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Summary 

In this study a novel steroid C20 reductase which catalyzes the regioselective reduction of 

11-deoxycorticosterone (11-DOC) into valuable bioactive 20-hydroxysteroid, 

4-pregnen-20,21-diol-3-one, was identified in Escherichia coli by protein purification and 

mass spectrometry. It was demonstrated that a NADH-dependent enzyme encoded by kduD 

gene and previously described as 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase (KduD), 

catalyzes a regioselective reduction of 11-DOC. It was found that 11-DOC is not involved in 

the regulation of expression of kduD gene in vivo. 

A 6xHis-tagged version of KduD was purified to homogeneity and characterized. It was 

found to reduce several 20-ketosteroid substrates (11-DOC, 11-deoxycortisol, cortisone, 

cortisol, corticosterone, 21-hydroxypregnenolone) and the anthracycline derivative 

doxorubicinone. In addition, KduD was found to accept several polyols as substrates 

including carbohydrate derivatives, D-gluconate and 5-keto-D-gluconate, as well as 

1,2-propanediol. KduD oxidoreductase showed higher affinity for steroid substrates than for 

carbohydrate derivatives in vitro. The optimal pH for KduD catalyzed reduction of 11-DOC 

was found to be pH 7.0, whereas it was 9.5 for oxidation of D-gluconate. The optimal 

temperature for reduction of 11-DOC was found to be 37 ºC. It was shown that KduD does 

not require metal cofactors for activity. Reducing agents (1 mM 2-ME and 10 mM DTT), 

fatty acids (1 mM lauric acid and 0.1 mM myristic acid), 10 % ethanol and 0.5 M sodium 

chloride were found to inhibit the activity of KduD. 

KduD was identified as a ‘classical’ short-chain dehydrogenase/reductase (SDR) based on 

conserved protein sequence motifs. The native form of KduD was proposed to be a 

homotetramer as indicated by the gel filtration chromatography. 

The Autodisplay technology turned out to be unsuitable for the design of a KduD whole-cell 

biocatalyst in E. coli host. The expression of KduD fused to the translocator unit of either 

AIDA-I or EhaA autotransporter proteins yielded an inactive KduD whole-cell biocatalyst. 
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Zusammenfassung 

In dieser Arbeit wurde mittels Proteinaufreinigung und Massenspektrometrie eine neue 

Steroid C20 Reduktase in Escherichia coli identifiziert, die eine regioselektive, 

NADH-abhängige Reduktion von 11-Deoxycorticosterone (11-DOC) zum bioaktiven 

20-Hydroxysteroid, 4-Pregnen-20,21-diol-3-one, katalysiert. Es wurde gezeigt, dass dieses 

Enzym durch das kduD Gen kodiert wird und früher als 2-dehydro-3-deoxy-D-Gluconat 

5-Dehydrogenase (KduD) bekannt war. Es wurde festgestellt, dass die in vivo Expression des 

kduD Gens nicht durch 11-DOC beeinflusst wird. 

Die 6xHis-markierte KduD Oxidoreduktase wurde bis zur Homogenität aufgereinigt und 

charakterisiert. Sechs 20-Ketosteroid Substrate (11-DOC, 11-Deoxycortisol, Cortison, 

Cortisol, Corticosteron, 21-Hydroxypregnenolon) und ein Anthracyklin, Doxorubicinon, 

wurden von diesem Enzym reduziert. Außerdem wurden drei Polyole, darunter die zwei 

Zucker D-Gluconat und 5-Keto-D-Gluconat, sowie 1,2-Propandiol als neue Substrate der 

KduD identifiziert. Die KduD Oxidoreduktase zeigte eine höhere Affinität zu Steroiden als 

zu Kohlenhydratderivaten in vitro. Der optimale pH-Wert für die KduD katalysierte 

Reduktion von 11-DOC beträgt 7.0, wohingegen für die Oxidation von D-Gluconat ein 

optimaler pH-Wert von 9.5 bestimmt wurde. Als optimale Temperatur für die Reduktion von 

