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Summary III 

Summary 

In Corynebacterium glutamicum and many other actinobacteria, the 2-oxoglutarate 

dehydrogenase complex (ODH), a key enzyme of the tricarboxylic acid cycle, differs from well-

known representatives by an unusual E1 subunit (OdhA), which is fused with the 

succinyltransferase domain usually present in a separate E2o subunit. Therefore, OdhA 

requires the lipoyl groups of the E2p protein (AceF) of the pyruvate dehydrogenase complex 

(PDH) for transferring the succinyl group to coenzyme A. As a consequence, ODH forms a 

hybrid complex with PDH, composed of the four proteins OdhA, AceE (E1p), AceF, and Lpd 

(E3). Another unusual feature of ODH in C. glutamicum and other actinobacteria is its 

regulation by the 15-kDa protein OdhI, which contains a forkhead-associated (FHA) domain 

known to bind phospho-threonine epitopes. In its unphosphorylated state, OdhI binds to OdhA 

with nM affinity and inhibits ODH activity. Phosphorylation of OdhI by the soluble 

serine/threonine protein kinase PknG triggers a conformational change of OdhI that prevents 

its interaction with OdhA and thereby abolishes the inhibition of ODH activity. 

Dephosphorylation of phosphorylated OdhI is catalyzed by the phospho-serine/threonine 

protein phosphatase Ppp. Previous studies suggested that PknG activity is controlled by the 

periplasmic binding protein GlnH and the transmembrane protein GlnX, whose genes form an 

operon with pknG.  

The major part of this thesis focused on the characterization of GlnH and GlnX. Isothermal 

titration calorimetry (ITC) with purified GlnH protein identified L-aspartate and L-glutamate as 

ligands bound with high µM to low mM affinity. For the GlnH homolog of Mycobacterium 

tuberculosis, much higher affinities in the low µM range were reported, triggering the question 

of the reason for this large difference. Comparison of a C. glutamicum GlnH structural model 

with the crystal structure of M. tuberculosis GlnH enabled the identification of differences in the 

ligand binding site. The relevance of two of the identified amino acid residues for the ligand 

binding affinity was confirmed by showing that their exchange in C. glutamicum GlnH to the 

corresponding residues in M. tuberculosis GlnH caused an up to a 6-fold increase in the 

binding affinity for L-aspartate and L-glutamate. In this case, the affinities were determined by 

measuring changes in the intrinsic tryptophan fluorescence. The topology of the membrane 

protein GlnX was analyzed using several GlnX variants fused with either alkaline phosphatase 

or β-galactosidase as markers for periplasmic and cytoplasmic localization. The results 

confirmed the predicted topology with N- and C-terminus located in the cytoplasm, four 

transmembrane helices, and two large periplasmic domains. Together with a GlnX structural 

model created by cooperation partners, these results suggested that PknG gets activated 

when GlnH senses external L-aspartate or L-glutamate and transmits this information to PknG 

via GlnX, which is assumed to interact in the periplasm with GlnH and in the cytoplasm with 

PknG. Active PknG relieves the inhibition of ODH activity by OdhI by phosphorylating OdhI. In 
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this way, carbon flux at the 2-oxoglutarate node is adapted to the presence of the external 

amino donors L-aspartate and L-glutamate.  

In addition to characterizing the GlnH and GlnX proteins, the intracellular localization of OdhI 

was analyzed by fluorescence microscopy of an OdhI-mVenus fusion protein, which showed 

that OdhI in the wild type is localized in its unphosphorylated form at the poles of the cell or 

the cell division site. In contrast, OdhI-mVenus was almost homogeneously distributed in the 

cytoplasm in a strain lacking the phosphatase Ppp. In this strain, OdhI is almost completely 

phosphorylated. Additional analyses confirmed the localization results for OdhI. Furthermore, 

the composition and activity of the hybrid PDH-ODH complex were analyzed by co-purification 

experiments and in vivo interaction tests of OdhA variants.  

 

Zusammenfassung 
In Corynebacterium glutamicum und vielen anderen Actinobakterien unterscheidet sich der 

2-Oxoglutarat-Dehydrogenase-Komplex (ODH), ein Schlüsselenzym des Tricarbonsäure-

zyklus, von bekannten Vertretern durch eine ungewöhnliche E1-Untereinheit (OdhA), die mit 

der normalerweise in einer separaten E2o-Untereinheit vorliegenden Succinyltransferase-

Domäne fusioniert ist. Daher benötigt OdhA die Lipoylgruppen des E2p-Proteins (AceF) des 

Pyruvat-Dehydrogenase-Komplexes (PDH) für die Übertragung der Succinylgruppe auf 

Coenzym A. Infolgedessen bildet ODH einen Hybridkomplex mit PDH, der aus den vier 

Proteinen OdhA, AceE (E1p), AceF und Lpd (E3) besteht. Eine weitere Besonderheit der ODH 

in C. glutamicum und anderen Actinobakterien ist ihre Regulierung durch das 15-kDa-Protein 

OdhI, das eine FHA-Domäne (forkhead-associated) enthält, von der bekannt ist, dass sie 

Phosphothreonin-Epitope bindet. In seinem unphosphorylierten Zustand bindet OdhI mit nM 

Affinität an OdhA und hemmt die ODH-Aktivität. Die Phosphorylierung von OdhI durch die 

lösliche Serin/Threonin-Proteinkinase PknG löst eine Konformationsänderung von OdhI aus, 

die seine Interaktion mit OdhA verhindert und dadurch die Hemmung der ODH-Aktivität 

aufhebt. Die Dephosphorylierung von phosphoryliertem OdhI wird durch die Phospho-

Serin/Threonin-Proteinphosphatase Ppp katalysiert. Frühere Studien legten nahe, dass die 

Aktivität von PknG durch das periplasmatische Bindeprotein GlnH und das 

Transmembranprotein GlnX kontrolliert wird, deren Gene ein Opreon mit pknG bilden.  

 Der Hauptteil dieser Arbeit konzentrierte sich auf die Charakterisierung von GlnH und 

GlnX. Durch isothermale Titrationskalorimetrie (ITC) mit gereinigtem GlnH-Protein wurden 

L-Aspartat und L-Glutamat als Liganden identifiziert, die mit hoher µM- bis niedriger mM-

Affinität gebunden werden. Für das GlnH-Homolog von Mycobacterium tuberculosis wurden 

wesentlich höhere Affinitäten im niedrigen µM-Bereich berichtet, was die Frage nach dem 

Grund für diesen großen Unterschied aufkommen ließ. Der Vergleich eines Strukturmodells 

von C. glutamicum GlnH mit der Kristallstruktur von M. tuberculosis GlnH ermöglichte die 
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Identifizierung von Unterschieden in der Ligandenbindungsstelle. Die Bedeutung von zwei der 

identifizierten Aminosäurereste für die Bindungsaffinität wurde bestätigt, indem gezeigt wurde, 

dass ihr Austausch in C. glutamicum GlnH gegen die entsprechenden Reste von 

M. tuberculosis GlnH eine bis zu 6-fache Erhöhung der Bindungsaffinität für L-Aspartat und 

L-Glutamat bewirkt. In diesem Fall wurden Affinitäten durch Veränderungen der intrinsischen 

Tryptophanfluoreszenz bestimmt. Die Topologie des Membranproteins GlnX wurde mittels 

mehrerer GlnX-Varianten analysiert, die entweder mit alkalischer Phosphatase oder β-

Galactosidase als Marker für eine periplasmatische bzw. cytoplasmatische Lokalisation 

fusioniert waren. Die Ergebnisse bestätigten die vorhergesagte Topologie mit N- und C-

Terminus im Zytoplasma, vier Transmembranhelices und zwei großen periplasmatischen 

Domänen. Zusammen mit einem von Kooperationspartnern erstellten GlnX-Strukturmodell 

deuten die Ergebnisse darauf hin, dass PknG aktiviert wird, wenn GlnH externes L-Aspartat 

oder L-Glutamat detektiert und diese Information über GlnX an PknG weitergibt. GlnX sollte 

dabei im Periplasma mit GlnH und im Zytoplasma mit PknG interagieren. Aktives PknG hebt 

die Hemmung der ODH-Aktivität durch Phosphorylierung von OdhI auf. Auf diese Weise kann 

der Kohlenstofffluss am 2-Oxoglutarat-Knotenpunkt an die Anwesenheit der externen Amino-

donatoren L-Aspartat und L-Glutamat angepasst werden.  

Neben der Charakterisierung der Proteine GlnH und GlnX wurde auch die intrazelluläre 

Lokalisation von OdhI durch fluoreszenzmikroskopische Untersuchungen eines OdhI-

mVenus-Fusionsproteins analysiert. Dabei zeigte sich, dass OdhI im Wildtyp in seiner 

unphosphorylierten Form an den Polen der Zelle bzw. in der Zellteilungsebene lokalisiert ist. 

Dagegen war das OdhI-mVenus-Protein in einem Stamm ohne die Phosphatase Ppp 

annähernd homogen im Cytoplasma verteilt. In diesem Stamm liegt OdhI nahezu vollständig 

phosphoryliert vor. Die Lokalisierungsergebnisse für OdhI wurden durch weitere Analysen 

bestätigt. Weiterhin wurde die Zusammensetzung und Aktivität des hybriden PDH-ODH-

Komplexes durch Co-Reinigungsversuche und in vivo-Interaktionstests von OdhA-Varianten 

analysiert.   
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Abbreviations 
2D two-dimensional 
Δ deletion 
a.u. arbitrary units 
ATCC american type culture collection 
ATP adenosine triphosphate 
bp base pairs 
BHI(S) brain heart infusion ( with sorbitol) 
CGXII C. glutamicum bufferd defined salt medium 
C-terminus carboxy-terminal end of a peptide/protein 
CoA coenzyme A 
cryo-EM cryogenic electron microscopy 
Da Dalton 
DNA desoxyribonucleic acid 
DCPIP 2,6-dichlorophenolindophenol 
DSP di‐thiobis(succinimidyl propionate) 
et al. et alii 
FAD flavin adenine dinucleotide 
FHA forkhead-associated 
GDH glutamate dehydrogenase 
GOGAT glutamate 2-oxoglutarate aminotransferase 
GST glutathione-S-transferase 
HEPES 4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid 
IPTG isopropyl-β-D-thiogalactopyranoside 
ITC isothermal titration calorimetry 
KanR  kanamycin resistance 
KD; Ki; Km dissociation constant; inhibitor constant; Michaelis-Menten constant 
L laevus, L-configuration (amino acid) 
LB  lysogeny broth  
LBD lipoyl binding domain  
N-terminus amino-terminal end of a peptide/protein 
NAD+/NADH nicotinamide adenine dinucleotide, oxidized/reduced 
NADP+/NADPH nicotinamide adenine dinucleotide phosphate, oxidized/reduced 
NMR nuclear magnetic resonance 
MBP maltose binding protein 
mRNA  messenger RNA 
MST microscale thermophoresis 
OD600  optical density at 600 nm 
ODH 2-oxoglutarate dehydrogenase complex 
PASTA penicillin-binding protein and serine/threonine kinase-associated 
PCR polymerase chain reaction 
PBS phosphate-buffered saline 
PDH pyruvate dehydrogenase complex 
PSBD peripheral subunit binding domain 
PTM post-translational modification 
RBS ribosome binding site 
RNA ribonucleic acid 
SDS-PAGE sodium dodecyl sulfate poly acrylamide gel electrophoresis 
SPR surface plasmon resonance 
STPK serine/threonine protein kinase 
SUMO small ubiquitin-related modifier 
TCA tricarboxylic acid 
TCS two-component system 
TEV Tabaco etch virus 
TMAE tris(2-maleimidoethyl)amine 
TPR tetratricopeptide repeat 
TMD transmembrane domain 
TPP thiamine pyrophosphate 
U Unit (µmol/min) 
wt wild type 
w/v; v/v weight per volume; volume per volume 
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1. Introduction 
1.1. The actinobacterium Corynebacterium glutamicum 

Actinobacteria are one of the largest and diverse bacterial phyla, containing the six classes 

Actinobacteria, Acidimicrobiia, Coriobacteriia, Nitriliruptoria, Rubrobacteria, and 

Thermoleophilia, whereby over 80 % of the more than 50 families are grouped in the class 

Actinobacteria (Barka et al., 2016, Gao and Gupta, 2012). This class includes human 

pathogens like Mycobacterium tuberculosis and Corynebacterium diphtheriae as well as 

inhabitants of the gastrointestinal tract like Bifidobacterium species (Ventura et al., 2007). 

Furthermore, many biotechnologically relevant strains like Streptomyces species, known as 

an original source of most antibiotics and other secondary metabolites (de Lima Procópio et 

al., 2012, Lacey and Rutledge, 2022), and Corynebacterium glutamicum, used for large-scale 

production of amino acids (Eggeling and Bott, 2005), belong to this class.   

C. glutamicum is a non-pathogenic, facultative anaerobic, biotin-auxotrophic, Gram-positive 

soil bacterium first isolated in Japan in 1956 as a natural glutamate producer (Kinoshita et al., 

1957, Abe et al., 1967). Today it is used for the industrial production of glutamate and lysine, 

used as food and feed additives, respectively (Wendisch et al., 2016, Eggeling and Bott, 2015). 

Besides this, C. glutamicum evolved into an industrial-relevant production strain for more than 

70 different compounds (Becker et al., 2018). The product spectrum ranges from bulk 

chemicals such as lactate or succinate (Tsuge et al., 2015, Kogure and Inui, 2018) and biofuels 

such as isobutanol (Blombach et al., 2011, Smith et al., 2010) to high-value compounds such 

as the food flavor raspberry ketone or scyllo-inositol, a drug-candidate in Alzheimer's disease 

(Milke et al., 2020, Ramp et al., 2021, Wolf et al., 2021).  The wide expansion of its 

biotechnological use was supported by the high robustness of C. glutamicum towards toxic 

compounds, which is at least partially enabled by the special composition of the 

corynebacterial cell envelope. Besides the cytoplasmic membrane, the corynebacterial cell 

envelope is formed by a thick arabinogalactan–peptidoglycan polymer, which is covalently 

linked to an outer lipid layer, mainly consisting of mycolic acids and derivatives thereof. This 

results in an outer membrane-like structure similar to the cell envelope of Gram-negative 

bacteria (Bayan et al., 2003). Furthermore, the availability of the entire genome sequence 

(Ikeda and Nakagawa, 2003, Kalinowski et al., 2003) and its GRAS (generally recognized as 

safe) status enabled an extensive investigation of the metabolism and the regulatory functions 

and made C. glutamicum not only interesting as a production host, but also as a model 

organism for the related human pathogens M. tuberculosis and C. diphtheria, which all belong 

to the order Corynebacteriales. To further improve biotechnological applications as well as 

knowledge of actinobacterial specificities as potential targets for pharmaceutical treatment and 

drug design, detailed knowledge of metabolic pathways and the underlying regulatory 

mechanisms is still an important field in corynebacterial research.  
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1.2. Unique features of the corynebacterial hybrid PDH-ODH complex 

2-oxoglutarate dehydrogenase (ODH) and pyruvate dehydrogenase (PDH) are key enzymes 

of central carbon metabolism and belong to the group of α-ketoacid dehydrogenases, which 

are known to form large complexes and generate the high-energy compounds succinyl-CoA 

and acetyl-CoA by oxidative decarboxylation of their substrates, with concomitant reduction of 

NAD+ to NADH  (nicotinamide adenine dinucleotide) (Perham, 2000, Patel et al., 2014). PDH 

and ODH typically consist of three different subunits E1, E2, and E3. E1p and E1o catalyze 

the TPP (thiamine pyrophosphate)-dependent oxidative decarboxylation of pyruvate or 

2-oxoglutarate, respectively, and the corresponding acyl groups are transferred by the 

dihydrolipoyl acyltransferases E2p and E2o to its lipoyl group, which is attached to lysine 

residues of the E2 subunits. The third subunit, E3 is a dihydrolipoyl dehydrogenase that 

generates NADH by catalyzing the FAD (flavin adenine dinucleotide)-dependent reoxidation 

of the E2 dihydrolipoamide group to lipoamide (Bott and Eikmanns, 2013).   

These α-ketoacid dehydrogenases build very large complexes (~10 MDa) with a common 

molecular architecture, where the E2 subunit, consisting of the N-terminal lipoyl binding 

domains (LBD), followed by a peripheral subunit binding domain (PSBD) and the C-terminal 

acyltransferase domain, builds a core connecting the three different subunits by the interaction 

of E1 and E3 with E2 PSBD or the E2 acyltransferase domain (Perham, 1991, Perham, 2000). 

