
    

 

Investigation on the synthesis of the 

aminopolycarboxylate metallophores EDHA and 

[S,S]-EDDS in actinomycetes 

 

 

 

 

 

 

 

 

Dissertation 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Eberhard Karls Universität Tübingen 

zur Erlangung des Grades eines  

Doktors der Naturwissenschaften  

(Dr. rer. nat.) 

 

 

 

 

 

 

vorgelegt von 

Simone Edenhart 

aus Burglengenfeld 

 

 

 

 

Tübingen 

2020 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der 

Eberhard Karls Universität Tübingen. 

 

 

Tag der mündlichen Qualifikation:  23.03.2021 

Stellvertretender Dekan: Prof. Dr. József Fortágh 

1. Berichterstatter: Apl. Prof. Dr. Evi Stegmann 

2. Berichterstatter: Prof. Dr. Karl Forchhammer 

 



2 
 

 
 
Erklärung 

Ich erkläre hiermit, dass ich die zur Promotion eingereichte Arbeit selbständig verfasst, nur die 
angegebenen Quellen und Hilfsmittel benutzt und Stellen, die wörtlich oder inhaltlich nach den 
Werken anderer Autoren entnommen sind, als solche gekennzeichnet habe. Eine detaillierte 
Abgrenzung meiner eigenen Leistungen von den Beiträgen meiner Kooperationspartner habe ich im 
Anhang vorgenommen. 
 
 
 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Unterschrift       
 



 

3 

Contents 

 

A) Zusammenfassung ............................................................................................... 5 

B) Abstract ................................................................................................................. 7 

C) List of Publications .............................................................................................. 9 

D) Contributions ...................................................................................................... 10 

E) Abbreviations ..................................................................................................... 11 

1 Introduction ........................................................................................................ 12 

1.1 Crucial trace elements in bacteria .................................................................. 12 

1.2 Metallophores, naturally produced chelators .................................................. 12 

1.3 Zinc, an essential trace element in bacteria ................................................... 13 

1.4 Zinc homeostasis regulatory proteins in bacteria ........................................... 14 

1.5 [S,S]-EDDS production in Amycolatopsis japonicum ..................................... 16 

1.6 Industrial application of chelators ................................................................... 17 

1.7 Aminopolycarboxylic acid chelators ............................................................... 19 

1.8 Aim of the work .............................................................................................. 21 

2 Results ................................................................................................................ 22 

2.1 Identification of the novel aminopolycarboxylic acid siderophore gene cluster 

of ethylendiaminesuccinic acid hydoxyarginine (EDHA) ................................ 22 

2.1.1 Discovery of a new [S,S]-EDDS-like gene cluster .................................... 22 

2.1.2 Genome sequencing and analysis of Streptomyces sp. MA5143a .......... 24 

2.1.3 Phylogeny of Streptomyces sp. MA5143a ............................................... 27 

2.1.4 EDHA production in Streptomyces sp. MA5143a and Streptomyces 

scabies .................................................................................................... 28 

2.1.5 In silico prediction of the EDHA cluster regulation ................................... 28 

2.1.6 In vivo verification of the metalloregulation .............................................. 30 

2.2 Metabolic engineering of Amycolatopsis japonicum for optimized production of 

[S,S]-EDDS, a biodegradable chelator ........................................................... 32 



   
 

4 
 

2.2.1 Increase of [S,S]-EDDS production by introducing additional copies of the 

biosynthetic genes aesA-D into A. japonicum .......................................... 32 

2.2.2 Glucuronidase activity testing of heterologous promoters ....................... 34 

2.2.3 Construction of a zinc deregulated strain by exchanging the aesA-D 

promoter region ....................................................................................... 36 

2.2.4 Overexpression of the aesA-D genes in A. japonicum with a constitutive 

promoter .................................................................................................. 36 

2.2.5 Optimization of the precursor supply ....................................................... 36 

2.2.6 Scale-up of the [S,S]-EDDS overproducing strain OP2 ........................... 39 

3 Discussion .......................................................................................................... 41 

3.1 Identification of the EDHA cluster................................................................... 41 

3.2 One strain, many siderophores – a common feature ..................................... 42 

3.3 Comparison of the EDHA and [S,S]-EDDS biosynthesis cluster .................... 44 

3.4 Generation of an [S,S]-EDDS overproducing strain for biotechnological 

production ...................................................................................................... 46 

3.5 Zinc influence on the O-phosphoserine production ........................................ 47 

3.5.1 Lrp regulators and their role in amino acid and secondary metabolite 

biosynthesis ............................................................................................. 49 

3.5.2 Effects of zinc deficiency on the proteome and on the metabolic fluxes .. 50 

4 References .......................................................................................................... 54 

4.1 References of Figures .................................................................................... 54 

4.2 Web references .............................................................................................. 54 

4.3 Literature references ...................................................................................... 55 

5 Appendix ............................................................................................................. 69 

5.1 Publication 1 .................................................................................................. 69 

5.2 Publication 2 .................................................................................................. 83 

 



Zusammenfassung 

5 

A) Zusammenfassung 

Spurenelemente, wie beispielsweise Eisen oder Zink, sind für alle Lebewesen 

essentiell, wenngleich sie jedoch nur in geringen Mengen benötigt werden. Um die 

Aufnahme dieser Spurenelemente zu erleichtern, sind Bakterien in der Lage 

sogenannte Metallophore zu produzieren. Metallophore sind meist niedermolekulare 

Substanzen, die sekretiert werden, um dann extrazellulär die oft schwer löslichen 

Metallionen zu binden. Dadurch erhöhen sie als natürliche Chelatoren 

(Komplexbildner) die Löslichkeit der Metallionen und vermitteln deren verbesserte 

Aufnahme in den Organismus. Chelatoren werden jedoch nicht nur von Bakterien 

verwendet, um die Löslich- und Verfügbarkeit von Metallionen zu beeinflussen. So ist 

beispielsweise der synthetische Komplexbildner Ethylendiamintetraessigsäure 

(EDTA) einer der am häufigsten kommerziell genutzten Chelatoren. Er findet unter 

anderem in zahlreichen Waschmitteln, Kosmetikprodukten, Lebensmitteln, Düngern 

oder Medizinprodukten Anwendung. Der massive industrielle Einsatz von EDTA in 

den letzten Jahrzehnten, kombiniert mit einer schlechten Abbaubarkeit, führt jedoch 

dazu, dass dieser synthetische Chelator in Gewässern akkumuliert. Um daraus 

resultierende, potenzielle Gefahren zu vermeiden, wird seit einigen Jahren versucht, 

andere Chelatoren mit ähnlich guten Eigenschaften als Komplexbilder, aber mit einer 

höheren Bioabbaubarkeit, als nachhaltige Alternativen zu etablieren. Einer dieser 

möglichen Surrogate ist Ethylendiamindibernsteinsäure (EDDS). Bei EDDS handelt 

es sich um ein Strukturisomer von EDTA, das von verschiedenen Bakterien der 

Gattung Amycolatopsis produziert wird, unter anderem von Amycolatopsis 

japonicum. EDDS hat im Vergleich zu EDTA ähnliche Fähigkeiten als 

Komplexbildner, das [S,S]-Isomer von EDDS verfügt jedoch im Gegensatz zu EDTA 

über eine ausgesprochen gute Bioabbaubarkeit. Daher stellt [S,S]-EDDS eine sowohl 

effektive als auch nachhaltige Alternative zu EDTA dar. In A. japonicum fungiert das 

[S,S]-EDDS vermutlich als Zincophor, um die Zinkaufnahme zu verbessern, da die 

Biosynthese dieses Komplexbildners durch Zink reguliert wird. Bereits Spuren von 

Zink, die in jedem Glas- oder Stahlfermenter vorhanden sind, können die Produktion 

komplett inhibieren. Um eine angestrebte biotechnologische Produktion von [S,S]-

EDDS rentabel zu machen, wurde die Produktion in A. japonicum gezielt mittels 

metabolic engineering optimiert. Da die Biosynthesegene in diesem Stamm bereits 

identifiziert und der Mechanismus der Zinkregulation untersucht worden waren, 

beruht der Ansatz im ersten Schritt auf dem Austausch des nativen Promotors der 
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[S,S]-EDDS-Biosynthesegene durch einen starken, konstitutiven Promotor. Dadurch 

konnte sowohl die Zinkinhibierung durch den sogenannten Zur-Regulator umgangen, 

als auch die Produktion gesteigert werden. In weiteren Schritten wurde die Anzahl 

der Biosynthesegenkopien erhöht und die Produktion der für die [S,S]-EDDS-

Biosynthese benötigten Vorstufe O-Phosphoserin verbessert. Durch diese 

Maßnahmen wurde die Produktion von [S,S]-EDDS in A. japonicum im 

Labormaßstab bei Verwendung von Minimalmedium von 0,3 g/L auf 3,0 g/L erhöht. 

Bei ersten Tests des neu entwickelten [S,S]-EDDS-Produzentenstammes in 10 L 

Fermentern mit Komplexmedium konnte abschließend ein Titer von 9,8 g/L erreicht 

werden. 

Des Weiteren wurde im Rahmen dieser Arbeit untersucht, in welchem Maße das 

Potential EDDS-ähnliche Metallophore zu produzieren in Aktinomyceten vorhanden 

ist und welche Rolle diese dort spielen. Mittels einer MultiGene-Blast Analyse, bei der 

nach EDDS-ähnlichen Biosyntheseproteinen in Aktinomycetengenomen gesucht 

wurde, konnte ein neues, in Bakterien unterschiedlicher Gattungen verbreitetes 

Biosynthesegencluster entdeckt werden. Aufgrund der hohen Ähnlichkeit der im 

Cluster befindlichen Gene zu den bereits bekannten Genen der EDDS-Biosynthese, 

sowie einem Gen der Viomycin-Biosynthese, konnte abgeleitet werden, dass das 

Cluster für die Biosynthese des Metallophors Ethylendiaminbernsteinsäure-

hydroxyarginine (EDHA) codiert. Obgleich die Substanz EDHA bereits bekannt war, 

wurde das entsprechende Gencluster bisher noch nicht beschrieben. In zwei näher 

untersuchten Trägern des EDHA-Biosyntheseclusters, Streptomyces scabies und 

Streptomyces sp. MA5143a, konnte mittels bioinformatischer Analysen das 

Bindemotiv eines IdeR-Regulators innerhalb des Biosyntheseclusters identifiziert 

werden. Bei IdeR-Regulatoren handelt es sich um Eisen-abhängige, DNA-bindende 

Proteine, die die Expression von Siderophore-Biosyntheseclustern regulieren. 

Anhand von Expressionsanalysen mittels reverser Transkriptase- und 

Polymerasekettenreaktion (RT-PCR) wurde eine Eisen-reprimierte Transkription der 

EDHA-Biosynthesegene in beiden Stämmen nachgewiesen. Des Weiteren konnte 

mittels Hochleistungsflüssigkeitschromatographie-Elektrospray-Massenspektrometrie 

(HPLC-ESI-MS) eine durch Eisen inhibierte Produktion von EDHA belegt werden. 

Dies legt nahe, dass das EDDS-ähnliche Metallophor EDHA im Gegensatz zu EDDS 

in den untersuchten Arten S. scabies und Streptomyces sp. MA5143a wohl als 

sogenanntes Siderophor fungiert, um die Eisenaufnahme zu verbessern.
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B) Abstract 

Although they are only needed in small amounts, trace elements, e.g. zinc or iron, 

are still essential for all living organisms. To facilitate the uptake of those trace 

elements, bacteria are able to produce so-called metallophores, which are usually 

low molecular weight compounds. These naturally produced chelators (ion 

complexing agents) are secreted to extracellularly bind hardly soluble metal ions. 

When metal ions are complexed by metallophores, their solubility increases and thus 

their uptake improves. However, not only bacteria rely on chelators to increase the 

solubility and bioavailability of metal ions. The synthetic chelator 

ethylenediaminetetraacetic acid (EDTA) e.g. is one of the most abundantly used 

commercial complexing agents. Its field of application ranges from an ingredient in 

various washing agents, cosmetics or fertilizers to a use as additive in foods and 

medicinal products. Due to a combination of both, the abundant industrial usage as 

well as a poor biodegradability, the synthetic chelator EDTA has accumulated in 

rivers and lakes in the last decades. Since this poses a putative environmental threat, 

there is an ongoing effort to replace EDTA with a sustainable alternative with a higher 

biodegradability, while having similar chelating capacities. One of the compounds 

that is considered as a potential substitute is ethylenediaminedisuccinc acid (EDDS). 

EDDS is a structural isomer of EDTA and is naturally produced by various species of 

actinomycete bacteria of the genus Amycolatopsis, e.g. by Amycolatopsis japonicum. 

