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Abbreviations 

Abi  Abortive infection  MTase Methyltransferase 

ALE Adaptive laboratory evolution  NAP Nucleoid-associated protein  

ATc Anhydrotetracycline  NMR 
spectroscopy  

Nuclear magnetic resonance 
spectroscopy  

a.u. arbitrary unit  NTP Nucleoside triphosphate 

BREX Bacteriophage exclusion  PALM Photoactivated localization 
microscopy  

BS Binding site   PAM Protospacer adjacent motif 

CBASS Cyclic oligonucleotide-based anti-
phage signalling system 

 PBM Protein binding microarray  

cGAMP Cyclic GMP-AMP   PCx Pyruvate carboxylase 

cGAS Cyclic GMP–AMP synthase  PDHC Pyruvate dehydrogenase 
complex 

CRISPR-Cas Clustered regularly interspaced 
short palindromic repeats and 
CRISPR-associated proteins 

 PEPCx Phosphoenolpyruvate 
carboxylase 

crRNA CRISPR RNA   REase Restriction endonuclease 

CgpS C. glutamicum prophage silencer  R-M system Restriction modification system 

ChAP-seq Chromatin affinity purification 
and sequencing 

 RNA Ribonucleic acid 

ChIP Chromatin immunoprecipitation  RNA Pol RNA polymerase 

DDFA Differential DNA footprint 
analysis 

 SFM Scanning force microscopy  

DISARM Defence islands system 
associated with restriction 
modification  

 STORM Stochastic optical reconstruction 
microscopy 

DNA  Deoxyribonucleic acid  SPI Salmonella pathogenicity island 

DNA BD DNA binding domain  SPR analysis  Surface plasmon resonance 
analysis  

Dnd 
defence 
system 

DNA degradation defence system  sptPALM Single-particle tracking PALM 

DRE Downstream regulatory element   TCA cycle Tricarboxylic acid cycle 

e.g. exempli gratia  TF Transcription factor 

EHEC  Enterohemorrhagic E. coli  TSS Transcriptional start site 

EPEC Enteropathogenic E. coli  T3SS Type III secretion system 

et al.  et alii  UPEC  Uropathogenic E. coli  

HGT Horizontal gene transfer  URE Upstream regulatory element 

Ler  Locus of enterocyte effacement 
(LEE)-encoded regulator 

 WT Wild-type 

LLPS Liquid-liquid phase separation  XS Xenogeneic silencer 

MGE Mobile genetic element    

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

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

(https://rupress.org/jcb/pages/standard-abbreviations).
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Abstracts  1 

1. Abstracts 

1.1. Summary 

Horizontal gene transfer (HGT) is a major driving force of microbial evolution as it allows the rapid 
acquisition of new genetic traits. However, foreign DNA is likely to decrease the fitness of recipient cells by 
causing detrimental effects and therefore requires stringent control of gene expression. Hence, bacteria 
evolved a number of mechanisms allowing them to discriminate between self and non-self. Xenogeneic 
silencer (XS) proteins are nucleoid-associated proteins that preferentially bind to horizontally acquired DNA 
based on differences in nucleotide composition, in particular a higher AT content. XS proteins are widely 
distributed in bacteria and belong to one of the four classes comprising the H-NS-like XS, Rok, MvaT/U-like 
proteins, and Lsr2-like XS proteins. They play a predominant role in the acquisition of novel genetic material 
and oligomerization of XS proteins to higher-order nucleoprotein complexes tightly inhibits transcription. 
Binding of a transcription factor (TF) within a silenced region may interfere with the XS-DNA complex 
leading to counter-silencing and activation of gene expression. Consequently, XS and counter-silencing 
facilitate the integration of novel genetic material into host regulatory circuits enabling the appropriate 
expression in response to physiological and environmental stimuli.  

The aim of this thesis was to investigate the rules underlying silencing and counter-silencing of the medically 
and biotechnologically relevant Lsr2-like proteins conserved in actinobacteria by using CgpS from 
Corynebacterium glutamicum as a model. CgpS has previously been identified as an Lsr2-like XS, which is 
crucial for maintaining the lysogenic state of an AT-rich, cryptic prophage element. 

In this thesis, genome-wide bioinformatic analyses showed that CgpS preferentially binds to long and 
consecutive AT-rich stretches and that CgpS targets typically feature a distinct drop in GC-profile close to 
the transcriptional start site (TSS). Furthermore, a sequence-specific binding motif containing multiple A/T 
steps was overrepresented in CgpS bound regions. The importance of the drop in GC-profile and the 
putative binding motif for CgpS silencing was verified by performing in vivo reporter studies with synthetic 
variants of native CgpS target promoters, demonstrating that both DNA features cooperatively support 
CgpS-mediated silencing. 

Following a synthetic counter-silencer approach, the operator sequence of the gluconate-responsive TF 
GntR was inserted within diverse CgpS silenced promoters at different positions. Binding of GntR led to 
disruptive counter-silencing at various CgpS target promoters demonstrating flexibility in promoter 
architecture of these horizontally acquired targets. Almost all binding site positions resulted in differential 
gene expression, but counter-silencing efficiency strongly depended on the binding site position. The most 
prominent effect was observed at the position of maximal CgpS binding close to the TSS. 

Counter-silencer constructs usually showed only low background activity. To verify their potential as 
expression systems for synthetic biology applications demanding stringent control of gene expression, 
activities were compared to established expression systems (Ptac and Ptet). It was demonstrated that 
counter-silencer constructs have a significantly reduced background activity while showing strong 
inducibility with temporal tunability. 

By combining all synthetic constructs showing differential gene expression, a gluconate-responsive 
synthetic promoter library was generated (28 activated and 16 repressed promoters). Finally, this overall 
principle of xenogeneic silencing and counter-silencing was harnessed for the design of a GntR-controlled 
synthetic toggle switch featuring robust and reversible output in response to gluconate availability. This 
regulatory circuit was successfully implemented as metabolic toggle in a C. glutamicum L-valine production 
strain and enabled the dynamic redirection of carbon flux between biomass and product formation. 

In conclusion, this thesis provides comprehensive insights into the CgpS target recognition mechanism 
during silencing and shows the first systematic analysis of mechanisms allowing counter-silencing of Lsr2-
like XS proteins in actinobacteria. Furthermore, the potential of silencing and counter-silencing for synthetic 
and biotechnological applications was demonstrated. 
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1.2. Zusammenfassung 

Der horizontale Gentransfer (HGT) stellt eine wichtige treibende Kraft der mikrobiellen Evolution dar, da er die 
schnelle Gewinnung neuer genetischer Merkmale ermöglicht. Fremd-DNA verringert jedoch aufgrund 
schädlicher Auswirkungen mit hoher Wahrscheinlichkeit die Fitness der Empfängerzellen und erfordert daher 
eine stringente Kontrolle der Genexpression. Daher entwickelten Bakterien eine Reihe von Mechanismen, die 
ihnen die Unterscheidung zwischen Selbst und Nicht-Selbst ermöglichen. Xenogene silencer (XS) Proteine sind 
Nukleoid-assoziierte Proteine, die auf Basis von Unterschieden in der Nukleotid-Zusammensetzung, 
insbesondere einem höheren AT-Gehalt, bevorzugt an horizontal erworbene DNA binden. XS-Proteine sind in 
Bakterien weit verbreitet und gehören zu einer von vier Klassen. Diese umfassen die H-NS- und MvaT/U-artigen 
XS, Rok und Lsr2-ähnliche XS-Proteine. XS spielen eine entscheidende Rolle bei dem Gewinn von neuem 
genetischen Material und durch Oligomerisierung zu Nukleoprotein-Komplexen höherer Ordnung inhibieren sie 
stark die Transkription. Die Bindung eines Transkriptionsfaktors (TF) innerhalb einer stillgelegten Region kann 
mit dem XS-DNA-Komplex interferieren. Dies führt zu einer Aufhebung des silencing und zur Aktivierung der 
Genexpression (counter-silencing). Demnach erleichtern XS und counter-silencing die Integration von neuem 
genetischen Material in das regulatorische Netzwerk des Wirts und ermöglichen dessen angemessene Expression 
in Reaktion auf physiologische und umgebungsbedingte Stimuli. 
Das Ziel dieser Dissertation war die Untersuchung der Regeln, die dem silencing und counter-silencing der 
medizinisch und biotechnologisch relevanten, in Aktinobakterien konservierten Lsr2-ähnlichen Proteinen 
zugrunde liegen, unter Verwendung von CgpS von Corynebacterium glutamicum als Modell. CgpS war zuvor als 
ein Lsr2-ähnliches XS-Protein identifiziert worden und ist für die Aufrechterhaltung des lysogenen Zustands eines 
AT-reichen, kryptischen Prophagen-Elements von entscheidender Bedeutung. 
In dieser Arbeit zeigten genomweite bioinformatische Analysen, dass CgpS bevorzugt lange und konsekutive AT-
reiche Sequenzen bindet und dass CgpS-Ziele typischerweise einen deutlichen Abfall des GC-Profils in der Nähe 
des Transkriptionsstarts (TSS) aufweisen. Zusätzlich war ein sequenzspezifisches DNA-Motiv mit mehreren A/T-
Schritten in CgpS-gebundenen Regionen überrepräsentiert. Dessen Bedeutung und die des mutmaßlichen DNA-
Bindungsmotivs für das CgpS-silencing wurde durch in vivo Reporterstudien mit synthetischen Varianten von 
nativen CgpS-Zielpromotoren verifiziert. Diese zeigten, dass beide DNA-Merkmale kooperativ zum CgpS-
vermittelten silencing beitragen. 
In einem synthetischen counter-silencing Ansatz wurde die Operatorsequenz des Glukonat-abhängigen TF GntR 
in verschiedene CgpS-gebundene Promotoren an unterschiedlichen Positionen eingefügt. Die Bindung von GntR 
führte zu disruptivem counter-silencing von mehreren CgpS-Zielpromotoren, wodurch die Flexibilität in der 
Promotorenarchitektur dieser horizontal erworbenen Ziele demonstriert wurde. Fast alle Bindestellenpositionen 
führten zu einer differentiellen Genexpression, jedoch war die counter-silencing Effizienz stark von der 
Positionierung abhängig. Der auffälligste Effekt wurde an der Stelle der maximalen CgpS-Bindung in der Nähe 
des TSS beobachtet. 
Üblicherweise wiesen die counter-silencing-Konstrukte nur eine geringe Basalaktivität auf. Zur Verifizierung ihres 
Potenzials als Expressionssysteme für Anwendungen der Synthetischen Biologie, die eine stringente Kontrolle 
der Genexpression erfordern, wurden ihre Aktivitäten mit denen von etablierten Expressionssystemen (Ptac und 
Ptet) verglichen. Dabei konnte gezeigt werden, dass counter-silencing-Konstrukte eine signifikant reduzierte 
Basalaktivität und gleichzeitig eine starke Induzierbarkeit mit zeitlicher Abstimmbarkeit aufweisen. 
Durch die Kombination aller synthetischen Konstrukte, die eine differentielle Genexpression zeigten, wurde eine 
Glukonat abhängige, synthetische Promotorbibliothek generiert (28 aktivierte und 16 reprimierte Promotoren). 
Die silencing und counter-silencing Prinzipien wurden schließlich für die Konstruktion eines synthetischen, GntR-
gesteuerten genetischen Schalters genutzt, der robust und reversibel auf die Verfügbarkeit von Glukonat 
reagierte. Dieser Regelkreis wurde erfolgreich als metabolischer Schalter in einem C. glutamicum L-Valin 
Produktionsstamm implementiert, wo er die dynamische Umlenkung des Kohlenstoffflusses zwischen Biomasse- 
und Produktbildung ermöglichte. 
Zusammenfassend bietet diese Arbeit umfassende Einblicke in den CgpS-Zielerkennungsmechanismus während 
des silencing und zeigt die erste systematische Analyse von Mechanismen, die das counter-silencing von Lsr2-
ähnlichen XS-Proteinen in Aktinobakterien ermöglichen. Darüber hinaus wurde das Potenzial von silencing und 
counter-silencing für synthetische und biotechnologische Anwendungen demonstriert. 
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2. Scientific context and key results of this thesis 

2.1. Horizontal gene transfer – a major driving force of microbial evolution 

Horizontal gene transfer (HGT), the lateral transfer of DNA between unicellular or multicellular 

organisms, represents an important evolutionary driving force and strongly increases genetic diversity 

(Will et al., 2015). Evidences for horizontally transferred DNA are widespread and detectable in all free-

living bacteria (Navarre, 2016). Such events were identified among prokaryotes (Jain et al., 1999) and 

even between members of different kingdoms, e.g. from animals to bacteria (Wolf et al., 1999), from 

bacteria to archaea (Nelson et al., 1999), and from bacteria to eukaryotes (Doolittle, 1998; White et 

al., 1983). In contrast to point mutations and genome rearrangements, horizontally transferred mobile 

genetic elements (MGEs) like plasmids, gene cassettes, transposons, and bacteriophages allow the 

dynamic acquisition and deletion of large parts of DNA, thereby contributing to rapid adaptations of 

bacteria to fluctuating and challenging environments (de la Cruz and Davies, 2000; Ochman et al., 

2000). For instance, such beneficial traits may provide new metabolic abilities like the utilization of 

alternative carbon sources (Chu et al., 2018), provide tolerance towards different stresses (Wang et 

al., 2010) and mainly contribute to the rapid spread of antibiotic drug resistance within microbial 

communities (Raz and Tannenbaum, 2010; Walsh, 2000). Furthermore, most bacterial virulence genes 

were acquired via HGT (Navarre, 2016). 

The high evolutionary impact of HGT becomes especially remarkable in the light of bacterial speciation 

and pathogenicity. One example is the contribution of HGT to the divergent evolution of Salmonella 

and Escherichia coli from their last common ancestor during the last 140 million years. While 

housekeeping genes of both species are still very similar (90% identity) (de la Cruz and Davies, 2000), 

horizontally transferred DNA contributed to evolution of Salmonella´s unique pathogenic lifestyle 

comprising the utilization of various carbon sources, the use of alternative electron acceptors in the 

absence of oxygen and the induction of inflammation (Desai et al., 2013; Navarre, 2016).  

HGT can occur via three different mechanisms: Natural transformation, conjugation, and transduction 

(Figure 1). While transformation describes the active import of free naked DNA fragments (ssDNA or 

dsDNA) by a natively competent cell from its surrounding environment (e.g. after cell lysis of a 

neighbouring cell) (Sun, 2018; Vogan and Higgs, 2011) (Figure 1A), plasmids are typically transferred 

via conjugation. Conjugation depends on direct cell-cell contacts which are formed by a pilus bridge 

allowing conjugative plasmids and transposons to autonomously transport one copy of the MGE into 

another cell (Villa et al., 2019; Vogan and Higgs, 2011) (Figure 1B). Viruses that prey on bacteria, so-

called bacteriophages, are present in all ecological niches and represent the most abundant biological 

entity on earth with an estimated number of 1031 – which is ten-times higher than the estimated sum 

of all bacteria cells (Hendrix et al., 1999). By mediating the transfer of bacterial DNA between a donor 
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and a recipient cell, bacteriophages represent the key players of the generalized and specialized 

transduction mechanisms (Touchon et al., 2017; Villa et al., 2019) (Figure 1C). 

 

 

Figure 1: Mechanisms of horizontal gene transfer. A) Natural transformation: Uptake, integration, and expression of 
extracellular DNA, which has been released upon lysis of the donor cell. B) Conjugation: DNA is transferred from the donor 
to the recipient cell via adhesins or pili by direct cell-cell contact. C) Transduction: Bacteriophage-mediated DNA transfer from 
a previously infected donor cell to a recipient cell. Two transduction processes are known. Shown is the generalized 
transduction mechanism. Instead of phage DNA, random fragments of bacterial DNA (red) are accidentally loaded into the 
phage head. The second variant, described as specialized transduction, means that fragments of genomic DNA neighbouring 
the integrated phage DNA are co-excised and additionally loaded into the phage head (not shown). Adapted from Furuya and 
Lowy (2006). 

 

Depending on their lifestyles, phages are grouped into lytic and temperate phages. The infection with 

a lytic phage is indispensably connected with the reprogramming of the bacterial host towards the 

synthesis of new virions, followed by cell lysis and the release of infectious particles. In contrast, 

temperate phages have two options: the lytic cycle or the stable maintenance as a prophage (lysogenic 

cycle). During the lysogenic cycle, the viral DNA is replicated in concert with the bacterial DNA, e.g. 

upon integration into the host genome or by existing as extrachromosomal elements (Casjens, 2003).  

Functional temperate phages can be induced either SOS-independently, e.g. as response to quorum-

sensing signalling molecules, or by the cellular SOS response. DNA damage as a result of antibiotics or 

physiological stresses can trigger the SOS response which subsequently induces the lytic-lysogenic 

switch (Ghosh et al., 2009; Janion, 2008; Melechen and Go, 1980). Since the induction of functional 

prophages usually results in lysis of the host, these viral elements represent a ubiquitous threat for the 
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cellular fitness. However, whole-genome sequencing approaches revealed that DNA of viral origin is 

highly abundant in bacterial chromosomes. In some extreme cases, up to 20% of the bacterial genome 

is comprised by viral DNA (Casjens, 2003). Most of this DNA is not expressed in the prophage state. 

However, several temperate phage genes can be expressed in the lysogenic state, which may have 

effects on the host phenotype, causing the lysogenic conversion of the bacterial cell. For instance, 

prophages often provide pathogenicity determinants such as toxin encoding genes, as reported for the 

cholera toxin of Vibrio cholerae, the diphtheria toxin of Corynebacterium diphtheriae as well as for 

different toxins of Pseudomonas aeruginosa and E. coli (Hacker et al., 1997). Interestingly, temperate 

phages can confer resistance to secondary phage infections by different mechanisms, e.g. by surface 

modifications to block phage binding or DNA injection as well as by repressing the replication of phage 

DNA (Bondy-Denomy et al., 2016; van Houte et al., 2016). 

The high amounts of cryptic, degenerated phage DNA within bacterial genomes reveal the gradual 

decay which prophage DNA may undergo during the course of evolution. The results are phage 

elements with defects in specific functions related to cell lysis, viral replication, the formation of phage 

particles or infectivity (Bobay et al., 2014). These cryptic, grounded prophages have a lower probability 

to kill the cell, while beneficial traits such as immunity to secondary phage attack may be maintained. 

Furthermore, they represent hotspots for HGT and are important drivers of bacterial evolution 

(Ramisetty and Sudhakari, 2019).  

 

 

2.2. How to discriminate between self and foreign? 

Although HGT and phage-host interactions strongly shaped bacterial evolution and provided countless 

beneficial traits, invading foreign DNA still represents a constant threat for the recipient cell forcing 

microbes to develop defence and control mechanisms. HGT mediated by phages is a double-edged 

sword for the microbial cell (Faure et al., 2019). It allows the acquisition of beneficial DNA elements. 

On the other hand, the probability that invading DNA results in harmful effects on the fitness of the 

recipient cell is high. Foreign DNA elements can interfere with the host regulatory network, disturb the 

structural integrity of the host chromosome, cause high transcriptional and translational costs or may 

lead to the production of cytotoxic gene products and sequestration of cellular machineries (Baltrus, 

2013; Navarre, 2016; Park and Zhang, 2012; Pfeifer et al., 2016; Vogan and Higgs, 2011). Even the 

acquisition of potentially useful genes can be a disadvantage if they are not properly controlled in 

terms of expression timing and strength (Navarre, 2016). Consequently, bacteria evolved various 

defence mechanisms allowing them to deal with foreign DNA, e.g. DNA of viral origin (Doron et al., 

2018). Phage-specific immune systems target different stages of the phage lifecycle. Early systems aim 

at blocking phage binding and DNA injection, e.g. by surface modification leading to masking, mutating 
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or loss of host receptor proteins (van Houte et al., 2016). Later mechanisms are based on the 

recognition of phage nucleic acids or proteins leading to targeted cleavage of the phage genome, to 

inhibition of phage replication or to the programmed cell death of the host cell (Figure 2). While some 

defence mechanisms mainly provide immunity for a single cell, others can be considered as 

multicellular strategy acting at population level. It is important to note that the targeted recognition 

and degradation of xenogeneic DNA is not limited to phages and can be considered as general 

mechanisms allowing cells to deal with foreign DNA elements. One important prerequisite of suitable 

defence systems are mechanisms allowing the recognition and discrimination between self (host) and 

non-self (horizontally acquired) DNA elements (Goldberg and Marraffini, 2015). Known mechanisms 

and their molecular basis to meet this challenge will be discussed in the following sections. 

 

2.2.1. Destructive defence systems 

Destructive defence mechanisms targeting nucleic acids allow the specific recognition and degradation 

of foreign genetic elements and thereby limit the risk of HGT and phage infection. During evolution, 

microorganisms developed two general strategies of cellular immunity: the innate immunity 

comprising genetically encoded mechanisms that recognize general features of foreign nucleic acids 

and the adaptive immune system that can be considered as cellular memory to previous infections 

(Amitai and Sorek, 2016).  

In the 1950s, Bertani and Luria firstly described the phenomenon of restriction modification after 

observing that bacteriophage production in newly infected bacterial strains differs depending on the 

original host strain (Bertani and Weigle, 1953; Luria and Human, 1952). Restriction modification (R-M) 

systems are considered as innate immune systems providing resistance against foreign DNA 

independently of previous adaptation steps (Vasu and Nagaraja, 2013). Nowadays, R-M systems 

summarize widespread defence mechanisms (present in about 74% of prokaryotic genomes (Oliveira 

et al., 2014)) which cleave and degrade foreign DNA (Figure 2AI). R-M systems were found in a variety 

of organisms including bacteria and archaea (Pingoud et al., 2005) and often several different systems 

co-exist in one genome (Oliveira et al., 2014).  

The classical R-M systems combine two enzymatic mechanisms, either separated or combined in one 

protein complex: a restriction endonuclease (REase, restriction enzyme) recognizing and cleaving 

specific DNA sequences and a methyltransferase (MTase) which epigenetically methylates these 

sequences in the host chromosome to protect the own genome from self-cleavage (Vasu and Nagaraja, 

2013). Even if the invading DNA is methylated, based on the high diversity of systems (almost 4,000 

identified restriction enzymes with more than 300 different specificities), in most cases, the 

methylation pattern will differ from the one of the host cell (Roberts et al., 2010; Vasu and Nagaraja, 

2013). R-M systems are currently categorized into four types (I-IV), differing in the mechanisms of 
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target recognition and cleavage, subunit compositions, required cofactors and substrate specificity 

(Roberts et al., 2003; Vasu and Nagaraja, 2013).  

Interestingly, host-specific DNA modifications allowing to distinguish DNA in terms of self and non-self 

are not restricted to methylation. The innate Dnd (DNA degradation) defence system is based on 

phosphorothioate modification at the sugar phosphate backbone of the DNA. It confers nuclease 

resistance in bacteria (Wang et al., 2007) and prevents replication of viral DNA in archaea (Xiong et al., 

2019). Dpd, a further mechanism of DNA modification with the potential to discriminate between self 

and non-self was previously identified by Thiaville and colleagues. The authors reported the 

occurrence of inserted 7-deazaguanine derivatives within the DNA which influenced restriction 

efficiencies during plasmid transformation (Thiaville et al., 2016). Remarkably, a system derivate was 

identified in different phages, e.g. in E. coli phage 9g, and the authors suggested that this modification 

might act as anti-restriction system by conferring resistance to restriction enzymes of the host 

(Thiaville et al., 2016). 

Further R-M related anti-phage mechanisms are the BREX (Bacteriophage Exclusion) and the DISARM 

(Defence Islands System Associated with Restriction Modification) system, both using methylation as 

basis for self/non-self-discrimination (Goldfarb et al., 2015; Ofir et al., 2018). While DISARM results in 

restriction of phage DNA and act as a multi-gene restriction-modification module (Ofir et al., 2018), 

the BREX system leads to a blockage of phage DNA replication (Goldfarb et al., 2015).  

 

In contrast to the abovementioned innate R-M systems, the highly diverse and complex CRISPR-Cas 

(Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR-associated proteins) systems 

represent the adaptive bacterial and archaeal immunity with a memory function (Figure 2AII) (Amitai 

and Sorek, 2016; Faure et al., 2019). CRISPR-Cas systems were identified in almost all archaeal 

genomes and in about one third of all bacteria (Faure et al., 2019; Koonin et al., 2017). The CRISPR-Cas 

immune response can be divided into three stages: adaptation, processing, and interference. During 

adaptation, a complex of different Cas proteins recognizes and binds a two to four base pair short 

protospacer adjacent motif (PAM) within the foreign DNA, followed by the excision of a short DNA 

fragment (protospacer), which is inserted as spacer into the host CRISPR array. Upon transcription of 

the CRISPR array, the precursor CRISPR RNA (crRNA) is processed into small maturated, one spacer 

crRNAs by Cas proteins or non-Cas ribonucleases. During interference, crRNAs function as guide for 

Cas nucleases by specifically recognizing sequence complementarities to protospacers in an invading 

plasmid or viral genome. Finally, Cas nucleases cleave and inactivate the complementary foreign DNA, 

thereby protecting the cell against potentially detrimental fitness effects (Amitai and Sorek, 2016; 

Faure et al., 2019). Remarkably, the authors of a recent review summarized observations hinting that 

CRISPR-Cas might have functions going beyond immunity, e.g. inhibiting or stimulating regulatory 



10  Scientific context and key results of this thesis 

effects on HGT, signal transduction, programmed cell death, DNA repair systems, plasmid maintenance 

and transposon integration (Faure et al., 2019).  

 

R-M and CRIPSR-Cas systems were intensively studied in the past and were demonstrated to efficiently 

provide resistance against incoming foreign DNA. However, recent studies revealed that we have still 

underestimated the degree of complexity of bacterial defence systems. While the above described 

mechanisms mainly act at the cellular level, the secretion of small secondary molecules were recently 

described by Kronheim and colleagues as putative innate chemical anti-phage defence strategy at 

population level (Figure 2B) (Kronheim et al., 2018). By systematically screening secondary molecules 

naturally produced by Streptomyces, they could show that sub-inhibitory concentrations of several 

DNA-intercalating molecules (e.g. daunorubicin and doxorubicin) inhibit replication of phage dsDNA 

but not bacterial cell growth. The authors suggested that the self/non-self-discrimination was based 

on differences in the DNA states of the host and the phage genome: the invading phage genome is 

linear, non-supercoiled and unbound by protecting DNA-binding proteins (Kronheim et al., 2018).  

Further anti-phage defence strategies are collectively referred to as abortive infection (Abi) systems 

(Bernheim and Sorek, 2020) (Figure 2C). In general, these post infection resistance mechanisms are 

part of the bacterial innate immunity and act at population level (Dy et al., 2014). In cases when earlier 

immune responses failed to prevent phage infection (e.g. R-M systems), Abi systems prevent the 

spreading of phages by enabling the host cell to kill itself (programmed cell death) or to arrest in a 

dormant state before functional phage particles are formed (Bernheim and Sorek, 2020). These 

strategies are diverse and found in a variety of microorganism, e.g. E. coli (Bingham et al., 2000), 

Lactococcus spp. (Durmaz and Klaenhammer, 2007), and Staphylococcus spp. (Depardieu et al., 2016). 

Their common objective is the protection of the bacterial community from a viral epidemic by 

sacrificing the infected host cell. Therefore, Abi systems are considered as altruistic cell death systems 

(Bernheim and Sorek, 2020; Dy et al., 2014; van Houte et al., 2016). Typical triggers of these 

mechanisms are phage proteins, phage nucleic acids or the state of a cell after phage infection 

(Bernheim and Sorek, 2020).  

In addition to the discussed strategies, a variety of further systems exist which are suggested to provide 

defence against foreign DNA elements (reviewed in (Bernheim and Sorek, 2020; van Houte et al., 

2016)), highlighting the multiplicity of defence mechanisms. At present, we are only just beginning to 

understand the complexity of prokaryotic immune systems, including their molecular mechanisms, not 

to mention the far-reaching interplay of these mechanisms in living cells.  
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Figure 2: Defence systems protecting cells against invading foreign DNA. A) Systems targeting nucleic acids. I) Restriction 
modification (R-M) and related systems. II) CRISPR-Cas systems. B) Chemical defence systems. C) Abortive infection (Abi) 
systems. Different examples for Abi systems are given. I) Cyclic oligonucleotide-based anti-phage signalling systems (CBASSs) 
of E. coli and V. cholerae. Cyclic GMP-AMP (cGAMP) is produced by cyclic GMP–AMP synthase (cGAS) as response to phage 
infection. The molecular mechanism has yet not been identified. cGAMP signalling activates downstream effector proteins, 
e.g. a phospholipase which degrades the inner cell membrane, which finally leads to cell death (Cohen et al., 2019). II) The 
AbiZ protein of Lactococcus spp. acts together with phage lysins and holins and triggers cell lysis before functional phage 
particles are formed (Durmaz and Klaenhammer, 2007). III) E. coli Lit protein senses a complex composed of the T4 phage 
peptide Gol and the ribosomal elongation factor EF-Tu. Consequently, Lit cleaves EF-Tu resulting in translation inhibition and 
cell death (Bingham et al., 2000). IV) The Rex system of lysogenic E. coli strains which is involved in maintaining the lysogenic 
state of phage λ. Upon sensing of phage protein-DNA complexes, RexA becomes active and activates the membrane-anchored 
ion channel protein RexB. RexB activation leads to membrane depolarization and dropping ATP levels. Consequently, ATP-
dependent replication of phage DNA is aborted (Parma et al., 1992; van Houte et al., 2016) D) Foreign DNA acquisition 
mediated by xenogeneic silencing. Xenogeneic silencer proteins recognize AT-rich foreign DNA. DNA binding of these proteins 
leads to the formation of a higher-order nucleoprotein complex which inhibits transcription, thereby leading to silencing of 
the horizontally acquired DNA (Pfeifer et al., 2019). Although XS proteins preferentially bind to these foreign genetic elements 
and play an important role in maintaining the lysogenic state of prophages (Pfeifer et al., 2016), the function of XS proteins 
during phage infection is still unclear. Adapted from Bernheim and Sorek (2020), Pfeifer et al. (2019), van Houte et al. (2016). 