11-DOC wurde 37 ºC festgestellt. Es wurde nachgewiesen, dass für die KduD-Aktivität keine 

Metall-Cofaktoren erforderlich sind. Durch hohe Konzentrationen an Reduktionsmitteln 

(1 mM 2-ME und 10 mM DTT), Fettsäuren (1 mM Laurinsäure und 0.1 mM Myristinsäure), 

Ethanol (10 %) oder Natriumchlorid (0.5 M) wurde die Aktivität von KduD gehemmt. 

Die KduD Oksidoreduktase wurde als klassische „short-chain“ Dehydrogenase/Reduktase 

(SDR) auf der Grundlage der konservierten Protein-Sequenzmotive erkannt. Entsprechend 

den Ergebnissen der Gelfiltration scheint das Enzym als Homotetramer vorzuliegen. 

Die Autodisplay-Technologie erwies sich für die Konstruktion eines funktionellen KduD 

E. coli Ganzzellbiokatalysators als ungeeignet. Wenn die KduD Oxidoreduktase als 

Fusionprotein mit Hilfe der Translokationseinheit von entweder AIDA-I oder EhaA 

Autotransporter Protein an der Oberfläche von E. coli exprimiert wurde, war keine 

Enzymaktivität nachweisbar. 
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1 Introduction 

1.1 Steroids: structure and biological functions 

Steroids constitute a wide variety of organic compounds that represent a separate class of 

lipids. Typical structure of a steroid compound contains the gonane nucleus of four fused 

cycloalkane rings (Fig. 1.1a). Steroid derivatives vary by the oxidation state of the rings, by 

the functional groups attached to the four-ring core, and by the configuration of bonds. 

 

 

 

 

Fig. 1.1 Structure of gonane (a), cholesterol (b) and examples of several bioactive steroid derivatives (c) 

synthesized from cholesterol in humans. The diverse physiological roles of steroids are summarized according 

to the reviews (Staels and Fonseca 2009, Edwards 2005, Taves et al. 2011). 

Steroid compounds are widespread in nature and have important physiological activities. 

Steroid derivatives are found in plants, vertebrates, insects and fungi. In animals, all natural 
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steroids are synthesized from a common precursor, cholesterol (Fig. 1.1b). Cholesterol (and 

its analog phytosterol in plants and ergosterol in fungi) is an important component of 

eukaryotic cell membrane, and functions as a modulator of membrane flexibility and fluidity. 

Steroids derived from cholesterol, such as steroid hormones, sex hormones, bile acids, 

vitamin D and neurosteroids, regulate vital physiological processes in animals, including 

reproduction, cell signaling, growth and energy homeostasis (Fig. 1.1c). 

In contrast to eukaryotes, steroids are absent in most prokaryotes. Despite the inability to 

synthesize eukaryotic-type steroid compounds, prokaryotic microorganisms have enzymes 

that modify and/or completely degrade these exogenous substances (Ismail and Chiang 

2011). The metabolism of eukaryotic steroids is beneficial for prokaryotic microorganisms in 

several aspects: (i) total degradation of steroid hormones and bile acids provides a carbon 

source for the growth of certain bacteria (Leu et al. 2011, Horinouchi et al. 2003, Merino et 

al. 2013); (ii) by transformation of conjugated bile acids bacteria residing in animal intestines 

acquire several substrates, such as glycine and taurine (Begley et al. 2005); (iii) bacteria can 

communicate with its eukaryotic host through steroid signaling (García-Gómez et al. 2013). 

