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1 Summary 
 

1.1 Summary English 
The synthesis of aerobic respiratory chains requires cofactors such as heme and copper and 

chaperones involved in the biogenesis of the enzyme complexes. The Gram-positive soil bacterium 

Corynebacterium glutamicum possesses a branched aerobic respiratory chain comprising, besides 

several dehydrogenases reducing menaquinone to menaquinol, a copper-dependent cytochrome 

bc1-aa3 supercomplex and cytochrome bd quinol oxidase. The cytochrome bc1-aa3 supercomplex is 

characteristic for aerobic Actinobacteria and the major generator of proton-motive force, but 

knowledge on its assembly or regulation is very limited. In this thesis, assembly factors involved in 

copper and heme insertion and regulatory proteins involved in expression control of respiratory 

chain components were identified and characterized. The following results were obtained:  

(i) Identification of the copper-deprivation stimulon led to the discovery of the two proteins 

Cg2699 (copper transport and insertion protein, CtiP) and Cg1884 (CopC). CtiP contains 16 predicted 

transmembrane helices and shows sequence similarity to the copper-transporter CopD and the 

cytochrome biogenesis chaperone CtaG. Deletion of ctiP resulted in a strong growth defect in 

standard glucose minimal medium (CGXII) resembling a cytochrome aa3 oxidase-deficient strain. 

Furthermore, the ΔctiP strain exhibited an increased copper-tolerance, suggesting a copper-

transporting function. Transcriptome analysis revealed an induction of the copper-deprivation 

stimulon in the ΔctiP strain under copper sufficiency. CopC is a secreted protein with a C-terminal 

transmembrane helix and harbors a Cu(II)-binding site. Deletion of copC resulted in a growth defect 

in BHI complex medium and improved growth under copper excess, also suggesting an involvement 

in copper-transport. The lack of either CtiP or CopC prevented co-purification of the subunits of the 

supercomplex, indicating a crucial role of both CtiP and CopC in the correct assembly of the 

supercomplex. 

(ii) The search for further assembly factors of the bc1-aa3 supercomplex led to the discovery of 

Cg2460, a homologue of the heme a insertion chaperone Surf1. Loss of Surf1 caused a strong growth 

defect, comparable to the ΔctiP strain, which could be complemented by several actinobacterial 

Surf1 homologues. Furthermore, the Δsurf1 strain exhibited an increased copper sensitivity. 

Cytochrome measurements showed a reduction of cytochromes c and a, but an increase of 

cytochrome d. Analysis of membranes of the Δsurf1 strain revealed the complete loss of cytochrome 

c oxidase activity. Lack of Surf1 prevented co-purification of the subunits of the supercomplex, 

indicating a crucial role in the correct assembly of the supercomplex. Transcriptome analysis revealed 

an induction of the copper-deprivation stimulon in the Δsurf1 strain, suggesting an intertwined 

regulation of copper and heme homeostasis. 

(iii) To assess the global cellular response towards heme, a genome-wide target profiling of the 

heme-sensing two-component system HrrSA was performed. Time-resolved ChAP-Seq analyses to 

follow DNA-binding by the response regulator HrrA encoded on a plasmid was coupled with time-

resolved RNA-Seq analyses comparing a ΔhrrA strain with the wild type. This approach revealed 272 

affected genes upon a 4 µM heme pulse under iron-starvation conditions. These targets include 

genes encoding proteins involved in heme biosynthesis, oxidative stress, cell envelope remodeling 

and the respiratory chain. Furthermore, HrrA-mediated repression of sigC, encoding the 

extracytoplasmic function sigma factor σC, which activates the cytochrome bd oxidase genes, leads to 

prioritised heme distribution to the cytochrome bc1-aa3 branch under heme sufficiency. 
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1.2 Summary German 
Die Synthese aerober Atmungsketten erfordert Kofaktoren wie Häm und Kupfer sowie Chaperone, die an 

der Biogenese der Enzymkomplexe beteiligt sind. Das Gram-positive Bodenbakterium Corynebacterium 

glutamicum besitzt eine verzweigte aerobe Atmungskette, die neben mehreren Dehydrogenasen, die 

Menachinon zu Menachinol reduzieren, einen kupferabhängigen Cytochrom bc1-aa3-Superkomplex und 

eine Cytochrom bd-Chinoloxidase umfasst. Der Cytochrom bc1-aa3-Superkomplex ist für aerobe 

Actinobakterien charakteristisch und der Hauptgenerator der Protonen-motorischen Kraft. Das Wissen 

über dessen Assemblierung und Regulation ist sehr begrenzt. In dieser Arbeit wurden 

Assemblierungsfaktoren, die an der Insertion von Kupfer und Häm beteiligt sind, sowie regulatorische 

Proteine, die an der Expressionskontrolle von Komponenten der Atmungskette beteiligt sind, identifiziert 

und charakterisiert. Dabei wurden folgende Ergebnisse erzielt: 

(i) Die Identifikation des Kupfermangel-Stimulons führte zur Entdeckung der beiden Proteine Cg2699 

(copper transport and insertion protein, CtiP) und Cg1884 (CopC). CtiP enthält 16 vorhergesagte 

Transmembranhelices und weist Sequenzähnlichkeit zu dem Kupfer-Transporter CopD aus Pseudomonas 

syringae und dem Cytochrom-Biogenese-Chaperon CtaG aus Bacillus subtilis auf. Eine Deletion von ctiP 

resultierte in einem starken Wachstumsdefekt in Standard-Glukose-Minimal-Medium (CGXII), welcher 

dem eines aa3-Oxidase-defizienten Stamm ähnelte. Darüber hinaus wies der ∆ctiP-Stamm eine erhöhte 

Kupfertoleranz auf, was auf eine Kupfer-transportierende Funktion hindeutet. Eine Transkriptom-Analyse 

offenbarte die Induktion des Kupfer-Mangel-Stimulons im ∆ctiP-Stamm trotz eines ausreichenden 

Kupfergehaltes im Medium. CopC ist ein sekretiertes Protein mit einer C-terminalen Transmembranhelix 

und besitzt eine Cu(II)-Bindestelle. Deletion von copC führte zu einem Wachstumsdefekt in BHI-

Komplexmedium und verbessertem Wachstum unter Kupferstress, was ebenfalls auf eine Beteiligung am 

Kupfertransport hindeutet. Das Fehlen von CtiP oder CopC verhinderte die Ko-Aufreinigung von bc1-aa3-

Supercomplex-Untereinheiten, was auf eine wichtige Rolle von CtiP und CopC bei der korrekten 

Assemblierung des Supercomplexes hindeutet. 

(ii) Die Suche nach weiteren Biogenese-Chaperonen führte zur Identifizierung von Cg2460, einem 

Homolog des Häm-a-Insertions-Chaperons Surf1 aus Paracoccus denitrificans. Der Verlust von Surf1 

führte zu einem starken Wachstumsdefekt in C. glutamicum, vergleichbar mit einem ∆ctiP-Stamm, 

welcher durch verschiedene aktinobakterielle Surf1-Homologe komplementiert werden konnte. Zudem 

wies der ∆surf1-Stamm eine erhöhte Kupfersensitivität auf. Messungen der Cytochrome zeigten eine 

Reduktion von Cytochrom c und a, jedoch eine Erhöhung von Cytochrom d. Analysen von Membranen des 

∆surf1-Stamms zeigten den kompletten Verlust der Cytochrom c-Oxidase-Aktivität. Das Fehlen von Surf1 

verhinderte die Ko-Aufreinigung der Untereinheiten des bc1-aa3-Superkomplexes, was auf eine wichtige 

Rolle bei der korrekten Assemblierung hindeutet. Eine Transkriptom-Analyse ergab die Induktion des 

Kupfer-Mangel-Stimulons im ∆surf1-Stamm, was für eine Kopplung von Häm- und Kupfer-Homöostase 

spricht. 

(iii) Um die globale zelluläre Häm-Antwort zu charakterisieren, wurde eine Genom-weite Zielgen-

Untersuchung des Häm-wahrnehmenden Zwei-Komponenten-Systems HrrSA durchgeführt. Zeitaufgelöste 

ChAP-Seq-Analysen zur Analyse der DNA-Bindung durch den auf einem Plasmid kodierten 

Antwortregulator HrrA wurden mit zeitaufgelösten RNA-Seq-Analysen gekoppelt, bei denen ein ΔhrrA-

Stamm mit dem Wildtyp verglichen wurde. Dieser Ansatz offenbarte 272 beeinflusste Zielgene als 

Antwort auf einen 4 µM Häm-Puls unter Eisen-Mangel-Bedingungen. Die durch diese Zielgene kodierten 

Proteine sind beteiligt an der Häm-Biosynthese, an der Antwort auf oxidativen Stress, an der 

Remodellierung der Zellhülle sowie an der Atmungskette. Darüber hinaus führt die HrrA-vermittelte 

Repression von sigC, das für den extracytoplasmic function σ factor σC kodiert, der u.a. die Expression der 

Cytochrom bd-Oxidase-Gene aktiviert, zu einer Priorisierung der Häm-Verteilung in Richtung des 

Cytochrom bc1-aa3-Zweigs der Atmungskette bei ausreichender Häm-Versorgung. 
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2 Introduction 
 

2.1 Aerobic respiration in bacteria 
 

Aerobic chemoheterotrophic bacteria oxidize organic material, such as glucose, with oxygen 

as terminal electron acceptor (Baron, 1996; Simon et al., 2008). Initially, the carbon sources 

are oxidized e.g. in glycolysis and the tricarboxylic acid (TCA) cycle to carbon dioxide and the 

resulting reducing equivalents are transferred to oxygen via the membrane-bound 

respiratory chain (Baron, 1996). In the first steps, the reducing equivalents (e.g. NADH) are 

transferred via various dehydrogenases to quinones, either ubiquinone or menaquinone 

(Figure 1). Reoxidation of the reduced quinones is catalyzed either by quinol oxidases, such 

as cytochrome bo3 oxidase or cytochrome bd oxidase, or by a cytochrome bc1 complex and a 

cytochrome c oxidase (Figure 1) (Trumpower, 1990; Trumpower and Gennis, 1994; Yap et al., 

2010). Several enzymes of the respiratory chain can couple electron transfer to the 

generation of proton motive force (PMF) by transferring protons from the cytoplasm to the 

extracytoplasmic space (Simon et al., 2008). The PMF then serves as driving force for many 

active transport processes and for the generation of ATP by the F1F0-ATP synthase (Mitchell, 

1961; Poole, 2000). Most aerobic bacteria possess two or even more terminal oxidases with 

different properties, allowing adaption to changing environmental conditions (Richardson, 

2000). 

In the context of this thesis, three respiratory enzymes are of particular interest, the 

cytochrome bc1 complex, cytochrome c oxidase, and cytochrome bd oxidase (Capaldi, 1990; 

Trumpower, 1990; Borisov et al., 2011). All of these are multisubunit complexes with several 

different cofactors and prosthetic groups. The bc1 complex contains two heme b groups, one 

heme c1 group, and a 2Fe-2S cluster (Trumpower, 1990). Cytochrome c oxidase typically 

contains a CuA center with two copper ions, one heme a group, and the heme a3/CuB 

catalytic center, where oxygen is reduced to water (Capaldi, 1990). Dedicated assembly 

proteins guide the insertion of these cofactors and heme groups into the apo-proteins, such 

as the Surf1 protein initially identified in mammals and described to be involved in heme a3 

insertion (Zhu et al., 1998; Smith et al., 2005; Hannappel et al., 2012). 
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Figure 1: Schematic overview of a respiratory chain with O2 as terminal electron acceptor. Depicted 

is the initial electron transfer from substrate-oxidizing dehydrogenases to quinones, which distribute 

the electrons towards a cytochrome c reductase and cytochrome c oxidase or a quinol oxidase. The 

terminal oxidases use these electrons for reduction of O2 to 2H2O and the generation of a 

electrochemical proton gradient over the membrane (proton motive force, PMF). Electron transfer is 

indicated by red arrows. c indicates soluble cytochrome c. 

 

2.2 The respiratory chain of C. glutamicum 
 

Corynebacterium glutamicum is a Gram-positive soil bacterium and a member of the 

Actinobacteria, one of the largest phyla of bacteria consisting of 57 families. These include 

many medically important human pathogens such as Mycobacterium tuberculosis, 

Mycobacterium smegmatis and Corynebacterium diphtheriae (Kinoshita et al., 1957; 

Stackebrandt et al., 1997; Gao and Gupta, 2012; Lewin et al., 2016) as well as various 

biotechnologically relevant species, such as antibiotics-producing Streptomycetes (de Lima 

Procópio et al., 2012). As C. glutamicum is used for production of about five million tons of 

amino acids annually, predominantly L-glutamate and L-lysine (Becker et al., 2011; Wendisch 

et al., 2014), it has high industrial relevance and has become a model organism for white 

biotechnology (Eggeling and Bott, 2005; Burkovski, 2008; Yukawa and Inui, 2013; Burkovski, 

2015). Understanding of the energy metabolism of Actinobacteria is not only important for 

biotechnological production purposes, but has  become an important medical research topic 

as proteins involved in respiration and oxidative phosphorylation are interesting targets for 

antibiotics (Andries et al., 2005; Balemans et al., 2012; Bald et al., 2017; Berube and Parish, 

2017). 

