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1. Summary 
Transcription factors enable organisms to modulate the expression of numerous genes in response to 
different environmental stimuli. They are embedded in complex and sophisticated regulatory networks 
to ensure balanced responses and survival in fluctuating environments. The aim of this doctoral thesis 
was to enlarge the knowledge on corynebacterial iron and heme regulatory networks, their 
interactions and their plasticity in response to stress. 

The trace element iron is vital for almost every cellular organism acting in various essential biological 
processes, like electron transport, tricarboxylic acid cycle or peroxide reduction. An important form of 
bound iron is the porphyrin structure heme. Besides its role as alternative iron resource in iron-scarce 
environments, heme serves as the prosthetic group of several critical proteins like cytochromes, 
hydroxylases or catalases. Despite being essential for survival, a certain toxicity is associated with iron 
and heme at elevated levels inter alia caused by the generation of oxidative stress via Fenton reaction. 
With the intention to maintain robust iron and heme homeostasis, the Gram-positive soil bacterium 
Corynebacterium glutamicum relies on a transcriptional network comprised of the master regulator of 
iron DtxR and the paralogous heme-responsive two-component systems HrrSA and ChrSA. While HrrSA 
represents a global regulatory system of heme homeostasis, ChrSA is specific for heme detoxification 
by regulating the expression of the heme exporter HrtBA. 

In the framework of this doctoral thesis, in vivo genome-wide profiling of DtxR binding sites confirmed 
many targets known from in vitro data, but further expanded the repertoire of DtxR targets by genes 
involved in DNA recombination, methionine synthesis and oxidative stress as well as several prophage 
genes. Remarkably, binding was illustrated to be dependent from the iron source present and a similar 
observation was made when deciphering conditional and time-resolved binding patterns of HrrA. Here, 
identification of more than 200 target genes of inter alia heme biosynthesis, respiratory chain, 
oxidative stress or cell envelope remodeling unraveled HrrA as global regulator of heme homeostasis. 
Strikingly, a significant anti-proportional correlation of binding peak intensity and the differential gene 
expression was determined for both DtxR and HrrA data sets, i.e. weaker binding correlated with a 
higher differential gene expression in strains lacking the respective regulator. Furthermore, this 
comparative, genome-wide approach led to the identification of several shared targets of DtxR and 
HrrA underlining the interconnection of these two global regulatory networks.  

Focusing on heme, this study further aimed at the examination of strategies applied by C. glutamicum 
to cope with heme toxicity. An adaptive laboratory evolution experiment towards heme tolerance 
resulted in an evolved strain carrying a beneficial frameshift mutation in the catalytical domain of the 
histidine kinase ChrS, yielding a pseudokinase variant. This strain had an exceptionally elevated heme 
tolerance provided by highly increased expression of hrtBA encoding a conserved heme exporter, 
which was shown to be crucial for heme detoxification. Expression of hrtBA is mediated by the 
response regulator ChrA, but different from the native context, the phosphorylation of ChrA in the 
evolved strain is completely dependent on the paralogous non-cognate histidine kinase HrrS. This 
activation is presumably enforced by the pseudokinase variant of ChrS. Thus, adaptation to 
elevated heme levels occurred via altered communication between the paralogous two-component 
systems HrrSA and ChrSA. Apart from that, another regulatory layer on the histidine kinase level by 
heterodimerization of native ChrS and HrrS could be revealed within this study. Moreover, additional 
minor heme detoxification strategies were postulated, like sequestration via heme binding proteins or 
alternate transport to counteract toxicity. 

In conclusion, this thesis provides comprehensive insights into the control of iron and heme 
homeostasis by the global transcriptional regulators DtxR and HrrA. The presented results emphasize 
the importance of in vivo genome-wide binding analyses to decipher interactions and interference 
between global regulatory networks. Furthermore, adaptive laboratory evolution experiments 
revealed the high evolutionary plasticity of TCSs cascades composed of paralogous systems, as 
exemplified by HrrSA and ChrSA, facilitating the rapid adaptation to environmental stresses. 
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2. Scientific context and key results of this thesis 
2.1 Iron – a crucial micronutrient for cellular life 

Every organism depends on metals required for growth and survival. It can be estimated that half of 

all enzymes, which have been characterized, rely on one or more metal ions for their function 

(Chandrangsu et al., 2017; Waldron et al., 2009). The most important metals for bacterial metabolism 

are inter alia zinc, copper and iron (Hughes and Poole, 1989). Throughout this thesis, the focus will be 

on iron and especially on the iron-bound compound heme as well as on the homeostatic regulation 

thereof, vital for cellular life. 

Iron is one of the four most abundant elements on earth (Weber et al., 2006) and it is even claimed to 

be involved in the origin of life (Camprubi et al., 2017; Thiel et al., 2019). This trace element has been 

determined as a physiological requirement of almost every living organism as it plays important roles 

in numerous biological processes, like electron transport, tricarboxylic acid cycle (TCA), peroxide 

reduction or DNA biosynthesis and repair (Andrews et al., 2003; Cornelis et al., 2011). Within prosthetic 

groups, iron is the most common redox active metal found in proteins (Andreini et al., 2008). While 

being vital, iron is a scarce and growth-limiting resource, as it is not readily available at aerobic 

conditions. There it remains primarily in the insoluble ferric form (Fe3+) (solubility: 10-18 M at pH 7) as 

a result of the corrosive reaction of the soluble form Fe2+ with O2 (Andrews et al., 2003). Although the 

soluble ferrous state of iron (Fe2+) is essential for life, it can induce serious damage to cells. The main 

cause is the pro-oxidant characteristic of Fe2+ reacting with H2O2 to yield reactive oxygen species (ROS), 

as depicted by Fenton/Haber-Weiss reaction (Fenton, 1894): 

Fe2+ + H2O2  Fe3+ + •OH + OH- 

The resulting hydroxyl radicals can induce severe damage on DNA, proteins and lipids (Pierre and 

Fontecave, 1999; Sousa et al., 2020). To protect from this damage, iron must be tightly controlled to 

maintain the free intracellular iron at low levels. Nevertheless, iron levels must still be sufficient to 

meet the required needs. Therefore, besides the avoidance of toxic levels, strategies to counteract 

iron limitation are required in iron-scarce environments. In this context, many bacteria rely on the use 

of siderophores, which are metal-chelating agents that capture iron from the habitat, as summarized 

in several reviews (Ahmed and Holmström, 2014; Saha et al., 2016). 

 

2.2 A versatile alternative resource of iron: Heme 

In certain iron-depleted environments, the versatile molecule heme can act as an alternative iron 

resource. This is especially the case for pathogens sequestering heme from their hosts, like bacteria 

infecting vertebrates where the major fraction of iron comes in the form of heme bound to hemoglobin 
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(~70%) (Contreras et al., 2014; Nobles and Maresso, 2011; Wallace, 2016). Nevertheless, also non-

pathogenic bacteria rely on heme-bound iron (Andrews et al., 2003; Frunzke et al., 2011; Noya et al., 

1997), e.g. in soil from decaying organic material.  

Heme is a complex with an iron coordinated via four nitrogen atoms as part of a protoporphyrin ring 

(protoporphyrin IX) (Ponka, 1999) (Figure 1). Similar to iron, this versatile molecule is essential for both 

prokaryotes and eukaryotes, because - apart from serving as alternative iron resource - it is also 

inevitably required as prosthetic group of manifold enzymes of critical cellular processes including 

cytochromes, hydroxylases, catalases and peroxidases (Layer et al., 2010). Thereby, heme serves a vital 

role in processes like electron transfer, respiration and oxygen metabolism (Ajioka et al., 2006). 

 

 

Figure 1: Structure of heme b. Ferrous iron (Fe2+) 
is bound by four nitrogen atoms in a porphyrin 
ring structure. Heme b (protoheme IX) is the most 
abundant form of heme. 

 

 

Apart from acquiring from the environment, heme can also be synthesized by many cells (Barupala et 

al., 2016; Choby and Skaar, 2016; Layer, 2021). The early precursor δ-aminolevulinic acid (ALA) is 

essential and universal for heme biosynthesis in eukaryotes and prokaryotes alike, although it is 

synthesized from different pathways. Many eukaryotes and alphaproteobacteria utilize the C4-

pathway to generate ALA from glycine and succinyl-CoA (Shemin and Kumin, 1952; Shemin and 

Rittenberg, 1945), while most prokaryotes and plants employ the C5-pathway, which uses glutamyl-

tRNAGlu as precursor molecule (Beale et al., 1975). Over a long period, it was assumed that the heme 

biosynthesis pathway following ALA is highly conserved in all organisms. This remained true for the 

protoporphyrin-dependent pathway found among eukaryotic organisms. However, for bacteria and 

archaea different routes for heme biosynthesis were established (Dailey et al., 2017). While for many 

Gram-negative bacteria the same route as for eukaryotic systems is employed, many Gram-positives 

rely on the coproporphyrin-dependent pathway and sulfate-reducing bacteria as well as archaea make 

use of the most ancient siroheme-dependent pathway. These pathways differ in their enzymatic setup 

yielding different intermediates, as summarized in detail throughout several recent literature (Dailey 

et al., 2017; Layer, 2021; Layer et al., 2010). 

Analogically to iron, there is also a certain toxicity of heme at elevated levels ascribed to the generation 

of ROS, which is attributed to the redox-active iron (Kumar and Bandyopadhyay, 2005). Due to its 
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highly hydrophobic character, free heme accumulates at biological membranes where it promotes 

oxidation and consequent cell lysis (Aft and Mueller, 1984). Previous studies suggested that there 

might be a non-iron related toxicity of the porphyrin structure itself (Stojiljkovic et al., 1999), which is 

not yet unraveled. 

 

2.3 Coping with the environment: Control of iron and heme homeostasis 

In principle, any substance is potentially able to turn to a lethal threat and harm living organisms if 

present at elevated concentrations, even if it is an essential nutrient. This was already claimed by the 

famous Renaissance physician Paracelsus (1493-1541): 

“What is there that is not poison? All things are poison and nothing is without poison. Solely the dose 

determines that a thing is not a poison.” 

As a consequence, organisms have evolved a vast amount of strategies to cope with valuable, but toxic 

resources allowing to survive under diverse and rapidly changing conditions and finally inhabit almost 

every environment on earth (Boor, 2006). As metals cannot be synthesized or degraded, organisms 

have evolved sophisticated strategies maintaining homeostasis. In this context, DNA-binding 

transcription factors sensing environmental changes and subsequently modulating the expression of 

relevant target genes represent a key solution. 

2.3.1 Iron-responsive gene regulation 

The mechanisms of any organism employed to deal with proper iron homeostasis are dependent on 

the ecological niche and the environmental conditions it is exposed to. However, in general, there are 

common strategies employed by bacteria to maintain iron homeostasis: (i) iron transport for 

scavenging iron from the surroundings by e.g. siderophores, (ii) iron storage for later resort, (iii) 

counteraction of resulting redox stress, and (iv) controlled iron consumption by downregulation of 

genes coding for iron-requiring proteins (Andrews et al., 2003). Consequently, these manifold genes 

involved in the different strategies of iron homeostasis require iron-responsive regulatory systems to 

orchestrate proper functionality. Iron-dependent control of gene expression is of superior importance 

to meet the necessity for iron without intoxication. For eukaryotic systems, this is primarily regulated 

by posttranscriptional mechanisms, as summarized earlier (Dlouhy and Outten, 2013; Rouault and 

Klausner, 1997). In bacteria, there are two widely distributed transcriptional regulators that play a 

major role in the control of iron homeostasis: Fur and DtxR.  

The ferric-uptake regulator (Fur) is a global DNA-binding transcriptional regulator found in several 

Gram-negative bacteria (e.g. Escherichia coli (Bagg and Neilands, 1987), Neisseria meningitidis (Delany 

et al., 2004), Helicobacter pylori (Bereswill et al., 2000)) and additionally some low GC-content Gram-
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positives (e.g. Bacillus subtilis (Bsat et al., 1998)) (Saito and Williams, 1991). In the presence of iron, 

the Fur protein exists as homodimer with a Zn2+ structural binding site, as well as a regulatory active 

Fe2+ site coupling its activity to the presence of intracellular iron (Pecqueur et al., 2006). Fur utilizes 

Fe2+ as co-repressor to regulate transcription of directly and indirectly iron-related genes (Bagg and 

Neilands, 1987). Thoroughly studied in Escherichia coli, more than 80 target genes were shown to be 

directly controlled by this regulator via binding to a Fur box in the presence of iron, especially including 

the repression of genes important for iron-acquisition or the biosynthesis of siderophores (McHugh et 

al., 2003; Seo et al., 2014). More than 10 targets were demonstrated to be directly activated by Fur; 

including ftnB encoding a ferritin-like protein or the TCA cycle related aconitases encoded by acnA or 

acnB (Gruer and Guest, 1994; Seo et al., 2014). Concerning the latter ones, it is worth to note that 

aconitases, upon conformational changes, additionally play an important dual role as iron regulatory 

proteins (IRPs) in eukaryotes (Narahari et al., 2000; Volz, 2008), while there are also hints for 

prokaryotes (Tang and Guest, 1999; Tang et al., 2005). Apart from that, the Fur regulator was shown 

to interact with the expression of small RNAs to further indirectly influence the gene expression of 

several other targets. In the case of E. coli, Fur acts as repressor for the expression of the small RNA 

RhyB. In iron-limited milieus, rhyB is derepressed from Fur in order to degrade several mRNAs which 

were positively regulated by Fur, e.g. aconitase (acnA), succinate dehydrogenase (sdhCDAB) or ferritin 

(ftn) (Massé and Arguin, 2005; Massé and Gottesman, 2002; Massé et al., 2007). A dual regulation of 

the same targets by Fur and RhyB, like in the case for acnA, enables rapid adaptation to fluctuating 

environments (O'Brien et al., 2013; Seo et al., 2014). Further homologs of RhyB were found in other 

bacteria like Pseudomonas aeruginosa (Wilderman et al., 2004). Recently, it was claimed that the 

reversible binding of Fur to [2Fe-2S]-cluster is conserved among bacteria to sense intracellular iron 

concentrations as shown for E. coli and Hemophilus influenza (Fontenot et al., 2020). 

Beyond Fur, Gram-positive bacteria with medium to high GC-content rather rely on the global iron 

regulator DtxR. Firstly discovered in Corynebacterium diphtheriae, the diphtheria toxin regulator DtxR 

was initially revealed to repress the tox gene (Boyd et al., 1990; Pappenheimer and Johnson, 1936). 

The diphtheria toxin is encoded in the genome of several corynephages and is derepressed by the 

genome-encoded DtxR under iron-limiting conditions (Pappenheimer, 1977; Schmitt and Holmes, 

1991; Welkos and Holmes, 1981). On a pathogenic view, this yields toxin production as soon as 

infecting the host, as the bloody milieu in vertebrates is iron-scarce. In fact, several pathogenic bacteria 

sense their host environment via iron availability to induce their toxin production (Litwin and 

Calderwood, 1993). DtxR-like homologs were found in numerous Gram-positive bacteria like IdeR of 

Mycobacterium tuberculosis (Manabe et al., 1999) or MntR of Staphylococcus aureus (Ando et al., 

2003) and are often described as master regulator of iron homeostasis. However, DtxR is not only 

relevant in pathogenic, but also in non-pathogenic species, like the soil bacterium Corynebacterium 
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glutamicum (Brune et al., 2006; Wennerhold and Bott, 2006). Although Fur and DtxR do not share 

significant similarity on the protein level (Fur of E. coli with DtxR of C. diphtheriae: 28% (global 

alignment, Needleman-Wunsch)), they are functional homologs. Comparable to Fur, DtxR-like 

regulators form dimers in complex with Fe2+ in order to orchestrate an iron-dependent gene expression 

by binding to the respective target DNA (White et al., 1998). Different from Fur, DtxR requires two Fe2+ 

ions per monomer. Thorough research in corynebacteria demonstrated that this regulator controls 

more than 50 targets and most of them are also involved in the repression of iron acquisition genes 

encompassing iron uptake and siderophore biosynthesis as well as iron utilization (Brune et al., 2006; 

Kunkle and Schmitt, 2005; Wennerhold and Bott, 2006; Yellaboina et al., 2004). Further, DtxR directly 

activates genes encoding iron storage proteins like ferritin (ftn) or the starvation-induced DNA 

protection protein (dps) as well as the assembly of [Fe-S] cluster by controlling the suf operon 

(Wennerhold and Bott, 2006). Strikingly, DtxR was shown to regulate the expression of further 

transcriptional regulators. One example is the iron-starvation regulator RipA (repressor of iron proteins 

A). RipA represses non-essential iron-dependent gene expression, e.g. of genes coding for an aconitase 

or succinate dehydrogenase, to save resources at iron-limited conditions (Wennerhold et al., 2005). 

Nevertheless, DtxR does not only repress iron-related, but also heme-related genes like the heme 

importer hmuTUV or the heme oxygenase hmuO (Bibb et al., 2007; Brune et al., 2006; Kunkle and 

Schmitt, 2003; Wennerhold and Bott, 2006). This further matches the observation that DtxR of 

C. glutamicum regulates the expression of the heme-responsive transcriptional response regulator 

HrrA belonging to the corynebacterial two-component system HrrSA (Wennerhold and Bott, 2006), 

which will be further described throughout section 2.3.2.1. Interestingly, this regulation of hrrA was 

not identified for DtxR in C. diphtheriae (Bibb et al., 2007). 

2.3.2 Heme-responsive control of gene expression 

Throughout the domains of life, the multifaceted molecule heme has led to the evolution of diverse 

regulatory systems. There are two types of heme sensor systems: Heme can either be sensed directly, 

or it can act as sensor of gases such as O2, CO or NO (Girvan and Munro, 2013). However, within this 

study, we will focus on the former type. These heme sensor systems act as transcriptional regulators 

and are involved in diverse issues, like the circadian rhythm (e.g. mammalian NPAS2 (Dioum et al., 

2002)), demethylases (e.g. yeast Gis1 (Lal et al., 2018)) or also glucose metabolism (e.g. mammalian 

Rev-erbα (Yin et al., 2007)). In addition, several systems are engaged in the control of heme 

homeostasis via various mechanisms (Krüger et al., 2022), some of which will be described in further 

detail in the following sections.  

The evolution of complex and sophisticated regulatory systems sensing heme is not only influenced by 

the environment, but further by the overall chemical versatility of this molecule, especially due to the 
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highly hydrophobic and poorly soluble character in the physiological cellular context. Apart from heme 

bound irreversibly as prosthetic group to proteins, there is potentially free heme, which was newly 

synthesized or released from hemoproteins. Strikingly, excess free heme only exists transiently as it 

rather tends to bind fast and non-specifically to lipids, proteins or further macromolecules within the 

cell imposing a respective cytotoxicity (Chiabrando et al., 2014). Heme, which is accessible and 

transiently binds to proteins, is referred to as exchangeable heme. The term ‘regulatory heme’ was 

adopted in many research fields for the pool of respective free and exchangeable heme portions, which 

is accessible for heme sensor systems regulating e.g. heme homeostasis (Gallio et al., 2021; Granick et 

al., 1975; Shimizu et al., 2019). Regulatory heme binds transiently to heme-sensing regulatory proteins 

for situation-dependent responses with micromolar affinities, allowing a rapid reaction to 

environmental fluctuations. Although the transient binding mode of heme by regulatory proteins 

largely remains to be further elucidated, some heme-regulatory motifs (HRMs) have been identified. 

The most prominent HRMs among those known are CP(cysteine-proline)-motifs, with a cysteine 

residue acting as direct ligand of the heme-iron, and the proline supporting the coordination by 

incorporating bends in mainly alpha helices and avoid formation of hydrogen bonds (Kühl et al., 2011; 

Lathrop and Timko, 1993; Li et al., 2011). However, there are further non-CP-motifs for heme binding, 

which are quite diverse. Early studies already demonstrated that especially histidine residues are 

frequently involved in heme binding (Dawson et al., 1982). Nevertheless, structural information and 

biochemical data are still missing for both CP- and non-CP-motifs, illustrating a yet remaining blind 

spot for our understanding of transient heme-protein interactions (Krüger et al., 2022). Although 

specific sequence features were identified that positively influence heme binding like a hydrophobic 

binding pocket or a positive net charge (Wißbrock et al., 2019), experimental data is inevitably 

necessary for further verification. This is due to the fact that actual heme binding affinities are strongly 

influenced by the individual configuration of further surrounding amino acids, providing a strong 

individual diversity among HRMs and corresponding binding affinities (Krüger et al., 2022; Kühl et al., 

2013; Schubert et al., 2015; Wißbrock et al., 2019). 

Upon heme sensing in diverse modalities, heme-responsive sensor systems provide the regulation of 

adequate heme homeostasis at different levels shaped by the respective environmental niche. Across 

the domains of life, there is a high variability of strategies for heme homeostasis, while the most 

prominent ones are (i) the control of heme biosynthesis genes, (ii) heme sequestration by heme 

binding proteins or by conversion into a nontoxic form, (iii) regulation of heme import, (iv) heme 

degradation, or (v) direct export of heme or its toxic degradation products (Anzaldi and Skaar, 2010; 

Choby and Skaar, 2016). Within the review ‘The diversity of heme sensor systems – heme-responsive 

transcriptional regulation mediated by transient heme protein interactions’, a comparative overview 

covering eukaryotic and prokaryotic heme sensor systems regulating heme homeostasis-related genes 
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is provided (Krüger et al., 2022). Comparison across the domains of life underlined the different 

strategies, mechanisms and functions of heme sensing systems, but also revealed a common logic of 

the underlying networks, e.g. comparing Gram-negative and –positives. While in Gram-negative 

bacteria extracytoplasmic function (ECF) σ-factors based systems are the predominant form of heme 

sensing, Gram-positives mostly employ two-component systems. In general, these two signal-

transduction mechanisms are widely distributed in bacteria and often even merge (Marcos-Torres et 

al., 2022; Staroń et al., 2009). However, this distinct separation of heme-responsive mechanisms 

according to the Gram-status might have evolved based on the respective habitat facing different 

challenges and/or cell wall composition.  

As example, the heme assimilation (Has) system is responsible for heme acquisition and utilization in 

Pseudomonas (Dent and Wilks, 2020) and Serratia (Biville et al., 2004) (Figure 2A). In general, σ-factors 

are subunits of the RNA-polymerase important for the initiation of transcription, while ECF σ-factors 

are specialized σ-factors that are associated with signal sensing pathways. At the cell surface, they are 

sequestered by their anti-σ-factors and released upon stimulus reception (Helmann, 2002; Staroń et 

al., 2009). Within the Has system of Pseudomonas aeruginosa, HasI represents the ECF σ-factor and 

HasS the anti-σ-factor. For activation of this system, the hemophore HasA, which is a high-affinity 

heme-binding protein that scavenges heme from the environment, binds to the membrane receptor 

HasR, which imports heme to the periplasm in a TonB-dependent manner. Consequently, the 

N-terminal plug domain of HasR interacts with HasS leading to its inactivation and release of HasI. HasI 

recruits the core RNA polymerase to regulate the transcriptional activation of the hasRA operon for 

further heme acquisition (Dent et al., 2019; Dent and Wilks, 2020; Ochsner et al., 2000). A similar 

mechanism is also found for the ECF σ-factor RhuI and the untypical activating anti-σ-factor RhuR 

controlling heme acquisition in Burkholderiales (Murphy et al., 2002). Conservation of ECF σ-factor-

based heme homeostasis regulation in Gram-negative bacteria is further confirmed by the data 

platform ‘ECF Hub’, where all known heme-responsive ECF σ-factors belong to Gram-negatives (Casas-

Pastor et al., 2021). 

