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1. Zusammenfassung  

 

Aconitasen gehören zu den wichtigsten Enzymen der zentralen 

Stoffwechselwege in Citrat- und Glyoxylat-Zyklus und katalysieren hier die 

Isomerisierung von Citrat zu Isocitrat über cis-Aconitat. Zusätzlich zu ihrer 

katalytischen Funktion besitzen Aconitasen in einigen Fällen auch eine 

regulatorische Funktion. Unter Eisenmangelbedingungen oder oxidativem 

Stress verliert das [4Fe-4S]- Cluster ein Fe2+-Ion und Aconitase somit auch ihre 

katalytische Funktion. In diesem Zustand ist die Aconitase regulatorisch aktiv 

und kann als Iron Regulatory Protein (IRP) an sogenannte Iron Responsive 

Elements (IREs), die auf mRNAs lokalisiert sind, binden und deren Expression 

posttranskriptional regulieren.  

In dieser Arbeit wurde die Aconitase aus S. viridochromogenes Tü494 (AcnA) 

untersucht, weil man davon ausging, dass es eine Verknüpfung  zwischen 

primären- und sekundären Metabolismus herstellen kann. Die S. 

viridochromogenes Aconitase-Mutante (MacnA) hat einen 

Differenzierungsdefekt, der durch das Ausbleiben von Sporulation, 

Luftmycelbildung und fehlende Antibiotikaproduktion gekennzeichnet ist. Diese 

Mutante ist außerdem empfindlich gegenüber oxidativem Stress und 

Hitzestress.   

Mit Hilfe von in silico Analysen konnten konservierte IRE-Motive in S. 

viridochromogenes-Genom identifiziert und deren Funktionalität in RNA-

Gelshift-Experimenten mit aufgereinigter Aconitase verifiziert werden. 

Außerdem wurde erstmalig durch Immunoblot-Experimente gezeigt, dass AcnA 

die Menge des RecA Proteins, die erforderlich ist um DNA-Schäden unter 

oxidativem Stress zu reparieren, regulatorisch beeinflusst. Diese Ergebnisse 

wurden zusätzlich durch RT-PCR-Experimente bestätigt. Vergleichende 

Proteom-Analysen lieferten neuartige in vivo Beweise für eine regulatorische 

Funktion  der Aconitase in S. viridochromogenes unter oxidativem Stress. 
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2. Summary 

 

Aconitases are one of the major enzymes in tricarboxylic acid and glyoxylate 

cycles but in some cases also can act as regulators on post-transcriptional 

level. As enzymes they catalyze the interconversion of citrate to isocitrate via 

cis-aconitate. However, under conditions of iron starvation or oxidative stress 

the [4Fe-4S] cluster is disassembled and aconitases function as post-

transcriptional regulators that bind specific mRNA secondary structures known 

as iron responsive elements (IREs). In this study the aconitase from S. 

viridochromogenes Tü494 (AcnA) was analyzed, since it was assumed that this 

protein may constitute a linkage between primary and secondary metabolism. 

The S. viridochromogenes aconitase mutant (MacnA) is unable to develop 

aerial mycelium, to sporulate or to produce antibiotic. This mutant is also highly 

sensitive to oxidative stress and higher temperatures. 

In silico analysis of the S. viridochromogenes genome revealed the presence of 

several conserved IRE-like structures. In this study, their functionality was 

validated in electrophoretic mobility shift experiments. It could be shown that 

AcnA from S. viridochromogenes is an RNA binding protein and exhibits 

regulatory function on post-transcriptional level. Furthermore, the previously 

suggested AcnA-mediated regulation of the synthesis of recombinase A (RecA), 

which is required to repair DNA damage under oxidative stress, was confirmed. 

It was shown that the recA transcript is more stabile under oxidative stress in 

the WT than in MacnA. The proteomic approach provided new in vivo evidence 

for AcnA-mediated regulation under oxidative stress conditions and allowed to 

identify proteins, of which the expression may be associated with the impaired 

defense of MacnA against free radicals.
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3. Introduction 

3.1. The genus Streptomyces 

The genus Streptomyces belongs to the order of Actinomycetales, which are 

Gram-positive, obligatory aerobic, filamentous bacteria. Streptomyces evolved 

about 450 million years ago as organisms adapted to the decomposing of 

organic elements (Chater, 2006). In this way they are the most abundant 

organisms among soil bacteria and they play an important role in soil 

biodegradation by secreting exoenzymes which catabolize polymers in dead 

plant, animal and fungal material (Hodgson, 2000; McCarthy and Williams 

1992). This makes Streptomyces the key organisms in carbon recycling. 

Characteristic for these microorganisms is a high G+C content (apx.70%) of the 

relatively large genome (8 – 10 Mb) and a complex life cycle. 

The lifestyle of Streptomyces is very similar to that of filamentous fungi. The 

morphological differentiation starts with an arthrospore. These spores are 

resistant to drought but are much less resistant to chemicals and heat than the 

spores from Bacillus species (Ensign, 1978). Under favorable conditions and 

nutrient availability the spores start to germinate. The germ tubes grow by tip 

extension to form substrate (vegetative) mycelium. The vegetative hyphae are 

divided by cross walls, thus Streptomyces are a rare example of multi-cellular 

prokaryotes. In response to nutrient depletion or other stress conditions the 

aerial mycelium is formed and the onset of secondary metabolism takes place 

(Flärdh and Buttner, 2009). Most of the cells in substrate mycelium die during 

aerial mycelium formation. This allows the aerial mycelium to reuse biomass 

from the degraded substrate mycelium (Méndez et al., 1985). The aerial 

mycelium further differentiates into chains of hydrophobic spores. In liquid 

culture most of the Streptomyces grow only as vegetative mycelium and do not 

sporulate. One of the seldom exceptions is Streptomyces griseus that 

sporulates also in liquid culture (Glazebrook et al., 1990).  

Streptomyces undergoe also physiological differentiation what enables them to 

produce a variety of secondary metabolites including antibiotics. Streptomyces 

are known to be the most efficient producers of natural antibiotics (Watve et al., 
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2001). The genes encoding enzymes involved in antibiotic production are 

generally clustered (usually 20-30 genes) and are associated with regulatory 

and resistance genes (van Wezel and McDowall, 2011; Nett et al., 2009). The 

antibiotic production is growth phase-dependent and under not yet fully 

understood control. The specific control of antibiotic production and aerial 

hyphae formation includes regulatory proteins and extracellular factors such as 

γ-butyrolactone signaling molecules. The formation of antibiotics is also 

controlled by the availability of nitrogen, phosphorous or carbon (Sánchez et al., 

2010).  

Industrially important secondary metabolites derived from Streptomyces include 

e.g. therapeutics used in medical treatment (ertythromycin, streptomycin, 

tetracycline) (Watve et al., 2001), antitumor drugs (anthracyclines (Minotti et al., 

2004), bleomycin (Umezawa et al., 1966)), enzyme inhibitors with potential 

utilization in medicine and agriculture (chymostatin) (Umezawa et al., 1970), 

immunosuppressants (rapamycin) (Vézina et al., 1975), antiparasitics 

(avermectins) (Burg et al., 1979) or herbicides (phosphinothricin tripeptide=PTT) 

(Bayer et al., 1972).   

 

3.2. Peptide antibiotics 

Antibiotics are a biologically and chemically diverse group of compounds. They 

can be classified according to different criteria, such as origin, biological effects, 

mode of action or chemical structure. Classifications according to the chemical 

structure divide antibiotics in e.g. β-lactam antibiotics, aminoglycoside 

antibiotics, polyketide antibiotics, peptide antibiotics, etc. (Bérdy, 2005; Gräfe, 

1992).  

Peptide antibiotics may consist of proteinogenic amino acids but also of non-

proteinogenic amino acids, D-amino acids, hydroxy acids or other unusual 

building blocks. In addition they may be modified by N or C methylation, 

cyclization, etc. (Kleinkauf and von Döhren, 1990). According to the mechanism 

of biosynthesis they can be divided into two groups: the one that are 

synthesized by ribosomes (lantibiotics) or these that are synthesized by 

multifunctional enzyme complexes called nonribosomal peptide synthethases 

(NRPS) (nonribosomally synthesized peptide antibiotics). Antibiotics build with 
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more than 20 amino acids are usually synthesized by ribosomes and use 

mRNA as a template to guide the synthesis. Peptide antibiotics composed of 

oligopeptides (less than 20 amino acids) are formed primarily by NRPSs. 

NRPSs consist of molecular modules, of which each is responsible for the 

incorporation of one defined monomer into the peptide chain (Fig.1). A single 

module is composed out of catalytic domains, such as: adenylation (A) domain-

responsible for the selection and activation of the amino acid; thiolation or 

peptidyl carrier protein domain (PCP)-responsible for the propagation of the 

peptide chain; condensation (C) domain-responsible for the condensation of the 

amino acid by formation of the peptide bound; and a thioesterase (TE) domain 

associated with the product release. The TE domain is located in the 

termination module and releases the peptide by hydrolysis or macrocyclization 

(Strieker et al., 2010; Kopp and Marahiel, 2007).   

 

 

The initiation of the NRP biosynthesis starts with the activation of the first amino 

acid as aminoacyl-AMP by the adenylation domain (A). This domain has a high 

substrate specificity. Each A domain comprises a large N-terminal core domain 

and a small C-terminal subdomain (Asub). The cycle starts with the open 

conformation of the A domain where Asub is far from the active site. Such open 

structure is able to bind the amino acid and ATP. Upon docking of the amino 

acid and ATP, an adenylating intermediate is formed and the conformation of A 

domain is closed. The activated amino acid is converted into a thioester and 

Fig. 1 Mechanism of 

nonribosomal peptide (NRP) 

synthesis.  

(1) Activation of amino acid 

as aminoacyl-AMP. (2) 

Transfer of the amino acid 

onto the PCP domain. (3) 

Condensation of PCP-bound 

amino acids. (4) Possibility 

of amino acid modifications.     

(5) Transesterification of the 

peptide chain from the 

terminal PCP onto the TE 

domain. (6) TE-catalyzed 

product release (Strieker et 

al., 2010). 
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attached to the PCP domain. This transfer leads to the rotation of Asub back to 

an open conformation. Important is that each peptidyl carrier protein (PCP) 

must be modified by a phosphopantetheinyl group that is covalently bound to a 

specific, highly conserved serine residue (GGXS). This process is called 

priming. The phosphopantetheinyl arm is used for attachment of the amino acid 

residue. During PCP phospantetheinylation some mispriming events can occur, 

which may interrupt the NRP assembly. These misprimed PCP species are 

repaired by type II thioesterases (TEII) (Koglin et al., 2008). The elongation of 

the polypeptide chain is performed by the mutual interactions of condensation 

(C), adenylation (A) and PCP domain. The activated carboxyl group of the last 

amino acid is transferred to the amino group of the next amino acid what results 

in an N-to-C condensation. It is not fully elucidated how the condensation 

domain is involved in the formation of the peptide bond but a conserved double 

histidine motive seems to be essential (Stachelhaus et al., 1998). Once, the 

polypeptide chain reaches its final length, a specialized C-terminal thioester 

domain I (TEI) catalysis the product release by hydrolysis or cyclization. A 

number of modifications of polypeptide chain may occur.  This can be done by 

the activity of cyclases, methyltransferases, dehydratases or epimerases that 

are localized on the additional domains (Keating and Walsh, 1999). 

3.3 S. viridochromogenes Tü494 

S. viridochromogenes Tü494 is the producer of the nonribosomally assembled 

peptide antibiotic phosphinothricin-tripeptide (PTT). A structurally identical 

tripeptide, called bialapos, is produced by Streptomyces hygroscopicus 

ATCC21767 (Kondo et al., 1973). These two species are taxonomically distinct 

and were isolated from different parts of the world but they use very similar 

enzymes for PTT production (Hara et al., 1991). The entire PTT gene cluster 

(appx. 33 kb, 24 genes) was identified and sequenced (Alijah et al., 1991; 

Blodgett et al., 2005; Schwartz et al., 2004). PTT (bialaphos) consists of two 

molecules of L-alanine linked to the nonproteinogenic amino acid 

phosphinothricin (PT). Interestingly, PT possesses a C-P-C bond that is rare in 

natural compounds. The bioactive compound PT is a structural analogue of 

glutamic acid and thus competitively inhibits bacterial and plant glutamine 
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synthetases. However, the glutamic acid uptake systems in bacteria are very 

specific and they do not accept phosphinothricin as a substrate. Bacterial cells 

are able to incorporate this antibiotic in the form with di-alanine residue. The 

transport of the tripeptide antibiotic into the bacterial cells occurs via 

oligopeptide transport systems. Inside the cell, PTT is hydrolyzed by peptidases 

and the PT moiety is released (Diddens et al., 1976). The accumulation of PT 

leads to the fatal accumulation of ammonium which inhibits photosynthesis in 

plants. Due to this phenomenon, this antibiotic can be used as herbicide. The 

ammonium salt of L/D phosphinothricin is industrially produced as Basta® and 

the PTT tripeptide is available as Herbiace®. Also PT-resistant transgenic 

plants have been generated by use of the resistance gene pat from the PTT 

biosynthetic gene cluster of S. viridochromogenes or bar from S. hygroscopicus. 

These resistance genes encode demethylphosphinothricin acetyltransferase 

(DPAT), which confers the antibiotic resistance by acetylation of 

phosphinothricin. Interestingly the same enzyme is also an integral part of the 

PTT biosynthetic pathway (Wohlleben et al., 1988; Thompson et al., 1987; 

Kumada et al., 1988).  

3.4. PTT biosynthesis 

The PTT biosynthetic pathway was proposed after investigation of accumulated 

and converted intermediates in a set of S. hygroscopicus PTT-non producing 

mutant. The alanine residues are delivered from primary metabolism while the 

nonproteinogenic amino acid PT is synthesized via the 

demethylphosphinothricin (DMPT) intermediate in secondary metabolite 

biosynthesis (Schwartz et al., 2004) (Fig.2). 

24 genes involved in PTT biosynthesis were identified within the cluster 

(Blodgett et al., 2005; Schwartz et al., 2004). PTT is assembled nonribosomally 

by peptide synthetases. The inactivation of peptide synthetases in S. 

viridochromogenes (phsA, phsB, phsC) resulted in non-PTT-producing mutants 

(Schwartz et al., 2004; Schwartz et al., 1996). The role of PhsA is the activation 

of PT precursor N-acetyl-demethylphosphinothricin N-Ac-DMPT (or alternatively 

the methylated PT precursor N-acethyl-phosphinothricin N-Ac-PT). The PhsB 

and PhsC function as the elongation modules and activate alanine residues. 
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What is unusual about nonribosomal synthesis of PTT is that all three peptide 

synthetase genes encode only one peptide synthetase module, while normally 

NRPSs are multimodulare enzymes. These three genes are not clustered but 

are located at different positions in the PTT gene cluster. Furthermore, the 

thioesterase function domains, which usually are located on the C-terminus of 

PhsB or PhsC, in this case are located on separate proteins (encoded by two 

external thioesterase genes: theA, theB). Surprisingly, in the N-terminus of 

PhsA highly conserved thioesterase motif GXSXG was identified but the region 

surrounding the motif does not show homology to other thioesterases domains. 