Although aerobic conditions are favored, the facultative anaerobic C. glutamicum exhibits 

limited growth without oxygen using nitrate respiration or mixed-acid fermentation 

(Nishimura et al., 2007; Takeno et al., 2007; Michel et al., 2015). For aerobic respiration 

C. glutamicum uses a branched respiratory chain, with one branch composed of a 



Introduction  5 

 

cytochrome bc1 complex and an aa3 oxidase and the second branch consisting of a 

cytochrome bd quinol oxidase (Figure 2) (Bott and Niebisch, 2003). The only respiratory 

quinones present in C. glutamicum are menaquinones (MK), of which MK-9 is the most 

abundant one, receiving electrons from donors such as malate:quinone oxidoreductase or 

NADH dehydrogenase (Figure 2) (Collins et al., 1977; Bott and Niebisch, 2003). A unique 

feature first identified in C. glutamicum and later found to be characteristic of all aerobic 

Actinobacteria is the presence of a bc1-aa3 supercomplex with a diheme cytochrome c1, 

which is the only c-type cytochrome in this organism (Bott and Niebisch, 2003; Niebisch and 

Bott, 2003; Kao et al., 2016). Based on proton translocation numbers the bc1-aa3 

supercomplex (6H+/2e-) is more efficient compared to the cytochrome bd oxidase (2H+/2e-) 

(Bott and Niebisch, 2003). Purification of the supercomplex revealed the following subunits 

of the bc1 complex: QcrA (Rieske iron-sulfur protein), QcrB (cytochrome b), and QcrC 

(cytochrome c1) and of the aa3 oxidase: CtaC (subunit II), CtaD (subunit I), CtaE (subunit III) 

and CtaF (subunit IV) (Bott and Niebisch, 2003; Niebisch and Bott, 2003). Additionally, 

proteins co-purified with the supercomplex could be identified, namely Cg2949 (secreted 

lipoprotein), Cg2211 (integral membrane protein), and Cg2444 (cytosolic protein) (Niebisch 

and Bott, 2003).  

 

 
Figure 2: Composition of the aerobic respiratory chain of C. glutamicum. The schematic 

representation illustrates the components involved in electron transport towards O2-reducing 

terminal oxidases, consisting of the cytochrome bc1-aa3 branch and the cytochrome bd branch 

(modified after (Bott and Niebisch, 2003)). Dark gray squares indicate heme groups, yellow circles 

indicate copper ions. Electron routes are represented by black arrows. MQ: menaquinone, DH: 

dehydrogenase, OR: oxidoreductase. 
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Due to a lacking growth phenotype of strains in which the genes for the co-purified 

proteins were deleted, an involvement of these proteins in supercomplex biogenesis can be 

excluded and their function is unknown at present. In contrast, the deletion of the qcr 

operon encoding bc1 complex subunits or deletion of the ctaD gene encoding subunit I of the 

aa3 oxidase led to a strong growth defect in glucose minimal medium and in complex 

medium, resulting not only in a decreased growth rate but also in a lower final optical 

density (Niebisch and Bott, 2001). This growth phenotype could be attributed to the lack of a 

functional bc1-aa3 supercomplex (Niebisch and Bott, 2003). Furthermore, deletion of ctaD 

was found to cause a significant decrease of the H+/O ratio and a 14% lower cell yield in 

complex medium (Kabashima et al., 2009). Likewise, loss of CtaD resulted in a similar growth 

defect in M. smegmatis indicating that the bc1-aa3 branch is the main route in Actinobacteria 

(Bott and Niebisch, 2003; Matsoso et al., 2005; Kabashima et al., 2009; Kao et al., 2016). 

Analysis of the redox potentials of prosthetic groups of the supercomplex in C. glutamicum 

showed that whereas electron transfer rates from c hemes to CuA lasted 0.1 – 1 ms, the time 

constant for oxidation of the b hemes was 6.5 ms, thereby representing the rate-limiting 

step for the overall oxidations (Graf et al., 2016).  

Recent interest in the structure of the supercomplex resulted not only in the appearance 

of models based on homology and electron microscopy (EM) (Kao et al., 2016), but also 

solved cryogenic electron microscopy (cryo-EM) structures of the supercomplex of 

M. smegmatis (Figure 3) (Gong et al., 2018; Wiseman et al., 2018). In two separate studies, 

these cryo-EM structures revealed the dimerized architecture of the supercomplex (Gong et 

al., 2018; Wiseman et al., 2018) and confirmed the association of homologues of Cg2211 

(PRSAF1) and Cg2949 (LpqE) (Gong et al., 2018). Additionally, the association of a 

periplasmic superoxide dismutase (SOD) to cytochrome b was found in both structures 

(Figure 3). A homologue of this SOD could not be found in C. glutamicum. It was postulated, 

that SOD enables detoxification of superoxide radicals formed by the bc1 complex (Gong et 

al., 2018; Wiseman et al., 2018). Furthermore, one of the structures revealed two 

conformations of cytochrome c1, one connecting and one disconnecting electron transfer 

from the bc1 complex to the aa3 oxidase (Figure 3) (Wiseman et al., 2018). This 

conformational change was postulated to regulate supercomplex activity during growth 

phases (Wiseman et al., 2018). 
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Figure 3: Structure of the cytochrome bc1-aa3 supercomplex of M. smegmatis. (A) The side view 

cryo-EM map depicts the overall architecture of the complex III-complex IV dimer including accessory 

proteins (left) and a detailed overview of complex IV (right). (B) Complex III is shown as a dimer 

(middle) harboring the diheme cytochrome c1 domain in the open (left) and closed (right) 

conformation, respectively (modified after (Wiseman et al., 2018)). 

 

The alternative cytochrome bd oxidase can directly oxidize menaquinol and is encoded by 

the cydABDC operon of which two genes code for subunits of the oxidase (cydA, cydB) and 

two genes encode an ABC transporter necessary for biogenesis of the oxidase (Bott and 

Niebisch, 2003; Kalinowski et al., 2003). Although, as described above, the bd oxidase is less 

efficient in proton translocation and generation of PMF, it has a higher oxygen affinity 

compared to the bc1-aa3 supercomplex and is therefore described to play an important role 

under oxygen deprivation (Bott and Niebisch, 2003; Kabus et al., 2007). The deletion of the 

cydAB genes in C. glutamicum did not have an impact on the growth rate,  but resulted in a 

40% lower biomass yield compared to the wild type (wt) (Kabus et al., 2007; Kabashima et 

al., 2009). Overexpression of the cydABDC operon results in a decreased growth rate (45%) 
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and biomass yield (65%), suggesting a rerouting of electrons to the less efficient cytochrome 

bd branch (Kabus et al., 2007). A C. glutamicum strain lacking both the bc1 complex genes 

and bd oxidase genes, named DOOR (devoid of oxygen respiration), exhibited a very strong  

growth defect in aerobic glucose minimal medium, which could partially be overcome by the 

addition of peptone (Koch-Koerfges et al., 2013). Although the DOOR strain was incapable of 

respiration, indicating a lack of further oxidases, the PMF was only decreased by 30% 

compared to the wild type. It was postulated that the generation of PMF could occur via the 

succinate:menaquinone oxidoreductase by reducing fumarate with MKH2 or through the 

F1F0-ATP synthase by coupling ATP hydrolysis to proton export (Koch-Koerfges et al., 2013). 

 

2.3 Environmental stimulus perception in C. glutamicum 
 

In nature, nutrient supply fluctuates and as a prerequisite for a functioning respiratory chain 

microorganisms have to identify altering growth conditions. As a soil bacterium, 

C. glutamicum further has to be able to recognize substrates and differentiate them from 

toxins. This capability is crucial for survival and therefore bacteria have evolved various 

mechanisms for perceiving stimuli in their environment. Basis for these systems are signal 

transduction proteins (STPs) sensing the environment followed by a rapid cellular response, 

usually in the form of expression level changes. 

 

2.3.1 One-component systems 

One-component systems (OCS) represent the simplest signal transduction systems and are 

composed of a receiver domain responsible for stimulus perception and a transmitter 

domain typically consisting of a helix-turn-helix DNA-binding domain to repress or activate 

transcription of target genes (Ulrich et al., 2005). The first regulator described for 

C. glutamicum was LysG, which activates the expression of the lysine exporter gene lysE 

upon binding of the effector molecule L-lysine or L-arginine (Bellmann et al., 2001). Since 

then, computational predictions stated 158 potential regulators, constituting 5.3 % of the 

predicted protein-coding regions in the genome of C. glutamicum (Brinkrolf et al., 2007). Of 

these, 70 OCSs (excluding σ factors) with knowledge about regulatory interactions have been 

described, comprising 60 activators and repressors with additional 10 regulators possessing 

a dual regulatory function (Brinkrolf et al., 2010). 
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2.3.2 Extracytoplasmic function σ factors 

Another variation of these single protein regulators are extracytoplasmic function (ECF) σ 

factors. This subfamily of σ70 factors is also a component of the RNA polymerase holoenzyme 

and represents a large group of alternative σ factors. However, the composition differs as 

ECF σ factors lack two of the four conserved σ70 subunits and only consist of σ2 and σ4 

necessary for RNA polymerase core enzyme binding and promoter recognition (Österberg et 

al., 2011). ECF σ factors are usually bound by their cognate anti-σ factor, which upon 

stimulus detection dissociates, thereby releasing the ECF σ factor to bind to a target 

promoter and assemble with the RNA polymerase core enzyme (Helmann, 1999; Staron et 

al., 2009; Österberg et al., 2011; Mascher, 2013). Due to the displacement of an already 

bound σ factor the ECF σ factors can redirect the RNA polymerase to target promoters 

(Helmann, 1999; Helmann, 2002; Paget, 2015). The number of ECF σ factors within a species 

varies from 0 (e.g. Chlamydiae) to over 30 (e.g. Streptomyces spp.) (Staron et al., 2009). 

C. glutamicum possesses five ECF σ factors: σC, σD, σE, σH and σM (Kim et al., 2005; Nakunst et 

al., 2007; Park et al., 2008; Ehira et al., 2009; Ikeda et al., 2009). σM regulates the expression 

of 23 genes, including the suf operon involved in the assembly of iron-sulfur clusters, 

thioredoxins, chaperones, and genes involved in the heat shock response (Nakunst et al., 

2007). In contrast to σM, for σE (surface stress response) and σH (oxidative and heat stress 

response) cognate anti-σ factors have been described (CseE and RshA, respectively), 

encoded downstream of their corresponding ECF σ factor gene (Kim et al., 2005; Park et al., 

2008; Ehira et al., 2009; Busche et al., 2012). Recently, the regulon of σD was uncovered for 

C. glutamicum strains ATCC13032 and R, consisting of genes involved in cell wall integrity 

(Taniguchi et al., 2017; Toyoda and Inui, 2018). The regulon of σC comprises genes for heme 

biosynthesis, respiratory chain components, copper-dependent genes, and iron-regulated 

genes (Toyoda and Inui, 2016). Although the stimulus of σC is not known it was postulated 

that oxidative stress could induce the σC response (Toyoda and Inui, 2016). 

 

2.3.3 Two-component systems 

Although OCFs still are the most abundant form of signal-transduction in prokaryotes they 

are usually only capable of sensing cytoplasmic stimuli (Ulrich et al., 2005). A more complex 

mode of signal perception is the two-component system (TCS), which separates the receiver 

and transmitter domain of OCFs. TCSs are typically composed of a membrane-bound sensor 
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kinase or histidine kinase (HK), which perceives stimuli, and a cognate response regulator 

(RR) responsible for signal transmission (Figure 4) usually resulting in transcriptional 

regulation of target genes (Hoch and Silhavy, 1995; Inouye and Dutta, 2003). 

