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I Abstract 

Abstract  

The natural precursor of the essential amino acid L-leucine, 2-ketoisocaproate, is often used 

as a therapeutic agent in infusion solutions for kidney-patients and as integral part of 

functional food for muscle regeneration. Moreover, 2-ketoisocaproate may serve as precursor 

for products deriving from this 2-ketoacid, e.g. 3-methylbutanal (isovaleraldehyde), an 

intermediate for industrial vitamin synthesis, as well as its corresponding alcohol 3-methyl-1-

butanol, a potential future biofuel. In the present work, the efficient, growth-coupled 

production of 2-ketoisocaproate with metabolically engineered Corynebacterium glutamicum 

strains was pursued. In this context, potential limitations during 2-ketoisocaproate synthesis in 

C. glutamicum were identified, permitting the directed improvement of the newly constructed 

strain(s). 

To ensure genetic stability for further improvement of the existing 2-ketoisocaproate 

producing strain C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 (pJC4ilvBNCD), possessing 

decreased citrate synthase activity (30 % of the wild-type activity), the genes prpC1 and 

prpC2, both coding for methylcitrate synthases, were deleted to obtain C. glutamicum VB 

(pJC4ilvBNCD). In shake flask fermentations under L-leucine limitation with glucose as 

substrate, the strain produced 28.3 ± 2.8 mM 2-ketoisocaproate with a product yield of  

0.26 ± 0.02 mol/mol glucose. 2-ketoisocaproate was shown to be exported effectively. 

However, a bottleneck in the isopropylmalate pathway leading from 2-ketoisovalerate to  

2-ketoisocaproate was observed, resulting in cessation of 2-ketoisocaproate excretion, in spite 

of residual carbon source in the growth medium.  

On studying the influence of 2-ketoisocaproate and L-leucine on the enzymes of the 

isopropylmalate pathway, competitive inhibition of the isopropylmalate synthase (coded by 

leuA) by 2-ketoisocaproate was observed. In contrast, non-competitive inhibition of 

isopropylmalate dehydratase by 2-ketoisocaproate was observed. The physiological 

importance of the inhibition of these enzymes by 2-ketoisocaproate, however, is questionable. 

Little amounts of L-leucine led to a strong, non-competitive inhibition of isopropylmalate 

synthase activity, whereas isopropylmalate dehydratase and presumably also isopropylmalate 

dehydrogenase were not affected by L-leucine. These findings prompted the improvement of  

C. glutamicum VB (pJC4ilvBNCD) by heterologously expressing a mutated version of the 

leuA gene from E. coli K12, encoding an isopropylmalate synthase that is insensitive towards  

L-leucine. With up to 53.9 ± 3.9 mM 2-ketoisocaproate, the advanced production strain  

C. glutamicum VB (pJC4ilvBNCDleuAG462D) produced almost twice as much as the parental 
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strain. Further increase in 2-ketoisocaproate titers was achieved by cultivation of the 

production strain with glucose plus acetate, resulting in the excretion of 71 ± 3.2 mM  

2-ketoisocaproate and a yield of 0.24 ± 0.01 mol C in 2-ketoisocaproate/mol C of substrate  

(glucose + acetate), thus indicating that acetyl-CoA supply is another limiting factor in  

2-ketoisocaproate synthesis. Additional hint for this assumption was the fact that oxygen 

surplus during fermenter cultivation negatively affected 2-ketoisocaproate production, 

probably due to enhanced flux of acetyl-CoA into the tricarboxylic acid cycle.  

Further attenuation of citrate synthase by replacement of the gltA promoter, and thus 

(potentially) higher intracellular pools of the 2-ketoisocaproate precursors acetyl-CoA and 

pyruvate, did not affect 2-ketoisocaproate production in strains carrying the native, feedback-

sensitive isopropylmalate synthase alone. This was probably due to inhibition of the enzyme 

by L-leucine. However, expression of leuAG462D, encoding the feedback-resistant 

isopropylmalate synthase, in a strain with further reduced citrate synthase activity (21 % of 

the wild-type activity) resulted in the production of 89 ± 10.9 mM 2-ketoisocaproate and a 

yield of 0.28 ± 0.004 mol C in 2-ketoisocaproate/mol C of substrate, when cultivated with 

acetate as additional carbon source. This is the first time that an efficient 2-ketoisocaproate 

production with C. glutamicum by a fermentative process has been described. 
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Zusammenfassung 

Der natürliche Vorläufer der essentiellen Aminosäure L-Leucin, 2-Ketoisocaproat, findet 

häufig Anwendung als Therapeutikum in Infusionslösungen für Nierenpatienten und als 

Bestandteil von Aufbaupräparaten für die Muskelregeneration. Außerdem könnte  

2-Ketoisocaproat als Vorläufer zur Synthese von 2-Ketoisocaproat-Derivaten, wie z.B. dem 

Aldehyd 3-Methyl-Butanal (Isovaleraldehyd), einem Intermediat für die industrielle Vitamin-

Synthese, sowie seinem korrespondierenden Alkohol 3-Methyl-1-Butanol, einem potentiellen 

zukünftigen Biokraftstoff, dienen. In der vorliegenden Arbeit wurde die effiziente, 

wachstumsgebundene Produktion von 2-Ketoisocaproat mit genetisch veränderten 

Corynebacterium glutamicum Stämmen angestrebt. In diesem Zusammenhang wurden 

potentielle Limitierungen während der 2-Ketoisocaproat-Synthese in C. glutamicum 

identifiziert. Dies erlaubte die gezielte Optimierung der neu konstruierten Stämme. 

In weiterführenden Experimenten zur Verbesserung des existierenden 2-Ketoisocaproat-

produzierenden Stammes C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 (pJC4ilvBNCD), der eine 

abgeschwächte Citrat-Synthase besitzt (30 % der Wildtyp-Aktivität), sollte die genetische 

Stabilität dieses Stammes gewährleistet werden. Aus diesem Grund wurden die für 

Methylcitrat-Synthasen kodierenden Gene prpC1 und prpC2 deletiert. In Schüttelkolben-

experimenten unter L-Leucinmangel mit Glucose als Substrat produzierte der neu konstruierte 

Stamm C. glutamicum VB (pJC4ilvBNCD) 28.3 ± 2.8 mM 2-Ketoisocaproat mit einer 

Ausbeute von 0.26 ± 0.02 mol/mol Glucose. Weitere Experimente wiesen auf einen sehr 

effizienten Export von 2-Ketoisocaproat hin. Jedoch wurde ein Engpass im Weg zur 

sequentiellen Umsetzung von 2-Ketoisovalerat zu 2-Ketoisocaproat, dem sogenannten 

Isopropylmalat-Weg, beobachtet. Diese Limitierung hatte trotz verfügbarer Kohlenstoffquelle 

einen plötzlichen Abbruch der 2-Ketoisocaproat-Produktion zur Folge. 

Bei der Untersuchung des Einflusses von 2-Ketoisocaproat und L-Leucin auf die Enzyme des 

Isopropylmalat-Weges zeigte sich eine kompetitive Inhibition des Enzyms Isopropylmalat-

Synthase (kodiert von leuA) durch 2-Ketoisocaproat. Im Gegensatz dazu wurde im Fall der 

Isopropylmalat-Dehydratase eine nicht-kompetitive Hemmung durch 2-Ketoisocaproat 

beobachtet. Die physiologische Bedeutung der Hemmung dieser beiden Enzyme durch  

2-Ketoisocaproat ist jedoch fraglich. Geringe Mengen L-Leucin hatten eine starke, nicht-

kompetitive Hemmung der Isopropylmalat-Synthase zur Folge, wohingegen die 

Isopropylmalat-Dehydratase und vermutlich auch die Isopropylmalat-Dehydrogenase nicht 

von L-Leucin beeinflusst wurden. Diese Erkenntnisse führten zur Verbesserung von  
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C. glutamicum VB (pJC4ilvBNCD) durch die heterologe Expression einer mutierten Version 

des leuA-Gens aus E. coli K12, das für eine feedback-resistente Isopropylmalat-Synthase 

kodiert. Der verbesserte Stamm C. glutamicum VB (pJC4ilvBNCDleuAG462D) produzierte mit 

bis zu 53.9 ± 3.9 mM 2-Ketoisocaproat fast zweimal so viel wie der Ausgangsstamm. Eine 

weitere Erhöhung des 2-Ketoisocaproat-Titers wurde durch die Kultivierung von  

C. glutamicum VB (pJC4ilvBNCDleuAG462D) mit Glucose plus Acetat erreicht. Diese 

resultierte in der Produktion von 71 ± 3.2 mM 2-Ketoisocaproat und einer Ausbeute von  

0.24 ± 0.01 mol C in 2-Ketoisocaproat/mol C der Substrate (Glucose + Acetat). Dies ist ein 

Zeichen, dass Acetyl-CoA einen weiteren limitierenden Faktor für die Synthese von  

2-Ketoisocaproat darstellt. Ein weiteres Indiz für diese Annahme war die verschlechterte  

2-Ketoisocaproat-Bildung unter Sauerstoffsättigung im Fermenter, die vermutlich das 

Resultat eines unter diesen Bedingungen erhöhten Acetyl-CoA-Flusses in den Citrat-Zyklus 

war. 

Die weitere Abschwächung der Citrat-Synthase durch den Austausch des gltA-Promotors, und 

damit eine (potentiell) erhöhte intrazelluläre Menge von Acetyl-CoA und Pyruvat als 

Substrate für die 2-Ketoisocaproat-Synthese, hatte keinen Einfluss auf die Produktion von  

2-Ketoisocaproat. Zumindest war dies der Fall, wenn in dem betreffenden Stamm nur die 

native, durch L-Leucin hemmbare Isopropylmalat-Synthase vorlag. Im Gegensatz dazu 

produzierte ein Stamm mit weiter abgeschwächter Citrat-Synthase (21 % der Wildtyp-

Aktivität) in Anwesenheit von leuAG462D, das für die feedback-resistente Isopropylmalat-

Synthase kodiert, bis zu 89 ± 10.9 mM 2-Ketoisocaproat mit einer Ausbeute von 0.28 ± 0.004 

mol C in 2-Ketoisocaproat/mol C der Substrate, wenn die Kultivierung mit Glucose und 

Acetat erfolgte. Diese Arbeit beschreibt zum ersten Mal eine effiziente 2-Ketoisocaproat-

Synthese mit C. glutamicum über einen fermentativen Prozess. 
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1 Introduction 

Corynebacterium glutamicum and its industrial importance 

The worldwide increasing demand for the supply of amino acids and 2-ketoacids as 

derivatives, both for medical and food related applications, reflects the need for the 

development of more efficient processes for the synthesis of various economically important 

biomolecules. Today, a big part of the industrial amino acid synthesis is covered by 

biotechnological processes, applying bacteria or yeast as eco-friendly metabolite producers. In 

2010, approx. 1.48 million tons of L-lysine, 230 thousand tons of threonine and 4.8 thousand 

tons of tryptophan were produced (Ajinomoto, 2011).  

The presumably most famous representative of proteinogenic amino acids might be the flavor 

enhancer L-glutamate, which has found ever rising application in the food industry since the 

beginning of the 20th century. In 2009 the global demand for monosodium glutamate was 

estimated to be 2.16 million tons (Ajinomoto, 2010). L-glutamate was first isolated in 1866 

by Heinrich Ritthausen from wheat gluten and in the following decades L-glutamate was 

produced mainly by the hydrolysis of wheat gluten. However, during a Japanese screening for 

L-glutamate-excreting bacteria in 1957, the Gram-positive soil bacterium Micrococcus 

glutamicus was discovered as a natural producer of this amino acid (Kinoshita et al., 1957). 

The organism showed very high L-glutamate excretion under certain conditions, i.e. limitation 

of biotin (Shiio et al., 1962), the addition of detergents (Takinami et al., 1965) or the addition 

of β-lactam-antibiotics such as penicillin (Nara et al., 1964). Further investigations, e.g. 

taxonomical studies and the observation of bacterial cultures under the microscope, led to the 

renaming of M. glutamicus to Corynebacterium glutamicum (Kinoshita, 2005). The greek 

word coryne (=cudgel) alludes to the typical morphology of C. glutamicum, forming irregular 

shaped rods. C. glutamicum is a facultative anaerobic, biotin-auxotrophic bacterium, which is 

unable to form spores. As a member of Corynebacterineae, a suborder of the 

Corynebacteriaceae (Stackebrandt et al., 1997; Liebl, 2005), the bacterium displays a 

relatively high G+C content of the genome (53.8 %) and a mycolic acid layer in the cell wall, 

acting as an additional permeability barrier, similar to the outer membrane of Gram-negative 

bacteria (Minnikin et al., 1978; Bayan et al., 2003; Daffé, 2005). 

The suborder Corynebacterineae also contains the group of Mycobacteriaceae that the human 

pathogens Mycobacterium tuberculosis, M. leprae and C. diphtheriae belong to. Despite its 

close genetic relation to these bacteria, C. glutamicum is a non-pathogenic GRAS (= generally 
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regarded as safe) organism rendering it an ideal model organism for detailed investigation of 

its human-pathogenic relatives (Funke et al., 1997). 

In the course of several intensive studies on C. glutamicum its genome was completely 

sequenced by two independent groups in 2003 (Ikeda and Nakagawa, 2003; Kalinowski et al., 

2003). The knowledge of the entire genome with a sequence of 3.28 Mbp and the subsequent 

annotation allowed the application of new molecular biology tools for research. Metabolic 

engineering approaches such as the overexpression or deletion of genes - together with the 

unraveling of regulatory networks - considerably broadened the product spectrum of  

C. glutamicum. Over the years it became an important work horse for the large scale 

production of not only L-glutamate but also L-lysine and L-valine, which find application as 

supplement for animal feed and medical infusion solutions, respectively. Recent studies 

furthermore describe the successful use of C. glutamicum for production of organic acids such 

as pyruvate, l- and d-lactate, succinate (Wieschalka et al., 2012), ethanol (Inui et al., 2004; 

Sakai et al., 2007) and isobutanol (Blombach et al., 2011), xylitol (Sasaki et al., 2010), 

pantothenate (Hüser et al., 2005), cadaverin (Mimitsuka et al., 2007; Takeno et al., 2007), 

polyhydroxybutyrate (Jo et al., 2006) and 2-ketoacids such as 2-ketoisovalerate (KIV; Krause 

et al., 2010 a). 

 

Central metabolic pathways of Corynebacterium glutamicum 

A profound knowledge and understanding of metabolic fluxes are essential for generation of 

new efficient production strain. Fortunately, today the central metabolic pathways of  

C. glutamicum (Fig. 1), comprising the Embden-Meyerhof-Parnas pathway (glycolysis), the 

pentose phosphate pathway (PPP), the tricarboxylic acid (TCA) cycle and the glyoxylate 

cycle are well known. This central metabolic network does not only ensure the cells energy 

supply by providing the nucleotides ATP and GTP as well as reduction equivalents for further 

energy production in the respiratory chain, but also provides important intermediates required 

for anabolism, e.g. biosynthesis of amino acids. 

Growing on carbohydrates such as glucose or fructose, the sugar uptake in C. glutamicum 

occurs via a specific phosphoenolpyruvate-dependent phosphotransferase system (PTS) 

(Moon et al., 2007). In addition, an alternative uptake system for glucose involving a 

permease (Lindner et al., 2011) and a glucokinase (Linder et al., 2011; Park et al., 2000) for 

intracellular phosphorylation has been identified. Either way, the sugars are phosphorylated to 

glucose-6-phosphate and fructose-1-phosphate/fructose-6-phosphate, respectively, and enter 

the glycolysis. Part of the glucose-6-phosphate is converted to pyruvate in glycolytic reactions 
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(Fig. 1). Depending on the carbon source (Kiefer et al., 2004), glucose-6-phosphate is fed into 

the pentose-phosphate pathway (PPP) to some extent, which provides the precursor for 

nucleotide biosynthesis, ribose-5-phosphate, and NADPH. In case of an excess of nucleotides 

the ribose-5-phosphate is “recycled” to pyruvate via glycolysis.   

Different enzymes such as the pyruvate dehydrogenase complex (PDHC), which catalyzes the 

oxidative conversion of pyruvate to acetyl-CoA, realize the interconversion between 

glycolysis and TCA cycle. In addition to the oxidative degradation of acetyl-CoA to CO2 and 

the adjunctive formation of ATP or GTP, this cycle also yields reduction equivalents (NADH 

and NADPH) for energy conservation within the process of oxidative phosphorylation (Bott, 

2007; Bott and Eikmanns, 2012). Since the TCA cycle provides various precursors for 

synthesis of biomolecules, e.g. amino acids, intermediates such as 2-oxoglutarate and 

oxaloacetate are drawn off the cycle permanently. To effectively replenish the cycle, a set of 

anaplerotic enzymes is present (Sauer and Eikmanns, 2005). Phosphoenolpyruvate 

carboxylase (PEPCx) catalyzes the reaction from the glycolysis intermediate PEP to 

oxaloacetate, in addition, the pyruvate carboxylase (PCx) converts pyruvate to oxaloacetate 

(Peters-Wendisch et al., 1997). This interconversion between C3 and C4 units forms the so 

called PEP-pyruvate-oxaloacetate node (also called anaplerotic node) which represents the 

link between TCA cycle and glycolysis (Eikmanns, 2005). 
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    Figure 1: Schematic representation of the central metabolic network of C. glutamicum. 
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Besides its ability to metabolize carbohydrates, C. glutamicum is also able to grow on 

alcohols (ethanol, arabitol) and organic acids such as acetate, L-lactate or combinations of 

both (Arndt et al., 2008). In case of growth on acetate or ethanol, the glyoxylate cycle is 

active in addition to the TCA cycle. Under these conditions the formation of oxaloacetate is 

realized by the activity of the two enzymes isocitrate lyase (ICL) and malate synthase (MS) 

(Reinscheid et al., 1994 a, 1994 b) (Fig. 1). This bypass of the oxidative decarboxylation steps 

in the TCA cycle permits growth on substrates other than carbohydrates. Sugar phosphates are 

formed via gluconeogenesis starting from the anaplerotic node with the decarboxylation of 

oxaloacetate by PEP carboxykinase (PEPCk; Jetten and Sinskey, 1993; Riedel et al., 2001). In 

addition, the existence of two further C4-decarboxylating enzymes, namely the malic enzyme 

(ME; Cocaign-Bousquet and Lindley, 1995; Cocaign-Bousquet et al., 1996) and the 

oxaloacetate decarboxylase (ODx; Jetten and Sinskey, 1995) has been reported. ME seems to 

be responsible for NADPH generation under cultivation on substrates that cause only low flux 

through the PPP, such as lactate (Gourdon et al., 2000). Recently, for the first time the gene 

coding for a soluble ODx (odx) was identified in C. glutamicum and the corresponding 

enzyme was functionally characterized (Klaffl and Eikmanns, 2010). 

 

Branched-chain 2-ketoacids and their application 

As already mentioned, C. glutamicum does not only represent the most important species for 

large scale production of amino acids, but is also capable to produce a variety of other 

economically important metabolites. Among those is the branched-chain 2-ketoacid KIV, the 

direct precursor of L-valine, and a directed approach for the fermentative production of KIV 

with an engineered C. glutamicum strain has been successfully established recently (Krause et 

al., 2010 a). Besides KIV, the direct precursor of L-leucine, 2-ketoisocaproate (KIC), might 

be an interesting target for the biotechnological production with C. glutamicum.  Both 

branched-chain 2-ketoacids are already used as integral part of infusion solutions for chronic 

kidney disease patients and serve as nitrogen-free substitutes for their corresponding amino 

acids (Aparicio et al., 2009; Chang et al., 2009; Feiten et al., 2005; Teschan et al., 1998). 

Thus, despite reduction of the nitrogen intake and improvement of nitrogen balance, sufficient 

supply of essential amino acids and protein synthesis can be achieved by transamination of  

2-ketoacids. This is of special interest since various hepatic disorders are linked to 

hyperammonemia and an intolerance of dietary protein (Teschner and Heidland, 1991). 

Additionally KIC is commonly used as supplement in “functional food” such as special 

bodybuilder foodstuff since it possesses anti-catabolic properties (Zanchi et al., 2011) and is 
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believed to reduce symptoms of muscle damage after exercising (van Someren et al., 2005). 

In the future, a KIC-producing organism may furthermore serve as a platform for products 

deriving from this 2-ketoacid, e.g. 3-methyl-1-butanol (Connor and Liao, 2008; Connor et al., 

2010).  

  

In-vivo synthesis of branched-chain 2-ketoacids                                                                  

In microorganisms and plants, the L-valine and KIC precursor KIV is synthesized from two 

molecules of pyruvate in a pathway comprising three reactions, catalyzed by the key enzyme 

acetohydroxyacid synthase (AHAS; ilvBN gene product), acetohydroxyacid isomeroreductase 

(AHAIR; ilvC gene product) and dihydroxyacid dehydratase (DHAD; ilvD gene product) 

(Pátek, 2007) (Fig. 2). In C. glutamicum and many other organisms these enzymes also 

catalyze the biosynthesis of 2-keto-3-methylvalerate (KMV; precursor of L-isoleucine) from 

pyruvate and 2-ketobutyrate. KIV is further converted to either L-valine (by transaminase B; 

ilvE gene product), or - together with one molecule of acetyl-CoA - to L-leucine via the so- 

called isopropylmalate (IPM) pathway. The three subsequent reactions of the IPM pathway 

leading to the L-leucine precursor KIC are catalyzed by the enzymes isopropylmalate 

synthase (IPMS; leuA gene product), isopropylmalate dehydratase (IPMD; leuCD gene 

product) and isopropylmalate dehydrogenase (IPMDH; leuB gene product), that are unique to 

L-leucine biosynthesis (Fig. 2). KIC then is further metabolized to L-leucine by the 

transaminase B (Marienhagen et al., 2005).  

Besides AHAS, the first enzyme of the IPM pathway, IPMS, also represents an important key 

enzyme in L-leucine biosynthesis. It catalyzes the conversion of KIV and acetyl-CoA to  

2-isopropylmalate (2-IPM; Fig. 2) and is subject to strong feedback inhibition by L-leucine in 

C. glutamicum (ki=0.4 mM; Pátek et al., 1994). Furthermore it was observed that the addition 

of L-leucine to the growth medium leads to a decrease of the specific activity of all three 

enzymes of the IPM pathway (Pátek et al., 1994; Pátek et al., 1998), hinting at negative 

control of their respective genes at transcriptional level (Brune et al., 2007). Within the leuA 

promoter sequence structures that are indicative for transcription attenuation, i.e. a leader 

peptide with four consecutive L-leucine residues, were found (Pátek et al., 1994; Seliverstov 

et al., 2005). The region upstream of leuA additionally contains the so called LEU-element, a 

number of regulatory sequences. However, regarding leuCD and leuB a different type of 

transcriptional regulation was proposed. In this context the regulator LtbR (leucine and 

tryptophan biosynthesis regulator), a member of the IclR protein family, has been described. 

It was reported that deletion of the ltbR gene results in approx. 100-fold expression in case of 
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leuCD and approx. 12-fold expression in case of leuB. As already suspected, leuA was shown 

not to be part of the LtbR regulon and was thus less affected by deletion of ltbR (Brune et al., 

2007). The regulation of LeuCD and LeuB on enzymatic level, e.g. a potential feedback 

inhibition by L-leucine, has not been investigated so far.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2: Schematic illustration of 2-ketoisovalerate (KIV) and L-valine synthesis as well as 2-ketoisocaproate 
and L-leucine synthesis from two molecules of pyruvate or from KIV and acetyl-CoA, respectively, in  
C. glutamicum. Abbreviations: AHAS, acetohydroxyacid synthase; AHAIR, acetohydroxyacid 
isomeroreductase; DHAD, dihydoxyacid dehydratase; IPMS, isopropylmalate synthase; IMPD, isopropylmalate 
dehydratase; IPMDH, isopropylmalate dehydrogenase; TB, transaminase B; LtbR, leucine and tryptophane 
biosynthesis regulator. 

 



 

 

                    8 Introduction 

Preliminary works and aim of the present work 

For a long time the demand for KIC and KIV was covered by chemical synthesis approaches 

(Cooper et al., 1983). However, as already mentioned, recently the fermentative production of 

KIV with a modified C. glutamicum strain has been described: In this very study the wild-

type of C. glutamicum was engineered for the growth-decoupled production of KIV from 

glucose by deletion of the aceE gene, encoding the E1p subunit of the PDHC, deletion of the 

transaminase B gene ilvE and additional overexpression of the ilvBNCD genes, encoding the 

L-valine biosynthetic enzymes AHAS, AHAIR and DHAD. The production of KIV with this 

strain could be further improved by deletion of the pyruvate:quinone oxidoreductase gene pqo 

(Krause et al., 2010 a).  

As the industrial scale fermentative production of KIC has not been reported so far, a directed 

engineering approach for the generation of a C. glutamicum strain for the fermentative 

production of this 2-ketoacid was proposed in the course of my master thesis (Bückle, 2009). 

On the basis of C. glutamicum ∆ltbR, lacking the transcriptional regulator LtbR, the 

transaminase B-deficient strain C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 (pJC4ilvBNCD) was 

constructed in several steps. This strain furthermore possesses an exchange of the citrate 

synthase (CS) gene (gltA) promoter by an artificial dapA promoter (= PgltAmut_L1), resulting in 

decreased activity of CS of about 30 % of the original value. Overexpressing the ilvBNCD 

genes, this strain produced up to 26 mM KIV, representing an increase of about 44 % 

compared to C. glutamicum ∆ltbR ∆ilvE (pJC4ilvBNCD), whereas the final KIC concentration 

was only increased from 10 mM to 12.5 mM. Thus, although CS attenuation in C. glutamicum 

∆ltbR ∆ilvE PgltAmut_L1 (pJC4ilvBNCD) caused increased carbon flux towards KIV, probably 

due to enhanced precursor (pyruvate) availability, the final titers of KIC were barely 

influenced.   

This finding clearly suggested a bottleneck in the IPM pathway leading from KIV to KIC. As 

a consequence, the reactions of this pathway and especially the enzymes involved were 

investigated in further detail in the present study. In this regard, the influence of several 

intermediates of L-leucine biosynthesis on the different enzyme activities was of special 

interest, since potential results, such as the inhibition of one or more of the enzymes by some 

metabolite(s), can offer valuable clues about the assumed bottleneck. The gained knowledge 

should be applied to enhance flux through IPM pathway, e.g. by homologous or heterologous 

expression of genes coding for enzymes with improved catalytic properties.  
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Furthermore, other important parameters and their influence on growth and KIC synthesis, 

such as oxygen (O2) supply, media composition, precursor availability as well as further 

attenuation of CS activity, were studied to allow the optimization of existing production 

strains.   
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2 Material and methods 

2.1 Bacterial strains, plasmids and oligonucleotides  

All strains, plasmids and oligonucleotides used in the present work, as well as their relevant 

characteristics, are listed in Table 1. 
 

 Table 1: Strains, plasmids and oligonucleotides used in the present work 

Strain, plasmid or 

oligonucleotide 

Relevant characteristics or sequence Source, reference 

or purpose 

Strains   

E. coli DH5α    supE44 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Hanahan, 1983 

C. glutamicum WT Wild-type strain ATCC 13032, biotin auxotrophic Abe et al., 1967 

 

C. glutamicum ΔilvE 

 

C. glutamicum wild-type with deletion of ilvE, encoding  

transaminase B 

Marienhagen et al., 

2005 

C. glutamicum ∆leuA C. glutamicum wild-type with deletion of leuA, encoding 

isopropylmalate synthase 

This work, in 

cooperation with A. 

Huss 

C. glutamicum ΔleuA 

ΔilvE 

 

C. glutamicum ΔilvE with deletion of leuA, encoding 

isopropylmalate synthase 

 

This work, in 

cooperation with A. 