 

Interestingly, different defence systems or derivates of the same mechanism often co-exist in one 

single genome with the potential to act synergistically (Bernheim and Sorek, 2020). In general, defence 

systems are often physically clustered in certain genome regions, so-called defence islands. These 



12  Scientific context and key results of this thesis 

regions are often enriched with genes encoding recombinases and transposases which might facilitate 

HGT by conferring mobility of the islands (Makarova et al., 2011). Furthermore, these islands can 

provide hotspots for the integration of horizontally transferred elements (Bernheim and Sorek, 2020). 

Recently, Doron and colleagues performed an elegant analysis based on the clustering of immune 

systems in defence islands (Doron et al., 2018). Following the idea that unknown defence systems 

might be located close to known systems in bacterial genomes and that gene orders could be 

conserved, they systematically mapped microbial genome regions to identify putative candidates. By 

performing comprehensive characterization, they were able to identify nine new anti-phage defence 

systems and one system involved in defence against plasmids (Doron et al., 2018), highlighting the 

abovementioned complexity of defence strategies.  

 

2.2.2. Xenogeneic silencers 

In contrast to destructive defence mechanisms, xenogeneic silencer (XS) proteins promote tolerance 

towards foreign (xenogeneic) DNA (Figure 2D) (Navarre et al., 2007; Pfeifer et al., 2019). XS proteins 

are specialized nucleoid-associated proteins (NAPs) and represent the molecular basis of the 

xenogeneic silencing mechanism. They recognize and bind AT-rich, horizontally acquired DNA and their 

subsequent oligomerization inhibits transcription of these genetic elements (Fang and Rimsky, 2008; 

Gordon et al., 2011; Navarre, 2016; Navarre et al., 2007). The discrimination between self and non-self 

is mainly based on differences in nucleotide composition of the DNA, in particular the proportion of 

adenines and thymines (AT content), between the foreign element and the genome of the recipient 

cell (Navarre et al., 2007). Since XS proteins prevent the uncontrolled expression of foreign DNA and 

consequently protect the cells from potential detrimental effects, they were recently considered as 

part of the bacterial immune system (Navarre, 2016; Pfeifer et al., 2019). Xenogeneic silencing 

prevents the production of putative toxic compounds. Furthermore, it also represents an important 

fitness trait to avoid sequestering of the RNA polymerase and spurious transcription of AT-rich DNA 

sequences from adventitious promoters, explaining XS binding sites in intragenic regions. In particular, 

XS prevents the titration of the RNA polymerase away from GC-rich promoters, antisense transcript 

expression as well as transcription of neighbouring genes (Lamberte et al., 2017; Singh et al., 2014). 

The importance of XS proteins is reflected in the consequences of their loss for bacterial fitness, 

ranging from subtle to extreme and even to cell death depending on the bacterial species (Castang and 

Dove, 2012; Navarre, 2016; Navarre et al., 2006; Pfeifer et al., 2016). 

 

2.2.3. Base composition as discrimination factor between self and non-self 

Bacterial genomes show strong variance in overall GC content and differ between less than 20% in 

bacterial endosymbionts to actinobacterial genomes of more than 70% (Hildebrand et al., 2010; 
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Zamenhof et al., 1952). Extreme examples are the genomes of the proteobacterial symbiont Carsonella 

ruddii strain Pv with a low GC content of about 16.5% (Nakabachi et al., 2006) and the actinobacterium 

Frankia alni strain ACN14a having a high GC content of 72.8% (Normand et al., 2007). Nevertheless, as 

mentioned before, all known XS preferentially target DNA which has a higher AT content than the host 

genome, meaning they use base composition as discrimination factor between self and non-self. 

Theoretically, different molecular reasons would prefer the accumulation of adenines and thymines in 

bacterial genomes in the course of evolution (Figure 3). For instance, energetic costs for guanine and 

cytosine are higher compared to adenine and thymine and high amounts of adenosine triphosphate 

(ATP) are present in bacterial cells (Rocha and Danchin, 2002). Furthermore, reactive oxygen species 

can trigger the oxidative deamination of cytosine to uracil-like products, resulting in C-T transitions, or 

can induce the oxidation of guanine, leading to G-T transversions (Wang et al., 1998) (Figure 3). In 

theory, in the absence of appropriate DNA repair systems, these factors would favour the 

accumulation of A and T within a bacterial genome over time. Indeed, in bacterial endosymbionts 

lacking important DNA repair systems due to drastic genome reductions, mutation rates from G/C to 

A/T are three times higher than from A/T to G/C, resulting in highly AT-rich genomes of these host-

restricted bacteria (Moran et al., 2009). 

 

 

Figure 3: Molecular reasons for the shift towards high AT content in the absence of appropriate DNA repair systems. 
Different molecular reasons would favor the accumulation of A and T in DNA molecules, including the lower energetic costs 
of A and T in comparison to G and C, the intracellular ratios of nucleoside triphosphates (NTPs), as well as G-T transversions 
and C-T transitions caused by oxidative DNA damages. Appropriate DNA repair systems counteract this base shift allowing 
bacteria to keep a certain GC content (Moran et al., 2009; Rocha and Danchin, 2002; Wang et al., 1998). [Abbreviations: NTP, 
nucleoside triphosphate; ATP, adenosine triphosphate; UTP, uridine triphosphate; GTP, guanosine triphosphate; CTP, cytidine 
triphosphate]. 

 

These reasons might also explain why HGT elements such as plasmids and phages often tend to be AT-

rich when they enter a host cell (Rocha and Danchin, 2002). Consistently, genes which are unique for 

single or few species and therefore considered as being horizontally acquired typically show lower, 

even decreasing GC contents over time. In contrast, many bacteria species strictly keep a certain GC 
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content in their core genome, e.g. by using efficient DNA repair mechanisms (Desai et al., 2013; 

Navarre, 2016). These stable differences in GC content between ancestral core genes and horizontally 

acquired DNA elements suggest an evolutionary selection pressure which prevents the adaptation of 

GC contents (Desai et al., 2013; Navarre, 2016). In the light of evolution, a potential reason for this 

phenomenon might be that XS proteins use base composition as discrimination factor between self 

and non-self (Navarre et al., 2007). XS proteins preferentially bind to AT-rich DNA and therefore enable 

silencing of previously acquired AT-rich foreign DNA elements as well as of those which prospectively 

enter the cell. In this way, they protect the cell from uncontrolled expression of potentially harmful 

genes. In contrast, GC-rich xenogeneic DNA cannot be silenced by most XS proteins due to their 

mechanism of target recognition (will be discussed in chapter 2.3.3. “How do xenogeneic silencers 

recognize their targets?”). Therefore, XS proteins cannot buffer against harmful effects of GC-rich 

elements. These fitness consequences might lead to cell death of the recipient cell and prevent the 

stable manifestation of GC-rich elements in bacterial genomes (Navarre, 2016). Consistently, XS do not 

target all DNA elements which are horizontally acquired. For instance, Smits and colleagues 

demonstrated that the XS protein Rok does not bind the defective prophage PBSX which has a 

nucleotide composition similar to that of the Bacillus subtilis host genome (Smits and Grossman, 2010). 

 

 

2.3. Xenogeneic silencing 

The following sections will provide an overview on the four currently known classes of XS proteins, 

their main targets, the molecular basis of target recognition and formation of the nucleoprotein 

complex as well as involved accessory factors. 

 

2.3.1. Four classes of xenogeneic silencers 

XS proteins are present in a variety of different bacterial species including Gram-positive and -negative 

bacteria (Suzuki-Minakuchi and Navarre, 2019). Currently known XS proteins are grouped into four 

previously described classes based on their amino acid sequence and structure: H-NS and its paralogs 

were found in different α-, β-, and λ-proteobacteria like Salmonella, Yersinia and E. coli (Heroven et 

al., 2004; Navarre et al., 2006; Oshima et al., 2006), MvaT/U-like XS proteins have been identified in λ-

proteobacteria of the order Pseudomonodales, e.g. P. aeruginosa (Castang et al., 2008; Tendeng et al., 

2003), while Lsr2-like proteins function as XS in Actinomycetes (Gordon et al., 2008; Gordon et al., 

2010; Pfeifer et al., 2016). Finally, Smits and colleagues proposed in 2010 that Rok, found in different 

bacilli species such as B. subtilis, is a functional analogue of H-NS and Lsr2 and represents the fourth 

class of XS proteins (Smits and Grossman, 2010).  
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Members of the different XS families display no or very low sequence similarities (<20%) but share a 

similar overall domain architecture comprising an N-terminal oligomerization domain and a C-terminal 

DNA binding domain connected by a flexible linker (Duan et al., 2018; Gordon et al., 2010; Navarre, 

2016; Smits and Grossman, 2010; Tendeng et al., 2003). Interestingly, recent studies reported that the 

linker of H-NS has multiple functions: it provides flexibility between both domains and contributes to 

filament formation as well as to DNA binding affinity (Gao et al., 2017; Gulvady et al., 2018). Although 

they differ in terms of their molecular binding mechanism, they all show a preference for DNA 

sequences which are AT-rich in comparison to their host genomes and these elements are often of 

horizontal origin (Navarre, 2016). Upon binding to the AT-rich DNA, XS proteins oligomerize to form a 

dense nucleoprotein complex which finally leads to gene silencing. These convergently evolved 

functional similarities allowed in several cross-complementation studies with unrelated XS the full or 

partial recovery of wild type-like phenotypes of XS-deficient strains (Gordon et al., 2008; Pfeifer et al., 

2016; Tendeng et al., 2003). Interestingly, Gordon and colleagues demonstrated even an 

interchangeability of the single domains between H-NS and Lsr2 resulting in functional chimeric XS 

proteins (Gordon et al., 2010), highlighting the functional similarities of the single domains. 

 

The best characterized XS, the histone-like nucleoid structuring protein H-NS, is with about 20,000 

copies per cell highly abundant in exponentially growing proteobacterial cells and represents one of 

the major NAPs in these species (Amit et al., 2003). The family of H-NS-like XS is highly diverse and one 

main function of these proteins is the silencing of AT-rich, horizontally acquired foreign DNA elements 

(Lucchini et al., 2006; Navarre et al., 2006). However, disruption of H-NS affected over 5% of all genes 

in E. coli which appear to be unlinked (Amit et al., 2003; Arold et al., 2010; Hommais et al., 2001). 

Furthermore, H-NS mediates gene expression in response to changes in osmolarity, pH, and 

temperature (Amit et al., 2003; Arold et al., 2010), demonstrating its function as global regulator of 

gene expression. As a NAP, H-NS inherits also an important role in the organization of the chromosome 

structure (Noom et al., 2007; Ueguchi et al., 1996; Wang et al., 2011)  

 

In 1998, MvaT was initially identified as regulator of mevalonate catabolism in Pseudomonas mevalonii 

(Rosenthal and Rodwell, 1998). Based on complementation assays with hns deficient E. coli mutants 

and sequence alignments, Tendeng and colleagues showed that MvaT from Pseudomonas Y1000 is 

functionally related to H-NS (Tendeng et al., 2003). MvaT shares structurally similarity with H-NS (Ding 

et al., 2015). However, in comparison to H-NS from E. coli, MvaT displays an amino acid sequence 

similarity of less than 20% and has a different DNA binding mechanism (Tendeng et al., 2003). 

Remarkably, while MvaT was only found in λ-proteobacteria, all Pseudomonas species harbour at least 

one MvaT homologous; Pseudomonas putida has even five (Tendeng et al., 2003). By performing 
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chromatin immunoprecipitation (ChIP) coupled with DNA microarrays (ChIP-on-chip) experiments, 

Castang and colleagues demonstrated strongly overlapping binding patterns for MvaT and its homolog 

MvaU in the opportunistic pathogen P. aeruginosa, suggesting that both proteins function coordinately 

and even form heteromeric silencer complexes. Based on the binding preference of these proteins for 

AT-rich DNA regions which are often horizontally acquired, the authors confirmed that MvaT and MvaU 

function as XS in Pseudomonas (Castang et al., 2008). 

 

Rok was initially identified as negative regulator of natural competence in B. subtilis since it represses 

the expression of the comK gene, coding for the master regulator of this pathway (Hoa et al., 2002). 

However, Rok controls the acquisition of horizontal gene elements on a second layer. ChIP-chip 

analyses revealed that Rok binds to DNA elements which are characterized to be AT-rich and many of 

its targets are thought to be horizontally acquired (Smits and Grossman, 2010). Comparably to H-NS 

and MvaT, the N-terminal domain of Rok mediates multimerization into a higher-order nucleoprotein 

complex leading to silencing of target genes (Duan et al., 2018; Smits and Grossman, 2010). 

Interestingly, Rok itself is suggested to be the result of a HGT event since it is only present in some 

bacilli species including B. subtilis, B. licheniformis, and B. amyloliquefaciens where it is inserted into 

an otherwise conserved chromosome region (Albano et al., 2005; Duan et al., 2018). Contrastingly, no 

Rok orthologs could be identified in other Bacillus species such as B. anthracis, B. cereus, and 

B. halodurans (Albano et al., 2005; Duan et al., 2018). 

 

Lsr2 is a strongly conserved XS protein found in Gram-positive Actinomycetes, e.g. in mycobacterial 

and Streptomyces species (Gehrke et al., 2019; Gordon et al., 2008). Although it displays no significant 

sequence similarity with H-NS and both differ strongly in their secondary structure, complementation 

assays with E. coli H-NS-deficient mutants revealed that Lsr2 acts as a functional analogue of H-NS 

(Gordon et al., 2008). Comparably, its targets appear to have higher AT contents and are often 

horizontally acquired (Gordon et al., 2010).  

Recently, Pfeifer and colleagues identified CgpS (C. glutamicum prophage silencer) as the first example 

of a prophage-encoded Lsr2-like XS protein in the actinobacterium Corynebacterium glutamicum 

(Pfeifer et al., 2016). It is homologous to mycobacterial Lsr2. While both proteins share considerable 

low amino acid sequence identity (~23%), they display striking similarities at the structural level. 

Genome-wide binding profiles of chromatin affinity purification and sequencing (ChAP-seq) 

experiments revealed an association of CgpS to AT-rich DNA elements, most of which are located 

within cryptic prophage regions (about 65% of the 90 targets). CgpS is not essential in the absence of 

the cryptic prophage CGP3, but interference with CgpS oligomerization resulted in prophage induction 

in wild-type cells. Altogether, these findings demonstrated that its major function is the silencing of 
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the prophage element CGP3 to control its lysogenic state (Pfeifer et al., 2016). Remarkably, CgpS was 

the first characterized example of a prophage-encoded XS and further bioinformatic analysis revealed 

that this feature is unique for Lsr2-like XS (Pfeifer et al., 2019). The rules underlying CgpS mediated 

xenogeneic silencing and mechanisms allowing the implementation of foreign DNA elements into host 

regulatory networks of C. glutamicum were the main topics of this thesis (Wiechert et al., 2020a).  

 

2.3.2. Main targets of xenogeneic silencer proteins 

A huge amount of transcriptome and binding assays revealed that the scopes of targets of individual 

XS proteins are highly diverse and most of them are thought to be horizontally acquired and 

significantly AT-rich (Castang et al., 2008; Gehrke et al., 2019; Gordon et al., 2010; Navarre et al., 2006; 

Pfeifer et al., 2016; Smits and Grossman, 2010). Remarkably, binding assays identified an association 

of XS-silencer proteins of all families with their own promoter region, indicating autoregulation as 

important point in controlling silencing activity (Castang et al., 2008; Gordon et al., 2010; Pfeifer et al., 

2016; Smits and Grossman, 2010; Ueguchi et al., 1993).  

Furthermore, proteins from all XS classes are involved in the repression of prophage-like elements 

(Castang and Dove, 2012; Gordon et al., 2010; Hong et al., 2010; Pfeifer et al., 2016; Smits and 

Grossman, 2010), highlighting their ancient function to protect the host cells from detrimental effects 

caused by viral gene expression. However, in contrast to the Lsr2-like XS protein CgpS from 

C. glutamicum which has a specialized function as regulator of prophage elements (Pfeifer et al., 2016), 

several other XS proteins act as central regulators of virulence, secondary metabolic pathways, and 

drug resistance. For instance, ChIP-on-chip experiments with H-NS from Salmonella revealed that H-

NS binds to more than 17% of all chromosomal genes comprising several virulence elements such as 

Salmonella pathogenicity island (SPI) -1 and SPI-2, encoding two type III secretion systems (T3SSs) 

(Navarre et al., 2006). Comparably, H-NS is an important regulator of virulence in Yersinia (Heroven et 

al., 2004), in enterohemorrhagic and uropathogenic E. coli (Müller et al., 2006; Wan et al., 2016), in 

Shigella flexneri (Turner and Dorman, 2007) as well as in V. cholerae (Ghosh et al., 2006).  

ChIP-on-chip experiments with MvaT and its homolog MvaU from P. aeruginosa PAO1 revealed a large 

set of targets (almost 400 genes) including genes coding for toxic secondary metabolites, regulators of 

virulence and quorum sensing, the filamentous prophage Pf4 as well as many putative and known 

virulence factors (Castang and Dove, 2012; Castang et al., 2008). ChIP-seq analysis with Rok from 

B. subtilis led to the identification of more than 250 target regions, which were often associated with 

cooperative DnaA binding, e.g. the oriC region (Seid et al., 2017). Targets of Rok are the conjugative 

transposon ICEBs1 and prophage elements, demonstrating its function as XS. Further important targets 

of Rok are the aforementioned comK gene as well as genes encoding secreted antibiotics and signalling 

molecules or for proteins involved in transport and secretion (Albano et al., 2005; Smits and Grossman, 
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2010). By performing ChIP-chip analyses with Lsr2 from Mycobacterium tuberculosis, Gordon and 

colleagues identified binding to 21% of all coding genes. Lsr2 targets are involved in virulence, cell wall 

and cell processes as well as PE/PEE genes coding for surface-exposed antigens which are important 

for interactions with the host (Gordon et al., 2010). In contrast, Lsr2 from Streptomyces venezuelae 

has evolved as a central regulator of specialized metabolic clusters comprising horizontally acquired 

and well-conserved clusters (Gehrke et al., 2019). 

These findings that Lsr2 is involved in the regulation of medically relevant mycobacterial virulence 

determinants (Gordon et al., 2010) and biotechnologically interesting cryptic metabolite clusters in 

Streptomyces (Gehrke et al., 2019) motivated us to understand Lsr2-mediated silencing as well as the 

mechanisms allowing the reactivation of silenced genes. In the here presented work we used CgpS of 

C. glutamicum as a model system to decipher the rules underlying silencing and counter-silencing of 

Lsr2-like XS proteins (Wiechert et al., 2020a). 

 

Loss of the silencing mechanism, e.g. by deleting the encoding gene or by inducing interference effects, 

can, but do not need to cause lethality. This strongly depends on how increased expression of XS 

targets affect the bacterial fitness. As mentioned before, the presence of the prophage element CGP3 

determines the essentiality of CgpS for C. glutamicum (Pfeifer et al., 2016). Castang and colleagues 

showed in a systematic transposon screen that P. aeruginosa cannot tolerate the double deletion of 

the genes encoding the XS paralogs MvaT and MvaU in the absence of suppressor mutations affecting 

the lifecycle of the Pf4 phage, indicating phage activity as detrimental fitness consequence (Castang 

and Dove, 2012). Interestingly, the essentiality of H-NS-like XS depends on the genetic background of 

the respective strain. While H-NS is essential in Yersinia species (Ellison and Miller, 2006; Heroven et 

al., 2004) and loss of H-NS results in severe growth defects in Salmonella, probably caused by increased 

expression of H-NS regulated pathogenic islands (Ali et al., 2014; Lucchini et al., 2006; Navarre et al., 

2006), laboratory E. coli strains can tolerate H-NS deficiency to a certain extent (Barth et al., 1995; 

Navarre, 2016). 

 

2.3.3. How do xenogeneic silencers recognize their targets? 

As mentioned above, XS proteins show a clear preference for AT-rich DNA. These proteins interact with 

the DNA via their C-terminal DNA binding domain. Mutant variants of XS proteins which are able to 

oligomerize but lose their ability to bind the DNA, e.g. due to point mutations or the absence of the 

C-terminal domain, interfere with silencing, demonstrating that DNA binding is essential for silencing 

(Chen et al., 2008; Gehrke et al., 2019; Gordon et al., 2008; Pfeifer et al., 2016; Williamson and Free, 

2005). High-resolution structures obtained with nuclear magnetic resonance (NMR) spectroscopy of 

the C-terminal DNA binding domains of H-NS (Gordon et al., 2011), Lsr2 (Gordon et al., 2010), MvaT 
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(Ding et al., 2015), and Rok (Duan et al., 2018) in complex with DNA revealed that they all insert with 

specific residues into the narrow, deep and electronegative minor groove of AT-rich DNA. The exocyclic 

6-amino group present in GC-rich DNA sequences can sterically block the minor groove of the DNA. 

Thus, the absence of this group in AT-rich DNA can further facilitated the interaction of XS proteins 

with the DNA (Ali et al., 2012; Duan et al., 2018; Navarre, 2016; Pfeifer et al., 2019). However, the 

underlying molecular binding mechanisms are different (Figure 4). H-NS and Lsr2 binding is mediated 

via a convergently evolved Q/RGR motif: the prokaryotic AT-hook (Ali et al., 2012). Based on secondary 

structure predictions, Pfeifer and colleagues suggested that CgpS, the Lsr2-like XS of C. glutamicum, 

binds the DNA via a similar RGI motif (Pfeifer et al., 2016). In contrast, MvaT inserts into the DNA minor 

groove via a conserved lysine (R) and a downstream located GN motif (R-GN), the so-called AT-pincer, 

while additional conserved lysine residues interact with the DNA backbone (Ding et al., 2015; Duan et 

al., 2018). Rok has neither an AT-hook nor an AT-pincer motif. Instead, Rok uses a motif of three non-

consecutive amino acids (N-T-R) to form hydrogen bonds with the DNA minor groove, while four lysine 

residues interact with the negatively charged phosphate backbone of the DNA (Duan et al., 2018) 

(Figure 4).  

 

 

Figure 4: The DNA recognition mechanisms of the four XS protein classes based on structure models. H-NS and Lsr2: Amino 
acid residues forming the AT-hook motif of H-NS (´QGR´) and Lsr2 (´RGR´) are highlighted in blue. MvaT: Residues forming the 
AT-pincer of MvaT (´R-GN´) are coloured in blue, while the lysine residues interacting with the sugar-phosphate backbone are 
shown in magenta. Rok: The three non-consecutive amino acids (´N-T-R´) allowing Rok to form hydrogen bonds with the DNA 
minor groove are highlighted in blue. The four lysine residues interacting with the negative charged phosphate groups of the 
DNA are coloured magenta. Figure and information adapted from Duan et al. (2018). 

 

Although all XS proteins are reported to bind specifically to AT-rich DNA and are able to silence in 

heterologous hosts (Gordon et al., 2008; Pfeifer et al., 2016; Tendeng et al., 2003), diversity in their 

recognition mechanisms leads to differences in target preferences. In vitro protein binding microarray 

(PBM) experiments with MvaT, H-NS, Lsr2 and Rok were previously performed (Ding et al., 2015; Duan 

et al., 2018; Gordon et al., 2011). For the analysis of their DNA binding affinities, microarray slides with 

short double stranded DNA oligonucleotides were used. These short DNA sequences differed in AT 

content, in the presence of TpA steps or A-tracts as well as in length of contiguous AT-stretches. 

Typically, these arrays were designed in such a way that all possible eight nucleotide long sequences 
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(8-mer) were present multiple times. To determine binding affinities and preferences of the XS 

proteins to the different DNA oligonucleotides, XS were N-terminally fused to a glutathione S-

transferase (GST) tag allowing their detection on the microarray slide via GST-specific antibodies (Ding 

et al., 2015; Duan et al., 2018; Gordon et al., 2011). The screening for highly scored 8-mer sequences 

in DNA regions which were bound by the respective XS protein in ChIP-seq or ChIP-on-chip experiments 

revealed an overrepresentation of these 8-mers, suggesting that they are relevant for silencing in vivo 

(Duan et al., 2018; Gordon et al., 2011). These studies demonstrated that MvaT, H-NS and Rok prefer 

DNA stretches containing flexible TpA steps, which induce local widening of the DNA minor groove, 

while Lsr2 from M. tuberculosis prefers A-tracts instead of TpA steps (Ding et al., 2015; Duan et al., 

2018; Gordon et al., 2011). Furthermore, these experiments showed that Lsr2, MvaT and H-NS 

uniformly favour contiguous AT-sequences without strict sequence specificity (Duan et al., 2018). In 

contrast, the unique binding mechanism of MvaT provides greater tolerance for G/C interruptions in 

comparison to H-NS and Lsr2, possibly due to the AT-pincer motif which leaves a cavity in the protein-

DNA interface for exocyclic amino groups (Ding et al., 2015). Interestingly, Rok disfavours rigid A-tracts 

and even prefers single G/C interruptions within its target sequence. Additionally, a distinct number of 

sequence-specific Rok binding motifs containing flexible TpA steps were identified (AACTA, TACTA) 

(Duan et al., 2018). These motifs are highly underrepresented in the core genomes of rok encoding 

bacilli strains and even allow specific binding of Rok to targets that do not differ in GC content from 

the core genome, e.g. the promoter regions of comK and of its own gene (Duan et al., 2018; Smits and 

Grossman, 2010).  

 

In our recent study, which is part of this thesis, we investigated the rules underlying target recognition 

of the Lsr2-like XS CgpS from C. glutamicum. Therefore, we performed bioinformatic analyses of 

recently obtained CgpS ChAP-seq data, in vitro binding studies as well as in vivo reporter assays 

(Wiechert et al., 2020a). Consistently with the previously mentioned in vitro binding studies for Lsr2, 

the genome-wide analysis of CgpS targets revealed a clear preference of CgpS towards consecutive AT-

rich stretches. The fraction of CgpS targets increased with the length of the AT-rich stretch, while GC-

interruptions tended to decrease binding, revealing similarities to the abovementioned results for Lsr2 

from M. tuberculosis (Ding et al., 2015; Duan et al., 2018). However, in contrast to reports for Lsr2 

which failed to identify a sequence-specific binding motif (Chen et al., 2008; Duan et al., 2018; Gehrke 

et al., 2019), our analysis revealed the overrepresentation of a 10 bp long AT-rich binding motif 

containing A/T steps (alteration of A to T and vice versa) (Figure 5A) within CgpS targets. The rather 

specialized function of CgpS as a silencer of prophage elements in C. glutamicum could be a possible 

explanation for this discrepancy. The identified motif was present in 51 of 54 bound promoters and 

often located close to the position of maximal CgpS binding (exemplarily shown in Figure 5B). Based 
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on the analysis of the GC-profiles of CgpS target promoters and their CgpS binding peaks, we grouped 

in our study the promoters into two different classes. Class 1 promoters, e.g. Plys and Pcg1999, were 

typically characterized by a distinct drop in GC content and a bell-shaped CgpS binding peak and were 

mainly focused in our analyses (Wiechert et al., 2020a) (Pcg1999 exemplarily shown in Figure 5B). In 

contrast, CgpS coverage peaks of class 2 promoters were wider and characterized by broader or 

multiple drops in GC content. We were able to confirm the importance of the identified motif for CgpS-

mediated silencing by performing in vivo reporter studies with synthetic promoter variants based on 

the class 1 CgpS target promoter Plys. To monitor promoter activities in vivo, we fused the Plys variants 

to the reporter gene venus. A construct containing the motif was efficiently bound by CgpS, while CgpS 

was not able to silence the control promoter lacking this motif (Wiechert et al., 2020a). However, in 

contrast to the binding motif of Rok which is underrepresented in the host genome (Duan et al., 2018), 

our genome wide analysis of CgpS motif occurrence revealed that about 85% of these sequences are 

not bound by CgpS in vivo under standard conditions, indicating that the motif alone does not 

efficiently mediate CgpS binding (Wiechert et al., 2020a).  

