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4  Summary 

Summary 

The optimization of biotechnological processes is of interest in order to create alternative synthetic 

pathways to so far petroleum-based products (ERICKSON et al. 2012; SHELDON & WOODLEY 2018). 

For the synthesis of high-value products, oxidoreductases might be used, but the fact that they are 

cofactor dependent needs to be considered in process design. Hence, efficient biocatalysis involving 

these enzymes is usually based on a combined reaction/regeneration process or designed as a pathway 

that is redox balanced. However, the cofactor remains a cost-pushing factor. Thus, the development of 

biomimetic cofactors, which are cheaper than their natural counterparts (nicotinamide cofactors - 

NAD(P)/H) and which can easily be synthesized, and the efficient use of these molecules in enzymatic 

catalysis would further increase the applicability of products synthesized via green chemistry (GEDDES 

et al. 2016).  

However, various disadvantages that restrict the extensive use of synthetic cofactors need to be 

overcome like the strongly restricted number of enzymes available for biomimetic catalysis as well as 

the stability of the biomimetic molecules, especially of the reduced forms. In the cell-free processes 

involving biomimetic cofactors described so far, recycling of these synthetic molecules was performed 

with metal catalysts (OKAMOTO et al. 2016). 

Within this work, two enzymatic regeneration systems, namely NADH oxidase from Lactobacillus 

pentosus (LpNox) and glucose dehydrogenase from Sufolobus solfataricus (SsGDH), were described 

for the conversion of totally synthetic biomimetic cofactors that contain a nicotinamide moiety, an 

alkyl chain, and in some instances a phenyl group.  

Several known biomimetic cofactors and variations thereof were tested. During characterization of 

these biomimetic cofactors, the molecule containing an ethyl chain between the nicotinamide moiety 

and phenyl group was found to be as stable as the natural nicotinamide cofactors NAD(P)H. However, 

further improvements in stability and solubility are also needed to further increase their applicability.  

The flavin dependent LpNox was found to be able to oxidize all tested biomimetics after in vitro 

loading of the enzyme with FAD. Here, the side product water was formed. Free FAD was also able to 

convert the biomimetics, however, the by-product hydrogen peroxide was detected instead. Depending 

on the recycling strategy, LpNox or free FAD can be used for the regeneration of the tested oxidized 

biomimetics differing in side product formation. However, LpNox holds the potential to be evolvable. 

Furthermore, SsGDH was shown to reduce the totally synthetic cofactors, which contain a phenyl 

group. Enzyme engineering was performed to increase the reaction rates and also to get more 

information on the binding of the biomimetic cofactors in the cofactor binding site. Two of the seven 

investigated positions were found to increase activity. The combination of these single variants 

resulted in an enzyme with a ten-fold higher activity compared to the wild-type enzyme. Exchange of 

the nonpolar and large isoleucine with a smaller and more polar threonine in Ile192Thr, which could 

also act as a hydrogen donor and acceptor, supported binding interactions in combination with the 

mutation Val306Ile. With this SsGDH variant and the enoate reductase from Thermus scotoductus 

(TsER), the applicability of biomimetic cofactors in a biocatalytic reaction/regeneration process was 

shown. However, both enzymes still have a high preference for the natural cofactors, which disturbs a 

process that is supposed to be based on synthetic cofactors. Thus, an additional trap for NAD(P)/H 

needed to be included to get the desired process run solely based on the conversion of biomimetic 



Summary  5 

 

cofactors. Overall, further improvement of both enzymes is needed to reduce the preference for the 

natural cofactors and simultaneously increase the activity with the biomimetics.  
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1 Introduction 

1.1 Nicotinamide Cofactors – Natural and Biomimetic Derivatives 

1.1.1 Oxidation and Reduction 

Since the end of the 18
th
 century, the chemical community had defined combustion as any reaction 

involving oxygen. Following this, Antoine-Laurent Lavoisier defines such a reaction as oxidation, 

whereas a reaction, in which a chemical compound releases oxygen, as reduction. In a redox reaction, 

a combination of oxidation and reduction, oxygen is transferred from one reactant to the other 

(according to the definition of Antoine-Laurent Lavoisier) (ACS). Nowadays, oxidation and reduction 

are defined based on the level of electron movement, which also include reactions that do not involve 

oxygen. Accordingly, oxidations and reductions are reactions, in which electrons are removed from 

the atom or added to the atom, respectively. Thus, the valence of the atom is changed resulting in an 

oxidized or reduced state. However, this definition may not be completely suitable for organic 

compounds, as these molecules normally remain without a charge after oxidation or reduction. 

Organic molecules that undergo such reactions perform a two electron or multiple electron transfer for 

keeping the electrons paired. Even after oxidation or reduction, atoms like carbon, hydrogen, or 

oxygen remain without a charge, whereas nitrogen or sulfur for example, are more likely to adopt a 

valence after redox reactions (HAMILTON 2009).  

Enzymes, namely oxidoreductases (enzyme class [EC] 1), catalyze the oxidation and reduction of 

several organic compounds. Looking at the natural metabolic pathways, oxidoreductases participate, 

among others, in the overall conversion of D-glucose to pyruvate in glycolysis, that is the conversion 

of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate with glyceraldehyde 3-phosphate 

dehydrogenase or catalyze various steps in the citric acid cycle, i.e. isocitrate dehydrogenase, malate 

dehydrogenase, succinate dehydrogenase (VOET et al. 2002). Advantages of oxidoreductase catalyzed 

reactions include high selectivity and stereospecificity as well as high reaction rates under mild 

conditions (MAY & PADGETTE 1983). Generally, oxidoreductases are dependent on cofactors that are 

defined as “any non-protein substance required for a protein to be catalytically active. Some cofactors 

are inorganic, such as the metal atoms zinc, iron, and copper in various oxidation states. Others, such 

as most vitamins, are organic. Cofactors are generally either bound tightly to active sites, or may bind 

loosely with the enzyme. They may also be important for structural integrity, i.e. if they are not 

present, the enzyme does not fold properly or becomes unstable” (RICHTER 2013; UNIPROT Last 

modified December 5, 2014). Organic cofactors for example are adenosine-5’ phosphate, adenosine-5’ 

diphosphate, adenosine-5’ triphosphate, vitamins and their derivatives, flavin mononucletide (FMN), 

flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide (oxidized/reduced state), or 

nicotinamide adenine dinucleotide phosphate (oxidized/reduced state) (WU et al. 2013). Among these, 

flavin cofactors remain in the active site of the enzyme during catalysis and are self-regenerating. In 

contrast, nicotinamide or adenosine cofactors bind to the enzyme during the catalytic cycle, provide 

their functional group for the conversion of the substrate to the product and are released thereafter. 

Hence, these cofactors are not self-regenerating and need to be added in stoichiometric amounts in a 

cell-free reaction system (RICHTER 2013; ZHAO & VAN DER DONK 2003).  
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1.1.2 Natural Nicotinamide Cofactors 

Nicotinamide cofactors are among the most common electron carrier molecules in nature and perform 

the transfer of a hydride - one proton with two electrons. Nicotinamide cofactors include nicotinamide 

adenine dinucleotide (NAD
+
), dihydro nicotinamide adenine dinucleotide (NADH), nicotinamide 

adenine dinucleotide phosphate (NADP
+
), and dihydro nicotinamide adenine dinucleotide phosphate 

(NADPH). In living cells, NAD
+
 is mostly used for catabolic reactions, whereas NADPH can be found 

in anabolic processes. They are composed of a nicotinamide moiety connected with a ribose, a 

pyrophosphate, and an adenosine. In comparison to NAD/H, NADP/H is phosphorylated at C2 of the 

riboside (VOET et al. 2002) (Figure 1 A). These molecules can act as electron donor (NAD(P)H) or 

acceptor (NAD(P)
+
) by reversibly releasing or accepting a hydride at C4 of the nicotinamide ring, 

respectively (PAUL et al. 2014a) (Figure 1 B). 

 

 
 

 

In the 1970s, Rossmann et al. compared four crystal structures of NAD(P)/H dependent enzymes 

resulting in the assumption that the tertiary structure of the nicotinamide cofactor binding domain is 

highly conserved. Furthermore, a structural motif containing β-sheets and α-helices, nowadays called 

the Rossmann fold, was described (pattern: βαβαβ, Figure 2). The region around 30 to 35 amino acids 

counting from beginning of the pattern was defined as the fingerprint region due to its high similarity. 

This region is characterized by a phosphate binding sequence (GXGXXG), small hydrophobic amino 

acids (in six positions), a negatively charged amino acid at the end of the motif, and a positively 

charged amino acid at the beginning of the motif. Overall, in a classical cofactor binding domain, 

NAD(P)/H was found to bind in an extended conformation and similar orientation including hydrogen 

bonds and van der Waals interactions (Figure 2). Accordingly, the substrate is bound in the substrate 

binding domain in an orientation, so that it is in close proximity to NAD(P)/H. Variations in enzymatic 

mechanisms are caused by different cofactor conformations, particular substrate positioning in the 

Figure 1: A) The natural nicotinamide cofactors, NADH and NADPH, are composed of a nicotinamide moiety, a 

ribose, a pyrophosphate, and an adenosine. NADP/H is phosphorylated at C2 of the riboside compared 

to NAD/H. B) The C4 of the nicotinamide moiety releases or accepts the hydride, respectively. 
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enzyme and the amino acid composition (BELLAMACINA 1996; ROSSMANN 1976; ROSSMANN et al. 

1974). 

 

 
 

 

Looking at the chemical stability of NAD(P)/H, early experiments already showed that NAD(P)H is 

degraded under acidic conditions, whereas NAD(P)
+
 is not affected. However, under alkaline 

conditions, NAD(P)H molecules remain stable and NAD(P)
+ 

 is decomposed (ADLER et al. 1936; VON 

EULER et al. 1936; WARBURG et al. 1935). During acid catalyzed decomposition of NAD(P)H, the C5 

atom of the 5,6-double bond is protonated following nucleophilic attack of the corresponding imine 

(OPPENHEIMER & KAPLAN 1974; WONG & WHITESIDES 1981) (Figure 3 A). Alkali treatment of 

NAD(P)
+ 

leads to hydrolysis of the nicotinamide-ribose bond caused by the nucleophilic attack of the 

hydroxide. Nicotinamide is good leaving group, the reaction is strongly thermodynamically favored 

and the resulting oxocarbenium intermediate is considerably stable (KAPLAN et al. 1951; 

OPPENHEIMER 1994) (Figure 3 B). The cleavage of pyrophosphate results in adenylic acid and its 

release was only detected after primary cleavage of the nicotinamide-ribose linkage during alkali 

treatment (KAPLAN et al. 1951). Additional research also showed the formation of 2-hydroxy-3-

pyridine carboxaldehyde after incubation of NAD
+ 

under alkaline conditions due to addition of the 

hydroxide to the nicotinamide ring following ring opening, elimination, and recyclization (GUILBERT 

& JOHNSON 1971; GUILBERT & JOHNSON 1977; JOHNSON & MORRISON 1970) (Figure 3 B). 

 

Figure 2: The Rossmann fold of glucose dehydrogenase from Sulfolobus solfataricus (MILBURN et al. 2006) 

contains three β-sheets and two α-helices (green colour). The first three β-sheets are connected by α- 

helices. Additionally, this pattern is duplicated. The GXGXXG motif is highlighted in yellow. 

Additionally, NAD(P)/H binds an extended conformation and the orientation including hydrogen 

bonds and van der Waals interactions is similar in a classical cofactor binding domain. 
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In addition to the acid catalyzed degradation of NAD(P)H, Lowry et al. found that the reduced 

nicotinamide cofactors are converted to the oxidized forms after storage for a longer period of time 

depending on the time of storage, pH values, temperature, and cofactor concentration (LOWRY et al. 

1961). A solution of 40 mM NADH was stable at -20 °C at pH values ranging from 9.1 to 12.7, but 

degradation was found at 4 °C in the more alkaline range. But a solution of 0.4 mM NADH was more 

stable at 4 °C compared to the degradation at -20 °C (pH > 10.5). According to the explanation of 

Lowry and coworkers, the oxidation at the higher pH values was catalyzed by impurities in the NADH 

solution or NADH itself. In addition, these impurities would be concentrated in the liquid phase at  

-20 °C and would increase the oxidation in the 0.4 mM solution. Due to precipitation, NADH 

molecules in the 40 mM solution are more protected. 

Colowick et al. also observed that the rate of decomposition of the natural nicotinamide cofactor is 

different in various buffers (pH 7.5) resulting in an increased rate of hydrolysis when phosphate or 

citrate buffer was used (three- to four-fold). This rate of hydrolysis remained unchanged when 

incubated in Tris(hydroxymethyl)aminomethan (Tris) and acetate buffer compared to an unbuffered 

Figure 3: A) Acid catalyzed decomposition of NAD(P)H. B) Degradation of NAD(P)
+
 under alkaline conditions. 

(HENTALL et al. 2001; OPPENHEIMER 1982; OPPENHEIMER 1994; OPPENHEIMER & KAPLAN 1974) 
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solution (COLOWICK et al. 1951). Anderson et al. verified the various effects of buffers on the 

nicotinamide cofactors. The results showed that while using Tris, imidazole, or glycylglycine buffer 

the rate of hydrolysis was lowest compared to phosphate buffer, where the highest amount of 

degradation could be detected. Overall, the same products of degradation were detected in all buffers 

(ANDERSON & ANDERSON 1963). Following this, Alivisatos et al. described a mechanism of NADH 

and phosphate interaction, which was verified by absorption measurements. The 5,6-double bond 

interacts with the phosphate by forming a charge transfer complex resulting in the decomposition of 

the nicotinamide cofactor including the addition of a phosphate group on the 5,6-double bond 

(ALIVISATOS et al. 1964) (Figure 4).  

 

 
 

 

Generally, most research has focused on NADH degradation. Lowry et al. found that the degradation 

of NADPH was about 80% faster than the decomposition of NADH (30 °C, pH 2 to 4.5). However, an 

explanation for this increased instability was not provided taking into account that NADH and 

NADPH only differ in a phosphate group at the ribose of the adenosine (LOWRY et al. 1961).  

1.1.3 Whole Cell Catalysis vs. Cell-free Catalysis 

In an economical process design, the properties of the biocatalysts as well as of the nicotinamide 

cofactors need to be considered. Generally, whole cell biocatalysis and cell-free biocatalysis are 

available options for the production of various value-added fine or bulk compounds.  

The advantage of whole-cell biocatalysis is that all compounds are naturally regenerated and 

reproduced in a closed reaction system. However, limitations might also occur regarding the cofactor 

supply or regeneration, when the reaction of interest is too fast. Nevertheless, the efficiency of whole 

cell biocatalysis is increased due to the stabilization of the enzyme and the cofactor even under harsh 

conditions to the protective nature of the cell (LIN & TAO 2017). Anyhow, side pathways in the cell 

leading to undesired products may also be present.  

The use of crude cell extracts or purified enzymes in a cell-free approach eliminates undesired side 

reaction pathways, since the biosynthesis is performed outside of the cell while just using the 

enzyme(s) and single reaction components. Due to the simplicity of the system, new reaction routes 

can easily be designed including a simplified reaction control (ROLLIN et al. 2013; ZHANG 2010).  

Considering industrial reactions involving oxidoreductases, the supply of cofactor plays an important 

role when creating biotechnological processes in an economical and efficient manner, as 80% of the 

described oxidoreductases need NAD/H and 10% of these biocatalysts require NADP/H. The addition 

of stoichiometric amounts of cofactor in cell-free synthesis is far too expensive due to the high cost of 

NAD(P)/H (Table 1) and its instability (discussed in section 1.1.2). Thus, an efficient regeneration 

system needs to be included in the reaction setup, which among other concerns, considers the chemical 

Figure 4: Interaction of NADH with phosphate (from the buffer) following cofactor degradation. (ALIVISATOS et 

al. 1964)  
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instability of the nicotinamide cofactors (WU et al. 2013), inhibitory effects, removal of side products 

(PAUL et al. 2014a), and may also be used multiple times (WU et al. 2013). 

 

Nicotinamide cofactor Prize 

NAD
+
 12,70 €/mol 

NADH 23,34 €/mol 

NADP
+
  88,58 €/mol 

NADPH 491,71 €/mol 

1.1.4 Application of Nicotinamide-Dependent Oxidoreductases in Biotechnology 

The advantages of a particular reaction catalyzed by oxidoreductases might be high reaction rates, 

wide substrate range, high regio-, stereo- and enantioselectivity, mild reaction conditions, possibility 

of overexpression of the biocatalyst, optimization of activity by directed evolution, simple reaction 

system, “green” process design, and low waste products. Generally, the use of biocatalysis represents a 

green and sustainable technology. The biobased industrial synthesis of for example pharmaceutical 

ingredients was empowered by advancements in protein engineering for the optimization of the 

biocatalysts, the development of synthetic reactions routes that could not be found in nature or 

substrate, medium, and reactor engineering, all to further increase the reaction and economic 

efficiency. Thus, the sustainability of a biocatalytic reaction is improved (SHELDON & WOODLEY 

2018). 

Overall, there are some examples for efficient biocatalysis using oxidoreductases. Nicotinamide 

dependent, flavin containing Baeyer-Villiger monooxygenases were for instance used for the 

conversion of ketones into the corresponding esters or lactones, respectively (Figure 5). Within this 

process, dynamic kinetic resolution was applied, which is normally used in the scope of hydrolase 

catalyzed reactions. Various α-alkyl-β-esters were converted in an enantioselective oxidation including 

base catalyzed racemization to the corresponding (S)-diesters. Conversions of close to 100% and high 

stereoselectivities were achieved (enantiomeric access [ee] > 99%). After acid hydrolysis, the α-

hydroxy esters were obtained in yields of about 60% to 85% with high optical purity and may be used 

as a compound for bioactive drugs (RIOZ-MARTINEZ et al. 2011).  