However, the deletion of this motif in PhsA causes lack of PTT production. This 

might suggest that the TE motif is required for PTT production. Probably it 

releases PTT from NRPS complex (Eys et al., 2008).  This unique organization 

of NRPSs components, involved in PTT biosynthesis, represents perhaps an 

archetype of the well known multimodular peptide synthesis. Possibly such 

evolutionary step allowed for more effective antibiotic production (Schinko et al., 

2009).  

 

 
Fig.2 Postulated PTT biosynthetic pathway (Schwartz et al., 2004). 
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3.5. The characteristics of aconitases from S. viridochromogenes Tü494 

Aconitase (citrate (isocitrate) hydro-lyase, EC 4.2.1.3) is one of the key 

enzymes in tricarboxylic acid cycle (TCA). The TCA cycle plays a significant 

role in Streptomyces growth and development. This cycle provides reducing 

equivalents important for oxidative stress defense, energy generation and 

biosynthetic reactions, along with precursors for lipid and amino acid synthesis. 

Aconitase is an enzyme that catalyzes one of the initial steps in TCA: the 

stereo-specific isomerization of citrate to isocitrate via cis-aconitate. First, citrate 

is recognized by aconitase and dehydrated to stabile cis-aconitate. Then the 

product is released, turns by 180˚ and binds to aconitase again. The aconitate 

is rehydrated and finally forms isocitrate (Lloyd et al., 1999). 

Aconitase from S. viridochromogenes, similarly as all other aconitases, possess 

the [4Fe-4S] cluster, which is present in the active site of the enzyme. 

Aconitases are composed out of four domains. Three domains, forming a base 

triangle, are located around the catalytic center and the fourth domain is 

localized on the top of the active site (Dupuy et al., 2006). Aconitases can be 

classified in three groups depending on the position of the peptide linker, which 

binds the three base domains with the domain on the top (Fig. 3) (Gruer et al., 

1997). Group A includes the aconitase type A from prokaryotes, mitochondrial 

(mAcn) and cytosolic (cAcn) aconitases from eukaryotes, as well as iron 

regulatory proteins (IRPs) (Lauble et al., 1994). Aconitase type B, that 

possesses an additional fifth domain, is found in Gram-negative bacteria, such 

as E. coli or Helicobacter pylori (Williams et al., 2002). The C group, which lacks 

any linker at all, contains isopropylmalate aconitase (IPMI), homoaconitases 

and Aconitase X from Archaea (Yasutake et al., 2004). 

 

 

 

Fig.3 Domain organization of the members of the aconitase family (Schinko et al., 2009). 

Group A Group B Group C 



INTRODUCTION 

 

 

15 

 

In the substrate free aconitase the [4Fe-4S] cluster is ligated to cysteine 

residues via three out of four Fe atoms. The fourth Fe atom contains a hydroxyl 

group, which is the site of substrate interaction. Binding of substrate leads to the 

protonation of this hydroxyl group, which increases the coordination number of 

Fe from four to six. It is known that at least 23 amino acid residues from all four 

domains of aconitase contribute to the function of the active site. All the 

residues involved in [4Fe-4S] cluster formation, substrate recognition and 

catalysis have been identified (Lloyd et al., 1999; Lauble et al., 1992; Lauble et 

al., 1994). 

In addition to the aconitase from primary metabolism, S. viridochromogenes 

possesses an additional aconitase-like enzyme called Pmi 

(phosphimomethylmalate isomerase). This enzyme drives the isomerization of 

phosphinomethylmalate to isophosphinomethylmalate during the biosynthesis of 

PTT. AcnA and Pmi show 55% similarity on protein sequence level. Also the 

two corresponding reactions catalyzed by these enzymes are highly similar. 

However, AcnA and Pmi probably cannot substitute for each other. 

(Heinzelmann et al., 2001; Schinko et al., 2009). Beside that, the two enzymes 

are presumably differently regulated, since their promoter regions show no 

similarities. The transcription of pmi is influenced by the pathway specific 

activator PrpA, whereas the promoter region of acnA includes binding sites for 

global regulators, such as Fur or MarR that are known to be involved in iron 

stress response (Heinzelmann et al., 2001; Schinko et al., 2009). Probably 

AcnA and Pmi evolved from some ancient aconitase gene by gene duplication 

and thus represent an example of evolution of secondary metabolism specific 

enzyme from primary metabolism enzyme (Heinzelmann et al., 2001). The 

occurrence of secondary metabolism genes with counterparts in primary 

metabolism was also identified e.g. in S. coelicolor for the acyl carrier protein 

acpP gene in actinorhodin biosynthesis or for the p-aminobenzoate synthase 

gene pabAB in folic acid and chloramphenicol biosynthesis in S. venezuelae 

(Revill et al., 1996; Brown et al., 1996).     

 

 



INTRODUCTION 

 

 

16 

 

3.6. Oxidative stress and the role of iron regulatory proteins (IRPs) 

Iron is necessary for all living organisms but exhibits also a potential toxicity. 

Therefore, uptake and storage of iron is a very important cellular function. 

During oxidative stress but also as a side product of aerobic growth, reactive 

oxygen species are formed. The cellular iron level and oxidative stress are often 

regulated together in Fenton reaction. This reaction is catalyzed by iron ions 

and these use hydrogen peroxide and superoxide anions (.O2-) as substrates. 

As a consequence reactive radicals are produced that damage DNA and 

organic compounds in the cell. In bacteria the stress response is controlled 

primarily by transcriptional regulators, such as Fur (regulator of iron 

metabolism), SoxRS (regulator of superoxide dismutase), OxyR (regulator of 

antioxidant genes), FNR (regulator of genes involved in adaptation to growth 

under oxygen limiting conditions) or MerR (multiple regulator) (Pohl et al., 2003; 

Demple, 1991; Kiley and Beinert, 1998; Brown et al., 2002). However, one of 

the mechanisms helping to overcome the problem of oxidative stress and iron 

storage involves the action of iron recognition proteins (IRPs). 

In mammals IRP1 (the cytoplasmic aconitase) is such a protein. All bacterial 

aconitases are related to IRPs from mammals. IRPs have a catalytic activity but 

also show regulatory function. Under iron sufficiency conditions IRPs act as 

enzymatically active aconitase but when the iron concentration decreases, the 

[4Fe-4S] cluster of aconitase is disassembled and the enzyme loses its catalytic 

activity. As a consequence of this structural change, the protein becomes 

opened and accessible for the binding to specific sequences: iron responsive 

elements (IREs) (Dupuy et al., 2006). IREs are stem-loop structures of 

ribonucleotides that are located on the untranslated regions (URTs) of mRNAs 

encoding genes involved in iron metabolism, oxidative stress response or 

morphological differentiation. For IRP1 it has been shown that its binding to the 

5’ end of UTRs inhibits translation, while binding to the 3’ end stabilizes the 

transcript by protecting it from ribonucleases and thus promotes translation 

(Muckenthaler et al., 2008). The IRE sequences of all eukaryotes are 

conserved. They consist of five bases forming a CAGUG loop, five unspecific 

bases forming the stem and a cytosine (C) at the bulge position. IRPs bind to 

IREs through the loop region and through the C that forms the bulge on the IRE 
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stem (Henderson et al., 1994). In prokaryotic cells, the IRE loop sequence can 

differ from the consensus sequence of eukaryotes (Tang and Guest, 1999; Alen 

and Sonenshein, 1999; Banerjee et al., 2007). Additionally, instead of the 

typical C at the bulge position also an ‘A bulge’ can form a functional IRE 

sequence (Henderson et al., 1994) (Fig.4). For several bacterial organisms 

including Escherichia coli, Bacillus subtilis or Mycobacterium tuberculosis it has 

been shown that their aconitases also possess a regulatory function (Tang and 

Guest, 1999; Alen and Sonenshein, 1999; Banerjee et al., 2007). In S. 

viridochromogenes both, AcnA and Pmi harbor a conserved motif 

(DLVIDHSIQVD) on the N-terminus of the respective proteins that is involved in 

IRE interaction (Schinko et al., 2009). However, only AcnA exhibits a clear 

regulatory activity (Schinko et al., 2009). 

 

 

 

 

3.7. Regulatory activity of aconitases in Gram-negative and Gram-positive 

bacteria  

Two phylogenetically distinct aconitases were isolated from E. coli: AcnA and 

AcnB. AcnA is expressed during stationary phase and is specifically induced by 

iron and oxidative stress. AcnB is synthesized during exponential growth, shows 

higher catalytic activity but is less stable than AcnA. Due to the higher activity, 

AcnB is considered to be the major TCA cycle aconitase. Both of them, 

regardless to their catalytic activity, exhibit also regulatory functions (Tang and 

Guest, 1999). AcnB shows a different organization of the protein domains 

because it contains a fifth HEAT-like domain. Nevertheless, AcnB is still highly 

Fig. 4 The examples of the secondary IRE structures, from S. viridochromogenes genome, with 

different loop sequences and bulge positions. 
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conserved at the active site. In other proteins the HEAT domain is involved in 

protein-protein communications, thus it is possible that in AcnB this domain 

provides a surface for such interactions (Williams et al., 2002). Moreover, AcnB 

form homodimers. The formation of these homodimers requires iron, while the 

binding to mRNA is inhibited by iron. Thus, it was proposed that the monomer-

dimer formation mediated by the concentration of iron is involved in switching 

between the catalytic and regulatory form of this protein. Interestingly, in this 

case the iron availability is not sensed by the [4S-4Fe] cluster but by a 

regulatory side located in domain 4. It was suggested that the dimer acts 

catalytically and the monomer as a post-transcription regulator (Tang et al., 

2005). What is more, for E. coli it has been shown that the synthesis of AcnA 

and AcnB is positively autoregulated at post-transcriptional level. AcnA and 

AcnB interact with 3’ UTRs of the acnA and acnB mRNA under oxidative stress 

conditions. Apo-AcnB shows a higher affinity to acn 3’ UTRs than apo-AcnA. 

Thus, AcnB plays the major role in response to oxidative stress by enhancing 

the synthesis of the more stable AcnA for survival purposes (Tang and Guest, 

1999). Moreover, AcnA and B have an opposite effect on the synthesis of 

superoxide dismutase (SodA). The stability of the sodA transcript is reduced by 

AcnB but enhanced by AcnA. By modulating the translation of sodA expression, 

aconitases in E. coli protect the cells against the basal level of oxidative stress 

(Tang et al., 2002). 

It has been shown that also aconitases from Gram-positive bacteria, such as 

that of B. subtilis exhibit bifunctional activity. In B. subtilis the aconitase is 

encoded by a single gene citB. The product of this gene can specifically bind to 

IRE-like sequences located on the mRNA of some iron related genes, such as 

goxD, coding for an iron containing protein cytochrome aa3 oxidase, and feuAB, 

coding for receptors of iron (Alén and Sonenshein, 1999). It is known that the 

catalytic activity of the aconitase is required for the initiation of sporulation 

(Craig et al., 1997). A null mutation of citB causes accumulation of citrate and a 

block of genes expression which are dependent on Spo0A-the major 

transcription factor for early sporulation-specific genes. It has been suggested 

that citrate sequesters divalent cations that are needed for phosphorelay 

system involved in the activation of Spo0A (Craig et al., 1997). This dysfunction 
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is related to the lack of the catalytic activity of aconitase. However, late 

sporulation requires a second function of aconitase. When the site-directed 

mutagenesis was used to create a B. subtilis aconitase mutant that retained 

catalytic activity but lost RNA binding activity, the resulting strain had a defect at 

the late stage of sporulation. Furthermore, in vitro experiments have shown that 

B. subtilis aconitase can bind to 3’ UTR of greE mRNA and stabilize the 

transcript. GreE is a transcription regulator of many genes required for the late 

sporulation. In this case the lack of regulatory activity of aconitase is 

responsible for the improper spore formation (Serio et al., 2006). 

In M. tuberculosis the aconitase is encoded by a single copy of the acn gene. 

Acn is a monomeric, bifunctional protein. In gel retardation assays it has been 

shown that M. tuberculosis can bind to known mammalian IRE-like sequence, 

as well as to 3’ UTR of thioredoxin (trxC) and 5’ UTR of the iron-dependent 

repressor and activator IdeR (ideR), present in the M. tuberculosis genome 

(Banerjee et al., 2007). 

In some pathogenic bacteria, such as Staphylococcus aureus, Xanthomonas 

campestris pv. campestris, or Pseudomonas aeruginosa, aconitases are 

involved in the regulation of the production of pathogenicity factors (Somerville 

et al., 1999; Wilson et al., 1998). It has been shown for S. aureus that the 

aconitase mutant enters earlier into stationary phase and produces lower 

amount of virulence factors (Somerville et al., 2002). Furthermore, in the mouse 

tissue infection model, the S. aureus aconitase mutant caused the decreased 

production of bactericidal oxidants, such as nitric oxide (NO.). Therefore, it has 

been speculated that aconitase disruption may alert the host’s response to the 

bacteria (Massilamany et al., 2011). In Salmonella enterica serovar 

Typhimurium AcnB regulates the flagellum protein (FliC) synthesis on post-

transcriptional level. Consequently, the acnB mutant possesses less flagellum, 

is less motile and exhibits impaired binding to the surface of macrophage-like 

cells (Tang et al., 2004). 
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Objectives 

 

The goal of this study is to analyze the regulatory function of aconitase from S. 

viridochromogenes Tü494. Gel shift assays aim to validate the functionality of in 

silico identified iron regulatory motifs (IREs) and to show that AcnA from S. 

viridochromogenes is an RNA-binding protein. It is also in focus to analyze if the 

interaction between aconitase and IREs is sequence specific and requires 

secondary structure of RNA. 

Another objective of this work is to provide in vivo evidence for the AcnA-

mediated post-transcriptional regulation of the recombinase A (RecA) synthesis, 

which is required to repair DNA damage under oxidative stress. The RT-PCR 

analysis of the recA transcript stability in the WT and MacnA under oxidative 

stress aims to prove that AcnA stabilizes recA-mRNA. 

A proteomic approach was taken to compare the proteome of the WT and 

MacnA under oxidative stress in order to provide more insight into the 

regulatory function of AcnA and to identify enzymes that are involved in S. 

viridochromogenes oxidative stress adaptation.  
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4. Results 

 

4.1. The influence of acnA mutation on the physiology of                            

S. viridochromogenes Tü494 

The S. viridochromogenes MacnA mutant shows strong morphological and 

physiological defects. This strain does not form any aerial mycelium, is unable 

to sporulate and to produce PTT (Schwartz et al., 1999). Here, the aim was to 

reveal the reasons for the severe growth defect of MacnA and to determine if 

the lack of AcnA-mediated regulation contributes to the impaired physiology of 

the mutant strain (Publication 1, Michta et al., 2012). 

