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1. Summary 
Ever since CO2 assimilation led to the formation of storage compounds in form of 

polysaccharides, sugar metabolisation became one of the most important physiological 

properties of nearly all organisms on earth. The quest for sugars as source of energy and 

cellular building blocks starts with efficient uptake systems.  The focus of this work was 

laid on the widespread bacterial phosphoenolpyruvate:sugar phosphotransferase system 

(PTS), a complex group-translocation system for carbohydrates in bacteria. These 

protein networks comprise distinct families of transporters and are often tightly 

interconnected with central metabolic pathways and regulatory circuits. The model 

organism Corynebacterium glutamicum possesses three active PTS sugar permeases 

(EII-complexes) that are responsible for the uptake and concomitant phosphorylation of 

several substrates of which glucose, fructose and sucrose are the most important. 

C. glutamicum is a workhorse of white biotechnology and fulfils manifold functions for 

the industrial production of valuable fine chemicals, especially amino acids like 

L-glutamate and L-lysine. However, despite extensive genetic remodelling of its 

metabolism, many crucial properties of C. glutamicums’ physiology remain unclear. 

The outstanding property of C. glutamicum to co-metabolise carbohydrates is not 

understood hitherto. In contrast to other bacteria, C. glutamicum mostly does not show 

hierarchical consumption of different carbohydrates but rather adjusts their specific 

uptake rates to equilibrium as it is the case for mixtures of glucose, fructose and 

sucrose. Only few cases of consecutive substrate utilization are known of which one 

was part of this work: The sialic acid derivate N-acetylneuraminic acid (Neu5Ac), a 

predominantly eukaryotic metabolite, is consumed after glucose or fructose in 

cultivations of C. glutamicum. However, while carbohydrate regulation in other bacteria 

often involves the host PTS, C. glutamicums’ PTS remains curiously silent. The 

observation of regulatory effects on PTS-mediated sugar uptake exerted by the 

accumulation of glucose 6-phosphate (G6P) in phosphoglucoisomerase (Pgi)-deficient 

strains was a starting point to understand the connections of the PTS with central 

metabolism in C. glutamicum. Accumulation of metabolites led to severe growth defects 

on glucose, reduced expression of the glucose-specific PTS-permease encoding gene 

ptsG, and a drastic decrease of transport activity. Although the phenotype appears 

similar to examples known from Escherichia coli, for which catabolite repression and 

sugar-phosphate stress responses are well studied, carbohydrate regulation of the two 

organisms differs greatly. Indeed, a novel mechanism was identified, which involves the 

glucose-permease PtsG and leads to a rapid reduction of sucrose uptake via the sucrose 
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permease PtsS as response to accumulating G6P. In order to identify specific targets in 

the regulation between PtsG and PtsS, pgi-deficient suppressor mutants that display 

improved growth on mixtures of glucose and sucrose were analysed. However, no 

genetic adaptation of PTS or PTS related genes, but rather of a so-far uncharacterized 

gene designated lpdA encoding a putative flavoprotein-disulfid-reductase were detected. 

Strains with amino acid exchanges in LpdA were characterized and found to overcome 

the negative growth phenotype with glucose and sucrose. In this work, LpdA and the 

suppressor variant LpdAA223T were purified and characterized biochemically. LpdA 

hereby exhibited activity with both NADH and NADPH together with quinone electron 

acceptors. Determination of affinitiy constants revealed that NADPH is the natural co-

substrate of LpdA, although turnover numbers were higher with NADH. The amino 

acid exchange in LpdAA223T led to higher overall activity of the enzyme, which most 

likely goes back to a faster release of substrates and products from the binding pocket. 

LpdA and LpdAA223T furthermore possess transhydrogenase activity, which is a novelty 

for NADH/NADPH homeostasis of C. glutamicum, although the exact function of the 

enzyme remains unclear. Accumulation of G6P in pgi-deficient strains enhances flow 

through the pentose phosphate pathway (PPP) and leads to increased NADPH levels. 

The adaptation of the pgi-suppressor mutants towards increased LpdA-activity with 

NADPH seems to relieve NADPH-feedback inhibition within the PPP and ultimately 

improves growth of the strains. The development of a genetically encoded NADPH-

specific biosensor named mBFP made it possible to compare NADPH-related 

fluorescence levels of the suppressor mutants and revealed that NADPH in these strains 

is re-balanced to the wildtype-level. mBFP is a benzaldehyde-reductase and specifically 

binds NADPH over other pyridinnucleotides like NADH, NADP+ or NAD+. The 

intrinsic blue fluorescence of NADPH is amplified by mBFP, which allows easy, non-

invasive in vivo read-outs. In situ calibration of the sensor enabled quantitative 

measurements of intracellular NADPH concentrations in a low milimolar range. The 

biosensor further revealed that NADPH accumulation in pgi-deficient C. glutamicum 

cells occurs within seconds after exposition of cells to glucose, which is in the time 

frame of G6P triggered PtsS inhibition by PtsG. The underlying mechanism and 

especially the role of the PTS-permeases however remained unclear. One of the aims of 

this work was consequently the investigation of direct interactions of the EII-

complexes. In order to achieve this at a genetic level, the repertoire of genetic tools for 

C. glutamicum was expanded with the construction of the pOGOduet vector. The 

plasmid enables bicistronic expression of genes under the control of the IPTG inducible 

Ptac promoter and the anhydrotetracycline inducible Ptet promoter. Functionality of the 



Summary 7 

 
 

vector was verified by co-expression of fluorophore encoding genes with variable 

inductor concentrations. The pOGOduet vector overthrows current two plasmid 

solutions that come along with several disadvantages such as the use of two selection 

markers. Furthermore, pOGOduet was used in this work to co-express C. glutamicum 

PTS genes. Overproduction of the general PTS components EI and HPr led to an 

increase in growth rate with glucose up to 16 % compared to the wild type while no or 

little effect on growth rate was observed for the overexpression of the membrane 

embedded permeases PtsG and PtsS. A possible saturation of the permease integration 

into the membranes seemed to occur. This limitation of permeases could go back to 

limited membrane space and a strictly ruled membrane economy in C. glutamicum. The 

localization of EII-complexes and general PTS proteins brought more insights into the 

organization of the proteins. In this study, fluorescent translational fusions of all 

C. glutamicum PTS proteins were generated. Thereby, mVenus labelled HPr and eCFP 

labelled EI were used to compare their localization to the membrane spanning EII-

complexes PtsG and PtsF. The glucose specific PtsG and the fructose specific permease 

PtsF are forming membrane embedded cluster, independent of the presence of their 

cognate substrates. These clusters are not static, but dynamically adapt their membrane 

occupancy whenever substrate is available. It is likely to assume that C. glutamicum 

tries to make optimal use of limited membrane space in this way. In contrast to E. coli, 

where the general PTS components EI and HPr form substrate dependent cluster, 

nothing like that could be shown for the C. glutamicum homologues, which are 

dispersed in the cytoplasm at all times and consecutively synthesized under all tested 

conditions. Accompanied with these observations, it was shown in this work that the 

protein level organization of EII-complexes cannot be deduced from their genetic 

information only. The supposedly covalently fused EIIBCA subunits of PtsG were 

analysed via Western Blot analysis, fluorescence microscopy and differential 

ultracentrifugation and found in at least three forms: a fused, full-length EIIBCA-, a 

membrane associated EIIBC- and a soluble EIIA-portion. The EIIAGlc subunit was 

present in a cytosolic form that can fulfil its primary function as phosphotransferase 

towards EIIBGlc, but also to EIIBSuc, which was hitherto not described for 

C. glutamicum. The exact mechanism how free EIIAGlc is generated remains unclear, 

but the separation site between EIIBC and EIIA was located within the flexible linker 

region between these domains. The amino acid sequence of the linker exhibits strong 

amphipathic properties and is putatively important for the functionality of the whole 

system. The interaction of EIIAGlc with EIIBSuc, implicates direct interactions of the two 

distinct sugar permeases PtsG and PtsS. Noticeably, growth rates supported by natural 
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and chimeric constellations of glucose/sucrose-specific EIIAGlc/Suc-EIIBCGlc/Suc 

complexes were similar, indicating comparable affinities for the protein-protein 

interactions. Cytosolic EIIA domains may be involved in regulatory processes as it is 

known for other bacteria. Support for this hypothesis came from the analysis of 

pulldown assays with affinity-tagged PtsG. The global transcriptional regulator GlxR 

and another, yet uncharacterized DeoR-type regulator are promising candidates for 

interactions with EIIAGlc. Of further interest for this study was the transcriptional 

repressor SugR, a pleiotropic actor in the regulatory circuits of C. glutamicum. The 

transcriptional regulation of PTS-genes is one of the major characteristics of SugR, 

making it crucial for a balanced metabolite homeostasis during growth on different 

substrates. The definite effector molecule of this important regulator was hitherto not 

clarified. In this work, SugR-mediated repression of ptsS in ptsF-deficient 

C. glutamicum strains during growth on sucrose was directly linked to fructose 1-

phosphate as a central effector molecule of carbohydrate regulation. Heterologous 

sugar-phosphate specific fructokinases from Homo sapiens and Clostridium 

acetobutylicum were characterized biochemically and successfully produced in 

C. glutamicum. Presence of fructose 1-phosphate led to the restoration of wildtype-like 

PtsS levels, which is in conformation with derepressed ptsS expression shown for a 

ptsF-sugR-deficient strain. Astonishingly, neither absence of SugR, presence of fructose 

1-phosphate nor wildtype-like PtsS amounts were sufficient to elevate the reduced 

growth rate of the ptsF-deletion srains to the wildtype level. In the light of the above 

described novel characteristics of the EII-complexes in C. glutamicum, secondary 

functions and interconnections of this highly dynamic system with central metabolism 

have to be rethought.   
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2. Introduction 

2.1 Corynebacterium glutamicum as versatile model organism 
The relevance of Corynebacterium glutamicum for industrial biotechnology since its 

isolation in 1957 is still unbowed 60 years later (Kinoshita et al. 1957). The organism 

was first described as L-glutamate secreting soil bacterium and managed to become a 

major player for industrial scale production of amino acids, but also other valuable 

compounds such as vitamins, diamines, organic acids, alcohols and polymers (Becker et 

al., 2015; Wendisch et al., 2016). Corynebacteriaceae are Gram-positive bacteria, but 

additionally possess a mycolic-acid layer in their cell wall, which is a characteristic of 

the group of Actinobacteria that includes Mycobacteriaceae and Nocardiaceae 

(Stackebrandt et al., 1997; De Sousa-D'Auria et al., 2003; Tropis et al., 2005). Bacteria 

of the family of Corynebacteriaceae populate many enviroments and are found in 

ambient samples such as soil, but also as commensals of the human microbial skin flora 

(Tauch, 2014). While some pathogenic members such as Corynebacterium diphteriae, 

Corynebacterium pseudotuberculosis and Corynebacterium ulcerans are potent to 

produce harmful endotoxins, Corynebacterium glutamicum obtained the 

“Generally Regarded As Safe” (GRAS) status, which allows its usage in food industry 

(Becker et al., 2015). To this date, the most recognized function of C. glutamicum is the 

production of L-amino acid, displayed in the high market share with a production of 2.5 

million tons of L-glutamate and 1.5 million tons of L-lysine per year (Becker et al., 

2015; Wendisch et al., 2016). Branched-chain amino acids such as L-valine, L-leucine 

or L-isoleucine are a growing market and promising future products to be used in 

pharmaceutical and agricultural industry. However, the properties in precursor 

availability and flux optimization of currently used production strains were unreachable 

with undirected mutagenesis and screening procedures applied in the beginning of 

biotechnological research. Not only efficiently tailored strains for the production of 

established compounds require targeted genetic manipulations, but also the elucidation 

and exploitation of promising new products are based on precise knowledge about the 

genetic configuration of the organisms metabolism. The description of the whole 

genome sequence of C. glutamicum in 2003 (Ikeda et al., 2003; Kalinowski et al., 2003) 

was a milestone for its research and allowed progressive development of genetic tools 

and subsequent increasing knowledge about the genotypical and physiological 

properties of this organism. Targeted optimization of central and peripheral metabolic 

pathways (Seibold et al., 2006; Wendisch et al., 2006; Blombach et al., 2007), solute 

import and export (Morbach et al., 1996; Parche et al., 2001; Trotschel et al., 2005; 
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Stabler et al., 2011; Becker et al., 2013; Henrich et al., 2013; Uhde et al., 2013; Matano 

et al., 2014) and detailed knowledge about regulatory networks (Engels et al., 2007; 

Gaigalat et al., 2007; Seibold et al., 2010; Auchter et al., 2011; van Ooyen et al., 2011; 

Toyoda et al., 2013) are based on decades of basic research. Many findings can be 

conferred to C. glutamicum’s above mentioned pathogenic relatives including 

Mycobacterium tuberculosis, which mark C. glutamicum as an excellent model 

organism. Furthermore, easy handling of C. glutamicum cultivations and its robustness 

towards environmental stress contributed to its success in biotechnology. A fortunate 

property of C. glutamicum comes to light with regard to carbohydrate regulation: the 

organism is able to co-metabolize several carbon sources without displaying diauxic 

growth. Therefore sugar mixtures commonly found in molasses and starch hydrolysates 

can be easily used as feedstock in industrial scale productions due to their low prices 

and high availability (Wendisch et al., 2016). These often contain numerous 

carbohydrates of which glucose, fructose and sucrose are predominant depending on the 

origin of the raw material. The high affinity sugar uptake systems of C. glutamicum for 

these sugars do not seem to undergo strict regulation as in other bacterial species like 

Escherichia coli. On a second view however, unknown regulatory mechanisms lead to 

adjustments of the C. glutamicum transport activities (Petrov, 2015). The canonical 

knowledge about carbohydrate regulation originating from Escherichia coli, Salmonella 

typhimurium or Bacillus subtilis does not apply in this case. As a consequence, many 

features of the C. glutamicum sugar metabolism remain unclear that could withhold 

potential targets for metabolic engineering in addition to their value for general 

understanding of bacterial physiology. 

 

2.2 The importance of carbohydrate uptake and metabolism 
Where other organisms dwell, bacteria will come up to use their residues. Even in times 

of alternative carbon sources as feed stocks for industrial biotechnology production, 

carbohydrate consumption remains one of the most important features of life’s 

metabolism not only in biotechnological exploited bacteria but in all domains of life 

(Wendisch et al., 2016). Polysaccharides dominate the assimilation products of green 

plants, which is the foundation for the importance of sugars as source of energy and 

building blocks for cellular structures in nearly all heterotrophic organisms. Monomeric 

sugars such as glucose are the preferred nutrients for most microorganisms (Gunina et 

al., 2015). However, their complex coordination of uptake, catabolism and anabolism 

needs to be fine-tuned for specific environmental conditions (Görke et al., 2008).  



Introduction 11 

 
 

2.2.1 Efficient uptake of substrates is a prerequisite of bacterial metabolism 
Concerning the uptake of sugars and sugar derivatives like sugar alcohols or 

amino-sugars, evolution brought up several distinct mechanisms to efficiently catalyse 

transport of these compounds across biological membranes (Berg, 2015). As the 

principles of energy conservation are the same for all domains of life, similar 

transportation systems evolved in eukaryotes, prokaryotes and archaea. In general, 

transport can be divided into simple diffusion, secondary active transport (facilitated 

diffusion, antiport, symport and uniport) as well as primary active transport. While 

passive transport always occurs along an electrochemical membrane gradient, active 

transport can work against these gradients by coupling the transport either to exergonic 

chemical reactions (primary active transport) or flow of a co-solute along its 

electrochemical gradient (secondary active transport). Except for simple diffusion 

across phospholipid membranes, all other mechanisms have been described for 

carbohydrate transport in bacteria. Facilitated diffusion is a relatively rare type for 

carbon-uptake, but occurs for glycerol in many bacterial species. As in the case of other 

substrates, glycerol is activated for metabolism inside the cell by a high affinity 

conversion to glycerol-phosphate. The charged derivate is then unable to outward 

diffuse through the membrane and is effectively trapped inside the cell (Sweet et al., 

1990; Weissenborn et al., 1992; Voegele et al., 1993). Another well studied diffusion-

driven transporter is the glucose fasciliator Glf from Zymomonas mobilis, which found 

application in metabolic engineering to bypass native glucose uptake routes (Parker et 

al., 1995; Tang et al., 2013). Active transport of carbohydrates proceeds in two known 

ways which can be differentiated by the mode of energy provision into primary active 

transport and secondary active transport. The first couples transport directly to a 

chemical reaction (e.g. hydrolysis of ATP) as in the case of proton ATPases that are 

found in all domains of life (Nelson, 1988). Well known carbohydrate transporters of 

this type are so called ABC-transporters such as the maltodextrin systems of E. coli and 

C. glutamicum (Dippel et al., 2005; Henrich et al., 2013). Secondary active transport 

relies on the energy of an ion-gradient established by primary active transport that 

drives the transport of a substrate against its concentration gradient. Based on the mode 

of action, these transporters are further distinguished into antiporters and symporters, in 

which the solute and ion are either moved in the same (symport) or in opposite 

directions (antiport). A well characterized example for secondary active symport is the 

E. coli lactose transport system:  primary active transport of protons via the respiratory 

chain creates an electrochemical proton potential, which is utilized by the lactose 

permease to couple the exergonic reaction of the proton flow along its electrochemical 
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gradient with the transport of lactose (Abramson et al., 2003).  A special type of 

bacterial transporter is the phosphoenolpyruvate:sugar phosphotransferase system 

(PTS), which acts as a so called group-translocator. These systems concomitantly 

modify the substrate during the translocation process and generate an effective intrusion 

of phosphorylated carbohydrates that are readily metabolized by adjacent pathways 

(Postma et al., 1993; Deutscher et al., 2006). The energetic barrier of this transport is 

resolved by the translocation of a phosphoryl-group which arises from 

phosphoenolpyruvate (PEP), an intermediate of glycolysis. A remarkable characteristic 

of nearly all known PTS systems is its functional complexity that includes not only the 

primary function as transporter, but also several secondary functions in other processes 

of bacterial cells (Barabote et al., 2005). As for this work, the importance of the PTS led 

to intensive studies that started more than 50 years ago with its first description by 

Roseman and Kundig in 1964.  

 

2.3 The bacterial phosphoenolpyruvate:sugar phosphotransferase system 
The discovery of a transport system in bacteria, which couples the exergonic 

translocation of a phosphoenolpyruvate originating phosphoryl moiety to the transport 

of many different substrates was the foundation of decades full of ongoing research 

(Kundig et al., 1964; Lengeler, 2015). Yet, missing pieces of the PTS puzzle are under 

investigation such as the exact mechanism of the transport cycle (Cao et al., 2011; 

McCoy et al., 2016), the functional parameters of the phosphotransferase proteins 

(Long et al., 2017; Nguyen et al., 2018), the regulatory in- and outputs of PTS 

components and networks (Kuhlmann et al., 2015; Rodionova et al., 2017), as well as 

the not fully understood membrane-insertion mechanism underlying the biogenesis of 

the PTS permeases (Stochaj et al., 1987; Saier et al., 1989; Yamada et al., 1991; Bibi et 

al., 1992; Werner et al., 1992). Many findings of the bacterial PTS are based on studies 

of E. coli, S. typhimurium or B. subtilis, however properties of the systems cannot be 

easily transferred to other species such as C. glutamicum (Parche et al., 2001). While 

primary functions of transport and phosphorylation are well conserved, many secondary 

functions, especially for control of metabolism via the PTS-components, vary greatly 

in-between bacteria. 
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2.3.1 Structure and organization of the phosphoenolpyruvate:sugar 

phosphotransferase system 
The PTS is commonly recognized for its phosphorylation of substrate concomitant to its 

translocation across the membrane, which is an energetically very efficient way for the 

import of carbohydrates compared to secondary or primary active transporters that 

require the additional activity of kinases (Zwaig et al., 1970; Parker et al., 1995). The 

dependency on PEP couples the transport activity directly to a downstream metabolite 

of glycolysis, generating a regulatory feedback-loop (Hogema et al., 1998). The general 

composition of the PTS is conserved across bacteria: two substrate-unspecific 

phosphotransferases Enzyme I (EI) and Histidine containing protein (HPr) catalyse the 

transfer of a phosphoryl moiety from PEP towards the substrate specific Enzyme II 

(EIIA/B/C) proteins. The auto-phosphorylation of EI is followed by interaction with 

HPr and transfer of the phosphoryl-group. HPr and all other phosphotransferase proteins 

have specific surface curvatures which are necessary for their recognition and 

interaction (Clore et al., 2013). The convex surfaces of HPr and EIIB are 

complementary to the concave ones of EI and EIIA. Subunit A of the EII complexes 

(EIIA) receives the phosphoryl group at a conserved histidine residue from HPr (Wang 

et al., 2000). The EIIA domain then passes the phosphoryl-group to a conserved 

cysteine within the binding surface of EIIB, a second phosphotransferase, which in turn 

phosphorylates the sugar bound within the substrate cavity of membrane spanning EIIC. 

The permease subunit EIIC mediates the presentation of the sugar for C-atom specific 

phosphorylation and subsequent release into the cytoplasm (McCoy et al., 2015; McCoy 

et al., 2016). Despite the conserved mechanisms of the phosphoryl cascade, PTS 

components can differ greatly in their structure. The domain architecture and thus the 

sequence order of the EII-proteins range from three single EII portions (EIIA, EIIB, 

EIIC) over fusions of two domains (e.g. EIIBC) and fully fused complexes (e.g. 

EIIBCA) (Figure 1, (McCoy et al., 2015)). The order in which the subunits are fused is 

highly variable and differs between the PTS families. Even in a single organism, several 

variations of EII-proteins can occur of which each fulfils a distinct function in transport 

and/or regulation.  For the most abundant glucose/glucoside family of PTS proteins 

EIIBC and EIIBCA fusions are the mainly found structures, while for the second most 

abundant fructose/mannitol family the EIIABC and EIIBC organization dominates 

(Barabote et al., 2005). The lactose, glucitol, galactitol, mannose, ascorbate, and 

dihydroxyacetone PTS families have similar structures, however with a great variability 

as mentioned above (Barabote et al., 2005). In the case of single EII-proteins or fusions 

of only two domains, all other remaining domains are found as single protein (Barabote 
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et al., 2005).  The domains of the EII-complexes are often connected by long, 

unstructured linker sequences that can be divided in so called “Q”- and “PA-linker” 

depending on their amino acid composition. Q-linkers consist of hydrophilic residues 

and are found in many PTS EII sequences but also in other signal transduction proteins 

(Wootton et al., 1989; Chen et al., 1998). PA-linkers consist mainly of alanine, glycine 

and proline rich stretches (Gutknecht et al., 1999). So far, the exact differentiation when 

which linker occurs is elusive. In some cases however, linker regions contain regulatory 

motifs as it is the case for PtsG from E. coli, in which the conserved “KTPGRED” motif 

is required for the binding of the small regulatory peptide SgrT (Lloyd et al., 2017). The 

main function of these linker sequences however is the tethering of domains to increase 

their local concentration and thus the activity of the phosphotransferases (Mao et al., 

1995; Clore et al., 2013). Evidence for this effect comes from biochemical studies with 

the fused EIICBA protein MtlA from E. coli, where it was observed that the linker 

between EIIA and EIIB leads to an optimal effective local concentrations close to the 

otherwise high Kd (low affinity) for the interaction of the two proteins (Suh et al., 

2007). Hints from another direction for the importance of domain tethering were given 

by the identification of a structural component of the glucose-specific EIIAGlc domain of 

E. coli, which is not covalently linked to the EIIBC part of the glucose EII-complex. In 

fact, while EIIB and EIIC are connected by a relatively long linker of approximately 75 

residues (depending on where to set the structural transition from unstructured linker to 

structured B/C domain), EIIAGlc is regarded as soluble protein, expressed from a 

separate gene (Meadow et al., 1982). Nevertheless, EIIAGlc needs to interact with EIIB 

in order to transfer the phosphoryl-group. Thus, at some point it has to be associated 

with the membrane spanning EIIBC complex. The structural peculiarity of EIIAGlc is a 

sequence stretch at its N-terminus, which is distorted in solution, but gains structure 

upon contact with phospholipids (Wang et al., 2000; Wang et al., 2003). This structure 

was observed to be an amphipathic helix, designated as “membrane anchor”. The 

anchoring process benefits the transfer reactions towards EIIBC, due to increased local 

concentrations of EIIAGlc, which is only present in low concentrations (Scholte et al., 

1981). Interestingly, EIIAGlc occurs in two forms in E. coli: a full length as well as a 

truncated species lacking the first N-terminal 7 amino acids that are involved in the 

formation of the α-helical anchor structure (Meadow et al., 1986; Wang et al., 2003). 