While E1 and E3 form homodimers, the catalytically active state of E2 is a homotrimer. This 

homotrimer builds higher oligomeric states by intermolecular trimer-trimer interactions leading 

to an assembly of up to 60 E2 molecules, which was first observed for the crystal structure of 

the Azotobacter vinelandii E2 protein, and whereby the number of subunits depends on the 

complex as well as on the species (Mattevi et al., 1992, Perham, 2000, Izard et al., 1999).  

In most organisms the E1 and E2 subunits of ODH and PDH are independent enzymes, while 

the E3 subunit is often shared between ODH and PDH (Schwinde et al., 2001). In 

C. glutamicum, however, the ODH E1 subunit (E1o), OdhA, was found to be fused to the 

succinyltransferase domain of E2, while an independent E2o subunit is missing (Fig. 1A) 

(Usuda et al., 1996). In this case, E1o possesses 2-oxoglutarate decarboxylase and 

transsuccinylase activity, while AceE (E1p) shows only pyruvate decarboxylase activity, and 

AceF (E2p) conducts transacetylase activity (Hoffelder et al., 2010). This unusual domain 

structure of E1o was also observed in Mycolicibacterium smegmatis and occurs in most 

members belonging to the class of Actinobacteria (Fig. 1B) (Wagner et al., 2011, Bruch et al., 

2021).   

Purification of a Strep-tagged OdhA (E1o) variant from C. glutamicum led to the co-purification 

of E2p (AceF), E1p (AceE), and E3 (Lpd) and, vice versa, purification of a Strep-tagged variant 

of AceE (E1p) showed co-purification with E1o, E2p, and E3, which led to the assumption of a 

hybrid PDH-ODH complex in C. glutamicum (Niebisch et al., 2006). In subsequent studies, 
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analysis of C. glutamicum strains lacking AceF or OdhA and enzyme assays with purified 

proteins proved that the corynebacterial ODH requires the lipoyl binding domains of AceF 

(E2p) to enable the transfer of the succinyl group to CoA (Fig. 1C), showing a physiological 

relevance of the occurrence of a hybrid PDH-ODH complex in C. glutamicum (Hoffelder et al., 

2010). The presence of the hybrid complex, at the same time being responsible for the carbon 

flux from glycolysis into the tricarboxylic acid (TCA) cycle as well as in the TCA cycle itself, 

was recently confirmed by analytical ultracentrifugation experiments (Kinugawa et al., 2020). 

In addition, this study revealed that the PDH-ODH complex is much smaller than the 

corresponding dehydrogenase complex of Escherichia coli (Kinugawa et al., 2020). This 

difference in size can be explained by a specific structural feature of the E2 subunit. As 

described for α-ketoacid dehydrogenase complexes of several species, C. glutamicum AceF 

also forms catalytically active homotrimers, but these trimers cannot form higher oligomeric 

states (Bruch et al., 2021). The formation of trimer-trimer interactions is mediated by a 

conserved C-terminal 310-hydrophobic helix of the E2 protein enabling intermolecular 

symmetric interactions (Izard et al., 1999). While the overall structure of the C. glutamicum E2 

protein was similar to those described in the literature for other organisms such as A. vinelandii 

and the active site environment at the interface between the homotrimer subunits appeared 

conserved, the C-terminal helix, responsible for the trimer-trimer interactions, possessed a 

phenylalanine-containing insertion of three amino acids. This insertion changes the orientation 

of the C-terminal helix, leading to intramolecular instead of intermolecular interactions, thereby 

preventing higher oligomeric states of the E2 subunit (Bruch et al., 2021). Such a 

phenylalanine-containing insertion was also observed for the E2p ortholog of M. tuberculosis 

and genome analysis revealed that the presence of such an insertion correlated with the 

existence of an OdhA fusion protein containing a 2-oxoglutarate decarboxylase and a 

succinyltransferase domain, showing that the lack of higher oligomeric states might be 

correlated with the necessity of E2p interactions with E1p and E1o to enable PDH as well as 

ODH activity (Bruch et al., 2021).   

This unique architecture of enzyme complexes involved in central carbon metabolism might 

provide further starting points to improve therapeutic as well as metabolic engineering 

applications, therefore raising the question of more detailed knowledge on the composition of 

the entire PDH-ODH complex concerning subunit stoichiometry and interactions sites. A recent 

study suggests that the complex consists of two AceF trimers, four Lpd dimers, one AceE 

dimer and one OdhA dimer, but further work is necessary to understand the architecture of the 

hybrid PDH-ODH complex (Kinugawa et al., 2020). 
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Figure 1: Special features of the actinobacterial 2-oxoglutarate dehydrogenase. (A) Schematic representation 
of the domain organization of C. glutamicum OdhA and AceF. (B) Selection of the actinobacterial phylogenetic tree, 
showing the existence of an OdhA-like fusion protein possessing 2-oxoglutarate decarboxylase and 
succinyltransferase domains as shown in A. The figure was adapted from Bruch et al. 2021. (C) Reactions catalyzed 
by the pyruvate and 2-oxoglutarate dehydrogenase complex subunits in C. glutamicum. In case of the PDH, the 
decarboxylation of pyruvate and the acetylation of the lipoyl group of AceF (E2p) are catalyzed by AceE (E1p) 
shown in orange. E2p transfers the acyl group to CoA (green).The dihydrolipoyl dehydrogenase Lpd (E3) 
regenerates the disulfide bridge in the lipoyl group of AceF shown in purple. In case of the ODH complex, OdhA 
(E1o-E2o) acts as a 2-oxoglutarate decarboxylase and as a succinyltransferase whereby it uses the lipoyl residues 
of AceF (E2p) indicated by the blue arrows. The regeneration of the disulfide bridge in the lipoyl group is catalyzed 
by Lpd (purple). Adapted from Bott and Eikmanns 2013. 
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1.3. Phosphorylation-based signal transduction in bacteria 

The adaptation of bacteria to their environment requires precise control of cellular processes, 

including the regulation of metabolic pathways in response to external nutrient availability. This 

control takes place on different levels, including transcriptional, translational, and post-

translational regulation, all together leading to a variation of protein levels and activities. The 

post-translational regulation is based on post-translational modifications (PTM) and protein 

stability, for example, controlled by conditional proteolysis (Jenal and Hengge-Aronis, 2003). 

Many PTMs are reversible and carried out by specific enzymes, allowing a fast and dynamic 

response to changing environmental and intracellular conditions. PTMs include, for example, 

protein phosphorylation, acetylation, succinylation, or glycosylation, with phosphorylation 

being the most abundant (Macek et al., 2019).   

Protein phosphorylation in bacteria was observed for histidine, aspartate, serine, threonine, 

tyrosine, arginine, and lysine residues and the responsible kinases can be grouped in the five 

types of bacterial-tyrosine kinases, atypical serine kinases, arginine kinases, Hanks-type 

serine/threonine protein kinases (STPK), and histidine kinases of two-component signal 

transduction systems (TCS) (Mijakovic et al., 2016). TCS are the most prominent kinase family 

and form a linear signal transduction system typically consisting of a membrane-bound sensory 

kinase and a cytoplasmic response regulator (Zschiedrich et al., 2016). The sensory domain 

recognizes a specific signal leading to an auto-phosphorylation of a histidine residue followed 

by a transfer of the phosphoryl group to an aspartate residue of the corresponding response 

regulator protein, in most cases leading to altered transcription of target genes (Stock et al., 

2000, Laub and Goulian, 2007). Thereby, TCSs are usually very specific for a certain stimulus. 

This specificity is based on the co-evolution of amino acid residues building the interaction site 

of the histidine kinase domain and the response regulator, which allows differentiation between 

the cognate response regulator and those response regulators being part of a different TCSs 

(Skerker et al., 2008). The bifunctionality of many sensory domains further supports the 

specificity. They prevent crosstalk by resetting the phosphorylation status of the cognate 

response regulator due to specific dephosphorylation in the absence of the stimulus (Huynh 

and Stewart, 2011). In C. glutamicum TCS are, for example, responsible for the control of the 

citrate utilization, response to phosphate starvation, osmoregulation or regulation of heme 

homeostasis (Krüger et al., 2022, Bott and Brocker, 2012, Brocker et al., 2011, Brocker et al., 

2009, Schaaf and Bott, 2007). 

Phosphorylation of serine and threonine residues in bacterial proteins is often catalyzed by 

Hanks-type serine/threonine protein kinases. These STPKs were previously called eukaryotic-

like STPKs due to the structural and functional homology of their catalytic domain with 

eukaryotic STPKs (Stancik et al., 2018). Many bacterial STPKs are transmembrane proteins 

containing cytoplasmic kinase domains and extracellular sensing domains, such as the PASTA 
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(penicillin-binding protein and serine/threonine kinase-associated) domains. The modular 

domain organization of bacterial STPKS is highly diverse, most likely representing their 

different functions in various processes and different organisms (Krupa and Srinivasan, 2005).  

The overall structure of the catalytic domain of bacterial and eukaryotic STPKs is similar, 

possessing a characteristic two-lobed catalytic core structure with the active site located in a 

deep cleft between the two lobes. The N-terminal lobe is involved in binding and orienting of 

an ATP (adenosine triphosphate) molecule that acts as a phosphate donor, whereas the 

C-terminal lobe is responsible for binding to the protein substrate and transfer of the phosphate 

group (Janczarek et al., 2018). Phosphorylation of serine or threonine residues in the activation 

loop by either auto-phosphorylation or phosphorylation by another kinase introduces 

conformational changes leading to an active state of the kinase (Durán et al., 2005, Kornev et 

al., 2006). This activation loop determines substrate specificity and enables protein-protein 

interactions modulating the kinase activity (Janczarek et al., 2018).   

Together with their cognate protein phosphatases, STPKs are often part of complex regulatory 

networks involved in cellular processes such as stress responses and pathogenicity (Perez et 

al., 2008, Bellinzoni et al., 2019, Pereira et al., 2011, Burnside and Rajagopal, 2012, Dworkin, 

2015). The number of STPKs present varies drastically between different organisms. The first 

bacterial Hanks-type kinase described in detail by a solved protein structure was PknB from 

M. tuberculosis (Ortiz-Lombardıa et al., 2003, Young et al., 2003). By sequence analysis, 11 

STPKs were identified in the M. tuberculosis genome in total, while in its relative C. glutamicum 

only four homologs of the mycobacterial STPKs are present (Av-Gay and Everett, 2000, 

Schultz et al., 2009). A single membrane-bound protein phosphatase, named PstP in 

M. tuberculosis and Ppp in C. glutamicum, catalyzes dephosphorylation in both organisms 

(Molle et al., 2006, Schultz et al., 2009). The domain organization of the corynebacterial STPKs 

is represented in Fig. 2. C. glutamicum PknB and PknL contain a cytoplasmic kinase domain 

(KD), a transmembrane helix (TM), and C-terminal PASTA domains enabling interaction with 

the peptidoglycan (Yeats et al., 2002). PknA is membrane-bound as well but does not possess 

PASTA domains, while PknG is a cytoplasmic enzyme consisting of the kinase domain and a 

tetratricopeptide repeat (TPR) domain, which is known to mediate protein-protein interactions 

(Schultz et al., 2009, Lisa et al., 2021, D'Andrea and Regan, 2003, Lisa et al., 2015). PknG 

homologs are exclusively found in actinobacteria and their modular organization is not present 

in so far known eukaryotic STPKs (Lisa et al., 2015).  

While the histidine kinases of TCSs are usually specific for one response regulator protein, 

STPKs are known to phosphorylate several protein substrates. PknA and PknB of 

M. tuberculosis, for example, regulate cell growth and peptidoglycan synthesis. The primary 

substrate of PknB seems to be CwlM, a protein that activates MurA by interaction in its 

phosphorylated state. MurA is a cytoplasmic enzyme that catalyzes an initial step in 
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peptidoglycan biosynthesis (Turapov et al., 2018). Furthermore, PknB and PknA were shown 

to phosphorylate Wag31, a homolog of the cell division protein DivIVA, which regulates polar 

cell wall synthesis in M. tuberculosis (Kang et al., 2008). Moreover, PknA phosphorylates the 

tubulin homolog FtsZ (Thakur and Chakraborti, 2006). In C. glutamicum FtsZ as well as MurC, 

a protein involved in peptidoglycan synthesis, were also identified as in vivo substrates of PknA 

(Fiuza et al., 2008) and in vitro phosphorylation of FtsZ was observed for PknA, PknB and 

PknL (Schultz et al., 2009). Further, a small forkhead-associated (FHA) domain-containing 

protein involved in controlling 2-oxoglutarate metabolism was identified as a substrate of PknG 

and other STPKs in C. glutamicum and mycobacteria (Niebisch et al., 2006, O'Hare et al., 

2008). 

 

 
Figure 2: Overview on the four serine/threonine protein kinases and the protein phosphatase in 
C. glutamicum. (A) Domain architecture of the STPKs PknA, PknB, PknG and PknL and the phosphatase Ppp. 
KD: kinase domain, TM: transmembrane domain, PASTA: penicillin binding protein and serine/threonine-kinase 
associated domain, TPR: tetratricopeptide repeat domain, PPC2: phosphatase domain. Adapted from Schultz et al 
2009 and Lisa et al. 2021. (B) Schematic overview on phosphorylation and dephosphorylation activities of the 
STPKs and Ppp in C. glutamicum. 

 

1.4. Control of the 2-oxoglutarate metabolic branch point in C. glutamicum 

The utilization of 2-oxoglutarate is an important branch point in central carbon metabolism. It 

can either be oxidatively decarboxylated to succinyl-CoA in the TCA cycle by the ODH or 

reductively aminated to L-glutamate by the glutamate dehydrogenase (GDH), and further 

converted to L-glutamine thereby generating the two major intracellular nitrogen donors in 

bacteria (Merrick and Edwards, 1995). In addition, glutamate is the precursor for proline and 

arginine synthesis. In C. glutamicum ammonium assimilation is carried out by an NADPH 

(nicotinamide adenine dinucleotide phosphate)-dependent GDH under nitrogen excess, while 

under nitrogen limitation ammonium assimilation takes place by conversion of glutamate to 

glutamine by the glutamine synthetase GlnA. The substrate of this reaction is regenerated by 

conversion of glutamine and 2-oxoglutarate to two molecules of glutamate by the glutamate 2-

oxoglutarate aminotransferase (GOGAT). Glutamine catabolism is carried out by glutaminase 

K (GlsK) (Fig. 3) (Jakoby et al., 1997, Börmann et al., 1992, Buerger et al., 2016, Shiio et al., 
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1982). The formation of glutamate from 2-oxoglutarate, catalyzed by the GDH, is reversible 

but C. glutamicum GDH possesses a low affinity for glutamate (Km 100 mM) (Shiio and Ozaki, 

1970). However, 2-oxoglutarate is generated from glutamate by amino acid transferases, 

including the aspartate aminotransferase AspT, the alanine aminotransferase AlaT, the 

branched-chain amino transferase IlvE or the aromatic aminotransferase AroT, which use 

glutamate as amino donor (Marienhagen et al., 2005). Since the GDH possesses a much lower 

affinity for the substrate 2-oxoglutarate (Km 5.7 mM) than the ODH (Km 0.02–0.13 mM), 

glutamate production and thus nitrogen assimilation requires regulation of ODH activity (Shiio 

and Ozaki, 1970, Shiio and Ujigawa-Takeda, 1980, Niebisch et al., 2006, Hoffelder et al., 

2010). The relevance of ODH activity for glutamate formation was, for example, observed in a 

C. glutamicum strain which lacks the E1 subunit of the ODH, OdhA, and therefore does not 

possess ODH activity. This led to an excretion of high levels of glutamate without adding any 

of the known inducers of glutamate production, such as ethambutol (Asakura et al., 2007, 

Radmacher et al., 2005). 

 

 
Figure 3: Control of the nitrogen metabolism at the 2-oxoglutarate branch point in C. glutamicum. Glutamate 
dehydrogenase (GDH) and glutamine synthetase (GlnA) enable ammonium assimilation via formation of glutamate 
and glutamine starting form 2-oxoglutarate. Inhibition of the 2-oxoglutarate dehydrogenase (ODH) by OdhI enables 
an increased flux toward glutamate. Phosphorylation of OdhI by the serine/threonine protein kinase PknG relieves 
ODH inhibition and 2-oxoglutarate is primarily used in the TCA cycle. Under nitrogen limitation glutamate is 
synthesized by the glutamate 2-oxoglutarate aminotransferase (GOGAT). Glutamine catabolism can be catalyzed 
by the glutaminase K (GlsK) and the aspartate aminotransferase (AspT).  
 