 

 
 

 

Table 1: Overview on costs of NAD(P)/H (obtained from Carl Roth GmbH & Co. KG online on 10.11.2018). 

Figure 5: Dynamic kinetic resolution applying a Baeyer-Villiger monooxygenase for the synthesis of α-hydroxy 

esters. Cofactor regeneration was achieved with glucose-6-phosphate (G6P) and glucose-6-phosphate 

dehydrogenase (G6PDH). (RIOZ-MARTINEZ et al. 2011; SIMON et al. 2013)  



Introduction  13 

 

A lot of attention has been given to alcohol dehydrogenases for the synthesis of chiral alcohols using 

their large availability and high stereospecificity (DE WILDEMAN et al. 2007). Alcohol dehydrogenase 

catalyzed asymmetric reductions of ketones are dependent on nicotinamide cofactors that may be 

recycled using various regeneration techniques.  

The cholesterol lowering drug atorvastatin was synthesized by the reduction of ethyl 4-chloro-3-oxo-

butanoate catalyzed by alcohol dehydrogenase (ee > 99%, isolated yield 95%, substrate concentration 

160 g*L
-1

), followed by the replacement of chlorine with a cyano moiety using halohydrin 

dehalogenase and various steps finally leading to the desired product (Figure 6). Cofactor regeneration 

was achieved by the integration of a D-glucose/glucose dehydrogenase system (MA et al. 2010).  

 

 
 

 

Another example is the synthesis of (R)-tetrahydrothiophene-3-ol that is an intermediate in the 

production of the potent antibacterial agent sulopenem (Figure 7). Within this process, an engineered 

alcohol dehydrogenase catalyzed the conversion of the corresponding ketone to (R)-

tetrahydrothiophene-3-ol. At a substrate concentration of 100 g*L
-1

, a quantitative conversion was 

achieved within 24 hours as well as a stereoselectivity of ee > 99 (LIANG et al. 2010). 

  

 
 

 

Flavin and nicotinamide dependent Old Yellow Enzymes (OYE) catalyze the reduction of activated 

C=C bonds as in α,β-unsaturated carbonyls, nitroalkenes, esters, nitriles, or lactones. They were 

applied in the O-allyl- and O-benzyl-2-hydroxymethylacrylate reduction leading to (R)-configured 

Roche ester, which may be used as a precursor for vitamins (e.g. α-tocopherol) and antibiotics (e.g. 

calcimycin, palinurin, rapamycin, 13-deoxytedanolide dictyostatin) (Figure 8). For instance, the 

enzyme xenobiotic reductase A synthesized a Roche ester with a conversion of 97% and a high 

stereoselectivity (ee > 99%) (STUECKLER et al. 2010).  

 

Figure 6: Alcohol dehydrogenase catalyzed redox reaction for the introduction of an alcohol group in the overall 

synthesis to atorvastatin. Cofactor regeneration was achieved with D-glucose (Glc) and glucose  

dehydrogenase (GDH). (MA et al. 2010; SIMON et al. 2013) 

Figure 7: Alcohol dehydrogenase dependent reaction to (R)-tetrahydrothiophene-3-ol for the overall synthesis of 

sulopenem. (LIANG et al. 2010; SIMON et al. 2013)  
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Most enzymatic reactions in organic synthesis consist only of one or two enzyme-catalyzed steps. 

However, multistep reactions including a higher number of enzymes are progressively developed 

(GUTERL et al. 2012). Such cascade reactions are characterized by a one pot reaction that combines 

numerous single reaction steps without isolation of intermediates (KROUTIL & RUEPING 2014).  

Sattler and coworkers showed the amination of primary alcohols using such an approach (Figure 9). In 

the first step, an alcohol was converted to an aldehyde catalyzed by NAD
+
-consuming alcohol 

dehydrogenase from Bacillus stearothermophilus. Afterwards, the aldehyde was aminated by a ω-

transaminase from Chromobacterium violaceum using L-alanine (L-Ala) as the amine donor. 

Regeneration of L-alanine as well as NAD
+
 was simultaneously done by an alanine dehydrogenase 

(AlaDH), thus, connecting the oxidation and the reductive amination. Additionally, deamination was 

performed in a preparative scale (174 mg of substrate) leading to 94% conversion and 70% isolated 

yield. Generally, the resulting amines may be used as building blocks in the chemical industry for the 

production of polymers or dyes and represent intermediates for various industrial applications 

(SATTLER et al. 2012).  

 

 
 

 

Another artificial reaction cascade showed the conversion of D-glucose via pyruvate (4-enzyme-

cataylsis) resulting in either isobutanol or ethanol (Figure 10). Phosphorylation requirements were not 

necessary and the overall process is redox balanced with respect to NAD
+
. Synthesis of ethanol 

requires a set of six enzymes demonstrating that conversion of 25 mM D-glucose using 5 mM NAD
+ 

in 19 h leads to 28.7 mM ethanol (molar yield: 57.4%). For the production of isobutanol, a 

combination of nine biocatalysts is necessary. It was shown that 10.3 mM isobutanol could be 

produced starting from 19.1 mM D-glucose in 23 h representing a molar yield of 53% (GUTERL et al. 

Figure 8: Ene reductase catalyzed reaction for the overall synthesis of α-tocopherol or antibiotics. Cofactor 

regeneration was achieved with D-glucose (Glc) and glucose dehydrogenase (GDH). (SIMON et al. 

2013; STUECKLER et al. 2010) 

Figure 9: One pot reaction combining various enzymes for the bioamination of primary alcohols. The coenzyme  

pyridoxal 5'-phosphate (PLP) need to be additionally added for the animation reaction. (SATTLER et al. 

2012)  
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2012). The process was run at 50 °C. Hence, instability of the reduced cofactor NADH was also 

noticed following accumulation of the intermediate acetalaldehyde (STEFFLER 2014). 

 

 
 

 

Furthermore, the in vitro synthesis of α-ketoglutarate, which may be used for medical treatment or as a 

chemical building block (Figure 11), using a set of five enzymes including an enzyme for cofactor 

regeneration resulted in the conversion of 10 g*L
-1

 of the starting material glucuronate with a yield of 

92% α-ketoglutarate within 5 h. A productivity of 2.8 g*L
-1

*h
-1

 was achieved (BEER et al. 2017).  

 

Figure 10: Multi-step reaction cascade for the overall synthesis of ethanol or isobutanol, respectively. The 

following enzymes were used: glucose dehydrogenase (GDH), dihydroxy acid dehydratase (DHAD), 

2-keto-3-desoxygluconate aldolase (KDGA), glyceraldehyde dehydrogenase (AlDH), pyruvate 

decarboxylase (PDC), alcohol dehydrogenase (ADH), acetolactate synthase (ALS), ketolacid 

reductoisomerase (KARI), and 2-ketoacid decarboxylase (KDC).(GUTERL et al. 2012) 
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In conclusion, there are numerous possibilities for the use of cofactor-dependent reactions available 

including enzymes from commercial sources and non-commercial sources, or even new biocatalysts, 

thus, cofactor dependence must not be a major drawback in “green” biocatalysis. An example for a 

commercial source is the protein engineering company Codexis, which offers complete screening kits, 

among others, for the reduction of ketones, diketones, and keto esters (CODEXIS 2018).  

1.1.5 Development of Biomimetic Cofactors 

As described previously, natural cofactors have some drawbacks and are expensive in a cell-free 

process. In an attempt to reduce process operation costs, the research was focused on artificial 

cofactors (i.e. biomimetics).  

In the beginning of the 20
th
 century, the existence of NAD(P)/H was first recognized by Harden and 

coworkers in reactions catalyzed by yeast juice (HARDEN & YOUNG 1906a; HARDEN & YOUNG 

1906b). Thereafter, the molecules were isolated and purified, and the structure of NAD(P)/H was 

determined (VON EULER et al. 1936; WARBURG & CHRISTIAN 1931; WARBURG et al. 1935). Within 

this time, the release or acceptance of the hydride at C4 of the nicotinamide ring was also discovered 

including differences in absorption comparing the oxidized and reduced form (WARBURG & 

CHRISTIAN 1936).  

In 1937, Karrer and coworkers synthesized a set of totally synthetic nicotinamide analogues (Figure 

12) for the very first time to get a better understanding of the chemical properties of NAD(P)/H and 

their interactions with enzymes (KARRER & STARE 1937).  

 

 
 

 

To clearly demonstrate the hydrogen transfer of the C4 of the dihydro nicotinamide ring in enzymatic 

and non-enzymatic reactions, Mauzerall et al. synthesized deuterated 1-benzyl-1,4-dihydro 

nicotinamide (BNAH) variants. As a result, it was shown that neither the deuterium of the 2-position 

Figure 11: Multistep synthesis combining various enzymes for the synthesis of α-ketoglutarate. The following 

enzymes were used: uronate dehydrogenase (UDH), glucarate dehydratase (GlucD), 5-keto-4-

deoxyglucarate dehydratase (KdgD), aldehyde dehydrogenase (KgsalDH), and NADH oxidase (NOX). 

(BEER et al. 2017)  

Figure 12: Biomimetic cofactors synthesized in the beginning of the 20
th

 century. (KARRER & STARE 1937) 



Introduction  17 

 

nor the deuterium of the 6-position of the dihydro nicotinamide ring was transferred during reduction 

of malachite green (MAUZERALL & WESTHEIMER 1955). Only the transfer of the deuterium at the 4-

position to the substrate could be detected. These discoveries were further supported by the results 

obtained via nuclear magnetic resonance (NMR) spectrometry using N-methyl-1,4-dihydro 

nicotinamide (MNAH) as a biomimetic cofactor (HUTTON & WESTHEIMER 1958). The results were 

expanded during the mid-20
th 

century (EISNER & KUTHAN 1972; WESTHEIMER 1962).  

Today’s synthesis of synthetic biomimetic cofactors is based on the descriptions of the early 20
th
 

century (KNAUS et al. 2015; OKAMOTO et al. 2016; PAUL et al. 2013). The oxidized form can be 

prepared from nicotinamide and the desired alkyl-phenyl halide (e.g. benzyl chloride) followed by the 

reduction with sodium dithionite to obtain the reduced biomimetic cofactor (Figure 13).  

 

 
 

 

 

Furthermore, semi-synthetic cofactors were also developed. They are structurally very similar to the 

natural nicotinamide cofactors compared to the totally synthetic biomimetics described above. In the 

1950s, Kaplan and coworkers prepared a set of semisynthetic biomimetics (e.g. 3-acetylpyridine or 

pyridine-3-aldehyde analogue of NADH) using pig brain NADase, a NAD
+
 glycohydrolase that 

catalyzes ADP-ribose transfer, for synthesis (KAPLAN & CIOTTI 1954; KAPLAN & CIOTTI 1956) and 

showed their activities with various oxidoreductases like yeast alcohol dehydrogenase or horse liver 

alcohol dehydrogenase (HLADH) (KAPLAN et al. 1956; WEBER & KAPLAN 1956). Further research on 

this topic was done using cofactors with variations at position 3 of the nicotinamide part concluding 

that the replacement of this group without loss of cofactor activity in different dehydrogenases is 

indeed possible (Figure 14). Additionally, it was stated that every variation on the nicotinamide part 

could have a great influence on the overall reactivity including steric effects. HLADH was active with 

all the biomimetics tested (ANDERSON et al. 1959; ANDERSON & KAPLAN 1959). Ansell and 

coworkers presented various synthetic cofactors containing the triazine ring, a dibenzene sulphonic 

acid unit or/and sulfonic acid groups and showed the activity with HLADH and other dehydrogenases 

(ANSELL et al. 1999a).  

 

 
 

Figure 13: General synthesis of oxidized and reduced biomimetic cofactors. (PAUL et al. 2013) 

Figure 14: Investigation of various semi-synthetic nicotinamide cofactors with variations at C3 of the 

nicotinamide ring. (ANDERSON et al. 1959) 
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Slama et al. synthesized carba nicotinamide adenine dinucleotide (carba NAD), by replacing the 

ribotide oxygen with a methylene, in order to find the relationship between the ribonucleotide part and 

the enzymatic activity (Figure 15). The pyridinium carbon bond was supposed to be more stable, all 

other properties were similar to that of NAD
+
 and enzyme activity could be detected for yeast alcohol 

dehydrogenase and HLADH (SLAMA & SIMMONS 1988; SLAMA & SIMMONS 1989). F.Hoffmann-La 

Roche AG and Roche Diagnostics GmbH used this cofactor for the stabilization of enzymes by storing 

the enzymes along with these stable biomimetics for the application in biochemical detection methods 

and reagent kits (HOENES et al. 2007; ROCHE 2009).  

 

 
 

 

In summary, the totally synthetic as well as semi-synthetic biomimetic cofactors have been used to 

understand the reactions in which NAD(P)/H dependent oxidoreductases are involved following the 

application in biocatalysis. 

1.1.6 Biocatalysis Using Biomimetic Cofactors  

Until now, several processes regarding biomimetic nicotinamide cofactors have been described in 

biocatalysis in order to reduce process costs, to increase cofactor stability towards hydrolysis (in acids 

and base), as well as to show novel enzyme activity. Additionally, biomimetic cofactors hold the 

potential to be readily available due to their simple synthesis (KARA et al. 2014).  

During the 1990s, various groups started working with NAD(P)/H analogues. Most of these cofactors 

were derived from triazine dyes. They were supposed to be more stable than NAD(P)/H and activities 

with HLADH were presented (ANSELL et al. 1997; ANSELL et al. 1999b; BURTON et al. 1996; 

DILMAGHANIAN et al. 1997; MCLOUGHLIN & LOWE 1997). The most active one, namely 1-(4’-(4’’-

acetamido-3’’-sulphoanilino)-2’-sulphoanilino)-3-amino-5-(3’carboxamidopyridino)-2,4,6-sym-

triazine (Figure 16), showed 4% of the residual activity for HLADH oxidation of n-butanol compared 

to the natural nicotinamide cofactor (ANSELL et al. 1999a; ANSELL et al. 1999b).  

 

Figure 15: By replacing the ribotide oxygen with a methylene, the more stable biomimetic carba NAD was 

designed. (SLAMA & SIMMONS 1988; SLAMA & SIMMONS 1989) 
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Further work on HLADH was done by Lo et al. using totally synthetic biomimetics for the synthesis 

of chiral alcohols (LO & FISH 2002). The conversion of 4-phenyl-2-butanone with 1-

benzylnicotinamide (BNA
+
) triflate (OTf

-
) and HLADH including a rhodium based recycling system 

[Cp*Rh(bpy)-(H2O)]OTf2 resulted in a turnover frequency of 30 d
-1 

(Figure 17).  

 

 
 

 

However, latest research questioned these findings since the conversion of BNAH with HLADH could 

not be reproduced. Probably, activity was initially caused by impurities of the enzymatic preparations 

with natural cofactors (PAUL & HOLLMANN 2016). The natural cofactors are still preferred by 

HLADH and only small amounts of NAD(P)/H were sufficient to lead to false positive results by 

feigning acceptance of the biomimetic cofactor.  

In the subsequent years, BNA/H was often the cofactor of choice. Lutz et al. described the 

regioselective hydroxylation of 2-hydroxybiphenyl using the FAD-dependent enzyme 2-

hydroxybiphenyl 3-monooxygenase (LUTZ et al. 2004). Although the activity was lower with the 

biomimetic compared to the natural cofactor, the simple chemical synthesis and improved hydride 

transfer from BNAH to FAD were advantageous (WU et al. 2013). However, the Michaelis–Menten 

constant (Km), which describes the substrate concentration at which half of the maximum reaction rate 

(vmax) is reached, was increased 130-fold for BNAH compared to that of NADH. During the reaction, 

flavin reduction and substrate hydroxylation was also noticed leading to hydrogen peroxide (H2O2) 

formation (KARA et al. 2014).  

Figure 16: Synthetic cofactor developed by Ansell and coworkers that was most active with HLADH. (ANSELL 

et al. 1999a; ANSELL et al. 1999b) 

Figure 17: Process developed by Lo and Fish using a HLADH catalyzed reaction for the synthesis of a chiral 

alcohol. (LO & FISH 2002) 
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Ryan et al. presented other activities with FAD-dependent enzymes: cytochrome P450 from Bacillus 

megaterium (P450 BM-3) and from Pseudomonas putida (P450cam) (Figure 18). While no activity 

could be detected for wild-type enzyme P450 BM-3, the mutant enzyme P450 BM-3 R966D/W1046S 

showed an initial rate of 23.3 nmol*s
-1

 per mg of P450 BM-3 in the hydroxylation of p-

nitrophenoxydecanoic acid with BNAH (MAURER et al. 2005; RYAN et al. 2008). Mutation in 

P450cam resulted in only small variations of initial rates. A non-enzymatic cofactor regeneration 

approach using the rhodium catalyst was also included in the reaction. Generally, cytochrome P450 

enzymes are interesting due to their broad substrate range, oxidation activity at unreactive carbon 

hydrogen bonds, and high regio- and enantioselectivity (RYAN et al. 2008). These reactions can 

chemically only be done with great effort (GROGAN 2011). Thus, P450 enzymes are industrially used 

in the production of various drugs like chemotherapeutic substances (JENNEWEIN et al. 2001), 

antibiotics (SHAFIEE & HUTCHINSON 1987), and steroids (FUJII et al. 2009).  

 

 
 

 

Furthermore, a bioorthogonal system for the oxidative decarboxylation of L-malate was created by Ji 

et al. (JI et al. 2011). Mutant libraries of malic enzyme from Escherichia coli (E.coli) were screened 

with a biomimetic cofactor, in which the adenine of NAD/H is replaced by flucytosine, and with a 

defluorinated version of that cofactor. Enzyme engineering resulted in the double mutant malic 

enzyme L310R/Q401C that showed higher activity with the synthetic cofactors compared to wild-type 

enzyme and activity with the natural cofactor was also significantly decreased. 

