
 
 

 

 
 
 

Investigation and Genetic Engineering of Heterologous 
Hosts for the Production of Cyanobacterial Compounds 

 

 

 

 
Zur Erlangung des akademischen Grades eines 

Dr. rer. nat. 

von der Fakultät Bio- und Chemieingenieurwesen 
der Technischen Universität Dortmund 

genehmigte Dissertation 

 

 

vorgelegt von 

M.Sc. Anna Tippelt 

aus 

Leipzig 

 

 

Tag der mündlichen Prüfung: 06.09.2022 

1. Gutachter: Prof. Dr. Markus Nett 

2. Gutachter: Prof. Dr. Nadine Ziemert 

 

 

Dortmund 2022



 
 

 

This work was conducted under the supervision of Prof. Dr. Markus Nett, TU Dortmund 

University, head of the research group „Technical Biology“. 

The presented experimental investigations were conducted as part of the collaborative project 

“PRODIGY” (Process-Directed Drug Generation in Yeast), which was publicly funded by the 

German Federal Ministry of Education and Research - BMBF (German: Bundesministerium für 

Bildung und Forschung). 

 

Parts of this work have been published by the author of this thesis and/or are based on data 

which were obtained in a BSc thesis performed at the Laboratory of Technical Biology under 

the supervision of the author. The following list gives a precise overview of the individual 

contributions. 

 

Chapter 3.2.6 and 4.1.1 in parts modified from [I] 

Reprinted (adapted) with permission from [I] (Microbiol Resour Announc, 9, e00040-20 (2020)). 
Copyright (2020) ASM Journals, Creative Commons Attribution 4.0 International license. (CC BY 4.0). 

Chapter 1.2, 1.3, 1.3.2 and 4.2 in parts modified from [II] 

Reprinted (adapted) with permission from [II] (Microb Cell Fact 20, 161 (2021)). Copyright (2021) 
BMC, Springer Nature, Creative Commons Attribution 4.0 International license (CC BY 4.0). 

Chapter 4.1.1 in parts modified from [III] 

Chapter 3.1.2, 3.5.1, 4.4.1, 7.1 and 7.2 in parts based on data, strains and vectors from [a] 

 

Relevant Publications 

[I] Tippelt, A., Busche, T., Rückert, C., Nett, M. Complete Genome Sequence of the Cryptophycin-

Producing Cyanobacterium Nostoc sp. Strain ATCC 53789. Microbiol Resour Announc, 9, e00040-20 

(2020). 

[II] Tippelt A., Nett, M. Saccharomyces cerevisiae as host for the recombinant production of polyketides 

and nonribosomal peptides. Microb Cell Fact 20, 161 (2021). 

[III] Tippelt A., Nett, M. Charting the Layout of a Bacterial Factory for Anticancer Drugs - Genome 

sequencing of Nostoc sp. ATCC 53789. SCIENTIFIC HIGHLIGHTS 2020-Annual Report, TU Dortmund 

University (2020). 

Relevant supervised student theses 

[a] Schwing, M.D. Rekonstitution einer Phosphopantetheinyltransferase aus Nostoc sp. ATCC 53789 in 

Escherichia coli. Bachelor Thesis, Laboratory of Technical Biology, TU Dortmund University (2020) 



3 

Table of Contents 
 

 

Table of Contents 

ZUSAMMENFASSUNG .................................................................................................................................. 6 

ABSTRACT ...................................................................................................................................................... 7 

1 INTRODUCTION ............................................................................................................................... 8 

1.1 Cyanobacteria ......................................................................................................................................... 8 

1.2 Natural products from cyanobacteria and mechanisms of secondary metabolite 
assembly ................................................................................................................................................. 11 

1.2.1 Cryptophycin – a cyanobacterial anticancer agent ......................................................................................16 
1.2.2 Scytonemin – a cyanobacterial sunscreen .......................................................................................................19 

1.3 Heterologous host systems for secondary metabolite biosynthesis ................................ 21 
1.3.1 Escherichia coli as heterologous host ................................................................................................................22 
1.3.2 Saccharomyces cerevisiae as heterologous host ............................................................................................24 

1.3.2.1 Novel expression elements for S. cerevisiae .........................................................................................26 

2 SCOPE OF THE THESIS ............................................................................................................... 29 

3 MATERIAL AND METHODS ....................................................................................................... 30 

3.1 Strains, cultivation and general methodologies ...................................................................... 30 
3.1.1 Nostoc spp. .....................................................................................................................................................................30 
3.1.2 E. coli .................................................................................................................................................................................30  
3.1.3 S. cerevisiae ....................................................................................................................................................................35 

3.2 General molecular biological operations ................................................................................... 38 
3.2.1 Isolation of genomic and plasmid DNA .............................................................................................................38 
3.2.2 Gel-electrophoretic analyses and purification of DNA ...............................................................................38 
3.2.3 Restriction of DNA ......................................................................................................................................................39 
3.2.4 Ligation and vector assembly ................................................................................................................................39 
3.2.5 Sequencing, primer generation and general software tools ....................................................................39 
3.2.6 Sequencing of Nostoc sp. ATCC 53789 ..............................................................................................................40 

3.3 General molecular biological operations in E. coli ................................................................. 41 
3.3.1 Generation of chemically competent cells and transformation of E. coli ...........................................41 
3.3.2 Production and purification of proteins ...........................................................................................................41 
3.3.3 SDS-PAGE electrophoretic protein separation ..............................................................................................42 

3.4 Cryptophycin biosynthesis in Nostoc sp. ATCC 53789 ........................................................... 43 

3.5 In vivo biosynthesis of MPBA .......................................................................................................... 43 
3.5.1 In vivo biosynthesis of MPBA in E. coli ..............................................................................................................44 

3.5.1.1 Vector construction of pET28a-crpA, pET28a-SUMO-crpA and pMal-crpA ..........................45 
3.5.1.2 Vector construction of pACYC-sfp and pACYC-sfpN .........................................................................46 
3.5.1.3 Vector construction of pMal-crpA-eryAIIITE ........................................................................................46 
3.5.1.4 MPBA extraction and analytical evaluation .........................................................................................48 

3.6 In vitro biosynthesis of PBA ............................................................................................................ 49 
3.6.1 Aminomutase assay ...................................................................................................................................................49 



4 

Table of Contents 
 

 

3.7 General molecular biological operations in S. cerevisiae ..................................................... 50 
3.7.1 Generation of chemically competent cells and transformation of S. cerevisiae ..............................50 
3.7.2 Generation of expression cassettes ....................................................................................................................50 
3.7.3 CRISPR/Cas9-directed genome editing ............................................................................................................52 
3.7.4 LTR-recombination ....................................................................................................................................................54  

3.8 Reconstruction of cryptophycin biosynthesis in S. cerevisiae ............................................ 55 
3.8.1 Heterologous expression of the cryptophycin pathway ...........................................................................59 
3.8.2 SDS-PAGE .......................................................................................................................................................................59  
3.8.3 RNA isolation and reverse transcription-profiling ......................................................................................60 
3.8.4 Extraction of cryptophycins from S. cerevisiae and metabolite analyses ..........................................61 

3.9 Reconstruction of scytonemin biosynthesis in S. cerevisiae ............................................... 62 
3.9.1 Heterologous expression of the scytonemin pathway ...............................................................................64 
3.9.2 Extraction of scytonemin from S. cerevisiae and metabolite analyses ................................................65 

4 RESULTS AND DISCUSSION....................................................................................................... 67 

4.1 Cryptophycin biosynthesis and de-novo genome sequencing of Nostoc sp. ATCC 
53789 ...................................................................................................................................................... 67 

4.1.1 Results .............................................................................................................................................................................67  
4.1.1.1 Production of cryptophycin by Nostoc sp. ATCC 53789 .................................................................67 
4.1.1.2 Biosynthetic potential of Nostoc sp. ATCC 53789 .............................................................................68 
4.1.1.3 Inspection of the cryptophycin BGC ........................................................................................................73 

4.1.2 Discussion ......................................................................................................................................................................75 
4.1.2.1 Loss of cryptophycin biosynthesis ...........................................................................................................75 

4.2 Reconstruction of cryptophycin biosynthesis in S. cerevisiae ............................................ 77 
4.2.1 Results .............................................................................................................................................................................77  
4.2.2 Discussion ......................................................................................................................................................................84 

4.3 Reconstruction of scytonemin biosynthesis in S. cerevisiae ............................................... 89 
4.3.1 Results .............................................................................................................................................................................89  
4.3.2 Discussion ......................................................................................................................................................................93 

4.4 In vivo biosynthesis of MPBA in E. coli ......................................................................................... 95 
4.4.1 Results .............................................................................................................................................................................95  
4.4.2 Discussion ................................................................................................................................................................... 102 

4.5 In vitro biosynthesis of PBA .......................................................................................................... 104 
4.5.1 Results .......................................................................................................................................................................... 104 
4.5.2 Discussion ................................................................................................................................................................... 107 

5 FINAL REMARKS.........................................................................................................................109 

6 LITERATURE................................................................................................................................111 

7 SUPPLEMENTARY INFORMATION .......................................................................................135 

7.1 Supplementary tables ..................................................................................................................... 135 

7.2 Supplementary figures.................................................................................................................... 163 

8 ABBREVIATIONS ........................................................................................................................171 



5 

Table of Contents 
 

 

9 INDEX OF TABLES ......................................................................................................................174 

10 INDEX OF FIGURES ....................................................................................................................174 

11 INDEX OF SUPPLEMENTARY TABLES .................................................................................175 

12 INDEX OF SUPPLEMENTARY FIGURES ...............................................................................175 

13 ACKNOWLEDGEMENTS ............................................................................................................176 



6 

Zusammenfassung   

 

Zusammenfassung 

Cyanobakterien sind eine wertvolle Ressource für die Entdeckung neuer, bioaktiver 

Sekundärmetabolite. Insbesondere im letzten Jahrzehnt wurde durch die rasante Entwicklung 

verbesserter Genomsequenzierungstechniken und bioinformatischer Analyse-Tools nicht nur 

ihre genetische Beschaffenheit, sondern auch ihr enormes Biosynthesepotential weiter 

erschlossen. Industriell bleiben diese wertvollen Ressourcen jedoch meist ungenutzt, was auf 

Kultivierungsschwierigkeiten, eingeschränkte Biosynthesekapazitäten sowie gentechnische 

Unzugänglichkeit der nativen Produzenten zurückzuführen ist. Biotechnologische 

Lösungskonzepte, wie die Anwendung heterologer Produktionssysteme eröffnen eine 

Möglichkeit zur industriellen Erschließung dieses Biosynthesepotentials. 

Die in dieser Arbeit durchgeführte Genomsequenzierung ermöglichte faszinierende Einblicke 

in die genomische Struktur und das Biosynthesepotential des bisher unsequenzierten 

Cryptophycinproduzenten Nostoc sp. ATCC 53789. So ergab sich das Bild eines 8,7-Mb großen 

Genoms mit 13 Replikons, dessen Biosynthesepotential typische cyanobakterielle 

Charakteristika mit überwiegend peptidischen Sekundärmetaboliten aufwies. Die Mehrheit der 

Biosynthesegencluster (BGCs) entfiel auf das Chromosom. Insgesamt 17% der BGCs, darunter 

auch der Cryptophycin-Locus, erwiesen sich als Plasmid-assoziiert. 

Zur Erschließung des cyanobakteriellen Biosynthesepotentials wurden unterschiedliche 

heterologe Wirtsorganismen, aber auch alternative, zellfreie Produktionssysteme untersucht, 

wobei sich letztere aufgrund unterschiedlicher Substratpräferenzen als ineffektiv erwiesen. 

Hingegen konnten die entwickelten in vivo Systeme, hier S. cerevisiae und E. coli, erfolgreich für 

die Rekonstitution und Genexpression kleiner Biosynthesegene und multimodularer 

Assemblierungslinien, wie Scytonemin und Cryptophycin, getestet werden. Diesbezüglich 

dokumentierte die effektive Rekonstruktion des Cryptophycin-Clusters erstmals die 

Genexpression einer bakteriellen, multimodularen NRPS-PKS-Assemblierungslinie in  

S. cerevisiae. Als zentrale Herausforderung gestaltete sich im Allgemeinen die Expression 

großer Biosntheseproteine in den heterologen Wirten sowie die Konstruktion eines 

eukaryotischen Plattformorganismus zur Expression großer bakterieller Gen-Cluster. Die 

Installation von Löslichkeits-Tags zur Vermeidung dysfunktionaler Proteinaggregate sowie die 

Etablierung eines vielseitig einsetzbaren Bakterien-Hefe-Klonierungssystems bildeten dabei 

erfolgreiche Lösungskonzepte. Die Metabolitenproduktion in den bisher nicht optimierten 

Chassisorganismen wurde anschließend analysiert, wobei eine hohe Zusatzbelastung des 

Zellstoffwechsels, eine geringe Präkursorenverfügbarkeit, die abweichende Codonverwendung 

und konkurrierende Stoffwechselwege als zentrale Engpässe identifiziert wurden. 
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Abstract  

 

Abstract 

Cyanobacteria are a prolific resource for the discovery of valuable bioactive compounds. Also, 

within the last decade, the fast development of genome sequencing techniques and 

bioinformatics tools, significantly expanded the knowledge on their genomic and biosynthetic 

constitution. Yet, these resources remain industrially unexploited, due to cultivation 

difficulties, biosynthetic constraints and molecular genetic intractability of the native 

producers. Applying heterologous production systems is a viable biotechnological concept to 

access this potential on an industrial scale. 

The herein conducted de-novo sequencing of the cryptophycin producer Nostoc sp. ATCC 53789 

provided intriguing insights into its genomic and biosynthetic constitution with an  

8.7-Mb genome, comprising 13 replicons and exhibiting a typical cyanobacterial secondary 

metabolome. It predominantly comprises peptide-associated biosynthetic gene clusters 

(BGCs), residing on the chromosome. Yet, 17% of the BGCs are plasmid-born, including the 

cryptophycin locus. 

In the course of this dissertation, the biosynthetic potential of cyanobacteria was examined, 

developing heterologous hosts and alternative cell-free production systems, whereby the latter 

turned out ineffective due to restricted substrate preferences. However, the devised in vivo 

chassis, i.e. S. cerevisiae and E. coli, were successfully tested for the reconstruction of small BGCs 

and multimodular assembly lines (i.e. scytonemin and cryptophycin). Notably, the successful 

establishment of the cryptophycin BGC represent the first documentation on the efficacious 

reconstruction and expression of a large bacterial, multimodular NRPS-PKS assembly line in 

yeast. 

In general, the reconstitution of large proteins and the construction of a eukaryotic chassis 

expressing large bacterial BGCs were central challenges in the chosen hosts. They were 

successfully addressed by the installation of solubility tags, avoiding inclusion-body formation 

and the establishment of a versatile bacteria-yeast cloning system. The encountered difficulties 

of final metabolite production in the non-engineered hosts were subsequently analyzed, 

identifying an increased metabolic burden, precursor limitations, codon usage and pathway 

competition as main drawbacks to devise a productive chassis. 
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1 Introduction 

1.1 Cyanobacteria 

Cyanobacteria represent an ancient phylum, which comprises a group of morphologically diverse 

Gram-negative bacteria performing oxygenic photosynthesis (Figure 1). As the evolutionary 

oldest phototrophs, they were crucial for the development of an oxygen-containing atmosphere 

on earth ~2.7 billion years ago, driving the evolution of life and higher organisms, which also led 

to the development of chloroplasts in plants. Today they are still the most abundant and 

important phototrophs on earth, contributing up to 80% of the marine and up to 35% of the world 

wide photosynthesis activity 1,2. These pioneering phototrophs inhabit diverse, even extreme 

environments and niches, ranging from terrestrial, marine and freshwater habitats, up to hot 

springs, deserts and the Antarctica. Cyanobacteria, which can be classified into five morphological 

groups (Chroococcales, Pleurocapsales, Oscillatoriales, Nostocales, Stigonematales), proliferate 

as unicellular individuals (e.g. Synechococcus sp. and Gloeothece sp.) or by forming large consortia 

of filaments in (branched-)chain like trichomes and large bacterial mats (e.g. Lyngbya sp., Nostoc 

sp. and Fischerella sp.) . Some species are renowned for causing severe cyanobacterial blooms in 

eutrophic water bodies through mass-development events during summer season. Other species 

are capable of nitrogen (N2) fixation, which makes them attractive symbiotic partners 3. Symbiotic 

relations are established with a variety of organisms, including plants, fungi, animals and protists, 

whereby the cyanobiont resides obligately intracellular, or facultatively extracellular in 

(microaerophilic) cavities and tissues of the host. The symbiotic relation of the host is exclusive 

with only one cyanobacterial genus and can last from one up to perpetual generations. A close 

cell-cell contact with the interacting host is guaranteeing an optimal nutrient exchange between 

the partners. As such, nutrients are exchanged as fixed N2 in the form of ammonia, citrulline and 

glutamine or as fixed carbon in the form of glucose and sucrose. Dependent on the partner 

organism the cyanobiont is either performing photosynthesis, which is the case for diatoms and 

fungal cyanobionts, or is mainly dedicated to N2 fixation, which is common for photosynthetically 

active hosts. In case of N2 fixation symbiosis, heterocyst-forming cyanobacteria, predominantly 

of the genus Nostoc, are involved as cyanobionts 4. 
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Figure 1. Diversity of cyanobacteria. I: Diverse morphology of cyanobacterial species 5 (Reprinted from Dvořák et al. 5 
with permission from Springer International Publishing Switzerland, Copyright 2015) ; II: Microscopic view of the 
trichrome-forming cyanobacterium Nostoc sp. ATCC 53789; Bar: 10 µm, HC: heterocyst. Notation: VC, vegetative cell; 
A: akinete. Magnification: x1000; Microscope: Zeiss Axio Observer-D1; Zeiss AxioCam MRm; Software: Axioplan R4.8; 
III: Slant-agar culture of Nostoc sp. ATCC 53789; IV: Diverse species of cyanolichens 6 (Reprinted from Rikkinen 6 with 
permission from Springer International Publishing Switzerland, Copyright 2017). 

 

Cyanobacteria exhibit a great structural and functional cell plasticity, which is also reflected in 

the multicellular organization of trichome forming species and their capability of a function-

dedicated cell differentiation within these trichome structures. Trichomes are chain-like or 

branched chain-like filaments of photosynthetically active vegetative cells, some of which  

can undergo distinctive cell differentiation, forming e.g. heterocysts, akinetes or hormogonia 

(Figure 1) 4. The basic structure of the thread-like trichomes is composed of a septa forming cell-

chain filament, exhibiting four characteristic features, namely a cytoplasmic membrane, a 

peptidoglycan layer, an outer membrane generating the periplasmic space and an extracellular 

anionic envelope. The cytoplasmic membrane and the peptidoglycan layer surround each 

individual cell of the filament, whereby the peptidoglycan sheet is, unlike other Gram-negative 

bacteria, composed of multiple thick and highly cross-linked layers. This peptidoglycan mesh is 

densely connected at the septal cell junctions of the filament by septal disks which, in addition to 

the outer membrane, are responsible to maintain the filament integrity. The peptidoglycan disks 

are frequently traversed by nanopores at the emerging septa, which are channeled by 

microplasmodesmata to directly connect neighboring cells of the filament. This connection is vital 
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for a direct intercellular signaling and exchange of regulators and metabolites in between the 

vegetative as well as differentiated cells of the trichome. The outer membrane is enclosing the 

total filament to create a comprehensive periplasmic space, without entering the septa in 

between the cells. The resulting structural and functional continuous periplasm is facilitating 

intercellular communication, or the trafficking of metabolites, nutrients, regulatory molecules 

and proteins alongside the filament 7–9. 

Many filamentous and unicellular cyanobacteria further exhibit an additional extracellular layer 

of mucilaginous sheaths, slime or capsules. These anionic structures are mainly composed of 

polysaccharides, monosaccharides, deoxy-sugars and uronic acid, some of which also contain 

sulphur, peptide, acetate and pyruvate groups. These extracellular structures are providing 

diverse advantages, such as adhesion to solid surfaces in demanding habitats (i.e. dunes, intertidal 

zones), promotion of cell motility of gliding cyanobacteria and structural stabilization of the cell 

and filament integrity. Furthermore, they are protecting the cells from toxic heavy metals, 

radicals, desiccation, or UV irradiation by additional accumulation of protective proteins and 

pigments within the sheaths, i.e. superoxide dismutase, scytonemin and mycosporine-like amino 

acids 10. 

The morphological and functional cell differentiation of trichome forming cyanobacteria is 

significantly contributing to their ability to adapt to diverse habitats and niches 4,7. Nitrogen 

deprivation or the development of symbiotic interactions with a host organism is triggering the 

differentiation of some vegetative cells of the trichome to photosynthetically inactive heterocysts. 

Heterocysts function as a microaerobic environment for the nitrogenase-facilitated, oxygen-

sensitive fixation of N2. As such, they serve as a source of bound nitrogen for the aerobic 

vegetative cells, which in exchange provide photosynthetic products such as ATP, NADPH and 

sugar to the heterocyst. In comparison to vegetative cells, the larger heterocysts are also no longer 

capable of cell division and exhibit a thickened, laminated cell wall, which is ensuring the integrity 

of a microaerophilic heterocyst environment. A decreased number of microplasmodesmata is 

also helping to maintain this milieu and regulates the necessary interchange of metabolites with 

adjacent vegetative cells, while preventing gas exchange. Heterocysts are regularly interspacing 

the trichome filament to guarantee an optimal transfer of nutrients with vegetative cells, whereby 

the explicit pattern of the intervals is strain-specific. The development of heterocysts enabled a 

spatial segregation of oxygenic photosynthesis and N2 fixation during the evolution of 

cyanobacteria and for this enabled them to thrive in a tremendous variety of habitats 4,11. 

Akinetes are enlarged, thick-walled, dormant cells with a multiple-layered extracellular envelope. 

They are typically abundant in the orders Nostocales and Stigonematales and are known to 

survive adverse environmental conditions, like desiccation, cold temperatures, or nutrient  
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depletion for several decades. Some akinetes accumulate granules of cyanophycin, an amino-acid 

polymer, as a nitrogen reservoir. Compared to vegetative cells they generally display a reduced 

metabolic activity. However, dependent on their age, they still exhibit some degree of protein and 

lipid biosynthesis as well as photosynthesis and respiration 4,11. 

Hormogonia are vegetative cells that reversibly differentiate from trichome cells into short motile 

filaments, which can be gas-vacuolated in some cyanobacterial species. Triggered e.g. by light, 

nutrient availability, or the presence of symbiotic partners, they play a central role in cell 

chemotaxis and symbiosis development 4,11,12. 

1.2 Natural products from cyanobacteria and mechanisms of secondary 
metabolite assembly 

The following section contains modified passages from the author’s previous publication [II] 13. 

 

The morphological and functional adaptability of cyanobacteria is also reflected in the broad 

diversity of their secondary metabolites 14. Secondary metabolites are low molecular weight 

compounds that are produced by bacteria, fungi, plants, and marine organisms. Unlike primary 

metabolites, they are not essential for the growth or replication of the producing organism. 

However, they enhance the survival of the producer in adverse and competitive environments 15. 

Their natural functions comprise the adaptation to environmental changes, the defense of 

resources or habitats, self-protection against predators, herbivores or solar irradiation, as well as 

inter- and intraspecific communication 15,16. Secondary metabolites are a remarkable resource of 

high-value pharmaceutical drugs to combat infectious diseases, cancer and (auto)immune 

disorders 17. Furthermore, they are used as fine and commodity chemicals, e.g. in the food and 

cosmetic industry 13,18–20. 

Together with actinomycetes and myxobacteria, cyanobacteria constitute one of the most 

important prokaryotic sources for drug discovery 21,22. Chemical investigations have yielded 

numerous natural products, many of which exhibit strong pharmacological activities already at 

low nanomolar concentrations. Furthermore, the remarkable progress in genome sequencing and 

bioinformatics has illuminated the enormous biosynthetic potential of this phylum within the last 

decade. The available genome sequences from cyanobacteria represent a treasure trove for the 

identification of new BGCs with unique biosynthetic mechanisms 23–26. Cyanobacterial secondary 

metabolites are structurally highly diverse. They encompass neurotoxic and cytotoxic (kalkitoxin, 

antillatoxin, nostophycin, microcystin), antibiotic (noscomin, hapalindole T), antimitotic 

(cryptophycins, curacins, dolastatins), antiviral (nostoflan, spirulan), antiprotozoal (viridamide 

A, venturamides) and UV-protective (scytonemin, shinorine) metabolites, whereby the well-
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studied genera Lyngbya, Microcystis, Nostoc and Hapalosiphon account for more than two-thirds 

of the so far described chemistry 3,14,21,24. 

Many cyanobacterial secondary metabolites originate from polyketide synthase (PKS), 

nonribosomal peptide synthetase (NRPS) and hybrid PKS-NRPS pathways 21. PKSs and NRPSs are 

modularly organized megaenzymes that are composed of multiple catalytic domains. These 

enzymes catalyze the linkage of simple acyl- or amino acid-derived monomers in a sequential or 

iterative fashion. As modular PKSs and NRPSs are analyzed in detail in this dissertation, their 

mode of action will be introduced in the following section. 

The minimal set of catalytic domains present in one archetypal type I PKS module comprises an 

acyl transferase (AT), a ketoacyl synthase (KS) and an acyl carrier protein (ACP) domain. The 

posttranslational activation of the latter is a crucial prerequisite for PKS biosynthesis and is 

carried out by dedicated phosphopantetheinyl transferases (PPTases). This 

phosphopantetheinylation reaction is Mg2+-dependent and involves the transfer of the 

phosphopantetheine moiety from coenzyme A (CoA) onto a conserved serine residue of the ACP. 

Hereby, a PPTase catalyzes the nucleophilic side chain attack of the ACP serine on the 5’-

pyrophosphate bond of CoA (Figure 2). The covalently tethered phosphopantetheine arm 

facilitates the binding of substrates and biosynthetic intermediates via a reactive thioester bond 

to the ACPs. Moreover, the innate flexibility of the 18 Å phosphopantetheine arm allows the 

transport of bound substrates to distant catalytic centers of the megaenzymes. PPTases are 

ubiquitous to all domains of life. Although they share only low levels of sequence homology in 

general, they can be classified into two major groups known as the AcpS-type and the Sfp-type 

PPTases 27–30. The AcpS-type is mainly connected to fatty acid biosynthesis, whereas the broad-

substrate-range Sfp-type is closely associated with secondary metabolism 27,28. 
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Figure 2. Phosphopantetheinylation of an acyl carrier protein. The phosphopantetheine unit of coenzyme A is 
transferred onto the conserved serine of the apo-enzyme, converting it to its active holo-form. Notation: PPTase, 
phosphopantetheinyl transferase; 3’,5’-ADP, adenosine-3',5'-diphosphate. 

 

In PKS biosynthesis (Figure 3), AT domains are responsible for selecting and loading acyl-CoA 

units onto ACP domains. Each single AT domain is selective for only one acyl-CoA unit according 

to its respective active site code 31. The ACP is binding the selected substrate, shuttling it to distal 

catalytic domains of the assembly line like e.g. the KS domain. In multimodular PKSs, the ACP is 

further responsible to transfer the growing polyketide to the next module, likewise. The KS 

catalyzes the linkage of the extender unit to the growing polyketide chain in a decarboxylative 

thio-Claisen condensation reaction. In addition to this basic domain architecture, a subset of 

accessory, reductive domains can be part of a PKS module. The ketoreductase (KR) domain is 

performing a NADPH-dependent reduction of the β-carbonyl group in the Claisen product 

yielding a hydroxyl moiety. The latter can be further processed by a dehydratase (DH) domain, 

leading to the formation of a carbon-carbon double bond. An additional enoylreductase (ER) 

domain is eventually reducing the double bond to give a fully saturated moiety. However, this 

reductive cycle is not always completely represented or active in a PKS module. Dependent on 

the presence, activity and combination of the aforementioned accessory domains, a variety of 

fully, partially or non-reduced compounds can be formed, contributing to the tremendous 

diversity of polyketides.  
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Figure 3. Schematic view of substrate selection (A), chain elongation (B), reductive processing (C), and intermediate 
transfer (D) by type I PKSs. Domain notation: KS β-ketoacylsynthase, AT acyltransferase, ACP acyl carrier protein, KR 
ketoreductase, DH dehydratase, ER enoyl reductase. Reprinted with permission from Tippelt and Nett 13, Copyright 
(2021) BMC, Springer Nature, Creative Commons Attribution 4.0 International license (CC BY 4.0) 

 

In situ methylation by an accessory S-adenosylmethionine (SAM) dependent O- or C-

methyltransferase (OMT, CMT) domain can further modify the bound polyketide. The release of 

the final product is mediated by a C-terminal thioesterase (TE) domain and can occur as simple 

intermolecular hydrolysis or by intramolecular macrocyclization, facilitated by an internal 

nucleophilic attack of e.g. a hydroxyl moiety 32–36. The interrelation between domain organization 

and polyketide assembly is known as collinearity. This feature, in combination with the substrate 

preference of AT domains, allows the structural prediction of polyketides from their biosynthetic 

assembly lines37–40. 
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In analogy to PKSs, modular NRPSs exhibit a functionally comparable domain architecture and 

assembly logic. Archetypal NRPSs also follow the collinearity rule. They feature an adenylation 

(A), a condensation (C) and a peptidyl carrier protein (PCP) domain. Similar to the AT domain, 

the A domain is responsible for substrate recognition. Unlike the former, however, the A domain 

also activates its substrate by the formation of an acyl-adenylate in an ATP-driven and Mg2+ 

dependent fashion. One single substrate is selected in conjunction with a specificity-conferring 

active site code 41. Apart from proteinogenic L-amino acids, also non-proteinogenic amino acids 

and keto as well as aryl carboxylic acids can serve as substrates of A domains. The C domain 

corresponds to the KS domain of PKSs and catalyzes peptide or ester bond formation with an 

extender unit. The PCP has the same function as an ACP domain. It facilitates the binding and 

shuttling of substrates and biosynthetic intermediates. Unlike PKS assembly lines, the substrate 

monomers stay bound to the PCP during the assembly process. This minimal set of NRPS domains 

can be complemented by accessory domains, e.g. epimerization (E), oxidase (Ox), cyclization (Cy), 

or MT (O-, N-, C-linked) domains, which enhance the structural diversity of nonribosomal 

peptides. For instance, E domains offer an in situ epimerization of activated L-amino acids into 

their respective D-form prior to condensation with the growing peptide chain. Cy domains 

generate heterocyclic ring systems like thiazolines and oxazolines, which can be further 

processed by Ox domains, converting them to thiazole and oxazole moieties. The NRPS assembly 

is terminated through TE domains similar to PKS systems. Occasionally, the TE domain is missing 

in an NRPS assembly line and instead a C-terminal reductase (Red) or C domain catalyzes product 

liberation. Red domains mediate a reductive release, which results in aldehyde or alcohol 

formation, while dedicated C domains facilitate a direct nucleophilic attack to split the thioester 

bond or initiate cyclization to release the product 34–36,41–51. 

Further product diversity can be achieved by post-release modifications through tailoring 

enzymes. Typical modifications include epoxidation, glycosylation (N-, C-, O-linked), oxygenation, 

hydroxylation and alkylation of the polyketide or peptide. In addition, carbon-bond cleavage 

rearrangements and cyclizations give rise to a tremendous structural diversity 27,52,53. Another 

aspect contributing to the structural diversity of nonribosomal peptides is the promiscuity of 

their substrate selecting domains. Many A domains exhibit an extended substrate tolerance, while 

AT domains are in general highly selective 33,40,41,43,54,55. The promiscuity of NRPSs is often 

exploited for precursor-directed biosynthesis and mutasynthesis approaches generating 

“unnatural” natural products with pharmaceutically desired properties 56. 

Hybrid assembly lines feature a mixed PKS and NRPS module architecture. They are following the 

previously introduced logic of assembly and domain organization and increase the structural 
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diversity of natural products even further. Many clinically important compounds with anticancer 

(bleomycin, epothilone, cryptophycin), immunomodulatory (rapamycin) and antibiotic 

(pristinamycin, myxovirescin A) properties originate from hybrid PKS/NRPS pathways 34. 

1.2.1 Cryptophycin – a cyanobacterial anticancer agent 

A large number of cyanobacterial compounds exhibit potent anticancer properties and, therefore, 

have already been introduced into (pre)clinical trials or harnessed as promising drug leads (e.g. 

soblidotin 57, tasidotin 58, cryptophycin 59,60). Among these agents, curacins, dolastatins, and 

cryptophycins were found to be active against various multidrug-resistant tumor cell lines 61–63 

Of particular interest are the cryptophycins, comprising more than 25 native derivatives, some of 

which were used to develop synthetic analogues for (pre)clinical testing 62,64. Among them, the 

prominent example cryptophycin 52, a synthetic congener of the native cryptophycin 1, has even 

been applied to phase II clinical trials in cancer therapy 59,60. 

The antiproliferative efficiency of cryptophycin 1 exceeds approved antitumor agents, such as 

paclitaxel, vinblastine or vincristine 65. Through inhibition of microtubule dynamics and 

(de)polymerization already at picomolar concentrations (e.g. 4.58-7.63 pM for KB and LoVo cell 

lines) 66, cryptophycin 1 and cryptophycin 52 are causing an arrest of the cell cycle in the 

transition of the mitotic metaphase/anaphase 65,67. In addition it was found that both derivatives 

are irreversibly binding in close vicinity of the vinca alkaloid binding site at the ends of the 

microtubule. However, unlike vinblastine, both cryptophycin 1 and its congener cryptophycin 52 

are causing conformational changes of the tubulin, which is ultimately affecting its association 

and dissociation potential 68. Like many other microtubule-inhibiting agents, cryptophycin 1, 

cryptophycin 52 and another synthetic chlorohydrin-derivative, cryptophycin 55, were also 

found to additionally trigger an apoptotic cascade by causing a hyper-phosphorylation and 

inactivation of the Bcl-2 protein, a repressor protein in apoptosis regulation 66,69. Due to their high 

affinity, the conformational change of the tubulin and the poor reversibility of the tubulin binding, 

the cryptophycins are hardly affected by resistance mechanisms of multidrug resistant tumor cell 

lines, which are mediated by the permeability-glycoprotein pumps (ABC transporters). As an 

example, cryptophycin 52 displayed an unaffected activity against vinca alkaloid and paclitaxel 

resistant tumor cell lines 68. In sum, the low inhibitory concentration even against multidrug 

resistant cell lines classify the depsipeptide and its derivatives as some of the most potent 

antimitotic agents described to date. Therefore they represent some of the most promising 

sources for new chemotherapeutics 3,21,64.  

To date two cyanobacterial strains, namely the terrestrial Nostoc sp. GSV224 and the lichen-

isolated Nostoc sp. ATCC 53789, were reported to be capable of cryptophycin biosynthesis 64,70. 

The cryptophycin (crp) operon (40.3 kb) comprises eight genes encoding the biosynthetic 
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enzymes CrpA-H, which are directing the biosynthesis of the more than 25 native cryptophycin 

derivatives (Figure 4) 64,71–73. 

 

 

 

 

 

 

Figure 4. Cryptophycin biosynthesis. The cryptophycin locus comprises eight genes (crpA-H) with a total size of 40.3 
kb. The enzymes CrpA-D are responsible for the formation of the cryptophycin scaffold. CrpE-H are enzymes, which 
introduce epoxide and halogen moieties (red squares) into the cryptophycin scaffold or provide specific precursor 
molecules for the biosynthesis. Variable residues are indicated by R1-9 64. Domain notation: A, adenylation; ACP/PCP, 
acyl/peptidyl carrier protein; KS, ketoacyl synthase; AT, acyl transferase; DH, dehydratase; CM, C-methyltransferase; 
KR, ketoreductase; C, condensation; OM, O-methyltransferase; E, epimerization; TE, thioesterase. The asterisk is 
indicating a hypothetical starter unit. 

 

The cryptophycin assembly line encompasses the two type I PKSs CrpA and CrpB (loading module 

and modules 1-3) and the two NRPSs CrpC and CrpD (modules 4-6). The latter includes an usual 

PKS-associated KR domain 64,74. The biosynthesis is initiated by the selection and tethering of an 

elusive starter unit through the CrpA loading module. Up to now, the identity of this starter unit 
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has not been clarified. Incorporation experiments with labelled precursors suggest the starter 

unit to derive from phenylalanine. However, only eight out of nine carbons of this amino acid 

could be detected in cryptophycin. Furthermore, feeding studies excluded phenylacetate as a 

direct biosynthetic precursor 64. A similar situation was reported for microcystin biosynthesis 75, 

which is also assumed to start with a C6-C2 building block and involves a starter unit selecting A 

domain with a specificity conferring substrate code that is in accordance with CrpA 64,76. 