1.2 Production of steroid drugs by microbial transformations 

The use of steroids in medicine has increased dramatically in the second half of the 20th 

century after the announcement of pharmacological effects of two endogenous steroids, 

cortisol and progesterone (Fernandes et al. 2003, Hogg 1992). As of 2009 about 300 

approved steroid drugs were known and the numbers are expected to continue growing 

(Donova and Egorova 2012). Steroid pharmaceuticals constitute the second largest group of 

drugs next to antibiotics (Donova and Egorova 2012). Steroid-based drugs have a broad 

range of therapeutic purposes, such as anti-inflammatory, anti-microbial, anti-viral, 

anti-fungal, immunosuppressive, progestational, anabolic, diuretic and contraceptive agents. 

They have also been administrated for the treatment of several forms of breast and prostate 

cancer and osteoporosis, in the prevention of coronary heart disease, and prevention and 

treatment of infection by human immunodeficiency virus (HIV) (Fernandes et al. 2003, 

Donova and Egorova 2012). 

The significant breakthrough in the synthesis of steroids was achieved in 1952, when 

Peterson and Murray discovered that a fungus Rhizopus arrhizus can perform the 11α-

hydroxylation of progesterone, thereby providing a new and cheaper alternative to the 

challenging multistage chemical synthesis of valuable corticosteroids (Peterson et al. 1952, 
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Fernandes et al. 2003). Since then, microbial steroid transformations are widely used in the 

industrial-scale preparation of pharmaceutical steroids (Sedlaczek and Smith 1988) as well as 

a tool for the generation of novel steroid derivatives and potential drug candidates (Donova 

and Egorova 2012). 

Microbial steroid conversions are performed in mild pH, temperature and pressure 

conditions; they are more ecologically friendly as compared to chemical synthesis. Most 

importantly, enzymes in microorganisms catalyze reactions with high chemo-, regio- and 

stereoselectivity, and allow selective one-step functionalization of unactivated C-H bonds of 

complex molecules, which is hard to achieve by means of chemical catalysis (Godula 2006). 

In general, in industrial steroid preparation processes whole-cell biocatalysts are preferred to 

purified enzymes due to high costs associated with isolation, purification and stabilization of 

enzymes (Donova 2007). 

The starting materials for the microbial production of steroid precursors are natural 

sapogenins and phytosterols from plants as well as cholesterol obtained from animals. Both 

microbial and chemical conversion steps are combined in transformation of the starting 

material to the end steroid products (Fernandes et al. 2003). 

A great variety of microorganisms is used for the transformation of steroid compounds. 

Although bacterial and fungal systems are the most prominent ones (Donova 2007, Donova 

and Egorova 2012), steroid conversions with microalgae (Faramarzi et al. 2008, Abul-Hajj 

and Qian 1986) and plant cell cultures (Yagen et al. 1978, Shah et al. 2013) were also 

described. 

Microorganisms are capable of catalyzing a wide spectrum of reactions on steroid substrates 

including hydroxylation, reduction of carbonyl-group, side-chain degradation, isomerization, 

hydroxyl group oxidation, double-bond introduction, double-bond reduction, bond cleavage 

and hydrolysis as illustrated by the selected examples in Fig. 1.2. 
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Fig. 1.2 Selected examples of microbial transformations of progesterone (pregn-4-ene-3,20-dione). Several 

common reactions, including reduction (Al-Awadi et al. 2001), oxidation (De Rosa et al. 1981), hydroxylation 

(Faramarzi et al. 2003), epoxidation (Templeton et al. 1987), dehydrogenation (Atta and Zohri 1995), side-chain 

cleavage (Wadhwa and Smith 2000), ring cleavage (Al-Awadi et al. 2001) and aromatization (Mahato et al. 

1988) of progesterone catalyzed by diverse microorganisms are illustrated. 

1.3 Microbial reduction of C20 carbonyl of 20-ketosteroids 

Hydroxysteroids have different pharmacological properties in comparison to their ketosteroid 

counterparts. Various 20-hydroxysteroids show potential for pharmaceutical applications as 

inhibitors of steroid hormones metabolizing enzymes such as estrone sulfatase, 

17β-hydroxysteroid dehydrogenase, 20-ketosteroid reductases (aldo-keto reductases (AKR) 

1C1 and 1C3), and 5α-reductase II, for the treatment of breast cancer, endometriosis and 

prostate diseases in humans (Chetrite et al. 2004, Hannemann et al. 2007, Beranič et al. 