The corynebacterial ODH is activated by acetyl-CoA and inhibited by its product succinyl-CoA 

as well as by pyruvate, oxaloacetate, NADH, and NADPH (Shiio and Ujigawa-Takeda, 1980) 

and in addition a regulatory mechanism based on post-translational modification was 

discovered in actinobacteria. In C. glutamicum a small FHA domain-containing protein (15 

kDa) was identified, which binds with nM affinity (inhibitor constant Ki of 2.4 nM) to the OdhA 
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subunit of the ODH and thereby inhibits its activity (Niebisch et al., 2006). Therefore, the protein 

was named OdhI for ODH inhibitory protein. This small FHA domain-containing protein is highly 

conserved among actinobacteria and OdhI shares high sequence identity with its 

mycobacterial homolog GarA (73.5% identity to M. smegmatis GarA, 82% identity to 

M. tuberculosis GarA) (Villarino et al., 2005, Raasch et al., 2014, England et al., 2009). 

Inhibition of the ODH homolog KGD by GarA was also observed, but in addition GarA was 

shown to interact with two other 2-oxoglutarate utilizing enzymes, GDH and GOGAT, further 

underlining the importance of this protein for glutamate and nitrogen metabolism. GarA binding 

leads to an inhibition of GDH activity and activation of GOGAT activity (Nott et al., 2009, O'Hare 

et al., 2008). It has to be mentioned that GDH of M. tuberculosis is an NADH-dependent 

enzyme, which mainly catalyzes the oxidative deamination of glutamate, thereby acting in 

glutamate catabolism, which is different from C. glutamicum (Gallant et al., 2016). Besides the 

inhibitory effect of OdhI and GarA on ODH or KGD activity, respectively, the interaction of its 

FHA domain with the C-terminal decarboxylase domain of OdhA/Kgd was also shown by 

protein-protein interaction studies for C. glutamicum and a solved crystal structure of 

M. smegmatis Kgd/GarA complex (Fig. 4A) (Krawczyk et al., 2010, Raasch et al., 2014, 

Wagner et al., 2019).  The binding interface of GarA and Kgd lies about 30 Å away from the 

catalytic center of Kgd and does not affect substrate access, but involves a surface exposed 

α-helix that was shown to move during transition from the resting to the fully-active state of 

Kgd, meaning that the binding of the FHA domain locks Kgd in its resting state (Wagner et al., 

2019, Wagner et al., 2014).  

The binding of OdhI to OdhA was shown to be dependent on the phosphorylation status of 

OdhI. OdhI binding capability is mainly regulated by phosphorylation of an N-terminal threonine 

residue, Thr14, by the STPK, PknG. However, OdhI can also be phosphorylated by PknB, 

PknA, and PknL at Thr15, at least in vitro, and in vivo doubly phosphorylated OdhI was 

detected in C. glutamicum cell extracts by 2D gel electrophoresis and Western blot analysis 

(Schultz et al., 2009, Niebisch et al., 2006). Phosphorylation of GarA at the corresponding N-

terminal threonine residues Thr21 and Thr22 in the conserved ETTS motif is as well catalyzed 

by STPKs (England et al., 2009, O'Hare et al., 2008). Phosphorylation of these N-terminal 

threonine residues leads to an intramolecular binding of the phosphorylated N-terminus by the 

FHA domain, resulting in a conformational change of the protein preventing interaction of the 

FHA domain with OdhA/Kgd. This conformational change was suggested by biophysical 

experiments and proven by solved NMR structures of phosphorylated and unphosphorylated 

OdhI as shown in Fig. 4C and D (Barthe et al., 2009, England et al., 2009). The solved 

structures of OdhI and GarA not only provide evidence for the intramolecular switch upon 

phosphorylation and the binding to Kgd but also prove that the protein possesses an 

unstructured N-terminus and the typical FHA domain β-sandwich structure of 11 β-strands 
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(Durocher and Jackson, 2002). The binding of phosphorylated threonine residues is a common 

feature of FHA domains, allowing them to mediate protein-protein interactions (Hammet et al., 

2003). While the intramolecular binding of the OdhI/GarA FHA domain to its N-terminus 

depends on phosphorylated threonine residues, the interaction of the FHA domain with 

OdhA/Kgd is phospho-independent (Wagner et al., 2019, Raasch et al., 2014). The binding of 

M. smegmatis GarA to Kgd was shown to rely on a phosphomimetic aspartate residue of Kgd, 

which is located at the interaction surface of the two proteins and occupies the phosphate-

binding pocket of the FHA domain. This interaction is stabilized by intermolecular salt bridges 

and hydrogen bonds build at the interaction surface (Wagner et al., 2019). 

Deletion of the odhI gene in C. glutamicum led to a drastically reduced glutamate production 

(more than 80%), while internal glutamate levels increased two-fold in a ∆pknG mutant (Schultz 

et al., 2007, Niebisch et al., 2006). These opposite effects on metabolic capabilities were also 

shown for pknG and garA deletions in M. tuberculosis, once more showing the importance of 

the regulation of OdhI/GarA by PknG for controlling metabolic fluxes and nitrogen metabolism 

in actinobacteria (Rieck et al., 2017). The inactivation of OdhI by phosphorylation was shown 

to be reversible and dephosphorylation is carried out by the protein phosphatase Ppp (PstP in 

M. tuberculosis) (Schultz et al., 2009).  

The solved structures of M. tuberculosis and C. glutamicum PknG (Fig. 4B) enable a better 

understanding how PknG inactivates OdhI (Lisa et al., 2015, Lisa et al., 2021, Scherr et al., 

2007). PknG possesses a unique modular organization, consisting of an unstructured N-

terminal region followed by the catalytic domain and a TPR domain that flanks the kinase 

catalytic core. In the mycobacterial protein and all other actinobacterial PknG homologs an 

additional rubredoxin-like domain is present, which is missing in C. glutamicum PknG (Lisa et 

al., 2021). Despite this difference, the overall fold and topology of C. glutamicum PknG is 

similar to the mycobacterial one and purified C. glutamicum PknG phosphorylated OdhI and 

GarA to a similar extent. Furthermore, the growth defect observed for C. glutamicum ∆pknG 

on agar plates with glutamine as sole carbon and nitrogen source was complemented by 

plasmid-based expression of corynebacterial as well as mycobacterial pknG, showing the high 

functional similarity of the kinase in both organisms (Niebisch et al., 2006, Lisa et al., 2021). A 

mutation of the active site of C. glutamicum PknG (K205A) did not complement the growth 

defect of the ∆pknG strain, further underlining the importance of PknG-mediated 

phosphorylation for glutamine utilization (Lisa et al., 2021). Moreover, it was shown that OdhI 

and GarA are recruited by auto-phosphorylation sites in the N-terminal segment of PknG. 

These phosphorylated threonine residues are bound by the FHA domain of GarA or OdhI, 

which allows a more efficient phosphorylation of the specific threonine residues of the FHA 

domain-containing protein (Lisa et al., 2015, Lisa et al., 2021). In contrast to PknG most other 
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mycobacterial STPKs possess auto-phosphorylation sites in the activation loop where no auto-

phosphorylation sites were found in PknG (Durán et al., 2005, Prisic et al., 2010). 

 

 
Figure 4: Structural overview on proteins involved in ODH activity control. (A) Crystal structure of the 
homodimer of the decarboxylase domain of M. smegmatis Kgd (Kgd∆360) with the FHA domain of GarA (GarA∆44). 
PDB code 6I2Q. (B) Crystal structure of C. glutamicum PknG with indication of the kinase domain and the 
tetratricopeptide repeat (TPR) domain. PDB code 7MXB (C) NMR structure of unphosphorylated OdhI with 
representation of the N-terminal threonine residues known to be phosphorylated by STPKs. PDB code 2KB4. (D) 
NMR structure of OdhI phosphorylated at Thr15 (pThr15) by PknB. PDB code 2KB3. Structures were determined 
by Wagner et al. 2019, Lisa et al. 2021, and Barthe et al. 2009 and visualized using Mol* viewer (Sehnal et al., 
2021). 

 

1.5. Regulation of PknG activity 

The dependency on PknG for glutamate utilization was shown by the above-mentioned growth 

defect of a C. glutamicum pknG deletion strain when grown on glutamine as sole carbon and 

nitrogen source as well as in M. smegmatis, where the use of glutamate as sole nitrogen 

source led to reduced growth of a pknG deletion mutant (Niebisch et al., 2006, Rieck et al., 
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2017). Furthermore, M. tuberculosis GarA was shown to be predominantly unphosphorylated 

when grown under amino acid starvation, and the addition of glutamate caused a rapid 

increase of phosphorylated GarA in M. smegmatis (Rieck et al., 2017). This is in accordance 

with the observation that OdhI is predominantly unphosphorylated in C. glutamicum grown in 

minimal medium lacking amino acids but mainly phosphorylated in complex medium (Schultz 

et al., 2007). Together these findings show that phosphorylation of OdhI by PknG is required 

to relieve the inhibition of ODH activity and shift the flux of 2-oxoglutarate towards energy 

generation in the TCA cycle, with concomitant reduction of NADPH consumption by the GDH. 

For efficient control of this metabolic branch point, the activity of PknG itself has to be regulated 

depending on amino acid availability as well. In contrast to most other STPKs, PknG is a 

cytoplasmic protein lacking transmembrane or extracellular domains, which could act as 

sensory domains. But PknG possesses a C-terminal domain with tetratricopeptide repeats 

(Fig. 4B), which are known for their ability to mediate protein-protein interactions in signal 

transduction (Blatch and Lässle, 1999, Core and Perego, 2003). This TPR domain was shown 

to be essential for the response of PknG to extracellular glutamine or glutamate in 

C. glutamicum and M. smegmatis, respectively, suggesting its importance for interaction with 

another protein regulating PknG activity (Lisa et al., 2021, Bhattacharyya et al., 2018).   

The pknG gene is located in a putative operon with two other genes encoding a putative 

transmembrane protein (glnX) and a putative glutamine binding lipoprotein (glnH). This 

genomic organization of the three genes is conserved among PknG-possessing actinobacteria 

(Fig. 5A) (Cowley et al., 2004, Niebisch et al., 2006, Bhattacharyya et al., 2018). A deletion of 

glnX and glnH in C. glutamicum led to the same growth defect on glutamine as sole carbon 

and nitrogen source as observed for the pknG deletion strain (Fig. 5B) (Niebisch et al., 2006). 

This is also true for a deletion of glnX in M. smegmatis, which caused the same phenotype as 

a pknG deletion (Bhattacharyya et al., 2018). Furthermore, M. tuberculosis GlnH was shown 

to bind aspartate and glutamate, two amino acids known to stimulate GarA phosphorylation, 

with high affinity (Rieck et al., 2017, Bhattacharyya et al., 2018). Together this suggests a 

signal transduction cascade where GlnH acts as an extracellular sensor for external stimuli, 

most likely amino acids such as glutamine, glutamate, or aspartate, and the information is 

transferred by protein-protein interaction to the transmembrane protein GlnX, which then 

activates PknG in the cytoplasm (Fig. 5C). Interaction of GlnX with PknG might be mediated 

by the TPR domain of PknG. Activated PknG phosphorylates OdhI, which no longer inhibits 

ODH activity, shifting the metabolic flux at the 2-oxoglutarate node from glutamate formation 

and ammonium assimilation to succinyl-CoA and energy generation in the TCA cycle. 
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Figure 5: Model of PknG activity regulation. (A) Genomic organization of the putative operon glnX-glnH-pknG in 
different actinobacteria, visualized using Gene Graphics software (Harrison et al., 2018). (B) Growth of 
C. glutamicum wt, and the mutant strains ∆pknG, ∆glnX, and ∆glnH on minimal medium agar plates containing
100 mM glutamine as sole carbon and nitrogen source. The figure was taken from Niebisch et al. 2006. (C)
Schematic model of the proposed regulation cascade controlling PknG activity. GlnH senses an external signal,
most likely the amino acids aspartate and glutamate, and the information on its loading status is transferred via
protein-protein interaction to GlnX, and further to PknG in the cytoplasm. Thereby PknG gets activated and
phosphorylates OdhI leading to an active ODH and an increased use of 2-oxoglutarate in the TCA cycle.

1.6. Aim of this work 

Since several members of the actinobacteria have a high biotechnological or medical 

relevance, detailed knowledge of unique features of their metabolism, including regulatory and 

structural characteristics, is required to further improve or establish industrially relevant 

production processes and to identify novel drug targets for the pathogenic species such as 

M. tuberculosis. One of these features is a special mechanism that regulates the

2-oxoglutarate dehydrogenase activity and thereby the 2-oxoglutarate flux between the TCA

cycle and ammonium assimilation in Corynebacterium and Mycobacterium species. A major

aim of this thesis was the characterization of the GlnH and GlnX proteins involved in the control
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of PknG activity. In the case of GlnH, the identification of the ligands and their binding affinities 

is required to know the signals controlling the PknG activity and thus OdhI phosphorylation and 

ODH activity. In the case of GlnX, which is assumed to transfer the information sensed by 

GlnH across the membrane to PknG, the knowledge of its topology is a prerequisite for protein-

protein interaction studies. A further aspect to be studied in this thesis was the cellular 

localization of different proteins involved in the signal transduction cascade by fluorescence 

microscopy, using fusions to auto-fluorescent proteins. Another aim was to further analyze the 

composition and function of the hybrid PDH-ODH complex in C. glutamicum using co-

purification and enzyme activity measurements.  
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2. Results 
2.1  Characteristics of the GlnH and GlnX signal transduction proteins 

controlling PknG-mediated phosphorylation of OdhI and 2-oxoglutarate 
dehydrogenase activity in Corynebacterium glutamicum 
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2.2  Polar localization of regulatory proteins and TCA cycle components in an 
actinobacterium 
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3. Discussion 
3.1  GlnH, GlnX, and PknG are part of the same signal transduction cascade 

Previous studies identified a novel type of post-translational regulation responsible for the 

distribution of 2-oxoglutarate, an important metabolite of central carbon metabolism, between 

energy generation in the TCA cycle and ammonium assimilation by glutamate synthesis in 

C. glutamicum and other actinobacteria (Niebisch et al., 2006, O'Hare et al., 2008). In these 

organisms, the ODH activity is inhibited by binding of the small inhibitor protein OdhI or its 

mycobacterial homolog GarA in its unphosphorylated state. The phosphorylation status of 

OdhI depends on the activity of the serine/threonine protein kinase PknG and the phospho-

serine/threonine protein phosphatase Ppp (Niebisch et al., 2006, Schultz et al., 2009). In this 

thesis, the putative glutamine-binding lipoprotein GlnH and the membrane protein GlnX as 

members of the signal transduction cascade regulating PknG activity were characterized. 

The conserved genomic organization of pknG in a putative glnX-glnH-pknG operon, together 

with the growth defect on glutamine as sole carbon and nitrogen source caused by deletion of 

each of the three genes in C. glutamicum, suggested a role of all three proteins in the control 

of glutamine catabolism (Niebisch et al., 2006). Analysis of the OdhI phosphorylation status 

showed that the absence of each of the three proteins led to an increased amount of 

unphosphorylated OdhI (Sundermeyer et al., 2022a). The extent of this increase was similar 

for the three single deletion strains as well as for the triple deletion strain C. glutamicum ∆glnX-

glnH-pknG, showing that GlnX, GlnH, and PknG do not possess individual functions on 

glutamine utilization, which would sum up in the triple deletion strain, but are part of the same 

signal transduction cascade (Sundermeyer et al., 2022a). The increased ODH inhibition 

caused by a reduced phosphorylation of OdhI in the absence of the three proteins was 

supported by an increased glutamate production observed for C. glutamicum strains ∆pknG, 

∆glnX and ∆glnH (Sundermeyer et al., 2022a), showing that the 2-oxoglutarate flux is shifted 

toward glutamate synthesis in these strains, since the use for succinyl-CoA generation is 

prevented by binding of unphosphorylated OdhI to the ODH subunit OdhA. The increased 

glutamate production by the mutants could be abolished by introducing the deleted genes on 

a plasmid, confirming the causal relationship of the deletions and increased glutamate 

production (Sundermeyer et al., 2022a). The prevention of the growth defect on glutamine and 

the loss of increased glutamate production upon simultaneous deletion of odhI and pknG or 

glnX, respectively, in C. glutamicum ∆pknG∆odhI or C. glutamicum ∆glnX∆odhI proved that 

the influence on glutamate synthesis and glutamine utilization is based on the control of the 

OdhI phosphorylation status in both cases (Schultz et al., 2007, Sundermeyer et al., 2022a). 