Biochemical analyses of the microcystin A domain revealed trans-cinnamic acid and 3-

phenylpropionic acid as the preferred substrates and not a phenylethyl or phenylacetate unit as 

expected. The exact mechanism by which the selected substrate is shortened and also the timing 

of this reaction remain elusive and require further exploration (cf. section 4.1.1.3) 64,76. Following 

the loading process, module 1 extends the hypothetical starter unit by decarboxylative Claisen 

condensation with malonyl-CoA. A subsequent reductive processing (KR, DH) and SAM-

dependent methylation (CMT) give rise to hypothesized intermediate 2-methyl-4-phenyl-3-

butenoic acid (MPBA), which is enzyme-bound via a thioester bond (Figure 4). The biosynthesis 

is continued by CrpB. Two further rounds of polyketide chain extension and reductive processing 

are executed by modules 2 and 3. CrpC is responsible for the attachment of tyrosine in module 4, 

whereby the E domain is catalyzing the conversion of the selected L-configured substrate to D-

tyrosine. Methylation of the tyrosine hydroxyl group is meanwhile carried out by the associated 

OM domain. The last assembly line enzyme, CrpD, comprises the modules 5 and 6, which 

successively incorporate 2R-methyl-β-alanine and α-ketoisocaproic acid into the growing 

peptide-polyketide chain. While the unusual amino acid 2R-methyl-β-alanine derives from 

methylaspartate, which is decarboxylated by CrpG, the α-keto acid is generated by CrpF, which 

catalyzes the oxidative deamination of leucine. The KR domain of CrpD is responsible for the 

reduction of the α-ketoisocaproic acid building block. The resulting α-hydroxyisocaproic acid 

allows an ester bond linkage with the previously incorporated 2R-methyl-β-alanine. This 

condensation reaction is performed by the C domain of module 6. The TE domain of module 6 

catalyzes the concluding lactonization, whereby the hydroxyl group introduced in module 2 

attacks the carbonyl group of the thioester to release a cyclic depsipeptide. The flavin-dependent 

halogenase CrpH and the P450 epoxidase CrpE are responsible for the halogenation and 

epoxidation of the product following its liberation from the assembly line 64. CrpE was found to 

exhibit a significant substrate tolerance. Although the presence of an epoxide moiety is no 

prerequisite for bioactivity, it increases the potency of the resulting cryptophycin by two orders 

of magnitude 64,74,77. 

The promiscuity of the Crp assembly line gives rise to various cryptophycin derivatives. Overall, 

nine variable residues (R1-9) have been found in naturally occurring cryptophycins (Figure 4). 

Apart from the mentioned epoxide replacement with a trans-styrene moiety (R1), halogenation
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is also known for R7 and some natural cryptophycins exhibit a β-alanine instead of a 2-methyl-β-

alanine moiety at R8 (Figure 4). The observation that a single NRPS pathway yields multiple 

product analogs is a common feature of cyanobacterial secondary metabolism and was also found 

in laxaphycin 78, nostopeptolide 70 and microcystin 79 biosynthesis. 

1.2.2 Scytonemin – a cyanobacterial sunscreen 

Cyanobacteria are versatile producers of structurally diverse secondary metabolites with a 

variety of bioactivities 3,80. As cyanobacteria are living naturally in environments with extreme 

UV conditions, these phototrophic organisms evolved several protection strategies in response to 

detrimental UV irradiation, ranging from DNA repair mechanisms 81, via UV evasion behavior 82 

up to the biosynthesis of UV-absorbing pigments 83,84. Amongst the latter is the extracellular 

sheath pigment scytonemin, which exhibits effective sunscreen properties against UV-A, UV-B 

and UV-C irradiation and radical-scavenging activities 85. UV-A and UV-B directly and indirectly 

damage cells on protein, nucleic acid, and lipid level, e.g. by causing the formation of reactive 

oxygen intermediates 86, or through direct lesion of the cyanobacterial phycobilisomes 87. To 

avoid lethal cell damage by solar radiation, the yellow-green scytonemin pigment is accumulated 

in the extracellular sheaths upon UV-A light exposure 83,88. Its broad, major absorption spectrum 

is ranging from 325-425 nm within the UV-A spectral region via the UV-B spectrum of 280-320 

nm, down to the UV-C spectral region with a maximum of 250 nm 89,90. 

The scytonemin molecule is a dimer. Its two monomers represent condensation products of 

tryptophan- and tyrosine-derived metabolites (Figure 5) 83,89. Scytonemin has been isolated from 

a variety of cyanobacterial species living in aqueous and terrestrial habitats 89. Its biosynthetic 

pathway is encoded by a cluster of 18 open reading frames (orfs). Only three of these genes, i.e. 

scyC (NpR1274), scyB (NpR1275) and scyA (NpR1276), are putatively essential for product 

formation 83,91,92. The biosynthesis (Figure 5) is initiated by the leucine dehydrogenase 

homologue ScyB, which converts L-tryptophan to indole-3-pyruvate. Subsequently, the thiamin 

diphosphate (ThDP)-dependent enzyme ScyA condenses this intermediate with 4-hydroxyphenyl 

pyruvate into a labile β-ketoacid. Decarboxylation and oxidative cyclisation by ScyC generate a 

ketone, which eventually dimerizes to scytonemin. The function of the remaining genes is either 

elusive or dedicated to tryptophan and tyrosine precursor formation. For example the encoded 

prephenate dehydrogenase TyrA (NpR1269) is assumed to be responsible for the generation of 

4-hydroxyphenyl pyruvate directly from prephenate instead of tyrosine 83,91,93,94. 

Up to now, it is not clear whether the dimerization process occurs spontaneously or if an 

enzymatic process is involved. Currently, the locus-encoded ScyE (NpR1272) and an adjacent 

gene cluster, the ebo cluster, are under investigation for being involved in the dimerization 

process. Both, ΔscyE and Δebo mutants exhibited a scytonemin deficient phenotype and the 
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accumulation of scytonemin monomers in periplasmic extracts 92,95. 

 

 

 

 

Figure 5. Scytonemin biosynthesis from L-tryptophan and 4-hydroxyphenyl pyruvate in Nostoc punctiforme ATCC 
29133. Notation: ScyA, thiamine diphosphate (ThDP) and manganese (Mn2+) dependent enzyme; ScyB, putative leucine 
dehydrogenase; ScyC, putative cyclase/decarboxylase; Npun_R0187/Npun_R0899/Npun_R752, native 
aminotransferases of N. punctiforme, which catalyze the transamination of L-tyrosine; TyrA, putative prephenate 
dehydrogenase 83,91,92. 
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1.3 Heterologous host systems for secondary metabolite biosynthesis 

The following section was adapted from the author's previous publication [II] 13. 

 

The development of economically feasible manufacturing processes is an ambitious challenge for 

many polyketides and (non-ribosomal) peptides. Chemical syntheses are often impractical, as the 

structural and stereochemical complexity of these molecules often requires multiple 

transformation steps, diminishing the overall yield. In addition it requires the laborious 

introduction and removal of protective groups and the usage of precious metal catalysts, or toxic 

reagents, which is affecting production costs, as well as environmental sustainability 13,96–99. 

Biotechnological approaches, e.g. in vivo and in vitro biocatalysis, are often advantageous in 

catalyzing the required multistep transformations to generate complex secondary metabolites 98. 

They provide high stereoselectivity and lead to enantiopure compounds 97,98,100,101. In addition, 

biotechnological applications use milder, non-toxic operation conditions (e.g. ambient 

temperature, atmospheric pressure, aqueous solution). Starting materials for the production 

process include cheap and renewable substrate sources, e.g. glucose or sucrose. Since the use of 

sugars and other potential nutrient sources in biotechnology is highly controversial, processes 

are increasingly developed to deploy biomass from non-food resources (e.g., lignocellulose, 

glycerol, xylose) 102,103. 

Overall, biotechnological processes can offer an alternative, environmentally more attractive 

route for the synthesis of bulk and fine chemicals 104,105. In any case the environmental 

sustainability or impact of a process must be assessed individually e.g. taking resource efficiency, 

waste to product yield ratio (E factor), or resource efficiency and life cycle assessment (e.g. energy 

usage, eutrophication, ecotoxicity) into account 97,101,106. 

Even though biotechnological processes are an attractive alternative to chemical synthesis, they 

can be hindered by low product yields and purification difficulties. In many cases, the natural 

producers of secondary metabolites show unfavorable process properties, which impede their 

industrial application 98. Many microorganisms are difficult to cultivate under defined laboratory 

conditions, not amenable to classical experimental design, exhibit slow growth with doubling 

times of several days and show low productivity capacities 61,98,107. In addition, high sensitivity 

against shear stress in stirred tank reactors, as observed for many filamentous and mycelia-

forming microorganisms 108, may reduce productivity. Furthermore, downstream processing may 

be hindered by structurally similar molecules in the fermentation broth 98. 

Apart from these process-associated limitations, another aspect is that many biosynthesis  

genes are silent or only weakly expressed in the native producer. In general, natural  
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product biosynthesis is tightly regulated by both, global and local transcription regulators that 

are controlled by various biotic and abiotic factors as well as environmental conditions. Factors 

that are known to affect secondary metabolite production include radiation, light, oxidative 

stress, habitat/nutrient limitations, as well as positive and negative interactions with other 

organisms. Especially cyanobacteria are known to exhibit a high evolutionary adaptability in 

response to environmental changes, which can lead to a genetic instability (e.g. sequence 

mutations) of BGCs under laboratory conditions 109–111. Another drawback is that most of the 

native secondary metabolite producers are also not amenable to genetic engineering techniques, 

which would be required in order to activate these mostly silent BGCs and to increase the product 

yield of a desired compound. Yet, the development of such techniques and the establishment of 

suitable fermentation conditions for the native producer often require laborious empirical efforts 

13,15,16,23,83,107,109,112–120. 

One approach to overcome these limitations is the development and application of heterologous 

hosts for the biosynthesis of secondary metabolites. For this purpose, industrially proven host 

organisms are harnessed to reconstruct the biosynthesis of valuable target molecules. Methods 

of synthetic biology and metabolic engineering, such as pathway refactoring, support the rational 

development of highly productive strains 104,105. Escherichia coli, Saccharomyces cerevisiae, or 

Aspergillus nidulans are frequently exploited as heterologous hosts to establish production 

processes for secondary metabolites 121–124. In case of cyanobacterial compounds, heterologous 

(host) systems are also used to probe or manipulate BGCs 23,119. Microorganisms like E. coli,  

S. cerevisiae, Streptomyces venezuelae and certain cyanobacteria, such as Anabaena sp. PCC 7120 

have been successfully used as production hosts for cyanobacterial secondary metabolites 23. 

Examples cover e.g. the heterologous production of microviridins 125, microcystin 126 and a 

scytonemin precursor 93 in E. coli, or shinorine 127 biosynthesis reconstruction in S. cerevisiae.  

S. venezuelae was applied to produce 4-O-demethylbarbamide 128, while cryptomaldamide 129 and 

lyngbyatoxin 119 biosynthesis were reconstructed in Anabaena sp. PCC 7120. 

1.3.1 Escherichia coli as heterologous host 

Since the 1980s Escherichia coli represents one of the most important and most frequently used 

workhorses in academia and industry. Favorable process properties, such as short doubling time, 

simple scale-up, high cell density growth, and high production yields together with its well-

characterized biochemistry and physiology make E. coli an extremely versatile host for protein 

expression. In addition, its genetic tractability in combination with the availability of numerous 

genetic manipulation tools have promoted its industrial application for the production of 

recombinant biopharmaceuticals 130,131. Examples include pharmaceuticals for the treatment of 

diabetes (human recombinant insulin, Eli Lilly), chronic hepatitis C infections (interferon α-2b, 
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Schering-Plough), multiple sclerosis (Interferon β-1b, Novartis), or chronic gout (Pegloticase, 

Savient Pharms) 130,132. Moreover, E. coli is increasingly harnessed as a platform organism for the 

production of biofuels (bioethanol 133, 1-propanol 134, isopropanol 135, hydrogen 136), sugar 

alcohols (xylitol 137, mannitol 138), amino acids (L-threonine 139, L-phenylalanine 140), organic acids 

(lactic acid 141, pyruvate 142), diols and biopolymers (1,3-propanediol 143, polylactic acid 144). These 

compounds find application in the energy, food, agricultural, cosmetics, fabric/textile and 

polyester industry 145. E. coli has also been employed to produce a variety of secondary 

metabolites, including isoprenoids, nonribosomal peptides and polyketides (Figure 6) 145–147. 

 

 

Figure 6. Examples of secondary metabolites heterologously produced in E. coli.  

 

Cyanobacterial natural products, which have been heterologously produced in E. coli include the 

NRPS/PKS-derived hepatotoxin microcystin and the alkaloid and sunscreen pigment scytonemin 

23. 

The reconstitution of microcystin biosynthesis 126 was performed by reassembling the 55 kb-

sized mcy BGC from a Microcystis aeruginosa PCC 7806 fosmid library, harnessing Red/ET 

recombineering. This included the use of the native microcystin promoter to direct the 

biosynthesis in the non-native host. For sufficient posttranslational activation of the assembly 

line, E. coli was further equipped with a chromosomal copy of the promiscuous PPTase MtaA from 

Stigmatella aurantiaca DW4/3-1. However, initial heterologous expression attempts did not 

result in any detectable microcystin production in E. coli. Analyses of the native microcystin 

promoter and mRNA profiling of the heterologous host and M. aeruginosa, revealed a lack of gene 

expression in E. coli. This was reasoned with an innate nitrogen-responsive regulation of  
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the native microcystin promoter. In M. aeruginosa, the nitrogen level-dependent transcription 

factor NtcA is directing the activation of the mcy promoter. Unlike the native producer, E. coli is 

not harboring an NtcA homologue, impeding a transcription of the heterologous mcy cluster. An 

exchange of the native mcy promoter with the bidirectional tetracycline-inducible promoter 

PtetO solved the innate transcription factor dependency. Together with an optimization of the 

cultivation conditions, this culminated in the successful biosynthesis of up to 162±23 µg/l 

microcystin. Due to the fast growth rate of E. coli, the achieved microcystin space-time yields 

(1.3−32.5 μg/l/day) were even superior to the native producer M. aeruginosa (5.7−16.7 

μg/l/day).  

The reassembly of scytonemin biosynthesis 93 (cf. section 1.2.2 and Figure 5) in E. coli was 

performed by assembly of all putative pathway genes (scyA-F, tyrA, tyrP, dsbA, Npr1270, aroB, 

aroG, trpA-E, Npr1259) from N. punctiforme ATCC 29133 in three plasmids. Although scytonemin 

formation could not be observed in the subsequent expression study, the biosynthesis of the 

monomeric ketone precursor and various pathway shunt products could be demonstrated. After 

comparative genomic analyses suggested that the genes scyA-F are sufficient for scytonemin 

biosynthesis, minimal expression vectors were tested. According to these analyses the production 

of the monomeric precursor can already be achieved with the three genes scyA-C. 

Supplementation of the recombinant production cultures with tyrosine and tryptophan increased 

the titer of the monomeric precursor up to 8.9 mg/l. However, the final dimerization to 

scytonemin could not be realized in E. coli, which was reasoned with either inactivity of the 

responsible, so far unidentified dimerization enzymes, or with the lack of genes encoding such 

enzymes in the assembled locus. 

1.3.2 Saccharomyces cerevisiae as heterologous host 

The following section contains passages from the author’s previous publication [II] 13. 

 

“The single-celled ascomycete S. cerevisiae is one of the most prominent microbial workhorses in 

academia and industry. As a robust, fast growing and safe organism, encoding no toxic or viral 

genes, budding yeast is of particular interest for biotechnological applications. The ease of 

transformation with exogenous DNA in conjunction with extremely efficient homologous 

recombination capabilities make it a primary choice for the recombinant production of 

pharmaceutical drugs and other high-value chemicals. Over the years, a number of techniques 

have been developed for the genetic engineering of S. cerevisiae, which exploit homologous 

recombination and are used for genome editing and pathway reassembly. Examples include 

transformation-associated recombination cloning 148–152, long terminal repeat-guided cloning 

(LTR-recombination) 153,154 and CRISPR/Cas9 148,155–157. This arsenal has been expanded by many 
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plug-and-play tools, which facilitate the assembly and expression of large DNA fragments 

152,154,156,158–166. Other scientific breakthroughs include the development of bidirectional 

expression plasmids 167,168 and synthetic minimal expression systems for S. cerevisiae 169–171, 

which make pathway refactoring in this model organism feasible. 

The use of S. cerevisiae as a heterologous host was pioneered in the 1980s when strains were 

constructed for the manufacturing of pharmaceutical proteins, like interferon-α 172,173 and insulin 

173,174. At this time, the exploration and comprehension of yeast’s fundamental secretory 

expression pathways paved the way to a successful maturation and secretion of recombinant 

proteins. Of particular relevance in this context is the leader sequence of the mating type peptide 

pheromone α-factor in S. cerevisiae, which was found to convey secretory competence to a 

multitude of heterologously expressed fusion proteins 172,174,175.” 

Apart from human polypeptides, yeast was also harnessed for the expression of viral proteins in 

the field of recombinant vaccine biosynthesis. One prominent example is the hepatitis B surface 

antigen 176. Since the beginning of the 21st century yeast has also been “explored as a production 

platform for small molecules, including chemical feedstocks, biofuels, food additives, flavors and 

cosmetics 177. Due to its innate metabolism, yeast produces several intermediates of commercial 

value, such as ethanol and glycerol.” 

“Its long established industrial use as well as the available omics data facilitate rational metabolic 

engineering strategies on the basis of mathematical models 177–184. The implementation of 

artificial pathways is also feasible and allows the production of molecules that do not naturally 

occur in yeast. An illustrative example is the biosynthesis of enantiopure lactic acid, which serves 

as raw material for the production of polylactide polymers 185. Significant efforts were invested 

to establish competitive production rates in recombinant S. cerevisiae strains and to develop a 

manufacturing process at a commercial scale 186,187.” 

In recent years, the reconstitution and reconstruction of pathways to secondary metabolites 

(Figure 7) underwent significant progress 105,188,189. Examples include terpenoids, such as the 

flavor and insecticide limonene 190, the anti-inflammatory hormone hydrocortisone 191,192 and 

artemisinic acid, a precursor of the antimalarial drug artemisinin 193,194. The latter drug was even 

produced at industrial scale 195. Recombinantly produced alkaloids include the analgesic opioids 

thebaine and hydrocodone 196, or the antitussive noscapine 197, while phenylpropanoids 

encompass the antioxidant resveratrol 198 and naringenin 199. Recent advances also focus on 

heterologous biosynthesis approaches of cannabinoids, using S. cerevisiae as a potential platform 

organisms for the production of e.g. tetrahydrocannabidiol 200–202. Polyketides and nonribosomal 

peptides that were heterologously produced in yeast comprise predominantly compounds of 

fungal origin, such as 6-methylsalicylic acid 203–207, penicillin 165,180, or the depsipeptides
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beauvericin and bassianolide 208,209. In contrast, the reconstruction of PKSs and NRPSs from 

bacteria has been barely investigated 13. Among the few exceptions are the unusual, C-domain-

lacking indigoidine NRPS from Streptomyces lavendulae 210 and the NRPS-like, D-alanine-D-

alanine ligase, which is involved in the biosynthesis of the sunscreen pigment shinorine in N. 

punctiforme 127,211.  

 

 

Figure 7. Examples of secondary metabolites heterologously produced with S. cerevisiae.  

 

Combinatorial biosynthesis was also explored in S. cerevisiae, as exemplified by the production of 

triketide lactone (TKL) 212 and an artificial dipeptide 213. The TKL polyketide was made with a 

fusion protein integrating the deoxyerythronolide B megasynthase (DEBS) module 2 and the 

DEBS-TE domain. The artificial dipeptide was produced after modules of two bacterial NRPSs, 

namely the tyrocidine synthetase (TycA) and the surfactin (SrfAC) synthetase, were expressed in 

yeast. Both NRPSs had been previously endowed with compatible communication-mediating 

(COM) domains to mediate the required protein-protein interactions 13. 

1.3.2.1 Novel expression elements for S. cerevisiae 

The heterologous expression of bacterial BGCs in S. cerevisiae is challenging, due to the 

incompatibility of polycistronic transcription units. In order to express bacterial BGCs in  

S. cerevisiae, it is obligatory to refactor each individual gene and to equip it with a suitable yeast 

promoter and terminator sequence 170. 
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For years, only a limited set of native yeast promoters and terminators was available for this task. 

Examples include the galactose inducible promoter Gal1, the strong constitutive TDH3 promoter, 

or the endogenous CYC1 terminator. Due to the innate complexity of eukaryotic expression 

systems and a large quantity of regulating cis-elements, e.g. the 5’ upstream activating sequence 

(UAS) elements, transcription factor binding sites, or positioning elements and polyadenylation 

signals of the 3’-untranslated region, these promoter and terminator sequences usually span 

hundreds of base pairs up to 1 kb. Therefore, the reconstruction of large bacterial BGCs in yeast 

is hampered by the need to include the additional extensive cargo of these obligatory regulating 

DNA elements 169,170. 

Recently, minimal synthetic promoters and terminators were developed for S. cerevisiae, which 

facilitate pathway refactoring 169,170. The minimal synthetic promoters (Figure 8) take a space of 

less than 120 bp in total and are composed of a short hybrid assembled upstream activating 

sequence (UAS), a small AT-rich spacer and a core element. The core element is including the 

TATA-box, a 30 bp core spacer and the transcription start site (TSS), respectively. In total, six UAS 

elements (e.g. UAS A-F) and nine compatible generic core elements were designed, which are 

applicable to generate a set of constitutive promoters for S. cerevisiae 170. 

 

 

Figure 8. Architecture of minimal synthetic promoters for S. cerevisiae. The corresponding DNA is composed of an UAS 
element, a neutral AT-rich spacer and a core element. Notation: N10, 10 nucleotide sequence; n, n-fold, indicating any 
natural number; UAS, upstream activating sequence; TATA, TATA-box; TSS, transcription start site. (Reprinted adapted 
with permission from Redden et. al. 170, Copyright (2015) Nature Communications, Creative Commons Attribution 4.0 
International license. (CC BY 4.0)). 

 

The minimal synthetic terminators (Figure 9) exhibit a size of only 35−70 bp. They comprise three 

key elements, i.e. an efficiency element, a positioning element and a polyA site, which are 

interspaced by short linker regions. Optional features include upstream and downstream 

poly(T)tracts, a variable linker of 3-20 bp and a 3’-located poly(T)tract. In total, 30 terminators 

are currently available, which can be used for gene expression in yeast 169. 
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Figure 9. Architecture of minimal synthetic terminators for S. cerevisiae. The corresponding DNA is composed of an 
efficiency element, a positioning element and a Poly(A)-site. Notation: ORF, open reading frame including the TAG stop 
codon; Upstream, optional 5’ poly(T) tract; Efficiency, efficiency element; Link1, 3-20 bp spacer sequence; Positioning, 
positioning element; Link2, 3-20 bp spacer sequence; Poly(A), polyA-site; Downstream, optional 3’ poly(T) tract. 
(Reprinted adapted with permission from Curran et al. 169, Copyright 2015 American Chemical Society) 
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2 Scope of the thesis 

Cyanobacteria are versatile producers of bioactive secondary metabolites and are therefore a 

prolific resource for drug discovery. The remarkable progress in genome sequencing and 

bioinformatics has uncovered the enormous biosynthetic potential of this phylum (cf. section 

1.2). However, this potential frequently remains unexploited, which is due to cultivation and 

production constraints (cf. section 1.3 and 1.2). The phototrophic cyanobacteria often grow 

slowly with doubling times of several days, or they are non-culturable at all. Furthermore, many 

BGCs remain silent under laboratory conditions or are only weakly expressed, which results in 

low production titers. The overexpression of BGCs is also rarely feasible, as many strains are not 

amenable to genetic engineering. Overall, this impedes the exploitation of their great biosynthetic 

potential. The use of heterologous hosts in order to probe or manipulate cyanobacterial BGCs was 

already successful (cf. section 1.3). However, a heterologous platform organism, which could be 

applied to produce different cyanobacterial secondary metabolites is yet to be found. 

The major aim of this thesis was to evaluate S. cerevisiae as heterologous host for the biosynthesis 

of selected cyanobacterial compounds. Another goal was to expand the biosynthetic and genomic 

knowledge of the cyanobacterial strain Nostoc sp. ATCC 53789.  

(i) S. cerevisiae is a proven host organism for the heterologous production of secondary 

metabolites (cf. section 1.3). In this thesis, the potential of this microorganism for the 

reconstruction of the pathways to the cyanobacterial compounds cryptophycin and scytonemin 

was explored. For this purpose, a suitable method to transfer large bacterial BGCs into  

S. cerevisiae had to be developed and a viable expression system in this host had to be established. 

The respective results and challenges are described and analyzed in chapter 4.2 and 4.3 of this 

thesis. 

(ii) The challenges associated with the reconstruction approach of cryptophycin biosynthesis 

were further investigated. In particular, questions regarding the identity and the processing of 

the starter unit had to be addressed. To this end, the biosynthesis enzyme CrpA was expressed in  

E. coli. The corresponding study is covered in section 4.4 of this thesis. 

The biosynthetic investigations were complemented by the sequencing and annotation of the 

genome of the cryptophycin-producing Nostoc strain ATCC 53789. The results of this study are 

described in chapter 4.1 of this thesis. 

Last but not least, an in vitro enzymatic bioconversion route was devised to generate putative 

intermediate derivatives of the cryptophycin biosynthesis pathway, which in perspective could 

help to clarify the biosynthetic model. The results are displayed and discussed in section 4.5 of 

this thesis. 
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3 Material and Methods 

In the following section, the experimental design and used strains are described in detail, covering 

the applied general methodologies of strain cultivation, extraction, general molecular biological 

operations, as well as specific methods and information regarding the different research projects. 

3.1 Strains, cultivation and general methodologies 

The herein performed research projects required the cultivation of diverse microorganisms, 

including Nostoc spp., as well as multiple E. coli and S. cerevisiae strains. The respective cultivation 

methodologies are described in the following. 

3.1.1 Nostoc spp. 

Nostoc sp. ATCC 53789 was obtained from the American Type Culture Collection (ATCC) and 

cultivated in cell culture flasks (stored horizontally) for 1 month under diurnal illumination at 

room temperature (RT), using BG-13 medium 214. In order to increase the titer of cryptophycin 1 

for the development of a cancer cell line assay in cooperation with the LDC (Lead Discovery 

Center, Dortmund), Nostoc sp. ATCC 53789 was continuously cultivated for 6 month to scale-up 

the total culture volume. Likewise, N. punctiforme ATCC 29133 (PCC 73102) was obtained from 

ATCC and cultivated for two weeks, using ATCC medium 819. This medium corresponds to ATCC 

Medium 616 (BG-11) without NaNO3. For both strains, initially 10 ml of medium were inoculated 

with the obtained culture. Scale-up was performed up to a volume of 200 ml medium. For this 

purpose, the total cell culture was harvested by centrifugation (4000 rpm, 15 min, RT) and 

dissolved in fresh medium by vigorous shaking. Volume scale-up was performed stepwise from 

10 ml, via 50 ml, 100 ml up to 200 ml culture volume. 

3.1.2 E. coli  

If not specified otherwise, E. coli cells were cultivated in Erlenmeyer flasks using LB medium 

(Table 1) at 37 °C and 180 rpm. For selection, antibiotics were added to the medium at the 

following concentrations: 100 µg/ml ampicillin (Amp), 50 µg/ml kanamycin (Kan), or 25 µg/ml 

chloramphenicol (Cm). Regeneration of transformants was conducted in SOB medium (Table 1). 

The used E. coli plasmids and strains are listed in Table 2 and Table 3, respectively. 
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Table 1. E. coli medium composition. 

Medium Components Amount 

LB (pH 7) Tryptone 10 g/l 

 Yeast extract 5 g/l 

 Sodium chloride 10 g/l 

LB-Agar Bacteriological Agar 15 g/l 

SOB (pH 7) Tryptone 20 g/l 

 Yeast extract 5 g/l 

 Sodium chloride 0.6 g/l 

 Potassium chloride (25 mM) 1% (v/v) 

 

Table 2. List of E. coli plasmids used in this thesis. All pMA-RQ and pYPKpw vectors harbor a unique, minimal, artificial 
S. cerevisiae expression system based on the work of Redden et al. 170 and Curran et al. 169. Designated homologous 
locus flanks for subsequent recombination events were designed according to the work of Reider Apel et al. 156. 
Additional information and vector maps regarding the applied plasmids are provided in the supplementary 
information (Table SI I). Notation: His-tag, hexahistidine tag; CmR, chloramphenicol resistance; MBP-tag, N-terminal 
maltose binding protein (solubility tag); AmpR, ampicillin resistance; KanR/G418, kanamycin/G418 resistance; SUMO, 
N-terminal small ubiquitin-related modifier (solubility tag); sfp, Sfp-type phosphopantetheinyl transferase B. subtilis; 
sfpN, Sfp-type phosphopantetheinyl transferase Nostoc sp. ATCC 53789; ZeoR, zeocin resistance; HygR, hygromycin 
resistance. 

Plasmid Origin Relevant features Reference 

MPBA biosynthesis project (in vivo)  

pACYCDuet Novagen Expression plasmid; His-tag; 
T7 promoter; CmR 

 

pMalc2x New England 
Biolabs 

Expression plasmid; MBP-tag; 
tac promoter; AmpR 

Walker et 
al. 215 

pET28a (+) Novagen Expression plasmid; His-tag; 
T7 promoter; KanR 

 

pET28a-tmmrMcGAS-
SUMO  

Regine Siedentop, 
Laboratory of 
Bioprocess 
Engineering, TU 
Dortmund 
University 

SUMO-tag Rolf et al. 216 

pET28a-crpA pET28a (+) Expression plasmid; His-tagged 
CrpA 

This study 

pMal-crpA pMalc2x Expression plasmid; MBP-
tagged CrpA 

This study 

pACYC-sfp pACYCDuet sfp expression plasmid This study 

pACYC-sfpN Marvin D. Schwing, 
Laboratory of 
Technical Biology 
TU Dortmund 
University 

sfpN expression plasmid Schwing [a] 
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pET28a-SUMO-crpA pET28a-crpA, 
pET28a-
tmmrMcGAS-
SUMO 

Expression plasmid; SUMO-
tagged CrpA; 

This study 

pMal-crpA-eryAIIITE pMalc2x Expression plasmid, MBP-
tagged CrpA fused to the TE 
domain of EryAIII 

This study 

PBA biosynthesis project (in vitro) 

pET28a-admH pET28a (+) Expression plasmid; His-tagged 
AdmH 

This study, 
Jin et al. 217 

Cryptophycin biosynthesis project 

pYTK080 Addgene ZeoR cassette Lee et al. 158 

pYTK079  Addgene HygR cassette Lee et al. 158 

pYTK077  Addgene KanR/G418 cassette Lee et al. 158 

pMA-RQ-PB2-T27 Invitrogen Subcloning vector, minimal 
expression system; constitutive 
promoter PB2; terminator T27; 
target locus 308a (ARS308a) 
chromosome III;  

This study 

pMA-RQ-PB2-crpA-T27 pMA-RQ-PB2-T27 Subcloning vector; crpA; PB2-
T27 expression system 

This study 

pMA-RQ-PA3-T30 Invitrogen Subcloning vector, minimal 
expression system; constitutive 
promoter PA3; terminator T30 

This study 

pMA-RQ-PA3-crpC-T30 pMA-RQ-PA3-T30 Subcloning vector, crpC; PA3-
T30 expression system 

This study 

pYPKpw-PC8-crpB-T3 ATG:biosynthetics 
GmbH 

Synthetic vector; crpB; minimal 
expression system; constitutive 
promoter PC8; terminator T3 

This study 

pYPKpw-PD1-crpD-T8 ATG:biosynthetics 
GmbH 

Synthetic vector; crpD; minimal 
expression system; constitutive 
promoter PD1; terminator T8  

This study 

pMA-RQ-PC8-T3 Invitrogen Subcloning vector, minimal 
expression system; constitutive 
promoter PC8; terminator T3; 
target locus 416d 
(ARS416/ARS1) chromosome 
IV 

This study 

pMA-RQ-PC8-crpH-T3 pMA-RQ-PC8-T3 Subcloning vector; crpH; PC8-
T3 expression system 

This study 
 

Scytonemin biosynthesis project 

pMA-RQ-PC8-T3 Invitrogen Equivalent to cryptophycin 
biosynthesis project 

This study 

pMA-RQ-PA3-T30 Invitrogen Equivalent to cryptophycin 
biosynthesis project 

This study 
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pMA-RQ-PC8-scyA-T3  pMA-RQ-PC8-T3 Subcloning vector; scyA; PC8- 
T3 expression system 

This study 

pMA-RQ-PA3-scyC-T30  pMA-RQ-PA3-T30 Subcloning vector; scyC; PA3-
T30 expression system 

This study 

pMA-RQ-PA3-scyB-T30 pMA-RQ-PA3-T30 Subcloning vector; scyB; PA3-
T30 expression system 

This study 

pYTK079 Addgene HygR cassette Lee et al. 158 

pYTK077  Addgene KanR/G418 cassette Lee et al. 158 

 

Table 3. E. coli strains used in this thesis. Notation: MBP-tag, N-terminal maltose binding protein (solubility tag); Sfp, 
Sfp-type phosphopantetheinyl transferase Bacillus subtilis; SUMO-tag, N-terminal small ubiquitin-related modifier 
(solubility tag); BGC, biosynthetic gene cluster; SfpN; Sfp-type phosphopantetheinyl transferase Nostoc sp. ATCC 
53789. 

