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Abbreviations 

 

 

ATCC  American Type Culture 

Collection 

BHI(S)  Brain Heart Infusion 

(+ Sorbitol) 

CA  Catalytical domain 

ChAP-Seq Chromatin affinity 

purification and sequencing 

ChIP Chromatin 

immunoprecipitation 

DNA   Deoxyribonucleic acid 

DHP   Dimerization histidine 

phosphotransfer domain 

EMSA   Electrophoretic mobility shift 

assay 

e.g.   exempli gratia 

et al.   et alii 

etc.   et cetera 

eYFP   Enhanced yellow 

fluorescent protein 

HK  Histidine kinase 

IPTG  Isopropyl-thio-β-D-

galactopyranosid 

OD600  Optical density at 600 nm 

OPD  Output domain 

REC  Receiver domain 

RNA  Ribonucleic acid 

RNA-Seq  RNA Sequencing 

RR   Response regulator 

TCS   Two-component system 

TLS  Translation start side 

TSS  Transcription start site 

TMD  Transmembrane domain 

UV   Ultraviolet 

v/v   Volume per volume 

wt   Wild-type 

w/v   Weight per volume 

 

 

 

Further abbreviations not included in this section are according to international standards, as, 

for example, listed in the author guidelines of the Journal of Cell Biology 

(http://jcb.rupress.org/content/standard-abbreviations). 
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Summary  1 

 

1. Summary 

Heme (iron bound protoporphyrin IX) is a versatile molecule that serves as the prosthetic group of 

various proteins, including hemoglobins, hydroxylases, catalases, peroxidases, and cytochromes. 

Because of its essential role in many cellular processes, such as electron transfer, respiration and 

oxygen metabolism, heme is synthesized and used by virtually all aerobic eukaryotic and 

prokaryotic species. As hemoglobin represents the most abundant iron reservoir in mammalian 

hosts and heme proteins are ubiquitously found in organic material, heme represents an 

important alternative source of iron for pathogenic and nonpathogenic bacteria alike. Despite is 

necessity for nearly all cellular life, elevated, intracellular heme levels are extremely toxic. To 

cope with this Janus-faced nature of heme, sophisticated regulatory systems have evolved to 

tightly balance its uptake, synthesis and utilization. 

Remarkably, in several corynebacterial species, e.g. Corynebacterium glutamicum and 

Corynebacterium diphtheriae, two paralogous, heme-responsive two-component systems (TCSs), 

HrrSA and ChrSA, are dedicated to the coordinated control of heme homeostasis. Previous 

studies showed that, while HrrSA is required for utilization of heme as an alternative iron source 

by activating expression of a heme oxygenase (hmuO), ChrSA drives detoxification by induction 

of the hrtBA operon, which encodes a heme export system. Additionally, the histidine kinases 

(HKs) of both systems are able to phosphorylate both response regulators (RRs). This cross-talk 

is proofread by a specific phosphatase activity of the HKs.  

In the framework of this PhD thesis, the signal perception, the temporal dynamics of 

heme-induced target gene activation and the constitution of the HrrSA regulon have been studied 

in detail. A comparative analysis of the membrane topology and the heme-binding characteristics 

of the HKs HrrS and ChrS revealed that while N-terminal sensing parts share only minor 

sequence similarity, both proteins are embedded into the cytoplasmic membrane via six α-helices 

and bind heme in a 1:1 stoichiometry per monomer. Alanine-scanning of conserved amino acid 

residues in the N-terminal sensor domain of HrrS revealed three aromatic residues (Y112, F115, 

F118), which apparently contribute to heme binding and suggest an intra-membrane sensing 

mechanism of this HK. Exchange of the corresponding residues in ChrS and the resulting red 

shift of the soret band of the heme-protein complex indicated, that in this HK, an altered set of 

ligands might contribute to binding in the triple mutant. 

To understand how the particular regulatory network architecture of HrrSA and ChrSA 

shapes the dynamic response to heme, experimental reporter profiling was combined with a 

quantitative mathematical model. We found, that both HKs contribute to the fast onset of the 

detoxification response (hrtBA) upon stimulus perception and that the instant deactivation of the 

hrtBA promoter is achieved by a strong ChrS phosphatase activity upon stimulus decline. While 

the activation of the detoxification response is uncoupled from further factors, heme utilization 

(hmuO) is additionally governed by the global iron regulator DtxR, which integrates information on 

iron availability into the regulatory network.  

Time-resolved and genome-wide monitoring of in-vivo promoter occupancy of HrrA 

revealed binding to more than 250 different genomic targets, which encode proteins associated 

with heme biosynthesis, the respiratory chain, oxidative stress response and cell envelope 

remodeling. Additionally, we found that in heme-rich environments, HrrA represses sigC, which 

encodes an activator of the cydABCD operon. Thereby, HrrA prioritizes the expression of genes 

encoding the cytochrome bc1-aa3 supercomplex for the constitution of the respiratory chain. 

 In conclusion, this thesis provides comprehensive insights into the regulatory interplay of 

the HrrSA and ChrSA TCS shaping a systemic response to the versatile signaling molecule 

heme. Furthermore, for the first time, a time-resolved dataset of stimulus-dependent regulator 

binding and the resulting transcriptional changes grant global insight into heme-regulated gene 

expression in bacterial cells. 
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2. Scientific context and key results of this thesis 

2.1 Bacterial signal perception and transduction 

In diverse environments with an everchanging, unpredictable nutrient supply and the 

constant confrontation with harmful substances, the key to life is a fast recognition of 

extracellular and intracellular stimuli as well as a consequent adaptation at the level of gene 

expression. According to this principle, bacteria have evolved highly elaborate signaling 

systems to interact with environmental stimuli such as temperature gradients, occurrence of 

certain toxic or beneficial molecules, osmolarity, pH, and even light (Mascher et al., 2006; 

Parkinson, 1993). The perception of these stimuli can ultimately lead to a variety of cellular 

outputs, ranging from an initiation of protective measures or metabolic adjustments to drastic 

responses, like the physical movement of a motile, bacterial cell towards a nutrient source or 

away from harmful conditions (Baker et al., 2006). Furthermore, bacterial signaling systems 

can play an important role in the virulence of pathogenic strains, for example by sensing 

antibiotics and subsequently conferring resistance or by coordinating the timely expression of 

virulence factors (Chang et al., 2018; Tiwari et al., 2017). Thus, these systems represent an 

interesting target for the development of novel, medical treatment methods. 

While a broad range of different signal transduction systems exist in bacteria, the 

fundamental principle is conserved. It consists of an initial signal detection, a subsequent 

processing of the stimulus (e.g. amplification or combination with additional inputs), the 

transduction, and finally the orchestration of an appropriate cellular output (Parkinson, 1993). 

Consequently, a minimum of two communication modules is needed to perform this task. 

These modules were termed transmitter and receiver by Parkinson et al. in 1992 (Parkinson 

and Kofoid, 1992).   

For the simplest signal transduction pathways, a single protein carries both the input 

(transmitter) and the output (receiver) module. Classical prokaryotic transcriptional 

regulators, which act as one-component systems, represent these very prevalent systems. 

These regulators are suggested to be evolutionarily older than the more complex two-

component systems (Ulrich et al., 2005), which split transmitter and receiver domains into 

two proteins in signaling cascades.  

The very fundamentals of bacterial gene control were discovered by François Jacob and 

Jacques Monod in the 1950s, after they studied the classical Escherichia coli LacI repressor, 

which binds a sugar molecule (stimulus/input) and consequently loses its repressing activity 

(output) (Jacob and Monod, 1961). Other classical examples for this type of regulators are 
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members of the TetR family that are involved in antibiotic resistance, metabolism, or quorum 

sensing (Cuthbertson and Nodwell, 2013).  

Another group of general transcription factors, called sigma factors, are interchangeable 

subunits of prokaryotic RNA polymerases. Besides a primary sigma factor, needed for 

housekeeping functions of the cell, most bacteria possess a variety of alternative sigma 

factors that associate with the RNA polymerase under specific conditions or in response to 

certain stimuli and subsequently guide the polymerase to their target promoters (Davis et al., 

2017; Helmann, 1999). In doing so, a single sigma factor can regulate hundreds of genes 

and thereby, for example, impact the cellular metabolism, the general stress responses, the 

sporulation and the virulence of a particular strain (Ishihama, 2010; Kazmierczak et al., 

2005). In the case of extracytoplasmic-function (ECF) sigma factors, the activity of these 

proteins is often controlled by the interaction with so called anti-sigma factors (Mascher, 

2013). This interaction can be reverted if the sigma factor is needed and the dissociation 

often occurs in response to a certain extracellular or intracellular stimulus  (Helmann, 1999). 

An alternative regulatory mechanism is RNA interference. This process is independent of a 

regulatory protein but instead, small RNAs bind to the mRNA of their target genes or even to 

their regulatory proteins in response to a stimulus and thereby inhibit gene expression (Storz 

et al., 2011). 

2.1.1 Two-component signaling 

Two-component systems (TCSs) separate the transmitter and receiver modules and consist 

of two independent proteins with a conserved overall architecture (Figure 1). Upon 

interaction with a stimulus, an often membrane bound histidine kinase (HK, transmitter) 

undergoes autophosphorylation at a conserved histidine residue and subsequently catalyzes 

the phosphotransfer to a conserved aspartate residue of a cytoplasmatic response regulator 

(RR, receiver, (Capra and Laub, 2012; Mascher et al., 2006; Stock et al., 2000)). After 

phosphorylation, the RR becomes active and initiates an appropriate cellular output, 

commonly by binding promoter regions of target genes and acting as a transcription factor. In 

other cases, the output of an active RR is modulated by protein-protein interactions, e.g. in 

the case of chemotaxis regulation (Mascher et al., 2006).  
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Figure 1: Architecture of a prototypical two-component system. An - often membrane bound - histidine 

kinase (HK, blue) interacts with the stimulus. Most commonly, this interaction takes place at the sensory 

domain, which is often located in or at the transmembrane domain (TMD) of the HK and which leads to 

intramolecular changes and activity of the catalytical domain (CA, stands for “catalytic and ATPase domain”). 

The CA mediates autophosphorylation of a conserved histidine residue (H) located in the dimerization and 

histidine phosphotransfer domain (DHP). Subsequently, the phosphate residue (yellow) is transferred to a 

conserved aspartate residue (D), located in the receiver domain (REC) of the cytoplasmatic response regulator 

(RR, turquoise). The output domain (OPD) of the RR initiates the physiological output, for example by binding 

promoter regions of target genes and activating or repressing gene expression, by enzymatic activity or by 

protein-protein or protein-RNA interactions. Figure modified from (Jensen et al., 2002) 

 

While nearly every bacterial cell - with only few exceptions, such as some Mycoplasma 

species - contains multiple TCSs to regulate almost all aspects of its life (Capra and Laub, 

2012; Mascher et al., 2006), this type of signaling seems to be completely absent from well 

characterized members of the animal kingdom, such as Homo sapiens, Drosophila 

melanogaster and Caenorhabditis elegans (Wolanin et al., 2002). However, in some 

eukaryotes, such as fungi and plants, a small number of TCSs has been described in the 
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past, which are involved in oxidative stress response, cell-cycle control or the sensing of 

osmotic stress (Catlett et al., 2003; Santos and Shiozaki, 2001; Wolanin et al., 2002). 

2.1.1.1 Histidine kinases 

Two-component systems allow the bacterial cell to react to vastly different stimuli. In these 

systems, HKs act as transient sensors and, by design, allow for a broad range of different 

inputs while maintaining a relatively simple and conserved architecture. A HK consists of – at 

least – two domains. The N-terminus of the enzyme contains an input domain, which is often 

membrane bound (transmembrane domain, TMD; Figure 1). This domain is responsible for 

the interaction with an individual stimulus, for example by binding a specific signaling 

molecule or by sensing a physical stimulation in the membrane (Mascher et al., 2006). It is 

highly diverse, not only regarding the site of stimulus-interaction but also concerning the 

membrane anchoring.  

The second domain of a HK is the C-terminal transmitter domain. This catalytic domain 

contains the dimerization and histidine phosphotransfer domain (DHP), a catalytical ATP 

binding domain (CA) and often either a PAS, a HAMP, or a GAF domain is located between 

the N-terminal TMD and the C-terminal transmitter domain (Galperin et al., 2001; Galperin, 

2005). 

The transmitter domain becomes active in response to intramolecular changes after 

interaction of the sensor domain with its stimulus (Mascher et al., 2006; Wolanin et al., 2002). 

After subsequent autophosphorylation of the DHP domain, an active kinase (often present as 

a dimer) transfers the phosphate group to its cognate response regulator.  

Besides phosphorylation, the dephosphorylation of the RR is crucial for a fast and transient 

response and the reset to the initial, inactive state after contact to a stimulus. The 

dephosphorylation can either be catalyzed by the RR itself (autophosphatase activity 

(Mascher et al., 2006)) or be part of a negative regulation loop of the HK (phosphatase 

activity), preventing RR activity under the absence of the native stimulus. By regulating the 

activity of the two states of a hybrid kinase-phosphatase enzyme according to stimulus 

levels, a very transient and fast response can be achieved by the bacterial cell. A specific HK 

phosphatase activity, however, does not only allow a transient response but can help to 

maintain pathway specificity for a cognate HK-RR pair. A strong phosphatase activity can 

counteract unspecific, stimulus-independent RR activity in cases where the RR is 

phosphorylated by secondary sources, e.g. by non-cognate HKs or by molecular, intracellular 

phosphate donors such as acetylphosphate (McCleary and Stock, 1994).  
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The first phosphatase motifs were characterized in the CheC/CheX/FliY phosphatase family 

of E. coli. Pazy et al. (2010) reported a co-crystal structure of a CheX(HK)-CheY3(RR) 

complex, which was the snapshot of a dephosphorylation reaction. The phosphoryl group of 

CheY3 (HisKA subfamily) interacted with a helix of CheX, carrying a conserved ExxN motif. 

This motif was identified to be crucial for the dephosphorylation reaction. In the HK CheZ, 

which belongs to the HisKA_3 subfamily, an alternative DxxxQ phosphatase motif was 

identified (Silversmith, 2010). This interface was shown to be highly conserved among HKs 

of the HisKA_3 subfamily that contain a DHP domain (Willett and Kirby, 2012).  

In both motifs, ExxN and DxxxQ, the polar residues asparagine (N) or glutamine (Q) are 

positioned to form a hydrogen bond with water molecules to allow an in-line attack of the 

phosphate (Silversmith, 2010), while the negatively charged residues aspartic acid (D) or 

glutamic acid (E) form salt bridges with residues in the RR (Pazy et al., 2010; Zhao et al., 

2002). 

Several high-resolution crystal structures of the cytoplasmatic parts of HKs have been 

published, which greatly improved the knowledge on the molecular functionality of signal 

transduction (Albanesi et al., 2009; Diensthuber et al., 2013; Ferris et al., 2012; Ferris et al., 

2014; Mechaly et al., 2014). These studies proposed that a typical, intracellular DHP domain 

forms a bundle of four α-helices, with two helices from each HK monomer. Moreover, the 

conserved histidine reside is embedded into this structure and is located on the outer surface 

of helix 1 (Bhate et al., 2015). 

While the structure of C-terminal transmitter domains has been studied in detail for the last 

ten years, the architecture of HK sensory domains (TMDs) remained an enigma for the 

longest time, as the membrane localization of these parts diminishes the accessibility in 

structural analyses. Because of this, the recent publication of two crystal structures of the 

full-length nitrate/nitrite sensor kinase NarQ from E. coli represents a major scientific 

breakthrough (Gushchin et al., 2017). A mutated ligand-free and a ligand-bound structure 

revealed, how stimulus perception (nitrate) induces significant rearrangements of the TMHs 

in the N-terminal sensor domain.    

By combining liquid- and solid-state NMR, another recent study could impressively 

demonstrate that in the HK CitA, the binding of citrate as stimulus leads to contraction of the 

extracytoplasmic PAS domain (Salvi et al., 2017). This movement in response to ligand 

interaction can also be speculated for other PAS-domains, as structures of DcuS and DctB 

suggest (Cheung and Hendrickson, 2008). While these studies proposed a mechanism of 

signal perception with a subsequent transduction to the catalytic kinase core for HKs with a 
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PAS domain, these mechanisms remain an important issue for future research on the 

majority of kinases that do not contain such a domain. 

2.1.1.2 Response regulators 

The cytoplasmatic RR of a TCS is phosphorylated at a conserved aspartate residue. This 

residue is located at the N-terminus of the protein, in a conserved, regulatory receiver 

domain (REC; Figure 1). For the majority of TCSs, the RR is phosphorylated in a direct 

interaction with the kinase, as described above. In a prototypical RR, phosphorylation of the 

N-terminal domain affects the activity of a C-terminal effector domain that shapes the cellular 

output (Stock et al., 2000). Just like the input domains of HKs, the effector (output) domains 

of RRs are highly divers and specifically adapted to the preferred way of regulation in 

response to the stimulus sensed by the HK. With more than 60 % however, the majority of 

effector domains binds to specific DNA sequences and directly influences target gene 

expression (Gao et al., 2007; Stock et al., 2000). Most RRs that act as direct transcriptional 

regulators, often feature a helix-turn-helix (HTH) motif (Aravind et al., 2005) or, in rare cases, 

β-strands (Sidote et al., 2008). 

Apart from transcriptional regulation of an active RR, several enzymatic output domains have 

been described. For instance, proteins of the CheB family, which are involved in chemotaxis, 

harbor a C-terminal methylesterase as effector domain (West et al., 1995) or PleD, which 

acts as a diguanylate cyclase, if activated (Chan et al., 2004).  

Other interesting output domains have been identified in the past, for example in the RR 

PhyR from Methylobacterium extorquens. PhyR consists of a prototypical REC domain 

combined with a C-terminal sigma factor-like output domain and is e.g. involved in stress 

responses of this bacterium (Galperin, 2010; Gourion et al., 2006). The sigma-factor like 

domain can interact with an anti-sigma factor in a partner-switching mechanism leading to 

the release of the functional sigma factor, which subsequently recruits the RNA-polymerase 

to the promoters of stress-related genes (Francez-Charlot et al., 2009). 

In contrast to that, a more complex signal transduction can be achieved by combining two 

TCSs in a single pathway. These regulatory setups are called phosphorelays and integrate 

multiple signals from more than one TCS into a single phosphotransfer cascade. One 

example for this can be found in the regulation of sporulation in Bacillus subtilis (Burbulys et 

al., 1991). Here, a phosphate is transferred between an His-Asp-His-Asp sequence. Two 

kinases (KinA and KinB) autophosphorylate in response to an extracellular stimulus and 

transfer the posphoryl group to the first response regulator, Spo0F. Subsequently, an 

additional HK, Spo0B, receives the phosphate from Spo0F and transfers it to the last RR 

Spo0A, which then represses gene expression to shape the cellular output.  



Scientific context and key results of this thesis   8 

 

 

2.1.1.3 Stimulus perception of two-component systems 

The sophisticated regulatory network architectures of two component systems evolved to 

cope with the drastic amount of crucial information in complex bacterial habitats. The act of 

sensing essential nutrients and the subsequent adjustment of metabolic pathways according 

to nutrient availability is one of the most important challenges in bacterial life. Here, two-

component systems have the significant advantage that membrane bound histidine kinases 

are not limited to intracellular sensing but can also interact with certain stimuli extracellularly 

or even in the membrane (Keppel et al., 2018b; Mascher et al., 2006). Additionally, a variety 

of different output domains of cytoplasmic RRs enable nearly endless possibilities of 

genomic or phenotypic adaptation to the stimuli that are sensed by the HKs. 