Regarding Gram-positive bacteria, heme-responsive two-component signaling is thoroughly described 

for Bacillales (Figure 2B) and Corynebacteriaceae (Frunzke et al., 2011; Schmitt, 1999; Stauff and Skaar, 

2009b). In Bacillales like Staphylococcus aureus or Bacillus anthracis, the two-component system (TCS) 

HssRS is required for the regulation of detoxification from heme by heme export. This encompasses 

HssS as sensor histidine kinase and HssR as response regulator activating the expression of hrtBA 

encoding a heme exporter (Stauff and Skaar, 2009a, b). As heme-responsive two-component systems 

(TCSs) will be a focus of this work, but with emphasizes to the biotechnologically relevant 

Corynebacterium glutamicum, the basics of TCSs will be introduced throughout the following section. 
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Figure 2: Prokaryotic heme sensor systems controlled by transient heme binding. Schematic overview of prokaryotic heme 
sensor systems using the examples of Gram-negative Pseudomonadales and Gram-positive Bacillales. (A) In Pseudomonas 
aeruginosa, the Has system responds to the presence of heme for the regulation of its acquisition. The system consists of the 
outer membrane receptor HasR (grey) with a N-terminal plug domain (light grey), the membrane bound anti-σ-factor HasS 
(dark grey) shown with TonB-ExbBD (white) and the extracytoplasmic function (ECF) σ-factor HasI (yellow). HasR senses heme 
with the help of the hemophore HasA, transduces a signal to HasS, which releases HasI initiating transcription. Imported 
heme further activates PhuTUV for uptake into the cytoplasm, where heme is transported by the heme binding protein PhuS 
to the heme oxygenase HemO (not shown). (B) In Bacillales, the two-component system HssSR (blue) activates the expression 
its target in a heme-dependent manner. Upon sensing of heme, autophosphorylation (yellow circles) of the histidine kinase 
HssS allows phosphotransfer to the response regulator HssR for its activation. HssR then functions as a transcriptional 
regulator for the activation of the expression of hrtBA encoding a heme exporter. Adapted from Krüger et al. (2022). 

 

2.3.2.1 Two-component systems: The pre-dominant form of heme-sensing in Gram-positive bacteria 

Identified for manifold functions among various microorganisms, TCSs in general perceive and 

transduce environmental stimuli in order to generate an appropriate cellular response. This allows the 

regulation of diverse functions like e.g. cell metabolism, development, pathogenicity or chemotaxis in 

response to a diverse set of chemical or physical stimuli (Mascher et al., 2006; Stock et al., 2000). TCSs 

are widely distributed among bacteria and archaea, while seldomly found in eukaryotic systems and 

absent in the animal kingdom (Ortet et al., 2014). Canonical TCSs consist of a membrane bound 

histidine kinase (HK) and a cytoplasmic response regulator (RR), exemplary and schematically 

represented in Figure 3.  
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Figure 3: Canonical two-component signaling. This simplified schematic overview demonstrates a classical setup for a two-
component system with a histidine kinase (shades of orange) and its cognate response regulator (shades of blue). The 
histidine kinase is depicted as a typical transmembrane homodimer version. Upon stimulus (grey) reception via the sensor 
domain of the transmembrane domain (TM), the conserved histidine residue located in the dimerization and histidine-
phosphotransfer (DHp) domain is autophosphorylated mediated by the catalytic and ATPase (CA) domain. Thereafter, the 
phosphoryl group (yellow) is transferred to the conserved aspartate (Asp) present in the receiver (REC) domain of the 
response regulator. Phosphorylation typically triggers homodimerization and subsequent activation of the output (OP) 
domain, which initiates a physiological output, e.g. acting as transcriptional regulator by altering gene expression. Further 
outputs can be protein interactions, enzymatic activities or RNA binding (Galperin, 2006). 

 

A prototypical HK acts as transmitter and may be composed of multiple domains comprising an 

N-terminal transmembrane domain and a C-terminal transmitter domain. The sensing domains in the 

N-terminal transmembrane (TM) domain are highly variable in sequence, which reflects the variability 

of the wide range of environmental cues that can be detected among TCSs (Krell et al., 2010). Examples 

of stimuli detected range from temperature changes (Albanesi et al., 2009), over gases (Kamps et al., 

2004) to small molecules like heme (Keppel et al., 2018) (section 2.3.2.2). Sensing domains in HKs can 

be soluble, intramembrane or extracytoplasmic, with the latter being most abundant (Mascher et al., 

2006). Many HKs feature additional C-terminal extensions between the TM domain and transmitter 

domain that act as support for signal transmission or aid at the integration of further signals (Galperin 

et al., 2001; Möglich et al., 2009; Parkinson, 2010). These elements are referred to as HAMP, PAS and 

GAF domains (Zschiedrich et al., 2016). The subsequent C-terminal transmitter domain becomes active 

caused by intramolecular changes in response to the stimulus reception of the sensor domain 

(Mascher et al., 2006; Wolanin et al., 2002). This transmitter domain is further divided in two sub-

domains: (i) the dimerization and histidine phosphotransfer (DHp) domain followed by (ii) the 
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catalytical and ATPase (CA) domain (Dutta et al., 1999) (Figure 3). In general, the CA-domain executes 

binding of ATP in a pocket and transfers the γ-phosphoryl group to the conserved histidine residue in 

the DHp domain. For that, four common sequence motifs can be identified inside the CA-domain, i.e. 

N, G1, F, and G2 boxes (Parkinson and Kofoid, 1992; Wolanin et al., 2002). In detail, the F-box is 

required for binding to ATP, while the G-boxes build an ATP lid and the N-box builds a pocket, where 

the phosphate is finally shuttled to the histidine. The histidine residue, which is thereby 

autophosphorylated upon stimulus reception, is present in the H box motif within the DHp-domain 

(Dutta et al., 1999). Additionally, the DHp-domain harbors an X box motif, which is required for 

dimerization. Strikingly, many HKs are bifunctional acting not only as kinase, but also as phosphatase 

for the RR (Laub and Goulian, 2007; Perego and Hoch, 1996). This is typically accomplished by 

conserved glutamine, asparagine or threonine residues in a conserved phosphatase motif, which are 

required for the formation of hydrogen bonds with a nucleophilic water molecule and the orientation 

for hydrolysis of the phosphoryl group (Huynh and Stewart, 2011). Such a switch of activities allows a 

rapid reaction to fluctuating environments. 

To date, the majority (>60%) of identified HKs are membrane-associated and act as homodimers 

(Jacob-Dubuisson et al., 2018). However, along with research, further complex regulations by HKs are 

revealed. This includes for example heterodimeric HKs, like the HK RetS of Pseudomonas aeruginosa 

directly controlling the HK GacS by heterooligomerization (Francis et al., 2018; Goodman et al., 2009).  

The input detected by HKs can subsequently be transmitted to the RR via phosphotransfer. A flexible 

linker sequence in between the DHp- and CA-domain of HKs presumably supports keeping the RR in 

place during the phosphotransfer reaction (Casino et al., 2009). Canonical RRs consists of two domains 

with (i) an N-terminal receiver domain (REC) connected to (ii) a C-terminal output domain (OP) (Figure 

3). The REC domain contains a conserved aspartate residue that receives the phosphoryl group from 

the conserved histidine residue of the HK. In vitro studies demonstrated that RRs not only passively 

receive the phosphoryl group but actively take part in the catalysis (Lukat et al., 1992). Two acidic 

residues are present for Mg2+ ion binding, which is important for a coordinated phosphorylation, and 

a conserved lysine residue was described to be required for structural rearrangements upon 

phosphorylation, which activates the RR (Gao et al., 2007; Lukat et al., 1991; West and Stock, 2001). 

For many RR, phosphorylation leads to homodimer or –multimer formation rendering the RR active 

(Boudes et al., 2014; Kou et al., 2018; Menon and Wang, 2011). However, some RR also undergo 

heterodimerization, like CheY in E. coli that complexes with the flagellar motor switch protein FliM (Lee 

et al., 2001). Dimerization results in the activation of the output domain. Similar to the sensory domain 

of HKs, there is a significant diversity of OP domains across different RRs adapted to different ways of 

regulations for respective signals. Based on the kind of response, RRs can be divided in five classes: 
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(i) DNA binding, (ii) RNA binding, (iii) enzymatically active, (iv) protein-binding or (v) single-domain 

(Zschiedrich et al., 2016). However, the majority of RRs act as DNA-binding transcription factors, 

binding to respective DNA-binding motifs and regulating target gene expression (Gao et al., 2007; 

Zschiedrich et al., 2016).  

Throughout the numerous TCSs in microorganisms, several variations from the herein schematically 

depicted version of signal transduction can be found. This includes for example hybrid kinase variants, 

where transmitter and receiver modules are combined, i.e. the phosphoryl group is firstly transferred 

to an internal receiver domain. Such hybrid kinases are dominant in fungi (Defosse et al., 2015), but 

were also identified for some prokaryotic systems, like ShkA of Caulobacter crescentus for timing G1/S 

cell cycle transition (Dubey et al., 2020). Further, there are also examples of multiple HKs 

phosphorylating a single RR, or a single HK phosphorylating several RRs (Francis and Porter, 2019). For 

example, the five HKs KinA-E are involved in the phosphorylation of the RR Spo0A mediating the 

sporulation of B. subtilis (Jiang et al., 2000), thereby integrating different signals into one signaling 

cascade. By contrast, the HK CheA of E. coli phosphorylates both RRs CheY and CheB involved in 

chemotaxis (Li et al., 1995), yielding a multiple signal output. Another recently emerging field are 

pseudokinases, which are catalytically inactive variants of HKs acting as important signaling modulators 

by various mechanisms (Kung and Jura, 2019; Kwon et al., 2019; Mace and Murphy, 2021; Raju and 

Shaw, 2015), like e.g. the pseudokinase DivL in Caulobacter crescentus (Tsokos et al., 2011). Some of 

these pseudokinases inherit important roles involved in cellular signaling, like allosteric activation of 

other kinases, aiding in the assembly of complexes or as competitive inhibitors (Mace and Murphy, 

2021), and will be discussed in detail within section 2.5.2. 

2.3.2.2 Paralogous two-component systems ChrSA and HrrSA in Corynebacterium glutamicum 

A special set-up of paralogous TCSs can be found across the family of Corynebacteriaceae, where 

actually two TCSs are responding to the same stimulus - heme. The interactions and regulons of the 

two TCSs ChrSA and HrrSA have been studied particularly in the pathogen C. diphtheriae (Bibb and 

Schmitt, 2010; Burgos and Schmitt, 2016; Schmitt, 1999) and in the closely related, 

biotechnologically-relevant soil bacterium C. glutamicum (Frunzke et al., 2011; Heyer et al., 2012), 

which is the focus of this study. Still, there are few exceptions of Corynebacteriaceae, which only 

possess one of those TCSs, with C. efficiens only harboring HrrSA and C. jeikeium only ChrSA (Bott and 

Brocker, 2012).  

Heme availability is sensed by the HKs ChrS and HrrS via direct intramembrane interactions (Ito et al., 

2009; Keppel et al., 2018) and the signal is transmitted to the respective RRs ChrA and HrrA. These two 

paralogous TCSs are responsible for maintenance of heme homeostasis by integrating various aspects. 

In C. glutamicum, ChrSA is mainly responsible for the detoxification from heme, while HrrSA globally 
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regulates heme homeostasis (Figure 4). Upon stimulus reception, ChrSA activates the hrtBA operon 

encoding the heme export system (Heyer et al., 2012). While only suggested and indirectly shown for 

a long period, recent studies were able to demonstrate that heme is actively exported by the HrtBA 

exporter in C. diphtheriae (Nakamura et al., 2022), therefore abandoning toxic levels by direct outward 

transfer. This transfer is described to be accomplished by two HrtA ATPase- and two HrtB permease-

subunits, where dimerization of HrtA squeezes the heme-binding site to foster the release of the heme 

molecule. 

 

Figure 4: Heme-responsive two-component systems ChrSA and HrrSA in Corynebacterium glutamicum. The simplified 
representation shows the interaction of the two paralogous TCSs ChrSA (orange) and HrrSA (blue) and each a representative 
genetic target. ChrSA regulates detoxification from heme by activation of hrtBA expression (Heyer et al., 2012). HrrSA was 
shown, in context of this thesis, to act as regulator for heme homeostasis, controlling heme oxygenase hmuO as well as more 
than 200 further genes involved in heme biosynthesis, respiratory chain, oxidative stress or cell envelope remodeling (Keppel 
et al., 2020). The HKs undergo autophosphorylation in response to heme, activating the respective RR. Cross-phosphorylation 
of the non-cognate response regulator has been demonstrated, while the phosphatase activity remains specific for the 
respective cognate response regulator (Hentschel et al., 2014). Figure adapted from Krüger and Frunzke (2022). 

 

The export of heme is a conserved strategy among several pathogenic and non-pathogenic bacteria 

counteracting cytotoxic free heme levels (Bibb and Schmitt, 2010; Fernandez et al., 2010; Heyer et al., 

2012; Krüger et al., 2022; Stauff and Skaar, 2009a) and was even described in human cells (Quigley et 

al., 2004). Particularly, in silico analysis demonstrated that the heme regulated ABC transporter HrtBA 

is a highly conserved TCS-regulated target among Firmicutes and Actinobacteria. Orthologues of the 

exporter were found in 3,232 of 39,096 analyzed bacterial genomes with 99% belonging to one of 

these phyla (Krüger et al., 2022). As depicted in literature, HrtBA of Firmicutes is mainly under the 

control of the TCS HssRS or homologs, as shown for Staphylococcus aureus or Bacillus anthracis (Stauff 
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and Skaar, 2009a; Torres et al., 2007) (Figure 2B). By contrast, actinobacterial TCSs rely on ChrSA or 

homologs for the control of hrtBA, like shown for corynebacterial species (Bibb and Schmitt, 2010; 

Heyer et al., 2012). This distribution became even more evident when inspecting 5 kb up- and 

downstream of the identified hrtBA orthologues, where the respective TCSs are encoded in close 

proximity. Here, heme-responsive HssRS-like TCSs were present in more than 40% of the loci in 

Firmicutes, and even more than 50% with ChrSA-like TCSs in actinobacterial genomes (Krüger et al., 

2022).  

Apart from autoregulation, hrtBA is suggested to be the only target of ChrA regulation (Heyer et al., 

2012). While the activity of ChrSA activating hrtBA expression is quite specific, HrrSA is controlling 

several aspects of heme homeostasis. This global regulator was shown to regulate the expression of 

more than 200 genomic targets including genes involved in heme biosynthesis, cell respiration, and 

oxidative stress, among others (section 2.4.2) (Keppel et al., 2020). 

A high level of cross-phosphorylation between the two paralogous system has been observed 

(Hentschel et al., 2014). Consequently, within the corynebacterial heme-responsive TCSs, loss of one 

HK can be compensated by the other via cross-phosphorylation of the non-cognate RR (Keppel et al., 

2019). Importantly, unwanted activation of the RRs was shown to be prevented by the specific 

phosphatase activity. Both RRs, ChrA and HrrA, are only dephosphorylated by their cognate HK 

(Hentschel et al., 2014).  

 

2.4 Genome-wide binding profiles of iron and heme regulatory networks in C. glutamicum 

As depicted, diverse transcription factors play an essential role in the complex iron and heme 

metabolism of bacteria. In Corynebacterium glutamicum, the key players for iron and heme 

homeostasis include the above-portrayed master regulator of iron DtxR and the global heme regulator 

HrrA of the TCS HrrSA. Although previous biochemical and genetic studies already gave valuable 

insights about binding of DtxR and HrrA to several targets (Brune et al., 2006; Frunzke et al., 2011; 

Wennerhold and Bott, 2006), these data rely on in vitro experiments under defined conditions. 

However, combining in vitro data with further in vivo studies provides the unprecedented opportunity 

for more detailed and complex insights into promoter occupancies in the cellular context. Additionally, 

merging regulatory patterns of these two pathways with strongly interconnected stimuli can emerge 

into a big regulatory picture of positive and negative interferences. Therefore, within this study we 

performed chromatin affinity purification coupled to sequencing (ChAP-Seq) experiments to reveal the 

global genome-wide binding profile of both DtxR and HrrA in C. glutamicum (Keppel et al., 2020; Krüger 

et al., to be submitted).  
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ChAP-Seq is an alternative method to the frequently used chromatin immunoprecipitation (ChIP)-Seq 

procedure (Myers et al., 2015). Within this method, protein and DNA is cross-linked, followed by 

employing an antibody specific for the DNA-binding protein for purification and consequent 

identification of enriched genomic loci of binding. Firstly developed by Gilmour and Lis, the ChIP 

technique was already used in the 1980s for studying RNA polymerase II binding in the genome of 

E. coli and Drosophila melanogaster (Gilmour and Lis, 1984, 1985, 1986). Further improvement of 

fixation methods using formaldehyde for protein-DNA cross-linking led to this sophisticated method 

as it is used and adapted today (Solomon et al., 1988). Many studies utilize this rapidly and steadily 

evolving technique across all fields and kingdoms. Among numerous further examples, in mammalian 

cells ChIP-seq was employed to study the circadian control of transcription (Takahashi et al., 2015), 

cancer-related factors like NF-κB (Lu et al., 2013) or even circular RNAs (Liang et al., 2022). A prominent 

pathogenic bacterial example is the study on the combination of the binding profiles of 50 different 

transcription factors in Mycobacterium tuberculosis (Galagan et al., 2013b; Minch et al., 2015). Within 

this vast study, a direct relation between hypoxic response, lipid catabolism and anabolism, as well as 

cell wall lipid production could be drawn. This knowledge provided important insights into the 

mechanisms underlying different aspects of pathogenesis and yet poorly understood persistence of 

M. tuberculosis inside the host. Moreover, recent studies established automated ChIP-Seq protocols 

for supporting such high-throughput analyses (Dainese et al., 2020; Gasper et al., 2014; Wu et al., 

2012).  

Within this thesis, ChAP-Seq instead of ChIP-Seq was employed. Former ChIP-Seq approaches for DtxR 

were not successful as it permitted only low yields paired with excessive background signals after 

purification. Instead of using an antibody for immunoprecipitation, the herein applied ChAP-Seq 

experiment utilizes a tagged variant of the regulatory protein of interest for purification. In the context 

of this study, we performed a genome-wide condition-dependent binding analysis of both DtxR and 

HrrA (Krüger et al., to be submitted) as well as a time-resolved binding analysis for HrrA (Keppel et al., 

2020). Identification of novel yet unknown genetic targets expanded the current knowledge of these 

two transcriptional regulators, while an ultimate aim of these studies was a direct comparison of their 

binding profiles to add dynamic network information based on their interaction and interferences with 

each other, as summarized in the following. 

2.4.1 In vivo profiling of DtxR promoter occupancies 

About 60 DtxR-regulated targets were identified for C. glutamicum via comparative transcriptome 

analyses in iron excess and limitation conditions as well as electrophoretic mobility shift assays 

(EMSAs) (Brune et al., 2006; Wennerhold and Bott, 2006). Our study aimed to enlarge this knowledge 

on an in vivo scale assessing DtxR binding patterns once in iron excess (100 µM FeSO4) and once iron-
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scarcely in the presence of heme (4 µM hemin, further referred to as heme). Interestingly, an overall 

similar binding pattern was obtained from ChAP-seq analysis for growth on both conditions (Figure 

5A). This reflects the efficient and well-balanced iron and heme homeostatic processes in 

C. glutamicum that stabilize the intracellular pool of chelatable Fe2+ and heme. In iron-starved, but 

heme rich conditions, heme is efficiently used as alternative iron source via heme oxygenase HmuO 

(Wilks and Schmitt, 1998). Analogously, at conditions of sufficient iron supply, the high amounts of iron 

present lead to proper heme synthesis (Frunzke et al., 2011; Layer, 2021). Nevertheless, calculated 

Pearson correlations clearly showed slight but substantial differences between the binding patterns at 

the two growth conditions that allowed determination of several yet unidentified targets and relations. 

 

Figure 5: Genome-wide profiling of DtxR DNA-binding in C. glutamicum. (A) Representative mapping of ChAP-seq reads to 
the whole C. glutamicum ATCC 13032 genome. DNA was obtained by affinity purification of DtxR from cultures grown under 
iron excess (100 µM FeSO4) (top) or in the presence of heme (4 µM) (bottom). (B) Coverage of binding peaks plotted against 
the respective genomic region as indicated by grey arrows below. Among the peaks are known targets (dark blue; (Brune et 
al., 2006; Wennerhold and Bott, 2006)), novel targets identified within this study (light blue) and targets predicted by previous 
studies (orange). Shown is one representative peak of three biological replicates. Upper graphs were taken as identified from 
iron excess condition, while all of them were also found in the heme condition. Peak graphs below are peaks identified in the 
heme condition. Except for NCgl1781, these peaks were only found in heme condition. Adapted from Krüger et al. (to be 
submitted). 
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Of overall 45 identified peaks across the conditions, 21 genomic target locations were already 

previously known, while further 24 novel targets of diverse functions could be determined within this 

study. Regarding these new targets, approximately two-third were found in the heme condition, which 

has not yet been investigated before, indicating the importance of environmental influences for 

revealing regulatory systems (section 2.4.4.2). Selected identified binding peaks of DtxR can be found 

in Figure 5B and are briefly discussed in the following.  

In particular, the siderophore transporters NCgl0484 and irp1 were recognized as most prominent 

targets in both iron and heme conditions. Siderophores are iron-chelating molecules, that organisms 

produce in response to iron-scarce environments (Ahmed and Holmström, 2014; Sheldon and 

Heinrichs, 2015). After sequestration of iron, siderophores are transported into the cell and iron is 

released either by reduction of iron or by hydrolysis of the siderophore. C. diphtheriae produces the 

endogenous siderophore called corynebactin for iron scavenging from the host (Russell et al., 1984; 

Zajdowicz et al., 2012). First, this corynebactin was also identified in C. glutamicum (Budzikiewicz et 

al., 1997), but a decade later it was proven to be mistakenly interchanged with the siderophore 

bacillibactin from Bacillus subtilis (Dertz et al., 2006), i.e. C. glutamicum does not produce siderophores 

on its own. The lack of the own siderophore production clusters might be an environmental adaptation 

of this soil bacterium in comparison to its pathogenic relative. Suggested by the presence of several 

siderophore transporter genes (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003), it potentially has 

been an evolutionary advantage in the environmental niche of C. glutamicum to rather rely on the 

uptake of xenosiderophores, thereby saving production costs. The expression of several of these 

operons was previously shown to be tightly regulated by the iron availability (Brune et al., 2006; 

Wennerhold and Bott, 2006), allowing energy-efficient usage when required.  

Focusing on novel targets, Figure 5B also represents the binding peaks in the promoter region of three 

selected newly identified targets: NCgl1781, xerC and metH. A quite intense peak for binding of DtxR 

is given for NCgl1781 in both iron excess and heme condition. Although being a hypothetical protein, 

it is known that NCgl1781 is located in the prophage region of CGP4. C. glutamicum ATCC 13032 

contains in total four prophage elements (CGP1-4). Among those, CGP3 is by far the largest one, while 

it contains CGP4. CGP3 is the only inducible prophage, i.e. it can excise from the genome and 

autonomously replicate inside the cell (Frunzke et al., 2008; Nanda et al., 2014; Pfeifer et al., 2016). An 

RNA-seq workflow determined an increased cellular SOS response induction upon increased iron levels 

(Freiherr von Boeselager et al., 2018), which is associated with CGP3 induction (Helfrich et al., 2015; 

Nanda et al., 2014). This might be triggered by iron itself or by the resulting oxidative stress. Although 

a ΔdtxR mutant demonstrated an overall higher rate of CGP3 induction (Frunzke et al., 2008), the 

possibility of a direct influence of DtxR on prophages genes remains to be elucidated. Additionally, the 

function of many prophage genes remains unknown, like for the hypothetical protein NCgl1781. 
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Another novel DtxR-regulated target is represented by the tyrosine recombinase encoding gene xerC. 

This target was previously suggested by motif prediction, but in vitro binding could not yet be verified 

(Wennerhold and Bott, 2006). However, in these ChAP-seq experiments, a clear peak was observed, 

but only for the heme condition. Tyrosine recombinases in general are responsible for site-specific DNA 

recombination to result in a variety of genetic rearrangements like integration, excision or inversion. 

