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1 Summary 

1.1 Summary English 

Two-component systems (TCS) are the prevalent mode for bacteria to sense and respond to 

changes in their natural habitat. An important protein-cofactor and alterna�ve iron source, 

sensed by TCS, is haem. In the Gram-posi�ve soil bacterium Corynebacterium glutamicum the 

TCS HrrSA is crucial for the u�liza�on of haem. Besides HrrSA, a homologous haem-dependent 

TCS termed ChrSA could be iden�fied. For the analysis of transient gene expression of ChrSA 

targets, appropriate reporters had to be constructed first.  

Autofluorescent proteins are valuable tools for the in vivo monitoring of gene 

expression. However, due to the rela�vely long half live of most fluorescent proteins, 

visualiza�on of transient changes remains difficult. SsrA-mediated pep�de tagging was used 

for the construc�on of destabilized eYFP. The C. glutamicum SsrA tag variants 

(AAEKSQRDYAASV and -AAV) turned out to be suitable for monitoring dynamic gene 

expression in C. glutamicum. The respec�ve eYFP variants displayed half-lives of ~22 min (ASV) 

and ~8 min (AAV).  

Reporter studies using na�ve eYFP provided strong evidence that ChrSA is the main 

ac�vator of the divergently located operon hrtBA, encoding for a puta�ve haem ABC 

transporter,  which is required to counteract toxic intracellular accumula�on of haem. 

Furthermore, ChrA acts as a repressor of the homologous response regulator hrrA providing 

first evidence for a close interplay of the TCS HrrSA and ChrSA.  

The major focus of this work was to assess the close interplay of HrrSA and ChrSA in 

haem-dependent signal transduc�on and to uncover mechanisms enforcing specificity. ChrSA 

and HrrSA share a high sequence similarity and inherit dis�nct roles in the control of haem-

homeostasis. Both TCS exhibit a high level of cross-talk, counteracted by the phosphatase 

ac�vity of the sensor kinases HrrS and ChrS, which was shown to be specific for their cognate 

response regulators. Muta�on of a conserved glutamine residue within the phosphatase mo�f 

(DxxxQ) of HrrS and ChrS led to a highly increased ac�va�on of target gene reporters, 

confirming the cataly�cal role of this glutamine residue for phosphatase ac�vity.  

As the phosphatase mo�f of HrrS and ChrS is completely iden�cal , further cataly�cal 

residues involved in phosphatase reac�on were iden�fied. Besides phosphatase ac�vity, 

pathway specificity can further be enhanced by molecular recogni�on. Analysis of chimeric 

proteins of HrrS and ChrS delivered first evidence, that residues forming the interface during 

phosphatase reac�on are located inside the dimeriza�on and his�dine phosphotransfer (DHp) 

domain. Taken together, the results emphasize the importance of phosphatase ac�vity and 

molecular recogni�on as crucial mechanisms to ensure pathway specificity of these haem-

dependent and highly related TCS HrrSA and ChrSA in C. glutamicum. 
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1.2 Summary German 

Zweikomponenten Systeme (ZKS) ermöglichen es Bakterien veränderte Umweltbedingungen 

wahrzunehmen und darauf zu reagieren. Häm, welches von ZKS detek�ert wird, stellt einen 

wich�gen Protein-Cofaktor und alterna�ve Eisenquelle dar. In dem Gram -posi�ven 

Bodenbakterium Corynebacterium glutamicum ist das ZKS HrrSA für die Verwertung von Häm 

verantwortlich. Zudem konnte neben HrrSA ein weiteres homologes Häm-abhängiges ZKS, 

ChrSA, iden�fiziert werden. Zur Analyse der transienten Genexpression der ChrSA Zielgene 

wurden zunächst geeignete Reporter konstruiert.  

Autofluoreszenzproteine sind ein verlässliches Werkzeug um die Genexpression in vivo 

zu messen. Aufgrund der rela�v langen Halbwertszeit von Fluoreszenzproteinen ist eine 

Visualisierung der transienten Genexpression schwierig. Mi�els eines SsrA Pep�d-Tags wurde 

destabilisiertes eYFP konstruiert. Die C. glutamicum SsrA Tag Varianten (AAEKSQRDYAASV und 

–AAV) erwiesen sich als geeignet für die Analyse der dynamischen Genexpression in 

C. glutamicum. Für die jeweiligen eYFP Varianten wurden Halbwertszeiten von ~22 min (ASV) 

und ~8 min (AAV) ermi�elt. 

Reporterstudien mit na�vem eYFP lieferten wich�ge Hinweise darauf, dass ChrA der 

Hauptak�vator des divergent lokalisierten Operons hrtBA ist, welches für einen puta�ven 

Häm- ABC Transporter kodiert und zur Vermeidung von toxischen intrazellulären Häm-

Konzentra�onen dient. Darüber hinaus reprimiert ChrA den homologen Antwortregulator 

hrrA, welches einen ersten Anhaltspunkt des engen Zusammenspiels der ZKS HrrSA und ChrSA 

lieferte.  

Das Hauptaugenmerk dieser Arbeit lag auf der Analyse der Interak�on von HrrSA und 

ChrSA während der Häm-abhängigen Signaltransduk�on und der Au�lärung spezifitäts-

vermi�elnder Mechanismen. ChrSA und HrrSA besitzen eine hohe Sequenzähnlichkeit und 

übernehmen dis�nkte Funk�onen bei der Kontrolle der Häm-Homöostase. Beide ZKS zeigen 

ein hohes Level an Kreuz-Phosphorylierung, dem die Phosphatase-Ak�vität der Sensorkinasen 

HrrS und ChrS entgegenwirkt. Diese ist sehr spezifisch für den eigenen Antwortregulator. Eine 

Muta�on des konservierten Glutamin-Restes innerhalb des Phosphatase-Mo�ves (DxxxQ) von 

HrrS und ChrS führte zu einer erhöhten Ak�vierung des Zielgenreporters, was die katal y�sche 

Funk�on dieses Glutamin-Restes für die Phosphatase-Ak�vität bestä�gt.  

Da das Phosphatase-Mo�v von HrrS und ChrS iden�sch ist, wurden weitere 

kataly�sche Reste, die für die Phosphatase-Ak�vität verantwortlich sind, iden�fiziert. Neben 

der Phosphatase-Ak�vität wird die Spezifität des Signalweges durch molekulare Erkennung 

vermi�elt. Analysen von HrrS- und ChrS-Chimären lieferten erste Hinweise darauf, dass 

Aminosäurereste, welche während der Phosphatase-Reak�on die Verbindung zwischen Kinase 

und Antwortregulator bilden, in der Dimerisierungs- und His�din-Phosphotransfer (DHp) 

Domäne lokalisiert sind. Zusammengefasst unterstreichen diese Ergebnisse die Bedeutung von 

Phosphatase-Ak�vität und molekularer Erkennung für die Signaltransduk�onsspezifität dieser  

Häm-abhängigen und nah verwandten ZKS HrrSA und ChrSA in C. glutamicum. 



Introduc� on                                                                                                            3 

 

2 Introduc�on 

 

2.1 Sensing environmental cues - Bacterial signal transduc�on  

In a constantly changing environment like the soil, the sea, a host or the phyllosphere, 

bacterial survival cri�cally relies on a sophis�cated regulatory equipment, allowing a 

swi� metabolic response and physiological adapta�on. Bacterial genomes encode for a 

large repertoire of different kinds of signal transduc�on systems. The most prominent 

modes of sensing and responding towards environmental s�muli can be subdivided 

into one-component systems (OCS), extracytoplasmic func�on (ECF) s factors, and 

two-component systems (TCS). These versa�le signaling systems are responsible for 

the regula�on of different processes, among them the response towards different 

stress s�muli, changes in osmolarity, nutrient availability and many more (Capra and 

Laub, 2012, Jordan et al., 2008).  

 

2.2 One-component systems 

The most common devices connec�ng environmental s�muli to adap�ve responses 

are OCS. OCS are single proteins including both, an input and an output domain. Most 

of the OCS harbour a helix-turn-helix DNA binding domain, which is usually located at 

the N- or C-terminal end of the protein. Prokaryo�c OCS can be subdivided into at least 

20 families. These regulatory systems detect s�muli (light, gas and small molecules) 

exclusively in the cytosol and appear more frequently in prokaryotes than TCS (Ulrich 

et al., 2005). Prominent examples from two major OCS families are the lactose 

repressor LacI or TetR, which are involved in regula�ng an�bio�c resistance  in E. coli 

(Cuthbertson and Nodwell, 2013, Lewis et al., 1996). It was suggested that OCS are 

evolu�onary precursors of the more complex TCS (Ulrich et al., 2005). 

 

2.3 ECF s factors 

Bacterial s factors are a crucial feature for ensuring promoter specificity of the RNA 

polymerase (Ishihama, 2010). Besides that, most species also possess alterna�ve s 

factors such as the large group of ECF s factors, which represent a subfamily of s70 

factors. ECF s factors are responsible for sensing and responding to changes in the 
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bacterial periplasm and the extracellular space (Brooks and Buchanan, 2008, Staron et 

al., 2009, Mascher, 2013) and are often co-transcribed with their cognate an�-s 

factors (mostly transmembrane proteins) that bind, and inhibit the s factor in the 

absence of a specific s�mulus (Helmann, 1999). Upon s�mulus percep�on, the s factor 

is released and can bind to the RNA polymerase to s�mulate transcrip�on. Thereby, 

the primary s�factor is replaced by the ECF s�factor and the RNA polymerase is 

redirected to alterna�ve promoters (Helmann and Chamberlin, 1988). Well 

characterized ECF signaling pathways from Escherichia coli include for instance sE, 

media�ng the response towards periplasmic stress and heat, or FecI which is�involved 

in the regula�on of iron transport (Braun et al., 2003, Raivio and Silhavy, 2001). 

 

2.4 Two-component systems 

 

2.4.1 Architecture of two-component systems 

One of the best characterized signal transduc�on modes are TCS, enabling bacteria to 

stay in touch with their environment and allow the percep�on and processing of a 

mul�tude of different intra- and extracellular s�muli (Stock et al., 2000, Mascher et al., 

2006). Since their first discovery almost 30 years ago, the func�on of numerous TCS 

was disclosed. The first prokaryo�c TCS and their func�on were iden�fied during 

gene�c screens of mutants of E. coli and Bacillus sub�lis in the mid-eigh�es. Early 

studies for instance discovered the NtrC/NtrB TCS (prior named GlnG/GlnL) from 

E. coli, which was demonstrated to be responsible for the control of nitrogen 

assimila�on (Ninfa and Magasanik, 1986, Keener and Kustu, 1988, Ferrari et al., 1985, 

Nixon et al., 1986). These discoveries have laid the founda�on for today´s TCS research 

that con�nues vigorously up to now. 

The prototypical TCS is composed of a membrane-bound his�dine kinase (HK) 

responsible for signal detec�on and a cognate response regulator (RR) crucial for 

transducing this signal to the output level, which comprises the regula�on of gene 

expression, cataly�cal ac�vity or protein-protein interac�on (Hoch and Silhavy, 1995, 

Inouye and Du�a, 2003). 
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Architecture of his�dine kinases 

In principle, HKs are composed of a transmembrane N-terminal sensor domain (TMD) 

and a cytoplasmic transmi�er domain (Fig. 1). The transmi�er domain comprises the 

dimeriza�on and his�dine phosphotransfer domain (DHp), also termed HisKA in Pfam 

database and the C-terminal cataly�cal ATP binding domain (CA), also defined as 

HATPase_c domain (Finn et al., 2014, Punta et al., 2012). Most kinases contain at least 

one addi�onal domain between the TMD and DHp domain (PAS, HAMP, or GAF) 

(Galperin et al., 2001). These domains can either be required for the transduc�on of 

signals from the TMD to the DHp and CA domains or directly recognize cytoplasmic 

signals (Parkinson, 2010, Möglich et al., 2009). Both the DHp and the CA domains 

commonly contain several conserved boxes. The DHp domain contains the conserved 

H box, including the conserved his�dine residue and the X box responsible for 

dimeriza�on. The CA domain contains the conserved N, D, F and G boxes, which are 

involved in the ATP binding and HK autophosphoryla�on (Wolanin et al., 2002, 

Parkinson and Kofoid, 1992).  

Sequence analysis of these conserved boxes of the transmi�er domain was 

used to perform an alloca�on of HKs into eleven subgroups (HPK1-11) (Grebe and 

Stock, 1999). In the last years this approach for the iden�fica�on of HKs has mainly 

been replaced by an approach based on domain analysis. According to the Pfam 

database for instance, the HisKA (DHp) domain was divided into four domain families: 

HisKA (PF00512), HisKA_2 (PF07568), HisKA_3 (PF07730), and HWE_HK (PF007536) 

(Finn et al., 2014). A further classifica�on scheme, taking into considera�on func�onal 

aspects is based on the sensor domain architecture of HK. This scheme allows a 

subgrouping of HKs in periplasma�c-, cytoplasma�c- and intramembrane sensing HKs 

(Mascher et al., 2006). 

 

Architecture of response regulators 

A prototypical RR consists of two subdomains, the N-terminal receiver domain (REC), 

also termed response regulator domain in Pfam, and the C-terminal output domain 

(OPD) (Fig. 2.4.1). More than 60% of RRs are transcrip�on factors with DNA-binding 

effector domains (Gao et al., 2007). Based on DNA-binding domains, RRs can be 

subdivided into three major families, named a�er extensively characterized members:  
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OmpR, NarL, and NtrC (Galperin, 2006). The OmpR family is characterized by a winged-

helix DNA-binding domain and the NarL subfamily by a four-helix helix-turn-helix 

domain (Mar�nez-Hackert and Stock, 1997, Milani et al., 2005). The NtrC subfamily 

func�on as transcrip�onal enhancers and ac�vate σ54 promoters by promo�ng an 

open complex forma�on in RNA polymerases. They are characterized by an ATPase 

domain fused to a factor of inversion (Fis)-type helix-turn-helix domain (Batchelor et 

al., 2008). For NtrC it was shown that phosphoryla�on s�mulates oligomeriza�on 

leading to ATP hydrolysis, delivering energy for the open complex forma�on and 

ini�a�on of transcrip�on (Weiss et al., 1991, Wedel and Kustu, 1995, Aus�n and Dixon, 

1992, Wyman et al., 1997).  

However, a significant frac�on of bacterial RRs do not regulate transcrip�on 

directly. Some RRs include output domains that exhibit enzyma�c ac�vity: 

methylesterases, adenylate cyclases, c-di-GMP-specific phosphodiesterases, his�dine 

kinases or serine/threonine protein kinases (Galperin, 2010).  

