
Schlüsseltechnologien / Key Technologies
Band / Volume 278
ISBN 978-3-95806-736-3

Schlüsseltechnologien / Key Technologies
Band / Volume 278
ISBN 978-3-95806-736-3

Studies on the cAMP-responsive regulatory network  
of Corynebacterium glutamicum
Natalie Wolf

278

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
St

ud
ie

s 
on

 th
e 

cA
M

P-
re

sp
on

si
ve

 re
gu

la
to

ry
 n

et
w

or
k 

 
of

 C
or

yn
eb

ac
te

riu
m

 g
lu

ta
m

ic
um

N
at

al
ie

 W
ol

f



Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 278





Forschungszentrum Jülich GmbH
Institut für Bio- und Geowissenschaften (IBG)
Biotechnologie (IBG-1)

Studies on the cAMP-responsive regulatory 
network of Corynebacterium glutamicum

Natalie Wolf

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 278

ISSN 1866-1807  ISBN 978-3-95806-736-3



Bibliografische Information der Deutschen Nationalbibliothek. 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der 
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten 
sind im Internet über http://dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jülich GmbH
und Vertrieb: Zentralbibliothek, Verlag
 52425 Jülich
 Tel.:  +49 2461 61-5368
 Fax:  +49 2461 61-6103
 zb-publikation@fz-juelich.de
 www.fz-juelich.de/zb
 
Umschlaggestaltung: Grafische Medien, Forschungszentrum Jülich GmbH

Druck: Grafische Medien, Forschungszentrum Jülich GmbH

Copyright: Forschungszentrum Jülich 2024

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies, Band / Volume 278

D 61 (Diss. Düsseldorf, Univ., 2023)

ISSN 1866-1807
ISBN 978-3-95806-736-3

Vollständig frei verfügbar über das Publikationsportal des Forschungszentrums Jülich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

 This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,  
 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://creativecommons.org/licenses/by/4.0/


  

Results described in this dissertation have been published in the following original 

publication or are described in a manuscript that will be submitted for publication: 

 

Wolf N., Bussmann M., Koch-Koerfges A., Katcharava N., Schulte J., Polen T., Hartl J., Vorholt 

J.A., Baumgart M. and Bott M. (2020). Molecular basis of growth inhibition by acetate of an 

adenylate cyclase-deficient mutant of Corynebacterium glutamicum. Front  Microbiol 11(87). 

doi: 10.3389/fmicb.2020.00087 

 

Wolf N., Lehmann L., Filipchyk A., Polen T., Bussmann M., Baumgart M. and Bott M. (2023). 

Comparison of in vivo GlxR binding in Corynebacterium glutamicum ATCC 13032 and the 

adenylate cyclase deletion mutant ∆cyaB using ChAP-Seq. To be submitted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  



Table of contents 
Summary ................................................................................................................................................... i 

Zusammenfassung ................................................................................................................................... ii 

Abbreviations .......................................................................................................................................... iii 

1  Introduction .........................................................................................................................................1 

1.1 The molecule 3’,5’-cyclic adenosine monophosphate (cAMP) ...............................................1 

1.1.1 cAMP synthesizing and degrading enzymes .....................................................................2 

1.1.2 Physiological function of cAMP in E. coli ..........................................................................4 

1.1.3 Physiological function of cAMP in Mycobacterium species .............................................5 

1.2 The role of cAMP in Corynebacterium glutamicum ................................................................7 

1.2.1 GlxR – the CRP-like protein of C. glutamicum ..................................................................8 

1.2.2 CyaB – the AC of C. glutamicum .................................................................................... 11 

1.2.3 CpdA – the PDE of C. glutamicum ................................................................................. 13 

1.2.4 cAMP levels in C. glutamicum ....................................................................................... 15 

1.3 Aims of this doctoral thesis ................................................................................................... 16 

2  Results ............................................................................................................................................... 18 

2.1 Molecular basis of growth inhibition by acetate of an adenylate cyclase-deficient 

mutant of Corynebacterium glutamicum…………………………………………………………………… 20 

2.2 Supplementary materials ‘Molecular basis of growth inhibition by acetate of an 

adenylate cyclase-deficient mutant of Corynebacterium glutamicum’ .............................. 37 

2.3 Comparison of in vivo GlxR binding in Corynebacterium glutamicum ATCC 13032 and 

the adenylate cyclase deletion mutant ΔcyaB using ChAP-Seq .......................................... 44 

2.4 Supplementary materials ‘Comparison of in vivo GlxR binding in Corynebacterium 

glutamicum ATCC 13032 and the adenylate cyclase deletion mutant ΔcyaB using 

ChAP-Seq’ .............................................................................................................................. 70 

3  Discussion .......................................................................................................................................... 89 

3.1 The role of CyaB activity in C. glutamicum ........................................................................... 90 

3.1.1 Further effects contributing to the ‘acetate effect’ of the ∆cyaB mutant .................... 93 

3.1.2 CyaB as the main adenylate cyclase in C. glutamicum .................................................. 97 

3.2 Intracellular cAMP concentration of C. glutamicum compared to other bacteria ............. 99 

3.3 The role of cAMP for the in vivo activity of GlxR ............................................................... 101 

3.3.1 Further CRP-like proteins in C. glutamicum ................................................................ 101 

3.3.2 cAMP-GlxR system important for energy metabolism in C. glutamicum.................... 103 

3.3.3 Closer look at suppressor mutants C. glutamicum ∆cyaB _sup2 and ∆cyaB _sup3 .... 104 

3.4 Universal stress protein as putative cAMP binding protein .............................................. 106 

4  Literature ......................................................................................................................................... 110 





Summary   i 

Summary 

Cyclic adenosine monophosphate (cAMP) is one of the best studied signalling molecules. In 

prokaryotes, the molecule was shown to be involved in numerous processes, such as metabolism, 

motility, and virulence. In the Gram-positive actinobacterium Corynebacterium glutamicum, cAMP 

serves as an effector for the global transcriptional regulator GlxR, a homolog of Crp of Escherichia 

coli. Enzymes responsible for the synthesis and degradation of cAMP in C. glutamicum are the 

membrane-bound adenylate cyclase CyaB and the cytoplasmic phosphodiesterase CpdA, 

respectively. In this study, the consequences of decreased intracellular cAMP levels of a cyaB 

deletion mutant (∆cyaB) were investigated. The main objectives were (i) to characterize the 

physiological differences between the ∆cyaB mutant and the wild-type strain and (ii) to investigate 

the effects of a low cAMP level on GlxR-DNA interactions in vivo. The following results were 

obtained: 

(i) The lack of the adenylate cyclase CyaB led to a growth defect of C. glutamicum when acetate was 

present in the medium. The acetate sensitivity of the ∆cyaB mutant could be reversed by plasmid-

based cyaB expression or supplementation of the medium with cAMP, showing that indeed the low 

intracellular cAMP level in the ∆cyaB mutant was the reason for this acetate sensitivity. The acetate 

effect was concentration- and pH-dependent, suggesting a link to the uncoupling activity of acetate. 

In agreement, the ∆cyaB mutant displayed an increased sensitivity to the protonophore carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP). The increased uncoupler sensitivity correlated with a 

lowered membrane potential of acetate-grown ∆cyaB cells compared to wild-type cells. 

Transcriptome analyses and RT-qPCR experiments showed that the genes encoding the cytochrome 

bc1-aa3 supercomplex and the F1FO-ATP synthase, previously shown to be activated by GlxR, had a 

decreased expression in the ∆cyaB mutant. Since the cytochrome bc1-aa3 supercomplex is the major 

provider of proton-motive force in C. glutamicum, decreased expression of its genes in the ∆cyaB 

mutant was assumed to be mainly responsible for the deficits in energy metabolism and the higher 

sensitivity to uncouplers. During cultivations of ∆cyaB mutant with acetate, a suppressor mutant was 

identified which had lost the acetate sensitivity. Genome sequence analysis revealed a single 

mutation in the suppressor strain causing the amino acid exchange Ala131Thr in GlxR. Introduction of 

this point mutation into the original ∆cyaB mutant abolished the growth defect on acetate, 

supporting the importance of GlxR for the phenotype of the ∆cyaB mutant and for the control of 

energy metabolism. 

(ii) The influence of a lowered cAMP level on GlxR-DNA interaction in vivo was studied by ChAP-Seq 

experiments with the wild type and ∆cyaB mutant grown either on glucose or on glucose plus 

acetate.  Analysis of the four data sets identified 243 GlxR peaks with an enrichment factor (EF) of ≥3 

in at least one data set. De novo motif search identified the consensus sequence TGTGN8CACA in 242 

of the GlxR peaks. 141 of these peaks were also reported in previous studies, whereas 102 represent 

novel binding sites. Remarkably, the majority of the 243 GlxR binding sites were found to be enriched 

in all four data sets when using an EF ≥1.5 as cutoff. These results show that the strongly diminished 

or completely absent cAMP level in the ΔcyaB mutant reduced GlxR binding, particularly in the 

presence of acetate, but did not prevent it. This suggests that GlxR binding to its target sites in vivo is 

less dependent on cAMP than GlxR binding in vitro and that additional, yet unknown factors might be 

involved in the control of GlxR-binding to DNA within the cell. 



ii     Zusammenfassung 

Zusammenfassung 

Zyklisches Adenosinmonophosphat (cAMP) ist eines der am besten untersuchten Signalmoleküle. In 

Prokaryonten ist das Molekül an zahlreichen Prozessen beteiligt, z. B. am Stoffwechsel, an der 

Motilität und an der Virulenz. Im Gram-positiven Actinobakterium Corynebacterium glutamicum 

dient cAMP als Effektor für den globalen Transkriptionsregulator GlxR, ein Homolog von Crp aus 

Escherichia coli. Die für Synthese und Abbau von cAMP verantwortlichen Enzyme sind in 

C. glutamicum die membrangebundene Adenylatzyklase CyaB bzw. die zytoplasmatische 

Phosphodiesterase CpdA. In dieser Studie wurden die Folgen eines verminderten intrazellulären 

cAMP-Spiegels einer cyaB-Deletionsmutante (∆cyaB) untersucht. Hauptziele waren (i) die 

Charakterisierung der physiologischen Unterschiede zwischen der ∆cyaB-Mutante und dem Wildtyp-

Stamm und (ii) die Untersuchung der Auswirkungen eines niedrigen cAMP-Spiegels auf GlxR-DNA-

Interaktionen in vivo. Die folgenden Ergebnisse wurden erzielt: 

(i) Das Fehlen von CyaB führte zu einem Wachstumsdefekt in Gegenwart von Acetat, der durch 

plasmidbasierte cyaB-Expression oder Supplementierung des Mediums mit cAMP aufgehoben 

werden konnte. Der Acetat-Effekt war konzentrations- und pH-abhängig, was auf einen 

Zusammenhang mit der Entkoppleraktivität von Acetat hindeutete. In Übereinstimmung damit besaß 

die ∆cyaB-Mutante eine erhöhte Sensitivität gegenüber dem Protonophor Carbonylcyanid 

m-Chlorphenylhydrazon (CCCP) sowie bei Wachstum in Gegenwart von Acetat ein niedrigeres 

Membranpotential als der Wildtyp. Transkriptom- und RT-qPCR-Analysen zeigten, dass die 

Expression der durch GlxR aktivierten Gene für den Cytochrom-bc1-aa3-Superkomplex in der ∆cyaB-

Mutante verringert war. Da der Superkomplex der Hauptlieferant der protonen-motorischen Kraft in 

C. glutamicum ist, wurde eine verringerte Expression seiner Gene als Hauptursache für die Acetat- 

und Entkoppler-Sensitivität der ∆cyaB-Mutante postuliert. Bei der Kultivierung der ∆cyaB-Mutante 

mit Acetat wurde eine Suppressor-Mutante identifiziert, die die Acetat-Empfindlichkeit verloren 

hatte. Die Genomsequenzanalyse ergab eine einzige Mutation in dem Suppressorstamm, die den 

Aminosäureaustausch Ala131Thr in GlxR verursachte. Durch Einführung dieser Punktmutation in das 

Genom der parentalen ∆cyaB-Mutante wurde der Wachstumsdefekt auf Acetat wiederhergestellt, 

was die Bedeutung von GlxR für den Phänotyp der ∆cyaB-Mutante und die Kontrolle des 

Energiestoffwechsels belegt. 