2011). 

One way to produce valuable bioactive 20-hydroxysteroids is the reduction of the more 

readily available 20-ketosteroids. The reduction of 20-ketosteroid compounds should be 

performed in a highly chemo-, regio- and stereo-selective manner because the target 
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compounds are complex and contain different functional groups on the steroid ring system 

and more than one prochiral carbonyl group. 

Reduction of ketosteroids by chemical approaches is well known from the past. Classical 

reducing catalysts such as sodium borohydride and lithium aluminium hydride were used for 

this purpose (Norymberski and Woods 1955, Poos 1955, Caspi 1956, Han and Monder 1982, 

Han and Monder 1983, Stastná et al. 2010). Chemical reduction of some steroids, however, is 

a rather complicated and time-consuming process, which requires multiple steps of protection 

and deblocking of functional groups in order to achieve regioselectivity (Poos 1955, Caspi 

1956). In addition, chemical methods often suffer from low stereoselectivity (Poos 1955, Han 

and Monder 1983, Göndös et al. 1989, Stastná et al. 2010), poor yield (Poos 1955, Göndös 

and Orr 1982) and relatively harsh reaction conditions. 

Reduction of ketosteroids with microorganisms emerged as an alternative and promising 

technique that overcomes the major limitations of chemical catalysis. Diverse bacteria 

(members of phylum Proteobacteria, Actinobacteria, Cyanobacteria and Firmicutes), fungi 

and algae were found to catalyze the reduction of C20 keto group of a great variety of 

pregnane derivatives (C21 steroids) (Table 1.1). Microbial cells catalyze reduction of 

20-ketoseroids in a stereoselective manner, and thus, produce either 20α or 20β 

hydroxysteroid derivatives. It should be noted here that in series of pregnanes the designation 

of stereochemistry at C20 position using 20α/20β-nomenclature is widely used and continued 

due to long tradition, however, the R/S system is also convenient, nevertheless, used much 

rarely for C21 steroids (IUPAC commission on the nomenclature of organic chemistry, 

1969). 
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Table 1.1 Examples of microbial transformations of steroids involving C20 carbonyl reduction step 

Substrate Microorganism Product Reference 

1 lβ, 17α,21-trihydroxypregn-4-ene-3,20-dione Acremonium strictum 

PTCC 5282 

11β,17α,20β,21-tetrahydroxypregn-4-en-3-one (Faramarzi et al. 2002) 

 Acremonium strictum 

PTCC 5282 

21-acetoxy-11β,17α,20-trihydroxypregn-4-en-3-one (Faramarzi et al. 2002) 

 Streptomyces 

roseochromogenes  

11β,17α,20,21-tetrahydroxypregn-4-en-3-one (Restaino et al. 2014) 

 Nostoc muscorum 

PTCC 1636 

11β,17α,20β,21-tetrahydroxypregn-4-en-3-one (Yazdi 2004) 

 Clostridium scindens 11β,17α,20α,21-tetrahydroxypregn-4-en-3-one (Winter et al. 1984) 

 Cunninghamella 

blakesleeana  

Cuvularia lunata 

11β,17α,20,21-tetrahydroxypregn-4-en-3-one 

 

11β,17α,20,21-tetrahydroxypregn-4-en-3-one 

(Garcia-Rodriguez et al. 

1978) 

(Garcia-Rodriguez et al. 

1978) 

 Arthrobacter 

globiformis 193 

11β,17α,20β,21-tetrahydroxypregn-4-en-3-one (Arinbasarova et al. 

1985) 

 Arthrobacter 

globiformis 193 

11β,17α,20β,21-tetrahydroxypregna-1,4-dien-3-one (Arinbasarova et al. 