A sophisticated model for the mechanism of silencing was proposed for E. coli H-NS. In vitro studies 

with H-NS demonstrated high affinity of H-NS towards DNA enabling scanning of the molecule until 

the XS protein reaches sequence-specific motifs (tCG(t/a)T(a/t)AATT) serving as nucleation sites. 

Subsequent cooperative binding of additional XS proteins to adjacent, lower affinity sites leads to their 

oligomerization and to the formation of the tight nucleoprotein complex allowing silencing (Gulvady 

et al., 2018; Lang et al., 2007; Navarre, 2016; Sette et al., 2009). Based on our findings, we therefore 

suggested that the identified motif serves as nucleation site - but the formation of a stable CgpS 

nucleoprotein complex is additionally determined by the adjacent DNA regions. Consistently, an 

overlay of the GC contents of CgpS target promoters revealed a high degree of similarity in GC-profiles 

with a distinct drop in the area of maximal CgpS binding (Wiechert et al., 2020a). Furthermore, the 

identified binding motif was often located within these regions of low GC content featuring highest 

CgpS coverage, as exemplarily shown in Figure 5B.  

 

To test our hypothesis that the GC content of the DNA sequences flanking the putative nucleation site 

contributes to CgpS silencing, we constructed and analysed two synthetic promoter variants which 

were based on the native CgpS target promoter Pcg1999 (Wiechert et al., 2020a) (Figure 5B). While the 

sequence of the core promoter region which also contained the putative CgpS nucleation site was kept 

constant, the sequence of the adjacent flanks was changed. One variant (Pcg1999_A-T/G-C) was designed 

to mimic the native GC-profile by exchanging G to C and A to T and vice versa. This construct was 

efficiently silenced by CgpS. This demonstrated that, in contrast to the binding motif, sequence 

specificity does not play a role in the adjacent flanks. The second design (Pcg1999_rand) was based on a 
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randomized GC-profile in the adjacent flanks. This promoter was not silenced by CgpS, although the 

putative nucleation site was present, confirming that the GC-profile is important for silencing 

(Wiechert et al., 2020a).  

 

These identified DNA features are consistent with previous observations of Pfeifer and colleagues 

(Pfeifer et al., 2016). By expressing cgpS of C. glutamicum in E. coli Δhns mutants, the authors were 

able to complement a distinct mutant phenotype, indicating that CgpS can bind to H-NS targets. The 

applied assay was based on bromothymol blue salicin indicator plates allowing the colour-based 

visualization of the activity of enzymes encoded in the bgl operon (Pfeifer et al., 2016). This operon is 

suggested to be horizontally acquired and is natively silenced by H-NS (Sankar et al., 2009). 

Interestingly, the bgl promoter region also shows a distinct drop in GC content and at least two slightly 

truncated versions (8/10 and 9/10 bp) of CgpS motifs identified in native CgpS target sequences (Figure 

5C). In conclusion, these findings support our hypothesis that the CgpS binding motif and a drop in GC 

content collectively mediate CgpS silencing.  
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Figure 5: The sequence specific binding motif and the drop in GC-profile cooperatively support CgpS silencing. A) Identified 
binding motif which was present in 51 of 54 CgpS target promoters. Figure taken from Wiechert et al. (2020a). B) GC-profiles 
and CgpS binding peaks of the representative class 1 promoter Pcg1999. A rolling mean was applied to calculate the GC-profiles 
and CgpS coverage peaks based on previous ChAP-seq experiments (Pfeifer et al., 2016) as recently reported (Wiechert et al., 
2020a). The position of TSS (Wiechert et al., 2020a) is given as vertical grey line and position of maximal CgpS binding (Pfeifer 
et al., 2016) as vertical blue dashed line. Positions of the putative binding motif (non-overlapping) from previous FIMO 
analyses (Wiechert et al., 2020a) are given as vertical green lines. The average GC content of the genome from C. glutamicum 
of 53.8% (Kalinowski et al., 2003) is shown as horizontal red dashed line. The corresponding genes are displayed as grey boxes. 
C) The E. coli bgl promoter features a drop in GC content and contains truncated variants of naturally occurring CgpS binding 
motifs (Wiechert et al., 2020a) located in areas of GC minimum and close to the TSS. The GC-profile of PbglG was calculated 
and plotted as described in B).The average GC contents of genomes of C. glutamicum (red (Kalinowski et al., 2003)) and E. coli 
(blue (Mann and Chen, 2010)) are displayed as coloured horizontal lines. The positions of reference motifs are given, all of 
them are located within CgpS binding peaks close to the maximal CgpS binding peak. 

 

A model for CgpS binding and silencing based on our observations and inspired by the ideas for H-NS 

could be that CgpS initially binds to the putative sequence-specific nucleation sites. In the following, 

further CgpS molecules cooperatively bind to the adjacent flanks depending on the particular GC 

content in these regions, but apparently without strict sequence specificity. This might also explain the 

inverse correlation between CgpS binding and the GC-profile of its target regions (Figure 6). Another 

scenario could be that CgpS initially binds non-specifically to the DNA allowing the scanning of the DNA 
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for the sequence specific motif. In this case, the drop in GC content, meaning the stepwise increase in 

AT content, could direct CgpS towards these high affinity binding site allowing efficient binding and 

subsequent oligomerization.  

 

 

Figure 6: The proposed model for the CgpS target recognition mechanism. CgpS initially binds to its sequence-specific 
nucleation site containing multiple A/T steps, which is located in a region of low GC content (Wiechert et al., 2020a). In the 
following, further CgpS molecules cooperatively bind to the adjacent flanks depending on the particular GC content of these 
regions, but apparently without strict sequence specificity (Wiechert et al., 2020a).  

 

As mentioned above, the synthetic promoter variant containing the correct motif but a randomized 

GC-profile (Pcg1999_rand) was not silenced by CgpS in vivo. However, this observation does not exclude 

partly CgpS binding, e.g. at the putative nucleation site. In vitro binding assays such as SPR analysis or 

electrophoretic mobility shift assays might demonstrate whether this variant is still bound by CgpS. 

Furthermore, protein binding microarray approaches as performed by Ding and colleagues (Ding et al., 

2015) as well as by Duan and co-workers (Duan et al., 2018) could be used to study the in vitro affinity 

of CgpS for the identified motif in comparison to randomized sequences with same nucleotide 

composition. However, these in vitro approaches investigate binding of a XS protein in an isolated 

context, which does not necessarily lead to silencing. Our reporter-based analyses were applied to 

demonstrate CgpS-mediated silencing in vivo. It allows to investigate the result of the interplay of all 

parameters contributing to transcriptional repression of target genes in living cells and may therefore 

represent a promising approach for future investigations.  

For instance, although we have confirmed the importance of the GC-profile based on one synthetic 

promoter variant and identified a certain degree of similarity in GC-profiles of different CgpS target 
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promoters (Wiechert et al., 2020a), the exact rules of how the shape of the GC-profile influences 

silencing remained unclear. What is the exact impact of the stepwise decreasing GC content and is 

CgpS able to silence a long promoter region containing only or at least mostly adenines and thymines? 

Based on these questions, an interesting experiment for future studies could be the expansion of our 

approach by constructing a library of synthetic promoters containing a functional core promoter region 

and the CgpS binding motif but differing in density and length of AT-rich stretches, which directly 

influence the GC-profile. By using flow cytometry, high-throughput screenings of this library might 

provide further insights into the importance of the surrounding GC-profile for in vivo CgpS silencing.  

 

2.3.4. Formation of the nucleoprotein complex 

Different studies demonstrated that DNA binding of XS proteins alone does not mediate efficient 

silencing and that oligomerization and the formation of the higher-order nucleoprotein complex are 

essential for repressing gene expression (Chen et al., 2008; Spurio et al., 1997; Winardhi et al., 2012). 

NMR analysis demonstrated that H-NS has a mainly α-helical N-terminal oligomerization domain and 

that H-NS molecules form dimers in solution. These dimers are capable of self-assembly resulting in 

the formation of large oligomers (Esposito et al., 2002; Smyth et al., 2000). Comparably, Lsr2, MvaT 

and Rok can form oligomers allowing the formation of higher-order nucleoprotein complexes (Chen et 

al., 2008; Duan et al., 2018; Winardhi et al., 2012).  

The molecular mechanism of H-NS multimerization was studied in detail and is shown in Figure 7A. 

H-NS forms oligomers via two separated dimerization interfaces which are located within the N-

terminal coiled-coil domain (Badaut et al., 2002; Ueguchi et al., 1996) (Figure 7A). The N-terminal 

dimerization interface consisting of three helices (H1, H2 and H3) is responsible for the formation of 

H-NS dimers in solution (Ali et al., 2012; Badaut et al., 2002; Ueguchi et al., 1996). High local H-NS 

concentrations, e.g. upon binding to the DNA, enables the interaction between different dimers via 

the central dimerization domain (helix-turn-helix motif between C-terminal end of helices H3 and H4), 

leading to elongation of the H-NS filament by head-to head/tail-to-tail multimerization (Ali et al., 2012; 

Arold et al., 2010) (Figure 7A). Oligomerization of XS proteins can result in silencing of the bound DNA 

regions by different mechanisms (Figure 7B): by binding in the core promoter region and consequently 

inhibiting binding of the RNA polymerase (I: occlusion), by preventing the RNA polymerase to escape 

the promoter (II: obstruction), by trapping the RNA polymerase in a formed DNA loop (III) or, 

putatively, by stimulating Rho-dependent termination (IV) (Landick et al., 2015; Lim et al., 2012).  

 



26  Scientific context and key results of this thesis 

 

Figure 7: Mechanisms underlying xenogeneic silencing. A) Head-to head/tail-to-tail multimerization of H-NS is based on its 
two oligomerization interfaces: N-terminal dimerization interface formed by helices H1, H2 and H3 (head-to-head interaction) 
and the central dimerization domain (tail-to-tail interaction) formed as helix-turn-helix motif between the end of H3 and H4. 
H-NS molecules are alternatively coloured in blue and yellow and helices on the left filament site are labelled with helices 
numbers. Two binding modes for XS proteins were proposed: bridging and stiffening. DNA bridging is caused by DNA binding 
domains located on opposing faces of the helical XS protein filament which can interact with different sites of a DNA molecule. 
Rotations in the filament can result in DNA binding domains being located on the same face of the filament, allowing 
interaction with a single DNA molecule in the stiffening mode. Adapted from Ali et al. (2012), Singh et al. (2016). B) 
Mechanisms leading to xenogeneic silencing I) The XS nucleoprotein filament is formed along the RNA polymerase binding 
site leading to occlusion of the RNA polymerase. II) XS proteins bind and oligomerize downstream of the RNA polymerase 
binding site leading to obstruction of the elongation process. III) The bridging mode of XS proteins can induce a loop, which 
subsequently trap the RNA polymerase leading to silencing. IV) The XS nucleoprotein filament blocks the elongating RNA 
polymerase and putatively stimulates its susceptibility to Rho-dependent termination. Adapted from Landick et al. (2015), 
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Lim et al. (2012), Qin et al. (2019a). Models are mainly based on H-NS studies. [Abbreviations: RNA Pol, RNA polymerase; DNA 
BD, DNA binding domain]. 

 

Intensively applied in vitro assays such as electron microscopy, atomic force microscopy as well as 

magnetic tweezer and other single-molecule approaches revealed that the binding of XS proteins can 

lead to two distinct confirmations: the bridging mode and the stiffening mode (Ali et al., 2012). The 

bridging state describes XS-mediated crosslinking of two distantly located sites of the DNA molecule 

resulting in loop formation and DNA bending (Dame et al., 2005) (Figure 7A). Silencing of the gene loci 

bgl and proU in E. coli is putatively caused by H-NS binding to regions located upstream and 

downstream of the promoters. Interactions between distantly bound H-NS molecules might lead to 

DNA bridging and is suggested to allow trapping of the RNA-polymerase (Nagarajavel et al., 2007). In 

addition to controlling gene expression, bridging is suggested to be involved in structural compaction 

of the chromosome (Dame et al., 2005). Stiffening, the second binding mode, was previously described 

by Amit and colleagues. Stiffening means the end-to-end extension of the H-NS filament leading to the 

formation of a rigid nucleoprotein complex which might lead to occlusion of the RNA-polymerase or 

to obstruction of elongation (Amit et al., 2003) (Figure 7).  

These modes of action shown in different in vitro assays are still topic of controversial discussions. 

However, Liu and colleagues were able to demonstrate that the experimental conditions, in particular 

the concentrations of divalent cations such as Mg2+ and Ca2+, were responsible for this observed 

discrepancy: high concentrations of Mg2+ lead to bridging, while low concentrations result in stiffening 

of H-NS (Liu et al., 2010). Later biochemical and biophysical assays performed by Will and colleagues 

demonstrated that the bridging and stiffening modes depend on the local concentration of H-NS and 

its corresponding binding sites as well as the binding affinity of H-NS for these sites which is directly 

influenced by Mg2+. The authors concluded that both modes can play a physiological role in a bacterial 

cells and that silenced genes are predominantly bound via the stiffening mode (Will et al., 2018). 

Comparably, MvaT and Lsr2 binding and oligomerization was reported to lead to stiffening and bridging 

(Qu et al., 2013; Winardhi et al., 2012), while Rok seems to act via bridging (Qin et al., 2019b). 

 

The binding mode of CgpS in terms of stiffening and bridging has not been characterized so far. By 

using previously reported approaches like scanning force microscopy (SFM) (Dame et al., 2005), 

electron microscopy (Amit et al., 2003) or single-molecule magnetic tweezer experiments (Gulvady et 

al., 2018; Liu and Gordon, 2012), the CgpS binding mode could be further analysed. However, as 

mentioned above, these in vitro approaches can be challenging since they do not necessarily reflect 

the physiological conditions within a cell. Alternatively, live-cell imaging with high resolution 

microscopy methods such as stochastic optical reconstruction microscopy (STORM) or photoactivated 

localization microscopy (PALM) might be suitable techniques to analyse the subcellular distribution of 
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CgpS within the cell. For instance, these methods provided insights into the clustered distribution of 

photoactivatable fluorescent protein fusions of H-NS (H-NS-mEos2) in E. coli (Wang et al., 2011). The 

combination of this approach with staining of the DNA in living cells might allow the visualization of 

the DNA conformation in regions bound by CgpS. A suitable DNA dye could be SYTOX, which was 

demonstrated to perform well in living Gram-negative and Gram-positive bacteria (Bakshi et al., 2014). 

Alternatively, chromosome conformation capture coupled with deep sequencing (HI-C) experiments 

allow the detection of physical proximity between DNA loci in the three-dimensional (3D) space, which 

are distantly localized in the DNA molecule (Verma et al., 2019). This approach could represent a 

suitable method to detect putative DNA bridges formed by CgpS in vivo. In HI-C studies, the 

chromosome of a cell is cross-linked with formaldehyde to stabilise contacts between distant loci. In a 

next step, restriction enzymes are used to digest the genome into smaller fragments. Subsequently, 

fragments which have been cross-linked, due to their physical proximity in the 3D chromosome 

organisation, are ligated. Typically, the implementation of a biotinylated adaptor into these ligation 

junctions allows their enrichment in pull down assays (Verma et al., 2019). To identify DNA bridges or 

loops which are directly associated with CgpS binding, a Strep-tagged CgpS variant which was used in 

previous ChAP-seq analyses from Pfeifer and colleagues (Pfeifer et al., 2016) might be a promising 

alternative for this enrichment step. Finally, these fragments are sequenced, which allows for the 

detection of ligated DNA loci and therefore the identification of originally bridged DNA (Verma et al., 

2019). 

 

In our current study, we performed plasmid-based analysis of CgpS target promoters which were fused 

to reporter genes to monitor their activity (Wiechert et al., 2020a). These promoters were efficiently 

silenced, indicating that the native genomic context of this regulatory elements is not important for 

silencing which might favour the stiffening mode theory. We further determined the positions of 

transcriptional start sites (TSSs) of CgpS target promoters relative to the position of maximal CgpS 

binding. Remarkably, in most target promoters, the TSSs were located close to the position of maximal 

CgpS coverage and GC minimum (exemplarily shown in Figure 5B), indicating that binding close to the 

TSS is important for efficient CgpS mediated silencing (Wiechert et al., 2020a). In line with our findings, 

H-NS was also reported to bind within the core promoter region of some of its targets, thereby 

preventing the binding of the RNA polymerase (Dame et al., 2002). This might support the hypothesis 

that CgpS silences its targets by occlusion of the RNA polymerase which would match the stiffening 

binding mode. 

In our study, we mainly focused on class 1 CgpS target promoters (one distinct drop in GC content and 

a bell-shaped CgpS binding peak) (Wiechert et al., 2020a). In contrast, class 2 promoters (e.g. Pcg1940 

and Pcg1936) show broader or multiple drops in GC content and often putatively overlapping CgpS 
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binding peaks (Figure 8A). Remarkably, the identified CgpS binding motif was highly present in these 

promoters and often matched the different areas of low GC content. Hypothetically, the adjacent 

drops in GC-profile and the broad CgpS binding peaks could hint for bridging of these regions by CgpS. 

However, succeeding analysis with truncated variants of two class 2 promoters resulting in constructs 

featuring only one drop in GC content demonstrated that the upstream region is not essential for 

efficient CgpS silencing (Figure 8B). This indicates that bridging of adjacent regions with low GC content 

is not a prerequisite for this mechanism.  

 

 

Figure 8: The upstream drops are not essential for silencing of class 2 CgpS target promoters featuring multiple drops in 
GC-profile. A) GC-profiles and CgpS binding peaks of class 2 promoter Pcg1940 and Pcg1936. A rolling mean was applied to 
calculate the GC-profiles and CgpS coverage peaks based on previous ChAP-seq experiments (Pfeifer et al., 2016) as recently 
reported (Wiechert et al., 2020a). Highest ranked TSS (Wiechert et al., 2020a) are given as vertical grey lines and position of 
maximal CgpS binding (Pfeifer et al., 2016) as vertical blue dashed lines. Positions of the putative binding motif (non-
overlapping) from previous FIMO analyses (Wiechert et al., 2020a) are given as vertical green lines. The average GC content 
of the genome from C. glutamicum of 53.8% (Kalinowski et al., 2003) is shown as horizontal red dashed line. The 
corresponding genes are shown as grey boxes. Black vertical arrows indicate the removed upstream regions in the truncated 
promoter variants. B) Reporter outputs (specific Venus fluorescence) after five hours of cultivation driven by full length or 
truncated promoter variants. 5´-ends of full-length constructs coincided with the upstream end of the CgpS binding peak. 
Promoters were plasmid-based (pJC1) analysed in C. glutamicum wild-type cells, in the prophage free strain Δphage (MB001 
(Baumgart et al., 2013)) as well as in the prophage-free strain with reintegrated cgpS under its native promoter (Δphage::PcgpS-
cgpS (Wiechert et al., 2020a)). Cultivations were performed in CGXII minimal medium containing 100 mM glucose in a 
microtiter cultivation system as recently described (Wiechert et al., 2020a). The results demonstrated that the upstream 
drops in GC content of both class 2 promoters are not essential for silencing. All constructs showed significant reporter 
outputs in the prophage-free strain Δphage confirming that all constructs are transcriptionally competent. Silencing was fully 
restored after reintegration of CgpS in the prophage-free strain (Δphage::PcgpS-cgpS).  
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In a previous study, Kane and Dorman analysed H-NS mediated silencing of the proU promoter from 

E. coli. This promoter has two H-NS binding regions, the upstream (URE) and the downstream 

regulatory elements (DRE), flanking the core promoter which are suggested to allow the formation of 

H-NS bridges (trans-binding mode) leading to silencing (Kane and Dorman, 2011). Interestingly, 

removing the URE did not lead to promoter activation in wild-type cells, while the promoter showed 

high activity in a hns mutant strain, indicating that H-NS was still able to silence this promoter. The 

authors suggested a model in which the removal of the URE element leads to a reorganisation of the 

H-NS complex and to filament formation (cis-binding mode) within the DRE region. Subsequently, this 

cis-binding mode provides efficient silencing and inhibits transcription (Kane and Dorman, 2011). The 

comprehensive model of Kane and Dorman (Kane and Dorman, 2011) might also explain our results. 

At class 2 promoters, CgpS potentially binds to both drops and forms bridges between them leading to 

silencing. Removal of the upper region, which could represent the URE model, prevents bridging but 

triggers filament formation at the remaining high affinity binding site resulting in silencing. 

 

2.3.5. The interplay of xenogeneic silencers and accessory factors 

As mentioned above, oligomerization of XS proteins and their interaction with the DNA are critical 

steps for efficient silencing. In some cases, hetero-oligomer formation was reported. For instance, the 

paralogs MvaT and MvaU cooperatively regulate their target genes and have the ability to form hetero-

oligomer complexes (Castang et al., 2008). The report of Castang and colleagues revealed that MvaT 

can influence binding of MvaU in specific DNA regions. However, MvaU was able to interact with other 

genomic regions independently of MvaT suggesting that heteromeric filaments are not essential for 

the silencing function of MvaU (Castang et al., 2008). Similar observations for H-NS and its paralog StpA 

propose that both proteins can form hetero-oligomer complexes, although a single stpA deletion had 

no detectable effect on gene expression (Müller et al., 2006).  

 

In contrast, accessory factors of the Hha/YmoA family can strongly affect xenogeneic silencing 

efficiencies of H-NS-like proteins, e.g. by stabilizing the nucleoprotein complex over long areas of AT-

rich DNA (Navarre, 2016). These proteins are characterized by molecular masses of about 8 kDa (half 

of the mass of H-NS) and structurally mimic the N-terminal oligomerization domain of H-NS (Banos et 

al., 2009). Hha-like proteins have a positively charged surface, which can contribute to silencing. 

Interactions of these accessory proteins with H-NS allow for cooperative regulation of gene expression. 

This interplay depends on the Hha binding motif within the N-terminal oligomerization domain of H-NS 

(Banos et al., 2009). Interestingly, all species of the Enterobacteriaceae family (e.g. E. coli, Yersinia sp. 

and Salmonella sp.) encode at least one member of the Hha/YmoA family of accessory factors, while 
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no homologs interact with other XS proteins or with H-NS from species outside of this family (Banos et 

al., 2009; Vivero et al., 2008).  

Hha and its paralog YdgT preferentially influence H-NS mediated silencing of horizontally acquired DNA 

regions like virulence factors (e.g. SPIs from Salmonella), while ancestral H-NS target genes are often 

not influenced by these accessory proteins (Vivero et al., 2008). This indicates that these accessory 

proteins have a specialized regulatory function in silencing horizontally acquired DNA. Banos and 

colleagues suggested that these accessory proteins might enable H-NS to discriminate between self 

and non-self, thereby enabling stronger silencing of horizontally acquired DNA (Banos et al., 2009). 

 

By analysing CgpS mediated silencing in a strain lacking all other phage genes (Δphage::PcgpS-cgpS), we 

confirmed in our study that CgpS is the only prophage-encoded protein responsible for silencing of the 

phage promoter Plys (Wiechert et al., 2020a). We performed further comparable experiments with full 

length and truncated variants of the class 2 promoters Pcg1940 and Pcg1936 in the same strain (Figure 8). 

Silencing of all promoters was fully restored after reintegrating the cgpS gene, indicating that no 

further phage-encoded protein was involved in silencing of these promoters. Since we did not analyse 

all CgpS targets in this strain, we cannot exclude that some of them are silenced by a heteromeric 

nucleoprotein complex. Potentially, host-encoded accessory proteins could also be involved.  

Previously, Pfeifer and colleagues performed transcriptome arrays with C. glutamicum cells expressing 

a truncated version of CgpS, which interferes with the CgpS nucleoprotein complex leading to 

prophage induction. While phage genes were strongly affected, only 2 of 32 targets outside of CGP3 

region showed differential gene expression (Pfeifer et al., 2016). This observation might provide a first 

hint for differences in silencing and/or in the formation of the nucleoprotein complexes. Potentially, 

accessory proteins could stabilize the CgpS nucleoprotein complex outside of the prophage region. In 

this regard, further investigations would be necessary. However, it has to be kept in mind, that CgpS is 

a prophage-encoded XS protein that might play a rather specialized role in the control of the phage 

life cycle. Therefore, CgpS could possibly act independently of accessory factors. In contrast, H-NS from 

E. coli already evolved from a XS protein towards a global regulator of gene expression (Chib and 

Mahadevan, 2012), which is also fostered by its interaction with further accessory proteins.  

 

 

2.4. Evolutionary network expansion by counter-silencing 

Xenogeneic silencing globally sets the default state of AT-rich, foreign DNA to the off state - 

independent of potential effects on cellular fitness (Navarre, 2016; Navarre et al., 2007; Will et al., 

2015). At first sight, silencing of beneficial xenogeneic genes seems to be counterintuitive but can be 

explained by different factors. One point is that a cell cannot differentiate whether invading DNA is 
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useful or harmful before it is expressed (Navarre, 2016). In general, foreign DNA has a greater chance 

to reduce the bacterial fitness and this global silencing strategy avoids potential fitness costs. 

Furthermore, since the value of a gene is defined by its time- and condition-dependent effect, even 

theoretically useful genes can result in fitness costs if their expression is not appropriately controlled 

(Sorek et al., 2007; Will et al., 2015). For instance, Ali and colleagues demonstrated that the strong 

growth defects observed in Salmonella hns mutant strains is caused by overexpression of the T3SS 

encoded in SPI-1. In contrast, an appropriately controlled T3SS mainly contributes to fitness and 

pathogenicity of this species by allowing invasion of the host and by triggering the inflammatory 

response (Ali et al., 2014). This example demonstrates the importance of evolving mechanisms, so-

called counter-silencing strategies, to integrate foreign genes into existing regulatory networks of the 

host - thereby allowing their controlled expression at appropriate time points and environmental and 

physiological conditions (Will et al., 2014; Will et al., 2015). Evolutionary network expansion by 

counter-silencing allows cells to achieve control over silenced genes and to get access to novel 

beneficial traits (Will et al., 2014). Different counter-silencing strategies exist in bacteria which enable 

the transient alleviation of silencing in response to environmental conditions or physiological states 

(Navarre et al., 2007; Pfeifer et al., 2019; Stoebel et al., 2008). Remarkably, as result of the ongoing 

evolutionary arms race between bacteria and foreign DNA elements, pathogenicity islands, phages, 

and other MGEs also provide a variety of mechanisms enabling counteracting of host-mediated 

silencing (Ali et al., 2011; Navarre, 2016; Pfeifer et al., 2019). Mechanisms leading to counter-silencing 

can be grouped into different categories (Figure 9): I) Other NAPs or silencer-like proteins can interfere 

with the oligomerization of a XS protein preventing the formation of a stable silencer-DNA complex 

(e.g. H-NST (Williamson and Free, 2005)). Furthermore, DNA mimic proteins like the T4 phage protein 

Arn are suggested to be bound by H-NS leading to titration of the XS protein and to reduced H-NS 

binding to its genomic DNA targets (Ho et al., 2014). II) Sequence-specific DNA binding proteins such 

as transcription factors (TFs) compete with the silencer for binding to DNA regions (e.g. RovA (Heroven 

et al., 2004)). III) Alternative σ-factors not being affected by the silencer (e.g. by RpoS-mediated 

counter-silencing of E. coli hdeAB promoter (Shin et al., 2005)) can enable transcription. IV) 

Furthermore, protein-DNA interactions (e.g. SlyA (Corbett et al., 2007)) or environmental conditions 

(e.g. temperature (Falconi et al., 1998)) which induce alterations in promoter architecture can interfere 

with the silencer-DNA complex (Figure 9). For instance, Falconi and colleagues showed that H-NS 

represses the expression of the virF gene encoding an important regulator of virulence genes in 

S. flexneri only below 32°C. While under this conditions H-NS molecules bound at two distant sites in 

the virF promoter and cooperatively interact, higher temperatures induce conformational changes in 

the virF promoter structure, counteracting H-NS mediated silencing (Falconi et al., 1998). Remarkably, 

while the TF SlyA of E. coli appears to compete with H-NS for binding at certain DNA sequences (e.g. 
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at the hlyE gene (Lithgow et al., 2007)), SlyA is thought to antagonize H-NS silencing at other loci by 

remodelling the nucleoprotein complex without competing for binding (e.g. at the capsule gene 

cluster) (Corbett et al., 2007).  

 

 

Figure 9: Different mechanisms of XS counter-silencing leading to the activation of transcription. I) Antagonists of XS 
multimerization can interfere with the oligomerization of the XS protein preventing the formation of a stable silencer-DNA 
complex (e.g. H-NST (Williamson and Free, 2005), 5.5 protein of phage T7 (Ali et al., 2011) orange triangles, left). Additionally, 
DNA mimic proteins (e.g. the T4 phage protein Arn; orange lines, right) are suggested to bind H-NS, leading to reduced H-NS 
binding at genomic targets (Ho et al., 2014). II) Sequence-specific DNA binding proteins such as TFs (e.g. RovA (Heroven et 
al., 2004); orange ovals) can compete with the silencer for DNA binding. III) Activation of transcription can be mediated by an 
alternative σ-factor (e.g. RpoS (Shin et al., 2005); orange star). IV) Alterations in the DNA topology caused by environmental 
changes (e.g. temperature-induced expression of virF (Falconi et al., 1998)) or DNA binding proteins (e.g. SlyA (Corbett et al., 
2007); orange ovals) can disrupt the silencer-DNA complex. Adapted from Fang and Rimsky (2008). [Abbreviations: RNA Pol, 
RNA polymerase; TF, transcription factor; TF BS, TF binding site]. 

