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Abstract
Natural products and their derivatives have always been a source of drug leads. In particular, 

bacterial compounds have played an important role in drug development, for example in the 

field of antibiotics. A decrease in the discovery  of novel leads from natural sources and the 

hope of finding new leads through the generation of large libraries of drug-like compounds by 

combinatorial chemistry  aimed at specific molecular targets drove the pharmaceutical 

companies away  from research on natural products. However, recent technological advances 

in genetics, bioinformatics and analytical chemistry have revived the interest in natural 

products. The ribosomally synthesized and post-translationally  modified peptides (RiPPs) are 

a group of natural products generated by  the action of post-translationally modifying enzymes 

on precursor peptides translated from mRNA by ribosomes. The great substrate promiscuity 

exhibited by  many of the enzymes from RiPP biosynthetic pathways have led to the 

generation of hundreds of novel synthetic and semisynthetic variants, including variants 

carrying non-canonical amino acids (ncAAs). The microviridins are a family  of RiPPs 

characterized by their atypical tricyclic structure composed of lactone and lactam rings, and 

their activity as serine protease inhibitors. The generalities of their biosynthetic pathway have 

already been described, however, the lack of information on details such as the protease 

responsible for cleaving off the leader peptide from the cyclic core peptide has impeded the 

fast and cheap production of novel microviridin variants. In the present work, knowledge on 

leader peptide activation of enzymes from other RiPP families has been extrapolated to the 

microviridin family, making it possible to bypass the need of a leader peptide. This feature 

allowed for the exploitation of the microviridin biosynthetic machinery  for the production of 

novel variants through the establishment of an efficient one-pot in vitro platform. The 

relevance of this chemoenzymatic approach has been exemplified by the synthesis of novel 

potent serine protease inhibitors from both rationally-designed peptide libraries and 

bioinformatically predicted microviridins. Additionally, new structure-activity  relationships 

(SARs) could be inferred by screening microviridin intermediates. The significance of this 

technique was further demonstrated by  the simple incorporation of ncAAs into the 

microviridin scaffold.
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Zusammenfassung
Naturstoffe und ihre Derivate waren schon immer eine Quelle von Leitstrukturen. 

Insbesondere haben bakterielle Verbindungen eine wichtige Rolle bei der 

Arzneimittelentwicklung gespielt, zum Beispiel im Bereich der Antibiotika. Die Abnahme 

von Entdeckungen neuer Leitstrukturen aus natürlichen Quellen und die Hoffnung, neue 

Leitstrukturen in großen Bibliotheken medikamentenähnlicher Verbindungen zu finden, 

welche auf spezifische molekulare Ziele gerichtet sind und mithilfe kombinatorischer Chemie 

erstellt wurden, trieben die Pharmaunternehmen weg von der Naturstoffforschung. Allerdings 

haben moderne technologische Fortschritte in der Genetik, der Bioinformatik und der 

analytischen Chemie das Interesse an Naturstoffen wiederbelebt. Die ribosomal 

synthetisierten und posttranslational modifizierten Peptide (RiPPs) sind eine Gruppe von 

Naturstoffen, die durch das Einwirken posttranslational modifizierender Enzymen auf 

Präkursorpeptide entstehen, welche ihrerseits aus mRNA durch Translation an den Ribosomen 

hervorgehen. Die durch viele der Enzyme aus RiPP Biosynthesewege gezeigte große Substrat-

Promiskuität führte zur Erzeugung hunderter neuartiger synthetischer und halbsynthetischer 

Varianten, einschließlich Varianten mit nicht-kanonischen Aminosäuren. Die Microviridine 

sind eine Familie von RiPPs, die durch ihre atypische trizyklische Struktur aus Lacton- und 

Lactamringen und ihre Aktivität  als Serin-Protease-Inhibitoren gekennzeichnet sind. Die 

Grundlagen ihres Biosyntheseweges sind bereits beschrieben worden, aber wesentliche 

Fragestellungen, zum Beispiel die für die Spaltung des Leader-Peptids vom zyklischen Core-

Peptid verantwortliche Protease betreffend, sind weitgehend ungeklärt und erschweren die 

schnelle und kostengünstige Herstellung neuer Microviridinvarianten. In der vorliegenden 

Arbeit wurde das Wissen über die durch Leader-Peptid Aktivierung von Enzymen aus anderen 

RiPP-Familien auf die Microviridinfamilie extrapoliert, wodurch es möglich wurde, die 

Notwendigkeit eines Leader-Peptids zu umgehen. Diese Besonderheit  erlaubt nunmehr, die 

Microviridin-Biosynthese-Enzyme für die Herstellung von neuartigen Varianten durch die 

Etablierung einer effizienten in vitro Synthese-Plattform auszunutzen. Die Relevanz dieses 

chemoenzymatischen Ansatzes wurde durch die Synthese von neuen potenten Serin-Protease-

Inhibitoren aus sowohl rational gestalteten Peptidbibliotheken als auch bioinformatisch 

vorhergesagten Microviridinen veranschaulicht. Darüber hinaus wurden durch das Screenen 

von Microviridinzwischenprodukten neue Struktur-Funktionsbeziehungen abgeleitet. Die 

Bedeutung dieser Technik wurde durch den einfachen Einbau von nicht-kanonischen 

Aminosäuren in das Microviridin-Gerüst weiter demonstriert.
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1. Introduction

1.1. Natural products as source of drugs

Since the beginning of civilization humans have used natural remedies, mainly plant-derived 

preparations, to cure diseases and ailments. Cultures such as the Mesopotamian, Egyptian, 

Chinese, Indian, and Greco-Roman, all documented the use of such preparations [1, 2]. It is 

now clear that the pharmacological effects of natural remedies observed by ancient cultures 

are in fact caused by natural products. A natural product can be broadly defined as a 

biologically active compound produced originally by  a plant, animal or microorganism [3-5]. 

For many authors, however, the definition of natural product is restricted to secondary 

metabolites.

 Natural products have played a big role in drug development, particularly  in the area 

of antibiotics. The accidental discovery  of penicillin by Alexander Fleming in 1928 and the 

isolation of streptomycin in 1943 by Selman Waksman marked the dawn of the golden era of 

antibiotics [6]. This was followed by the medicinal chemistry era, characterized by the 

development of improved synthetic versions of the natural antibiotics discovered in the 

golden era [7]. More than 50% of the antibiotics in clinical use now are either natural 

products or derived from them [8]. Beside their classical strengths as antibiotics and antitumor 

agents, natural products have also been marketed as immunosuppressants, antivirals, 

antiparasitics, and enzyme inhibitors, among others (Fig. 1.1) [9]. Newman and Cragg have 

published a series of reviews on the sources of drugs approved by the FDA for the treatment 

of human diseases. In their last publication, covering drugs from 1981 to 2014, they report 

that about 65% of all small-molecule approved drugs in this period are either natural products 

or compounds derived from or inspired by  them [10]. In a similar review, an analysis of first-

in-class drugs (drugs that act on a novel target or pathway) approved by the FDA between 

1999 and 2013 revealed that of 113 first-in-class drugs, about 30% are natural products or 

derivatives thereof [11].

 Despite the tremendous impact that natural products have had on drug development, 

many pharmaceutical companies turned away  from them for drug discovery research in the 

1990s [5, 12]. This was due to a number of factors: The introduction of high-throughput 

screening directed at specific molecular targets coupled with the creation of large collections 

of drug-like compounds by  combinatorial chemistry, the difficulty to isolate natural products 

in suitable quantities from complex mixtures, concerns about the rediscovery of known 

compounds and possible exhaustion of structural novelty, and concerns about intellectual 
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property  rights arising from the Rio Convention on Biological Diversity [2, 5, 8, 12-15]. The 

consequence of this was a decrease in the number of new small-molecule natural products 

with pharmaceutical potential discovered in the 1990s and early 2000s [10, 15].

Rapamycin
Immunosuppressant

Daptomycin
Antibiotic

Doxorubicin
Anticancer

Lovastatin
Anticholesteremic

Morphine
Analgesic

Quinine
Antimalarial

a)

b)

c)

Figure 1.1. Selected natural products approved for use as therapeutics. a) Bacterial compounds: 
Daptomycin [16] and rapamycin [1]; b) Fungal compounds: Lovastatin [1] and doxorubicin [2]; c) Plant-derived 
compounds: Morphine and quinine [2].

 Nevertheless, the recent technological development in the area of genetics, 

bioinformatics and analytical chemistry is promoting a comeback of natural products in drug 

discovery  [1, 8, 13, 15]. In a recent study, Pye et al. address the concern that the structural 

novelty in modern discoveries of natural products is declining by analyzing the number and 

source of compounds discovered as well as compound novelty [17]. Some major conclusions 
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of this analysis are: First, that although a significant number of the new products display 

structural similarity to known scaffolds, some (23% of all molecules) exhibit novel structures; 

second, that exploring new taxonomic groups holds a high probability of yielding novel 

chemical entities, albeit with a limited period of expected novel compound discovery; third, 

that significant innovation in discovery approaches is required in order to avoid rediscovery 

of known compounds from continued investigations of the same classes of organisms. These 

conclusions can be corroborated by the information gathered on whole genomes, generated by 

next-generation sequencing, and new biosynthetic gene clusters (BGCs), discovered by 

genome mining with the aide of bioinformatic tools. For example, in the genomes of the 

actinomycetes there are many more BGCs than those accountable for the known metabolites 

produced by this order of bacteria [8, 9, 16, 18]. The genomes of microorganisms that have 

not yet been cultivated in the laboratory (estimated to be 95-99.9% of the microorganisms 

existing in nature [19]), accessed through metagenomics, and the genomes of species from 

underexplored environments have also revealed a trove of novel natural products [9, 13, 17, 

20, 21]. Developments in the area of analytical chemistry, particularly  in NMR (e.g. 

cryoprobes) and mass spectrometry  (e.g. Orbitrap technology), have also rekindled the 

interest in natural products by  simplifying the labour of compound characterization and 

dereplication [8, 13, 22, 23]. Considering all these facts, it is possible to predict that natural 

products will continue to be a very prolific source of drug leads.

1.2. Cyanobacteria as source of natural products

Microorganisms have always played a major role in the discovery  of natural products, in 

particular bacteria. Of all known active compounds from microorganisms, about 40% were 

produced by  fungi, 30% by actinomycetes, and the rest by non-filamentous bacteria (mainly 

Bacillus and Pseudomonas). In the case of antibiotics, over 50% come from the 

actinomycetes, between 10% and 15% from non-filamentous bacteria, and approximately 

20% from fungi [24]. Genera such as Streptomyces, Bacillus and Pseudomonas, and the group 

of the myxobacteria have been very fruitful regarding natural products [25]. Nevertheless, the 

increasing resistance of pathogenic bacteria against  the traditional antibiotics has created a 

need for products with new chemical scaffolds, leading to the search for new sources of 

natural products. In this regard, microorganisms from underexplored environments, such as 

the marine and extreme environments, have attracted special attention over the last years. One 

example of these microorganisms are the cyanobacteria.
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 Cyanobacteria, formerly known as blue-green algae, are Gram-negative bacteria 

capable of oxygenic photosynthesis; some strains are also capable of fixing atmospheric 

nitrogen [26, 27]. They are among the oldest organisms on Earth, with evidence of their 

existence dating back 3.5 billion years, and are considered to have played a big part in the 

establishment of the current  oxygen-rich atmosphere on Earth [28]. These bacteria constitute 

a very diverse group, with different  morphologies and niche habitats, both in terrestrial and 

aquatic environments, and even in those with extreme conditions [29]. It is this diversity 

which makes cyanobacteria special from the natural products’ point of view, for the reason 

that their heterogeneity  is translated into a great variety of natural compounds (Fig. 1.2) [27, 

30].

 Traditionally, research on natural products from cyanobacteria had focused on the 

toxins (cyanotoxins) they  produce due to the danger they represent to humans and livestock, 

for example microcystins and nodularins (hepatotoxins), anatoxin-a (neurotoxin), and 

lyngbyatoxin (dermotoxin), among others [26, 29, 31-34]. Nonetheless, cyanobacteria are 

now regarded as a prolific source of novel compounds with a wide range of biological 

activities [35, 36]. From a drug development perspective, the most successful cyanobacterial 

isolates have been the cytotoxic dolastatins. A derivative of dolastatin 10 has been conjugated 

with an antibody to selectively treat Hodgkin’s lymphoma and systemic anaplastic large cell 

lymphoma, being this the first approved drug substance with cyanobacterial origins [37, 38]. 

Another interesting group of compounds for antitumor therapeutics are the cryptophycins 

[28]. Regarding anti-infective activity, several cyanobacterial secondary metabolites with 

antibacterial or antifungal properties have been isolated (e.g. antibacterial: hapalindoles, 

comnostins; antifungal: hassallidins, laxaphycins), however their concomitant general 

cytotoxicity makes them unsuitable candidates for drug development. By contrast, the lectin 

scytovirin seems to be a promising lead for antiviral therapeutics, while the cyclic peptide 

aerucyclamide B seems to be propitious for drugs against malaria [37]. Another example of 

compounds with interesting bioactivity are the anti-quorum sensing molecules malyngolide, 

malyngamide, and lyngbyoic acid, which have the potential to be exploited as indirect 

antibacterials and as agents to prevent marine fouling [29, 37]. Finally, protease inhibition is 

another common bioactivity in many cyanobacterial metabolites such as the aeruginosins, the 

microginins, and the microviridins. Agents targeting protease activity are very important from 

the drug development point of view, since proteases play key roles in several pathological 
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processes, for instance elastases in pulmonary  emphysema, the 20S proteasome in cancer, and 

diverse viral proteases, among others [28, 39].

a)

b)

c)

d)

Figure 1.2. Selected bioactive cyanobacterial compounds and their producers. a) The hepatotoxin 
microcystin LR [40] produced by Planktothrix agardhii [41]; b) The cytotoxic dolastatin 10 [42] produced by 
Symploca hydnoides [43]; c) The antiplasmodial aerucyclamide B [37] produced by Microcystis aeruginosa [44]; 
d) The anti-quorum sensing compound malyngamide 2 [35] produced by Moorea sp. [45].

1.3. Mechanisms of peptide synthesis in cyanobacteria: The ribosomal pathway

As discussed in the previous section, cyanobacteria are prolific producers of natural products. 

A great part of these compounds are peptides or show peptidic substructures [28, 46]. Most of 

them are produced through the activity  of nonribosomal peptide synthetases (NRPSs) or the 
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combined action of NRPSs with polyketide synthases (PKSs) [37, 46, 47]. Nevertheless, the 

post-ribosomal peptide synthesis (PRPS) also contributes to the production of peptidic 

metabolites with interesting bioactivities. These compounds are designated as ribosomally 

synthesized and post-translationally modified peptides (RiPPs).

 The PRPS starts with the ribosomal synthesis of a precursor peptide and its associated 

post-translational modification (PTM) enzymes, whose precursor genes are normally  grouped 

together in clusters in prokaryotes (Fig. 1.3) [48]. The precursor peptide, typically between 

20-110 amino acids long, is composed of different segments, with the core region or core 

peptide being the one that, after PTMs and excision from the other segment(s), will ultimately 

become the mature natural product [49]. The set  of PTMs that  a core peptide may undergo is 

very varied, and may involve only a few amino acids or almost every one in the molecule, 

allowing for a great amount of structural diversity despite the original constraint of being 

assembled from the 20 proteinogenic amino acids [50]. Appended to the core peptide, in most 

of the cases at the N-terminus, is a leader peptide believed to be important for recognition by 

many of the PTM enzymes. In some eukaryotic peptides, a signal sequence is frequently 

found N-terminal to the leader peptide and is responsible for intracellular localization. A      

C-terminal recognition sequence important for excision and cyclization can also be observed 

in some precursor peptides [51].

Figure 1.3. Genes in a hypothetical RiPP BGC. The precursor peptide is translated as a multisegmented 
polypeptide. After the associated PTM enzymes have acted on the core peptide, a protease cleaves off the leader 
peptide and optional additional regions, and a transporter (which sometimes is fused with the protease) exports 
the mature natural product out of the cell. Scheme modified from [52].

Natural product

PTM enzymes
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 The exact role of the leader peptide in the PRPS has been extensively discussed. 

Different functions for the leader peptide have been proposed in the past: A function as a 

secretion signal, as a chaperone-like sequence that assists in the PTMs of the core peptide, as 

a protective sequence that maintains the precursor peptide inactive inside the producer cell, 

and as a recognition and activation sequence for the PTM  machinery  [53]. More recently, 

successful crystallization of the class I lanthipeptide dehydratase NisB, the cyanobactin 

cyclodehydratase LynD and the microviridin ATP-grasp ester ligase MdnC bound to their 

cognate leader peptides [54-56], and a bioinformatics study by  Burkhart et al. on leader 

peptide recognition by RiPP biosynthetic enzymes [57] have gathered experimental support 

for the last proposed function. The crystallization studies have shown that conserved motifs 

within the leader peptides of the three mentioned RiPP classes are structurally ordered and 

interact directly  with ordered residues of the mentioned PTM enzymes. The molecular basis 

for the interaction of the dehydratases NisB and LynD with their cognate leader peptide is 

similar, and involves a winged helix-turn-helix (wHTH) domain of the PTM enzyme that 

interacts with the conserved motif in the leader peptide, which is ordered in a β-strand 

conformation [54, 55, 58, 59]. In the case of the microviridin family, the conserved motif in 

the leader peptide adopts an α-helix conformation and interacts with an α-helix from the PTM 

enzyme, differing from the two RiPP classes named before [56]. These observations are 

corroborated by the aforementioned bioinformatics study. In this work the authors were able 

to identify a conserved peptide-binding domain, designated as RiPP precursor peptide 

Recognition Element (RRE), in PTM  enzymes from the majority of the prokaryotic RiPP 

families, including the class I of the lanthipeptides, and the cyanobactins, but not the 

microviridins [57].