Moreover, the occurrence of suppressor mutants of the C. glutamicum strains ∆pknG and 

∆glnX, which had regained the ability to grow on glutamine as sole carbon and nitrogen source 
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(Raasch et al., 2014, Sundermeyer et al., 2022a) and mainly possessed mutations in OdhI and 

in case of ∆pknG also in OdhA, underlined the role of PknG and GlnX in the control of the OdhI 

phosphorylation status. Insertion of stop codons and frameshift mutations in the odhI gene led 

to degraded OdhI variants and therefore mimicked the effect of an odhI deletion, leading to an 

active ODH and enabling glutamine utilization. This effect is also possible for amino acid 

exchanges in OdhI, which might impair correct protein folding and stability, especially if the 

mutations occur at conserved residues in structural elements, as for example, the mutations 

E91K or F137S (Sundermeyer et al., 2022a), which localize in the β-sheets 5 and 11 of the 

FHA domain of OdhI (Barthe et al., 2009), and led to no or very weak signals for OdhI in 

Western blot analysis (Sundermeyer et al., 2022a). A few amino acid exchanges apparently 

did not lead to OdhI degradation, but showed an influence on the inhibition of OdhA by OdhI. 

These mutations do not necessarily prevent the interaction of OdhI and OdhA in general, but 

might reduce the binding affinity due to missing interaction features such as specific salt 

bridges, as it was observed in case of the variant OdhI-R87P, where the inhibitory effect on 

ODH activity was reduced (Sundermeyer et al., 2022a). This shows that the individual residues 

at the interaction surface are important for the high affinity binding of OdhA and OdhI. 

We focused on the PknG-mediated phosphorylation of OdhI at Thr14, which was reported to 

be the most abundant phosphorylation in C. glutamicum (Schultz et al., 2009), but it is known 

that OdhI can also be phosphorylated at Thr15 by other STPKs (PknA, PknB, PknL) and 2D 

gel electrophoresis demonstrated the presence of mono- as well as doubly-phosphorylated 

OdhI in C. glutamicum (Niebisch et al., 2006). Furthermore, the deletion of pknG, glnX and 

glnH increased the amount of unphosphorylated OdhI protein in Western blot analysis, but 

phosphorylated OdhI was still detected (Sundermeyer et al., 2022a), confirming that OdhI gets 

phosphorylated by another kinase in these strains. The regulation of ODH activity due to the 

influence of other kinases on the OdhI phosphorylation status might be an important subject 

of further research, since the 2-oxoglutarate metabolic branch point needs not only to be 

regulated depending on extracellular L-aspartate and L-glutamate availability. For instance, it 

was observed that the amount of phosphorylated OdhI was higher in the stationary phase than 

during exponential growth (Bosco, 2011, Schultz, 2008), which might reflect the requirement 

of active ODH to allow an increased flux through the TCA cycle and energy generation in the 

stationary phase, where the demand for ammonia assimilation is almost completely missing. 

The regulation of ammonium assimilation by controlling ODH activity on the post-translational 

level is special for actinobacteria, but recently a post-transcriptional mechanism to control 

nitrogen assimilation in E. coli was reported. There it is assumed that the flux of 2-oxoglutarate 

is shifted from TCA cycle toward ammonium assimilation, due to a repression of sucA mRNA 

(encoding the E1o subunit in E. coli) translation by binding of the sRNA GlnZ, which is 

produced from the glutamine synthetase mRNA (Miyakoshi et al., 2022).  
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3.2  The lipoprotein GlnH senses extracellular L-aspartate and L-glutamate 

GlnH was originally annotated as a putative glutamine-binding lipoprotein (Kalinowski et al., 

2003). While no glutamine binding was observed for GlnH, inhibition of the lipoprotein signal 

peptidase using the cyclic peptide antibiotic globomycin and experiments with the protein 

variant GlnH-C27A, which cannot attach the lipid anchor, showed that GlnH is indeed an 

extracytoplasmic protein attached to the membrane by a lipoprotein anchor (Sundermeyer et 

al., 2022a). The annotation as a glutamine-binding protein was based on the homology to the 

E. coli protein, with a sequence identity of 24%. GlnH of E. coli is part of an ABC-transporter 

responsible for glutamine uptake, while deletion of glnH in C. glutamicum did not have a strong 

effect on glutamine uptake (Niebisch et al., 2006). In combination with the observation that 

lack of GlnH reduces the fraction of phosphorylated OdhI (Sundermeyer et al., 2022a), we 

suggest that the C. glutamicum protein is not part of a transporter, but of a signal transduction 

cascade tuning the OdhI phosphorylation status. The extracytoplasmic localization of GlnH 

and the solved structure of the mycobacterial homolog (Bhattacharyya et al., 2018), suggests 

that GlnH functions as a sensor for extracytoplasmic stimuli. 

Isothermal titration calorimetry (ITC) experiments revealed that purified GlnH binds L-aspartate 

and L-glutamate with affinities in the high µM to low mM range. With a KD value of 264 ± 

14.6 µM, the affinity for aspartate was clearly higher than the one for glutamate (1256 ± 

220 µM) (Sundermeyer et al., 2022a). These results are in accordance with the ligand binding 

specificity of C. glutamicum GlnH determined using thermal stability measurements and 

analysis of changes in the intrinsic tryptophan fluorescence (Bhattacharyya et al., 2018). The 

approximately two-fold higher KD values, reported by Bhattacharyya et al., are most likely 

caused by a different experimental set up including a different buffer composition and pH. More 

interesting was the finding, that M. tuberculosis also preferentially binds aspartate and 

glutamate but with much higher affinity, reflected by KD values of 4.8 ± 0.6 µM for aspartate 

and 15.2 ± 5.7 µM for glutamate (Bhattacharyya et al., 2018). This differences in the ligand 

binding affinity might be connected to the evolutionary adaptation of the bacteria to the different 

environmental niches. The non-pathogenic C. glutamicum was originally isolated from soil, 

whereas the pathogen M. tuberculosis has to survive for long time periods inside human 

phagocytes, where the control of the carbon flux at the 2-oxoglutarate node by GarA, the 

homolog of OdhI in mycobacteria, might require a response to much lower concentrations of 

L-aspartate and L-glutamate.   

Nevertheless, the huge difference in the affinities was surprising and it was interesting to 

analyze if this is reflected by structural differences of the two proteins. Unfortunately, 

crystallization trials using a GlnH variant lacking the N-terminal signal peptide and the lipobox 

motive (GlnH∆SP, also used in ITC experiments) as well as a variant lacking the predicted 

flexible N- and C-terminal segments (GlnHcore, comprises amino acid residues 48-334) failed. 
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However, comparison of an AlphaFold 2 model of C. glutamicum GlnH with the solved 

structure of M. tuberculosis GlnH showed that the overall structure of the ligand-binding 

domain of both proteins is similar, which is to be expected for two proteins showing 43% 

sequence identity (Sundermeyer et al., 2022a). A detailed analysis revealed that despite the 

overall similarity the ligand binding sites display a number of differences, which might be 

responsible for the different affinities. Especially, the residues in the loop 160-166 of 

C. glutamicum GlnH, differ from those in the M. tuberculosis protein, where this loop was 

shown to be crucial for ligand binding (Bhattacharyya et al., 2018). A striking difference 

concerns the residues Thr162 and Ser164 in M. tuberculosis GlnH, whose hydroxyl groups act 

as hydrogen bond donors towards the ligand carboxyl groups. In C. glutamicum GlnH, they 

are replaced by Ser163 and Thr165, respectively. Furthermore, the Ser163 hydroxyl group 

potentially builds a hydrogen bond to the amide group of Gln103 in C. glutamicum GlnH 

(Ser102 in M. tuberculosis), which might impair its availability as a hydrogen bond donor to the 

amino acid ligand. The relevance of the residues Ser163 and Thr165 for ligand binding affinity 

was tested using a GlnH variant with the amino acid exchanges S163T and T165S by 

measuring changes in intrinsic tryptophan fluorescence (Sundermeyer et al., 2022a). In case 

of an unaltered ligand binding site, this method led to KD values of 242 µM for aspartate and 

1458 µM for glutamate, which are comparable to the KD values determined by ITC. For the 

GlnH-S163T-T165S variant, KD values of 65 µM for aspartate and 243 µM for glutamate were 

measured (Sundermeyer et al., 2022a). This strong increase in binding affinity caused by a 

swap of Ser163 and Thr165 to the arrangement found in M. tuberculosis GlnH is remarkable 

and demonstrates the importance of these residues for the ligand binding affinity.  

Despite their different binding affinities, L-aspartate and L-glutamate were identified as ligands 

recognized by GlnH in C. glutamicum and M. tuberculosis leading to a phosphorylation of OdhI 

via the GlnH-GlnX-PknG signal transduction cascade, which allows an increased flux through 

the TCA cycle due to an active ODH. In line with the ligand-binding affinity of GlnH, the 

dependency of PknG activation on the presence of amino acids, such as glutamate and 

aspartate and the related amino acids glutamine and asparagine, was shown in vivo in 

M. smegmatis (Rieck et al., 2017). GlnH is a substrate-binding protein, which acts as a sensor 

protein to control PknG mediated phosphorylation, while substrate-binding proteins were 

previously mainly described as part of ABC-transporters, sensor-histidine kinases, ion-

channels, G-protein coupled receptors or transcriptional regulators (Berntsson et al., 2010). 

The solved structure of the M. tuberculosis GlnH protein is related to the fold of amino acid-

binding proteins belonging to the substrate-binding protein cluster F-IV (Bhattacharyya et al., 

2018, Berntsson et al., 2010). 
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3.3  Characteristics of GlnX enabling signal transduction 

In the postulated signal transduction cascade the transmembrane protein GlnX is assumed to 

be responsible for the transfer of the information about the loading status of the 

extracytoplasmic sensor protein GlnH to the cytoplasmic STPK PknG to activate the kinase 

activity. Besides its functional link to PknG and its influence on OdhI/GarA phosphorylation 

(Bhattacharyya et al., 2018, Niebisch et al., 2006, Sundermeyer et al., 2022a), not much is 

known about GlnX so far. To gain better insights into possible protein-protein interactions, 

which might mediate the signal transduction, we analyzed the protein topology using 

bioinformatic predictions and the common experimental markers for cytoplasmic and 

periplasmic localization, β-galactosidase and alkaline phosphatase, respectively 

(Sundermeyer et al., 2022a). The GlnX protein is predicted to contain four transmembrane 

helices and two large periplasmic domains comprising approximately 150 amino acid residues 

each. The N-terminal region, comprising about 110 amino acid residues, a small portion of 

about 11 residues linking the second and third transmembrane helices, and the C-terminal 

region of about eight amino acid residues are predicted to be located in the cytoplasm. The 

second periplasmic region of GlnX shows similarities with CHASE3 family proteins, which 

represent extracellular sensory domains of transmembrane proteins including histidine kinases 

and chemoreceptors (Zhulin et al., 2003). This might be a hint for an additional binding of small-

molecule ligands by GlnX itself. Based on the sequence signature search using Pfam, no other 

domains could be identified in GlnX, but structure-based comparisons using an AlphaFold 2 

model of GlnX revealed that the periplasmic domains represent a well-established fold 

(Sundermeyer et al., 2022a). The AlphaFold 2 model predicts the two periplasmic domains to 

form four-helix bundles, which closely resemble the four helix-bundle sensory module 

described for chemoreceptors and sensory histidine kinases, such as the ligand-binding 

domain of the aspartate receptor Tar from Salmonella typhimurium, or the ligand-binding 

domain of the citrate-sensing chemoreceptor MCP2201 from Comamonas testosteroni, or the 

xylose-sensing domain of the transmembrane histidine kinase LytS from Clostridium 

beijerinckii (Milburn et al., 1991, Hong et al., 2019, Li et al., 2017). Furthermore, the 

AlphaFold 2 model, predicts an eight amino acid residue insertion in the fourth helix of the 

second periplasmic domain, which forms a finger-like protrusion with three acidic residues 

(435DEE437) at its tip, which might be involved in interactions with other proteins, such as GlnH 

(Sundermeyer et al., 2022a). 

The cytoplasmic parts of GlnX are potential interaction partners for PknG, whereby especially 

the cytoplasmic loop linking the second and third transmembrane helices, which contains many 

acidic amino acid residues, and the C-terminus are conserved among GlnX-possessing 

actinobacteria (Bosco, 2011). This conservation might indicate their function in protein-protein 

interactions. In accordance with this assumption it was observed that C-terminal GlnX fusion 
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proteins do not complement the growth defect of C. glutamicum ∆glnX2 on glutamine as sole 

carbon and nitrogen source, even if only a short amino acid sequence such as a Strep-tag was 

added, while the insertion into the membrane was not affected by these C-terminal fusions 

(supplementary Fig. S1). In order to test if the C-terminus or the cytoplasmic loop are bound 

by the TPR domain of PknG (Lisa et al., 2021), co-crystallization of PknG with the C-terminal 

peptide or a peptide corresponding to the cytoplasmic loop could be tested. Such an approach, 

was successfully applied for an artificial TPR domain and the C-terminal peptide of the heat-

shock protein Hsp90 (Cortajarena et al., 2010). As an alternative, the binding could be tested 

using methods like ITC, microscale thermophoresis (MST) or surface plasmon resonance 

(SPR). Interaction of GlnX with PknG might also occur via the comparably large cytoplasmic 

N-terminus of GlnX, even though its amino acid sequence is less conserved and fusion 

constructs including the fluorescent protein mVenus and an affinity tag did not affect 

complementation ability (supplementary Fig. S1). Since the N-terminal part of GlnX is predicted 

to be partially unstructured, purification of the isolated domain could be difficult and truncation 

variants of the N-terminal segment might be an option to analyze its importance for GlnX 

functionality in vivo. 

To analyze if GlnX indeed possesses a unique helical tandem module architecture as 

postulated based on the AlphaFold 2 structural model (Sundermeyer et al., 2022a), the protein 

structure needs to be solved. As the purification of the membrane protein GlnX can be 

challenging, we also tried to purify the periplasmic domains separately, an approach which 

was successfully used, for example, to analyze ligand binding and structure of the periplasmic 

domain of the histidine kinase CitA (Kaspar et al., 1999, Sevvana et al., 2008, Reinelt et al., 

2003) or to analyze the structure of the periplasmic domain of histidine kinase EnvZ of the 

EnvZ-OmpR two-component system (Hwang et al., 2017). The first periplasmic domain of 

GlnX was successfully purified and the elution volume obtained by size exclusion 

chromatography indicated a trimeric state of the purified domain (supplementary Fig. S2). If 

this oligomerization status is an artefact of the isolated purification of the domain or reflects a 

higher oligomeric state of GlnX in general needs to be further analyzed and is an interesting 

aspect, since the predicted arrangement of the two four-helix bundles of GlnX closely 

resembles the non-covalent dimer formed by Tar and similar chemoreceptors (Sundermeyer 

et al., 2022a).  

In contrast the second periplasmic domain, which contains the acidic protrusion, so far always 

aggregated during purification. Since the AlphaFold 2 model predicts a large interaction 

surface between both periplasmic domains (Sundermeyer et al., 2022a), the first periplasmic 

domain might be necessary to stabilize the second domain and fusion constructs of both 

domains might be an option to improve purification. In addition the use of different affinity tags 

which are known to improve protein solubility, such as MBP (maltose binding protein), GST 
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(glutathione-S-transferase), or SUMO (small ubiquitin-related modifier) could be tested. 
Purified periplasmic domains would enable in vitro interaction studies with GlnH, for example 

by size exclusion chromatography of mixed protein samples or SPR experiments. In vivo 

interaction studies using a GlnX mutant lacking the acidic protrusion might be used to test if 

this mimics the effect of glnX or glnH deletion, which would be expected if this structural feature 

is necessary for interaction and signal transfer. Furthermore random mutagenesis of GlnX 

could be performed to create a mutant library that is transferred into the ∆glnX2 mutant and 

analyzed with respect to the ability for growth on glutamine. GlnX variants failing to 

complement could enable the identification of interaction sides as well as residues crucial for 

the signal transfer. Such an approach was used, for example to identify interactions of MBP 

and the Tar receptor of E. coli (Kossmann et al., 1988, Manson and Kossmann, 1986). In 

addition, structural modelling of the GlnH-GlnX, GlnX-PknG, or GlnH-GlnX-PknG complexes 

can be used to predict amino acid residues involved in protein-protein interactions, which can 

subsequently be mutagenized and tested. 

The mode of signal transfer over the membrane used by four-helix bundles of classical dimeric 

chemoreceptors is also still under discussion, with indications for a piston-like displacement of 

the fourth helix in the sensor modules upon ligand binding, which may either propagate into 

the transmembrane helix bundle or transform into different modes including helical rotation or 

scissoring (Gushchin and Gordeliy, 2018). The similarities of the predicted GlnX structure with 

the periplasmic and transmembrane portions of these classical dimeric chemoreceptors, 

support the idea that a similar mechanism enables the signal transduction from GlnH to PknG 

via GlnX, even if the cytoplasmic part of GlnX does not contain any of the domains typically 

found in bacterial sensors, such as histidine kinases or receiver domains (Sundermeyer et al., 

2022a). 