 

Furthermore, Brucoli and colleagues reported that small natural compounds like polyamides can bind 

into the minor groove of AT-rich DNA and interfere with DNA binding proteins, suggesting that these 

compounds might also antagonize binding of XS proteins (Brucoli et al., 2015). Remarkably, Rangarajan 

and Schnetz identified the transcribing RNA polymerase as further mechanism, which is able to relieve 

H-NS mediated repression. While poorly transcribed genes are repressed by H-NS, efficiently 

transcribed DNA regions escape silencing presumably by remodelling of the nucleoprotein complex 

(Rangarajan and Schnetz, 2018). 
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Examples of counter-silencing by interference between different NAPs as well as natively existing 

mechanisms of TF-mediated counter-silencing will be the topic of the following sections. In the here 

presented work, we performed a synthetic approach to decipher the rules underlying TF-mediated 

counter-silencing of Lsr2-like proteins using CgpS from C. glutamicum as a model (Wiechert et al., 

2020a). I will discuss our results as well as findings from other synthetic counter-silencer approaches 

conducted previously for the XS protein H-NS in the following chapters.  

 

2.4.1. Antagonism of XS multimerization 

The oligomerization of XS proteins allowing the formation of higher-order nucleoprotein complexes is 

a prerequisite for their silencing function. Some NAPs cooperatively bind to their target regions leading 

to the formation of hetero-oligomer complexes with increased stability, as discussed for the H-NS/Hha 

complex (chapter 2.3.5. “The interplay of xenogeneic silencers and accessory factors.”). However, 

other proteins interfere with the multimerization mechanism or compete for XS binding sites leading 

to counter-silencing. Apparently, these strategies were evolved by horizontally acquired genomic 

islands to avoid silencing by the host XS protein. Examples are the H-NST and Ler proteins found in 

different E. coli strains (Williamson and Free, 2005; Winardhi et al., 2014).  

H-NST is a horizontally acquired truncated version of H-NS lacking the C-terminal DNA binding domain 

and was identified in large genomic islands (ancestral MGE) of enteropathogenic (EPEC) and 

uropathogenic (UPEC) E. coli strains. By interfering with the N-terminal oligomerization domain of 

H-NS, H-NST has a dominant-negative effect on the formation of the nucleoprotein complex leading to 

reactivation of silenced genes (Williamson and Free, 2005). Surprisingly, H-NS encoded by the 

conjugative IncHI plasmid R27, where it is involved in the regulation of plasmid conjugation in response 

to temperature, exhibits a reduced sensitivity for H-NST interference allowing appropriate regulation 

of R27 conjugation (Baños et al., 2011).  

The idea of counter-silencing by truncated variants of XS proteins was recently applied by different 

groups. Banos and colleagues heterologously expressed H-NST from EPEC in Yersinia allowing counter-

silencing of the essential XS protein H-NS and the analysis of the regulatory network of H-NS (Baños et 

al., 2008). In another study, Pfeifer and co-workers overexpressed the N-terminal domain of the XS 

protein CgpS. Via interference with the formation of the CgpS nucleoprotein complex, this truncated 

variant led to prophage induction in C. glutamicum (Pfeifer et al., 2016). Remarkable, this effect was 

reproducible in a comparable experiment with N-terminal domains of Lsr2 variants from mycobacterial 

species (Pfeifer et al., 2016). Additionally, Gehrke and colleagues used a DNA binding deficient Lsr2 

variant from S. venezuelae to activate expression of specialized metabolic clusters by counter-silencing 

Lsr2 in different Streptomyces species (Gehrke et al., 2019). Remarkably, strategies aiming at 

interfering with the formation of higher-order XS oligomers are also used by phages. For instance, the 
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5.5 protein of coliphage T7 interacts with the central oligomerization domain of H-NS and thereby 

inhibits H-NS repression, although H-NS is still bound to the DNA (Ali et al., 2011).  

The horizontally acquired H-NS paralog Ler (locus of enterocyte effacement (LEE)-encoded regulator) 

of enterohemorrhagic E. coli (EHEC) and EPEC strains represents a further example of a NAP acting as 

an H-NS counter-silencer. Ler also binds to AT-rich DNA but has a highly different N-terminal 

oligomerization domain compared to H-NS (Winardhi et al., 2014). By performing magnetic tweezer 

experiments, Winardhi and colleagues showed that Ler binds to the DNA non-specifically and non-

cooperatively and that the subsequent effects on DNA topology differ depending on the local 

concentration of Ler. DNA folding and wrapping was observed at low concentrations, while high 

amounts of bound Ler increased the rigidity of the DNA and replaced H-NS from the DNA, leading to 

counter-silencing (Winardhi et al., 2014). Interestingly, Levine and colleagues demonstrated that 

H-NST supports Ler binding in the presence of H-NS, thereby facilitating Ler-mediated counter-

silencing (Levine et al., 2014).  

HU is a conserved NAP which is highly abundant in eubacteria and has important functions in the 

regulation of cell growth, virulence, SOS response, and many other processes (Stojkova et al., 2019). 

Magnetic tweezer experiments and atomic force microscopy experiments hinted that HU and H-NS 

compete for the same DNA regions, putatively enabling HU to locally antagonize H-NS-mediated DNA 

condensations and silencing (van Noort et al., 2004). Fis, another highly abundant NAP is able to 

modulate the DNA topology (Ouafa et al., 2012) and was also proposed to counteract H-NS mediated 

gene silencing (Stoebel et al., 2008).  

Bioinformatic analyses revealed that bacterial species frequently encode several XS proteins from the 

same class, while silencers from different classes do not co-exist in the same species (Perez-Rueda and 

Ibarra, 2015). In addition to the abovementioned results, Pfeifer and colleagues showed that the 

expression of hns from E. coli in wild-type C. glutamicum cells results in loss of CgpS mediated silencing 

and prophage induction (Pfeifer et al., 2016). These findings suggest that not related XS proteins 

compete for the binding at AT-rich genomic stretches, which hinders the formation of a silencing-

competent nucleoprotein complex (Pfeifer et al., 2016).  

 

2.4.2. Transcription factor-mediated counter-silencing in nature 

The abovementioned NAP-based interfering mechanisms target the oligomerization process of XS 

proteins or compete with them for DNA binding. Thus, they often lead to global inhibition of the 

formation of higher-order nucleoprotein complexes. In contrast, TF-mediated counter-silencing can be 

considered as targeted process allowing the reactivation of single genes. TFs represent key players in 

the cellular regulatory network by activating or repressing gene expression in response to extra- and 

intracellular stimuli and their binding affinity for the DNA is determined by sequence-specific binding 
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motifs (von Hippel and Berg, 1986). As mentioned before, the control of beneficial, foreign gene 

expression is an important step for improving bacterial fitness (Will et al., 2015). Evolutionary network 

expansion by using existing regulatory circuits to control foreign gene expression, e.g. by developing 

TF-mediated counter-silencing mechanisms, is a common strategy found in bacteria (Navarre, 2016; 

Will et al., 2014; Will et al., 2015).  

One of the best characterized system is the PhoPQ two-component system from Salmonella. This 

system is responsive to different environmental stimuli (low pH, antimicrobial peptides, low 

magnesium concentration) and represents a key player for virulence in Salmonella (Bader et al., 2003; 

Groisman et al., 1997; Miller et al., 1989). Upon stimulus perception, PhoQ phosphorylates PhoP 

leading to sequence-specific binding of the response regulator to the DNA. Will and colleagues 

systematically analysed the regulatory network of PhoP comprising ancestral core genes as well as 

horizontally acquired genes (Will et al., 2014). By analysing activities of promoters of both categories 

in different Salmonella mutant strains as well as in in vitro transcription assays, the authors 

demonstrated that ancestral promoters are controlled by classical PhoP-mediated activation. In 

contrast, transcription of horizontally acquired promoters depends on binding of PhoP and the TF SlyA, 

which cooperatively act as counter-silencing factors. Binding of SlyA and PhoP had no effect in the 

absence of H-NS, indicating that PhoP-mediated counter-silencing and classical activation are distinct 

mechanisms (Will et al., 2014). 

Analyses of the promoter architectures of both categories revealed remarkable differences (Will et al., 

2014; Zwir et al., 2012). Activated ancestral core genes typically exhibit a conserved promoter 

architecture with a PhoP binding site close to the -35 box and bound PhoP can recruit the RNA 

polymerase (Will et al., 2014; Zwir et al., 2012). In contrast, horizontally acquired targets typically show 

flexible promoter architectures regarding the number of operator sequences, the sequence of the 

binding site itself as well as the orientation of the binding motif and its distance to the TSS (Will et al., 

2014; Zwir et al., 2012). This variability in promoter architectures indicates that, in contrast to classical 

activation, counter-silencing factors might not activate the promoter by recruiting the RNA 

polymerase. Instead, they enable transcription by interfering with the silencer-DNA complex (Will et 

al., 2014; Will et al., 2015). This flexibility in promoter architectures is assumed to facilitate 

evolutionary network expansion by counter-silencing in comparison to the de novo evolution of 

classical activator circuits (Will et al., 2014; Will et al., 2015). 

 

In addition to the PhoPQ regulon, several diverse counter-silencing examples exist in nature 

highlighting the complexity of counter-silencing evolution. For instance, the important virulence 

regulator VirB from S. flexneri is suggested to counteract H-NS silencing by DNA binding, oligomerizing, 

and by DNA bending (Gao et al., 2013; Turner and Dorman, 2007). It is assumed that VirB is neither 
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involved in recruiting the RNA polymerase nor in promoting open complex formation, but that it 

antagonises H-NS mediated silencing (Turner and Dorman, 2007). In the absence of H-NS, VirB target 

promoters like PicsB are constitutively active (Porter and Dorman, 1994), showing that counter-silencing 

and classical activation are distinct mechanisms. LeuO, a LysR-type TF found in Salmonella enterica and 

E. coli, leads to counter-silencing of H-NS by acting as boundary element: it binds between the 

nucleation site of H-NS and the promoter region, oligomerizes and bends the DNA around itself, 

thereby blocking the H-NS polymerization process and enabling transcription (Chen et al., 2003; 

Shimada et al., 2011). Further examples of TFs, which have been co-opted to act as H-NS counter-

silencer, are the MarR-type regulators SlyA and RovA of S. enterica and Yersinia tuberculosis (Heroven 

et al., 2004; Navarre et al., 2005; Perez et al., 2008). MarR-type regulators, which play an important 

role in multiple antibiotic resistance, belong to a widespread, ancient family of TFs and typically 

function as environmentally responsive repressors (Alekshun et al., 2001; Perera and Grove, 2010). 

However, the SlyA/RovA lineage in Enterobacteriaceae has evolved an additional function as 

pleiotropic counter-silencer leading to a strong extension of their regulons including many virulence 

genes (Will et al., 2019). In a current review, Will and Fang suggested that the evolution of MarR-type 

regulators towards counter-silencing factors could be facilitated by similarities between their target 

sequences and those of XS proteins (Will and Fang, 2020). Furthermore, binding of these TFs induces 

distorting effects on the DNA leading to bending of the H-NS-DNA complex (Will and Fang, 2020). 

Several other examples of TF-mediated H-NS counter-silencing have been described comprising a large 

set of AraC-like proteins including GadX and GadW, HilC and HilD as well as ToxT from V. cholerae 

(Olekhnovich and Kadner, 2007; Tramonti et al., 2006; Yu and DiRita, 2002). In contrast to 

abovementioned examples, ToxT is assumed to have a dual function during counter-silencing: 

interfering with H-NS silencing and transcription activation by interacting with the RNA polymerase 

(Hulbert and Taylor, 2002; Yu and DiRita, 2002). A comparable dual activity was observed for the TF 

SsrB of Salmonella (Walthers et al., 2007) suggesting that classical activation and counter-silencing are 

distinct regulatory mechanisms but can be combined in a single TF. 

In conclusion, counter-silencing of H-NS plays an important role in several cellular processes including 

activation of virulence genes and antibiotic resistance. Furthermore, a connection between counter-

silencing and quorum sensing was recently reported. Binding of LuxR, the master quorum sensing TF 

of Vibrio harveyi, displaces H-NS from gene loci involved in quorum sensing (Chaparian et al., 2020). 

These reports combined with several other examples highlight that xenogeneic silencing and TF-

mediated counter-silencing provide access to horizontally acquired DNA and thereby foster 

evolutionary network expansion and bacterial evolution. This might explain why using existing 

regulatory circuits, e.g. by co-opting a TF from its original function to act as counter-silencer, is a 

common strategy of bacteria to control expression of horizontally acquired genes. Although counter-



38  Scientific context and key results of this thesis 

silencing reports mainly focused on the reactivation of targets of H-NS-like XS proteins in different 

species, they provide insights into the complexity of regulatory network expansion and into the 

variability of counter-silencing mechanisms. 

However, while TF-mediated counter-silencing of H-NS-like proteins has been studied in detail, little is 

known about mechanisms allowing the reactivation of genes silenced by XS proteins of the other 

classes. For instance, to the best of our knowledge, only one native example for an Lsr2 counter-

silencer has been reported (Kurthkoti et al., 2015). IdeR, a central regulator of iron homeostasis in 

M. tuberculosis, counteracts Lsr2-mediated repression of the bfrB locus encoding a bacterioferritin 

(Kurthkoti et al., 2015). As mentioned before, Lsr2 is a master regulator of virulence genes and might 

be involved in multidrug tolerance in M. tuberculosis and was therefore highlighted as promising drug 

candidate (Colangeli et al., 2007; Gordon et al., 2010; Gordon et al., 2011). Additionally, in 

Streptomyces, Lsr2 acts as a silencer of specialized metabolic clusters (Gehrke et al., 2019). Both 

examples underline the importance that motivated our recent study to understand the mechanisms 

of xenogeneic silencing and counter-silencing of Lsr2-like proteins. 

 

Binding of the TF is a critical step for efficient counter-silencing and this process directly depends on 

the presence of the corresponding TF binding site within the silenced promoter region. This was 

demonstrated in different mutant analyses lacking the respective TF and in studies with mutated 

binding sites preventing binding of the regulator (Caramel and Schnetz, 1998; Kane and Dorman, 2011; 

Wiechert et al., 2020a; Will et al., 2014). Regarding the evolution of counter-silencing, one could think 

of three different scenarios (partially reviewed by (Navarre, 2016; Will et al., 2015)): I) Accidentally, a 

foreign DNA element already contains a binding motif which is recognized by a host encoded TF. If the 

interplay of gene and stimulus-dependent TF binding increases the fitness of the host, this DNA 

element will be vertically transferred to the following bacterial generations. Otherwise, the resulting 

fitness costs will prevent its manifestation within the bacterial population. II) A second scenario would 

be that a foreign DNA element encodes an activating TF and contains the corresponding target 

promoter. Upon entering the bacterial cell, this target promoter might be silenced by host-encoded XS 

proteins leading to the addition of a repressive regulatory layer. Now, the TF might act in a dual fashion: 

original activity as activator and newly gained counter-silencing function. III) The third scenario is a try 

and error approach. The horizontally acquired DNA is initially repressed by a XS protein and resides as 

cryptic element within the bacterial genome. During evolution, random mutations within silenced 

promoter sequences can lead to the formation of TF binding sites. Binding of the corresponding TF 

interferes with the silencer DNA complex leading to counter-silencing and to the transcription of the 

following gene. Since binding of TFs can depend on a variety of stimuli (Seshasayee et al., 2011), those 

signals can be integrated into counter-silencing by co-opting corresponding host TFs. If the gene 
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product and its expression state fulfil the requirements of the bacterial cell, this mutation will provide 

a fitness advantage and will manifest within the bacterial population (Will et al., 2014; Will et al., 2015). 

In contrast, if the gene product reduces cellular fitness, this cell will die and mutations will be lost 

(Navarre, 2016; Will et al., 2015). 

  

2.4.3. Synthetic disruptive counter-silencing 

The flexibility in promoter architecture, which was reported by Will and colleagues for the PhoPQ 

regulon of Salmonella (Will et al., 2014), was reflected by our current study as well as in two other 

synthetic approaches aiming at counter-silencing H-NS target promoters (Caramel and Schnetz, 1998; 

Kane and Dorman, 2011; Wiechert et al., 2020a). In our study, we performed a comprehensive 

synthetic counter-silencer approach using the Lsr2-like XS protein CgpS of C. glutamicum as a model 

to decipher the rules underlying counter-silencing of Lsr2-like proteins (Wiechert et al., 2020a). In this 

plasmid-based approach, we used different phage promoters targeted by CgpS as platforms for our 

synthetic counter-silencer design. We artificially inserted the binding site of the TF GntR, the regulator 

of gluconate catabolism of C. glutamicum, within 12 different silenced phage promoters and analysed 

counter-silencing efficiencies by performing in vivo reporter assays. We could show that binding of 

GntR to various silenced promoters resulted in their activation, demonstrating that GntR can act as a 

counter-silencer in a set of different promoters (Wiechert et al., 2020a). We varied the position of the 

GntR binding site within two exemplary class 1 CgpS target promoters (Plys and Pcg1999, one single drop 

in GC-profile and a bell-shaped CgpS binding peak) to analyse the potential and constraints of CgpS 

counter-silencing. Counter-silencing was achieved at different positions within Plys in a range of 15 bp 

upstream and 10 bp downstream of the position of maximal CgpS coverage and highest efficiency was 

observed at this maximum position. The results for Pcg1999 were in a comparable range, highlighting a 

certain degree of flexibility in promoter architectures. Positions outside of this region were not 

activated by GntR binding and often tended to be repressed. Remarkably, several constructs showed 

only low reporter outputs under non-inducing conditions demonstrating that they are still tightly 

controlled by CgpS (Wiechert et al., 2020a). In conclusion, almost all binding positions resulted in 

differential gene expression, highlighting the potential of xenogeneic silencing and counter-silencing 

to facilitate regulatory network expansion by providing tuneable promoter systems with low 

background activity. In line with the promoter studies of Will and colleagues (Will et al., 2014), our 

design allowed a certain degree of flexibility in terms of binding site orientation and position. 

Interestingly, the distances between the closest PhoP binding site and the TSS vary by only 34 bp (Will 

et al., 2014; Zwir et al., 2012), indicating that the range of binding site positions allowing counter-

silencing was comparable to our study. 
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Similar results were previously described by Caramel and Schnetz (Caramel and Schnetz, 1998). The 

authors inserted the binding sites of the Isopropyl-β-D-1-thiogalactopyranoside- (IPTG-) dependent TF 

LacI and of the temperature-sensitive λ-repressor into the well-characterized bgl promoter of E. coli, 

which is silenced by H-NS. Observed counter-silencing effects by TF binding at different positions, 

which were in a similar window as discussed before (Wiechert et al., 2020a; Will et al., 2014), 

confirmed the abovementioned constraints of counter-silencing (Caramel and Schnetz, 1998). 

Furthermore, comparable to our results, this study highlighted that counter-silencing allows the 

conversion of a repressor into an activating regulator (Caramel and Schnetz, 1998). Examples for such 

an evolutionary conversion can also be found in nature as shown for the MarR-type repressors RovA 

and SlyA (Will et al., 2019). Another synthetic approach was based on the VirB protein from S. flexneri 

(Kane and Dorman, 2011) which natively acts as a counter-silencer by wrapping the DNA around itself 

(Turner and Dorman, 2007). By implementing the corresponding binding site at different positions and 

orientations into the heterologous E. coli proU promoter, which is silenced by H-NS but natively not 

bound by VirB, counter-silencing was achieved (Kane and Dorman, 2011).  

In conclusion, the extensive analysis of the PhoP regulon in Salmonella and the two synthetic studies 

which focused on H-NS counter-silencing revealed important insights into the potential and constraints 

of H-NS counter-silencing. In our recent study, we performed the first systematic analysis of counter-

silencing of a Lsr2-like XS protein (Wiechert et al., 2020a). Remarkably, the obtained results from all 

approaches exhibit a high degree of agreement, e.g. the flexibility in promoter architectures. However, 

in some points, the transferability shows limitations. For instance, we tested a set of different binding 

sites of heterologous and homologous effector-responsive TFs for the design of counter-silencer 

constructs based on the CgpS target promoter Plys (Figure 10). Comparable to the bgl promoter-based 

study of Caramel and Schnetz (Caramel and Schnetz, 1998), we also tested constructs based on the 

LacI repressor. While the inserted LacI binding site only slightly influenced H-NS silencing and LacI 

binding efficiently reactivated the bgl promoter activity (Caramel and Schnetz, 1998), the introduction 

of this sequence into the Plys promoter led to drastically increased background activities. Furthermore, 

LacI binding did not significantly further alleviate CpgS silencing (Figure 10). This scenario was 

repetitively shown for different TFs including IpsA from C. glutamicum and TrpR from E. coli (Figure 

10). We assumed that the binding site composition, especially its GC content and length, strongly 

influence CgpS silencing independent of TF binding. This hypothesis was confirmed by the high reporter 

outputs driven from the Plys promoter with the inserted LacI binding site in the absence of the 

corresponding TF (Figure 10). Obviously, the bgl promoter shows a higher degree of tolerance for the 

inserted LacI binding site (Caramel and Schnetz, 1998). In conclusion, the results of H-NS and our study 

revealed that differences between H-NS- and CgpS-mediated silencing exist.  
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Figure 10: Impact of effector-responsive TF binding and of inserted operator sequences on promoter activities of synthetic 
variants of the CgpS target promoter Plys. Different TF binding sites (BS) were inserted within the phage promoter Plys directly 
upstream of the position associated with maximal CgpS binding obtained in previous ChAP-seq experiments by Pfeifer and 
colleagues (Pfeifer et al., 2016). Reporter outputs (Venus expression) driven by plasmid-based (pJC1) promoter constructs 
were analysed regarding silencing and counter-silencing in C. glutamicum wild-type cells after five hours of cultivation. The 
native phage promoter Plys served as reference and was analysed in C. glutamicum wild-type cells as well as in the absence 
of CgpS in the prophage free strain Δphage (MB001 (Baumgart et al., 2013)). Cells were cultivated in a microtiter cultivation 
system under conditions that induced (yellow bars; +) or did not induce (blue bars; -) binding of the respective TF. In cases of 
constructs with binding sites of heterologous TFs, the corresponding TF encoding gene was inserted within the respective 
construct (#). For the LacI-based promoter variant, constructs with and without the lacI gene were tested. Cultivations were 
performed in CGXII minimal medium (Keilhauer et al., 1993). Used carbon sources and additives are listed in the following. 
For the ion-dependent TFs MntR and DtxR, the usually used concentrations of MnSO4 (59 µM) and FeSO4 (36 µM) were 
adjusted according to the TF, and amounts are given below. Effectors controlling TF binding are underlined, respectively. No 
BS: 100 mM gluconate; GntR: -: 100 mM gluconate, +: 111 mM glucose; TyrR: -: 111 mM glucose + 3 mM Ala-Ala, +: 111 mM 
glucose + 3 mM Ala-Ala + 0.3 mM Ala-Tyr; VanR: -: 111 mM glucose + 2 mM vanillate, +: 111 mM glucose; RbsR: -: 111 mM 
glucose + 66.6 mM ribose, +: 111 mM glucose + 66.6 mM gluconate; DtxR: -: 111 mM glucose + 5 µM FeSO4, +: 111 mM 
glucose + 36 µM FeSO4; MntR: -: 55 mM glucose + 0.059 µM MnSO4, +: 55 mM glucose + 0.59 µM MnSO4; IpsA: -: 111 mM 
glucose + 50 mM myo-inositol, +: 111 mM glucose; TrpR: -: 111 mM glucose, +: 111 mM glucose + 0.3 mM Ala-Trp; LacI: -: 
111 mM glucose + 100 µM IPTG, +: 111 mM glucose. All cells were pre-cultivated in CGXII minimal medium under non-inducing 
conditions in microtiter plates. The lengths of the inserted binding sites as well their average GC contents are specified, and 
constructs were sorted based on the latter feature. Constructs which were significantly induced by binding of the TF (t-test, 
p-value < 0.05) are highlighted by red TF names. The figure demonstrates that CgpS mediated silencing is strongly affected 
by long and/or GC-rich inserted TF binding sites leading to high background expression levels. [Abbreviations: BS, binding site; 
a.u., arbitrary unit; WT, wild-type; TF, transcription factor]. 

 

In our study, we performed detailed plasmid-based counter-silencing analyses with class 1 promoters 

which were characterized by a single distinct drop in GC-profile and a bell-shaped CgpS binding peak 

resulting in a large set of counter-silencer constructs. However, most of the class 2 promoters showing 

broader or multiple drops in GC content and broad or even overlapping CgpS coverage peaks failed to 

be counter-silenced when GntR binds at the annotated position of maximal CgpS binding (Wiechert et 

al., 2020a). We speculated that the annotation of the maximal CgpS coverage position of Pcg1936 (Pfeifer 

et al., 2016), which was located between two areas of low GC content and distant to the TSS, might be 

incorrect (Figure 8A). In a following attempt, we inserted the GntR binding site at two different 

positions close to the TSS in a region of low GC content, but counter-silencing was not detectable 
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(Wiechert, Frunzke, unpublished). As discussed in chapter 2.3.4. (“Formation of the nucleoprotein 

complex.”), we hypothesised that these broader peaks might stabilize silencing, e.g. by bridging the 

DNA between two CgpS high affinity sites, and thereby preventing GntR mediated remodelling of the 

nucleoprotein complex.  

Although most class 1 promoters were efficiently counter-silenced in our plasmid-based approach, we 

must consider that we inspected the CgpS target promoters isolated from their native genomic 

context. For instance, CgpS coverage peaks located in high density and close distance in the CGP3 

prophage region (Pfeifer et al., 2016) very likely influence each other, e.g. by forming bridges or 

determining the DNA topology together. Furthermore, high local concentrations of CgpS in the 

prophage region, a high density of CgpS binding sites as well as the surrounding GC-profile might 

influence CgpS target recognition and nucleoprotein complex stability, which could lead to higher 

silencing efficiencies. For instance, Will and colleagues demonstrated in biochemical and biophysical 

assays that the binding mode of H-NS strongly depend on the local concentration of H-NS and its 

corresponding binding sites as well as the binding affinity of H-NS (Will et al., 2018).  

An important question therefore remains open: How well can our isolated plasmid system reflect the 

natively occurring mechanisms of silencing and counter-silencing? One promising approach for future 

studies could be the integration of the counter-silencer promoter into its native locus. Since native 

phage proteins have the risk to be toxic, e.g. the gene lys encodes a putative lysine, the native gene 

should either be translational inactivated (promoter activity measurements based on transcript level) 

or replaced by a reporter gene. This question will be further discussed in the outlook in chapter 2.6. 

 

2.4.4. Counter-silencing and classical activation are distinct mechanisms 

Previously, two mechanisms allowing counter-silencing were discussed: supportive and disruptive 

counter-silencing (Will et al., 2014). Some examples of supportive counter-silencing exist where the TF 

interferes with the silencer DNA complex but also directly interacts with the RNA polymerase to 

promote transcription, e.g. by recruiting the RNA polymerase (Hulbert and Taylor, 2002; Walthers et 

al., 2007; Will et al., 2014; Yu and DiRita, 2002). However, other studies characterized a disruptive 

counter-silencing mechanism which is assumed to be independent of direct interaction between the 

TF and the RNA polymerase (Caramel and Schnetz, 1998; Kane and Dorman, 2011; Wiechert et al., 

2020a), indicating that counter-silencing and activation are distinct regulatory mechanisms showing 

the possibility to be combined in a single TF. These discrepancies of the abovementioned studies likely 

reflect the complexity of regulatory networks and the individual evolutionary relationships between 

promoter and counter-silencing factor.  
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In accordance with the previous findings, we suggested that GntR-mediated counter-silencing is rather 

a disruptive mechanism than a supportive (Wiechert et al., 2020a). This hypothesis is based on three 

different observations:  

I) We observed highest counter-silencing efficiencies when GntR bound directly at the position of 

maximal CgpS coverage. These positions were often located in close distance to the TSSs (Wiechert et 

al., 2020a). Based on the scientific status quo, these positions would rather lead to the repression of 

gene expression by blocking transcription (Rojo, 1999; Rydenfelt et al., 2014). Indeed, GntR binding to 

different constructs led to counter-silencing in the wild type, but decreased promoter activities were 

observed in the absence of CgpS in the prophage-free strain Δphage, showing that the regulatory 

output is strongly affected by the interplay of different DNA binding proteins (Wiechert et al., 2020a).  

