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ABSTRACT 

Nonribosomal peptides (NRPs) cover a diverse group of microbial secondary metabolites with a wide 

range of significant biological activities. However, their industrial potential is diminished by the fact 

that the majority of potential source organisms are difficult or not at all cultivable or the compound of 

interest is only produced under complex environmental conditions that cannot be simulated in the 

laboratory. Furthermore, the structural complexity of many NRPs makes chemical synthesis hardly 

feasible. NRPs are assembled from simple building blocks by the coordinated reactions of large 

multi-modular enzymes, nonribosomal peptide synthetases (NRPSs). Heterologous expression of the 

required biosynthesis genes in a robust and genetically easy to manipulate host like Escherichia coli is 

a promising approach to make medicinally relevant NRPs more accessible. Nevertheless, until now 

only few examples of recombinant production of fully active NRPs have been reported. In this study 

the functional in vivo biosynthesis of valinomycin, a cyclodepsipeptide with antifungal, antibacterial 

and antiviral activities, was established in an engineered E. coli host strain. 

 The relevant valinomycin biosynthesis pathway components from Streptomyces tsusimaensis, NRPS 

genes vlm1 (10.3 kb) and vlm2 (8.0 kb), were isolated and transferred into a library of cytoplasmic 

expression vectors, which combine molecular elements for expression fine-tuning. A small-scale 

expression screening of the constructs and relevant cultivation parameters in parallel led to soluble 

expression of the large, initially poorly expressed heterodimeric valinomycin synthetase (343 kDa + 

266 kDa). Correct folding and activity of the adenylation domains of the purified NRPS apoenzymes 

were assayed in vitro. To provide the necessary posttranslational modification of valinomycin 

synthetase, the sfp gene for the promiscuous phosphopantetheinyl transferase from Bacillus subtilis 

was genomically integrated into the E. coli host. Co-expression of Vlm1 and Vlm2 in the engineered 

E. coli strain BJJ01 led to in vivo synthesis of valinomycin, which was monitored and quantified via 

HPLC-ESI-mass spectrometry. The conditions for valinomycin production were optimized with a design 

of experiments (DoE) based, semi-automated screening with enzyme-based glucose delivery (EnBase). 

Finally, high cell-density cultivation of the recombinant E. coli valinomycin producer with increasing 

glucose feeding was performed in a lab-scale bioreactor. 

 The reconstituted biosynthesis of valinomycin involving the expression of two large NRPS enzymes 

and genomic engineering of the host strain is another example for the versatility and feasibility of 

E. coli as a recombinant natural product producer. In vitro studies of A domain substrate specificities 

provide the first experimental proof of the previously ambiguous model of valinomycin biosynthesis. 

This study paves the way to rationally tailor the enzymatic valinomycin assembly line in order to 

produce non-natural valinomycin derivatives. 
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ZUSAMMENFASSUNG 

Nichtribosomale Peptide (NRPs) umfassen eine vielseitige Gruppe mikrobieller Sekundärmetabolite 

mit einem weiten Rahmen an biologischen Aktivitäten. Allerdings wird ihr industrielles Potential 

dadurch beschränkt, dass die Mehrzahl potentieller Ursprungsorganismen schlecht oder gar nicht 

kultivierbar ist oder den Wirkstoff nur unter komplexen Umweltbedingungen produziert, die im Labor 

nicht simuliert werden können. Zudem macht die strukturelle Komplexität vieler NRPs eine chemische 

Synthese unattraktiv. NRPs werden aus einfachen Bausteinen durch multi-modulare Nichtribosomale 

Peptidsynthetasen (NRPSs) zusammengesetzt. Die heterologe Expression von NRPSs in einem 

robusten und genetisch leicht manipulierbaren Wirt wie Escherichia coli ist ein vielversprechender 

Ansatz, um medizinisch bedeutsame NRPs zugänglicher zu machen. Jedoch wurden bis heute nur 

wenige Beispiele für die rekombinante Produktion vollständig aktiver NRPs veröffentlicht. In dieser 

Arbeit wurde die funktionelle in vivo Biosynthese von Valinomycin, einem Zyklodepsipeptid mit 

antifungaler, antibakterieller und antiviraler Wirkung, in E. coli etabliert. 

 Die nötigen Komponenten der Valinomycin Biosynthese aus Streptomyces tsusimaensis, die NRPS 

Gene vlm1 (10.3 kb) und vlm2 (8.0 kb), wurden isoliert und in eine Sammlung zytoplasmatischer 

Expressionsvektoren übertragen, die molekulare Elemente zur Expressions-Feineinstellung 

kombinieren. Ein parallelisiertes Expressionsscreening der Konstrukte und relevanter 

Kultivierungsparameter in kleinem Maßstab führte zu löslicher Expression der ursprünglich schlecht 

exprimierten heterodimeren Valinomycin-Synthetase (343 kDa + 266 kDa). Die korrekte Faltung und 

Aktivität der Adenylierungsdomänen der aufgereinigten NRPS Apoenzyme wurden in vitro untersucht. 

Um die notwendige posttranslationale Modifizierung zu gewährleisten, wurde das sfp Gen für die 

unselektive Phosphopantetheinyltransferase aus Bacillus subtilis genomisch in E. coli integriert. 

Koexpression von Vlm1 und Vlm2 in dem modifizierten E. coli Stamm BJJ01 führte zu der in vivo 

Synthese von Valinomycin, welche durch HPLC-ESI-Massenspektrometrie kontrolliert und quantifiziert 

wurde. Die Valinomycinproduktion wurde durch auf statistischer Versuchsplanung beruhender, 

halbautomatischer Screenings mit enzymbasierter Glukosefreisetzung (EnBase) optimiert. Schließlich 

wurde eine Hochzelldichtekultivierung des rekombinanten Valinomycin-Produzenten mit steigender 

Glukosefütterungsrate im Bioreaktor im Labormaßstab durchgeführt. 

 Die rekonstituierte Biosynthese von Valinomycin mit Expression zweier großer NRPS Enzyme und 

genomischer Modifizierung des Wirtsstammes ist ein weiteres Beispiel für die Vielseitigkeit und 

Anwendbarkeit von E. coli als rekombinantem Naturstoffproduzenten. Die in vitro Untersuchungen zur 

Substratspezifität der A-Domänen lieferte erstmalig den experimentellen Beleg für das vormals 

uneindeutige Modell der Valinomycin Biosynthese. Diese Arbeit schafft die Grundlage, um den 

Biosyntheseweg in E. coli maßzuschneidern und so neue Valinomycin-Derivate zu produzieren. 
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1 Introduction 

1.1 Natural products as drug sources 

Natural products generally refer to secondary metabolites: small molecules that are not essential for 

growth and development of the producing organism, but usually have an ecological function. They are 

produced by plants, animals and microorganisms and it has been estimated that more than 300,000 

secondary metabolites exist (McMurry 2010). Natural products have been evolved and selected for 

certain biological activities and have always been used by mankind as drug sources. However, the 

rational application of isolated natural compounds by the pharmaceutical industry has only started 

after the onset of antibiotics discovery in the mid-twentieth century with gramicidin from 

Bacillus brevis being the first naturally derived antibiotic that was commercially available (Van Epps 

2006). After the huge success of penicillin, intensive research and development programs of 

pharmaceutical companies drove the discovery of streptomycin, gentamycin, tetracycline and other 

antibiotics (Baker et al. 2007). Other natural compounds with activities apart from antibacterial and 

antifungal ones were discovered, among them anticancer (e.g. actinomycin D), immunosuppressant, 

(e.g. rapamycin) or cholesterol lowering agents (e.g. mevinolonin) (Newman et al. 2000). Research 

focused mainly on soil-dwelling microorganisms and especially filamentous actinomycetes and fungi 

were shown to produce a range of complex secondary metabolites. When the number of newly 

discovered natural drug candidates ceased towards the end of the 1970s and high-throughput 

screenings of combinatorial chemistry derived small molecule libraries became the central drug 

discovery process in the 1990s, interest of the pharmaceutical industry to drive natural product 

discovery forward declined (Baltz 2006). However, between 25 % and 50 % of currently marketed 

drugs still owe their origins to natural products, showing the prevailing importance of natural product 

scaffolds as drug lead structures (Newman and Cragg 2007; Butler 2008). 

 

 
Figure 1.1 Source of small molecule drugs, 1981-2006 (Newman and Cragg 2007). 

N: natural product; ND: derived from a natural product; S: totally synthetic drug; S*: made by total synthesis, but the 
pharmacophore is/was from a natural product. 
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Among the main reasons for the declining pharmaceutical interest was that infectious diseases 

seemed to be well-covered by existing antibiotics during the 1980s. Furthermore, efficient antibiotics 

only need to be applied for a short period of time making them commercially less attractive. 

Subsequently, the number of antibiotics that were introduced to the market from 1983 until today 

decreased continuously (Figure 1.2). Nowadays, infectious diseases are the second major cause of 

death worldwide and the third leading cause of death in developed countries. Spreading resistance 

towards multiple antibiotics lead to the anew rise of diseases that have been long believed to be 

defeated and former last-resort antibiotics became first-line therapeutics (von Nussbaum et al. 2006). 

It is therefore obvious, that new antibiotics are urgently needed and a persistent antibiotics 

development is necessary to stay at level with bacterial antibiotics resistances. 

 

 
Figure 1.2 Trends of antibiotic resistances and newly approved antibiotics. 

(A) was adapted from the Centers for Disease Control and Prevention, USA, and shows the increase in rates of resistance for 
three bacterial strains. MRSA: Methicillin-resistant Staphylococcus aureus; VRE: Vancomycin-resistant Enterococci; FQRP: 
Fluoroquinolone-resistant Pseudomonas aeruginosa. (B) was adapted from the Infectious Diseases Society of America and 
shows the decreasing number of FDA approved drugs from 1983 until 2012 (America 2011). 
 

1.2 Peptide natural products  

While natural products cannot be classified by structure alone, they are commonly grouped into five 

main families deduced from their biosynthesis in relation to the primary metabolism: terpenoids and 

steroids, alkaloids, polyketides and fatty acids, phenylpropanoids and peptides (Hanson 2003). One 

large group of secondary metabolites comprises peptide natural products (Figure 1.3). While peptide-

based natural products are derived from precursors from the primary amino acid metabolism, there 

are two fundamentally distinct mechanisms by which they are assembled: a ribosomal and a 

nonribosomal route (Nolan and Walsh 2009).  

 

A B 
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Figure 1.3 Peptide natural products of ribosomal and nonribosomal origin. 
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Ribosomally derived peptides are produced by plants, animals, fungi and bacteria (Buczek et al. 2005; 

Tan and Zhou 2006; Hallen et al. 2007; Drider and Rebuffat 2011). The designated ribosomally 

synthesized and posttranslationally-modified peptides (RiPPs) are typically transcribed and translated 

as ~20-110 aa precursor peptides, which consist of the core peptide and a N-terminal leader peptide. 

While the leader peptide directs many of the posttranslational modifications, the core peptide is 

transformed into the natural product through regioselective proteolytic processing. Sometimes an 

N-terminal signal peptide for localization and a C-terminal recognition sequence for peptide cyclization 

are present as well (Arnison et al. 2013). Since the precursor peptide is translated by the ribosome, 

RiPPs consist of the canonical set of 20 proteinogenic amino acids, which seems to be limiting the 

structural variety at first. However, the actual structural diversity displayed by RiPPs is caused by 

extensive posttranslational modifications (Schmidt 2010). The macrocyclic peptide patellamide A 

(cytostatic agent) produced by the cyanobacterium Prochloron didemi (Schmidt et al. 2005), the 

polycyclic lantibiotic nisin (food preservative) produced by Lactococcus lactis (Siegers et al. 1996) and 

the narrow-range antibiotic Microcin C7 produced by Enterobacteriaceae (Metlitskaya et al. 2006) are 

only few examples of RiPPs (Figure 1.3). 

 Nonribosomal peptides (NRPs) are produced by bacteria and fungi and exhibit a wide range of 

biological activities. Examples for the structural diversity and diverse areas of application are the last-

resort glycopeptide antibiotic vancomycin produced by the bacterium Amycolatopsis orientalis 

(McCormick et al. 1955), the immunosuppressant drug cyclosporine A produced by the fungi 

Tolypocladium inflatum (Dreyfuss et al. 1976), the anticancer agent bleomycin A2 produced by 

Streptomyces verticillus (Hecht 1999) and the peptide antibiotic feglymycin produced by 

Streptomyces sp. DSM 11171, which exhibits both antibacterial and anti-HIV activity (Rausch et al. 

2011; Ferir et al. 2012) (Figure 1.3). NRPs have often cyclic and/or branched structures and, in 

comparison to RiPPs, are not limited to the 20 proteinogenic amino acids. Monomers include modified 

versions of proteinogenic amino acids (D-forms, methylated, and hydroxylated) as well as, for example 

hydroxyphenylglycine (Hpg) or 2,3-dihydroxybenzoic acid, resulting in more than 500 known building 

blocks (Caboche et al. 2008; Caboche et al. 2010). Furthermore, polyketide (PK) and fatty acid (FA) 

motifs are found frequently in NRPs and also glycosylation is a common modification among NRPs, 

resulting in lipo- and glycopeptides (Süssmuth and Wohlleben 2004; Kahne et al. 2005). Those 

modifications are rarely found in RiPP biosynthesis. The common occurrence of hybrid peptide-

polyketide natural products, e.g. rapamycin (Schwecke et al. 1995) and epithilone (Tang et al. 2000), 

can be explained by their similar mode of biosynthesis. Both PKs and NRPs are assembled by 

coordinated, multistep reactions of large enzymes organized in assembly lines (Fischbach and Walsh 

2006). The mechanism of NRP assembly catalyzed by Nonribosomal Peptide Synthetases (NRPSs) will 

be elucidated in the following chapter. 

http://en.wikipedia.org/wiki/Amycolatopsis
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1.3 The mechanism of nonribosomal peptide synthesis 

NRPSs are large enzyme machineries that consist of multiple protein domains with distinct functions, 

which can be grouped into modules (Figure 1.4 ). One module comprises the domains required for the 

incorporation of a single monomer into the peptide product (von Döhren et al. 1997). The set of core 

domains that make up a module typically consist of a condensation (C) domain, an adenylation (A) 

domain and a peptidyl carrier protein (PCP) synonymously called thiolation (T) domain. The A-domain 

recognizes, activates and covalently attaches a monomer as thioester to a 4’-phosphopantetheine 

(Ppant) arm of the T-domain, while the C-domain catalyzes peptide bond formation between 

covalently tethered monomer and peptide chain. Modules that initiate NRP synthesis usually lack a 

C-domain. Peptide release can occur by hydrolysis (linear product) or intramolecular lactam or lactone 

formation (cyclic or branched-cyclic products). In bacterial NRPS peptide release is usually catalyzed by 

a C-terminal thioesterase (TE) domain (Fischbach and Walsh 2006). 

 

 
Figure 1.4 NRPS module set-up with core domains for initiation, elongation and termination. 

 

Number and positions of modules were believed to correlated with the number and positions of 

amino acids in the peptide product, a relation that has been termed the colinearity rule (Marahiel 

1997; Keating and Walsh 1999). This rule holds true for so-called linear NRPS (Type A). However, it 

became soon clear that colinearity was no dogma in NRP biosynthesis, but that alternative strategies 

existed (Wenzel and Muller 2005). For example the cyclodecapeptide antibiotic gramicidin S produced 

by B. brevis is assembled from only five modules on two NRPSs, GrsA and GrsB. The five modules are 

re-used in a second cycle and the two pentapeptide halves are joined by head-to-tail condensation 

(Kohli et al. 2001).  NRPSs that re-use their modules to build peptide chains from repeats of smaller 

sequences are designated iterative NRPS (Type B) (Mootz et al. 2002). Valinomycin synthetase, which 

is the subject of this study, belongs to the iterative NRPSs as well. Its presumed biosynthesis will be 

described in detail in chapter 1.4.2. A third type of assembly is carried out by so-called non-linear 

NRPS (Type C). Their domain organization deviates from the standard C-A-T core domain organization. 

For example a C-domain during the synthesis of the siderophore myxochelin from Stigmatella 

aurantiaca presumably catalyzes the formation of two amide bonds (Silakowski et al. 2000). 
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1.3.1 Priming of NRPS thiolation domains 

Prerequisite for NRPS activity is a posttranslational modification. A 4’-phosphopantetheine (Ppant) 

prosthetic group is transferred from coenzyme A (CoA) to the side chain hydroxyl group of a 

conserved serine residue of the apo-thiolation domain (~80-100 aa) via ester bond formation (Figure 

1.5). The reaction is catalyzed by a dedicated phosphopantetheinyltransferase (PPTase) (Lambalot et 

al. 1996). The thiol group of the Ppant arm acts as the site of covalent tethering for amino acids and 

peptide chains during NRP assembly (Stachelhaus et al. 1996). Its flexibility supports the interaction of 

spatially distinct domains with the tethered substrate. Ppant priming of carrier proteins is required for 

other thiotemplate mechanisms including PK and FA biosynthesis (Copp and Neilan 2006).  

 

 
 

Figure 1.5 Posttranslational phosphopantetheinylation (priming) of NRPS thiolation domains. 

 

1.3.2 NRP substrate recognition and activation 

Adenylation (A) domains (~550 aa) are responsible for the specific recognition and activation of NRP 

monomers. The specificity of adenylation domains and their arrangement along the NRPS assembly 

line determine the principal sequence of the NRP peptide backbone. Consequently, they can be seen 

as gatekeeper domains (Finking and Marahiel 2004). The crystal structure of the gramicidin S 

synthetase GrsA adenylation domain together with its substrate phenylalanine delivered information 

about the A-domain binding pocket and revealed that ten residues lining the binding pocket can be 

used to predict A-domain substrate specificities, the so-called specificity-conferring code or signature 

sequence (Conti et al. 1997; Stachelhaus et al. 1999; Challis et al. 2000). In a first step A-domains 

activate NRP monomers via adenylation with ATP to yield acyl-AMP. In a second step the acyl is 

transferred to the Ppant thiol group of the adjacent thiolation domain forming a carboxy thioester 

(Fischbach and Walsh 2006). The two reaction steps are depicted in Figure 1.6 for the activation and 

covalent binding of an amino acid. As mentioned before other carboxylic acids are also recognized and 

activated as substrates during NRP biosynthesis. 
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Figure 1.6  Amino acid activation and covalent binding catalyzed by NRPS adenylation domains. 

 

1.3.3 Bond formation between NRP monomers 

Condensation (C) domains (~450 aa) catalyze amide bond formation between covalently tethered 

monomers on two adjacent T-domains (Stachelhaus et al. 1998; Bergendahl et al. 2002). The 

deprotonated amine group of the monomer on the downstream T-domain acts as a nucleophile and 

attacks the acyl group of the upstream bound amino acid or peptide (Figure 1.7). The monomer bound 

to the downstream thiolation domain (Tn) is therefore an acyl acceptor, while the monomer or peptide 

bound to the upstream thiolation domain (Tn-1) is an acyl or peptidyl donor (Fischbach and Walsh 

2006). If the acyl acceptor is a hydroxy acid, its hydroxyl group acts as nucleophile and an ester bond is 

formed resulting in a depsipeptide product (Marahiel et al. 1997).  Structural evidence indicates that 

conformational changes of the T-domain assist the interaction with either the A- or C-domains (Koglin 

et al. 2006; Lai et al. 2006). Multiple alignments of T-domains showed clustering depending on domain 

interaction partners (e.g. downstream epimerase domains) and even bound substrates, which shows 

that T-domains are not merely passive carrier proteins (von Döhren et al. 1999). The crystal structures 

of VibH, an amide synthetase structurally related to C-domains, and of a T-C didomain of TycC 

revealed a solvent channel running through the protein through which the tethered substrates can 

enter from opposite sites, an acceptor site for the nucleophile and a donor site for the electrophile. 

The active site is located at the interface (Keating et al. 2002; Samel et al. 2007). While A-domains act 

as gatekeepers for monomer activation and binding, substrate selectivity has been observed for 

C-domains as well (Lautru and Challis 2004). C-domains have been shown to exhibit strong selectivity 

of the acyl acceptor position for stereoconfiguration and some selectivity towards side-chain residues 

as well (Belshaw et al. 1999; Ehmann et al. 2000; Linne and Marahiel 2000; Luo et al. 2002). Broader 

specificity was observed for the peptidyl donor position regarding side-chain residues but high 

selectivity for stereoconfiguration (Doekel and Marahiel 2000; Linne et al. 2003).  
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Figure 1.7 Peptide bond formation catalyzed by NRPS condensation domains.  

 

Phylogenetic analysis of C-domains revealed several subtypes that clustered depending on 

stereospecificity and catalytic specialization (Roongsawang et al. 2005; Rausch et al. 2007). C-domains 

following epimerase domains show stereoselectivity towards D-donors and L-acceptors (DCL subtype), 

while LCL subtype domains form peptide bonds between L-donors and an L-acceptors (Clugston et al. 

2003). While C-domains cluster according to their donor substrate chirality, no clear separation was 

observed in dependence of the acceptor substrate chirality, indicating that conversion from L- to 

D-form of acceptor substrates occurs during or after peptide bond formation (Roongsawang et al. 

2005).  A further subtype was shown to have dual catalytic activity as epimerization and DCL 

condensation (Dual E/C) domain (Balibar et al. 2005). Tailoring epimerase (E) and 

heterocyclization (Cyc) domains (see 1.3.5), which are structurally related to C-domains, cluster 

according to their catalytic specialization and show differences in their active site motifs (Keating et al. 

2002; Rausch et al. 2007). Lipopeptide NRPSs often have an N-terminal C-domain that accepts a 

ß-hydroxyl fatty acid as donor that is transferred from an acyltransferase (Konz et al. 1999). This 

specific type of starter C-domain forms a separate phylogenetic group.  

 

1.3.4 Chain termination of NRP synthesis 

In bacterial NRPSs a thioesterase (TE) domain (~280 aa) that is responsible for peptide release is 

commonly found at the C-terminus of termination modules (Schneider and Marahiel 1998; Keating et 

al. 2001). First, the peptide is translocated from the thioester linkage on the upstream T-domain to a 

conserved serine residue in the active site of the TE domain via ester linkage (Bruner et al. 2002). 

Subsequently, either hydrolysis leads to the formation of a linear peptide acid or the reaction with an 

intramolecular nucleophile results in cyclic structures (Kopp and Marahiel 2007). Depending on the 

internal nucleophile (amide or a hydroxyl group) a macrolactam, e.g. tyrocidine (Trauger et al. 2000), 

or a macrolactone, e.g. surfactin (Tseng et al. 2002), is formed. The macrocyclic products can be either 

closed cyclic (head-to-tail) or branched-cyclic (Figure 1.8).  
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Macrocyclization is the most dominating form of NRP release since the conferred structural constraint 

is the basis for biological activity and proteolytic stability (Kohli and Walsh 2003). In iterative NRPSs 

TE-domains catalyze cyclooligomerization of peptide intermediates. As has been shown for 

gramicidin S biosynthesis, the first pentapeptide intermediate is stalled on the TE-domain until the 

second intermediate reaches the terminal T-domain. The TE-domain catalyzes head-to-tail 

dimerization between the N-terminal amino group of the T-bound pentapeptide and the C-terminal 

carboxyl group of the TE-bound pentapeptide resulting in a T-domain bound decapeptide. The 

decapeptide is transferred to the TE-domain before macrocyclization (Hoyer et al. 2007).  

 A less common alternative to TE-mediated chain termination is the reduction of the peptide by a 

C-terminal NADPH-dependent reductase (R) domain (~350 aa) to generate a linear aldehyde, which 

may be further modified (Kopp and Marahiel 2007). In fungal NRPSs specialized terminal C-domains 

responsible for macrocyclization or cyclooligomerization seem to have evolved as an alternative chain 

termination mechanism (Süssmuth et al. 2011; Gao et al. 2012).  

 

 

 
Figure 1.8  TE-domain mediated macrolactam formation (A) and several macrocyclic NRP products (B). 

Surfactin A Bacitracin A

Tyrocidine A Enterobactin Gramicidin S

A 

B
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1.3.5 Tailoring of the NRP backbone 

Beside the minimal set of core domains required for NRP biosynthesis, additional structural 

modifications found on NRPs require further enzyme activities (Walsh et al. 2001; Schwarzer et al. 

2003; Fischbach and Walsh 2006; Samel et al. 2008). An overview of some modifications catalyzed by 

tailoring domains during NRP biosynthesis is given in Figure 1.9. 

 One of the most typical features of NRPs is the abundance of D-amino acids. Some adenylation 

domains are able to directly activate and incorporate D-amino acids as with D-alanine in the first 

module of the cyclosporine synthetase. The D-Ala is provided by a separate racemase associated with 

the cyclosporine gene cluster (Hoffmann et al. 1994). However, more commonly dedicated epimerase 

(E) domains (~450 aa) that are positioned between T- and C-domains are responsible for the 

incorporation of D-amino acids. The epimerase domain acts on the amino acyl or peptidyl substrate 

bound to the upstream T-domain (Linne et al. 2001). The E-domain is a racemase that provides a 

mixture of bound D- and L-form substrates. The stereospecific peptide bond formation of the 

downstream C-domain (DCL) is ultimately responsible for the incorporation of the D-form donor (Linne 

and Marahiel 2000; Luo et al. 2002). As mentioned before, E-domains are structurally related to 

C-domains and a C-domain subtype even has dual catalytic activity as epimerization and DCL 

condensation (Dual E/C) domain (Balibar et al. 2005). Another C-domain subtype, cyclization (CY) 

domains, catalyze the addition of heterocycles to the peptide backbone. They act on Cys, Ser or Thr as 

acceptor substrates and catalyze peptide bond formation prior to the addition of the side chain thiol 

(Cys) or hydroxyl (Ser, Thr) and subsequent dehydration to form a thiazoline or oxazoline ring, 

respectively (Gehring et al. 1998; Walsh et al. 2001; Duerfahrt et al. 2004). The heterocycles serve as 

DNA-intercalating moiety in bleomycin (Boger and Cai 1999) and as metal-chelating group in 

vibriobactin (Marshall et al. 2001). An oxidase (Ox) domain was identified in some Cy-domain-

containing modules (e.g. bleomycin A2 synthesis), which catalyzes the flavin mononucleotide (FMN) 

dependent oxidation of a thiazoline to a thiazole ring (Schneider et al. 2003). A trans acting reduction 

(R) domain on the other hand catalyzes NADPH-dependent formation of a thiazolidine ring for 

pyochelin (Finking and Marahiel 2004; Marahiel 2009). N-methylation of amino acid residues is 

another feature encountered during NRP biosynthesis that is catalyzed by N-methyltransferase (N-MT) 

domains that transfer the methyl group from S-adenosylmethionine (SAM) (Hacker et al. 2000). N-MT-

domains are usually integrated at the C-terminal region of the A-domains and act on PCP-S-Ppant 

bound amino acids. In some NRPs the first amino acid is formylated by a formyltransferase (F) domain 

with N10-formyl-tetrahydrofolate (N10-THF) as the formyl donor (Marahiel 2009). A range of in trans-

acting enzymes can further contribute to structural diversification, e.g. glycosylation, acylation, 

halogenation, oxidative cross-linking (Schwarzer et al. 2003; Walsh 2005; Walsh 2008; Hur et al. 2012). 
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Figure 1.9  NRP modifications catalyzed by tailoring domains. 
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1.3.6 NRPS editing by type II TE domains 

In bacteria ~80 % of the CoA is acetylated and may be used by promiscuous PPTases as precursors for 

the Ppant posttranslational modification of T domains (Gehring et al. 1997; Quadri et al. 1998; 

Belshaw et al. 1999). Such misprimed T domains would block the NRP assembly rendering the NRPS 

assembly line inactive. An external type II TE domain usually associated with NRPS gene clusters 

(Schneider and Marahiel 1998) was identified and shown to act in trans to hydrolyze acetyl or wrong 

aminoacyl and peptidyl intermediates to regenerate the Ppant arm (Schwarzer et al. 2002; Koglin et al. 

2008) as depicted in Figure 1.10. 

 

 
Figure 1.10  Hydrolysis of misprimed substrates from T domains by in trans acting type II TE domain. 

 

1.3.7 Hybrid PKS/NRPS enzymes 

Polyketides (PKs) are assembled from polyketide synthases (PKSs) with a modular thiotemplate 

mechanism similar to NRPSs. The analogy between NRP and PK biosynthetic machineries is so high 

that even hybrid NRPS-PKS systems exist that produce hybrid peptide-polyketide natural products. 

Examples are the immunosuppressant rapamycin, the glycopeptide antibiotics bleomycin, and the 

siderophore yersiniabactin (Du et al. 2001). Precursors for PK biosynthesis are acyl-CoA thioesters, like 

acetyl-CoA, malonyl-CoA or methylmalonyl-CoA (Fischbach and Walsh 2006). An acyltransferase (AT) 

domain catalyzes the acyltransthiolation to the Ppant arm of a T domain (Figure 1.11) and C-C bond 

formation between monomers via Claisen condensation is catalyzed by ketosynthase (KS) domains 

(Figure 1.12).  

 

 

Figure 1.11  Transthiolation of acyl monomer to the downstream T domain catalyzed by PKS AT domains. 
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Figure 1.12  C-C bond formation catalyzed by PKS ketosynthase (KS) domains. 

 

Like NRPS, PKS can harbor additional tailoring domains creating structural diversity of the generated 

PK product (Cane and Walsh 1999). Tailoring domains encountered in cis during PK biosynthesis are 

ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) domains. The KR domain catalyzes the 

reduction of a ß-keto to a ß-hydroxyl group. The DH domain catalyzes a subsequent dehydration to 

yield an α,ß-enoyl group and the ER domain catalyzes the complete reduction. Depending on the 

presence of KR, KR+DH or KR+DH+ER domains, the outcome is a hydroxyl group, a double bond or the 

fully saturated acyl (Figure 1.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13  Tailoring of the ß-carbon in PKS by successive action of KR, DH and ER domains. 
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1.4 Valinomycin, a nonribosomal cyclodepsipeptide 

1.4.1 Structure and mode of action 

Brockmann and Schmidt-Kastner first isolated valinomycin from Streptomyces fulvissimus (Brockmann 

and Schmidt-Kastner 1955) and since then several Streptomyces strains have been shown to produce 

valinomycin (Matter et al. 2009). Furthermore, several Bacillus isolates seem to be able to produce 

valinomycin as well (Wulff et al. 2002). Total hydrolysis resulted in equimolar amounts of 

L-valine (L-Val), D-valine (D-Val), L-lactate (L-Lac) and D-α-hydroxyisovalerate (D-Hiv) and partial 

hydrolysis to L-Lac-L-Val and D-Hiv-D-Val fragments (Brockmann and Geeren 1957). Determination of 

the molecular mass of valinomycin led to the molecular formula C54H90N6O18 (MW 1111.3) and 

identified valinomycin as a cyclododecadepsipeptide with threefold rotational symmetry and 

alternating amide and peptide bonds (Brockmann et al. 1963; Shemyakin et al. 1963) (Figure 1.14). 

 

 
Figure 1.14  Structural formula of cyclododecadepsipeptide valinomycin. 

 

Valinomycin shows antibacterial activity against a range of Gram-positive bacteria (Shemyakin et al. 

1965; Harold and Baarda 1967; Hunter and Schwartz 1967; Seshachalam et al. 1973; Pettit et al. 

1999). Structure activity relationships studied with several valinomycin analogues revealed that the 

ring size was crucial for antimicrobial activity and smaller (tetra, octa) and larger cyclic repeats of the 

tetrapeptide unit were inactive. Changes of the amino acid residues and configuration were better 

tolerated than changes of the hydroxy acid residues. The replacement of amide links by ester or 

N-methylamide links deprives antibiotic activity. However, the replacement of ester links by amide 

links had little effect (Shemyakin et al. 1965; Shemyakin et al. 1973; Ovchinnikov 1974). Valinomycin 

was shown to uncouple oxidative phosphorylation in mitochondria mediated by K+ transport across 

the mitochondrial membrane or to a lesser extent by Rb+ or Cs+ transport, while Na+ and Li+ could not 

substitute for K+ (McMurray and Begg 1959; Moore and Pressman 1964). 
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The degree of antimicrobial activity and the ability to induce K+ uptake by mitochondria were found to 

correlate for cyclodepsipeptides (Pressman 1965; Shemyakin et al. 1973). Valinomycin acts as a 

neutral ionophore carrier: the ring carbonyl oxygens substitute for water molecules of the hydration 

shells of the cation and bind it selectively (Rb+ > K+ > Cs+) within its cyclic fold (Figure 1.15), thus 

shielding the charge from the surrounding environment (Mueller and Rudin 1967; Tosteson et al. 

1968). With the uncharged residues facing towards the outside of the complex, it can then diffuse 

across the hydrophobic lipid membrane (Harold 1969; Shemyakin et al. 1969). Since valinomycin is 

neutral, its cation complex acquires the charge of the complexed cation and equilibrates across a 

membrane in accord with the electrochemical potential (Tosteson et al. 1967; Henderson et al. 1969; 

Pressman 1969). As a result of K+ transport valinomycin dissipates the membrane potential. Inhibition 

of protein synthesis as a result of intracellular K+ loss is another hypothesized mode of action (Lubin 

and Ennis 1964). 