1985) 

 Eubacterium desmolans 11β,17α,20β,21-tetrahydroxypregn-4-en-3-one (Bokkenheuser et al. 

1986) 

 Clostridium cadavaris 11β,17α,20β,21-tetrahydroxypregn-4-en-3-one (Bokkenheuser et al. 

1986) 

 Bifidobacterium 

adolescentis 

11β,17α,20,21-tetrahydroxypregn-4-ene-3-one (Winter et al. 1982) 

11β,17α-dihydroxypregn-4-ene-3,20-dione Bifidobacterium 

adolescentis 

11β,17α,20-trihydroxypregn-4-en-3-one (Winter et al. 1982) 

11β,21-dihydroxypreg-4-ene-3,20-dione Clostridium scindens 11β,20α,21-trihydroxypregn-4-en-3-one (Winter et al. 1984) 

17α,21-dihydroxypregn-4-ene-3,11,20-trione Cunninghamella 

blakesleeana 

17α,20,21-tryhydroxypregn-4-ene-3,11-dione (Garcia-Rodriguez et al. 

1978) 

 Cuvularia lunata 17α,20,21-tryhydroxypregn-4-ene-3,11-dione (Garcia-Rodriguez et al. 

1978) 

 Clostridium scindens 17α,20α,21-trihydroxypregn-4-ene-3,11-dione (Winter et al. 1984) 

 Fusarium oxysporum 17α,20,21-trihydroxypregn-4-ene-3,11-dione (Wilson et al. 1999) 

17α,21-dihydroxypregn-4-ene-3,20-dione Clostridium scindens 17α,20α,21-trihydroxypregn-4-en-3-one (Winter et al. 1984) 

 Arthrobacter simplex pregna-1,4-dien-3-one-17,20β,21-triol (Mahato et al. 1988) 

17α,21-dihydroxypregna-1,4-diene-3,11,20-trione  Fusarium oxysporum 17α,20,21-trihydroxypregna-1,4-diene-3,11-dione (Wilson et al. 1999) 
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Substrate Microorganism Product Reference 

17α,21-dihydroxypregna-1,4-diene-3,11,20-trione Streptomyces 

roseochromogenes 

TS79 

17α,20β,21-trihydroxypregna-1,4-diene-3,11-dione   (Zhang et al. 2011) 

17α-hydroxypregn-4-ene-3,11,20-trione Clostridium scindens 17α,20α-dihydroxypregn-4-ene-3,11-dione (Winter et al. 1984) 

17α-hydroxypregn-4-ene-3,20-dione Mucor piriformis 17α,20α-dihydroxypregn-4-en-3-one (Madyastha 1994)  

 Mucor piriformis 6β,17α,20α-trihydroxypregn-4-en-3-one (Madyastha 1994) 

 Mucor piriformis 11α,17α,20α-trihydroxypregn-4-en-3-one (Madyastha 1994) 

 Nocardia DSM 43298 9,10-seco-3,17α,20-trihydroxy-pregna-1,3,5(10)-trien-9-one (Choudhry et al. 1993) 

 Clostridium scindens 17α,20α-dihydroxypregn-4-en-3-one (Winter et al. 1984) 

21-hydroxypregn-4-ene-3,11,20-trione Clostridium scindens 20α,21-dihydroxypregn-4-ene-3,1l-dione (Winter et al. 1984) 

21-hydroxypregn-4-ene-3,20-dione Clostridium scindens 20α,21-dihydroxypregn-4-en-3-one (Winter et al. 1984) 

 Bifidobacterium 

adolescentis 

20,21-dihydroxypregn-4-en-3-one (Winter et al. 1982) 

 Escherichia coli E132 20,21-dihydroxypregn-4-en-3-one (Hannemann et al. 