 The ability of many PTM enzymes of the natural product ribosomal pathway to 

recognize a highly conserved leader peptide and accept variations in the core peptide is a 

feature that allows for easier evolvability  compared to the non-ribosomal pathway [49]. It is 

indeed this ability which makes the PRPS interesting from a bioengineering point of view 

since the introduction of new chemical features to RiPPs may  be possible by simply editing 

the sequence of the precursor peptides and posterior incubation with PTM  enzymes from the 

huge repertoire already available in nature. Some of the major RiPP classes will be briefly 

reviewed next with the objective of drawing similarities, differences, and work already 

realized towards their bioengineering.
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1.3.1. Lanthipeptides

The lanthipeptides, short for lanthionine-containing peptides, are the longest known family of 

RiPPs [49]. Moreover, genome database mining revealed that they are the largest occurring 

group of RiPPs in the genomes sequenced until now [48]. These natural products show varied 

bioactivities, including morphogenetic, antinociceptive, antiallodynic, and antibiotic activities 

(lantibiotics), with nisin being the first discovered lantibiotic (Fig. 1.4a) [60]. The 

lanthipeptide classification is restricted to those peptides harboring lanthionine (Lan) and      

3-methyllanthionine (MeLan) residues in their structure as a result of a PTM process of 

dehydration of Ser and Thr, respectively, and posterior attack of a Cys residue onto the 

dehydro amino acids (Fig. 1.4b) [51]. Furthermore, the lanthipeptides are subdivided in 4 

groups, depending on the type of PTM enzymes that generate the Lan/MeLan residues.

a)

b)

Figure 1.4.  a) Structure of nisin, the first lantibiotic discovered; b) Steps in the formation of Lan and MeLan in 
lanthipeptides. Dha: Dehydroalanine; Dhb: Dehydrobutyrine. Image adapted from [51].
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 The Lan/MeLan residues in class I lanthipeptides are introduced through the combined 

activity of two independent enzymes, a dehydratase and a cyclase. In the case of class II, III 

and IV lanthipeptides, the Lan/MeLan motifs are installed by single proteins with different 

enzymatic domains (Fig. 1.5). Regarding the class II lanthionine synthetases, the N-terminal 

domain dehydrates the Ser and Thr residues, and the C-terminal domain catalyzes the 

cyclization with Cys. Concerning the classes III and IV synthetases, the dehydration step is 

achieved through the successive work of a central kinase domain and an N-terminal lyase 

domain, and the cyclization step  by the action of the C-terminal domain. The cyclase domains 

of the synthetases of the classes II-IV show sequence homology with the cyclases from class 

I, however, the cyclization domains of the class III synthetases lack three zinc-binding 

residues conserved in the other sequences [51].

Figure 1.5. Lanthipeptide subclassification.  The subgroups are defined by the type of enzymatic machinery 
that introduces the characteristic thioether crosslinks. The cyclase domains of the class II-IV enzymes show 
homology with the class I cyclases, with the exception that the class III cyclase domains do not possess the 
metal-binding residues. Image modified from [60].

 The introduction of the characteristic Lan/MeLan residues into the core peptide 

depends on the presence of the leader peptide. In the case of the class I lanthipeptide nisin, a 

conserved four-residue motif, FNLD, localized in the N-terminal half of the leader peptide 

had been recognized as key for the production and secretion of nisin [61]. This was 

corroborated by the already mentioned co-crystallization of the NisB dehydratase with the 

nisin leader peptide. The N-terminal half of the leader peptide, ordered in a β-strand 

conformation, was shown to interact directly with a wHTH domain of the dehydratase, in 

particular with the three-stranded antiparallel β-sheet “wing” of the domain [55]. In contrast 

to this, the leader peptides of class II lanthipeptides posses a conserved C-terminal ELxxBx 

motif, where B is a Val, Leu or Ile [61]. Finally, in the class III leader peptides a 

semiconserved N-terminal ILELQ motif important for post-translational processing has been 

identified too [62].

 The process of leader peptide removal also differs among the lanthipeptide subgroups. 

For most of the class I and some class II lanthipeptides, dedicated proteases catalyze the 

                                                                                                                     1 INTRODUCTION

20



scission of the leader peptide, in some cases intracellularly  and in others after secretion out of 

the cell. Conversely, bifunctional enzymes carry  out the excision of the leader peptide and the 

export of the modified core peptide of the majority of class II and some class I lanthipeptides 

[61]. Regarding the classes III and IV, the removal of the leader peptide seems to be done in a 

stepwise manner by currently unidentified amino peptidases [63].

 The variety  of the lanthipeptide group is in great part due to the many tailoring 

modifications that adorn their structures. These tailoring modifications, i.e. PTMs that 

normally enhance the activity or the stability of the molecule, are generally class restricted, 

with a higher prevalence in the class I and class II, and do not depend on the presence of the 

leader peptide. More than 10 tailoring modifications have been reported, including 

halogenation, glycosylation, and incorporation of D-amino acids, and some of the enzymes 

responsible for these modifications are very permissive regarding substrate selectivity, thus 

making them attractive for bioengineering [64, 65].

 Many different bioengineering attempts have been carried out on this group of RiPPs, 

concentrating on those members whose biosynthetic pathway  has already  been detailed, for 

example nisin and lacticin 481. Three main approaches have been followed to generate novel 

lanthipeptide analogs with improved properties: in vivo engineering in native producers, in 

vivo engineering in heterologous hosts, and in vitro engineering [64]. The in vivo 

methodologies remodel the wild type precursor by site-directed mutagenesis or provide a new 

precursor peptide gene in a plasmid with simultaneous knockout of the native gene in the case 

of working with native producers, or achieve heterologous production by co-expressing the 

precursor peptide and its PTM  enzymes in more amenable hosts, e.g. E. coli. This has proven 

particularly useful for the characterization of compounds from silent clusters. The in vitro 

approach utilizes the heterologous overexpression of PTM enzymes, and the production of 

semisynthetic precursor substrates via heterologous expression or solid-phase peptide 

synthesis (SPPS). Both methods have rendered analogs with improved bioactivities, and 

analogs carrying non-proteinogenic amino acids [49]. Nevertheless, the excision of the leader 

peptide in both ways remains problematic. Strategies involving the introduction of artificial 

cleavage sites have been developed, e.g. for trypsin, factor Xa protease or alkaline hydrolysis 

[66, 67], with the drawback of requiring an additional step for the removal of the leader 

peptide.

 In a very innovative bioengineering work by Oman et al. [68], the authors took 

advantage of the biosynthetic pathway of lacticin 481, and described the creation of an 
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engineered synthetase capable of modifying substrates without a leader peptide. The trick 

consisted of attaching the cognate leader peptide to the N-terminus of the enzyme by  means 

of a linker so that the enzyme was in a constitutively  active state. By using this fusion 

enzyme, improved analogs of lacticin 481 harboring ncAAs were easily produced, bypassing 

the dilemma of the leader peptide. This example paved the way  for other RiPP groups in 

which the need for a leader peptide hinders the production of novel variants.

1.3.2. Cyanobactins

The cyanobactins were originally defined as N-to-C macrocyclic peptides produced via PRPS 

which contain heterocyclized Ser, Thr and/or Cys (or their oxidized derivatives), and/or 

prenylated amino acids [51, 69]. However, with the recent discovery of new related 

compounds this definition has had to be widened, for example, to include linear variants [70]. 

These compounds have been isolated from free-living and symbiont cyanobacteria, and from 

marine animals such as ascidians and sponges. Nevertheless it is currently believed that 

cyanobacteria are the true and only producers of cyanobactins, with about 30% of all 

cyanobacterial species being able to synthesize them [71]. The members of the cyanobactin 

family  are varied, including the patellamides, trunkamides, aeruginosamides and 

microcyclamides, among others, and exhibit bioactivities such as cytotoxic, antibacterial and 

antimalarial activity [49].

RS I in
leader peptide

RS II RS III RS II RS IIIPatellamide C
core peptide

Patellamide A
core peptide

Figure 1.6. Patellamide biosynthesis. The precursor peptide E contains two core peptides. First, the 
heterocyclase D catalyzes the formation of heterocycles. Then, the N-terminal protease A cleaves off the leader 
peptide and RS II.  Finally, the macrocyclase G removes the RS III, and catalyzes macrocyclization and 
heterocycle oxidation. Scheme modified from [72].
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 The minimal cyanobactin BGC is normally composed of an N-terminal protease gene, 

denoted by  the letter A, two genes, B and C, coding for hypothetical proteins of unknown 

function and non-essential for the biosynthetic pathway, a precursor peptide gene E, and a    

C-terminal protease gene G, also responsible for the macrocyclization and in some cases, of 

heterocycle oxidation (Fig. 1.6). Additional tailoring enzyme genes can be found in the 

clusters, e.g. a cyclodehydratase D, a prenyltransferase F, a methyltransferase, a dedicated 

oxidase, and/or other genes coding for proteins of unknown function [71]. The PTM of the 

cyanobactin precursor peptides starts with the introduction of heterocycles (azolines) by an 

ATP-dependent cyclodehydratase, when present. The cyclodehydratases are activated by  a 

conserved first recognition sequence (RS I), LAELSEEAL, located in the leader peptide, and 

upon activation they catalyze the formation of the heterocycles between the hydroxyl or 

sulfhydryl group from a Ser, Thr or Cys, and the amide bond N-terminal to it. After 

heterocylization, the N-terminal protease removes the leader peptide by acting on a 

semiconserved second RS (RS II). It  is worth mentioning that the cyanobactin precursor 

peptides can contain up to 4 core peptides, each of them flanked by a RS II at their N-

terminus and a RS III at their C-terminus. The C-terminal protease cleaves off the RS III and 

catalyzes the N-C macrocyclization (except on the linear cyanobactins). Finally, tailoring 

reactions such as oxidation of the heterocycles, prenylation or methylation take place [71, 72].

 The cyanobactin family  has been subject of many bioengineering approaches. The 

easiness to manipulate the biosynthetic pathway of this group  resides in the fact that the PTM 

machinery  is guided by defined transportable RSs, which allows for promiscuity  regarding 

core peptide processing [73]. Some biotechnological endeavors achieved for this RiPP family 

in vivo in E. coli are the heterologous expression of patellamides [74, 75], the synthesis of 

eptidemnamide, a non-native cyanobactin analogous to a clinical anticoagulant [76], and the 

creation of a trunkamide pathway library, with which over 300 novel variants were produced 

[77]. Achievements done in vitro include the establishment of a system that couples cell-free 

translation with the cyclodehydratase PatD to generate azoline-containing peptides from 

synthetic DNA templates [78], the fluorescent labelling of cyanobactin analogs containing 

orthogonal reactive groups [79], the production of natural and unnatural cyanobactin 

derivatives by using mixtures of PTM enzymes from different pathways [80], and the creation 

of hybrid macrocycles containing amino acids and other functional groups such as aryl rings 

and polyethers [81].
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 As is common for PTM  enzymes of PRPS pathways, the cyanobactin heterocyclases 

depend on the leader peptide, particularly  the RS I, to be activated. The molecular basis for 

this has been illustrated in a study where the co-crystallization of LynD and its cognate leader 

peptide was reported [54]. As pointed out in section 1.3, the molecular interaction between 

this enzyme-substrate pair is very similar to that of the lanthipeptide dehydratase NisB and its 

leader peptide, involving a β-strand conformation of the conserved sequence in the leader 

peptide and a wHTH domain of the enzyme. In the same study  the authors described the 

creation of a LynD cyclodehydratase fused to its leader peptide via the N-terminus, analogous 

to the lacticin 481 synthetase fusion enzyme mentioned in section 1.3.1. As in the case of the 

lanthipeptide synthetase, the engineered cyanobactin heterocyclase was constitutively active 

and could process precursor peptides without leader sequence in them [54].

1.3.3. Lasso peptides

Just as their name suggests, the structure of these RiPPs ressembles a threaded cowboy’s lariat 

(Fig. 1.7). They are normally composed of 13-22 amino acids, with an N-terminal lactam ring 

formed between the N-terminal amino group of the core peptide and the ω-carboxyl group of 

an Asp  or Glu at position 7, 8 or 9 [82]. The C-terminal sequence of the core peptide, the 

“tail”, is trapped inside the lactam ring before cyclization, and the structure is stabilized by 

steric interactions between the ring and specific residues in the tail. Further structural 

stabilization can be provided by  disulfide bridges between the ring and the tail, and the 

presence or absence of them is a feature used to subclassify lasso peptides into three groups: 

Variants of the class I contain two disulfide bonds, class II lasso peptides, which are the great 

majority, exhibit no disulfide bonds, and the only member of class III possesses one disulfide 

bond [51]. A fourth class has been recently proposed for a variant identified by genome 

mining which exhibits a C-terminal disulfide bridge that does not link the tail to the ring [83].

 

a)

 

b)

Figure 1.7. The lasso peptide microcin J25. a) 2D structure; b) 3D model. Image taken from [84].
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 In general, the minimal biosynthetic machinery required for lasso peptide production 

is comprised of a cysteine protease (designated with the letter B), in charge of cleaving off the 

leader peptide from the precursor (designated A), and an ATP-dependent lactam synthetase 

responsible for macrocyclization (designated C) (Fig. 1.8). Supplementary  proteins can be 

encoded in the BGCs but they are non-essential for the production of most of the lasso 

peptides known to date. In some cases the cysteine protease is encoded as two discrete 

proteins, one homologous to the N-terminal domain and one to the C-terminal (proteolytic) 

domain of the full length protease [85]. The RRE identified by  Burkhart et al. was also found 

in the N-terminal domain of many cysteine proteases from lasso peptide BGCs, both in full 

length proteases and in split proteases [57]. By aligning lasso peptide precursor sequences and 

RREs, the semiconserved motif YxxPxLx3Gx5Tx was identified in the C-terminal region of 

the leader peptide [83]. Recently, the independent studies of Cheung et al. [86] and Zhu et al. 

[87] showed that the interaction between the N-terminal domain of the B proteins and the 

lasso leader peptide is also facilitated through a wHTH motif and a β-strand conformation, 

respectively, as is the case for the class I lanthipeptides and the cyanobactins.

Figure 1.8. Proposed biosynthetic process of the lasso peptides.  The cysteine protease B removes the leader 
peptide and possibly assists in the prefolding of the core peptide, and the lactam synthetase C catalyzes the       
N-terminal macrocyclization. Image taken from [82].

 Members of this family of RiPPs have displayed resistance against thermal and 

proteolytic denaturation, and bioactivities such as antibiotic, receptor antagonist, and enzyme 

inhibiting activity  [88]. Because of this, lasso peptides are interesting from a drug 

development point of view. The efforts toward the discovery of novel variants and their 

bioengineering have been plenty, and some of the most recent include a mapping of the lasso 

peptide chemical space, with over 1300 compounds identified [83], the chemical synthesis of 

lasso peptide analogs [84], the incorporation of ncAAs into capistruin [89], the 
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overexpression of chaxapeptin under co-culture conditions [90], and the grafting of an 

integrin antagonist onto the microcin J25 scaffold [91, 92], just to name a few.

1.4. Microviridins

The microviridins are another family of RiPPs. Since the present work was aimed toward 

engineering this type of natural products, they will be reviewed in more depth, presenting 

with more detail all the information gathered until now about this exciting group of RiPPs.

1.4.1. Brief history of microviridins

Microviridins owe their name to the cyanobacterium Microcystis viridis, species from which 

the first member of this group, microviridin A (Mdn A), was isolated in 1990 [93]. Twelve 

further congeners, namely Mdn B-J, Mdn SD1634, SD1652 and SD1684, had been isolated 

from laboratory and field cyanobacteria by 2006 as a result  of screening programs for 

protease inhibitors [39, 94-98]. Along with IC50 values for different serine proteases such as 

elastase, trypsin and chymotrypsin, the structure of these metabolites was described too. They 

were reported to be N-acetylated trideca- and tetradecapeptides that bear one or two lactone 

rings and one lactam ring. As noted by Hemscheidt [99], it is now clear that those variants 

described as having only  one lactone ring and a methyl ester in lieu of the second lactone ring 

are indeed isolation artifacts, product of the methanolysis of the tricyclic compounds. Apart 

from the fact that they were produced by some genera of cyanobacteria, nothing was known 

about their natural role or their biosynthesis. A study by Rohrlack et al. showed that Mdn J 

causes a lethal molting disruption in microcrustaceans of the genus Daphnia, which feed on 

planktonic cyanobacteria, pointing to a function as grazer deterrents [100]. Nevertheless, this 

function could only apply to those microviridin variants with an inhibitory  profile similar to 

that of Mdn J. Since other variants show different  inhibitory activity  or no activity  at all, the 

role of microviridin as grazer deterrent  can not be generalized, and up to date the natural 

function of microviridin remains unclear. Regarding their biosynthesis, it was not until 2008 

that the studies of Ziemert et al. [101] and Philmus et al. [102], by means of different 

approaches, finally  shed light on the ribosomal origin of these compounds. The former group, 

using a fosmid carrying the biosynthetic microviridin genes from a strain of M. aeruginosa, 

achieved heterologous expression of Mdn B in E. coli, while the latter, using the purified 

microviridin PTM enzymes from a strain of P. agardhii, achieved in vitro cyclization and 

acetylation of the microviridin precursor peptide MvdE. Further research on microviridin has 
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been focused on characterizing with more detail its biosynthesis, on better comprehending its 

protease inhibitory  activity to improve it, and on describing its natural diversity  and 

occurrence. These aspects will be described separately in the following sections.

 *Note on microviridin nomenclature: The group  of Ziemert et al. named mdnA-E the 

microviridin biosynthetic genes from M. aeruginosa, while the group  of Philmus et al. named 

mvdA-F those from P. agardhii. Since in the present work the microviridin biosynthetic 

machinery  from P. agardhii was employed the latter nomenclature will be used, and the 

abbreviation Mdn will be utilized to refer to post-translationally  modified microviridin core 

peptides, i.e. cyclic microviridins.

1.4.2. BGC and biosynthesis

The BGC of microviridin in P. agardhii is comprised of 6 genes (Fig. 1.9). mvdA codes for an 

ABC transporter which is thought to have an scaffolding role for a biosynthetic enzyme 

complex in vivo [103]. mvdB encodes a GNAT-type N-acetyltransferase, a tailoring enzyme 

responsible for the acetylation of the cyclized core peptide of microviridin. The genes mvdC 

and mvdD code for two ATP-grasp  ligases, an ω-amide ligase and an ω-ester ligase, 

respectively. It is these PTM enzymes the ones that cyclize the microviridin core peptide. 

Finally, mvdE and mvdF encode two microviridin precursor peptides. Nevertheless, only  the 

microviridin product of mvdE has been isolated from P. agardhii [102]. This microviridin 

variant, designated Mdn K, possesses the amino acid sequence YGNTMKYPSDWEEY, and 

will be used as reference in this work.

mvdA
(mdnE)

mvdB
(mdnD)

mvdC
(mdnB)

mvdD
(mdnC)

mvdE-F
(mdnA)

bp

Figure 1.9.  Microviridin BGC in P. agardhii NIVA-CYA 126. The cluster is ∼5 kbp long and contains six 
genes: Two precursor peptides (E and F),  two PTM enzymes (D and C), one tailoring enzyme (B) and one ABC 
transporter (A). The gene homologs from M. aeruginosa are indicated in parenthesis; in M. aeruginosa there is 
only one precursor peptide gene, mdnA.

 The order in which these enzymes act has been elucidated too (Fig. 1.10). First, the 

ATP-grasp ligase MvdD introduces the large lactone ring between the β-hydroxy group of the 

threonine and the ω-carboxyl group of the aspartate, followed by the introduction of the small 

lactone ring between the β-hydroxy group of the serine and the ω-carboxyl group of the first 
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glutamate [104]. Then, the ATP-grasp ligase MvdC introduces the lactam ring between the      

ε-amino group of the lysine and the ω-carboxyl group of the second glutamate. It  has been 

shown that the cyclization of microviridin follows this strict  order, and that a precursor with 

only one lactone ring is not further processed by the ω-amide ligase. It  was shown too that 

MvdD is a distributive enzyme, i.e. the intermediate product  of the first enzymatic reaction is 

released, since a monocyclic intermediate could be detected in in vitro assays [102]. After 

cyclization by the ATP-grasp  ligases, the leader peptide is excised. Until now, the protease 

responsible for this reaction has not been described. Finally, the N-acetyltransferase product 

of mvdB catalyzes the transfer of the acetyl group from acetyl coenzyme A (AcCoA) to the  

N-terminus of the cyclic peptide [102]. As mentioned before, it is believed that the ABC 

transporter MvdA plays a role in the assembly of a biosynthetic enzyme complex in vivo 

[103], and possibly in the export of microviridins out of the cell, though this has not been 

demonstrated.