 

 
Figure 1.15  Structural forms of valinomycin. 

Valinomycin crystal structures from (A) non-polar solvent, (B) polar solvent and (C) with complexed potassium. Dashed lines 
represent hydrogen bonds. Adapted from Halsey et al. (2012).  
 

Gram-negative strains are largely insensitive to valinomycin due to their outer membrane, which 

serves as a selective barrier between cytoplasm and outer environment (Nikaido 2003; Delcour 2009). 

Antibacterial activity has been shown to be pH dependent and differ with the nature of the bacterium 

(aerobic, anaerobic, facultative anaerobic) (Ryabova et al. 1975; Tempelaars et al. 2011). Furthermore, 

the bacteriostatic activity is dependent on K+ concentrations and growth inhibition could be reversed 

upon addition of K+ ions to the medium (Harold and Baarda 1967; Seshachalam et al. 1973). Several 

studies confirm the antifungal activity of valinomycin (Shemyakin et al. 1965; Pettit et al. 1999; Park et 

al. 2008) and dependency of inhibition on the growth medium was observed for fungi as well (Ladeuze 

et al. 2011). Further reported activities include insecticidal-nematocidal (Angus 1968; Patterson and 

Wright 1970; Pansa et al. 1973) and anti-parasitic activity against the protozoa Leishmania major, 

Trypanosoma brucei (Pimentel-Elardo et al. 2010) and Babesia gibsoni (Yamasaki et al. 2009).  

A B C 
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Antiviral activities have been reported as well. Valinomycin was the most potent inhibitor 

(EC50 = 0.85 µM) in a cell-based screening of >10,000 agents for activity against severe acute 

respiratory syndrome human coronavirus (SARS-CoV) (Wu et al. 2004). In another study valinomycin 

led to a 90 % decrease in vesicular stomatitis viral (VSV) titer in Vero cells within 3 h after infection. It 

was found that the reduced viral titer was caused by the production of viral single envelope 

glycoprotein that was not fully processed in the presence of valinomycin, making it sensitive to endo-

ß-N-acetylglucosaminidase H cleavage (Pettit et al. 1999). It has been shown that valinomycin exhibits 

effects (mostly membrane-related) that are independent of its activity as ionophore (Negendank and 

Shaller 1982; Patumraj and Slaby 1982; Dise and Goodman 1985). 

 Another important field of valinomycin activities is its antitumor efficacy (Kuroda 1984; Daoud and 

Juliano 1986; Daoud and Forde 1991; Pettit et al. 1999). Valinomycin has been shown to induce 

apoptosis due to excessive K+ efflux, a mechanism that usually involves endogenous K+ voltage-gated 

channels and is a type of cell death commonly exhibited by tumor cells responding to treatment 

(Furlong et al. 1998; Abdalah et al. 2006; Smith and Blaylock 2007). Valinomycin-treated cells undergo 

several apoptotic events including nucleosomal fragmentation of DNA, phosphatidylserine (PS) 

membrane translocation, caspase-3 activation, and mitochondrial membrane depolarization (Inai et al. 

1997; Paananen et al. 2005; Abdalah et al. 2006). Valinomycin was also found to inhibit the 

transcription of GRP78, a molecular chaperone associated with a stress-signaling pathway in tumor 

cells, which resulted in selective cell death of stressed cancer cells (Ryoo et al. 2006). Despite its 

promising activities the overall toxicity of valinomycin has limited its utilization. Daoud and coworkers 

have incorporated valinomycin in liposomes and could reach a significant reduction of toxicity in vivo 

in leukemia mouse models while maintaining or even enhancing the antitumor activity (Daoud and 

Juliano 1986; Daoud and Forde 1991). The conclusion of numerous studies was that should it be 

possible to overcome overall toxicity, valinomycin would be a promising candidate for a range of 

clinical applications. Tailored valinomycin derivatives with well-defined properties by semisynthesis or 

biocombinatorial synthesis to create hybrid ionophores combining properties from different 

therapeutically useful peptides may be routes to achieve this goal (Shen et al. 2004; Gibson and Lecci 

2006).  

 

1.4.2 Biosynthesis of valinomycin 

First investigations of valinomycin biosynthesis included the addition of 14C-labeled D-Val and L-Val to 

the complex medium of Streptomyces sp. (PRL 1642), which led to equal incorporation of L-Val-1-[14C] 

into the D-Val and L-Val portion of valinomycin, to a lesser extend into the D-Hiv portion and not at all 

into the L-Lac portion. D-Val-1-[14C] was only incorporated to a slight extent (MacDonald 1960).  
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Further feeding experiments revealed that D-Hiv-1-[14C] was incorporated specifically into the D-Hiv 

portion of valinomycin, while the L-isomer was not incorporated (MacDonald and Slater 1968). Ristow 

and coworkers (1974) reported that [14C]-L-Thr and to a lesser degree [14C]-L-Ala was incorporated 

into the L-Lac portion of valinomycin during in vivo feeding experiments of Streptomyces fulvissimus. 

The similarity of valinomycin to gramicidin S and tyrocidine suggested biosynthesis by a similar 

nonribosomal mechanism and Ristow et al. (1974) tested protein purification fractions after removal 

of ribosomes for ATP-PPi exchange activity. ATP-PPi exchange occurs during adenylation of amino acyl 

substrates and is used in vitro with [32P]-labeled PPi to determine substrate activation (see 3.5.7 and 

4.6.2). The fractions with peak activation for L-Val showed comparable in vitro activation of L-Leu and 

much weaker activation of L-Thr. Neither the other valinomycin substituents (D-Val, D-Hiv, L-Lac) nor 

L-Ala, L-Phe, Gly, L-Glu and L-Lys were activated. Pyruvate (+/-NADH), phosphoenolpyruvate and 

propionic acid were also tested but without positive results. Furthermore, Ristow et al. (1974) 

reported in vitro synthesis of valinomycin with L-Val and [14C]-L-Ala or L-Val and [14C]-L-Thr as only 

substrates resulting in [14C]-L-Ala being incorporated to a smaller degree than [14C]-L-Thr. In contrast 

to the results from Ristow et al. (1974) Anke and Lipmann (1977) found that [14C]-L-Lac was 

incorporated into the L-Lac portion of valinomycin (and to a lower degree into D-Hiv, L-Val and D-Val 

as well) when Streptomyces sp. (PRL 1642) was made more susceptible for its uptake before feeding. 

They monitored ATP-PPi exchange activities of protein purification fractions with L-Lac and D-Hiv, 

which were however only slightly higher compared to the water blank. Pyruvate and L-Hiv were not 

activated. Furthermore, a high ATP-PPi exchange activity with L-Val was partially attributed to the 

presence of contaminating valyl-tRNA synthetase (Anke and Lipmann 1977). All mentioned studies 

agreed on L-Val as precursor for both L-Val and D-Val in valinomycin. However, it remained uncertain 

whether the hydroxy acids were directly activated and incorporated into valinomycin after being 

transformed from their corresponding amino acids or the amino acids were activated and 

incorporated before being transformed (Figure 1.16). The results were ambiguous and partially 

contradicted each other. 

 

 
Figure 1.16  Generation of valinomycin hydroxy acid precursors from corresponding amino acids. 
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After the genetic locus of valinomycin synthesis from Streptomyces levoris A-9 had been mapped 

(Perkins et al. 1990), more than a decade passed until the valinomycin gene cluster from 

Streptomyces tsusimaensis ATCC 15141 was isolated, cloned and sequenced (Cheng 2006). Knowledge 

of the biosynthesis of related cyclodepsipeptides, especially enniatins (Pieper et al. 1995) and the 

structurally closely related emetic toxin cereulide (Ehling-Schulz et al. 2005), suggested an iterative 

type B NRPS for valinomycin biosynthesis (Mootz et al. 2002). Since valinomycin consists of three 

repetitive tetradepsipeptide units, one would assume a tetramodular valinomycin synthetase (VlmSyn) 

with one module each for the incorporation of L-Val, D-Hiv, D-Val and L-Lac. It was shown that VlmSyn 

is coded by two distinct NRPS genes, vlm1 and vlm2. Sequence alignments revealed distinct domains 

that could indeed be assigned to four NRPS modules (Figure 1.17). Cheng predicted module 1 to be 

responsible for D-Hiv incorporation containing a hypothetical transaminase (TA) domain and a 

hypothetical dehydrogenase (DHO) domain. In module 2 an E domain was identified and it was thus 

presumed to incorporate D-Val. Module 3 for L-Lac incorporation, which is split between Vlm1 and 

Vlm2, should contain a hypothetical DHO domain and module 4 was responsible for L-Val 

incorporation. The proposed mechanism by Cheng for D-Hiv generation and incorporation was via 

transamination of L-Val by the hypothetical TA domain to yield α-ketoisovalerate (Kiv) and subsequent 

dehydrogenation of Kiv by the hypothetical DHO domain to yield D-Hiv. Likewise pyruvate was 

speculated to be dehydrogenated by the hypothetical DHO domain in module 3. According to Cheng 

module 1 and 3 would activate the hydroxy acids, D-Hiv and L-Lac. The specificity-conferring code of 

the A2 and A4 predicted substrate specificity for L-Val. The extracted codes from domain A1 and 

domain A3 did not result in any predicted substrate. 

 

 
Figure 1.17  Proposed model of the biosynthesis of valinomycin according to Cheng (2006). 

Domain A1 activates D-Hiv that is generated from L-Val by transamination to Kiv and subsequent dehydrogenated to D-Hiv. 
Domain A2 activates L-Val that is subsequently epimerized to D-Val. Domain A3 activates L-Lac that is generated from 
pyruvate by dehydrogenation. Domain A4 activates L-Val. The activated and tethered monomers are joined via peptide 
bond (C2, C4) or ester bond (C3). After each of the three circles of tetradepsipeptide formation intermediates are stalled on 
the TE domain and oligomerized and finally circularized by the TE domain. 
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Independently from Cheng (2006) Magarvey et al.(2006) had sequenced the valinomycin gene cluster 

from S. levoris A-9 and concluded a different domain organization for the hydroxy acid incorporating 

modules. Instead of a TA domain they proposed a “spacer” region as was found in melithiazol and 

myxothiazol PKS (Weinig et al. 2003) followed by a reductase domain that bears homology to PKS 

KR domains. The structurally closely related toxin cereulide is, like valinomycin [D-Hiv-D-Val-L-Lac-

L-Val]3, a dodecadepsipeptide with a threefold repetitive tetradepsipeptide unit 

[D-α-hydroxyisocaproate (D-Hic)-D-Ala-L-Hiv-L-Val]3. The NRPS domain organization for cereulide 

synthetase (Ces) and VlmSyn was found to be congruent (Figure 1.18). Magarvey et al. (2006) showed 

in vitro that CesA module 1 and CesB module 3 both preferentially activate and load α-keto acids 

(CesA α-ketoisocaproate (Kic); CesB Kiv) onto holo-T domains, which are subsequently 

stereospecifically reduced by the KR domains to the corresponding α-hydroxy acids (CesA D-Hic; CesB 

L-Hiv). The KR domains were found to be embedded into the C-terminal part of the A-domains. 

A similar mechanism of α-keto acid activation (Vlm1 Kiv, Vlm2 pyruvate), tethering and stereospecific 

reduction to the corresponding α-hydroxy acids (Vlm1 D-Hiv, Vlm2 L-Lac) was presumed for the 

valinomycin biosynthesis (Magarvey et al. 2006). However, biochemical evidence for this assumption 

remained outstanding. 

  

  

 

 
Figure 1.18  Proposed model of valinomycin biosynthesis in analogy to cereulide biosynthesis. 

(A) Valinomycin and cereulide are structurally similar cyclododecadepsipeptides. (B) VlmSyn and Cer have a congruent 
domain organization. The supposedly activated substrates are shown tethered to the T domains. 

A 

B 



Introduction 
 

20 

1.5 Heterologous production of natural products 

The reason for decreased interest of the pharmaceutical industry in natural product discovery and 

development is not that the pool of natural products is already exhausted. On the contrary, many 

habitats that may accommodate organisms that produce novel molecules have yet to be fully 

assessed. Extremophiles, living under extreme conditions have been shown to be a rich source of 

novel compounds (Wilson and Brimble 2009). Same goes for the vast marine habitat, which is still 

underexploited, even though more than 15,000 structurally diverse natural products with different 

bioactivities have already been discovered from marine microbes, algae and invertebrates (Baker et al. 

2007). And even from the estimated 1024-1025 actinomycetes in the top 10 cm of the global soil, the 

most established source of antibiotics, only 107 have been screened for antibiotic production (Baltz 

2007) with only a fraction of the antimicrobial compounds this genus is capable of producing being 

discovered (Watve et al. 2001). Unlike simpler synthetic compounds, natural products can be limited 

in supply due to limited sustainable sources or impractical chemical synthesis. The supply is especially 

crucial for source organisms that are rare or cannot readily be cultured in the laboratory, like marine 

invertebrates or plant-derived products (Koehn and Carter 2005). As a matter of fact only ~1 % of all 

bacteria can be readily cultured (Vartoukian et al. 2010; Pham and Kim 2012). 

 Traditional natural product programs are time- and resource-intensive, based on extract-library 

screening, bioassay-guided isolation, structure elucidation and subsequent production scale-up (Butler 

2004). Problems of this approach are that complex extracts can interfere with assays and the 

redundancy of identified compounds (Kingston 2011). The activity of secondary metabolites produced 

at low levels may be masked in complex extracts or putative novel compounds may only be produced 

under defined environmental conditions and thus fail to be detected (Li and Vederas 2009). During the 

metagenomic approach, genetic material is directly sampled from the environment, subcloned, 

sequenced and screened for the presence of secondary metabolite biosynthetic gene clusters. 

Independently of actual metabolite production also silent/cryptic biosynthetic gene clusters can be 

identified and accessed even from rare or unculturable organisms (Handelsman et al. 1998; Daniel 

2004; Letzel et al. 2013). With advances being made in DNA sequencing technologies and decreasing 

costs, the sequencing of whole genomes has become more and more feasible as well. Several 

bioinformatic tools have been developed to identify, annotate and characterize secondary metabolite 

biosynthesis gene clusters from the increasing sequence databases (Ansari et al. 2004; Jenke-Kodama 

and Dittmann 2009; Medema et al. 2011; Rottig et al. 2011; Ziemert et al. 2012). This approach 

termed genome mining has led to the discovery of several novel compounds even from already 

well-known natural product producers (Lautru et al. 2005; Wilkinson and Micklefield 2007; Zerikly and 

Challis 2009).  
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The modular nature of PKS and NRPS gene clusters with predictable domain specificities and the 

presence or absence of tailoring domains allows a first prediction of the natural product structure 

from gene organization and helps to avoid already known compounds (Li et al. 2009).  

 Advances in synthetic biology are pivotal to the progress of modern natural product discovery. The 

heterologous expression of biosynthetic gene clusters from rare, uncultivable or even unknown 

(metagenomic sampling) source organisms and cryptic biosynthesis clusters from genome mining 

approaches grants access to a still largely untapped pool of natural products. The optimal host for 

natural product production would be easy to cultivate, amenable to genetic manipulation, have the 

metabolic capability to supply necessary precursors and cofactors and without being affected by the 

synthesized molecule (Galm and Shen 2006). While it is unlikely that one expression host will be 

capable to meet all the demands, metabolic engineering to tailor a production strain according to 

one’s needs and to increase production titers is a powerful method to enhance the desired traits 

(Pickens et al. 2011). A general overview of metabolic engineering strategies to improve natural 

product formation is given in Figure 1.19. 

 

 
Figure 1.19 Metabolic engineering strategies for natural product production (Pickens et al. 2011).  

 

Since actinomycetes were the primary source of natural products, early heterologous hosts were 

Streptomyces coelicolor and Streptomyces lividans. While a closely related heterologous host is more 

likely to provide the metabolic requirements for the biosynthesis, several drawbacks are encountered 

as well.  
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Streptomyces has a relatively slow growth rate and its mycelial morphology causes increasing viscosity 

with accumulating biomass leading to non-Newtonian behavior of the culture broth (Riley et al. 2000). 

This heterogeneous growth behavior affects mixing pattern, power requirement, heat and mass 

transfer (nutrients, oxygen) processes during bioprocess development and cultivation scale-up (Badino 

Jr et al. 2001). Furthermore, Streptomyces strains intrinsically produce natural products themselves, 

thereby potentially leading to undesired crosstalk between native and introduced pathways 

(e.g. regulatory signals or distribution of biosynthetic precursors) and complicating analytical and 

purification efforts regarding the compound of interest (Zhang et al. 2011). 

 The ease of genetic manipulation and the rapid growth to high cell densities in inexpensive media 

has contributed to the fact that E. coli is probably the most widely applied expression host for various 

applications. The E. coli genetics are well-characterized and a vast amount of mutant strains and 

molecular tools (promoters, operators, and vectors) that were designed to meet special requirements 

are available. However, heterologous natural product formation is particularly challenging for several 

reasons. Enzymes associated with PKS/NRPS biosynthesis are large, easily surpassing 300 kDa, with 

higher order structures that may exceed 1 MDa, and require posttranslational 

phosphopantetheinylation. Often the cascaded action of several enzymes is needed during product 

synthesis. Furthermore, precursor requirements may not be met by the E. coli metabolism (Galm and 

Shen 2006; Zhang et al. 2011). Nevertheless, that E. coli is generally able to produce natural products 

is indicated by the intrinsic production of the siderophore enterobactin, which is synthesized by a six-

modular, three proteins comprising NRPS (Gehring et al. 1998), and the siderophore and virulence 

factor yersiniabactin, which is synthesized by a hybrid PKS/NRPS mechanism in enteropathogenic 

E. coli strains (Miller et al. 2002; Bultreys et al. 2006). E. coli has been used successfully to produce 

several PKs (Boghigian and Pfeifer 2008). Among them are the antibiotic erythromycin A from 

Saccharopolyspora erythraea, which involved the expression of three large PKS genes of ~10 kb each 

and 17 additional genes for tailoring and resistance (Zhang et al. 2010), and the anticancer PKS/NRPS 

hybrid precursors epithilone C and D from the myxobacterium Sorangium cellulosum, which are 

synthesized from six ORFs (together ~55 kb), comprising one NRPS and eight PKS modules (Mutka et 

al. 2006). Those examples demonstrate the versatility and the feasibility with which E. coli can be 

engineered to produce complex natural products. While there are plenty of examples for the 

heterologous production of PKs (Pfeifer and Khosla 2001; Fujii 2009; Zhang et al. 2010), relatively few 

examples of heterologous NRP production have been reported to date. The production of the DNA 

intercalator echinomycin from Streptomyces lasaliensis (among others) in E. coli required eight genes 

for the biosynthesis of a quinoxaline-2-carboxylic acid (QC) moiety, five NRPS genes and one resistance 

gene comprising a 36 kb long cluster, and was the first example of the autonomous production of a 

heterologous NRP in its bioactive form (Watanabe et al. 2006).  
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The basic principle of heterologous biosynthesis is the expression of large and numerous enzymes for 

biosynthesis. Several strategies have been developed for the expression of recombinant proteins in 

E. coli (see Figure 1.20) and extensively reviewed (Sorensen and Mortensen 2005; Peti and Page 2007; 

Francis and Page 2010). The fast growth and ease of manipulation allows the try-out of various 

parameters for optimization and has led to the introduction of parallelized cloning and small-scale 

expression screening procedures (Graslund et al. 2008; Vincentelli and Romier 2013). Such 

high-throughput strategies are generally applied in the field of structural genomics, but have not 

found common application during heterologous natural product biosynthesis so far (Lee et al. 2010).  

 

 
Figure 1.20 Strategies for soluble expression of recombinant proteins in E. coli. 

Overview of strategies to favor soluble protein expression in E. coli, as described in literature. The figure was adapted from 
Sørensen and Mortensen (2005). 
 

Other expression hosts like Bacillus subtilis, Pseudomonas putida, Saccharomyces cerevisiae and 

Aspergillus nidulans have been successfully applied to produce PK and NRP products as well. Each of 

them has distinct advantages and disadvantages when it comes to natural product production. 

However, none can compete with E. coli regarding the versatility of genetic and metabolic engineering 

tools. It is also well-suited as an efficient platform for combinatorial biosynthesis and natural product 

pathway engineering in place of native producers that are challenging targets for genetic manipulation 

or biochemical analysis (Pfeifer and Khosla 2001; Wenzel and Muller 2005; Pickens et al. 2011). 
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1.6 Objective 

Recombinant production of natural products has a significant impact on the development of natural 

drug discovery, since it facilitates access to underexploited natural product sources and enables the 

transfer from gene to product during approaches like metabolic sampling and genome mining. Even 

though the medicinal value of nonribosomal peptides (NRPs) is undisputable, cases in which NRPs 

have been produced heterologously are infrequent. The aim of this study was to establish and test the 

feasibility of valinomycin production in an autonomous recombinant host that is amenable to genetic 

manipulation. Therefore, the biosynthesis of valinomycin, a cyclodepsipeptide antibiotic produced by 

Streptomyces tsusimaensis, had to be fully reconstituted in E. coli as the expression host of choice.  

 As a first step, soluble expression of active valinomycin synthetase (VlmSyn) in E. coli ought to be 

achieved. To address the challenging expression of the large heterodimeric VlmSyn, cloning and 

expression tools for parallelized small-scale screenings of relevant cultivation parameters were to be 

applied. Engineering of a general E. coli NRPS production strain to support the necessary 

posttranslational modifications of NRPSs should be developed und used for in vivo valinomycin 

production. Parameters to optimize valinomycin production should be identified in a rational, 

semi-automated approach. Lastly, valinomycin production scale-up was to be tested in a lab-scale 

bioreactor with fed-batch cultivation mode. 

 A second goal was to clarify the mode of valinomycin biosynthesis with purified VlmSyn in vitro, 

since this has been the subject of much speculation in literature. Results from in vivo substrate feeding 

experiments were ambiguous and partially contradictory and current models of valinomycin 

biosynthesis solely rely on sequence homologies to similar NRPS clusters. 

 Finally, having the valinomycin biosynthetic assembly line established in E. coli should set the stage 

for future pathway engineering and combinatorial biosynthesis approaches towards novel valinomycin 

analogs.  
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2 Principles 

2.1 Chromatography and mass spectrometry 

Mass spectrometry (MS) is a fundamental analytical technique applied to identify and quantify 

compounds and to elucidate chemical structures of molecules. Analytes are ionized and separated by 

mass-to-charge (m/z) ratio. The intensities of the detected signals with certain m/z ratios are 

transcribed into a mass spectrum. The three main components of a mass spectrometer comprise an 

ion source to generate charged molecules, a mass analyzer for the separation of ions according to 

their m/z in a magnetic or electric field and a detector to measure and amplify the signals of incoming 

ions (Dass 2006). Mass spectrometry is commonly coupled with gas or liquid chromatography (GC- or 

LC-MS) techniques to achieve a separation of compounds fed to the MS. High-performance liquid 

chromatography (HPLC) in combination with mass spectrometry (HPLC-MS) is suited to analyze high 

molecular weight compounds, like natural products, peptides and proteins in complex mixtures 

(Arpino 1992). The sample mixture together with the mobile phase is pumped under high pressure 

through a column with small monodispersed particles of ~5 µm. The stationary phase typically consists 

of silica or polymers and analytes are separated due to their interaction with it. In this study reversed-

phase chromatography (RPC) was used to separate analytes from in vivo valinomycin formation 

experiments. During RPC the unpolar stationary phase consists of silica particles surface-modified with 

covalently attached alkyl chains. The mobile phase is polar and typically consists of buffer or water 

with a polar organic modifier (Aguilar 2004). For this study silica bonded with octadecyl carbon chains 

(C18) was used as stationary phase. A mixture of water and acetonitrile (ACN) with addition of 0.1 % 

formic acid as ionic modifier was used as mobile phase and elution of analytes was performed with a 

gradient profile. 

  

2.1.1 Electrospray ionization (ESI) 

In HPLC-MS coupled systems, where the analyte is already in liquid form, electrospray ionization (ESI) 

is the common mode of ionization. The sample solution passes a capillary tube to which a high voltage 

(2 – 5 kV) is applied. The electric field between capillary tip and a counter electrode leads to charge 

separation at the liquid surface and the formation of a “Taylor Cone” at the end of the capillary from 

which charged droplets detach. Due to the evaporation of solvent, droplets decompose into smaller 

droplets (Coulomb fission) until single gas-phase ions prevail. A co-axial flow of neutral gas (sheath 

gas), e.g. hot nitrogen, can support droplet formation and solvent evaporation. ESI is an atmospheric 

pressure ionization method. Since mass analysis requires high vacuum, ions have to pass a series of 

stages with stepwise reduced pressure (Cech and Enke 2001). The principle is depicted in Figure 2.1.  
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Figure 2.1 Principle of electrospray ionization (Cech and Enke 2001). 

 

2.1.2 Quadrupole mass analyzer 

The main tasks of a mass spectrometer, namely to separate ions according to their m/z ratio and to 

focus mass-resolved ions is performed by the mass analyzer. Different types of mass analyzers are 

available. A quadrupole consists of four parallel metal rods in a square symmetric array to which a 

direct-current (DC) and a radio-frequency (RF) potential are applied. Adjacent rods have opposite 

polarities. The resulting high-frequency oscillating field leads to the stable vibratory motion of ions 

that pass through the quadrupole (Figure 2.2). DC and RF can be tuned to allow stable trajectories only 

for ions with certain m/z ratios thus acting as a bandpass mass filter. Residual ions have unstable 

trajectories that lead to collision with the quadruple (Miller and Denton 1986).  

 

 

 

Figure 2.2  Quadrupole mass analyzer (Glish and Vachet 2003). 

A high frequency-oscillating field generated by a direct-current (DC) and a radio-frequency (RF) voltage applied to the four 
quadrupole rods (top rod not shown) allows ions of a certain m/z to maintain a stable trajectory from ion source to 
detector, while ions with different m/z ratios have unstable trajectories. 
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The ratio of the DC and RF voltages determines the width of the bandpass. In order to record a mass 

spectrum the DC and RF potentials are altered while keeping their ratio constant. Quadrupoles can 

also be operated in total-ion (RF-only) mode. The DC component is made zero and the quadrupole 

then acts as a broadband mass filter that allows ions with a wide range of m/z ratios to pass. 

Quadrupoles in RF-only mode are usually applied as pre- or postfilters and as intermediate reaction 

cells in triple-quadrupole mass spectrometers. 

 

2.1.3 Ion trap mass analyzer 

Ion traps work similar to quadrupoles, however, ions are kept on stable trajectories within the trap for 

a certain time before they are released to be detected. Therefore, mass separation is achieved in time 

not in space. The oscillating field within the ion trap can either be tuned to only trap ions of a certain 

m/z ratio (mass-selective stability) or to trap all ions and allow only ions with certain m/z to leave 

(mass-selective instability). Thereby mass resolution is enhanced in comparison to a quadrupole 

analyzer. There are two types of ion trap mass analyzers: the 3D quadrupole ion trap (QIT) and the 2D 

linear ion trap (LIT) (Figure 2.3). 

  In a quadrupole ion trap (QIT), also known as Paul trap, the three-dimensional oscillating electric 

field is generated by a three-electrode system with a doughnut-shaped central ring-electrode and two 

parallel hyberbolic end-cap electrodes (March 1997). To record a mass spectrum the applied RF 

voltage is increased and ions are ejected sequentially by m/z. 

 

 

       
 

Figure 2.3  Ion trap mass analyzers.  

(A) The 3D quadrupole ion trap mass analyzer consists of a central ring electrode and two hyperbolic end cap electrodes. 
Ions are maintained on stable trajectories within the trap and are ejected in a mass-selective manner by increasing the RF 
voltage of the ring electrode (Glish and Vachet 2003). (B) The 2D linear ion trap mass analyzer has three axial sections that 
can be tuned independently with DC and RF voltages. One rod of the central section contains a slit for the ejection of ions 
(Dass 2006).  

A B 
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A quadrupole linear ion trap (LIT or LTQ: linear trap quadrupole) is constructed like a conventional 

quadrupole with four parallel rods, however, the rods are designed to have three axial sections (front, 

center, back). DC and RF can be tuned for the three sections individually to trap ions in the center 

section. One of the central rods contains a slit for the ejection and detection of ions (Dass 2006). 

 

2.1.4 Tandem mass spectrometry (MS/MS) 

Tandem mass spectrometry (MS/MS) combines two mass analyzers to offer the analytical resources 

for structure elucidation and for identification and quantification of compounds. The basic steps of 

MS/MS include mass selection, fragmentation (collision induced dissociation: CID) and mass analysis. 

The selected ion is called precursor ion, while ions that result from the fragmentation of the parent 

ion are referred to as product ions. The pattern of product ions generated is characteristic for a given 

parent ion and can be used to identify target compounds from complex samples (Dass 2006). Tandem 

mass spectrometry can be performed with different acquisition modes (Figure 2.4). 

 

 
 

Figure 2.4  Modes of tandem mass spectrometry. 

 

The first and most common mode is the Product Ion Scan, during which the first mass analyzer (MS1) 

acts as a mass filter: only ions with a certain m/z can pass. The parent ions are fragmented by collision 

induced dissociation (CID) and product ions are scanned from the second mass analyzer (MS2).  
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This mode can be used for structure elucidation of certain compounds. During the second mode, the 

Precursor Ion Scan, all ions that result in product ions with the same m/z ratio selected by the MS2 

after fragmentation are scanned from MS1. It can be used to identify closely related compounds in a 

mixture. During the third mode, the Neutral Loss Scan, all ions that undergo loss of a common neutral 

during fragmentation are monitored. Like the Precursor Ion Scan the Neutral Loss Scan can be used to 

identify closely related compounds that would lose characteristic fragments with certain m/z during 

fragmentation. The fourth scan mode, the Selected Reaction Monitoring (SRM) or Selective Ion 

Monitoring (SIM) is often used for quantitative measurements of analytes in complex mixtures. Only a 

certain precursor ion - product ion pair is monitored. MS1 lets only precursor ions with a certain m/z 

pass and after fragmentation only a characteristic product ion is monitored from MS2. The peak area 

of this detected specific product ion can be used to quantitate the analyte (precursor ion) of interest 

with the help of a calibration curve from an external standard or in comparison to an internal 

standard. An even higher specificity for quantitation is reached during Multiple Reaction Monitoring 

(MRM), in which more than one specific product ion is monitored and quantified. MRM was used in 

this study to quantify valinomycin from cultivation sample extracts. 

 For tandem mass spectrometry triple quadrupole mass analyzers (QQQ) are most widely applied. 

The generated ions enter the mass spectrometer through a skimmer. A first quadrupole Q0 (or 

sometimes octopole) in RF-only mode focuses the ions and guides them towards the first quadrupole 

mass analyzer (Q1). Passing ions are then accelerated before they enter a collision cell, in which 

collision induced dissociation (CID) of ions can be achieved with N2 gas molecules. An intermediate 

quadrupole (Q2) in RF-only mode guides the ions through the collision cell to the second quadrupole 

mass analyzer (Q3). Finally, ions that pass mass analyzer Q3 are detected. In this study the Agilent 

6460 Triple Quadrupole ESI-LC/MS (Figure 2.5) and the AB SCIEX QTrap 2000 mass spectrometer were 

used. The QTrap 2000 uses a linear ion trap as second mass analyzer (Q3).  