The architecture of a typical HK consists of an N-terminal transmembrane sensor domain 

(TMD) and a C-terminal cytoplasmic transmitter domain harboring a kinase core. Whereas 

the sensor domain can vary and is highly specialized, the kinase domain is conserved and 

consists of a dimerization and histidine-phosphotransfer domain (DHp; HisKA in PFAM 

database) and a C-terminal catalytical and ATP binding domain (CA; HATPase_c domain in 

PFAM) (Figure 4) (Punta et al., 2012; Finn et al., 2014). Additional domains such as PAS, 

HAMP or GAF can be located between the TMD and DHp domain (Galperin et al., 2001). The 

composition of a classical RR consists of an N-terminal receiver domain (REC) (response_reg 

domain in PFAM) and a C-terminal effector or output domain (OPD). Stimulus perception 

leads to autophosphorylation of the HK which is caused by the CA domain binding ATP and 

transferring the γ-phosphoryl group of the ATP to the conserved histidine residue in the DHp 

domain of the second monomer (Stock et al., 2000). Subsequent transfer of this phosphoryl 

group to a conserved aspartate residue within the REC domain of the RR leads to a 

conformational change and (in most cases) activates the RR leading to a stimulus-specific 

activation or repression of target genes (Figure 4) (Stock et al., 2000; Mascher et al., 2006).  

To ensure pathway specificity in signal transduction, TCS have evolved several 

mechanisms. One is molecular recognition which relies on co-evolved interface residues in 

HKs and RRs conferring HKs the ability to discriminate between cognate and foreign RRs 

(Skerker et al., 2008; Capra and Laub, 2012; Podgornaia and Laub, 2013). A different method 

to avoid cross-talk between TCSs is substrate competition that is based on a higher 

stoichiometry of RR to HK and therefore outnumbering non-cognate RRs (Siryaporn and 

Goulian, 2008; Groban et al., 2009). HKs can have the ability to not only phosphorylate RRs 

but also very specifically dephosphorylate their cognate RR (Huynh and Stewart, 2011). This 

bifunctionality of HKs was also observed for the two TCSs HrrSA and ChrSA of C. glutamicum, 

which albeit both sensing heme differ in their output as one is used for heme utilization and 

the other for heme detoxification (see 2.5) (Frunzke et al., 2011; Heyer et al., 2012; 

Hentschel et al., 2014). Due to the similarity between these homologous TCSs HrrS and ChrS 

exhibited dephosphorylation solely of their cognate RR HrrA and ChrA, preventing cross-talk 

between the TCSs (Hentschel et al., 2014). 
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Moreover, C. glutamicum possesses the two TCSs CopSR, responsible for the copper-

stress response (see 2.4), and CgtSR5, whose function could not yet be discerned (Schelder 

et al., 2011; Bott and Brocker, 2012). Similar to HrrSA and ChrSA, these TCSs share a high 

sequence identity (CopS/CgtS5 56%; CopR/CgtR5 62%) and presumably resulted from a gene 

duplication. Moreover, nine additional TCSs are present in the genome of C. glutamicum of 

which some have been further characterized. These include CitAB, regulating citrate 

utilization, MrtBA, responsible for osmoregulation and cell wall stress and PhoSR, involved in 

the response to phosphate starvation (Schaaf and Bott, 2007; Brocker et al., 2009; Brocker et 

al., 2011; Bott and Brocker, 2012). 

 

 

Figure 4: Overview of a TCS signal transduction system. Stimulus recognition by the input domain of 

an often membrane-bound histidine kinase triggers the phosphorylation of a specific histidine 

residue in the dimerization and histidine phosphotransfer domain (DHp). This transfer of a 

phosphoryl group is mediated by the catalytic and ATP-binding domain (CA) of a second monomer. 

The phosphoryl group is subsequently transferred to a conserved aspartate residue in the receiver 

domain (REC) of the cognate response regulator. In this active form the output domain (OPD) can 

initiate a stimulus-specific response (modified after (Jensen et al., 2002)). 

 

2.4 Transcriptional regulation of terminal oxidases in C. glutamicum 
 

The knowledge about transcriptional regulation of both the bc1-aa3 supercomplex and bd 

oxidase genes is still very limited and only a small number of involved regulators is known. 
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Under iron-limitation and presence of heme, a major activator for the ctaE-qcrCAB operon 

and ctaD gene is the response regulator HrrA of the two-component system HrrSA (see 

2.3.3) (Figure 5) (Frunzke et al., 2011). Furthermore, binding sites of the global regulator 

GlxR were found in the promoter regions of ctaD and ctaCF, which were tested by 

electrophoretic mobility shift assays and promoter-reporter analyses, confirming binding 

and transcriptional activation by the cAMP-binding GlxR regulator (Figure 5) (Toyoda et al., 

2011). The expression of the alternative cytochrome bd oxidase genes is dependent on 

OxyR, an oxidative-stress sensing regulator, which represses the operon (Teramoto et al., 

2013; Milse et al., 2014). Expression is relieved under conditions of oxidative stress, when 

OxyR loses its DNA-binding ability. The only known activator for the bd oxidase branch genes 

is the ECF sigma factor σC
 (see 2.3.2), which activates the cydABDC operon and additionally 

functions as a repressor of the ctaE-qcrCAB operon (Figure 5) (Toyoda and Inui, 2016). 

 

 

Figure 5: Transcriptional regulation of terminal oxidases in C. glutamicum. Depicted is the genomic 

composition of genes encoding subunits of the cytochrome bc1 complex (gray), cytochrome aa3 

oxidase (blue) and cytochrome bd oxidase (pink), as well as their known regulators. 

 

2.5 Heme and copper homeostasis in C. glutamicum 
 

Metal ions are crucial components of respiratory pathways as several enzymes are strictly 

dependent on metal ions for functionality (Merchant and Helmann, 2012). Iron, mostly in 

the form of heme and iron-sulfur clusters, and copper are essential cofactors in the 

respiratory chain (see 2.1). Simultaneously, these metal ions represent toxic compounds for 

the cell as they lead to the formation of highly reactive oxygen species (ROS) causing cellular 

damage by reacting with DNA, proteins, and lipids (Yoshida et al., 1993; Pierre and 
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Fontecave, 1999; Andrews et al., 2003; Magnani and Solioz, 2007). Copper ions were even 

described to compete with and replace iron ions in enzymes, resulting in loss of functionality 

(Macomber and Imlay, 2009). Therefore, acquisition of iron and copper ions has to be strictly 

regulated. 

The master regulator for iron homeostasis in C. glutamicum is DtxR which under 

conditions of iron sufficiency binds Fe2+ and in this form inhibits iron acquisition by 

repressing genes coding for several iron, heme, and siderophore importers (Brune et al., 

2006; Wennerhold and Bott, 2006). DtxR is also involved in iron preservation by activating 

genes coding for iron storage proteins ferritin and Dps (Brune et al., 2006). Furthermore, 

DtxR represses several transcriptional regulator genes, such as ripA, encoding a repressor of 

genes for iron-containing proteins, and hrrA, encoding the above-mentioned response 

regulator of the TCS HrrSA crucial for heme utilization. Another direct target is hmuO, 

encoding a heme oxygenase, which is also repressed by DtxR (Wennerhold et al., 2005; 

Wennerhold and Bott, 2006; Frunzke et al., 2011). Repression of hrrA leads to the 

upregulation of heme biosynthesis genes which are direct targets of HrrA (Frunzke et al., 

2011; Heyer et al., 2012). Iron-starvation conditions lead to the dissociation of Fe2+ from 

DtxR and thus its inactivation, resulting in derepression of the repressed target genes, such 

as hrrA, allowing the expression of heme utilization genes such as hmuO, which is directly 

activated by HrrA (Wennerhold and Bott, 2006). The homologous TCS ChrSA interferes with 

HrrSA in a heme-dependent manner and controls heme resistance by activation of hrtBA, 

encoding an ABC transporter responsible for heme export and thus detoxification (Heyer et 

al., 2012; Hentschel et al., 2014). 

C. glutamicum possesses a number of iron- and heme-dependent proteins, however 

comparative genomics revealed only four cuproproteins: CtaC and CtaD (cytochrome aa3 

oxidase) and two multicopper oxidases (Cg1080, CopO) (Ridge et al., 2008; Zhang and 

Gladyshev, 2010). A visible growth defect in C. glutamicum due to copper excess is apparent 

starting from 20 µM CuSO4 (Schelder et al., 2011). To ensure copper homeostasis, the 

organism harbors two characterized mechanisms for stringent copper-dependent gene 

regulation. Under copper excess conditions the TCS CopSR activates the expression of the 

copper detoxification system, including copB, coding for a copper-transporting ATPase, and 

copO, encoding a multicopper oxidase responsible for extracellular oxidation of Cu+ to the 

less toxic Cu2+ (Bott and Brocker, 2012). The other characterized regulator in C. glutamicum 
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involved in the establishment of copper homeostasis is the OCS CsoR (Schelder, 2011; 

Teramoto et al., 2012). During absence of copper CsoR of C. glutamicum R acts as a 

repressor towards copA and copB, encoding P1B-type ATPases (Teramoto et al., 2012). 

Further targets have been described in C. glutamicum ATCC 13032 comprising copper 

chaperone genes (cg3402, cg3411), the cg3282-copB operon and a putative copper exporter 

gene (ctpV) (Schelder, 2011). Perception of copper results in the dissociation of CsoR from its 

targets, thereby activating them and conferring copper resistance to the organism (Schelder, 

2011; Teramoto et al., 2012). 

 

2.6 Aims of this thesis 
 

In contrast to eukaryotes and α-proteobacteria, information about cytochrome biogenesis of 

Actinobacteria is scarce. Therefore, the first part of this thesis was dedicated to the 

identification and characterization of proteins involved in the biogenesis of the cytochrome 

bc1-aa3 supercomplex of C. glutamicum with a specific focus on copper and heme. In a 

preceding study, copper starvation conditions had been used to identify candidates 

potentially involved in the assembly of the copper ions into the aa3 oxidase. These studies 

led to the identification of two membrane proteins, Cg2699 (CtiP) and Cg1884 (CopC) and 

their initial characterization. In this thesis, these proteins were further analyzed with respect 

to their role in bc1-aa3 supercomplex assembly by analyzing cytochrome spectra, purification 

of the supercomplex, and cytochrome c oxidase activity measurements. Additionally, to find 

further proteins involved in the biogenesis of the bc1-aa3 supercomplex, individual deletion 

strains of all other genes found to be upregulated under copper starvation were constructed 

and analyzed with respect to growth under different copper conditions.  

BLAST analyses led to the discovery of the potential Surf1 homologue Cg2460. Surf1 was 

previously shown to function as a heme a insertion chaperone in α-proteobacteria but had 

never been reported in Gram-positive bacteria including Actinobacteria. The second part of 

this thesis was therefore dedicated to the analysis of Cg2460, named Surf1 in the following. 

For this purpose, a surf1 deletion strain was constructed and investigated with respect to 

growth behavior, global gene expression, influence on bc1-aa3 supercomplex assembly and 

cytochrome c oxidase activity. Furthermore, the conservation of Surf1 in other 
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actinobacterial species was analyzed and selected homologs were tested for conserved 

functionality.  

A third part of this thesis involved experiments aiming at a detailed analysis of the 

characteristics of HrrA-dependent transcriptional regulation by time-resolved genome-wide 

target profiling using ChAP-Seq and RNA-Seq approaches. 
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3 Results 
 

The major topic of this doctoral thesis was the investigation of biogenesis and regulation of 

the cytochrome bc1-aa3 supercomplex in C. glutamicum. The results of these studies have 

been summarized in a publication and two manuscripts, one of which has been submitted 

for publication and one of which will be submitted soon. 

 

In the publication “The copper-deprivation stimulon of Corynebacterium glutamicum 

comprises proteins for biogenesis of the actinobacterial cytochrome bc1-aa3 supercomplex” 

the genome-wide analysis of genes with altered expression under copper starvation (copper-

starvation stimulon) is described. The further characterization of this stimulon led to the 

discovery of the two proteins Cg2699 (CtiP) and Cg1884 (CopC). CtiP possesses 16 predicted 

transmembrane helices and shows sequence similarity to the copper-importer CopD of 

Pseudomonas syringae and to the cytochrome maturation chaperone CtaG of 

Bacillus subtilis. Deletion of ctiP resulted in a strong growth defect comparable to a ctaD 

deletion strain and simultaneously enabled higher resistance towards copper excess. In the 

ctiP deletion strain the copper-deprivation stimulon was induced under copper-sufficiency. 

CopC is a secreted protein harboring a C-terminal transmembrane domain and a Cu(II)-

binding site. A copC deletion strain exhibited a growth defect on BHI agar plates and in liquid 

BHI medium but a higher resistance towards copper excess. Both the ctiP and copC deletion 

strain negatively impacted the assembly of the cytochrome bc1-aa3 supercomplex 

discernable by the disturbed co-purification of supercomplex subunits. 

 

The manuscript “Identification of Surf1 as an assembly factor of the cytochrome bc1-aa3 

supercomplex of Actinobacteria” describes the characterization of Cg2460, a homologue of 

the putative heme a insertion protein Surf1 previously only described in eukaryotes and 

Gram-negative bacteria. Deletion of surf1 resulted in a strong growth defect, again 

comparable to strains lacking a functional bc1-aa3 supercomplex, which could be 

complemented using homologous genes of several actinobacterial species. Analysis of 

supercomplex formation exhibited loss of co-purified subunits, similar to the ctiP deletion. 

