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1. Summary  

 

In the first part of this work, the pentose phosphate pathway (PPP) was investigated as 

a source of NADPH in reductive whole-cell biotransformation using Escherichia coli and 

Corynebacterium glutamicum as hosts and glucose as reductant. The reduction of 

methyl acetoacetate to the chiral (R)-methyl hydroxybutyrate (MHB) served as a model 

reaction for NADPH-dependent reactions and was catalyzed by an alcohol 

dehydrogenase (ADH) from Lactobacillus brevis. Partial cyclization of the PPP in E. coli 

and C. glutamicum was achieved by deletion of the phosphofructokinase gene pfkA, 

which prevents fructose 6-phosphate catabolism in the glycolytic pathway. The pfkA-

deficient mutants carrying the L. brevis ADH showed a doubled MHB-per-glucose ratio 

compared to the parent strains. In E. coli the partial PPP cyclization in the ∆pfkA mutant 

was proven by 13C-flux analysis, which showed a negative net flux through the 

phosphoglucose isomerase reaction. Furthermore, the flux through pyruvate kinase was 

found to be absent in the ∆pfkA mutant, indicating that a low phosphoenolpyruvate 

(PEP) concentration limited glucose uptake via the phosphotransferase system (PTS). 

PTS-independent glucose uptake and phosphorylation via the glucose facilitator and 

glucose kinase from Zymomonas mobilis enhanced the specific MHB productivity by 

21% in the E. coli ∆pfkA mutant. Deletion of glyceraldehyde 3-phosphate 

dehydrogenase (gapA) theoretically results in a completely cyclized PPP and a ratio of 

12 mol NADPH per mol glucose 6-phosphate. A C. glutamicum ∆gapA mutant showed a 

ratio of 7.9 mol MHB per mol glucose, which is the highest one reported so far. 

Formation of the by-product glycerol presumably was responsible for not achieving a 

higher ratio.  

In the second part of this work, a biosensor was developed which is capable of 

detecting a lowered intracellular NADPH/NADP+ ratio and trigger the synthesis of an 

autofluorescent protein. DNA microarray analysis of E. coli during biotransformation 

showed an upregulation of soxS transcription after MAA addition, suggesting that the 

SoxR regulator known to upregulate soxS expression is activated by a lowered 

NADPH/NADP+ ratio. Subsequently, the soxS promoter was fused on a plasmid with the 

gene encoding yellow fluorescent protein (eYFP). E. coli transformed with this plasmid 

showed fluorescence when MAA was added to the culture. The final fluorescence 
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intensity and thus the final eYFP titer correlated with the period of a lowered 

NADPH/NADP+ ratio, which was varied by adding different amounts of MAA. 

Furthermore, the kinetics of the fluorescence increase was dependent on the ADH 

activity, which determines the kinetics of MAA reduction and thus the kinetics of the 

decline of the NADPH/NADP+ ratio. The biosensor was used to screen a library of ADH 

mutants with the non-natural substrate 4-methyl-2-pentanone (MP). Single cells of the 

library showing increased fluorescence in the presence of MP were isolated using 

fluorescence-activated cell sorting (FACS). One of the isolated ADH mutants was shown 

to have a 35% higher specific MP reduction activity than the wild-type ADH, which 

demonstrates the applicability of this sensor in the development of NADPH-dependent 

enzymes.  

 

1.1  Zusammenfassung 

 

Im ersten Teil dieser Arbeit wurde der Pentosephosphat Weg (PPP) als NADPH Quelle 

für reduktive Ganzzell-Biotransformationen mit Escherichia coli und Corynebacterium 

glutamicum untersucht. Die Reduktion von Methylacetoacetat (MAA) zu dem chiralen 

(R)-Methyl-hydroxybutyrat (MHB) diente als Modellreaktion und wurde von der Alkohol 

Dehydrogenase (ADH) aus Lactobacillus brevis katalysiert. Die partielle Zyklisierung des 

PPP in E. coli und C. glutamicum konnte durch die Deletion der Phosphofructokinase 

Gens (pfkA) erreicht werden; diese Deletion verhindert den Abbau von Fructose-6-

Phosphat über die Glykolyse. Expression des Gens der ADH aus L. brevis in der ∆pfkA 

Mutante führte in der Biotransformation zu einer zweifachen Steigerung des 

Verhältnisses von MHB-pro-Glucose. Eine 13C-Flussanalyse validierte die partielle 

Zyklisierung des PPP in E. coli, da der Nettofluss durch die Phosphoglucose Isomerase 

in gluconeogenetischer Richtung erfolgte. Außerdem zeigte sich, dass kein Fluss durch 

die Pyruvatkinase in der ∆pfkA Mutanten vorhanden war. Dieses lässt darauf schließen, 

dass die Verfügbarkeit von Phosphoenolpyruvat (PEP) in der ∆pfkA Mutante limitiert ist, 

was zu einer geringeren Glucose Aufnahme mittels des Phosphotransferase Systems 

(PTS) führt. Eine PTS-unabhängige Glucose Aufnahme und Phosphorylierung wurde 

durch die heterologe Expression eines Glucose Facilitators und einer Glucosekinase 

aus Zymomonas moblis erreicht und führte in der E. coli ∆pfkA Mutante zu einer 
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Erhöhung der spezifischen Biotransformationsgeschwindigkeit um 21%. Die Deletion 

des Glycerinaldehyd-3-Phosphat Dehydrogenase Gens (gapA) kann theoretisch zu 

einer vollständigen Zyklisierung des PPP und einer Ausbeute von 12 mol NADPH pro 

mol Glucose-6-Phosphat führen. Mit einer C. glutamicum gapA Deletionsmutante wurde 

die höchste bisher beschriebene Ausbeute von 7,9 mol MHB pro mol Glucose erreicht.  

In dem zweiten Teil dieser Doktorarbeit wurde ein Redox Sensor entwickelt, der 

niedrige intrazelluläre NADPH/NAD+ Verhältnisse detektiert und die Synthese eines 

Autofluoreszenzproteins induziert. DNA-Microarray Analysen von E. coli während der 

Biotransformation zeigten eine Erhöhung der Transkription des Gens von SoxS nach 

Zugabe von MAA. Dies wies darauf hin, dass der Regulator des soxS Gens SoxR durch 

die Absenkung des NADPH/NADP+ Verhältnisses aktiviert wird. Der soxS Promotor 

wurde mit dem Gen des gelb fluoreszierenden Proteins (eYFP) auf einem Plasmid 

fusioniert. Dieses Plasmid wurde in E. coli eingebracht wonach die Bakterienzellen 

fluoreszierten, wenn MAA zu der Kultur gegeben wurde. Die maximale 

Fluoreszenzintensität und somit die maximale eYFP Konzentration korrelierte mit der 

Dauer der Absenkung des NADPH/NADP+ Redox-Verhältnisses, die durch die Zugabe 

von verschiedene MAA Konzentrationen variiert wurde. Weiterhin hing die Kinetik des 

Fluoreszenzanstiegs von der ADH-Aktivität ab, die die Kinetik der MAA Reduktion und 

der Absenkung des NADPH/NADP+ Verhältnisses bestimmt. Mittels dieses Biosensors 

konnten mutagenisierte ADH-Bibliotheken mit dem unnatürlichen Substrat 4-Methyl-2-

Pentanon (MP) untersucht werden. Einzelne Zellen dieser Bibliothek, die eine erhöhte 

Fluoreszenz in Anwesenheit von MP zeigten, wurden über Fluoreszenz-aktivierte 

Zellsortierung (FACS) ausgewählt. Dabei wurde eine Mutante mit einer um 35% 

gesteigerten spezifischen MP-Reduktionsrate im Vergleich zur Wildtyp-ADH isoliert. 

Dieser Sensor eröffnet somit die Möglichkeit, NADPH abhängige Enzyme mittels Hoch-

Durchsatz Screenings zu evolvieren. 
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2. Introduction 

 

2.1  Whole-cell biotransformation 

 

Reductive whole-cell biotransformation is an important method for industrial synthesis of 

chemical compounds. The advantages of the implementation of biocatalysts compared 

to chemical processes are that milder conditions can be applied like lower pressure and 

temperature. The main advantage is the ability for stereoselective reduction of prochiral 

substrates, an often challenging task with chemical processes (Faber 2000; Straathof et 

al. 2002). Examples of industrial synthetic processes with whole cells were reviewed by 

Ishige and coworkers in 2005, including syntheses of amino acids, vitamins and 

pharmaceuticals or their intermediates (Ishige et al. 2005). Especially chiral alcohols are 

of great interest because they can serve as building blocks of pharmaceuticals (Panke 

and Wubbolts 2005). A variety of oxidoreductases catalyzes the enantio- and 

regioselective reduction of ketones and depends on nicotinamide adenine dinucleotide 

cofactors (NADH or NADPH) for hydride transfer. Alcohol dehydrogenases (ADH) are 

most interesting for the production of chiral alcohols because these enzymes show 

notable chemo-, regio-, and enantioselectivity (Goldberg et al. 2007).  

 

2.1.1  Cofactor regeneration with single enzymes 

 

The reduction of ketones by ADHs depends on nicotinamide adenine dinucleotide 

coenzymes, either NADH or NADPH. For commercially relevant processes cofactor 

regeneration is important. The following requirements have to be kept in mind for the 

selection of an appropriate regeneration system: The reaction should be 

thermodynamically favored and the co-product and co-substrate should not interfere with 

main reactants and enzymes and by-product formation should be negligible (Hummel 

and Kula 1989). With Escherichia coli, different approaches for cofactor regeneration 

have been applied using one-enzyme coupled systems. For the regeneration of NADH 

the use of formate dehydrogenase (FDH) was established (Shaked and Whitesides 

1980). This enzyme links the oxidation of formate to CO2 to the reduction of NAD+ 
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(Egorov et al. 1979; Lamzin et al. 1992). The volatile product CO2 has many advantages 

because it disappears from the reaction solution and does not accumulate during the 

process. Additionally, this causes an irreversible reaction with the equilibrium towards 

NADH (Kula and Wandrey 1987; Weckbecker et al. 2010). The FDH of Mycobacterium 

vaccae was successfully adopted for cofactor regeneration, e.g. for the production of L-

amino acids (Galkin et al. 1997), mannitol (Kaup et al. 2004, 2005; Bäumchen and 

Bringer-Meyer 2007; Bäumchen et al. 2007), methyl-hydroxybutyrate (Ernst et al. 2005) 

or succinate (Litsanov et al. 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Nicotinamide adenine dinucleotide cofactors. A) NAD+ and B) NADP+  

 

For the reduction of NADP+ to NADPH glucose dehydrogenase (GDH) is applicable. 

The reaction is nearly irreversible due to the hydrolysis of the primary oxidation product 

gluconolactone. In vitro cofactor regeneration was implemented in the production of 

(6S)-tetrahydrofolate from dihydrofolate using purified GDH from Gluconobacter 

scleroides KY3613 (Eguchi et al. 1992). In whole cells a GDH from Bacillus megaterium 

was used in combination with the glucose facilitator (Glf) from Zymomonas mobilis for 

the catalysis of α-pinene to α-pinene oxide, verbenol, and myrtenol (Schewe et al. 2008) 

 

A B
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and for the conversion of methyl acetoacetate to (R)-methyl-hydroxybutyrate (Heuser et 

al. 2007).  

 

2.1.2  Cofactor regeneration via sugar metabolism 

 

When using either FDH or GDH, one mol NAD+ or of one mol NADP+ can be reduced by 

one mol formate or one mol glucose. When using the endogeneous sugar metabolism of 

cells for biotransformation, it is possible to reach much higher NADH per glucose or 

NADPH per glucose ratios (Chin and Cirino 2011), thus offering an advantage to the 

single enzyme regeneration systems. 

In E. coli glucose is taken up and simultaneously phosphorylated by the 

phosphoenolpyruvate phosphotransferase system (PTS) (Kundig et al. 1964; Gabor et 

al. 2011). Glucose 6-phosphate can be catabolized either via glycolysis or via the 

pentose phosphate pathway (PPP) (Fig. 2). The distribution depends on different 

parameters such as the growth rate and varies during growth on glucose between 55-

70% flux through glycolysis and 30-45% flux through the PPP (Zhao and Shimizu 2003). 

Redox cycling agents like paraquat induce superoxide stress conditions and enhance 

the flux through the PPP (Rui et al. 2010), which is probably due to a higher NADPH 

demand of the cell (Krapp et al. 2011). In E. coli and many other organisms, NADPH is 

predominantly produced in the PPP by glucose 6-phosphate dehydrogenase (EC 

1.1.1.49), which catalyzes the oxidation of glucose 6-phosphate to 6-phosphoglucono-δ-

lactone, and by 6-phosphogluconate dehydrogenase (EC 1.1.1.44), which catalyzes the 

oxidative decarboxylation of 6-phosphogluconate to ribulose 5-phosphate 

(Stephanopoulos et al. 1998). The two enzymes are encoded by the genes zwf and gnd, 

respectively.  

The non-oxidative part of the PPP consists of transketolase, transaldolase, ribulose-

phosphate 3-epimerase, and ribose phosphate isomerase. Transketolase and 

transaldolase catalyze the reversible transfer of a ketol group or of an activated 

dihydroxyacetone moiety, respectively, between several donor and acceptor substrates, 

thus creating a reversible link between glycolysis and the PPP (Sprenger 1995). Ribose 

5-phosphate isomerase catalyzes the conversion between ribose 5-phosphate and 
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ribulose 5-phosphate, ribulose phosphate 3-epimerase catalyzes the conversion of 

ribulose 5-phosphate to xylulose 5-phosphate. 

 

 
 

Fig. 2: Overview of the upper part of glycolysis and the PPP 

 

2.1.3  Metabolic engineering of the pentose phosphate pathway  

 

Different approaches to increase the flux through the PPP and thus the NADPH per 

glucose yield by metabolic engineering have been reported. Overexpression of genes 

involved in the PPP resulted in E. coli and Ralstonia eutropha in a higher poly-

hydroxybutyrate (PHB) production (Lim et al. 2002; Lee et al. 2003). Due to the higher 

flux through the PPP a 6-fold higher NADPH to NADP+ ratio (1.1 compared to 6.6) was 

measured in E. coli overexpressing zwf (Lim et al. 2002). In an independent study a 37% 

higher NADPH/NADP+ ratio was achieved in E. coli overexpressing zwf. This resulted in 
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a 21% enhancement in GDP-L-fucose production (Lee et al. 2011). In Aspergillus niger it 

was shown that overexpression of genes of the PPP increase the NADPH concentration 

in the cells by the factor of ~2.3 in the exponential growth phase (Poulsen et al. 2005). In 

summary, overexpression of genes of the PPP resulted in a higher flux through the PPP 

and a higher NADPH/NADP+ ratio and this is true not only for E. coli. 

Redirection of glucose 6-phosphate flux to the PPP can also be brought about by 

deletion of pgi gene with a theoretical yield of 2 mol NADPH per mol glucose from the 

PPP (Kruger and von Schaewen 2003). Cononaco and coworkers could show via 13C 

flux analysis that glucose catabolism proceeds predominantly (almost 100%) via the 

PPP in the ∆pgi mutant of E. coli (Canonaco et al. 2001). The complete flux through the 

PPP in the ∆pgi mutant was also independent on growth phase in batch cultivation 

(Toya et al. 2010). 

Similar to zwf overexpression deletion of pgi resulted in a 39% higher NADPH/NADP+ 

ratio (0.71 in the parental strain compared to 0.98 in the ∆pgi deletion mutant), which led 

to a higher thymidine production (Lee et al. 2010). The deletion of pgi was also 

beneficial for a higher xylitol per glucose yield (4 mol mol-1) compared to the parent 

strain (3.4 mol mol-1) (Chin et al. 2009). Using a theoretical approach, the NADPH 

production rate was proposed to be increased by 300% by deletion of pgi in comparison 

to wild type E. coli (Chemler et al. 2010). 

 

 

2.2  The (R)-specific alcohol dehydrogenase from Lactobacillus 

brevis 

 

The alcohol dehydrogenase from L. brevis (LbADH) belongs to the short-chain ADHs 

and is NADPH-dependent (Riebel 1996). The crystal structure of this protein composed 

of 251 amino acids was reported in 2005 (Fig. 3) (Schlieben et al. 2005). The structure 

showed a tetramer which is supposed to be the active form of the protein (Riebel 1996) 

and revealed insights into the amino acids involved in substrate and cofactor binding. 

The substrate phenylethanol retained in the binding pocket by interactions with Ala93, 

Leu152, Val195, Leu198 and Met205. Whereas an amino acid exchange from glycine to 

aspartate at position 37 (G37D) changed cofactor specificity from NADPH toward NADH 



                                                                                                       INTRODUCTION          9 

 
 

(Schlieben et al. 2005), a change of substrate specificity may be possible by exchange 

of the amino acids involved in substrate binding.    

 

 

 

Fig. 3: Crystal structures of the wild type LbADH tetramer (A) and monomer (B) in complex with 

acetophenone and NADP (PDB 1ZK4) (Schlieben et al. 2005). 

 

The LbADH is applicable for biotechnological processes for asymmetric organic 

synthesis (Hummel 1999). It catalyzes the reduction of a variety of prochiral ketones to 

secondary alcohols. The preferred LbADH substrate for in vitro studies is acetophenone, 

which is not accepted as a substrate by any of the commercially available ADHs and 

which is reduced by LbADH to R-phenyl ethanol with 100% enantiomeric excess 

(Hummel 1997). 

 

2.3  Biosensors 

 

The establishment of new biocatalytic processes of requires the identification of 

enzymes with the desired substrate specificity. High-throughput screening (HTS) is a 

challenging method because for each substrate a new system needs to be applied 

(Reetz 2003). In vitro screening systems often depend on an optical readout of 

surrogate substrates, such as ω-oxycarboxylic acids coupled to p-nitrophenolate, which 

shows a strong absorption at 405 nm (Schwaneberg et al. 2001). For NAD(P)H-

A) B)
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dependent processes mutant libraries were screened by monitoring the cofactor 

consumption during substrate oxidation (Boddupalli et al. 1990; Appel et al. 2001). This 

method was modified and adapted to microtiter plate scale by Tsotsou and coworkers 

enabling a HTS method (Tsotsou et al. 2002). Mutated derivatives of cytochrome P450 

monooxygenase from Bacillus megaterium were tested with different substrates and 

their activities were measured by detection of the alkaline products of NAD(P)H-

oxidation. The assay is not substrate-specific and can thus be applied to testing 

substrate mixtures. However, this method needs the addition of NAD(P)H which is cost-

intensive. Utilization of whole cells is advantageous because they contain this cofactor 

naturally. Application of transcriptional regulators to correlate gene expression to a read 

out of fluorescent protein is an upcoming method for the detection of small molecules 

(Gredell et al. 2012). Such biosensors are applied in whole cells for the detection of 

metabolites by the use of the natural transcriptional regulator repertoire of the cells, e.g. 

for amino acids (Binder et al. 2012; Mustafi et al. 2012), or by evolution of the AraC–

PBAD regulatory system as a screening tool for the improvement of mevalonate 

production (Tang and Cirino 2011). These systems have in common a direct readout of 

the fluorescence correlated to the specific effector concentration. One major advantage 

of using fluorescent marker proteins is the ability to use fluorescence activated cell 

sorting (FACS) for HTS, which shortens the time of analyzing millions of mutants 

drastically (Binder et al. 2012). 

 

2.3.1 The SoxRS system 

 

The bacterial response to oxidative stress is well studied in E. coli (Green and Paget 

2004). Especially the SoxRS regulatory system was supposed to respond to superoxide 

anions, as it was activated by redox-cycling agents like paraquat (PQ), menadione and 

plumbagin (Nunoshiba et al. 1992; Wu and Weiss 1991). These reagents produce 

superoxide at the expense of the oxidation of NADPH, decreasing the reducing capacity 

of the cell. The reduction of these chemicals and thereby formation of a radical is often 

catalyzed by flavoproteins such as NADPH-dependent cytochrome P-450 reductases. 

The free radical then reacts rapidly with O2 generating O2 and other reactive oxygen 

species (Cohen and d'Arcy Doherty 1987).  
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SoxR belongs to the MerR family of metal-binding transcription factors and is a 

homodimer in solution. Each subunit contains a [2Fe-2S] cluster that can be reversibly 

oxidized. In the reduced state the SoxR regulator is inactive. It was supposed that 

exposure to superoxide oxidizes the [2Fe-2S] clusters and thereby activates SoxR, 

which then activates the transcription of the soxS gene (Hidalgo and Demple 1994; 

Gaudu and Weiss 1996). In recent studies it was shown that SoxRS can also be 

activated by a decrease of the NADPH content in the absence of superoxide stress 

(Krapp et al. 2011; Gu and Imlay 2011). SoxR is kept in its inactive state by a NADPH 

dependent reduction, e.g. catalyzed by the proteins RseC and RsxBC (Koo et al. 2003). 