 

 
 

Figure 2.5  Scheme of the Agilent 6460 ESI-Triple Quadrupole Mass Spectrometer. 
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3 Material and Methods 

3.1 Material 

3.1.1 Chemicals 

Name Manufacturer 
Acetic acid VWR, Bruchsal 
Acetonitrile Thermo Scientific, Waltham  
Acrylamide solution Carl Roth, Karlsruhe 
Activated carbon MP Biomedicals, Eschwege 
Adenosine triphosphate Carl Roth, Karlsruhe  
Agar-agar Carl Roth, Karlsruhe 
Agarose Carl Roth, Karlsruhe 
Ammonium hydroxide VWR, Bruchsal 
Ammonium persulfate Carl Roth, Karlsruhe 
Ampicillin Carl Roth, Karlsruhe 
Beef extract Serva, Heidelberg 
Bovine serum albumin Carl Roth, Karlsruhe 
Bradford solution Carl Roth, Karlsruhe 
Brilliant Blue G-250 Carl Roth, Karlsruhe 
5-Bromo-4-chloro-3- AppliChem, Darmstadt 
Indolyl phosphate, BCIP 
Bromphenol blue Merck, Darmstadt 
BugBuster Protein  Merck, Darmstadt 
extraction Reagent   
Ethyl acetate Carl Roth, Karlsruhe 
Calcium carbonate Sigma, St. Louis, USA 
Calcium chloride Carl Roth, Karlsruhe 
Chloramphenicol Carl Roth, Karlsruhe 
Complete protease  Roche, Mannheim 
inhibitor EDTA-free  
Cobalt(II) chloride Fluka, Buchs 
Copper(II) sulfate Merck, Darmstadt 
Corn steep solids  Sigma, St. Louis, USA 
Deoxynucleotide Thermo Scientific, Waltham 
triphosphates 
Dextrin Fluka, Switzerland 
D-Glucose Komplet, Germany 
Diaion HP-20 Sigma-Aldrich, Steinheim 
Dimethylformamide Carl Roth, Karlsruhe 
Dipotassium hydrogen  Carl Roth, Karlsruhe 
phosphate   
Disodium molybdate Merck, Darmstadt 
1,4-Dithiothreitol, DTT Carl Roth, Karlsruhe 
D-α-Hydroxyisovaleric acid Sigma, St. Louis, USA 
D-Lactate Sigma, St. Louis, USA 
D-Valine Sigma, St. Louis, USA 

 

Name Manufacturer 
D-Xylose Carl Roth, Karlsruhe 
EnBase Flo / EnPresso BioSilta Oy, Oulu, 

Finnland 
Ethanol, absolute VWR, Bruchsal 
Ethylene diamine  Fluka, Switzerland 
tetraacetic acid, EDTA 
Formic acid Carl Roth, Karlsruhe 
GelRed Biotium, Hayward USA 
Glycerol ≥98 % Carl Roth, Karlsruhe 
Glycine Carl Roth, Karlsruhe 
Hydrochloric acid  VWR, Bruchsal 
Imidazole Carl Roth, Karlsruhe 
Iron(III) chloride Carl Roth, Karlsruhe 
Isopropyl-D-thiogalacto- Carl Roth, Karlsruhe 
pyranoside, IPTG 
Kanamycin Carl Roth, Karlsruhe 
α-Ketoisovaleric acid Sigma, St. Louis, USA 
L-Arabinose Carl Roth, Karlsruhe 
L-α-Hydroxyisovaleric acid 
L-Lactate Sigma, St. Louis, USA 
L-Valine Sigma, St. Louis, USA 
LumaSafe Plus scintillation  PerkinElmer, Waltham 
cocktail 
MacConkey Agar Base Difco, Heidelberg 
Magnesium chloride Merck, Darmstadt 
Magnesium sulfate Carl Roth, Karlsruhe 
Malt extract  Carl Roth, Karlsruhe 
Manganese(II) sulfate  Merck, Darmstadt  
Methanol VWR, Bruchsal 
Methionine Carl Roth, Karlsruhe 
Nitro blue tetrazolium VWR, Bruchsal 
chloride, NBT 
Nickel Nitrate Fluka, Switzerland 
Nitrogen (liquid) TU Berlin 
Perchloric acid Carl Roth, Karlsruhe 
Phenylmethylsulfonyl  Sigma, St. Louis, USA 
fluoride, PMSF 
Phosphoric acid Carl Roth, Karlsruhe 
Ponceau S Sigma, St. Louis, USA 
Polypropylene glycol 2000 Fluka, Switzerland 
Potassium chloride Carl Roth, Karlsruhe 
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Potassium dihydrogen  Fluka, Switzerland 
phosphate 
Potassium hydroxide Carl Roth, Karlsruhe 
 [32P]-Pyrophosphate PerkinElmer, Waltham 
Pyruvate  Sigma, St. Louis, USA 
Skimmed milk powder Carl Roth, Karlsruhe 
Sodium chloride VWR, Bruchsal 
Sodium dihydrogen  Carl Roth, Karlsruhe 
phosphate 
Sodium dodecyl Carl Roth, Karlsruhe 
sulfate, SDS  
Sodium hydroxide Carl Roth, Karlsruhe 
Sodium selenite Ferak, Berlin 
Soy flour peptone Carl Roth, Karlsruhe 
Starch, soluble Sigma, St. Louis, USA 
 

Sucrose Sigma, St. Louis, USA 
SYBR Safe DNA stain Invitrogen, Karlsruhe 
Tetramethylethylene- Carl Roth, Karlsruhe 
diamine, TEMED 
Tetrasodium diphosphate  Carl Roth, Karlsruhe 
Thiamine hydrochloride Carl Roth, Karlsruhe 
Tris(hydroxymethyl)-  Carl Roth, Karlsruhe 
aminomethane 
Triton X-100 Fluka, Switzerland 
Tryptone Carl Roth, Karlsruhe 
Urea Carl Roth, Karlsruhe 
Tween 20 Serva, Heidelberg 
Vitamin B12 Carl Roth, Karlsruhe 
Yeast extract DHW, Nürnberg 
Zinc sulfate Merck, Darmstadt 

 

3.1.2 Biologics and markers 

Enzymes 

Name Manufacturer 

Benzonase  Merck, Darmstadt  
DreamTaq Green DNA Polymerase Thermo Scientific, Waltham, US 
FastDigest Restriction Enzymes Thermo Scientific, Waltham, US 
FastAP Thermosensitive Alkaline Phosphatase Thermo Scientific, Waltham, US 
Gateway BP Clonase II Mix Invitrogen, Karlsruhe 
Gateway LR Clonase II Mix Invitrogen, Karlsruhe 
Lyzozyme Sigma, St. Louis, USA 
Proteinase K Invitrogen, Karlsruhe 
Phusion DNA Polymerase Thermo Scientific, Waltham, US 
RNase A Thermo Scientific, Waltham, US 
T4 DNA Ligase Roche, Mannheim 

Antibodies 

Name Manufacturer 

Penta His Antibody, mouse monoclonal Qiagen, Hilden 
Anti-Mouse IgG, Alkaline Phosphatase labeled Sigma-Aldrich, Hamburg 

Markers / Standards 

Name Size range Manufacturer 

GeneRuler 100 bp Plus DNA Ladder 100-3,000 bp Thermo Scientific, Waltham, US 
GeneRuler 1 kb Plus DNA Ladder 75-20,000 bp Thermo Scientific, Waltham, US 
Lambda Mix Marker, 19 8,271 – 48,502 bp Thermo Scientific, Waltham, US 
ProSieve QuadColor Protein Marker 4.6 – 300 kDa Lonza, Basel, CH 
Spectra Multicolor High Range Protein 

 

40 – 300 kDa Thermo Scientific, Waltham, US 
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3.1.3 Instruments  

Instrument Name Manufacturer 

Analytical balance Sartorius Sartorius AG, Göttingen 
Autoclave Systec V95 Systec GmbH, Wettenberg 
Bioreactor (3.7 L) KLF2000 Bioengineering, Wald, Switzerland 
Cell homogenizer EmulsiFlex-B15 

 

Avestin, Mannheim 
Centrifuge eppendorf centrifuge 5810R  Eppendorf, Hamburg 
Centrifuge Himac/CT15RE VWR, Leuven 
Culture monitoring online SDR SensorDish Reader PreSens, Regensburg 
DNA electrophoresis units Biozym Biozym, Hessisch Oldendorf 
Electroblotting device semiDRY Cleaver Scientific, UK 
Electroporator electroporator 2510 Eppendorf, Hamburg 
Freeze dryer VirTis BTK Bench Top SP Scientific, Gardiner, US 
Gel documentation GenoPlex VWR, Leuven 
HPLC  Agilent 1290 Infinity UHPLC Agilent Technologies, Waldbronn 
HPLC Agilent 1100/1200 HPLC Agilent Technologies, Waldbronn 
HPLC column Zorbax Eclipse Plus C18 RRHD 2.1 

x 50 mm, 1.8 µm 
Agilent Technologies, Waldbronn 

HPLC column Luna 3µm C18(2) 50 x 1 mm Phenomenex, Aschaffenburg 
Incubation shaker Infors HT Infors, Switzerland 
Incubation shaker Kuhner LT-X Adolf Kühner, Switzerland 
Incubator Heraeus Heraeus, Berlin 
Liquid-handling Robot MICROLAB STAR Hamilton, Martinsried 
Mass spectrometer Agilent 6460 TripleQuad LC/MS Agilent Technologies, Waldbronn 
Mass spectrometer QTrap2000 AB SCIEX, Darmstadt 
PCR Thermal cycler Mastercycler gradient Eppendorf, Hamburg 
Plate reader PHOmo Plate Reader  Anthos, Krefeld 
Plate reader Synergy Mx Biotek, Winoosky, USA 
Plate reader Infinite 200 PRO series  Tecan, Männedorf 
pH Meter Mettler Toledo Mettler-Toledo, Giessen 
Protein electrophoresis unit omniPAGE mini Cleaver Scientific, UK 
Protein purification system Äkta avant 150 GE Healthcare, Freiburg 
Protein SEC column HiLoad 16/60 Superdex 200 

 

GE Healthcare, Freiburg 
Protein IMAC column Ni-NTA Superflow 5 ml cartridge 

 

Qiagen, Hilden 
Rotary evaporator IKA-Werke IKA-Werke, Staufen 
Scanner Konica Minolta KONICA MINOLTA, Tokyo, J 
Scintillation counter Wallac 1409 Perkin Elmer, Waltham, USA 
SDS-PAGE electrophoresis unit omniPAGE mini Cleaver Scientific, UK 
Shaker water bath GFL  Labortechnik, Burgwedel 
Sonication bath Bandelin Sonorex Schalltec, Mörfelden-Walldorf 
Spectrophotometer Ultrospec 3300 Amersham, Germany 
Spectrophotometer NanoDrop ND-1000  Peqlab Biotechnologie, Erlangen 
Thermomixer Thermomixer comfort  Eppendorf, Hamburg 
Thermostat ThermoStat plus Eppendorf, Hamburg 
Ultrasonicator UP200S Hielscher Ultrasonics, Teltow 
UV Transilluminator GenoView VWR, Leuven 

 Vortex Vortex Mixer Gemmy Industrial, Taiwan 
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3.1.4 Kits  

Name Manufacturer 

Hi Yield Gel/PCR DNA Fragments Extraction Kit Süd-Laborbedarf, Gauting 
Invisorb Genomic DNA Kit III Stratec, Berlin 
Invisorb Spin Plasmid Kit Stratec, Berlin 
KAPA Hifi PCR Kit Peqlab Biotechnologie, Erlangen 
PeqGold gel extraction kit C-line Peqlab Biotechnologie, Erlangen 

 

3.1.5 Expendables and other 

Name Manufacturer 

24-Well Block 10 mL Ritter GmbH, Schwabmünchen 
96-Well Microplate, clear Costar, New York, USA 
AirOTop Enhanced Seals BioSilta Oy, Oulu, Finland 
Breathable Film Starlab, Hamburg 
Centrifuge tubes, conical (14 mL, 50 mL) VWR, USA 
Cryo tubes (2 mL) VWR, Leuven 
Electroporation cuvettes (1 mm) VWR, Leuven 
His SpinTrap columns GE Healthcare, Freiburg 
Micro test tubes (2.0 mL, 1.5 mL) Carl Roth, Karlsruhe 
Nitrocellulose membrane Protran BA 85  Whatman, UK 
PCR tubes / strips 0.2 mL Biozym, Hessisch Oldendorf 
Petri dishes (ø 90 mm) Greiner Bio-One, Frickenhausen 
PreSens HydroDish HD24-well PreSens, Regensburg 
PreSens OxoDish OD24-well PreSens, Regensburg 
Roti-Store cryo vials Carl Roth, Karlsruhe 
Syringes (5 mL, 10 mL, 20 mL, 50 mL) Terumo Corporation, Tokyo, Japan 
Syringe filter CME 0.45 µm Carl Roth, Karlsruhe 
Syringe filter PVDF 0.22 µm Carl Roth, Karlsruhe 
UltraYield Flasks (125 mL, 250 mL, 500 mL, 2.5 L) BioSilta Oy, Oulu, Finland 
Whatman 3 MM Filter paper  Whatman, UK 

 

3.1.6 Software 

Name Manufacturer  

Äkta UNICORN 6.1 GE Healthcare, Freiburg 
Analyst 1.4.2 AB SCIEX, Darmstadt 
ChemBioDraw Ultra 10.0 PerkinElmer, Waltham, US 
MassHunter Qualitative Analysis  Agilent Technologies, Waldbronn 
MicrolabSTAR VENUS one  Hamilton, Martinsried 
MODDE Vers. 9 Umetrics, Umeå, Sweden 
SigmaPlot 12 Systat Software, Erkrath 
TableCurve 2D Systat Software, Erkrath 
Vector NTI Advance 11.0 Invitrogen, Karlsruhe 
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3.2 Cultivation 

E. coli cultivation was performed for plasmid amplification and maintenance, for enzyme expression and 

finally for valinomycin production. Since cultivation strategies were developed and optimized according 

to the respective purpose, detailed descriptions of cultivation conditions can be found in the respective 

chapters.  

 

3.2.1 Bacterial strains 

E. coli was used for plasmid maintenance and amplification, protein expression and valinomycin 

formation studies. S. tsusimaensis worked as source for the required genetic elements of the 

valinomycin gene cluster. Strains used in this study are listed in Table 3.1 

 

Table 3.1  Overview of bacterial strains. 

Strain Genotype Origin / Reference 

E. coli BJJ01 E. coli B F– ompT hsdS(rB
– mB

–) dcm+ (TetR) gal 
endA Hte ΔxylA::sfpwt 

This study 

E. coli BL21 E. coli B F– ompT hsdS(rB
–, mB

–) gal dcm+  Agilent Technology, 
Waldbronn 

E. coli BL21Gold E. coli B F– ompT hsdS(rB
– mB

–) dcm+ (TetR) gal 
endA Hte 

Agilent Technology, 
Waldbronn 

E. coli DB 3.1 F– gyrA462 endA1 Δ(sr1-recA) mcrB 
mrr hsdS20(rB

–, mB
–) supE44 ara-14 galK2 lacY1 

proA2 rpsL20(SmR) xyl-5 λ– leu mtl1 

Invitrogen, Karlsruhe 

E. coli Top10 F– 
mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacΧ74 recA1 araD139 Δ(ara-leu)7697 galU 
galK rpsL(Str

R
) endA1 nupG λ– 

Invitrogen, Karlsruhe 

E. coli MK01  K12, F– 
λ- rph-1 INV(rrnD, rrnE), ΔlacY Neubauer group,              

TU Berlin 

E. coli MC4100 F– [araD139]B/r, Δ(argF-lac)169, λ-, e14-, relA1, 
flhD5301, Δ(fruK-yeiR)725(fruA25), deoC1, 
rpsL150(StrR), rbsR22, Δ(fimB-fimE)632(::IS1),  

Süssmuth group,              
TU Berlin 

E. coli BAS3023 F– [araD139]B/r, Δ(argF-lac)169, λ-, e14-, 
flhD5301, Δ(fruK-yeiR)725(fruA25), relA1, 
rpsL150(StrR), rbsR22, Δ(fimB-fimE)632(::IS1), 
deoC1, ΔlamB106, imp4213 

(Braun and Silhavy 2002) 

S. tsusimaensis 
ATCC 15141 

wild-type Keller group,                     
TU Berlin 
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3.2.2 Culture media  

Media ingredients were dissolved in ddH2O and the pH adjusted if required. Media were autoclaved at 

121 °C for 20 min. For solid medium agar was directly added to the medium before being autoclaved. 

MacConkey Agar plates were prepared with MacConkey Agar Base (Difco, Heidelberg) and 

supplemented with 1 % D-xylose. Antibiotics and nutritional supplements were sterilized by filtration 

and only added after the medium had cooled to 50 °C or below. For plates the agar was poured into 

sterile disposable petri dishes and allowed to solidify. Media and agar plates were stored at 4 °C. 

Medium based on the enzyme-controlled substrate delivery technology EnBase® (BioSilta Oy, Oulu, 

Finland) in liquid form (EnBase Flo) and in tablet format (EnPresso) was obtained ready-to-use. 

 

SOC Medium (Hanahan 1983)  LB Medium (Bertani 1951)  
Yeast extract 0.5 % (w/v)  Tryptone 10 g L-1 
Tryptone 2 % (w/v)  Yeast extract 5 g L-1 
NaCl 10 mM  NaCl 10 g L-1 
KCl  2.5 mM  pH 7.5   
MgSO4 20 mM  [Agar  1.5 %] 
Glucose 20 mM    
     
Terrific Broth (Tartoff and Hobbs 1987) Super Rich Medium (Feil 1992) 
Tryptone 12 g L-1  Tryptone 20 g L-1 
Yeast extract 24 g L-1  Yeast extract 20 g L-1 
Glycerol 0.4 %  Beef extract 10 g L-1 
Autoclaved separately:  Glycerol 11 g L-1 
KH2PO4 2.31 g L-1  Autoclaved separately:  
K2HPO4 12.54 g L-1  KH2PO4 2.32 g L-1 
   K2HPO4· H2O 16.40 g L-1 
Superbroth (Atlas 2004)    
Tryptone 35 g L-1  YEME Medium (ISP-2) 
Yeast extract 20 g L-1  Yeast extract 4 g L-1 
NaCl 5 g L-1  Malt extract 10 g L-1 
NaOH (1N) 0.5 %  Glucose 4 g L-1 
pH 7.0   pH 7.2  
   [Agar 2 %] 
Fermentation Medium (Cheng et al. 2002)   
Soluble starch 40 g L-1  Seed Medium (Cheng et al. 2002) 
Soy flour peptone 5 g L-1  Glucose 10 g L-1 
Corn steep solids 2.5 g L-1  Soluble starch 10 g L-1 
KH2PO4 0.5 g L-1  Beef-extract 3 g L-1 
MgSO4  0.25 g L-1  Yeast extract 5 g L-1 
ZnSO4 · 7H2O 0.04 g L-1  Soy flour peptone 5 g L-1 
Methionine 0.10 g L-1   CaCO3 2 g L-1 
Vitamin B12 0.1 mg L-1  pH 7.2  
CaCO3 5 g L-1    
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Antibiotics  

To exert a selection pressure on E. coli cells appropriate antibiotics were added to the cultivation media. 

By that means plasmids carrying the respective antibiotic resistance gene were stably maintained. 

 

Table 3.2 Overview of applied antibiotics. 

Antibiotic Stock solution Solvent Concentration in media 

Ampicillin (Amp) 100 mg mL-1 ddH2O 100 µg mL-1 
Kanamycin (Kan) 50 mg mL-1 ddH2O 50 µg mL-1 
Chloramphenicol (Cm) 34 mg mL-1 Ethanol 34 µg mL-1 

 

3.2.3 Monitoring growth with a spectrophotometer 

The concentration of E. coli cells in a culture was determined photometrically by measuring the 

intensity reduction of a light beam (usually 600 nm) due to cell turbidity. The absorption is expressed as 

optical density (OD). If the turbidity exceeded an OD600 of 0.8 the cell suspension was diluted with 

0.9 % NaCl solution. For a culture grown in rich medium each 0.1 OD600 unit measured at a 1 cm path 

length is roughly equivalent to 1×108 cells mL-1. To compare OD600 values measured with the Ultrospec 

3300 photometer with 1 cm path length (Amersham) with OD620 values measured from 200 µL samples 

in 96-microwell plates with the PHOmo Plate Reader (Anthos, Krefeld), a correlation curve between 

both photometers was prepared and resulted in the following correlation formula: 

 

OD600/1cm  =  2.3036  · OD620/Plate  -  0.0849 

 

S. tsusimaensis is a filamentous bacterium with branched hyphae and tends to form cell pellets in liquid 

cultures. Therefore, optical density measurement is limited, since cells must be well dispersed. In order 

to monitor S. tsusimaensis growth during cultivation, the cell dry weight (CDW) was determined. 

 

3.2.4 Vectors 

An overview of the vectors used in this study for cloning, recombineering, protein expression and as 

controls can be found in the Appendix (6.1). 

 

3.2.5 Oligonucleotides 

Oligonucleotide primers for polymerase chain reaction techniques were purchased from Tib Molbiol, 

Berlin. An overview of primers used in this study can be found in Appendix (6.2). 
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3.2.6 Maintenance of bacterial cells 

3.2.6.1 E. coli cryo stocks 

For long-term storage of E. coli strains either 20 % glycerol stocks were prepared with freshly saturated 

cultures in 1.5 mL cryo vials or ready-to-use Roti-Store Cryo vials with glass beads were used according 

to the manufacturer’s instructions. Cryo stocks were stored at -80 °C. Working stocks were stored for 

few days at -20 °C. 

 

3.2.6.2 S. tsusimaensis spore cryo 

To preserve S. tsusimaensis, cryo stocks were prepared from dense spore suspensions. Two confluent 

growing plates were prepared with an aqueous suspension of spores from a single colony on ISP-2 agar. 

The plates were incubated at 30 °C for about 7 days until all colonies showed spore formation. Spores 

were harvested with 5-10 mL sterile ddH2O by gently rubbing the colony surfaces with an inoculation 

loop. The spore suspension was vortexed vigorously for 1 min and filtered through a syringe filled with a 

glass wool plug. The filtered spore suspension was centrifuged (5 min, 10,000 g, 4 °C) and the 

supernatant discarded. The spores were taken up in the minimum required volume of sterile 20 % 

glycerol and stored in cryo vials at – 80 °C. 

 

3.3 Molecular biological methods 

3.3.1 Genomic DNA extraction  

For the preparation of genomic DNA from S. tsusimaensis the Invisorb Genomic DNA Kit III (Stratec) was 

used. Cells of a 5 mL S. tsusimaensis culture, grown for 24 h in Seed medium with 0.5 % glycine, were 

harvested by centrifugation (10,000 g, 4 °C, 10 min). The cells were treated according to the kit 

manufacturer’s instructions (protocol 3), however, 20 µL RNase A (10 mg mL-1) were additionally added 

after step 4.  

 

3.3.2 Plasmid DNA isolation 

For plasmid DNA preparation from E. coli cultures up to 3 mL, the Invisorb Spin Plasmid Kit (Stratec) was 

used according to the manufacturer’s instructions. The procedure is based on the modified alkaline lysis 

method (Birnboim and Doly 1979). After cell lysis the plasmid DNA is selectively adsorbed on a silica 

membrane in high-salt buffer and eluted in low-salt buffer. 
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3.3.3 Polymerase Chain Reaction (PCR) techniques 

The polymerase chain reaction is a rapid procedure for the in vitro enzymatic amplification of a specific 

stretch of DNA. A heat stable DNA polymerase catalyzes the DNA assembly from dNTPs. Oligonucleotide 

primers flanking the sequence of interest on both DNA strands are elongated (5´→ 3´). First, the DNA 

template is denatured by heating. Second, the temperature is lowered to allow specific annealing of 

primers to the single-stranded target sequence, and third, temperature is set for optimal elongation of 

the annealed primers. Repeated cycles lead to exponential amplification of target DNA (Mullis et al. 

1986).  

 

3.3.3.1 Analytic PCR  

Analytic PCR reactions were performed with the non-proofreading DreamTaq Green DNA polymerase 

(Thermo Scientific). Components of the PCR reactions were assembled and cycled according to the 

manufacturer’s instructions.  

 

3.3.3.2 Preparative PCR  

Preparative PCR for general cloning and recombineering was performed with the 3´ to 5´ proofreading 

Phusion DNA Polymerase (Thermo Scientific) according to the manufacturer’s instructions in a gradient 

thermocycler. 

  PCR to isolate and amplify the long and GC-rich genes of the VlmSyn and fragments thereof from the 

S. tsusimaensis genomic DNA required considerable optimization and refinement of the protocol. For 

this purpose the KAPA Hifi DNA Polymerase (Peqlab Biotechnologie) with proofreading 3´ to 5´ 

exonuclease activity was used in combination with the KAPA Hifi GC buffer. VlmSyn DNA fragments 

were to be introduced into vectors via Gateway recombinational cloning (see 3.3.9). Therefore, primers 

were designed with attB recombination sites. Additionally, RE sites were to be integrated in the linker 

regions between the VlmSyn modules without altering the amino acid sequence (silent mutations). 

Primers containing the attB sequence, an additional TEV protease cleavage site and/or RE site would 

have been of considerable length (> 70 bp), which could give rise to primer-dimer and side product 

formation during PCR. Therefore, a two-step PCR protocol was applied. During a first PCR round VlmSyn 

DNA fragments were amplified with primers containing template-specific sequence and only part of the 

attB sequence. During the second PCR round general attB adapter primers installed the complete attB 

sequences. A scheme of the primers used for the preparative PCR of the VlmSyn DNA fragments is 

shown in Figure 3.1. 
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Figure 3.1 General form of primers for the amplification of attB-flanked VlmSyn DNA fragments. 

Two sets of primers were used for the two-step PCR protocol to amplify attB-flanked VlmSyn DNA fragments. The attB sites 
are depicted in green, the TEV protease cleavage sequence in blue and the template-specific sequence in violet. The stop 
codon in the reverse primer is shown in italics and an AflII RE site is underlined. 

 

The following PCR techniques were used and partially combined to achieve a satisfying amplification of 

VlmSyn DNA and to reduce nonspecific side products: 

Gradient PCR 

The optimal annealing temperature is crucial to avoid unspecific secondary amplicon formation. For the 

optimization of the annealing temperature multiple PCRs were run in parallel with varied annealing 

temperatures across each column of the thermal block of the Mastercycler gradient (Eppendorf).  

Hot-start PCR  

In order to prevent nonspecific priming and amplification at ambient temperatures, which can give rise 

to misprimed amplicons and primer dimer artifacts, the DNA polymerase was withheld from the 

reaction mix below the specific annealing temperature (Chou et al. 1992). For the manual Hot-start PCR 

the reaction mix was assembled on ice and placed in the pre-heated thermal cycler before the DNA 

polymerase was added. 

Touchdown PCR 

Another method to reduce unspecific side products is to start the PCR with an annealing temperature 

above the calculated optimal one and to subsequently decrease it gradually, usually by 1 °C per cycle, 

until a few degrees below. Since PCR amplification is exponential, specific products that will be formed 

earlier at a higher annealing temperature are favored compared to unspecific products (Don et al. 

1991).  

Long-range PCR 

For the amplification of long DNA fragments a successive extension of the elongation time per cycle can 

help. The initially amplified shorter amplicons act as additional primers for subsequent cycles and a 

decrease in processivity of the DNA polymerase over a long stretch of DNA is avoided. 
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3.3.3.3 Colony PCR  

Colony PCR is a technique to amplify DNA directly from bacterial colonies in order to screen them after 

transformation. For colony PCR the DreamTaq Green DNA Polymerase (Thermo Scientific) was used and 

the reaction mix assembled according to the manual. Cells from colonies to be tested were directly 

added to one PCR reaction mix each. In parallel index plates of the tested colonies were prepared on LB 

agar plates. The recommended cycling parameters were used; however, the initial denaturation step at 

95 °C was elongated to 5 min to ensure complete cell rupture. 

 

3.3.3.4 Splicing by Overlap Extension (SOE) PCR  

SOE PCR is a method to assemble recombinant DNA without the use of restriction enzymes. It was 

applied for the construction of the pTNA/Sfp:FRT-cmR-FRT vector during the genomic integration of the 

sfp gene into the E. coli BL21Gold genome. Primer sets were designed to be partially complementary at 

their 5' ends to the adjacent fragments that were to be fused. In a first PCR round sfp and FRT-cmR-FRT 

were amplified with a respective set of overlap primers, resulting in two DNA fragments with 

overlapping sequence. In a further PCR the two DNA fragments were joined by annealing to each other 

and reamplified with the extreme primers yielding the final chimeric sfp:FRT-cmR-FRT (Figure 3.2).  

 

 

 

For SOE PCR the Phusion DNA Polymerase (Thermo Scientific) was used according to the manufacturer’s 

instructions in a gradient thermocycler. The individual DNA fragments were purified with the Hi Yield 

Gel/PCR DNA Fragments Extraction Kit (Süd-Laborbedarf) before they were combined for a further 

round of PCR. The outmost primers additionally contained restriction endonuclease recognition sites to 

allow the further insertion into the pTNA_mod vector backbone via REaL.

Figure 3.2 Scheme of SOE PCR for the construction of the sfp-FRT-cmR-FRT cassette. 

sfp and FRT-cmR-FRT fragments were amplified individually with primers that contain overlapping sequence to the DNA 
fragment to be fused. By combining the overlapping DNA fragments in a further PCR reaction with the outer primers chimeric 
DNA is generated. The outer primers  contain RE sites (grey) for cloning via REaL. 
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3.3.4 DNA purification and concentration 

For the cleanup of DNA from PCR or other enzymatic reactions the Hi Yield Gel/PCR DNA Fragments 

Extraction Kit (Süd-Laborbedarf) was used. The DNA purification was carried out according to the 

manufacturer´s instructions. DNA was adsorbed to a silica-membrane in the presence of high salt while 

contaminants passed through the column. Impurities were washed away and the pure DNA was eluted 

with Tris buffer. Dependent on the elution volume a concentration of the DNA was reached. 

 

3.3.5 Agarose gel electrophoresis of DNA  

Agarose gel electrophoresis was used as a way to separate DNA molecules by size for examination and 

isolation (Sambrook et al. 1989). Depending on the size range of DNA fragments to be separated 0.7 %, 

1 % or 2 % agarose gels were prepared by melting the required amount of agarose in TAE buffer. For the 

visualization of DNA in analytic gels GelRed (Biotium) was added 1:10,000 to the molten agarose before 

the gel was cast. For preparative gels SYBR Safe (Invitrogen) was added instead. The DNA was diluted in 

ddH2O as required, mixed 6:1 with 6x DNA loading buffer (Fermentas) and loaded into the wells of the 

gel together with a marker of appropriate size range. Gels were run in electrophoresis units with TAE 

buffer at 6 V/cm. DNA bands in analytic gels with GelRed were visualized by UV light excitation, while 

DNA in preparative gels with SYBR Safe was visualized by blue light excitation to prevent DNA damage. 

 

  

 

 

 

3.3.6 Isolation of DNA from agarose gels 

For downstream applications DNA was isolated from agarose gels stained with SYBR Safe DNA stain 

(Invitrogen). The DNA band of interest was excised from the agarose gel under blue light illumination 

and extracted with the PeqGold gel extraction kit C-line (Peqlab Biotechnologie) according to the 

manufacturer’s instructions. 

 

3.3.7 Spectrophotometric DNA quantitation 

An accurate and rapid method to determine the concentration of DNA is based on the 

spectrophotometric measurement of UV light absorption at 260 nm. The correlation between 

absorbance and concentration is expressed by the Beer-Lambert law. An A260 of 1 corresponds to 

approximately 50 µg mL-1 double-stranded DNA. 

TAE Buffer   
Tris-HCl pH 8.5 40 mM 
Acetic acid 20 mM 
EDTA 1 mM 
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The ratio between the absorptions at 260 nm and 280 nm (A260/A280) provides an estimate of the purity 

of the DNA, particularly with regard to contamination by proteins that show peak absorbance at 

280 nm. A ratio A260/A280 ≥1.8 indicates good quality DNA. DNA quantitation was performed with the 

Nanodrop ND-1000 (Peqlab Biotechnologie) spectrophotometer. 

 

3.3.8 Cloning using restriction enzymes and ligation (REaL) 

3.3.8.1 DNA restriction endonuclease digest  

Restriction digests were carried out at 37 °C with the FastDigest Restriction Enzymes (Thermo Scientific) 

according to the manufacturer’s instructions. For analytic restriction digests around 500 ng DNA were 

used and incubated for 20 min, while in preparative digestions 1-3 µg DNA were digested for 2 h. If 

possible, the restriction enzymes were heat inactivated after the digestion and the digested DNA was 

analyzed by agarose gel electrophoresis. 

 

3.3.8.2 Dephosphorylation of 5´ DNA ends 

To prevent recircularization of vector backbone during REaL cloning, terminal 5´-phosphates were 

removed enzymatically with FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific). For 

dephosphorylation 1 U FastAP was directly added to the restriction digest mix after 1.5 h and further 

incubated at 37 °C for 30 min. The FastAP was heat-inactivated together with the restriction enzymes 

after the digestion.  

 

3.3.8.3 DNA ligation with T4 DNA ligase 

T4 DNA ligase catalyzes the formation of phosphodiester bonds between 5´ phosphate and adjacent 

3´ hydroxyl termini of double-stranded DNA under ATP hydrolysis. Ligations were performed in a 10 µL 

scale with 20 ng linearized, dephosphorylated vector backbone and DNA insert with compatible 

overhangs in 3- to 5-fold molar excess. For the ligation 1 U T4 DNA ligase was used. The reaction 

mixture was incubated overnight at 16 °C and heat inactivated at 65 °C for 20 min prior to 

transformation. The amount of insert in relation to vector backbone with x-times molar excess was 

calculated according to the formula: 

 

minsert [ng] = x · 
lengthinsert [bp]
lengthvector [bp]

 ·mvector [ng] 
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3.3.9 Recombinational cloning 

Gateway cloning technology is based on the bacteriophage lambda (λ) site-specific recombination 

system, which facilitates the integration of the λ genome into the E. coli chromosome (Hartley et al. 

2000; Walhout et al. 2000). Lambda-based recombination involves the DNA recombination sequences 

(attachment sites att) and the enzymes that mediate the recombination reactions.  