Cytochrome c oxidase activity measurements using isolated membranes of the surf1 
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deletion strain revealed complete loss of enzyme activity. Transcriptome analysis resulted in 

the upregulation of the copper-starvation stimulon in the surf1 deletion. 

 

The investigation of a genome-wide target profiling of the TCS HrrSA is described in the 

manuscript entitled “HrrSA orchestrates a systemic response to heme and determines 

prioritisation of terminal cytochrome oxidases”. Utilization of time-resolved omics methods 

(ChAP-Seq and RNA-Seq analysis) resulted in the identification of 272 genomic targets of 

HrrA under iron limitation and in the presence of 4 µM heme. This approach exposed a 

dynamic regulation of genes encoding for proteins in heme biosynthesis, oxidative stress, 

cell wall remodeling and the respiratory chain. Further, repression of sigC, encoding the ECF 

σC which was shown to activate cytochrome bd oxidase genes, reveals the prioritisation of 

the cytochrome bc1-aa3 branch via HrrA. 
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4 Discussion 

 

4.1 Biogenesis of cytochrome oxidases 

 

Energy transduction is crucial for survival and reproduction of living organisms. Utilization of 

PMF generated by a terminal oxidase to drive the ATP synthesis via the F1F0-ATP synthase is 

ubiquitous in all aerobic kingdoms of life (Boyer, 1997; Börsch and Duncan, 2013; Grüber et 

al., 2014). Albeit being such a common process and using similar enzymes, differences 

especially in regards of biogenesis of terminal oxidases make transfer of knowledge across 

species difficult.  

In this thesis, a major aim was the identification of proteins involved in the assembly of 

the cytochrome bc1-aa3 supercomplex of C. glutamicum, the main branch for aerobic 

respiration in this organism. The cytochrome aa3 oxidase of the supercomplex is a typical 

member of the heme-copper oxidases and requires a CuA center in subunit II (CtaC) and 

heme a and the heme a3-CuB center in subunit I (CtaD) for activity. We addressed two 

aspects in the biogenesis of the oxidase, which were the search for proteins involved in 

formation of the copper centers and the characterization of a Surf1 homologue as a 

candidate protein for insertion of heme a into cytochrome aa3 oxidase. 

 

 
Figure 6: Predicted copper-delivery routes to CuA and CuB of the cytochrome aa3 oxidase in 

C. glutamicum. Cg1883 and Cg0520 are secreted lipoproteins presumed to be involved in biogenesis 

of CuA, which due to its localization in CtaC (subunit II) of the cytochrome aa3 oxidase is likely formed 

in the periplasm. Regarding the CuB formation, different modes for copper-insertion are conceivable: 

Either copper ions are transferred from CopC towards CtiP in a yet unresolved manner or CtiP 

directly binds copper in the periplasm. Subsequent CtiP-dependent CuB-loading can either occur via 

the periplasm (blue arrow), inner membrane (red arrow) or succeeding cytoplasmic transfer (green 

arrow). 
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4.1.1 Essential function of CtiP as a cytochrome bc1-aa3 supercomplex assembly factor 

As an approach to discover proteins involved in copper insertion and therefore biogenesis 

of the bc1-aa3 supercomplex, investigation of the copper-deprivation stimulon of 

C. glutamicum was performed, leading to the discovery of CtiP (Morosov et al., 2018). Loss 

of CtiP resulted in a strong growth defect on BHI agar plates, in BHI complex medium and in 

standard glucose medium conditions containing 1.25 µM CuSO4, resembling the aa3 oxidase- 

deficient ∆ctaD strain (Morosov et al., 2018). In copper-deprivation medium growth of the 

∆ctiP strain was comparable to that of the wt, whereas in copper excess medium the 

deletion strain grew better than the wt, indicating a putative copper-importing function of 

CtiP (Morosov et al., 2018). This observation coincides with transcriptome analyses of the 

∆ctiP mutant revealing the upregulation of genes of the copper-deprivation stimulon 

(Morosov et al., 2018). Moreover, loss of CtiP led to the failure of purification of the bc1-aa3 

supercomplex, suggesting an important copper-related function of CtiP in the assembly of 

the supercomplex. Bioinformatic analyses revealed the occurrence of CtiP in all 

actinobacterial species with the exception of the mostly anaerobic Actinomycetales and 

Bifidobacteriales, further implying an important supercomplex-associated function (Morosov 

et al., 2018). As a result of the described data, a CtiP-mediated copper-insertion into either 

the CuA center or the CuB center is conceivable. However, due to the localization of CuB in 

the membrane rather than peeking into the periplasm as in the case of CuA, the necessity for 

an integral membrane protein such as CtiP in the biogenesis of CuB is more likely. 

Nevertheless, the route of copper delivery and insertion into subunit I of the cytochrome aa3 

oxidase of C. glutamicum is still unclear; however, three possibilities can be envisaged: 

(i) direct copper insertion via the periplasm, (ii) transfer of copper through the membrane or 

(iii) copper-import into the cytoplasm followed by insertion into apo-CtaD (Figure 6). While 

an initial copper import into the cytoplasm pre-insertion into subunit I cannot be ruled out, 

several arguments oppose this possibility. Firstly, although CtiP shares sequence similarity 

with the copper-transporter CopD, this domain within the sequence of CtiP only covers a 

small portion of the CopD protein of P. syringae, thus questioning identical function of CtiP 

and CopD (Morosov et al., 2018). Besides, in C. glutamicum unbound copper in the 

cytoplasm is sensed by the repressor CsoR with a very high affinity to copper ions which 

causes de-repression of its target genes (Schelder, 2011; Teramoto et al., 2015). Analysis of 

transcriptome data of a ∆ctaD mutant did not exhibit a decreased repression of CsoR target 
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genes, indicating no unbound copper in the cytoplasm (Koch-Koerfges, 2011). This suggests 

that a putative copper-importing function of CtiP either has to be coupled with insertion into 

subunit I of the aa3 oxidase or copper-transport via CtiP follows subsequent binding to 

further copper-chaperones. Latter is highly speculative and there is no evidence for 

additional chaperones involved. 

The copper-insertion into subunit I of the aa3 oxidase is presumably achieved by the CtaG 

domain of CtiP. Initial analyses of CtaG concerning copper center biogenesis were performed 

in B. subtilis where CtaG was reported to be involved in delivering copper to CuA (Bengtsson 

et al., 2004). Loss of CtaG led to a decrease in protein level and enzyme activity of the 

cytochrome caa3 oxidase, possessing CuA and CuB. Growth analyses of a strain additionally 

lacking cytochrome bd oxidase genes resulted in a comparable growth to the parental bd 

oxidase deficient strain. As growth of this strain was believed to be dependent on the 

cytochrome aa3 quinol oxidase, lacking CuA but harboring a heme-CuB center, CtaG was 

postulated to function as a CuA biogenesis chaperone (Bengtsson et al., 2004). However, 

DNA sequence analysis of B. subtilis predicted a forth terminal (quinol) oxidase encoded by 

the ythAB genes, which could be responsible for the unaffected growth of the double 

deletion (Winstedt and von Wachenfeldt, 2000), questioning the conclusion that CtaG 

affects CuA assembly.  

Although the characterization of CtiP in C. glutamicum points towards an involvement in 

CuB formation rather than in formation of CuA, latter cannot be excluded completely. As 

copper insertion requires direct interaction of apo-protein and insertion-chaperone, protein-

protein studies have to be performed to demonstrate interaction of CtiP to either CtaD 

(subunit I) for CuB formation or to CtaC (subunit II) for biogenesis of CuA.  

 

4.1.2 Role of CopC in the assembly of the cytochrome bc1-aa3 supercomplex 

The analysis of the copper-deprivation stimulon led to the discovery of the copper-resistance 

protein CopC, encoded by cg1884 (Morosov et al., 2018). Analysis of the ∆copC strain 

resulted in no observable growth defect in glucose minimal medium with 1.25 µM CuSO4 or 

under copper-starvation conditions. However, a similar growth defect to ∆ctiP strain was 

exhibited in BHI liquid medium and on agar plates which indicates an important function of 

CopC solely under these conditions (Morosov et al., 2018). The increased copper-tolerance 

of the ∆copC strain compared to the wt additionally suggests the involvement of CopC in 
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copper import. Moreover, the inhibited co-purification of cytochrome bc1-aa3 supercomplex 

subunits after loss of CopC suggests a copper-insertion function either into CuA or CuB of the 

cytochrome aa3 oxidase (Morosov et al., 2018). Structural evidence and bioinformatic 

analyses of CopC family members have been shown to harbor predominantly Cu(II) binding 

sites (Lawton et al., 2016), which are also conserved in C. glutamicum (Morosov et al., 2018). 

In P. syringae CopC was first described as a copper-importer due to phenotypic 

characterization revealing a hypersensitivity towards copper upon overexpression of copD 

together with copC (Cha and Cooksey, 1993). Furthermore, the copper content increased by 

40% in these hypersensitive cells expressing the copCD genes compared to cells harboring 

the empty vector. Overexpression of either copC or copD alone did not lead to observable 

differences in copper tolerance, therefore suggesting an interaction between CopD and 

CopC and an involvement in cellular copper uptake (Cha and Cooksey, 1993). An interaction 

between these proteins is supported by the corresponding genes being located together in 

one operon, which in P. syringae further includes copA, encoding a periplasmic multicopper 

oxidase, and copB, encoding an outer membrane protein (Argüello et al., 2013). Gene 

clustering analyses revealed that copC most commonly occurs in a genomic neighborhood 

related to copper homeostasis and almost exclusively preceding copD, not seldomly even as 

a copCD gene fusion (Lawton et al., 2016). In C. glutamicum an interaction between CopC 

and the CopD domain of CtiP is also conceivable. Based on the above-mentioned growth 

analyses in C. glutamicum it could be hypothesized that CtiP sufficiently binds copper 

directly in CGXII minimal medium but is dependent on CopC-mediated copper-loading in BHI 

medium (Figure 6). The necessity for different modes of copper-acquisition could be 

explained by the differences in copper content of the media, which although measured 

approximately the same copper concentration (CGXII: 1.25 µM Cu, BHI: ~1 µM Cu; 

unpublished data) likely differ in their bioavailability of copper ions. To test this hypothesis, 

affinity measurements of CtiP and CopC towards copper have to be performed to assess 

putative differences which would suggest the need for a more sensitive copper-binding 

protein under copper-limited conditions. Furthermore, protein-protein interaction studies 

could clarify a mechanistic cooperation of CtiP and CopC. 
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4.1.3 Cg1883 and Cg0520 are putative CuA biogenesis chaperones 

The copper-deprivation stimulon of C. glutamicum further includes a gene of significance 

concerning biogenesis of the supercomplex, namely cg1883, which is also part of the σC 

regulon (Toyoda and Inui, 2016; Morosov et al., 2018). This gene encodes a PCuAC 

homologue shown to be involved in CuA biogenesis in other bacteria (Figure 6) (Abriata et al., 

2008; Thompson et al., 2012). In C. glutamicum cg1883 is part of the copC operon, further 

including cg1881, which codes for a secreted Dyp-type heme peroxidase. Deletion of cg1883 

exhibited no growth defect under copper-sufficiency, copper-limitation or copper-

deprivation and is therefore not crucial for the formation of the supercomplex, or more 

specifically the aa3 oxidase (Morosov et al., 2018). PCuAC proteins only occur in bacteria and 

bind Cu(I) in a 1:1 stoichiometry which is then transferred to subunit II of the heme-

Cu oxidase to form the CuA center (Banci et al., 2005; Abriata et al., 2008; Thompson et al., 

2012). A common copper-binding motif for PCuAC is (H/M)X10MX21HXM, although in 

actinobacterial homologues this sequence varies with the motif being HX6MX22HXM (Banci et 

al., 2005; Morosov et al., 2018).  

Formation of the CuA center presumably underlies a different mechanism of copper-

insertion than CuB formation, as CuA in subunit II is located towards the periplasm and is not 

embedded in the membrane as CuB in subunit I (Gong et al., 2018; Wiseman et al., 2018). 

Therefore, biogenesis of CuA is likely to take place in the periplasm and thus requires 

periplasmic proteins or membrane proteins with a copper-binding periplasmic region.  

The most intensively characterized chaperones involved in CuA formation are the Sco 

proteins. First described in yeast, these membrane-bound chaperones are able to transfer 

one Cu(I) or Cu(II) ion to subunit II (Schulze and Rodel, 1988; Nyvltova et al., 2017). 