?
Protease

MvdD

MvdE

MvdC

MvdB

Mdn K

ATP

ATP

MSKNVKVSAPKAVPFFARFLAEQAVEANNSNSAPYGNTMKYPSDWEEY

MSKNVKVSAPKAVPFFARFLAEQAVEANNSNSAP-

MSKNVKVSAPKAVPFFARFLAEQAVEANNSNSAP-

MSKNVKVSAPKAVPFFARFLAEQAVEANNSNSAP

Fig. 1.10. PTM of microviridin.  First, the ω-ester ligase installs the two lactone rings in the core peptide (in 
bold). Then, the ω-amide ligase introduces the lactam ring. After this,  an unknown protease removes the leader 
peptide (underlined), and finally the N-acetyltransferase catalyzes the acetylation of the tricyclic peptide.
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1.4.3. Important structural features and first bioengineering efforts

As pointed out before, the leader peptide is important for activation of some PTM  enzymes in 

the ribosomal pathway. In the case of microviridin, the leader peptide is necessary for the 

activation of the ATP-grasp ligases. A conserved motif in the leader peptide, PFFARFL, had 

been identified as crucial for the activity  of the ligases [103]. As described in section 1.3, a 

recent crystallization study of MdnC, an MvdD homolog from M. aeruginosa, has shown that 

the PFFARFL motif adopts an α-helix conformation and interacts with an α-helix from the 

ATP-grasp ligase, thus demonstrating the direct interaction between this enzyme and the 

leader peptide [56]. In the case of the core peptide, the conserved motif TxKxPSDWE(D/E) 

has been identified too [103, 105].

 The first attempts to engineer microviridins were aimed at modifying the size of the 

rings. These trials were carried out in vitro using the purified PTM  enzymes from P. agardhii 

and mutated MvdE precursor peptides expressed using the pET28b vector. The results of this 

study showed that the ring size is fixed, and modification or displacement of the amino acids 

directly  involved in the cyclization abolish ring formation [104]. Further attempts to engineer 

these metabolites were aimed at improving their inhibitory  activity  and installing a leader 

peptide cleavage site. It  had been hypothesized that the 5th amino acid in the microviridin 

sequence played a role in the inhibitory  selectivity of the variant, based on the observation 

that known variants with different residues at  this position showed different protease 

selectivity. This hypothesis was experimentally corroborated using a minimal expression 

platform based on the pDrive vector harboring the microviridin BGC of M. aeruginosa NIES 

843 and heterologous expression in E. coli. The results of this work showed that at position 5 

Leu conferred selectivity towards elastase, Met towards subtilisin, and Arg and Lys towards 

trypsin. Moreover, in the same study the protease trypsin was co-crystallized with Mdn J, 

revealing the interaction between some residues of the inhibitor, particularly  of the Arg at 

position 5, and residues of the enzyme, thus demonstrating the key role of the amino acid at 

this position for the inhibitory  activity of microviridin (Fig. 1.11) [106]. Since the protease 

responsible for cleaving off the leader peptide of microviridin in cyanobacteria has not been 

described, artificial cleavage sites for trypsin, factor Xa protease or hydroxylamine were 

introduced between the leader and the core peptide using the same minimal platform to 

improve the yield of the expected 14-membered microviridins. This approach not only failed 

to achieve the latter, but also abolished completely  the synthesis of microviridins in the case 
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of the introduction of the cleavage site for the factor Xa protease and for hydroxylamine 

[107].

Figure 1.11.  Interaction of  trypsin and Mdn J. It can be appreciated that the N-terminus of Mdn J interacts 
with residues 216-217 of trypsin,  and that the Arg at position 5 interacts with the residues 189-190, and 218 of 
trypsin. The scheme was taken from the supp. inf. of [106].

1.4.4. Natural diversity of microviridins

All the reported members of this class of RiPPs have been isolated from the same source, the 

cyanobacteria. Furthermore, studies with laboratory strains and metagenomic samples of 

Microcystis revealed the ability of this kind of bacteria to produce diverse microviridins [105, 

108]. Nonetheless, early bioinformatic analyses had shown related BGC present in genera of 

bacteria not belonging to the cyanobacterial phylum, for example Sorangium, Microscilla, 

and Alteromonas [102, 103]. Indeed, recent work on genome mining for BGC of RiPPs 

identified microviridin biosynthetic clusters in several genera of the phyla Bacteroidetes and 

Proteobacteria, apart from several novel clusters of the cyanobacterial phylum [48]. 

Altogether, these findings confirm the great microviridin diversity waiting to be exploited.
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1.5. Aims of this study

As described in this section, recent technological advances have made the collection of  new 

valuable information about the RiPPs possible, including insights into their biosynthetic 

pathways, their distribution in nature, and their potential applications. In some cases, the 

extrapolation of knowledge from one RiPP family to another has been possible too, 

contributing to the fast development of the field of natural products. The elucidation of the 

molecular basis of the requirement of a leader peptide for PTM  of the core peptide not only 

has allowed for the expansion of the diversity of precursor peptides but has even 

circumvented the need of a leader peptide in some cases, further promoting the production of 

novel natural products. The goal of the present work was to extrapolate this knowledge to the 

family of the microviridins to establish an efficient in vitro platform for the easy production 

and characterization of synthetic analogs. The creation of synthetic microviridins would 

pursue two objectives: the production of synthetic and cryptic variants with improved 

bioactivity, and the synthesis of variants harboring ncAAs as molecular tools for further 

research.
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2. Materials and methods

2.1. Materials

2.1.1. Organisms

For this work the following strains were used:

1. Planktothrix agardhii NIVA-CYA 126, obtained from the Culture Collection of Algae 

at the Norwegian Institute for Water Research, Norway.

2. Algicola sagamiensis DSM 14643, DNA obtained from the Leibniz Institute German 

Collection of Microorganisms and Cell Cultures (DSMZ), Germany.

3. Cyanothece sp. PCC 7822, obtained from the Pasteur Culture Collection, France.

4. Escherichia coli TOP10 chemically competent cells for cloning procedures. 

(Invitrogen, USA).

5. Escherichia coli BL21 (DE3) chemically competent cells for protein expression. 

(Merck Chemicals Ltd., UK).

2.1.2. Chemicals and antibiotics

2-Mercaptoethanol

α-Cyano-4-hydroxycinnamic acid (HCCA)

Acetic acid

Acetonitrile HPLC grade

Acetyl coenzyme A sodium salt

Ampicillin sodium salt

APS

ATP disodium salt hydrate

BAPNA

Bromophenol blue

Coomassie Brilliant Blue-G250

DMSO

Disodium phosphate dihydrate

dNTP

EDTA disodium salt dihydrate

Ethanol denatured 96%

Ethidium bromide

Glycerol Rotipuran

Ferak-Berlin GmbH (Germany)

Sigma-Aldrich (Germany)

Carl Roth (Germany)

VWR Chemicals (USA)

Sigma-Aldrich (Germany)

Carl Roth (Germany)

Carl Roth (Germany)

Carl Roth (Germany)

Sigma-Aldrich (Germany)

Carl Roth (Germany)

Thermo Scientific (USA)

Carl Roth (Germany)

Carl Roth (Germany)

Thermo Scientific (USA)

Carl Roth (Germany)

VWR Chemicals (USA)

Sigma-Aldrich (Germany)

Carl Roth (Germany)
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Hydrochloric acid 37%

Imidazole

IPTG

Kanamycin sulfate

LE agarose

Magnesium chloride hexahydrate

Methanol HPLC grade

Monosodium phosphate monohydrate

Ni-NTA agarose

o-Phosphoric acid 85%

Potassium chloride 

Powdered milk blotting grade

Rotiphorese Gel 30

SDS ultra-pure

Sodium chloride

Sodium hydroxide

Suc-AAA-pNA

Suc-AAPF-pNA

TEMED

Trifluoroacetic acid

Tris

Tween 20

Urea

X-Gal

Xylene cyanol

VWR Chemicals (USA)

Carl Roth (Germany)

VWR Chemicals (USA)

Carl Roth (Germany)

Biozym (Germany)

Carl Roth (Germany)

VWR Chemicals (USA)

Carl Roth (Germany)

Cube Biotech (Germany)

Carl Roth (Germany) 

Carl Roth (Germany)

Carl Roth (Germany)

Carl Roth (Germany)

Carl Roth (Germany)

Carl Roth (Germany)

Merck Chemicals Ltd. (UK)

Sigma-Aldrich (Germany)

Sigma-Aldrich (Germany)

Carl Roth (Germany)

Thermo Scientific (USA)

Carl Roth (Germany)

Carl Roth (Germany)

M.P. Biomedicals Inc. (Germany)

Carl Roth (Germany)

Carl Roth (Germany)

2.1.3. Media and solutions

The following preparations are referred to as 1 L of ddH2O unless otherwise specified.

BG-11 Medium    As described by Rippka et al. 1979 [109].

LB agar     Carl Roth (Germany)

LB broth     Carl Roth (Germany)

SOC medium     3.6 g glucose, 0.18 g KCl, 2.0 g MgCl2•6H2O, 

      0.5 g NaCl, 20 g tryptone, 5.0 g yeast extract,
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      pH 7.0

Coomassie blue solution   50 g Al2(SO4)3•16H2O, 100 mL ethanol 96%, 

      0.20 g Coomassie blue, 94 mL o-phosphoric acid 

      85%

Destaining solution (Coomassie blue) 100 mL ethanol 96%, 20 mL o-phosphoric acid 

      85%

Gel filtration buffer    8.77 g NaCl, 2.42 g Tris-HCl, pH 7.5

His-tagged protein purification:

Base buffer    17.53 g NaCl, 5.99 g NaH2PO4, pH 8.0

Lysis buffer (10 mM imidazole) Base buffer + 0.68 g imidazole

Wash buffer 1 (20 mM imidazole) Base buffer + 1.36 g imidazole

Wash buffer 2 (50 mM imidazole) Base buffer + 3.40 g imidazole

Elution buffer (250 mM imidazole) Base buffer + 17.02 g imidazole

Buffer B     12.00 g NaH2PO4, 10 ml 1 M Tris-HCl 

     pH 8.0, 480.48 g urea, pH 8.0

HCCA matrix stock solution   10 mg HCCA in 1 mL 84% acetonitrile/

      13% ethanol/ 3% TFA 0.1%

HCCA matrix working solution  35 µL stock solution + 65 µL 84% acetonitrile/

      13% ethanol/ 3% TFA 0.1% 

6x DNA loading dye     90 mg bromophenol blue, 6.7 g EDTA, 180 mL 

      glycerine, 3 mL 1 M Tris-HCl pH 7.6, 90 mg 

      xylene cyanol in 300 mL ddH2O

5x SDS loading dye     1.0 g bromophenol blue, 100 mL glycerine,

      50 mL 2-mercaptoethanol, 62.5 mL 1 M

      Tris-HCl pH 6.8, 100 mL 20% SDS

Phosphate-buffered saline (PBS)  0.2 g KCl, 0.24 g KH2PO4, 8 g NaCl, 1.44 g 

      Na2HPO4, pH 7.4

Protease inhibition assays:

 Elastase working solution  Dilution of the commercial elastase solution to 

      1.5 U mL-1 in buffer 50 mM Tris-HCl, 20 mM 

      CaCl2, pH 7.5

 Trypsin stock solution   1 mg trypsin in 1 mL buffer 50 mM Tris-HCl, 20 

      mM CaCl2, pH 7.5
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 Trypsin working solution  1:10 dilution (in same buffer) of trypsin stock 

      solution

 Subtilisin stock solution  1 mg subtilisin in 1 mL PBS

 Subtilisin working solution  1:10 dilution (in PBS) of subtilisin stock solution

 BAPNA stock solution  43.3 mg in 1 mL DMSO

 BAPNA working solution  1:20 dilution (in trypsin’s assay buffer) of 

      BAPNA stock solution

 Suc-AAA-pNA working solution 1 mg Suc-AAA-pNA in 1 mL elastase’s assay 

      buffer

 Suc-AAPF-pNA stock solution 2.5 mg Suc-AAPF-pNA in 500 µL DMSO

 Suc-AAPF-pNA working solution 1:100 dilution (in PBS) of Suc-AAPF-pNA stock 

      solution

SDS-PAGE running buffer   14.42 g glycine, 1 g SDS, 3.03 g tris

50x TAE     57.1 mL acetic acid, 100 mL 0.5 mM 

      EDTA pH 8.0,  242 g tris

TBS-T      8.77 g NaCl, 6.06 g tris, 1 mL tween 20, pH 7.4

Western Blot:

 Transfer buffer   14.42 g glycine, 3.03 g tris, 10 mL ethanol 96%

 Blocking solution   1 g powdered milk in 20 mL TBS-T

 Primary antibody solution  1:10 000 dilution of monoclonal anti-poly 

      histidine antibody produced in mouse in TBS-T

 Secondary antibody solution  1:10 000 dilution of anti-mouse IgG (whole 

      molecule)–peroxidase antibody produced in 

      rabbit in TBS-T

2.1.4. Commercial Kits

Bio-Rad Protein Assay

GeneJET Gel Extraction

GeneJET Plasmid Miniprep Kit

innuPREP PCR pure kit

Metagenomic DNA Isolation Kit for Water

Serva Light Polaris CL HRP WB Substrate kit

Bio-Rad (Germany)

Thermo Scientific (USA)

Thermo Scientific (USA)

Analytik Jena (Germany)

Epicentre Biotechnologies (USA)

Serva (Germany)
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2.1.5. Cloning and expression vectors

pDrive: routine TA cloning (Qiagen PCR cloning kit, Germany).

pQE80L: protein expression with N-terminal 6x His-tag (Qiagen cis-Repressed pQE Vector 

Set, Germany).

2.1.6. Commercial enzymes and antibodies

The restriction enzymes used in this work as well as the DreamTaq and Phusion High-Fidelity 

DNA polymerases, and the T4 DNA ligase were all purchased from Thermo Scientific (USA). 

The proteases elastase (from porcine pancreas, E1250), subtilisin (protease, P8038), and 

trypsin (from porcine pancreas, T7409) as well as the monoclonal anti-poly  histidine antibody 

produced in mouse and the anti-mouse IgG (whole molecule)–peroxidase antibody produced 

in rabbit were all purchased from Sigma-Aldrich (Germany).

2.1.7. Peptides

The peptides employed in this work are all synthetic and were either obtained from a 

collaboration or purchased from private companies. In both cases they were synthesized via 

solid-phase synthesis, and in the case of the peptides bought from private companies the 

requested purity was always > 75%.

Table 2.1. Precursor peptides used in this work

Sequence Monoisotopic 
mass (Da)

Description of the 
peptide Code Manufacturer

MSKNVKVSAPKAVPF
FARFLAEQAVEANNS
NSAPYGNTMKYPSD
WEEY 

5382.564
P. agardhii NIVA-
CYA 126 first 
microviridin precursor 
(MvdE)

MvdE Genscript 
(USA)

MSKNVKVSAPKAVPF
FARFLAEQAVEANNS
NSAP

3618.851
P. agardhii NIVA-
CYA 126 microviridin 
leader peptide

MvdE 
leader Synpeptide 

(China)

YGNTMKYPSDWEEY 1781.724
P. agardhii NIVA-
CYA 126 microviridin 
core peptide (MdnK)

MvdE core/
M5M

Synpeptide 
(China)

Mdn K peptide library: Substitution of the 5th position in MdnK with the 20 natural amino acidsMdn K peptide library: Substitution of the 5th position in MdnK with the 20 natural amino acidsMdn K peptide library: Substitution of the 5th position in MdnK with the 20 natural amino acidsMdn K peptide library: Substitution of the 5th position in MdnK with the 20 natural amino acidsMdn K peptide library: Substitution of the 5th position in MdnK with the 20 natural amino acids

YGNTMKYPSDWEEY 1781.724
P. agardhii NIVA-
CYA 126 microviridin 
core peptide (MdnK)

MvdE core/
M5M

YGNTAKYPSDWEEY 1721.721 Substitution with 
alanine M5A
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YGNTRKYPSDWEEY 1806.785 Substitution with 
arginine M5R

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTNKYPSDWEEY 1764.727 Substitution with 
asparagine M5N

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTDKYPSDWEEY 1765.711 Substitution with 
aspartate M5D

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTCKYPSDWEEY 1753.693 Substitution with 
cysteine M5C

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTEKYPSDWEEY 1779.726 Substitution with 
glutamate M5E

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTQKYPSDWEEY 1778.742 Substitution with 
glutamine M5Q

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTGKYPSDWEEY 1707.705 Substitution with 
glycine M5G

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTHKYPSDWEEY 1787.743 Substitution with 
histidine M5H

Bianca 
Schmid, AG 

Süssmuth, TU 
BerlinYGNTIKYPSDWEEY 1763.768 Substitution with 

isoleucine M5I

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTLKYPSDWEEY 1763.768 Substitution with 
leucine M5L

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTKKYPSDWEEY 1778.779 Substitution with 
lysine M5K

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTFKYPSDWEEY 1797.752 Substitution with 
phenylalanine M5F

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTPKYPSDWEEY 1747.737 Substitution with 
proline M5P

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTSKYPSDWEEY 1737.716 Substitution with 
serine M5S

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTTKYPSDWEEY 1751.731 Substitution with 
threonine M5T

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTWKYPSDWEEY 1836.763 Substitution with 
tryptophan M5W

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTYKYPSDWEEY 1813.747 Substitution with 
tyrosine M5Y

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

YGNTVKYPSDWEEY 1749.752 Substitution with 
valine M5V

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

Mdn B peptide library: Substitution of the 5th position in MdnB with the 20 natural amino acidsMdn B peptide library: Substitution of the 5th position in MdnB with the 20 natural amino acidsMdn B peptide library: Substitution of the 5th position in MdnB with the 20 natural amino acidsMdn B peptide library: Substitution of the 5th position in MdnB with the 20 natural amino acidsMdn B peptide library: Substitution of the 5th position in MdnB with the 20 natural amino acids

FGTTLKYPSDWEEY 1734.778
M. aeruginosa NIES 
298 microviridin core 
peptide (MdnB)

L5L

FGTTAKYPSDWEEY 1692.731 Substitution with 
alanine L5A
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FGTTRKYPSDWEEY 1777.795 Substitution with 
arginine L5R

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTNKYPSDWEEY 1735.737 Substitution with 
asparagine L5N

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTDKYPSDWEEY 1736.721 Substitution with 
aspartate L5D

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTCKYPSDWEEY 1724.703 Substitution with 
cysteine L5C

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTEKYPSDWEEY 1750.736 Substitution with 
glutamate L5E