 In order to obtain VlmSyn DNA fragments with flanking attB sites, they were PCR amplified with 

primers that contained the attB sequences (see 3.3.3.2). The attB-flanked VlmSyn DNA fragments were 

introduced into the pDONR201 vector to create the attL-containing entry clones pENTR-Vlm1A, 

pENTR-Vlm1B, pENTR-Vlm1C, pENTR-Vlm2A, pENTR-Vlm2B and pENTR-Vlm2C. This was accomplished 

during BP reaction, catalyzed by the bacteriophage λ integrase (Int) and E. coli integration host factor 

(IHF) proteins according to the manufacturer’s instructions (BP Clonase II enzyme mix, Invitrogen). Once 

an entry clone is created it can be used for rapid multi-parallel subcloning into many different 

expression vectors (Esposito et al. 2009). 

 

 
Figure 3.3 Scheme of Gateway recombination reactions.     

The different species of recombination sites (attB, attP, attL, attR) are found in different vector constructs and only two 
distinct combinations of attachment sites can interact (attB × attP ↔ attL × attR). The ccdB gene codes for a lethal protein 
allowing only E. coli cells with the desired clone to survive after transformation. The figure was taken from the Invitrogen 
Gateway® Technology manual. 
 

First the complete vlm1 and vlm2 gene sequences were assembled into a single entry vector each 

(pENTR-Vlm1, pENTR-Vlm2) via REaL cloning. The genes were subsequently transferred from the entry 

clones to the desired destination vectors from the Cytoplasmic Protein Expression & Optimization (CEO) 

library (Siurkus et al. 2010) to create expression clones. This was accomplished during the LR reaction, 

catalyzed by the bacteriophage λ Int and excisionase (Xis) proteins and the E. coli IHF protein according 

to the manufacturer’s instructions (LR Clonase II enzyme mix, Invitrogen). An overview of BP and LR 

reactions and the involved vector constructs is shown in Figure 3.3.  
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3.3.10 Transformation of E. coli 

3.3.10.1 Preparation of electrocompetent cells 

100 mL LB medium were inoculated with 2 % of an overnight (o/n) E. coli culture and incubated (37 °C, 

200 rpm) until an OD600 of 0.4 was reached. Cells were cooled on ice for 30 min and harvested by 

centrifugation (15 min, 1000 g, 4 °C) in two sterile 50 mL centrifuge tubes. The supernatant was 

discarded and each pellet was resuspended in 50 mL ice-cold sterile ddH2O. The cells were centrifuged 

again and the pellets were each resuspended in 25 mL ddH2O and united in a single sterile 50 mL 

centrifuge tube. After a further round of centrifugation cells were washed with 10 mL ice-cold 10 % 

glycerol and centrifuged again. The cells were taken up in 400 µL 10 % glycerol and 50 µL aliquots were 

prepared and immediately frozen in liquid nitrogen. The cells could be stored at -80 °C. 

 

3.3.10.2 Electroporation 

During electroporation a high-voltage electric field is used to produce transient holes in the cell 

membrane through which plasmid DNA can enter (Dower et al. 1988). For each electroporation either 

50 µL freshly prepared electrocompetent cells were used or an aliquot stored at -80 °C was thawed on 

ice. Up to 100 ng plasmid DNA (max. 1 µL) or 1-2 µL ligation or BP/LR reaction mix were added to the 

competent cells on ice and mixed gently. Cells were incubated on ice for 1 min and the cell-DNA-mix 

transferred into a pre-cooled 1 mm electroporation cuvette. The cuvette was placed into the 

electroporator 2510 (Eppendorf) and pulsed with 1800 V. The cells were immediately taken up in 

500 mL SOC medium and transferred into a sterile 1.5 mL centrifuge tube. The cell suspension was 

incubated for 60 min at 37 °C in a thermomixer shaking with 300 rpm. Undiluted and diluted aliquots 

were plated on LB agar plates containing the appropriate antibiotics and incubated at 37 °C overnight. 

 

3.3.10.3 Determination of transformation efficiency 

To control the transformation efficiency of competent cells, a known amount of pUC18 test plasmid was 

transformed, plated and incubated in parallel. The following formula below was used to calculate the 

transformation efficiency in colony forming units (cfu) per µg of plasmid DNA. 

  

Transformation efficiency [cfu · µg−1] = 
cfu

pg test plasmid
 × 

1 × 106 pg
µg

 × dilution factor(s) 
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3.3.11 Site-directed mutagenesis 

To replace the NheI RE site with the single cutter RE site SpeI in the linker region between VlmSyn 

module1 and module2, two base pair mutations (GCTAGC → ACTAGT) had to be introduced in vector 

pENTR-Vlm1A and vector pENTR-Vlm1B. This resulted in a single amino acid mutation (A1372T). The 

mutations were defined by the design of mutational primers that contained the desired two base pair 

changes. During the PCR reaction a stretch of DNA flanked by two RE sites (pENTR-Vlm1A: MluI and AflII; 

pENTR-Vlm1B: BstBI and BglII) was amplified with the mutational primers by the KAPA Hifi DNA 

Polymerase (Peqlab Biotechnologie). The PCR product carrying the mutation and the original vector 

were digested with the respective REs and the mutated DNA insert ligated into the vector backbone 

thereby replacing the original unmutated DNA stretch. 

 

3.3.12 DNA sequencing 

DNA sequencing was carried out by LGC Genomics Berlin sequencing service. The retrieved sequence 

information was evaluated with the Vector NTI ContigExpress software from Invitrogen. 

 

3.4 E. coli genome manipulation using recombineering 

Recombination-mediated genetic engineering, short recombineering (Ellis et al. 2001), is an in vivo 

genetic engineering method based on the bacteriophage λ Red recombination system. The λ Red 

recombination system comprises the functions of the gam, beta and exo genes and requires linear DNA 

substrate which is flanked by ~50 bp homologies to the DNA to be targeted (Sawitzke et al. 2007). 

A scheme of λ Red-based recombineering is shown in Figure 3.1. 

 

3.4.1 Preparation of λ Red pre-induced cells 

In this study the phosphopantetheinyl transferase gene sfp from the B. subtilis surfactin cluster was 

integrated into the E. coli BL21Gold genome. For recombineering the λ Red functions gam, beta and exo 

had to be expressed in the bacterial strain to be modified. 

 The λ Red genes were expressed from plasmids, either, under the control of the arabinose promoter 

on the pKD46 vector (Datsenko and Wanner 2000) or from the intrinsic λ pL promoter under the control 

of the λ temperature-sensitive cI857 repressor on the pSIM6 vector (Datta et al. 2006). Since both 

vectors had temperature-sensitive origins of replication E. coli BL21Gold cells carrying the λ Red 

plasmids were only grown at 30 °C for the preparation of electrocompetent cells. 
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Figure 3.4  Scheme of the λ Red-based recombineering. 

Gam prevents the degradation of linear DNA substrate by inhibiting the recBCD endonuclease activity. The 5’-to-3’ 
exonuclease Exo binds to linear dsDNA and generates protruding 3’ termini. Beta binds the generated ssDNA overhangs and 
promotes annealing and recombination between the ssDNA overhangs and the target DNA. The figure was adapted from 
Sharan et al. (2009) 
 

In case of the pKD46 vector, cells were grown to an OD600 of 0.1 before L-arabinose was added to a final 

concentration of 100 mM to induce the λ Red functions. The cells were further grown to an OD600 of 0.4 

and prepared as described in chapter 3.3.10.1. When the pSIM6 vector was used, cells were grown to 

an OD600 of 0.4 and placed for exactly 15 min in a shaking water bath at 42 °C and 200 rpm to induce 

expression of the λ Red genes. Afterwards, cells were immediately chilled in ice-water slurry for 20 min. 

The electrocompetent cells were subsequently harvested and prepared as described in 

chapter 3.3.10.1.  

 

3.4.2 Preparation of linear DNA substrate 

The linear DNA substrate was generated by PCR from a vector that was constructed to combine the 

desired genetic elements for insertion. The sfp gene was put under the control of a weak constitutive, 

truncated (-30 to -10 region) tryptophanase operon promoter pTNA (Merz et al. 2000). The sfp gene was 

cloned in front of a cmR cassette. The cmR marker was necessary to identify positive recombinants. To 

be able to remove the marker afterwards, it was flanked by Flp recombination target (FRT) sites for the 

site-specific recombination with the Flp recombinase from Saccharomyces cerevisiae. The sfp:FRT-cmR-

FRT cassette was generated by SOE PCR (see chapter 3.3.3.4) and introduced into a modified pTNA 

vector, in which the SphI and HindIII RE sites were replaced with the single cutter RE sites MluI and NotI 

for cloning via REaL. The pTNA promoter and a λ t0 terminator were parts of the pTNA vector.  
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Target site for the integration was the non-essential xylA gene for xylose isomerase, which transforms 

D-xylose into D-xylulose (Song and Park 1997). The pTNA-sfp-FRT-cmR-FRT- term cassette was amplified 

by PCR with a forward primer (XylA_Sfp_F) containing 5’ homologous sequence (46 nts) downstream of 

the xylA gene, an a reverse primer (XylA_Sfp_R) containing 5’ homologous sequence (51 nts) upstream 

of the xylA gene. After PCR amplification of the linear DNA substrate the PCR mix was incubated with 

DpnI to selectively digest the methylated template vector, which was isolated from the dam+ BL21Gold 

strain. This was crucial, since linear DNA transforms <1 % efficiently as supercoiled DNA. The generated 

linear integration cassette was further purified by agarose gel extraction and 100-200 ng were 

transformed into freshly prepared pre-induced electrocompetent cells. 

 

3.4.3 Monitoring of recombination 

After electroporation cells were allowed to recover in SOC medium for 2 h at 30 °C, plated on 

MacConkey agar supplemented with 1 % D-Xylose and 10 µg mL-1 cm and incubated at 30 °C. The 

integration into rare sugar operons allows easy monitoring of successful recombination on MacConkey 

plates supplemented with the corresponding sugar (Albermann 2011). MacConkey agar contains neutral 

red as pH indicator (MacConkey 1905). Fermentation of the sugar source in the plate leads to acid 

production and as a result a red-pink phenotype of colonies (Figure 3.5). Positive recombinants were 

expected to be colorless, since they would be unable to ferment the D-xylose in the MacConkey plates 

anymore. Successful genomic integration was confirmed by colony PCR with a primer pair flanking the 

integration site (XylA_F, XylA_R). Positive colonies were re-streaked and incubated at 42 °C overnight to 

cure the strain from the temperature-sensitive λ Red vector pSIM6. Grown colonies were re-plated once 

with 10 µg mL-1 cm and once with 50 µg mL-1 amp. Cells that grew on the plates supplemented with cm, 

but were unable to grow on the plates with amp were supposed to have lost the pSIM6 plasmid.  

 

 
Figure 3.5 MacConkey indicator agar screening for positive recombinants. 

MacConkey agar plate with 1 % D-xylose after recombineering. Pink colonies represent false-positives due to unspecific 
recombination events. Positive recombinants are colorless, since D-xylose cannot be fermented anymore due to the desired 
disruption of the xylA locus (Albermann et al. 2010). 
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3.4.4 Removal of resistance marker 

In order to remove the cmR cassette from the E. coli genome, the pCP20 plasmid was transformed into 

the intermediate E. coli strain BL21Gold ΔxylA::pTNA-sfp-FRT-cmR-FRT-term via electroporation. From the 

pCP20 plasmid the Flp recombinase from S. cerevisiae is expressed under the control of the λ pR 

promoter and the temperature-sensitive λ cI857 repressor (Cherepanov and Wackernagel 1995). Cells 

transformed with the pCP20 plasmid (ampR) were plated on LB-plates with 50 mg mL-1 amp at 37 °C to 

allow expression of Flp and excision of the cmR cassette in between the FRT sites. Since amp will be 

degraded over time due to secreted ß-lactamase, the pCP20 plasmid, which has a temperature-sensitive 

origin of replication, will be lost over time. Excision and pCP20 loss was monitored by plating colonies 

on LB index plates either without addition of antibiotics or supplemented with amp or with cm. The site 

of integration was sequenced and the final strain was designated as BJJ01 (BL21Gold ΔxylA::pTNA-sfp-

t0 term). 

 

3.5 Protein chemical methods 

3.5.1 Expression of valinomycin synthetase 

The expression of VlmSyn in a soluble and active form was one of the objectives of this study. Therefore, 

different influencing parameters (E. coli strains, expression vector constructs, media, temperature, 

inducer concentration) were investigated and will be described in detail in the Results section. For the 

expression optimization the partial Cytoplasmic Protein Expression & Optimization (CEO) library with 

the plac_CTU promoter (Siurkus et al. 2010) was used (Figure 3.6). 

 

3.5.1.1 Expression screenings in 24-Deepwell plates  

Precultures were prepared from 25 mL complex medium (LB / TB / SB / SR) supplemented with 

34 µg mL-1 cm in a 125 mL Ultra Yield (UY) flasks with AirOTop Seal. The precultures were inoculated 

either from a single colony or from a glycerol stock of the E. coli strain to be tested (MK01, BL21, 

BL21Gold) containing the expression construct of choice. Precultures were grown over night at 30 °C 

and 200 rpm shaking. The main cultures were prepared in in the same volume and flasks and inoculated 

to give a starting OD600 of 0.2. Cells were incubated at 30 °C and 200 rpm for 2-3 h until they reached an 

OD600 between 0.5 and 1.0. The cultures were then transferred into 24 DWPs (3 mL per well) and 

different IPTG concentrations were used for the induction of protein expression. Cells in 24 DWPs were 

covered with a Breathable Film and further incubated for 5 h at 30 °C and 250 rpm. Afterwards, cells 

were harvested by centrifugation (30 min, 4000 rpm, 4 °C) and pellets were stored at – 80°C.  



Material and Methods 
 

49 

  

Figure 3.6 Overview of the Cytoplasmic Protein Expression & Optimization (CEO) library. 

The Cytoplasmic Protein Expression & Optimization (CEO) library combines different regulatory elements (three promoter 
versions and three ribosome-binding sites) and four N-terminal fusion tags. The 15 vectors with the plac_CTU promoter used in 
this study are framed in red. Figure with courtesy of Dr. Uwe Horn, HKI Jena. 
 

3.5.1.2 Preparative expression of VlmSyn 

For preparative VlmSyn expression for protein purification and in vitro studies either the complex TB 

medium or the enzyme-based substrate delivery system EnBase was used. Vlm1 or Vlm2 were 

expressed in E. coli BL21Gold from the pCTUT7-His vector. Precultures in 25 mL TB medium with 

34 µg mL-1 cm in a 125 mL UY flask with AirOTop Seal were inoculated either from a single colony or 

from a glycerol stock and grown over night for 30 °C and 200 rpm. Main cultures were inoculated to a 

starting OD600 of 0.2, as required in 25, 50, 100 or 500 mL TB medium with 34 µg mL-1 cm (comprising 

20 % volume of the used UY flask). Cells were grown for 2-3 h at 30 °C, 200 rpm, until an OD600 of ~0.8 

was reached. IPTG was added to a final concentration of 20 µM to induce protein expression and the 

cultures were incubated for further 5 h at 30 °C, 200 rpm. Cells were harvested by centrifugation 

(16,000 g, 5 min, 4 °C), frozen in liquid nitrogen and stored at -80 °C. Aliquots were taken for SDS-PAGE 

analysis (see chapter 3.5.3). 

 

3.5.1.3 Expression with enzyme-based substrate delivery (EnBase) 

In the enzyme-based substrate delivery medium EnBase, glucose is released enzymatically by a 

glucoamylase (EnZI’m) from a polysaccharide. Therefore, it works similar to a fed-batch fermentation 

process in a bioreactor but does not require the instrumentation. It has been shown that such a 

controlled growth, besides leading to higher cell-densities, can also promote solubility and activity 

during expression of recombinant proteins in E. coli (Ukkonen et al. 2011). The glucose release can be 

influenced by the amount of enzyme used during cultivation.  
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In this study the EnBase tablet format EnPresso (BioSilta) was used for protein expression optimization. 

The tablets are composed of an instant mineral salt medium supplemented with essential vitamins, 

trace elements and some complex additives. As a preculture 25 mL LB medium with 34 µg mL-1 cm in a 

125 mL UY flask with AirOTop Seal were inoculated from a single E. coli colony and incubated for 6-8 h 

at 37 °C, 200 rpm. EnPresso medium was prepared by directly adding sterile media tablets into 100 mL 

of sterile water in a 500 mL UY flask. 34 µg mL-1 cm and EnZI'm to a final concentration of 0.3 U L-1 were 

added and the culture was inoculated to a starting OD600 between 0.05 and 0.1. Cells were incubated 

overnight at 30 °C and 200 rpm. After overnight cultivation complex additives booster tablets were 

supplemented to the culture. For optimization the culture was transferred to 24 DWPs (3 mL/well) and 

different EnZI'm and IPTG inducer concentrations were added to the wells. The incubation was 

continued for 24 h at 30 °C and 250 rpm.  

 For preparative expression of VlmSyn in EnPresso, main cultures were cultivated in the required 

amount of EnPresso medium with 34 µg mL-1 cm in UY flasks (20 % of flask volume). After overnight 

cultivation with 0.3 U L-1 EnZI’m at 30 °C and 200 rpm complex additives booster tablets and additional 

0.6 U L-1 EnZI'm were added but no IPTG inducer. The cultivation was continued for 24 h at 30 °C and 

250 rpm. Cells were harvested by centrifugation (16,000 g, 5 min, 4 °C), frozen in liquid nitrogen and 

stored at -80 °C.  

 

3.5.1.4 Co-expression of Vlm1 and Vlm2 

Protein expression screening was performed with Vlm1 and conditions found to be favorable confirmed 

to work for Vlm2 as well. Complete VlmSyn however comprises both NRPSs Vlm1 and Vlm2. For dual 

expression Vlm1 was expressed from the pCTUT7_His vector with the cmR marker, while Vlm2 was 

expressed from the pKS01 vector, which is a modified version of the pCTUT7_His vector with ampR and 

the parB locus instead of the cmR marker. For maintenance of both plasmids within cells to co-express 

Vlm1 and Vlm2 17 µg mL-1 cm and 50 µg mL-1 amp were added to the cultivation medium. Beside that 

conditions were kept as previously (see chapters 3.5.1.2 and 3.5.1.3). 

 

3.5.2 Cell disruption 

3.5.2.1 Detergent-based cell disruption 

For the lysis of E. coli cells for SDS-PAGE analysis the BugBuster Protein Extraction reagent from Merck 

was used. The formulation utilizes a Tris-buffer based mixture of non-ionic and zwitterionic detergents 

that is capable of cell wall perforation without denaturing protein. Cell pellets were resuspended in 

BugBuster reagent with 25 U benzonase per mL BugBuster reagent.  
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The amount of BugBuster added per pellet was adjusted according to the OD600 and the culture volume 

from which the cell pellet was derived (DFSDS: dilution factor due to addition of SDS loading buffer): 

 

Amount BugBuster [µL]  =  67  ·  
OD600nm

DFSDS 
 · 

culture volume [µL]
1000

  

 

The lysis reaction mixture was incubated on a shaking platform for 10-20 min at RT. Lysates were kept 

on ice for the downstream SDS-PAGE analysis.  

 

3.5.2.2 Ultrasonication 

For protein purification E. coli cells were lysed by ultrasonic disruption. Ultrasound is applied to a 

concentrated cell suspension through a metallic probe. Cavitation events create short-distance jet 

waves with very high velocity (>100 m/s) that disrupt the cell wall (Doulah 1977). 

 Cell pellets stored at -80 °C were directly thawed in 4 mL His-binding buffer per g cell pellet, 

supplemented with 1 mg mL-1 lysozyme, 1 U mL-1 benzonase and Compete protease inhibitor EDTA-free 

(Roche) for IMAC purification (see chapter 3.5.5.1). The thawed cells were incubated on ice for 30 min. 

Afterwards the cell suspension was sonicated with the UP200S sonicator (Hielscher Ultrasonics, Teltow) 

for 5 min on ice with 30 % duty cycle and 30 s on/off intervals. An aliquot of the lysate was used for 

SDS-PAGE analysis. Cell debris was removed by centrifugation (16,000 g, 30 min, 4 °C) and the cleared 

lysate was filtrated through a syringe with a 0.45 µm CME filter. 

 

3.5.2.3 Liquid homogenization 

As an alternative to sonication E. coli cells were disrupted with the EmulsiFlex-B15 homogenizer 

(Avestin). The cell suspension is forced with high pressure through a dynamic orifice valve. Cells are 

disrupted due to impingement on the valve and the high shear forces in the orifice (G. Brookman 1974). 

Cell pellets were resuspended and incubated before homogenization as was done for sonication. Two 

passages of homogenization were performed according to the manufacturer‘s instructions. An aliquot 

per lysate was used for SDS-PAGE analysis. Cell debris was removed by centrifugation (16,000 g, 30 min, 

4 °C) and the cleared lysate was filtrated through a syringe with a 0.45 µm CME filter. 

 

3.5.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is used for the analytical 

separation of proteins. Dithiothreitol (DTT) is added to samples to reduce protein disulfide bonds and 

SDS, an anionic detergent, denatures non-covalent protein bonds and binds to the peptide backbone. 
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The SDS confers a negative charge to the denatured molecule in a constant mass to charge ratio. As a 

result, denatured protein molecules subjected to an electric field are separated only by molecular 

weight, not by intrinsic charge (Laemmli 1970).  

 For discontinuous SDS-PAGE 5 %, 8 % or 10 % resolving Tris-glycine-SDS-polyacrylamide gels with 

4 % polyacrylamide stacking gels were prepared according to Sambrook and Russel (2001) with 

additional 0.5 M urea. An aliquot of lysed cells was mixed with ½ volume of Solution A, vortexed and 

centrifuged (16,000 g, 45 min, 4°C). The supernatant was mixed 1:1 with 2x SDS loading buffer. The 

insoluble fraction was dissolved in the same volume Solution B and mixed 1:1 with 2x SDS loading buffer 

as well. The SDS samples were heated for 7 min at 95 °C and cooled to RT. 15 µL per sample were 

loaded onto the SDS-PAG (corresponds to 5 µl of original lysate). As size standard either the Spectra 

Multicolor High Range Protein Ladder (Thermo Scientific) or the ProSieve QuadColor Protein Marker 

(Lonza) was used. Gels were run in SDS running buffer at 60 V for ~20 min until samples had passed the 

stacking gel. Afterwards gels were run at 120 V until the marker was sufficiently separated. 

 

Solution A   Solution B 
NaCl 1.5 M  Tris-HCl pH 8.0 0.1 M 
EDTA 60 mM  Urea 8 M 
Triton X-100 6 %  DTT 100 mM 
pH 7.0   EDTA 1 mM 
    
2X SDS Sample Buffer   SDS Running Buffer 
Tris-HCl pH 6.8 100 mM  Tris-HCl pH 8.3 25 mM 
DTT 200 mM  Glycine 192 mM 
SDS 4 %  Urea 500 mM 
Glycerol 20 %  SDS 0.1% 
Bromphenol blue 0.2 %  EDTA 1 mM 

 

After SDS-PAGE gels were washed 3X for 5 min in ddH2O and subsequently stained for approx. 1 h in a 

Coomassie gel stain solution (80 mg L-1 Brilliant Blue G-250, 35 mM HCL) until protein bands were 

sufficiently stained. The gel was rinsed several times with ddH2O to reduce background staining and 

documented with a scanner.  

 

3.5.4 Western blot 

In Western blotting proteins resolved by electrophoresis are transferred from a polyacrylamide gel to a 

membrane (nitrocellulose, nylon or PVDF) and immobilized. The transfer can take place either by 

capillary blotting or by electroblotting since proteins are negatively charged from SDS treatment. 

Immobilized proteins can be selectively detected and visualized on the membrane with high sensitivity 

either by immunological or by biochemical techniques (Towbin et al. 1979). 
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3.5.4.1 Semi-dry electroblotting  

The blotting was carried out with a horizontal semi-dry electroblotting system (Cleaver Scientific). After 

SDS-PAGE the resolving gel was first washed in ddH2O and afterwards incubated in Transfer Buffer for 

15 min. 12 pieces of filter paper and one piece of nitrocellulose membrane were cut to the same size as 

the gel and soaked in Transfer Buffer. A blot sandwich consisting of six sheets soaked filter paper, the 

nitrocellulose membrane, the SDS gel and further 6 sheets soaked filter paper were directly assembled 

on the anode bottom. The top electrode was placed onto the transfer stack and proteins were 

transferred for 3h at 20 V on ice. After the blotting procedure the NC membrane was reversibly stained 

with Ponceau S (see 3.5.4.2) and the SDS gel was stained with Coomassie solution (see 3.5.3) to visualize 

untransferred protein. 

 

Transfer Buffer   TBST Buffer 
Tris-HCl pH 8.3 25 mM  Tris-HCl pH 7.4 25 mM 
Glycine 192 mM  NaCL 150 mM 
MeOH 10 %  Tween 20 0.1 % 
SDS 0.1 %    
   AP Buffer  
Blocking Buffer   Tris-HCl pH 9.5 100 mM 
Skimmed milk powder 5 %  NaCL 100 mM 
in TBST   MgCl2 5 mM 
     
BCIP Stock Solution   NBT Stock Solution  
BCIP 20 mg mL-1  NBT 50 mg mL-1 
in 100 % DMF    in 70 % DMF   

 

3.5.4.2 Ponceau S protein staining 

To verify the efficient transfer of proteins onto the NC membrane after blotting, it was reversibly 

stained in a Ponceau S solution (0.1 % Ponceau S, 1 % acetic acid) for 5 min at RT. The membrane was 

rinsed in ddH2O until the desired contrast was reached. Complete destaining was achieved with 0.1 M 

NaOH. Afterwards the membrane was rinsed in ddH2O. 

 

3.5.4.3 Immunodetection  

The immunodetection of immobilized proteins on nitrocellulose membrane is based on the recognition 

of specific antigens by a primary antibody. A secondary antibody directed against the primary antibody 

is conjugated with an enzyme that catalyzes a chromogenic or luminescent reaction for visualization. 

Nonspecific binding sites were blocked with Blocking Buffer for 1 h at RT, shaking. The membrane was 

washed thrice with TBST.  
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For the detection of poly-His-tagged proteins the membrane was probed with PentaHis Mouse IgG1 

primary antibody (Quiagen), diluted 1:2,000 in Blocking Buffer. The membrane was incubated for 1h at 

RT and washed thrice with TBST. The antibody-antigen complexes were tagged with alkaline 

phosphatase coupled to a secondary anti-Mouse IgG antibody (Sigma), which was diluted 1:10,000 in 

Blocking Buffer. The membrane was incubated for 1h at RT. After washing the membrane four times 

with TBST and subsequently for 5 min in AP buffer, His-tagged protein was visualized using the 

chromogenic substrate BCIP/NBT (80 µL BCIP solution and 60 µL NBT Solution in 10 mL AP Buffer) for 

the alkaline phosphatase reaction.  

 

3.5.5 Protein purification  

3.5.5.1 Immobilized metal ion affinity chromatography (IMAC) 

Immobilized Metal Ion Affinity Chromatography (IMAC) is based on coordinate covalent binding 

between proteins and metal ions (Porath et al. 1975). Histidine generally acts as a ligand for divalent 

metal cations. If the stationary phase is immobilized with transition metal cations, polyhistidine tagged 

proteins will be retained on the resin while contaminating proteins can be separated. Elution of bound 

protein occurs by competitive elution with imidazole that also forms complexes with Ni2+. 

 Analytical purification of His-tagged Vlm1 and Vlm2 in small-scale was performed with His SpinTrap 

columns (GE Healthcare) according to the manufacturer’s instructions. Preparative purification was 

performed with the protein liquid chromatography system Äkta avant 150 (GE healthcare) with the 5 ml 

Ni-NTA Superflow cartridge (Qiagen) at 6 °C. The column was equilibrated with 10 CV Buffer A. Cleared 

cell lysate was loaded onto the column via sample pump with a flow rate of 1 mL/min. The column was 

washed with buffer containing 25 mM imidazole (5 % Buffer B) with 5 mL/min until the UV280 signal 

stayed stable. Bound protein was either eluted with a linear imidazole gradient from 20 mM to 300 mM 

(5 % B to 100 % B) or at once with 300 mM imidazole (100 % B) with 5 mL/min for 15 CV. 1 mL protein 

fractions were collected and aliquots analyzed by SDS-PAGE. 

 

His Binding Buffer (A)   His Elution Buffer (B) 
NaH2PO4 · H2O, pH 7.4 50 mM  NaH2PO4 · H2O, pH 7.4 50 mM 
NaCl 300 mM  NaCl 300 mM 
Imidazole 10 mM  Imidazole 300 mM 
Glycerol 10 %  Glycerol 10 % 
DTT 1 mM  DTT 1 mM 
PMSF 1 mM  PMSF 1 mM 
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3.5.5.2 Size exclusion chromatography (SEC) 

In size exclusion chromatography, also referred to as gel filtration chromatography, proteins are 

separated by their different ability to enter the pores of a stationary matrix, which is mainly determined 

by their molecular size (Porath and Flodin 1959). Larger proteins are excluded from entering the pores 

and therefore elute before smaller ones. SEC matrices are generally cross-linked products of dextran, 

agarose, and polyacrylamide. The types of matrices differ in their degree of cross-linking and hence in 

their fractionation range. 

 SEC was used as a second purification step of Vlm1 and Vlm2 after IMAC purification. The Äkta avant 

150 (GE Healthcare) was used in combination with the HiLoad 16/60 Superdex 200 column (GE 

Healthcare) at 6 °C. The column was equilibrated with 2 CV Gel Filtration Buffer. The three or four 

fractions with the highest protein concentrations from IMAC purification were pooled (~3-4 mL) and 

injected onto the column via 5 mL sample loop. The protein was eluted with 1.5 CV Gel Filtration Buffer 

with a flow rate of 1 mL/min. 1 mL protein fractions were collected and aliquots analyzed by SDS-PAGE. 

  

Gel Filtration Buffer   
Tris-HCl pH 8 50 mM 
NaCl 100 mM 
Glycerol 5 % 
EDTA 1 mM 
DTT 1 mM 
PMSF 1 mM 

 

3.5.6 Protein quantitation 

3.5.6.1 Spectrophotometric protein quantitation 

Absorbance at 280 nm (A280) is widely used to quantitate proteins. However, since aromatic amino acids 

(tryptophan, tyrosine, phenylalanine and histidine) are mainly responsible for the absorption, there is a 

high variation between proteins depending on the number of aromatic amino acids (Ahmed 2005).  

 Protein quantitation was performed with the Nanodrop ND-1000 (Peqlab Biotechnologie) 

spectrophotometer. The relation between A280 and protein concentration is based on the following 

linear relation with MW being the molecular weight, ε being the specific molar absorption coefficient 

and ℓ the path length: 

 

Protein concentration � 
mg
mL

 �   =  
A280  ·  MW [Da]

ε �M -1 · cm -1�  · l[cm]
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Theoretical molar absorption coefficients (ε) according to aa composition were determined with the 

software VectorNTI from Invitrogen (Pace et al. 1995). N-terminal His-tagged Vlm1 has a theoretical ε of 

373.73 · 103 M-1 cm-1 and a MW of 373.73 kDa. N-terminal His-tagged Vlm2 has a theoretical ε of 

288.28 · 103 M-1 cm-1 and a MW of 288.28 kDa. When non-purified protein mixtures were measured, 

BSA was used as a theoretical reference protein (ε = 69.29 · 103 M-1 cm-1, MW = 69.29 kDa). 

 

3.5.6.2 Colorimetric protein quantitation (Bradford) 

Bradford protein quantitation assay is based on the reaction between Coomassie Brilliant Blue G-250 

with primarily basic (especially arginine) and aromatic amino acids in acidic solutions, which causes an 

absorbance shift from 470 nm to 595 nm (Bradford 1976). Bradford absorption values at 595 nm with 

protein solutions with unknown concentrations were compared to values from a standard curve 

prepared with BSA. 10 µl protein solution and 90 µl Roti-Quant Bradford solution (Carl Roth) were 

incubated in 96-microwell plates for 5 min at RT and A595 was measured with the Infinite 200 plate 

reader (Tecan). 

 

3.5.7 ATP-PPi exchange assay 

In nonribosomal peptide synthesis adenylation domains specifically activate amino acid substrates 

before catalyzing their covalent attachment to the Ppant arm of a thiolation domain. During the 

activation reaction of amino acid to aminoacyl-AMP ATP is hydrolyzed and PPi released (Gevers et al. 

1968). The fact that the activation reaction is reversible can be used to determine activity and substrate 

specificity of adenylation domains in vitro.  

 

Reaction mix 100 µl  Stop solution 
Substrate 5 mM  Na4P2O7

 168 mM 
ATP 5 mM  HClO4 377 mM 
MgCl2 10 mM  Activated carbon 1.4 % 
Na4P2O7 0.1 mM    
[32P]-Na4P2O7 0.09 µCi (200,000 cpm)  

 

The A domain containing NRPS is incubated with the potential substrate, ATP, Mg2+ and [32P]-labeled 

PPi. During the reverse activation reaction [32P] from the labeled PPi is incorporated into ATP. The 

[32P]-ATP can be immobilized to active charcoal via adsorption in contrast to the [32P]-PPi and can thus 

be separated. The amount of generated [32P]-ATP is proportional to the substrate activation reaction. 