The SoxS protein belongs to the AraC family and increases the transcription of many 

genes through binding to their promoter regions and interaction with RNA polymerase (Li 

and Demple 1994, 1996; Jair et al. 1996; Martin et al. 2002). SoxS activates the 

transcription of ~100 genes (Blanchard et al. 2007), which include sodA (Mn-containing 

SOD), nfo (endonuclease IV, a DNA repair enzyme of oxidative damage), frp (ferredoxin 

reductase), acrAB (cellular efflux pumps), and fumC (redox-resistant fumarase). Another 

target of the SoxRS-regulatory system is the zwf gene encoding glucose 6-phosphate 

dehydrogenase. This enzyme catalyzes the first step of PPP, the NADP-dependent 

oxidation of glucose 6-phosphate to 6-phosphogluconolactone. The PPP is the main 

source of NADPH beside the isocitrate dehydrogenase-, transhydrogenase (PntAB)- and 

malic enzyme-catalyzed reactions in E. coli.  

 

2.4  Aim of this work 

 

The first aim of this work was to optimize endogenous sugar metabolism in order to 

increase the NADPH yield per glucose in whole-cell biotransformation processes. To this 

end, the PPP should be partially cyclized or completely cyclized. Partial cyclization of the 

PPP by elimination of phosphofructokinase activity should increase the NADPH per 

glucose yield to a theoretically maximal value of 6 mol mol-1. In this situation, fructose 6-

phosphate cannot be metabolized in glycolysis, but has to be isomerized to glucose 6-

phosphate again and degraded in the oxidative PPP. Complete oxidation of glucose via 

a cyclic PPP requires complete recycling of both fructose 6-phosphate and 

glyceraldehyde 3-phosphate formed in the PPP and can be achieved by elimination of 
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glyceraldehyde 3-phosphate dehydrogenase activity. In this situation, up to 12 mol 

NADPH should be formed per mol glucose 6-phosphate (Kruger and von Schaewen 

2003). The NADPH-dependent reduction of the prochiral β-ketoester methyl 

acetoacetate (MAA) to the chiral hydroxy ester (R)-methyl 3-hydroxybutyrate (MHB) 

catalyzed by the R-specific alcohol dehydrogenase from L. brevis served as a model 

reaction to test the above metabolic engineering approaches in E. coli and 

Corynebacterium glutamicum (Fig. 4). The second topic of this work was the 

establishment of a redox sensor that is able to detect a lowered intracellular 

NADPH/NADP+ ratio and convert this signal into a fluorescence signal. Such a 

biosensor is expected to have broad applicability for the high-throughput screening of 

NADPH-dependent enzymes which need to be altered or optimized with respect to the 

substrate spectrum or to activity under certain conditions of pH, temperature, etc.  

 

 

 

Fig. 4: Scheme of the model reaction catalyzed by the R-specific alcohol dehydrogenase from L. brevis. 
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3. Results 

 

The first topic of this thesis was the characterization of recombinant strains of 

Escherichia coli and Corynebacterium glutamicum in which the carbon flux from glucose 

was rerouted from glycolysis to the pentose phosphate pathway (PPP) in order to 

increase the NADPH yield per glucose in reductive whole-cell biotransformation 

processes. The results allocated to this research field have been summarized in three 

publications in “Applied Microbiology and Biotechnology”. 

The first publication (vol. 92, pp. 929-937, 2011) entitled “Increased NADPH 

availability in Escherichia coli: improvement of the product per glucose ratio in reductive 

whole-cell biotransformation” describes that the product per glucose yield of the 

reduction of methylacetoacetate (MAA) to methyl-3-hydroxybutyrate (MHB) catalyzed by 

the R-specific alcohol dehydrogenase (ADH) from Lactobacillus brevis was increased 

from 2.44 to 3.78 molMHB molglucose
-1 in mutant (pgi) lacking the phosphoglucose 

isomerase gene. Even higher yields of 4.79 and 5.46 molMHB molglucose
-1, were obtained 

with mutants lacking either phosphofructokinase A (∆pfkA) or phosphofructokinases A 

and B (∆pfkA∆pfkB), respectively.  

In the second publication (volume 93, pp. 1459-1467, 2012) entitled “Engineering 

yield and rate of reductive biotransformation in Escherichia coli by partial cyclization of 

the pentose phosphate pathway and PTS-independent glucose transport” the partial 

cyclization of the PPP in strains with reduced or absent phosphofructokinase activity 

was experimentally shown via 13C flux analysis, as a net flux from fructose 6-phosphate 

to glucose 6-phosphate was measured in the ∆pfkA mutant. Furthermore, almost no 

carbon flux through pyruvate kinase was detectable in this mutant, indicating that a low 

intracellular PEP concentration is limiting glucose uptake via the phosphotransferase 

system. This was confirmed by overexpression of the glucose facilitator and glucokinase 

from Zymomonas mobilis, which allowed for PTS-independent glucose uptake and 

phosphorylation and resulted in a higher glucose uptake rate and a 20% higher specific 

MHB production rate. 

The third publication entitled “Reductive whole-cell biotransformation with 

Corynebacterium glutamicum: improvement of NADPH generation from glucose by a 
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cyclized pentose phosphate pathway using pfkA and gapA deletion mutants” (DOI 

10.1007/s00253-012-4314-7, 2012) showed that the results from E. coli were 

transferable to C. glutamicum. With a pfkA deletion mutant of C. glutamicum, the same 

yield of 4.8 molMHB molglucose
-1 was reached as with the E. coli pfkA strain. Furthermore, 

cyclization of the PPP was accomplished by deletion of gapA resulting in a yield of 7.9 

molMHB molglucose
-1. 

The second topic of this thesis describes the development of a biosensor capable of 

detecting a decrease in the intracellular NADPH/NADP+ ratio. The basis for this 

development was a study in which the influence of the pfkA deletion in E. coli on global 

gene expression during reductive whole-cell biotransformation was studied and also the 

influence of oxygen on reductive biotransformation. In these studies, evidence was 

obtained that expression of the soxS gene is activated by a lowered NADPH/NADP+ 

ratio. The corresponding results are summarized in a manuscript entitled “NADPH-

dependent reductive biotransformation with Escherichia coli and its pfkA deletion 

mutant: Influence on global gene expression and role of oxygen supply”. 

Based on the increased soxS expression during increased NADPH consumption via 

reduction of MAA to MHB, a plasmid-based sensor was constructed in which the soxS 

promoter controls expression of the gene encoding the autofluorescent protein EYFP. 

Studies with this sensor supported the view that soxS expression is activated by a 

decreased NADPH/NADP+ ratio. Furthermore, it was shown that this sensor can be 

used for HT-screening of NADPH-dependent enzymes, which is of high interest in the 

field of biocatalysis and metabolic engineering. The results on the biosensor are 

summarized in a manuscript entitled “SoxR as Single-Cell Biosensor for NADPH-

Consuming Enzymes in Escherichia coli”. These results are also the basis of patent 

application (Submitted to the German Patent and Trademark Office at the 27.08.2012). 
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Abstract A basic requirement for the efficiency of 
reductive whole-cell biotransformations is the reducing 
capacity of the host. Here, the pentose phosphate pathway 
(PPP) was applied for NADPH regeneration with glucose 
as the electron-donating co-substrate using Escherichia 

coli as host. Reduction of the prochiral -keto ester 
methyl acetoacetate (MAA) to the chiral hydroxy ester 
(R)-methyl 3-hydroxybutyrate (MHB) served as a model 
reaction, catalyzed by an R-specific alcohol 
dehydrogenase. The main focus was maximization of the 
reduced product per glucose yield of this pathway-
coupled cofactor regeneration with resting cells. With a 
strain lacking the phosphoglucose isomerase, the yield of 
the reference strain was increased from 2.44 to 3.78 mol 
MHB/mol glucose. Even higher yields were obtained 
with strains lacking either phosphofructokinase I (4.79 
mol MHB/mol glucose) or phosphofructokinase I and II 
(5.46 mol MHB/mol glucose). These results persuasively 
demonstrate the potential of NADPH generation by the 
PPP in whole-cell biotransformations. 
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Introduction 
 
Utilization of microorganisms for reductive whole-cell 
biotransformation under resting cell conditions has 
become an important method in chemoenzymatic 
synthesis, e. g. for the production of chiral intermediates 
required in the synthesis of pharmaceuticals. A variety of 
dehydrogenases catalyzes the enantio- and regioselective 
reduction of ketones and depends on nicotinamide 
adenine dinucleotide coenzymes (NADH or NADPH) for 
hydride transfer. Efficient coenzyme recycling by 
recombinant enzymes transforming the oxidized 
coenzyme back to its reduced form is essential for the 
productivity of reductive whole-cell biotransformations. 
Prominent products whose synthesis by 
biotransformation requires NAD(P)H are chiral alcohols 
that serve as building blocks in the synthesis of statins, 
compounds that dominate the world market for 
cholesterol-lowering drugs (Panke and Wubbolts 2005; 
Liljeblad et al. 2009). 

The advantages of using whole cells for 
biotransformations compared to isolated enzymes are (i) 
the possibility to regenerate cofactors in vivo via cheap 
electron-donating co-substrates, (ii) the use of enzymes 
without cost-intensive purification and (iii) an extended 
life period of the catalysts. With Escherichia coli 
different approaches for cofactor regeneration have been 
applied, e.g. using one-enzyme-coupled systems, like 
formate dehydrogenase (Kaup et al. 2004; Ernst et al. 
2005; Kaup et al. 2005) or glucose dehydrogenase 
(Eguchi et al. 1992; Heuser et al. 2007; Zhang et al. 
2009), which oxidize one 1 formate to CO2 or 1 mol 
glucose to gluconate, respectively, for regeneration of 1 
mol NAD(P)H.  
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Another possibility is to take advantage of the 
metabolism of the cell for cofactor regeneration (Walton 
and Stewart 2004; Blank et al. 2008; Bühler et al. 2008; 
Chin et al. 2009; Fasan et al. 2010; Akinterinwa and 
Cirino 2011).  

Directing the metabolism in an efficient way to the 
reduction of NAD(P)H is complex, since these cofactors 
play important roles in a large number of cellular 
reactions (Blank et al. 2008; Holm et al. 2010). 
Nevertheless, increasing the yield of reduced product per 
glucose, YRPG, as defined by Akinterinwa and Cirino 
(Akinterinwa and Cirino 2011), is essential for an 
enhancement of the efficiency of whole-cell 
biotransformation. This has exemplarily been shown for 
different NADPH-dependent processes. With a mutant of 
E. coli incapable of fermentation, a YRPG of 4 mol xylitol 
per mol glucose was achieved under anaerobic conditions 
(Akinterinwa and Cirino 2011). With an engineered P450 
monooxygenase, a YRPG of 1.71 was reached with an E. 
coli mutant lacking ndh, adh, ldh (Fasan et al. 2010).  

In E. coli and many other organisms, NADPH is 
mostly produced in the pentose phosphate pathway (PPP) 
by glucose-6-phosphate dehydrogenase (EC 1.1.1.49), 
which catalyzes the oxidation of glucose 6-phosphate to 
6-phosphoglucono-δ-lactone, and by 6-phosphogluconate 
dehydrogenase (EC 1.1.1.44), which catalyzes the 
oxidative decarboxylation of 6-phosphogluconate to 
ribulose 5-phosphate (Stephanopoulos et al. 1998). The 
two enzymes are encoded by the genes zwf and gnd, 
respectively. Different approaches to increase the 
NADPH per glucose yield of the PPP by metabolic 
engineering have been reported, either by overexpression 
of genes involved in the PPP (Lim et al. 2002; Lee et al. 
2003; Poulsen et al. 2005) or by deletion of the 
phosphoglucose isomerase (pgi) gene (Canonaco et al. 
2001; Lee et al. 2010).  

The deletion of pgi prohibits glucose catabolism via 
the glycolytic pathway and enforces glucose 6-phosphate 
catabolism via the PPP, with two mol NADPH being 
formed per mol glucose. Complete oxidation of glucose 
via a cyclic PPP, which requires complete recycling of 
both fructose 6-phosphate and triose phosphate, 
theoretically affords the generation of 12 mol reduction 
equivalents per mol glucose 6-phosphate (Kruger and von 
Schaewen 2003). While deletion of pgi renders 
cyclization impossible, diversion of glucose catabolism 
from glycolysis to the PPP can be brought about by 
reduction of phosphofructokinase (EC 2.7.1.11) activity. 

E. coli possesses two non-homologues 
phosphofructokinases, Pfk I and Pfk II (Fraenkel et 
al. 1973), which are encoded by the gene pfkA and 
pfkB, respectively. About 90-95% of the total 
phosphofructokinase activity in E. coli is 
contributed by Pfk I (Vinopal et al. 1975; Vinopal and 
Fraenkel 1975). Phosphofructokinase I (∆pfkA) deficient 
and phosphofructokinase I and II (∆pfkA∆pfkB) double 
deletion mutants theoretically should afford 6 mol 
NADPH per mol glucose by completely converting 
fructose 6-phosphate to glucose 6-phosphate and 

recycling through the PPP (Kruger and von Schaewen 
2003). This partial cycling allows catabolism of 
glyceraldehyde 3-phosphate produced in the PPP via the 
lower part of glycoysis (Embden-Meyerhof pathway, 
EMP) and the tricarboxylic acid cycle (TCC). Under 
resting cell conditions this carbon flux through EMP and 
TCC is necessary and beneficial for energy generation 
and sustainment of glucose uptake by the 
phosphoenolpyruvate- dependent phosphotransferase 
system.  

In the present work the NADPH-dependent reduction 
of the β-keto ester methyl acetoacetate (MAA) to the 
chiral hydroxy ester (R)-methyl 3-hydroxybutyrate 
(MHB) catalyzed by Lactobacillus brevis alcohol 
dehydrogenase served as a model reaction for a reductive 
whole-cell biotransformation. A PPP which was partially 
disconnected from the EMP was applied for cofactor 
regeneration with glucose as the electron-donating co-
substrate. While the present paper was submitted, an 
online publication with a similar objective was issued 
(Chin and Cirino 2011).  
 
Materials and Methods 
 
Chemicals and enzymes 
 
Chemicals were obtained from Sigma-Aldrich 
(Taufkirchen, Germany), Operon (Munich, Germany), 
Qiagen (Hilden, Germany), Merck (Darmstadt, 
Germany), and Roche Diagnostics (Mannheim, 
Germany).  
 
Bacterial strains, plasmids media and growth conditions 
 
Strains and plasmids used in this work are listed in Table 
1. E. coli strains were transformed by the method 
described by Hanahan (1983) and cultivated in LB 
medium (Miller 1972) or in 2xYT medium (16 g l-1 
tryptone, 10 g l-1 yeast extract, 5 g l-1 sodium chloride). E. 
coli DH5α (Hanahan 1983) was used for cloning 
purposes and E. coli BL21 Star (DE3) (Invitrogen, 
Karlsruhe, Germany) and derivatives for gene expression 
and whole-cell biotransformation. Plasmids were selected 
by adding antibiotics to the medium at a final 
concentration of 100 μg ampicillin ml-1 (pBtacLbadh), 
and 25 μg chloramphenicol ml-1 (pKO3). 
 
Recombinant DNA work 
 
Standard methods like PCR, restriction or ligation were 
carried out according to established protocols (Sambrook 
and Russell 2001). E. coli cells were transformed by the 
CaCl2 method (Hanahan et al. 1991). DNA sequencing 
was performed by Agowa (Berlin, Germany). 
Oligonucleotides were synthesized by Biolegio bv 
(Nijmegen, The Netherlands) and are listed in Table 1.  
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In-frame deletion mutants of the genes pfkA 
(ECBD_4108), pfkB (ECBD_1922) and pgi 
(ECBD_4012) were constructed with slight modifications 
via the two-step homologous recombination procedure as 
described previously (Link et al. 1997). The procedure 
will be exemplified for pfkA. Deletion of pfkB and the pgi 
gene was performed comparably; the same 
oligonucleotide nomenclature was used. The up- and 
downstream regions of pfkA were amplified using the 
oligonucleotide pairs pfkA1/pfkA2 and pfkA3/pfkA4. 
The resulting PCR products served as template for an 
overlap extension PCR with the oligonucleotides  

pfkA1/pfkA4. The approximately 1 kb product was 
digested with XmaI and BamHI and cloned into the 
vector pKO3. The resulting derivatives pKO3∆pkfA, 
pKO3∆pkfB and pKO3∆pgi were suitable for performing 
an allelic exchange by homologous recombination into 
the chromosome of E. coli BL21(DE3) resulting in 
mutant strains E. coli BL21(DE3) ∆pkfA, E. coli 
BL21(DE3) ∆pkfB, E. coli BL21(DE3) ∆pkfA∆pkfB and 
E. coli BL21(DE3) ∆pgi, respectively. The mutants were 
verified by a PCR reaction using oligonucleotide pair 
pfkAproof_for/pfkAproof_rev (etc.), flanking the deleted 
region. 
 

Strains,  plasmids  and 
oligonucleotides 

Relevant characteristics/ 5´‐3´sequence Reference

Strains     

DH5α F− ø80lacZM15 (lacZYA-argF) U169 deoR recA1 endA1 hsdR17 (rk−, mk+) 
phoA supE44 λ− thi-1 gyrA96 relA1 

Hanahan  1983, 
Invitrogen

BL21 Star (DE3) F– ompT hsdSB(rB
–, mB

–) gal dcm rne131 (DE3) Invitrogen

Reference strain for 
biotransformation 

BL21 Star (DE3) with pBtacLbadh This study 

pfkA BL21 Star (DE3) pfkA with pBtacLbadh This study 

pfkApfkB BL21 Star (DE3) pfkApfkB with pBtacLbadh This study 

pfkB BL21 Star (DE3) pfkB with pBtacLbadh This study 

pgi BL21 Star (DE3) pgi with pBtacLbadh This study 

Plasmids   

pBTac1 AmpR, Ptac, lacI; expression vector for E. coli Boehringer 
Mannheim 

pBTac-Lbadh pBtac1 derivative with adh gene from Lactobacillus brevis X-Zyme, Ernst et 
al. 2005 

pKO3 CamR, allelic replacement vector Link et al. 1997 

pKO3 pfkA pKO3 derivative; deletion plasmid of pfkA This study 

pKO3 pfkB pKO3 derivative; deletion plasmid of pfkB This study 

pKO3 pgi pKO3 derivative; deletion plasmid of pgi This study 

Oligonucleotides     

pfkA1 GCTACCCGGGCCGATGCTCTGTTTGCATTG  

pfkA2 CAGTTTTTTCGCGCACATCGAAGTGATCCAACGAATGTGCAAATAGTATA  

pfkA3 TGGATCACTTCGATGTGCGCGAAAAAACTGTATTAATGATTTCGGAAAAA  

pfkA4 CAGTGGATCCTGAACCACCGTGGGACTG  

pfkB1 GCTACCCGGGGGTGGTGTCAGCCGTAAG  

pfkB2 GGAAAGGTAAGCGTACATTTCCTCCTATAGGCTGATTTCAGTCTGGCACC  

pfkB3 CTATAGGAGGAAATGTACGCTTACCTTTCCCGCTAACAAAAACATTCCCC  

pfkB4 CTGAGGATCCGATCATAAGGTTAGCGCAAGAATG  

pgi1 GCTACCCGGGACATAACTACCTCGTGTCAG  

pgi2 GCGCCACGCTTTATACATTAGCAATACTCTTCTGATTTTGAGAATTGTGA  
pgi3 AGAGTATTGCTAATGTATAAAGCGTGGCGCGGTTAATCATCGTCGATATG  
pgi4 GCTACCCGGGCGGGATCGAGTATACACAAC  
pfkAproof_for ATAGCGCGTTACGCATGGG  
pfkAproof_rev TCCACGTCATAGGCCAGAG  
pfkBproof_for GAAGTATTACTGGCGTTCCC  
pfkBproof_rev CGATTTCGCCTTCACCTAAC  
pgiproof_for CACGTTGGCATCAGAAAGC  
pgiproof_rev TCGCCGCAAGCGCAGATATG  

Table 1 Strains, plasmids and oligonucleotides used in this work
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Whole-cell biotransformation 
 
For cultivation of the different recombinant E. coli 
BL21(DE3) strains carrying the pBtacLbadh plasmid, a 
single colony of each strain was inoculated into 5 ml 
2xYT medium containing the appropriate selection 
marker as described above and grown overnight at 37°C 
and 130 rpm. These pre-cultures were used for 
inoculation of the main cultures to an optical density at 
600 nm (OD600) of 0.05. Main cultures were grown in 
100 ml 2xYT medium in the presence of the appropriate 
selection marker at 37°C and 130 rpm to an OD600 of 0.3, 
induced with 1 mM IPTG, incubated at 37°C and 130 
rpm for another 3 h and harvested at an OD600 between 2 
and 4.5, which had been determined as the optimal cell 
density for subsequent whole-cell biotransformation. 