Strain Origin Genotype Note 

E. coli DH5α ThermoFisher 
Scientific 

F- mcrA Δ( mrr-hsdRMS-
mcrBC) Φ80lacZΔM15 Δ 
lacX74 recA1 araD139 Δ( ara-
leu)7697 galU galK rpsL 
(StrR) endA1 nupG 

subcloning host; 
expression system 
construction and 
preparation 

E. coli TOP10 Invitrogen F- mcrA Δ(mrr-hsdRMS-
mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 araD139 
Δ(ara-leu)7697 galU galK 
rpsL (StrR) endA1 nupG 

subcloning host; 
expression system 
construction and 
preparation 

E. coli BL21(DE3) ThermoFisher 
Scientific 

F– ompT hsdSB (rB–, mB–) 
gal dcm (DE3) 

B-strain expression 
host; IPTG inducible 
T7 system; high 
recombinant protein 
expression level; 
control strain in MPBA 
biosynthesis project 

E. coli KRX Promega [F´, traD36, ΔompP, proA+B+, 
lacIq, Δ(lacZ)M15] ΔompT, 
endA1, recA1, gyrA96 (Nalr), 
thi-1, hsdR17 (rk–, mk+), 
e14– (McrA–), relA1, supE44, 
Δ(lac-proAB), Δ(rhaBAD)::T7 
RNA polymerase 

K-strain expression 
host; rhamnose 
inducible T7 system; 
toxic protein 
expression; low pre-
induced expression 
level 218 

E. coli ArcticExpress 
(DE3) 

Agilent F– ompT hsdS(rB–mB–) 
dcm+ Tetr gal λ(DE3) endA 
Hte [cpn10 cpn60 Gentr] 

BL21 GOLD 
expression host; 4-12 
°C cultivation; 
chaperonin expression 
(Oleispira antarctica); 
IPTG inducible T7 
system 219 
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E. coli C41(DE3) Sigma Aldrich F – ompT hsdSB (rB- mB-) gal 
dcm (DE3) 

BL21(DE3) expression 
host; IPTG inducible 
T7 system; toxic 
protein expression 220 

E. coli C43(DE3) Sigma Aldrich F – ompT hsdSB (rB- mB-) gal 
dcm (DE3) 

C41(DE3) expression 
host; IPTG inducible 
T7 system; toxic 
protein expression 220,  

Cryptophycin biosynthesis project 

Strain Origin Plasmids Note 

E. coli DH5α-crpA E. coli DH5α pMA-RQ-PB2-crpA-T27 Subcloning strain; 
crpA; PB2-T27 

E. coli DH5α-crpC E. coli DH5α pMA-RQ-PA3-crpC-T30 Subcloning strain; 
crpC; PA3-T30 

E. coli DH5α-crpH E. coli DH5α pMA-RQ-PC8-crpH-T3 Subcloning strain 
crpH; PC8-T3 

MPBA biosynthesis project (in vivo) 

Strain Origin Plasmids Note 

E. coli DH5α-MBP-
crpA 

E. coli DH5α pMal-crpA MBP-tag; crpA; control 
strain 

E. coli BL21 (DE3)-
crpA-sfp 

E. coli BL21 
(DE3) 

pET28a-crpA, pACYC-sfp crpA; Sfp 

E. coli ArcticExpress 
(DE3)-MBP-crpA-sfp 

E. coli 
ArcticExpress 
(DE3) 

pMal-crpA, pACYC-sfp MBP-tag; crpA; sfp 

E. coli ArcticExpress 
(DE3)-SUMO-crpA-
sfp 

E. coli 
ArcticExpress 
(DE3) 

pET28a-SUMO-crpA, pACYC-
sfp 

SUMO-tag; crpA; sfp 

E. coli C43(DE3)-
MBP-crpA-sfp 

E. coli 
C43(DE3) 

pMal-crpA, pACYC-sfp MBP-tag; crpA; sfp 

E. coli C43(DE3)-
SUMO-crpA-sfp 

E. coli 
C43(DE3) 

pET28a-SUMO-crpA, pACYC-
sfp 

SUMO-tag; crpA; sfp 

E. coli C41(DE3)-
MBP-crpA-sfp 

E. coli 
C41(DE3) 

pMal-crpA, pACYC-sfp MBP-tag; crpA; sfp 

E. coli C41(DE3)-
SUMO-crpA-sfp 

E. coli 
C41(DE3) 

pET28a-SUMO-crpA, pACYC-
sfp 

SUMO-tag; crpA; sfp 

E. coli BL21 (DE3)-
MBP-crpATE-sfp 

E. coli BL21 
(DE3) 

pMal-crpA-eryAIIITE, pACYC-
sfp 

MBP-tag; crpA fused to 
eryAIIITE; sfp  

E. coli BL21 (DE3)-
MBP-crpA-sfp 

E. coli BL21 
(DE3) 

pMal-crpA, pACYC-sfpN MBP-tag; crpA; sfpN [a]  

E. coli BL21 (DE3)-
MBP-crpA-sfp 

E. coli BL21 
(DE3) 

pMal-crpA, pACYC-sfp MBP-tag; crpA; sfp  

E. coli BL21 (DE3)-
SUMO-crpA-sfp 

E. coli BL21 
(DE3) 

pET28a-SUMO-crpA, pACYC-
sfp 

SUMO-tag; crpA; sfp 



35 

Material and Methods 
Strains, cultivation and general methodologies 

 

 

E. coli BL21 (DE3)-
sfp 

E. coli BL21 
(DE3) 

pACYC-sfp sfp; control strain  

E. coli BL21 (DE3)-
MBP-crpA 

E. coli BL21 
(DE3) 

pMal-crpA MBP-tag; crpA; control 
strain  

E. coli BL21 (DE3)-
sfp-C2x 

E. coli BL21 
(DE3) 

pACYC-sfp, pMalc2x sfp; empty pMalc2x; 
control strain 

E. coli KRX-MBP-
crpA-sfp 

E. coli KRX pMal-crpA, pACYC-sfp MBP-tag; crpA; sfp 

E. coli KRX-SUMO-
crpA-sfp 

E. coli KRX pET28a-SUMO-crpA, pACYC-
sfp 

SUMO-tag; crpA; sfp 

PBA biosynthesis project (in vitro) 

Strain Origin Plasmids Note 

E. coli BL21 (DE3)-
admH 

E. coli BL21 
(DE3) 

pET28a-admH admH 

Scytonemin biosynthesis project 

Strain Origin Plasmids Note 

E. coli DH5α E. coli DH5α pMA-RQ-PC8-scyA-T3  Subcloning strain; 
scyA; PC8- T3 

E. coli DH5α E. coli DH5α pMA-RQ-PA3-scyC-T30  Subcloning strain; 
scyC; PA3-T30 

E. coli TOP10 E. coli TOP10 pMA-RQ-PA3-scyB-T30  Subcloning strain; 
scyB; PA3-T30 

 

3.1.3 S. cerevisiae  

If not specified otherwise, S. cerevisiae was cultivated in baffled Erlenmeyer flasks at 30 °C and 

180-200 rpm, using YPD medium or Yeast Nitrogen Base (YNB) drop-out medium with selective 

amino acid and nutrient supplementation (Sigma-Aldrich)221 (Table 4). For the selection of 

plasmids or positive transformants in homologous recombination events, depletion of medium 

supplements (uracil depletion) or antibiotic selection was performed, using hygromycin  

(200 µg/ml), zeocin (150 µg/ml), or G418 (210 µg/ml), respectively. 

In case of cryptophycin biosynthesis, precursor uptake might be limited due to catabolite-

repression and thus restricted to simple diffusion 222. Hence, during expression cultivation, the 

cells were grown in acetate-buffered YPD (pH 4) to assure a sufficient uptake of the putative CrpA-

precursor 3-phenylpropionic acid (3-PPA). 

The used S. cerevisiae plasmids and strains are listed in Table 5 and Table 6, respectively. 
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Table 4. S. cerevisiae medium composition. 

Medium Components Amount 

YPD (pH 6-7) Bacto Yeast Extract 10 g/l 

 Bacto Peptone 20 g/l 

 Glucose (50% w/v) 40 ml/l 

YPD-Agar Bacteriological Agar 20 g/l 

YNB (Sigma-Aldrich) Yeast Nitrogen Base (without 
supplements) 

6.7 g/l 

 Glucose (50% w/v) 40 ml/l 

 Supplement Mix 221 1.39 - 1.92 g/l  
Defined according to selection  

YNB-Agar  
(Sigma-Aldrich) 

YNB + Bacteriological Agar 20 g/l 

 

Table 5. List of S. cerevisiae plasmids used in this thesis. Additional information and vector maps regarding the applied 
plasmids are provided in the supplementary information (Table SI II). 

Plasmid Features 

Scytonemin biosynthesis project 

pCAS9-416 156 S. cerevisiae-E. coli shuttle plasmid; Cas9; gRNA for 
CRISPR/CAS genome editing; target locus ARS416/ARS1 
chromosome IV 

Cryptophycin biosynthesis project 

pCAS9-308 156 S. cerevisiae-E. coli shuttle plasmid; Cas9; gRNA for 
CRISPR/CAS genome editing; target locus ARS308a 
chromosome III 

 

Table 6. S. cerevisiae strains used in this thesis. Notation: Sfp, Sfp-type phosphopantetheinyl transferase of B. subtilis; 
KanR/G418, kanamycin resistance; ZeoR, zeocin resistance; HygR, hygromycin resistance; bna2, S. cerevisiae gene 
encoding tryptophan 2,3-dioxygenase in kynurenine /anthranilate biosynthesis pathway. 

Strain Origin Genotype Note 

Cryptophycin biosynthesis project 

S. cerevisiae 
CEN.PK2-1C 

Oliver Schiwy, 
Laboratory of 
Technical 
Biochemistry, TU 
Dortmund 
University 

Δpep4 Δgal1 Δgal80 
MATa gal1::loxP 
pep4::loxP 
gal80::loxP ura3-52 
trp1-289 leu2-3,112 
his3Δ1 MAL2-8C 
SUC2 

Parental strain 

S. cerevisiae-sfp Oliver Schiwy, see  
S. cerevisiae 
CEN.PK2-1C  

see S. cerevisiae 
CEN.PK2-1C ΔARS 
720::Gal1-sfp-Cyc1 

chromosomal Sfp; 
galactose-inducible 
promoter Gal1; 
terminator Cyc1 
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S. cerevisiae-sfp-crpA 
: pCAS9-308 

S. cerevisiae -sfp Cas9 plasmid pCAS9-
308, Δ308::PB2-
crpA-T27 

Sfp; constitutive 
promoter PB2; 
terminator T27; crpA; 
Cas9 plasmid targeting 
locus 308a chromosome 
III 

S. cerevisiae-sfp-crpA S. cerevisiae -sfp Δ308::PB2-crpA-T27 Sfp; PB2; T27; crpA 

S. cerevisiae-sfp-
crpA-crpB 

S. cerevisiae -sfp-
crpA 

ΔYPRCΔ15::PC8-
crpB-T3-KanR 

Sfp; constitutive 
promoter PC8; 
terminator T3; 
KanR/G418; crpA; crpB 

S. cerevisiae-sfp-
crpA-crpB-crpD 

S. cerevisiae -sfp-
crpA-crpB 

ΔYPRCτ3::PD1-crpD-
T8-ZeoR 

Sfp; constitutive 
promoter PD1; 
terminator T8; 
KanR/G418; ZeoR; crpA; 
crpB; crpD 

S. cerevisiae-sfp-
crpA-crpB-crpC-crpD 
(S. cerevisiae ATi01) 

S. cerevisiae -sfp-
crpA-crpB-crpD 

ΔYORWΔ22::PA3-
crpC-T30-HygR 

Sfp; constitutive PA3; 
terminator T30; 
KanR/G418; ZeoR; HygR; 
crpA; crpB; crpD; crpC 

S. cerevisiae-sfp-
crpA-crpB-crpC-
crpD-crpH : pCAS9-
416 

S. cerevisiae -sfp-
crpA-crpB-crpC-
crpD 

Cas9 plasmid pCAS9-
416, Δ416::PC8-
crpH-T3 

Sfp; PC8; T3; 
KanR/G418; ZeoR; HygR; 
crpA; crpB; crpD; crpC; 
crpH; Cas9 plasmid 
targeting locus 416d 
chromosome IV 

S. cerevisiae-sfp-
crpA-crpB-crpC-
crpD-crpH 
(S. cerevisiae ATi02) 

S. cerevisiae -sfp-
crpA-crpB-crpC-
crpD 
(S. cerevisiae ATi01) 

Δ416::PC8-crpH-T3 Sfp; PC8; T3; 
KanR/G418; ZeoR; HygR; 
crpA; crpB; crpD; crpC; 
crpH 

Scytonemin biosynthesis project 

Strain Origin Genotype Note 

S. cerevisiae-scyA : 
pCAS9-416 

S. cerevisiae 
CEN.PK2-1C 

Cas9 plasmid pCAS9-
416, Δ416::PC8-
scyA-T3 

Constitutive promoter 
PC8; terminator T3; 
scyA; Cas9 plasmid 
targeting locus 416d 
chromosome IV 

S. cerevisiae-scyA S. cerevisiae 
CEN.PK2-1C 

Δ416::PC8-scyA-T3 PC8; T3; scyA 

S. cerevisiae-scyA-
scyC 

S. cerevisiae -scyA ΔYORWΔ22::PA3-
scyC-T30-HygR 

Constitutive promoter 
PA3; terminator T30; 
HygR; scyA; scyC 

S. cerevisiae-scyA-
scyB-scyC 

S. cerevisiae -scyA-
scyC 

Δbna2::PA3-scyB-
T30-KanR 

PA3; T30; HygR; 
KanR/G418; scyA; scyC; 
scyB; bna2/ locus 
YJR078W knock-down 
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3.2 General molecular biological operations 

The following sections describe molecular biological operations that were used in this PhD 

project. This includes cloning methods and procedures used for DNA isolation, de-novo 

sequencing, as well as bioinformatics analyses. 

3.2.1 Isolation of genomic and plasmid DNA  

Genomic DNA of S. cerevisiae was isolated using the extraction kit “Genomic DNA from 

microorganisms” (Macherey-Nagel) for yeast. 

Preparation of genomic DNA of N. punctiforme and Nostoc sp. ATCC 53789 for PCR applications 

was performed likewise, applying the manufacturer’s instructions for DNA extraction from yeast. 

For sequencing purposes genomic DNA of Nostoc sp. ATCC 53789 was isolated manually by 

phenol-chloroform extraction, following the instructions of Cohen et al. with minor modifications 

223,224. In brief, Nostoc sp. ATCC 53789 was cultivated as described previously (cf. section 3.1.1). 

In total 10 ml of the cultivated cells were harvested by centrifugation (4000 rpm, 10 min) and the 

isolation procedure was conducted accordingly, without the addition of CTAB 

(cetyltrimethylammoniumbromid). Cell lysis was performed at 65 °C for 10 min. After 

centrifugation the supernatant of the cell lysate was transferred to a new reaction tube and 

treated with two volumes of phenol/chloroform/isoamyl alcohol solution (Carl Roth) for phase 

separation. After centrifugation, the aqueous phase was transferred into a new reaction tube, 

followed by two consecutive phenol-chloroform extractions of the aqueous phase. Subsequently, 

the genomic DNA was precipitated by addition of one volume of chilled isopropanol and washed 

three times with 70% ethanol. Finally, the extracted genomic DNA was dried and resuspended in 

ultrapure double deionized water (ddH2O). 

Plasmid isolation from E. coli strains was performed using the “NucleoSpin Plasmid (NoLid), Mini 

kit for plasmid DNA purification” (Macherey-Nagel), following the manufacturer’s instructions. 

3.2.2 Gel-electrophoretic analyses and purification of DNA 

Analysis of DNA fragments was performed by agarose gel electrophoretic separation in TAE 

buffer (pH 8.3 – 8.6), which is composed of 0.04% (w/v) EDTA, 0.1% (v/v) glacial acetic acid and 

0.5% (w/v) Tris. Electrophoretic separation of plasmid DNA, PCR products and restriction 

fragments was conducted in 0.1% (w/v) agarose gels at 120 V, while 80 V and 0.8% gels were 

applied for genomic DNA separation. If required, subsequent gel extraction and purification of the 

separated DNA fragments (e.g. PCR products, restriction fragments) was performed using the 

“QIAquick Gel Extraction Kit” (Qiagen), following the manufacturer’s instructions. The general 

quality of the extracted DNA/plasmids was assessed by spectral photometric absorption using a 

NanoDrop photometer (NanoDrop 2000, PeqLab). 
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3.2.3 Restriction of DNA 

Restriction of plasmid DNA and PCR products was conducted using FastDigest restriction 

enzymes (ThermoFisher Scientific) according to the manufacturer’s instructions. If required, 

alkaline phosphatase (FastAP, ThermoFisher Scientific) was added to the restriction digest 

reaction of plasmid DNA for dephosphorylation, following the manufacturer’s instructions for 

combined restriction-dephosphorylation applications. 

3.2.4 Ligation and vector assembly 

Ligation or assembly of DNA fragments and plasmids was performed either by application of a T4 

DNA ligase (ThermoFisher Scientific) or by Gibson assembly 225 (NEB), following the 

manufacturer’s instructions. T4-based ligation was carried out with DNA fragments featuring 

either blunt or sticky ends that had been generated by restriction digest, if necessary. In deviation 

from the manual’s instructions, 0.1 volumes of PEG4000 were added to the reaction mixture. In 

case of Gibson assembly, linear DNA fragments with terminal sequence overlaps were joined. The 

required insert and vector fragments were generated by PCR, or by adequate linearization of the 

vector using restriction enzymes. The assembly temperature during the Gibson assembly is 

defined by the designed overlapping regions and has to be identical for all generated overlaps. It 

was generally adjusted to ~50-65 °C. The assembly reaction was subsequently used to transform 

an E. coli subcloning host (cf. section 3.3.1), in order to propagate the constructed vector for 

subsequent PCR, sequencing and restriction verification. Afterwards, the verified plasmids were 

used to transform the expression host. 

3.2.5 Sequencing, primer generation and general software tools 

Sanger sequencing was used to validate the constructed DNA fragments, PCR products and 

plasmids. The sequencing was conducted externally by Microsynth Seqlab. Samples were 

prepared according to the provider’s instructions. 

The general visualization, annotation and in silico design of plasmid maps, nucleotide, as well as 

amino acid sequences and alignments, was performed with SnapGene 226 and the assistance of 

BLAST (Basic Local Alignment Search Tool), which is provided by the NCBI (National Center for 

Biotechnology Information) service 227. Primer sequences were designed manually, using the 

SnapGene software tool 226. The designed sequences were further analyzed for self-annealing 

sites, secondary or dimer structures, applying the online platform OligoCalc 228. All primers used 

in this study were synthesized by Sigma-Aldrich. 

ChemDraw Professional 229 was used to visualize chemical structures and NRPS/PKS assembly 

lines. The software tool Inkscape 230 was used to generate high-resolution graphics. 

 



40 

Material and Methods 
General molecular biological operations 

 

 

3.2.6 Sequencing of Nostoc sp. ATCC 53789 

The following section contains adapted extracts from the author’s previous publications [I] 223. 

 

For sequencing purposes, Nostoc sp. ATCC 53789 was cultivated in BG-13 for 1 month (cf. section 

3.1.1) and the genomic DNA was isolated by phenol-chloroform extraction as described 

previously (cf. section 3.2.1). Whole genome de-novo sequencing of Nostoc sp. ATCC 53789 was 

performed in cooperation with C. Rückert (IIT Biotech GmbH, Bielefeld University), who 

reconstructed the genome from short- and long-read DNA data sets obtained by Illumina and 

Nanopore sequencing 223. In detail, “library preparation involved a TruSeq DNA PCR-free high-

throughput library prep kit (Illumina) and the SQK-LSK109 ligation sequencing kit (Oxford 

Nanopore Technologies [ONT]). Illumina sequencing was performed using a MiSeq reagent kit v3 

(600 cycle) in a 2 x 300-nucleotide run. For Nanopore sequencing, a GridION platform with an 

R9.4.1 flow cell was used. Base calling and demultiplexing were performed using Guppy v3.1.5. 

Illumina data were assembled with Newbler, while Nanopore data were processed with Canu v1.8 

231. Subsequently, the Canu contigs were polished with Racon v1.3.3 232, medaka v0.11.0 233 and 

Pilon v1.22 234. Minimap2 v2.17, BWA-MEM v2 235 and Bowtie 2 v2.3.2 236 were used for mapping. 

Unicycler v0.4.6 237 was used for the subsequent hybrid assembly of the Illumina data and the 

contigs from the polished Canu assembly. The assemblies were combined manually in Consed 

v27.0 238. Next, the chromosome was reoriented based on the gene dnaA. Overlapping ends from 

the polished Canu assembly were trimmed by assembly in Consed. Ambiguities in these regions 

as well as all other repeat regions were corrected based on the contigs produced by the Newbler 

assembly. Finally, all differences between the contigs of the three assemblies, as well as low-

quality regions marked in Consed, were resolved by manual curation using IGV v2.4.14 239 for 

visualization of the ONT data.”  

The provided genomic data of the de-novo sequencing approach were investigated, using 

SnapGene 226 to visualize and analyze the genomic constitution of the strain. In order to assess 

the strain’s biosynthetic potential and identify the location of the cryptophycin cluster, the 

obtained data were further analyzed with antiSMASH (version 5.0.0 and 6.0) 240. The software 

tool DNAPlotter 241 was used to visualize the genome and to mark the BGCs identified by 

antiSMASH. In addition to the antiSMASH evaluation, the cryptophycin BGC and its genomic 

neighborhood was also manually inspected to verify the functional integrity of the encoded PKS 

and NRPS domains and to obtain further information on the biosynthetic assembly. These 

analyses were conducted with the help of SnapGene, BLASTx (BLAST performing a protein 

database enquiry with a translated nucleotide query), BLASTp (BLAST performing a protein 

database enquiry using a protein query) and BLASTn (BLAST performing a nucleotide database 
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enquiry using a nucleotide query). Furthermore, the work of Stachelhaus et al. 41, Minowa et al. 

242, Yadav et al. 243 and Reeves et al. 31, as well as already published data of the cryptophycin 

assembly line by Magarvey et al. 64, were used to assess the domain integrity. 

3.3 General molecular biological operations in E. coli 

Specifications on the general molecular biological operations used for the herein conducted  

E. coli-based investigations are described in the following chapters. This covers experimental 

details on the preparation of competent cells, transformation procedure, protein expression, 

purification and analyses. 

3.3.1 Generation of chemically competent cells and transformation of  
E. coli 

Chemically competent E. coli cells, applicable to heat-shock transformation, were prepared by 

inoculating a 5 ml preculture in LB medium followed by overnight incubation. Subsequently, 10 

ml of fresh LB medium were inoculated with the overnight culture to an OD600 of 0.1 and 

incubated up to an OD600 of 0.4. The culture, as well as solution A (14.7 g/l calcium chloride-

dihydrate) and solution B (14.7 g/l calcium chloride-dihydrate, 189 g/l glycerol), were then 

chilled on ice for 30 minutes. Aliquots of 1 ml cell solution were transferred into an Eppendorf 

cup and harvested by centrifugation at 5600 rpm for 10 minutes at 4 °C. The pellet was 

resuspended in solution A and centrifuged, accordingly. Subsequently, the resulting pellet was 

resuspended in 100 µl solution B. The chemically competent cells were stored at -80 °C until 

further usage. Subsequent transformation with expression plasmids or sub-cloning vectors was 

performed following the NEB protocol for transformation of chemically competent E. coli cells 244. 

Regeneration of the transformed cells was conducted in SOB medium (0,5% (w/v) yeast extract, 

0,02% (w/v) KCl, 0,06% (w/v) NaCl, 2,0% (w/v) tryptone, pH 7,0) for 1.5 h at 37 °C and 180 rpm 

using an incubator. In case of transformation with crpA-containing plasmids, regeneration was 

performed at 30 °C for 2 h and 180 rpm, respectively. For selection, agar plates were 

supplemented with the corresponding antibiotics. 

3.3.2 Production and purification of proteins 

The pET28a- and pMal-derived expression plasmids (Table 2) were used to produce the 

heterologous proteins CrpA and AdmH for SDS-PAGE analysis, as well as for the biosynthesis of 

MPBA and in vitro studies (cf. section 3.5 and 3.6). For this purpose, LB medium containing 

antibiotics was inoculated with the respective E. coli strain (Table 3) and incubated overnight at 

37 °C and 180 rpm. Subsequently, a main culture was inoculated to an OD600 of 0.2 and incubated 

up to an OD600 of 0.6-0.8. The culture broth was chilled on ice for 15 min, followed by 

supplementation with 0.1-0.5 mM IPTG inducing the heterologous protein production. The 

induced cultures were further incubated overnight at 16 °C and 180 rpm, in order to produce a 
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sufficient amount of proteins. Subsequently, the cells were harvested (4000 rpm, 15 min, 4 °C) 

and prepared for cell lysis by sonication. In brief, sonication was conducted by resuspension of 

the cell pellet in lysis buffer (pH 8.0), which is composed of 10% (v/v) glycerol, 10 mM imidazole, 

300 mM NaCl and 50 mM NaH2PO4. The freshly prepared suspension was supplemented with β-

mercaptoethanol (1.407 ml/l). Sonication was performed at 4 °C (specifications: amplitude 10%, 

pulse on 0.5 sec., pulse off 1.0 sec., cycle time duration 30 sec.). In total, the sonication cycle was 

repeated seven times. A subsequent centrifugation step at 4000 rpm and 4 °C for 30 min was 

performed to remove the cell debris from the cell lysate. The resulting cell lysate supernatant, 

containing soluble proteins, and the cell lysate pellet, comprising cell debris and insoluble 

proteins, were then analyzed by SDS-PAGE, or subjected to chromatographic protein purification. 

In order to directly evaluate the successful production of the recombinant proteins in E. coli, the 

cell lysate supernatant was directly applied to SDS-PAGE analysis (3.3.3), as the recombinant 

protein can be identified by comparative analysis with a control strain (compare Table 3). To 

evaluate if insoluble recombinant proteins were produced, the pellet phase of the obtained 

sonication lysate was simultaneously analyzed by SDS-PAGE. This procedure was pursued for the 

expression performance analyses concerning the production of CrpA in different E. coli host 

strains (see section 3.5). 

The hexahistidine-tagged (His6-tagged) proteins His6-AdmH and His6-CrpA were purified from 

the cell lysate using affinity chromatography. For this purpose, a polypropylene column (Qiagen) 

was filled with a stationary phase composed of Protino® Ni-NTA agarose (Macherey-Nagel), 

consisting of an agarose-bead matrix. The matrix is precharged with Ni2+-ions and is embedded 

in nitrilotriacetic acid (NTA). Freshly prepared lysis buffer with increasing imidazole 

concentrations (20-250 mM) was used to purify the matrix-bound proteins. The elution of the 

recombinant enzymes occurred at an imidazole concentration of 250 mM. The resulting 

chromatography fractions were analyzed by SDS-PAGE (3.3.3), in order to verify the successful 

production of His6-AdmH and His6-CrpA, respectively. The purified His6-AdmH was further 

prepared for the application in an in vitro assay (see section 3.6). For this purpose, the eluted 

samples were desalted, using a PD-10 column (GE Healthcare Life Sciences) and concentrated by 

centrifugation applying an Amicon Ultra-15 Centrifugal Filter Unit (Merck) according to the 

manufacturer’s instructions. The purified His6-AdmH was dissolved in phosphate buffer (50 mM, 

pH 8.0), containing 5% (v/v) glycerol 245. 

3.3.3 SDS-PAGE electrophoretic protein separation 

To analyze the production of CrpA in E. coli strains featuring different expression plasmids (Table 

3), the sonified cell lysate fractions (supernatant and pellet) were subjected to SDS-PAGE.  
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For this, a Criterion™ chamber (Bio-Rad) and 3-8% precast Criterion™ XT Tris-Acetate gradient 

gels were used. The LC5699-HiMark™ (Thermo Fisher Scientific) served as protein ladder. 

Following the manual’s instructions, 30 µl of each sample were mixed with 25 µl XT sample buffer 

(Bio-Rad) and 5 µl reducing agent (Bio-Rad). The prepared samples were incubated for 5 min at 

95 °C and centrifuged for 10 min at 12000 rpm, prior to application. A run of 90 min was 

performed according to the manufacturer’s instructions. Subsequently, visualization of the 

separated protein samples was conducted by incubation of the gels in staining solution (0.05% 

(w/v) Coomassie brilliant blue R250, 5% (v/v) acetic acid, 50% (v/v) methanol) for 30 min 

at room temperature on a rocking platform shaker. Destaining was performed overnight at room 

temperature on a rocking platform shaker, using a water bath (dH2O). 

3.4 Cryptophycin biosynthesis in Nostoc sp. ATCC 53789 

In order to verify the production of cryptophycins in Nostoc sp. ATCC 53789 and to develop a 

suitable method for the isolation of these compounds, the strain was cultivated at a 200 ml scale, 

as described earlier (cf. section 3.1.1), and harvested by centrifugation at 4 °C and 4000 rpm for 

30 min. The metabolites in the supernatant were recovered by adsorption onto the resin 

Amberlite® XAD7 (Sigma-Aldrich), which was added at a concentration of 2% (w/v). The resin 

was separated from the culture broth by filtration, using a DURAN® filter funnel and the bound 

compounds were eluted from the resin with dichloromethane (10% (v/v) of the total broth 

volume). The elution step was repeated three times. At the same time, the obtained cell pellet was 

frozen at -80 °C for 24 h, followed by lyophilization (24 h). Subsequently, the freeze-dried cells 

were grinded to a powder, using a mortar and a pestle and poured into a beaker for extraction. 

The extraction was conducted three times (10 ml solvent/1 g pellet dry weight), administering a 

mixture of dichloromethane and acetonitrile (1:4 v/v). The extracts were filtered using a cellulose 

filter (Macherey-Nagel, No. 1670), concentrated to dryness on a rotary evaporator and 

redissolved in 1 ml acetonitrile for liquid chromatography-mass spectrometry (LC/MS) analysis. 

The analysis was carried out using an Agilent 1260 Infinity LC system coupled to a UV detector 

and a Compact Q-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). Ionization was 

performed by electrospray ionization (ESI). All analyses were performed in positive ion mode. 

The high pressure liquid chromatography (HPLC) flow rate was adjusted to 0.4 ml/min using an 

RP EC-Nucleodur C18 column (100 x 2 mm, 2.7 µm; Macherey-Nagel). All samples were analyzed 

applying a gradient from 5 to 98% acetonitrile/0.1% formic acid in water for 10 min, followed by 

5 min at 98% acetonitrile. 

3.5 In vivo biosynthesis of MPBA 

In the following sections, methods and relevant background information regarding the 

reconstruction and in vivo biosynthesis of MPBA production in E. coli is described in detail.
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3.5.1 In vivo biosynthesis of MPBA in E. coli 

The following section contains work that was conducted by Marvin Daney Schwing [a] during his 

Bachelor thesis, which was designed and supervised by the author of this dissertation. Contents 

of this work were translated and summarized to be presented in an adapted form. 

To reconstruct MPBA biosynthesis in the heterologous host E. coli, a 2-plasmid-based expression 

system was constructed, co-expressing CrpA and an assembly line activating PPTase. For this 

purpose a set of expression vectors, carrying either crpA (i.e. pET28a-crpA, pET28a-SUMO-crpA, 

pMal-crpA and pMal-crpA-eryAIIITE), or a PPTase gene (i.e. pACYC-sfp, pACYC-sfpN) were 

constructed as described in the following chapters (3.5.1.1, 3.5.1.2 and 3.5.1.3). 

Subsequently, E. coli BL21 (DE3) was co-transformed (cf. section 3.3.1) with pACYC-sfp and 

pET28a-crpA, to generate the expression strain E. coli BL21 (DE3)-crpA-sfp. The recombinant 

strain was grown in LB medium containing chloramphenicol and kanamycin (cf. section 3.3.2). 

To induce the production of proteins, 0.1 mM IPTG were added, when an OD600 of 0.6-0.8 was 

reached. In order to heterologously produce MPBA, the putative CrpA substrate 3-PPA (200 mg/l) 

was fed upon induction of the culture, which was further cultivated for 24 h. Next, the cell culture 

was lysed by sonication and subjected to Ni-NTA chromatography (cf. section 3.3.2). The 

production of recombinant His6-CrpA (327 kDa) was assessed by SDS-PAGE (3.3.3) of the cell 

lysate (pellet fraction) and the cell lysate supernatant fraction. Cell lysates of the parental strain, 

E. coli BL21 (DE3), served as negative controls for SDS-PAGE. 

Furthermore, E. coli BL21 (DE3) was tested for the co-expression of pMal-crpA or pET28a-SUMO-

crpA in combination with pACYC-sfp, or pACYC-sfpN respectively. Transformation of the parental 

strain with the respective plasmid combination led to the construction of E. coli BL21 (DE3)-MBP-

crpA-sfp, E. coli BL21 (DE3)-SUMO-crpA-sfp and E. coli BL21 (DE3)-MBP-crpA-sfpN [a]. Strains 

harboring pACYC-sfp, or pACYC-sfpN and pMal-crpA were grown in the presence of 

chloramphenicol and ampicillin, while those with pET28a-SUMO-crpA were cultured in the 

presence of chloramphenicol and kanamycin. As described for the previous strains, the protein 

formation of SUMO-CrpA (337 kDa) and MBP-CrpA (366 kDa) was analyzed by SDS-PAGE, directly 

applying the prepared cell lysates. A Ni-NTA purification step was omitted in this case. 

In addition E. coli BL21 (DE3) was co-transformed with pACYC-sfp and the TE-fusion plasmid 

pMal-crpA-eryAIIITE, yielding E. coli BL21 (DE3)-MBP-crpATE-sfp. The production of the 

corresponding protein MBP-CrpATE (390 kDa) and the metabolite MPBA was conducted as 

described earlier, followed by a comparative SDS-PAGE and HPLC analysis (cf. section 3.5.1.4), 

respectively. 

Apart from E. coli BL21 (DE3), additional E. coli expression strains were evaluated for the 
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production of SUMO-CrpA (337 kDa) and MBP-CrpA (366 kDa), as well as for MPBA formation. 

Apart from E. coli BL21 (DE3), the strains E. coli KRX, E. coli ArcticExpress (DE3), E. coli C41 (DE3) 

and E. coli C43 (DE3) were co-transformed with pACYC-sfp and either pET28a-SUMO-crpA, or 

pMal-crpA. The recombinant strains were cultivation and protein expression was performed as 

described above. The biosynthesis of recombinant proteins was analyzed by SDS-PAGE. Following 

this, sample extracts were prepared and investigated by comparative LC-MS analysis in order to 

identify newly synthesized metabolites with a mass corresponding to MPBA (m/z 177.0910 

[M+H]+). Likewise, E. coli DH5α-MBP-crpA, a comparative host strain that is not co-expressing the 

PPTase gene sfp, was created and tested for the biosynthesis of MBP-CrpA.  

Concluding the comparative analyses of all investigated recombinant expression strains, i.e.  

E. coli BL21 (DE3)-MBP-crpA-sfp, E. coli BL21 (DE3)-MBP-crpA-sfpN [a] and E. coli BL21 (DE3)-

MBP-crpATE-sfp, a fractionation of new emerging HPLC signals (cf. section 4.4.1) was conducted, 

followed by successive LC-MS and NMR analyses (cf. section 3.5.1.4) using a MPBA standard for 

comparison. 

Detailed information on the herein described vector constructs and designated strains can be 

found in the following chapters, covering the individual vector constructions, as well as in  

Table 2, Table 3 and Table SI I, accordingly. 

3.5.1.1 Vector construction of pET28a-crpA, pET28a-SUMO-crpA and pMal-
crpA 

The gene crpA (locus_tag: GJB62_33220) was amplified by overhang PCR with primers P1 and P2 

(Table 7) from Nostoc sp. ATCC 53789 genomic DNA, applying the Phusion Flash PCR master mix 

(Thermo Fisher Scientific). The PCR program was set to the following conditions: 98 °C for 2 min; 

30 cycles of 98 °C for 15 sec, 50 °C for 30 sec, 72 °C for 15 sec/kb; and a final elongation step at 

72 °C for 10 min. The amplicon was subjected to NdeI-NotI restriction and ligated into the equally 

linearized pET28a (+), yielding pET28a-crpA. 

pET28a-SUMO-crpA, carrying the small ubiquitin-related modifier (SUMO) tag, was constructed 

amplifying the SUMO-tag from pET28a-tmmrMcGAS-SUMO 216 by PCR. For PCR, the primers P7 

and P8 (Table 7) were used, which carry homologous overlaps targeting pET28a-crpA. The PCR 

was conducted as described above, with the following specifications for the 30 amplification 

cycles: 98 °C for 15 sec, 63 °C for 30 sec, 72 °C for 15 sec/kb; and a final elongation step at 72 °C 

for 10 min. Subsequently, the amplified SUMO-tag fragment (355 bp) was cloned into the NdeI-

linearized pET28a-crpA by Gibson assembly 225 (cf. section 3.2.4), yielding pET28a-SUMO-crpA. 

Simultaneously, pMal-crpA, carrying the maltose binding protein solubility tag, was constructed. 

For this, crpA was amplified from Nostoc sp. ATCC 53789 genomic DNA by PCR using primers P9 
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and P10 (Table 7), which carry homologous overlaps, targeting pMalc2x. The PCR was conducted 

as described for crpA above. Subsequently, the amplified crpA fragment (8880 bp) was cloned 

into the Eco53kI-linearized expression vector pMalc2x by Gibson assembly 225 (cf. section 3.2.4), 

yielding pMal-crpA. 

3.5.1.2 Vector construction of pACYC-sfp and pACYC-sfpN 

The sfp gene 246,247 was synthesized by ATG:biosynthetics. The gene was amplified by overhang 

PCR using primers P3 and P4 to introduce EcoRI and KpnI restriction sites (Table 7). The PCR was 

conducted with the following specifications for the 30 amplification cycles: 98 °C for 15 sec, 59 °C 

for 30 sec, 72 °C for 15 sec/kb. The amplicon was subjected to restriction and ligated into the 

equally linearized pACYCDuet, yielding pACYC-sfp. 

The gene sfpN (locus_tag: GJB62_00165) was amplified from isolated genomic DNA of Nostoc sp. 

ATCC 53789, by overhang PCR using primers P5 and P6 to introduce EcoRI and KpnI restriction 

sites (Table 7). The PCR was conducted with the following specifications for the 30 amplification 

cycles: 98 °C for 45 sec, 60 °C for 30 sec, 72 °C for 15 sec/kb; and a final elongation step at 72 °C 

for 10 min. The amplicon was subjected to restriction and ligated into the equally linearized 

pACYCDuet, yielding pACYC-sfpN [a]. 

3.5.1.3 Vector construction of pMal-crpA-eryAIIITE  

In parallel, the vector pMal-crpA-eryAIIITE was constructed for the generation of a CrpA-TE fusion 

protein. For this purpose, the gene encoding the TE domain (TEeryAIII) of the erythromycin 

producing 6-deoxyerythronolide B synthase (DEBS) 212,248–251 was linked to the pMal-crpA-

encoded crpA, by fusing the sequence of the N-terminal ACP-TE-linker region of eryAIII to the C-

terminal ACP linker of crpA (Figure 10). 
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Figure 10. TE domain fusion concept. Intrinsic TE-fusion approach. The N-terminal ACP-TE linker region (red) of the 
DEBS3 (eryAIII, grey) was fused to the C-terminal ACP-linker encoding region of crpA (blue), while respecting the ACP 
active site (green) integrity of the CrpA-ACP domain (A). The TE domain sequence was cloned in frame to crpA, 
resulting in a continuously fused sequence (B). 