Although both compounds share similar chelating capacities, the [S,S]-isomer of 

EDDS is extremely-well biodegradable compared to EDTA, making it an efficient as 

well as a sustainable alternative to EDTA. Since the biosynthesis of [S,S]-EDDS in A. 

japonicum is zinc regulated, the metallophore is presumably used as zincophore in 

order to facilitate the uptake of zinc. However, even trace amounts of zinc, which 

occur ubiquitously in glass or steel fermenters, are able to inhibit the production of 

[S,S]-EDDS. Aiming at an economical biotechnological production of this compound, 

the production of [S,S]-EDDS in A. japonicum was optimized by metabolic 

engineering. Since both the biosynthesis genes as well as the molecular mechanisms 

of the zinc regulation had already been elucidated in this strain, the first step of the 

optimization process focused on the exchange of the native promoter of the [S,S]-

EDDS biosynthesis genes with a strong, constitutive one. Hence, the zinc inhibition 

by the so called Zur-regulator was abolished and the productivity increased. 

Furthermore, additional copies of the biosynthesis genes were introduced and the 
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supply of the precursor O-phosphoserine was optimized. This optimization process 

resulted in an increase of [S,S]-EDDS production in A. japonicum from 0.3 g/L to 3.0 

g/L when minimal medium was used in small scale cultivation. Moreover, when 

tested in complex medium in bioreactors, the newly generated [S,S]-EDDS-producer 

strain reached a production titer of 9.8 g/L.  

Another focus of this work lies on investigating the distribution of the potential to 

produce [S,S]-EDDS or EDDS-like compounds in actinomycetes and their functional 

role in the producer strains. A MultiGene-Blast analysis searching for EDDS-like 

biosynthesis proteins in actinomycetes genomes led to the discovery of a new 

biosynthesis gene cluster, which is present is various species from different 

actinomycete genera. Based on the high similarity of the genes in this cluster to the 

known genes of the EDDS biosynthesis as well as to another known gene of the 

viomycin-biosynthesis, the metallophore ethylendiaminesuccinic acid hydroxyarginine 

(EDHA) could be assigned as the putative gene cluster product. Although the 

compound EDHA had already been discovered, the corresponding gene cluster has 

not been described so far. Bioinformatic analysis of two EDHA cluster containing 

strains, Streptomyces scabies and Streptomyces sp. MA5143a, revealed a putative 

DNA binding motif of an IdeR-regulator in this gene cluster. These IdeR regulators 

are known to be iron dependent, DNA binding proteins, which regulate the 

expression of siderophore biosynthesis clusters in Gram-positive bacteria. 

Transcription of the EDHA biosynthesis genes in those two strains was analyzed by 

reverse transcriptase and polymerase chain reaction (RT-PCR) and was shown to be 

iron repressed. Additionally, in both strains iron inhibited EDHA production could be 

detected via high performance liquid chromatography-electrospray ionization-mass 

spectrometry (HPLC-ESI-MS). These experiments resulted in the conclusion, that the 

EDDS-like metallophore EDHA in contrast to EDDS presumably functions as 

siderophore to facilitate the iron uptake in the strains S. scabies und Streptomyces 

sp. MA5143a. 
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1 Introduction 

1.1 Crucial trace elements in bacteria 

In biology, trace elements like iron, copper, cobalt, zinc, molybdenum and 

manganese are ions that are only needed in small amounts, but are essential for the 

health and proper growth of all organisms. In humans for example a daily uptake of 

less than 100 mg of trace elements are sufficient and their concentration is less than 

50 mg/kg bodyweight (Matissek and Baltes, 2016). The inalienability of these metals 

is based on their vital role in metabolic activities in cells such as catalysis of 

enzymatic reactions, as protein co-factors or in electron transfer in cell respiration. In 

bacteria, magnesium is by far the most common metal associated with enzymes, 

although magnesium-enzyme interactions are usually of a more transitory nature. 

Besides magnesium, zinc plays the most important role in the group of the redox-

inactive metal ions (Andreini et al., 2008). These two redox inert metals and to a 

lower extend also calcium are used to stabilize negative charges in enzymes or to 

activate substrates as Lewis acid. Metals with unfilled d-orbitals like iron can 

additionally be used as redox centres. The most common metal with an unfilled d-

orbital used as co-factor in enzymes is indeed iron, followed by manganese, cobalt, 

molybdenum, copper and nickel (Andreini et al., 2008). In order to satisfy their 

demand for these essential trace elements, bacteria have developed three main 

mechanisms for metal acquisition: elemental import systems, piracy from metal 

containing compounds originating from other organisms, and metallophore-mediated 

capturing of metal ions. 

 

1.2 Metallophores, naturally produced chelators 

Metallophores are low-molecular organic ligands produced by various groups of 

organisms like bacteria, plants or fungi that have a high affinity to bind metal ions. 

They are secreted by organisms in order to extracellularly bind the otherwise often 

inaccessible metal ions and thus facilitate the uptake of these essential trace 

elements. Although metallophores are mostly able to bind a variety of metal ions in 

vitro, the regulation of their biosynthesis in bacteria is often connected to the 

presence or absence of one specific metal ion. This connection led to the 

classification of metallophores according to their metal responsive regulation, e.g. as 



Introduction 

13 

siderophore for ferric iron, as zincophore for zinc or as chalkophores for copper. 

However, metallophores cannot only be classified by their respective metal 

regulation, but also by their chemical setting and functional groups that coordinate 

the metal binding. Most metallophores have hydroxamate, α-hydroxycarboxylate or 

chatecholate functionalities. Some of the strongest siderophores, e.g. enterobactin, 

which is produced by several Enterobacteriacae including Escherichia coli and 

Salmonella typhimurium (O'Brien and Gibson, 1970; Pollack and Neilands, 1970), 

belong to the chatecholate group. Hydroxamate metallophores are also very 

common, especially in streptomycetes, of whom for example Streptomyces olivaceus 

TÜ 2718 (Meiweis et al., 1990) or S. coelicolor produce desferrioxamines in response 

to iron depletion (Tunca et al., 2007). However, besides the former, metallophores 

with α-hydroxyimidazole functionalities, α-aminocarboxylates or mixed groups have 

also been reported. In bacteria, metallophore biosynthesis can occur in different 

ways. Many of the chatecholate metallophores are synthesized by non-ribosomal 

peptide-synthetases (NRPS). NRPS-independent synthesis (NIS) pathways or 

hybrids of NRPS and polyketide synthases (PKS) are also reported for metallophores 

as in the case of yersiniabactin (Pelludat et al., 1998; Challis, 2005).  

 

1.3 Zinc, an essential trace element in bacteria 

Originally, the production of metallophores was considered only as a mechanism for 

iron acquisition, leading to the discovery of many siderophores in the narrow sense. 

Besides iron, zinc is the second most important metal bound to enzymes. Zinc 

binding proteins constitute to about 6 % of the bacterial proteome (Andreini et al., 

2009). Therefore, it is not surprising that some bacteria have adapted to zinc-

depleted environments by producing zinc chelating metallophores to cover their zinc 

demand. Pseudomonas aeruginosa, for example, synthesizes the zincophore 

pseudopaline (Lhospice et al., 2017), Yersinia pestis yersiniabactin (Bobrov et al., 

2014), Streptomyces coelicolor coelibactin (Kallifidas et al., 2010) and in 

Mycobacterium avium there is also a zinc-regulated sidA operon-encoded 

metallophore gene cluster (Eckelt et al., 2014). Especially studying pathogenic 

bacteria revealed how essential zinc is for prokaryotes. In general, the pathogens’ 

hosts are nutrient rich resources. However, the host’s immune system often tries to 

inhibit the metal acquisition of bacteria in order to inhibit bacterial growth. While the 
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host may try to deprive certain areas of micronutrients like zinc and iron in a process 

called nutritional immunity, the bacterial pathogens try to parasite and scavenge from 

the stocks of the host. A severe inflammatory response in mammals can for example 

lead to increased zinc uptake and sequestration by metallothionein, a cytosolic 

protein with chelating capacities, into liver cells to decrease the zinc content in the 

blood serum (Haase and Rink, 2014). Besides metallothionein, there are also other 

members of the so-called chelating S100 protein family like calprotectin, an abundant 

neutrophil protein that can chelate Zn2+ and Mn2+, which can suppress bacterial 

growth via chelating essential metals. Calprotectin efficiently competes zinc away 

from Staphylococcus aureus, Listeria monocytogenes, Acetinobacter baumannii, 

Klebsiella pneumoniae, and Heliobacter pylori during infection (Corbin et al., 2008; 

Zaia et al., 2009; Achouiti et al., 2012; Hood et al., 2012; Gaddy et al., 2014). 

However, especially for calprotectin several studies showed that it is also subjected 

to zinc piracy, which means stealing from nutritional immunity proteins. Neisseria 

meningitidis for example binds calprotectin via an outer membrane receptor (CbpA) 

and then extracts zinc, using a TonB-like receptor (Stork et al., 2013).  

In contrast to the zinc depletion following upon calprotectin release, the innate 

immune system is also capable of using zinc intoxication to reduce the intracellular 

survival of pathogens. Human macrophages as well as neutrophils are both able to 

increase free cytosolic zinc levels in order to fend off M. tuberculosis and 

Staphylococcus pyogenes upon infection (Botella et al., 2011; Ong et al., 2014). 

 

1.4 Zinc homeostasis regulatory proteins in bacteria 

This intense warfare about zinc clearly shows the importance of zinc for both, 

eukaryotes as well as prokaryotes. Both, zinc deficiency or an excess of zinc in a 

particular environment can be harmful to a bacterial cell. Since zinc is redox inert, 

there is no risk of creating dangerous oxidative species, which can cause major cell 

damage. Hence, its toxicity is presumably caused by mismetallation of 

metalloenzymes when the intracellular zinc concentration exceeds a certain level. 

This mismetallation could lead to the loss of enzyme functionality.  

Therefore, many bacteria evolved complex regulatory systems to maintain the 

intracellular metal homeostasis. They can get rid of a surplus of intracellular metal 
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ions like zinc by exporting or by storing them, or by downregulating uptake 

mechanisms in the first place. On the transcriptional level, this task is assigned to 

special metal responsive regulatory proteins. Upon binding their respective metal 

ions, these regulators undergo a conformational change, which affects their binding 

to the cognate DNA and thus the repression or activation of the transcription of genes 

involved in metal homeostasis. The Ferric Uptake Regulator (Fur) for example 

belongs to this group of metalloregulators. Although the eponym of this group, the E. 

coli Fur (Hantke, 1981; Bagg and Neilands, 1987), is, as its name suggests, iron-

responsive, there is nowadays a wide variety of regulators known that belong to this 

group and respond to metals other than iron. Besides iron, regulators of the Fur 

family for example can also bind zinc (Zur), manganese (Mur) and nickel (Nur) 

(Patzer and Hantke, 1998; Diaz-Mireles et al., 2004; Ahn et al., 2006). The Zinc 

Uptake Regulator (Zur) of the actinomycete S. coelicolor as well as of Escherichia 

coli and Mycobacterium tuberculosis acts as a homodimer (Lucarelli et al., 2007; Shin 

et al., 2011; Gilston et al., 2014). Each of the monomers can bind more than one zinc 

ion, though. Upon zinc binding, the structure of the homodimer shifts towards a 

closed, high-affinity conformation, which is the basis for the allosteric sensing of the 

metal. In the zinc-bound form, Zur acts mostly as transcriptional repressor by a 

palindromic motif in the promoter region, usually in the -35 area, of the corresponding 

genes, and thus presumably prevents the assembly of the RNA polymerase 

transcription initiation complex (Ma et al., 2011; Shin et al, 2011). Mainly, Zur acts as 

repressor for genes of zinc uptake systems like znuABC, which is rather common in 

bacteria, zupT (Francisella tularensis, F. novicida, Cupriavidus metallidurans) or 

tonB-dr (Anabaena sp. PCC 7120, C. metallidurans, Neisseria meningitides, 

Caulobacter crescentus, Xanthomonas campestris, etc.) (Huang et al., 2008; Huang 

et al., 2009; Napolitano et al., 2012; Pawlik et al., 2012; Mazzon et al., 2014; Schmidt 

et al., 2014; Sein‐Echaluce et al., 2015; Bütof et al., 2017; Moreau et al, 2018). 