Well characterized examples for prototypical TCS from E. coli are the cytoplasmic NtrBC 

system, which is important for the regulation of nitrogen assimilation (Weiss et al., 2002), the 

EnvZ/OmpR system, which can sense and initiate the response to changes in the 

extracellular osmolarity (Leonardo and Forst, 1996) and PhoBR, which senses availability of 

phosphate (Wanner and Chang, 1987). CitAB was discussed previously and regulates the 

citrate fermentation of E. coli and Klebsiella pneumoniae (Kaspar and Bott, 2002; Scheu et 

al., 2012). Other TCSs can directly sense trace elements such as copper, zinc or iron. One 

example for this sensing is the iron-responsive FirRS system of nontypeable Haemophilus 

influenzae, which becomes active when the HK FirS interacts with ferrous iron or zinc in the 

periplasm. This system is speculated to be important for the pathogenicity of this bacterium 

(Steele et al., 2012). 

 

2.2 Control of heme and iron homeostasis 

2.2.1 The global relevance of iron 

With only few exceptions, the availability of iron molecules is critical to nearly all living 

organisms. Iron is involved in crucial, cellular processes like respiration and an essential part 

of [Fe-S] proteins like aconitases or fumarases, which catalyze reactions of the tricarboxylic 

acid (TCA) cycle (Cornelis et al., 2011). Due to the poor solubility of Fe3+ and the role of Fe2+ 

in the Fenton/Haber-Weiss reaction, which produces harmful reactive oxygen species 

(Andrews et al., 2003; Cornelis et al., 2011), iron uptake needs to be tightly balanced with its 

sequestration and storage to prevent toxic concentrations.  
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In a review on the bacterial iron homeostasis, Andrews et al. (2003) define five general 

strategies of bacteria to appropriately manage their iron homeostasis. First, most bacteria 

possess high-affinity transporters in their membrane, to import iron or scavenge iron 

containing molecules from the environment, even if the concentrations are low (Andrews et 

al., 2003). Additionally, bacterial cells often export ferric chelators 

(siderophores/hemophores) to bind iron ions or iron-containing heme molecules with a high 

affinity and subsequently scavenge them from the environment (Braun, 2001). The second 

strategy is the deposition of intracellular iron to allow for bacterial growth in times of iron 

scarcity (Andrews, 1998). Several iron storage mechanisms are applied by bacteria, 

including the prototypical ferritin, which is conserved between eukaryotes and prokaryotes 

and Dps, which is exclusively found in prokaryotes (Andrews et al., 2003). In both cases, 

soluble ferrous iron is taken up by a multimeric protein complex, which consists of 24 

monomers in case of ferritin and 12 in case of Dps. Two ferrous ions are bound to conserved 

residues in the single subunits and oxidized by O2, leading to a di-ferric intermediate 

(Andrews et al., 2003; Grant et al., 1998). Subsequently, the ferric iron is stored either in a 

ferrihydrite core or in an amorphous ferric phosphate core, depending on phosphate 

availability. Besides ferritin or Dps, several bacterial species also harbor bacterioferritins that 

store iron in the form of heme molecules (Andrews et al., 2003). As described earlier, Fe2+ 

molecules play a role in the formation of reactive oxygen species. To counteract this process, 

the third strategy to manage iron homeostasis is the expression of sophisticated resistance 

systems against redox stress (Andrews et al., 2003). The fourth strategy is the 

downregulation of iron consuming processes in iron restrictive environments and the fifth 

strategy is the application of global iron-responsive regulatory systems that coordinate and 

fine-tune the expression of an extensive list of target genes involved in cellular iron 

homeostasis (Andrews et al., 2003). 

2.2.2 The regulation of iron homeostasis 

Typically, iron homeostasis is regulated by global iron-dependent transcriptional regulators in 

the cytoplasm. The best characterized examples of global iron-dependent transcriptional 

regulators are DtxR and and the ferric uptake regulator (Fur). Upon binding of a Fe2+ ion, Fur 

forms homodimers, which exhibit increased affinity for specific DNA sequences, called Fur-

boxes, and repress e.g., iron acquisition genes by blocking the RNA polymerase (Lavrrar and 

McIntosh, 2003). In contrast, under iron deprivation, Fur is present in its iron-free form and 

thus, target genes of the iron-starvation regulon, iron uptake genes or storage genes are no 

longer repressed. Known targets for Fur proteins are e.g. the ferric citrate transport system 

(fecABCDE), the ferrichrome-iron receptor, encoded by fhuA, or ftnA, which is involved in 

iron storage (Carpenter et al., 2009; Pohl et al., 2003). In 2014, a genome wide binding study 

of Fur in E. coli extended the scope of its regulon beyond iron transport and storage (Seo et 
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al., 2014). Interestingly, the authors found direct Fur-mediated regulation of an enzyme of the 

TCA cycle, indicating a role of this regulator in the switch between fermentative pathways 

and oxidative phosphorylation in response to changing iron availability. Further examples for 

regulatory roles of Fur were postulated for biofilm formation, DNA synthesis and acidic stress 

response, highlighting the global impact of iron-dependent gene regulation in microbial 

systems (Seo et al., 2014). 

As long ago as 1936, Pappenheimer and Johnson reported the discovery, that the production 

of the diphtheria toxin in Corynebacterium diphtheriae is regulated by iron (Merchant and 

Spatafora, 2014; Pappenheimer and Johnson, 1936). Decades later, this finding was finally 

attributed to the function of the DtxR protein (diphtheria toxin repressor), which orchestrates 

iron-dependent gene expression in this important human pathogen. DtxR was however, not 

only described in the pathogen C. diphtheriae but later in the biotechnologically relevant soil 

bacterium Corynebacterium glutamicum (Boyd et al., 1990; Schmitt and Holmes, 1991; 

Wennerhold and Bott, 2006). The regulator was found to be involved in i) iron acquisition, by 

repressing several transporters, including siderophore or heme transporter proteins, ii) in the 

storage of iron by activating ferritin (ftn) and dps expression and iii) in the assembly of iron-

sulfur clusters by repressing the suf operon in C. glutamicum. Furthermore, DtxR binds in 

front of several genes that code for important transcriptional regulators, including ripA, which 

encodes a protein involved in regulation of iron-containing protein expression, and hrrA, 

encoding the RR of the HrrSA TCS (Frunzke et al., 2011; Keppel et al., 2018a; Wennerhold 

and Bott, 2006). The RR HrrA – and its target gene regulation – is a focus of this thesis. 

With the growing number of sequenced bacterial genomes, various DtxR homologs have 

been identified since its first description, especially in Gram-positive pathogens. Amongst 

them are proteins like MntR from Staphylococcus aureus and B. subtilis, IdeR from 

Mycobacterium tuberculosis or SloR from Streptococcus mutans (Merchant and Spatafora, 

2014). The link of these regulators to the virulence of the bacteria suggests that the level of 

iron is recognized as an important signal for the cell during infection (Merchant and 

Spatafora, 2014).  

2.2.3 Heme sensor systems 

Heme (iron bound protoporphyrin IX) is an essential molecule for nearly all aerobic cells, due 

to its role in critical cellular processes like electron transfer, respiration and oxygen 

metabolism (Ajioka et al., 2006) and is synthesized and used by prokaryotes and eukaryotes 

alike (Ponka, 1999). It serves as important prosthetic group of cytochromes, hydroxylases, 

catalases, peroxidases, and hemoglobins (Layer et al., 2010). Moreover, as hemoglobin is 

the most abundant reservoir of iron in the human body, host synthesized heme is often the 

only reliable source of iron for many pathogenic bacteria (Contreras et al., 2014). In times of 
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iron deprivation however, not only pathogenic bacteria rely on the salvage of heme-bound 

iron. A broad variety of different, bacterial heme transporters and heme oxygenases that 

catalyze the degradation of heme (Wilks, 2002) testify to the importance of this molecule as 

alternative iron source, also for non-pathogenic lifecycles. 

Similar to iron, however, heme causes severe toxicity at elevated levels. In human cells, the 

toxicity is speculated to partly originate from heme as an abundant source of redox-active 

iron, inducing the formation of reactive oxygen species and thereby damaging lipids, 

proteins, and the genomic DNA (Kumar and Bandyopadhyay, 2005). Additionally, heme is 

capable of promoting oxidation after aggregation in biological membranes thereby inducing 

cell lysis and was shown to catalyze the degradation of specific, small, mammalian proteins 

(Aft and Mueller, 1984). While studies concentrated on the  toxic side effects of heme in 

eukaryotic cells, the mechanism of how this molecule affects bacterial cells is not 

conclusively unraveled (Anzaldi and Skaar, 2010). However, in our experiments, we could 

observe, that heme shows a much higher toxicity than corresponding iron concentrations, 

indicating that the central iron atom is not solely responsible for the toxic effect on bacterial 

cells. Furthermore, previous studies could demonstrate that certain non-iron 

metalloporphyrins (MPs) possess a strong antibacterial activity (Stojiljkovic et al., 1999), 

additionally hinting at a general, iron-independent toxicity of certain porphyrin structures. 

The absolute necessity of heme for prokaryotic and eukaryotic life, paired with its significant 

toxicity at high intracellular concentrations has led to the evolution of complex regulatory 

networks to equilibrate heme uptake and synthesis with its degradation and detoxification 

(Anzaldi and Skaar, 2010). In Saccharomyces cerevisiae, for example, the heme activator 

protein (Hap)1 regulates genes, encoding various heme containing cytochromes, a catalase 

and flavohemoglobin in a heme-dependent manner (Figure 2A, (Hon et al., 2005)). In this 

organism, important aerobic genes are directly activated by Hap1 while hypoxic genes are 

indirectly repressed by the activation of the ROX1 expression, which encodes a 

transcriptional repressor (Hickman and Winston, 2007). As the biosynthesis of heme is 

oxygen-dependent, S. cerevisiae utilizes this mechanism to indirectly sense hypoxia, via 

availability of heme (Zitomer et al., 1997).   

In mammalian cells, the activity of a conserved transcription factor named BTB and CNC 

homology 1 (BACH1, Figure 2B) is shaped by heme-binding (Ogawa et al., 2001). This 

protein acts as a key player in the balancing of the cellular heme content by regulating 

HMOX1, which encodes a heme oxygenase (Sun et al., 2002), as well as iron storage 

ferritin, a thioredoxin reductase (Hintze et al., 2007), the NAD(P)H:menadione 

oxidoreductase 1 (Dhakshinamoorthy et al., 2005) and more than 50 other target genes 

(Warnatz et al., 2011).  
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Figure 2: Heme sensor systems. To cope with the multi-faceted stimulus heme, sophisticated heme sensor 

systems have evolved in both eukaryotes and prokaryotes. Six examples are depicted in this Figure.  
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A: In Saccharomyces cerevisiae, Hap1 regulates heme containing cytochromes, a catalase and flavohemoglobin 

in a heme-dependent manner in response to hypoxia (Zhang and Hach, 1999).  

B: In mammalian cells, BACH1 regulates more than 50 genes, involved in oxidative stress, iron metabolism, 

heme metabolism, apoptosis and several other cellular mechanisms. Upon heme binding, BACH1 is exported 

from the nucleus and degraded subsequently (Zenke-Kawasaki et al., 2007).  

C: In Bordetella avium, RhuR, a membrane anchored heme sensor, interacts with heme and activates the sigma 

factor RhuI, which are shown to be responsible for heme-dependent activation of PbhuRSTUV (needed for heme 

utilization, (Kirby et al., 2004)).  

D: The rhizobial Irr protein was shown to be involved in the regulation of heme utilization, heme import and heme 

synthesis in Bradyrhizobium diazoefficiens (Qi et al., 1999). In high iron containing environments Irr binds heme 

and forms a complex with the ferrochelatase, which inserts an iron molecule into protoporphyrin IX. In response to 

this binding, Irr is degraded. This part of the figure is adapted from (Qi and O'Brian, 2002). Other organisms 

containing an irr gene are e.g., Rhizobium leguminosarum, Bartonella quintana, and Brucella abortus.  

E: In Corynebacterium glutamicum, two paralogous two-component systems are involved in the regulation of 

heme homeostasis. While the ChrSA system regulates the detoxification of heme by activating the expression of 

hrtBA, which encodes for a heme exporter, HrrSA orchestrates a homeostatic response, which was unraveled as 

a part of this thesis (Hentschel et al., 2014; Keppel et al., 2018a). A similar sensor setup can be found in e.g., 

Corynebacterium diphtheriae or Corynebacterium pseudotuberculosis. 

F: In Staphylococcus aureus and Bacillus anthracis the HssSR TCS activates the expression of hrtBA in a heme-

dependent manner. For these systems however, it is unclear whether the kinases interact directly with heme or 

whether secondary effects are sensed (Stauff and Skaar, 2009a; Stauff and Skaar, 2009b). HssRS homologs are 

also present in e.g., Staphylococcus epidermidis, Staphylococcus haemolyticus and Listeria innocua. 

 

The Gram-negative bacterium Bordetella avium controls the expression of its heme utilization 

system by adjusting the activity of an ECF sigma factor (Figure 2C). Here, a membrane 

bound protein named RhuR interacts with extracellular heme and activates the sigma factor 

RhuI, which then activates the bhuR promoter (Kirby et al., 2004). Additional evidences hint 

to an iron-dependent influence of Fur on RhuI activity.  

In the nitrogen-fixating bacterium Bradyrhizobium diazoefficiens (former Bradyrhizobium 

japonicum), a regulator named Irr (Figure 2D) was shown to be involved in the regulation of 

heme utilization, heme import and heme synthesis by repressing, e.g., hemB, which encodes 

a crucial enzyme in the heme biosynthesis pathway or the hmuVUT operon, encoding a 

heme-import system (Hamza et al., 1998; Rudolph et al., 2006). Interestingly, while Irr 

belongs to the family of Fur-like proteins, it does not bind iron directly, but senses the iron 

pool indirectly via heme interaction with a heme regulatory motif (HRM, (Qi et al., 1999; Qi 

and O'Brian, 2002)). Additionally, direct interaction of Irr with the ferrochelatase, the enzyme, 

which catalyzes the terminal step of heme biosynthesis by inserting an iron molecule into 

protoporphyrin IX, could be shown. The Irr-ferrochelatase complex is only formed under high-

iron conditions (if heme is produced) and leads to the degradation of Irr and thereby to the 

de-repression of its target genes (Qi and O'Brian, 2002). Furthermore, in Rhodobacter 

sphaeroides, Irr was found to be involved in the regulation of specific, iron-induced stress 
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responses, e.g. response to oxidative stress by repressing the expression of katE, which 

encodes a catalase (Peuser et al., 2012).  

Notably, some alpha-proteobacteria rely entirely on Irr for their iron-responsive gene 

regulation, while Fur inhibits a rather minor role compared to e.g. E. coli, where it represents 

the global regulator of iron homeostasis (Johnston et al., 2007). This setup is particularly 

interesting because these bacteria integrate heme and iron homeostasis into one regulon 

and thereby sense “functional” iron pools (in form of heme) instead of free iron (Johnston et 

al., 2007). 

2.3 The heme-responsive two component systems HrrSA and ChrSA 

In Gram-positive bacteria, TCSs appear to be the predominant form of heme sensing. The 

pathogenic species B. anthracis and S. aureus deploy a system called HssRS to determine 

heme concentrations and subsequently activate the expression of a heme exporter, encoded 

by the hrtBA operon (Figure 2F, (Stauff and Skaar, 2009a; Stauff and Skaar, 2009b)). 

Interestingly, it was suggested that the S. aureus kinase HssS might not sense heme 

molecules directly. The application of several non-iron metalloporphyrins showed that, 

instead, secondary effects of heme toxicity (e.g., heme-induced cell-wall damage or 

membrane disruption) might influence the activity of this system (Wakeman et al., 2014). A 

recent study could demonstrate significant cross-regulation between HssRS and a second 

system called HssRS interfacing TCS (HitRS), which indeed integrates cell envelope stress 

into the HssRS regulon (Mike et al., 2014). Homologous TCSs can be found in 

Lactococcus lactis or Staphylococcus epidermidis (Stauff and Skaar, 2009a). 

A unique sensing mechanism for heme can be found in the Corynebacteriaceae family. In 

the human pathogen C. diphtheriae and the biotechnologically relevant soil bacterium 

C. glutamicum, extensive studies established two TCSs, named HrrSA and ChrSA, as critical 

regulatory systems for the utilization and detoxification of heme (Bibb and Schmitt, 2010; 

Frunzke et al., 2011; Heyer et al., 2012). While the interaction of TCSs on the level of 

phosphorylation or target gene activation is known for several regulons (Laub and Goulian, 

2007; Mike et al., 2014), this particular setup is remarkable, as it is the first example of two 

paralogous systems reacting to the same stimulus (Figure 2E). We could show that in 

C. glutamicum, both HKs, HrrS and ChrS, directly interact with heme (Keppel et al., 2018b). 

After stimulus perception, the kinases not only phosphorylate their cognate RRs, but may 

also compensate for a loss of the other kinase as significant cross-phosphorylation was 

observed between these two systems. Previous studies postulated that this cross-talk is 

proofread by phosphatase activities of HrrS and ChrS. With the specific dephosphorylation of 

HrrA and ChrA, an unwanted activation of these regulators is prevented and the system is 
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shut down in absence of the stimulus (Hentschel et al., 2014), allowing both systems to fulfill 

their designated roles in the heme metabolism of C. glutamicum. While HrrSA is responsible 

for the activation of hmuO, which encodes a heme oxygenase and enables the cell to use 

heme as an alternative iron source, ChrSA positively regulates hrtBA, which encodes a heme 

regulated transporter efflux pump to cope with toxic, intracellular heme concentrations 

(Frunzke et al., 2011; Hentschel et al., 2014; Heyer et al., 2012). For HrrSA, six additional 

target genes were postulated (Frunzke et al., 2011). These targets are involved in heme 

biosynthesis (hemE, hemH and hemA) and encode two heme-containing proteins of the 

respiratory chain (ctaD and ctaE). Additionally, binding of HrrA between the chrSA operon 

and its target operon hrtBA was observed (Frunzke et al., 2011). As discussed earlier, 

information on iron availability is fed into the HrrA regulon via DtxR, the master regulator of 

iron homeostasis, as both hrrA and the target gene hmuO are repressed in an iron-

dependent manner (Wennerhold and Bott, 2006). Besides a significant, positive 

autoregulation of ChrSA, the only identified binding of ChrA is in the promoter region of hrrA 

and hrtBA (Heyer et al., 2012). 

Interestingly, despite the identical, genomic setup, the regulatory output of the two systems 

seemingly differs between C. diphtheriae and C. glutamicum. While hrtBA is exclusively 

regulated by ChrSA in both species, a coordinated control of hmuO was proposed for HrrSA 

and ChrSA for C. diphtheriae (Bibb et al., 2005; Bibb and Schmitt, 2010). In contrast to the 

regulatory setup in C. glutamicum, which utilizes HrrSA as the only activator of hmuO, ChrSA 

is proposed as the predominant regulatory system for the hmuO promoter (80 %) in 

C. diphtheriae, while the HrrSA contribution is only minor (20 %). This hypothesis was 

derived from single RR deletion mutants (Bibb et al., 2007). A similar cooperative control 

could recently be shown for the regulation of hemA, which encodes a glutamyl-tRNA 

reductase that catalyzes an early step in the biosynthesis of heme (Burgos and Schmitt, 

2016). Additionally, the same study proposed that HrrS inhibits a minimal kinase activity and 

functions primarily as a phosphatase. However, this theory is mainly based on in-vitro data. 