(Grindley et al., 2006). In E. coli, XerC as well as XerD recombinase aid at proper plasmid and 

chromosome segregation during cell division by converting dimers of its bacterial chromosome to 

monomers, working together with the DNA-translocase FtsK protein (Aussel et al., 2002; Blakely et al., 

1991). Remarkably, these Xer proteins are highly conserved in many bacteria, including C. glutamicum. 

Although XerC from E. coli and C. glutamicum share only ~30% sequence identity and ~50% similarity 

on the protein level (global alignment (Needleman-Wunsch)), it might have a similar function during 

cell division. However, the functional DtxR-homolog Fur was not described to regulate xerC in E. coli 

(Seo et al., 2014). Experimental data on xerC of C. glutamicum in its general function as well as on its 

regulation by DtxR should be further addressed, especially in terms of expression data in the presence 

of heme. This would allow to evaluate a potential connection between iron homeostasis and 

recombination control in C. glutamicum, e.g. for rapid repair of redox stress damage or, by contrast, 

to halter recombination events at specific lower iron levels. 

The present ChAP-seq study additionally established a binding site of DtxR in the promoter region of 

metH encoding a homocysteine methyltransferase. In C. glutamicum, methionine is generated from 

homoserine, while MetH and MetE catalyze the last step by methylation of homocysteine (Rückert et 

al., 2003). Unlike earlier steps of the methionine synthesis, the last step utilizing both MetH and MetE 

is conserved among several further bacterial species, like E. coli (Thanbichler et al., 1999) or 

Pseudomonas putida (Alaminos and Ramos, 2001). Although the methionine and cysteine biosynthesis 

repressor (McbR) was shown to control metY, metK and hom of methionine biosynthesis in 

C. glutamicum, the expression of other numerous genes thereof are not influenced by this regulator, 

including metH (Rey et al., 2003). In C. diphtheriae, DtxR was already predicted to contribute to 

methionine synthesis regulating the genes metA and mapA (Yellaboina et al., 2004). Further, 

comparable to our ChAP-seq results, the iron regulator Fur of E. coli binds to metH (Stojiljkovic et al., 

1994). In general, methionine has the ability to act as antioxidant, as it has a high susceptibility to be 

oxidized to methionine sulfoxide (Levine et al., 1996; Slyshenkov et al., 2002), which is reduced back 

to methionine by methionine sulfoxide reductases (Brot and Weissbach, 1983). Such a process is 

likewise applied in Corynebacteria like C. glutamicum as well as C. diphtheriae utilizing the methionine 

sulfoxide reductase MsrA, which is regulated by the ECF σ-factor SigH (Si et al., 2015; Tossounian et 

al., 2015). Consequently, a regulatory connection between iron inducing ROS and methionine synthesis 

could be valuable for oxidative stress counteraction. Overall, in this context, DtxR can be suggested to 
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activate the expression of metH to promote methionine synthesis. Nevertheless, it is striking that the 

binding peak for metH can only be found in the heme-rich condition. When contrary assuming that 

DtxR represses metH, it can be hypothesized that repression is only accomplished when iron is scarce. 

At these conditions, methionine might not be required for counteracting low levels iron-related 

oxidative stress, saving energy. Growing under iron excess conditions, derepression of metH by DtxR 

might be required for additionally counteracting redox stress. This would include a concentration-

dependent response as outlined in section 2.4.4.2, which might also be assumed for xerC. Broadening 

the view on methionine synthesis in eukaryotes, studies in endothelial cells examined that methionine 

additionally promotes the catalytical activity of heme oxygenase as well as ferritin. This supports 

suppression of free radical formation by acceleration of the heme degradation and subsequent 

sequestration process (Erdmann et al., 2005). Although further investigation is required to reveal the 

influence of DtxR on metH in C. glutamicum, its general regulation adds up on the knowledge about a 

strong interconnection between iron homeostasis and oxidative stress, as is already underlined by the 

fact that DtxR is only activated by Fe2+ and not Fe3+ (Spiering et al., 2003). Note that this binding peak 

could also reveal regulation of the gene expression for the hypothetical protein NCgl1451. 

Finally, these vague theories on several newly identified targets of DtxR demonstrate the need for 

future expression and binding studies, which should be related to the herein presented ChAP-Seq 

results. These studies potentially expand the DtxR regulon for further functions regarding prophages, 

DNA recombination and methionine synthesis connected to oxidative stress. 

2.4.2 In vivo profiling of HrrA promoter occupancies 

Conditional ChAP-Seq for DtxR binding demonstrated inter alia the efficiency of iron and heme 

homeostatic processes in C. glutamicum. This can only be achieved in collaboration with further heme 

regulation factors. As depicted in earlier sections, heme homeostasis in C. glutamicum is achieved by 

the TCSs ChrSA and HrrSA (section 2.3.2.2). While ChrSA is suggested to play a rather defined 

regulatory role focused on heme detoxification (Heyer et al., 2012), HrrSA was shown to act as a global 

regulator (Frunzke et al., 2011; Keppel et al., 2020).  

Thus far, several genomic targets regulated by HrrA in C. glutamicum were confirmed, mostly 

coordinating genes involved in processes like heme utilization and synthesis (Frunzke et al., 2011). 

However, it is unlikely that this rather small number of targets reflects the whole complexity of heme, 

which influences various vital cellular processes. Within this study, a first in vivo analysis of the dynamic 

response of HrrA in the presence of heme extended our current awareness from approximately 30 to 

more than 200 different genomic targets (Keppel et al., 2020). Combining this time-resolved ChAP-Seq 

analysis with further comparative transcriptome analysis via RNA-Seq (ΔhrrA/wild type), HrrSA could 

be verified as a global player of a systemic response to the external addition of heme. This TCS 
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regulates genes encoding proteins of various functions, including e.g. heme biosynthesis, glucose 

uptake, cell envelope remodeling, oxidative stress response and respiratory chain regulation. The 

latter two are briefly summarized in the following. 

Apart from ChrA cross-phosphorylation, the presented ChAP-Seq analysis confirmed also a direct role 

of HrrSA in coping with the toxic character of heme by activating genes of antioxidant enzymes, like 

katA encoding a catalase (Teramoto et al., 2013), trxB coding for a thioredoxin reductase or mpx for a 

mycothiol peroxidase (Si et al., 2015). Additionally, HrrA regulates sigH expression, which encodes an 

ECF σ-factor regulating several stress responses (Kim et al., 2005), including the above-mentioned 

methionine sulfoxide reductase MsrA (section 2.4.1) (Si et al., 2015). This provides a sophisticated and 

variable redox stress response regulated by HrrSA. Analogously, we could demonstrate that a ΔhrrA 

strain was more sensitive to hydrogen peroxide manifested in a growth defect. However, a further role 

of HrrA in context of coping with heme and resulting oxidative stress via counteraction of 

consequences was detected. For example, HrrA could be shown to regulate gapA and gapB encoding 

glyceraldehyde-3-phosphate dehydrogenases of glycolysis and gluconeogenesis. These enzymes were 

shown to be inhibited by oxidative stress in C. diphtheriae (Hillion et al., 2017). Activation of gapA by 

HrrA might counteract the impaired glycolysis in the presence of heme-induced oxidative stress 

thereby stabilizing metabolic flux under these conditions. 

In particular, HrrA was identified to prominently bind in the promoter regions of genes involved in the 

respiratory chain, changing their expression significantly. In C. glutamicum, the electron transport 

chain is branched consisting of cytochrome bc1-aa3 supercomplex (ctaD, ctaCF, ctaE-qcrCAB) harboring 

six heme molecules and the cytochrome bd oxidase (cydABCD) with three heme molecules for their 

function (Bott and Niebisch, 2003). All of these genes were bound by HrrA, while the promoter regions 

around ctaD and ctaE even possessed inter alia the highest identified peak intensities. Besides, our 

comparative N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) oxidase assays confirmed the 

positive regulation of HrrA on cytochrome aa3 oxidase activity. These findings enlarged the identified 

repertoire of respiratory chain genes controlled by HrrA upon heme availability. Interestingly, the ECF 

σ-factor encoded by sigC, which regulates the activation of the cydABCD operon (Toyoda and Inui, 

2016), was found to be repressed by HrrA. This slight repression of sigC expression by HrrA in the 

presence of heme yields a delay in cydAB expression and consequently hints for HrrA aiding at 

prioritization of the more efficient cytochrome bc1-aa3 supercomplex.  

After identification of numerous targets of HrrA from a time-resolved analysis, our following study 

aimed at promoter occupation analysis under heme and iron conditions (Krüger et al., to be 

submitted). Cultivation under the same conditions as in the ChAP-Seq for DtxR (section 2.4.1), these 

analyses laid the foundation to unravel interaction and interference between iron and heme regulatory 
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networks, as discussed in section 2.4.4.1. Regarding HrrA, conditional binding studies allowed 

identification of additional ~180 potential targets. These target genes vary in their function, while most 

encode hypothetical proteins. Overall 80 of these ~180 additional targets identified within this 

following study were only identified in the iron excess condition, i.e. cultivated without exogenous 

heme addition as performed in the former study (Keppel et al., 2020). Strikingly, this includes several 

bound regions of genes encoding ribosomal proteins (rplJ, rplK, rplU, rpmB, rpmH, rpsF, rpsH, rpsL). 

Genes coding for ribosomal proteins drive ribosome biogenesis and are regulated in response to 

fluctuating environments in order to adapt for rapid cell growth. Recently, ribosomal protein genes of 

yeast were also described to be regulated by transcription factors in response to nutrients and stress 

factors (Petibon et al., 2021; Zencir et al., 2020). Although analyzed in the presence of heme, 

comparative RNA-Seq data (ΔhrrA/wild type) suggested that these targets are rather repressed by 

HrrA. As this repression is more apparent in the iron excess condition, this hints towards a contribution 

to ribosome synthesis based on the concentration of the stimulus (section 2.4.4.2).  

Moreover, among those new targets found at iron excess conditions, there are further genes of the 

central carbon metabolism, including e.g. aceE encoding the E1 subunit of pyruvate dehydrogenase, 

pfkA encoding the 6-phosphofructokinase or pck encoding the phosphoenolpyruvate carboxykinase. 

Studies in S. aureus claimed a yet unsolved interconnection between heme biosynthesis and central 

carbon metabolism as repression of steps of the upper glycolysis impaired heme production (Mike et 

al., 2013), probably due to redirection of flux.  

Further novel binding targets of HrrA under iron excess condition include rpoB encoding the β subunit 

of a DNA-directed RNA polymerase, ohr encoding a putative organic hydroperoxide resistance and 

detoxification protein or the universal stress protein encoded by uspA3, further underlining the 

participation of HrrSA in oxidative stress response. These additionally identified targets show at least 

minor effects on the expression level upon deletion of hrrA, as depicted from comparative RNA-Seq 

results (ΔhrrA /wild type) performed at the heme condition. Nevertheless, further transcriptome 

analyses including the respective iron excess condition could give more detailed insights into the 

extent of the influence of HrrA on these newly identified targets concerning inter alia ribosome 

synthesis, central carbon metabolism and oxidative stress responses at the differing conditions. 

Unravelling HrrA as a global regulator of heme homeostasis also revealed similarities to the regulon of 

the eukaryotic BTB and CNC homology 1 (BACH1) transcription factor. BACH1 is the mammalian key 

player for balancing heme content, by regulating the expression of heme oxygenase HMOX1 as well as 

50 further targets involved in iron storage, oxidative stress, apoptosis or subcellular transport (Warnatz 

et al., 2011). In general, BACH1 forms heterodimers with Maf proteins thereby acting as repressor for 

the respective downstream targets. Upon heme binding, BACH1 degrades and Maf proteins are able 
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to bind the transcription factor Nrf2 for the activation of several target genes (Ogawa et al., 2001) 

(further summarized by Krüger et al. (2022)). Although HrrA and BACH1 encompass completely 

different regulatory mechanisms, the similar regulatory logic is noteworthy. Both global heme sensing 

systems not only regulate the expression of their respective heme oxygenase, but also genes encoding 

antioxidant enzymes, i.e. catalases, thioredoxin reductases or mycothiol peroxidases, coupling heme 

utilization with oxidative stress response. Furthermore, both regulate several genes of the central 

carbon metabolism. 

Finally, these analyses demonstrated HrrA to be a global regulator in C. glutamicum for manifold 

functions influenced by heme availability. By contrast, in C. diphtheriae a considerable overlap of HrrSA 

and ChrSA regulons was suggested instead of having HrrA as global and ChrA as narrow, specific 

regulator (Bibb et al., 2005; Bibb and Schmitt, 2010). Although in vivo data is not yet available in 

C. diphtheriae, it might hint for plasticity of TCSs signaling adapting to the respective ecological niche.  

2.4.3 Relevance of weak binding sites in ChAP-Seq analyses 

The profiling of genome-wide binding patterns of each DtxR and HrrA in C. glutamicum encompassed 

several peaks at both known and unknown target sites, which feature only weak peak intensities. Such 

weak binding sites are frequently found throughout ChIP/ChAP-Seq experiments (Cao et al., 2010; 

Rhee and Pugh, 2011). In order to address their physiological relevance, we correlated previously 

obtained comparative transcriptomic data, including microarrays (Wennerhold and Bott, 2006) and 

qPCR (Brune et al., 2006), with the underlying peak intensities obtained from this ChAP-Seq at iron 

excess conditions (Figure 6A). Clearly, an anti-proportional correlation of peak intensities with the 

differential gene expression (ΔdtxR/wild type) was observed. While the binding peaks with the highest 

coverage among selected targets are represented by irp1 and hmuO, the differential expression levels 

comparing expression of wild type with a ΔdtxR strain were rather low. Analogously, the highest 

differential gene expression levels were found for NCgl0123 coding for a hypothetical protein and 

NCgl1646 encoding a putative secreted hydrolase in the prophage CGP3 region. Both targets showed 

only a low binding coverage. Remarkably, this observation concerning an anti-correlation between 

differential gene expression and peak binding intensity was also made for HrrA comparing ChAP-Seq 

binding peaks and RNA-Seq expression data (ΔhrrA/wild type) (Figure 6B). Here, this is clearly 

demonstrated by suhB encoding a myo-inositol-1 or 4-monophosphatase in contrast to hmuO 

encoding a heme oxygenase. 

Although many studies define weak binding sites as false-positives, the reproducibility or the presence 

of a respective binding motif argues against the exclusion of those as random artefacts (Galagan et al., 

2013a; Rhee and Pugh, 2011). Consideration will, however, always require the inclusion of further, 

complementary analyses such as transcriptome data. Overall, the observed anti-correlation suggests 
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that targets bound with weaker binding peak intensity react more sensitive to environmental changes. 

Potentially, this is a result of varying binding strengths at these genomic locations or accessibility 

(Johnson et al., 2007; Myers et al., 2013) yielding a fine-tuned network, which is able to quickly 

integrate information about rapidly changing environments (Rhee and Pugh, 2011). For example, the 

weak binding to ripA encoding a regulator of iron-dependent proteins could enable a fast derepression 

by DtxR upon decreasing iron levels to ensure a subsequent rapid response by this regulator. Our study 

emphasized the physiological relevance of several weak binding sites in ChAP-Seq experiments, which 

should not be ignored.  

 

Figure 6: Correlation of DtxR and HrrA peak intensities with comparative expression data. (A) Correlation of peak intensities 
of the ChAP-Seq for DtxR (dark blue) with the RNA ratio (ΔdtxR/wild type) from a microarray analysis (dark orange; 
(Wennerhold and Bott, 2006)) as well as to the relative expression in the deletion strain ΔdtxR compared to wild type analyzed 
via RT-qPCR (light orange; (Brune et al., 2006)). All cultivations were conducted at iron excess conditions (100 µM FeSO4). (B) 
Correlation of selected peak intensities of the ChAP-Seq of HrrA (dark blue) was compared to the log2(ΔhrrA/wild type) 
obtained from the time-resolved RNA-seq (Keppel et al., 2020) (shades of orange). Each cultivation was performed in the 
presence of heme (4 µM). Adapted from Krüger et al. (to be submitted). 
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2.4.4 From static regulons to dynamic networks 

Identification of regulatory targets of a specific transcriptional regulator at defined conditions brings 

undeniably valuable input. Nevertheless, cellular organisms are vibrant systems facing fluctuating 

environmental challenges, employing not only complex, but interdependent regulatory systems. 

Therefore, unveiling the complexity of regulatory networks requires the merging of static regulons to 

dynamic networks. 

2.4.4.1 A glimpse into the connection of iron and heme regulatory pathways 

Conducting ChAP-Seq analyses for both DtxR and HrrA at the same conditions allowed direct 

comparison of binding patterns for shared targets of these regulators for the first time in vivo. 

Regarding overlaps of these networks, in total 16 shared targets of DtxR and HrrA could be identified, 

while some targets hint for competitive and others for cooperative binding. A clear interconnection 

can be observed for DtxR and HrrA binding with a significant overlap upstream of hmuO encoding the 

heme oxygenase for degrading heme to iron, carbon monoxide and bilirubin (Figure 7A). While DtxR 

repressing hmuO demonstrated a slightly higher binding peak coverage at iron excess compared with 

heme, binding of HrrA for activation is higher at heme conditions. This could demonstrate a fine-tuning 

dependent on environmental conditions by these two regulators counteracting each other at different 

conditions. Not counteracting, but rather direct competition at the same conditions might be expected 

from DtxR and HrrA (auto)regulating hrrA, with no overlapping, but close binding peak sites (Figure 

7B). For both regulators, the peak intensity is significantly higher in the presence of heme, while for 

DtxR there was even no identified peak at all in iron excess. This fine-tuning regulation rather illustrates 

a direct interference between the regulators. 

By contrast, DtxR and HrrA are binding upstream to sdhCD encoding a succinate:menaquinone 

oxidoreductase, but binding sites are separated by ~100 bp (Figure 7C). In this case, there is again a 

higher peak intensity coverage on the specific stimulus, i.e. for DtxR on iron and for HrrA on heme. As 

this oxidoreductase is important for cell respiration and uses both iron and heme for functioning, this 

target is probably coordinatively activated by both DtxR and HrrA. Due to the location of binding, there 

is a potential, that e.g. HrrA also regulates nearby ramB, as several studies demonstrated that binding 

of transcription factors at large distances from promoters is also possible (Belitsky and Sonenshein, 

1999; Czaplewski et al., 1992). 
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Figure 7: Shared targets of the transcriptional regulators DtxR and HrrA show interconnection between iron and heme 
regulatory networks. Peak detection in the region of (A) hmuO, (B) hrrA and (C) sdhCD, as represented by grey arrows below. 
Orange peaks show binding of DtxR, blue ones of HrrA. The grey vertical line illustrates the peak maxima. One representative 
peak of three biological replicates. For more detailed information, compare supplemental material 4.1, Figure S3. Adapted 
from Krüger et al. (to be submitted). 

 

In the end, no conclusive trend that summarizes the regulatory connection of DtxR and HrrA at several 

promoter regions of shared targets can be extracted, demonstrating the complexity beyond potential 

interference of two global regulators. By analyzing the ratios of peak intensities of targets that were 

bound in both iron and heme conditions, we could derive hints for a trend towards higher peak 

intensities of DtxR binding in iron conditions than in the presence of heme and analogously for HrrA at 

heme conditions (compare supplemental section 4.1, Figure S4). Although this trend needs further 

examination, this might emphasize the stimulus-dependent interferences of these two regulators on 

each other. In order to profoundly evaluate the regulatory influences of DtxR and HrrA on each other, 

further ChAP-seq analyses with each a deletion strain of one of these regulators should be addressed 

coupled with expression analyses. In- or decreased binding of the remaining regulator and target 

expression changes would allow further detailed assessment. Recently, algorithms estimating 

coordinative regulator binding on ChIP-Seq peak intensities were published (Datta et al., 2018) that 

could add information.  

Recent bioinformatic analyses established that the regulatory network in C. glutamicum is dependent 

on nine global regulators (sigA, hrrA, ramA, glxR, sigH, ramB, atlR, mcbR and dtxR). In the all evidence 

network (as identified by Abasy (Ibarra-Arellano et al., 2016)), HrrA is involved in the transcription of 
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21% of the regulatory nodes and DtxR for 3% (Escorcia-Rodríguez et al., 2021). In relation, this is in line 

with the count of overall targets identified in this study (relation percentage: 3/21 = 0.143; relation 

targets: 45/334 = 0.135 (Krüger et al., to be submitted)). ChAP-Seq analyses coupled to expression data 

of further global regulators demonstrate a possibility for revelation of basic regulatory network 

interactions in C. glutamicum, while for iron and heme regulatory networks an additional combined 

genome-wide binding analysis of RipA, ChrA or SigC would be of special interest. 

2.4.4.2 Influence of surplus iron or heme on complex binding behavior  

The presented ChAP-Seq experiments at different conditional and temporal conditions yielding slightly 

different binding patterns illustrated the importance of multiple growth conditions when evaluating 

the functionality of a transcription factor. This issue was already addressed in other studies, leading to 

identifications of novel mechanisms and especially connections to other regulatory pathways 

(Knijnenburg et al., 2007). Several (novel) genetic targets of the herein analyzed transcriptional 

regulators were found in the respective stimulus-scarce condition, e.g. DtxR only binds metH or xerC 

in the presence of heme, but not at iron excess. Subsequently, two hypotheses can be established. 

The first would include a graded response of the transcriptional regulators dependent on the 

concentration of the stimulus. A prominent example is a recent ChIP-Seq analysis of the functional 

DtxR-homolog Fur in Bacillus subtilis, which could reveal a graded response based on varying protein-

DNA-binding affinities, i.e. Fur derepresses its targets stepwise depending on iron concentrations. 

When iron concentrations change from replete to deficient, genes of iron uptake systems are 

derepressed at first, followed by derepression of genes for siderophore import systems as well as 

siderophore synthesis and finally, when iron is nearly depleted, the genes coding for the small RNA 

FsrA and respective cooperating proteins are derepressed to block the expression of non-essential 

iron-dependent proteins to save iron resources (Pi and Helmann, 2017, 2018). In order to assess the 

general possibility of such graded response of DtxR or HrrA, future studies should aim at ChAP-Seq 

experiments with further cultivation conditions, e.g. stepwise iron limitation or even starvation. 

Another option would be to perform reporter assays for several selected targets at different cultivation 

conditions. Nevertheless, evaluable prerequisites for a graded response are present for DtxR: Early 

studies claimed that a monomer of DtxR in C. diphtheriae has two-metal binding sites with varying 

affinities for iron. Binding of iron at the first site induces conformational changes that subsequently 

allow binding of another iron atom at the second binding site resulting in further conformation altering 

(Love et al., 2003; Spiering et al., 2003; Tao et al., 1994). Furthermore, it was suggested that for 

efficient repression by DtxR two dimers are required (Spiering et al., 2003; White et al., 1998). These 

variations in conformation depending on the amount of ions bound might lead to different binding 

affinities of the regulator, which potentially hints for a graded response. This strategy was also 

observed for other regulatory systems, like the zinc deprivation response by Zur in B. subtilis (Shin and 
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Helmann, 2016), providing a malleable tool for prioritization of cellular metal response. Several other 

variable modes for transcription factor DNA-binding had been summarized earlier (Siggers and Gordân, 

2013). 

Apart from that, a second explanation for the variation in genetic target binding at the different 

cultivation conditions can be found beyond a single transcription factor, but within interdependent 

regulatory networks including further factors. For example, a direct antagonizing activity of the DtxR 

homolog IdeR with the histone-like protein Lsr2 was demonstrated in M. tuberculosis for bfrB encoding 

an iron storage protein (Kurthkoti et al., 2015). Beyond that, whole interfering dynamic networks were 

also recognized from ChIP-Seq experiments in E. coli analyzing the global regulator of anaerobiosis FNR 

(Myers et al., 2013). Examination in both aerobic and anaerobic conditions led to varying binding 

patterns, while additionally, these different conditions influenced the FNR regulon concerning other 

transcription factors with condition-specific regulons. The authors claimed different categories of 

these interconnections, including e.g. co-activation of FNR by NarL and NarP in the presence of NO3
- 

or NO2
- or repression of FNR regulation by Fur in the presence of iron. Such combinatorial regulation 

by other transcription factors could also be of importance for unveiling the complexity of regulatory 

networks of DtxR and HrrA, besides interference on each other (section 2.4.4.1). Basically, not only 

other transcription factors but also e.g. nucleoid-associated proteins could mask DtxR or HrrA binding 

in vivo, resulting in variation of observed genetic targets at different conditions (Myers et al., 2013; 

Pfeifer et al., 2016). 