 

3.4  Intracellular localization of OdhI 

The question how the proposed interaction of GlnX with PknG activates the kinase activity of 

this protein can currently not be answered. One possibility is that inactive PknG is bound to 

GlnX and gets activated and released from GlnX after a conformational change of GlnX 

triggered by binding liganded GlnH in the periplasm (Sundermeyer et al., 2022a). Such a model 

is based on the observation that PknG is found both in cytoplasmic and in the membrane 

fraction in C. glutamicum and mycobacterial species (Bosco, 2011, Cowley et al., 2004). To 

further analyze the intracellular localization of PknG in C. glutamicum, fusion constructs of 

PknG with fluorescent proteins such as mVenus were constructed. Plasmid-based expression 

of these constructs led to a fluorescent signal that was equally distributed in the cytoplasm and 

not affected by the absence of GlnX or different growth conditions (Folkerts, 2022). The 
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plasmid-based expression of pknG-mVenus enabled complementation of the growth defect of 

C. glutamicum ∆pknG on glutamine as sole carbon and nitrogen source (Folkerts, 2022), 

suggesting that the fusion protein is functional. C. glutamicum transcriptome analysis suggests 

a very weak transcription of pknG (personal communication, Jörn Kalinowski, Bielefeld 

University), and plasmid-based overexpression strongly differs from the native situation. 

Therefore, a C. glutamicum::pknG-mVenus integration strain was constructed, which can be 

used in future experiments to analyze the intracellular localization of PknG at different growth 

conditions. However, initial experiments with this strain in glucose minimal medium did not 

show a specific intracellular localization (data not shown).  

Together with the localization of PknG we investigated the intracellular localization of OdhI in 

C. glutamicum, using an OdhI-mVenus fusion protein and surprisingly observed bright 

fluorescent spots mainly localized at the cell poles and sometimes also at the division site 

(Sundermeyer et al., 2022b). This spot formation was visible for plasmid-based expression of 

odhI-mVenus in a ΔodhI mutant as well as in an a C. glutamicum::odhI-mVenus integration 

strain, suggesting that the spots are not caused by inclusion body formation due to 

overexpression or as an artefact of the plasmid-based expression. Interestingly, the OdhI-

mVenus fluorescence signal in the integration strain was stronger than in the strain with 

plasmid-encoded OdhI-mVenus under uninduced conditions (Sundermeyer et al., 2022b), 

suggesting that the native promotor of odhI is rather strong and OdhI is a highly abundant 

protein in C. glutamicum. This observation is in line with transcriptome analysis data, which 

indicate the odhI promotor being a strong one (personal communication, Jörn Kalinowski, 

Bielefeld University). The functionality of C-terminal fusions of OdhI with fluorescent proteins 

was shown by expression of odhI-mVenus and odhI-mCherry in C. glutamicum ∆pknG∆odhI, 

where it prevented the growth on glutamine (Folkerts, 2022), thereby mimicking the growth 

defect of the pknG single deletion strain.  

Since phosphorylation is crucial for controlling the inhibitory effect of OdhI on ODH activity, it 

was tested if the specific localization observed for OdhI-mVenus also depends on the 

phosphorylation status and if interaction with proteins involved in OdhI phosphorylation and 

dephosphorylation is required for its polar localization. Neither the absence of PknG nor the 

absence of either PknA or PknB in combination with PknL and PknG caused a loss of OdhI-

mVenus fluorescent spots, suggesting that none of the STPKs is the interaction partner 

responsible for the localization of OdhI at the cell poles (Sundermeyer et al., 2022b). But 

analysis of almost completely phosphorylated OdhI-mVenus in a deletion strain of the 

phosphatase Ppp (Schultz et al., 2009) led to an almost uniform cytosolic fluorescence with 

only very few distinct fluorescent spots formed (Sundermeyer et al., 2022b). This observation 

clearly suggested that the polar localization of OdhI is caused by the unphosphorylated OdhI 

protein. The interaction with Ppp itself is unlikely to cause the distinct localization since in the 
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ppp deletion strain, a few OdhI-mVenus spots were still formed. Newly synthesized OdhI might 

cause the residual fluorescent spots detected in the absence of Ppp before it gets 

phosphorylated by one of the STPKs. In addition, C. glutamicum might possess additional 

phosphatases, which dephosphorylate OdhI with low activity. Further support for 

unphosphorylated OdhI being responsible for OdhI-mVenus fluorescent spot formation comes 

from the experiments with OdhI variants in which the known phosphorylation sites Thr14 and 

Thr15 have been exchanged to alanine (Niebisch et al., 2006). These variants also showed 

OdhI-mVenus spot formation (Folkerts, 2022), confirming that unphosphorylated OdhI is 

responsible for the polar localization. 

An approach to further confirm that phosphorylated OdhI does not form fluorescent spots is 

the use of an OdhI variant in which the threonine phosphorylation sites are replaced by the 

charged amino acids aspartate or glutamate to mimic permanent phosphorylation (Dissmeyer 

and Schnittger, 2011). While the substitution of threonine by glutamate was, for example, able 

to mimic a phosphorylated and thereby active form of a mammalian guanylyl cyclase-A (Otto 

et al., 2017), a T14E substitution in OdhI did not efficiently mimic the phosphorylated threonine 

residue. This was shown by the growth defect of C. glutamicum ∆pknG∆odhI with pPREx2-

odhI-T14E-mVenus on glutamine (Folkerts, 2022). Efficient binding of the glutamate residue 

by the FHA domain should lead to a closed conformation of the OdhI protein, which would 

prevent inhibition of ODH activity and therefore allow growth on glutamine as observed for 

C. glutamicum ∆pknG∆odhI (Niebisch et al., 2006). Other studies also observed that 

substituting serine and threonine residues with aspartate and glutamate is not always suitable 

to mimic phosphorylated residues. For example, phosphomimetic substitutions in the 

hydrophobic motif site of human AGC kinases led to a constitutive activation, while 

substitutions in the activation loop failed to successfully mimic phosphorylation sites since they 

do not reconstruct essential structural features as the formation of salt bridges with other 

residues (Somale et al., 2020). 

 

3.5  Polar localization of the hybrid PDH-ODH complex in C. glutamicum 

The findings that the polar fluorescent spots of OdhI-mVenus represent unphosphorylated 

OdhI and that none of the STPKs causes this localization obviously suggested that OdhA is 

responsible for this specific localization, as it is the only known interaction partner of 

unphosphorylated OdhI. This was confirmed by the observations that expression of odhI-

mVenus in an odhA deletion strain led to a complete loss of OdhI-mVenus fluorescent spots 

and that OdhA-mCherry also formed fluorescent spots at the cell poles in C. glutamicum ∆odhA 

with pPREx2-odhA-mCherry (Sundermeyer et al., 2022b). Furthermore, the co-localization of 

fluorescently tagged OdhI and OdhA proteins was shown (Sundermeyer et al., 2022b). As 
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OdhA is part of the hybrid PDH-ODH complex, the question was raised whether the polar 

localization is specific for OdhA and might be connected to a so far unknown additional function 

of OdhA or if the entire PDH-ODH complex possesses a polar localization. Therefore the 

intracellular localization was analyzed for the other proteins of the hybrid complex, AceE, AceF, 

and Lpd. Fusion constructs of AceE, AceF, and Lpd with mVenus also formed fluorescent 

spots at the cell poles when expressed in C. glutamicum, and a co-localization of AceE-

mCherry and AceF-mCherry with OdhA-mVenus was observed for the plasmid-based 

synthesis of the AceE and AceF fusion constructs in a C. glutamicum::odhA-mVenus 

integration strain (Sundermeyer et al., 2022b). 

The observation of a polar localization of the hybrid PDH-ODH complex of C. glutamicum is 

an interesting new feature of this unusual complex and it seems to be the first time that such 

a specific subcellular localization was observed for a cytoplasmic protein complex of the central 

carbon metabolism. This finding led to the question if C. glutamicum possesses an even larger 

assembly of enzymes involved in the TCA cycle and ammonium assimilation that localizes at 

the cell poles. However, the analysis of the intracellular localization of isocitrate 

dehydrogenase and glutamate dehydrogenase as representatives for other enzymes involved 

in these processes did not show a specific localization but were equally distributed in the 

cytoplasm (Sundermeyer et al., 2022b).  

Examples of cytoplasmic proteins that process a polar localization in C. glutamicum are DivIVA 

and ParB (Letek et al., 2008a, Donovan et al., 2010). DivIVA is a polar scaffold protein that 

forms large oligomers at the cell poles and at a late state of the cell cycle also at the division 

site due to its ability to recognize negative membrane curvature (Lenarcic et al., 2009). 

C. glutamicum DivIVA possesses interaction sites for proteins involved in cell elongation and 

chromosome segregation, thereby being involved in the spatio-temporal control of these 

cellular processes (Sieger and Bramkamp, 2015). One example of a DivIVA interaction partner 

involved in chromosome segregation is ParB (Donovan et al., 2012), which binds specific DNA 

motifs close to the chromosome origin and is important for nucleoid segregation (Donovan and 

Bramkamp, 2014). Another example of a protein possessing a polar localization in 

actinobacteria is the membrane-bound STPK PknB, which is associated with peptidoglycan 

synthesis in mycobacteria (Bellinzoni et al., 2019), but was also identified as a kinase 

responsible for the phosphorylation of OdhI (Schultz et al., 2009, Barthe et al., 2009). 

In contrast to the examples mentioned above, the observed specific localization of the PDH-

ODH complex cannot be connected to its function on the first view. Its localization could be 

caused by interaction with another protein possessing a polar localization or by effects such 

as nucleoid exclusion. In the latter case, the localization at the cell poles would be caused by 

the exclusion of the large PDH-ODH complex from the cell center by the nucleoid due to the 

high molecular crowding and diffusion hindrance in this area (Wu and Errington, 2012, Coquel 
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et al., 2013).   

To find out if one of the PDH-ODH complex proteins possesses an additional interaction 

partner responsible for the polar localization, the localization of AceE, AceF, and OdhA fusion 

constructs with the fluorescent proteins mVenus or mCherry were analyzed in odhA and aceE 

deletion strains. Since the absence of the E1 subunits of ODH and PDH did not affect the 

formation of fluorescent spots formed by the other dehydrogenase components, it can be 

assumed that neither OdhA nor AceE are responsible for the polar localization (Sundermeyer 

et al., 2022b). Therefore, analysis of the localization of the PDH-ODH complex proteins in lpd 

and aceF deletion strains would be very interesting. In a C. glutamicum ∆aceF strain, it might 

be the case that no specific localization is detected for the other proteins of the hybrid complex, 

even if AceF does not interact with an unknown polarly localized protein, since AceF forms the 

center of the PDH-ODH complex and connects the other protein components (Bruch et al., 

2021, Kinugawa et al., 2020). Therefore it would also be very interesting to analyze the effect 

of AceF truncation variants lacking the lipoyl binding domains or the peripheral-subunit binding 

domain on the formation of the PDH-ODH complex and its polar localization, since these 

domains are required for the acyl group transfer or as interaction sites of AceF with the E1 and 

E3 subunits, respectively (Kinugawa et al., 2020).  

If the polar localization of the hybrid complex is indeed caused by an interaction with another 

protein, not only the responsible component of the PDH-ODH complex needs to be identified 

but also the interaction partner. During co-purification experiments no obvious candidate was 

identified so far (see chapter 5.3). Therefore, cross-linking experiments might be an option to 

stabilize protein interactions and identify new interaction partners. This analysis should include 

cytoplasmic as well as membrane proteins since especially membrane-bound proteins might 

be responsible for a polar localization. In vivo cross-linking could be tested using formaldehyde 

or other membrane-permeable chemical cross-linkers, for example, the lysin-targeted cross-

linker DSP (di‐thiobis(succinimidyl propionate)) or cystein-targeted TMAE (tris(2-

maleimidoethyl)amine) (Studdert and Parkinson, 2007). As an alternative, photo-reactive 

amino acids such as L-photo-leucine or L-photo-methionine, which are added as supplements 

to the culture medium during growth and later on activated by UV light, could be tested for 

cross-linking (Suchanek et al., 2005). Another cross-linking approach, based on incorporating 

photo-reactive amino acids into proteins, is the use of an orthogonal aminoacyl-tRNA 

synthetase/tRNA pair, which was developed for incorporation of p-benzoyl-L-phenylalanine 

into proteins in E. coli. In this method, an amber codon (UAG) is introduced in the DNA 

sequence encoding for the protein of interest and plasmid-based expression of the target gene 

as well as the orthogonal aminoacyl-tRNA synthetase gene and the tRNA, specific for p-

benzoyl-L-phenylalanine and the amber codon, leads to site-specific incorporation of the photo-

reactive amino acid into the target protein when p-benzoyl-L-phenylalanine is present in the 
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growth medium (Chin et al., 2002). However, p-benzoyl-L-phenylalanine is also incorporated 

during the translation of mRNAs that natively contain amber codons. It could be tested if this 

approach is also suitable for C. glutamicum.  

The use of fluorescently labeled proteins allows the analysis of the intracellular localization in 

living cells, but although it is a good approach applicable in different growth conditions and due 

to plasmid-based expression also in different strain backgrounds, it also has some bottlenecks. 

One aspect is that the N- or C-terminal fusion of a target protein with a fluorescent protein 

might affect its enzymatic activity or protein-protein interaction properties. Especially in large 

complexes such as the PDH-ODH complex of C. glutamicum, the fluorescent proteins might 

be hindering efficient complex formation. Therefore, it would be interesting to compare the 

growth behavior of integration strains such as C. glutamicum::odhA-mVenus to a 

C. glutamicum wt strain and to measure ODH and PDH activities in cell lysates of the 

integration strains. Furthermore, it has to be considered that the fluorescent protein itself might 

cause aggregation and lead to false localization results. The use of monomeric fluorescent 

proteins, such as mVenus and mCherry, in our study reduces the risk of aggregates caused 

by the fluorescent protein. In addition, control experiments analyzing the cellular localization 

of the fluorescent proteins alone without target protein fusion and strains enabling physiological 

expression levels, such as C. glutamicum::odhI-mVenus or C. glutamicum::odhA-mVenus 

(Sundermeyer et al., 2022b), reduce the risk of artifacts caused by the fused fluorescent 

protein.   

Control experiments analyzing the intracellular localization of native proteins in fixed cells by 

immunostaining are a good option to validate the specific localization observed in our studies 

since especially for large complexes aggregation of fluorescently tagged proteins could occur 

due to the proximity of the fluorescent proteins in such a complex. Such aggregates were 

shown to possess unipolar as well as bipolar localization caused by a combination of 

aggregation and nucleoid occlusion (Landgraf et al., 2012, Scheu et al., 2014, Saberi and 

Emberly, 2013). Therefore the polar localization of the hybrid PDH-ODH complex could be 

analyzed in an immunostaining experiment to prove its polar localization. Such an 

immunostaining experiment requires primary antibodies against components of the hybrid 

PDH-ODH complex, for example, OdhA. As controls, primary antibodies for C. glutamicum 

proteins, which are either known to possess a specific localization, such as FtsZ, or are 

expected to be evenly distributed in the cytoplasm, such as isocitrate dehydrogenase or 

aconitase could be used. Besides the suitable fluorescent-labeled secondary antibodies, an 

efficient permeabilization procedure is necessary to allow antibody detection of intracellular 

proteins despite the thick corynebacterial cell envelope. Permeabilization using lysozyme 

could be an option, as it was successfully applied in C. glutamicum for FtsZ localization studies 

by immunostaining (Ramos et al., 2005). 
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Furthermore, additional microfluidics experiments with C. glutamicum::odhA-mVenus or 

integration strains of other fluorescently labeled PDH-ODH complex components could reveal 

how their localization changes during the cell cycle. In our initial experiments with 

C. glutamicum::odhI-mVenus, new OdhI-mVenus fluorescent spots seemed to be formed at 

the division site (Sundermeyer et al., 2022b). Parallel observation of fluorescently labeled 

proteins known for their localization at an early or late state of the division process, such as 

FtsZ or DivIVA (Margolin, 2005, Letek et al., 2008b), respectively, might be interesting.  

DNA staining could be included in future microscopy experiments to analyze if nucleoid 

occlusion is responsible for the polar localization of the hybrid PDH-ODH complex. If nucleoid 

occlusion due to the size of the complex, turns out to be responsible for its localization, it would 

be interesting to analyze the intracellular localization of ODH and PDH complexes in other 

organisms, such as E. coli, since these dehydrogenase complexes are known to form 

complexes of ~10 MDa, which are presumably much larger than the hybrid PDH-ODH complex 

of C. glutamicum (Kinugawa et al., 2020).  