4.1.1. The influence of accumulated organic acids on MacnA growth and 

differentiation 

For S. coelicolor it has been shown that the acnA mutation resulted in the 

accumulation of citrate (Viollier et al., 2001a). To analyze if the intracellular 

accumulation of citrate contributes to the growth defect of MacnA in S. 

viridochromogenes, the WT strain was plated on agar plates with increasing 

concentrations of trisodium citrate, which presumably is transported into the 

cells via citrate transporters. In S. viridochromogenes at least two citrate 

transporters have been identified (SSQG_01282, SSQG_01602). For 

comparison, the WT was also grown in the presence of other organic acids that 

also might be accumulated as a consequence of acnA lesion, what has been 

shown for S. coelicolor (Viollier et al., 2001b). On plates with 2 mM trisodium 

citrate the WT showed normal growth, whereas on plates with 10 mM trisodium 

citrate only the substrate and aerial mycelium were formed but no spore 

production was observed. The agar plate supplementation with 20 mM 

trisodium citrate additionally led to the lack of aerial hyphae formation. This 

morphology reflects the phenotype of the MacnA mutant. Interestingly, when the 

same concentrations of other organic acids, such as sodium acetate or succinic 

acid were added to the medium, S. viridochromogenes WT growth was normal 

and only spore production was impaired at 20 mM of sodium acetate or succinic 

acid (Fig. 5). Obviously, the high concentration of citrate influences the normal 
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growth behavior of the WT. Thus, accumulation of citrate in MacnA may 

contribute to its defective morphology. This might be because citrate is a strong 

chelator of divalent cations, which are important for the functioning of enzymes 

involved in the sporulation process (Craig et al., 1997). Moreover, these results 

show that accumulation of another organic acids as well as medium acidification 

is not the main reason for the growth defect of the S. viridochromogenes acnA 

mutant. 

 

    

4.1.2. The influence of oxidative stress and increasing temperature on the 

growth of MacnA   

To study the influence of oxidative stress on the growth behavior of MacnA in 

comparison to the WT, the sensitivity of both strains towards hydrogen peroxide 

(H2O2) was examined (Publication 1, Michta et al., 2012).  WT and MacnA were 

grown on HM agar plates in the presence of filter rings soaked with different 

concentrations of hydrogen peroxide (H2O2). Inhibition zones caused by the 

toxicity of hydrogen peroxide were observed on both plates, however they were 

significantly larger in MacnA than in the WT strain (Fig. 6). 

     A 

 B 

     C 

Fig. 5  

Morphological 

comparison of  

S. viridochromogenes 

WT. The strain was 

grown on YM agar 

plates supplemented 

with different 

concentrations of 

organic acids: 

trisodium citrate (A), 

sodium acetate (B), 

succinic acid (C) 

(Publication 1,  Michta 

et al., 2012). 

      2 mM       10 mM       20 mM 
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It is known that an increased temperature enhances the production of hydroxyl 

radicals (Lüders et al., 1999). Thus, also the heat stress resistance of the WT 

and the MacnA mutant were tested (Publication 1, Michta et al., 2012). Liquid 

cultures of both strains were incubated at 27°C, 37°C and 39°C respectively 

(Fig. 7). The WT strain showed no sensitivity towards high temperatures. In 

contrary, the MacnA was highly sensitive and was unable to grow already at 

37°C. 

 

   

The higher sensitivity of MacnA to oxidative and heat stress may be related with 

the lack of AcnA-mediated regulation. For E. coli it has been shown that the 

acnA mutation confers hypersensitivity to oxidative stress due to the lack of 

superoxide dismutase A (sodA) transcript stabilization by AcnA (Tang et al., 

2002). Additionally, the high sensitivity of MacnA to oxidative stress may result 

from the lack of an alternative protective function of AcnA: the AcnA protein is 

particularly susceptible for superoxide attack, thus very effectively spare other 

targets from reactive oxygen species (Messner and Imlay 1999). The absence 

      A 
Fig. 6  

The susceptibility 

of WT (A) and 

MacnA (B) to 

oxidative stress. 

Filter rings contain 

indicated 

concentrations of 

H2O2 (Publication 1, 

Michta et al., 2012). 

      B 

Fig. 7  

The susceptibility of        

S. viridochromogenes 

WT (A) and MacnA (B) 

to heat stress. 

      A       27˚C       27˚C       37˚C       39˚C       37˚C       39˚C      B 

      A  9% 

18% 35% 35% 18% 

9% 
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of this protective buffer may enhance the sensitivity of the mutant strain to 

oxidative or heat stress.      

4.2. Analysis of the regulatory role of AcnA 

4.2.1. Heterologous expression of AcnA derivatives in S. lividans T7 

To analyze the regulatory role of AcnA from S. viridochromogenes different 

derivatives of the AcnA protein: his-AcnA(∆125-129), his-AcnA(C538A), his-

AcnA(R763E/R767E) have previously been constructed (Schad, 2006). In this 

work, his-AcnA as well as its mutated derivatives were overexpressed in S. 

lividans T7, purified under native conditions on FPLC and visualized on SDS-

PAGE (Fig. 8) (Publication 1, Michta et al., 2012).  

 

Due to the highly oxidative conditions provided by high imidazol concentration, 

the [4Fe-4S] cluster was disassembled during the purification process. As a 

consequence all purified proteins were present in the apo-form and possessed 

an open [4S-4Fe] cluster accessible for the binding to IREs. Protein purification 

fractions containing pure, sufficiently concentrated protein were used in band 

shifts assays with Cy5 labeled RNA that comprises the IRE structures identified 

in silico in S. viridochromogenes genome (Fig. 10-14). Shifts with lysate from S. 

lividans T7 with the empty vector served as negative control.  

The his-AcnA(∆125-129) was purified and used in band shift assays to 

determine if the putative amino acids 125-129 (Fig. 9) are involved in RNA 

Fig. 8  

Determination of the 

molecular weight of 

the overexpressed 

his-AcnA and its 

mutated his-tagged 

derivatives: 

AcnA(∆125-129), 

AcnA(C538A), 

AcnA(R763E/R767E). 

Purification fractions 

13
th

, 14
th

 were used in 

band shift assays. 
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coordination as it has been reported previously (Basilion et al., 1994). The 

catalytically inactive his-AcnA(C538A) and the regulatory inactive his-

AcnA(R763E/R767E) aconitase derivatives were used to examine if the 

catalytic and the regulatory roles of AcnA are interconnected (Fig. 13A). The 

his-AcnA(C538A) protein does not show catalytic activity because the cysteine 

538 is crucial for [4Fe-4S] cluster coordination. Thus, the replacement of the 

Cys538 by the alanine residue leads to the catalytic inactivity of AcnA. Arg763 

and Gln767 (Fig. 9) were predicted as amino acids involved in the regulatory 

function of AcnA in S. viridochromogenes. This prediction was done by 

comparison of the AcnA with the human IRP1 which is highly similar, possess 

regulatory activity and for which crystal structure exists (Dupuy et al., 2002). 

 

 

 

4.2.2. In vitro analysis of AcnA binding to IRE-like structures 

To confirm the regulatory role of AcnA from S. viridochromogenes and to 

examine if the identified IREs of the strain with different loop sequences really 

serve as binding sites for AcnA, band shift assays were performed with his-

AcnA and its mutated derivatives (Publication 1, Michta et al., 2012). The lysate 

from S. lividans T7 with the empty vector served as negative control. Shifts 

performed with his-AcnA and his-AcnA(∆125-129) together with chemically 

synthesized RNA containing the recA and ftsZ IRE sequences as targets, 

confirmed that both structures form complexes with the his-AcnA, as well as 

Fig. 9 Composition of amino acid sequences (from the top): his-AcnA, his-AcnA(∆125-129), 

his-AcnA(C538A) and his-AcnA(R763E/R767E). Deleted amino acids are marked with dash (_), 

substituted amino acids are marked with green color. 
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with the mutated his-AcnA(∆125-129). Shifts did not appear in a control sample 

(empty vector) and in samples where protein was not added. None of the 

proteins prefer the GAGAG loop of ftsZ or the CAGUG loop of recA. Both RNAs 

were recognized identically (Fig. 10). Interestingly, the his-AcnA(∆125-129) 

always led to stronger shifts than the his-AcnA. This indicates that his-

AcnA(∆125-129) has a stronger affinity to IRE motifs than the native protein.  

 

Cy5-recA-IRE Cy5-ftsZ-IRE 

control 
w/o 

protein 

empty 
vector 

AcnA 
∆125-129 

 

his-AcnA control 
w/o 

protein 

empty 
vector 

AcnA 
∆125-129 

 

his-AcnA 

 

Fig. 10 Analysis of the complex formation between the his-AcnA or his-AcnA(∆125-129) and    

recA-IRE (A) or ftsZ-IRE (B) (Publication 1, Michta et al., 2012). 

To verify the specificity of aconitase-IRE binding, increasing concentrations of 

unlabeled recA-IRE were added to the mixture. It led to the decrease of Cy5-

recA-IRE complex formation. The unlabeled recA-IRE gradually displaced the 

Cy5-recA-IRE from the protein (Fig. 11).  

2 µl of Cy5-recA-IRE 

control 
w/o 
protein 

empty 
vector 

AcnA 
∆125-129 
 

AcnA 
∆125-129 
+ 2 µl of 
unlabeled 
recA-IRE 
 

AcnA 
∆125-129 
+ 5 µl of 
unlabeled 
recA-IRE 

AcnA 
∆125-129 
+ 10 µl of 
unlabeled 
recA-IRE 

  

Fig. 11  

Analysis of the 

specificity of 

aconitase-IRE 

binding: constant 

concentration of 

Cy5-recA-IRE with 

his-AcnA(∆125-

129) and 

increasing 

concentrations of 

unlabeled recA-

IRE. 

A B 
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To confirm that the protein can bind to RNA only in the form which is devoid of 

the [4Fe-4S] cluster, the protein was reactivated after purification using reducing 

conditions in the presence of iron salt. The rebuilt [4Fe-4S] cluster prevented 

aconitase from complex formation, which proves that the only open, Fe-devoid 

cluster is accessible for RNA binding (Fig. 12A.). As an additional control, the 

binding of his-AcnA(∆125-129) to an internal fragment of hrdB-mRNA was 

examined. This fragment does not possess any IRE-like structure. Even at high 

concentration of the protein, no complex formation was detected with hrdB and 

his-AcnA(∆125-129) (Fig. 12B). This demonstrated that binding of aconitase is 

IRE-sequence specific. 

Cy5-recA-IRE Internal fragment of Cy5-hrdB Cy5-recA-
IRE 

control w/o 
protein 

AcnA 
∆125-129 
(reactiv.) 

AcnA 
∆125-129 

(oxid.) 

6 µg 
AcnA 

∆125-129 

4 µg 
AcnA 

∆125-129 

2µg  
AcnA 

∆125-129 

control 
w/o 

protein 

2 µg  
AcnA 

∆125-129 
 

 

Fig. 12 Analysis of the interaction between recA-IRE and oxidized or reactivated his-AcnA(∆125-

129) (A); control analysis: lack of complex formation between his-AcnA(∆125-129) and internal 

fragment of hrdB (B). 

In order to analyze if the regulatory activity of AcnA is interconnected with its 

catalytic function, the catalytically inactive aconitase his-AcnA(C538A) was 

assayed for ftsZ-IRE binding. In these gel shift assays a shifted band was 

observed what indicates that the mutation C538A preventing the [4Fe-4S] 

cluster formation does not disturb the RNA-binding ability. In contrast, his-

AcnA(R763E/Q767E) mutated in the amino acids that are responsible for the 

coordination of the RNA, could not bind to the IRE-like structure of ftsZ. Thus, 

his-AcnA(R763E/Q767E) is regulatory inactive (Fig. 13A.). This result confirmed 

the involvement of the two predicted amino acids arginine 763 and glutamine 

767 in RNA coordination. Interestingly, this protein was also catalytically 

A B 
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inactive in previous enzymatic assay (Schad, 2010). It points out that some of 

the same amino acids are involved in both functions of AcnA.  

To determine if the secondary stem-loop structure formed by IREs is necessary 

for AcnA recognition and binding, the shift experiments were performed with 

his-AcnA(∆125-129) and recA-IRE where the stem and the loop were absent as 

they were exchanged with a sequences that cannot form any secondary 

structures. Only the native recA-IRE sequence was recognized by his-

AcnA(∆125–129). The IREs without stem structure or with changed loop 

sequence did not shift. These results showed that the presence of both, stem 

and loop are essential for AcnA binding (Fig. 13B). 

 

Cy5-ftsZ-IRE 

 AcnA 
(R763E/ 
Q767E) 

AcnA 
(C538A) 

empty 
vector 

control 
w/o 

protein 

 

Fig. 13 Analysis of the interaction between ftsZ-IRE and his-AcnA(R763E/Q767E) or his-

AcnA(C538A) (A); Interaction analysis of his-AcnA(∆125-129) with recA-IRE without  stem or loop 

(B) (Publication 1, Michta et al., 2012). 

To further elucidate if in silico identified IRE sequences are also targets for 

aconitase, the RNA fragment containing the SSQG_00552 IRE sequence with a 

CUGUG loop, SSQG_1218 IRE with a CAGUG loop as well as four different 

RNAs harboring a CAGCG loop were assayed in gel shifts with his-AcnA(∆125–

129). Only the SSQG_00552 (coding for FAD-binding oxidoreductase) and 

SSQG_1218 (coding for uracil-DNA glycosylase) RNA samples were shifted. All 

the RNAs with the CAGCG loop were not recognized by his-AcnA(∆125-129). 

Furthermore, the SSQG_00552 IRE was bound with the same efficiency as 

control recA-IRE and SSQG_01218-IRE. Thus, the CUGUG loop was not 

Cy5-recA-IRE 

control 
w/o 

protein 

AcnA 
∆125-129 

recA-IRE 
x loop 

recA-IRE  
x stem 

A B 
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preferred over the CAGUG loop (Fig. 14). These data confirmed that 

SSQG_00552 and SSQG_01218 are functional IREs recognized by AcnA. 

control 
w/o 

protein 

empty 
vector 

AcnA∆
125-129 

empty 
vector 

AcnA∆
125-129 

empty 
vector 

AcnA∆
125-129 

Cy5-
recA-
IRE 

Cy5-
recA-
IRE 

Cy5-
recA-
IRE 

Cy5-
SSQG_
00552-
IRE 

Cy5-
SSQG_
00552-
IRE 

Cy5-
SSQG_
01218-
IRE 

Cy5-
SSQG_
01218-
IRE 

  

4.2.3. Transcriptional analyses to study the role of AcnA in the regulation 

of recA expression under oxidative stress conditions      

Since AcnA binding to recA-IRE in shift experiments has been shown, it was the 

aim to prove in vivo that AcnA really regulates the RecA synthesis on post-

transcriptional level. Thus, we investigated the recA transcript stability under 

oxidative stress conditions by RT-PCR (Publication 1, Michta et al., 2012). We 

also expected to confirm the previously obtained Western-blot results where the 

addition of methyl viologen (MV) resulted in a higher amount of RecA protein in 

the WT strain but not in MacnA (Schad, 2010). For the RT-PCR experiment the 

WT and MacnA strains were grown to the mid-exponential phase, when 

rifampicin was added in order to exclude any regulatory effect on transcriptional 

level. To apply oxidative stress and to convert the majority of the AcnA proteins 

into the regulatory active form, MV was added to the cultures. The supply of 

oxidative stress in the presence of rifampicin led to a higher transcript stability of 

recA-mRNA in WT in comparison to MacnA. This suggests that the recA 

transcript is stabilized by AcnA. Together with the previous Western-blot 

analysis, these results support the post-transcriptional regulatory role of AcnA in 

the synthesis of RecA under the condition of oxidative stress (Fig. 15).  