Additionally, the Zur regulator is known to inhibit the expression of ribosomal genes 

and enzymes involved in zincophore synthesis, e.g. of pseudopaline in P. 

aeruginosa, yersiniabactin in Y. pestis and coelibactin in S. coelicolor (Kallifidas et 

al., 2010; Bobrov et al., 2014; Lhospice et al., 2017). In some cases, Zur also acts as 

transcriptional activator when a certain threshold of intracellular zinc is reached, e.g. 

in the case of the zitB encoded zinc efflux pump of e.g. S. coelicolor, Xanthomonas 
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campestris and Corynebacterium glutamicum (Huang et al., 2008; Schröder et al., 

2010; Teramoto et al., 2012; Choi et al., 2017). 

 

1.5 [S,S]-EDDS production in Amycolatopsis japonicum 

In 1984, the production of the aminopolycarboxylic acid (APCA) ethylendiamine 

disuccinic acid (EDDS) was discovered in the actinomycete Amycolatopsis japonicum 

(Nishikiori et al., 1984). The compound had attracted attention during a screening for 

phospholipase C-inhibitors, since the zinc dependant enzyme lost activity upon 

contact with this substance. Besides, EDDS had already been chemically 

synthesized in the early 1960s. It forms hexadentate complexes with bivalent metal 

ions (Chen et al., 2009) and its chelating capacities have been well documented 

(Majer et al., 1968; Neal and Rose, 1968). Due to its two chiral centres there are 

three stereoisomers of EDDS: [S,S]-, [R,S]- and [R,R]-EDDS. 

Fig. 1 (publication 2): Structure of the synthetic chelator EDTA (A) and zincophore 

[S,S]-EDDS produced by Amycolatopsis japonicum (B). 

 

However, the actinomycete A. japonicum exclusively synthesizes the [S,S]-isomer of 

EDDS (Fig. 1). Interestingly, production of [S,S]-EDDS by A. japonicum only occurs 

when the strain is grown under zinc depleted conditions (Zwicker et al, 1997; Spohn 

et al., 2016). This led to the assumption that in A. japonicum [S,S]-EDDS functions as 

metallophore to facilitate zinc uptake, hence it is a so-called zincophore. For several 

decades it was not possible to discover the respective biosynthesis genes in 

A. japonicum. Even sequencing the genome of the producer and using bioinformatics 
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tools with cluster finding algorithms like antiSMASH (Weber et al., 2015) did not lead 

to the discovery of the [S,S]-EDDS biosynthesis cluster in A. japonicum. In 2016, a 

new approach to identify the biosynthesis genes by exploiting the knowledge of the 

zinc-regulation of the [S,S]-EDDS production was developed (Spohn et al., 2016). 

Since in several other bacteria the global zinc uptake regulator Zur controls zinc-

uptake functions as well as the zincophore biosynthesis gene, Spohn et al. searched 

for a global zinc uptake regulator in the genome of A. japonicum suggesting that this 

regulator causes the zinc inhibition of the [S,S]-EDDS production. They discovered 

the regulator ZurAja, a homologue of Zur regulators known from e.g. S. coelicolor, C. 

glutamicum and M. tuberculosis. Following this, they screened the genome of A. 

japonicum for a DNA binding motif of ZurAja , which had been deduced from S. 

coelicolor, C. glutamicum and M. tuberculosis binding motives. Among others, one 

ZurAja binding motif could be determined between the gene aesE (AJAP_RS08335) 

and the operon structure of aesA-D (AJAP_RS08340-55). The deletion of the gene 

region aesA-D downstream of the Zur binding motif resulted in the mutant A. 

japonicum ΔaesA-C. This mutant was incapable of producing [S,S]-EDDS and thus 

confirmed that the deleted genes are involved in the biosynthesis of [S,S]-EDDS 

(Spohn et al, 2016). Complementation of the deletion mutant A. japonicum ΔaesA-C 

with the genes aesA-D, led to the duplication of the non-deleted gene aesD. 

Assessing the [S,S]-EDDS production of this strain with the duplication of aesD 

revealed increased yields of [S,S]-EDDS compared to the wild type (Spohn et al., 

2016). However, this strain still produced [S,S]-EDDS only under zinc limited 

conditions (<2 µmol/L). This made a large-scale biotechnological production in steel 

fermenters, where concentration levels of zinc are ubiquitously above 2 µmol/L, 

impossible. To solve this problem Spohn et al. (2016) constructed the zur deletion 

mutant A. japonicum Δzur. This mutant was indeed able to produce [S,S]-EDDS in 

zinc containing media, confirming the transcriptional regulation of the [S,S]-EDDS 

biosynthesis genes by Zur and proving the first producer strain for the 

biotechnological production of [S,S]-EDDS.  

 

1.6 Industrial application of chelators 

Chelating agents are not only used by plants, fungi and bacteria, these compounds 

are also highly valued for human use. Although their use in everyday life usually 
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remains unnoticed, chelators are almost omnipresent and thus economically relevant 

goods. Both, chemical chelators such as dimercaptosuccinic acid (DMSA) or 

ethylendiamine-tetraacetic acid (EDTA) (Fig.1), and natural ones such as 

desferrioxamine or the penicillin precursor penicillamine are used in medicinal 

applications as drugs for the treatment of heavy metal intoxication (Foreman, 1953; 

Walshe, 1956; Smith, 1962; Miller, 1998; Aaseth et al., 2015). Even more important 

in clinical routine is citrate, which is used to complex and mask calcium in blood 

samples or stored blood to inhibit the coagulation cascade and to prevent blood 

clotting.  

In addition, EDTA is applied, e.g. in eye drops and contact lens solution where it 

suppresses the growth of germs. Beyond that, chelators are also used as food 

additives for preservation. Examples are the citric acid and its salts, referred to as the 

food additives E330-E333, the isoascorbic acid (E315) and its salt (E316) as well as 

tartaric acid (E334) and EDTA (E385). Furthermore, chelators are added to 

detergents to reduce the water hardness by complexing Ca2+ and Mg2+ ions. The 

broad field of such detergents includes common laundry and dish detergents, body or 

hand soaps as well as shampoos, but also detergents for parts cleaning in industrial 

processes. Additionally, chelators are used in the process of pulp bleaching in paper 

production. Here, the most commonly used bleaching agent is hydrogen peroxide 

which is prone to metal catalysed decomposition. Therefore, in order to increase the 

efficiency and longevity of the hydrogen peroxide, EDTA is usually applied to remove 

iron, manganese and copper ions from the pulp before bleaching. Likewise, EDTA is 

used in textile bleaching and cosmetics to prevent oxidative decolouration catalysed 

by metal ions. Chelators are needed in most processes or products to remove 

disruptive metal ions or to protect sensitive surfaces from metal encrustations. 

However, in some applications, metal ions are not disturbing, but rather desirable and 

chelators are needed to maintain a constant concentration. Therefore, most liquid 

fertilizers used in agriculture contain EDTA to stabilise Fe3+, Cu2+ and Zn2+ ions and 

to keep them soluble in order to increase the bioavailability for plants, which need 

them as micronutrients.  
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1.7 Aminopolycarboxylic acid chelators 

Although there is a wide variety of natural as well as synthetic chelators with different 

chemical properties, the APCA EDTA is the most abundantly used and has 

dominated the market of chelators for decades. After utilization, the largest part of the 

EDTA ends up in sewage and, since conventional sewage plants do not retain this 

compound, it eventually finds its way into the groundwater, rivers and seas. 

According to data submitted from the producers, the European Union estimated that 

the yearly release of EDTA into the hydrosphere amounted to 266 tonnes and the 

release as dust into the atmosphere to 11 tonnes in 2004 (Bundesanstalt für 

Arbeitsschutz und Arbeitsmedizin, 2004). The degradation of EDTA in the 

environment processes rather slowly, though. Although in aqueous solutions, 

Fe(III)EDTA-complexes can be degraded photolytically (Kari and Giger, 1995; Kari 

and Giger, 1996) the degradation of other EDTA-metal complexes by photolysis is 

rather inefficient. Besides abiotic degradation, biodegradation of EDTA also occurs. 

However, similar to photolysis, the efficiency of biodegradation depends strongly on 

the complexed metal and can differ greatly under special conditions. Thus, half-life of 

EDTA in soil can range from 25 to 71 days (Meers et al., 2005; Guo et al., 2015). In 

general, the toxicity of EDTA itself for humans is negligible. However, for aquatic 

organisms, e.g. fish, the uptake of high concentrations of uncomplexed EDTA can 

cause nutrient deficiency by reducing the absorptions of essential ions 

(Bundesanstalt für Arbeitsschutz und Arbeitsmedizin, 2004). However, with over-

stoichiometric amounts of calcium and magnesium being present in aqueous 

solutions, EDTA usually occurs as complex under environmental conditions. 

Nonetheless, the amount of EDTA in the hydrosphere accumulates due to its 

numerous applications and its rather poor degradability and this might still pose an 

environmental risk. Although EDTA occurs in waste as well as surface water in 

complex with the ubiquitously present metal ions, these complexes can always 

undergo metal exchange reactions (Nowack et al., 2001). Subsequently, interactions 

with sediment-bound heavy metals cannot be excluded either. In complex with EDTA, 

such previously bound, toxic heavy metals like lead or cadmium might get solubilized 

and are then either directly or after degradation of EDTA bioavailable in the 

hydrosphere. Since it is hard to assess which impacts high EDTA concentration in 

the hydrosphere might really have, there are global efforts to reduce the amount of 

EDTA in use. However, EDTA cannot just be omitted in most of its current forms of 
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application without reducing the utility. Therefore, producers tend to substitute EDTA 

for other compounds, which possess similar chelating capacities, but are more 

efficiently biodegradable. Especially other chelators consisting of 

aminopolycaboxylates have found to be promising surrogates, e.g. nitrilotriacetic acid 

(NTA), iminodisuccinic acid (IDS), polyaspartic acid or the above mentioned EDDS. 

EDDS is an isomer of EDTA and exhibits similar chelating capacities as EDTA. 

However, of the three existing stereoisomers of EDDS, only the [S,S] isomer is of 

particular interest as substitute for EDTA, because its degradation is most efficient 

with a half-life ranging from 3.8 to 7.5 days (Meers et al., 2005; Tandy et al. 2006). 

Thus, [S,S]-EDDS would be a sustainable alternative to EDTA. [S,S]-EDDS can be 

synthesized chemically using different synthesis pathways: EDDS can either be 

synthesized as racemic mixture from ethylendiamine and maleic acid (or fumaric 

acid) or the [S,S] isomer can be specifically synthesized from L-aspartic acid and 1,2-

dibromoethane. However, a racemic mixture is undesirable and the stereospecific 

synthesis of [S,S]-EDDS is more expensive and involves the toxic and carcinogenic 

dibromoethane. Since the actinomycetes A. japonicum and some other bacteria of 

this genus produce [S,S]-EDDS naturally and stereospecifically, a biotechnological 

production of the chelating agent is also conceivable. Yet to be an economically 

interesting alternative to chemical synthesis, biotechnological production needs to be 

rather high-yielding. 
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1.8 Aim of the work 

Chelating compounds consisting of aminopolycarboxylates like EDTA are of great 

economical interest. However, since the detection of gene clusters coding for small 

aminopolycarboxylate metallophores resembling [S,S]-EDDS by using genome 

mining tools like antiSMASH was not possible so far, these compounds and their 

respective gene cluster might have been overlooked in the past. Therefore, the first 

aim of this work was to investigate the distribution of the potential to produce [S,S]-

EDDS or EDDS-like compounds in actinomycetes and their role for the producer 

strains.  

The second aim of this work was to further optimize the [S,S]-EDDS production in 

A. japonicum in order to pave a way for the establishment of an economic, 

biotechnological production of [S,S]-EDDS. This work focused on the genetic 

optimization of A. japonicum to improve [S,S]-EDDS production titers under standard 

fermentation conditions, even in the presence of zinc.  
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2 Results 

2.1 Identification of the novel aminopolycarboxylic acid siderophore gene 

cluster of ethylendiaminesuccinic acid hydoxyarginine (EDHA) 

2.1.1 Discovery of a new [S,S]-EDDS-like gene cluster 

By investigating putative biosynthesis genes in close proximity to binding sites of the 

Zur regulator, the genes for [S,S]-EDDS biosynthesis were identified in 

Amycolatopsis japonicum (Spohn et al., 2016). This approach was established 

because standard bioinformatic tools such as antiSMASH (Weber et al., 2015), which 

are used to identify biosynthetic gene clusters in genome sequences, could not 

detect the EDDS biosynthetic genes in the genome of A. japonicum. Therefore, an 

alternative strategy was required to evaluate the potential for the synthesis of 

aminopolycarboxylic acids (APCA) with an ethylenediamine-moiety in actinobacteria. 

