLC-DAD/MS showed that few of them featured 

prominent peaks. In the HPLC-DAD chromatogram of one Hapalosiphon sp. extract, 

several prominent peaks were observed, thus this strain was selected for follow-up work. T 

cell proliferation was inhibited by this extract with an IC50 of 0.11 µg/mL (Fig. 1A). At the 

same time, a trend to an increased amount of apoptotic cells at an extract concentration of 

10 µg/ml could be observed (statistically non-significant, Fig. 1B). No induction of 

necrosis has been observed (data not shown). Microfractionation of the extract and 

subsequent bioassays showed that indeed the major compounds observable in the 

chromatogram were responsible for the bioactivity and led to the significant retardation of 

T cell proliferation (Fig. 1Sa-c in the SI).  
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Figure 1. Effects of Hapalosiphon sp. CBT1235 extract on T cell proliferation and 

apoptosis induction. Primary human lymphocytes were cultured in the presence of medium 

(NC) or were stimulated with anti-human CD3 and anti-human CD28 mAb (PC; 100 

ng/mL). Activated T cells were further incubated with cyclosporine A (CsA; 5 µg/mL), 

camptothecin (CPT; 30 µg/mL) or different concentrations of the Hapalosiphon sp. 

CBT1235 extract. Cell division analysis was carried out using CFSE staining and flow 

cytometry. Levels of apoptosis were determined using flow-cytometric analysis of annexin 

V stained cells. (A) Effects of Hapalosiphon sp. CBT1235 extract on lymphocyte 

proliferation. (B) Induction of apoptosis by Hapalosiphon sp. CBT1235 extract. Data of 

four (A) or three (B) independent experiments are presented as mean ± SD in relation to 

stimulated T cells (PC = 100%). Asterisks indicate significant differences from PC controls 

(**p < 0.01, ***p < 0.001). 

 

Five compounds present in the active micro-fraction were isolated from the extract by semi-

preparative HPLC (1-5). 1H NMR spectra of the pure compounds displayed typical signals 

of hapalindoles. The molecular formulas were deduced from HRESIMS data. The 
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structures of 1-5 were elucidated based on 1D and 2D NMR data. NMR and MS spectral 

data of compounds 1-3 matched the published data for hapalindole A (1), hapalindole D 

(2), and hapalindole M (3), respectively (structures of all isolated compounds see Fig. 2). 

NOESY experiments as well as the determination of specific rotation values confirmed the 

absolute configuration of compounds 1-3 as originally described in detail by Moore et al. 

[10]. Hapalindole A (1) was the main compound isolated from Hapalosiphon sp. CBT1235.  

 

 

Figure 2. Chemical structures of hapalindoles 1-5 isolated from Hapalosiphon sp. CBT 

1235. 

 

Compounds 4 and 5 were hapalindole derivatives not yet described as natural products. 

Compound 4 was isolated as a brown oil. HRESIMS showed an [M+H]+ ion with m/z 

357.1723, corresponding to the molecular formula C21H25N2OCl (calcd. 357.1728, Δ 1.54 

ppm). The 1H-spectrum of 4 was almost identical with the respective spectrum of 1 but 

with two additional peaks in the low-field region (8.04 ppm and 8.57 ppm) and a deshielded 

H-11 (4.84 ppm) compared to 1 (4.37 ppm), suggesting C-11 to be substituted with a 

formamide moiety (Table 1). Key HMBC and COSY correlations confirmed the structure 

(Fig. 3). Evaluation of the NOESY spectrum showed the relative configuration of 4 to be 

the same as hapalindole A with the formamide group being attached axially to C-11 (strong 

correlations of the N-formamide proton with H-10, H-13 and H-15) [9]. Comparing the 

specific rotation values with already published data confirmed our assignment of the 

absolute configuration of 4 [37]. Therefore, compound 4 was identified as the new natural 

product Hapalindole A-formamide. 

 



Summary of results   

44 

 

Figure 3. 1H-1H COSY (bold connections) and selected HMBC correlations (arrows) of 4 

and 5. 

 

The main difference with 5 compared to 1 and 4 was the absence of the chlorine. Compound 

5 was also isolated as a brown oil. HRESIMS showed an [M+H]+ ion with m/z 323.2114, 

corresponding to the molecular formula C21H26N2O (calcd. 323.2118, Δ 1.08 ppm). 

Evaluation of the NMR spectra confirmed the presence of a formamide group at C-11 of 

the hapalindole backbone, as well (Fig. 3 and Tab. 1). The absolute configuration of 5 

matches the one of hapalindole J, the non-chlorinated variant of hapalindole A (1), and has 

been confirmed by comparing the NOESY correlations and the specific rotation values with 

those originally published by Moore et al. [10]. Additional NOESY correlations for the 

axial formamide could be observed (Fig. 4). Compound 5 was thus confirmed to be the 

new natural product Hapalindole J-formamide. 

 

 

Figure 4. Selected NOESY correlations (arrows) of compounds 4 (R = Cl) and 5 (R = H). 

 

Coupling constants between H-22 (NH) and H-23 were found to be 1.37 Hz and 1.45 Hz 

for hapalindole A-formamide and J-formamide, respectively, indicating a Z configuration 

for both compounds [31]. 

Hapalindole formamides have been described as intermediates during the total synthesis of 

hapalindoles, as derivatisation products with formic acid, and they can also form during 
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storage in d-chloroform [13, 31, 32, 38]. Here, we report for the first time the isolation of 

two hapalindole formamides as natural products from Hapalosiphon sp. CBT1235. 4 and 

5 could readily be detected by HPLC-MS in a fresh Hapalosiphon sp. CBT1235 extract 

that has not been in contact with formic acid or other acids (Fig. 2S), ruling out the 

possibility that the isolated formamides are processing or isolation artifacts.  

 

Table 1. 1H and 13C NMR assignments for 4 and 5 (600 MHz for 1H, 150 MHz for 13C, 

DMSO-d6). 
13C chemical shifts for 5 were extracted from the 2D spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All isolated hapalindoles showed significant effects in the T cell proliferation assay (Fig. 