Huss 

C. glutamicum ∆ltbR C. glutamicum wild-type with deletion of ltbR, encoding the 

leucine and tryptophan biosynthesis regulator LtbR 

Bückle, 2009 

C. glutamicum ∆ltbR 

∆ilvE 

C. glutamicum ∆ltbR with deletion of ilvE, encoding  

transaminase B 

Bückle, 2009 

C. glutamicum ∆ltbR 

∆ilvE PgltA
mut_L1

 

 

C. glutamicum ∆ltbR ∆ilvE with gltA promoter region 

replaced by artificial dapA promoter (L1-construct) 

Bückle, 2009 

C. glutamicum ∆ltbR 

∆ilvE ∆prpC1 ∆prpC2 

PgltA
mut_L1

 

C. glutamicum ∆ltbR ∆ilvE PgltA
mut_L1

 with deletion of prpC1 

and prpC2, encoding methylcitrate synthase 1 and 2, 

respectively 

This work 

 

 

C. glutamicum 

∆prpC1 ∆prpC2 ∆ilvE 

PgltA
mut_C5

 

C. glutamicum ∆ltbR ∆ilvE with with gltA promoter region 

replaced by artificial dapA promoter (C5-construct) 

This work 

C. glutamicum 

∆prpC1 ∆prpC2 ∆ilvE 

PgltA
mut_C7

 

C. glutamicum ∆ltbR ∆ilvE with with gltA promoter region 

replaced by artificial dapA promoter (C7-construct) 

This work 
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Strains (continued) 

C. glutamicum ∆ltbR 

∆ilvE ∆prpC1 ∆prpC2 

∆aceA ∆aceB 

PgltA
mut_L1

 

 

C. glutamicum ∆ltbR ∆ilvE ∆prpC1 ∆prpC2 PgltA
mut_L1 

aceA 

and aceB, encoding isocitrate lyase and malate synthase, 

respectively 

 

This work 

Plasmids 

 

  

 
pK19mobsacB Km

r
, mobilizable (carrying oriT gene), carrying oriV gene Schäfer et al., 1994 

pK19ΔPgltA_B-C7 pk19mobsacB for replacement of  540bp in front of gltA by  

250 bp of dapA promoter B6 

van Ooyen et al., 

2012 

pK19ΔPgltA_B-C5 pk19mobsacB for replacement of  540bp in front of gltA by  

250 bp of dapA promoter B6 

van Ooyen et al., 

2012 

pK19mobsacB ∆prpC1                pK19mobsacB carrying a truncated prpC1 gene Radmacher and 

Eggeling, 2007 

 

pK19mobsacB ∆prpC2 pK19mobsacB carrying a truncated prpC2 gene Radmacher and 

Eggeling, 2007 

pK19mobsacB-3’AB3’ pK19mobsacB carrying fragment for deletion of aceA and 

aceB 

Wendisch et al., 

2000 

pJC4ilvBNCD Kan
r
; plasmid carrying the ilvBNCD genes, encoding the 

L-valine biosynthetic enzymes acetohydroxyacid synthase, 

isomeroreductase and dihydroxyacid dehydratase, under the 

control of their native promoter 

Sahm and Eggeling, 

1999 

pJC4ilvBNCDleuA Kan
r
 ; plasmid pJC4ilvBNCD carrying the leuA gene, encoding 

isopropylmalate synthase from C. glutamicum, under control 

of Ptac 

This work 

pJC4ilvBNCDleuA
Y412F

 Kan
r
; plasmid pJC4ilvBNCD carrying a modified leuA gene 

from C. glutamicum (exchange of one basepair; encoding a 

potentially feedback resistant IPMS) gene, under control of 

Ptac 

This work 

 

pJC4ilvBNCDleuA
G462D

 Kan
r
 ; plasmid pJC4ilvBNCD carrying a mutated version of the 

leuA gene from E. coli K12 under control of Ptac 

This work 

pJC4ilvBNCDleuA
G479C

 Kan
r
 ; plasmid pJC4ilvBNCD carrying a mutated version of the 

leuA gene from E. coli K12 under control of Ptac 

This work 

pBB1 Cm
r
; pBB1 is compatible to pJC4ilvBNCD and harbors the Ptac 

promoter and theTtrp terminator; lacI negative 

Krause et al.,  

2010 b 

pBB1leuA Cm
r
; plasmid pBB1 carrying the leuA gene from  

C. glutamicum under control of Ptac 

This work 
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Plasmids (continued)   

pBB1leuA
G462D

 Cm
r
; plasmid pBB1 carrying a mutated version of the leuA 

gene from E. coli K12 under control of Ptac 

This work 

pBB1leuA
G479C 

 Cm
r
; plasmid pBB1 carrying a mutated version of the leuA 

gene from E. coli K12 under control of Ptac 

This work 

pBB1leuB 

 

Cm
r
; plasmid pBB1 carrying the leuB gene, encoding 

isopropylmalate dehydrogenase from C. glutamicum under 

control of Ptac 

This work, in 

cooperation with S. 

Messerschmidt 

 

pBB1leuBACD Cm
r
; plasmid pBB1 carrying the leu genes from  

C. glutamicum under control of Ptac 

This work in 

cooperation with S. 

Messerschmidt 

pBB1kivd-adhA Cm
r
; plasmid pBB1 expressing the kivD gene from L. lactis  

and the adhA gene from C. glutamicum; carrying kivD gene  

under the control of Ptac and adhA gene under the control  

of the native promoter 

 

Blombach et al., 

2011 

Oligonucleotides   

aceA flank 5’-GCTCTAGAAGTTGGGTTCTGAGAAG-3’ Primer to verify the 

deletion of 

aceA/aceB 

aceA_control 5’-GAAAGCCACGTACCGCACAG-3’ Primer to verify the 

deletion of 

aceA/aceB 

aceB flank 

 

5’-CGGAATTCGCATCATCACCATTG-3’ Primer to verify the 

deletion of 

aceA/aceB 

G462D 5’CACGGTAAAGATGCGCTGGATCAGGTGGATATCGTCGCTAAC-

3’ 

Introduction of 

mutation in leuA 

from E. coli K12 

G462Drev 5’-GTTAGCGACGATATCCACCTGATCCAGCGCATCTTTACCGTG-

3’ 

Introduction of 

mutation in leuA 

from E. coli K12 

G479C 5’-CGTCTGCCTGGCTACCGATATTGTCGAGTC-3’ Introduction of 

mutation in leuA 

from E. coli K12 

G479Crev 5’-CAGGCAGACGCCGTGGAAGCGGCGACCGTTGTA-3’ Introduction of 

mutation in leuA 

from E. coli K12 

leuB seq 1 5'-GTTCACGGAGGTTTCATTGG-3' Proof of successful 

cloning of leuB 
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Oligonucleotides 

(continued) 

  

leuB seq 2 5'-CCAATGAAACCTCCGTGAAC-3' Proof of 

successful 

cloning of leuB 

leuCD seq 1 5'-TCTTGATGTCGCGCAGTGGG-3' Proof of successful 

cloning of leuCD 

leuCD seq 2 5'-ATCCGTACCAAGCCCAGAAG-3' Proof of successful 

cloning of leuCD 

leuCD seq 3 5'-TTTCCAGCAGTGAGCCAGTC-3' Proof of successful 

cloning of leuCD 

leuCD seq 4 5'-TCCTCAACACCGACACCTAC-3' Proof of successful 

cloning of leuCD 

leuAStartfor 5’-CGGGATCAAGTCGTGGACTGGG-3’ Construction of a 

shortened leuA 

fragment for 

chromosomal 

deletion, proof of 

deletion 

leuAStartrev 

 

5’-AACTCGGGGGAGTTTTCTT-3’ Construction of a 

shortened leuA 

fragment for 

chromosomal 

deletion 

leuAEndfor 5’-AAGAAAACTCCCCCGAGTTTTCGTATGCCCAAGG-3’ Construction of a 

shortened leuA 

fragment for 

chromosomal 

deletion, proof of 

deletion 

leuAEndrev 5’-TGCTCTAGAGGTCGTTGATGGTTGTAGATG-3’ Construction of a 

shortened leuA 

fragment for 

chromosomal 

deletion 

leuAaccfor 

GAP-RBS PstI 

5’-AACTGCAGAGGAGACACAACATGAGC- 

CAGCAAGTCATTATTTTCGATACC-3’ 

Introduction of 

mutation in leuA 

from E. coli K12 and 

amplification 

leuA E. coli rev  

XhoI 

5’-CCGCTCGAGTCACACGGTTTCCTTGTTG-3’ Introduction of 

mutation in leuA 

from E. coli K12 and 

amplification 
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Oligonucleotides 

(continued) 

  

leuA44IIgap 5’-CCGCTCGAGAGGAGACACAACATGACAACTTCTGAATCGCCC-

3’ 

Amplification of 

mycobacterial leuA 

with tandem 

repeats from 

pET15b (with gapA-

RBS) 

leuA66 5’-CCGCTCGAGCTAGCGTGCCGCCCGGTTGAC-3’ Amplification of 

mycobacterial leuA 

with tandem 

repeats from 

pET15b (with gapA-

RBS) 

Mut Tyr for 5’-ATGGGAGGTTCCTTTCCTGCCTATCGAT-3’ Introduction of 

mutation in leuA 

gene from 

C. glutamicum 

Mut Tyr rev 5’-ATCGATAGGCAGGAAAGGAACCTCCCAT-3’ Introduction of 

mutation in leuA 

gene from  

C. glutamicum 

PgltAup 5’-ATGAGTCCGAAGGTTGCTGCAT-3’ Primer to verify 

exchange of gltA 

promoter 

PgltAdown 5’-TCGAGTGGGTTCAGCTGGTCC-3’ Primer to verify 

exchange of gltA 

promoter 

prpC1fw 5’-GGCACGAGGACACCGAATAC-3’ Primer to verify the 

deletion of prpC2 

prpC1rev 5’-GCTACAACGCCGTGATCTAC-3’ Primer to verify the 

deletion of prpC2 

prpC2fw 5’-ACGCAGTGATCTACCCAGTG-3’ Primer to verify the 

deletion of prpC2 

prpC2rev 5’-GGATCAAGCGGCTCTTGATG-3’ Primer to verify the 

deletion of prpC2 

 
pBB1rev Bst1107I 5’-CTAGTATACCGTCGACGTCACGCGTCCAT-3’ Proof of successful 

cloning of leuA, 

leuB and leuCD; 

further cloning 

purposes 
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Oligonucleotides 

(continued) 

  

pBB1PtacforBst1107I 5'-AGTGTATACCGCGAATTGCAAGCTGATCC-3' Proof of successful 

cloning of leuA, 

leuB and leuCD; 

further cloning 

purposes 

Ptacfor StuI 5’-GAAGGCCTCGCGAATTGCAAGCTGATCC-3’ Amplification of 

leuA
G462D

 and 

leuA
479C

, each with 

Ptac  from pBB1 

pBB1rev StuI 5’-AAAAGGCCTCGTCGACGTCACGCGTCCAT-3’ Amplification of 

leuA
G462D

 and 

leuA
479C

, each with 

Ptac  from pBB1 

 

 
2.2 Chemicals, enzymes and instruments 

2.2.1 Chemicals 

The following chemicals were used in the present work. If existing, the cities for the german 

offices of each company are given as indicated on the respective homepage on the internet. In 

case of companys without german office, the location of the headquarter is given. The Fluka 

Chemie GmbH is a subgroup of Sigma-Aldrich. In 2010, Fermentas International was 

acquired by Thermo Fisher Scientific.  

α-D(+)-Glucose monohydrate   Carl Roth GmbH & Co. KG, Karlsruhe 

Acetic acid 100% water free    Merck KGaA, Darmstadt 

Acetyl-Coenzyme A (Acetyl-CoA)   Roche Diagnostics GmbH, Mannheim 

Agarose      Carl Roth GmbH & Co. KG, Karlsruhe 

L-Alanine      Merck KGaA, Darmstadt 

Ammonium sulfate (NH4)2SO4   Fluka Chemie GmbH, Buchs, Schweiz 

ATP       Roche Diagnostics GmbH, Mannheim 

BactoTM tryptone     Becton Dickinson GmbH, Heidelberg 

BactoTM yeast extract     Becton Dickinson GmbH, Heidelberg 

Biotin (vitamine H)     Sigma-Aldrich Chemie GmbH, München 

Bovine serum albumin (BSA)   Fluka Chemie GmbH, Buchs, Schweiz 

Brain heart infusion (BHI)    Becton Dickinson GmbH, Heidelberg 

Bromine phenol blue     Merck KGaA, Darmstadt 
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Calcium chloride dihydrate (CaCl2 x 2 H2O) Merck KGaA, Darmstadt 

Cuprous sulfate pentahydrate (CuSO4 × 5 H2O) Merck KGaA; Darmstadt 

Desoxynucleotide triphosphate (dNTP) mix  MBI Fermentas GmbH, St. Leon-Rot 

Dimethyl sulfoxide (DMSO)                          Merck KGaA, Darmstadt 

2, 4-Dinitrophenylhydrazine    Fluka Chemie GmbH, Buchs, Schweiz 

Dipotassium hydrogen phosphate (K2HPO4)  Riedel-de Haen, Seelze 

Dithiotreitol (DTT)     Carl Roth GmbH & Co. KG, Karlsruhe 

5,5'-Dithio-bis-2-nitrobenzoic acid (DTNB)  SERVA Electrophoresis GmbH, 

  Heidelberg 

Ethylenediamine tetraacetic acid (EDTA)  AppliChem GmbH, Darmstadt 

disodium salt dihydrate     

Ethanol absolute denatured    VWR International GmbH, Darmstadt 

Ethanol absolute puriss.    VWR International GmbH, Darmstadt 

Ethidium bromide     Carl Roth GmbH & Co. KG, Karlsruhe 

European Agar     Becton Dickinson GmbH, Heidelberg 

Ferrous(II) sulfate heptahydrate (FeSO4 × 7 H2O) Merck KGaA, Darmstadt 

Glass beads      Carl Roth GmbH & Co. KG, Karlsruhe 

Glucose-6-phosphate dehydrogenase   Roche Diagnostics GmbH, Mannheim 

L-Glutamate      Merck KGaA, Darmstadt 

Glycerol      Carl Roth GmbH & Co. KG, Karlsruhe 

Hydrochloric acid 25%    Merck KGaA, Darmstadt 

Hexokinase       Roche Diagnostics GmbH, Mannheim 

Isopropanol      Merck KGaA, Darmstadt 

2-Isopropylmalate (2-IPM)    Sigma-Aldrich Chemie GmbH, München 

3-Isopropylmalate (3-IPM)    Sigma-Aldrich Chemie GmbH, München 

L-Isoleucine      Merck KGaA, Darmstadt 

Kanamycin sulfate     Carl Roth GmbH & Co. KG, Karlsruhe 

L-Leucine      Merck KGaA, Darmstadt 

L-Lysine      Merck KGaA, Darmstadt 

Magnesium chloride hexahydrate   Calbiochem-Novabiochem Corporation,  

(MgCl2 x 6 H2O)                                                       La Jolla, USA 

Magnesium sulfate heptahydrate   Fluka Chemie GmbH, Buchs, Schweiz 

(MgSO4 x 7 H2O) 
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Manganese (II) sulfate monohydrate   Merck KGaA, Darmstadt  

(MnSO4 x H2O) 

2-Mercaptoethanol     Fluka Chemie GmbH, Buchs, Schweiz 

3-Methyl-2-oxobutyric acid sodium salt  Sigma-Aldrich Chemie GmbH, München 

3-Methyl-2-oxovaleric acid sodium salt  Sigma-Aldrich Chemie GmbH, München 

4-Methyl-2-oxovaleric acid sodium salt  Sigma-Aldrich Chemie GmbH, München 

Morpholino propane sulfonic acid    Carl Roth GmbH & Co. KG, Karlsruhe 

(MOPS) 

NAD       Gerbu Biotechnik GmbH, Gaiberg 

NADH monohydrate     Fluka Chemie GmbH, Buchs, Schweiz 

Nickel chloride hexahydrate (NiCl2 × 6 H2O) Sigma-Aldrich Chemie GmbH, München 

Ortho-Phtaldialdehyde                                              Sigma-Aldrich Chemie GmbH, München 

L-Ornithine      Merck KGaA, Darmstadt 

Oxaloacetic acid     Fluka Chemie GmbH, Buchs, Schweiz 

Perchloric acid 70 %     Sigma-Aldrich Chemie GmbH, München 

Phenol       Carl Roth GmbH & Co. KG, Karlsruhe 

Potassium acetate     Merck KGaA, Darmstadt 

Potassium chloride (KCl)    Fluka Chemie GmbH, Buchs, Schweiz 

Potassium dihydrogen phosphate (KH2PO4)  Merck KGaA, Darmstadt 

Restriction buffers (10x)    MBI Fermentas GmbH, St. Leon Rot 

Rotiszint® Scintillation Liquid                                 Carl Roth GmbH & Co. KG, Karlsruhe 

Silicon oil AP200                                                      Wacker Chemie AG, Burghausen   

Sodium acetate anhydrous    Fluka Chemie GmbH, Buchs, Schweiz 

Sodium chloride (NaCl)    AppliChem GmbH, Darmstadt 

Sodium dodecyl sulfate (SDS)   Sigma-Aldrich Chemie GmbH, München 

Sodium glutamate     Fluka Chemie GmbH, Buchs, Schweiz 

Sodium hydroxide pellets (NaOH)   AppliChem GmbH, Darmstadt 

Sorbitol      Sigma-Aldrich Chemie GmbH, München 

Struktol      Schill + Seilacher “Struktol” GmbH,    

        Hamburg 

Sulfuric acid 95-97% (H2SO4)   Merck KGaA, Darmstadt 

Triethanolamine  Sigma-Aldrich Chemie GmbH, München 

Tris-(hydroxymethyl)-aminomethane (Tris)  Sigma-Aldrich Chemie GmbH, München 

T4 DNA ligase buffer (10x) MBI Fermentas GmbH, St. Leon Rot 
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Urea  Carl Roth GmbH & Co. KG, Karlsruhe 

L-Valine      Merck KGaA, Darmstadt 

Zinc sulfate heptahydrate (ZnSO4 × 7 H2O)  Merck KGaA, Darmstadt 

 

2.2.2 Enzymes and kits 

Enzymes 

Alkaline phosphatase     MBI Fermentas GmbH, St. Leon-Rot 

Hexokinase/Glucose-6-phosphate   Roche Diagnostics GmbH, Mannheim 

dehydrogenase  

Lysozyme      Roche Diagnostics GmbH, Mannheim 

Phusion® DNA Polymerase    New England Biolabs GmbH, Frankfurt                     

                                                                     am Main 

Proteinase K recombinant    Roche Diagnostics GmbH, Mannheim 

Restriction enzymes     MBI Fermentas GmbH, St. Leon-Rot 

RNase A (DNase free)    Roche Diagnostics GmbH, Mannheim 

Taq DNA Polymerase    Genaxxon BioScience GmbH, Ulm 

T4 DNA ligase     MBI Fermentas GmbH, St. Leon-Rot 

 

Kits 

BCA protein assay     Thermo Fisher Scientific, Dreieich  

E.Z.N.A Plasmid Miniprep Kit I   Omega Bio-Tek Inc., Norcross, USA 

NucleoSpin Extract II     Machery-Nagel GmbH & Co. KG, Düren 

The E.Z.N.A. Kit (originally produced by Omega) was obtained from VWR. 

 

2.2.3 Instruments 

Incubation shakers 

Certomat MO      B. Braun Biotech International,  

Melsungen 

G 24 environmental incubator shaker  New Brunswick Scientific Inc.,  

Nürtingen 

HT                  Infors GmbH, Einsbach 

3020       GFL mbH, Burgwedel 
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Photometers 

Photometer Ultrospec 2100 pro   Amersham Pharmacia Biotech GmbH,                       

Freiburg 

Ultrospec 3000     Amersham Pharamacia Biotech GmbH,  

                                               Freiburg 

 

RP-HPLC 

LC 1100 system      Firma Agilent Technologies Deutschland   

with fluorescence detector (HP G1321A)                 GmbH 

pre-column: C18-Hypersil, ODS-5µ   Chromatographie Service GmbH, 

40 x 4 mm      Langerwehe 

main-column: C18-Hypersil, ODS-5µ  Chromatographie Service GmbH, 

125 x 4 mm                                                               Langerwehe 

HP Chemstation for LC Rev. A.06.01  Agilent Technologies, Böblingen 

 

Scales 

BP 2100       Sartorius AG, Göttingen 

Sartorius BP 8199     Sartorius AG, Göttingen 

 

Centrifuges 

Biofuge pico      Heraeus Holding GmbH, Hanau 

Centrifuge 5804 R     Eppendorf-Netheler-Hinz GmbH, Köln 

Galaxy 14D      VWR International, Darmstadt 

Heraeus Sepatech Minifuge RF   Heraeus Hoding GmbH, Stuttgart 

L8-60M ultracentrifuge    Beckmann, U.S.A 

 

Radioactive measurements 

Gyrotory Water Bath Shaker    New Brunswick Scientific Inc.,  

                                                                                   Nürtingen 

X-ray film       AGFA HealthCare, Mortsel, Belgium 

X-ray film processor Curix 60   AGFA HealthCare, Mortsel, Belgium 

Liquid Scintillation Analyzer Tri-CARB  Packard Instrument International  

2200 CA                                                                S.A, Zurich, Switzerland 
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Further instruments used in this work 

Anthos microtiterplate photometer HT III  Anthos Mikrosysteme GmbH, Krefeld 

Elektroporator 2510     Eppendorf AG, Hamburg  

Gene-Pulser      Bio-Rad Laboratories GmbH, München 

Hybaid RiboLyserTM     Thermo Fisher Scientific, Dreieich 

PCR cycler       Biometra GmbH, Göttingen 

pH meter WTW pH521     Wissenschaftlich-Technische Werkstätten,  

                                                                                  Weilheim 

Photodocumentation system    Eurofins MWG Operon, Ebersberg 

UV screen      Bachhofer, Reutlingen 

 

2.3 Growth media and additives 

For cultivation of C. glutamicum and E. coli strains, the nutrient solutions described in the 

following were used. For the production of agar plates, agar (15 g/l) was added to the 

respective medium. Selection was performed by the addition of kanamycin and/or 

chloramphenicol in concentrations up to 50 µg/ml. Stock solutions of the antibiotics were 

prepared, sterile filtered and added to the media in the desired concentration. For the selection 

on saccharose plates, 100 g saccharose/l and 15 g agar/l were added to 2x TY medium. 

2× TY-complex medium (Sambrook and Russell, 2001)    

Tryptone     16  g/l 

Yeast extract     10  g/l 

NaCl        5  g/l 

BHI-complex medium (Liebl et al., 1989)  

Brain-heart-infusion powder   37  g/l 

BHIS     

Brain-heart-infusion powder   37  g/l 

Sorbitol     91  g/l 

A medium containing all components apart from the sorbitol was prepared and combined 

with the sorbitol solution after autoclaving. 
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CGXII-minimal medium  (modified after Keilhauer et al., 1993) 

(NH4)2SO4     20  g/l 

Urea        5  g/l 

Morpholino propane sulfonic acid   21  g/l 

(MOPS) 

K2HPO4       1  g/l 

KH2PO4       1  g/l 

MgSO4 × 7 H2O      0.25 g/l 

CaCl2        0.01  g/l 

MgSO4 and CaCl2 were each prepared as a stock solution (1000 x) and added to the CGXII 

medium to obtain the desired concentration. The pH of the medium was set to 6.8 by the 

addition of 5 mM KOH. After autoclaving 1 ml/l of the following solutions was added to the 

minimal medium: 

Micronutrient solution (1000 x), 

Biotin (200 mg/ml)  

As carbon sources glucose or potassium acetate were added to the medium in concentrations 

of 1 % (w/v) up to 6 % (w/v). For amino acids a 0.5 M stock solution was prepared, sterile 

filtered and added to the medium in the desired concentration if required.  

Micronutrient solution (1000×) (modified after Keilhauer et al., 1993) 

FeSO4 × 7 H2O    16.4 g/l 

MnSO4 × H2O     10.0  g/l  

CuSO4 × 5 H2O        0.2  g/l 

ZnSO4 × 7 H2O        1.0  g/l 

NiCl2 × 6 H2O         0.02  g/l 

The salts were solved in water by the addition of 32 % HCl. The solution was sterile filtered 

and stored in a screw cap bottle under N2 atmosphere. 
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2.4 Cultivation conditions 

Bacterial strains were stored as glycerol cultures [30 % (v/v)] in screw cap tubes at - 80 °C. 

These cultures were used as starter cultures for new plates of the desired strain. For 

cultivation purposes, a sterile inoculating loop was dipped into the glycerol culture and a  

2x TY agar plate was streaked with the liquid film. The plate was incubated for 48 h  

(C. glutamicum) and for 24 h (E. coli) strains, respectively. The resulting single colonies were 

each used as inoculum for the corresponding precultures. 

 

2.4.1 Cultivation of Escherichia coli 

E. coli was grown aerobically on 2× TY complex medium at 37 °C, either as 5 ml cultures in 

a 15 ml test tube or as 50 ml cultures in 500-ml baffled Erlenmeyer flasks on a rotary shaker 

at 120 rpm. 

 

2.4.2 Cultivation of Corynebacterium glutamicum 

All C. glutamicum cultures were incubated at 28 °C under aerobic conditions on a rotary 

shaker at 120 rpm. For cultivation, 5 ml of 2x TY medium were inoculated with a single 

colony of the desired strain and incubated for 8 h. This preculture served as inoculum for a 

second preculture in 50 ml of 2x TY medium in a baffled Erlenmeyer flask. For plasmid 

isolation, the 5 ml preculture was further treated as described in chapter 2.5.2. 

For growth experiments, the second preculture was sedimented (4500 x g, 10 min, 4 °C) and 

washed twice with 0.9 % NaCl solution (w/v). After the second centrifugation step, the cell 

pellet was dissolved in 500 µl 0.9 % NaCl solution (w/v). This concentrated cell suspension 

was then used for the inoculation of 50 ml CGXII minimal medium with appropriate additives 

(in a baffled Erlenmeyer flask) to an optical density of approximately 1 at a wavelength of 

600nm (OD600nm). Growth behavior of the cultures was monitored by means of periodical 

OD600nm measurements. For analysis of substrate consumption and production behavior, 

samples were taken at defined time points.  

 

2.4.3 Anaerobic incubation of Corynebacterium glutamicum 

For anaerobic cultivation of C. glutamicum, a 250 ml Müller-Krempel bottle with rubber plug, 

containing 50 ml GCXII minimal medium with appropriate additives, was inoculated to the 

desired OD600nm, either with an overnight preculture in 50 ml 2x TY or with an overnight 
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preculture in CGXII minimal medium. The culture was incubated on a rotary shaker  

(120 rpm) at 28 °C and samples for OD600nm determination and metabolite analysis were taken 

with a sterile syringe with cannula. If desired, the gaseous phase in the bottle was replaced by 

N2 atmosphere before autoclaving.  

 

2.4.4 Cultivation of Corynebacterium glutamicum in the DASGIP fermenter 
system 

For cultivations of C. glutamicum in the DASGIP fermenter, a 50 ml 2x TY preculture was 

used to inoculate 250 ml CGXII medium to an OD600nm of approx. 1. The inoculum as well as 

glucose, antibiotics and amino acids were added through a rubber plug with a sterile syringe. 

The system used here allowed the parallel cultivation of four cultures in a tempered water 

bath under constant aeration with inhealed air. During fermentation an aeration rate of 3 was 

chosen, correlating to 0.75 vol air/vol medium per minute (vvm) (Blombach et al., 2011). The 

desired amount of dissolved oxygen (do), e.g. 30 % saturation, was adjusted and monitored 

via pO2 electrodes; the regulation of pO2 by the fermenter system occurred via adaption of 

stirring frequency. Furthermore, the pH value was monitored via pH electrodes and controlled 

automatically by the system by addition of either 4 M KOH or 4 M H2SO4. Foam formation 

was minimized by the manual addition of the anti-foaming agent struktol at regular intervals. 

For adjustment of desired conditions for each cultivation experiment (e.g. pH value or % do), 

for calibration of pH electrodes and O2 electrodes, as well as for monitoring of the process, 

the software “DASGIP Control” was used. 

 

2.5 Isolation and purification of DNA 

2.5.1 Isolation of plasmid DNA from Escherichia coli 

For isolation of plasmid DNA from E. coli, a 5 ml 2x TY culture of the respective strain was 

incubated over night. The plasmid preparation was conducted with the E.Z.N.A Plasmid 

Miniprep Kit I according to the manufacturer’s instructions. 

 

2.5.2 Isolation of plasmid DNA from Corynebacterium glutamicum 

For isolation of plasmid DNA from C. glutamicum a modified protocol after Sambrook and 

Russell (2001), was employed. For this purpose, 5 ml overnight cultures of the desired strain 

were incubated in 2x TY medium containing an appropriate antibiotic and transferred to  
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15 ml Falcon tubes. The cultures were sedimented (4500 x g, 15 min, 4 °C), the supernatant 

was discarded and the remaining pellet was washed with 1 ml TE buffer. The pellet was 

resuspended in 200 µl of solution A (see below), containing 15 mg lysozyme/ml, 5 µl of 

RNase (50 µg/ml) were added and the mixture was incubated at 37 °C for 2-3 h. Next,  

400 µl of solution B (see below) were added and the preparation was incubated on ice for  

5 minutes; another 10 minutes incubation on ice followed after adding of 350 µl of ice cold 

solution C (see below). The preparation was centrifuged (17949 x g, 15 min, 4 °C) and the 

supernatant was transferred into a new Eppendorf tube. 0.8 volumes of isopropanol were 

added in order to precipitate the DNA. The plasmid DNA was then sedimented (16060 x g,  

15 min, room temperature = rt), washed with ethanol (70 %) and dried at 37 °C for 30 min. 

Finally, the pellet was dissolved in 50-100 µl of H2O and stored at -20 °C. If required, the 

nucleic acid solution was purified by phenol extraction. 

 

TE buffer EDTA   1  mM 

 Tris 10  mM 

The solution was adjusted to a pH of 7.6 with HCl. 

 
 

Solution A Glucose 50  mM 

 Tris 25  mM 

 EDTA 10  mM 

The solution was adjusted to a pH of 8.0 with HCl. 

 

Solution B NaOH   0.2  N   

 SDS   1     % [w/v] 

Solution B was prepared freshly each time. 

 

Solution C Sodium acetate   3     M  

 Acetic acid 11.5  % [v/v] 
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2.5.3 Isolation of chromosomal DNA from Corynebacterium glutamicum 

For isolation of chromosomal DNA from C. glutamicum, a modified method by Eikmanns et 

al. (1994) was used. The composition of all required solutions is listed below. 