 

  

Fig. 14  

Analysis of the 

his-AcnA(∆125-

129) binding to 

the recA-IRE, 

SSQG_00552-

IRE  and 

SSQG_0121-IRE, 

respectively 

(publication 1, 

Michta et al., 

2012). 
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4.2.4. The use of artificial IRE motifs for the AcnA-mediated transcript 

stabilization 

PrpA is a putative pathway-specific transcription regulator that binds to the 

promoter regions of several genes of the PTT gene cluster. The inactivation of 

prpA resulted in a PTT-non producing mutant (Muschko, 2005). Since it has 

been shown that PrpA is an activator of PTT biosynthesis, the aim of this 

experiment was to examine in bioassays a change in antibiotic production due 

to the prpA transcript stabilization in the presence of artificial IRE motifs. 

According to what has been shown for eukaryotes (Muckenthaler et al., 2008), it 

was expected that the presence of an IRE on the 3’ end of prpA will stabilize the 

transcript while its presence on the 5’ end will prevent translation, due to AcnA-

mediated regulation.  

First, an artificial IRE sequence was cloned at the 3’ end of prpA by using 

genomic DNA as a template and primers 

ATTCTAGACGGCCCTGACGGCCACGCGGCT and 

GAATTCGCCCTGGACGGCCAGTGGCCGTTCGCGGCCGGTGCGG. The 

latter primer (reverse) contained an IRE sequence located 50 bp after the 

transcriptional stop codon of prpA. The 1307 bp large prpA fragment containing 

the 3’ IRE was cloned into pDrive, excided with XbaI and EcoRI and cloned in 

the vector pTS/kan. The pTS/kan vector contains a kanamycin resistance 

cassette and integrates into the genome via the attachment site. The S. 

Fig. 15  

The RT-PCR analysis of recA 

transcript amount during mid-

exponential growth phase in 

WT in comparison to MacnA. 

The constitutive transcript of 

hrdB was used as control 

(Publication 1, Michta et al., 

2012) 

MacnA 

WT 

MacnA 

WT 

recA 

recA 

hrdB 

hrdB 
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viridochromogenes ∆prpA mutant, with an apramycin cassette instead of the 

prpA gene, was complemented with pTS/kan carrying prpA with the 3’ IRE motif 

under the native prpA promoter. The ∆prpA mutant complemented with pTS/kan 

carrying the prpA gene without an IRE motif served as a control. The 

constructed complementation plasmids were sequenced and the complemented 

∆prpA mutant was checked by PCR for the presence of the aphII (969 bp), apra 

(689 bp) and prpA (819 bp) genes (Fig. 16). 

 

 

 

 

 

 

 

The prpA transcript stability under oxidative stress was compared between the 

WT strain, the control strain and the ∆prpA mutant complemented with 3’ IRE 

prpA gene. All three strains were grown in liquid medium for 24 h when 

rifampicin and MV were added to the cultures. The RNA was isolated and RT-

PCR was performed in order to assess the stability of the prpA transcript.  

It turned out that the prpA transcript was more stable in the ∆prpA mutant 

complemented with 3’ IRE prpA than the prpA transcript from WT strain or the 

one from the control (Fig. 17). At the same time no increase in PTT production 

was detected in bioassays. However, the overexpression of prpA previously 

also did not lead to increased antibiotic production (Schwartz et al., 2004). 

Intriguingly, the presence of the prpA gene was not detected at all in the WT 

strain. The reason for that might be the very early time point of the sample 

collection for RNA isolation. Perhaps the onset of secondary metabolism did not 

occur yet and thus the prpA transcript was not detected.  

Fig. 16  

PCR confirmation of the 

∆prpA mutant (A) and its 

complementation with: 

pTS+3’ IRE prpA (B) and 

pTS+prpA (control) (C). 

1, 4, 7 kanamycin 

primers; 3, 5, 8 apramycin 

primers; 2, 6, 9 internal 

prpA primers. M-marker, 

G-genomic DNA 

M M G  1 2 3  4 5 6 7 8 9 

      A       B        C 
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4.3. Comparative proteomic analysis of S. viridochromogenes MacnA in 

response to oxidative stress 

A comparative proteomic approach was used to analyze the regulatory role of 

AcnA in changes of protein expression that may contribute to the weakened 

defense of MacnA against free radicals, as well as those important for the S. 

viridochromogenes oxidative stress adaptation (Publication 2, Michta et al., 

2014). 

The shift assays, RT-PCR analysis and previously performed immunoblot 

experiment indicated that AcnA plays an important role in resisting peroxide 

stress by influencing the expression of the proteins that are important for 

oxidative stress defense. It has also been demonstrated that the acnA mutation 

confers sensitivity to H2O2 as likewise suggested previously for E. coli (Craig et 

al., 1997). 

Cultures of the WT and MacnA were grown to the mid-exponential phase. The 

bacteria were then treated with MV to disassemble the [4Fe-4S] cluster and to 

introduce the regulatory active form of AcnA. Samples untreated with MV 

served as controls. To differentiate the proteins perturbed by acnA lesion from 

those perturbed by stress conditions, the proteins with changed expression 

were identified separately for WT and MacnA. This was performed by a 

comparison of the proteome of the MV-treated WT strain with the proteome of 

the MV-untreated WT strain sample. The same was done for the MacnA 

Fig. 17 

RT-PCR analysis of prpA 

transcript stability. WT (A), 

∆prpA (B), ∆prpA+pTS prpA 

(control) (C), 

 ∆prpA+pTS 3’ IRE prpA (D).  

M-marker, G-genomic DNA. 

A B C D 

RNA 

  hrdB 
control 

hrdB 

prpA 

M G 
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mutant. The protein spots with significant up- or downregulation due to oxidative 

stress treatment were later identified by mass spectrometry (Publication 2, 

Michta et al., 2014).  

The changes identified in the WT strain included 62 protein spots, among which 

37 were upregulated and 25 were downregulated. In the MacnA strain, 27 

proteins were differentially expressed: 16 among them were upregulated and 11 

were downregulated (Table S1 in Publication 2, Michta et al., 2014). The 

occurrence on the gel of a single protein as multiple spots was most likely due 

to post-translation modifications.  

Because the proteomes of WT and MacnA were not matched with each other 

for visual protein inspection, the majority of the differentially regulated proteins 

identified in the WT strain were different from those detected in MacnA. 

However, this is commonly observed when proteomes of two different strains 

are not matched directly with each other (Yao et al., 2011; Xiao et al., 2011). 

As expected, many of the significantly up- or downregulated spots were 

identified as proteins involved in sensing or preventing oxidative stress. 

Interestingly, several of them turned out to possess IRE motifs on their 

respective mRNAs (Table1 in Publication 2, Michta et al., 2014). This indicates 

that they might be targets for a direct post-transcriptional regulation by AcnA. 

The tellurium resistance protein SSQG_02339 and the translation elongation 

factor Tu SSQG_04757 were identified among the proteins with IRE motifs, 

which have putative functions in cellular stress defense. Moreover, they were 

differentially regulated in WT and MacnA due to oxidative stress, what provides 

a direct in vivo evidence for an AcnA-mediated regulation of these protein 

expressions upon oxidative stress.  

Changes were detected also for several other proteins, which are involved in 

oxidative stress defense, such as a putative thioredoxin (SSQG_05458) (Zeller 

and Klug, 2006), a putative stress inducible protein (SSQG_00322) (Kvint et al., 

2003; O'Toole et al., 2002; Boes et al., 2006), and a putative serine protease 

(SSQG_02132) (Clausen et al., 2002; Biswas et al., 2010). The downregulation 

of these proteins in MacnA indicates that acnA mutation is associated with the 

decreased production of anti-oxidative stress proteins what may significantly 

contribute to the impaired defense of the strain against free radicals. The 
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reduced expression of proteins with IREs may directly result from the lack of 

AcnA-mediated transcript stabilization. 

Other significant changes caused by oxidative stress concerned proteins from 

carbon metabolism pathways, such as pentose phosphate pathway, glycolysis, 

TCA cycle and glycerol synthesis pathway. These data suggest carbon flux 

redistribution as an adaptation mechanism to this stressful condition. In the WT, 

the enzymes from pentose phosphate pathway (SSQG_00870 putative 6-

phosphogluconate dehydrogenase) and TCA cycle (TBCG_03283 putative 

NADP-dependent isocitrate dehydrogenase (IDH-NADP)) were upregulated. 

Pentose phosphate pathway and TCA are especially important for NADPH 

generation. NADPH provides reducing equivalents for redox reactions 

protecting against ROS (Buchana and Balmer, 2005; Singh et al., 2007). Thus, 

upregulation of enzymes from both pathways probably leads to the increased 

NADPH level and contributes to the metabolic adaptation to oxidative stress. In 

contrary, in MacnA a downregulation of the putative IDH-NADP (SSQG_06852) 

was observed. This may lead to a cellular imbalance of reducing equivalents, 

which could contribute to the oxidative stress sensitivity of MacnA. However, 

none of these enzymes possesses an IRE motif. Thus, their regulation by AcnA 

may be only indirect. Also enzymes from glycolysis such as phosphopyruvate 

hydratase (SCO3096), phosphoglycerate kinase (SSQG_01870), and putative 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (SSQG_01871, 

SSTG_00732) were differentially regulated by oxidative stress in WT. Changes 

in glycolytic enzymes due to oxidative stress and redirection of the 

carbohydrates flux towards the pentose phosphate pathway were shown 

previously for yeast cells (Ralser et al., 2007).  

Another compound important for cellular response to oxidative stress is 

glycerol. It has been shown that glycerol is an efficient free radicals scavenger 

and regulates redox processes (Afzal et al., 2012). In MacnA the putative 

repressor of the glycerol catabolism pathway (SSQG_01539) was 

overexpressed. Consequently, the overexpression of the glycerol catabolism 

repressor may lead to an accumulation of glycerol and regeneration of reducing 

equivalents. 
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On the corresponding gene sequence of the phosphoglycerate kinase 

(SSQG_01870), the glyceraldehyde-3-phosphate dehydrogenase 

(SSQG_01871) and the putative glycerol operon regulatory protein 

(SSQG_01539) IRE motifs were identified, which suggests an AcnA-mediated 

regulation of the respective mRNAs. 

Previous gel shift experiments showed that the ftsZ-IRE is a target for AcnA 

binding. In the proteomic analysis the cell division protein FtsZ (SSQG_02023) 

was significantly upregulated in the WT after MV application. Together these 

results strongly suggest an AcnA-mediated regulation of FtsZ expression. 

Changes were detected also for SepF1 (SSQG_01640) and SepF2 

(SSQG_02020) which are putative cell division proteins associated with FtsZ. 

Both of them were downregulated under oxidative stress conditions in MacnA. 

Moreover, a secreted protein (SSQG_01691) similar to the sporulation control 

protein Spo0M of B. subtilis (Han et al., 1998) was upregulated in MacnA. This 

demonstrates that the regulation of proteins involved in cell division and 

sporulation processes is greatly changed by oxidative stress in S. 

viridochromogenes. However, in the case of the genes encoding SepF1, SepF2 

or the Spo0M homologous protein no IRE elements were identified. Thus, the 

influence of the lack of AcnA regulation on their expression is indirect. 

Taking together, many proteins from different metabolic pathways were 

identified in this global approach. Those proteins for which IRE motifs were 

identified on the corresponding mRNA sequences and which were differentially 

regulated in both strains provided a direct in vivo evidence for an AcnA-

mediated regulation. The proteins with IRE elements but not identified in the 

proteomes of both strains need to be further confirmed in more direct 

approaches. The changed expression of proteins without IREs can be 

influenced by acnA mutation indirectly.
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5. Discussion 

5.1. Aconitase from S. viridochromogenes Tü494 is an RNA-binding 

protein and exhibits a regulatory function on post-transcriptional level 

Many enzymes exert in the cell a second function, unrelated with their primary 

task. Such enzymes are called “moonlighting proteins” (Jefffery, 1999). These 

enzymes, except exhibiting a catalytic function, interfere with the regulation in 

bacteria. This regulation may occur by different mechanisms. For e.g. there are 

enzymes, represented by aconitase, which bind to IREs and control the gene 

expression on post-transcriptional level (Commichau and Stuelke, 2008). In 

another group there are enzymes that are additionally active as a DNA-binding 

transcription factors that repress the gene expression in absence of their 

substrates. To this group belongs e.g. PutA, which catalyses the degradation of 

proline to glutamate, but in bacteria, such as E. coli or Salmonella enterica may 

also act as a transcription repressor (Ling et al., 1994; Ostrovsky de Spicer et 

al., 1991). The third class of “moonlighting proteins” consists of enzymes that 

control the gene expression by signal-dependent phosphorylation of 

transcription regulators. The sugar-specific permeases serve as an example. As 

shown for E. coli, these permeases are involved in sugar transport but might 

also control the activity of transcription activators by phosphorylating them in 

response to the respective sugar (Amster-Choder and Wright, 1990). Finally, 

there are enzymes that control the activity of transcription factors by protein-

protein interactions. It has been shown for B. subtilis that glutamine synthetase 

can also control gene expression through interaction with the transcription factor 

TnrA (Wray et al., 2001).  

Two patterns of evolution of these bifunctional enzymes are especially 

important: the acquisition of DNA or RNA binding domains by enzymes and the 

separation of enzymatic and regulatory function via gene duplication. Proline 

dehydratase PutA provide an example for the acquisition of a DNA-binding 

domain. In many proteobacteria, including E. coli, the PutA protein is 

bifunctional because acts as an enzyme and additionally as a transcriptional 

repressor of the put operon. The regulatory function of PutA is possible due to 

acquisition of a specific RHH domain that enables the interaction with the 
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specific DNA. In contrast, in Bradyrhizobium japonicum, PutA does not posses 

DNA binding domain and, thus, exhibit only catalytic activity (Krishnan and 

Becker, 2005; Commichau and Stülke, 2008). B. subtilis uracil 

phosphoribosyltransferase is the example where two function of the protein 

have been separated by the gene duplication. In this bacterium there are two 

enzymes with uracil phosphoribosyltransferase activity but only one of them is 

involved in nucleotide biosynthesis. The other one acts as an RNA-binding 

termination protein that controls the expression of pyr operon (Turner et al., 

1998; Commichau and Stülke, 2008). 