Application in bioelectrocatalysis of the minimal biomimetic nicotinamide mononucleotide in an 

immobilized system was investigated by Campbell et al. (CAMPBELL et al. 2012). Although enzyme 

turnover rate of alcohol dehydrogenase K249G/H255R from Pyrococcus furiosus decreased with the 

usage of artificial cofactors, increase in performance in the immobilized system was observed. 

In 2013, Paul et al. demonstrated the asymmetric reduction of conjugated C=C double bonds with 

enoate reductase from Thermus scotoductus (TsER) using various synthetic biomimetic cofactors, 

which differ in the amide group as well as in the residue attached to the nitrogen (position 1) of the 

nicotinamide ring (Figure 19). Overall, equal or higher conversion was achieved compared to 

NAD(P)/H without loss of selectivity (PAUL et al. 2013).  

 

Figure 18: The P450 mutant was able to use BNAH as the cofactor. Regeneration was done with a rhodium 

catalysts. (RYAN et al. 2008) 
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Another approach using BNAH was shown by the same group. Hydrogen peroxide was generated in 

situ by the reaction of BNAH with flavin mononucleotide. Formation of H2O2 was controlled by 

varying the concentrations of these two components. On coupling the reaction with H2O2 consuming 

enzymes such as P450Bsβ CYP152A1 from Bacillus subtilis and P450Clβ from Clostridium 

acetobutylicum, conversion of myristic acid to 2- and 3-hydroxymyristic acid products was achieved 

(PAUL et al. 2014b). The combination of BNAH, FAD, and styrene monooxygenase StyA1 from 

Rhodococcus opacus 1CP resulted in enantioselective epoxidation of various styrene derivatives 

(Figure 20). By using this system, the reaction could be simplified since the addition of a NADH 

regeneration system and the enzyme StyB were not necessary resulting in a compressed electron 

transport chain (PAUL et al. 2015). A regeneration system for BNAH was not included in the process. 

 

 
 

 

Further research showed that by co-crystallization of a xenobiotic reductase A of Pseudomonas putida 

(PDB: 5CPL) with the natural cofactor as well as various biomimetics, the amino acid Trp302 adopts a 

different conformation depending on the size of the cofactor (KNAUS et al. 2015). Thus, for the 

smaller biomimetics the volume of the active site is reduced (Figure 21). Furthermore, stacking 

Figure 19: Conversion of various biomimetic cofactors by enoate reductase. (PAUL et al. 2013) 

Figure 20: Comparison of styrene catalyzed reactions using NADH or BNAH as cofactor, respectively. (PAUL et 

al. 2015) 
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interactions between the isoalloxazine ring of the flavin cofactor, the amino acids His181, His178, as 

well as Cys25 with the nicotinamide ring were noticed. A range of ene reductases from the Old 

Yellow Enzyme Family that showed activity with the biomimetics were also presented in the work, 

indicating a broad applicability of biomimetics.  

 

 

 

Comparing Class I ene reductases (classical OYEs from plants or bacteria) with the closely related 

Class II ene reductases (classical OYEs from fungal origin), it was found that biomimetic cofactors 

were converted better than the natural cofactors when Class I enzymes were used, however, enzymes 

in Class II did not accept biomimetics. In addition to Class I ene reductases, enzymes in Class III 

(thermophilic-like or mesophilic OYEs from bacteria) were also able to convert carboxy and nitrile 

substituted biomimetics most efficiently (SCHOLTISSEK et al. 2017). 

Riedel et al. presented the activity of another ene reductase from Rhodococcus opacus 1CP, which 

preferred NADPH over NADH and BNAH, with BNAH’s activity being intermediate compared to the 

natural cofactors (RIEDEL et al. 2015). Recently, Löw and coworkers described the activity of a 

NAD(P)H-dependent 2-cyclohexen-1-one reductase from Zymomonas mobilis with a cofactor 

containing a N-substituted 4-hydroxy-phenyl residue that increased vmax six-fold compared to NADH. 

Overall, it was shown that the substrate scope can depend on the choice of the cofactor regarding its 

molecular size (LOW et al. 2016).  

In addition to the aforementioned reactions, the stabilities of natural as well as biomimetic cofactors 

are still an important factor. Hentall et al. prepared biomimetic cofactors containing a methyl group at 

the nicotinamide ring (HENTALL et al. 2001). As a result, it was noticed that the methyl group at the 5-

position conferred an increased stability in aqueous buffer since the 5,6-double bond was well 

protected against protonation (steric hindrance). In contrast, the methyl substituent at the 6-position 

led to a lower stability probably due to electronic effects. 

In situ regeneration of biomimetic nicotinamide cofactors remains an unsolved problem. So far, only 

inorganic systems have been described, which include the use of a rhodium complex as catalyst and 

formate as reducing agent. However, interactions with biocatalysts lead to the deactivation of the 

enzyme as well as of the regeneration complex (LUTZ et al. 2004; POIZAT et al. 2010; RYAN et al. 

2008). Another approach was addressed by Okomato et al. using artificial metalloproteins that are 

Figure 21: Variation of Trp302 position depending on the size of the cofactor. The conformation for the natural 

cofactors is indicated in red and for the biomimetic cofactor (BNA/H) is colored in blue. (KNAUS et al. 

2015) 
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based on streptavidin variants and a biotinylated iridium cofactor (OKAMOTO et al. 2016). These 

components were coupled with an enoate reductase for the reduction of N-ethyl-2-metylmaleimide. As 

a result, total turnover numbers of 2000 were reached.  

Another limitation that needs to be overcome is the proper binding of the biomimetic analogues in the 

cofactor binding site by considering structural changes during catalysis as well. Due to the big 

structural differences between the purely synthetic and the natural cofactors, most binding interaction 

may not be formed, which resulted in high Km values and low reaction rates (ANSELL & LOWE 1999; 

CAMPBELL et al. 2012; KARA et al. 2014; LO & FISH 2002). 

However, as indicated by Rollin et al., the use of biomimetic cofactors holds the potential for 

decreasing the prizes for biocatalytic processes. Based on these calculations, BNA
+
 may cost only 

about 1% compared to the prize of NADP
+ 

(ROLLIN et al. 2013).  

1.2 Enzymatic Cofactor Regeneration  

A high number of industrially relevant biotransformations can be performed with cofactor dependent 

oxidoreductases. To overcome economic and practical challenges associated with the use of cofactors, 

various in situ regeneration systems have been developed, especially for NAD
+
, NADP

+
, NADH, or 

NADPH, respectively, thereby creating a broad range of opportunities for efficient 

reaction/regeneration processes (even at an industrial scale) (KARA et al. 2014). In all cost-efficient 

processes, the integration of the cofactor regeneration system is of utmost importance since the 

stoichiometric use of natural nicotinamide cofactors is very expensive. Such a regeneration reaction 

(enzymatic, chemical, photochemical, and electrochemical) should be kinetically as well as 

thermodynamically favored and the co-substrate, co-intermediate, co-product, or co-enzyme should 

not interfere with one of the components of the reaction of interest. The downstream processing should 

not be affected, too. Generally, all components of the regeneration system should be cheap, readily 

available, stable, and easily separable from the reaction pot (HUMMEL & GRÖGER 2014).  

1.2.1 Cofactor Regeneration  

According to the principle of Le Chatelier and Braun, if in a chemical reversible system the 

equilibrium is subjected to a change in temperature, pressure, or concentration, the chemical system 

(i.e. equilibrium) will be shifted to partially undo this perturbation in order to oppose the stress 

(BRAUN 1887; BRAUN 1888; LE CHATELIER 1884). Generally, the various principles of cofactor 

regeneration follow the idea of a change in the reaction equilibrium as defined at the end of the 19
th
 

century.  

1.2.1.1 Enzyme-coupled Cofactor Regeneration 

In an enzyme-coupled approach, a second independent reaction containing an additional substrate and 

enzyme performing an ideally irreversible reaction is included in the process (HUMMEL & GRÖGER 

2014) (Figure 22 A). 

Glucose dehydrogenase, which accepts NAD
+
 as well as NADP

+
 as cofactor, is commonly used in an 

enzyme-coupled approach. The enzyme has a high specific activity, is stable and the substrate D-

glucose is cheap and readily available. For example, cofactor regeneration with glucose 
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dehydrogenase from Bacillus megaterium was used in a two-step synthesis to actinol starting from 

ketoisophorone catalyzed by the Old Yellow Enzyme from Saccharomyces cerevisiae and the 

levodione reductase from Corynebacterium aquaticum (WADA et al. 2003) (Figure 22 B). However, 

co-product isolation may be more complicated or time-consuming compared to formate 

dehydrogenase (FDH) catalyzed reactions (HUMMEL & GRÖGER 2014).  

 

 
 

 

One of the first systems established using enzyme-coupled cofactor regeneration was the addition of 

FDH for the regeneration of NADH in the production of tert L-leucine from trimethylpyruvic acid by 

a leucine dehydrogenase (LeuDH) (Figure 23). Because of the high yield and optical purity, the 

process was even used at an industrial ton scale (GRÖGER et al. 2012; SHAKED & WHITESIDES 1980).  

 

 
 

 

Due to the irreversibility of formate dehydrogenase catalyzed reactions, high amounts of NADH are 

available for the reaction of interest, thus, conversion to trimethylpyruvic acid was not limited by the 

cofactor availability. Accordingly, the reaction equilibrium is favorable for product formation. 

Conversion of cheap and harmless formate by commercially available formate dehydrogenase leads to 

carbon dioxide, which being a gas, can be easily removed from the system. However, a limitation of 

Figure 22: A) Scheme of an enzyme-coupled cofactor regeneration. B) Application of GDH for the cofactor 

regeneration in the overall synthesis to actinol. (HUMMEL & GRÖGER 2014; WADA et al. 2003) 

Figure 23: Synthesis of tert L-leucine from trimethylpyruvic acid by LeuDH. FDH was used for cofactor 

regeneration. (GRÖGER et al. 2012; SHAKED & WHITESIDES 1980) 
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the system is the low specific activity (4-6 U*mg
-1

) and the cofactor specificity for NAD/H (HUMMEL 

& GRÖGER 2014).  

Other enzymes that have successfully been used in this approach are for example glucose-6-phosphate 

dehydrogenase (especially for NADPH regeneration) or phosphite dehydrogenase (JOHANNES et al. 

2007). Additionally, reaction/regeneration processes were described in which two valuable substances 

were produced like the reduction of xylose to xylitol under NADH consumption by xylose reductase 

and reaction of glycerol and NAD
+
 to dihydroxyacetone catalyzed by glycerol dehydrogenase (ZHANG 

et al. 2011). Xylitol may be used in the food and chemical industry (WINKELHAUSEN & KUZMANOVA 

1998) and dihydroxyacetone is a specialty chemical coming from glycerol, a biodiesel by-product 

(ENDERS et al. 2005; LEVY 1992).  

For the regeneration of oxidized cofactors, NADH oxidase might be used. These flavo-enzymes 

oxidize NAD(P)H to NAD(P)
+ 

while molecular oxygen is reduced to hydrogen peroxide or water. The 

water-forming NADH oxidases are mostly preferred as even small amounts of hydrogen peroxide can 

harm enzymes in processes (HERNANDEZ et al. 2012). Riebel et al. combined the alcohol 

dehydrogenase from Lactobacillus brevis with the recycling enzyme NADH oxidase from 

Lactobacillus sanfranciscensis for the production (S)-phenylethanol from acetophenone from racemic 

phenylethanol (RIEBEL et al. 2003). 

1.2.1.2 Substrate-coupled Cofactor Regeneration 

Another possibility is the use of the same enzyme for the reaction and regeneration process (substrate-

coupled approach) (Figure 24 A). While synthesizing the desired chiral alcohol, the solvent stable 

alcohol dehydrogenase from Thermoanaerobacter brockii (TBADH) also catalyzed the conversion of 

inexpensive 2-propanol to acetone for cofactor regeneration (KEINAN et al. 1987) (Figure 24 B). The 

catalytic equilibrium can be influenced by imbalances in the thermodynamic equilibrium (HUMMEL & 

GRÖGER 2014). Activity will be further increased when the cofactor is directly attached to the enzyme 

following reduced cofactor concentration, thereby decreasing process costs (MANSSON et al. 1978). 

However, two reactions compete for the same active site of an enzyme implying that the reactions 

need to be adjusted properly. Another advantage is that, 2-propanol as an organic solvent may also 

increase solubility of water-insoluble substances (HUMMEL & GRÖGER 2014).   
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1.2.1.3 Reaction-internal Cofactor Regeneration 

In addition to the methods described above, there is also an opportunity to integrate the regeneration 

process within the course of a reaction in the scope of closed loop reactions including hydrogen 

borrowing (Figure 25); e.g the conversion of D-glucose to ethanol or isobutanol using NAD
+
 

consuming enzymes (glucose dehydrogenase and aldehyde dehydrogenase) as well as NAD
+
 forming 

reactions (catalyzed by ketolacid reductoisomerase and alcohol dehydrogenase) (see section 1.1.4) 

(GUTERL et al. 2012). Thus, no addition of an “artificial” reaction system is necessary, hence, 

simplifying the reaction system and reducing process costs (HUMMEL & GRÖGER 2014).  

 

 
 

 

 

However, as described in section 1.1.6, none of these methods is available for the regeneration of 

biomimetic nicotinamide cofactors. 

1.2.2 Glucose Dehydrogenase from Sulfolobus solfataricus 

Glucose dehydrogenase from Sulfolobus solfataricus (SsGDH, EC 1.1.1.47) was first described by 

Giardina et al. in 1986. The enzyme from the thermoacidophilic archaebacterium converts both natural 

nicotinamide cofactors NAD
+
 and NADP

+
 while oxidizing various monosaccharides (Figure 26).  

 

Figure 24: A) Scheme of a substrate-coupled cofactor regeneration. B) Synthesis of the desired chiral alcohol 

and acetone in the regeneration reaction using an ADH as production as well as regeneration enzyme. 

(HUMMEL & GRÖGER 2014; KEINAN et al. 1987) 

Figure 25: Scheme of a reaction-internal cofactor regeneration. (HUMMEL & GRÖGER 2014) 
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The optimal conditions of pH and temperature for maximum activity for this enzyme were pH 8 and 

77 °C, respectively. It is worth mentioning that SsGDH is stable in various organic solvents. 

Furthermore, 20% of the activity at 37 °C could be obtained compared to that at 77 °C, which is 

advantageous as most extreme thermophiles are almost inactive at this reaction temperature 

(GIARDINA et al. 1986). 

Activity could also be determined with D-galactose (C4 epimer of D-glucose) but not with D-allose or 

D-mannose, with D-xylose (pentose with identical configuration as D-glucose) as well as with L-

arabinose (C4 epimer of D-xylose), thus, SsGDH appears to have a preference for the D-glucose-

specific stereo-configuration at C2 and C3 but the configuration of C4 may vary. Very little activity 

could be detected with D-glucosamine and 2-deoxy-D-glucose. Other good substrates are 6-deoxy-D-

glucose and D-fucose (Figure 27). The kinetic parameters were determined at 70 °C for D-glucose 

with NAD
+
 as cofactor (Km 1.50 ± 0.05 mM, vmax 110 ± 5 U*mg

-1
, catalytic constant [kcat] 74.9 s

-1
, 

catalytic efficiency [kcat/Km] 49.9 s
-1

*mM
-1

) and with NADP
+ 

as cofactor (Km 1.30 ± 0.05 mM, vmax  

70 ± 2 U*mg
-1

, kcat 47.7 s
-1

, kcat/Km 36.7 s
-1

*mM
-1

) (LAMBLE et al. 2003).  

 

 
 

Figure 26: SsGDH catalyzed reaction using D-glucose as substrate with NAD(P)
+
 as cofactor. (MILBURN et al. 

2006) 

Figure 27: Various sugars for which an activity with SsGDH was tested. (LAMBLE et al. 2003) 
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In addition, the enzyme was assigned to medium-chain alcohol/polyol dehydrogenase/reductase 

branch of the superfamily of pyridine-nucleotide-dependent alcohol/polyol/sugar dehydrogenases 

(LAMBLE et al. 2003). This group is characterized by a chain length of 350-375 bp, consists of a zinc-

binding site, and a nucleotide binding site preferring NAD
+
 or NADP

+ 
(WIERENGA et al. 1985). 

Crystallographic studies identified SsGDH as a 164 kDa homotetramer (THEODOSSIS et al. 2005), 

containing a nucleotide-binding domain (residues 190-308) and a catalytic domain (residues 309-366) 

per subunit. The nucleotide-binding domain consists of a Rossmann fold including six parallel strands 

and the GXGXXG nucleotide-binding motif (residues 188-193) is situated between the catalytic and 

nucleotide-binding domain. The natural nicotinamide cofactor binds a linear conformation in the 

nucleotide-binding domain performing π-π stacking interactions of the nicotinamide ring with Phe277 

and Phe279. Leu305, Phe277, and Asn307 also interact with the amid group of the nicotinamide. 

Ile192, as part of the GXGXXG motif, gets in contact with the phosphate group closest to the 

nicotinamide ring as well as Lys354 (part of the catalytic domain) with the phosphate nearest to the 

adenosine ring. Further interactions with the adenosine part of the natural cofactor were observed for 

Thr189 and Asn211. In case of NADP
+ 

as the cofactor, Arg213 and Asn211 interact with the 

additional phosphorous or oxygen linked to the phosphate, respectively. Additionally, Arg212 moves 

to avoid steric hindrances and stacks against the adenosine ring. Asn211 is also described to act as an 

indicator for NADP
+
 specificity (PDB: 2cd9, 2cda, 2cdb, 2cdc) (MILBURN et al. 2006).  

The enzyme SsGDH was applied in a cell-free reaction cascade starting from D-glucose to produce the 

industrially-relevant chemicals ethanol and/or isobutanol as a renewable alternative to petroleum-

based products (GUTERL et al. 2012). Generally, SsGDH and other glucose dehydrogenases were used 

in various reaction/regeneration processes (see section 1.2.1.1), however, their activity is limited to the 

natural nicotinamide cofactors as conversion of biomimetic cofactors has so far never been shown. 