 
Lysis buffer EDTA     2   mM 

 NaCl 400   mM 

 Tris   10   mM 

The solution was adjusted to a pH of 8.2 with HCl. 

 
Proteinase K solution Proteinase K   20   mg/ml  

 
To isolate chromosomal DNA from C. glutamicum, 5 ml overnight cultures of the desired 

strain were incubated in 2 x TY medium. The cultures were transferred to 15 ml Falcon tubes, 

sedimented (4500 x g, 20 min, 4 °C) and the resulting cell pellet was washed with 10 ml TE 

buffer (see 2.5.2) twice. The pellet was dissolved in 1 ml of TE buffer containing 15 mg 

lysozyme/ml and incubated at 37 °C for 3 hours. Afterwards, 3 ml lysis buffer, 220 µl  

10 % (w/v) SDS and 150 µl proteinase K solution were added and the preparation was 

incubated at 37°C overnight. For selective precipitation of proteins, 2 ml of saturated NaCl 

solution were added and the denatured proteins were sedimented (4500 x g, 15 min, rt). The 

supernatant was transferred to a new Falcon tube and the DNA was precipitated by addition of 

10 ml ice-cold ethanol. The resulting “white DNA filaments“ were fished with a Pasteur 

pipette and washed in a new Eppendorf tube containing ethanol (70 %). After removal of the 

remaining alcohol by drying at 37 °C, the DNA was dissolved in an appropriate amount of 

H2O (100-200 µl). 

 

2.5.4 Purification of DNA – phenol extraction 

A standard method used for removal of proteins from a nucleic acid solution is the extraction 

with a mixture of phenol/chloroform/isoamylalcohol [25:24:1 (v/v/v)] (modified after 

Sambrook and Russell, 2001). For this purpose, the nucleic acid solution was mixed with one 

volume of the above mentioned mixture, shaken for about 10 s and centrifuged (16060 x g,  

5 min, rt). The upper aqueous layer was transferred to a new Eppendorf tube; the organic 

phase as well as the interphase containing the denatured proteins was discarded. This 

procedure was repeated until there was no protein interphase visible any more. In order to 
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remove rests of phenol in the aqueous phase, it was mixed thoroughly with one volume of a 

chloroform/isoamylalcohol solution [24:1 (v/v)], centrifuged and the upper phase was 

transferred to a new Eppendorf tube. 1 ml of isopropanol was added to the nucleic acid 

solution to precipitate the plasmid DNA. After a centrifugation step (16060 x g, 20 min, rt) 

the supernatant was discarded, the remaining DNA pellet washed with 70 % ethanol and dried 

at 37 °C. Finally the DNA was dissolved in an appropriate amount of H2O (50-100 µl). 

 

2.6 Preparation of electro-competent cells and electroporation 

2.6.1 Preparation of electro-competent Corynebacterium glutamicum cells 

Due to the thick murein layer of C. glutamicum, there sometimes occur problems with 

electroporation. To overcome this issue, a special method for the preparation of competent 

cells from C. glutamicum was established (Dunican and Shivnan, 1989; Liebl et al., 1989). 

This technique is based on the fact that C. glutamicum cannot properly develop its cell wall at 

very high growth rates and is therefore more susceptible to DNA. To reach such high growth 

rates, the bacteria were cultivated in very rich medium, e.g. BHIS (Tauch et al., 2002). The 

composition of the solutions required is listed below. 

 
TG buffer  Glycerol 10 % (v/v) 

 Tris   1 mM 

The pH of the buffer was adjusted to 7.5 with HCl. 

 

Glycerol solution  Glycerol 10 % (v/v) 

 
For preparation of electro-competent C. glutamicum cells, a 1000 ml baffled Erlenmeyer flask 

with 250 ml of BHIS was inoculated to an OD600nm of 0.3 with a 50 ml BHIS overnight 

culture of the desired strain. The main culture was cultivated at 30 °C to an OD600nm of 

approx. 1.75 on a rotary shaker (120 rpm), transferred to five 50 ml Falcon tubes and 

sedimented (4500 x g, 15 min, 4 °C). After centrifugation, the supernatant was discarded and 

all pellets were resuspended in 20 ml of ice-cold TG buffer; the cell suspensions were then 

combined in two 50 ml Falcon tubes and sedimented (4500 x g, 10 min, 4 °C). Then the cells 

were washed twice with 20 ml of ice-cold TG buffer. These washing steps were repeated with 

20 ml of ice-cold glycerol solution. After the last centrifugation step (4500 x g, 10 min, 4 °C), 
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the pellets were dissolved in 1 ml of ice cold glycerol solution, aliquoted in portions of 150 µl 

and frozen at -80 °C. It should be pointed out, that a continuous storage on ice and 

centrifugation steps at 4 °C are crucial to the success of this method. 

 

2.6.2 Preparation of electro-competent Escherichia coli cells 

For the preparation of electro-competent E. coli cells, 250 ml 2x TY medium were inoculated 

with 500 µl of an overnight culture (5 ml of 2x TY). The main culture was then cultivated at  

37 °C for 3-5 h. When the cell culture reached an OD600nm between 0.3 and 0.5, the cells were 

incubated on ice for 15-30 min. During the further procedure it was important to always store 

the cells on ice and to perform centrifugation steps at 4 °C. The cells were harvested by 

centrifuging (4500 x g, 15 min, 4 °C). Afterwards the sedimented cells were washed twice 

with 20 ml of ice- cold H2O (4500 x g, 15 min, 4 °C). Two washing steps with 20 ml of ice-

cold 10 % glycerol solution followed. In the end the cell pellet was dissolved in 300-400 µl of  

10 % glycerol solution, aliquoted in portions of 50 µl and stored at - 80° C. This method is a 

modified version of a protocol for preparation of electro-competent E. coli cells described by 

Sambrook and Russell (2001). 

 

2.6.3 Electroporation  

For electroporation the Gene Pulser cuvettes were washed with ethanol and water and 

sterilized on a UV screen for 2 hours. The frozen electro-competent cells were thawed and 

stored on ice. After addition of 0.1-10 µg DNA to the competent cells, the preparation was 

mixed properly and incubated on ice for 5 min. The mixture was transferred to the sterile 

cuvettes and the Gene Pulser electroporation system was adjusted to: 2.5 kV at 0.2 cm, 25 µF 

and 200 Ω (Liebl et al., 1989). After electroporation of E. coli, the cells were transferred to an 

Eppendorf tube with preheated 2x TY medium (37 °C), incubated on the rotary shaker at  

37 °C for 50 min and platted on 2x TX plates containing an appropriate antibiotic for 

selection. In case of C. glutamicum, 15 ml Falcon tubes with 4 ml of BHIS were prepared and 

preheated to a temperature of 46 °C. After electroporation, 1 ml of preheated BHIS was added 

to the electroporated cells, mixed properly and transferred in the rest of preheated BHIS. The 

preparation was incubated at 46 °C (water bath) for 6 min (van der Rest et al., 1999) and 

cultivated on a rotary shaker (120 rpm, 30 °C) for 50 min. Finally, the cells were plated on 

BHIS plates containing an appropriate antibiotic for selection and cultivated at 30 °C for 48 h. 
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Colonies received on 2x TY/BHIS plates after electroporation were plated on fresh 2x TY 

plates containing an appropriate antibiotic and incubated at 30 °C for 24 h. In case of 

transformation with an overexpression plasmid, either a colony PCR with oligonucleotides 

specific to the insert or an isolation of plasmid DNA with subsequent digest and analysis of 

the restriction pattern, were performed to prove the abundance of the desired plasmid. 

Glycerol cultures of the identified mutants were prepared and frozen at -80 °C. In case of 

transformation of C. glutamicum with pK19mobsacB for chromosomal deletions, the 

instructions in chapter 2.7 were followed.  

 

2.7 Chromosomal deletions and promoter replacements 

All deletions and replacements were performed using allelic exchange by homologous 

recombination for markerless in-frame deletions (Schäfer et al., 1994) with the suicide vector 

pK19mobsacB. After integration (first homologous recombination, see Fig. 3) of the whole 

plasmid into the genome of C. glutamicum, a selection of successfully transformed bacteria is 

possible because of the kanamycin resistance gene coded on pK19mobsacB. Hence, after 

electroporation of C. glutamicum with pK19mobsacB containing the deletion/replacement 

fragment of interest, a selection on BHIS agar plates containing kanamycin (15, 25 or 50 

µg/ml) was performed. Another important property of the plasmid is the presence of the sacB 

gene, coding for levansucrase. This enzyme catalyzes the formation of polyfructose (a levan) 

from sucrose. Levan is an exopolysaccharide, normally used for the assembly of the cell wall 

of bacteria. In case of C. glutamicum, the levan exerts a toxic effect. This is probably due to 

the fact that it cannot be exported and as a result essential transport processes across the 

membrane are disturbed (Jäger et al., 1992). The integrants received on BHIS plates (see 

above) were plated on 2x TY plates containing kanamycin (50 µg/ml) and incubated at 30 °C 

for 24 h. These cultures were used for inoculation of 5 ml cultures in 2x TY (+ antibiotic). 

The new cultures were cultivated for at least 6 h and diluted 1:10, 1:100 and 1:1000 with 0.9 

% NaCl. The dilutions were plated on 2x TY agar plates containing 10 % (w/v) sucrose and 

incubated at 30 °C for 48 h to identify clones that underwent a second homologous 

recombination, thereby excising the plasmid with the sacB gene (Fig. 3). This results either in 

the restoration of the wild-type gene or the deletion of the respective gene in the chromosomal 

DNA (Schäfer et al., 1994). With the excision of plasmid pk19mobsacB from the genome,  

C. glutamicum simultaneously looses its kanamycin resistance. To sort out false positive 
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clones, the colonies grown on 2x TY sucrose plates were streaked on 2x TY plates with and 

without antibiotic. 

The replacement at the chromosomal loci of the potentially positive clones was verified by 

PCR using the oligonucleotide pairs prpC1fw/prpC1rev in case of deletion of prpC1, 

prpC2fw/prpC2rev in case of deletion of prpC2 and aceA_control/aceA_flank in case of 

deletion of aceA and aceB (see oligonucleotides in Tab. 1). 

 

 

 

 

Figure 3: Principle of gene replacement in the chromosomal DNA of C. glutamicum via homologous 
recombination (Schäfer et al., 1994). 
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2.8 Agarose gel electrophoresis 

Agarose gel electrophoresis (modified after Aaij and Borst, 1972) is a simple method for 

separation and identification of DNA or RNA fragments with a length of 0.2 up to more than 

25 kb. The separation of the fragments in the agarose matrix is based on the fact that the 

phosphate groups of the nucleic acids are charged negatively at a pH of 8.0. Applying a 

voltage to the gel, DNA or RNA fragments move in the direction of the anode (positively 

charged), where shorter fragments move faster than longer ones (McDonell et al., 1977; 

Fangman, 1978; Calladine et al., 1991). A so-called marker, containing various DNA 

fragments of defined lengths, is used for the sizing of the fragments with unknown length. 

The buffers required for this method are listed below.  

 

50 x TAE buffer  (Sambrook and Russell, 2001) 

   
EDTA sodium salt   50      mM  

Sodium acetate 
 

Tris 

500      mM 
 

   2       mM 

     

 

The pH of the buffer was adjusted to 8.0 with HCl. 
 

 

Within this work, only 0.8 % agarose gels were used. 3.2 g of agarose were weighed into a 

Schott glass bottle containing 400 ml of TAE buffer and solved by microwaving (900 W) for 

4 min. After cooling down to about 60 °C, the agarose solution was poured into the gel tray. 

Following polymerization, the gel was covered with TAE buffer (running buffer) and loaded 

with the samples mixed with 1/5 of loading dye. As reference, 3 µl of the above mentioned 

marker were loaded on the gel. Finally, a voltage of 80 V was applied to the tray in order to 

separate the samples. For staining of the nucleic acid bands, the gel was incubated in an 

ethidium bromide bath (1 µg/ml in H2O) for at least 10 minutes and washed in a water bath. 

Ethidium bromide is an intercalating agent, which fluoresces when exposed to ultraviolet light 

Loading dye  
 

  

Bromine phenol blue     0.25 % (w/v) 
 

 

Glycerol   40      % (v/v)  
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(Sharp et al., 1973). For this purpose, the gel was placed on an UV screen and the visible 

fluorescent bands were photographed with a photodocumentation system.   

 

2.9 Enzymatic treatment of DNA 

2.9.1 Polymerase chain reaction – PCR 

The PCR is the standard method for the amplification of DNA fragments by in vitro 

enzymatic replication (Saiki et al., 1985). The principle of a PCR is based on the application 

of a heat stable DNA polymerase enzyme, like the Taq polymerase from Thermus aquaticus, 

which is able to synthesize a new DNA strand by using single stranded DNA as a template. 

For this purpose, antidromic DNA oligonucleotides (primers) are necessary for the initiation 

of the DNA synthesis by the enzyme. The primers are used in excess. The template DNA in 

contrast, is applied only in low concentrations. Furthermore, nucleotides in form of dNTPs are 

required for DNA synthesis. 

In this work, PCR reactions were prepared in a 500 µl Eppendorf-tube in a reaction volume of 

50 µl. Each preparation contained 5-10 µl of template DNA (50-100 ng), 2 µl of each primer 

(0.2 nM each), 2.5 µl of reaction buffer containing MgCl2 (2.5 mM), 1.5 µl of DMSO  

[10 % (v/v)], and 1 µl of Phusion polymerase with proofreading function (Genaxxon, 1 U/µl). 

The preparation was adjusted to a volume of 50 µl with H2O. 

A typical PCR program comprises a denaturation step, an annealing step and an elongation 

step. The denaturation took place at around 94 °C – this high temperature results in the 

separation of the two strands of the template DNA. For hybridization of the primers to the 

single stranded template DNA, the temperature was lowered to temperatures between 45 and 

60 °C, depending on the melting temperature of the primers. The preparation was reheated to 

around 72 °C, the temperature optimum of the Phusion polymerase. At this point, the enzyme 

starts elongation of the primer molecules till a double stranded DNA molecule is established. 

Since DNA synthesis takes place at the two single strands of template DNA simultaneously, 

each cycle results in duplication of template DNA molecules (Mülhardt, 2003). For 

elongation a duration between 15 and 60 s was chosen, depending on template length. 

According to the manufacturer, Phusion polymerase is able to synthesize 1 kb in 15 s. The 

whole cycle was repeated 35 times. 

A last step allowed the complete synthesis of the DNA double strands at 72 °C. After cooling 

down to 4 °C, the success of the PCR was controlled by loading the samples on a  
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0.8 % agarose gel, separation and detection with ethidium bromide. For further application, 

the preparation in the PCR tube was frozen at -20 °C. 

 

2.9.2 PCR-mediated site-directed mutagenesis  

The principle for directed mutagenesis of genes by a one basepair exchange will be shown 

exemplarily for the generation of a mutated version of leuA from E. coli K12 via overlap 

extension mutagenesis (Higuchi et al., 1988; Ho et al., 1989).  

Oligonucleotide pairs leuAfor/G462Drev and G462Dfor/leuArev (Tab. 1) and chromosomal 

DNA from E. coli K12 were used to amplify two overlapping fragments; with these fragments 

and the oligonucleotides leuAfor and leuArev a crossover PCR was performed to generate a 

mutated leuA fragment with a one base pair exchange at position 1385 (guanine � adenine). 

The oligonucleotide sequence of leuAfor contains the sequence of the gapA ribosome binding 

site of C. glutamicum and a PstI restriction site; leuArev also contains a PstI restriction site. 

The newly generated leuA fragment was cut with PstI and ligated in the multiple cloning site 

of pBB1 behind Ptac, generating plasmid pBB1leuAG462D. A third PCR with oligonucleotide 

pair PtacforStuI/pBB1revStuI was done to amplify the mutated leuA gene with Ptac and a 

terminator sequence. The PCR product was then cut with StuI and ligated into pJC4ilvBNCD 

cut with Bst1107I to generate the plasmid pJC4ilvBNCDleuAG462D. The success of 

mutagenesis was verified by sequencing of the insert leuAG462D. For generation of another 

mutated version of leuA, leuAG479C, the same procedure was followed. In this case the 

oligonucleotide pairs leuAfor/G479Crev and G479Cfor/leuArev were used. 

 

2.9.3 Restriction digest 

A restriction digest is a common method used for the analysis of plasmid DNA and of 

chromosomal DNA as well as a suitable instrument for the preparation of DNA for further 

processing such as cloning of plasmids and PCR products. The success of a plasmid 

restriction digest can be checked by separating the digested sample on an agarose gel. In this 

work, plasmid DNA and PCR products were digested with appropriate restriction enzymes 

(10-50 U/µl) in the desired amount in a buffer system recommended by the manufacturer. 

Digests with analytical purpose were each prepared in a benchmark of a 20 µl, digests for 

preparative purpose in a benchmark of 50 µl. 
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2.9.4 Dephosphorylation of linearized plasmid DNA 

To avoid religation of linearized plasmid DNA for cloning purposes (Sambrook and Russell, 

2001), its 5’-phosphate residues were removed by treatment with FastAP Thermosensitive 

Alkaline Phophatase (FastAP) according to the manufacturer’s instructions.  

 

2.9.5 Ligation of DNA fragments 

Before ligation of DNA fragments, e.g. ligation of a PCR product into a vector, both vector 

and insert were digested with enzymes providing compatible ends and purified with the Kit 

NucleoSpin Extract II . For ligation vector and insert were mixed with 1 µl of T4 DNA ligase 

(1 U/µl), 2 µl of T4 DNA ligation buffer and H2O ad 20 µl. In case of a blunt end ligation  

2 µl 50 % PEG 4000 solution were added.  To find the best conditions for ligation, several 

ligation batches were prepared, with ratios of insert/vector varying between 2:1 and 10:1. A 

gradient ligation (22 °C, 21 °C, 20 °C, 19 °C, 18 °C; each step one hour) was performed in a 

PCR machine over night and E. coli DH5 was transformed with the ligations immediately the 

next day. The presence of the desired plasmid in the clones obtained on 2x TY plates with 

appropriate antibiotic was proved by preparation of plasmid DNA and an analytical digest. 

The correct sequence of the insert (e.g. a certain gene) was verified by sequencing of the 

plasmid with appropriate oligonucleotides. 

 

2.10 Determination of enzyme activities 

2.10.1 Preparation of cell extracts 

For determination of intracellular enzyme activities the cells must be disrupted. A very 

common method applies small glass beads and vigorous agitation for the mechanical 

disruption of cells in a RiboLyser®. In this work, the cells required for the enzyme assays 

were treated analogous to the cells in the growth experiments (2.4.2), but were harvested at an 

OD of 5-7; the cultures were transferred to 50 ml Falcon tubes and sedimented (4500 x g,  

15 min, 4 °C). The supernatants were discarded and the pellets were washed with Tris 50 

mM, sodium glutamate 200 mM (adjusted to pH 7.5 with HCl) three times. Finally, the pellets 

were dissolved in 1 ml of this buffer solution and each suspension was transferred to two 

screw cap reaction tubes containing approx. 250 mg of the RiboLyser® glass beads. The 

tubes were placed in the RiboLyser® and cell disruption was carried out at a speed of 6.5 for 

30 s. This procedure was repeated three times with intermittent cooling on ice for 5 min, in 
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order to prevent protein denaturation due to frictional heat development through collision of 

the beads. The preparations were centrifuged (17949 x g, 30 min, 4 °C) to sediment the cell 

debris and the glass beads. The supernatants were transferred to new 15 ml Falcon tubes, 

stored on ice and the protein concentrations as well as the enzymatic activities were 

determined immediately. 

For the IPMDH enzyme test the membrane fraction in the cell extract was removed by 

ultracentrifugation (235000 x g, 90 min, 4 °C) before determination of enzyme activities. 

 

2.10.2 Determination of protein concentrations - BCATM  Protein Assay Kit 

The BCATM Protein Assay is a biochemical method for the quantitative, photometric 

determination of proteins. The method combines the Biuret reaction, i.e. the reduction of Cu2+ 

to Cu1+
 by protein in alkaline medium, with the highly sensitive detection of the resulting 

cuprous cations by bicinchonic acid (BCA). The BCA reagent and the Cu1+ react to a 

BCA/copper complex; the absorbance of the purple coloured BCA/copper complexes can be 

measured at a wavelength of 562 nm and increases proportionally over a wide range of 

protein concentrations (Smith et al., 1985).  

To determine protein concentrations, the samples were diluted appropriately and a BSA 

standard in the concentration range from 0-20 µg/ml was prepared. For detection the BCATM 

Protein Assay Kit was employed according to the manufacturer’s instructions. After 

incubation, the extinction of the samples at 562 nm was measured in the Anthos ht III plate 

reader.  

 

2.10.3 Calculation of specific enzyme activities 

The specific activity is the activity of an enzyme with respect to the amount of total protein in 

the cell extract. It is expressed in U/mg and calculated as follows. 

specific activity [U/mg]   =
∆E* min

-1
* Vtotal

ε * d * Vsample* c
protein

where ε =  extinction coefficient [mM
-1

* cm
-1

],

c
protein

   =  protein concentration [mg* ml
-1

]

V
total           

=  total volume of reaction, V
sample 

= volume of cell extract [µl]

and d    =  cuvette thickness [cm]
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2.10.4 Determination of citrate synthase synthase activities 

CS catalyzes the condensation of oxaloacetate with acetyl-CoA to form citrate and coenzyme 

A (CoA-SH). A modified protocol after Srere (1969) was used for activity measurements. The 

principle of the photometric determination of CS activity is based on the coupling of the 

reaction mentioned above with the irreversible conversion of CoA-SH with 5,5'-Dithio-bis-2-

nitrobenzoic acid (DTNB), the so called Ellmans’s reagent. The linear increase of the reaction 

product TNB (thionitrobenzoic acid) can be monitored by measuring the temporal change of 

absorption at a wavelength of 412 nm (=∆E/min). This way, the amount of converted acetyl-

CoA can be determined indirectly, as it is equivalent to the amount of TNB formed. On the 

basis of ∆E/min and protein concentration, the specific enzymatic activity was calculated as 

described above. 

The composition of all solutions required for the CS assay is listed in the following. 

 

Washing buffer  Sodium glutamate 200  mM 

 

 

Tris   50  mM 

 Reaction buffer  Sodium glutamate 400  mM 

 Tris   80  mM 

 

 

Each reaction batch contained 500 µl reaction buffer, 100 µl DTNB solution, 50 µl 

oxaloacetate solution, 50-200 µl diluted cell extract and H2O ad 1 ml. The preparation was 

DTNB solution  

 

DTNB 

Tris 

    1  mM 

  50  mM 

Oxaloacetate solution Oxaloacetate     4  mM 

 Tris   50  mM 

 
Starter solution  Acetyl-CoA      3  mM 

 Tris     2    M 

The pH of all solutions was adjusted to 7.5 with HCl. 



 

 

                  36 Material and Methods 

prewarmed to 30 °C in a cuvette and the reaction was started by adding 50 µl acetyl-CoA. The 

change in extinction at 412 nm was monitored over a period of approx. 2 min and plotted by 

the software SWIFT II (version 2.01, 2001 Biochrom Ltd.). A trendline was fitted to the curve 

and ∆E/min was determined from the slope of the line. 

 

2.10.5 Determination of isopropylmalate synthase, isopropylmalate 
dehydratase and isopropylmalate dehydrogenase activities 

Isopropylmalate synthase 

For determination of IPMS activity, a modified version of the enzymatic assay described by 

Kohlhaw et al. (1969) was employed. As the CS enzyme assay, IPMS activity was measured 

via an end point assay based on the determination of CoA-SH with DTNB. IPMS catalyzes 

the conversion of KIV and acetyl-CoA to 2-IPM and free CoA-SH. The composition of all 

solutions required for the IPMS assay is listed below. 

Reaction buffer  Tris  625       mM 

The pH was adjusted to 8.5 with HCl. 

 

DTNB solution DTNB 

Tris 

     1       mM  

 100       mM 

The pH was adjusted to 8.0 with HCl. 

 

Acetyl-CoA solution  Acetyl-CoA    12.5   mM 

Starter solution  KIV      6.25 mM 

The reaction mixture (1 ml) for determination of specific IPMS activities contained 500 µl 

DTNB solution, 40 µl reaction buffer, 160 µl KCl solution, 80 µl acetyl-CoA, 40-80 µl 

diluted cell extract and H2O ad 1 ml. After following the background, the reaction was started 

with 80 µl KIV. For the inhibition assays, L-leucine, KIC, 2-IPM or 3-isopropylmalate  

(3-IPM), respectively, were added in the desired concentration. 

 

KCl solution  KCl  250      mM 
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Isopropylmalate dehydratase 

IPMD catalyzes the reversible conversion of 2-IPM to 3-IPM via the intermediate 

dimethylcitraconate.  

 

The reaction can be followed by monitoring the increase in absorbance of dimethylcitraconate 

at a wave length of 235 nm in a photometer (Kohlhaw, 1988). Since the reaction catalyzed by 

IPMD is reversible and the equilibrium of the reaction favours the formation of 2-IPM, 3-IPM 

was used as substrate. The composition of the solutions required for the IPMD assay is listed 

below. 

 

Reaction buffer  KH2PO4   200      mM 

The pH was adjusted to 7.0 with H3PO4. 

Starter solution  3-IPM   100      mM 

For measurement 400 µl reaction buffer and 540 µl H20 were mixed in a special UV cuvette 

and preheated to 30 °C. Diluted cell extract (40 µl) was added and the background of enzyme 

activity in cell extract without substrate was followed for around 50 s. After addition of 20 µl 

substrate 3-IPM, ∆E/min at 235 nm was determined via SWIFT II. 

 

Isopropylmalate dehydrogenase 

IPMDH catalyzes the conversion of 3-IPM to KIC with the formation of one molecule 

NADH. This reaction can be measured either colorimetrically (enzyme test I) or 

photometrically (enzyme test II). The respective enzyme assays were established according to 

protocols from Schrumpf et al. (1992) and Parsons and Burns (1969), respectively. 

 

IPMDH enzyme test I (Schrumpf et al., 1992) 

In this protocol, the formation of KIC is monitored by derivatization with 

2,4-dinitrophenylhydrazine. This compound interacts with the carbonyl groups of KIC, 

thereby generating 2,4-dinitrophenylhydrazone (2,4-DPH) and one molecule of H20. The 

absorption of 2,4-DPH can be measured at 540 nm. The amount of 2,4-DPH corresponds to 

the amount of KIC formed and can be calculated by means of a standard curve of known 
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concentrations. The composition of the solutions required for the IPMDH enzyme test I is 

listed in the following. 

Reaction buffer  KCl     50   mM 

 K3PO4     50   mM 

 MgCl2      1    mM 

The pH was adjusted to 8.0 with KOH. 

NAD+ solution NAD+      2    mM 

Starter solution  3-IPM      1    mM 

 

For measurement, 400 µl buffer, 25 µl NAD+, 25 µl diluted cell extract and 25 µl H2O were 

mixed. The enzymatic reaction was started with 25 µl of 3-IPM and the mixture was 

incubated at 30 °C for 1 minute. Then 250 µl of 2,4-dinitrophenylhydrazine (25 mg/100 ml 

0.5 M HCl) were added. An incubation for 15 min at 30 °C followed to allow formation of 

2,4-DPH. After 15 min, the reaction was neutralized with 250 µl of KOH (4 g/10 ml) and the 

extinction was monitored at 540 nm. For each reaction a blank containing all compounds 

except substrate was required. This is due to the fact that the cell extract possibly contains 

other ketoacids such as KIV or KMV which might react with 2,4-dinitrophenylhydrazine. To 

show linearity of the test, each reaction was repeated with double amount of cell extract.  

 

IPMDH enzyme test II (Parsons and Burns, 1969) 

IPMDH enzyme test II served for the investigation of LeuB regulation. It is not possible to 

determine a potential KIC inhibition with enzyme test I, since KIC itself is derivatized with 

2,4-dinitrophenylhydrazine. IPMDH enzyme test II is based on the measurement of NADH 

formed during the reaction at a wavelength of 340 nm. The composition of the solutions 

required for the IPMDH enzyme test II is listed in the following. 
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Reaction buffer  KCl     75    mM 

 KH2PO4     50    mM 

 MgCl2       1.5 mM 

The pH was adjusted to 8.0 with KOH. 

NAD+ solution                           NAD+                                               2    mM 

Starter solution  3-IPM   100    mM 

 

For measurement, 325 µl H2O and 500 µl reaction buffer were prewarmed to 30 °C, 50 µl 

NAD+ and 25 µl cell extract (diluted in 0.05 M K3PO4, pH 7.0) were added and the 

background activity was measured for at least 30 s at a wavelength of 340 nm. The main 

reaction was started by addition of 100 µl 3-IPM. The increase in absorbance was monitored 

for 3 min at a wavelength of 340 nm and ∆E/min was calculated via SWIFT II. For proof of 

linearity of enzyme activity, the assay was repeated with double amount of cell extract. 

 

2.11 Determination of glucose concentrations 

The concentration of glucose in the samples taken during growth experiments was determined 

enzymatically with a mixture of the enzymes hexokinase and glucose-6-phosphate 

dehydrogenase. The principle of the test is based on the following reactions. 