Here, the “moonlighting” property of AcnA from S. viridochromogenes was 

investigated. The RNA-binding ability of aconitase was verified by the variety of 

shift experiments (Publication 1, Michta et al., 2012). These results indicated 

that AcnA from S. viridochromogenes might also have a regulatory function. 

Interestingly, the deletion of a part of an N-terminal conserved motif (amino 

acids 125-129), involved in regulatory function (Dupuy et al., 2006, Basilion et 

al., 1994), resulted in stronger aconitase binding to IRE hairpins. It is possible 

that this deletion introduces some conformational changes to the AcnA that 

enhances its RNA-binding. Furthermore, the catalytically inactive aconitase 

AcnA(C538A) was able to shift IREs, suggesting that the exchange of the 

cysteine involved in [4Fe-4S] coordination does not block the regulatory activity 

of AcnA. In B. subtilis the ACNC517A, which was also mutated in a cysteine 

important for the cluster assembly, had lower affinity for IREs, however, the 

binding was still observed (Alén and Sonenshein, 1999). In contrary, the 

aconitase mutated in amino acids involved in RNA coordination 

(AcnA(R763E/Q767E)) was unable for IRE recognition and binding.  Since this 

protein was also catalytically inactive, it can be concluded that some of the 

same amino acids are involved in both functions of AcnA. The same was 

suggested for IRP1 from yeast cells where it has been shown that even though 

the RNA-binding residues are not part of aconitase active site, their substitution 

can affect the catalytic function of IRP1 (Selezneva et al., 2013). The lack of 

shift formation between AcnA and recA-IRE where the stem and the loop were 

absent, showed that the presence of the secondary structure of IRE and the 

loop sequence are the IRE core components essential for AcnA binding. 
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Similarly, it has been described for eukaryotes that the central IRE element 

consists of the five unspecified bases forming stem, the key AGU nucleotides in 

the loop region and midstem ‘C bulge’ base (Henderson et al., 1994; Dandekar 

et al., 1991; Leipuviene and Theil, 2007). However, Goforth et al., 2010, have 

shown that in eukaryotes there are also other determinants outside the C bulge 

and the loop that determine aconitase binding affinity. Furthermore, they have 

shown that IRP1 binds to different IREs with different affinity, suggesting that a 

hierarchy of binding exists, which is important for differential translational 

control. It is known, that in prokaryotic cells, the loop sequence can differ from 

the consensus sequence of eukaryotes (Tang and Guest, 1999; Alén and 

Sonenshein, 1999; Banerjee et al., 2007). Additionally, instead of the typical ‘C 

bulge’ also an ‘A bulge’ can form a functional IRE sequence (Henderson et al., 

1994). Whether other unpredicted regions of the IRE, apart from the loop and 

the bulge position, are important for aconitase binding in prokaryotic cells still 

needs to be elucidated. Interestingly, in this analysis the AcnA could not 

recognize any consensus IRE sequences in the case when IREs were 

synthesized as DNA instead of as RNA. Thus, it seems that the presence of 

uracil on the stem and/or loop provides some key bonds with AcnA.   

RT-PCR analysis showed that the regulation by AcnA occurs on post-

transcriptional level (Publication 1, Michta et al., 2012). In this experiment the 

transcript stability for recA-mRNA was significantly higher in the WT strain than 

in MacnA. This suggests that the recA transcript, which possesses an IRE-like 

structure at the 5’ end, is stabilized by AcnA. Previously performed Western-blot 

experiment showed that the RecA protein amount was increased due to 

oxidative stress in the WT strain, whereas no RecA was detected in MacnA 

(Schad, 2010). These results directly show that AcnA stabilizes the recA 

transcript under oxidative stress conditions. This is stabilization on post-

transcriptional level because any regulation on transcriptional level was 

excluded by adding to the cultures rifampicin, which is an RNA polymerase 

inhibitor. These results are especially significant because of the crucial role of 

RecA in response to stress. The recombinase A is involved in the bacterial SOS 

response where it cooperates with the UvrABC complex. This complex plays a 

role in DNA repair by excision of the nucleotide where the mutation has 
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occurred. Intriguingly, the IRE-like sequence was also identified on the 5’ UTR 

of uvrB. The mechanism of recA transcript stabilization by AcnA might occur by 

binding to the 5’ localized IRE what in consequence could protect the mRNA 

from digestion by impairing the activity of unspecific RNases. Interestingly, 

aconitase from Caulobacter crescentus has been shown to interact with 

RNases, such as PNPase, RNaseE and DEAD-box RNA helicase to form a 

degradosome (Hardwick et al., 2011). S. viridochromogenes contains 

homologues of PNPase, RNasaE, as well as DEAD-box RNA helicase. It is 

known that PNPase nonspecifically removes nucleotides from mRNA, but is 

stalled by double-stranded RNA structures such as a stem-loop. Perhaps 

aconitase is carried by degradosome only under particular conditions in order to 

direct the degradosome to double stranded RNA and thus unable its 

degradation activity.  

Surprisingly, the proteomic analysis did not identify the RecA protein as 

significantly up or downregulated in none of the analyzed strains. Most likely it 

results from the limitation of the applied method. Astonishing may be also a fact 

that SodA, commonly known to be important for oxidative stress defense, was 

not identified in this analysis. This protein has previously been shown to be 

regulated by AcnA in E. coli (Tang et al., 2002). Here, the lack of SodA 

upregulation may be associated with the type of applied oxidative stress as 

observed before (Ballal and Manna, 2009; Karavolos et al., 2009). Furthermore, 

since no IRE motif was identified on the superoxide dismutase mRNA sequence 

in S. viridochromogenes, the expression of this protein is not expected to be 

directly regulated by AcnA. Nevertheless, further results of the proteomic 

analysis support the regulatory role of AcnA under oxidative stress (Publication 

2, Michta et al., 2014). First, the SSQG_02339 encoding for tellurium resistance 

protein and SSQG_04757 encoding for elongation factor Tu, were identified as 

differentially expressed in the WT as well as in the MacnA due to oxidative 

stress treatment. Both of these proteins have previously been shown to play a 

role in defense against various stressful conditions (Anantharaman et al., 2012; 

Borsetti et al., 2005; Caldas et al., 1998) and both of them possess IRE motifs 

on their corresponding mRNAs. Moreover, the majority of the identified stress-

related proteins turned out to possess IRE motifs on their corresponding 



DISCUSSION 

 

 

40 

 

mRNAs, what also makes them putative targets for AcnA. The functionality of 

these IREs has still to be confirmed in gel shift analysis.  

Interesting results were provided by an experiment, where the presence of 

artificial IREs led to an AcnA-mediated increase of the prpA transcript stability in 

S. viridochromogenes. Such artificial IRE motifs could be used as translational 

control elements. They could offer a possibility for reengineering the native 

translational regulation in Streptomyces cells for various purposes. The 

attempts to modulate the translation in Streptomyces has been done for 

instance by the usage of antisense RNA for influencing antibiotic production 

(D’Alia et al., 2010). The application of artificial IRE-Aconitase regulation system 

could offer a simple synthetic biology tool. Nevertheless, a repetition of the RT-

PCR experiment for prpA transcript stability and further confirmation of the 

obtained results would be necessary. This could be done for instance in a 

similar RT-PCR approach by examining the expression level of the genes 

(phsA, phsB, phsC etc.) which are directly regulated by PrpA. Also the 

corresponding complementation of ∆prpA with 5’ IRE prpA and the examination 

of its transcript stability should be performed. Alternatively, similar experiments 

could be performed in another Streptomyces strain, where the mutation of a 

regulatory gene clearly leads to the significant decrease of antibiotic production. 

In such a case, the bioassay analysis could provide direct evidence for 

stabilization of the corresponding mRNA by the presence of a 3’ localized IRE 

motif. 

In conclusion, aconitase from S. viridochromogenes is a “moonlighting” enzyme, 

which can efficiently control the expression of genes involved in DNA repair 

processes under oxidative stress conditions. In nature, such multifunctional 

enzymes, exhibiting regulatory functions by interacting with RNA but also with 

DNA or other proteins, allow for building a highly complex network that maintain 

the function and structure of the cell, while possessing at the same time the 

optimal number of protein encoding genes (Cieśla, 2006). The list of enzymes 

associated with RNA is long but in most of the cases the physiological 

relevance of such interaction remains unknown. The majority of such 

bifunctional enzymes interacting with RNA represent evolutionary relicts without 

further physiological functions. Aconitase is so far the best studied example of 
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bacterial “moonlighting” enzymes with RNA-binding activity (Cieśla, 2006; 

Commichau and Stuelke, 2008). Here, an evidence for physiological 

significance of AcnA-RNA interaction in S. viridochromogenes was provided. 

5.2. The lack of the regulatory function of AcnA and accumulation of 

citrate contribute to the morphological defect of MacnA 

The S. viridochromogenes aconitase mutant has been shown to have strong 

morphological and physiological defects (Schwartz et al., 1999). Similarly, S. 

coelicolor, B. subtilis and S. aureus strains bearing the acnA mutation have 

multiple defects in morphological and physiological development (Viollier et al., 

2001a; Craig et al., 1997; Somerville et al., 2002). AcnA is one of the key 

enzymes in the TCA cycle. TCA provides ATP, reducing compounds and 

supplies α-ketoglutarate for the synthesis of glutamate. Thus, acnA mutation 

can arrest the flux through the TCA and in consequence lead to various 

metabolic dysfunctions. The exogenous medium complementation with L-

glutamate, which can be converted to α-ketoglutarate, should restore the proper 

flux through TCA cycle and normal growth behavior. Since feeding with 

glutamate did not restore the normal growth, it was suggested that the 

morphological defect of MacnA does not result simply from the inactivation of 

TCA per se (Schwartz et al., 1999). Nevertheless, the lack of the catalytic 

function of AcnA contributes to the MacnA phenotype, since the 

complementation of the mutant with the acnA gene restored the normal growth 

but complementation with the catalytically inactive AcnA(C538A) did not 

(Schad, 2006). Furthermore, the acnA mutation in S. coelicolor led to citrate 

accumulation up to 14 mM, whereas it was not detected in the WT strain 

(Viollier et al., 2001a). It seems that for S. coelicolor an increased citrate 

concentration provides highly unfavorable conditions because its accumulation 

immediately induces the TamR transcription regulator which functions to 

alleviate the inhibitory effect of accumulated citrate (Huang and Grove, 2013). 

Also a B. subtilis aconitase deletion strain accumulated citrate in the culture 

supernatant (Craig et al., 1997). Thus, it was speculated that the pH drop, due 

to organic acids accumulation resulting from acnA mutation, can be the 

alternative reason for the defective growth of MacnA. In S. coelicolor and S. 
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viridochromogenes aconitase mutants the pH drop was observed (Viollier et al., 

2001a; Schad, 2010). Nevertheless, it seems that the pH drop due to the 

medium acidification cannot be the main reason for the differentiation defect of 

MacnA because this strain exhibits the “bald” phenotype also on nonacidogenic 

medium sources or plates buffered to the neutral pH (Schwartz et al., 1999; 

Schad, 2010). This suggests that acidogenesis is the effect rather than the 

cause of the MacnA “bald” phenotype. It has been shown that bacterial cells 

can form oxygen gradients, such that even cells relatively close to the air-

surface are in microaerobic environment (Wimpenny, 1982). Thus, 

accumulation of organic acids might be a consequence of limited oxygen 

availability in dense substrate mycelium. In the WT the aerial hyphae increase 

the oxygen availability, thus allow for the consumption of organic acids (Viollier 

et al., 2001b). Furthermore, it was documented for many Streptomyces that 

organic acid accumulation and medium acidification normally also occurs in the 

wild type strains (Doskocil et al., 1958; Hobbs et al., 1992; Madden et al., 1996). 

This however does not inhibit the growth because acidification of a glucose-

based medium is followed by a cAMP-dependent metabolic switch that 

neutralizes the medium (Süsstrunk et al., 1998). In the current analysis, the 

development of S. viridochromogenes WT was inhibited only by 20 mM citrate 

but not by the same concentration of other organic acids (Publication 1, Michta 

et al., 2012). This supports the idea that it is not the medium acidification that 

causes the impaired growth of MacnA. At the same time, these data suggest 

that intra- or extracellular accumulation of citrate in S. viridochromogenes acnA 

mutant is at least in part responsible for its growth impairment. Thus, there must 

be another mechanism, apart from medium acidification, in which accumulated 

citrate contributes to the “bald” phenotype of MacnA. It was speculated that 

citrate is a strong chelator of divalent cations that are needed for sporulation 

what confers the mechanism underlying the differentiation defect in the B. 

subtilis aconitase mutant (Craig et al., 1997). The addition of Fe2+ and Mn2+ 

restored sporulation in the B. subtilis aconitase mutant. However, this was not 

the case for S. viridochromogenes (Schad, 2010). Also in the S. coelicolor 

aconitase mutant no restoration of growth was observed after the addition of 

Cu2+, Mn2+, Fe2+ (Viollier et al., 2001a). Probably, this was due to a variable 
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affinity of citrate to different divalent cations, which have diverse activities as 

cofactors. Furthermore, the toxicity of heavy metals at high concentrations 

might make it difficult to suppress the “bald” phenotype by supplementing the 

medium. Most likely this is also the reason why the growth of MacnA could not 

be restored by the addition of these cations. In conclusion, citrate accumulation 

contributes to some extend to the defective growth of MacnA, however, it is 

rather not the only reason. For the S. coelicolor double mutant (acoA citA) 

where the aconitase and in addition citrate synthase genes were mutated, the 

growth remained impaired. If citrate was responsible for the defective growth, 

the deletion of the citrate synthase gene should prevent citrate accumulation 

and restore the growth behavior. Since no restoration of growth was observed, 

a regulatory function of aconitase, independent of its role as an enzyme, was 

suggested (Viollier et al., 2001a). Also the complementation of MacnA with 

AcnA(∆125-129) indicates that the lack of a regulatory function of AcnA 

contributes to the morphological defect of MacnA. This complementation 

resulted in an earlier sporulation and higher PTT production in comparison to 

the WT strain (Schad, 2010). This is possible since the AcnA(∆125-129), which 

showed in shift experiments higher RNA-binding activity, may change the 

stability of mRNAs encoding the proteins involved in morphological 

differentiation.  