In the end, shifting analyses from static regulons with a single defined condition, for a single regulator, 

at a single time point to a rather dynamic network analysis could give unprecedented insights into the 

complex and sophisticated regulatory setup of bacteria coping with their environment (Keppel et al., 

2020; Krüger et al., to be submitted). 

 

2.5 Evolution towards high heme tolerance 

Coping with the environment is of particular importance for bacteria, which rely on the acquisition of 

iron from their surroundings. In general, the availability of free iron is rather low. For example, the iron 

reservoir for pathogenic bacteria acquirable from the vertebrate host is limited due to nutritional 

immunity, i.e. the host keeps iron sequestered making this nutrient inaccessible for the pathogen and 

thereby limiting bacterial replication (Bilitewski et al., 2017; Weinberg, 1974). On this purpose, heme 

represents the most abundant form of iron in adult humans (~ 70%) (Ponka, 1997), with an average of 

21 ± 2 µM free heme in human blood (Aich et al., 2015). Consequently, the usage of heme as alternative 

resource needs to be rapidly adapted, but further there is a special interest for adaptation to the 

elevated and toxic heme levels inside the host (Choby and Skaar, 2016). This issue is not only 
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encountered by pathogenic, but also by non-pathogenic species acquiring heme e.g. from soil, where 

decaying organic material results in local elevated heme levels. In framework of this thesis, it was 

aimed to investigate on the adaptation to elevated heme levels as encountered by many bacteria in 

fluctuating environments. For that, we made use of the soil bacterium C. glutamicum as model 

organism (Krüger and Frunzke, 2022), a close relative to the pathogenic species C. diphtheriae. 

To evaluate and understand mechanisms of bacterial heme tolerance, we performed an adaptive 

laboratory evolution (ALE) experiment of C. glutamicum on increasing concentrations of heme. ALE is 

a frequently used strategy where the employment of a specific selection pressure leads to the 

generation of microbial strains with desired characteristics (Dragosits and Mattanovich, 2013; 

Mavrommati et al., 2022; Portnoy et al., 2011; Stella et al., 2019), based on the theory of biological 

evolution (Darwin, 1872). Depending on the experimental setup, ALE can improve process 

performance in terms of increased growth rates, higher product titers, or even stress and product 

tolerance (Stella et al., 2019). ALE strategies were efficiently applied to mutate strains towards the 

production of numerous products, e.g. amino acids (Har et al., 2021; Prell et al., 2021), ethanol 

(Catrileo et al., 2020) or lipids (Wang et al., 2021b); or to tolerate products like esters (Matson et al., 

2022), antioxidants (Lu et al., 2022) or methanol (Wang et al., 2020) - to name only a few recent 

examples. In addition, ALE approaches bear the potential to provide novel insights into bacterial 

metabolism and biological pathway regulation. In the presented study, ALE on increasing heme levels 

evolved a highly heme tolerant strain, which had a mutation in the CA-domain of the HK ChrS (section 

2.3.2.2). This mutation yielded a pseudokinase variant of ChrS that provokes a highly upregulated 

expression of the hrtBA operon encoding the heme export system HrtBA. This activation is mediated 

by the response regulator ChrA, but completely dependent from the paralogous HK HrrS (Krüger and 

Frunzke, 2022), as further described throughout the following sections. 

2.5.1 Heme export by HrtBA plays a pivotal role for adaptation to elevated heme levels 

Concentrations below 5 µM heme are not sufficient to meet the iron need of C. glutamicum cells as 

demonstrated by reduced growth rates. However, concentrations above 5 µM heme are toxic, which 

manifests especially in elongated lag phases (Frunzke et al., 2011). The previously described heme 

exporter HrtBA was established to be of special importance for heme detoxification, as a deletion of 

the hrtBA operon resulted in even significantly increased lag phase times during growth on high heme 

concentrations compared to the wild type (Heyer et al., 2012). Confirmation that HrtBA is a key player 

of heme tolerance was further accomplished with a comparative ALE experiment of the wild type and 

a ΔhrtBA strain on increasing concentrations of heme as described in this thesis. While for the wild 

type a stepwise increase from 10 µM to 60 µM heme over several inoculations could be achieved, a 
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strain lacking hrtBA was not able to evolve towards higher heme tolerance. This underlines the general 

importance of heme export in C. glutamicum for the adaptation to fluctuating heme concentrations. 

Genome sequencing of the successfully evolved wild type strains revealed mutations affecting the 

CA-domain of the HK ChrS in every clone that allowed growth at heme concentrations of up to 100 µM. 

Analysis of the evolved populations after different time points indicated that the mutational 

adaptation to heme was accomplished already at inoculation in concentrations between 20 and 25 µM 

heme. Remarkably, the most advantageous mutation in the context of providing heme tolerance was 

a single nucleotide polymorphism inducing a frameshift directly after the DHp-domain (ChrS-Ala245fs). 

Interestingly, exactly this mutation was found in two independently evolved clones. This emphasizes 

this frameshift mutation as highly efficient in providing elevated heme tolerance to cells exposed to a 

strong selection pressure. Figure 8A exemplarily depicts the improved growth of the evolved clone 

carrying the frameshift mutation, further referred to as 1.fs. The respective strain was shown to 

outcompete the wild type under all tested conditions, except iron starvation conditions. As a result of 

the frameshift, the CA-domain is replaced by newly generated 60 amino acids (Figure 8B).  

 

 

Figure 8: Adaptive laboratory evolution of C. glutamicum to high heme concentrations resulted in mutation of the 
CA-domain of ChrS. (A) Growth of the wild type (blue) in comparison to the evolved clone 1.fs (orange). Growth analyses 
were performed in the Biolector® microtiter cultivation system (Kensy et al., 2009) using CGXII media supplemented with 2% 
glucose, no iron and 20 µM heme. Data represents average of three biological replicates including standard deviations 
depicted as error bars. (B) Predicted protein structures of ChrS (blue) and the truncated ChrS-Ala245fs variant (orange, with 
60 additional amino acids caused by the frameshift shown in red) as present in 1.fs. Structure prediction was performed using 
AlphaFold2 (Jumper et al., 2021; Varadi et al., 2021). Domain arrangements are shown next to the protein structures. 
TM = transmembrane domain, DHp = dimerization- and histidine-phosphotransfer-domain, CA = catalytic- and ATPase-
domain. Adapted from Krüger and Frunzke (2022). 

 

Subsequent mutational studies as well as reporter-assays on hrtB expression – the main target of ChrSA 

– provided insights into the mechanisms behind the elevated heme tolerance (Figure 9). Comparing 

the growth of 1.fs with the wild type and further mutant strains on increasing concentrations of heme 

demonstrated the enormous heme tolerance of this strain, while reintegration of the ChrS-Ala245fs 
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mutation confirmed the causality of the single frameshift mutation (Figure 9A). Consistent with the 

fact that the ΔhrtBA strain could not evolve any advantageous mutations in ALE experiments, the 

expression of hrtBA was highly elevated in the evolved wild type mutant strain, accounting for its heme 

tolerance (Figure 9B). Transcriptome analysis of the evolved variant revealed a ~150-fold increase in 

hrtBA expression compared to a wild type strain and reporter assays (using pJC1-PhrtB-eyfp from Heyer 

et al. (2012)) demonstrated a continuously high hrtBA expression in 1.fs, which is not shut down as 

usual after stimulus decline (Keppel et al., 2019). Interestingly, hrtB expression was also observed in 

1.fs under standard conditions, i.e. without any exogenously added heme stimulus. 

Deletion of the complete chrS gene also led to an improved growth on heme compared to the wild 

type (Figure 9A). This was enabled by the constant activation of hrtBA gene expression for heme export 

in this mutant, accomplished by cross-talk with HrrS as underlined by the denied growth of a 

ΔchrSΔhrrS strain (Figure 9B). The hrtB expression did not decline in ΔchrS due to the missing 

dephosphorylation of ChrA, which is only specifically achieved by ChrS. The significant delay in the hrtB 

signal in ΔchrS was caused by the lower heme sensitivity of HrrS. ChrS was demonstrated to be the 

fast-acting HK in order to prioritize detoxification for survival before regulating homeostasis by slower 

reacting HrrS (Keppel et al., 2019). Nevertheless, it is evident that the evolved clone 1.fs possesses a 

higher level of heme tolerance than ΔchrS, encompassed by a significantly higher and faster hrtB 

expression. Regarding the continuous expression of hrtB, we further compared 1.fs to a phosphatase 

mutant chrS-Q191A, with a mutation of a glutamine residue at position 191 in the phosphatase motif 

DxxxQ located in the DHp-domain (Hentschel et al., 2014). This motif is conserved in several HKs of 

different bacteria (Huynh et al., 2010). However, the heme tolerance of 1.fs was significantly higher 

than that of the phosphatase strain, demonstrated in growth (Figure 9A). Although the extreme high 

levels of hrtB expression were comparable, the difference lies in the end signal: In both strains, hrtB 

expression was never shut off, but for 1.fs it remained at a higher final continuous level (Figure 9B). 

Therefore, the ChrS-Ala245fs variant, further referred to as ChrS_CA-fs, must play an important active 

role in elevated activation kinetics beyond only an abolished phosphatase activity. 
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Figure 9: Mutational analyses to provide insights into improved heme tolerance of 1.fs. (A) Different mutant strains were 
spotted on heme gradient plates with elevating concentrations to the right (CGXII media, 2% glucose, no iron). Photos of 
plates were taken after 24 and 48 h. (B) Reporter assays visualizing hrtBA-expression using the plasmid pJC1-PhrtB-eyfp for 
transformation of the wild type (WT) (dark blue), the evolved clone 1.fs (dark orange), ΔchrS (light orange), ΔchrSΔhrrS (mid-
blue), and chrS-Q191A (light blue). (C) Reporter assays for hrtB-expression using pJC1-PhrtB-eyfp upon deletion of hrrS in 1.fs 
(shades of orange) and the wild type (shades of blue). Specific fluorescent analyses were performed in the Biolector® 
microtiter cultivation system (Kensy et al., 2009) using CGXII media supplemented with 2% glucose, no iron, 4 µM heme and 
25 µg/ml kanamycin. Specific fluorescence was calculated as measured fluorescence per backscatter. Data represent average 
of three biological replicates including standard deviations depicted as error bars. Adapted from Krüger and Frunzke (2022). 

 

As there is significant cross-talk between the paralogous HKs and their non-cognate RRs (Hentschel et 

al., 2014), hrtBA activation kinetics was further evaluated by examining the effect of an additional 

deletion of hrrS in the 1.fs background. Here, it became apparent that the extreme high hrtB expression 

is completely dependent from HrrS. When this paralogous HK is missing, the growth advantage on 

heme of 1.fs is abolished, which is also reflected by the shutdown of its hrtB expression (Figure 9C). 

Transcriptomic analyses examined that the expression of hrrS is not elevated in 1.fs, hinting for an 

increased ChrA activation performance by HrrS. Moreover, deletion of chrA had a drastic influence on 

heme tolerance of 1.fs, while deletion of hrrA did not. Analogously, an overexpression of ChrA did 

improve heme tolerance, but not comparable to the immensely improved growth of 1.fs, where ChrA 

must be rather phosphorylated more efficiently. Interestingly, a plasmid-based direct overexpression 

of hrtBA, which led to a ~400-fold increase in expression level, did not improve growth on heme, but 
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even worsens it compared to the wild type (compare supplemental section 4.3, Figures S5 and S6). 

Finally, all of these aspects underline a well-balanced expression kinetics achieved by mutated 

ChrS_CA-fs and native HrrS in the evolved heme tolerant 1.fs strain. 

However, the observation that an exchange of the autophosphorylation residue at position 186 in 

ChrS_CA-fs did not affect the high heme tolerance of this strain suggests that this kinase does no more 

participate in the typical phosphotransfer reaction. Although autophosphorylation should be further 

addressed by phosphorylation assays in vitro, it can be proposed that ChrS_CA-fs does not serve a 

canonical role in catalysis in 1.fs. Kinases that are not catalytically active, but still perform important 

tasks in signal transduction, were classified as pseudokinases. Pseudokinases vary enormously in their 

mode of actions, as outlined in the following section. 

2.5.2 The role of pseudokinases in signaling cascades 

Referred to as dead or even zombie proteins, pseudokinases are detectable across all kingdoms of life. 

However, these special kinases are not simply dead evolutionary relicts, but rather play roles in signal 

transduction pathways beyond catalytical functions, e.g. serving as protein-interaction partners. While 

the first pseudokinase was already found in the late 80’s in the sea urchin Arabica punctulata (Singh 

et al., 1988), there is emerging appreciation in recent research (Kwon et al., 2019; Mace and Murphy, 

2021). In the human proteome approximately 10% of all protein kinases are pseudokinases (Manning 

et al., 2002). Canonical kinases require ATP binding, coordination of Mg2+ and catalysis of phosphoryl 

transfer for their kinase activity. Some or all of these functions might be lost in pseudokinases (Kwon 

et al., 2019; Murphy et al., 2014). However, the exact mechanism for the function of pseudokinases 

remains obscure in many cases. One factor is that e.g. some pseudokinases with highly degraded 

catalytic components are catalytically inactive, but act as protein-interaction partners, while others 

even retain a small phosphorylation activity (Beraki et al., 2019; Zhu et al., 2016) (referred to as low 

activity or active pseudokinases (Zeqiraj and van Aalten, 2010)). Such factors make it nearly impossible 

to predict functions from bioinformatics analysis only and consequently experimental validation on 

the molecular level is required to unravel their role in the respective signal transduction cascade (Mace 

and Murphy, 2021; Zeqiraj and van Aalten, 2010). However, increasing research revealed in general 

four different types of functional mechanisms of pseudokinases mediating specialized non-catalytical 

functions, yet still with a main focus on eukaryotic systems (Mace and Murphy, 2021; Murphy et al., 

2017). 
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Figure 10: Overview of pseudokinase functions. (A) Allosteric regulation for the activation or inhibition of a cognate protein 
kinase (blue). (B) Assembly of complexes for recruitment of multiple relevant interaction partners, like kinases, phosphatases, 
regulatory proteins, etc (blue). (C) Molecular switch by receiving post-translation modification, e.g. phosphorylation (light 
blue), from another upstream regulator like a kinase (dark blue) that promote conformational switching and effector 
functions. (D) Competitive inhibition by blocking catalytic activity or substrate access of other kinases or proteins (blue). The 
pseudokinase variant is depicted always in orange. Adapted from Mace and Murphy (2021) and Murphy et al. (2017).  

 

Allosteric regulation of cognate kinases is a well-characterized function of pseudokinases, 

encompassing intermolecular interactions as heterooligomers supporting active or inactive 

conformation of a respective kinase (Figure 10A). This mode of action is found in the yet best-

characterized bacterial pseudokinase throughout literature: In Caulobacter crescentus, the 

pseudokinase DivL directly interacts with the kinase CckA to regulate cell division (Iniesta et al., 2010). 

Although the mechanism is not yet revealed, the direct interaction with the pseudokinase is required 

for maximal kinase activity of CckA. In this context, neither the ATPase domain nor an 

autophosphorylation residue of DivL is required (Reisinger et al., 2007). This kinase:pseudokinase 

interaction is further mediated by the phosphorylation status of the RR DivK, further implementing the 

kinases PleC and DivJ (Iniesta et al., 2010; Tsokos et al., 2011). This example represents the introduction 

of an activating pseudokinase into a multikinase network to balance several signals regulating cell 

division (Francis et al., 2018).  

Another function described for pseudokinases is to act as signaling scaffold for the formation of larger 

signaling complexes (Figure 10B). Some pseudokinases were reported to interact with substrates, 

regulators or several other binding partners to allow recruitment of components and thereby facilitate 

the connection of signaling cascades. The vertebrate titin kinase proves such a scaffold function by 

coupling the ubiquitin ligases MuRF1 and MuRF2. This pseudokinase thereby connects divergent 

stimuli of muscle response to metabolic stress (Bogomolovas et al., 2014). Further, vertebrate KSR1 

pseudokinases dimerize with Raf and MEK kinases to activate them, while additionally serving as 
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docking site for various other involved players of this cascade, like phosphatases, RAF proteins or 

regulatory 14-3-3 proteins (Lavoie et al., 2018; McKay et al., 2009). 

An interesting function of pseudokinases is to act as molecular switches, where they receive 

information from a regulator to control a subsequent downstream output (Figure 10C). Pseudokinases 

thereby act as molecular switch upon post-translational modifications, like phosphorylation in a 

common example of the vertebrate mixed lineage kinase domain-like (MLKL) pseudokinase. The 

upstream protein kinase RIPK3 phosphorylates the pseudokinase domain thereby inducing a 

conformational change in MLKL and releasing it from an N-terminal four-helix bundle domain. MLKL is 

consequently able to oligomerize and translocate to the plasma membrane, where it accumulates and 

thereby permeabilizes the lipid bilayer causing lytic cell death (Hildebrand et al., 2014; Murphy et al., 

2013; Samson et al., 2020).  

So far rather less described, but still abundant, pseudokinases can also act as competitors within signal 

transduction (Figure 10D), where they are able to attenuate the catalysis or block substrate access of 

another protein kinase in order to inhibit the signaling cascade. Recently, within the human IRAK 

(interleukin-1 receptor associated kinase) family, the pseudokinase IRAK3 dimer was proposed to 

inhibit the kinase IRAK4 dimer, blocking its active sites (Lange et al., 2021). Consequently, the 

inflammatory signaling in the complex of IRAK proteins (myddosome) in the immune response to 

pathogens is attenuated (Moncrieffe et al., 2020). 

Recent analysis of >30,000 pseudokinase sequences underlined that pseudokinases have fundamental 

roles across all kingdoms of life (Kwon et al., 2019). Most likely, these evolved from gene-duplication 

events from canonical kinases (Eyers and Murphy, 2016). However, it is not excluded that some 

canonical kinases have evolved from pseudokinases, just like for other pseudoenzymes (Clifton et al., 

2018; Kaltenbach et al., 2018; Kwon et al., 2019).  

2.5.3 Mode of action of pseudokinase ChrS_CA-fs 

In our study, a pseudokinase variant of ChrS was shown to promote high heme tolerance in 

C. glutamicum (Krüger and Frunzke, 2022). With ChrS_CA-fs being no more involved in canonical 

phosphotransfer, three main hypotheses explaining an increase of the activation kinetics of ChrA by 

HrrS were suggested (Figure 11). It is important to note that this adaptation is made possible by the 

specialty of C. glutamicum possessing the paralogous systems ChrSA and HrrSA reacting to the same 

stimulus heme. Paralogs have already been demonstrated to be valuable for efficient adaptations 

(Bratlie et al., 2010; Gevers et al., 2004). Our study further emphasizes gene duplication as powerful 

tool for adaptation shaped by the respective environmental niche. 
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Figure 11: Three hypotheses concerning the influence of the pseudokinase ChrS_CA-fs on elevated heme tolerance. The 
pseudokinase ChrS-CA-fs (orange) and the HK HrrS (blue) are shown in their homodimeric forms. There are three different 
assumptions for the suggested communication on HK level in the evolved strain 1.fs possessing the pseudokinase that allow 
elevated expression of hrtBA. (A) Direct communication on HK level by e.g. transient interactions. (B) Recruitment of the 
response regulator ChrA for more efficient activation by HrrS. (C) Indirect communication on HK level using a third, yet 
unknown component. ChrS-CA-fs = ChrS with a frameshift mutation at alanine on position 245, P = phosphate. 

 

2.5.3.1 Direct communication on the histidine kinase level for elevated activation 

A first hypothesis would include allosteric activation (Figure 10A, Figure 11A) of HrrS by 

heterodimerization with ChrS_CA-fs. This could lead e.g. to beneficial switching from ‘off’ to ‘on’ state 

of HrrS by interaction with ChrS_CA-fs. Further, if there is alternate, minor phosphorylation activity 

remaining for ChrS_CA-fs it could also support fast activation of ChrA by phosphorylation on the HK-

level. For analysis, dimerization characteristics were investigated using bacterial two-hybrid (BACTH) 

assays on plates as well as coupled to liquid β-galactosidase assays (Figure 12, left part). While 

homodimerization could be confirmed for all of the three HKs tested, heterodimerization of the 

ChrS_CA-fs variant with HrrS could not be revealed.  

However, heterodimerization for the native kinases ChrS and HrrS was reported for the first time. As 

the respective DHp domains of these HKs share 58% sequence identity and even 72% similarity on the 

protein level in C. glutamicum (global alignment (Needleman-Wunsch)), this observation was 

reasonable. However, the question remains if and how this influences native TCSs signaling in these 

paralogous systems and how this might affect the altered ChrS_CA-fs signaling. Up to date, HK 

communication on the level of heterodimerization is rather less reported, but also because it is only 

rarely examined. Nevertheless, a prominent example is the heterooligomerization of the HKs RetS and 

GacS in P. aeruginosa. During infection of a host, the hybrid HK RetS downregulates the activity of the 

unorthodox HK GacS in three different mechanisms: Either (i) by inhibition of the autophosphorylation 

reaction of GacS, (ii) by deprivation of the phosphoryl group from the histidine residue of GacS or (iii) 

by cross-phosphatase activity of RetS on the REC domain of GacS. This cross-communication between 

the HKs allows switching between motile and biofilm lifestyles of this bacterium (Francis et al., 2018; 
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Ryan Kaler et al., 2021). Overall, heterodimerization of HKs might be an underestimated mechanism 

to expand signaling pathways to a multikinase network. In the case of ChrS and HrrS in C. glutamicum, 

it remains to be elucidated if heterodimers could play a significant role in vivo or if the observed 

interaction is an in vitro artefact. Previous studies investigating on dissociation constants for different 

modes of dimerization of the HKs EnvZ and RstB in E. coli demonstrated that homodimers of these HKs 

are significantly more stable than heterodimers, summarizing heterodimerization of these HKs are 

rather unstable in vivo (Ashenberg et al., 2011). However, these E. coli systems only share ~30% 

identity, which is significantly less than the paralogous HKs of C. glutamicum responding to the same 

stimulus heme. Previous studies demonstrated that HrrS acts as ‘kickstarter’ of the ChrS-mediated 

response, as HrrS presence is required for instantaneous promoter activation of hrtBA (Keppel et al., 

2019), which could be explained by transient activating interactions between these HKs upon 

heterodimerization. Inhibiting events on the other HK would rather be excluded, as activities of HK 

targets are not elevated upon deletion of the other HK (Hentschel et al., 2014). 

  

Figure 12: Bacterial two-hybrid assays (BACTH) reveal heterodimerization of native ChrS and HrrS. BACTH interactions 
between the histidine kinases ChrS, HrrS and the evolved ChrS variant (ChrS_CA-fs) as well as their interaction with the RRs 
ChrA and HrrA were analyzed as C-terminal tag fusions. Drop assay was performed in triplicates, where blueish color of the 
colonies indicate interaction, while white colonies indicate no interaction (Euromedex, Souffelweyersheim, France). The bar 
graph represents a quantitative analysis of these respective triplicates using β-galactosidase assay according to Griffith and 
Wolf (2002). Colorimetric β-galactosidase activity is given in Miller units. Grey bars represent controls, while blue ones show 
the interaction between HKs and orange ones for HKs with RRs. Positive control = pKTN25-zip with pUT18-zip, negative 
control = pKTN25 with pUT18, media = CGXII basis with 2% glucose. Adapted from Krüger and Frunzke (2022). 

 

The performed BACTH assays might disprove the potential allosteric activation of HrrS by interaction 

with the evolved ChrS_CA-fs. Nevertheless, the native situation points out that there is already 

interaction between the HKs that may be shifted towards HrrS-mediated ChrA activation in the 

evolution mutant. It should be taken into account that these E. coli based in vitro BACTH assays do not 



38  Scientific context and key results of this thesis 
 

perfectly reflect the in vivo situation of C. glutamicum. For example, as HKs are transmembrane 

proteins, there might be an issue about the intracellular folding of these proteins (Mehla et al., 2017). 