The cells were harvested by centrifugation (4,000 g, 7 
min) and resuspended in reaction buffer containing 2% 
(w/v) glucose, 2 mM MgSO4 and 250 mM potassium 
phosphate buffer, pH 6.5 to a cell density of 3 g cell dry 
weight (cdw) l-1. The reaction was started by adding 60 
mM MAA. Biotransformation was conducted at 37°C and 
130 rpm to prevent cell sedimentation. Specific 
productivities (mmol MHB h-1 (g  
cdw)-1) were determined by taking samples at 15 min 
time intervals over a period of 2 h. MHB and glucose 
concentrations of the samples were determined (see 
below). Specific productivities were calculated by 
dividing the slope of graphs showing MHB concentration 
vs. time by the cell dry weight.  
 
Enzyme activity assays 
 
Cell harvesting was carried out by centrifugation (10,000 
g, 4°C, 5 min). The cells were resuspended in 100 mM 
potassium phosphate buffer, pH 6.5, with 1 mM 
dithiothreitol and 1 mM MgCl2. Cells were disrupted at 
4°C by 3 x 15 sec bead-beating with 0.1 mm diameter 
glass beads using a Silamat S5 (Ivoclar Vivadent GmbH, 
Germany) and crude extracts were centrifuged at 16,000 
g (4°C, 20 min) to remove intact cells and cell debris. 
The supernatants were used as cell-free extracts. Enzyme 
activities were measured photometrically at 340 nm using 
different dilutions of the cell-free extract. Alcohol 
dehydrogenase activity was determined using a mixture 
of 10 mM methyl acetoacetate, 250 μM NADPH, and 1 
mM MgCl2 in 100 mM potassium phosphate buffer, pH 
6.5, and cell-free extract. Phosphofructokinase activity 
was determined using a coupled enzymatic assay with 
pyruvate kinase and lactate dehydrogenase modified from 
(Santamaría et al. 2002). The assay mixture contained 
100 mM Tris-HCl pH 7,5, 50 mM KCl, 5 mM NH4Cl, 5 
mM MgCl2, 0.5 mM ATP, 0.25 mM NADH, 2.5 mM 
fructose 6-phosphate, 0.5 U pyruvate kinase, 0.5 U lactate 
dehydrogenase, 2 mM phosphoenolpyruvate, and cell-
free extract. The reaction was started by addition of 
phosphoenolpyruvate. Unspecific activity was monitored 
with test mixtures where fructose 6-phosphate was 
omitted. The assay mixture for phosphoglucose 

isomerase (Fraenkel and Levisohn 1967) consisted of 100 
mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 U glucose 6-
phosphate dehydrogenase, 1 mM NADP+, 2.5 mM 
fructose 6-phosphate, and cell-free extract. One unit of 
enzyme activity was defined as the amount of enzyme 
catalyzing the conversion of 1 μmol min−1 pyridine 
nucleotide at 30°C under the specified conditions. Protein 
concentrations were determined by the method of 
Bradford (Bradford 1976) using bovine serum albumin as 
a standard. 
 
Analyses of substrates and products 
 
Methyl acetoacetate (MAA) and (R)-methyl 3-
hydroxybutyrate (MHB) were analyzed by HPLC using a 
Synergi 4u Polar-RP 80A column (Phenomenex, 
Aschaffenburg, Germany) at ambient temperature. 
Separation was achieved using 10% (v/v) methanol at a 
flow rate of 1 ml min-1. The components were quantified 
by the refraction index. Calibration curves were prepared 
using five defined concentrations of MAA and MHB.  

Extracellular metabolites were analyzed by HPLC 
using an Aminex HPX-87H column (Bio-Rad). The 
operating temperature was 40°C. Separation was 
achieved using 0.06 mM H2SO4 at a flow rate of 0.4 
ml/min. The metabolites were quantified by UV 
absorbance at 210 nm. A calibration curve was made 
using six different metabolite concentrations.  

The glucose concentration was determined via HPLC 
as described for MAA and MHB determination, or 
enzymatically by using the glucose Gluc-DH FS* Kit 
according to the instructions of the manufacturer (DiaSys, 
Holzheim, Germany).  
 
Analysis of NAD(P)H and NAD(P)+ 

 
Intracellular pyridine nucleotides NAD(P)H and 
NAD(P)+ were extracted using EnzyChromTM 
NAD(P)+/NAD(P)H assay kit (BioAssay Systems, 
Hayward, CA) following the manufacturer’s instructions 
and as previously described by Lee et al. (Lee et al. 
2010). For rapid inactivation of the cellular metabolism, 
the cell pellets obtained after centrifugation were frozen 
in liquid nitrogen and stored at -20°C. Pellets were 
resuspended with Acid extraction buffer (BioAssay 
Systems) or Base extraction buffer (BioAssay Systems) 
to extract oxidized pyridine nucleotides or reduced 
pyridine nucleotides, respectively (Matsumura and 
Miyachi 1980). This extraction method prevented 
oxidation, reduction, or breakdown of nucleotides during 
the process of cell lysis and extract preparation 
(Lundquist and Olivera 1971; Grose et al. 2006). The 
relative amounts of NAD+, NADH, NADP+, and NADPH 
in each extract were then quantified by the enzymatic 
methods of Zerez et al. (Zerez et al. 1987) by using an 
NADP+-specific glucose 6-phosphate dehydrogenase and 
an NAD+-specific yeast alcohol dehydrogenase 
(BioAssay Systems). 
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Results 

 
Activity of phosphofructokinase and phosphoglucose 
isomerase in E. coli reference strain and mutant strains 
 
In order to increase NADPH production from glucose in 
E. coli, mutants of strain BL21(DE3) were constructed in 
which the genes pfkA (phosphofructokinase I), pfkB 
(phosphofructokinase II), pfkA and pfkB, or pgi (glucose 
6-phosphate isomerase) were deleted. To determine the 
consequences of these deletions at the enzymatic level, 
the activities of phosphofructokinase and glucose 6-
phosphate isomerase were measured in cell-free extracts 
of the reference strain and the deletion mutants (Table 2).  

The phosphofructokinase (Pfk) activity of the 
reference strain was 0.64 U (mg protein)-1 and was set as 
100%. As already observed in earlier work (Vinopal et al. 
1975), most of the Pfk activity is provided by Pfk I, as the 
∆pfkA mutant showed a residual activity of only 22%. 
The ∆pfkB mutant had a residual activity of 78%, 
indicating that Pfk II contributed 22% of the total Pfk 
activity. Surprisingly, the absence of both pfkA and pfkB 
did not result in a complete loss of phosphofructokinase 
activity, as the ∆pfkA∆pfkB mutant showed a residual 
phosphofructokinase activity of 27% of the reference 
strain activity (Table 2). Similar results during in vitro 
assays of ∆pfkA∆pfkB mutants were already reported 
most recently (Chin and Cirino 2011). The residual 
phosphofructokinase in vitro activity in ∆pfkA∆pfkB 
mutants could possibly be due to a side activity of an 
enzyme belonging to the PfkB family of phosphosugar 
kinases, which form a subset of the ribokinase 
superfamily (Park and Gupta 2008). Possibly, ribokinase 
or another member of this family phosphorylates fructose 
6-phosphate to fructose-1,6-diphosphate in vitro which 
may be due to the dilution of an allosteric inhibitor in the 
in vitro assay. The differences of growth in ∆pfkA∆pfkB 
and ∆pfkA mutants (not shown) and in biotransformation 
yield (in the following) indicate that the residual 
phosphofructokinase activity may be attenuated in vivo.  

The activity of phosphoglucose isomerase was 
similar in the reference strain, the ∆pfkA and ∆pfkB 
strains, and slightly elevated in the ∆pfkA∆pfkB double 
mutant. No residual phosphoglucose isomerase was 
measurable in the ∆pgi strain (Table 2).  

Biotransformation of MAA to MHB with the reference 
and the mutant strains 
 
For the biotransformation of methyl acetoacetate (MAA) 
to (R)-methyl-3-hydroxybutanoate (MHB), the gene 
encoding the (R)-specific alcohol dehydrogenase of 
Lactobacillus brevis (Lbadh) was overexpressed in E. 
coli BL21(DE3) as well as in the mutant strains ∆pgi, 
∆pfkA, ∆pfkB and ∆pfkA∆pfkB. The activity of the 
alcohol dehydrogenase was high and not limiting in all 
strains, ranging from 17–28 U mg-1 in independent 
biotransformations. The kinetics of MHB production and 
glucose consumption were completely or almost 
completely linear over the assay period of 120 min (Fig. 
1). 

The MHB production rates of the reference strain and 
mutants ranged between 8.51 and 9.11 mmol MHB h-1 (g 
cdw)-1 (Fig. 2). Those of the reference strain and the 
∆pfkB mutant were similar with 8.57 ± 0.15 and 8.51 ± 
0.03 mmol MHB h-1 (g cdw)-1, respectively. The ∆pfkA 
mutant showed the highest productivity (9.11 ± 0.29 
mmol MHB h-1 (g cdw)-1) followed by the ∆pgi mutant 
(8.86 ± 0.32 mmol MHB h-1 (g cdw)-1) and the 
∆pfkA∆pfkB double mutant (8.84 ± 0.63 mmol MHB h-1 
(g cdw)-1). Even though the MHB production rates were 
similar, the glucose consumption rates differed greatly 
between reference strain and ∆pfkB mutant on the one 
hand and the ∆pgi, ∆pfkA and ∆pfkA∆pfkB mutants on the 
other hand. The reference strain and the ∆pfkB mutant 
consumed 3.38 ± 0.26 and 3.58 ± 0.17 mmol glucose h-1 
(g cdw)-1, respectively, which was in the range of 
published values for glucose consumption rates of 
growing cells at 37°C (Hua et al. 2003; Nor'Aini et al. 
2006). The molar ratio of produced MHB to consumed 
glucose (YRPG) was 2.44 ± 0.15 for the reference strain 
and 2.53 ± 0.03 for the ∆pfkB strain.  

Generally, disruption of the pgi gene encoding 
phosphoglucose isomerase is known to prevent or delay 
the glucose utilization in cells and retards cell growth due 
to a limited capacity for reoxidation of excess NADPH 
produced in the PPP (Canonaco et al. 2001; Sauer et al. 
2004). Likewise, also in our study the deletion of the pgi 
gene resulted in a lowered glucose consumption rate of 
2.30 ± 0.10 mmol glucose h-1 (g cdw)-1, which was also 
reported for growing cells (Hua et al. 2003; Nor'Aini et 
al. 2006; Blank et al. 2008; Lee et al. 2010).

 

Strain  

 

Phosphofructokinase 

μmol min-1 (mg protein)-1 

Phosphoglucose isomerase 

μmol min-1 (mg protein)-1 

Reference strain 0.64 ± 0.07 (100%) 0.33 ± 0.08 

pfkA 0.15 ± 0.05 (23%) 0.30 ± 0.03 

pfkB 0.50 ± 0.16 (78%) 0.27 ± 0.05 

pfkApfkB 0.17 ± 0.05 (27%) 0.45 ± 0.01 

pgi 0.53 ± 0.09 (83%) 0 

Table 2 Specific activities of 
phosphofructokinase and 
phosphoglucose isomerase in 
Escherichia coli reference 
strain and deletion mutants. 
 
 
 
 
Standard deviations are from 
two biological experiments 
with two technical replicates, 
each. 
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The ∆pgi mutants invariably metabolise glucose via 

the PPP and therefore produce 2 mol NADPH per mol 
glucose via this pathway. However, during 
biotransformation the YRPG was 3.78 ± 0.23 mol 
MHB/mol glucose, indicating that additional reactions 
coupled with NADPH formation such as isocitrate 
dehydrogenase or transhydrogenase were going on. 

 
For the ∆pfkA∆pfkB strain a specific glucose 

consumption rate of 1.49 ± 0.10 mmol glucose h-1 (g  
cdw)-1 and an YRPG of 5.46 ± 0.15 mol MHB/mol glucose 
were measured. The single deletion mutant ∆pfkA showed 
a glucose consumption rate of 1.76 ± 0.13 mmol glucose 
h-1 (g cdw)-1 and an YRPG of 4.79 ± 0.08 mol MHB/mol 
glucose.  
 
 
 

Fig. 2 Specific MHB production rates (black bars, mmol h-1 (g cdw)-1), specific glucose consumption rates (white bars, mmol h-1 (g cdw)-1) 
and ratio of MHB per consumed glucose (striped bars, mol mol-1) of biotransformations with E. coli BL21(DE3) reference strain and 
deletion mutants. All strains carried the plasmid pBtacLbadh. Mean values and standard deviations from at least three independent 
experiments are shown. 
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Fig. 1 Representative kinetics of MHB production (  ) and glucose consumption (  ) during biotransformation with E. coli BL21(DE3) 
reference strain and deletion mutants lacking either one or both of the phosphofructokinase genes pfkA and pfkB and the phosphoglucose 
isomerase gene pgi. All strains carried the plasmid pBtacLbadh.
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Formation of extracellular by-products during 
biotransformation 

 
Samples for extracellular metabolite analysis were taken 
after 2 h of biotransformation (Fig. 3). The reference 
strain produced significant concentrations of lactate (7.2 
± 0.4 mM) and acetate (26.0 ± 6.1 mM). In the mutant 
strains ∆pfkA and ∆pfkA∆pfkB no lactate and significantly 
lower concentrations of acetate (15.1 ± 3.9 mM and 12.3 
± 3.4 mM) were formed, caused by the redirection and 
reduction of the glucose flux. The decreased by-product 
formation also contributes to the increased YRPG of the 
mutant strains.  
 
Intracellular redox ratios of pyridine nucleotides 

 
The ratios of the redox pairs NADH/NAD+ and 
NADPH/NADP+ in the reference strain and the different  
deletion mutants were determined at three time points of  
the biotransformation (Table 3). The concentrations of  

 
 
 
 
the pyridine nucleotides are listed in Table S1A, S1B.  
The ratios at time point zero were measured before the 
addition of the substrate MAA to the cells, but in the 
presence of glucose. The initial NADPH/NADP+ ratios of 
the reference strain and the ∆pfkB mutant were similar 
corresponding to their similar YRPG values. Likewise, 
mutants ∆pgi, ∆pfkA and ∆pfkA∆pfkB showed initial 
ratios of this redox pair which correlated with their 
biotransformation yields (Figure S2). The samples taken 
30 and 120 min after the addition of MAA showed the 
expected drop of the NADPH/NADP+ ratio, due to the 
rapid consumption of NADPH by the highly active, 
recombinant alcohol dehydrogenase. The ratios of 
NADH/NAD+ before and after addition of the substrate 
MAA were similar in the reference strain and in the 
deletion mutants. 
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Strain [NADPH]/[NADP+]  [NADH]/[NAD+] 

 
Time (min)  Time (min) 

0 30 120  0 30 120 

Reference strain 0.21 ± 0.03 0.17 ± 0.04 0.17 ± 0.05  0.39 ± 0.10 0.48 ± 0.08 0.65 ± 0.03 

pfkB 0.22 ± 0.01 0.10 ± 0.02 0.15 ± 0.07  0.39 ± 0.07 0.42 ± 0.30 0.73 ± 0.35 

pfkA 0.50 ± 0.04 0.28 ± 0.02 0.21 ± 0.05  0.35 ± 0.19 0.44 ± 0.10 0.46 ± 0.05 

pfkApfkB 0.61 ± 0.09 0.10 ± 0.01 0.11 ± 0.07  0.30 ± 0.08 0.45 ± 0.24 0.40 ± 0.11 

pgi 0.46 ± 0.05 0.26 ± 0.09 0.16 ± 0.09  0.30 ± 0.18 0.42 ± 0.29 0.61 ± 0.30 

 
All strains expressed the plasmid-encoded alcohol dehydrogenase gene from Lactobacillus brevis. Samples taken at the time point zero 
did not yet contain the biotransformation substrate MAA. Results were derived from at least two independent experiments. 

Table 3 Ratios of [NADPH]/[NADP+] and [NADH]/[NAD+] in E. coli reference strain and deletion mutants at three time points during 
biotransformation. 

Fig. 3 Formation of by-products by 
Escherichia coli BL21(DE3) 
pBtacLbadh (black bars), E. coli 
BL21(DE3) pfkA pBtacLbadh 
(white bars) and Escherichia  coli 
BL21(DE3) pfkApfkB 
pBtacLbadh (grey bars) after 120 
min biotransformation. Mean 
values from two independent 
experiments are shown. 
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 Discussion 

 
For reductive whole-cell biotransformations requiring 
NADPH, attempts were made in this work to increase the 
yield of mol NADPH per mol glucose in E. coli. In 
growing cells of E. coli, 12% of the glucose is 
catabolized via the PPP (Fuhrer et al. 2005). It may be 
assumed that this value is also true for glucose-
metabolizing resting cells of E. coli. In order to increase 
the carbon flux from glucose through the PPP, glycolysis 
was interrupted either at the level of phosphoglucose 
isomerase (encoded by pgi) or at the level of 
phosphofructokinase I and II (encoded by pfkA and pfkB).  
The deletion of pgi likely results in a situation where 
100% of glucose has to be metabolized via the PPP in a 
linear, non-cyclic fashion, yielding two mol NADPH per 
mol glucose. As a YRPG value of 3.8 mol MHB/mol 
glucose was obtained with the ∆pgi mutant, additional 
NADPH must be generated by isocitrate dehydrogenase 
and/or transhydrogenase activities (Fuhrer and Sauer 
2009). A slower glucose uptake rate of a ∆pgi mutant was 
already reported previously and a connection between the 
re-oxidation rate of NADPH and the glucose uptake rate 
was shown (Sauer et al. 2004). A ∆pgi mutant showed a 
growth defect, while a ∆pgi∆udhA double deletion 
mutant lacking in addition to phosphoglucose isomerase 
the soluble transhydrogenase UdhA did not grow on 
glucose at all. However, under our biotransformation 
conditions the NADPH level was kept low by the 
recombinant alcohol dehydrogenase, as shown by the 
decrease of the NADPH/NADP+ ratio after addition of 
the substrate MAA (Table 3). Therefore, there must be a 
different reason for the lowered glucose uptake rate of the 
∆pgi mutant in our biotransformations, such as a limited 
flux capacity of the PPP or some kind of regulatory effect 
on enzymes involved in glucose uptake (Morita et al. 
2003) or the PPP.  

The deletion of pfkA and pfkB should result in a 
situation where fructose 6-phosphate formed either by 
glucose 6-phosphate isomerase or by transketolase or 
transaldolase cannot be channelled into glycolysis but has 
to be metabolized in the PPP. However, as the 
∆pfkA∆pfkB still possessed residual phosphofructokinase 
activity, a minor fraction of fructose 6-phosphate might 
still be metabolized via the glycolytic pathway. With the 
∆pfkA and the ∆pfkA∆pfkB mutants, YRPG values of 4.8 
and 5.4 mol MHB/mol glucose were reached, 
respectively, indicating a partial cyclization of the PPP. 
The glucose consumption rates of these two mutants were 
even lower than that of the ∆pgi mutant, possibly for the 
similar reasons described above for the ∆pgi mutant and a 
limited availability of phosphoenolpyruvate (PEP) for 
glucose uptake via the PEP-dependent 
phosphotransferase system (PTS) (Roehl and Vinopal 
1976). A consequence of the decreased carbon flux 
through the lower part of glycolysis and the tricarboxylic 
acid cycle was the significantly reduced formation of 

acetate and the absence of lactate as a by-product in the 
∆pfkA and ∆pfkA∆pfkB deletion mutants.  