For the ATP-PPi exchange assay 10 µL substrate solution (100 mM in 1M Tris, pH 8) were added to 

100 µL reaction mix. In negative controls substrates were replaced with ddH2O. The reaction was 

started by adding 100 µL purified enzyme (Vlm1 or Vlm2) in Gel Filtration Buffer (3.5.5.2).                                                 
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The reaction was terminated after 10 min incubation at 30 °C by mixing with 1 mL Stop solution. The 

activated carbon was retained on a glass fiber filter through which the suspension was filtered by 

vacuum. The filter was washed thrice with 2 mL ddH2O and placed in a scintillation vial with 4 mL 

LumaSafe Plus scintillation cocktail (Perkin Elmer). Scintillation was measured with the Wallac 1409 

Liquid Scintillation Counter (Perkin Elmer).  

 

3.6 In vivo valinomycin production 

3.6.1 Valinomycin production with Streptomyces tsusimaensis 

A 20 mL preculture was prepared in a 250 mL baffled flask with Seed medium, inoculated with 100 µL 

dense spore suspension and incubated for 24 h at 30 °C and 250 rpm. 100 mL fermentation medium in 

a 500 mL UY flask were inoculated with 10 mL of the preculture. The culture was grown at 30 °C and 

250 rpm for seven days. Throughout the cultivation 1 mL samples were taken for valinomycin extraction 

and determination of cell dry weight (CDW).  

 

3.6.2 E. coli susceptibility to valinomycin 

To determine whether valinomycin has an inhibitory effect on E. coli cell growth, a disk diffusion assay 

was carried out on LB agar plates with confluent growth. Strains that were tested were E. coli MC4100, 

E. coli BAS3023 and E. coli BL21Gold. Fresh o/n colonies of each strain were suspended in LB medium 

and diluted to give a final OD600 between 0.08 and 0.13 (corresponds to ~1-2 · 108 cfu mL-1). 150 µL cell 

suspension were streaked onto a LB agar plate and left to dry under the cleanbench for 10 min. 6 mm 

filter discs were applied onto the inoculated agar surface. 10 µL valinomycin solution with different 

concentrations (1, 5, 10, 20, 50 µg µL-1 in EtOH) were pipetted onto the filter disks (Figure 3.7). 

 

 
Figure 3.7 Scheme of E. coli disk diffusion assay with valinomycin. 

Filter disks were placed onto LB agar plates inoculated with E. coli and different amounts of valinomycin were applied.  Cm 
and kan served as positive controls and the solvent EtOH alone as negative control. 



Material and Methods 
 

58 

As a negative control 10 µL EtOH was used. As positive controls 10 µl of a cm solution (1.7 µg mL-1) and 

10 µl of a kan solution (1 µg µL-1) were each pipetted onto a filter disk as well. Figure 3.7 shows a 

scheme of the disk diffusion assay. The plates were incubated at 35 °C for 18-20 h. 

 

3.6.3 Valinomycin production in an engineered E. coli strain 

The autonomous in vivo production of valinomycin in E. coli was one of the main objectives of this 

study. Different cultivation conditions were tested for their influence on valinomycin production and 

will be shown and discussed in detail in the Results and Discussion sections. In vivo valinomycin 

production trials were performed with the engineered Sfp expressing E. coli strain BJJ01 (sfp+) with the 

expression plasmids pCTUT7-His/Vlm1 and pKS01/Vlm2 or an empty control plasmid (pMK05). 

Substrate feeding 

Precultures were prepared in 25 mL TB medium with 50 µg mL-1 amp and 17 µg mL-1 cm and incubated 

o/n at 30 °C and 200 rpm. Main cultures were prepared in 25 mL TB medium with 17 µg mL-1 cm and 

inoculated to give a final OD600 of 0.1. Cultures were grown for 2-3 h at 30 °C and 200 rpm, until an 

OD600 of 0.8-1.0 was reached. VlmSyn expression was induced with 20 µM IPTG. After 2 h 15 mM of 

each of the valinomycin precursor substrates α-ketoisovaleric acid (α-Kiv), L-valine (L-Val) and pyruvate 

were added to the culture. Cultivation was continued for 5 h at 30 °C and 200 rpm before cell harvest. 

Addition of adsorbent 

The influence of co-cultivation with the polyaromatic adsorbent resin Diaion HP-20 (Sigma) for 

hydrophobic compounds on valinomycin formation was investigated. The cultivation was carried out as 

described before with the addition of 5 % (w/v) Diaion HP-20 to the main cultures. 

Time-course of valinomycin formation 

Valinomycin formation was monitored at intervals during a cultivation time of 5 days. The cultivation 

was conducted as described before, however, in a volume of 500 mL TB medium without feeding of 

precursor substrates and without Diaion HP-20. 5 mL samples were taken for valinomycin extraction at 

different time points during cultivation. 

Valinomycin formation with enzyme-based substrate delivery (EnBase) 

Valinomycin formation with the enzyme-based substrate delivery system EnBase in tablet form 

(EnPresso) was basically performed as in chapter 3.5.1.3 for VlmSyn expression but without the addition 

of IPTG inducer. 
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3.6.4 Experimental design and semi-automated optimization screening♦ 

Design of experiments (DoE) was used to generate 20 representative experiments for the screening and 

optimization of parameters for valinomycin formation during EnBase cultivation. The screenings were 

conducted in 24-well plate format (3.3 mL-wells). For the experimental design the MODDE software 

(Umetrics) was used. Boosting (yes / no), culture volume (0.5-1.5 mL) and EnZI’m concentration (0-

6 U L-1) were defined as factors to be tested. As response factors OD600 and valinomycin concentration 

were defined. Experimental conditions as proposed by the MODDE software are shown in Table 3.3. 

  

Table 3.3 Overview of experimental design for screening in 24-well plate. 

Experiment Enzyme [U L-1] Boosting Volume [mL] 

1 0 No 0.5 
2 6 No 0.5 
3 0 No 1.5 
4 6 No 1.5 
5 0 No 1.16667 
6 6 No 0.833333 
7 2 No 0.5 
8 4 No 1.5 
9 0 Yes 0.5 

10 6 Yes 0.5 
11 0 Yes 1.5 
12 6 Yes 1.5 
13 0 Yes 0.833333 
14 6 Yes 1.16667 
15 4 Yes 0.5 
16 2 Yes 1.5 
17 3 Yes 1.0 
18 3 Yes 1.0 
19 3 Yes 1.0 
20 3 Yes 1.0 

 

 

 

 

 

                                                                                                                                                     
♦ The experimental design and semi-automated optimization screening was performed in cooperation with Jian Li 

(PhD student, Neubauer group, TU Berlin). 
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During the screening cultivation for 48 h at 30 °C and 250 rpm oxygen and pH were monitored online 

with the SensorDish Reader (PreSens). Therefore, the 24-well screening plates were equipped with 

chemical optical sensors integrated at the bottom of each well (Figure 3.8). Screenings were performed 

in parallel in a 24-well plate with pH sensors (HydroDish HD24) and a 24-well plate with oxygen sensors 

(OxoDish OD24). The plates were covered with Duetz System sandwich covers and cover clamps 

(Enzyscreen) to avoid unequal evaporation between wells and to allow vigorous orbital shaking (Duetz 

et al. 2000). OD600 was measured at 6 h intervals at-line in 96-well plates with the Synergy Mx plate 

reader (Biotek). Dilution with 0.9 % NaCl solution and transfer of the samples from the 24- to the 

96-microwell plates was performed with the automated liquid handling workstation MICROLAB STAR 

(Hamilton). Valinomycin formation was determined from cultivation samples from end points after 48 h 

cultivation. 

 

 
Figure 3.8 Scheme of the non-invasive online culture monitoring of oxygen and pH. 

Chemical optical sensors for pH and oxygen are integrated at the bottom of polystyrene plates. They are read out by the 
SensorDish Reader (PreSens). 
 
 

3.6.5 Fed-batch fermentation♦ 

For upscaled valinomycin production a high cell density cultivation of E. coli BJJ01 with the expression 

plasmids pCTUT7-His/Vlm1 and pKS01/Vlm2 was performed in the 3.7 L bioreactor KLF2000 

(Bioengineering). The cultivation was performed as a glucose-limited fed-batch process. The 

experimental set-up is shown in Figure 3.9. For the preculture cells were washed from LB plates with 

confluent o/n growth. A 2 L starter culture in EnBase Flo (BioSilta) mineral salt medium without complex 

additives with 3 U L-1 Enz I’m was inoculated in the bioreactor to obtain a start OD600 of 0.1. The medium 

was supplemented with 17 µg mL-1 cm and 50 µg mL-1 amp for plasmid stability.  

                                                                                                                                                     
♦ The fed-batch fermentation was performed in cooperation with Jian Li (PhD student, Neubauer group, TU Berlin). 
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Figure 3.9 Fed-batch fermentation in a 3.7 L bioreactor. 

Fed-batch fermentation was performed in the 3.7 L bioreactor KLF2000 from Bioengineering (A). As feed a 400 g L-1 glucose 
solution was prepared, while NH4OH (25 %) was used as base for pH regulation (B). The top view of the bioreactor shows the 
experimental set-up of electrodes, inlets and outgas (C). 
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Antifoam (PPG2000) was added if required. The cultivation temperature was 30 °C. The pH was 

controlled at 7.0 ± 0.1 with NH4OH (25 %) and H3PO4 (10 %). Aeration conditions (stirrer rate and air 

flow) were adjusted to maintain a pO2 above 20 %. 2 mL L-1 of a solution of MgSO4 (1.5 M) and trace 

elements (per L: 0.5 g CaCl2 · 2 H2O, 0.18 g ZnSO4 · 7 H2O, 0.10 g MnSO4 · H2O, 20.1 g Na2-EDTA, 16.70 g 

FeCl3 · 6 H2O, 0.16 g CuSO4 · 5 H2O and 0.18 g CoCl2 · 6 H2O, 0.132 g Na2SeO3 · 5H2O, 0.12 g 

Na2MoO4 · 2H2O, 0.725 g Ni(NO3)2 · 6H2O) were added for each OD600 increase of about 20. After the 

initial batch mode for 19 h in EnBase Flo medium, the fed-batch mode was initiated at an OD600 of 5.22. 

An exponential feeding profile was calculated to maintain a specific growth rate of µ ≈ 0.2 h-1 according 

to the following formula: 

 

F(t)  =  F0 · e µ·t 

  

F0 is the initial feeding rate [L h-1], µ is the specific growth rate [h-1] to be maintained and t is the time [h] 

after initiation of the feeding. The initial feeding rate F0 was estimated according to the following 

formula: 

 

F0  =  
µ  X0 V0

Sf  YX/S
 

 

X0 and V0 are the biomass concentration [g L-1] and culture volume [L] at initiation of feeding, Sf is the 

glucose concentration [g L-1] in the substrate feed (400 g L-1) and YX/S is the yield coefficient [g g-1] of 

biomass produced per consumed substrate (0.4 g g-1 for E. coli on glucose) (Xu et al. 1999). The 

cultivation was continued for 66 h at 30 °C. The exponential feeding was set manually each hour until 

the pO2 could not be maintained above 20 % at maximal aeration anymore. Afterwards the feeding rate 

was reduced to maintain aerobic conditions. 

 

3.7 Analytical techniques 

3.7.1 Valinomycin extraction for LC/MS analysis 

3.7.1.1 LC-MS sample preparation from S. tsusimaensis cultivations 

3 mL culture samples were frozen at –20 °C and lyophilized. Lyophilized samples were extracted with 

the same volume MeOH as the original culture samples (3 mL) overnight in an over-head shaker. The 

suspensions were centrifuged for 10 min at 10,000 g and 4 °C. The supernatants were filtrated with 

0.22 µm PVDF syringe filters and analyzed via ESI-LC/MS.



Material and Methods 
 

63 

3.7.1.2 LC/MS sample preparation from E. coli cultivations 

Total culture extraction 

The same volume of ethyl acetate was added to 5 mL culture samples (cell suspension in medium) and 

dispersed in an ultrasound bath for 10 min. Cells in the suspension were disrupted by ultrasonication 

(see 3.5.2.2) and subsequently the suspension was dispersed for another 10 min in an ultrasound bath. 

The organic and the aqueous layer were separated by centrifugation (15 min, 16,000 g, 4 °C). The EtOAc 

phase was separated and the solvent evaporated in a rotary evaporator. The solid residue was dissolved 

in 1 mL MeOH and analyzed via ESI-LC/MS. 

Cell pellet extraction 

Cells from a cultivation sample were harvested by centrifugation (5 min, 16,000 g, 4 °C) and the 

supernatant was discarded. The cells were taken up in the same amount of MeOH as the sample 

volume. The cells were resuspended by vortexing and dispersed in an ultrasound bath for 10 min. Cells 

in the suspension were disrupted by ultrasonication (see 3.5.2.2) and subsequently the suspension was 

dispersed for another 10 min in an ultrasound bath. Cell debris was separated by centrifugation (15 min, 

16,000 g, 4 °C). The solvent was removed by evaporation and the dry residue taken up again in 1/5 of 

the original sample volume MeOH before being analyzed via ESI-LC/MS. 

Culture medium supernatant  

Supernatant of culture medium after separation from cells was either directly analyzed via ESI-LC/MS or 

extracted with the same amount of EtOAc. The solvent was removed by evaporation and the dried 

residue was taken up in 1/5 of the original sample volume MeOH before being analyzed via ESI-LC/MS. 

Occasionally, the organic phases from cell pellet extraction and supernatant extraction were united, 

evaporated and the residue dissolved in 1/5 sample volume MeOH. 

 

3.7.2 Detection of valinomycin via ESI-LC/MS 

3.7.2.1 Verification of valinomycin formation in S. tsusimaensis 

MeOH extracts of S. tsusimaensis cultures were analyzed with the QTrap 2000 mass spectrometer 

(AB SCIEX) in combination with the Agilent 1100 HPLC system. For HPLC separation the Luna C18 

column (3 µm, 50 x 1 mm) from Phenomenex was used with water (+ 0.1 % HCOOH) as eluent A and 

acetonitrile (+ 0.1 % HCOOH) as eluent B. The conditions for the HPLC separation prior to MS analysis 

can be found in Table 3.4. The injection volume was 4 µL. A basic mass scan was performed in LIT mode. 
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Table 3.4 HPLC gradient for MS analysis of S. tsusimaensis extracts with the QTrap 2000. 

Total time 
[min] 

Flow rate 
[µL/min] 

Eluent A  
[%] 

Eluent B   
[%] 

0 60 95 5 

10 60 0 100 
13 60 0 100 

13 60 95 5 

15 60 95 5 

 

Parameter settings used during MS analysis can be found in Table 3.5. Data acquisition and analysis was 

carried out with the Analyst 1.4.2 Software from AB SCIEX. 

 

Table 3.5 Parameter settings of the QTrap 2000 for MS analysis of S. tsusimaensis extracts. 

Parameter Setting 

Scan Type Enhanced MS (EMS) 
Polarity Positive 

Ion Source Turbo Spray ESI 

Source gas temperature 300 °C 

Scan Rate 1000 amu/s 
Scan Range 500 – 1200 amu 

Curtain Gas (CUR) 30 

Gas 1 (nebulizer gas) 70 
Gas 2 (turbo gas) 70 

Interface Heater (ihe) ON 

CAD Gas (CAD) Medium 

Ion Spray Voltage (IS) 4500 
Declustering Potential (DP) 30 

Entrance Potential (EP) 12 

Collision Cell Entrance Potential (CEP) 32 

Collision energy (CE) 10 

 

3.7.2.2 Valinomycin detection in E. coli cultivation samples 

MS spectra from E. coli culture extracts were recorded with the TripleQuad LC/MS 6460 mass 

spectrometer (Agilent) in combination with the Agilent 1290 Infinity HPLC system. For HPLC 

separation prior to MS analysis the Zorbax Eclipse Plus C18 RRHD column (2.1 x 50 mm, 1.8 µm) 

from Agilent was used with water (+ 0.1 % HCOOH) as eluent A and acetonitrile (+ 0.1 % HCOOH) as 

eluent B. The conditions for the HPLC separation required optimization and will be further discussed in 

the Results chapter. The final conditions are displayed in Table 3.6. 
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Table 3.6 HPLC gradient for MS analysis of E. coli extracts with the TripleQuad LC/MS 6460. 

Total time 
[min] 

Flow rate 
[µL/min] 

Eluent A     
[%] 

Eluent B      
[%] 

0 300 95 5 

2.5 300 0 100 
8 300 0 100 

12 300 95 5 

13 300 95 5 

 

The injection volume of extracts was 1 µL. A basic mass scan was performed with the MS2Scan mode. 

Parameter settings used during MS analysis can be found in Table 3.7. Data Acquisition was carried out 

with the Agilent Data Acquisition Software for the 6400 Series Triple Quadrupole. For data analysis the 

Agilent MassHunter Workstation Software for Qualitative Analysis was used. 

 

Table 3.7 Parameter settings of the TripleQuad LC/MS 6460 for MS analysis of E. coli extracts. 

Parameter Setting 

Scan Type MS2Scan 

Polarity Positive 

Ion Source Jet Stream ESI 

Source Gas Temperature 250 °C 
Source Gas Flow 10 L/min 

Scan Range 100 – 1300 amu 

Scan Time 500 ms 
Fragmentor Voltage 200 V 

Cell Accelerator Voltage 7 V 

Nebulizer 45 psi 

Sheath Gas Temperature 350 °C 
Sheath Gas Flow 11 L/min 

Capillary Voltage 4000 V 

Nozzle Voltage 600 V 

 

3.7.3 Identification of valinomycin via ESI-LC/MS/MS 

In order to verify valinomycin extracted from E. coli cultures MS/MS measurements were performed 

with the TripleQuad LC/MS 6460 mass spectrometer (Agilent) in combination with the Agilent 1290 

Infinity HPLC system. The most prominent valinomycin adduct [M+NH4]+ with a mass of 1128.6 m/z was 

set as precursor ion for fragmentation. The collision energy was optimized in a range between 20 V and 

50 V.  
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Table 3.8 Parameter settings of the TripleQuad LC/MS 6460 during MS/MS analysis of E. coli extracts. 

Parameter Setting 

Scan Type Product Ion Scan 

Polarity Positive 

Precursor Ion 1128.6 amu 
Scan Range 100 – 1300 amu 

Scan Time 500 ms 

Fragmentor Voltage 200 V 
Collision Energy 20 – 50 V 

Cell Accelerator Voltage 7 V 

 

The HPLC and MS conditions were maintained as for the basic mass scan, except for the parameters in 

Table 3.8. The resulting fragment pattern of samples was compared to the pattern of a valinomycin 

standard and fragment masses were assigned. 

 

3.7.4 Quantitation of valinomycin via Multiple Reaction Monitoring (MRM) 

For the quantitation of valinomycin throughout the development and optimization of the heterologous 

production system in E. coli MRM measurements were carried out with the TripleQuad LC/MS 6460 

mass spectrometer (Agilent) in combination with the Agilent 1290 Infinity HPLC system. The HPLC and 

MS conditions were maintained as for the ESI-LC/MS/MS, except for the parameters shown in Table 3.1. 

With [M+NH4]+ (m/z = 1128.6) as parent ion three characteristic mass transitions were used for MRM: 

m/z 1128.6 → 343.3, m/z 1128.6 → 713.4 and m/z 1128.6 → 1083.6. The product ion m/z 1083.6 

served as quantifier, while the product ions m/z 713.4 and m/z 343.3 served as qualifiers for 

identification. Calibration curves with peak areas of valinomycin standards with known concentrations 

were prepared and used to determine the concentrations of unknown samples. 

  

Table 3.9 Parameter settings of the TripleQuad LC/MS 6460 during MRM analysis of E. coli extracts. 

Parameter Setting 

Scan Type MRM 

Polarity Positive 

Precursor Ion 1128.6 amu 
Product Ions 1083.6 amu, 713.4 amu, 343.3 amu 

Dwell Time 200 ms 

Fragmentor Voltage 200 V 
Collision Energy 45 V 

Cell Accelerator Voltage 7 V 
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3.8 In silico analysis 

For the annotation and analysis of the valinomycin gene cluster the Artemis sequence annotation tool 

(Rutherford et al. 2000) was used. Protein sequence data was acquired from the Universal Protein 

Resource (UniProt) database (Magrane and Consortium 2011). The European Molecular Biology 

Laboratory (EMBL) Nucleotide Sequence Database (Hingamp et al. 1999) and the NCBI GenBank 

database (Benson et al. 2013) were used to obtain nucleotide sequence data. Nucleotide and protein 

sequence similarities were investigated with the Basic Local Alignment Search Tool (BLAST) of the 

National Center for Biotechnology Information (NCBI) (Altschul et al. 1990). The Conserved Domain 

Database (CDD) was used for the functional annotation of proteins (Marchler-Bauer et al. 2011) and the 

Conserved Domain Architecture Retrieval Tool (CDART) to find proteins with similar sequential order of 

domains (Geer et al. 2002). Genes of the valinomycin NRPS were analyzed and domains annotated with 

the PKS/NRPS Analysis Web Server (http://nrps.igs.umaryland.edu/nrps/), the NRPS-PKS database 

(http://www.nii.res.in/nrps-pks.html) (Ansari et al. 2004; Bachmann and Ravel 2009), the Natural 

Product Domain Seeker (Ziemert et al. 2012), the NRPSpredictor2 (Rottig et al. 2011) and the Antibiotics 

& Secondary Metabolite Analysis Shell 2.0 (Blin et al. 2013). The Kyoto Encyclopedia of Genes and 

Genomes (KEGG) (http://www.genome.jp/) was used as a source for metabolic pathways. 

 The Vector NTI Advance 11.0 software package (Invitrogen) was used for in silico cloning, primer 

design, DNA and aa sequence analysis and manipulation. The ContigExpress tool was used for the 

assembly of DNA sequence data and AlignX for DNA and protein sequence alignments and the 

generation of guide trees. The Graphical Codon Usage Analyzer 2.0 (www.gcua.de) was used for 

comparison of codon usage between E. coli and S. tsusimaensis, rare codon analysis (Fuhrmann et al. 

2004). The CAI Calculator 2 (Wu et al. 2005) was used to determine the Codon Adaptation Index (CAI). 

The mfold web server was used to make mRNA secondary structure predictions (Zuker 2003). 

 For the acquisition and analysis of mass spectra either the Analyst 1.4.2 software (AB SCIEX) or the 

MassHunter Qualitative Analysis Software (Agilent) were applied. Data acquisition and analysis of 

chromatograms from protein purifications with the Äkta avant system were carried out with UNICORN 

6.1 (GE Healthcare). ChemBioDraw Ultra 11.0 (PerkinElmer) was used to create chemical structures and 

to identify structures related to MS/MS fragment ion peaks.  

 The MODDE software (Umetrics) was used to design a set of experiments, determine influential 

factors and optimize settings for cultivation during valinomycin production in E. coli. The MicrolabSTAR 

liquid handling station was programmed with the MicrolabSTAR VENUS one software (Hamilton). 

Graphs were created and data visualized with SigmaPlot and curves were fitted with TableCurve 2D 

(Systat Software).   

 

http://nrps.igs.umaryland.edu/nrps/
http://www.nii.res.in/nrps-pks.html
http://www.gcua.de/
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4 Results and Discussion 

4.1 In silico DNA and protein analysis 

In order to predict which genetic elements have an impact on valinomycin biosynthesis and to be able 

to design a suitable cloning strategy the valinomycin gene cluster had to be analyzed first with respect 

to gene and domain architecture. Analysis of the nucleotide and protein sequences of the valinomycin 

NRPS genes provided the groundwork for subsequent cloning and expression experiments. 

 

4.1.1 Re-annotation of the valinomycin gene cluster 

The valinomycin biosynthetic gene cluster from S. tsusimaensis was sequenced and annotated first by 

Cheng et al. (2002). The evaluation of the previous annotation with Artemis, BLAST and CDD indicated 

that the annotation should be partially revised. The results of the re-annotation of the genomic DNA 

stretch [DQ174261.1] from S. tsusimaensis are represented in Figure 4.1 and Table 4.1 

 ORFs that deviate from the original annotation by Cheng (2006), ORF4, ORF13 and ORF14, are 

marked in red. The original ORF4 [3781...4410 bp], which showed no protein homology or conserved 

domain motifs was replaced with an ORF [c3790…4257], coding for a putative protein of unknown 

function with a conserved tetratricopeptide repeat, a structural motif often involved in mediating 

protein-protein interactions (Blatch and Lassle 1999). The re-annotated ORF13 [c16138…16587] 

consists of the C-terminal 149 aa part of the previous ORF14. It shows homology to a family of 

conserved domains with unknown function, to which a transcriptional regulator for antibiotic 

production in S. coelicolor is supposed to belong (Fernandez-Moreno et al. 1992).  

 

 

Figure 4.1 Re-annotated genomic DNA [DQ174261.1] with valinomycin gene cluster from S. tsusimaensis 

ORFs framed in red differ from the previous annotation of [DQ174261.1] by Cheng (2006). Colored genes are supposedly 
associated with valinomycin biosynthesis.  

http://www.ncbi.nlm.nih.gov/nuccore/76884858
http://www.ncbi.nlm.nih.gov/nuccore/76884858
http://www.ncbi.nlm.nih.gov/nuccore/76884858
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Table 4.1 Deduced ORFs after re-annotation of the valinomycin gene cluster. 

ORF 
[bp…bp] 

Size 
[aa] 

Best BLAST hit 
[accession no.]b 

Conserved domain  
[accession no.]c 

Proposed 
function 

ORF1         
[c1…949]a 

>316 S. roseosporus 
[ZP_04707977.1] 

2OG-Fe(II) oxygenase                   
[213140] 

unknown 

ORF2 
[1366…2244] 

292 S. griseus 
[ZP_08238895.1] 

partial class_II_aaRS-like_core    
[206944] 

tRNA synthetase 
class II 

ORF3 
[c2789…3520] 

211 S. griseus 
[YP_001826698.1] 

TetR family transcriptional regulator 
[201228] 

Transcriptional 
regulator 

ORF4 
[c3790…4257] 

156 S. roseosporus 
[ZP_04709185.1] 

Tetratricopeptide repeat          
[205610] 

unknown 

ORF5 
[4427…5272] 

281 S. roseosporus 
[ZP_04709182.1] 

F420-dependent oxidoreductase 
[163358] 

unknown 

ORF6 
[5475…6959] 

494 S. roseosporus 
[ZP_06584888.1] 

Penicillin binding protein 
transpeptidase domain             
[144486] 

Penicillin-binding 
protein 

ORF7 
[7184…8311] 

375 S. griseus 
[YP_001828439.1] 

Glucose / Sorbosone dehydrogenase 
[203835] 

unknown 

ORF8 
[8509…11103] 

864 S. roseosporus 
[ZP_06584880.1] 

FO synthase fbiC                         
[181715] 

FO synthase 

ORF9 
[c11670…13808] 

712 S. roseosporus 
[ZP_04709168.1] 

none unknown 

ORF10 
[c13860…14288] 

142 S. roseosporus 
[ZP_04709167.1] 

none unknown 

ORF11 
[14516…15310] 

264 S. globisporus 
[ZP_11383791.1] 

Necrosis inducing protein (NPP1) 
[203294] 

Necrosis inducing 
protein 

ORF12 
[15380…15877] 

165 S. coelicolor 
[NP_631559.1] 

Domain of unknown function                                    
[151676] 

unknown 

ORF13 
[c16138…16587] 

149 Streptomyces sp. 
[YP_004803108.1] 

Domain of unknown function 
[202911] 

Putative 
transcriptional 
regulator 

ORF14 
[16676…18217] 

514 S. griseus 
[YP_001822066.1] 

FecCD transport family              
[201563] 

unknown 

ORF15 
[c18814…19548] 

244 Paenibacillus sp 
[ZP_08510505.1] 

GrsT predicted thioesterase       
[33021] 

Discrete type II 
thioesterase 

ORF16: vlm1 
[19526…29812] 

3428 B. cereus 
[ABD14711.1] 

Multiples (see…) NRPS (valinomycin 
synthesis) 

ORF17: vlm2 
[29835…37802] 

2655 B. cereus 
[ABD14712.1] 

Multiples (see…) NRPS (valinomycin 
synthesis) 

ORF18 
[37938…39266] 

442 S. davawensis 
[CCK24429.1] 

Winged helix-turn helix             
[205729] 

Putative 
transposase 

a: incomplete; b: GenBank accession no.; c: Conserved Domain Database accession no. 
ORFs in dark red deviate from the previous annotation of [DQ174261.1] by Cheng (2006).  
ORFs shaded in gray supposedly belong to the valinomycin biosynthetic gene cluster.  

http://www.ncbi.nlm.nih.gov/protein/239987313?report=genbank&log$=prottop&blast_rank=2&RID=J8JGM68Z01R
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=213140
http://www.ncbi.nlm.nih.gov/protein/326779630?report=genbank&log$=prottop&blast_rank=2&RID=J8M1T8E4013
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=206944
http://www.ncbi.nlm.nih.gov/protein/182438979?report=genbank&log$=prottop&blast_rank=3&RID=J8MPX6J4015
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=201228
http://www.ncbi.nlm.nih.gov/protein/239988521?report=genbank&log$=prottop&blast_rank=1&RID=J8NST4HX015
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=205610
http://www.ncbi.nlm.nih.gov/protein/239988518?report=genbank&log$=prottop&blast_rank=2&RID=J8P1ECN2015
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=163358
http://www.ncbi.nlm.nih.gov/protein/291445498?report=genbank&log$=prottop&blast_rank=2&RID=J8PV29KR01R
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=144486
http://www.ncbi.nlm.nih.gov/protein/182440720?report=genbank&log$=prottop&blast_rank=3&RID=J8R534KB01R
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=203835
http://www.ncbi.nlm.nih.gov/protein/291445490?report=genbank&log$=prottop&blast_rank=2&RID=J8RVSFVN01R
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=181715
http://www.ncbi.nlm.nih.gov/protein/239988504?report=genbank&log$=prottop&blast_rank=2&RID=J8W7ZU4C01R
http://www.ncbi.nlm.nih.gov/protein/239988503?report=genbank&log$=prottop&blast_rank=2&RID=J8WDH3FT015
http://www.ncbi.nlm.nih.gov/protein/411007462?report=genbank&log$=prottop&blast_rank=2&RID=J8WPSM1C015
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=203294
http://www.ncbi.nlm.nih.gov/protein/21225780?report=genbank&log$=prottop&blast_rank=2&RID=J8X3KB01015
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=151676
http://www.ncbi.nlm.nih.gov/protein/345000254?report=genbank&log$=prottop&blast_rank=2&RID=J8XJ2VJD01R
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=202911
http://www.ncbi.nlm.nih.gov/protein/182434347?report=genbank&log$=prottop&blast_rank=1&RID=J8Y5AAM101R
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=201563
http://www.ncbi.nlm.nih.gov/protein/334137058?report=genbank&log$=prottop&blast_rank=2&RID=J8YUK20K015
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=33021
http://www.ncbi.nlm.nih.gov/protein/86753169?report=genbank&log$=prottop&blast_rank=7&RID=J9221N6A013
http://www.ncbi.nlm.nih.gov/protein/ABD14712.1
http://www.ncbi.nlm.nih.gov/protein/408526255?report=genbank&log$=prottop&blast_rank=2&RID=JJT439TE014
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=205729
http://www.ncbi.nlm.nih.gov/nuccore/76884858
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After re-annotation ORF14 [16676…18217] shows homology to the FhuB iron-hydroxamate 

transporter permease subunit. This subunit belongs to the superfamily of transmembrane subunits 

(TM) of periplasmic binding protein (PBP)-dependent ATP-binding cassette (ABC) transporters involved 

in the uptake of siderophores, heme, vitamin B12, or the divalent cations Mg2+ and Zn2+ 

(CDD: 119348). The determination of the valinomycin gene cluster borders is problematic, since the 

valinomycin synthetase genes are flanked by ORFs, a lot of which do not have known functions. Only 

the discrete type II thioesterase (ORF15) can be unambiguously attributed to valinomycin 

biosynthesis. Since ORF13 seems to be involved in transcriptional regulation of antibiotic biosynthesis, 

it can be deduced that the valinomycin biosynthetic gene cluster at least comprises ORFs 13-17. 

 

4.1.2 Domain architecture of the valinomycin NRPS genes 

Knowledge of the domain architecture of the NRPS genes not only provides insights into the 

mechanism of biosynthesis, but is fundamental when it comes to module or domain 

deletions/insertions/swaps for combinatorial biosynthesis. In order to facilitate future module 

exchanges, silent mutations were to be integrated in linker regions in between the NRPS modules 

during cloning. Therefore, the determination of NRPS domain boundaries was essential.  

 The two valinomycin synthetase NRPSs Vlm1 (3,428 aa) and Vlm2 (2,655 aa) were analyzed first 

with the Conserved Doman Database. A graphical representation of identified conserved domains for 

Vlm1 and Vlm2 is shown in Figure 4.2. The conserved domains with accession numbers are listed in 

Table 4.2.  

 

 
Figure 4.2 Overview of domains of Vlm1 (A) and Vlm2 (B) identified with the Conserved Domain Database. 

Small triangles indicate the amino acids involved in conserved features, like active sites. Specific hits in bright colors 
represent high confidence domain associations, while the superfamilies to which a specific hit belongs are shown beneath it 
in a similar pastel color. Multi-domains in grey are likely to contain multiple single domains (Marchler-Bauer et al. 2011). 