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTQKYPSDWEEY 1749.752 Substitution with 
glutamine L5Q

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTGKYPSDWEEY 1678.715 Substitution with 
glycine L5G

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTHKYPSDWEEY 1758.753 Substitution with 
histidine L5H

Bianca 
Schmid, AG 

Süssmuth, TU 
BerlinFGTTIKYPSDWEEY 1734.778 Substitution with 

isoleucine L5I

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTMKYPSDWEEY 1752.734 Substitution with 
methionine L5M

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTKKYPSDWEEY 1749.789 Substitution with 
lysine L5K

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTFKYPSDWEEY 1768.762 Substitution with 
phenylalanine L5F

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTPKYPSDWEEY 1718.746 Substitution with 
proline L5P

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTSKYPSDWEEY 1708.726 Substitution with 
serine L5S

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTTKYPSDWEEY 1722.741 Substitution with 
threonine L5T

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTWKYPSDWEEY 1807.773 Substitution with 
tryptophan L5W

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTYKYPSDWEEY 1784.757 Substitution with 
tyrosine L5Y

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FGTTVKYPSDWEEY 1720.762 Substitution with 
valine L5V

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

Genome-mined microviridins library: Selection of bioinformatically predicted microviridins 
encoded in the genome of Cyanothece sp. PCC 7822, P. agardhii, and A. sagamiensis
Genome-mined microviridins library: Selection of bioinformatically predicted microviridins 
encoded in the genome of Cyanothece sp. PCC 7822, P. agardhii, and A. sagamiensis
Genome-mined microviridins library: Selection of bioinformatically predicted microviridins 
encoded in the genome of Cyanothece sp. PCC 7822, P. agardhii, and A. sagamiensis
Genome-mined microviridins library: Selection of bioinformatically predicted microviridins 
encoded in the genome of Cyanothece sp. PCC 7822, P. agardhii, and A. sagamiensis
Genome-mined microviridins library: Selection of bioinformatically predicted microviridins 
encoded in the genome of Cyanothece sp. PCC 7822, P. agardhii, and A. sagamiensis

YQNTLKYPSDWEEY 1834.794 14 amino acids long 
with Leu at position 5 Cth 1

Bianca 

-TVTRKYPSDWEDY 1658.747 13 amino acids long 
with Arg at position 5 Cth 2

Bianca 

-YVTKKYPSDWEEY 1706.772 13 amino acids long 
with Lys at position 5 Cth 3

Bianca 
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--ATLKYPSDWEEY 1500.666 12 amino acids long 
with Leu at position 5 Cth 4 Bianca 

Schmid, AG 
Süssmuth, TU 

Berlin--FTLKYPSDWEDE 1528.661
12 amino acids long 
with Leu at position 5 
and Glu at the
C-terminus

Cth 5

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

TIWTFKWPSDWEDS 1796.794
P. agardhii NIVA-
CYA 126 second 
microviridin core 
peptide

MvdF core

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

FATMRYPSDSDE 1417.571 Marinostatin core 
peptide Mst Biomatik 

(USA)

Mdn J with non-canonical amino acids peptide library: Introduction of non-canonical amino 
acids in the sequence of Mdn J
Mdn J with non-canonical amino acids peptide library: Introduction of non-canonical amino 
acids in the sequence of Mdn J
Mdn J with non-canonical amino acids peptide library: Introduction of non-canonical amino 
acids in the sequence of Mdn J
Mdn J with non-canonical amino acids peptide library: Introduction of non-canonical amino 
acids in the sequence of Mdn J
Mdn J with non-canonical amino acids peptide library: Introduction of non-canonical amino 
acids in the sequence of Mdn J

-ISTRK*YPSDWEEW 1921.8665

Microcystis UOWOCC 
MRC microviridin core 
peptide (MdnJ) with 
biotinylated Lys at 
position 6

J-MidBiotin Synpeptide 
(China)

K*ISTRKYPSDWEEW 2049.9618
Introduction of a 
biotinylated Lys at the 
N-terminus

J-Nbiotin Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin-ISTRKYPSDWEEWK* 2049.9618

Introduction of a 
biotinylated Lys at the 
C-terminus

J-Cbiotin

Bianca 
Schmid, AG 

Süssmuth, TU 
Berlin

2.1.8. General Equipment

Falcon centrifuge    Heraeus multifuge 1S-R (Thermo Scientific, 

      USA)

High speed centrifuge    6-16K with rotors 12169H and 12500H (Sigma 

      Laborzentrifugen GmbH, Germany)

Microcentrifuge    PerfectSpin 24R refrigerated centrifuge. (Peqlab 

      Biotechnologie GmbH, Germany)

Gel documentation system   ChemiDoc XRS+ System (Bio-Rad, Germany)

Spectrophotometer     UV-1800 UV Spectrophotometer (Shimadzu, 

      Germany)

SDS-PAGE and western blot equipment Bio-Rad, Germany
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2.2. Methods

2.2.1. Cultivation

Cyanobacteria strains were cultivated in liquid BG-11 medium under constant light conditions 

of approximately 20 µmol photons m-2s-1 at 23ºC.

 E. coli overnight cultures were incubated in LB broth at  37ºC under agitation of 220 

rpm for 16 hours. Expression cultures (400 mL) were incubated under agitation of 220 rpm at 

different temperatures for either 16 hours or 3 days. LB agar plates were incubated at 37ºC for 

16 hours. When required the media were supplemented with antibiotics.

2.2.2. Genomic DNA extraction from cyanobacteria

For the extraction of cyanobacterial genomic DNA the “Metagenomic DNA isolation kit for 

water” was used. Between 5 and 10 mL of a medium- to high-density  culture was centrifuged 

at 10000 g for 10 min. The supernatant was discarded and the manufacturer’s protocol was 

followed from step 7.

2.2.3. mvdB, mvdC, and mvdD cloning

Note: All the primers used in this work are listed in the appendix in Table A1.

The genes mvdB, mvdC, and mvdD were amplified from DNA of P. agardhii NIVA-CYA 126 

using the Phusion polymerase and primers designed to introduce restriction sites (BamHI and 

PstI) flanking the genes. The PCRs were performed on a C1000 Thermal Cycler (Bio-rad, 

Germany) with the conditions described in table 2.2.

Table 2.2. Phusion PCR settings.

PCR mix PCR conditionsPCR conditionsPCR conditionsPCR conditions

1 µL DNA template 
[50-100 ng/µL]

Temperature (ºC) Time (s)

1 µL Fwd primer [10 µM] Initial denaturation 98 180

1 µL Rv primer [10 µM] Denaturation 98 60

4 µL 5x Green HF buffer Annealing ----- 30 30 cycles

0.4 µL dNTPs [10 mM] Extension 72 30/Kb

0.2 µL Phusion Pol. Final extension 72 600

12.4 µL H2O

20 µL total
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 After amplification, 2 µL of the PCRs was analyzed via gel electrophoresis with 1% 

agarose gels containing 50 µg/mL ethidium bromide under 90-110 V. Lambda DNA (Thermo 

Scientific, USA) digested with PstI restriction enzyme and mixed with bromophenol blue was 

used as DNA ladder. The gels were visualized in a gel documentation system. Successful 

PCRs were then purified with the “innuPREP PCR pure kit”. 35 µL of the purified products 

was mixed with 4 µL 10x DreamTaq buffer, 1 µL dNTPs [10 mM], and 1 µL DreamTaq and 

incubated at 72ºC for 10 min for polyadenylation. The polyadenylated products were then 

cloned into pDrive using the “Qiagen PCR cloning kit” for maintenance and posterior 

subcloning.

 5 µL of the ligation reaction was added to a 50 µL aliquot of E. coli TOP10 chemically 

competent cells for transformation. The cells were left on ice for 30 minutes and then heat 

shocked at 42ºC for 45 seconds. Immediately after, 500 µL of SOC medium was added and 

the samples were placed on ice again for 2 minutes. The cells were incubated afterwards at 

37ºC for 1 hour under agitation of 220 rpm, and plated on selective LB agar with X-gal and 

IPTG for blue/white screening. 4 white colonies were normally selected per plate and used to 

prepare overnight cultures. The plasmids were purified from these cultures using the 

“GeneJET Plasmid Miniprep Kit”, and they were later analyzed via restriction reaction and 

gel electrophoresis. The plasmids containing an insert of the expected size were then sent to 

GATC Biotech (Germany) to be sequenced. DNA sequences were analyzed using BLAST and 

SnapGene Viewer 3.1.4.

 The enzymes BamHI and PstI were used to cleave the inserts with correct sequence 

from pDrive. The digestion reactions were set up  according to the manufacturer’s protocol. 

After incubation the digestion was analyzed via agarose gel electrophoresis, and the bands 

with the expected size were excised from the gel and purified with the “GeneJET Gel 

Extraction” kit. Finally, the inserts’ concentration was measured with a Nanodrop ND 2000 

(Thermo Scientific, USA). The vector pQE80L, which is cis-repressed, provides Amp 

resistance and encodes an N-terminal His-tag, was chosen for expression. This vector was 

also digested with BamHI and PstI, and after purification the open vector and inserts were 

ligated with the T4 DNA ligase for 16 hours at 4ºC. 5 µL of the ligation was used to transform 

E. coli BL21 (DE3) as previously  mentioned. After purification the plasmids were sent to 

sequencing, and the constructs with correct sequence were used for expression.
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2.2.4. Optimization of the expression of MvdC and MvdD and affinity chromatography

A first expression test was carried out by inoculating 50 mL of LB medium (supplemented 

with ampicillin) with 2 mL of an overnight culture of transformed E. coli BL21 (DE3) cells 

(1:25 dilution). The cultures were grown at 37ºC under agitation of 220 rpm to an OD600 of 

0.5 and then IPTG was added to a final concentration of 1 mM to induce protein expression. 

The cultures were further incubated at 37ºC for 5 hours, and 8 mL of each culture were 

harvested by centrifugation. The cell pellets were washed once with 1 M Tris-HCl pH 7.5 and 

split into two pellets per culture. One pellet was resuspended in 1 mL lysis buffer and the 

other pellet  was resuspended in 500 µL buffer B. The pellets were then submitted to 

ultrasonication (HD 3100, Bandelin, Germany) for 10 min (3 s on/ 3 s off) with an amplitude 

of 70% on ice. The samples were centrifuged afterwards at 4ºC, maximum speed for 5 min, 

and the supernatants were analyzed via discontinuous SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and western blot. For this, 40 µL of the supernatants were mixed 

with 10 µL of 5x SDS loading dye and incubated at 95ºC for 10 min. The samples were then 

loaded onto the stacking gel (4% acrylamide) together with PageRuler Prestained Protein 

Ladder (Thermo Scientific, USA) and run through a 12.5% acrylamide resolving gel in a Tris-

glycine buffer. The SDS-PAGE was done in duplicates to use one gel for Coomassie blue 

staining and one for western blot. After electrophoresis, the gels were washed thrice with 

ddH2O. In the case of Coomassie staining, the gel was incubated in 20 mL of Coomassie blue 

solution under light agitation overnight. The gel was then washed with ddH2O and submerged 

in 20 mL of destaining solution for one hour before being photographed in a gel 

documentation system. For western blot a 0.45 µm nitrocellulose membrane (GE Healthcare, 

Germany) was used. After blotting, the membrane was washed four times with TBS-T and 

incubated in blocking solution for one hour at RT. The membrane was then washed once with 

TBS-T and incubated with the primary antibody for one hour at RT. Afterwards, the 

membrane was washed four times with TBS-T and incubated with the secondary  antibody for 

one hour at RT. Finally, the secondary  antibody solution was washed away with TBS-T, and 

the membrane was developed with the “Serva Light Polaris CL HRP WB Substrate” kit and 

photographed in a gel documentation system.

 Different expression conditions were tested: 30ºC for 5 hours and 16ºC for 16 hours. 

The cultures were harvested and lysed in 10 mL lysis buffer as aforementioned. After 

centrifugation at maximum speed, a sample of the supernatants was taken (Lysate, L) and they 

were left  in incubation with 1 mL Ni-NTA agarose at 4ºC for 1 hour under constant rotation. 
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The samples were then centrifuged and a sample of the supernatants was taken (Flow through, 

FT) before being discarded. 5 mL of wash buffer 1 was added to the agarose, and the sample 

was vortexed and centrifuged again. A sample was taken (Wash 1, W1) and the wash step was 

repeated once more (Wash 2, W2) before proceeding to elute the proteins in two steps 

(Elution 1 and Elution 2) with 1.25 mL of elution buffer in each step. The samples were 

analyzed via SDS-PAGE and western blot.

 The expression tests were then escalated to 400 mL cultures maintaining the 1:25 

dilution of overnight cultures, and two different expression conditions were tried: 16ºC for 16 

hours and room temperature for 3 days. In the case of the culture incubated at room 

temperature for 3 days the second wash step  was done with wash buffer 2. For the rest of the 

project, the expression of the ATP-grasp ligases of P. agardhii was carried out at room 

temperature for 3 days, with the wash buffer 2 being used for the second wash step.

2.2.5. Gel filtration chromatography and enzyme concentration for crystallography

One of the objectives of the project was to solve the crystal structure of the ATP-grasp ligases 

from P. agardhii. For this reason another step  of protein purification was necessary to prepare 

high purity solutions of the enzymes for crystallization. After purification with Ni-NTA 

agarose the enzyme eluates were further purified by gel filtration chromatography (HiLoad 

16/600 SuperDex 200 column, Äkta Prime Plus, GE Healthcare, Germany) with a buffer 150 

mM NaCl, 20 mM Tris-HCl, pH 7.5. Fractions of 2.5 mL were collected and the ones 

containing the enzyme were pooled together and concentrated by centrifugation (Amicon 

Ultra-4 centrifugal filter units, Millipore, Germany), with its concentration being determined 

through the use of a “Bio-Rad protein assay” kit. The concentrated protein solutions were 

added with glycerol to a final concentration of 10% before being sent to the group of Prof. 

Michael Groll at the Technical University of Munich for crystallization studies.

2.2.6. Engineering of the microviridin ATP-grasp ligases

The enzymes were engineered by overlap extension PCR as described in [68] (Fig. 2.1). 

Briefly, two short DNA sequences with complementary endings were synthesized by PCR in 

the first step. The first sequence contained the SacI restriction site, the partial gene coding for 

the leader peptide of MvdE, the SpeI restriction site, a spacer, the KpnI restriction site, and the 

first nucleotides of the ligase gene. The second sequence was composed of the last 

nucleotides of the partial gene coding for the leader peptide of MvdE, the SpeI restriction site, 
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a spacer, the KpnI restriction site, the ligase gene, and the PstI restriction site. These two 

sequences were combined in an overlap extension PCR, and the final product, starting with 

the SacI restriction site and ending with the PstI restriction site, was cloned into pQE80L. The 

linker coding for the 15x GlySer repetition was prepared from self-complementary 

oligonucleotides containing overhangs identical to those generated by the enzymes SpeI and 

KpnI. The construct was then digested with SpeI and KpnI, and the linker was ligated to it.

SacI

SpeI KpnI

SpeI
KpnI

PstI

SacI PstISpeI KpnI

pQE80L LP-MvdD w/o Linker

SacI PstI

SpeI KpnI

PCR 1
PCR 2

pQE80L MvdD

pQE80L LP-MvdD

Short DNA sequence 1
Short DNA sequence 2

Overlap extension PCR

DNA from
P. agardhii

MvdE

Digestion with SacI and PstI 
and ligation to pQE80L

Digestion with SpeI and KpnI 
and ligation to the linker

15x GlySer coding linker

Figure 2.1. Scheme of the engineering of  the ATP-grasp ligases. A PCR is conducted to amplify the leader 
peptide of MvdE with sites for restriction enzymes and the first nucleotides of the ligase gene.  Another PCR is 
realized to amplify the gene of the ligase with sites for restriction enzymes and the last nucleotides of the leader 
peptide partial gene. The two products are joint in an overlap extension PCR and the final product is cloned into 
pQE80L. Finally the construct is digested with SpeI and KpnI and ligated to the linker. Figure modified from the 
Supp. Inf. of [68].

2.2.7. Algicola sagamiensis ATP-grasp ligase engineering

The gene in the A. sagamiensis genome predicted to be a protein belonging to the MvdD 

family was also engineered by overlap extension PCR as described above. Two engineered 

enzymes with different leader peptide length were created: one with the full length leader 
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peptide (long leader peptide) and one with a leader peptide that ends at a putative double 

glycine motif (short leader peptide) (Fig. 2.2). These constructs were also cloned into 

pQE80L for expression.

Figure 2.2. Marinostatin precursor peptide. The leader peptide is shown in the upper line and the core peptide 
and follower peptide in the lower line. A vertical arrow marks where the “short leader peptide” ends. The 
rectangles in the core peptide show the different amino acid compositions of marinostatin depending on the 
proteolysis it undergoes.

2.2.8. Cyanothece ATP-grasp ligase gene assembly

The approach used to clone and engineer the MvdD-like ligase from Cyanothece was PCR 

assembly. The online tool Primerize (https://primerize.stanford.edu, Stanford University, 

USA) was used to design the primers for the assembly. The sequence of the enzyme 

containing the N-terminal leader peptide was divided in two and these sequences were used as 

input for the tool. A list  of the primers and their recommended annealing temperatures were 

obtained for each of the sequences. The last primer of the first  sequence and the first primer of 

the second sequence were edited manually  to join both sequences. In total 36 primers were 

utilized and the suggested protocol with primer sub-pools from Primerize was followed. In 

sum, instead of assembling all the primers in one PCR, the primers were divided in sub-pools 

and assembled separately. In some cases a nested PCR was required to generate enough DNA 

from a sub-pool. Three primer sub-pools were assembled: Pool 1.- P1-P8, Pool 2.- P7-P24, 

and Pool 3.- P23-36. Pool 2 and pool 3 were then assembled together, and the product from 

this PCR was finally assembled with pool 1. The final construct  was cloned first  into pDrive 

for conservation, and then into pQE80L for expression.

2.2.9. Expression of the engineered ATP-grasp ligases and MvdB

The strain E. coli BL21 (DE3) was also used to express these proteins, and the same 

optimized expression conditions and purification process (including gel filtration) for MvdC 

and MvdD were used to express and purify  the engineered ATP-grasp ligases and the N-acetyl 

transferase from P. agardhii, and the engineered ATP-grasp  ligases from A. sagamiensis. In 

the case of the ATP-grasp  ligase from Cyanothece sp. PCC 7822 the expression conditions 

were 16ºC for 3 days.
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2.2.10.Cyclization assays and one-pot reactions

The reactions were set  up following a previously described protocol [110]: 100 mM Tris-HCl 

pH 8.0, 2.5 mM ATP, 5 mM  MgCl2, 25 mM  KCl, 25 µg MvdD/LP-MvdD (in the case of 

tricyclization also 25 µg MvdC/LP-MvdC), and 80 µg of precursor peptide (in the case of 

trans activation, also 80 µg of the leader peptide). After 16 hours of incubation at 37ºC the 

reactions were quenched with 2 µL 0.5 M EDTA pH 8.0 and 200 µL methanol 100%, and 

evaporated in vacuum. In the first  attempts to establish a one-pot reaction 10 µg of MvdB and 

AcCoA (final concentration 1 mM) were also added to the reaction mix. The one-pot 

reactions were then optimized and carried out in two steps: after the initial incubation with the 

ATP-grasp ligases for 16 hours MvdB and AcCoA were added to the mix and further 

incubated at  37ºC for 6 hours, followed by  quenching with EDTA and methanol, and 

evaporation.