 

Figure 2.4.1: Two-component signal transduc�on. Upon signal percep�on of the his�dine 

kinase, which typically occurs in the transmembrane domain (TMD), the cataly�cal domain 

(CA) mediates the autophosphoryla�on of a conserved his�dine residue, located inside the 

dimeriza�on and his�dine phosphotransfer domain (DHp). The phosphate residue is the 

subsequently transferred to the conserved aspartate residue, located in the receiver domain 

(REC) of the response regulator. The output domain (OPD) of the response regulator binds to 

then promoter region of target genes, to regulate gene expression in response to the certain 

s�mulus. Adapted from (Jensen et al., 2002). 
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2.4.2 Signaling fidelity in two-component systems 

Upon binding or reac�ng with a specific s�mulus the CA-domain of the HK binds ATP 

and transfers the γ-phosphoryl group from ATP to the conserved his�dine residue 

within the DHp domain (Fig. 1) (Stock et al., 2000). This phosphoryl group is then 

subsequently transferred to the conserved aspartate residue located inside the REC 

domain of the RR. The phosphoryla�on of the RR, which is catalyzed by the RR itself, 

induces a conforma�onal change and drives RR homodimeriza�on resul�ng in an 

ac�va�on of the output domain. Consequen�al, the ac�ve state RR can func�on as 

transcrip�onal ac�vator or repressor, depending on the promoter architecture and the 

RR binding site rela�ve to the transcrip�onal start site (West and Stock, 2001, Mascher 

et al., 2006). 

A permuta�on of a TCS is the phosphorelay system, here a hybrid HK auto-

phosphorylates and then transfers the phosphoryl group to an internal receiver 

domain. The phosphoryl group is then transferred to a his�dine phosphotransferase 

and subsequently to the RR (Varughese, 2002). Another common signal transduc�on 

variant can also be a branched pathway, meaning the signal input of many different 

HKs converges at a single RR, or one single HK phosphorylates mul�ple RRs (Laub and 

Goulian, 2007). This is the case for the HK CheA, which phosphorylates the two RRs 

CheY and CheB in E. coli to provoke a chemotac�c response (Baker et al., 2006). 

 

2.4.3 Evolu�on of two-component systems 

TCS can be found in nearly all domains of life and were iden�fied in eubacteria, 

archaea and a few eukaryotes as plants or yeasts (Loomis et al., 1998, Koretke et al., 

2000). Phylogene�c analysis proposed that TCS originated in bacteria and were 

transferred to archaea and eukaryotes via lateral gene transfer. This observa�on is also 

supported by the greater distribu�on of TCS in bacteria (Koretke et al., 2000, Ulrich et 

al., 2005).  

 As more and more sequenced bacterial genomes become available, the number 

of iden�fied TCS increases steadily. Prokaryo�c organisms o�en encode dozens and 

some�mes up to hundreds of these TCS (Galperin, 2005, Capra and Laub, 2012). In 

fact, TCS screening studies revealed a posi�ve correla�on between the number of TCS 

harboured by a bacterial genome and the genome size, as well as the complexity of 
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their ecological niche (Galperin, 2005, Alm et al., 2006). Bacteria living in diverse and 

fluctua�ng environments typically encode a large repertoire of TCS as for instance  

Myxococcus xanthus (136 HKs and 127 RRs). In contrast, no TCS are found in the 

genome of Mycoplasma species (Ulrich and Zhulin, 2010).  

New TCS typically arise from gene duplica�on events or via lateral gene transfer 

(Alm et al., 2006). Lateral gene transfer can occur by various mechanisms including 

conjuga�on, competence, or phage infec�on (Arthur et al., 1992, Deiwick et al., 1999, 

Salanoubat et al., 2002, Wright et al., 1993). Newly acquired TCS can either be 

removed from the genome (muta�on and dele�on) or fixed within the gene�c 

repertoire, providing its host with novel sensing func�ons. Especially a�er gene 

duplica�on events, insula�on of new TCS is crucial to avoid detrimental cross-talk 

between different signal transduc�on pathways  (Conant and Wolfe, 2008, Hooper and 

Berg, 2003). This can for instance be achieved by i) changes in the HK sensory domain, 

ii) changes in RR pathway outputs or iii) muta�ons in interface residues, to ensure 

pathway specificity of new and ancestral TCS (Capra and Laub, 2012). The present 

work will mainly focus on the aspect of insula�on via interface residues to ensure 

specificity in TCS signal transduc�on. 

 

2.4.4 Specificity of two-component signal transduc�on 

As a large number of TCS originate from gene duplica�on events and lateral gene 

transfer,  HKs and RRs o�en share a high sequence similarity (Alm et al., 2006). Thus, 

cross-talk between non-cognate partners is unavoidable especially immediately a�er 

TCS duplica�on events (Capra et al., 2012, Galperin, 2005). As this cross-talk can 

a�enuate the response of the original signal, insula�on of new TCS is the key to 

specific and efficient signal transduc�on (Capra and Laub, 2012).  

A prominent mechanism to ensure insula�on of signal transduc�on pathways is 

molecular recognition (Fig. 2.4.4A). This is based on the assump�on that a HK has the 

intrinsic ability to discriminate its cognate RR from the crowded milieu of non-cognate 

RRs. A rela�vely small subset of residues at the interface between HKs and RRs is 

responsible for maintaining this specificity. These residues, forming a region of 

sequence space that insulates them from other TCS, were shown to be located in the 

first helix of the HK and the cognate RR (Skerker et al., 2008, Laub and Goulian, 2007, 
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Capra et al., 2012). During the course of evolu�on any muta�on in the interface of a 

cognate HK-RR pair has to be compensated by a further muta�on of the corresponding 

partner. This principle of maintaining specificity during divergence of new TCS was 

described as coevolu�on (Capra and Laub, 2012, Podgornaia and Laub, 2013).          

Figure 2.4.4: Mechanisms ensuring pathway specificity in two-component signal 

transduc�on. A: Molecular recogni�on is the intrinsic ability of a his�dine kinase (HK) to 

discriminate the cognate response regulator (RR) via so called interface residues. B: 

Phosphatase ac�vity describes the bifunc�onal nature of some HKs. In the absence of a 

s�mulus the HK dephosphorylates the cognate RR to prevent cross-talk from other kinases or 

small phosphor-donors. C: Substrate competi�on between RRs for a par�cular HK can further 

ensure specificity. The cognate RR outcompetes non-cognate RRs for phosphoryla�on. 

Adapted from (Podgornaia and Laub, 2013). 

 

Further mechanisms ensuring phosphotransfer specificity in TCS signal 

transduc�on are phosphatase ac�vity of the HK and substrate compe��on (Fig. 

2.4.4B). Phosphatase ac�vity describes the bifunc�onal nature of HKs, which o�en 

catalyse not only phosphoryla�on, but also dephosphoryla�on of their cognate RR. 

A B 

C 
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This ensures the elimina�on of an inappropriate RR phosphoryla�on by non-cognate 

HKs or small phospho-donors like acetyl phosphate (Huynh and Stewart, 2011, Igo et 

al., 1989). The HK catalyzes dephosphoryla�on of the RR through an in-line a�ack by a 

nucleophilic water molecule (Wolanin et al., 2003).  

Substrate compe��on depends on the stoichiometry of HK and RR (Fig. 2.4.4C). 

In most cases, the RR outvalues the level of HK and thereby outcompetes non-cognate 

partners to prevent cross-talk (Groban et al., 2009, Siryaporn and Goulian, 2008). 

 

2.5 S�muli of two-component systems 

 

2.5.1 Iron - a cri�cal trace element 

Environmental s�muli are typically sensed by the N-terminal TMD domain of the HK. 

This can occur in the periplasma�c-, cytoplasma�c-, or transmembrane region of the 

HK (Mascher et al., 2006). The s�muli sensed by TCS are diverse, among them different 

stress s�muli, osmolarity changes, an�bio�cs, the cellular redox state, quorum signals, 

and many more. One important feature is the ability of a TCS to sense the availability 

of nutrients, including trace elements as magnesium, calcium, copper, zinc or iron 

(Calva and Oropeza, 2006, Steele et al., 2012).  

The trace element iron is essen�al for almost all living species. Although iron is 

one of the most abundant elements in the planets crust, acquisi�on and incorpora�on 

is challenging for bacteria based on the toxicity of ferrous iron (Fe2+) and the 

insolubility of ferric iron (Fe3+) (Chipperfield and Ratledge, 2000, Pierre and Fontecave, 

1999). Iron is involved in numerous cellular reac�ons, as it forms a cataly�c center for 

redox reac�ons in many enzymes involved in electron transport, TCA-cycle, peroxide 

reduc�on, and nucleo�de biosynthesis (Cornelis et al., 2011). 

 

2.5.2 Haem - an alterna�ve source of iron 

A rich source for iron is haem (Fe2+ bound in protoporphyrin IX) (Fig. 2.5.2), especially 

for pathogens sequestering haem from their hosts (Nobles and Maresso, 2011). 

Mammalian serum concentra�ons of free iron and haem are for instance below         

10-18 M as they are sequestered in many proteins as haemoglobin (~80%), myoglobin, 

transferrin, ferri�n, albumin, and haptoglobin (Tong and Guo, 2009). Also for non-
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pathogenic bacteria endemic in the soil, where haem is present in decaying organic 

material, it represents an a�rac�ve alterna�ve iron source (Andrews et al., 2003). The 

form of haem transported by bacterial uptake systems is hemin, the oxidized form of 

haem, which is present in extracellular environments. Haem is also an important 

cofactor of proteins of the respiratory chain, catalases or peroxidases (Rouault, 2004). 

Two types of haem serve as cofactors in enzymes: Haem a and c, which are derived 

from side-chain modifica�ons of the most abundant form haem b. Haem is a lipophilic 

molecule with low molecular weight (616.48 Da) and it was shown that it can passively 

diffuse across model lipid bilayers (Ryter and Tyrrell, 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

Bacteria have evolved sophis�cated strategies for the uptake of haem, which is 

different between Gram-posi�ve and Gram-nega�ve species. Gram-nega�ve bacteria 

sequester haem mainly via direct binding of haem by specific receptors located on the 

outer membrane and ABC transporters for the transport into the cytoplasm as 

described for PhuR from Pseudomonas aeruginosa (Smith and Wilks, 2015). Another 

common mode of haem acquisi�on is comprised of a mostly Ton-B dependent outer 

membrane receptor,  an ABC transporter and extracellular hemophores as described 

for HasA from Serra�a marcescens (Letoffe et al., 1994a, Letoffe et al., 1994b). As 

Gram-posi�ve bacteria lacking the outer membrane but contain a pep�doglycan layer, 

the acquisi�on of haem is different. A prominent haem acquisi�on system  is the 

HmuTUV/HtaAB system described for Corynebacterium diphtheriae and ulcerans. HtaA 

Figure 2.5.2: Structure of haem b 

(protohaem IX). Iron (Fe2+) is 

complexed by four nitrogen atoms of 

the porphyrin ring structure. 
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and HtaB are surface located and func�on as hemin receptors and HmuTUV func�ons 

as an ABC transporter (Allen and Schmi�, 2011, Allen and Schmi�, 2009, Schmi� and 

Drazek, 2001). Another intensively characterized mechanism for haem-uptake, 

described for some Gram-posi�ve bacteria is termed iron-responsive determinants 

(Isd) uptake system. Staphylococcus aureus for instance binds hemin or haemoglobin 

to its cell envelope through four Isd proteins, which are covalently linked to the 

pep�doglycan. Haem is transported through the cell envelope via cascade transfer 

between various Isd receptors (Mazmanian et al., 2003, Muryoi et al., 2008). 

Once entered the cytoplasm, haem is incorporated into haem containing 

proteins or enzymes, sequestered by cytoplasma�c haem-chaperons or degraded. 

Haem degrada�on is commonly catalyzed by the haem-oxygenase, which also uses 

haem as cofactor for this reac�on. Haem is degraded to biliverdin, Fe2+, and carbon 

monoxide in equimolar amounts. The reac�on requires a total of three oxygen 

molecules and seven electrons for the cleavage of one haem molecule (Wilks and 

Heinzl, 2014). A further haem degrada�on protein using a dis�nct mechanism from 

classical haem oxygenases is termed IsdG and was iden�fied, for instance, in S. aureus 

(Skaar and Schneewind, 2004). 

Besides acquiring haem from their environments, bacteria are also able to 

synthesize haem de novo. The common precursor for tetrapyrrols, including haem, is 

5-aminolevulinic acid, as it serves as a source of carbon and nitrogen for haem 

forma�on (Layer et al., 2010). In the Gram-posi�ve soil bacterium C. glutamicum, 5-

aminolevulinic acid is synthesized via the C5 pathway from glutamate by glutamyl-

tRNA synthetase (GltX), glutamyl-tRNA reductase (HemA), and glutamate-1-

semialdehyde aminomutase (HemL). Protohaem IX (haem b) is converted into haem a 

via protohaem IX farnesyl transferase (CtaB) and haem o monooxygenase (CtaA) 

(Niebisch and Bo�, 2001, Bo� and Niebisch, 2003, Brown et al., 2002).  

 

2.6 Haem and iron homeostasis in C. glutamicum 

The absolute need for haem and iron is accompanied by their toxicity when present at 

higher levels, as they are involved in the formation of reac�ve oxygen species and their 

accumula�on can lead to cellular damage and oxida�ve stress (Andrews et al., 2003, 

Pierre and Fontecave, 1999, Ryter and Tyrrell, 2000). Thus, haem and iron homeostasis 
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have to underlie a stringent regula�on. In C. glutamicum, which is an important 

pla�orm organism for biotechnology the transcrip�onal regulator DtxR is the master 

regulator of iron homeostasis. In the presence of iron, DtxR in complex with Fe2+ 

represses genes involved in iron acquisi�on as well as ripA encoding for RipA the 

repressor of iron-containing proteins, and ac�vates genes encoding iron storage 

proteins (ferri�n and Dps) (Brune et al., 2006, Wennerhold and Bo�, 2006, 

Wennerhold et al., 2005).  

Among the targets repressed by DtxR, the haem importer hmuTUV and the 

response regulator hrrA belonging to the haem-dependent TCS HrrSA was found 

(Wennerhold and Bo�, 2006). It was shown that HrrSA is important for the u�liza�on 

of haem as an alterna�ve source of iron as it ac�vates the expression of hmuO 

encoding the haem-oxygenase in the presence of haem. Furthermore, HrrSA ac�vates 

genes encoding for respiratory chain components (ctaD and the ctaE-qcrCAB operon) 

and acts as a repressor of genes coding for haem biosynthesis enzymes (hemA, haem, 

and hemH) (Frunzke et al., 2011). To allow the preferen�al u�liza�on of iron, hrrA and 

hmuO expression both underlie the repression of DtxR (Wennerhold and Bo�, 2006). 

Besides HrrSA, a second homologous TCS named ChrSA could be iden�fied. 

Interes�ngly, transcriptome analysis of hrrA dele�on mutants provided hints for a 

repression of chrSA by HrrA and thus revealed the first evidence for a close interplay of 

the HrrSA and ChrSA systems in C. glutamicum (Frunzke et al., 2011). In preliminary 

studies, first evidence for a func�on of ChrSA in heme detoxifica�on was provided 

during growth experiments with dele�ons mutants and studies aiming at the 

iden�fica�on of target genes. 

 Besides the TCS HrrSA and ChrSA, in the genome of C. glutamicum 11 further 

TCS can be found (Bo� and Brocker, 2012 ). Up to date, the role of only a few TCS was 

uncovered, among them the role of CitAB controlling citrate u�liza�on and the MtrBA 

system controlling osmoregula�on and cell wall metabolism (Brocker et al., 2009, 

Brocker et al., 2011). Further systems, which were characterized more in detail are the 

TCS PhoSR, responsible for coping with phosphtate starva�on and the TCS CopSR, 

which is crucial for responding towards copper stress (Schaaf and Bo�, 2007, Schelder 

et al., 2011). 
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2.7 Haem dependent two-component systems 

A �ght control of haem-homeostasis is crucial for almost all living species not only to 

ensure sufficient supply of this alterna�ve iron source but also to avoid high 

intracellular levels. The control of haem-homeostasis is typically mediated by TCS, 

which was shown in comprehensive studies for several species. 