Glucose + ATP Glucose-6-phosphate + ADP

Glucose-6-phosphate + NADP 6-phosphogluconolactone + NADPH +H+

Hexokinase

Glucose-6-phosphate 

     dehydrogenase

 

The amount of NADPH formed is equivalent to the amount of glucose in the sample of 

interest and can be determined by measuring the absorption at a wavelength of 365 nm. Each 

reaction batch contained 500 ml Tris (0.4 M) with MgSO4 (0.004 M) adjusted to a pH of 7.6 

with HCl, 100 µl ATP solution (4.4 mg/ml), 100 µl NADP solution (9.6 mg/ml), 190 µl H20 

and 100 µl diluted sample. The preparation was mixed properly and the extinction at 365 nm 

was measured (= E1). Following, the reaction was started by adding 10 µl of the 

hexokinase/glucose-6-phosphate dehydrogenase mixture. After 15 min of incubation at rt, the 
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extinction at 365 nm was determined again (= E2). Based on the obtained values, the glucose 

concentration was calculated as follows.  

Cglucose   =
(E2 - E1)* Vtotal

ε * d * Vsample

where ε = extinction coefficient [mM
-1

* cm
-1

]

V
total

      = total reaction volume, V
sample

 = volume of sample [µl]

and d     =  cuvette thickness [cm]

 

2.12 RP-HPLC analysis 

2.12.1 Determination of amino acids 

The determination of amino acids was conducted with a method described by R. Schuster 

(1988). It is based on the possibility of automated precolumn derivatization of primary amino 

acids by ortho-phthalaldehyde-3-mercaptopropionic acid (OPA). The conversion of amino 

acids with OPA results in fluorescing isoindol derivatives, which are detectable with a 

fluorescence detector. In this method, separation of the derivatives occurs via a reversed phase 

C18 column, applying a gradient of two different solvents as mobile phase.  

For HPLC measurement the samples of interest were diluted with HPLC-H2O appropriately 

and 100 µl of each diluted sample were mixed with 100 µl of 1 mM L-ornithine (as internal 

standard with a final concentration of 100 µM) and 800 µl of HPLC-H2O in an autosampler 

vial. Furthermore a standard containing amino acids in defined concentrations was prepared. 

The separation of amino acid derivatives in the samples took place during the transport over a 

precolumn and a main column with a gradient of sodium acetate (100 mM, pH 7.2, solvent A) 

and methanol (solvent B) served as mobile phase (flow rate: 0.35-0.5 ml/min). A fluorescence 

detector with an excitation wavelength of 230 nm and an emission wavelength of 455 nm was 

applied to detect the derivatives. A regression curve was plotted on basis of the standard and 

the internal standard L-ornithine. The establishment of the regression curve as well as the 

analysis of the chromatograms was conducted with the programme HP chemstation for LC 

Rev.A.06.01. 

 

2.12.2 Determination of 2-ketoacids 

2-ketoacid concentrations were determined by RP-HPLC as well. The samples were diluted 

appropriately and the separation was performed over a pre- and a main-column for organic 
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acids. As mobile phase 10 mM H2SO4 was used with a constant flow of 0.5 ml/min at 50 °C. 

The detection with a variable wavelength detector (VWD) detector took place with an 

excitation wavelength of 250 nm and was measured at an emission wavelength of 410 nm. 

 

2.13 GC analysis 

For determination of 3-methyl-1-butanol (isoamylalcohol), gas chromatographic (GC) 

analysis was chosen.  For this purpose, 1 ml of the sample of interest was mixed with 100 µl 

of internal standard solution (110 mM acetone in 2 N HCl) in an autosampler vial and closely 

sealed. The sample injection (1 µl) into the gas chromoatograph with flame ionization 

detector (PerkinElmer Clarus 600nm) was performed via an autosampler. The column used 

here (INNOsteel GC column, 7ft x /8” AD x 2mlD, packed with Porapak P, 80/100 mesh) 

allows the separation of alcohols, aldehydes and organic acids.  

For analysis the following conditions were chosen: 

 Mobile phase: N2 (33.5 ml/min) 

TInjector:  200 °C 

TDetector: 300 °C 

Pressure:  2.17 bar   

Temperature profile:  130 °C - 1 min 

   Gradient of 5 °C/min (from 130 °C to 140 °C) 

   140 °C - 12 min 

For data analysis the computer software “Maestro Sampler II” was applied. The quantification 

of the measured substances took place via the comparison with a standard containing the 

compounds of interest in a defined concentration of 5 mM.  

 

2.14 Determination of intracellular metabolite concentrations  

2.14.1 Determination of intracellular 2-ketoacid concentrations 

For determination of intracellular 2-ketoacid concentrations at defined time points, a method 

was chosen that allows the immediate interruption of cell metabolism as well as the separation 

of cells and culture medium. Methods for cell disruption such as treatment with RiboLyser® 

or French Press were not suitable since an immediate interruption of cell metabolism is 
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essential to obtain reliable values; otherwise 2-ketoacids would be taken up fast during the 

procedure, thus falsifying the measurement results. For this purpose, silicon oil centrifugation 

was performed according to a protocol from Klingenberg and Pfaff (1967) (modified after 

Gutman, 1993). For determination, 1 ml of sample was taken at desired time points during a 

shake flask fermentation, transferred into an Eppendorf tube containing 150 µl of 20 % 

perchloric acid and 350 µl silicon oil (d=1.03 g/cm3) and centrifuged for 30 s at 16060 x g 

(rt). Due to their different density, the cells wandered through the silicon oil layer into the 

perchloric acid layer, whereas the culture supernatant remained above the silicon oil layer. 

The cells were immediately lysed and inactivated in the perchloric acid, therefore interrupting 

cell metabolism and 2-ketoacid uptake. The supernatant was transferred into a new Eppendorf 

cup and analyzed with regard to 2-ketoacid concentrations via HPLC. The silicon oil layer 

was carefully removed with a pipette and discarded, the perchloric acid layer containing the 

cell debris and the intracellular liquid was transferred into a new Eppendorf cup. To separate 

cell bound metabolites, a sonification in the bath-type sonicator for 10 min followed. To 

remove traces of residual silicon oil, 20 µl of silicon oil of higher density (d=1.07 g/cm3) were 

added. Furthermore the extracts were buffered by the addition of 75 µl neutralization solution  

(5 M KOH, 1 M triethanolamine). After precipitation of potassium perchlorate on ice  

(30 min) the samples were centrifuged (17949 x g, 30 min, 4 °C) to sediment cell fragments, 

potassium perchlorate and the residual silicon oil. The supernatant was transferred to a new 

Eppendorf cup and intracellular 2-ketoacid concentrations were determined via HPLC. 

A disadvantage of this method is that part of the extracellular liquid (containing 2-ketoacids) 

sticks to the cell wall of the bacteria and is sedimented with the cells. As a consequence, the 

intracellular measurement results have to be corrected taking into consideration the 

extracellular 2-ketoacid concentrations. For this purpose, it was crucial to know how much 

supernatant is trapped on the surface of the cells. The amino acid L-ornithine was added to the 

supernatant of several growing cultures of C. glutamicum VB pJC4ilvBNCD in different 

concentrations. At different time points samples (1 ml) for the determination of intracellular 

and extracellular concentrations were taken. Since L-orinithine can not enter the cell 

(intracellular concentration = 0), it can be used to determine the amount of metabolite 

measured intracellularly that actually derives from the supernatant stuck to the membran.  

As assumed, L-orinithine could also be determined in the intracellular samples. The amount 

of L-ornithine detected and the calculated dilution factor (= amount detected extracellularly/ 

amount detected intracellularly), were used to determine the volume of the supernatant stuck 

to the cell wall (= x1) as follows.  
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dilution factor   = 
reagent volume + intracellular volume + x1

x1

x1     = 
dilution factor - 1

reagent volume + intracellular volume

dilution factor  =  concentration determined extracellular [mM]/concentration determined intracellular [mM]

reagent volume   =  225 µl (150 µl perchloric acid + 75 µl neutralization buffer)

 

With this formula, the average volume of supernatant stuck to the cell wall was shown to be 

approx. 61 % (3/5) compared to about 39 % (2/5) intracellular volume in the sediments of 

silicon oil centrifugation in the present work. The intracellular volume of growing  

C. glutamicum cells was determined to be approx. 2 µl/mg dry weight (Gutman, 1993) and an 

OD600nm of 1 corresponds to 0.3 mg dry weight/ml. To calculate how much (= x2) of the 

concentration of a certain 2-ketoacid determined via HPLC derives from the supernatant 

actually, the following equations were used. 

 

concentration extracellular measurement [mM]

dilution factor
x

2
 = amount of  2-ketoacid that falsifies intracellular concentration [mM]   =

dilution factor  = 
volume of supernatant stuck to cell wall [µl]

volume of supernatant stuck to cell wall [µl] + intracellular volume [µl] + reagent volume [µl]

volume of supernatant stuck to cell wall = (intracellular volume [µl]/2)*3

intracellular volume = OD600 units* 0.3 mg* 2 µl 

reagent volume = 225 µl (150 µl perchloric acid + 75 µl neutralization buffer)

 

For calculation of intracellular 2-ketoacid concentrations the values obtained during the 

intracellular measurements were corrected by the substraction of x2. The actual intracellular 

concentrations were obtained as follows. 

(concentration intracellular measurement [mM] - x
2
 [mM]) * dilution factor 2 intracellular concentration [mM]   =

dilution factor 2  = 
intracellular volume [µl]

volume of supernatant stuck to cell wall [µl] + intracellular volume [µl] + reagent volume [µl]

volume of supernatant stuck to cell wall = (intracellular volume [µl]/2)*3

intracellular volume = OD600 units* 0.3* 2

reagent volume = 225 µl (150 µl perchloric acid + 75 µl neutralization buffer)  
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2.14.2 Determination of intracellular acetyl-CoA concentrations 

For determination of intracellular acetyl-CoA concentrations, a modified protocol according 

to Spies (1996) was chosen for cell disruption. In contrast to the method described before, for 

every time point of interest, a separate 50 ml culture of C. glutamicum VB (pJC4ilvBNCD) 

was cultivated and harvested at the desired stage of growth. The culture (50 ml) was 

transferred to a Falcon tube, centrifuged (4500 x g, 10 min, 4 °C) and washed twice with 30 

ml of 0.1 M sodium phosphate buffer (pH 3.0). The pellet was resuspended in 1 ml of the 

same buffer, transferred to an Eppendorf cup and centrifuged (17949 x g, 10 min, 4 °C). The 

supernatant was discarded and each 0.4 g of the cell pellet were mixed with 0.8 ml disruption 

buffer (6 % v/v perchloric acid, 2 mM dithiothreitol = DTT). The Branson sonifier was used 

for disruption of the cells (pulse frequency = 20 %, 20 W, 6 min). For separation of denatured 

proteins, the mixture was centrifuged (17949 x g, 10 min, 4 °C) and the supernatant was 

adjusted to a pH of 3.0 with an appropriate amount of 3 M K2CO3 solution. The pH was 

controlled with pH test strips. The precipitated KClO4 was removed via another centrifugation 

step (17949 x g, 10 min, 4 °C). The supernatant was transferred to a new Eppendorf cup and 

the acetyl-CoA concentration was determined via HPLC measurements. 

For calculation of intracellular acetyl-CoA concentrations, the values obtained by HPLC 

measurement were multiplied with the appropriate dilution factor as follows. 

concentration intracellular measurement [mM]* dilution factor  intracellular concentration [mM]   =

dilution factor   = 
intracellular volume [µl]

 intracellular volume [µl] + reagent volume [µl]

intracellular volume =  dry weight [mg]* 2 µl intracellular volume/[mg] 

reagent volume = 800 µl disruption buffer + x µl K
2
CO

3

 

In this experiment the dry weight was not calculated from the OD600nm but from the wet 

weight of the pellet used for determination (see above). The average dry weight of a pellet 

was shown to be about 21 % of the wet weight (Spies, 1996), which would be approx. 84 mg 

dry weight for a cell pellet of 0.4 g (as used for the determination here). As mentioned above, 

1 mg dry weight corresponds to approx. 2 µl of intracellular volume. 
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Figure 4: Double test tube for 
 14C-KIC uptake measurements 

 

2.15 Radioactive measurements (Huss, 2012) 

For KIC uptake measurements with C. glutamicum ∆ilvE, radioactively labeled KIC (sodium 

4-methyl-2-oxopenanoate) [1-14C] with an activity of  

53.7 mCi/mmol in 100 µl of H2O was used. 

A 50 ml overnight preculture of C. glutamicum ∆ilvE was 

prepared according to chapter 2.4.2. The desired amount of 

culture was transferred to a sterile 50 ml Falcon tube and 

sedimented (4500 x g, 10 min, 4 °C). The supernatant was 

discarded and the pellet washed twice with 0.9 % NaCl. 

The cell pellet was resuspended in 6 ml of CGC minimal 

medium containing 2 % glucose, 25 mM KIC and 2 µl of 
14C-KIC solution. The OD600nm was set to approx. 100 and 1 ml of the suspension was taken 

as a sample for the starting point, 800 µl of which were centrifuged (16060 x g, 6 min, rt), the 

supernatant was transferred into a fresh Eppendorf tube, the remaining 200 µl served as 

sample for the cell suspension. The cell suspension, the cell pellet and the supernatant were 

stored at - 20°C. 

The residual 5 ml suspension were transferred into a special test tube (Fig. 4) with a sterile 

syringe. The test tube consisted of two single tubes (each containing a magnetic stirring bar) 

connected via glass tubules to allow gas flow between the two single test tubes. The gas flow 

can be controlled via a glass ground joint in the middle of the glass tubules. At the beginning 

the glass ground joint was shut, allowing no gas exchange. The test tubes were closed tightly 

with aluminum caps and a rubber plug, which can be punctured with a syringe and guarantees 

that no gas is lost during incubation. The test tube containing the 5 ml culture was incubated 

in an incubation shaker (120 rpm) in a water bath for 28 h at 30 °C. After incubation 2 ml of 

HCl (1 N) were added to the culture with a sterile needle to set the pH of the culture to 

approx. 1. At this low pH almost all of the CO2 of the culture suspension is supposed to 

escape to the gaseous phase of the test tube (den Boef, 1977). Simultaneously, 4 ml of KOH 

(2 M) were added to the other test tube and gas exchange was enabled. The double test tube 

was placed on a magnetic stirrer for 10 min. Within this time CO2 should completely escape 

from the culture suspension and dissolve in KOH (pH = 14) in the connected test tube. This is 

due to the fact that CO2 exhibits its highest solubility (in form of CO3
2-) at a pH of 14 (den 

Boef, 1977). Due to the fact that CO2 is gradually dissolved in the KOH, CO2 should migrate 

completely into the test tube containing KOH due to diffusion. After stirring, samples of the 

culture and of the dissolved CO2 were taken. The culture was sedimented (17949 x g, 10 min,  
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4 °C), the supernatant transferred into a fresh Eppendof tube and the cell suspension, the cell 

pellet and the supernatant were stored at -20 °C until further use. The cells for time points 1 

and 2 were disrupted with the RiboLyser® as described previously (2.11.1). For time point 2, 

200 µl of the dissolved cell pellet in disruption buffer were additionally taken as a sample. For 

measurement, 200 µl of every sample were mixed with 3 ml Rotiszint®-Eco Plus Scintillation 

Liquid. The determination of radioactivity (counts per minute = cpm) in the samples was 

performed in the Liquid Scintillation Analyzer Tri-CARB. 
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3 Results 

3.1 Degradation of 2-ketoisocaproate by Corynebacterium 
glutamicum ∆ilvE 

As previously observed in our laboratory, branched-chain 2-ketoacids such as  

KIV, KIC and KMV underlie significant degradation in growing cells of C. glutamicum ∆ilvE 

(Hagmann, 2011; Krause, 2010). This might turn out as a severe problem for biotechnological 

KIC production, since KIC would have to be removed from the culture broth during 

fermentation to avoid degradation and to allow for higher titers. Such a process would be both 

cost-intensive and time-consuming. 

Usually the degradation of 2-ketoacids occurs via transamination to their corresponding 

amino acids. However, due to deletion of ilvE (coding for transaminase B) in  

C. glutamicum ∆ilvE, a conversion of KIV, KIC and KMV to L-valine, L-leucine and  

L-isoleucine, respectively, presumably plays a subordinate role in degradation. Furthermore, 

the possibility of unspecific conversion of the branched-chain 2-ketoacids in C. glutamicum 

by enzymes catalyzing oxidative carboxylation of 2-ketoacids, such as the PDHC or the 

oxoglutarate dehydrogenase complex (ODHC), could be excluded in preliminary works 

(Hagmann, 2011). Also the pyruvate:quinone oxidoreductase (coded by pqo) and the lactate 

dehydrogenase (coded by ldh) seem not to be involved in branched-chain 2-ketoacid 

degradation (Krause, 2010).  

To further investigate this issue, KIC degradation in C. glutamicum ∆ilvE was analyzed. It 

could be observed that after addition of 25 mM KIC to the external medium the KIC 

concentration in the supernatant decreased by 50 % or more within 24 h of cultivation, both 

for growing (initial OD600nm=1) and resting cells (initial OD600nm=100) (data not shown). 

However, it remained unclear whether this decrease is just due to uptake and accumulation or 

whether the 2-ketoacid is metabolized in the cell. In this regard, the intracellular and 

extracellular concentrations of KIC during cultivation of resting cells of C. glutamicum ∆ilvE 

(OD600nm=100) were determined. As already observed in the experiment before, after 28 h of 

incubation the residual amount of KIC in the supernatant was about 101 µmol (≙ 11.3 mM), 

which is less than 50 % of 211 µmol (≙ 23 mM) added at the beginning of cultivation  

(Tab. 2). Thus, approx. 110 µmol (≙ 52 %) of KIC had disappeared, potentially due to uptake 

by C. glutamicum ∆ilvE. However, only 1.8 % of the initially added KIC, corresponding to an 

amount of 3.8 µmol, were detected within the cells by HPLC measurements (Tab. 2). 

Therefore a total amount of 106 µmol KIC was “missing” (= ∆ KIC). 
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Table 2: Distribution of externally added KIC after 28 h of cultivation of C. glutamicum ∆ilvE. The amount of  
KIC [µmol] was calculated taking into account the respective volumes (supernatant = 9 ml; intracellular volume 
= 600 µl). For determination of percentual values, the initial amount of 211 µmol KIC was set to 100 %. 

 
 

These results strongly indicate that the decrease of 2-ketoisocaproate in the supernatant of  

C. glutamicum ∆ilvE is not only due to uptake and intracellular accumulation, but also a result 

of degradation or metabolization to other compounds in the cell. Anyhow, it is also possible 

that some part of the “missing” KIC just sticks to the cell wall. To further elucidate this issue, 

degradation experiments with radioactively labelled KIC (14C-KIC) were performed. For this 

purpose an experimental setup had to be chosen which allows the determination of all 

fractions involved, i.e. supernatant, cell extract, cell suspension as well as CO2 formed during 

the incubation. Resting C. glutamicum ∆ilvE cells (OD600nm=100) in an air-tight sealed double 

test tube were used for the degradation studies (see material and methods, 2.15). Directly after 

inoculation the supernatant exhibited an activity of 12655 cpm, whereas the cell suspension 

(cell pellet obtained by centrifugation, dissolved in isotope-free CGC minimal medium) 

showed an activity of 4110 cpm, resulting in a total radioactivity of 16765 cpm (0 h). After  

28 h of incubation, 48 % of the total radioactivity were found in the supernatant (7962 cpm; 

Fig. 5, grey area). The cells (cell pellet obtained by centrifugation, dissolved in isotope-free 

CGC minimal medium) exhibited an activity of 7906 cpm, where 5103 cpm (30 %, Fig. 5, 

black area) were determined inside the cell and 2803 cpm (17 %; Fig. 5, green area) seemed 

to stick to the cell wall. The CO2 dissolved in KOH displayed an activity of 898 cpm (5 %; 

Fig. 5, blue area). For better illustration the percentual distribution of the radioactivity in the 

different cell fractions after 28 h of incubation is depicted in the pie chart in Figure 5.  

The outcome of this experiment suggests that the decrease of 14C-KIC in the supernatant of 

resting cells of C. glutamicum ∆ilvE is both due to uptake and metabolization to cell 

compounds (30 %) and due to the finding that part of the KIC sticks to the cell wall (17 %). 

Taking the results of the non-radioactive experiment (described above) into account, it is 

Sample measured KIC conc. [mM]          KIC amount [µmol] 

Supernatant   (0 h)           23.45 ± 0.60       211.00 ± 5.40   (≙ 100 %) 

Supernatant (28 h)           11.25 ± 0.21       101.25 ± 1.90   (≙   48 %) 

Cell extract   (28 h)             6.32 ± 4.27                   3.79 ± 2.56   (≙  1.8 %) 

Supernatant   (0 h) - Supernatant (28 h) = ∆ S            12.20 ± 0.30        109.80 ± 3.50   (≙   52 %) 

∆ KIC = ∆ S [µmol] – KIC cell extract (28 h) [µmol]                                       106.00 ± 0.90  (≙≙≙≙ 50.2 %) 



 

obvious that KIC is taken up 

extent, since the amount of KIC detected intracellulary in 

was only a fraction (3.8 µmol)

Especially the fact that during

were detected inside of the cells, 

and metabolized (Fig. 5).  

Consequently, the greatest part of KIC decrease in the supernatant 

C. glutamicum ∆ilvE and the adjunctive degradation or metabolization to other compounds. 

As mentioned above, potential enzymes involved in KIC degradation have not been 

identified, yet.  
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3.2 Production of 2-ketoisocaproate with Corynebacterium 
glutamicum 

3.2.1 Construction and characterization of Corynebacterium glutamicum VB 
(pJC4ilvBNCD)  

An important feature of the previously engineered KIC producer C. glutamicum ∆ltbR ∆ilvE 

PgltAmut_L1 pJC4ilvBNCD is the attenuation of the enzyme CS, resulting in a higher pool of 

pyruvate as precursor for KIV and KIC synthesis. Aside from gltA, coding for CS, two further 

genes encoding tricarboxylate synthase activities, namely prpC1 and prpC2, have been 

described for C. glutamicum (Radmacher and Eggeling, 2007). Their corresponding enzymes 

were shown to possess CS side activity in addition to their methylcitrate converting activities 

(Claes et al., 2002). Interestingly, the catalytic efficiency of both methylcitrate synthases 

(MCS) from C. glutamicum with acetyl-CoA as substrate is comparable to that of CS itself.  

In another study the generation of a double mutant devoid of the genes gltA and prpC1 

resulted in suppressor mutants that exhibited CS activity. Molecular trigger for this finding 

was a mutation in the regulator PrpR (Cg0800), causing expression of the gene prpC2 

(Radmacher and Eggeling, 2007). As it was suspected that the pressure caused by attenuation 

of CS might have a similar adverse effect on expression of prpC2 and/or prpC1 in  

C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 (pJC4ilvBNCD), the genes prpC1 and prpC2 were 

deleted to ensure a stable genetic background for further experiments with this production 

strain. The results of a representative shake flask experiment with the newly constructed strain 

C. glutamicum ∆ltbR ∆ilvE ∆prpC1 ∆prpC2 PgltAmut_L1 (pJC4ilvBNCD) (= C. glutamicum VB 

(pJC4ilvBNCD)) are shown in Figure 6. In the exponential growth phase the strain exhibited a 

growth rate of 0.31 h-1 and reached an OD600nm of ∼ 48 after 14 h. After 8 h of growth, the 

strain started to excrete KIV and KIC into the external medium, where the concentration of 

KIC tended to increase faster. However, the excretion of KIC stopped after 15 h, despite 

residual glucose in the growth medium. KIV by contrast was further excreted until glucose 

had been consumed completely. After 15 h of growth, C. glutamicum VB (pJC4ilvBNCD) had 

excreted 12.5 mM KIC into the external medium, whereas 26 mM of KIV were produced, 

almost twice as much after 24 h. Despite the deletion of ilvE, up to 6 mM L-valine and around 

2 mM L-leucine were detected as byproducts. 

This experiment revealed no major differences to the parental strain C. glutamicum ∆ltbR 

∆ilvE PgltAmut_L1 (pJC4ilvBNCD), neither regarding growth nor production behavior (data for  
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parental strain not shown). This outcome was expected, since the specific CS activity in cell 

extracts of the newly constructed strain was shown not to be influenced by the deletion of the 

MCS genes prpC1 and prpC2 (Tab. 3). 

The fact that KIC excretion stopped after 15 h, although there was still glucose left, as well as 

the fact that KIV was further produced in significant amount, strongly suggest a bottleneck in 

the pathway leading from KIV to KIC. This bottleneck might be due to insufficient activity of 

one or more of the enzymes of the IPM pathway, resulting in the accumulation of KIV. 

Furthermore, it is conceivable that the amount of acetyl-CoA as second precursor for KIC 

synthesis becomes limiting after 15 h. Also the export of KIC might be a limiting factor. 
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Figure 6: Growth, substrate consumption and product accumulation (amino acid and 2-ketoacid) during a 
representative shake flask batch cultivation of C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium 
containing glucose (4 %  w/v), L-isoleucine, L-leucine and L-valine (2 mM each). Three independent growth 
experiments were performed, all showing comparable results. 

Strain Specific CS-activity [U/mg] 

  
C. glutamicum ∆ltbR                                    1.10 ± 0.10 

C. glutamicum ∆ltbR ∆ilvE PgltA
mut_L1

                                    0.32 ± 0.01 

C. glutamicum ∆ltbR ∆ilvE ∆prpC1 ∆prpC2  PgltA
mut_L1

                                    0.32 ± 0.02 

 

Table 3: Reduction of specific CS activity by replacement of gltA promoter in different C. glutamicum strains. 
strains 
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3.2.2 Influence of L-leucine on growth and production behavior of  
Corynebacterium glutamicum VB (pJC4ilvBNCD) 

All strains described for the directed synthesis of branched-chain 2-ketoacids so far, carry a 

defined deletion in the gene ilvE, coding for transaminase B. This deletion should avoid the 

formation of the corresponding amino acids, hence resulting in the accumulation of either of 

the branched-chain 2-ketoacids. As shown in a previous study, the deletion of ilvE in the wild- 

type of C. glutamicum results in an auxotrophy for both L-isoleucine and L-leucine, whereas 

the absence of L-valine leads to impaired but not to abolished growth (Marienhagen et al., 

2005). This observation was confirmed in the course of a study on KIV production with an 

aceE-deficient C. glutamicum strain that was also devoid of transaminase B (Krause et al., 

2010 a). Up to now, all experiments with C. glutamicum VB (pJC4ilvBNCD) were conducted 

with all three branched-chain amino acids present in the medium. However, as the negative 

impact of L-leucine on leuA, both on transcriptional and enzymatic level, is well known (see 

introduction), it is very likely that also KIC production is negatively affected. Therefore the 

cultivation of C. glutamicum VB (pJC4ilvBNCD) without L-leucine in the growth medium 

was analyzed, despite the reported L-leucine auxotrophy of C. glutamicum ∆ilvE. 

Surprisingly, C. glutamicum VB (pJC4ilvBNCD) was able to grow despite the lack of  

L-leucine in the growth medium (Fig. 7). However, the growth rate was reduced from 0.31 h-1 

(compare 3.2.1) to about 0.21 h-1, whereas the final OD600nm was not influenced by the 

absence of L-leucine. As it was the case in the shake flask experiments performed with  

L-leucine, KIC excretion ceased after approx. 15 h, despite residual glucose in the medium. 

Nonetheless, the maximum concentration of KIC was significantly increased from 12.5 mM 

(Fig. 6) to about 30 mM by the cultivation of the cells without L-leucine (Fig. 7), resulting in 

a product specific KIC yield (yieldKIC) of 0.26 mol/mol glucose in the overall production 

phase. After KIC production had stopped, again high amounts of KIV were excreted  

(~ 32 mM) until glucose had been consumed completely.  

The cessation of KIC production and the adjacent formation of high concentrations of KIV 

strongly hint at a bottleneck in the pathway leading from KIV to KIC, although the medium 

did not contain L-leucine. In this context it should be mentioned that, aside from KIC and 

KIV, the strain started to excrete L-leucine in concentrations up to 6 mM after 15 h. It is 

therefore conceivable that the cessation of KIC production is connected to the sudden 

L-leucine formation by C. glutamicum VB (pJC4ilvBNCD) and a resulting inhibition of the 

IPMS. The synthesis of L-leucine despite the deletion of the transaminase B coding gene ilvE 
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could possibly be explained by the unspecific amination of KIC by aminotransferases such as 

AlaT and AvtA (Marienhagen et al., 2005; Marienhagen and Eggeling, 2008).  