Hence, a computational screening approach with the amino acid sequence of the 

[S,S]-EDDS biosynthesis enzymes AesA-C of A. japonicum as query sequence was 

implemented. The [S,S]-EDDS biosynthetic genes form an operon, which also 

includes aesD encoding the EDDS efflux pump AesD. Thus, AesA-D were taken as 

query of the computational search. Using a combination of MultiGeneBlast (Medema 

et al., 2013) and BLAST, a GenBank database was screened for the [S,S]-EDDS 

genes. This search revealed that many actinobacterial genomes contain a [S,S]-

EDDS like operon. However, in some genomes, the newly discovered operon did not 

only consist of four genes, but included an additional open reading frame (ORF) 

upstream of aesA. The gene product of this ORF showed similarity to the VioC 

enzyme (Accession number: AAP92493) of Streptomyces vinaceus. VioC is involved 

in the biosynthesis of viomycin, an anti-tuberculosis agent. VioC is an iron dependant 

oxygenase that catalyses the synthesis of the aproteinogenic amino acid 

hydroxyarginine from L-arginine and 2-oxoglutarate (Yin and Zabriskie, 2004). Since 

the newly detected five genes containing operon resembled a combination of the 

[S,S]-EDDS biosynthesis genes and a gene coding for a VioC-like enzyme, the 

product of the respective enzymes is most likely a compound that contains both, a 

central ethylenediamine-moiety and a hydroxyarginine. So far, several APCAs 

containing an ethylenediamine-moiety have been described in the literature, e.g. 

rhizobactin of Sinorhizobium meliloti, staphyloferrin B of Staphylococcus aureus or 

histargin of Streptomyces roseoviridis (Ogawa et al., 1984; Smith et al., 1985; 
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Drechsel et al, 1993; Umezawa et al., 1993). There is only one known compound, 

namely L-681,176 that combines both characteristics, though (Fig. 2). This 

compound, produced by the actinomycete Streptomyces sp. MA5143a, was first 

discovered during a screening for inhibitors of angiotensin converting enzymes 

(Hensens and Liesch, 1984; Huang et al., 1984). Since those enzymes are zinc-

dependant metalloproteins, they were inhibited by L-681,176 due to its capability to 

capture and complex bivalent ions (Bünning and Riordan, 1985). Considering that L-

681,176 combined features of [S,S]-EDDS, such as its chelating properties, a central 

ethylenediamine-unit and a hydroxyarginine, we hypothesized that L-681,176 is the 

final product of the newly discovered five genes containing EDDS-like cluster. For 

simplicity, the compound L-681,176 has therefore been renamed 

ethylenediaminesuccinic acid hydroxyarginine (EDHA) in accordance with the 

standing nomenclature for natural and synthetic APCAs.  
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Fig. 2 (publication 1): Chemical structures of natural products containing an 

ethylenediamine-moiety, (1) [S,S]-EDDS, (2) L-681,176 or rather EDHA, (3) 

rhizobactin, (4) staphyloferrin B and (5) histargin. Central ethylenediamine moieties 

are highlighted in bold. 

 

2.1.2 Genome sequencing and analysis of Streptomyces sp. MA5143a 

The EDHA operon was found in the genome of several actinobacteria, including 

mostly pathogenic strains like e.g. Streptomyces scabies, Corynebacterium 
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pseudotuberculosis, Corynebacterium ulcerans and Nocardia brasiliensis, but also in 

the well-investigated antibiotic producer Streptomyces avermitilis. However, none of 

these strains were referred to in connection with the chelating compound EDHA. The 

only verified producer of EDHA so far was Streptomyces sp. MA5143a (Hensens and 

Liesch, 1984; Huang et al., 1984). Yet, no genome sequence was available from this 

producer. In order to enable a link between the EDHA operon and the EDHA 

production, the genome of Streptomyces sp. MA5143a was sequenced using Illumina 

HiSeq. This resulted in a total of 7 970 359 reads with about 1.5 giga bases. The GC-

content of Streptomyces sp. MA5143a is 71.47 %. The draft genome of 

Streptomyces sp. MA5143a comprises 9 838 959 bases and contains 8311 putative 

protein-coding sequences, 48 tRNAs as well as seven copies of the ribosomal RNA 

operon. MultiGene-Blast analyses resulted in the identification of the genes 

MA_5143a_00506 to MA_5143a_00502, whose gene products resembled VioC and 

the EDDS-enzymes AesA-D. The presence of these vioC- and aesA-D-like genes in 

the genome of the EDHA producer confirmed that the EDHA operon is indeed the 

biosynthesis cluster of this APCA. However, studying the genetic region upstream of 

the EDHA operon in Streptomyces sp. MA5143a led to the discovery of a further 

operon structure. This operon consisted of four genes, MA_5143a_00507 to 

MA_5143a_00510, which showed 27-37 % similarity to the genes appA-D of Bacillus 

subtilis. This app operon encodes a permease specialized for the uptake of tetra- and 

pentapeptides in B. subtilis (Koide and Hoch, 1994). Examination of further genomes 

that also contain the EDHA operon, revealed app-operons to be present upstream of 

the respective vioC genes in either S. avermitilis, S. scabies, C. pseudotuberculosis, 

C. ulcerans and N. brasiliensis (Fig. 3). 
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Fig. 3 (publication 1): Gene maps of putative EDHA gene clusters. 

Depiction of the genetic loci identified by the in silico screening approach. Amino acid 

sequences of AesA-D of A. japonicum were used as query. Similar genes are 

depicted in the same colour. The locus tags are shown beneath the corresponding 

gene. The vertical arrows indicate the location of an IdeR binding motif. Percentages 

of amino acid identity to AppD (P42064), AppC (P42063), AppB (P42062), and AppA 

(P42061) of B. subtilis, VioC (AAP92493) of S. vinaceus and AesA (AIG74588), AesB 

(AIG74589), AesC (AIG74590) and AesD (AIG74591) of A. japonicum are shown 

beneath the corresponding gene encoding the similar gene product. 
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Taking the direct proximity and genetic co-localization of the EDHA operon to the app 

operon in several strains into account, it seemed like their respective gene products 

shared a functional connection. Probably the gene products of MA_5143a_00506 to 

MA_5143a_00504 also serve as oligopeptide uptake system in Streptomyces sp. 

MA5143a and presumably facilitate the re-uptake of EDHA into the cell after 

successfully complexing ions in the cell environment.  

 

2.1.3 Phylogeny of Streptomyces sp. MA5143a 

With the complete genome at hand, a Multi Locus Sequence Analysis (MLSA) with 

50 housekeeping genes was performed in order to classify Streptomyces sp. 

MA5143a within the genus Streptomyces. For this, all strains whose genome 

sequence was published and whose 16 S rRNA gene sequences showed a 99 % 

similarity with Streptomyces sp. MA5143a were taken into account. In the resulting 

phylogenetic tree, Streptomyces sp. MA5143a formed a monophyletic clade with 

Streptomyces torulosus NRRL B-3889, Streptomyces neyagawaensis NRRL B-3092 

and Streptomyces ossamyceticus NRRL B-3822. Additionally, to the MLSA, DNA-

DNA hybridization values between those strains and Streptomyces sp. MA5143a 

were calculated in silico. For S. torulosus NRRL B-3889 the DNA-DNA hybridization 

value was about 44.30 %, for S. neyagawaensis NRRL B-3092 about 45.20 % and 

for S. ossamyceticus NRRL B-3822 about 46.20 %. Since these values are all below 

the minimum threshold of 70 % for relatedness between different species, 

Streptomyces sp. MA5143a is presumably a new, yet undescribed species within 

Streptomyces.  

Analysing the closest relatives of Streptomyces sp. MA5143a revealed that neither 

the genome of S. torulosus NRRL B-3889 nor of S. neyagawaensis NRRL B-3092 

nor of S. ossamyceticus NRRL B-3822 contained an EDHA operon. However, those 

four strains belonged to a greater clade which also comprises the plant pathogens 

Streptomyces scabies and Streptomyces europaeiscabiei, whose genomes both 

contained the EDHA operon. According to our analysis, most actinobacterial species 

with the EDHA operon were only distantly related to Streptomyces sp. MA5143a. 
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2.1.4 EDHA production in Streptomyces sp. MA5143a and Streptomyces scabies 

The in silico analyses revealed that besides Streptomyces sp. MA5143a also other 

actinobacterial genomes contained an EDHA biosynthetic cluster. In order to proof 

that these actinobacteria are indeed capable of producing EDHA, S. scabies was 

exemplarily chosen for production tests. For these tests, S. scabies was grown in a 

modified version of the EDHA production medium of Huang et al. (1984) in 

specifically treated glass flasks (Zwicker et al., 1997) in order to reduce 

contamination with trace elements. As a control, Streptomyces sp. MA5143a was 

cultured on identical conditions. After five days of cultivation, the supernatants of 

each culture were analysed by LC-ESI-MS. The molecular weight of EDHA is 

349.343 Da. Therefore a mass of [M + H]+ = m/z 350 in positive mode was expected. 

Indeed, a compound with the mass of [M + H]+ = m/z 350 could be detected in the 

supernatant of S. scabies as well as in Streptomyces sp. MA5143a. To ensure that 

this compound is indeed EDHA, Cu(II)SO4 was added to the supernatants and LC-

ESI-MS analysis was performed again. Since EDHA complexes bivalent ions like 

Cu2+, this time an EDHA-63Cu(II)-complex with a mass of [M + H]+ = m/z 411 and an 

EDHA-65Cu(II)-complex with a mass of [M + H]+ = m/z 413 were expected in the 

measurements. In fact, after the copper treatment, in addition to the mass of [M + H]+ 

= m/z 350, the masses of [M + H]+ = m/z 411 and [M + H]+ = m/z 413 were detectable 

(Fig. 3 and 4, publication 1). Furthermore, the relative heights of the [M + H]+ = m/z 

411 and [M + H]+ = m/z 413 peaks resemble the natural isotope abundance of 

63Cu(II) and 65Cu(II), confirming the hypothesis that S. scabies is also capable of 

synthesizing EDHA.  

 

2.1.5 In silico prediction of the EDHA cluster regulation 

In bacteria, chelating compounds are commonly produced in response to a lack of 

certain trace elements. For instance, [S,S]-EDDS is synthesized in various 

Amycolatopsis species when they have to cope with a zinc depleted environment. On 

the contrary, [S,S]-EDDS is not produced if a certain threshold of zinc is exceeded 

(Spohn et al., 2016). In this case, the so called Zinc Uptake Regulator (Zur) gets 

activated by intracellular zinc ions. In a zinc-bound state, the Zur regulator binds to 

the upstream region of the [S,S]-EDDS biosynthesis genes, where a short 
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palindromic, putative binding motif is located, and thus inhibits gene transcription. 

Considering the structural similarity to [S,S]-EDDS, it can be hypothesised that EDHA 

is presumably also produced under zinc depleted conditions to serve as zincophore. 

Hence, EDHA production might also be regulated by Zur. Screening the genome of 

Streptomyces sp. MA5143a led to the discovery of a metalloregulator, which was 

highly similar (88 % amino acid sequence identity) to the Zur regulator of 

S. coelicolor. In order to determine Zur regulated ORFs in Streptomyces sp. 

MA5143a, its genome was scanned with PatScanUI (Dsouza et al., 1997) for 

possible Zur binding sites, using the DNA binding motif of ZurSco as query. Possible 

Zur binding sites were predicted upstream of genes coding for an ABC-transporter 

with a high similarity to ZnuABC of S. coelicolor and upstream of genes coding for 

ribosomal proteins. This matched the results obtained for the Zur regulon of S. 

coelicolor where some ribosomal genes are also Zur regulated. However, no Zur 

binding motif was identified close to the EDHA operon of Streptomyces sp. MA5143a, 

indicating that the transcription of the operon is not zinc-dependent. Considering that 

iron is the trace element, which is needed most in many organisms, it seems likely 

that Streptomyces sp. MA5143a synthesizes EDHA in response to iron deficiency 

and that the biosynthesis genes are therefore more likely to be regulated by an iron 

responsive regulator. In Gram-positive bacteria like Mycobacterium spp., 

Corynebacterium spp. and Streptomyces spp., proteins of the iron dependent 

regulatory protein (IdeR) regulator family repress the transcription of genes involved 

in iron metabolism (Seeboth and Schupp, 1995; Pohl et al., 1999a; Pohl et al., 

1999b; Tunca et al., 2007). Similar to Fur regulators, IdeR changes its conformation 

upon binding ferrous iron when a surplus of free ferrous iron is present in the 

cytoplasma. IdeR is then able to bind specifically to the corresponding A/T-rich motifs 

in the promoter of its DNA targets and thus to repress the downstream genes (Lee 

and Helmann, 2007). When checking the genome of Streptomyces sp. MA5143a for 

a putative IdeR regulator, the ORF MA_5143a_05034 was detected. This ORF 

encodes for a putative regulator with 97 % amino acid similarity to DmdR1 (Flores 

and Martin, 2004), which is the IdeR family protein of S. coelicolor. To identify the 

putative regulon of this IdeR protein in Streptomyces sp. MA5143a, a PatScanUI 

analysis was conducted by using the published DNA-binding motif of IdeR of 

Mycobacterium tuberculosis (Gold et al., 2001) as query. This resulted in the 

identification of 15 ORFs, which are presumably regulated by IdeR. According to 
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annotation, all of the discovered ORFs encoded either for proteins directly involved in 

iron uptake or for metalloproteins, e.g. a putative aconitase, which needs iron as 

cofactor and is known to be Fur regulated in Escherichia coli (Cunningham et al., 

1997).  