 One of the most prominent and best characterized examples are the two haem -

dependent TCS HrrSA and ChrSA from C. diphtheria, which is a human pathogen and 

uses haem and haemoglobin as essen�al iron sources. The two-component system 

ChrSA ac�vates the expression of genes encoding for the haem-oxygenase (hmuO), 

which mediates the u�liza�on of haem and ac�vates the expression of a haem 

regulated transporter efflux pump (hrtBA), to prevent toxic intracellular haem levels. 

Besides that, the TCS HrrSA also contributes approximately 20% to the ac�va�on of 

the expression of hmuO (Bibb et al., 2007, Bibb and Schmi�, 2010). Moreover, both 

TCS are involved in the haem-dependent repression of hemA encoding for a haem 

biosynthesis enzyme (Bibb et al., 2005). 

Many orthologs of the TCS ChrSA and the haem-exporter HrtBA can be found in 

Gram-posi�ve bacteria. Staphylocuccus aureus, Lactococcus lac�s, Staphylococcus 

epidermidis, and Bacillus anthracis also employ the ChrSA ortholog HssRS for the 

ac�va�on of the expression of the haem-exporter hrtBA, protecting these bacteria 

from the toxic effects of high levels of haem. In S. aureus this does not only lead to a 

reduced haem toxicity but also to a tempered staphylococcal virulence (Stauff et al., 

2007, Stauff and Skaar, 2009b). 

 

2.8 Aims of this work 

The global aim of the present work will be to uncover the level of interac�on of the 

TCS HrrSA and ChrSA in C. glutamicum and to shed light on the mechanisms ensuring 

pathway specificity in their signal transduc�on processes. Therefore, in the first place 

the role of ChrSA in the detoxifica�on of haem will be elucidated by inves�ga�ng the 

influence of ChrSA on the expression of hrtBA encoding for a puta�ve haem exporter 

and by crea�ng ac�vity profiles for both TCS HrrSA and ChrSA. Furthermore, the 

interac�on of both systems at the transcrip�onal level will be inves�gated. Therefore, 

target gene reporters of both TCS (PhmuO-eyfp for HrrSA and PhrtBA-eyfp for ChrSA) will 
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be constructed and used for reporter assays with several dele�on mutants of both TCS. 

To overcome the problem of the rela�vely long half-life of fluorescent proteins, in a 

side project destabilized fluorescent proteins (eYFP) will be constructed via SsrA-

mediated pep�de tagging and tested regarding their applica�on in C. glutamicum. For 

the inves�ga�on of the interac�on of HrrSA and ChrSA in vivo and in vitro, growth 

experiments and reporter assays with strains lacking the kinases HrrS or ChrS, as well 

as in vitro phosphoryla�on assays will be performed. To test whether phosphatase 

ac�vity is a crucial mechanism to ensure pathway specificity of HrrSA and ChrSA, 

sequences of HrrS and ChrS will be analyzed regarding a puta�ve phosphatase mo�f. 

Phosphatase ac�vity will be further tested in in vitro phosphoryla�on assays and 

reporter studies with strains lacking phosphatase domains. Another aim of this work 

was the iden�fica�on of further cataly�cal phosphatase residues and of residues 

conferring specificity during phosphatase reac�on. Therefore, construc�on of an error 

prone library of the HrrS DHp domain and a screening for kinase ON/phosphatase OFF 

mutants is necessary. Besides that, chimeric proteins will be constructed to localize 

residues conferring specificity during phosphatase reac�on. The inves�ga�on of signal 

transduc�on of the TCS HrrSA and ChrSA will provide a comprehensive understanding 

of their interplay and pathway specificity in C. glutamicum. 

 

 

  



16                                                                                                                  Results    

 

3 Results 

The major topic of this PhD thesis was the analysis of the interac�on and signal 

transduc�on specificity of the two-component systems HrrSA and ChrSA. One 

methodological-oriented study focused on the enlargement of the tool box of 

appropriate autofluorescent reporter proteins for the analysis of transient gene 

expression changes in C. glutamicum. The results allocated in this research have been 

summarized in three publica�ons and a manuscript (to be submi�ed). 

 

The publica�on “Destabilized eYFP variants for dynamic gene expression studies in 

Corynebacterium glutamicum” describes the construc�on of unstable eYFP variants via 

SsrA-mediated pep�de tagging. Half-lives of destabilized eYFP variants were 

determined using western-blo�ng analysis and fluorescence measurements. The 

applica�on was tested for a sensor enabling the inves�ga�on of gluconate catabolism 

(PgntK-eyfp-ASV). This was a joint project with Andreas Burkovski, Nadine Rehm, and 

Cornelia Will, from the FAU Erlangen-Nürnberg, who contributed to this project with 

the construction and characteriza�on of unstable GFPuv variants. 

 

The publica�on “The two-component system ChrSA is crucial for haem tolerance 

and interferes with HrrSA in haem-dependent gene regula�on in Corynebacterium 

glutamicum” reports the key role of ChrSA for the detoxifica�on of haem. ChrA 

ac�vates the expression of a puta�ve haem exporter hrtBA to prevent toxic 

intracellular levels of haem and contributes to the ac�va�on of hmuO encoding for the 

haem-oxygenase. Furthermore, reporter studies and transcriptome analysis suggested 

that ChrA acts as repressor of the paralogous response regulator hrrA, delivering first 

hints for a close interplay of the two-component systems HrrSA and ChrSA. 

 

The inves�ga�on of the interac�on and pathway specificity of the two-component 

systems HrrSA and ChrSA is described in the publica�on “Phosphatase ac�vity of the 

his�dine kinases ensures pathway specificity of the ChrSA and HrrSA two-component 

systems in Corynebacterium glutamicum”. Dis�nct roles of HrrSA (u�liza�on of haem) 

and ChrSA (detoxifica�on of haem) in the control of haem-homeostasis could be 

confirmed via ac�vity profiling experiments. An interac�on between HrrSA and ChrSA 
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on the level of phosphoryla�on could be observed in kinase dele�on mutants during 

reporter studies and growth experiments and in in vitro phosphoryla�on assays. 

Phosphatase ac�vity of the kinases HrrS and ChrS was disclosed as the key mechanism 

for ensuring pathway specificity in these TCS. A conserved glutamine residue, located 

within a puta�ve phosphatase mo�f (DxxxQ), was shown to be responsible for 

cataly�cal phosphatase ac�vity.  

 

Although phosphatase ac�vity seems to be a highly specific mechanism only for 

the cognate response regulator, cataly�cal phosphatase residues iden�fied up to now 

are completely iden�cal. In the manuscript “Iden�fica�on of residues involved in 

phosphatase ac�vity of the two-component systems HrrSA and ChrSA in 

Corynebacterium glutamicum” further cataly�cal residues were iden�fied using a FACS 

screening approach of a HrrS error prone library. Analysis of chimeric proteins 

emphasized the loca�on of interface residues, which confer specificity during 

phosphatase reac�on, within the dimeriza�on and his�dine phosphotransfer domains 

of HrrS and ChrS. 
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4 Discussion 

 

4.1 Control of haem-homeostasis in C. glutamicum 

Iron is an essen�al trace element for almost all bacteria as it serves as cofactor in many 

proteins such as enzymes involved in the TCA cycle, electron transport or DNA 

biosynthesis (Skaar, 2010). Besides iron, haem represents an a�rac�ve alterna�ve 

source of iron. Especially pathogens acquire haem and iron from host iron sources 

including transferrin, lactoferrin, and haemoglobin (Runyen-Janecky, 2013, Nobles and 

Maresso, 2011, O�o et al., 1992).  

Survival in changing environments, like the soil or a human host, cri�cally relies 

on the ability of a species to sense and adapt to the par�cular condi�ons. The most 

prominent mode of percep�on and transduc�on of extra- and intracellular s�muli are 

two-component systems (TCS) (Stock et al., 2000). A�er their discovery over 30 years 

ago great progress in the iden�fica�on and unravelling of the func�on of numerous 

TCS has been made (Ferrari et al., 1985, Nixon et al., 1986). TCS enable the sensing and 

adapta�on of the cellular physiology to various intra and extracellular s�muli , among 

them stress s�muli, osmolarity changes, an�bio�cs, the redox state, quorum signals, 

and nutrients (Calva and Oropeza, 2006, Steele et al., 2012). In the present work we 

focused on the characteriza�on of the haem-dependent TCS ChrSA from 

C. glutamicum and uncovered a close interplay with the homologous TCS HrrSA. Both 

TCS HrrSA and ChrSA allow the u�liza�on of haem as an alterna�ve source of iron in 

the Gram-posi�ve soil bacterium C. glutamicum. 

C. glutamicum and its close pathogenic rela�ve C. diphtheriae both use the 

ABC-transporter HmuTUV and surface exposed haem-binding proteins (e.g. HtaA) for 

haem uptake (Frunzke et al., 2011, Allen and Schmi�, 2009, Allen and Schmi�, 2011). 

A�er entering the cell, haem is degraded by the haem oxygenase HmuO, resul�ng in 

the release of iron. The haem-dependent ac�va�on of hmuO expression was recently 

shown to be mediated by the TCS HrrSA in C. glutamicum (Frunzke et al., 2011). In the 

presence of iron, expression of hrrA itself, the haem importer hmuTUV, and the haem 

oxygenase hmuO is repressed by the global iron regulator DtxR (Frunzke and Bo�, 

2008, Wennerhold and Bo�, 2006, Wennerhold et al., 2005). However the u�lity of 

sufficient haem supply is inseparable from its toxicity. O ne possible scenario is that 
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iron, released during the degrada�on of haem can be involved in the forma�on of 

reac�ve oxygen species via Fenton reac�on leading to DNA damage (Everse and Hsia, 

1997). Based on the fact that bacteria have evolved sophis�cated strategies to avoid 

haem toxicity e.g. the export, another explana�on is, that haem itself can be toxic by 

an unknown mechanism (Stojiljkovic et al., 1999). Thus, u�liza�on and detoxifica�on of 

haem have to be �ghtly regulated by bacteria. 

In this previous work a second TCS termed ChrSA appeared to be a further 

target of HrrSA (Frunzke et al., 2011). Thus, the role of ChrSA as a second key player in 

the control of haem homeostasis was characterized during this study. The TCS 

mediated control of haem homeostasis seems to be a general mechanism for bacteria, 

but whereas some bacteria expend only one TCS as C. urealy�cum or C. ulcerans, 

others hold even two TCS as regulators for the haem-homeostasis, as it is the case for 

C. glutamicum and C. diphtheriae (Bibb and Schmi�, 2010, Bo� and Brocker, 2012 , 

Tauch et al., 2008, Trost et al., 2011). In C. glutamicum HrrSA and ChrSA share a high 

sequence similarity with each other and respond to the same s�mulus (haem), 

consequently the ques�on appeared if both TCS can interact with each other. For this 

reason the major focus of this work was to uncover the level of interac�on between 

the TCS HrrSA and ChrSA and to disclose mechanisms ensuring pathway specificity in 

these highly intertwined TCS. 

4.1.1 The two-component system ChrSA is crucial for haem-detoxifica�on 

The TCS ChrSA was described to be crucial for conferring resistance against high levels 

of haem in many Gram-posi�ve species (Joubert et al., 2014, Bibb and Schmi�, 2010). 

In the present study the TCS ChrSA was shown to ac�vate the expression of the 

divergently located operon hrtBA, encoding the ABC-transporter HrtBA, which is 

crucial for the export of haem. Dele�on mutants of hrtBA and chrSA displayed a high 

sensi�vity towards haem underlining the importance of the TCS ChrSA for the 

detoxifica�on of haem (Heyer et al., 2012). Besides that, reporter assays pointed 

towards a contribu�on of ChrSA in the ac�va�on of the expression of hmuO which is 

mainly ac�vated by the TCS HrrSA (Frunzke et al., 2011, Heyer et al., 2012). 

The orthologous TCS ChrSA from C. diphtheriae shares a high sequence 

similarity with ChrSA from C. glutamicum (ChrS: 29%, ChrA: 44%) and also ac�vates the 

expression of hrtBA. However, in contrast to C. glutamicum, in C. diphtheriae the TCS 
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ChrSA is also the main ac�vator of hmuO expression as it contributes to 80 % of the 

ac�va�on (Bibb et al., 2005, Bibb et al., 2007). Furthermore, in C. diphtheriae ChrSA 

represses together with HrrSA the expression of hemA, which is involved in haem-

biosynthesis, which is also the case for C. glutamicum (Bibb et al., 2007, Frunzke et al., 

2011). The present study shows that in C. glutamicum HrrSA and ChrSA inherit dis�nct 

roles in the control of haem u�liza�on and detoxifica�on on the other hand, whereas 

in C. diphtheriae this role is mainly taken over by ChrSA (Heyer et al., 2012, Bibb et al., 

2007). However, the regula�on of target genes by ChrSA and HrrSA in C. diphtheriae 

was not inves�gated under different condi�ons which  could also have an influence on 

the contribu�on of the systems regarding their target gene ac�va�on.  

Such haem detoxifica�on systems are widespread among Gram -posi�ve 

bacteria, especially in pathogens and saprotrophs a high conserva�on can be observed 

(Stauff and Skaar, 2009b). Orthologous systems comprised by the haem exporter 

HrtBA regulated by a TCS (HssRS) could be iden�fied in Staphylococcus aureus, 

Stapylococcus epidermis, Bacillus cereus, Bacillus sub�lis, Bacillus anthrac�s, Listeriae 

monocytogenes and many other (Stauff and Skaar, 2009b , Torres et al., 2007, Juarez-

Verdayes et al., 2012).  

Further strategies to overcome the toxicity of haem besides simply expor�ng it 

are the sequestra�on and degrada�on of haem. Plasmodium ssp. the causa�ve agent 

of malaria, seuquesters haem in a nontoxic insoluble substance termed hemozoin. This 

reac�on is catalyzed by the haem detoxifica�on protein (HDP) (Fitch, 1998, Jani et al., 

2008). Another example for haem sequestra�on is the haem binding protein family 

HemS. In Yersinia enterocoli�ca dele�on of hemS resulted in an increased sensi�vity 

towards increased haem levels (Stojiljkovic and Hantke, 1994). Preven�on of haem 

toxicity was also considered to be mediated by degrada�on. In mammals, a haem 

oxygenase family of monooxygenases func�ons was first iden�fied to protect cells 

from the deleterious effects of haem (Poss and Tonegawa, 1997). The wide distribu�on 

of such haem detoxifica�on mechanisms among diverse species highlights their 

importance and their need for a �ght control.  

The existence of a TCS in combina�on with an exporter to prevent toxicity of 

various substances is a common phenomenon. For Bacillus sub�lis it was recently 

described that the TCS BceRS confers resistance towards bacitracin as it ac�vates the 
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expression of a haem exporter bceAB. Interes�ngly, in this case, the transporter 

cons�tutes the bacitracin sensor and communicates this to the HK (Dintner et al., 

2014). Whether the haem-exporter HrtBA is involved in haem sensing and interacts 

with ChrSA in C. glutamicum could be elucidated in reporter assays with hrtBA dele�on 

mutants and protein-protein interac�on studies in future experiments. Besides that, 

un�l now it is not clear, how haem is detected by HrrS and ChrS  in C. glutamicum.  