This difference manifests itself in the functionality of EIIAGlc: While the full-length 

protein is phosphorylated and mediates the transfer of the group towards EIIB, truncated 

EIIAGlc lacks the function of phosphoryl-transfer despite unaffected phosphorylation by 

HPr (Wang et al., 2000). The physiological relevance of the membrane anchor was also 
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shown for the interaction with other membrane spanning proteins: Studies with the 

E. coli maltose ABC-transporter MalFGK2, which is inhibited by unphosphorylated 

EIIAGlc, revealed that the minimal inhibitory concentration of full-length EIIAGlc with 

membrane anchor is about 60-fold lower than of truncated EIIAGlc (Chen et al., 2013). 

Thus, tethering of domains is a critical feature of the PTS protein network and the linker 

sequences of covalently fused EII-complexes seem highly important for their 

functionality. A special feature of the PTS proteins, which contributed to their 

reputation as paradigm for protein-protein interactions, is the redundancy of charged 

residues in their interaction surfaces. The charge distribution is either negative (EI, 

EIIA) or positive (HPr, EIIB) (Wang et al., 2000; Cai et al., 2003). Interestingly, 

disposition of the residues does not need to be identical enabling the proteins to 

specifically interact with several other partners using the same surface. This means that 

EIIA uses the same surface area to bind HPr and EIIB and, despite lack of secondary or 

tertiary structural similarities, EIIA domains from different PTS branches can interact 

with the same HPr-protein (Clore et al., 2013). 

 

 

Figure 1: Simplified model of the bacterial PTS and the most common domain architectures for EII-
complexes. Autophosphorylation of EI by PEP leads to transfer of the phosphoryl-group to HPr, EIIA and 
EIIB, which finally phosphorlyates the substrate bound within the permease EIIC. EI = Enzyme I; HPr = 
Histidine containing protein; EII = Enzyme II. Color legend: Blue = EI; Green = HPr; Rosa = EIIA 
domain; Yellow = EIIB domain; Purple = EIIC domain. Arrows indicate the flux of the phosphoryl-group 
from PEP towards the substrate.  
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2.3.2 Secondary functions of the PTS 
Hexoses like glucose support fast and stable growth of many bacteria and are therefore 

often preferred over other C-sources. From early studies of Jaques Monod (Monod, 

1942) until today, many findings underline the dominance of certain sugars over others, 

which are supported by the existence of regulatory mechanisms on transcriptional, 

translational and posttranslational level. Bacterial catabolite repression and 

carbohydrate regulation in general are broadly conserved processes and nearly always 

involve the PTS. Biochemical (Peterkofsky et al., 1981; Novotny et al., 1985), genetical 

(Barabote et al., 2005) and metabolic (Long et al., 2017) studies revealed several 

functions of the PTS in addition to its primary function in transport. The secondary 

functions manifest themselves in allosteric regulation of non-PTS transporters (Mitchell 

et al., 1982), control of energy metabolism and production of storage compounds like 

glycogen (Seok et al., 1997; Koo et al., 2004; Rodionova et al., 2017), as well as 

motility (Visick et al., 2007), virulence (Derkaoui et al., 2016) and control of nitrogen 

and carbon metabolic genes (Pflüger-Grau et al., 2010; Kuhlmann et al., 2015). One of 

the best described regulatory mechanisms that involve the PTS is carbon catabolite 

repression (CCR), which comprises regulatory circuits with parts of the PTS as well as 

transcriptional regulators and signal transducing molecules like cyclic adenosine 

monophosphate (cAMP). The phosphorylation state of the EII-proteins is the major 

indicator for substrate availability. Active PTS transport exhibits low levels of 

phosphorylated phosphotransferases, while inactive transporters are mainly 

phosphorylated (Görke et al., 2008).  A prime example for bacterial regulation of 

carbohydrate consumption is the lac-operon of the Gram-negative bacterium E. coli. 

Transcription of the lac genes is repressed by LacI in the absence of lactose. 

Intracellular lactose and formation of allolactose however leads to the inactivation of 

LacI and thus expression of the respective lac genes (Loomis et al., 1967; Reznikoff, 

1992). As glucose is preferred over lactose as carbon source, uptake of the latter is 

inhibited by a mechanism called inducer exclusion in which unphosphorylated EIIAGlc 

allosterically binds to the lactose permease and blocks its activity (Nelson et al., 1983; 

Nelson et al., 1984). Thus, formation of intracellular allolactose is efficiently prevented 

and promotes the repression of the lac-operon. A more global transcriptional regulation 

is mediated by the cAMP receptor protein (CRP), which is allosterically regulated by 

the second messenger cAMP. The intracellular level of this molecule is dependent on 

the activity of an adenylate cyclase which is activated by phosphorylated EIIAGlc (Yang 

et al., 1983; Peterkofsky et al., 1989). The cAMP/CRP regulon was shown to comprise 

more than 378 promoters in E. coli and is regarded as a major factor of cellular 
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regulation (Shimada et al., 2011). Direct control of transcriptional regulators by PTS 

proteins was demonstrated for the E. coli EIIBGlc domain, which is cytosolic, but 

covalently fused to the membrane integrated EIICGlc permease portion of PtsG (Postma 

et al., 1993). The regulatory protein Mlc (Makes large colonies), which is the major 

regulator of ptsG expression in E. coli, is sequestered to the membrane and loses its 

ability to bind DNA due to the direct interaction with the unphosphorylated 

EIIB-domain (Lee et al., 2000; Tanaka et al., 2000; Nam et al., 2001; Tanaka et al., 

2004; Nam et al., 2008). Thus, activity of PtsG, and correlating with this the 

unphosphorylated state of the complex, determines the activity of Mlc, which is no 

longer capable of repressing the transcription of its target genes (Nam et al., 2008). This 

mechanism guarantees that under conditions of high glucose availability, sufficient 

transporters are present in the membrane. PtsG is further post-transcriptionally regulated 

by the small regulatory RNA SgrS and the 43 amino acid peptide SgrT (Wadler et al., 

2007). SgrS formation is triggered by accumulation of glucose 6-phosphate or 

fructose 6-phosphate and binds directly to the PtsG mRNA for the formation of RNA 

hybrids which in turn will be degraded by RNaseE (Kimata et al., 2001). Furthermore 

SgrS encodes the peptide SgrT, which inhibits glucose uptake by binding to the 

intramolecular linker region between EIIB and EIIC (Vanderpool et al., 2004; Wadler et 

al., 2007). In contrast to Mlc, SgrS and SgrT prevent the accumulation of toxic amounts 

of sugar-phosphates by downregulation of glucose uptake. With these above described 

characteristics, the outstanding role of the PTS for bacterial physiology becomes clear: 

it is not only involved in transport and tightly regulates itself, but also mediates control 

over various other processes which in total benefits the overall fitness of the cell. 

2.3.3 The PTS of Corynebacterium glutamicum ATCC13032 
Likewise many other heterotrophic bacteria, C. glutamicum prefers carbohydrates in 

form of sugar hexoses as carbon source that are also the major feedstock components 

for industrial scale productions (Blombach et al., 2010; Wendisch et al., 2016). Besides 

the general, sugar-unspecific proteins EI and HPr, C. glutamicum possesses three active 

sugar-specific EII-complexes as depicted in Figure 2 and a fourth ascorbate-family, 

non-fused EIIC/EIIAB complex with unknown function (Shiio et al., 1990; Malin et al., 

1991; Dominguez et al., 1996; Moon et al., 2007). The general components of the 

C. glutamicum PTS network were shown to catalyse the transfer of the phosphoryl-

moiety for substrate transportation and activation via EII proteins (Kotrba et al., 2001; 

Parche et al., 2001). The PEP derived phosphoryl group is first received by EI and 

subsequently transferred to HPr, which acts as phosphotransferase towards the EIIA 
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domains of the EII-complexes. Except for HPr, secondary functions of the general 

proteins, as they are known for other bacteria (Poncet et al., 2009; Meyer et al., 2011; 

Derkaoui et al., 2016; Rodionova et al., 2017), are not described for C. glutamicum. A 

recent publication demonstrated that maltose utilization of C. glutamicum is subject to 

transcriptional regulation involving HPr, albeit the exact mechanism behind this 

observation remains unclear (Kuhlmann et al., 2015). With regard to their initial 

substrate affiliations, the three EII-complexes of C. glutamicum were named PtsG, PtsS 

and PtsF (Moon et al., 2005). In Figure 2, an overview on the C. glutamicum PTS 

network is presented: PtsG and PtsS belong to the glucose/glucoside family of PTS 

proteins and were described for the uptake of glucose/mannose and the uptake of 

sucrose, respectively.  PtsG also shows low affinity for fructose (Brühl, 2015) as well as 

for aminosugars and derivates like glucosamine or sialic acid (Uhde et al., 2013; Uhde 

et al., 2016). PtsS only catalyses the transport and phosphorylation of sucrose (Moon et 

al., 2007). 

 

 

 

Figure 2: Schematic overview on the PTS of C. glutamicum. The three active EII-complexes are fusions 
of their respective subunits. EI uses PEP for autophosphorylation and transfer of the phosphorylgroup to 
HPr. HPr phosphorylates the EII-complexes at their EIIA domain. After transfer of the phosphorylgroup 
to EIIB, substrate bound by EIIC is phosphorylated and released into the cytoplasm. PtsF transports 
fructose, while PtsG mainly transports glucose and fructose with low affinity. PtsS only transports 
sucrose. In case of PtsG and PtsS, sugars are phosphorylated at position C6, while PtsF phosphorylates at 
C1. Sugar phosphates enter adjacent pathways like the glycolysis or the pentose phosphate pathway. 
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PtsF is a fructose/mannitol-family PTS protein and specific for the uptake and 

phosphorylation of fructose (Moon et al., 2005). Additionally to their substrate affinity, 

the main difference between PtsF, PtsG and PtsS is the domain sequence order of the 

complexes. Based on genetic information, all three are supposedly covalent fusions of 

the phosphotransferases EIIA and EIIB and the permease EIIC (Kalinowski et al., 

2003). However, PtsG and PtsS show a BCA conformation, while PtsF is ordered in an 

ABC manner. The functional background of this difference is not known, but assumed 

to base upon different evolutionary backgrounds of the proteins as it is generally 

suggested for the PTS superfamilies (Barabote et al., 2005). Besides the significance of 

sugar uptake in this biotechnological heavily used organism, the PTS proteins of 

C. glutamicum are not well investigated compared to E. coli or B. subtilis and 

knowledge concerning the PTS cannot be transferred easily to C. glutamicum. 

Carbohydrate related regulatory processes differ greatly between these species: In 

contrast to E. coli, C. glutamicum seldom shows diauxic growth on substrate mixtures 

and no clear preference for certain carbohydrates albeit some sugars support higher 

growth rates of C. glutamicum than others (Cocaign et al., 1993; Dominguez et al., 

1993; Wendisch et al., 2000). The few known cases of catabolite repression in 

C. glutamicum are mediated by transcriptional regulators such as GlxR, SugR, RamA 

and RamB (Arndt et al., 2007; Cramer et al., 2007; Cramer et al., 2007; Arndt et al., 

2008) as well as GntR1 and GntR2 and occur during growth on mixtures of glucose 

with glutamate (Krämer et al., 1990; Kronemeyer et al., 1995), glucose with ethanol 

(Arndt et al., 2007) and glucose or fructose with sialic acid (Uhde et al., 2016). GlxR, a 

homologue to CRP in E. coli, is activated by cAMP (Townsend et al., 2014; Schulte et 

al., 2017) and possibly regulates more than 150 genes in C. glutamicum (Kohl et al., 

2009). The repression of glutamate uptake in cultivations with glucose is part of the 

GlxR regulon, although there is no experimental evidence of a connection between the 

PTS and GlxR so far. Despite the absence of CRR like in other organisms, uptake 

systems and adjacent metabolic pathways were shown to communicate and fine tune the 

expression of involved genes. For substrate mixtures of glucose with acetate or glucose 

with fructose, adjustment of uptake rates was observed and genes of the transport 

systems are regulated on transcriptional level (Dominguez et al., 1997; Wendisch et al., 

2000). RamA and RamB are recognized as regulators of acetate metabolism and co-

regulate several genes including ptsG together with GlxR and SugR (Cramer et al., 

2007; Cramer et al., 2007; Auchter et al., 2011; Shah et al., 2016; Shah et al., 2018). 

The regulon-overlaps of these transcription factors are hierarchical and create feed-

forward-loops (FFL) which are important motifs of regulatory networks (Seibold et al., 



20  Introduction 
 
2010; Auchter et al., 2011). SugR is positively regulated by RamA and mediates 

repression to its attributed genes in response to changes in substrate availability 

(Toyoda et al., 2013; Toyoda et al., 2016). During growth on gluconeogenic carbon 

sources like acetate or pyruvate, the PTS-component encoding genes ptsI, ptsH, ptsF, 

ptsG and ptsS are repressed by SugR (Engels et al., 2007; Gaigalat et al., 2007). 

Furthermore central metabolic genes like ldhA or gapA are part of the regulon of this 

pleiotropic transcriptional regulator (Engels et al., 2007; Gaigalat et al., 2007; Engels et 

al., 2008; Tanaka et al., 2008; Toyoda et al., 2008). Studies of the past decades found 

SugR binding to DNA directly controlled by sugar phosphates, namely fructose 

1-phosphate, fructose 6-phosphate, fructose 1,6-bisphosphate and also 

glucose 6-phosphates (Engels et al., 2007; Gaigalat et al., 2007; Engels et al., 2008). 

However, contradictory statements about the major effector molecule were drawn, 

leaving a final conclusion elusive. Recent transcriptome data and flux analysis with 

mutant strains that produce increased amounts of fructose 1-phosphate point into the 

direction of this metabolite as major inactivator of SugR (Wang et al., 2016; 

Schwentner et al., 2018). 

 

2.4 The central metabolic pathways of C. glutamicum 
C. glutamicum is naturally capable to metabolize various substrates, including sugars, 

alcohols, amino sugars and organic acids (Arndt et al., 2008; Uhde et al., 2013; Matano 

et al., 2014; Uhde et al., 2016). Uptake and phosphorylation of one of its preferred 

substrates, glucose, leads to formation of intracellular glucose 6-phosphate (Lindner et 

al., 2011).  This central metabolite is regarded as metabolic branching point as it can 

enter two adjacent central metabolic pathways: glycolysis and the pentose phosphate 

pathway (PPP) (Blombach et al., 2010). Glycolysis leads to the breakdown of glucose 

to pyruvate which generates precursors for biosynthesis and energy rich metabolites for 

other pathways. One molecule of glucose effectively leads to the generation of two 

molecules ATP from ADP and the reduction of two molecules NAD+ to NADH 

(Yokota A., 2005). The remaining two molecules pyruvate are then either further 

catabolized in the tricarboxylic cycle (TCA) through conversion to acetyl-CoA and its 

subsequent complete oxidation or they serve as precursors for other pathways by 

carboxylation to oxaloacetate (Eikmanns, 2005). The PPP pulls at the other end of the 

glucose 6-phosphate pool by the action of the glucose 6-phosphate dehydrogenase, an 

enzyme that fulfils an important function of the oxidative part of the PPP: the 

generation of NADPH from NADP+. The conversion of one molecule glucose 6-
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phosphate to ribulose 5-phosphate results in the formation of two molecules NADPH in 

total (Blombach et al., 2010). The reductive force of this compound serves many 

anabolic reactions (e.g. amino acid biosynthesis). The non-oxidative part of the PPP is 

essential for the generation of important precursors for the synthesis of purines and 

pyrimidines (ribose 5-phosphate), but also for the synthesis of tryptophan, tyrosine and 

phenylalanine, shikimic acid and aromatic vitamins like pyridoxine (Teramoto, 2013). 

The loss of CO2 during the oxidative PPP makes this pathway less effective for the 

utilization of carbon sources compared to glycolysis. However, the PPP remains the 

main generator of NADPH in C. glutamicum, despite the property of the TCA cycle to 

generate NADPH via malic enzyme or isocitrate dehydrogenase (Eikmanns, 2005). 

Availability of NADPH is a prerequisite for the effective biosynthesis of alcohols, 

biopolymers and amino acids like L-lysine or L-valine (Weckbecker et al., 2004; 

Sanchez et al., 2006; Bartek et al., 2010; Chemler et al., 2010; Kocharin et al., 2013; 

Lindner et al., 2013; Zhao et al., 2017). Thus, to increase NADPH levels, the 

redirection of the metabolism towards the PPP is a common strategy, which however 

comes along with several tradeoffs such as feedback inhibition of the glucose 6-

phosphate dehydrogenase and subsequent slowed growth (Kabus et al., 2007; Lindner et 

al., 2013; Wang et al., 2017). 

 

2.5 Metabolite homeostasis of C. glutamicum 
Metabolite homeostasis is a crucial property for all living organisms to sustain energy 

conservation. The use of C. glutamicum as industrial-scale producer for amino acids and 

other valuable fine chemicals led to a steep increase in metabolic engineering strategies 

in order to elevate substrate to product conversion (Krause et al., 2010; Wendisch, 

2014). A common share of many works is the manipulation of intracellular metabolite 

pools to redirect metabolic fluxes or to increase concentrations of precursor molecules 

(Bartek et al., 2010). For E. coli, B. subtilis and C. glutamicum drastic metabolic 

rewiring, as it is the case for the deletion of the pgi-gene, resulted in deleterious side 

effects (Fraenkel et al., 1967; Lin et al., 1974; Lindner et al., 2013).  Bacteria that have 

a blocked glycolysis due to the absence of the phosphoglucoisomerase accumulate 

glucose 6-phosphate and also NADPH, which on the one hand can be useful for 

synthesis of biomolecules (Bartek et al., 2010; Chemler et al., 2010), on the other hand 

however leads to growth defects as demonstrated for E. coli and C. glutamicum 

(Canonaco et al., 2001; Petrov, 2015). In pgi-deficient E. coli, rescue mechanisms of the 

cells lead to lowered expression of  ptsG and direct inhibition of the encoded transporter 
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PtsG by the short peptide SgrT (Kimata et al., 2001; Wadler et al., 2007). In 

C. glutamicum, accumulation of glucose 6-phosphate is directly linked to growth 

defects on glucose or mixtures of sugars with glucose (Petrov, 2015).  Reduced 

expression of the glucose-specific PTS-permease gene ptsG and decreased transport 

activity were observed and, on first sight, appeared similar to the situation in E. coli 

(Lindner et al., 2013; Petrov, 2015). The accumulation of glucose 6-phosphate not only 

triggered the rapid inhibition of the glucose PTS-permease PtsG, but also the sucrose-

specific permease PtsS, when cells were cultivated with mixtures of glucose and sucrose 

(Petrov, 2015). The PtsS encoding gene ptsS is target of transcriptional repression by 

the DeoR-type regulator SugR, but the course of time of the transport-inhibition is too 

fast for transcriptional or translational regulation (Petrov, 2015). By this, SugR 

dependent regulation and glucose 6-phosphate triggered inhibition of the transporters 

have to be regarded separately. The intracellular accumulation of the branching 

molecule glucose 6-phosphate is a stimulus for the regulation of uptake and flux 

through the adjacent metabolic pathways. Consequently, other metabolites like NADPH 

may accumulate that lead to a regulatory response themselves (Sanwal, 1970; 

Christodoulou et al., 2018). In analogy to this, absence of metabolites that function as 

flux-signaling molecules may also cause deleterious effects as demonstrated for the 

depletion of fructose-phosphates in ptsF-deficient C. glutamicum strains (Moon et al., 

2005; Brühl, 2015). The absence of fructose 1-phosphate leads to repression of central 

metabolic genes like pfkA, gap and fda as well as PTS genes like ptsI, ptsH, ptsS and 

ptsG (Wang et al., 2016). Recent publications showed that transcriptional regulators 

like Cra in E. coli or CggR in B. subtilis act as metabolic sensors that control the 

glycolytic flux (Kochanowski et al., 2013; Folly et al., 2018). In C. glutamicum, no 

such function is known hitherto. The mentioned regulators are affected by the presence 

or absence of fructose-phosphates and their regulon comprises genes of central 

metabolism as well as genes for uptake systems like the PTS.  
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2.6 Visualising metabolite pools: Genetically encoded Biosensors 
Fluorophore-based biosensors offer great opportunities for the detection of small 

molecules as the recent development of a series of biosensors demonstrates (Mustafi et 

al., 2012; Siedler et al., 2014; Liu et al., 2017; Tao et al., 2017). Although there is no 

clear definition how biosensors are constructed, all of them transduce low level signals 

into easily accessible readouts. Typically three types of biosensors are distinguished: 

1) Transcription factor based (TF) biosensors that couple the metabolite of interest to 

the expression of a reporter gene, where the expression is regulated in dependence of 

the metabolite concentration (Mustafi et al., 2012; Siedler et al., 2014). 2) Förster 

Resonance Energy Transfer (FRET) based sensors that rely on the metabolite induced 

approximation of the donor and acceptor fluorophores and thus changes in the FRET 

ratio (Imamura et al., 2009; Cameron et al., 2016). 3) Riboswitch based sensors where 

the translation of the reporter gene is under the control of RNA secondary structures 

(Wang et al., 2016). The right biosensor has to be chosen for each application of 

interest. Detection of intracellular NADPH is of special interest not only for 

biotechnology, but also for the understanding of general physiological properties of pro- 

and eukaryotic cells. However, few NADPH biosensors are established so far. In 

bacteria, the transcription factor based SoxR-system was used to activate the expression 

of a yellow fluorescent protein eYFP coding gene depending on the redox state of SoxR 

(Siedler et al., 2014). The transcriptional regulator is only active in its reduced state that 

is maintained by NADPH dependent reductases. However, TF-based sensors like SoxR 

are prone to false-positive readouts, which makes them only useful for specific 

applications. A more sophisticated NADPH sensor is the so called iNAP sensor, which 

consists of circularly permutated eYFP fused to the NADH binding domain of Rex 

(Redox sensing transcriptional repressor) from Thermus aquaticus (Tao et al., 2017). 