2007) 

3α, 21-dihydroxy-5β-pregn-20-one Bifidobacterium 

adolescentis 

5β-pregnane-3α,20,21-triol (Winter et al. 1982) 

3α,11β,17α,21-tetrahydroxy-5β-pregnan-20-one Clostridium scindens 5β-pregnane-3α,1 lβ,17α,20α,21-pentol (Winter et al. 1984) 

 Bifidobacterium 

adolescentis 

5β-pregnane-3α,11β,17α,20,21-pentol (Winter et al. 1982) 

3α,11β,17α-trihydroxy-5β-pregnan-20-one Bifidobacterium 

adolescentis 

5β-pregnane-3α,11β,17α,20-tetrol (Winter et al. 1982) 

3β-acetoxypregn-5-en-20-one  Streptomyces albus 20α-hydroxypregn-4-en-3-one  (Mukherjee and Mahato 

1984) 

Pregn-4-ene-3,20-dione  Bacillus 

stearothermophilus 

20α-hydroxypregn-4-en-3-one (Al-Awadi et al. 2001) 

 Bacillus 

stearothermophilus 

6α,20α-dihydroxyprogesterone (Al-Awadi et al. 2002) 

 Bacillus 

stearothermophilus 

6β,20α-dihydroxyprogesterone (Al-Awadi et al. 2002) 

 Bifidobacterium 

adolescentis 

20-hydroxypregn-4-en-3-one (Winter et al. 1982) 

 Cyanidium caldarium 

Galdieria sulphuraria 

Cyanidioschyzon 

merolae 

20α-hydroxypregn-4-en-3-one 

20α-hydroxypregn-4-en-3-one 

20α-hydroxypregn-4-en-3-one 

(Pollio et al. 1994) 

(Pollio et al. 1994) 

(Pollio et al. 1994) 
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Substrate Microorganism Product Reference 

Pregn-4-ene-3,20-dione Schizosaccharomyces 

pombe 

20α-hydroxypregn-4-en-3-one (Pajic et al. 1999) 

 Caldariella acidophila 20α-hydroxypregn-4-en-3-one (De Rosa et al. 1981) 

Pregna-4,9(11)-diene-17α,21-diol-3,20-dione-17,21-diacetate Nocardioides simplex 

VKM Ac-2033D 

Pregna-1,4,9(11)-triene-17α,20β,21-triol-3-one (Fokina et al. 2003) 

Pregna-4,9(11)-diene-17α,21-diol-3,20-dione-21-acetate Nocardioides simplex 

VKM Ac-2033D 

Pregna-1,4,9(11)-triene-17α,20β,21-triol-3-one (Fokina et al. 2003) 
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The reduction of the C20 carbonyl group often accompanies other reactions of steroid 

transformation by microorganisms. For example, 20α-reduction of pregnanes was observed 

along with monohydroxylation at C6 by Bacillus spp. (Mahato and Banerjee 1986, Al-Awadi et 

al. 2002) and monohydroxylation at C6 as well as dihydroxylation at C6 and C11 by Mucor 

piriformis (Madyastha 1994). The reduction of C20 carbonyl group of pregnane derivative was 

accompanied by 1(2)-dehydrogenation by Arthrobacter spp. (Arinbasarova et al. 1985, Mahato 

et al. 1988), and deacetylation as well as 1(2)-dehydrogenation by Nocardioides simplex (Fokina 

et al. 2003). 

Due to the presence of multiple enzymes capable of transforming an exogenous steroid substrate, 

a mixture of different steroid products is often obtained by whole-cell microbial transformation. 

Thus, optimization of the whole-cell transformation process is often required when the 

production of a single steroid metabolite in high yields is desired. Identification and 

characterization of the enzymes that catalyze steroid transformation reactions in microorganisms 

can help to achieve this goal. The overexpression of an enzyme that catalyzes a desired reaction 

and/or knock-out of genes coding for enzymes catalyzing undesired side-reactions can increase 

the yield of the preferred steroid product. 