(ii) Der Einfluss eines verringerten cAMP-Spiegels auf die GlxR-DNA-Interaktion in vivo wurde durch 

ChAP-Seq-Experimente mit dem Wildtyp und der ∆cyaB-Mutante untersucht, die entweder auf 

Glukose oder auf Glukose plus Acetat kultiviert wurden. Die Analyse der vier Datensätze ergab 243 

GlxR-Peaks mit einem Anreicherungsfaktor (AF) von ≥3 in mindestens einem Datensatz. Die de novo 

Motivsuche identifizierte die Konsensussequenz TGTGN8CACA in 242 der GlxR-Peaks. 141 dieser 

Peaks wurden auch in früheren Studien gefunden, während 102 Peaks neue Bindungsstellen 

repräsentieren. Bemerkenswert ist, dass die meisten der 243 GlxR-Bindungsstellen in allen vier 

Datensätzen angereichert waren, wenn ein AF ≥1,5 als Grenzwert verwendet wurde. Die Ergebnisse 

zeigen, dass der stark verringerte oder völlig fehlende cAMP-Spiegel in der ΔcyaB-Mutante die GlxR-

Bindung, insbesondere in Gegenwart von Acetat, reduzierte, aber nicht verhinderte. Dies deutet 

darauf hin, dass die GlxR-Bindung in vivo weniger cAMP-abhängig ist als die GlxR-Bindung in vitro und 

dass zusätzliche, noch unbekannte Faktoren an der Kontrolle der GlxR-Bindung an die DNA innerhalb 

der Zelle beteiligt sein könnten. 
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Phosphotransferase system 

Reverse transcription quantitative PCR 
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Transcription start site 

Universal stress protein 

Maximum initial velocity of a reaction (moles/min) 

Wild type 

Weight per volume 

Further abbreviations not included in this section are according to international standards.
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1  Introduction 

1.1 The molecule 3’,5’-cyclic adenosine monophosphate (cAMP) 

The molecule 3’,5’-cyclic adenosine monophosphate, known as cyclic AMP or cAMP, was 

simultaneously discovered and described by two groups in 1957. One group was studying 

the chemical alkaline degradation of adenosine-5’-triphosphate (ATP), while the other 

studied the role of the hormones glucagon and epinephrine in the gluconeogenesis of the 

liver (Berthet et al., 1957; Cook et al., 1957; Sutherland & Rall, 1958). The discovery and 

characterization of cAMP was important for revealing the mechanism of action of hormones. 

Earl W. Sutherland and co-workers showed that in the course of signal transmission via 

hormones like adrenaline, cAMP serves as a second messenger within the cell (Berthet et al., 

1957). In 1971, this discovery was rewarded with the Nobel Prize in Physiology or Medicine. 

The hydrophilic molecule cAMP is an adenine nucleotide with a single phosphate 

group linked to the 3’- and 5’-hydroxyl groups of ribose. The cyclic nucleotide cAMP is 

synthesized from ATP with the concomitant release of pyrophosphate. The enzyme which 

catalyses this reaction is referred to as adenylyl cyclase or adenylate cyclase (AC, EC 4.6.1.1) 

(Danchin, 1993). The degradation of cAMP is mediated by a 3',5'-cyclic-AMP 

phosphodiesterase (PDE, EC 3.4.1.55), which catalyses the hydrolytic cleavage of the 

3’-phosphoester bond, forming 5’-adenosine monophosphate (AMP) (Richter, 2002) 

(Figure 1). Today, we know that cAMP occurs in all domains of life, found in animals, plants, 

fungi, archaea, and bacteria (Blanco et al., 2020; Botsford & Harman, 1992; D'Souza & 

Heitman, 2001; Kamenetsky et al., 2006). The control of the intracellular cAMP 

concentration is mostly described to be regulated by the activity of ACs and PDEs, meaning 

by the adjustment of synthesis or degradation of the cyclic nucleotide (McKnight, 1991; 

Sassone-Corsi, 2012). Only for few organisms (e.g. Escherichia coli) it has been described that 

the control of the intracellular cAMP levels can be mediated through the transport of cAMP 

across the membrane (Goldenbaum & Hall, 1979). However, a distinct cAMP transporter has 

not been described yet.  

 



2   Introduction 

 

Figure 1: Biosynthesis and degradation of 3',5'-cAMP. The cyclic nucleotide cAMP is 
synthesized from 5’-ATP through cyclization at the 3’-OH group of the ribose moiety. 
Enzymes that catalyse this reaction under release of pyrophosphate (PPi) are called 
adenylate cyclases (ACs). The cAMP phosphodiesterases (PDEs) catalyse the hydrolytic 
cleavage of the 3’-phosphoester bond and thereby degrade 3’,5’-cAMP to 5’-AMP. The 
molecule structures were generated with the program ACD/ChemSketch. 
 

1.1.1 cAMP synthesizing and degrading enzymes 

As mentioned above ACs are enzymes that catalyse the synthesis of cAMP from ATP. All ACs 

described so far are grouped into six classes based on the similarity of their amino acid 

sequence (Bârzu & Danchin, 1994; Danchin, 1993; Dessauer et al., 2017; Linder & Schultz, 

2003). Class I ACs are found in enterobacteria, such as E. coli, Salmonella typhimurium, or 

Yersinia pestis (Saier et al., 1975). ACs of class II are found, e.g., in the Gram-negative 

Bordetella pertussis and the Gram-positive Bacillus anthracis. These pathogens secrete the 

ACs, which then are activated by the host protein calmodulin and become toxic for the host 

organism (Arumugham et al., 2018; Dautin et al., 2002; Weiss et al., 1984). An AC grouped 

into class IV was first identified in Aeromonas hydrophila (Sismeiro et al., 1998) and later also 

reported in Y. pestis (Gallagher et al., 2006). Not much is known about the ACs of class V and 

VI with only one representative found in Prevotella ruminicola (Cotta et al., 1998) and 
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Rhizobium etli (Téllez-Sosa et al., 2002), respectively. In contrast, class III represents a very 

large group with the structurally and functionally most diverse ACs and representatives in 

both, eukaryotes and prokaryotes (Bassler et al., 2018). Due to the diverse forms of ACs, 

class III is divided into four subgroups (IIIa-IIId) based on the primary sequence of the cyclase 

homology domain (CHD) with its catalytically active sites (Linder & Schultz, 2003). ACs of 

class III can be either cytosolic or integral membrane enzymes. Mammalian and bacterial ACs 

of class III are described to be active as homodimers (Linder & Schultz, 2003; Zhang et al., 

1997). In vitro enzyme activity tests showed that Mn2+ or Mg2+ ions serve as cofactor in the 

catalytic centres, which are located at the dimer interface of the CHDs (Kasahara et al., 2001; 

Linder et al., 2004; Shenoy et al., 2005). The catalytic domains of ACs are often linked with 

regulatory domains, such as a transmembrane domain or a HAMP domain (found in histidine 

kinases, adenylate cyclases, methyl accepting proteins, and phosphatases) (Aravind & 

Ponting, 1999; Linder & Schultz, 2003). A HAMP domain is composed of two amphipathic 

helices connected by a short linker (Williams & Stewart, 1999); the domain connects the 

transmembrane domain with the catalytic domain and was shown to play a crucial role in 

the signal transduction of histidine kinases and ACs (Kishii et al., 2007; Tews et al., 2005). 

Enzyme tests with truncated ACs from Mycobacterium tuberculosis showed that the 

presence of the HAMP domain had either an inhibitory effect or a highly stimulating effect 

on the AC activity of the proteins Rv1319c and Rv3645, respectively (Linder et al., 2004).  

Phosphodiesterases (PDEs), the enzymes that catalyse the degradation of cAMP, have 

been grouped in three classes based on their primary structures (Richter, 2002). The PDEs in 

class I harbour a conserved C-terminal catalytic domain with the motif H(X)3H(X)25–35D/E 

(Richter, 2002). All mammalian PDEs belong to the class I PDEs and have been grouped into 

11 PDE subfamilies with preferences for cAMP, cGMP, or both cyclic nucleotides (Conti & 

Beavo, 2007; Francis et al., 2011; Francis et al., 2001; Omori & Kotera, 2007). A small number 

of class I PDEs are also found in lower eukaryotes such as yeast or amoeba (Sass et al., 1986; 

Thomason et al., 1999). PDEs of class II share the conserved motif H(X)HLDH and are found in 

lower eukaryotes and in bacteria (Callahan et al., 1995). Class III harbours mainly PDEs from 

bacteria, the first one being described in E. coli (Imamura et al., 1996). Bioinformatic 

approaches showed that PDEs from class III are also present in archaea and eukaryotes 

(Powell et al., 2014). All PDEs have in common that they are active as dimers and have two 

metal ions in their catalytic centre (Richter, 2002).  
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1.1.2 Physiological function of cAMP in E. coli  

In 1965, cAMP in bacteria was first identified in the Gram-negative E. coli and since then 

cAMP and its physiological role was analysed in a variety of other prokaryotic organisms 

(Botsford & Harman, 1992). In E. coli the synthesis of cAMP via an AC has been intensively 

studied. It was shown that the glucose-specific phosphoenolpyruvate (PEP)-dependent sugar 

phosphotransferase system (PTS) modulates AC activity. Import of glucose into the cell 

through the PTS is linked to the dephosphorylation of the substrate-specific enzyme EIIAGlu 

and in the dephosphorylated state EIIAGlu does not activate AC activity, leading to a low 

cytoplasmic cAMP concentration. When glucose is absent in the medium, the 

phosphorylated form of EIIAGlu increases and this form stimulates the activity of the AC, 

causing an increase of the cAMP level (Bettenbrock et al., 2007; Park et al., 2006). The 

increased concentration of the signalling molecule cAMP, in turn, influences the 

transcription of many genes, for example those of the lac operon. The respective gene 

products are involved in the transport and metabolism of the carbon source lactose. The 

activation of transcription of the lac operon is mediated by a cAMP-dependent transcription 

factor, the cAMP receptor protein (CRP). This mechanism of carbon catabolite repression 

(CCR) became a paradigm of cAMP-mediated signalling in bacteria (Görke & Stülke, 2008; 

Kolb et al., 1993). A recent study indicated that in E. coli cAMP signalling is responsible for 

coordinating the expression of catabolic proteins with that of biosynthetic and ribosomal 

proteins, in dependency of the metabolic demands under different environmental 

conditions (You et al., 2013).  

CRP of E. coli (CRPEco) is the most intensively investigated transcriptional regulator 

with cAMP as the allosteric effector (Emmer et al., 1970; Gosset et al., 2004). With more 

than 200 promoters that are putatively under the regulatory control of the cAMP-CRP 

complex, CRPEco is classified as a global regulator (Gosset et al., 2004; Mendoza-Vargas et al., 

2009; Robison et al., 1998; Zheng et al., 2004). It was shown that the cAMP-CRP complex 

binds to specific sites within a promoter sequence of a gene and activates or represses the 

transcription, as a result of enhanced or hindered promoter recognition by the RNA 

polymerase (Botsford & Harman, 1992; Kolb et al., 1993). CRPEco is active as a homodimer, 

each dimer binding a cAMP molecule. Analyses of CRPEco crystal structures in the presence 

and absence of cAMP revealed that binding of cAMP leads to notable changes in the tertiary 

structure and the affinity to its target DNA is significantly increased in the cAMP-CRP 
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complex (Passner et al., 2000; Popovych et al., 2009; Weber & Steitz, 1987). 

The prediction, in which cases CRPEco tends to increase the activity of a promoter, 

hence, acts as an activator, is described in the 3-Class rules (Lee et al., 2012). In the Class I 

rule CRPEco acts as an activator if it binds upstream of the promoter elements -35 and -10 

around position -61.5 relative to the transcriptional start site (TSS) (Busby & Ebright, 1997, 

1999; Zheng et al., 2004). Enhanced binding of RNA polymerase to the promoter is 

accomplished through the interaction of CRP with the carboxyl-terminal domain of the         

α-subunit (αCTD) of RNA polymerase (Benoff et al., 2002). The lac promoter is the most 

prominent example for a CRP-dependent promoter of the Class I rule (de Crombrugghe et 

al., 1984; Majors, 1975). The Class II rule of CRPEco states that activation of transcription is 

possible when the regulator binds around position -41.5 and the binding site overlaps with 

the -35 element of the promoter (Savery et al., 1998). A CRP-dependent promoter of the 

Class II rule is, for example, the galP1 promoter (Attey et al., 1994). The Class III rule 

describes that if a promotor has two or more CRP-binding sites, the promoter tends to be 

activated upon cAMP-CRP binding. The Class III rule is also valid if the promoter has one or 

more CRP binding sites and one or more binding sites for another protein acting as activator. 

The promoters of araBAD and maIK are prominent examples of such Class III rule promoters 

(Richet et al., 1991; Zhang & Schleif, 1998). 

1.1.3 Physiological function of cAMP in Mycobacterium species 

In M. tuberculosis and the faster growing Mycobacterium smegmatis, cAMP plays a role for 

the pathogenicity of the cells (Lowrie et al., 1979). M. tuberculosis possesses 16 different ACs 

and the intracellular cAMP concentration is considered to be 100-fold higher compared to 

other bacteria, such as E. coli (McCue et al., 2000; Shenoy & Visweswariah, 2006). 