 

To generate the expression vector, the TEeryAIII nucleotide sequence was amplified by PCR from 

genomic DNA of Saccharopolyspora erythraea DSM 40517, which was purchased from the DSMZ 

(German Collection of Microorganisms and Cell Cultures GmbH). For PCR amplification of the 

TEeryAIII fragment (955 bp), the primers P11 and P12 (Table 7) were used, carrying homologous 

overlaps to target pMal-crpA. The PCR was conducted with the following specifications for the 30 

amplification cycles: 98 °C for 15 sec, 60 °C for 30 sec, 72 °C for 15 sec/kb; and a final elongation 

step at 72 °C for 10 min. Following this, the fragment was assembled with the KpnI-BamHI-

linearized vector pMal-crpA using Gibson assembly 225, to yield the expression vector pMal-crpA-

eryAIIITE. 
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Table 7. Primers used for the reconstruction of MPBA biosynthesis in E. coli. Overlapping homologous flanks as part of 
the Gibson assembly are underlined. Capital letters indicate the primer annealing sites. Restriction sites are marked in 
italics. 

Primer Sequence 

P1 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

P9 

P10 

P11 

P12 

5’ – gggaattccatATGATTACACCTTCACATGA – 3’ 

5’ – aaggaaaaaagcggccgcTCAGTAACTAATATTTCTAAG – 3’ 

5’ – ccggaattcgATGAAGATTTACGGAATTTATATGG – 3’ 

5’ – cggggtaccTTATAAAAGCTCTTCGTACGAG – 3’ 

5’ – ccggaattcgATGACCGCTACTCATCATTTC – 3’ 

5’ – cggggtaccTCAATACTGCCAACACTTTAAG - 3’ 

5’ – gcggcctggtgccgcgcggcagccatatgcatatgTCGGACTCAGAAGTCAATC – 3’ 

5’ – aaattttcatgtgaaggtgtaatcatATGACCACCAATCTGTTCTCTGTG – 3’ 

5’ – aaagacgcgcagactaattcgagctctATGATTACACCTTCACATG – 3’ 

5’ – aggttgttgttattgttattgttgttgttgttcgagTCAGTAACTAATATTTCTAAG – 3’ 

5’ – gttgcaaactagtttgagttgttcggtaCCCGCGACCCTGGTGTTCG – 3’ 

5’ – cttgcctgcaggtcgactctagagTCATGAATTCCCTCCGCCCAGC – 3’ 

 

3.5.1.4 MPBA extraction and analytical evaluation 

The expression cultures were harvested by centrifugation for 30 min at 4000 rpm. The 

metabolites in the supernatant were recovered as described earlier (cf. section 3.4), using the 

adsorber resin Amberlite® XAD7 (Sigma-Aldrich) and methanol as elution solvent. The resulting 

extract was applied to LC-MS analyses with the specifications described in section 3.4. 

Subsequently, the sample extracts and a MPBA standard (1 mg/ml) were analyzed by 

comparative HPLC analysis. 

The purification of compounds from the extracts followed the protocol of Malla et al. 93. For this, 

a single-step reverse-phase HPLC was conducted on a Sphinx column (Macherey-Nagel, 10 x 250 

mm, 5.0 µm particle size, 2.0 ml/min flow rate), using a Shimadzu HPLC-system (LC-20AD) with 

a diode array detector (SPD-M20A). The separation was performed using a linear gradient of 

methanol (MeOH) in water, supplemented with 0.1% trifluoroacetic acid (TFA): 20% to 100% 

MeOH within 20 min, 100% over 5 min and 100% to 20% in 2 min. 

NMR measurements were carried out at the Department of Chemistry and Chemical Biology (TU 

Dortmund), using a 500, 600 or 700 MHz Avance III HD spectrometer (Bruker Biospin GmbH). 

For this purpose, the samples were dissolved in methanol-d4. The obtained NMR datasets were 

analyzed by Prof. Markus Nett. 

The MPBA standard used was kindly provided by the LDC (Lead Discovery Center, Dortmund).
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3.6 In vitro biosynthesis of PBA 

The aminomutase gene admH of P. agglomerans (Accession No. AY192157.1) was obtained by 

gene synthesis (ATG:biosynthetics GmbH) and amplified by PCR using primers P13 and P14 

(Table 8). The PCR was conducted with the following specifications for the 30 amplification 

cycles: 98 °C for 15 sec, 64 °C for 30 sec, 72 °C for 15 sec/kb. The amplicon (1638 bp) was 

subjected to NheI-BamHI restriction and ligated into the equally linearized pET28a (+), yielding 

pET28a-admH. Subsequently, E. coli BL21 (DE3) was transformed with pET28a-admH (cf. section 

3.3.1, 3.1.2 and Table SI I). The correct vector assembly was confirmed by PCR and restriction 

analyses. The hexahistidyl-tagged protein His6-AdmH (61.4 kDa) was heterologously produced 

with E. coli BL21 (DE3):pET28a-admH using LB medium supplemented with kanamycin (cf. 

section 3.3.2 and 3.5.1). For induction IPTG (0.5 mM) was added. The recombinant protein was 

purified by Ni-NTA chromatography (cf. section 3.3.2) and directly applied to SDS-PAGE to verify 

the proper production of soluble His6-AdmH. 

 

Table 8. Primers in vitro PBA biosynthesis. Sequences annealing to the DNA template are indicated in capital letters, 
while restriction recognition sites, introduced to the primer tails, are written in italics. 

Primer Sequence 

P13 

P14 

5’ – gatgatgctagcATGAGTATTGTAAACGAAAGCG – 3’ 

5’ – cgccgcggatccTTAAATATCGCTATTTTTAG – 3’ 

 

3.6.1 Aminomutase assay 

The reaction mixture was prepared in Eppendorf cups and contained purified enzyme (0.881 – 

1.879 µmol) in sodium phosphate buffer 245 (50 mM, sodium phosphate containing 5% (v/v) 

glycerol and 300 mM NaCl, pH 8.0. In total four reaction cups were prepared. The reaction was 

started by the addition of substrate, i.e. 2.232 – 4.575 µmol α-homophenylalanine and allowed to 

proceed for a fixed time (0, 1, 2, 4 hours and overnight) at 31 °C and 150 rpm, using an Eppendorf 

ThermoMixer. In addition, negative control reactions were prepared, containing either the 

enzyme (0.881 µmol) solution without substrate, or a buffer-substrate mix without His6-AdmH. 

The latter was prepared containing 1.5 ml of either L-α-homophenylalanine (0.5 mg/ml), or  

L-β-homophenylalanine (0.5 mg/ml), or a mixture of both substrates (50% v/v), respectively. As 

a positive control the enzymatic conversion of L-phenylalanine (4.54 µmol) by His6-AdmH was 

tested. 

Following the addition of acetonitrile (15% final concentration) to stop the reaction, the solution 

was centrifuged for 5 min at 11000 rpm. The supernatant was analyzed for product formation by 

HPLC on a Sphinx column as described earlier (cf. section 3.5.1.4). In an initial study the assay 
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samples were analyzed, using a gradient, which was set from 10 to 100% MeOH within 15 min, 

100% MeOH over 5 min and from 100% to 10% MeOH in 2 min. In a subsequent study, the 

method was optimized for peak separation, using the same column and method with a gradient 

set from 10 to 100% MeOH within 20 min. 

3.7 General molecular biological operations in S. cerevisiae 

Techniques for the genetic engineering of S. cerevisiae are described in the following. 

3.7.1 Generation of chemically competent cells and transformation of  
S. cerevisiae 

If not specified otherwise, S. cerevisiae was transformed using the lithium acetate method. 

Chemically competent yeast cells, applicable to lithium acetate transformation, were generated 

according to a modified protocol from Gietz et al. 252. A preculture grown in YPD overnight was 

used to inoculate 50 ml of fresh YPD medium to an OD600 of 0.2. Incubation was then continued 

until an OD600 of 0.5-0.6 was reached. The cells were harvested by centrifugation at 4000 rpm for 

5 min at room temperature and washed twice with sterile, deionized H2O (dH2O). For the washing 

step, the pellet was first dissolved in 25 ml dH2O, centrifuged and resuspended in 0.5 ml dH2O. 

The suspension was transferred into an Eppendorf cup and centrifuged likewise. Subsequently, 

the cell pellet was resuspended in 0.5 ml sterile filtered frozen competent cell solution (FCCS), 

composed of 0.5 ml 5% (v/v) glycerol, 1 ml 10% (v/v) DMSO and 10 ml dH2O. Aliquots of 50 µl 

FCCS dissolved cells were frozen at −80 °C until further usage. 

For each transformation, 50 µl FCCS dissolved cells were thawed at 37 °C for 15-30 sec and 

centrifuged at 13000 rpm for 2 min. The pellet was dissolved in a freshly prepared transformation 

mix containing 240 µl PEG3350 (50% (w/v), 36 µl LiAc (1.0 M) and 50 µl single-stranded carrier 

DNA (2.0 mg/ml, salmon sperm) 252. Successively, the DNA of interest was added for 

transformation. The samples were dissolved completely by harsh vortexing and applied to a heat 

shock at 42 °C for 40 min. The cells were centrifuged at 13000 rpm for 30 sec and resuspended 

in 1 ml YPD for regeneration at 30 °C and 180 rpm for 3 h. Finally, the cells were centrifuged, 

washed with dH2O, resuspended in 200 µl dH2O and plated for screening on selection plates at 30 

°C for three days. In case of genome editing (crpA, crpH, scyA) using CRISPR-Cas9, uracil deficient 

YNB Drop Out Medium agar (Sigma-Aldrich) was used for selection, while in case of LTR-

recombination (crpB-D, scyC, scyB) YPD agar with antibiotics was applied. 

3.7.2 Generation of expression cassettes 

For the heterologous expression of cyanobacterial biosynthesis genes in S. cerevisiae, a set of 

universal minimal expression systems was constructed according to the work of Redden et al. 170 

and Curran et al. 169 (cf. section 1.3.2.1). The individual sets of required promoter and terminator 

sequences were designed according to the provided libraries 169,170 and combined to generate 
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several vectors, including the pMA and the pYPK series (Table 2, Table SI I), which encode 

universal expression cassettes, respectively. 

The pMA vectors were equipped with two unique restriction recognition sites to facilitate the 

cloning of genes of interest (GOIs) between the yeast promoter and a terminator sequence. Two 

further unique NotI restriction sites enable the liberation of the GOI-expression cassette 

(promoter-GOI-terminator) as individual fragments. This linear NotI-excised fragments can be 

directly applied to LTR-facilitated genome editing (cf. section 3.7.4) or CRISPR/Cas9-directed 

genome editing (cf. section 3.7.3) in S. cerevisiae. The latter required the additional integration of 

homologous flanks into the vector design, which would mediate the chromosomal integration 

into S. cerevisiae (Figure SI I). Both applications are described in detail in the individual research 

projects (cf. section 3.8 and 3.9). The same design principle of restriction-liberation was applied 

to the pYPK vectors (i.e. pYPKpw-PC8-crpB-T3 and pYPKpw-PD1-crpD-T8), which already 

include the expression cassettes PC8-T3 and PD1-T8, as well as the large cryptophycin genes crpB 

and crpD.  

In total three pMA and two pYPK vectors (Table 2, Table SI I), encoding the previously outlined 

design of expression systems, were constructed in silico and ordered from Invitrogen or 

ATG:biosynthetics. 

The subcloning vector pMA-RQ-PC8-T3 exhibits the unique restriction recognition sites Bsp120I 

and BglII. In addition, upstream and downstream “inter-fragment homology” flanking regions 

targeting locus 416d on yeast chromosome IV, were integrated in the design for subsequent 

CRISPR/Cas9 applications. The vector was applied for the chromosomal integration of crpH and 

scyA and their associated expression system (cf. section 3.8 and 3.9) in the yeast’s genome. pMA-

RQ-PA3-T30 was equipped with unique NsiI and KpnI restriction sites. It was subsequently used 

for the chromosomal integration of crpC and scyC in an LTR-directed homologous recombination 

approach, by providing the Not-liberated crpC- or scyC-expression cassette (cf. section 3.8 and 

3.9). The same expression system was used to reconstruct the expression of scyB in S. cerevisiae. 

However, instead of the NotI-facilitated restriction, a TauI restriction was used to liberate the 

total scyB-expression cassette from the subcloning vector. Subsequently the cassette was 

integrated into locus YJRO78W, which is encoding the gene bna2, instead of an LTR-site (cf. 

section 3.9). The subcloning vector pMA-RQ-PB2-T27 was equipped with the unique restriction 

sites MluI and BglII. In addition, upstream and downstream “inter-fragment homology” flanking 

regions, targeting locus 308a on yeast chromosome III, were integrated in the design for 

subsequent CRISPR/Cas9 application. The vector was used for the reconstruction of the crpA-

expression cassette (cf. section 3.8). 

These pYPK vectors were used as template vectors in order to insert the crpB- and crpD-
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expression cassettes into the yeast genome loci YPRCΔ15/Ty1 (chromosome XVI) and 

YPRCτ3/Ty4 (chromosome XVI) via LTR recombination. The crpB-expression cassette was 

liberated using a pair of uniqueBsp1407I restriction sites, while for the crpD expression cassette 

an XhoI restriction site was used, accordingly. 

Detailed information on the direct application of the described expression systems is given in the 

individual research projects (cf. section 3.8 and 3.9). Detailed sequence information and featured 

elements of the constructed universal minimal expression systems are illustrated in Figure SI I 

and Figure SI II. 

3.7.3 CRISPR/Cas9-directed genome editing 

CRISPR/Cas9 was used for the chromosomal integration of crpA, crpH and scyA, adapting the 

CASdesigner tool and following the already published performance protocol, as described by 

Reider Apel et al. 156. 

In this thesis the CASdesigner software was used to manually design the 1 kb locus homology 

fragments (upstream/downstream) and the “inter-fragment homology” flanking regions 

(upstream/downstream) with overlaps (30-60 bp) to the 1-kb homology fragments. Instead of 

using the promoter and terminator bricks suggested by the CASdesigner tool, the design was 

adapted to incorporate the individual minimal expression systems, constructed according to 

Redden et al. and Curran et al. 169,170 (cf. section 3.7.2). Hence, deviating from the original design, 

the herein used CASdesign (Figure 11) was realized, harnessing the universal subcloning vectors 

pMA-RQ-PC8-T3 and pMA-RQ-PB2-T27 (Table 2, Table SI I) for CRISPR/Cas9 genome editing. As 

previously described, the vectors are already encoding the minimal promoter and terminator 

sequences and the CASdesigner-suggested upstream and downstream “inter-fragment 

homology” flanking regions. In this case, the homology flanks are targeting the loci 416d 

(ARS416/ARS1, chromosome IV) and 308a (ARS308a, chromosome III). As the subcloning 

vectors contain unique restriction sites, it is possible to directly clone any GOI between the 

promoter and the terminator sequence. By NotI restriction, the GOI, including a functional 

expression cassette and the locus-targeting “inter-fragment homology” flanking regions can be 

liberated from the vectors and directly applied to the CRISPR/Cas procedure (cf. section 3.7.2, 

3.7.4 and Figure SI I). The predefined donor DNA transformation mix, i.e. the NotI-liberated 

fragment and the PCR-generated 1-kb locus homology fragments (upstream/downstream), 

together with the locus-corresponding pCut-X plasmid of the toolkit (here pCAS9-416 and pCAS9-

308, Table 5), can be applied to subsequent genome editing in yeast. 

In brief, preparation of the strain for CRISPR/Cas9 genome editing was conducted, as previously 

published 156. A preculture was cultivated overnight in YPD, followed by inoculation of the main 

culture to an OD600 of 0.15. The main culture was incubated up to an OD600 of 0.8-1.2 and 
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centrifuged for 3 min at 3000 rpm. The subsequent washing step was successively performed by 

resuspension of the cell pellet in 45 ml ice-cold ddH2O and 45 ml ice-cold yZap buffer (1 M 

sorbitol, 10 mM CaCl2) with an intermediate centrifugation step. Following this, the resulting cell 

pellet was resuspended in 20 ml yCondition buffer (0.1 M LiAc, 1 mM DTT) and incubated for 30 

min at 30 °C and 250 rpm. A second washing step was performed with 45 ml ice-cold yZap buffer, 

followed by centrifugation and resuspension in 200 µl ice-cold yZap buffer. Transformation of the 

prepared strain with the transformation mix was conducted by electroporation in 2 mm cuvettes 

with 2.5 kV, 200 mA and 25 µF, followed by regeneration in 0.5 ml YPD at 30 °C and 180 rpm for 

30 min. The regenerated cells were harvested by centrifugation for 1 min at 10,000 rpm. The 

supernatant was removed and the pellet was washed once with ddH2O. Finally, the pellet was 

resuspended in 100 µl ddH2O. Subsequent selection was performed on selective uracil deficient 

YNB Drop Out Medium agar (Sigma-Aldrich) for 2-3 days. 

After PCR-guided confirmation, all positive yeast transformants, carrying the successfully 

integrated expression cassette and the GOI, were cured from the used pCAS9 plasmid applying a 

5-fluoroorotic acid (5-FOA) counter selection for uracil deficient strains, as described by Flagfeldt 

et. al. 253. Selective replica plating on YPD and YNB with uracil depletion identified the successfully 

cured transformants, which were confirmed again by PCR analysis. 

Information on the used primer sequences and the exact procedure are given in the individual 

research projects (cf. section 3.8 and 3.9). 

 

 
 

Figure 11. Schematic outline of CASdesign (here: universal empty vector pMA-RQ-PB2-T27) for CRISPR/Cas9-guided 
genome editing in S. cerevisiae. (A) The design is applicable to integrate any gene of interest into locus 308a 
(chromosome III) and enable its functional expression, by the integration of the gene between the minimal synthetic 
promoter and terminator sequence, using the unique restriction sites MluI and BglII. The integrated NotI restriction 
sites (cut-out restriction sites, Spacer/Restriction site) allow for the individual liberation of the synthetic minimal 
promoter and terminator cassette and any subsequently cloned gene of interest as a discrete cassette, equipped with a 
functional yeast expression system. (B) The synthetic minimal expression systems were designed according to Redden 
et al. 170 and Curran et al. 169. Exemplarily, the exact composition of the pMA-RQ-PB2-T27-encoded expression system 
is depicted. The total CASdesign was constructed adapting the CASdesigner software 156. Notation: PB2-MluI refers to 
the total synthetic minimal promoter PB2, including a MluI restriction recognition site; T27-BglII indicates the total 
synthetic minimal terminator T27, including a BglII restriction recognition site; up., upstream; UAS, upstream 
activating sequence; efficiency el., efficiency element; positioning el., positioning element; dn., downstream. 
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3.7.4 LTR-recombination 

Long terminal repeat directed recombination (LTR-recombination) is targeting native, genomic 

retrotransposon terminal repeats in the yeast chromosomes and can be harnessed for the 

genomic reconstruction of genes, based on homologous recombination 253,254 (Figure 12). 

Consequently, the expression cassettes of crpB-D and scyC were reconstructed in locus 

YORWΔ22/Ty1 (chromosome XV), YPRCτ3/Ty4 (chromosome XVI), or YPRCΔ15/Ty1 

(chromosome XVI), adapting the protocol from Flagfeldt et al. 253. For selection purposes, the 

expression cassettes were equipped with hygromycin, zeocin, or G418 (kanamycin) resistance 

genes. The LTR method was expanded for the genomic integration of scyB and its associated 

expression system. However, instead of LTR sites, the integration of scyB was coupled to the 

knock-down of bna2/locus YJR078W (chromosome X), which is involved in anthranilate 

biosynthesis. In general, LTR-recombination of the respective yeast strain was performed by  

LiAc transformation (cf. section 3.7.1) with a set of linear, gel-purified fragments equipped with 

overlapping homologous regions to provide subsequent in vivo homologous assembly of adjacent 

fragments and recombination into the target locus. Each set of fragments contained an antibiotic 

resistance cassette, the locus-targeting upstream- and downstream fragments (LTR-flanks) and 

a linear expression-cassette fragment, including the GOI and the minimal promoter and 

terminator sequences. The individual upstream/downstream LTR flanks were amplified by PCR 

from previously isolated genomic DNA of S. cerevisiae. In case of scyB the LTR flanks were 

substituted by flanks targeting bna2/locus YJR078W (chromosome X). The corresponding 

resistance cassette was generated by PCR from plasmid pYTK077, pYTK079, or pYTK080. The 

expression cassettes were provided by Bsp1407I-, NotI-, TauI-, or XhoI-mediated liberation from 

the designed subcloning and pYPK vectors, i.e. pYPKpw-PC8-crpB-T3, pMA-RQ-PA3-crpC-T30, 

pYPKpw-PD1-crpD-T8, pMA-RQ-PA3-scyB-T30 and pMA-RQ-PA3-scyC-T30. The overlapping 

homologous regions, which are required for the correct in vivo assembly of adjacent fragments 

(upstream LTR flank, GOI cassette, resistance gene, downstream LTR flank), were incorporated 

during PCR amplification by integration into the primer tails. Information on expression cassettes 

are specified in section 3.7.2. Primer sequences, resistance marker, as well as homologous 

upstream and downstream flanks and overlapping regions are listed and specified in the 

individual research projects (cf. section 3.8 and 3.9).
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Figure 12. Schematic view of LTR-recombination. (A) During PCR amplification, the individual fragments are equipped 
with homologous regions (25-40 bp) equivalent to the sequence of the adjacent fragment. The amplified LTR up and 
LTR down regions (350-900 bp) further convey sequence homology, targeting the site of genomic integration. Upon 
transformation of S. cerevisiae and based on subsequent in vivo homologous recombination, the individual linear 
fragments are assembled and (B) integrated into the dedicated genomic locus, accordingly. Notation: LTR, long terminal 
repeat of retrotransposon; Start, defines the start of the LTR sequence; LTR up, defines the upstream fragment of the 
integration locus within the LTR sequence; P, promoter; GOI, gene of interest; T, terminator; LTR down, defines the 
downstream fragment of the integration locus within the LTR sequence; End, defines the end of the LTR sequence. 
Homologous recombination events are indicated by crossing lines. 

 

3.8 Reconstruction of cryptophycin biosynthesis in S. cerevisiae 

The four genes crpA-D were PCR amplified from genomic DNA of Nostoc sp. ATCC 53789 and 

subsequently equipped with yeast compatible expression elements. For this purpose, each single 

gene was cloned into a predesigned subcloning vector (cf. section 3.7.2) using E. coli as subcloning 

host (compare Table 3). In order to assemble the cryptophycin BGC in the heterologous host, the 

S. cerevisiae parental strain (S. cerevisiae-sfp) was successively transformed with the liberated 

individual GOI-expression cassettes, applying either a CRISPR/Cas9 (cf. section 3.7.3) or an LTR-

assisted (cf. section 3.7.4) genome editing approach. 

In detail, the first gene of cryptophycin biosynthesis, crpA, was integrated into the yeast’s genome 

using CRISPR/Cas9-directed genome editing, targeting locus 308a on yeast chromosome III. For 

this purpose, crpA was amplified by PCR using primers P15 and P16 (Table 9) cloned into the 
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pMA-RQ-PB2-T27 subcloning vector (Table 2, Table SI I), using MluI-BglII-directed restriction-

ligation cloning. The functional crpA-expression cassette, including the upstream and 

downstream inter-fragment homology regions (see Figure SI I) was liberated by NotI restriction 

and applied to the subsequent transformation procedure (cf. section 3.7.3), together with the 

plasmid pCAS9-308 and the 1 kb locus homology fragments (upstream and downstream). The 

latter were amplified by PCR, using P17-P20, (Table 9). Selection was performed on YNB agar 

with uracil depletion. Subsequently, positive transformants were cured from pCAS9-308, 

applying the 5-FOA counter selection, followed by selective replica plating. Positive clones, 

carrying the GOI and lacking the pCAS9 plasmid were identified by PCR, targeting crpA.  

Subsequently, crpB was integrated using pYPKpw-PC8-crpB-T3. The crpB-expression cassette 

was liberated by Bsp1407I restriction and directly applied to LTR-recombination, targeting locus 

YPRCΔ15/Ty1 (chromosome XVI). The required locus-specifying LTR flanks were amplified by 

PCR using primers P21-P24 (Table 9), containing a homologous sequence with the promoter PC8 

of the crpB-expression cassette (LTR flank upstream). P25 and P26 (Table 9) were used to amplify 

the selective kanamycin (G418) marker sequence from pYTK077, including a homologous region 

with the T3-terminator of the crpB-expression cassette, respectively. Subsequently, S. cerevisiae-

sfp-crpA was transformed with this fragment set and screened for positive transformants on YPD 

agar containing G418 for the selection of a positive crpB-KanR integration. Verification of a 

successful integration was assessed by PCR of the isolated genomic DNA from the selected yeast 

clones, targeting crpB. In addition, the resulting mutant S. cerevisiae-sfp-crpA-crpB was tested for 

the presence of crpA. 

The pathway gene crpD was integrated into the host’s genome using pYPKpw-PD1-crpD-T8. The 

crpD-expression cassette was excised by XhoI restriction and subsequently applied to LTR-

recombination, targeting locus YPRCτ3/Ty4 (chromosome XVI). The required locus-specifying 

LTR flanks were amplified by PCR using the primers P27-P30 (Table 9), which include a 

homologous sequence with the promoter PD1 of the crpD-expression cassette (LTR flank 

upstream, P27 and P28), or the ZeoR terminator sequence (LTR flank downstream, P29 and P30). 

P31 and P32 were used to amplify the selective zeocin marker sequence from pYTK080, including 

a homologous region with the T8-terminator of the crpD-expression cassette, respectively. 

Subsequently, S. cerevisiae-sfp-crpA-crpB was transformed with this fragment set and screened 

for positive transformants on YPD agar containing zeocin. To maintain the selective pressure for 

crpB-KanR during the recombination event G418 was added to the selective medium. Verification 

of a successful integration was assessed by PCR of the isolated genomic DNA from the selected 

yeast clones, targeting crpD. In addition, the resulting mutant S. cerevisiae-sfp-crpA-crpB-crpD was 

tested for the presence of crpA and crpB, respectively. 
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In order to genomically integrate crpC, pMA-RQ-PA3-T30 was applied to equip the GOI with 

suitable yeast expression elements. For this purpose, the gene was amplified by PCR using 

primers P33 and P34 (Table 9) and cloned into the subcloning vector by KpnI-NsiI-directed 

restriction-ligation cloning to yield pMA-RQ-PA3-crpC-T30. Subsequently, the resulting crpC-

expression cassette was liberated by NotI-excision and used in LTR-recombination (cf. section 

3.7.4) for the genomic integration into locus YORWΔ22/Ty1 on chromosome XV. Hence, the crpC-

expression cassette was liberated by NotI-excision. The primers P37-P40 (Table 9) were used to 

amplify the locus-specifying LTR flanks, containing homologous regions with either the promoter 

PA3 of the crpC-expression cassette (LTR flank upstream, P37 and P38), or the HygR terminator 

sequence (LTR flank downstream, P39 and P40). For the PCR amplification of the selective 

hygromycin marker sequence from pYTK079, the primers P35 and P36 (Table 9) were applied, 

including a homologous region with the T30-terminator of the crpC-expression cassette, 

respectively. Next, S. cerevisiae-sfp-crpA-crpB-crpD was transformed with this fragment set and 

screened for positive transformants on YPD agar containing hygromycin, as well as the antibiotics 

G418 and zeocin to maintain the selective pressure for crpB-KanR and crpD-ZeoR during the 

recombination procedure. Verification of a successful integration was assessed by PCR of the 

isolated genomic DNA from the selected yeast clones, targeting crpC. Likewise, the resulting strain 

S. cerevisiae ATi01 was simultaneously tested for the presence of the PPTase-encoding sfp, as well 

as for the total set of the cryptophycin BGC-genes crpA, crpB and crpD. 

The cryptophycin-specific halogenase CrpH was heterologously expressed in S. cerevisiae to 

facilitate the analytical identification of a recombinantly produced metabolite. Therefore, crpH 

was integrated into locus 416d (ARS416/ARS1) of S. cerevisiae chromosome IV using 

CRISPR/Cas9. For this purpose, crpH was amplified by PCR using primers P41 and P42 (Table 9) 

and cloned by Bsp120I-BglII-directed restriction-ligation cloning into the subcloning vector pMA-

RQ-PC8-T3, which includes the upstream and downstream inter-fragment homology regions of 

locus 416d (Figure SI I). The resulting vector pMA-RQ-PC8-crpH-T3 served to liberate the crpH-

expression cassette by NotI restriction and subsequent application to the genome editing 

procedure. Following the previously described protocol (cf. section 3.7.3), S. cerevisiae ATi01 was 

transformed with the crpH-expression cassette, the plasmid pCAS9-416 and the 1 kb locus 

homology fragments. The latter were amplified by PCR using P43-P46 (Table 9).  

The subsequent selection was performed on uracil-deficient YNB agar. Positive transformants 

were cured from pCAS9-308, applying the 5-FOA counter selection, followed by selective replica 

plating. Overall, clones carrying the GOI and lacking the pCAS9 plasmid were identified by PCR, 

targeting crpH. Likewise, the resulting strain S. cerevisiae ATi02 was tested by PCR for the 

presence of the cryptophycin BGC-genes crpA-D and the PPTase-encoding gene sfp. 



58 

Material and Methods 
Reconstruction of cryptophycin biosynthesis in S. cerevisiae 

 

 

A detailed overview of the used primer pair sequences is given in Table 9. 

 

Table 9. Primers of cryptophycin biosynthesis reconstruction. Sequences annealing to the DNA template are indicated 
in capital letters, while restriction recognition sites are symbolized by italics lower case letters. Primer tails including 
homologous regions are underlined. 

Primer Sequence 

P15 

P16 

P17 

P18 

P19 

P20 

P21 

P22 

P23 

P24 

P25 

P26 

P27 

P28 

P29 

P30 

P31 

P32 

P33 

P34 

P35 

P36 

P37 

P38 

P39 

P40 

P41 

P42 

P43 

P44 

P45 

P46 

5’ – acagtcgcacgcgtATGATTACACCTTCACATG – 3’ 

5’ – catctcgaagatctTCAGTAACTAATATTTCTAAG – 3’ 

5’ – CAAAACTAAGAAGAATGAGATGATAAG – 3’ 

5’ – TTAGATAAAAAGAAAAAAATTCGAAGTTAATGT – 3’ 

5’ – TCTTTGCTACATATTGCTACCACTTC – 3’ 

5’ – TGATAGAACGAGTACAACACCCG – 3’ 

5’ – GCCAGGCGCCTTTATATCAT – 3’ 

5’ – cttttataacttgaattacaacgttacaagttaattaatcacatgctactgcGTTTGCGAAACCCTATGCTCT – 3’ 

5’ – AATGGAAGGTCGGGATGAG – 3’ 

5’ – ATAAAGCAGCCGCTACCAAA – 3’ 

5’ – gaaataaagagtatcatctttcaaagaacacccgagatcgtccaGTATACTTAGCTTGCCTCGTCCCCG – 3’ 

5’ – cagtatagcgaccagcattcacata – 3’ 

5’ – AAAGGAGGTGCACGCATTAT – 3’ 

5’ – tataacttgaattacaacgttacaagttaattaagcccctctgtgtctgcTTCCAAGGAGGTGAAGAACG – 3’ 

5’ – agaaagtaatatcatgcgtcaatcgtatgtgaatgctggtcgctatactgGATGGGACGTCAGCACTGTA – 3’ 

5’ – CGGTATTACTCGAGCCCGTA – 3’ 

5’ – caaactgccatggaaaatcgatgttcttgtggtgaatgtgtgaaGTCGACTTAGCTTGCCTCGTCCCCG – 3’ 

5’ – cagtatagcgaccagcattcacata – 3’ 

5’ – cctgaccaatgcatATGAATTTAATCGAATTTTTACA – 3’ 

5’ – ggattcggggtaccCTATTTGCCCAAGTTTTTT – 3’ 

5’ – aactaaaaaaataataaggaagaaaaaaatagctaatttttccggcagaaGTTTAGCTTGCCTCGTCCC – 3’ 

5’ – CAGTATAGCGACCAGCATTCA – 3’ 

5’ – CACCGGAGCTTGGATATGAT – 3’ 

5’ – cacaaccgacgatccggggtcatggcggctatttttttttttttttttttTTCGCGGGCTGTTACTTATC – 3’ 

5’ – agaaagtaatatcatgcgtcaatcgtatgtgaatgctggtcgctatactgGGACCAACTATCATCCGCTAA – 3’ 

5’ – CGTGATAAACGATCGCCATA – 3’ 

5’ – gaagaagggcccATGTCTACACTGCCTAATTC – 3’ 

5’ – ggaggaagatctCTAAGTGTGGAGCAAAGAG – 3’ 

5’ – CCAACTGCATGGAGATGAGTC – 3’ 

5’ – GGGTCCGGTTAAACGGATC – 3’ 

5’ – CCGAACATGCTCCTTCACTATTTTAAC – 3’ 

5’ – CAATTGAGGAAACTTGAAAGGTGTGG – 3’ 
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3.8.1 Heterologous expression of the cryptophycin pathway 

In order to analyze the transcription profile and to assess the production of cryptophycin 

derivatives of the transgenic yeast strain S. cerevisiae ATi01, an expression cultivation was 

performed. For this purpose, a preculture of S. cerevisiae ATi01 was grown overnight in YPD at 

30 °C and 180 rpm. A main culture of 1 l YPD (pH 4) was inoculated to an OD600 of 0.2 and 

incubated at 30 °C and 180 rpm up to an OD600 of 0.4-0.6. Following this, the culture was adjusted 

to the expression conditions by incubation at 15 °C and 180 rpm for 30 min. Subsequently, 

activation of the heterologous pathway was accomplished by the addition of 2% (v/v) galactose, 

which is initiating the PGal1 (galactose promoter)-directed sfp expression. As the yeast is no 

native producer of cryptophycin, the addition of the relevant and non-native biosynthetic 

precursor 3-PPA (100 mg/l) (cf. section 1.2.1) was conducted concurrent with the galactose 

induction. Likewise, leucine was added in order to support the generation of the vital precursor 

α-ketoisocaproic acid, which is an intermediate of yeast’s native leucine metabolism 255. 

Subsequently, the incubation of the expression cultures was continued for three days at 15 °C and 

180 rpm. 

In a parallel attempt, an expression culture of S. cerevisiae ATi01 was fed with 3-fluorotyrosine 

(50 mg/l) upon induction of the BGC to introduce the fluorinated precursor into the cryptophycin 

biosynthesis. In case of a successful incorporation into the final product, the synthesized 

cryptophycin could be detected by 19F-NMR spectroscopy. In addition, the transgenic strain  

S. cerevisiae ATi02 was analyzed for the biosynthesis of chlorinated cryptophycin derivatives. In 

this case, the culture was supplemented with 0.5% (v/v) NaCl (1 M) upon induction. 

In all experiments, the strain S. cerevisiae CEN.PK2-1C was used as a negative control. 

3.8.2 SDS-PAGE 

In order to analyze the presence of the cryptophycin biosynthesis proteins in  

S. cerevisiae ATi01, aliquots (1 ml) of cell lysate from the recombinant strain and S. cerevisiae 

CEN.PK2-1C were subjected to protein isolation and SDS-PAGE analysis. For this purpose, the 

samples were taken 24 h after induction of the strains. The suspension was centrifuged at 4000 

rpm and 4 °C for 10 min. The resulting pellet was resuspended in 50 mM Tris-HCl buffer (pH 7.5). 

Subsequently, cell lysis was performed applying the bead tube principle of the Kit “Genomic DNA 

from microorganisms” (Macherey-Nagel) for yeast. The dissolved cell suspension was transferred 

to the provided bead tubes (type C) and lysis was performed by bead-beating in a vortexer. 

Following this, the lysate was centrifuged (4000 rpm, 4 °C, 10 min) and the samples (supernatant 

and pellet fraction) were prepared in analogy to the E. coli experiments (cf. section 3.3.3). 