1.4 Enzymes catalyzing C20 carbonyl reduction of 20-ketosteroids 

The terms “20-ketosteroid reductase” or “20-oxosteroid reductase” are often used in the 

scientific literature to describe an enzyme’s property to catalyze reduction of C20 carbonyl group 

of steroid molecule into corresponding hydroxyl group. This activity was reported for diverse 

NAD(P)H-dependent alcohol oxidoreductases (EC 1.1.1.X) (Table 1.2). Based on the 

stereoselectivity of the catalyzed reaction, 20-ketosteroid reductases can be organized into two 

groups: oxidoreductases that upon reduction of the prochiral C20 carbonyl group produce 

20α-hydroxysteroid and oxidoreductases that produce 20β-hydroxysteroid. In case the enzyme is 

capable of catalyzing the corresponding reverse oxidation reaction, it can be named as 

20α-hydroxysteroid dehydrogenase or 20β-hydroxysteroid dehydrogenase, respectively. Based 

on the origin of the steroid substrates 20-ketosteroid reductases can be organized into two 

groups: enzymes that convert endogenous steroids (synthesized by the organism producing the 

enzyme) and enzymes that convert exogenous steroids (not synthesized by the organism 

producing the enzyme). Diverse 20-ketosteroid reductases from mammals and lower vertebrates, 
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such as fishes that synthesize 20-ketosteroids in vivo, belong to the first group, whereas the 

majority of microbial 20-ketosteroid reductases are in the second group. In addition, enzymes 

with 20-ketosteroid reductase activity can be further classified into substrate-specific and rather 

substrate-promiscuous enzymes. Most 20-ketosteroid reductases described to date are substrate 

promiscuous enzymes, which catalyze reduction of the broad range of steroids or convert, in 

addition to steroids, other substrates such as prostaglandins, carbohydrates, xenobiotics and 

diverse carbonyl compounds (Maser 1995). 

Table 1.2 Selected examples of enzymes that were shown to possess 20-ketosteroid reductase activity 

Enzyme name Organism Enzyme class* Reference 

20β-HSD type 2 Danio rerio (EC=1.1.1.53) (Tokarz et al. 2012) 

    

Ovarian carbonyl 

reductase-like 20β-HSD 

Clarias gariepinus 

Plecoglossus altivelis 

(EC=1.1.1.53) 

Unclassified 

(Sreenivasulu and Senthilkumaran 2009) 

(Tanaka et al. 2002) 

    

Testicular 20β-HSD Sus scrofa EC=1.1.1.53 (Tanaka et al. 1992)  

    

3α,20β-HSD Streptomyces hydrogenans EC=1.1.1.53 (Allner and Eggstein 1976)  

    

20-HSD Gallus gallus Unclassified (Bryndova et al. 2006) 

    

Ovarian 20α-HSD Rattus norvegicus EC=1.1.1.149 (Ma and Penning 1999, Mao et al. 1997)  

    

3β,20α-HSD from fetal 

blood 

Ovis aries (EC=1.1.1.210) (Chen et al. 1987)  

    

20α-HSD Tetrahymena pyriformis 

Clostridium scindens 

Streptomyces hydrogenans 

EC=1.1.1.149 

(EC=1.1.1.149) 

Unclassified 

(Inazu et al. 1994) 

(Krafft and Hylemon 1989, Ridlon et al. 2013) 

(Rimsay et al. 1988) 

    

Carbonyl reductase Cricetulus griseus EC=1.1.1.184 (Terada et al. 2001) 

    

Testicular aldehyde 

reductase (20α-HSD) 

Bos taurus EC=1.1.1.21  (Warren et al. 1993) 

    

Placental 

estradiol 17β-dehydrogenase 

Homo sapiens (EC=1.1.1.62) (Strickler et al. 1981) 

    

Ovarian 

prostaglandin-E2 9-reductase 

Oryctolagus cuniculus (EC=1.1.1.189) (Wintergalen et al. 1995) 

    