II) In the native GntR target promoter PgntK, the GntR binding site overlaps with the TSS (Frunzke et al., 

2008) and GntR binding led to decreased promoter activities (Wiechert et al., 2020a), demonstrating 

that GntR binding close to the TSS acts as repressor. In accordance with the abovementioned examples 

RovA and SlyA (Will et al., 2019), our results nicely demonstrated that counter-silencing allows the 

conversion of a repressor to an activating counter-silencer (Wiechert et al., 2020a).  

III) None of our constructs, which was tested in the absence of CgpS in the prophage-free strain, 

showed significantly increased activity under conditions which induced GntR binding, demonstrating 

that its activating effect depends on the interplay with CgpS and not on a classical activation 

mechanism. Furthermore, all tested native phage promoters were strongly upregulated in this strain, 

indicating that they are constitutively active in the absence of CgpS (Wiechert et al., 2020a). 

  

In accordance, previous studies from Will and colleagues suggested that open complex formation at 

AT-rich promoters is often not the rate-limiting step for transcription in the absence of XS proteins 

(Will et al., 2014). By performing combined differential DNA footprint analysis (DDFA) like KMnO4 

footprint assays with the H-NS target promoter PpagC, the authors obtained comprehensive insights 

into the molecular mechanisms of silencing and counter-silencing. By systematically analysing the 

importance of different proteins for this process, the authors demonstrated that RNA polymerase 

binding is sufficient for the formation of a stable open complex in the absence of H-NS. In contrast, H-

NS strongly inhibits this structural DNA change, defining its silencing effect. The open complex 

formation was restored in the presence of the counter-silencing factors PhoP and SlyA, explaining the 

molecular mechanism of counter-silencing: PhoP induces bending of the silencer-DNA filament leading 

to recovery of the open complex conformation (Will et al., 2014).  
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2.5. The potential of counter-silencer promoters for biotechnological and 

synthetic biological applications  

Inducible expression systems represent key modules in biotechnological and synthetic biological 

applications, since they allow the precise and rational modulation of gene expression (Patek et al., 

2013). They are frequently used to accurately coordinate metabolic fluxes in a variety of production 

processes and typically form the first layer of synthetic regulatory circuits (Liu et al., 2016; Xu et al., 

2019). Synthetic Biology aims to provide suitable libraries of modular genetic parts, including 

promoters and TFs which can be assembled in genetic circuits (García-Granados et al., 2019). Various 

intensive promoter engineering studies and designed promoter libraries from this research field 

highlight the demand of appropriate expression systems which meet the requirements of specific 

application, e.g. metabolic engineering strategies (Alper et al., 2005; Blazeck and Alper, 2013; Han et 

al., 2019). A stringent but flexible control of gene expression is of particular importance for applications 

which have to deal with toxic products and pathway intermediates or with disturbances of the central 

carbon flux (Baritugo et al., 2018). Furthermore, gene function studies often do not depend on high 

expression rates, but on strictly controlled gene expression to allow the conditional knockdown of 

essential genes (Fitz et al., 2018; Shang et al., 2002).  

In various bacteria, for instance in C. glutamicum, the well-established heterologous expression 

systems Ptac (Patek et al., 2013), Ptet (Lausberg et al., 2012) and ParaBAD (Ben-Samoun et al., 1999) are 

widely applied. However, they do not meet the requirements for all approaches due to inducer toxicity, 

high inducer costs, heterogeneous inducer uptake, high background expression levels and 

inappropriate induction levels (Baritugo et al., 2018; Patek et al., 2013; Yim et al., 2013; Zhang et al., 

2012b).  

Interestingly, the investigations of our synthetic promoter variants, which are controlled by xenogeneic 

silencing and counter-silencing, revealed that several of them have very low background expression 

levels and can be strongly induced by binding of the gluconate-dependent TF GntR (Wiechert et al., 

2020a). Based on this observation, a further project of this PhD thesis was the detailed characterization 

of promising promoters to determine their potential as gene expression system in C. glutamicum. The 

results are summarized in our current manuscript: “Inducible expression systems based on xenogeneic 

silencing and counter-silencing and the design of a metabolic toggle switch” (Wiechert et al., 2020b). 

In contrast to inducers like IPTG, gluconate represents a non-toxic and cheap effector molecule 

(Wiechert et al., 2020b). The comparison of exemplarily chosen counter-silencer promoters with the 

heterologous expression systems LacI-Ptac and TetR-Ptet confirmed that our constructs have 

significantly lower background expression levels (Wiechert et al., 2020b). In the presence of the 

effector molecule gluconate which inhibits binding of GntR to the DNA, the counter-silencer promoters 

were in the OFF state. However, promoter activities increased after a certain period of time, probably 
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due to depletion of gluconate. Cultivation approaches with increasing amounts of gluconate revealed 

a gradual shift of the time point of promoter induction, highlighting the potential of counter-silencer 

constructs as expression systems with temporal tunability. By choosing defined amounts of gluconate, 

the increase in promoter activity could be correlated with the culture entry into stationary phase 

(Wiechert et al., 2020b), suggesting that counter-silencer promoters could be applied for approaches 

where a gene is supposed to be expressed after an initial growth phase. 

The repertoire of homologous inducible promoters is comparatively small in C. glutamicum and 

includes the PmalE promoter induced by maltose (Okibe et al., 2010), the gluconate responsive 

promoters Pgit1 (Okibe et al., 2010), PgntK (Hentschel et al., 2013; Letek et al., 2006), and PgntP (Letek et 

al., 2006), the propionate inducible PprpD2 promoter (Plassmeier et al., 2013) as well as amino acid 

responsive biosensors like Lrp-PbrnFE´ (Mustafi et al., 2012) and LysG-PlysE´ (Binder et al., 2012). 

Therefore, our counter-silencer promoters might represent suitable candidates to expand this limited 

set of inducible promoter systems.  

 

We combined our synthetic constructs in a GntR-dependent promoter library comprising 44 regulatory 

elements which were repressed (16) or activated (28) by GntR binding (Wiechert et al., 2020b) Our 

promoter sets were characterized by small increment steps and covered a wide range of expression 

levels (repressed: 70-fold, activated: 100-fold) (Wiechert et al., 2020b), emphasising that they show 

important features of high-quality promoter libraries (Fitz et al., 2018). Since only a few promoter 

libraries had been designed for C. glutamicum containing either synthetic, IPTG inducible regulatory 

elements (Rytter et al., 2014) or constitutive promoters (Rytter et al., 2014; Shang et al., 2018; Yim et 

al., 2013), we suggest that our synthetic, gluconate inducible library containing activated and 

repressed regulatory elements could be useful for different approaches in C. glutamicum. 

 

Finally, it should be noted that it might also be worthwhile to investigate counter-silencing of naturally 

silenced genes in future research. For instance, Gehrke and colleagues showed that Lsr2 targets a 

variety of specialized metabolic clusters in S. venezuelae (Gehrke et al., 2019). If our findings about TF-

mediated counter-silencing of the Lsr2-like XS protein CgpS are transferable to Lsr2 in Streptomyces, 

the specific and controlled reactivation of these clusters could be an interesting engineering target for 

the discovery of novel bioactive compounds. Furthermore, the implementation of TF binding sites 

within specific silenced promoters could be applied for studying the functions of one specific gene 

product within the cellular network. An interesting field of research could be the reactivation of phage 

genes, e.g. from C. glutamicum, which allows for their functional characterization within the native 

host.  
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2.5.1. Synthetic genetic toggle switches 

Inspired by the genetic switch that governs the lysis-lysogeny decision of bacteriophage λ, Gardner and 

colleagues imitated this circuit design to construct a bistable synthetic toggle switch (Gardner et al., 

2000). The regulatory network of bacteriophage λ combines the two repressors Cro and CI and their 

target promoters PR and PRM, each being repressed by the gene product of the other (Khalil and Collins, 

2010). Comparably, Gardner and colleagues combined the IPTG-inducible expression system LacI-Ptrc 

with the anhydrotetracycline- (ATc-) dependent TetR-PLtetO-1 system, or with the temperature-

sensitive λ repressor (CIts) and its corresponding promoter PLslcon and arranged them such that both 

promoters were repressed by the gene product of the other (Gardner et al., 2000). The additional 

expression control of a reporter gene (e.g. gfpmut3) by one of the promoters allowed them to monitor 

the state of the toggle (fluorescence on versus fluorescence off) (Gardner et al., 2000).  

The analysis of reporter outputs driven by the native GntR target promoter PgntK and the synthetic 

counter-silencer construct Plys_CS_0 revealed a very similar, but inverted response to gluconate 

availability (Wiechert et al., 2020a). Based on this observation, we combined both promoters in a 

synthetic toggle switch and fused them to different reporter genes (venus and e2-crimson) to monitor 

the state of our toggle (Wiechert et al., 2020a) (Figure 11). Analysis of reporter outputs during long-

term cultivations in the microfluidic cultivation system allowed us to characterize our toggle design in 

detail and demonstrated its robust and reversible functionality (Wiechert et al., 2020a; Wiechert et al., 

2020b).  

In contrast to the circuit architecture from Gardner and colleagues, which was based on the ratio of 

two repressors and two stimuli (Gardner et al., 2000), our design is controlled by only one specific TF, 

namely GntR, and one effector molecule, namely gluconate, allowing us to use native GntR levels 

(Wiechert et al., 2020a; Wiechert et al., 2020b). This simple design might be advantageous since it 

circumvents problems like inappropriate TF synthesis and degradation rates as well as insufficient 

repression efficiencies, which were discussed as major challenges for toggle functionality and stability 

in the previous publication (Gardner et al., 2000). Additionally, our modular circuit architecture is 

thought to allow the independent tuning of both toggle sides without affecting the response of the 

other side, demonstrating its potential for applications in Synthetic Biology. For instance, our GntR-

dependent promoter library comprising 28 activated and 16 repressed synthetic regulatory elements 

provides a large set of potential building blocks allowing application-specific adjustments of the toggle 

(Wiechert et al., 2020b).  
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Figure 11: Design scheme of the GntR-dependent fluorescence toggle switch. The GntR-dependent toggle switch is based 
on the native GntR target promoter PgntK and the synthetic GntR-dependent Plys counter-silencer construct (Plys_CS_0), both 
reacting inversely to gluconate availability. Both promoters were fused to different reporter genes (Plys_CS_0-venus and PgntK-
e2-crimson) to monitor promoter activities. Figure taken from Wiechert et al. (2020a). 

 

2.5.2. Metabolic toggle switches to optimize flux balances by dynamic pathway 

regulation 

Rationally engineered microbial cells enable improved production of value-added compounds from 

renewable feedstocks and represent an ecological, economical and sustainable alternative to 

production processes depending on limited fossil resources and high energy supply (Lee et al., 2012; 

Prather and Martin, 2008). The majority of bio-based products including natural and non-natural 

compounds are derived from intermediates of the central carbon metabolism, e.g. from tricarboxylic 

acid (TCA) cycle or glycolysis. Consequently, production processes frequently compete with pathways 

essential for microbial physiology and cell growth (Doong et al., 2018; Gupta et al., 2017; Soma et al., 

2014). Permanent knockouts or knockdowns of competing reactions from the central carbon 

metabolism combined with the overexpression of production pathways (heterologous or endogenous) 

are established engineering strategies to redirect carbon flux towards the desired product (Becker et 

al., 2011; Blombach et al., 2008; Blombach et al., 2007; Huser et al., 2005; Krause et al., 2010; Litsanov 

et al., 2012). However, the permanent knockout of competing pathways and highly expressed 

heterologous biosynthesis routes can result in strong metabolic imbalances leading to severe growth 

defects and reduced overall productivity (Brockman and Prather, 2015a). 

In contrast, the implementation of metabolic toggle switches or other synthetic genetic circuits allows 

the dynamic redirection of metabolic fluxes towards cell growth or product biosynthesis in several 

engineered E. coli strains (Brockman and Prather, 2015b; Doong et al., 2018; Farmer and Liao, 2000; 

Gupta et al., 2017; Lo et al., 2016; Soma et al., 2014; Soma et al., 2017; Tsuruno et al., 2015; Zhang et 

al., 2012a). By controlling timing of strain performance, cell growth as well as the overall productivity 

were significantly improved. For instance, Soma and colleagues constructed a metabolic toggle switch 

for isopropanol production in E. coli, which was inspired by the aforementioned circuit design from 

Gardner and co-workers (Soma et al., 2014). The conditional knockout of the citrate synthase GltA and 
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the simultaneous upregulation of a synthetic isopropanol production pathway enabled the switch 

between growth and production and circumvented the challenge that both pathways would otherwise 

compete for acetyl-CoA (Soma et al., 2014). Tsuruno and colleagues used a comparable circuit 

architecture to overcome competition between growth and product formation by dynamically 

redirecting the central carbon flux from glycerol towards 3-hydroypropionic acid (Tsuruno et al., 2015).  

In C. glutamicum, the pyruvate dehydrogenase complex (PDHC) is an important target for metabolic 

engineering strategies aiming at increasing production of pyruvate-derived compounds like L-valine, 

isobutanol, ketoisovalerate and L-lysine (Blombach et al., 2007; Buchholz et al., 2013; Eikmanns and 

Blombach, 2014). Several of these successful approaches were based on the inactivation of PDHC, e.g. 

by deleting the aceE gene encoding the E1 subunit of this complex, to improve precursor supply. PDHC-

deficiency results in strong growth defects on sugars like glucose, which can be complemented by the 

addition of acetyl-CoA replenishing carbon sources, such as acetate (Schreiner et al., 2005). The 

inactivation of the PDHC in ΔaceE deletion strains leads to decoupling of biomass and L-valine 

formation and cells mainly consume acetate during the initial growth phase (Blombach et al., 2007; 

Schreiner et al., 2005). However, acetate represents a costly and inefficient carbon source, which 

allows only low biomass yields (Blombach et al., 2007; Schreiner et al., 2005).  

To overcome the challenges associated with the permanent knockout of the PDHC and to circumvent 

the competition of biomass and product formation, we implemented our GntR-dependent circuit 

design as metabolic toggle switch in a C. glutamicum L-valine production strain (Wiechert et al., 2020b) 

(Figure 12A, B). By replacing the native promoter of aceE with the gluconate-inducible PgntK promoter, 

we could control cell growth in dependency of gluconate availability (Figure 12B, C). Remarkably, our 

dynamically controlled PgntK-aceE strain was able to co-utilize glucose in the presence of gluconate 

leading to significantly improved biomass yields in comparison to those obtained for the previously 

established static ΔaceE deletion strain in the presence of acetate and glucose (Figure 12C). In contrast, 

both strains were not able to grow in media containing solely glucose (Figure 12C) and produced 

comparable amounts of L-valine (Figure 12D), indicating that controlling PDHC allowed the redirection 

of carbon flux towards product formation (Wiechert et al., 2020b).  

Engineering approaches of PDHC activity based on aceE promoter replacements to improve L-valine 

production were previously applied by two groups. Ma and colleagues applied a growth-phase 

dependent promoter of an industrial used L-leucine strain (PCP_2836; C. glutamicum CP) for phase-

dependent control of the PDHC activity to overcome the competition between cell growth and L-valine 

production. While the PDHC was active and allowed the formation of biomass during exponential 

growth phase, the activity of the enzyme complex was strongly reduced during stationary phase 

resulting in accumulation of pyruvate (Ma et al., 2018). In the second study, the authors replaced the 

aceE promoter with mutated, constitutive promoter variants of dapA leading to decreased aceE 
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expression, acetate independent cell growth and increased L-valine productivity (Buchholz et al., 

2013). However, in contrast to our effector-responsive system which is assumed to provide the 

opportunity to adjust PDHC activity during a production process, these strain designs are constrained 

with regard to fine-tuning. 

The counter-part of our initial toggle design, the Plys counter-silencer promoter, was used to control 

the plasmid-based overexpression of L-valine biosynthesis genes (Wiechert et al., 2020b) (Figure 12B). 

However, this design lowered the productivity compared to previously established production strains, 

which were based on overexpression plasmids containing the L-valine biosynthesis operons controlled 

by their native promoters (Figure 12D). We hypothesized that this could be caused by lower expression 

rates driven by the counter-silencer promoter and suggested the implementation of stronger 

promoters in future toggle designs (Wiechert et al., 2020b). 

Another optimization strategy of our toggle design could focus on protein stability and degradation 

rates. Since we have controlled PDHC activity at the transcription level, we cannot exclude that when 

gluconate is depleted and aceE expression is downregulated, PDHC remains active to a certain extend. 

In this regard, degradation tags, e.g. SsrA tags which make proteins susceptible for tail-specific 

proteases (Herman et al., 1998), could accelerate AceE depletion and thereby improve the response 

of the system to changes in gluconate availability. The functionality of these signal peptides in 

C. glutamicum was already confirmed in previous studies (Hentschel et al., 2013; Huber et al., 2017). 
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Figure 12: Application of the GntR-dependent toggle for the dynamic switch between growth and L-valine production. A) 
Schematic representation of relevant parts of the central carbon metabolism and the L-valine biosynthesis pathway of 
C. glutamicum. The GntR-dependent toggle controlled the redirection of the carbon flux allowing the conversion of pyruvate 
to either L-valine or acetyl-CoA entering the tricarboxylic acid cycle (TCA-Cycle). aceE encodes for the E1 subunit of the 
pyruvate dehydrogenase complex (PDHC), which converts pyruvate to acetyl-CoA. L-valine is formed from pyruvate in a four-
step reaction pathway catalysed by acetohydroxyacid synthase (AHAS, ilvBN), acetohydroxyacid isomeroreductase (AHAIR, 
ilvC), dihydroxyacid dehydratase (DHAD, ilvD), and transaminase B (TA, ilvE). Dynamically controlled genes and their products 
are highlighted in red. B) Schematic overview of the genetic background of the dynamic L-valine production strain. The native 
promoter of the aceE gene was replaced by the GntR target promoter PgntK allowing control of PDHC activity. The L-valine 
biosynthesis genes were combined in a synthetic operon by fusing ilvE via a linker containing an RBS sequence to the end of 
the operon ilvBNC. Its expression was controlled by the synthetic GntR counter-silencer promoter Plys_CS_0. C) Growth of the 
strain with dynamically controlled aceE expression (PgntK-aceE) in comparison to the previously established ΔaceE strain 
(Blombach et al., 2007; Schreiner et al., 2005). Both strains had been pre-cultivated in CGXII containing 222 mM glucose and 
254 mM acetate before they were cultivated in a microtiter cultivation system in medium with either 222 mM glucose and 
254 mM acetate, 222 mM glucose, 222 mM glucose and 51 mM gluconate or 51 mM gluconate. Calculated growth rates (µ) 
are given (colour-coded) when significant growth had been observed. D) L-valine titers of the aceE toggle strain (PgntK-aceE) 
and the ΔaceE L-valine production strain harbouring either the empty control plasmid pJC1 (pJC1-venus-term (Baumgart et 
al., 2013)), plasmid-based L-valine biosynthesis genes controlled by the counter-silencer (pJC1-Plys_CS_0-ilvBNC-RBS-ilvE) or 
the natively regulated variant pJC4-PilvB-ilvBNC-PilvE-ilvE (pJC4-ilvBNCE; (Radmacher et al., 2002)). All strains were cultivated 
in CGXII supplemented with 222 mM glucose and 254 mM acetate. Bar plots represent the L-valine and L-alanine titers of 
biological triplicates and error bars the corresponding standard deviations after 46 h of cultivation. Figure and legend taken 
from Wiechert et al. (2020b). 

 

2.5.3. Metabolic imbalances in static pathway engineering approaches 

As previously mentioned, static downregulation of central metabolic reactions can lead to metabolic 

imbalances and to impaired cell growth, as well as to a reduced overall productivity of a fermentation 

process. One example of such a metabolic imbalance was recently described in our study “Impact of 

CO2/HCO3
- availability in anaplerotic flux in pyruvate dehydrogenase complex deficient 

Corynebacterium glutamicum strains” (Krüger et al., 2019), which is part of this thesis. In this work, we 

systematically analysed the effect of imbalances of the intracellular CO2/HCO3
- pool on cell growth of 

C. glutamicum strains lacking the PDHC. In addition to the formation of acetyl-CoA, this enzyme 

complex catalyses an important decarboxylation reaction that leads to the release of CO2 (de Kok et 

al., 1998). The results of our study strongly emphasize that the absence of the central decarboxylation 

reaction impairs the intracellular CO2/HCO3
- pool, resulting in elongated lag phases of PDHC-deficient 

strains in the presence of acetate and glucose (Krüger et al., 2019).  

HCO3
- is an important substrate of the anaplerotic reactions catalysed by the pyruvate carboxylase 

(PCx, encoded by pyc) and by the phosphoenolpyruvate carboxylase (PEPCx, encoded by ppc). 

Anaplerotic reactions are essential during growth on glycolytic substrates since they allow the 

replenishment of TCA cycle intermediates, which are consumed in anabolic reactions (Peters-

Wendisch et al., 1998; Sauer and Eikmanns, 2005). The additional inactivation of the dominating 

anaplerotic enzyme PCx in the strain ΔaceE Δpyc was shown to further improve L-valine production by 

increasing pyruvate supply (Blombach et al., 2008). However, we observed an elongated lag phase of 

more than 15 hours for the strain ΔaceE Δpyc during cultivation in the presence of glucose and acetate, 

which could be complemented by different approaches aiming at improving the intracellular HCO3
- 

availability. We assumed that higher HCO3
- levels increased PEPCx activity allowing to complement the 
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inactivation of PCx. Interestingly, this growth defect depends on glucose since it was not observed 

during cultivation on acetate or after inactivation of the main glucose uptake system PtsG (Krüger et 

al., 2019).  

In C. glutamicum wild-type cells, the glyoxylate cycle enables the replenishment of the TCA cycle 

intermediates during growth of on acetate as well as on the combination of glucose and acetate, but 

is turned off during growth on glucose (Wendisch et al., 2000; Wendisch et al., 1997). We characterized 

the phenomenon of glucose sensitivity of ΔaceE Δpyc cells in detail and suggested that the inactivation 

of PDHC and/or PCx led to metabolic imbalances of glycolytic intermediates resulting in inhibition of 

the glyoxylate cycle enzymes and to depletion of oxaloacetate, which caused the growth defect (Krüger 

et al., 2019). 

In conclusion, our findings emphasised that static interruptions of central decarboxylation and 

carboxylation reactions aiming at improving productivity of microbial strains can result in severe 

metabolic imbalances with detrimental effects on cellular growth (Krüger et al., 2019), highlighting the 

demand for alternative engineering strategies, e.g. metabolic toggle switches. 

 

 

2.6. Conclusion and outlook 

Xenogeneic silencing and TF-mediated counter-silencing represent important drivers of bacterial 

evolution: they can provide access to new beneficial traits while buffering against putative detrimental 

fitness consequences of foreign DNA elements. Silencing and counter-silencing of H-NS-like XS proteins 

has been intensively addressed by previous studies, but up to now little was known about the medically 

and biotechnologically relevant Lsr2-like XS proteins of actinobacteria. This thesis contributes to the 

understanding of the underlying rules of xenogeneic silencing of the Lsr2-like XS protein CgpS from 

C. glutamicum and provides the first systematic analyses of TF-mediated counter-silencing of an Lsr2-

like XS protein (Wiechert et al., 2020a). It shows that CgpS-mediated silencing is determined by a 

sequence-specific binding motif as well as a distinct drop in GC-profile and that binding of the TF GntR 

leads to counter-silencing at a variety of promoter architectures (Wiechert et al., 2020a). Furthermore, 

this work reveals for the first time the potential of synthetic counter-silencer promoters as tightly 

controlled expression systems and as modular part of genetic toggle switches for synthetic biological 

applications (Wiechert et al., 2020b). Finally, this thesis provides evidence that static interruptions of 

central catabolic pathway reactions aiming at improving product formation in biotechnological 

approaches can result in metabolic imbalances (Krüger et al., 2019) and that metabolic toggle switches 

allowing dynamic pathway regulation represent a promising alternative strategy (Wiechert et al., 

2020b).  
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Nevertheless, the present work raises interesting questions, especially regarding the in vivo 

interference of XS and TFs during counter-silencing, the evolutionary process of regulatory network 

expansion by counter-silencing, and regarding putative mutual interactions of highly concentrated 

CgpS molecules in the prophage region.  

 

An remaining question is the molecular effect on the nucleoprotein complex formed by the XS CgpS 

during binding of the TF GntR. Detailed biochemical footprint analysis performed by Will and 

colleagues revealed that counter-silencing does not depend on the complete relief of the XS protein 

H-NS and that structural changes of the nucleoprotein complex enable transcription (Will et al., 2014). 

Based on preliminary electrophoretic shift assays with GntR and CgpS, we got first hints that both 

proteins simultaneously bind to the DNA in vitro (Wiechert and Frunzke, unpublished). Additionally, 

none of our counter-silencing constructs reached the same level of promoter activity as it was 

observed in the absence of CgpS in the prophage-free strain, suggesting that GntR DNA binding does 

not fully displace CgpS from the DNA (Wiechert et al., 2020a). However, further studies are necessary 

to decipher the structural changes of the nucleoprotein complex during GntR-mediated counter-

silencing. As an alternative to the previously performed in vitro footprint assays from Will and 

colleagues, in vivo ChIP- or ChAP-seq analyses with the synthetic constructs could provide 

comprehensive insights into the binding profile of both regulators during silencing (GntR DNA binding 

is inhibited) and counter-silencing (GntR is bound to the DNA). These approaches might show reduced 

and/or differentially shaped CgpS coverage peaks when CgpS and GntR compete for DNA binding. 

Additionally, no native CgpS counter-silencing factor has yet been identified. Genome-wide binding 

profiles of GntR, could allow for the identification of new targets and might reveal putative overlaps 

with known CgpS targets, thereby giving first hints for native GntR-mediated counter-silencing. In 

general, the large amounts of available ChIP- and ChAP-seq data sets of various TFs and XS proteins 

from different organisms could provide a promising platform for the systematic search for overlapping 

binding regions of TFs and XSs. Although this phenomenon is not necessarily linked to counter-

silencing, as recently shown by Hünnefeld and colleagues for the MarR-type regulator MalR and CgpS 

from C. glutamicum (Hünnefeld et al., 2019), it could give a first hint for native TF-mediated counter-

silencing effects.  

 

Another interesting question focuses on the evolutionary network expansion by counter-silencing. 

Previously, it was convincingly discussed that, in comparison to the de novo evolution of classical 

activation circuits, counter-silencing facilitates regulatory network expansion by tolerating a higher 

degree of flexibility in promoter architectures (Will et al., 2014). This hypothesis was based on the 

detailed comparison of natively occurring counter-silencer promoters with conservatively activated 
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regulatory elements belonging to the same regulon (Will et al., 2014). Three synthetic approaches, 

including our own study, demonstrated that the insertion of TF binding sites allow the large 

development leap from a silenced promoter to a controllable counter-silencer promoter (Caramel and 

Schnetz, 1998; Kane and Dorman, 2011; Wiechert et al., 2020a). But what are the steps in between, 

and can we simulate this evolutionary process? Regarding this, one approach for future studies could 

be an adaptive laboratory evolution (ALE) experiment with silenced promoters, which have to evolve 

the mechanism of counter-silencing, in comparison to promoters, which need to develop a classical 

activation circuit. Promoter fusions with antibiotic resistance genes or other growth-related selection 

markers could provide a suitable platform for the identification of clones with desired mutations. CgpS 

target promoters from C. glutamicum could be used as starting point for the counter-silencer 

evolution. The choice of promoters of the second category, which need to evolve an activating circuit, 

represents probably a greater challenge. Those promoters should have the ability to functionally drive 

transcription, but this process should be dependent on a TF that activates gene expression, e.g. by 

recruiting the RNA polymerase. By disturbing native activating regulatory circuits, e.g. by deleting an 

activating TF in the genome, these requirements could be fulfilled for the corresponding target 

promoters. A comparative ALE experiment with both promoter categories could answer the question 

which mechanism – classical activation or counter-silencing - is more likely to be evolved. Furthermore, 

this experiment could provide comprehensive insights into the evolutionary process of co-opting a TF 

as a counter-silencing factor during regulatory network expansion. 

 

A third interesting point is the effect of the high number of CgpS binding peaks located in high density 

and close distances within the AT-rich prophage element CGP3 (Pfeifer et al., 2016), which is probably 

associated with high local concentrations of bound but also unbound CgpS molecules. But do CgpS 

molecules influence each other, and is there even an attractive molecular interaction similar as 

observed during liquid-liquid phase separation (LLPS)? LLPS describes the dynamic condensation of 

proteins and nucleic acids into macromolecular condensates based on attractive molecular 

interactions which counterbalance entropy-driven effects like protein diffusion (Monterroso et al., 

2019). Thereby, LLPS allows the compartmentalisation of cellular components independent of 

membranes and mainly contributes to their sub-cellular spatial organisation (Guilhas et al., 2019). In 

eukaryotic cells, LLPS is involved in many processes including chromatin rearrangements and three-

dimensional genome organisation as well as transcriptional regulation (Wang and Liu, 2019). Guilhas 

and colleagues recently identified nanometre-sized droplets formed by LLPS which consist of 

components of the bacterial ParABS DNA segregation system. These structures were able to inhibit 

ParB (DNA binding protein) diffusion leading to trapping of ParB close to defined DNA regions (Guilhas 

et al., 2019). For future studies, it would be interesting to investigate whether XS proteins play a role 
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in the subcellular organisation of prophage elements in bacterial nucleoids via LLPS. Recently used 

methods in LLPS research such as super-resolution PALM microscopy and single-particle tracking PALM 

(sptPALM) (Guilhas et al., 2019) combined with protein reporter fusions represent promising 

approaches to investigate local accumulations of CgpS proteins. Furthermore, they might allow the 

analysis of the localization and diffusion dynamics of single CgpS molecules and the identification of 

putative trapping effects caused by high-affinity interactions between CgpS molecules. 