Using fluorescence resonance energy transfer (FRET) analyses might be an option to shift to an 

examination in C. glutamicum. Furthermore, dimerization modes of kinases can be quite diverse 

ranging in its ‘on’ and ‘off’ state conformation by rotation and bending events of the DHp- and CA-

domains (Cai et al., 2017; Casino et al., 2009; Stewart, 2010) as well as varying from head-to-head and 

back-to-back, over head-to-tail to parallel or transverse side-to-side (Lavoie et al., 2014; Mace and 

Murphy, 2021). As the pseudokinase might retain different structural properties, this could potentially 

impede tag interactions in BACTH. Also highly efficient homodimerization by ChrS_CA-fs could obscure 

any minor heterodimerization with HrrS in this assay, which could, however, be relevant in vivo.  

2.5.3.2 Recruitment of the response regulator for facilitated phosphorylation 

Apart from activation by ChrS_CA-fs, another explanation for the ChrA activity increase could be 

recruitment of ChrA by ChrS_CA-fs to facilitate its phosphorylation by HrrS (Figure 10B, Figure 11B). In 

this context, BACTH assays were also performed examining on HKs and RRs interactions (Figure 12, 

right part). Known interactions of native HKs with their cognate RRs could be validated by this assay. 

However, the already demonstrated cross-talk with non-cognate partners (Hentschel et al., 2014) 

could only be confirmed for ChrS and HrrA, not for HrrS and ChrA. This highlights again the limits of 

BACTH assays for protein-interactions in this case and therefore, it cannot be completely excluded that 

the RRs also interact with the pseudokinase ChrS_CA-fs. Please note that β-galactosidase assays in 

liquid assays did not show any signal for RRs and pseudokinase interactions, but a blueish coloration 

was observed on plates.  

Consequently, the hypotheses about allosteric activation and recruitment of RR cannot yet completely 

be excluded based on BACTH assays. A further comprehensive explanation, apart from in vitro 

conditions, might be found in the experimental limitation that BACTH can only assess binary 

interactions. It might be possible that heterodimerization of HrrS with ChrS_CA-fs in response to heme 

availability and recruiting of ChrA by ChrS_CA-fs is required simultaneously for proper interactions. 

These issues should be addressed in further studies. Although bacterial three-hybrid assays might be 

used to prove the latter hypothesis, it might be a more promising option to assess protein-interactions 

via co-immunoprecipitation allowing evaluation in the natural C. glutamicum context. On top, to 

unravel molecular characteristics of this pseudokinase variant of ChrS, its ability for nucleotide binding 

could be investigated using thermal shift assays (Murphy et al., 2014), while it would be of further 

interest to asses if there is an alternative ATP-binding site, which could facilitate such conformational 

changes. 
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2.5.3.3 Indirect communication between histidine kinases employing a third component 

Apart from the communication of HKs on a direct level as presented above, a third hypothesis about 

indirect communication can be proposed (Figure 11C). This would include another, third component 

that interacts with the HKs, which could be e.g. a small protein (Buelow and Raivio, 2010; Salvado et 

al., 2012). Small proteins have been described as underestimated participant in signal transduction 

with regulatory functions. Due to their small size (< 100 amino acids (aa) (Yadavalli and Yuan, 2022)), 

they typically lack enzymatic activities, but have been described to act as inhibitors or activators 

influencing interactions between proteins or induce conformational changes (Storz et al., 2014). 

Therefore, small proteins have not only been established as ‘TCS modulators’, but also as ‘TCSs 

connector’ proteins. In E. coli a small 65 amino acid protein SafA (formerly known as B1500) acts as 

such a connector protein linking the TCSs EvgSA and PhoQP for mediation of acid resistance. Expression 

of the gene encoding the membrane protein SafA is increased by EvgSA activity, while SafA further 

directly interacts and activates the PhoQP system by either promoting kinase activity or decreasing 

phosphatase activity (Eguchi et al., 2011; Eguchi et al., 2007). Similarly, another 123 aa protein MzrA 

connects the two TCSs CpxAR and EnvZ/OmpR upon cell envelope stress in E. coli (Gerken et al., 2009). 

Most interactions with a connector protein were suggested on transmembrane domain level 

(Szurmant et al., 2008), as for many small proteins in general (Storz et al., 2014). If such a (small) 

protein would aid at communication between the native HKs ChrS and HrrS in C. glutamicum, an 

altered activity might endure in the evolved 1.fs context, where the remaining transmembrane domain 

or even DHp-domain of ChrS_CA-fs could still interact with potential TCS connector proteins, 

constantly elevating the activity of HrrS. As such open-reading frames are often co-localized, a 

preliminary look on the genomic region around these TCSs drew attention to cg3249 that codes for a 

larger 183 aa putative protein in close proximity to hrrSA. The expression of this gene was also shown 

to be downregulated in a ΔhrrA mutant (Frunzke et al., 2011). Fitting into the scheme of small proteins, 

subsequent cg3250 encodes a putative membrane protein of 50 aa nearby the region of hrrSA. 

Nevertheless, profound analysis of potential (small) proteins involved in indirect HK communication 

between these two paralogous systems should be further performed by pull-down assays or 

reconstitution of the complexes in proteoliposomes to establish defined systems for in vitro 

characterization.  

Not only small, but also RNA-binding proteins gained recent interest throughout research (Beckmann 

et al., 2016; Holmqvist and Vogel, 2018). This type of proteins was also described in the context of TCSs 

regulation. Recently, a significant cross-talk at transcriptional as well as phosphorylation level between 

the heme-responsive TCSs HssRS and the cell envelope stress-related TCSs HitRS (HrrRS interfacing 

TCS) was demonstrated in Bacillus anthracis (Mike et al., 2014; Pi et al., 2020). Subsequent research 

further established that the RNA-binding protein KrrA activates the TCSs HitRS by binding its transcript 
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and modulating mRNA stability (Pi et al., 2022). Although KrrA does not influence the activity of the 

other TCSs HssRS, it was established to bind further ~70 RNA targets. Therefore, it might not be 

excluded that regulation of further downstream components also connects these signals.  

Connecting signal transduction pathways via multiple kinases, RRs, and further small or RNA-binding 

proteins demonstrates a high level of complexity, which is required to enable fast adaptation to 

fluctuating environmental conditions. It is therefore not unlikely that further players are involved in 

ChrSA and HrrSA signaling, which have not been unraveled so far. 

2.5.3.4 Altered phosphatase kinetics for constant activation 

Independent from the exact mechanism of the evolved pseudokinase ChrS_CA-fs elevating hrtB 

activation kinetics, it is suggested that it is overall further supported by a missing dephosphorylation 

activity of ChrS_CA-fs. Although the ChrS_CA-fs variant does still possess the DxxxQ phosphatase motif 

in its DHp-domain (Figure 8B), we concluded that there is no more or at least attenuated phosphatase 

activity based on the continuous hrtB activation. The CA-domain is missing due to the frameshift 

mutation, while several studies described an essential role for this domain in phosphatase activity 

interacting with DHp-domain (Carmany et al., 2003; Zhu et al., 2000). Throughout clinical pathogenic 

strains, there are various studies describing single nucleotide polymorphisms in HKs evolved around 

the CA-domain that lead to an increased output of the RR and consequently highly elevated target 

gene expression due to an abolished phosphatase activity. Exemplarily, this was demonstrated for 

clinical and virulent M. tuberculosis strains isolated after infection of the host (Baena et al., 2019; 

Waturuocha et al., 2021a; Waturuocha et al., 2021b). Here, in vitro phosphorylation assays might 

confirm the lack of ChrS_CA-fs phosphatase activity. 

In the end, this ALE-based approach provided important mechanistic insights into the interaction of 

the HrrSA and ChrSA systems. It also demonstrates the high evolutionary flexibility based on two 

paralogous TCSs, which enables rapid adaptation to changing environmental conditions.  

2.5.4 Heme sequestration or alternative transport systems counteracting heme toxicity 

Although the ChrS_CA-fs mediated export of heme was demonstrated as key strategy of the evolved 

1.fs strain in terms of heme tolerance, further players beyond heme exporters might be involved in 

counteracting heme toxicity in C. glutamicum.  

Comparative transcriptome analysis via microarrays revealed a high upregulation of all genes encoding 

(potential) heme-binding proteins, i.e. htaA, htaB, htaC, htaD and hmuT, in the evolved heme tolerant 

1.fs strain compared to the wild type in the presence of heme (supplemental section 4.3, Table S4). 

Deletion of all these genes resulted in a strain possessing reduced tolerance to moderate levels of 

heme (~10 µM). As there were no more differences on lower or higher heme concentrations, it was 
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suggested that membrane-bound heme-binding proteins rather play a minor – but significant – role in 

heme detoxification by sequestering heme at the cell periphery thereby shielding it from cytosolic 

components. Heme sequestration and/or storage as detoxification strategy by heme-binding proteins 

was already described for several bacterial organisms. Members of the HemS-family, like HemS of 

Yersiniae entercolitica (Stojiljkovic and Hantke, 1994), ShuS of Shigella dysenteriae (Wilks, 2001) or 

PhuS of P. aeruginosa play a role for heme tolerance by binding heme and safely trafficking it within 

the cell (Lansky et al., 2006). Recently, the heme-binding protein HupZ of Group A Streptococcus was 

demonstrated to be involved in heme tolerance and was proposed to act as heme chaperone (Lyles et 

al., 2022). All of these heme-binding proteins possess at least one other function, acting, for example, 

in heme import or as heme oxygenase. This is also true for the corynebacterial heme-binding proteins 

HtaA and HmuT, which are involved in heme import (Allen and Schmitt, 2009; Drazek et al., 2000). 

Moreover, in C. diphtheriae, HtaA was shown to transfer heme to HtaB, suggesting that HtaB is also 

involved in heme import as intermediate sequestration protein (Allen and Schmitt, 2011). As htaC is 

located in the same operon, HtaC might assist in the import process. Further confirmation of these 

functions as well as investigation on HtaD, which is encoded in a different location than the other 

heme-binding protein genes, is required to unravel their potential role in heme scavenging and 

detoxification. In future studies, overexpression of respective heme-binding protein genes or even 

addition of the purified proteins to cultivations at high heme levels could provide valuable insights. 

Such an overexpression of the heme binding protein C (HbpC) in the Gram-negative Bartonella 

henselae was shown to increase its heme tolerance and consequently its ability to infect its host (Liu 

et al., 2012; Roden et al., 2012). Interestingly, HbpC was found in outer membrane vesicles shedding 

from the bacterial surface, which allow to sequester local toxic concentrations of heme (Roden et al., 

2012). The excretion of outer membrane vesicles as strategy for the sequestration of several toxic 

compounds have been described for other bacteria (McBroom and Kuehn, 2007; Schooling and 

Beveridge, 2006). Dietzia sp. of the order Corynebacteriales were recently shown to release membrane 

vesicles containing heme binding proteins (Wang et al., 2021a). In general, membrane vesicles were 

shown to be formed by C. glutamicum (Nagakubo et al., 2021), but whether this vesicle formation 

could also play a role in this bacterium remains to be elucidated, e.g. by membrane vesicle isolation 

and protein content analysis via mass spectrometry (Prados-Rosales et al., 2014). 

Apart from heme sequestration by binding proteins and heme export, also other transport systems 

might matter for detoxification. Strikingly, the transcriptome analysis further depicted differential 

expression of genes coding for various transport systems in the evolved 1.fs strain (supplemental 

section 4.3, Table S4). The upregulation of the operon comprising cg2675 to cg2678 (NCgl2350 to 

NCgl2353) coding for an ABC-type transport system is of special interest, as our genome-wide binding 

studies already demonstrated that this system is also positively regulated by heme-responsive HrrA 
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(Keppel et al., 2020). Co-transcribed with the gene ahpD encoding an alkyl hydroperoxidase, this 

operon was recently connected to oxidative stress regulation (Hong et al., 2019). As the substrate 

translocated by this transport system is yet unknown, only vague hypotheses about the involvement 

in heme detoxification can be made. Apart from direct export of heme or toxic heme-related products, 

it might be an additional option to import neutralizing compounds aiding heme detoxification. Such a 

potential role was found for the import of manganese to counteract oxidative stress, with Mn(II) acting 

as scavenger of superoxide or hydrogen peroxide (Horsburgh et al., 2002). In E. coli, manganese was 

shown to replace the iron in the ribulose-5-phosphate 3-epimerase to avoid ROS generation in vitro 

(Sobota and Imlay, 2011) and in Neisseria gonorrhoeae the Mn(II) uptake system directly imports 

manganese to counteract elevated oxidative stress (Seib et al., 2004; Tseng et al., 2001). However, also 

excessive manganese concentrations have the potential to result again in redox stress (Sachla et al., 

2021). Finally, the influence of such transport systems and further compounds affecting heme 

homeostasis should be addressed in future studies, as these might outline important issues to 

overcome heme-induced oxidative stress. 

 

2.6 A glimpse into heme as valuable resource in community 

As heme represents an essential cofactor for many enzymes and an important alternative iron source 

for many microbes, the above-portrayed conserved key strategy of exporting heme for detoxification 

is inevitably accompanied by losing this valuable resource. Therefore, the question raises whether it 

might be possible for C. glutamicum to keep heme in close proximity, e.g. for an own later resort or 

even to share it within microbial communities. This issue was already addressed when visually 

comparing pelleted cells, which were cultivated in the presence and absence of heme (Figure 13A). 

Here, heme-subjected cells showed a dark brownish color. Due to the hydrophobic nature of the 

molecule, there is the possibility that heme passively sticks to the cell membrane when not yet 

imported or after export. However, also active scavenging, e.g. by heme-binding proteins, in the cell 

envelope of C. glutamicum could be hypothesized. Overall five heme-binding proteins HmuT, HtaA, 

HtaB, HtaC and HtaD are encoded in the genome of this bacterium, giving not only the opportunity to 

sequester heme for detoxification (section 2.5.4), but possibly also for external heme storage. Such a 

reservoir could be helpful in rapidly heme-depleted environments. Future experiments with modified 

heme-binding proteins or mutants defective in the production of the hydrophobic mycolic acid layer 

should give insights into the mechanisms involved in heme scavenging. 

Upon holding heme in close proximity of cells – no matter if passively or actively – it can be further 

questioned whether heme can be shared in a community or is rather privatized for own use. First 

investigations to evaluate heme as such a public good were made via co-cultivations using a donor and 
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a recipient strain. The donor strain was pulsed with heme by inoculation with 20 µM heme or none as 

control, before mixing it with an iron depleted recipient strain transformed with a hrtB reporter 

plasmid (pJC1-PhrtB-eyfp from Heyer et al. (2012)) to monitor if this strain encounters heme (Figure 

13B). There is a slight but significant higher fluorescent output for the co-cultivation encompassing a 

heme pulse, meaning that the recipient strain indeed came into contact with (more) heme. Another 

co-cultivation in the same manner was tested on plates using constitutively fluorescing donor and 

recipient cells yielding similar results based on growth (Figure 13C). These investigations gave hints for 

a potential heme sharing, probably enabled by heme export of the donor strain to the cell surface. 

Nevertheless, further aspects must inevitably be tested.  

 

Figure 13: Potential heme sharing in C. glutamicum. (A) C. glutamicum wild-type cells were incubated either with 20 µM 
heme (+) or without (-) for 15 minutes and pelleted by centrifugation. (B) A donor strain was pulsed in the same way with 
20 µM heme or none as control and co-cultivated with an iron-starved recipient strain, which was transformed with a pJC1-
PhrtB-eyfp reporter plasmid. Specific fluorescence analyses were performed in the Biolector® microtiter cultivation system 
(Kensy et al., 2009) using CGXII media with 2% glucose, no iron and kanamycin. Specific fluorescence was calculated as 
measured fluorescence per backscatter. Data represent average of three biological replicates including standard deviations 
depicted as error bars. (C) Pulsed donor strain (no, 4 µM or 20 µM heme) was labelled with eYFP fluorescent protein and the 
iron-starved receiver strain with Crimson, whose gene expressions were controlled by a constitutive Ptac promoter. Cells were 
mixed and dropped on iron-depleted CGXII agar plates with 2% glucose in 1:10 dilutions. Images were taken using a 
stereomicroscope Nikon SMZ18 (merged picture, λEx: 500/20 nm, λEm: 535/30 nm; λEx: 562/20 nm, λEm: 604-1100 nm).  

 

There is a variety of bacterial interactions secreting and exchanging metabolites shaping a global 

ecological network (Faust and Raes, 2012; Phelan et al., 2011), while there are also examples for partial 

privatization of public goods to avoid cheater at respective conditions (Jin et al., 2018; Scholz and 

Greenberg, 2015). To assess the sharing dynamics, conditional co-cultivations should also be achieved 
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with deletion strains of e.g. heme export (ΔhrtBA), but also heme import (ΔhmuTUV) and heme binding 

proteins (ΔhmuT ΔhtaA ΔhtaBC ΔhtaD). On top, it should be excluded that the high heme pulse not 

only kills a high fraction of donor strains allowing the recipients to grow on the released nutrients. The 

evolved strain 1.fs with the pseudokinase ChrS_CA-fs could also be employed for further tests, since 

this strain features an extraordinary level of hrtBA expression - superiorly balanced compared to the 

level achieved by simple overexpression (section 2.5). 

Regarding the potential sharing process, it should further be noted that several Gram-positive bacteria, 

including C. glutamicum, have a thick mycolic acid layer (Eggeling and Sahm, 2001; Minnikin and 

Goodfellow, 1980). Recent studies claimed that the Gram-positive strain Dietzia sp. DQ12-45-1b shares 

heme using mycomembrane vesicles packed with heme binding proteins and, interestingly, this 

recycling process was even shown to occur interspecifically, as depicted for Dietzia with C. glutamicum 

(Wang et al., 2021a). As both these strains occur in soil, this interaction could be of relevance for 

community interactions. However, whether C. glutamicum is also able to form these membrane 

vesicles, or if it only relies on heme-packed vesicles delivered by other microbes, remains to be 

elucidated. As the membrane of Corynebacteria is comparable to that of Dietzia in terms of thickness 

(Zuber et al., 2008) and C. glutamicum was shown to form membrane vesicles in general (Nagakubo et 

al., 2021), there might be a potential for vesicle mediated heme sharing. The proteins present in these 

vesicles could further be examined using e.g. LC-MS/MS. Moreover, the strain ΔhmuTUV, harboring 

deletion of the heme import genes (Frunzke et al., 2011), could be analyzed in regard if it is still able 

to take up heme from a bacterial community, e.g. by heme-packed vesicles, beyond the conventional 

import system. 

Finally, bacterial cells should be considered in a multivalent and spatial environment, where they could 

demonstrate several strategies for competition or cooperation on heme usage on both species and 

interspecies level. 

 

2.7 Evolution towards the production of heme 

Throughout the former sections, the relevance of heme tolerance and usage in the context of bacterial 

survival was discussed. Within recent years, also the production of heme from microorganisms gained 

increasing attention, because microbial produced heme entails the avoidance of heme extraction from 

animal blood. Since heme is an important flavor carrier in conventional meat, this molecule plays an 

important role in the production of animal-free meat alternatives. Besides plants and yeasts (Espinas 

et al., 2012; Fraser et al., 2017; Ishchuk et al., 2021), also bacteria were recently engineered for an 

alternative high-yielding heme production (Choi et al., 2022; Kwon et al., 2003; Zhao et al., 2018). In 
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particular, high heme yields were recently shown for engineered C. glutamicum strains (0.61 mmolheme 

per molglucose, with a maximum titer of 309.18 ± 16.43 mg l-1) (Ko et al., 2021).  

Within section 2.5, ALE experiments were performed to unravel strategies to counteract heme 

intoxication using increasing concentrations of heme as selection pressure. In a similar manner, ALE 

could be used to reveal further pathways and mechanisms that possibly improve bacterial heme 

production and transport. The most important prerequisite for an evolution towards heme production 

is to couple it to cellular growth providing a selection pressure. The traditional approach would be a 

heme auxotrophic strain, but as heme synthesis is an essential pathway it was not possible in the 

context of this study to obtain such a strain of C. glutamicum. However, several strategies for synthetic 

growth-coupled product formation have been described throughout literature (Buerger et al., 2019). 

Recently, the application of a transcription factor-based biosensor was successful in coupling growth 

to enhanced levels of amino acid production in C. glutamicum (Stella et al., 2021), where the principle 

of the previously generated Lrp biosensor (Mustafi et al., 2012) was key for the generation of a 

selection pressure towards production. The genomic region encompassing the gene encoding the 

transcription factor Lrp, the intergenic region between lrp and brnFE as well as the first 30 bp of the 

Lrp-target brnF were introduced upstream of a growth-regulating gene. In the presence of its effector 

molecules - i.e. the amino-acids L-valine, L-methionine, L-leucine or L-isoleucine - Lrp binds PbrnF and 

induces the expression of the selected growth-regulating gene pfkA encoding the phosphofructokinase 

of central carbon metabolism or hisD coding for the histidinol-dehydrogenase involved in L-histidine 

biosynthesis (Stella et al., 2021). Thereby, a selection pressure towards amino acid production was 

implemented and cells with improved production performances could be isolated after ALE 

experiments.  

In a comparable approach, in context of the master thesis of Janik Göddecke (2022), which was 

supervised as part of this doctoral project, biosensor constructs were designed, coupling heme 

production to the expression of the growth-regulating genes aceE, pgi or pfkA. The aceE gene encodes 

the E1 subunit of the pyruvate dehydrogenase complex linking glycolysis and TCA, making it essential 

for growth on glucose (Schreiner et al., 2005). Pgi represents the glucose-6-phosphate isomerase 

catalyzing the reversible reaction from glucose-6-phosphate to fructose-6-phosphate, while the 

phosphofructokinase PfkA is responsible for the reaction of fructose-6-phosphate to fructose-1,6-

bisphosphate. Upon deletion of pgi or pfkA, the glucose catabolism is inevitably forced to progress via 

pentose phosphate pathway, resulting in a severe growth defect (Lindner et al., 2013; Siedler et al., 

2013). In the following, the focus will be on the biosensor construct that is based on pfkA.  

For coupling pfkA expression and, thereby, growth to heme production, we made use of the heme-

responsive TCS ChrSA controlling the expression of the hrtBA operon (Figure 14A). As PhrtB is efficiently 
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activated by ChrA upon the presence of heme, this promoter region was placed in front of pfkA 

rendering its expression heme-dependent. Monitoring growth of the WT::PhrtB-pfkA strain, further 

referred to as biosensor strain, revealed a significant growth defect in the absence of heme, which can 

be counteracted already by the addition of 1 µM heme (Figure 14B), making this construct applicable 

for growth-coupled evolution. Note that it was not necessary to add another copy of ChrSA into the 

biosensor construct. Stella et al. (2021) comprehensively determined that selection on plates is more 

advantageous for these biosensor constructs than using e.g. liquid culture, as cheaters that show 

simple promoter mutations in the biosensor circuit can be circumvented more easily. Therefore, this 

ALE was performed by streaking on iron-rich but heme-depleted agar plates (Figure 14C). In direct 

comparison to the wild type, the biosensor strain showed impaired growth revealed by growth delay 

and yielded colonies of different size. Moreover, the transformation of these strains with a reporter 

plasmid for hrtB expression (pJC1-PhrtBA-eyfp (Heyer et al., 2012)) revealed that the majority of big 

colonies showed a fluorescent signal indicating the elevated expression of hrtB and potentially the 

presence of increased heme levels. Interestingly, several smaller colonies accumulated around these 

big potential producer colonies, which presumably gain either glycolysis intermediates or even heme 

(section 2.6) from the producing strain in order to support their growth.  