Additionally, Sco proteins are members of the thioredoxin superfamily and were predicted 

to have a disulfide reductase activity for reduction of the cysteine residues involved in 

complexing the copper ions in the CuA center. However, this function was also attributed to 

TlpA of Bradyrhizobium japonicum, suggesting an involvement in direct metalation of CuA 

(Abicht et al., 2014). Moreover, this membrane-anchored protein was shown to specifically 

reduce ScoI (Mohorko et al., 2012). In C. glutamicum a homologue for ScoI is missing, but 

two homologue candidates for TlpA were found, namely Cg0354 and Cg0520. Cg0354 may 

contain a signal peptide but lacks a predicted transmembrane domain and its involvement in 

CuA reduction appears unlikely but cannot be excluded. Cg0520 is a more likely functional 
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TlpA homologue as it is a secreted lipoprotein harboring a domain of the AhpC/TSA family 

shown to be related to alkyl hydroperoxide reductases (AhpC) and thiol-specific antioxidants 

(TSA) (Chae et al., 1994). Furthermore, its corresponding gene is located in a cluster involved 

in cytochrome c biogenesis (Bott and Niebisch, 2003). To characterize the function of 

Cg0520, analysis of supercomplex formation in a cg0520 deletion strain has to be performed 

coupled with further biochemical analyses. 

 

4.1.4 Surf1 is crucial for cytochrome bc1-aa3 supercomplex assembly 

Besides copper, heme is an important prosthetic group of the cytochrome bc1-aa3 

supercomplex and is essential for functionality of the enzyme. Within this thesis, further 

investigations were performed to find chaperones involved in biogenesis of the 

supercomplex, which resulted in the discovery of Cg2460, a homologue of the putative heme 

a insertion chaperone Surf1 (Davoudi et al., 2018). Loss of C. glutamicum Surf1 led to a 

strong growth defect both under copper-sufficiency and under excess copper stress. The 

former was comparable to that of a cytochrome aa3 oxidase-deficient strain. Cytochrome 

measurements of CtaDSt purified from the ∆surf1 strain showed the loss of wild-type 

cytochrome peaks and exhibited only a small peak at 594 nm suggesting a disturbed heme 

environment (Davoudi et al., 2018). Similar to CtiP and CopC, loss of Surf1 prevented co-

purification of supercomplex subunits, which indicates a crucial function in supercomplex 

assembly. Interestingly, CtaC was co-purified with CtaDSt in the ∆surf1 background, which is 

in contrast to the ∆ctiP strain, where co-purification of further aa3 oxidase subunits was not 

observed (Davoudi et al., 2018). This proposes the prevention of supercomplex formation 

rather than of aa3 oxidase assembly upon loss of Surf1 in C. glutamicum, whereas 

impairment of copper-insertion also causes failure to form a stable aa3 oxidase.  

The role of Surf1 has been analyzed in eukaryotic and prokaryotic homologues and it has 

been described to be involved in cytochrome biogenesis (Poyau et al., 1999; Mick et al., 

2007). Functional characterization of Rhodobacter sphaeroides Surf1 demonstrated the 

inability of a corresponding gene deletion strain to form a heme a3-CuB center without 

affecting heme a or CuA. It was therefore postulated that Surf1 is involved in heme a3 

insertion into the active site of the terminal oxidase (Smith et al., 2005). For 

Paracoccus denitrificans, which possesses two Surf1 variants, the proteins were shown to 

bind heme with KD values of 0.3 – 0.6 µM (Bundschuh et al., 2009). These variants 
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additionally exhibited specificity towards a particular terminal oxidase (Bundschuh et al., 

2008; Bundschuh et al., 2009). In P. denitrificans, analysis of the architecture of Surf1 

revealed a periplasmic loop harboring two heme-binding motifs (WQ and YXXXW) shown to 

differentiate between heme types and are located at either side of the transmembrane 

helices (Hannappel et al., 2011). These characteristic features of the Surf1 architecture are 

also conserved in C. glutamicum (Davoudi et al., 2018). The specificity of Surf1 towards 

heme a was described to serve as a heme filter discriminating between heme types and 

directly transferring heme a from the heme a synthase CtaA to the active site of the terminal 

oxidase (Bundschuh et al., 2008; Hannappel et al., 2011; Hannappel et al., 2012). In 

agreement with previous data, direct interaction of subunit I of the cytochrome c oxidase 

and Surf1 was detected in Saccharomycces cerevisiae and P. denitrificans (Khalimonchuk et 

al., 2010; Hannappel et al., 2012). Albeit the size of the heme a molecule which could be 

assumed to be structure-defining and therefore promoting oxidase stability, studies in 

R. sphaeroides deficient in heme a synthesis demonstrated accumulation of the apo-form of 

the oxidase (Hiser et al., 2000). Nevertheless, it is possible that Surf1 interaction with 

subunit I of cytochrome oxidase could not only lead to the insertion of heme a3 but also to 

the stabilization of the subunit until a complex with subunit II is formed (Hannappel et al., 

2012). Whether Surf1 is involved only in heme a3 insertion or also in heme a insertion is still 

unresolved. 

In humans, yeast and bacteria Surf1 deficiency results in a drastically decreased 

cytochrome c oxidase activity but, in contrast to C. glutamicum (Davoudi et al., 2018), was 

never shown to eliminate it (Mashkevich et al., 1997; Zhu et al., 1998). It is conceivable that 

the remaining oxidase activity could be due to CtaA directly inserting synthesized heme a 

into subunit I which would have to occur in a less efficient manner than with Surf1. This is 

supported by the observation that in P. denitrificans overexpression of ctaA restored the 

cytochrome c oxidase activity after loss of both Surf1 variants (Hannappel et al., 2012). In 

C. glutamicum a similar approach by overexpressing native ctaA failed to restore aa3 oxidase 

activity, deduced by the unaltered growth defect of a ∆surf1 strain harboring the ctaA 

expression plasmid or the empty vector (Figure S6.4.1). 

While only heme-associated properties were described for Surf1 homologues, an effect of 

Surf1 on the copper homeostasis could be observed in C. glutamicum. The ∆surf1 strain not 

only exhibited a strong growth defect under copper-excess conditions but transcriptome 
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analyses also revealed the induction of the copper-starvation stimulon after loss of Surf1 

(Davoudi et al., 2018). Although also human Surf1 was described to potentially be involved in 

copper homeostasis (Stiburek et al., 2009), a direct involvement of Surf1 in copper 

regulation is unlikely and presumably is a result of secondary effects. However, Surf1 

potentially interacts with other copper-dependent chaperones involved in cytochrome c 

oxidase maturation. Co-purification experiments in yeast showed that Surf1 transiently 

interacts with the CuB biogenesis chaperone Cox11 (Khalimonchuk et al., 2010). As CtiP 

harbors a CtaG domain postulated to be involved in CuB formation an interaction with Surf1 

could be possible. In an attempt to find Surf1 interaction partners, plasmid-based expression 

of a surf1 variant encoding a Strep-tagged Surf1 protein in the C. glutamicum ∆surf1 strain 

background and subsequent StrepTactin affinity purification among others resulted in the 

identification of bc1-aa3 supercomplex subunits CtaC, CtaD, CtaE, QcrA and QcrB (Table 

S6.4). However, in this approach the complete elution fraction was used for LC-MS analysis, 

leading to the identification of more than 200 proteins, making the interpretation of the 

data difficult. To further investigate a potential interaction of Surf1 with CtiP and/or 

supercomplex subunits, a genomically encoded Surf1 variant has to be constructed and 

analyzed in more detail. Several attempts to construct a strain genomically encoding a C-

terminally twin-Strep tagged Surf1 variant were unsuccessful.  

 

4.2 Regulation of terminal oxidases 

 

As heme is an important prosthetic group in various proteins including respiratory 

complexes, another aim of this work was the investigation of a global response towards a 

heme stimulus. For this purpose, the major focus was a kinetic target gene profiling of the 

heme-sensing TCS HrrSA. 

 

4.2.1 HrrSA-dependent heme distribution to terminal oxidases 

Conclusions about regulatory mechanisms are typically based on single time point studies, 

which allow only a glimpse on the dynamic nature of gene regulation and adaptation. In this 

work, time-resolved ChAP-Seq analyses using a plasmid-encoded HrrA variant coupled with 

time-resolved RNA-Seq analyses of an hrrA mutant compared to the wt aided in the 
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broadening of the HrrSA regulon (Keppel et al., 2019). Crucial conditions for this study were 

the absence of iron, as the regulator DtxR represses hrrA expression upon binding of iron, as 

well as the presence of heme to ensure HrrA activation (Wennerhold and Bott, 2006; 

Frunzke et al., 2011). Under these conditions it was found that upon stimulus HrrSA 

regulates more than 250 genes involved in heme biosynthesis, oxidative stress, cell envelope 

remodeling and the respiratory chain (Keppel et al., 2019). HrrSA is highly conserved in 

Actinobacteria and the ability to sense heme is not only crucial for iron acquisition but is also 

vital for pathogenic organisms (Bibb et al., 2007; Stauff and Skaar, 2009; Stauff and Skaar, 

2009; Frunzke et al., 2011). The closely related C. diphtheriae HrrSA not only shares high 

sequence identity with C. glutamicum HrrSA but was also shown to activate similar targets 

(Bibb et al., 2007; Frunzke et al., 2011). The current knowledge about heme homeostasis and 

heme-dependent regulation includes genes involved in heme degradation, biosynthesis and 

export (Bibb et al., 2007; Bibb and Schmitt, 2010; Frunzke et al., 2011; Heyer et al., 2012; 

Burgos and Schmitt, 2016). Interestingly, heme import is still poorly understood but was 

attributed to an HrrA-regulated ABC-transporter, encoded by the hmuTUV operon (Drazek et 

al., 2000; Schmitt and Drazek, 2001; Frunzke et al., 2011). However, reporter analyses in a 

∆hmuTUV strain cultivated under iron-limitation and supplemented with 2.5 µM heme did 

not result in an altered HrrA signal output, suggesting either the existence of a yet 

uncharacterized importer or a passive transport through the membrane due to its lipophilic 

characteristics (Hentschel, 2015). 

Besides regulation of heme homeostasis, an intriguing finding was the extended 

involvement of HrrSA in the activation of respiratory chain genes (Keppel et al., 2019). 

Coinciding with previous data, HrrA-mediated activation of cytochrome bc1-aa3 

supercomplex genes comprises ctaD and the ctaE-qcrCAB operon (Frunzke et al., 2011) and 

was now shown to further include the ctaCF operon (Figure 7) (Keppel et al., 2019). 

Moreover, HrrA additionally activates the cyd genes of the cytochrome bd branch (Keppel et 

al., 2019). This activation is retarded towards the mid-exponential growth phase with 

decreasing heme concentrations and coupled with depression of sigC, encoding the activator 

of the cyd operon σC (Toyoda and Inui, 2016; Keppel et al., 2019). As σC was described to 

simultaneously be a repressor of the ctaE-qcrCAB operon (Toyoda and Inui, 2016) HrrA not 

only functions as a direct activator for respiratory chain genes under iron limitation and 

simultaneous presence of heme, but is responsible for altering between respiratory chain 
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complexes depending on heme availability (Figure 7) (Keppel et al., 2019). In contrast to 

heme-sufficiency, under heme-limitation conditions the less heme-demanding cytochrome 

bd branch is favored (Figure 7). Therefore, this work seems to have unraveled a complex 

mechanism of HrrSA-mediated heme distribution prioritising the more efficient bc1-aa3 

branch emphasizing the pivotal function of the TCS on the respiratory chain when iron is 

limiting (Keppel et al., 2019). 

Selectivity between respiratory branches has been extensively researched and can have 

various causes. On the one hand, limited copper-availability can be a reason to switch to a 

copper-independent respiratory branch (Morosov et al., 2018), but also oxygen-limitation 

demands a shift from aerobic to anaerobic growth. Besides the TCS ArcAB, shown to sense 

the redox state of the quinone pool and regulate terminal oxidases in response to oxygen 

levels (Gunsalus and Park, 1994; Georgellis et al., 2001), the key regulator mediating these 

shifts was shown to be FNR first described in E. coli (Spiro and Guest, 1991; Spiro, 1994). This 

global transcriptional regulator contains a [2Fe-2S]2+ cluster and was described to function as 

an intracellular redox sensor targeting a vast number of genes in an oxygen-dependent 

manner (Spiro, 1994; Unden et al., 1995; Kiley and Beinert, 1998). However, transcript 

profiling in Herbaspirillum seropedicae revealed that FNR in presence of oxygen controls the 

composition of the aerobic respiratory chain to optimize energy transduction via terminal 

oxidases (Batista et al., 2013). 

A heme-dependent regulation of respiratory complexes was previously described for the 

translational activator Mss51 of S. cerevisiae (Perez-Martinez et al., 2003; Soto et al., 2012). 