As discussed in chapter 2.4.3. (“Synthetic disruptive counter-silencing.”), we inspected counter-

silencing of CgpS target promoters plasmid-based and in vivo, but isolated from their native genomic 

context (Wiechert et al., 2020a). Therefore, another interesting point would be the effect of the TF 

GntR on these molecular interactions in the native genomic context. Here, super-resolution 

microscopy approaches could provide interesting insights into the CgpS-dependent organization of the 

prophage element when it is integrated into the bacterial genome as well as during the process of 

prophage induction. 
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3. Publications and manuscripts 

The “Contributor Roles Taxonomy” (CRediT) methodology describes a transparent standard for 

authorships of scientific publications and for defining author contributions roles (McNutt et al., 2018). 

The following table contains aspects of this taxonomy which were used to describe author 

contributions to publications and manuscripts presented in this thesis.  

 

Contributor role Role definition 

Conceptualization Ideas; formulation or evolution of overarching research goals and 

aims. 

Formal analysis Application of statistical, mathematical, computational, or other 

formal techniques to analyse or synthesize study data. 

Investigation/Experiments Conducting a research and investigation process, specifically 

performing the experiments, or data/evidence collection. 

Methodology Development or design of methodology; creation of models. 

Project administration Management and coordination responsibility for the research activity 

planning and execution. 

Software Programming, software development; designing computer programs; 

implementation of the computer code and supporting algorithms; 

testing of existing code components. 

Supervision Oversight and leadership responsibility for the research activity 

planning and execution, including mentorship external to the core 

team. 

Visualization Preparation, creation and/or presentation of the published work, 

specifically visualization/data presentation. 

Writing – original draft Preparation, creation and/or presentation of the published work, 

specifically writing the initial draft (including substantive translation). 

Writing – review & editing Preparation, creation and/or presentation of the published work by 

those from the original research group, specifically critical review, 

commentary or revision – including pre- or post-publication stages. 
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3.1. Deciphering the rules underlying xenogeneic silencing and counter-

silencing of Lsr2-like proteins using CgpS of Corynebacterium glutamicum as a 

model 

 

Wiechert, J., Filipchyk, A., Hünnefeld, M., Gätgens, C., Brehm, J., Heermann, R. and Frunzke, J. 

 

Published in mBio, 2020. 
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Supervision JW 40 %, JF 60 % 
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72  Publications and manuscripts 

 

  



Publications and manuscripts  73 

 

  



74  Publications and manuscripts 

 

  



Publications and manuscripts  75 

 

  



76  Publications and manuscripts 

 

  



Publications and manuscripts  77 

 

 

  



78  Publications and manuscripts 

 

  



Publications and manuscripts  79 

 

  



80  Publications and manuscripts 

 

  



Publications and manuscripts  81 

 

  



82  Publications and manuscripts 

 

  



Publications and manuscripts  83 

 

  



84  Publications and manuscripts 

 

  



Publications and manuscripts  85 

 

  



86  Publications and manuscripts 

 

  



Publications and manuscripts  87 

 

  



88  Publications and manuscripts 

 

  



Publications and manuscripts  89 
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silencing and the design of a metabolic toggle switch 
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Software - 

Supervision JW 60 %, JF 40 % 

Visualization JW 100 % 

Writing – original draft JW 90 %, JF 10 % 

Writing – review & editing JW 50 %, JF 50 % 

 

Overall contribution JW: 85 % 
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Abstract 

Inducible expression systems represent key modules in synthetic regulatory circuit designs and 

metabolic engineering approaches. However, many established systems are often limited in terms of 

applications due to high background expression levels and inducer toxicity. In bacteria, xenogeneic 

silencing (XS) proteins are involved in the tight control of horizontally acquired, AT-rich DNA. The action 

of XS proteins may be opposed by interference with a specific transcription factor, resulting in the 

phenomenon of counter-silencing, thereby activating gene expression. In this study, we harnessed this 

principle for the construction of a synthetic promoter library consisting of phage promoters targeted 

by an Lsr2-like XS protein of Corynebacterium glutamicum. Counter-silencing was achieved by inserting 

the operator sequence of the gluconate-responsive transcription factor GntR within silenced promoter 

regions. The GntR-dependent promoter library is comprised of 28 activated and 16 repressed 

regulatory elements featuring effector-dependent tunability. For selected candidates, background 

expression levels were confirmed to be significantly reduced in comparison to established 

heterologous expression systems. Finally, a GntR-dependent genetic toggle switch was implemented 

in a C. glutamicum L-valine production strain allowing the dynamic redirection of carbon flux between 

biomass and product formation. 

.  
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Introduction 

Inducible expression systems allow the rational and precise control of transcription and are the most 

frequently used mechanisms for controlling gene expression in synthetic biology and metabolic 

engineering approaches (Liu et al., 2016; Patek et al., 2013). They usually form the first layer in 

synthetic regulatory circuits allowing the response to extra- and intracellular stimuli and are applied 

for the accurate coordination of metabolic fluxes in various microbial production strains (Liu et al., 

2016; Xia et al., 2019). In many bacterial model strains, for instance in the industrial platform strain 

Corynebacterium glutamicum, the widely used expression systems Ptac (Patek et al., 2013), ParaBAD (Ben-

Samoun et al., 1999) and Ptet (Lausberg et al., 2012; Radmacher et al., 2005) are key parts used for 

circuit design. They are well established but limited in terms of applications due to considerably high 

background expression levels, heterogeneous inducer uptake, inducer toxicity or high inducer costs 

(Baritugo et al., 2018; Patek et al., 2013; Yim et al., 2013; Zhang et al., 2012b). Especially approaches 

where gene products are toxic to the recipient cell or disturb the central carbon flux are in demand for 

very stringent control of gene expression (Baritugo et al., 2018). Besides the set of heterologous 

expression systems, the repertoire of homologous inducible promoter systems is comparatively small 

for C. glutamicum (Binder et al., 2012; Hentschel et al., 2013; Letek et al., 2006; Mustafi et al., 2012; 

Okibe et al., 2010; Plassmeier et al., 2013) and only a few promoter libraries were constructed 

containing either constitutive promoters (Rytter et al., 2014; Shang et al., 2018; Yim et al., 2013) or 

synthetic, Isopropyl-β-D-1-thiogalactopyranoside- (IPTG-) inducible regulatory elements (Rytter et al., 

2014). 

In a recent project, we designed synthetic promoter constructs for C. glutamicum, which were 

regulated by the mechanisms of xenogeneic silencing and counter-silencing. Xenogeneic silencing is 

based on specialized nucleoid-associated proteins, so-called xenogeneic silencers (XS), which 

preferentially bind to horizontally acquired AT-rich DNA (Navarre, 2016; Pfeifer et al., 2019; Will et al., 

2015). Known XS proteins are grouped into four classes including H-NS-like XS protein from 

proteobacteria (Navarre et al., 2006; Oshima et al., 2006), Lsr2-like proteins present in Actinomycetes 

(Gordon et al., 2008), MvaT/U-like XS of gammaproteobacteria of the order Pseudomonodales 

(Tendeng et al., 2003), and Rok found in different Bacillus strains (Smits and Grossman, 2010). The 

major function of the prophage encoded Lsr2-like XS protein CgpS from C. glutamicum is the silencing 

of cryptic prophage elements to maintain their lysogenic state (Pfeifer et al., 2016). CgpS binds to its 

target promoters and oligomerization of this XS protein leads to the formation of a nucleoprotein 

complex tightly inhibiting transcription (Pfeifer et al., 2016) (silencing, Figure 1). In our recent study, 

we inserted the operator site of the regulator of gluconate catabolism GntR at different positions 

within various CgpS target promoters serving as platforms for the construction of synthetic counter-

silencer promoters (Wiechert et al., 2020). Binding of the transcription factor (TF) GntR to its operator 
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sequence in the absence of gluconate leads to repression of its native target promoter PgntK (Frunzke 

et al., 2008). In contrast, binding of GntR to the synthetic counter-silencer promoter was shown to 

interfere with the nucleoprotein complex allowing the RNA polymerase to bind and to initiate 

transcription (Wiechert et al., 2020) (counter-silencing, Figure 1).  

 

 

Figure 1: Schematic overview of the GntR-dependent mechanism of counter-silencing. Synthetic counter-silencer constructs 
are based on phage promoters targeted by the xenogeneic silencer CgpS (red ovals). The 15 bp short operator sequence 
(black arrows) of the regulator of gluconate catabolism GntR (blue ovals) (Frunzke et al., 2008) was inserted within the 
silenced promoter regions. In the absence of the effector molecule gluconate, binding of GntR to its operator sequence will 
interfere with the silencer-DNA complex leading to transcription initiation. Adapted from (Wiechert et al., 2020). 

 

Appropriate inducible expression systems are key modules for the design of synthetic regulatory 

circuits such as toggle switches and are frequently applied in metabolic engineering strategies aiming 

at improving the performance of bacterial production strains (Xia et al., 2019). Several natural and 

non-natural biotechnological products such as amino acids, organic acids and alcohols are derived from 

metabolites from the central carbon metabolism such as the glycolysis and the tricarboxylic acid (TCA) 

cycle, thereby competing with pathways essential for bacterial growth and physiology (Doong et al., 

2018; Gupta et al., 2017; Soma et al., 2014; Soma et al., 2017; Tsuruno et al., 2015). To achieve a 

redirection of carbon flux towards the molecule of interest, recent rationally engineered production 

strains were often based on permanent knockouts or knockdowns of genes concerning the central 

carbon metabolism (Becker et al., 2011; Blombach et al., 2008; Blombach et al., 2007; Hüser et al., 

2005; Krause et al., 2010; Litsanov et al., 2012; Peters-Wendisch et al., 2005). This may, however, have 

detrimental effects on cellular fitness resulting in metabolic imbalances as well as in impaired growth 

rates and final cell densities, thereby reducing the overall productivity of a fermentation process 

(Brockman and Prather, 2015b). As an alternative strategy for these static engineering approaches, 

recent synthetic biology studies aimed at the dynamic redirection of carbon flux between cell growth 

and product biosynthesis by using metabolic toggle switches or other synthetic genetic circuits for the 

control of metabolic flux (Brockman and Prather, 2015a; Doong et al., 2018; Farmer and Liao, 2000; 

Gupta et al., 2017; Lo et al., 2016; Soma et al., 2014; Soma et al., 2017; Tsuruno et al., 2015; Zhang et 

al., 2012a). For instance, Soma and colleagues constructed a metabolic toggle switch for isopropanol 

production in Escherichia coli. This synthetic genetic circuit allows switching between growth and 
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production mode by controlling the conditional knockout of the citrate synthase GltA and the 

simultaneous upregulation of a synthetic isopropanol production pathway, both competing for acetyl-

CoA (Soma et al., 2014; Soma et al., 2017). Using a comparable circuit architecture, Tsuruno and 

colleagues constructed a metabolic toggle switch for the redirection of the central carbon flux from 

glycerol towards 3-hydroypropionic acid (Tsuruno et al., 2015). 

In this work, we systematically tested and compared a broad set of synthetic promoters based on the 

principle of xenogeneic silencing and counter-silencing. The resulting promoter library comprised 44 

synthetic promoters regulated by GntR in a gluconate-dependent manner. Comparison to established 

expression systems revealed very low background expression and good tunability of the resulting 

constructs. Finally, a GntR-based genetic toggle switch was implemented in C. glutamicum for the 

dynamic switch between cell growth and L-valine production. By controlling the activity of the pyruvate 

dehydrogenase complex (PDHC), the redirection of carbon flux towards L-valine biosynthesis was 

regulated. 
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Results and Discussion 

A synthetic promoter library based on the principles of xenogeneic silencing and counter-

silencing 

Xenogeneic silencing and counter-silencing represent efficient mechanisms for the tight control of 

gene expression (Wiechert et al., 2020). Following a synthetic counter-silencing approach, we recently 

demonstrated that binding of the TF GntR within promoters silenced by the XS protein CgpS allows 

their effector-responsive reactivation (Wiechert et al., 2020). However, depending on the architecture 

of the phage promoter and the position of the inserted GntR binding site, counter-silencing promoters 

strongly vary in dynamic range as well as minimal and maximal promoter activities (Wiechert et al., 

2020). Here, we systematically tested and compared a broad set of gluconate-dependent, inducible 

promoters, which are based on the counter-silencing principle. Figure 2 provides an overview of 

synthetic promoter variants activated by counter-silencing (Figure 2B) or repressed (Figure 2C) by GntR 

binding (p-values < 0.05). Promoter activity was measured by means of the fluorescence output 

(production of the Venus reporter protein) over time (Wiechert et al., 2020). Constructs activated by 

GntR-mediated counter-silencing showed a 100-fold range in maximal reporter output (-gluconate; 

0.009 to 0.89 a.u. under the applied conditions) with small increment sizes and a large range of non-

induced background levels (+gluconate; ranging from 0.005 to 0.43 a.u. under the applied conditions). 

Fold-change ratios of the individual promoters (-gluconate/+gluconate) ranged from 1.2-fold to 5-fold. 

However, not all synthetic promoter variants were activated by GntR binding. Depending on the core 

promoter part and the position of the binding, GntR binding led to the repression of gene expression 

in some cases. These constructs showed a 70-fold range in induced expression strength (+gluconate). 

Remarkably, several synthetic promoter variants appeared to have very low background expression 

levels. Lowest background expression levels among constructs repressed by GntR binding were 

observed for Pcg1977 0, while the minimum background activity of activated counter-silencer constructs 

was detected for PpriP +5. In C. glutamicum, standard systems used for inducible gene expression are 

heterologous expression systems like the IPTG inducible promoters Plac, Ptac and Ptrc (Patek et al., 2013), 

the arabinose-dependent promoter ParaBAD (Ben-Samoun et al., 1999), the anhydrotetracycline 

inducible promoter Ptet (Lausberg et al., 2012; Radmacher et al., 2005) and the heat induced PRPL 

promoter of bacteriophage λ (Tsuchiya and Morinaga, 1988). Remarkably, the set of native inducible 

promoter systems is comparatively small. Described were promoters induced by gluconate namely Pgit1 

(Okibe et al., 2010), PgntK (Hentschel et al., 2013; Letek et al., 2006) and PgntP (Letek et al., 2006), the 

PmalE promoter induced by maltose (Okibe et al., 2010), the propionate inducible PprpD2 promoter 

(Plassmeier et al., 2013) as well as the amino acid responsive biosensors Lrp-PbrnFE (Mustafi et al., 2012) 

and LysG-PlysE (Binder et al., 2012). So far, only a few promoter libraries have been constructed 
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containing either constitutive promoters (Rytter et al., 2014; Shang et al., 2018; Yim et al., 2013) or 

synthetic, IPTG-inducible regulatory elements (Rytter et al., 2014).  

 

Figure 2: A synthetic GntR-dependent promoter library based on different CgpS target promoters with inserted GntR 
binding sites. The library consists of different recently described counter-silencer promoters (Wiechert et al., 2020) as well 
as additional promoter variants based on the phage promoter PpriP following the same design approach. A) Definition of the 
binding site position. Schematic overview of a representative phage promoter which is bound by CgpS. The positions of the 
GntR binding site (BS) were referred to the nucleotide position associated with maximal CgpS binding (Pfeifer et al., 2016). 
The position directly upstream of this nucleotide was defined as position 0, negative numbers describe upstream and positive 
numbers downstream positions. B/C) Shown are reporter outputs driven by the promoters in the presence (gluconate) and 
absence (glucose) of the effector molecule after five hours of cultivation and the corresponding fold-change ratios. Promoters 
are grouped into two sets depending on their response to gluconate availability: activation by GntR binding (counter-
silencing) (B) and repression by GntR binding (C) (p-values <0.05). Constructs based on the phage promoter PpriP, Plys, or Pcg1999 
are color-coded and names are reduced to the position of the GntR binding site. Cells harbouring the plasmid-based synthetic 
promoter constructs were grown in CGXII medium supplemented with either 111/100 mM glucose or 100 mM gluconate. 
Bars represent the means and error bars the standard deviation of at least three biological replicates. Names indicate the 
platform promoter and the position of the GntR binding site positions. Specific fluorescence values were background 
corrected by subtracting values of strains harbouring the control plasmid pJC1-venus-term (no promoter in front of venus) 
(Baumgart et al., 2013). 

 

The here presented set of promoters being either activated or repressed by GntR binding provided a 

gluconate-dependent promoter library covering a broad range of promoter activities which may be 

highly useful for synthetic biology or metabolic engineering approaches demanding for tightly 

controlled and inducible regulation of gene expression. In favor for biotechnological applications, the 
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effector molecule gluconate is a non-toxic, degradable and cost-efficient effector molecule compared 

to the frequently used inducer IPTG. 

 

 

Counter-silencing-based promoters permit tight control of gene expression 

To validate the performance of counter-silencing constructs as expression systems, the synthetic 

promoters PpriP_CS_0 and Plys_CS_0 were exemplarily compared with the native GntR target promoter 

PgntK and the well-established expression systems Ptac and Ptet on protein (Venus) and transcript level 

(venus mRNA). Therefore, all promoters were fused to the reporter gene venus via a consistent linker 

containing a ribosomal binding site to avoid differences in translation efficiency and were integrated 

into the plasmid pJC1. Since the genes encoding for the TFs LacI and TetR are not present in the 

C. glutamicum genome, the lacI and tetR genes were additionally inserted into the respective plasmids 

(Figure 3A). Analysis of the reporter levels under inducing and non-inducing conditions revealed a wide 

range of expression levels for the different constructs (Figure 3B). The lowest background level was 

observed for the PpriP-based counter-silencer (6% of Ptet) which also showed the lowest induced 

reporter output. The Plys counter-silencer and the native GntR target promoter PgntK showed similar, 

but inverted response to gluconate availability. Both showed at least 5-fold lower background levels 

when compared to Ptet emphasizing their potential for application demanding stringent control of gene 

expression (Figure 3B). Similar ranges were observed on transcript levels using quantitative real-time 

PCR (qRT-PCR). Plys_CS_0 and PgntK showed only 44 and 27% of the background level of Ptet, respectively, 

and background expression of PpriP_CS_0 was even reduced to 15% (Figure 3C), confirming that 

synthetic counter-silencer promoters represent suitable tools for tightly controlled gene expression.  
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Figure 3: Comparison of counter-silencing constructs with established expression systems. A) For the comparison of the 
counter-silencer constructs Plys_CS_0 and PpriP_CS_0 (Wiechert et al., 2020) as well as the native GntR target promoter PgntK 
with the established expression systems Ptac and Ptet, all of the different promoters were cloned into the plasmid pJC1 and 
fused to the reporter gene venus via a consistent linker containing a ribosomal binding site (RBS; AGGAG (Pfeifer-Sancar et 
al., 2013)). C. glutamicum wild type cells harbouring the plasmid-based constructs were cultivated in a microtiter cultivation 
system under inducing and non-inducing conditions depending on the particular promoter construct: PpriP_CS_0 and 
Plys_CS_0: +: 100 mM glucose, -: 100 mM gluconate; PgntK: +: 100 mM gluconate, -: 100 mM glucose; Ptac: +: 100 µM IPTG, -: 0 
µM IPTG; Ptet: +: 235 nM ATc, -:.0 nM ATc B) Reporter outputs of the native GntR target promoter PgntK as well as PpriP- and 
Plys-based counter-silencer constructs (PpriP_CS_0; Plys_CS_0) in comparison to the established expression systems Ptac and Ptet 
after five hours of cultivation. All strains were pre-cultivated in CGXII containing 100 mM gluconate. Bars show the mean and 
error bars the standard deviation of specific fluorescence of biological triplicates. Indicated numbers represent the 
percentage of the background expression level of Ptet. C) Promoter-derived relative venus transcript levels measured by 
quantitative real-time PCR after five hours of cultivation under non-inducing and inducing conditions. Symbols represent the 
means and error bars the range of relative venus mRNA levels measured in biological and technical duplicates. All strains 
were pre-cultivated under non-inducing conditions. 

 

 

 

 



Publications and manuscripts  99 

Tunability of native and synthetic GntR target promoters 

Tunability of promoters, for example by varying the amount of effector molecule, is an important 

feature for their applicability as bacterial expression systems in synthetic and biotechnological 

applications.  

In this study, the impact of varying gluconate concentrations on temporal dynamics and dynamic 

ranges of promoter activities of the native GntR target promoter PgntK and the counter-silencer 

promoter Plys_CS_0 were characterized. Both promoters inversely react to GntR binding and, therefore, 

to gluconate availability (Wiechert et al., 2020) (Figure 4). GntR binding within the synthetic counter-

silencer promoter Plys_CS_0 leads to promoter activation due to efficient interference between GntR 

and the CgpS-DNA complex (Wiechert et al., 2020). In contrast, binding of GntR to the native target 

promoter PgntK leads to promoter repression (Frunzke et al., 2008) (Figure 4A). 

Highest Plys_CS_0-derived reporter outputs were reached in the absence of gluconate (0 mM), meaning 

that the default state in the absence of the effector molecule of this construct is ON. In contrast, 

maximal PgntK promoter activity was observed in the presence of highest gluconate concentrations (100 

mM), demonstrating the inverted response of both systems (Figure 4B). The default state in the 

absence of gluconate of PgntK promoter activity is OFF and the signal remained stable in this state after 

cells had entered the stationary phase (Figure 4B). In contrast, in the presence of 100 mM gluconate, 

Plys_CS_0 promoter activities stayed low during the first 11 hours of cultivations, but reporter outputs 

strongly increased shortly after cells had entered the stationary phase (Figure S1). At this time point, 

gluconate was probably fully consumed allowing GntR to bind to the DNA and to interfere with the 

silencer-DNA complex. Small amounts of 1 mM supplemented gluconate also led to reduced reporter 

outputs in the beginning of the cultivation, however, the fluorescence signal already increased after 

two hours of exponential growth phase. Increasing amounts of supplemented gluconate (10 and 50 

mM) gradually shifted the time point of induction, demonstrating the potential of counter-silencer 

promoters as expression systems with temporal tunability (Figure 4B). In contrast, a positive 

correlation between gluconate concentrations and reporter outputs was observed for PgntK (Figure 4B) 

demonstrating the opportunity of fine-tuning maximal promoter activity. Comparably to the tunability 

of maximal PgntK activity by varying the gluconate concentration, the previously designed Ptet-based 

expression system pCLTON1 showed an ATc-dependent gradual increase of reporter outputs (Lausberg 

et al., 2012), while a T7 expression system differentially reacts to increasing amounts of the effector 

molecule IPTG (Kortmann et al., 2015).  

 

Upon transport into the cell, gluconate is phosphorylated by the gluconate-specific kinase GntK to 6-

phosphogluconate which is further metabolized in the pentose phosphate pathway (Frunzke et al., 

2008). To reduce degradation rates of the effector molecule gluconate, we deleted the gntK gene 
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encoding for the gluconate kinase GntK. Analysis of activities of the counter-silencer promoter 

Plys_CS_0 in a C. glutamicum ΔgntK deletion strain revealed the gradual temporal shift of the time point 

of reporter output increase. However, the time periods of low promoter activity were significantly 

extended and already 10 mM gluconate led to an almost complete repression of Plys_CS_0 promoter 

activity (Figure 4C, D). On the other hand, constitutively high effector concentrations (gntK) led to 

more than 2.5-fold higher PgntK reporter outputs in comparison to the wild type (Figure 4C, D). The 

assumed increased and more stable intracellular gluconate levels were only reduced by dilution effects 

during cell growth comparable to the use of non-degradable structural sugar analogues like IPTG. 

However, the higher levels of gluconate can affect cell growth of ΔgntK (Figure S1), therefore, fine-

tuning of effector concentrations must be considered for potential applications of this strain.  
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Figure 4: Tunability of the counter-silencer construct Plys_CS_0 and the native GntR target promoter PgntK. A) Shown are 
schematic overviews of both promoter constructs. B/C) Reporter outputs (specific Venus fluorescence) of C. glutamicum wild 
type (WT) (B) or C. glutamicum strain ΔgntK (C) harbouring the plasmid-based constructs pJC1-Plys_CS_0-venus or pJC1-PgntK-
venus. Graphs show the mean and error bars the standard deviation of specific Venus fluorescence of biological triplicates 
over time. Increasing gluconate concentrations are indicated as shades of blue. D) Bar plots show the reporter outputs 
(specific Venus fluorescence, from B and C) after six hours of cultivation. Cells were cultivated in a microtiter cultivation 
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system in CGXII medium supplemented with glucose (100 mM in analysis of pJC1-PgntK-venus and 111 mM for characterization 
of pJC1-Plys_CS_0-venus) and either no or varying amounts of gluconate as effector. Backscatter and fluorescence were 
measured at 15 min intervals. Corresponding backscatter values are given in Figure S1. 

 

 

A GntR-based genetic toggle switch 

Based on their similar, but inverted response to gluconate availability, the native GntR target promoter 

PgntK and the synthetic Plys counter-silencing construct (Plys_CS_0) were recently combined in a 

gluconate-dependent, GntR-controlled bistable genetic toggle switch (Wiechert et al., 2020). Switching 

between different expression states was monitored by fusing the counter-silencer promoter Plys_CS_0 

to the reporter gene venus and the native GntR target promoter PgntK to the reporter gene e2-crimson 

(Figure 5A). Previous analysis of the toggle state and its switching dynamics had confirmed its principal 

functionality. The addition of gluconate led to a switch in reporter outputs from Venus to E2-Crimson, 

while the removement of gluconate had the inverted effect (Wiechert et al., 2020). In this study, we 

characterized the reversibility and robustness of the GntR-dependent toggle system in long-term 

experiments. Therefore, we cultivated C. glutamicum wild type cells harbouring the plasmid-based 

toggle design in a microfluidic cultivation system starting with continuous supply of CGXII minimal 

medium containing 100 mM glucose as carbon source. The cells had been in a stable Venus-dominant 

state until the cultivation medium was switched to medium containing 100 mM gluconate after the 

first 3.5 hours of cultivation. Gluconate interfered with binding of GntR to its operator site leading to 

PgntK activation and restoring of silencing of Plys_CS_0, visualized by the following switch of the toggle 

from the Venus- to the E2-Crimson-state within the next eight hours of cultivation. In the following, a 

stable expression profile was observed demonstrating the robustness of the toggle design. During 

cultivations, single cells occurred which stayed in one of the both toggle states. However, these cells 

had also stopped to divide hinting that they were in a dormant state. Three consecutive medium 

switches revealed the dynamic reversibility of the toggle switch (Figure 5B).  

Previously, Gardner and colleagues designed a bistable synthetic toggle switch inspired by the genetic 

switch of bacteriophage λ governing the lysis-lysogenic decision (Gardner et al., 2000). This network 

consists of two repressors, namely Cro and CI, and their corresponding promoters PR and PRM, each 

being repressed by the gene product of the other (Khalil and Collins, 2010). Comparably, in the modular 

synthetic toggle switch variants constructed by Gardner and colleagues, the authors imitated this 

circuit design by combining the IPTG-dependent LacI-Ptrc expression system with the temperature-

sensitive λ repressor (CIts) and its corresponding promoter PLslcon or the anhydrotetracycline (ATc) 

inducible TetR-PLtetO-1 system (Gardner et al., 2000). This design principle was successfully applied as 

metabolic toggle switch for improving product formation in engineered E. coli strains (Soma et al., 

2014; Soma et al., 2017; Tsuruno et al., 2015). However, especially inappropriate TF synthesis and 
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degradation rates and insufficient repressor strengths were discussed as major challenges for toggle 

stability and functionality (Gardner et al., 2000). In contrast to this circuit architecture, the here 

presented toggle is controlled by only one effector molecule, namely gluconate, and one specific TF, 

namely GntR. This design is simple but also very robust and allows the use of native TF levels, thereby 

circumventing challenges like TF synthesis and degradation rates. Furthermore, due to the circuit 

architecture, both sides of the toggle are independent of each other allowing tuning of one side of the 

toggle without affecting the other. 