Work by Chin and Cirino (2011) published 
when the present paper was submitted presents results on 
the reduction of xylose to xylitol by engineered strains of 
E. coli using glucose as reductant. In these studies, the 
highest YRPG of 5.4 mol xylitol/mol glucose was obtained 
with a mutant lacking pfkA and sthA (alternative gene 
designation for udhA), which matches the highest YRPG of 
5.46 mol MHB/mol glucose obtained in our work with a 
∆pfkA∆pfkB mutant.  

In the present work we show that the PPP can 
be implemented for an efficient regeneration of NADPH 
with glucose as the electron donor. Interruption of 
glycolysis by deletion of the genes encoding 
phosphofructokinases I and II resulted in a 44% higher 
ratio of reduced product per glucose (mol/mol) than by 
deletion of the pgi gene encoding phosphoglucose 
isomerase. Further studies aim at the elucidation and 
elimination of productivity-limiting bottlenecks of this 
reductive whole-cell biotransformation system. 
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ABSTRACT: We recently demonstrated that an Escherichia coli pfkA mutant lacking the major 

phosphofructokinase possesses a partially cyclized pentose phosphate pathway leading to an 

increased NADPH per glucose ratio. This effect is favorable in reductive biotransformations, 

such as the NADPH-dependent reduction of methyl acetoacetate (MAA) to (R)-methyl 3-

hydroxybutyrate (MHB) catalyzed by an alcohol dehydrogenase from Lactobacillus brevis, as it 

decreases the amount of glucose required for NADPH regeneration. Here, global transcriptional 

analyses were performed to study regulatory responses of the pfkA mutant and the reference 

strain during biotransformation. Comparative DNA microarray analysis revealed differences of 

mRNA levels of several genes which are regulated by the ArcAB two-component system, 

pointing to different redox states of the respiratory QH2/Q pools. This prompted us to compare 

yields and productivities of the reductive biotransformation under defined aerobic and anaerobic 

conditions. Under anaerobic conditions, the specific MHB production rates of both strains were 

similar (7.4 ± 0.2 mmolMHB h-1 gcdw
-1). Under aerobic conditions, yields and rates were markedly 

increased and the rate of the ∆pfkA mutant (11.0 ± 0.3 mmolMHB h-1 gcdw
-1) was 14% lower 

compared to that of the reference strain (12.8 ± 0.01 mmolMHB h-1 gcdw
-1). While the oxygen 

transfer rate (OTR) of the reference strain increased after addition of MAA, the OTR of ∆pfkA 

drastically decreased instead, indicating a limited respiration. This limitation in ∆pfkA can likely 

be attributed to reduced NADH generation from NADPH via soluble transhydrogenase SthA, 

which in the presence of MAA competed with the recombinant ADH for NADPH.  
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Introduction 

 

Microbial whole-cell biotransformation is implemented in industry for the production of chiral 

alcohols (Ishige et al. 2005). A variety of dehydrogenases catalyzes the enantio- and 

regioselective reduction of ketones and depends on nicotinamide adenine dinucleotide 

coenzymes (NADH or NADPH) for hydride transfer (Goldberg et al. 2007). Efficient coenzyme 

recycling by engineered strains transforming the oxidized coenzyme back to its reduced form is 

essential for efficient reductive whole-cell biotransformations and different possibilities for 

catching reducing power have been reported (Goldberg et al. 2007).  

Recently, glucose was used as electron donor for cofactor regeneration under anaerobic as 

well as aerobic conditions using metabolically engineered Escherichia coli strains (Akinterinwa 

and Cirino 2011, Chin and Cirino 2011, Siedler et al. 2011, 2012). Partial cyclization of the 

pentose phosphate pathway (PPP) by deletion of the phosphofructokinase genes (pfkA, pfkB) 

resulted in an increased NADPH per glucose ratio and in an improved product to glucose yield of 

the NADPH-dependent biotransformation of the β-keto ester methyl acetoacetate (MAA) to the 

chiral hydroxy ester (R)-methyl 3-hydroxybutyrate (MHB), which is catalyzed by an alcohol 

dehydrogenase from Lactobacillus brevis (Fig. 1) (Siedler et al. 2011). The partially cyclized PPP 

was confirmed by 13C metabolic flux analysis, which revealed a positive net flux from fructose 6-

phosphate to glucose 6-phosphate in the E. coli pfkA mutant (Siedler et al. 2012). Moreover, 

the carbon flux through the lower part of the Embden-Meyerhof pathway (EMP) and through the 

tricarboxylic acid cycle (TCA) was reduced in the pfkA mutant to 1/4 of that of the reference 

strain (Siedler et al. 2012). E. coli possesses two pyridine nucleotide transhydrogenases for 

adjustment of the relative concentrations of NADPH and NADH, the cytoplasmic SthA and the 

membrane-bound PntAB (Jackson 2003). While PntAB drives NADPH generation from NADH by 

using the proton-motive force, SthA catalyzes the reduction of NAD+ by NADPH (Sauer et al. 

2004). In the 13C metabolic flux analysis mentioned above, a significantly higher flux through the 
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SthA-catalyzed reaction was observed during growth of the ∆pfkA mutant, pointing to an 

important role of SthA in this mutant (Siedler et al. 2012).  

In this work we analyzed the influence of reductive biotransformation on global gene 

expression by DNA microarrays. As in our previous studies, we used E. coli BL21(DE3) or its 

pfkA mutant, both expressing the L. brevis ADH, and the NADPH-dependent reduction of MAA 

to MHB as model reaction. The results obtained in the transcriptome studies prompted us to 

perform whole-cell biotransformation experiments under controlled conditions of oxygen 

availability. In the course of these studies the role of the soluble transhydrogenase (SthA) was 

unraveled, as well as potential bottlenecks in the reference strain and its ∆pfkA mutant.  

 

Materials and Methods 

 

Bacterial strains and plasmids, media and growth conditions 

 

Strains and plasmids used in this work are listed in Table I. The ∆pfkA mutant strain was 

constructed as described previously (Siedler et al. 2011). E. coli strains were transformed by the 

method described by Hanahan (Hanahan et al. 1991) and cultivated in 2xYT medium (16 g L−1 

tryptone, 10 g L−1 yeast extract, 5 g L−1 sodium chloride). The media contained 100 µg mL-1 

ampicillin to maintain plasmid pBtac-Lbadh. 

 

Whole cell biotransformation 

 

For cultivation of the recombinant E. coli Star BL21(DE3) strain and its pfkA derivative, both 

carrying the plasmid pBtac-Lbadh, a single colony of each strain was inoculated into 20 mL of 

2xYT medium containing 100 µg mL-1 ampicillin and grown overnight at 37°C and 140 rpm. 

These pre-cultures were used for inoculation of the main cultures to an OD600 of 0.05. Main 
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cultures were grown in 600 mL of 2xYT medium containing 100 µg mL-1 ampicillin at 37°C and 

130 rpm to an OD600 of 0.3, then Lbadh expression was induced with 1 mM of IPTG and the 

cultures incubated for another 3 h at 37 °C and 130 rpm. Then the cells having an OD600 

between 2 and 4.5, which had been determined as the optimal cell density for subsequent 

whole-cell biotransformation, were harvested by centrifugation (4,000 g, 7 min) and resuspended 

in 190 ml reaction buffer containing 111 mM glucose, 2 mM MgSO4, and 250 mM potassium 

phosphate buffer, pH 6.5, to a cell density of 3 g cell dry weight (cdw) per liter. 

Biotransformations were performed at 37°C in a bioreactor system (Dasgip, Jülich, Germany) 

composed of four 400-ml vessels, each equipped with electrodes for measuring the dissolved 

oxygen concentration (DO) and the pH. The system allows to constantly control these two 

parameters. The carbon dioxide concentration in the exhaust air was measured continuously by 

an infrared spectrometer. The oxygen availability was kept constant at 15% DO by mixing air, O2 

and N2. Calibration was performed by gassing with air (100% DO) and N2 (0% DO). Anaerobic 

conditions were provided by gassing with 100% N2. The agitation speed was kept constant at 

900 rpm. Controlling and recording of all data as well as calculation of oxygen transfer rates 

(OTR) and CO2 transfer rates (CTR) was carried out by the software “Fedbatch Pro” (Dasgip, 

Jülich, Germany). 

The biotransformation was started by adding 60 mM MAA after the DO was constant. Specific 

productivities (mmol MHB per hour per gram cdw) were determined by taking samples at 15-min 

time intervals over a period of 2 h. MHB and glucose concentrations of the samples were 

determined (see below). Specific productivities were calculated by dividing the slopes of graphs 

showing MHB concentration versus time by the cell dry weight. 
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Analysis of substrates and products  

 

Methyl acetoacetate (MAA), (R)-methyl 3-hydroxybutyrate (MHB), glucose and extracellular 

metabolites were analyzed by HPLC as described previously (Siedler et al. 2011). Glucose 

concentrations were in addition determined enzymatically by using the glucose Gluc-DH FS* Kit 

according to the instructions of the manufacturer (DiaSys, Holzheim, Germany). 

 

RNA preparation, cDNA synthesis and DNA microarray analysis 

 

For RNA preparation, E. coli strains were harvested 10 min after resuspension in 

biotransformation buffer before addition of MAA and 10 min after the addition of MAA. For cell 

harvest 20 ml of the cultures were poured into precooled (-20°C) tubes containing 15 g of ice 

and centrifuged (3 min, 4200 x g, 4°C). The cell pellets were frozen in liquid nitrogen and stored 

at -70 °C until RNA isolation as described before (Polen et al. 2003). DNA microarrays for E. coli 

were obtained from Microarrays Inc. (Huntsville, USA). The array design includes 9308 longmer 

oligonucleotide (70 mer) probes, representing genomes of four E. coli strains and three plasmids 

(4269 ORFs in K12, 5306 ORFs in O157:H7, 5251 ORFs in O157:H7, 5366 ORFs in CFT073, 3 

genes in OSAK1, 10 genes in pO157_Sakai, 97 genes in pO157_EDL933). Some genes are 

represented by different gene-specific oligonucleotides (e.g. guaD). Only genes of E. coli K12 

were analyzed. We applied the available K-12 DNA microrrays since comparisons of the B and 

K-12 genome sequences and the annotated protein coding genes showed >99% sequence 

identity over ∼92% of their genomes with a total of ∼4039 coding sequences in the genome of 

the common ancestor, of which 97.6% remain evident in K and 96.5% in B (Jeong et al. 2009, 

Studier et al, 2009). The comparisons of the responses to the addition of MAA of the two strains 

were performed in duplicate, respectively, while the analysis of the differences of the two strains 

was done from three independent biological replicates. The details for handling of the 
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microarrays, data processing and data analysis were described before (Hanke et al. 2012). Lists 

of differentially expressed genes were obtained by filtering the data using the following criteria: i) 

Flags>=0 (GenePix Pro 6.0); ii) Signal-Noise >=3 for red (F635med/B635med, GenePixPro 6.0) 

or green (F532med/B532med, GenePixPro 6.0) and iii) averaged mRNA level change of >=2-

fold (strain comparison, Table II) or >=2.5-fold (influence of MAA, Table III) and p-values ≤0.05. 

Processed and normalized data, as well as experimental details according to the MIAME 

guidelines (Brazma et al. 2001), were stored in the in-house microarray database (Polen and 

Wendisch 2004). 
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Results and discussion 

 

Influence on global gene expression of NADPH-dependent whole-cell biotransformation 

by resting cells of E. coli using glucose as reductant 

 

In order to study the influence of an NADPH-dependent whole-cell biotransformation on global 

gene expression, we analyzed the reduction of MAA to MHB by resting cells of Escherichia coli 

and its pfkA mutant, both carrying plasmid pBTac-Lbadh encoding an alcohol dehydrogenase 

from Lactobacillus brevis. Cells resuspended to 3 g cell dry weight/l in a phosphate buffer (pH 

6.5) containing 110 mM glucose were incubated at 37 °C and 130 rpm for 10 min in a shake 

flask. Then biotransformation was started by addition of 60 mM MAA. Directly before and 10 

minutes after MAA addition samples were taken for RNA isolation. The resulting RNA 

preparations were then used for comparative DNA microarray analyses and the mRNA ratios 

(after vs. before MAA addition) were determined for both the reference strain and the pfkA 

mutant. The number of detectable genes (signal to noise ratio >3 for red or green) were about 

91% and together with the distribution in MA plots indicate that basically RNA from resting cells 

at the early time point of the biotransformation can also be applied to global gene expression 

analysis as RNA from growing or early stationary cells (e.g. Neusser et al. 2010, and Fig. S1). 

Thus, DNA microarray experiments represent an efficient tool to analyze resting cells under 

biotransformation conditions with respect to global gene expression. 

In both strains, less than 20 genes showed an mRNA ratio ≥2.5 (lower ones allowed in the 

case of operons and for comparison of the two experiments) or ≤0.4 (higher ones allowed in the 

case of operons and for comparison of the two experiments). These genes are listed in Table II. 

Most interesting was a set of four genes whose expression was elevated in both strains after 

addition of MAA, but 2- to 5-fold more strongly in the pfkA mutant: soxS (24.38 vs. 4.59), yqhC 

(mRNA ratio 7.90 vs. 3.70), yqhD (36.24 vs. 12.70), and dkgA (16.18 vs. 7.36).  
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The soxS gene encodes an AraC-type transcriptional regulator which controls genes involved 

in the response to oxidative stress (Greenberg et al. 1990; Pomposiello et al. 2001; Tsaneva and 

Weiss 1990). Under stress conditions, expression of soxS is activated by SoxR, a dimeric 

transcriptional regulator of the MerR family with two [2Fe-2S] clusters (Hidalgo et al. 1998). 

SoxR itself becomes activated by oxidation of the [2Fe-2S] cluster. Inactivation of oxidized SoxR 

occurs via NADPH-dependent reduction, which requires rseC and rsxABCDGE genes (Koo et al. 

2003). The intrinsic instability of the SoxS protein allows the response to be turned off once 

SoxR is reduced (Griffith et al. 2004). The SoxRS system has been intensively studied in E. coli 

and there are multiple ways to induce the regulon. Evidence has been provided that the NADPH 

availability plays a crucial role in the induction of the SoxRS response (Krapp et al. 2011; 

Liochev and Fridovich 1992). In our biotransformation experiments, cells face a very high 

NADPH demand when MAA, the substrate for the L. brevis alcohol dehydrogenase, is present 

and the NADPH/NADP+ ratio is decreased (Siedler et al. 2011). The strong NADPH 

consumption by MAA reduction is likely to impede the NADPH-dependent reduction of oxidized 

SoxR, causing activation of soxS expression. The 5.3-fold higher soxS mRNA ratio in the pfkA 

mutant compared to the reference strain (24.4 vs. 4.6) might reflect the stronger decrease of the 

NADPH/NADP+ ratio upon substrate addition. Whereas expression of soxS was increased in our 

experiments, experimentally confirmed SoxS target genes, like zwf encoding glucose 6-

phosphate dehydrogenase, did not show increased mRNA levels. We assume that the non-

induction of the SoxS target genes is a consequence of the resting cell conditions, which hinder 

SoxS protein synthesis.  

The yqhC gene encodes a transcriptional regulator of the AraC family which was shown to 

activate transcription of yqhD and dkgA, which are located divergent to yqhC (Lee et al. 2010; 

Turner et al. 2011). The yqhD gene product functions as broad-substrate range NADPH-

dependent aldehyde reductase (Jarboe 2011). The dkgA gene (previously named yqhE) was 

originally characterized as an NADPH-dependent 2,5-diketo-D-gluconate reductase (Yum et al. 
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1999) and later shown to reduce also ethyl acetoacetate and other 2-substituted derivatives 

(Habrych et al. 2002; Jeudy et al. 2006). Possibly MAA can function as a co-activator which 

binds to YqhC and switches this regulator to its active state. 

 

Transcriptome comparison of an E. coli pfkA mutant and its parent during MAA 

reduction by resting cells 

 

In order to support the DNA microarray results described above, a direct transcriptome 

comparison of the two strains was performed using RNA isolated 10 min after MAA addition. In 

this series of DNA microarray experiments, 85 genes with ≥2-fold increased mRNA levels and 

49 genes with ≥2-fold decreased mRNA levels were observed in the ∆pfkA mutant (Table III). 

The soxS gene showed a 6-fold higher mRNA level in the pfkA mutant, confirming the results 

described above.  

Elevated mRNA levels were observed in the ∆pfkA mutant for the genes encoding succinate 

dehydrogenase (sdhCDAB, mRNA ratios 3.0-15.5), genes involved in fatty acid synthesis (fadB, 

fadH, fadhI, mRNA ratios 3.7-13.4), as well as genes for stress responses, like osmotic stress 

(betBIT, mRNA ratios 3.8-7.4) and oxidative stress (soxS, mRNA ratio 6.3;iscR, mRNA ratio 

2.5). 30 genes encoding ribosomal proteins showed 3- to 16-fold increased mRNA levels and 

also 8 flagellar genes (ECD_01067-74) displayed 2.4- to 3.2-fold elevated expression in the 

∆pfkA mutant. The sthA gene encoding a soluble transhydrogenase displayed a more than 3-

fold increased mRNA level in the ∆pfkA mutant,,indicating an imbalanced redox ratio of the 

NAD(P)H pools. This result is coherent with a high flux through SthA transhydrogenase in the 

∆pfkA mutant (Siedler et al. 2012) (see below).  

The strongest decreased mRNA levels in the ∆pfkA mutant besides pfkA itself were found for 

genes involved in tryptophan biosynthesis, possibly due to the higher carbon flux through the 

PPP resulting in an increased availability of precursors of tryptophan and possibly an increased 
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tryptophan synthesis. High tryptophan levels are known to cause repression of the tryptophan 

biosynthesis operon trpEDCBA by activation of the repressor TrpR (Klig et al. 1988; Sarsero et 

al. 1991). The rseC gene (ECD_02464, mRNA ratio 0.5), encoding a protein involved in the 

NADPH-dependent reduction of the iron sulfur cluster of SoxR (see above), displayed a 

decreased mRNA level in the pfkA mutant. In concert with a lowered NADPH availability after 

addition of MAA (Siedler et al. 2011), reduced rseC expression might reinforce a shift of SoxR to 

the active oxidized state. As a consequence, the soxS RNA level was 6-fold higher in the pfkA 

mutant compared to the reference strain. 

Several expression differences which were revealed by the microarray analysis can be 

assigned to the regulon of the ArcAB two-component system, which is sensing microaerobic 

conditions (Green and Paget 2004). All genes highlighted in Table III are regulated by ArcAB 

(Cho et al. 2006; Lamark et al. 1996; Liu and De Wulf 2004). For example, the genes for the 

cytochrome bo3 ubiquinol oxidase (cyoB, cyoA, mRNA ratios 2.8-5.3) showed elevated mRNA 

levels, while a cytochrome bd terminal oxidase gene (cydA, mRNA ratio 0.3) displayed a lower 

relative mRNA level (Spiro and Guest 1991). ArcAB was reported to recognize microaerobic 

conditions by the QH2 to Q ratio of the respiratory chain (Malpica et al. 2006). This ratio is 

correlated with the NADH to NAD+ ratio. In fact, a 30% lower NADH to NAD+ ratio was measured 

in the ∆pfkA mutant compared to that of the reference strain after 120 min of biotransformation in 

a shake flask experiment (Siedler et al. 2011). The question of the causes and effects of a 

higher NADH/NAD+ ratio and consequently a stronger activity of the ArcAB two-component 

system in the reference strain than that in pfkA in shake flask experiments prompted us to 

analyze aerobic and anaerobic biotransformations under controlled conditions of oxygen 

availability.  
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Comparison of biotransformations under anaerobic and aerobic conditions 

 

Biotransformations with the pfkA mutant and the reference strain were conducted in a DASGIP 

bioreactor under defined aerobic and anaerobic conditions. Under anaerobic conditions both 

strains showed comparable MHB production rates (7.4 mmol h-1 gcdw
-1, Table IV, whereas the 

glucose uptake rate of the pfkA deletion mutant (2.4 mmol h-1 gcdw
-1) was much lower than that 

of the reference strain (3.5 mmol h-1 gcdw
-1). This resulted in a 48% higher yield (mol MHB per 

mol glucose) of the mutant compared to the reference strain (Table IV). Despite the reduced 

glucose uptake rate of the pfkA mutant, its CO2 transfer rate was comparable to that of the 

reference strain (Fig. 2), which probably is due to the increased carbon dioxide formation via 6-

phosphogluconate dehydrogenase caused by the partially cyclized flux within the pentose 

phosphate pathway (Siedler et al. 2012). Formation of the mixed acid fermentation products 

acetate, formate and succinate by the ∆pfkA mutant and the reference strain was similar, but 

lactate formation by the ∆pfkA mutant was reduced by almost 90% (Table V). The latter result 

can be explained by the fact that less NADH is synthesized in the pfkA mutant due to the altered 

glucose metabolism and additionally part of NADH might be used to reduce NADP+ via 

transhydrogenase, as there is a strong NADPH demand for the biotransformation. The carbon 

balances were closed for both strains under anaerobic conditions (Table V). 