Besides the essential function of specifically promoting COX1 mRNA translation and further 

aiding in the biogenesis of the cytochrome c oxidase, Mss51 was shown to harbor two CPX 

motifs and exhibited in-vitro heme-binding which was required for correct Mss51 

functionality (Soto et al., 2012). It was therefore postulated that biogenesis of the 

cytochrome c oxidase is severely dependent on heme-sensing by Mss51. 
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Figure 7: Working model of HrrSA-mediated respiratory chain gene regulation in response to heme 

under iron-limiting growth conditions. During the early growth phase (0.5 h after addition of 4 µM 

hemin) with an abundance of heme HrrA activates all genes encoding subunits of the cytochrome 

bc1-aa3 branch (ctaD, ctaCF, ctaE-qcrCAB) and the cytochrome bd branch (cydAB) while repressing 

sigC expression. Decreasing heme concentrations (4 h after hemin addition) lead to derepression of 

sigC resulting in a further upregulation of the cyd genes and simultaneous repression of the ctaE-

qcrCAB operon (modified from (Keppel et al., 2019)). 

 

Although the findings in this work shed light on the complex regulation of respiratory 

chain branches via HrrSA in C. glutamicum and presumably many other Actinobacteria, there 

is still a lot of investigation needed to completely understand the different layers of control. 

As our approach only focused on heme-dependent regulation through HrrSA, interference by 

the orthologous TCS ChrSA was not analyzed. Due to the overlap of HrrSA and ChrSA target 

genes (Heyer et al., 2012), analysis of the complete ChrSA regulon could broaden the 

understanding of heme homeostasis. Further, this work had to be performed under iron-

limitation, thereby neglecting regulatory influences of DtxR, which under iron-sufficiency 

represses hrrA (Wennerhold and Bott, 2006). Moreover, to enable assertions about 

physiological target binding without overproduction of plasmid-based hrrA, ChAP-Seq 

analyses have to be performed with a strain harboring genomically encoded tagged HrrA. 

 

4.2.2 How is the activity of the ECF σ factor σC controlled? 

As mentioned above, σC is an important regulator of respiratory chain genes and as it is well 

conserved in all species of Corynebacteria (Pátek and Nesvera, 2011), understanding of the 

regulatory processes controlled by σC should be of high value for the genus. Regulation of σC 

is still unknown, however the discovery of genes regulated by σC allows deduction of 

potential mechanisms (Toyoda and Inui, 2016). Of the 16 upregulated genes (threshold ≥3) 

within the copper-deprivation stimulon found in this work (Morosov et al., 2018), 12 genes 

are part of the σC regulon described in C. glutamicum R (Toyoda and Inui, 2016). The only 

gene missing from the regulon is cgR_0144, seemingly a paralogue of cgR_1719, which is a 
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homologue of cg1884 (copC). Coinciding with previous data (Toyoda and Inui, 2016), the bd 

oxidase genes as well as ctaA, encoding heme o monooxygenease (heme a synthase), and 

ctaB, encoding  protoheme IX farnesyltransferase (heme o synthase), were found to be 

upregulated under copper-deprivation in C. glutamicum (Morosov et al., 2018). Interestingly, 

the copper-deprivation stimulon comprises a number of upregulated genes which are not 

part of the σC regulon and therefore have to be regulated in a different manner. These genes 

encode cation-transporting ATPases, an amino acid exporter, siderophore transporters, as 

well as ctiP (Morosov et al., 2018). However, an overlap of different ECF σ factor regulons is 

not uncommon and was already described for σD and σH in C. glutamicum (Dostálová et al., 

2019). A similar mechanism between σC and another σ factor is therefore not unlikely. 

It was suggested, that the σC reponse is induced by oxidative stress, due to an inefficient 

aa3 oxidase under low oxygen conditions and the presumable formation of superoxide 

anions (Toyoda and Inui, 2016). This hypothesis coincides with previous studies, showing 

catalase activity of the bd oxidase of E. coli as well as H2O2 sensitivity of bd oxidase-deficient 

strains of E. coli and M. smegmatis (Wall et al., 1992; Lindqvist et al., 2000; Borisov et al., 

2013; Lu et al., 2015). Furthermore, the genomic location of C. glutamicum sigC is directly 

divergent to katA encoding a catalase, suggesting a potential link (Kalinowski et al., 2003). 

Interestingly, in contrast to an aa3 oxidase-deficient strain, in which the σC response can be 

observed, analysis of σC targets in a bc1 complex-deficient strain did not show upregulated 

mRNA levels (Toyoda and Inui, 2016).  

Conversely to the hypothesis of an oxidative stress-dependent stimulus, examination of 

transcriptome studies stored in our in-house C. glutamicum microarray database suggests an 

induction of the σC stimulon occurring at any time the bc1-aa3 supercomplex is affected. As 

seen in Table 1, upregulation of σC targets can be observed if the supercomplex is disturbed 

directly (e.g. copper-deprivation) or indirectly (e.g. anaerobic conditions) (Michel, 2014; 

Morosov et al., 2018) (Table 1). Intriguingly, the lacking upregulation of ctaA and ctaB under 

anaerobic conditions suggests competition with another regulator (Table 1). It is important 

to point out that also a C. glutamicum strain expressing the supercomplex genes ctaE-

qcrCAB, ctaCF, and ctaD under control of the tac promoter rather than under their native 

promoters (C. glutamicum SCplus) (Platzen, 2012) leads to the σC response (Table 1). The most 

common regulation of ECF σ factors is the inhibition through a cognate anti-σ factor. 

Therefore, the σC response in C. glutamicum SCplus could hint towards an inhibitory 
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mechanism of σC by supercomplex-associated proteins (Cg2211, Cg2444, Cg2949) potentially 

acting as putative anti-σ factors. In the absence of a σC inhibitor the σC targets, including the 

cyd genes, would be induced (Toyoda and Inui, 2016). Overexpression of the cydABDC genes 

was shown to lead to a growth defect in C. glutamicum (Kabus et al., 2007). Deletions of the 

genes cg2211, cg2444, and cg2949 encoding the supercomplex-associated proteins in 

C. glutamicum did not result in an observable growth defect (Niebisch and Bott, 2003), 

although σC-mediated cyd activation is not expected to be as high as plasmid-based cyd-

overexpression. However, a plasmid-based cyd promoter fusion to a venus reporter gene to 

measure cyd promoter activity revealed a comparable fluorescence output in the deletion 

strains as in the wt, thus a σC-specific anti-σ function of these proteins is unlikely 

(Figure S6.5.1). As positive control the ∆ctaF strain was used. 

This promoter fusion construct was further tested in single gene deletion strains of the 

copper-deprivation stimulon, which resulted in wild-type fluorescence output in all deletions 

with the exception of the ∆cg2750 strain where the specific fluorescence was 30% higher 

than in the wt (Figure S6.5.2). The cg2750 gene codes for an integral membrane protein with 

a molecular mass of 13 kDa, which harbors a DUF3187 domain and three predicted 

transmembrane helices with a putative cytoplasmic N-terminus and a periplasmic C-

terminus. Loss of Cg2750 resulted in wild-type growth in CGXII liquid medium but in a 

growth defect on CGXII and BHI agar plates (Figure S6.5.3), in BHI liquid medium and under 

copper-excess (Figure S6.5.4). Plasmid-based expression of cg2750 in the ∆cg2750 strain 

successfully complemented the growth defect (Figure S6.5.5). Further investigation of the 

∆cg2750 strain using reporter fusions of other known σC target promotors (copC, cg2556) 

resulted in the same observation of an increased promotor activity compared to the wt, 

suggesting an induction of the σC regulon (Figure S6.5.6). Purification of plasmid-encoded 

twin-Strep tagged Cg2750 among others revealed the co-purification of QcrB of the bc1 

complex as well as supercomplex-associated proteins (Cg2211, Cg2444), indicating a direct 

interaction with the supercomplex (Table S6.5). It could therefore be hypothesized that 

Cg2750 binds σC and simultaneously interacts with the bc1 complex functioning as a sensor 

for correct supercomplex assembly. Under conditions where supercomplex assembly is 

impaired Cg2750 might be degraded, thereby releasing σC to activate target genes. 

Therefore, interaction of Cg2750 with σC has to be further investigated. Moreover, to ensure 
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an induction of the σC response in the ∆cg2750 strain, microarray or RNA-seq analysis have 

to be performed.  

A deletion of sigC was previously described for C. glutamicum R, but resulted in 

inconclusive growth effects, presumably due to spontaneous mutations (Toyoda and Inui, 

2016). Characterization of the ATCC 13032 sigC deletion strain exhibited wild-type growth in 

standard CGXII glucose medium but showed no growth under copper-deprivation, indicating 

that σC is the only activator of the cyd operon under this condition (Figure S6.5.7). 

Furthermore, to initiate the investigation of σC interaction partners, a strain harboring a 

genomically C-terminally twin-strep-tagged sigC was constructed to perform co-purification 

experiments. Besides this direct approach the constructed strain could also be used for σC 

localization. Harvesting of cells under copper-starvation conditions as well as under copper-

sufficiency and subsequent Western Blot analysis of cell fractionations could give insights 

into a potential membrane-association of σC, which would suggest a membrane-bound anti-

σ factor responsible for σC regulation. 
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Table 1: Transcriptome levels of upregulated σC target genes induced under different conditions. 

Values depicted originate from the in-house C. glutamicum microarray database. The median of 

three individual experiments (p value ≤ 0.05) is shown or otherwise labeled with the number of 

available experiments in the database. If not stated otherwise, strains were cultivated under aerobic 

conditions in standard CGXII glucose medium (1.25 µM CuSO4). Not identified transcripts are listed as 

n.a. 

Locus 
tag Gene Function 

wt, Cu-
deprivation/ 

wt 
∆ctiP/ 

wt 
∆surf1/

wt 
SCplus/ 

wta 
∆ctaD/ 

wtb 

wt, 
anaerob, 
120 min/ 

wtc 

cg1298 cydC ABC-type transport 
system, ATPase 
component 

27.79 8.79 2.80 3.34 n.a. 1.532 

cg1299 cydD ABC-type transport 
system, ATPase 
component 

10.54 16.09 5.76 6.00 n.a. 3.042 

cg1300 cydB Cytochrome d 
terminal oxidase 
polypeptide subunit 

14.55 12.55 6.26 6.29 2.08 2.092 

cg1301 cydA Cytochrome d 
ubiquinol oxidase 
subunit I 

14.99 14.03 6.62 6.44 2.36 2.162 

cg1769 ctaA Heme a synthase 
(heme o 
monooxygenase) 

2.75 5.90 1.71 1.52 n.a. 0.78 

cg1773 ctaB Heme o synthase 
(protoheme IX 
farnesyltransferase) 

8.49 5.83 2.23 5.30 3.15 0.63 

cg1881 
 

Putative iron-
dependent 
peroxidase 

12.84 15.37 3.95 10.26 n.a. 3.972 

cg1883 
 

Hypothetical protein 12.01 16.49 3.74 9.02 2.63 3.262 

cg1884 copC Putative secreted 
copper resistance 
protein 

12.94 16.99 4.12 9.07 2.99 2.852 

cg2556 
 

Uncharacterized 
iron-regulated 
membrane protein 

10.04 6.49 2.39 8.40 3.53 1.942 

cg2750 
 

Putative membrane 
protein 

6.88 6.28 2.07 3.43 3.19 2.352 

a, performed by Laura Platzen; b, performed by Abigail Koch-Körfges; c, performed by Andrea Michel 

 

The cytochrome bc1-aa3 supercomplex of C. glutamicum is a model for homologous 

complexes in Actinobacteria. In this work, the complex biogenesis of this supercomplex was 

investigated which requires multiple chaperones involved in copper and heme a insertion. 

Moreover, this work revealed an intricate regulation of respiratory branches upon 

environmental cues which is essential for optimal cellular growth. 
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6.4 Supplementary materials – Further characterization of Surf1 
 

 

Figure S6.4.1. Impact of ctaA expression on the growth defect of C. glutamicum ∆surf1. The 

∆surf1 strain harboring the ctaA expression plasmid pAN6_ctaA (green triangles) was 

cultivated at 30 °C and 1200 rpm in a BioLector microcultivation system using FlowerPlatesTM 

containing CGXII minimal medium with 2% (w/v) glucose and either devoid of (A) or with 

addition of 100 µM IPTG (B). As controls, the wt (black squares) and ∆surf1 strain (red 

circles) harboring the empty plasmid were used. The Backscatter (620 nm) of biological 

triplicates was measured every hour. 
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Table S6.4. Identification of co-purified Surf1 interaction partners. Depicted are peptides 

(95% confidence) found in the elution fractions of purified Surf1-variants. Treatment of N- or 

C-terminally Strep-tagged Surf1 with 1 % formaldehyde (30 min) is indicated with a plus (+). 