The results of this experiment demonstrate that in contrast to C. glutamicum ∆ilvE,  

C. glutamicum VB (pJC4ilvBNCD) is not auxotrophic for L-leucine. Furthermore it can be 

stated that the lack of L-leucine in the growth medium imparts a highly positive effect on KIC 

production. Consequently, in the following all fermenter and shake flask experiments were 

performed without L-leucine in the growth medium.  
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Figure 7: Growth, substrate consumption and product accumulation (amino acid and 2-ketoacid) during a 
representative shake flask batch cultivation of C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium 
containing glucose (4 %  w/v), L-isoleucine and L-valine (2 mM each); three independent growth experiments 
were performed, all showing comparable results. 
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3.2.3 Intracellular 2-ketoacid concentrations in Corynebacterium 
glutamicum VB  (pJC4ilvBNCD)  

During the shake flask experiments with C. glutamicum VB (pJC4ilvBNCD), a faster 

excretion of KIC than of KIV was observable in the first 15 h of cultivation. A sudden 

cessation of KIC excretion after about 15 h was connected with steadily increasing KIV 

concentrations in the supernatant. The cellular mechanisms responsible for this behavior have 

not been elucidated yet. Besides a bottleneck in the pathway leading from KIV to KIC, a 

limitation of KIC export could be conceivable as reason. It is of vital importance for the 

efficient production of KIC that the intracellularly formed KIC is exported to a high extent, 

rendering a possible limitation of export a severe problem. Unlike the export of BCAAs, the 

extracellular transport of 2-ketoacids and potential proteins involved have not been 

extensively studied in C. glutamicum, so far. Therefore intracellular and extracellular  

2-ketoacid (KIC, KIV and KMV) concentrations were determined for C. glutamicum VB 

(pJC4ilvBNCD). 

Surprisingly, KMV was the first 2-ketoacid to be determined intracellularly after 8 h, in 

concentrations of about 30 mM (Tab. 4). At a later time KMV was degraded within the cells 

but remained at a constant level of about 15 mM for the rest of the cultivation time. As 

opposed to the intracellular measurement (Fig. 8, red dotted line), only low KMV 

concentrations could be detected in the supernatant (Fig. 8, red line), indicating poor export of 

KMV in C. glutamicum VB (pJC4ilvBNCD). KIC in contrast could first be detected in the 

supernatant (Fig. 8, blue line) and after a certain delay also intracellularly (Fig. 8, blue dotted 

line). The concentration of KIC amounted to a maximum of almost 40 mM intracellularly, 

extracellularly about 30 mM KIC were determined (Tab. 4). The fact that KIC occurred in the 

supernatant earlier than within the cells, suggests that this 2-ketoacid is exported quite 

efficiently. Moreover, since the concentrations of KIC inside and outside were quite similar 

after 24 h, a diffusion process might be responsible for the transport of KIC, resulting in 

almost equilibrium of the concentrations. The same trend could be observed for KIV, 

although its extracellular and intracellular accumulation was delayed compared to KIC  

(Fig. 8, green lines). After 24 h around 20 mM KIV were detected both in- and outside of the 

cells (Tab. 4).  

 

 

 



 
Results 55 

Table 4: Intracellular and extracellular concentrations of KIC, KIV and KMV during a representative shake 
flask experiment of C. glutamicum VB (pJC4ilvBNCD). The values shown are representative for three 
independent experiments. 

Time [h] Extracellular concentration [mM] 

  KIV KIC KMV 

0     *nd nd nd 

6 nd 2.8 nd 

8 0.3 5.0 nd 

 10 1.0 9.3 nd 

 12 0.9 15.8 nd 

 24 22.1 29.6 3.3 
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Figure 8: Intracellular and extracellular concentrations of KIC, KIV and KMV during a representative shake 
flask batch cultivation of C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium with glucose  
(4 %, w/v) , L-isoleucine and L-valine (2 mM each); three independent experiments were performed, all showing 
comparable results. 

 

Taking these results into consideration, KIC export does not seem to be a limiting factor. 

Nonetheless, not all KIC formed was exported obviously, suggesting that the overexpression 

of putative exporters might prove advantageous for KIC production. 

 

Time [h] Intracellular concentration [mM] 

 KIV KIC KMV 

0     *nd nd nd 

6 nd nd nd 

8 nd nd 31.7 

      10 nd 22.3 22.0 

      12 nd 10.4 16.1 

      24 20.5 38.9 16.2 

  *nd = not detectable (i. e. below detection limit) 
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3.2.4 Effect of external 2-ketoisocaproate supplementation on growth of and 
2-ketoacid synthesis by Corynebacterium glutamicum VB (pJC4ilvBNCD)  

For the generation of an efficient KIC production strain it is essential to know whether KIC 

itself exerts a negative effect on growth and metabolism of C. glutamicum in higher 

concentrations. To elucidate this question, C. glutamicum VB (pJC4ilvBNCD) was cultivated 

in minimal medium containing KIC in increasing concentrations of 0 mM, 10 mM, 40 mM 

and 200 mM. Besides growth, the product spectrum of the 2-ketoacids KIC and KIV was 

monitored both extra- and intracellularly to check whether C. glutamicum VB (pJC4ilvBNCD) 

is able to form KIC in the presence of KIC (10 mM/40 mM) in the supernatant. As depicted in 

Figure 9, the addition of 10 mM (green curve) and 40 mM KIC (red curve) did not affect 

growth behavior of C. glutamicum VB (pJC4ilvBNCD). There was even a trend for better 

growth when 10 mM or 40 mM KIC were supplemented, the growth rate increased from  

0.21 h-1 to about 0.24 h-1 in both cases. In contrast, the addition of 200 mM KIC resulted in 

significantly impaired growth with a rate of only 0.10 h-1 (blue curve). The final OD600nm, 

however, was not influenced.  
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Figure 9: Comparison of growth of C. glutamicum VB (pJC4ilvBNCD) during a representative shake flask batch 
cultivation of C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium containing glucose (4 %, w/v), 
 L-isoleucine and L-valine (2 mM each), cultivated under the external addition of increasing amounts of KIC; 
three independent experiments were performed, all showing comparable results. 
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Figure 10 A-C shows the results of the intra- (black bars) and extracellular (grey bars) 

concentrations of KIC (left side) and KIV (right side) during cultivation of C. glutamicum VB 

(pJC4ilvBNCD) with increasing amounts of KIC in the culture medium. For the cultures 

cultivated without external addition of KIC, about 10 mM of KIC were detected within the 

cells after 12 h, whereas outside already about 17 mM were observed (Fig. 10 A, left side). 

After 21 h the KIC concentration amounted to 25-30 mM, both intra- and extracellularly. This 

indicates again that KIC is exported quite effectively. KIV was formed with a delay and could 

neither be detected intra- nor extracellularly before 21 h (Fig. 10 A, right side). This trend was 

already observed during the determination of intracellular concentrations in C. glutamicum 

VB (pJC4ilvBNCD) in chapter 3.2.3.   

For the culture incubated with 10 mM KIC, an intracellular concentration of 10 mM KIC was 

detected after 12 h, in the supernatant about 19 mM were detected (Fig. 10 B, left side). 

Within 18 h the intracellular concentration increased to approx. 30 mM and decreased to only 

19 mM after 21 h, the extracellular KIC concentration reached 26 mM after 15 h and 

decreased to 23 mM after 18 h. These results clearly show that the cultures with 10 mM KIC 

in the supernatant did not form KIC to the same extent as the culture cultivated without KIC. 

It produced less KIC than a comparable culture cultivated without KIC, since in both cases a 

maximum amount of approx. 30 mM KIC was detected in the culture supernatant. However, it 

is striking that the cessation of KIC formation was connected with an early and fast KIV 

formation, which could be detected within the cells (18 mM) and in the supernatant 

(13 mM) already after 18 h (Fig. 10 B, right side). This finding is in contrast to the KIV 

formation in C. glutamicum VB (pJC4ilvBNCD) cultivated without KIC in the growth 

medium, where KIV was only detected after 21 h (Fig. 10 A, right side). The comparably 

early KIV synthesis in the cultures incubated with 10 mM KIC hints at a bottleneck in the 

pathway converting KIV to KIC, caused by the extracellular supplementation of KIC.  

In case of addition of 40 mM KIC, C. glutamicum VB (pJC4ilvBNCD) exhibited an 

intracellular KIC concentration of about 30 mM already after 12 h (Fig. 10 C, left side), which 

is presumably the sum of taken up and newly formed KIC. This amount remained constant in 

the course of incubation. In the supernatant the initially added 40 mM KIC decreased to 

approx. 32 mM after 21 h (Fig. 10 C). As already observed for C. glutamicum VB 

(pJC4ilvBNCD) incubated with 10 mM KIC, KIC production did not take place to the same 

extent as in C. glutamicum VB (pJC4ilvBNCD) cultivated without KIC. In the supernatant no 

increase in KIC concentration was observed at all. Interestingly, KIV was detectable after  

12 h, both intra- and extracellularly (Fig. 10 C, right side), which is even earlier than in the 
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cultures incubated with 10 mM KIC. This outcome strengthens the assumption that there is a 

limitation in conversion of KIV to KIC, probably due to a direct or indirect effect of KIC 

addition.  
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Figure 10: Intracellular (black bars) and extracellular (grey bars) concentrations of KIC and KIV during a 
representative shake flask batch cultivation of C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium 
containing glucose (4 %, w/v), L-isoleucine and L-valine (2 mM each), cultivated under the external addition of 
increasing KIC amounts. In case of Figure 10 B and Figure 10 C the values shown are the means ± standard 
deviation (SD) of three independent experiments. 

          intracellular                                                  extracellular = supernatant 
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3.3 Characterization of key enzymes of 2-ketoisocaproate 
synthesis  

The AHAS catalyzes the condensation of either two molecules of pyruvate or of   

2-ketobutyrate and pyruvate to form 2-acetolactate or 2-aceto-2-hydroxybutyrate, 

respectively. Since the enzyme AHAS is regarded as “the” key enzyme for the synthesis of 

branched-chain amino acids and thus, also for the synthesis of KIC, it was subject of several 

research studies, unraveling its kinetic properties as well as its complex regulation on 

transcriptional (Keilhauer et al., 1993) and enzymatic level. An inhibition of the AHAS 

activity to about 50 % by either of the branched-chain amino acids L-isoleucine, L-leucine 

and L-valine was reported by Eggeling et al. (1987) and Leyval et al. (2003). Due to the 

structural similarity of 2-ketoacids to their respective branched-chain amino acids, an 

inhibition of AHAS by KIV, KIC and KMV might be suspected. Indeed, the addition of  

100 mM KIV is sufficient to drastically inhibit the enzyme to less than 50 % of its initial 

activity, as could be shown previously by Krause et al. (2010 a). The simultaneous addition of 

100 mM of each of the 2-ketoacids lowered the AHAS activity to about 36 % of the initial 

value (Krause et al., 2010 a). However, 100 mM KIC alone barely affected the specific 

enzyme activity, which might prove beneficial for KIC production. 

Besides AHAS, the enzymes of the IPM pathway IPMS, IPMD and IPMDH play a superior 

role in KIC synthesis. During shake flask fermentations of C. glutamicum VB 

(pJC4ilvBNCD), a bottleneck in the IPM pathway resulting in the cessation of KIC production 

and the extracellular accumulation of KIV was observed (see chapter 3.2.2). This prompted 

the study of the enzyme activities of the IPM pathway in the KIC producer C. glutamicum VB 

(pJC4ilvBNCD) in further detail, especially regarding their inhibition/activation by 

intermediates of L-leucine and KIC synthesis. 

 
3.3.1 Regulation of isopropylmalate synthase  

Catalyzing the first reaction of the pathway specific for L-leucine and KIC biosynthesis, 

namely the conversion of KIV and acetyl-CoA to 2-IPM, the IPMS can be regarded as an 

important key player of KIC biosynthesis in C. glutamicum. Thus, the enzyme is strictly 

regulated on several levels. In C. glutamicum, a strong feedback inhibition of the IPMS by  

L-leucine has been reported (Pátek et al., 1994), as well as for various other organisms, such 

as Pseudomonas aeruginosa and Bacillus subtilis (Stieglitz and Calvo, 1974). Furthermore, a 

strong inhibition of the IPMS by both its reaction products 2-IPM and free CoA, as well as by 
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KIC, was observed in Alcaligenes eutrophus (Wiegel and Schlegel, 1977 a). Since the 

comparison of the amino acid sequences of several IPMS enzymes from different species 

revealed sequence similarities, indicating a high conservation of the enzyme among bacteria 

(Yindeeyoungyeon et al., 2009), the inhibition of IPMS by 2-IPM and/or KIC might also be a 

regulatory feature in C. glutamicum. 

To study the effect of 2-IPM, the first intermediate of the IPM pathway, on IPMS activity, 

inhibition assays were performed. Furthermore the influence of 3-IPM, another intermediate 

of KIC synthesis, was investigated. However, the inhibition assay conducted with cell extract 

of C. glutamicum VB  (pJC4ilvBNCD) in presence of 2-IPM revealed no inhibitory effect of 

this metabolite in concentrations up to 5 mM (Fig. 11 A). Interestingly, the presence of 2-IPM 

in concentrations lower than 5 mM even led to a slight increase in specific IPMS activity. 

Since the abundance of intracellular 2-IPM concentrations > 5 mM did not seem 

physiologically relevant, higher concentrations were not tested within this study. Also the 

intermediate 3-IPM exhibited no adverse effect on the specific enzyme activity, when added 

in physiological concentrations (1-10 mM; Fig. 11 B). Again, a slight activation of the IPMS 

was observed for the addition of 0.5 mM and 1 mM 3-IPM. Consequently, the intermediates 

2-IPM and 3-IPM do not negatively affect IPMS activity. 
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Figure 11: Percentage of residual specific IPMS activity in cell extracts of C. glutamicum VB (pJC4ilvBNCD) in 
the absence and in the presence of increasing concentrations of 2-IPM (A) or 3-IPM (B). A specific activity of  
0.49 U/mg corresponds to 100 %. The values shown are the means ± SD of three independent experiments.  

 

To test whether the direct precursor of L-leucine, KIC, inhibits the IPMS in a negative 

feedback-loop, as reported for other organisms (see above), inhibition assays with increasing 

KIC concentrations were performed. In contrast to 2-IPM and 3-IPM, KIC inhibited the IPMS 

of C. glutamicum VB (pJC4ilvBNCD) in a presumably competitive manner against KIV, since 
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the inhibition could be relieved by increasing the KIV concentration in the reaction mixture. 

As depicted in Figure 12 A, the presence of KIC as inhibitor resulted in a “right shift” of the 

reaction curve in the Michaelis-Menten plot.  
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Figure 12: A, KIV-dependent specific IPMS activities in cell extracts of C. glutamicum VB (pJC4ilvBNCD) in 
the presence of increasing KIC concentrations. The cells were grown in minimal medium containing glucose 
(4%, w/v), L-isoleucine and L-valine (2 mM each) and harvested at an OD600nm of ~7.   
B, Percentage of residual specific IPMS activity in cell extracts of C. glutamicum VB (pJC4ilvBNCD) in the 
presence of increasing KIC concentrations (0.5 mM KIV; constant). A specific activity of 0.49 U/mg 
corresponds to 100 %. In the last line the KIC/KIV ratio for each bar is given. The values shown are the means ± 
SD of at least three independent experiments. 
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Table 5: Intracellular concentrations of KIC and KIV during a representative shake flask experiment of  
C. glutamicum VB (pJC4ilvBNCD); table adopted from chapter 3.2.3. 

                         Time [h]  Intracellular concentration [mM] 

  KIV KIC 

0                            *nd nd 

6 nd nd 

8 nd nd 

 10 nd 22.3 

12 nd 10.4 

24 20.5 38.9 

*nd = not detectable (i. e. below detection limit) 

 

Interestingly, inhibition of the IPMS could not be observed until a KIC/KIV ratio of at least 5 

was reached. For KIC/KIV ratios ≤ 4, KIC even imparted an activating effect on the enzyme, 

resulting in enhanced specific IPMS activity and hence a higher Vmax in the Michaelis-Menten 

plot (Fig. 12 A). This behavior is illustrated exemplarily for the enzyme assay conducted with 

0.5 mM KIV and increasing concentrations of KIC in Figure 12 B. 

Given these results, together with the intracellular concentrations of KIV and KIC determined 

during cultivation of C. glutamicum VB (pJC4ilvBNCD) (Tab. 5), it is obvious that the 

KIC/KIV ratio after 10 and 12 h of cultivation might be critical for IPMS activity. At these 

time points the concentration of KIC (22.3 mM and 10.4 mM, respectively, underlined in  

Tab. 5) was at least five times higher than the concentration of KIV, which was below 

detection limit (Tab. 5). However, after this critical point both the intracellular concentrations 

of KIC and KIV were further increasing to 38.9 mM and 20.5 mM, respectively. The ongoing 

formation of KIC clearly indicates that the IPM pathway is still active, even though the flux 

might be reduced as a result of IPMS inhibition by KIC. Therefore, it is unlikely that KIC-

mediated decrease of IPMS activity is the reason for complete cessation of KIC excretion by  

C. glutamicum VB (pJC4ilvBNCD) after about 15 h of cultivation. 

Although the feedback inhibition of the IPMS by L-leucine in C. glutamicum is 

unquestionable, the effect of this amino acid on the IPMS of strain C. glutamicum VB 

(pJC4ilvBNCD), both on transcriptional and on enzymatic level, was tested. As expected, the 

extracts from cells grown with the addition of 2 mM L-leucine exhibited significantly lower 

specific IPMS activity (0.034 ± 0.003 U/mg) than the cell extracts of bacteria cultivated 

without L-leucine (0.60 ± 0.09 U/mg), strongly indicating negative transcriptional control of 

the IPMS gene leuA by L-leucine. Furthermore, a drastic decrease of specific IPMS activity 



 
Results 63 

was observed when the enzyme test was conducted with L-leucine as inhibitor. Already  

0.05 mM L-leucine were sufficient to inhibit the enzyme to about 56 % residual activity, 

whereas the addition of 1 mM of this amino acid resulted in almost complete inhibition (Fig. 

13). Given the fact that during cultivation of C. glutamicum VB (pJC4ilvBNCD) up to 6 mM  

L-leucine are formed, the inhibition of IPMS by L-leucine is probably a bottleneck for 

efficient KIC synthesis. KIC itself, in contrast, seems to play a subordinate role in negative 

feedback control of the IPM pathway.  
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Figure 13: Percentage of residual specific IPMS activity in cell extracts of C. glutamicum VB (pJC4ilvBNCD) in 
the presence of increasing concentrations of L-leucine (0.5 mM KIV; constant). A specific activity of  0.49 U/mg 
corresponds to 100 %. The values shown are the means ± SD of three independent experiments. 
 

3.3.2 Regulation of isopropylmalate dehydratase 

The enzyme IPMD catalyzes the second reaction in the IPM pathway, namely the reversible 

conversion of 2-IPM to 3-IPM via the intermediate dimethylcitraconate. The regulation of 

IPMD on enzymatic level has not been studied so far. Therefore, in the present thesis the 

influence of KIC and its corresponding amino acid L-leucine on IPMD activity was 

investigated in the KIC producer C. glutamicum VB (pJC4ilvBNCD). For this purpose, a 

protocol for the measurement of IPMD enzyme activity was successfully established 

according to a protocol originally described for the IPMD of yeast (Kohlhaw, 1988). Since the 

reaction catalyzed by IPMD is reversible, some enzyme assays for IPMD described in 

literature use 3-IPM as substrate instead of the physiological substrate 2-IPM, measuring the 

activities in reverse direction. The enzyme assay described in the present work was also 
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conducted with 3-IPM, since this metabolite is cheaper than 2-IPM; in addition we observed 

that the activities obtained with 2-IPM as substrate were significantly lower than those 

obtained with 3-IPM (data not shown) and therefore not as easy to measure. 

As shown in Figure 14 A, in presence of increasing KIC concentrations a stepwise decrease of 

IPMD activity was observed. The addition of 5 mM KIC resulted in inhibition of the enzyme 

to about 50 % residual activity, whereas 7.5 mM KIC lowered the activity to less than 10 % 

(Fig. 14 A). To test whether the inhibition is of competitive nature, the concentration of  

3-IPM was increased to 15 mM and 30 mM, respectively. However, this could not relieve the 

decrease of IPMD activity (data not shown), suggesting a non-competitive type of inhibition.  

Regarding L-leucine no inhibition of the IPMD was observed on enzymatic level; the addition 

of L-leucine in concentrations up to 20 mM did not affect the specific enzyme activity at all 

(Fig. 14 B). 
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Figure 14: Percentage of residual specific IPMD activity in cell extracts of C. glutamicum VB (pJC4ilvBNCD) 
with 2 mM 3-IPM as substrate in the presence of increasing concentrations of KIC (A) and L-leucine (B). A 
specific activity of 0.32 U/mg corresponds to 100 %. The values shown are the means of three independent 
experiments. 

 

3.3.3 Regulation of isopropylmalate dehydrogenase 

The leuB gene codes for IPMDH, catalyzing the oxidative decarboxylation from 3-IPM into 

KIC, and its genomic organization as well as its negative regulation on transcriptional level by 

L-leucine are well studied in C. glutamicum (Pátek et al., 1998).  

As IPMS and IPMD, the IPMDH enzyme was examined regarding a potential inhibition by 

KIC and L-leucine in strain C. glutamicum VB (pJC4ilvBNCD). For this purpose, two 

A B 
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different enzyme assays were established. The first assay (IPMDH test 1) is a colorimetric 

method and was developed in accordance to protocols from Parsons and Burns (1969) and 

Schrumpf et al. (1992). Since this assay is based on derivatization of the reaction product KIC 

by 2,4-dinitrophenylhydrazine, it is suitable for determination of inhibition of IPMDH by  

L-leucine, whereas inhibition by KIC cannot be studied with this test. Therefore, a second 

assay (IPMDH test 2) that makes use of NADH formation was employed.   

Unfortunately, both tests did not provide clear and reproducible results, since either the 

obtained values were not linear with regard to the amount of cell extract/L-leucine used, or 

the background measured was higher than the activity itself. Consequently, no statement on 

the influence of L-leucine and KIC on the activity of IPMDH can be made. 

  

3.3.4 Overexpression of leu genes in Corynebacterium glutamicum VB  

(pJC4ilvBNCD) 

As described by Brune et al. (2007), the deletion of the gene coding for the leucine and 

tryptophan regulator LtbR, ltbR, resulted in 100-fold, 12-fold and 3-fold overexpression of 

leuCD, leuB and leuA, respectively. The slight increase in leuA expression was presumably 

due to an indirect effect of the ltbR deletion, since leuA was shown not to be part of the LtbR 

regulon (Brune et al., 2007). In the present work, the influence of ltbR deletion in   

C. glutamicum VB (pJC4ilvBNCD) on the enzymatic activity of IPMS, IPMD and IPMDH 

was investigated in comparison to the wild-type. Furthermore, the effect of overexpression of 

the leu genes, alone and in combination, on KIC formation was studied, in order to elucidate 

whether the enzymatic activities of the IPM pathway might be limiting for KIC production.  

In comparison to the wild-type, C. glutamicum VB (pJC4ilvBNCD) showed enhanced 

activities of all three enzymes, probably due to enhanced expression rates brought by the 

absence of LtbR. In case of IPMD (coded by leuCD) and IPMDH (coded by leuB), about 

10-fold higher specific activities were determined, whereas the specific activity of IPMS 

(coded by leuA) was approx. 4-fold higher (Tab. 6).  
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Table 6: Specific activities of IPMS, IPMD and IPMDH in C. glutamicum wild-type and in ltbR-deficient 
mutant C. glutamicum VB (pJC4ilvBNCD). The values shown are the means ± SD of three independent 
experiments. 

Strain Specific activity [U/mg] 

 IPMS  IPMD  IPMDH  

C. glutamicum wild-type 

 

     0.10 ± 0.02 0.03 ± 0.01 0.01 ± 0.003 

C. glutamicum VB 

(pJC4ilvBNCD) 

              0.43 ± 0.03              0.32 ± 0.11           0.09 ± 0.025 

 
 

For overexpression of the leu genes, different expression plasmids on the basis of plasmids 

pBB1 or pJC4ilvBNCD were constructed, all carrying the respective genes with a gap 

ribosome binding site under the control of a constitutively active Ptac promoter. Due to the 

limited number of sites for restriction enzymes in pBB1, it was not possible to clone the genes 

in their native order (i.e. leuA/leuCD/leuB). After transformation of the respective plasmids in 

production strain C. glutamicum VB (pJC4ilvBNCD), the resulting strains C. glutamicum VB 

(pJC4ilvBNCDleuA), C. glutamicum VB (pJC4ilvBNCD) (pBB1leuA), C. glutamicum VB 

(pJC4ilvBNCD) (pBB1leuB) and C. glutamicum VB (pJC4ilvBNCD) (pBB1leuBACD) were 

studied with respect to their production behavior. The construction of a plasmid carrying 

leuCD alone was not successful until now. 

Unexpectedly, all strains tested produced at least 30 % less KIC than parental strain  

C. glutamicum VB (pJC4ilvBNCD) (30.4 mM KIC), except C. glutamicum VB 

(pJC4ilvBNCDleuA) which excreted slightly more KIC (about 33 mM; Fig. 15).  
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Figure 15: Comparison of maximal KIC concentrations excreted by mutants of C. glutamicum VB 
(pJC4ilvBNCD), carrying different overexpression plasmids, during a shake flask batch cultivation experiment  
in CGXII minimal medium with glucose (4 %, w/v), L-isoleucine and L-valine (2 mM each). The values shown 
are the means ± SD of three independent experiments. 
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Table 7: Specific activities of IPMS, IPMD and IPMDH in cell extracts of different mutants of C. glutamicum 
VB (pJC4ilvBNCD), carrying plasmids for overexpression of the leu genes (alone and in combination) in 
comparison to parental strain C. glutamicum VB (pJC4ilvBNCD). The values shown are the means ± SD of three 
independent experiments. 

Strain                                                 Specific activity [U/mg] 

 IPMS  IPMD   IPMDH 

 

C. glutamicum VB 

(pJC4ilvBNCD) 

 
C. glutamicum VB 

(pJC4ilvBNCD) (pBB1leuA) 

 

C. glutamicum VB 

(pJC4ilvBNCDleuA) 

 

C. glutamicum VB 

(pJC4ilvBNCD) (pBB1leuB) 

 

C. glutamicum VB 

(pJC4ilvBNCD) (pBB1leuBACD) 

 

0.43 ± 0.03 

 

 
 

0.57 ± 0.04 

 

 
 

0.87 ± 0.11 

 

 

 

n.d. 

 

 
 

 

0.71 ± 0.13 

 

0.32 ± 0.11 

 

 
 

*n.d. 

 

 
 

n.d. 

 

 

 

n.d. 

 
 

 

 

n.d. 

 

0.09 ± 0.03 

 

 
 

n.d. 

 

 
 

n.d. 

 

 

 

0.33 ± 0.13 
 

 

 

 

0.29 ± 0.15 

 

*n.d. = not detected 

This finding suggested that the enzymes coded by the leu genes on pBB1leuA, pBB1leuB or 

pBB1leuBACD, respectively, are inactive. However, determination of the respective enzyme 

activities revealed that the specific activity of both the IPMS in C. glutamicum VB 

(pJC4ilvBNCD) (pBB1leuA) and C. glutamicum VB (pJC4ilvBNCD) (pBB1leuBACD) as well 

as the IPMDH in the strains C. glutamicum VB (pJC4ilvBNCD) (pBB1leuB) and  

C. glutamicum VB (pJC4ilvBNCD) (pBB1leuBACD) were higher when compared to the 

respective activities of the parental strain (Tab. 7), although in case of IPMS the activity was 

only slightly enhanced. For IPMDH, in contrast, at least three times higher activities were 

observed. These data indicate that the enzymes coded on the plasmids are active. However, a 

negative impact of pBB1leuA, pBB1leuB and pBB1leuBACD on KIC production cannot be 

denied. Be that as it may, since these plasmids hardly influenced the growth of the strains 

(data not shown), no clear explanation can be given. 

As already mentioned above, the overexpression of leuA on plasmid pJC4ilvBNCD led to a 

slight increase in KIC formation of 10 %, whereas the activity of the corresponding enzyme 

IPMS was approx. 2-fold higher (Tab. 7).  



 

 

                  68 Results 

3.4 Influence of different parameters on 2-ketoisocaproate 
production – Process and strain optimization 

3.4.1 Influence of media composition on 2-ketoisocaproate production 

3.4.1.1 Influence of branched-chain amino acids on 2-ketoisocaproate production  

The positive impact of cultivation of C. glutamicum VB (pJC4ilvBNCD) in minimal medium 

without L-leucine on KIC production has been reported in the present work. This effect is 

likely due to the lack of IPMS inhibition by L-leucine. Furthermore, the activity of the key 

enzyme AHAS is known to be affected negatively by L-leucine as well as by the other 

branched-chain amino acids L-isoleucine and L-valine. Consequently, the omission of  

L-isoleucine and/or L-valine (usually added in a concentration of 2 mM) in the growth 

medium might result in an increase of AHAS activity, leading to higher amounts of KIV as 

precursor for KIC synthesis. To investigate this hypothesis, shake flask experiments with  

C. glutamicum VB (pJC4ilvBNCD) in minimal medium with 6 % of glucose, either without 

amino acids, or with 2 mM L-isoleucine and 0.5 mM L-valine, with 2 mM L-isoleucine only, 

or with 2 mM L-valine only, were conducted.  

Without addition of amino acids, no growth of C. glutamicum VB (pJC4ilvBNCD) was 

observed (data not shown); furthermore, the cells were shown to be completely auxotrophic 

for L-isoleucine. Therefore, no statement about the influence of the lack of either L-isoleucine 

or both L-isoleucine and L-valine on KIC synthesis can be given. In contrast, growth of  

C. glutamicum VB (pJC4ilvBNCD) was observed during a cultivation in minimal medium 

with L-isoleucine and only 0.5 % L-valine (Fig. 16 A) or without L-valine (Fig. 16 B), even 

though the growth rate was lower than in minimal medium with L-isoleucine and 2 mM  

L-valine. Regarding production behavior no major impact of L-valine was observed, since in 

both cases about 30 mM KIC were excreted, as already observed previously for  

C. glutamicum VB (pJC4ilvBNCD) cultivated with 2 mM L-isoleucine and 2 mM L-valine 

(see chapter 3.2.2). 