Macrophages infected with M. tuberculosis showed an increase of cytoplasmic cAMP levels, 

which then led to an intoxication of the host cell. The mycobacterial origin of the cAMP was 

demonstrated by M. tuberculosis cells that were pre-labelled with 14C-glycerol. Furthermore, 

the mycobacterial AC Rv0386 responsible for the synthesis of the majority of the 

radiolabelled cAMP was identified by detecting a significant drop in cAMP when using an 

Rv0386 deletion strain (Agarwal et al., 2009). The secretion of cAMP by M. tuberculosis and 

the resulting increase of the cAMP level in the host cell play an important role in the 

suppression of the host defence mechanisms inside of macrophages (Bai et al., 2011; Lowrie 
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et al., 1979). In contrast to the 16 described ACs, only two cAMP-degrading enzymes are 

known in M. tuberculosis (Shenoy et al., 2005; Thomson et al., 2020). And although the 

bacterium seems to regulate the intracellular cAMP level through excretion of cAMP, no 

distinct cAMP transporter protein was characterized yet.  

A cAMP-dependent lysine acetyltransferase (KATmt) (Rv0998) of M. tuberculosis was 

detected, which acetylates catalytically important lysine residues of fatty acyl-CoA 

synthetases (FadD enzymes) (Nambi et al., 2010; Nambi et al., 2013, 2019). In a search for 

further cAMP-binding proteins in mycobacteria, the protein Usp (Rv1636) was identified in 

M. tuberculosis as an abundant and specific cAMP-binding protein (Banerjee et al., 2015). 

Binding of the Rv1636 protein to cAMP was confirmed by cAMP agarose affinity 

chromatography and verified by isothermal titration calorimetry (ITC). Rv1636 belongs to the 

family of universal stress proteins (USPs) and carries a USP domain. Members of the USP 

family were described to be involved in stress responses, because it was shown that their 

synthesis was induced upon different stress conditions, such as starvation for carbon or 

phosphate, entry into the stationary phase in rich medium, exposure to heat, or presence of 

uncouplers inhibiting oxidative phosphorylation (Vollmer & Bark, 2018). The biological 

function of the cAMP-binding protein Rv1636 has not yet been elucidated. However, it was 

proposed that cAMP-binding to USPs in mycobacteria is a mechanism for regulation of the 

intracellular ‘free’ cAMP level and therefore a regulation of the downstream effects of cAMP 

(Banerjee et al., 2015). In another study, it was shown that Rv1636 of M. tuberculosis is in 

the top twenty of the most abundant proteins of the organism, which also supports the 

hypothesis that Rv1636 acts as a cAMP reservoir (Schubert et al., 2013).  

M. tuberculosis carries a cAMP receptor protein (CRP) that acts as a global 

transcriptional regulator with its effector cAMP (Stapleton et al., 2010). The faster growing 

mycobacterium M. smegmatis contains two CRP homologues, the major CRP1 protein 

Msmeg_6189 and its paralog CRP2/Msmeg_0539 (Sharma et al., 2014). Both transcriptional 

regulators recognize the same DNA consensus sequence, but have different binding affinities 

for cAMP (Kd 30 µM for Msmeg_6189 and Kd 3 µM for Msmeg_0539) and are probably active 

under different conditions in response to carbon and energy supply (Aung et al., 2015; 

Sharma et al., 2014). While Msmeg_0539 was shown to regulate genes involved in transport 

and catabolism of carbohydrates, Msmeg_6189 was found to play a dominant role for the 

induction of the cydAB operon under hypoxic conditions (Aung et al., 2014; Ko & Oh, 2020). 
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The cydAB genes encode for subunit I and II of the terminal cytochrome bd oxidase, which 

has a high affinity for O2 and thus its activity is important under oxygen-limiting conditions 

(Kana et al., 2001). 

Apparently, in mycobacteria, cAMP is not only involved in the regulation of gene 

expression via cAMP-CRP, but also serves as the effector of a cAMP-dependent lysine 

acetyltransferase, binds to a universal stress protein, and is an important part of host-

pathogen interaction due to export of cAMP into host cells (Agarwal et al., 2009; Banerjee et 

al., 2015; Nambi et al., 2010; Nambi et al., 2013, 2019; Sharma et al., 2014; Stapleton et al., 

2010). Thus, cAMP in prokaryotes not only serves as an effector of transcriptional regulators 

with generally a large regulon, but also has additional functions, which are probably only 

incompletely known. 

1.2 The role of cAMP in Corynebacterium glutamicum 

The Gram-positive soil bacterium Corynebacterium glutamicum was discovered in a 

screening for natural microbial glutamate producers (Kinoshita et al., 1957; Udaka, 1960). It 

is a facultative anaerobic bacterium with a GC-content of 53.8% and belongs to the order 

Corynebacteriales within the phylum Actinomycetota (Oren & Garrity, 2021). This order also 

comprises the important human pathogens Corynebacterium diphtheriae, Mycobacterium 

leprae, and M. tuberculosis (Gao & Gupta, 2012). The ability of C. glutamicum to secrete 

glutamate into the medium was the starting point for the development of ‘fermentative’ 

industrial amino acid production, which nowadays is a billion dollar business (Becker & 

Wittmann, 2012; Wendisch et al., 2016). Over the years, C. glutamicum with the generally-

regarded-as-safe (GRAS) status became the most important microorganism for the large 

scale production of the amino acids L-glutamate and L-lysine (Eggeling & Bott, 2015; 

Leuchtenberger et al., 2005). After genome sequencing of the C. glutamicum type strain 

ATCC13032 by two independent laboratories (Ikeda & Nakagawa, 2003; Kalinowski et al., 

2003), rational strain development by metabolic engineering, novel high-throughput 

screening methods employing single-cell metabolite biosensors, and adaptive laboratory 

evolution became important tools for C. glutamicum strain development (Binder et al., 2012; 

Eggeling et al., 2015; Inui et al., 2004; Mustafi et al., 2012; Schendzielorz et al., 2014). Since 

2003, numerous C. glutamicum strains were created for the production of various amino 
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acids (Stolz et al., 2007; Vogt et al., 2014; Vogt et al., 2015) and other industrially relevant 

compounds such as organic acids (Litsanov, Brocker, et al., 2012; Litsanov, Kabus, et al., 

2012; Okino, Noburyu, et al., 2008; Okino, Suda, et al., 2008; Wieschalka et al., 2013), 

alcohols (Blombach et al., 2011; Inui et al., 2004), carotenoids (Heider et al., 2014; Henke et 

al., 2016), or phenylpropanoids (Kallscheuer et al., 2016). The biotechnological importance 

of C. glutamicum and its close phylogenetic relationship to pathogenic bacteria fuel the 

ongoing interest for a deeper understanding of its metabolic and regulatory network. 

1.2.1 GlxR – the CRP-like protein of C. glutamicum 

The first time cAMP was mentioned in connection with C. glutamicum was in a 

publication that identified and characterized a CRP-like protein (Cg0350) that was named 

GlxR due to its involvement in the regulation of the genes of the glyoxylate pathway (Kim et 

al., 2004). Based on its amino acid sequence, GlxR belongs to the CRP-FNR family of 

transcriptional regulators and shows 27% amino acid sequence identity with CRP of E. coli 

and 78% identity with the CRP protein (Rv3676) of M. tuberculosis (Kim et al., 2004). 

Bioinformatic analysis of GlxR with the online tool PFAM (Mistry et al., 2020) showed that 

GlxR is composed of an N-terminal cNMP-binding domain (PF00027) and a C-terminal 

HTH_CRP domain (PF13545) (Figure 2). Besides GlxR, the genome of C. glutamicum 

ATCC13032 encodes two other proteins that have one or both of these domains: Cg1327 has 

a similar domain composition as GlxR, whereas Cg3291 only shares the HTH_CRP domain 

with GlxR (Figure 2). The functions of Cg1327 and Cg3291 have not yet been studied. 

In 2014 the crystal structures of apo-GlxR and holo-GlxR (in complex with cAMP) 

were solved. Their comparison revealed that the 25 kDa protein undergoes small structural 

changes upon cAMP-binding, resulting in a 100-fold higher DNA-binding affinity (Townsend 

et al., 2014). The crystal structure of GlxR in complex with cAMP is displayed in Figure 2 and 

shows a homodimer with two structurally identical binding sites for cAMP in the centre of 

the ligand binding pocket close to the dimer interface. The Kd value measured for binding of 

the first cAMP molecule was 17 µM, whereas the Kd value for binding of the second cAMP 

molecule was 130 µM (Townsend et al., 2014). The DNA-binding helices are located in the 

proximity of the C-terminus. In electrophoretic mobility shift assays (EMSAs) DNA binding by 

GlxR only occurred in the presence of cAMP (Bussmann et al., 2009; Jungwirth et al., 2013; 

Kim et al., 2004; Kohl et al., 2008; Kohl & Tauch, 2009; Letek et al., 2006).  
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Figure 2: Structure of homodimeric GlxR in complex with cAMP and protein domains of 
GlxR and its paralogs. (A) Ribbon diagram of a GlxR dimer in complex with cAMP. The two 
protein chains are depicted in red and yellow, with the DNA-binding domains in lighter 
shade. Each dimer binds one cAMP molecule in the ligand-binding pocket. The ligand cAMP 
is shown in a ball-and-stick representation (modified after Townsend et al., 2014). (B) Close-
up of one cAMP-binding site in GlxR. The figure was taken from Townsend et al., 2014. 
(C) Protein domains of GlxR and the related proteins Cg1327 and Cg3291. cNMP-binding 
domains often are composed of an eight-stranded, antiparallel beta-barrel structure and 
three alpha-helices. The HTH_CRP domain comprises a DNA-binding helix-turn-helix (HTH) 
domain. 

GlxR stands for the abbreviation glyoxylate pathway regulator, due to the initial 

finding that this protein represses transcription of the gene aceB encoding malate synthase, 

a key enzyme of the glyoxylate bypass (Kim et al., 2004). In the following years, more and 

more genes were found to be transcriptionally regulated by GlxR, such as gntP and gntK 

(Letek et al., 2006), the sdhCAB operon (Bussmann et al., 2009), gluABCD (Park et al., 2010), 

gltA (van Ooyen et al., 2011), narKGHJI (Nishimura et al., 2011), pstSCAB (Panhorst et al., 

2011), atpB, ctaCF, and ctaD (Toyoda et al., 2011), or adhA and ald (Subhadra & Lee, 2013). 

The use of promoter fusions, quantitative RT-PCR or enzyme assays revealed that GlxR can 

function as an activator or a repressor. A more global approach to broaden the knowledge 

about the GlxR regulon was conducted by in silico prediction of GlxR binding sites in the 

genome of C. glutamicum ATCC13032 (Kohl & Tauch, 2009). Predictions were verified by 

showing in vitro GlxR-DNA interaction for 138 DNA regions by EMSAs. The GlxR consensus 

DNA-binding motif identified was 5’-TGTGANNTANNTCACA-3’ and is very similar or identical 
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to the consensus motifs reported in other GlxR studies (Jungwirth et al., 2013; Kohl et al., 

2008; Toyoda et al., 2011).  

The in vivo DNA-binding sites of GlxR were analysed by using ChIP-Seq or ChIP-Chip. 

Whereas 107 DNA fragments enriched by GlxR were identified by ChIP-Seq using 

C. glutamicum ATCC13032, even 209 GlxR-binding regions could be identified by ChIP-Chip 

using the closely related strain C. glutamicum R (Jungwirth et al., 2013; Toyoda et al., 2011). 

Due to the large regulon, GlxR is characterized as a master regulator, with its regulatory 

network interconnecting different cellular functions, such as carbon metabolism and 

transport, nitrogen and phosphate metabolism, SOS and stress responses, respiration, 

sulphur homeostasis, and iron homeostasis (Kohl & Tauch, 2009). As GlxR also binds 

upstream of genes encoding for transcriptional regulators, such as ramA and ramB, the 

regulatory network of GlxR goes far beyond the direct regulation of gene transcription 

(Jungwirth et al., 2013). In case of ramA, GlxR acts as a transcriptional activator, whereas 

RamA and SugR function as repressors for ramA transcription (Toyoda et al., 2013). A 

prediction was made that GlxR probably could influence about 14% of the genes in 

C. glutamicum (Kohl & Tauch, 2009). A mini-review summarizing the function and regulons 

of transcription factors from C. glutamicum presented results that were gained by ChIP-

based technologies and contributed to the understanding of the GlxR regulon (Toyoda & 

Inui, 2016). The authors emphasized that the transcriptional regulation of one gene by 

several transcription factors increases the possibility of multiple regulatory loops in the 

regulatory network of C. glutamicum, which requires more intensive laboratory work finding 

the factors that explain how the transcription of a distinct gene is balanced. 

A high-throughput approach for the determination of the in vivo regulatory role of 

the transcription factor GlxR would be a comparative gene expression analysis with DNA 

microarrays or RNA-seq with a mutant lacking the glxR (cg0350) gene and the wild type. 