 

3.6  Composition of the hybrid PDH-ODH complex 

The observation of a polar localization of the hybrid PDH-ODH complex is an interesting new 

feature of this unusual dehydrogenase complex and improvement of knowledge on the 

stoichiometry of its components, protein-protein interactions, and protein structure was the 

major aim of our cooperation partners at the Institute Pasteur in Paris (Dr. Marco Bellinzoni).  

The use of a C. glutamicum strain with a genomically encoded AceF-Strep protein was 

assumed to improve co-purification of the hybrid complex by providing a more balanced ratio 

of AceE and OdhA than observed for co-purification using OdhA-Strep or AceE-Strep in 

previous experiments (Niebisch et al., 2006) since AceF is required for both PDH and ODH 

activity and interacts with all three other proteins of the complex (Hoffelder et al., 2010). 

However, SDS-PAGE analysis of samples purified via AceF-Strep revealed a similar protein 

composition as observed for OdhA-Strep samples, with comparably low amounts of co-purified 

AceE (supplementary Fig. S5). The less efficient co-purification of AceE was also reflected by 

the lower PDH than ODH activities determined for the AceF-Strep-purified samples, 

suggesting that the binding of AceF to AceE is weaker than the binding to OdhA. The lower 

affinity of AceE and AceF was also observed in analytical ultracentrifugation and size exclusion 

chromatography experiments in a recent study (Kinugawa et al., 2020). In general, the 

determined PDH activities were lower than the ODH activities in the AceE-Strep sample as 

well, which might be caused by an impaired formation of the PDH complex since 

decarboxylase activity measurements in the AceE-Strep purified sample revealed about ten-

fold higher values for AceE than for OdhA in these sample (supplementary Fig. S6). The 

decarboxylase activity measures only the activity of the E1 subunit and its higher AceE than 
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OdhA activity correlated with the high amounts of AceE protein identified by SDS-PAGE 

analysis in these samples. However this was not reflected by the ratio of PDH to ODH 

dehydrogenase activities, which require the assembly of all dehydrogenase components. 

Additional aspects, such as an insufficient removal of potential allosteric inhibitors, might play 

a role as well.  

Strong variations in the ODH activities of different AceF-Strep-purified samples 

(supplementary Fig. S5) suggest that already slight changes during cell disruption and protein 

purification might affect the co-purification success. The strong dependency of successful 

complex assembly on the environment was also supported by the observation that 

heterologous production and purification of the four protein components in E. coli only enabled 

formation of an active PDH-ODH complex when the purification buffer contained 10% (v/v) 

glycerol (personal communication, Lu Yang, Institute Pasteur, Paris), as initially described by 

Niebisch et al. 2006. In this thesis it was shown that the positive effect of high glycerol 

concentrations during cell disruption and protein purification can be taken over by myo-inositol 

as buffer additive (supplementary Fig. S7), which was previously reported to stabilize the 

pyruvate carboxylase of M. smegmatis (Mukhopadhyay and Purwantini, 2000). It is assumed 

that high glycerol or myo-inositol concentrations mimic intracellular molecular crowding 

important for efficient PDH-ODH complex assembly. 

Samples of the PDH-ODH complex co-purified using either Strep-tagged OdhA, Strep-tagged 

AceE, or Strep-tagged AceF were provided to our cooperation partners for cryogenic electron 

microscopy (cryo-EM) experiments, but unfortunately the interactions of the different protein 

components were too flexible to allow structure determination (personal communication, Marco 

Bellinzoni and Lu Yang, Institute Pasteur, Paris). Cross-linking and the use of nanobodies were 

discussed to reduce flexibility and movement of the different protein components, but so far 

the studies focused more on the structure elucidation of the individual protein components and 

their potential interaction sites. For this purpose, our cooperation partners performed in vitro 

interaction studies with purified proteins to gain a better understanding of the interacting protein 

regions within the hybrid PDH-ODH complex. A part of the OdhA protein that is assumed to be 

responsible for interaction with AceF is the N-terminus (Hoffelder et al., 2010). To analyze if it 

is indeed necessary for interaction with AceF, we analyzed the complementation ability of 

different N-terminally truncated variants of OdhA in a C. glutamicum ∆odhA strain 

(supplementary Fig. S8). Deletion of the odhA gene prevents ODH formation and thereby 

interrupts the TCA cycle, which leads to a strong growth defect and an accumulation of 2-

oxoglutarate and acetate in the growth medium (Hoffelder et al., 2010). To prevent fast 

acidification of the culture medium and thereby impaired growth of the analyzed C. glutamicum 

strains, the complementation tests were carried out in a medium composed of the unbuffered 

complex medium BHI and buffered defined salt medium CGXII with 2% (w/v) glucose. While 
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the odhA deletion strain carrying the empty plasmid showed reduced growth compared to 

C. glutamicum wt, plasmids encoding either full-length OdhA or the variants OdhA∆26, 

OdhA∆40, and OdhA∆helix2 enabled complementation to a similar extent and led to a growth 

behavior comparable to the wt, while the variant OdhA∆97 enabled only partial 

complementation (supplementary Fig. S9). When target gene expression was induced by the 

addition of IPTG, a positive effect was observed for the growth of the strain carrying the 

expression plasmid encoding OdhA∆97 (supplementary Fig. S10), indicating that at higher 

expression levels, the complementation capability of the OdhA∆97 variant is comparable to 

the other OdhA variants. This suggests that the assumed lower affinity of OdhA∆97 to AceF 

can be overcome by higher protein levels of this variant. Presumably, the N-terminal 97 amino 

acids of OdhA enhance the interaction with AceF but are not essential for the interaction in 

general, which is most likely explained by additional protein-protein interactions, for example 

via the lipoyl-binding domains of AceF, that still enable the interaction of OdhA∆97 with AceF. 

Protein interaction studies of OdhA full-length and the OdhA∆97 mutant with AceF full-length 

and truncated AceF variants lacking either the lipoyl binding domains or the peripheral subunit 

binding domain could be performed to verify this hypothesis. In a previous study, a 

chromosomal deletion of the N-terminal extension of OdhA prevented ODH activity and 

showed a similar growth defect as a complete deletion of the odhA gene (Hoffelder et al., 

2010). This difference might be explained by the higher protein levels reached by plasmid-

based expression, which could overcome the lower affinity of the truncation variant to AceF. 

Use of chromosomal deletions to generate the different N-terminal OdhA truncations that were 

tested here via plasmid-based synthesis might allow to identify which N-terminal structural 

elements facilitate the interaction with AceF, since in this case lower binding affinities cannot 

be hidden by higher protein levels. Further in vitro as well as in vivo interaction studies, for 

example using AceF truncation variants and an aceF deletion strain, might enable further 

insights into the protein-protein interactions involved in the assembly of the hybrid PDH-ODH 

complex in C. glutamicum and other actinobacteria, even if the overall aim is still to determine 

the structure of the entire PDH-ODH complex. 

 

3.7  Overview on the post-translational regulation of the 2-oxoglutarate 
metabolic branch point in C. glutamicum 

The activity of the corynebacterial ODH is regulated by the small FHA domain-containing 

protein OdhI. OdhI binds with nM affinity to the E1 subunit OdhA and thereby inhibits ODH 

activity, enabling an increased flux of 2-oxoglutarate towards L-glutamate synthesis and 

nitrogen assimilation (Niebisch et al., 2006, Raasch et al., 2014, Krawczyk et al., 2010). 

Phosphorylation of OdhI by a STPK triggers a conformational change and prevents binding to 

OdhA (Niebisch et al., 2006, Barthe et al., 2009, Krawczyk et al., 2010). While phosphorylation 
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by PknG was identified to be mainly responsible for OdhI phosphorylation, the three 

membrane-bound STPKs PknA, PknB, and PknL were also shown to phosphorylate OdhI 

(Schultz et al., 2009). This thesis focused on the signal transduction cascade tuning PknG 

activity, but further studies should also investigate the signals controlling OdhI phosphorylation 

by the three other kinases.  

Here it was shown that the lipoprotein GlnH, the membrane protein GlnX, and the kinase PknG 

are part of a signal transduction cascade regulating the OdhI phosphorylation status depending 

on the availability of L-aspartate or L-glutamate in the environment. It is speculated that in the 

absence of these amino acids in the periplasm, which are sensed by GlnH, PknG forms a 

complex with the cytoplasmic portion of GlnX and is inactive. At this stage, OdhI is 

predominantly unphosphorylated, binds to the OdhA subunit of ODH and inhibits its activity, 

which enables a shift of the 2-oxoglutarate flux from TCA cycle towards L-glutamate synthesis 

and ammonium assimilation. In the presence of L-aspartate or L-glutamate in the periplasm, 

GlnH binds these amino acids and interacts with the periplasmic tandem four-helix bundle 

domain of GlnX. Binding of additional, so far unknown ligands by GlnX might occur in addition. 

The mode of signal transfer across the membrane by structural changes in GlnX upon GlnH 

binding has to be elucidated. We assume that these structural changes in GlnX lead to 

conformational changes in PknG enabling the activation of the kinase activity. Once activated 

PknG phosphorylates OdhI at Thr14, the interaction of OdhI with OdhA is prevented and 

consequently the flux of 2-oxoglutarate is shifted towards the TCA cycle and energy generation 

as represented in Fig. 6 (Sundermeyer et al., 2022a).  

Another interesting new feature was observed for the unusual hybrid PDH-ODH complex. 

Fluorescence microscopy approaches revealed a polar localization of this complex 

(Sundermeyer et al., 2022b). Such a specific subcellular localization was not expected for an 

enzyme complex involved in central metabolism. The functional relevance of this localization 

and its potential connection to cell division processes is subject of ongoing research.  
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Figure 6: Schematic representation of the post-translational control of the 2-oxoglutarate metabolic branch 
point in C. glutamicum. The distribution of 2-oxoglutarate between the TCA cycle and glutamate synthesis and 
thus nitrogen assimilation is regulated by control of the ODH activity. The activity of corynebacterial ODH is inhibited 
by binding of OdhI. Phosphorylation of OdhI by a Ser/Thr protein kinase triggers a conformational change that 
prevents binding to OdhA. The strength of the green arrows indicates the influence of the four STPKs PknG, PknA, 
PknB, and PknL on the phosphorylation status of OdhI in vivo as determined by Schultz et al. 2009. 
Dephosphorylation of phosphorylated OdhI is catalyzed by the phospho-Ser/Thr protein phosphatase Ppp. PknG 
activity is regulated by a signal-transduction cascade consisting of the extracytoplasmic lipoprotein GlnH and the 
membrane protein GlnX. GlnH senses external L-aspartate and L-glutamate concentrations. The information on the 
GlnH loading status is transferred across the cytoplasmic membrane via GlnX by protein-protein interactions and 
leads to an activation of the PknG kinase activity in the cytoplasm. The exact mechanisms and protein-protein 
interaction sites are subjects of ongoing research. The corynebacterial ODH consists of three subunits OdhA, AceF, 
and Lpd. AceF and Lpd are shared between ODH and PDH and together with the PDH subunit AceE they form the 
unusual hybrid PDH-ODH complex in C. glutamicum, which showed a polar localization in fluorescence microscopy 
approaches using fluorescent-tagged protein variants. The reason of the polar localization as well as its functional 
relevance are interesting aspects of ongoing research. The representation of the PDH-ODH complex reflects the 
assumed oligomeric states of AceF, AceE, Lpd and OdhA in the complex, but does not represent the overall 
stoichiometry of the different components in the hybrid PDH-ODH complex. In addition other oligomeric states of 
the PDH-ODH components such as OdhA hexamers (Kinugawa et al., 2020) could be present in C. glutamicum. 
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5. Appendix 
5.1. Influence of N- and C-terminal tags on the functionality of GlnX  

In vitro protein-protein interaction experiments of GlnX with GlnH and PknG require purified 

proteins. To optimize the purification of the membrane protein GlnX several different growth 

conditions including different media, temperature and inducer conditions as well as variation 

of purification buffer composition and use of different detergents needs to be tested. So far the 

purification success of GlnX at different conditions was tested using time-consuming Western 

blot analysis. To control the purification success at various intermediate steps in the 

overproduction and purification process, a fusion of the membrane protein with a fluorescent 

reporter protein based on a study by Drew et al. might be a suitable and faster approach (Drew 

et al., 2006). A combination of mVenus as fluorescent reporter output and a Strep-tag for 

affinity purification was chosen as an option for purification optimisation of GlnX.   

Protein purification using affinity-tags is well-established (Kimple et al., 2013), however, to 

enable later on interaction tests or activity assay it has to be ensured that these tags do not 

affect the correct folding and functionality of the target protein or at least can be removed after 

purification to restore full protein functionality. Therefore, the two expression plasmids 

pPREx2-glnX-TEV-mVenus-Strep and pPREx2-Strep-mVenus-TEV-glnX encoding for either 

a C- or N-terminal fusion of GlnX with mVenus and a Strep-tag were constructed and the 

functionality of the resulting fusion proteins was tested by complementation tests in a glnX 

deletion strain. The growth defect of C. glutamicum ∆glnX2 on agar plates containing glutamine 

as sole carbon and nitrogen source was restored in C. glutamicum ∆glnX2 pPREx2-Strep-

mVenus-TEV-glnX, while the plasmid coding for the C-terminal GlnX fusion protein did not 

enable growth (Fig. S1A). Fluorescence microscopy analysis of both strains showed that the 

lack of complementation capability is not due to an impaired insertion into the membrane, since 

both constructs lead to a fluorescence signal located at the membrane of the C. glutamicum 

cells (Fig. S1B), suggesting that the C-terminus of GlnX might be important for its functionality. 

The importance of an unaltered C-terminus was further underlined by the observation that 

already the fusion of the glnX gene with a C-terminal Strep-tag coding sequence hindered 

complementation of the growth defect of C. glutamicum ∆glnX2 (Fig. S1C). 
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Figure S1: Effect of N- and C-terminal tags on GlnX functionality. (A) Growth of C. glutamicum wt pPREx2 and 
C. glutamicum ∆glnX2 carrying the plasmids pPREx2, pPREx2-glnX-TEV-mVeuns-Strep and pPREx2-Strep-
mVenus-TEV-glnX on a CGXII agar plate containing glutamine as sole carbon and nitrogen source. (B) 
Fluorescence microscopy images of C. glutamicum ∆glnX2 pPREx2-glnX-TEV-mVenus-Strep and C. glutamicum 
∆glnX2 pPREx2-Strep-mVenus-TEV-glnX. Cells were grown in CGXII medium with 2% (w/v) glucose and images 
were taken 4 h after target gene expression with 100 µM IPTG. Scale bars represent 2 µm. (C) Growth of 
C. glutamicum wt pPREx2 and C. glutamicum ∆glnX2 carrying the plasmids pPREx2, pPREx2-glnX and pPREx2-
glnX-Strep on a CGXII agar plate containing glutamine as sole carbon and nitrogen source. 

 

5.2.  Purification of the periplasmic domains of GlnX 

The experimental verification of the predicted protein topology and the generation of an 

AlphaFold 2 model of the membrane protein GlnX (Sundermeyer et al., 2022a) enabled a 

better understanding of possible protein-protein interaction sites with GlnH and PknG. To 

experimentally analyze these potential interactions we aimed to perform protein-protein 

interaction tests using purified proteins. Since the purification of protein in concentrations 

suitable for interaction tests is still challenging in case of the membrane protein GlnX, we aimed 

to purify the two large periplasmic domains, identified by topology analysis and structure 

prediction, separately. These domains could be interaction partners of GlnH and may also 

sense additional ligands themselves (Sundermeyer et al., 2022a). Construction of the 

expression plasmids pPREx6-glnX-P1-Strep and pPREx6-glnX-P2-Strep enabled the T7-RNA 

polymerase based production of the two periplasmic domains in C. glutamicum MB001(DE3). 

SDS-PAGE analysis showed successful production of GlnX-P1-Strep and GlnX-P2-Strep (Fig. 

S2). GlnX-P1-Strep samples showed a strong protein band corresponding to the theoretical 

size of 17.9 kDa, both in the crude cell extract and in the soluble protein fraction. For GlnX-P2-
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Strep, an overexpression band was visible in crude cell extract and the soluble protein fraction 

as well. In this case the size derived from the SDS-PAGE analysis is around 15 kDa while the 

calculated theoretical protein size is 18 kDa.  

 

 
Figure S2: GlnX-P1-Strep and GlnX-P2-Strep production in C. glutamicum MB001(DE3). Coomassie-stained 
SDS-PAGE to control the overexpression of GlnX-P1-Strep and GlnX-P2-Strep. Shown are crude cell extract (CCE) 
and soluble protein fraction (SP) samples of C. glutamicum MB001(DE3) pPREx6-glnX-P1-Strep and C. glutamicum 
MB001(DE3) pPREx6-glnX-P2-Strep overproduction cultures. 