Furthermore, in-vivo phosphorylation studies with HrrA indicated that this RR is 

phosphorylated under virtually all conditions and independently of whether hemoglobin was 

added as a stimulus, or not. Additionally, no in-vivo phosphorylation of ChrA could be 

determined in this study. For the in-vivo phosphorylation experiments, cell samples were 

taken after 24 h of cultivation in hemoglobin containing medium. In C. glutamicum, it could be 

shown that heme is rapidly taken up by the cells and that the highest stimulus intensity was 

observed 30 minutes after addition of hemin (Keppel et al., 2018a). In the light of these 

findings, one could propose an alternative interpretation of the findings in C. diptheriae: after 

24 h of cultivation, all exogenous heme/hemoglobin is consumed and the endogeneous 

heme pool, which slightly increases in the stationary phase, compared to exponential phase 
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(Keppel et al., 2018a), is enough to stimulate HrrA phosphorylation – but not ChrA 

phosphorylation. Alternative experiments, where the phosphorylation state of HrrA and ChrA 

in direct response to hemoglobin contact - or even in a time resolved manner - might give 

further insight into the heme-dependent signal transduction in C. diptheriae. 

A comparable organization and high sequence identities with small, but impactful differences 

in the regulatory processes indicate that these two systems in C. glutamicum and 

C. diphtheriae originate from a common ancestor but evolved to adapt to the different 

environmental conditions that are faced by the different bacterial species. 

However, as some aspects of the regulatory interplay between HrrSA and ChrSA remain 

unclear to date in both bacterial species, further comparative studies are needed to elucidate 

the aspects in which the regulatory setups truly differ - and where proposed differences stem 

from not fully understood, regulatory mechanisms. 

2.3.1 Heme perception by the histidine kinases HrrS and ChrS 

For the modulation of an appropriate, cellular output in response to an extracellular stimulus, 

a precise, initial signal detection is critical. In the TCSs HrrSA and ChrSA, the two membrane 

bound kinase proteins are responsible for this stimulus perception. The recognition is 

enabled by direct interaction with the input molecule heme. The direct HK-heme interactions 

was first reported in the publication “Membrane Topology and Heme Binding of the Histidine 

Kinases HrrS and ChrS in Corynebacterium glutamicum”, conducted as part of this PhD 

thesis (Keppel et al., 2018b). In this comparative analysis, the N-terminal sensor domains of 

HrrS and ChrS were mapped using PhoA and LacZ fusions, which revealed that both HKs 

are embedded into the membrane via six α-helices (transmembrane helices, TMHs). With an 

N-terminal sequence identity of only 8.5 %, the conservation of the sensory domain is rather 

minor, making the seemingly conserved structural characteristics of six TMHs even more 

interesting. In line with our data, the sensor domain of ChrS in C. diphtheriae was also 

predicted to be anchored via six TMHs (Bibb and Schmitt, 2010), despite only moderate 

amino acid sequence conservation to the kinases of C. glutamicum (ChrS: 29 % in the whole 

protein,23 % in the N-terminus; HrrS: 35 % in the whole protein, 41 % in the N-terminus). 

This structural conservation, rather than conservation on the level of sequence, hints to a 

general function of the α-helices beyond anchoring of the proteins in the membrane. It can be 

speculated that the three cytoplasmatic loops or the six helices are involved in the intra-

molecular changes that follow heme perception.  

In the HssRS system of S. aureus and B. anthracis, the periplasmic sensing domain of HssS 

is predicted to be flanked by only two transmembrane helices (Stauff and Skaar, 2009a). 

Additionally, the authors of this study speculate that the interaction with heme takes place 
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intracellularly, indicating that the mechanism of heme sensing vastly differs between HssRS 

and HrrSA/ChrSA. 

Another interesting sensing mechanism was proposed for the BceSR system (Fritz et al., 

2015). This system is involved in the resistance against bacitracin but does not interact with 

the antibiotic directly. Instead, the HK BceS interacts with the bacitracin transporter BceAB 

and the activity of this drug efflux pump acts as the stimulus for the TCS (Fritz et al., 2015). 

In C. glutamicum however, neither deletion of hrtBA (heme export, Figure S1) nor hmuTUV 

(heme import, data not shown) led to reduced activation of a PhrtBA target gene reporter. This 

indicates that, in this case, the act of heme-transport does not directly contribute to the 

sensing of this molecule. 

Instead we found that in the HK HrrS, the exchange of one of the three conserved aromatic 

amino acid residues Y112, F115, and F118 to alanine led to reduced heme sensitivity of our 

reporter system. The residues are located in the cytoplasmic membrane and inside TMH 

number four (Keppel et al., 2018b). In ChrS, the exchange of the same triplet led to an 

alternative mode of heme interaction as we noticed a red shift of the Soret band from 406 to 

418 nm when conducting heme-bound, mutant protein to UV-visual spectroscopy. Unlike in 

HrrS, the triplet is localized in the extracellular loop between TMH three and four and not in 

the membrane. This small difference in position might be one explanation for the higher 

heme sensitivity of the ChrSA system that we reported in the same study. In a ΔhrrS strain, a 

PhrtBA-eyfp reporter (activated by phosphorylated ChrA) showed measurable output in 

response to extracellular hemin concentrations as low as 0.5 µM. In a ΔchrS strain, on the 

other hand, a PhmuO-eyfp reporter (activated by phosphorylated HrrA) showed increased 

heme-dependent output only in medium containing at least 4 µM hemin. However, a high 

background activity was measured for hmuO, which was independent of the addition of 

external heme and which might be triggered by the endogenous heme pool of the cell. 

(Keppel et al., 2018b).  

The higher sensitivity of the ChrSA detoxification system towards small changes in 

extracellular heme availability is physiologically reasonable, since it prevents heme export via 

HrtBA under non-toxic conditions. A fast, possibly extracellular sensing by ChrS might 

contribute to this high sensitivity and allows a rapid adaptation to environmental changes to 

fine-tune hrtBA expression. The sensing by HrrS most likely happens inside the membrane. 

By this mode of heme-interaction, the kinase probably senses a more stable pool of heme 

that accumulates in the membrane from both endogenous and exogeneous sources. As a 

result, HrrA activity - and ultimately hmuO expression – might get adjusted more 

conservatively.  
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An interesting approach for future studies on the heme perception by HrrS and ChrS might 

be to narrow down the stimulus spectrum of both HKs. In our experiments, both TCS reacted 

to exogenously added hemin. However, it is possible that, while both HKs generally 

recognize iron-bound porphyrins, the affinity to certain heme types (e.g., heme a, heme b, 

heme o) might significantly differ between HrrS and ChrS. As hemin is the only commercially 

available and easily soluble iron-bound porphyrin, it is not possible to directly test various 

heme types. In C. glutamicum, the membrane bound CtaB catalyzes the reaction from 

heme b to heme o, which is subsequently converted to heme a by CtaA (Svensson et al., 

1993). By overexpression or deletion of one of the corresponding genes (ctaB or ctaA) the 

level of one heme type (b, o or a) could be significantly increased. Subsequently, the activity 

of target gene reporters could be observed in strains with changed heme pools. Changed 

phosphorylation levels might permit conclusions whether HrrS and ChrS differ in their 

preference with respect to different heme types. 

In conclusion, our publication “Membrane Topology and Heme Binding of the Histidine 

Kinases HrrS and ChrS in Corynebacterium glutamicum” gives novel insight into the unique 

sensing mechanism of Gram-positive bacteria, which dedicate two independent kinases to 

sense heme and subsequently adjust their metabolism. Here, we present the example of a 

transient heme sensor system, which utilizes three aromatic amino acids to sense heme. 

Interpreting our findings further, a tyrosine (Y112 in HrrS) might act as an axial ligand of the 

iron atom, while two phenylalanine residues (F115 and F118) might be important to the 

interface through aromatic stacking interactions with the porphyrin ring of heme. These 

results are in line with a recent study that analyzed the top five residues with high 

frequencies in heme-protein interaction sites and which found that cysteine, histidine, 

methionine as well as tyrosine and phenylalanine are the most prominent amino acids in 

such binding pockets (Keppel et al., 2018b; Li et al., 2011). In general, our study provides a 

basis for further analysis on structural and functional design of other important heme sensors 

and can help with the bioinformatical identification of novel heme binding domains in the 

future, as the prediction of these domains is, to this date and due to the high diversity in 

heme-interfaces, not reliably possible. 

 

2.4 Heme-responsive gene regulation in C. glutamicum 

Signal perception is followed by the modulation of an appropriate output. In C. glutamicum, 

heme perception by HrrS and ChrS is translated to HrrA/ChrA dependent gene regulation via 

phosphotransfer and thereby activation of the RRs. In common with many other 

characterized, heme-induced regulators, the first identified targets of these two TCSs were 
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involved in the detoxification (hrtBA, regulated by ChrSA), utilization (hmuO, regulated by 

HrrSA) and synthesis (hemA, hemE, hemH) of heme (Frunzke et al., 2011; Heyer et al., 

2012). 

2.4.1 Heme utilization vs. detoxification – a balancing act 

To address the question how HrrSA and ChrSA differ in their signal transduction and the 

subsequent modulation of a physiological response, the temporal characteristics of the 

heme-induced detoxification and utilization were investigated (Keppel et al., 2018c). On that 

account, we performed an extensive profiling of previously published target gene reporters 

(Hentschel et al., 2014; Heyer et al., 2012). These reporters are fusions of the promoter 

regions of the genes of interest (e.g., PhmuO, PhrtBA) with the eyfp gene, which encodes a 

yellow fluorescent protein (an expanded dataset can be found in the supplementary 

Figures S2-6). This reporter setup enables the determination of promoter activity by 

measuring the fluorescent output in response to a stimulus (in this case: hemin). Here, we 

screened the PhmuO-eyfp and PhrtBA-eyfp target gene reporters in the background of the wild 

type strain, as well as in mutant strains lacking single components of the two TCSs and in 

minimal medium containing different heme or iron concentrations (Keppel et al., 2018c). The 

resulting dataset was integrated into a quantitative mathematical model, which was then 

used to test hypotheses on possible strategies that are applied by the two closely related 

TCSs to ensure physiologically appropriate target gene activation (Figure 3A). 

In some environments, it makes sense for a bacterial cell to prioritize detoxification 

responses over the acquisition or utilization of nutrients, as toxic molecules can constitute an 

imminent threat, which demands a prompt reaction to ensure survival. Additionally, essential 

nutrients can often be toxic in elevated levels as already emphasized by the Swiss physician 

and founder of modern toxicology, Paracelsus (16th century), who proposed “All things are 

poison, and nothing is without poison, the dosage alone makes it so a thing is not a poison” 

(Borzelleca, 2000). 

Examination of PhrtBA and PhmuO activity in wild type cells and in response to exogenous heme 

shows that C. glutamicum adheres to the principle of “detoxification first” when shaping its 

physiological response to heme (Figure 3B). After stimulus addition, we observed a nearly 

instant, transient, ChrSA-governed PhrtBA response (Figure 3B, red line) while HrrSA-

dependent PhmuO activity was significantly delayed (green line). Together with the previous 

finding, that the threshold for heme-induced hrtBA activity is lower than for hmuO activity 

(Keppel et al., 2018b), this establishes the regulation of C. glutamicums heme detoxification 

as fast and highly transient response to changing environmental conditions. 
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An additional, interesting observation was the steady response time of the PhrtBA reporter in 

reaction to increasing hemin concentrations – only the time of active promoter output 

increased with higher concentrations. Our model predicted, that this behavior is enabled by a 

nearly instant promoter saturation by phosphorylated ChrA (ChrA~P), following ChrS-heme 

interaction. Furthermore, we discovered a contribution of the HrrS kinase activity to the initial 

ChrA~P pool, as a ΔhrrS mutant strain showed a slightly delayed PhrtBA reaction to the heme 

stimulus. 

Another aspect, that distinguishes hrtBA and hmuO activity is the deactivation time. The 

response curves in Figure 3A clearly show that the promoter of hrtBA is shut off nearly 

instantly after 3-4 h. The following decline is the dilution of fluorescent eYFP protein by cell 

growth while no new reporter molecule is produced. Here, the model predicted, that this shut 

off correlates with the time it takes until all exogenous heme is depleted. This is in line with 

the previously discussed hypothesis, that - in contrast to HrrS, which senses heme in the 

membrane - ChrS interacts with the stimulus in the periplasm. Therefore, one could 

speculate that ChrS activity is mostly influenced by the extracellular heme pool while protein-

bound heme in the cytoplasm or the membrane contributes to ChrS activation to a lesser 

extent. Here, further studies on the heme uptake, procession and storage could significantly 

contribute to our understanding of how the diverse sensing mechanisms of ChrS and HrrS 

influence the activation of downstream target gene expression. 

A screening with phosphatase-OFF mutant strains, as well as previous studies indicate that 

the phosphatase activity of ChrS has significantly more impact than the HrrS phosphatase 

activity (Hentschel et al., 2014; Keppel et al., 2018c). This strong phosphatase activity, 

together with a possible extracellular sensing, might enable the observed, rapid shutoff of the 

detoxification response when the heme pool drops below a critical threshold. 

Taken together, we hypothesize that the detoxification response of C. glutamicum is shaped 

by at least four important factors: i) a nearly instant promoter saturation by ChrA~P allows a 

rapid response under all tested conditions, ii) HrrS contributes to the initial ChrA~P pool, via 

cross-phosphorylation, iii) the speculated ChrS-heme interface is located closer to the 

periplasm, compared to the HrrS-heme interface, which might lead to slightly faster adaption 

to changing environmental conditions and less influence of endogenously produced heme or 

heme storage, and iv) a strong ChrS phosphatase activity shuts down heme export via HrtBA 

rapidly and effectively after stimulus decline and prevents unwanted cross-phosphorylation 

by HrrS under non-inducing conditions.  
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Figure 3: Heme utilization and detoxification is coordinated by the HrrSA and ChrSA TCSs in 

C. glutamicum. A: Genetic organization of the two TCS HrrSA and ChrSA and their target genes hmuO and 

hrtBA, respectively. Heme can diffuse over the bacterial membrane or is transported into the cell by the HmuTUV 

uptake system. Inside the cell, the heme oxygenase HmuO (light green) can degrade heme to release iron for 

important cellular processes. Intracellular Fe2+ is sensed by DtxR (grey), which dimerizes and represses not only 

hmuO expression but also the hrrA gene itself, which encodes the response regulator HrrA. After phosphorylation 

by HrrS (heme-dependant), this RR is critical for the activation of hmuO expression. The ChrSA TCS not only 

activates expression of hrtBA, which encodes a heme exporter that is responsible for the detoxification of high, 

intracellular heme concentrations, but also the expression of its own operon (positive feedback). B: Heme-

induced reporter output of PhrtBA-eyfp and PhmuO-eyfp in C. glutamicum wild type cells (taken from Keppel et. al., 

2018c). For this experiment, C. glutamicum cells were transformed with either pJC1_PhrtBA-eyfp or pJC1_PhmuO-

eyfp. Iron deprived cells were subsequently cultivated in a microbioreactor system (Biolector) in CGXII minimal 

medium with 2 % (w/v) glucose containing 4 µM hemin. The eYfp fluorescence was measured as the output of 

target promoter activation, and backscatter values were recorded to monitor biomass formation. For further 

information see Keppel et al. (2018c). . 
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In contrast to hrtBA expression, the hmuO reporter revealed a significantly delayed response 

after addition of hemin as a stimulus (Figure 3B). Counterintuitively, the more extracellular 

hemin is added to the medium, the more delayed the hmuO expression is. In this context, our 

mathematical model confirmed that the main factor influencing this particular expression 

pattern is the iron dependent repression of hrrA and hmuO by the global iron regulator DtxR 

(Keppel et al., 2018c; Wennerhold and Bott, 2006). Higher heme concentrations also 

translate to a higher, intracellular iron pool and thereby a higher, initial DtxR activity, as 

predicted by our model. Using this regulatory setup, information on Fe2+ availability (via the 

co-repressor of DtxR) can directly be integrated at the level of hmuO and hrrA expression - in 

contrast to the rapid, iron-independent chrSA-hrtBA setup. Additionally, we could show that 

HrrA does not simply displace DtxR on the promoter of hmuO but is in fact an essential 

activator, even in the absence of DtxR repression (Keppel et al., 2018c).  

One aspect, future studies could focus on, is the phosphorylation level of both HrrA and ChrA 

under changing heme concentrations, to supplement the information we gathered via 

characterization of target gene reporters. A suitable method for this might be the application 

of Phos-Tag SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), where 

phosphorylated proteins are separated from the non-phosphorylated counterparts by 

interacting with a phosphate-binding tag in the gel matrix (Kinoshita et al., 2006). 

Examination of the phosphorylation state of HrrA and ChrA following stimulus might give new 

insight on whether stimulus perception and/or transduction of HrrS and ChrS indeed differ 

and how much secondary effects - like the aforementioned DtxR repression on hrrA – impact 

the observed, different heme sensitivity. Information on the phosphorylation state under 

different conditions might reveal how much the different signal perceptions influences 

downstream processes like target gene activation and how reliable the utilization of target 

gene reporters as tools for the time resolved investigation of physiological responses really 

are.  

In conclusion, we found that not only differences in signal perception are responsible for the 

diverse target gene expression patterns in response to heme. The entirety of a tightly 

balanced interplay between phosphorylation, dephosphorylation and cross-phosphorylation 

as well as the interference with other regulatory systems (e.g., with the iron-responsive 

regulator DtxR) shapes the physiological reaction to a multifaceted and complex stimulus 

such as heme (Figure 3A). The here presented data might be further used as a basis for in-

depth systemic analysis of the bacterial heme homeostasis of Gram-positive bacteria that 

often dedicate at least one TCS to heme-responsive gene regulation. We expect that our 

findings will be – at least partly – transferable to pathogens, especially to C. diphtheriae, due 

to high sequence identities of the homologous systems. A comparative analysis of the 
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temporal characteristics of the detoxification and utilization responses might give further 

insights into what parts of the pathways are essential for the appropriate, physiological 

reaction to exogenous heme in general and which parts have evolved as a result of the 

particular, environmental niche (soil in the case of C. glutamicum and the upper respiratory 

system of a host in the case of C. diphtheriae). 

 

2.5 Genome-wide profiling of the HrrSA regulon  

Previous studies suggest, that the regulon of ChrSA is small and very specific (Hentschel, 

2015; Heyer et al., 2012). So far, the only confirmed regulatory roles of this TCS are the 

activation of its own operon and the hrtBA operon as well as a not fully understood 

involvement in the regulation of the hrrA gene. This narrow role fits the purpose of a 

detoxification system and allows for a specific, fast and transient export of toxic heme levels 

in times of demand and without secondary effects. However, so far, a genome-wide binding 

analysis has been only performed for HrrA and in future studies, single genes might be 

added to the ChrSA regulon. 