A 

B 

http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=119348
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Table 4.2 Identified conserved domains of the valinomycin NRPSs Vlm1 and Vlm2. 

Domains              
[aa…aa] 

Size 
[aa] 

Description                                           
[Accession no.] 

Superfamily                     
[Accession no.] 

Vlm1 

A_NRPS_TubE_like        
[22…573] 

560 A domain of tubulysine TubE-like NRPS                   
[cd05906] 

Adenylate forming domain, 
Class I superfamily [cl17068] 

KR_2_SDR_x 
[824…1208] 

436 Ketoreductase (KR), subgroup 2, complex 
(x) short-chain dehydrogenase/reductase 
(SDR) [201228] 

Rossmann-fold NAD(P)(+)-
binding proteins superfamily 
[cl09931] 

PP-binding 
[1303…1363] 

66 Phosphopantetheine attachment site 
[pfam00550] 

PP-binding Superfamily 
[cl09936] 

Condensation domain 
[1386…1693] 

300 Condensation domain                
[pfam00668] 

Condensation super family 
[cl17111] 

HxxPF_rpt 
[1713…1803] 

91 HxxPF-repeated domain             
[pfam13745] 

HxxPF_rpt Superfamily 
[ cl16371] 

A_NRPS_Srf_like 
[1864…2332] 

474 A domain of surfactin SrfA-C-like NRPS                   
[cd12117] 

Adenylate forming domain, 
Class I superfamily [cl17068] 

PP-binding 
[2358…2420] 

66 Phosphopantetheine attachment site 
[pfam00550] 

PP-binding Superfamily 
[cl09936] 

Condensation domain 
[2451…2726] 

300 Condensation domain                
[pfam00668] 

Condensation super family 
[cl17111] 

NRPS domain 
[2741…2853] 

153 NRPS domain located immediately 
downstream from a C domain [TIGR01720]                     

NRPS-para261 super family 
[cl11771] 

Condensation domain 
[2888…3186] 

300 Condensation domain                
[pfam00668] 

Condensation super family 
[cl17111] 

Vlm2 

A_NRPS_TubE_like        
[172…726] 

560 A domain of tubulysine TubE-like NRPS                   
[cd05906] 

Adenylate forming domain, 
Class I superfamily [cl17068] 

KR_2_SDR_x 
[779…1176] 

436 Ketoreductase (KR), subgroup 2, complex 
(x) short-chain dehydrogenase/reductase 
(SDR) [201228] 

Rossmann-fold NAD(P)(+)-
binding proteins superfamily 
[cl09931] 

PP-binding 
[1259…1323] 

66 Phosphopantetheine attachment site 
[pfam00550] 

PP-binding Superfamily 
[cl09936] 

Condensation domain 
[1346…1638] 

300 Condensation domain                
[pfam00668] 

Condensation super family 
[cl17111] 

HxxPF_rpt 
[1662…1751] 

91 HxxPF-repeated domain             
[pfam13745] 

HxxPF_rpt Superfamily 
[ cl16371] 

A_NRPS_Srf_like 
[1813…2278] 

474 A domain of surfactin SrfA-C-like NRPS                   
[cd12117] 

Adenylate forming domain, 
Class I superfamily [cl17068] 

PP-binding 
[2299…2362] 

66 Phosphopantetheine attachment site 
[pfam00550] 

PP-binding Superfamily 
[cl09936] 

Thioesterase domain 
[2397…2645] 

224 Thioesterase domain                        
[pfam00975] 

none 

http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=213274
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl17068
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=201228
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl09931
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=201300
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl09936
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=pfam00668
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=214272
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=205919
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl16371
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=213325
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl17068
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=201300
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl09936
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=pfam00668
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=214272
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=TIGR01720
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=213646
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=pfam00668
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=214272
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=213274
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl17068
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=201228
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl09931
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=201300
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl09936
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=pfam00668
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=214272
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=205919
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl16371
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=213325
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl17068
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=201300
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl09936
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=144533
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4.1.3 Prediction of VlmSyn substrate specificities 

Specificities of the VlmSyn adenylation domains were predicted with antiSMASH2 (Medema et al. 

2011) using both, the signature sequence (Stachelhaus et al. 1999) and the support-vector 

machines (SVM)-based method of NRPSPredictor2 (Rausch et al. 2005; Rottig et al. 2011) and the 

method of Minowa et al. (2007). Resulting predictions are summarized in Table 4.3.  

 

Table 4.3 Predicted substrate specificities of VlmSyn adenylation domains. 

A domain Signature code Stachelhaus NRPSpredictor2  Minowa Consensus 

Vlm1_A1 AALWIAVSGK 
(4S)-5,5,5-trichloro-

leucine 
hydrophobic-aliphatic Phenylacetate N/A 

Vlm1_A2 DALWLGGTFK Val Val Val Val 
Vlm2_A1 VVIWIAENMK N/A hydrophobic-aliphatic Phenylacetate N/A 

Vlm2_A2 DAFWVGGTFK Val Val Val Val 

 

Substrate specificities for Vlm1_A2 and Vlm2_A2 were unanimously predicted to be valine. Since 

module 2 harbors an epimerase domain, it is likely to be responsible for the incorporation of D-valine, 

while module 4 incorporates L-valine in accordance with the valinomycin structure. None of the 

applied methods gave reliable, congruent predictions for substrate specificities of the adenylation 

domains Vlm1_A1 and Vlm2_A1 of the putative hydroxy acid incorporating modules 1 and 3. Whether 

the keto acid precursors α-Kiv and pyruvate are first reduced to the corresponding hydroxy acids D-Hiv 

and L-Lac by the KR domains of modules 1 and 3 and as such activated by the adenylation domains or 

whether the keto acids themselves are activated before ketoreduction cannot be deduced by 

sequence analysis alone and had not been elucidated experimentally before. However, due to the 

strong homology of VlmSyn to the cereulide synthetase for which the activation of keto acids has been 

shown experimentally, the same mechanism was presumed for VlmSyn.  

 

4.1.4 Sequence analysis of VlmSyn 

Different organisms show different preferences when it comes to the usage of codons for certain 

amino acids (codon usage bias). The fact that S. tsusimaensis, like the Streptomyces genus in general, 

has a genome with high GC content is reflected in its codon usage bias. Since, this bias can have an 

influence on the translational efficiency and amino acid misincorporation during recombinant protein 

expression (Kurland and Gallant 1996), the codon usage between E. coli and S. tsusimaensis and the 

VlmSyn codon quality were analyzed with the graphical codon usage analyzer (Fuhrmann et al. 2004). 

A graphical representation of the codon usage comparison is displayed in Figure 4.3. 
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Figure 4.3 Comparison of codon usage between E. coli and S. tsusimaensis 

The graphical representation displays the usage of each codon in E. coli (black) in comparison to S. tsusimaensis (red) for all 
amino acid and stop codons. The codon usage is depicted as values of relative adaptiveness. The codon with the highest 
frequency value is set to 100 % and all other codons for the same amino acid are scaled accordingly. 

 

The mean difference between E. coli and S. tsusimaensis codon usage was found to be 36.36 %. Most 

codons used by S. tsusimaensis (red bars) with high frequencies are represented in E. coli (black bars) 

with at least moderate frequencies. The only codon with a low codon usage in E. coli (16 % rel. adapt.) 

but high codon usage in S. tsusimaensis (100 % rel. adapt.) is the CGG (Arg) codon. The heterologous 

expression of genes from S. tsusimaensis in E. coli seems therefore feasible. As a matter of fact, the 

opposite (expression of E. coli genes in S. tsusimaensis) would likely be more problematic, since many 

AT-rich codons used at high frequencies by E. coli, are rarely used in S. tsusimaensis, e.g. ATT (Ile), 

AAA (Lys), TTT (Phe) and TAT (Tyr). 

Red bars: Streptomyces tsusimaensis  
Black bars: Escherichia coli 



Results and Discussion 
 

74 

The coding sequences of Vlm1 and Vlm2 were analyzed with regard to E. coli codon usage. The most 

significant rare codons with less than 8 % fraction frequency based on 4,290 E. coli coding sequences 

are AGA (Arg), AGG (Arg), CGA (Arg), ATA (Ile) and CTA (Leu) (Nakamura et al. 2000). However, if 

codon usage is observed for 195 highly and continuously expressed genes during exponential growth 

(Class II), the fraction with which those rare codons are used even falls below 2 % together with the 

additional codons GGA (Gly), CGG (Arg) and CCC (Pro) (Henaut and Danchin 1996). The abundance of 

rare codons in the vlm1 and vlm2 genes and its GC content is summarized in Table 4.4. The complete 

codon usage analysis of vlm1 and vlm2 can be found in Appendix 6.6. As expected from the codon 

usage comparison (Figure 4.3), the CGG (Arg) codon which is low-used by E. coli and highly-used by 

S. tsusimaensis is the most abundant rare codon for E. coli in vlm1 and vlm2. 

 
Table 4.4 Properties of the Vlm1 and Vlm2 gene coding sequences. 

 AGA         
(Arg) 

AGG        
(Arg) 

ATA           
(Ile) 

CGA          
(Arg) 

CTA         
(Leu) 

GGA 
(Gly) 

CGG 
(Arg) 

CCC 
(Pro) 

CAI GC     
% 

Vlm1  
(3,428 codons) 

0 7 2 2 0 15 154 75 0.25 70.65 

Vlm2       
(2,655 codons) 1 3 2 1 0 7 137 52 0.23 72.28 

CAI: Codon Adaption Index 

 
The codon adaption index (CAI) calculates the relative adaptiveness of the codon usage of a sequence 

of interest towards the biased codon usage of a set of 27 highly expressed genes in E. coli (Sharp and 

Li 1987). The CAI ranges from 0 to 1 with 1 indicating that only the most abundant codons are used. 

CAIs for vlm1 and vlm2 are stated in Table 4.4 with values that show a rather low adaptiveness of the 

codon usage compared to the most abundant ones. However, it has been shown that the CAI does not 

necessarily correlate with heterologous gene expression (Welch et al. 2009; Welch et al. 2009). 

Furthermore, codon usage bias is particularly pronounced in highly-expressed genes during the 

exponential growth of fast-growing organisms like E. coli and reflects the abundance of the respective 

tRNA isoacceptors (Ikemura 1985; Dong et al. 1996). Under controlled growth conditions, e.g. in 

fed-batch fermentations, the abundance of tRNA isoacceptors does usually not pose a severe 

problem. No codon-optimization of the valinomycin biosynthetic genes was therefore performed. 

 

4.2 Valinomycin formation in S. tsusimaensis  

S. tsusimaensis ATCC 15141 was used as the source of the genetic material for recombinant VlmSyn 

expression. To confirm that the received strain does indeed produce valinomycin, it was cultured for 
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seven days and valinomycin production monitored via ESI-LC/MS. Peak areas of an XIC with the range 

m/z 1111-1150, which unites the masses of the valinomycin adducts [M+H]+ = 1111.6, [M+NH4]+ = 

1128.6, [M+Na]+ = 1133.6 and [M+K]+ = 1149.6 were used to monitor valinomycin formation over 

time. S. tsusimaensis reached the stationary phase after 43 h of cultivation with a biomass 

concentration of 15.83 g L-1, which remained more or less constant afterwards (Figure 4.4).  

Valinomycin was only detected after 43 h of cultivation with entrance of S. tsusimaensis into the 

stationary phase. Valinomycin then further accumulated until 95 h of cultivation, after which the 

concentration decreased only slightly until the end of the cultivation. Overall, functional valinomycin 

formation by S. tsusimaensis ATCC 15141 could be confirmed.  

 

 
Figure 4.4 Cultivation of valinomycin-producing S. tsusimaensis. 

 S. tsusimaensis was cultivated for 7 days and samples were taken to determine cell dry weight (CDW) and valinomycin 
production via ESI-LC/MS. Valinomycin concentration is represented by the peak area of XIC range m/z 1111-1150, which 
unites the masses of the valinomycin adducts [M+H]+ = 1111.6, [M+NH4]+ = 1128.6, [M+Na]+ = 1133.6 and [M+K]+ = 1149.6. 
 

4.3 E. coli susceptibility to valinomycin 

Since valinomycin is a compound with a range of known biological activities, its effect on E. coli as 

recombinant production host is of major concern. In the study by Tempelaars et al. (2011) E. coli 

growth was not affected by valinomycin. This lack of susceptibility that was observed for the other 

tested gram-negative bacterium as well can be attributed to the presence of their outer membrane, 

which acts as a selective barrier between the cytoplasm and the outside environment (Nikaido 2003) 

and has therefore a major impact on the susceptibility to antibiotics (Delcour 2009). If valinomycin was 

produced within the E. coli cytosol the outer membrane would obviously have no protective effect 

anymore. E. coli strain BAS3023 harbors the imp4213 allele encoding the outer membrane protein Imp 

(increased membrane permeability) with a 23-amino acid deletion (Sampson et al. 1989; Braun and 

Silhavy 2002).  

0

5

10

15

20

25

30

0

3

6

9

12

15

18

0 50 100 150 200

Valinom
ycin  

[counts · E10 m
L -1 ] 

CD
W

 [g
 L

-1
] 

Time [h] 

CDW
valinomycin



Results and Discussion 
 

76 

This mutation leads to an outer membrane permeability defect and has been shown to confer 

sensitivity to several antibiotics like vancomycin (Eggert et al. 2001) or lichenicidin (Caetano et al. 

2011). To test, whether valinomycin has an inhibitory effect on E. coli growth, a disk diffusion assay 

with different amounts of valinomycin was performed with the E. coli B-strain BL21Gold, the E. coli 

K-12 strain MC4100 and its permeable imp mutant E. coli BAS3023 (Figure 4.5). 

 

 
Figure 4.5 E. coli disk diffusion assay with valinomycin. 

Filter disks inoculated with antibiotics were applied to LB agar with freshly plated cultures of E. coli BL21Gold (A), E. coli 
MC4100 (B) and E. coli BAS3023 (C). As negative control the center disk was soaked in the solvent EtOH. As positive controls 
one disk with 25 µg chloramphenicol (Cm) and one disk with 10 µg kanamycin (Kan) were applied. The valinomycin filter 
disks contained 1: 10 µg, 2: 50 µg, 3: 100 µg, 200 µg and 500 µg valinomycin in EtOH. 
 

All three tested E. coli strains showed clear zones of inhibition from the positive control disks with 

chloramphenicol (25 µg) and kanamycin (10 µg). For valinomycin only minor zones of inhibition, which 

did not significantly differ from the solvent negative controls could be detected. For disks with 200 µg 

and 500 µg valinomycin some precipitation of valinomycin around the filter disks was observed. The 

permeable BAS3023 strain displayed slightly larger inhibition zones than its MC4100 progenitor strain, 

however not larger than E. coli BL21Gold. In conclusion, no susceptibility of E. coli towards valinomycin 

could be deduced from the disk diffusion assay. 

 

4.4 Construction of the VlmSyn expression vectors 

For the recombinant expression screening of VlmSyn the NRPS genes vlm1 and vlm2 had to be isolated 

from the S. tsusimaensis genomic DNA and transferred into the desired set of cytoplasmic expression 

vectors. The nature of the VlmSyn genes (size, GC-rich) rendered even standard cloning procedures 

challenging. PCR reactions to amplify the whole vlm1 and vlm2 ORFs did not yield the desired product. 

Amplification of shorter VlmSyn fragments was achieved with an optimized PCR procedure with the 

KAPA Hifi DNA polymerase (Peqlab) in combination with buffer for GC-rich templates.  
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Figure 4.6 Dissected Vlm gene fragments isolated from S. tsusimaensis genomic DNA via PCR. 

(A) Since amplification of the whole GC-rich vlm1 (10,287 bp) and vlm2 (7,968 bp) genes was not possible, they were 
dissected into smaller subfragments. Amplification of the subfragments was used to introduce additional flanking RE sites 
via silent mutations (shown in red). The NheI RE site in between module1 and module2 had to be replaced later on with 
SpeI by site-directed mutagenesis leading to a single amino acid mutation (A1372T) in the linker region. (B) VlmSyn gene 
fragments after amplification with an optimized PCR protocol with the Kapa Hifi DNA Polymerase and GC buffer. 
 

A combined hot-start procedure was run with a 2-step cycling program (5 cycles: 45 °C, 20 cycles 

55 °C) and long-range protocol (+10 sec/cycle). The VlmSyn gene fragments were amplified with 

primers carrying flanking RE and attB sites and were introduced into the pDONR201 vector via 

Gateway recombinational cloning. Side-product formation made gel extraction necessary (Figure 4.6). 

 Sequencing revealed a silent mutation for proline (CCC→CCA) in fragment vlm1A and another 

silent mutation for threonine (ACC→ACT) in fragment vlm2A. The complete vlm1 and vlm2 genes were 

subsequently reassembled in a single pDONR201 vector by REaL cloning via the flanking RE sites, 

yielding the two Gateway Entry clones pENTR-Vlm1 and pENTR-Vlm2. Vectors were tested by RE 

control digests. The vlm1 gene was then transferred from the pENTR-Vlm1 vector into the twelve 

expression vectors from the Cytoplasmic Protein Expression & Optimization (CEO) library (Siurkus et al. 

2010) with the plac_CTU promoter via parallel Gateway cloning. The vlm2 gene was likewise transferred 

from the pENTR-Vlm2 vector into the pCTUT7_His vector from the CEO library and into the pKS01 

vector, which is derivative of the pCTUT7_His vector with the chloramphenicol resistance marker 

replaced by an ampicillin resistance marker and the plasmid-stabilizing parB locus.  
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4.5 Heterologous expression of VlmSyn in E. coli 

One of the major challenges on the way to an autonomous E. coli valinomycin producer was to 

establish the heterologous expression of the valinomycin NRPSs Vlm1 and Vlm2 in an active and 

soluble form. Size and origin of the NRPSs gave reason to expect that substantial optimization would 

be required to receive satisfying amounts of active protein. In the beginning, expression optimization 

was carried out with Vlm1 alone. For a start the vector with the strongest promoter and ribosomal 

binding site (RBS) out of the 45 CEO library vectors was used. The pCTUT7_His vector combines an 

N-terminal His-tag with the plac_CTU promoter, which is a slightly stronger lac promoter derivative, and 

the SD_T7 RBS. Figure 4.7 gives an overview of the main features of the CEO vector library and relative 

strengths of promoters and RBSs. 

 

 

Figure 4.7 Scheme of the main elements of the cytoplasmic expression library (CEO). 

The different plasmids of the CEO vector library have different lacZp3-derived promoters, which were generated by 
introducing single nucleotide mutations in the "-35" and "-10" regions (Siurkus et al. 2010). Promoter strengths of all 
promoters are shown in relation to the wild-type lac promoter (plac_native). Translational efficiencies of all RBSs are shown 
in relation to the SD_T7 RBS. The library contains one of four N-terminal solubility enhancement tags: Thioredoxin (Trx), 
Small ubiquitin-related modifier (Sumo), Glutathione S-transferase (GST) and Maltose-binding protein (MBP). All tags carry 
an additional 6xHis tag. Figure with courtesy of Dr. Uwe Horn, HKI Jena. 
 

4.5.1 Expression in E. coli K-12 and B strains 

Expression of Vlm1 from pCTUT7_His vector was carried out with the E. coli K-12 strain MK01 and the 

E. coli B-strain BL21Gold. MK01 is a derivative of the W3110 strain with a deletion of the lacY gene for 

lactose permease. It has been reported that only if active transport of IPTG inducer by LacY into the 

cell is abolished, titratable control of lac promoters can be achieved (Khlebnikov and Keasling 2002). 

BL21Gold is a derivative of the classical BL21 protein expression strain, which naturally lacks the Lon 

protease and was engineered to be deficient for the OmpT outer membrane protease, which can 

degrade proteins during purification (Weiner et al. 1994). Cells were grown in LB medium at 30 °C and 

200 rpm to an OD600 of ~0.6 and induced with different IPTG concentrations (0, 20, 50, 100, 500, 

1000 µM). Cells were grown for 5 h at 30 °C before harvest. Results from these initial expression trials 

are shown in Figure 4.8. 
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Figure 4.8  Expression of Vlm1 with E. coli MK01 and E. coli BL21Gold in LB medium. 

Vlm1 was expressed from the pCTUT7_His plasmid with E. coli BL21Gold and E. coli MK01 in LB medium at 30 °C. After 
induction at an OD600 of ~0.6 with various concentrations of IPTG, cells were further cultivated for 5 h. (A) shows the final 
OD600 values after 5 h of expression. In (B) the SDS-PAGE (5%) analysis of proteins from soluble (S) and pellet (P) fractions is 
shown for both E. coli strains with different IPTG inducer concentrations. Protein samples were normalized per OD600. The 
orange arrow indicates the position of the 370 kDa Vlm1 on the gel. 
 

Vlm1 expression with E. coli MK01 generally yielded lower final biomass concentrations after 5 h than 

with E. coli BL21Gold. A trend could be observed that increasing IPTG inducer concentrations lead to a 

reduction of cell growth for both strains. After SDS-PAGE weak bands of correct size for Vlm1 

(370 kDa) could be observed for both E. coli strains. Interestingly, the amount of insoluble protein did 

not exceed the soluble one, as would have been expected for such a large protein. However, with 

increasing IPTG concentrations there was no increase in Vlm1 production, neither in the insoluble nor 

in the soluble phase. Considering the influence of the IPTG concentrations on OD600 values, it seems as 

if increasing induction of the vlm1 gene has a negative effect on both, translation and cell growth. 

Negative effects due to strong overproduction of proteins have been reported before (Dong et al. 

1995; Kurland and Dong 1996; Zahn 1996). E. coli BL21Gold produced slightly higher amounts of Vlm1 

than E. coli MK01 with the strongest soluble expression at 20 µM IPTG within the tested range. It has 

been reported that E. coli B-strains have a greater capacity for amino acid biosynthesis and less 

proteases than K-12 strains (Yoon et al. 2012). 

0

2

4

6

0 20 50 100 500 1000

OD600 

IPTG [µM] 

BL21Gold MK01

A 

B 



Results and Discussion 
 

80 

4.5.2 Expression in various complex media 

Next, further complex media, SB, SR, TB, were tested beside LB with E. coli MK01 and E. coli BL21Gold 

under the same experimental conditions. Again, E. coli MK01 performed generally worse than 

BL21Gold regarding cell growth and protein yield (data not shown).  

 Media composition had a strong influence on both cell growth and Vlm1 expression levels, as can 

be seen in Figure 4.9. For all four tested complex media 20 µM IPTG inducer concentration yielded the 

highest amounts of Vlm1, while at concentrations above growth and protein synthesis ceased. 

Expression in LB resulted in the lowest final OD600 values and amounts of Vlm1 produced, followed by 

SB medium. SR medium and TB medium clearly not only produced higher amounts of Vlm1, but 

especially with 20 µM IPTG inducer concentration resulted in OD600 values more than twice compared 

to those from LB. The reason may be that TB and SR are phosphate buffered media. From the four 

tested media TB gave the best overall performance regarding Vlm1 yield and final OD600. 

 

   

 
Figure 4.9 Vlm1 expression with E. coli BL21Gold in LB, SB, TB and SR medium. 

Vlm1 was expressed from the pCTUT7_His plasmid with E. coli BL21Gold in LB, SB, TB and SR medium at 30 °C. After 
induction at OD600 of ~0.6 with various concentrations of IPTG, cells were further cultivated for 5 h. (A) shows the final 
OD600 values after 5 h of expression. In (B) the SDS-PAGE (5%) analysis of proteins from soluble (S) and pellet (P) fractions is 
shown for both E. coli strains with 0, 20 and 50 µM IPTG inducer concentrations. Protein samples were normalized per 
OD600. The orange arrows indicate the position of the 370 kDa Vlm1 on the gel. 
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Even though vectors of the CEO library contain the strong transcriptional terminator tHP in the 

upstream region and additionally a mutation in the CAP site to reduce background activity before 

induction (Krebber et al. 1996; Siurkus et al. 2010), leaky expression can be caused by traces of lactose 

present in yeast extract as one of the major components of rich media. Such leaky expression could be 

observed for all tested complex media without IPTG inducer. Leaky overexpression of proteins 

imposes a metabolic burden on the host organism, which can even lead to promoter deletions as 

response (Kawe et al. 2009). Supplementation of the culture medium with glucose to prevent CAP-

cAMP dependent stimulation of RNA polymerase binding to the lac promoter has been applied to 

achieve tighter control (Peterkofsky and Gazdar 1971; De Bellis and Schwartz 1990; Notley-McRobb et 

al. 1997). To test whether leaky expression could be abolished, Vlm1 expression with E. coli BL21Gold 

in the four previously tested rich media was repeated with 1 % glucose added to cultivation media. 

While background expression indeed ceased and OD600 values were naturally increased under glucose 

addition, overall expression with IPTG induction was almost abolished (data not shown). 

 

4.5.3 Cytoplasmic expression library  

The elements of the CEO expression library offer the possibility to fine tune protein expression. To see 

whether ribosomal binding sites or N-terminal solubility tags had a positive effect on Vlm1 expression, 

Vlm1 was transferred into further eleven vectors with the plac_CTU promoter with one of three available 

RBSs and one of four tags each (Figure 4.10).  

 

 
Figure 4.10 Vlm1 expression from the twelve CEO library vectors with plac_CTU promoter in TB medium. 

Vlm1 was transferred into the twelve CEO library vectors with plac_CTU promoter and a combination of one of three RBSs of 
various strength (SD_T7 (T) > SD_Lac (L) > SD_Var3 (V)) and either a N-terminal 6xHis tag alone or a combination of 6xHis 
with one of four solubility enhancing tags (Glutathione S-transferase (GST), Maltose-binding protein (MBP), Small ubiquitin-
related modifier (Sumo) or Thioredoxin (Trx)). The expression constructs were expressed with E. coli BL21Gold in TB 
medium at 30 °C and induced with 20 µM IPTG. Final OD600 values are depicted in the diagram on the left and soluble 
protein fractions normalized per OD600 in the 5 % SDS-PAGE picture on the right. Since the wrong protein fraction for the 
SD_Lac (L)-Trx construct was initially loaded onto the SDS gel, the lane is replaced by the correct fraction from another gel. 
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Overall, the different fusion tags did not have a strong influence on the expression of Vlm1. MBP 

fusions produced slightly higher amounts of Vlm1, however, the N-terminal 6xHis tag alone or the 

Sumo tag resulted in comparable amounts. Fusion tags are usually well-expressed and have been 

reported to drive soluble expression of its fused partner proteins (Esposito and Chatterjee 2006). 

Among the four tested fusion tags the 40 kDa MBP is the largest one. However, compared to the 

valinomycin NRPSs Vlm1 (370 kDa) and Vlm2 (284 kDa) the fusion tags are of minor size, what may be 

a reason for their small influence on Vlm1 expression. Since larger fusion tags are more likely to 

disturb the activity of their fusion partners and may require proteolytic cleavage, further work was 

conducted with the small 6xHis tag only. For the three ribosomal binding sites an influence on E. coli 

growth could be observed depending on RBS strengths. Increasing strength of the RBS (SD_T7 > 

SD_Lac > SD_Var3) resulted in slightly decreasing final biomass concentrations, probably due to the 

higher preoccupancy of host cell ribosomes for Vlm1 transcription. Since the differences in biomass 

concentrations were however only minor and the SD_T7 resulted in estimated slightly higher Vlm1 

production, the His-tagged expression construct with SD_T7 RBS was used for further work. 

 All CEO library vector constructs contain an N-terminally transcribed 6xHis tag either alone or in 

combination with one of the solubility tags. Secondary structure formation in the 5’ mRNA region 

around translation initiation has been shown to be a critical factor for efficient initiation of protein 

translation (De Smit and Van Duin 1990; Griswold et al. 2003; Kudla et al. 2009).  

 

 
 

Figure 4.11 Predicted 5’ mRNA secondary structures of the pCTUT7 vector with and without His tag. 

AGGAGA     Shine-Dalgarno sequence 

AUG Start codon 

 

pCTUT7 +His-tag  

dG = -19.16 (-44…+37) 

 

pCTUT7 –His tag  

dG = -23.59 (-44…+37) 
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While the solubility tags themselves did not exhibit a strong influence on Vlm1 expression levels, the 

general nature of the 5’ mRNA region seems to be beneficial for the expression of Vlm1. This is 

reflected by the free energy of secondary structure formation in the translation initiation region 

(-44…+37) at 30 °C of the pCTUT7_His vector in comparison to a vector construct without preceding 

6xHis upstream of the Vlm1 coding sequence (Figure 4.11). The presumed lower expression level of 

such a vector construct was confirmed experimentally (Li 2013).  

 

4.5.4 Influence of expression temperature 

All previously described expression experiments were performed at 30 °C cultivation temperature. 

Growth temperatures above 30 °C frequently result in inclusion body formation of recombinant 

protein produced in E. coli (Schein 1989; Vasina and Baneyx 1997). At higher temperatures protein 

aggregation is favored (Kiefhaber et al. 1991). Furthermore, the activity of heat shock proteases at 

lower temperatures is reduced leading to a more stable protein production (Chesshyre and Hipkiss 

1989). Frequently, even temperatures below 30 °C are applied and the induction of additional 

chaperones upon cold-shock may contribute to soluble protein expression in this case (Yamanaka 

1999). Therefore, we have tested Vlm1 expression at 20 °C in TB medium as well. Vlm1 production 

was indeed increased per cell. However, cell growth was significantly lowered at 20 °C leading to final 

biomass concentrations only half as high as at 30 °C (data not shown). Since inclusion body formation 

did not seem to be a major problem during Vlm1 expression, 30 °C was consequently used as the 

cultivation temperature of choice for further experiments. 

 

4.5.5 Co-expression of Vlm1 and Vlm2 

Valinomycin synthetase is a heterodimer consisting of the two NRPSs Vlm1 and Vlm2. At this point it 

was tested, whether the conditions found to be favorable for Vlm1 expression could be transferred to 

the expression of Vlm2 and consequently the co-expression of Vlm1 and Vlm2 as well. Vlm2 was also 

expressed from the vector construct pCTUT7_His. For the co-expression of Vlm1 and Vlm2 a modified 

pCTUT7_His vector (pKS01) was used, in which the cmR marker was replaced with the ampR marker 

and the additional parB plasmid stabilizing locus (Gerdes 1988). E. coli BL21Gold was co-transformed 

with pCTUT7_His-Vlm1 and pKS01-Vlm2. Expression of Vlm2 and co-expression of Vlm1+2 was 

performed in TB medium at 30 °C (Figure 4.12). The conditions found to work well for Vlm1 expression 

yielded comparable results for Vlm2 and Vlm1+2 at low induction. For the co-expression of Vlm1 and 

Vlm2 however insoluble protein formation above 20 µM increased severely, which could not be 

observed for Vlm1 and Vlm2 expression alone. While final OD600 values were comparable for Vlm1 and 

Vlm2 expression, co-expression yielded a higher OD600 value, a trend that could be generally observed. 
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Figure 4.12 Expression of Vlm2 and co-expression of Vlm1 and Vlm2 in TB medium. 

Vlm2 was expressed from the pCTUT7_His (cmR) vector or during co-expression with Vlm1 from the pKS01 (ampR) vector 
with E. coli BL21 in TB medium at 30 °C. After induction with various concentrations of IPTG, cells were further cultivated 
for 5 h. The diagram depicts the final OD600 values for Vlm1, Vlm2, and Vlm1+2 co-expression experiments with 20 µM IPTG 
induction. The SDS-PAGE (5%) analysis of proteins from soluble (S) and pellet (P) fractions is shown for Vlm2 expression and 
Vlm1+2 co-expression. Protein samples were normalized per OD600. The orange arrow indicates the position of the 370 kDa 
Vlm1 on the gel, the green arrow the position of the 284 kDa Vlm2. 
 

4.5.6 Expression with enzyme-based substrate delivery (EnBase) 

The enzyme-based glucose delivery technology EnBase has been shown to have a positive effect on 

soluble protein production and cell-densities (Panula-Perala et al. 2008; Krause et al. 2010; Ukkonen et 

al. 2011). The substrate auto-delivery system is based on the controlled glucose release into the 

cultivation medium through enzymatic degradation of a starch polymer and thus applies the same 

principle as a glucose-limited fed-batch process in a bioreactor. Enzyme concentration influences the 

glucose-release rate and thus mimics the function of the feed pump in the reactor. To assess the 

effect of controlled growth with fed-batch-like conditions on Vlm1 production the EnBase EnPresso 

medium was used with E. coli BL21Gold harboring the pCTUT7_His-Vlm1 expression plasmid. Various 

enzyme (0, 0.12, 0.3 and 0.6 U L-1) and IPTG inducer concentrations (0, 20, 50, 100, 500, 1000 µM) 

were tested. Cells were grown for 24 h at 30 °C and 250 rpm before harvest. The results of the Vlm1 

expression in EnBase are shown in Figure 4.13. 