 

 

Figure 5: Reversibility of the GntR-dependent toggle switch. A) Schematic overview of the GntR-dependent toggle switch 
(adapted from (Wiechert et al., 2020)). B) Reversible switch between both reporter outputs. C. glutamicum wild type cells 
harbouring the plasmid-based toggle were cultivated in a microfluidic cultivation system (Grünberger et al., 2015) with 
continuous supply of CGXII medium supplemented with either 100 mM glucose or 100 mM gluconate and analyzed by time-
lapse microscopy at 15 min intervals. Cells were pre-cultivated in shaking flasks in the absence of the effector molecule 
gluconate (100 mM glucose). After the first 3.5 h (left dotted vertical line) of cultivation in the microfluidic chip in the absence 
of gluconate, the medium supply was switched to CGXII supplemented with 100 mM gluconate. Further switches of effector 
supply were performed after 19.5 and 25.5 h (dotted vertical lines). The graphs show the background corrected specific 
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fluorescence (Venus and E2-Crimson) of three independent microcolonies (circles, squares, triangles) over time and images 
display one representative colony (triangle) after 20, 25, 30 and 35 h of cultivation. 

 

 

Implementation of a metabolic toggle switch for dynamic control of L-valine production  

In a next step, the GntR-dependent toggle switch was implemented for the dynamic control of growth 

and L-valine biosynthesis in C. glutamicum. L-valine, an essential amino acid for human and animals, is 

used for a variety of application ranging from supplementation in human and animal nutrition, as 

precursor for herbicides, antibiotics and anti-viral drugs and as compound in cosmetic industries 

(Oldiges et al., 2014). L-valine is formed from two molecule of the precursor pyruvate in a pathway 

comprising four reaction steps catalyzed by acetohydroxyacid synthase (AHAS, ilvBN), 

acetohydroxyacid isomeroreductase (AHAIR, ilvC), dihydroxyacid dehydratase (DHAD, ilvD) and 

transaminase B (TA, ilvE) (Figure 6A). The theoretical yield for L-valine production from glucose is one 

mol L-valine per mol glucose (Oldiges et al., 2014). Several, previously established L-valine production 

strains were constructed by engineering the activity of the PDHC, which catalyzes the competing 

conversion of pyruvate to acetyl-CoA (Figure 6A). Engineering strategies ranged from the deletion of 

the aceE gene encoding the E1 subunit of the enzyme complex, which leads to a permanent PDHC 

inactivity, to a reduction of aceE expression by promoter exchanges (Blombach et al., 2008; Blombach 

et al., 2007; Buchholz et al., 2013; Ma et al., 2018; Schreiner et al., 2005). Growth of cells with inactive 

PDHC is decoupled from L-valine production and depends on costly carbon sources like acetate, which 

enables only low biomass yields (Blombach et al., 2007; Schreiner et al., 2005). After acetate depletion, 

glucose is consumed and converted to L-valine (Blombach et al., 2007). The dynamic control of 

precursor supply and of flux through biosynthetic routes, for example by applying synthetic regulatory 

circuits like the presented GntR-dependent toggle, can represent an alternate strategy to the static 

permanent knockout approaches. For instance, this design may allow to overcome the growth 

dependency on acetate.  

For the construction of the toggle-based L-valine production strain, the native aceE promoter was 

replaced by the gluconate-dependent promoter PgntK. PgntK is repressed in the absence of gluconate 

leading to PDHC downregulation (Figure 6B). Growth analysis of the PgntK-aceE strain in comparison to 

the previously designed ΔaceE deletion strain revealed that both strains did not grow in medium 

containing glucose as sole carbon source for 40 hours of cultivation (Figure 6C). Both strains grew in 

medium containing glucose and acetate but showed relatively low final backscatter values (Figure 6C). 

In contrast, the PgntK-aceE strain reached 3.4-fold higher backscatter values in medium containing 222 

mM glucose and 51 mM gluconate in comparison to the acetate-glucose approach (molarity of carbon: 

254 mM acetate > 51 mM gluconate, factor 1.7) (Figure 6C). The gluconate-induced aceE expression 

allowed the co-utilization of glucose, as shown by the significantly reduced backscatter values when 



Publications and manuscripts  105 

cells were cultivated in medium containing only 51 mM gluconate (Figure 6C). Remarkably, no 

differences in cell growth were observed between C. glutamicum PgntK-aceE and wild type cells in 

minimal medium containing 100 mM gluconate (Figure S2). The costs for gluconate are in a comparable 

range as those for glucose, while acetate represents a more costly carbon source 

(https://www.sigmaaldrich.com, Table S1) highlighting the economic potential of the dynamic 

gluconate controlled PDHC activity.  

Previously applied successful engineering strategies targeting PDHC activity were based on aceE 

promoter replacements leading to reduced or growth phase-dependent aceE expression and acetate-

independent cell growth (Buchholz et al., 2013; Ma et al., 2018). These approaches were either based 

on weaker, but constitutive mutated promoter variants of dapA (Buchholz et al., 2013) or on a growth-

regulated promoter of an industrial used L-leucine strain (PCP_2836; C. glutamicum CP) (Ma et al., 2018). 

However, in contrast to an effector-responsive expression system like the gluconate-dependent 

promoter PgntK (Figure 4), both regulatory circuits are independent of inducers and cannot be 

influenced by extracellular supplementation of effector molecules. Thus, fine-tuning of strain 

performance is constrained, for instance regarding the time point of switching or maximal promoter 

activities. 

 

In the absence of gluconate, when the PDHC is inactive in the toggle strain, pyruvate is available for L-

valine production. Therefore, the counter-silencer Plys_CS_0, as counterpart of the toggle, was used to 

control the overexpression of the L-valine biosynthesis genes ilvBNCE (combined in a synthetic operon) 

(Figure 6B). The plasmid-based construct was analyzed in the dynamic PgntK-aceE strain and in the static 

ΔaceE deletion strain in comparison to the same strains harbouring the empty plasmid pJC1 (pJC1-

venus-term) or the previously designed plasmid pJC4-PilvB-ilvBNC-PilvE-ilvE (pJC4-ilvBNCE) (Radmacher 

et al., 2002). pJC4-PilvB-ilvBNC-PilvE-ilvE containing L-valine biosynthesis genes under control of their 

native promoters served as reference for strain performance. For comparison of L-valine productivity, 

all strains were cultivated in CGXII minimal medium containing 222 mM glucose and 254 mM acetate. 

This cultivation condition fully erased the benefit of dynamic aceE and ilvBNCE expression (aceE: OFF 

state; ilvBNCE: ON state); however, it allows comparison of strain performance independent of cell 

densities. Analysis of the culture supernatant revealed that after 46 hours of cultivation glucose was 

fully consumed by the production strains, while L-valine titers reached maximal values (Figure S3).  

Both platform strains PgntK-aceE and ΔaceE produced comparable amounts of L-valine during 

cultivations in the absence of gluconate indicating that the PDHC was inactive in the toggle strain and 

that this redirected carbon flux towards L-valine (Figure 6D, Table 1). 

 

https://www.sigmaaldrich.com/
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The toggle strain PgntK-aceE #pJC1-Plys_CS_0-ilvBNC-RBS-ilvE produced 1.9-fold higher amounts of L-

valine than cells harbouring the empty plasmid pJC1 (Figure 6D, Table 1), confirming the importance 

of increased levels of biosynthesis enzymes. However, in comparison to the previously characterized 

plasmid pJC4-PilvB-ilvBNC-PilvE-ilvE (pJC4-ilvBNCE) (Radmacher et al., 2002), L-valine titers were reduced 

by about 50% in strains ΔaceE and PgntK-aceE. In contrast, pyruvate-derived by-product formation (L-

alanine) was 4-5-fold increased (Figure 6D, Table 1). This shift in amino acid concentrations hinted 

towards limitations in the conversion of pyruvate to L-valine, apparently caused by lower promoter 

activity of the counter-silencer (Plys_CS_0) compared to the native promoters PilvB and/or PilvE and the 

resulting lower enzyme levels. AHAS (ilvBN) is the key enzyme of the L-valine biosynthesis pathway and 

catalyzed the first reaction step. AHAS is feedback inhibited by branched chain amino acids like L-valine 

(Eggeling et al., 1987; Elišáková et al., 2005) and its biosynthesis intermediate α-ketoisovalerate 

(Krause et al., 2010). In previous AHAS engineering approaches, a genomically encoded, feedback 

resistant enzyme variant led to increased L-valine production (Elišáková et al., 2005), suggesting that 

this reaction step can be a bottleneck for efficient substrate product conversion. Consistently, several 

engineering approaches succeeded in increasing L-valine titers by increasing the gene dosage of L-

valine biosynthesis genes by plasmid-based expression (Blombach et al., 2007; Elišáková et al., 2005; 

Radmacher et al., 2002; Sahm and Eggeling, 1999).  

In conclusion, the production performance of the here presented toggle strain was not optimal in 

comparison to previously established L-valine production strains, probably due to lower ilvBNCE 

transcription levels. However, the GntR-dependent promoter library contains much stronger counter-

silencer promoters (Figure 2) which might represent promising candidates for further toggle strain 

optimizations.  

In the absence of gluconate, both platform strains (PgntK-aceE and ΔaceE) produced comparable 

amounts of L-valine indicating that the PDHC was inactive in the toggle strain redirecting carbon flux 

towards L-valine (Figure 6D, Table 1). However, higher cell densities of the C. glutamicum PgntK-aceE 

strain observed during co-utilization of 222 mM glucose and 51 mM gluconate (Figure 6C) showed on 

the one hand the potential to overcome growth dependency on costly and inefficient carbon sources 

like acetate and, on the other hand, the potential to improve substrate product conversion by 

accelerating biomass formation. Further in-depth analyses of this effect are indispensable for final 

evaluation of the dynamically controlled PgntK-aceE strain. 
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Figure 6: Application of the GntR-dependent toggle for the dynamic switch between growth and L-valine production. A) 
Schematic representation of relevant parts of the central carbon metabolism and the L-valine biosynthesis pathway of C. 
glutamicum. The GntR-dependent toggle controlled the redirection of the carbon flux allowing the conversion of pyruvate to 
either L-valine or acetyl-CoA entering the tricarboxylic acid cycle (TCA-Cycle). aceE encodes for the E1 subunit of the pyruvate 
dehydrogenase complex (PDHC), which converts pyruvate to acetyl-CoA. L-valine is formed from pyruvate in a four-step 
reaction pathway catalyzed by acetohydroxyacid synthase (AHAS, ilvBN), acetohydroxyacid isomeroreductase (AHAIR, ilvC), 
dihydroxyacid dehydratase (DHAD, ilvD), and transaminase B (TA, ilvE). Dynamically controlled genes and their products are 
highlighted in red. B) Schematic overview of the genetic background of the dynamic L-valine production strain. The native 
promoter of the aceE gene was replaced by the GntR target promoter PgntK allowing control of PDHC activity. The L-valine 
biosynthesis genes were combined in a synthetic operon by fusing ilvE via a linker containing an RBS sequence to the end of 
the operon ilvBNC. Its expression was controlled by the synthetic GntR counter-silencer promoter Plys_CS_0. C) Growth of the 
strain with dynamically controlled aceE expression (PgntK-aceE) in comparison to the previously established ΔaceE strain 
(Blombach et al., 2007; Schreiner et al., 2005). Both strains had been pre-cultivated in CGXII containing 222 mM glucose and 
254 mM acetate before they were cultivated in a microtiter cultivation system in medium with either 222 mM glucose and 
254 mM acetate, 222 mM glucose, 222 mM glucose and 51 mM gluconate or 51 mM gluconate. Calculated growth rates (µ) 
are given (colour-coded) when significant growth had been observed. D) L-valine titers of the aceE toggle strain (PgntK-aceE) 
and the ΔaceE L-valine production strain harbouring either the empty control plasmid pJC1 (pJC1-venus-term (Baumgart et 
al., 2013)), plasmid-based L-valine biosynthesis genes controlled by the counter-silencer (pJC1-Plys_CS_0-ilvBNC-RBS-ilvE) or 
the natively regulated variant pJC4-PilvB-ilvBNC-PilvE-ilvE (pJC4-ilvBNCE; (Radmacher et al., 2002)). All strains were cultivated 
in CGXII supplemented with 222 mM glucose and 254 mM acetate. Bar plots represent the L-valine and L-alanine titers of 
biological triplicates and error bars the corresponding standard deviations after 46 h of cultivation. L-valine and L-alanine 
titers, glucose concentrations and cell densities (OD600) are shown in Figure S3. Further details are given in Table 1. 

 

Table 1: Product (L-valine) and by-product (L-alanine) formation of strains PgntK-aceE and ΔaceE. Corresponding bar plots 
are shown in Figure 6D. Given are the amino acid concentrations, L-valine titers, cell dry weight- (CDW-) specific L-valine titers 
and L-valine yields after 46 h of cultivation. Means and standard deviations of biological triplicates are listed. 

Plasmid Strain OD600 L-valine  

(mM) 

L-alanine 

(mM) 

L-valine 

titer (g/l) 

Specific 

titer  

(g L-valine/ 

g CDW) 

Yield  

(g L-valine/  

g glucose) 

pJC1 ΔaceE 45.9 ± 1.0 25.9 ± 2.6 66.7 ± 6.0 3.0 ± 0.31 0.26 ± 0.02 0.087 ± 0.007 

PgntK-aceE 48.7 ± 1.5 25.8 ± 0.9 58.3 ± 1.8 3.0 ± 0.11 0.25 ± 0.02 0.076 ± 0.003 

pJC4-PilvB-

ilvBNC-

PilvE-ilvE 

ΔaceE 41.1 ± 0.8 106.9 ± 1.7 20.8 ± 0.8 12.5 ± 0.2 1.22 ± 0.01 0.313 ± 0.005 

PgntK-aceE 44.3 ± 1.1 116.5 ± 10.4 11.3 ± 1.0 13.7 ± 1.22 1.23 ± 0.1 0.341 ± 0.03 

pJC1-

Plys_CS_0-

ilvBNC-

RBS-ilvE 

ΔaceE 43.3 ± 0.4 59.2 ± 6.7 78.8 ± 9.0 6.9 ± 0.78 0.64 ± 0.07 0.175 ± 0.022 

PgntK-aceE 46.6 ± 0.1 50.0 ± 2.0 52.6 ± 1.8 5.85 ± 0.24 0.5 ± 0.02 0.146 ± 0.006 
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Conclusion 

Tightly controlled, inducible promoter systems are key modules in biotechnological and synthetic 

biological applications and the most frequently used principle for controlling gene expression (Liu et 

al., 2016; Patek et al., 2013). In this study, we demonstrated the potential of synthetic counter-silencer 

promoters as expression system allowing a more stringent control of gene expression in comparison 

to well-established systems such as Ptac and Ptet. These promoters were tightly repressed by CgpS-

mediated xenogeneic silencing and significantly induced by GntR-dependent counter-silencing. 

Synthetic promoter variants were combined in a GntR-dependent bilateral promoter library 

comprising in total 44 regulatory elements which were repressed (16 promoters) or activated (28 

promoters) in the presence of the non-toxic and cheap effector molecule gluconate. These sets of 

regulatory elements provided a wide range of promoter activities, which could fulfil the requirements 

of various applications. 

The effect of varying effector concentrations on the dynamics and timing of promoter activities was 

analyzed in detail for exemplary chosen synthetic GntR target promoters revealing that counter-

silencer constructs are expression systems with temporal tunability. 

Furthermore, we performed a comprehensive characterization and application of a GntR-dependent 

toggle switch allowing opposed expression of two sets of target genes. This toggle is controlled by only 

one TF (GntR) and one effector molecule (gluconate) and combines two promoters – a native target 

promoter and a synthetic counter-silencer promoter – both inversely responsive to gluconate 

dependent GntR binding (Wiechert et al., 2020). Finally, the GntR-dependent toggle was successfully 

applied as metabolic toggle switch for the dynamic redirection of carbon flux between the growth-

related formation of acetyl-CoA and L-valine biosynthesis, both competing for the precursor molecule 

pyruvate. 

In conclusion, our results demonstrated the high potential of promoters being controlled by 

xenogeneic silencing counter-silencing for synthetic circuit designs and as tightly controlled gene 

expression systems. 
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Material and Methods 

Bacterial strains and cultivation conditions 

All bacterial strains and plasmids used in this project are listed in Table S2, S3 and S4. The strain 

C. glutamicum ATCC 13032 (Kinoshita et al., 1957) served as wild type strain. For cultivations of 

C. glutamicum strains, brain heart infusion (BHI, Difco Laboratories, Detroit, MI, USA) complex medium 

was inoculated with a single colony from a fresh agar plate and incubated for 8 to 16 hours. For 

cultivation of ΔaceE deletion strains as well as cells with dynamically controlled aceE expression (PgntK-

aceE), 85 mM potassium acetate was supplemented to the BHI medium. All cultivation steps were 

performed at 30°C, 900 rpm and 75% humidity in 96 deep-well plates (VWR, Radnor, PA) in a Microtron 

incubator shaker (Infors, Bottmingen, Switzerland). For reporter-based assays and analysis of relative 

venus transcript levels driven by the different expression systems, BHI pre-cultures were used to 

inoculate a second overnight pre-culture in CGXII minimal medium (Keilhauer et al., 1993) 

supplemented with 25 µg/ml kanamycin and 100 mM gluconate or 100 mM glucose. For growth 

analysis of ΔaceE- and PgntK-aceE-based strains, the second overnight preculture was performed in 

CGXII minimal medium containing 222 mM glucose and 254 mM acetate. Subsequently, the pre-culture 

was used to inoculate the main culture at a start OD600 of one. For reporter-based assays, the main 

cultures were grown in CGXII medium with 25 µg/ml kanamycin and 100 mM gluconate, 100/111 mM 

glucose without or with varying supplemented amounts of gluconate (0, 1, 10, 50, 100 mM), 100 mM 

glucose with either 100 µM IPTG (induction of Ptac) or 235 nM ATc (induction of Ptet). Growth analysis 

of the ΔaceE deletion strains as well as cells with dynamically controlled aceE expression (PgntK-aceE) 

was performed in CGXII minimal medium supplemented with either 222 mM glucose and 254 mM 

acetate, 222 mM glucose, 222 mM glucose and 51 mM gluconate or 51 mM gluconate. E. coli DH5α 

were used for plasmid amplification and cells were cultivated in Lysogeny Broth (LB) medium or on LB 

agar plates at 37°C. If needed, 50 µg/ml kanamycin was added. 

 

Microtiter cultivation to monitor cell growth and fluorescence 

Analysis of cell growth and reporter-based assays were performed in microliter scale in the BioLector® 

microcultivation system (m2p-labs, Aachen, Germany) (Kensy et al., 2009). Main cultures with a 

volume of 750 µl (see Bacterial strains and cultivation conditions) were incubated in 48-well 

FlowerPlates® (m2p-labs, Aachen, Germany) at 30°C and 1200 rpm. If needed, Venus fluorescence was 

measured with an excitation wavelength of 508 nm and emission wavelength of 532 nm (signal gain 

factor 60). Biomass production was measured as backscattered light intensity of sent light with a 

wavelength of 620 nm (signal gain factor 20). All samples were measured at 15 min intervals. Arbitrary 

units (a.u.) of specific fluorescence were calculated by dividing the Venus signal by the backscatter 
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signal per time point (Kensy et al., 2009). Growth rates were determined for the exponential growth 

phase based on the backscatter signal. 

 

Microtiter cultivation of L-valine production strains 

For comparison of the productivity of the L-valine production strains ΔaceE and PgntK-aceE harbouring 

different plasmids, per strain, three single colonies from a fresh agar plate were used to inoculate 4 ml 

BHI supplemented with 85 mM potassium acetate and 25 µg/ml kanamycin. After 10 hours of 

cultivation at 30 °C and 160 rpm, 2 ml of the first preculture were transferred into 25 ml CGXII minimal 

medium supplemented with 222 mM glucose, 154 mM potassium acetate and 25 µg/ml kanamycin. 

Cultivation of the second preculture was performed at 30 °C and 120 rpm for 13 hours. Subsequently, 

cells were washed with 20 ml 0.9% NaCl solution and used to inoculate 25 ml CGXII containing 222 mM 

glucose, 154 mM potassium acetate and 25 µg/ml kanamycin. Cultivation was performed in 96 deep-

well plates (VWR, Radnor, PA). Therefore, 15 * 1.5 ml aliquots were transferred into the plates and 

incubated at 30 °C, 900 rpm and 75% humidity in a Microtron incubator shaker (Infors, Bottmingen, 

Switzerland). Per sample time point and clone, the 1.5 ml culture volume of one well was transferred 

into a 2 ml reaction tube. Separation of cells and supernatant was performed by centrifugation for 5 

min at 5000 rpm and 4 °C. The supernatant was transferred into a fresh 1.5 ml tube and stored at -20 

°C before it was used for quantification of L-valine, L-alanine and glucose concentrations. 

 

Cultivation in microfluidic chip devices 

For the characterization of reversibility and dynamics of the fluorescence-based GntR-dependent 

toggle (pJC1-Plys_CS_0-venus-T-PgntK-e2-crimson) (Wiechert et al., 2020), C. glutamicum wild type cells 

harbouring the plasmid-based construct were cultivated in an in-house developed microfluidic 

platform (Grünberger et al., 2012; Grünberger et al., 2015). The experimental setup and chip design 

was performed as previously described (Grünberger et al., 2013). Venus and E2-Crimson fluorescence 

as well as phase contrast were imaged at 15 min intervals by fully motorized inverted Nikon Eclipse Ti 

microscope (Nikon GmbH, Düsseldorf, Germany) as described before (Grünberger et al., 2012; 

Grünberger et al., 2015; Helfrich et al., 2015). The exposure times for phase contrast was 100 ms, for 

Venus 200 ms and for E2-Crimson 300 ms. In the microfluidic chip system, cells were cultivated in CGXII 

medium supplemented with 25 µg/ml kanamycin and either 100 mM gluconate or 100 mM glucose. A 

high-precision syringe pump system (neMESYS, Cetoni GmbH, Korbussen, Germany) and disposable 

syringes (Omnifix-F Tuberculin, 1 ml; B. Braun Melsungen AG, Melsungen, Germany) were used to 

achieve continuous medium supply (flow rate of 200 nl/min) and waste removal during the cultivation. 

The switches of carbon source supply between gluconate and glucose were performed by changing 

the syringes and the connecting tubing to ensure an immediate medium switch. The temperature was 
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set to 30°C using an incubator system (PeCon GmbH, Erbach, Germany). Data analysis on colony level 

was performed using the image-processing package Fiji (Schindelin et al., 2012) which is based on 

ImageJ (Rueden et al., 2017). Measured fluorescence data were background normalized and plotted 

with GraphPad prism 7.00 (GraphPad Software, La Jolla. CA. USA). 

 

Recombinant DNA work 

All standard molecular methods such as DNA restriction, PCR and Gibson assembly were performed 

according to manufacturer instructions or following previously described standard protocols (Gibson 

et al., 2009; Sambrook and Russel, 2001). Details on plasmid construction by Gibson assembly are 

provided in Table S4. DNA sequencing and synthesis of oligonucleotides used for amplification of DNA 

fragments for plasmid construction (Table S5) and sequencing (Table S6 and S7) were performed by 

Eurofins Genomics (Ebersberg, Germany). Chromosomal DNA of C. glutamicum ATCC 13032 used as 

PCR template was prepared as described previously (Eikmanns et al., 1994). PpriP-based counter-

silencer promoters were constructed as previously described (Wiechert et al., 2020). 

 

Construction of strains ∆gntK and PgntK-aceE 

For the deletion of the gene gntK encoding the gluconate kinase GntK, C. glutamicum ATCC 13032 wild 

type cells (Kinoshita et al., 1957) were transformed with the pK19mobsacB-ΔgntK deletion plasmid 

(Table S4). The plasmid pK19-mobsacB-ΔPaceE-aceE was used to delete the aceE gene and its promoter 

before the plasmid pK19mobsacB-PgntK-aceE was used for the re-integration of the aceE gene under 

control of the GntR target promoter PgntK within its native locus. Subsequently, two step homologous 

recombination and selection was performed as described previously (Niebisch and Bott, 2001). 

Successful integration was verified by sequencing, all primers are listed in Table S7. 

 

Quantitative Real-time PCR (qRT-PCR) 

For the comparison of promoter strength of PgntK, Plys_CS_0 and PpriP_CS_0 with the established 

promoter systems Ptet and Ptac on transcript levels, promoter sequences were cloned into the plasmid 

pJC1 and fused to the reporter gene venus via a consistent linker containing the ribosomal binding site 

(AGGAG (Pfeifer-Sancar et al., 2013)). Since LacI and TetR are natively not encoded in the chromosome 

of C. glutamicum, the corresponding genes were inserted into the respective plasmids. Duplicates of 

single clones of C. glutamicum wild type cells harbouring the plasmid-based constructs or the control 

plasmid pJC1-venus-term (no appropriate promoter in front of venus (Baumgart et al., 2013)) were 

analyzed. The first BHI pre-culture (see Bacterial strains and cultivation conditions) was used to 

inoculate the second pre-culture in CGXII medium with either 100 mM gluconate or glucose as carbon 

source (non-inducing conditions). Cells from the second overnight pre-culture were used to inoculate 



Publications and manuscripts  113 

1.6 ml of the main culture starting with OD600 of one. All cultivation was performed in 96 deep-well 

plates (VWR, Radnor, PA). Cells harbouring different constructs were cultivated under non-inducing 

and inducing conditions depending on the particular promoter construct: PpriP_CS_0 and Plys_CS_0: +: 

100 mM glucose, -: 100 mM gluconate; PgntK: +: 100 mM gluconate, -: 100 mM glucose; Ptac: +: 100 µM 

IPTG, -: 0 µM IPTG; Ptet: +: 235 nM ATc, -: 0 nM ATc. After five hours of incubation, cells were cooled 

down on ice and harvested by centrifugation (4 °C, 10 min, 11,325g). Cell pellets were snap-frozen in 

liquid nitrogen and stored at -80 °C until use. 

Total RNA was isolated using the Monarch® Total RNA Miniprep Kit (New England Bio Labs, Ipswitch, 

MA, USA) following the manufacturer protocol. qRT-PCR was performed with 5 ng total RNA and 

primers listed in Table S8 using the Luna® Universal One-Step RT-qPCR Kit (New England Biolabs, 

Ipswitch, USA). Measurements of the relative venus expression levels were done in biological and 

technical duplicates with a qTower 2.2 system (Analytik Jena, Jena, Germany). The chromosomal 

encoded ddh gene served as reference gene. The software qPCR-soft 3.1 (Analytik Jena, Jena, 

Germany) was used for obtaining the corresponding CT-values. Means of relative venus expression 

levels and the corresponding range were calculated based on the 2^(-CT) method of Livak and 

Schmittgen (Livak and Schmittgen, 2001) using the following equations: 

ΔCt = mean CT (𝑣𝑒𝑛𝑢𝑠) − mean CT (𝑑𝑑ℎ) 

SD ΔCt = √(SD CT (𝑣𝑒𝑛𝑢𝑠))2 + (SD CT (𝑑𝑑ℎ))2 

Relative 𝑣𝑒𝑛𝑢𝑠 expression levels = 2−ΔCT 

Plots in Figure 3C are showing the means of relative venus expression levels and error bars their range. 

Maximum and minimum of the range was calculated by the following equations: 

Maximum of range for relative 𝑣𝑒𝑛𝑢𝑠 expression levels = 2−(ΔCT+SD ΔCT) 

Minimum of range for relative 𝑣𝑒𝑛𝑢𝑠 expression levels = 2−(ΔCT−SD ΔCT) 

 

Quantification of amino acid concentrations 

The amino acids L-valine and L-alanine were quantified as ortho-phthaldialdehyde derivatives by using 

ultra-high performance liquid chromatography (uHPLC) or high performance liquid chromatography 

(HPLC) with an automatic pre-column derivatization. Derivatives were separated by reverse-phase 

chromatography using an Agilent 1290 Infinity LC ChemStation or an Agilent 1260 Infinity II LC system 

(Agilent, Santa Clara, USA) equipped with a fluorescence detector. A gradient of sodium borate buffer 

(10 mM Na2HPO4, 10 mM Na2B4O7, pH 8.2) and methanol was applied as eluent for the Zorbax Eclipse 

AAA 3.5 micron 4.6 x 7.5 mm column (Agilent, Santa Clara, USA). Prior to analysis, samples were 

centrifuged for 5 min at 16,000 x g and were either measured directly or as dilutions of 1:100, 1:400 

or 1:1000 in ddH2O. 
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Determination of the glucose concentration in the culture supernatant 

Glucose concentrations in the supernatant were measured with the D-Glucose UV-Test Kit (R-

Biopharm, Darmstadt, Germany) according to the manufacturer’s instructions (absorption was 

measured at 340 nm) with the modification that measurements were performed with only half of the 

indicated reaction volume. Glucose concentrations were calculated as described in the manufacturer 

manual. 
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4.3. Supplemental material to “Deciphering the rules underlying xenogeneic 

silencing and counter-silencing of Lsr2-like proteins using CgpS of 
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Supplemental Figures 

References are indicated as numbers. Numbers are given in the reference section of the publication. 