2.2.11.HPLC analysis of the reactions

The samples were redissolved in methanol 80% and filtered through a 0.45 µm membrane 

(Acrodisc 4 mm syringe filter, Pall, Germany) prior to injection into the HPLC (Prominence 

UFLC XR HPLC, Shimadzu, Germany). The column used was a Symmetry Shield RP18, 

particle size 3.5 µM, 4.6 x 100 mm (Waters, Germany), and the following linear gradient was 

used: aq acetonitrile (20%)+TFA (0.05%) to aq acetonitrile (38%)+TFA (0.05%) over 20 min 

at 1.0 mL min-1 flow rate. Fractions containing candidate peaks were collected and either 

evaporated in vacuum for posterior mass spectrometry analysis or lyophilized for 

quantification.

2.2.12.ESI-Q-TOF analysis of the cyclization of the MvdE precursor

The samples of the first cyclization trial, i.e. cyclization of the full-length MvdE precursor 

with MvdD and MvdC, were analyzed via ESI-Q-TOF (Bruker maXis II mass spectrometer) 

by Dr. Ines Starke from the department of Analytical Chemistry of the University of Potsdam.

2.2.13.MALDI-TOF analysis

Dry fractionated samples were resuspended in 10 µL TFA 0.1%. 0.3 µL of the sample solution 

was spotted with 0.3 µL HCCA matrix working solution and analyzed with a Bruker 

microflex LRF equipped with a nitrogen laser (λ= 337 nm). The analysis was done in 

positive-ion reflectron mode (accelerating voltage of 19 kV) and in general approx. 1000 laser 
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shots were averaged to generate a spectrum. The spectra were analyzed with the open source 

software mMass [111].

2.2.14.LC-MS analysis of the pilot one-pot reaction

To verify the PTM of the core region of MvdE by the established in vitro platform, samples of 

the reactions were analyzed via LC-MS in the department of Biochemistry  of the Technical 

University of Berlin.

2.2.15.ESI-HR-MS/MS and MALDI-TOF/TOF studies

To confirm the position of the rings in the synthesized microviridins, samples of bicyclic Mdn 

K, and bicyclic and tricyclic Mdn B, as well as bicyclic Mdn Cth2 and tricyclic Mdn Cth3 

were analyzed via ESI-HR-MS/MS. A methanolic extract of Cyanothece sp. PCC 7822 was 

analyzed via MALDI-TOF/TOF to determine whether this species produces microviridins in 

vivo and if those microviridins are identical to the microviridins produced in vitro. These 

measurements were conducted by Dr. Daniel Petras and Vincent Wiebach from the group of  

Prof. Roderich Süssmuth at the Technical University of Berlin.

2.2.16.Protease inhibition assays

2000 µM  sample solutions were prepared for the inhibition assays by  weighing the 

lyophilized samples separated by HPLC (see section 2.2.11) in an analytical balance (MX5 

microbalance, Mettler Toledo) and redissolving them in the appropriate volume of ddH2O. 

The assays were based on a previously described protocol [106] and were optimized for this 

work as follows: In a 96-well microtiter plate 30 µL of the enzyme working solution and 60 

µL of the buffer (see table 2.3) were pipetted into a series of 6 wells (Fig. 2.3). 10 µL of a 

2000 µM  microviridin solution was then added to well 1 and serially diluted until well 5; well 

6 was used as a control. After completing the serial dilution of the microviridin solution, 10 

µL was subtracted from well 5 to maintain an equal volume in all wells. The plates were then 

incubated for 5 min at room temperature, and subsequently 90 µL of the substrate working 

solution (see table 2.3) was added to each well (180 µL final volume). The enzymatic activity 

was measured spectrophotometrically (Varioskan Flash, Thermo Scientific, USA) at  410 nm 

after incubation at 37ºC for 15 min (elastase assay) or 30 min (trypsin and subtilisin assays). 

The assays were done twice for each sample, and the obtained values were plotted in Origin 

to determine the IC50 of each microviridin variant. In the case of the Mdn K and Mdn B 
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libraries a pre-screen against trypsin and subtilisin was done with the bicyclic form of the 

peptides. When an active variant was found, the tricyclic form and the acetylated tricyclic 

form were synthesized and used in the protease inhibition assays to compare their IC50. In the 

case of the Cyanothece variants the amino acids at position 5 were either Lys, Arg or Leu, 

thus inhibitory activity against trypsin or leucine was expected.

Table 2.3. Working solutions of the reagents used for the protease inhibition assays
Protease working solution Substrate working solution Buffer

Elastase [1.5 U mL-1]
N-Succinyl-Ala-Ala-Ala-p-
nitroanilide (Suc-AAA-pNA) 
[1 mg mL-1]

50 mM Tris-HCl, 20 mM 
CaCl2, pH 7.5

Trypsin [100 µg mL-1] 
(approx. [150 U mL-1])

Nα-Benzoyl-DL-arginine 4-
nitroanilide hydrochloride 
(BAPNA) [2.17 mg mL-1]

50 mM Tris-HCl, 20 mM 
CaCl2, pH 7.5

Subtilisin [100 µg mL-1] 
(approx. [1.05 U mL-1])

N-Succinyl-Ala-Ala-Pro-Phe-
p-nitroanilide (Suc-AAPF-
pNA) [0.05 mg mL-1]

PBS

1   2    3   4    5   6 30 µL Enzyme sol.
60 µL Buffer
90 µL

Microviridin solution
2000 µM

10 µL
Waste

Mdn 1

Mdn 2

Mdn 3

Mdn 4

100 10 1 0.1 0.01 -

Microviridin final conc. (µM)
a) b)

Substrate solution
90 µL

Final volume
180 µL

Figure 2.3. Scheme of a protease inhibition assay. a) 30 µL of the enzyme solution and 60 µL of the 
correspondent buffer were pipetted into each well. A serial dilution of the microviridin solution is carried out 
from well 1 to 5 and the plate is incubated for 5 min at room temperature. Well 6 is the control. b) 90 µL of the 
substrate solution is added to each well and after incubation at 37ºC the plate is read. The assay is done twice per 
microviridin variant.
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3. Results

3.1. Enzyme preparation optimization and establishment of the in vitro platform

3.1.1. Optimization of the expression of MvdC and MvdD

Work on the expression of the ATP-grasp ligases from P. agardhii had been previously  carried 

out in the group  of Prof. Dittmann, however no active MvdC could be obtained [110]. Thus, 

the first task of this study  was to achieve overexpression of functional ligases, not only 

because this was a prerequisite for the efficient  expression of engineered variants but also to 

prepare high concentration solutions for crystallography. To achieve this goal, the vector 

pQE80L was chosen as expression vector and conditions with different temperatures and 

incubation times were tested. In a first attempt, protein expression was done at 37ºC for 5 h. It 

is worth noting that the bulk of the protein produced with these conditions was found in the 

insoluble fraction. For this reason conditions with lower temperatures had to be tested: 30ºC 

for 5 hours, 16ºC for 16 hours, and room temperature for 3 days. A clear improvement in the 

expression of the enzymes was observed when incubating the cultures at  room temperature 

for 3 days (Fig. 3.1). A typical enzyme yield would be of approx. 12 µg enzyme/mL culture 

for MvdD, and 9 µg enzyme/mL culture for MvdC. Although these results were still not 

perfect, they were good enough to set these expression conditions as standard for the rest of 

the work.

M
Lys FT W1 W2 E1 E2

35

55

kDa

25

70

LysFTW1W2E1E2

MvdC

40

MvdD MvdC MvdD

Lys FT
M

W1 W2 E1 E2 kDa LysFTW1W2E1E2

35

55

25

70

40

a) b)

Figure 3.1. Comparison of the expression of  the ATP-grasp ligases from P. agardhii with two different 
conditions. SDS-PAGE gel and western blot (anti-His tag antibody) of the proteins expressed at a) 16ºC for 16 
hours after induction with IPTG. b) Room temperature for 3 days after induction with IPTG. The samples 
corresponding to MvdC (MW: 36.8 kDa) can be seen on the left part of the gels and the samples corresponding 
to MvdD (MW: 37.5 kDa) on the right part. M: Protein ladder; Lys: Lysate; FT: Flow-through; W1-W2: Wash 
fractions; E1-E2: Elution fractions.
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3.1.2. Activity tests of MvdC and MvdD

To test whether the expression conditions used in combination with the pQE80L vector 

produced active ligases, in vitro cyclization assays with the full-length MvdE precursor were 

carried out. After analyzing the result  of the reactions by  HPLC and observing a shift in the 

retention time of the precursor peak (Fig. 3.2), the fractionated samples were analyzed in the 

department of Analytical Chemistry of the University  of Potsdam by Dr. Starke via ESI-Q-

TOF. The results of these measurements can be seen in figures 3.3-3.5. By  using the m/z value 

of the lightest  isotope of each spectrum to calculate the monoisotopic mass of the peptide the 

following masses were obtained: 5382.619 Da for MvdE, 5346.6024 Da for the product of the 

reaction between MvdE and MvdD, and 5328.5875 Da for the product of the reaction between 

MvdE and the two ATP-grasp ligases. By comparing these masses it  was observed that the 

product of the reaction with MvdD had a mass 36 Da lighter than the linear core peptide 

MvdE, and the product of the reaction with both ligases had a mass 54 Da lighter than the 

linear core peptide MvdE. This corresponded to the expected 18 Da mass loss for each lactone 

or lactam ring introduced in the molecule, thus it was assumed that the expressed ATP-grasp 

ligases were active.
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Figure 3.2. PTM of  the precursor peptide MvdE. HPLC chromatograms of a) The precursor peptide MvdE 
(1); b) Bicyclic product (2) result of the incubation of MvdE with MvdD; c) Tricyclic product (3) result of the 
incubation of MvdE with MvdD and MvdC.
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Figure 3.3. ESI-Q-TOF 
analysis of  (1). The 
determined monoisotopic 
mass of this sample is 
5382.619 Da. (See Fig. 
3.2a.

Figure 3.4. ESI-Q-TOF 
analysis of  (2). The 
determined monoisotopic 
mass of this sample is 
5346.6024 Da. (See Fig. 
3.2b.

Figure 3.5. ESI-Q-TOF 
analysis of  (3). The 
determined monoisotopic 
mass of this sample is 
5328.5875 Da. (See Fig. 
3.2c.



 After corroborating that the enzymes were active, the decision was made to test if they 

were also capable of processing the MvdE core region when the leader region was added in 

trans, i.e. as a separate peptide. These reactions were analyzed first by HPLC, and the 

fractionated samples were then analyzed by MALDI-TOF. The results of these analyses 

showed that both ligases are able to cyclize the MvdE core peptide when the leader peptide is 

added in trans, as depicted in figure 3.6.

Fig. 3.6. Activation in trans of the microviridin PTM enzymes. HPLC chromatograms of a) The leader (7) 
and core (4) regions of MvdE; b) Bicyclic product (5) result of the incubation of the core peptide with MvdD in 
presence of the leader peptide; c) Tricyclic product (6) result of the incubation of the core peptide with MvdD 
and MvdC in presence of the leader peptide.

3.1.3. Expression of the engineered ATP-grasp ligases and MvdB

As mentioned in the introduction of this study, the modification of PTM  enzymes from other 

RiPP families through the covalent attachment of their cognate leader peptide to their N-

terminus successfully rendered constitutively active enzymes capable of processing cognate 

precursor peptides without leader region. Therefore, one of the main goals of the present work 

was to emulate this achievement with the microviridin biosynthetic machinery  (Fig. 3.7). 

After creating the envisioned constructs, the engineered enzymes were expressed using the 

same optimized conditions as for the natural ATP-grasp ligases from P. agardhii. The 

microviridin tailoring enzyme MvdB was expressed with these conditions too (Fig. 3.8).
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ATP ATP

MvdD LP-MvdD MvdC LP-MvdC

Figure 3.7. Schematic representation of the cis activation of the microviridin PTM enzymes. It was 
hypothesized that the attachment of the leader peptide via a linker to the N-terminus of the enzymes would 
activate them constitutively. LP: Leader peptide.
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Figure 3.8. Expression of the engineered ATP-grasp ligases and N-acetyltransferase from P. agardhii.  
SDS-PAGE gel of the eluate fraction of the engineered ATP-grasp ligases (LP-MvdC MW: 43.2 kDa; LP-MvdD 
MW: 44 kDa) and N-acetyltransferase (MvdB MW: 19.6 kDa) from P. agardhii. M: Marker.

3.1.4. Gel filtration chromatography and crystallization studies

Gel filtration chromatography was an essential step in the purification of the engineered 

ligases for successful peptide cyclization, as demonstrated by assays carried out with enzymes 

that had only been purified through affinity chromatography where no peptide cyclization 

could be observed. Gel filtration was also necessary to prepare high purity solutions of the 

natural ATP-grasp  ligases from P. agardhii for crystallization. Typical gel filtration 

chromatograms of the natural and engineered ligases from P. agardhii can be seen in figures 

3.9-3.10. By comparing the chromatograms of the ligases to those of molecular weight 

markers, an apparent molecular weight of approx. 65 kDa and over 70 kDa can be assigned to 

the natural and engineered ligases, respectively. This is in agreement with the expected 

homodimeric structure of an ATP-grasp ligase [56]. Since the enzymes had been previously 

purified via affinity chromatography, few contaminants can be observed in the gel filtration 

chromatograms.
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Carbonic 
anhydrase

29 kDa

Figure 3.9. Gel filtration chromatography of  MvdC and MvdD. In green the chromatogram correspondent to 
MvdC. In red the chromatogram correspondent to MvdD. In blue the chromatogram of MW markers. Both ATP-
grasp ligases eluted around minute 150, similar to albumin. The buffer used was 150 mM NaCl, 20 mM Tris-
HCl, pH 7.5.

β-amylase
200 kDa

Albumin
66 kDa

Carbonic 
anhydrase

29 kDa

Figure 3.10. Gel filtration chromatography of LP-MvdC and LP-MvdD. In green the chromatogram 
correspondent to LP-MvdC. In red the chromatogram correspondent to LP-MvdD. In blue the chromatogram of 
MW markers. Both engineered ATP-grasp ligases eluted around minute 140. The buffer used was 150 mM NaCl, 
20 mM Tris-HCl, pH 7.5.

 For the crystallization studies highly concentrated and pure solutions of MvdC and 

MvdD were prepared (Fig. 3.11). Despite numerous crystallization attempts carried out by 

Prof. Groll’s group at the Technical University of Munich and including the addition of 

MgCl2, ATP, ATP analogues, the MvdE precursor, the leader and core peptides, and the 

expression of the enzymes using the SUMO vector for solubility enhancement, no crystals 

were obtained. The crystallization attempts were stopped after Li et al. published the solved 

structures of MdnB and MdnC [56].
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Figure 3.11. MvdC and MvdD solutions. Highly concentrated and pure solutions of the ligases from                
P. agardhii were used for crystallization studies.

3.1.5. Activity tests and development of the one-pot reaction

To determine if the engineered enzymes were functional, a first test with their cognate 

substrate, the core region of MvdE, was carried out. Three different assays with the core 

peptide of MvdE were prepared: One containing only LP-MvdD, one containing LP-MvdD 

and LP-MvdC, and one containing LP-MvdD, LP-MvdC and MvdB (one-step  one-pot 

reaction). The reactions were analyzed via HPLC after being quenched with methanol and 

EDTA. Since the cyclized peptides are more hydrophobic than the linear precursors, a higher 

retention time was expected for each peptide with the introduction of each ring. Acetylation 

would in turn also increase the retention time of the peptide. For this reason when a peptide 

peak was observed to be shifted to a later retention time after incubation with the enzymes, it 

was considered that the reaction had been successful and the collected fractions were then 

analyzed via MALDI-TOF for verification. When the MALDI-TOF results showed a mass 

loss of 18 Da, 36 Da or 54 Da compared to the monoisotopic mass of the linear precursor, it 

was assumed that one, two or three cyclizations had occurred, respectively. When a mass 

increment of 42 Da was observed, it was assumed that the peptide had been acetylated. The 

MALDI-TOF spectra can be seen in the figure A1 in the appendix.

 In the HPLC chromatogram of the one-step one-pot reaction three peaks with a higher 

retention time were witnessed (Fig. 3.12). MALDI-TOF analyses revealed that these peaks 

corresponded to an acetylated monocyclic peptide, an acetylated bicyclic peptide and the 

acetylated tricyclic peptide (mature microviridin). To increase the yield of the latter, the 

decision was made to split the one-pot reaction in two steps: An initial incubation period with 

only the ligases followed by the addition of AcCoA and the N-acetyltransferase.
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Figure 3.12. HPLC analysis of the one-step one-pot reaction of the synthesis of microviridin K. In the gray 
chromatogram the peak of the precursor core peptide MvdE (4) can be seen before minute 6.  In the black 
chromatogram three peaks with a higher retention time can be observed, corresponding to two acetylated 
intermediates (8-9) and the mature Mdn K (10).

 The cyclization assays were repeated including a two-step one-pot reaction. These 

reactions were then analyzed via LC-MS in the department of Biochemistry of the Technical 

University  of Berlin. The results of these analyses can be observed in figure 3.13. For the rest 

of the work one-pot reactions were carried out in two steps.
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Figure 3.13. In vitro maturation of  the MvdE 
core peptide. LC-MS chromatograms of a) The 

core region of MvdE (4); b) Bicyclic product (5) 
result of the incubation of the core peptide of 

MvdE with LP-MvdD; c) Tricyclic product (6) 
result of the incubation of the core peptide of 

MvdE with LP-MvdD and LP-MvdC; d) Mature 
Mdn K (10) result of the incubation of the core 

peptide of MvdE with LP-MvdD and LP-MvdC 
in a first step,  followed by addition of MvdB and 

AcCoA (two-steps one-pot reaction).
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3.2. Implementation of the in vitro platform for the synthesis of microviridins

3.2.1. Production of synthetic microviridin variants from peptide libraries

After demonstrating the functionality of the in vitro platform, its first application was to 

produce a microviridin library to screen for novel variants which showed enhanced protease 

inhibition. The Mdn K and Mdn B amino acid sequences, YGNTMKYPSDWEEY and 

FGTTLKYPSDWEEY respectively, were selected as backbones for the libraries since Mdn K 

is the variant produced by P. agardhii, and Mdn B, similar in sequence to Mdn K, had 

previously  shown potent protease inhibition [39]. The focus of these libraries was the 5th 

amino acid position due to its pivotal role in protease inhibition. Thus the peptide libraries, 

synthesized via SPPS, were composed of the backbone of Mdn K or Mdn B with a 

substitution at the 5th position with all 20 proteinogenic amino acids. The workflow for the 

screening was planned as follows: First, bicyclic variants would be generated by incubation 

with LP-MvdD and their mass would be determined via MALDI-TOF. Then, the bicyclic 

variants would be screened for inhibitory  activity against trypsin and subtilisin. Finally, for 

those active variants found, the tricyclic and acetylated tricyclic forms would be synthesized 

and their inhibitory activity  would also be measured. An overview of this workflow can be 

seen in figure 3.14.