Analysis of the proteins was performed by LC-MS. Not identified peptides are listed as n.a. 

  Peptides (95%) 

Locus tag Annotated function 

N-
Surf1St 

N-
Surf1St 

(+) 

C-
Surf1St 

C-
Surf1St 

(+) 

cg2460 Hypothetical protein 64 33 14 10 

cg1368 AtpD, ATP synthase subunit B 30 28 32 30 

cg0811 DtsR2, acetyl/propionyl CoA carboxylase, beta 
subunit 

24 23 22 18 

cg1366 AtpA, ATP synthase subunit A 22 26 23 21 

cg0802 AccBC, biotin carboxylase and biotin carboxyl 
carrier protein 

24 24 34 37 

cg2361 DivIVA, essential role in cell elongation 23 27 15 13 

cg2833 CysK, O-acetylserine (thiol)-lyase 13 19 12 16 

cg2444 Hypothetical protein 8 4 10 11 

cg0601 RpsC, 30S ribosomal protein S3 11 13 12 10 

cg0446 SdhA, succinate dehydrogenase 13 21 18 18 

cg0598 RplB, 50S ribosomal protein L2 20 17 18 19 

cg1365 AtpH, ATP synthase subunit D 9 12 8 10 

cg1531 RpsA, 30S ribosomal protein S1 21 21 20 16 

cg0631 RpsE, 30S ribosomal protein S5 22 13 12 10 

cg3177 PccB, propionyl-CoA carboxylase beta chain 18 16 8 8 

cg0654 RpsD, 30S ribosomal protein S4 15 11 13 13 

cg0583 FusA, elongation factor EF-2 25 21 18 20 

cg3100 DnaK, molecular chaperone Dnak 18 24 22 27 

cg1556 Hypothetical protein 13 12 11 10 

cg2675 ATPase component of ABC-type transport system, 
contains duplicated ATPase domains 

18 20 11 11 

cg0610 RplE, 50S ribosomal protein L5 6 9 7 7 

cg1367 AtpG, ATP synthase subunit C 8 8 11 8 

cg0957 Fas-IB, fatty acid synthase 59 50 34 45 

cg1656 Ndh, NADH dehydrogenase 11 8 9 8 

cg1737 Acn, aconitate hydratase 14 17 17 19 

cg2151 sSmilar to phage shock protein A 17 12 9 10 

cg2222 RpsB, 30S ribosomal protein S2 12 14 12 12 

cg0417 CapD, probable dTDP-glucose 4,6-dehydratase 
transmembrane protein 

18 12 6 6 

cg0596 RplD, 50S ribosomal protein L4 9 7 8 7 

cg2120 PtsF, sugar specific PTS system, fructose/mannitol-
specific transport protein 

17 13 9 9 

cg0630 RplR, 50S ribosomal protein L18 3 5 4 4 

cg0674 RpsI, 30S ribosomal protein S9 6 5 8 8 

cg0414 Wzz, cell surface polysaccharide biosynthesis / 
chain length determinant protein 

10 10 5 5 

cg2421 SucB, dihydrolipoamide acetyltransferase 7 3 4 7 

cg2466 AceE, pyruvate dehydrogenase subunit E1 21 21 21 25 
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cg1813 CarB, carbamoyl-phosphate synthase large subunit 31 11 12 17 

cg2977 Hypothetical protein 11 10 n.a. 0 

cg0791 Pyc, pyruvate carboxylase 39 28 40 39 

cg1537 PtsG, glucose-specific enzyme II BC component of 
PTS 

6 8 6 6 

cg1586 ArgG, argininosuccinate synthase 13 8 5 7 

cg1307 Superfamily II DNA and RNA helicase 20 11 10 12 

cg3068 Fda, fructose-bisphosphate aldolase 3 7 5 7 

cg0572 RplJ, 50S ribosomal protein L10 7 9 7 8 

cg2404 QcrA1, rieske iron-sulfur protein 13 16 11 9 

cg0652 RpsM, 30S ribosomal protein S13 7 6 9 6 

cg0752 Putative secreted or membrane protein 21 18 7 8 

cg0587 Tuf, elongation factor Tu 7 18 22 23 

cg0438 Putative glycosyltransferase 10 5 3 3 

cg0597 RplW, 50S ribosomal protein L23 4 3 3 3 

cg2695 ABC-type transport system, ATPase component 12 9 8 9 

cg2403 QcrB, cytochrome b, membrane protein 8 8 6 10 

cg0594 RplC, 50S ribosomal protein L3 8 7 10 9 

cg0573 RplL, 50S ribosomal protein L7/L12 12 10 8 9 

cg2166 GpsI, putative polyribonucleotide phosphorylase / 
guanosine pentaphosphatesynthetase 

16 11 15 16 

cg0629 RplF, 50S ribosomal protein L6 4 6 9 8 

cg0600 RplV, 50S ribosomal protein L22 7 7 7 7 

cg2780 CtaD, cytochrome c oxidase polypeptide subunit 6 5 4 5 

cg0602 RplP, 50S ribosomal protein L16 6 4 4 4 

cg2262 FtsY, signal recognition particle GTPase 8 7 4 5 

cg1280 kgd, alpha-ketoglutarate decarboxylase 17 15 25 31 

cg2743 Fas-IA, fatty acid synthase 28 20 6 15 

cg0628 RpsH, 30S ribosomal protein S8 6 4 4 3 

cg0949 GltA, citrate synthase 3 6 6 5 

cg0693 GroEL, 60 KDA chaperonin (protein CPN60) (groel 
protein) C-terminal fragment 

8 12 7 8 

cg2840 ActA, butyryl-CoA:acetate coenzyme A transferase 13 14 13 17 

cg1046 Ppk2A, polyphosphate kinase 8 4 5 6 

cg0867 Ribosome-associated protein Y (PSrp-1) 7 5 5 6 

cg0420 Glycosyl transferase 11 5 1 n.a. 

cg1787 Ppc, phosphoenolpyruvate carboxylase 16 9 10 12 

cg1762 SufC, Fe-S cluster assembly ATPase 6 3 2 3 

cg1730 Secreted protease subunit, stomatin/prohibitin 
homolog 

10 8 7 8 

cg1773 CtaB, heme o synthase 4 5 n.a. n.a. 

cg3018 Hypothetical protein 15 8 6 6 

cg2429 GlnA, glutamine synthetase I 3 8 9 8 

cg3114 CysN, sulfate adenyltransferase subunit 1 4 8 6 9 

cg3219 Ldh, L-lactate dehydrogenase 7 8 7 6 

cg0582 RpsG, 30S ribosomal protein S7 9 6 8 7 

cg0564 RplA, 50S ribosomal protein L1 7 8 9 9 

cg0737 ABC-type transport system, secreted lipoprotein 
component 

4 6 1 1 

cg0576 RpoB, DNA-directed RNA polymerase beta subunit 12 10 17 16 
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cg1111 Eno, phosphopyruvate hydratase 8 11 14 12 

cg0812 DtsR1, acetyl/propionyl-CoA carboxylase beta 
chain 

8 4 6 8 

cg3011 GroEL, chaperonin groel 11 13 14 18 

cg2708 MsiK1, ABC-type sugar transport system, ATPase 
component 

5 10 8 7 

cg0766 Icd, isocitrate dehydrogenase 4 16 10 11 

cg0577 RpoC, DNA-directed RNA polymerase beta subunit 9 12 26 25 

cg2963 ClpC, probable ATP-dependent protease (heat 
shock protein) 

6 8 15 15 

cg1606 PyrG, CTP synthetase 8 4 2 5 

cg2862 PurL, phosphoribosylformylglycinamidine synthase 
subunit II 

7 11 7 11 

cg2958 ButA, L-2,3-butanediol dehydrogenase/acetoin 
reductase 

4 6 5 7 

cg0488 Ppx1, exopolyphosphatase 10 4 6 6 

cg3191 Predicted glycosyltransferase 10 5 2 4 

cg0603 RpmC, 50S ribosomal protein L29 6 4 5 5 

cg2984 FtsH, cell-division protein (ATP-dependent Zn 
metallopeptidase) 

12 10 2 4 

cg2786 NrdE, ribonucleotide-diphosphate reductase alpha 
subunit 

9 5 2 5 

cg1348 Membrane protein containing CBS domain 9 8 n.a. n.a. 

cg0237 Short chain dehydrogenase 5 5 6 5 

cg0868 SecA, translocase 8 13 20 13 

cg1791 Gap, glyceraldehyde-3-phosphate dehydrogenase 6 4 8 7 

cg1128 Similar to ribosomal protein S2 3 2 3 2 

cg1409 PfkA, 6-phosphofructokinase 6 3 6 6 

cg1437 IlvC, ketol-acid reductoisomerase 4 4 2 4 

cg0655 RpoA, DNA-directed RNA polymerase alpha 
subunit 

7 5 9 10 

cg1354 Rho, transcription termination factor Rho 12 7 3 6 

cg0424 Putative glycosyltransferase 6 4 2 2 

cg0448 Hypothetical protein 1 1 1 1 

cg0307 Asd, aspartate-semialdehyde dehydrogenase 2 2 5 6 

cg0653 RpsK, 30S ribosomal protein S11 3 3 4 4 

cg1725 MutA, methylmalonyl-CoA mutase, subunit 3 3 2 4 

cg2167 RpsO, 30S ribosomal protein S15 3 3 4 3 

cg1603 Hypothetical protein 8 6 4 2 

cg2782 Ftn, ferritin-like protein 3 2 3 4 

cg0928 ABC-type cobalamin/Fe3+-siderophores transport 
system, ATPase component 

5 1 3 0 

cg3308 RpsF, 30S ribosomal protein S6 2 3 7 6 

cg2705 AmyE, maltose-binding protein precursor 5 8 1 2 

cg2678 ABC-type dipeptide/oligopeptide/nickel transport 
systems, secreted component 

2 5 1 1 

cg0165 ABC-2 type transporter 5 n.a. n.a. n.a. 

cg0991 RpmB, 50S ribosomal protein L28 4 4 6 6 

cg1451 SerA, phosphoglycerate dehydrogenase 4 10 6 10 

cg2410 LtsA, glutamine-dependent amidotransferase 12 6 8 5 
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cg0435 UdgA1, UDP-glucose 6-dehydrogenase 5 3 3 2 

cg0229 GltB, glutamine 2-oxoglutarate aminotransferase 
large SU 

2 22 13 25 

cg2091 PpgK, polyphosphate glucokinase 5 2 0 1 

cg1369 AtpC, ATP synthase subunit epsilon 2 3 2 2 

cg2496 Putative secreted protein 8 4 7 4 

cg1408 Hypothetical protein 2 1 1 0 

cg3255 UspA3, universal stress protein family 4 4 4 5 

cg2141 RecA, recombinase A 6 3 1 2 

cg2424 Hypothetical protein 6 6 5 3 

cg0518 HemL, glutamate-1-semialdehyde 
aminotransferase 

7 4 3 4 

cg0418 Putative aminotransferase 5 3 1 0 

cg2994 Putative secreted or membrane protein 1 2 2 2 

cg3244 Hypothetical protein 6 3 5 5 

cg2137 GluB, glutamate secreted binding protein 2 2 n.a. 0 

cg3115 CysD, sulfate adenylyltransferase subunit 2 7 8 3 6 

cg1841 AspS, aspartyl-tRNA synthetase 5 6 6 5 

cg3049 FprA, putative ferredoxin/ferredoxin-NADP 
reductase 

7 3 9 8 

cg0156 CysR, transcriptional regulator involved in 
sulphonate utilisation 

5 2 2 2 

cg2366 FtsZ, cell division protein FtsZ 3 3 3 5 

cg2647 Tig, trigger factor 1 7 7 5 

cg1362 AtpB, ATP synthase subunit A 2 2 2 1 

cg1269 GlgC, ADP-glucose pyrophosphorylase 6 5 1 3 

cg2235 RplS, 50S ribosomal protein L19 7 5 4 5 

cg0359 Hypothetical protein cg0359 4 5 3 3 

cg2218 PyrH, uridylate kinase 3 2 3 1 

cg0691 GroEL', 60 KDA chaperonin (protein CPN60) 
(HSP60)-N-terminal fragment 

4 4 2 4 

cg2291 Pyk, pyruvate kinase 11 13 13 14 

cg3264 Hypothetical protein 13 9 4 4 

cg2087 Hypothetical protein 5 3 2 2 

cg2811 ABC-type transport system, involved in lipoprotein 
release, permease component 