5.3. The regulatory function of aconitase is involved in oxidative stress 

defense, cellular differentiation and presumably other pathways 

The set of typical IREs with a CAGUG loop are localized in S. 

viridochromogenes genome in proximity of the genes involved in oxidative 

stress response or DNA repair, such as recombinase A (recA), excinuclease 

(uvrB), DNA replication initiator protein (dnaA), putative uracil-DNA glycosylase 

(SSQG_01218) (Sancar and Sancar, 1988) or tellurium resistance protein (terD) 

(Anantharaman et al., 2012). Also IRE-corresponding sequences with another 

loop variant CUGUG were found in proximity of several genes with a predicted 

role in oxidative stress, such as the putative FAD-binding oxidoreductase 

(SSQG_00552) or the MarR transcriptional regulator which is also known to be 

involved in oxidative stress response (SSQG_03294) (Bussmann et al., 2010). 
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Thus, the localization of IRE-corresponding sequences in the S. 

viridochromogenes genome may indicate the involvement of AcnA in oxidative 

stress defense. The functionality of several of these IREs was confirmed in shift 

experiments (Publication 1, Michta et al., 2012). A strong evidence for the role 

of AcnA as a ‘survival enzyme’ under oxidative stress has been shown for E. 

coli (Tang and Guest, 1999; Varghese et al., 2003; Tang et al., 2002). In this 

bacterium AcnA and AcnB regulate the superoxide dismutase (SodA) synthesis. 

SodA is the major enzyme in oxidative stress defense because it catalyzes the 

dismutation of the superoxide anion to oxygen and hydrogen peroxide, which is 

later decomposed by catalase. AcnA and AcnB have an opposite effect on the 

stability of the sodA transcript (Tang et al., 2002; Gardner and Fridovich, 1991; 

Gardner and Fridovich 1992; Bradbury et al., 1996). AcnA enhances the 

stability of the sodA transcript, whereas AcnB lowers its stability. Additionally, 

both aconitases interact with 3’ IREs localized on the UTR of their own 

transcripts and stabilize them. In this way aconitases from E. coli provide very 

sensitive protection against oxidative stress (Tang et al., 2002). In the S. 

viridochromogenes genome only one gene (SSQG_06085) encoding for a 

functional aconitase is present. A similar gene product is resembled by Pmi 

(SSQG_01043). However, Pmi has no aconitase enzyme activity.   

The high sensitivity of MacnA to oxidative stress caused by H2O2 suggests the 

involvement of AcnA in stress response. The hypersensitivity to hydrogen 

peroxide and methyl viologen of the aconitase mutant was also observed for E. 

coli (Tang, et al., 2002). In addition, MacnA showed an increased sensitivity to 

heat stress (Publication 1, Michta et al., 2012). Increased temperature promotes 

the formation of hydroxyl radicals. Perhaps, the lack of an AcnA-mediated 

regulation of genes involved in stress defense promotes the higher 

concentration of reactive oxygen species at 39°C, what could be the reason for 

the growth defect of the mutant. For E. coli it has been reported that heat stress 

induces the expression of enzymes, such as SodA, AhpC, Dps, which are 

involved in oxidative stress response (Lüders et al., 2009). AhpC codes for an 

alkyl hydroperoxide reductase, an enzyme that reduces organic peroxides. Dps 

is a stationary phase nucleoid protein that sequesters iron and protects DNA 

from damage and was shown to be involved in protection from multiple 
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stresses, including oxidative stress caused by treatment with hydrogen peroxide 

(Martinez and Kolter, 1997). Additionally, the level of SodA was increased due 

to aconitase binding to the sodA transcript under oxidative stress (Tang et al., 

2002). In S. viridochromogenes it has been shown that the RecA protein is 

induced due to oxidative stress. The RecA protein turned out to be important 

also during heat stress defense (Duwat et al., 1995). Thus, it is possible that E. 

coli and perhaps also S. viridochromogenes use additionally a common 

pathway for oxidative and heat stress defense. Nevertheless, it is important to 

mention that any mutation in a gene from primary metabolism would probably 

lead to an increased sensitivity to any stressful condition. Thus, the conclusion 

about the role of AcnA in the oxidative stress response cannot be drawn only 

from the observation of heat and oxygen stress sensitivity of MacnA.  

Interestingly, the promoter of acnA harbors sequences with a high similarity to 

the binding sites of SoxS (regulator of superoxide dismutase) and to the binding 

sites of the global regulators Fur and MarR that are known to play a role in iron 

and oxidative stress response, respectively (Muschko et al., 2002). Thus, the 

analysis of the AcnA promoter region provides a further hint about the role of 

this protein in oxidative stress defense. 

AcnA seems to have a regulatory role also in the differentiation process. One of 

the IRE-corresponding sequences identified in the S. viridochromogenes 

genome was located on the 5’ UTR of ftsZ. By gel shifts assays it has been 

shown that the ftsZ-IRE is a target for AcnA binding (Publication 1, Michta et al., 

2012). FtsZ is a Streptomyces cell division protein, essential for the generation 

of spores (Flärdh and Buttner, 2009). Thus, it is possible that the lack of AcnA-

mediated regulation is responsible for the lack of sporulation in the MacnA 

mutant. Interestingly, in the proteome analysis the FtsZ protein was identified in 

the WT strain but not in the mutant. The effect of an aconitase mutation on the 

differentiation process has been described for B. subtilis (Craig et al., 1997). In 

this bacterium, the CitB aconitase binds specifically to the 3’ UTR of greE 

encoding a transcription regulator of late sporulation genes. As a result, the 

greE-dependent genes were downregulated (Serio et al., 2006).  

Furthermore, it may be possible that AcnA regulation is involved in the 

metabolic switch from primary to secondary metabolism. This is supported by 
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the fact that the second maximum of AcnA activity correlates with the onset of 

secondary metabolism. Thus, it seems that AcnA plays an important role not 

only in morphological but also in physiological differentiation (Muschko et al., 

2002).  

In prokaryotic and eukaryotic organisms AcnA plays a role in cellular iron 

regulation. Thus, in many organisms the IRE motifs are localized in proximity of 

genes involved in iron metabolism. In B. subtilis, the IRE-like sequences were 

found on the 3’ end of goxD, encoding an iron containing protein cytochrome 

aa3 oxidase involved in electron transport, and between feuA and feuB genes, 

coding for receptors of iron. It has also been shown that these IRE sequences 

can be recognized and bound by the B. subtilis aconitase CitB (Alen and 

Sonenshein, 1999). For M. tuberculosis, the IREs were found on the 3’ UTR of 

thioredoxin (trxC) and 5’ UTR of the iron-dependent repressor and activator 

(ideR) mRNA. Mycobacterial aconitase Acn could bind to these IREs (Banerjee 

et al., 2007). Also in vertebrates the main function of the aconitase is the 

regulation of iron metabolism. For example, the human cytosolic IRP1 binds to 

the IREs of ferritin, which is an iron storage protein (Muckenthaler et al., 2008). 

In S. viridochromogenes only one IRE motif was found on the UTR of a gene 

involved in iron metabolism. This was an iron regulatory protein (SSQG_07448). 

Since the functionality of this IRE was not validated, it is unclear if S. 

viridochromogenes AcnA is directly involved in iron regulation. It is known that 

S. coelicolor possesses a number of genes encoding putative siderophores 

(Barona-Gómez et al., 2006). Perhaps the transport of iron occurs efficiently 

enough and the AcnA-mediated regulation of iron metabolism in Streptomyces 

is not needed. Also proteomic analysis did not identify any significant changes 

in regulation of proteins directly involved in Fe metabolism. 

In this work, the regulatory function of aconitase on post-transcriptional level 

under oxidative stress conditions in S. viridochromogenes has been 

demonstrated. Furthermore, it has been found that the AcnA-IRE interaction is a 

functional cellular mechanism that allows the strain to adapt to unfavorable 

environmental conditions. 

 



REFERENCES 

 

 

47 

 

6. References 

 

Afzal H., Sato D., Jeelani G., Soga T., Nozaki T. (2012). Dramatic increase in 
glycerol biosynthesis upon oxidative stress in the anaerobic protozoan parasite 
Entamoeba histolytica. PLoS. Negl. Trop. Dis. 6: 1831. 

Alén C., Sonenshein A. L. (1999). Bacillus subtilis aconitase is an RNA-binding 
protein. Proc. Natl. Acad. Sci. U S A. 96: 10412-10417. 

Alijah R., Dorendorf J., Talay S., Pühler A., Wohlleben W. (1991). Genetic 
analysis of the phosphinothricin-tripeptide biosynthetic pathway of 
Streptomyces viridochromogenes Tü494. Appl. Microbiol. Biotechnol. 34: 749-
755. 

Amster-Choder O., Wright A. (1990). Regulation of activity of a transcriptional 
anti-terminator in E. coli by phosphorylation in vivo. Science. 249: 540-542. 

Anantharaman V., Iyer L. M., Aravind L. (2012). Ter-dependent stress response 
systems: novel pathways related to metal sensing, production of a nucleoside-
like metabolite, and DNA-processing. Mol. Biosyst. 8: 3142-3165. 
 
Ballal A., Manna A. C. (2009). Regulation of superoxide dismutase (sod) genes 
by SarA in Staphylococcus aureus. J. Bacteriol. 191: 3301-3310. 
 
Banerjee S., Nandyala A. K., Raviprasad P., Ahmed N., Hasnain S. E. (2007). 
Iron-dependent RNA-binding activity of Mycobacterium tuberculosis aconitase. 
J. Bacteriol. 189: 4046-4052. 

Barona-Gómez F., Lautru S., Francou F. X., Leblond P., Pernodet J. L, Challis 
G. L. (2006). Multiple biosynthetic and uptake systems mediate siderophore-
dependent iron acquisition in Streptomyces coelicolor A3(2) and Streptomyces 
ambofaciens ATCC 23877. Microbiology. 152: 3355-3366. 

Basilion J. P., Rouault T. A., Massinople C. M., Klausner R. D., Burgess W. H. 
(1994). The iron-responsive element-binding protein: localization of the RNA-
binding site to the aconitase active-site cleft. Proc. Natl. Acad. Sci. U S A. 91: 
574-578. 

Bayer E., Gugel K. H., Hägele K., Hagenmaier H., Jessipow S. (1972). 
Metabolic products of microorganisms. Phosphinothricin and phosphinothricyl-
alanyl-analine. Helv. Chim. Acta. 55: 224-239. 

Bérdy J. (2005). Bioactive microbial metabolites. A personal view. J. Antibiot. 
58: 1-26. 

 



REFERENCES 

 

 

48 

 

Biswas T., Small J., Vandal O., Odaira T., Deng H. Ehrt S., Tsodikov O. V. 
(2010). Structural insight into serine protease Rv3671c that Protects M. 
tuberculosis from oxidative and acidic stress. Structure. 18: 1353-1363. 

Blodgett J. A., Zhang J. K., Metcalf W. W. (2005). Molecular cloning, sequence 
analysis, and heterologous expression of the phosphinothricin tripeptide 
biosynthetic gene cluster from Streptomyces viridochromogenes DSM 40736. 
Antimicrob. Agents. Chemother. 49: 230-240. 

Boes N., Schreiber K., Härtig E., Jaensch L., Schobert M. (2006). The 
Pseudomonas aeruginosa universal stress protein PA4352 is essential for 
surviving anaerobic energy stress. J. Bacteriol. 188: 6529-6538. 

Borsetti F., Tremaroli V., Michelacci F., Borghese R., Winterstein C. Daldal F., 
Zannoni D. (2005). Tellurite effects on Rhodobacter capsulatus cell viability and 
superoxide dismutase activity under oxidative stress conditions. Res. Microbiol. 
156: 807-813. 

Bradbury A. J., Gruer M. J., Rudd K. E., Guest J. R. (1996). The second 
aconitase (AcnB) of Escherichia coli. Microbiology. 142: 389-400. 

Brown N. L., Stoyanov J. V., Kidd S. P., Hobman J. L. (2002). The MerR family 
of transcriptional regulators. FEMS Microbiol. Rev. 27: 145-163. 

Buchanan B. B., Balmer Y. (2005). Redox regulation: a broadening horizon. 
Annu. Rev. Plant. Biol. 56: 187-220. 

Burg R. W., Miller B. M., Baker E. E., Birnbaum J., Currie S. A., et al. (1979). 
Avermectins, new family of potent anthelmintic agents: producing organism and 
fermentation. Antimicrob. Agents. Chemother. 15: 361-367. 

Bussmann M., Baumgart M., Bott M. (2010). RosR (Cg1324), a hydrogen 
peroxide-sensitive MarR-type transcriptional regulator of Corynebacterium 
glutamicum. J. Biol. Chem. 285: 29305-29318. 

Caldas T. D., E. l. Yaagoubi A., Richarme G. (1998). Chaperone properties of 
bacterial elongation factor EF-Tu. J. Biol. Chem. 273: 11478-11482. 

Chater K. F. (2006). Streptomyces inside-out: a new perspective on the bacteria 
that provide us with antibiotics. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 361: 
761-768. 

Cieśla J. (2006). Metabolic enzymes that bind RNA: yet another level of cellular 
regulatory network? Acta. Biochim. Pol. 53: 11-32.  

Clausen T., Southan C., Ehrmann M. (2002). The HtrA family of proteases: 
implications for protein composition and cell fate. Mol. Cell. 10: 443-455. 

Commichau F. M., Stülke J. (2008). Trigger enzymes: bifunctional proteins 
active in metabolism and in controlling gene expression. Mol. Microbiol. 67: 
692-702.  



REFERENCES 

 

 

49 

 

Craig J. E., Ford M. J., Blaydon D. C., Sonenshein A. L. (1997). A null mutation 
in the Bacillus subtilis aconitase gene causes a block in Spo0A-phosphate-
dependent gene expression. J. Bacteriol. 179: 7351-7359. 

D’Alia, D., Nieselt, K., Steigele, S., Muller, J., Verburg, I., and Takano, E. 
(2010). Noncoding RNA of glutamine synthetase I modulates antibiotic 
production in Streptomyces coelicolor A3(2). J. Bacteriol. 192: 1160–1164. 
 

Dandekar T., Stripecke R., Gray N. K., Goossen B., Constable A., Johansson 
H. E., Hentze M. W. (1991). Identification of a novel iron-responsive element in 
murine and human erythroid delta-aminolevulinic acid synthase mRNA. EMBO 
J.10: 1903-1909. 

Demple B. (1991). Regulation of bacterial oxidative stress genes. Annu. Rev. 
Genet. 25: 315-337. 

Diddens H., Zähner H., Kraas E., Göhring W., Jung G. (1976). On the transport 
of tripeptide antibiotics in bacteria. Eur. J. Biochem. 66: 11-23. 

Doskocil J., Sikyta B., Kasparova J., Doskocilova D., Zajicek J. (1958). 
Development of the culture of Streptomyces rimosus in submerged 
fermentation. J. Gen. Microbiol. 18: 302-312. 

Dupuy J., Volbeda A., Carpentier P., Darnault C., Moulis J. M., Fontecilla-
Camps J. C. (2006). Crystal structure of human iron regulatory protein 1 as 
cytosolic aconitase. Structure. 14: 129-139. 