Mutation of the binding pocket led to NADPH-specificity by switching conserved, 

charged residues. The advantage of this sensor over others is a fast response to 

intracellular changes in the NADPH/NADP+ ratio. Other promising targets for the 

generation of NADPH sensors are short chain dehydrogenases/reductases (SDR), which 

often show the peculiarity of amplifying the intrinsic fluorescence of NADPH upon 

binding (Buysschaert et al., 2013). Belonging to this group of  potential NADPH 

biosensor, the metagenome derived blue fluorescent protein mBFP exhibits blue 

fluorescence upon binding of NADPH and was shown to do so also under anaerobic 

conditions (Hwang et al., 2012). So far, mBFP was used to test NADPH-related 

fluorescence values of E. coli (Ng et al., 2015).  
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2.7 Aims of this study 
Most of the schoolbook knowledge about the PTS is based on experimental data from 

E. coli and B. subtilis, two model organisms for this type of carbohydrate transporters 

(Postma et al., 1993). The PTS of C. glutamicum in turn is comparably uninvestigated 

with regard to its structure, function and physiological relevance. This work therefore 

aimed at a better understanding of the role of the PTS in this organism. Previous works 

indicated that the activity of the system is influenced by the accumulation of metabolites 

like sugar-phosphates, although the direct connection to the PTS remained unclear 

(Petrov, 2015). Blocked metabolic pathways, as they were found in pgi-deficient cells, 

lead to the accumulation of intermediates like glucose 6-phosphate that were shown to 

inhibit the transport via the PTS (Lindner et al., 2013; Petrov, 2015). Furthermore, 

adjacent pathways like the PPP are affected due to feedback inhibition of flux-

regulating enzymes, leading to accumulation of NADPH (Moritz et al., 2000; Bartek et 

al., 2010). Surprisingly, suppressor mutants that overcome these negative effects 

seemed to have adaptations in the PTS-independent gene lpdA (Petrov, 2015). One aim 

of this work was to elucidate the role of LpdA in this scenario, which was hitherto 

unknown. Also the accumulation of NADPH, which is a direct consequence of elevated 

glucose 6-phosphate levels, was sought to be investigated in more detail. For this, a 

genetically encoded biosensor had to be established in C. glutamicum that is specific for 

the detection of NADPH-levels. The connection of metabolite pools and control of the 

PTS faced the difficulty that only little knowledge exists about the organization of the 

PTS in C. glutamicum. The investigation of structure-function relationships was 

therefore another aim of this work, mainly focused the domain organization and 

interaction of PTS proteins. Also, effects of altered abundancies of the components 

were sought to be investigated, as previous works indicated that a relation between the 

activity of the PTS and the ratio of the components exists (Petrov, 2015). From these 

studies, further questions were tried to be answered about the localization of the 

phosphotransferase- and permease subunits in vivo, which was shown to influence the 

functionality of the system in E. coli (Lopian et al., 2010). The transcriptional 

regulation of the PTS genes is mainly attributed to regulators like SugR, that supposedly 

reacts to changes in metabolite levels, e.g. fructose-phosphates (Gaigalat et al., 2007; 

Engels et al., 2008). Despite its importance for C. glutamicum, a definite statement, 

whether fructose 1-phosphate or fructose 6-phosphate inhibits SugR was not given 

hitherto and was tried to be answered in this study. The above described works, aimed 

to clarify the connection of the PTS with metabolic pathways and their regulation in 

C. glutamicum.
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3. Results 

3.1 Relevance of altered metabolite levels for regulation in C. glutamicum  

3.1.1 Accumulation of glucose 6-phosphate and NADPH in C. glutamicum Δpgi 

A novel mechanism of regulation was identified which involves PtsG and leads to a 

rapid reduction of sucrose uptake via PtsS in C. glutamicum cells with a blocked 

glycolysis (Petrov, 2015). The inhibition is triggered by the accumulation of glucose 6-

phosphate due to the deletion of the pgi gene, encoding the first enzyme of glycolysis, 

the phosphoglucoisomerase (Pgi). As glucose 6-phosphate is the first molecule of the 

pentose phosphate pathway, an increase of NADPH production was expected. The 

newly developed NADPH sensor mBFP was subsequently used to determine the 

intracellular NADPH concentrations in C. glutamicum Δpgi and the wildtype. The 

characterization and application of the sensor was part of this study and has been 

published recently (Goldbeck et al., 2018). Interestingly, NADPH concentrations with 

glucose as substrate were nearly two-fold higher in the Δpgi strain (0.313 mM) 

compared to the wildtype (0.185 mM). Furthermore, increase in NADPH production 

and accumulation took place within 30 seconds after addition of glucose to cells 

harbouring the sensor probe, indicating a rapid response of adjacent metabolic pathways 

after the addition of glucose to the cells. 
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3.1.2 Analysis of pgi-deficient suppressor mutants 
Parts of the work on the novel PTS-mediated regulatory mechanism led to the 

emergence of C. glutamicum Δpgi suppressor mutants that exhibit an improved growth 

with mixtures of glucose and sucrose compared to the parental strain (Petrov, 2015). 

The growth behavior of these suppressor mutants and respective uptake rates for 

glucose and sucrose have been determined (Petrov, 2015). Here, the NADPH sensor 

mBFP was used to compare the intracellular NADPH-levels of one of the suppressor 

mutants (SM K6) with the C. glutamicum wildtype strain and the Δpgi mutant. In Figure 

3, relative fluorescence levels detected in cultivations of the C. glutamicum wildtype, 

C. glutamicum Δpgi and the suppressor mutant C. glutamicum Δpgi SM6 are shown. As 

expected, C. glutamicum Δpgi exhibited a 2.5-fold increased maximal relative 

fluorescence compared to the wildtype strain (5310 RFU and 2164 RFU, respectively). 

For the suppressor mutant, C. glutamicum Δpgi SM6, fluorescence levels comparable to 

the wildtype (2240 RFU) were detected. The NADPH-level of the suppressor mutant 

therefore seems to be normalized to the wildtype state, despite the lack of 

phosphoglucoisomerase (Pgi). Genomic analysis of the suppressor mutant SM6 

revealed genetic adaptions in the gene lpdA, leading to an amino acid exchange (alanine 

to threonine at position 223) (Petrov, 2015). The uncharacterized gene and its product 

were target of further investigations. Growth experiments with an lpdA-deficient 

C. glutamicum derivate however did not exhibit significant differences in growth with 

glucose, sucrose or mixtures of both, indicating that the gene is not essential (Petrov, 

2015). Three independent suppressor clones showed single amino acid exchanges in the 

protein LpdA, which suggested a change in its activity. The most effective amino 

exchange was found in the variant LpdAA223T. 

                                   

Figure 3: Relative fluorescence levels obtained from different C. glutamicum strains carrying the sensor-
plasmid pEKEx2_mBFPopt.  The wildtype strain was compared to a pgi-deficient strain (Δpgi) and a pgi-
deficient suppressor mutant (Δpgi SM6) previously described (Petrov, 2015). Experiments were 
performed in duplicates. Cells were cultivated and measurements were performed as described elsewhere 
(Goldbeck et al., 2018). 
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3.1.4 Biochemical characterization of LpdA and LpdAA223T 
The enzyme LpdA belongs to the family of flavoprotein-disulfid-reductases, which are 

pyridine nucleotide dependent redox enzymes (Argyrou et al., 2004). The lpdA-gene 

was amplified via PCR and cloned into the pET29 expression vector for E. coli BL21 

(DE3). Heterologous expression was followed by cell-disruption and purification of the 

enzyme via His-affinity chromatography. For the characterization of LpdA from 

C. glutamicum, the artificial, quinone-like electron acceptor DMBQ (2,6-

dimethylbenzoquinone) was used in reaction mixtures with either NADH or NADPH as 

electron donor. The oxidation of the respective pyridine-nucleotide was followed at a 

wavelength of 340 nm in a photospectrometer (Figure 4). LpdA exhibited a Michealis-

Menten kinetic with DMBQ and NADH (Figure 5A) or NADPH (Figure 5B). The 

maximal velocity differed greatly between the two electron donors. While NADH led to 

a vmax of 0.49 µM/s it reached only 0.15 µM/s with NADPH. The Michaelis-constant 

KM is 5.8-times higher for NADH (83.2 µM) compared to NADPH (14.3 µM). The 

turnover number kcat however displays a higher reactivity with NADH (6.22 1/s) than 

with NADPH (0.24 1/s), resulting in a nearly 5-fold lower catalytic efficiency (0.0748 

1/s*µM for NADH, 0.0168 1/s*µM for NADPH). The kinetic parameters underline the 

preference of the enzyme for NADPH over NADH and are summarized in Table 1. 

Previous studies indicated a competitive inhibition of an LpdA-homologue from 

M. tuberculosis by NADP+ (Argyrou et al., 2004). In Figure 5C, the results of inhibition 

experiments with LpdA are displayed with NADP+ tested in nanomolar concentrations. 

LpdA was competitively inhibited by NADP+ at concentrations as low as 7.9 nM, 

indicating a strong inhibition mechanism for the reactions with NADH as electron 

donor (Table 1).  

 

Figure 4: Determination of LpdA activity was performed by using NADH/NADPH as electron donor 
and DMBQ as artificial electron acceptor. LpdA catalyzes the reduction of the quinone compound which 
can be followed by the change of NADH/NADPH absorbance at 340 nm.  
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Characterization of the suppressor variant LpdAA223T was carried out similar to the 

native enzyme. The gene for LpdAA223T was amplified via PCR from genomic material 

of the suppressor strain C. glutamicum Δpgi SM6 and cloned into pET29 for E. coli 

BL21(DE3). Expression, purification and characterization of the enzyme was performed 

as described for native LpdA. 

Table 1: Kinetic parameter of LpdA using DMBQ as artificial electron acceptor. 
 1n.d. = not determined 
Pyridine 
nucleotide 

KM [µM] kcat [1/s] Keff [1/s*µM] Ki (NADP+) 
[nM] 

NADH 83.2 6.22 0.0748 7.9 

NADPH 14.3 0.24 0.0168 n.d.1 

 

 

 

Figure 5: Determination of LpdA kinetic parameters. (A) Michaelis-Menten kinetic using NADH and 
DMBQ as redox-pair. DMBQ was used in a constant concentration of 100 µM while NADH 
concentrations varied as indicated. (B) Michaelis-Menten kinetic using NADPH and DMBQ as redox-
pair. DMBQ was used in a constant concentration of 100 µM while NADPH concentrations varied as 
indicated. (C) Reciprocal Lineweaver-Burk plot of an inhibiton assay using different NADH 
concentrations as electron donor, 100 µM DMBQ and 0 nM (●), 2 nM (○) or 5 nM (▼) of NADP+. 
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Figure 6 shows that also LpdAA223T displays a Michaelis-Menten kinetic with both 

NADH and NADPH using DMBQ as electron acceptor. Similar to LpdA, the maximal 

velocity with NADH (0.40 µM/s) was higher than with NADPH (0.15 µM/s). The KM 

for NADH with 80.9 µM was comparable to the native enzyme, while the KM for 

NADPH with 7.9 µM was slightly decreased (Table 2). The turnover numbers for 

NADH (10.0 1/s) and NADPH (2.78 1/s) were both found to be increased compared to 

native LpdA, which in turn leads to increased catalytic efficiencies (0.124 1/s*µM for 

NADH and 0.354 1/s*µM for NADPH). Interestingly, the properties of LpdAA223T 

compared to LpdA seemed to have changed as now the enzyme is more efficiently 

catalysing the reaction with NADPH. Determination of the inhibition constant for 

NADP+ revealed that LpdAA223T is less inhibited by NADP+, although the Ki value 

remains in a low nanomolar range (11.7 nM NADP+) (Table 2). 

 

 

Figure 6: Determination of LpdAA223T kinetic parameters. (A) Michaelis-Menten kinetic using NADH 
and DMBQ as redox-pair. DMBQ was used in a constant concentration of 100 µM while NADH 
concentrations varied as indicated. (B) Michaelis-Menten kinetic using NADPH and DMBQ as redox-
pair. DMBQ was used in a constant concentration of 100 µM while NADPH concentrations varied as 
indicated. (C) Reciprocal Lineweaver-Burk plot of an inhibiton assay using different NADH 
concentrations as electron donor, 100 µM DMBQ and 0 nM (●), 2 nM (○) or 5 nM (▼) of NADP+.  
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Table 2: Kinetic parameter of LpdAA223T using DMBQ as artificial electron acceptor.  
1n.d. = not determined 

Pyridine 
nucleotide 

KM [µM] kcat [1/s] Keff [1/s*µM] Ki (NADP+) 
[nM] 

NADH 80.9 10.0 0.124 11.7 

NADPH 7.9 2.78 0.354 n.d.1 

 

Taken together, the above described results of the biochemical characterization of LpdA 

and LpdAA223T show five factors that have to be considered for the relevance of the 

enzyme and the mutant variant for C. glutamicum: 1) LpdA is a redox catalysing 

enzyme using NADH and NADPH as electron donors while the natural acceptor is 

hitherto not known. 2) The enzyme shows an increased affinity (KM) towards NADPH 

indicating a natural preference of NADPH over NADH as electron donor. 3) LpdA is 

effectively inhibited by NADP+ with low nanomolar inhibition constants. 4) The mutant 

variant LpdAA223T has a changed affinity towards NADPH and displayed increased 

activity with both NADH and NADPH. 5) The inhibition of LpdAA223T by NADP+ is 

less pronounced compared to the native enzyme. 

 

3.1.5 LpdA shows transhydrogenase activity 
The improved growth of the C. glutamicum Δpgi suppressor mutants could arise from a 

transhydrogenase function gained by LpdAA223T, that reduces the NADPH pool as it was 

described for the heterologous expression of the transhydrogenase udhA in a pgi-

deficient E. coli strain (Canonaco et al., 2001). In order to reveal such a possible 

function, 3-APAD was used as electron acceptor and structural analogue to NAD+. Due 

to its higher oxidation potential than NAD+ and the absorption maxium at 375 nm in its 

reduced state, it is commonly used to detect transhydrogenase activity as shown 

previously (Kabus et al., 2007). However, as shown in Figure 7A and C, no increase of 

absorption at 375 nm with NADH as electron donor and 3-APAD as electron acceptor 

was detected for LpdA or LpdAA223T, respectively. Instead, 3-APAD inhibited the 

reduction of DMBQ via NADH oxidation by LpdA and LpdAA223T (Figure 7B and D). 

The 3-APAD dependent inhibition constants for LpdA (ki = 1.1 nM) and LpdAA223T (ki 

= 2.6 nM) were determined and found to be lower than for NADP+ (Table 1 and 2). 

Therefore, the common transhydrogenase-assay reagent 3-APAD could not be further 

used to elucidate a possible transhydrogenase function of the enzymes. However, both 

LpdA and LpdAA223T were able to catalyse the transfer of electrons from NADH to the 
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NAD+ analogue thio-NAD+ as it can be seen in Figure 8A and C. The absorbance at 395 

nm increased steadily after the addition of thio-NAD+. These results confirm a 

transhydrogenase function of LpdA and its variant LpdAA223T. Furthermore, minor 

transhydrogenase activity was observed with NADPH and thio-NAD+ as seen in Figure 

8B and D. Here, the absorbance at 395 nm increased slowly after the addition of thio-

NAD+. Taken together, it was qualitatively shown that LpdA as well as LpdAA223T have 

transhydrogenase activity that might play a yet unknown role in NADPH/NADH 

homeostasis in C. glutamicum.  

 

 

 

 

 

 

Figure 7: Transhydrogenase assay using 3-APAD as electron acceptor with purified LpdA (A) or 
LpdAA223T (C). Measurements were performed at a wavelength of 375 nm in a photospectrometer. NADH 
was used as electron donor. One representative experiment is shown for each setup. 3-APAD was further 
used as inhibitor of LpdA (B) and LpdAA223T (D) with NADH and DMBQ as redox-pair. Reciprocal 
Lineweaver-Burk plots of the inhibiton assays are shown using different NADH concentrations, 100 µM 
DMBQ and 0 nM (●), 2 nM (○) or 5 nM (▼) of NADP+.  
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Figure 8: Transhydrogenase assay using different redox-pairs of electron donors and acceptors together 
with purified LpdA (A and B) or LpdAA223T (C and D). Measurements were performed at 395 nm 
photospectrometrically. NADH (A and C) and NADPH (B and D) were used as electron donors, while 
thio-NAD+ was used as artificial electron acceptor in all assays. One representative experiment is shown 
for each setup. 

 

3.1.6 Influence of fructose-phosphates on transcriptional regulation 
The availability of substrate needs to be coordinated with cellular responses triggering 

the regulation of pathway activities as function of the intracellular metabolite flux. 

Levels of certain metabolites therefore seem to play important roles as signalling 

molecules within these regulatory circuits as shown above for strains with accumulating 

glucose 6-phosphate. The transcriptional regulators Cra of E. coli and CggR of 

B. subtilis are postulated metabolic flux sensors responsive to fructose 1-phosphate and 

fructose 1,6-bisphosphate. In C. glutamicum, no experimental evidence for such a flux-

sensor exists hitherto. In this work, two heterologous fructokinases were used to show 

that the transcriptional regulation of the sucrose-specific PTS permease encoding gene 

ptsS is dependent on the presence or absence of fructose 1-phosphate and not fructose 6-

phosphate. The gene ptsS is a major target of the DeoR-type repressor SugR that was 

shown to be regulated by fructose-phosphates in vitro and is discussed to act as 

intracellular glycolytic flux sensor. Results of this work are compiled in the manuscript 

(Goldbeck et al., 2019).  
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3.2 Localization and overexpression of PTS components in C. glutamicum 
The physiology and biochemistry of the C. glutamicum sugar uptake systems have not 

been studied in detail despite the fact that they are a major target of metabolic 

engineering towards improved substrate uptake (Krause et al., 2010; Wang et al., 2014; 

Kogure et al., 2016; Perez-Garcia et al., 2016). As described for other bacteria, a 

network of general and substrate-specific proteins of the phosphotransferase systems 

(PTS) accomplishes the main portion of sugar uptake in C. glutamicum (Parche et al., 

2001) (Figure 2). 

3.2.1 Localization of PTS components  
As part of this study, fluorescent translational fusions of the C. glutamicum general PTS 

proteins HPr and EI were generated and used to determine their intracellular 

localization. The results of these experiments were published recently in Benevides 

Martins et al. 2019. Fluorescence microscopy revealed that EI and HPr are dispersed in 

the cytoplasm, being consecutively synthesized under all tested conditions. Contrary to 

that, the glucose-specific permease PtsG and the fructose specific permease PtsF form 

membrane embedded clusters, independent of substrate-availability. The clusters 

however dynamically adapt their occupancy of membrane space depending on the 

presence or absence of substrate (Benevides Martins et al., 2019). The mechanism 

behind the clustering remains unclear, it is however likely that an efficient membrane 

economy limits membrane space for the biogenesis and insertion of PTS-permeases.  

3.2.2 Overexpression of PTS components  
The localization of the PTS components shed first light into a sophisticated mechanism 

behind the regulation of membrane economy in C. glutamicum, which includes the 

biogenesis of the permeases. While the in vivo localization relied on genomic 

integration of the fused PTS component genes, plasmid-born overexpression aimed to 

identify limiting factors of membrane economy and flux through the PTS cascade. 

Substrate specific growth rates were subsequently sought to be used as read out to 

estimate limiting factors of PTS activity as described before (van der Vlag et al., 1995; 

Rohwer et al., 2000). The overproduction of PtsG, EI and HPr thus aimed to alter the 

growth rate of the respective strains. For this purpose the pOGOduet vector was created, 

which gives the possibility to express genes under the control of two distinct, inducible 

promoters (Goldbeck et al., 2018).  
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Figure 9: Growth curves of C. glutamicum CR099 (CR099) strains harboring different pOGOduet 
constructs. Cultivations were performed in baffled Erlenmeyer flasks using CGXII medium + 30 mg/L 
protocatechuate and 50 mM glucose as carbon source, induced with 0.1 mM IPTG and 250 ng/ml Atc. ● 
indicates CR099 (pOGOduet) in all diagrams. ● indicates CR099 strains with pOGOduet constructs 
encoding PTS components as follows: (A) CR099 (pOGOduet_ptsG-His). (B) CR099 (pOGOduet_ptsI-
Strep. (C) CR099 (pOGOduet_ptsH-Flag). (D) CR099 (pOGOduet_ptsI-Strep_ptsH-Flag). (E) CR099 
(pOGOduet_ptsG-His_ptsI-Strep). (F) CR099 (pOGOduet_ptsG-His_ptsH-Flag). (G) CR099 
(pOGOduet_ptsG-His_ptsI-Strep_ptsH-Flag). 
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The coding sequence of a C-terminally 6x-His-tagged PtsG was introduced under the 

control of the IPTG inducible Ptac promoter while the anhydrotetracycline (aTc) 

inducible Ptet promoter was used for the expression of Strep-tagged ptsI and/or Flag-

tagged ptsH. All fusions were tested for functionality previously and complemented 

their respective C. glutamicum deletion strains (Petrov, 2015). Eight different strains 

overproducing single PTS proteins up to the whole PTS-cascade were constructed 

(summarized in Table 3). Figure 9A-G shows the growth curves of C. glutamicum 

CR099 (CR099 in the following) with empty vector pOGOduet compared to CR099 

strains with the pOGOduet PTS-constructs. Growth rates of the strains with 50 mM 

glucose are listed in Table 3. All strains exhibited exponential growth and no difference 

between CR099 harbouring the pOGOduet empty vector and the parental strain 

C. glutamicum CR099 could be detected (data not shown). Overexpression of ptsG-His 

in CR099 (pOGOduet_ptsG-His) resulted in a growth rate of 0.44 ± 0.01 h-1 while 

CR099 (pOGOduet) exhibited a growth rate of 0.43 ± 0.01 h-1. This slight difference 

mainly manifested itself in the late exponential phase as it can be seen in Figure 9A and 

may be inconsiderable due to systematic inaccuracies. A clear difference to CR099 

(pOGOduet) in growth rate was seen for the cultivation of CR099 (pOGOduet_ptsI-

Strep), which grew at a rate of 0.50 ± 0.01 h-1 (Figure 9B) as well as for the 

overexpression of ptsH-Flag in the strain CR099 (pOGOduet_ptsH-Flag) with a growth 

rate of 0.48 ± 0.00 h-1 (Figure 9C). Co-overproduction of EI and HPr in the strain 

CR099 (pOGOduet_ptsI-Strep_ptsH-Flag) (Figure 9D) also resulted in an increased 

growth rate of 0.48 ± 0.01 h-1. Simultanous expression of ptsG-His with the general 

component genes seemed to reduce the growth rate slightly. Overexpression of ptsG-

His with ptsI-Strep led to a growth rate of 0.47 ± 0.00 h-1 (Figure 9E), whereas the 

combination of ptsG-His and ptsH-Flag supported growth at a rate of 0.44 ± 0.01 h-1 

(Figure 9F). Overexpression of the whole glucose specific PTS-cascade in the strain 

CR099 (pOGOduet_ptsG-His_ptsI-Strep_ptsH-Flag) finally resulted in a growth rate of 

0.47 ± 0.01 h-1 (Figure 9G). In conclusion, overexpression of ptsH-Flag and/or ptsI-

Strep had a positive effect on the growth rate of C. glutamicum CR099 and led to an 

increase of 11-16 % compared to the parental strain with empty vector. The 

overexpression of ptsG-His had no or little effect and even seemed to be detrimental in 

combination with general components of the PTS. 
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Table 3: Growth rates of C. glutamicum CR099 strains in CGXII medium with 50 mM glucose and 30 
mg/L protocatechuate overexpressing PTS components. Cultures were induced with 0.1 mM IPTG and 
250 ng/mL Atc. Rates were determined during exponential growth phase between 5h and 10h.  

Component overexpression in 
C. glutamicum CR099 

Growth rate 

ptsG-His ptsH-
FLAG 

ptsI-
Strep 

[h-1]  

- - - 0.43 ± 0.01 
+ - - 0.44 ± 0.01 

- - + 0.50 ± 0.00 

- + - 0.48 ± 0.01 
+ + - 0.44 ± 0.01 

+ - + 0.47 ± 0.00 
- + + 0.48 ± 0.01 

+ + + 0.47 ± 0.00 

3.2.3 Localization of PtsS upon overproduction 
One of the unresolved questions of the bacterial PTS is the membrane integration of 

functional EII-permeases. In the light of the above described clustering of PtsG and 

PtsF, it becomes questionable how the PTS-insertion machinery of C. glutamicum 

functions. In general it was shown, that PTS permeases such as MtlA of E. coli are 

inserted into the membrane co-translationally with parts of the Sec-machinery (Werner 

et al., 1992). As described above, overexpression of ptsG-His in C. glutamicum CR099 

did not result in elevated growth rates, but rather limited the latter when co-expressed 

with ptsH-FLAG and/or ptsI-Strep. One reason for this might be saturation for the 

insertion of the permease into the membrane. In order to see whether such saturation 

exists for EII-proteins in C. glutamicum, analysis of protein amount, generation of 

mRNA and localization of proteins via differential ultracentrifugation were performed 

and are described in the following. Figure 10A and B show the growth rates of 

C. glutamicum WT and C. glutamicum ΔptsS strains harbouring the plasmid 

pOGOduet_ptsS-Rho compared to the respective parental strains. In this construct, the 

coding sequence for the Rho1D4-tagged 70 kDa sucrose EII-protein PtsS-Rho is under 

the control of the anhydrotetracycline inducible Ptet promoter, which exhibits a good 

performance when it comes to the titration of expression (Goldbeck et al., 2018). In 

Figure 10A, the growth rates of differentially induced and uninduced C. glutamicum 

ΔptsS (pOGOduet_ptsS-Rho) are plotted against the induction level with 

anhydrotetracycline (0 – 250 ng/mL) in comparison to the empty vector strain 
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C. glutamicum ΔptsS (pOGOduet). As expected, growth of C. glutamicum ΔptsS 

(pOGOduet) with sucrose as sole carbon source was not detectable. In contrast to that, a 

growth rate of 0.25 ± 0.06 h-1 was observed for C. glutamicum ΔptsS 

(pOGOduet_ptsS-Rho) without induction. The increase in growth rate along with the 

inducer concentration displays a saturation-kinetic and reached a point of no further 

increase at about 0.40 ± 0.03 h-1 when induced with 250 ng/mL anhydrotetracycline. 