Figure 3.14. Overview of the production of synthetic microviridins with improved bioactivity. The Mdn K 
and Mdn B libraries were bicyclized and analyzed via MALDI-TOF. Then, the bicyclic variants were screened 
for bioactivity. Finally, the maturated forms of the active variants were synthesized and their bioactivity was 
measured too.

 The great majority of the variants were successfully bicyclized, normally with yields 

>80%, however there were two noteworthy cases in both libraries where the cyclization was 

hindered: when the amino acid at  position 5 was a Cys or a Pro. In the case of the Mdn K 

library, the variant with Thr could not be cyclized either (Fig. 3.15 and Table A2).
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Mdn K library

Mdn B library

Figure 3.15. Summary of the bicyclization assays with the Mdn K and Mdn B libraries. The results of the 
bicyclization were similar for both libraries, except that for the Mdn K library, bicyclization of the variant 
carrying Thr at position 5 was not possible.

 As mentioned before, the modification of the variants was verified by MALDI-TOF 

analysis, and the spectra of the active variants can be found in the appendix. Nevertheless, 

MALDI-TOF analysis only renders the mass of the modified peptide. Although the 18 Da 

mass difference corresponds to the loss of a water molecule, this does not necessarily 

demonstrate the formation of a ring, nor does it show its position in the peptide. For this 

reason further analysis was required to prove the formation of the lactone and lactam rings, 

and their positions in the peptide. Tandem mass spectrometry was chosen for this purpose 

over NMR because of the small sample amounts needed for the measurements. Samples of 

Mdn K and Mdn B were analyzed via ESI-HR-MS/MS since it was rationalized that these 

variants, as lead compounds of the libraries, would serve as proof-of-principle for the correct 

cyclization of the libraries. A summary of the results of these measurements can be seen in 

figure 3.16, demonstrating the expected lactonization and lactamization of the peptides.
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Figure 3.16. Tandem mass spectrometry analysis of Mdn K and Mdn B. A scheme of each variant depicts the 
ions found on each deconvoluted MS/MS spectrum.

 The active variants found in the screening against  the representative serine proteases 

trypsin and subtilisin can be found in table 3.1. In the case of M5F and L5D the amount of 

bicyclic peptide generated was not enough to use in the assays, therefore these variants were 

not tested. In the case of L5Y, only the bicyclic variant  could be tested due to an scarce supply 

of the synthetic peptide. All the active variants could be tricyclized and acetylated with 

satisfactory yields.
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Table 3.1. Results  of the  protease  inhibition assays  for the  Mdn K and Mdn B libraries. ND: Not 
determined.

Microviridin
Trypsin 
IC50 µM

Subtilisin 
IC50 µM

Microviridin
Trypsin 
IC50 µM

Subtilisin 
IC50 µM

Mdn K library: YGNTMKYPSDWEEYMdn K library: YGNTMKYPSDWEEYMdn K library: YGNTMKYPSDWEEY Mdn B library: FGTTLKYPSDWEEYMdn B library: FGTTLKYPSDWEEYMdn B library: FGTTLKYPSDWEEY

M5M Bicyclic
Inactive 
(>100)

8.3 ± 0.06 L5R Bicyclic 0.76 ± 0.02
Inactive 
(>100)

M5M Tricyclic ND 3.9 ± 0.04 L5R Tricyclic 0.09 ± 0.002 ND

M5M Ac-tricyclic ND 5.2 ± 0.32 L5R Ac-tricyclic 0.05 ± 0.01 ND

M5R Bicyclic 1.78 ± 0.23
Inactive 
(>100)

L5Q Bicyclic
Inactive 
(>100)

26.7 ± 2.6

M5R Tricyclic 0.41 ± 0.05 ND L5Q Tricyclic ND 10.4 ± 1.1

M5R Ac-tricyclic 0.20 ± 0.02 ND L5Q Ac-tricyclic ND 4.8 ± 0.39

M5K Bicyclic 3.13 ±0.10
Inactive 
(>100)

L5M Bicyclic
Inactive 
(>100)

9.2 ± 1.4

M5K Tricyclic 0.48 ± 0.11 ND L5M Tricyclic ND 4.3 ± 0.14

M5K Ac-tricyclic 0.17 ± 0.01 ND L5M Ac-tricyclic ND 4.8 ± 0.14

L5K Bicyclic 0.22 ± 0.05
Inactive 
(>100)

L5K Tricyclic 0.36 ± 0.01 ND

L5K Ac-tricyclic 0.35 ± 0.03 ND

L5Y Bicyclic
Inactive 
(>100)

38.2 ± 0.20

3.2.2. Synthesis of genome-mined microviridins

A second application for the designed platform was to synthesize bioinformatically predicted 

microviridins. Microviridin BGCs were mined from the database at NCBI by  the group  of 

Prof. David Fewer at the University of Helsinki. The BGCs found belonged to the 

cyanobacteria, bacteroidetes, and proteobacteria phyla, with the majority encoding the ω-ester 

and ω-amide ATP-grasp ligases. The microviridin precursor peptides could be divided in three 

main classes according to their structure (Fig. 3.17). Precursor peptides belonging to the first 

class contain a leader region per core region. The marinostatin precursor peptide, which was 

also assigned to the first class, possesses a double glycine motif and short sequences N- and 

C-terminal to the microviridin motif which are not present in the final product (Fig. 2.2 and 
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3.17). Class II precursor peptides exhibit a single leader region for up to five core regions. 

The core regions can be consecutive or separated by double glycine motifs. Finally, the 

precursor peptides of the third class show a single leader region separated by a double glycine 

motif from a long region which contains the conserved microviridin motif at the C-terminus.

Class I

Class II

Class III

1-10 mvdE genes, 1 core region
(Cyanobacteria)

1-3 mvdE genes, 2-5 core regions
(Cyanobacteria/Proteobacteria)

1-4 mvdE genes, 1 core region
(Bacteroidetes)

Figure 3.17. Classification of the microviridin precursor peptides. Three major classes based on structural 
features were assigned to the mined microviridin precursor peptides. Noteworthy, class I precursors are 
characteristic of cyanobacteria, precursors from class II can be found in cyanobacteria and proteobacteria, and 
class III precursors are largely restricted to the bacteroidetes. GG: double glycine motif; SS: short sequence 
stretch.

 The microviridin BGC of the species Cyanothece sp. PCC 7822, which belongs to the 

class I, is an exceptional example since it codifies for ten precursor peptides (Fig. 3.18). The 

Cyanothece sp. core peptides varied between 12-14 amino acids and carried either Leu, Arg or 

Lys at the key position 5, prompting the hypothesis that this species produces a cocktail of 

microviridins with protease inhibitory activity (Table 3.2). For this reason, five representative 

core peptides were selected out  of the ten encoded in the genome of Cyanothece sp. PCC 

7822 for a third peptide library (Table 3.2). Another member included in this library was the 

core peptide of the microviridin-related compound marinostatin. The BGC of marinostatin, 

which is found in the genome of the species Algicola sagamiensis (previously known as 

Alteromonas sagamiensis), does not encode an ω-amide ligase, hence the mature product  is a 

twelve amino acids-long peptide that carries only two lactone rings [112]. The last member of 

this library was the second precursor peptide encoded in the BGC of P. agardhii NIVA-CYA 

126, MvdF.

bp

Precursor peptides
(mvdE)

ATP-grasp ligases
(mvdC)     (mvdD)

Open Reading Frames ABC-transporter
(mvdA)

N-AT.
(mvdB)

Figure 3.18. Microviridin BGC of Cyanothece sp. PCC 7822. Ten microviridin precursor peptides are encoded 
in the genome of this species. Three additional open reading frames of unknown function are found in the BGC. 
The homologous genes of P. agardhii are indicated in parenthesis. N-AT.: N-acetyltransferase.
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Table 3.2. Bioinformatically predicted microviridin core peptides in the genome of Cyanothece 
sp. PCC  7822. The variants selected for the library (black rectangle) exhibit  different length and 
amino acids at position 5 (underlined).

Putative microviridinsPutative microviridins Putative microviridinsPutative microviridins

Cth 1 YQNTLKYPSDWEEY Cth 6 -YVTKKYPSDWEDY

Cth 2 -TVTRKYPSDWEDY Cth 7 YQNTLKYPSDWEDY

Cth 3 -YVTKKYPSDWEEY Cth 8 YQNTLKYPSDWEDY

Cth 4 --ATLKYPSDWEEY Cth 9 -YVTKKYPSDWEEY

Cth 5 --FTLKYPSDWEDE Cth 10 -IFTLKFPSDWEDS

 A schematic representation of the results of the PTM  assays with this library can be 

seen in figure 3.19. and in more detail in table A3. Of particular note is that Cth 1, being 

similar in sequence to the core region of MvdE, could only be bicyclized with satisfactory 

yields. It is also surprising that the core peptide of MvdF could not be processed by its 

cognate biosynthetic machinery. Finally, the core peptides that  are twelve amino acids long 

were poorly modified or not modified at all.

Figure 3.19. Results of the PTM assays with the genome-mined microviridins. While Cth 2 and Cth 3 could 
be fully maturated with satisfactory yields, Cth 1 and Cth 4 could only be bicyclized.  Cth 5, Mst,  and MvdF 
could not be processed at all.

                                                                                                                                   3 RESULTS

62



 A methanolic extract of a culture of Cyanothece sp. PCC 7822 was analyzed via 

MALDI-TOF/TOF to determine whether this species produces microviridins in vivo and if 

those microviridins are identical to the microviridins synthesized in vitro. Two Cyanothece sp. 

microviridin variants were then analyzed via ESI-HR-MS/MS to demonstrate that although 

the ATP-grasp ligases from P. agardhii are not  their cognate enzymes, the precursor peptides 

from Cyanothece sp. were correctly processed by them. The summarized results of these 

analyses can be seen in Figure 3.20-3.21.

      

a)

     

b)

Figure 3.20.  MALDI-TOF and MALDI-TOF/TOF analyses of the methanolic extract of  Cyanothece sp. 
PCC 7822. a) MALDI-TOF scan of the methanolic extract. 4 masses depicted in the scan correspond to 
acetylated tricyclic microviridins encoded in the microviridin BGC of Cyanothece sp. PCC 7822. b) MALDI-
TOF/TOF of the extract. The ion with a m/z of 1695.8199 was fragmented to corroborate that it represents 
microviridin Mdn Cth3. A scheme of this variant depicts the ions found on the deconvoluted MS/MS spectrum.
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Figure 3.21. Tandem mass spectrometry analysis of  the Cyanothece sp. microviridin variants Mdn Cth2 
and Mdn Cth3. A scheme of each variant depicts the ions found on each deconvoluted MS/MS spectrum.

 The bicyclic Cth 1 and Cth 4, and the acetylated tricyclic Cth 2 and Cth 3 were used 

for the inhibition assays of the microviridins from Cyanothece sp. (Fig. 3.22). It was expected 

that they were active against trypsin or elastase due to the Arg and Lys, or Leu at their 5th 

position, respectively. The bicyclic variants had a potency in the low micromolar range while 

the fully maturated variants were active in the low nanomolar range (Table 3.3).
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Cth 1 Cth 2

Cth 3 Cth 4

Figure 3.22. Structures of  the Cyanothece sp. microviridins used for inhibition assays. The ω-ester and      
ω-amide bonds, as well as the acetyl group are marked in gray ellipses.

Table 3.3. Results of the protease  inhibition assays with the Cyanothece sp. microviridins. ND: 
Not determined.

Microviridin Trypsin IC50 nM Elastase IC50 µM

Cth 1 Bicyclic ND 1.05 ± 0.20

Cth 2 Ac-tricyclic 28.4 ± 4.0 ND

Cth 3 Ac-tricyclic 21.5 ± 0.6 ND

Cth 4 Bicyclic ND 21.85 ± 3.35

 After becoming aware of the potent inhibition that these variants had shown, it was 

agreed that the ω-ester ligases from Cyanothece sp. and A. sagamiensis would be cloned and 

engineered in an attempt to cyclize the shorter core peptides Cth 5 and Mst. The method used 

to engineer the ligase from A. sagamiensis was overlap  extension PCR with two different 

leader peptide lengths, however for the ligase from Cyanothece sp. a gene assembly 

methodology was followed (see 2.2.7-.8). Upon sequencing the final Cyanothece sp. ligase 

construct, it was noted that the linker region was shorter than designed: Instead of coding for 

a 15x GlySer repetition the sequence coded for a 8x GlySer repetition. Nevertheless it was 

decided to use this construct based on the fact that Oman et al. showed that an engineered 

enzyme with a 10x GlySer repetition linker was constitutively activated too but to a lesser 

degree than that with a 15x GlySer repetition [68]. In the case of the ligase from                    
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A. sagamiensis the expression conditions used were the same as for the ligases from              

P. agardhii, but for the ligase from Cyanothece sp. the expression temperature had to be 

lowered to 16ºC (Fig. 3.23).

Short 
leader 

peptide

Long 
leader 

peptide
M

kDa

55
40
35
25

15

RT 16ºC
M

kDa

55

40
35

25

a) b)
Figure 3.23.  Expression of the engineered ATP-grasp ligases from Cyanothece sp. PCC 7822 and A. 
sagamiensis. SDS-PAGE gels of the eluate fraction of the engineered ATP-grasp ligases from a) A. sagamiensis, 
engineered with two different-length leader peptides (short leader peptide ligase MW: 43.5 kDa; long leader 
peptide ligase MW: 44.9 kDa); and b) Cyanothece sp.  PCC 7822 (MW: 42 kDa) expressed at two different 
temperatures. M: Marker; RT: Room temperature.

 The expressed engineered ligases from these two species were purified following the 

same protocol as for the ligases from P. agardhii, and they were utilized in cyclization assays 

with controls and the short core peptides Cth 5 and Mst. Unfortunately no modification could 

be observed for any of the core peptides used. Finally, it was decided against trying to 

optimize the assays due to the amount of time required.

3.2.3. Synthesis of microviridins harboring non-canonical amino acids

A further aim of this work was to determine whether the microviridin structure would support 

the introduction of ncAAs. Apart from the possibility of enhancing the inhibitory activity, 

microviridin scaffolds harboring ncAAs could be employed as a molecular tool for research, 

for example to identify binding partners of microviridin (pull-down assays) or to determine 

the intracellular localization of microviridin (fluorescent labeling). Biotinylated lysine was 

chosen for the first experiments with ncAAs because of its potential to be used in pull-down 

assays with avidin. For this library  the backbone of Mdn J, ISTRKYPSDWEEW, was used 

since it had been demonstrated that this particular variant causes lethal molting disruption in 

microcrustaceans [100], making it interesting to use in a pull-down assay  with extracts from 

these particular microcrustaceans. A biotinylated lysine was introduced either at the N- or    
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C-terminus of the peptide, or replacing the proteinogenic lysine at position 6. It was deemed 

rational that the production of bicyclic variants would suffice for pull-down assays based on 

the fact that bicyclic microviridins also exhibit bioactivity. The inhibitory activity of these 

microviridins was to be tested nevertheless to verify their functionality. The peptide with the 

Lys(biotin) in the middle of the molecule could not be cyclized at all, whereas the peptides 

with the Lys(biotin) at  the N- or the C-terminus could be bicyclized or monocyclized, 

respectively (Fig. 3.24). The modifications were corroborated by  MALDI-TOF analyses and 

the correspondent spectra can be found in figure A.3 in the appendix. Finally, both the mono- 

and the bicyclic variants showed inhibitory activity against trypsin in the low micromolar 

range, accounting for an specific interaction (Table 3.4).

a) b)

Figure 3.24. Biotinylated microviridins. a) Bicyclic structure of a Mdn J variant carrying an N-terminal 
biotinylated Lys (in gray). b) Monocyclic structure of a Mdn J variant carrying a C-terminal biotinylated Lys (in 
gray). The ω-ester bonds are marked in gray ellipses.

Table 3.4. Results of the trypsin inhibition assays with biotinylated microviridins.

Peptide Trypsin IC50 µM

Bicyclic 
N-biotinylated Mdn J 0.42 ± 0.09

Monocyclic
C-biotinylated Mdn J 4.84 ± 0.24
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4. Discussion
Recent technological advances have enabled a better understanding of the PRPS. Knowledge 

on leader peptide-dependent activation of PTM enzymes has, in turn, permitted the creation of 

hundreds of synthetic RiPP analogs, some of them with improved bioactivities. The present 

study exploited this information to establish an efficient in vitro platform for the production of 

microviridin analogs. The utilization of this platform has provided more information 

regarding the substrate specificity  of the microviridin PTM enzymes. Moreover, the modular 

nature of the microviridin biosynthetic pathway  allowed for the production and isolation of 

intermediates that could be used to analyze SARs between microviridins with increasing level 

of PTMs and their target proteases. On the whole, the insights into RiPP synthesis gained 

through this work contribute to the common goal of synthesis of novel RiPPs through the 

modularization of the PRPS pathways. These results will be discussed in the present section.

4.1. Heterologous overexpression of MvdC, MvdD, and MvdB

Although heterologous expression of the P. agardhii microviridin ATP-grasp ligases had been 

achieved before, the yield of soluble enzyme was low and in some cases the enzymes 

produced were inactive [102, 110]. For this reason a new attempt to overexpress these 

proteins was carried out. It  was observed that expression at room temperature resulted in 

higher amounts of soluble protein compared to expression at 37ºC. A possible explanation for 

this is that  at  low temperatures the cellular processes slow down, enhancing correct protein 

folding and avoiding protein aggregation [113]. The optimized methodology yielded active 

enzymes in amounts greater than for any methodology previously used in Prof. Dittmann’s 

group, nevertheless the yield of MvdC, the amide ligase, was always lower than that of 

MvdD, in agreement with previous results [110]. The difference in the yield is notable since 

the ligases share a sequence similarity  of 57%. It  had been previously proposed that 

interaction with other microviridin biosynthetic proteins is required for stabilization of the 

amide ligase. Weiz et al. observed that expression in E. coli of the microviridin cassette from 

M. aeruginosa NIES 843 lacking the ABC-transporter resulted in decreased abundance of the 

amide ligase, as compared with the expression of a cassette containing all the genes [103]. 

This could offer an explanation for the difference in the yield of the ligases. A second 

explication might  be the presence of motifs that negatively regulate gene expression in the 

sequence of MvdC. By using the GenScript rare codon analysis tool (https://

www.genscript.com/tools/rare-codon-analysis, GenScript, USA), it  was determined that the 
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DNA sequences of both enzymes are suitable for heterologous expression in E. coli. However, 

the sequence of MvdC contains four negative cis elements compared to none in the sequence 

of MvdD. Finally, the yield of the N-acetyltransferase MvdB was outstanding, in line with the 

results of Philmus et al. [102].