Three of the putative IdeR DNA-binding sites were located next to two independent 

NIS gene clusters (upstream of MA_5143a_03356, MA_5143a_04108 and 

MA_5143a_04110). Based on the high sequence similarity of one of those clusters to 

the desferrioxamine siderophore cluster of S. coelicolor, Streptomyces sp. MA5143a 

is presumably capable of producing at least one, but more likely two additional 

chelating compounds besides EDHA. However, not only those two putative 

siderophore biosynthesis clusters contained IdeR binding motifs, but also the EDHA 

operon. In the non-coding 5’ upstream region of the vioC-like gene 

(MA_5143a_00506), the first gene of the EDHA operon, a highly conserved IdeR-

binding motif was detected. This clearly points to an iron-responsive regulation of the 

EDHA operon by IdeR. Furthermore, an iron-responsive regulation of the EDHA 

biosynthesis suggests the function of EDHA as a siderophore to facilitate iron uptake 

in Streptomyces sp. MA5143a. For comparison, the genomes of more species 

containing EDHA clusters were screened for IdeR binding motifs. Thus, the presence 

of the IdeR binding motif was also discovered in the upstream regions of the vioC-like 

genes in S. scabies, S. avermitilis, C. pseudotuberculosis, C. ulcerans and 

N. brasiliensis. This indicates that the biosynthesis of EDHA is iron responsively 

regulated by the IdeR regulator in all those strains. 

 

2.1.6 In vivo verification of the metalloregulation 

To verify that the transcription of the EDHA cluster is indeed iron responsively 

regulated, Streptomyces sp. MA5143a was grown under EDHA production conditions 

as before, but the medium was supplemented with 25 µM of either Fe(II)SO4, 

Zn(II)SO4, Ni(II)SO4, Mn(II)SO4, Co(II)SO4 or, as control, without additional ions. 

Furthermore, one culture was supplemented with Fe(III)citrate (60 mg/L) in order to 

keep the ferrous iron soluble and to avoid oxidation and formation of an insoluble 

ferric iron complex. Thereafter, the production of EDHA was measured on days 2, 3, 

4, 5 and 7 of cultivation. EDHA production comparable to the control without ion 
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supplementation was detected in the presence of all metal ions except for iron. In 

presence of Fe(III)citrate almost no production could be detected, while in presence 

of Fe(II)SO4 the production of EDHA was significantly lower compared to the control 

(Fig. 5, publication 1). Similar results were obtained when the experiments were 

repeated with S. scabies (Fig. 3, publication 1). 

Additionally, to the measurements of EDHA titers, the transcription profile of the 

EDHA biosynthesis genes in Streptomyces sp. MA5143a was analysed. For this, 

cells grown in medium supplemented with 25 µM of either Zn(II)SO4, Ni(II)SO4, 

Mn(II)SO4, Co(II)SO4 or 60 mg Fe(III)citrate were harvested after 72 h of cultivation 

and qualitative reverse transcription PCR (RT-PCR) was performed. All five genes of 

the EDHA operon (MA_5143a_00506 to MA_5143a_00502) were expressed in the 

presence of zinc, nickel, cobalt and manganese, but no transcript could be observed 

in cultures containing Fe(III)citrate (Fig. 6, publication 1). These results are in 

accordance with the EDHA production pattern and prove once more that these strictly 

iron repressed genes encode for the EDHA cluster. Furthermore, it shows that 

although EDHA is structurally closely related to the zincophore [S,S]-EDDS of 

A. japonicum, in Streptomyces sp. MA5143a as well as in S. scabies and probably 

also in S. avermitilis, C. pseudotuberculosis, C. ulcerans and N. brasiliensis, EDHA 

instead serves as siderophore. 
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2.2 Metabolic engineering of Amycolatopsis japonicum for optimized 

production of [S,S]-EDDS, a biodegradable chelator 

APCAs, as e.g. EDTA and its substitute NTA, are used extensively in various 

industrial branches and thus have a huge annual consumption. However, EDTA, with 

an annual production/import of up to 10 000 tons (European Chemicals Agency, 

2020a) probably the most abundantly used complexing agent in the EU, is believed 

to be a potential environmental threat due to its inefficient biodegradability. In 

addition, its substitute NTA, with an annual production/import of up to 1000 tons in 

the EU (European Chemicals Agency, 2020b), has a higher biodegradability, yet is 

also possibly carcinogenic to humans (International Agency for Research on Cancer, 

1999). As a result, the EDTA isomer [S,S]-EDDS has become an increasingly 

popular and environmental friendly alternative in recent years, so far without known 

health risks. Up to date commercially available [S,S]-EDDS is only chemically 

synthesized. However, the chemical synthesis of [S,S]-EDDS is expensive. Thus, the 

market price for [S,S]-EDDS exceeds the price for EDTA by far. In order to make 

[S,S]-EDDS more competitive, increased efforts are undertaken to establish a low 

cost production. Since [S,S]-EDDS is a natural product of various actinomycetes like 

A. japonicum, a biotechnological production is also possible and highly desirable. 

Yet, in order to enable an economical biotechnological production, the natural 

production titer in A. japonicum has to be increased and the repression of the 

biosynthesis in presence of zinc has to be abolished. Since A. japonicum can easily 

be genetically manipulated and has already turned out to be a well usable strain for 

metabolic engineering and natural product synthesis in the past (Schwarz et al., 

2018), it was decided to optimize [S,S]-EDDS production in this strain. 

 

2.2.1 Increase of [S,S]-EDDS production by introducing additional copies of the 

biosynthetic genes aesA-D into A. japonicum 

Firstly, in order to increase the [S,S]-EDDS production, an additional copy of the 

[S,S]-EDDS biosynthesis genes aesA-D under control of the native promoter was 

integrated into the genome of A. japonicum wild type. For this, the genes aesA-D 

were cloned into pSET152 (Bierman et al., 1992) (pSET-aesA-D) and the newly 

constructed plasmid was transferred to A. japonicum where it integrated into the 
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genome via the ΦC31 attachment site. The resulting recombinant strain A. japonicum 

ZRP1 (zinc regulated producer) was then cultivated in a zinc depleted [S,S]-EDDS 

production medium and [S,S]-EDDS production was determined by HPLC. The 

analyses revealed that A. japonicum ZRP1 produced significantly more [S,S]-EDDS 

(0.7 g/L) than A. japonicum WT (0.3 g/L) (Fig. 4).  

 

Fig. 4 (publication 2): [S,S]-EDDS production titer of different A. japonicum strains 

grown in zinc depleted medium after five days of cultivation.  

The [S,S]-EDDS production was stepwise increased by adding one copy 

(A.  japonicum ZRP1) or two copies (A. japonicum ZRP2) of the aesA-D genes into 

the genome of A. japonicum WT, exchanging the native promoter (A. japonicum 

SP44*) or combining both (A. japonicum OP1). Statistically significant differences are 

marked with * (**: p ≤ 0.01, ns: not significant, Man-Whitney U-test, n = 6). 

 

To further increase the [S,S]-EDDS production, a second plasmid (pMS_aesA-D), 

which contains another copy of the biosynthesis genes, was integrated into 

A. japonicum ZRP1 via the ΦBT1 attachment site. The resulting modified strain 

A. japonicum ZRP2 produced four times more [S,S]-EDDS (1.3 g/L) than A. 

japonicum WT when cultivated under zinc depleted conditions (Fig. 4). Thus, by 

increasing the [S,S]-EDDS operon copy number a well-producing strain could be 

developed (Fig. 5). 
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Fig. 5 (publication 2): Genetic engineering steps to optimize the [S,S]-EDDS 

production rates in A. japonicum.  

Average [S,S]-EDDS production of the strains in zinc depleted SM medium is given. 

WT: wild type 

ZRP: additional copy of the [S,S]-EDDS biosynthetic genes aesA-D under the control 

of the native, zinc regulated promoter 

OP: the [S,S]-EDDS biosynthetic genes under the control of the synthetic promoter 

SP44*  

 

2.2.2 Glucuronidase activity testing of heterologous promoters 

In both strains, A. japonicum ZRP1 and A. japonicum ZRP2, the additional copies of 

the [S,S]-EDDS biosynthesis genes were controlled by the native promoter. 
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Consequently, although [S,S]-EDDS production was increased, it was still zinc 

regulated in the modified strains just as in A. japonicum WT. To circumvent this zinc 

regulation, two main approaches were applicable in principle: either the deletion of 

the regulator gene zur or the exchange of the native promoter with a strong 

constitutive promoter. As mentioned above, the deletion of zur in A. japonicum leads 

to a zinc deregulated [S,S]-EDDS producer strain. However, the deletion of zur 

caused undesirable side effects and the deletion mutant suffers from reduced fitness. 

Therefore, the more specific approach of exchanging the native promoter was 

pursued in this work. On the one hand this approach targets only the deregulation of 

the [S,S]-EDDS biosynthesis genes rather than the whole Zur regulon and on the 

other hand, it could additionally improve transcription levels of EDDS biosynthetic 

genes. To prepare the exchange of the native promoter of aesA-D for a strong 

constitutive one, several promoters were considered and finally three promoters were 

chosen to be tested for their application in A. japonicum by using the glucuronidase 

activity assay: firstly, the ermEp* promoter, a widely used constitutive promoter in 

actinomycetes that derives from Saccharopolyspora erythraea (Schmitt-John and 

Engels, 1992; Bibb et al., 1994; Siegl et al., 2013); secondly, actII-orf4p, a native 

promoter of the actinorhodin biosynthesis cluster of S. coelicolor (Uguru et al., 2005) 

and thirdly, SP44* (Wang et al., 2013; Bai et al., 2015), a synthetic derivative of the 

promoter of the kasO gene, whose gene product regulates the polyketide synthase 

type I gene cluster for coelimycin of S. coelicolor. For the glucuronidase assay, the 

chosen promoters were cloned in front of the glucuronidase reporter gene gusA into 

the vector pGus (Myronovskyi et al., 2011). The resulting plasmids pGus_SP44*, 

pGus_ermEp* and pGus_actII-orf4p were then integrated in A. japonicum WT. The 

strain A. japonicum pGus_aesAp, which contains the native promoter of the [S,S]-

EDDS biosynthesis genes aesA-D and a strain containing the unaltered promoterless 

pGus plasmid (Spohn et al., 2016) were used as controls. A defined amount of cells 

of each strain was disrupted after 72 h of growth in a medium containing zinc and the 

glucuronidase activity of each cell extract was measured in Miller units per milligram 

biomass using a spectrophotometric assay (Table 1, publication 2). As expected, the 

native promoter was inactive in the presence of zinc, while all other promoters were 

active. Of the three tested promoters, the actII-orf4p promoter of S. coelicolor showed 

the weakest activity and the ermEp* promoter showed medium activity. However, 

under control of the SP44* promoter the expression of the glucuronidase gene was 
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highest, such as the glucuronidase activity with the SP44* promoter was four times 

higher than with the ermEp*. 

 

2.2.3 Construction of a zinc deregulated strain by exchanging the aesA-D promoter 

region 

After identification of SP44* as being the most effective promoter in A. japonicum, the 

native aesAp promoter of the [S,S]-EDDS biosynthesis genes was exchanged for this 

promoter in the genome of A. japonicum. This exchange led to the deletion of the Zur 

DNA-binding motif including most of the intergenic region upstream of aesA. 

However, an 18 base pair sequence upstream of aesA remained unchanged in the 

newly constructed strain A. japonicum SP44* in order to preserve a potential, native 

ribosome binding site (Fig. 4, publication 2). When the [S,S]-EDDS production titer of 

A. japonicum SP44* was measured in the zinc depleted [S,S]-EDDS production 

medium, it was almost twice that of A. japonicum ZRP2, which contained two 

additional copies of the [S,S]-EDDS biosynthesis gene (Fig. 4). 