Subsequently, several potentially producing clones were selected and analyzed using high 

performance liquid chromatography (HPLC) with a linear gradient of ammonium acetate and methanol 

(Figure 14D) (compare supplemental section 4.4). In order to gain an evaluable output, the total heme 

content of the cells was screened. After a fast screening, two potential candidates exhibiting higher 

heme contents (~4.43 and 2.68 µM) than the wild type (~2.48 µM) were selected for genome 

sequencing, represented as clones 1 and 21 in Figure 14D. The highest heme production was observed 

for clone 1, where two amino acid exchange mutations in cydD were identified. CydD is annotated as 

a component of a heterodimeric ABC transporter, essential for cytochrome bd oxidase assembly. 

Regarding the respiratory chain, a connection between CydDC and heme was suggested in earlier 

studies, while heme was established to bind and modulate CydDC activity in E. coli (Shepherd, 2015; 

Yamashita et al., 2014). Although a connection is clear, exact influences remain controversial. A recent 

pre-print claimed that CydDC bears a function in heme export in E. coli (Wu et al., 2022).  

Furthermore, in clone 21 we identified a mutation in the CA-domain of ChrS – comparable to the 

evolved mutant described in section 2.5. Consequently, this mutation presumably leads to an extreme 

upregulation of hrtB, and concomitant growth-required pfkA expression. On the one hand, this 

uncouples pfkA expression from heme production due to continuous hrtB expression, but on the other 

hand, the constant heme export potentially stimulates the inherent heme biosynthesis to some extent.  
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Figure 14: Coupling heme production to cellular growth of C. glutamicum. (A) Schematic overview of hrtB-based biosensor 
coupling heme production to the expression of pfkA. term = terminator, * = stop, RBS = ribosomal binding site. (B) Growth 
analysis of the WT::PhrtB-pfkA biosensor strain in CGXII media with 2% glucose, no iron and increasing concentrations of heme 
from none (blue) to 1, 4 and 10 µM (shades of orange). Data represent average values measured in the Biolector® microtiter 
cultivation system (Kensy et al., 2009) as three biological replicates including standard deviations depicted as error bars. (C) 
ALE on iron-rich CGXII agar plates (100 µM FeSO4, 2% glucose). Strains as depicted were transformed with a pJC1-PhrtB-eyfp 
reporter plasmid, to indicate the presence of heme in the respective colony. Zoomed in images were taken using a 
stereomicroscope Nikon SMZ18 (λEx: 500/20, λEm: 535/30). (D) HPLC analysis of total heme content after 24 h cultivation in 
iron-rich CGXII media supplemented with 2% glucose to screen for heme producing evolved mutants. Measured in unicates. 
Blue represents wild type as control, with the horizontal dotted line demonstrating wild type level. Orange bars represent 
picked evolved clones, while dark orange ones showed increased heme content. Values depicted above bar graphs represent 
calculated heme content in µM. Presented data was generated in the context of the herein supervised master thesis of Janik 
Göddecke (2022). 

 

Finally, sequence analyses demonstrate the necessity for larger screens of more evolved strains, as 

cheater strains remain inevitable. Automated evolutionary selection could support such high-

throughput approaches (Radek et al., 2017), as well as faster pre-screenings for heme content making 

use of oxalic acid assays (Sassa, 1976) or apo-horseradish-peroxidase-assays (Atamna et al., 2015). 

Nevertheless, it could be elucidated that the concept of biosensor-based evolution towards heme can 

be successful and potentially provides further beneficial mutations that improve heme production. 

Future studies will focus not only on larger screenings, but also on heme-responsive biosensor circuits 

in front of further growth-regulating genes, like aceE or pgi. 
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2.8 Conclusion and Outlook 

Iron is an essential mineral of cellular life involved in many crucial processes, as is the iron-bound 

protoporphyrin heme. Simultaneously, both this ion and molecule entail the risk of cell-damaging 

oxidative stress, i.e. they are “toxic, but tasty” (Keppel et al., 2019), and consequently posture the 

requirement for sophisticated regulatory networks maintaining homeostatic conditions within cells.  

This doctoral thesis contributed to the understanding of iron and heme regulatory networks of 

C. glutamicum dealing with these stimuli and provides genome-wide insights into the binding pattern 

of the global regulators governing iron and heme homeostasis: DtxR and HrrA (Keppel et al., 2020; 

Krüger et al., to be submitted). Hitherto unknown genetic targets of each of these transcriptional 

regulators could be identified, which expand their known range of regulatory tasks from iron and heme 

homeostasis to numerous further global functions like e.g. counteraction of oxidative stress or 

important roles for cell respiration and central carbon metabolism. In this context, it became clear that 

cultivation at different conditions is inevitably necessary to comprehensively unravel a complete 

regulon, taking into account graded responses and interactions with other condition-dependent 

factors. By determining an anti-proportional trend of transcription factor binding peak intensity and 

comparative target gene expression, an importance was assigned to weak binding peaks of ChAP-Seq 

experiments, which must not be ignored. Such analyses further examine interference effects that 

validate a sophisticated co-evolution of DtxR and HrrA regulation balancing strongly interdependent 

iron and heme contents. 

Apart from genome-wide binding profiling, this thesis specifically provides mechanistic insights into 

the interaction of the heme-responsive corynebacterial two-component systems ChrSA and HrrSA in 

the context of heme detoxification. The advantage of paralogous systems in the adaptation to 

fluctuating environments could be demonstrated eliciting heme tolerance by elevated activation 

kinetics for heme export (Krüger and Frunzke, 2022). The obtained frameshift version of ChrS resulted 

in a pseudokinase variant, which efficiently drives the activation of the heme exporter HrtBA in 

C. glutamicum. This activation was completely dependent on the phosphotransfer from HrrS to ChrA. 

Finally, this ALE approach resulted in a C. glutamicum strain with the highest heme tolerance reported 

so far, thereby providing a powerful basis for future engineering of heme production strains with high 

end-product tolerance. Further paralogous systems reacting to the same stimulus should be analysed 

in similar fashion to evaluate if pseudokinases are a universal adaptation mechanism of paralogous 

systems. 

So far, interconnection of transcriptional regulation of the paralogous two-component systems HrrSA 

and ChrSA was demonstrated on the histidine kinase-response regulator level based on cross-

phosphorylation (Hentschel et al., 2014). In this thesis, we proved another regulatory layer on the 
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histidine kinase level based on the heterodimerization of the native histidine kinases. This interaction 

might represent an underestimated phenomenon of paralogous TCSs integrating multikinase networks 

to allow fast adaptations to changing environmental conditions. 

While the function of HrtBA in heme detoxification is well accepted (Heyer et al., 2012; Krüger and 

Frunzke, 2022), the role of heme export in microbial community interactions has not been 

comprehensively studied thus far. In a microbial community context, exported heme might further be 

accessible to neighbouring cells, if not sequestered and privatized for own later resort, to avoid the 

loss of a valuable resource. The establishment of defined co-cultures would be prerequisite to decipher 

the potential role of HrtBA in heme-dependent networking and to monitor heme sharing at the 

community level.  
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Table S3: Complete Dataset of genome wide HrrA binding (ChAP-seq) and time resolved transcriptome analysis of 
C. glutamicum wild type and ΔhrrA (RNA-seq). For ChAP-seq analysis, the strain C. glutamicum::hrrA-C-twinstrep was 
cultivated in CGXII minimal medium supplemented with 2% (w/v) glucose and 4 µM hemin, was harvested at different time 
points as described in Figure 1. For RNA-Seq, wild type cells and a ΔhrrA strain were cultivated accordingly and harvested 0 h, 
0.5 h and 4 h after hemin addition. Column 1 and 2 show the the gene locus (ID) and gene name. Column 3 indicates the 
distance of the peak maximum to the translational start site of the gene and column 4 indicates the distance to the 
transcription start site. In light grey (510), ChAP-seq peak intensities are indicated at 0 h, 0.5 h, 2 h, 4 h, 9 h and 24 h after 
hemin addition. In green (11-13) and red (14-16), the measured mRNA levels of the corresponding genes in the wild type 
strain (green) and a ΔhrrA strain (red) are shown (in transcripts per million, mean of two biological replicates). All further 
information can be found in the full table in Keppel et al. (2018). 

 

    ChAP-Seq mRNA wt mRNA ΔhrrA 

Gene 
ID 

Gene 
name 

Dist
ance 
ATG 

Dist
ance 
to 
TSS 

t=0 t=0.5 t=2 t=4 t=9 t=24 t=0 t=0.5 t=4 t=0 t=0.5 t=4 

cg0074   205 205 0.0 2.1 2.2 2.1 0.0 0.0 7.0 1.5 9.8 5.2 2.3 6.5 
cg0075   79 -108 0.0 2.1 2.2 2.1 0.0 0.0 136.5 65.7 68.4 93.7 40.4 64.3 
cg0076   280 280 0.0 2.3 2.3 2.0 0.0 0.0 22.6 6.0 15.8 12.0 3.8 12.0 
cg0113 ureA 557 533 0.0 1.8 1.6 0.0 0.0 0.0 408.2 163.9 118.3 165.

2 
216.3 93.4 

cg0128   166 166 0.0 1.7 1.9 1.6 0.0 0.0 10.6 6.9 17.4 5.8 12.5 13.0 
cg0129 putA 90 8 0.0 1.7 1.9 1.6 0.0 0.0 179.4 90.1 179.3 132.

3 
113.6 95.6 

cg0153 hde 302 302 0.0 3.8 3.7 2.5 0.0 0.0 20.5 18.0 30.6 21.5 21.4 15.9 
cg0163   428 322 0.0 2.0 1.9 1.6 0.0 0.0 165.9 302.2 181.6 56.6 50.7 87.6 
cg0204 iolG 253 253 0.0 6.4 4.3 3.1 0.0 0.0 21.3 39.7 59.0 25.7 26.6 37.4 
cg0222   410 275 0.0 3.2 3.1 2.4 0.0 0.0 43.0 28.1 37.7 22.1 25.2 22.0 
cg0223 iolT1 158 73 0.0 2.0 1.9 1.7 0.0 0.0 18.4 11.8 37.5 14.9 6.0 23.0 
cg0247   180 180 0.0 2.2 1.7 1.5 0.0 0.0 40.4 21.2 28.5 37.2 34.6 23.3 
cg0251   71 -71 1.3 1.6 2.3 1.4 0.0 0.0 108.3 67.8 107.3 95.5 80.8 85.0 
cg0284   122 -159 0.0 1.8 2.0 0.0 0.0 0.0 95.7 76.4 103.8 109.

7 
85.9 88.3 

NCgl02
36 

  169 110 1.3 1.3 1.3 1.3 1.2 1.0 0.0 0.1 0.0 0.0 0.1 0.3 

cg0296 dnaZX 73 73 0.0 1.6 1.7 0.0 0.0 0.0 191.0 145.7 237.7 139.
6 

145.4 188.8 

cg0304   214 35 0.0 13 11 5.9 0.0 0.0 96.2 39.6 71.9 90.0 67.5 53.8 
cg0306 lysC 32 32 0.0 13 11 5.9 0.0 0.0 601.5 598.3 692.6 722.

9 
970.1 764.5 

cg0309 sigC 29 29 1.5 19 14 8.1 1.7 0.0 39.1 29.2 83.7 79.7 131.6 124.0 
cg0310 katA 175 132 1.5 19 14 8.1 1.7 0.0 1980.0 5988.3 1699.

9 
1847
.3 

3600.
9 

734.7 

cg0330 cgtR1 24 24 0.0 3.0 2.7 1.9 0.0 0.0 25.8 15.3 19.7 13.8 19.7 16.5 
cg0336 pbp1a 533 243 0.0 2.1 2.0 1.6 0.0 0.0 413.5 221.9 224.6 224.

0 
153.7 194.9 

cg0337 whcA 
(whiB
4) 

133 -21 0.0 2.1 2.0 1.6 0.0 0.0 1195.5 1024.2 1111.
8 

755.
4 

742.4 677.5 

cg0341 phdA 
(fadD
1) 

175 175 0.0 2.6 2.7 2.0 1.5 0.0 5.0 3.3 9.8 4.5 2.2 3.7 

cg0390   350 350 0.0 3.4 3.6 2.0 0.0 0.0 95.4 96.1 55.0 59.1 90.1 43.3 
cg0420   641 641 0.0 7.3 4.9 4.4 0.0 0.0 192.3 99.2 161.1 50.3 62.0 41.3 
cg0420   164 -164 0.0 3.0 2.4 2.3 0.0 0.0 192.3 99.2 161.1 50.3 62.0 41.3 
cg0422 murA 675 591 0.0 3.5 2.4 2.5 0.0 0.0 230.1 157.2 218.4 237.

6 
144.1 205.0 

cg0424   89 -97 0.0 2.2 1.5 0.0 0.0 0.0 194.0 149.5 254.4 183.
3 

135.3 216.8 

cg0437 wzy 312 60 0.0 4.0 3.4 2.7 0.0 0.0 154.8 119.9 212.2 88.7 124.0 160.7 
cg0438   35 3 0.0 2.3 1.7 0.0 0.0 0.0 416.0 360.2 458.3 385.

8 
399.8 263.8 

cg0438   79 29 0.0 2.3 1.7 1.8 0.0 0.0 416.0 360.2 458.3 385.
8 

399.8 263.8 

cg0439   326 35 0.0 2.3 1.7 0.0 0.0 0.0 194.3 209.8 254.1 169.
3 

227.8 203.2 

cg0439   281 -10 0.0 2.3 1.7 1.8 0.0 0.0 194.3 209.8 254.1 169.
3 

227.8 203.2 

cg0444 ramB 213 198 3.1 38 33 16 3.1 0.0 673.0 725.4 470.9 353.
7 

439.9 319.0 
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cg0445 sdhC 
sdhCD 

298 83 3.1 38 33 16 3.1 0.0 1917.1 2911.0 2339.
4 

392.
3 

884.6 760.6 

cg0453   4 -38 0.0 2.4 2.0 0.0 0.0 0.0 220.6 312.2 502.2 438.
4 

562.0 417.4 

cg0465   45 45 0.0 2.8 2.3 2.2 0.0 0.0 5.6 1.1 8.6 3.9 1.1 11.3 
cg0466 htaA 185 43 0.0 2.8 2.3 2.2 0.0 0.0 19.4 8.6 77.7 3.0 3.0 72.5 
cg0475   370 370 0.0 36 26 11 2.2 0.0 612.1 709.0 1603.

6 
1108
.8 

1378.
3 

1607.
6 

cg0495   434 44 0.0 7.1 13 8.1 0.0 0.0 39.2 24.8 46.5 30.9 33.6 33.7 
cg0497 hemA 34 -162 0.0 7.1 13 8.1 0.0 0.0 115.4 487.8 136.3 636.

4 
765.8 274.8 

cg0500 qsuR 16 -40 0.0 4.8 4.1 2.9 0.0 0.0 38.8 25.7 20.4 22.2 20.1 14.0 
cg0501 qsuA  260 80 0.0 4.8 4.1 2.9 0.0 0.0 59.3 85.9 25.4 44.9 50.4 24.8 
cg0505   7 7 0.0 1.9 1.6 1.4 0.0 0.0 79.4 59.2 81.2 126.

7 
93.2 41.2 

cg0516 hemE 17 17 0.0 54 38 19 2.6 0.0 56.8 34.8 52.6 281.
2 

277.5 249.6 

cg0517 hemY 624 429 0.0 0.0 3.0 0.0 0.0 0.0 65.7 37.6 96.6 215.
2 

258.1 297.0 

cg0524 ccsB 38 -38 0.0 2.2 2.2 1.5 0.0 0.0 95.5 234.0 292.9 112.
7 

300.6 375.5 

cg0545 pitA 3 -158 0.0 1.6 1.4 0.0 1.4 0.0 105.9 51.6 206.8 138.
9 

81.9 289.6 

cg0557   9 -9 0.0 3.0 3.2 2.3 0.0 0.0 24.4 25.0 28.3 33.8 55.8 42.7 
cg0559 ispB 154 80 0.0 3.0 3.2 2.3 0.0 0.0 271.6 230.9 253.5 213.

1 
263.4 273.8 

cg0566 gabT 748 748 0.0 3.9 2.6 1.7 0.0 0.0 3.2 4.1 3.2 3.0 3.4 3.0 
cg0614   654 654 0.0 2.1 1.5 1.6 0.0 0.0 78.5 197.6 53.7 73.5 143.1 33.6 
cg0630 rplR 141 -141 0.0 1.8 0.0 0.0 0.0 0.0 1311.6 798.0 3689.

9 
2113
.2 

2820.
0 

4967.
9 

cg0636 creB 54 5 0.0 6.6 4.2 4.2 0.0 0.0 50.9 50.2 18.7 42.2 31.1 13.1 
cg0636 creB 451 402 0.0 3.5 2.5 0.0 0.0 0.0 50.9 50.2 18.7 42.2 31.1 13.1 
cg0647 secY 708 595 0.0 1.8 1.4 0.0 0.0 0.0 652.3 537.6 587.1 651.

5 
477.7 563.0 

cg0656 rplQ 14 -14 0.0 2.9 2.1 1.8 0.0 0.0 1374.9 750.8 3061.
1 

1423
.6 

1461.
5 

4076.
1 

cg0671   710 710 0.0 3.2 2.6 2.5 0.0 0.0 7.9 1.9 8.9 3.5 4.1 3.2 
cg0673 rplM 36 -177 0.0 2.0 1.7 1.4 0.0 0.0 1752.3 1550.6 4184.

4 
2711
.6 

2511.
2 

5649.
7 

cg0688   17 17 0.0 3.9 3.8 2.7 1.4 0.0 49.4 41.5 114.3 65.5 75.2 90.1 
cg0752   504 381 0.0 1.9 1.5 1.5 0.0 0.0 111.5 135.6 286.1 158.

2 
186.8 387.3 

cg0753   250 250 0.0 10 6.3 4.6 0.0 0.0 238.0 301.2 328.1 442.
7 

531.1 190.0 

cg0778   65 29 0.0 8.8 7.3 4.2 0.0 0.0 130.6 80.6 111.9 149.
8 

121.9 154.5 

cg0779 trpS 95 95 0.0 8.8 7.3 4.2 0.0 0.0 333.0 247.9 506.6 247.
4 

304.5 315.6 

cg0780   140 -140 0.0 2.0 0.0 0.0 0.0 0.0 459.5 359.3 184.0 211.
0 

218.1 149.2 

cg0823 ntaA 32 -32 1.2 1.5 1.2 1.2 1.1 1.2 5.3 1.8 5.6 4.2 2.1 3.0 
cg0831 tusG 30 -30 0.0 1.8 1.4 0.0 0.0 0.0 146.7 129.7 452.5 130.

2 
128.9 403.2 

cg0842   58 58 0.0 1.7 1.4 0.0 0.0 0.0 21.8 22.1 121.0 35.8 42.5 90.8 
cg0875   54 -8 0.0 4.5 3.4 2.1 0.0 0.0 3.8 4.0 3.5 2.2 3.2 1.7 
cg0876 sigH 114 -17 0.0 4.5 3.4 2.1 0.0 0.0 208.6 342.9 347.9 249.

1 
313.8 260.4 

cg0880   54 54 0.0 7.7 5.0 3.4 0.0 0.0 67.0 45.0 63.2 76.9 70.9 51.2 
cg0931   69 69 0.0 2.3 1.6 1.5 1.2 1.0 26.8 17.1 7.7 16.8 12.5 5.3 
cg0948 serC 207 147 0.0 2.8 2.3 1.7 0.0 0.0 800.8 553.5 595.8 662.

8 
839.1 927.2 

cg0949 gltA 519 140 0.0 2.8 2.3 1.7 0.0 0.0 4125.6 2270.2 2535.
7 

2959
.2 

1630.
9 

3228.
6 

cg0950 fkpA 692 630 0.0 10 6.5 4.0 0.0 0.0 689.3 547.7 1184.
1 

718.
0 

952.9 1436.
1 

cg0951 accD3 69 -96 0.0 4.3 1.8 2.2 0.0 0.0 508.0 728.0 395.4 134.
3 

156.3 119.4 

cg0986 amtR 407 366 0.0 1.8 1.4 1.4 0.0 0.0 274.1 242.2 233.6 208.
3 

295.3 241.8 

cg0986 amtR 460 419 0.0 0.0 0.0 0.0 0.0 0.0 274.1 242.2 233.6 208.
3 

295.3 241.8 

cg1044   431 431 0.0 2.0 1.4 0.0 0.0 0.0 272.8 189.1 678.3 468.
8 

436.8 465.6 

cg1050   57 57 0.0 40 24 14 1.6 0.0 49.5 26.5 90.1 102.
2 

119.1 170.4 
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cg1051   149 -149 0.0 2.8 2.1 1.7 0.0 0.0 25.8 28.8 68.1 49.4 69.8 63.0 
cg1051   102 -102 0.0 2.8 2.1 0.0 1.2 0.0 25.8 28.8 68.1 49.4 69.8 63.0 
cg1052 cmt3 277 233 0.0 2.8 2.1 1.7 0.0 0.0 220.6 155.6 176.1 172.

6 
220.6 96.2 

cg1052 cmt3 230 186 0.0 2.8 2.1 0.0 1.2 0.0 220.6 155.6 176.1 172.
6 

220.6 96.2 

cg1069 gapB 
(gapX
) 

295 215 0.0 2.4 2.1 1.4 0.0 0.0 75.8 96.1 538.2 89.4 304.8 503.9 

cg1069 gapB 
(gapX
) 

255 175 0.0 2.4 2.1 1.4 0.0 0.0 75.8 96.1 538.2 89.4 304.8 503.9 

cg1077   33 33 4.1 47 28 15 2.4 0.0 4.4 2.8 7.2 23.0 25.6 21.1 
cg1080   50 17 4.1 47 28 15 2.4 0.0 26.9 12.1 52.1 130.

4 
206.2 200.5 

NCgl09
14 

  450 382 0.0 3.4 2.3 1.9 0.0 0.0 33.5 24.2 100.2 51.3 44.2 71.0 

cg1105 lysI 553 553 0.0 3.8 2.5 2.1 0.0 0.0 23.3 14.4 13.7 20.3 17.9 11.2 
cg1111 eno 389 319 0.0 2.2 1.7 0.0 0.0 0.0 2231.6 1416.8 3740.

6 
2553
.3 

1758.
9 

3184.
7 

cg1145 fumC 
(fum) 

115 78 0.0 2.2 1.3 1.3 0.0 0.0 664.9 719.6 1499.
4 

674.
7 

1209.
2 

1530.
5 

cg1147 ssuI 203 -17 0.0 2.2 1.3 1.3 0.0 0.0 416.4 258.7 159.8 255.
5 

180.0 170.9 

cg1157 fbp 869 767 0.0 2.0 1.3 0.0 0.0 0.0 825.0 876.1 861.3 518.
3 

842.0 903.0 

cg1179   782 740 0.0 2.2 1.7 1.3 0.0 0.0 85.5 114.7 85.8 101.
9 

105.8 60.6 

cg1288   775 666 0.0 1.9 0.0 1.3 0.0 0.0 25.6 62.2 19.7 16.6 43.4 19.0 
cg1289   534 534 0.0 2.0 1.3 1.4 0.0 0.0 13.2 31.6 13.4 8.2 24.3 13.7 
cg1292   113 113 0.0 3.0 2.0 1.6 0.0 0.0 83.4 29.6 351.0 77.3 41.0 325.7 
cg1301 cydA 192 192 2.6 11 8.3 5.0 4.5 0.0 30.3 117.6 446.8 173.

5 
74.3 74.5 

cg1316   443 383 0.0 1.8 1.3 0.0 0.0 0.0 94.7 62.3 100.3 85.5 68.2 91.2 
cg1334 lysA 114 -54 2.2 16 9.0 6.4 1.8 0.0 328.0 330.5 530.0 273.

3 
337.0 588.8 

cg1355 prfA 627 495 0.0 1.7 1.4 1.2 0.0 0.0 503.3 222.0 398.3 442.
1 

256.2 472.0 

cg1359   176 176 0.0 1.6 0.0 0.0 0.0 0.0 158.8 83.5 159.7 131.
3 

112.9 139.3 

cg1454   274 248 0.0 1.5 0.0 0.0 0.0 0.0 84.5 130.3 101.3 124.
8 

145.9 67.8 

cg1456   154 -166 0.0 1.5 0.0 0.0 0.0 0.0 110.4 132.3 151.7 97.3 104.4 109.8 
cg1458 odx 144 -144 0.0 2.1 1.4 0.0 0.0 0.0 238.6 153.4 371.2 212.