This growth rate is 17 % lower than the maximal growth rate of C. glutamicum WT 

(pOGOduet) with sucrose (0.48 ± 0.01 h-1) (Figure 10B). Interestingly, growth rate 

saturation did not align with the increase of produced PtsS-Rho as it was detected in 

crude extracts of the cultivations by Western Blot analysis (Figure 10C). Here, steadily 

increasing amounts of protein were found up to an inducer concentrations of 150 ng/mL 

Atc. In conformation with that, no saturation of the PtsS-Rho mRNA generation was 

seen when analysed via qRT-PCR, where an up to 9-fold higher expression of ptsS-Rho 

was detected (Figure 10E). 
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Figure 10: (A) Growth rates of ● C. glutamicum ΔptsS (pOGOduet) and ● C. glutamicum ΔptsS 
(pOGOduet_ptsS-Rho). (B) Growth rates of ● C. glutamicum WT (pOGOduet) and ● C. glutamicum WT 
(pOGOduet_ptsS-Rho. (C and D) Western Blot analysis of C. glutamicum ΔptsS (pOGOduet), 
C. glutamicum ΔptsS (pOGOduet_ptsS-Rho), C. glutamicum WT (pOGOduet) and C. glutamicum WT 
(pOGOduet_ptsS-Rho). (E) Normalized expression of ptsS in samples from ● C. glutamicum ΔptsS 
(pOGOduet), ● C. glutamicum ΔptsS (pOGOduet_ptsS-Rho). (F) Normalized expression of ptsS in 
samples from ● C. glutamicum WT (pOGOduet) and ● C. glutamicum WT (pOGOduet_ptsS-Rho). (G) 
PtsS-Rho production in C. glutamicum ΔptsS (pOGOduet_ptsS-Rho) using membrane fraction or 
supernatant after ultracentrifugation. Anti-Rho1D4 antibodies were used. qRT-PCR was done with ptsS 
specific primers, expression was normalized to 16s RNA levels. All cultivations were performed in 
CGXII with 50 mM sucrose and varying Atc concentrations as indicated. 
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The discrepancy between growth rate, ptsS-Rho expression and PtsS-Rho abundance 

became clearer upon examination of C. glutamicum WT (pOGOduet_ptsS-Rho), which 

exhibited a growth rate of 0.48 ± 0.01 h-1 with 50 mM sucrose as sole carbon source 

(Figure 10B). Similar growth rates were achieved by C. glutamicum WT 

(pOGOduet_ptsS-Rho) under differential induction conditions. No increase in growth 

rate, but rather a tendency of decrease from 0.48 ± 0.01 h-1 to 0.46 ± 0.03 h-1 was 

observed when induction was performed with 250 ng/mL anhydrotetracycline. 

Noticeably, expression of ptsS-Rho and production of PtsS-Rho was clearly increased 

as shown by qRT-PCR (Figure 10F) and Western Blot analysis (Figure 10D), both 

dependent on the anhydrotetracycline concentration. The overproduction of PtsS-Rho 

and its influence on growth rate therefore reached a point of saturation. These results are 

in conformation with the above described ineffectiveness of ptsG-His overexpression on 

growth rate (Table 3). Furthermore, differential ultracentrifugation of cell-free extracts 

of C. glutamicum ΔptsS (pOGOduet_ptsS-Rho) cultivations with different induction 

levels (0 – 250 ng/mL aTc) revealed that full induction (250 ng/mL) led to increased 

amounts of PtsS-Rho in the supernatant of the centrifugate and therefore likely in the 

cytosol of the cells. Astonishingly, no increase of PtsS-Rho amounts in the membrane 

fraction was observed after an induction level of 75 ng/mL, indicating that after this 

point no further PtsS-Rho had been inserted into the membrane. Complementary to that, 

increased amounts of the transporter were found in the cytosol (Figure 10G).  

3.2.4 Localization of PtsG upon overproduction 
In contrast to the above mentioned N-terminal tagged, genome integrated PtsG-variant 

used for localization, additionally the green fluorescent protein Dendra2 was 

translationally fused to the C-terminus of PtsG for overproduction experiments (PtsG-

Dendra2 = GD). The fluorescence of Dendra2 was found homogenously distributed 

across the bacterial population, indicating homogenous production of GD (Figure 11A). 

Figure 11B shows the growth rates of the strain C. glutamicum ΔptsG (pEKEx2_GD), 

which expresses GD under the control of the IPTG inducible Ptac promoter, compared 

to the parental strain C. glutamicum ΔptsG (pEKEx2). Expression was induced by the 

addition of different concentrations of IPTG (0 – 0.5 mM). Similar to the results of the 

localization experiments for the PTS components (Benevides Martins et al., 2019), 

C. glutamicum ΔptsG (pEKEx2_GD) exhibited membrane localized foci of Dendra2 

fluorescence that supposedly arouse from clustered PtsG-Dendra2 (Appendix, Figure 

34). As expected from previous experiments, only residual growth of the deletion strain 

C. glutamicum ΔptsG (pEKEx2) was observed with 50 mM glucose as sole carbon 
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source (0.03 h-1 ± 0.00) (Figure 11B). In comparison to that, leaky expression from 

pEKEx2 was sufficient to support a growth rate of 0.23 h-1 of C. glutamicum ΔptsG 

(pEKEx2_GD) without IPTG induction. Supplementation of 0.01 mM IPTG increased 

the growth rate to 0.27 h-1. Higher IPTG concentrations showed no positive effect on 

growth rate. Induction with 0.5 mM IPTG led to a growth rate of 0.26 h-1. Noteworthy, 

fluorescence levels as indicator of GD production increased proportional to IPTG 

concentrations from 1186 Flu/OD to 1181 Flu/OD, after which no further increase was 

observed (Figure 11C). This observation indicates that, although growth rate stagnated, 

elevated amounts of the transporter were present. These results fit to the above 

described discrepancy of EII expression/production and saturation of growth rate and 

may indicate a general problem of EII biogenesis in C. glutamicum upon 

overexpression. 

 

 

 

Figure 11: PtsG-Dendra2 (GD) production and growth rate. (A) Microscopic pictures of C. glutamicum 
ΔptsG (pEKEx2_GD) cells cultivated in 2xTY medium, induced with 0.1 mM IPTG; Excitation 470 nm, 
Emission 510 nm. (B) Growth rates of differentially induced (0 – 0.5 mM IPTG) ● C. glutamicum ΔptsG 
(pEKEx2) and ● C. glutamicum ΔptsG (pEKEx2_GD) cells cultivated in CGXII medium with 50 mM 
glucose. (C) Relative fluorescence of ● C. glutamicum ΔptsG (pEKEx2) and ● C. glutamicum ΔptsG 
(pEKEx2_GD) cultivated in CGXII medium with 50 mM glucose in the presence of different 
concentrations of  IPTG (0 – 0.5 mM). 
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3.3 Analysis of PtsG and PtsS domain architecture 
Western Blot analysis of cell-free extracts of C. glutamicum ΔptsG 

(pOGOduet_ptsG-His) and C. glutamicum ΔptsS (pOGOduet_ptsS-Rho) using anti-

His(6x) and anti-Rho1D4 specific antibodies exhibited additional bands at a lower 

molecular weight than expected for PtsS-Rho and PtsG-His (data not shown). To further 

investigate this phenomenon, ptsG-His and ptsS-Rho were cloned into the plasmid 

pEKEx2 for comparable expression. The functionality of the constructs was verified by 

complementation experiments using the EII-knockout strains C. glutamicum ΔptsG and 

C. glutamicum ΔptsS. The growth rates of the strains obtained in CGXII minimal 

medium with glucose or sucrose are listed in Table 6 (Appendix) and show the 

functionality of the fused proteins. The EII-proteins in C. glutamicum are supposedly 

~70 kDa multidomain complexes of covalently fused EIIA, EIIB and EIIC subunits. 

PtsG and PtsS share a BCA domain sequence and PtsF a CBA order, which are the most 

frequent conformations of the glucose/glucoside and fructose/mannitol families of PTS 

proteins (Barabote et al., 2005).  

 

Figure 12: Western Blot analysis of PtsG-His and PtsS-Rho in cell free extracts (CFE) of C. glutamicum 
ΔptsG (pEKEx2_ptsG-His) and C. glutamicum ΔptsS (pEKEx2_ptsS-Rho). Detection of the C-terminal 
His-tag of PtsG-His (A) and Rho1D4-tag of PtsS-Rho (B) with the respective monoclonal antibodies. 
Cells were harvested at mid-exponential growth. CFE were separated into a membrane (MEM) and 
cytosolic fraction (CYT, supernatant). SDS-PAGE was performed using a 10 % PA-Gel, proteins were 
blotted onto a PVDF (0.2 µM) membrane. PAGE ruler prestained protein ladder (Thermo scientific) was 
used as marker (M). Detection the N-terminal portion of the samples proteins was carried out by using 
EIIBGlc and EIIBSuc specific antiobodies (C and D). 
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Western Blot analysis with His(6x)- and Rho1D4-monoclonal antibodies against the C-

terminal tags of PtsG-His and PtsS-Rho from C. glutamicum cultivations revealed an 

unexpected pattern of bands (Figure 12A and B). In cell free extracts (CFE) of PtsG-His 

and PtsS-Rho producing strains three groups of bands, of which the largest appeared at 

a size above 180 kDa, were detected. Another pair of bands was visible at about 70 kDa 

and a third band at approximately 25 kDa. The calculated molecular weights of PtsG 

and PtsS are 72 and 69 kDa, respectively (ExPASy ProtParam), which is in accordance 

with the detected bands at 70 kDa in the Western Blots shown in Figure 12. The 

presence of two very close bands may be due to phosphorylated and unphosphorylated 

populations of the proteins as it was described earlier for EIIAGlc from E. coli (Hogema 

et al., 1998). Cell-free extracts for SDS-PAGE were prepared with SDS and β-

mercaptoethanol as parts of the loading dye, but without heat incubation. Bands 

migrating >180 kDa were detected in both CFE of the PtsG-His and PtsS-rho producing 

strains and could possibly go back to aggregated or oligomerized EII-proteins (Figure 

12A and B). Noticeably, heat incubation of the samples led to an increase of intensity of 

the 25 kDa bands while the intensity of the 70 kDa bands decreased (Figure 13). The 

affinity tags of the proteins were placed at the C-terminus of the proteins, which 

contains the cytoplasmic EIIA-domain. It was assumed that the detected bands could 

belong to separately produced EIIA of the respective EII-complexes. 

 

 

 

Figure 13: Detection of the C-terminal His-tag of PtsG-His in cell free extracts (CFE) after heat 
incubation using monoclonal antibodies (A). Cells were harvested at mid-exponential growth. SDS-
PAGE was performed using a 10 % PA-Gel, proteins were blotted onto a PVDF (0.2 µM) membrane. 
PAGE ruler prestained protein ladder (Thermo scientific) was used as marker (M). As loading control a 
coomassie-stained SDS PA-gel is shown in (B). n.c. = not cooked; horizontal numbers indicated the time 
of heat incubation in minutes. 
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The estimated molecular weights of the EIIA-domains of PtsG and PtsS range from 15 

to 30 kDa, depending on the allocation of the flexible linker between EIIC and EIIA. 

However, no internal start codons within ptsG and ptsS are known and transcriptome 

data from earlier studies does not indicate separately expressed EIIA subunits (Pfeifer-

Sancar et al., 2013). Separation of membrane and cytosolic fraction via differential 

ultracentrifugation of CFE from C. glutamicum PtsG-His and PtsS-Rho producing 

strains showed only minor portions of the 25 kDa bands in the membrane pellet, while 

the main part was present in the supernatant/cytosol (Figure 12A and B). Interestingly, 

also 70 and >180 kDa bands were detectable in the supernatant with less intensity. To 

analyze also the fate of the N-terminal part of PtsG-His and PtsS-Rho and to exclude 

artefactual observations based on unspecific anti-His(6x) binding, antibodies were 

generated that target specific epitopes of the EIIB-domain of PtsG and PtsS, 

respectively. The blots shown in Figure 12C and D were loaded with the identical 

samples used for Figure 12A and B and show a complementary band pattern: The larger 

bands of >180 and 70 kDa were detected as expected, but no bands were visible at 25 

kDa for PtsG-His or PtsS-Rho. In fact, a sharp band appeared at approximately 40-55 

kDa for both PtsG-His and PtsS-Rho derived extracts (Figure 12C and D). These bands 

were prominent for the membrane pellet and nearly absent in the cytosolic fractions. 

The EIIBC portions of PtsG and PtsS have calculated molecular weights of about 40-55 

kDa (ExPASy ProtParam). Summation of the molecular weights of the small bands in 

the anti-His(6x) and anti-Rho1D4 blots with the molecular weights of the bands 

detected in the anti-EIIB blots would result in approximately 70 kDa for both PtsG-His 

and PtsS-Rho, respectively. Since migration of hydrophobic proteins in SDS-PAGE 

often differs from calculated molecular weights, detected fragment sizes are considered 

as reasonable. In conclusion, His-tagged PtsG and Rho-tagged PtsS were detected in at 

least three forms in the here presented experiments (without consideration of oligomeric 

states): full length EIIBCA (70 kDa), truncated EIIBC (40-55 kDa) and truncated EIIA 

(20 – 35 kDa). To analyze an influence of substrates on the formation of truncated 

PtsG-His, C. glutamicum ΔptsG (pEKEx2_ptsG-His) was cultivated in CGXII with 50 

mM glucose, 50 mM fructose or 2xTY-medium and exponential growing cells were 

used for Western Blot analysis of the C-terminal His-tag. As shown in Figure 14, 

differences in band size and intensity of the lower molecular weight fragments were 

visible between 2xTY and the PTS-sugars glucose and fructose. While glucose and 

fructose cultivation resulted in a single band at approximately 25 kDa, an additional 

band was detected in case of 2xTY, which had a size of ~25 – 35 kDa. Furthermore, 

cultivation with fructose led to a less intense band at 25 kDa, indicating lower amounts 
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of the EIIA-fragment compared to glucose cultivated cells. Bands at 70 kDa were 

assigned to full-length PtsG-His and found in similar intensities for cultivations with 

glucose or fructose, which excludes differences in expression or protein synthesis. 

Together, these findings indicate a substrate dependent effect on the fragmentation of 

PtsG-His.  

 

Figure 14: Western Blot analysis of C. glutamicum ΔptsG (pEKEx2_ptsG-His) cell extracts using an 
anti-His(6x) antibody. Cell were cultivated in CGXII medium with 50mM glucose, 50 mM fructose or in 
2xTY medium and induced with 0.1 mM IPTG. SDS-PAGE was performed using a 10 % PA-Gel, 
proteins were blotted onto a PVDF (0.2 µM) membrane. PAGE ruler prestained protein ladder (Thermo 
scientific) was used as marker (M); numbers at the side indicate molecular weight in kDa. 
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3.3.1 Identification of cytosolic EIIAGlc  
In order to identify the nature of the detected fragments in Western Blot analysis of His-

tagged PtsG, the respective proteins were sought to be identified via mass-spectroscopy.  

C. glutamicum ΔptsG (pEKEx2_ptsG-His) was cultivated in CGXII with 50 mM 

glucose or 2xTY complex medium with 0.1 mM IPTG for 8h. CFE of the strains were 

then subjected to ultracentrifugation to separate the membrane integrated portion of 

PtsG and to enrich soluble proteins (shown for 2xTY cultivated cells in Figure 15A). 

Additionally, different centrifugal filters were used to isolate small proteins from larger 

ones. Western Blot analysis against the His-tag, as shown in Figure 15A, revealed that a 

50 kDa molecular weight cutoff (MWCO) filter led to the retention (R50) of all 

fragments and no bands were found in the filtrate (F50). The 50 kDa filter thus seemed 

to be impermeable for the fragment of interest. The sample was subsequently applied to 

a 100 kDa MWCO filter after which all three previously described groups of bands 

(>180 kDa, 70 kDa, 25 kDa) were found to be present in the retentate (R100). In the 

filtrate (F100) however only bands at 25 kDa were detected. The presence of the 25 kDa 

bands in the retentate (R100) could be due to insufficient passage through the filter or 

complexing of the protein prior to SDS-PAGE. After a concentration step with the 50 

kDa MWCO filter, the F100 filtrate was applied to Ni-NTA magnetic beads to enrich 

the target fragments via affinity pulldown. Figure 15B shows the Western Blot analysis 

with antibodies against the His-tag of the elution fractions after separation on a 12.5 % 

SDS-PA gel. 

 

 

Figure 15: Western Blot analysis of C. glutamicum ΔptsG (pEKEx2_ptsG-His) cell-free-extracts (CFE) 
using an anit-His(6x) antibody. (A) Separation via SDS-PAGE was performed using a 10 % PA-Gel with 
fractions after differential ultracentrifugation (Mem = membrane fraction; Cyt = supernatant/cytosolic 
fraction) and filtration with a 50 MWCO or 100 MWCO centrifugal-filter leading to respective retentates 
(R50, R100) and filtrates (F50, F100). (B) Concentrated filtrate F100 was applied to Ni-NTA magnetic 
beads; elutions (E1-E4) were separated on a 12.5 % SDS-PAGE gel and blotted accordingly. Proteins 
were blotted onto a PVDF (0.2 µM) membrane. PAGE ruler prestained protein ladder (Thermo scientific) 
was used as marker (M); numbers at the side indicate molecular weight in kDa. 
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Interestingly, a sharp band at 25 kDa was visible in all fractions with the highest 

intensity in elution 1 (E1) while in this sample also a band at 35 kDa was present. This 

observation matches the previously described detection of two bands in cells from 

2xTY cultivations in comparison to glucose or fructose cultivated cells (Figure 14). The 

enrichment of the small fragment with centrifugal filters thus appeared to be successful. 

The respective elutions were then analysed by SDS-PAGE, excised from the gel and 

subjected to mass-spectroscopy (MS) (Figure 16). For 2xTY derived samples several 

other bands were visible apart from the bands at 25 and 35 kDa, which may have two 

origins: 1) unspecific binding due to low amounts of His-tagged species in the extracts 

or 2) co-precipitation of putative interaction partners of PtsG/EIIAGlc. Sharp bands 

(indicated with black arrows) at different apparent molecular weights were excised and 

analysed by MS. Noteworthy, EIIAGlc could be identified via MS for 2xTY (Figure 

16A) and glucose (Figure 16B) grown cells. For 2xTY the first amino acid of PtsG 

found by MS was a valine at position 477 after which the whole linker region and the 

EIIA domain were also detected. In the case of glucose cultivated cells, the first amino 

acid of PtsG was Leucine at position 558, which is at the beginning of the genomic 

annotated EIIA domain. From this data, it was concluded that EIIAGlc is present as a 

soluble, single domain protein in the preparations, which questions the canonical 

domain organization of PtsG in C. glutamicum. The identification of the other bands 

will be described in the following. 

 

 

 
 

 

Figure 16: SDS-PAGE analysis of C. glutamicum ΔptsG (pEKEx2_ptsG-His) cultivated in 2xTY (A) or 
in CGXII medium with 50 mM glucose (B). Cell extracts (CE) were separated into a cytosolic fraction 
(Cyt) which was subsequently used for filtration and affinity pulldown using Ni-NTA magnetic beads, 
resulting in the elutions 1-3 (E1-E3). Bands indicated with black arrows were extracted and used for 
mass-spectroscopy. PAGE ruler prestained protein ladder (Thermo scientific) was used as marker (M); 
numbers at the side indicate molecular weight in kDa. 
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3.3.2 Identification of putative interaction partners of PtsG 

During the enrichment of EIIAGlc-His fragments, as depicted in Figure 15 and above 

sections, additional proteins were extracted from the cell-free-extracts and detected via 

SDS-PAGE analysis (Figure 16). Bands of interest were excised and analysed via MS, 

results of these analyses are summarized in Table 4. Noticeably, two transcriptional 

regulator proteins were identified for extracts of 2xTY cultivated cells: GlxR, which is a 

cAMP dependent master regulator of C. glutamicum, and the yet undescribed DeoR-

type regulator Cg0139, which shows 25 % similarity (Clustal Omega, (Larkin et al., 

2007)) to a CCR involved transcriptional regulator of Bacillus subtilis (Stülke et al., 

2001). Furthermore, the RNAse adapter protein RapZ was identified that shows 33 % 

sequence identity to RapZ from E. coli.  For the glucose derived extracts, PfkA was 

found among the proteins identified by MS. PfkA is the ATP-dependent 6-

phosphofructokinase and important for glycolysis by phosphorylating fructose 6-

phosphate to fructose 1,6-bisphosphate (Blombach et al., 2010).  

Table 4: Proteins identified via mass-spectroscopy after affinity pulldown and separation of 
C. glutamicum ΔptsG (pEKEx2_ptsG-His) derived proteins. Coverage of the amino acid sequence, 
calculated MW in kDa and the position in the SDS-PA gel are indicated on the right. 

Medium Protein Description  Coverage 
(%) Apparent 

MW1 (kDa) 
Band 
position  

2xTY 
RapZ RNAse adapter protein 83,5 35 1 
Cg0139  Transcriptional regulators of sugar metabolism  88,1 28 2 
GlxR CRP-like global transcriptional regulator  92,1 25 3 

 
PtsG PTS glucose-specific EIIBCA component 30,0 72 3 

Glucose 
PfkA ATP-dependent 6-phosphofructokinase 66,5 37 1 
PtsG PTS glucose-specific EIIBCA component 30,7 72 2 
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3.3.3 PtsG fragmentation in the C. glutamicum wildtype 
The interpretation of the results presented in the previous section has to be done with 

caution as all experiments were based on cultivations of strains with plasmid born PtsG-

His or PtsS-Rho overproduction. Overexpression of genes might lead to artefactual 

effects that have to be ruled out to support the physiological relevance of the finding of 

separate EIIAGlc. CFE of the C. glutamicum wildtype (WT), C. glutamicum ΔptsG and 

C. glutamicum ΔptsG (pEKEx2_ptsG-His), each cultivated in CGXII medium with 

50 mM glucose, were analysed via Western Blot. Detection using the anti-His(6x)-

antibody led to the above described 25 and 55 kDa band pattern in C. glutamicum 

ΔptsG (pEKEx2_ptsG-His) cells, while no signals were detected for the extracts of the 

WT and ΔptsG (Figure 17A). Detection via the EIIBGlc specific antibody revealed bands 

at a size of >180kDa and 70 kDa for the C. glutamicum WT and C. glutamicum ΔptsG 

(pEKEx2_ptsG-His) extracts, but not for C. glutamicum ΔptsG (Figure 17B). A band at 

55 kDa was present in all three samples and is most likely not related to PtsG. 

Noteworthy, a 40 - 55 kDa band detected for C. glutamicum ΔptsG (pEKEx2_ptsG-His) 

with the EIIBGlc specific antibody that was described in the above section was also 

found in the WT extract. From these observations it was deduced that PtsG is also 

fragmented in the C. glutamicum wildtype under the tested conditions. Noticeably, no 

bands with apparent low molecular weights in the range of single EIIB subunits (~13 

kDa) were detected, indicating that the cleavage is specific for the linker region between 

EIIC and EIIA.  