Obviously, the limitation of L-valine in the cultivation medium does not infer a positive effect 

on KIC formation, although more substrate (6 % instead of 4 % glucose) was available in the 

experiments described here. Nonetheless, the formation of KIV as precursor for KIC synthesis 

might well be influenced by the complete lack of L-valine. In fact, after 24 h of cultivation of 

C. glutamium VB (pJC4ilvBNCD) without L-valine, the amount of KIV excreted was about 

26 mM (Fig. 16 B), which was slightly more than in a comparable culture cultivated with 

0.5 mM L-valine (Fig. 16 A); anyhow, as no further samples were taken, no prediction about 
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a potential further increase in KIV concentrations can be made. However, even if KIV 

concentrations were increased in case of C. glutamicum VB (pJC4ilvBNCD) cultivated with 

less/without L-valine and 6 % of glucose, KIC excretion ceased at a concentration of approx. 

30 mM, strengthening the assumption that there is a bottleneck in the pathway leading from 

KIV to KIC.   

The repetition of this experiment with 4 % glucose and a longer incubation period revealed 

that after 30 h and 48 h of incubation the KIV concentration in the supernatant of  

C. glutamicum VB (pJC4ilvBNCD) cultivated without L-valine and with 0.5 mM L-valine,
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Figure 16: Growth and 2-ketoacid accumulation during a representative shake flask batch cultivation of  
C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium containing glucose (6 %, w/v) and 2 mM  
L-isoleucine and 0.5 mM L-valine (A) or 2 mM L-isoleucine (B). 

cultivation time [h]

0 5 10 15 20 25

g
ro

w
th

 [
O

D
6

0
0

n
m

]

1

10

100

2
-k

e
to

a
ci

d
s 

[m
M

]

0

5

10

15

20

25

30

OD600nm KIV KIC

 A 

 B 



 

 

                  70 Results 

respectively, was not higher in comparison to that of the same strain cultivated with 2 mM  

L-valine. Thus, limitation of L-valine (0.5 mM) or the complete lack of L-valine in the growth 

medium did neither affect carbon flux towards KIC nor towards its precursor KIV. 

Furthermore, it was observed that the cultivation of the cells with less or without L-valine 

resulted in a reduced growth rate (from 0.21 h-1 to 0.18 h-1). Therefore all following 

cultivations were conducted with 2 mM L-valine. 

 

3.4.1.2 Influence of phosphate limitation on 2-ketoisocaproate production 

A common feature in the development of efficient production processes for various 

metabolites is the partition of the respective process in growth phase and a growth-decoupled 

production phase with resting cells at high cell densities. This way in the second phase 

metabolites and energy required for production are not “wasted” for growth, resulting in 

higher product yields. To achieve two phases, growth has to be limited artificially in some 

way, despite the presence of residual carbon source in the medium. One such approach has 

been described by Krause et al. (2010 a), who engineered an aceE-deficient C. glutamicum 

strain for KIV production. After depletion of acetate in the growth medium, the cells started to 

efficiently synthesize KIV from the residual glucose, whereas in the growth phase almost no 

KIV was excreted. Another possibility of growth abortion might be the limitation of inorganic 

phosphate (Pi) as source for phosphorus. As nutrient for all cells and important building block 

for different cellular compounds, e.g. the biosynthesis of nucleotides, NAD(P)H, DNA, and 

RNA, phosphorus is an essential element for growth (Woo et al., 2010).    

To elucidate whether growth limitation induced by reduced amount of potassium phosphate in 

the growth medium has a positive effect on KIC production, fed-batch fermenter cultivations 

(30 % dissolved oxygen = do) in minimal medium with the concentration of Pi reduced to 

about 30 % (4.33 mM instead of 13 mM) were performed with C. glutamicum VB 

(pJC4ilvBNCD). The fermentation started with 6 % glucose and after 20 h of cultivation 

further 2 % glucose were supplemented. However, despite the lowered concentration of Pi, the 

cells consumed the glucose almost completely and reached OD600nm values > 90, even though 

the growth rate was slightly decreased (data not shown). Moreover, KIC synthesis was not 

elevated at all. The fact that no real stagnation of growth was observable is a clear hint that 

there was no limitation in Pi, yet. Thus, shake flask fed batch fermentations with  

C. glutamcium VB (pJC4ilvBNCD) in minimal medium with 4 % glucose and only 0.87 mM 

Pi (i. e. 6 % of the “normal” concentration) were conducted to investigate the influence on  
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Table 8: Comparison of growth rate, maximal OD600nm as well as maximal KIC and KIV concentrations 
excreted by C. glutamicum VB (pJC4ilvBNCD) cultivated in minimal medium with either 13 mM or 0.87 mM Pi, 
respectively. 

Parameter Pi excess (13 mM) Pi limitation (0.87 mM) 

Growth rate [h
-1

]  0.21    0.16 

Maximal OD600nm                       ~ 60                             ~ 40 

Highest KIC concentration [mM] 

Highest KIV concentration [mM] 

30.4 ± 0.95 

29.7 ± 3.10 

   9.2 ± 0.5 

   8.7 ± 0.1 

 

growth with regard to a potential limitation and on the production of KIC. After 25 h further  

2 % glucose were supplemented to ensure the availability of sufficient carbon source for KIC 

synthesis after growth stagnation. 

Obviously, a concentration of 0.87 mM Pi results in limitation of growth, as not only the 

growth rate was reduced from about 0.21 h-1 to 0.16 h-1 but also the maximum OD600nm was 

reduced by one third from approx. 60 to 40 units (Tab. 8). At the time of growth stagnation 

(28 h of cultivation) more than 180 mM residual glucose were left in the cultivation medium. 

In the 12 h following, one further third (about 60 mM) was consumed. This observation might 

arise the assumption that the glucose was utilized for KIC formation. However, growth 

limitation induced by the reduced concentration of Pi did not result in improved KIC 

production. In fact, the amount of KIC excreted even decreased significantly from about  

30 mM to 9 mM as result of Pi limitation to 6 % of the normal value (Tab. 8). Taking into 

consideration that also the concentration of the KIC precursor KIV was drastically reduced, 

the low KIC concentrations are not astonishing. Interestingly, as already mentioned above, 

after growth stagnation, glucose was further consumed by C. glutamcium VB 

(pJC4ilvBNCD).  

Taking these results into consideration, the induction of artificial growth stagnation by 

limitation of Pi is not suited for the growth-decoupled synthesis of KIC, at least not in case of 

C. glutamicum VB (pJC4ilvBNCD). 
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3.4.1.3 Influence of nitrogen supply on 2-ketoisocaproate production 

The assimilation of nitrogen by C. glutamicum plays an essential role both during synthesis of 

amino acids as well as for other cellular processes and thus, underlies several control 

mechanisms in this organism (Rehm et al., 2010). C. glutamicum is able to utilize various 

nitrogen sources, such as glutamine, ammonium (NH4
+) and urea, the latter of which are often 

integral part of cultivation media, either alone or in combination. 

The experiments described in the present work were conducted with CGXII medium 

containing 20 g ammonium sulfate (=(NH4)2SO4) per l and 5 g urea/l, since a limitation in 

ammonium has been reported to result in the down-regulation of genes involved in amino acid 

biosynthesis (Silberbach et al., 2005). As KIC resembles the direct precursor of L-leucine, the 

presence of nitrogen was believed to promote the flux towards L-leucine and hence, towards 

KIC. In shake flask experiments with C. glutamicum VB (pJC4ilvBNCD), L-leucine was 

formed as a byproduct - despite deletion of ilvE - in concentrations up to 6 mM, presumably 

affecting the IPMS enzyme negatively. Due to this observation, the influence of different 

concentrations of the nitrogen sources urea and (NH4)2SO4 on KIC production by  

C. glutamicum VB (pJC4ilvBNCD) was investigated. 

Shake flask cultivations with above mentioned strain in CGXII minimal medium and either  

5 g urea/l and 20 g (NH4)2SO4/l (reference medium), 10 and 10 g/l, 5 and 5 g/l or 2.5 and  

5 g/l, respectively, were performed. Interestingly, the culture grown with 5 g urea/l and 5 g 

(NH4)2SO4/l did not only produce about 10 % more KIC than the reference culture cultivated 

with 5 g urea/l and 20 g (NH4)2SO4/l  (Fig. 17), but also reached its maximal OD600nm a bit 

faster (data not shown). The addition of 10 g urea/l and 10 g (NH4)2SO4/l, in contrast, led to a 

slight reduction in KIC formation, about 4 % less KIC than in the reference medium was 

excreted (Fig. 17). Furthermore, growth in the medium containing 10 g urea/l and 10 g 

(NH4)2SO4/l was decelerated compared to growth in the reference medium. The strongest 

impact on cell metabolism was observed for the culture grown in medium containing only  

2.5 g urea/l and 5 g (NH4)2SO4/l, since less than 50 % KIC were excreted in comparison to the 

reference (Fig. 17). In addition growth was negatively affected to the same extent as observed 

for 10 g urea/l and 10 g (NH4)2SO4/l. 

The results of this experiment demonstrate that the composition of the medium regarding 

nitrogen donors impacts both growth of and production of KIC by C. glutamicum VB 

(pJC4ilvBNCD) and that high concentrations of urea and (NH4)2SO4 do not necessarily 

provide the best results. On the other hand also too low concentrations impact KIC synthesis 
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negatively, as shown for the reduction of urea to 2.5 g/l. The best results were obtained with 

minimal medium containing 5 g urea/l and 5 g (NH4)2SO4/l . As this experiment was 

conducted at a very late stage of the thesis, the insights gained were not applied to the 

cultivations described in the following. 
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Figure 17: Percentage of maximal KIC concentrations (compared to reference culture; 100 % corresponds to a 
KIC concentration of 30 mM) excreted by C. glutamicum VB (pJC4ilvBNCD) cultivated in CGXII minimal 
medium with glucose (4 %, w/v), L-isoleucine and L-valine (2 mM each) and either 5/20 g/l (urea/(NH4)2SO4) = 
reference; 10/10 g/l; 5/5 g/l or 2.5/5 g/l. The values shown are the means ± SD of three independent experiments. 

 

3.4.2 Influence of oxygen supply on 2-ketoisocaproate production 

The biosynthesis of KIC in C. glutamicum is connected to the production of reduction 

equivalents in form of NADH, both during glycolysis (two NADH molecules) and during 

conversion of 3-IPM to KIC, catalyzed by IPMDH (one NADH molecule). Therefore, it is 

possible that a certain level of O2 is decisive for the efficient production of KIC to ensure 

redox balance. An important issue in this context is that during cultivation of  

C. glutamicum VB (pJC4ilvBNCD) in shake flasks the O2 supply presumably becomes 

limiting due to poor aeration (Zimmermann et al., 2006), which might result in lowered KIC 

synthesis. Due to this reason, cultivations under O2 saturation were performed in a fermenter 

system, constantly keeping the partial pressure of O2 (pO2) at 30 % do. Under this condition 

the bacterial culture is supposed to be provided with O2 sufficiently. During the parallel 

cultivation of four replicates of C. glutamicum VB (pJC4ilvBNCD) the growth behavior and 

the product spectra of the cultures were monitored.  
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As shown in Figure 18 A, the O2-saturated conditions inflicted a negative effect on KIC 

biosynthesis, since the concentration of KIC formed (11.8 mM) was significantly lower than 

in comparable experiments performed in shake flasks, where about 30 mM KIC were excreted 

(data not shown). In contrast to KIC, a drastic increase in KIV formation to values between 50 

and 70 mM could be observed (Fig. 18 A), whereas in the shake flask cultivations amounts 

between 20 and 30 mM KIC were observed (see chapter 3.2.2). Furthermore, the tendency of 

KIC formation prior to KIV formation occuring in shake flask experiments was not noticed in 

the fermenter cultivations.  

The reason for the considerable shift in production behavior observed under O2 surplus 

remains unclear. However, since the altered O2 supply is the only obvious difference between 

the cultivations in shake flasks and the fermenter system, this is likely the main cause for 

decreased KIC concentration. It might be conceivable that under O2-saturated conditions the 

intracellular acetyl-CoA concentration is too low to allow for efficient conversion of KIV to 

KIC, which would explain the strong accumulation of KIV during cultivation of  

C. glutamicum VB (pJC4ilvBNCD) in the fermenter system. To investigate this assumption, a 

cultivation under O2-limiting conditions was conducted in the fermenter system; in this regard 

a maximum O2 concentration of approx. 3 % do was pursued. However, as it was not possible 

to constantly keep the O2 supply at a certain level, the O2 saturation varied between 0 % and  

5 % do. The corresponding growth curve, substrate consumption as well as the product 

spectrum of a representative culture are shown in Figure 18 B. Indeed, the results usually 

obtained in the shake flask experiments could be reproduced by a limitation of O2 supply in 

the fermenter system: About 30 mM KIC were detected in the culture supernatant of all four 

replicates, the measured KIV concentrations amounted to values between 20 and 30 mM.  

Comparing the results from the fermenter cultivation under limited O2 supply with the 

fermenter cultivation under O2 surplus, it is obvious that O2 saturation during growth of  

C. glutamicum VB (pJC4ilvBNCD) impacts KIV synthesis positively (up to 70 mM), whereas 

formation of KIC is negatively affected (< 20 mM). As already pointed out, O2 excess might 

result in a limitation of acetyl-CoA, due to an enhanced flux through the TCA cycle, and thus 

to the accumulation of KIV. Such a bottleneck might be circumvented by addition of acetate 

or ethanol to increase the intracellular amount of acetyl-CoA.  
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Figure 18: Growth, substrate consumption and 2-ketoacid accumulation during a fermenter cultivation of  
C. glutamicum VB (pJC4ilvBNCD) in CGXII minimal medium containing glucose (4 %; w/v), L-isoleucine and 
L-valine (2 mM each) under O2-saturated conditions (A) and O2 limitation (B).  
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3.4.3 Influence of acetyl-CoA supply on 2-ketoisocaproate production  

As pointed out in chapter 3.4.2, a possible bottleneck in the pathway leading from KIV to KIC 

might be the limited availability of acetyl-CoA as substrate for IPMS, especially in cultures 

cultivated under O2 surplus in the fermenter system. However, also in O2-limited shake flask 

experiments conducted with C. glutamicum VB (pJC4ilvBNCD) a bottleneck in KIC synthesis 

could be observed. Due to this outcome, the km value of acetyl-CoA for the reaction catalyzed 

by IPMS, as well as the intracellular concentration of acetyl-CoA were determined for 

production strain C. glutamicum VB (pJC4ilvBNCD).  

The specific IPMS activity in the presence of increasing acetyl-CoA concentrations  

(0.05 mM-4 mM) was determined and a km value of approx. 0.124 mM (124 µM) was 

obtained from the Hanes-Wilkinson plot shown in Figure 19. This km value is valid for acetyl-

CoA concentrations between 0.05 mM and 1 mM. The specific activity could not be enhanced 

any further by addition of higher concentrations of acetyl-CoA. Addition of 4 mM acetyl-CoA 

even resulted in an inhibition of specific enzyme activity to about one third of the initial 

value, indicating enzymatic regulation by substrate inhibition (Tab. 9). Effects of pH value 

could be excluded, since it was shown to be constant for the different concentrations of  

acetyl-CoA used. 
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Figure 19: Hanes-Wilkinson plot for determination of km value for substrate acetyl-CoA of IPMS in KIC 
producer C. glutamicum VB (pJC4ilvBNCD). Shown here are the data for assay conduction with acetyl-CoA 
concentrations from 0.05 to 1 mM. The values are the means ± SD of three independent experiments. 
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Table 9: Specific IPMS activity in dependence of increasing acetyl-CoA concentrations and 0.5 mM KIV (kept 
constant) in cell extracts of C. glutamicum VB (pJC4ilvBNCD). 

Acetyl-CoA [mM] Specific IPMS activity [U/mg] 

0.05 0.046 ± 0.014 

0.1 0.10 ± 0.02 

0.2 0.11 ± 0.03 

0.5 0.13 ± 0.02 

1 0.15 ± 0.03 

2 0.13 ± 0.02 

4 0.05 ± 0.01 

 

The intracellular concentrations of acetyl-CoA for C. glutamicum VB (pJC4ilvBNCD) 

determined in the present work ranged from values between 40 µM and 140 µM after  

21 h of cultivation (data not shown), depending on the OD600nm of the respective culture. 

Since the standard deviations were relatively high, no clear statement can be given on the 

actual concentrations. However, with a range between 40 and 140 µM, the determined acetyl-

CoA concentrations definitely lie in the region of the km value of IPMS for acetyl-CoA, 

indicating that its concentration plays an important role under physiological conditions. In this 

context it should be mentioned that in C. glutamicum wild-type intracellular acetyl-CoA 

concentrations of about 24 µM had been detected (Wendisch et al., 1997). Assuming that this 

might be similar in case of C. glutamicum VB (pJC4ilvBNCD), the amount of acetyl-CoA 

available would be only one fifth of the amount required to saturate half of the IPMS 

molecules and thus, to obtain a specific activity of Vmax/2. Furthermore, even if the 

intracellular concentration of acetyl-CoA was as high as 140 µM in C. glutamicum VB 

(pJC4ilvBNCD), this would still be too low to achieve Vmax of the enzyme.               

In a previous study it could be shown that the cultivation of C. glutamicum wild-type cells 

with glucose plus acetate resulted in a significant increase of the intracellular acetyl-CoA pool 

from about 22 to 138 µM (Wendisch et al., 1997). Thus, the cultivation of C. glutamicum VB 

(pJC4ilvBNCD) with glucose plus acetate might prove beneficial for KIC production. Also the 

application of ethanol as second substrate might be worthwile, as ethanol is converted to 

acetyl-CoA to enter the central carbon metabolism, hence potentially increasing the 

intracellular pool of acetyl-CoA. Therefore, shake flask experiments with C. glutamicum VB 
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(pJC4ilvBNCD) in minimal medium containing 4 % glucose, L-isoleucine and L-valine  

(2 mM each) were performed and after 14 h of growth, 1 % potassium acetate or 1 % ethanol, 

respectively, were added to circumvent a possible limitation of acetyl-CoA. For comparison, 

the same strain was cultivated without the addition of acetate or ethanol. After  

20 h, the cells cultivated with glucose as sole carbon source accumulated about 33 mM of 

KIC, whereas the cells cultivated with the addition of acetate excreted about 42 mM KIC  

(Fig. 20). The growth behavior was not affected by the addition of acetate. Judging from these 

results, acetyl-CoA might be one of the limiting factors in KIC formation, not only under O2 

excess. However, even with the cells cultivated with acetate, the excretion of KIC stopped 

after about 16 h of cultivation, despite residual glucose in the growth medium. This is likely 

due to the inhibition of enzymes of the IPM pathway by metabolites such as KIC or 

unspecifically formed L-leucine.  

Interestingly, the cultivation of C. glutamicum VB (pJC4ilvBNCD) with glucose and ethanol 

did not result in increased formation of KIC, but rather in slightly lower concentrations 

(27.7 mM) of KIC excreted.  
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Figure 20: Maximal KIC concentrations excreted by C. glutamicum VB (pJC4ilvBNCD) during cultivation in 
CGXII minimal medium containing L-isoleucine and L-valine (2 mM each) with either glucose (4 %, w/v), 
glucose and acetate (1 %, w/v) or glucose and ethanol (1 %, w/v). The values shown are the means ± SD of three 
independent experiments. 
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It has recently been observed in an L-lysine producer that reduction of CS activity by 

replacement of the gltA promoter leads to an enhanced expression of the genes aceA (coding 

for ICL) and aceB (coding for MS) (van Ooyen et al., 2012). Both genes encode enzymes of 

the glyoxylate cycle, in which acetyl-CoA is consumed. Thus, a deletion of aceA and aceB in 

a strain with attenuated CS, such as production strain C. glutamicum VB (pJC4ilvBNCD), 

might result in higher acetyl-CoA availability and increased KIC formation. To investigate 

this hypothesis, the genes aceA and aceB were deleted in strain C. glutamicum VB 

(pJC4ilvBNCD) and the resulting mutant was analyzed regarding its production behavior 

during shake flask cultivation. However, C. glutamicum VB 
∆aceA ∆aceB (pJC4ilvBNCD) 

showed no major differences in growth and production behavior compared to its parental 

strain with active glyoxylate cycle (data not shown). Consequently, deletion of aceA and aceB 

does not seem to elevate the intracellular concentration of acetyl-CoA as precursor for KIC 

synthesis. 

 

3.4.4 Influence of further attenuation of citrate synthase on  
2-ketoisocaproate production 

Attenuation of CS activity to about 30 % of the initial value had a positive effect on both the 

formation of L-valine in C. glutamicum ∆ltbR PgltAmut_L1 (pJC4ilvBNCD) (Bückle, 2009) and 

on the formation of KIV in C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 (pJC4ilvBNCD) (Bückle, 

2009) and therefore also in the newly constructed production strain C. glutamicum VB 

(pJC4ilvBNCD). Since no growth phenotype was observable in comparison to the same 

strains with normal CS activity (i.e. C. glutamicum ∆ltbR ∆ilvE (pJC4ilvBNCD); Bückle, 

2009), it was conceivable that the residual CS activity is enough to channel the major part of 

acetyl-CoA into the TCA cycle, resulting in normal growth.  

To test whether even stronger attenuation of CS results in an increased intracellular pool of 

acetyl-CoA/pyruvate for KIV- and KIC synthesis, the expression of CS gene gltA was further 

decreased in the present work. This was realized by replacement of the gltA promoter by two 

artificial dapA promoters weaker than the L1 construct (Vásicová et al., 1999). The resulting 

strains C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) and  

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C5 (pJC4ilvBNCD) were constructed and 

analyzed with regard to their specific CS activity. In both cases, the specific activity was 

shown to be drastically reduced, to 21 % and 10 % of the initial value, respectively (Tab. 10).  
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As already pointed out, the reduction of CS activity to approx. 30 % in C. glutamicum VB 

(pJC4ilvBNCD) had no impact on the growth behavior. In contrast lower growth rates of  

0.17 h-1 and 0.15 h-1 were observed for C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 

(pJC4ilvBNCD) and C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C5 (pJC4ilvBNCD) when 

compared to C. glutamicum VB (pJC4ilvBNCD), which exhibited a growth rate of 0.21 h-1 

(Tab. 10). 

Studies on the production behavior of the newly constructed strains revealed a slightly 

increased KIC formation by C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 

(pJC4ilvBNCD) compared to C. glutamicum VB (pJC4ilvBNCD) (Fig. 21), whereas KIC 

production by the strain with the lowest CS activity, C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE 

PgltAmut_C5 (pJC4ilvBNCD), was even slightly lower. A similar tendency was shown for the 

production of KIV, C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) 

excreted about 22 mM, whereas the KIV concentrations amounted to approx. 19 mM in the 

two other strains tested. However, taking the standard deviations into account, both KIV 

synthesis (data not shown) and KIC synthesis (Fig. 21) were not significantly influenced by 

the further attenuation of CS. 

The results obtained regarding KIC production by C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE 

PgltAmut_C7 (pJC4ilvBNCD) and C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C5 

(pJC4ilvBNCD) were unexpected, since the further attenuation of CS was believed to promote 

Strain Specific CS activity [U/mg] Growth rate [h
-1

] 

C. glutamicum ∆ltbR (pJC4ilvBNCD)                     1.10 ± 0.10 0.31 

C. glutamicum ∆ltbR ∆ilvE PgltA
mut_L1 

(pJC4ilvBNCD) 
0.32 ± 0.01 0.21 

C. glutamicum VB (pJC4ilvBNCD) 0.32 ± 0.02 0.21 

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE 

PgltA
mut_C7

(pJC4ilvBNCD) 
0.23 ± 0.01 0.17 

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE 

PgltA
mut_C5 

(pJC4ilvBNCD) 

0.11 ± 0.01 0.15 

Table 10: Comparison of CS activities in cell extracts of C. glutamicum strains with replacement of gltA 
promoter by different dapA promoter sequences (L1, C5 and C7). 
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KIC synthesis due to a higher pool of acetyl-CoA - at least in C. glutamicum ∆prpC1 ∆prpC2 

∆ilvE PgltAmut_C5 (pJC4ilvBNCD) with only 10 % residual CS activity. One reason for the 

weak impact of further CS attenuation on KIC production might be the bottleneck in the IPM 

pathway leading from KIV to KIC observed for C. glutamicum VB (pJC4ilvBNCD), although 

the flux of pyruvate towards KIV might possibly be increased. This is especially conceivable 

since ltbR is not deleted in the newly constructed strains C. glutamicum ∆prpC1 ∆prpC2 

∆ilvE PgltAmut_C7 (pJC4ilvBNCD) and C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C5 

(pJC4ilvBNCD), potentially resulting in low expression of the leu genes and low activity of 

the corresponding enzymes (� IPM pathway). However, also KIV production of both strains 

was not significantly altered in comparison to KIV production by C. glutamicum VB 

(pJC4ilvBNCD). Thus, further attenuation of citrate synthase does not seem to significantly 

increase the intracellular pool of acetyl-CoA and/or pyruvate for KIV and KIC synthesis. 
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Figure 21: Maximal concentrations of KIC excreted during cultivation of C. glutamicum VB (pJC4ilvBNCD),    
C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) and C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE 
PgltAmut_C5 (pJC4ilvBNCD) in CGXII minimal medium containing glucose (4 %, w/v), L-isoleucine and L-valine 
(2 mM each). The values shown are the means ± SD of at least three independent experiments. 
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3.4.5 Influence of feedback-resistant isopropylmalate synthase enzymes on 
2-ketoisocaproate production 

It is well known that the IPMS of C. glutamicum underlies strict feedback control by the 

amino acid L-leucine (Pátek et al., 1994) and a strong inhibition of the enzyme by this amino 

acid was also verified for C. glutamicum VB (pJC4ilvBNCD) (chapter 3.3.1). At a 

concentration of 1 mM L-leucine almost no residual IPMS activity was detectable in cell 

extracts of this strain. Since L-leucine was shown to be formed as unwanted byproduct in 

concentrations up to 6 mM, the inhibition of IPMS is probably one of the major factors 

causing the bottleneck observed in the IPM pathway in C. glutamicum VB (pJC4ilvBNCD). 

Thus, KIC production might be impacted positively by use of a feedback-resistant IPMS 

enzyme. Therefore leuA genes from Mycobacterium tuberculosis and E. coli K12, both coding 

for feedback-resistant enzymes were heterologously expressed from plasmids in  

C. glutamicum VB (pJC4ilvBNCD). In addition, a defined mutation in a mycobacterial leuA 

reported to result in feedback-resistance of the respective enzyme, was introduced into the 

corynebacterial leuA to investigate the influence on a potential insensitivity towards  

L-leucine.  

 

3.4.5.1 Isopropylmalate synthase derivatives from Mycobacterium tuberculosis 

M. tuberculosis has been reported to possess a leuA gene that is polymorphic due to the 

insertion of a variable number of 57 bp unit tandem repeats. Strain M. tuberculosis 731 carries 

a leuA gene with 14 of these tandem repeats, rendering the respective enzyme insensitive 

towards the inhibition by L-leucine (Yindeeyoungyeon et al., 2009). Upon our request, vector 

pET15b carrying the leuA gene with 14 tandem repeats was kindly provided by the authors. 

For heterologous expression of this gene on an appropriate plasmid, such as pBB1, primers 

for amplification and subcloning of the PCR product were constructed. However, the 

amplification of the leuA gene was not successful in any case, although the primers were 

constructed in accordance to the primers used by Yindeeyoungyeon et al. Therefore, the 

impact of this leuA allel from M. tuberculosis could not be further investigated. 
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Table 11: Comparison of IPMS activities in cell extracts of C. glutamicum VB (pJC4ilvBNCD) and strains 
carrying a potentially feedback-resistant IPMS enzyme. 

*n.d. = not detectable (i. e. below detection limit) 

 

In another study on leuA of M. tuberculosis, de Carvalho et al. (2009) showed that the site-

directed mutagenesis of one base pair for replacement of the amino acid tyrosine (Y) against 

phenylalanine (F) at position 410 results in a feedback resistant version of the IPMS enzyme. 

Since the amino acid sequence of the IPMS is highly conserved in this area amongst  

M. tuberculosis and C. glutamicum, a feedback-insensitive IPMS might be generated by 

introduction of the same amino acid replacement into the IPMS allel of C. glutamicum.  

For this purpose, tyrosine at position 412 was replaced by phenylalanine (corresponds to 

position 410 in M. tuberculosis) via a mutational crossover PCR within the leuA gene 

sequence of C. glutamicum. After transformation of the respective overexpression plasmid 

pJC4ilvBNCDleuAY412F into production strain C. glutamicum VB, IPMS activity 

measurements were conducted to investigate the influence of L-leucine on the potentially 

feedback-resistant enzyme. The cells for this test were grown in presence of  

L-leucine to minimize the activity of chromosomally-coded IPMS, which was believed to 

simplify the inhibition assay.   