However, in C. glutamicum ATCC13032 several attempts to construct a glxR deletion mutant 

lacking the entire GlxR coding sequence failed (Bussmann, 2009; Kim et al., 2004; Letek et 

al., 2006). Two groups succeeded to construct glxR mutants that lack the glxR region 

encoding the cAMP-binding domain in strain ATCC13032 (Moon et al 2007; Park et al 2010) 

or nearly the complete glxR gene in strain R (Toyoda et al., 2009). However, due to the 

severe growth defects of these mutants, meaningful global gene expression experiments 

could not be performed. As in vivo data from a glxR deletion mutant are missing, the 
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regulatory role of GlxR for a particular gene is often predicted from the location of its 

binding site within the promoter region. 

DNA affinity chromatography experiments with the glxR promoter region suggested 

that glxR is itself the target of several transcriptional regulators: The transcriptional 

regulator AtlR (Cg0146, previously known as SucR or MtlR), a regulator of the DeoR family 

involved in arabitol metabolism (Laslo et al., 2012; Peng et al., 2011) and the GntR-family 

regulator GntR3 (Cg2544) activate the transcription of glxR (Subhadra et al., 2015), whereas 

RamB (Cg0444), a transcriptional regulator of the MerR family involved in acetate 

metabolism, represses the transcription of glxR (Subhadra et al., 2015). Furthermore, glxR is 

negatively autoregulated, i.e. GlxR represses transcription of its own gene (Jungwirth et al., 

2008; Subhadra et al., 2015). Although glxR is subject to complex transcriptional regulation, 

it was reported to be constitutively expressed during growth in minimal medium with 

glucose as carbon source (Hong et al., 2014). Furthermore, the mRNA level of glxR was 

similar when cells were cultivated with citrate or a citrate-glucose mixture as carbon source 

(Polen et al., 2007). 

A proteome study that was searching for proteins undergoing lysine acetylation 

and/or lysine succinylation identified three lysine residues of GlxR in a succinylated form 

(K59, K155, and K212) (Mizuno et al., 2016). Furthermore, another study showed that the 

lysine residue K57 of GlxR was found to be covalently linked to the small prokaryotic 

ubiquitin-like protein Pup (Küberl et al., 2014). As C. glutamicum lacks a proteasome, the 

purpose of GlxR pupylation is not yet known and the fractions of pupylated and succinylated 

GlxR are unknown. Hong and co-workers reported that the subtilisin-like serine protease 

SprA interacts with GlxR (Hong et al., 2014). They showed that GlxR was proteolytically 

cleaved in the presence of purified SprA, however, this cleavage was inhibited if cAMP was 

present. All in all, the physiological roles of the posttranscriptional modifications of GlxR, 

especially of pupylation and succinylation, remain elusive and should be studied further, as 

the results could contribute to a deeper understanding of the activity of the transcriptional 

regulation of GlxR. 

1.2.2 CyaB – the AC of C. glutamicum 

The only enzyme known to date to be involved in the synthesis of cAMP in C. glutamicum is 

the membrane-bound AC CyaB (Cg0375) (Cha et al., 2020, Bussmann 2009). CyaB is 
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conserved in Corynebacterium species and is an ortholog of the AC Rv3645 of M. tuberculosis 

with 43% sequence identity (Bussmann, 2009; Shenoy et al., 2004). In the initial annotation 

of the C. glutamicum genome in 2003 (Kalinowski et al., 2003), a CyaB protein composed of 

547 amino acid residues was predicted. The CyaB start codon was later changed (Pfeifer-

Sancar et al., 2013), leading to a protein of 508 amino acid residues. The start codon of the 

latter version corresponds to the one predicted for the CyaB proteins of Corynebacterium 

efficiens and Corynebacterium diphtheriae (Figure 3A). Bioinformatic analysis of the CyaB 

amino acid sequence reveals that this cyclase consists of an N-terminal membrane-integral 

domain with six transmembrane helices with no signal peptide (Figure 3B) fused to a 

cytoplasmic HAMP domain followed by the adenylate cyclase catalytic domain (cyclase 

homology domain, CHD) (Mistry et al., 2020). 

Figure 3: Alignment of the N-terminal regions of the adenylate cyclase CyaB and its 
homologs and predicted membrane topology of CyaB (Cg0375). (A) Amino acid sequence 
alignment of the N-terminal regions of CyaB from C. glutamicum ATCC13032 as predicted by 
Kalinowski et al., (2003) and by Pfeifer-Sancar et al., (2013), from C. glutamicum strain R 
(Cgl_R), from C. efficiens (Cef_YS314), from C. diphtheriae (Cdi_NCTC13129), and from 
Corynebacterium aurimucosum (Car_ATCC700975). The alignment was generated with 
ClustalW (Thompson et al., 1994) and further processed with ESPript 3.0 (Robert & Gouet, 
2014). (B) Prediction of the membrane topology of CyaB using the webserver TOPCONS 
(https://topcons.cbr.su.se/)(Tsirigos et al., 2015). All six programs predicted a protein with 
six transmembrane helices. No signal peptide was detected. The input amino acid sequence 
of CyaB (Cg0375, 508 amino acid residues) was taken from Pfeifer-Sancar et al., 2013. 

According to these predictions, CyaB in the dimeric state contains 12 transmembrane 

helices. This number is often found in secondary transporters (Henderson, 1993); however, a 

transport function of the ACs has not been recognized up to now. Furthermore, it is possible 

that the transmembrane domain of CyaB serves as a sensor for an extracellular or 

https://topcons.cbr.su.se/
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membrane-associated stimulus. While membrane-bound mammalian ACs are known to be 

activated by G-proteins as a response to extracellular hormone signals (Linder & Schultz, 

2003), a stimulus for bacterial membrane-bound ACs has yet to be discovered. Cultivations 

of C. glutamicum ∆cyaB with plasmid-based expression of cyaB showed that only plasmids 

coding the entire CyaB protein or an N-terminal truncated variant with a residual 13 aa 

transmembrane domain followed by the HAMP domain and the catalytic domain were able 

to abrogate the growth defect of the ∆cyaB mutant in the presence of acetate (Katcharava, 

2015). Interestingly, a plasmid-based expression of cyaB coding for a CyaB variant which is 

not located in the membrane (only HAMP domain and catalytic domain) was not able to 

abolish the growth defect.  

Although CyaB appears to be the only AC in C. glutamicum, the phenotype of a cyaB 

deletion mutant differs strongly from that of the glxR mutants described above. Whereas 

the latter mutants showed severe growth defects, growth of cyaB-deficient mutants was 

found to be comparable to the parental strain when cultivated in minimal medium with 

carbon sources such as glucose, gluconate, or pyruvate (Bussmann, 2009; Cha et al., 2010). 

Only when cultivated in the presence of acetate as carbon source, the cyaB-deficient 

mutants showed a light or severe growth defect (Bussmann, 2009; Cha et al., 2010). The 

reasons for this phenotype were studied in the course of this doctoral thesis.  

1.2.3 CpdA – the PDE of C. glutamicum 

In C. glutamicum a PDE converting cAMP to AMP was described only recently (Schulte et al., 

2017). This PDE, named CpdA (Cg2761), showed only 15-19% amino acid sequence identity 

to other known PDEs from bacteria of class II, but contained a sequence motif that is very 

similar to the one reported to be characteristic of class II PDEs (Richter 2002). In 2020 this 

CpdA together with a newly described PDE (Rv1339) of M. tuberculosis and the PDE YfhI of 

Bacillus subtilis was proposed to be classified in a new PDE group called ‘atypical class II 

PDEs’ (Thomson et al., 2022). This atypical class II PDEs have a signature metal-binding motif 

(T/S)HXHXDH in common, where X is likely to be a hydrophobic or small residue (Thomson et 

al., 2022). Characterization of the purified corynebacterial CpdA revealed a Km
app value of 2.5

± 0.3 mM for cAMP and a Vmax
app

 of 33.6 ± 4.3 µmol min1 mg1. The Km
app is more than 30-fold

higher compared to the class II PDEs of Vibrio fischeri (73 µM) (Callahan et al., 1995) or of 

Myxococcus xanthus (12 µM) (Kimura et al., 2011), but 4-fold lower than the PDE of 
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Arthrobacter sp. CGMCC 3584 (6.82 mM) (Schulte et al., 2017; Zheng et al., 2013). The 

Vmax
app value of CpdA (33.6 ± 4.3 µmol min1 mg1) is 112-fold lower compared to the Vmax

app of

V. fischeri (3.7 mmol min1 mg1) but almost 500-fold higher than the Vmax
app of M. xanthus

(67.5 nmol min1 mg1) (Callahan et al., 1995; Kimura et al., 2011).  

A cpdA deletion mutant of C. glutamicum showed severe growth defects and reduced 

growth rates on all carbon sources tested, such as glucose, gluconate, acetate, citrate, or an 

ethanol-glucose mixture (Schulte et al., 2017). Determination of the intracellular cAMP level 

revealed a 2-fold higher cAMP level in the ∆cpdA mutant compared to the parental strain 

(50 pmol/mg protein and 27 pmol/mg protein, respectively) (Schulte et al., 2017). This result 

indicates that CpdA of C. glutamicum is a phosphodiesterase with an important role in the 

control of the cellular cAMP level. In agreement, transcriptome analysis comparing the 

∆cpdA mutant to the parental C. glutamicum strain identified 247 genes with a more than 

2-fold altered mRNA level in the ∆cpdA mutant. These altered gene expressions probably 

result from an altered activity of the transcriptional regulator GlxR due to the higher 

intracellular cAMP level. Indeed, many GlxR-regulated genes showed altered expression 

levels in the ∆cpdA mutant, including genes involved in carbon source transport and 

metabolism, which could explain the growth defects of the ∆cpdA mutant. For example, the 

∆cpdA mutant showed more than 3-fold reduced mRNA levels of genes involved in the 

uptake of glucose, sucrose, and citrate (ptsG, ptsI, ptsS, tctA and tctB) and in the metabolism 

of acetate, gluconate, L-lactate, and ethanol (pta, ackA, gntK, lldD, adhA and ald). An 

important finding by Schulte et al. was that cpdA expression is transcriptionally activated by 

GlxR. A model shows that an intracellular increase of cAMP should lead to higher numbers of 

cAMP-GlxR complexes and thus a transcriptional activation of the cpdA expression (Figure 4). 

Thus, as a consequence the level of CpdA should increase, which then should lead to a 

lowering of the cellular cAMP level due to the higher degradation rate of cAMP by CpdA. This 

feedback loop is probably crucial for the regulation of the cellular cAMP level as the 2-fold 

increase in the level was shown to lead to severe growth defects. Further active 

phosphodiesterases besides CpdA have not yet been described in C. glutamicum. 
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Figure 4: Prediction of a negative feedback loop formed via transcriptional activation of 
cdpA expression by the cAMP-GlxR complex (taken from Schulte et al., 2017). After 
activation of the adenylate cyclase (CyaB) by an unknown stimulus, the cAMP level 
increases. The increased cAMP concentration leads to more cAMP-GlxR complexes, which 
activate the expression of cpdA gene encoding a cAMP phosphodiesterase. Elevated CpdA 
activity thus lowers the intracellular cAMP level and resets the system. 

1.2.4 cAMP levels in C. glutamicum 

The intracellular cAMP concentration in C. glutamicum has been measured by several 

different groups using different strains and cultivation conditions. The first measurement 

was reported in the study in which GlxR was described for the first time (Kim et al., 2004). 

The cAMP concentration was reported to be high in the early exponential phase and low 

when the cells reached the stationary phase in a medium with glucose as carbon source. This 

finding indicated that the cAMP concentration was high when the glucose concentration was 

high, in contrast to the situation in E. coli, where the cAMP concentration is low in the 

presence of glucose. Several later studies showed that the intracellular cAMP level of 

C. glutamicum is higher during growth on glucose than during growth on acetate (Table 1). 

Additional studies determined the intracellular cAMP level in cells grown with citrate or a 

glucose-acetate mixture, showing that the cAMP levels on these substrates were higher than 

those on glucose alone (Bussmann, 2009; Cha et al., 2010; Polen et al., 2007; Schulte et al., 

2017). The results of these cAMP measurements were presented in different units, which 

hinder a direct comparison. Therefore, in Table 1 the cAMP concentrations given in different 

studies were converted into cytoplasmic concentrations. The range of the reported cAMP 

concentrations in C. glutamicum was very broad and varied from ~1 µM to 7.6 mM. Except 
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for one study (Kim et al. 2004), the cAMP concentration was typically found to be in the low 

µM range. As expected, the cAMP concentration was lower in mutants lacking a functional 

AC and higher in the mutant lacking CpdA (e.g. WT 30 ± 12 pmol/mg protein, ∆cyaB 18 ± 

2 pmol/mg protein and ∆cpdA 50 ± 12 pmol/mg protein, respectively) (Bussmann, 2009; 

Schulte et al., 2017). 