 

GlnX-P1-Strep and GlnX-P2-Strep were purified by Strep-Tactin affinity chromatography and 

size exclusion chromatography (SEC) (for material and methods see chapter 5.5.3). The SEC 

chromatogram of the GlnX-P1-Strep sample showed two peaks. SDS-PAGE analysis showed 

that both peaks contained the target protein (Fig. S3 A-C). The first peak (elution volume 8 to 

9 ml) is most likely caused by aggregated protein while the second one (elution volume 14.81 

ml) suggests the purified GlnX-P1-Strep being an oligomer with a size of 52.7 kDa. With a 

theoretical monomer size of 17.9 kDa this suggests that the isolated periplasmic domain forms 

trimers (theoretical size 53.7 kDa). It needs to be further analyzed if the oligomerization is an 

artefact of the isolated periplasmic domain or an indication that the membrane protein GlnX 

builds oligomers under physiological conditions as well. The SEC chromatogram of the GlnX-

P2-Strep purification showed only one peak with an early elution volume (8 to 9 ml) containing 

aggregated GlnX-P2-Strep protein (Fig. S3 D-F).  
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Figure S3: Purification of the periplasmic domains of GlnX. Strep-tagged proteins were produced in 
C. glutamicum MB001(DE3) carrying expression plasmids pPREx6-glnX-P1-Strep or pPREx6-glnX-P2-Strep. (A) 
Strep-tactin affinity purification elution profile of GlnX-P1-Strep using a 1 ml StrepTrap HP column and elution buffer 
containing 2.5 mM desthiobiotin. (B) SEC elution profile of GlnX-P1-Strep using a Superdex 200 Increase 10/300 
GL column. (C) Coomassie-stained SDS-PAGE to control the GlnX-P1-Strep purification. (D) Strep-tactin affinity 
purification elution profile of GlnX-P2-Strep using a 1 ml StrepTrap HP column and elution buffer containing 2.5 mM 
desthiobiotin (E) SEC elution profile of GlnX-P2-Strep using a Superdex 200 Increase 10/300 GL column. (F) 
Coomassie-stained SDS-PAGE to control the GlnX-P2-Strep purification.  

 

5.3.  Purification of the of the hybrid PDH-ODH complex of C. glutamicum  

In previous studies, a co-purification of ODH and PDH proteins was observed for purification 

of Strep-tagged OdhA or AceE (Niebisch et al. 2006). This observation led to the assumption 

of a hybrid PDH-ODH complex in C. glutamicum. One original aim of this thesis was to improve 

the purification of this hybrid complex to provide the purified proteins for structural biology 

approaches such as cryo-EM, performed by our cooperation partners at the Institute Pasteur 

in Paris. 
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Since AceF is required for both PDH and ODH activity and known to interact with all other 

components of the hybrid complex (AceE, OdhA and Lpd) (Hoffelder et al., 2010), a tagged 

version of AceF seemed to be promising for improved co-purification of all components of the 

hybrid PDH-ODH complex. For this purpose, the integration plasmid pK18mob-aceF-Strep 

was constructed and used to create the strain C. glutamicum::pK18mob-aceF-Strep 

(WT-aceFSt), analogous to the C. glutamicum strains WT-odhASt and WT-aceESt constructed 

by Niebisch et al.. 

 

Figure S4: Schematic representation of the genomic organization at the aceF locus in 
C. glutamicum::pK18mob-aceF-Strep. 

To compare the co-purification success of Strep-tagged OdhA and AceE with the new AceF-

Strep construct, WT-odhASt, WT-aceESt and WT-aceFSt were cultivated in BHI medium and the 

hybrid PDH-ODH complex was purified from all three strains in parallel using Strep-tag affinity 

purification (see chapter 5.5.3). In all three samples, protein bands of OdhA (136 kDa), Lpd 

(51 kDa) and biotinylated proteins were identified (Fig. S5A and C). For the AceE-Strep 

purification, a strong AceE (104 kDa) band was visible, while this was rather weak in the OdhA-

Strep and AceF-Strep samples. The protein band observed for AceF corresponds to a higher 

molecular weight than predicted from the amino acid sequence (72 kDa), which could be 

caused by effects of bound lipoylic acids. The protein pattern of the AceF-Strep purification 

was similar to the one of OdhA-Strep. As expected, a ratio increase of purified AceF compared 

to the other purified proteins was observed. The identity of the protein bands was confirmed 

by mass spectrometry (MALDI-TOF-MS). 

The SDS-PAGE analysis revealed the successful co-purification of all four dehydrogenase 

complex components. To test whether the proteins form an active hybrid PDH-ODH complex, 

dehydrogenase activities were measured. ODH catalyzes the conversion of 2-oxoglutarate to 

succinyl-CoA while PDH converts pyruvate to acetyl-CoA. Both reactions depend on NAD+ as 

cofactor. Hence, the enzyme activity of ODH and PDH can be determined in a photometric 

assay by measuring the increasing NADH concentration. The assay was performed as 

described by Niebisch et al. (see chapter 5.5.4). For all co-purification samples, the ODH 

activity was higher than the PDH activity (Fig. S5 B and D). In a first co-purification, no PDH 

activity was measured for OdhA-Strep, while in a second experiment a low activity of 

0.03 U mg-1 with pyruvate as substrate was observed. The ODH activity of 1.42 U mg-1 and 

1.48 U mg-1 was similar in both purifications (Fig. S5 B and D). In case of the AceF-Strep 
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samples, PDH activities of about 0.1 U mg-1 were detected, while the ODH activities of the 

second purification were about three-fold higher compared to the first purification with values 

of 0.84 U mg-1 and 2.76 U mg-1, showing that that co-purification and composition of the protein 

sample is difficult to reproduce, and that even small experimental differences might affect the 

formation of the active hybrid complex. For the AceE-Strep sample similar ODH and PDH 

activities where determined in independent purifications with specific activities of 0.58 U mg-1 

and 0.69 U mg-1 or 0.36 U mg-1 and 0.37 U mg-1, respectively (Fig. S5 B and D). The lower 

PDH activities of the AceE-Strep samples were unexpected, since high amounts of AceE were 

visible in SDS-PAGE analysis and earlier studies reported higher PDH than ODH activities for 

AceE-Strep purification samples (Niebisch et al., 2006).  

 

Figure S5: Purification of the hybrid PDH-ODH complex using OdhA-Strep, AceE-Strep, AceF-Strep and 
subsequent enzyme assays. The protein complexes were purified from C. glutamicum strains carrying 
chromosomally encoded, C-terminal Strep-tags at the given proteins. (A) and (C) Coomassie stained 8 % SDS gel 
analyzing protein samples of Strep-tag affinity purification followed by PD-10 gel filtration. The arrows indicate the 
protein bands of four protein components of ODH and PDH (OdhA, AceE, AceF and Lpd) and the biotinylated 
proteins Pyc and AccBC. (B and D) Specific ODH (blue) and PDH (orange) activities in U/mg total protein for OdhA-
Strep, AceE-Strep and AceF-Strep purification samples. ODH and PDH activities were determined using an NAD+ 
dependent activity assay with 1.5 mM 2-oxoglutarate and 1.5 mM pyruvate (B) or 15 mM pyruvate (D) as substrates. 
Shown are mean values of technical triplicates with error bars representing standard deviations. ODH and PDH 
activities shown in B were obtained for samples analyzed in A and activities shown in D were obtained for samples 
analyzed in C. 
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One reason for the low PDH activities might be an insufficient removal of allosteric inhibitors 

by the gel filtration on PD-10 columns and it could be tested to remove potential allosteric 

inhibitors more efficiently by dialysis. In case of OdhA-Strep and AceF-Strep purifications, the 

low PDH activities might be caused by the low amount of co-purified AceE. In contrast, in the 

AceE-Strep samples high amounts of AceE were purified but this did not increase PDH activity 

significantly. To analyze if the lower PDH than ODH activities in this case are caused by an 

inactive AceE protein or by an insufficient formation of the PDH complex, we had a closer look 

on the dehydrogenase activities of the WT-aceESt strain. Besides ODH and PDH activity, the 

isocitrate dehydrogenase activity was analyzed to include an enzyme, which should not be 

affected by the tagged PDH component. The PDH activity (0.05 U mg-1) in WT-aceESt cell 

extract was slightly lower than the ODH activity (0.07 U mg-1) (Fig. S6 A), while literature 

reports similar PDH and ODH activities of around 0.1 U mg-1 in C. glutamicum cell extracts 

(Hoffelder et al., 2010). The observed Icd activity of about 0.8 U mg-1 is similar to those reported 

in literature (0.9 to 1.1 U mg-1) (Eikmanns et al., 1995), showing that the applied cell disruption 

procedure is suitable to maintain dehydrogenase activities. In addition, ODH and PDH 

activities were measured in AceE-Strep samples after affinity purification, and again lower PDH 

than ODH activities were observed, even if the values were much lower in general (Fig. S6 B). 

Furthermore, the specific activities of the E1 subunits OdhA and AceE were determined in a 

DCPIP (2,6-dichlorophenolindophenol) assay and showed an about ten-fold higher activity for 

AceE than for OdhA, which correlates with the much higher amount of AceE in AceE-Strep 

samples observed in SDS-PAGE analysis (see Fig. S5 A and C). Taken together, these results 

suggest that the low PDH activities observed in AceE-Strep samples are caused by an 

impaired formation of the PDH complex and not due to the purification of inactive AceE. It has 

to be analyzed further if this impaired formation of the PDH complex is at least partially caused 

by the C-terminal Strep-tag or if the affinity between AceE and AceF is lower than between 

OdhA and AceF, which would explain why the AceF-Strep sample contains less AceE than 

OdhA (see Fig. S5 A and C). 
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Figure S6: Dehydrogenase activities in WT-aceESt cell extracts and AceE-Strep purified protein samples. 
(A) Shown are the specific ODH, PDH and Icd activities in U/mg total protein determined for WT-aceESt cell extracts 
in NAD+ (ODH and PDH) or NADP+ (Icd) dependent assays using 1.5 mM 2-oxoglutarate, 15 mM pyruvate and 0.8 
mM isocitrate as substrates. (B) The protein complexes were co-purified from WT-aceESt using Strep-Tactin affinity 
chromatography. Shown are specific ODH and PDH activities in U/mg protein determined using an NAD+ dependent 
activity assay with 1.5 mM 2-oxoglutarate and 15 mM pyruvate as substrates as well as the specific OdhA and AceE 
activities determined using a DCPIP-dependent assay with 1 mM 2-oxoglutarate or pyruvate as substrates. Shown 
are mean values of technical triplicates and error bars represent standard deviation. 

 

Besides the construction of the WT-aceFSt strain, another idea to optimize the purification of 

the hybrid PDH-ODH complex was to test different purification buffers, for example using high 

KCl concentrations (1 M) or myo-inositol as buffer additives, which improved protein 

purification in case of the pyruvate carboxylase of C. glutamicum (Kortmann et al., 2019). To 

compare the effect of the buffer additives 5% (w/v) myo-inositol or 1 M KCl to the so far used 

glycerol on the purification success WT-aceFSt cell pellets were split equally, and dissolved in 

the previously used buffer either containing glycerol or 5% (w/v) myo-inositol. The protein 

composition of the myo-inositol and glycerol elution fractions, analyzed by SDS-PAGE 

(Fig. 7A), showed a successful purification of all hybrid PDH-ODH complex components which 

was confirmed by the PDH and ODH activities determined for both samples. As it was the case 

for glycerol, myo-inositol enabled the co-purification of all PDH-ODH complex components, 

showing comparable PDH activities of 0.15 U mg-1 and 0.14 U mg-1, respectively (Fig. S7 B). 

Although the ODH activity of the sample containing 5% (w/v) myo-inositol as buffer additive 

was lower than in the sample containing 10%  (v/v)  glycerol as buffer additive (0.86 U mg-1 

and 1.31 U mg-1), myo-inositol appears to be a suitable alternative. In contrast, the use of 1 M 

KCl did not enable purification of active PDH-ODH complexes (data not shown). An inhibition 

of enzyme activity due to a high KCl concentrations has been reported in other studies 

(Mukhopadhyay and Purwantini, 2000) and restoration of activity by removal of KCl could be 

tested.  
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Figure S7: Purification of the hybrid PDH-ODH complex using AceF-Strep and 10% glycerol or 5% myo-
inositol as buffer additives. (A) Coomassie stained 8 % SDS gel of AceF-Strep elution fraction of Strep-tag affinity 
purification in 50 mM TES-NaOH, 1 mM MgCl2, pH 7.7 with either 10 % (w/v) glycerol or 5 % (w/v) myo-inositol as 
buffer additive. (B) Specific ODH (blue) and PDH (orange) activities in U/mg protein for AceF-Strep samples purified 
with glycerol or myo-inositol as buffer additives. ODH and PDH activities were determined using an NAD+ dependent 
activity assay with 2-oxoglutarate or pyruvate as substrates. Shown are mean values of technical triplicates with 
error bars representing standard deviations. 

 

Since the altered buffer composition did not lead to clear improvement in the obtained protein 

concentrations or higher specific activities, glycerol was kept as buffer additive for hybrid PDH-

ODH complex purification and samples were provided for cryo-EM experiments. Unfortunately, 

structure determination was neither possible with samples purified from C.  glutamicum nor for 

the complex build of the protein components heterologously produced in E. coli (experiments 

performed by our project partners at Institute Pasteur), due to the high flexibility of the protein 

interactions in the hybrid complex. Therefore, our project partners focused on the 

determination of the individual protein structures and the protein-protein interactions enabling 

the formation of the hybrid PDH-ODH complex. 

 

5.4. Relevance of the N-terminal extension of OdhA in vivo 

In C. glutamicum and other actinobacteria the ODH E1 domain OdhA, harbors the 2-

oxoglutarate decarboxylase as well as the succinyltransferase domain of E2, while an 

independent E2o subunit is missing (Usuda et al., 1996). Since ODH lacks a lipoyl-binding 

domain of E2, an interaction of OdhA with AceF, the E2 subunit of the PDH, is necessary, to 

ensure the transfer of the succinyl group to CoA (Hoffelder et al., 2010).   

Our project partners at the Institute Pasteur in Paris solved the structures of the C. glutamicum 
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PDH and ODH components and performed interaction studies of OdhA with AceF to gain a 

better understanding of the interacting protein regions within the hybrid PDH-ODH complex. 

One part of the OdhA protein that is assumed to be responsible for interaction with AceF is an 

N-terminal extension. They constructed pPREx2-based expression plasmids encoding for 

OdhA variants lacking different N-terminal segments (Fig.S8). To analyze the importance of 

these different N-terminal parts for the functionality of OdhA and thereby draw conclusions 

about the interaction of OdhA and AceF in vivo, we constructed a C. glutamicum ∆odhA strain 

and performed a complementation assay with the different N-terminally truncated OdhA 

variants. 

 

 

Figure S8: Schematic representation of the N-terminally truncated OdhA variants. Shown is the organization 
of 2-oxoglutarate decarboxylase (OD, dark blue) and succinyltransferase (light blue) domains of OdhA, linker 
regions are marked in grey (following Hoffelder et al. 2010). Besides the full length protein, four truncated OdhA 
variants are shown. OdhA Δ26 lacks the first predicted α-helix, OdhA Δ40 lacks two N-terminal alpha helices, OdhA 
Δhelix2 lacks residues Ser27 to Gly40 and OdhA Δ97 lacks the whole N-terminal segment. 

 

Deletion of the odhA gene prevents formation of the ODH and thereby interrupts the TCA cycle, 

which leads to a strong growth defect as well as an accumulation of 2-oxoglutarate and acetate 

in the growth medium of the odhA deletion strain (Hoffelder et al., 2010). In accordance with 

this we observed a reduced growth of the deletion strain in BHI medium with 2 % (w/v) glucose 

and an acidification of culture medium which was not observed for the wt strain (data not 

shown). Since a strong acidification of the culture medium impairs C. glutamicum growth, a 

combination of BHI and CGXII medium with 2% (w/v) glucose was used in the 

complementation experiments with the OdhA truncation variants to prevent fast pH changes. 

The growth of C. glutamicum ∆odhA carrying the empty plasmid pPREx2, and the pPREx2 

derivatives encoding for an OdhA full-length (FL) protein or different N-terminal truncation 

variants was monitored in a BioLector cultivation. The deletion strain carrying the empty 

plasmid showed slower growth and reduced final backscatter value compared to 

C. glutamicum wt pPREx2 (Fig.S9). Strains carrying plasmids encoding for full length OdhA as 

well as the ∆26, ∆40 and ∆helix2 variants complemented to a similar extend and led to a growth 
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behavior similar to the wt while the OdhA ∆97 variant enabled only partial complementation 

(intermediate growth rate but final backscatter like the wt). 