 As expected for a fed-batch-like cultivation mode the final biomass concentrations exceeded the 

ones obtained in the previously tested complex batch media. The final OD600 was more than doubled 

with 20 µM IPTG, the inducer concentration which yielded the so far highest amount of Vlm1 in TB 

medium. In comparison to expression in the rich media (LB, SB, TB, SR), increasing induction did not 

lead to decreasing cell growth. Instead the OD600 remained stable over the tested range of IPTG 

concentrations. On the contrary, final ODs were slightly reduced towards low or no IPTG induction. 

This mirrors the Vlm1 production in EnBase, which was highest in cells that were not induced at all, 

followed by expression with 20 µM IPTG.  
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Figure 4.13 Vlm1 expression in EnBase enzyme-based substrate delivery system. 

Vlm1 was expressed in E. coli BL21Gold from the pCTUT7_His vector. EnBase culture with 0.3 U L-1 EnZI'm was inoculated to 
yield an OD600 of 0.05. After overnight cultivation at 30 °C and 200 rpm defined amounts of complex additives (Booster) 
were added to the culture and various EnZI’m glucoamylase (0, 0.12, 0.3, 0.6 U L-1) and IPTG inducer concentrations (0, 20, 
50, 100, 500, 1000 µM) were added to parallel small-scale expressions in a 24-DWP. Vlm1 expression was continued for 
24 h at 30 °C. (A) depicts final OD600 values of cells grown in EnPresso with 0.6 U L-1 EnZI'm in comparison to cells grown in 
TB medium. In (B) the OD-normalized soluble protein fractions of Vlm1 test expressions in EnBase with various IPTG and 
EnZI’m concentrations on a 5 % SDS-PAGE gel are shown. The orange arrow indicates the position of the 370 kDa Vlm1 on 
the gel. The green arrow marks a ~120 kDa protein band, which increased with stronger induction. 
 

Above 20 µM IPTG Vlm1 production was almost completely abolished. Furthermore, some shorter 

~120 kDa protein became more abundant with increasing IPTG induction. Since the intensity of this 

band is clearly connected to the strength of induction, it may be a truncated Vlm1 derivative due to 

translational abbreviation. Translational abbreviation can be caused by the stalling of the ribosome on 

the mRNA, e.g. due to the lack of loaded tRNAs. Codon analysis has shown the frequent use of the rare 

CGG codon over the whole VlmSyn coding sequences. Since the relation of loaded tRNAs to Vlm1 

mRNA becomes more unfavorable with stronger induction, this would explain the increasing ~120 kDa 

band. Increasing proteolytic digest with the band being a cleavage product would be an alternative 

explanation. In comparison to Vlm1 and Vlm2 co-expression in TB medium, where the appearance of a 

~140 kDa protein band could be observed in the insoluble fraction, the protein during EnBase 

cultivation is in the soluble fraction. 

0

4

8

12

16

20

0 20 50 100 500 1000

OD600 

IPTG [µM] 

TB EnPresso

A 

B 



Results and Discussion 
 

86 

The varied glucoamylase concentrations did not show any influence on cell growth (data not shown), 

but the amount of produced Vlm1 increased with higher enzyme concentrations. Inclusion body 

formation under the tested conditions could be observed but was moderate in comparison to soluble 

protein formed (data not shown). In summary, EnPresso was favorable not only for the volumetric but 

also for the specific yield of Vlm1. Most protein was produced without IPTG induction due to leaky 

expression and production increased with higher enzyme concentrations. While the net glucose 

concentration in EnBase medium should be close to zero, increasing glucose release and consumption 

due to higher amylase concentrations would further lower the expression from the plac_CTU promoter 

(catabolite repression). This emphasizes the necessity of low rate expression in order to produce large 

NRPSs in E. coli in a soluble form without overstraining the host cells translation machinery. 

  

4.5.7 Identification of VlmSyn 

The largest native E. coli protein is a helicase of ~170 kDa (Reuven et al. 1995). Protein bands of Vlm1 

and Vlm2 around 300 kDa can therefore easily be assigned to the heterologously expressed NRPSs. 

Since Vlm1 and Vlm2 were expressed with an N-terminal 6xHis tag, western blot analysis with 

immunodetection of the His-epitope was applied to test the abundance of putative translational 

abbreviation or proteolytic cleavage products. Unfortunately, the transfer of the large VlmSyn proteins 

from gel to nitrocellulose (NC) membrane via electroblotting proved to be challenging. Large proteins 

transfer only slowly and tend to precipitate in the SDS gel (Bolt and Mahoney 1997). The transfer 

conditions were optimized by adding 0.1 % SDS to transfer buffers and reducing methanol from 20 % 

to 10 %. Electroblotting time was exceeded to 3 h with 20 V on ice. With the optimized conditions 

unspecific protein staining of the NC membrane with Ponceau S after blotting confirmed the transfer 

of Vlm1 and Vlm2. However, most of Vlm1 and Vlm2 still remained in the SDS gel after blotting (Figure 

4.14). The His-specific colorimetric immunodetection reaction on the membrane was so weak that it 

could not be documented adequately, but was observed by the naked eye for the Vlm1 and Vlm2 

bands as well as several smaller bands. 

 

 

Figure 4.14 Western blotting of Vlm1 and Vlm2. 

On the left the 5 % SDS-PAGE gel with residual untransferred protein after electroblotting is shown. On the right is the NC 
blotting membrane after unspecific protein staining with Ponceau S. 
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The abundance of smaller protein bands that were detected on the NC membrane by His-tag 

immunodetection indicates that translational abbreviations or proteolytic cleavage during 

heterologous expression of Vlm1 and Vlm2 do occur. To confirm that the heterologous Vlm1 and Vlm2 

were produced in full-length, corresponding bands were excised from 5 % SDS-PAGE gels, destained, 

tryptically digested and analyzed by mass spectrometry (performed by Knut Büttner at Ernst-Moritz-

Arndt-University Greifswald). Sequence coverage of identified peptide fragments were 24 % for Vlm1 

and 29 % for Vlm2 (Appendix Figure 6.1). The identified peptides covered the whole protein lengths, 

giving no reason to presume incomplete expression. 

 

4.6 In vitro activity and substrate specificity of VlmSyn  

4.6.1 Purification of VlmSyn 

Vlm1 and Vlm2 were purified for in vitro activity and substrate specificity testing. Since the constructs 

contain an N-terminal His-tag, IMAC with a Ni2+ stationary phase was chosen as a first purification step. 

Results obtained during IMAC purification varied significantly. The 6xHis-tag is small in comparison to 

the Vlm1 and Vlm2 protein size and may be partially buried within the folded protein. Much Vlm1 and 

Vlm2 was found in the flow-through, which is a sign that binding of the N-terminally His-tagged Vlm 

proteins was not very efficient. Especially for Vlm1 yield and concentration after IMAC was 

considerably lower in comparison to Vlm2. In between NRPS proteins COM domain linkers have been 

identified, which allow functional interaction of NRPS proteins in the cell (Hahn and Stachelhaus 2004). 

The N-terminal COM linker of Vlm2 may allow easier access of the His-tag than the structural 

environment of the Vlm1 N-terminus. Best IMAC results were achieved with the 5 mL Ni-NTA 

Superflow cartridge (Qiagen) at a reduced flow rate of 1 mL/min. While with a linear elution gradient 

from 20 mM to 300 mM imidazole hardly any concentration for Vlm1 was reached, a batch-wise 

elution directly with 300 mM imidazole lead to a concentration of Vlm1 and Vlm2, respectively (Figure 

4.15). Despite that, not much purification could be reached with IMAC alone. Several native E. coli 

proteins with affinity to Ni2+ can be co-eluted during IMAC (Bolanos-Garcia and Davies 2006) and 

recently even an E. coli strain was engineered to minimize protein contamination (Robichon et al. 

2011). Furthermore, Western Blot analysis revealed several bands upon 6xHis immunodetection. This 

indicates that contaminating proteins that were co-eluted with Vlm1 and Vlm2 during IMAC comprise 

at least partially translational abbreviation or proteolytic cleavage products that carry the N-terminal 

His-tag. The three protein factions (1 mL per fraction) with most abundant protein were chosen for a 

second purification step via Size Exclusions Chromatography (SEC). 
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Figure 4.15 IMAC purification of Vlm1 and Vlm2. 

IMAC purifications were carried with the Äkta avant 25 chromatography system in combination with the 5 mL Ni-NTA 
Superflow cartridge. Vlm1 and Vlm2 were expressed for 5 h at 30 °C in 500 mL TB medium each. Soluble protein lysate from 
~10 g wet cell pellet was applied to the column, washed with buffer containing 20 mM imidazole and eluted with 300 mM 
imidazole buffer. In (A) chromatograms with UV280 peaks corresponding to eluted Vlm1 and Vlm2 are displayed. (B) shows 
the 5 % SDS-PAGE gels with protein input (I), flow-through (FT), wash (W) and elution fractions for Vlm1 and Vlm2. The 
three 1 mL protein fractions that were chosen for further purification via SEC are framed in orange. 
 

During SEC proteins are separated according to differences in their molecular size. Since the 

heterologously expressed VlmSyn proteins are larger than any native E. coli protein, SEC should be 

exceptionally well-suited. Furthermore, SEC allowed simultaneous buffer exchange with removal of 

imidazole from the previous IMAC purification. The pooled three fractions from the IMAC step (3 mL) 

were further purified with the HiLoad 16/60 Superdex 200 pg column (GE Healthcare), which has a 

fractionation range of 10-60 kDa. Most of the contaminating protein impurities observed after IMAC 

could be removed by SEC (Figure 4.16). The Vlm1 peak eluted a little earlier than Vlm2, which is in 

accordance to their size difference. The Vlm1 peak was however not the first to be eluted from the 

column. The preceding peak may be attributed to larger microaggregates of protein that could not be 

removed during centrifugation and 0.45 µm filtration prior to chromatography.  

A 

B 
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Figure 4.16 SEC purification of Vlm1 and Vlm2. 

SEC purifications were carried with the Äkta avant 25 chromatography system in combination with the HiLoad 16/60 
Superdex 200 column. Three pooled fractions (~3 mL) from IMAC were applied to the column and eluted with 1 mL/min for 
Vlm1 and Vlm2, respectively. In (A) chromatograms with UV280 peaks corresponding to eluted Vlm1 and Vlm2 are displayed. 
(B) shows the 5 % SDS-PAGE gels with elution fractions for Vlm1 and Vlm2. 
 

Not all protein impurities could be removed by SEC. The Vlm1 peak in the chromatogram is 

overlapped by another peak. On the SDS gel no contaminating protein that could be assigned to this 

peak could be observed between 70 and 300 kDa. The peak may be caused by microaggregates that 

dissociated during SDS-PAGE and were therefore not resolved by the 5 % SDS gel. For both Vlm1 and 

Vlm2 proteins above 170 kDa remained and seemed to correlate with Vlm concentrations. They may 

therefore be degradation products of Vlm1 and Vlm2 themselves. Since the input from IMAC for Vlm1 

was not as concentrated as for Vlm2 the protein yield after SEC was lower for Vlm1 as well. Protein 

concentrations in the strongest Vlm1 fraction (B7) was determined to be 429.17 µg mL-1, while the 

concentration of Vlm2 in fraction B11 was determined to be 635.0 µg mL-1. 
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4.6.2 ATP-PPi exchange assay in vitro 

To assess correct folding of the produced VlmSyn proteins at this stage, the functionalities of the four 

A-domains that are distributed over the two NRPSs were assayed. The amino acid activation reaction 

catalyzed by A-domains does not depend on the posttranslational modification with Ppant and can 

therefore be assayed with the apoenzymes. The adenylation domains catalyze the adenylation of their 

cognate substrates with ATP and thereby generate PPi (Figure 4.17A). [32P]-PPi that was re-

incorporated into ATP during the in vitro assay with partially purified Vlm1 and Vlm2 and substrates 

tested for activation was monitored with a scintillation counter. Radiation in counts per minute (cpm) 

of immobilized ATP from reactions that were quenched after 10 min should correlate with the 

activation of the tested substrates. The results would therefore elucidate the substrate specificities of 

Vlm1 and Vlm2. Especially for the hydroxy acid incorporating modules substrate specificities had not 

been determined experimentally yet and it remained obscure whether the hydroxy acids, D-α-

hydroxyisovaleric acid (D-Hiv) and L-lactate (L-Lac), or their corresponding keto or amino acid 

precursors were activated (MacDonald and Slater 1968; Ristow et al. 1974; Anke and Lipmann 1977).  

 Three protein purification fractions with different concentrations of Vlm1 and Vlm2 were tested, 

respectively. Since Vlm1 and Vlm2 could only partially be purified, determined protein concentrations 

did not accurately represent the amounts of Vlm1 and Vlm2 as determined by SDS-PAGE. Vlm1, which 

comprises module 1 for the incorporation of D-Hiv and module 2 for the incorporation of D-Val, was 

tested for the activation of D-Hiv, L-Hiv, Kiv, D-Val and L-Val. Substrate activation was determined as 

% cpm of the total radiation (cpm) of the assay mix. No activation for any of the tested substrates 

could be determined with Vlm1 fraction A4. However, Vlm1 fractions A9 and A12 showed exclusive 

activation of Kiv and L-Val among the tested substrates (Figure 4.17B). SDS-PAGE analysis revealed 

that only little Vlm1 was retained after purification. While no Vlm1 could be detected visually on the 

gel from fraction A4, a weak band could be observed for fraction A9 and a slightly stronger band for 

fraction A12. Accordingly, a slightly higher activation of Kiv and L-Val could be observed for fraction 

A12 compared to fraction A4. Vlm2, which comprises the partial module 3 for the incorporation of L-

Lac and module 4 for the incorporation of L-Val, was tested for the activation of L-Lac, D-Lac, pyruvate 

(Pyr), L-Val and D-Val. All three tested Vm2 fractions activated exclusively pyruvate and L-Val among 

the tested substrates (Figure 4.17B). The amounts of Vlm2 in the three fractions as determined by 

SDS-PAGE was A9 < A14 < B4. Activation of L-Val correlated with the Vlm2 amounts in each fraction. In 

contrast the activation of pyruvate did not correlate to the enzyme concentration. Usually, increasing 

the enzyme concentration leads to higher substrate conversion under saturating substrate conditions 

(zero-order reaction). 
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Figure 4.17 ATP-PPi exchange assay of VlmSyn adenylation domains. 

(A) Reversible aminoacyl adenylation catalyzed by NRPS adenylation domains. During the ATP-PPi exchange assay [32P]-PPi 
is reincorporated into ATP and radiation measured. (B) Activation of tested substrates by Vlm1 and Vlm2 in relation to the 
total radiation of the assay mix. Three protein purification fractions were tested for Vlm1 and Vlm2, respectively. The 
corresponding SDS-PAGE protein bands are displayed for the tested fractions. A negative control in which substrate was 
omitted from the assay was performed in parallel. The assay was carried out at 30 °C and quenched after 10 min. 
 

One possible explanation, why pyruvate activation did not change with Vlm2 concentration could be 

that the affinity of Vlm2 to pyruvate and its turnover were sufficiently high that even the lowest Vlm2 

concentration in fraction A9 was sufficient to fully convert (activate) the pyruvate used in the assay 

until the reaction equilibrium was reached within the tested 10 min. A further increase of Vlm2 would 

therefore not lead to more activated substrate. An alternative explanation for the high activation of 

pyruvate independently on Vlm2 concentrations would be contamination with another enzyme that 

catalyzes an ATP-dependent conversion of pyruvate. However, no enzyme in E. coli is known to 

catalyze a reaction with pyruvate as a substrate and ATP hydrolysis to generate PPi.  

 For both Vlm1 and Vlm2 the activation of the keto acids, Kiv and pyruvate, was higher than the 

activation of L-Val, indicating a higher affinity for the keto acid substrates. The observed activities of 

the adenylation domains distributed over Vlm1 and Vlm2 indicate that the heterologously produced 

enzymes were folded correctly. The determined substrate specificities confirm the previously 

proposed model of valinomycin biosynthesis by Magarvey et al. (2006). Accordingly, Vlm1_A1 

activates Kiv, which is subsequently reduced stereospecifically to D-Hiv by a dedicated KR domain and 

domain A2 activates L-Val, which is racemised by an epimerase domain. Domain A3 of Vlm2 activates 

pyruvate which is reduced stereospecifically to L-Lac and domain A4 activates L-Val. All three 

determined valinomycin precursors, Kiv, pyruvate and L-Val are intrinsic metabolites of E. coli which 

should allow valinomycin formation without feeding of precursors or metabolic pathway engineering. 
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4.7 An engineered E. coli strain for NRPS priming 

Nonribosomal peptide biosynthesis requires the posttranslational modification of NRPS thiolation 

domains with a 4’-phosphopantetheinyl (Ppant) prosthetic group. This modification for covalent 

substrate tethering is carried out by a dedicated phosphopantetheinyl transferase (PPTase). Within 

the borders of the two characterized valinomycin gene clusters from S. tsusimaensis and S. levoris A9 

no PPTase gene could be identified (Magarvey et al. 2006; Calderone et al. 2008). We used the 

promiscuous PPTase Sfp from Bacillus subtilis, which has been frequently applied for the 

phosphopantetheinylation of heterologous PKS and NRPS substrates (Gruenewald et al. 2004).  

 The sfp gene was integrated genomically into the xylA locus (coding for xylose isomerase) of 

E. coli BL21Gold under the control of the weak constitutive tryptophanase promoter. Genomic 

integration was chosen to obtain a strain that could be generally used to produce apo-NRPSs and 

apo-PKSs. Furthermore, genomic integration would avoid the metabolic burden of an additional 

plasmid-borne gene. The λ Red recombination system (recombineering) was used for the integration 

of sfp. It is based on homologous recombination and allows engineering of large DNA constructs 

independent of the availability of unique restriction sites. An overview of the cloning and integration 

strategy is depicted in (Figure 4.18).  

 

 

Figure 4.18 Strategy for the construction of the E. coli sfp+ strain BJJ01. 

The B. subtilis sfp gene under the control of the constitutive tryptophanase promoter PTNA, a chloramphenicol resistance 
(cmR) cassette and the λ t0 terminator were PCR amplified with ~50 base pairs at its ends with homology to the target 
sequence up- and downstream of the xylA gene in the E. coli BL21Gold chromosome. The PCR product was transformed 
into BL21Gold via electroporation and recombination was enabled by the λ Red functions gam, beta and exo, expressed 
from plasmid pSIM6. After screening and verification of successful recombinants the cmR cassette flanked by FLP 
recombination target (FRT) sites was excised by Saccharomyces cerevisiae FLP recombinase, expressed from plasmid pCP20. 
The final strain BJJ01 was cured from the temperature-sensitive plasmid. 
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In a first attempt, the λ Red functionalities exo, ß and γ for recombineering were induced in E. coli 

BL21Gold from the arabinose-inducible pKD46 plasmid (Datsenko and Wanner 2000). However, 

repeated trials with plasmid pKD46 failed to produce recombinants. In a second attempt, the λ Red 

functionalities were expressed from the heat-shock inducible plasmid pSIM6 (Chan et al. 2007), which 

lead to E. coli sfp+ strain BJJ01. The correctly inserted sfp gene was confirmed by sequencing. 

Compared to the wild-type sfp gene from B. subtilis (GenBank accession no. EU882341) the sfp 

integrated in BJJ01 has 34 point mutations leading to 10 amino acid changes (Figure 4.19). The 

mutated Sfp is functional and has been used in our lab for 4’-phosphopantetheinylation before. 

 

 

Figure 4.19  Sequence comparison between B. subtilis wild-type Sfp and Sfp integrated in strain BJJ01. 

 

4.8 Detection and identification of valinomycin via LC/MS  

4.8.1 Complete mass scan 

In order to monitor in vivo valinomycin formation from E. coli cultivations, analytical procedures for 

the detection, identification and quantitation were established with commercial valinomycin standard.  

A complete mass scan was performed with the TripleQuad LC/MS 6460 mass spectrometer (Agilent) 

with preceding analyte separation via HPLC reversed-phase chromatography (RPC) with a C18 column. 

As mobile phase water (+ 0.1 % HCOOH) as eluent A and acetonitrile (+ 0.1 % HCOOH) as eluent B 

were used. The expected m/z ratio for valinomycin [M+H]+ is 1111.6 and commonly found ion adducts 

are [M+NH4]+ = 1128.6, [M+Na]+ = 1133.6 and [M+K]+ = 1149.6. With the 1st elution gradient 

(1 min: 5 % B, 2 min: 5-50 % B, 2 min: 50-100 % B, 5 min 100-5 % B) no valinomycin could be detected 

in sample runs. Instead, valinomycin was found to be eluted in the MeOH blank that was run after 

each sample run. Valinomycin is a hydrophobic molecule, which is insoluble in water. Interaction with 

the C18 stationary phase was therefore strong and valinomycin tended to “stick” to the column. With 

a 2nd elution profile (1 min: 5-7 % B, 2 min: 75-100 % B, 7 min: 100 B, 2 min: 100-75 %, 3 min: 75-

5 % B) elution of valinomycin in the sample run was achieved. However, the retention time of the 

valinomycin peak shifted between 7.8 min and 9 min in three consecutive runs (Figure 4.20A).  
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Figure 4.20  HPLC gradient optimization of valinomycin LC-MS mass scan.  

(A) Extracted ion chromatograms of valinomycin [M+NH4]+ = 1128.6 in three consecutive runs with the 2nd elution profile. 
(B) Extracted ion chromatograms of valinomycin [M+NH4]+ = 1128.6 in three consecutive runs with the 3rd elution profile. 
(C) Mass spectrum of valinomycin standard peak showing [M+H]+ = 111.6 and the adducts [M+NH4]+ = 1128.6 and to a much 
small extend as [M+Na]+ = 1133.6 and [M+K]+ = 1149.6 
 

Further optimization of the elution profile (2.5 min: 5-100 % B, 7.5 min: 100 % B, 2 min: 100-5 % B) 

finally lead to a more reproducible peak elution with a retention time of ~8.4 min. However, usually a 

decrease of peak heights could be observed in consecutive runs (Figure 4.20B). It was found that 

valinomycin was predominantly present in the standard as [M+NH4]+ = 1128.6 and to a much small 

extend as [M+Na]+ = 1133.6 and [M+K]+ = 1149.6 (Figure 4.20C). 

 

4.8.2 Tandem mass spectrometry 

After robust conditions for the elution of valinomycin were established, LC-MS/MS in product ion scan 

mode was performed with [M+NH4]+ = 1128.6 as precursor ion to obtain a characteristic 

fragmentation pattern for valinomycin identification. Collision energies between 20 V and 55 V were 

tested for fragmentation (Figure 4.21).  

 

 
 
Figure 4.21 Valinomycin LC-MS/MS fragmentation patterns with various collision energies. 
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Since a collision energy of 45 V resulted in a sufficiently detailed fragmentation pattern, it was chosen 

for further LC-MS/MS experiments. The fragment ions could be assigned to the valinomycin molecular 

structure and represented the typical sequential loss of amino and hydroxy acid constituents as well as 

carbonyl groups. Because of the circular and repetitive nature of the cyclooligodepsipeptide 

valinomycin and building blocks (D-Val, L-Val and D-Hiv) with (almost) identical masses, multiple routes 

to produce certain product ions were possible (Figure 4.22).  

 

 
 
Figure 4.22 Identification of valinomycin LC-MS/MS product ions. 

A characteristic valinomycin fragment pattern was generated by ESI-LC-MS/MS with [M+NH4]+ = 1128.6 as precursor ion. 
Product ions were assigned to the valinomycin (1) molecule structure, which is represented by a circle formed by the four 
building blocks D-Hiv (a), D-Val (b), L-Lac (c) and L-Val (d). 

 

4.8.3 Quantitation via Multiple Reaction Monitoring (MRM) 

During multiple reaction monitoring (MRM) several characteristic transitions of a specific compound 

precursor ion are monitored. Because of the high level of specificity, MRM is well-suited to directly 

quantify compounds in a complex mixture. From the fragmentation pattern of the previous LC-MS/MS 

experiment the three characteristic product ions m/z 1083.6, m/z 713.4 and m/z 342.2 were chosen 

for MRM with [M+NH4]+ = 1128.6 as precursor ion. For valinomycin quantitation a calibration curve 

with commercial valinomycin as external standard was prepared in a range between 0 and 100 µg mL-1 

in MeOH (Figure 4.23A). The linear range for valinomycin quantitation was determined to be 

0-5 µg mL-1 with a Pearson correlation coefficient R2 = 0.9995, indicating a good linear fit of the data 

points in that range. 

 To determine the influence of matrix effects, like ion suppression, in sample extracts (Annesley 

2003; Hall et al. 2012), a signal recovery study with MeOH extracts of E. coli BJJ01 culture spiked with 

different amounts of valinomycin was performed.  
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Figure 4.23  Valinomycin calibration curve and linear dynamic range in MeOH. 

(A) A calibration curve with commercial valinomycin standard in MeOH was plotted from the resulting peak areas of MRM 
measurements with [M+NH4]+ = 1128.6 as precursor ion and selective detection of the three characteristic product ions 
m/z 1083.6, m/z 713.4 and m/z 342.2. (B) The linear dynamic range was determined be 0.001-5 µg mL-1. (C) Linear range of 
valinomycin standard curves prepared in MeOH and E. coli cell extract. 
 

As can be seen in Figure 4.23C no significant effect of the E. coli extract sample matrix could be 

observed within the linear dynamic range. Therefore, calibration curves for the quantitation of 

valinomycin in sample extracts were prepared in MeOH. While there was no significant matrix effect, 

fluctuations in MS performance due to sample-to-sample ionization variability and column 

contamination could be observed. To compensate for those fluctuations valinomycin standards were 

measured before, after, and, if applicable, in between sample runs and calibration curves were 

prepared from mean values. Because quantitation with an external standard does not compensate for 

loss of valinomycin during sample handling, it is crucial to determine the recovery during sample 

preparation. Therefore, E. coli BJJ01 culture extracts were prepared and spiked with valinomycin at 

key points of the sample preparation process and loss during each step was determined. We found 

that the overall recovery was around 86 % with ~10 % of the loss occurring during solvent rotary 

evaporation and sample re-solvation. While this is still an acceptable recovery rate, solvent 

evaporation was found to be a cause for falsely higher valinomycin concentrations. Solvent was 

therefore refilled up to the original sample volume immediately before quantitation. 
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4.9 In vivo valinomycin production in E. coli 

4.9.1 Valinomycin formation in batch-mode cultivation  

With the established and validated analytical methods for valinomycin detection, identification and 

quantitation in vivo valinomycin formation studies were pursued with the engineered E. coli sfp+ strain 

BJJ01. Vlm1 and Vlm2 were co-expressed from the previously tested two-plasmid system pCTUT7_His-

Vlm1 and pKS01-Vlm2 in 25 mL TB medium at 30 °C in 125 mL UY flasks with AirOTop Seals. As 

controls E. coli strain BJJ01 transformed with a dummy plasmid without insert (pMK05) and E. coli sfp- 

strain BL21Gold transformed with pCTUT7_His-Vlm1 and pKS01-Vlm2 were cultivated in parallel. The 

cultures were induced with 20 µM IPTG at OD600 0.8-1.0. To see whether addition of the three 

valinomycin precursors Kiv, L-Val and pyruvate would have any influence on valinomycin formation 

one parallel culture of E. coli BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 was fed with 15 mM of each 

precursor 2 h after induction. The culture with E. coli BJJ01/pMK05 was also fed with precursors at 

that point. After further 5 h of cultivation cells were harvested and analyzed for valinomycin formation. 

 The growth curves of the cultures show that the metabolic burden caused by the two plasmids and 

especially by the expression of the two large enzymes Vlm1 and Vlm2 is significant (Figure 4.24A). 

After induction of protein expression the culture of E. coli BJJ01 with dummy plasmid pMK05 grows 

considerably faster and reaches a final OD600 of 18.23. In contrast the culture of E. coli BL21Gold in 

which Vlm1 and Vlm2 are expressed only reaches a final OD600 of 8.13. Expression of Vlm1 and Vlm2 in 

E. coli BJJ01 was comparable to BL21Gold (Figure 4.24B).   

 

   

Figure 4.24  E. coli BJJ01 growth and VlmSyn expression in TB batch cultivation. 

VlmSyn was expressed in the engineered E. coli sfp+ strain BJJ01 for valinomycin formation. The effect of valinomycin 
precursor feeding (15 mM Kiv, L-Val, pyruvate each) 2 h after induction was tested. As controls strain BJJ01/pMK05 with 
precursor feeding and sfp- strain BL21Gold/Vlm1+2 without precursor feeding were cultivated in parallel (A). The SDS-PAGE 
(5% polyacrylamide) analysis of proteins from soluble (S) and pellet (P) fractions confirmed that VlmSyn was not expressed 
in BJJ01/pMK05 (1), but comparably expressed in BL21Gold (2) and BJJ01 with (3b) and without (3a) precursor feeding. 
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The growth curves of E. coli sfp- strain BL21Gold and E. coli sfp+ strain BLJJ01 (both expressing Vlm1 

and Vlm2) were almost identical. Interestingly, precursor feeding of E. coli BJJ01/pCTUT7_His-

Vlm1+pKS01-Vlm2 led to growth inhibition and the culture only grew from an OD600 of 3.01 at feeding 

point to 4.03 within the 5 h of cultivation. Volumetric valinomycin yields in BJJ01 reached ~250 µg L-1 

without feeding of precursor substrates (Figure 4.25A). Due to the inhibiting effect of precursor 

feeding and the resulting low biomass concentration, the volumetric valinomycin yield from BJJ01 

cultures with precursor feeding was only ~180 µg L-1. However, if the yields were normalized by OD600 

one could see that the specific production of valinomycin in BJJ01 was higher with precursor feeding 

(~48 µg L-1 OD600
-1) compared to without precursor feeding (~29 µg L-1 OD600

-1) (Figure 4.25B).  

 The reasons for the inhibitory effects of the valinomycin precursor (Kiv, L-Val, pyruvate) feeding is 

unknown. The precursors did not inhibit the growth of BJJ01/pMK05. Furthermore, in later 

experiments much higher volumetric and specific valinomycin concentrations were reached, so 

inhibition should not be caused by valinomycin itself. Further experiments were conducted without 

the addition of valinomycin precursors. 

   

 
Figure 4.25  Quantitation of in vivo valinomycin formation in TB batch cultivation 

(A) Specific valinomycin yields normalized per OD600. (B) Volumetric valinomycin yields from cultures. Valinomycin 
quantitated from the medium and in the pellet fractions are shown for E. coli BJJ01/pMK05 +precursor feeding (1), 
BL21Gold/Vlm1+2 -precursor feeding (2), BJJ01/Vlm1+2 -precursor feeding (3a) and +precursor feeding (3b).  
 

Surprisingly, valinomycin formation was also observed in cultures with E. coli sfp- strain BL21Gold. 

Obviously, Vlm1 and Vlm2 were accepted to a limited extent as substrates by any of the native E. coli 

PPTases: AcpS from fatty acid biosynthesis, EntD from enterobactin biosynthesis and AcpT (YhhU) with 

orphaned substrate (Flugel et al. 2000; De Lay and Cronan 2006). Under the described conditions 

valinomycin in BL21Gold corresponded to approximately 10 % of the amount produced by BJJ01. 

However, we found that dependent on medium composition and cultivation time valinomycin 

formation in BL21Gold could reach up to ~50 % compared to BJJ01 (Li 2013). 
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Valinomycin was extracted only to a limited extend (~10 %) from culture media compared to the cell 

extracts (Figure 4.25), indicating that valinomycin was not efficiently excreted. Specific exporters are 

commonly associated with natural product biosynthetic gene clusters. While no corresponding gene 

was identified S. tsusimaensis, a gene coding for a putative transporter, vlmC, was identified in the 

valinomycin cluster of S. levoris A9 (Magarvey et al. 2006). However, it is doubtful if the transport 

system of a Gram-positive organism like Streptomyces would work in a Gram-negative host due to the 

additional outer membrane barrier. An E. coli strain with engineered overexpression of its native 

transport systems associated with multidrug efflux, like the AcrAB-TolC pump, has been suggested as a 

general measure to address the export and toxicity of recombinant natural products (Watanabe and 

Oikawa 2007; Caetano et al. 2011). This strategy may also be applied to support valinomycin efflux. 

 Identity of recombinant valinomycin produced in E. coli was confirmed by LC-MS/MS in comparison 

with commercial valinomycin standard (Figure 4.26). Like the commercial standard valinomycin 

extracted from cultures of E. coli pCTUT7_His-Vlm1+pKS01-Vlm2 did predominantly occur as 

ammonium adduct [M+NH4]+ = 1128.6 and only to a small degree as potassium adduct [M+K]+ = 

1149.6 and sometimes traces of sodium adduct [M+Na]+ = 1133.6 in LC-MS. This is crucial, because 

the analytical methodologies have been established with m/z 1128.6 as precursor ion. 

 

 
Figure 4.26  LC-MS/MS fragment patterns of valinomycin standard and E. coli sample extract. 