Duwat P., Sourice S., Ehrlich S. D., Gruss A. (1995).  recA gene involvement in 
oxidative and thermal stress in Lactococcus lactis. Dev. Biol. Stand. 85: 455-
467. 

Ensign J. C. (1978). Formation, properties, and germination of actinomycete 
spores. Annu. Rev. Microbiol. 32: 185-219. 

Eys S., Schwartz D., Wohlleben W., Schinko E. (2008). Three thioesterases are 
involved in the biosynthesis of phosphinothricin tripeptide in Streptomyces 
viridochromogenes Tü494. Antimicrob. Agents. Chemother. 52: 1686-1696. 

Flärdh K., Buttner M. J. (2009). Streptomyces morphogenetics: dissecting 
differentiation in a filamentous bacterium. Nat. Rev. Microbiol. 7: 36-49. 

Gardner P. R., Fridovich I. (1991). Superoxide sensitivity of the Escherichia coli 
aconitase. J. Biol. Chem. 266: 19328-19333. 

Gardner P. R., Fridovich I. (1992). Inactivation-reactivation of aconitase in 
Escherichia coli. A sensitive measure of superoxide radical. J. Biol. Chem. 267: 
8757-8763. 

Glazebrook M. A., Doull J. L., Stuttard C., Vining L. C. (1990). Sporulation of 
Streptomyces venezuelae in submerged cultures. J. Gen. Microbiol. 136: 581-8. 



REFERENCES 

 

 

50 

 

Goforth J. .B, Anderson S. A., Nizzi C. P., Eisenstein R. S. (2010). Multiple 
determinants within iron-responsive elements dictate iron regulatory protein 
binding and regulatory hierarchy. RNA. 16: 154-169. 

Gräfe U. Biochemie der Antibiotika. Struktur-Biosynthese-Wirkmechanismus. 
(1992). Spektrum Akademischer Verlag, Heidelberg. 

Gruer M. J., Artymiuk P. J., Guest J. R. (1997). The aconitase family: three 
structural variations on a common theme. Trends Biochem. Sci. 22: 3-6. 

Han W. D., Kawamoto S., Hosoya Y., Fujita M., Sadaie Y. et al. (1998). A novel 
sporulation-control gene (spo0M) of Bacillus subtilis with a sigmaH-regulated 
promoter. Gene 217: 31-40. 

Hara O., Murakami T., Imai S., Anzai H., Itoh R., et al. (1991). The bialaphos 
biosynthetic genes of Streptomyces viridochromogenes: cloning, heterospecific 
expression, and comparison with the genes of Streptomyces hygroscopicus. J. 
Gen. Microbiol. 137: 351-359. 

Hardwick S. W., Chan V. S., Broadhurst R. W., Luisi B. F. (2011). An RNA 
degradosome assembly in Caulobacter crescentus. Nucleic Acids Res. 39: 
1449-1459. 

Heinzelmann E., Kienzlen G., Kaspar S., Recktenwald J., Wohlleben W., et al. 
(2001). The phosphinomethylmalate isomerase gene pmi, encoding an 
aconitase-like enzyme, is involved in the synthesis of phosphinothricin tripeptide 
in Streptomyces viridochromogenes. Appl. Environ. Microbiol. 67: 3603-3609. 

Henderson B. R., Menotti E., Bonnard C., Kühn L. C. (1994). Optimal sequence 
and structure of iron-responsive elements. J. Biol. Chem., 269: 1781–1789. 

Hobbs G., Obanye A. I., Petty J., Mason J. C., Barratt E., et al. (1992). An 
integrated approach to studying regulation of production of the antibiotic 
methylenomycin by Streptomyces coelicolor A3(2). J. Bacteriol. 174: 1487-
1494. 

Hodgson, D. A. (2000). Primary metabolism and its control in streptomycetes: a 
most unusual group of bacteria. Adv. Microb. Physiol. 42: 47-238. 

Huang H., Grove A. (2013). The transcriptional regulator TamR from 
Streptomyces coelicolor controls a key step in central metabolism during 
oxidative stress. Mol. Microbiol. 87: 1151-1166. 

Jeffery C. J. (1999). Moonlighting proteins. Trends Biochem. Sci. 24: 8-11. 

Karavolos M. H., Horsburgh M. J., Ingham E., Foster, S. J. (2009) Role and 
regulation of the superoxide dismutases of Staphylococcus aureus. 
Microbiology. 149: 2749-2758. 



REFERENCES 

 

 

51 

 

Keating T. A, Walsh C. T. (1999). Initiation, elongation, and termination 
strategies in polyketide and polypeptide antibiotic biosynthesis. Curr. Opin. 
Chem. Biol. 3: 598-606. 

Kiley P. J., Beinert H. (1998). Oxygen sensing by the global regulator, FNR: the 
role of the iron-sulfur cluster. FEMS Microbiol. Rev. 22: 341-352. 

Koglin A., Löhr F., Bernhard F., Rogov V. V., Frueh D. P., et al. (2008). 
Structural basis for the selectivity of the external thioesterase of the surfactin 
synthetase. Nature. 454: 907-911.  

Kondo Y. T., Shomura Y., Ogawa T., Tsuruoka H., Watanabe K., et al. (1973). 
Studies on a new antibiotic SF-1293. Isolation and physic-chemical and 
biological characterization of SF- 1293 substances. Sci. Rep. Meiji. Seika. 13: 
34-41. 

Kopp F., Marahiel M. A. (2007). Macrocyclization strategies in polyketide and 
nonribosomal peptide biosynthesis. Nat. Prod. Rep. 24: 735-749.  

Krishnan N., Becker D. F. (2005). Characterization of a bifunctional PutA 
homologue from Bradyrhizobium japonicum and identification of an active site 
residue that modulates proline reduction of the flavin adenine dinucleotide 
cofactor. Biochemistry. 44: 9130-9139. 

Kumada Y., Anzai H., Takano E., Murakami T., Hara O., et al. (1988). The 
bialaphos resistance gene (bar) plays a role in both self-defense and bialaphos 
biosynthesis in Streptomyces hygroscopicus. J. Antibiot. 41: 1838-1845. 

Kvint K., Nachin L., Diez A., Nyström T. (2003). The bacterial universal stress 
protein: function and regulation. Curr. Opin. Microbiol. 6: 140-145.  

Lauble H., Kennedy M. C. , Beinert H., Stout C. D. (1992). Crystal structures of 
aconitase with isocitrate and nitroisocitrate bound. Biochemistry. 31: 2735-2748. 

Lauble H., Kennedy M. C., Beinert H., and Stout C. D. (1994). Crystal structures 
of aconitase with Trans-aconitate and nitrocitrate bound. J. Mol. Biol. 237: 437–
451. 

Leipuviene R., Theil E. C. (2007). The family of iron responsive RNA structures 
regulated by changes in cellular iron and oxygen. Cell. Mol. Life Sci. 64: 2945-
2955. 

Ling M., Allen S. W., Wood J. M. (1994). Sequence analysis identifies the 
proline dehydrogenase and delta 1-pyrroline-5-carboxylate dehydrogenase 
domains of the multifunctional Escherichia coli PutA protein. J. Mol. Biol. 243: 
950-956. 

Lloyd S. J., Lauble H., Prasad G. S., Stout C. D. (1999). The mechanism of 
aconitase: 1.8 A resolution crystal structure of the S642a: citrate complex. 
Protein Sci. 8: 2655-2662. 



REFERENCES 

 

 

52 

 

Lüders S., Fallet C., Franco-Lara E. (2009). Proteome analysis of the 
Escherichia coli heat shock response under steady-state conditions. Proteome 
Sci. 7:36.  

Madden T., Ward J. M., Ison A. P. (1996). Organic acid excretion by 
Streptomyces lividans TK24 during growth on defined carbon and nitrogen 
sources. Microbiology. 142: 3181-3185. 

Martinez A., Kolter R. (1997). Protection of DNA during oxidative stress by the 
nonspecific DNA-binding protein Dps. J. Bacteriol. 179: 5188-5194. 

Massilamany C., Gangaplara A., Gardner D. J., Musser J. M., Steffen D., et al. 
(2011). TCA cycle inactivation in Staphylococcus aureus alters nitric oxide 
production in RAW 264.7 cells. Mol. Cell. Biochem. 355: 75-82.  

McCarthy A. J., Williams S. T. (1992). Actinomycetes as agents of 
biodegradation in the environment-a review. Gene. 115: 189-192. 

Méndez C., Braña A. F., Manzanal M. B., Hardisson C. (1985). Role of 
substrate mycelium in colony development in Streptomyces. Can. J Microbiol. 
31: 446-450. 

Messner K. R., Imlay J. A. (1999). The identification of primary sites of 
superoxide and hydrogen peroxide formation in the aerobic respiratory chain 
and sulfite reductase complex of Escherichia coli. J. Biol. Chem.   274: 10119-
10128. 

Minotti G., Menna P., Salvatorelli E., Cairo G., Gianni L. (2004). Anthracyclines: 
molecular advances and pharmacologic developments in antitumor activity and 
cardiotoxicity. Pharmacol. Rev. 56: 185-229. 

Muckenthaler M. U., Galy B., Hentze M. W. (2008). Systemic iron homeostasis 
and the iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory 
network. Annu. Rev. Nutr. 28: 197-213.  

Muschko K., Kienzlen G., Fiedler H. P., Wohlleben W., Schwartz D. (2002). 
Tricarboxylic acid cycle aconitase activity during the life cycle of Streptomyces 
viridochromogenes Tü494. Arch. Microbiol. 178: 499-505. 

Muschko K. (2005). Untrsuchungen zur Regulation der Antibiotikabiosynthese 
von Phosphinothricintripeptide (PTT) aus Streptomyces viridochromogenes. 
Dissertation, University of Tübingen. 

Nett M., Ikeda H., Moore B. S. (2009). Genomic basis for natural product 
biosynthetic diversity in the actinomycetes. Nat. Prod. Rep. 26: 1362-1384.  

Ostrovsky de Spicer P., O'Brien K., Maloy S. (1991). Regulation of proline 
utilization in Salmonella typhimurium: a membrane-associated dehydrogenase 
binds DNA in vitro. J. Bacteriol. 173: 211-219. 



REFERENCES 

 

 

53 

 

O'Toole R., Smeulders M. J., Blokpoel M. C., Kay E. J., Lougheed K. et al. 
(2003). A two-component regulator of universal stress protein expression and 
adaptation to oxygen starvation in Mycobacterium smegmatis. J. Bacteriol. 185: 
1543-1554. 

Pohl E., Haller J. C., Mijovilovich A., Meyer-Klaucke W., Garman E., et al. 
(2003). Architecture of a protein central to iron homeostasis: crystal structure 
and spectroscopic analysis of the ferric uptake regulator. Mol. Microbiol. 47: 
903-915. 

Ralser M., Wamelink M. M., Kowald A., Gerisch B., Heeren G., et al. (2007). 
Dynamic rerouting of the carbohydrate flux is key to counteracting oxidative 
stress. J. Biol. 6: 10. 

Revill W. P., Bibb M. J., Hopwood D. A. (1996). Relationships between fatty 
acid and polyketide synthases from Streptomyces coelicolor A3(2): 
characterization of the fatty acid synthase acyl carrier protein. J. Bacteriol. 178: 
5660-5667. 

Sancar A., Sancar G. B. (1988). DNA repair enzymes. Annu. Rev. Biochem.  
57: 29-67. 

Sánchez S., Chávez A., Forero A., García-Huante Y., Romero A. et al. (2010). 
Carbon source regulation of antibiotic production. J. Antibiot. 63: 442-459. 

Schad K. (2006). Charakterisirung der Primaer- und 
Sekundaerstoffwechselaconitasen AcnA and Pmi in Streptomyces 
viridochromogenes Tü 494. Diplomarbeit. University of Tübingen. 

Schad K. (2010). Die Rolle der Aconitase AcnA in der Abwehr von oxidativem 
Stress und in der morphologischen Differenzierung von Streptomyces 
viridochromogenes Tü494. Doktorarbeit. University of Tübingen. 

Schinko E., Schad K., Eys S., Keller U., Wohlleben W. (2009). 
Phosphinothricin-tripeptide biosynthesis: an original version of bacterial 
secondary metabolism? Phytochemistry. 70: 1787-800. 

Schwartz D., Alijah R., Nussbaumer B., Pelzer S., Wohlleben W. (1996). The 
peptide synthetase gene phsA from Streptomyces viridochromogenes is not 
juxtaposed with other genes involved in nonribosomal biosynthesis of peptides. 
Appl. Environ. Microbiol. 62: 570-577. 

Schwartz D., Berger S., Heinzelmann E., Muschko K., Welzel K., et al. (2004). 
Biosynthetic gene cluster of the herbicide phosphinothricin tripeptide from 
Streptomyces viridochromogenes Tü494. Appl. Environ. Microbiol. 70: 7093-
7102. 

Schwartz D., Kaspar S., Kienzlen G., Muschko K., Wohlleben W. (1999). 
Inactivation of the tricarboxylic acid cycle aconitase gene from Streptomyces 
viridochromogenes Tü494 impairs morphological and physiological 
differentiation. J. Bacteriol. 181: 7131-7135. 



REFERENCES 

 

 

54 

 

Selezneva A. I., Walden W. E., Volz K. W. (2013). Nucleotide-specific 
recognition of iron-responsive elements by iron regulatory protein 1. J. Mol. Biol. 
425: 3301-3310. 

Serio A. W., Pechter K. B., Sonenshein A. L. (2006). Bacillus subtilis aconitase 
is required for efficient late-sporulation gene expression. J. Bacteriol. 188: 6396-
6405. 

Singh R., Mailloux R. J., Puiseux-Dao S., Appanna V. D. (2007). Oxidative 
stress evokes a metabolic adaptation that favors increased NADPH synthesis 
and decreased NADH production in Pseudomonas fluorescens. J. Bacteriol. 
189: 6665-6675.  

Somerville G. A., Chaussee M. S., Morgan C. I., Fitzgerald J. R., Dorward D., et 
al.  (2002). Staphylococcus aureus aconitase inactivation unexpectedly inhibits 
post-exponential-phase growth and enhances stationary-phase survival. Infect. 
Immun. 70: 6373-6382. 

Somerville G., Mikoryak C. A., Reitzer L. (1999). Physiological characterization 
of Pseudomonas aeruginosa during exotoxin A synthesis: glutamate, iron 
limitation, and aconitase activity. J. Bacteriol. 181: 1072-1078. 

Stachelhaus T., Mootz H. D., Bergendahl V., Marahiel M. A. (1998). Peptide 
bond formation in nonribosomal peptide biosynthesis. Catalytic role of the 
condensation domain. J. Biol. Chem. 273: 22773-22781. 

Strieker M., Tanović A., Marahiel M. A. (2010). Nonribosomal peptide 
synthetases: structures and dynamics. Curr. Opin. Struct. Biol. 20: 234-240. 