 

2.2.4 Overexpression of the aesA-D genes in A. japonicum with a constitutive 

promoter 

Since both strategies, introducing additional copies of the [S,S]-EDDS biosynthesis 

genes as well as exchanging the native promoter, had an advantageous effect on 

[S,S]-EDDS production, a combination of both was pursued in the next step. To 

achieve this, a plasmid containing the genes aesA-D under control of the synthetic 

promoter SP44* was integrated into the genome of A. japonicum SP44*. The 

resulting strain A. japonicum OP1 produced ten times more [S,S]-EDDS than 

A. japonicum WT (3.2 g/L compared to 0.3 g/L) (Fig. 4). 

 

2.2.5 Optimization of the precursor supply 

The significant increase of [S,S]-EDDS production in A. japonicum OP1 compared to 

A. japonicum WT is presumably a result of higher transcription rates of the genes 
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aesA-D due to the stronger promoter and multiple copies of the genes. However, 

secondary metabolite production is not only linked to transcription rates of 

biosynthetic genes. Sufficient provision of essential precursor molecules can also 

play a crucial role in production. Therefore, the optimization of the precursor supply 

was addressed next. In analogy to the staphyloferrin B biosynthesis in S. aureus, 

which produces a siderophore with a similar ethylenediamine-moiety in its backbone, 

it is postulated that A. japonicum synthesizes [S,S]-EDDS from O-phosphoserine, 

oxaloacetate and aspartate (Spohn et al., 2016) (Fig. S1, publication 2). In feeding 

studies with labelled aspartic acid it was previously proven that aspartic acid is one of 

the building blocks of [S,S]-EDDS (Cebulla, 1995). However, similar feeding 

experiments with O-phosphoserine were not possible, because A. japonicum was not 

able to take up O-phosphoserine efficiently when given as sole carbon source 

(unpublished data). O-phosphoserine is known to be a precursor of serine 

biosynthesis (Fig. 5, publication 2). As shown in other bacteria like E. coli and 

Salmonella typhimurium, important enzymes in serine biosynthesis are the feedback 

regulated phosphoglycerate dehydrogenase SerA, which oxidizes 3-

phosphoglycerate to 3-phosphohydroxypyruvate (Sugimoto and Pizer 1968a; 

Sugimoto and Pizer 1968b; Schuller et al., 1995), and the phosphoserine 

transaminase SerC (Pizer, 1963; Umbarger et al., 1963), which builds O-

phosphoserine from 3-phosphohydroxypyruvate. To verify whether the O-

phosphoserine production occurs in a similar way in A. japonicum and whether O-

phosphoserine is indeed one of the [S,S]-EDDS building blocks, an A. japonicum 

ΔserC deletion mutant was constructed. Under [S,S]-EDDS production conditions, 

this mutant showed severe growth retardation compared to the wild type. 

Additionally, no [S,S]-EDDS production was measurable in the mutant, not even 

when grown long enough to reach a comparable biomass as A. japonicum wild type 

during [S,S]-EDDS production. Growth deficiency could only be reversed by feeding 

serine to the mutant. However, in contrast to that, [S,S]-EDDS production could not 

be regained by feeding serine, but only by introducing a plasmid encoded serC. This 

confirmed that O-phosphoserine is indeed an essential precursor for the [S,S]-EDDS 

biosynthesis. 

After O-phosphoserine was proven to be a precursor of the [S,S]-EDDS biosynthesis, 

the next step aimed at increasing the O-phosphoserine supply by overexpressing the 

respective biosynthesis genes. For this, the genes serC and serA of A. japonicum 
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were amplified and cloned into the integrative plasmid pRM4. The plasmid was then 

integrated into A. japonicum OP1. The resulting strain A. japonicum OP2 thus 

contained an additional copy of its serA and serC genes under control of the 

constitutive promoter ermEp*. When this strain was grown under [S,S]-EDDS 

production conditions in zinc depleted medium, no significantly increased [S,S]-EDDS 

production was measureable in A. japonicum OP2 (3.1 g/L) compared to A. 

japonicum OP1 (2.9 g/L). A significant difference was observed when both strains 

were grown in a medium containing zinc. While A. japonicum OP1 produced only 

about 2.2 g/L [S,S]-EDDS in the presence of zinc, A. japonicum OP2 produced 

3.3 g/L (Fig. 6), even though the [S,S]-EDDS biosynthesis genes are under the 

control to the SP44* promoter in both strains. 

 

Fig. 6 (publication 2): [S,S]-EDDS production titers of the A. japonicum strains OP1 

and OP2. 

Cells were grown for five days in either zinc depleted or zinc supplemented (6 

µmol/L) SM-medium.  

A. japonicum OP1 contains additional copies of the [S,S]-EDDS genes (aesA-D) 

under the control of the constitutive promoter SP44*; A. japonicum OP2 contains in 

comparison to A. japonicum OP1 an additional copy of the O-phosphoserine 

biosynthesis genes serA and serC under control of the ermEp*. Statistically 

significant differences are marked with * (**: p ≤ 0.01, ns: not significant, Man-

Whitney U-test, n = 6). 

 



Results 
 

39 

In A. japonicum OP2 the constitutive expression of the O-phosphoserine biosynthesis 

genes serA and serC due to the plasmid encoded copies obviously prevented this 

decrease in the [S,S]-EDDS production, which is observable in A. japonicum OP1 

when comparing production in zinc containing medium to production in zinc depleted 

medium. This indicated that not only the genes aesA-D, but also the formation of its 

precursor O-phosphoserine is affected by zinc. However, no Zur-binding motif could 

be detected in the upstream regions of serA and serC. Additionally, when the strain 

A. japonicum Δzur OP1 was constructed and grown in either zinc supplemented or 

zinc depleted medium, [S,S]-EDDS production was lower (Fig. 7, unpublished data) 

in the presence of zinc similarly as in A. japonicum OP1. This suggests that there are 

more mechanisms influencing the zinc metabolism in A. japonicum than only the well-

known Zur regulator.  

 

Fig. 7: Comparative [S,S]-EDDS production of A. japonicum Δzur OP1 in percentage. 

The strain was grown for five days in either zinc depleted or zinc supplemented 

(6 µmol/L) SM-medium. [S,S]-EDDS production of A. japonicum Δzur OP1 in zinc 

depleted medium was set as 100 %. Statistically significant differences are marked 

with * (**: p ≤ 0.01, Man-Whitney U-test, n = 6). 

 

2.2.6 Scale-up of the [S,S]-EDDS overproducing strain OP2 

The newly generated strain A. japonicum OP2 turned out to be an exceedingly good 

[S,S]-EDDS producer even in the presence of zinc. Therefore, this strain was chosen 

to be also tested in large-scale biotechnological production in cooperation with the 
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Slovenian company Acies Bio (Tehnološki park 21, 1000 Ljubljana, Slovenija). By 

using A. japonicum WT under low zinc conditions (Zwicker et al., 1997) and the zinc 

deregulated mutant A. japonicum Δzur in a zinc containing environment in fed-batch 

fermentation, a titer of about 16 g/L of [S,S]-EDDS could be achieved in previous 

productions (Fig. S3, publication 2). Due to a very long incubation time of about 

900 h, this fermentation is unprofitable, though. Subsequently, the best performing 

strain A. japonicum OP2 was set up in a pH-controlled batch bioprocess in order to 

assess the potential of the newly generated [S,S]-EDDS producers for 

biotechnological production. In this bioprocess, carried out in a 10 L bioreactor with 

7 L working volume of nutrient-rich, low-cost industrial medium, production of [S,S]-

EDDS reached up to a titer of about 9.8 g/L in 135 h (Fig. 7, publication 2). The 

thereof calculated [S,S]-EDDS production rate was 4.3 mg/h/g dry cell weight.  
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3 Discussion 

3.1 Identification of the EDHA cluster 

In order to investigate how widespread the capability to produce the zincophore 

[S,S]-EDDS is distributed within actinobacteria, a MultiGeneBlast search using the 

sequences of the [S,S]-EDDS biosynthesis enzymes AesA-C was conducted. Thus, 

various bacteria harboring [S,S]-EDDS biosynthesis genes similar to aesA-C, 

including the transporter gene aesD, were identified. However, in many of the 

discovered species there was an additional biosynthesis gene upstream of this 

operon. This additional biosynthesis gene, encoding a VioC-like enzyme, forms 

probably a polycistronic unit with the four homologous [S,S]-EDDS biosynthesis 

genes due to its genetic arrangement and similar iron repressed transcription profile. 

VioC catalyses the synthesis of the aproteinogenic amino acid hydroxyarginine in the 

viomycin biosynthesis (Yin and Zabriskie, 2004). Given the high similarity to AesA-D 

of the [S,S]-EDDS biosynthesis, as well as to VioC of the viomycin biosynthesis, the 

product of this newly discovered cluster was expected to resemble [S,S]-EDDS 

extended with a hydroxyarginine. A compound produced by Streptomyces sp. 

MA5143a, namely ethylenediaminesuccinic acid hydoxyarginine (EDHA), fulfilled this 

specification. Through subsequent production experiments and transcription profiling 

in Streptomyces sp. MA5143a, this so called EDHA operon could be linked to the 

production of EDHA.  

Due to both, the highly similar biosynthetic gene clusters and the structural similarity 

of [S,S]-EDDS and EDHA, it was hypothesized that the transcription of the EDHA 

cluster in Streptomyces scabies and in Streptomyces sp. MA5143a was zinc 

regulated as demonstrated for the [S,S]-EDDS biosynthetic gene cluster, However, a 

zinc-repression of the EDHA production could not be observed. Instead, transcription 

of the EDHA genes and production of the compound was inhibited in the presence of 

iron. Additionally, a putative IdeR binding motive in the non-coding region upstream 

of the EDHA operon was discovered in silico. Similar to regulators of the Fur family, 

IdeR regulators are known to be involved in controlling the biosynthesis of 

siderophores and iron uptake systems (Hantke, 2001). However, while Fur regulators 

are preferably used by Gram-negative bacteria to regulate iron uptake mechanisms, 

Gram-positives with high GC-content usually possess IdeR regulators or their 

homologue DtxR. Considering these findings, it can be concluded that EDHA 
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functions as a siderophore in Streptomyces scabies as well as in Streptomyces sp. 

MA5143a and its production is probably downregulated by IdeR when a certain 

threshold of iron is exceeded. According to a phylogenetic analysis with 

actinomycetes genomes, the EDHA operon is present in non-pathogenic species 

such as Streptomyces avermitilis as well as several pathogenic bacteria like e.g. 

Streptomyces scabies (potato pathogen), Corynebacterium pseudotuberculosis 

(sheep and goat pathogen) as well as Nocardia brasiliensis and Corynebacterium 

ulcerans (human pathogens). Thus, the EDHA operon could be detected in different 

genera of actinobacteria, which are only distantly related to each other and species, 

which live in different ecological niches, showing that the ability to produce EDHA 

production is quite widespread.  

 

3.2 One strain, many siderophores – a common feature 

The EDHA operon is not the only IdeR/iron-regulated metallophore cluster in 

Streptomyces sp. MA5143a. Besides the EDHA operon, also a desferrioxamin-like 

cluster and another NRPS cluster with an IdeR binding motif were identified 

suggesting that Streptomyces sp. MA5143a has the potential to produce more than 

one siderophore. This capability is quite common in bacteria, but the conditions under 

which the individual compounds are produced have not yet been understood. One 

reason to maintain multiple siderophore cluster might be that siderophore piracy, 

meaning the uptake and use of siderophores by non-producers (xenophore uptake), 

is also rather common in bacteria (Luckey et al., 1972; Granger and Price, 1999; 

Loper and Henkels, 1999; Yamanaka et al., 2005; D'Onofrio et al., 2010; Tanabe at 

al., 2011; Cordero et al., 2012; Miethke et al., 2013; Endicott et al., 2017). The ability 

to produce multiple siderophores might therefore increase the possibility of at least 

one siderophore being inaccessible for competitors within a bacterial community 

consisting of pirating/cheating non-producers and producers. Especially for 

pathogenic bacteria, which compete not only with other bacteria, but also have to 

evade the host’s immune response, the capability of producing different siderophores 

might allow context-specific advantages. Thus, being able to switch from 

siderophores with a high iron affinity like enterobactin, which easily outcompetes 

siderophores of other bacteria, but can be detected by the innate immune system 



Discussion 
 

43 

(Flo et al., 2004), to a siderophore like salmochelin with a lower affinity, which is 

therefore less competitive, but stealthier (Abergel et al., 2006; Fischbach et al., 2006) 

is probably beneficial and is probably the reason for the existence of multiple 

siderophore clusters in the genome. In Escherichia coli for example expression of the 

salmochelin cluster can lead to increased virulence, because in contrast to 

enterobactin, the C-glycosylated derivative salmochelin is not detected by the 

mammalian innate immune response (Fischbach et al., 2006). Another possible 

reason for the synthesis of structurally and chemically different siderophores is that 

their combination allows the microorganisms to provide iron under a wide range of 

ecological conditions (McRose et al., 2018). Produced simultaneously, siderophores 

can have a synergistic effect, like in Mycobacterium tuberculosis and Mycobacterium 

smegmatis, which produce siderophores of different hydrophobicity (Gobin et al., 

1996; Lane et al., 1998). It has also been shown for several marine siderophore 

producers that iron is shuttled from siderophores of high hydrophobicity to those of 

low hydrophobicity (Martinez et al., 2003; Homann et al., 2009; Gauglitz et al., 2014). 