6 
253.8 418.5 

cg1467   250 116 0.0 1.9 1.2 1.1 0.0 0.0 16.7 12.1 4.5 9.8 10.9 5.3 
cg1474   138 -138 0.0 2.8 1.3 1.5 0.0 0.0 48.2 54.8 70.8 43.8 40.3 47.6 
cg1484   -64 -97 0.0 3.1 0.0 1.4 0.0 0.0 100.1 191.4 101.6 141.

4 
187.3 107.5 

cg1484   -20 -53 0.0 3.1 1.9 1.4 0.0 0.0 100.1 191.4 101.6 141.
4 

187.3 107.5 

cg1485   254 187 0.0 2.4 1.6 0.0 0.0 0.0 50.5 40.6 26.7 34.3 35.1 22.3 
cg1485   124 57 0.0 3.1 0.0 1.4 0.0 0.0 50.5 40.6 26.7 34.3 35.1 22.3 
cg1485   80 13 0.0 3.1 1.9 1.4 0.0 0.0 50.5 40.6 26.7 34.3 35.1 22.3 
cg1526   46 -46 0.0 2.1 1.7 1.4 0.0 0.0 3.1 1.3 2.1 3.3 2.1 1.5 
cg1527   83 83 0.0 2.1 1.7 1.4 0.0 0.0 29.9 28.7 21.3 23.8 27.6 15.2 
cg1531 rpsA 409 261 0.0 2.3 1.7 1.3 0.0 0.0 1779.3 1823.5 4049.

0 
1999
.6 

2520.
4 

5095.
3 

cg1537 ptsG 325 70 0.0 1.6 1.4 0.0 0.0 0.0 2393.3 1757.4 1855.
8 

2649
.0 

825.0 1779.
5 

cg1538 coaE 144 144 0.0 3.7 2.4 1.8 0.0 0.0 829.0 534.1 501.4 693.
8 

494.2 355.0 

cg1568 ugpA 228 228 0.0 0.0 0.0 1.6 1.5 1.4 27.9 17.6 16.8 23.2 14.7 8.7 
cg1583 argD 191 191 0.0 1.5 1.4 0.0 0.0 0.0 129.9 110.1 178.2 401.

3 
1329.
5 

356.0 

cg1603   35 35 0.0 3.6 1.9 1.4 0.0 0.0 274.0 374.8 334.0 213.
7 

355.6 309.2 

cg1628   13 -62 0.0 4.9 2.9 2.0 0.0 0.0 60.3 198.4 19.6 41.0 362.6 31.7 
cg1629 secA2 225 193 0.0 4.9 2.9 2.0 0.0 0.0 119.5 101.9 164.4 94.7 127.1 143.8 
cg1636   14 -110 0.0 4.1 1.7 1.3 0.0 0.0 86.6 130.8 152.6 88.4 167.2 132.1 
cg1639   56 -56 0.0 1.6 1.0 1.2 0.0 0.0 89.2 106.8 125.5 73.0 116.4 110.1 
cg1668   155 155 0.0 2.0 1.4 1.2 0.0 0.0 155.9 123.3 164.7 200.

6 
213.3 238.0 

cg1691 arc 
(mpa) 

74 74 0.0 1.9 1.3 0.0 0.0 0.0 452.4 360.3 200.9 361.
6 

307.9 161.6 
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cg1695   210 -37 0.0 24 13 5.8 3.0 0.0 302.1 434.4 172.6 171.
1 

211.4 62.1 

cg1695   165 80 3.2 24 13 0.0 3.0 0.0 302.1 434.4 172.6 171.
1 

211.4 62.1 

cg1701 metH 718 718 0.0 2.2 1.3 1.4 0.0 0.0 1376.3 1208.0 102.7 1037
.7 

859.8 175.3 

cg1731   126 126 0.0 4.5 2.6 2.0 1.4 0.0 470.8 324.9 753.6 401.
6 

493.1 521.4 

cg1734 hemH 21 21 2.7 41 18 11 2.0 0.0 78.6 68.1 156.0 731.
7 

1086.
0 

692.5 

cg1736   87 -60 0.0 8.3 4.7 3.1 0.0 0.0 48.2 30.3 37.3 38.3 35.7 26.1 
cg1737 acn 267 -59 0.0 8.3 4.7 3.1 0.0 0.0 2242.6 3962.9 1878.

7 
1175
.0 

3469.
1 

1605.
0 

cg1767   27 27 0.0 21 13 7.0 0.0 0.0 41.4 16.3 48.6 130.
8 

139.3 129.6 

cg1773 ctaB 789 667 0.0 7.9 1.8 0.0 0.0 0.0 96.0 73.4 313.9 73.8 101.1 115.2 
cg1791 gapA 

(gap) 
269 86 2.9 3.9 3.0 2.3 2.2 0.0 6401.7 3734.5 6577.

6 
9354
.4 

3023.
4 

5159.
7 

cg1801 rpe 67 67 0.0 2.6 1.6 1.2 0.0 0.0 350.8 379.0 445.3 356.
6 

384.5 414.8 

cg1841 aspS  189 79 0.0 1.7 0.0 0.0 0.0 0.0 355.0 264.9 550.4 258.
2 

268.4 550.7 

cg1842   43 43 0.0 1.7 0.0 0.0 0.0 0.0 542.0 357.4 234.1 400.
4 

324.9 223.1 

cg1893 act4 462 267 0.0 2.2 1.4 1.3 0.0 0.0 139.7 88.8 103.4 122.
9 

101.9 75.5 

cg1894   124 -124 0.0 2.2 1.4 1.3 0.0 0.0 276.3 246.1 250.9 213.
1 

251.2 186.7 

cg1898   743 590 0.0 2.9 1.9 1.7 0.0 0.0 2.2 0.3 1.0 1.7 0.0 0.8 
cg1905   286 139 0.0 2.1 2.0 1.4 0.0 0.0 573.4 901.6 1744.

0 
487.
4 

967.2 1131.
7 

NCgl16
28 

  961 776 0.0 1.6 1.1 0.0 0.0 0.0 26.4 15.5 46.2 25.4 30.5 32.9 

cg1918   682 682 0.0 1.8 1.5 0.0 0.0 0.0 140.4 93.9 103.1 75.1 55.2 70.8 
cg1923   156 -156 0.0 1.9 1.3 0.0 0.0 0.0 3.1 2.9 2.8 3.1 3.2 2.8 
cg1925   348 348 0.0 2.4 1.2 1.3 0.0 0.0 118.4 79.7 49.7 95.8 118.5 48.2 
cg1926   170 170 0.0 2.0 1.4 0.0 0.0 0.0 47.7 33.5 29.6 25.1 52.5 23.4 
cg1926   130 130 0.0 2.0 1.4 0.0 0.0 0.0 47.7 33.5 29.6 25.1 52.5 23.4 
cg1959 priP 16 -180 0.0 3.3 1.9 1.8 0.0 0.0 4.8 2.6 2.7 3.6 2.6 2.0 
cg1981   556 556 0.0 2.4 0.0 0.0 0.0 0.0 12.9 7.0 6.1 9.4 5.7 4.4 
cg1981   476 476 0.0 0.0 1.5 1.6 0.0 0.0 12.9 7.0 6.1 9.4 5.7 4.4 
cg1981   438 438 0.0 0.0 1.5 1.6 0.0 0.0 12.9 7.0 6.1 9.4 5.7 4.4 
cg1981   47 -47 0.0 1.8 1.5 0.0 0.0 0.0 12.9 7.0 6.1 9.4 5.7 4.4 
cg2005   340 139 0.0 2.7 1.8 2.0 0.0 0.0 15.8 14.8 11.9 15.8 14.2 9.1 
cg2014   78 -78 0.0 12 6.6 4.9 0.0 0.0 109.7 122.2 54.1 50.9 57.2 33.9 
cg2021   298 298 0.0 3.3 1.5 1.4 0.0 0.0 14.9 12.8 9.0 12.0 10.9 6.5 
NCgl17
31 

  523 245 0.0 1.8 1.2 1.5 0.0 0.0 1651.6 952.3 737.2 1404
.5 

786.8 620.6 

cg2031   164 7 0.0 3.0 1.7 1.5 0.0 0.0 91.8 112.3 78.4 96.8 72.4 62.2 
cg2037   7 -44 0.0 3.3 1.8 1.5 0.0 0.0 89.9 92.4 82.1 81.6 98.5 68.9 
NCgl17
55 

  43 43 0.0 5.8 2.2 2.0 0.0 0.0 187.9 298.7 148.3 210.
3 

217.9 122.8 

NCgl17
87 

  14 -22 0.0 2.8 2.1 1.3 0.0 0.0 8.3 9.7 17.1 9.7 12.6 9.5 

NCgl17
93 

  260 260 0.0 2.3 1.6 1.5 0.0 0.0 1.5 0.0 0.5 0.8 0.3 0.0 

NCgl18
15 

  677 507 0.0 1.6 1.2 1.1 1.0 1.1 9.2 5.4 4.1 6.8 4.6 3.4 

cg2077 aftC 367 271 0.0 3.0 1.9 1.3 0.0 0.0 271.9 331.4 130.5 162.
6 

263.7 113.2 

cg2079 hemQ 133 13 2.0 19 11 6.9 1.7 0.0 177.1 109.0 460.8 630.
7 

773.5 1641.
3 

cg2080   140 67 2.0 19 11 6.9 1.7 0.0 692.7 882.1 402.4 448.
6 

636.8 338.1 

cg2085   164 96 0.0 0.0 1.5 1.4 0.0 0.0 281.8 252.3 351.3 259.
5 

252.7 257.4 

cg2085   202 134 0.0 1.9 1.5 1.4 0.0 0.0 281.8 252.3 351.3 259.
5 

252.7 257.4 

cg2090 suhB 129 -129 2.3 266 104 70 1.6 0.0 166.2 117.0 181.7 287.
2 

242.2 164.6 

cg2091 ppgK  199 199 2.3 266 104 70 1.6 0.0 472.0 443.9 878.6 494.
4 

502.2 499.5 

cg2121 ptsH 25 -70 0.0 2.1 1.2 0.0 0.0 0.0 2765.7 3056.9 2443.
1 

3448
.2 

1299.
4 

1981.
3 
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cg2155   326 326 0.0 5.0 2.6 1.9 0.0 0.0 464.3 371.5 396.7 644.
6 

640.5 329.9 

cg2181 oppA 274 217 2.2 10 7.2 3.9 1.7 0.0 1304.7 133.3 1967.
7 

433.
8 

136.2 1525.
0 

cg2187   279 279 0.0 2.1 0.0 0.0 0.0 0.0 88.0 55.0 41.6 36.9 39.0 40.4 
cg2195   284 50 0.0 2.5 1.5 1.5 0.0 0.0 6624.2 8846.7 1167

9.9 
8905
.6 

1165
1.9 

11955
.3 

cg2201 chrS 
(cgtS8
) 

4 4 0.0 2.5 1.4 1.0 0.0 0.0 36.8 490.1 23.7 11.6 363.7 57.5 

cg2202 hrtB  107 107 0.0 2.5 1.4 1.0 0.0 0.0 42.7 5528.5 12.0 4.7 2771.
7 

240.2 

cg2208 dxr 44 44 0.0 3.2 2.4 1.8 0.0 0.0 48.8 32.4 96.3 51.3 58.8 72.1 
cg2211   200 121 0.0 3.2 2.4 1.8 0.0 0.0 1747.7 2114.1 2363.

5 
808.
6 

1629.
5 

1453.
7 

cg2224 xerC 129 26 2.4 78 40 20 1.8 0.0 42.7 26.5 31.3 43.0 42.1 33.3 
cg2311   113 113 0.0 4.2 2.8 2.1 0.0 0.0 99.7 50.0 135.3 47.2 48.7 163.2 
cg2343   422 192 0.0 6.3 3.8 3.2 0.0 0.0 84.4 124.2 79.7 103.

6 
115.6 54.7 

cg2398 plsC 153 75 0.0 2.3 1.8 1.4 0.0 0.0 441.4 656.1 325.5 243.
1 

242.3 147.8 

cg2406 ctaE 307 307 19 105 63 25 13 2.3 3935.0 4547.1 1818.
0 

965.
4 

1446.
9 

1039.
4 

cg2409 ctaC 233 47 1.9 22 12 6.3 2.1 0.0 2698.8 3552.2 2684.
1 

1037
.3 

1403.
6 

1371.
5 

cg2409 ctaC 270 84 1.9 22 12 6.3 2.1 0.0 2698.8 3552.2 2684.
1 

1037
.3 

1403.
6 

1371.
5 

cg2410 ltsA  286 199 1.9 22 12 6.3 2.1 0.0 153.0 136.3 203.1 135.
0 

142.7 168.0 

cg2410 ltsA  249 162 1.9 22 12 6.3 2.1 0.0 153.0 136.3 203.1 135.
0 

142.7 168.0 

cg2423 lipA 127 33 0.0 3.3 2.3 1.9 0.0 0.0 677.5 1675.7 452.8 678.
3 

1702.
6 

462.5 

cg2445 hmuO 149 43 0.0 5.4 2.8 3.1 0.0 0.0 185.3 80.4 263.1 8.3 9.6 19.1 
cg2445 hmuO 625 519 0.0 3.6 1.7 2.0 0.0 0.0 185.3 80.4 263.1 8.3 9.6 19.1 
cg2473 acpM 586 586 0.0 6.6 3.7 2.6 0.0 0.0 188.3 140.2 247.5 253.

0 
278.1 175.4 

cg2495   43 43 0.0 6.7 4.3 3.4 0.0 0.0 90.2 69.8 104.0 91.0 70.3 67.5 
cg2496   -1 -56 0.0 6.7 4.3 3.4 0.0 0.0 128.3 109.5 140.6 122.

9 
145.0 113.5 

cg2521 fadD1
5 

184 -15 0.0 1.3 1.6 1.5 0.0 0.0 284.8 254.5 209.6 250.
1 

244.5 204.5 

cg2523 malQ  84 74 0.0 1.3 1.6 1.5 0.0 0.0 1629.8 1167.4 1339.
1 

1106
.0 

998.8 1039.
7 

cg2537 brnQ 345 235 0.0 3.9 2.9 2.0 1.5 0.0 178.7 133.9 150.6 158.
3 

187.0 169.8 

cg2546   183 162 0.0 8.6 5.3 3.5 1.3 0.0 5.3 4.0 12.1 3.2 3.7 16.2 
cg2557   114 37 0.0 1.8 1.3 0.0 0.0 0.0 25.4 20.2 114.8 15.5 21.9 125.7 
cg2625 pcaF 219 219 0.0 2.0 1.8 1.6 0.0 0.0 817.0 323.1 19.9 207.

6 
77.2 17.5 

cg2641 benR 295 229 0.0 5.6 4.0 3.1 0.0 0.0 24.0 26.5 45.7 22.3 24.3 20.4 
cg2675   9 -9 0.0 9.6 4.7 3.3 0.0 0.0 571.8 1357.7 18.0 859.

1 
399.3 61.0 

cg2680 argD2 227 186 0.0 3.5 2.4 1.9 0.0 0.0 163.7 187.2 213.7 111.
0 

133.2 175.3 

cg2683   99 72 0.0 0.0 0.0 1.2 1.2 1.1 3.4 3.0 2.6 2.1 1.9 1.8 
cg2685   13 -16 2.8 24 18 10 2.8 0.0 148.4 71.3 80.6 115.

3 
121.8 129.2 

cg2686   120 120 2.8 24 18 10 2.8 0.0 369.7 437.3 188.7 427.
0 

395.4 128.0 

cg2734 pncA 31 -5 1.1 0.0 0.0 1.0 1.2 1.2 212.4 222.3 240.2 196.
2 

212.1 166.2 

cg2761 cpdA 309 309 0.0 4.2 3.4 2.1 0.0 0.0 102.3 170.8 175.7 92.7 221.3 122.7 
cg2780 ctaD 309 197 3.5 36 27 13 5.0 1.6 3107.7 5452.0 3251.

3 
1682
.3 

2653.
4 

1786.
1 

cg2786 nrdE 31 -31 0.0 4.4 2.6 2.3 0.0 0.0 259.3 313.0 413.0 239.
1 

225.8 407.4 

cg2812   47 -117 0.0 2.4 2.0 1.8 0.0 0.0 123.2 500.3 206.7 149.
8 

417.3 131.5 

cg2822   278 278 1.2 1.2 0.0 1.2 1.3 0.0 6.9 4.1 4.7 5.2 2.4 1.8 
cg2831 ramA 64 -10 0.0 2.1 1.6 1.5 1.9 0.0 231.9 249.2 136.6 157.

4 
183.8 203.5 

cg2842 phoU 65 -65 0.0 2.5 1.9 1.7 0.0 0.0 337.4 364.5 216.2 232.
8 

358.1 183.3 
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cg2944 ispF 529 482 0.0 7.4 4.8 2.7 0.0 1.5 198.3 136.8 209.3 164.
9 

178.5 173.2 

cg2949   113 67 1.6 9.6 7.2 4.2 0.0 0.0 726.8 1005.1 1597.
1 

507.
1 

868.1 963.8 

cg2952   302 302 0.0 2.2 1.8 1.6 0.0 0.0 648.1 603.4 542.0 410.
3 

544.5 462.4 

cg2953 vdh 19 -47 0.0 2.1 0.0 0.0 0.0 0.0 59.9 30.3 155.4 45.7 50.6 108.5 
cg3050   523 523 0.0 2.0 1.8 0.0 0.0 0.0 301.9 288.8 463.0 387.

4 
501.7 393.5 

cg3054 purT 254 -32 0.0 2.3 1.8 1.8 0.0 0.0 194.4 198.6 224.2 144.
8 

140.4 153.8 

cg3068 fda 6 -38 0.0 4.2 2.8 2.8 0.0 0.0 1017.3 656.7 1791.
0 

1350
.1 

1107.
9 

1835.
1 

cg3069   148 -1 0.0 4.8 3.1 2.6 0.0 0.0 241.0 221.7 317.2 362.
8 

317.4 218.3 

cg3100 dnaK  335 215 0.0 2.8 2.3 1.9 0.0 0.0 153.7 1668.7 949.8 109.
1 

965.5 1171.
5 

cg3101   596 596 0.0 2.0 2.3 1.7 0.0 0.0 393.2 430.1 327.3 106.
2 

126.7 178.9 

cg3101   4 4 0.0 2.8 2.3 1.9 0.0 0.0 393.2 430.1 327.3 106.
2 

126.7 178.9 

cg3114 cysN 558 558 0.0 2.2 2.2 0.0 0.0 0.0 5360.9 5660.6 40.7 3871
.6 

3522.
6 

477.9 

cg3118 cysI 138 86 0.0 2.0 1.9 0.0 0.0 0.0 6141.7 6683.3 58.0 5086
.3 

4183.
2 

498.1 

cg3119 cysJ 
(fpr2)  

245 139 0.0 2.0 1.9 0.0 0.0 0.0 6749.5 6238.2 39.4 5613
.2 

4179.
1 

453.8 

cg3127 tctC 64 -162 0.0 1.9 2.1 1.8 0.0 1.1 7.6 9.5 27.8 8.6 8.8 14.7 
NCgl27
48 

  601 601 0.0 2.4 2.3 2.0 1.5 0.0 15.1 15.0 15.9 24.2 20.6 12.2 

cg3156 htaD 165 -108 2.3 14 11 6.0 1.9 0.0 6.6 1.0 50.9 2.8 0.8 24.1 
cg3173   24 24 0.0 0.0 2.1 1.6 0.0 0.0 335.5 210.7 320.6 253.

5 
217.7 279.7 

cg3175   231 231 0.0 3.2 2.6 2.4 0.0 0.0 63.4 46.9 74.8 59.1 68.7 63.0 
cg3194   273 273 0.0 4.4 4.1 2.7 0.0 0.0 22.4 7.9 43.1 16.4 11.0 28.6 
cg3195   108 -133 0.0 4.4 4.1 2.7 0.0 0.0 54.8 24.0 3057.

3 
93.5 15.3 617.3 

cg3199   181 181 0.0 3.4 3.7 2.4 0.0 0.0 51.3 29.5 81.5 33.6 43.5 69.9 
cg3226   606 533 0.0 3.4 3.6 2.2 0.0 0.0 2579.1 569.4 83.9 1161

.8 
178.5 151.9 

cg3247 hrrA 
(cgtR1
1) 

107 25 0.0 3.7 3.4 2.1 0.0 0.0 82.1 52.6 226.1 0.0 0.0 0.0 

NCgl28
61 

  44 44 0.0 2.7 2.4 1.8 0.0 0.0 779.6 978.2 23.3 474.
2 

440.8 20.7 

cg3317   3 -3 0.0 4.1 3.4 2.7 0.0 0.0 136.9 212.9 224.2 221.
8 

340.1 368.3 

cg3322   199 79 0.0 4.2 4.5 3.2 1.7 0.0 19.4 85.8 57.8 18.4 167.2 72.3 
cg3323 ino1 167 -46 0.0 4.2 4.5 3.2 1.7 0.0 449.9 218.3 1284.

7 
302.
3 

712.6 1928.
5 

cg3332 qor3 9 -9 0.0 1.9 1.7 0.0 0.0 0.0 76.4 107.1 188.0 107.
2 

182.5 108.7 

cg3336 gntK 67 -103 0.0 2.0 1.6 1.6 0.0 0.0 69.1 78.2 47.7 58.7 64.5 40.7 
cg3400 thiD2  242 242 0.0 3.3 2.7 2.6 0.0 0.0 6.3 2.9 3.9 4.9 2.0 2.1 
cg3402   9 -41 0.0 3.3 2.7 2.6 0.0 0.0 1464.6 2591.0 28.3 1863

.5 
1236.
0 

24.2 
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Table S4: Filtered dataset of time resolved transcriptome analysis of C. glutamicum wild type and ΔhrrA with genes showing 
at least two-fold alteration in gene expression. Wild type cells and a ΔhrrA strain were cultivated in CGXII minimal medium 
supplemented with 2% (w/v) glucose and 4 µM hemin and harvested 0 h, 0.5 h and 4 h after hemin addition. Column 1 and 2 
show the gene locus (ID) and gene name. In green (3-5) and red (6-8), the measured mRNA levels of the corresponding genes 
in the wild type strain (green) and a ΔhrrA strain (red) are shown (in transcripts per million, mean of two biological replicates). 
Column 9-11 show the log2-fold change of ΔhrrA in comparison to the wild type after 0 h, 0.5 h, or 4 h of incubation in hemin 
containing medium. The presented genes were filtered for at least two-fold altered fold-change in one of the measured time 
points and for a p-value <0.05. All further information can be found in the full table in Keppel et al. (2018). 
 