However, with a value of 0.022 U/mg the specific IPMS activity in the strain carrying 

pJC4ilvBNCDleuAY412F was only slightly higher than that in the parental strain C. glutamicum 

VB (pJC4ilvBNCD) (0.017 U/mg; Tab. 11), indicating that leuAY412F is either poorly 

expressed from the plasmid or encodes an enzyme with impaired activity. Furthermore, no 

insensitivity against L-leucine was observed when 0.5 mM L-leucine were added (data not 

shown). These findings reflect the results obtained during comparative shake flask 

experiments, namely that KIC synthesis remained unchanged in strain C. glutamicum VB 

(pJC4ilvBNCDleuAY412F) (data not shown).  

One reason for the comparably low enzyme activity detected in cell extracts of C. glutamicum 

VB (pJC4ilvBNCDleuAY412F) might be the formation of hetero-dimers between plasmid-coded 

and chromosomally-coded IPMS subunits, resulting in wrong folding of the protein. To 

exclude the possibility of hetero-dimer formation and to further investigate the plasmid-coded 

Strain  C. glutamicum VB   

   (pJC4ilvBNCD) 

   C. glutamicum VB       

(pJC4ilvBNCDleuA
Y412F

) 

  C. glutamicum ∆leuA     

 (pJC4ilvBNCDleuA
Y412F

) 

Specific IPMS activity [U/mg] 0.0170 ± 0.003       0.022 ± 0.002                *n.d. 
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potentially feedback-resistant IPMS, a leuA-negative strain was constructed on the basis of  

C. glutamicum wild-type and transformed with pJC4ilvBNCDleuAY412F. However, cell 

extracts of C. glutamicum ∆leuA pJC4ilvBNCDleuAY412F exhibited no detectable IPMS 

activity (Tab. 11), although the strain was able to grow on CGC minimal medium plates 

without L-leucine, whereas C. glutamicum ∆leuA was unable to grow. Even though this 

finding suggests a low basic activity of the enzyme, no statement about a potential feedback-

resistance can be made.  

In a further approach, ilvE was deleted in C. glutamicum ∆leuA pJC4ilvBNCDleuAY412F to 

analyze the impact of the mutated IPMS on KIC production. Strains C. glutamicum ∆ilvE 

(pJC4ilvBNCDleuAY412F) and C. glutamicum ∆ilvE (pJC4ilvBNCD) were chosen as a 

reference. In minimal medium with 2 % glucose and without L-leucine, C. glutamicum ∆ilvE 

∆leuA pJC4ilvBNCDleuAY412F showed impaired growth and reached an OD600nm of only 5, 

whereas the two reference strains grew until OD600nm values about 30. Moreover, only 1 mM 

of KIC was excreted by C. glutamicum ∆leuA pJC4ilvBNCDleuAY412F after 24 h; in contrast 

both C. glutamicum ∆ilvE (pJC4ilvBNCD) and C. glutamicum ∆ilvE (pJC4ilvBNCDleuAY412F) 

produced about 26 mM KIC. These results clearly show that leuAY412F does not improve KIC 

formation at all, it even seems to be contraproductive to KIC formation. 
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3.4.5.2 Isopropylmalate synthase derivatives from Escherichia coli K12 

Gusyatiner et al. (2002) showed that the exchange of one amino acid in the leuA gene of  

E. coli K12 results in a feedback-desensitized mutant of the IPMS and an enhanced 

accumulation of L-leucine in the medium. Five mutants with different amino acid 

replacements were described in this patent, all exhibiting decreased sensitivity towards  

L-leucine. The two best performing mutant enzymes were obtained by replacement of glycine 

by cysteine at position 479 and by replacement of glycine by aspartate at position 462. In a  

3-methyl-1-butanol producer of E. coli, the relief of the feedback-inhibition by L-leucine by 

application of the latter enzyme (IPMSG462D) led to a significant product shift from KIV 

towards KIC and thus, an increased formation of 3-methyl-1-butanol (Connor and Liao, 

2008).   

To investigate the influence of a feedback-resistant IPMS enzyme in the KIC producer  

C. glutamicum VB (pJC4ilvBNCD), the mutation at amino acid position 462 described above 

was introduced into the leuA gene from E. coli K12 via a one basepair exchange (mutational 

crossover PCR). The PCR product leuAG462D was subcloned into pJC4ilvBNCD (under the 

control of Ptac) and transformed into C. glutamicum VB. The resulting strain C. glutamicum 

VB (pJC4ilvBNCDleuAG462D) then was analyzed regarding growth and production behavior 

and compared to its parental strain without leuAG462D.  

In shake flask fermentations in minimal medium with 4 % glucose as carbon source as well as 

L-isoleucine and L-valine (2 mM each) the newly constructed strain showed a slightly 

reduced growth rate of 0.17 h-1 (parental strain: 0.21 h-1) and reached an OD600nm of 54 after  

24 h (Fig. 22 A). At this time, glucose had been consumed completely. Interestingly,  

C. glutamicum VB (pJC4ilvBNCDleuAG462D)  excreted almost twice as much KIC (53.5 mM; 

Fig. 22 B, black bars) into the external medium as its parental strain C. glutamicum VB 

(pJC4ilvBNCD) (about 30 mM; Fig. 22 B, grey bars). Furthermore the concentration of KIV 

formed as a side product was significantly lower in case of C. glutamicum VB 

(pJC4ilvBNCDleuAG462D) (about 2.1 mM vs. 30 mM) (Fig. 22 B).  The yieldKIC in the overall 

production phase amounted to approx. 0.22 mol/mol glucose. Remarkably, the adverse effect 

noticed in all experiments performed before, namely the cessation of KIC excretion despite 

residual glucose in the medium and the associated strong increase in KIV concentration, was 

not observed for C. glutamicum VB (pJC4ilvBNCDleuAG462D).  
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Figure 22: A, Growth, substrate consumption and 2-ketoacid accumulation during a representative shake flask 
batch cultivation of C. glutamicum VB (pJC4ilvBNCDleuAG462D) in minimal medium containing glucose (4 %, 
w/v), L-isoleucine and L-valine (2 mM each). Three independent experiments were performed, showing 
comparable results.   
B, Comparison of the maximal concentrations of KIC and KIV, respectively, formed by the strains  
C. glutamicum VB (pJC4ilvBNCD) (grey bars) and C. glutamicum VB (pJC4ilvBNCDleuAG462D) (black bars) 
during a shake flask experiment performed under the same conditions as mentioned in 22 A. The values shown 
are the means ± SD of at least three independent experiments. 
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Table 12: Comparison of specific IPMS activities in cell extracts of C. glutamicum VB (pJC4ilvBNCD) and  
C. glutamicum VB (pJC4ilvBNCDleuAG462D) in presence of increasing L-leucine concentrations. The cells were 
grown in minimal medium containing 4 % glucose, L-isoleucine and L-valine (2 mM each) and harvested at an 
OD600nm of ∼7. The values shown are the means ± SD of three independent experiments. 

 L-leucine [mM]                                                           Specific IPMS activity [mU/mg] 

 

0 

C. glutamicum VB (pJC4ilvBNCD) 

                          500    ±   3.00 

C. glutamicum VB (pJC4ilvBNCDleuA
G462D

) 

390   ±   23.0 

0.05 280    ±   30.0 240   ±   20.0 

0.1 170    ±   1.00 200   ±   20.0 

0.5 18.0   ±   2.00 120   ±   12.0 

1 7.00   ±   5.00 130   ±   12.0 

2 5.00   ±   4.00 100   ±   12.0 

5 2.00   ±   1.00 100   ±   10.0 

10    n.d.* 130   ±   20.0 

 

*n.d. = not detectable (i. e. below detection limit) 

The drastically improved production behavior of C. glutamicum VB (pJC4ilvBNCDleuAG462D) 

strongly hinted at the successful expression of plasmid-bound leuAG462D and a feedback-

resistance of the respective IPMS enzyme towards L-leucine. This assumption was confirmed 

by comparison of IPMS activity in cell extracts of the parental strain C. glutamicum VB 

(pJC4ilvBNCD) and cell extracts of its derivative C. glutamicum VB (pJC4ilvBNCDleuAG462D) 

in the presence of increasing L-leucine concentrations (Tab. 12). In the range between 0.05 

and 0.5 mM L-leucine, the specific IPMS activity in the cell extracts of both strains where 

decreasing. This decrease was much more pronounced in case of C. glutamicum VB 

(pJC4ilvBNCD), a concentration of 0.5 mM L-leucine resulted in only 18 mU/mg of specific 

IPMS activity. This activity was further decreasing with the addition of higher L-leucine 

concentrations. At a concentration of 10 mM L-leucine the enzyme activity was below the 

detection limit in case of C. glutamicum VB (pJC4ilvBNCD). For its derivative  

C. glutamicum VB (pJC4ilvBNCDleuAG462D), in contrast, another trend was observed: 

Whereas a concentration of 1 mM L-leucine inhibited the IPMS in cell extracts of the parental 

strain to 7 mU/mg (1.4 % of initial value), the cell extract of derivative C. glutamicum VB 

(pJC4ilvBNCDleuAG462D) displayed a 20-fold higher specific IPMS activity of 130 mU/mg 

(Tab. 12). This activity remained more or less constant, at further increasing concentrations of 

L-leucine up to 10 mM. These findings clearly indicate that leuAG462D codes for a feedback-

resistant version of the IPMS enzyme. 



 

 

                  88 Results 

 

 

Strain             KIC [mM]                     KIV [mM]    YieldKIC [mol KIC/mol glc] 

C. glutamicum VB
 
(pJC4ilvBNCD) 

(pBB1leuA
G462D

) 

47.7 ± 4.6      4.1 ± 0.9 0.20 ± 0.01 

C. glutamicum VB
 

(pJC4ilvBNCDleuA
G426D

) 

            53.5 ± 3.8      2.1 ± 0.5 0.22 ± 0.02 

C. glutamicum ΔprpC1 ΔprpC2 

ΔilvE PgltA
mut_C7 

(pJC4ilvBNCD) 

(pBB1leuA
G462D

) 

55.4 ± 3.4      6.8 ± 1.9 0.29 ± 0.05 

C. glutamicum ΔprpC1 ΔprpC2 

ΔilvE PgltA
mut_C7 

(pJC4ilvBNCD) 

(pBB1leuA
G479C

) 

           46.8 ± 4.4      5.4 ± 0.3 0.28 ± 0.03 

 

 

In a second approach, overexpression of leuAG462D on another plasmid than pJC4ilvBNCD, 

namely pBB1, was pursued in C. glutamicum VB (pJC4ilvBNCD) and C. glutamicum ∆prpC1 

∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) . For this purpose, leuAG462D was ligated into pBB1 

behind the Ptac promoter and pBB1leuAG462D was transformed into the strains mentioned 

above.  

In comparative shake flask fermentations, C. glutamicum VB (pJC4ilvBNCD) 

(pBB1leuAG462D) exhibited maximal KIV and KIC concentrations of 4.1 mM and 47.7 mM  

(yieldKIC = 0.20 mol/mol glucose), respectively, whereas C. glutamicum ∆prpC1 ∆prpC2 

∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462) excreted up to 55.4 mM KIC (yieldKIC = 

0.29 mol/mol glucose) and 6.8 mM KIV (Tab. 13).  

The fact that C. glutamicum VB (pJC4ilvBNCD) (pBB1leuAG462D) produced about 6 mM less 

KIC and 2 mM more KIV than C. glutamicum VB (pJC4ilvBNCDleuAG462D) (Fig. 22 A and 

Tab. 13) indicates that overexpression of leuAG462D on plasmid pJC4ilvBNCD confers a slight 

advantage for KIC synthesis. Possibly the necessity for replication of two plasmids impacts 

metabolism in C. glutamicum VB (pJC4ilvBNCD) (pBB1leuAG462), negatively.  

However, KIC formation by C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 

(pJC4ilvBNCD) (pBB1leuAG462D) (about 55 mM; Tab. 13) was at least as high as KIC 

Table 13: Comparison of maximal KIC and KIV concentrations excreted by strains with attenuated CS activity, 
carrying different plasmids for the overexpression of leuAG462D or leuAG479C.  The yieldsKIC [mol KIC/mol 
glucose] in the overall production phase are also given. The values shown are the means ± SD of at least three 
independent  experiments.  
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formation by C. glutamicum VB (pJC4ilvBNCDleuAG462D) (about 54 mM), although the first 

strain carries two plasmids. As mentioned above, the existence of two plasmids negatively 

impacted KIC synthesis by C. glutamicum VB (pJC4ilvBNCD) (pBB1leuAG462D)  

(about 47 mM). This might also be true for C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 

(pJC4ilvBNCD) (pBB1leuAG462D), arising the assumption that KIC synthesis might be 

improved even further by overexpressing leuAG462D on pJCilvBNCD in the C7-background.  

Aside from leuAG462D also the second leuA variant leuAG479C (p. 85) was overexpressed from 

pBB1 in strain C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) to 

investigate its influence on KIC formation. However, as shown in Table 13, with about  

47 mM (yieldKIC = 0.28 mol/mol glucose) the newly constructed strain C. glutamicum ∆prpC1 

∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG479C) produced significantly less KIC 

than both C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) 

(about 55 mM) and C. glutamicum VB (pJC4ilvBNCDleuAG462D) (about 54 mM). 

 

3.4.5.3 Influence of acetate on 2-ketoisocaproate production by Corynebacterium 
glutamicum VB (pJC4ilvBNCDleuAG462D) and Corynebacterium glutamicum ∆prpC1 
∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) 

The inhibition of IPMS by L-leucine represents the major bottleneck of KIC production by 

C. glutamicum VB (pJC4ilvBNCD) and the application of a feedback-resistant enzyme led to a 

significant shift in the product spectrum towards KIC (see above). However, also the supply 

with acetyl-CoA was shown to be a limiting factor for KIC synthesis, as the cultivation with 

glucose plus acetate proved beneficial for KIC formation in C. glutamicum VB 

(pJC4ilvBNCD) (chapter 3.4.3). This knowledge was applied to further improve KIC 

production. The two best production strains C. glutamicum VB (pJC4ilvBNCDleuAG426D) and 

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) were 

cultivated in minimal medium with 4 % of glucose plus 1 % of acetate (added after 18 h of 

cultivation) and the product spectra of the strains were monitored.   

C. glutamicum VB (pJC4ilvBNCDleuAG426D) excreted about 71 mM of KIC after 25 h, which 

is a further increase of approx. 35 % compared to the strain cultivated without acetate  

(53 mM; Tab. 14).  
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Strain    KIC [mM]             KIV [mM]                        yieldKIC 

       [mol C in KIC/mol C of subs.] 

C. glutamicum VB
 

(pJC4ilvBNCDleuA
G426D

) 

   71.0 ± 3.2 1.6 ± 0.3    0.24 ± 0.01 

C. glutamicum ΔprpC1 ΔprpC2 ΔilvE 

PgltA
mut_C7 

(pJC4ilvBNCD) 

(pBB1leuA
G462D

) 

89.0 ± 10.9 7.8 ± 3.9      0.28 ± 0.004 

 

 

In Figure 23 the results of the cultivation of C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 

(pJC4ilvBNCD) (pBB1leuAG462D) with glucose plus acetate are shown: With an average 

concentration of about 89 mM (Tab. 14), KIC formation was even about 65 % higher during 

cultivation with glucose plus acetate than during cultivation with glucose as only carbon 

source (55 mM; Tab. 13). Thus, with final titers of almost 90 mM and a yieldKIC of  

0.28 mol C in KIC /mol C of substrate (glucose + acetate), C. glutamicum ∆prpC1 ∆prpC2 

∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) is the best performing KIC producer 

described so far.  

The results of this experiment demonstrate that both the relief of feedback inhibition by  

L-leucine and the supply with sufficient acetyl-CoA are of vital importance for high activity 

of IPMS and hence, for efficient conversion of KIV in direction of KIC. 

 

Table 14: Comparison of maximal KIC and KIV concentrations excreted during cultivation on 4 % glucose 
plus 1 % acetate, by strains with attenuated CS activity, carrying different plasmids for the overexpression of 
leuAG462D.  The yieldsKIC [mol C in KIC /mol C of substrate] in the overall production phase are also given. 
The values shown are the means ± SD of at least three independent experiments. 
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Figure 23: Growth, substrate consumption and KIC accumulation during a representative shake flask batch 
cultivation of C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) in CGXII 
minimal medium containing glucose (4 % w/v) and acetate (1% w/v), L-isoleucine and L-valine (2 mM each); 
three independent growth experiments were performed, all showing comparable results. 
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4 Discussion 

The present work aimed at the construction of C. glutamicum strains for the efficient 

production of the 2-ketoacid KIC. Unfortunately, 2-ketoacids underlie significant degradation 

during growth of C. glutamicum (Hagmann, 2011; Krause, 2010), which might turn out as a 

severe problem for biotechnological KIC production. Permanent removal of KIC from the 

culture broth would demand for a complex and therefore cost-intensive production process. 

Also the KIC concentration in the supernatant of cultures of C. glutamicum ∆ilvE, lacking the 

transaminase B gene ilvE, decreased by more than 50 % within 24 h under the conditions 

tested here. This observation was made both for growing (initial OD600nm=1) and resting 

(OD600nm=100) cells of C. glutamicum ∆ilvE, indicating that KIC is not used as a carbon 

source for growth, as already observed by Hagmann for KIC, KIV and KMV (2011). The 

determination of intra- and extracellular KIC concentrations after incubation of resting  

C. glutamicum ∆ilvE cells with KIC revealed that only traces of the initially added KIC were 

found intracellularly. This result strongly indicated that KIC is not only taken up but rather 

further metabolized by C. glutamicum ∆ilvE. This assumption was corroborated by uptake 

measurements with radioactively labeled 14C-KIC, showing that about one third of the 

radioactivity was indeed found inside the cells, which is in sharp contrast to the finding that 

only traces of KIC were detected intracellularly. 

Potential enzymes involved in KIC degradation have not been identified yet. Usually, the 

conversion of 2-ketoacids occurs via transamination to the corresponding amino acids, but 

since C. glutamicum ∆ilvE lacks the gene coding for transaminase B, this explanation is 

unlikely for the results obtained with this strain. Furthermore, the existence of a branched-

chain 2-oxoacid dehydrogenase complex (BCOADHC) for degradation of branched-chain  

2-ketoacids by C. glutamicum is rather unlikely, since none of the physiological functions 

known for the BCOADHC present in other organisms, such as the synthesis of branched-

chain fatty acids as part of the membrane in B. subtilis (Wang et al., 1993; Lowe et al., 1983), 

have been described for C. glutamicum (Hagmann, 2011). The multienzyme complex family 

of the BCOADHCs also comprises the PDHC and the oxoglutarate dehydrogenase complex 

(ODHC). An unspecific conversion of branched-chain 2-ketoacids by these complexes, as 

proposed for the conversion of 2-ketobutyrate by the PDHC in S. typhimurium (van Dyk and 

La Rossa, 1987), is also not very likely: The PDHC of E. coli was shown to be competitively 

inhibited by KIC and KIC was not accepted as substrate for any of the reactions catalyzed by 

this enzyme complex (Bisswanger, 1981). The fact that the gene for the E1p subunit of  
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C. glutamicum was reported to code for a protein with strong similarity to the E1p protein 

from E. coli (Kalinowski et al., 2003) gives further indication that there is no unspecific 

conversion of KIC by the PDHC in C. glutamicum. This assumption was verified by 

Hagmann (2011), who could exclude a participation of PDHC and ODHC in 2-ketoacid 

degradation by experiments with lpd- and odhA-negative strains. Further experiments with 

labeled KIC might give valuable clues about the fate of KIC taken up, potentially allowing the 

intracellular detection of labeled metabolites that are formed from this 2-ketoacid. Despite the 

missing knowledge on enzymes involved, KIC degradation might be influenced by deletion of 

genes coding for importers of branched-chain 2-ketoacids or by the overexpression of genes 

encoding the respective exporters. Till now it is not clear whether there is an importer for 

branched-chain 2-ketoacids or whether the uptake is just due to diffusion. A potential 

involvement of the branched-chain amino acid (BCAA) importer BrnQ (Kennerknecht et al., 

2002) and the BCAA exporter BrnFE, respectively, in 2-ketoacid uptake could be excluded 

(Radespiel, 2010). As opposed to that, there was some indication that the putative transporter 

Cgl0146 (RhtB 0146), as well as a second putative importer, might play a role in 2-ketoacid 

uptake (Radespiel, 2010).  

Basis for engineering of a KIC producer was C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 

(pJC4ilvBNCD) (Bückle, 2009), carrying an exchange of the CS promoter by an artificial 

dapA promoter (= PgltAmut_L1). The mutation in gltA promoter region resulted in reduction of 

CS activity to about 30 % of the initial value. This should lead to an increase of the 

intracellular pool of pyruvate and acetyl-CoA for KIC synthesis. It was, however, speculated 

that the decreased CS activity might also result in expression of the genes prpC1 and prpC2, 

both coding for two MCS enzymes with CS side activity, thus partly restoring CS activity. 

Previously, a double mutant of C. glutamicum, lacking both the gltA gene and prpC1 gene, 

has been shown to partly have regained CS activity, due to the expression of prpC2 

(Radmacher and Eggeling, 2007). This was shown to be the result of a mutation in the prpR 

gene, which is located downstream of prpC1 and encodes an activator of the prpC2 gene. 

Consequently, C. glutamicum ∆ltbR ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_L1 (pJC4ilvBNCD) =  

C. glutamicum VB (pJC4ilvBNCD), carrying a deletion in both MCS genes, was constructed 

to ensure a stable genetic background for further experiments. Determination of specific CS 

activities in cell extracts of parental strain C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 

(pJC4ilvBNCD) and of C. glutamicum VB (pJC4ilvBNCD) revealed no differences between 

the two strains. This outcome was expected and is likely due to the fact that during growth on 

glucose MCS activity is very low in C. glutamicum (0.03 U/mg) (Claes et al., 2002), whereas 
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the prpC genes are strongly induced in the presence of propionate (Hüser et al., 2003); MCS 

activity was shown to be increased about 14-fold when propionate was used as an additional 

carbon source (Claes et al., 2002). Thus, since C. glutamicum ∆ltbR ∆ilvE PgltAmut_L1 

(pJC4ilvBNCD) was cultivated in minimal medium with glucose, only low basal expression of 

the gene clusters prpB1D1C1 and prpB2D2C2 is likely, resulting in specific CS activity 

comparable to that determined for prpC1- and prpC2-deficient C. glutamicum VB 

(pJC4ilvBNCD).  

During cultivation of the newly constructed strain C. glutamicum VB (pJC4ilvBNCD) in 

shake flasks with minimal medium plus L-isoleucine, L-leucine and L-valine (2 mM each), 

KIV and KIC were excreted into the external medium. KIC accumulated comparably fast in 

the medium, however, after 15 h of cultivation, a sudden cessation of KIC excretion occurred, 

despite the presence of residual glucose in the medium. Cessation of KIC formation was 

accompanied by a sudden increase of external KIV accumulation until glucose had been 

consumed completely. Moreover, despite deletion of the gene ilvE, up to 6 mM L-valine and 

2 mM L-leucine were formed. These results strongly suggest the existence of a bottleneck in 

the IPM pathway converting KIV to KIC. It is likely that the bottleneck is located in the first 

committed step of L-leucine biosynthesis, the Claisen-condensation of KIV and acetyl-CoA to 

2-IPM and free CoA, catalyzed by the key enzyme IPMS. This reaction is controlled via 

strong feedback-inhibition by L-leucine (Pátek et al., 1994). Given the fact that about 2 mM 

L-leucine are formed during cultivation of C. glutamicum VB (pJC4ilvBNCD), an inhibition 

of IPMS by L-leucine is probably a major problem for efficient KIC production. Furthermore, 

the expression of leuA seems to be negatively affected in C. glutamicum VB (pJC4ilvBNCD): 

the comparison of the specific IPMS activity in cells grown with and without 2 mM L-leucine 

revealed that the specific activity was almost 20-fold higher after cultivation without  

L-leucine than after cultivation in the presence of L-leucine. These results corroborate the 

findings of Pátek et al. (2004) that the expression of all three leu genes is reduced upon 

addition of L-leucine to the growth medium. The significantly increased specific IPMS 

activity during cultivation of C. glutamicum VB (pJC4ilvBNCD) in the absence of L-leucine 

also affected KIC production positively. About 30 mM KIC were excreted, which is more 

than twice the concentration than during cultivation with L-leucine. However, KIC excretion 

again ceased after about 15 h, whereas KIV was further produced in high concentrations 

(about 32 mM). This cessation of KIC excretion is likely connected to the sudden increase in 

L-leucine concentration after 15 h and the associated inhibition of IPMS. 
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C. glutamicum VB (pJC4ilvBNCD) was able to grow without L-leucine in the culture 

medium, even though with a lower growth rate compared to the cultivation in the presence of  

L-leucine (0.21 h-1 instead of 0.31 h-1). This observation is in contrast to the L-leucine 

auxotrophy of C. glutamicum ∆ilvE reported by Marienhagen et al. (2005) and Krause et al. 

(2010). A potential reason for the L-leucine prototrophy might be the formation of L-leucine 

as observed during cultivation of C. glutamicum VB (pJC4ilvBNCD) without L-leucine. Since 

ilvE is deleted in this strain, formation of L-leucine can only be explained by the activity of 

unspecific transaminases such as AlaT and AvtA (Marienhagen et al., 2005; Marienhagen and 

Eggeling, 2008). It is conceivable that these enzymes can only use KIC as substrate when it is 

present in comparably high concentrations. Thus, as the main difference between  

C. glutamicum ∆ilvE and C. glutamicum VB (pJC4ilvBNCD) probably is a higher flux 

towards KIC in the latter strain, caused by the attenuation of CS, the overexpression of 

ilvBNCD and the deletion of ltbR, this strain might be able to form enough L-leucine for 

growth, whereas C. glutamicum ∆ilvE is unable to form L-leucine. 

Apart from the synthesis of KIC in high concentrations, the efficient excretion of the KIC 

formed is decisive for the generation of a good production strain. By intracellular and 

extracellular 2-ketoacid determinations with C. glutamicum VB (pJC4ilvBNCD) it was shown 

that a strong increase in extracellular KIC concentration occurred prior to the intracellular 

accumulation of KIC, indicating that this 2-ketoacid is exported quite efficiently. The same 

trend was observed for KIV, even though it was synthesized with a certain delay compared to 

KIC. KMV was the first 2-ketoacid that could be determined intracellularly, even in 

comparably high concentrations, whereas the extracellular KMV concentration was very low, 

indicating poor export of this 2-ketoacid. These observations arise the assumption that 

different systems are responsible for the export of the three branched-chain 2-ketoacids or that 

there is a single transport system that exhibits different affinities for the three 2-ketoacids. 

Until now, exporter/s for the branched-chain 2-ketoacids have not been identified. However, 

there are potential candidates: Radespiel (2010) proposed that the putative ABC exporter 

Cgl1687-88 is involved in 2-ketoacid transport, since a mutant overexpressing cgl1687-88 

under control of its native promoter showed increased export of all three 2-ketoacids. 

Furthermore, an increased export of KIC was observed when rhtC, coding for the L-threonine 

transporter protein RhtC from E. coli, was heterologously expressed in C. glutamicum 

(Radespiel, 2010). This outcome might be due to the structural similarity of KIC to L-leucine, 

since it is known that RhtC is also responsible for an efficient export of L-leucine and  

L-valine in E. coli (Livshits et al., 1999). The successful overexpression of rhtC in  
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C. glutamicum and its use for improvement of threonine production has already been 

described (Diesveld et al., 2009) and in future this might turn out as a valuable tool to 

improve KIC production. 

The overproduction of a certain metabolite might affect metabolism of a production organism 

negatively, resulting in low yields of the desired product. The influence of KIC on growth 

behavior of C. glutamicum VB (pJC4ilvBNCD) was investigated and no growth inhibitory 

effect was observed in case of addition of 10 mM and 40 mM KIC to the growth medium. 

Interestingly, an even slightly higher growth rate (0.24 h-1) than during growth of the strain in 

medium without KIC (0.21 h-1) was noticed. These results are in contrast to previous 

experiments, demonstrating that the addition of 50 mM KIC to the growth medium of  

C. glutamicum wild-type resulted in a marked decrease of growth rate from 0.40 h-1 to only 

0.15 h-1 (Hagmann, 2011). An even stronger effect was observed by Radespiel (2010), the 

supplementation of 50 mM KIC to the external medium of C. glutamicum wild-type abolished 

growth completely. This inhibitory effect is presumably due to a shortage in the amino acids 

L-valine and L-isoleucine, caused by the inhibition of the AHAS by L-leucine (Eggeling et 

al., 1987) that is formed from the KIC taken up by transaminase B in C. glutamicum wild-

type. C. glutamicum VB  (pJC4ilvBNCD) carries a deletion in the transaminase B gene ilvE, 

hence, presumably less L-leucine is formed than by the wild-type. Furthermore, the KIC 

inhibition studies with C. glutamicum VB (pJC4ilvBNCD) were performed in presence of  

L-isoleucine and L-valine in the growth medium, relieving a potential shortage of these amino 

acids. This might be the main reason why no growth phenotype was observed for  

C. glutamicum VB (pJC4ilvBNCD). These assumptions are supported by the fact that the 

addition of KIC in concentrations up to 25 mM did not affect growth of C. glutamicum ∆ilvE 

(Huss, 2012). 