 For ChrS from C. diphtheriae it was suggested that haem sensing occurs in the 

intracellular space. It was shown that puta�ve residues involved in haem binding are 

located in the second and fourth transmembrane domain. However, the iden�fied 

residues were located intra- and extracellular and even in the transmembrane region, 

which requires addi�onal studies to iden�fy the loca�on of haem detec�on. Only one 

muta�on of a highly conserved tyrosine residue (Y61) located on the intracellular site 

of the transmembrane domain, completely abolished ChrS ac�vity in the presence of 

haem (Bibb and Schmi�, 2010). In contrast to that for B. anthracis it was shown during 

muta�on studies of HssS that haem detec�on occurs either between the membranes 

and the cell wall or in the membrane itself (Stauff and Skaar, 2009a).  

In C. glutamicum, reporter studies with a dele�on mutant of the haem-

importer ΔhmuTUV displayed no altera�on in signal output (see appendix Fig. S1). This 

might be due to the hydrophilic nature of haem, entering the cell or the stimulus is 

detected extracellular. This could be elucidated by muta�on of conserved TMD 

residues and membrane topology analysis in the future. 

 

4.2 Mul�-level interac�on of the TCS ChrSA and HrrSA 

 

4.2.1 The HrrSA and ChrSA regulon overlap 

In our previous work, it was shown that the TCS HrrSA represses the expression of 

chrSA. Furthermore, it was shown, that HrrA is capable of binding to the promoter 

region of chrSA delivering first evidence for an interac�on of the TCS HrrSA and ChrSA 

in C. glutamicum on the transcrip�onal level (Frunzke et al., 2011). Vice versa during 

transcriptome analysis and reporter studies of a chrSA dele�on mutant and DNA-

protein interac�on studies, expression of the homologous TCS hrrSA appeared to be 

nega�vely regulated by ChrSA in the present study (Heyer et al., 2012, Hentschel et al., 
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2014). Addi�onally, these studies also demonstrated, that HrrSA and ChrSA control 

overlapping target genes (Heyer et al., 2012). This is also the case for the dual control 

of hemA and hmuO expression by the two orthologous TCS from C. diphtheriae as 

men�oned above (Bibb et al., 2007). In many cases TCS target genes overlap. This was 

shown for the control of the expression of two porins encoded by ompF and csgD, 

which are both controlled by RRs of the TCS EnvZ-OmpR and CpxA-CpxR from E.coli, 

but the regulatory logic behind this is s�ll unclear (Batchelor et al., 2005).  

From this study and from prior results it was also shown that even the target 

gene recogni�on sites of HrrA and ChrA overlap in C. glutamicum (Wolf, 2013, Heyer et 

al., 2012). Thus it is likely, that both RR might compete for the binding to the target 

genes and that under a par�cular condi�on one RR outcompetes the other for binding. 

A recent work could demonstrate that this is the case for the orphan RR GlnR and the 

TCS RR PhoP in Streptomyces coelicolor. PhoP and GlnR compete for the binding to the 

promoter of the target gene glnA, but GlnR has a higher affinity to the target 

sequence. In this case, this allows a modula�on of gene expression in response to 

different s�muli (Sola-Landa et al., 2013). In the case of HrrSA and ChrSA binding 

affini�es to their target genes could be determined using surface plasmon resonance 

transfer analysis. But as both systems respond to the same s�mulus (haem), the 

physiological role behind this is unclear.   

A further poten�al level of interac�on is the heterodimeriza�on of RRs, which 

was recently shown for two orphan atypical response regulators BldM and Whil from 

Streptomyces venezuelae controlling morphological differen�a�on. As homodimer 

BldM ac�vates several genes involved in the differen�a�on of aerial hyphae into 

spores, but as a BldM-Whil heterodimer, BldM binding specificity to further target 

genes involved in sporula�on is modulated. This allows an integra�on of different 

signals and might func�on as a �ming device of gene expression (Al-Bassam et al., 

2014). However, as we could not observe an interac�on between HrrA and ChrA in 

bacterial two-hybrid assays (see appendix Fig. S2) a heterodimeriza�on is rather 

unlikely.  

Another possible scenario could be that HrrA and ChrA compete for their 

binding to target promoters. This could be tested with a plasmid clustering assay 

developed by Batchelor and Goulian, which enables the visualiza�on of DNA binding of 
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a RR fused to YFP. Plasmids containing mul�ple copies of the respec�ve target 

promoter binding site were used. If RR binding occurs, this leads to a cluster forma�on, 

which can be detected via fluorescence microscopy (Batchelor and Goulian, 2006). This 

could be an approach to test a compe��on between HrrA and ChrA for binding to their 

target gene promoters under varying RR concentra�ons. The current model of the 

regula�on of haem homeostasis by HrrSA and ChrSA is summarized in figure 4.2.1. 

 

 

 

 

 

 

 

 

Fig. 4.2.1 Current model of the interac�on of the haem-dependent TCS HrrSA and ChrSA in C. glutamicum. 
The TCS ChrSA predominantly mediates detoxifica�on of haem by ac�va�on of hrtBA upon high haem levels. 
The HrrSA TCS is required for u�liza�on of haem as an alterna�ve source of iron by ac�va�ng hmuO. Uptake 
of haem is mediated by HmuTUV/HtaA. Ac�va�on of the response regulators ChrA and HrrA is mediated by 
their cognate kinases ChrS and HrrS in the presence of a s�mulus. An interac�on of both TCS was observed 
on the level of cross-talk and cross-regula�on. The kinases HrrS and ChrS have a dual func�on both as kinase 
and as phosphatase. Phosphatase ac�vity of each kinase was shown to be specific only for the cognate 
response regulator, thereby ensuring pathway  specificity of these closely related systems. When sufficient 
iron is available, the genes hrrA and hmuO are both repressed by the regulator of iron homeostasis DtxR. 
Adapted from (Hentschel et al., 2014, Bo� and Brocker, 2012). 
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4.2.2 HrrSA and ChrSA interact at the level of phosphotransfer  

HKs and RRs each comprise paralogous gene families. Some species encode dozens or 

up to hundreds of these signaling systems (Galperin, 2005, Alm et al., 2006). Thus, 

these families o�en share a high similarity regarding their structure and sequence, 

which provides considerable poten�al for cross-talk on the phosphoryla�on level (Fig. 

4.2.1). The fact that the TCS HrrSA and ChrSA share a high sequence similarity with 

each other (HrrS and ChrS: 39%; HrrA and ChrA: 57% iden�ty) and respond to the 

iden�cal s�mulus, suggests that they might also interact at the level of 

phosphotransfer (Hentschel et al., 2014).  

An interac�on at the level of phosphotransfer could in fact be observed in in 

vivo and in vitro experiments during this study. Mutants lacking the kinase HrrS or ChrS 

respec�vely were capable of phosphoryla�ng non cognate RRs. Addi�onally, this was 

also demonstrated during in vitro phosphoryla�on assays and in bacterial two-hybrid 

assays (see appendix Fig. S2) (Hentschel et al., 2014). In C. diphtheriae a cross-talk 

between HrrSA and ChrSA was also suggested, but not tested in vitro in prior studies 

(Bibb et al., 2005, Bibb et al., 2007).  In general cross-talk in bacteria can be deleterious 

and must be avoided to maintain the correct flux of informa�on (Laub and Goulian, 

2007). In contrast to that, signal transduc�on systems in eukaryotes display extensive 

cross-talk. The kinase Cdk1 for example phosphorylates hundreds of targets in yeast. 

(Hill, 1998, Ptacek et al., 2005). However, there are a few examples of cross-talk 

playing a physiological role in bacteria in vivo.  

One example is the cross-talk between PhoR/PhoP and WalR/WalK (prior 

named YycG/YycF) from B. sub�lis, which is due to the physiological relevance termed 

cross-regula�on. Expression of the gene yocH is ac�vated by the RR WalK which is 

phosphorylated by the non-cognate HK PhoR under phosphate limita�on (Howell et 

al., 2003, Howell et al., 2006). Another interes�ng example of cross-regula�on that 

connects the haem response to cell envelope stress was recently published for 

B. anthracis. Here, the haem responsive ChrSA ortholog HssRS mediates the 

detoxifica�on of haem as described above (Stauff and Skaar, 2009a). A further TCS 

HitRS is supposed to be involved in sensing of compounds that alter the cell wall 

integrity and ac�vates the ABC transporter hitPQ. Interes�ngly, HitRS failed to sense 

haem. It was shown that HssS phosphorylates HitR in vivo and in vitro, resul�ng in an 
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upregula�on of hitRS by HssRS in the presence of haem, which allows an integra�on of 

signals from different pathways.  It was speculated that the connec�on of sensing 

haem and detec�ng perturba�ons of the cell envelope has a physiological relevance as 

the hydrophobic haem can accumulate in the membrane at high levels (Mike et al., 

2014, Anzaldi and Skaar, 2010).  

Physiological relevance of cross-talk between HrrSA and ChrSA in C. glutamicum 

based on the integra�on of different signals is unlikely, as both TCS respond to the 

same s�mulus (haem). However, spa�otemporal super resolu�on microscopy analysis 

of the his�dine kinases HrrS and ChrS fused to eYFP revealed that hrrS is expressed on 

a basal level under both iron and haem conditions, whereas chrS expression is shut 

down in the absence of haem and strongly upregulated upon haem supply 

(unpublished data). These data indicate that cross-talk from HrrS to ChrA, which 

underlies strong autoac�va�on, might act as a trigger for chrSA expression when the 

condi�ons shi� towards high haem levels. The physiological relevance of cross-talk 

could be further inves�gated in Förster Resonance Energy Transfer (FRET) assays 

allowing the monitoring of an interac�on between HrrSA and ChrSA in vivo. Another 

approach to test cross-talk in vivo was developed by Siryaporn and co-workers. Here a 

fluorescence localiza�on assay where the RRs were fused to YFP was used to monitor 

HK-RR interac�on. Upon HK-RR interac�on, RR-YFP comes in close proximity to the HK 

and is localized to the cell periphery, which can be monitored by fluorescence 

microscopy (Siryaporn et al., 2010). 

 

4.3 Pathway specificity in HrrSA and ChrSA signal transduc�on 

A rela�vely new field in TCS research a�ends to uncover the mechanisms dicta�ng 

specificity in the concert of bacterial signal transduc�on (Podgornaia and Laub, 2013, 

Laub and Goulian, 2007). In eukaryotes cross-talk is o�en limited by a spa�al 

localiza�on of regulatory proteins, which is mediated by adaptor or scaffold proteins, 

separa�ng the components from each other (Bha�acharyya et al., 2006). In bacteria 

several mechanism were described ensuring pathway specificity and avoiding 

detrimental cross-talk in TCS signal transduc�on. These mechanisms comprise (i) 

phosphatase ac�vity of the HKs, (ii) substrate compe��on, and (iii) molecular 

recogni�on via specificity residues forming the interface between HK and RR (Laub and 
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Goulian, 2007). The role of phosphatase ac�vity and molecular recogni�on for 

pathway specificity will be discussed in the next sec�ons. 

 

4.3.1 Phosphatase activity ensures pathway specificity of HrrSA and ChrSA 

This work delivered striking evidence that phosphatase ac�vity of the his�dine kinases 

HrrS and ChrS is important for conferring specificity in the cross-talking TCS HrrSA and 

ChrSA in C. glutamicum. Muta�on of a conserved glutamine residue within a conserved 

phosphatase mo�f (DxxxQ) led to an increased signal of target gene reporters, due to a 

lacking dephosphoryla�on of RRs. Furthermore, in in vitro assays, dephosphoryla�on 

was solely observed for the cognate RRs of HrrS and ChrS, respec�vely (Hentschel et 

al., 2014). 

Phosphatase mo�fs first of all were iden�fied for auxiliary phosphatases as 

CheZ and CheX which harbor the phosphatase mo�fs DxxxQ and ExxN that are crucial 

for the dephosphoryla�on of CheY. The conserved residues Gln and Asn both provide 

an amide group for the orienta�on of the nucleophilic water and the Asp and Glu 

residues are capable of forming a salt bridge with a Lys residue of CheY (Pazy et al., 

2010, Zhao et al., 2002, Silversmith, 2010).  

 Phosphatase ac�vity as a determinant of specificity has been described for a 

number of HKs. Usually the unphosphorylated HK exhibits phosphatase ac�vity in the 

absence of a s�mulus (Stock et al., 2000, Huynh and Stewart, 2011). The theory that 

the phosphate residue is transferred backwards to the HK was refuted in the past 

(Huynh and Stewart, 2011). Instead of this, another hypothesis came into focus of 

researchers. This hypothesis implies that dephosphoryla�on is catalyzed by the amide 

or hydroxyl group of a conserved Gln, Asn or Thr residue located within a conserved 

phosphatase mo�f in the α1-helix of the DHp domain of HKs (HisKA subfamily: 

E/DxxN/T, HisKA_3 subfamily: DxxxQ). These residues form a hydrogen bond with a 

nucleophilic water and orient it for an in-line hydrolysis of the phosphoryl group 

(Huynh and Stewart, 2011, Huynh et al., 2013). In the present study such phosphatase 

mo�fs could also be iden�fied for all of the 13 C. glutamicum HKs, which represent the 

two subgroups HisKA and HisKA_3 underlining the importance of such a dual control.  

Phosphatase ac�vity in bacterial TCS signal transduc�on does not only prevent 

cross-talk from non-cognate kinases or small phosphate donors like acetyl phosphate, 
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it also resets the system upon changed environmental condi�ons  (Podgornaia and 

Laub, 2013). Cross-talk from one of the other 11 TCS from C. glutamicum as well as the 

involvement of small phosphate donors can be excluded for HrrSA and ChrSA, as a 

dele�on mutant lacking both kinases showed an impaired growth and nearly no target 

gene reporter signal could be observed during the present study (Hentschel et al., 

2014). 

Prominent examples for the bifunc�onal nature of HKs of HisKA_3 subfamily 

include NarX controlling nitrate response from E. coli, the LiaFRSR TCS media�ng the 

response towards cell-envelope stress in B. sub�lis and the membrane fluidity sensor 

DesK from B. sub�lis. Consistent with our data, the glutamine residue within the 

conserved phosphatase mo�f DxxxQ was also demonstrated to be crucial for 

conferring cataly�cal phosphatase ac�vity (Schrecke et al., 2013, Huynh et al., 2010, 

Albanesi et al., 2004). Inves�ga�on of NarX from E. coli also suggested an ancillary 

involvement of the Asp residue for phosphatase ac�vity, here it was proposed that this 

residue forms a hydrogen bond with a Lys residue of the RR (Huynh et al., 2010). A 

further study also demonstrated that the CA domain of the HisKA subfamiliy has an 

influence on phosphatase ac�vity, whereas it has no influence on the phosphatase 

ac�vity of the HisKA_3 subfamily (Huynh et al., 2013). For several HisKA subfamily 

members (EnvZ, PleC, CpxA, PhoR, WalK and HK853) it was shown that only one 

residue (T/N) within the highly conserved mo�f E/D-x-x-T/N is required exclusively for 

phosphatase ac�vity, whereas the Glu and Asp residues in close proximity to the 

his�dine are important for kinase ac�vity (Wille� and Kirby, 2012 , Du�a et al., 2000, 

Gutu et al., 2010, Hsing et al., 1998, Yamada et al., 1989, Nakano and Zhu, 2001, Raivio 

and Silhavy, 1997). 