 

 

 

Figure 17: Western Blot analysis of C. glutamicum wildtype, ΔptsG and ΔptsG (pEKEx2_ptsG-His) cell 
free extracts with an anti-His(6x) specific antibody (A) and EIIBGlc-specific antibody (B). Black arrows 
indicate putative EIIBC portions of PtsG. Separation of the proteins was carried out by SDS-PAGE using 
a 10% PA-gel. M = PAGE ruler prestained protein ladder (Thermo scientific); numbers at the side 
indicate molecular weight in kDa. 
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3.3.4 Analysis of the EII-proteins flexible linker regions 
The analysis of PtsG (and PtsS) resulted in the observation that portions of the proteins 

are separated from the rest. The three observed species of PtsG are the full-length 

EIIBCA protein, a truncated EIIBC protein, mainly found in the membrane fraction of 

ultracentrifugates, and the single EIIA portion that is soluble and was identified by 

mass-spectroscopy. As no internal start codons within ptsG (and ptsS) are known, post-

transcriptional processing is the most likely way how the different species could be 

generated. As the MS-data suggested a cleavage site within the linker regions, a closer 

look at the amino acid composition was undertaken to investigate putative motifs 

relevant for the observed phenomenon. No recognition site for known C. glutamicum 

proteases could be found that matches to the band pattern detected in Western Blot 

analysis or the MS-data. A peculiarity of PTS permeases however is the presence of 

amphipathic helices within the linker regions, mostly preceding the first membrane-

spanning segment of the EIIC domain. These amphipathic helices are highly similar to 

mitochondrial targeting sequences (Yamada et al., 1991) and were found to form α-

helices with hydrophobic residues on one and hydrophilic residues on the other side. 

Their presence  was described to be essential for the proper integration and functionality 

of the EII-proteins (Briggs et al., 1992). Sequence comparison and hydrophobicity plots 

revealed that amphipathic portions can be detected in PtsG, PtsS and PtsF of 

C. glutamicum. Figure 18 shows hydropathy and amphipathicity plots of the 

C. glutamicum PTS permeases PtsGCg (A), PtsSCg (B) and PtsFCg (C), compared to 

PtsGEco (D) from Escherichia coli. The plots show predicted transmembrane segments 

(TM) depending on the relative hydrophobicity of the sequence. Additionally, 

amphipathic moments are indicated: the more positive the value, the more amphipathic 

is the sequence segment. 
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Figure 18: Hydropathy (blue line) and amphipathicity (red line) plots of the C. glutamicum EII-proteins 
PtsGCg (A), PtsSCg (B), PtsFCg (C) and the E. coli EII-protein PtsGEco (D). Orange bars mark 
transmembrane segments as predicted by HMMTOP. Hydropathy analyses of the amino acid sequence 
using the Kyte-Doolittle scale (Kyte et al., 1982). The more positive the value, the more 
hydrophobic/amphipathic are the amino acids. Green horizontal bars indicated the annotated domains. On 
the right helical wheel plots of the identified N-terminal leader sequences are depicted for the permease. 
The amino acids are plotted in a rotating manner with an angle of rotation between consecutive amino 
acids of 100°. The final representation looks down the helical axis of the indicated sequence. Blue 
residues indicate hydrophobic amino acids. 
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The N-terminus of PtsGEco shows clearly a positive, amphipathic moment, indicating 

the presence of the above mentioned N-terminal leader sequence (Saier et al., 1988). 

For PtsGCg, PtsSCg and PtsFCg large amphipathic moments were detected in front of 

TM1. The corresponding sequences are listed in Table 5. Interestingly, all leader 

sequences except for PtsGCg show a positive Net-charge, which was also described for 

mitochondrial target sequences. Helical wheel plots of these sequences show a distinct 

two-sided hydrophobic orientation that lead to the assumption of α-helix formation 

(Figure 18). In contrast to the other proteins, two glycine residues were identified for 

PtsGCg at position 69-70, which can act as α-helical breaker instead of the commonly 

found proline residues (Table 5). Concerning amphipathic moments in PtsGCg, PtsSCg 

and PtsFCg it appears noteworthy, that a fairly large amphipathic sequence can be 

identified in the EIIC-EIIA linker region of PtsGCg and to some extend in PtsSCg (Figure 

18A and B). In PtsFCg, a second amphipathic sequence precedes the putative leader 

sequence in front of the first TM-segment (Figure 18C). The E. coli permease in fact 

also shows a comparable section between TM6 and TM7, which was verified as 

periplasmic amphipathic helix after crystallization of the bcChbC EIIC domain from 

Bacillus cereus and links the dimerization and substrate binding domain of the protein 

(McCoy et al., 2015). It was shown that the amphipathic helices of EIIC permeases are 

involved in the interaction with the phosphotransferases EIIB and EIIA, and may serve 

in stabilization of EIIA-EIIB-EIIC intermediate complex formation (Jung et al., 2010). 

 

Table 5: Identified amphipathic sequences in the C. glutamicum EII-proteins and E. coli PtsGEco (upper 
rows). The E. coli EIIAGlc membrane anchor was compared to the intramolecular amphipathic stretch in 
front of EIIA in PtsGCg (‘EIIACg) (lower rows). Green residues = positive charge; red residues = negative 
charge; bold letters indicate helix breaking residues. 

Protein  Amino acid sequence N  C Position Net charge 
 + - 

PtsG
Eco

 MFKNAFANLQKVGKSLMLP 1 - 19 3 0 
PtsG

Cg
 GGSVANYYQEILKLDGM 69 - 85 1 2 

PtsS
Cg

 NANWFSRAVKVLADIFVP 99 - 116 2 1 
PtsF

Cg
 GKRIQQAVMTGVSYMVP 304 - 320 2 0 

 

EIIAGlc
Eco

 MGLFDKLKSLVSDDKKDTGTIEIIAP 1 - 26 4 5 
‘EIIA

Cg
 MFLVLALDYRSNEERDEARAKV 456 - 477 4 5 
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Another EII-protein amphipathic helix was described to be present at the N-terminus of 

the cytosolic EIIAGlc protein from E. coli (Table 5). This amphipathic helix was 

demonstrated to be important for stabilization of the protein at the membrane and was 

consequently termed membrane anchor (Wang et al., 2000). The sequence of the EIIC-

EIIA amphipathic helix of PtsGCg was compared to the amphipathic helix described for 

the N-terminal membrane anchor of the EIIAGlc protein of E. coli (Table 5, Figure 19). 

It was found that the helical wheel projection of both EIIA helices are similar in their 

distribution of hydrophobicity and display the same net charge. Interestingly, no helix 

breaking proline/and or double glycine motif was found in the ‘EIIACg sequence, but at 

the end of the E. coli amphipathic helix. Mass-spectroscopy data from the identification 

of EIIAGlc in CFE of 2xTY revealed that the last residue of the predicted amphipathic 

helix is the first residue found in the fragment.  For CFE from glucose grown cells the 

first residue found in the mass-spectroscopy data is located behind the alanine-glycine 

rich stretch within the linker region. The site specificity can on the one hand be biased 

due to the tryptic digest of the peptides during sample preparation, but may also be 

interpreted as result of site specific cleavage as it is the case for E. coli EIIAGlc 

(Meadow et al., 1986) and is typical for mitochondrial targeting sequences (Schatz, 

1987).  

 

 

 

 

Figure 19: Helical wheel plots of the membrane anchor amphipathic helix of the soluble E. coli EIIAGlc 
protein (A) and the intramolecular amphipathic stretch between EIIC and EIIA in PtsGCg of 
C. glutamicum (B). The amino acids are plotted in a rotating manner with an angle of rotation between 
consecutive amino acids of 100°. The final representation looks down the helical axis of the indicated 
sequence. Blue residues indicate hydrophobic amino acids. 
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3.3.5 Localization of EIIAGlc in vivo 

For PtsG at least three variants were detected in the in vitro experiments described 

above. To analyze the EII-domains, several translational fusions of PtsG with 

fluorescent proteins were generated. A schematic overview of these variants is 

presented in the head panel of Figure 21 and in Figure 33 of the appendix. Modified 

PA-linkers, that were shown to be functional with PTS-proteins, were used for the 

fusion of the fluorescent proteins to PtsG (Mao et al., 1995). Plasmid-based expression 

of the respective fusion-genes was initially performed in the strain C. glutamicum 

ΔptsG. C-terminal fusion of the GFP-variant Dendra2 to PtsG resulted in PtsG-Dendra2 

(GD), while mCherry-PtsG (MG) carries the fusion at the N-terminus. Both transporters 

were shown to be active as they support growth of the derived strains with 50 mM 

glucose as sole carbon source in CGXII minimal medium with a growth rate of 

0.24 ± 0.02 h-1 for C. glutamicum ΔptsG (pEKEx2_GD) and 0.18 ± 0.01 h-1 for 

C. glutamicum ΔptsG (pEKEx2_MG), respectively. The control strain C. glutamicum 

ΔptsG (pEKEx2) only reached growth rates of 0.03 ± 0.02 h-1 (Table 6, Figure 20A). 

Decreased activity of the fusion-variants is assumed to be caused by sterical hindrance 

and lowered accessibility for interacting proteins. An active double fused variant of 

PtsG called MGD was created that carries C-terminal Dendra2 and N-terminal mCherry 

and supported a growth rate of 0.20 ± 0.01 h-1 (Table 6, Figure 20A) of C. glutamicum 

ΔptsG (pEKEx2_MGD) in minimal medium with 50 mM glucose. Analyses of the 

strains by fluorescence microscopy let to interesting observations: While overall cell 

morphology was the same for all strains, different localization of the fluorophores was 

found across the variants (Figure 21).  

 

Figure 20: Growth experiments of C. glutamicum ΔptsG strains producing the fluorophore tagged PtsG-
variants compared to ● C. glutamicum WT (pEKEx2) and ● C. glutamicum ΔptsG (pEKEx2) in CGXII 
medium with 50 mM glucose, 50 µg/mL kanamycin and 0.1 mM IPTG. (A) ▼C. glutamicum ΔptsG 
(pEKEx2_GD), ▲C. glutamicum ΔptsG (pEKEx2_MG) and ■ C. glutamicum ΔptsG (pEKEx2_MGD). 
(B) ▼ C. glutamicum ΔptsG (pEKEx2_MBCsADATG) and ▲ C. glutamicum ΔptsG 
(pEKEx2_MBCsADGTG). At least three independent cultivations were performed; data from one 
representative experiment are shown. Results of the cultivations were comparable. 
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Figure 21: Fluorescence microscopy and topology models of different fluorophore-tagged PtsG variants. 
MCherry was used as control for cytosolic localization of soluble proteins. GD represents the full-length 
EIIBCAGlc fusion protein with C-terminal Dendra2. An N-terminal fusion of mCherry to EIIBCAGlc 
resulted in the protein MG. The double fused MGD variant carries a C-terminal Dendra2 and an N-
terminal mCherry. MBCsGlcADATG is a truncated EIIBCGlc variant (amino acids 2 – 531) that is N-
terminally fused to mCherry. Downstream of the stop-codon of MBCs, a ribosomal binding site was 
introduced in front of an ATG and the following encoded EIIAGlc domain (ADATG). All variants were 
encoded on plasmid pEKEx2 and transformed into C. glutamicum ΔptsG. Cells were prepared for 
microscopy in mid-exponential growth phase in CGXII minimal medium supplemented with 50 µg/mL 
kanamycin, 0.1 mM IPTG and 50 mM glucose. Upper row shows phase pictures of the strains. Signals for 
mCherry are shown in the second row. The Dendra2 derived signals are shown in row three. Overlays of 
the before described pictures in row four illustrate the difference in Dendra2 and mCherry localization. 
White bars indicate scale bars of 2 µm length. 
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Soluble mCherry produced by C. glutamicum ΔptsG (pEKEx2_M) was used as 

reference for cytosolic accumulation of proteins (Figure 21, column 1). The distribution 

of the Dendra2 signal in both C. glutamicum ΔptsG (pEKEx2_GD) and C. glutamicum 

ΔptsG (pEKEx2_MGD) showed high similarity to that of soluble mCherry in 

C. glutamicum ΔptsG (pEKEx2_M) (Figure 21, column 1, 2, 4), leading to the 

conclusion that the C-termini of these two variants localize in the cytosol. In contrast, 

the analysis of mCherry distribution for the strain C. glutamicum ΔptsG (pEKEx2_MG) 

and comparison to C. glutamicum ΔptsG (pEKEx2_MGD) showed most of the signal at 

the periphery of the cells (Figure 21, column 3, 4), which indicates a membrane 

associated localization. Noteworthy, overlay of Dendra2 and mCherry fluorescence for 

C. glutamicum ΔptsG (pEKEx2_MGD) (Figure 21, lane 4) showed a different 

localization of its C- and N-terminal fluorescence signals. This observation supports the 

previous results of dispatched EIIAGlc from PtsG. EIIBGlc fused mCherry signals were 

always detected at the membrane, indicating that no truncation of the protein between 

the EIIB and EIIC subunit occurred. A further generated construct MBCsGlcAD served 

as positive control for the localization of separate EIIA and EIIBC proteins (Figure 21, 

column 5). For this purpose a stop-codon was introduced within the coding sequence of 

MGD, leading to a truncated variant MBCsGlc (AA 1 – 531 of PtsG), which includes the 

B and C domain of PtsG as well as the above described N-terminal mCherry fusion. The 

residual C-terminus of this truncated PtsG still withholds the amphipathic helix as well 

as the alanine-glycine motif (Appendix, Figure 35). Downstream of the stop codon a 

ribosomal binding site was placed, followed by the residual portion of PtsG (AA 532 – 

683) translationally fused to Dendra2 at its C-terminus (AD). The start codon of the 

coding sequence of AD was either chosen as ATG or GTG to attenuate the expression 

of the protein and to induce possible effects of different amounts of the EIIAGlc portion. 

Noteworthy, these constructs were still able to support growth of C. glutamicum ΔptsG 

in glucose minimal medium with a growth rate of 0.18 ± 0.01 h-1 (C. glutamicum ΔptsG 

(pEKEx2_MBCsGlcADATG) and 0.08 ± 0.02 h-1 (C. glutamicum ΔptsG 

(pEKEx2_MBCsGlcADGTG)  as depicted in Table 6 and Figure 20B. This observation 

gave rise to several continuative questions that will be dealt with in the following 

sections. The distribution of the mCherry signal and the Dendra2 signal of 

C. glutamicum ΔptsG (pEKEx2_MBCsGlcADATG) looked strikingly similar to 

C. glutamicum ΔptsG (pEKEx2_MGD) in respect of a cytosolic localization of Dendra2 

and a peripheral localization of mCherry (Figure 21, column 5). These findings were 

further backed by differential ultracentrifugation analysis of extracts from fluorophore 

carrying mutant-strains (Figure 22A and B). Dendra2 signals of C. glutamicum ΔptsG 
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(pEKEx2_GD), C. glutamicum ΔptsG (pEKEx2_MGD) and C. glutamicum ΔptsG 

(pEKEx2_MBCsGlcADATG), that were microscopically localized in the cytosol, were 

detected in the supernatant after ultracentrifugation and only to minor extent in the 

pellet containing membranes. Consistent with that, soluble mCherry in extracts of 

C. glutamicum ΔptsG (pEKEx2_mCherry) was mainly found in the supernatant, but 

also to some extend in the membrane pellet, which might be due to the massive 

overproduction and insufficient washing of the pellet. The mCherry signals of the 

fusion-proteins MG, MGD, MBCsGlcADATG in contrast were all found in the membrane 

fraction. Noteworthy, signal levels of MGD and MBCsGlcADATG were similar with 

regard to localization and fluorophore. The conclusion from these experiments is, that 

EIIAGlc is indeed localized in the cytoplasm in vivo, although it needs interact with the 

membrane embedded EIIBCGlc portion for its primary function in phosphoryl-group 

transfer in PTS-mediated glucose uptake and growth. Furthermore, the amount of 

EIIAGlc seems to influence the observable growth rate of the strains as shown by the 

attenuated expression of the EIIAGlc-Dendra2 subunit in C. glutamicum ΔptsG 

(pEKEx2_MBCsGlcADGTG) compared to C. glutamicum ΔptsG 

(pEKEx2_MBCsGlcADATG). 

 

 

 

 

 

Figure 22: Fluorescence levels of protein fractions after ultracentrifugation of C. glutamicum ΔptsG 
strains harboring expression plasmids encoding the fluorophore tagged PtsG-variants as indicated. 
Dendra2 and mCherry fluorescence were measured at exc. 470 nm / em. 510 nm and exc. 570 nm / em. 
610 nm, respectively. (A) Supernatants after ultracentrifugation. (B) Membrane fraction after 
ultracentrifugation. 
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3.3.6 Analysis of PtsG and PtsS interaction 
The above described results for PtsG fragmentation indicate that the canonical 

assumptions about the domain organization of EII-complexes in C. glutamicum have to 

be revised. A detached EIIAGlc subunit of PtsG (and possibly EIIASuc from PtsS) allows 

additional, hitherto non-studied functions of the parallel existing forms. In many 

organisms free EIIA subunits play important roles in regulation beside their activity in 

the phosphotransferase cascade (Görke et al., 2008). A variant of PtsG lacking EIIA 

completely was generated by subcloning of the sequence encoding MBCsGlc (AA 1 – 

531 of PtsG) from the above described MBCsGlcADATG construct (Figure 23; 

Figure 33). The resulting expression plasmid pEKEx2_MBCsGlc was transformed into 

C. glutamicum ΔptsG, resulting in an EIIAGlc-negative strain. Successful expression and 

localization of MBCsGlc was verified by fluorescence microscopy and showed similar 

distribution and localization of the fused mCherry moiety as described for the MG, 

MGD and MBCsGlcAD variants (Figure 23).  

 

 

Figure 23: Fluorescence microscopy and topology models of truncated EIIBCGlc (amino acids 2 – 531) 
and EIIBCSuc (amino acids 2 – 472)

 
variants that are N-terminally fused to mCherry. Both variants were 

encoded on plasmid pEKEx2 and transformed into C. glutamicum ΔptsG or C. glutamicum ΔptsS and C. 
glutamicum ΔPTS. Cells were harvested for microscopy in mid-exponential growth phase in CGXII 
minimal medium supplemented with 50 µg/mL kanamycin, 0.1 mM IPTG and 50 mM glucose or 50 mM 
sucrose, respectively. Upper row shows phase pictures of the strains. Signals for mCherry are shown in 
the second row. Third row shows overlay pictures of the prepared cells. White bars indicate scale bars of 
2 µm length. 
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Strikingly, the EIIAGlc negative mutant still exhibited growth in minimal medium with 

50 mM glucose as sole substrate, although the maximal growth rate of 0.05 ± 0.00 h-1 

was comparably low (Table 6, Figure 24A). The strain reached maximal optical 

densities similar to the wildtype and up to 5-fold increased values compared to 

C. glutamicum ΔptsG. This result implies active transport of glucose via MBCsGlc. The 

transport of glucose via the inositol permeases IolT1 and IolT2 can be excluded as 

glucose concentrations below the affinity level of the permeases were used (Lindner et 

al., 2011). The missing of the EIIAGlc subunit must be compensated in some way if 

catalysis of transport via MBCsGlc alone is excluded, which would imply glucose 

utilization via facilitated diffusion and subsequent phosphorylation via glucokinases. 

Transport and phosphorylation can be brought about via interaction of EII-complexes as 

it was shown for enteric bacteria (Vogler et al., 1988; Vogler et al., 1988). The 

pEKEx2_MBCsGlc construct was therefore used to transform C. glutamicum ΔPTS, 

lacking all EII-proteins as well as the two inositol permeases IolT1 and IolT2 (ΔptsG 

ΔptsS ΔptsF ΔiolT1 ΔiolT2). Synthesis and localization of MBCsGlc in C. glutamicum 

ΔPTS (pEKEx2_MBCsGlc) was analysed by microscopy and no difference to the 

situation in C. glutamicum ΔptsG (pEKEx2_MBCsGlc) strain was detected (Figure 23). 

In contrast to C. glutamicum ΔptsG (pEKEx2_MBCsGlc) no growth was detected for 

C. glutamicum ΔPTS (pEKEx2_MBCsGlc) with glucose as sole carbon source (Figure 

24A), indicating that missing PtsS and PtsF might compensate the lack of EIIAGlc in the 

phosphotransferase cascade of MBCsGlc in C. glutamicum ΔptsG (pEKEx2_MBCsGlc).  

 

Figure 24: Growth experiments of the MBCsGlc  / MBCsSuc harboring C. glutamicum strains in CGXII 
minimal medium with 50 µg/mL kanamycin, 0.1 mM IPTG and 50 mM glucose (A) or 50 mM sucrose 
(B) as sole carbon source. In both experiments, growth was compared to ● C. glutamicum WT (pEKEx2) 
and ▼ C. glutamicum ΔPTS (pEKEx2). (A) ▲C. glutamicum ΔptsG (pEKEx2_MBCsGlc), ■ 
C. glutamicum ΔPTS (pEKEx2_MBCsGlc) and ● C. glutamicum ΔptsG (pEKEx2). (B) ▲C. glutamicum 
ΔptsS (pEKEx2_MBCsSuc), ■ C. glutamicum ΔPTS (pEKEx2_MBCsSuc) and ● C. glutamicum ΔptsS 
(pEKEx2). At least three independent cultivations were performed; data from one representative 
experiment are shown. Results of the cultivations were comparable. 
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A construct for an active variant of sucrose specific PtsS with parts of an N-terminal, 

mCherry-fused PtsS variant (MS), named MBCsSuc (Figure 23, Figure 33) was 

generated (Da Silva Lameira, 2017). The plasmid was used to transform the strains 

C. glutamicum ΔptsS and C. glutamicum ΔPTS. Synthesis and localization of MBCsSuc 

in C. glutamicum ΔptsS (pEKEx2_MBCsSuc) and C. glutamicum ΔPTS 

(pEKEx2_MBCsGlc) was verified by fluorescence microscopy (Figure 23). The 

distribution of the MBCsSuc-fused fluorophore signal and the localization was identical 

to the above described localization of the N-terminal PtsG fusions. Noteworthy, growth 

of C. glutamicum ΔptsS (pEKEx2_MBCsSuc) with 50 mM sucrose as sole carbon source 

proceeded with astonishingly high growth rates of 0.30 ± 0.02 h-1 compared to 

C. glutamicum ΔptsS (pEKEx2_MS)  with 0.40 ± 0.01 h-1 and C. glutamicum WT 

(pEKEx2) with 0.48 ± 0.01 h-1 (Table 6 and Figure 24B). Also, no growth of 

C. glutamicum ΔPTS (pEKEx2_MBCsGlc) in minimal medium with sucrose was 

observed (Figure 24B). These findings confirm a positive interaction of EII-proteins in 

C. glutamicum and are in line with the above-mentioned importance of the ratio 

between BC and A domains. It can be assumed that the amount of PtsG is high enough 

to support the mentioned growth rates of C. glutamicum ΔptsS (pEKEx2_MBCsSuc) 

with sucrose as sole carbon source, while PtsS is only present in low numbers during 

growth with glucose to complement MBCsGlc sufficiently. The assumption of 

complementation between EII-proteins was tested using 

the plasmids pEKEx2_MBCsGlcPtsF-Flag, pEKEx2_MBCsGlcPtsS-Rho and 

pEKEx2_MBCsGlcEIIASuc-Rho to artificially reintroduce missing EII-proteins in 

C. glutamicum ΔPTS (Figure 33). Figure 25A shows the growth of the resulting strains 

in minimal medium with 50 mM glucose. Strikingly, C. glutamicum ΔPTS 

(pEKEx2_MBCsGlcPtsF-Flag) did not show growth while the growth rates of 

C. glutamicum ΔPTS (pEKEx2_MBCsGlcPtsS-Rho) (0.16 ± 0.02 h-1) and C. glutamicum 

ΔPTS (pEKEx2_MBCsGlcEIIASuc-Rho) (0.15 ± 0.02 h-1) were similar to C. glutamicum 

ΔPTS (pEKEx2_MBCsGlcADATG)  (0.16 ± 0.03 h-1) (Table 6). Synthesis of the proteins 

was analysed via Western Blot analysis using Rho1D4 and FLAG specific antibodies 

(Figure 25B). For the extracts of C. glutamicum ΔPTS (pEKEx2_MBCsGlcPtsS-Rho), 

three groups of bands were detected at 180 kDa, 70 kDa and 35 kDa using a Rho1D4-

specific antibody that are in line with the described dissociation of PtsS-Rho. Bands in 

the wildtype lane are due to sloshing of the PtsS-Rho sample during gel-loading. For 

C. glutamicum ΔPTS (pEKEx2_MBCsGlcEIIASuc-Rho) extracts, a band at about 25 kDa 

was detected, which had a slightly lower apparent molecular weight than the EIIA-

related band of the PtsS-Rho extracts. Using an anti-Flag antibody, a sharp band at 
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70 kDa was detected for C. glutamicum ΔPTS (pEKEx2_MBCsGlcPtsF-Flag) derived 

extracts that matches the predicted molecular weight of PtsF-Flag. Further bands were 

visible above a size of 180 kDa which were possibly aggregated and/or oligomerized 

PtsF-Flag. The implications that come along with these experiments are noteworthy 

because 1) PtsS-Rho can complement truncated MBCsGlc and 2) EIIASuc-Rho is 

sufficient to complement truncated MBCsGlc. As there is no difference in growth rate by 

complementation of MBCsGlc via native EIIAGlc, PtsS or EIIASuc, similar biochemical 

properties of the EIIA variants can be suggested. PtsF-Flag was unable to compensate 

missing EIIAGlc, indicating structural differences and/or the lack of free EIIAFru. 