1.2.3 NADH Oxidase  

NADH oxidases (EC 1.6.3.4) convert NAD(P)H to NAD(P)
+
 representing an enzymatic regeneration 

system (Figure 28). They are flavoproteins containing FMN or FAD as cofactor closely bound in the 

enzyme. During catalysis, the side products, either water (in a four electron reduction) or hydrogen 

peroxide (in a two electron reduction), respectively, were formed. Subsequently, the enzymes were 

classified according to the side products (GEUEKE et al. 2003).  

 

 
 

 

Water-forming enzymes are found in Lactobacillus brevis (GEUEKE et al. 2003; HUMMEL & RIEBEL 

2003), Leuconostoc mesenteroides (KOIKE et al. 1985), or Enterococcus (Streptococcus) faecalis 

Figure 28: Water-forming NADH oxidase (NOX) catalyzed reaction with the cofactor NADH resulting in H2O 

as side product. 
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(ROSS & CLAIBORNE 1992), whereas enzymes from Thermus thermophilus (PARK et al. 1992) or 

Amphibacillus xylanu (NIIMURA et al. 1993) lead to hydrogen peroxide as side product.  

The use of NADH oxidases is advantageous compared to other regeneration enzymes for oxidized 

cofactors like glutamate dehydrogenase or lactate dehydrogenase, as no by-products were formed that 

may lead to complications in the downstream processing.  

Further, the water-forming enzymes may also be preferred since water does not interfere with the 

reaction and catalase need not be added to degrade hydrogen peroxide, as when hydrogen peroxide 

producing NADH oxidases are used (GEUEKE et al. 2003). Riebel et al. successfully applied water-

producing NADH oxidase from Lactobacillus sanfranciscensis as a regeneration system for the 

production of acetophenone from racemic phenylethnaol in an enantiospecific oxidation catalyzed by 

(R)-alcohol dehydrogenase from Lactobacillus brevis. The activity was shown for NADH and 

NADPH as NADH oxidase from Lactobacillus sanfranciscensish accepts both cofactors. Wild-type 

(R)-alcohol dehydrogenase from Lactobacillus brevis prefers NADPH, however, the mutant G37D 

was able to convert NADH (RIEBEL et al. 2003). Crystallographic studies of NADH oxidase from 

Lactobacillus sanfranciscensis (PDB: 2CDU) indicated a FAD binding domain, a NAD(P)H binding 

domain, and a dimerization domain. The first two domains, which adopt a Rossmann conformation, 

were highly conserved along with the redox-active cysteine, which were significantly involved in a 

catalytic cycle (LOUNTOS et al. 2006). Tachon et al. discussed the essential role of FAD and showed 

that optimal activity was reached when fresh preparations of NADH oxidase from Lactococcus lactis 

were reactivated with cysteine and FAD (TACHON et al. 2011).  

Overall, the activity of NADH oxidases has so far not been presented with biomimetic nicotinamide 

cofactors. If such processes were to be developed the fact that FMN or FAD is an essential part of 

such enzymes needs to be considered. The flavin molecules were also described to convert 

biomimetics without the contribution of any enzyme (PAUL et al. 2015).  
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1.3 Scope of Work 

The optimization of biotechnological processes holds a high potential for the future. In this context, it 

was the overall aim of this work to develop synthetic nicotinamide cofactors and conduct their 

enzymatic conversion. Oxidoreductases, which need nicotinamide cofactors as redox equivalents, 

catalyze industrially relevant reactions with a high selectivity and stereospecificity including high 

reaction rates under mild conditions. Since the natural nicotinamide cofactors are instable and 

expensive leading to increased process costs, the use of stable and easy to synthesize synthetic 

molecules may be advantageous.   

To overcome the instability of the natural nicotinamide cofactors NAD(P)/H, in a first step, well-

known biomimetic cofactors should be synthesized following published synthesis routes, characterized 

according to their stability in various buffers, at various pH values and temperatures, and methods for 

analysis should be developed. Based on these results, new cofactors should be synthesized in order to 

create molecules with improved properties compared to NAD(P)/H as well as to the well-known 

biomimetics.  

In addition, enzymatic regeneration systems for these biomimetics should be established. For this, 

various enzymes should be screened for their activity with the synthesized biomimetic cofactors. The 

resulting active biocatalysts should be characterized and optimized reaction parameters should be 

found. Using these data and all available information from literature, a high-throughput platform to 

perform enzyme engineering should be developed. This allows studying the coordination and binding 

of the biomimetics in the cofactor binding site, as well as increasing the enzymatic activity with the 

biomimetics by site directed mutagenesis. Finally, the proof-of-concept of successfully using 

biomimetic cofactors in a biocatalytic process should be shown along with suitable detection methods. 
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2 Material and Methods 

2.1 Material 

2.1.1 Equipment 

 

Equipment Manufacturer 

Autoclave Thermo Scientific (Ulm) Varioklav 135S 

Centrifuge  Thermo Scientific (Ulm) Sorvall RC-6 Plus equipped with rotor F10-

6x500y (Piramoon Technologies Inc (Santa Clara)), rotor F9-4x1000y 

(Piramoon Technologies Inc (Santa Clara)), rotor SH-3000 (Thermo 

Scientific (Ulm)) and Rotor SS-34 (Thermo Scientific (Ulm)); 

Thermo Scientific (Ulm) Fresco 21 Centrifuge 

Clean bench Thermo Scientific (Ulm) MSC Advantage 

Incubation chamber Binder (Tuttlingen) Klimaschrank KBF 240 E5.1/C 

Drying oven Thermo Scientific (Ulm) Function Line T12 and B12 

Electroporator Bio-Rad Laboratories GmbH (München) MicroPulser™ 

Freezer -20 °C Liebherr-Hausgeräte (Ochsenhausen) 

Freezer -80 °C Thermo Scientific (Ulm) Forma 906 -86 °C ULT 

Gas chromatography (GC) Thermo Scientific (Ulm) Trace GC 2000 with Ultra Trace 

     Autosampler Thermo Scientific (Ulm) TriPlus Autosampler 

     Mass-spectrometer (MS) Thermo Scientific (Ulm) Ultra Trace DSQ II 

     Columns Restek GmbH (Bad Homburg) Stabilwax
®
 (30 m, diameter 0.25 mm, 

film 0.25 µm); SGE Analytical Science (Milton Keynes) BPX-5 (30 

m, diameter 0.25 mm, film 0,25 µm)   

Gel electrophoresis Bio-Rad (München) 

     Agarose electrophoresis Bio-Rad (München) Mini-Sub Cell GT System 

     SDS electrophoresis Bio-Rad (München) Mini-PROTEAN
®
 Tetra Cell; Bio-Rad 

(München) Mini-Protean
®
 3Multi-Casting Chamber 

     Power supply Bio-Rad (München) PowerPAC™ Basic 

     Documentation Intas Science Imaging Instruments GmbH (Göttingen) Gel iX Imager 

     Syringe Hamilton AG (Bonaduz) syringe 25 µL  

Heating block Analytik Jena AG (Jena) Thermostat Tmix 

High pressure cell disruptor Constant Systems (Daventry) Cell Disruption System Basic Z 

Homogenizer IKA (Staufen) Ultra Turrax T18 basic 

Incubator Infors AG (Bottmingen/Basel) HAT Minitron, Thermo Scientific 

(Ulm) MaxQ 2000 

Magnetic stirrer Thermo Scientific (Ulm) Variomag Telesystem; VWR (Darmstadt) 

VMS-C7, Heidolph (Schwabach) MR 3001 K 

Microplate shaker Edmund Bühler (Hechingen) TiMix 5 control and TH 15 

Table 2: Listing of the equipment used in this work. 
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Equipment Manufacturer 

Microwave ECG (Prag) MH 25 ED 

Multichannel pipette Eppendorf AG (Hamburg) Research pro 8x1200 µL and 12x300 µL; 

BRAND (Wertheim) Transferpette
®
 S-8 electronic 5-50 µl, 10-

100 µL; BRAND (Wertheim) Transferpette
®
 S-12 electronic 20-

200 µL 

Nanophotometer IMPLEN (Westlake Village) Nanophotometer P-class 

NMR spectroscopy JEOL ECS 400 (Jeol Ltd. (Akishima)) 

pH-Meter and electrode Mettler-Toledo (Gießen) Five Easy
TM

 and Five Go™; InLab
®
 Expert 

Pro pH 0-14 (0-100 °C) and InLab
®
 Micro Pro pH 0-14 (0-100 °C) 

Pipettes BRAND (Wertheim) Transferpette
®
 S 0.1-10 µL, 1-10 µL, 10-

100 µL, 100-1000 µL, 1000-10000 µL, 500-5000 µL 

Scale Satorius (Göttingen) TE1502S and TE6101 

Special accuracy scale Ohaus Europe (Nänikon), Pioneer™ 

Protein purification system  GE Healthcare Europe GmbH (Freiburg) ÄKTA™ purifier  

     Pump GE Healthcare Europe GmbH (Freiburg) P-900 

     Sample pump GE Healthcare Europe GmbH (Freiburg) UP-900 

    Control device GE Healthcare Europe GmbH (Freiburg) UPC-900 

    Columns GE Healthcare Europe GmbH (Freiburg) HisTrap FastFlow 5 mL and 

HiTrap 26/10 Desalting  

Rocking platform VWR (Darmstadt)  

Spectrophotometer Thermo Scientific (Ulm) Varioskan Flash and Multiskan; BioTek 

(USA) Epoch2 Spektrophotometer 

Desk centrifuge Thermo Scientific (Ulm) Heraeus Fresco 21 

Thermo cycler Bio-Rad (München) MyCycler
TM 

Thermal Cycler; MJ Mini
TM

 

Personal Cycler and CFX96 Touch 

Ultra high performance 

liquid chromatography 

(UHPLC) 

Dionex (Idstein) UltiMate 3000RS 

     Degasser Dionex (Idstein) SRD 3400 

     Pump module Dionex (Idstein) HPG 3400RS 

     Autosampler Dionex (Idstein) WPS 3000TRS 

     Column compartment Dionex (Idstein) TCC 3000RS 

     Diode array detector Dionex (Idstein) DAD 3000RS 

     High capacity ion trap Bruker Daltonics (Bremen) HCT 

     Columns Deutsche Metrohm GmbH (Filderstadt) Metrosep A Supp 10-250/4.0, 

250 mm, particle size 4.6 µm; Macherey-Nagel (Düren) Gravity C18, 

100 mm length, 2 mm i.d.; 1.8 µm particle size 

Ultrapure water system ELGA LabWater (Celle) PURELAB classic 

Ultrasonic bath VWR International GmbH (Darmstadt) Ultrasonic Cleaner 
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Equipment Manufacturer 

Ultrasonic  Hielscher (Teltow) UIS250 L with sonotrode „VialTweeter“ and 

sonotrode LS24d10 

Ultraviolet (UV) cabinet CAMAG (Berlin) UV INSPECTION 022.9070 

Vacuum pump VACUUBRAND GmbH & Co. KG (Wertheim) PC 2004 VARIO 

Vortexer Scientific Industries (Bohemia) Vortex Genie 2 

Water bath  JULABO (Seelbach) ED-33 

2.1.2 Software and Databases 

 

Product Manufacturer Application 

3D Ligand Site Imperial College London, 

http://www.sbg.bio.ic.ac.uk/3dligandsite/ 

Prediction of ligand binding 

sites 

BioEdit Tom A. Hall Sequence alignment editor 

Basic Local Alignment 

Search Tool (BLAST) 

National Center for Biotechnology 

Information, 

https://blast.ncbi.nlm.nih.gov/ 

Sequence alignments 

ChemDraw Ultra Perkin Elmer Informatics (USA) Drawing and 3D view of 

chemical structures 

Chromeleon Dionex (Idstein) Data analyzing UHPLC and 

HPLC 

Clone Manager 6 Scientific & Educational Software (USA) Sequence alignment editor 

Clustal Omega EMBL-EBI, 

https://www.ebi.ac.uk/Tools/msa/clustalo/ 

Sequence alignments 

DataAnalysis Bruker (Bremen) MS-data analysis 

Delta
TM

  Jeol Ltd. (Akishima) NMR analysis software 

GATC
TM

 Viewer GATC Biotech AG (Konstanz) Sequence alignment editor 

HyStar Bruker (Bremen) System control 

Library Editor Bruker (Bremen) Spectra database 

NCBI National Center for Biotechnology 

Information, 

https://www.ncbi.nlm.nih.gov/ 

Supply of biomedical and 

genomic information 

RCSB Protein Data 

Bank (PDB) 

National Science Foundation, National 

Institutes of Health, and US Department 

of Energy,  

https://www.rcsb.org/ 

3D shapes of proteins and 

complexes 

Protein Homology / 

analogY Recognition 

Engine V 2.0 (PHYRE
2
) 

Imperial College London, 

http://www.sbg.bio.ic.ac.uk/ 

phyre2/html/page.cgi?id=index 

 

Prediction of protein structure 

Table 3: Listing of the software and databases used in this work. 
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Product Manufacturer Application 

PRALINE multiple 

sequence alignment 

University of Amsterdam, 

http://www.ibi.vu.nl/ 

programs/pralinewww/ 

Sequence alignments 

ProtParam tool 

(ExPaSy) 

ETH Zürich, Swiss Institute of 

Bioinformatics 

https://web.expasy.org/protparam/ 

Protein characterization 

PyMOL v1.3r1 edu DeLano Scientific LLC (USA) Crystal structure analysis 

ScanIt Thermo Scientific (Ulm) Spectrophotometer control 

software 

Gen5 Data Analysis 

software 

Biotek (USA) Spectrophotometer control 

software 

SciFinder Chemical Abstract Service (CAS), 

https://scifinder.cas.org/scifinder  

Literature research 

SigmaPlot 11.0 Systat Software (Erkrath) Analysis of enzymatic kinetic 

parameters 

QuantAnalysis Bruker (Bremen) Quantification of MS-data 

Web of knowledge Thomson Reuters Literature Research 

Xcalibur Thermo Scientific Analysis of GC data 

Yet Another Scientific 

Artificial Reality 

Application (YASARA) 

YASARA Biosciences GmbH (Austria) Crystal structure analysis 

2.1.3 Chemicals 

All chemicals were of analytical or biochemical purity and ordered from Alfa Aesar, AppliChem 

GmbH, Biochemical, Bio-Rad, Biozym Scientific GmbH, Bode Chemie GmbH, Carl Roth GmbH & 

Co. KG (Carl Roth), Fluka, GE Healthcare Europe GmbH, Gerbu Biotechnik GmbH, Life 

Technologies GmbH, Macherey-Nagel, Merck KGaA PorLab, Rapidozym, Serva Electrophoresis 

GmbH (Serva), Sigma-Aldrich, VWR International GmbH (VWR), and Wako Chemicals GmbH. 

 

Name of Reagent Manufacturer Order Number 

(2-Chloroethyl)benzene Alfa Aesar L04891 

(3-Bromopropyl)benzene Alfa Aesar A14050.22 

1-Phenyl-3-methy-5-pyrazolone Sigma-Aldrich M70800 

2-Methylbutanal Sigma-Aldrich W269107 

2-Pentanol Sigma-Aldrich P8017 

2-Pentanone Sigma-Aldrich 68950 

3-Phenylpropanal Sigma-Aldrich W288705-SAMPLE-K 

5,10,15,20-Tetrakis-(4-sulfonatophenyl)-

porphyrin-Fe[III] chloride  

PorLab PL00832617 

Table 4: Overview of chemicals used in this work in detail. 
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Name of Reagent Manufacturer Order Number 

Acetic acid Sigma-Aldrich 338826 

Acetic acid, 100% Carl Roth 6755.1 

Acetonitrile LC-MS VWR 83640320 

Acetophenone Sigma-Aldrich A10701 

Acrylamid-Bisacrylamidstammlösung 

Rotiphorese Gel 30 

Carl Roth 3029 

Agar Carl Roth 5210.2 

Agarose Serva Wide Range Serva 11406.03 

Ammonium persulfate Merck KGaA 1012010500 

Ammonium solution Carl Roth P093.1 

Ammonium sulfate AppliChem GmbH A1032,5000 

Ampicillin sodium Carl Roth K029.2 

Benzyl chloride Sigma-Aldrich 185558 

Bromophenol blue Merck KGaA 1.081.220.005 

tert-Butyl methyl ether Carl Roth 6746.4 

Calcium chloride Carl Roth A119.1 

Calcium L-lactate pentahydrate Carl Roth 4071.2 

Chloramphenicol Sigma-Aldrich C0378 

Chloroform-d1  Carl Roth AE59.1 

Cinnamaldehyde Sigma-Aldrich W228613 

Coomassie Brilliant Blue G250  Sigma-Aldrich 27815 

Coomassie Brilliant Blue R250 Biochemical 443283M  

Cyclohexanone Sigma-Aldrich 29140 

DA-64 Wako Chemicals GmbH 043-22351 

DC-Kunststoffplatten, Kieselgel 60 mit UV 

Indikator 

Merck KGaA 1.05750.0001 

Dichloromethane Carl Roth 8424.3 

Diethyl ether Carl Roth 5920.3 

Dihydro nicotinamide adenine dinucleotide Carl Roth AE12.3 

Dihydro nicotinamide adenine dinucleotide 

phosphate 

Carl Roth AE14.2 

Dimethyl sulfoxide Carl Roth 4720.1 

Dimethylsulfoxide-d6 Carl Roth AE56.1 

Dipotassium phosphate Carl Roth P749.3 

Disodium hydrogen phosphate Carl Roth P030.3 

Dithiothreitol Carl Roth 6908.2 

dNTPs (mix) Rapidozym  GEN_011_M10 

Ethanol absolut VWR 20821.321 

Ethanol denatured VWR 85033.460DB 

Ethidium bromide 1% Lösung Carl Roth 2218.4 
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Name of Reagent Manufacturer Order Number 