4.2. Substrate recognition and activation of the microviridin ATP-grasp ligases

A great deal has been achieved in recent years regarding the understanding of the mechanism 

by which the PTM  enzymes recognize their substrates. It had long been suspected that the 

leader region of the precursor peptide had a major role in substrate recognition and activation 

of the PRPS biosynthetic machineries based on different pieces of evidence, for example that 

removal of the leader peptide would, in some cases, completely  abolish RiPP production. The 

identification of the leader peptide recognition motif RRE (see section 1.3) helped to 

comprehend the molecular basis underlying the interaction between the PTM  enzymes and the 

leader peptides of the majority of the prokaryotic RiPP families known to date (Fig. 4.1). 

Nonetheless, the RRE could not be identified in the ligases of the microviridin pathway [57].

LynD
(Cyanobactin family)

NisB
(Lanthipeptide family)

Figure 4.1. Comparison of the RRE in the cyclodehydratase LynD and the dehydratase NisB. Part of the 
leader peptide (yellow) adopts a β-stand conformation and interacts with the three-stranded antiparallel β-sheet 
of the RRE domain (purple and cyan), resulting in a four-stranded β-sheet. Image taken from [57].

 Although the microviridin PTM enzymes do not recognize their leader peptide through 

the mentioned RRE, interaction with the former does promote enzyme activation. 

Modification of the microviridin core peptide by the ATP-grasp ligases could not be observed 

when the leader peptide was missing, however, when the latter was added in trans, cyclic core 

peptides could be detected. This is congruent with findings from analogous experiments 
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carried out with other RiPP biosynthetic machineries [54, 68, 78, 114], and supports the 

hypothesis that the leader peptide induces a conformational change in the PTM enzymes that 

allows for successive modification of the core peptide [58].

 To shed light on the mechanism behind the interaction of the microviridin PTM  

enzymes and their leader peptide, crystallization attempts were carried out  in a cooperation 

with the group of Prof. Groll from the TU Munich. Unfortunately despite numerous efforts no 

crystals of MvdD or MvdC could be obtained. Parallel to the present study, the group of Li et 

al. published the solved structures of MdnC and MdnB, enzymes homologous to MvdD and 

MvdC, respectively [56]. The ester ligase was crystallized in complex with its cognate leader 

peptide, providing an insight into the mechanism underlying substrate recognition (Fig. 4.2). 

The conserved PFFARFL motif in the microviridin leader peptide adopts an α-helix 

conformation and interacts with the helix α7 of the ligase. This differs from the mode of 

interaction between leader peptide and PTM enzymes that possess the RRE. Of particular 

importance are the Arg in the PFFARFL motif, and the Glu191, Asp192 and Asn195 of MdnC 

α7 due to the electrostatic interactions established between them [56].

Figure 4.2. Model of the interaction between the microviridin precursor peptide and the ester ligase 
MdnC. The structure of MdnC and the leader peptide could be resolved. The nucleotide, Mg2+ and core peptide 
were modeled. It can be appreciated that the conserved motif PFFARFL forms an α-helix and is in close contact 
with the helix α7 of the enzyme. The image was modified from [56].

 Homology models of the ligases from P. agardhii could be constructed based on the 

structures of MdnC (co-crystallized with its leader peptide) and MdnB (sequence identity of 

79% and 70% with MvdD and MvdC respectively. See Fig. A.4 in the appendix). Since the 

ATP-grasp ligases of P. agardhii share a sequence similarity of 57%, an alignment of the 

homology  models could illustrate conformational changes triggered by the leader peptide. As 
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noted in the aforementioned article, it  seems that the binding of the leader peptide to the 

ligases provokes a rearrangement in its tertiary structure, namely a shift  of the β9β10 hairpin 

(Fig. 4.3). The authors suggest that the latter gives the core region of the precursor peptide 

access to the catalytic center of the ligase, allowing the cyclizations to occur (Fig. 4.2 and 

4.3). The shift of a loop in the C-terminal domain can also be observed, possibly allowing the 

interaction with ATP.

Figure 4.3. Superimposition of the homology models of MvdD and MvdC. In this alignment of the 
monomers of MvdD (green) and MvdC (yellow),  a difference in the position of the β9β10 hairpin can be 
observed between the two structures. In MvdC, the β9β10 hairpin occludes the access to the catalytic core of the 
enzyme. In MvdD, a loop in the C-domain is shifted toward the outside of the enzyme. The homology models 
were created with SWISS model [115] based on the structures of MdnC (co-crystallized with its leader peptide; 
PDB file 5IG9) and MdnB (PDB file 5IG8), and subsequently aligned with PyMol [116].

 The affinity of the microviridin precursor peptide for the ligases was measured in the 

aforementioned study by  means of isothermal titration calorimetry-based binding assays. It 

was evidenced by these results that the affinity of MdnC for its cognate substrate (Kd linear 

precursor: 112 nM) is two orders of magnitude greater than that of MdnB for its own (Kd 

bicyclic precursor: 6.4 µM). The authors propose that a faster processing of the linear 

precursor peptide is required because of its lower stability  [56]. An alternative explanation for 

the observed difference in substrate affinity could be that in the case of the amide ligase, 

substrate recognition is assisted by the ester ligase. This can be compared to the lasso peptide 

biosynthetic pathways where the B protein is split: The B1 protein (RRE domain) recognizes 

the leader peptide and presents the precursor peptide to the B2 protein for cleavage [87]. 

Moreover, a recent  phylogenomic analysis of the microviridin biosynthetic pathway revealed 

that the ligase genes possess a strictly  conserved order in all BGCs and are translationally 

coupled in many strains [117], suggesting a close interaction of these enzymes. On top of that, 

an scaffolding role has been previously proposed for MvdA, the ABC-transporter in the 
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microviridin biosynthetic machinery [103]. The stability of the amide ligase might be 

supported by one or more proteins in an enzyme complex as discussed before, therefore it is 

not unreasonable to think that  substrate recognition might be assisted too. Indeed, there are 

known systems where the formation of a protein complex is needed for biosynthesis, for 

example microcin B17 and the lantibiotic nisin [118, 119]. It is important  to note that not 

every  microviridin BGC has been found to harbor an homolog of MvdA, however, it is 

possible that the enzyme is encoded elsewhere in the genome [103]. An interaction between 

the ATP-grasp ligases could be demonstrated with experiments such as yeast two-hybrid 

screening or pull-down assays. Another approach could be to compare the rate of conversion 

of bicyclic precursor to tricyclic precursor in presence and absence of the ester ligase.

 Similar to the cases of the lanthipeptide synthetase LctM and the cyanobactin 

cyclodehydratase LynD [54, 68], activation of the microviridin ligases was possible when the 

leader peptide was covalently attached to their N-terminus via a peptidic linker. It has been 

demonstrated that the activation of the PTM enzymes depends mainly on the interaction with 

the leader peptide [56], therefore it is irrelevant if it is supplied in trans as one piece with the 

core peptide or if its part  of the PTM  enzyme. In this regard, it  is noteworthy that  the 

cyclization assays with the engineered ester ligases from Cyanothece sp. and A. sagamiensis 

did not work. It should be mentioned that  the in vitro system with the enzymes from              

P. agardhii had been previously established and the conditions for the reaction had been 

optimized [102, 110]. Despite the high sequence similarity  between the ester ligases (90% and 

60% for the ligases from Cyanothece sp. and A. sagamiensis respectively, compared to the 

one from P. agardhii. Fig. 4.4), it  is now clear that the conditions for the cyclization reactions 

need to be optimized individually to assure enzymatic function. Concerning the biosynthetic 

pathway of the microviridin-related marinostatin, further characterization is needed in order to 

successfully reconstitute it in vitro.
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Figure 4.4. Superimposition of the homology models of MvdD and the ester ligase of A. sagamiensis. 
Alignment of the monomers of MvdD (green) and the ω-ester ligase of A. sagamiensis (blue). The enzymes seem 
similar overall, however, slight differences can be seen in the β9β10 hairpin.  The homology models were created 
with SWISS model [115] based on the structure of MdnC (co-crystallized with its leader peptide; PDB file 5IG9) 
and subsequently aligned with PyMol [116].

4.3. Bioengineering potential of microviridin

The microviridin one-pot in vitro platform developed in this work can be defined as a 

milestone in the field of RiPP synthesis. The reconstitution of multistep RiPP pathways in 

one-pot reactions has only recently become possible due to the technological development in 

the area of genetics and bioinformatics, and only a few examples haven been reported to date 

[80, 120, 121]. The synthesis of microviridin analogs had been largely  hampered by the 

absence of an adequate peptidase to remove the leader peptide from the cyclic core peptide. 

The previous in vivo approach by Weiz et al. was an important accomplishment in the 

direction of microviridin engineering, however the large-scale fermentation needed for the 

production of single variants made it a non-trivial project. Moreover, the yield and processing 

efficiency varied for the different microviridins produced [106]. The new platform not only 

allows the simple and cost-effective production of microviridin analogs, but also the isolation 

and characterization of microviridin intermediates.

4.3.1. Mdn K and Mdn B libraries

The new chemoenzymatic technique was tested with the core peptide of Mdn B, which differs 

in four N-terminal amino acids from the Mdn K core peptide. After successful cyclization and 

acetylation, these two core peptides were used as leads for the generation of peptide libraries 

focused on the important fifth position. The efficiency  of bicyclization was not the same for 

all the variants. While some variants were completely bicyclized after 3 hours of incubation, 

e.g. the lead core peptides, others were poorly processed even after 16 hours of incubation. Of 

the latter, the most notable cases are the cores bearing a Pro or a Cys at position 5. An 
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explanation for the unsuccessful processing of the cores with a Pro substitution may involve 

the inherent conformational rigidity of this amino acid, which could prevent a possible 

structural rearrangement needed for the installation of the large lactone ring. Regarding the 

Cys substitution, it is very probable that interpeptidic disulfide bonds prevented the 

cyclization. The resuspension of these core peptides in a reducing buffer previous to 

cyclization may improve the yield of cyclized product [122].

 As described before, PTM of the peptides was evaluated via HPLC and MALDI-TOF. 

Nonetheless, a more conclusive technique was required for the confirmation of the insertion 

of the rings and their position in the molecule. The fragmentation pattern of bicyclic Mdn K, 

and bicyclic and tricyclic Mdn B generated by means of ESI-HR-MS/MS revealed ions 

correlating with the installment of the expected lactone and lactam rings, particularly the 

presence of dehydrated Thr and Ser (Fig. 3.15) [123].

 The bicyclic intermediates produced by incubation with LP-MvdD were used against 

the serine proteases trypsin and subtilisin in assays to screen for inhibitory activity. As 

expected, variants carrying Arg or Lys showed activity against trypsin. The reason for trypsin 

inhibition by microviridins with positively-charged residues at position 5 resides in the 

substrate-like interaction between the protease and the depsipeptide [106]. Notably, variants 

with a His substitution did not show inhibitory  activity. A possible explanation for this is the 

length of the side chain of this amino acid, which may be too short to interact with the 

protease. Variants harboring Met at  the fifth position as well as the variants L5Q and L5Y 

inhibited subtilisin (Table 3.1). If a substrate-like interaction is also considered for subtilisin, 

then large uncharged residues at microviridin position 5 should be expected to inhibit the 

enzyme [124]. This is true for L5Y and to some extent for the variants with Met, but not for 

L5Q. Furthermore, the variants with Tyr or Gln substitutions from the Mdn K library showed 

no inhibition. These results seem to suggest that in the case of substilisin, the residues at the 

N-terminus of microviridin are important for inhibition too. In any case, a structure of the 

subtilisin-microviridin complex would help to understand these results.

 The bicyclic microviridins that exhibited inhibition were selected for further 

maturation, rendering tricyclic and acetylated tricyclic variants in satisfactory yields. 

Concerning trypsin inhibition, a trend pointing toward significant microviridin bioactivity 

improvement as a result of the insertion of the lactam ring and acetylation, respectively, was 

revealed (Table 3.1). This can also be explained with the crystallized trypsin-microviridin 

complex where the direct interaction between the acetyl group and the enzyme can be 
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appreciated (Fig. 1.11). Opposed to these findings, the tricyclization and acetylation of 

microviridin seemed to be less relevant for activity against subtilisin.

4.3.2. Genome-mined microviridin libraries

As mentioned in section 1.1, a great diversity of natural products awaits exploitation. 

Nonetheless, many microorganisms predicted to be producers of natural products have proven 

to be impossible to culture in the laboratory, and even when culturable, many BGCs are not 

expressed under laboratory  conditions. Synthesis approaches that bypass the need of 

microbial cultures are thus a very attractive alternative for the production of natural products, 

as exemplified by the case of the humimycins [21]. In line with this, the platform established 

in the present study offers a culture-free route for the synthesis of bioinformatically predicted 

microviridins. To prove the latter, a third peptide library containing putative microviridin core 

peptides from Cyanothece sp., the MvdF core peptide from P. agardhii, and the core peptide 

of marinostatin from A. sagamiensis was assembled. A notable finding was revealed after 

incubation of the library  with LP-MvdD, namely that bicyclization was apparently  inhibited 

by substitution of the Tyr14 by a polar residue (Fig. 3.19). This was unexpected since several 

mined microviridin core peptides possess Ser or Glu at the last position. Moreover, the 

presence of Glu at the last  position had prompted the hypothesis that an alternative lactone or 

lactam ring in the microviridin scaffold was possible. The lack of enzymatic activity of LP-

MvdD on the MvdF core peptide explains why  the expected microviridin deriving from this 

precursor peptide has never been found in extracts of P. agardhii [102]. Concerning the 

marinostatin core peptide, it is highly possible that not  only the polar substitution at  position 

14 hampered the PTM, but also the substitutions of the strictly  conserved Lys6 and Trp11. 

The four variants from Cyanothece sp. that were bicyclized (Cth 1-4) were then incubated 

with LP-MvdC and MvdB. Of these, only Cth 2 and Cth 3 could be fully maturated with 

satisfactory yields. In the case of Cth 1 the yields were surprisingly low, while for Cth 4 

acetylation could not be detected. The shorter sequence of Cth 4 is probably the reason for a 

poor tricyclization and absence of activity from the N-acetyltransferase. The unusually poor 

maturation of Cth 1 does not correlate with the results obtained from the first two libraries. 

Consequently, the most plausible explication for the latter is that this particular peptide was 

very sensitive and it deteriorated extremely fast in solution. A repetition of the assays with 

fresh Cth 1 core peptide would most likely render higher yields of mature product.
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 The fully maturated Cth 2 and Cth 3, and the bicyclic Cth 1 and Cth 4 were used in 

inhibition assays against trypsin and elastase, respectively. The microviridins Cth 2 and Cth 3 

inhibited trypsin with IC50 values in the low nanomolar range, representing the most potent 

microviridin inhibition toward trypsin reported to date. The bicyclic Cth 1 and Cth 4 inhibited 

elastase with IC50 values in the low micromolar range. Again, this can be explained from a 

substrate-like interaction perspective since elastase shows selectivity for cleavage of peptidic 

bonds involving amino acids with small hydrophobic residues [125, 126]. Extrapolating the 

results from the other libraries, it would be expected that lactamization and N-acetylation of 

the latter variants enhance their inhibitory activity  against elastase. The potent inhibition 

exhibited by  the microviridins from Cyanothece sp. supports the hypothesis that this species 

produces a cocktail of serine protease inhibitors.

 Analogous to the analyses carried out with the lead microviridins from the first two 

libraries, bicyclic Cth 2 and tricyclic Cth 3 were used in tandem mass spectrometry 

measurements to confirm the insertion and position of the rings. Furthermore, a methanolic 

extract of Cyanothece sp. PCC 7822 was also tested for the presence of microviridins 

produced in vivo. Four of the ten predicted depsipeptides could be detected in the extract, 

albeit in very little amounts, and notably only  13- and 14-membered variants. The 

fragmentation pattern of the ion representing the Cth 3 microviridin resembled the one of the 

synthetic tricyclic Cth 3, corroborating its correct maturation in vitro (Fig. 3.20-21).

4.3.3. Microviridins harboring non-canonical amino acids

The presence of ncAAs in the backbones of RiPPs is not as common as in non-ribosomal 

peptides. The incorporation of these particular building blocks in the scaffold of RiPPs is a 

common objective in the field of natural product research. The interest in the latter resides in 

the fact that ncAAs confer unique physicochemical properties to the peptides, from improved 

stability  and bioactivities, to the possibility of further PTM  by chemical or photoactivation. 

An approach to this goal is to introduce the ncAAs in vivo via selective pressure incorporation 

or stop codon suppression. Significant achievements have been attained through this 

approach, particularly for antimicrobial peptides [127]. The chemoenzymatic platform 

developed in this study was thus employed as an in vitro alternative to test the possibility of 

inclusion of ncAAs into the microviridin scaffold.

 The interest in the generation of microviridin variants carrying ncAAs lay beyond the 

improvement of the inhibitory  activity  and was aimed at the creation of molecular tools for 
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further microviridin research. Of particular interest were tools for the identification of 

microviridin binding partners and for the intracellular localization of microviridin. A system 

involving a modified microviridin that could be targeted in pull-down assays was then 

envisioned for the identification of in vivo binding partners. Biotinylated lysine was therefore 

selected as a viable approach to develop such a system. Three variants of the Mdn J backbone 

were created, harboring a Lys(biotin) either at the N- or C-terminus, or replacing the natural 

Lys6. Since the sequence requirements for the installment of the lactam ring are more 

stringent than for the lactone rings, only the bicyclization was expected to be possible. 

Nonetheless, bicyclic variants were believed to be functional in light of the results observed 

with the first  two microviridin libraries. After incubation with LP-MvdD, a bicyclic and a 

monocyclic variant derived from the peptides with Lys(biotin) at their N- or C-terminus were 

obtained, respectively (Fig. 3.24). The reaction products were analyzed by  HPLC and 

MALDI-TOF and the correspondent mass loss was confirmed. Since biotin does not possess 

any reactive group capable of forming lactones, it was assumed that the position of the rings 

in the molecules was the same as for the rest of the microviridins created before. The 

remarkable loss of production with the L6L(biotin) substitution and the single cyclization of 

the variant with the biotin tag at the C-terminus are probably due to steric hindrance by  the 

non-native biotin group. In contrast with the latter, it seems that the engineered ester ligase is 

able to accommodate the biotin group if it is located at the N-terminus of the core peptide. 

The Mdn J backbone has an Arg5, therefore trypsin inhibition was expected. The monocyclic 

and bicyclic products showed activity against trypsin in protease inhibition assays with IC50 in 

the low micromolar range. The inhibition of trypsin by  the bicyclic depsipeptide was tenfold 

more potent than that of the monocyclic one, in line with previous results. These findings 

demonstrate the functionality of the non-natural microviridins despite the insertion of the 

biotin group. It  can thus be expected that  the interaction with their in vivo partners will not be 

disrupted either, making them eligible as bait peptides for pull-down experiments (Fig. 4.5).
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Figure 4.5. Scheme of a pull-down experiment with biotinylated microviridin. a) Biotinylated microviridin 
binds avidin; b) After blocking avidin with free biotin, a lysate containing the binding partner of microviridin is 
added to the gel; c) After washing the non-bound proteins away, the binding partner of microviridin is eluted.