 

 

 

 

 

 

 

 

 

 

Figure 25: (A) Growth experiments of different C. glutamicum strains harboring PtsG-variants in 
CGXII minimal medium with 50 µg/mL kanamycin, 0.1 mM IPTG and 50 mM glucose: ● C. glutamicum 
WT (pEKEx2), ● C. glutamicum ΔPTS (pEKEx2_MBCsGlc), ▼C. glutamicum ΔPTS 
(pEKEx2_MBCsGlcADATG), ▲ C. glutamicum ΔPTS (pEKEx2_MBCsGlcEIIASuc-Rho), ■ C. glutamicum 
ΔPTS (pEKEx2_MBCsGlcPtsS-Rho) and ■ C. glutamicum ΔPTS (pEKEx2_MBCsGlcPtsF-Flag). At least 
three independent cultivations were performed; data from one representative experiment is shown. 
Results of the cultivations were comparable. (B) Western Blot analysis of the above mentioned cultures 
producing Rho-tagged PtsS, Rho-tagged EIIASuc or Flag-tagged PtsF. SDS-PAGE was performed using a 
10 % PA-Gel, proteins were blotted onto a PVDF (0.2 µM) membrane. PAGE ruler prestained protein 
ladder (Thermo scientific) was used as marker (M); numbers at the side indicate molecular weight in kDa. 
Rho- and Flag-specific antibodies were used. 
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3.3.7 Exchange of the PtsG EIIC-EIIA linker sequence 
Truncated MBCsGlc (AA 1 – 531 of PtsGCg) still supported growth of the C. glutamicum 

ΔptsG mutant, but not of C. glutamicum ΔPTS (ΔptsG ΔptsS ΔptsF ΔiolT1 ΔiolT2) with 

glucose as sole carbon source. Based on this effect, an interaction between the two 

permeases PtsG and PtsS or their subunits/domains was proposed. The truncated 

MBCsGlc variant still harbors the EIIC-EIIA amphipathic helix as well as a large 

hydrophobic alanine-glycine rich stretch of unknown function (Appendix, Figure 35). 

Also, the disrupted MBCsGlcADGlc variant as well as the chimeric MBCsGlcEIIASuc-Rho 

variant supported good growth with glucose, despite the artificial cleavage of the BCA 

complex. To further investigate this phenomenon and the relevance of the linker 

sequence, the EIIB-EIIC linker (L3), which supposedly does not undergo truncation, 

was used to connect truncated PtsG named MBCsGlc477 (AA 1 – 477) with EIIAGlc528 

(AA 528 – 683) (Figure 33). In this truncated variant, the amphipathic sequence (Table 

5) is still present, but the adjacent alanine-glycine rich motif was removed. Growth 

experiments using 50 mM glucose as sole carbon source with C. glutamicum ΔptsG 

(pEKEx2_MBCsGlc477L3EIIAGlc528) showed similar growth rates of 0.28 ± 0.01 h-1 

compared to C. glutamicum ΔptsG (pEKEx2_ptsG-His) with 0.32 ± 0.01 h-1. 

C. glutamicum ΔPTS (pEKEx2_MBCsGlc477L3EIIAGlc528) exhibited a reduced growth 

rate of 0.14 ± 0.02 h-1 (Figure 26A).  

 

Figure 26: Analysis of PtsG variants with exchanged EIIC-EIIA linker regions. (A) Growth in CGXII 
medium with 50 µg/mL kanamycin, 0.1 mM IPTG and 50 mM glucose of ● C. glutamicum WT 
(pEKEx2), ● C. glutamicum ΔptsG (pEKEx2), ▲ C. glutamicum ΔptsG (pEKEx2_ptsG-His), 
▼C. glutamicum ΔptsG (pEKEx2_MBCsGlc477L3EIIAGlc528) and ■ C. glutamicum ΔPTS 
(pEKEx2_MBCsGlc477L3EIIAGlc528). Two independent growth experiments were performed, results of the 
cultivations were comparable. (B) Western Blot analysis of C. glutamicum crude extracts using an anti-
His(6x) antibody. GGlc = C. glutamicum ΔptsG (pEKEx2_ptsG-His), GTY = C. glutamicum ΔptsG 
(pEKEx2_ptsG-His), GL

Glc = C. glutamicum ΔptsG (pEKEx2_MBCsGlc477L3EIIAGlc528), DL
Glc = 

C. glutamicum ΔPTS (pEKEx2_MBCsGlc477L3EIIAGlc528). SDS-PAGE was performed using a 10 % PA-
Gel, proteins were blotted onto a PVDF (0.2 µM) membrane. PAGE ruler prestained protein ladder 
(Thermo scientific) was used as marker (M); numbers at the side indicate molecular weight in kDa. 
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Noticeably, Western Blot analysis of cell-free-extracts from these cultivations using 

anti-His(6x) antibodies revealed that the cleavage pattern for PtsG-His and 

MBCsGlc477L3EIIAGlc528 (Figure 26B) were identical (15 - 25 kDa). In comparison, 

samples of 2xTY grown cells of C. glutamicum ΔptsG (pEKEx2_ptsG-His) exhibited 

the above described (section 3.3) bigger band for EIIA-His with a size of ~25 – 35 kDa, 

which might indicate a substrate dependent mechanism of PtsG cleavage. 

3.3.8 Analysis of substrate utilization by inactive PtsG variants 
In context with the presented results on PtsG and PtsS dissociation, in vivo detection of 

separate C-terminal EIIAs and the above shown compensation of missing EIIAGlc by 

EIIASuc raised the question of the nature of interaction between both transport systems. 

Covalently fused EII-complexes are highly dynamic, and require flexible linkers for 

protein-protein interactions (Chen et al., 1998). Hence, the sterical requirements for the 

access of the binding surfaces are supposedly high. The BglF (EIIBCA) complex of 

E. coli was analysed in cross-linking experiments where the monomers of the dimer are 

found to be in a tight embracement (Yagur-Kroll et al., 2009). The positive interaction 

of MBCsGlc with PtsS-Rho and EIIASuc might be an artefact caused by the removal of 

the EIIAGlc subunit. To pursue this possibility, mutants of PtsG were generated by site-

directed mutagenesis that did not undergo artificial truncations. Conserved residues of 

PtsG that are responsible for the reception and transfer of the phosphoryl-group in 

EIIAGlc and EIIBGlc were identified based on sequence homologies. A cysteine at 

position 28 within EIIBGlc and a histidine at position 602 in EIIAGlc of PtsG-His were 

subsequently exchanged to alanines. The coding sequences for PtsGC28A-His and 

PtsGH602A-His were cloned into the expression vector pOGOduet under the control of 

the IPTG inducible Ptac promoter. The plasmids were then used to transform the strain 

C. glutamicum ΔptsG to analyze the transport of glucose. Moreover, sensitivity of the 

strains to 2-deoxyglucose (2DG) was tested as an indicator for active transport and 

phosphorylation. Phosphorylated 2DG is toxic for the cells and inhibits growth of 

C. glutamicum (Parche et al., 2001). The experiments were performed in 24-well plates 

containing 1 mL CGXII minimal medium 15 mM acetate and 6 mM 2DG.  The 

resulting growth on acetate + 2DG was normalized to the growth with 15 mM acetate 

alone. Figure 27A shows that C. glutamicum ΔptsG is insensitive to 2DG as expected 

due to lack of PtsG-mediated transport of the compound. The 2DG concentration was 

chosen to be too low for transport via the inositol permeases IolT1 and iolT2 present in 

C. glutamicum ΔptsG. Complementation of C. glutamicum ΔptsG with the plasmid 

pOGOduet_ptsG-His rendered the strain sensitive to 2DG as nearly no growth was 
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observed for this strain, indicating active transport of 2DG via PtsG-His and thus 

toxication of the cells (Figure 27A). In contrast, C. glutamicum ΔptsG 

(pOGOduet_PtsGC28A-His) was not sensitive towards 2DG, which implies that the 

C28A exchange within EIIBGlc indeed inactivated PtsG. Interestingly, C. glutamicum 

ΔptsG  (pOGOduet_PtsGH602A-His), in which the EIIAGlc domain should be inactivated, 

was sensitive to 2DG. Only 23 % growth of the strain compared to growth without 2DG 

and with acetate alone was observed. The strain therefore probably still actively 

transported and phosphorylated 2DG. Residual growth may originate from low 2DG 

transport activity, which could attenuate the toxication and allows growth on acetate to 

some extent. In addition, growth of C. glutamicum ΔptsG (pOGOduet_PtsGH602A-His) 

in shaking flask experiments in minimal medium with 50 mM glucose as sole carbon 

source was observed (Figure 27B), while no growth was detected for C. glutamicum 

ΔptsG (pOGOduet_PtsGC28A-His). These observations are in line with reports about the 

EIIB subunits being highly specific in all bacteria and not exchangeable (McCoy et al., 

2015).  

 

 

Figure 27: (A) 2-deoxyglucose sensitivity assay with C. glutamicum ΔptsG strains harboring His-tagged 
PtsG variants as follows: ΔptsG = C. glutamicum ΔptsG (pOGOduet); ΔptsG comp. = C. glutamicum 
ΔptsG (pOGOduet_ptsG-His); ΔptsG PtsGC28A = C. glutamicum ΔptsG (pOGOduet_ptsGC28A-His); 
ΔptsG PtsGH602A = C. glutamicum ΔptsG (pOGOduet_ptsGH602A-His). Growth was performed in 24-well 
microtiter plates in 1 mL CGXII minimal medium supplemented with 50 µg/mL kanamycin and 0.1 mM 
IPTG. As carbon source, 15 mM acetate and 6 mM 2-deoxyglucose were added for the sensitivity assay. 
Growth with 2DG was normalized to growth with acetate alone. At least three biological replicates were 
tested; error bars indicate the mean deviation. (B) The His-tagged PtsG harboring C. glutamicum ΔptsG 
strains were tested for growth in CGXII minimal medium with 50 µg/mL kanamycin, 0.1 mM IPTG and 
50 mM glucose as sole carbon source: ● C. glutamicum WT (pOGOduet), ● C. glutamicum ΔptsG 
(pOGOduet), ▼ C. glutamicum ΔptsG (pOGOduet_ptsG-His), ▲ C. glutamicum ΔptsG 
(pOGOduet_ptsGC28A-His), ■ C. glutamicum ΔptsG (pOGOduet_ptsGH602A-His). At least three 
independent cultivations were performed; data from one representative experiment are shown. Results of 
the cultivations were comparable. 
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Strikingly, C. glutamicum ΔptsG (pOGOduet_PtsGH602A-His) showed a growth rate of 

0.05 ± 0.02 h-1 and reached a significantly increased final optical density compared to 

C. glutamicum ΔptsG (pOGOduet_PtsGC28A-His) and C. glutamicum ΔptsG 

(pOGOduet) (Figure 27B). Decelerated growth of C. glutamicum strains with inactive 

EIIAGlc might be due to low amounts of compensating PtsS/EIIASuc. It remains an open 

question, whether the compensation of inactive EIIAGlc in PtsGH602A occurs via 

interaction of full length PtsG (BCAGlc) with full length PtsS (BCASuc) which would 

require hetero-dimerization or, as in other bacteria, free EIIA subunits are more likely to 

fulfill such functions.  

3.3.9 Interaction of PtsG and PtsS in the C. glutamicum wildtype 
Which relevance comes to these findings of subunit-crosstalk between PtsG and PtsS 

for C. glutamicum physiology? By mutational analysis of two C. glutamicum strains the 

physiological relevance of dissociated EIIA and the interaction of two distinct 

EII-complexes was analysed in vivo. In theory, when a system of proteins is responsible 

for defined effects (e.g. toxication) on cells, evolutionary processes would likely end up 

in the shutdown of the bottleneck proteins of this system. Therefore, if two systems that 

are connected by a mutual bottleneck were responsible for the effects, the evolutionary 

process would result in the shutdown of this mutual bottleneck, rather than inactivation 

of the two systems individually. Transferring these considerations to the PTS of 

C. glutamicum, it is expected that if the cells of the wildtype strain were subjected to the 

toxic compound 2DG, which is transported by PtsG as shown above, suppressor 

mutants that are defective in the PTS would emerge, which was demonstrated in an 

early publication that aimed to identify components of the C. glutamicum PTS (Parche 

et al., 2001). The experimental setup used here was verified by growing strains that 

differ in their PTS in CGXII minimal medium with 15 mM acetate and 6 mM 2DG, 

normalized to the growth with 15 mM acetate alone (Figure 28A). The wildtype showed 

high sensitivity towards 2DG as expected, while it did not affect C. glutamicum strains 

that lack EI (C. glutamicum ΔptsI) or PtsG (C. glutamicum ΔptsG). In contrast, the 

strain C. glutamicum ΔptsS, that lacks the sucrose specific PTS permease, was sensitive 

to 2DG and, as expected, did not exhibit growth. Based on these tests, cultures of the 

C. glutamicum wildtype and C. glutamicum ΔptsS were plated in dilution series on 

CGXII minimal medium agar plates containing 6 mM 2DG and 100 mM acetate. The 

colonies that were obtained after this step were replica plated onto CGXII plates 

containing fructose. Clones that grew on fructose were considered to have PtsG-specific 

mutations, while those not growing on fructose most likely obtained mutations that 
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impair the general cascade of the PTS (EI, HPr). For the wildtype, 44% of the clones 

were negative for growth on fructose while 56% were positive (Figure 28B). Thus, 

mutants of the wildtype escape toxicity of 2DG equally by mutation of ptsG and the 

genes of the general cascade (ptsI, ptsH). Based on the results, that EIIASuc can replace 

inactive EIIAGlc, it was assumed that the distribution of mutations between ptsG and the 

general cascade is changed in C. glutamicum ΔptsS. Subjecting C. glutamicum ΔptsS to 

selection by 2DG with acetate as C-source led to the emergence of suppressor mutants 

of which 76% were able to grow on fructose, while 24% were not. This result is in 

accordance with the hypothesis assuming that genetic alterations in which one mutation 

leads to the repulsion of toxicity are more favored than those, where two or more 

mutations are necessary. For that case, the relevant targets of the wildtype were the 

coding sequences for EIIBGlc and EIICGlc as well as for EI and HPr. EIIAGlc is not 

considered, as it would also require the inactivation of EIIASuc to shut down glucose 

uptake via PtsG as shown in the results above. The probability in the wildtype would 

therefore be at 50% to have either PtsG (EIIBC) specific mutations or mutations in the 

general cascade (EI, HPr), which is nicely reflected by the presented data (Figure 28B).  

 

 

 

Figure 28: (A) 2-deoxyglucose sensitivity assay of C. glutamicum strains with all PTS components 
(C. glutamicum WT), without Enzyme I (C. glutamicum ΔptsI), witout PtsS (C. glutamicum ΔptsS) or 
without PtsG (C. glutamicum ΔptsG). Growth was performed in 24-well microtiter plates with 1 mL 
CGXII minimal medium supplemented with 50 µg/mL kanamycin and 0.1 mM IPTG. As carbon source, 
15 mM acetate and 6 mM 2-deoxyglucose were added for the sensitivity assay. Growth with 2DG was 
normalized to growth with acetate alone. At least three biological replicates were tested; error bars 
indicate the mean deviation. (B) C. glutamicum WT and C. glutamicum ΔptsS cells were precultivated in 
2xTY medium and plated in dilution series on CGXII agar plates with 100 mM acetate and 6 mM 2DG. 
After incubation at 30°C, suppressormutants emerged that were replica plated on CGXII agar plates 
containing glucose. Those colonies that did not result in growth on fructose are depicted in dark grey and 
were considered to have an inactivated general PTS cascade (EI, HPr). Those showing growth on fructose 
are displayed in light grey and probably gained ptsG-specific mutations. For the wildtype 873 colonies 
and for ΔptsS 980 were tested in three independent experiments.    
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On the other hand, mutation of the EIIAGlc coding sequence was still favorable in 

C. glutamicum ΔptsS, where EIIASuc is deleted and thus cannot compensate inactivated 

EIIAGlc, which shifts the probability towards an specific inactivation of PtsG. The 

targets for shut down of 2DG transport are therefore the coding sequences for the PtsG 

domains EIIBGlc, EIICGlc, EIIAGlc and the general cascade proteins EI and HPr. The 

probability to find a mutation in ptsG was then 60% and in the general cascade 40%. 

This tendency can be seen in the data and reflects the existence of EII-interactions in 

vivo. Based on these findings it can be postulated that the interaction of PtsG and PtsS is 

part of the native PTS network in C. glutamicum.  
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4. Discussion 

4.1 The enzyme LpdA is important for redox-balance in C. glutamicum  
In previous works, reduced growth and substrate uptake was observed for pgi-deficient 

C. glutamicum cells when cultivated with glucose (Lindner et al., 2013). Later studies 

described this uptake-inhibition more precisely to occur when glucose 6-phosphate 

accumulates intracellularly in excess and it was shown that the membrane spanning EII-

permease PtsG is necessary for the inhibition of PTS-mediated uptake (Petrov, 2015). 

The novel mechanism is distinct and separated from transcriptional regulation and 

appears to be a metabolite related function of the PTS of C. glutamicum (Petrov, 2015). 

The exact mechanism however and the involved players remained unknown. For new 

insights, pgi-deficient suppressor mutants with improved fitness when cultivated with 

glucose and sucrose were generated (Petrov, 2015). Genome sequencing of the evolved 

strains showed no mutational adaptation within known PTS or PTS-related genes but in 

the gene lpdA. In total, three independent suppressor mutants with mutated lpdA were 

characterized for growth and substrate uptake and showed wildtype-like inhibition of 

PTS-mediated sucrose transport upon addition of glucose (Petrov, 2015). The improved 

growth of the pgi-deficient C. glutamicum suppressor mutants with glucose or mixtures 

of glucose and sucrose was identified to rely on amino acid exchanges in LpdA, of 

which the most effective mutation for growth seemed to be the exchange of an unpolar 

alanine at position 223 for a polar threonine (Petrov, 2015). The similarity of LpdA 

from C. glutamicum with LpdA from M. tuberculosis led to the assumption of similar 

biochemical properties which were proven to be true with regard to co-factor usage and 

substrate specificity (Argyrou et al., 2004). The hitherto uncharacterized gene encodes a 

putative flavoprotein-disulfide-reductase that shares similarities to the lipoamide 

dehydrogenase Lpd (encoded by lpd), but lacks a characteristic CXXXXC motif in its 

reaction centre (Schwinde et al., 2001; Argyrou et al., 2004). The structural difference 

of LpdA to Lpd led to the assumption that the enzyme is unable to catalyse the 

reversible reoxidation of dihydrolipoic acid, which was shown for the homologue from 

M. tuberculosis (Argyrou et al., 2004). The M. tuberculosis as well as the 

C. glutamicum enzymes tightly bind one molecule of FAD as intramolecular electron 

transition point and use the pyridine nucleotides NADH and NADPH as electron donors 

as it was described in this work. LpdA from C. glutamicum was shown to have 

NADH/NADPH-quinone reductase activity, which questions the function of the 

enzyme. For Lpd it was discussed that its quinone reductase activity promotes the 

transport of reducing equivalents via reduction of membrane-bound quinones in 
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C. glutamicum, which was also suggested for other organisms (Walker et al., 1997; 

Schwinde et al., 2001).  Interestingly, LpdA shows indications of transhydrogenase 

activity with thio-NAD+ and NADH as redox pair and to lesser extent with thio-NAD+ 

and NADPH, which was also observed for LpdA from M. tuberculosis and the 

lipoamide dehydrogenase Lpd from C. glutamicum and Streptomyces seoulensis (Youn 

et al., 2000; Schwinde et al., 2001). The exact function of LpdA in C. glutamicum 

remains unclear, however indications from other publications suggest that LpdA is 

involved in response mechanisms against oxidative stress, putatively responsible for the 

regeneration of redox equivalents (Akhtar et al., 2006; Lee et al., 2013; Si et al., 2015).  

LpdA from M. tuberculosis is strongly inhibited by NADP+ and co-purifies with bound 

NADP+, leading to reduced activities with quinones (Argyrou et al., 2004). In this work 

it was also shown that NADP+ is a competitive inhibitor of LpdA in C. glutamicum, 

which might have led to a reduced transhydrogenase activity with NADH but especially 

with NADPH after unwanted co-purification of LpdA with its inhibitor. It was also not 

possible to use the common NAD+ analogue 3-APAD to verify the transhydrogenase 

activity as it was identified as potent inhibitor of the enzyme. The absence of 

transhydrogenase activity in C. glutamicum cell extracts may therefore go back to the 

inhibition of the enzyme by 3-APAD in previous works (Kabus et al., 2007). For further 

experiments and the verification of LpdA transhydrogenase activity, NADP+ analogues 

such as thio-NADP+ should be used to test the transfer of electrons onto a 

phosphorylated form of NAD. Also, pre-treatment of purified LpdA with phosphatase 

prior to experiments could be useful to remove bound NADP+ and get rid of the 

inhibition.   

4.1.1 The amino acid exchange A223T in LpdA renders the enzyme more active 
towards NADPH 
The variant LpdAA223T showed no difference in transhydrogenase activity compared to 

LpdA, but comparison of the biochemical parameters revealed a reduced inhibition by 

NADP+ and 3-APAD that fits to the improved growth of pgi-deficient suppressor 

mutants under conditions that lead to NADPH-feedback inhibition of the oxidative 

pentose phosphate pathway (Moritz et al., 2000).  The Michaelis-Menten constants of 

the two tested enzymes show that the exchange of the unpolar alanine for a polar, bigger 

threonine at the periphery of the binding pocket leads to a higher affinity of LpdAA223T 

for NADPH compared to LpdA. The affinity for NADH however remained the same, 

which led to the assumption that the interaction of the protein with the 2’-phosphate 

group of NADP+/NADPH is changed. Similar results have been published for 
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carbonylreductase from mouse lung, where the co-factor specificity of the enzyme was 

changed subsequently to a threonine-aspartate exchange (Kallberg et al., 2002). The 

threonine was speculated to be important for the binding of the 2’-phosphate group as a 

similar exchange from histidine to threonine in a flavoprotein monooxygenase from 

Stenotrophomonas maltophilia led to comparable results (Jensen et al., 2013). The 

physiological relevance of the amino acid exchange in LpdAA223T lies within the 

increased activity of the enzyme with both NADH and NADPH. Interestingly, LpdA as 

well as LpdAA223T show a higher turnover number with NADH than with NADPH 

despite the higher affinity for the phosphorylated compound. This observation can be 

explained with the probable reaction mechanism catalysed by the enzyme (Hille, 2013). 