Likewise, a Criterion™ chamber (Bio-Rad) and 3-8% precast Criterion™ XT Tris-Acetate gradient 

gels were used for SDS-PAGE analysis. The LC5699-HiMark™ (Thermo Fisher Scientific) served 
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as protein ladder. In addition to the undissolved samples, a series of diluted (1:10) samples was 

analyzed in parallel to the undissolved protein samples. The expected size of the cryptophycin 

proteins was calculated with SnapGene (CrpA: 325.6 kDa; CrpB: 383.2 kDa; CrpC: 219.6 kDa; 

CrpD: 377.3 kDa). 

3.8.3 RNA isolation and reverse transcription-profiling 

To assess the functionality of the applied minimal artificial expression systems, the transcription 

of the genes crpA-D was analyzed. For this purpose, the total RNA was isolated from the transgenic 

yeast strain S. cerevisiae ATi01 after induction, followed by reverse transcription of the 

transcriptome. The resulting cDNA was analyzed by PCR (Table 9) and subsequent gel 

electrophoresis to verify the transcription of the individual cryptophycin genes. In detail, the 

expression cultures were harvested by centrifugation (4000 rpm, 10 min) in Eppendorf cups, 24 

h after induction of the cryptophycin BGC. Subsequently, the resulting cell pellets were frozen at 

-80 °C overnight. Next, the isolation of RNA was conducted using the “NucleoSpin RNA Plus, Mini 

kit” (Macherey-Nagel), according to the manufacturer’s instructions, which is including an RNA 

purification protocol by the application of DNA removal columns during the isolation procedure. 

In this case, cell lysis was performed applying the recommended concept of a combined 

application of the kit for “Genomic DNA from microorganisms” (Macherey-Nagel), using the bead 

tube cell lysis protocol (without RNAse) and the “NucleoSpin RNA Plus” kit (Macherey-Nagel). For 

this purpose, the obtained frozen cell pellets were resuspended in buffer RA1 (“Genomic DNA 

Kit”) and cell lysis was performed using the recommended bead tubes (Type B, “Genomic DNA 

kit”). However, due to the subsequent application of the lysate in RNA isolation, the addition of 

RNAse was omitted during the total process. After lysis, the RNA isolation procedure was 

continued by transferring the homogenized cell-lysate to the gDNA removal column (“RNA Plus 

Kit”) and following the manual’s instructions, respectively. The final elution step was performed 

with 2x 30 µl RNase-free ddH2O. Subsequently, reverse transcription of the isolated RNA was 

performed according to the “ProtoScript® II First Strand cDNA Synthesis Kit” (NEB), following 

the manufacturer’s instructions. The resulting cDNA was analyzed by PCR, with primers (Table 

10) targeting for the amplification of sfp (P57 and P58, 675 bp) and crpA (P47 and P48, 489 bp), 

crpB (P49 and P50, 569 bp), crpC (P51 and P52, 397 bp) and crpD (53 and P54, 443 bp). As positive 

control the ubiquitously expressed housekeeping gene acs1, encoding for the acetyl-CoA 

synthase, was targeted by PCR amplification (P55 and P56, 574 bp) to verify a successful RNA 

isolation and reverse transcription procedure. In parallel, the procedure was conducted with 

A/T1-RNAse Mix (ThermoFisher Scientific)-treated RNA of S. cerevisiae ATi01. This negative 

control served to verify the origin of the PCR amplification products from RNA-generated cDNA 

and not from remnants of co-isolated genomic DNA. 
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Table 10. Primers of transcription-profiling in heterologous cryptophycin biosynthesis.  

Primer Sequence 

P47 

P48 

P49 

P50 

P51 

P52 

P53 

P54 

P55 

P56 

P57 

P58 

5’ – ATGATTACACCTTCACATG – 3’ 

5’ – CTGCTCTGATTGAAATAGT – 3’ 

5’ – ATGGACATGAATATTAATAGG – 3’ 

5’ – CCTGATACAACATAAGCATC – 3’ 

5’ – ATGAATTTAATCGAATTTTTACA – 3’ 

5’ – AATTATTTACCTGTTGGATTG – 3’ 

5’ – CTCTTCAATTTATCCACTTTC – 3’ 

5’ – TGGTGATGACTCCAGATAAAT – 3’ 

5’ – ATGTCGCCCTCTGCCGTA – 3’ 

5’ – CAGTATCGCCCTTGCGAAC – 3’ 

5’ – ATGAAGATTTACGGAATTTATATGG – 3’ 

5’ – TTATAAAAGCTCTTCGTACGAG – 3’ 

 

3.8.4 Extraction of cryptophycins from S. cerevisiae and metabolite 
analyses  

The expression cultures were subjected to metabolite extraction, followed by chemical analyses 

of the extracts for the biosynthesis of cryptophycin derivatives. For this purpose, the cells were 

harvested at room temperature at a speed of 4000 rpm for 15 min. In analogy to the established 

extraction procedure for cryptophycin 1 (cf. section 3.4), the cell pellet was frozen for 24 h at -80 

°C. Subsequently, the cell pellet was lysed applying a standard glass bead method that was 

adapted from Conzelmann et al. 256. Accordingly, the cells were resuspended in an equal amount 

(w/v) of 50 mM Tris-HCL buffer (pH 7.5) and glass beads, followed by vortexing at maximum 

speed for 2 x 30 min at room temperature to crack the cell wall. The extraction of the pellet lysate 

was conducted as previously stated for the extraction of cryptophycin from Nostoc sp. ATCC 

53789 (cf. section 3.4). 

The extracts were dried by rotary evaporation and lyophilization. Next, the dried extracts were 

redissolved in acetonitrile and applied to comparative LC-MS analyses, as described earlier (cf. 

section 3.4). After the conducted LC-MS analyses, the samples were provided to the LDC for 

activity testing. For this purpose, a cryptophycin-sensitive cell-line assay was used, which was 

established in the course of this project consortium on the basis of cryptophycin 1. Based on this 

assay, the presence of active cryptophycin derivatives can be analyzed in every sample extract. 

In case of fluorinated cryptophycins, the raw extract samples (pellet and supernatant) were 
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directly applied to an HPLC-directed purification and fractionation procedure, which was coupled 

to a 19F-NMR-assisted analysis for the detection of fluorinated compounds in the total raw extract. 

For this purpose, all sample raw extracts were analyzed using a Shimadzu HPLC-system (LC-

20AD) with a diode array detector (SPD-M20A). The initial separation was performed using an 

acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA) in water gradient of 10-100% in 20 min on an 

EC Nucleodur 100-5 C18 VarioPrep column (Macherey-Nagel, 21.0 x 125 mm, 5 µm particle size, 4 

ml/min flow rate). After lyophilization (24 h), the fractionated samples were submitted to 19F-

NMR spectroscopy. The sample fractions showing a fluoro signal in addition to the referenced 

TFA signal at -76.55 ppm 257 were further purified by HPLC using an isocratic method of 30% 

ACN/TFA (0.1%) for 20 min with the same column and flow rate specifications. 

All 19F-NMR analyses were performed at the Department of Chemistry and Chemical Biology. The 

samples were dissolved in deuterated chloroform. Subsequent to this perpetual HPLC-19F-NMR-

assisted compound identification, the fractions of interest were analyzed by LC-MS analysis. 

3.9 Reconstruction of scytonemin biosynthesis in S. cerevisiae 

In order to reconstruct the scytonemin biosynthesis in S. cerevisiae, the three genes scyA-C were 

amplified from isolated genomic DNA of N. punctiforme and equipped with yeast-compatible 

promoters and terminators by cloning them into the prepared subcloning vectors (cf. section 

3.7.2). First, scyA was integrated into locus 416d on yeast chromosome IV, using CRISPR/Cas9-

directed genome editing (cf. section 3.7.3). For this purpose, scyA was amplified by PCR using 

primer P59 and P60 (Table 11) and cloned into pMA-RQ-PC8-T3 (Table 2, Table SI I) by Bsp120I-

BglII directed restriction–ligation cloning. The functional scyA-expression cassette, including the 

upstream and downstream inter-fragment homology regions (Figure SI I), was liberated by NotI 

restriction. The 1 kb locus homology fragments were amplified by PCR. P69 and P70 were applied 

for the amplification of the upstream homology fragment, while P71 and P72 were used for the 

downstream homology fragment (Table 11). Together with the plasmid pCAS9-416, S. cerevisiae 

was transformed with the fragment mix following the protocol of Reider Apel et al. 156. Selection 

was performed on YNB agar with uracil depletion. Subsequently, positive transformants were 

cured from pCAS9-416 applying the 5-FOA counter selection, followed by selective replica 

plating. Positive clones, carrying the GOI and lacking the pCAS9 plasmid were identified by PCR, 

targeting scyA. 

Successively, scyC and scyB were integrated into the host’s genome, using the pMA-RQ-PA3-T30 

(Table 2, Table SI I). scyC was amplified by PCR with the primers P61 and P62 (Table 11). scyB 

was amplified using the primers P79 and P80 (Table 11). Both genes were cloned by KpnI-NsiI 

restriction-ligation into the linearized subcloning vector. 

In order to adapt the dissimilar cyanobacterial to yeast codon usage, the start codon of scyC (GTG) 
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was altered to ATG. Subsequently, scyC was integrated into locus YORWΔ22/Ty1, applying LTR-

recombination (cf. section 3.7.4). For this, selective LTR flanks of the locus were amplified by PCR 

(P65-P68, Table 11), containing homologous regions with either the promoter PA3 of the scyC-

expression cassette (LTR flank upstream, P65 and P66), or the HygR terminator (LTR flank 

downstream, P67 and P68). The selective marker HygR was amplified by PCR (P63 and P64, Table 

11) from pYTK079, including a homologous region with the T30-terminator of the scyC-

expression cassette. The scyC-expression cassette was liberated from pMA-RQ-PA3-T30 by NotI 

restriction. Next, S. cerevisiae-scyA was transformed with this fragment set and screened for 

positive transformants on YPD agar containing hygromycin. Verification of a successful 

integration was assessed by genomic PCR of the isolated genomic DNA from the selected yeast 

clones, targeting scyC. 

In case of scyB, the LTR method was expanded. Instead of LTR sites, the integration of scyB was 

coupled to the knock-down of bna2 (locus YJR078W, chromosome X), which is involved in 

kynurenine and anthranilate formation, encoding the biosynthesis of the enzyme tryptophan 2,3-

dioxygenase.  

The functional scyB-expression cassette was liberated from the subcloning vector by TauI 

restriction. The homologous flanks, targeting the bna2 locus, were amplified by PCR using the 

primers P73-P76 (Table 11). The upstream flank of 355 bp (coding sequence 189-543 bp of bna2) 

was amplified by P73 and P74 and included a homologous region with the promoter PA3 of the 

scyB-expression cassette. The downstream flank of 290 bp (coding sequence 1046-1335 bp of 

bna2) was amplified by P75 and P76 and contained a homologous sequence with the KanR 

terminator. The KanR (G418) selective marker sequence was amplified from pYTK077, using the 

primers P77 and P78 (Table 11), which included a homologous overlap with the T30-terminator 

of the scyB-expression cassette. The resulting fragments were used for the transformation of  

S. cerevisiae-scyA-scyC. In order to maintain the selective pressure for scyC-HygR during the 

recombination event, the transformants were screened for the positive integration of scyB-KanR 

on YPD agar containing G418 and hygromycin. Verification of a successful integration and 

disruption of bna2 was assessed by PCR of the isolated genomic DNA from the selected yeast 

clones, targeting scyB by a combination of the primers P80 and P81 (Table 11). P81 is binding to 

a region 174 bp upstream of the integration locus for amplification. Furthermore, the resulting 

strain, S. cerevisiae-scyA-scyB-scyC, was again tested for the presence of scyA and scyC by genomic 

PCR. 

The primers used in this study are listed in Table 11. For cloning purposes restriction recognition 

sites and homologous overlapping regions were integrated by PCR amplification, through the 

addition of the sequences into the primer tails. Codon usage was also adapted during PCR 
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amplification.  

Table 11. Primers of scytonemin biosynthesis reconstruction. Sequences annealing to the DNA template are indicated 
in capital letters, while restriction recognition sites are symbolized by italics lower case letters. Primer tails including 
homologous regions are underlined. The start codon of scyC was adapted to yeast codon usage and is indicated in red 
bold capital letters. 

Primer Sequence 

P59 

P60 

P61 

P62 

P63 

P64 

P65 

P66 

P67 

P68 

P69 

P70 

P71 

P72 

P73 

P74 

P75 

P76 

P77 

P78 

P79 

P80 

P81 

5’ – ctgcagaagggcccATGAGTCAAAACTATACTG – 3’ 

5’ – ggaggaagatctTCAAACCATTGGAAATGAAA – 3’ 

5’ – ccaccaatgcatATGGAAAAAAATACTTTTGCAAC – 3’ 

5’ – ggcggcggtaccTTAGTTGGGAACTAGGGAT – 3’ 

5’ – aactaaaaaaataataaggaagaaaaaaatagctaatttttccggcagaaGTTTAGCTTGCCTCGTCCC – 3’ 

5’ – CAGTATAGCGACCAGCATTCA – 3’ 

5’ – CACCGGAGCTTGGATATGAT – 3’ 

5’ – cacaaccgacgatccggggtcatggcggctatttttttttttttttttttTTCGCGGGCTGTTACTTATC – 3’ 

5’ – agaaagtaatatcatgcgtcaatcgtatgtgaatgctggtcgctatactgGGACCAACTATCATCCGCTAA – 3’ 

5’ – CGTGATAAACGATCGCCATA – 3’ 

5’ – CCAACTGCATGGAGATGAGTC – 3’ 

5’ – GGGTCCGGTTAAACGGATC – 3’ 

5’ – CCGAACATGCTCCTTCACTATTTTAAC – 3’ 

5’ – CAATTGAGGAAACTTGAAAGGTGTGG – 3’ 

5’ – GCAAGAGGATAACAAGGTGC – 3’ 

5’ – ttcttttataacttgaattacaacgttacaagttaattaacaccgcccccCAACTTTCGTCAACGGTTCC – 3’ 

5’ – agaaagtaatatcatgcgtcaatcgtatgtgaatgctggtcgctatactgCTCGTAACGCTTCTAACCGTGC – 3’ 

5’ – CGCAGTGGCGACAGTCTCG – 3’ 

5’ – tatatatatatataaactcatttacttatgtaggaataaattttttcaaaTTAGCTTGCCTCGTCCCCG – 3’ 

5’ – CAGTATAGCGACCAGCATTCACATA – 3’ 

5’ – ccaccaatgcatCATGCTGCTATTTGAAACTGTTAG – 3’ 

5’ – ggcggcggtacctCCACTTCTCACTCCTTAAGATA – 3’ 

5’ – CATAACCGGACCACAAGTAC – 3’ 

 

3.9.1 Heterologous expression of the scytonemin pathway  

For heterologous expression precultures of S. cerevisiae-scyA-scyC and S. cerevisiae-scyA-scyB-scyC 

were incubated in YPD at 30 °C and 180 rpm overnight. The resulting seed cultures were used to 

inoculate the main expression cultures to an OD600 of 0.04, which were continuously cultivated 

for three days at 15 °C and 180 rpm. In case of S. cerevisiae-scyA-scyC an additional main culture 

was prepared in parallel, supplementing the medium with L-tryptophan (50 mg/l), while its 

congener S. cerevisiae-scyA-scyB-scyC was also cultivated in the presence of L-tryptophan (50 

mg/l) and a combination of L-tryptophan and L-tyrosine (50 mg/l each). 
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3.9.2 Extraction of scytonemin from S. cerevisiae and metabolite analyses 

In order to analyze the metabolic profile of the transgenic strains and to assess the production  

of scytonemin, the constructed S. cerevisiae strains (i.e. S. cerevisiae-scyA-scyC,  

S. cerevisiae-scyA-scyB-scyC) were compared with S. cerevisiae CEN.PK2-1C. Following a 60-h 

incubation of the (transgenic) yeast strains, the cultures were harvested by centrifugation at 

room temperature and 4000 rpm for 15 min. The obtained supernatant and pellet fractions were 

extracted and analyzed for the formation of scytonemin and pathway related products, which 

were previously described by Malla et al. 93. The extraction was performed as described earlier 

(cf. section 3.8.4 and 3.4). A literature survey revealed the usage of various solvents, e.g. acetone, 

ethanol, ethyl acetate and methanol, which have been successfully used to isolate scytonemin and 

its pathway intermediates from different sources before, including native and heterologous 

producers 93,94,258,259. Therefore, different extraction solvents were tested in this PhD project. In 

the initial study, analyzing S. cerevisiae-scyA-scyC, methanol (MeOH) was used for the extraction 

of the pellet lysate and the XAD-bound compounds of the supernatant broth. In the consecutive 

study of S. cerevisiae-scyA-scyB-scyC, the solvents dichloromethane (DCM) and MeOH were used 

to extract the pellet and the supernatant fraction. For this purpose, first the fractions were 

extracted with DCM, followed by a second extraction with MeOH. In a parallel approach, a culture 

of S. cerevisiae-scyA-scyB-scyC was extracted with acetone instead of MeOH. 

Subsequent to extraction, the metabolic profiles were evaluated by comparative HPLC analyses. 

Metabolites that were not observed in the control, were purified and subjected to further analyses 

and structure elucidation by LC-MS and NMR. 

In general, all sample extracts were analyzed using a Shimadzu HPLC-system (LC-20AD) with a 

diode array detector (SPD-M20A). The raw extracts were initially separated using an acetonitrile 

(ACN)/0.1% trifluoroacetic acid (TFA) in water gradient on an RP EC-NUCLEODUR PFP column 

(Macherey-Nagel, 4.6 x 250 mm, 5.0 µm particle size, 0.5 ml/min flow rate). The time parameters 

of the separation were set to 0-5 min at 25% ACN and 25-42 min at 75% ACN, followed by a re-

equilibration to 25% ACN. For the extract of S. cerevisiae-scyA-scyC, a succeeding HPLC 

purification using an RP VP-NUCLEODUR C18 Gravity column (Macherey-Nagel, 10x250 mm, 3 

µm, 2 ml/min flow rate) was conducted for a newly detected compound. The latter exhibited a 

distinctive signal at 334 nm and increased in signal intensity upon tryptophan supplementation 

(cf. section 4.2). A gradient method of ACN/TFA was executed with 0-5 min at 5% ACN, 25-40 min 

at 100% ACN and 43-50 min at 5% ACN. The final purification at 334 nm was achieved by 

application of an RP VP-NUCLEODUR C18 Isis column separation (Macherey-Nagel, 10 x 250 mm, 

5.0 µm particle size, 2 ml/min flow rate). The ACN/TFA gradient method was applied from 0-5 

min at 5% ACN, via 60% ACN at 30 min, up to 100% ACN at 32-34 min and a final re-equilibration 
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to 5% ACN at 35-38 min. 

Following this, an LC-MS analysis and NMR-guided structure elucidation were performed for the 

obtained purified compound from S. cerevisiae-scyA-scyC. The conducted LC-MS analysis was 

carried out using an Agilent 1260 Infinity LC system connected to a UV detector and a 6120 

quadrupole mass spectrometer (Agilent, Santa Clara, USA). Ionization was performed by 

electrospray ionization (ESI). The analysis was performed in positive ion mode. The HPLC flow 

rate was adjusted to 0.4 ml/min using an RP EC-Nucleodur C18 column (100 x 2 mm, 2.7 µm; 

Macherey-Nagel). The MeOH-dissolved samples were analyzed applying a gradient from 5 to 98% 

ACN/0.1% formic acid in water for 10 min, followed by 5 min at 98% ACN. 

A subsequent study investigated the metabolic profile of S. cerevisiae-scyA-scyB-scyC, 

administering the same HPLC specifications as described for the previously used PFP column. The 

initial separation of the raw extracts (XAD7-DCM and XAD7-MeOH extracts), resulted in the 

identification of several new metabolites for the transgenic strain in the XAD7-DCM extract-

fractions (cf. section 4.2), which were consequently purified, by a repetitive usage of the identical 

column and parameter specifications. The obtained purified compound fractions were directly 

analyzed by NMR spectroscopy. 

The XAD7-acetone extracts were analyzed by HPLC in comparison to the control strain and a 

commercially acquired indole-3-pyruvate standard. Subsequently, the extracts were directly 

applied to comparative NMR analysis, recording differences between the metabolic profile of  

S. cerevisiae-scyA-scyB-scyC and the control strain. In this case, a preceding HPLC-based 

fractionation of the extracts was not conducted. 

In order to elucidate the final structure of the purified compounds, the sample extracts were 

dissolved in MeOH-d4 and subjected to NMR analyses. 
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4 Results and Discussion 

In the following chapters, the obtained results of the conducted experiments are presented and 

analyzed. This covers the investigation of the cyanobacterial strain Nostoc sp. ATCC 53789 from 

a genomic perspective and an inspection of its biosynthetic potential. Furthermore, the 

heterologous production of two cyanobacterial secondary metabolites, scytonemin and 

cryptophycin, and their biosynthetic intermediates is evaluated in different hosts and systems. 

4.1 Cryptophycin biosynthesis and de-novo genome sequencing of  
Nostoc sp. ATCC 53789 

4.1.1 Results 

The following section contains adapted passages from the author’s previous publications [I] and 

[III] 223,260. 

4.1.1.1 Production of cryptophycin by Nostoc sp. ATCC 53789 

Genetic and biosynthetic information about the cryptophycin producing cyanobacterium Nostoc 

sp. ATCC 53789 are scarce. Although genes involved in cryptophycin biosynthesis were identified 

some years ago, knowledge on their integration into the metabolic network of the producing 

strain is limited 223,260. This lack of information also applies to the overall biosynthetic potential 

of the strain, which apart from cryptophycin 64 and nostocyclopeptides 73 has not been 

systematically analyzed. In order to complement the available data and estimate the genetic 

potential of the strain for the biosynthesis of secondary metabolites, the genome of Nostoc sp. 

ATCC 53789 was subjected to a de-novo sequencing analysis. 

Initially, cultures of Nostoc sp. ATCC 53789 were tested for the production of cryptophycin in 

order to verify the functional expression of the corresponding BGC. The obtained culture extracts 

were analyzed by LC-MS analyses. A detected molecular ion of m/z 655.2 [M+H]+ indicated the 

biosynthesis of cryptophycin 1 (Figure 13). Testing of the culture extracts against selected cancer 

cell lines revealed strong antiproliferative activities, thus corroborating the results from the 

chemical analysis (data not shown). Noteworthy, the production of cryptophycin 1 was no longer 

detectable after continuous cultivation of Nostoc sp. ATCC 53789 for 6 month. 
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Figure 13. ESI spectrum of cryptophycin 1 from culture extracts (1 l in total) of Nostoc sp. ATCC 53789, which was 
cultivated for 4 weeks. The spectrum was recorded in positive ion mode. The detected compound mass of m/z 655.2 
[M+H]+ indicated the biosynthesis of cryptophycin 1. 

 

 

4.1.1.2 Biosynthetic potential of Nostoc sp. ATCC 53789 

In order to assess its secondary metabolome, the genomic DNA of the cryptophycin-producing 

strain was isolated and subjected to genome sequencing at the IIT Biotech GmbH. “The genome 

of Nostoc sp. ATCC 53789 was reconstructed from short- and long-read DNA data sets obtained 

by Illumina and Nanopore sequencing. This approach revealed 13 discrete replicons with a total 

size of 8.7 Mb and a medium G+C content of 40-42%. In addition to one circular chromosome of 

7.34 Mb (Figure 14), the replicons comprise two linear and ten circular plasmids, ranging in size 

from 34.75 kb to 337.07 kb (Table 12). The automated genome annotation resulted in the 

assignment of 7408 genes, 7300 protein-coding sequences, 88 tRNAs, 12 rRNAs and 8 ncRNAs. 

Overall, the genomic features of Nostoc sp. ATCC 53789 were found to be consistent with other 

members of this genus in respect to genome size and number of replicons.” With a total of 13 

replicons the strain exhibits the second largest number of extrachromosomal replicons within the 

genus Nostoc, only surpassed by its closest taxonomic relative Nostoc sp. C057 (Accession No. 

CP040281.1, symmetrical genome identity of 76%, Figure SI X), which possesses 16 replicons 261–

263. 
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Figure 14. Chromosome map of Nostoc sp. ATCC 53789. The outer size-scale is given in 0.5 Mb intervals. Notation: Circle 
1 (mint), forward strand open reading frames; Circle 2 (blue), reverse strand open reading frames; Circle 3 (red), 
secondary metabolite biosynthetic gene clusters detected by antiSMASH; Circle 4, G+C content (dark green, above 
average; dark blue, below average); Circle 5, G+C skew (grey, above average; black, below average). The genome map 
was designed using DNAPlotter. 241,260 

 

 

An inspection of the genome with antiSMASH 5.0 and 6.0 240 revealed a high diversity of BGCs 

with a unique combination of in total 24 BGCs and a characteristic profile of cyanobacterial 

secondary metabolite types. Overall the high diversity, the detected types of secondary 

metabolite clusters and thus the biosynthetic potential of Nostoc sp. ATCC 53789, is similar to 

those of taxonomically related strains, e.g. Nostoc sp. C057, the Peltigera membranacea-

cyanobiont Nostoc sp. N6 (Accession No.: CP026681.1), or N. punctiforme ATCC 29133 (Accession 

No.: CP001037). 
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Table 12. Genomic features of Nostoc sp. strain ATCC 53789. 

Replicon Size [bp] Topology G+C content [%] Accession No. 

chromosome 7,340,101 Circular 41.4 CP046703 

pNsp_a 337,072 Circular 41.6 CP046704 

pNsp_b 325,114 Circular 40.9 CP046705 

pNsp_c 219,529 Circular 41.0 CP046706 

pNsp_d 65,222 Linear 41.8 CP046707 

pNsp_e 57,504 Circular 42.5 CP046708 

pNsp_f 56,077 Linear 41.7 CP046709 

pNsp_g 54,032 Circular 42.3 CP046710 

pNsp_h 49,561 Circular 39.6 CP046711 

pNsp_i 40,105 Circular 41.2 CP046712 

pNsp_j 38,437 Circular 41.4 CP046713 

pNsp_k 36,221 Circular 40.7 CP046714 

pNsp_l 34,754 Circular 42.0 CP046715 

 

 

In detail, the predicted BGCs in Nostoc sp. ATTCC 53789 are involved in the assembly of different 

natural product classes, including nonribosomal peptides, polyketides, PKS-NRPS hybrid-

compounds, terpenes and RiPPs (ribosomally synthesized posttranslationally modified peptide), 

e.g. bacteriocins, lantipeptides, lasso peptides, or linear azol(in)e-containing peptides (Table 13). 

“The majority of these loci reside on the chromosome (Figure 14 and Table 13), while four BGCs 

are located on plasmids” 260, a genetic constitution that is not unusual among cyanobacteria 264. 

Each of the four largest plasmids was found to harbor one BGC (Figure 15 and Table 13). Three 

of the extrachromosomal BGCs are assigned to the biosynthesis of unidentified RiPPs (pNsp_a, 

pNsp_b, pNsp_d). The only exception is the cryptophycin BGC, which resides on pNsp_c. 
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Table 13. Secondary metabolome of Nostoc ATCC 53789. The de-novo sequencing approach revealed the distribution, 
locus and size of biosynthetic gene clusters in the genome of Nostoc sp. ATCC 53789. The 24 BGCs were detected using 
antiSMASH v. 5.0 and v. 6.0. Further, antiSMASH was used to predict their corresponding type of secondary metabolite 
clusters, product, including the similarity of the BGC to known database entries. Notation: nt, nucleotide; kb, kilo base 
pair; n.i., not identified; hglE-KS, heterocyst glycolipid synthase-like PKS; NRPS, nonribosomal peptide synthetase; PKS, 
polyketide synthase; RiPP-LAP, ribosomally synthesized posttranslationally modified-linear azol(in)e-containing 
peptides; RiPP, ribosomally synthesized posttranslationally modified peptide. 

No. Replicon Locus [nt] Size [kb] Type Predicted product and 
database similarity 

1 chromosome 32262-82288 50.027 hglE-KS heterocyst glycolipid (100%) 

2 chromosome 422953-485535 62.583 NRPS nostocyclopeptide (100%) 

3 chromosome 565089-636478 71.390 NRPS aeruginoside (41%) 

4 chromosome 1686632-1708851 22.220 RiPP-LAP n.i. 

5 chromosome 1834244-1876803 42.560 NRPS-like n.i. 

6 chromosome 1940618-1963941 23.324 RiPP bacteriocin-like, lathipeptide, 
n.i. 

7 chromosome 2292921-2313706 20.786 
 

terpene hexose-palythine-serine/ 
hexose-shinorine (28%) 

8 chromosome 2360082-2370315 10.234 RiPP bacteriocin-like, n.i. 

9 chromosome 2696002-2789507 93.506 NRPS-PKS merocyclophane (22%) 

10 chromosome 2952035-2993696 41.662 NRPS-like aeruginoside (17%) 

11 chromosome 3319988-3401502 81.515 NRPS-PKS nostophycin (27%) 

12 chromosome 3995007-4036689 41.683 RiPP lathipeptide (n.i.) 

13 chromosome 4184772-4244316 59.545 NRPS-PKS anatoxin (20%) 

14 chromosome 4401435-4420197 18.763 terpene n.i. 

15 chromosome 5455333-5514751 59.419 NRPS anabaenopeptin (100%) 

16 chromosome 5843529-5882982 39.454 terpene geosmin (100%) 

17 chromosome 5929435-5971787 42.353 RiPP lanthipeptide, cyanobactin 
(14%) 

18 chromosome 6035023-6055853 20.831 terpene n.i. 

19 chromosome 7131152-7178345 47.194 hglE-KS heterocyst-glycolipid (57%) 

20 chromosome 7251830-7307970 56.141 NRPS-PKS nostocyclopeptide (28%) 

21 pNsp_a 305982-330267 24.286 RiPP bacteriocin-like, lassopeptide, 
n.i. 

22 pNsp_b 32964-56278 23.315 RiPP bacteriocin-like, lanthipeptid, 
n.i. 

23 pNsp_c 193220-8850 40.311 NRPS-PKS cryptophycin (100%) 

24 pNsp_d 51874-62164 10.291 RiPP bacteriocin-like, n.i. 
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Figure 15. Plasmid maps of the secondary metabolite-encoding extrachromosomal replicons of Nostoc sp. ATCC 53789. 
pNsp_a, pNsp_b and pNsp_c are circular plasmids, while pNsp_d was identified as linear plasmid. pNsp_a, pNsp_b and 
pNsp_d encode RiPP BGCs. pNsp_c encodes the cryptophycin BGC, which is flanked by transposase genes. The two 
directly flanking transposases are highlighted in bright green. The outer size-scale is given in 0.05 - 0.008 Mb intervals. 
Notation: Circle 1 (mint), forward strand open reading frames; Circle 2 (blue), reverse strand open reading frames; 
Circle 3 (red), secondary metabolite BGCs detected by antiSMASH, i.e. the cryptophycin and the RiPP BGCs; Circle 4, 
G+C content (dark green, above average; dark blue, below average); Circle 5, G+C skew (grey, above average; black, 
below average). The genome map was designed using DNAPlotter. 241 
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According to the antiSMASH analysis, Nostoc sp. ATCC 53789 should be capable to produce 

further typical cyanobacterial metabolites apart from cryptophycin. This includes the 

sequiterpene geosmin 265, the non-ribosomal peptide anabaenopeptin 266 and heterocyst 

glycolipids 267, whereby the latter are exclusive to heterocystous members of the phylum 267. The 

corresponding BGCs are highly conserved, as indicated by a 100% similarity score in antiSMASH 

(Table 13). As many cyanobacterial species produce the phosphatase inhibitor anabaenopeptin 

3,266, the biosynthesis of this compound by Nostoc sp. ATCC 53789 is not surprising. However, the 

production of anabaenopeptin was hitherto not known for the cryptophycin producer. In 

addition, the biosynthetic analysis indicated that the strain is capable of nostocyclopeptide 

biosynthesis 268, complementing the existing data of Golakoti et al. 73 and Becker et al. 269, who 

isolated and identified this metabolite from Nostoc sp. ATCC 53789 and characterized its 

biosynthetic assembly already a while ago 73,269. The entire genome sequence of Nostoc sp. ATCC 

53789 now discloses the chromosomal positioning of the nostocyclopeptide locus. 

Aside from the mentioned BGCs, the vast majority of the detected loci in Nostoc sp. ATCC 53789 

could not be associated with the production of known secondary metabolites. The majority of the 

predicted BGCs are involved in the biosynthesis of peptidic compounds, including RiPPs and 

NRPS-, or NRPS-PKS-derived metabolites (17 of 24 BGCs). This is consistent with literature 

reports, which indicate that cyanobacterial secondary metabolism is dominated by peptides (66 

% of known secondary metabolites) 23. Altogether, the herein conducted genome analysis 

revealed a far greater genomic potential of the strain for the production of secondary metabolites 

than initially expected by chemical investigations. Especially under the premise of urgently 

required new anti-infectives to fight modern infectious diseases, the potential of the strain to 

produce a high, yet unidentified variety of RiPPs (8 of 24 detected BGCs) and NRPS-, or PKS-NRPS-

derived compounds (9 of 24 detected BGCs), clearly bears a great chance to enlarge the available 

toolbox of “therapeutic instruments” by the isolation and identification of new bioactive 

metabolites. As a matter of fact, both of the prevalently detected secondary metabolite classes are 

renowned to comprise promising anti-infective candidates for treating e.g. viral, protozoal, fungal 

and microbial infectious diseases that are caused by (multidrug-resistant) pathogens 23,34,270–272. 

4.1.1.3 Inspection of the cryptophycin BGC 

In order to further complement the existing information on the plasmid-associated cryptophycin 

locus of Nostoc sp. ATCC 53789, a closer inspection of the data was conducted under the premise 

of (i) an assessment of its broader genetic context on the plasmid, (ii) the integrity and 

functionality of the associated domains with a focus on the loading and substrate-selecting 

domains of CrpA and (iii) genetic indications for an enzymatic truncation of a hypothetical starter 

unit. 
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(i) Apart from its plasmid-associated localization, the comprehensive review of the obtained 

annotated sequencing data in combination with a manual SnapGene-BLASTx-coupled analysis of 

the BGC neighborhood revealed that the cryptophycin locus is flanked by several upstream and 

downstream transposase genes. An additional transposase was identified to be located within the 

BGC itself (compare Figure SI III). This “BGC-internal” transposase (locus tag: GJB62_RS34220) is 

positioned in the gap between the biosynthetic genes crpG and crpH, respectively. The localization 

of the cluster in a potentially highly mobile genomic area of the plasmid was not known so far 

and, apart from complementing the existing data of its genetic neighborhood, may shed light on 

the observed loss of cryptophycin production during the elongated fermentation of Nostoc sp. 

ATCC 53789. Therefore, it is reasonable that the transposase-near localization of the BGC may 

have contributed to the observed production loss over time (cf. section 4.1.2.1). 

(ii) Consistent with the previously published data of the assembly line 64, the antiSMASH-based 

inspection of the cluster confirmed the integrity and activity of the single cluster domains. As 

CrpA was a central object of the conducted experiments in this doctoral thesis, a subsequent 

manual investigation of the specificity-conferring code of the encoded loading A domain and the 

substrate-selecting AT domains was also conducted. These manual analyses were based on 

general findings of Stachelhaus et al. 41, Minowa et al. 242, Yadav et al. 243 and Reeves et al. 31, as 

well as on already existing specificity-code information that were identified by Magarvey et al. 64. 

Consequently, the CrpA-A domain was aligned to the A domain of the microcystin synthetase 

McyG, which was presupposed to contain an identical active site motive 64. The analysis 

reconfirmed the integrity of the active site motive V G V W V A A S G K, attesting the domain’s 

functionality (compare Figure SI V). In parallel the AT domain of CrpA was analyzed using the 

compiled information of Minowa, Yadav and Reeves, which likewise confirmed the functional 

integrity of the substrate-selecting AT domain in CrpA, showing the typical active site motive  

Q Q G H S G R H V with the catalytic S92 and a selectivity for malonyl-CoA (compare Figure SI IV). 

(iii) The unresolved one-carbon truncation of the CrpA-selected phenylpropanoid substrate 

remains a subject of ongoing investigations. In order to identify genetic indications for the 

observed truncation of the starter unit, the vicinity of the genetic locus was screened for 

additional orfs that could be associated with substrate or intermediate modifications. Hence, the 

obtained annotated sequencing data of pNsp_c were reviewed again and additionally analyzed by 

antiSMASH and BLAST. In close proximity of the cluster only transposase encoding genes and one 

unidentified Nostoc-specific hypothetical protein (locus tag: GJB62_RS33410) were detected. 