 

 
Figure S9: Complementation of C. glutamicum ∆odhA growth with OdhA variants of different length. 
C. glutamicum wt carrying the empty plasmid and C. glutamicum ∆odhA carrying the empty plasmid pPREx2 or 
pPREx2-based expression plasmids for different truncated OdhA variants were cultivated in a BioLector at 30 °C 
and 1200 rpm. Cultivation took place in BHI/CGXII + 2 % (w/v) glucose (25 µg/ml kanamycin). Shown are mean 
values and error bars representing the standard deviation of technical triplicates.  

 

Already without induction of gene expression by addition of IPTG, the basal plasmid-based 

expression showed strong complementation effects for the different OdhA variants. In addition 

to the above mentioned experiment, a second cultivation with the same strains was performed 

to analyze the influence of different induction levels on the complementation effect. The 

different C. glutamicum strains were again cultivated in BHI/CGXII with 2% (w/v) glucose and 

25 µg/ml kanamycin, this time containing 0 µM, 1 µM or 5 µM IPTG. While the expression of 

the full length protein and the OdhA ∆26, ∆40 and ∆helix2 variants showed almost wt growth 

behavior already without IPTG (Fig. S9), a positive effect was observed for the strain carrying 

the OdhA ∆97 expression plasmid with increasing IPTG concentrations (Fig. S10), which 

shows that at higher expression levels the OdhA∆97 truncation variant complements the 

growth defect comparable to the other OdhA variants. This could mean that the lower affinity 

between AceF and this OdhA variant with the large N-terminal truncation gets bypassed by 

higher OdhA levels present in the cell.  
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Figure S10: Complementation of C. glutamicum ∆odhA growth at different inducer concentrations. 
C. glutamicum wt carrying the empty plasmid pPREx2 (orange) and C. glutamicum ∆odhA carrying the empty 
plasmid (green) or pPREx2 based expression plasmids for different OdhA full length (dark blue), and OdhA ∆97 
(cyan) were cultivated in a BioLector at 30 °C and 1200 rpm. Cultivation took place in BHI/CGXII + 2 % (w/v) glucose 
(25 µg/ml kanamycin) with 0 µM (A), 1 µM (B) or 5 µM IPTG (C). Shown are mean values of biological duplicates.  

 

5.5.  Material and methods of supplementary experiments 

5.5.1 Bacterial strains and cultivation conditions 

All bacterial strains and plasmids used in experiments shown in the appendix are listed in Table 

S1. E. coli cells were cultivated at 37 °C in lysogeny broth (LB) (Bertani, 1951) or on LB agar 

plates (Carl Roth, Karlsruhe, Germany). C. glutamicum strains were cultivated at 30 °C in brain 

heart infusion medium (BHI; Difco Laboratories, Detroit, USA) or in CGXII medium with 2% 

(w/v) glucose (Keilhauer et al., 1993) containing 30 mg L-1 3,4-dihydroxybenzoate as iron 

chelator or in a mixture of both media. These media were also used for the preparation of solid 

media by addition of 15 g L−1 agar. Complementation tests were performed on agar plates 

containing modified CGXII medium lacking glucose, ammonium sulfate and urea and 

containing 100 mM L-glutamine as sole carbon and nitrogen source. To maintain plasmid 

stability, kanamycin was added at concentrations of 25 mg L−1 (C. glutamicum) or 50 mg L−1 

(E. coli).  

For BioLector cultivations, single colonies of C. glutamicum strains were used to inoculate 

overnight pre-cultures in BHI medium with 2 % (w/v) glucose in shake flasks. Cells 

corresponding to an OD600 of 8 were resuspended in 1 ml BHI/CGXII + 2 % (w/v) glucose and 

used to inoculate the flower plate wells to a starting OD600 of 0.5. Cultivation took place at 

30 °C and 1200 rpm in a BioLector system (m2p-labs, Baesweiler, Germany).  

 

Table S1: Bacterial strains and plasmids used in experiments described in the appendix. 

Strain or plasmid Description Reference or source 
C. glutamicum strains   
ATCC13032 Biotin-auxotrophic wild type strain DSMZ 
ΔglnX2 Wild type derivative with in-frame deletion of 

glnX (cg3044) 
(Sundermeyer et al., 
2022a) 

WT-odhASt Wild type derivative with plasmid pK18mob-
odhA-Strep integrated into the chromosomal 

(Niebisch et al., 2006) 
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odhA gene (cg1280) adding a Strep-tag to the 
OdhA C-terminus 

WT-aceESt Wild type derivative with plasmid pK18mob-
aceE-Strep integrated into the chromosomal 
aceE gene (cg2466) adding a Strep-tag to the 
AceE C-terminus 

(Niebisch et al., 2006) 

WT-aceFSt Wild type derivative with plasmid pK18mob-
aceF-Strep integrated into the chromosomal 
aceF gene (cg2421) adding a Strep-tag to the 
AceF C-terminus 

This work 

MB001(DE3) MB001 derivative with chromosomally 
encoded T7 gene 1 (cg1122-PlacI-lacIPlacUV5-
lacZα-T7 gene 1-cg1121) 

(Kortmann et al., 2015) 

E. coli strains   
DH5α F- supE44 ΔlacU169 (Φ80lacZΔM15) hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 
(Hanahan, 1983) 
 

   
Plasmids   
pK18mob KanR; E. coli vector unable to replicate in 

C. glutamicum (oriV E.c., sacB, lacZα) 
(Schäfer et al., 1994) 

pK18mob-aceF-Strep  KanR; pK18mobsacB derivative containing a 
691-bp PCR product covering the 3’-terminal 
end of the aceF gene elongated with a Strep-
tag coding sequence before the stop codon 

This work 

pPREx2 KanR; pPBEx2 derivative (PtacI, lacIq, oriC.g from 
pBL1; oriE.c. ColE1 from pUC18), with a 
consensus RBS (AAGGAG) for C. glutamicum 

(Bakkes et al., 2020) 

pPREx2-glnX KanR; pPREx2 derivative for expression of 
glnX (cg3044) 

This work 

pPREx2-glnX-Strep KanR; pPREx2 derivative for expression of 
glnX (cg3044) with a with C-terminal Strep-tag  

This work 

pPREx2-glnX-TEV-mVenus-Strep KanR; pPREx2 derivative coding for a GlnX 
(cg3044) fusion protein with a C-terminal TEV 
protease cleavage site followed by mVenus 
and a Strep-tag 

This work 

pPREx2-Strep-mVenus-TEV-glnX KanR; pPREx2 derivative coding for a GlnX 
(cg3044)  fusion protein with an N-terminal 
Strep-tag followed by mVenus and a TEV 
protease cleavage site 

This work 

pPREx2-OdhA-FL KanR; pPREx2 derivative for expression of 
odhA (cg1280) 

Provided by Lu Yang 
(Institute Pasteur, Paris) 

pPREx2-OdhA-∆26 KanR; pPREx2 derivative encoding for an 
OdhA  (cg1280) truncation variant lacking the 
first predicted α-helix 

Provided by Lu Yang 
(Institute Pasteur, Paris) 

pPREx2-OdhA-∆40 KanR; pPREx2 derivative encoding for an 
OdhA (cg1280) truncation variant lacking two 
N-terminal α-helices 

Provided by Lu Yang 
(Institute Pasteur, Paris) 

pPREx2-OdhA-∆helix2 KanR; pPREx2 derivative encoding for an 
OdhA (cg1280) truncation variant lacking 
residues Ser27 to Gly40 

Provided by Lu Yang 
(Institute Pasteur, Paris) 

pPREx2-OdhA-∆97 KanR; pPREx2 derivative encoding for an 
OdhA (cg1280) truncation variant lacking the 
entire N-terminal segment 

Provided by Lu Yang 
(Institute Pasteur, Paris) 

pPREx6 KanR; pPREx2 derivative with Ptac exchanged 
for PT7  

(Ramp et al., 2022) 

pPREx6-glnX-P1-Strep KanR; pPREx6 derivative encoding the first 
periplasmic domain of GlnX (amino acid 
residues 111-266) (cg3044) with C-terminal 
Strep-tag 

This work 

pPREx6-glnX-P2-Strep KanR; pPREx6 derivative encoding the second 
periplasmic domain of GlnX (amino acid 
residues 320-472) (cg3044) with C-terminal 
Strep-tag 

This work 
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5.5.2 Standard recombinant DNA work and construction of deletion mutants 

Standard methods such as PCR and plasmid restriction were carried out according to 

established protocols (Green and Sambrook, 2012). Plasmids were constructed by Gibson 

assembly (Gibson et al., 2009). The oligonucleotides listed in Table S2 were obtained from 

and DNA sequencing was performed by Eurofins Genomics (Ebersberg, Germany). 

Transformation of E. coli was performed using a standard protocol (Hanahan, 1983) and 

C. glutamicum transformation was performed by electroporation (van der Rest et al., 1999). 

The C. glutamicum strain WT-aceFSt was obtained by a single homologous recombination 

event in the C. glutamicum genome and recombinant strains were selected on agar plates 

containing kanamycin. 

 

Table S2 Oligonucleotides used in experiments shown in the appendix. 

Name Sequence  

Construction of pK18mob-aceF-Strep 
aceF-Strep fw GCTTGCATGCCTGCAAGCTGCACGAGGTCGATATG 

aceF-Strep rv ATGACCATGATTACGATTTACTTCTCGAACTGTGGGTGGGACCAAGCAGAGAGCTGC
AGATCGCCTTC 

 
Construction of pPREx2-glnX and pPREx2-glnX-Strep 
glnX fw TGCAGAAGGAGATATACATATGATCCGGGATGGAAATG 

glnX rv AAACGACGGCCAGTGAATTCTTATAAGTACTCCTGCAAACG 

glnX-Strep rv GAACTGTGGGTGGGACCAGCTAGCTAAGTACTCCTGCAAACG 

  
Construction of pPREx2-glnX-TEV-mVenus-Strep 
glnX fw TGCAGAAGGAGATATACATATGATCCGGGATGGAAATG 

glnX-TEV rv AATACAGGTTCTCGGATCCTAAGTACTCCTGCAAACG 

TEV-mVenus fw GGATCCGAGAACCTGTATTTTCAGGGCCAATTCGtTAGCAAAGGAGAAGAAC 

mVenus-Strep rv GAACTGTGGGTGGGACCAGCTAGCAAGCTTTTTGTAGAGCTCATCCATGC 

 
Construction of pPREx2-Strep-mVenus-TEV-glnX 
Strep-mVenus fw TGCAGAAGGAGATATACATatgGCTAGCTGGTCCCACCCACAGTTCGAGAAGGGATC

CGCTAGCAAAGGAGAAGAAC 
mVenus-TEV rv GCCCTGAAAATACAGGTTCTCGGATCCTTTGTAGAGCTCATCCATGC 
TEV-glnX fw AACCTGTATTTTCAGGGCATGATCCGGGATGGAAATG 
glnX rv AAACGACGGCCAGTGAATTCTTATAAGTACTCCTGCAAACG 
  
Construction of pPREx6-glnX-P1-Strep 
glnX-P1 fw TTTAAGAAGGAGATATACAtATGTCGGTGTCTTCGGATAC 
glnX-P1 rv GAACTGTGGGTGGGACCAGCTAGCCTGCGGACCCGTCACCGAAC 
  
Construction of pPREx6-glnX-P2-Strep 
glnX-P2 fw TTTAAGAAGGAGATATACATATGACGTGGCAGGCTGGCACGAAG 
glnX-P2 rv GAACTGTGGGTGGGACCAGCTAGCCTCCGTGGCCTGCAGGCC 
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5.5.3 Protein production and purification 

The periplasmic domains of GlnX were produced using C. glutamicum strains MB001(DE3) 

pPREx6-glnX-P1-Strep and MB001(DE3) pPREx6-glnX-P2-Strep. The strains were cultivated 

at 30 °C in BHI medium with 2% (w/v) glucose with a starting OD600 of 0.5 and target gene 

expression was induced after 3 h by addition of 250 µM IPTG. After overnight cultivation cells 

were harvested by centrifugation. Cell pellets were suspended in buffer A (100 mM Tris-HCl, 

150 mM NaCl, 1 mM EDTA, pH 8) and disrupted by French press treatment. Soluble protein 

fractions were obtained by centrifugation (5000g, 4 °C, 20 min) and subsequent 

ultracentrifugation of the supernatant (100000g, 4 °C, 1 h). The supernatant was filtered and 

manually applied to a 1 ml StrepTrap HP (GE Healthcare, Chicago, IL, USA) column. The 

column was inserted into an Äkta pure system and unspecifically bound proteins were removed 

by a washing step with buffer A. Specifically bound protein was eluted in a one-step elution 

using buffer A with 2.5 mM desthiobiotin. The eluted proteins were further purified by size 

exclusion chromatography on a Superdex Increase 200 10/300 GL column (GE Healthcare, 

Chicago, IL, USA) equilibrated with buffer A. To estimate the oligomeric state of GlnX-P1-

Strep, a calibration curve for the used Superdex 200 Increase 10/300 GL column was 

prepared, using cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa), bovine serum albumin 

(66 kDa), alcohol dehydrogenase (150 kDa) and β-amylase (200 kDa) (Gel filtration molecular 

weight markers, Sigma-Aldrich) at the same settings as applied for GlnX-P1-Strep. The void 

volume was determined using dextran blue. This revealed a calibration function of y = -3.218x 

+ 3.068 with y being the logarithm of the relative molecular weight (log(Mr)) and x the = partition 

coefficient (Kav). Protein concentrations were determined using the molar extinction coefficient 

predicted by the ProtParam tool (http://web.expasy.org/protparam/). 

For purification and subsequent enzyme assays of the hybrid PDH-ODH complex 

C. glutamicum strains WT-odhASt, WT-aceESt and WT-aceFSt were cultivated at 30 °C in BHI 

medium until an OD600 of 8 to 10 was reached. Subsequently, cells were harvested by 

centrifugation and the pellet was suspended in buffer B (50 mM TES-NaOH, 1 mM MgCl2, 

pH 7.7) containing 30 % (w/v) glycerol and cOmplete EDTA-free protease inhibitor (Roche, 

Basel, Switzerland) as described by Niebisch et al. and disrupted by French press treatment. 

Cell debris was removed by centrifugation (10 min, 4 °C, 18000g). The supernatant was diluted 

with the same volume of buffer B to reduce the glycerol concentration and subsequently 

transferred to a Strep-Tactin gravity flow column (1 ml bed volume, Strep-Tactin sepharose, 

IBA) equilibrated with buffer B containing 10 % (w/v) glycerol. Unspecifically bound protein was 

removed in a wash step and elution of specifically bound protein was carried out using buffer 

B containing 10 % (w/v) glycerol and 2.5 mM desthiobiotin. The elution fraction was 

concentrated and further purified by gel filtration on PD-10 columns to remove possible 

allosteric inhibitors. The PD-10 elution fraction was concentrated to a volume of 1 ml. The 
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protein concentration was determined using BCA assay (Interchim, Montlucon, France). The 

protein composition of these samples was analyzed by SDS-PAGE and the protein samples 

were used in enzyme activity assays or provided for structure determination experiments. In 

case of experiments testing alternative buffer additives, glycerol was replaced by 5% (w/v) 

myo-inositol or 1 M KCl. In contrast to glycerol, these concentrations were kept constant in all 

buffers during the purification steps. 

 

5.5.4 Enzyme activity assays 

Determination of ODH and PDH activities was carried out in a photometric assay following the 

initial increase in concentration of NADH at 340 nm as described by Niebisch et al 2006. The 

assay buffer contained 3 mM L-cysteine, 0.9 mM TPP, 2 mM NAD+, 50 µM chlorpromazine, 

25–100 µl of cell extract or purified PDH-ODH complexes and the reaction was started by 

addition of 2-oxoglutarate (1.5 mM ) or pyruvate (1.5 mM or 15 mM) and 0.2 mM coenzyme A 

in an assay volume of 1 ml. Measurements were performed at 30 °C and an activity of 1 U 

refers to 1 µmol of NADH formed per min. The Icd activity was measured in an NADP+ 

dependent assay at 340 nm. The reaction buffer contained 50 mM TES-NaOH pH 7.7, 0.8 mM 

MnSO4, 0.5 mM NADP+ and 0.8 mM isocitrate as substrate following the assay composition 

described by Eikmanns et al. 1995. The decarboxylase activities of the E1 subunits OdhA and 

AceE in an AceE-Strep purified sample were analyzed measuring the reduction of the 

alternative electron acceptor DCPIP at 600 nm in buffer containing 80 mM potassium 

phosphate (pH 7.5), 3 mM KCN, 0.23 mM DCPIP, 2.2 mM phenazine methosulfate, 1 mM 

MgCl2, 0.2 mM TPP, and 1 mM 2-oxoglutarate or pyruvate as described by Hoffelder et al. 

2010. 
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