1 2 1 1 

cg0528 Putative secreted protein 2 2 2 2 

cg1629 SecA2, translocase 5 2 5 5 

cg0248 Putative ABC-type polysaccharide/polyol 
phosphate export sytem, ATPase 

2 4 1 0 

cg1248 GTPase involved in stress response 4 8 9 10 

cg1463 GltX, glutamyl-tRNA synthetase 5 4 1 2 

cg1565 RplT, 50S ribosomal protein L20 5 5 6 5 

cg0998 Trypsin-like serine protease 2 1 3 1 

cg0781 Membrane protein 3 3 2 1 

cg0161 Putative secreted or membrane protein 2 1 1 0 

cg0810 Hypothetical protein 3 3 2 1 

cg0683 Permease 5 5 2 2 

cg0441 Lpd, dihydrolipoamide dehydrogenase 8 6 10 9 

cg1838 AlaS, alanyl-tRNA synthetase 9 9 12 12 
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cg2176 InfB, translation initiation factor IF-2 6 6 7 13 

cg3141 Hmp, flavohemoprotein 1 4 1 2 

cg3017 Hypothetical protein 4 5 3 1 

cg0783 Hypothetical protein 1 3 1 3 

cg1867 SecD, protein export protein SecD 4 2 1 1 

cg0007 GyrB, DNA topoisomerase IV subunit B 15 8 7 5 

cg0952 Putative integral membrane protein 2 2 n.a. n.a. 

cg1344 NarG, nitrate reductase 2, alpha subunit 1 14 1 6 

cg1121 Permease of the major facilitator superfamily 1 1 0 1 

cg2474 NagD, putative phosphatase in N-
acetylglucosamine metabolism 

3 3 2 3 

cg2428 Hypothetical protein 3 2 2 n.a. 

cg2521 FadD15, long-chain fatty acid CoA ligase 11 6 8 7 

cg2923 Putative rRNA methyltransferase TRMH family 5 4 3 4 

cg3138 PpmA, putative membrane-bound protease 
modulator 

4 5 3 0 

cg2644 ClpP2, ATP-dependent Clp protease proteolytic 
subunit 

4 2 2 1 

cg3189 Hypothetical protein 5 2 0 n.a. 

cg1551 UspA1, universal stress protein UspA and related 
nucleotide-binding proteins 

2 4 5 6 

cg0419 Glycosyltransferase 5 1 n.a. n.a. 

cg2861 Membrane protein, hemolysin III homolog 1 n.a. 0 n.a. 

cg1133 GlyA, serine hydroxymethyltransferase 5 5 7 6 

cg2812 ABC-type transport system, involved in lipoprotein 
release, ATPase component 

4 4 2 2 

cg2406 CtaE, cytochrome c oxidase subunit III 2 1 1 n.a. 

cg2417 Short chain dehydrogenase 2 4 3 4 

cg0673 RplM, 50S ribosomal protein L13 3 3 5 4 

cg1141 Hypothetical protein 3 1 1 2 

cg2280 Gdh, glutamate dehydrogenase 2 5 8 9 

cg1165 Gamma-aminobutyrate permease or related 
permease 

1 3 n.a. n.a. 

cg2192 Mqo, malate:quinone oxidoreductase 2 2 2 2 

cg1338 ThrB, homoserine kinase 2 n.a. 0 n.a. 

cg0845 Superfamily II DNA/RNA helicase, SNF2 family 5 n.a. 0 0 

cg2160 Hydrolase of metallo-beta-lactamase superfamily 6 3 6 9 

cg2498 Hypothetical protein 1 3 0 n.a. 

cg3429 Putative inner membrane protein translocase 
component YidC 

1 2 1 1 

cg0838 Helicase 12 1 3 4 

cg2779 SerB, phosphoserine phosphatase 3 1 n.a. 1 

cg2214 Predicted Fe-S-cluster redox enzyme 5 n.a. n.a. 1 

cg2891 PoxB, pyruvate dehydrogenase 5 2 11 12 

cg2594 RpmA, 50S ribosomal protein L27 1 n.a. 4 3 

cg1109 PorB, anion-specific porin precursor 3 2 n.a. 0 

cg2201 Signal transduction histidine kinase 4 n.a. 2 3 

cg1433 Hypothetical protein 1 1 1 1 

cg1844 Membrane protein 1 1 n.a. n.a. 

cg3192 Putative secreted or membrane protein 2 7 6 1 
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cg1763 SufD, Fe-S cluster assembly membrane protein 3 2 2 5 

cg3020 Hypothetical protein 1 1 1 n.a. 

cg2492 GlmS, D-fructose-6-phosphate amidotransferase 3 5 9 5 

cg1007 Hypothetical protein 2 3 n.a. n.a. 

cg2467 ABC transporter ATP-binding protein 2 3 1 0 

cg2657 Putative membrane protein-fragment 2 1 3 1 

cg3365 UlaA, ascorbate-specific PTS system enzyme IIC 1 2 2 1 

cg3079 ClpB, probable ATP-dependent protease (heat 
shock protein) 

2 3 4 10 

cg2781 NrdF, ribonucleotide-diphosphate reductase beta 
subunit 

3 2 2 1 

cg0593 RpsJ, 30S ribosomal protein S10 3 1 4 4 

cg1404 GatA, glutamyl-tRNA amidotransferase subunit A 1 4 0 3 

cg2412 Hypothetical protein 5 0 2 2 

cg1283 AroE, shikimate 5-dehydrogenase 1 0 n.a. n.a. 

cg0063 Secreted protein 1 1 2 n.a. 

cg1753 ATPase component of ABC transporters with 
duplicated ATPase domains 

3 0 3 3 

cg0047 Hypothetical protein 1 3 3 4 

cg0841 Hypothetical protein 2 2 2 2 

cg1075 PrsA, ribose-phosphate pyrophosphokinase 1 2 2 1 

cg0840 Hypothetical protein 2 0 1 n.a. 

cg1081 ABC-type multidrug transport system, ATPase 
component 

1 1 1 1 

cg1793 Hypothetical protein 2 1 1 1 

cg3301 Permease of the major facilitator superfamily 1 1 n.a. n.a. 

cg2611 HscA, molecular chaperone, HSP70 family 2 0 n.a. 0 

cg0375 CyaB, adenylate cyclase 1 0 n.a. n.a. 

cg2500 Bacterial regulatory proteins, ArsR family 1 0 0 1 

cg1806 MetK, S-adenosylmethionine synthetase 1 0 n.a. n.a. 

cg0373 TopA, DNA topoisomerase I 3 0 3 1 

cg3340 DadA, putative D-amino acid dehydrogenase 
(deaminating) 

1 n.a. n.a. 0 

cg1865 SecF, protein export protein SecF 2 3 1 n.a. 

cg2409 CtaC, cytochrome c oxidase chain II 3 2 1 1 

cg3404 ABC-type cobalamin/Fe3+-siderophores transport 
system, secreted component 

2 1 1 n.a. 

cg2198 Map2, methionine aminopeptidase 5 1 4 3 

cg2850 Hypothetical protein 2 1 2 3 

cg0464 CtpA, copper-transporting ATPase 2 n.a. 0 0 

cg3242 Hypothetical protein 4 0 n.a. 0 

cg0310 KatA, catalase 2 2 4 2 

cg2111 HrpA, put. ATP-dependent RNA helicase protein 1 n.a. 1 1 

cg0848 WbbL, putative rhamnosyl transferase WbbL 1 n.a. 0 1 

cg2597 Rne, probable ribonuclease E (RNase E) protein 1 n.a. n.a. 2 

cg2964 GuaB1, inositol-5-monophosphate dehydrogenase 6 n.a. n.a. n.a. 

cg2321 DNA polymerase III epsilon subunit 1 1 1 1 
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6.5 Supplementary materials – Characterization of Cg2750 and σC 

 

Figure S6.5.1. Activity analysis of the cyd promoter in C. glutamicum strains. Strains 

carrying the pJC1-Pcyd-venus reporter plasmid were cultivated in the BioLector 

microcultivation system at 30 °C and 1200 rpm using FlowerPlatesTM in CGXII medium with 

2% (w/v) glucose. Backscatter values (620 nm) and Venus fluorescence output (excitation 

510 nm/emission 532 nm) of biological triplicates were measured every hour. Depicted is 

the mean and S.D. of the specific fluorescence (absolute fluorescence/backscatter). 
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Figure S6.5.2. Activity analysis of the cyd promoter in C. glutamicum strains. Strains 

carrying the pJC1-Pcyd-venus reporter plasmid were cultivated in the BioLector 

microcultivation system at 30 °C and 1200 rpm using FlowerPlatesTM in CGXII medium with 

2% (w/v) glucose. Backscatter values (620 nm) and Venus fluorescence output (excitation 

510 nm/emission 532 nm) of biological triplicates were measured every hour. Depicted is 

the mean and S.D. of the specific fluorescence (absolute fluorescence/backscatter). 
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Figure S6.5.3. Growth properties of C. glutamicum copper-deprivation stimulon gene 

deletion strains. Construction of the deletion strains was based on a selection of an at least 

3-fold increased gene expression level under copper-deprivation (150 µM BCS, 1 mM 

ascorbate) compared to copper-sufficiency (1.25 µM CuSO4). Cells were spotted on BHI and 

CGXII agar plates with 2% (w/v) glucose in serial dilutions (3 µl each, 100 to 10-5) adjusted to 

an OD600 of 1 and diluted in 0.9% (w/v) NaCl. The wt strain, ∆ctaD, ∆qcrCAB and ∆cydAB 

were used as controls. Incubation of the plates was performed at 30 °C for 48 h. 
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Figure S6.5.4. Growth properties of the C. glutamicum ∆cg2750 strain (red circles) 

compared to the wt (black squares). The cultivations were performed at 30 °C and 1200 rpm 

in a BioLector microcultivation system using FlowerPlatesTM containing BHI medium with 

2% (w/v) glucose (A) or CGXII minimal medium (2 % (w/v) glucose) supplemented with 

100 µM CuSO4 (B). Mean and S.D. of hourly backscatter measurements at 620 nm of 

biological triplicates are depicted.  
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Figure S6.5.5. Complementation of the growth defect of the C. glutamicum ∆cg2750 strain. 

The cultivations were performed at 30 °C and 1200 rpm in a BioLector microcultivation 

system using FlowerPlatesTM containing CGXII minimal medium with 2% (w/v) glucose. 

Backscatter (620 nm) of biological triplicates was measured every hour. 
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Figure S6.5.6. Activity analysis of the copC and cg2556 promoter in C. glutamicum ∆cg2750. 

The ∆cg2750 strain and wt carrying the (A) pJC1-PcopC-venus or (B) pJC1-Pcg2556-venus 

reporter plasmid were cultivated in the BioLector microcultivation system at 30 °C and 

1200 rpm using FlowerPlatesTM in CGXII medium with 2% (w/v) glucose. Backscatter values 

(620 nm) and Venus fluorescence output (excitation 510 nm/emission 532 nm) of biological 

triplicates were measured every hour. Depicted is the mean and S.D. of the specific 

fluorescence (absolute fluorescence/backscatter). 
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Table S6.5. Identification of co-purified Cg2750 interaction partners. Depicted are peptides 

(95% confidence) with 50% or 95% coverage found in cut out protein bands of N-terminally 

Strep-tagged Cg2750. Analysis of the proteins was performed by LC-MS. 

Locus Tag Annotated function Peptides(95%) %Cov(50) %Cov(95) 

cg1368 AtpD, ATP synthase subunit B 8 18.63 18.63 

cg1366 AtpA, ATP synthase subunit A 4 6.58 6,58 

cg0802 AccBC, biotin carboxylase and 
biotin carboxyl carrier 

4 8.12 8.12 

cg2403 QcrB, cytochrome B, membrane 
protein 

2 6.12 3.90 

cg1367 AtpG, ATP synthase subunit C 3 13.23 10.46 

cg1368 AtpD, ATP synthase subunit B 4 10.35 8.28 

cg1365 AtpH, ATP synthase subunit D 4 13.65 13.65 

cg2444 Hypothetical protein 2 22.50 12.50 

cg3186 Cmt2, trehalose corynomycolyl 
transferase 

1 3.23 3.23 

cg2052 Putative secreted protein 1 4.29 4.29 

cg1364 AtpF, ATP synthase subunit B 0 6.92 0.00 

cg2211 Hypothetical protein 2 14.29 14.29 

cg2750 Hypothetical protein 3 19.87 19.23 
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Figure S6.5.7. Growth properties of C. glutamicum deletion strains compared to the wt. 

The cultivations were performed at 30 °C and 1200 rpm in a BioLector microcultivation 

system using FlowerPlatesTM containing 800 µl CGXII minimal medium with 2 % (w/v) 

glucose. In (A), standard medium with 1.25 µM CuSO4 was used. For (B), the medium was 

devoid of added CuSO4 and supplemented with 150 µM BCS and 1 mM ascorbic acid. Mean 

and S.D. of hourly backscatter measurements at 620 nm taken of biological triplicates are 

depicted.
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