The intracellular cAMP concentration of C. glutamicum is controlled by the rates of 

synthesis and degradation, as shown by the lower cAMP level of the ∆cyaB mutants 

(Bussmann, 2009; Cha et al., 2010) and the higher cAMP levels in the ∆cpdA mutant (Schulte 

et al., 2017). Transporters catalysing cAMP export or import have not been identified. To 

better understand how the levels of intracellular cAMP in C. glutamicum are controlled, one 

has to study the regulation and the activity of the AC and the PDE. 

1.3 Aims of this doctoral thesis 

In the course of studies on cAMP-dependent regulation in C. glutamicum, only one gene for 

the cAMP synthesis was identified (cyaB, cg0375) (Bussmann, 2009; Cha et al., 2010). ∆cyaB 

mutants showed comparable growth to the wild type with glucose, but impaired growth 

with acetate. The reason for the negative effect of acetate on growth of the ΔcyaB mutant is 

unknown and one aim of this thesis was to find an explanation for this phenotype. This part 

involved a detailed characterization of the C. glutamicum strain lacking CyaB, which should 

help to elaborate a theory why a C. glutamicum strain with a low or even absent intracellular 

cAMP level shows a higher sensitivity towards the weak acid acetate compared to the wild 

type strain. The second part of this thesis aimed at an in vivo analysis of GlxR-DNA binding in 

the wild type compared to the ΔcyaB mutant under different carbon source conditions. By 

this approach, the effects of low intracellular cAMP levels in the ΔcyaB mutant should be 

elucidated, shedding light on the relevance of cAMP for DNA-binding by GlxR in vivo. Despite 

the fact that numerous previous studies investigated the regulatory hub of GlxR, many open 

questions remain with respect to physiological role of GlxR and the impact of cAMP. Studies 

with strains that harbour a high or low cAMP level should provide new insights into this 

topic.  
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Table 1: Intracellular cAMP levels of different C. glutamicum strains measured in different 
studies. The values in µM were calculated from the pmol/mg protein values. All cAMP 
concentrations were measured with the competitive ELISA immunoassay (Biotrak™ cAMP 
enzyme immunoassay (EIA) system, Cytiva, USA formerly part of GE Healthcare). 

a: Intracellular cAMP concentrations have been calculated from the pmol/mg protein values under the assumption that 
protein represents 50% of the cell dry weight (CDW) and assuming a cell volume of 1.44 µl/mg CDW (da Luz et al., 2017). 
b: exp: concentration measured for cells in the exponential growth phase; stat: concentration measured for cells in the 
stationary phase. 
c: Intracellular concentrations have been calculated under the assumption that OD600 of 1 represents 0.25 mg CDW/ml 
(Kabus et al., 2007).
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2  Results 

The main topic of this thesis was the investigation of the molecular basis of the acetate 

sensitivity of an adenylate cyclase-lacking mutant of C. glutamicum and the impact of a 

lowered or even absent cAMP level on in vivo-DNA-binding of the global transcriptional 

regulator GlxR. The results of the first part have been published in the peer-review journal 

Frontiers in Microbiology. The results of the second part have been summarized in a 

manuscript to be submitted soon.  

In the publication ‘Molecular basis of growth inhibition by acetate of an adenylate cyclase-

deficient mutant of Corynebacterium glutamicum’ the main reason for the observed growth 

defect of the cyaB deletion strain in the presence of acetate is described. The inhibitory 

effect of acetate was shown to be concentration-dependent and stronger when cultivated in 

medium with lower external pH values. These results indicate that the negative effect of 

acetate on the ∆cyaB mutant is related to the uncoupler-like behaviour of acetate. In the 

protonated form the weak acid diffuses through the lipid bilayer of C. glutamicum into the 

cell, where it dissociates with release of a proton. While to a certain amount this is not 

problematic for the wild-type strain, the cyaB deletion strain was shown to be more 

sensitive towards such uncoupler-like behaviour. Studies with CCCP confirmed that the cyaB 

mutant was more sensitive towards uncouplers compared to the wild-type strain. As a 

possible explanation, the reduced expression of the cytochrome bc1-aa3 supercomplex and 

the F1FO-ATP synthase in the ∆cyaB mutant was proposed. The genes encoding these main 

players of energy metabolism in C. glutamicum were previously shown to be activated by 

GlxR. The low or absent cAMP level of the ∆cyaB mutant causes a reduction of active GlxR 

and thus of the expression of genes that are activated by the cAMP-GlxR protein. 

Additionally, it was shown that upon deletion of cyaB, no intracellular cAMP was detected 

via LC-MS/MS. Even in the double deletion mutant C. glutamicum ∆cyaB∆cpdA (no 

functional adenylate cyclase and no phosphodiesterase catalysing cAMP degradation), no 

cAMP could be detected via LC-MS/MS. These data suggest that detection of cAMP via ELISA 

in extracts of C. glutamicum ΔcyaB is probably an artefact and that there is presumably no 

second active adenylate cyclase present in this organism. Finally, a suppressor mutant of the 

cyaB deletion strain was isolated, which had lost the acetate sensitivity and was shown to 

carry a single amino acid exchange in GlxR. The described results point out that cAMP and 
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GlxR play an important role in the energy metabolism of C. glutamicum, which may be useful 

also for strain engineering of this industrial workhorse. 

The manuscript ‘Comparison of in vivo GlxR binding in Corynebacterium glutamicum 

ATCC 13032 and the adenylate cyclase deletion mutant ΔcyaB using ChAP-Seq‘ describes the 

investigation of a genome-wide target profiling of GlxR in the C. glutamicum wild-type strain 

and in the adenylate cyclase-deficient mutant (∆cyaB). The method of choice for this 

protein-DNA interaction analysis was the so called ChAP-Seq method (chromatin affinity 

purification combined with DNA sequencing). The results of four data sets (WTGlxR-TS (glc), 

∆cyaBGlxR-TS (glc), WTGlxR-TS (glc-ac), ∆cyaBGlxR-TS (glc-ac) identified 243 GlxR peaks when a cut-

off of the enrichment factor (EF) ≥3 was used. 102 of these peaks represented novel GlxR 

binding sites not reported in previous studies. Many GlxR binding regions were found to be 

located intragenically or in a relatively large distance (>700 bp) upstream of the next 

transcriptional start site (TSS). Furthermore, as many GlxR binding sites were found 

upstream of non-coding proteins (such as asRNA, sRNA or tRNA), GlxR appears to play a 

more important role in the regulation of non-protein coding genetic elements than 

previously anticipated. The presence of acetate in the medium reduced GlxR binding, 

particularly in the ∆cyaB mutant. The comparison of the GlxR-DNA interaction of the wild 

type and the ∆cyaB mutant showed that for most DNA regions GlxR can apparently bind to 

DNA even without the presence of the effector cAMP, explaining why the phenotype of 

∆cyaB is very moderate compared to the drastic growth defect of reported ∆glxR mutants. 

The observation that DNA-binding of GlxR in vivo, apparently occurs also in the absence of 

cAMP, raises the question if other, yet unknown factors, are involved in regulating in vivo 

GlxR-DNA binding. 
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3  Discussion 

In order to survive in a changing environment, organisms have to sense the changing 

conditions and react in an appropriate way. On the molecular level, complex signalling 

networks exist for this purpose. Signal transduction at the cellular level often involves small 

molecules that act as second messengers to transduce external stimuli to one or more 

effectors in the cell. Such second messengers are for example cyclic nucleotides, (p)ppGpp, 

or Ca2+ (Cashel, 1975; Endo, 2006; Valentini & Filloux, 2016). The cyclic nucleotide cAMP is a 

ubiquitous molecule and plays a central role in numerous signalling processes throughout all 

kingdoms of life (Gancedo, 2013). In mammalian cells, for example, cAMP activates protein 

kinases leading to the phosphorylation of several different proteins involved in diverse 

cellular mechanisms, such as ion transport or transcriptional regulation (Kopperud et al., 

2003). In plants, cAMP was found to be involved in sensing and responding to biotic and 

abiotic environmental stresses (Gehring, 2010; Jha et al., 2016; Maathuis & Sanders, 2001). 

In prokaryotes, cAMP was first found to play an important role in carbon catabolite 

repression (Botsford & Harman, 1992) and later also in virulence and pathogenesis of human 

pathogenic bacteria and in biofilm formation (Liu et al., 2020; McDonough & Rodriguez, 

2011). The cAMP receptor protein (CRP), first described in E. coli, is a transcriptional 

regulator that is able to activate or repress the transcription of various gene targets. CRP 

homologs are found in various other bacterial genera, such as Mycobacterium, 

Pseudomonas, Vibrio or Corynebacterium and the plasticity of this system emphasizes the 

adaptation to the individual needs of the respective organism (Arce-Rodríguez et al., 2012; 

Skorupski & Taylor, 1997; Stapleton et al., 2010). 

The aim of this thesis was to better understand the cAMP signalling network in 

Corynebacterium glutamicum, a model organism for Actinobacteria and in industrial 

biotechnology. Therefore, the thesis is focused on two aspects: the characterization of an 

adenylate cyclase-deficient C. glutamicum strain, and the investigation of the consequences 

of a low intracellular cAMP level for the transcriptional activity of the global regulator GlxR. 
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3.1 The role of CyaB activity in C. glutamicum 

Four years after the detection of intracellular cAMP in C. glutamicum, two groups reported 

the identification of a membrane-bound adenylate cyclase, named CyaB, an enzyme that 

catalyses the synthesis of cAMP (Bussmann, 2009; Cha et al., 2010; Kim et al., 2004). Strains 

with a partly or entirely deleted cyaB gene showed a significant drop in the concentration of 

intracellular cAMP (Cha et al., 2010; Toyoda et al., 2011; Wolf et al., 2020). Moreover, the 

ΔcyaB mutants had a strong growth defect in minimal medium with acetate or glucose plus 

acetate as carbon source, but not with glucose or ethanol (Bussmann, 2009; Cha et al., 2010; 

Wolf et al., 2020). As the growth defect in the presence of acetate could be reverted by the 

addition of cAMP to the medium, the effect was shown to be specific for the deletion of 

cyaB (Bussmann, 2009; Wolf et al., 2020). The reason for the growth defect remained 

unknown and the theory that it was due to inhibition of acetate uptake by the transporter 

MctC (Cg0953) could be disproved by the fact that acetate uptake in a mctC deletion mutant 

by passive diffusion across the membrane was sufficient to maintain wild type-like growth 

(Jolkver et al., 2009). The uptake of acetate was also shown to be transporter-independent 

in other microorganisms, such as E. coli and Saccharomyces cerevisiae (Lindahl et al., 2017; 

Orr et al., 2018).  

The ‘acetate effect’ of the ΔcyaB mutant was then hypothesized to be due to a higher 

sensitivity towards acetate compared to the wild-type strain (Wolf et al., 2020). At higher 

concentrations, acetate is known to have uncoupler-like behaviour causing a net import of 

protons, which affects the proton-motive force (PMF) (Axe & Bailey, 1995). A strong 

incidence for the assmuption that the growth-defect of the ΔcyaB mutant was caused by the 

uncoupling function of acetate was the finding that the acetate sensitivity was 

concentration- and pH-dependent. The molecular basis for the higher uncoupler sensitivity 

of the ΔcyaB mutant was explained by reduced expression of the genes encoding the 

cytochrome bc1-aa3 supercomplex and the F1FO-ATP synthase, as shown in transcriptome 

array results and RT-qPCR (Wolf et al., 2020). Strong support for this explanation comes from 

the fact that mutants lacking a functional cytochrome bc1-aa3 supercomplex are unable to 

grow with acetate as sole carbon source (Wolf et al. 2020). Figure 5 illustrates the features 

described above.  
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Figure 5: Model of the proton circuit in the presence of acetate in the C. glutamicum WT 
(A) and the ∆cyaB mutant (B). In this model acetate acts as an uncoupler (red arrow) and 
disturbs the proton circuit (blue lines) of the respiratory chain (purple) and the ATP synthase 
(green). In the wild-type strain (WT), the cAMP-GlxR complex (red) activates the 
transcription of the genes encoding the cytochrome bc1-aa3 supercomplex and the F1FO-ATP 
synthase. In the presence of acetate, the capability of generating pmf is disturbed, but not 
strong enough to cause a growth defect. In the ∆cyaB mutant, the reduced or even absent 
cAMP level causes a lowered expression of the genes for the cytochrome bc1-aa3 
supercomplex, leading to a reduced capacity to build up pmf and to counteract the 
uncoupling activity of acetate. Additionally, the growth defect of the ∆cyaB mutant on 
acetate is caused by the reduced ATP synthesis via oxidative phosphorylation due to reduced 
synthesis of the F1FO-ATP synthase. 