5). Hapalindole A (1) displayed the highest anti-proliferative activity with an IC50 of 1.56 

µM. Hapalindoles D (2) and M (3) showed a weaker activity and suppressed proliferation 

 4  5  

Position H (J in Hz) C H (J in Hz) C 

1 10.81, s indole N 10.69, s indole N 

2 7.24, t (1.8) 120.5 7.13, m 119.7 

3  110.6  111.8 

4  137.1  138.0 

5 6.81, d (7.0) 112.3 6.79, br d (7.02) 111.9 

6 7.02, t (7.6) 121.9 6.99, t (7.4) 121.5 

7 7.14, d (7.9) 108.7 7.10, d (8.0) 108.1 

8  133.3  133.4 

9  124.0  124.4 

10 3,29 36.7 3,30 36.3 

11 4.84, m 54.6 4.59, s 51.6 

12  44.6  39.1 

13 ax 4.61, dd (12.4, 4.0) 65.3 1.74, td (13.2, 3.5) 30.2 

13 eq   1.27, m  

14 ax 1.26, m 31.3 0.85 m 19.3 

14 eq 1.96, td (13.0, 3.4)  1.60, br d (10.5)  

15 2.11, br td (13.1, 3.8) 44.4 1.87, m 43.4 

16 
 

37.4  37.3 

17 1.46, s 24.3 1.43, s 24.5 

18 1.04, s 31.9 1.06, s 31.5 

19 0.85, s 19.6 0.74, s 26.4 

20 5.82, dd (17.1, 11.0) 144.2 5.87, m 147.7 

21 5.08, m 114.0 4.87, m 109.9 

22 8.57, br d (9.9) N 8.23, br d (9.16) N 

23 8.04, d (1.37) 159.7 8.00, br d (1.45) 159.6 
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with an IC50 value of 27.15 µM for hapalindole D. Hapalindoles A-formamide (4) and J-

formamide (5) again showed lower activity (Fig. 5). Except for hapalindole J-formamide, 

all hapalindoles induced T cell apoptosis at highest concentrations (Fig. 6).  

 

Figure 5. Effects of different hapalindoles on T cell proliferation. Primary human 

lymphocytes were cultured in the presence of medium (NC) or were stimulated with anti-

human CD3 and anti-human CD28 mAb (PC; 100 ng/mL). Activated T cells were further 

incubated with cyclosporine A (CsA; 5 µg/mL) or different concentrations of 1 - 5. Cell 

division analysis was carried out using CFSE staining and flow cytometry. Data of three 

independent experiments are presented as mean ± SD in relation to stimulated T cells (PC 

= 100%). Asterisks indicate significant differences from PC controls (**p < 0.01, ***p < 

0.001). 
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Figure 6. Levels of T cell apoptosis after treatment with different hapalindoles. Primary 

human lymphocytes were cultured in the presence of medium (NC) or were stimulated with 

anti-human CD3 and anti-human CD28 mAb (PC; 100 ng/mL). Activated T cells were 

further incubated with camptothecin (CPT; 30 µg/mL) or different concentrations of 1 - 5. 

Levels of apoptosis were determined using flow-cytometric analysis of annexin V stained 

cells. Data of three independent experiments are presented as mean ± SD in relation to 

stimulated T cells (PC = 100%). Asterisks indicate significant differences from PC controls 

(**p < 0.01, ***p < 0.001). 
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Although relevant amounts of T cell apoptosis were detected, retardation of T cell 

proliferation was measurable at up to 10-fold lower concentrations. The most potent 

compound, hapalindole A, was effective at a concentration of 3.0 µM without showing 

cytotoxic effects. Therefore, potentially a therapeutic range for an application as an anti-

inflammatory remedy is given. The isonitrile functional group seems to be crucial for the 

antiproliferative bioactivity of the hapalindoles, as the formamide derivatives possess a 

weaker activity. This is in agreement with previous findings, where a reduced antifungal 

and antibacterial activity of the hapalindole formamides compared to their isonitrile and 

isothiocyanate counterparts has been reported [31]. Our results, therefore, strengthen the 

key role of this functional group in regards to the bioactivity of members of the hapalindole 

family. Our work shows that anti-proliferative effects on human T cells are more 

pronounced than toxicity on human T cells, adding this activity to the wide range of 

reported bioactivities of the hapalindoles. The mode of action in human immune cells 

remains to be investigated. Moreover, concerning the fact that hapalindoles have been 

described to be neurotoxic metabolites [30], detailed studies which further discriminate 

toxicity and immunomodulatory effects need to be carried out in order to estimate whether 

or not a development as immunomodulatory drugs would be possible.  

 

Materials and Methods 

General experimental procedures 

HRESIMS data were obtained using a Q Exactive Plus mass spectrometer (Thermo Fisher 

Scientific) coupled to an UltiMate 3000 HPLC system (Thermo Fisher Scientific). 

Semipreparative HPLC was conducted on an UltiMate 3000 HPLC system (Thermo Fisher 

Scientific). NMR spectra were either recorded at 600 MHz (1H frequency) on a Bruker AV-

III spectrometer using a cryogenically cooled 5 mm TCI-triple resonance probe equipped 

with one-axis self-shielded gradients at 300 K or at 400 MHz (1H frequency) on an Agilent 

DD2 spectrometer. Spectra were referenced indirectly. If one-dimensional spectra were not 

separately recorded, 13C chemical shifts were extracted from the two-dimensional spectra 

(compounds 1-3, 5). 
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Cyanobacterial Material 

Hapalosiphon sp. CBT1235 was taxonomically identified as Hapalosiphon sp. on the basis 

of its morphology. The strain has kindly been provided by Algenol Biotech Inc. (USA) as 

ABCC 804 and is deposited in the culture collection of the Cyano Biotech GmbH 

(Germany) under the accession number CBT 1235. The strain was cultivated in BG11 

medium [39] at 28 °C under continuous light (60-80 µmol m-2s-1) in 20 L scale 

photobioreactors and harvested semi-continuously over a period of several weeks. 

 

Extraction, Bioassay-guided fractionation, and Isolation of Compounds 1 – 5 

Cyanobacterial cells were harvested and lyophilized. 7 g dry biomass were suspended in 

100 mL 50% methanol in water (v/v), treated with an ultrasonication rod (Bandelin), and 

extracted on a shaker for 30 min at room temperature. After centrifugation (20 min, 

10800×g), the biomass was extracted using 100 mL 80% methanol (v/v). The solutions 

were combined and dried in vacuo, yielding 0.4 g of biomass extract. For 

microfractionation, 4 mg of extract were suspended in 0.1 mL acetonitrile and separated 

into 23 fractions by HPLC using a C18 column (250 x 4.6 mm, 5 µm, 100 Å, Luna, 

Phenomenex) and 5-100 % acetonitrile-water as the mobile phase at 1 mL/min in 23 min.  

All fractions were tested for inhibitory activity on T cell proliferation. 