Ethyl acetate Merck KGaA 1.096.232.500 

Ethylenediaminetetraacetic acid Carl Roth 8040.2 

Flavin adenine dinucleotide Carl Roth 5581.4 

Formic acid Sigma-Aldrich SZE90980 

Gluconate Sigma-Aldrich S2054 

D-Glucose-6-phosphate disodium salt 

hydrate 

Sigma-Aldrich G7250 

D-Glucose monohydrate Serva 22720.02 

Glycerine Carl Roth 7530.4 

Glycerol Carl Roth 3783.2 

Glycine Carl Roth 3790.2 

HEPES Carl Roth HN78.3 

Horseradish peroxidase Sigma-Aldrich P6782-50MG 

Hydrochloric acid, 37% Carl Roth 4625.1 

Hydrogen peroxide Carl Roth CP26.1 

Imidazole Merck KGaA 1047160250 

Isopropyl-β-D-thiogalactoside Carl Roth CN08.3 

Kanamycin sulfate Carl Roth T832.3 

Ketoisophorone Sigma-Aldrich 329517 

Lactose monohydrate Carl Roth 6868.1 

Lysozyme Carl Roth 8259.3 

Magnesium chloride-6-hydrate Carl Roth 2189.1 

Magnesium sulfate-7-hydrate Merck KGaA 1.058.861.000 

Manganese(II) chloride VWR 1.05927-0100 

Methanol LC-MS VWR 83.638.320 

Methyl iodide VWR 25.596.154 

Mehtyl-but-2-enal Sigma-Aldrich W340707 

β-Mercaptoethanol Merck KGaA 805.740.250 

MOPS Carl Roth 6979.4 

Nicotinamide Alfa Aesar A15970 

Nicotinamide adenine dinucleotide Carl Roth AE11.3 

Nicotinamide adenine dinucleotide 

phosphate 

Carl Roth AE13.3 

Oleic acid Sigma-Aldrich 1008 

Phenol VWR 20.599.231 

Potassium acetate Carl Roth 4986.1 

Potassium chloride Carl Roth 6781.1 

Potassium dihydrogen phosphate Carl Roth 3904.3 

Potassium hydroxide Carl Roth 6751.2 

Propan-2-ol Carl Roth 7343.1 
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Name of Reagent Manufacturer Order Number 

Roti® Phenol Carl Roth 0038.3 

Sodium bicarbonate Sigma-Aldrich S6014 

Sodium carbonate Carl Roth 8563.1 

Sodium chloride Carl Roth P029.3 

Sodium citrate dihydrate VWR 27.830.294 

Sodium dihydrogen phosphate Fluka 71496 

Sodium dithionite Sigma-Aldrich 71699 

Sodium dodecyl sulfate Serva 20760.02 

Sodium formate Merck KGaA 106443 

Sodium hydroxide Carl Roth 6771.2 

Sodium pyruvate Carl Roth 8793.1 

Sodium sulfate Carl Roth 8560.2 

Tetramethylethylenediamine VWR M146 

N-Trimethylsilyl-N-methyl 

trifluoroacetamide 

Macherey-Nagel REF7012270.510 

Tris  Carl Roth AE15.2 

Tryptone Carl Roth 8952.5 

Water-d2 Carl Roth HN81.2 

Yeast extract Carl Roth 2363 

2.1.4 Enzymes 

 

Enzyme Manufacturer 

PhuUltra High-Fidelity DNA polymerase Agilent (Waldbronn) 

DpnI New England Biolabs GmbH (Frankfurt am Main) 

DNaseI Serva (Heidelberg) 

Lysozym Carl Roth (Karlsruhe) 

Formate dehydrogenase from Candida boidinii 

(order number F8649) 

Sigma-Aldrich (Deisenhofen) 

Glucose-6-phosphate dehydrogenase from 

baker's yeast (S. cerevisiae) (order number 

g6378) 

Sigma-Aldrich (Deisenhofen) 

Glucose dehydrogenase from Thermoplasma 

acidophilum (order number g5909) 

Sigma-Aldrich (Deisenhofen) 

Alcohol dehydrogenase equine (order number 

55689) 

Sigma-Aldrich (Deisenhofen) 

 

Table 5: Listing of enzymes used in this work. 
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2.1.5 Kits and Standards 

 

Kits and Standards Manufacturer 

GeneJET™ Plasmid Miniprep Kit Thermo Scientific (Ulm)  

Roti
®
-Nanoquant Kit Carl-Roth GmbH & Co. KG (Karlsruhe) 

2-Log DNA Ladder New England Biolabs GmbH (Frankfurt am Main) 

PageRuler unstained Protein Ladder Fermentas (St- Leon-Rot) 

2.2 Media and Solutions 

All media, buffer, and other solutions were autoclaved at 121 °C and 2 bar for 20 min. All components 

that were heat sensitive were filtered through a sterile syringe filter holder (0.2 µm, VWR). All 

components of salt containing media were autoclaved separately. For the preparation of agar plates, 

1.5% agar was added to the media before autoclaving. After cooling of the media/agar media, the pre-

sterile filtered antibiotic was added. All media and solutions were prepared using purified water 

(ddH2O). They were stored at room temperature, if not otherwise specified.  

2.2.1 Media 

LB media (BERTANI 1951) 

0.5% (w/v) yeast extract 

1.0% (w/v) sodium chloride 

1.0% (w/v) tryptone 

 

LB-low media 

0.5% (w/v) yeast extract 

0.5% (w/v) sodium chloride 

1.0% (w/v) tryptone 

Solution pH was adjusted to pH 7. 

 

SOB media  

0.5% (w/v) yeast extract  

0.5% (w/v) sodium chloride 

2.0% (w/v) tryptone 

After autoclaving 10 mM magnesium sulfate, 10 mM magnesium chloride and 2.5 mM potassium 

chloride (all sterilized by filtration) were added. 

 

SOC media 

Preparation similar to SOB media but 20 mM D-glucose (autoclaved separately) was added after 

cooling. 

 

Table 6: Listing of kits and standards used in this work. 
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Auto induction media (STUDIER 2005) 

ZY media  10 g (w/v) tryptone and 5 g (w/v) yeast extract were solved in 925 mL H2O 

50x5052 solution 25% (w/v) glycerin, 2.5% (w/v) D-glucose monohydrate, 10% lactose 

monohydrate 

20xNPS solution  6.6% (w/v) ammonium sulfate, 13.6% (w/v) potassium phosphate, 14.2% 

sodium hydrogen phosphate 

1 M magnesium sulfate 

 

All solutions were prepared and autoclaved separately and combined as follows (total volume 1 L): 

Component Volume (mL) Final Concentration 

ZY media 928  

1 M magnesium sulfate 1 1 mM 

50x5052 20 1x 

20xNPS 50 1x 

The antibiotics were added after cooling to a final concentration of 100 µg*mL
-1

 kanamycin, 

100 µg*mL
-1

 ampicillin, and 34 µg*mL
-1

 chloramphenicol. 

2.2.2 Antibiotics 

All stock solutions of the corresponding antibiotics were filtered through a sterile syringe filter holder 

(0.2 µm, VWR) and aliquots were stored at -20 °C. 

 

Antibiotic Stock Solution 

Ampicillin stock solution (1000x) 100 mg*mL
-1

 ampicillin sodium salt 

Kanamycin stock solution (1000x) 30 mg*mL
-1

 kanamycin sulfate or 100 mg*mL
-1

 kanamycin 

sulfate 

Chloramphenicol stock solution 

(1000x) 

34 mg*mL
-1

 chloramphenicol 

2.3 Bacterial Strains 

Different E.coli strains were used for the cloning and expression of various proteins in this work. 

E.coli XL1-Blue, E.coli DH5ɑ, and NEB Turbo were used for cloning experiments and E.coli 

BL21(DE3) was used for expression. 

  

Table 7: Listing of antibiotics used in this work. 
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Strain Genotype Manufacturer 

E.coli XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 

supE44 relA1 lac [F´ proAB lacIqZΔM15 

Tn10 (Tet
R
)] 

Stratagene (Heidelberg) 

E.coli DH5ɑ F- endA1 glnV44 thi-1 recA1 relA1 

gyrA96 deoR nupG Φ80dlacZΔM15 

Δ(lacZYA-argF)U169, hsdR17(rK-

 mK+), λ– 

Life Technologies (Darmstadt) 

 

NEB Turbo F' proA
+
B

+
 lacI

q
 Δ (lacZ) M15/fhuA2 

Δ(lac-proAB) glnV gal R(zgb-

210::Tn10)Tet
S
 endA1 thi-1 Δ(hsdS-

mcrB)5  

New England Biolabs GmbH 

(Frankfurt am Main) 

E.coli BL21(DE3) F
-
 ompT gal dcm hsdSB(rB

-
 mB

-
) λ(DE3) Novagen/Merck (Darmstadt) 

2.4 Plasmids 

Various plasmids were used throughout this work and they were stores at -20 °C prior to use. 

 

Plasmid Size Description Reference 

pET28a  

(CBR_P_004) 

5369 Kan
R
 ColE1 Plac lacZ’ lacI, gene 

expression vector with T7-

expression system under the 

control of a lac-operator 

Novagen/Merck 

(Darmstadt) 

pCBRHis-CHis-GDH2 

(CBR_P_133) 

6356 ColE1 LacZ’ KanR PT17 Plac (GUTERL et al. 2012; 

STEFFLER 2014) 

pET28a-NHis-nox- 

L.p. 

6655 Kan
R
, nox from Lactobacillus 

pentosus, cloned via restriction 

sites NdeI and XhoI 

Generated by Wolfgang 

Ott 

 

Other plasmids used in this work were previously designed at the Chair of Chemistry of Biogenic 

Resources (Technical University of Munich) according to the original protocols; for instance, the 

plasmids for glucose dehydrogenase E170K/Q252L of Bacillus subtilis (VAZQUEZ-FIGUEROA et al. 

2007), glucose dehydrogenase IV from Bacillus megaterium (NAGAO et al. 1992), lactate 

dehydrogenase from Geobacillus stearothermophilus (MÜLLER 2013), and Cytochrome P450 BM-3 

R966D/W1046S from Bacillus megaterium (BORST 2016; RYAN et al. 2008). 

Table 8: Listing of bacterial strains that were used in this work. 

 

Table 9: Listing of plasmids used in this work. 
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2.5 Methods 

Partly the methods are derivatives or one-to-one repetitions taken from the standard operating 

procedures of the Chair of Chemistry of Biogenic Resources (Technical University of Munich).  

2.5.1 Microbiological and Molecular Biological Methods 

2.5.1.1 Measurement of the Optical Density of a Cell Suspension 

Optical density (OD) of cell suspensions were measured in plastic cuvettes at 600 nm (volume 1 mL). 

The corresponding media was used for blank measurements. Values higher than OD=1 were diluted to 

minimize the measurement error. An OD600 of 1 corresponds to approximately 3.2x10
8
 cells*mL

-1
 (for 

E.coli).  

2.5.1.2 Preparation of Chemically Competent Cells 

Solutions: 

50 mM calcium chloride (sterile) 

85% (v/v) 50 mM calcium chloride mixed with 15% (v/v) glycerin (sterile) 

 

A pre culture was done on 5 mL of LB media with the desired E.coli strain. The main culture (100 mL 

LB media) was inoculated to OD600=0.1 and incubated at 37 °C and 150 rpm to OD600=0.5-0.6. After 

centrifugation (4500 rpm, 15 min, 4 °C), the cells were resuspended with 50 mL ice cold 50 mM 

calcium chloride and incubated on ice for 60 min. Afterwards, the resulting suspension was 

centrifuged (4500 rpm, 15 min, 4 °C), the cells were resuspended with 10 mL solution of 85% (v/v) 

50 mM calcium chloride and 15% (v/v) glycerin. The mixture was once again incubated on ice for 

60 min. Finally, aliquots of 100 µL in 1.5 mL reaction tubes were prepared, frozen in liquid nitrogen 

and stored at -80 °C until further use.  

2.5.1.3 Preparation of Chemically Competent - NEB Turbo 

Solutions: 

TFB I 100 mM potassium chloride 

50 mM manganese(II) cloride 

30 mM potassium acetate 

10 mM calcium chloride 

15% (v/v) glycerin  

TFB II 100 mM Tris-HCl pH 7.0  

10 mM potassium chloride 

75 mM calcium chloride 

15% (v/v) glycerin  

Both stock solutions (TFB I and TFB II) were prepared and autoclaved separately and stored at 4 °C. 

The buffers were always prepared prior to utilization.  
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Chemically competent NEB Turbo cells were prepared according to Inoue et al. (INOUE et al. 1990). 

The main culture (1 L LB media) was inoculated with the over night culture (50 mL, 37 °C) to an 

OD600 of 0.1 and incubated at 37 °C and 150 rpm to OD600 of 0.6. Afterwards the cells were cooled for 

15 min on ice and harvested (4 °C, 10 min, 400 rpm) in a sterile vessel. The cell pellet was gently 

resuspended with 100 mL ice cold TFB I buffer and again centrifuged at 4 °C and 4000 rpm for 

10 min. The resulting pellet was resuspended on ice in 10 mL TDB II buffer und transferred (100 µL) 

in sterile 1.5 mL reaction tubes. The aliquots were frozen in liquid nitrogen and stored at -80 °C.  

2.5.1.4 Transformation of Chemically Competent Cells 

For chemical transformation of E.coli, 0.5 µL of plasmid was transferred to 100 µL cells. This mixture 

was incubated for 30 min on ice, after which, a heat step was performed at 42 °C for 45 s and a further 

5 min incubation on ice. SOC media (500 µL) was added and the mixture was incubated for 1.5 h at 

37 °C and finally plated on LB-agar plates (100 µL) containing the corresponding antibiotic and 

incubated over night at 37 °C. 

2.5.1.5 Preparation of Electro Competent Cells 

Solutions: 

10% (w/v) glycerin (sterile) 

ddH2O (sterile) 

 

LB-low media (5 mL) was inoculated with a single colony from the corresponding E.coli strain over 

night (37 °C, 150 rpm). Main culture (100 mL LB-low media) was inoculated to OD600 of 0.1 and 

incubated at 37 °C and 150 rpm until OD600 of 0.5-0.6. Then, it was cooled on ice for 15 min, 

transferred into two falcons and centrifuged (3500 x g-force, 15 min, 4 °C). The cell pellets were 

resuspended in 10 mL ddH2O and filled up to 50 mL with ddH2O. After 3 times of gently inverting, 

the cells were again centrifuged (3500 x g-force, 15 min, 4 °C) and afterwards resuspended with 10 

mL 10% (v/v) glycerin. Furthermore, it was filled up to 50 mL with 10% (w/v) glycerin. After gently 

inverting and centrifugation (3500 x g-force, 15 min, 4 °C), the pellets were combined and finally 

resuspended in 300 µL 10% (w/v) glycerin. The optical density of the suspension was adjusted to a 

value of 50 with 10% (w/v) glycerin. The competent cells were aliquoted (70 µL) in 1.5 mL reaction 

tubes, frozen in liquid nitrogen and stored at -80 °C.  

2.5.1.6 Transformation of Electro Competent Cells 

For transformation of competent E.coli cells (70 µL, previously thawed on ice), 1.5 µL-10 µL plasmid 

containing only low salt concentrations were added to the cells and mixed gently. After incubation on 

ice (5 min), the solution was transferred to an electroporation cuvette (1 mm cuvette). Immediately 

after, an electric pulse (1.8 kV, 1 pulse for 5 ms) was given, 900 µL SOC media was added to the 

electroporation cuvette and the solution incubated for 1 h at 37 °C and 150 rpm. Then 100 µL of the 

cell suspension (diluted or non-diluted) were spread on agar plates containing the corresponding 

antibiotic and incubated at 37 °C over night.  
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2.5.1.7 Calculation of Transformation Efficiency 

For calculation of transformation efficiency, the competent E.coli strain was transformed with 1 ng of 

plasmid DNA. After incubation at 37 °C different dilutions were spread on agar plates and incubated 

at 37 °C over night. Calculation of transformation efficiency was done using the following formula: 

𝑇𝐸 =
𝑛𝐶𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ∗ 𝑓

𝑚𝐷𝑁𝐴
 

with 

TE  Transformation efficiency (colonies per µg DNA) 

nColonies  Number of colonies on an agar plate 

f  Dilution factor 

mDNA  DNA used for transformation in µg. 

2.5.1.8 Plasmid Extraction 

For plasmid-DNA isolation and purification from E.coli, the GeneJETTM Plasmid Miniprep Kit was 

used following the manufacturer’s specifications: the cells were resuspended, lysed, and neutralized. 

After binding of the DNA to the column, it was washed and finally the purified DNA was eluted. 

Elution was done with ddH2O in two steps (1
st
 step: 30 µL, 2

nd
 step: 20 µL). Plasmids were stored at  

-20 °C. 

2.5.1.9 Measurement of Plasmid Concentration 

DNA concentration was measured photometrically at 260 nm in a nanophotometer. Calculation was 

done according to the Lambert-Beer Law indicating that an extinction of 1.0 at 260 nm and a thickness 

of 1 cm refers to double stranded DNA concentration of 50 µg*mL
-1

. A DNA solution was considered 

as pure when there is no extinction higher than 300 nm and the value A260/A280 is at least 1.8 

(MÜLHARDT 2009).  