Under aerobic conditions, the MHB production rates of the reference strain (12.8 

mmol h-1 gcdw
-1) and of the ∆pfkA mutant (11.0 mmol h-1 gcdw

-1) were 73% and 49% higher than 

the rates observed under anaerobic conditions, respectively (Table IV). Again, the glucose 

uptake rate of the pfkA mutant (2.3 mmol h-1 gcdw
-1) was significantly lower than that of the 

reference strain (3.8 mmol h-1 gcdw
-1), resulting in 41% increased molar MHB/glucose yield. 

To ensure steady-state aerobic conditions in the bioreactor, cells were first incubated for 30 

min in the absence of the substrate MAA. During this adaptation time, no significant differences 

were observed either for the oxygen transfer rates (OTR) or for the carbon dioxide transfer rates 
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(CTR) of the reference strain and the ∆pfkA mutant (Fig. 3). The similar OTR values might be 

explained by a high flux through the transhydrogenase SthA in the ∆pfkA mutant (Siedler et al. 

2012), resulting in the conversion of NADPH generated in the cyclized pentose phosphate 

pathway to NADH, which then drives respiration. After start of the biotransformation by the 

addition of MAA to the cell suspensions, both the OTR and the CTR markedly increased in the 

reference strain and later on decreased again (Fig. 3). In contrast, the OTR of the pfkA mutant 

rapidly dropped to zero and the CTR remained at the level observed immediately before MAA 

addition (Fig. 3). The strongly decreased respiration of the pfkA mutant can partially be 

explained by the fact that in the presence of MAA the NADPH generated in the cyclized pentose 

phosphate pathway is almost exclusively used by L. brevis ADH (about 20 U mg protein-1) for 

MAA reduction to MHB and no longer available for NADH generation by the soluble 

transhydrogenase SthA. This assumption was supported by the observation that the OTR of the 

∆pfkA mutant increased again when MAA was completely reduced to MHB about 100 min after 

MAA addition (Fig. 3).  

As the ∆pfkA mutant can in principle still form NADH via glyceraldehyde 3-phosphate 

dehydrogenase, pyruvate dehydrogenase or 2-oxoglutarate dehydrogenase, the OTR drop zero 

after MAA addition indicates that either the flux through these reactions is rather low or that the 

NADH generated in these reactions is used by the membrane-bound transhydrogenase PntAB 

for proton-motive force-driven NADPH synthesis. However, the latter reaction can also occur in 

the reference strain and therefore the differences in OTR after MAA addition between the pfkA 

mutant and the reference strain must have other reasons. A likely explanation is offered by the 

observation that the reference strain, but not the pfkA mutant accumulated acetate during the 

30 min adaptation period before addition of MAA. This acetate was consumed by reference 

strain in the first 30 min after MAA addition (data not shown) and probably contributes to the 

increased OTR in this period. In particular, the succinate dehydrogenase and malate:ubiquinone 

oxidoreductase reactions, which form ubiquinol rather than NADH, might be the drivers of the 
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OTR increase. Acetate oxidation by the reference strain can also explain the increased CTR 

observed after MAA addition.  

When comparing the MHB production rates and MHB/glucose yield under aerobic and 

anaerobic conditions, it is evident that oxygen has a positive influence on both parameters and 

in both the reference strain and the pfkA mutant. In the case of the reference strain, the yield 

under aerobic conditions in the bioreactor (3.4 mol/mol) is 62% higher than under anaerobic 

conditions and still 36% higher than under shake flask conditions, indicating oxygen-limiting 

conditions in the latter. In the case of the pfkA mutant, the yield under aerobic conditions in the 

bioreactor (4.8 mol/mol) was 55% higher than under anaerobic conditions and identical to the 

yield observed in shake flasks. A reason for the positive effect of aerobic conditions might be an 

improved proton-motive force as driver of the membrane-bound transhydrogenase PntAB. 

Future studies using a pntAB deletion mutant are necessary to test this hypothesis.  

 

Conclusions 

 

The present work has shown that the MHB production rate of a whole-cell biotransformation 

process conducted with resting cells at high densities in shake flasks was oxygen-limited. Global 

gene expression analyses conducted with resting E. coli cells revealed expression changes in 

response to biotransformation conditions which were specific for the strain background. The 

ArcAB two-component system was more active in the reference strain, pointing to different redox 

states of the respiratory QH2/Q pool of the reference and the ∆pfkA mutant strains. These 

differences could be explained by the  different abilities of the strains to reduce oxygen 

aerobically in the presence of MAA. The ADH competed with the SthA for NADPH and appeared 

to be predominant; hence less NADH was formed and could be used for respiration. 

Presumably, the ADH is so strongly more active than the SthA that deletion of the 
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transhydrogenase gene in this case of a whole-cell biotransformation would not be beneficial for 

a higher MHB per glucose yield.  
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Figure 1. Reduction of methyl acetoacetate catalyzed by an alcohol dehydrogenase from 
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Figure 2. Parameters of anaerobic biotransfomation. CO2 transfer rates (CTR) of reference 
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Figure 3. Parameters of aerobic biotransfomation. A) Oxygen transfer rates (OTR) and B) CO2 

transfer rates (CTR) of reference strain (black) and ΔpfkA mutant (grey), respectively. After 

adaptation of the process and constant conditions, MAA was added as indicated with the arrow. 

Two biological replicates of each strain are shown.  
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Table I. Strains and plasmids used in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strains / 
Plasmids 

Relevant characteristics Reference 

Strains   

Escherichia coli 
BL21(DE3) Star  

F– ompT hsdSB(rB
–, mB

–) gal dcm rne131 
(DE3) 

Invitrogen 

Reference strain E. coli BL21(DE3) Star with pBtacLbadh (Siedler et al. 2011) 

∆pfkA E. coli BL21(DE3) Star pfkA with 
pBtacLbadh 

(Siedler et al. 2011) 

Plasmids   

pBtac1 AmpR, Ptac, lacI; expression vector for E. coli Boehringer Mannheim 
GmbH 

pBTac-Lbadh pBtac1 derivative with adh gene from 
Lactobacillus brevis 

X-Zyme, (Ernst et al. 
2005) 
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Table II. Genes showing a 2.5-fold increased or decreased mRNA level 10 min after starting 

NADPH-dependent MAA reduction by resting cells of E. coli or its pfkA mutant using glucose 

as reductant. For experimental details see Materials and Methods. The genes with an mRNA 

ratio (after vs. before MAA addition) ≥2.5 (lower ones allowed in the case of operons and for 

comparison of the two experiments) or ≤0.4 (higher ones allowed in the case of operons and for 

comparison of the two experiments) and a p-value of ≤0.05 are listed. The data shown represent 

mean values from two biological replicates. The genes are ordered according to their locus tag. 

Locus tag Gene  Annotation 
Reference 
+ MAA/- MAA 

∆pfkA 
+ MAA /- MAA 

  Transport   

ECD_02533-34 proVW Glycine betaine transporter subunit  2.47 - 2.90 0.74 - 0.85 

ECD_00778 glnH Glutamine ABC transporter periplasmic protein  0.40 0.34 

  Stress response   

ECD_03934 soxS DNA-binding transcriptional dual regulator 4.59 24.38 

ECD_02420 iscA Iron-sulfur cluster assembly protein  2.05 1.81 

ECD_02421 iscU Scaffold protein 1.76 3.14 

ECD_02422 iscS Cysteine desulfurase 2.24 3.04 

ECD_02423 iscR DNA-binding transcriptional repressor 1.67 5.83 

ECD_10012 ybcC DLP12 prophage; predicted exonuclease  2.54 0.79 

ECD_01323 ydaQ  Rac prophage, Putative exisionase 0.35 1.16 

  Metabolism   

ECD_02883 yqhC DNA-binding transcriptional regulator of dkgA, yqhD 3.70 7.89 

ECD_02884 yqhD Alcohol dehydrogenase, NAD(P)-dependent  12.70 36.24 

ECD_02885 dkgA 2,5-diketo-D-gluconate reductase A  7.36 16.18 

ECD_03288 gntK Gluconate kinase 2  4.40 2.74 

ECD_01236 trpC Bifunctional indole-3-glycerol phosphate synthase 3.74 1.14 

ECD_03591 tnaL Tryptophanase leader peptide  2.85 no signal 

ECD_03754-55 glnLA Sensory histidine kinase in two-component 
regulatory system with GlnG; Glutamine synthetase  

0.76 0.30 - 0.50 

  Regulation   

ECD_02467 rpoE RNA polymerase, sigma 24 (sigma E) factor  3.56 1.36 

ECD_01489 marR DNA-binding transcriptional repressor of multiple 
antibiotic resistance 

2.07 2.63 

ECD_01490 marA DNA-binding transcriptional activator of multiple 
antibiotic resistance 

1.40 2.44 

  Hypothetical/predicted function   

ECD_01108 ycfR Hypothetical protein  7.25 5.25 

ECD_01025 ycdR Predicted enzyme associated with biofilm formation  0.39 1.06 



68          RESULTS                                                        Analysis of ∆pfkA mutant under different oxygen availabilities                             

 
 

 

Table III. Selected genes of a genome-wide comparison of mRNA levels of E. coli ∆pfkA 

versus the reference strain under biotransformation conditions in the presence of the substrate 

MAA. Cells were suspended at a cell density of 3 gcdw L-1 for 10 min in biotransformation medium 

and samples were taken for RNA isolation. Genes with an mRNA ratio ≥2.0 (lower ones allowed 

in the case of operons and for comparison of the two experiments) or ≤0.5 (higher ones allowed 

in the case of operons and for comparison of the two experiments) and a p-value of ≤0.05 are 

listed. All genes highlighted in red were repressed by the ArcA, ArcB two component system and 

the gene highlighted in green was induced by ArcA, ArcB. The data shown represent mean 

values from three biological replicates. The genes were grouped into different functional 

categories within which they were ordered according to their mRNA ratios except in the case of 

operons, which were ordered according to their locus tag.  

 

Locus tag Gene  Annotation ∆pfkA/reference 

   mRNA ratio 

   Metabolism  

ECD_00681-84 sdhCDAB Succinate dehydrogenase 3.04 - 15.46 

ECD_02266, 
ECD_02950, 
ECD_03737 

fadBHI Fatty acid synthesis 3.71 - 13.37 

ECD_03905-08 malFEKM; lamB Maltose operon 3.31 - 6.78 

ECD_01164 dadA D-Amino acid dehydrogenase small subunit  5.43 

ECD_00115 lpdA Dihydrolipoamide dehydrogenase  2.34 

ECD_00112 pdhR 
Transcriptional regulator of pyruvate 
dehydrogenase complex  

0.39 

ECD_03637 rbsB Ribose transporter / kinase 0.34 

ECD_03028 mtr Tryptophan transporter 0.14 

ECD_01234-39,  trpABCDL Tryptophan synthesis 0.05 - 0.17 

ECD_03592-93 tnaAB Tryptophanase/L-cysteine desulfhydrase 0.02 - 0.23 

ECD_03801 pfkA 6-Phosphofructokinase  0.05 

   Osmotic stress response  

ECD_00268-70 betBIT 
Betaine aldehyde dehydrogenase, cholin 
transporter 

3.78 - 7.44 

   Respiration and oxidative stress  

ECD_03934 soxS DNA-binding transcriptional dual regulator 6.25 
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ECD_00382-83 cyoBA Cytochrome bo3 ubiquinol oxidase 2.80 - 5.26 

ECD_02423 iscR FeS, O2-regulation 2.49 

ECD_02464-65 rseCB 
RseC protein involved in reduction of the 
SoxR iron-sulfur cluster  

0.45 

ECD_00692 cydA Cytochrome bd terminal oxidase, SU I  0.27 

ECD_00693 cydB Cytochrome bd terminal oxidase, SU II 0.38 

  Other functions  

   30 Ribosomal proteins 3.19 - 15.97 

ECD_03847 sthA Soluble transhydrogenase 3.05 

ECD_01067-74 flgMABCDEFG Flagellar genes 2.44 - 3.21 
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Table IV. Parameters of whole-cell biotransformation of MAA to MHB with glucose as donor of 

reducing equivalents with E. coli reference strain and mutant ∆pfkA. The detailed conditions are 

described in the Materials and methods section. Mean values from two independent 

experiments are shown. 

 

Strain  Condition MHB production rate Glucose uptake rate Yield 

E. coli 
 

mmol h-1 gcdw
-1 mmol h-1 gcdw

-1 molMHB molGlucose
-1 

Reference  anaerobic 7.4  3.5 2.1 

∆pfkA anaerobic 7.4  2.4 3.1 

Reference  aerobic 12.8 3.81 3.4 

∆pfkA aerobic 11.0 2.3 4.8 

Reference  shake flask* 8.6 3.4 2.5 

∆pfkA shake flask* 9.1 1.8 4.8 

*(Siedler et al. 2011) 
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Table V. Formation of by-products, carbon dioxide, uptake of glucose and carbon balances of the E. coli BL21(DE3) reference strain and 

the ∆pfkA mutant during aerobic and anaerobic biotransformations. Mean values from two independent experiments are shown. 

Strain Condition By-products CO2 Glucose uptake Balance

E. coli  Acetate Formate Lactate Succinate    

 (mmol h-1 gcdw
-1) (mmol h-1 gcdw

-1) (% C) 

Reference anaerobic 3.3 3.1 2.6 0.5 2.8 3.5 106 

∆pfkA anaerobic 3.2 3.1 0.3 0.4 2.7 2.4 102 

Reference aerobic * 0 0 0 21.7 3.8 95 

∆pfkA aerobic 0 0 0 0 13.8 2.3 100 

* Acetate was formed during adaptation of the process and later on consumed 
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Figure 1. Reduction of methyl acetoacetate catalyzed by an alcohol dehydrogenase from 

Lactobacillus brevis. 
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Figure 2. Parameters of anaerobic biotransfomation. CO2 transfer rates (CTR) of reference 

strain (black) and ΔpfkA mutant (grey), respectively. MAA was added at time zero. Two 

biological replicates of each strain are shown. 
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Figure 3. Parameters of aerobic biotransfomation. A) Oxygen transfer rates (OTR) and B) CO2 

transfer rates (CTR) of reference strain (black) and ΔpfkA mutant (grey), respectively. After 

A

B
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adaptation of the process and constant conditions, MAA was added as indicated with the arrow. 

Two biological replicates for each strain are shown. 
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Figure 2. Parameters of anaerobic biotransfomation. CO2 transfer rates (CTR) of reference 

strain (black) and ΔpfkA mutant (grey), respectively. MAA was added at time zero. Two 

biological replicates of each strain are shown. 
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Figure 3. Parameters of aerobic biotransfomation. A) Oxygen transfer rates (OTR) and B) CO2 

transfer rates (CTR) of reference strain (black) and ΔpfkA mutant (grey), respectively. After 

adaptation of the process and constant conditions, MAA was added as indicated with the arrow. 

Two biological replicates for each strain are shown. 
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ABSTRACT: An ultra-high throughput screening system for NADPH-dependent enzymes, such as 

stereospecific alcohol dehydrogenases, was established. It is based on the [2Fe-2S] cluster-containing 

transcriptional regulator SoxR of Escherichia coli that activates expression of soxS in the oxidized, but not 

in the reduced state of the cluster. As SoxR is kept in its reduced state by NADPH-dependent reductases, 

an increased NADPH demand of the cell counteracts SoxR reduction and increases soxS expression. We 

have taken advantage of these properties by placing the eyfp gene under the control of the soxS promoter 

and analysed the response of E. coli cells expressing an NADPH-dependent alcohol dehydrogenase from 

Lactobacillus brevis (LbAdh), which reduces methyl acetoacetate to (R)-methyl 3-hydroxybutyrate. 

Remarkably, the specific fluorescence of the cells correlated with the substrate concentration added and 

with LbAdh enzyme activity, confirming the NADPH-responsiveness of the sensor. These properties 

enabled sorting of single cells harboring wild-type LbAdh from those with lowered or without LbAdh 

activity by fluorescence-activated cell sorting (FACS). In a first application the system was used 

successfully to screen a mutant LbAdh library for variants showing improved activity with the substrate 4-

methyl-2-pentanone.   

 

KEYWORDS: NADPH biosensor, alcohol dehydrogenases, enzyme evolution, single-cell analysis, FACS  
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Redox reactions are at the core of cellular metabolic processes and about one quarter of the known 

enzymes are oxidoreductases.1 A feature of many of these enzymes is their stereo- and regiospecificity. 

The pharmaceutical industry takes advantage of these properties, as well as from the mild and 

environmentally friendly conditions at which enzyme-catalyzed reactions proceed. Among such processes, 

alcohol dehydrogenases are of particular interest.2, 3 They are employed in the reduction of various ketones 

to produce enantiopure secondary alcohols. These enzymes are frequently NADPH-dependent, and there 

is a need for continuous supply of the reduced cofactor for the reaction to proceed.2, 4, 5 This applies both 

for isolated enzymes and for whole-cell processes.6, 7   

In our studies with Escherichia coli on the reductive biotransformation of methyl acetoacetate (MAA) 

to (R)-methyl 3-hydroxybutyrate (MHB) by an NADPH-dependent alcohol dehydrogenase from 

Lactobacillus brevis (LbAdh)6, 8 we noticed a significantly increased mRNA level of the soxS gene in cells 

catalyzing MAA reduction. SoxS is a transcription factor whose expression is activated under conditions 

of oxidative stress by SoxR9-12 . The genes of the SoxRS regulon mediate the cellular response to 

superoxide, to diverse redox-cycling drugs like paraquat, or to nitric oxide.13, 14 SoxR is a homodimer with 

each subunit containing an [2Fe-2S] cluster.15, 16 Only when oxidized to [2Fe–2S]2+ they confer 

transcriptional activity to SoxR, which in turn results in expression of soxS.17, 18 SoxS then activates 

expression of the SoxRS regulon, which includes e.g. the genes for superoxide dismutase (sodA), glucose 

6-phosphate dehydrogenase (zwf), or fumarase C (fumC).19 Inactivation of SoxR involves its NADPH-

dependent reduction catalyzed by the rsxABCDGE and rseC products.20  

The nature of the cellular signal sensed by SoxR is still a matter of debate.21-23 Besides direct oxidation 

of the iron-sulfur centers by superoxide24 and redox cycling drugs22, Liochev and Fridovich first suggested 

that the soxRS regulon is responsive to the NADPH/NADP+ ratio25, which was supported by recent 

studies.26 Here, we provide further evidence that SoxR senses NADPH availability and utilized this 

finding to develop a sensor for the in vivo analysis of NADPH-dependent reactions, offering a number of 

exiting possibilities for high-throughput analysis and development of NADPH-dependent enzymes. 
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RESULTS AND DISCUSSION 

SoxR as an NADPH sensor. Previous studies had indicated that the transcriptional regulator SoxR of 

E. coli becomes active when the NADPH availability of the cell is decreased26, such as during reductive 

biotransformations with an NADPH-dependent alcohol dehydrogenase, and then triggers expression of its 

target gene soxS. To evaluate and apply the function of SoxR as an NADPH sensor, we constructed 

plasmid pSenSox, in which soxR of E. coli DH5α together with the soxR-soxS intergenic region and a 

small part of the soxS coding region followed by a stop codon were cloned in front of eyfp, thereby 

placing synthesis of the autofluorescent protein eYFP under transcriptional control of the soxS promoter 

(Figure 1). The sensor plasmid also encodes the NADPH-dependent alcohol dehydrogenase of L. brevis, 

LbAdh, under the control of an isopropyl β-D-thiogalactoside-inducible promoter. LbAdh was previously 

shown by us and others to efficiently convert MAA stoichiometrically to MHB.6, 8, 27, 28  

E. coli BL21(DE3) was transformed with plasmid pSenSox and whole-cell biotransformation assays 

were performed using 10 - 70 mM MAA as LbAdh substrate.27, 28 NADPH was provided by the 

metabolism of components present in yeast extract and tryptone. Fluorescence of the cultures was 

recorded online using a BioLector system (Figure 2a). Upon addition of MAA the cultures started to emit 

fluorescence with the initial slope of the fluorescence increase being independent of the MAA 

concentration added (Figure 2a). For the lowest MAA concentration of 10 mM, the specific fluorescence 

maximum was achieved already after 1 h, when MAA reduction to MHB was complete.27 Increasing 

concentrations of MAA led to increased fluorescence maxima, which were reached at later time points 

(Figure 2a). This correlates with the increased time required for MAA reduction to MHB, during which 

the NADPH demand is increased. Importantly, the maximal fluorescence intensity obtained for different 

initial MAA concentrations remained constant for several hours, due to the high stability of eYFP. When 

the specific fluorescence achieved after 10 h was plotted against the initial MAA concentration, an almost 

linear relationship was obtained for MAA concentrations up to 60 mM (Figure 2b). In the absence of 

MAA, constant background fluorescence was observed. Similarly, in biotransformation experiments with 
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cells carrying plasmid pSenNeg encoding an inactive LbAdh fragment only background fluorescence was 

detectable independent of the MAA concentration added. These controls confirm that the fluorescence 

increase was strictly dependent on the NADPH-dependent reduction of MAA to MHB. The increased 

fluorescence obtained with increased MAA concentrations was also visible at the single cell level by 

epifluorescence microscopy (Figure 2c) as well as by flow cytometry.  