For preparative isolation of the active compounds, the remaining extract was dissolved in 

acetonitrile and fractionated by semi-preparative HPLC using a phenyl-hexyl column (250 

x 10 mm, 5 µm, 100 Å, Luna, Phenomenex) and 60-80 % acetonitrile-water as the mobile 

phase at 4.7 mL/min in 25 min to afford 11 fractions. Fraction 1 (tR 6.8 min) was further 

purified by an additional round of semi-preparative HPLC using a phenyl-hexyl column 

(250 x 100 mm, 5 µm, 100 Å, Luna, Phenomenex) and 40-47 % acetonitrile-water as the 

mobile phase at 9.5 mL/min in 20 min to afford hapalindole A-formamide (4, 5.0 mg, tR 

16.5 min) and hapalindole J-formamide (5, 2.0 mg, tR 15.1 min). Fraction 6 (tR 15.2 min) 

was further purified by semi-preparative HPLC using a pentafluorophenyl column (250 x 

100 mm, 5 µm, 100 Å, Luna, Phenomenex) and 45-63 % acetonitrile-water as mobile phase 

at 9.5 mL/min in 30 min yielding hapalindole A (1, 16.1 mg, tR 18.4 min). No further 

purification was needed for fraction 8 (tR 19.2 min) and fraction 10 (tR 22.4 min), which 

corresponded to hapalindole D (2, 5.3 mg) and hapalindole M (3, 6.4 mg), respectively.  
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Hapalindole A (1): [α]23
D -64.2° (CH2Cl2, c 1.2); HRESIMS (positive ion mode): m/z 

339.1616 [M+H]+; NMR spectra, see Fig. 3S, 4S. 

Hapalindole D (2): [α]23
D +45.2° (CH2Cl2, c 0.31); HRESIMS (positive ion mode): m/z 

337.1727 [M+H]+; NMR spectra, see Fig. 5S, 6S. 

Hapalindole M (3): [α]23
D -6.7° (CH2Cl2, c 0.45); HRESIMS (positive ion mode): m/z 

337.1727 [M+H]+; NMR spectra, see Fig. 7S, 8S. 

Hapalindole A-formamide (4): brown oil; [α]23
D -56.2° (CH2Cl2, c 0.45); UV (MeOH) λmax 

(log ɛ): 223 (4.38), 282 (3.60), 292 (3.52) nm; HRESIMS (positive ion mode): m/z 

357.1723 [M+H]+ (calcd. for C21H25N2OCl, 357.1728); NMR data, see Table 1; NMR 

spectra Fig. 9S – 14S. 

Hapalindole J-formamide (5): brown oil; [α]23
D +12.2° (CHCl3, c 0.9);UV (MeOH) λmax 

(log ɛ): 224 (4.24), 282 (3.50), 292 (3.41) nm; HRESIMS (positive ion mode): m/z 

323.2114 [M+H]+ (calcd. for C21H26N2O, 323.2118); NMR data, see Table 1; NMR spectra 

Fig. 15S – 19S. 

 

Ethics statement 

Written informed consent was obtained from patients prior to blood donation for research 

purposes. All experiments conducted on human material were approved by the Ethics 

committee of the University Freiburg (55/14; February 11th, 2014).  

 

Preparation and cultivation of human immunocompetent cells  

Human peripheral blood mononuclear cells (PBMC) were isolated from the blood of adult 

donors obtained from the Blood Transfusion Centre (University Medical Center Freiburg). 

Venous blood was centrifuged on a LymphoPrep gradient (density: 1.077 g/cm3, 20 min, 

500×g, 20°C; Progen). Afterwards, cells were washed twice with medium and cell viability 

and concentration was determined using the trypan blue exclusion test. Cells were cultured 

in Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen) supplemented with 

10% heat-inactivated fetal calf serum (GE Healthcare), 2 mM L-glutamine, 100 U/mL 

penicillin and 100 U/mL streptomycin (Invitrogen) at 37°C in a humidified incubator with 

a 5% CO2/95% air atmosphere. PBMC were additionally stimulated with anti-human CD3 

(clone OKT3) and anti-human CD28 (clone 28.6) mAb (100 ng/mL; both from 

eBioscience). Incubation was carried out as indicated in the figure captions in the presence 
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of medium alone, camptothecin (CPT; 30 µg/mL; Tocris), cyclosporine A (CsA, 5 µg/mL, 

Sandimmun 50mg/mL, Novartis), or different concentrations of the Hapalosiphon sp. 

CBT1235 extract (0.01, 0.1, 1, 10 µg/mL), fractions (semi-quantitative using dilutions 

1:250, 1:500, 1:1000, 1:2000) or various hapalindoles (0.1, 0.3, 1, 3, 10, 30 µg/mL).  

 

Cell division tracking using CFSE 

PBMC were harvested and washed twice in cold PBS (Invitrogen) and resuspended in PBS 

at a concentration of 5 ×106 cells/mL. CFSE (carboxyfluorescein diacetate succinimidyl 

ester, 5 mM; Sigma) was diluted 1/1000 and incubated for 10 min at 37°C. The staining 

reaction was stopped by washing twice with complete medium. PBMC were activated as 

described above and cultured with the Hapalosiphon sp. CBT1235 extract, fractions, 

hapalindoles or DMSO as a solvent control for 72 h. Cell division progress was analyzed 

from three independent experiments with a BD FACSCalibur flow cytometer using BD 

CellQuest Pro Software. 

 

Determination of apoptosis and necrosis using annexin V and propidium iodide 

staining  

Cells were cultured as described and levels of apoptosis and necrosis were determined using 

annexin V-FITC apoptosis detection kit (eBioscience or BD Bioscience) according to the 

manufacturer’s instructions. After annexin V and propidium iodide staining cells were 

analysed by flow cytometry. CPT and Triton-X 100 (0.5%; Sigma-Aldrich) were used as 

positive controls for apoptosis and necrosis, respectively. 

 

Data analysis 

For statistical analysis, data were processed with Microsoft Excel and SPSS software (IBM, 

Version 22.0, Armonk). Data were adjusted in relation to untreated control cells (= 100% 

± SD) and values are presented as mean ± SD. Statistical significance was determined by 

one-way ANOVA followed by Dunnett’s post hoc pairwise comparisons. P values <0.05 

were considered as statistically significant (* p<0.05, ** p<0.01, *** p<0.001). IC50 and 

EC50 values were determined using GraphPad Prism 6. 
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Supporting information 

1H, 13C, HSQC, HMBC and NOESY spectra, MS data as well as a chromatogram of the 

micro-fractionation and the results of the inhibition of T cell proliferation by different 

Hapalosiphon sp. CBT1235 fractions are available as Supporting Information. 
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3.3 Publication 3: “Ambigols from the Cyanobacterium Fischerella 

ambigua Increase Prodigiosin Production in Serratia spp” 

Tomasz Chilczuk, Rita Monson, Peter Schmieder, Vesselin Christov, Heike Enke, George 

Salmond, Timo H. J. Niedermeyer 

ACS Chemical Biology 2020, 15, 2529–2936, DOI: 10.1021/acschembio.0c00554 

The Supporting Information is available at 

https://pubs.acs.org/doi/10.1021/acschembio.0c00554. 