Up to this date, the exact mechanism of the differen�ally regulated 

phosphatase and kinase ac�vity is not fully understood. With the help of HKs crystal 

structures some studies suggest that the two modes represent two different 

conforma�ons and that the rota�onal movement within the DHp domain helical 

bundle has an impact on the accessibility of the his�dine residues crucial for 

autophosphoryla�on and the phosphatase mo�f (Stewart, 2010, Russo and Silhavy, 

1991, Casino et al., 2009, Albanesi et al., 2009). 
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During our study we started to iden�fy further residues involved in 

phosphatase ac�vity of HrrS by the establishment of an error prone library of the HrrS 

DHp domain. During the screening for kinase ON/ phosphatase OFF phenotypes, we 

were able to isolate further puta�ve phosphatase residues. Interes�ngly , a highly 

conserved threonine residue (T219R), which is also part of the conserved HrrS 

phosphatase mo�f (DTVAQ) as well as a cluster of amino-acids which are all located 

within the H-Box of the HrrS DHp domain turned out to be puta�ve candidates for 

further cataly�cal residues. The role of these puta�ve phosphatase residues and the 

impact on kinase ac�vity will be elucidated using in vitro phosphoryla�on assays with 

purified HrrS in the future. Protein-protein interac�on studies will further reveal if 

these muta�ons might lead to a loss in affinity, to dis�nguish betwee n cataly�cal 

residues and those forming the interface. Most of the current knowledge about 

phosphatase ac�vity derives from studies of HisKA family members Inves�ga�on of 

phosphatase ac�vity of HrrS and ChrS would make an important contribu�on to 

expand the knowledge of HisKA_3 subgroup phosphatase ac�vity. 

 

4.3.2 Molecular recogni�on during phosphatase ac�vity of HrrS and ChrS 

In this study it was shown that phosphatase ac�vity of HrrS and ChrS is highly specific 

only for the cognate RR in C. glutamicum. However, the cataly�cal phosphatase mo�f 

of HrrS and ChrS turned out to be iden�cal for both (DTVAQ) (Hentschel et al., 2014). 

Consequently, the ques�on arises if molecular recogni�on plays a further role in 

insula�on of HrrSA and ChrSA signal-transduc�on during the phosphatase reac�on. It 

is feasible that cataly�cal phosphatase residues are iden�cal and only the interface 

changed during the course of HrrS and ChrS evolu�on.  

The principle of molecular recogni�on is based on the assump�on that a small 

number of residues enables a HK to discriminate its cognate RR. New TCS pathways 

typically arise via gene duplica�on events or lateral gene transfer, leading to two 

iden�cal pathways. For this account, the occurrence of cross-talk is obvious (Alm et al., 

2006, Capra and Laub, 2012). In C. glutamicum 13 TCS can be found which represent 

two subgroups HisKA and HisKA_3 (Bo� and Brocker, 2012 ). Phylogene�c analysis of 

these TCS showed that they probably arised via gene-duplica�on events and share a 
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common ancestor. Many homologous pairs can be found, which share a high sequence 

similarity with each other.  

To become a new pathway and to avoid the deleterious effects of cross -talk a 

subsequent divergence a�er gene duplica�on is necessary  (Capra et al., 2012). Both 

HK and RR coevolve to maintain their interac�on and to become insulated from the 

ancestral TCS. A�er specificity is established these residues forming the interface 

become more or less sta�c (Salazar and Laub, 2015). However, the superordinate 

principle behind the emergence of new pathways via single muta�ons contribu�ng to 

specificity is not fully understood. Several studies focused on the iden�fica�on of 

interface residues conferring specificity in TCS signalling (Skerker et al., 2008, Laub and 

Goulian, 2007, Capra and Laub, 2012). These interface residues, being important for 

the molecular recogni�on between a HK and its cognate RR are supposed to be located 

in the first α-helix of the RR REC domain and in both helices of the DHp domain of the 

HK (Podgornaia and Laub, 2013).  

 This was also demonstrated for EnvZ from E. coli, where residues conferring 

specificity could be iden�fied. These are mostly located at the C-terminal end of α1-

helix and in the the N-terminal part of the α2-helix. Furthermore, they were able to 

switch specificity from EnvZ to a non-cognate RR RstB by muta�ng only three residues 

within the DHp domain and thereby ra�onally rewired the interface (Skerker et al., 

2008). In another important study the co-crystal structure of the TCS HK853-RR468 

from T.  mari�ma was solved which shed light onto the sequence and structure of the 

interface conferring specificity (Casino et al., 2009). In a later study the approach of 

ra�onally rewiring specificity was used to switch the interac�on of HK853-RR468 from 

T. mari�ma to PhoR-PhoB from E.coli (Podgornaia et al., 2013). However, an important 

contribu�on to the understanding of the evolu�on of specificity residues requires the 

iden�fica�on of muta�onal intermediates. For the establishment of a new pathway 

the intermediates between ini�al and the final insulated state have to be nearly 

neutral (Capra and Laub, 2012). 

In a recent study, Podgornaia and Laub followed muta�onal trajectories of the 

interface of the TCS PhoPQ from E. coli. In this work they were able to map the protein 

interface crucial for molecular recogni�on and mutated the four key interfacial 

residues in all possible combina�ons to screen for func�onal intermediates. With this 
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approach they followed muta�onal trajectories and showed a degeneracy in the 

interface of PhoPQ and an epistasis which constrains PhoQ evolu�on (Podgornaia and 

Laub, 2015). 

In the present study, we started with localiza�on studies of residues conferring 

specificity during phosphatase reac�on of HrrS and ChrS in C. glutamicum. For these 

TCS the mechanism of molecular recogni�on seems to play a greater role during 

phosphatase ac�vity in contrast to kinase ac�vity. Using chimeric proteins of HrrS and 

ChrS DHp domains, we obtained first hints that residues conferring specificity are 

located inside the DHp domains of HrrS and ChrS (for current model see Fig. 4.3.2). 

However, redirec�ng phosphatase ac�vity for the non-cognate RR was not possible for 

all chimeras, as this presumably causes structural perturba�ons or the stoichiometry 

might also have an effect here.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, a covariance based computa�onal method termed mutual informa�on score 

analysis (MIS) could be used to predict residues conferring specificity. This is based on 

the assump�on that every muta�on occurring post-duplica�on in a HK has to be 

reverted by a further muta�on in the cognate RR and vice versa. MIS compares the 

frequency of individual aminoacids at two residue posi�ons in a mul�ple sequence 

Fig. 4.3.2: Model of the interface of the haem-dependent TCS HrrSA and ChrSA. Schema�c 
representa�on of the protein-protein interface of HrrSA and ChrSA. Molecular recogni�on is 
supposed to be mediated by unknown residues localized in both α -helices of the DHp domain of 
the HK and in the REC domain of the RR. The conserved his�dine residue of HKs HrrS and ChrS is 
crucial for kinase ac�vity, whereas the conserved glutamine residue was demonstrated to be 
involved in cataly�cal phosphatase ac�vity. 
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alignment to the frequency of the co-occurrence of these aminoacids at the par�cular 

residue posi�on (Szurmant and Hoch, 2010). Another approach to iden�fy residues 

conferring specificity during phosphatase reac�on will be a co-crystalliza�on of HrrSA 

and ChrSA and especially of both TCS with their non-cognate partners. 

Thus far,  the role of phosphatase ac�vity is controversially discussed. In the study 

of Siryaporn et al. the authors hypothesized that phosphatase ac�vity is strictly the 

result of an increased HK/RR affinity (Siryaporn et al., 2010). Another recent work 

focused on the iden�fica�on of further residues involved in phosphatase ac�vity of 

NarX, DesK (HisKA_3) and HK853 (HisKA) besides the above described cataly�cal Gln, 

Asn or Thr residues. Missense subs�tu�ons were created to isolate kinase 

ON/Phosphatase OFF mutants. Interes�ngly, they could iden�fy two further types of 

residues affec�ng phosphatase ac�vity. These are (i) residues important for 

conforma�on and (ii) residues which are crucial for HK and RR specificity that are 

involved in the forma�on of the interface. Muta�on of these residues resulted in 

kinase ON/ phosphatase OFF phenotype and in a reduced HK RR affinity (Huynh et al., 

2013). This also suggests that phosphatase ac�vity requires a higher affinity than 

kinase ac�vity. 

This is in contrast with the finding that some residues are exclusively required for 

kinase or phosphatase ac�vity of HisKA subfamily members. In this study a complete 

dissec�on of the HisKA domain of the CdrS homologs HK1190 and HK4262 from 

M. xanthus and of HK853 from T. mari�ma was performed. However, muta�on of 

these residues did not result in a lowered partner affinity (Wille� and Kirby, 2012 ). 

Thus, up to now the role of molecular recogni�on during phosphatase ac�vity is not 

clear.  

The homolgous TCS HrrSA and ChrSA from C. glutamicum represent an ideal 

model to study the role of molecular recogni�on during phosphatase ac�vity as they 

show a high level of cross-talk, respond to the same haem s�mulus and phosphatase 

ac�vity was demonstrated to be highly specific only for the cognate RR in the present 

study.  

 

 

 



References                                                                                                         91 

5 References 

 

Al-Bassam, M. M., Bibb, M. J., Bush, M. J., Chandra, G. and Bu�ner, M. J., (2014) Response 
regulator heterodimer forma�on controls a key stage in Streptomyces development. 
PLoS Genet 10: e1004554. 

Albanesi, D., Mansilla, M. C. and de Mendoza, D., (2004) The membrane fluidity sensor DesK of 
Bacillus sub�lis controls the signal decay of its cognate response regulator. J Bacteriol 
186: 2655-2663. 

Albanesi, D., Mar�n, M., Trajtenberg, F., Mansilla, M. C., Haouz, A., Alzari, P. M., de Mendoza, 
D. and Buschiazzo, A., (2009) Structural plas�city and catalysis regula�on of a 
thermosensor his�dine kinase. Proc Natl Acad Sci U S A 106: 16185-16190. 

Allen, C. E. and Schmi�, M. P., (2009) HtaA is an iron-regulated hemin binding protein involved 
in the u�liza�on of heme iron in Corynebacterium diphtheriae. J Bacteriol 191: 2638-
2648. 

Allen, C. E. and Schmi�, M. P., (2011) Novel hemin binding domains in the Corynebacterium 
diphtheriae HtaA protein interact with hemoglobin and are cri�cal for heme iron 
u�liza�on by HtaA. J Bacteriol 193: 5374-5385. 

Alm, E., Huang, K. and Arkin, A., (2006) The evolu�on of two-component systems in bacteria 
reveals different strategies for niche adapta�on. PLoS Comput Biol 2: e143. 

Andrews, S. C., Robinson, A. K. and Rodriguez-Quinones, F., (2003) Bacterial iron homeostasis. 
FEMS Microbiology Reviews 27: 215-237. 

Anzaldi, L. L. and Skaar, E. P., (2010) Overcoming the heme paradox: heme toxicity and 
tolerance in bacterial pathogens. Infect Immun 78: 4977-4989. 

Arthur, M., Molinas, C. and Courvalin, P., (1992) The VanS -VanR two-component regulatory 
system controls synthesis of depsipep�de pep�doglycan precursors in Enterococcus 
faecium BM4147. J Bacteriol 174: 2582-2591. 

Aus�n, S. and Dixon, R., (1992) The prokaryo�c enhancer binding protein NTRC has an ATPase 
ac�vity which is phosphoryla�on and DNA dependent. EMBO J 11: 2219-2228. 

Baker, M. D., Wolanin, P. M. and Stock, J. B., (2006) Signal transduc�on in bacterial 
chemotaxis. Bioessays 28: 9-22. 

Batchelor, E. and Goulian, M., (2006) Imaging OmpR localiza�on in Escherichia coli. Mol 
Microbiol 59: 1767-1778. 

Batchelor, E., Walthers, D., Kenney, L. J. and Goulian, M., (2005) The Escherichia coli CpxA-CpxR 
envelope stress response system regulates expression of the porins OmpF and OmpC. J 
Bacteriol 187: 5723-5731. 

Batchelor, J. D., Doucleff, M., Lee, C. J., Matsubara, K., De Carlo, S., Heideker, J., Lamers, M. H., 
Pelton, J. G. and Wemmer, D. E., (2008) Structure and regulatory mechanism of 
Aquifex aeolicus NtrC4: variability and evolu�on in bacterial transcrip�onal regula�on. 
J Mol Biol 384: 1058-1075. 

Bha�acharyya, R. P., Remenyi, A., Good, M. C., Bashor, C. J., Falick, A. M. and Lim, W. A., 
(2006) The Ste5 scaffold allosterically modulates signaling output of the yeast ma�ng 
pathway. Science 311: 822-826. 

Bibb, L. A., King, N. D., Kunkle, C. A. and Schmi�, M. P., (2005) Analysis of a heme-dependent 
signal transduc�on system in Corynebacterium diphtheriae: dele�on of the chrAS 
genes results in heme sensi�vity and diminished heme-dependent ac�va�on of the 
hmuO promoter. Infect Immun 73: 7406-7412. 

Bibb, L. A., Kunkle, C. A. and Schmi�, M. P., (2007) The ChrA-ChrS and HrrA-HrrS signal 
transduc�on systems are required for ac�va�on of the  hmuO promoter and repression 
of the hemA promoter in Corynebacterium diphtheriae. Infect Immun 75: 2421-2431. 



 92                                                                                                           References  

 

Bibb, L. A. and Schmi�, M. P., (2010) The ABC transporter HrtAB confers resistance to hemin 
toxicity and is regulated in a hemin-dependent manner by the ChrAS two-component 
system in Corynebacterium diphtheriae. J Bacteriol 192: 4606-4617. 

Bo�, M. and Brocker, M., (2012) Two -component signal transduc�on in Corynebacterium 
glutamicum and other corynebacteria: on the way towards s�muli and targets. Appl 
Microbiol Biotechnol 94: 1131-1150. 

Bo�, M. and Niebisch, A., (2003) The respiratory chain of Corynebacterium glutamicum. J 
Biotechnol 104: 129-153. 

Braun, V., Mahren, S. and Ogierman, M., (2003) Regula�on of the FecI -type ECF sigma factor by 
transmembrane signalling. Curr Opin Microbiol 6: 173-180. 

Brocker, M., Mack, C. and Bo�, M., (2011) Target genes, consensus binding site, and role of 
phosphoryla�on for the response regulator MtrA of Corynebacterium glutamicum. J 
Bacteriol 193: 1237-1249. 

Brocker, M., Schaffer, S., Mack, C. and Bo�, M., (2009) Citrate u�li za�on by Corynebacterium 
glutamicum is controlled by the CitAB two-component system through posi�ve 
regula�on of the citrate transport genes citH and tctCBA. J Bacteriol 191: 3869-3880. 

Brooks, B. E. and Buchanan, S. K., (2008) Signaling mechanisms for ac�va�on of 
extracytoplasmic func�on (ECF) sigma factors. Biochim Biophys Acta 1778: 1930-1945. 