These data support the view that SoxR of E. coli is activated under conditions of increased NADPH 

demand, as obtained by the reduction of MAA to MHB by LbAdh. By coupling SoxR activity to the 

expression of eyfp via the soxS promoter, we could show that the specific fluorescence of E. coli cells 

correlates with the concentration of MAA reduced to MHB (Figure 2). At a constant LbAdh activity, the 

time required for complete MAA reduction and thus the period of high NADPH demand increases linearly 

with the MAA concentration. To explain the observed correlation, we propose that SoxR is subject to 

permanent oxidation under aerobic conditions even in the absence of oxidative stress, but kept in its 

reduced form by NADPH-dependent reduction via the rsxABCDGE and rseC gene products. Under 

conditions of high NADPH-demand, SoxR reduction is reduced, thus favoring the presence of oxidized, 

active SoxR. Regarding the discussion on the nature of the signal sensed by SoxR, our data support the 

concept of Liochev and Fridovich25 that there are multiple ways to induce the SoxRS regulon, which 

ultimately shift the equilibrium of oxidized and reduced SoxR to the oxidized form. This can either 

happen by increasing the oxidation of reduced SoxR or by decreasing the reduction of oxidized SoxR, as 

exemplified in our study.  

Correlation between fluorescence and LbAdh activity. In a next series of experiments the influence 

of varying LbAdh activities on fluorescence output at a constant MAA concentration was tested (Table 1). 

For this purpose, strains with a specific LbAdh activity between 0.03 U (mg protein)-1 (background 

activity) and 15.2 U (mg protein)-1 were used in biotransformations with 40 mM MAA. The different 

LbAdh activities were achieved either by varying the expression level of the wild-type enzyme by 

induction or repression or by using mutant LbAdh proteins with the amino acid exchanges Leu194Ser and 

Leu194Ala. In the biotransformation assays, constant fluorescence was achieved after 10 h. As shown in 
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Table 1, higher LbAdh activities led to higher maximal specific fluorescence. This suggests that increasing 

specific LbAdh activities cause increased NADPH consumption rates which in turn reduce the rate of 

NADPH-dependent reduction of oxidized SoxR, leading to an increased SoxR activity. Thus, the pSenSox 

system in the living cell offers the remarkable possibility to distinguish NADPH-dependent enzymes with 

varying specific activity.  

Application of SoxR for high-throughput screening of NADPH-dependent enzymes. Recently, 

metabolite-activated transcription factors controlling eypf expression were used to monitor the cytosolic 

concentration of the respective metabolites in single bacterial cells, which allowed high-throughput 

screening and isolation of single producer cells using fluorescence-activated cell sorting (FACS).29-31 

Based on these results we tested whether also single cells differing in their specific LbAdh activity can be 

analyzed and sorted via FACS. For this purpose, E. coli cells carrying either pSenSox (6.2 U mg-1 LbAdh 

activity), pSen-L194A (2.7 U mg-1), or pSenNeg (0.03 U mg-1) were used for biotransformation of 70 mM 

MAA for 19 h and then subjected to FACS. The resulting combined histogram (Figure 3a) showed three 

well resolved peaks of eYFP fluorescence indicating that the three strains differing in their specific LbAdh 

activities form homogeneous populations. Using an appropriate gate (P1), where 0% of the cells with 

background fluorescence (carrying pSenNeg) would be selected, still 80.8% of the population of cells with 

high fluorescence (carrying pSenSox) and 1.5% of the cells with lower fluorescence (carrying pSen-

L194A) could be isolated.  

These results encouraged us to test the suitability of the NADPH sensor for HT-screening of alcohol 

dehydrogenase mutant libraries. To do this we introduced mutations in LbAdh by saturation mutagenesis 

at positions Ala93, Leu152, and Val195 and randomly by error-prone PCR. The cells of the mutant library 

were then used for reductive biotransformation of 20 mM 4-methyl-2-pentanone (4M2P). This prochiral 

ketone was chosen since the reduced product (R)-4-methyl-2-pentanol is of economic interest, and wild-

type LbAdh has only ~12% activity with this substrate as compared to MAA (15.5 μmol min-1 (mg 

protein)-1). After 3 h of biotransformation, the cells were subjected to FACS. We performed a sort on the 
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library, in which the lower bound of the sorting gate was set by cells with wild-type Lbadh after 

biotransformation of 4M2P and the higher bound by the same strain after biotransformation of MAA 

instead of 4MP (Figure 3b). 106 cells of the LbAdh mutant library were analyzed and 250 cells showing 

high fluorescence were selected and spotted on plates, of which 123 grew up to colonies. 96 of them were 

analyzed in a microtiter plate for fluorescence intensity after 2 h incubation with 4M2P. From 6 selected 

clones with high specific fluorescence the specific LbAdh activity was determined and one clone was 

identified having a 36% increased activity with the substrate 4M2P accompanied by an 8-fold increased 

KM value (Table 2). The plasmid of this mutant clone was fully sequenced and found to contain a single 

mutation in the adh gene leading to an Ala93Met exchange.  

In conclusion, the correlation between NADPH consumption and fluorescence was visible at the 

single-cell level and suitable for FACS analysis, allowing the highest throughput assays currently possible. 

As we could demonstrate a correlation between the specific activity of the NADPH-consuming enzyme 

and the specific fluorescence of the cells, the SoxR sensor provides a generalized high-throughput 

screening system for this type of enzymes. We demonstrated this potential by the rapid isolation of an 

LbAdh variant via FACS with an improved activity towards the substrate 4-methyl-2-pentanone (Table 2). 

As long as educts and products can enter and leave the sensor-containing cells libraries of NADPH-

dependent dehydrogenases or P450-monooxygenases can now be assayed in a high-throughput format 

without development of specific assays. This novel technology is expected to expedite the availability of 

new enzymes for the synthesis of chiral compounds significantly.  

 

METHODS 

Bacterial strains, media and growth conditions. Bacterial strains and plasmids are listed in Table 3. 

E. coli strains were transformed by the method described by Hanahan32 and cultivated in LB medium33 or 

in 2xYT medium (16 g l−1 tryptone, 10 g l−1 yeast extract, 5 g l−1 sodium chloride). E. coli DH5α32 was 

used for cloning and screening purposes and E. coli BL21 Star (DE3) (Invitrogen, Karlsruhe, Germany) 

and derivatives for gene expression and whole-cell biotransformation for sensor establishment. Plasmids 
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were selected by adding antibiotics to the medium at a final concentration of 100 μg ampicillin ml−1 

(pSenSox and derivatives) and 50 μg kanamycin ml−1 (pET28a). 

Recombinant DNA work. Standard methods including PCR, DNA restriction or ligation were carried 

out according to standard protocols.34 Oligonucleotides were synthesized by Biolegio ev (Nijmegen, The 

Netherlands) and are listed in Table 3. For construction of the plasmid-based biosensor pSenSox, the E. 

coli DNA region encompassing the soxR open reading frame, the soxR-soxS intergenic region, and the first 

21 codons of soxS were amplified with Phusion DNA polymerase (Thermo Scientific) from chromosomal 

DNA of E. coli BL21(DE3) by PCR using oligonucleotides SoxS_for_SphI and SoxR_rev_SalI, which 

introduce SphI and SalI restriction sites as well as a stop codon after codon 21 of soxS. Additionally, the 

eyfp gene was amplified by PCR with oligonucleotides EYFP_for_SphI, containing a ribosome binding 

site, and EYFP_rev_ClaI using the vector pSenlys 29 as template, thereby introducing restriction sites for 

SphI and ClaI digestion. Both PCR products were cloned into the plasmid pBtacLbadh 8, resulting in 

plasmid pSenSox. For the construction of pSenNeg, a 221 bp region of the adh gene of L. brevis was 

amplified with the oligonucleotides ADH_negK_for and ADH_negK_rev introducing EcoRI and HindIII 

restriction sites. The PCR product was cut with EcoRI and HindIII and used to replace the functional adh 

gene in plasmid pSenSox by a non-functional adh fragment. For saturation mutagenesis of codons Ala93, 

Leu152 and Val195 within the intact adh gene, the oligonucleotide pairs Ala93_for/Ala93_rev, 

Leu152_for/Leu152_rev, and Val195_for/Val195_rev were used according to the Stratagene site-directed 

mutagenesis kit with the following modifications: DpnI (Fermentas) and pfx polymerase (Invitrogen) were 

used. For random mutagenesis of the entire adh gene, error-prone PCR (ep-PCR) was performed using the 

oligonuelotide pair ADH_mut_for/ADH_mut_rev, plasmid pSenSox as template and Phusion DNA 

polymerase using the protocol described by Wilson and Keefe 2001 35. The PCR products were cut with 

EcoRI and HindIII and used to replace the native adh gene in pSenSox.  

Whole cell biotransformation in microtiter plates. For biotransformation experiments with E. coli 

cells harboring pSenSox or a derivative, 5 ml 2xYT medium containing the appropriate antibiotic(s) was 
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inoculated with a single colony of the respective strain and incubated overnight at 37°C and 130 rpm. 

These pre-cultures were used for inoculation of the main cultures to an optical density at 600 nm (OD600) 

of 0.05. Main cultures were grown in 50 ml 2xYT medium in the presence of the appropriate selection 

marker at 37°C and 130 rpm to an OD600 of 0.3, induced with 1 mM IPTG when required, and incubated 

for another 3 h to an OD600 between 5 and 6. For online monitoring of fluorescence during 

biotransformation, 900 µl portions of the cultures were transferred into 48 well microtiter Flowerplates, 

supplemented with 100 µl of the biotransformation substrate dissolved in water, and incubated in a 

BioLector cultivation system (m2plabs GmbH, Aachen, Germany) at 30°C and 1200 rpm (shaking 

diameter 3 mm). During cultivation biomass was measured as backscattered light intensity (620 nm, signal 

gain factor of 15). The eYFP fluorescence of the cultures was measured at an excitation wavelength of 

485 nm and an emission wavelength of 520 nm (signal gain factor of 70). The specific fluorescence was 

calculated as the ratio of eYFP fluorescence/scattered light intensity (given in a.u.).36   

96-well screening system. For screening of ADH activity, E. coli DH5α was transformed with the 

pSenSox derivatives subjected to site-directed mutagenesis and plated on LB agar plates containing 100 

µg ml-1 ampicillin. Single colonies were inoculated into 200 µl of 2xYT medium in a 96-well plate and 

grown overnight at 37°C and 800 rpm. For the main culture 5 µl of the preculture was inoculated into 145 

µl 2xYT medium in a 96-well plate. After 5 h 40 mM methyl acetoacetate (MAA) was added to the cells 

and the fluorescence and the OD600 was measured every hour for 4 h using a plate reader (TECAN, 

Infinite 200 PRO). The specific fluorescence was defined as the fluorescence per OD600. 

Fluorescence-activated cell sorting. Flow cytometric measurements were performed with a FACS 

AriaII (Becton Dickinson, San Jose, USA) with 488 nm excitation (blue solid-state laser). Forward-scatter 

characteristics (FSC) and side-scatter characteristics (SSC) were detected as small-angle and large-angle 

scatters of the 488-nm laser, respectively. eYFP fluorescence was detected using a 502-nm long-pass and 

a 530/30-nm band-pass filter set. Data were analyzed using BD DIVA 6.1.3 software. The sheath fluid 

was sterile filtered phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 

mM KH2PO4). Electronic gating was set to exclude nonbacterial particles on the basis of forward versus 
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side scatter area. For sorting of eYFP-positive cells the next level of electronic gating was set to exclude 

non-fluorescent cells. Background was estimated using cells with pSenSox (wild-type LbAdh) for sorting 

of eYFP-positive cells. For screening of cells having increased Adh activity with the substrate 4-methyl-2-

pentanone, E. coli DH5α was transformed with a pSenSox library containing either site-directed or 

randomly via epPCR mutagenized Lbadh. After transformation, plating on LB agar plates containing 

ampicillin and incubation for 18 h at 37°C, the colonies were resuspended in 10 ml 2xYT medium and 

diluted by a factor of 10 using 2xYT medium. Cells containing non-mutagenized pSenSox were used as 

background control. After 4 h of growth at 37°C and 130 rpm, 20 mM 4-methyl-2-pentanone was added to 

the cells and incubation was continued for 2.5 h, after which the cells were subjected to FACS. 

Determination of alcohol dehydrogenase activity. E. coli strains carrying the desired plasmids were 

cultured for 5 h at 37°C and 130 rpm in 50 ml 2xYT medium. Cells were harvested by centrifugation for 5 

min at 10,000 g and 4°C. The cells were resuspended in 100 mM potassium phosphate buffer, pH 6.5, 

with 1 mM dithiothreitol and 1 mM MgCl2. Cells were disrupted at 4°C by 3×15 s bead-beating with glass 

beads (diameter 0.1 mm) using a Silamat S5 (Ivoclar Vivadent GmbH, Germany) and crude extracts were 

centrifuged for 20 min at 16,000 g and 4°C to remove intact cells and cell debris. The supernatants were 

used as cell-free extracts. Adh activity was measured photometrically at 340 nm using different dilutions 

of the cell-free extract using a mixture of 10 mM MAA, 250 μM NADPH, and 1 mM MgCl2 in 100 mM 

potassium phosphate buffer, pH 6.5. Reactions were started by addition of cell-free extract. One unit of 

enzyme activity was defined as the amount of enzyme catalyzing the oxidation of 1 μmol min−1 NADPH 

at 30°C under the specified conditions. Protein concentrations were determined by the method of 

Bradford37 using bovine serum albumin as standard. For the determination of the Km values, the substrate 

4-methyl-2-pentanone was used in concentrations of 0.1–10 mM. Km and Vmax values were calculated 

using Lineweaver–Burk plots of the experimental data.38   
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Table 1. Dependence of the maximal specific fluorescence  

from the specific LbAdh activity of cells  

E. coli BL21(DE3) 

strains 

IPTGa LbAdh 

activityb 

Maximal 

specific 

fluorescencec 

pSenNeg - 0.03 ± 0.01 0.07 ± 0.01 

pSenSox + 

pET28a 

- 0.5 ± 0.1 0.09 ± 0.01 

pSen-L194S - 0.7 ± 0.3 0.11 ± 0.01 

pSen-L194A - 2.7 ± 0.6 0.18 ± 0.04 

pSenSox - 6.3 ± 0.6 0.38 ± 0.02 

pSenSox + 15.2 ±2.0 0.46 ± 0.04 
aIPTG was added to 1 mM. bLbAdh activity of cell-free 

extracts is given in µmol min-1 (mg protein)-1. cValues were 

measured after 19 h of biotransformation with 40 mM MAA. 
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Table 2. Properties of wild-type LbAdh and the variant LbAdh-A93M  

for the substrate 4-methyl-2-pentanone.  

Enzymea 
Vmax

b 

(μmol min-1 mg-1) 

KM
b

 

(mM) 

LbAdh 1.94 ± 0.02 0.11 ± 0.01 

LbAdh-A93M 2.62 ± 0.03 0.88 ± 0.07 
aEnzyme activities were determined with crude extracts 

of the respective strains carrying either pSenSox or pSen-

LA93M. bMean values and standard deviation from three 

replicates are given.  
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Table 3. Strains, plasmids and oligonucleotides used in this worka 

Strains, plasmids 
and oligonucleotides 

Relevant characteristics or 5′–3′ sequence Reference or 
restriction 
site 

Strains   

Escherichia coli 
BL21 Star (DE3) 

F– ompT hsdSB(rB
–, mB

–) gal dcm rne131 (DE3) Invitrogen 

Escherichia coli 
DH5α 

F− ø80∆lacZ∆M15 ∆(lacZYA-argF) U169 deoR recA1 endA1 hsdR17 
(rk−, mk+) phoA supE44 λ− thi-1 gyrA96 relA1 

(1) 

Plasmids   

pBTac-Lbadh AmpR; pBtac1 derivative with adh gene from Lactobacillus brevis (4) 

pSenSox AmpR; pBtac-Lbadh derivative containing soxRS-based biosensor This study 

pSenNeg AmpR; pSensox derivative encoding an inactive LbAdh fragment This study 

pSen-L194S AmpR; pSensox derivative encoding LbAdh-L194S This study 

pSenL194A AmpR; pSensox derivative encoding  adh L194A This study 

pSenA93M AmpR; pSensox derivative with mutated adh A93M This study 

pET28a KanR; plasmid used for provision of IPTG-inducible lacI gene Novagen 

pSenLys KanR; pJC1 derivative containing lysGE-based biosensor (5) 

Oligonucleotides*   

SoxS_for_SphI ATCTGCATGCTTACGGCTGGTCAATATGCTCGTC SphI 

SoxR_rev_SalI GCTAGTCGACCAAACTAAAGCGCCCTTGTG SalI 

EYFP_for_SphI AGAGGCATGCAAGGAGAATTACATGGTGAGCAAGGGCGAGG SphI 

EYFP_rev_ClaI GCGCATCGATTTATTACTTGTACAGCTCGTCCATG ClaI 

ADH_negK_for ACAAGAATTCGCTAAGAGTGTCGGCACTCC EcoRI 

ADH_negK_rev GGCCAAGCTTCCGAAGAAGACACCATCAAG HindIII 

Ala93_for GTTAATAACGCTGGGATCNNKGTTAACAAGAGTGTC  

Ala93_rev GACACTCTTGTTAACMNNGATCCCAGCGTTATTAAC  

Leu152_for GATCCTAGCTTAGGGGCNNKCAACGCATC  

Leu152_rev GATGCGTTGMNNGCCCCTAAGCTAGGATC  

Val195_for GACACCATTGGNNKATGACCTACCAGGGGC  

Val195_rev GCCCCTGGTAGGTCATCAACMNNTGGTGTC  

ADH_mut_for ATACGAATTCATGTCTAACCGTTTGGATGG EcoRI 

ADH_mut_rev GTGTGAAGCTTACTATTGAGCAGTGTAG HindIII 

aRestriction sites are underlined, coding sequences are shown in italics, start or stop codons in bold face. 
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Figure 1. NADPH biosensor based on the 

transcriptional regulator SoxR of E. coli. Dimeric 

SoxR with two Fe–S clusters binds to the soxR-soxS 

intergenic region. At sufficient NADPH levels, the Fe-

S clusters are kept in the reduced state and SoxR is 

inactive. Enhanced activity of NADPH-consuming 

enzymes impedes SoxR reduction and the oxidized Fe-

S clusters trigger a conformational change of SoxR, 

causing transcription of its target gene soxS. In the 

NADPH biosensor pSenSox, soxS has been replaced 

by eyfp coding for the auto- fluorescent protein eYFP, 

which allows identifying cells with a low NADPH 

level by their increased fluorescence.  
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Figure 2. (a) Specific fluorescence of E. coli carrying 

the NADPH biosensor pSenSox during 

biotransformation of 10 mM (dark blue), 20 mM 

(brown), 30 mM (green), 40 mM (purple), 50 mM 

(light blue), 60 mM (yellow) and 70 mM (grey) MAA 
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to MHB via the NADPH-dependent alcohol 

dehydrogenase LbAdh. In black a control without 

MAA is shown. (b) The specific fluorescence obtained 

after 10 h of biotransformation was plotted against the 

initial MAA concentration (). The empty squares () 

show the values obtained with the control plasmid 

pSenNeg encoding an inactive LbAdh fragment. (c) 

Epifluorescence of cells from biotransformations with 

0, 10, 40, or 70 mM MAA.  
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Figure 3. Flow cytometric analysis of E. coli cells 

with the soxR-soxS-based NADPH sensor and different 

NADPH-dependent LbAdh activities. (a) Combined 

fluorescence histograms of three E. coli strains 

carrying either pSenNeg (blue, 0.03 U mg-1 LbAdh 

acitivity), pSen-L194S (yellow, 0.70 U mg-1 LbAdh 

activity), or pSenSox (red, 6.28 U mg-1 LbAdh 

activity) after biotransformation for 19 h with 70 mM 

MAA. Gate P1 was used for differentiation of 

pSenNeg and mutant or wild type populations. (b) 

FACS-generated dot plots displaying the FSC signal 

(forward scatter) and the eYFP signal of E. coli cells 

carrying pSenSox after reductive biotransformation of 
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20 mM 4M2P (left side) or of 20 mM MAA (middle). 