 

Various pathogenic bacteria use QS, a cell-cell communication mechanism, to regulate 

processes important for their pathogenicity. The inhibition of QS systems in pathogens 

using QS inhibitors has been discussed as a promising strategy to treat bacterial infections 

caused by multi-drug resistant bacteria. Thus, the aim of this study was to identify and 

characterize new QS inhibitors from cyanobacteria. A cyanobacteria extract collection was 

screened for inhibition of the QS regulated prodigiosin production of S. marcescens. 

No cyanobacteria extracts showed QS inhibiting activity. However, an extract of 

F. ambigua (Näg.) Gomont 108b increased prodigiosin production of S. marcescens 

drastically. Micro-fractionation of the F. ambigua extract showed that the major lipophilic 

compounds were responsible for the observed activity. Four compounds were isolated by 

flash chromatography and semi-preparative HPLC. Their structures were elucidated based 

on 1D, 2D NMR and HRMS experiments. Two isolated compounds were dereplicated as 

ambigol A and C, whereas two remaining compounds were new and named 

ambigol D and E.  

Detailed characterization of the prodigiosin-promoting activity of the ambigols showed that 

all ambigols enhance prodigiosin production in S39006. In contrast to ambigol C and E, 

ambigol A and D additionally exhibited antibacterial activity against S39006. Ambigol C 

showed the highest prodigiosin-promoting activity in this strain. Thus, extracts from 

S39006 cultures incubated with ambigol C were analyzed by HRMS. Prodigiosin and four 

homologs were identified in the extract with up to ten times higher ion intensities than the 

solvent control. Tandem mass spectrometry data confirmed the structure of the detected 

prodigiosin homologs featuring different alkyl side chain length.  

A S39006 mutant with a pigA::lacZ fusion was used to investigate if ambigol C increases 

prodigiosin production by enhancing the transcription rate of the prodigiosin biosynthetic 
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gene cluster. Interestingly, no change in the expression of pigA was observed. Thus, the 

transcriptome of S39006 treated with ambigol C was analyzed using RNA-seq. 

A differential expression analysis revealed that the treatment of Serratia with ambigol C 

caused 4.8 % of the transcriptome to change. The genes pxpA–C were downregulated with 

pxpA showing the most pronounced alteration in gene expression of all differential 

expressed genes (DEGs). All three genes encode for a 5-oxoprolinase that catalyzes the 

hydrolyzation of 5-oxo-L-proline to L-glutamate. Subsequent HRMS analysis of extracts 

from S39006 cultures incubated with ambigol C identified three prodigiosin analogs with 

a pyrrole-2-one substructure. The incorporation of 5-oxo-L-proline instead of L-proline 

into prodigiosin could be caused by an attenuated catabolism of 5-oxo-L-proline in S39006, 

indicating the physiological role of prodigiosin as a “metabolic sink” catabolizing the 

overflow of metabolites from primary metabolism. 

A functional enrichment analysis (KEGG) was conducted to map DEGs to biological 

pathways in S39006. Results of the functional enrichment analysis show that many 

downregulated DEGs are predicted to be involved in the assembly and maturation of the 

ribosomes as well as the degradation of mRNA. This data indicates that ambigols interfere 

with the translation machinery and associated factors for protein biosynthesis, possibly 

altering the proteome of S39006. Moreover, downregulated genes were enriched in the 

pathway “fatty acid biosynthesis”, possibly causing higher concentrations of acetyl-CoA 

and malonyl-CoA in the cell. Malonyl-CoA is a precursor in prodigiosin biosynthesis. 

In addition, upregulated genes encoding for the glycine betaine ABC transporter were 

detected. The glycine betaine ABC transporter facilitates among others the transport of 

proline, possibly increasing the proline supply, another precursor of prodigiosin 

production, into the cell. The possible increase of proline and malonyl-CoA in S39006 

caused by ambigol C treatment could be an explanation for the observed elevated 

prodiginine levels in the strain. 

 

  



Summary of results 

  59 

   



Summary of results   

60 

 

  



Summary of results 

  61 

 

  



Summary of results   

62 

 

  



Summary of results 

  63 

 

  



Summary of results   

64 

 

  



Summary of results 

  65 

 

  



Summary of results   

66 



 

67 

4 Discussion 

4.1 Tjipanazoles from the cyanobacterium Fischerella ambigua 

In this study (publication 1), a chemistry‐guided screening with the software tool 

HaloSeeker facilitated the isolation of five tjipanazoles from the cyanobacterium 

F. ambigua.236 Fifteen tjipanazoles were already isolated from the cyanobacterium 

Tolypothrix tjipanasensis, with most tjipanazoles featuring a sugar moiety.101 None of the 

tjipanazoles discovered in this study have a sugar moiety, indicating differences in the 

biosynthesis of this compound family between both strains. Moreover, two other 

tjipanazole-like compounds, 6-cyano-5-methoxy-12-methylindolo[2,3-a]carbazole (50) 

and 6-cyano-5-methoxylindolo[2,3-a]carbazole (51), were isolated from the 

cyanobacterium Nostoc sphaericum EX-5-1 due to their antiviral activity and cytotoxicity 

against tumor cell lines (Figure 9).237 All isolated tjipanazoles share the indolo[2,3-

a]carbazole core structure. Indolo[2,3-a]carbazoles can be found in a wide variety of 

organisms,238 e.g. rebeccamycin (52) from Lechevalieria aerocolonigenes,239 staurosporine 

(53) from Lentzea albida and Eudistoma sp.,240,241 and arcyriaflavin A (54) from 

Arcyria denudate.242  

We proposed a biosynthetic pathway for all currently known tjipanazoles from F. ambigua. 

Parts of the proposed biosynthetic pathway show similarities with the biosynthetic pathway 

of other indolo[2,3-a]carbazoles, such as 52 and 53. 243–245 No homologies could be found 

for the enzymes Tjp3–6 using the sequence similarity searching tool BLAST, though.246 

In addition, there are no studies to date describing the removal of the pyrrolo[3,4-c] ring 

from a indolo[2,3-a]pyrrolo[3,4-c]carbazole scaffold. Thus, the enzymes Tjp3–6 could 

possibly be involved in the removal of the pyrrolo[3,4-c] ring. However, the cleavage of 

the pyrrolo[3,4-c] ring could also partly occur through nonenzymatic reactions since 

corresponding reactions were previously described for several cladoniamides. These are 

indolotryptolines that are derived from indolo[2,3-a]pyrrolo[3,4-c]carbazole intermediates. 