2.5.1.10 Agarose Gel Electrophoresis 

Solutions:  

1% (w/v) agarose solution 

 5 g agarose was boiled in 500 mL 1xTAE buffer [Tris-Acetat-EDTA] and stored at 60 °C 

50x TAE buffer 

2 M Tris; 0.05 M ethylenediaminetetraacetic acid (EDTA) and 57.1 mL pure acetic acid were 

dissolved in ddH2O (final volume 1 L) 

10 mg*mL
-1

 ethidium bromide (1000x) 

 For gel staining, 500 mL 1xTAE buffer containing 0.01 mg*mL
-1

 ethidium bromide was used 

Destaining solution 

 500 mL 1xTAE buffer 

6x loading dye 

10 mM Tris pH 7.6, 60 mM EDTA, 60% glycerol (v/v), 0.03% (w/v) bromophenol blue, 

0.03% (w/v) xylene cyanol 

 

While using 1% (w/v) agarose gels, the DNA fragments were separated by electrophoresis according 

to their length. Gels were prepared using gel chambers with an appropriate sample comb. DNA 
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solutions were mixed with loading dye to a final concentration of 1x and pipetted into the sample 

pockets. The electrophoresis was run at 110 V for 25 min. The DNA in the gel was stained with 

ethidium bromide (15 min) and background stains were reduced by destaining for another 15 min. 

Documentation was performed under UV light (SHARP et al. 1973) using the INTAS, Gel iX Imager. 

For reference, a DNA standard from New England Biolabs GmbH (2-Log DNA Ladder) was used. 

2.5.1.11 Sequencing of DNA Fragments 

Sequencing of DNA was performed by GATC Biotech (Cologne).  

2.5.2 Protein Analytics and Purification 

2.5.2.1 Determination of Protein Concentration Using UV Spectroscopy 

Protein concentrations of non-FAD dependent enzymes were measured using UV spectroscopy with a 

nanophotometer. The ProtParam tool (ExPASy) was used for calculation of the molecular weight and 

extinction coefficient. Thus, the absorption of tryptophan, tyrosine and cysteine (disulfide bridges) 

between 250 nm and 300 nm is considered. Accordingly, the extinction coefficient is calculated by 

this equation (PACE et al. 1995): 

𝜀280 =∑𝑇𝑟𝑝 ∗ 5500 +∑𝑇𝑦𝑟 ∗ 1490 +∑𝐶𝑦𝑠 ∗ 125 

 

The protein concentration is then calculated using the Lambert-Beer law: 

𝑐 =
𝐴280

𝑑 ∗ 𝜀280
∗ 𝑀𝑊 

with 

c  Concentration in mg/mL 

A280  Absorption at 280 nm 

d  Optical Path Length in cm 

ε280  Extinction Coefficient in M
-1

*cm
-1

  

MW   Molecular Weight in g*mol
-1

 

 

Absorption above 300 nm is caused by light scattering and serves as an indication for protein 

aggregates.  

2.5.2.2 Determination of Protein Concentration Using the Bradford Assay 

The determination of the protein concentration with the Bradford Assay (BRADFORD 1976) followed 

the instructions of the manufacturer.  

2.5.2.3 SDS Polyacrylamide Gel Electrophoresis 

The sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was done using the 

protocol of Laemmli (LAEMMLI 1970).  

 

Solutions: 

Ammonium persulfate (APS) stock solution, 10% 

 10% (w/v) APS were solved in ddH2O and stored at 4 °C 
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Coomassie staining solution 

0.2% (w/v) Coomassie Brilliant Blue G250 + R250, 50% (v/v) ethanol, 10% (v/v) pure acetic 

acid; The solution was stirred for 3 h before filtration and stored protected from light at room 

temperature. 

4x SDS-PAGE separating gel buffer 

0.8% (w/v) SDS, 1.5 M Tris-HCl pH 8.8; The pH was adjusted with 37% (v/v) hydrochloric 

acid. 

4x SDS-PAGE stacking gel buffer 

0.8% (w/v) SDS, 0.5 M Tris-HCl, pH 6.8; The pH was adjusted with 37% (v/v) hydrochloric 

acid. 

10x SDS-PAGE buffer  

 1% (w/v) SDS, 0.25 M Tris, 1.92 M glycine; The resulting pH of 8.5 must not be changed. 

5x SDS loading dye 

50% (v/v) glycerol, 12.5% (v/v) β-mercaptoethanol, 7.5% (w/v) SDS, 0.25 M Tris, 0.25 g/L 

bromophenol blue, pH 6.8; The pH was adjusted with 37% (v/v) hydrochloric acid. 

 

 Separation gel (80 mL) 

(12%) 

Stacking gel (40 mL) 

(5%) 

Acrylamide/bisacrylamide 

solution (40% (w/v); 37.5:1) 

24 mL 5.2 mL 

Separation/stacking gel buffer 20 mL 10 mL 

ddH2O 34.32 mL 23.96 mL 

SDS (10% (w/v)) 800 µL 400 µL 

The polymerization was initiated with 

Tetramethylethylenediamine 80 µL 40 µL 

APS (10% (w/v) 800 µL 400 µL 

 

Samples were first diluted with water, if necessary, and mixed with 5x loading dye to give a final 

concentration of 1x. After heating at 95 °C for 5 min, they were spinned (21.000 x g-force, 10 s) and 

could then be stored at 4 °C for several days. In the latter case, the samples were heated and 

centrifuged again before 5 to 15μL were applied to the gel using a microliter syringe and the 

electrophoresis was run at a constant current of 30 mA per gel for about 50 min. For detection of 

proteins, the gels were first stained with Coomassie Brillant Blue for 15 min, whereas the detection 

limit lies around 0.2-0.5 μg*(mm
2
)

-1
. For a first analysis, the gels destained in boiling water 

(microwave, three times) and afterwards the gels were further destained in water at room temperature 

overnight. Here, a paper towel was added to bind the dye. 

2.5.2.4 Cell Disruption by Sonication 

In binding buffer resuspended expression cultures were disrupted by sonication while cooled on ice: 

80% amplitude, 0.6 ms pulse, 3x10 min. The soluble fraction was obtained by centrifugation 

(14.000 x g-force, 45 min, 4 °C). 
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2.5.3 Chemical Methods 

2.5.3.1 Reaction Control During Chemical Synthesis of the Biomimetic Cofactors 

Thin layer chromatography was used to control the progress of the synthesis of the biomimetic 

cofactors (SCHELHORN 2004). The mobile phase contained 12.6 mL ethyl acetate, 1.4 mL methanol, 

and 625 µL 32% ammonia. Silica gel 60 plates with UV indicator from Merck KGaA (Darmstadt) 

were used. The products could be visualized by the fluorescence indicator using UV light.  

2.5.3.2 NMR Analysis  

For NMR analysis, 10-20 mg of the synthesized biomimetic cofactor were diluted with 800 µL of the 

corresponding solvent. Evaluation was done using the δ-scale (in ppm) for chemical shifts. Calibration 

was done on different significant signals: 

 

Solvents Delta-
1
H [ppm] 

(multiplicity) 

Water peak-
1
H 

[ppm] 

Delta-
13

C [ppm] 

(multiplicity) 

Chloroform-d1  7.26 (1) 1.55 77.0 (3) 

Water-d2 4.67 (1) - - 

Dimethylsulfoxide-d6 2.49 (5) 3.30 39.7 (7) 

 

Table 10: Chemical solvents used for NMR analysis with significant signals including tetramethylsilane (TMS) 

at 0 ppm or trimethylsilylpropanoic acid (TSP) at 0 ppm. 
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3 Results 

3.1 Regeneration of Oxidized Biomimetic Cofactors by NADH 

Oxidase from Lactobacillus pentosus 

3.1.1 A water-forming NADH oxidase from Lactobacillus pentosus suitable for the 

regeneration of synthetic biomimetic cofactors 

In this publication, a novel water-forming, FAD-dependent NADH oxidase from Lactobacillus 

pentosus (LpNox) was characterized and cofactor recycling with biomimetic as well as natural 

cofactors was described. The use of cheap synthetic cofactors may additionally allow reduction of 

process costs, however, regeneration of biomimetic cofactors was limited to chemical and 

electrochemical methods. 

First characterization of LpNox showed that the heterologous overexpressed enzyme only contained 

13% FAD that resulted in a decreased specific activity (7.9 U*mg
-1

 with NADH). After in vitro 

incubation of LpNox with FAD at 37 °C and subsequent desalting to remove unbound FAD, the flavin 

content of the enzyme was increased to 95% resulting a specific activity with NADH of 50.1 U*mg
-1 

± 1.9 U*mg
-1

. The highest activity was detected at pH 7.0 in potassium phosphate buffer, between 

35 °C and 40 °C and the kinetic parameters for NADH were a KM of 17.9 μM ± 3 μM and kcat of 

43.4 s
−1

. Furthermore, LpNox was characterized regarding its activity with the biomimetic cofactors 

MNAH and BNAH: kinetic measurements revealed KM for MNAH 1.6 mM ± 0.5 mM with kcat 

0.14 s
−1

 and KM for BNAH 1.3 mM ± 0.4 mM with kcat 0.17 s
−1

.  

Apart from the enzymatic recycling, which gives H2O as a by-product by transferring four electrons 

onto oxygen, unbound FAD can also catalyze the oxidation of biomimetic cofactors. Here, a two 

electron process takes place yielding H2O2 instead. Thus, measurement of only trace amounts of H2O2 

after MNAH/BNAH conversion with LpNox confirmed the enzymatic reaction. Accordingly, after 

reaction of MNAH or BNAH with FAD, high concentrations of H2O2 were detected. Reaction of both, 

LpNox and FAD, were of comparable activity. Taking into account that large concentrations of H2O2 

can damage enzyme and substrates involved in the biocatalytic process, the use of LpNox may be the 

superior choice regarding side products and the biocatalysts also holds the potential to be evolvable. 

 

The authors, Claudia Nowak and Barbara Beer, contributed equally to this publication and both wrote 

the manuscript. Claudia Nowak designed and conducted all experiments regarding the biomimetic 

cofactors among others including cofactor synthesis, assay development, conversion of biomimetics 

with LpNox and FAD, and measurement of side reaction products. Barbara Beer designed and 

conducted all experiments regarding general characterization of LpNox among others including 

activation of the enzyme, measurement of thermal stability, and total turnover number. André Pick 

supported in designing the experiments and proof-read the manuscript. Teresa Roth assisted on 

experiments with natural cofactors. Petra Lommes supported synthesis of biomimetic cofactors. 

Claudia Nowak and Barbara Beer designed the research project and experimental approach guided by 

Volker Sieber. 

Supporting Information to this manuscript can be found in the appendix. 
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3.1.2 Characterization of Biomimetic Cofactors According to Stability, Redox 

Potentials, and Enzymatic Conversion by NADH Oxidase from Lactobacillus 

pentosus 

In this publication, the synthetic nicotinamide cofactors MNAH, BNAH, P2NAH 
2
, and P3NAH 

3
 

were characterized in detail and conversion with LpNox was shown. Thus, the substrate spectrum and 

the usability of this biocatalyst were increased compared to the previous publication (see section 

3.1.1).  

The biomimetics contained the same nicotinamide moiety but differ in chain length. It was shown that 

P2NAH was most suitable, its stability being comparable with that of NADH. As far as the stability of 

the other biomimetics is concerned, it was less beneficial compared to the natural cofactor. 

Electrochemical analysis demonstrated that the oxidized forms of the studied biomimetic cofactors are 

thermodynamically stronger oxidants and weaker reducing agents than NAD
+
 and NADP

+
. 

LpNox was able to convert all studied biomimetics with KM for P2NAH of 0.44 mM ± 0.17 mM with 

kcat of 0.11 s
−1

 ± 0.01 s
−1

 and KM for P3NAH of 0.45 mM ± 0.11 mM with kcat of 0.195 s
−1

 ± 0.01 s
−1

. 

According to the previous experiments, conversion with FAD and additionally a water-soluble iron-

porphyrin catalyst was also successfully performed. FAD produces H2O2 as side product, whereas 

LpNox and the iron-porphyrin catalyst form innocuous water. Comparisons of the activities of LpNox 

and FAD showed opposite preferences for the biomimetics. FAD might react more rapidly with 

MNAH. Although P2NAH and P3NAH can theoretically be oxidized best according to their relative 

redox potentials, the steric hindrance that is associated with the conformation of these molecules in 

aqueous solution needs to be considered. This effect is not apparent with the enzymatic oxidation in 

the presence of LpNox. Here, the activities are better correlated to the relative redox potentials and this 

may be explained in terms of an extended conformation of the cofactors allowing easy access of the 

hydride. As a result, several strategies for regeneration of oxidized biomimetics were identified. 

 

Claudia Nowak designed and conducted all experiments regarding the biomimetic cofactors among 

others including synthesis of the biomimetic molecules, assay development, conversion of 

biomimetics with LpNox, FAD, and the iron-porphyrin catalyst, measurement of side reaction 

products, and she wrote the manuscript. André Pick supported in designing the experiments and 

proofread the manuscript. Lénárd-István Csepei performed the electrochemical measurements. Claudia 

Nowak designed the research project and experimental approach guided by Volker Sieber. 

 

Supporting Information to this manuscript can be found in the appendix. 

  

                                                      
2
 P2NA

+
 - 3-carbamoyl-1-phenethylpyridin-1-ium chloride 

P2NAH - 1-phenethyl-1,4-dihydropyridine-3-carboxamide 
3
 P3NA

+
 - 3-carbamoyl-1-(3-phenylpropyl)pyridin-1-ium bromide 

P3NAH - 1-(3-phenylpropyl)-1,4-dihydropyridine-3-carboxamide 
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3.2 Enzymatic Reduction of Nicotinamide Biomimetic Cofactors 

Using an Engineered Glucose Dehydrogenase: Providing a 

Regeneration System for Artificial Cofactors 

 

In this publication, the regeneration of reduced biomimetic cofactors MNAH, BNAH, P2NAH, and 

P3NAH was shown using glucose dehydrogenase from Sulfolobus solfataricus (SsGDH) and an 

enzyme-coupled process was devised.  

During screening of various commercially and non-commercially available regeneration enzymes, 

wild-type SsGDH was the only biocatalyst with which activity with biomimetics could be detected. 

Comparison of the various crystal structures and homology models showed that the nucleotide binding 

site of SsGDH appears to be very open and only in this enzyme, in the inner end two phenylalanine 

residues could be found performing potentially beneficial π-π stacking interactions with the 

nicotinamide ring.  

Based on these results and on further analysis of the SsGDH cofactor binding site, a strategy for 

enzyme engineering was developed resulting in the double mutant SsGDH Ile192Thr/Val306Ile, 

which had ten-fold increased activity with P2NA
+ 

(KM 8.16 mM ± 0.62 mM, kcat 42.1 s
-1 

± 0.81 s
-1

). 

These results offer a promising starting point for understanding and identifying factors that influence 

cofactor binding and for expanding and optimizing the use of biomimetics.  

As proof of concept, a regeneration/production process was devised, in which the thermostable 

enzyme enoate reductase from Thermus scotoductus and the mutant SsGDH Ile192Thr/Val306Ile used 

the biomimetic P2NA/H as a cofactor to produce 2-methylbutanal. However, internally bound natural 

nicotinamide cofactor, which could not be completely removed during protein purification, was in the 

first place a strong interfering factor. Thus, the addition of a third enzyme to create a sink for 

NAD(P)/H was necessary to obtain full conversion of 10 mM substrate within 12 h based on 

biomimetic cofactors. Although currently available enzymes still prefer natural cofactors, further 

enzyme engineering of TsER, and SsGDH in particular, may lead to further improvements in activity 

with biomimetics and technical feasibility. Compared with the chemical rhodium complex and 

metalloproteins, the opportunity to further evolve and improve SsGDH is a major advantage. 

 

Claudia Nowak designed and conducted all experiments regarding the biomimetic cofactors among 

others including synthesis of the biomimetic molecules, activity measurements of various enzymes, 

development of the enzyme engineering, characterization of wild-type as well as mutant SsGDH and 

she wrote the manuscript. André Pick supported in designing the experiments and proofread the 

manuscript. Petra Lommes supported synthesis of biomimetic cofactors. Claudia Nowak designed the 

research project and experimental approach guided by Volker Sieber. 

 

Supporting Information to this manuscript can be found in the appendix. 
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4 Discussion and Prospects 

4.1 Characterization and Optimization of Enzymes  

Over the past years, there has been an increasing demand for the production of fine chemicals by 

oxidoreductases using cell-free biocatalysis (MATSUDA et al. 2009). Even though biomimetic 

cofactors have been known since the early part of the 20
th
 century, their use for biotechnological 

processes is just at the beginning (PAUL & HOLLMANN 2016). Regarding these biotechnological 

applications, in which nicotinamide dependent enzymes are used, biomimetics hold the potential to 

decrease process costs and increase process stability (PAUL et al. 2013). In contrast to the regeneration 

of NAD(P)/H in an efficient reaction/regeneration process, which is most commonly performed 

enzymatically, the regeneration of biomimetics using enzymes has not yet been described. 

4.1.1 NADH Oxidase from Lactobacillus pentosus  

With NADH oxidase from Lactobacillus pentosus (LpNox), a FAD-dependent regeneration system for 

the natural cofactor NAD
+
, as well as the biomimetics MNA

+
, BNA

+
, P2NA

+
, and P3NA

+
 was 

identified.  

First experiments showed that the content of the essential cofactor FAD in LpNox plays a major role 

in the activity of the enzyme with the biomimetic cofactors. Incubation of the enzyme with an excess 

amount of FAD and subsequent desalting resulted in fully activated LpNox that did not lose FAD 

during desalting or the activity tests and obviated the need of adding FAD to the reaction mixture, 

which is important when biomimetic cofactors are used (JIANG & BOMMARIUS 2004; JIANG et al. 

2005; ROCHA-MARTIN et al. 2011; TOTH et al. 2008). 

Following the approach of Paul et al. (PAUL et al. 2014b), the activity of the biomimetics MNAH, 

BNAH, P2NAH, and P3NAH was also tested with free FAD. Both, LpNox and free FAD, were able to 

oxidize all synthesized cofactors differing in the side products formed during catalysis. The chemical 

catalyst FAD produces H2O2 during oxidation (two hydride transfer), whereas the amount of H2O2 

during LpNox catalysis is insignificant and so that it can be devised as a water-forming NADH 

oxidase (four electron transfer). Generally, formation of H2O2 should be avoided in a biocatalytic 

process as it can damage the enzymes and substrates that are involved (HERNANDEZ et al. 2012). To 

overcome this problem, an H2O2-degrading enzyme, namely catalase, might be added. However, with 

the addition of a further reaction component, the complexity of the system would be increased and all 

components need to be arranged for optimal performance. In contrast, if H2O2 is necessary for the 

product forming reaction like for example in P450 peroxygenase catalysis (PAUL et al. 2014b), than 

free FAD as regeneration system for the biomimetics might be the superior choice.  