 

  mRNA wt mRNA ΔhrrA log2(ΔhrrA/wt) 
Gene ID Gene name t=0 t=0.5 t=4 t=0 t=0.5 t=4 t=0 t=0.5 t=4 

cg0012 ssuR 783.2 319.1 5.9 160.5 103.2 20.4 -2.3 -1.6 1.8 

cg0061 rodA 146.9 344.0 222.8 169.4 166.3 155.6 0.2 -1.0 -0.5 

cg0160   7.8 2.0 3.6 2.4 0.6 18.7 -1.7 -1.7 2.4 

cg0161   494.5 397.9 287.3 80.6 88.9 133.9 -2.6 -2.2 -1.1 

cg0162   306.1 327.4 201.3 66.6 50.4 99.2 -2.2 -2.7 -1.0 

cg0163   165.9 302.2 181.6 56.6 50.7 87.6 -1.6 -2.6 -1.1 

cg0165   31.6 114.3 88.2 26.0 26.2 43.6 -0.3 -2.1 -1.0 

cg0230 gltD 57.0 427.7 8.4 147.6 96.4 6.4 1.4 -2.1 -0.4 

cg0256   42.1 5.4 39.3 9.4 0.3 20.8 -2.2 -4.1 -0.9 

cg0314 brnF 37.5 47.5 14.2 29.1 19.8 6.9 -0.4 -1.3 -1.0 

cg0315 brnE 50.5 39.6 16.2 34.2 19.4 11.0 -0.6 -1.0 -0.6 

cg0318 arsC1 (arsB2) 39.6 90.2 19.4 29.6 32.9 15.2 -0.4 -1.5 -0.4 

cg0319 arsC2 (arsX) 86.2 116.4 34.9 77.2 50.3 25.5 -0.2 -1.2 -0.5 

cg0421 wzx 69.7 36.7 60.2 20.7 14.8 14.4 -1.8 -1.3 -2.1 

cg0445 sdhC sdhCD 1917.1 2911.0 2339.4 392.3 884.6 760.6 -2.3 -1.7 -1.6 

cg0446 sdhA 1156.2 2662.4 2224.9 278.2 768.3 774.9 -2.1 -1.8 -1.5 

cg0447 sdhB 458.1 2731.7 2527.3 229.8 798.8 839.3 -1.0 -1.8 -1.6 

cg0455   634.7 578.7 24.9 364.1 261.3 24.2 -0.8 -1.1 0.0 

cg0456   276.6 580.5 17.8 320.0 253.6 19.4 0.2 -1.2 0.1 

cg0463 csoR 537.5 3066.3 45.3 705.1 926.5 39.9 0.4 -1.7 -0.2 

cg0464 copA (ctpA, ctpV) 1863.7 4490.5 27.0 1442.6 1033.9 30.1 -0.4 -2.1 0.2 

cg0466 htaA 19.4 8.6 77.7 3.0 3.0 72.5 -2.7 -1.5 -0.1 

cg0635 creA 48.5 32.8 6.7 18.9 12.7 5.4 -1.4 -1.4 -0.3 

cg0676   29.7 17.3 19.7 12.8 7.9 17.5 -1.2 -1.1 -0.2 

cg0683   873.3 449.8 145.3 850.1 218.0 148.4 0.0 -1.0 0.0 

cg0755 metY 3615.4 2977.0 54.7 2088.5 1365.4 304.6 -0.8 -1.1 2.5 

cg0793   321.7 183.1 246.2 141.7 83.5 153.9 -1.2 -1.1 -0.7 

cg0898 pdxS 701.1 228.4 772.2 517.3 111.3 907.8 -0.4 -1.0 0.2 

cg0922   35.6 16.4 43.8 13.6 5.2 106.2 -1.4 -1.7 1.3 

cg0923   440.6 466.9 147.2 134.2 124.0 92.2 -1.7 -1.9 -0.7 

cg0926   140.1 27.1 228.7 27.0 12.8 718.5 -2.4 -1.1 1.7 

cg0927   415.1 29.5 215.7 52.6 13.6 644.6 -3.0 -1.1 1.6 

cg0951 accD3 508.0 728.0 395.4 134.3 156.3 119.4 -1.9 -2.2 -1.7 

cg1120 ripA 77.0 55.3 105.7 33.8 26.1 339.2 -1.2 -1.1 1.7 

cg1225 benK3 (pcaK) 1672.9 600.3 42.2 1190.0 207.5 27.4 -0.5 -1.5 -0.6 

cg1226 pobB (pobA) 2600.5 682.1 60.3 1874.0 314.8 37.4 -0.5 -1.1 -0.7 

cg1313   393.1 139.4 77.5 149.2 65.4 33.4 -1.4 -1.1 -1.2 

cg1405   518.3 297.8 119.3 202.5 97.0 135.6 -1.4 -1.6 0.2 

cg1411 rbsA 29.9 22.5 51.6 16.1 10.5 61.5 -0.9 -1.1 0.3 

cg1412 rbsC 27.8 24.0 50.7 17.9 11.8 69.2 -0.6 -1.0 0.4 

cg1424 lysE 613.8 368.3 8.3 300.9 89.8 9.1 -1.0 -2.0 0.1 

cg1425 lysG 57.5 49.0 17.5 38.9 21.6 14.7 -0.6 -1.2 -0.3 

cg1537 ptsG 2393.3 1757.4 1855.8 2649.0 825.0 1779.5 0.1 -1.1 -0.1 
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cg1555   127.2 736.5 83.3 120.1 297.6 71.6 -0.1 -1.3 -0.2 

cg1695   302.1 434.4 172.6 171.1 211.4 62.1 -0.8 -1.0 -1.5 

cg1705 arsB1 (arsC2) 53.1 112.9 48.8 42.1 54.9 45.0 -0.3 -1.0 -0.1 

cg1738 acnR 173.0 368.6 74.8 78.8 171.9 60.3 -1.1 -1.1 -0.3 

cg1759   2544.1 4176.3 834.1 3478.9 1899.3 830.8 0.5 -1.1 0.0 

cg1760 sufU  3043.1 4005.4 883.6 3669.2 1828.7 869.8 0.3 -1.1 0.0 

cg1761 sufS  3417.4 3789.5 758.6 3412.6 1567.9 766.3 0.0 -1.3 0.0 

cg1762 sufC  4638.9 4619.6 946.1 4230.5 1871.9 954.6 -0.1 -1.3 0.0 

cg1763 sufD  5218.2 4722.5 1051.6 4286.1 2202.4 1067.8 -0.3 -1.1 0.0 

cg1778 zwf  411.2 728.0 294.8 316.8 321.9 243.7 -0.4 -1.2 -0.3 

cg1779 opcA  382.6 823.1 302.5 338.8 342.5 267.3 -0.2 -1.3 -0.2 

cg1780 pgi (devB)  184.5 399.9 181.9 208.7 198.5 157.0 0.2 -1.0 -0.2 

cg1787 ppc  1217.0 447.6 467.2 735.7 177.9 332.6 -0.7 -1.3 -0.5 

cg1861 rel  494.7 736.1 327.6 305.5 338.3 227.1 -0.7 -1.1 -0.5 

cg1962   135.4 183.8 90.8 98.1 86.3 63.5 -0.5 -1.1 -0.5 

cg2012   20.8 26.5 10.8 14.0 12.7 6.3 -0.6 -1.1 -0.8 

cg2014   109.7 122.2 54.1 50.9 57.2 33.9 -1.1 -1.1 -0.7 

NCgl1729   22.6 15.1 11.8 13.0 6.6 10.4 -0.8 -1.2 -0.2 

cg2106   1096.6 3586.5 265.7 851.3 1615.4 206.4 -0.4 -1.2 -0.4 

cg2117 ptsI  1629.4 565.0 1067.6 1799.1 204.8 910.0 0.1 -1.5 -0.2 

cg2118 fruR  3069.0 1111.2 852.6 3750.8 251.3 510.3 0.3 -2.1 -0.7 

cg2119 pfkB (fruK) 2340.6 1037.4 848.4 2908.1 213.2 510.7 0.3 -2.3 -0.7 

cg2120 ptsF 2834.9 2472.9 931.9 3460.9 431.2 548.2 0.3 -2.5 -0.8 

cg2121 ptsH 2765.7 3056.9 2443.1 3448.2 1299.4 1981.3 0.3 -1.2 -0.3 

cg2204 hrtA  34.7 4329.7 11.2 2.8 2134.6 185.5 -3.7 -1.0 4.0 

cg2329   55.3 113.0 27.6 40.7 48.0 14.6 -0.4 -1.2 -0.9 

cg2381   108.4 196.0 87.6 90.9 97.9 87.7 -0.3 -1.0 0.0 

cg2397   204.1 146.9 135.7 79.5 72.3 106.6 -1.4 -1.0 -0.3 

cg2398 plsC  441.4 656.1 325.5 243.1 242.3 147.8 -0.9 -1.4 -1.1 

cg2403 qcrB  1531.9 4192.8 2001.6 533.1 1209.8 1227.5 -1.5 -1.8 -0.7 

cg2404 qcrA (qcrA1) 2308.3 4502.3 1893.6 612.3 1254.2 1153.9 -1.9 -1.8 -0.7 

cg2405 qcrC  2729.9 4308.4 1782.9 692.9 1294.4 1034.6 -2.0 -1.7 -0.8 

cg2406 ctaE  3935.0 4547.1 1818.0 965.4 1446.9 1039.4 -2.0 -1.7 -0.8 

cg2408 ctaF  1375.0 2402.0 1615.9 575.2 824.0 934.6 -1.3 -1.5 -0.8 

cg2409 ctaC  2698.8 3552.2 2684.1 1037.3 1403.6 1371.5 -1.4 -1.3 -1.0 

cg2438   371.3 475.9 337.4 341.6 138.6 169.3 -0.1 -1.8 -1.0 

cg2445 hmuO 185.3 80.4 263.1 8.3 9.6 19.1 -4.5 -3.1 -3.8 

cg2559 aceB  295.1 156.7 228.5 145.9 54.2 159.1 -1.0 -1.5 -0.5 

cg2560 aceA  61.0 16.9 212.8 13.9 8.4 260.7 -2.1 -1.0 0.3 

cg2624 pcaR  616.9 252.4 25.5 190.1 106.2 15.4 -1.7 -1.2 -0.7 

cg2625 pcaF  817.0 323.1 19.9 207.6 77.2 17.5 -2.0 -2.1 -0.2 

cg2626 pcaD  1150.5 606.2 36.7 349.9 132.0 34.0 -1.7 -2.2 -0.1 

cg2629 pcaB  2832.7 1115.4 156.2 2377.9 555.3 60.4 -0.3 -1.0 -1.4 

cg2630 pcaG  5111.6 2096.4 232.9 5046.4 999.5 93.3 0.0 -1.1 -1.3 

cg2636 catA1 (catA) 143.3 298.3 821.6 49.7 62.5 230.6 -1.5 -2.3 -1.8 

cg2638 benB  4.4 6.6 7.3 3.9 1.6 1.1 -0.2 -2.0 -2.7 

cg2639 benC  5.2 6.7 5.9 1.8 1.5 2.1 -1.6 -2.2 -1.5 

cg2674   349.7 1095.0 285.3 877.5 491.2 225.6 1.3 -1.2 -0.3 

cg2675   571.8 1357.7 18.0 859.1 399.3 61.0 0.6 -1.8 1.8 

cg2676   891.9 1635.4 12.3 855.5 432.6 63.4 -0.1 -1.9 2.4 

cg2677   1213.2 1710.5 11.0 845.1 438.1 72.0 -0.5 -2.0 2.7 

cg2678   1362.4 1661.0 15.7 756.1 465.6 79.0 -0.8 -1.8 2.3 

cg2697   26.5 20.5 12.0 14.0 9.9 8.1 -0.9 -1.1 -0.6 
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cg2732 gntV (gntK)  61.2 33.8 6.5 36.9 8.0 10.6 -0.7 -2.1 0.7 

cg2739   32.7 59.3 9.0 21.7 29.2 9.0 -0.6 -1.0 0.0 

cg2780 ctaD  3107.7 5452.0 3251.3 1682.3 2653.4 1786.1 -0.9 -1.0 -0.9 

cg2810 cynT 212.1 944.4 26.1 94.1 164.4 35.7 -1.2 -2.5 0.5 

cg2833 cysK  8886.8 7276.4 611.9 4250.2 2372.2 2635.8 -1.1 -1.6 2.1 

cg2836 sucD  45.7 35.7 576.0 87.0 16.6 171.2 0.9 -1.1 -1.8 

cg2838   283.1 1219.4 86.3 197.3 579.0 93.3 -0.5 -1.1 0.1 

cg2867 mpx 284.8 487.7 311.2 195.9 172.1 208.8 -0.5 -1.5 -0.6 

cg2925 ptsS  3076.8 629.6 1200.2 4006.3 144.1 674.8 0.4 -2.1 -0.8 

cg2939 siaG 35.4 22.2 36.7 41.0 9.9 26.8 0.2 -1.2 -0.5 

cg2940 siaI 19.8 23.7 33.5 31.4 9.4 25.5 0.7 -1.3 -0.4 

cg3101   393.2 430.1 327.3 106.2 126.7 178.9 -1.9 -1.8 -0.9 

cg3109   12.4 12.0 4.8 8.2 5.2 2.6 -0.6 -1.2 -0.9 

cg3112 cysZ  4747.4 5718.7 15.8 4079.5 2666.5 166.0 -0.2 -1.1 3.4 

cg3141 hmp  825.6 454.8 8.7 238.8 170.1 12.5 -1.8 -1.4 0.5 

cg3145   7.5 9.4 5.8 5.7 2.2 2.2 -0.4 -2.1 -1.4 

cg3176   430.2 422.9 189.2 92.0 98.6 137.5 -2.2 -2.1 -0.5 

cg3213   74.6 260.6 15.5 104.4 122.7 9.7 0.5 -1.1 -0.7 

cg3216 gntP  383.5 166.1 178.6 212.9 60.1 89.0 -0.8 -1.5 -1.0 

cg3226   2579.1 569.4 83.9 1161.8 178.5 151.9 -1.2 -1.7 0.9 

cg3227 lldD  4147.0 905.9 134.2 1808.7 311.1 408.9 -1.2 -1.5 1.6 

cg3234   129.2 557.6 59.9 89.6 262.7 56.7 -0.5 -1.1 -0.1 

NCgl2845   1.5 7.1 10.4 1.5 2.4 14.2 -0.1 -1.6 0.4 

cg3277   181.8 804.8 57.2 198.6 265.1 43.7 0.1 -1.6 -0.4 

cg3280   1436.3 6136.9 43.1 1447.1 2940.8 26.3 0.0 -1.1 -0.7 

NCgl2858a   459.2 4055.7 22.0 685.8 1736.3 13.0 0.6 -1.2 -0.8 

cg3281 copB  1250.1 2882.3 27.1 647.3 1133.8 16.0 -0.9 -1.3 -0.8 

cg3282   1870.4 2441.3 31.0 957.1 923.6 23.4 -1.0 -1.4 -0.4 

NCgl2861   779.6 978.2 23.3 474.2 440.8 20.7 -0.7 -1.2 -0.2 

cg3284 copS (cgtS9) 15.5 22.6 22.4 6.2 8.7 10.7 -1.3 -1.4 -1.1 

cg3285 copR (cgtR9) 25.0 31.0 19.7 7.3 14.2 5.6 -1.8 -1.1 -1.8 

cg3286   107.6 212.5 77.3 17.8 56.2 59.4 -2.6 -1.9 -0.4 

cg3287 copO  45.5 91.0 37.4 6.6 24.3 32.9 -2.8 -1.9 -0.2 

cg3334 cepA 310.8 263.7 22.4 17.4 18.8 6.8 -4.2 -3.8 -1.7 

cg3374 cye1  993.8 1177.7 27.2 610.7 554.7 26.2 -0.7 -1.1 -0.1 

cg3385 catA3 (rhcD2)  94.1 35.1 49.3 86.0 16.5 30.8 -0.1 -1.1 -0.7 

cg3387 iolT2  127.1 33.4 56.0 62.0 13.6 37.2 -1.0 -1.3 -0.6 

cg3399   1182.9 1521.5 10.6 602.5 241.8 47.0 -1.0 -2.7 2.1 

cg3402   1464.6 2591.0 28.3 1863.5 1236.0 24.2 0.3 -1.1 -0.2 
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44.3 Supplemental material to “A pseudokinase version of the histidine kinase ChrS 
promotes high heme tolerance of Corynebacterium glutamicum” 
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4.4 Supplemental material to section “2.7 Evolution towards the production of heme” 
 

Experimental work on this topic was conceptualized by Julia Frunzke and Aileen Krüger and conducted 

by Janik Göddecke in the context of his master thesis supervised and mainly planned by Aileen Krüger. 

HPLC measurements were performed with the help of Astrid Wirtz from the research group of Dr. Tino 

Polen at the Forschungszentrum Jülich. 

 

Table S1: Bacterial strains used in this study 

Table S2: Plasmids used in this study 

Table S3: Oligonucleotides used in this study 

Method 1: Acetonitrile extraction for HPLC sample preparation 

Method 2: High performance liquid chromatography (HPLC) for heme measurements 

 

Table S1: Bacterial strains used in this study 

Strain Characteristics  Reference 
C. glutamicum ATCC 
13032 

Wild type (WT), biotin auxotroph Kinoshita et 
al. (2004) 

WT::PhrtB_pfkA Integrated HrtB-biosensor construct (terminator, 
chrS-hrtB intergenic region and first 30 bp of hrtB 
followed by a stopcodon, RBS and linker) upstream of 
pfkA in C. glutamicum 

This work 

E. coli DH5α F− ϕ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 
hsdR17(rK− mK+) phoA supE44 thi-1 gyrA96 relA1 λ−; 
for general cloning purposes 

Invitrogen 

   
 

Table S2: Plasmids used in this study 

Plasmid Characteristics Reference 
pJC1-venus-term-BS E. coli-C. glutamicum shuttle vector; derivative of pJC1 

(Cremer et al., 1990), containing the terminator 
sequence of Bacillus subtilis behind venus; oriVEc 
oriVCg; Kanr 

Baumgart et al. 
(2013) 

pJC1-PhrtB-eyfp Derivative of pJC1-venus-term-BS, containing eyfp 
under the control of the promoter PhrtB 

Heyer et al. 
(2012) 

pK19-mobsacB Contains negative (sacB) and positive (Kanr) selection 
markers for genomic integration and deletion, MCS 
cut with EcoRI/BamHI 

Schäfer et al. 
(1994) 

pK19-mobsacB-
PhrtB_pfkA 

Derivative of pK19mobsacB for integration of the 
HrtB-biosensor construct upstream of pfkA 

This study 
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Table S3: Oligonucleotides used in this study 

Oligonucleotide Sequence (5’  3’) Use Template 

Plasmid construction of integration plasmid pK19-mobsacB-PhrtB_pfkA 

A414_pfkA_ 
leftflank_fw  

CCTGCAGGTCGACTCTAGAGAGAGTCG 

CCCCGATAAGTTT 
Left flank for 
integration in 
front of pfKA 

Genomic DNA  
C. glutamicum  

A415_pfkA_ 
leftflank_rv  

TCTTCTCTCATCCGCCAAAATCTGACC 

ATCTTATTTAATCGCCA 

A416_term_fw  TTTTGGCGGATGAGAGAAGA Terminator 
sequence 

pJC1_venus_  
Term-BS  A417_term_rv  CAAAAGAGTTTGTAGAAACGCA 

A418_IR_hrtB_ 
fw  

GTTTCTACAAACTCTTTTGGCCACCACG 

ATAGATCAACT 
Intergenic region 
(IR) between chrS 
and hrtB, first 
30 bp of hrtB, 
Stop, RBS and 
linker 

Genomic DNA  
C. glutamicum 

A419_IR_hrtB_ 
rv  

ATGATATCTCCTTCTTAAAGTTCATGCG 

GTGAGTTCTTTTAGTC 

A420_pfkA_righ
tflank_fw 

TGAACTTTAAGAAGGAGATATCATATGC 

GAATTGCTACTCTCACG 
Right flank for 
integration in 
front of pfKA 

Genomic DNA  
C. glutamicum 

A421_pfkA_righ
tflank_rv 

TTGTAAAACGACGGCCAGTGATACCTGC 

GTGCAGAGCAAT 

Sequencing primers 

JG1_pfkA_fw  CGCGCTCAGCAAGGCATAAG  Sequencing of pfkA region 

JG2_pfkA_rv  GCGCACGTGGATCTCATCAG  

M13_fw  CGCCAGGGTTTTCCCAGTCAC  Sequencing of pK19 plasmids 

M13_rv AGCGGATAACAATTTCACACAGGA  

bold = overlap backbone, blue = overlap terminator (start), orange = overlap terminator (end), underlined = Stop, ribosomal 
binding site (RBS), linker 

 

Method 1: Acetonitrile extraction for HPLC sample preparation 
This method was used to prepare extracts from cell pellets, which can be further analyzed in regards 
to total heme content using high performance liquid chromatography (HPLC). For this purpose, cells 
were cultivated for ~24 h in CGXII supplemented with 2% glucose and 100 µM FeSO4. After 
centrifugation at 12000 x g for 5 minutes of cell suspension corresponding to an OD600 of 100, the 
supernatant was discarded and the cell pellet was resuspended in 100 μL acidic acetonitrile 
preparations (acetonitrile : 1.6M HCl), as modified from Espinas et al. (2012) and Fyrestam and 
Östman, (2017). For the extraction, samples were shaken in a vortex (IKA, Königswinter, Germany) for 
20 minutes. After another centrifugation, the resulting supernatant was sterile filtered using a 0.2 μm 
filter (AcroPrep™ Advance, 96-well plate with 0.2 μm PTFE membrane, VWR, USA) and could finally be 
used for further HPLC analysis.  
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Method 2: High performance liquid chromatography (HPLC) for heme measurements 

In this method, heme was separated from its cell sample in a reversed phase chromatography. 
Simultaneously, standards were used to properly identify and quantify heme contents. HPLC samples 
were prepared as described in Method 1, while hemin standards (0 µM – 20 µM) were diluted in 
acetonitrile, to fit the extraction method. Overall, the HPLC method was developed based on several 
previous studies (Fyrestam and Östman, 2017; Wakamatsu et al. 2009). The substance specific 
adsorption was measured at 400 nm in a diode array detection unit (DAD). For separation, an Agilent 
1260 Infinity II Prime LC System (Agilent Technologies, Inc., Santa Clara, US) with the Ascentis Express 
Peptide ES-C18 reversed phase column (Sigma Aldrich, St. Louis, US) was employed. A sample volume 
of 10 μl was injected. The filtered sample was separated at 50°C using a linear gradient of two solvents 
(A: 200 mM ammonium acetate buffer; B: methanol) with a volume flow of 0.5 ml/min and a total 
analysis time of 20 minutes. The measurement started with a stationary ratio of 80% solvent A in 
solvent B for 2 minutes and changed to 10% solvent A in solvent B in a linear gradient over 10 minutes. 
After a total analysis time of 16.5 min, the initial situation of 20% solvent A in solvent B was restored. 
A heme peak could be identified after about 12.5 minutes. Consequently, the data obtained was 
analyzed using OpenLab CDR software (Beckman Coulter GmbH, Baesweiler, Germany), Excel 
(Microsoft, US) and Graph Pad Prism 9 (Graphpad Software, Inc., California), quantifying heme content 
from a standard curve based on peak areas.  
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4.5 Impact of CO2/HCO3
- Availability on Anaplerotic Flux in Pyruvate Dehydrogenase 

Complex-Deficient Corynebacterium glutamicum Strains 
 

Krüger A.*, Wiechert J.*, Gätgens C., Polen T., Mahr R. and Frunzke J. 

 

*These authors contributed equally to this work. 

 

Published in Journal of Bacteriology, 2019. 

 

Contributor Role Contributor 

Conceptualization 30% JW, 30% JF, 20% AK, 20% RM 

Formal Analysis 75% AK, 20% RM, 5% TP 

Investigation/Experiments 80% AK, 10% CG, 10% RM 

Methodology 25% AK, 25% JW, 25% JF, 15% RM, 10% CG 

Project Administration 70% JW, 30% JF 

Software 100% TP 

Supervision 70% JW, 30% JF 

Visualization 100% AK 

Writing – Original Draft Preparation 80% JF, 10% AK, 10% JW 

Writing – Review & Editing 70% JF, 20% AK, 10% JW 

 

Overall contribution AK: 30% 

 

The main contribution of AK to this article was on the experimental and editing site in the context of 

her master thesis supervised by JW. JW planned most of the experimental work, which was mainly 

conducted by AK. Exceptions are the uHPLC measurements (Figure 5) and the PKH67 cell staining 

coupled to flow cytometry (Figure 7B), which were performed by RM, the GC-ToF analysis that was 

done by Jochem Gätgens (Table S1) and the overexpression experiment of glyoxylate shunt, which was 

accomplished by CG (Figure 6B). TP performed the bioinformatic analysis of whole genome sequencing 

(Table 5). All visualizations and further data analyses were done by AK. The original draft was mainly 

prepared by JF, as well as the revision process. 
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4.6 Supplemental material to “Impact of CO2/HCO3
- Availability on Anaplerotic Flux in 

Pyruvate Dehydrogenase Complex-Deficient Corynebacterium glutamicum Strains” 
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