While the function of the transposase genes can be assumed as unrelated to the observed 

substrate truncation, the role of the hypothetical protein still remains elusive, as no homolog with 

a known function could be identified via BLAST analysis. Yet, if the gene was involved in this 
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unusual truncation, a homolog would have been expected from the microcystin BGC of  

M. aeruginosa, which shows a similar behavior of substrate truncation by McyG. However, 

BLASTn, BLASTp and BLASTx-analyses against the M. aeruginosa genome and proteome did not 

reveal any likely homologs. Consequently, the protein, although specific to Nostoc spp., is 

supposed not to be involved in a truncation of the starter unit. Apart from these closely located 

genes, another small locus was identified ~2.2 kb upstream of crpA. This locus comprises a 

putative NAD(P)-dependent oxidoreductase gene (locus tag: GJB62_RS33420), concomitant to a 

glycosyltransferase gene (locus tag: GJB62_RS33425) and a preceding response regulator 

transcription factor (locus tag: GJB62_RS33415). Yet, these enzymes can also be assumed as not 

related to the observed carbon loss of the starter unit. Altogether, the conducted genetic survey 

did not point to the presence of any gene within or near the cryptophycin BGC that could be 

associated with the observed substrate modifications. However, it is still possible that a so far 

unidentified trans-acting modification enzyme, which is encoded elsewhere in the genome of 

Nostoc sp. ATCC 53789, may be involved in the substrate truncation. Another plausible 

explanation for the observed carbon loss may have been found in a malfunction of any of the PKS-

associated AT domains. Therefore, in addition to the CrpA-AT domain the two remaining CrpB-

AT domains of the assembly line were inspected for their integrity and functionality using a 

sequence alignment (compare Figure SI IV). The conducted analysis confirmed the functional 

integrity of all involved AT domains of the assembly line, thus corroborating the findings of 

Magarvey et al. 64 for a full functionality of all substrate-selecting AT domains and excluding the 

hypothesis of a truncation due to their dysfunctionality. 

Altogether, the conducted bioinformatics analyses of the BGC neighborhood, as well as the 

relevant loading and substrate-selecting domains of CrpA and CrpB, did not reveal any indications 

for the observed truncation of the starter unit. 

4.1.2 Discussion 

4.1.2.1 Loss of cryptophycin biosynthesis 

The de-novo sequencing of Nostoc sp. ATCC 53789 disclosed the intriguing genomic constitution 

of this cyanobacterial strain and provided valuable insights into its biosynthetic potential. 

Although the bioinformatics-based analysis of the cryptophycin BGC and its vicinity did not 

elucidate the mystery of the carbon truncation of the starter unit, the functional integrity of the 

biosynthetic enzymes and their catalytic domains could be verified. However, the sequencing 

approach revealed interesting indications, which could be connected with the loss of 

cryptophycin biosynthesis during the course of an elongated cultivation period. A fact that may 

be linked to (i) a repression or genetic instability of the BGC that is caused by a general 

evolutionary adaptation in response to environmental changes, and (ii) the herein detected 
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genetic constitution of the cluster to be localized in the proximity of transposons. Both of these 

assumptions could have contributed to the observed instable production of cryptophycin during 

the fermentation of Nostoc sp. ATCC 53789. 

(i) Cyanobacteria are known to exhibit a high evolutionary adaptability in response to 

environmental changes and in fact structural genetic instability (e.g. sequence mutations) is 

frequently detected in strains that are cultivated under laboratory conditions 109,120. As the 

routine maintenance of the strain under laboratory conditions is differing from the natural 

environmental pressure, or inter-species competition, the repression of an in this case 

“superfluous” BGC would not be surprising, aiming for the saving of resources. Likewise, 

mutational changes of the BGC, or the segregational loss of the plasmid would not result in an 

environmental fitness reduction of the strain, when maintained in the laboratory. In the contrary, 

the applied “unnatural” selective conditions in the lab may favor the dysfunctionality or loss of 

the BGC in terms of optimizing resource management. As a result, all of these changes could 

culminate in the (functional) loss of cryptophycin biosynthesis, giving a reasonable explanation 

for the observed biosynthetic behavior of the strain. In fact, these assumptions are consistent with 

the accepted concept of natural product diversity and evolution, whereby the production of a 

natural product is always subjected to a cost-fitness benefit relation. The biosynthesis of a natural 

product is increasing the metabolic costs of the cell in order to produce the compound and will 

only increase the organism’s fitness, if the effort is compensated by the acquired benefits. 

Consequently, it is therefore assumed that non-beneficial, cost-intensive natural product BGCs 

will be lost from the population 273. It is reasonable that this basic evolutionary concept could 

have caused the loss, or repressive regulation of the cryptophycin BGC under laboratory 

conditions. In perspective, re-sequencing of the strain could reveal probable genetic instability 

issues that may occur during an elongated cultivation time. 

(ii) Another conceivable explanation may be found in the transposons, which are located close to 

the cryptophycin locus. The BGC was even found to include two transposase genes between crpG 

and crpH. 

Transposable elements, which self-encode their respective transposase gene, are mobile genetic 

elements that are able to move themselves within the host’s genome by the principle of excision 

and insertion, using a transposase-directed non-replicative (cut-and-paste), or replicative (copy-

and-paste) mechanism. They are abundant to all domains of life and have evolutionary shaped 

their host’s genomes by replicating and relocating in between genomic loci 274–276, contributing to 

speciation and adaptation to changing environments 277. Yet, they can deleteriously influence the 

integrity, functionality, or expression of genes and integration into coding regions may cause 

detrimental mutations, leading to a functional loss of the genetic information at the target  
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site 276–278. Likewise, surrounding genes at the excision locus can be affected by remnants of their 

characteristically associated flanking direct repeats that are remaining at the original transposon 

site 278. Moreover, the mechanism of excision and insertion of transposable elements is known to 

be imprecise and hence contributing to the destruction of the original genetic locus integrity or 

the insertional target site 275. With the high abundance of such mobile genetic elements within 

and in the vicinity of the cryptophycin locus, the genetic information of the BGC might be located 

in a highly active and “unsettled” genomic area, which might be prone to undergo over-

proportional genetic rearrangements or alternations in transcription regulation by the 

neighboring transposases. Therefore, it is possible that transposition events negatively affect the 

BGC’s integrity, consequently causing the observed loss of cryptophycin biosynthesis during the 

elongated cultivation period. Therefore, in perspective a recultivation and a thorough, continuous 

monitoring of metabolic and genomic changes over time, e.g., by metabolic profiling and PCR, or 

sequencing of the cryptophycin locus, is necessary to clarify the integrity of the cryptophycin 

locus, elucidate probable sequence mutations, or detect deviations due to transposase activities. 

This may reveal interesting information about active evolution processes within the cluster, or 

genomic changes due to probable transposition events. Hints on probable transposase activities 

could be found e.g. in an increased number of the same transposon over time within the genome, 

or the detection of the transposon at a different locus. In this context, RNA sequencing may further 

provide information on the active expression of the transposable elements. 

4.2 Reconstruction of cryptophycin biosynthesis in S. cerevisiae 

The following section contains adapted extracts from the author’s previous publication [II] 13. 

4.2.1 Results 

In this thesis the industrially established host S. cerevisiae was tested for the biosynthesis of the 

cyanobacterial metabolite cryptophycin, which is assembled by a multimodular hybrid PKS-NRPS 

system. This work package included (i) the construction of a strain with the genes needed for the 

biosynthesis of cryptophycins. For this, refactoring of the bacterial polycistronic gene expression 

system into a monocistronic, yeast-compatible design was necessary. (ii) The functionality of the 

utilized minimal, synthetic expression system had to be verified in the transgenic strain by the 

analysis of its transcription profile. Furthermore, the formation of the biosynthesis proteins was 

assessed by SDS-PAGE analysis. (iii) The production of cryptophycins by the transgenic yeast 

strain had to be tested. This also included feeding studies as well as analytical analyses, involving 

LC-MS- and NMR-assisted compound identification. 

(i) The conducted reconstruction approach resulted in the construction of the two transgenic 

strains S. cerevisiae ATi01 and S. cerevisiae ATi02 (Figure 16), carrying the genomic 

predisposition for cryptophycin biosynthesis. The expression systems for crpA-D were 
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successfully integrated into locus ARS 308a on chromosome III, YPRCΔ15 on chromosome XVI, 

YORWΔ22 on chromosome XV and YPRCτ3 on chromosome XVI, respectively. The transgenic 

strain S. cerevisiae ATi02 further contained the expression system for crpH, which was 

successfully integrated into locus ARS 416d on chromosome IV. In addition, all strains contained 

a genomic copy of sfp, encoding the broad spectrum PPTase of B. subtilis for the activation of the 

reconstituted cryptophycin assembly line. The sfp-expression cassette, which had previously 

been reconstructed by Oliver Schiwy (Laboratory of Technical Biochemistry, TU Dortmund 

University) resides on locus ARS 720 of chromosome VII. 

 

 

 

Figure 16. Schematic overview of the genomic map of S. cerevisiae ATi01 and S. cerevisiae ATi02. Both strains carry the 
genetic predisposition for the expression of the pathway-activating PPTase gene sfp (purple), which was previously 
integrated into locus ARS 720 on chromosome VII **. Subsequently, the genes of the cryptophycin BGC were inserted 
into different loci of the yeast’s genome, using CRISPR/Cas9 or LTR-assisted genome editing approaches. S. cerevisiae 
ATi01 harbors the cryptophycin biosynthesis genes crpA (red) on chromosome III, crpB (blue) on chromosome XVI, 
crpC (yellow) on chromosome XV and crpD (green) on chromosome XVI. In addition to that, S. cerevisiae ATi02 also 
contains the halogenase gene of the cryptophycin BGC, crpH (orange) on chromosome IV, including a minimal synthetic 
expression system to drive its proper expression. ** The strain, solely harboring the sfp-expression cassette, was kindly 
donated by Oliver Schiwy (Laboratory of Technical Biochemistry, TU Dortmund University). 
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(ii) Although both strains contain the genetic capacity of cryptophycin biosynthesis, the 

functionality of the newly designed minimal synthetic expression systems for the cryptophycin 

biosynthesis genes had to be tested. In order to analyze the transcription of the cryptophycin 

genes, the RNA was isolated from a culture of S. cerevisiae ATi01 and subjected to RT-PCR 

analysis. The transcription analysis of the generated cDNA for S. cerevisiae ATi01 (Figure 17), 

resulted in a positive PCR product band (Figure 17 A) for sfp and crpA-D, as well as for the positive 

control of the house-keeping gene acs1. On the contrary, the analyzed negative control, which was 

treated with A/T1-RNAse during the cDNA-generation procedure, did not give any PCR product 

in the subsequent analysis (Figure 17 B). The result confirmed that the detected signals indeed 

originated from isolated mRNA of the transgenic strain. Consequently, the transcription profiling 

confirmed the functionality of the established minimal synthetic expression system in yeast and 

demonstrated the transcription of all necessary genes required for cryptophycin biosynthesis in 

S. cerevisiae ATi01 and S. cerevisiae ATi02. 

 

 

Figure 17. Transcription profile analysis of S. cerevisiae ATi01. The obtained cDNA was analyzed for the presence of the 
cryptophycin biosynthesis genes crpA (red), crpB (blue), crpC (yellow) and crpD (green) as well as the pathway-
activating PPTase gene sfp (purple), using PCR. The acs1 gene, encoding the acetyl-CoA synthase 1 in S. cerevisiae 
(magenta), served as positive control (A). The negative controls were treated with A/T1-RNAse during the cDNA-
generation procedure (B). M, GeneRuler 1 kb Plus DNA ladder (ThermoFisher Scientific). 

 

To analyze the presence of the recombinant biosynthesis enzymes, a comparative SDS-PAGE 

analysis of S. cerevisiae ATi01 and its parental strain lacking the crp genes was conducted. The 

resulting SDS gel (Figure 18) revealed a high abundance and intensity of low- to mid-molecular 
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weight proteins (up to 117 kDa), while the intensity and quantity of high molecular weight 

proteins was generally low. Yet, the comparative analysis of the cell pellet lysate (pellet and the 

supernatant fraction), did not show any detectably new protein signals for the transgenic strain 

in proportion to the control. Also, none of the expected proteins of the heterologous assembly 

line, ranging in size from 219.6 kDa up to 383.2 kDa, could be identified. Although a number of 

protein signals are visible in the range of <117 kDa, the enormous number of proteins of this size 

impedes the clear identification of any new signals in this area, which could correspond to 

truncated proteins arising from the assembly line. Also, the generally weak signal intensity of high 

molecular weight proteins in the range of interest (>171 kDa) hampers a clear conclusion 

regarding the production of the recombinant cryptophycin proteins in yeast. The experiment was 

repeated with an increased amount of sample material, using the pellet of a total 1 l culture of the 

recombinant strain (data not shown). However, the results could not be improved. 

 

 

Figure 18. SDS-PAGE analysis of S. cerevisiae ATi01. The protein content of the prepared cell lysate supernatant and 
pellet fraction of the S. cerevisiae control strain and the designed transgenic strain S. cerevisiae ATi01 were analyzed 
using a Criterion™ chamber (Bio-Rad) and 3-8% precast Criterion™ XT Tris-Acetate gradient gels. Notation: M, LC5699-
HiMark™ (Thermo Fisher Scientific) protein ladder; WP, control strain pellet fraction; WS, control strain supernatant 
fraction; MP, mutant pellet fraction; MS, mutant supernatant fraction; # 1:10 dilution of the respective sample. 

 

(iii) In parallel to these molecular biological investigations, the transgenic strains were 

investigated on an analytical scale for the production of cryptophycin derivatives. For this 

purpose, their metabolic profiles were analyzed by HPLC, LC-MS and NMR spectroscopy. 

In accordance with the biosynthetic logic of the partially reconstituted assembly line and the fed 

substrates, the recombinant yeast strains were expected to produce various derivatives of 

cryptophycin 1. These analogs are in the following referred to as cryptophycin Ys (Figure 19). 
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Figure 19. Expected cryptophycin derivatives produced by the transgenic yeasts S. cerevisiae ATi01 and ATi02. Three 
different analogs are expected to be produced by the transgenic strains, with a variable residue (R) in the tyrosine 
derived unit of the molecule. The derivatives are cryptophycin Y, R = H, cryptophycin Y-F, R = F, cryptophycin Y-Cl,  
R = Cl. For the biosynthesis of cryptophycin Y-F, the expression culture of S. cerevisiae ATi01 was supplemented with 
3-fluorotyrosine. The derivative Y-Cl is exclusively produced by the transgenic strain S. cerevisiae ATi02, containing the 
halogenase CrpH. 

 

Comparative LC-MS analyses were conducted, screening the metabolic profile of the recombinant 

strain S. cerevisiae ATi01 and its parental strain (Figure 20). Although a variety of metabolites 

were detected, none of the recorded chromatograms, neither for the supernatant nor for the 

pellet extract fraction, revealed any differences in the metabolic profile of the two strains. An 

extracted ion chromatogram (EIC) of the mass corresponding to cryptophycin Y (m/z 591.3065 

[M+H]+) did not show any signals. As the metabolic profile of S. cerevisiae ATi01 was lacking a 

detectable signal for the in vivo biosynthesis of cryptophycin, S. cerevisiae ATi02, expressing CrpH, 

was analyzed in parallel to facilitate the analytical identification of halogenated cryptophycin 

derivatives. However, similar results were obtained for S. cerevisiae ATi02 (data not shown) and 

the expected putatively chlorinated cryptophycin Y-Cl (m/z 625.2675 [M+H]+). Subsequent 

testing of the sample extracts in the cell assay of the LDC confirmed the absence of active 

cryptophycin derivatives. 
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Figure 20. Metabolic profiles of S. cerevisiae strains. The sample extracts obtained from S. cerevisiae ATi01 (red) and 
the control strain S. cerevisiae CEN.PK2-1C (grey) were subjected to comparative LC-MS analysis. The recorded  
BPC-MS chromatograms of the pellet (A) and supernatant (B) fractions were analyzed separately in order to identify 
new metabolites in the transgenic strain. 

 

We then explored the labeling of yeast-derived cryptophycins with fluorine atoms to facilitate 

their identification in the presence of abundant primary metabolites and media components. 

Precursor-directed biosynthesis was used for the incorporation of fluorine atoms into the 

cryptophycin scaffold. For this, cultures of S. cerevisiae ATi01 were supplemented with the amino 

acid 3-fluorotyrosine, which is known to be accepted as alternative substrate by the cryptophycin 

assembly line 64. The culture extracts that were obtained from this feeding experiment, were 

fractionated by HPLC (Figure 21, pellet extract example). Every collected fraction was subjected 

to 19F NMR analysis. The resulting spectra revealed that fraction 3 contains a fluorine signal, 

which could correspond to a putative, fluorinated cryptophycin derivative. However, fraction 3 

did not represent a single compound and, hence, another HPLC separation was carried out to 

further purify the sample (Figure 21). The 19F NMR signal was subsequently traced to fraction 

CDE. The supernatant was investigated in analogy to the pellet fraction (data not shown). To 

identify new compound signals in the mutant extracts, the results were compared with data from 

the control strain, S. cerevisiae CEN.PK2-1C, which was cultivated and analyzed in the same way. 
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Figure 21. Metabolic profile of a pellet extract from S. cerevisiae ATi01 fed with 3-fluorotyrosine. The extract was 
initially fractionated by HPLC using gradient method (10-100% acetonitrile/TFA, blue line) and an EC Nucleodur 100-
5 C18 VarioPrep column (top). Fraction 3 (green), which showed 19F NMR signals, was further purified by HPLC using 
an isocratic method (30% acetonitrile/TFA, blue line) and the same column. Fractions C-E (orange) were positively 
identified for fluorinated compounds. 

 

The 19F NMR spectra of the different CDE extract fractions (mutant and control strain) are 

depicted in Figure 22. All spectra showed a signal corresponding to TFA, which had been used 

during the HPLC purification. The TFA signal was referenced to -76.55 ppm 257. No difference was 

observed between the supernatant of the control strain and S. cerevisiae ATi01. However, the 

pellet fraction of the expression strain showed a signal at approximately -74.5 ppm, which was 

missing in the pellet control. However, a corresponding signal might be found in the control 

supernatant fraction. Therefore, to clarify the identity of the potentially new signal, the  

S. cerevisiae ATi01 pellet fraction was again analyzed by LC-MS. However, no further evidence 

was obtained for the presence of cryptophycin Y-F (m/z 609.2971 [M+H]+) or cryptophycin Y 

(m/z 609.2971 [M+H]+) (data not shown). 
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Figure 22. Comparative 19F NMR signal analysis. The pellet and supernatant fractions of  
S. cerevisiae ATi01, which had been fed with 3-fluorotyrosine, were subjected to 19F NMR analysis and compared with 
the corresponding fractions of a control strain lacking the crp genes. A potentially unique signal is indicated by an 
asterisk. The TFA signal is referenced to -76.55 ppm. 

 

4.2.2 Discussion 

The results of the transcription analyses confirm that the minimal synthetic expression units used 

in this study, successfully direct the heterologous expression of the crp genes in yeast. Yet, the 

presence of the cryptophycin biosynthesis enzymes could not be confirmed by SDS-PAGE 

analysis, which may indicate a translational issue with multiple causes resulting in low or even 

no recombinant protein titers. They reach from an increased metabolic burden, unfavorable 

codon usage and erroneous protein biosynthesis, to misfolding events, overloading of the 

assisting chaperon system and premature termination events during translation 123,279–281. 
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In fact, it is a known phenomenon that high level heterologous gene expression, encoding 

resource extensive proteins, is often concomitant with inclusion body formation, increased amino 

acid misincorporation, erroneous protein formation, and a higher number of misfolding events 

123,280. In addition, yeast is known to rapidly adapt to intracellular stress conditions, such as an 

increased metabolic burden due to elevated resource demands, which can result in the down-

regulation of protein biosynthesis to match this intracellular burden 280,282. Overall, this results in 

increased proteolysis of erroneous recombinant proteins and reduces the overall protein 

quantity.  

Codon usage is playing a particularly critical role in heterologous gene expression. Differences in 

codon usage and bias can contribute to difficulties during protein biosynthesis in the 

heterologous hosts, as they can increase the translational error frequency, especially for low-

frequented and less-preferential tRNAs 279,283. This is reflected in an increased occurrence of 

frameshifts 284 and misincorporation of amino acids 281, or deceleration and stalling of the 

translation process, which ultimately results in premature translation termination, initiation of 

mRNA degradation and proteolysis of erroneous (i.e. misfolded, truncated) recombinant proteins 

by quality control mechanisms 285–287. A conducted analysis of the S. cerevisiae and the Nostoc sp. 

ATCC 53789 codon usage and bias (Figure 23) revealed clear differences, especially in the 

frequency of use (red and grey squares). Of particular concern are very rare codons (red squares), 

which have a frequency twice as high in the native producer. In particular, arginine (R) codons 

were found to be rarely frequented in yeast, when compared to the frequency of the 

cyanobacterial strain. In comparison to the cyanobacterial strain, overall, 50 % of these codons 

(CGC, CGG, CGA) are rarely used in yeast. The codon bias (green squares) revealed only minor 

differences. However, again the already rarely frequented arginine (R) codon exhibited major 

differences. In yeast the amino acid is preferentially encoded by the triplet AGA (bias: 0.48) 

instead of CGC (bias: 0.06). In contrast, Nostoc sp. ATCC 53789 prefers the codon CGC (bias: 0.28), 

which in turn is also one of the rarely frequented codons in yeast. Overall, both a high demand of 

low-frequented codons and the additional bias divergence could cause severe bottlenecks for the 

selection of cognate tRNAs during protein biosynthesis, as they are less available in the 

heterologous host. Consequently, this could lead to erroneous protein biosynthesis, stalling of the 

ribosome and proteolysis. Especially for arginine the observed limitation might be of particular 

concern. A closer inspection of the abundance and distribution of rare arginine codons in the 

cryptophycin assembly line proteins (Table SI III) revealed that in total 3.7% of all codons are 

arginine codons, whereby overall 41.7% of these argenines are ascribed to the rarely used yeast 

codons CGC, CGG and CGA. In case of the reconstructed assembly line, CrpA-CrpD and CrpH, also 

3.6-3.7% are ascribed to R codons, whereby 42.2% are attributed to the rarely used arginine 

codons. Therefore, limited availability of compatible rare arginine codons during protein 
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biosynthesis is quite possible and could give an explanation for the observed lack of detectable 

recombinant proteins. 

In the view of the performed high-level gene expression and the large size of the recombinant 

proteins, the effect of metabolic stress is also of concern. As such, the high number of high-

molecular weight proteins may impose a metabolic burden for the cell, as they compete for 

limited resources (i.e. ribosomes, tRNAs, amino acids) during protein biosynthesis, both with 

each other and with the primary metabolism 123,288. In particular large enzyme complexes, such 

as those expressed in this research project, are assumed to be energetically more costly, disrupt 

this intracellular balance of the cell’s metabolism and tend to be more error-prone in aspects of 

misfolding and subsequent proteolysis 13,280,282. Consequently, this may further contribute to an 

overall reduced quantity of recombinant proteins 280, resulting in concentrations below the 

detection limit of SDS-PAGE (~0.1-0.5 µg protein 289). 

To clarify the whereabouts of the recombinant proteins, the fusion of protein tags that can be 

used in affinity chromatography (e.g. His-tag) could be advantageous, as these methods allow for 

the concentration of the desired protein and facilitate the detection in subsequent SDS-PAGE 

analyses. Furthermore, the application of reporter proteins, such as GFP, to verify and visualize 

the translated protein, or a Western blot analysis with individually designed probes, might be 

another option. An alternative strategy might be the application of MS-based proteomics or 

whole-proteome sequencing. 
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Figure 23. Codon usage and bias comparison. The codon usage and frequency of S. cerevisiae (top) and Nostoc sp. ATCC 
53789 (bottom). Differences of more than twice as high in frequency are highlighted in red, while variations of more 
than plus six in frequency are highlighted in grey. Notable differences in bias for a specific amino acid codon are 
highlighted in green. Amino acids are given in one letter code. The fraction of codon usage represents the bias for a 
respective codon among all codons, encoding for the same amino acid. The codon table was constructed using the online 
Codon Usage Database tool available at http://www.kazusa.or.jp/codon/ 290. 

 

In accordance with the results of protein analysis, analytical investigations of the recombinant 

strains did also not confirm a successful biosynthesis of the expected cryptophycin derivatives. 

The lack of cryptophycin production in the generated S. cerevisiae strains might hence be due to 

the limited availability of recombinant biosynthesis enzymes. Yet there are many additional 

pitfalls with regard to the production of PKS/NRPS-derived secondary metabolites in yeast. A 

“literature analysis exposed four central issues, which are particularly relevant for producing 

polyketides and nonribosomal peptides in yeast. They can be summarized as (i) sufficient 

availability of biosynthetic precursors, (ii) adequate phosphopantetheinylation of the PKSs 

and/or NRPSs, (iii) balanced expression of tailoring enzymes, and (iv) the efficient expression of 

PKSs and NRPSs.”  
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While the issue of associated tailoring enzymes (iii) is not applicable for the herein conducted 

reconstruction approach, the other mentioned factors are worth further consideration. 

The supply of sufficient precursors (i) is of special importance for cryptophycin biosynthesis in  

S. cerevisiae. The heterologous pathway can be anticipated to compete with yeast's innate 

metabolism on multiple levels. During cryptophycin biosynthesis several metabolites are 

consumed. Some of these compounds represent known bottlenecks, such as malonyl-CoA and the 

shikimate pathway product L-tyrosine (cf. section 1.2.1) 13. The consumption of β-alanine and  

α-ketoisocaproic acid by CrpD may cause further deficiencies in pantothenate and CoA 291, as well 

as leucine 292 biosynthesis. None of the transgenic strains was optimized with regard to the 

relevant precursor pools. Without adequate supplementation or metabolic engineering, the 

available resources can be limiting for cryptophycin biosynthesis, leading to insignificant product 

levels, or metabolic stress of the heterologous host. Therefore, strain engineering would be 

required in future approaches, improving the precursor supply under the aspect of shikimate and 

malonyl-CoA availability. Further optimization approaches regarding β-alanine and α-

ketoisocaproic acid supply should also be considered to further reduce metabolic bottlenecks and 

the metabolic burden on the cell. 

Adequate phosphopantetheinylation (ii) depends on the available PPTase(s). The activity of Sfp, 

which had previously been shown to successfully activate bacterial PKSs and NRPSs in  

S. cerevisiae 13, can be assumed to be satisfactory. However, to further improve the 

phosphopantetheinylation of the carrier proteins of the assembly line, it is advisable to test the 

effect of overexpression of sfp, compared to the crp genes, on the biosynthesis of putative 

cryptophycins. This increases the copy number and stability of the sfp insert 293, which could 

improve phosphopantetheinylation of the assembly line, as previously demonstrated for the 

heterologous production of indigoidine in yeast 13,210. Further it has to be noted that the beneficial 

effect of PPTase overexpression on secondary metabolite production in general, has already been 

successfully demonstrated for native natural product producers, e.g. actinomycetes 294. 

The expression of the cryptophycin PKSs and NRPSs (iv) might still leave room for optimization. 

The expression of the crp genes using constitutive synthetic promoters was successfully 

demonstrated by the transcription profiling experiments in this PhD project, yet investigations 

on a more balanced expression of the single pathway enzymes might be a considerable approach 

to improve product titers. In doing so the translational and enzymatic burden could be minimized. 

In fact, “screening of different promoter combinations driving the expression of the involved 

biosynthetic enzymes is a straightforward approach to identify expression conditions that might 

lead to higher product titers.” 

Another option to produce cryptophycin is to synthesize the recombinant assembly line proteins
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in yeast for the subsequent application in an in vitro biocatalysis approach, using either the cell 

lysate or the isolated proteins. In this way, precursor supply restrictions during product 

formation could be prevented by the sufficient supplementation of all required precursors for the 

biosynthesis of cryptophycins. An illustrative example is given by simvastatin biosynthesis 295, 

whereby a cell lysis approach resolved the separation issue of the externally located precursors 

and the intracellularly located biosynthetic enzyme. 

In order to lay the foundations for a successful cryptophycin production in yeast, it will be 

necessary to improve the flux of precursor pathways by metabolic engineering. Moreover, a 

balanced heterologous gene expression and sufficient translation process of the recombinant 

proteins must be achieved. The latter will require optimizations in tRNA pool composition, coping 

with codon bias, as well as with rare and highly frequented codons. In this case, co-expression of 

rare and overexpression of highly frequented cognate tRNAs, as well as codon adaptation of the 

heterologous genes themselves, might be an option. The overexpression of chaperones might also 

support the folding of heterologous proteins and also reduce the burden of excessive protein 

folding requirements 296. In perspective, however, it might be advantageous to investigate the 

sufficient biosynthesis of each biosynthetic protein in an individual host cell and analyze its ideal 

expression conditions. Subsequently, a concerted cell-lysate in vitro study including all four 

enzymes and Sfp could be used to test for cryptophycin biosynthesis. 

4.3 Reconstruction of scytonemin biosynthesis in S. cerevisiae  

4.3.1 Results 

Apart from the heterologous expression of a large NRPS-PKS hybrid cluster (cf. section 4.2),  

S. cerevisiae was also tested as host for the biosynthesis of a secondary metabolite, which is 

exclusively made from two products of the shikimate pathway, i.e. L-tyrosine and L-tryptophan. 

The cyanobacterial alkaloid scytonemin is a natural sunscreen and therefore of biotechnological 

interest. 

The initial heterologous expression of the pathway genes scyA and scyC resulted in clear 

differences of the HPLC-recorded metabolic profile in comparison to the control strain (Figure 

24). Further, it revealed a distinct compound with an absorption maximum of 334 nm, which was 

exclusively found in the transgenic strain S. cerevisiae-scyA-scyC, but completely absent in the 

control strain. In addition, the concentration of this new metabolite evidently increased upon 

tryptophan supplementation during the cultivation, indicating a possible biosynthetic 

connection. In order to identify the new metabolite, the compound was purified by HPLC with a 

product titer of 20.3 mg/l and subjected to NMR analysis. Interpretation of its NMR spectra 

revealed the compound as anthranilic acid (data not shown). Its identity was further confirmed 

by LC-MS analysis, which detected a molecular ion with m/z 138.1 [M+H]+ 297 (Figure 25). 
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Figure 24. Metabolic profile of S. cerevisiae CEN.PK2-1C and S. cerevisiae-scyA-scyC. (A) HPLC analysis (200-500 nm), 
comparing the parental strain with the S. cerevisiae-scyA-scyC mutant, which was cultivated with and without  
L-tryptophan supplementation. The box is indicating new arising peaks within the mutant (λ-UV-max. 334 nm). (B). 
Distinctive UV-profile at 334 nm of S. cerevisiae CEN.PK2-1C (black), S. cerevisiae-scyA-scyC (blue) and S. cerevisiae-
scyA-scyC, supplemented with L-tryptophan (red), respectively (B). 

 

 

Figure 25. MS spectrum of the isolated anthranilic acid with m/z 138.1 [M+H]+.  
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The accumulation of anthranilate in S. cerevisiae-scyA-scyC, especially after supplementation of L-

tryptophan, could indicate a possible bottleneck in scytonemin biosynthesis. Obviously,  

L-tryptophan is preferentially metabolized in yeast via N-formylkynurenine to anthranilate under 

the experimental cultivation conditions, whereas the alternative degradation route to indole-3-

pyruvate is less preferred (Figure 26).  

 

 

Figure 26. Tryptophan metabolism in S. cerevisiae. Schematic pathway illustration of the natively competing indole-3-
pyruvate (green box) and kynurenine/anthranilate (yellow box) pathway in yeast, starting from tryptophan. Further 
indole-3-pyruvate can be degraded to indole-3-acetaldehyde, indole-3-ethanol, indole-3-acetate, or (R)-(indol-3-
yl)lactate. Notation: 2.6.1.27 (Aro8), aminotransferase/transaminase; 1.13.11.52 (BNA2), tryptophan 2,3-dioxygenase; 
3.7.1.3 (BNA5), kynureninase; 3.5.1.9 (BNA7); ARO10 and PDC1,5,6, pyruvate decarboxylases; ALD 2-6 and HFD1, 
aldehyde dehydrogenases; ADH1-5 and SFA1, alcohol dehydrogenases. Main pathway enzymes are indicated by boxes 
(grey), including the numerical enzyme nomenclature number. Oval boxes indicate indole-3-pyruvate degradation 
pathway enzymes. A white enzyme box, labeled with n.a., indicates that an intrinsic enzyme to catalyze the conversion 
is natively not available S. cerevisiae. The map was adapted from KEGG, SGD and BIOCYC reference pathways 298–300.  

 

The existence of two alternative pathways in yeast for tryptophan catabolism is relevant to 

scytonemin biosynthesis, which relies on the availability of indole-3-pyruvate. The latter results 

from a transamination of L-tryptophan, which is catalyzed by the yeast enzyme Aro8 (EC: 

2.6.1.27). In cyanobacterial scytonemin producers, the conversion of tryptophan into indole-3-
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pyruvate is carried out by a pathway-specific leucine dehydrogenase homologue, i.e. ScyB 83. 

To improve the flux to indole-3-pyruvate in S. cerevisiae-scyA-scyC, the competing pathway to 

anthranilate had to be shut down. For this purpose, the indoleamine 2,3-dioxygenase gene bna2 

was replaced with scyB, yielding the recombinant strain S. cerevisiae-scyA-scyB-scyC. 

Subsequently, XAD7-DCM-, XAD7-MeOH and XAD7-acetone extracts from different culture 

batches were prepared and analyzed by HPLC (cf. section 3.9.2). The HPLC analyses confirmed 

the absence of anthranilate in the bna2::scyB-engineered strain. While the XAD7-MeOH and 

XAD7-acetone extracts did not show any new signals (data not shown), several new metabolites 

were detected in the XAD7-DCM extract (Figure 27). The fractions corresponding to new 

metabolite signals (F0-F6 in Figure 27), were isolated and subjected to NMR analyses. However, 

the concentrations of the samples were too low for a structural identification. An additional,  

LC-MS inspection of the sample extracts also did not reveal any new compound signals (data not 

shown). An HPLC-based inspection of the extracts for the intermediate indole-3-pyruvate, in 

comparison to a standard compound, did not indicate the presence of this intermediate in extracts 

of the transgenic strain (data not shown). 

 

 

Figure 27. HPLC analysis (280 nm) of supernatant (A) and pellet (B) extracts of S. cerevisiae CEN.PK2-1C (black), as 
well as S. cerevisiae-scyA-scyB-scyC (red). The blue and brown chromatograms were obtained from culture extracts of 
S. cerevisiae-scyA-scyB-scyC upon supplementation with L-tryptophan and an equal mixture of L-tryptophan and L-
tyrosine, respectively.  
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4.3.2 Discussion 

In summary, the expression of selected scytonemin biosynthesis genes in S. cerevisiae, triggered 

the production of various new compounds which, however, could not be linked with the 

sunscreen pigment or its pathway intermediates up to now. Yet, new information was obtained 

that is highly relevant for heterologous scytonemin production in yeast. This includes evidence 

for (i) competitive primary metabolic pathways, and (ii) a limited supply of the required 

precursor indole-3-pyruvate, as well as (iii) enzymatic bottlenecks in the scytonemin pathway. 

(i) A possible interference of scytonemin biosynthesis with endogenous yeast pathways was 

already diagnosed in the S. cerevisiae-scyA-scyC strain. This was visible by the accumulation of 

the tryptophan catabolite anthranilate upon the installation of the ScyA-ScyC-pathway. The 

obtained results suggest that the metabolic flux of the kynurenine/anthranilate pathway is 

intensified in the recombinant strain (Figure 26). Obviously, the two enzymes BNA2 and Aro8 

compete for the degradation of L-tryptophan, whereby the route via BNA2 is clearly favored. 

Therefore, it can be assumed that the increased metabolic flux through the kynurenine pathway 

is also detrimental for the heterologous production of scytonemin in yeast, since it directly affects 

the availability of the scytonemin precursor indole-3-pyruvate (Figure 26). 

This issue was already addressed in this PhD project by the construction of a bna2::scyB 

expression strain, i.e. S. cerevisiae-scyA-scyB-scyC. Although the disruption of bna2 represents an 

intervention into the yeast’s L-tryptophan detoxification pathway and could lead to accumulation 

of the toxic metabolite 301, Ohashi et al. showed that the knock-out of bna2 does not increase the 

tryptophan-sensitivity in 𝛥bna2 mutants at elevated tryptophan levels 302. Consequently, the 

disruption of bna2 by scyB, was likely not affecting the strain’s tryptophan sensitivity. Indeed, 

growth defects indicating a possible tryptophan intoxication, were not observed for S. cerevisiae-

scyA-scyB-scyC. The abolishment of anthranilate production was successful, as evidenced by the 

chemical analysis of the constructed mutant strain. Despite this promising outcome, neither 

scytonemin, nor indole-3-pyruvate formation could be detected in the mutant strain. 