 

 

Figure S1: Counter-silencing of CgpS target promoters. A) Specific reporter outputs of native phage promoters 

and corresponding synthetic constructs which were used for the calculation of fold change ratios shown in Figure 

3. B) To confirm functionality of synthetic promoter variants (GntR BS), which showed only low reporter outputs 

in the wild type, respective constructs were analyzed in the prophage-free strain ∆phage in the absence of the 

silencer CgpS. All constructs led to significant reporter outputs confirming synthetic promoter functionality (n≥3 

biological triplicates). 
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Figure S2: Effects of inserted sequences independent of GntR binding. A) The native GntR BS located within the 

PgntK promoter contains four highly conserved and four weakly conserved nucleotides (43). As controls for 

sequence insertions, which do not allow for GntR binding, control sequences (control-seq) 1 and 2 were inserted 

at position 0 within the phage promoter Plys. Control-seq 1 contained the same nucleotide composition as the 

GntR BS but the sequence was randomized. Control-seq 2 was similar to the GntR BS, but one conserved cytosine 

was replaced with guanine. Based on previous studies, this exchange was expected to abolish GntR binding (43). 

B) Specific reporter outputs of the promoter variants after five hours of cultivation. Promoter constructs (plasmid 

backbone pJC1) were fused to the reporter gene venus and analyzed in C. glutamicum wild type. Cells were 

cultivated in CGXII in the presence (100 mM gluconate) or absence (100 mM glucose) of the effector molecule 

gluconate in a microtiter cultivation system. The results shown in this graph demonstrate that mutation of the 

GntR operator site abolished GntR binding in vivo and that the observed counter-silencing effect strictly depends 

on GntR binding. 
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Figure S3: Effects of directionality of inserted GntR binding site on counter-silencing efficiency. The 15 bp long 

GntR BS was inserted either in a forward (Plys::GntR BS_fw: Plys_CS_0) or in a reverse orientation (Plys::GntR BS_rv) 

in the Plys promoter (position 0) to analyze if the directionality of the GntR BS influence counter-silencing. 

Promoter constructs (plasmid backbone pJC1) were fused to the reporter gene venus and analyzed in 

C. glutamicum wild type. Cells were cultivated in CGXII medium in the presence (100 mM gluconate) or absence 

(100 mM glucose) of the effector molecule gluconate in a microtiter cultivation system. Presented is the mean 

of the specific fluorescence after five hours of cultivation (n=3 biological triplicates). These results demonstrated 

that counter-silencing does not depend on the directionality of GntR operator sites. 
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Figure S4: It’s all about context – Impact of GntR binding on the output of the Plys promoter in the presence or 

absence (∆phage) of CgpS. Reporter outputs (venus expression) driven by a Plys promoter with an inserted GntR 

operator sequences 15 bp upstream of the maximal CgpS binding peak (11 bp downstream of TSS) in 

C. glutamicum wild type cells and in the absence of CgpS in the strain ∆phage. Cells were cultivated in CGXII in 

the presence (100 mM gluconate) or absence (111 mM glucose) of the effector molecule gluconate in a microtiter 

cultivation system. Shown are mean values and standard deviation of reporter outputs of biological triplicates 

after five hours of cultivation. 
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Figure S5: Impact of GntR binding site (BS) position on inducibility of Pcg1999-based promoter constructs. A) 

Inverse correlation of GC-profile and CgpS binding coverage of the phage promoter Pcg1999. The highest scored 

transcriptional start site (TSS) and the position of maximal CgpS binding affinity (4) are shown as vertical lines. 

BS positions refer to the sequence base associated with maximal CgpS binding peak. The position directly 

upstream of this nucleotide was defined as position 0. B) Impact of inserted GntR BS position on specific reporter 

outputs in the presence (gluconate) and absence (glucose) of the effector molecule gluconate. Positions of TSS 

and maximal CgpS coverage are marked by lines. C) Impact of GntR binding site position on counter-silencing 

efficiency of Pcg1999-based promoter constructs. Ratio of specific reporter outputs, shown in (B), were used for 

the calculation of their inducibility (fold change). Cells harboring the plasmid-based synthetic promoter 

constructs were grown in CGXII medium supplemented with either 100 mM glucose or 100 mM gluconate. Bars 

(B) and dots (C) represent the means and error bars the standard deviation of biological triplicates. 
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Figure S6: Definition of the minimal region required for silencing. A) Reporter outputs (venus expression) driven 

by 5´-truncated promoter versions (∆300 and ∆350 bp truncations) of Plys and Plys_CS_0 were analyzed regarding 

silencing and counter-silencing efficiency. 5´-ends of full-length constructs coincided with the upstream end of 

the CgpS binding peak (Plys: 389 bp, Plys_CS_0: 404 bp upstream of the maximal CgpS binding peak). The distance 

between maximal CgpS binding peak and ATG was in all constructs 85 bp. Full length promoters were compared 

to variants ending 89 bp (5´ ∆300) or 39 bp (5´ ∆350) upstream of the maximal CgpS binding peak in Plys. B and 

C) Specific reporter outputs of the promoter variants after five hours of cultivation. Promoter constructs were 

fused to the reporter gene venus (plasmid backbone pJC1) and analyzed in C. glutamicum wild type cells (B) and 

in the prophage-free strain ∆phage (∆cgpS) (C). Cells were cultivated in CGXII in the presence (100 mM gluconate) 

or absence (100 mM glucose) of the effector molecule gluconate in a microtiter cultivation system. Shown are 

mean values and standard deviation of biological triplicates after five hours of cultivation. The results shown in 

this graph demonstrate that the region >89 bp upstream of the maximal CgpS binding peak of the Plys promoter 

is neither involved in silencing nor in counter-silencing. Further 50 bp truncation strongly reduced promoter 

activity of both promoters also in the ∆phage strain. 
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4.4. Supplemental material to “Inducible expression systems based on 

xenogeneic silencing and counter-silencing and the design of a metabolic toggle 

switch” 
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Supplemental figures 

 

Figure S1: Growth curves corresponding to the analysis of tunability of the native GntR target promoter PgntK and the 
synthetic counter-silencer promoter Plys_CS_0 shown in Figure 4. Shown are backscatter values of C. glutamicum wild type 
cells (WT) (A) or C. glutamicum cells lacking the gene encoding the gluconate kinase (ΔgntK) (B) harbouring the plasmid-based 
constructs pJC1-Plys_CS_0-venus or pJC1-PgntK-venus during cultivation in the presence of different gluconate concentrations. 
Graphs show the mean and error bars the standard deviation of biological triplicates over time. Cells were cultivated in a 
microtiter cultivation system in CGXII medium supplemented with constant amounts of glucose (100 mM in analysis of pJC1-
PgntK-venus and 111 mM for characterization of pJC1-Plys_CS_0-venus) and either no or varying amounts of gluconate as 
effector. Backscatter was measured at 15 min intervals. The presented data show that varying amounts of gluconate affect 
the final backscatter values but did not significantly influence growth rates of wild-type cells. In contrast, ΔgntK cells displayed 
reduced growth rates upon addition of gluconate. 

 

 

Figure S2: Growth of the strain with dynamically controlled aceE expression (PgntK-aceE) in comparison to C. glutamicum 
wild type cells, both harbouring the plasmid pJC1-Plys_CS_0-venus. Shown are backscatter values of both C. glutamicum 
strains during cultivation in a microtiter cultivation system in CGXII minimal medium with 100 mM gluconate and 25 µg/ml 
kanamycin. Strains had been pre-cultivated in CGXII containing 100 mM gluconate and 111 mM glucose. Graphs show the 
mean and error bars the standard deviation of biological triplicates over time. Backscatter was measured at 15 min intervals. 
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This experiment verified that growth of PgntK-aceE is not impaired in comparison to wild-type cells in the presence of gluconate 
(100 mM). 

 

 

Figure S3: Growth, glucose consumption, product (L-valine) and by-product (L-alanine) formation during L-valine 
production. Cultivation of the strain with dynamically controlled aceE expression (PgntK-aceE) in comparison to the previously 
established ΔaceE strain (Blombach et al., 2007; Schreiner et al., 2005) harbouring either the empty control plasmid pJC1 
(pJC1-venus-term), plasmid-based L-valine biosynthesis genes controlled by the counter-silencer promoter (pJC1-Plys_CS_0-
ilvBNC-RBS-ilvE) or the natively regulated variant pJC4-PilvB-ilvBNC-PilvE-ilvE (pJC4-ilvBNCE) (Radmacher et al., 2002). 
Cultivation was performed in CGXII supplemented with 25 µg/ml kanamycin, 222 mM glucose and 254 mM acetate. Graphs 
represent the values of biological triplicates and error bars the corresponding standard deviations after 8, 22, 46, 54, 78 and 
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94 h of cultivation. Measurements of glucose and L-valine in the supernatant over time revealed that glucose was almost 
completely consumed after 46 hours of cultivation and L-valine concentrations had mostly reached maximal values. 

 

Supplemental tables 

Table S1: Overview of prices for glucose, gluconate and acetate provided by Sigma-Aldrich (December 2019, 
https://www.sigmaaldrich.com). Considered were powders with minimal purity of 99% and an amount of 1 kg. 

Carbon source 
(Product ID) 

Purity Amount Price 

D-Gluconic acid 
sodium salt (G9005) 

≥99% 1 kg 49.80 € 

D-(+)-Glucose (G8270) ≥99.5% 1 kg 48.50 € 
Potassium acetate 
(P5708) 

≥99% 1 kg 119 € 

 

Table S2: Strains used in this study. 

Strain Relevant characteristics Reference or source 

E. coli   
DH5α  F- Φ80lacZΔM15 Δ(lacZYA-argF) 

U169 recA1 endA1 hsdR17(rk
-, mk

+) 
phoA supE44 thi-1 gyrA96 relA1 λ-, 
strain used for cloning procedures 

Invitrogen 

C. glutamicum   
ATCC 13032 Biotin-auxotrophic wild type (Kinoshita et al., 1957) 
ΔaceE Derivate of ATCC 13032 with in-

frame deletions of gene aceE 
(cg2466) 

(Schreiner et al., 2005) 

ΔgntK Derivate of ATCC 13032 with in-
frame deletions of gene gntK 
(cg2732) 

This work 

ΔPaceE-aceE Derivate of ATCC 13032 with in-
frame deletions of gene aceE 
(cg2466) and its 300 bp upstream 
promoter region  

This work 

PgntK-aceE Derivate of ΔaceE with the re-
integrated gene aceE (cg2466) 
under control of the promoter PgntK. 
PgntK (303 bp, Pcg2732). The first 30 bp 
of the coding sequence of gntK were 
fused to the aceE gene via a linker 
containing a stop codon and an 
artificial RBS. 

This work 

 

 

 

 

 

https://www.sigmaaldrich.com/
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Table S3: Plasmids from other studies used in this work. 

Plasmid Relevant characteristics Reference 

pJC1 KanR, AmpR; oriVC.g., oriVE.c.; C. 
glutamicum/E. coli shuttle vector 

(Cremer et al., 
1990) 

pJC1-venus-term KanR, pJC1 derivative carrying the venus 
coding sequence followed by a terminator 
sequence of Bacillus subtilis 

(Baumgart et al., 
2013) 

pJC1-Pcg1897::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1897 (468 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1936::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1936 (676 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1940::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1940 (563 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1955::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1955 (516 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1977::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1977 (653 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 
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pJC1-Pcg1999::GntR_BS_pos-30-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS 30 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1999::GntR_BS_pos-20-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS 20 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1999::GntR_BS_pos-10-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS 10 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1999::GntR_BS_pos-5-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS 5 bp upstream of the position of maximal 
CgpS binding (Pfeifer et al., 2016) and the 
first 30 bp of the coding sequence fused to 
the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1999::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg1999::GntR_BS_pos+5-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS 5 bp downstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 

(Wiechert et al., 
2020) 
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containing a stop codon and an artificial 
RBS. 

pJC1-Pcg1999::GntR_BS_pos+10-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg1999 (448 bp) with an inserted GntR 
BS 10 bp downstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg2014::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg2014 (545 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg2020::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg2020 (390 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Pcg2022::GntR_BS_pos0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
gene cg2022 (309 bp) with an inserted GntR 
BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-100-
venus 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 100 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-25-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 25 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 

(Wiechert et al., 
2020) 
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fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

pJC1-Plys::GntR_BS_pos-20-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 20 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-15-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 15 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-10-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 10 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-5-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 5 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-4-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 4 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-3-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 3 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 

(Wiechert et al., 
2020) 
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and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

pJC1-Plys::GntR_BS_pos-2-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 2 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos-1-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 1 bp upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys_CS_0-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS directly upstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+1-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 1 bp downstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+2-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 2 bp downstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+3-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 3 bp downstream of the position of 

(Wiechert et al., 
2020) 
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maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

pJC1-Plys::GntR_BS_pos+4-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 4 bp downstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+5-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 5 bp downstream of the position of 
maximal CgpS binding (Pfeifer et al., 2016) 
and the first 30 bp of the coding sequence 
fused to the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+10-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 10 bp downstream of the position 
of maximal CgpS binding (Pfeifer et al., 
2016) and the first 30 bp of the coding 
sequence fused to the reporter gene venus 
via a linker containing a stop codon and an 
artificial RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+15-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 15 bp downstream of the position 
of maximal CgpS binding (Pfeifer et al., 
2016) and the first 30 bp of the coding 
sequence fused to the reporter gene venus 
via a linker containing a stop codon and an 
artificial RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+20-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 20 bp downstream of the position 
of maximal CgpS binding (Pfeifer et al., 
2016) and the first 30 bp of the coding 
sequence fused to the reporter gene venus 
via a linker containing a stop codon and an 
artificial RBS. 

(Wiechert et al., 
2020) 

pJC1-Plys::GntR_BS_pos+25-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 

(Wiechert et al., 
2020) 
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GntR BS 25 bp downstream of the position 
of maximal CgpS binding (Pfeifer et al., 
2016) and the first 30 bp of the coding 
sequence fused to the reporter gene venus 
via a linker containing a stop codon and an 
artificial RBS. 

pJC1-Plys::GntR_BS_pos+50-venus KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of the 
lys gene (cg1974) (444 bp) with an inserted 
GntR BS 50 bp downstream of the position 
of maximal CgpS binding (Pfeifer et al., 
2016) and the first 30 bp of the coding 
sequence fused to the reporter gene venus 
via a linker containing a stop codon and an 
artificial RBS. 

(Wiechert et al., 
2020) 

pJC1-PpriP_CS_0-venus (previously 
named pJC1-PpriP::GntR_BS_pos0-
venus) 

KanR; pJC1-venus-term derivative carrying 
the CgpS bound area of the promoter of PpriP 
(611 bp) with an inserted GntR BS directly 
upstream of the position of maximal CgpS 
binding (Pfeifer et al., 2016) and the first 30 
bp of the coding sequence fused to the 
reporter gene venus via a linker containing 
a stop codon and an artificial RBS. 

(Wiechert et al., 
2020) 

pJC1-PgntK-venus KanR; pJC1-venus-term derivative carrying 
the PgntK promoter (307 bp) (Pcg2732) and the 
first 30 bp of the coding sequence fused to 
the reporter gene venus via a linker 
containing a stop codon and an artificial 
RBS. 

(Wiechert et al., 
2020) 

pEC-PtetR CmR, pGA1 oriVCg, oriVEc, tetR, Ptet; C. 
glutamicum/E. coli shuttle vector 

(Huber et al., 
2017) 

pEKEx2 KanR, pBL1 oriVCg, pUC18 oriVEc, lacIq, Ptac; C. 
glutamicum/E. coli shuttle vector 

(Eikmanns et al., 
1994) 

pK19-mobsacB KanR, oriT, oriVEc, sacB, lacZ; plasmid for 
allelic exchange in C. glutamicum 

(Schäfer et al., 
1994) 

pJC1-Plys_CS_0-venus-T-PgntK-e2-
crimson 

KanR; pJC1-venus-term derivative carrying 
the construct Plys_CS_0-venus and the 
oppositely oriented PgntK-e2-crimson 
construct. 

(Wiechert et al., 
2020) 

pJC4-PilvB-ilvBNC-PilvE-ilvE 
(previously named pJC4-ilvBNCE)  

KanR, PilvB-ilvBNC, PilvE-ilvE (genes encoding 
the L-valine biosynthesis enzymes 
acetohydroxyacid synthase, 
isomeroreductase and transaminase B 
under control of their native promoters)  

(Radmacher et 
al., 2002) 

 

Table S4: Plasmids constructed in this work. Oligonucleotide pairs used for PCR are given as numbers (Table S5) with DNA 
templates indicated in brackets behind. The used backbones including the restriction enzymes used for linearization are listed 
behind (*). Used primers for sequencing are given as numbers (Table S6). 

Plasmid Construction Relevant 
characteristics 

Primer used for 
sequencing 

pJC1-PpriP::GntR_BS_pos-
100-venus 

Gibson assembly: 
200/280 (pJC1-PpriP-

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 

R12, R13 
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venus) and 279/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

derivative with an 
inserted GntR BS 100 bp 
upstream of the 
position of maximal 
CgpS binding (Pfeifer et 
al., 2016). 

pJC1-PpriP::GntR_BS_pos-50-
venus 

Gibson assembly: 
200/278 (pJC1-PpriP-
venus) and 277/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 
derivative with an 
inserted GntR BS 50 bp 
upstream of the 
position of maximal 
CgpS binding (Pfeifer et 
al., 2016). 

R12, R13 

pJC1-PpriP::GntR_BS_pos-10-
venus 

Gibson assembly: 
200/276 (pJC1-PpriP-
venus) and 275/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 
derivative with an 
inserted GntR BS 10 bp 
upstream of the 
position of maximal 
CgpS binding (Pfeifer et 
al., 2016). 

R12, R13 

pJC1-PpriP::GntR_BS_pos-5-
venus 

Gibson assembly: 
200/288 (pJC1-PpriP-
venus) and 287/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 
derivative with an 
inserted GntR BS 5 bp 
upstream of the 
position of maximal 
CgpS binding (Pfeifer et 
al., 2016). 

R12, R13 

pJC1-PpriP::GntR_BS_pos+5-
venus 

Gibson assembly: 
200/290 (pJC1-PpriP-
venus) and 289/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 
derivative with an 
inserted GntR BS 5 bp 
downstream of the 
position of maximal 
CgpS binding (Pfeifer et 
al., 2016). 

R12, R13 

pJC1-PpriP::GntR_BS_pos+10-
venus 

Gibson assembly: 
200/282 (pJC1-PpriP-
venus) and 281/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 
derivative with an 
inserted GntR BS 10 bp 
downstream of the 
position of maximal 
CgpS binding (Pfeifer et 
al., 2016). 

R12, R13 

pJC1-PpriP::GntR_BS_pos+50-
venus 

Gibson assembly: 
200/284 (pJC1-PpriP-
venus) and 283/116 
(pJC1-PpriP-venus) 
into pJC1-venus-
term *BamHI *BcuI 

KanR; pJC1-PpriP-venus 
(Wiechert et al., 2020) 
derivative with an 
inserted GntR BS 50 bp 
downstream of the 
position of maximal 

R12, R13 
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CgpS binding (Pfeifer et 
al., 2016). 

pJC1-tetR-Ptet-venus 547/548 (pEC-PtetR) 
and 115/116 (pJC1-
venus-term) into 
pJC1-venus-term 
*BamHI *BcuI 

KanR; pJC1-venus-term 
derivative carrying the 
tetR gene and the 
corresponding Ptet 
promoter fused to the 
reporter gene venus via 
a linker containing a 
stop codon and an 
artificial RBS. 

R12, R13, 492 

pJC1-lacI-Ptac-venus Gibson assembly: 
545/546 (pEKEx2) 
and 115/116 (pJC1-
venus-term) into 
pJC1-venus-term 
*BamHI *BcuI 

KanR; pJC1-venus-term 
derivative carrying the 
lacI gene and the 
corresponding Ptac 
promoter fused to the 
reporter gene venus via 
a linker containing a 
stop codon and an 
artificial RBS. 

R12, R13, 293, 
399, 492, 546 

pJC1-Plys_CS_0-ilvBNC-RBS-
ilvE 

Gibson assembly: 
114/117 (pJC1-
Plys_CS_0-venus), 
349/350 (pJC4-
ilvBNCE) and 
351/352 (pJC4-
ilvBNCE) into pJC1-
venus-term *BamHI 
*BcuI 

KanR, pJC1-venus-term 
derivative carrying the 
operon ilvBNC and the 
gene ilvE (L-valine 
biosynthesis genes) 
which were combined 
in a synthetic operon 
controlled by the 
counter-silencer 
promoter P_CS_0.  

R12, R182, R183, 
R215, 487, 488, 
489, 490 

pK19-mobsacB-ΔgntK Gibson assembly: 
207/208 (C. 
glutamicum 
genome) and 
209/210 (C. 
glutamicum 
genome) into pK19-
mobsacB *BamHI 
*EcoRI 

KanR, pK19-mobsacB 
derivative for the 
chromosomal deletion 
of the gntK gene 
(cg2732) (530 bp 
upstream and 524 bp 
downstream flanking 
regions). 

M19, M20 

pK19-mobsacB-ΔPaceE-aceE Gibson assembly: 
62/112 (C. 
glutamicum 
genome) and 113/65 
(C. glutamicum 
genome) into pK19-
mobsacB *BamHI 
*EcoRI 

KanR, pK19-mobsacB 
derivative for the 
chromosomal deletion 
of the aceE gene 
(cg2466) and its 300 bp 
upstream promoter 
region (501 bp 
upstream and 500 bp 
downstream flanking 
regions). 

M19, M20 

pK19-mobsacB-PgntK-aceE Gibson assembly: 
62/63 (C. 
glutamicum 
genome), 97/92 (C. 

KanR, pK19-mobsacB 
derivative for the 
chromosomal 
integration of the aceE 

M19, M20, 93, 
94, 95, 101, 102 
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glutamicum 
genome), 70/71 (C. 
glutamicum 
genome) and 64/65 
(C. glutamicum 
genome) into pK19-
mobsacB *BamHI 
*EcoRI 

gene (cg2466) und 
control of the PgntK 
promoter (333 bp, 
Pcg2732) (501 bp 
upstream and 500 bp 
downstream flanking 
regions). 

 

Table S5: Oligonucleotides used for plasmid constructions. 

Oligonucleotid
e number 

Sequence (5´3´) 

279 CGCTCGATATGATAGTACCAATTCACGTGCAGCAGCACTCCC 

280 GAATTGGTACTATCATATCGAGCGTTACGAACCATAACTG 

277 GTGCACGTGTATGATAGTACCAATCAACTGTGCGCTAAATGCGTC 

278 CACAGTTGATTGGTACTATCATACACGTGCACACATATGCGCG 

275 GTTTTATGATAGTACCAATCTTTATTACTAAGCTTGTTTAAATTGAAAC 

276 GTAATAAAGATTGGTACTATCATAAAACTCAACGGTTTATTAAGACGC 

287 CTTTATATGATAGTACCAATTTACTAAGCTTGTTTAAATTGAAAC 

288 GTAAATTGGTACTATCATATAAAGAAACTCAACGGTTTATTAAG 

289 CTAAGCTTATGATAGTACCAATTGTTTAAATTGAAACTTCGTTATATTC 

290 CAATTGGTACTATCATAAGCTTAGTAATAAAGAAACTCAACGG 

281 GCTTGTTTTATGATAGTACCAATAAATTGAAACTTCGTTATATTCTG 

282 GTTTCAATTTATTGGTACTATCATAAAACAAGCTTAGTAATAAAGAAAC 

283 GAAAGTAAGTTATGATAGTACCAATAATTAAGTACTTCGGCTCCACG 

284 CTTAATTATTGGTACTATCATAACTTACTTTCTTTAATCAGAATATAAC 

285 CTTTATTACTATATGATAGTACCAATAGCTTGTTTAAATTGAAACTTCG 

286 CAAGCTATTGGTACTATCATATAGTAATAAAGAAACTCAACGG 

547 AGCGACGCCGCAGGGGGATCCTTAAGACCCACTTTCACATTTAAGTTGTTTTTC 

548 ATGATATCTCCTTCTTAAAGTTCAGTGTATCAACAAGCTGGGGATCTTAAGC 

115 TGAACTTTAAGAAGGAGATATCATATGGTGAGCAAGGGCGAGGAG 

116 AAAACGACGGCCAGTACTAGTTACTTGTACAGCTCGTCCATGCC 

545 AGCGACGCCGCAGGGGGATCCTCAAGCCTTCGTCACTGGTCCC 

546 ATGATATCTCCTTCTTAAAGTTCAGGATCCTCTAGAGTCGACCTGC 

114 TGATATCTCCTTCTTAAAGTTCAATTTTTCGGCATTGCGCCTTTAATCGC 

117 AGCGACGCCGCAGGGGGATCCGCTCAAGGAAGAGTTCTTCATTGGTC 

349 TGAACTTTAAGAAGGAGATATCATGTGAATGTGGCAGCTTCTCAAC 

350 ATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGTTTAAGCGGTTTCTGCGCG
AGC 

351 GTTTAACTTTAAGAAGGAGATATACATGTGTATCTGTCAGGTAGCAGG 

352 AAAACGACGGCCAGTACTAGTTAGCCAACCAGTGGGTAAAGC 

207 CAGGTCGACTCTAGAGGATCATGGTGGCGTCATGCTCGGC 

208 GTCTGTAACCGAGCATCTCTCCTAGACAATATGTAAGCCTTCGGCTG 

209 GAGAGATGCTCGGTTACAGACGCAGAGTGGGTTCGCAACAAATAA 

210 GTTGTAAAACGACGGCCAGTGAATTGCAGGTCGAGTTCTTCCCACAG 

62 CAGGTCGACTCTAGAGGATCTCGATGGACTCGCTGATCAGC 

112 GTCTGTAACCGAGCATCTCTCAAAGAATTATCGGGTAGTTTCCCGC 

113 GAGAGATGCTCGGTTACAGACATCACCTCAAGGGACAGATAAATCC 

65 GTTGTAAAACGACGGCCAGTGAATTCCGTGAGCAATTCAAGCAGGAAC 

63 GGACGAGCTGTACAAGTAAACTAGTAAAGAATTATCGGGTAGTTTCCCGC 



230  Appendix 

97 CTAGTTTACTTGTACAGCTCGTCCGAGGATCGTCTCCGCGAAGAG 

92 CATTTCCACACCTCCTGTTGGGTCGACAATATGTAAGCCTTCGGCTGC 

70 GACCCAACAGGAGGTGTGGAAATGGCCGATCAAGCAAAACTTGGTG 

71 GGATTTATCTGTCCCTTGAGGTGATTTATTCCTCAGGAGCGTTTGGATC 

64 GATCCAAACGCTCCTGAGGAATAAATCACCTCAAGGGACAGATAAATCC 

 

Table S6: Oligonucleotides used for plasmid sequencing. 

Oligonucleotide 
number 

Sequence (5´3´) 

M19 CGCCAGGGTTTTCCCAGTCAC 

M20 AGCGGATAACAATTTCACACAGGA 

R12 CAGGGACAAGCCACCCGCACA 

R13 GGAAGCTAGAGTAAGTAGTTCGC 

R182 CGATTCCTATGGACCCTGCCACC 

R183 GGTGGCAGGCTCCATAGGAATCG 

R215 CTGCGTTCTGATTTAATCTGTATCAGG 

93 CTCTGGCAGGTAGCCACCG 

94 CTGCCAGAGCGTCGTGAGAAC 

95 CACACCACGGGGACTGTGG 

101 CTATGGAACCTGAATTCCCAGGC 

102 CTTCAGGTGCCTCACGGTAGG 

293 CGCCGCTTCCACTTTTTCCCG 

399 CACCAAACGTTTCGGCGAGAAGC 

487 GGTCAACGATGAGCTTGAGCTC 

488 CTGCTGGAAACCACCAAGGC 

489 CACTCGGATTGCGCCCATTC 

490 GCCCACATTTGGTGCTGGCC 

492 CTCGAACTTCACCTCGGCGC 

546 ATGATATCTCCTTCTTAAAGTTCAGGATCCTCTAGAGTCGACCTGC 

 

Table S7: Oligonucleotides used for sequencing of chromosomal modifications. 

Strain Oligonucleotide number Sequence (5´3´) 

ΔgntK 313 GCCCACTGCTCAGCGATTTC 

314 CGGGGTCGAGTTCTTTGATCC 

ΔPaceE-aceE 104 CCAGGGCTCCTTCTTTACCAATG 

105 CGTTCTTCCCCGGCACTGTG 

PgntK-aceE 93 CTCTGGCAGGTAGCCACCG 

94 CTGCCAGAGCGTCGTGAGAAC 

95 CACACCACGGGGACTGTGG 

101 CTATGGAACCTGAATTCCCAGGC 

104 CCAGGGCTCCTTCTTTACCAATG 

105 CGTTCTTCCCCGGCACTGTG 
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Table S8: Oligonucleotides used for quantitative Real-time PCR (qRT-PCR). 

Target gene Oligo-nucleotide number Sequence (5´3´) 

venus 554 GCGCACCATCTTCTTCAAGG 

555 CGGCGGTGATATAGACGTTGTG 

ddh 558 AGCAGGTATGGAGCAACTTCG 

559 TGATTACCACCGGCGACAC 
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