In the case of cladoniamide D–G (55–58), it has been shown that the ring opening occurs 

through nonenzymatic destruction of intermediates in mild alkaline conditions.247  
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Another possible role for the enzymes Tjp3–6 is their involvement in the regulation of the 

tjp biosynthetic gene cluster. Genes with regulatory function (e.g. rebR and staR) were also 

found in biosynthetic gene clusters of 52 and 53.243,248 It would be of interest to investigate 

in future studies the effect of tjp3–6 deletion mutants on the tjipanazole biosynthesis in 

F. ambigua (Näg.) Gomont 108b in order to elucidate the role of the corresponding 

enzymes.  

 

 

Figure 9. Structures of tjipanazole-like compounds.  
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The tjipanazoles isolated in this study show structural similarities with the ABCG2 

inhibitors K252c (59) and 54.249 Therefore, all tjipanazoles were tested for ABCG2 

inhibitory activity. Tjipanazole M, which has the highest structural similarity to 

arcyriaflavin A, was the most potent inhibitor from all tjipanazoles in this study. 

In previous studies, arcyriaflavin A exhibited antiviral activities, along with cytotoxic and 

apoptotic activities in cancer cells.250,251 Moreover, it has been proven to inhibit cyclin 

D1-cyclin-dependent kinase 4, as well as the cell viability, proliferation, and angiogenesis 

of endometriotic cyst stromal cells.252,253 Thus, future studies could investigate the 

influence of tjipanazoles on various viruses, cancer cell lines, as well as their effect on 

endometriotic cyst stromal cells.  

 

4.2 Immunomodulating hapalindoles from Hapalosiphon sp. 

In this study (publication 2), a screening of a cyanobacteria extract collection for 

immunomodulating natural products facilitated the isolation of five hapalindoles from the 

cyanobacterium Hapalosiphon sp. CBT1235. Two of these, hapalindole A-formamide (60) 

and hapalindole J-formamide (61), were new natural products. Both compounds possess a 

formamide moiety, a structural feature that was found in other hapalindole-type alkaloids 

from cyanobacteria (Figure 10), including 3-hydroxy-N-methylwelwitindolinone C 

formamide (62),254 fontonamide (63),255 dechlorofontonamide (64),256 

13-hydroxydechlorofontonamide (65),257 and the hapalonamides G (66), H (67), and 

V (68).256 Hapalonamide H (67) and 13-hydroxydechlorofontonamide (65) were tested for 

antimicrobial and cytotoxic activities.257 Only 67 showed antibacterial activities against 

Mycobacterium tuberculosis, M. smegmatis, and Candida albicans as well as cytotoxic 

activity against vero cells. Moreover, 65 was tested against various cancer cell lines. 

However, no anticancer activity has been detected.257 Hapalonamide H (67) and 

13-hydroxydechlorofontonamide (65) showed lower antibacterial and anticancer activities 

than hapalindole A (9) in almost all assays.257 In the case of C. albicans, 67 was more potent 

in inhibiting the growth of the fungi than 9.257  

Hapalindole A-formamide (60) and hapalindole J-formamide (61) were already 

synthesized using a formic acid or d-chloroform treatment.258–261 Both formamides 

exhibited weaker antibacterial and antifungal activities than hapalindoles with an isonitrile 

and an isothiocyanate moiety.258 
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Figure 10. Chemical structures of hapalindole-type alkaloids with formamide moiety and 

3-hydroxy-N-methylwelwitindolinone C isonitrile.  

 

All isolated hapalindoles were tested for immunomodulating activities in this study. 

All hapalindoles inhibited T cell proliferation, 9 being the most potent inhibitor. 

In addition, 9 induced T cell apoptosis. However, attenuation of T cell proliferation was 

detected at ten times lower concentrations. Hapalindole A-formamide (60) and hapalindole 

J-formamide (61) showed weaker inhibition of T cell proliferation than hapalindole 

derivatives with an isonitrile moiety. This is in agreement with reports showing that the 

hapalindole formamides or other hapalindole-type alkaloids with formamide moiety have 

reduced bioactivity compared to hapalindoles bearing an isonitrile or an isothiocyanate 

moiety.  
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Figure 11. Chemical structures of various hapalindoles.  

 

Our study is the first report of the immunomodulating activity of hapalindoles. 

A structure-activity relationship study with hapalindole derivatives of 9 should be 

considered to identify the pharmacophore responsible for the immunomodulating activity. 

Hapalindole B, G, I, J, K, L, N/P, T, and V (69–77) deviate in one structural feature from 

9, making them interesting candidates for a structure-activity relationship study 

(Figure 11). Moreover, it has been shown that 12-epi-hapalindole C isonitrile (78), 

12-epi-hapalindole E isonitrile (79), 12-epi-hapalindole J isonitrile (80), and hapalindole L 

(74) are neurotoxins acting on sodium channels.262 Thus, further investigations need to be 

conducted in order to rule out a neurotoxic activity of 9.  
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4.3 Ambigols and related structures 

In this study (publication 3), a screening for QS inhibitors from cyanobacteria resulted in 

the isolation of ambigols A (11), and C–E (Figure 12, 81–83). Ambigols exhibit a wide 

range of bioactivities. Ambigol A (11) and B (84) proved to be potent inhibitors of the 

cyclooxygenase.263 Moreover, ambigol A–C (11, 84, 81) showed antibacterial and 

antifungal activities.263,264 The antibacterial activity of the ambigols is more pronounced 

against Gram-positive bacteria rather than against Gram-negative bacteria. 

Further biological studies revealed cytotoxic, molluscicidal, and antiviral activities of 11 

and 84. In a brine shrimp assay, 11 and 84 showed lethal effects, possibly due to their 

cytotoxic activities. Interestingly, in almost all biological assays, 84 exhibited a weaker 

activity than 11.263 Furthermore, 11 and 81 showed antiplasmodial and trypanocidal 

activities against parasites, such as Plasmodium falciparum and Trypanosoma 

rhodesiense.264  

Ambigol A–C (11, 84, 81) were previously isolated from F. ambigua,264,265 the only 

producer strain of this compound family known so far. All ambigols feature three 

polychlorinated phenol units linked either via biaryl- or biaryl-ether-bonds. Their structures 

show similarities to the structure of polybrominated diphenyl ethers (PBDEs) that either 

have an anthropogenic origin or are produced by marine invertebrates and 

marine bacteria.266–269 Several PBDEs, e.g. 2-OH-BDE68 (85), have been isolated from 

sponges, with Lamellodysidea being the most prominent source (formerly known as 

Dysidea).267,270–272 However, metagenomics studies showed that some PBDEs are in fact 

produced by cyanobacterial symbionts (e.g. Hormoscilla spongeliae) of the 

Lamellodysidea sponges, and not by the host itself.269 It has been shown that 

Pseudoalteromonas species also produce various PBDEs.268 Interestingly, 

Pseudoalteromonas species are often found in association with marine eukaryotic hosts, 

such as mussels, pufferfish, tunicates, sponges, and marine plants.273  

PBDEs are known for their persistence in marine environments. They bioaccumulate in 

marine animals and were already detected in human tissues,274–277 indicating that these 

compounds are likely to transfer to the human food web. A wide range of bioactivities have 

been reported for PBDEs including antibacterial, antifungal, cytotoxic, and various enzyme 

inhibition activities.267,278–280  
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Figure 12. Structures of ambigols and chemically related compounds 