Looking at the activities of the catalysts with the investigated biomimetics, an opposite preference was 

identified. FAD was most active with MNAH, whereas the turnover numbers with BNAH, P2NAH, 

and P3NAH were low. MNAH is the smallest molecule with only one methyl group attached at the 

dihydro nicotinamide ring, thus, the steric hindrance is minimal and FAD might react rapidly with this 

cofactor. In contrast, the investigation of the redox potentials showed that P2NAH and P3NAH could 

theoretically be oxidized best but the steric hindrance, which is associated with the conformations, 

seems to be an important factor in the conversion with FAD. However, the use of LpNox as catalysts 
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showed that the increase in the size of the molecules provided more interactions in the cofactor 

binding site, which seems to be crucial for increasing catalytic efficiency. The more flexible 

biomimetics P2NAH and P3NAH were better recognized and coordinated than BNAH, which was 

more efficiently converted than MNAH. Thus, the additional methylene and the consequent increase 

in molecular size improved interactions within the cofactor binding site of LpNox.  

This is in line with the observations made on the structural analysis of the homology model of LpNox. 

The increasing length of the alkyl chain and the phenyl group attached at the end of this chain seem to 

lead to the development of beneficial van der Waals interactions and hydrogen bonds, respectively. In 

addition, the dihydro nicotinamide ring of the cofactor appears to be in between the isoallolaxine part 

of FAD and the phenyl ring of the amino acid Tyr157 possibly resulting in stabilizing π-π stacking 

interactions. Accordingly, these interactions might improve the coordination of the reactive part of the 

molecule in the cofactor binding site.  

In addition to LpNox and free FAD, another regeneration system for reduced cofactors, an iron-

porphyrin catalyst (MAID et al. 2011), was investigated with the synthesized biomimetics. All 

biomimetics could be converted with the same preference as found for FAD: MNAH was oxidized 

best followed by BNAH, P2NAH, and P3NAH. These results proved that the accessibility of the 

nicotinamide ring is a major determinant for low-molecular-weight catalysts in comparison with 

enzymes.  

To summarize, an evolvable regeneration enzyme for biomimetic cofactors was described with 

LpNox. Generally, the enzymatic activity with biomimetics compared to NADH needs to be improved 

and ideally the preference for the natural nicotinamide cofactors should be removed, if the enzyme is 

supposed to be applied in a biotechnological process only involving biomimetic cofactors. To do this, 

the crystal structure of LpNox with NADH and the biomimetics, respectively, will aid identifying 

amino acids for (semi-)rational mutagenesis. Positions that are important in NADH binding and in 

close distance to the biomimetics, respectively, can be targeted, whereas the stabilizing π-π stacking 

interactions should be maintained. Due to the great difference in molecular size of the natural and 

synthetic cofactors, multiple rounds of enzyme engineering might be necessary. Successful enzyme 

engineering of a water-forming NADH oxidase from Streptococcus mutans towards a dual cofactor 

specificity (NADH and NADPH) has been performed using a homology model and site directed 

mutagenesis. A positively charged amino acids for increased NADPH binding was introduced, but an 

aspartate residue at the C-terminus of the second β-strand of the βαβαβ region was maintained to 

facilitate binding of NADH (PETSCHACHER et al. 2014).  

Another possibility could be the use of directed evolution by including error prone PCR in which 

random positions would be changed. This might be advantageous as amino acids might be varied that 

are not so important for biomimetic binding in the first place. However, the screening effort is 

considerably higher compared to the rational protein design and also various rounds of engineering 

may be necessary. 

A further step could be that the information obtained from these experiments might be transferred to 

other NADH oxidases (or enzymes with similar characteristics), thereby accelerating the number of 

available enzymes with activity using biomimetic cofactors. Hence, the number of processes 

dependent on such regeneration enzymes might be expanded. 



Discussion and Prospects  77 

 

4.1.2 Glucose Dehydrogenase from Sulfolobus solfataricus 

Within this work, various commercially (formate dehydrogenase from Candida boidinii [FDH], 

glucose-6-phosphate dehydrogenase from Saccharomyces cerevisiae [G6PDH], and glucose 

dehydrogenase from Thermoplasma acidophilum [TaGDH]) and non-commercially (glucose 

dehydrogenase E170K/Q252L from Bacillus subtilis [BsGDH E170K/Q252L] (VAZQUEZ-FIGUEROA 

et al. 2007), glucose dehydrogenase from Bacillus megaterium [BmGDH-IV] (NAGAO et al. 1992), 

and glucose dehydrogenase from Sulfolobus solfataricus (SsGDH) (GIARDINA et al. 1986)) 

regeneration enzymes were investigated for their activity with biomimetic cofactors. As a result, 

glucose dehydrogenase from Sulfolobus solfataricus was identified, which was the only tested enzyme 

that was naturally able to covert these simple biomimetic cofactors, albeit with very low activity.  

Over the last few decades, various biocatalysts were characterized for their structure and amino acid 

composition of the nucleotide binding site. Although Rossmann et al. already described the structural 

similarity of this region in the 1970s, the diverse amino acid composition plays a crucial role in 

cofactor acceptance and binding (ROSSMANN 1976; ROSSMANN et al. 1974). Analyzing crystal 

structures and homology models of the tested enzymes proved that there were high structural 

similarities, as all biocatalysts have a typical Rossmann fold and a variation of the common GXGXXG 

motif. The cofactor binding site of SsGDH appears to be uncovered and open, in the inner end of 

which, two phenylalanine residues were found performing π-π stacking interactions with the 

nicotinamide ring of NAD(P)
+
. In TaGDH, one phenylalanine at a similar position could be detected, 

however, the activity with synthetic cofactors could not be measured leading to the conclusion that the 

π-π interaction found in SsGDH may be of strong influence. Accordingly, no aromatic residues in such 

an orientation were found in BmGDH-IV, BsGDH E170 K/Q252L, and FDH. Thus, enzyme 

engineering of the non-active NADH regeneration enzymes tested, in which these possibly beneficial 

phenylalanine residues are included, may clearly identify the role of the π-π stacking interactions.  

However, the rest of the cofactor binding site also plays an essential role in biomimetic binding. Rollin 

et al. proposed the use of a module swap technique for cofactor specificity engineering as the cofactor 

binding motifs are highly conserved. Using this method, the entire cofactor binding domain is replaced 

resulting in a modified cofactor specificity (ROLLIN et al. 2013). This was already shown for the 

exchange of the NADP
+
-binding domain of an isocitrate dehydrogenase to get a NAD

+
-dependent 

enzyme (YAOI et al. 1996). Thus, wild-type or optimized cofactor binding site of SsGDH may be 

integrated in TaGDH (or any other enzyme) creating a biocatalyst, which is possibly able to use 

biomimetic cofactor for its enzymatic reaction. However, the tertiary structure of the engineered 

enzyme needs to be maintained so that the enzyme still folds properly and the interaction of the 

nicotinamide from the cofactor with the substrate via various amino acids is sustained.  

Comparing the biomimetic cofactors, the highest catalytic efficiency in the oxidation of D-glucose 

with SsGDH was found with P2NA
+
, followed by BNA

+
, and P3NA

+
. No activity could be detected 

when MNA
+
 was added as the cofactor. Thus, the elongation of the alkyl chain and the addition of the 

phenyl group allowed active positioning in the cofactor binding site, yet at the cost of a lower binding 

affinity. To overcome the lack of the adenine dinucleotide moiety, which is important for coordination 

and binding of the cofactor, Sicsic et al. added adenosine or adenosine-5′ phosphate to the reaction of 

HLADH with nicotinamide mononucleotide or nicotinamide mononucleoside resulting in increased 
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activity (SICSIC et al. 1984). If an improved positioning of the biomimetic in the enzyme had been 

supported, this would have been a simple method to quickly improve the turnover numbers of the 

reactions. Following the investigation, activity of SsGDH with BNA
+
, P2NA

+
, and P3NA

+
 could not 

be increased (or even decreased). Under the condition used during the experiments, an effective 

coordination of the biomimetic and the supporting molecule was not possible or did not support the 

transfer of the hydride. 

To improve the activity of SsGDH with the biomimetics, enzyme engineering was performed based on 

the information gained from crystal structure analysis and data published in literature (MILBURN et al. 

2006). This was necessary as the activity of wild-type SsGDH was considerably lower when using 

biomimetics than with natural nicotinamide cofactors. Overall, the amino acids Phe277 and Phe279 

that perform these potentially beneficial π-π stacking interactions were maintained and seven positions 

in the cofactor binding site were modified. Variation of SsGDH in the positions of Asp154, Asn211, 

Arg212, and Lys354 did not lead to improved activity or even decreased activity with the biomimetics. 

Asp154 resides in the catalytic domain but in a 5 Å surrounding of the biomimetic but indirect 

structural changes for an improved transfer of electrons from the cofactor to the substrate were not 

achieved. Asn211, Arg212, and Lys354 are located in the extended nonreactive part of the cofactor 

binding site and are responsible for the coordination of phosphate and adenosine of the natural 

cofactor. This function is not required anymore when biomimetics were used, but the introduced 

variations in these positions may have changed the inner cofactor binding site to such an extent that 

the cofactor cannot be coordinated properly. Pro191 and Ile192 are within the conserved GXGXXG 

motif, where the polar ribose and pyrophosphate of NAD(P)
+
 are positioned. These NAD(P)

+
 moieties 

are replaced by a hydrophobic phenyl ring and an alkyl chain in the biomimetics. Improved activity in 

variants with mutations in Ile192 was detected during screening analysis, whereas improved Pro191 

variants were not found. Finally, the distance between Pro191 and the biomimetic was slightly 

increased compared to that of Ile192, potentially resulting in interactions with lower influences. 

However, specific engineering of Pro191 and Ile192 might be necessary to clearly define the roles in 

biomimetic binding as these amino acids are very close to each other. Increased activity with 

biomimetics was also found in Val306 variants. The amino acid is next to the important amino acid 

Asn307, which acts as a linker between the cofactor and substrate and the structural modifications lead 

to improved connection between these key components. 

Sequencing demonstrated the presence of these four mutants: SsGDH Ile192Thr, SsGDH Ile192Val, 

SsGDH Val306Gly, and SsGDH Val306Ile. Due to a slightly higher activity of SsGDH Ile192Thr 

compared to that of SsGDH Ile192Val in screening analyses, SsGDH Ile192Thr/Val306Gly and 

SsGDH Ile192Thr/Val306Ile double mutants were constructed. Characterizations of these novel 

variants showed decreased activity with NAD
+
 compared to wild-type SsGDH, but enhanced catalysis 

with the biomimetics, especially P2NA
+
. In addition, the best results were obtained using the double 

mutant SsGDH Ile192Thr/Val306Ile. Exchange of the nonpolar and large isoleucine with a smaller 

and more polar threonine in Ile192Thr, which could also act as a hydrogen donor and acceptor, 

supported binding interactions in combination with the mutation Val306Ile. During characterization of 

the single as well as double mutants, synergistic effects were observed since specific activity was 

further increased in the double mutants compared to the single mutants.  
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However, there are more positions in SsGDH that may be interesting for mutagenesis like Glu114 or 

Pro151 that were detected during docking analysis. These amino acids are not in the cofactor binding 

domain but in a 5 Å connection to the biomimetic cofactor potentially leading to indirect 

improvements of catalysis. Leu305 might also be of interest as the amino acid is in case of NAD(P)
+
 

responsible for binding of the nicotinamide group. While, Thr41 also appeared to be interesting during 

docking analysis, Milburn et al. found that the mutation SsGDH Thr41Ala traps the substrate in the 

enzyme (MILBURN et al. 2006). Thus, a systematic approach in order to stepwise include variations in 

the cofactors binding site of SsGDH might lead to more clear information.  

Scholtissek et al. subjected a conserved cysteine residue in the active site of Class III Old Yellow 

Enzymes OYERo2a from Rhodococcus opacus 1CP to mutagenesis and constructed the mutants 

C25A, C25S, and C25G. According to the authors, the cofactors NADPH and BNAH were most 

efficiently converted by the wild-type enzyme and an increase in turnover frequency for the variants 

was only achieved for the natural cofactor. However, BNAH might represent an alternative cofactor 

for conversion including OYERo2a as no inhibitory effects were noticed and the biomimetic is more 

economical compared to NADPH (SCHOLTISSEK et al. 2018). Thus, further enzyme engineering here 

might also be needed in order to increase the applicability of biomimetic cofactors.  

The results of the engineering of SsGDH also showed that preference and activity with NAD
+
 could be 

decreased, but not completely removed. However, small amounts of the natural nicotinamide cofactors 

disturb any reaction/regeneration process, which is supposed to be based on the conversion of 

biomimetics. Hence, further improvement of the enzyme is necessary. Moreover, crystallographic 

studies of the various mutants with the biomimetics as well as further mutagenesis experiments will 

facilitate the understanding of how biomimetics are coordinated in the cofactor binding site compared 

with NAD(P)
+
 and will identify the ensuing requirements. Using such a method, a decreased size of 

the cofactor binding site due to a smaller biomimetic cofactor in xenobiotic reductase A from 

Pseudomonas putida was described by Knaus et al. (KNAUS et al. 2015). A change in the 

conformation of the amino acid Trp302 was observed. As already described for LpNox, rational 

protein design or directed evolution including error prone PCR might be used, but the differences in 

screening effort need to be considered. 

Overall, compared to metal catalysts, other chemical molecules, or non-enzymatic catalysts, which 

were described for the regeneration of biomimetic cofactors, enzymes like SsGDH hold the potential 

to be evolvable, hence, activity may be further improved.  

4.2 Characterization and Optimization of Biomimetic Cofactors 

Within this work, various biomimetic cofactors were tested: MNAH and BNAH are widely used in 

scientific literature, whereas P2NAH and P3NAH were undescribed in this context. Since the 

biomimetic cofactors might be used in a cell-free reaction system, the effect of pH, buffer, and 

temperature need to be evaluated.  

Looking at the different buffers, MNAH, BNAH, P2NAH, and P3NAH showed the lowest stability in 

potassium phosphate buffer, whereas the rate of decomposition in MOPS, HEPES, or Tris-HCl was 

considerably lower resulting in a stabilizing effect. This is in line with the observations described for 

NAD(P)H following the mechanism that the phosphate from the potassium phosphate buffer is added 
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at the 5,6-double bond of the dihydro nicotinamide ring (ALIVISATOS et al. 1964). In addition, the 

weak 5,6-double bond is also responsible for the decomposition of the natural nicotinamide cofactors 

NAD(P)H as well as the tested biomimetics in acids. Thus, the molecular stability strongly depends on 

the protection of the weak 5,6-double bond. For NADH, it was observed that the adenine part was 

folded against the dihyro nicotinamide ring in order to shield this part (OPPENHEIMER et al. 1971). 

Due the reduced size of the tested biomimetics, this protection mechanism might not be available or 

the phenyl ring of BNA/H, P2NA/H, and P3NA/H might not mimic this molecular folding 

sufficiently. Hence, for the design of new biomimetic cofactors, an integration of functional groups 

might increase the stability of the weak 5,6-double bond. Following this, Hentall et al. found that an 

increased stability in aqueous buffers could be achieved by the introduction of a methyl group at C5, 

which improves the protection of the 5,6-double bond from protonation (HENTALL et al. 2001). Thus, 

the transferability of these results regarding an integration of such a “protection group” into the tested 

biomimetic MNA/H, BNA/H, P2NA/H, and P3NA/H might be of interest.  

Comparing the stability of MNAH, BNAH, P2NAH, and P3NAH with the natural nicotinamide 

cofactors, P3NAH was as unstable as MNAH and BNAH, but P2NAH was found to be as stable as 

NADH in particular at higher temperature and lower pH. Accordingly, the ethyl group in P2NAH may 

lead to a more stable folding of the phenyl ring against the 5,6-double bond of the dihydro 

nicotinamide ring compared to BNAH and P3NAH including interruption of electron conjugation 

within the molecule. Thus, P2NAH was the only cofactor tested, which was competitive with NADH. 

Further analysis of the redox potentials of the biomimetic cofactors showed that the biomimetics are 

stronger oxidants than their natural counterparts. Subsequently, the reduction ability of the 

biomimetics is weaker compared to NAD(P)H indicating that MNAH/BNAH/P2NAH/P3NAH are 

thermodynamically less effective reducing agents.  

Looking at the overall set up of an enzymatic process, the buffer, in which the enzyme is most active 

and in which the cofactor is as stable as possible, needed to be found and arranged; also accepting a 

decreased performance of one of the components. During the characterization of LpNox, the enzyme 

was found to be the most active in potassium phosphate buffer (with NADH as cofactor). However, 

the buffer Tris-HCl was finally used for the activity tests with the biomimetics since the stability of the 

cofactors was higher than in potassium phosphate buffer and the activity of LpNox was still 

acceptable. 

Furthermore, MNA/H, BNA/H, P2NA/H, and P3NA/H can be prepared in a one step or two step 

syntheses, however, partly due to the costs of decreased stability. In contrast, the semi synthetic 

cofactor carba NAD has an excellent stability, but the production is expensive (SLAMA & SIMMONS 

1988). For carba NAD, satisfactory enzymatic activity might be expected faster since this cofactor is 

closely related to NAD(P)/H compared to the totally synthetic molecules. Thus, increased costs in 

synthesis with a probably higher stability or a more simple synthesis with possibly lower stability have 

to be weighed.  