Furthermore, some bacteria not only produce siderophores of different 

hydrophobicity, but also with different iron affinities. Iron mobilization from iron oxide 

goethite for example has been shown to be more efficient if not only one, but both, a 

weak organic ligand oxalate as well as a strong hydroxamate siderophore like 

desferrioxamine are present (Cheah et al., 2003; Reichard et al., 2007). Further 

examples for bacteria, which produce siderophores with different iron affinities, are 

e.g. Burkholderia cepacia ATCC25416 producing the hydroxamate siderophore 

ornibactin (Meyer et al., 1995), as well as cepabactin and pyochelin (Meyer et al., 

1993). Pseudomonas aeruginosa PAO1, synthesizes pyoverdine (Cox and Adams, 

1985) with a high iron affinity (pFe = 27) (Albrecht-Gary et al., 1994) and the lower 

affinity siderophore pyochelin (Cox and Graham, 1979) (pFe = 16) (Brandel et al., 

2012). Azotobacter vinelandii uses azotobactin (Bulen and LeComte, 1962; Page et 

al., 1991), which is structurally related to pyoverdine, and vibrioferrin (pFe = 18.4) 

(Baars et al., 2018), an ⍺-hydroxycarboxylate siderophore, as well as several 

structurally related catechol siderophores (Corbin et al., 1969; Cornish et al., 1995; 

Cornish et al., 1998) with different iron affinities. Synthesizing siderophores is 

beneficial in iron depleted environments. However, it can be a metabolically costly 

trait, as demonstrated in an experiment by Griffin et al. (2004), in which a pyoverdine 

producing wild type was outcompeted by a non-producing mutant of Pseudomonas 
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aeruginosa in an iron rich environment. Synthesizing high affinity siderophores might 

be more cost intensive than producing low affinity siderophores. Therefore, bacteria 

maybe distinguish between the use of first line siderophores and costlier second line 

siderophores. As second line siderophores are assumed to be more “expensive” in 

their production, they might only be produced during severe iron limitation and in 

lower amounts to work synergistically with less “expensive” siderophores. In A. 

vinelandii for example Baars et al. (2016) observed that the siderophores with a lower 

iron affinity are usually produced in higher amounts compared to those with a high 

affinity. Additionally, P. aeruginosa was shown to rely on the production of pyoverdine 

in a highly iron-limited environment, but switched to the production of pyochelin when 

iron was relatively more accessible (Dumas et al., 2013). It was assumed that this 

switch in production was made in response to the prevalent environmental conditions 

in order to optimize the cost-to-benefit ratio of the siderophore synthesis in 

P. aeruginosa. The production of pyoverdine, the siderophore with the higher affinity 

to iron, is considered to be more “expensive” than the production of pyochelin due to 

higher the number of biosynthesis genes involved, the number of nucleotides and 

amino acids used for synthesis, as well as the higher molecular mass of the 

siderophore (Dumas et al., 2013). Taking this in account, there are many possible 

explanations why the genome of Streptomyces sp. MA5143a contains more than one 

putative siderophore cluster and how these might interact which each other. The 

production of EDHA could be more cost-efficient than that of desferrioxamine due to 

its lower molecular weight. Therefore, it could also serve as first-line siderophore. 

However, EDHA could also be used to act synergistically with other siderophores 

produced by Streptomyces sp MA5143a.  

 

3.3 Comparison of the EDHA and [S,S]-EDDS biosynthesis cluster 

Due to a similar gene organization of the biosynthesis gene cluster EDHA and [S,S]-

EDDS as well as due to the similarity of their structures, it seemed likely that EDHA 

might also function as a zincophore. Both compounds form complexes with different 

trace elements in vitro. However, EDHA and [S,S]-EDDS seem to have evolved to 

fulfill different functions in the respective producers, as evidenced by the IdeR/iron 

regulated biosynthesis of the former and the Zur/zinc regulated biosynthesis of the 
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latter. Even though the IdeR/DtxR regulator family and the Zur/Fur like regulators 

have some structural similarity, as they both feature an N-terminal DNA binding site 

with a helix-turn-helix motif and have a domain for metal-binding as well as 

dimerization, they neither share any sequence similarity nor binding motives (Hantke, 

2001). Furthermore, not only the regulation of EDHA synthesis differs from that of 

[S,S]-EDDS synthesis, but also the two compounds are probably taken up by 

different systems. In Gram-positive bacteria, siderophore uptake is often mediated by 

ABC transporter systems, e.g. the SirABC system in Staphylococcus aureus, which 

mediates the uptake of the APCA siderophore staphyloferrin B (Cheung et al., 2009). 

In close proximity to the EDHA biosynthesis genes, another operon-like structure 

consisting of four putative transporter genes was detected. These four genes, appA-

D, with opposite transcription direction to the EDHA biosynthesis genes are only 

separated from the EDHA operon by a small intergenic region containing the putative 

IdeR binding motif. They exhibited similarity (27 % - 37 %) to AppA-D, an ABC 

transporter system, of Bacillus subtilis and were strictly conserved in species that 

contained the EDHA cluster. In B. subtilis the AppA-D system is able to transport 

tetra‐ and pentapeptides, but no tripeptides and probably also no dipeptides, for 

which B. subtilis has specific dipeptide and tripeptide transporters (Koide and Hoch, 

1994; Levdikov et al., 2005). Although the genome of A. japonicum contains several 

appA-D like systems, none of those is in close proximity to the [S,S]-EDDS 

biosynthesis genes. Assuming a similar specialization of the transporter systems for 

Streptomyces sp. MA5143a, it is likely that the AppA-D-like system is also particularly 

suitable for the transport of tetra‐ and pentapeptides, but not for smaller compounds. 

This would make it probably a fitting uptake system for EDHA, which is more 

aminoacid-like than [S,S]-EDDS, due to the hydroxyarginine extension. Additionally, 

EDHA contains not only two, but five nitrogen atoms and is larger than [S,S]-EDDS. 

Thus an oligopeptide transporter like AppA-D is probably suitable for EDHA while it 

might be ineffectual for the smaller [S,S]-EDDS. However, since no appA-D 

homologue could be identified next to the [S,S]-EDDS-biosynthesis genes, this might 

indicate that A. japonicum uses a different kind of ABC transport system for the [S,S]-

EDDS import. It is reasonable to expect that the transcription of the genes coding for 

the metallophore uptake system will be regulated by the same regulator as the 

transcription of the biosynthesis genes. Since the putative IdeR binding motif is 

located in the small intergenic region between both, the EDHA operon as well the 
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appA-D operon, the regulator may function bi-directionally and regulate both. Thus, to 

prove that the AppA-D-like system of Streptomyces sp. MA5143a might function a 

EDHA uptake system, iron repressed expression of the appA-D genes must be 

confirmed in the future. For A. japonicum, a zinc/Zur repressed ABC-transporter 

system has been identified (Spohn et al., 2016). However, due to its similarity to the 

widely spread zinc uptake system ZnuABC of other bacteria, which are not capable 

of producing [S,S]-EDDS, it is inconclusive whether this is as specialized 

metallophore uptake system.  

 

3.4 Generation of an [S,S]-EDDS overproducing strain for biotechnological 

production 

Although the chemical synthesis of [S,S]-EDDS has been established for decades 

and the advantages of the compound over EDTA are well known, EDTA still 

dominates the market. While EDTA has an annual production/import of up to 10 000 

tons in the EU, EDDS production/import is only about 100 tons per year (European 

Chemicals Agency, 2020c). The main reason for EDDS still remaining a niche 

product, is probably the high market price, as EDDS costs multiple times as much as 

EDTA. However, if the establishment of an economical and sustainable 

biotechnological production of [S,S]-EDDS is achieved, [S,S]-EDDS could replace 

EDTA in many industrial applications. To enable the biotechnological production of 

[S,S]-EDDS while avoiding the disadvantages of a reduced fitness due to the deletion 

of the Zur regulator, the overproduction strain A. japonicum OP2 was generated. In 

this strain, multiple copies of the biosynthesis genes aesA-D under the control of a 

strong constitutive promoter in addition with an enhanced supply of the precursor O-

phosphoserine resulted in a production ten times higher than in the wild type. In a 

bioprocess, A. japonicum OP2 produced up to 9.8 g/L [S,S]-EDDS in 135 h 

fermentation time. This is a significant improvement compared to previous 

experiments with A. japonicum Δzur, where a fed-batch fermentation for 900 h was 

needed to yield 16.3 g/L [S,S]-EDDS (Fig. S3, publication 2). For A. japonicum OP2 

volumetric [S,S]-EDDS productivity was highest in the first 70 h of bioprocess 

reaching 80 mg/L/h, while A. japonicum Δzur yielded only 20 mg/L/h in minimal 

medium (Fig. S1). These results demonstrate that A. japonicum OP2 has an 
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excellent potential for further development of an economically viable [S,S]-EDDS 

bioprocess. However, additional optimization steps, such as fermentation in cheaper 

media, will be needed to contribute to reduced production costs. 

3.5 Zinc influence on the O-phosphoserine production 

The evaluation of the effects observed during the optimization process has provided 

new insights into the Zur/zinc influence on the [S,S]-EDDS biosynthesis. In the strain 

A. japonicum OP1 the native promoter of the [S,S]-EDDS biosynthesis was 

exchanged for the synthetic promoter SP44* to overcome the Zur mediated zinc 

repression of the [S,S]-EDDS biosynthesis. Additionally, a plasmid encoded copy of 

the [S,S]-EDDS biosynthesis genes under control of the same synthetic promoter 

was introduced to further improve production. Elimination of the Zur binding motif in 

the native promoter area by introducing the strong, synthetic promoter was supposed 

to have a double beneficial effect: increasing the [S,S]-EDDS production on the one 

hand, as well as establishing a zinc deregulated, constitutive biosynthesis. These 

steps led to a significant improvement of the [S,S]-EDDS production of the strain 

A. japonicum OP1 compared to previous strains. Furthermore, the strain was 

producing [S,S]-EDDS when grown in the presence of zinc, unlike the wild type. 

However, when the [S,S]-EDDS production titers of the strain A. japonicum OP1 in 

either zinc depleted or zinc supplemented medium were compared more closely, a 

lower [S,S]-EDDS production was observed  in the presence of zinc, indicating that 

zinc still negatively affects the production.   

The strain A. japonicum OP1 was further optimized by introducing an additional copy 

of the two O-phosphoserine/serine biosynthesis genes serA and serC under control 

of another constitutive promoter, resulting in A. japonicum OP2. The introduction of 

additional copies of serA and serC was supposed to increase the intracellular 

concentration of the essential precursor O-phosphoserine and thus to further improve 

[S,S]-EDDS production. Unexpectedly, the [S,S]-EDDS production titers of 

A. japonicum OP2 were similar to those of A. japonicum OP1, when both strains were 

grown in zinc depleted medium. In zinc supplemented medium, production titers of 

both strains differed significantly, though. Whereas A. japonicum OP1 produced 

considerably less [S,S]-EDDS in the presence of zinc, production titers of 

A. japonicum OP2 were similar when grown in either zinc depleted or zinc 
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supplemented medium. Thus, overexpression of serA and serC eliminated the 

negative effect of zinc on the [S,S]-EDDS production observed in A. japonicum OP1. 