Brown, K. R., Allan, B. M., Do, P. and Hegg, E. L., (2002) Iden�fica�on of novel hemes 
generated by heme A synthase: evidence for two successive monooxygenase 
reac�ons. Biochemistry 41: 10906-10913. 

Brune, I., Werner, H., Huser, A. T., Kalinowski, J., Puhler, A. and Tauch, A., (2006) The DtxR 
protein ac�ng as dual transcrip�onal regulator directs a global regulatory network 
involved in iron metabolism of Corynebacterium glutamicum. BMC Genomics 7: 21. 

Calva, E. and Oropeza, R., (2006) Two-component signal transduc�on systems, environmental 
signals, and virulence. Microb Ecol 51: 166-176. 

Capra, E. J. and Laub, M. T., (2012) Evolu�on of two -component signal transduc�on systems. 
Annu Rev Microbiol 66: 325-347. 

Capra, E. J., Perchuk, B. S., Skerker, J. M. and Laub, M. T., (2012) Adap�ve muta�ons that 
prevent crosstalk enable the expansion of paralogous signaling protein families. Cell 
150: 222-232. 

Casino, P., Rubio, V. and Marina, A., (2009) Structural insight into partner specificity and 
phosphoryl transfer in two-component signal transduc�on. Cell 139: 325-336. 

Chipperfield, J. R. and Ratledge, C., (2000) Salicylic acid is not a bacterial siderophore: a 
theore�cal study. Biometals 13: 165-168. 

Conant, G. C. and Wolfe, K. H., (2008) Turning a hobby into a job: how duplicated genes find 
new func�ons. Nat Rev Genet 9: 938-950. 

Cornelis, P., Wei, Q., Andrews, S. C. and Vinckx, T., (2011) Iron homeostasis and management 
of oxida�ve stress response in bacteria. Metallomics 3: 540-549. 

Cuthbertson, L. and Nodwell, J. R., (2013) The TetR family of regulators. Microbiol Mol Biol Rev 
77: 440-475. 

Deiwick, J., Nikolaus, T., Erdogan, S. and Hensel, M., (1999) Environmental regula�on of 
Salmonella pathogenicity island 2 gene expression. Mol Microbiol 31: 1759-1773. 

Dintner, S., Heermann, R., Fang, C., Jung, K. and Gebhard, S., (2014) A sensory complex 
consis�ng of an ATP-binding casse�e transporter and a two-component regulatory 
system controls bacitracin resistance in Bacillus sub�lis. J Biol Chem 289: 27899-27910. 

Du�a, R., Yoshida, T. and Inouye, M., (2000) The cri�cal role of the conserved Thr247 residue 
in the func�oning of the osmosensor EnvZ, a his�dine Kinase/Phosphatase, in 
Escherichia coli. J Biol Chem 275: 38645-38653. 

Everse, J. and Hsia, N., (1997) The toxici�es of na�ve and modified hemoglobins. Free Radic 
Biol Med 22: 1075-1099. 



References                                                                                                         93 

Ferrari, F. A., Trach, K., LeCoq, D., Spence, J., Ferrari, E. and Hoch, J. A., (1985) Characterizat ion 
of the spo0A locus and its deduced product. Proc Natl Acad Sci U S A 82: 2647-2651. 

Finn, R. D., Bateman, A., Clements, J., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Heger, A., 
Hetherington, K., Holm, L., Mistry, J., Sonnhammer, E. L., Tate, J. and P unta, M., (2014) 
Pfam: the protein families database. Nucleic Acids Res 42: 222-230. 

Fitch, C. D., (1998) Involvement of heme in the an�malarial ac�on of chloroquine. Trans Am 
Clin Climatol Assoc 109: 97-105. 

Frunzke, J. and Bo�, M., (2008) Regula�on o f iron homeostasis in Corynebacterium 
glutamicum. In: Corynebacteria: Genomics and molecular biology. Burkovski, A. (ed). 
Norfolk, UK: Caister Academic Press, pp. 241-266. 

Frunzke, J., Gatgens, C., Brocker, M. and Bo�, M., (2011) Control of heme homeostas is in 
Corynebacterium glutamicum by the two-component system HrrSA. J Bacteriol 193: 
1212-1121. 

Galperin, M. Y., (2005) A census of membrane -bound and intracellular signal transduc�on 
proteins in bacteria: bacterial IQ, extroverts and introverts. BMC Microbiol 5: 35. 

Galperin, M. Y., (2006) Structural classifica�on of bacterial response regulators: diversity of 
output domains and domain combina�ons. J Bacteriol 188: 4169-4182. 

Galperin, M. Y., (2010) Diversity of structure and func�on of response re gulator output 
domains. Curr Opin Microbiol 13: 150-159. 

Galperin, M. Y., Nikolskaya, A. N. and Koonin, E. V., (2001) Novel domains of the prokaryo�c 
two-component signal transduc�on systems. FEMS Microbiol Le� 203: 11-21. 

Gao, R., Mack, T. R. and Stock , A. M., (2007) Bacterial response regulators: versa�le regulatory 
strategies from common domains. Trends Biochem Sci 32: 225-234. 

Grebe, T. W. and Stock, J. B., (1999) The his�dine protein kinase superfamily. Adv Microb 
Physiol 41: 139-227. 

Groban, E. S., Clarke, E. J., Salis, H. M., Miller, S. M. and Voigt, C. A., (2009) Kine�c buffering of 
cross talk between bacterial two-component sensors. J Mol Biol 390: 380-393. 

Gutu, A. D., Wayne, K. J., Sham, L. T. and Winkler, M. E., (2010) Kine�c characteriza�on of the 
WalRKSpn (VicRK) two-component system of Streptococcus pneumoniae: dependence 
of WalKSpn (VicK) phosphatase ac�vity on its PAS domain. J Bacteriol 192: 2346-2358. 

Helmann, J. D., (1999) An�-sigma factors. Curr Opin Microbiol 2: 135-141. 
Helmann, J. D. and Chamberlin, M. J., (1988) Structure and func�on of bacterial sigma factors. 

Annu Rev Biochem 57: 839-872. 
Hentschel, E., Mack, C., Gatgens, C., Bo�, M., Brocker, M. and Frunzke, J., (2014) Phosphatase 

ac�vity of the his�dine kinases ensures pathway specificity of the ChrSA and HrrSA 
two-component systems in Corynebacterium glutamicum. Mol Microbiol 92: 1326-
1342. 

Heyer, A., Gatgens, C., Hentschel, E., Kalinowski, J., Bo�, M. and Frunzke, J., (2012) The two -
component system ChrSA is crucial for haem tolerance and interferes with HrrSA in 
haem-dependent gene regula�on in Corynebacterium glutamicum. Microbiology 158: 
3020-3031. 

Hill, S. M., (1998) Receptor crosstalk: communica�on through cell signaling pathways. Anat Rec 
253: 42-48. 

Hoch, J. A. and Silhavy, T. J., (1995) Two-component signal transduc�on. ASM Press, 
Washington D. C. 

Hooper, S. D. and Berg, O. G., (2003) On the nature of gene innova�on: duplica�on pa�erns in 
microbial genomes. Mol Biol Evol 20: 945-954. 

Howell, A., Dubrac, S., Andersen, K. K., Noone, D., Fert, J., Msadek, T. and Devine, K., (2003) 
Genes controlled by the essen�al YycG/YycF two-component system of Bacillus sub�lis 
revealed through a novel hybrid regulator approach. Mol Microbiol 49: 1639-1655. 

Howell, A., Dubrac, S., Noone, D., Varughese, K. I. and Devine, K., (2006) Interac�ons between 
the YycFG and PhoPR two-component systems in Bacillus sub�lis: the PhoR kinase 



 94                                                                                                           References  

 

phosphorylates the non-cognate YycF response regulator upon phosphate limita�on. 
Mol Microbiol 59: 1199-1215. 

Hsing, W., Russo, F. D., Bernd, K. K. and Silhavy, T. J., (1998) Muta�ons that alter the kinase 
and phosphatase ac�vi�es of the two-component sensor EnvZ. J Bacteriol 180: 4538-
4546. 

Huynh, T. N., Noriega, C. E. and Stewart, V., (2010) Conserved mechanism for sensor 
phosphatase control of two-component signaling revealed in the nitrate sensor NarX. 
Proc Natl Acad Sci U S A 107: 21140-21145. 

Huynh, T. N., Noriega, C. E. and Stewart, V., (2013) Missense subs�tu�ons reflec�ng regulatory 
control of transmi�er phosphatase ac�vity in two -component signalling. Mol Microbiol 
88: 459-472. 

Huynh, T. N. and Stewart, V., (2011) Nega�ve control in two -component signal transduc�on by 
transmi�er phosphatase ac�vity. Mol Microbiol 82: 275-286. 

Igo, M. M., Ninfa, A. J., Stock, J. B. and Silhavy, T. J., (1989) Phosphoryla�on and 
dephosphoryla�on of a bacterial transcrip�onal ac�vator by a transmembrane 
receptor. Genes & Development 3: 1725-1734. 

Inouye, M. and Du�a, R., (2003) His�dine kinases in signal transduc�on. Academic press, San 
Diego, California. 

Ishihama, A., (2010) Prokaryo�c genome regula�on: mul�factor promoters, mul�target 
regulators and hierarchic networks. FEMS Microbiol Rev 34: 628-645. 

Jani, D., Nagarka�, R., Bea�y, W., Angel, R., Slebodnick, C., Andersen, J., Kumar, S. and 
Rathore, D., (2008) HDP-a novel heme detoxifica�on protein from the malaria parasite. 
PLoS Pathog 4: e1000053. 

Jensen, R. B., Wang, S. C. and Shapiro, L., (2002) Dynamic localiza�on of proteins and DNA 
during a bacterial cell cycle. Nat Rev Mol Cell Biol 3: 167-176. 

Jordan, S., Hutchings, M. I. and Mascher, T., (2008) Cell envelope stress response in Gram -
posi�ve bacteria. FEMS Microbiol Rev 32: 107-146. 

Joubert, L., Derre-Bobillot, A., Gaudu, P., Gruss, A. and Lechardeur, D., (2014) HrtBA and 
menaquinones control haem homeostasis in Lactococcus lac�s. Mol Microbiol 93: 823-
833. 

Juarez-Verdayes, M. A., Gonzalez-Uribe, P. M., Peralta, H., Rodriguez-Mar�nez, S., Jan-Roblero, 
J., Escamilla-Hernandez, R., Cancino-Diaz, M. E. and Cancino-Diaz, J. C., (2012) 
Detec�on of hssS, hssR, hrtA, and hrtB genes and their expression by hemin in 
Staphylococcus epidermidis. Can J Microbiol 58: 1063-1072. 

Keener, J. and Kustu, S., (1988) Protein kinase and phosphoprotein phosphatase ac�vi�es of 
nitrogen regulatory proteins NTRB and NTRC of enteric bacteria: roles of the conserved 
amino-terminal domain of NTRC. Proc Natl Acad Sci U S A 85: 4976-4980. 

Koretke, K. K., Lupas, A. N., Warren, P. V., Rosenberg, M. and Brown, J. R., (2000) Evolu�on of 
two-component signal transduc�on. Mol Biol Evol 17: 1956-1970. 

Laub, M. T. and Goulian, M., (2007) Specificity in two -component signal transduc�on 
pathways. Annu Rev Genet 41: 121-145. 

Layer, G., Reichelt, J., Jahn, D. and Heinz, D. W., (2010) Structure and func�on of enzymes in 
heme biosynthesis. Protein Sci 19: 1137-1161. 

Letoffe, S., Ghigo, J. M. and Wandersman, C., (1994a) Iron acquisi�on from heme and 
hemoglobin by a Serra�a marcescens extracellular protein. Proc Natl Acad Sci U S A 91: 
9876-9880. 

Letoffe, S., Ghigo, J. M. and Wandersman, C., (1994b) Secre�on of the Serra�a marcescens 
HasA protein by an ABC transporter. J Bacteriol 176: 5372-5377. 

Lewis, M., Chang, G., Horton, N. C., Kercher, M. A., Pace, H. C., Schumacher, M. A., Brennan, R. 
G. and Lu, P., (1996) Crystal structure of the lactose operon repressor and its 
complexes with DNA and inducer. Science 271: 1247-1254. 



References                                                                                                         95 

Loomis, W. F., Kuspa, A. and Shaulsky, G., (1998) Two -component signal transduc�on systems 
in eukaryo�c microorganisms. Curr Opin Microbiol 1: 643-648. 

Mar�nez-Hackert, E. and Stock, A. M., (1997) Structural rela�onships in the OmpR family of 
winged-helix transcrip�on factors. J Mol Biol 269: 301-312. 

Mascher, T., (2013) Signaling diversity and evolu�on of extracytoplasmic func�on (ECF) sigma 
factors. Curr Opin Microbiol 16: 148-155. 

Mascher, T., Helmann, J. D. and Unden, G., (2006) S�mulus percep�on in bacterial signal -
transducing his�dine kinases. Microbiol Mol Biol Rev 70: 910-938. 

Mazmanian, S. K., Skaar, E. P., Gaspar, A. H., Humayun, M., Gornicki, P., Jelenska, J., Joachmiak, 
A., Missiakas, D. M. and Schneewind, O., (2003) Passage of heme-iron across the 
envelope of Staphylococcus aureus. Science 299: 906-909. 

Mike, L. A., Choby, J. E., Brinkman, P. R., Olive, L. Q., Du�er, B. F., Ivan, S. J., Gibbs, C. M., 
Sulikowski, G. A., Stauff, D. L. and Skaar, E. P., (2014) Two -component system cross-
regula�on integrates Bacillus anthracis response to heme and cell envelope stress. 
PLoS Pathog 10: e1004044. 

Milani, M., Leoni, L., Rampioni, G., Zennaro, E., Ascenzi, P. and Bolognesi, M., (2005) An ac�ve-
like structure in the unphosphorylated StyR response regulator suggests a 
phosphoryla�on- dependent allosteric ac�va�on mechanism. Structure 13: 1289-1297. 

Möglich, A., Ayers, R. A. and Moffat, K., (2009) Structure and signaling mechanism of Per-
ARNT-Sim domains. Structure 17: 1282-1294. 

Muryoi, N., Tiedemann, M. T., Pluym, M., Cheung, J., Heinrichs, D . E. and S�llman, M. J., (2008) 
Demonstra�on of the iron-regulated surface determinant (Isd) heme transfer pathway 
in Staphylococcus aureus. J Biol Chem 283: 28125-28136. 

Nakano, M. M. and Zhu, Y., (2001) Involvement of ResE phosphatase ac�vity in down -
regula�on of ResD-controlled genes in Bacillus sub�lis during aerobic growth. J 
Bacteriol 183: 1938-1944. 

Niebisch, A. and Bo�, M., (2001) Molecular analysis of the cytochrome bc 1 - aa 3 branch of 
the Corynebacterium glutamicum respiratory chain containing an unusual diheme 
cytochrome c 1. Archives of Microbiology 175: 282-294. 

Ninfa, A. J. and Magasanik, B., (1986) Covalent modifica�on of the glnG product, NRI, by the 
glnL product, NRII, regulates the transcrip�on of the glnALG operon in Escherichia coli. 
Proc Natl Acad Sci U S A 83: 5909-5913. 