 

4.9.1.1 Extractive fermentation  

Extractive fermentation, also called in situ product recovery (ISPR), has repeatedly been used to 

enhance microbial production of secondary metabolites (Phillips et al. 2013).  
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Adsorbent resin is added to the cultivation medium and can thus protect the product from 

degradation, prevent self-toxicity or feedback inhibition. Cultivations of E. coli BJJ01/pCTUT7_His-

Vlm1+pKS01-Vlm2 were performed as before with and without the addition of 5 % (w/v) Diaion HP20, 

a polyaromatic styrene-divinylbenzene. Addition of Diaion HP20 led to a somewhat reduced E. coli 

BJJ01 final OD600 of 7.97 compared to the culture without Diaion HP20 (OD600 = 9.73). Unexpectedly, 

the amount of valinomycin produced was dramatically reduced in cultures with Diaion HP20 

(54.86 µg L-1) compared to without HP20 (269.19 µg L-1). With adsorbent a strong decolorization of the 

medium was observed and we therefore assume that complex media components were adsorbed and 

were consequently lacking during valinomycin formation.  

 

4.9.1.2 Time-course of valinomycin formation in TB medium  

To test the maximal capacity of the production in batch mode, valinomycin concentration and cell 

growth of E. coli BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 were monitored over a time-course of 120 h 

after induction of VlmSyn expression with 20 µM IPTG in 500 mL TB medium in a 2.5 L UY flask at 30 °C 

and 200 rpm. Most valinomycin accumulated within the first 8 hours after induction to a titer of 

248 µg L-1 (Figure 4.27). After the culture entered the stationary phase after 11 h, valinomycin only 

further accumulated up to a final concentration of 369 µg L-1 in the subsequent 112 h of cultivation. 

The results suggest that valinomycin formation correlated with E. coli cell growth since most 

valinomycin was generated during the exponential growth phase. After 27 h the cell concentration 

decreased from an OD600 of 8.57 to 5.62 within 12 h. Afterwards the OD600 remained relatively stable 

until the end of the cultivation, however, OD measurement does not distinguish between dead and 

viable cells. The volumetric valinomycin concentration did not drop after the cell concentration 

declined, which indicates that valinomycin was stable under the conditions applied and not degraded.  

 

 
Figure 4.27  Time-course of valinomycin formation and E. coli BJJ01 cell growth in TB batch cultivation. 
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In previous VlmSyn expression and valinomycin formation experiments, solubility of Vlm1 and Vlm2 

was not a critical point. However, during valinomycin formation in batch mode for an extended period 

of time inclusion body formation was observed (Figure 4.28). The amount of insoluble Vlm1 and Vlm2 

was slightly higher 16 h after induction than the soluble one. However, after 26 h most Vlm1 and Vlm2 

was found in inclusion bodies and hardly any was left in the soluble phase. 74 h after induction a 

decrease of overall protein concentration could be observed, indicating increasing protease 

degradation and cell lysis. The massive increase in inclusion bodies that could be observed may be 

responsible for the drop of cell biomass concentration after 27 h cultivation. 

 

 

Figure 4.28 SDS-PAGE analysis of VlmSyn expression during valinomycin formation in TB medium. 

SDS-PAGE (5% polyacrylamide) analysis of soluble (S) and pellet (P) fraction at different time points after induction of Vlm1 
and Vlm2 expression in an E. coli BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 batch cultivation in TB medium at 30 °C.  
 
 

4.9.2 Valinomycin formation with enzyme-based glucose delivery (EnBase) 

The enzymatic release of glucose from a starch polymer in the EnBase system creates glucose-limited 

fed-batch-like conditions. The released glucose limits the growth rate of E. coli and oxygen limitation, 

overflow metabolism and pH drop can be avoided (Panula-Perala et al. 2008). Therefore, cells are 

actively growing for a longer period of time and reach higher cell-densities before they enter the 

stationary phase compared to batch processes. Valinomycin formation in batch cultivations with TB 

medium correlated with E. coli cell growth. It was therefore anticipated that prolonging the growth 

phase under fed-batch-like conditions would largely benefit valinomycin formation.  

 Valinomycin formation under fed-batch-like conditions was performed with E. coli 

BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 in 100 mL EnBase EnPresso medium supplemented with 

0.3 U L-1 enzyme and 10 µL antifoam in a 500 mL UY flask with AirOTop seal. After overnight growth at 

30 °C and 200 rpm for 15 h, complex additives booster and additional enzyme (0.6 U L-1) were added 

to the culture. Cultivation was continued for further 96 h after boosting. According to the findings 

from VlmSyn expression in EnBase (chapter 4.5.6) no IPTG was added to induce protein expression. 
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The biomass concentration of the EnBase fed-batch culture (OD600 = 9.08) after the initial 15 h of 

overnight cultivation was similar to the previous batch culture in TB medium (OD600 = 8.52) after 15 h 

and the volumetric valinomycin concentration in both was 0.27 mg L-1 (Figure 4.29). However, at that 

point the TB batch culture had already entered the stationary phase and had nearly reached its 

maximum volumetric valinomycin concentration of 0.37 mg L-1. In contrast, this was merely the 

starting point of the second phase of the EnBase culture after boosting and enzyme addition. After a 

2 h lag phase caused by the complex additives boosting, the culture continued growing for the 

following 10 h and entered stationary phase 27 h after inoculation. While the biomass concentration 

peaked again at 63 h (max. OD600 = 20.15), it decreased afterwards to OD600 = 15.85 at the end of the 

cultivation. The maximum OD600 in EnBase was 2.4-fold higher than the maximum OD600 in TB medium. 

 

 

Figure 4.29  Valinomycin formation and E. coli BJJ01 cell growth in batch and fed-batch mode. 

Valinomycin formation and cell growth of E. coli BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 in EnBase fed-batch medium were 
monitored and compared to the previous results in TB batch medium. 
 

Opposed to the biomass concentration, the volumetric valinomycin concentration increased only 

slowly during the 10 h after the lag phase. And while the culture entered the stationary phase after 

27 h, valinomycin was formed more rapidly. This finding is in contrast to the TB batch cultivation, 

during which valinomycin formation and E. coli growth correlated. After the biomass concentration 

started to decrease valinomycin was further accumulating up to a final concentration of 2.38 mg L-1, 

which is a 6.5-fold increase compared to the TB batch cultivation.  

 It was obvious that the higher volumetric valinomycin concentration reached in the fed-batch-like 

cultivation was not only caused by the higher cell concentrations. Rather, after 27 h also the specific 

valinomycin formation became higher in EnBase compared to TB medium (Figure 4.30). 
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Figure 4.30  Specific valinomycin concentrations in TB batch and EnBase fed-batch cultivation. 

Unfilled data points represent an increase in specific valinomycin concentration due to E. coli cell lysis. 
 

SDS-PAGE analysis of VlmSyn expression in E. coli BJJ01 during the EnBase cultivation showed that 

inclusion body formation of Vlm1 and Vlm2 was not as severe as in TB batch cultivation. Only after 

51 h more insoluble Vlm1 and Vlm2 than soluble were found. Inclusion body formation became more 

severe afterwards, however, some Vlm1 and Vlm2 remained soluble until the end of the cultivation. 

 

 

Figure 4.31 SDS-PAGE analysis of VlmSyn expression during valinomycin formation in EnBase. 

SDS-PAGE (5% polyacrylamide) analysis of soluble (S) and pellet (P) fraction at different time points after induction of Vlm1 
and Vlm2 expression in an E. coli BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 batch cultivation in TB medium at 30 °C.  
 
 

4.10 Experimental design-based optimization of valinomycin production♦ 

After fed-batch-like conditions have been found to be superior for both, cell density and specific 

valinomycin formation, further parameters were investigated with regard to bioprocess development 

and valinomycin production optimization.  

                                                                                                                                                   
♦ The experimental design based optimization of valinomycin production was performed in cooperation with Jian 

Li (PhD student, Neubauer group, TU Berlin). 
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Important parameters during fed-batch fermentation in a bioreactor are oxygen transfer and the 

glucose feeding rate. Influence of the parameters on valinomycin formation and cell growth was 

investigated with the fed-batch-like EnBase medium in 3.3 mL 24-well sensor plates (PreSens) that 

support online measurement of dissolved oxygen (DO) content and pH. Because oxygen transfer is 

directly proportional to the interphase surface area, different medium filling volumes (0.5 mL – 

1.0 mL) were used to vary oxygen transfer. Glucose feeding was varied via the glucose-releasing 

enzyme concentrations (0 – 6 U L-1). As a third parameter the influence of complex nutrients boosting 

(with/without) was determined. To receive meaningful results from the variation of the three 

parameters a Design of Experiments (DoE) D-Optimal design approach was applied with final biomass 

concentration (OD600) and volumetric valinomycin concentrations as response factors. A set of 20 

experiments was generated with the MODDE 8.0.2 software (Umetrics). The experimental parameters 

together with the resulting OD600 values and volumetric valinomycin concentrations and the calculated 

specific valinomycin concentrations can be found in Table 4.5.  

 

Table 4.5  Set of experiments with OD600 and valinomycin concentration responses. 

No. Enzyme       
[U L-1] Boosting Volume 

[mL] OD600
a Vol. Valinomycina  

[μg L-1] 
Spec. Valinomycina 

[μg L-1 OD600
-1] 

1 0 No 0.5 20.82±1.12 656.48±134.42 31.53 
2 6 No 0.5 17.56±2.23 529.00±76.45 30.13 
3 0 No 1.5 19.04±0.70 279.38±37.08 14.67 
4 6 No 1.5 7.65±1.74 204.18±24.97 26.69 
5 0 No 1.16667 21.21±1.40 323.73±39.32 15.26 
6 6 No 0.833333 17.56±1.67 369.94b 

21.07 
7 2 No 0.5 20.42±1.12 539.58±42.81 26.42 
8 4 No 1.5 16.33±0.63 425.03±32.53 26.03 
9 0 Yes 0.5 26.98±2.86 5345.87±603.65 198.14 

10 6 Yes 0.5 27.62±0.70 6364.39±546.70 230.43 
11 0 Yes 1.5 19.83±0.14 1080.51±41.57 54.49 
12 6 Yes 1.5 15.44±0.21 1194.15±50.48 77.34 
13 0 Yes 0.833333 29.10±4.05 2912.11±109.16 100.07 
14 6 Yes 1.16667 19.29±1.05 1610.19±21.63 83.47 
15 4 Yes 0.5 29.60±0.56 6123.16±81.03 206.86 
16 2 Yes 1.5 18.10±0.07 1155.59±16.20 63.84 
17 3 Yes 1.0 27.57±2.86 1559.51±37.65 56.57 
18 3 Yes 1.0 25.70±1.19 1435.52±35.33 55.86 
19 3 Yes 1.0 26.64±0.56 1469.40±4.79 55.16 
20 3 Yes 1.0 26.00±0.07 1542.94±21.38 59.34 

a Values represent mean±standard deviation of triplicate measurements 
b Only one measurement available 
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The resulting data was fitted to a quadratic model with interactions. The model for biomass 

concentration (OD600 as response) had a linear regression coefficient of R² = 0.96 and the model for 

valinomycin formation (valinomycin concentration as response) a linear regression coefficient of 

R² = 0.97. Both models were significant (a < 0.05). The dependencies of OD600 and valinomycin 

concentration on glucose-releasing enzyme concentrations, medium filling volumes and boosting 

according to the models are summarized in the contour plots in Figure 4.32.  

 Addition of boosting with complex additives, which contain vitamins, cofactors and amino acids, 

had a very strong positive effect on both, cell growth and valinomycin formation. The discrepancy with 

and without boosting was especially strong for valinomycin formation (Figure 4.32 C and D). Medium 

filling volume did also have a strong effect on both responses. A lower medium filling volume, 

corresponding to a higher oxygen transfer to the culture, was overall beneficial for cell growth and 

valinomycin formation. The glucose-releasing enzyme concentration, however, did not have a strong 

effect on both parameters in the tested range (0 – 6 U L-1). Obviously, even without enzyme E. coli is 

able to release limited amounts of glucose from the polymer to prevent starvation. Influence and 

weighting of the individual parameters and influence of their squared combinations on OD600 and 

valinomycin formation is represented in the effects plots in Figure 4.33. 

 

 
Figure 4.32 Cell density and valinomycin concentration depending on enzyme, volume and boosting. 

Upper: Counter plots for OD600 dependency on medium filling volume and glucose-releasing EnBase enzyme with (B) and 
without (A) boosting. Lower: Counter plots for valinomycin concentration dependency on medium filling volume and 
glucose-releasing EnBase enzyme with (B) and without (A) boosting. 
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Higher enzyme concentrations led to slightly lower final OD600 values, while in combination with 

boosting the effect of enzyme concentrations were slightly positive. A slight positive effect of enzyme 

concentrations on valinomycin formation could be deduced from the contour plot (Figure 4.32 C and 

D), however, because the influence was not significant enough, it was omitted from the effect plot. 

Jian Li showed in his thesis (2013) that there was a clearer dependency of OD600 and valinomycin 

formation within a wider range of tested enzyme concentrations (1.5 – 90 U L-1). Valinomycin 

formation increased up to 9 U L-1 enzyme, after which an abrupt drop was observed. Likewise, enzyme 

concentrations above 9 U L-1 led to significantly lower final  biomass  concentrations. 

 

 
Figure 4.33  Effect plots displaying the parameter’s influence on OD600 (A) and valinomycin yield (B). 

 

The experimental parameters that produced the highest volumetric valinomycin concentration were 

cultivation in the lowest tested filling volume (0.5 mL) under addition of complex additives booster 

and 0.6 U L-1 glucose-releasing enzyme (Figure 4.34). 6.36 mg L-1 valinomycin were produced, which is 

a further 2.7-fold increase compared to previous valinomycin formation in EnBase and a more a than 

20-fold improvement compared to the initial valinomycin formation trials in TB batch medium. While 

the same conditions with 4 U L-1 enzyme led to a higher biomass concentration, the OD600 value with 

6 U L-1 was likewise among the highest observed responses. Not only the volumetric but also the 

specific valinomycin concentration peaked under the optimized conditions. The data from the online 

measurements of pH and dissolved oxygen (DO) concentrations showed that under these conditions 

the pH remained mostly stable and the DO concentrations remained high throughout the whole 48 h 

of cultivation (Figure 4.34). In cultures without boosting a slight drop of pH could be observed during 

cultivation and the reduced oxygen transfer in cultures with a higher culture filling volume resulted in 

phases of decreased DO concentrations. DO, pH and OD600 values for all 20 DoE-based experiments 

can be found in Appendix 6.4 Figure 6.2.  

 The DoE experiments in EnBase provided a good estimation which bioprocess-relevant factors 

were significant for valinomycin production in a fed-batch environment. Fermentation in a bioreactor 

subsequently offered a tighter control of parameters like oxygen transfer via stirrer speed and 

aeration rate and glucose-release via feeding pump speed and pH control. 

A B 
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Figure 4.34 DoE cultivation with optimized conditions for valinomycin production. 

From the 20 experimental setups generated with D-optimal design, the highest volumetric (6.36 mg L-1) as well as specific 
(0.23 mg L-1 OD600

-1) valinomycin concentration was reached in 0.5 mL EnBase filling volume with 0.6 U L-1 glucose-releasing 
enzyme and complex additives boosting. Dissolved oxygen (DO) and pH were monitored online. 
 

4.11 Glucose-limited fed-batch fermentation in a lab-scale bioreactor♦ 

Founding on the results of the previous expression and small-scale valinomycin formation studies, a 

production scale-up in a 3.7 L lab-scale bioreactor was the next step in bioprocess development. The 

high cell density fermentation was performed under glucose-limitation at 30 °C with a controlled pH of 

7.0. No protein expression inducer was added during the cultivation. Usually, a batch phase precedes 

glucose-feeding to reach a certain cell density and growth rate, before the growth rate is controlled by 

feeding substrate under limiting conditions. To avoid overflow-metabolism or other unfavorable side-

effects of uncontrolled growth in the starter culture, we used liquid EnBase Flo mineral salt medium 

without complex additives with 0.3 U L-1 glucose-releasing enzyme (see phase I in Figure 4.35), which 

was shown to be a good fed-batch starting culture (Glazyrina et al. 2012). After the glucose polymer 

was fully metabolized, as indicated by an increase in dissolved oxygen concentration in the medium 

after ~18 h (Figure 4.35), a phase of exponential feeding with a concentrated glucose-solution was 

started (phase II). The feeding rate was calculated to maintain an exponential growth at the controlled 

specific growth rate of 0.2 h-1. Exponential growth results in an increasing oxygen consumption rate 

and stirrer speed and aeration rate were gradually increased to meet the oxygen demand. After ~35 h 

the capacity limit for both stirrer speed and aeration rate was reached and feeding was switched from 

exponential to a reduced constant feed (phase III).  

                                                                                                                                                   
♦ Glucose-limited fed-batch fermentation in a lab-scale bioreactor was performed in cooperation with Jian Li (PhD 

student, Neubauer group, TU Berlin). 
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Figure 4.35 Valinomycin production in a glucose-limited fed-batch process in a lab-scale bioreactor.  

A glucose-limited fed-batch fermentation with E. coli BJJ01/pCTUT7_His-Vlm1+pKS01-Vlm2 was performed in a 3.7 L lab-
scale bioreactor. (A) The E. coli biomass concentration X was determined as g cell dry weight per liter and used for the 
calculation of the specific growth rate µ. OD600 values were measured at line. The glucose feed rate was adjusted manually 
at each hour during the exponential feeding. (B) Parameters measured online included pH, dissolved oxygen and stirrer 
speed. (C) The volumetric valinomycin concentrations of samples were determined via MRM mass analysis and the specific 
valinomycin concentrations calculated in relation to OD600. 
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As expected, the specific growth rate µ, which fluctuated around 0.17 h-1 during the exponential 

growth phase, decreased gradually during constant feeding. To prevent the DO to drop under 20 % in 

the bioreactor, the feed was once again slightly reduced after ~54 h (phase IV). The fermentation was 

supplemented with MgSO4 and trace elements solution at each increase of OD600 of 20. The 

fermentation was stopped after 85 h of cultivation when the biomass concentration did not change 

much further anymore. The final biomass concentration was determined to be 47 g cell dry weight per 

liter and corresponded to an OD600 of 144.  

 The volumetric valinomycin concentration increased nearly linearly during the exponential growth 

phase and peaked during the following constant feed phase III at around 2 mg L-1. Afterwards, the 

volumetric valinomycin concentration decreased almost linearly towards the end. It was calculated 

that the decreasing volumetric valinomycin concentration was caused by the increasing dilution due to 

the glucose feed and not because it was degraded. Accordingly, valinomycin was mainly produced 

throughout the exponential feeding phase II and ceased to be produced during the constant feeding 

phase III. It might therefore be beneficial for valinomycin production, if the exponential feeding phase 

was prolonged at a lower target specific growth rate. The specific valinomycin production as a function 

of OD600 was highest with 0.27 mg L-1 OD600
-1 during the initial phase I before substrate-limited glucose 

feeding started and decreased in an exponential decay-like manner during the fermentation as the 

biomass concentration increased.  

 While no further optimization in volumetric valinomycin concentration was reached during the 

fermentation, it is important to state that no complex additives were added to the fermentation 

medium compared to boosting in EnBase EnPresso cultivations, because that would make the 

fed-batch process less stringently controlled. Therefore, E. coli relied solely on the glucose feed as 

energy and C-source for growths and anabolism. Under unlimited aerobic growth conditions about 

50 % of the glucose is used as energy source for growth and basic maintenance and 50 % for anabolic 

reactions. Under substrate-limiting conditions less substrate remains for the anabolism after the 

substrate required for basic maintenance is consumed (Enfors 1998).  

 This may affect valinomycin formation in multiple ways. First of all, the valinomycin precursors are 

all part of the primary amino acid metabolism. Limited glucose for the anabolism means limited 

precursors for valinomycin formation. Secondly, the two large plasmids for Vlm1 and Vlm2 co-

expression constitute a high metabolic burden and increase the energy required for basic 

maintenance. Expression of the two large NRPS enzymes Vlm1 and Vlm2 further increases the 

metabolic burden and additionally require significant amounts of amino acids as building blocks.  
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Because the oxygen consumption is proportional to the glucose flux to energy metabolism, it is 

likewise increased under substrate-limitation. This also explains the large influence of medium filling 

volume (corresponding to oxygen transfer) as determined from DoE experiments. If complex additives, 

which contain amino acids, are added to substrate-limited cultivations, less glucose is required to 

sustain anabolic reactions (Enfors 1998). This explains the strong impact boosting had on valinomycin 

formation and cell growth as seen during DoE optimization.  

 Because the control of glucose-release in the bioreactor is much tighter compared to the enzyme-

assisted EnBase system, the described effects would be more severe in the bioreactor. While complex 

additives are usually not desired in a controlled fed-batch fermentation, valinomycin formation would 

probably largely benefit from addition of additives over the feed solution in non-limiting 

concentrations in order to not disturb the glucose-regime during the process.  

 SDS-PAGE analysis of fermentation samples revealed that while Vlm1 was expressed throughout 

the fermentation Vlm2 was hardly expressed at all. Vlm1 was expressed from the chloramphenicol 

resistance marker carrying pCTUT7_His plasmid and chloramphenicol was added to the fermentation 

medium for plasmid maintenance. The pKS01 plasmid from which Vlm2 is expressed carries the 

plasmid-stabilizing parB locus, a toxin-antitoxin addiction module that kills cells that loose the plasmid 

(Gerdes 1988). However, the spontaneous mutation rate of an E. coli wild-type strain is ~1 × 10-3 per 

genome per generation (Lee et al. 2012) and it is well-possible that during a high cell density fed-batch 

fermentation some mutation may render the parB locus inactive with resulting plasmid loss. Relief 

from the significant metabolic burden of a large protein expression plasmid would confer plasmid-free 

cells with a competitive growth advantage and the population of plasmid-free cells would dominated 

the fermentation over time (Baneyx 1999).  

 If the natural product is the final target for recombinant production, genomic integration of the 

required biosynthetic genes would prevent problems with plasmid instability. Furthermore, the single 

copy expression from the genome may counteract problems with recombinant protein solubility as 

were observed for VlmSyn during extended cultivation periods. Restriction-independent cloning 

techniques like the λ Red recombineering facilitate the genomic integration of even large genes or 

gene clusters (Sharan et al. 2009). This strategy has been applied for the expression of the DEBS genes 

to produce the polyketide 6-deoxyerythronolide B (6dEB), a precursor to the antibiotic erythromycin, 

in E. coli (Wang and Pfeifer 2008). However, if NRPS engineering and combinatorial biosynthesis are 

the predominant objective, genomic integration lacks the required flexibility of a plasmid-based 

expression system.   
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5 Conclusions 

The reconstituted biosynthesis of valinomycin adds a valuable example for the versatility and 

adaptability of E. coli as a heterologous natural product host. Two GC-rich (~70 % GC) genes of 

Streptomyces origin could be co-expressed to produce the large valinomycin NRPSs Vlm1 and Vlm2 in 

a soluble and active form without the necessity of codon adaption. VlmSyn expression required low 

dosage expression induction, which in case of EnBase medium was achieved by derepression under 

glucose limitation.  

 In vitro studies with VlmSyn determined Vlm1 and Vlm2 substrate specificities and therefore 

valinomycin precursor requirements. The results confirmed a previous model of valinomycin 

biosynthesis according to which VlmSyn activates α-keto acid precursors, which are subsequently 

stereospecifically reduced by dedicated ketoreductase (KR) domains to α-hydroxy acids. This 

mechanism is deviating from the fungal cyclooligomer depsipeptide (COD) biosynthesis where 

α-hydroxy acids are provided by an independently acting KR and directly activated and incorporated 

 While E. coli was able to provide the necessary NRPS posttranslational phosphopantetheinylation 

to a limited extend, co-expression of the B. subtilis PPTase gene sfp from a genomic locus significantly 

increased in vivo valinomycin production. Valinomycin formation was independent of the 

supplementation with precursors and solely relied on growth in inexpensive media. While initial 

volumetric valinomycin yields of ~0.3 mg L-1 from unoptimized batch cultivations in TB medium were 

still modest, a Design of Experiments (DoE) based small-scale optimization screening led to a 

volumetric valinomycin concentration of 6.37 mg L-1, which constitutes a ≥20-fold increase. The 

enzyme-assisted fed batch-like glucose delivery system EnBase proved to be superior for NRPS protein 

expression and valinomycin formation. Based on the results from the DoE optimization and 

valinomycin production in a glucose-limited fed-batch process in the bioreactor, supplementation of 

complex additives supports efficient VlmSyn expression and valinomycin formation during glucose 

substrate limitation. During fed-batch fermentation in the bioreactor, valinomycin was mostly 

accumulated during the exponential growth phase. Valinomycin had no toxic effect on E. coli, at least 

under the conditions applied in this study. However, valinomycin was mainly detected in E. coli cell 

extracts and only to a minor degree in the culture supernatant, indicating that valinomycin 

accumulated within the cell and was not efficiently transported into the cell environment.  

 Further optimization of valinomycin production in E. coli may be achieved by metabolic engineering 

(e.g. overexpression of an efflux pump or co-expression of the proofreading thioesterase type II) or 

further bioprocess engineering (e.g. variation of feeding strategy and scale-up). Furthermore, the ease 

of genetic manipulations in E. coli will facilitate the development of valinomycin analogs by 

combinatorial biosynthesis. 
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6 APPENDIX 

6.1 Vectors  

Table 6.1 Overview of vectors used in this study. 

Vectors Size Properties Marker Origin 

Vectors used for VlmSyn expression screening 

pMK05 3.68 kb plac_CTU promoter, SD_T7 RBS, lacI, pMB1 ori CmR Neubauer group, 
TU Berlin 

pKS01 5.13 kb plac_CTU promoter, SD_T7 RBS, N-terminal His-
tag, attR sites, ccdB, lacI, parB locus, pMB1 ori 

AmpR Neubauer group, 
TU Berlin 

pDONR201 4.5 kb attP sites, ccdB, rrnB T1/T2 transcription 
terminators, pUC ori, 

KanR, 
CmR 

Invitrogen 

pCTUT7_His 4.7 kb plac_CTU promoter, SD_T7 RBS, N-terminal His-
tag, attR sites, ccdB, lacI, pMB1 ori 

CmR Horn group,       
HKI Jena 

pCTUT7_GST 5.4 kb plac_CTU promoter, SD_T7 RBS, N-terminal His-
GST-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUT7_MBP 5.8 kb plac_CTU promoter, SD_T7 RBS, N-terminal His-
MBP-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUT7_Sumo 5.0 kb plac_CTU promoter, SD_T7 RBS, N-terminal His-
Sumo-tag, attR  sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUT7_Trx 5.0 kb plac_CTU promoter, SD_T7 RBS, N-terminal His-
Trx-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUlac_His 4.7 kb plac_CTU promoter, SD_lac RBS, N-terminal His-
tag attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUlac_GST 5.4 kb plac_CTU promoter, SD_lac RBS, N-terminal His-
GST-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUlac_MBP 5.8 kb plac_CTU promoter, SD_lac RBS, N-terminal His-
MBP-tag attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUlac_Sumo 5.0 kb plac_CTU promoter, SD_lac RBS, N-terminal His-
Sumo-tag attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUlac_Trx 5.0 kb plac_CTU promoter, SD_lac RBS, N-terminal His-
Trx-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena  

pCTUVar_His 4.7 kb plac_CTU promoter, SD_Var RBS, N-terminal His-
tag attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUVar_GST 5.4 kb plac_CTU promoter, SD_Var RBS, N-terminal His-
GST-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUVar_MBP 5.8 kb plac_CTU promoter, SD_Var RBS, N-terminal His-
MBP-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUVar_Sumo 5.0 kb plac_CTU promoter, SD_Var RBS, N-terminal His-
Sumo-tag, attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 

pCTUVar_Trx 5.0 kb plac_CTU promoter, SD_Var RBS, N-terminal His-
Trx-tag attR sites, ccdB, lacI, pMB1ori 

CmR Horn group,       
HKI Jena 
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Table 7.1 continued 

 

6.2 Oligonucleotides 

Table 6.2 Overview of oligonucleotides used in this study. 

Name 5’ Sequence 3’  

VlmSyn isolation and cloning  

attB1-adapter  GGGGACAAGTTTGTACAAAAAAGCAGGCT 
attB2-adapter GGGGACCACTTTGTACAAGAAAGCTGGGT 
Vlm1_F AAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCATGGTGTCTCCTTCCAAGGATGACG 
Vlm1A_R AGAAAGCTGGGTGCTTAAGTTATCAGCTAGCGCTGTCCGCCGTTGCCTG 
Vlm1B_F AAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCTAGCGACACGCCGACCGCCCTTC 
Vlm1B_R AGAAAGCTGGGTGCTTAAGTTATCACCCATATGCCGCGAGGACGGCCTC 
Vlm1C_F AAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCATATGGGGAGGACGTCCAGCAC 
Vlm1_R AGAAAGCTGGGTGCTTAAGTTATCAGTCAAGAAGCTTGATGGAGTC 
Vlm1A-mut_F CGCGACGCGTCGGCGGTCCGGGAC 
Vlm1A-mut_R TGGGTGCTTAAGTTATCAACTAGTGCTGTCCGCCGTTGC 
Vlm1B-mut_F GCAGGCTTCGAAAACCTGTATTTTCAGGGCACTAGTGACACGC 
Vlm1B-mut_R TCTCCCAGATCTTCAGCCGCCAGTCCGCCTG 
Vlm2_F AAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCATGCCGATTCGCAACACCCATCG 
Vlm2A_R AGAAAGCTGGGTGCTTAAGTTATCAGGCTCGAGGGCGGGGTTCCTC 
Vlm2B_F AAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCCCTCGAGCCCGGGTGGCCGAC 
Vlm2B_R AGAAAGCTGGGTGCTTAAGTTATCACCGCACAAGCTTCGCCGTGGGGTC 
Vlm2C_F AAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCGAAGCTTGTGCGGCTCAACCCG 
Vlm2_R AGAAAGCTGGGTGCTTAAGTTATCAGCCGCGCGGGCCGTCGTC 

 

 

Transformation control plasmid 

pUC18 2.68 kb lacZ, lacI, MCS splitted into lacZ, pMB1 ori  AmpR Invitrogen 

Vectors used for genomic sfp integration (recombineering) 

pAP16 6.40 kb  pT7 promoter, His-sfpwt, lacI, rop, T7 terminator, 
pMB1 ori 

AmpR Süssmuth group, 
TU Berlin 

pTNA 3.40 kb ptna promoter, λ t0 terminator, pMB1 ori AmpR, 
CmR 

(Merz et al. 
2000) 

pKD3 2.80 kb FRT-CmR-FRT cassette, oriR6Kγ (replication only 
in pir+ strains), rgnB terminator 

AmpR, 
CmR 

(Datsenko and 
Wanner 2000) 

pKD46 6.32 kb pBAD promoter, araC, λ Red recombinase (exo, 
bet, gam), repA101ts, oriR101 

AmpR (Datsenko and 
Wanner 2000) 

pSIM6 6.72 kb λ pL promoter, λ cI857, λ Red recombinase (exo, 
bet, gam), repA101ts, oriR101 

AmpR (Chan et al. 
2007) 

pCP20 9.4 kb FLP, λ pR promoter , λ cI857, repA101ts, oriR101 AmpR, 
CmR 

(Cherepanov and 
Wackernagel 
1995) 
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Table 7.2 continued 

 

Recombineering vector construction and genomic integration 
pTNA-adaptor_F ACGCGTCTCTGAGCGGCCGC 
pTNA-adaptor_F AGCTGCGGCCGCTCAGAGACGCGTCATG 
Sfp_F CGTCACGCGTATGAAGATTTACGGAATTTATATGG 
Sfp_rev CGAAGCAGCTCCAGCCTACACTTATAAAAGCTCTTCGTACG 
FRT-cmR_F CGTACGAAGAGCTTTTATAAGTGTAGGCTGGAGCTGCTTCG 
FRT-cmR_R GAGCGGCCGCATGGGAATTAGCCATGGTCC 
XylA_F TATCGCTACCGATAACCGGGCCAACG 
XylA_R GTGCCCAATATTACGACATCATCCATCACC 

XylA-Sfp_F TATCGCTACCGATAACCGGGCCAACGGACTGCACAGTTAGCCGTTACTCGAGCTCTGAGTGTAATAATGTTATCG 

XylA_Sfp_R GTGCCCAATATTACGACATCATCCATCACCCGCGGCATTACCTGATTATGGAGCTTGGATTCTCACCAATAAAAA
ACGCC 
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6.3 VlmSyn identification by tryptic digestion and mass spectrometry 

A Identified Vlm1 peptides 
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B Identified Vlm2 peptides 

 

Figure 6.1 Sequence coverage of Vlm1 (A) and Vlm2 (B) trypsination  peptide fragments. 
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6.4 Valinomycin DoE optimization 
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Figure 6.2 Growth curves, dissolved oxygen and pH of DoE experiments. 
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6.5 Phylogenetic analysis of NRPS C-domains 
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Figure 6.3 Phylogenetic tree of the VlmSyn condensation domains in relation to other NRPS C-domains. 
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6.6 VlmSyn gene sequences and E. coli codon usage 

A Vlm1 codon usage 

 

Figure 6.4 Codon usage analysis of vlm1 and vlm2 represented in relative adaptiveness.  
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B Vlm2 codon usage 
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