(ii) Limited substrate availability is a frequent concern in heterologous natural product 

biosynthesis. As already noted during the pathway competition analyses, the natural conversion 

of L-tryptophan to indole-3-pyruvate depends on the action of Aro8 in yeast. Therefore, the 

generation of indole-3-pyruvate by Aro8 is resembling the function of the scytonemin pathway-

specific enzyme ScyB that was not expressed at first. It was assumed that Aro8 could substitute 

for the transaminase functionality of ScyB, but the obtained results indicate that Aro8 alone is not 

capable to supply sufficient indole-3-pyruvate for scytonemin biosynthesis. This problem was 

addressed by replacing bna2 with scyB. Although the allelic exchange was successful, the 

constructed mutant strain did not produce scytonemin or indole-3-pyruvate. This raised the 
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question of further constrains in the reconstructed pathway regarding precursor supply and 

potential enzymatic backlogs. One possible explanation for the absence of indole-3-pyruvate 

would be the biosynthesis of scytonemin or pathway intermediates (cf. Figure 5). Yet, none of the 

conceivable compounds was identified in the mutant extracts. Therefore, probable degradation 

or conversion processes in the heterologous host must also be considered, when investigating the 

plausible whereabouts of the compound. A literature survey revealed that indole-3-pyruvate is 

highly instable in an aqueous environment, as it would be present in the cell’s cytosol. Under these 

conditions, indole-3-pyruvate is prone to spontaneous enzymatic and non-enzymatic conversion 

processes, that lead to indole-3-acetaldehyde, indole-3-acetate and indole-3-lactate 303,304. Known 

conversion processes are depicted in Figure 26. Although S. cerevisiae is not known to possess an 

indole pyruvate decarboxylase, other enzymes, such as the decarboxylases Aro10, PDC6, PDC5 

and PDC1, which are part of the tryptophol metabolism, can substitute this functionality, even 

though the catalysis is less efficient 299,300,305. The resulting indole-3-acetaldehyde can 

subsequently be converted to indole-3-acetate and tryptophol by various aldehyde (ALD2-6, 

HFD1) and alcohol (ADH1-5, SFA1) dehydrogenases, respectively (see Figure 26) 298–300. 

Furthermore, indole-3-pyruvate can be non-enzymatically converted to the degradation product 

indole-3-lactate 303,306. Overall, the herein described degradation processes may indeed explain 

the detected lack of indole-3-pyruvate and consequently scytonemin in this heterologous 

expression attempt to some extent. In perspective, the formation of the possible degradation 

products must be systematically analyzed in S. cerevisiae. 

(iii) The expression of the Aro8 homolog ScyB did not lead to the biosynthesis of scytonemin. 

Therefore, the obtained results were again analyzed to identify potential enzymatic bottlenecks 

in the scytonemin pathway. The accumulation of anthranilate in S. cerevisiae-scyA-scyC, even 

without the addition of tryptophan, could imply the degradation of a compound, which is 

structurally related to tryptophan and may be accepted as a substrate by BNA2. Thus, this 

compound would be channeled through the kynurenine pathway forming anthranilate. As the 

control strain did not show this accumulation, it can be assumed that the compound derives from 

the scytonemin pathway and may be linked to the degradation of indole-3-pyruvate or the labile 

β-ketoacid by BNA2. Furthermore, the supplementation-independent anthranilate accumulation 

may give rise to the suspicion of a functional backlog in regard to the scytonemin biosynthesis 

enzyme ScyC, which is responsible for the sufficient conversion of the unstable β-ketoacid, 

forming the more stable tricyclic ketone intermediate (cf. section 1.2.2). As this conversion may 

be hampered due to a slow conversion rate or a dysfunctionality of the enzyme in the 

heterologous host, high levels of the unstable β-ketoacid may be produced by ScyA. The  

β-ketoacid is readily degraded and culminates in the lack of the subsequent more stable ketone 

intermediate or the scytonemin product. Also, both the β-ketoacid itself and its probable 
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degradation products, could be readily processed via the kynurenine pathway and result in the 

additional formation of anthranilate. This hypothesis is supported by a close inspection of the 

first enzyme, i.e. BNA2, of the described tryptophan catabolism. As illustrated in Figure 26, BNA2 

catalyzes the conversion of tryptophan towards N-formylkynurenine by an oxidative ring 

opening of the indole moiety, forming e.g. N-formylkynurenine, which is likewise present in the 

β-ketoacid and its degradation products. Therefore, it might be assumed that the resulting 

tryptophan-like β-ketoacid derivatives may also be catabolized by this enzyme, yielding the 

detected additional formation of the anthranilate by-product. 

These enzymatic constraints could explain the lack of scytonemin in addition to the previously 

discussed issues. In order to elucidate probable enzymatic bottlenecks in the scytonemin 

pathway a subsequent in vitro assay analysis is recommended to investigate the substrate 

conversion of the recombinant enzymes and their bottlenecks in detail. 

4.4 In vivo biosynthesis of MPBA in E. coli 

The following section contains work that was conducted by Marvin Daney Schwing during his 

Bachelor thesis, which was designed and supervised by the author of this dissertation. Contents 

of this work were translated and summarized to be presented in an adapted form. 

4.4.1 Results 

The cryptophycin biosynthesis enzyme CrpA should be used for the biotechnological production 

of MPBA, which is a derivative of the industrially and pharmaceutically relevant bulk chemical 

PBA. For the expression of crpA, different plasmids and E. coli host strains were tested. The 

activation of the carrier protein domains in CrpA should be implemented by co-expression of 

PPTases and the premature off-loading of the desired product by a TE-domain fusion approach. 

Initially, the strain E. coli BL21 (DE3)-crpA-sfp was constructed and analyzed for the production 

of the recombinant His6-CrpA in comparison to E. coli BL21 (DE3). SDS-PAGE (Figure 28) 

revealed a strong band with a size corresponding to the expected His-tagged protein of 327 kDa. 

However, this band was only detected in the pellet fraction, indicating the formation of insoluble 

inclusion-bodies. 
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A       B 

 

Figure 28. SDS-PAGE analysis of the cell lysate pellets and supernatants from (A) E. coli BL21 (DE3) and (B) E. coli BL21 
(DE3) expressing pET28a-crpA and pACYC-sfp. Notation: LP, lysed cell pellet fraction after sonication; MF, Ni-NTA-
column purification matrix flow through; W1, 1st column wash; W2, 2nd column wash; E1-E4, elution fractions; M, 
LC5699-HiMark™ (Thermo Fisher Scientific). His6-CrpA is indicated by a box, corresponding to the expected 327 kDa 
protein in the pellet lysate fraction of the mutant strain. 

 

To solubilize CrpA different fusion strategies were pursued, including the use of an N-terminal 

SUMO or MBP solubility tag. Each gene fusion construct was introduced into five different E. coli 

host strains and expressed together or without Sfp. Afterwards recombinant protein production 

was analyzed by SDS-PAGE (Figure 29, Figure SI VI). This study confirmed the production of 

soluble MBP-CrpA (366 kDa) by all five host strains, although insoluble protein fractions were 

still detected in the lysed cell pellets (Figure SI VI). On the contrary, no evidence for the 

production of SUMO-CrpA (337 kDa) was found in any of the five test strains. Obviously, the SUMO 

tag is not suitable for the heterologous production of CrpA in E. coli (Figure SI VI). In total, all  

E. coli expression strains showed a successful production of the recombinant MBP-CrpA (Figure 

29, Figure SI VI). E. coli BL21 (DE3)-MBP-crpA-sfp, E. coli C41(DE3)-MBP-crpA-sfp and E. coli 

C43(DE3)-MBP-crpA-sfp exhibited the strongest band in the conducted SDS-PAGE analysis, while 

the detected protein band was less intense in E. coli ArcticExpress and E. coli KRX-MBP-crpA-sfp 

(Figure SI VI), which indicates that the amount of synthesized protein seems to depend on the 

selected host strain as well as on the utilized fusion tag. Noteworthy, the formation of soluble 

CrpA appears to be independent from the presence of a functional PPTase in E. coli, as evidenced 

by the analysis of E. coli DH5α-MBP-crpA. 
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Figure 29. SDS-PAGE analysis of supernatant cell lysate fractions from five different E. coli strains harboring pMal-crpA 
+/- pACYC-sfp (A) in comparison to negative control strains (B). Notation: M, LC5699-HiMark™ (Thermo Fisher 
Scientific); 1, E. coli KRX-MBP-crpA-sfp; 2, E. coli BL21 (DE3)-MBP-crpA-sfp; 3, E. coli C41(DE3)-MBP-crpA-sfp; 4, E. coli 
C43(DE3)-MBP-crpA-sfp; 5, E. coli ArcticExpress (DE3)-MBP-crpA-sfp; 6, E. coli DH5α-MBP-crpA; 7, E. coli ArcticExpress 
(DE3); 8, E. coli C41(DE3); 9, E. coli C43(DE3); 10, E. coli BL21(DE3); 11, E. coli KRX. The formation of MBP-CrpA is 
indicated by a box, corresponding to the 366 kDa protein. 

 

After the solubility issue of CrpA had been solved, the different E. coli host strains, expressing 

pMal-crpA and pACYC-sfp, were tested for the production of MPBA by LC-MS. A peak with a 

retention time of 7.3 min and a molecular ion at m/z 177.1 [M+H]+, which might correspond to 

MPBA, was consistently observed in the culture extracts of the recombinant expression strains. 

The same signal was absent in the extracts of the respective control strains (Figure 30; Figure SI 

VII). The highest signal intensity of the newly detected metabolite was achieved by E. coli BL21 

(DE3)-MBP-crpA-sfp (Figure SI VII), which is consistent with the previously observed protein 

formation. Unfortunately, the titer of the metabolite was too low (overall maximum intensity of 

only 1.8 x104) for a thorough chemical characterization.  
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Figure 30. Base peak chromatograms (BPC) and extracted ion chromatograms (EIC) of the culture extracts from five 
different E. coli strains harboring pMal-crpA +/- pACYC-sfp (A) in comparison to negative control strains (B). The green 
box indicates the peak of a compound with a mass corresponding to MPBA. Notation: 1, E. coli KRX-MBP-crpA-sfp; 2,  
E. coli BL21 (DE3)-MBP-crpA-sfp; 3, E. coli C41(DE3)-MBP-crpA-sfp; 4, E. coli C43(DE3)-MBP-crpA-sfp; 5, E. coli 
ArcticExpress (DE3)-MBP-crpA-sfp; 7, E. coli ArcticExpress (DE3); 8, E. coli C41(DE3); 9, E. coli C43(DE3); 10, E. coli 
BL21(DE3); 11, E. coli KRX. 

 

To verify the identity of the newly detected compound, a large-scale cultivation of E. coli BL21 

(DE3)-MBP-crpA-sfp was performed and the strain extracts were analyzed by HPLC in 

comparison to a commercially obtained MPBA standard. Further, the control strains E. coli BL21 

(DE3)-sfp, E. coli BL21 (DE3)-MBP-crpA and E. coli BL21 (DE3)-sfp-C2x were simultaneously 

analyzed, to identify increased, or new metabolite signals that do not result from a successful 

MPBA production, but solely from the discrete expression of pACYC-sfp, pMal-crpA, or a 

combination of pACYC-sfp and the empty pMalc2x vector (Figure 31).  
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Figure 31. Comparative HPLC analysis of obtained E. coli extracts. The production strain E. coli BL21 (DE3)-MBP-crpA-
sfp and control strains were tested for the in vivo biosynthesis of MPBA in comparison to a commercially acquired 
standard. Notation: Black, E. coli BL21 (DE3) control; Yellow, E. coli BL21 (DE3)-sfp control; Green, E. coli BL21 (DE3)-
MBP-crpA control; Dark blue, E. coli BL21 (DE3)-sfp-C2x control; Red, E. coli BL21 (DE3)-MBP-crpA-sfp expression 
strain; Pink, MPBA standard. F0-F4 indicate fractions, corresponding to new metabolite signals that were isolated for 
the succeeding compound purification. 

 

As a result, the comparative HPLC analysis revealed no signal corresponding to the MPBA 

standard in any of the analyzed production strains. Consequently, it could not be confirmed that 

the results from the previous LC-MS analysis (see Figure 30) correspond to a MPBA-related 

metabolite. Yet new HPLC-signals were observed at a retention time of 19.5 - 27.0 min (Figure 31 

F0-F4). The new signals were fractionated and analyzed by LC-MS and NMR analyses (data not 

shown), which, however, also did not confirm the presence of MPBA or a related compound. The 

acquired LC-MS spectra of the obtained MPBA standard (Figure SI IX) affirmed a corresponding 

mass signal of m/z 177.0914 [M+H]+ with a retention time of 7.1 min and a mass difference of 

+0.0004. In contrast, the previous results showed a corresponding mass of m/z 177.0642 [M+H]+ 

at 7.3 min and a mass deviation of -0.0268. These results ultimately confirmed the previous LC-

MS signals (compare Figure 30 and Figure SI VII) as not identical to the desired compound. 

One possible explanation for the observed lack of MPBA in the recombinant strain could be 

reasoned with a low production titer of MPBA that is caused by insufficient 

phosphopantetheinylation of recombinant CrpA by Sfp. Therefore, a BLASTp search for Sfp-type 

proteins in the genome of Nostoc sp. ATCC 53789 (Accession No.: CP046703) was conducted to 

identify the native PPTase of the assembly line, which resulted in one hit. Although the sequence 

identity of this putative PPTase was only 27% to Sfp, an alignment of the two proteins revealed 

the conserved sequence motives [W (T/C) K E A] and [G K P11-17S H] 29 (Figure 32). In the following, 

the PPTase, which was detected in Nostoc sp. ATCC 53789 is referred to as SfpN. Since SfpN is the 
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only PPTase encoded in the genome of the cryptophycin-producing strain, it was consequently 

assumed to be responsible for the activation of CrpA under natural conditions [a]. 

 

 

 

Figure 32. Protein sequence alignment of Sfp and SfpN. The amino acid sequences of Sfp, originating from B. subtilis, 
supported the identification of the cyanobacterial SfpN, exhibiting the conserved sequence motives [W(T/C)KEA] and 
[GKP11-17SH] 29. SfpN was consequently assigned to the Sfp-type PPTase of the W/KEA branch. The graphical 
presentation of the alignment was adapted from the Bachelor thesis of M.D. Schwing [a] 

 

To test the biosynthesis of MPBA with SfpN the recombinant strain E. coli BL21 (DE3)-MBP-crpA-

sfpN [a] was constructed. In analogy to the previously investigated strains, an expression study 

was performed. An SDS-PAGE analysis was conducted, confirming the successful formation of 

soluble MBP-CrpA (Figure SI VIII). Sample extracts of the expression culture were prepared and 

the formation of MPBA was analyzed by a comparative HPLC inspection with a commercially 

obtained MPBA standard, the initial expression strain E. coli BL21 (DE3)-MBP-crpA-sfp and the 

control strains (Figure 33). The fractionated extracts (Figure 33 F0-F4) were further analyzed by 

LC-MS and NMR analyses (data not shown). Overall, the recorded HPLC chromatograms 

confirmed the previously obtained results, whereby the metabolic profile of the recombinant 

SfpN strain was found to be identical to that of E. coli BL21 (DE3)-MBP-crpA-sfp. 

Another factor contributing to low MPBA yields might be an insufficient product release. In NRPS 

and PKS assembly lines, the final product is typically released from the synthetizing complex by 

a terminal TE domain (cf. section 1.2) through hydrolysis or cyclization. In cryptophycin 

biosynthesis, the innate TE domain, encoded by crpD, is responsible for the macrocyclization of 

the processed cryptophycin intermediate, initiating the release of the functional cryptophycin 

core product 64 (cf. section 1.2.1). By releasing the substrate, the assembly line is available to 

traverse a new round of product formation, without any backlog. Yet, the recombinant CrpA, as 
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being the first enzyme of cryptophycin biosynthesis, is lacking a TE domain functionality that 

could take over the required off-loading of the synthesized product. This is causing a direct 

dependency of the MPBA concentration on the amount of available CrpA. As the liberation of the 

product thus depends on spontaneous hydrolysis, the biosynthetic activity of CrpA would be 

stalled during the assembly process, unable to run another circle of MPBA biosynthesis and 

reducing the overall product yield. Therefore the effect of the constructed recombinant strain  

E. coli BL21 (DE3)-MBP-crpATE-sfp, comprising a C-terminally installed TE domain was tested for 

sufficient product formation. An expression cultivation was performed. The successful formation 

of soluble MBP-CrpATE in E. coli BL21 (DE3)-MBP-crpATE-sfp was confirmed by SDS-PAGE analysis 

(Figure SI VIII). Subsequently, MPBA product formation was analyzed by HPLC, alongside the 

previously tested strains and the MPBA standard (Figure 33). The obtained HPLC results are 

consistent with the data obtained for E. coli BL21 (DE3)-MBP-crpATE-sfp and E. coli BL21 (DE3)-

MBP-crpA-sfpN [a], revealing an identical metabolic profile. Also the subsequently conducted LC-

MS and NMR analyses of the HPLC-purified extract fractions (data not shown) did not show a 

signal corresponding to MPBA. 

 

 

Figure 33. Comparative HPLC analysis of obtained E. coli extracts. Diverse production and control strains were tested 
for the in vivo biosynthesis of MPBA in comparison to a commercially acquired standard. Notation:  
Black, E. coli BL21 (DE3) control strain; Yellow, E. coli BL21 (DE3)-sfp; Green, E. coli BL21 (DE3)-MBP-crpA;  
Dark blue, E. coli BL21 (DE3)-sfp-C2x; Red, E. coli BL21 (DE3)-MBP-crpA-sfp; Orange, E. coli BL21 (DE3)-MBP-crpA-sfpN 
[a]; Light blue, E. coli BL21 (DE3)-MBP-crpATE-sfp; Pink, MPBA standard. F0-F4 are indicating fractions, which were 
isolated for the succeeding compound purification. 
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4.4.2 Discussion 

Overall, the in vivo biosynthesis of MPBA could not be realized in E. coli. None of the obtained 

results yielded compelling evidence for the production of this compound. Although new signals 

could be detected for the investigated recombinant expression strains, these metabolites could 

not be confirmed as MPBA or as any related compound. 

As the problem of soluble protein formation was evidently solved by the installation of a solubility 

tag, this issue can be excluded as a cause for the lack of product formation. Likewise, the obtained 

data suggest that phosphopantetheinylation by the foreign PPTase Sfp is not an issue, as the 

coexpression of the naturally associated PPTase SfpN did not improve MPBA biosynthesis either. 

Furthermore, it has to be noted that Sfp is a PPTase, which was previously demonstrated to 

activate a variety of ACP and PCP domains, including those of enterobactin 246, erythromycin, 

epothilone 307–310, hapalosin and anabaenopeptin biosynthesis 23,310–312.  

Other factors that could influence heterologous MPBA production are (i) the substrate selection 

and truncation by CrpA, (ii) precursor supply, and (iii) insufficient termination of the assembly 

process. 

(i) The process of CrpA-loading and the subsequent unusual truncation of the selected precursor 

remains enigmatic, which might also affect the heterologous production of MPBA. So far, it is 

unknown how the carbon truncation of the assumed phenylpropanoid substrate is carried out by 

CrpA, or if other in-trans acting, cyanobacterial enzymes are involved in this process. Although 

the genomic investigation of the cryptophycin locus did not give any evidence for a possible 

mechanism (cf. section 4.1.1.3), the question arises whether the loading and subsequent 

truncation of the substrate are feasible in the recombinant E. coli. It is reasonable that improper 

loading and a lack of enzymes involved in the truncation mechanism would directly hamper 

MPBA biosynthesis in the heterologous host. Yet, in vitro and in vivo studies of the cryptophycin-

related microcystin synthetase and its loading domain showed that proper loading of the 

assembly line is indeed feasible in E. coli and that the heterologous strain is capable to perform 

the unusual processing of the starter unit 76,126 (cf. sections 1.2.1, 1.3.1, Figure 4). Accordingly, it 

can be deduced that neither insufficient loading, nor elongation or the unusual substrate 

truncation should cause a problem for heterologous MPBA biosynthesis in E. coli. 

(ii) Precursor supply is a considerable issue for the reconstitution of heterologous pathways, 

especially when the host strain is no native producer of secondary metabolites per se. It is a known 

fact that substrate limitations have a detrimental effect on product formation and frequently 

results in the failure of heterologous natural product biosynthesis 126. In this study, the supply of 

a suitable CrpA precursor was achieved with the supplementation of 3-PPA to the cultivation 

medium, which has also been shown to suffice the effective in vivo loading of the reminiscent 
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McyG module in microcystin biosynthesis 76. However, 3-PPA can be catabolized by E. coli, 

yielding succinate, pyruvate and acetyl-CoA 313. The metabolic breakdown of 3-PPA could cause a 

severe precursor constraint during MPBA biosynthesis. In perspective, pathway engineering 

might be considered to interrupt the degradation of 3-PPA. However, negative effects on primary 

metabolic pathways, such as glycolysis and citrate cycle, have to be considered and tested. 

(iii) Although a TE domain fusion approach was conducted, the functionality of the resulting 

protein remains elusive. Further experiments, investigating the actual activity of CrpA-TE and the 

product release of MPBA, would be required. For this purpose, an in vitro assay testing, coupled 

to the direct or indirect analytical detection of the desired assembly line-liberated or enzyme-

bound metabolite could provide insights into the productivity, as well as the functionality of the 

assembly line. In this way, also production improvements that are based on the installation of the 

TE domain could be assessed without the interference of substrate limitations in the host. 

Moreover, any backlogs during product assembly and release could be identified. A direct method 

would involve the comparative investigation of the product formation in CrpA and CrpA-TE in 

vitro assays and a subsequent assessment of MPBA production and concentration by LC-MS or 

HPLC-based methods. To observe the actual off-loading functionality of the installed TE-eryAIII, 

a comparative enzyme reaction profile, analogous to the exemplary experiments of Schwarzer et 

al. 314, could represent a suitable indirect option. In this case, the researchers used a comparative 

(TE-fused and without-TE) two-stage in vitro assay of an artificial assembly line in combination 

with radioactively labeled precursors and a coupled time-dependent measurement of 

radioactivity for trichloroacetic acid-precipitated enzymes. Detected signals correspond to 

enzyme-bound substrates, whereby a decrease of the signal intensity over time symbolizes a 

release of the compound from the assembly line. In parallel, the formation of assembly line 

intermediates and products was analytically observed 314. 

Furthermore, the investigation of different TE domains is worth considering in order to identify 

the most suitable enzyme for the cleavage of the desired product. Although the TEeryAIII domain of 

erythromycin biosynthesis seems to be a suitable candidate, the testing of alternative enzymes 

would be worthwhile. In this regard, one intriguing candidate is the TE domain of CrpD (TEcrp). 

This thioesterase was successfully tested as a robust enzyme, accepting a broad diversity of 

cryptophycin intermediates in the form of activated N-acetylcysteamine thioesters (SNAC-esters) 

to yield linear and cyclized products 315. Even though the flexibility of the TEcrp for variations in 

the Western, phenyl ring-containing part of the molecule is restricted, the acceptance and 

liberation of SNAC esters with early assembly line intermediates reminiscent of those of CrpA or 

CrpB, was not tested so far. In addition, the investigation of TE domains that naturally function as 

exclusive hydrolases and not as cyclases, which is the case for TEcrp and TEeryAIII, would be possible
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for future TE fusion approaches. 

The enzyme CrpA is a promising candidate as a catalyst for the biosynthesis of MPBA and E. coli 

has been successfully used for heterologous natural product biosynthesis before. Yet, the 

microorganism may not be suitable for the biosynthesis of MPBA due to precursor and product 

release restrictions of the recombinant CrpA. Other hosts, which are already in possession of 

sufficient precursor pathways, are worthwhile to consider for a heterologous expression 

approach. In addition, a general in vitro attempt, using CrpA as a catalyst to produce MPBA, may 

support the elucidation of actual production bottlenecks and serve as an alternative approach to 

achieve the biosynthetic production of the desired compound as a biosynthetic intermediate in 

order to clarify remaining question of the cryptophycin initial substrate selection and assembly 

process. 

4.5 In vitro biosynthesis of PBA 

4.5.1 Results 

For the production of PBA, an artificial pathway starting from L-α-homophenylalanine was 

designed. This pathway comprises the aminomutase AdmH from Pantoea agglomerans and the 

ammonia lyase Npun_R2068 from Nostoc punctiforme as biocatalysts (Figure 34). The two 

enzymes are naturally involved in the metabolism of L-phenylalanine, but they were also 

reported to exhibit a broad substrate promiscuity 245,316–319. However, the utilization of aromatic 

substrates with a four-carbon side-chain has not been tested so far.  

 

 

 

Figure 34. Artificial pathway to trans-styrylacetic acid (PBA). 

 

The first step in the development of this synthetic pathway involved the testing of AdmH for the 

conversion of L-α-homophenylalanine. For this purpose, the strain E. coli BL21 (DE3)-admH was 

constructed to produce a hexahistidyl-tagged AdmH and subsequently analyze its enzymatic 

activity in an in vitro assay (cf. section 3.6). 

SDS-PAGE analysis confirmed the recombinant production of His6-AdmH, as indicated by a 

protein band at 61.4 kDa (Figure 35). 
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Figure 35. SDS-PAGE of His6-AdmH. The proteins of the cell lysate supernatant and pellet fraction of E. coli BL21 (DE3)-
admH were purified by Ni-NTA chromatography and analyzed by SDS-PAGE, using a Criterion™ chamber (Bio-Rad) and 
3-8% precast Criterion™ XT Tris-Acetate gradient gels. Notation: S, supernatant fraction of cell lysate; P, pellet fraction 
of cell lysate; MW, matrix wash after supernatant lysate application; M, LC5699-HiMark™ (Thermo Fisher Scientific); 
E, AdmH elution fraction; M*, PageRulerTM (Thermo Fisher Scientific). 

 

The purified protein was assayed with L-α-homophenylalanine or L-α-phenylalanine, 

respectively. Product formation was analyzed by HPLC (Figure 37). While L-α-phenylalanine was 

successfully converted into its corresponding β-amino acid, as evidenced by the occurrence of a 

new peak, L-α-homophenylalanine was not processed by His6-AdmH. However, the conversion 

of L-α-homophenylalanine by His6-AdmH revealed a new, weak peak signal at a retention time of 

3.7 min. Therefore, a closer inspection of the assay samples was conducted, using an optimized 

HPLC method for an improved peak separation with an extended gradient from 10 to 100% MeOH 

within 20 min instead of 15 min. The examination of the assay samples against the purified His6-

AdmH and the prepared standards confirmed the previous result and showed that the newly 

detected peak corresponds to the isolated enzyme. (Figure 37). The same result was obtained 

when the assay incubation time was prolonged from 4 hours to overnight (data not shown). 
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Figure 36. HPLC analysis of L-phenylalanine (I), L-α-homophenylalanine and L-β-homophenylalanine (II). 6xHis-AdmH 
was incubated with L-phenylalanine (A) or L-α-homophenylalanine (D) and the obtained chromatograms were 
compared to an L-phenylalanine (B), or L-α-homophenylalanine standard (E) and a standard mix, prepared from  
L-α-homophenylalanine and L-β-homophenylalanine (C). All chromatograms were recorded at 206 nm on a Sphinx 
column with a gradient set from 10 to 100% MeOH within 15 min, 100% MeOH over 5 min and from 100% to 10% 
MeOH in 2 min. 
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Figure 37. HPLC analysis of L-α-homophenylalanine and 6xHis-AdmH. 6xHis-AdmH was incubated with  
L-α-homophenylalanine (D) and the obtained chromatogram was compared to an L-α-homophenylalanine standard 
(E), an L-β-homophenylalanine standard (F), the purified 6xHis-AdmH without substrate addition (G) and a standard 
mix, prepared from L-α-homophenylalanine and L-β-homophenylalanine (C). All chromatograms were recorded at 260 
nm on a Sphinx column with a gradient set from 10 to 100% MeOH within 20 min, 100% MeOH over 5 min and from 
100% to 10% MeOH in 2 min. 

 

4.5.2 Discussion 

The aminomutase AdmH was not able to convert L-α-homophenylalanine into the corresponding 

L-β-amino acid. Although aminomutases were previously shown to possess a broad substrate 

promiscuity in respect to modified aromatic moieties 245,316,320, the herein conducted experiments 

revealed that substrates with longer carbon side-chains might not be tolerated by AdmH. 

Therefore, the devised pathway for the in vitro production of MPBA derivatives is not feasible. 

The testing of the ammonia lyase of N. punctiforme for the conversion of β-homophenylalanine 

into PBA was hence not further pursued. 

In perspective, alternative routes must be considered for the biosynthesis of PBA or other MPBA 

derivatives. A possible alternative might be found in enzyme engineering of AdmH for the 

acceptance of the alternative substrate homophenylalanine. The crystal structure of AdmH was 

elucidated some years ago 321 and engineering approaches were already successful, increasing 

the stability and productivity of AdmH for the production of β-amino acids at higher temperatures 

(50 °C) 322. A mutagenesis approaches in the active site of a related phenylalanine aminomutase 
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from Taxus chinensis further improved the selectivity of the enzyme and resulted in the 

acceptance of alternative substrates with a methoxy-, or methyl-substituted phenyl ring 323. 

Another option may be the testing of a phenylalanine ammonia lyase to accept and directly 

catalyze the conversion of a provided L-β-homophenylalanine substrate to form PBA. Naturally, 

phenylalanine ammonia lyases catalyze the reversible deamination of L-phenylalanine to trans-

cinnamic acid and exhibit a broad substrate specificity for halogenated phenylalanines 317,319. 

Although L-β-homophenylalanine has not been tested as alternative substrate so far, enzyme 

engineering based on the available crystal structures of various phenylalanine ammonia lyases 

324,325, e.g. from Nostoc punctiforme, or Anabaena variabilis 324, is also possible. Engineering 

approaches, targeting active site residues, or the aryl binding pocket, showed good results, e.g. 

for an increased catalytic efficiency and the acceptance of alternative substrates, yielding e.g. alkyl 

and methoxy phenylalanine derivatives 326, or 3-nitro cinnamic acid and diverse bromo- and 

fluor-substituted cinnamic acids 327. 

The application of CrpA for an in vitro production of MPBA may also be an option, as soluble 

enzyme could successfully be produced in the herein conducted E. coli studies (cf. section 4.4). 

However, it has to be noted that compared to AdmH (61.4 kDa), CrpA is relatively large (e.g. MBP-

CrpA: 366 kDa), requires the assistance of an activating PPTase and the supplementation of 

cofactors (e.g. ATP, coenzyme A, Mg2+, NADPH) (cf. section 1.2). Further, a crystal structure of the 

enzyme is hitherto not available and its exact reaction mechanism is still elusive. Although 

interesting insights into its functioning could be acquired by an in vitro attempt, altogether these 

circumstances do not favor the application of CrpA for the in vitro production of MPBA. 
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5 Final remarks 

Cyanobacteria exhibit a high biosynthetic potential and are a prolific resource for the discovery 

of novel drug leads and valuable industrial compounds, which was also shown in the course of 

the herein conducted sequencing project. Yet these resources remain rather unexploited in terms 

of (pharma-)industrial applications. This is mainly due to the slow growth of many cyanobacteria, 

cultivation difficulties, low production titers, silent BGCs, or genetic instabilities of the encoding 

BGCs. Furthermore, the restricted amenability to genetic engineering, as well as a reduced 

availability and applicability of molecular biological tools impede the development of suitable 

producers to target the activation or genetic optimization of these BGCs producing the required 

amounts of a desired compound on an industrial scale 23,109–111. 

In the course of this thesis S. cerevisiae and E. coli were examined for the heterologous expression 

of cyanobacterial BGCs. This included the assembly and engineering of small cyanobacterial BGCs, 

up to multimodular NRPS-PKS systems. Moreover, in vivo systems were devised and applied 

successfully to reconstitute various enzymatic conversions. My studies showed that extensive 

engineering is required to reconstruct and establish a biosynthetic pathway in a new host system, 

especially when traversing the borders of prokaryotic and eukaryotic life. They also showcased 

bottlenecks in the chosen host organisms. 

In this PhD project a plasmid-based cloning system was developed, which facilitated the assembly 

of large BGCs of bacterial origin in yeast. For this purpose, minimal-artificial expression cassettes 

were combined with established genome editing techniques, e.g. CRISPR-Cas9 and LTR-

recombination. This led to an efficiently minimized cloning effort, which was illustrated by 

successful reconstruction of the >35 kb-sized cryptophycin BGC (crpA-D, crpH) in yeast. The 

heterologous production of the target compound was extremely challenging, possibly due to an 

increased metabolic burden, the scarcity of biosynthetic precursors, or translational limitations 

resulting from deviations in codon usage. To improve cryptophycin production in yeast, further 

efforts must be directed towards precursor pool optimization, tRNA pool adaptation, and gene 

expression balancing.  

The heterologous expression of the much smaller scytonemin BGC demonstrated the 

multilayered interplay of an integrated pathway with the primary network of the host strain. 

Engineering of yeast’s tryptophan metabolism was necessary to shut down a competing 

precursor flow towards anthranilate. Even though the engineering effort turned out successful, 

the biosynthesis of the desired sunscreen pigment could not be realized. Further bottlenecks, e.g. 

the degradation of pathway intermediates and the adequate functionality of all heterologous 

enzymes, must be addressed in the future. Engineering of the biosynthesis genes was necessary 

in case of the conducted E. coli studies. Here, inclusion-body formation initially affected the 
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functional reconstruction of the protein CrpA. However, the application of solubility tags solved 

this problem. Another challenge during the reconstruction of CrpA was the cleavage of the 

protein-bound product, which was addressed by the fusion of a TE domain. 

At the end of this project the question arises, if the chosen host systems should still be considered 

as candidates for the expression of cyanobacterial BGCs, or if alternative host systems might be 

more suitable. Neither E. coli, nor S. cerevisiae are native producers of secondary metabolites. 

Prior to this study, however, E. coli was already successfully used for the heterologous production 

of secondary metabolites from cyanobacteria 23. Therefore, it can be assumed that the difficulties 

encountered in this PhD project are specific for the cryptophycin assembly line. This means that 

E. coli represents a potential host for cyanobacterial metabolites. On the contrary, the eukaryote 

S. cerevisiae was hardly tested for the biosynthesis of cyanobacterial compounds 13,23. Although 

the use of this host is attractive from an industrial perspective, extensive engineering might be 

necessary to enable the production of secondary metabolites from multimodular PKS and NRPS 

assembly lines. 

Recently some cyanobacteria demonstrated their usefulness as hosts for the reconstruction and 

expression of BGCs from other cyanobacteria, which may be reasoned with a similar genetic 

background 23,119. Examples are the filamentous, non-branching Anabaena PCC 7120, or the 

unicellular Synechococcus sp. UTEX 2973 and Synechocystis sp. PCC6803, which were successfully 

applied for the production of lyngbyatoxin A, cryptomaldamide, hapalindole H and shinorine 23. 