In contrast to ChrSA, HrrSA seems to coordinate a global, homeostatic response to heme 

and heme-triggered oxidative stress. Previous studies proposed involvement in the 

regulation of the utilization and synthesis of heme as well as in the control of expression of 

heme containing proteins in the respiratory chain (Frunzke et al., 2011).  

In the framework of this thesis, we conducted a time-resolved, stimulus-dependent profiling 

of dynamic DNA-binding of HrrA via chromatin affinity purification combined with sequencing 

(ChAP-Seq). This extensive analysis resulted in the identification of more than 250 genomic 

targets of this response regulator. Among others, we found genes that encode proteins 

associated with heme biosynthesis, the respiratory chain, oxidative stress response and cell 

envelope remodeling. This dataset of genome-wide HrrA binding sites was combined with 

time-resolved comparative transcriptome analysis (RNA-Seq) of the wild type strain and a 

ΔhrrA mutant strain in response to exogenous heme addition (Keppel et al., 2018a). By this 

means, we were able to correlate HrrA binding with the subsequent regulatory output and 

establish HrrSA as a truly global player in the systemic response strategy of C. glutamicum 

to the complex stimulus heme.  

In the following sections, the current knowledge on regulatory mechanisms of HrrSA and 

ChrSA, their target genes, and the function of these targets will be summarized, and novel 

findings will be highlighted. 
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2.5.1 Heme degradation and detoxification 

The earliest identified targets of HrrSA and ChrSA are involved in a) the degradation (hmuO, 

which encodes a heme oxygenase and is regulated by HrrSA) and b) the transport/export of 

heme (hrtBA, regulated by ChrSA).  

The control of heme oxygenase expression is a common theme among many well-

characterized, heme-induced regulators in both eukaryotes and prokaryotes. The 

degradation of free heme by these oxygenases is proposed as the main method of 

detoxification in eukaryotic cells (Kumar and Bandyopadhyay, 2005). In many bacterial 

species, these enzymes are furthermore critical for the access to heme as alternative iron 

source (Wilks and Ikeda-Saito, 2014).  

Especially pathogenic bacteria frequently face elevated heme levels and thus evolved 

various, alternative and oxygenase-independent strategies to prevent toxic intracellular 

concentrations. The easiest way is the application of exporter proteins, for example HrtBA, 

found not only in C. glutamicum and C. diphtheriae, but also in S. aureus, B. anthracis, and 

L. lactis, as discussed earlier. However, while some studies suggested an increased heme 

sensitivity of ΔhrtBA deletion strains (Stauff and Skaar, 2009a), the mechanism of transport 

remains unknown. Furthermore, it is not known whether these proteins export heme directly 

or whether metabolites of heme degradation are transported over the membrane (Anzaldi 

and Skaar, 2010).  

Another well characterized detoxification system is the Pef efflux complex of the neonatal 

pathogen Streptococcus agalactiae (Fernandez et al., 2010). In this bacterium, the 

transcriptional regulator PefR, a MarR-superfamily protein, represses expression of the 

operons, which encode this efflux system, in a porphyrin-dependent manner.  

2.5.2 The regulation of heme biosynthesis in C. glutamicum 

Due to the importance of heme in central cellular processes, the biosynthesis of this 

molecule is highly conserved. The early precursor δ-amino levulinic acid (ALA) is essential 

for heme synthesis in both eukaryotes and prokaryotes. In bacteria ALA is derived from the 

charged glutamyl-tRNAGlu (Figure 4A) via a reaction catalyzed by the glutamyl-tRNA 

reductase, which is encoded by hemA (Choby and Skaar, 2016). 
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Figure 4: The classical heme biosynthesis pathway in bacteria. A: The synthesis of heme in bacteria is highly 

conserved and starts with the conversion of the charged glutamyl-tRNAGlu to ALA. Several conserved, enzymatic 

steps lead to the formation of uroporphyrinogen III, which can either be used as precursor for other molecules or 

subsequently processed in the classical synthesis pathway to coproporphyrinogen III and finally heme. For steps, 

in which gene expression is repressed by HrrA, the corresponding proteins are colored. The names of the 
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enzymes are indicated at the arrows and the names of the corresponding proteins in C. glutamicum are indicated 

in bold lettering. Figure adapted from (Heinemann et al., 2008) and (Choby and Skaar, 2016). B: Genetic 

organization of HrrA-controlled heme synthesis genes in C. glutamicum.  

 

Two molecules of ALA are subsequently processed to porphyrinogen and, in a series of 

reactions, converted to the tetrapyrrole molecule uroporphyrinogen III. In various bacteria, 

this molecule can be used as precursor for several cofactors, including, for example, Vitamin 

B12 and, in methanogenic Archaea, coenzyme F430 (Choby and Skaar, 2016; Heinemann et 

al., 2008; Leeper, 1985). The decarboxylation reaction from uroporphyrinogen III to 

coproporphyrinogen III is catalyzed by a uroporphyrinogen III decarboxylase (HemE). From 

coproporphyrinogen III, two pathways lead to heme as an end product. In the classical 

pathway, which is depicted in Figure 4, two additional catalytic steps lead to 

protoporphyrin IX. Subsequently, the protoporphyrin ferrochelatase (HemH) inserts a ferrous 

iron into the center of this molecule to form protoheme IX - heme b (Camadro and Labbe, 

1988; Choby and Skaar, 2016). In the noncanonical pathway, often performed by Gram-

positive bacteria, uroporphyrinogen III is first converted to coproporphyrin III and 

subsequently, the ferrochelatase inserts an iron to form coproheme, which is then 

decarboxylated by HemQ to form heme b. This enzyme is found only in members of the 

Firmicutes and Actinobacteria (Choby and Skaar, 2016). So far, no experimental data for the 

biosynthesis of heme in C. glutamicum is available. However, genes, which encode for all 

enzymes of the classical pathway, could be identified in this bacterium (Figure 4B), while the 

Actinobacteria-typical HemQ, which is critical for the noncanonical pathway, has not been 

found so far. 

Due to its toxicity, the biosynthesis of heme needs to be tightly controlled and adapted in 

response to intracellular and extracellular heme levels. Previous studies described HrrA as a 

general repressor of heme biosynthesis in C. glutamicum (Frunzke et al., 2011). In 

C. diphtheriae, both HrrA and ChrA are postulated as regulators of hemA (Burgos and 

Schmitt, 2016).  

In this PhD thesis, a genome-wide approach was used to analyze the binding and regulatory 

impact of HrrA targets by combining ChAP-Seq analysis and RNA-Seq (Keppel et al., 

2018a). We confirmed significant, heme-induced binding of HrrA in the promoter regions of 

the hemEYL operon (60 base pairs (bp) upstream of the start codon and the transcription 

start site (TSS) of hemE), the hemAC operon (26 bp upstream of the start codon, 17 Bp 

upstream of the TSS of hemA), and 16 bp upstream of the hemH start codon/TSS (genomic 

organization of the genes is depicted in Figure 4B).  
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Additionally, the corresponding mRNA levels of these genes were significantly increased in a 

ΔhrrA strain compared to wild type C. glutamicum. In case of the uroporphyrinogen 

decarboxylase (hemE), the mRNA level (in transcripts per million (tpm)) was increased 8.3-

fold in the ΔhrrA strain and 0.5 h after heme addition. The mRNA level of hemH, encoding 

the ferrochelatase, increased 15.7-fold, while hemA was only slightly increased in the ΔhrrA 

deletion strain (1.6-fold 0.5 h after heme addition, 2-fold after 2 h of incubation). These 

findings once more emphasize the role of HrrA as a heme-dependent repressor of various 

steps of the heme biosynthesis of C. glutamicum (Figure 4). As an early control step, HrrA 

regulates the production of the early precursor ALA from glutamyl-tRNAGlu by repressing the 

glutamyl-tRNA reductase (hemA). Additionally, HrrA prevents the conversion of 

uroporphyrinogen III to coproporphyrinogen III and thereby allowing an increased flow from 

uroporphyrinogen III to other cofactors by strongly repressing hemE. Finally, HrrA controls 

the insertion of the iron atom by repressing the expression of the ferrochelatase hemH and 

thereby balancing the endogenous biosynthesis of heme according to the cellular needs and 

the availability of external sources. With this regulatory behavior, HrrA shifts the focus of cells 

in heme-rich environments towards utilization of external heme instead of spending valuable 

resources for an endogenous synthesis.  

2.5.3 The heme-dependent, HrrSA-mediated control of respiratory chain genes 

Heme is irreplaceable in most organisms, partly due to its function as protein-bound 

prosthetic group that enables the sequential electron flow through the respiratory chain 

complexes of bacterial membranes and eukaryotic mitochondrial membranes (Kim et al., 

2012; Schagger, 2002). In its core functionality, the generation of ATP during the oxidative 

phosphorylation, coupled to respiratory electron transfer, is conserved between most 

bacteria. In general, the bacterial cell utilizes several donors to transfer an electron to 

different carriers (e.g. ubiquinone, menaquinone), which is mediated by dehydrogenases. 

The transfer of electrons itself and the associated transport of protons over the bacterial 

membrane leads to the establishment of a proton motive force (PMF), which can then be 

used to generate ATP (Lodish et al., 2000). 

The electron transport chain of C. glutamicum is branched, and consists of i) a cytochrome 

bc1-aa3 supercomplex, encoded by ctaD and the operons ctaCF and ctaE-qcrCAB and ii) the 

cytochrome bd oxidase encoded by cydA and cydB, of the cydABDC operon (Bott and 

Niebisch, 2003). The supercomplex is composed of two parts, the cytochrome bc1 complex 

(Figure 5A, grey) and the aa3 oxidase (Figure 5A, blue). The bc1 complex consists of 

cytochrome b (QcrB), which contains two heme b molecules, the Rieske iron-sulfur protein 

QcrA, and the non-soluble cytochrome c1 QcrC, which binds two heme a molecules 

(Niebisch and Bott, 2001). The aa3 oxidase has four subunits: CtaF, CtaC, CtaD, which 
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contains two heme a molecules, and CtaE (Niebisch and Bott, 2003). In contrast to that, the 

alternative menaquinol bd oxidase is composed of only two subunits (Figure 5B): CydB, 

which binds a heme b molecule and CydA, harbouring a heme b and a heme d molecule.  

The deletion of critical parts of the bc1-aa3 supercomplex, e.g. in a ΔqcrCAB or ΔctaD strain, 

leads to a strong growth defect in C. glutamicum, indicating that the bc1-aa3 branch is of 

outstanding importance for the proper establishment of a PMF and that its function cannot be 

fully substituted by the bd branch (Bott and Niebisch, 2003; Niebisch and Bott, 2001; 

Niebisch and Bott, 2003). The alternative bd oxidase was identified in C. glutamicum cells 

that were cultivated in copper-free medium (Bott and Niebisch, 2003; Kusumoto et al., 2000). 

Under normal conditions, the oxidase seems to be mainly expressed to supplement the 

respiratory chain in the stationary phase (Kusumoto et al., 2015), possibly due to its high 

affinity to oxygen. 

 

Figure 5: The respiratory chain of C. glutamicum. A: Schematic illustration of the two branches of the electron 

transport chain in C. glutamicum. Left: the cytochrome bc1-aa3 supercomplex consists of the cytochrome bc1 

complex (grey), encoded by qcrCAB, and the cytochrome aa3 oxidase (blue), encoded by ctaE, ctaCF and ctaD. 

Right: The cytochrome bd oxidase (red) is encoded by cydA and cydB, in the cydABDC operon. Boxes indicate 

heme molecules (heme b, heme c, heme a, heme d). Figure modified from Niebisch and Bott (2001). B: HrrA 

control and organization of genes involved in the respiratory chain in C. glutamicum. 

 

While several studies concentrated on the function and the structure of the respiratory chain 

in C. glutamicum (Kusumoto et al., 2000; Niebisch and Bott, 2001; Niebisch and Bott, 2003), 

little is known about the regulation of respiratory chain genes. A recent study could show, 

that overexpression of the sigma factor SigC (σC) leads to strong induction of the cydABDC 
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operon, which encodes for the cytochrome bd oxidase (Figure 5A), while expression of the 

ctaE-qcrCAB operon (bc1-aa3 supercomplex) was reduced (Toyoda and Inui, 2016). 

However, neither the mechanism of how σC represses genes of the bc1-aa3 supercomplex, 

nor the stimulus, which leads to σC activity and the subsequent recruitment of the RNA-

polymerase to the cyd operon, is known to date. Additionally, in this study, the conclusions 

regarding the regulatory roles of σC were drawn from the overexpression of sigC. The 

positive role of a sigma factor can be shown by its overexpression: an increased protein level 

leads to an increased RNA polymerase recruitment to the target promoter. Negative effects 

on expression, on the other hand, can either represent a physiological relevant repression, or 

stem from, for example, unspecific competition between the overrepresented alternative 

sigma factor and other sigma factors. In this regard, future experiments, like the deletion of 

sigC or binding assays between the ctaE promoter and σC are needed to verify the role of 

this sigma factor as a repressor of the ctaE-qcrCAB operon. For now, this repressive role 

should be viewed critically. 

In the context of the stimulus, which leads to σC activity, the authors of the study speculate, 

that a defect electron transfer in the aa3 oxidase might induce σC activity (Toyoda and Inui, 

2016). Recently, such an electron transfer defect was studied in copper-deficient 

C. glutamicum cells and - indeed - an activation of the σC regulon was observed in these 

experiments (Morosov et al., 2018). 

Additional regulators of respiratory chain genes are HrrA, which was shown to bind and 

activate the promoter of the ctaE-qcrCAB operon (Frunzke et al., 2011), and OxyR, which 

was described as a repressor of the cydABCD operon (Milse et al., 2014; Teramoto et al., 

2013). 

In our recent study, we described HrrA as a crucial regulator coordinating the expression of 

all genes constituting the respiratory chain of C. glutamicum (Keppel et al., 2018a). We could 

not only confirm the previously proposed, strong HrrA binding in front of the ctaE-qcrCAB 

operon and in the promoter region of ctaD (Frunzke et al., 2011), we also found binding in 

front of the ctaCF operon (Figure 5B). Additionally, in a ΔhrrA deletion strain, RNA-Seq data 

revealed strong decrease in the mRNA levels of all respiratory chain genes, which were 

bound by HrrA in ChAP-Seq experiments (Keppel et al., 2018a). These findings establish 

HrrSA as a heme-dependent activator of all genes, which together encode the complete 

cytochrome bc1-aa3 supercomplex.  

Furthermore, we identified a positive regulatory role of HrrSA on cydABDC, which encodes 

the second branch of the respiratory chain. However, in RNA-Seq analysis, the mRNA level 

of the cyd operon seems to slowly increase, even 4 h after hemin addition, in contrast to the 
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mRNA level of ctaE-qcrCAB, which increased instantly after stimulus addition but already 

slightly declined after 4 h of cultivations (Figure 6A).  

These results seem counterintuitive at first, as both operons are regulated by HrrSA in a 

heme-dependent manner but show diverse transcriptional changes in response to stimulus 

addition. A possible explanation for this behavior can be found in the HrrSA-mediated 

regulation of an additional gene: significant binding of HrrA was observed in front of sigC, 

which encodes the earlier discussed sigma factor σC, an activator of the cydABDC operon 

and postulated repressor of ctaE-qcrCAB expression. The mRNA level of sigC was nearly 

5-fold increased in a ΔhrrA deletion strain, suggesting that active HrrA represses this gene. 

In line with this assumption, sigC mRNA levels decreased upon heme addition in wild type 

cells (Figure 6A). 

 

Figure 6: Proposed model of the heme-dependent, regulatory setup of respiratory chain genes in 

C. glutamicum.  

A: mRNA levels of sigC, ctaE and cydAB in transcripts per million (tpm). The transcriptome of iron starved 

C. glutamicum wild type cells was determined before (t=0h) and 0.5 h and 4 h after addition of 4 µM hemin. See 



Scientific context and key results of this thesis   31 

 

Keppel et al. (2018a) for further details.   

B: Directly in response to extracellular hemin addition (0.5 h), HrrA gets phosphorylated and activates expression 

of the ctaCF and the ctaE-qcrCAB operons as well as ctaD, which together encode the full cytochrome bc1-aa3 

supercomplex. Additionally, HrrA activates the expression of the cydABDC operon, which encodes the 

cytochrome bd oxidase, and represses expression of sigC, which encodes the sigma factor σC. B: With the 

consumption of heme, after 4 h, the phosphorylation level and activity of HrrA is decreased and subsequently, 

sigC expression is de-repressed. Furthermore, HrrA activation of ctaCF, ctaE-qcrCAB and ctaD as well as the cyd 

operon lessens. σC recruits the polymerase to the cyd operon and possibly represses the expression of ctaE-

qcrCAB, leading to a soft switch between the two branches of the respiratory chain. 

 

In this context, we propose the following mechanism of heme-induced regulation of 

respiratory chain genes, as depicted in Figure 6B: The initial perception of extracellular 

hemin addition (30 minutes after hemin pulse), leads to phosphorylation of HrrA and 

subsequently to DNA-binding and activation of genes, which encode for the cytochrome bc1-

aa3 supercomplex, especially ctaE-qcrCAB. Additionally, HrrA activates the cydABDC 

operon, while at the same time repressing sigC expression. 

In-vitro determination of the Kd values of HrrA to the promoters of ctaE, cydA and sigC 

revealed a three-fold higher affinity of HrrA to PctaE (Kd 0.10 µM) than to Pcyd (Kd 0.26 µM) or 

to PsigC (Kd 0.27 µM). The high affinity to ctaE can explain the minor increase of ctaE mRNA 

level in response to hemin addition. It is likely, that even under normal conditions and without 

addition of exogenous hemin, HrrA is partly phosphorylated, triggered by endogenous 

synthesis of heme. Therefore, these fractions of HrrA~P might activate high affinity targets, 

such as ctaE. 

Over the course of the cultivation, the added heme is degraded and consequently, the 

HrrA~P level most likely decreases (Figure 6B, 4 h). This leads to de-repression of sigC. The 

following synthesis of the sigma factor σC results in even further increase of cydABDC mRNA 

levels (Figure 6A). On the other hand, the expression of the ctaE-qcrCAB operon decreases, 

most likely due to HrrA-dissociation in response to stimulus decline, possibly combined with 

repression of this operon by σC. 

Interestingly, we found that genes, which are activated by both HrrA and σC, and thereby 

have a regulatory setup that is comparable with the setup of cydABDC, also show the same 

expression behavior as the cyd operon: weak, initial response to a heme stimulus, but 

increased mRNA levels after 4 h of cultivation. Examples for genes with such a genomic 

setup are ctaA and ctaB, which are involved in the conversion of heme b to heme a and 

which are activated by both, HrrA and σC. 