 

Triclosan (86) is a polychlorinated phenoxyphenol that shares structural similarities with 

the ambigols. This compound was synthesized in the 1960s and is widely used in 

commercial and healthcare products due to its broad-spectrum antimicrobial activities.281 

Triclosan (86) has also been isolated from the sponge-associated bacterium Micrococcus 

luteus.282 Its antibacterial effect is based on the inhibition of the fatty acid biosynthesis 



Discussion   

74 

enzyme enoyl–acyl carrier protein reductase.283 Furthermore, 86 has been proven to be 

active against various cancer cell lines.284–286 In the case of rat mammary carcinogenesis, 

it has been shown that 86 reduced tumor incidence and tumor numbers per animal by 

inhibiting the fatty acid biosynthesis.287  

Additional ambigol-related structures are the russuphelins A–F (87–92) from Russula 

subnigricans and the chlorophellins A–C (93–95) from Phellinus ribis.288–290 

Both organisms are fungi. Russula subnigricans has been responsible for mushroom 

poisoning incidents in Taiwan,291 Japan,292 and Korea,293 whereas Phellinus species have 

been used as traditional medicine against various diseases.294 Russuphelins A, B, C, and D 

(87–90) exhibited cytotoxic activity in vitro against P388 leukemia cells.288,289 

During a screening for agonists of peroxisome proliferator-activated receptors (PPARs), 

all chlorophellins activated PPAR-γ, while 95 showed the most agonistic effect. 

PPARs play a role as regulators of lipid and lipoprotein metabolism, glucose homeostasis, 

cellular differentiation, and the inflammatory response. Thus, they are seen as a therapeutic 

target for the treatment of type 2 diabetes, various cancers, and inflammatory diseases.295,296  

Moreover, chlorinated phlorotannins, e.g. chlorinated phlorethols (96), that show a 

structural resemblance to ambigols were isolated from various brown algae including 

Cystophora reflexa, Carpophyllum angustifolium, Analipus japonicas, and Laminaria 

ochroleuca.297–300 Phlorotannins are known for their antidiabetic,301 antioxidant,302,303 

anti-inflammatory,304 antibacterial,305 and anticancer activities.306,307 Due to their beneficial 

properties, there is a growing interest for the use of algae in food, pharmaceutical, and 

cosmetic applications.308–310  

 

4.4 Disruption of oxidative phosphorylation by ambigol-related structures 

Our study is the first report showing the ability of cyanobacterial specialized metabolites 

to induce prodigiosin production in Serratia species. The treatment of S39006 with 

ambigol C increased its prodigiosin production by the factor of 10. Unfortunately, the 

mode-of-action for this activity could not be identified unambiguously using RNA-Seq. 

Thus, the following section presents various studies investigating the mode-of-action of 

ambigol-related structures. Several ambigol-related structures including halogenated 

phenols and halogenated diphenyl ethers have been shown to possess uncoupling activities 

in various organisms (Figure 13). Uncoupling agents or uncouplers are compounds that 



Discussion 

  75 

disrupt the oxidative phosphorylation by perturbing the electrochemical gradient and/or by 

inhibiting components of the electron transport chain or ATP synthase. The electrochemical 

gradient can be dissipated by biomolecules (e.g. protonophores, ionophores, membrane 

active peptides) that transport protons across membranes or interfere with the membrane 

structure.311,312 The disruption of the oxidative phosphorylation can lead to alterations in 

ATP synthesis,313,314 oxygen consumption rate,314 heat production,315,316 and membrane 

potential.311,312,317  

Various chlorophenols that show structural similarities to ambigols such as 

pentachlorophenol (97) are considered to be protonophoric uncouplers.318 They have the 

ability to translocate protons across a lipid bilayer membrane. The uncoupling activity of 

chlorophenols increases with the addition of chlorine substitutes.318 Characteristic 

properties of protonophoric uncouplers include being weak lipophilic acids, with bulky 

hydrophobic groups (e.g. phenyl group), an acidic dissociable group (e.g. hydroxyl group) 

and strong electron withdrawing substituents (e.g. chlorine atoms).311 Pentachlorophenol 

(97) as well as other chlorophenols have an influence on the chemotaxis and inhibit the 

amino acid transport (e.g. glycine and proline) of Bacillus subtilis.319–321 Moreover, various 

chlorophenols inhibit the proton-sugar symport in Saccharomyces fragilis,322 and show an 

effect on RNA, protein, and ribosome biosynthesis of different Saccharomyces 

species.323,324 Interestingly, in our current study, the expression of genes involved in 

chemotaxis, proline/glycine transport, sugar transport, as well as ribosomal genes also 

underwent changes in S39006 following 81 exposure.  

The above mentioned PBDEs also show uncoupling activity. Several PBDEs including 

6-OH-BDE47 (98) are as potent as the uncoupler pentachlorophenol (97).317 It has been 

shown that PBDEs disrupt the oxidative phosphorylation in zebrafish embryos by 

protonophoric uncoupling and/or inhibition of the electron transport chain.325 

Interestingly, a microarray analysis showed that 98 subtly altered expressions of genes 

involved in proton transport and carbohydrate metabolism, although 98 exhibited dramatic 

toxic effects in vivo.326 This was explained by the mechanism of action of 98. Protonophoric 

uncouplers operate their toxic effect on the membrane level instead of the DNA, RNA, and 

protein level. Thus, a proper feedback loop on the gene expression level could be 

missing.326 In contrast, BDE47 (99) altered the transcriptome in mice drastically.327 In 

several studies, 99 showed an influence on the expression of ribosomal genes in mice and 
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rats.327–329 BDE47 (99) increased the expression of various ribosomal genes, whereas 81 

downregulated the expression of several ribosomal genes in S39006.  

Similar results have been observed for 86. It has been shown that 86 can impair the 

oxidative phosphorylation in living cells and organisms via acting as a protonophore and a 

complex II inhibitor of the electron transport chain.314,330–333 The effect of 86 exposure to 

the transcriptome of Escherichia coli and Salmonella enterica altered the expression of 

fatty acid biosynthetic genes and ribosomal genes in both strains.334 The expressions of 

various fatty acid biosynthesis and ribosomal genes were also downregulated in S39006 

treated with 81.  