The production behavior of C. glutamicum VB (pJC4ilvBNCD) was negatively influenced by 

KIC, since no net production of KIC or at least lower KIC production was observed when the 

culture was supplemented with 40 mM or 10 mM KIC. In addition, the cultures supplemented 

with KIC showed earlier and stronger KIV formation than the reference culture: Whereas in 

the supernatant of the reference culture KIV was not detected before 21 h, the culture 

incubated with 10 mM KIC showed KIV accumulation after 15 h and the addition of 40 mM 

KIC even resulted in extracellular KIV accumulation already after 12 h of incubation. These 

results strongly suggest a limitation in the conversion of KIV to KIC in the cultures 

supplemented with KIC. It is likely that the externally added KIC is partially converted to 

L-leucine, resulting in inhibition of the IPMS. This presumably occurs first in case of 
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cultivation with 40 mM KIC, since the “threshold” for inhibiting concentrations of L-leucine 

might be reached comparably fast. This assumption is in accordance with the intracellular 

KIC concentrations detected for the different cultures, since in case of the culture grown with 

40 mM KIC the intracellular concentration increased faster than in the one cultivated with  

10 mM KIC. This is likely also the explanation for the slightly enhanced growth rate of  

C. glutamicum VB (pJC4ilvBNCD) (see above) cultivated with KIC, since the growth medium 

lacked L-leucine and supplementation with KIC probably led to an earlier and stronger 

formation of L-leucine required for growth. The inhibitory effect of KIC on its own 

production might be overcome by the deletion of genes potentially coding for proteins 

involved in the import of 2-ketoacids, thus preventing re-uptake of the KIC produced.  

A positive impact of L-leucine omission on KIC production by C. glutamicum VB  

(pJC4ilvBNCD) has been observed and further optimization of the cultivation conditions such 

as media composition or O2 supply was pursued in the present work. Apart from IPMS 

inhibition by L-leucine, key enzyme AHAS is negatively affected by either of the branched-

chain amino acids in C. glutamicum (Eggeling et al., 1987; Leyval et al., 2003). Furthermore, 

in Candida maltosa L-valine was reported to control flux trough IPM pathway by inhibition 

of IPMDH (Bode, 1991). However, omission of L-valine or L-isoleucine in the culture 

medium of C. glutamicum VB (pJC4ilvBNCD) did not positively influence KIC synthesis. 

Interestingly, the strain turned out to be completely auxotrophic for L-isoleucine, whereas 

growth without L-valine was possible, even though with a reduced growth rate.  

C. glutamicum VB (pJC4ilvBNCD) forms a comparably high amount of L-leucine, potentially 

resulting in inhibition of AHAS and limitation in L-isoleucine and L-valine. This effect might 

be less pronounced in case of L-valine, since CS attenuation in C. glutamicum VB 

(pJC4ilvBNCD) potentially results in a higher pool of pyruvate as precursor for L-valine and 

L-leucine synthesis. This enhanced substrate availability potentially allows for L-valine 

synthesis, despite inhibition of AHAS. L-isoleucine synthesis in contrast requires pyruvate 

and 2-oxobutyrate, the second of which might not be present in sufficient concentration. 

Cultivations with C. glutamicum VB (pJC4ilvBNCD) were conducted in CGXII medium 

containing 5 g urea/l and 20 g (NH4)2SO4/l, since low ammonium concentrations were 

suspected to cause a reduced flux towards amino acids and thus, also towards L-leucine 

precursor KIC. In this context it has been reported that a limitation of ammonium results in 

decreased expression of genes involved in amino acid biosynthesis, amongst those leuA 

(Silberbach et al., 2005). Surprisingly, experiments with varying amounts of urea and 

(NH4)2SO4 revealed that the best results regarding KIC synthesis can be obtained with  
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5 g urea/l and only 5 g (NH4)2SO4/l, whereas a lower concentration of urea negatively 

influenced KIC production. Previous studies revealed that ammonium is primarily fixed by 

glutamate dehydrogenase (GDH) under consumption of 1 molecule NADPH per molecule 

ammonium (Rehm and Burkovski, 2011). As reported by Marx et al. (1999), GDH is a major 

NADPH-consuming enzyme, since it consumes approx. 50% of the NADPH of  

C. glutamicum. It is therefore conceivable that a high amount of ammonium leads to a 

shortage in NADPH that is actually required for KIC synthesis. This might explain the 

improved KIC production when 5 g (NH4)2SO4/l was used instead of 20 g (NH4)2SO4/l. 

Moreover, comparably high amounts of ammonium as substrate for transaminases probably 

increase the amount of unspecifically formed L-leucine, causing IPMS inhibition. 

As nitrogen, phosphorus is an essential component of all living organisms (Ishige et al., 2003) 

and it occurs mainly as Pi, which is closely connected to the energy and carbon metabolism. 

Thus, growth is affected by a reduced supply with Pi. Growth of C. glutamicum VB 

(pJC4ilvBNCD) was limited by reduction of Pi (0.87 mM instead of 13 mM) in the growth 

medium. This should allow for partition of the production process in a growth and a 

production phase, potentially resulting in higher product yields. However, despite reduction of 

growth rate from 0.21 h-1 to 0.16 h-1 and a reduced OD600nm of 40 instead of 60, neither KIV 

nor KIC production was improved, it even decreased drastically. However, in spite of growth 

stagnation and impaired KIC production, glucose was further consumed. These results 

strongly hint at a decreased carbon flux towards pyruvate, potentially caused by aspects of the 

phosphate starvation response in C. glutamicum, such as increased flux towards glycogen and 

reduced flux through glycolysis (Woo et al., 2010). 

During cultivation of C. glutamicum in shake flasks, there is likely a limitation in O2 at higher 

cell densities and therefore the results obtained might not be easily transferred to a well 

aerated industrial fermenter system (Zimmerman et al., 2006). Similarly, cultivation of   

C. glutamicum VB (pJC4ilvBNCD) in a fermenter system under O2-saturated conditions 

resulted in a significant decrease in KIC production when compared to cultivation in shake 

flasks, whereas KIV production was highly increased. This shift in production behavior was 

surprising, especially since the biosynthesis of KIC is connected to the formation of NADH in 

surplus: During glycolysis two molecules of NADH are generated and during conversion of  

3-IPM to KIC, catalyzed by IPMDH, one molecule of NADH is formed. Therefore, a 

sufficient supply with O2 was supposed to be essential to ensure the redox balance and thus, to 

improve KIC synthesis. However, O2 excess might also result in a limitation of acetyl-CoA, 

due to an enhanced flux through the TCA cycle, and therefore to the accumulation of KIV 
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observed here. The limited supply of O2 in shake flasks probably causes reduced flux through 

the TCA cycle and an increased pool of acetyl-CoA for KIC synthesis, similar to CS 

attenuation. In this context, metabolic flux analyses during microaerobic cultivation of  

L-lysine producer C. glutamicum 21253 showed that the activity of the TCA cycle enzymes 

decreases with decreasing O2 supply (Hua et al., 1998).  

Investigating the enzyme activities involved in KIC synthesis, a strong, non-competitive 

feedback-inhibition (Pátek et al., 1994) of the first specific enzyme of L-leucine biosynthesis, 

IPMS, by L-leucine was verified for C. glutamicum VB (pJC4ilvBNCD). Strikingly, the 

addition of only 1 mM L-leucine resulted in almost complete inhibition of the IPMS, 

indicating a high physiological relevance of this feedback-loop for C. glutamicum VB 

(pJC4ilvBNCD). The inhibition of IPMS by L-leucine is likely a regulatory feature to allow 

for balanced synthesis of branched-chain amino acids. In this context, a relief of IPMS 

inhibition by addition of L-isoleucine and L-valine has been reported for A. eutrophus, thus 

positively regulating L-leucine synthesis (Wiegel and Schlegel, 1977 b). The feedback-

inhibition of IPMS by L-leucine in general is a common feature amongst diverse bacteria, 

indicating that the IPM pathway is spread widely in nature (Stieglitz and Calvo, 1974) and it 

was reported for S. typhimurium that also the keto-analogue of L-leucine, KIC, inhibits the 

IPMS comparably strong in a fully competitive manner with respect to KIV (Kohlhaw et al., 

1969). Similarly, the IPMS in cell extracts of C. glutamicum VB (pJC4ilvBNCD) was 

competitively inhibited by KIC. Interestingly, for KIC/KIV ratios ≤ 4, the addition of KIC had 

activating influence on the IPMS, resulting in enhanced Vmax. KIC/KIV ratios > 5 resulted in 

moderate inhibition of IPMS: At a KIC/KIV ratio of 10, for instance, the enzyme displayed  

80 % residual activity. In case of S. typhimurium in contrast the IPMS was inhibited to about 

50 % already at a KIC/KIV ration of 5 (0.6 mM KIC/0.12 mM KIV) (Kohlhaw et al., 1969).  

Comparing the data obtained for IPMS inhibition by KIC in C. glutamicum VB 

(pJC4ilvBNCD) with the intracellular concentrations of KIC and KIV in this strain, it became 

evident that the KIC/KIV ratio of at least 10 after 10 h and 12 h of cultivation might be 

critical for IPMS activity (Tab. 5). However, a complete inhibition of the enzyme is most 

unlikely, since both KIC and KIV were further synthesized intracellularly after these critical 

time points. Probably, the KIC-mediated inhibition is a coincidental result of the similar 

structures of KIC and substrate KIV. In contrast to that, in A. eutrophus already low, 

physiologically-relevant concentrations of KIC resulted in non-competitive inhibition of the 

IPMS, indicating that KIC mediated IPMS inhibition resembles a regulatory mechanism for 

synthesis of branched-chain amino acids in this organism (Wiegel and Schlegel, 1977 b). 
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Furthermore, competitive product inhibition of IPMS by 2-IPM was reported for A. eutrophus 

(Wiegel and Schlegel, 1977 a). However, in C. glutamicum VB (pJC4ilvBNCD) both the 

intermediates 2-IPM and 3-IPM did not influence IPMS activity. These findings suggest that 

although the reaction catalyzed by IPMS is highly conserved amongst different organisms, the 

structure of the IPMS and the regulatory mechanisms present in these organisms differ from 

each other. 

The second enzyme specific for L-leucine biosynthesis, IPMD, is present in most prokaryotic 

species (Lee et al., 2012) and the gene coding for IPMD, leuCD, underlies negative 

transcriptional control by L-leucine in many organisms, such as Saccharomyces cerevisiae 

(Hsu et al., 1982) and C. glutamicum (Pátek et al., 1994). Furthermore, there is indication for 

positive transcriptional control of leuCD in presence of the IPMS gene product 2-IPM in 

Neurospora crassa (Gross, 1965). Due to the instability of IPMD in cell extracts isolated from 

various organisms, the enzyme and its properties have not been extensively studied in the 

past, leaving few knowledge on a potential regulation on enzymatic level (Bigelis and 

Umbarger, 1975). In case of C. glutamicum VB (pJC4ilvBNCD) we found that specific IPMD 

activity is not negatively influenced by L-leucine. The addition of KIC, however, resulted in a 

comparably strong, non-competitive inhibition of the enzyme, 7.5 mM KIC lowered the 

specific activity to less than 10 %. This inhibition might be a regulatory feature to control  

L-leucine biosynthesis via sensing the flux of carbon through the IPM pathway, other than the 

end product inhibition of IMPS by L-leucine. The physiological importance of IPMD 

inhibition by KIC in C. glutamicum VB (pJC4ilvBNCD), however, is doubtful, since the strain 

exhibited an intracellular KIC concentration of 22 mM already after 10 h of cultivation  

(Tab. 4), a concentration that would result in complete inhibition of the enzyme. Still, KIC 

concentration was further increasing, rendering complete inhibition of the enzyme very 

unlikely. Thus, although the enzyme is strongly inhibited, there is obviously enough residual 

IPMD activity to allow for flux through the IPM pathway. 

As the expression of leuA and leuCD, expression of leuB, coding for IPMDH, was shown to 

be negatively regulated by L-leucine in C. glutamicum (Pátek et al., 1998). To our knowledge, 

the regulation of IPMDH on enzymatic level, e.g. via inhibition by intermediates of L-leucine 

biosynthesis, has not been reported so far, at least not in bacteria. Investigation of IPMDH 

activity in fungus C. maltosa revealed sensitivity towards L-valine (Bode, 1991), whereas  

L-leucine and L-isoleucine did not affect its activity. In the present work, both IPMDH test 1 

conducted with L-leucine as potential inhibitor and IPMDH test 2 conducted with KIC as 

potential inhibitor did not provide clear results (data not shown). The reason for this remains 
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unclear. Consequently, no statement on the influence of L-leucine and KIC on the activity of 

IPMDH can be made. However, it might be assumed that there is no inhibition of the IPMDH 

by both L-leucine and KIC, since such effect has never been reported for any other organism 

(see above). 

All data obtained regarding regulation of the leu genes in C. glutamicum VB (pJC4ilvBNCD), 

together with the literature knowledge on L-leucine biosynthesis in other organisms, strongly 

suggest that the IPM pathway in C. glutamicum is mainly controlled via endproduct inhibition 

of IPMS by L-leucine and the negative effect of this amino acid on the synthesis of all three 

enzymes specific for L-leucine biosynthesis (� expression control). However, the L-leucine 

precursor KIC might play an additional role in regulation of the IPM pathway, since this  

2-ketoacid was shown to inhibit IPMS and IPMD in cell extracts of C. glutamicum VB 

(pJC4ilvBNCD). 

The comparison of the specific enzyme activities of IPMS, IPMD and IPMDH in 

C. glutamicum wild-type and C. glutamicum VB (pJC4ilvBNCD), lacking the transcriptional 

regulator LtbR, revealed about 10-fold higher activities for IPMD and IPMDH in the latter 

strain than in the wild-type, whereas the activity of IPMS was approx. 4-fold higher than in 

the wild-type. Similarly, Brune et al. (2007) described that deletion of ltbR resulted in  

100-fold, 12-fold and 3-fold expression of leuCD, leuB and leuA, respectively, in  

C. glutamicum. In case of leuA and leuB, these values are in good accordance with the 

enhanced specific activities determined for IPMS and IPMDH in C. glutamicum VB  

(pJC4ilvBNCD), quantitatively. For leuCD there is a discrepancy, since 100-fold higher 

expression led to only 10-fold higher activity of IPMD in C. glutamicum VB (pJC4ilvBNCD). 

This fact indicates some regulatory mechanism on enzymatic level. As observed previously, 

IPMD of C. glutamicum VB  (pJC4ilvBNCD) exhibited sensitivity towards KIC. 

Remembering the fact that this strain starts to excrete KIC into the growth medium 

comparably early, it is conceivable that at the time of cell harvesting (~ OD600nm = 7), the 

specific IPMD activity is already inhibited non-competitively to only 10 %. Such inhibition is 

unlikely for the IPMD of C. glutamicum wild-type, since this strain does usually not 

accumulate KIC. Such inhibition might also be expected for IPMS by L-leucine, however, 

there was almost no discrepancy between the factor of leuA overexpression caused by ltbR 

deletion (3-fold) reported for the wild-type of C. glutamicum and the increased specific IMPS 

activity in C. glutamicum VB (pJC4ilvBNCD) (4-fold). Explanatory for this finding might be 

the fact that C. glutamicum VB (pJC4ilvBNCD) forms L-leucine later than KIC, resulting in 

no inhibition by L-leucine at the time of cell harvesting. Furthermore, even if there was some 
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inhibition of IPMS, there would probably be no difference to the wild-type IPMS, since this 

strain also forms L-leucine.  

The overexpression of the leu genes (alone or combined) in C. glutamicum VB  

(pJC4ilvBNCD) on the basis of plasmids pBB1 and pJC4ilvBNCD only slightly increased the 

specific activity of the corresponding enzymes as the values determined were only around 

1.5–3.5-fold higher than in the parental strain. In case of leuA, overexpression from pBB1leuA 

resulted in 1.5-fold higher IPMS activity, overexpression from pJC4ilvBNCDleuA in 2-fold 

higher IPMS activity. Interestingly, KIC production of C. glutamicum VB (pJC4ilvBNCD) 

was not improved by overexpression of the leu genes. It was even negatively affected when 

the overexpression occurred from plasmid pBB1, e.g. in strain C. glutamicum VB  

(pJC4ilvBNCD) (pBB1leuA) and C. glutamicum VB (pJC4ilvBNCD) (pBB1leuBACD). It 

might be conceivable that the additional replication of pBB1 adversely affects the relatively 

high copy number of pJC4ilvBNCD (pHM1519 replicon, approx. 140 copy numbers;  

Eggeling and Reyes, 2005), resulting in weaker expression of ilvBNCD and reduced flux from 

pyruvate towards KIV. The overexpression of leuA on single plasmid pJC4ilvBNCD in strain 

C. glutamicum VB (pJC4ilvBNCDleuA) did not impact KIC synthesis at all. As observed 

previously, IPMS is strongly inhibited by L-leucine in C. glutamicum VB (pJC4ilvBNCD). 

This pronounced inhibition cannot be overcome by 2-fold enhanced IPMS activity, 

presumably, and due to this bottleneck in the first reaction of the IPM pathway, additional 

overproduction of IPMD and/or IPMDH might not have any effect on flux through the 

pathway.  

Apart from inhibition of IPMS by L-leucine, the supply with acetyl-CoA is another limiting 

factor for the first reaction specific for KIC synthesis. The km value determined for acetyl-

CoA for the IPMS in C. glutamicum VB (pJC4ilvBNCD) was approx. 124 µM, whereas 

intracellular acetyl-CoA concentrations between only 40 and 140 µM were detected. These 

values are higher than the intracellular acetyl-CoA concentration of about 24 µM detected in 

C. glutamicum wild-type (Wendisch et al., 1997). This difference is likely a result of the 

reduced CS activity in C. glutamicum VB (pJC4ilvBNCD) and a connected accumulation of  

acetyl-CoA, as already observed in L-lysine producer C. glutamicum DM1800’ with gradually 

attenuated CS activity (van Ooyen, 2010). However, regarding the km value of acetyl-CoA 

(124 µM), the enhanced acetyl-CoA concentration in C. glutamicum VB (pJC4ilvBNCD) is 

probably still not enough to allow maximum specific activity of the IPMS, even if the  

acetyl-CoA concentration was as high as 140 µM. This assumption is in good accordance 

with the fact that cultivation of C. glutamicum VB (pJC4ilvBNCD) with glucose plus acetate 
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resulted in higher KIC production, indicating higher intracellular acetyl-CoA concentration in 

the presence of external acetate. Likewise, an increase of the intracellular acetyl-CoA 

concentration from 22 to 138 µM was observed when wild-type cells were cultivated with 

acetate as additional carbon source (Wendisch et al., 1997). However, also during cultivation 

of C. glutamicum VB (pJC4ilvBNCD) with glucose plus acetate there was still a limitation in 

conversion of KIV to KIC after some time, despite residual glucose, probably due to IPMS 

inhibition.  

In addition to the external supplementation of acetate, another approach was pursued here to 

increase the intracellular concentration of acetyl-CoA: As observed by van Ooyen et al. 

(2012) in C. glutamicum DM1800’, attenuation of CS did not only result in increased 

intracellular acetyl-CoA concentrations, but also enhanced expression of the genes aceA and 

aceB, coding for the glyoxylate cycle enzymes ICL and MS. Since acetyl-CoA is substrate in 

the glyoxylate cycle, aceA and aceB were deleted in C. glutamicum VB (pJC4ilvBNCD) to 

avoid acetyl-CoA consumption. However, KIC synthesis was not improved in C. glutamicum 

VB ∆aceA ∆aceB (pJC4ilvBNCD). Presumably, the aceA gene product in C. glutamicum VB  

(pJC4ilvBNCD) is inhibited by intermediates of glycolysis and PPP, such as PEP and  

6-phosphogluconate (Reinscheid et al., 1994 a), since these intermediates where shown to be 

present in higher concentrations in strains with attenuated CS (van Ooyen et al., 2012). Thus, 

despite CS attenuation and a presumably enhanced expression of aceA and aceB, flux through 

the glyoxlate cycle is likely not higher in C. glutamicum VB (pJC4ilvBNCD) than in the wild-

type.  

To further increase the intracellular pool of pyruvate and acetyl-CoA for KIC synthesis, 

strains with further attenuated CS were constructed by replacement of the gltA promoter. 

However, despite reduction of CS activity to 21 % and 10 % of the wild-type activity, the 

newly constructed strains C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) 

and C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C5 (pJC4ilvBNCD) did not show improved 

KIC production. Also the concentration of KIV excreted was not higher than that formed by  

C. glutamicum VB (pJC4ilvBNCD). However, at least juding from van Ooyen’s (2010) 

observation that strains with attenuated CS activity accumulated acetyl-CoA (see p. 103), 

increased availability of acetyl-CoA was suspected. It is conceivable that this potential 

increase in precursor concentration did not have any effect on KIC synthesis, due to 

insufficient activity of IPMS, IPMD or IPMDH. A potentially insufficient activity might be a 

result of the fact that ltbR is not deleted in the two newly constructed strains and thus, there is 

no upregulation of the leu genes, likely resulting in lower activity of the respective enzymes 
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and a potentially reduced flux through the IPM pathway. Furthermore, inhibition of IPMS 

might be another issue in this context. 

Judging from the results on regulation of the enzymes of the IPM pathway and from the 

observation that both during cultivation of C. glutamicum VB (pJC4ilvBNCD) with glucose 

and during cultivation with glucose plus acetate KIC excretion ceased after some time, the 

major factor limiting KIC synthesis in C. glutamicum VB (pJC4ilvBNCD) is the feedback-

inhibition of IPMS by L-leucine. This assumption was verified by the fact that the 

heterologous, plasmid-based expression of a leuA allel from E. coli K12, coding for a 

feedback-resistant IPMS (Gusyatiner et al., 2002), in C. glutamicum VB (pJC4ilvBNCD) 

drastically improved production behavior. C. glutamicum VB (pJC4ilvBNCDleuAG462D) did 

not only excrete significantly more KIC, but also exhibited a strong reduction of formation of 

KIV as byproduct, indicating highly efficient conversion of KIV towards KIC. Likewise, the 

relief of feedback-inhibition by L-leucine by application of IPMSG462D led to a significant 

product shift from KIV towards KIC and hence increased formation of 3-methyl-1-butanol in 

E. coli (Connor and Liao, 2008). As reflected by the altered product spectrum, the specific 

IPMS activity in cell extracts of C. glutamicum VB (pJC4ilvBNCDleuAG462D) remained 

unaffected despite presence of L-leucine in concentrations between 0.5 and 10 mM, whereas 

the specific IPMS activity in cell extracts of C. glutamicum VB (pJC4ilvBNCD) was as low as 

5 mU/mg already at a concentration of 2 mM L-leucine. 

The heterologous expression of leuAG462D on pBB1 in C. glutamicum VB (pJC4ilvBNCD) 

(pBB1leuAG462D) had a detrimental effect on KIC production, as the concentration of KIC 

excreted was decreased compared to the expression of leuAG462D on pJC4ilvBNCD in  

C. glutamicum VB (pJC4ilvBNCDleuAG462D). Again, these data indicate that pBB1 negatively 

affects pJC4ilvBNCD, or at least that both plasmids influence each other negatively. Thus, 

they are not optimally suited for co-expression of genes in C. glutamicum. Interestingly,  

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) excreted 

even more KIC than C. glutamicum VB (pJC4ilvBNCDleuAG462D), despite presence of both 

plasmids in the first strain. This outcome gives rise to the assumption that KIC production 

might be further improved by expressing leuAG462D on single plasmid pJC4ilvBNCD in  

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7. Furthermore, direct comparison of KIC 

production by C. glutamicum VB (pJC4ilvBNCD) (pBB1leuAG462D) (47 mM) and by  

C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) (pBB1leuAG462D) (55 mM) 

revealed that further attenuation of CS has a positive impact after all. As suspected before, 

this effect has not been recognized when comparing C. glutamicum VB (pJC4ilvBNCD) and 
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C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD), due to inhibition of the 

native IPMS in these strains. 

Finally, since both the cultivation of C. glutamicum VB (pJC4ilvBNCD) with glucose plus 

acetate and the expression of the gene for a feedback-resistant IPMS were shown to increase 

KIC production, both approaches were combined. With 71 mM KIC and a yield of  

0.24 mol C in KIC/mol C of substrate (glucose + acetate), C. glutamicum VB 

(pJC4ilvBNCDleuAG462D) produced about 35 % more than when cultivated with glucose as 

single substrate. Far better, C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) 

(pBB1leuAG462D) even excreted about 90 mM KIC, corresponding to a yield of 0.28 mol C in 

KIC/mol C of substrate (glucose + acetate). Thus, the effect of further CS attenuation in the 

latter strain is even more pronounced when acetate is present. All these results suggest that an 

efficient KIC production is both dependent on a high pool of KIV and acetyl-CoA as 

precursors, as well as on high activity of IPMS and that only a combination of both principles 

ensures high KIC titers. 

Summing up, strain C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) 

(pBB1leuAG462D) has great potential as a KIC producer, excreting about 90 mM KIC with 

addition of acetate. Prior to this thesis, the highest KIC titers reported for a C. glutamicum 

strain did not exceed 20 mM (Bückle, 2009). To our knowledge the rational design of other 

organisms for the directed synthesis of KIC has not been reported so far and a KIC producing  

C. glutamicum strain might be highly desirable for industry. Clearly, the yield for KIC 

production with C. glutamicum ∆prpC1 ∆prpC2 ∆ilvE PgltAmut_C7 (pJC4ilvBNCD) 

(pBB1leuAG462D) of 0.28 mol C in KIC/mol C of substrate (glucose + acetate) is not very high 

and there is need for further improvement. Importantly, since KIC synthesis demands for an 

aerobic production process, the maximal yield possible is innately limited. One approach to 

increase the KIC yield might be the induction of artificial growth limitation by other means 

than Pi limitation. Furthermore, the final titers of KIC might be tremendously increased under 

fed-batch conditions with a periodical feed of glucose and acetate. Likewise, first experiments 

with C. glutamicum VB (pJC4ilvBNCDleuAG462D) indicated the success of such fed-batch 

fermentations (data not shown).  

Besides KIC itself, there might be an increasing market for products deriving from KIC, e.g. 

3-methylbutanal (isovaleraldehyde), an intermediate for the industrial vitamin synthesis, as 

well as its corresponding alcohol 3-methyl-1-butanol, a potential future biofuel. In a first 

approach, the anaerobic production of this alcohol was tried, expressing a gene coding for 
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ketoacid decarboxylase from B. subtilis and a gene coding for a corynebacterial alcohol 

dehydrogenase from plasmid pBB1 (Blombach et al., 2011) in C. glutamicum VB 

(pJC4ilvBNCDleuAG462D). Only trace amounts of 3-methyl-1-butanol were detected, whereas 

high amounts of L-lactate and succinate were detected as byproducts. This reflects the need 

for deletion of genes coding for competing pathways. In addition, other modifications might 

be necessary to ensure redox balance and thus, to direct flux towards 3-methyl-1-butanol. 
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Abbreviations 

The following list contains all abbreviations that are not explicitely explained in this work. 

approx.      approximately 

ATP       adenosine triphosphate 

BCA       bicinchoninic acid 

bp       base pairs 

°C       degree Celsius 

Ci       Curie 

cm       centimeter 

d       density 

DNA       deoxyribonucleic acid 

Ed./Eds.      editor/editors 

e.g.       exempli gratia (= for example) 

et al.       et alii (= and others) 

F       farad 

Fig.       figure 

g       gram 

x g  acceleration in multiples of acceleration of 
gravity 

GTP  guanosine triphosphate 

h       hour 

HPLC       high performance liquid chromatography 

i.e.       id est (= that is) 

k       kilo 

M       molar 

min       minute 

mg       milligram 
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mM       millimolar 

ml       milliliter 

µl       microliter 

NAD+       nicotinamide adenine dinucleotide (ox.) 

NADH       nicotinamide adenine dinucleotide (red.) 

NADP+ nicotinamide adenine dinucleotide 
 phosphate (ox.) 

NADPH  nicotinamide adenine dinucleotide 
 phosphate (red.) 

nm nanometer 

ori       origin of replication 

RNA       ribonucleic acid 

RNase       ribonuclease 

RP-HPLC      reversed phase HPLC 

rpm       rounds per minute 

s       second 

T       temperature 

Tab.       table 

Taq       Thermus aquaticus 

TE       Tris-EDTA 

TG       Tris-glycine 

U       unit 

UV       ultraviolet 

V       volt 

v       volume 

v/v       volume per volume 

w       weight 

w/v       weight per volume 
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Contribution of others to this work 

The deletion of prpC1 and prpC2 as well as the experiments on influence of L-leucine on 

growth of C. glutamicum VB (pJC4ilvBNCD) were done in collaboration with Dr. Felix 

Krause during his doctoral thesis (Krause, 2010). 

The experiments on KIC degradation by C. glutamicum ∆ilvE, both non-radioactive and 

radioactive, were performed in cooperation with André Huss (Huss, 2012). 

The investigation of regulation of isopropylmalate dehydratase (coded by leuCD) and of 

regulation of isopropylmalate dehydrogenase (coded by leuB), as well as the studies on the 

effect of overexpression of leuCD/leuB (alone or combined) on activity of the corresponding 

enzymes and on KIC formation, were done in collaboration with Sonja Messerschmidt 

(Messerschmidt, 2012). 
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