A cyaB strain transformed with fluorescence reporters carrying native promoters of 

genes of the cytochrome bc1-aa3 supercomplex (ctaC, ctaE, or ctaD) in front of a gene 

encoding a fluorescent protein (mVenus) revealed lower fluorescence and thus lower 

promoter activity compared to the wild type when cultivated in minimal medium with 

acetate (Figure 6). The reduction of promoter activity can be explained by a reduced 

activation of transcription by GlxR due the absence of cAMP in the ∆cyaB mutant. 
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Figure 6: Specific fluorescence of C. glutamicum wild type (WT) and the ∆cyaB mutant 
carrying fluorescence reporters with the native promoter of ctaC (A), ctaE (B), or ctaD (C). 
The first preculture was inoculated in BHI medium and the second preculture was grown in 
CGXII medium with 2% glucose. The cells were washed with saline (0.9% (w/v) NaCl) and 
used to inoculate the main cultures in 800 µl CGXII minimal medium with 100 mM potassium 
acetate as sole carbon sources to an OD600 of 1. Cultivation was performed in the BioLector 
at 30 °C and 1200 rpm. Growth was monitored as scattered light at 620 nm and fluorescence 
was monitored with an eYFP filter (ex. 508 nm/em. 532 nm). The results of three biological 
replicates with standard deviations are shown. 

In the strain SC+, the native promoters of ctaC, ctaE, and ctaD have been replaced by the 

constitutive tuf promoter (Platzen, 2013) and therefore their transcription is independent of 

the cAMP-GlxR complex. However, the inhibitory effect of acetate was also observed in the 

SC+ ∆cyaB strain (Figure 7). A possible explanation for this result was obtained by the ChAP-

Seq results of this work, in which ctiP (cg2699) was identified as an additional GlxR target 
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gene. CtiP is a large transmembrane protein that was recently shown to be involved in 

copper transport and insertion into cytochrome aa3 oxidase (Morosov et al., 2018). The GlxR 

binding site is located 108 bp upstream of the TSS of ctiP and therefore transcription of ctiP 

is probably activated by GlxR. Insufficient expression of ctiP in the SC+ ∆cyaB strain could be 

responsible for the still observed inhibition by acetate, if only insufficient amounts of 

functional cytochrome bc1-aa3 supercomplex can be formed. In addition, a lower expression 

of the ATP synthase could also contribute to the inhibition of the SC+ ∆cyaB strain by 

acetate, in particular when acetate serves as sole carbon source, which does not allow net 

ATP synthesis via substrate level phosphorylation.  

Figure 7: Growth of C. glutamicum wild type (WT), the ∆cyaB mutant, strain SC+, and the 
SC+∆cyaB strain. Cells were cultivated in CGXII medium with 100 mM potassium acetate (A) 
or a glucose-acetate mixture, each 100 mM (B). The results of three biological replicates with 
standard deviations are shown. The first preculture was inoculated in BHI medium and the 
second preculture was grown in CGXII medium with 2% glucose. The cells were washed with 
saline (0.9% (w/v) NaCl) and used to inoculate the main cultures in 800 µl CGXII minimal 
medium with the indicated carbon sources to an OD600 of 1. Cultivation was performed in a 
BioLector at 30 °C and 1200 rpm and growth was monitored as scattered light at 620 nm. 

3.1.1 Further effects contributing to the ‘acetate effect’ of the ∆cyaB mutant 

The uncoupler-like behaviour of acetate in combination with the lower transcription and 

activity of the respiratory chain and ATP synthase in the cyaB deletion strain is believed to be 

the main reason for the inhibition of growth. However, further effects can contribute to the 

effect of the acetate sensitivity of the cyaB mutant. It can be excluded that the change of the 

extracellular pH during cultivation with acetate is responsible for the inhibited growth, as the 

initial pH of 7 was the same as the pH at the end of experiments (data not shown). 

Furthermore, growth experiments in minimal medium with glucose as sole carbon source 

and with different initial pH values (pH 6-7) showed that the growth of the cyaB deletion 

strain was comparable, suggesting that the absence of CyaB did not lead to problems in the 
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pH homeostasis per se (Wolf et al., 2020). Only the combination of pH 6 and the presence of 

acetate in the medium increased the growth inhibition of the ∆cyaB mutant compared to the 

growth at pH 7 (Wolf et al., 2020). This could be explained due to the fact that weak acids 

such as acetic acid act as a proton translocator more effectively if the pH of the medium is 

closer to its pKa (acetic acid pKa 4.76). So the acetate effect was described as pH-dependent. 

Growth of the cyaB deletion strain was tested with other salts such as citrate and L-lactate. 

Only slightly impaired growth of the cyaB deletion strain was observed when cultivated with 

citrate (100 mM) or L-lactate (100 mM) as carbon source (Figure 8). The growth differences 

of WT and the cyaB deletion strain with citrate and lactate as carbon sources is a further 

phenotypical characterisation of the cyaB deletion strain. However, the growth differences 

are more likely due to reduced GlxR activity in the ∆cyaB mutant and are not a pH-effect.  

Figure 8: Growth of C. glutamicum WT and the ∆cyaB mutant in CGXII minimal medium 
with 100 mM citrate (A) or 100 mM L-lactate (B). The first preculture was inoculated in BHI 
medium and the second preculture was performed in CGXII medium with 2% (w/v) glucose. 
The cells were washed with saline (0.9% (w/v) NaCl) and used to inoculate the main cultures 
in 800 µl CGXII minimal medium with the indicated carbon sources to an OD600 of 1. Growth 
was monitored as scattered light at 620 nm in a BioLector at 30 °C and 1200 rpm. Mean 
values and standard deviations of three biological replicates are shown. 

As GlxR is a global regulator, one cannot exclude further transcriptional changes of 

genes to be involved in the higher sensitivity towards acetate and the strong sensitivity 

towards the protonophore CCCP. Due to the absence of cAMP in the ∆cyaB mutant, genes 

that would normally be activated by the cAMP-GlxR complex often showed a lower 

transcription compared to the genes in the wild-type strain (Wolf et al., 2020). As already 

mentioned, a lower transcription of the newly identified GlxR target gene ctiP, a gene coding 

for a transmembrane protein involved in copper transport and insertion into cytochrome aa3 
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oxidase (Morosov et al., 2018) probably contributes to the enhanced sensitivity of the ∆cyaB 

mutant towards uncouplers. 

Moreover, changes in cell envelope of C. glutamicum ∆cyaB compared to the wild-

type strain could also favour the higher uncoupler-sensitivity. Recent studies on the role of 

cAMP in Mycobacterium revealed that decreased intracellular cAMP level led to a 

perturbation of the peptidoglycan biosynthesis that probably resulted to increased cell 

envelope permeability (Thomson et al., 2022). The higher cell envelope permeability was 

supposed to be the reason for a higher susceptibility towards antimicrobials targeting the 

cell wall synthesis (e.g. ethambutol or vancomycin).  

In the yeast S. cerevisiae it was shown that changes in the membrane lipid profile 

increased the acetic-acid tolerance (Guo et al., 2018; Zheng et al., 2013). For example, the 

acetic acid-tolerant S. cerevisiae YJS329ELO1 (carrying a plasmid, overexpressing a fatty acid 

desaturase) showed 17.6% higher levels of oleic acids (C18:1n-9) and an improved tolerance 

to acetic acid compared to the parental strain YJS329 (Guo et al., 2018; Zheng et al., 2013). 

The increased amount of unsaturated fatty acids in the plasma membrane probably led to a 

reduction of the diffusion rate of acetic acid, which is in yeast critical because the weak acid 

was shown to enter the cell mainly in a transporter-independent way by passive diffusion 

through the membrane lipid bilayer (Lindahl et al., 2017). 

Previous studies showed that the C. glutamicum wild-type strain is moderately alkali-

tolerant and is able to maintain a quite stable intracellular pH around pH 7.5 when cultivated 

at external pH values between 6.0 and 9.0 (Barriuso-Iglesias et al., 2008; Follmann et al., 

2009). To sustain a physiological intracellular pH value, C. glutamicum has different cellular 

mechanisms to resist external acidic or alkaline pH stress. Sigma factors were shown to play 

a crucial role under pH stress conditions in C. glutamicum (Barriuso-Iglesias et al., 2013; 

Jakob et al., 2007). For example sigB (cg2102), which is related to the general stress 

response, was upregulated under acidic stress conditions and therefore this sigma factor 

probably contributes to the maintenance of pH homeostasis (Jakob et al., 2007). 

Experiments with bacteria such as B. subtilis and Listeria monocytogenes showed that the 

absence of a functional sigB gene led to higher sensitivity towards acidic pH (Hecker & 

Völker, 2001; Wiedmann et al., 1998). In C. glutamicum, the sigma factor H (SigH, Cg0876) is 

important in the response to heat shock and oxidative stress (Kim et al., 2005) and later 

experiments  suggested  that  SigH  was  involved  in  the  transcriptional  control  of the F1F0-
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ATPase operon at alkaline pH of 9 (Barriuso-Iglesias et al., 2013). Not only stress responses, 

but several cellular processes are involved in sustaining intracellular pH homeostasis. For 

example, a connection between pH responses, oxidative stress, iron homeostasis, and 

methionine synthesis was suggested (Follmann et al., 2009). Furthermore, a link between 

sulphur assimilation and the repression of oxidative stress in the maintenance of pH 

homeostasis was reported (Xu et al., 2019). It was stated that the repression of genes 

involved in sulphur metabolism by the transcriptional regulator McbR lead to a reduction of 

L-cysteine accumulation, which turned out to be advantageous under acidic acid stress 

conditions (Xu et al., 2019). If the bacterium is not able to react properly to changing pH 

conditions, a change of the cytoplasmic pH by one unit can lead to changes not only in the 

PMF, but also in the activity and stability of enzymes, in transcription or translation, in 

solubility of trace elements, or in the structure of nucleic acids (Follmann et al., 2009; 

Krulwich et al., 2011; Olson, 1993). The ability to maintain a physiological internal pH could 

be impaired in the cyaB deletion strain, which could contribute to the acetate effect.  

These effects could add to the effect that the ∆cyaB mutant has already an impaired 

energy metabolism due to lower expression of the respiratory chain genes and the genes 

coding for the F1F0 ATP synthase as shown in Toyoda et al., 2011 and in Wolf et al., 2020. In 

order to prove whether the pH homeostasis is less efficient in ∆cyaB mutant one could 

compare the intracellular pH (pHi) of the wild-type strain and the ∆cyaB mutant when 

cultivated with acetate as carbon source. Such measurements were already successfully 

performed by staining the cells with pH-sensitive fluorochromes and comparison of the cell 

fluorescence by a flow cytometer (Leyval et al., 1997). Nowadays, pHi can be monitored 

online within different C. glutamicum strains when they carry a plasmid encoding a pH 

sensitive variant of GFP, called pHlourin (Kirsch, 2014; Miesenböck et al., 1998). A difference 

in the pHi between the C. glutamicum wild type and the cyaB deletion strain cannot be 

excluded. However, despite many possible reasons for an impaired pH homeostasis (e.g. 

malfunction of transporters or regulatory proteins), these should contribute only to a lesser 

extent to the acetate sensitivity in the ∆cyaB mutant. Still, a functional respiratory chain is 

obviously the most important factor that contributes to the pH regulation in acidic 

environments in C. glutamicum. All secondary active transporters, such as Mrp1, require the 

proton motive force (pmf) established by the cytochrome bc1-aa3 supercomplex to be active. 

In the C. glutamicum DOOR strain that is absent of terminal oxidases (Koch-Koerfges et al., 
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2013), it was shown that the pH homeostasis was disturbed compared to the wild type 

strain, especially when the external pH drops below pH 7 (∆pH 0.51 and 1.09 at pH 6, 

respectively). Experiments with E. coli showed that the direct involvement of terminal 

oxidases and oxidative phosphorylation plays a crucial role in the pH homeostasis. Acid 

stress led to an upregulation of the proton-pumping components of the respiratory chain in 

E. coli (Cotter et al., 1990; Maurer et al., 2005; Slonczewski et al., 2009; Sun et al., 2012). 

These experiments underline that the cytochrome bc1-aa3 supercomplex is the most 

important factor for the adaptation of C. glutamicum to acidic conditions, because it ensures 

that protons are pumped out of the cell. 

3.1.2 CyaB as the main adenylate cyclase in C. glutamicum 

Because a residual intracellular cAMP concentration was still detected in AC-deficient 

mutants of C. glutamicum (Bussmann, 2009; Cha et al., 2010; Toyoda et al., 2011), the 

existence of a second AC was expected. However, bioinformatic analyses using a protein-

protein basic local alignment search tool (BLASTP) did not reveal hits for another AC besides 

CyaB (Cg0375) in C. glutamicum. A domain-enhanced lookup time accelerated blast (DELTA-

BLAST) (Boratyn et al., 2012) with the amino acid sequence of the representative AC of 

class IV (AC2 or CyaBAer of Aeromonas hydrophila) (Sismeiro et al., 1998) and a proteome 

database of C. glutamicum ATCC13032 as a reference, resulted in one hit (Table 2).  