 

 

Figure 13. Chemical structures of pentachlorophenol and polybrominated diphenyl ethers 

that can disrupt the oxidative phosphorylation in various organisms.  

 

All ambigols show remarkable structural similarities with various uncoupling agents like 

chlorophenols as well as halogenated diphenyl ethers. Moreover, in many cases 

transcriptome analyses of organisms exposed to chlorophenols and halogenated diphenyl 

ethers show similar results to the results of our transcriptome study. Thus, future studies 

should investigate if ambigols have the ability to disrupt oxidative phosphorylation in 

bacteria including Serratia.  

Most recently, it has been shown that low cellular levels of ATP increase production of 

prodigiosin in S. marcescens.335,336 Haddix et al. revealed that the oxidative 

phosphorylation inhibitor cyanide caused a depletion in cellular ATP and consequently an 

induction in transcription of the prodigiosin biosynthetic gene cluster.335 

Since ambigol-related structures including 98 and 86 are also uncoupling agents, ambigols 

could possibly increase prodigiosin production in S39006 by disrupting the oxidative 

phosphorylation and lowering the cellular ATP concentration as in the case of cyanide. 

However, our RNA-Seq data as well as data from gene expression analysis with a S39006 

pigA::lacZ mutant indicate that 81 does not induce prodigiosin production by increasing 
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the transcription rate of the prodigiosin biosynthetic gene cluster. Hence, future studies 

should also investigate if ambigols improve prodigiosin biosynthesis by altering the 

proteome of S39006 and/or by increasing the precursor supply of prodigiosin biosynthesis.  

 

4.5 Optimization of prodigiosin production 

Our discovery of the prodigiosin-promoting activity of ambigols could be of interest for 

the industrial production of prodigiosin, since the prodiginine family is famous for their 

varied range of biological effects. Prodigiosin is regarded as a promising therapeutic drug, 

due to its many potential properties including anticancer, immunosuppressive, 

antibacterial, antiprotozoal, antifungal, and antimalarial activities.203–207 Moreover, there is 

a growing interest for the utilization of prodigiosin as a biocolorant in various industries. 

Its potential in coloring textiles,337,338 paper,338,339 soap,338 ink,338 candles,338,340 and 

polymers has been shown in multiple studies.339,341  

Thus, a cost-effective large-scale production of prodigiosin has been subject of many 

investigations. Several studies focused on increasing prodigiosin production of 

S. marcescens by optimizing culture conditions, such as temperature,342–344 pH,345,346 media 

composition,342,344,345,347 and incubation time.342,343,347 Furthermore, it has been shown that 

the deletion or addition of certain genes in Serratia species can lead to improved 

prodigiosin levels. The deletion of the gene encoding for the negative regulator PigZ 

increased prodigiosin production in S39006,228 whereas the addition of genes responsible 

for the synthesis of prodigiosin precursors elevated prodigiosin levels in S. marcescens.348  

Our study showed that ambigols increase prodiginine production in Serratia species 

drastically. This phenomenon has not been described yet and could be a complimentary 

approach in order to improve prodigiosin titer in Serratia for large-scale cultivation. 

Future structure-activity relationship studies could help identifying structural features that 

are essential for the prodigiosin-promoting activity of ambigols. Moreover, ambigol-related 

compounds including 97, 86 and various polybrominated diphenyl ethers should be tested 

for prodigiosin-promoting activity. 
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4.6 Potential mutual relationships between Fischerella and Serratia 

species  

The elevated prodigiosin levels in S39006 due to exposure of ambigols isolated from 

F. ambigua raises the questions if and in what relationship both strains interact with each 

other. Various species from both genera have been found in the same aquatic and soil 

environments, making a bacterial interaction between both organisms possible. Both genera 

were isolated from hot-springs,349–351 springs,182,352 rice fields,353–360 and lakes.361–364 

The following section discusses the potential ecological function of the prodigiosin-

promoting activity of F. ambigua. However, since there are no studies describing an 

interaction between Fischerella and Serratia species, the following potential ecological 

functions are highly speculative.  

Heterocystous cyanobacteria, such as Fischerella, play a major role in many rice field 

ecosystems, due to their ability to fixate atmospheric nitrogen leading to an increase of 

nitrogen content in the soil.365 In addition, it has been shown that Fischerella possesses 

phosphatase activity and therefore it has been assumed to be important in maintaining 

phosphate dynamics in rice fields.366 Phosphate and nitrogen are essential macro-nutrients 

that are required for plant growth.367 

Furthermore, multiple Serratia species proved to be endophytes in plants (e.g. rice) with 

plant-growth promoting activities.358,368,369 Similar to heterocystous cyanobacteria, various 

Serratia species have the ability to fix atmospheric nitrogen and thus increase its 

availability to plant roots.358,368 Moreover, Someya et al. showed that S. marcescens B2 

suppressed the growth of Rhizoctonia solani presumably by secreting chitinases and 

prodigiosin, resulting in the protection of rice from this phytopathogenic fungus.370 

Intriguingly, the same group showed that other endophytic bacteria from rice inhibited 

prodigiosin production of S. marcescens B2.370 In contrast, ambigols from F. ambigua 

improved prodigiosin production in S39006, demonstrating the ability of other 

microorganism to alter production of prodigiosin in Serratia species.  

Various Fischerella and Serratia species are considered for application as biofertilizers, 

due to their promising plant-growth promoting activities.369,371,372 Future studies should 

investigate if Serratia, Fischerella, and certain plants (e.g. rice) interact with each other in 

a mutual relationship. The co-cultivation of Serratia and Fischerella species could have a 
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synergistic effect on the growth of various plants, improving their potential as biofertilizers 

in agriculture.  

Another potential mutual relationship between Fischerella and Serratia species could occur 

in freshwater bodies, such as lakes. Fischerella and Serratia species are known to produce 

allelochemicals that can inhibit or stimulate the growth of other aquatic organisms 

(Figure 14). In multiple studies, Fischerella species exhibited allelopathic activities 

against cyanobacteria including Microcystis aeruginosa and/or eukaryotic algae.373–375 

Several allelochemicals with algicidal activity were isolated from Fischerella species 

including fischerellin A (100) and B (101),376,377 12-epi-hapalindole E isonitrile (79),378 and 

12-epi-hapalindole F (102).379 In the case of 102, it is assumed that its algicidal activity is 

based on the inhibition of photosynthesis in other phototrophs.380 Furthermore, prodigiosin 

has been proven to be an allelochemical against several aquatic organisms. It showed 

algicidal activities against the dinoflagellate Cochlodinium polykrikoides,381 the 

haptophytes Phaeocystis globosa,382,383 P. donghaiense,382 the microalgae Heterosigma 

akashiwo,382 and the cyanobacterium M. aeruginosa.361,384 Interestingly, two distinct 

studies showed that M. aeruginosa inhibits prodigiosin production in S. marcescens,385,386 

although, the mechanism causing the anti-pigmentation activity has not been 

determined yet.  