Nixon, B. T., Ronson, C. W. and Ausubel, F. M., (1986) Two -component regulatory systems 
responsive to environmental s�muli share strongly conserved domains with the 
nitrogen assimila�on regulatory genes ntrB and ntrC. Proc Natl Acad Sci U S A 83: 
7850-7854. 

Nobles, C. L. and Maresso, A. W., (2011) The the� of host heme by Gram -posi�ve pathogenic 
bacteria. Metallomics 3: 788-796. 

O�o, B. R., Verweij-van Vught, A. M. and MacLaren, D. M., (1992) Transferrins a nd heme-
compounds as iron sources for pathogenic bacteria. Crit Rev Microbiol 18: 217-233. 

Parkinson, J. S., (2010) Signaling mechanisms of HAMP domains in chemoreceptors and sensor 
kinases. Annu Rev Microbiol 64: 101-122. 

Parkinson, J. S. and Kofoid, E. C., (1992) Communica�on modules in bacterial signaling 
proteins. Annu Rev Genet 26: 71-112. 

Pazy, Y., Motaleb, M. A., Guarnieri, M. T., Charon, N. W., Zhao, R. and Silversmith, R. E., (2010) 
Iden�cal phosphatase mechanisms achieved through dis�nct modes of binding 
phosphoprotein substrate. Proc Natl Acad Sci U S A 107: 1924-1929. 

Pierre, J. L. and Fontecave, M., (1999) Iron and ac�vated oxygen species in biology: the basic 
chemistry. Biometals 12: 195-199. 

Podgornaia, A. I., Casino, P., Marina, A. and Laub, M. T., (2013) Structural basis of a ra�onally 
rewired protein-protein interface cri�cal to bacterial signaling. Structure 21: 1636-
1647. 



 96                                                                                                           References  

 

Podgornaia, A. I. and Laub, M. T., (2013) Determinants of specificity in two -component signal 
transduc�on. Curr Opin Microbiol 16: 156-162. 

Podgornaia, A. I. and Laub, M. T., (2015) Protein evolu�on. Pervasive degeneracy and epistasis 
in a protein-protein interface. Science 347: 673-677. 

Poss, K. D. and Tonegawa, S., (1997) Reduced stress defense in heme oxygenase 1-deficient 
cells. Proc Natl Acad Sci U S A 94: 10925-10930. 

Ptacek, J., Devgan, G., Michaud, G., Zhu, H., Zhu, X., Fasolo, J., Guo, H., Jona, G., Breitkreutz, A., 
Sopko, R., McCartney, R. R., Schmidt, M. C., Rachidi, N., Lee, S. J., Mah, A. S., Meng, L., 
Stark, M. J., Stern, D. F., De Virgilio, C., Tyers, M., Andrews, B., Gerstein, M., 
Schweitzer, B., Predki, P. F. and Snyder, M., (2005) Global analysis of protein 
phosphoryla�on in yeast. Nature 438: 679-684. 

Punta, M., Coggill, P. C., Eberhardt, R. Y., M istry, J., Tate, J., Boursnell, C., Pang, N., Forslund, K., 
Ceric, G., Clements, J., Heger, A., Holm, L., Sonnhammer, E. L. L., Eddy, S. R., Bateman, 
A. and Finn, R. D., (2012) The Pfam protein families database. Nucleic Acids Res 40: 
D290-301. 

Raivio, T. L. and Silhavy, T. J., (1997) Transduc�on of envelope stress in  Escherichia coli by the 
Cpx two-component system. J Bacteriol 179: 7724-7733. 

Raivio, T. L. and Silhavy, T. J., (2001) Periplasmic stress and ECF sigma factors. Annu Rev 
Microbiol 55: 591-624. 

Rouault, T. A., (2004) Microbiology. Pathogenic bacteria prefer heme. Science 305: 1577-1578. 
Runyen-Janecky, L. J., (2013) Role and regula�on of heme iron acquisi�on in gram-nega�ve 

pathogens. Front Cell Infect Microbiol 3: 55. 
Russo, F. D. and Silhavy, T. J., (1991) EnvZ controls the concentra�on of phosphorylated OmpR 

to mediate osmoregula�on of the porin genes. J Mol Biol 222: 567-580. 
Ryter, S. W. and Tyrrell, R. M., (2000) The heme synthesis and degrada�on pathways: role in 

oxidant sensi�vity. Heme oxygenase has both pro- and an�oxidant proper�es. Free 
Radic Biol Med 28: 289-309. 

Salanoubat, M., Genin, S., Ar�guenave, F., Gouzy, J ., Mangenot, S., Arlat, M., Billault, A., 
Bro�er, P., Camus, J. C., Ca�olico, L., Chandler, M., Choisne, N., Claudel -Renard, C., 
Cunnac, S., Demange, N., Gaspin, C., Lavie, M., Moisan, A., Robert, C., Saurin, W., 
Schiex, T., Siguier, P., Thebault, P., W halen, M., Wincker, P., Levy, M., Weissenbach, J. 
and Boucher, C. A., (2002) Genome sequence of the plant pathogen Ralstonia 
solanacearum. Nature 415: 497-502. 

Salazar, M. E. and Laub, M. T., (2015) Temporal and evolu�onary dynamics of two -component 
signaling pathways. Curr Opin Microbiol 24: 7-14. 

Schaaf, S. and Bo�, M., (2007) Target genes and DNA-binding sites of the response regulator 
PhoR from Corynebacterium glutamicum. J Bacteriol 189: 5002-5011. 

Schelder, S., Zaade, D., Litsanov, B., Bo�, M. and Brocker, M., (2011) The two -component 
signal transduc�on system CopRS of Corynebacterium glutamicum is required for 
adapta�on to copper-excess stress. PLoS One 6: e22143. 

Schmi�, M. P. and Drazek, E. S., (2001) Construc�on and consequences of directed muta�ons 
affec�ng the hemin receptor in pathogenic  Corynebacterium species. J Bacteriol 183: 
1476-1481. 

Schrecke, K., Jordan, S. and Mascher, T., (2013) Stoichiometry and perturba�on studies of the 
LiaFSR system of Bacillus sub�lis. Mol Microbiol 87: 769-788. 

Silversmith, R. E., (2010) Auxiliary phosphatases in two-component signal transduc�on. Curr 
Opin Microbiol 13: 177-183. 

Siryaporn, A. and Goulian, M., (2008) Cross-talk suppression between the CpxA-CpxR and EnvZ-
OmpR two-component systems in E. coli. Mol Microbiol 70: 494-506. 

Siryaporn, A., Perchuk, B. S., Laub, M. T. and Goulian, M., (2010) Evolving a robust signal 
transduc�on pathway from weak cross-talk. Mol Syst Biol 6: 452. 



References                                                                                                         97 

Skaar, E. P., (2010) The ba�le for iron between bacterial pathogens and their vertebrate hosts. 
PLoS Pathog 6: e1000949. 

Skaar, E. P. and Schneewind, O., (2004) Iron-regulated surface determinants (Isd) of 
Staphylococcus aureus: stealing iron from heme. Microbes Infect 6: 390-397. 

Skerker, J. M., Perchuk, B. S., Siryaporn, A., Lubin, E. A., Ashenberg, O., Goulian, M. and Laub, 
M. T., (2008) Rewiring the specificity of two -component signal transduc�on systems. 
Cell 133: 1043-1054. 

Smith, A. D. and Wilks, A., (2015) Differen�al Contribu�ons of the Outer Membrane Receptors 
PhuR and HasR to Heme Acquisi�on in Pseudomonas aeruginosa. J Biol Chem: doi: 
10.1074/jbc.M1114.633495. 

Sola-Landa, A., Rodriguez-Garcia, A., Amin, R., Wohlleben, W. and Mar�n, J. F., (2013) 
Compe��on between the GlnR and PhoP regulators for the glnA and amtB promoters 
in Streptomyces coelicolor. Nucleic Acids Res 41: 1767-1772. 

Staron, A., Sofia, H. J., Dietrich, S., Ulrich, L. E., Liesegang, H. and Mascher, T., (2009) The third 
pillar of bacterial signal transduc�on: classifica�on of the extracytoplasmic func�on 
(ECF) sigma factor protein family. Mol Microbiol 74: 557-581. 

Stauff, D. L. and Skaar, E. P., (2009a) Bacillus anthracis HssRS signalling to HrtAB regulates 
haem resistance during infec�on. Mol Microbiol 72: 763-778. 

Stauff, D. L. and Skaar, E. P., (2009b) The heme sensor system of Staphylococcus aureus. 
Contrib Microbiol 16: 120-135. 

Stauff, D. L., Torres, V. J. and Skaar, E. P., (2007) Signaling and DNA -binding ac�vi�es of the 
Staphylococcus aureus HssR-HssS two-component system required for heme sensing. J 
Biol Chem 282: 26111-26121. 

Steele, K. H., O'Connor, L. H., Burpo, N., Kohler, K. and Johnston, J. W., (2012) Characteriza�on 
of a ferrous iron-responsive two-component system in nontypeable Haemophilus 
influenzae. J Bacteriol 194: 6162-6173. 

Stewart, R. C., (2010) Protein his�dine kinases: assembly of ac�ve sites and their regula�on in 
signaling pathways. Curr Opin Microbiol 13: 133-141. 

Stock, A. M., Robinson, V. L. and Goudreau, P. N., (2000) Two -component signal transduc�on. 
Annu Rev Biochem 69: 183-215. 

Stojiljkovic, I. and Hantke, K., (1994) Transport of haemin across the cytoplasmic membrane 
through a haemin-specific periplasmic binding-protein-dependent transport system in 
Yersinia enterocoli�ca . Mol Microbiol 13: 719-732. 

Stojiljkovic, I., Kumar, V. and Srinivasan, N., (1999) Non -iron metalloporphyrins: potent 
an�bacterial compounds that exploit haem/Hb uptake systems of pathogenic bacteria. 
Mol Microbiol 31: 429-442. 

Szurmant, H. and Hoch, J. A., (2010) Interac�on fidelity in two-component signaling. Curr Opin 
Microbiol 13: 190-197. 

Tauch, A., Trost, E., Tilker, A., Ludewig, U., Schneiker, S., Goesmann, A., Arnold, W., Bekel, T., 
Brinkrolf, K., Brune, I., Gotker, S., Kalinowski, J., Kamp, P. B., Lobo, F. P., Viehoever, P., 
Weisshaar, B., Soriano, F., Droge, M. and Puhler, A., (2008) T he lifestyle of 
Corynebacterium urealy�cum derived from its complete genome sequence established 
by pyrosequencing. J Biotechnol 136: 11-21. 

Tong, Y. and Guo, M., (2009) Bacterial heme -transport proteins and their heme-coordina�on 
modes. Arch Biochem Biophys 481: 1-15. 

Torres, V. J., Stauff, D. L., Pishchany, G., Bezbradica, J. S., Gordy, L. E., Iturregui, J., Anderson, K. 
L., Dunman, P. M., Joyce, S. and Skaar, E. P., (2007) A Staphylococcus aureus regulatory 
system that responds to host heme and modulates virulence. Cell Host Microbe 1: 109-
119. 

Trost, E., Al-Dilaimi, A., Papavasiliou, P., Schneider, J., Viehoever, P., Burkovski, A., Soares, S. C., 
Almeida, S. S., Dorella, F. A., Miyoshi, A., Azevedo, V., Schneider, M. P., Silva, A., 
Santos, C. S., Santos, L. S., Sabbadini, P., Dias, A. A., Hirata, R., Jr., Ma�os -Guaraldi, A. 
L. and Tauch, A., (2011) Compara�ve analysis of two complete Corynebacterium 



 98                                                                                                           References  

 

ulcerans genomes and detec�on of candidate virulence factors. BMC Genomics 12: 
383. 

Ulrich, L. E., Koonin, E. V. and Zhulin, I. B., (2005) One-component systems dominate signal 
transduc�on in prokaryotes. Trends Microbiol 13: 52-56. 

Ulrich, L. E. and Zhulin, I. B., (2010) The MiST2 database: a comprehensive genomics resource 
on microbial signal transduc�on. Nucleic Acids Res 38: 401-407. 

Varughese, K. I., (2002) Molecular recogni�on of bacterial phosphorelay proteins. Curr Opin 
Microbiol 5: 142-148. 

Wedel, A. and Kustu, S., (1995) The bacterial enhancer-binding protein NTRC is a molecular 
machine: ATP hydrolysis is coupled to transcrip�onal ac�va�on. Genes Dev 9: 2042-
2052. 

Weiss, D. S., Batut, J., Klose, K. E., Keener, J. and Kustu, S., (1991) The phosphorylated form of 
the enhancer-binding protein NTRC has an ATPase ac�vity that is essen�al for 
activa�on of transcrip�on. Cell 67: 155-167. 

Wennerhold, J. and Bo�, M., (2006) The DtxR regulon of Corynebacterium glutamicum. J 
Bacteriol 188: 2907-2918. 

Wennerhold, J., Krug, A. and Bo�, M., (2005) The AraC-type regulator RipA represses aconitase 
and other iron proteins from Corynebacterium under iron limita�on and is itself 
repressed by DtxR. J Biol Chem 280: 40500-40508. 

West, A. H. and Stock, A. M., (2001) His�dine kinases and response regulator proteins in two-
component signaling systems. Trends Biochem Sci 26: 369-376. 

Wilks, A. and Heinzl, G., (2014) Heme oxygena�on and the widening paradigm of heme 
degrada�on. Arch Biochem Biophys 544: 87-95. 

Wille�, J. W. and Kirby, J. R., (2012) Gene�c and biochemical dissec�on of a HisKA domain 
iden�fies residues required exclusively for kinase and phosphatase ac�vi�es. PLoS 
Genet 8: e1003084. 

Wolanin, P. M., Thomason, P. A. and Stock, J. B., (2002) Histidine protein kinases: key signal 
transducers outside the animal kingdom. Genome Biol 3: REVIEWS3013. 

Wolanin, P. M., Webre, D. J. and Stock, J. B., (2003) Mechanism of phosphatase ac�vity in the 
chemotaxis response regulator CheY. Biochemistry 42: 14075-14082. 

Wolf, D., (2013) Charakterisierung der DNA-Bindemo�ve der Antwortregulatoren HrrA und 
ChrA in Corynebacterium glutamicum. Bachelor thesis: 1-91. 

Wright, G. D., Holman, T. R. and Walsh, C. T., (1993) Purifica�on and characteriza�on of VanR 
and the cytosolic domain of VanS: a two-component regulatory system required for 
vancomycin resistance in Enterococcus faecium BM4147. Biochemistry 32: 5057-5063. 

Wyman, C., Rombel, I., North, A. K., Bustamante, C. and Kustu, S., (1997) Unusual 
oligomerization required for ac�vity of NtrC, a bacterial enhancer-binding protein. 
Science 275: 1658-1661. 

Yamada, M., Makino, K., Amemura, M., Shinagawa, H. and Nakata, A., (1989) Regula�on of the 
phosphate regulon of Escherichia coli: analysis of mutant phoB and phoR genes causing 
different phenotypes. J Bacteriol 171: 5601-5606. 

Zhao, R., Collins, E. J., Bourret, R. B. and Silversmith, R. E., (2002) Structure and cataly�c 
mechanism of the E. coli chemotaxis phosphatase CheZ. Nat Struct Biol 9: 570-575. 