The close phylogenetic relation and a similar cellular organization may support the biosynthesis 

of compounds with specific biosynthetic requirements, such as posttranslational modifications, 

or cellular site-specific biosynthesis mechanisms (e.g. periplasmic-transport of intermediates and 

assembly of final metabolites). Therefore, in particular for cyanobacterial BGCs that feature 

biosynthetic peculiarities, such as the unusual truncation of the CrpA starter unit (cf. section 

1.2.1), a cyanobacterial host may be ideally suited. In perspective it might be worthwhile to design 

a cyanobacterial chassis organism as a workhorse for industrial applications, harnessing the 

biosynthetic potential of this interesting phylum in terms of secondary metabolite production. A 

few companies, e.g. Cyano Biotech (2004, Germany) 328,329, Living Ink Technology (2013, USA) 

329,330 and Photanol (2008, Netherlands) 329,331 are already applying diverse cyanobacteria for the 

low-scale industrial production of cyanobacterial secondary metabolites as analytical standards 

(e.g. microcystin, nodularin, anatoxin, aeruginosin, microginin) 332,333, or large scale production of 

eco-friendly dyes and carbon-compounds (e.g. lactic acid, glycolic acid, ethylene, propylene, 

ethanol) 331. Although a commercial cyanobacterial chassis is currently not available, the 

development of “recombinant microbial producer strains” 334 is already in the industrial focus. 
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7 Supplementary information 

7.1 Supplementary tables 

 

Table SI I. E. coli plasmids, vector maps and relevant specifications. Vector Maps were designed and annotated with 
SnapGene. 

pET28a(+) (Novagen) 

 

f1 ori: origin of replication 
KanR: gene encoding kanamycin resistance 
Ori: high-copy origin of replication 
bom: site of mobilization of pBR322 
rop: gene encoding rop-regulator protein for plasmid replication 
lacI: gene encoding the lac-repressor protein 
T7 Promotor: T7 Promotor of RNA Polymerase  
RBS: ribosomal binding site 
6xHis: hexahistidine -tag 
thrombin-site: thrombine recognition and restriction sequence 
T7 tag (gene 10 leader): encoding lead peptide of T7 bacteriophage gene10 
T7 Terminator: terminator of T7 bacteriophage RNA Polymerase 
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pET28a-crpA 

 

Equivalent to pET28a (+) 
crpA: gene encoding the first protein of cryptophycin biosynthesis in Nostoc sp. ATCC 53789 
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pACYCDuet (Novagen) 

 

T7 Promotor: T7 Promotor of RNA Polymerase  
T7 Terminator: terminator of T7 bacteriophage RNA Polymerase 
MCS 1/ MCS 2 multiple cloning site 
CmR: gene encoding chloramphenicol resistance 
Cat Promoter: Promoter of CmR resistance gene 
6xHis: hexahistidine -tag 
S-Tag: affinity and epitope –tag of pancreatic ribonuclease A  
ATG: Start codon 
lac Operator: binding site of the lac-repressors regulating expression of downstream 
encoded genes 
P15A ori: origin of replication 
bom: site of mobilization of pBR322 
rop: gene encoding rop-regulator protein for plasmid replication 
lacI: gene encoding the lac-repressor protein 
RBS: ribosomal binding site 
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pACYC-sfp 

 

Equivalent to pACYCDuet 
Sfp: gene encoding Sfp-type phosphopantetheinyl transferase from Bacillus subtilis 
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pACYC-sfpN [a] 

 

Equivalent to pACYCDuet 
SfpN: gene encoding Sfp-type phosphopantetheinyl transferase from Nostoc sp. ATCC 53789 
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pMalc2x (Addgene) 

 

lacI: gene encoding the lac-repressor protein 
lacIq promoter: Promoter of lacI 
tac promoter hybrid trp/lac-UV5 promoter 
lac Operator: binding site of the lac-repressors regulating expression of downstream 
encoded genes 
MBP: encoding N-terminal maltose binding protein to improve translational expression and 
protein solubility 215  
M13 fwd: sequencing primer binding site 
rrnB T1 terminator: terminator T1 of rrnB E. coli gene 
rrnB T2 terminator: terminator T2 of rrnB E. coli gene 
AmpR promoter: Ampicillin resistance gene promoter 
AmpR: gene encoding ampicillin resistance  
M13 ori: M13 bacteriophage origin of replication 
f1 origin: origin of replication 
ori: high-copy origin of replication ColE1/pMB1/pBR322/pUC 
bom: site of mobilization of pBR322 
rop: gene encoding rop-regulator protein for plasmid replication 
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pMal-crpA 

 

Equivalent to pMalc2x 
crpA: gene encoding the first protein of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
MBP-CrpA Fusion Protein: Sequence locus of MBP-CrpA fusion construct 
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pET28a-tmmrMcGAS-SUMO 216 

 

Equivalent to pET28a (+) 
Original plasmid providing SUMO-tag.  
SUMO: N-terminal small ubiquitin-related modifier modulates protein structure by covalent 
binding to the lysine side enhancing protein expression and solubility 335; the vector was 
donated by Regine Siedentop 216 
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pET28a-SUMO-crpA 

 

Equivalent to pET28a (+) 
crpA: gene encoding the first protein of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
SUMO-crpA: Sequence locus of SUMO-crpA fusion construct 
SUMO: N-terminal small ubiquitin-related modifier modulates protein structure by covalent 
binding to the lysine side enhancing protein expression and solubility 335; the SUMO-tag was 
acquired from pET28a-tmmrMcGAS-SUMO 216 
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pMal-crpA-eryAIIITE 

 

Equivalent to pMalc2x 
crpA: gene encoding the first protein of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
eryAIII: gene encoding the TE domain (thioesterase) of erythromycin biosynthesis  
TE Domain: coding sequence of the erythromycin TE domain 
MBP-CrpA Fusion Protein: Sequence locus of MBP-CrpA fusion construct 
Linker ACP-TE: sequence locus of the TE-ACP (Acyl-Carrier-Protein) linker domain 
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pMA-RQ-PC8-T3 (invitrogen) 

 

AmpR: gene encoding ampicillin resistance  
Col E1 origin: origin of replication 
ExpCas_PC8-T3: synthetic minimal promoter and terminator cassette for expression in  
S. cerevisiae 169,170 
upstr. Inter Homology Fragment for gene synthesis: upstream synthetic homologous flank of 
locus 416d (ARS416/ARS1) of S. cerevisiae chromosome IV for genomic integration by 
homologous recombination 
dnstr. Inter Homology Fragment for gene synthesis: downstream synthetic homologous flank 
of locus 416d (ARS416/ARS1) of S. cerevisiae chromosome IV for genomic integration by 
homologous recombination 
containing homologous flanking regions for yeast locus ARS416/ARS1 chromosome IV 156 
Containing unique restriction recognition sites Bsp120I and BglII to functionally clone any 
gene of interest into the artificial minimal expression system. Contains unique restriction 
recognition site NotI to individually liberate the promoter and terminator cassette and any 
subsequently cloned gene of interest as an individual cassette equipped with a functional 
expression system. 
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pMA-RQ-PC8-ScyA-T3 

 

Equivalent to pMA-RQ-PC8-T3 
ScyA-Npun_R1276: Gene encoding the first protein of scytonemin biosynthesis in  
Nostoc punctiforme cloned between the promoter PC8 and the terminator T3 
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pMA-RQ-PA3-T30 (invitrogen) 

 

AmpR: gene encoding ampicillin resistance  
Col E1 origin: origin of replication 
ExpCas_PA3-T30: synthetic minimal promoter and terminator cassette for expression in  
S. cerevisiae 169,170. Containing unique restriction recognition sites NsiI and KpnI to 
functionally clone any gene of interest into the artificial minimal expression system. Contains 
unique restriction recognition site NotI to individually liberate the promoter and terminator 
cassette and any subsequently cloned gene of interest as an individual cassette equipped 
with a functional expression system. 
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pMA-RQ-PA3-scyC-T30 

 

Equivalent to pMA-RQ-PA3-T30 
ScyC-Npun_R1274: Gene encoding the third protein of scytonemin biosynthesis in  
Nostoc punctiforme cloned between the promoter PA3 and the terminator T30 
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pMA-RQ-PA3-scyB-T30 

 

Equivalent to pMA-RQ-PA3-T30 
ScyB: Gene encoding the second protein of scytonemin biosynthesis in Nostoc punctiforme 
cloned between the promoter PA3 and the terminator T30 
NotI: restriction recognition sequence 
TauI: restriction recognition sequence 
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pYTK077 (Addgene) 158 

 

Yeast Toolkit containing diverse building bricks 
Col E1 origin: origin of replication 
BsaI: recognition sequence for BsaI restriction enzyme 
AgTEF Promoter: S. cerevisiae promoter 
KanR: Kanamycin/G418 resistance gene for S. cerevisiae 
AgTEF Terminator: S. cerevisiae terminator 
CamR Terminator: E. coli terminator of CamR 
CamR: chloramphenicol resistance gene for E. coli 
CamR Promoter: E. coli promoter of CamR 
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pYTK079 (Addgene) 158 

 

Yeast Toolkit containing diverse building bricks 
Equivalent to pYTK077 except for yeast specific toolkit building brick 
HPH: encoding hygromycin phosphotransferase gene for hygromycin resistance in  
S. cerevisiae 
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pYTK080 (Addgene) 158 

 

Yeast Toolkit containing diverse building bricks 
Equivalent to pYTK077 and pYTK079 except for yeast specific toolkit building brick 
ZeocinR: encoding gene for zeocin resistance in S. cerevisiae 
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pYPKpw-PC8-crpB-T3 (ATG:biosynthetics GmbH) 

 

 

Psynth PC8: minimal synthetic promoter for S. cerevisiae 
Tsynth 3: minimal synthetic terminator for S. cerevisiae 
crpB: encoding the second gene of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
URA3: selective marker encoding orotidine-5'-phosphate decarboxylase, required for uracil 
biosynthesis in S. cerevisiae 
2micron ori yeast KY132067.1: S. cerevisiae 2μ plasmid origin of replication (multicopy) 
AmpR: gene encoding ampicillin resistance in E. coli 
ColEIori: E. coli origin of replication 
Bsp1407I: unique pair of restriction recognition sites to liberate the crpB-expression cassette  
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pYPKpw-PD1-crpD-T8 (ATG:biosynthetics GmbH) 

 

Equivalent to pYPKpw-PC8-crpB-T3 except for cryptophycin gene, minimal synthetic 
expression system and homologous flanks for recombination 
Psynth PD1: minimal synthetic promoter for S. cerevisiae 
Synthetic terminator T8: minimal synthetic terminator for S. cerevisiae 
crpD: encoding the fourth gene of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
XhoI: unique pair of restriction recognition sites to liberate the crpD-expression cassette 
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pMA-RQ-PC8-crpH-T3 

 

Equivalent to pMA-RQ-PC8-T3 
crpH: encoding the last gene/ a halogenase of cryptophycin biosynthesis in Nostoc sp. 
ATCC53789 
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pMA-RQ-PA3-crpC-T30 

 

Equivalent to pMA-RQ-PA3-T30 
crpC: encoding the third gene of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
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pMA-RQ-PB2-T27 (invitrogen) 

 

AmpR: gene encoding ampicillin resistance  
Col E1 origin: origin of replication 
ExpCas_PB2-T27: synthetic minimal promoter and terminator cassette for expression in  
S. cerevisiae 169,170 
upstream synthetic inter-homology flank 308a: upstream synthetic homologous flank of 
locus 308a (ARS308a) of S. cerevisiae chromosome III for genomic integration by 
homologous recombination 
downstream synthetic inter-homology flank 308a: downstream synthetic homologous flank 
of locus 308a (ARS308a) of S. cerevisiae chromosome III for genomic integration by 
homologous recombination 
Containing homologous flanks, targeting locus 308a (ARS308a) of S. cerevisiae chromosome 
III for genomic integration 156 
Containing unique restriction recognition sites MluI and BglII to functionally clone any gene 
of interest into the artificial minimal expression system. Contains unique restriction 
recognition site NotI to individually liberate the promoter and terminator cassette and any 
subsequently cloned gene of interest as an individual cassette equipped with a functional 
expression system. 
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pMA-RQ-PB2-crpA-T27 

 

Equivalent to pMA-RQ-PB2-T27 
crpA: encoding the first gene of cryptophycin biosynthesis in Nostoc sp. ATCC53789 
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pET28a-admH 

 

Equivalent to pET28a (+) 
AdmH: synthetic gene construct, encoding the phenylalanine 2,3-aminomutase of Pantoea 
agglomerans (gene purchased from ATG:biosynthetics GmbH) 217 
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Table SI II. S. cerevisiae plasmids, vector maps and relevant specifications. Vector Maps were designed and annotated 
with SnapGene. 

pCAS9-416 (p426_Cas9_gRNA-ARS416d) 156  

 

E. coli-S. cerevisiae shuttle plasmid 
URA3 Promoter: S. cerevisiae promoter of URA3 
URA3: selective marker encoding orotidine-5'-phosphate decarboxylase, required for uracil 
biosynthesis in S. cerevisiae 
f1 ori: E. coli origin of replication 
T7 promoter: E. coli T7 Promotor of RNA Polymerase 
CYC1 terminator: S. cerevisiae terminator for Cas9 
SV40 NLS: nuclear localization signal of SV40 (simian virus 40) large T antigen 
CAS9: codon optimized Cas9 (Csn1) endonuclease of Streptococcus pyogenes Type II 
CRISPR/Cas system 
ADH1 promoter: S. cerevisiae promoter for Cas9 
gRNA scaffold: guide RNA scaffold for the Streptococcus pyogenes CRISPR/Cas9 system for 
locus ARS416/ARS1 of S. cerevisiae chromosome IV 
T3 promoter: E. coli T3 promoter of RNA polymerase 
lac operator: binding site of the lac-repressors regulating expression of downstream encoded 
genes 
lac promoter: E. coli promoter for the lac operon 
CAP binding site: CAP activator protein binding site of the lac operon 
ori: E. coli origin of replication 
AmpR: gene encoding ampicillin resistance in E. coli 
AmpR promoter: Ampicillin resistance gene promoter 
2µ ori: S. cerevisiae 2μ plasmid origin of replication (multicopy) 
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pCAS9-308 (p426_Cas9_gRNA-ARS308a) 156 

 

Equivalent to pCAS9-416 except for gRNA scaffold sequence 
gRNA scaffold: guide RNA scaffold for the Streptococcus pyogenes CRISPR/Cas9 system for 
locus ARS308a of S. cerevisiae chromosome III 
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Table SI III. Arginine codon abundance and distribution of rare arginine codons in cryptophycin assembly line proteins. 
Notation: R, arginine. 
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7.2 Supplementary figures 

 

Figure SI I. pMA-RQ-based minimal expression systems for S. cerevisiae. The universal, minimal synthetic expression systems were constructed according to Curran et al. and Redden 
et al. 169,170. The promoter PA3 was combined with the terminator T30, generating the expression system PA3-T30. PB2-T27 was generated by combining promoter PB2 and terminator 
sequence T27, while PC8-T3 was composed of promoter PC8 and terminator T3, respectively. The promoter and terminator regions are separated by a Cloning-Box, which is comprising 
unique restriction recognition sites, which are separated by a NotI restriction site. These unique sequences can be used to integrate any gene of interest (GOI) by restriction-ligation 
cloning. Notation: NotI, restriction recognition site for liberation of the total expression cassette construct including the cloned GOI; UAS, upstream activating sequence; Efficiency, 
efficiency element; Link1, 3-20 bp spacer sequence; Positioning, positioning element; Link2, 3-20 bp spacer sequence; PolyA, polyA-site. UAS, TATA-Box, efficiency element and PolyA-
site are indicated in bold capital letters, while the core sequence and the positioning element are depicted as bold lower case letters. The Cloning-Box is indicated by a squared box. The 
spacer sequences and the link regions (Link1, Link2) are indicated by regular capital letters. Integrated upstream and downstream homology flanks, applicable to CRISPR/CAS 
applications are indicated by up./dn. homology flank, respectively. PC8-T3 contained homology flanks, directing the integration into locus 416d (ARS416/ARS1) on chromosome IV. 
PB2-T27 exhibited homology flanks, targeting the integration into locus 308a (ARS308a) on chromosome III, respectively. 
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Figure SI II. pYPKpw-based minimal expression systems for S. cerevisiae. The minimal synthetic expression systems for crpB and crpD were constructed according to Curran et al. and 
Redden et al. 169,170. The promoter PC8 was chosen for crpB, while PD1 was used to express crpD. The terminator T3 was used for crpB. Terminator T8 was chosen for crpD. Notation: 
UAS, upstream activating sequence; GOI, gene of interest, representing the total sequence of crpB and crpD, respectively; Efficiency, efficiency element; Link1, 3-20 bp spacer sequence; 
Positioning, positioning element; Link2, 3-20 bp spacer sequence; PolyA, polyA-site. UAS, TATA-Box, efficiency element and PolyA-site are indicated in bold capital letters, while the 
core sequence and the positioning element are depicted as bold regular letters. The GOI is indicated by a squared box. The spacer sequences and the link regions (Link1, Link2) are 
indicated by regular capital letters. 
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Figure SI III. Cryptophycin BGC-internal transposase. A cluster-internal transposase gene (red) was detected in the gap region between the two biosynthesis genes crpG and crpH (dark 
blue). 
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Figure SI IV. AT domain alignment. The protein sequences of the crpA (CrpA-AT)- and crpB (CrpB-AT1, CrpB-AT2)-
encoded AT domains were compared by a manual alignment and examined for the characteristic active site motive of 
malonate-selective AT domains (i.e. Q11 Q63 G90 H91 S92 G94 R117 H201 V255, including the active site core motive 
G H S X G E with the catalytic S92) to evaluate their functional integrity (blue boxes). Identical sequences are highlighted 
in yellow. A consensus sequence is given, showing the overall similarities between the three different AT domains. The 
corresponding consensus sequence color code is highlighting identical amino acids in red. Amino acid deviations within 
the same group are highlighted in orange, while amino acids from different groups are shown in blue. The alignment 
was conducted with SnapGene. 
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Figure SI V. A domain alignment. The protein sequences of the crpA (CrpA-A)- and mcyG (McyG-A)-encoded A domains 
were compared by a manual alignment and examined for the characteristic active site motives (i.e. V235, G236, V239, 
W278, V299, A301, A322, S330, G331, K517) to evaluate their functional integrity (blue boxes). Identical sequences are 
highlighted in yellow. A consensus sequence is given, showing the overall similarities between the two A domains. The 
corresponding consensus sequence color code is highlighting identical amino acids in red. Amino acid deviations within 
the same group are highlighted in orange, while amino acids from different groups are shown in blue. The alignment 
was conducted with SnapGene. 
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Figure SI VI. SDS-PAGE analysis of recombinant MBP-CrpA and SUMO-CrpA from diverse E. coli host strains. The SDS-
PAGE analysis was performed for the cell lysate fractions (supernatant and pellet fraction) from five different host 
strains, expressing a combination of pACYC-sfp and pMal-crpA or pET28a-SUMO-crpA, respectively. Further, the 
control strain E. coli DH5α harboring pMal-crpA was analyzed for the formation of MBP-CrpA without the co-expression 
of Sfp. For comparison, the individual control strains were tested, likewise. Notation: M, LC5699-HiMark™ (Thermo 
Fisher Scientific); 12, E. coli ArcticExpress (DE3); 6, E. coli DH5α-MBP-crpA; 13, E. coli BL21 (DE3)-SUMO-crpA-sfp; 2, 
E. coli BL21 (DE3)-MBP-crpA-sfp; 10, E. coli BL21(DE3); 1, E. coli KRX-MBP-crpA-sfp; 14, E. coli KRX-SUMO-crpA-sfp; 
11, E. coli KRX; 5, E. coli ArcticExpress (DE3)-MBP-crpA-sfp; 15, E. coli ArcticExpress (DE3)-SUMO-crpA-sfp; 4, E. coli 
C43(DE3)-MBP-crpA-sfp; 16, E. coli C43(DE3)-SUMO-crpA-sfp; 9, E. coli C43(DE3); 3, E. coli C41(DE3)-MBP-crpA-sfp; 
17, E. coli C41(DE3)-SUMO-crpA-sfp; 8, E. coli C41(DE3). Superscript letters are referring to the pellet fraction (P) or 
supernatant fraction (S) of the analyzed cell lysate. The formation of the recombinant proteins SUMO-CrpA (337 kDa) 
and MBP-CrpA (366 kDa) is indicated by a box. 
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Figure SI VII. LC-MS Analysis of E. coli BL21 (DE3)-MBP-crpA-sfp expression strain. Individual extracted ion 
chromatogram (EIC) of the mutant strain (top) for m/z 177.0910 ± 0.05 [M+H]+ at 7.3 min and its subjacent mass 
signals (bottom). The green boxes highlight the putative MPBA signal and its corresponding sodium adduct. 

 

 

Figure SI VIII. SDS-PAGE analysis of E. coli BL21 (DE3)-MBP-crpA-sfpN [a] and E. coli BL21 (DE3)-MBP-crpATE-sfp. The 
obtained supernatant fractions of the cell lysates were analyzed for the biosynthesis of the recombinant proteins MBP-
CrpA (366 kDa) and MBP-CrpATE (390 kDa). In comparison the strain E. coli BL21 (DE3)-sfp-C2x, which is incapable of 
CrpA formation was tested. Notation: sfpN, E. coli BL21 (DE3)-MBP-crpA-sfpN [a]; TE, E. coli BL21 (DE3)-MBP-crpATE-
sfp; C2x, E. coli BL21 (DE3)-sfp-C2x; M, LC5699-HiMark™ (Thermo Fisher Scientific). 
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Figure SI IX. LC-MS analysis of MPBA standard. The acquired MPBA standard was subjected to LC-MS analysis, 
recording its base peak chromatogram (BPC) and the corresponding UV-profile (A). The extracted ion chromatogram 
(EIC) revealed a subjacent mass signal of m/z 177.0910 ± 0.0004 [M+H]+ at 7.1 min. (B), matching to the expected mass 
of m/z 177.0910 [M+H]+. 

 

 

Figure SI X. Genome alignment of Nostoc sp. ATCC 53789 and Nostoc sp. C057. The in silico alignment of both NCBI-
deposited genome sequences shows the symmetry between the two strains on a genomic basis. The symmetric identity 
of both cyanobacteria is 76%. The alignment was conducted by the NCBI genome neighbor alignment report 262
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8 Abbreviations 

 

µg  microgram 

3-PPA 3-phenylpropionic acid 

5-FOA 5-fluoroorotic acid 

A domain adenylation domain 

ACN acetonitrile 

ACP  acyl carrier protein 

AdmH aminomutase of Pantoea agglomerans  

admH gene encoding AdmH of Pantoea agglomerans  

Amp ampicillin 

AmpR ampicillin resistance 

antiSMASH antibiotic and secondary metabolite analysis shell 

ARO8 bifunctional aminotransferase/transaminase of S. cerevisiae 

AT acyl transferase 

ATCC American Type Culture Collection 

BG-11 ATCC culture medium 819 for cyanobacteria 

BGC(s) biosynthetic gene cluster(s)  

BLASTn basic local alignment search tool for nucleotides 

BLASTp basic local alignment search tool for proteins 

BLASTx basic local alignment search tool for translated nucleotides 
BMBF German Federal Ministry of Education and Research - BMBF (Ger. 

Bundesministeriums für Bildung und Forschung) 

BNA2 tryptophan 2,3-dioxygenase 

bp base pair 

BPC base peak chromatogram 

C condensation domain 

CaCl2 calcium chloride 

Cm chloramphenicol 

CmR chloramphenicol resistance 

CM(T) C-methyltransferase, methylating carbon 

CO2 Carbon dioxide 

CoA  coenzyme A 

COM communication-mediating domain 

crp cryptophycin operon  

CrpA-A A domain of the cryptophycin biosynthetic enzyme CrpA 

CrpA-AT AT domain of the cryptophycin biosynthetic enzyme CrpA 

CrpA-H biosynthetic enzymes A-H of the cryptophycin assembly line 

crpA-H biosynthesis genes a-h of the cryptophycin operon 

CrpB-AT1 first AT domain of the cryptophycin biosynthetic enzyme CrpB 

CrpB-AT2 second AT domain of the cryptophycin biosynthetic enzyme CrpB 

Cy domain cyclization domain 

CYC1  endogenous terminator for S. cerevisiae 

Da Dalton 

DCM dichloromethane 

DCW  dry cell weight 

ddH2O ultrapure double deionized water 

DEBS erythromycin producing 6-deoxyerythronolide B synthase 
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DH dehydrogenase 

dH2O deionized water 

DNA deoxyribonucleic acid 

DTT dithiothreitol 

E domain epimerization domain 

EIC extracted ion chromatogram  

ESI electrospray ionization 

ER enoylreductase 

FCCS frozen competent cell solution 

g/l gram per liter 

GOI gene of interest 

His6-AdmH AdmH fused to a hexahistidine-tag 

His6-tag hexahistidine-tag 

HPLC high pressure liquid chromatography 

HR homologous recombination 

HygR hygromycin resistance  

Kan kanamycin 

KanR (G418) kanamycin (G418) resistance 

kb kilo base pair 

kDa kilo Dalton 

KR  ketoreductase 

KS ketoacyl synthase 

LB lysogeny broth medium 

LC/MS liquid chromatography-mass spectrometry 

LiAc lithiumacetat dihydrate 

LTR-recombination long terminal repeat-guided recombination 

M mole per liter 

m/z charge ratio 

Mb mega base pair 

MBP(-tag) maltose binding protein(-tag) 

MBP-CrpA CrpA fused to a maltose binding protein 

mcy microcystin open reading frame 

McyG biosynthetic enzyme G of microcystin assembly line 

McyG-A A domain of the microcystin biosynthetic enzyme McyG 

MeOH methanol 

methanol-d4 deuterierium methanol 

mg/l milligram per liter 

mg/ml milligram per milliliter 

Mg2+ manganese 

min minutes 

mM millimole per liter 

MT (O-, N-, C-linked)  methyltransferase, methylating oxygen, nitrogen or carbon 

N2 nitrogen 

NaCl sodium chloride 

NAD(P) nicotinamide adenine dinucleotide (phosphate) 

NaNO3 sodium-nitrate 

NCBI National Center for Biotechnology Information 

ncRNA non-coding RNA  
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NMR Nuclear magnetic resonance spectroscopy 

NRPS nonribosomal peptide synthetase 

NTA nitrilotriacetic acid 

NTS non-transcribed spacer 

OMT O-methyltransferase, methylating oxygen 

orf(s) open reading frame(s) 

Ox domain oxidase domain 

PAM peptidylglycine α-amidating monooxygenase 

PBA 4-phenyl-3-butenoic acid 

PCP peptidyl carrier protein  

PGal1/Gal1 galactose inducible promoter for S. cerevisiae 

PKS polyketide synthase 

PKS-NRPS hybrid pathway containing a polyketide synthase and peptide synthetase 

MPBA 2-Methyl-4-Phenyl-3-butenoic acid 

PPTases phosphopantetheinyl transferases 

PRODIGY Process-Directed Drug Generation in Yeast 

Red  reductase domain  

RiPP(s) ribosomally synthesized posttranslationally modified peptide(s) 

RNAse ribonuclease 

rpm revolutions per minute 

rRNA ribosomal ribonucleic acid 

RT room temperature 

S7P sedoheptulose 7-phosphate 

SAM  S-adenosylmethionine 

scy  scytonemin-orf  

Sfp Sfp-type phosphopantetheinyl transferases of Bacillus subtilis 
sfp gene encoding the Sfp-type phosphopantetheinyl transferase of Bacillus 

subtilis 

sgRNA single-guide RNA 

SNAC-ester(s)  N-acetylcysteamine thioester(s) 

SOB Hanahan′s broth/ medium 

SrfAC biosynthetic enzyme of surfactin assembly line 

SUMO-tag  small ubiquitin-related modifier-tag  

TDH3 strong constitutive promoter for S. cerevisiae 

TE thioesterase 

TEcrp  TE domain of CrpD in cryptophycin assembly line 

TEeryAIII  TE domain of DEBS AIII biosynthesis enzyme 

TFA Trifluoroacetic acid 

ThDP thiamin diphosphate 

TKL triketide lactone 

tRNA transfer RNA 

TSS transcription start site 

TycA biosynthetic enzyme of tyrocidine assembly line 

UAS  5’ upstream activating sequence 

v/v volume per volume fraction 

w/v mass per volume fraction 

YNB Yeast Nitrogen Base medium 

YPD yeast extract peptone dextrose medium 

ZeoR zeocin resistance  



Index of Tables and Figures 

174 

  

 

9 Index of Tables 
 

Table 1. E. coli medium composition. ............................................................................................................................... 31 
Table 2. List of E. coli plasmids used in this thesis. .................................................................................................... 31 
Table 3. E. coli strains used in this thesis. ...................................................................................................................... 33 
Table 4. S. cerevisiae medium composition. .................................................................................................................. 36 
Table 5. List of S. cerevisiae plasmids used in this thesis......................................................................................... 36 
Table 6. S. cerevisiae strains used in this thesis. .......................................................................................................... 36 
Table 7. Primers used for the reconstruction of MPBA biosynthesis in E. coli. ............................................. 48 
Table 8. Primers in vitro PBA biosynthesis. .................................................................................................................. 49 
Table 9. Primers of cryptophycin biosynthesis reconstruction. .......................................................................... 58 
Table 10. Primers of transcription-profiling in heterologous cryptophycin biosynthesis. ...................... 61 
Table 11. Primers of scytonemin biosynthesis reconstruction. ........................................................................... 64 
Table 12. Genomic features of Nostoc sp. strain ATCC 53789. .............................................................................. 70 
Table 13. Secondary metabolome of Nostoc ATCC 53789. ..................................................................................... 71 

 

10 Index of Figures 

 

Figure 1. Diversity of cyanobacteria. ................................................................................................................................... 9 
Figure 2. Phosphopantetheinylation of an acyl carrier protein. .......................................................................... 13 
Figure 3. Schematic view of substrate selection (A), chain elongation (B), reductive processing (C), 
and intermediate transfer (D) by type I PKSs. ............................................................................................................. 14 
Figure 4. Cryptophycin biosynthesis. ............................................................................................................................... 17 
Figure 5. Scytonemin biosynthesis from L-tryptophan and 4-hydroxyphenyl pyruvate in Nostoc 
punctiforme ATCC 29133. ..................................................................................................................................................... 20 
Figure 6. Examples of secondary metabolites heterologously produced in E. coli. ..................................... 23 
Figure 7. Examples of secondary metabolites heterologously produced with S. cerevisiae. .................... 26 
Figure 8. Architecture of minimal synthetic promoters for S. cerevisiae.......................................................... 27 
Figure 9. Architecture of minimal synthetic terminators for S. cerevisiae. ...................................................... 28 
Figure 10. TE domain fusion concept. Intrinsic TE-fusion approach. ................................................................ 47 
Figure 11. Schematic outline of CASdesign (here: universal empty vector pMA-RQ-PB2-T27) for 
CRISPR/Cas9-guided genome editing in S. cerevisiae. .............................................................................................. 53 
Figure 12. Schematic view of LTR-recombination. .................................................................................................... 55 
Figure 13. ESI spectrum of cryptophycin 1 from culture extracts (1 l in total) of Nostoc sp. ATCC 
53789, which was cultivated for 4 weeks. ..................................................................................................................... 68 
Figure 14. Chromosome map of Nostoc sp. ATCC 53789......................................................................................... 69 
Figure 15. Plasmid maps of the secondary metabolite-encoding extrachromosomal replicons of 
Nostoc sp. ATCC 53789........................................................................................................................................................... 72 
Figure 16. Schematic overview of the genomic map of S. cerevisiae ATi01 and S. cerevisiae ATi02. ... 78 
Figure 17. Transcription profile analysis of S. cerevisiae ATi01. .......................................................................... 79 
Figure 18. SDS-PAGE analysis of S. cerevisiae ATi01. ................................................................................................ 80 
Figure 19. Expected cryptophycin derivatives produced by the transgenic yeasts S. cerevisiae ATi01 
and ATi02. .................................................................................................................................................................................... 81  
Figure 20. Metabolic profiles of S. cerevisiae strains. ................................................................................................ 82 
Figure 21. Metabolic profile of a pellet extract from S. cerevisiae ATi01 fed with 3-fluorotyrosine. ... 83 
Figure 22. Comparative 19F NMR signal analysis. ....................................................................................................... 84 
Figure 23. Codon usage and bias comparison. ............................................................................................................. 87 
Figure 24. Metabolic profile of S. cerevisiae CEN.PK2-1C and S. cerevisiae-scyA-scyC................................. 90 
Figure 25. MS spectrum of the isolated anthranilic acid with m/z 138.1 [M+H]+. ........................................ 90 
Figure 26. Tryptophan metabolism in S. cerevisiae. .................................................................................................. 91 
 



Index of Tables and Figures 

175 

  

 

Figure 27. HPLC analysis (280 nm) of supernatant (A) and pellet (B) extracts of S. cerevisiae 
CEN.PK2-1C (black), as well as S. cerevisiae-scyA-scyB-scyC (red). ..................................................................... 92 
Figure 28. SDS-PAGE analysis of the cell lysate pellets and supernatants from (A) E. coli BL21 (DE3) 
and (B) E. coli BL21 (DE3) expressing pET28a-crpA and pACYC-sfp. ............................................................... 96 
Figure 29. SDS-PAGE analysis of supernatant cell lysate fractions from five different E. coli strains 
harboring pMal-crpA +/- pACYC-sfp (A) in comparison to negative control strains (B). ......................... 97 
Figure 30. Base peak chromatograms (BPC) and extracted ion chromatograms (EIC) of the culture 
extracts from five different E. coli strains harboring pMal-crpA +/- pACYC-sfp (A) in comparison to 
negative control strains (B). ................................................................................................................................................ 98 
Figure 31. Comparative HPLC analysis of obtained E. coli extracts. ................................................................... 99 
Figure 32. Protein sequence alignment of Sfp and SfpN. ....................................................................................... 100 
Figure 33. Comparative HPLC analysis of obtained E. coli extracts. ................................................................. 101 
Figure 34. Artificial pathway to trans-styrylacetic acid (PBA). .......................................................................... 104 
Figure 35. SDS-PAGE of His6-AdmH. .............................................................................................................................. 105 
Figure 36. HPLC analysis of L-phenylalanine (I), L-α-homophenylalanine and L-β-
homophenylalanine (II). ...................................................................................................................................................... 106 
Figure 37. HPLC analysis of L-α-homophenylalanine and 6xHis-AdmH. ....................................................... 107 

 

11  Index of Supplementary Tables 

 

Table SI I. E. coli plasmids, vector maps and relevant specifications. .............................................................. 135 
Table SI II. S. cerevisiae plasmids, vector maps and relevant specifications. ................................................ 160 
Table SI III. Arginine codon abundance and distribution of rare arginine codons in cryptophycin 
assembly line proteins. ........................................................................................................................................................ 162  

 

12  Index of Supplementary Figures 

 

Figure SI I. pMA-RQ-based minimal expression systems for S. cerevisiae. .................................................... 163 
Figure SI II. pYPKpw-based minimal expression systems for S. cerevisiae. .................................................. 164 
Figure SI III. Cryptophycin BGC-internal transposase. ........................................................................................... 165 
Figure SI IV. AT domain alignment. ................................................................................................................................ 166 
Figure SI V. A domain alignment. ..................................................................................................................................... 167 
Figure SI VI. SDS-PAGE analysis of recombinant MBP-CrpA and SUMO-CrpA from diverse E. coli host 
strains. ......................................................................................................................................................................................... 168 
Figure SI VII. LC-MS Analysis of E. coli BL21 (DE3)-MBP-crpA-sfp expression strain. ............................. 169 
Figure SI VIII. SDS-PAGE analysis of E. coli BL21 (DE3)-MBP-crpA-sfpN [a] and E. coli BL21 (DE3)-
MBP-crpATE-sfp. ....................................................................................................................................................................... 169 
Figure SI IX. LC-MS analysis of MPBA standard. ....................................................................................................... 170 
Figure SI X. Genome alignment of Nostoc sp. ATCC 53789 and Nostoc sp. C057. ....................................... 170 



Acknowledgements 

176 

  

 

13 Acknowledgements 

 

My cordial and sincere thanks go to Prof. Dr. Markus Nett, who gave me the opportunity to 

perform my doctoral studies in the Laboratory of Technical Biology at TU Dortmund University. 

His professional advice, kind and supportive guidance and enthusiasm for science have always 

been very motivating to me. Thank you for always having an open door. 

Further I would like to express my cordial thanks to the doctoral commission and the examination 

committee for reviewing my dissertation. In particular I would like to thank Prof. Nadine Ziemert 

for being my second reviewer and Prof. Oliver Kayser and PD Dr. Ing. Christoph Held for being 

part of the examination committee.  

 

In addition, I would like to cordially thank the PRODIGY consortium: Prof. Lars Blank, Prof. Oliver 

Kayser and Prof. Stephan Lütz, Dr. Raffaella Di Lucrezia, Dr. Peter Nussbaumer, Dr. Katrin 

Rosenthal, Mariam Dianat and Oliver Schiwy for the great collaboration and discussions. 

Furthermore, I would like to thank the German Federal Ministry of Education and Research 

(BMBF) for providing financial support. 

 

My special gratitude goes to Dr. Angela Sester, Sebastian Kruth, Katharina Kuhr, Jenny Schwarz, 

Andrea Steinmann and Lea Winand, for the great support, advice, motivating discussions and 

rocking the lab together. Special thanks also go to Kristine Hemmer, Jörg Fischer and Sabine Vogt. 

In addition, I would like to thank the entire TBL group, my office crew and BCI colleagues for the 

great support. 

 

Last but not least, I would like to express my deepest and heartfelt gratitude to Flo, my family and 

friends. I could not have undertaken this adventure without you. 