Süsstrunk U., Pidoux J., Taubert S., Ullmann A., Thompson C. J. (1998). 
Pleiotropic effects of cAMP on germination, antibiotic biosynthesis and 
morphological development in Streptomyces coelicolor. Mol. Microbiol. 30: 33-
46. 

Tang Y., Guest J. R. (1999). Direct evidence for mRNA binding and post-
transcriptional regulation by Escherichia coli aconitases. Microbiology. 145: 
3069-3079. 

Tang Y., Guest J. R., Artymiuk P. J., Green J. (2005). Switching aconitase B 
between catalytic and regulatory modes involves iron-dependent dimer 
formation. Mol. Microbiol. 56: 1149-1158. 

Tang Y., Guest J. R., Artymiuk P. J., Read R. C., Green J. (2004). Post-
transcriptional regulation of bacterial motility by aconitase proteins. Mol. 
Microbiol. 51: 1817-1826. 

Tang Y., Quail M. A., Artymiuk P. J., Guest J. R., Green J. (2002). Escherichia 
coli aconitases and oxidative stress: post-transcriptional regulation of sodA 
expression. Microbiology. 148: 1027-1037. 



REFERENCES 

 

 

55 

 

Thompson C. J., Movva N. R., Tizard R., Crameri R., Davies J. E., et al. (1987). 
Characterization of the herbicide-resistance gene bar from Streptomyces 
hygroscopicus. EMBO J. 6: 2519-2523. 

Turner R. J., Bonner E. R., Grabner G. K., Switzer R. L. (1998). Purification and 
characterization of Bacillus subtilis PyrR, a bifunctional pyr mRNA-binding 
attenuation protein/uracil phosphoribosyltransferase. J. Biol. Chem. 273: 5932-
5938. 

Umezawa H., Aoyagi T., Morishima H., Kunimoto S., Matsuzaki M. (1970). 
Chymostatin, a new chymotrypsin inhibitor produced by actinomycetes. J 
Antibiot. 23: 425-427. 

Umezawa H., Maeda K., Takeuchi T., Okami Y. (1966). New antibiotics, 
bleomycin A and B. J. Antibiot. 19: 200-209. 

van Wezel G. P., McDowall K. J. (2011). The regulation of the secondary 
metabolism of Streptomyces: new links and experimental advances. Nat. Prod. 
Rep. 28: 1311-1333.  

Varghese S., Tang Y., Imlay J. A. (2003). Contrasting sensitivities of 
Escherichia coli aconitases A and B to oxidation and iron depletion. J. Bacteriol. 
185: 221-230. 

Vézina C., Kudelski A., Sehgal S. N. (1975). Rapamycin (AY-22,989), a new 
antifungal antibiotic. I. Taxonomy of the producing streptomycete and isolation 
of the active principle. J. Antibiot. 28: 721-726. 

Viollier P. H., Minas W., Dale G. E., Folcher M., Thompson C. J. (2001b). Role 
of acid metabolism in Streptomyces coelicolor morphological differentiation and 
antibiotic biosynthesis. J. Bacteriol. 183: 3184-3192. 

Viollier P. H., Nguyen K. T., Minas W., Folcher M., Dale G. E., Thompson C. J. 
(2001a). Roles of aconitase in growth, metabolism, and morphological 
differentiation of Streptomyces coelicolor. J. Bacteriol. 183: 3193-3203. 

Watve M. G., Tickoo R., Jog M. M., Bhole B. D. (2001). How many antibiotics 
are produced by the genus Streptomyces? Arch. Microbiol. 176: 386-90. 

Williams C. H., Stillman T. J., Barynin V. V., Sedelnikova S. E., Tang Y., et al. 
(2002). E. coli aconitase B structure reveals a HEAT-like domain with 
implications for protein–protein recognition. Nature Structural Biology, 9: 447–
452. 

Wilson T. J., Bertrand N., Tang J. L., Feng J. X., Pan M. Q., et al. (1998). The 
rpfA gene of Xanthomonas campestris pathovar campestris, which is involved in 
the regulation of pathogenicity factor production, encodes an aconitase. Mol. 
Microbiol. 28: 961-970. 

Wimpenny J. W. T. (1982). Responses of microorganisms to physical and 
chemical gradients. Philos. Trans. R. Soc. Lond. 297: 497-515. 



REFERENCES 

 

 

56 

 

Wohlleben W., Arnold W., Broer I., Hillemann D., Strauch E., (1988). Nucleotide 
sequence of the phosphinothricin N-acetyltransferase gene from Streptomyces 
viridochromogenes Tü494 and its expression in Nicotiana tabacum. Gene. 70: 
25-37. 

Wray L. V. Jr., Zalieckas J. M., Fisher S. H. (2001). Bacillus subtilis glutamine 
synthetase controls gene expression through a protein-protein interaction with 
transcription factor TnrA. Cell. 107: 427-435. 

Xiao M., Xu P., Zhao J., Wang Z., Zuo F., et al. (2011) Oxidative stress-related 
responses of Bifidobacterium longum subsp. longum BBMN68 at the proteomic 
level after exposure to oxygen. Microbiolgy. 6: 1573-1588. 

Yao Y., Sun H., Xu F., Zhang X., Liu S. (2011). Comparative proteome analysis 
of metabolic changes by low phosphorus stress in two Brassica napus 
genotypes. Planta. 233: 523-537. 

Yasutake Y., Yaoa M., Sakaia N., Kiritaa T., and Tanaka I. (2004). Crystal 
structure of the Pyrococcus horikoshii isopropylmalate isomerase small subunit 
provides insight into the dual substrate specificity of the enzyme. Journal of 
Molecular Biology. 344: 325–333. 

Zeller T., Klug G. (2006). Thioredoxins in bacteria: functions in oxidative stress 
response and regulation of thioredoxin genes. Naturwissenschaften. 93: 259-
266.  

 

 

 

 

 

 

 

 

 

 

 



LIST OF PUBLICATIONS 

 

 

57 

 

7. List of publications 

 

 

1. Michta E., Schad K., Blin K., Ort-Winklbauer R., Röttig M., Kohlbacher O., 

Wohlleben W., Schinko E., Mast Y. (2012). 

The bifunctional role of aconitase in Streptomyces viridochromogenes Tü494. 

Environ. Microbiol. 14: 3203-3219. 

 

 

2. Michta E., Ding W., Zhu S., Blin K., Ruan H., Wang R., Wohlleben W.,     

Mast Y. (2014). 

Proteomic approach to reveal the regulatory function of aconitase AcnA in 

oxidative stress response in the antibiotic producer Streptomyces 

viridochromogenes Tü494. PLoS One. 9:e87905. 

 

 

 



PUBLICATION 1 

 

 

58 

 

 

 

 



PUBLICATION 1 

 

 

59 

 

 

 

 

 



PUBLICATION 1 

 

 

60 

 

 

 

 

 



PUBLICATION 1 

 

 

61 

 

 

 

 

 



PUBLICATION 1 

 

 

62 

 

 

 

 

 



PUBLICATION 1 

 

 

63 

 

 

 

 

 



PUBLICATION 1 

 

 

64 

 

 

 

 

 



PUBLICATION 1 

 

 

65 

 

 

 

 

 



PUBLICATION 1 

 

 

66 

 

 

 

 

 



PUBLICATION 1 

 

 

67 

 

 

 

 

 



PUBLICATION 1 

 

 

68 

 

 

 

 

 



PUBLICATION 1 

 

 

69 

 

 

 

 

 



PUBLICATION 1 

 

 

70 

 

 

 

 

 



PUBLICATION 1 

 

 

71 

 

 

 

 

 



PUBLICATION 1 

 

 

72 

 

 

 

 

 



PUBLICATION 1 

 

 

73 

 

 

 

 

 



PUBLICATION 1 

 

 

74 

 

 

 

 

 



PUBLICATION 1 

 

 

75 

 

 

 

 

 

 

 

Supporting information, Table S1. Primer sequences, amplified fragments, PCR conditions, and IREs.  

Primer Primer sequence (5’→3’) Properties* 

P1 ATGGATCCGTGTCGGCGAACAGCTTCGACG BamHI restriction site 

P2 ATAAGCTTCTTACTTGCGGATCAGGCTGCG HindIII restriction site 

P3 CGGCTTCAAGCTGAC - 

P4 CGGAGTTGCCGATGCAGGTGGTAGCGCCGTA

G 

CCGACGAGGTTGAAGC 

Exchange of GCA for 

AGC 

P5 GCTTCAACCTCGTCGGCTACGGCGCTACCAC

CT 

GCATCGGCAACTCCG 

Exchange of TGC for 

GCT 

P6 TGTCGGCCTTGATCG - 

P7 
CGTGCCGAACTTGT-

GGTCGATGACCAGCTCGGC 

Deletion of 

CGGCGATGACGGAG

T 

P8 
GTCATCGACC-

ACAAGTTCGGCACGAACGACGC 

Deletion of 

ACTCCGTCATCGCC

G  

P9 GGCCAGATGTCCTTCAG - 

P10 ACTTCTCCGAGAAGCTCGAGCTC - 

P11 CGTGCCCGGCGCGATCTCGTTGCGCAGCTCG

AT 

GTTGGCGAACG 

Exchange of G for C 

and GCG for CTC 

P12 CGTTCGCCAACATCGAGCTGCGCAACGAGAT

CG 

Exchange of CGC for 

GAG and C for G 

Supporting information, Fig.S2. Analysis of PTT production of the S. viridochromogenes WT, the 

MacnA mutant, the hisacnA complemented MacnA mutant (MacnA(hisacnA)), the hisacnA1(C538A) 

complemented MacnA mutant (MacnA(hisacnA1)), and the hisacnA2(∆125–129) complemented 

MacnA mutant (MacnA(hisacnA2)) in a biological assay against B. subtilis. 

WT 

MacnA 

(hisacnA) 

MacnA 

MacnA 

(hisacnA2) 

MacnA 

(hisacnA1) 
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CGCCGGGCACG 

P13 ATGCGGACGACCGCGTCGAACTC - 

P18 ATGAATTCCGTACGGCAGCTTGAAC - 

P19 ATGTGGTCGGGCGGTGATGTTCG - 

Fragment Primer 
Annealing temp 

(°C) 
Polymerase Template 

acnA 
(2.8 kb)

+
 

P1 and P2 64 
Taq genomic DNA of Tü494 

C538A1 

(0.9 kb)
+
 

P3 and P4 54 
Taq genomic DNA of Tü494 

C538A2 

(0.5 kb)
+
 

P5 and P6 52 
ProofStart genomic DNA of Tü494 

C538A1+2 

(1.5 kb)
+
 

P3 and P6 46 
ProofStart C538A1

+ C538A2
 

Ä125–1291 

(0.4 kb)
+ 

P1 and P7 68 
Taq genomic DNA of Tü494 

Ä125–1292 

(1.5 kb)
+
 

P8 and P9 54 
Taq genomic DNA of Tü494 

Ä125–1291+2 

(1.9 kb)* 
P1 and P9 46 

ProofStart Ä125–1291+ Ä125–1292
 

R763E/Q767E1 

(1.2 kb)
+
 

P10 and 

P11 
62 

Taq genomic DNA of Tü494 

R763E/Q767E2 

(0.4 kb)
+
 

 

P12 and 

P13 

62 

Taq genomic DNA of Tü494 

R763E/Q767E1

+2 

(1.6 kb)
+
 

P10 and 

P13 
64 

Taq R763E/Q767E1+ 
R763E/Q767E2

 

 

IRE RNA Sequence (5’→3’) 

hfer AAUUCGGGAGAGGAUCCUGCUUCAACAGUG 

CUUGGACGGAUCCA 

recA GACCCGCAUCGGGGCCCAUUGUCAGUG 

GCAGGCAUUAGCGUCUUUGACGU 

ftsZ CGGCCGGGCGACACGUAACUCGAGGCGAGAG 

GCCUUCGACGUGGCAGCAC 

hrdB CCAGGAGGGCAACCUCGGUCUGAUCCGCGCGG 

UGGAGAAGUUCGACUACA 

recA-loop GCGUCGGGCGCAUUGUCCCCGCACCGGUUAGC 

GUCUU 

recA-stem GCGUCGGGGCGCAAAAACAGUGAAAAACGUU 

AGCGUCUU 
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SSQG_012
18 

CGGGGCUUCCCGGGCACGUUGUCAGUGGUCGCC 

GGUAGGUUCUGAGGCCU 

CUUCCCGGGCACGUUGUCAGUGGUCGCCGGUAGGUUCUGA 

SSQG_005
52 

CGACGAGGGCCUGCUCCUGCUGCUGUGCGGCGCGUGGAACC

AGGUGGUCC 

CGAGGGCCUGCUCCUGCUGCUGUGCGGCGCGUGGAACCAG 

 

*The properties are underlined in the primer sequence; IRE motive is underlined in the RNA sequence 

+
 expected size of PCR fragment  
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Supporting information, Fig. S1. Growth curve of S. viridochromogenes wild-type (A) and MacnA (B). 

Time point of methyl viologen (MV) supply is indicated as black arrow. 

 

Supporting information, Fig. S2. 2D gel image of the methyl viologen-treated S. viridochromogenes wild-

type (A) and untreated wild-type (B). 2D gel image of the methyl viologen-treated S. viridochromogenes 

MacnA (C) and untreated MacnA (D). Significantly changed spots are outlined in green. White arrows 

indicate the spots that were identified in both, WT and MacnA strain (see Table 1 in online published paper 

for code assignment). 

A 

C D 

B 
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9. Contribution 

 

In publication 1 (Michta et al., 2012), I overexpressed and purified all 

recombinant proteins, performed RT-PCR analysis and the majority of the 

electrophoretic mobility shift experiments. Also the phenotypic comparison of S. 

viridochromogenes WT grown with different concentrations of various organic 

acids, as well as the analysis of the susceptibility of the S. viridochromogenes 

strains to stress conditions was performed by me. I contributed to the analysis 

and interpretation of the data and to some scientific ideas about how to perform 

the experiments. I also took part in editing the manuscript. K. Schad wrote the 

manuscript, performed cloning of the point-mutated AcnA derivatives, the 

Western-blot analysis, part of the electrophoretic shift experiments and 

susceptibility experiments of the S. viridochromogenes strains to stress 

conditions. R. Ort-Winklbauer performed cloning experiments. The bioinformatic 

part of the work has been done by K. Blin, M. Röttig and O. Kohlbacher. E. 

Schinko and Y. Mast designed the experiments, wrote and edited the 

manuscript. Y. Mast, E. Schinko and W. Wohlleben supervised the project.  

 

In publication 2 (Michta et al., 2014), all the experiments were performed by me, 

with the help of the people from the Shanghai Applied Protein Technology. I 

analyzed and interpreted the data and wrote the manuscript. People from Prof. 

W. Jiang group reviewed the manuscript and provided helpful suggestions. The 

bioinformatic search for IRE elements in S. viridochromogenes genome has 

been done by K. Blin. Y. Mast took part in designing the experiments and edited 

the manuscript. Y. Mast and W. Wohlleben supervised the project.  
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