Table 2: Results of DELTA-BLAST (Boratyn et al., 2012). DELTA-BLAST of the amino acid 
sequence of AC2 (also described as CyaBAer,; UniProt No. O69199/CYAB_AERHY) of 
Aeromonas hydrophila as query sequence and a database comprising non-redundant protein 
sequences of C. glutamicum ATCC13032 as the search set. 

Protein Name Percent 
Identity 

Query Cover Max Score Total Score  E-value 

Cgl2231*1 16.86% 74% 74.3 74.3 9e-17 

*
1
: The gene encoding for Cgl2231 (Accession: BAB99624.1) has the same coding sequence as cg2450 in the 

genome of C. glutamicum ATCC13032 (BX927147) sequenced by Kalinowski et al., 2003. 

The 191 aa long AC2 of A. hydrophila showed sequence similarities within the first 240 aa of 

the protein Cg2450 of C. glutamicum. Cg2450 is an uncharacterized protein that is predicted 

to be putative pyridoxine biosynthesis enzyme (CoryneRegNet 6.0) (Pauling et al., 2012). It 

contains a CYTH domain and a CHAD domain (PF01928/IPR023577 and PF05235/IPR007899, 

respectively). The CHAD protein domain stands for ‘conserved histidine α-helical domain’ 

and is found in all kingdoms of life and putatively involved in binding of inorganic 
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polyphosphates (Lorenzo-Orts et al., 2019). The CYTH domain is a catalytic domain that is 

named after the first known members, the AC CyaB of A. hydrophila and thiamine 

triphosphatase of mammalian cells (Bettendorff & Wins, 2013). Both enzymes have in 

common that they need triphosphorylated substrates and require at least one divalent 

metal cation for the catalytic reaction (Bettendorff & Wins, 2013). The AC2 (CyaBAer) of 

A. hydrophila was first described in 1998 and was until 2006 the only bacterial AC member of 

the class IV AC (Smith et al., 2006). A cAMP-synthesizing activity was only shown under in 

vitro conditions, revealing extraordinary biochemical characteristics, with an optimal activity 

at 65 °C and a pH of 9.5 (Sismeiro et al., 1998). Under physiological conditions the gene 

coding for the AC2 was not expressed in A. hydrophila and so far no cultivation conditions 

were found that led to transcription of the AC2 gene (Sismeiro et al., 1998). The presence of 

a CYTH domain in the protein Cg2450 of C. glutamicum suggests that this could be a second 

AC. Previous studies in our lab by Julia Schulte showed that it was easily possible to obtain a 

cg2450 deletion mutant and also a double mutant lacking both cyaB and the cg2450 gene. 

The double deletion mutant ∆cg2450∆cyaB had comparable growth curves with the ∆cyaB 

mutant when cultivated in medium containing acetate as carbon source (data not shown). 

Also, the ∆cg2450 strain showed no growth defect in minimal medium that contained 

acetate, which argues against the assumption that cg2450 encodes a second functional AC in 

C. glutamicum (data not shown). Whether Cg2450 catalyses cAMP synthesis in vitro, was not 

tested yet.  
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3.2 Intracellular cAMP concentration of C. glutamicum compared to 

other bacteria 

Intracellular cAMP levels are controlled by the rate of synthesis by adenylate cyclases, the 

rate of degradation by phosphodiesterases, and possibly by export of cAMP. Because of the 

various ways of regulation, intracellular cAMP levels are highly variable in different bacterial 

species. Whereas M. tuberculosis and M. smegmatis are considered to be species with a high 

intracellular cAMP concentration, harbouring up to 4 mM cAMP (Dass et al., 2008; Padh & 

Venkitasubramanian, 1976), E. coli is considered as a bacterium with a moderate cAMP level 

of about 35-40 µM (Bennett et al., 2009; Notley-McRobb et al., 1997) and Pseudomonas 

putida  has a cAMP concentration around 0.07-0.12 µM (measured by cAMP 

radioimmunoassay), whereas no cAMP could be detected applying HPLC methods (Arce-

Rodríguez et al., 2012; Arce-Rodríguez et al., 2021; Phillips & Mulfinger, 1981). When 

comparing the intracellular cAMP levels of the mentioned bacteria with those reported for 

C. glutamicum, one would consider C. glutamicum as a species with a low cAMP level. 

Table 3 gives an overview of the intracellular cAMP concentrations and the binding affinities 

of CRP-like proteins to cAMP. In all earlier mentioned bacteria, cAMP is a part of a signalling 

pathway that involves binding of a CRP-like protein which harbours a cAMP-binding domain. 

And similar to the different intracellular cAMP concentrations, the cAMP-binding affinities 

for the respective CRP-like proteins are different (Arce-Rodríguez et al., 2012; Ren et al., 

1990; Stapleton et al., 2010; Townsend et al., 2014). 
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Table 3: Comparison of cAMP concentrations and the properties of CRP-like proteins and 
cAMP phosphodiesterases in P. putida, C. glutamicum, E. coli, and M. tuberculosis. 

Species P. putida C. glutamicum E. coli M. tuberculosis 

Cytoplasmic 

cAMP 

concentration 

Low  

(0.07 µM-0.12 µM
or below detection 

limit) (Arce-

Rodríguez et al., 

2021; Milanesio et 

al., 2011; Phillips & 

Mulfinger, 1981) 

Low 

(~ 1 µM) 

(Wolf et al., 

2020) 

Moderate  

(35 µM-40 µM) 

(Bennett et al., 

2009; Notley-

McRobb et al., 

1997) 

High  

(up to 4 mM)  

(Bai et al., 2009; 

Padh & 

Venkitasubramanian, 

1976) 

CRP-like 

protein: 

Kd for cAMP 

CRP (PP0424): 

23 nM–45 nM 

(Arce-Rodríguez et 

al., 2012; Arce-

Rodríguez et al., 

2021) 

GlxR (Cg0350): 

Kd1: 17 µM,  

Kd2: 130 µM 

(Townsend et 

al., 2014) 

CRP (ECK3345):  

19 µM–39 µM  

(Ren et al., 

1990; Takahashi 

et al., 1980) 

Crp (Rv3676): 

170 µM (Stapleton et 

al., 2010) 

Cmr (Rv1675c): n.d. 

(Gazdik et al., 2009; 

McCue et al., 2000) 

Phosphodi-

esterase 

(PDE): 

Km for cAMP 

PDE (PP4917): 

n.d. 

CpdA (Cg2761) 

Km: 2.5 mM 

(Schulte et al., 

2017) 

CpdA 

(ECK3032): 

500 µM 

(Imamura et al., 

1996) 

CpdA (Rv0805): 

200 µM  

(Shenoy et al., 2005) 

Rv1339: n.d. 

(Thomson et al., 

2022) 

The highest binding affinity of a CRP-like protein to cAMP shows the CRP protein of 

P. putida. This correlates with the fact that this organism has a very low intracellular cAMP 

concentration. When comparing the cAMP-binding affinities of the CRP-like proteins of 

M. tuberculosis, E. coli and P. putida it seems as if there is a link between binding affinities 

and the intracellular cAMP concentration. C. glutamicum would be considered to be an 

organism with a low intracellular cAMP level, but the cAMP-binding affinity of GlxR seems 

rather low compared to the intracellular cAMP concentration. In vivo GlxR binding studies 

performed in this work showed that GlxR binding to DNA can occur independent of cAMP 

and that in most cases the presence of cAMP only enhanced the affinity to DNA binding 

regions. On the other hand a high intracellular cAMP level seems to be detrimental for 

C. glutamicum as seen in the mutant lacking the phosphodiesterase CpdA (Schulte et al., 

2017). The presence and activity of the CpdA plays a key role in the regulation of the 

intracellular cAMP level. This is surprising considering that the in vitro assays with purified 

CpdA showed a relatively high Km for cAMP (2.5 mM), far above the measured cytoplasmic 

concentrations (~1 µM).  
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It is noticeable that not only the cAMP levels between different species can vary, but 

also the level within the same strain can be drastically different (Table 1). Literature 

references provide data of different intracellular cAMP levels of the same strain, for example 

due to different cultivation conditions (Bai et al., 2009; Kim et al., 2004). The variation of the 

cAMP concentration in cells of a particular species can be due to differences in the analytical 

methods used to determine the cAMP concentrations. However, many other factors can also 

have an influence on the intracellular cAMP level, such as stress conditions or carbon 

sources. 

3.3 The role of cAMP for the in vivo activity of GlxR 

In 2004 the protein GlxR (Cg0350) was identified as a CRP-like transcriptional regulator with 

cAMP- and DNA-binding properties (Kim et al., 2004; Townsend et al., 2014). As an approach 

to determine the role of intracellular cAMP for the in vivo activity of GlxR, transcriptome and 

ChAP-Seq studies with the wild type and an adenylate cyclase deletion strain were 

performed. Previous studies assumed that GlxR only binds DNA when cAMP is present, as 

shown by in vitro tests, such as electrophoretic mobility shift assays (EMSAs) (Bussmann et 

al., 2009; Jungwirth et al., 2013; Kohl et al., 2008). First studies of the in vivo GlxR binding 

activity also in the genome background of a cyaB deletion mutant of strain R showed that 

GlxR did still bind to DNA (Toyoda et al., 2011). It was assumed that the reason for that 

result was residual cAMP that was still measured in the cyaB mutant. However, in the ChAP-

Seq assays that were performed during this work, it was shown that in vivo GlxR binds in a 

ΔcyaB mutant in which cAMP was under the detection limit of an LC-MS/MS method (Wolf 

et al., 2020). This suggests that GlxR can bind to many DNA regions also in the absence of its 

physiological effector cAMP. In the ΔcyaB mutant the binding of GlxR to DNA was reduced 

particularly in the presence of acetate. Thus GlxR binding in vivo is probably less dependent 

on cAMP than GlxR binding in vitro and additional, yet unknown factors might be involved in 

the control of GlxR binding to DNA within the cell. 

3.3.1 Further CRP-like proteins in C. glutamicum 

As already mentioned in the introduction of this work, C. glutamicum encodes two 

additional proteins sharing protein domains with GlxR (Figure 2C). The protein Cg1327 is 
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composed of the same protein domains as GlxR, whereas the protein Cg3291 lacks the 

cNMP-binding domain but carries the HTH_CRP domain that is found in CRP-like proteins 

(Figure 2C). Therefore, these proteins, especially Cg1327 might have functions related to 

GlxR. To find out more about the role of Cg1327 in C. glutamicum, the corresponding gene 

cg1327 was successfully deleted and first growth experiments of the Δcg1327 mutant in 

comparison with the WT were performed in minimal medium containing glucose, gluconate, 

acetate, citrate, or ethanol as carbon sources (Figure 9A-E).  

 

Figure 9: Growth behaviour of C. glutamicum wild type (WT) and a ∆cg1327 mutant on 
different carbon sources. The strains were cultivated in CGXII minimal medium containing 
100 mM glucose (A), 100 mM gluconate (B), 100 mM acetate (C), 50 mM citrate 
supplemented with 5 mM CaCl2 (D) or 200 mM ethanol supplemented with 5 mM glucose 
(E). The first preculture was inoculated in BHI medium and the second preculture was grown 
in CGXII medium with 2% glucose. The cells were washed with saline (0.9% (w/v) NaCl) and 
used to inoculate the main cultures in 800 µl CGXII minimal medium with the indicated 
carbon sources to an OD600 of 1. Growth was monitored as scattered light at 620 nm in a 
BioLector at 30 °C and 1200 rpm. Mean values and standard deviations of three biological 
replicates are shown. 
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No differences in growth behaviour were observed on the tested carbon sources except 

during cultivation with ethanol (Figure 9E), where the initial growth kinetics was 

comparable, but the ∆cg1327 mutant did not reach the same final backscatter as the WT 

control. This suggests that Cg1327 is functional in C. glutamicum and directly or indirectly 

involved in ethanol metabolism. Further experiments, such as analysis of DNA-protein 

interactions (e.g. by fluorescence anisotropy), cAMP-binding studies with purified Cg1327 as 

well as ChAP-Seq and microarray experiments should be performed to characterize the 

biochemical properties, target genes, and physiological functions of Cg1327. 

Species phylogenetically related to Corynebacterium, such as M. smegmatis, have 

two active CRP-like proteins (Msmeg_0539 and Msmeg_6189; 78.48% identity and 99% 

query cover using BLASTP), which were shown recognize the same consensus sequence, but 

possess distinct regulons with a small set of overlapping genes, such as the succinate 

dehydrogenase operon sdh1 (Aung et al., 2015). EMSAs with the two purified Crp proteins 

showed that Msmeg_0539 bound to the promoter DNA of the succinate dehydrogenase 

operon in a cAMP-independent way. BLASTP alignment results of GlxR with Msmeg_0539 

and Msmeg_6189 showed 70.59% and 80.36% identity with 97% and 98% query cover, 

respectively. On the other hand, the results for BLASTP alignment of Cg1327 with 

Msmeg_0539 and Msmeg_6189 had a low identity (23.65% and 25.87%, respectively) and a 

lower query cover (both 80%).  