In general, HrrA shows sustained, minor activity even without external stimulus input. This is 

reflected by significant differences in mRNA levels of target genes (e.g., ctaE or hmuO) 
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between a hrrA deletion strain and the wild type strain, even in iron-starved, stationary cells 

in medium without external heme source (Keppel et al., 2018a). While this behavior might be 

triggered by endogenous synthesized heme, it also represents a major difference to ChrA-

mediated target gene activation. In the case of ChrSA, the main target of this TCS, hrtBA, is 

highly inducible but without extracellularly added heme, this gene shows the same, very low 

output in the ΔchrA strain and the wild type strain alike. The high background activity of HrrA 

might also be the reason for the low inducibility of e.g. ctaE in response to heme, as 

discussed previously (Figure 6A). In future studies, this hypothesis could be tested by 

controlling the endogenous heme synthesis of C. glutamicum in a heme-independent 

manner. For this, one could reintroduce several heme synthesis genes (see Figure 4A) 

under, e.g., IPTG-inducible promoters and subsequently measure HrrA binding and/or target 

gene activation in response to different endogenously synthesized heme pools. This 

experimental setup might help to understand how much HrrA contributes to respiratory chain 

gene expression under native conditions (e.g., in FeSO4-containing medium), in which 

cellular synthesized heme represents the sole stimulus for the HrrSA system. Furthermore, 

the background level of HrrA could be measured by significantly lowering the heme synthesis 

and subsequently comparing target gene activation under these conditions to wild type like 

target gene activation. Testing ChrA-mediated gene regulation in a similar setup might reveal 

insight into how HrrSA and ChrSA differ in their inducibility and at which point ChrSA turns on 

the heme detoxification. 

In conclusion, the here presented network design (HrrA repressing the expression of another 

activator (σC) of its own target genes) allows the cell to react in two very diverse ways 

downstream of a single, regulatory pathway. In the presented example it becomes clear that, 

although HrrSA has a single stimulus, this system is able to prioritize the expression of the 

more efficient but heavily heme-demanding cytochrome bc1-aa3 branch over the cytochrome 

bd branch in response to a strong, extracellular heme pulse. This is achieved by a 

combination of activation (e.g., ctaE-qcrCAB, cydABDC) and repression (sigC) of gene 

expression as well as altered affinities of the RR to different target genes. 

2.5.4 Other targets of HrrSA 

Interestingly, although neither the regulator, nor the constitution of the regulon is conserved, 

C. glutamicum cells and eukaryotic (mammalian) cells seem to react with a similar, regulatory 

logic to heme as a stimulus. Previously unknown genes of the HrrA regulon include, e.g., 

katA (catalase), trxB (thioredoxin reductase) or mpx (mycothiol peroxidase). Genes, which 

encode a catalase, a thioredoxin reductase and a mycothiol peroxidase were also identified 

as part of the mammalian BACH1 regulon - in addition to e.g., HMOX1, encoding a heme 

oxygenase. Furthermore, a heme-dependent, regulatory effect of BACH1 on TKT 
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(transketolase) has been described in the past (Warnatz et al., 2011). Notably, in 

C. glutamicum, significant binding of HrrA was observed in the intergenic region between the 

divergent genes ctaB and tkt (also encoding a transketolase), but under the applied 

conditions, a regulatory effect of HrrA on tkt could not be shown so far. However, the 

transketolase, which is an important enzyme of the nonoxidative part of the pentose 

phosphate pathway, was recently shown to help cancer cells to meet their high demand for 

NAPDH to counteract the high oxidative stress these cells are facing (Xu et al., 2016). This 

once more shows, that the link between heme-responsive gene regulation and oxidative 

stress is omnipresent - not only in form of catalase expression control. 

The transketolase seems to be not the only HrrA target in the central carbon metabolism. We 

identified HrrA binding, as well as a slight regulatory effect, on gapA and gapB, which encode 

glyceraldehyde-3-phosphate dehydrogenases (GapDHs). These proteins are involved in 

glycolysis (GapA) and gluconeogenesis (GapB). In human skin cells it was shown, that 

oxidative stress may block glycolysis by inhibiting GapDHs (Kuehne et al., 2015) and in 

C. diphtheriae, a GapDH is redox-controlled by S-mycothiolation (Hillion et al., 2017). HrrA 

might counteract this impaired flux through the glycolysis in response to heme-induced stress 

by increasing the expression of C. glutamicum’s GapDHs (Keppel et al., 2018a). To verify 

this theory, one could monitor the GapDH activity of both wild type and the ∆hrrA strain in 

response to varying heme concentrations, using commercially available GapDH assays. 

Heme-induced oxidative stress does not only impact the central carbon metabolism but can 

also negatively influence the cell envelope. Binding of HrrA was observed in front of ino1 

(synthesis of inositol-derived lipids (Baumgart et al., 2013)), mepA (a putative cell wall 

peptidase (Möker et al., 2004)), and malR, which encodes a MarR-type regulator that is 

possibly involved in stress-responsive cell envelope remodeling (Hünnefeld and Frunzke, 

manuscript submitted). Interestingly, binding of both, MalR and HrrA, could be identified 

upstream of murB, which encodes a UDP-N-acetylenolpyruvoylglucosamine reductase, 

involved in synthesis of the cell wall, upstream of lysC, which is involved in lysine synthesis 

and upstream of oppA, encoding the subunit of an uncharacterized ABC transporter system. 

Additionally, both regulators bind to the promoters of the uncharacterized genes cg0431 and 

cg0439, a putative membrane protein and a putative glycosyltransferase, as well as either 

upstream (23 base pairs in the case of HrrA) or downstream (90 base pairs in the case of 

MalR) of the malR transcriptional start site. A negative autoregulation is postulated in the 

case of MalR, and, as the malR mRNA levels were increased two-fold in a ΔhrrA strain, 

compared to wild type, HrrA seems to repress this gene as well.  These findings suggest that 

HrrA feeds information regarding heme availability or heme stress into the cell envelope 

regulon in order to prevent or decrease heme-induced cell damage. 
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Taken together, we found strong evidence for a global regulatory function of HrrSA that 

integrates a systemic response to heme and is not only restricted to the utilization and 

biosynthesis of heme. Instead, HrrSA adjusts gene expression of the respiratory chain 

depending on heme demand. Furthermore, this TCS controls aspects of the oxidative stress 

response and might counteract heme-induced inhibition of the glycolysis. Finally, HrrSA 

mediates remodeling of the cell envelope, most likely to prevent or to react to cellular 

damage caused by heme. 

2.5.5 A glimpse into the unknown: HrrSA regulates several uncharacterized, 

cellular transport processes 

Out of over 250 genes, which were identified as HrrA targets in a genome wide binding 

analysis, more than 120 genes are not characterized and/or are located in the prophage 

region (approximately 30 genes). Many of these targets are involved in transport processes 

and selected examples are shown in Table 1. The full dataset can be accessed as 

supplementary information in Keppel et al. (2018a). 

An example for such an uncharacterized gene is cg2675. In cells, which were incubated for 

30 minutes in hemin containing medium, the region upstream of cg267 (9 to 34 base pairs in 

front of the start codon) showed the highest peak intensity among all genomic targets. This 

gene is part of the predicted cg2678-cg2677-cg2676-cg2675-cg2674 operon. While the 

region in front of cg2675 is bound with the highest intensity in response to heme, another, 

significantly smaller peak was observed 1800 base pairs upstream of the first gene of the 

operon (cg2678; Table 1). Despite the significant distance between the secondary peak and 

the start codon of the first gene in the operon, all genes of this operon were found to be 

downregulated three to four-fold in a ΔhrrA strain compared to the wild type strain, indicating 

that phosphorylated HrrA acts as an activator of this operon in response to extracellular 

heme. 

So far, no studies investigated the function of the gene product of these ORFs in 

C. glutamicum. Bioinformatical analysis predicts that Cg2675 contains an ATP-binding 

domain and is most likely part of an ATP-binding cassette (ABC) transporter. Prototypical 

ABC transporter systems consist of two transmembrane domains and two ABC domains (or 

nucleotide-binding domains) that are located in the cytoplasm. Additionally, a soluble 

periplasmic substrate-binding protein is often associated with these complexes. Such a 

system is most likely encoded by the here discussed operon: cg2678 encodes a putative, 

periplasmic binding protein, cg2677 and cg2676 encode membrane proteins, cg2675 

encodes a putative ATP binding subunit and the last gene, cg2674 has no characterized 

homologs and encodes a soluble protein without highly conserved domains. 
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The cg2678-2674 operon structure is highly conserved among orthologous genes in e.g. 

Corynebacterium efficiens and Corynebacterium aurimucosum, or in 

Mycobacterium smegmatis and Mycobacterium avium. In most cases, a domain analysis 

(Marchler-Bauer et al., 2017) predicted the presence of a DdpA-like dipeptide binding domain 

in cg2678 orthologs (Olson et al., 1991).  

In this context, a study on the E. coli dipeptide ABC transporter DppBCDF found, that heme 

can competitively bind to the dipeptide binding side of the transporter system, both in vitro 

and in vivo. Furthermore, deletion of two dipeptide transporters led to the inability of the cells 

to utilize heme as alternative iron source, while the single deletion mutants were still able to 

import heme (Létoffé et al., 2006). In C. glutamicum, we were able to delete the hmuTUV 

operon, which has been reported to encode the major heme uptake system in C. diphtheriae 

(Drazek et al., 2000), without causing significant growth defects in a medium that contains 

heme as sole iron source (Frunzke et al., 2011). From these findings, we drew the 

conclusion that either a) diffusion of heme over the membrane is sufficient for growth in a 

medium, in which no other bacterial species compete for the iron source, or b) other, 

uncharacterized transport mechanisms play a role in the heme import of C. glutamicum. The 

identification of a putative ABC transporter with predicted dipeptide/heme binding properties 

as an important target gene of HrrA suggests a role of this protein in heme uptake. 

Consequently, future studies might contribute to our understanding of heme import in this 

bacterium by further characterization of the cg2678-cg2677-cg2676-cg2675-cg2674 operon. 

After all, it would make sense physiologically, if HrrSA, the system, which also activates 

heme utilization (hmuO), would regulate an alternative heme importer in response to 

elevated, extracellular heme levels. 

Another peptide binding target of HrrA is encoded by oppA, which encodes the periplasmic 

dipeptide-binding protein of an ABC transporter. Under the tested conditions, HrrA binding 

270 base pairs upstream of the oppA start codon only translated to minor decrease in mRNA 

levels (Table 1). It is, however, another example of a HrrA bound gene, which is involved in 

the transport of dipeptides and might be regulated by HrrA under conditions that differ from 

the tested ones. 
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Table 1: Overview of genes, which encode putative transporters and are regulated heme-dependently by 
HrrA. a: The distance of HrrA binding to the corresponding gene start site (translational start site, TLS) is 
predicted by the maximal peak intensity (HrrA binding) in ChAp-Seq experiments (Keppel et al., 2018a). b: 
Changes in mRNA levels (calculated as log2(transcripts per million (ΔhrrA)/transcripts per million (wt))) are 
derived from RNA-Seq experiments with a ΔhrrA and a wild type strain 30 minutes after addition of hemin to the 
medium (Keppel et al., 2018a). In cases of operons, the changes in mRNA levels of the first genes of each 
operon are shown. c: The putative function was derived from the comparison with homologous proteins and 
supported by domain prediction tools (Camacho et al., 2009; Marchler-Bauer et al., 2017). d: Orthologous 
proteins were investigated using the “blast” tool (Camacho et al., 2009). Brackets indicate the amino acid 
sequence identity and the pub med accession number or the gene ID in C. diphtheriae. In case of operons, the 
identities are for the first gene of the operon. Abbreviated names: C. = Corynebacterium, R. = Rhodococcus, M. = 
Mycobacterium, S. = Streptomyces. e: Known or predicted regulation of the genes. A putative McbR binding site 
is located in front of cg2678-2674, a predicted AmtR binding site in front cg2181 (oppA). cg2181 is additionally 
downregulated in a ΔdtxR mutant strain (Wennerhold and Bott, 2006). For cg1280, LexA repression could be 
shown experimentally (exp.) in response to SOS stress (Jochmann et al., 2009).  
 

Locus/operon Distance 
to TLS 

(bp)a 

log2 

(ΔhrrA/wt)b 
Putative functionc Examples for orthologous proteins 

(<40 % seq. identity)d 
Regulatione 

cg2678-2674 9 (cg2675) 
1800 

(cg2674) 

-1.8 ABC-type transport 
system,  

putative dipeptide 
(heme) binding 

C. deserti (88, WP_053546203.1) 
C. efficiens (75, WP_011075871.1), 
C. doosanense (75, WP_018020606.1) 
C. maris (71, WP_020935480.1) and 
several other Corynebacterinea 

McbR 
(binding site 
predicted) 

cg2181 (oppA) 270 0.4 ABC-type peptide 
transport system,  

secreted component 

C. diphtheriae (67, DIP0956), 
C. crudilactis (90, WP_066566268.1), 
C. pseudotuberculosis (65, 
WP_013241615.1), M. tuberculosis (52, 
NP_218183.1) and several other 
Corynebacterinea 

AmtR 
(binding site 
predicted) 

Upregulated 
ΔdtxR 

cg1767-1769 19 3 putative ABC-type 
multidrug transport 

system 
(predicted antibiotic 
binding domain in 

cg1767) 

C. efficiens (71, WP_011075564.1), 
C. aurimucosum (61, WP_101736368.1), 
C. diphtheriae (57, DIP1298), 
S. coelicolor A3 (44, NP_628256.1) and 
several other Corynebacteriaceae 

GlxR 
(predicted) 

cg1077 17 3.1 putative permease 
(MFS) 

C. efficiens (68, WP_006770020.1), 
C. diphtheriae (55, WP_014320370.1), 
C. testudinoris (63, WP_047252666.1) 
and in several other Corynebacteriaceae 

- 

cg3101 25 -1.8 putative permease 
(MFS) 

AI-2E transporter 
domain 

C. crenatum (98, WP_035096849.1), 
C. crudilactis (83, WP_066568425.1), 
several other highly conserved (>70%) 
orthologs in Corynebacteriaceae, 
C. diphtheriae (61, DIP2122), 
C. pseudotuberculosis (59, 
WP_041481416.1) 

- 

cg0390 380 0.2 putative permease 
(MFS) 

C. crudilactis (85, WP_066563970.1), 
C. deserti (77, WP_053543973.1), 
C. callunae (77, WP_029703718.1), 
C. efficiens (75, WP_006770182.1), and 
several other Corynebacteriaceae 

- 

cg1289 546 -0.4 putative multidrug 
efflux permease 

(MFS) 
DHA2 domain 

C. deserti (85, WP_053544600.1), 
C. efficiens (78, WP_006769833.1), 
R. rhodochrous (68, WP_059382046.1), 
and several other Corynebacteriaceae 

LexA (exp.) 

cg1526 29 0.7 putative multidrug 
efflux permease 

(MFS) 

C. deserti (66, WP_053546129.1), 
C. callunae (63, WP_015651121.1) 

- 

cg3402 13 -1.1 putative copper 
chaperon 

CopZ domain 

C. deserti (73, WP_053545987.1), 
C. crudilactis (72, WP_066569203.1), 
C. efficiens (68, BAC19623.1), 
C. ulcerans (69, WP_013912599.1), 
C. diphtheriae (63, DIP2285) and 
several other Corynebacteriaceae 

- 

cg3411 18 -0.7 putative copper 
chaperon 

CopZ domain 

Highly conserved. C. crudilactis (91, 
WP_066569203.1), C. deserti (85, 
WP_053545987.1), C. lubricantis (74, 
WP_018296544.1), C. ammoniagenes 
(73, WP_040355169.1), several other 
Corynebacteriaceae. 
33% identity to the copper-transporting 
ATPase 2 isoform a (Homo sapiens, 
XP_011533420.1) 

- 
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In general, a surprisingly high number of putative transporters with unknown functions are 

targets of HrrA, including the cg1766-cg1767-cg1768-ctaA operon, which partly encodes the 

subunits of another ABC transport system. HrrA binding in front of the second gene of this 

operon (cg1767) leads to a nearly ten-fold downregulation of genes two (cg1767) and three 

(cg1768) only, indicating that HrrA acts as a repressor on these genes. Expression of the first 

gene in the operon (cg1766, mptB), however, does not significantly change in a ΔhrrA strain 

and expression of the last gene (ctaA), is impacted only slightly (approx. 30 % reduction in 

mRNA level in a ΔhrrA strain). This indicates that secondary transcriptional start sites (TSSs) 

might be present in this operon to allow targeted, HrrA-mediated regulation of cg1767 and 

cg1768 only. With this, these genes would represent another example of a transporter 

system that is regulated by HrrA in a heme-dependent manner. Still, the physiological 

function of the unusual cg1766-cg1767-cg1768-ctaA operon structure and its transporter 

target remain unknown. 

Another interesting target is cg1077. HrrA shows significant, heme-induced binding in the 

region approximately 17 base pairs upstream of the start codon of this gene. For this 

promoter, the peak intensity is the eleventh highest intensity measured. Additionally, deletion 

of hrrA leads to nearly 9-fold increased mRNA levels of cg1077, establishing HrrA as a 

strong repressor of this gene. The gene product is predicted to be a transporter of the major 

facilitator superfamily (MFS) – a membrane transport protein. MFS proteins transport a broad 

range of targets and are classified into five clusters: 1) drug-resistance proteins, 2) sugar 

facilitators, 3) facilitators for Krebs cycle intermediates, 4) phosphate ester-phosphate 

antiporters, and 5) oligosaccharide-H + symporter (Marger and Saier, 1993). In the past, MFS 

transporters have been shown to be important for antibiotic stress responses, but can also 

be crucial for the oxidative stress response, as demonstrated in Campylobacter jejuni, where 

the deletion of the cmeG gene, which encodes the putative MFS efflux transporter CmeG, 

led to a higher susceptibility to H2O2 induced stress (Jeon et al., 2011). However, as we did 

not find any characterized, homologous genes to cg1077, the function of the gene product 

and its role in the HrrA-mediated heme response in C. glutamicum can only be speculated 

upon. 

A putative permease, which is highly bound by HrrA and downregulated nearly four-fold in a 

ΔhrrA strain, is encoded by cg3101. The gene product of this ORF shows a 30 % sequence 

identity with the putative transporter YhhT in E. coli, which belongs to the Autoinducer-2 

Exporter (AI-2E) family and which might be involved in quorum-sensing signaling (Herzberg 

et al., 2006). Additional membrane anchored transporter proteins, which are bound and/or 

regulated by HrrA, include cg0390, cg1289 and cg1526, which all encode uncharacterized 

MFS permeases. In future studies, the characterization of HrrA-regulated transport 
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processes in C. glutamicum might significantly contribute to our understanding of the cellular 

response to heme and give insight into the range of metabolites and substrates, which are 

preferably imported and exported by the cell in response to heme as a stimulus.  

Such a substrate could be copper, since HrrA seems to play a role in the heme-mediated 

regulation of copper-dependent processes. HrrA binding was observed 13 base pairs 

upstream of cg3402 and 18 base pairs upstream of cg3411. Both genes show an 

approximate two-fold downregulation in a ΔhrrA strain, indicating that HrrA acts as an 

activator on these genes. Bioinformatic analysis of the small gene products of these genes 

revealed that both contain a CopZ-like domain and therefore most likely encode copper 

chaperones. In context of the proposed role of HrrA in the regulation of respiratory chain 

genes, an additional regulation of, for example, copper import is not surprising since copper 

ions are not only crucial for the function but also for the assembly of respiratory chain 

complexes (Morosov et al., 2018). In C. glutamicum, two other systems are involved in the 

response to copper stress: the TCS CopRS (Schelder et al., 2011) and the regulator CsoR 

(Teramoto et al., 2015). Here, one could speculate, that HrrSA additionally feeds information 

on heme availability into the regulons of these two systems. By upregulating the expression 

of copper chaperons in response to elevated, extracellular heme levels and the subsequent 

upregulation of the bc1-aa3 supercomplex, HrrA might ensure that the increased copper 

demand of the super complex can be met by the cell. 