On the right side, the library of mutant LbAdhs was 

used for biotransformation of 20 mM 4M2P and then 

subjected to FACS. Gate P2 was used for mutant 

screening. 

 

  



102          RESULTS                                                          The NADPH/NADP+dependent SoxRS biosensor                             

 

 

TOC figure  

 

 

 

 

 

 

 

  



The NADPH/NADP+dependent SoxRS biosensor                                                                            RESULTS         103   

 

 

 
 

 

Own proportion to this work: 60% 

 

I designed the study and performed the experimental work. FACS analysis was done 
together with either Stefan Binder or Georg Schendzielorz. I wrote the draft of the 
manuscript. 

 

Submitted to ACS Synthetic Biology 

 

 

 

 

 

 

 
 

 



104          DISCUSSION 

 

 

4. Discussion 

 

4.1 Whole-cell biotransformation 

 

Whole-cell biotransformation is an important method in chemo-enzymatic synthesis and 

optimization is of great interest. The optimization of the NADPH per glucose yield was 

focused in this work. The model reaction of the reduction of MAA to MHB catalyzed by 

an ADH from L. brevis was chosen as a model reaction. The ADH was not limiting 

because in vitro measurements showed high activities which would principally enable a 

40 times higher specific biotransformation rate. In a recent work higher specific 

biotransformation rates of 33 mmol MHB h-1 gcdw
-1 were achieved using a substrate-

coupled biotransformation strategy with ADH catalyzing both, the reduction of MAA and 

the regeneration of NADPH by oxidation of 2-propanol (Schroer et al. 2009). For the 

conversion of MAA to MHB, it was shown that there is no substrate and product 

inhibition, and neither substrate nor product were toxic to the cells under the chosen 

conditions (Tan 2006). Taken together, enzyme activity, substrate and product transport 

as well as toxicity can be ruled out as limiting factors. 

The effects of a linear flux through the PPP by deletion of pgi, the partial cyclization of 

the PPP by deletion of pfkA and the complete cyclization of the PPP by deletion of gapA 

was analyzed in this study.  

 

4.1.1 Linear flux through the PPP in Escherichia coli 

 

The ∆pgi mutant of E. coli BL21(DE3) showed a strong growth defect with a growth rate 

of 0.1 h-1 in glucose minimal media, in agreement with previous studies (Sauer et al. 

2004; Nanchen et al. 2007). A 76 % lower glucose consumption rate of 2.7 mmol 

glucose h-1 gcdw
-1 was detected, compared to the reference strain. Several reasons for 

the lower glucose consumption rate have already been discussed in literature. The ∆pgi 

mutant has a high glucose 6-phosphate pool, which was reported to destabilize the ptsG 

mRNA and therefore decreases the glucose uptake capacity of the cell (Morita et al. 

2003). Additionally, a connection between the reoxidation rate of NADPH and the 
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glucose uptake rate was shown (Sauer et al. 2004). A ∆pgi mutant showed a growth 

defect, while a ∆pgi∆udhA double deletion mutant, lacking in addition to phosphoglucose 

isomerase the soluble transhydrogenase UdhA, did not grow on glucose at all. Under 

our biotransformation conditions, the NADPH level was kept low by the recombinant 

alcohol dehydrogenase, as shown by the decrease of the NADPH/NADP+ ratio after 

addition of the substrate MAA. But the glucose uptake rate was similar under 

biotransformation conditions with 2.3 mmol glucose h-1 gcdw
-1 showing a different 

limitation as discussed above.  

Deletion of pgi should result in a linear complete flux through the PPP which was 

confirmed by flux analysis consistent to previous studies. Glucose catabolism proceeds 

almost completely via the PPP in the ∆pgi mutant (Canonaco et al. 2001). This linear 

flux through the PPP should result in a higher NADPH per glucose yield because 

theoretically 2 mol NADPH were generated in the PPP from each glucose molecule 

(Kruger and von Schaewen 2003). 

A 55% higher MHB per glucose yield of 3.8 molMHB molglucose
-1 in a biotransformation 

with resting cells was achieved with the ∆pgi mutant. The intracellular NADPH/NADP+ 

ratio under biotransformation conditions before the addition of MAA was two-times 

higher compared to the reference strain. In independent studies deletion of pgi resulted 

in a 39% higher NADPH/NADP+ ratio which led to a 4-times higher thymidine per 

glucose yield compared to the reference strain without pgi deletion (Lee et al. 2010). The 

deletion of pgi was also beneficial for a higher yield of 3.8 mol xylitol per mol glucose 

with an only 30% higher NADPH/NADP+ ratio under resting cell conditions without xylitol 

(Chin and Cirino 2011). Summarized, deletion of pgi results in a higher NADPH/NADP+ 

ratio and this is beneficial for the reduction of several substrates. 

Theoretical approaches showed an increase of 300% in NADPH production rate in a 

∆pgi mutant, but although the production of catechin and leucocyanidin reached a higher 

final concentration the production rate did not increase (Chemler et al. 2010). This was 

also shown in this study were the specific MHB production rate did not alter in the ∆pgi 

mutant compared to the reference strain. 
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4.1.2 Partial cyclization of the PPP in Escherichia coli 

 

Deletion of pfkA in E. coli BL21(DE3) resulted in 23% residual phosphofructokinase 

activity. This was consistent with the 13C flux analysis with a flux of 32% from fructose 6-

phosphate to triose 3-phosphate in relation to the glucose uptake rate set to 100%. The 

main result from 13C flux analysis was the verification of the partial cyclization of the 

PPP. A negative net flux from glucose 6-phosphate to fructose 6-phosphate was present 

in the ∆pfkA mutant strain indicating a cyclic operating PPP. Under resting cell 

conditions, this partial cyclization resulted in a significant increase of the whole-cell 

biotransformation yield. The theoretical value of 6 molNADPH molglucose
-1 by a partial 

cyclization of the PPP was nearly reached with a value of 4.8 and 5.5 molMHB molglucose
-1 

with ∆pfkA mutant and ∆pfkA∆pfkB mutant, respectively. The values were similar to 

those of an independent study where a yield of 5.1 and 5.4 mol xylitol per mol glucose 

was accomplished with a with a ∆pfkA mutant and ∆pfkA∆sthA mutant, respectively 

(Chin and Cirino 2011). 

 

 
Fig. 5: Correlation of the [NADPH]/[NADP+] ratios before MAA addition to the biotransformation test 

mixtures (t0) and the biotransformation yield (mol MHB/mol glucose) 
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The intracellular NADPH/NADP+ ratio increased by 238% in the ∆pfkA compared to 

the reference strain when analyzed during biotransformation before the addition of the 

substrate MAA. A linear correlation between the NADPH/NADP+ ratio to the 

MHB/glucose yield was detected (Fig. 5). 

The ∆pfkA mutant showed a strong growth defect in glucose minimal media with a 

70% lower growth rate compared to the reference strain BL21(DE3) of 0.18 h-1. This was 

in line with the lower glucose uptake rate of 4 mmol h-1 gcdw
-1 which was 65% lower than 

the glucose uptake rate of the reference strain. Roehl and Vinopal had assumed a 

limitation of the glucose uptake rate by the lowered phosphoenolpyruvate (PEP) 

concentration, a compound which is essential for the phosphoenolpyruvate transferase 

system (PTS) (Roehl and Vinopal 1976). This assumption was validated by the 13C flux 

analysis results received in this work, because the flux through pyruvate kinase was 

nearly absent in the ∆pfkA mutant. 

Glucose uptake independent of the PTS system by overexpression of glucose 

facilitator (glf) and glucokinase (glk) from Zymomonas mobilis (Weisser et al. 1995; 

Parker et al. 1995) increased the glucose uptake rate in whole-cell biotransformation 

under resting cell conditions by 41%. This higher glucose uptake rate resulted in a 20% 

higher specific MHB production rate in the ∆pfkA mutant but not in the reference strain. 

This gave evidence that the limitation occurred only in the mutant strain. 

 

4.1.3 Partial cyclization of the PPP in Corynebacterium glutamicum 

 

To find out if the effects of cyclization of the PPP are equivalent in C. glutamicum was 

another aim of this study. It has to be kept in mind that differences exist in the 

repertoires of metabolic enzymes of E. coli and C. glutamicum. Of relevance for the 

present work is the occurrence of only one gene encoding a 6-phosphofructo 1-kinase 

(pfkA) and the absence of genes encoding transhydrogenases and the two enzymes of 

the Entner-Doudoroff-pathway in C. glutamicum. 

The MHB yield per glucose of the E. coli ∆pfkA mutant was comparable to that of the 

C. glutamicum ∆pfkA mutant (4.8 mol MBH per mol glucose), both overexpressing adh 

from L. brevis, indicating that partial cyclization of the PPP occurred in the latter species, 

too. Furthermore, similarities were found by comparison of by-product formation in E. 
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coli and C. glutamicum. Less acetate and no succinate was produced in the ∆pfkA 

mutant strains compared to the reference strains in the experimental period. This is a 

consequence of the decreased carbon flux through the lower part of glycolysis and the 

TCA in the ∆pfkA mutant. 

The strong growth defect of the C. glutamicum ∆pfkA mutant in glucose minimal 

medium may be caused by several effects. In E. coli, increased levels of glucose 6-

phosphate or fructose 6-phosphate caused by deletion of pgi or pfkA were shown to 

stimulate RNase E-dependent degradation of ptsG mRNA, thereby decreasing the 

glucose uptake capacity of the cell (Morita et al. 2003; Kimata et al. 2001). Additionally, 

for a ∆pfkA mutant of E. coli was assumed that a reduced availability of 

phosphoenolpyruvate (PEP) decreases PEP-dependent glucose uptake (Roehl and 

Vinopal 1976; Siedler et al. 2012). Similar mechanisms might work in C. glutamicum and 

could be responsible for the growth defect of the pfkA mutant. This defect could be 

eliminated by expression of the pfkA genes of C. glutamicum or of E. coli, but not by the 

pfkB gene of E. coli, even though phosphofructokinase activity was high in vitro. 

Surprisingly, the final cell density of the pfkA mutant containing plasmid pEKEx3-

pfkBEco was 29% higher compared to the wild type containing the empty plasmid. E. coli 

contains two non-homologues phosphofructokinases, PfkA (= Pfk I) and PfkB (= Pfk II) 

(Fraenkel et al. 1973). About 90–95% of the total phosphofructokinase activity of E. coli 

is contributed by PfkA under physiological conditions (Vinopal et al. 1975; Vinopal and 

Fraenkel 1975). An E. coli mutant containing no PfkA activity and high PfkB activity 

showed a similar effect as the pfkA mutant of C. glutamicum containing E. coli PfkB, 

i.e. a 31% lower doubling time and a 12% higher cell yield (Robinson and Fraenkel 

1978). E. coli PfkA and PfkB are regulated by different allosteric effectors. While PfkA is 

activated by ADP and inhibited by PEP (Blangy et al. 1968), PfkB is not influenced by 

PEP and ADP but inhibited by high fructose 1,6-bisphosphate concentrations (Babul 

1978). If overexpression of pfkB causes elevated fructose 1,6-bisphosphate levels, PfkB 

would be feedback inhibited and this could be responsible for the slow growth rate 

despite high in vitro phosphofructokinase activity. The reason for the increased biomass 

yield of the pfkA mutants of E. coli and C. glutamicum overexpressing pfkB is still 

unclear. 
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4.1.4 Cyclization of the PPP in Corynebacterium glutamicum 

 

Complete oxidation of glucose via a cyclic PPP, which requires complete recycling of 

both fructose 6-phosphate and triose phosphate, theoretically affords the generation of 

12 mol reduction equivalents per mol glucose 6-phosphate (Kruger and von Schaewen 

2003). The fact that the MHB per glucose yield of the ∆gapA mutant (7.9 mol mol-1) was 

higher compared to ∆pfkA mutant and corresponded to 66% of the maximal value of 12 

mol NADPH per mol glucose 6-phosphate indicated a more expanded cyclic operation of 

the PPP in the gapA mutant compared to the pfkA mutant. The maximal value of a 

complete cyclic PPP was not reached because 25% of carbon was lost by conversion of 

glyceraldehyde 3-phosphate reduction to glycerol. Taking this loss into account, only 9 

molMHB molglucose
-1 could be achieved maximally and the experimental yield of 7.9 mol 

mol-1 corresponds to 88% of this value. A strongly reduced specific biotransformation 

rate was shown by the gapA mutant, which was probably a consequence of the 

diminished capability for glucose uptake. In a gapA mutant, no PEP should be formed 

during glucose catabolism and consequently, glucose uptake via the PTS should be 

impossible. For C. glutamicum PTS-independent glucose uptake has recently been 

described. The inositol transporters IolT1 and IolT2 function also as low-affinity glucose 

permeases (Lindner et al. 2011). Subsequent phosphorylation of glucose to glucose 6-

phosphate is catalyzed either by an ATP-dependent glucokinase enocoded by glk (Park 

et al. 2000) or by the polyphosphate- or ATP-dependent glucose kinase PpgK (Lindner 

et al. 2010). During biotransformation the gapA mutant showed a glucose consumption 

rate of 2.5 nmol-1 mgcdw
-1 which is in the range of determined PTS-independent glucose 

uptake of 0.7 nmol min-1 mgcdw
-1 measured at low external glucose concentrations (1 

mM) (Lindner et al. 2011). Because glucose concentrations during biotransformation are 

>10-fold above the apparent Ks values of IolT1 and IolT2 (2.8 and 1.9 mM, respectively) 

(Lindner et al. 2011), it can be assumed that glucose uptake occurs via this alternative 

pathway in the gapA mutant. Overexpression of either iolT1 or iolT2 together with ppgK 

was shown to allow almost wild-type growth rates in a PTS-negative mutant (Lindner et 

al. 2011) and thus would probably also allow higher biotransformation rates of a gapA 

mutant. Alternatively, expression of the glucose facilitator gene glf from Zymomonas 
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mobilis could help to increase glucose uptake (Weisser et al. 1995; Parker et al. 1995; 

Bäumchen and Bringer-Meyer 2007). 

 

4.1.5 The role of transhydrogenase in the ∆pfkA mutant of E. coli 

 

The effects of the ∆pfkA mutant in whole-cell biotransformation were analyzed regarding 

to gene expression changes and the influence of oxygen on the biotransformation rate 

and physiological parameters. During biotransformation gene expression analysis 

revealed a different regulation between the BL21(DE3) and the ∆pfkA mutant. While the 

reference strain was influenced by the ArcAB two component system this influence was 

less in the ∆pfkA mutant. Phosphorylated, active ArcA activates or represses many of 

the genes that are involved in respiration and metabolism, including terminal oxidases, 

tricarboxylic acid cycle enzymes and glyoxylate shunt enzymes (Liu and De Wulf 2004) 

The ArcAB two component system is sensing microarobic conditions by the QH2 to Q 

ratio of the respiratory chain (Georgellis et al. 2001; Malpica et al. 2004; Malpica et al. 

2006). This ratio is linked to the NADH/NAD+ ratio in the respiratory chain. The 

differences on the gene transcription level fitted to a 30% lower NADH to NAD+ ratio in 

the ∆pfkA mutant compared to that of the reference strain after 120 min of 

biotransformation in a shake flask experiment. The differences can be explained by the 

results of anaerobic and aerobic biotransformation. Under anaerobic biotransformation 

conditions similar specific MHB production rates (7.4 mmol h-1 gcdw
-1) and CO2 transfer 

rates (2.4 mmol h-1 gcdw
-1) were achieved with reference strain and ∆pfkA mutant. 

Additionally, the production of byproducts were similar with exception of a much lower 

lactate formation in the ∆pfkA mutant pointing to an adjusted NADH/NAD+ ratio in the 

absence of oxygen. Under aerobic conditions a markedly increased carbon dioxide 

transfer rate (CTR) and oxygen transfer rate (OTR) were observed with the reference 

strain while a constant CTR and a much lower OTR were observed with the ∆pfkA 

mutant after addition of MAA. Under aerobic conditions and after the addition of MAA the 

ADH competed with the transhydrogenase SthA for NADPH and less H- was transferred 

from NADPH to NAD+ and consequently less NADH could be used for respiration in the 

mutant. That could explain the lower OTR in the presence of MAA in the mutant. These 

dissimilar responses were due to the different abilities of the two strains to use oxygen. 
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The ∆pfkA mutant was not able to use oxygen effectively for respiration, because 

conversion of NADPH to NADH by SthA seemed to be discontinued after addition of 

MAA. Under these conditions less oxygen could be used and on that account the cells 

were not as oxygen limited as the cells of the reference strain as was also indicated by 

the gene expression changes. 

 

4.2 NADPH/NADP+ redox sensor 

 

In this study we have analyzed the SoxRS response to low intracellular NADPH/NADP+ 

ratios in detail for the application of high throughput screening systems for NADPH 

dependent enzymes.  

Formerly, it was assumed that SoxRS is sensing superoxide stress because the gene 

expression of soxS is activated by redox-cycling agents like paraquat (PQ), menadione 

and plumbagin (Nunoshiba et al. 1992; Wu and Weiss 1991). However, these reagents 

produce superoxide at the expense of the oxidation of NADPH, decreasing the reducing 

capacity of the cell. The first authors who proposed the view that SoxRS senses the 

NADPH state of E. coli were Liochev and Friedovich (1992), but their theory was 

neglected. Twenty years after this hypothesis the activation of the SoxRS system 

dependent of the NADPH/NADP+ ratio was shown: overexpression of NADPH producing 

enzymes reduced the transcription of the soxS gene and vice versa expression of 

NADPH consuming enzymes enhanced the soxS transcription, due to the altered 

NADPH/NADP+ ratio (Krapp et al. 2011; Gu and Imlay 2011). Physiologically, the SoxRS 

sensing low intracellular NADPH concentrations is reasonable because SoxS is 

regulating the gene expression of zwf, encoding the glucose-6-phosphate 

dehydrogenase (Li and Demple 1994) which is the first and under physiological 

conditions limiting step of the PPP. Paraquat-induced superoxide stress (resulting in 

lower NADPH content) increases the flux through the PPP supporting the regulatory 

theory (Rui et al. 2010). 

The results of this thesis contribute to the view that SoxRS senses the NADPH state 

of E. coli.  In principal, due to the unnaturally high activity of an overexpressed enzyme 

catalyzing a NADPH dependent reaction, low intracellular NADPH concentrations exist. 

This effect can be used for screening of a desired enzyme activity. Microarray analysis 
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before and after addition of MAA showed a 4.5 fold higher transcribed soxS gene after 

addition of MAA in the reference strain. A correlation between the lower NADPH/NADP+ 

and the soxS gene transcription was assumed (Fig. 6). SoxR is kept in its inactive state 

by a NADPH dependent reduction, e.g. catalyzed by the proteins RseC and RsxBC (Koo 

et al. 2003). If low NADPH concentrations are present less SoxR can be reduced and 

thereupon oxidized SoxR is activating soxS gene expression.  

 

 

Fig. 6: Scheme of the transcription of soxS mediated by oxidized SoxR. SoxR is held in its reduced state 

by NADPH dependent reductases. If low intracellular NADPH concentrations are present SoxR cannot be 

reduced back to its inactive form and soxS gene transcription is activated. High activity of an NADPH-

consuming dehydrogenase lowers the intracellular NADPH/NADP+ ratio and indirectly activates SoxR. 