4.3.4. Limitations of the platform

The advantages of the developed chemoenzymatic technique have been demonstrated by  the 

results obtained so far. Nevertheless, there is an intrinsic limitation of the platform, namely 

the conserved microviridin core sequence TxKxPSDWE(D/E). The characteristic 

intramolecular ω-ester and ω-amide crosslinks are interesting features providing structural 

stability, hence harnessing dedicated enzymes capable of introducing these PTM onto 

ribosomal peptides is a powerful tool for the synthesis of designer natural products. As 

mentioned in the introduction, early microviridin bioengineering efforts focused on altering 

the size of the rings, with the outcome that this was fixed and only the substitution of some 

surrounding amino acids was possible in the case of the large lactone ring [104]. The study by 

Li et al. demonstrated by comparing the Kd of precursor peptide, leader peptide, and the 

PFFARFL region to MdnC and MdnB that substrate binding is mainly directed by the leader 

peptide, in particular the PFFARFL region [56]. Nonetheless, the results of the present and 

previous studies point toward a structural semirigidity  in the microviridin scaffold. In order to 

gain a better understanding of the latter, the precise catalytic mechanism behind the activity of 

the ligases and structural characterization of the cyclic intermediates by spectroscopic 

methods will be needed. A novel natural product resembling microviridin has been reported in 

a very recent publication. The new 45-membered RiPP, plesiocin, harbors eight lactone rings 

introduced by  an ATP-grasp ligase related to MvdD, and has been shown to be a potent 

inhibitor of elastase and chymotrypsin (Fig. 4.6) [128]. The sequence required for installment 

of the lactone rings in plesiocin seems to be TTxxxxEE, varying from the semiconserved 

TxKxPSDWE(D/E) of microviridin.
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a) b)

Figure 4.6. The recently discovered plesiocin.  a) Structure of plesiocin featuring eight lactone rings, resulting 
in a complex structure with four hairpins. Image taken from [128]; b) Alignment of the homology models of the 
monomers of MvdD (green) and PsnB (beige), the ω-ester ligase from the plesiocin pathway.  The β9β10 hairpin 
and the loop in the C-domain are notably shorter in the plesiocin ligase,  possibly to allow the accommodation of 
the larger core peptide of plesiocin. The homology models were created with SWISS model [115] based on the 
structure of MdnC (co-crystallized with its leader peptide; PDB file 5IG9) and subsequently aligned with PyMol 
[116].

 The discovery of plesiocin offers many opportunities for the development of RiPP 

research. The new ester ligase, PsnB, is a potential tool for the production of designer RiPPs 

ready  to be exploited. Further characterization of this ligase as well of congeners from the 

microviridin and the marinostin pathway could help identify the mechanism underlying 

lactone cyclization, assisting in a rational design of ester ligases. Another potential application 

could be the generation of multi-targeted serine protease inhibitors possessing a microviridin-

plesiocin hybrid structure (Fig. 4.7), similar to the hybrid RiPPs produced by combining a 

cyclodehydratase from the microcin family with enzymes from the sactipeptide or the 

lanthipeptide pathways [129].

Figure 4.7.  Hypothetical generation of  a multi-targeted serine protease inhibitor.  A precursor peptide 
comprised of the microviridin core peptide, a spacer and the plesiocin core peptide is incubated with the 
constitutively activated ω-ester ligases LP-MvdD and LP-PsnB. LP-MvdD introduces two lactone rings into the 
microviridin core region while LP-PsnB installs eight lactones in the plesiocin core region. It is hypothesized 
that such a microviridin-plesiocin hybrid would inhibit trypsin and elastase at the same time.
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5. Conclusions and perspectives
The present work is an example of the bioengineering potential of RiPPs. The biosynthetic 

enzymes of the microviridin pathway, MvdC and MvdD, were engineered to catalyze the 

introduction of lactone and lactam rings into synthetic short core peptides fed in trans. The 

successive N-acetylation of the cyclic peptides was possible with the additional activity of the 

microviridin tailoring enzyme MvdB, successfully  reconstituting the microviridin pathway in 

a time and cost-effective one-pot reaction. Four core peptide libraries were then designed with 

different objectives: The first two peptide libraries, based on the backbones of Mdn B and 

Mdn K, were screened for variants with improved bioactivity. Furthermore, the modular 

nature of the platform permitted the production of intermediates that were used to establish a 

SAR between microviridin and trypsin; the third library was aimed at the production of 

cryptic microviridins and marinostatin, a microviridin-related serine protease inhibitor; 

finally, the objective of the last library was to assess the possibility of incorporating ncAAs 

into the microviridin scaffold. The results obtained can be summarized as follows: First, that 

it is possible to engineer microviridin core peptides to enhance their bioactivity as long as the 

conserved motif is preserved; second, the enzymes from P. agardhii can be used to synthesize 

bioinformatically predicted microviridins from other species containing the conserved motif; 

third, the production of microviridins harboring ncAAs is possible. In the particular case of 

biotinylated lysine, its position has to be either N- or C-terminal. Everything considered, the 

established platform is a powerful technique for the generation of rationally designed serine 

protease inhibitors and molecular tools that can be used to further deepen the existing 

knowledge on microviridin. To overcome the current limitations of the platform, additional 

research on the mode of action of the ligases will be needed. To further enhance the inhibitory 

activity of microviridin against subtilisin, more insights into the mechanism of inhibition are 

required. The microviridin ATP-grasp ligases and the tailoring N-acetyltransferase constitute 

modular tools for the production of novel RiPPs. Through the rational design of hybrid 

precursors and combination of the microviridin PTM enzymes with enzymes from other RiPP 

pathways, the production of tailored new-to-nature natural products will be broadened.
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Appendix
Table A.1. Oligonucleotides used in this work.

Application Primer name Sequence 5’ ▶︎ 3’

MvdC cloning
P1-MvdC-
BamHI_FW

GGATCCATGTCTTTGTCTCGTGATGTTGT
MvdC cloning P2-MvdC-

PstI_RV
CTGCAGGTTAGGGAATTAGGGTATCGGC

MvdD cloning
P3-MvdD-
BamHI_FW

GGATCCATGACGGTTTTAATTTTCACT
MvdD cloning P4-MvdD-

PstI_RV
CTGCAGGCTAAAATGGTTTCTGGTTTGT

LP-MvdD 
cloning

P40 SacI_MvdE 
Fwd

GTACGCGAGCTCATGTCCAAAAATGTTAAAGTCTCTGCG

LP-MvdD 
cloning

P46 
KpnI_SpeI_Mvd
E Rv

TAAAACCGTCATGGTACCTCCTGATCCACTAGTAGGAGCA
GAATTAGAATTGTTAGCTTCC

LP-MvdD 
cloning P47 

SpeI_KpnI_Mvd
D Fwd

TTCTGCTCCTACTAGTGGATCAGGAGGTACCATGACGGTTT
TAATTTTCACT

LP-MvdD 
cloning

P43 cPstI_MvdD 
Rv

TCGTAACTGCAGGCTAAAATGGTTTCTGGTTTGT

Linker for the 
engineered 
ATP-grasp 

ligases

P50 Link 
SpeI_GS15_KpnI 
Fwd

CTAGTGGTTCCGGCTCTGGTAGCGGCTCTGGTTCCGGCTC
TGGTAGCGG 
CTCTGGTTCCGGCTCTGGTAGCGGCTCTGGTTCCGGCTCT
GGTAGCGGTAC

Linker for the 
engineered 
ATP-grasp 

ligases
P51 Link 
KpnI_GS15_SpeI 
Rv

CGCTACCAGAGCCGGAACCAGAGCCGCTACCAGAGCCGG
AACCAGAGCC 
GCTACCAGAGCCGGAACCAGAGCCGCTACCAGAGCCGGA
ACCA

LP-MvdC 
cloning

P40 SacI_MvdE 
Fwd

GTACGCGAGCTCATGTCCAAAAATGTTAAAGTCTCTGCG

LP-MvdC 
cloning

P52 
KpnI_SpeI_Mvd
E Rv

AGACAAAGACATGGTACCTCCTGATCCACTAGTAGGAGCA
GAATTAGAATTGTTAGCTTCC

LP-MvdC 
cloning P53 

SpeI_KpnI_Mvd
C Fwd

TTCTGCTCCTACTAGTGGATCAGGAGGTACCATGTCTTTGT
CTCGTGATGTT

LP-MvdC 
cloning

P54 cPstI_MvdC 
Rv

TCGTAACTGCAGGTTAGGGAATTAGGGTATCGGC

MvdB cloning
P55 SacI MvdB 
Fwd

GTACGCGAGCTCATGGGTGATCTTGTTACCAAA
MvdB cloning P56 cPstI MvdB 

Rv
TCGTAACTGCAGGCTAAGAAGAACGCGATAATTC

Engineering 
ligase of A. 
sagamiensis 

with short LP

P57 SacI Leader 
(start)

GTACGCGAGCTCATGAAAACTACACCATTCTTTGC

Engineering 
ligase of A. 
sagamiensis 

with short LP

P58 Ligase (start) 
KpnI SpeI Leader 
Short (end)

TGCTGCCATGGTACCTCCTGATCCACTAGTACCACCAGCA
GTCATTTCTAATTEngineering 

ligase of A. 
sagamiensis 

with short LP P60 SpeI KpnI 
Ligase (start)

ACTAGTGGATCAGGAGGTACCATGGCAGCAAATACAGTAC
TCATC

Engineering 
ligase of A. 
sagamiensis 

with short LP

P61 PstI Ligase 
(end)

TCGTAACTGCAGCTTAAGCCACGCCTTCATATAA

Engineering 
ligase of A. 
sagamiensis 
with long LP

P59 Ligase (start) 
KpnI SpeI Leader 
Long (end) 

TGCTGCCATGGTACCTCCTGATCCACTAGTCTCTGGTACTT
CTTGAACTGGAG

P66 1F TTCTAATACGACTCACTATAGAGCTCATGT

                                                                                                                                   APPENDIX
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Application Primer name Sequence 5’ ▶︎ 3’

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P67 2R CCCTGGCTTTTCCGGTGTTTTTAGACATGAGCTCTATAGTG
AGTCGT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P68 3F CCGGAAAAGCCAGGGAAATAAGAGCCGTAGTTCCTTTCTT
T

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P69 4R GCTGGATGTGCCGCTTGTTCTTCTAGAAAACGAGCAAAGA
AAGGAACTACGGCTCTTAT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P70 5F GCGGCACATCCAGCTAATCCATTACCCACTAGTGGTTCCG
GCTCT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P71 6R GCCGGAACCAGAGCCGCTACCAGAGCCGGAACCAGAGCC
GCTACCAGAGCCGGAACCACT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P72 7F GCTCTGGTTCCGGCTCTGGTAGCGGCTCTGGTTCCGGCTC
TGGTAGCGGTACCATGACCG

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P73 8R AGGAATACTTTCGTTATCATTGCTAAAAGTCAAGATTAAGG
CGGTCATGGTACCGC

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P74 9F AGCAATGATAACGAAAGTATTCCTCTAGTGATGGAAGCCA
TTGAAGCT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P75 10R GATATCTGTCGGTATCAAAACGAAAGGCTTTTTCTCCTCTA
GCTTCAATGGCTTCCATCA

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P76 11F TCGTTTTGATACCGACAGATATCCCACCGAAGTGCTACTTG
ATATCTACTCCGGTGCTT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P77 12R GCCGCTTGTCGCCATCGGTAATAAATCCTCCCTCTGAAGCA
CCGGAGTAGATATCAAGT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P78 13F GGCGACAAGCGGCTAGATTTGAGTGAAGTGACCTCGGTTT
GGTATCGCCGCATG

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P79 14R TCCATACTGTCGGGCAGTTTGTGTCCGTATCTCATGCGGCG
ATACCAA

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P80 15F TGCCCGACAGTATGGACAAGCAATATCGAGAAGCGGCAAT
TCAAGAAAGTCGCGCC

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P81 16R TCCCGGCAGACTGGCAATTAATCCCCTAACAGAGGCGCGA
CTTTCTTGAATT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P82 17F CCAGTCTGCCGGGATTTCATTTAGATAAAATCTCAAATGTG
GACCGGGCTAATAATAAAC

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P83 18R CCGAGTTCTCGGGCTATTTGTAACTGTAATTGTTTATTATTA
GCCCGGTCCACATT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P84 19F AGCCCGAGAACTCGGTCTTGTCACTCCGCGCACCCTAACC

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P85 20R CTGACACTCGGCGGCAAATTGCTTGACTGCCTCTGGATTG
TTTGAGGTTAGGGTGCGCGGCloning the 

engineered 
ligase of 

Cyanothece sp.

P86 21F CCGCCGAGTGTCAGGAGCAAGGTATTATTACAAAAATGCT
TTCTTCCTTTGCTATCTATG

Cloning the 
engineered 
ligase of 

Cyanothece sp. P87 22R TTCTTCTCCCTGGTCCCCATAGATAGCAAAGGAAGAAAGC
ATT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P88 23F GGGACCAGGGAGAAGAAATGGTAGTTTTTACCACTCCCAT
TACAGAGGATGA

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P89 24R TTTTCTAGGTCATCCTCTGTAATGGGAGTGGTAAA

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P90 25F ATTACAGAGGATGACCTAGAAAATATGGAAGGACTGTGTT
TTTGTCCGATGACCTTT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P91 26R ACTCTAGCGCCTTGGGGATGTTTTCCTGAAAGGTCATCGG
ACAAAAACACA

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P92 27F CCCAAGGCGCTAGAGTTACGCACTACTATTGTCGGACATC
AAGTATTTACCGCCGCCGTC

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P93 28R GCCCTCTTTGCGCCAATCATAAGTCGATCCTTCCAATTTCT
GGGAGTTGACGGCGGCGGT

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P94 29F GGCGCAAAGAGGGCAAAACTTTAGTTAAAGAGTGGGAAC
CCTACAAATTACCGGAA

Cloning the 
engineered 
ligase of 

Cyanothece sp.

P95 30R AGCCATCAGTTGGAGCAATTTTTTTTCAATATCTTCCGGTA
ATTTGTAGGGTTC
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Application Primer name Sequence 5’ ▶︎ 3’
P96 31F TGCTCCAACTGATGGCTTCTTTGGGATTAAACTATGGGGCC

ATTGATA
P97 32R GACCATCGGGGGTGACAATAATATCAATGGCCCCATAGTTT

AATCC
P98 33F TCACCCCCGATGGTCAGCATTTATTCCTTGAGATTAACCCG

GTTGGTGAGTTTTTCTGGA
P99 34R TGGCTTGAGAAATGGGGTATTTTGGTGAATAGATTTCCATC

CAGAAAAACTCACCAACC
P100 35F ACCCCATTTCTCAAGCCATTGCTGAGATTCTGCTCACGGG

GAAAAATTAGCCT
P101 36R CTGCAGGCTAATTTTTCCCCGTG

P103 Cyanothece 
t701a Fwd

TGGGGACCAGGGAGAAGAAATGGTAGTTTTTACCA

P104 Cyanothece 
t701a Rv 

TGGTAAAAACTACCATTTCTTCTCCCTGGTCCCCA

P105 Cyanothece 
t898g Fwd

GACTTATGATTGGCGCAAAGAGGGCAAAACTTTAGTTAAA
GAGTG

P106 Cyanothece 
t898g Rv

CACTCTTTAACTAAAGTTTTGCCCTCTTTGCGCCAATCATA
AGTC

Table A.2. Results  of the bicyclization assays with the Mdn K and Mdn B peptide libraries. ✓: 
>80% of the peptide was modified. ✗: The modification could not be detected. The variants with Cys 
and Pro are marked in rectangles.

Peptide
Monocyclic 

intermediate 
detected

Bicyclization Peptide
Monocyclic 

intermediate  
detected

Bicyclization

Mdn K library: YGNTMKYPSDWEEYMdn K library: YGNTMKYPSDWEEYMdn K library: YGNTMKYPSDWEEY Mdn B library: FGTTLKYPSDWEEYMdn B library: FGTTLKYPSDWEEYMdn B library: FGTTLKYPSDWEEY

MvdE core/
M5M No ✓ L5L No ✓

M5A No ✓ L5A Yes ✓

M5R Yes ✓ L5R Yes ✓

M5N No ✓ L5N No ✓

M5D Yes ✓ L5D No < 60%

M5C No ✗ L5C No < 30%

M5E Yes < 30% L5E Yes ✓

M5Q No ✓ L5Q No ✓

M5G Yes ✓ L5G Yes ✓

M5H No ✓ L5H No ✓

M5I No ✓ L5I No ✓
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Peptide
Monocyclic 

intermediate 
detected

Bicyclization Peptide
Monocyclic 

intermediate  
detected

Bicyclization

M5L No ✓ L5M Yes ✓

M5K Yes ✓ L5K No ✓

M5F No < 60% L5F No ✓

M5P No ✗ L5P No ✗

M5S No ✓ L5S Yes ✓

M5T No ✗ L5T No ✓

M5W No ✓ L5W No ✓

M5Y No ✓ L5Y Yes ✓

M5V No ✓ L5V Yes ✓
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Figure A.1. MALDI-TOF MS spectra of the active microviridin variants from the Mdn K and Mdn B 
libraries. The mass shown is the correspondent to [M+H]+.

Table A.3. Results  of the PTM assays with the genome-mined microviridins. ✓: >80% of the 
peptide was modified. ✗: The modification could not be detected. ND: Not determined.

Peptide Bicyclization Tricyclization Acetylation

Cth 1:
YQNTLKYPSDWEEY ✓ <10% <10%

Cth 2:
-TVTRKYPSDWEDY ✓ ✓ ✓

Cth 3:
-YVTKKYPSDWEEY ✓ ✓ ✓

Cth 4:
--ATLKYPSDWEEY ✓ <10% ✗

Cth 5:
--FTLKYPSDWEDE ✗ ND ND

Mst:
FATMRYPSDSDE ✗ ND ND

MvdF core:
TIWTFKWPSDWEDS ✗ ND ND
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Figure A.2. MALDI-TOF MS spectra of the active variants from the library of genome-mined 
microviridins. The mass shown is the correspondent to [M+H]+.

Figure A.3. MALDI-TOF MS spectra of the active microviridin variants carrying a biotinylated Lys. The 
mass shown is the correspondent to [M+H]+.
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Figure A.4. Sequence alignment of  different ATP-grasp ligases with MdnC and MdnB. The alignments were 
carried out by Swiss Model to create homology models of ATP-grasp ligases from P. agardhii,  A. sagamiensis, 
and P. pacifica from the crystal structures of the ω-ester ligase MdnC (PDB file 5IG9) and the ω-amide ligase 
MdnB (PDB file 5IG8) from M. aeruginosa. The sequence identity is indicated for each alignment. Predicted    
α-helices and β-strands are indicated in rectangles and arrows, respectively. Motifs in blue exhibit higher 
homology and motifs in orange exhibit lower homology.
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