In conclusion, the here presented dataset might pave the way for further studies on several, 

previously uncharacterized genes as the knowledge, that these genes are regulated in a 

heme-induced and HrrA-mediated manner, might be the greatly needed first hint for the 

understanding of the physiological role of these genes. 

2.5.6 The regulon of HrrSA and other global regulons: A comparison 

For the first time, a time-resolved dataset of stimulus-dependent regulator binding and the 

resulting transcriptional changes permits global insight into the heme-responsive regulon of a 

bacterial cell. In many studies, the complete description of regulatory networks fostered the 

functional analysis of previously unknown genes. In 2009, for example, several, previously 

uncharacterized genes, which are essential for the heme biosynthesis in zebrafish, were 

identified in a large-scale computational screen as they were consistently co-expressed with 

the core machinery of heme biosynthesis (Nilsson et al., 2009). Bioinformatical analysis of 

HrrA-binding, together with the co-expression of characterized and uncharacterized targets 

under different environmental conditions might narrow down the function of the set of HrrA-

bound genes that, so far, have no assigned purpose. An example for this could be the 

cg2678-cg2677-cg2676-cg2675-cg2674 operon, which was discussed earlier, and which 

could, based on its regulatory setup and the characteristic gene output in response to heme, 
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be identified as a dipeptide transporter with the secondary function of heme import in future 

studies. 

In general, the extensive regulon of HrrA with more than 250 putative targets and its 

involvement in the regulation of many crucial cellular processes (respiratory chain, oxidative 

stress response, glycolysis, cell envelope, expression of other regulators) bring HrrA on par 

with other global regulators proteins like Fur, ArcA or Crp in E. coli. 

The authors of a study from 2014 were able to reconstruct the whole E. coli Fur 

transcriptional regulatory network in response to iron by performing ChIP-Seq experiments 

and combining the results with RNA-Seq data (Seo et al., 2014). Here, 143 iron-dependent 

binding peaks were identified for Fur. A recent study on the homologous regulator in 

B. subtilis postulated a comparable regulon with 89 binding sites (unrefereed preprint, (Pi 

and Helmann, 2018)). For Fur, the expression level of the regulator was sufficient to perform 

the purification experiments in the native, genomic context. For HrrA, plasmid-based 

expression of hrrS and hrrA under native promoters was necessary. Thus, among the 250 

binding peaks of HrrA, some of the peaks with low intensity might result from slightly 

increased hrrSA expression and unspecific HrrA binding.  

The amount of target genes or binding sites of other, well characterized, global regulators in 

E. coli are close to the regulon of Fur, which directly binds and influences 110 target genes 

(Seo et al., 2014). For the leucine-responsive protein (Lrp), 138 unique binding regions have 

been identified (Cho et al., 2008). ArcA, which reprograms the E. coli metabolism under 

anaerobic conditions, binds to 176 sites, some of which are in front of the same genes (Park 

et al., 2013). In ChIP-seq experiments with FNR, a global regulator of anaerobiosis, this 

regulator bound to 207 genomic regions (Myers et al., 2013). The same study also provides 

insight into the binding behavior of other DNA-interacting proteins, like the house keeping 

sigma factor σ70, which bound to 2,106 different genomic sites under anaerobic conditions, or 

H-NS, which was found to bind to 722 regions on the genome. Interestingly, several studies 

report the identification of multiple binding peaks in the binding sites of the respective 

regulators, e.g. Fur in E. coli (Seo et al., 2014). This is in line with observations, made in 

ChAp-Seq experiments with HrrA. This phenomenon is only found for certain subsets of 

target genes and possibly hints to an alternative binding behavior on these specific regions. 

Thus, analysis of “multiple peak” regions across several global regulators might be an 

interesting target of future studies. 

The main aspect, which separates the analysis of HrrA from the studies of most other global 

regulators, is that information on HrrA binding was acquired before stimulus addition, shortly 

after stimulus addition (30 min) and with decreasing stimulus intensities (2 h, 4 h, 9 h, 24 h). 
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This approach revealed a proportional behavior of the HrrA regulon during the first hours 

after heme addition and also showed the period of time in which the network 

rewires/overrelaxes as soon as externally supplied heme is depleted. Several other studies 

performed binding analysis either before and after stimulus addition at single fixed time 

points, or observed the binding of a regulator to selected target genes over several time 

points by combining ChIP with qPCR for only a selected number of target genes (Beauchene 

et al., 2017; Pi and Helmann, 2017). 

 

2.6 Conclusion and outlook 

Heme is a molecule, which is essential for nearly all cellular life but is toxic at elevated levels 

for eukaryotes and prokaryotes alike. Thus, it is not surprising that sophisticated, heme-

responsive regulatory mechanisms have evolved in all kingdoms of life. In Gram-positive 

bacteria, TCSs are the predominant form of heme sensing and, interestingly, some members 

of the Corynebacteriaceae family even utilize two TCSs, HrrSA and ChrSA, to adjust their 

cellular response to this multifaceted molecule. This PhD thesis contributed to the 

understanding of the signal perception (Keppel et al., 2018b), the temporal dynamics of the 

activation of single target genes (Keppel et al., 2018c), and granted a view on the whole 

regulon of one of the systems (Keppel et al., 2018a). Nevertheless, urgent questions 

regarding these two interesting TCSs remain.  

The more we learn about HrrSA and ChrSA, the more puzzling the small, subtle interactions 

between these systems become. Previous studies reported, that both HKs, HrrS and ChrS, 

are able to phosphorylate their cognate and their non-cognate RR, while the 

dephosphorylation reaction of the cognate RR is highly specific (Hentschel et al., 2014). In 

this setup, HrrS phosphorylation seems to contribute, at least partly, to the nearly 

instantaneous activation of the ChrSA target gene and detoxification module hrtBA (Keppel 

et al., 2018c). However, due to a high sequence identity of the RRs (nearly 60 %), drawing 

conclusion regarding the specificity of RR-DNA interactions becomes immensely difficult. 

Exemplarily, electrophoretic mobility shift assays with HrrA and ChrA suggested that both 

regulators bind in the intergenic region between hrtBA and chrSA. Data from the genome 

wide HrrA-binding screening confirmed this binding for HrrA, which appears to be 

significantly heme-dependent, and preliminary data with ChrA support this assumption. 

ChrA binding is essential for the activation of both, hrtBA and chrSA. This is demonstrated by 

target gene reporters of both operons being completely inactive in a ΔchrA strain. The effect 

of HrrA binding on the adjacent genes is less obvious. Shortly after stimulus addition 
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(30 min), we measured a two-fold decreased mRNA level of hrtB in the ΔhrrA strain, 

compared to the wild type. However, after 4 h of cultivation, contrary behavior was observed 

and the mRNA level of hrtB was increased four-fold in the deletion strain. While the effect of 

hrrA deletion was less drastic on the chrSA operon, the paradox activation pattern of 

decreased expression shortly after hemin addition and increased expression after 4 h is 

shared between the divergently located hrtBA and chrSA operons.  

One could think of several theories, which could explain HrrA involvement in the heme 

detoxification response. The simplest one would be that HrrA acts as a weak activator of 

hrtBA expression. However, for hrtBA expression, presence of ChrA is critical. In contrast to 

the ΔhrrA strain, which shows a slight reduction of initial hrtBA expression, PhrtBA activity is 

fully repressed in a ΔchrA strain (Figure S5). This indicates, that the putative role of HrrA as 

an activator of hrtBA must be ChrA dependent and HrrA cannot act as sole regulator of this 

gene. According to this premise, at least two regulatory mechanisms are possible: i) 

phosphorylated and dimerized HrrA binds, governed by ChrA, the intergenic region between 

hrtBA and chrSA or ii) in the initial phase after stimulus contact HrrA and ChrA form a 

heterodimer complex which contributes to hrtBA activation, which appears to be more likely.  

In both cases, shortly after the first contact to heme as a new iron source, DtxR repression 

inhibits HrrA activation or binding on some of its target promoters, e.g. PhmuO. Consequently, 

HrrA binds and activates secondary targets, e.g. hrtBA, either as homodimer governed by 

ChrA, or in a heterodimer complex with ChrA. The two-fold decrease of the hrtBA mRNA 

level in the ΔhrrA strain, 30 minutes after hemin addition, could be a result of the absence of 

this activation. The absence of HrrA repression on heme biosynthesis genes in the ΔhrrA 

strain, however, could also lead to higher, intracellular heme concentrations caused by 

endogenous production. After 4 h of cultivation, these elevated heme levels trigger ChrS and 

HrrS activity, which subsequently phosphorylate the only target in a ΔhrrA strain, ChrA, 

which activates PhrtBA as a secondary effect. This theory is supported by a second 

observation: in a ΔhrrA strain, which is incubated in 4 µM FeSO4 as iron source, a delayed, 

but significant hrtBA reporter output can be observed. In wild type cells, on the other hand, 

no hrtBA activity can be measured in iron containing medium (Figure S5).  

The RR ChrA activates its own operon in a positive feedback loop and thus, the initial 

concentrations of both ChrS and ChrA appear to be initially low - but strongly increase in 

response to heme. HrrS and HrrA, on the other hand, seem to be constitutively expressed 

with only minor changes in expression after heme addition. In this setup, and due to high 

sequence identities between the two RRs, one could speculate that the formation of ChrA-

HrrA heterodimers contributes to the instantaneous saturation of the hrtBA promoter upon 
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stimulus perception of ChrS until the ChrA concentration is sufficiently high for the formation 

of homodimers. 

The physiological relevance of RR heterodimers has been shown for some TCSs, for 

example in the Rcs phosphorelay system of E. coli. In this system, the RR RcsB regulates 

transcription either as a phosphorylated homodimer or forms, in apartly phosphorylation 

independent manner, dimers with other proteins such as RcsA, BglJ or GadE (Pannen et al., 

2016). In the case of HrrA and ChrA, further studies would have to concentrate on a 

confirmation of such interactions, for example by simple co-purification experiments. In a 

second step, the physiological relevance of the heterodimer complexes would have to be 

demonstrated. For in-vivo measurements, the formation of HrrA-ChrA complexes could be 

shown in two-hybrid experiments under different conditions and at various time points. 

Apart from the unknown regulatory effect of HrrA on hrtBA, other, similarly pressing 

questions remain regarding the ChrSA regulon. While some indications speak for a very 

narrow regulon of this TCS, a genome wide binding analysis could finally unravel the true 

nature of ChrA regulation. In preliminary experiments, only minor peaks in the intergenic 

region between hrtBA and chrSA, as well as upstream of hrrA, could be identified so far. This 

might be attributed to an even lower expression rate of chrA, compared to hrrA, or to a vastly 

different time scale on which ChrA binding happens. While these preliminary results once 

more hint at a very narrow regulon of ChrSA, further experiments are required to test the 

functionality of the construct and to improve protein yields of ChrA ChAP-Seq experiments. 

A third unanswered question revolves around the overlap of the DtxR regulon and the HrrA 

regulon in C. glutamicum. In the past, the regulatory setup appeared to be simple: DtxR adds 

an additional layer of control on top of the HrrA regulon by not only repressing target genes 

in an iron-dependent manner (e.g., hmuO), but also on the hrrA gene itself. However, our 

recent study suggests, that the setup is more convoluted, since we found a regulatory effect 

of HrrA on the dtxR gene (Keppel et al., 2018a). This indicates that a reciprocal network 

structure shapes the interference between DtxR-HrrA. While this is in agreement with the 

more global role of HrrA, which we postulated in this study, it also raises questions regarding 

the regulatory hierarchy of these two important proteins. 

In future studies, the description of all DtxR binding sites in the genome, for example in ChIP-

Seq or ChAP-Seq experiments, might allow for the construction of an overarching map of 

HrrA and DtxR binding and help to identify additional overlaps in - so far unknown - regions 

of the C. glutamicum genome. The regulation of the hmuO gene exemplifies the regulatory 

interference of HrrA and DtxR. Further genome-wide approaches will provide system-level 

insights into the dynamics and interferences of regulatory networks. These findings will clarify 
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whether i) the interaction of DtxR with HrrA at the promoter of hmuO (DtxR as crucial 

repressor, HrrA as crucial activator) is an example for the prevalent mechanism of 

coordinated gene control, or ii) whether other modes of regulatory interferences exist. 

Conclusion 

In summary, this PhD thesis provides evidence for a direct sensing of heme by the two 

kinases HrrS and ChrS and reveals possible differences in the heme-protein interfaces of 

these sensors (Keppel et al., 2018b). Furthermore, the thesis contributes to the 

understanding of the regulatory interplay between HrrSA and ChrSA by presenting a 

comprehensive screening of a variety of mutant strains. Moreover, a resulting mathematical 

model describes the temporal dynamics of some crucial, underlying, regulatory mechanisms 

(Keppel et al., 2018c). 

Lastly, we provide an insight into the systemic response that is governed by the heme-

inducible RR HrrA (Keppel et al., 2018a). This dataset does not only reveal the complexity of 

the response to heme as a stimulus, but will, in future studies, help to foster the functional 

analysis of previously uncharacterized genes possibly involved in the regulation of the 

respiratory chain, cellular transport processes, oxidative stress and the remodeling of the cell 

envelope of C. glutamicum. 
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For the here presented publication and manuscripts, aspects of the “CRediT” taxonomy will 

be used to describe author contributions (McNutt et al., 2017). The definitions of the 

contributor roles are declared as following: 
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Conceptualization Ideas; formulation or evolution of overarching research goals and aims. 

Formal Analysis Application of statistical, mathematical, computational, or other formal techniques to 

analyze or synthesize study data. 
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experiments, or data/evidence collection. 

Methodology Development or design of methodology; creation of models 

Project Administration Management and coordination responsibility for the research activity planning and 

execution. 

Software Programming, software development; designing computer programs; 

implementation of the computer code and supporting algorithms; testing of existing 

code components. 

Supervision Oversight and leadership responsibility for the research activity planning and 

execution, including mentorship external to the core team. 

Visualization Preparation, creation and/or presentation of the published work, specifically 

visualization/data presentation. 

Writing – Original Draft Preparation Creation and/or presentation of the published work, specifically writing the initial 

draft (including substantive translation). 

Writing – Review & Editing Preparation, creation and/or presentation of the published work by those from the 

original research group, specifically critical review, commentary or revision – 

including pre- or post-publication stages. 
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5. Appendix 

 

Figure S1: Reporter screening, PhrtBA 

Reporter output of C. glutamicum wild type and ∆hrtBA mutant strains carrying the vector pJC1_PhrtBA-eyfp. Cells 

were inoculated in CGXII minimal medium with 2% (w/v) glucose containing hemin in varying concentrations as 

iron source. For further information on target gene reporter screenings, see Keppel et al. (2018c). 
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Figure S2: Reporter screening, PhrrS 

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_PhrrS-eyfp. Cells were 

inoculated in CGXII minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source. 
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Figure S3: Reporter screening, PhrrA 

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_PhrrA-eyfp. Cells were 

inoculated in CGXII minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source. 
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Figure S4: Reporter screening, PchrSA 

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_PchrSA-eyfp. Cells were 

inoculated in CGXII minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source. 
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Figure S5: Reporter screening, PhrtBA 

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_PhrtBA-eyfp. Cells were 

inoculated in CGXII minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source. 
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Figure S6: Reporter screening, PhmuO 

Reporter output of C. glutamicum wild type and mutant strains carrying the vector pJC1_PhmuO-eyfp. Cells were 

inoculated in CGXII minimal medium with 2% (w/v) glucose containing either hemin or FeSO4 as iron source 
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5.1 Supplement “Membrane Topology and Heme Binding of the Histidine Kinases HrrS 

and ChrS” 
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5.2 Supplement “Toxic but Tasty - Temporal Dynamics and Network Architecture of 

Heme-Responsive Two-Component Signalling” 
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5.3 Supplement “HrrSA orchestrates a systemic response to heme and determines 

prioritization of terminal cytochrome oxidase expression” 
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Table S3: Partial 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 ΔhrrSAΔchrSA harboring the 

plasmid pJC1_PhrrSA-hrrSA-twin-strep_PchrSA-chrSA-his was cultivated in CGXII minimal medium supplemented with 2% (w/v) 

glucose and 4 µM hemin and was harvested at different time points as described in Figure 1. For RNA-Seq, wild type cells and a 

ΔhrrA were cultivated accordingly and harvested 0 h, 0.5 h and 4 h after hemin addition. For RNA-Seq analysis strains contained 

no plasmids and consequently no antibiotics were added to the medium. Column 1 and 2 show the locus and gene name and 

column 3 indicates the distance of the peak maximum to the translational start site of the gene in column 1/2. For all known 

transcriptional start sites, the distance to the TSS is indicated in column 4. In grey (5-10),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 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. (2018a). 