 

 

Figure 14. Chemical structures from allelochemicals with algicidal activity isolated from 

Fischerella species.  
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Many toxic species that are sensitive to the algicidal agents produced by Fischerella and 

Serratia sp. grow rapidly in water bodies leading to the phenomenon called harmful algal 

bloom (HAB). These HABs cause disturbances in many aquatic ecosystems (e.g. harming 

fish, shellfish, and other aquatic organisms) through different mechanisms such as 

production of toxins or depletion of dissolved oxygen.387 Fischerella and Serratia species 

are possibly negatively affected by bloom-forming phytoplankton. Thus, the production of 

allelochemicals by both genera could be a survival strategy to suppress organisms causing 

HABs. The increase in prodigiosin production of Serratia species due to exposure to 

ambigols that are secreted by F. ambigua could be a mutual relationship with the aim to 

avoid the negative impacts of HABs in their ecosystem. Future studies could investigate 

the bacterial interactions between Serratia and Fischerella species as well as their potential 

relationships to plants and bloom-forming phytoplankton as there are no reports regarding 

these topics. Valuable new information from such investigations could improve the 

potential application of Serratia and Fischerella species as biofertilizers in agriculture or 

as biocontrol agents against HABs. 
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5 Conclusion 

The aim of this thesis was to identify and characterize new natural products from 

cyanobacteria for drug development purposes utilizing a chemistry-guided and two distinct 

bioassay-based screening approaches. The chemistry-guided screening approach utilized 

the software tool HaloSeeker to filter for ion signals of halogenated compounds in complex 

HRMS data sets from cyanobacteria, resulting in the isolation of new tjipanazoles from 

F. ambigua. Moreover, the detection of additional tjipanazole intermediates by HaloSeeker 

allowed us to revisit and substantiate the putative tjipanazole biosynthesis pathway. 

Based on these promising results, the use of this software for the isolation of new HNPs or 

the elucidation of their corresponding biosynthetic pathways can be recommended for 

future studies. Furthermore, a conducted structure-activity relationship study indicated the 

importance of various structural features of indolo[2,3-a]carbazoles for their capability to 

inhibit the breast cancer transporter ABCG2. These findings can be of valuable information 

for future studies investigating indolocarbazoles with ABCG2 inhibitory activity.  

Bioactivity-based screening campaigns for immunomodulators and QS inhibitors from 

cyanobacteria resulted in the isolation of new hapalindoles and ambigols, respectively. 

The observed immunomodulating activity of the hapalindoles has not yet been described. 

Subsequent studies about toxicity and immunomodulatory effects are recommended to 

better understand the potential use of hapalindoles as immunomodulatory drugs. 

Although in this study, no QS inhibitors were identified from cyanobacteria, new ambigols 

with prodiginine-promoting activity were isolated from F. ambigua. In order to increase 

the probability of finding QS inhibitors in future studies, target-based assays that monitor 

the direct effect of samples on the QS system of a bacterium (e.g. mutant with lacZ fusion 

behind a QS gene) could be used alternatively to phenotypic assays. Since the Centers for 

Disease Control and Prevention has proclaimed beta-lactam resistant Enterobacteriaceae 

as an urgent threat to humans and Serratia is a member of this family, finding new 

antibiotics or alternative therapeutic drugs such as QS inhibitors should be subject of future 

investigations.  

As seen in this study, phenotypic screenings have the advantage that unexpected though 

interesting effects can be observed. The increase in prodiginine production in Serratia 

species due to exposure to ambigols has not been reported yet. The mode-of-action for this 

activity could not unambiguously be identified using RNA-Seq. However, our results 
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indicate that 81 has a major impact on the translation machinery and the precursor supply 

of the prodiginine biosynthesis in S39006. Based on these results, future research might 

analyze the proteome and the precursor concentrations of S39006 treated with 81. 

This study illustrated the ability of Serratia to sense molecules from Fischerella and change 

their phenotype accordingly, but also raises the questions if and in what relationship 

Serratia and Fischerella interact with each other. Subsequent studies could investigate the 

potential use of ambigols as a prodigiosin-promoting agent in the industrial production of 

prodigiosin or the combined use of Fischerella and Serratia cultures as biofertilizers in 

agriculture and as biocontrol agents against HABs.  

All three screening campaigns resulted in the isolation and characterization of new 

bioactive natural products. The potential use of the isolated compounds as candidates for 

drug development or other applications remains to be investigated in future studies. 

The results presented here confirm that cyanobacteria represent a prolific source for new 

bioactive natural products and that chemistry-guided and bioactivity-based screening 

campaigns are suitable methods for their isolation. 
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6 Abbreviations 

HPLC     high performance liquid chromatography 

ABCG2     ATP-binding cassette super-family G member 2 

ACN      acetonitrile 

ADEQUATE   adequate double quantum transfer experiment 

AHL      N-acyl-homoserine lactone 

AI-2      autoinducer-2 

AIP      autoinducing peptide 

ATP      adenosine triphosphate 

BGC      biosynthetic gene cluster 

CDK      cyclin-dependent kinase 

DAD      diode array detector 

DEG      differential expressed gene 

DMSO     dimethylsulfoxid 

ELSD     evaporative light scattering detector 

ESI      electrospray ionization 

FAD      flavin adenine dinucleotide 

FC      fold change 

GO      gene ontology 

HAB      harmful algal bloom 

HMBC     heteronuclear multiple bond coherence 

HNP      halogenated natural product 

HPLC-MS    high performance liquid chromatography coupled to a mass spectrometer 

HRESIMS    high resolution mass spectrometry with electrospray ionization 

HRMS     high resolution mass spectrometry 

HRMS2     high resolution tandem mass spectrometry 

HSQC     heteronuclear single quantum coherence 

IC50      half maximal inhibitory concentration 

KEGG     Kyoto Encyclopedia of Genes and Genomes 

m/z      mass-to-charge ratio 

MAP      2-methyl-3-pentyl-1H-pyrrole 

MBC      4-methoxy-2,2'-bipyrrole-5-carbaldehyde 

MeOH     methanol 

MS      mass spectrometry 

NMR      nuclear magnetic resonance 

NOESY     nuclear overhauser effect spectroscopy 

NRPS     nonribosomale peptide synthetase 

OD      optical density 

PBDE     polybrominated diphenyl ethers 

PKC      protein kinase C 

PKS      polyketide synthase 

ppm      parts per million 

QS      quorum sensing 

RLU      relative light units 

RNA-Seq    RNA-sequencing 

S39006     Serratia sp. ATCC 39006
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