3.3.2 cAMP-GlxR system important for energy metabolism in C. glutamicum 

In this work, for the first time suppressor mutants of C. glutamicum ∆cyaB were isolated that 

no longer showed the growth inhibition by acetate. The suppressor mutants were obtained 

by an at least 80 h cultivation of a ΔcyaB mutant in minimal medium with an initial acetate 

concentration of 150 mM as only carbon source (Wolf et al., 2020). One suppressor mutant 

showed clear evidence for the correlation of acetate sensitivity and GlxR regulation: 

∆cyaB_sup1 had only one point mutation in glxR, which indicated that the acetate sensitivity 

of the parental ΔcyaB strain is due to a malfunction of GlxR-dependent regulation at low 

intracellular cAMP levels in the presence of acetate. This suppressor mutant expressed the 

transcriptional regulator GlxR with an amino acid exchange Ala131Thr. Amino acid residue 

131 is located within the central alpha helix 5, which is involved in cAMP-binding (Townsend 

et al. 2014). When this amino acid exchange was introduced into the original ΔcyaB mutant, 
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it abolished the acetate sensitivity of this strain, confirming that this single amino acid 

exchange was responsible for phenotype of the suppressor mutant. First experiments with 

the GlxRAla131Thr variant revealed that in vitro DNA-binding was still dependent on cAMP 

(Wolf et al., 2020). Further experiments are needed to elucidate why the cell benefits from 

this mutation when the intracellular cAMP level is low. 

 

3.3.3 Closer look at suppressor mutants C. glutamicum ∆cyaB _sup2 and ∆cyaB _sup3 

The suppressor strain ΔcyaB_sup3 showed the same Ala131Thr mutation in the coding 

region of glxR as strain ΔcyaB_sup1, but carried also an additional silent mutation in the rpi 

gene (cg2658) encoding ribose 5-phosphate isomerase. The mutation is a change from C to A 

(318 bp) in the open reading frame of rpi, leading to a change of the base triplet GGC to GGA 

coding for the amino acid glycine at amino acid position 106. Tables of the codon usage 

frequency show that the triplet GGA is less favoured than the triplet GGC (15.2% and 34.1%, 

respectively) (https://www.kazusa.or.jp/codon/) in C. glutamicum. It remains unclear if the 

rpi mutation in the suppressor strain ΔcyaB_sup3 has additional benefits beside the glxR-

Ala131Thr mutation.  

Another suppressor mutant, strain ΔcyaB_sup2, did not show any mutation in the glxR 

coding region, but instead in two intergenic regions. One point mutation was located in the 

intergenic region of serC (cg0948) and gltA (cg0949) and second one in the intergenic region 

of gpt (cg1659) and cg1660. The transcription of gltA is known to be repressed by GlxR (van 

Ooyen et al., 2011). However, the mutation in the intergenic region of serC and gltA is not 

located within the GlxR binding motif (Figure 10).   
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Figure 10: Schematic overview of the genomic region with the single nucleotide 
polymorphism (SNP) in the C. glutamicum ∆cyaB_sup2 suppressor mutant. The mutation is 
located in the intergenic region of serC and gltA. The mutation is located upstream of an 
sRNA (cgb_09486). Binding sites of the transcriptional regulators RamB, GlxR, and RamA are 
highlighted. Information on sRNAs and transcriptional start sites (TSS) were taken from 
Mentz et al., 2013 and Pfeifer-Sancar et al., 2013. 

However, when having a closer look at the location of the mutation in the intergenic region 

of serC and gltA, one can see that the mutation is between the sRNA cgb_09483 and closely 

located upstream of another sRNA, cgb_09486. So far, the biological functions of these two 

sRNAs are not known, but the mutation could influence the transcription of an sRNA. In 

general, sRNAs are often located within intergenic regions and can regulate transcription or 

translation of their target genes or can alter a protein activity upon binding (Georg & Hess, 

2011; Storz et al., 2011). 

The second mutation in the ΔcyaB_sup2 suppressor strain was located in the intergenic 

region of gpt and cg1660 and could lead to an altered gene transcription. The genes gpt and 

cg1660 were not described as GlxR targets so far and other transcriptional regulators 

involved in the expression of these genes are not known yet. Transcriptome data showed 

that in the ΔcyaB mutant, the expression of gpt was lower compared to the wild type (mRNA 

ratio ΔcyaB/WT 0.56, p-value 0.045), whereas expression of cg1660 was significantly higher 

in the ΔcyaB mutant compared to the wild type (mRNA ratio 3.16, p-value 0.0068) when 

cultivated in minimal media with a glucose-acetate mixture (Bussmann, 2009; Wolf et al., 

2020). This shows that the lack of the adenylate cyclase has an influence on the transcription 

of gpt and cg1660. It would be interesting to know if the suppressor mutant ΔcyaB_sup2 has 

a wild type-like transcription of gpt and cg1660, which would suggest that Gpt and/or 
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Cg1660 play a role in the tolerance to high acetate concentrations. Gpt is annotated as a 

purine phosphoribosyltransferase (PRT) (Kalinowski et al., 2003). In general, purine PRTs are 

described to catalyse the reversible transfer of a phosphoribosyl group from 

phosphoribosylpyrophosphate (PRPP) to a purine base (adenine, guanine, hypoxanthine, or 

xanthine) (Craig III & Eakin, 2000). Bioinformatic analysis of Cg1660 suggests that it might 

function as a manganese (Mn2+) efflux pump belonging to the MntP family 

(PF02659/IPR003810) (Waters et al., 2011). In some bacteria Mn2+ is important for the 

protection against oxidative stress (Anjem et al., 2009). It is possible that already one of the 

mutations found in the suppressor strain ΔcyaB_sup2 is sufficient to rescue the acetate 

effect. To clarify this point, the mutations have to be introduced separately and together in 

the ΔcyaB mutant and tested. Furthermore, the effects of these mutations on the expression 

of the neighbouring genes need to be analysed.  

The suppressor strain ΔcyaB_sup2 shows that there is an alternative way beside the 

described glxR mutation to overcome the ‘acetate sensitivity’ and thus the lack of cAMP in 

the C. glutamicum ΔcyaB strain. It would be interesting to test if the mutations in 

C. glutamicum lead to an improved acetate tolerance. This ability could be interesting for 

biotechnological applications in which strains in fermentation processes are confronted with 

high acetate concentrations.  

 

3.4 Universal stress protein as putative cAMP binding protein 

Recently, a universal stress protein (Usp) of M. tuberculosis and M. smegmatis was described 

to be a cAMP-binding protein (Rv1636 and MSMEG_3811, respectively) (Banerjee et al., 

2015). These proteins do not have a classical cyclic nucleotide-binding domain, but the 

binding of Usp to cAMP in M. smegmatis was confirmed by cAMP affinity chromatography 

and verified by isothermal titration calorimetry (ITC) (Banerjee et al., 2015). Proteins that 

belong to the Usp protein family were described to be involved in stress responses because 

their synthesis was induced upon different stress conditions, such as starvation for glucose 

or phosphate, the entry into the stationary phase in rich medium, exposure to heat, or in the 

presence of uncouplers (Nystrom & Neidhardt, 1992). The biological function of cAMP-

binding to Usp in mycobacteria was described to be an additional regulation of the 

intracellular ‘free’ cAMP level and therefore a regulation of the downstream effects of 

cAMP. In another publication, it was shown that Rv1636 of M. tuberculosis is in the top 
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twenty of the most abundant proteins of the organism, which supports the hypothesis that 

this protein acts as a cAMP reservoir (Schubert et al., 2013).  

To find out if C. glutamicum harbours orthologues of Rv1636 and MSMEG_3811, a 

BLASTP search (States and Gish 1994) was performed and revealed that the C. glutamicum 

genome harbours five proteins that belong to the Usp family (Figure 11). 

Figure 11: Proteins of C. glutamicum that are carrying at least one Usp (universal stress 
protein) domain (Pfam: PF00582 (El-Gebali et al., 2018); InterPro IPR014729 (Mulder & 
Apweiler, 2008)).  

Cg1551 (UspA1) showed the highest sequence identity (44-50%) to MSMEG_3811 of 

M. smegmatis and Rv1636 of M. tuberculosis (Table 4). 

Table 4: Results of BLASTP alignment (Altschul et al., 1990) of two sequences using Usp 
(MSMEG_3811) of M. smegmatis as reference protein and depicted protein sequence 
(Cg1551, Cg1595, Cg3195, Cg3255 or Cg3316) as subject sequence. 

Protein name Percent 
identity 

Query 
cover 

Max score Total score E-value 

Cg1551/ UspA1 51.75% 97% 105 105 3e-34 

Cg1595/ UspA2 28.40% 97% 35 35 8e-08 

Cg3159/- 24.31% 95% 30.8 30.8 2e-06 

Cg3255/ UspA3 27.81% 97% 36.2 70.8 9e-08 

Cg3316/- 29.73% 30% 41.2 41.2 0.013 

Therefore, Cg1551 of C. glutamicum was further analysed in this work. A crystal structure of 

MSMEG_3811 with bound cAMP (PDB: 5ahw) revealed the amino acid residues that are 

most important for binding of cAMP, namely Gly10, Ala40, and Gly114 (Banerjee et al., 

2015). These residues are conserved in Cg1551 (Figure 12), as well as the ATP-binding motif 

(GX2GX9G(S/T)) that is found in some Usp family proteins (Mbah, 2014; Sousa & McKay, 

2001). If Rv1636 and MSMEG_3811 serve as cAMP reservoirs in mycobacteria, this could also 

be true for C. glutamicum. Similar to the situation in mycobacteria, cg1551 is highly 
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expressed (top 50 proteins) on the transcriptional level (personal communication Jörn 

Kalinowski, Bielefeld, Germany) and the protein was found to be highly abundant on 2D gels 

(Schaffer et al., 2001). 

 

Figure 12: ClustalW alignment of MSMEG_3811, Rv1636 and Cg1551 (UspA1). The amino 
acid sequence of MSMEG_3811 was used as the query. Identical amino acids of the three 
proteins are highlighted in red. Red numbers marked with an asterisk designate amino acids 
(Gly10, Ala40, and Gly114) important for cAMP binding according to Banerjee et al., 2015. 
Green highlighted are the conserved amino acids of the motif GX2GX9G(S/T), an ATP-binding 
domain found in USPs (Mbah, 2014; Sousa & McKay, 2001). The alignment was performed 
with ClustalW (Thompson et al., 1994) and further processed with Espript (Robert & Gouet, 
2014).  

ITC experiments with purified Cg1551 could be used to determine if the protein binds cAMP. 

In mycobacteria, the affinity of Usp for cAMP (Kd ~3 µM) was more than 50 times higher 

compared to the affinity of CRP for cAMP (Kd ~170 µM), which is also a hint for the possible 

role of UspA as a cAMP reservoir (Banerjee et al., 2015; Stapleton et al., 2010). Previous 

analysis of uspA mutants of E. coli showed a growth rate similar to the parental strain, but 

the growth was delayed, no matter in which medium the mutant was grown (Nystrom & 

Neidhardt, 1993). In this work, a C. glutamicum ∆cg1551 deletion mutant was generated to 

find out if the lack of this gene has likewise an influence on the cell vitality. The cultivations 

indeed revealed that the ∆cg1551 mutant has a prolonged lag phase (around 3 h in BHI and 

5 h in minimal media) compared to the wild type (Figure 13). Moreover, the ∆cg1551 mutant 

had a lower final backscatter when cultivated in CGXII minimal medium with glucose. 
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Figure 13: Growth behaviour of C. glutamicum wild type (WT) and a ∆cg1551 mutant on 
different carbon sources. The first preculture was inoculated in BHI medium and the second 
preculture was performed in BHI (A) in CGXII medium with 50 mM glucose (B) or with 
150 mM acetate (C) as carbon source. The cells were washed with saline (0.9% (w/v) NaCl) 
and used to inoculate the main cultures in 800 µl CGXII minimal medium to an OD600 of 1. 
Growth was monitored as scattered light at 620 nm in a BioLector at 30°C and 1200 rpm. 
Mean values and standard deviation of three biological replicates are shown. 

A hypothesis for explaining the prolonged lag phase is that the absence of Cg1551 could lead 

to an elevated cAMP level, which would cause increased DNA-binding of GlxR. As reported 

previously, a C. glutamicum ΔcpdA strain with a 2-fold higher intracellular cAMP level 

compared to the wild type had growth defects on all tested carbon sources (Schulte et al., 

2017). Further experiments are required to test this idea and the function of Cg1551 in 

cAMP homeostasis in C. glutamicum.  
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