 

 



Appendix                                                                                                                99 

 

6 Appendix 

6.1 Supplementary material – The two-component system ChrSA 



 100                                                                                                                Appendix 

 

 



Appendix                                                                                                                101 

 

 



 102                                                                                                                Appendix 

 

 



Appendix                                                                                                                103 

 

 



 104                                                                                                                Appendix 

 

 



Appendix                                                                                                                105 

 

6.2 Supplementary material – Phosphatase ac�vity ensures specificity 
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6.3 Supplementary material – Iden�fica�on of phosphatase residues 

 

Iden�fica�on of residues involved in phosphatase ac�vity of the two -component 

systems HrrSA and ChrSA in Corynebacterium glutamicum 

 

Table S1. Plasmids used in this study.  

Plasmids Characteris�cs 
 

Reference 

pK19mobsacB Kanr; vector for allelic exchange in C. 
glutamicum  
(pK18 oriVE. coli sacB lacZα) 

(Schäfer et al., 
1994) 

pK18mobsacB Kanr; vector for allelic exchange in C. 
glutamicum  
(pK18 oriVE. coli sacB lacZα) 

(Schäfer et al., 
1994) 

pJC1 Kanr; Ampr C. glutamicum shu�le vector (Cremer et al., 
1990) 

Plasmids used for dele�on 
 

pK19mobsacB-ΔhrrS Kanr, pK19mobsacB deriva�ve with an overlap 
extension PCR product of the up- and 
downstream regions of hrrS (cg3248)  

(Hentschel et 
al., 2014) 

pK19mobsacB-ΔchrS Kanr, pK19mobsacB deriva�ve with an overlap 
extension PCR product of the up- and 
downstream regions of chrS (cg2201) 

(Hentschel et 
al., 2014) 

Plasmids used for aminoacid exchanges 
 

pK19mobsacB-hrrS-
Q222A 

Kanr, pK19mobsacB deriva�ve with a fragment 
covering 426 bp of hrrS (cg3248), including the 
point muta�on for the amino acid exchange 
(glutamine to alanine) in hrrS at posi�on 222 

(Hentschel et 
al., 2014) 

pK19mobsacB-chrS-
Q191A 

Kanr, pK19mobsacB deriva�ve with a fragment 
covering 427 bp of chrS (cg2201), including the 
point muta�on for the amino acid exchange 
(glutamine to alanine) in chrS at posi�on 191 

(Hentschel et 
al., 2014) 

Plasmids used for chimera construc�on in phosphatase OFF strains 
 

pK19mobsacB-
hrrSEx1 

pK19 deriva�ve containing a hrrS fragment 
encoding for the HrrS DHp domain (HrrS 208-
281) and the corresponding up- and 
downstream flanking regions of chrS (encoding 
for ChrS 96-176 and 243-323) for the exchange 
of the ChrS DHp domain against the HrrS DHp 
domain. 

This work 

pK19mobsacB-
hrrSEx2 

pK19 deriva�ve containing a hrrS fragment 
encoding for a part of the HrrS DHp domain 
(HrrS 233-281) and the corresponding up- and 
downstream flanking regions of chrS (encoding 

This work 
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for ChrS 121-201 and 243-323) for the 
exchange of the ChrS DHp domain against the 
HrrS DHp domain. 

pK19mobsacB-
hrrSEx3 

pK19 deriva�ve containing a hrrS fragment 
encoding for a part of the HrrS DHp domain 
(HrrS 233-255) and the corresponding up- and 
downstream flanking regions of chrS (encoding 
for ChrS 121-201 and 217-247) for the 
exchange of the ChrS DHp domain against the 
HrrS DHp domain. 

This work 

pK19mobsacB-
chrSEx1 

pK19 deriva�ve containing a chrS fragment 
encoding for the ChrS DHp domain (ChrS 177-
242) and the corresponding up- and 
downstream flanking regions of hrrS (encoding 
for HrrS 127-207 and 282-362) for the 
exchange of the HrrS DHp domain against the 
ChrS DHp domain. 

This work 

pK19mobsacB-
chrSEx2 

pK19 deriva�ve containing a chrS fragment 
encoding for a part of  the ChrS DHp domain 
(ChrS 202-242) and the corresponding up- and 
downstream flanking regions of hrrS (encoding 
for HrrS 152-232 and 282-362) for the 
exchange of the HrrS DHp domain against the 
ChrS DHp domain. 

This work 

pK19mobsacB-
chrSEx3 

pK19 deriva�ve containing a chrS fragment 
encoding for a part of  the ChrS DHp domain 
(ChrS 202-216) and the corresponding up- and 
downstream flanking regions of hrrS (encoding 
for HrrS 152-232 and 256-336) for the 
exchange of the HrrS DHp domain against the 
ChrS DHp domain. 

This work 

Plasmids used for reporter integra�on in intergenic region between cg1121/22 
 

pK18-PhmuO-venus pK18 deriva�ve containing the upstream region 
(494 bp) of the gene hmuO with an 
transcrip�onal fusion to venus. The insert 
includes the first 123 bp of hmuO, a stop 
codon, and an addi�onal ribosome binding site 
in front of venus. 

This work 

Plasmids used for library construc�on 
 

pJC1-hrrS pJC1 deriva�ve with a fragment covering hrrS 
(cg3248), including the promoter region of hrrS 
(200 bp upstream). 

This work 

pJC1-hrrS-DHp pJC1 deriva�ve with a fragment covering hrrS 
(cg3248) including the promoter region of hrrS 
(200 bp upstream) with the error proned DHp 
domain of hrrS (208-281). 

This work 

pJC1-hrrS-DHp-le� pJC1 deriva�ve with a fragment covering hrrS 
(cg3248) including the promoter region of hrrS 
(200 bp upstream) with the le� part of the 
error proned DHp domain of hrrS (208-232) 

This work 
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Plasmids used for reporter studies 
 

pJC1-PhrtBA-eyfp pJC1 deriva�ve containing the promoter region 
(235 bp) of the genes hrtBA with an 
transla�onal fusion to eyfp. The insert includes 
the first 24bp of hrtB, a stop codon and an 
addi�onal ribosome binding site in front of 
eyfp. 

(Heyer et 
al.,2012) 

pJC1-PhmuO-eyfp pJC1 deriva�ve containing the upstream region 
(494 bp) of the gene hmuO with an 
transcrip�onal fusion to eyfp. The insert 
includes the first 123 bp of hmuO, a stop 
codon, and an addi�onal ribosome binding site 
in front of eyfp. 

(Heyer et 
al.,2012) 

 

Table S1. Oligonucleo�des used in this studya 

Oligonucleo�de Sequence 

HrrSep-DHp-fw GAACGAAATGCGGGTATTGCTG 

HrrSep-DHp-rv  GCTGCTTCCAAGGAGGTTTTAGA 

HrrS-DHp-1-fw GATCAGCGACGCCGCAGGGGCGGCGACCCAGTCGGTG 

HrrS-DHp-2-rv CGCAGCAATACCCGCATTTCGTTC 

HrrS-DHp-3-fw TCTAAAACCTCCTTGGAAGCAGC 

HrrS-DHp-4-rv TTGCCATTGCTGCAGGTCGATTACTCATCGTCAGTTGGAGAACTTAG 

HrrSep-DHple�-fw GAACGAAATGCGGGTATTGCTG 

HrrSep-DHple�-rv CAACGAGAATCTCCTGTTCAGAGAC 

HrrS-DHp-le�-1-fw GATCAGCGACGCCGCAGGGGCGGCGACCCAGTCGGTG 

HrrS-DHp-le�-2-rv CGCAGCAATACCCGCATTTCGTTC 

HrrS-DHp-le�-3-fw GTCTCTGAACAGGAGATTCTCGTTG 

HrrS-DHp-le�-4-rv TTGCCATTGCTGCAGGTCGATTACTCATCGTCAGTTGGAGAACTTAG 

HrrS-fw GATCAGCGACGCCGCAGGGGCGGCGACCCAGTCGGTG 

HrrS-rv TTGCCATTGCTGCAGGTCGATTACTCATCGTCAGTTGGAGAACTTAG 

PhmuO-fw  GAATTCCTCTTGCTCGTGTCGAAGTTCTTGAAGTGCTGG 

PhmuO-RBS-rv ATATCTCCTTCTTAAAGTTCAATCGAGCTTCCCGGTGAGCAG 

Venus-RBS-fw TGAACTTTAAGAAGGAGATATATGGTGAGCAAGGGCG 

Venus-rv AATTGTGTCCATGAGTTCGCTCGATTACTTGTACAGCTCGTCCATG 

Oligonucleo�des for construc�on of HrrSEx1 

HrrS-Ex1-fw AAAGCGCTGGCGAGCAGGCAGAACGTCAACGTATTGCG 

HrrS-Ex1-rv ACCGGCAGATCCGCCCCAATCAGCGCTGCCGGTTG 
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ChrS-1-fw CCTGCAGGTCGACTCTAGAGGTGTTGATCACGACACCG 

ChrS-2-rv TGCGCAATACGTTGACGTTCTGCCTGCTCGCCAGC 

ChrS-3-fw CGTTGCAACCGGCAGCGCTGATTGGGGCGGATCTGC 

ChrS-4-rv TTGTAAAACGACGGCCAGTGAATTCCCATTATCGATGACATCTAG 

Oligonucleo�des for construc�on of HrrSEx2 

HrrS-Ex2-fw CGATTCAGATGTTGTTGCATGTCTCTGAACAGGAGATTCTCG 

HrrS-Ex2-rv ACCGGCAGATCCGCCCCAATCAGCGCTGCCGGTTG 

ChrS-1-fw CCTGCAGGTCGACTCTAGAGATGCACCTGGGGTTTTC 

ChrS-2-rv AGAATCTCCTGTTCAGAGACATGCAACAACATCTGAATCGAG 

ChrS-3-fw CGTTGCAACCGGCAGCGCTGATTGGGGCGGATCTGC 

ChrS-4-rv TTGTAAAACGACGGCCAGTGAATTCCCATTATCGATGACATCTAG 

Oligonucleo�des for construc�on of HrrSEx3 

HrrS-Ex3-fw CGATTCAGATGTTGTTGCATGTCTCTGAACAGGAGATTCTCG 

HrrS-Ex3-rv GTCGTTTGCCTGGCCAACCGCATCTTCTTCACGATCGCCTC 

ChrS-1-fw CCTGCAGGTCGACTCTAGAGATGCACCTGGGGTTTTC 

ChrS-2-rv AGAATCTCCTGTTCAGAGACATGCAACAACATCTGAATCGAG 

ChrS-3-fw AGGCGATCGTGAAGAAGATGCGGTTGGCCAGGCAAAC 

ChrS-4-rv TTGTAAAACGACGGCCAGTGAATTCCTGTGCATGCCGCAC 

Oligonucleo�des for construc�on of ChrSEx1 

ChrS-Ex1-fw GAAATGCGGGTATTGCTGCGGAACGAGCCCGCATAGC 

ChrS-Ex1-rv GCTTCCAAGGAGGTTTTAGAGAGTGGAGTCGGTTGCAG 

HrrS-1-fw CCTGCAGGTCGACTCTAGAGGTGAGAGGCATTATTGCGATTTTG 

HrrS-2-rv CCCGCTATGCGGGCTCGTTCCGCAGCAATACCCGCATTTC 

HrrS-3-fw CGCTGCAACCGACTCCACTCTCTAAAACCTCCTTGGAAGC 

HrrS-4-rv TTGTAAAACGACGGCCAGTGAATTCACACCGTCATCAACCAC 

Oligonucleo�des for construc�on of ChrSEx2 

ChrS-Ex2-fw CCATTCAAATGCTGCTGCATGCGGCGGAAAAACGG 

ChrS-Ex2-rv GCTTCCAAGGAGGTTTTAGAGAGTGGAGTCGGTTGCAG 

HrrS-1-fw CCTGCAGGTCGACTCTAGAGGGTGGTGTGATGGGTCC 

HrrS-2-rv TCCACCCGTTTTTCCGCCGCATGCAGCAGCATTTGAATGG 

HrrS-3-fw CGCTGCAACCGACTCCACTCTCTAAAACCTCCTTGGAAGC 

HrrS-4-rv TTGTAAAACGACGGCCAGTGAATTCACACCGTCATCAACCAC 

Oligonucleo�des for construc�on of ChrSEx3 

ChrS-Ex3-fw CCATTCAAATGCTGCTGCATGCGGCGGAAAAACGG 
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ChrS-Ex3-rv GCTGTTTGTCGGGCAAGGCGTATATGGCTTAACGCCTGC 

HrrS-1-fw CCTGCAGGTCGACTCTAGAGGGTGGTGTGATGGGTCC 

HrrS-2-rv TCCACCCGTTTTTCCGCCGCATGCAGCAGCATTTGAATGG 

HrrS-3-fw CGCAGGCGTTAAGCCATATACGCCTTGCCCGACAAAC 

HrrS-4-rv TTGTAAAACGACGGCCAGTGAATTATGTTTCGCCACATTTCCG 

a Some oligonucleo�des were designed to introduce overlaps  with complementary sequences 

for Gibson cloning, shown in italics. 
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6.4 Supplementary material – Signal percep�on of HrrS and ChrS 

 

Figure S1. Reporter studies of the haem importer dele�on mutant ΔhmuTUV/ΔhtaA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1: Dele�on of hmuTUV/htaA leads to no altera�on of target gene reporter ac�vity of 
PhrtBA-eyfp and PhmuO-eyfp in C. glutamicum ATCC13032. Strains carrying the reporter 
plasmids were inoculated to an OD600 of 1 in 750 µl of CGXII minimal medium containing 4% 
glucose and cul�vated in the BioLector system in CGXII minimal medium with 2.5 μM 
hemin. Fluorescence was recorded a�er 2.5  (PhrtBA-eyfp) and 8 h (PhmuO-eyfp) respec�vely. In 
the BioLector system the growth (backsca�er signal of 620 nm light) and eYFP fluorescence 
(excita�on 510 nm/emission 532 nm) were monitored in 10 min intervals. The specific 
fluorescence was calculated as fluorescence signal per backsca�er signal (given in arbitrary 
units, a.u.). Results represent average values with standard devia�on of three independent 
experiments.  
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6.5 Supplementary material – Interac�on of HrrSA and ChrSA 

 

Figure S2. Bacterial two hybrid assay of the TCS HrrSA and ChrSA 

 

 

 

 

 

 

 

 

 

 

Fig. S2: Heterologous protein-protein interac�on studies of the TCS HrrSA and ChrS from 
C. glutamicum in E. coli. Bacterial two-hybrid assay was performed according to the 
suppliers manual (Euromedex, Souffelweyersheim, France). HrrS, ChrS, HrrA, and ChrA were 
fused to the T25 fragment and to the T18 fragment of the adenylate cyclase. E. coli DHM1 
strains were co-transformed with the plasmids pKT25 and pUT18C containing the genes 
encoding for the protein fusions as indicated. Cells were plated on McConkey/maltose 
plates containing ampicillin and kanamycin and were incubated for 24 -72h at 30 °C. A stron 
interac�on could be observed for HrrS-HrrS and ChrS-ChrS in (F and E) indica�ng that they 
form homodimers. Furthermore, a strong interac�on could be observed for ChrS-HrrA and 
HrrS-ChrA (N and R) confirms a poten�al cross-talk between HrrSA and ChrSA. 
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