 

We used this finding to develop a sensor for the in vivo analysis of NADPH-

dependent reactions offering a number of exciting possibilities for high-throughput (HT) 

analysis and development of NADPH-dependent enzymes. The soxS gene transcription 

was coupled to the transcription of the enhanced yellow fluorescent protein (eyfp). The 

specific fluorescence output of the sensor is dependent on substrate concentration and 

ADH activity. The eYFP protein is stable (Tsien 1998) and the fluorescence signal stays 

constant over a period of >10 hours which is an advantage for screening of enzymes 
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because no kinetics need to be determined. FACS analysis revealed the applicability of 

this system for high throughput screening systems. None of 106 wild type cells were 

selected due to the sorting gate after 3 hours incubation with 4-methyl-2-pentanone 

(MP). In an analysis of the cells harboring the mutated ADH an inhomogeneity is visible 

with sorting of 2 cells out of 106 analyzed cells (Fig. 7). 

 

 
Fig. 7: Example of a FACS analysis of cells three hours after induction with 20 mM MP. Cells falling into 

the gate P2 were selected and further analyzed. A) E. coli cells expressing wild type ADH; B) E. coli cells 

expressing mutated library of the ADH 

 

Six of the sorted cells were selected due to their higher fluorescence intensity in 96-

well plates three hours after addition of MP compared to cells expressing the wild type 

enzyme. One enzyme turned out to have a 35 % higher maximum of specific enzyme 

activity. The enzyme has an amino acid exchange from alanine 93 to methionine. Ala93 

is involved in  acetophenone substrate binding (Schlieben et al. 2005) and it can be 

assumed that the exchange to methionine somehow favors correct binding of the 

smaller molecule MP, compared to acetophenone, resulting in a higher maximal velocity. 

Methionine is larger and reduces the binding pocket; this can be an explanation for the 

lower KM of the mutated ADH. 

 

A  B 
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4.3 Conclusion and perspectives 

 

This thesis shows the potential of metabolic engineering of the PPP for cofactor 

regeneration. Taking advantage of the metabolism of the cell with a cyclized PPP 

enables a NADPH per glucose yield of up to 7.9 mol/mol. Further studies should aim at 

the elucidation of bottlenecks and diminishing of glycerol byproduct formation. 

In case of the redox sensor a generalized HT screen is available for NADPH-

consuming enzymes of interest. As long as educts and products are diffusible through 

the cytoplasmic membrane, libraries of dehydrogenases requiring NADPH, or P450-

monooxygenases where NADPH is part of the catalytic cycle can now be assayed in HT 

screening approaches without development of specific assays. This novel technology is 

expected to expedite the availability of new enzymes for the synthesis of chiral 

compounds enormously. 
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Appendix 

 

Supplemental material Increased NADPH availability in Escherichia coli 

 

Table S1A Intracellular concentrations of NADPH and NADP+ and ratios of [NADPH]/[NADP+] and [NADH]/[NAD+] in E. coli reference strain and 

deletion mutants at three time points during biotransformation. All strains expressed the plasmid-encoded alcohol dehydrogenase gene from L. brevis. 

Samples taken at the time point zero did not yet contain the biotransformation substrate MAA. Results were derived from at least two independent 

experiments. 

 

 

 

Strain [NADPH] [NADP+] [NADPH]/[NADP+] 
µmol (g cdw)-1 µmol (g cdw)-1 

 
Time (min) Time (min) Time (min) 

0 30 120 0 30 120 0 30 120 

Reference strain 0.22 ± 0.06 0.28 ± 0.05 0.30 ± 0.01 1.05 ± 0.11 1.82 ± 0.31 2.12 ± 0.51 0.21 ± 0.03 0.17 ± 0.04 0.17 ± 0.05 

∆pfkB 0.26 ± 0.07 0.20 ± 0.07 0.20 ± 0.05 1.12 ± 0.24 2.13 ± 0.83 1.57 ± 0.43 0.22 ± 0.01 0.10 ± 0.02 0.15 ± 0.07 

∆pfkA 0.44 ± 0.09 0.46 ± 0.07 0.42 ± 0.07 0.88 ± 0.12 1.79 ± 0.15 2.25 ± 0.28 0.50 ± 0.04 0.28 ± 0.02 0.21 ± 0.05 

∆pfkA∆pfkB 0.36 ± 0.01 0.13 ± 0.01 0.13 ± 0.08 0.67 ± 0.24 1.29 ± 0.20 1.22 ± 0.09 0.61 ± 0.09 0.10 ± 0.01 0.11 ± 0.07 

∆pgi 0.60 ± 0.01 0.27 ± 0.09 0.20 ± 0.06 1.31 ± 0.18 1.71 ± 0.86 1.51 ± 0.48 0.46 ± 0.05 0.26 ± 0.09 0.16 ± 0.09 
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Table S1B Intracellular concentrations of NADH and NAD+ (µmol (g cdw)-1) and ratios of [NADH]/[NAD+] in E. coli reference strain and deletion 

mutants at three time points during biotransformation. All strains expressed the plasmid-encoded alcohol dehydrogenase gene from L. brevis. 

Samples taken at the time point zero did not yet contain the biotransformation substrate MAA. Results were derived from at least two independent 

experiments. 

 

 

Strain 
[NADH] [NAD+] 

[NADH]/[NAD+] 
µmol (g cdw)-1 µmol (g cdw)-1 

 
Time (min) Time (min) Time (min) 

0 30 120 0 30 120 0 30 120 
Reference strain 3.21 ± 1.53 3.40 ± 0.89 2.71 ± 0.13 7.65 ± 1.84 6.97 ± 0.64 4.16 ± 0.40 0.39 ± 0.10 0.48 ± 0.08 0.65 ± 0.03 

∆pfkB 3.18 ± 1.65 3.67 ± 2.79 2.96 ± 1.21 7.62 ± 2.73 7.93 ± 0.94 4.22 ± 0.38 0.39 ± 0.07 0.42 ± 0.30 0.73 ± 0.35 

∆pfkA 2.40 ± 0.96 2.97 ± 0.58 1.86 ± 0.24 7.52 ± 1.31 6.87 ± 0.22 4.06 ± 0.09 0.35 ± 0.19 0.44 ± 0.10 0.46 ± 0.05 

∆pfkA∆pfkB 1.81 ± 0.53 3.34 ± 0.79 1.40 ± 0.85 6.04 ± 0.98 6.04 ± 0.58 3.48 ± 0.52 0.30 ± 0.08 0.45 ± 0.24 0.40 ± 0.11 

∆pgi 2.39 ± 1.67 2.65 ± 1.13 2.27 ± 1.40 7.39 ± 0.89 5.33 ± 1.42 3.37 ± 0.66 0.30 ± 0.18 0.42 ± 0.29 0.61 ± 0.30 
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Supplement Figure S2A,B Correlation of the NADPH/NADP+ ratios before MAA addition to the 
biotransformation test mixtures (t0) and the MHB production rates, A; Correlation of the difference of 
NADPH/NADP+ ratios before MAA addition to the biotransformation test mixtures (t0) and the 
NADPH/NADP+ ratios during biotransformation and the biotransformation yield (YRPG), B. 
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Supplemental material	Characterization of E. coli BL21(DE3) and its pfkA deletion mutant 

  

  

Fig. S1: MA plots of DNA microarray analyses of the response to MAA. Values with a signal to noise ratio <3 are shown in blue and those >3 are 

shown in red. A+B shows the results of the wild type and C+D the results of the ∆pfkA mutant of independent analyses. 
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Table SII: Regulated genes of a genome-wide comparison of mRNA levels of E. coli ∆pfkA versus the 

reference strain under biotransformation conditions in the presence of the substrate MAA. Cells were 

suspended at a cell density of 3 gcdw L-1 for 10 min in biotransformation medium and samples were taken 

for RNA isolation. Genes with an mRNA ratio ≥2.0  or ≤0.5  and a p-value of ≤0.05 are listed. The data 

shown represent mean values from three biological replicates. The genes were grouped into different 

functional categories within which they were grouped into up- and downregulated genes, ordered 

according to their locus tag. 

 

Locus tag Gene 
name 

Annotation mRNA 
ratio 

p-value 

Respiration     

ECD_00692 cydA cytochrome d terminal oxidase, subunit I  0.27 1.41E-02

ECD_00382 cyoB cytochrome o ubiquinol oxidase subunit I  2.80 2.81E-03

ECD_00383 cyoA cytochrome o ubiquinol oxidase subunit II  5.26 2.99E-03

Metabolism     

ECD_01234 trpA tryptophan synthase subunit alpha  0.17 2.28E-03

ECD_01235 trpB tryptophan synthase subunit beta  0.14 8.69E-04

ECD_01236 trpC bifunctional indole-3-glycerol phosphate  0.10 5.50E-06

ECD_01237 trpD bifunctional indole-3-glycerol-phosphate  0.06 1.09E-09

ECD_01238 trpE anthranilate synthase component I  0.07 1.21E-02

ECD_01239 trpL trp operon leader peptide  0.05 2.41E-03

ECD_01673 aroH 3-deoxy-D-arabino-heptulosonate-7-phosphate 
synthase, tryptophan repressible  

0.30 5.83E-03

ECD_02704 ygeX diaminopropionate ammonia-lyase  0.26 1.57E-02

ECD_02712 ssnA putative chlorohydrolase/aminohydrolase  0.15 3.31E-24

ECD_02714 xdhD fused predicted xanthine/hypoxanthine oxidase:  0.13 3.98E-04

ECD_02981 tdcE pyruvate formate-lyase 4/2-ketobutyrate formate-
lyase  

0.31 2.09E-03

ECD_03280 glgP glycogen phosphorylase  0.49 6.59E-17

ECD_03592 tnaA tryptophanase/L-cysteine desulfhydrase, PLP-
dependent  

0.02 2.48E-03

ECD_03801 pfkA 6-phosphofructokinase  0.06 2.24E-02

ECD_03990 melA alpha-galactosidase, NAD(P)-binding  0.16 1.93E-03

ECD_04113 pyrB aspartate carbamoyltransferase catalytic subunit  0.41 6.57E-03

ECD_00115 lpdA dihydrolipoamide dehydrogenase  2.34 3.47E-04

ECD_00681 sdhC succinate dehydrogenase cytochrome b556 large 
membrane subunit  

15.46 4.23E-03

ECD_00682 sdhD succinate dehydrogenase cytochrome b556 small 
membrane subunit  

12.58 1.93E-04

ECD_00683 sdhA succinate dehydrogenase flavoprotein subunit  6.71 7.39E-03

ECD_00684 sdhB succinate dehydrogenase, FeS subunit  3.04 1.81E-02

ECD_01164 dadA D-amino acid dehydrogenase small subunit  5.44 3.72E-03

ECD_01273 puuA gamma-Glu-putrescine synthase  3.22 2.42E-02

ECD_01747 yeaA methionine sulfoxide reductase B  3.44 5.90E-04

ECD_02266 yfcY acetyl-CoA acetyltransferase  3.36 7.35E-03
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ECD_02950 fadH 2,4-dienoyl-CoA reductase, NADH and FMN-linked  3.71 6.34E-34

ECD_03455 mtlD mannitol-1-phosphate 5-dehydrogenase  2.42 3.71E-03

ECD_03737 fadB fused 3-hydroxybutyryl-CoA  13.37 3.60E-03

ECD_03909 malM maltose regulon periplasmic protein  5.94 2.47E-03

ECD_03941 acs acetyl-coenzyme A synthetase  6.81 1.39E-03

Regulation; Signaltransduction   

ECD_00112 pdhR transcriptional regulator of pyruvate dehydrogenase 
complex  

0.39 5.54E-03

ECD_02214 lrhA DNA-binding transcriptional repressor of flagellar, 
motility and chemotaxis genes  

0.36 8.61E-03

ECD_02539 mprA DNA-binding transcriptional repressor of microcin 
B17 synthesis and multidrug efflux  

0.45 6.14E-20

ECD_00300 mhpR DNA-binding transcriptional activator, 3HPP-binding  2.60 1.66E-02

ECD_02423 iscR DNA-binding transcriptional repressor  2.49 1.01E-03

ECD_02429 hcaR DNA-binding transcriptional activator of 3-
phenylpropionic acid catabolism  

2.73 8.01E-04

Transport     

ECD_00908 focA formate transporter  0.25 6.04E-04

ECD_02079 mglB methyl-galactoside transporter subunit  0.17 2.25E-02

ECD_03028 mtr tryptophan transporter of high affinity  0.14 5.95E-06

ECD_03593 tnaB tryptophan transporter of low affinity  0.23 1.16E-03

ECD_03637 rbsB D-ribose transporter subunit  0.35 5.30E-03

ECD_03991 melB melibiose:sodium symporter  0.31 3.70E-03

ECD_02078 mglA fused methyl-galactoside transporter subunits of ABC 
superfamily: ATP-binding components  

0.38 7.78E-03

ECD_02019 gatB galactitol-specific enzyme IIB component of PTS  0.33 7.85E-03

ECD_02020 gatA galactitol-specific enzyme IIA component of PTS  0.34 9.75E-03

ECD_00961 ompA outer membrane protein A (3a;II*;G;d)  2.99 1.95E-02

ECD_02235 argT lysine/arginine/ornithine transporter subunit  3.07 4.90E-03

ECD_03151 prlA protein translocase subunit SecY  4.52 3.13E-02

ECD_03287 gntU gluconate transporter, low affinity GNT 1 system  2.59 3.56E-03

ECD_03302 ugpB glycerol-3-phosphate transporter subunit  2.65 9.37E-04

ECD_03905 malF maltose transporter subunit  3.31 1.12E-02

ECD_03906 malE maltose ABC transporter periplasmic protein  3.22 6.82E-03

ECD_03907 malK fused maltose transport subunit, ATP-binding  3.74 8.83E-03

ECD_03908 lamB maltoporin precursor  6.78 5.70E-03

Motility     

ECD_01067 flgM anti-sigma factor for FliA (sigma 28)  2.50 1.58E-03

ECD_01068 flgA flagellar basal body P-ring biosynthesis protein A  2.99 7.25E-03

ECD_01069 flgB flagellar basal-body rod protein B  3.21 8.97E-04

ECD_01070 flgC flagellar basal-body rod protein C  2.86 4.37E-03

ECD_01071 flgD flagellar basal body rod modification protein D  3.07 2.93E-03

ECD_01072 flgE flagellar hook protein E  2.76 9.77E-07

ECD_01073 flgF flagellar component of cell-proximal portion of basal-
body rod  

2.44 3.19E-05

ECD_01074 flgG flagellar component of cell-distal portion of basal-
body rod  

2.69 5.30E-05
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Stress response    

ECD_00885 cspD cold shock protein homolog  0.26 3.49E-03

ECD_02464 rseC RseC protein involved in reduction of the SoxR iron-
sulfur cluster  

0.45 6.71E-04

ECD_10012 ybcC DLP12 prophage; predicted exonuclease  0.44 1.43E-03

ECD_00014 dnaK molecular chaperone DnaK  3.88 2.45E-02

ECD_00268 betB betaine aldehyde dehydrogenase, NAD-dependent  7.45 2.50E-03

ECD_00269 betI transcriptional regulator BetI  6.44 4.47E-03

ECD_00270 betT choline transporter of high affinity  3.79 1.37E-03

ECD_00503 nmpC DLP12 prophage; truncated outer membrane porin 
pseudogene)  

3.20 3.77E-03

ECD_03847 udhA soluble pyridine nucleotide transhydrogenase  3.06 1.48E-04

ECD_03934 soxS DNA-binding transcriptional dual regulator  6.25 5.03E-03

ECD_04012 groES co-chaperonin GroES  3.81 3.79E-02

Transcription & translation   

ECD_00957 rmf ribosome modulation factor  0.41 1.44E-02

ECD_01438 sra 30S ribosomal subunit protein S22  0.36 3.66E-03

ECD_02465 rseB periplasmic negative regulator of sigmaE  0.45 1.99E-03

ECD_02495 rplS 50S ribosomal protein L19  3.20 1.60E-02

ECD_02496 trmD tRNA (guanine-N(1)-)-methyltransferase  3.49 1.10E-02

ECD_02497 rimM 16S rRNA-processing protein  3.98 5.56E-03

ECD_02498 rpsP 30S ribosomal protein S16  3.96 7.43E-03

ECD_03145 rplQ 50S ribosomal protein L17  2.93 5.16E-02

ECD_03146 rpoA DNA-directed RNA polymerase subunit alpha  4.40 2.39E-02

ECD_03147 rpsD 30S ribosomal protein S4  5.11 1.17E-02

ECD_03148 rpsK 30S ribosomal protein S11  4.52 2.25E-02

ECD_03149 rpsM 30S ribosomal protein S13  4.30 2.59E-02

ECD_03150 rpmJ 50S ribosomal protein L36  3.69 5.64E-02

ECD_03152 rplO 50S ribosomal protein L15  4.64 3.02E-02

ECD_03153 rpmD 50S ribosomal protein L30  5.14 2.94E-02

ECD_03154 rpsE 30S ribosomal protein S5  4.43 4.24E-02

ECD_03155 rplR 50S ribosomal protein L18  5.14 2.80E-02

ECD_03156 rplF 50S ribosomal protein L6  4.00 5.48E-02

ECD_03157 rpsH 30S ribosomal protein S8  4.19 4.96E-02

ECD_03158 rpsN 30S ribosomal protein S14  4.17 4.74E-02

ECD_03159 rplE 50S ribosomal protein L5  4.39 4.21E-02

ECD_03161 rplN 50S ribosomal protein L14  4.39 4.05E-02

ECD_03163 rpmC 50S ribosomal protein L29  5.85 4.90E-02

ECD_03164 rplP 50S ribosomal protein L16  9.52 1.32E-02

ECD_03165 rpsC 30S ribosomal protein S3  6.44 4.98E-02

ECD_03166 rplV 50S ribosomal protein L22  10.20 2.38E-02

ECD_03167 rpsS 30S ribosomal protein S19  8.31 4.37E-02

ECD_03168 rplB 50S ribosomal protein L2  14.76 7.37E-03

ECD_03169 rplW 50S ribosomal protein L23  10.56 2.85E-02

ECD_03170 rplD 50S ribosomal protein L4  12.06 1.32E-02

ECD_03171 rplC 50S ribosomal protein L3  15.97 3.89E-03
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ECD_03172 rpsJ 30S ribosomal protein S10  15.01 6.14E-03

ECD_03190 tufA protein chain elongation factor EF-Tu (duplicate of 
tufB)  

3.91 1.14E-02

ECD_03191 fusA elongation factor EF-2  5.77 1.15E-02

ECD_03192 rpsG 30S ribosomal protein S7  6.52 1.18E-02

ECD_03193 rpsL 30S ribosomal protein S12  8.48 1.06E-02

ECD_03856 tufB protein chain elongation factor EF-Tu (duplicate of 
tufA)  

3.44 1.24E-02

ECD_04067 rpsF 30S ribosomal protein S6  5.09 3.87E-02

ECD_04068 priB primosomal replication protein N  5.10 3.37E-02

ECD_04069 rpsR 30S ribosomal protein S18  7.25 2.59E-02

ECD_04070 rplI 50S ribosomal protein L9  3.78 5.50E-02

Predicted function   

ECD_00931 ycbL predicted metal-binding enzyme  0.41 5.30E-05

ECD_01888 yodA conserved metal-binding protein  0.33 1.59E-02

ECD_02240 yphF predicted sugar transporter subunit: periplasmic-
binding component of ABC superfamily  

0.30 6.74E-05

ECD_02702 ygeV predicted DNA-binding transcriptional regulator  0.26 1.05E-02

ECD_02711 ygfK predicted oxidoreductase, Fe-S subunit  0.18 4.01E-04

ECD_02713 ygfM predicted oxidoreductase  0.17 3.02E-03

ECD_02940 yqjI predicted transcriptional regulator  0.41 8.07E-05

ECD_01022 phoH conserved protein with nucleoside triphosphate 
hydrolase domain  

2.30 1.38E-03

Hypothetical protein   

ECD_00284 yahO hypothetical protein  0.32 5.10E-02

ECD_00930 ycbK hypothetical protein  0.43 7.62E-04

ECD_01108 ycfR hypothetical protein  0.24 6.96E-03

ECD_02703 ygeW hypothetical protein  0.21 4.84E-04

ECD_02705 ygeY hypothetical protein  0.31 1.49E-02

ECD_02709 yqeC hypothetical protein  0.43 2.33E-04

ECD_00694 ybgT hypothetical protein  0.26 1.83E-02

ECD_02111 yejG hypothetical protein  3.18 3.55E-03

ECD_03699 yigI hypothetical protein  2.57 3.64E-03
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