cg 
number Gene name 

Distance 
ATG 

Distance 
to TSS 

ChAP-
SeqT=0 T=0.5 T=2 T=4 T=9 T=24 

mRNA 
wt t=0 

mRNA wt 
t=0.5 

mRNA wt 
t=4 

mRNA 
ΔhrrA t=0 

mRNA    
ΔhrrA t=0.5 

mRNA 
ΔhrrA t=4 

cg0019   24 24 1.4 4.7 2.1 1.3 1.0 1.0 21.0 20.8 23.5 28.5 21.6 15.2 

cg0046   129 unknown 1.3 3.1 1.0 1.0 1.0 1.0 273.3 179.3 181.8 171.5 177.1 256.8 

cg0061 rodA 389 unknown 1.7 8.7 2.6 1.0 1.0 1.0 141.2 331.2 212.2 159.7 157.7 148.7 

cg0074   203 unknown 2.6 12.1 4.1 2.9 1.0 1.0 7.0 1.5 9.2 4.9 2.2 6.3 

cg0076   245 unknown 3.2 18.9 8.2 3.1 1.0 1.5 21.7 5.7 15.2 11.3 3.6 11.8 

cg0104 codA 72 41 1.0 3.4 2.1 1.0 1.0 1.0 196.4 30.3 35.4 57.2 64.4 21.5 

cg0109 lip1 199 199 1.0 6.1 1.0 1.6 1.0 1.0 135.2 108.0 66.7 145.0 157.0 41.0 

cg0113 ureA 585 561 3.2 21.4 5.5 1.9 1.0 1.0 391.8 157.5 111.5 155.0 204.3 89.3 

cg0134 abgB 76 0 1.0 3.8 1.3 1.0 1.0 1.2 96.7 63.7 207.1 52.6 45.1 108.9 

cg0142 sixA 253 253 1.0 4.4 1.0 1.7 1.0 1.0 32.9 29.5 42.2 36.2 40.2 32.2 

cg0152   30 20 1.0 3.3 1.0 1.0 1.0 1.0 20.1 13.0 16.3 17.9 11.8 15.1 

cg0153 hde 313 unknown 2.5 4.4 2.3 1.6 1.0 1.9 19.2 16.7 28.6 19.7 19.7 15.0 

cg0163   438 unknown 2.4 12.0 4.2 2.2 1.6 1.0 160.3 290.8 172.4 53.3 48.0 84.1 

cg0204 iolG 246 unknown 3.5 16.8 5.9 3.0 2.2 1.9 20.4 38.2 55.9 24.3 25.2 35.8 

cg0219   251 unknown 1.1 3.9 2.0 1.0 1.7 1.0 40.8 40.5 35.4 49.1 66.8 22.9 

cg0222   413 unknown 4.1 11.0 5.9 3.0 1.0 1.0 41.6 27.1 35.8 20.8 23.7 20.9 

cg0222   30 unknown 1.0 3.8 2.0 1.0 1.0 1.0 41.6 27.1 35.8 20.8 23.7 20.9 

cg0247   202 202 1.0 17.2 4.6 1.0 1.0 1.0 38.8 20.2 27.0 35.1 32.9 22.3 

cg0296 dnaZX 56 56 1.0 5.1 2.2 1.0 1.0 1.0 183.7 140.0 225.0 131.2 137.8 181.2 

cg0306 lysC 40 4 3.5 12.2 7.7 4.1 4.3 6.3 578.7 576.4 655.1 680.0 919.0 730.8 

cg0309 sigC 38 unknown 7.8 25.4 12.8 5.0 7.1 4.8 37.5 28.1 79.5 74.8 124.4 118.7 

cg0319 arsC2 (arsX) 70 unknown 1.0 6.8 2.9 1.0 1.0 1.0 83.0 112.1 32.8 72.4 47.4 24.2 

cg0335   447 447 1.0 3.1 1.0 1.6 1.0 1.0 99.0 95.2 143.5 121.9 125.0 113.9 

cg0337 
whcA 
(whiB4) 125 21 1.0 6.4 4.6 1.6 1.0 1.0 1149.5 986.9 1054.7 709.3 702.9 648.4 

cg0359   468 327 1.0 3.1 1.9 1.0 1.0 1.6 573.5 562.7 658.7 483.6 663.5 542.4 

cg0382   259 unknown 0.9 7.8 2.5 1.0 1.0 1.0 23.7 44.3 21.9 21.0 27.2 11.7 

cg0389   31 unknown 2.4 15.2 4.7 1.7 1.0 1.0 368.0 157.6 247.8 275.8 213.8 157.0 

cg0390   387 unknown 3.5 6.6 3.5 2.1 1.0 3.0 92.6 92.5 52.4 55.5 85.7 41.9 

cg0411   238 unknown 1.1 4.4 1.0 1.1 1.0 1.0 150.3 72.0 32.7 59.9 80.3 34.1 

cg0415 ptpA2 696 1023 1.3 8.0 3.2 1.0 1.0 1.0 311.2 176.8 498.8 272.4 229.8 476.3 

cg0420   354 272 4.8 25.6 12.2 4.7 1.0 1.0 178.4 88.3 136.7 61.4 78.0 45.7 

cg0422 murA 701 651 3.0 14.1 6.2 2.4 1.0 2.8 221.0 151.3 206.6 223.7 136.7 196.5 

cg0423 murB 2 unknown 2.1 18.7 5.4 1.9 1.0 2.1 219.5 148.5 240.5 205.2 122.3 210.4 

cg0431   76 unknown 2.0 6.9 2.2 1.0 1.0 1.0 93.6 58.7 64.3 65.7 46.4 52.3 

cg0432   49 594 3.8 29.3 6.0 1.9 1.0 1.2 238.1 186.5 242.2 194.1 156.2 214.2 

cg0437 wzy 303 unknown 3.5 30.3 10.1 3.7 2.1 1.3 149.3 115.5 201.3 83.3 117.4 153.8 
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cg0438   65 15 2.1 8.5 4.8 1.5 1.0 3.0 399.7 345.9 433.0 364.2 378.1 251.8 

cg0444 ramB 224 224 9.7 26.7 18.0 7.1 12.7 13.5 641.0 690.2 441.8 329.1 413.1 301.9 

cg0453   45 unknown 2.1 5.4 3.8 1.0 1.0 1.6 212.1 301.0 475.9 411.8 531.9 398.6 

cg0465   95 unknown 2.4 10.4 4.0 1.9 1.0 1.7 5.5 1.1 8.3 3.8 1.0 10.8 

cg0475   386 386 13.8 34.4 16.7 7.2 8.3 12.0 588.0 681.2 1518.0 1042.4 1302.8 1540.3 

cg0497 hemA 26 17 6.4 25.8 14.6 5.5 3.1 5.2 111.1 469.9 129.2 599.2 727.3 263.6 

cg0500 qsuR 19 unknown 4.3 22.3 8.8 3.6 2.4 2.0 37.3 24.6 19.4 21.1 19.4 13.4 

cg0505   462 462 2.1 6.2 1.0 1.3 1.0 1.0 76.6 57.8 77.2 119.3 88.5 40.0 

cg0505   7 7 1.3 4.8 3.3 1.3 1.0 1.0 76.6 57.8 77.2 119.3 88.5 40.0 

cg0516 hemE 60 60 10.8 33.7 19.6 7.9 6.1 5.0 54.6 32.9 51.2 275.3 273.6 249.9 

cg0517 hemY 642 447 3.0 6.4 3.9 1.0 1.0 1.0 63.5 36.3 91.7 202.5 244.4 284.7 

cg0556 menG (ubiE) 61 61 2.5 6.8 1.0 1.3 1.0 1.0 132.0 77.8 176.0 155.6 132.8 173.2 

cg0557   33 unknown 2.5 7.0 4.0 2.4 2.9 2.1 23.4 24.1 27.0 32.0 52.8 41.1 

cg0566 gabT 227 unknown 1.8 4.2 2.2 1.0 1.0 1.1 3.1 3.9 3.1 2.8 3.3 3.1 

cg0612 dkg 120 120 1.5 4.8 1.0 1.0 1.0 1.0 76.4 60.2 137.1 95.1 107.3 68.7 

cg0614   145 unknown 1.0 4.5 1.0 1.0 1.0 1.0 75.8 189.2 50.7 69.2 136.1 32.3 

cg0617   629 unknown 3.7 15.3 5.5 1.9 1.0 1.0 219.6 670.2 82.7 145.8 343.0 51.8 

cg0636 creB 33 unknown 4.4 28.5 9.0 3.0 1.0 1.0 48.8 48.0 17.9 39.6 29.4 12.5 

cg0636 creB 453 unknown 3.5 12.2 4.7 1.9 1.7 1.7 48.8 48.0 17.9 39.6 29.4 12.5 

cg0645 creJ (cytP) 678 unknown 1.3 5.1 1.8 1.0 1.0 1.0 4.5 1.8 16.0 2.1 1.7 6.4 

cg0656 rplQ 1 unknown 2.2 6.1 3.4 1.6 1.0 1.0 1323.1 721.0 2899.2 1339.1 1385.0 3899.9 

cg0671   696 unknown 3.8 12.3 4.6 1.8 1.0 1.0 7.6 2.1 8.3 3.2 3.9 3.0 

cg0673 rplM 13 104 1.6 5.7 2.9 1.0 1.0 2.4 1686.2 1495.2 3974.2 2555.6 2381.4 5428.0 

cg0688   38 38 5.1 16.1 8.6 4.0 5.5 6.1 47.7 39.8 108.3 61.8 71.3 86.2 

cg0752   511 388 1.6 3.5 1.0 1.0 1.0 1.0 107.4 130.8 271.1 148.5 177.2 371.0 

cg0753   106 106 7.7 29.0 16.4 5.7 3.3 5.0 278.2 365.7 329.4 476.8 563.7 199.4 

cg0778   42 6 4.9 15.2 8.5 2.9 1.0 2.1 126.0 77.7 108.5 141.4 115.5 149.1 

cg0831 tusG 25 unknown 2.6 23.4 6.6 2.1 0.9 1.0 140.9 125.0 428.3 122.7 122.0 385.2 

cg0842   35 unknown 1.0 3.3 1.0 1.0 1.0 1.4 21.0 21.3 114.6 33.7 40.2 87.0 

cg0844   3 unknown 1.7 9.2 3.8 1.9 1.0 1.5 55.2 67.4 209.5 73.8 83.2 166.0 

cg0875   56 unknown 2.6 6.3 3.1 1.9 1.0 2.6 3.6 3.8 3.4 2.0 3.0 1.6 

cg0879   60 unknown 1.0 7.0 1.0 1.0 1.8 1.0 25.5 13.1 20.5 6.7 16.6 31.7 

cg0880   49 unknown 5.8 13.2 5.2 3.0 1.0 4.7 64.3 43.1 59.8 72.4 67.2 49.3 

cg0908   157 unknown 1.8 33.8 5.5 1.0 1.0 1.0 18.3 21.6 24.9 29.4 24.9 17.3 

cg0928   277 unknown 1.0 5.6 1.0 1.2 1.0 1.7 819.4 41.5 224.7 119.2 21.7 752.8 

cg0931   369 369 3.5 7.6 4.8 1.0 3.8 3.1 26.2 16.8 7.5 16.3 12.0 5.4 

cg0931   34 34 2.1 4.8 2.4 1.5 1.0 1.0 26.2 16.8 7.5 16.3 12.0 5.4 

cg0950 fkpA 684 621 5.0 12.4 4.4 2.8 1.0 4.8 662.5 526.2 1121.2 677.8 902.8 1376.1 

cg0951 accD3 84 43 4.9 25.9 10.3 2.7 1.9 1.0 488.6 701.6 375.5 126.5 148.0 114.8 

cg0986 amtR 414 unknown 2.4 13.5 3.3 2.3 1.0 1.0 263.8 233.6 221.3 196.1 279.4 231.8 

cg0996 cgtR2 120 116 1.5 6.4 2.5 1.3 1.0 1.0 221.1 218.7 193.3 207.2 204.4 125.1 

cg1017 metS 1 unknown 1.0 3.5 1.0 1.0 1.0 1.0 612.9 545.6 419.0 551.7 132.2 383.1 

cg1044   445 445 1.5 3.6 1.7 1.0 1.0 1.0 261.9 181.7 641.7 440.0 412.9 444.4 

cg1050   60 unknown 8.6 24.6 13.3 5.0 3.0 1.0 48.1 25.8 87.0 97.4 111.1 161.1 

cg1052 cmt3 249 205 2.2 6.2 2.3 1.9 1.0 2.1 86.1 64.8 72.2 70.3 84.9 41.4 

cg1069 gapB (gapX) 284 204 3.4 3.5 1.0 1.0 1.0 2.8 72.8 92.4 509.6 84.1 288.5 481.9 

cg1076 glmU 118 76 1.0 3.8 1.0 1.0 1.0 1.0 285.1 226.7 718.8 249.7 330.3 665.7 
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cg1077   17 unknown 14.7 41.8 18.9 10.5 15.4 13.6 4.3 2.8 6.8 21.7 24.3 20.4 

cg1077   424 unknown 1.0 7.7 1.0 1.0 1.0 1.0 4.3 2.8 6.8 21.7 24.3 20.4 

cg1086   257 unknown 1.0 4.8 1.0 1.0 1.0 1.0 78.6 39.8 53.3 58.3 59.0 40.7 

cg1087   59 33 3.6 16.9 8.3 2.2 2.1 2.6 182.7 263.3 656.8 439.7 333.2 367.6 

cg1105 lysI 517 517 2.2 4.2 2.3 1.6 1.6 2.6 22.5 13.8 12.9 19.0 16.9 10.7 

cg1145 fumC (fum) 109 72 2.2 4.0 3.0 1.9 1.0 1.5 639.1 692.5 1421.6 634.5 1145.9 1466.3 

cg1233   494 494 1.5 3.9 1.7 1.0 1.0 1.0 55.3 70.7 64.7 69.6 75.9 37.3 

cg1233   33 33 1.0 3.8 1.0 1.0 1.1 1.0 55.3 70.7 64.7 69.6 75.9 37.3 

cg1272 cseE 132 67 1.0 4.2 1.0 1.0 1.0 1.0 978.8 1099.2 464.4 1055.0 1012.8 280.6 

cg1289   546 unknown 1.6 4.7 1.6 1.0 1.0 1.0 12.7 30.2 12.8 7.8 23.1 13.1 

cg1292   105 unknown 4.1 10.7 4.3 1.9 4.3 2.8 80.2 28.5 331.7 72.8 38.8 312.0 

cg1301 cydA 177 72 10.3 17.9 12.5 5.2 8.8 8.3 29.1 113.5 423.4 163.6 70.3 71.4 

cg1301 cydA 571 466 1.0 17.0 3.8 1.0 1.0 1.0 29.1 113.5 423.4 163.6 70.3 71.4 

cg1328   98 41 1.0 3.1 1.0 1.2 1.0 1.0 70.2 121.9 89.7 92.5 122.2 76.5 

cg1334 lysA 116 unknown 5.8 12.8 5.2 2.4 1.0 5.1 315.7 318.8 501.9 257.1 319.3 563.0 

cg1346 mog 528 495 1.0 7.7 3.0 1.3 1.0 1.0 94.4 84.8 200.7 100.5 97.1 143.2 

cg1346 mog 476 443 2.7 7.7 1.0 1.0 1.0 2.2 94.4 84.8 200.7 100.5 97.1 143.2 

cg1355 prfA 606 unknown 1.9 4.3 1.9 1.4 1.0 1.0 484.3 214.2 377.0 415.6 242.7 452.8 

cg1449   608 unknown 1.1 3.3 1.0 1.2 1.0 1.0 265.5 114.3 138.4 124.3 119.3 119.8 

cg1449   139 unknown 2.0 3.1 2.0 1.0 1.0 1.3 265.5 114.3 138.4 124.3 119.3 119.8 

cg1454   303 unknown 1.7 7.6 2.0 1.0 1.0 1.0 81.0 122.6 94.2 115.0 134.9 63.7 

cg1459   696 unknown 2.6 9.2 4.1 1.5 1.8 1.0 258.7 135.2 327.4 200.4 231.9 399.4 

cg1464   125 unknown 1.9 3.1 1.0 1.0 1.1 1.0 12.9 21.7 20.7 7.1 11.6 21.3 

cg1474   552 unknown 1.3 3.0 1.6 1.1 1.0 1.0 46.3 52.8 67.2 41.4 38.1 45.5 

cg1484   23 4 1.0 7.2 1.0 1.6 1.0 1.0 96.8 183.1 95.5 132.8 176.8 102.7 

cg1516   32 unknown 1.0 6.9 3.3 1.6 1.6 1.0 11.8 19.2 19.9 11.4 12.6 13.8 

cg1526   29 unknown 1.5 4.5 2.3 1.4 1.0 1.0 3.0 1.2 2.0 3.1 2.0 1.4 

cg1531 rpsA 391 241 2.6 6.5 4.1 1.0 2.1 2.1 1712.6 1757.9 3842.6 1882.6 2389.0 4889.1 

cg1538 coaE 150 150 3.5 22.3 4.6 1.4 1.0 1.0 797.2 513.3 474.7 654.2 468.2 340.2 

cg1568 ugpA 253 unknown 1.0 4.3 1.0 1.0 1.5 1.0 28.7 18.2 16.9 22.6 14.8 9.1 

cg1603   42 unknown 1.0 5.6 2.0 1.0 1.0 1.0 263.2 359.7 316.8 200.9 336.3 295.4 

cg1607   49 unknown 1.5 5.8 1.0 1.0 1.0 1.2 177.8 108.9 110.2 165.7 144.2 90.1 

cg1628   18 2 1.9 3.9 2.3 1.0 1.0 2.3 56.9 186.8 18.1 38.0 333.2 29.4 

cg1668   177 unknown 1.0 5.5 2.6 1.0 1.0 1.0 148.4 119.0 154.7 187.3 200.7 225.6 

cg1691 arc (mpa) 50 unknown 1.6 5.1 2.1 1.6 1.0 1.0 434.6 346.3 190.7 340.0 291.0 155.1 

cg1695   188 unknown 9.3 22.6 9.9 5.5 9.0 11.2 289.4 414.5 162.4 159.1 198.5 58.6 

cg1702   345 345 1.0 3.0 1.0 1.3 1.6 1.0 10.9 7.1 15.7 15.3 11.7 7.3 

cg1728   91 21 1.0 3.2 1.6 1.0 1.0 1.1 120.9 93.2 129.4 126.7 133.3 103.9 

cg1731   140 140 4.6 21.0 7.8 2.9 5.3 5.0 453.9 312.9 715.7 378.1 468.8 503.5 

cg1734 hemH 16 16 14.4 52.9 24.7 9.0 9.3 13.3 75.5 65.5 147.7 688.9 1029.3 663.1 

cg1736   95 2 4.7 12.2 6.1 2.3 1.0 1.0 46.3 29.2 35.1 35.9 34.0 25.2 

cg1767   19 19 9.2 31.9 16.1 5.7 4.3 7.9 40.0 15.9 45.8 123.5 131.7 123.8 

cg1773 ctaB 204 43 1.8 5.0 1.0 1.2 1.0 1.0 92.2 70.9 298.0 69.7 95.8 110.1 

cg1774 tkt 16 1 8.5 147.0 12.6 2.2 1.0 1.0 964.4 724.7 1241.6 954.6 721.5 1156.9 

cg1791 gapA (gap) 287 104 3.6 4.4 3.7 1.0 1.0 4.8 6163.6 3596.8 6243.6 8801.8 2867.2 4950.7 

cg1796 ribX 63 unknown 1.0 11.0 1.0 1.0 1.3 1.0 284.1 404.0 286.2 283.0 424.2 324.7 

cg1801 rpe 38 38 2.6 15.6 6.0 1.0 1.0 1.0 337.8 365.3 421.5 335.8 363.9 397.7 
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cg1811 ihf 74 19 1.6 4.1 2.1 1.0 1.0 1.2 1586.5 1798.5 2336.7 1840.0 2223.8 2148.1 