At the moment, there are various biomimetic cofactors molecules available for catalysis (ZACHOS et 

al. 2019). For example, Paul et al. designed a series of synthetic molecules in which the carboxamide 

group is changed and created butyl nicotinamide cofactors (PAUL et al. 2013). Löw and coworkers 

synthesized 1-phenyl-1,4-dihydro-nicotinamide and the variant 1-(4- hydroxyphenyl)-1,4-dihydro-

nicotinamide (LOW et al. 2016). Hence, biomimetics may be optimized by introduction of various 
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groups, exchange of the specific atoms, or variation in chain length and chain type. Additional 

information from crystal structure analysis of the enzyme-biomimetic cofactor complex, activity test 

of various enzymes with biomimetics and results received from enzyme engineering might also give 

evidence on how the cofactor molecule could be precisely improved to further increase coordination 

and binding in the cofactor binding site of the enzyme in regard to hydrogen bonds and van der Waals 

interactions. Another point to consider during the planning and synthesis of new biomimetic molecules 

is the solubility of the reduced forms (OKAMOTO et al. 2016). Using the tested biomimetics MNAH, 

BNAH, P2NAH, or P3NAH, the addition of DMSO was necessary to ensure solubility of the cofactor, 

but not all enzymes might be able to tolerate such an amount of organic solvent. However, there is a 

great potential to create a high number of improved biomimetic cofactors.  

4.3 Optimization of the Reaction/Regeneration Process 

In order to prove the applicability of SsGDH Ile192Thr/Val306Ile, a reaction/regeneration process was 

set up in this work.  

For the regeneration reaction, the improved SsGDH Ile192Thr/Val306Ile was used as the highest 

catalytic efficacy compared to the other variants was achieved during the characterization process. The 

reaction of interest was supposed to be performed by P450 R966D/W1046S from Bacillus megaterium 

(RYAN et al. 2008), but the enzyme was almost completely uncoupled with the cofactor P2NAH. The 

conversion of the cofactor was observed, but reduction of the substrate was not detected. Thus, redox 

equivalents get lost following the formation of water, hydrogen peroxide or superoxide ions. One of 

the reasons might be a too great distance between bound substrate and reactive species and the 

accessibility of water to the active center (LOIDA & SLIGAR 1993). Thus, the production enzyme was 

switched to TsER, which was also described to be active with various biomimetic cofactors (KNAUS et 

al. 2015; OKAMOTO et al. 2016; PAUL et al. 2013). Analysis of the activity of TsER with BNAH and 

P2NAH with various substrates showed that 2-methylbut-2-enal was most suitable as for example with 

cyclohex-2-en-1-one, disproportionation of the substrate instead of reduction and internal biomimetic 

recycling was detected.  

Following this, the production (TsER) and regeneration (SsGDH Ile192Thr/Val306Ile) reactions were 

combined to convert 2-methylbut-2-enal with the biomimetic P2NA
+
 and full conversion was 

achieved. However, product was also detected in a reaction control containing the substrate, TsER, 

SsGDH Ile192Thr/Val306Ile, and D-glucose (without P2NA
+
) concluding that the natural cofactor 

was still bound in the regeneration enzyme SsGDH Ile192Thr/Val306Ile. This had already been an 

issue in some original work of HLADH (LO & FISH 2002; PAUL & HOLLMANN 2016). Only little 

information on the HLADH preparation of Lo et al. is known, but the false positive results may be 

attributed to such impurities with natural nicotinamide cofactor. The presence of natural nicotinamide 

cofactors in purified preparations of dehydrogenases is a known phenomenon. Schirwitz et al., for 

example, demonstrated that NAD
+
 was present in approximately 50% of formate dehydrogenase 

preparations (from Candida boidinii) after purification, which could only be removed by extensive 

washing with 2 M sodium chloride (SCHIRWITZ et al. 2007). The internally bound cofactor may not 

have a consequence when a process with the natural nicotinamide cofactors is set up, however, it 

disturbs reactions, which are supposed to be based on the conversion of biomimetic cofactors. In a 
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reaction/regeneration process, only low concentration of natural cofactor is necessary to feign activity 

since it is recycled constantly and with high efficiency. The regeneration enzyme was the major source 

for the contamination, but various purification experiments on SsGDH Ile192Thr/Val306Ile failed to 

decrease the concentration of internally bound natural cofactor.  

However, using SsGDH Ile192Thr/Val306Ile and without improved purification methods, a shunt 

need to be created around the reaction and regeneration reaction. Hence, an NADH-specific futile 

cycle using lactate dehydrogenase from Geobacillus stearothermophilus (GstLDH) was included in 

the process to create a sink for NAD(P)/H as the biocatalyst does not convert biomimetics nor interact 

with any of the substrates of the other enzymes. Subsequently, the reaction was repeated following the 

same procedure including GstLDH and pyruvate and full conversion of 2-methylbut-2-enal was 

detected again. However, under these conditions, the contribution of the internally bound cofactor was 

strongly reduced. Consequently, the production of 2-methylbutanal was almost entirely (90%) based 

on the conversion of P2NA/H. Moreover, comparison of reactions with and without the futile cycle 

indicated that the activities of TsER and SsGDH Ile192Thr/Val306Ile were not influenced as the 

product formation followed the same course. Comparison of the SsGDH Ile192Thr/Val306Ile with the 

artificial protein from Okamoto et al. (OKAMOTO et al. 2016) showed comparable total turnover 

numbers 

Thus, with the addition of a NAD(P)/H specific futile cycle, it was proven that a reaction/regeneration 

process can be set up with cofactors analogous to processes actually developed for NAD(P)/H. 

However, regarding this combination of biocatalysts, enzyme engineering of both enzymes, SsGDH 

and TsER, is necessary to further increase the affinity for biomimetics. So far, a process using wild-

type TsER and SsGDH Ile192Thr/Val306Ile might be set up when first the internally bound cofactor is 

used for catalysis until its decomposition and then a cheap biomimetic is added to continue the 

reaction/regeneration. Such a system is possible when the stability of the enzymes exceed the stability 

of the nicotinamide cofactors. With the increase in number of enzymes available for catalysis with 

biomimetic cofactors, more processes that were in the first place developed for NAD(P)/H might be 

reproduced and the usability of these synthetic molecules in industrial applications might be expanded.  
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6 Appendix 

6.1 Supporting Information - A water-forming NADH oxidase from 

Lactobacillus pentosus suitable for the regeneration of synthetic 

biomimetic cofactors 

 



94  Appendix 

 



Appendix  95 

 



96  Appendix 

 



Appendix  97 

 

6.2 Supporting Information - Characterization of Biomimetic 

Cofactors According to Stability, Redox Potentials, and 

Enzymatic Conversion by NADH Oxidase from Lactobacillus 

pentosus 

 



98  Appendix 



Appendix  99 

 



100  Appendix 



Appendix  101 

 



102  Appendix 



Appendix  103 

 



104  Appendix 



Appendix  105 

 



106  Appendix 



Appendix  107 

 



108  Appendix 

 



Appendix  109 

 

6.3 Supporting Information - Enzymatic Reduction of Nicotinamide 

Biomimetic Cofactors Using an Engineered Glucose 

Dehydrogenase: Providing a Regeneration System for Artificial 

Cofactors 
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6.5 List of Enzymes Additionally Investigated for the Activity with 

Biomimetic Cofactors 

 

Enzyme Organism 

Alanine dehydrogenase Bacillus subtilis 

Alanine dehydrogenase Thermus thermophiles 

Alcohol dehydrogenase CH yihu Escherichia coli 

Alcohol dehydrogenase yqhd Escherichia coli 

Alcohol dehydrogenase adhp Escherichia coli 

Alcohol dehydrogenase yjgb Escherichia coli 

Alcohol dehydrogenase 

LND/VKD/DIN/SNC/NND/CND 

Escherichia coli 

Alcohol dehydrogenase Geobacillus stearothermophilus 

Aldehyde dehydrogenase Alda Escherichia coli 

Aldehyde dehydrogenase SAD Escherichia coli 

Aldehyde dehydrogenase Thermoplasma acidophilum 

Butandiol dehydrogenase Bacillus cereus 

Lactate dehydrogenase  

(Serva order number: 27415.01) 

Porcine heart 

Uronate dehydrogenase  Agrobacterium tumefaciens 

Uronate dehydrogenase Oceanicola granulosus 

Uronate dehydrogenase Streptomyces viridochromeogenes 

Xylose dehydrogenase Caulobacter crescentus 

 

Activity measurements of the different enzymes were carried out in 100 mM Tris-HCl pH 8 

containing 5 mM NAD(P)
+
 or 15-50 mM oxidized biomimetic / 0.5-0.75 mM reduced cofactor and 5 

mM substrate. Controls lacked enzyme, substrate, or cofactor. Reactions were monitored 358 nm 

(biomimetics) and 340 nm (NADH) for 1 h at 25 °C for 60 min. All enzymes were available at the 

Chair of Chemistry of Biogenic Resources (Technical University of Munich). 

 

 

Table 11: Enzyme tested for activity with biomimetic cofactors within this work for which an activity was not 

detected. 
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7 Abbreviations 

% Percent 

Å Ångstrom 

°C Degree Celsius 

€ Euro 

ε280 Extinction Coefficient 

µg Microgram 

µL Microliter 

µm Micrometer 

µM Micromolar / Micromole per Liter 

µmol Micromole 

A260 Absorption at 260 nm 

A280 Absorption at 280 nm 

ADH Alcohol Dehydrogenase 

Ala Alanine 

AlaDH Alanine Dehydrogenase 

AlDH Glyceraldehyde Dehydrogenase 

ALS Acetolactate Synthase 

APS Ammonium Persulfate 

Arg (One letter code: R) Arginine 

Asn (One letter code: N) Asparagine 

Asp (One letter code: D) Aspartic Acid 

BLAST Basic Local Alignment Search Tool 

BmGDH-IV Glucose Dehydrogenase from Bacillus megaterium 

Bn Benzyl 

BNA/H 1-Benzyl Nicotinamide and 1-Benzyl-1,4-dihydro Nicotinamide 

BNA
+
 1-Benzyl Nicotinamide 

BNAH 1-Benzyl-1,4-dihydro Nicotinamide 

bp Base Pairs 

BsGDH E170K/Q252L Glucose Dehydrogenase E170K/Q252L from Bacillus subtilis 

c Concentration 
13

C NMR Carbon Nuclear Magnetic Resonance 

carba NAD Carba Nicotinamide Adenine Dinucleotide 

Carl Roth Carl Roth GmbH & Co. KG 

CAS Chemical Abstract Service 

CO2 Carbon Dioxide 

Cys (One letter code: C) Cysteine 

d Optical Path Length 

DA Dalton 

ddH2O Double Distilled Water 

DHAD Dihydroxy Acid Dehydratase  
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DNA Deoxyribonucleic Acid 

EC  Enzyme Class 

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic Acid 

ee Enantiomeric Excess 

ExPASy ProtParam Tool 

f Dilution factor 

FAD Flavin Adenine Dinucleotide 

FADH2 Dihydro Flavin Adenine Dinucleotide 

FDH Formate Dehydrogenase; especially Formate Dehydrogenase from 

Candida boidinii 

FMN Flavin Mononucleotide  

g Gram 

G6P Glucose-6-phosphate 

G6PDH Glucose-6-phosphate Dehydrogenase; especially Glucose-6-phosphate 

Dehydrogenase from Saccharomyces cerevisiae 

GC Gas Chromatography 

GDH Glucose Dehydrogenase 

Glc D-Glucose 

Gln (One letter code: Q) Glutamine 

Glu (One letter code: E) Glutamic Acid 

GlucD Glucarate Dehydratase 

Gly (One letter code: G) Glycine 

GstLDH Lactate Dehydrogenase from Geobacillus stearothermophilus 

h Hour 
1
H NMR Proton Nuclear Magnetic Resonance 

H2O Water 

H2O2 Hydrogen Peroxide 

HCl Hydrochloric Acid 

HCO2
-
 Hydrogencarbonate 

HCOONH4 Ammonium Formate 

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid 

His (One letter code: H) Histidine 

HLADH Horse Liver Alcohol Dehydrogenase 

HPLC High Performance Liquid Chromatography 

Ile Isoleucine 

KARI Ketolacid Reductoisomerase 

kcat Catalytic Constant  

kcat/Km Catalytic Efficiency 

kDA Kilo Dalton 

KDC 2-Ketoacid Decarboxylase 

KDGA 2-Keto-3-Desoxygluconate Aldolase 
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KdgD 5-Keto-4-Deoxyglucarate Dehydratase 

KgsalDH Aldehyde Dehydrogenase 

Km Michaelis–Menten Constant 

kV Kilovolt 

L (unit) Liter 

L-Ala L-Alanine 

Leu (One letter code: L) Leucine 

LeuDH Leucine Dehydrogenase 

LpNox NADH Oxidase from Lactobacillus pentosus 

Lys (One letter code: K) Lysine  

M Molar / Mole per Liter 

mA Milliampere 

mDNA DNA used for Transformation 

Mg Milligram 

min Minute 

mL Milliliter 

mM Millimolar / Millimole per Liter 

mmol Millimole 

MNA/H N-Methyl Nicotinamide and N-Methyl-1,4-dihydro Nicotinamide 

MNA
+
 N-Methyl Nicotinamide 

MNAH N-Methyl-1,4-dihydro Nicotinamide 

mol Mole 

MOPS 3-(N-Morpholino)Propanesulfonic Acid 

ms Millisecond 

MS Mass-spectrometer 

MW Molecular Weight 

Na2S2O4 Sodium Dithionite 

NaCN Soidum Cyanide 

NAD(P)/H Nicotinamide Adenine Dinucleotide (Phosphate) and Dihydro 

Nicotinamide Adenine Dinucleotide (Phosphate) 

NAD/H Nicotinamide Adenine Dinucleotide and Dihydro Nicotinamide Adenine 

Dinucleotide 

NAD
+
 Nicotinamide Adenine Dinucleotide 

NADH Dihydro Nicotinamide Adenine Dinucleotide 

NADP/H Nicotinamide Adenine Dinucleotide Phosphate and Dihydro 

Nicotinamide Adenine Dinucleotide Phosphate 

NADP
+
 Nicotinamide Adenine Dinucleotide Phosphate 

NADPH Dihydro Nicotinamide Adenine Dinucleotide Phosphate 

NCBI National Center for Biotechnology Information 

nColonies Number of Colonies 

NH3 Ammonia 

nm Nanometer 
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nmol Nanomole 

NMR Nuclear Magnetic Resonance 

NOX NADH Oxidase 

O2 Molecular Oxygen 

OD Optical Density 

OTf
-
 Triflate 

OYE Old Yellow Enzyme 

OYERo2a Old Yellow Enzyme OYERo2a from Rhodococcus opacus 1CP 

P2NA/H 3-Carbamoyl-1-phenethylpyridin-1-ium Chloride and 1-Phenethyl-1,4-

dihydropyridine-3-carboxamide 

P2NA
+
 3-Carbamoyl-1-phenethylpyridin-1-ium Chloride 

P2NAH 1-Phenethyl-1,4-dihydropyridine-3-carboxamide 

P3NA/H 3-Carbamoyl-1-(3-phenylpropyl)pyridin-1-ium bromide and 1-(3-

phenylpropyl)-1,4-dihydropyridine-3-carboxamide 

P3NA
+
 3-Carbamoyl-1-(3-phenylpropyl)pyridin-1-ium Bromide 

P3NAH 1-(3-Phenylpropyl)-1,4-dihydropyridine-3-carboxamide 

P450-BM3 Cytochrome P450 from Bacillus megaterium 

P450cam Cytochrome P450 from Pseudomonas putida 

PCR Polymerase Chain Reaction 

PDB RCSB Protein Data Bank 

PDC Pyruvate Decarboxylase 

Phe Phenylalanine 

PHYRE
2
 Protein Homology / analogY Recognition Engine V 2.0  

PLP Pyridoxal5'-phosphate 

ppm Chemical Shift in Parts Per Million 

Pro Proline 

rpm Rounds per Minute 

s Second 

SDS Sodium Dodecyl Sulfate 

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

Ser (One letter code: S) Serine 

Serva Serva Electrophoresis GmbH 

SsGDH Glucose Dehydrogenase from Sulfolobus solfataricus 

StyA1 Styrene Monooxygenase StyA1 from Rhodococcus opacus 1CP  

StyB Styrene Monooxygenase StyB from Rhodococcus opacus 1CP 

TAE Tris-Acetat-EDTA 

TaGDH Glucose Dehydrogenase from Thermoplasma acidophilum  

TBADH Alcohol Dehydrogenase from Thermoanaerobacter brockii 

TE Transformation efficiency 

Thr Threonine 

TMS Tetramethylsilane 

Tris Tris(hydroxymethyl)aminomethan 
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Tris-HCl Tris Puffer – pH adjusted with Hydrochloric Acid 

Trp (One letter code: W) Tryptophan 

TsER Enoate Reductase from Thermus scotoductus 

TSP Trimethylsilylpropanoic Acid 

Tyr Tyrosine 

U Unit / Enzyme Activity μmol/min 

UDH Uronate Dehydrogenase 

UHPLC Ultra High Performance Liquid Chromatography 

UV Ultraviolet 

v/v Volume per Volume 

v/w Volume per Weight 

Val Valine 

vmax Maximum Reaction Rate 

VWR VWR International GmbH 

w/v Weight per Volume 

w/w Weight per Weight 

YASARA Yet Another Scientific Artificial Reality Application 
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Straubing mit euch haben durfte. Ich werde Niederbayern nie vergessen! 

 

Liebe Annina, wie hast du es so schön gesagt: Freundschaft ist eine Seele in zwei Körpern. Danke, 

dass es dich gibt! 

 

Ganz besonderer Dank gilt meinen Eltern und meiner Schwester, die immer an mich geglaubt haben 

und mich auf meinem Weg bedingungslos unterstützt und bestärkt haben. Von Herzen: Danke für 

alles! 

 

 