In a first step, NADH/NADPH is oxidized and transfers their electron onto the 

intramolecular FAD, gaining FADH2. In a second step, FADH2 reduces the unknown 

natural substrate of LpdA/LpdAA223T, which is most likely the rate limiting step of the 

reaction. The slower second step therefore renders the velocity of the first step 

insignificant. By this, LpdA and its variant maintain a high affinity towards NADPH 

and NADP+, leading to a slow release of NADP+ from the binding pocket. Similar 

observations were made for the LpdA enzyme from M. tuberculosis (Argyrou et al., 

2004). It can be assumed, that the amino acid exchange in LpdAA223T leads to a faster 

release of inhibitory NADP+ and thus to higher activity with NADPH. This, so far 

theoretical assumption, is supported by the inhibition assays of quinone reductase 

activity performed with NADP+ as well as 3-APAD. Here, the Ki values for both 

inhibitors of LpdA and LpdAA223T indicate that the variant is less inhibited under the 

tested conditions. However, inhibition of the enzymes with 3-APAD questions the 

above discussed binding of 2’-phosphorylated NAD via the newly introduced threonine: 

3-APAD does not possess a 2’-phosphate group, but tightly binds to LpdA and shows 

reduced inhibition of LpdAA223T. Conclusively, LpdAA223T seems to be changed in its 

properties to bind NADPH and NADP+ of which the latter can be speculated to be a 

physiological inhibitor. Reduced binding of NADP+ could therefore lead to higher 

activities of the enzyme compared to native LpdA and explain the reduced NADPH-

pools in the pgi-suppressor mutant. The normalized NADPH pool thus contributes to a 

better balanced pentose phosphate pool and in turn better growth with glucose. 
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4.2 Suppressor mutants of pgi-deficient C. glutamicum exhibit rebalanced 

NADPH levels during growth with glucose 
LpdA was shown to be involved in NADH/NADPH homeostasis of C. glutamicum and 

the variant LpdAA223T was proven to have changed biochemical properties that lead to a 

more effective turnover of NADPH. However, physiological data beside growth on 

glucose is missing and the question, if LpdAA223T indeed reduces the inhibitory effects 

of NADPH accumulation in the pgi-deficient suppressor mutants, remained unanswered 

(Petrov, 2015). In this work, a genetically encoded NADPH biosensor to detect 

intracellular NADPH levels with minimal effort was developed (Goldbeck et al., 2018). 

Up to date, biosensors have proven to be useful for qualitative and quantitative readouts 

of NADPH-levels (Siedler et al., 2014; Tao et al., 2017). For the specific question of 

NADPH accumulation in C. glutamicum Δpgi, a fast accumulation kinetic in less than 

30 seconds was shown, which correlates with the observed fast inhibition of sucrose 

uptake in C. glutamicum Δpgi (Petrov, 2015).  The biosensor was deployed to 

investigate the NADPH levels in the above described suppressor mutants and it was 

detected that the accumulation of NADPH in the LpdAA223T harbouring strain was 

normalized to the level of the wildtype. The presented biochemical properties of 

LpdAA223T together with the read-outs of the biosensor support the theory that the 

mutation of lpdA led to an increased activity with NADPH and in consequence 

improved fitness of the respective strains with glucose. The question arises, which role 

NADPH plays in the fast inhibition of sucrose uptake described above, as it was not 

possible to separate the effects of glucose 6-phosphate and NADPH accumulation. The 

accumulation of the sugar-phosphate is the direct forerunner of NADPH accumulation. 

The data obtained with mBFP indicates that NADPH accumulates in the same temporal 

course as the inhibition of sucrose uptake takes place (≤ 30 sec). Also, suppressor 

mutants of C. glutamicum Δpgi with lpdA mutations were partially relieved from fast 

inhibition of sucrose uptake and exhibited wildtype-like uptake rates (Petrov, 2015). 

Alongside with the supposedly improved flux through the pentose phosphate pathway a 

reduction of glucose 6-phosphate accumulation should take place which might alleviate 

the trigger for the inhibition, however no experimental proof of lowered sugar-

phosphate levels exists so far. Furthermore improved flux would also come along with 

rebalanced NADPH levels as it was shown here. Nevertheless, glucose 6-phosphate as 

trigger of the inhibition appears more convenient based on the level of evidence 

presented in other studies (Kaback, 1969; Lengeler et al., 1978; Petrov, 2015). A 

mechanistic role of NADPH should be excluded in future experiments however. Here, 
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data on internal glucose 6-phosphate concentrations in the suppressor mutants could 

give more insight into the matter. Furthermore, characterization and binding studies of 

the involved PTS proteins would be one of the next steps to identify the molecular basis 

for the novel mechanism of carbohydrate uptake regulation in C. glutamicum. 

4.3 The general cascade is a bottleneck of the PTS in C. glutamicum 
The accumulation of metabolites such as NADPH or glucose 6-phosphate leads to 

drastic cellular responses as described above in case of the rapid inhibition of sucrose 

uptake. On the protein level, previous works could show that the extent of uptake-

inhibition is not only dependent on elevated glucose 6-phosphate levels, but also on the 

amount of PtsG and PtsS, the effector and the affected in this scenario (Petrov, 2015). It 

was speculated, that the maximal velocity of the system in C. glutamicum is directly 

connected to the inhibition of permeases and the abundance of PTS proteins. In order to 

identify rate limiting steps of the PTS that attenuate the inhibition, the PTS genes were 

sought to be overexpressed. The phosphoenolpyruvate:sugar phosphotransferase system 

can be divided in two major parts: 1) the phosphoryltransfer reactions from PEP 

towards the substrate, mediated by the phosphotransferases 

EI  HPr  EIIA  EIIB ( sugar) and 2) the vectorial translocation of the sugar 

across the phospholipid membrane catalysed by EIIC (McCoy et al., 2016). It is thus 

necessary to look at both parts of the cascade to identify the rate determining steps of 

PTS activity. In this study, increased expression of the general component genes ptsH 

and ptsI of the PTS in C. glutamicum led to an increase of growth rate with glucose up 

to 11% and 16% respectively, compared to the parental strain. Overproduction of the 

membrane integrated PtsG however did not lead to an increased growth rate. 

Interestingly, overexpression of ptsI had a positive effect on growth rate in all 

combinations, while ptsH overexpression only improved the growth rate when 

expressed alone or in combination with ptsI. From these results it was concluded that 

the flux of the phosphoryl-group via EI and HPr towards PtsG, but not the amount of 

transporters, is a rate limiting step of the glucose PTS in C. glutamicum. These findings 

are in accordance with other reports where increased growth and glucose consumption 

rates upon overexpression of the PTS in C. glutamicum were observed (Xu et al., 2016). 

Interestingly, these findings are in contrast to the postulated model on PTS activity for 

E. coli and S. typhimurium as it will be explained in the following. The phosphoryl 

cascade via EI and HPr towards the EII-complexes was extensively studied in these 

organisms and the basic principles seem to be conserved across bacteria with active 

phosphotransferase systems (Barabote et al., 2005). Especially the general component 
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proteins exhibit high similarities: EI from E. coli and C. glutamicum are 47 % identical 

and possess conserved histidine residues at position H189 and H195, respectively, 

which was proven to be responsible for the reception and transfer of the phosphoryl 

group coming from PEP in E. coli (Clore et al., 2013).  The second sugar unspecific 

PTS component HPr is also conserved in C. glutamicum with a similar size of 89 amino 

acids compared to HPr from E. coli with 85 amino acids and a sequence similarity of 

49 %, including conserved residues involved in phosphoryl-transfer (H15 in both 

enzymes). The equipment of EII-proteins however differs greatly between the species: 

while E. coli possesses up to 21 distinct EII-complexes, only four were reported for 

C. glutamicum of which one is uncharacterized and possibly non-functional (Tchieu et 

al., 2001; Escalante et al., 2012).  

For the glucose specific PTS of E. coli it was reported that the reactions from EI to HPr 

are 10-fold and from EIIA to EIIB 3-fold more favourable than the reverse reactions, 

while the transfer from HPr to EIIA and backwards is equally favourable (Rohwer et 

al., 2000). The flux is therefore directed towards the EII-complexes that bind and 

translocate the substrate. 

 

Figure 29: Schematic overview on the effects of PTS-component overexpression on growth rate in 
C. glutamicum. Overexpression of the indicated components led to a maximal increase in growth rate as 
depicted. Dotted circles around PtsG symbolise cytoplasmic forms of the transporter that were detected 
after overproduction. 
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The efficiency of this process is highly dependent on complex formation and interaction 

between the PTS proteins, which is why the PTS is often viewed as paradigm for 

protein networks due to the high level of interaction partners (Clore et al., 2013). High 

local concentrations of the enzymes guarantee an optimal occupancy and rapid 

association/dissociation of the complexes. If the complex formation is optimal, the rate 

limiting step of the transfer reactions is the phosphoryl transfer reaction itself and not 

the process of complex formation (Clore et al., 2013). Indeed, kinetic modelling of the 

glucose transport and calculation of the dependency of PTS protein abundance to the 

phosphoryl-flux in E. coli revealed that even in the wildtype under normal fermentation 

conditions the major fraction of the PTS proteins is supposedly complexed (van der 

Vlag, van't Hof et al. 1995; Rohwer, Meadow et al. 2000), which was underlined by the 

polar, substrate dependent localization of the general components (Lopian et al., 2010). 

Increased expression of PTS components is therefore a logical approach to increase the 

activity of the whole system. A linear relationship of activity and enzyme concentration 

was already shown for the PTS in E. coli and S. typhimurium: in vitro studies 

demonstrated that increasing the total concentrations of all PTS components inclusive 

PEP promotes increased phosphoryl-flux through the PTS towards the substrate 

(Rohwer et al., 2000). However, in vivo experiments with S. typhimurium strains 

differentially overexpressing parts of the PTS showed no impact on growth rate or 

phosphorylation of substrate, which is in contrast to the findings presented in this study 

for C. glutamicum (van der Vlag et al., 1995). In detail, variation of EI, HPr or EIIAGlc 

abundance did not alter the S. typhimurium growth rate with glucose compared to the 

wildtype and altered enzyme activities of the different proteins did not influence each 

other. Only the overexpression of ptsG (encoding EIIBCGlc) led to higher uptake rates, 

but no influence on growth rate was reported (Ruyter et al., 1991). Kinetic modelling 

with in vitro data for the E. coli and S. typhimurium PTS proteins indicated that an 

increase of EIIBCGlc can lead to an elevated P-flux only if adjacent metabolic pathways 

or membrane space were not limiting (Rohwer et al., 2000). For E. coli and S. 

typhimurium amounts of EI, HPr and EIIAGlc were found within the saturation of the 

system, which might be different in C. glutamicum as indicated by the above presented 

results. Sub-saturated concentrations of EI and/or HPr may be present in C. glutamicum 

which could be investigated by Western Blot analysis. Interestingly, fluorophore-tagged 

HPr revealed that the amount of HPr is constant in C. glutamicum independent of the 

available C-source (Benevides Martins et al., 2019). This phenomenon was also 

observed for B. subtilis and is viewed as an indication of a transcriptional independent 

regulation of HPr activity (Singh et al., 2008). Also, to this date, no biochemical 
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parameters of the C. glutamicum phosphotransferases are reported. Therefore, allosteric 

regulation of and by the general components of the PTS cannot be excluded. Recent 

publications reported back flux from pyruvate to PEP via EI and allosteric interactions 

of Hpr with non-PTS proteins, which suggests that the phosphoryl-flux in the PTS is 

efficiently auto-regulated, which may also be valid for C. glutamicum (Long et al., 

2017; Rodionova et al., 2017). Adaptive laboratory evolution (ALE) experiments with 

C. glutamicum strains resulted in mutations of genes involved in upper and lower 

glycolysis, namely 1-phosphofructokinase (PfkB1) and pyruvate kinase (Pyk) which not 

only lead to increased expression of ptsG  but also increased glycolytic flux (Pfeifer et 

al., 2017). Mutations in pyk that resulted in reduced activity of the enzyme were hold 

responsible for elevated levels of PEP and increased glucose uptake rates. In addition to 

that, mutations in pfkB1 were assumed to result in a decreased kinase activity and 

increased pools of fructose 1-phosphate that possibly de-repressed genes involved in 

sugar uptake by inactivation of transcriptional regulators like SugR (Gaigalat et al., 

2007, Engels et al., 2008). This however was only shown for ptsG encoding the 

glucose-specific EII-complex. SugR mediated repression however also comprises the so 

called fructose-operon (cg2116 – cg2121) which encodes the genes of the general 

components ptsI and ptsH as well as the gene for the fructose-specific EII-complex 

PtsF. Thus, a de-repression would not only affect ptsG, but the whole PTS cascade 

encoding genes. The described effect on sugar-consumption and growth rate may 

therefore not exclusively go back to increased expression of ptsG alone, but rather 

increased expression of ptsI and ptsH which would fit to the here presented data. The 

increase of PTS proteins presented in this study could also lead to higher levels of 

dephosphorylated PTS proteins, which might imply regulatory effects (Deutscher et al., 

2014). Studies with HPr from E. coli showed that unphosphorylated HPr directly 

interacts with PykF and PfkB, which are direct homologues to Pyk and PfkB from 

C. glutamicum (Rodionova et al., 2017). HPr activates these enzymes by lowering their 

KM value for the respective substrate. In contrast to that however, an HPr-deficient 

C. glutamicum strain demonstrated no influence on the pyruvate kinase when the 

substrate was maltose (Kuhlmann et al., 2015). The secondary functions of HPr thus 

may differ between bacterial species despite their overall high similarity. Limitations 

that come along with the overproduction of the membrane integrated EII-complex PtsG 

could also be associated with effects concerning the amount of active transporters in the 

cells. Therefore, not kinetic parameters of the transport would limit the flux, but factors 

that are involved in the biogenesis of the proteins. 
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4.4 Saturation of membrane insertion leads to soluble EII-complexes 
Two big, unanswered questions of PTS research are whether co-translational membrane 

insertion is the only way that generates active EII-proteins and if there is a limit of 

proteins that can be integrated into the membrane. These problems are not only relevant 

for basic research, but also contribute to the understanding of metabolic engineering 

processes, which often make use of overexpression of transporters (Gosset, 2005). In 

this study, increased production of membrane integrated PTS permeases such as PtsG 

and PtsS did not result in higher growth rates although increased protein production was 

detected via Western Blot analysis, meaning that there is no transcriptional or 

translational limitation. For PtsS, a point of saturation was reached after which no 

further protein was found to be integrated into the membrane and was rather detected in 

the supernatant after ultracentrifugation of C. glutamicum cell free extracts of strains 

producing PtsS at different levels. Similar observations were made for Dendra2-tagged 

PtsG (GD). The occurrence of otherwise membrane embedded EII-proteins in the 

supernatant after ultracentrifugation suggests that solubilized forms of the permeases 

exist (Figure 29). Cytosolic, soluble forms of α-helical integral membrane proteins were 

also reported for the melibiose permease MelB and the lactose permease LacY of 

E. coli as well as for SecY of the translocon complex (Roepe et al., 1989; Ito et al., 

1991). Both LacY and MelB soluble forms were obtained after overproduction and were 

later proven to be independent of preparation procedures (Bogdanov et al., 1998). 

Reconstitution of the proteins into phospholiposomes was possible and resulted in 

active transport of the respective substrates (Roepe et al., 1990). Also for the E. coli 

EII-permeases PtsG, MtlA and ManY that are characterized for the transport of glucose, 

mannitol and mannose, respectively, similar observations were made (Aboulwafa et al., 

2003). Both genomic and plasmid based expression of the E. coli permeases resulted in 

soluble forms that were able to carry out phosphorylation activity. The soluble forms 

were clearly distinguishable in size exclusion experiments, supposedly originates in a 

different phospholipid covering and oligomeric states of the proteins. While the native 

form of PtsGEco is dimeric and integrated into the membrane bilayer, the soluble one is 

only weakly associated with the membrane and monomeric (Aboulwafa et al., 2011). 

The occurrence of C. glutamicum EII-complexes in the soluble, cytosolic fraction after 

ultracentrifugation may have similar reasons as described for E. coli.  
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1) Space limitations within the membrane could lead to a saturation of membrane space 

and thus promote the formation of cytosolic species, which however implicates that 

either co-translational insertion of the proteins is not necessary for their functional 

biogenesis or that the insertion machinery is able to target micelles within the 

cytoplasm. Interestingly, cytosolic forms of PtsG in E. coli were shown to be fully 

functional, indicating a proper fold of the tertiary structure of the protein (Aboulwafa et 

al., 2004). 

2) Competition for the insertion machinery could occur, resulting in the formation of 

soluble forms in the cytoplasm. For E. coli, reports exist that state a limitation of the 

secretion capacity via the Sec-system (Mergulhao et al., 2004) which was described to 

be mainly responsible for the insertion of EII-proteins in this organism. However, 

exacts mechanisms and involved factors of the E. coli Sec-System are not elucidated 

until today and even less knowledge exists about the C. glutamicum Sec-system despite 

the description of the presence of the translocase subunits SecYEGDF/YajC and the 

motor protein SecA (Freudl, 2013).  

3) A limitation of specifically required phospholipids within the membrane could be the 

reason for the formation of cytoplasmic EII-complexes. For eukaryotic cells it is known 

that so called “lipid rafts” exist which consist of specific phospholipids and harbour 

distinct populations of integral membrane proteins (Spira et al., 2012). They were also 

shown to occur in bacteria to some extent and are best described so far for B. subtilis. 

The organisation of these membrane islands is processed by so called flotillins (e.g. 

FloT) which act as chaperones within the lipid rafts and recruit following proteins with 

certain phospholipid requirements (Donovan et al., 2009; Lopez et al., 2010; Lopez, 

2015). The existence of lipid-rafts in C. glutamicum is completely unexplored, but at 

least one flotillin-like protein exists that shares 49 % similarity to FloT of B. subtilis and 

is encoded by the uncharacterized gene cg0752. Interestingly, lipid dependencies were 

shown for the EII-permeases MtlA, ManY, PtsG and FruA of E. coli (Aboulwafa et al., 

2011) as well as for the N-terminal membrane anchor of EIIAGlc in E. coli (Bao et al., 

2013). The phospholipid phosphatidyl glycerol (PG), which makes up 20 % of the 

phospholipid composition in E. coli membranes, was proven to stimulate the activity of 

the transporters and complete loss of sugar transport activity was observed upon PG 

depletion (Aboulwafa et al., 2002). The phospholipid composition of the membrane of 

C. glutamicum is quite different to E. coli as it contains 90 % negatively charged lipids, 

consisting of PG mainly, but here also an influence on the activity of integral membrane 

proteins like BetP was detected (Hoischen et al., 1990; Schiller et al., 2006). These 
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observations become even more interesting with regard to the localization of EII-

proteins that was also investigated in this study (Benevides Martins et al., 2019). The 

EII-permeases PtsG and PtsF were found to localize in membrane embedded foci that 

dynamically adapt their occupancy of membrane space by the presence or absence of 

substrate. This hitherto unknown behaviour of EII-permeases might be part of a 

sophisticated membrane economy as it was postulated earlier for other membrane 

proteins (Zhuang et al., 2011). 

The mechanism behind the formation and the function of cytoplasmic EII-proteins 

remains unclear. Micellar, cytosolic forms of permeases might be natural precursors for 

the bilayer integrated forms. Experiments with E. coli cells inhibited in 

protein-biosynthesis showed a time dependent depletion of the soluble forms, which 

might be due to subsequent fusion of the phospholipid-micelles with the membrane 

(Aboulwafa et al., 2011). For C. glutamicum, interpretation of the here presented results 

remains difficult due to limited knowledge about the insertion mechanism of polytopic 

membrane proteins in this organism and in general. Also, no data was collected on the 

nature of the cytoplasmic EII-forms in C. glutamicum and thus it is unclear whether 

these proteins are active or not.  

4.5 Amphipathic sequences are common motifs in EII-proteins  
The biogenesis and insertion of polytopic membrane proteins in C. glutamicum is a 

largely uninvestigated field. In other bacteria, amphipathic signalling sequences for the 

action of the Sec-system are required for the functional insertion of transporters (Cymer 

et al., 2015). The analysis of amphipathicity and hydrophobicity revealed that several 

amphipathic sequences exist in the C. glutamicum PTS permeases PtsG, PtsS and PtsF. 

In each of these integral membrane proteins, at least one sequence could be identified, 

which supposedly acts as targeting peptide comparable to mitochondrial signalling 

sequences as they are described for the so far best characterized EII-permease MtlA and 

PtsG from E. coli (Werner et al., 1992). Helical-wheel plots of the amphipathic 

stretches of the C. glutamicum permeases revealed a clear distribution of hydrophobic 

and hydrophilic residues which may confer to the formation of α-helical structures. 

These amphipathic structures were shown to be necessary for the membrane insertion of 

MtlA and PtsGEco and are found in many PTS permeases (Yamada et al., 1991). They 

are always positioned in front of the first transmembrane segment (TM) of the protein 

and, in case of soluble domains preceding the first TM, at the end of a flexible linker 

between the soluble and the membrane-integrated domain (Saier et al., 1988; Saier et 

al., 1989). The exact mechanism how these helices are involved in biogenesis and 
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insertion of the permeases is unclear. It is speculated, that the amphipathic structures 

recruit assisting proteins involved in translocation as it is described for mitochondrial 

targeting sequences (Omura, 1998). In all three PTS permeases of C. glutamicum, an 

amphipathic helix was found between the EIIB and EIIC domain. Despite the lack of 

experimental data, the identified sequences are promising targets for the investigation of 

the biogenesis of these proteins and their insertion into the membrane.  

Interestingly, additional amphipathic sequences were detected in the C. glutamicum 

EII-proteins that cannot be associated with any known function. In comparison to PtsG 

from E. coli, where an additional amphipathic helix is found as periplasmic linker of the 

dimerization- and the substrate binding- domain of EIIC (McCoy et al., 2015), the 

C. glutamicum EII amphipathic stretches are found mainly in the linker regions between 

the cytoplasmic EIIA and EIIB subunits and the membrane integrated EIIC subunit. 

Such amphipathic sequences in these regions have not been described for any fused PTS 

permease in other organisms. In PtsG, a clear amphipathic sequence consisting of 22 

amino acids was identified, which is in front of a highly hydrophobic 23 amino acid 

stretch consisting mainly of alanines and glycines. While the alanine-glycine motif 

could be a variation of a so-called Proline-Alanine-linker (PA-linker) (Wu et al., 1990), 

the amphipathic sequence shows similarities to the N-terminal region of EIIAGlc from 

E. coli with regard to amphipathicity and charge distribution. The tail of EIIAGlc  of 

E. coli forms an amphipathic helix that functions as membrane anchor and stabilizes the 

interaction of the protein with EIIBCGlc and the maltose transporter MalK (Wang et al., 

2000; Clore et al., 2013; Wuttge et al., 2016). It is distorted in solution, but structured 

when in contact with phospholipids and its depletion results in loss of 

phosphotransferase activity towards EIIB, although phosphorylation of the residual 

protein via HPr is still possible (Meadow et al., 1986). The amphipathic helix in PtsGCg 

might have a similar function as the membrane anchor in E. coli which is supposed to 

increase the effective local concentration of the soluble EIIAGlc protein at the 

membrane. However, genetic information indicates that PtsGCg is a covalently fused 

EIIBCA complex, making an extra anchoring function dispensable. With regard to the 

above described processing of PtsGCg, that putatively leads to free EIIAGlc- (and 

possibly EIIASuc-) in C. glutamicum, the amphipathic sequence may be set into a new 

light. The amphitropism of EIIGlc would allow an interaction with cytoplasmic and 

membrane localized proteins as it was described for EIIAGlc from E. coli (Wang et al., 

2003; Wuttge et al., 2016). For the other EII-complex in C. glutamicum identification of 

a clearly amphipathic helix between EIIC and EIIA using the available algorithms was 
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not possible, however hydrophobicity and amphipathiciy plots of PtsS show a region 

with increased values directly after the last TM segment.   