Since the overexpression of serA and serC under control of a synthetic promoter 

resulted in a completely zinc deregulated [S,S]-EDDS production in A. japonicum 

OP2, it can be hypothesized that the O-phosphoserine biosynthesis is probably 

influenced by zinc and/or a zinc responsive regulator. Considering Zur being the 

major zinc-sensing regulator, which also controls the [S,S]-EDDS biosynthesis genes 

in A. japonicum WT, the regulator seemed to be a promising candidate to be also 

involved in regulating the O-phosphoserine biosynthesis genes. To investigate 

whether serA and serC were regulated by Zur, the upstream regions of respective 

genes were screened for the deduced ZurA.ja binding motif. However, no Zur binding 

motives could be identified in the respective upstream regions. This indicates that Zur 

is not (directly) involved in the regulation of serA and serC. Furthermore, an 

A. japonicum Δzur OP1 mutant was generated to research any indirect influence of 

Zur on serA and serC. However, when tested, the mutant produced less [S,S]-EDDS 

in the presence of zinc than in the absence of zinc. Thus, A. japonicum Δzur OP1 

exhibited a similar production profile as A. japonicum OP1. These results suggest 

that Zur is not responsible for the lower [S,S]-EDDS production of the strain 

A. japonicum OP1 in presence of zinc. 

The additional copy of serA and serC in A. japonicum OP2 presumably increased the 

availability of the essential [S,S]-EDDS precursor O-phosphoserine. However, an 

effect could only be observed in a medium containing zinc, as [S,S]-EDDS production 

titers remained at the same level in this mutant in the presence as well as in the 

absence of zinc, contrary to production in A. japonicum OP1. This indicates that O-

phosphoserine production displays a bottleneck in [S,S]-EDDS production in 

A. japonicum OP1. It is only limiting in zinc supplemented medium, though. The 

reason for this observation remains unclear. Based on the results obtained so far, 

two hypotheses can be advanced in order to explain the lingering influence of zinc on 

the [S,S]-EDDS production in the strain A. japonicum OP1: Hypothesis A involves 

another, yet unknown zinc sensing regulator in A. japonicum that directly or indirectly 

influences the O-phosphoserine biosynthesis. Hypothesis B though, focuses on the 

general effects zinc deficiency has on the bacterial metabolism, especially on zinc 

dependant metalloenzymes. Inactivity of those enzymes due to zinc deficiency 
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presumably leads to severe changes in the overall growth and metabolic fluxes in 

A. japonicum. As a result of the metabolic flux changes, the availability of the 

precursor O-phosphoserine presumably also varies and influences the [S,S]-EDDS 

production. In the following passages, both hypotheses shall be discussed 

independently from each other in more detail. 

3.5.1 Lrp regulators and their role in amino acid and secondary metabolite 

biosynthesis 

As mentioned above, hypothesis A involves another zinc sensing regulator, which 

directly or indirectly influences the O-phosphoserine biosynthesis. In Escherichia coli, 

the O-phosphoserine biosynthesis genes serA and serC are regulated by a leucine-

responsive regulatory protein (Lrp) (Tuan et al., 1990; Rex et al., 1991; Chen et al., 

1997; Man et al., 1997; Chen and Newman, 1998; Hung et al, 2002). The Lrp 

regulators are widely spread throughout bacteria as well as archaea. They are mainly 

involved in the regulation of amino acid metabolism (Brinkman et al., 2003; Peeters 

and Charlier, 2010). Based on genome annotation, A. japonicum possesses about 

two dozen Lrp-like regulator genes. It can be hypothesised that in A. japonicum the 

transcription of the O-phosphoserine/serine biosynthesis genes serA and serC is 

regulated by one of these Lrp-like regulators. It was recently discovered that in some 

actinobacteria Lrp family proteins are not only involved in the regulation of amino acid 

biosynthesis, but also in the production of secondary metabolites (Liu et al., 2017a; 

Liu et al., 2017b; Xu et al., 2020). SACE_Lrp, a regulator of Saccaropolyspora 

erythraea, indirectly influences the erythromycin production by controlling the 

metabolism of branched-chain amino acids. After deletion of this regulator, the 

uptake of branched-chain amino acids from the medium, as well as their intracellular 

catabolism was promoted, although growth rate was not affected. Compared to the 

wild type, a 19 % increase in erythromycin production was observed in the SACE_Lrp 

deletion mutant. The more efficient uptake of branched amino acids in the deletion 

mutant resulted presumably in an increased production of propionyl-CoA and 

methylmalonyl-CoA, both building blocks of the polyketide erythromycin. (Liu et al., 

2017a). An Lrp regulator with high similarity to SACE_Lrp of S. erythraea influences 

not only morphological differentiation, but also actinorhodin production in 

Streptomyces coelicolor (Liu et al., 2017b). More recently, the regulator SLCG_Lrp 

has been reported to directly activate the transcription of lincomycin A biosynthesis 

genes in Streptomyces lincolnensis. Additionally, the SLCG_Lrp regulator indirectly 
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affects the production by regulating an amino acid exporter, which controls the 

intracellular concentration of the lincomycin A precursors proline and cysteine (Xu et 

al., 2020). All these examples show that the production of secondary metabolites can 

be influenced by Lrp regulators, although the molecular mechanisms differ 

considerably. Further research is needed to determine whether the serine 

biosynthesis genes of A. japonicum are also regulated by a member or the Lrp family 

and whether there is a similar interaction between primary and secondary 

metabolism in A. japonicum as in S. erythraea. The transcription of serC and serA 

may be slightly downregulated in the presence of zinc, as no O-phosphoserine is 

required for [S,S]-EDDS production. This regulation might be due to an Lrp regulator 

interacting with another yet unknown zinc-sensing regulator. 

 

3.5.2 Effects of zinc deficiency on the proteome and on the metabolic fluxes 

Another possible explanation could be that there is no zinc responsive regulation of 

O-phosphoserine biosynthesis at all, neither by Zur nor by any other zinc regulator. 

Transcriptomic analysis did not reveal a significant influence of zinc on the 

transcription levels of serA and serC so far (unpublished data), leading to hypothesis 

B:  When A. japonicum suffers from zinc deficiency, the bacterial proteome and thus 

metabolic fluxes undergo severe changes, which indirectly also affect O-

phosphoserine availability. 

Based on bioinformatic analysis, about 6 % of the bacterial proteome consists of 

putative zinc binding metalloproteins (Andreini et al., 2009), which are probably 

effected by a zinc deficiency. Unfortunately, little is known about most of these 

proteins regarding their regulation or functionality. Since there are not many well-

studied examples throughout bacteria, it is almost impossible to predict the changes 

of the bacterial zinc proteome during zinc limitation. However, when A. japonicum WT 

is cultivated in zinc depleted minimal medium, biomass production within three days 

of cultivation is lower (12.8 ± 4.9 g/L dry cell weight, n = 3) compared to cultivation in 

zinc containing medium (19.7 ± 2.7 g/L dry cell weight, n = 3). This indicates that the 

cells do indeed undergo metabolic changes, probably caused by the altered zinc 

proteome. An exception where zinc limitation and its effect on zinc proteins is well 

documented are ribosomal (metallo)proteins. During investigations of the Zur 



Discussion 
 

51 

regulons, a number of paralogous genes encoding for ribosomal proteins were 

discovered in many bacteria (Lindsay and Foster, 2001; Macia et al., 2007; Owen et 

al., 2007; Li et al., 2009; Smith et al., 2009; Dowd et al., 2012; Pawlik et al., 2012; 

Lim et al., 2013; Eckelt et al., 2014; Gilston et al., 2014; Mazzon et al., 2014; 

Mortensen et al., 2014; Sheng et al., 2015). The Zur/zinc repressed genes code for 

non-zinc-requiring paralogues of the ribosomal proteins L31, L33, L36, and S14. 

These ribosomal proteins, which are usually expressed under zinc replete conditions, 

contain a zinc binding motif (CxxC motif) in contrast to their Zur regulated paralogues 

(Makarova et al., 2001). In B. subtilis, the Zur-repressed ribosomal protein 

paralogues are expressed under zinc limited conditions. They are able to take over 

the function of the cognate zinc binding ribosomal proteins (Nanamiya et al., 2004; 

Akanuma et al., 2006; Gabriel and Helmann, 2009; Nanamiya and Kawamura, 2010). 

As a consequence, the zinc containing ribosomal proteins are released from the 

ribosome into the cytoplasm. Hence, it is hypothesized that the bound zinc can be 

mobilized and redistributed. Due to the high amount of ribosomal proteins present in 

the cell, ribosomal proteins probably account for a large proportion of the intracellular 

zinc pool. Thus, the ribosomal proteins might serve as emergency reservoir for zinc 

(Panina et al., 200; Akanuma et al., 2006; Gabriel and Helmann, 2009).  

Having zinc independent substitutes for essential, zinc requiring proteins, e.g. as 

ribosomal proteins, is one failsafe design to cope with severe zinc deficiency. It is not 

the only option, to prevent a kind of metabolic blackout in case of zinc deficiency, 

though. For some metalloenzymes it has been shown that they can retain their 

structural integrity and activity using alternate divalent metal ions. However, there is 

probably not a failsafe design for every, zinc requiring enzyme. In cases where 

neither enzyme substitution nor alternate metalation occurs, enzymatic reactions 

catalysed by zinc metalloenzymes are probably jeopardized. Hesketh et al. (2009) for 

example hypothesized that a zinc-dependant biosynthetic enzyme, which cannot be 

functional without zinc, might play a crucial role in undecylprodigiosin (Red) and 

actinorhodin (Act) production in S. coelicolor and causes the antibiotic production to 

stop when the production medium is depleted of zinc. For Red as well as Act 

production it was shown that intracellular zinc concentration affected production 

levels. Act production was even reported to be barely detectable in minimal medium 

without supplementation of zinc (Hesketh et al., 2009). Although the molecular 

context is not fully elucidated yet, the Zur regulator does not seem to be directly 
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involved in regulating the Act or Red biosynthesis. However, culture conditions 

leading to the expression of the zincophore cluster coelibactin, which is regulated by 

the zinc-sensing Zur and the MarR-like regulator AbsC, correlated with the 

downregulation of the Act and Red biosynthesis in S. coelicolor. Although none of the 

enzymes involved in the Red biosynthesis has been reported to be zinc-dependant, a 

polyketide cyclase/dehydratase encoded by actVII (SCO5090), which is essential in 

the Act biosynthesis, was predicted to need zinc for activity (Fernandez‐Moreno et 

al., 1992).  

Even though the final proof is still lacking, Act biosynthesis seems to be an example 

for zinc deficiency causing a change in the metabolic production profile due to non-

functional zinc metalloproteins. Similar to Act production of S. coelicolor, non-

functional zinc proteins might affect the secondary metabolism in A. japonicum and 

the [S,S]-EDDS-production. However, in the case of [S,S]-EDDS-production, zinc 

deficiency seems to have a positive effect on the production. In zinc depleted [S,S]-

EDDS production medium, [S,S]-EDDS production by A. japonicum is higher, 

although the fitness of the strain declines due to zinc limitation. Since this effect can 

be compensated by overexpression of the serA and serC genes, O-phosphoserine 

merely seems to be a limiting resource under optimal/zinc supplemented growth 

conditions. Under these improved growth conditions, more metabolic pathways, e.g. 

antibiotic production, may compete for O-phosphoserine and the immediate 

downstream product serine. As a consequence, the availability of O-phosphoserine 

for [S,S]-EDDS synthesis might be significantly lower under zinc-saturated growth 

conditions. Under zinc depleted conditions, some metabolite pathways may be 

blocked and [S,S]-EDDS production is likely benefiting from released (O-

phosphoserine/serine) resources.  

Regardless of the reason for the lower [S,S]-EDDS production in mutant strains such 

as A. japonicum OP1 when cultivated in the presence of zinc, it has been shown that 

merely overexpressing the biosynthesis genes of secondary metabolite clusters is not 

a sufficient method to achieve high levels of production. An undersupply of 

precursors is often the bottleneck that needs to be eliminated. Therefore, an in-depth 

knowledge of the interaction of pleiotropic regulators of the primary and secondary 

metabolism, e.g. Lrp-regulators or Zur, is absolutely necessary. Overexpression or 

deletion of such global players may have beneficial effects on genes necessary for 
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the production of the desired secondary metabolites. However, at the same time a 

multitude of unrelated genes can also be affected. A deletion of the Zur-regulator in 

A. japonicum will probably impact the entire metabolism, and interfere, for example, 

with ribosome biogenesis and protein biosynthesis, as well as spore formation. The 

deletion of the Zur-regulator in A. japonicum allowed to study the regulation of [S,S]-

EDDS biosynthesis and led to the construction of the first “zinc deregulated” [S,S]-

EDDS producer. Since this mutant suffered from reduced physical fitness, it was not 

an ideal candidate for further metabolic engineering, though. In order to optimize the 

production of a secondary metabolite, it is therefore essential to consider the cell as a 

whole and to decide individually from case to case which screws need to be turned to 

achieve the greatest effect. This requires detailed knowledge of the regulation and 

metabolic fluxes. 
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5.1 Publication 1 

Identification of a novel aminopolycarboxylic acid siderophore gene 

cluster encoding the biosynthesis of ethylendiaminesuccinc acid 

hydroxyarginine (EDHA) 
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5.2 Publication 2 

Metabolic engineering of Amycolatopsis japonicum for optimized 

production of [S,S]-EDDS, a biodegradable chelator 
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