cg1867 secD 321 172 1.3 4.1 1.8 1.4 1.0 1.0 102.9 88.2 287.3 73.9 88.1 292.7 

cg1893 act4 445 unknown 1.0 4.3 1.0 1.0 1.0 1.9 134.2 85.4 97.6 115.9 96.6 72.3 

cg1904   7 unknown 1.0 3.9 1.0 1.0 1.0 1.0 248.4 180.2 284.3 193.7 195.1 222.4 

cg1924   137 unknown 2.0 10.7 1.0 1.5 1.0 1.3 1.9 3.3 #NV 3.3 2.9 #NV 

cg1926   30 unknown 1.7 4.9 2.5 1.5 1.0 2.0 73.2 42.8 37.2 37.5 67.6 30.0 

cg1942   402 unknown 1.3 4.3 1.0 1.0 1.7 1.0 9.4 21.0 17.9 7.3 8.6 17.1 

cg1944   43 14 3.3 35.1 9.4 1.0 1.0 1.0 16.1 15.8 13.6 35.7 22.5 13.0 

cg1945   577 116 1.0 8.3 2.7 1.0 1.0 1.0 34.4 17.4 23.8 28.3 19.8 17.4 

cg1946   99 unknown 1.0 3.1 1.0 1.0 1.0 1.0 53.8 57.3 30.5 40.3 48.2 27.4 

cg1956 recJ 1 unknown 1.3 3.6 2.2 0.9 1.0 1.0 14.8 12.7 16.1 20.4 21.7 17.8 

cg1959 priP 26 unknown 4.3 21.3 6.8 2.6 1.0 1.0 4.6 2.5 2.5 3.5 2.5 2.0 

cg1981   598 unknown 1.0 6.2 1.0 1.0 1.0 1.0 12.4 6.7 5.8 8.9 5.4 4.2 

cg1981   433 unknown 1.0 6.2 1.0 1.5 1.2 1.0 12.4 6.7 5.8 8.9 5.4 4.2 

cg1981   12 unknown 1.0 3.5 1.0 1.0 1.0 1.0 12.4 6.7 5.8 8.9 5.4 4.2 

cg2003   170 unknown 1.3 4.2 1.0 1.0 1.0 1.0 45.2 60.5 34.8 71.5 44.6 24.4 

cg2005   246 unknown 7.2 24.2 7.4 1.6 1.0 1.0 15.4 14.2 11.5 16.0 13.9 9.0 

cg2005   531 unknown 1.0 12.5 4.3 1.0 1.0 1.0 15.4 14.2 11.5 16.0 13.9 9.0 

cg2007   177 unknown 1.7 3.3 1.0 1.0 1.0 1.0 10.3 6.9 10.4 8.0 6.0 6.8 

cg2021   263 unknown 2.2 9.9 2.7 1.0 1.0 1.5 14.5 12.3 8.8 11.3 10.4 6.3 

cg2030   586 543 1.0 7.1 1.5 1.0 1.0 1.0 64.2 60.5 38.4 44.1 43.9 33.2 

cg2031   181 unknown 1.6 5.3 2.7 1.4 1.0 1.0 88.6 108.3 74.9 91.0 68.5 59.7 

cg2037   19 unknown 2.3 7.1 3.9 1.0 2.1 1.0 86.6 89.5 77.9 77.0 93.3 66.6 

cg2045   222 unknown 1.3 6.3 2.1 1.0 0.8 1.0 15.4 12.4 42.4 24.0 24.3 46.5 

cg2047   13 78 1.0 4.0 1.3 1.0 1.0 1.0 49.3 121.5 78.9 237.2 467.6 61.3 

cg2051   33 14 4.5 24.2 8.9 2.1 1.0 1.7 180.3 286.1 140.0 197.9 206.5 116.7 

cg2059   156 unknown 1.7 11.8 2.3 1.0 1.0 1.5 13.7 7.8 12.8 20.5 9.4 11.6 

cg2061 psp3 155 121 1.0 3.1 1.0 1.0 1.0 1.0 39.0 35.2 40.1 45.1 37.0 49.1 

cg2063   40 unknown 1.0 4.9 2.4 1.0 1.9 1.0 22.3 16.9 10.8 15.7 12.0 6.9 

cg2069 psp1 33 17 1.0 4.4 2.9 1.0 1.0 1.0 69.4 49.0 45.8 71.8 52.7 37.9 

cg2071 int2 82 618 3.5 10.3 4.3 2.7 1.0 3.3 86.7 90.1 137.1 94.0 191.0 217.9 

cg2077 aftC 268 268 2.3 14.3 2.9 1.0 1.0 1.0 248.8 302.5 120.8 147.5 239.3 103.9 

cg2078 msrB 282 unknown 1.0 3.0 1.0 1.2 1.0 1.0 538.4 1894.3 303.9 438.3 1183.0 327.1 

cg2079   134 15 8.6 22.2 9.9 5.5 6.7 7.5 170.0 104.9 436.1 593.0 731.7 1573.5 

cg2091 ppgK 202 202 58.9 174.4 105.8 35.7 2.7 6.3 453.5 426.4 833.1 464.8 475.5 476.9 

cg2092 sigA (rpoD) 29 115 1.0 3.9 1.7 1.3 1.0 1.0 687.2 1215.9 598.1 541.9 774.5 573.4 

cg2103 dtxR 579 310 1.0 3.3 1.6 1.0 2.4 1.0 666.9 702.5 468.0 548.9 529.8 318.5 

cg2121 ptsH 31 unknown 1.9 4.2 1.9 1.0 1.0 1.0 2665.7 2945.4 2311.5 3242.5 1233.2 1896.9 

cg2155   333 333 3.6 15.8 4.8 2.0 1.0 1.0 442.3 353.3 372.1 600.7 598.2 312.7 

cg2171 pptA 448 unknown 1.0 5.4 1.6 1.0 1.0 1.6 98.1 111.7 86.0 123.5 97.4 74.6 

cg2181 oppA 274 217 4.1 6.7 6.3 2.6 4.7 4.1 1255.6 128.3 1864.6 407.8 129.1 1460.9 

cg2187   221 unknown 1.8 5.7 1.8 1.3 1.0 1.0 84.8 53.1 39.5 34.7 37.1 38.6 

cg2188   55 2 1.0 3.0 1.0 1.0 1.0 1.0 119.0 93.3 60.9 60.8 67.1 51.4 

cg2195   166 61 2.7 11.7 4.0 2.0 2.4 2.0 6384.2 8528.4 11102.6 8391.4 11066.7 11490.2 

cg2197   0 1 1.0 6.5 1.7 1.0 1.5 1.0 244.5 126.1 333.4 170.0 196.4 311.8 

cg2199 pbp2a 131 131 1.0 30.7 21.0 1.0 1.0 1.0 233.9 358.9 121.4 124.6 255.1 112.0 

cg2200 chrA (cgtR8) 326 unknown 29.2 140.9 47.7 20.5 1.0 1.0 79.3 770.3 69.2 31.6 578.3 116.5 
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cg2201 chrS (cgtS8) 32 unknown 29.4 141.1 40.5 21.8 1.0 29.7 36.6 481.4 23.3 11.0 352.6 56.6 

cg2201 chrS (cgtS8) 424 unknown 1.0 27.7 21.2 1.0 1.0 1.0 36.6 481.4 23.3 11.0 352.6 56.6 

cg2206 ispG 236 190 2.1 3.9 1.5 1.4 1.0 1.0 524.6 842.9 566.4 398.5 585.2 449.4 

cg2221 tsf 4 4 1.0 4.2 1.9 1.5 1.0 1.0 694.7 580.5 2069.5 795.7 774.8 2124.6 

cg2224 xerC 134 31 15.5 49.1 28.4 10.6 4.4 9.4 41.0 25.6 29.6 40.5 39.7 32.0 

cg2241 tex 149 149 1.4 9.7 3.2 1.0 1.0 1.0 96.4 46.4 119.9 70.3 72.2 98.4 

cg2247   534 464 1.0 4.0 1.9 1.3 1.0 1.4 415.5 1108.7 264.4 352.6 724.0 270.6 

cg2274   58 55 1.0 10.4 2.0 1.5 1.0 1.0 247.5 244.8 420.6 204.8 271.1 360.2 

cg2290   221 unknown 1.0 3.8 1.8 1.0 1.0 1.0 93.3 60.5 35.0 58.2 47.9 27.7 

cg2305 hisD 383 290 1.7 7.1 3.0 1.0 1.5 1.7 215.3 200.9 347.8 234.3 362.7 419.5 

cg2310 glgX 307 307 1.0 3.1 1.0 1.0 1.0 1.0 206.5 178.4 297.4 175.5 175.1 203.8 

cg2311   88 88 4.4 19.9 5.6 3.0 2.7 1.0 96.2 48.4 128.1 44.3 45.9 156.6 

cg2337   421 379 1.0 9.9 3.1 1.0 1.0 1.0 799.6 894.0 371.9 858.6 1230.5 533.7 

cg2337   264 222 1.0 9.0 1.0 1.0 1.0 1.0 799.6 894.0 371.9 858.6 1230.5 533.7 

cg2338 dnaE1 607 607 1.2 4.0 1.0 1.0 1.3 1.0 269.0 389.3 216.5 382.3 383.6 179.0 

cg2343   26 unknown 5.2 24.9 9.5 3.0 1.3 1.0 122.9 154.6 85.8 113.5 123.1 62.2 

cg2373 murF 133 unknown 1.4 23.1 1.9 1.3 0.8 1.0 200.5 160.2 175.8 194.8 141.7 151.9 

cg2403 qcrB 221 unknown 1.6 4.8 2.1 1.0 1.2 1.0 1474.9 4043.9 1898.9 501.6 1147.1 1176.0 

cg2406 ctaE 324 324 20.3 52.9 28.1 11.0 20.7 23.3 3792.2 4388.5 1723.4 907.8 1375.2 995.2 

cg2406 ctaE 616 616 1.0 29.3 1.0 1.0 1.0 1.0 3792.2 4388.5 1723.4 907.8 1375.2 995.2 

cg2406 ctaE 27 27 1.0 17.9 1.0 1.0 1.0 1.0 3792.2 4388.5 1723.4 907.8 1375.2 995.2 

cg2409 ctaC 259 73 5.7 16.1 8.6 4.0 6.2 5.9 2600.7 3428.4 2548.1 976.8 1329.5 1313.3 

cg2423 lipA 163 69 1.0 18.4 1.0 1.0 1.0 1.0 652.1 1614.9 429.7 638.5 1617.6 442.8 

cg2445 hmuO 150 44 3.1 10.4 4.5 1.0 1.0 3.7 178.5 77.0 249.1 7.8 9.1 18.2 

cg2445 hmuO 587 481 1.0 4.3 1.0 1.6 1.0 1.0 178.5 77.0 249.1 7.8 9.1 18.2 

cg2473 acpM 593 593 4.8 31.4 9.7 3.1 1.0 1.0 181.4 134.9 234.0 238.8 263.1 169.2 

cg2478 pbp6 26 26 1.5 5.0 2.1 1.0 1.0 1.0 537.8 475.3 154.5 218.9 259.2 106.0 

cg2491   162 unknown 1.0 4.0 1.0 1.0 1.0 1.0 94.1 86.0 125.1 89.9 129.9 123.2 

cg2496   1 1 3.2 11.4 4.3 2.3 1.0 2.6 123.4 105.0 132.8 115.5 137.1 108.5 

cg2523 malQ 94 94 1.8 4.7 2.9 1.0 1.0 1.0 1568.4 1124.7 1268.4 1040.2 947.1 996.7 

cg2537 brnQ 336 unknown 2.9 6.6 1.0 1.6 1.7 3.2 171.9 129.2 143.0 148.8 177.7 163.3 

cg2542   546 unknown 1.0 3.8 1.0 1.3 1.0 1.0 51.0 56.1 43.9 50.1 46.7 36.4 

cg2546   194 173 4.3 18.3 6.8 2.2 3.8 2.6 5.2 4.0 11.4 3.1 3.5 15.5 

cg2557   538 unknown 1.6 3.4 1.4 1.0 1.1 1.0 24.4 19.5 109.0 14.6 20.6 121.2 

cg2566   132 unknown 1.4 5.5 2.3 1.0 1.0 1.3 29.8 19.4 59.3 21.2 13.6 29.5 

cg2579   13 unknown 1.0 6.0 2.1 1.0 1.0 1.0 246.1 167.2 229.7 135.4 150.9 169.5 

cg2592   140 140 1.0 4.8 1.8 1.0 1.0 1.0 91.1 82.9 130.9 129.4 173.5 144.4 

cg2593   170 91 1.6 3.5 1.0 1.0 2.1 1.0 124.3 101.4 120.9 100.0 122.8 91.9 

cg2601   327 unknown 3.5 3.6 2.8 2.9 1.0 3.6 57.7 26.4 31.3 38.9 29.3 21.2 

cg2641 benR 229 229 6.3 20.8 6.8 2.8 1.0 1.0 22.8 25.0 42.9 20.6 22.6 19.4 

cg2675   34 unknown 1.0 89.9 22.9 7.2 4.3 4.4 549.6 1308.3 17.1 808.4 378.7 58.5 

cg2675   9 unknown 13.4 89.9 22.9 7.2 4.3 1.0 549.6 1308.3 17.1 808.4 378.7 58.5 

cg2680 argD2 271 229 2.8 6.5 3.3 1.3 1.9 1.0 157.7 179.9 202.2 104.3 126.0 168.1 

cg2685   13 16 7.0 25.0 13.0 5.0 10.3 8.3 142.6 68.6 76.2 108.2 115.4 123.9 

cg2701 musI 523 523 1.0 4.4 2.1 1.7 1.0 1.5 578.8 391.0 635.7 362.6 413.2 664.5 

cg2745   455 455 2.2 3.2 2.3 1.0 1.0 1.0 62.8 54.5 71.9 86.6 62.1 34.4 

cg2747 mepA 69 unknown 1.4 4.1 2.1 1.0 1.5 1.0 94.6 118.3 173.8 305.9 102.2 67.7 
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cg2761 cpdA 310 310 4.4 11.8 4.7 1.7 1.0 1.0 98.2 165.2 166.3 87.0 209.8 117.7 

cg2766   555 555 1.8 4.2 2.0 1.4 1.0 1.0 313.6 243.4 159.0 292.3 273.4 122.6 

cg2780 ctaD 314 202 10.9 21.8 11.6 5.7 11.8 10.0 2992.2 5262.4 3087.5 1582.8 2519.5 1714.3 

cg2786 nrdE 8 unknown 2.8 13.5 4.3 1.0 1.0 1.0 249.5 300.9 390.7 225.0 214.1 389.7 

cg2823   347 unknown 1.0 9.9 2.8 1.4 1.0 1.4 2.6 1.7 1.5 2.1 1.4 0.9 

cg2829 murA2 269 unknown 2.0 3.6 1.0 1.0 1.0 1.3 218.5 132.8 260.0 205.1 186.0 208.8 

cg2831 ramA 42 19 1.8 5.0 2.3 1.0 1.9 2.9 223.2 240.4 130.2 148.6 173.8 195.4 

cg2857 purF 19 19 1.0 8.1 1.0 1.4 1.3 1.2 404.9 374.1 261.5 455.7 791.0 346.2 

cg2867 mpx 56 56 1.4 5.6 1.0 1.0 1.0 1.2 273.5 469.1 295.1 184.5 162.8 199.3 

cg2944 ispF 540 unknown 4.7 3.8 2.9 1.0 1.0 2.0 190.6 131.5 199.8 155.2 170.0 165.7 

cg2949   122 60 6.7 22.3 12.7 5.7 7.1 5.2 707.2 979.7 1539.3 483.6 833.9 937.9 

cg2953 vdh 42 unknown 1.5 7.0 2.4 1.0 1.6 1.6 57.0 29.0 144.7 42.5 47.4 102.4 

cg2977   408 408 1.0 4.4 1.0 1.0 1.0 1.0 444.0 424.7 281.2 406.6 432.4 218.9 

cg3054 purT 241 205 1.0 3.3 2.6 1.6 1.0 1.2 187.4 190.9 212.9 136.2 132.6 147.7 

cg3068 fda 20 9 3.1 20.5 7.7 2.7 1.0 1.0 978.6 631.5 1696.7 1271.8 1048.7 1758.1 

cg3068 fda 423 305 1.0 6.3 2.2 1.0 1.0 1.0 978.6 631.5 1696.7 1271.8 1048.7 1758.1 

cg3069   54 5 5.4 22.5 12.5 3.6 2.6 3.3 234.1 217.7 310.7 352.7 309.8 220.6 

cg3097 hspR 393 unknown 1.0 3.1 1.0 1.0 1.0 1.0 87.0 419.1 271.5 69.3 227.8 248.3 

cg3101   626 unknown 1.0 7.1 1.0 2.2 1.0 2.7 378.5 414.6 309.7 99.9 120.0 171.0 

cg3101   25 unknown 1.8 7.1 3.5 2.2 1.0 2.1 378.5 414.6 309.7 99.9 120.0 171.0 

cg3115 cysD 106 unknown 1.0 6.7 2.6 1.0 1.0 1.0 4453.1 5001.1 35.0 3477.3 3194.4 397.8 

cg3118 cysI 498 446 1.0 3.7 1.0 1.5 1.0 1.0 5918.5 6455.9 54.8 4787.0 3972.1 476.6 

cg3127 tctC 37 unknown 2.3 3.4 1.0 1.0 1.0 1.0 7.3 9.2 26.4 8.1 8.3 14.0 

cg3156 htaD 151 unknown 5.7 17.3 8.6 3.9 7.3 4.2 6.3 0.9 48.1 2.6 0.7 23.5 

cg3170   66 unknown 1.6 10.4 3.6 1.0 1.0 1.0 24.2 20.6 16.4 20.7 17.2 12.6 

cg3173   0 unknown 2.7 6.6 3.4 2.2 1.0 2.1 322.9 203.0 303.9 238.8 206.5 267.7 

cg3175   217 unknown 3.1 9.2 4.1 1.0 1.0 1.4 61.4 45.0 70.9 55.5 65.0 60.7 

cg3182 cop1 198 13 1.0 4.0 3.1 1.0 1.0 1.0 537.5 663.0 1163.6 974.8 1214.0 923.4 

cg3194   369 unknown 2.9 5.1 3.3 1.0 2.6 2.5 21.5 7.6 41.0 15.4 10.4 27.8 

cg3199   158 unknown 2.7 5.0 1.0 2.1 2.8 1.9 49.2 28.5 77.5 31.7 41.6 67.2 

cg3226   213 140 2.0 3.7 2.2 1.0 1.0 2.0 2480.6 547.0 79.3 1092.9 169.4 145.6 

cg3226   622 549 4.2 5.5 3.3 1.0 6.2 2.0 2480.6 547.0 79.3 1092.9 169.4 145.6 

cg3245   695 unknown 1.0 24.9 22.9 1.0 1.0 1.0 12.0 10.7 10.9 8.4 11.1 6.7 

cg3247 
hrrA 
(cgtR11) 108 26 60.4 271.4 107.2 34.1 1.0 30.8 78.8 50.7 214.3 0.1 0.0 0.2 

cg3248 
hrrS 
(cgtS11) 474 unknown 1.0 33.4 26.7 1.0 1.0 1.0 67.3 65.5 47.7 59.3 60.2 35.3 

cg3249   419 419 1.0 20.5 18.6 15.8 1.0 1.0 28.2 17.3 27.5 18.2 25.5 21.0 

cg3283   58 unknown 1.0 7.3 1.0 1.0 1.0 2.5 750.3 943.5 21.9 446.8 416.9 19.7 

cg3315 malR 91 23 1.5 5.2 1.6 1.0 1.0 1.0 114.2 200.8 877.2 234.4 440.1 582.5 

cg3317   29 unknown 2.5 9.5 4.8 2.1 1.0 2.6 132.1 204.2 212.7 208.5 322.2 352.1 

cg3323 ino1 156 100 4.9 7.6 4.5 2.3 5.2 2.6 433.9 210.2 1216.8 283.8 674.5 1848.2 

cg3357 trpP 91 91 1.3 4.0 1.0 1.0 1.0 1.0 184.5 426.6 114.2 172.7 338.6 121.4 

cg3378 cg3378 60 unknown 1.0 3.8 2.6 1.0 1.0 1.9 6.6 16.4 18.4 16.9 34.6 13.3 

cg3389   143 34 1.0 3.2 1.0 2.0 1.0 1.9 111.7 24.0 59.5 84.1 15.4 47.2 

cg3402   13 5 2.8 18.4 7.5 2.9 1.0 2.5 1413.6 2492.6 27.0 1756.9 1175.2 23.0 

cg3411   18 2 2.0 10.3 3.8 1.5 1.0 1.4 1511.1 5172.0 121.8 2499.8 3220.4 98.1 

cg3422 trxB 5 11 1.0 5.8 1.0 1.0 1.0 1.0 839.4 1791.5 546.6 819.4 1000.3 460.0 

cg4002   564 unknown 1.0 4.8 1.0 1.0 1.9 1.0 9.4 10.5 24.5 11.6 9.1 8.3 
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