 

4.6 Processing of EII-proteins in C. glutamicum 
The great variety of domain orders in the four PTS-families is seen as a sign for the 

evolutionary process behind these diverse systems (Barabote et al., 2005). The manifold 

functions of the bacterial PTS in carbohydrate transport and regulation, the control of 

nitrogen and phosphor metabolism as well as its involvement in chemotaxis and 

virulence (reviewed in (Deutscher et al., 2006; Lengeler et al., 2009; Galinier et al., 

2017) obviously require distinct structural and biochemical properties. Based on 

phylogenetic data, all PTS sugar transporters originate from at least four independent 

sources, but most of the mechanisms are conserved across the superfamilies (McCoy et 

al., 2015). The results of the presented study demonstrate that the domain organization 

of the two glucose-family EII-proteins PtsG and PtsS of C. glutamicum cannot be 

deduced from the genetic information alone. For PtsG, a soluble protein containing the 

EIIAGlc domain with unknown origin was identified as well as a standalone EIIBC 

portion (Figure 30). The EIIAGlc fragment was found in two variants, of which the 

smaller 15-25 kDa was more prominent during cultivation with glucose, while another, 

25 - 35 kDa variant occurred only during cultivation with the non-PTS complex 

medium 2xTY. The two variants were analyzed via mass-spectroscopy which revealed 

that the 15 – 25 kDa fragment misses the above described hydrophobic alanine-glycine 

motif which could indicate substrate dependent processing of PtsG. The 15-25 kDa 

fragment was also observed during cultivation with fructose, which is a PTS-transported 

sugar and low-affinity substrate of PtsG (Moon et al., 2005). The EIIAGlc-proteins were 

found in the supernatant after differential ultracentrifugation and only in smaller extent 

in the membrane pellet, which suggests a predominantly cytoplasmic localization. 

Fluorescence microscopy furthermore showed that the C-terminal, EIIA domain 

containing part of Dendra2 tagged PtsG variants significantly localized in the cytosol in 

vivo while the N-terminal, mCherry tagged part was found to be clearly membrane 

associated. Plasmid based expression seemed to increase the formation of the truncated 

EII species, although they were found in less abundance in the C. glutamicum wildtype. 

The existence of a regulated equilibrium between the different forms in the wildtype, as 

it is described for the cytosolic and membrane embedded species of PtsG from E. coli, 

cannot be excluded (Aboulwafa et al., 2007). The confirmation of truncated EIIBCGlc in 

the C. glutamicum wildtype negates an artefactual origin to some extent, although 
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methods with higher resolution than immunoblotting should be performed to verify the 

results. Neither separate genes for EIIA proteins like in other species exist in 

C. glutamicum, nor transcriptional start sites within the coding sequence of ptsG or ptsS 

have been identified (Kalinowski et al., 2003; Barabote et al., 2005; Pfeifer-Sancar et 

al., 2013). Hence, it was concluded that posttranscriptional processing occurs, 

potentially by unknown proteases as in the case of EIIAGlc in E. coli (Meadow et al., 

1986; Pelton et al., 1991). Specific proteolytic cleavage of 7 amino acids at the 

amphipathic N-terminus of EIIAGlc in E. coli was observed in the native protein and 

occurred upon incubation with cell extracts of E. coli. Interestingly, both forms of 

E. coli EIIAGlc can be phosphorylated, but only the full-length protein is able to catalyze 

transport together with EIIBCGlc (Pelton et al., 1991). Furthermore, interaction of 

EIIAGlc is dependent on the presence of the membrane anchor as it was shown for the 

maltose ABC-transporter MalE-FGK2 in E. coli and the CsrA (carbon storage 

regulator) homologue MshH in Vibrio cholera (Wuttge et al., 2016; Vijayakumar et al., 

2018). 

 

 

Figure 30: Processing of EII-proteins in C. glutamicum. (A) Genetic organization of the encoding gene 
ptsG. (B) Topology model of PtsG indicating the different subunits, linker regions and motifs within the 
linker regions. Green = EIIB domain and amphipathic helix 1 (AH1); Dark blue = Putative dimerization 
domain of PtsG as part of the EIIC domain; Light blue = putative substrate binding domain of PtsG as 
part of the EIIC domain; Yellow = EIIA domain and amphipathic helix 2 (AH2). The alanine-glycine rich 
stretch is shown as letters between AH2 and EIIA. Numbers indicate the amino acid position of the 
depicted motifs.  
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However, processing parameters of E. coli EIIAGlc could not be identified so far and 

also for C. glutamicum specific sites of processing are unknown within PtsG. The 

observation that the EIIBC portion of PtsG remains unprocessed speaks for a specific 

cleavage PtsG in the region between EIIC and EIIA. The linker region between EIIB 

and EIIC has a length of 77 amino acids and is comparably exposed as the linker 

between EIIC and EIIA, which excludes unspecific cleavage during normal degradation 

to some extent as no fragmented EIIB domains were detected during Western Blot 

analysis using EIIB specific antibodies. Also, fluorescence microscopy with N-terminal 

tagged PtsG showed no dispatched EIIB in the cytoplasm (Benevides Martins et al., 

2019). Experiments with artificially disrupted constructs like MBCsGlcAD showed that 

the free EIIAGlc (and EIIASuc) domains in C. glutamicum are active in their primary 

function as phosphoryl-donor as no covalent link between EIIBC and EIIA is necessary 

for their functionality. However, existence of inactive variants that may still be 

phosphorylated but cannot pass on the phosphoryl-moiety cannot be excluded. 

Differential ultracentrifugation showed a comparable distribution of mCherry and 

Dendra2 signal for the double fluorophore PtsG variant MGD and the disrupted PtsG 

variant MBCsGlcADATG that supported comparable growth rates of their respective 

strains (Table 6). Strains harboring the disrupted variant with reduced AD expression 

(MBCsGlcADGTG) however were comparably slowed down, indicating that the amount 

of EII-proteins is important for efficient activity of the system.  

Another analogy of EIIAGlc from C. glutamicum to free EIIA subunits of other bacterial 

species is the putative oligomerization of EIIAGlc based on filtration experiments and 

preliminary bacterial-two-hybrid data for EIIASuc (Da Silva Lameira, 2017). EII 

oligomerization is a common feature of the bacterial PTS and is also expected to occur 

in C. glutamicum (Roossien et al., 1986; Meins et al., 1988; Boer et al., 1996; Hu et al., 

2008). Oligomerization of full-length (EIIBCA, 72 kDa) PtsG would lead to complexes 

larger than 100 kDa, explaining the retention of the 70 and >180 kDa fragments by both 

filters used in the experiments presented in this study. Noticeably, also the EIIAGlc 

fragment (~25 kDa) was found in the retentate of the 50 kDa filter, indicating 

oligomerized states of the protein during the filtration. The fact that a passage of this 

fragment through a 100 kDa MWCO filter was possible denies an unspecific 

aggregation of the protein as this would possibly lead to aggregates >100 kDa. 

However, two possibilities have to be distinguished that do not exclude each other: 

1) EIIAGlc oligomerizes as it was shown for EIIASuc in bacterial-two-hybrid experiments 

(Da Silva Lameira, 2017) or 2) EIIAGlc binds to EIIBCGlc or other proteins of the 

cytosolic fraction in a specific or unspecific way. Concerning the first point, 
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oligomerization of fused EII complexes in other species was only reported to occur via 

the membrane embedded EIIC part of the proteins and no other option was described 

for fused, membrane-spanning EII-complexes so far (Chen et al., 1998; Cao et al., 

2011; McCoy et al., 2015). Oligomerization of full-length PtsG and PtsS in 

C. glutamicum is therefore more likely to occur via EIIC based on structural homologies 

with the dimerization and substrate binding domains of other EII-proteins. EIIA 

dimerization in was only reported when the domain exists as soluble protein as in the 

case of EIIAGlc from E. coli, which favors the theory of free EIIA-proteins in 

C. glutamicum (Nunn et al., 1996; Keyhani et al., 2000; Hu et al., 2008).  

The interaction of EIIAGlc with other proteins implicates that the different states of PtsG 

might have additional functions if there are any beside substrate transport. Indications 

for regulatory functions of PtsG in C. glutamicum were shown by previous works 

discussed above (Petrov, 2015). However, at this point it remains elusive whether fused 

full-length PtsG and PtsS or the truncated variants perform signal reception, 

phosphorylation and translocation. Interestingly it was shown in this study that PtsG and 

PtsS not only interact with each other, but are also able to compensate missing EIIA-

phosphotransferase activity of each other. This observation seems to be true for the 

glucose-family proteins PtsG and PtsS, excluding PtsF, which belongs to the mannitol 

family and is structurally different (Clore et al., 2013; McCoy et al., 2015). Production 

of artificially chimeric variants MBCsGlcPtsS-Rho, MBCsGlcEIIASuc-Rho and 

MBCsGlcPtsF-Flag in C. glutamicum ΔPTS showed that PtsF is not capable of 

compensating the loss of EIIAGlc in contrast to PtsS.  

For the C. glutamicum wildtype it was shown via mutational experiments using toxic 2-

deoxyglucose that the interaction of PtsG and PtsS is of relevance in vivo and not biased 

due to plasmid-born expression. However, interaction of full-length PtsG with full-

length PtsS and vice versa appears complicated. Stable oligomers of PtsG (or PtsS) 

would make it difficult to access functional residues for another monomeric protein or 

dimer due to sterical hindrance. The fused BCA complexes are assumed to form tightly 

embraced dimers as it was suggested after crosslinking of E. coli BglF, which shares a 

similar domain architecture to PtsG and PtsS from C. glutamicum (Yagur-Kroll et al., 

2009). In other species with several distinct EII-complexes, compensation of the EIIA 

domain was shown, but in all cases the phosphoryl acceptor consisted of the EIIBC 

portion as in the case of B. subtilis (Vogler et al., 1988; Sutrina et al., 1990; Morabbi 

Heravi et al., 2018). In this study, it was shown for C. glutamicum that the interaction 

occurs in the wildtype and that PtsG variants with inactivated EIIA domains (PtsGH602A) 

can be complemented although they supposedly still have the EIIBCA architecture.  
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The described observations indicate several putative scenarios of which the most 

relevant are depicted in Figure 31. Heterodimers of truncated full-length (EIIBCA) or 

truncated (EIIBC) PtsG and PtsS could exist, which however leads to the assumption 

that the specificity of the proteins to oligomerize is the same for each scenario and that 

populations of the transporters exist as monomers. This can be promoted by the 

existence of monomeric EII-complexes that form hetero-oligomers upon induction by a 

specific signal.  Expulsion of an EIIBCAGlc monomer from a dimer by an EIIBCASuc 

monomer for the interaction appears unlikely, but may occur if the affinity towards each 

other is the same. As it was indicated in this study that PtsG (and PtsS) undergoes 

posttranscriptional processing, it appears likely that detached EIIA subunits of PtsG 

(and PtsS) exist (e.g. in an EIIA-pool as depicted in Figure 31) that can interact freely 

with membrane embedded EIIBC portions of the transporters. The mutual catalysis of 

phosphotransfer towards EIIBGluc and EIIBSuc may be beneficial in terms of changing 

environmental conditions or preferential use of certain substrates (Somavanshi et al., 

2016) and could promote the co-utilization of different carbon sources without diauxic 

growth phenomenon (Wendisch et al., 2000; Nentwich et al., 2009; Krause et al., 2010; 

Uhde et al., 2016). The existence of different forms of PtsG and PtsS may also play a 

role in the regulation of other proteins as it was shown extensively for other free EIIA 

proteins (Deutscher et al., 2006; Lengeler et al., 2009; Deutscher et al., 2014; Galinier 

et al., 2017).  
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4.7 Putative interaction partners of PtsG in C. glutamicum 
Protein-protein interactions beside transport are a common trait of the PTS in other 

bacteria and led to the manifold varieties of the PTS components (Deutscher et al., 

2014). As described above, several regulatory functions arise from direct interaction of 

PTS proteins with other proteins such as inhibition of transport of non-PTS substrates 

(inducer exclusion) or the sequestration of transcriptional regulators to the membrane 

(Hogema et al., 1998; Nam et al., 2001; Plumbridge, 2002; Seitz et al., 2003; Tanaka et 

al., 2004; Joyet et al., 2013).  For C. glutamicum however, only indications of 

secondary function of the PTS exist, like the involvement of HPr in the regulation of 

maltose uptake (Kuhlmann et al., 2015) and the above described rapid inhibition 

phenomenon (Petrov, 2015).  

In this study, pulldown experiments using the above described EIIAGlc fragment were 

performed to identify putative interaction partners. Several bands were detectable after 

analysis via SDS-PAGE of which the most prominent were subjected to Mass 

spectrometry. The experiment was performed with EIIAGlc that occurred during 

cultivation with glucose or 2xTY (Figure 30, Figure 32).  

For the 2xTY derived fragment two transcriptional regulators were found to be 

prominent in the analysed fractions: GlxR is a CRP (cAMP receptor protein) 

homologue, activated by cAMP (Townsend et al., 2014; Schulte et al., 2017), which is 

involved in the regulation of numerous genes in C. glutamicum (Kohl et al., 2009). 

Deletion of the glxR gene resulted in severe growth defects, but indicated that GlxR is a 

main regulator of carbon metabolism in C. glutamicum (Park et al., 2010). The absence 

of the transcriptional regulator relieved the repression of glutamate uptake in the 

presence of glucose, albeit exact mechanisms behind its regulation are not fully 

understood. Interaction of PtsG or EIIAGlc with GlxR appears especially interesting with 

regard to its cAMP depending activation. cAMP is a small signalling molecule that is 

synthesized by adenylate cyclases (Botsford et al., 1992). The adenylate cyclase of 

E. coli was shown to be directly regulated by free, unphosphorylated EIIAGlc indicating 

that cAMP levels are tightly interconnected with the PTS of this organism (Görke et al., 

2008). C. glutamicum possesses one adenylate cyclase named CyaB and a respective 

phosphodiesterase CpdA (Cha et al., 2010; Schulte et al., 2017; Schulte et al., 2017). 

The cAMP levels in C. glutamicum are connected with the modulation of activity of 

GlxR and are prone to in vivo changes. Kim et al. observed increased cAMP levels 

during growth on glucose compared to growth on acetate (Kim et al., 2004). 

Additionally, cAMP levels seem to change between exponential and stationary growth 

phase. The exact background of cAMP mediated regulation thus remains unclear and in 



86  Discussion 
 
consequence also the concrete impact on GlxR mediated repression. A putative direct 

interaction of GlxR with the glucose transporter PtsG or its EIIA domain could however 

indicate a direct influence of PtsG on CCR (carbon catabolite repression). Direct 

interaction partners of PtsG are unknown so far and also GlxR was yet only described to 

interact with the serine protease SprA, which is involved in GlxR degradation (Hong et 

al., 2014). As His-tagged, active variants of GlxR and PtsG/EIIAGlc exist (Townsend et 

al., 2014), protein interaction studies might be a feasible prospect for future studies.  

Another transcriptional regulator that was found via pulldown assay with 2xTY derived 

EIIAGlc was the uncharacterized gene product of cg0139 (Figure 32). Sequence 

alignment showed 46 % similarity to GlcR, a DeoR-type transcriptional regulator of 

B. subtilis that is involved in CCR and regulates the expression the levanase operon in 

presence of glucose (Stülke et al., 2001). However, mode of action and the exact 

regulon of GlcR in B. subtilis are still unclear. Gain-of-function variants of GlcR were 

described to regulate ptsG expression, but disruption of the glcR gene had no effect 

(Stülke et al., 2001). Interestingly, sugar-phosphate stress was found to elevate the 

expression of the glcR-operon (Morabbi Heravi et al., 2019). The indications that 

Cg0139 might be involved in carbon metabolism in C. glutamicum could make it a 

novel player in CCR and a feasible target for future investigations. The question 

remains how the interaction of PtsG/EIIAGlc takes place in vivo. In case of soluble 

EIIAGlc, protein interactions can simply occur in the cytoplasm as it is the case in E. 

coli. However, both GlxR and Cg0139 could interact with PtsG in a similar fashion as it 

is described for Mlc in E. coli, which is sequestered to the membrane associated EIIB 

domain of PtsG and subsequently loses its activity (Nam et al., 2008). The interaction of 

Mlc with EIIB is dependent on the phosphorylation state of the latter.  

 

 

Figure 32: Identification of putative interaction partners of EIIAGlc of PtsG in C. glutamicum. 
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Another protein that was identified as putative interaction partner of PtsG in 

C. glutamicum after cultivation with 2xTY is the RNAse adapter protein RapZ, which is 

completely uncharacterized in C. glutamicum. RapZ of E. coli mediates the presenting 

of the regulatory RNA GlmZ to the ribonuclease RNase E for inactivation and is 

involved in the regulation of amino-sugar metabolism (Gonzalez et al., 2017). The two 

small RNAs (sRNA) GlmY and GlmZ control the synthesis of the glucosamine 6-

phosphate synthase GlmS by base-pairing to the mRNA and thus promotion of 

translation and stability of the transcript. In accordance with glucosamine 6-phosphate 

abundance, RapZ binds to GlmZ and recruits RNase E for subsequent degradation, 

which leads to decreased GlmS synthesis (Gopel et al., 2013). In C. glutamicum no 

homologues to GlmY or GlmZ are found which renders the action of RapZ in 

aminosugar regulation elusive. Recent studies revealed the presence of hundreds of 

sRNAs in C. glutamicum, of which only few are characterized (Mentz et al., 2013). 

Within the large group of identified sRNA, only the antisense transcript of SugR 

appears to be related to sugar metabolism and uptake due to its regulatory function for 

the PTS genes. However, involvement of RapZ and a possible interaction with 

PtsG/EIIAGlc are highly speculative due to the lack of data. 

For the glucose-derived EIIAGlc fragment PfkA, an ATP-dependent 

6-phosphofructokinase was co-purified. This finding is noteworthy because PfkA is a 

central metabolic enzyme responsible for the phosphorylation of fructose 6-phosphate 

to fructose 1,6-bisphosphate during glycolysis. So far, no interaction of PfkA with 

proteins of the PTS was shown hitherto in any other organism. On the other hand, HPr 

in E. coli interacts with PykF and PfkB based on its phosphorylation state and lowers 

the KM for the respective substrate (Rodionova et al., 2017). A comparable mechanism 

could be present for a putative interaction of free EIIA with PfkA during growth on 

glucose. However, without experimental data and verification of the interaction, 

attributed functions of this interaction remain speculative. As future prospect, 

phosphorylated EIIAGlc-His and dephosphorylated PtsG-His (e.g. EIIAGlcH602A-His) 

could be purified and used for co-purification experiments.
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6. Appendix 
 

Table 6: Growth rates of the C. glutamicum wildtype, deletion mutants and strains carrying plasmids as 
indicated, (-) stands for the empty vector. Left column indicates growth rates obtained from growth with 
glucose as sole carbon source, right column from growth with sucrose. All constructs were expressed 
from IPTG inducible plasmids (pEKEx2, pOGOduet). For the cultivations, 50 µg/mL kanamycin, 0.1 mM 
IPTG and 1 % substrate were added to CGXII minimal medium. Growth rates were calculated from 
exponentially growing cells. n.d. = not detectable    

Glucose Sucrose 

Strain Construct Growth rate (1/h) Strain Construct Growth rate (1/h) 
WT - 0.38 ± 0.01 WT - 0.48 ± 0.01 

ΔptsG - 0.03 ± 0.02 ΔptsS - n.d. 
 PtsG-His 0.37 ± 0.01  PtsS-Rho 0.47 ± 0.01 
 PtsGC28A 0.01 ± 0.01  MS 0.40 ± 0.01 
 PtsGH602A 0.05 ± 0.02  MBCsSuc 0.30 ± 0.02 
 MBCsGlc 0.05 ± 0.00  
 GD 0.24 ± 0.02  
 MG 0.18 ± 0.01  
 MGD 0.20 ± 0.01 
 MBCsGlcADATG 0.18 ± 0.01 
 MBCsGlcADGTG 0.08 ± 0.02 
 MBCsGlc477L3EIIAGlc528 0.28 ± 0.01 
ΔPTS - n.d. ΔPTS - n.d. 
 MBCsGlc n.d.  MBCsSuc n.d. 
 MBCsGlcADATG 0.16 ± 0.03 
 MBCsGlcASuc 0.15 ± 0.02 
 MBCsGlcPtsS 0.16 ± 0.02 
 MBCsGlc477L3EIIAGlc528 0.14 ± 0.02  
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Figure 33: Schematic overview on different PtsG and PtsS constructs. Start-codons are 
indicated in green as ATG or GTG; stop-codons are indicated in red as TAA. Black bars 
indicate PtsG/PtsS EII-domains according to genetic annotations. Green arrows indicate 
translationally fused Dendra2; red bars/arrows indicate translationally fused mCherry; blue 
arrows indicate Flag-tagged PtsF; purple arrows indicate Rho1D4-tagged PtsS or Rho1D4-
tagged subunit EIIASuc. Shaded bars indicate artificially introduced linker L3. (A) PtsG-Dendra2 
(GD). (B) mCherry-PtsG (MG). (C) mCherry-PtsG-Dendra2 (MGD). (D) MBCsADATG and 
MBCsADGTG. (E) MBCsGlc. (F) MBCsPtsF-Flag. (G) MBCsPtsS-Rho. (H) MBCsEIIASuc. 
(I) MBCsSuc. (J) MBCsGlc477L3EIIAGlc528. 

EIIBGluc EIICGluc EIIAGlc Dendra2

EIIBGluc EIICGluc EIIAGlc Dendra2mCherry

EIIBGluc EIICGluc EIIAGlcmCherry

A

B

C

D

F

G

H

EIIBGluc EIICGlucmCherry PtsF-Flag

EIIBGluc EIICGlucmCherry PtsS-Rho

EIIBGluc EIICGlucmCherry EIIASuc-Rho

EIIBGluc EIICGlucmCherry Dendra2EIIAGlc

EIIBGluc EIICGlucmCherryE

EIIBSuc EIICSucmCherryI

EIIBGluc EIICGluc EIIAGlc-His(6x)mCherryJ L3
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Figure 34: Fluorescence microscopy of C. glutamicum ΔptsG (pEKEx2_GD) cells producing 
Dendra2-tagged PtsG. Cells were prepared for microscopy at the indicated hours of cultivation 
in CGXII minimal medium supplemented with 50 mM glucose and 50 µg/mL kanamycin. 
Upper row shows phase pictures, Dendra2 pictures are shown in the second row. 

 

 

Figure 35: Amino acid sequence of PtsG from C. glutamicum. EII-domains and the alanine-
glycine rich stretch in the EIIC-EIIA linker region are colored as indicated above. 

 

 

 

 

 

MASKLTTTSQHILENLGGPDNITSMTHCATRLRFQVKDQSIVDQQEIDSDPSVLGVVPQG
STGMQVVMGGSVANYYQEILKLDGMKHFADGEATESSSKKEYGGVRGKYSWIDYAFEFLS
DTFRPILWALLGASLIITLLVLADTFGLQDFRAPMDEQPDTYVFLHSMWRSVFYFLPIMV
GATAARKLGANEWIGAAIPAALLTPEFLALGSAGDTVTVFGLPMVLNDYSGQVFPPLIAA
IGLYWVEKGLKKIIPEAVQMVFVPFFSLLIMIPATAFLLGPFGIGVGNGISNLLEAINNF
SPFILSIVIPLLYPFLVPLGLHWPLNAIMIQNINTLGYDFIQGPMGAWNFACFGLVTGVF
LLSIKERNKAMRQVSLGGMLAGLLGGISEPSLYGVLLRFKKTYFRLLPGCLAGGIVMGIF
DIKAYAFVFTSLLTIPAMDPWLGYTIGIAVAFFVSMFLVLALDYRSNEERDEARAKVAAD
KQAEEDLKAEANATPAAPVAAAGAGAGAGAGAAAGAATAVAAKPKLAAGE
VVDIVSPLEGKAIPLSEVPDPIFAAGKLGPGIAIQPTGNTVVAPADATVILVQKSGHAVALRLD
SGVEILVHVGLDTVQLGGEGFTVHVERRQQVKAGDPLITFDADFIRSKDLPLITPVVVSNAA
KFGEIEGIPADQANSSTTVIKVNGKNE

EIIB
EIIC
EIIA
Alanine-Glycine rich motif
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ΔiolT2 ΔmtlD, C. glutamicum ΔptsF ΔptsG ΔiolT1 ΔiolT2 ΔmtlD ΔsugR as well as the 

plasmids pK19mobsacB-mtlD, pK19mobsacB-ptsF, pK19mobsacB-ptsG and 

pXMJ19_ptsS during her doctoral thesis (Brühl, 2015). Furthermore Natalie Rosenfeldt 

performed the analysis of extracellular fructose concentrations, quantification of ptsS-

mRNA levels and radioactive uptake measurements during her doctoral thesis (Brühl, 

2015).  All other experiments were performed in the course of the present doctoral 

thesis and the manuscript was prepared. 
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