Liver indanol 

dehydrogenase 

Macaca fuscata EC=1.1.1.112 (Hara et al. 1989) 

*The EC numbers that were not mentioned in the original references were retrieved from BRENDA, UNIPROT or 

associated databases and are depicted in brackets. 
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1.4.1 Hydroxysteroid dehydrogenases (HSDs) 

HSDs are a group of enzymes widely involved in conversions of steroids. These are 

NADP(H)-dependent oxidoreductases that catalyze the reversible oxidation of secondary 

alcohols to ketones on the steroid nucleus and side chain in a regio- and stereoselective manner 

(Maser 1995). In mammals HSDs can be specific for carbonyl/hydroxyl groups at C3, C11, C17 

or C20 position of steroid hormones of androgen (C19 carbons), progestogen (C21 carbons) and 

estrogen (C18 carbons) series (Penning 2003). HSDs play a pivotal role in interconversion of 

potent steroid hormone (capable to bind its receptor) into its cognate inactive metabolite 

(incapable to bind a specific receptor), or vice-versa, thus functioning as molecular switches that 

turn the steroid hormone receptor occupancy ‘on’ or ‘off’ (Penning 2003). In addition, bacteria 

express multiple HSDs which catalyze reversible reduction of carbonyl groups at C3, C7 and 

C12 position of bile acids in the intestinal tract of humans (Prabha and Ohri 2006, Ridlon et al. 

2006), and thus contribute to the formation of diverse physiologically active derivatives of bile 

acids. 

1.4.1.1 HSDs with 20-ketosteroid reductase activity in vertebrates 

20α-HSD (EC=1.1.1.149) catalyzes the reversible reduction of progesterone into 

20α-hydroxyprogesterone in an NAD(P)H-dependent manner. Initially this enzyme was purified 

and characterized from rat ovaries (Wiest and Wilcox 1961, Noda et al. 1991, Ma and Penning 

1999, Miura et al. 1994) and later was described in other mammals, including human (Zhang et 

al. 2000), rabbit (Lacy et al. 1993), bovine (Naidansuren et al. 2011), goat (Jayasekara et al. 

2004) and pig (Sato et al. 1972). The rat ovarian 20α-HSD is involved in the control of 

progesterone homeostasis during the pregnancy. By converting progesterone into its inactive 

20α-hydroxymetabolite this enzyme was proposed to play a key role in the termination of 

pregnancy and initiation of labor in rats (Penning 1997). Although it is believed that metabolism 

of progesterone is a key biological function of this enzyme in mammals, in addition to 

progesterone, 20α-HSDs show high affinity towards other endogenous and exogenous substrates. 

The enzyme from rat ovaries was observed to convert also 17α-hydroxyprogesterone and 

non-steroidal substrates, such as 9,10-phenanthrenequinone and 4-nitrobenzaldehyde (Ma and 

Penning 1999). Similarly, 20α-HSD from rabbit accepts a broad range of substrates. It reduces 

3-ketosteroids, 20-ketosteroids, 17-ketosteroids and non-steroidal carbonyl compounds, 

including xenobiotics as well as endogenous ketones and aldehydes (Endo et al. 2013). 
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3α(20β)-HSDs (EC=1.1.1.53) catalyze NAD(P)H-dependent reversible reduction of 

17β-hydroxyandrostan-3-one into androstan-3α,17β-diol. In addition to the reversible reduction 

of 3-ketosteroid derivatives into corresponding 3α/β-hydroxysteroids (Ohno et al. 1991), the 

enzyme from pig testes was shown to catalyze the reduction of C21 steroids, such as 

17α-hydroxyprogesterone, 17α-hydroxypregnenolone, progesterone, 11-deoxycortisol, 

11-deoxycorticosterone and pregnenolone into respective 20β-hydroxysteroids (Nakajin et al. 

1988). In addition, pig enzyme was found to reduce versatile carbonyl compounds, including 

quinones and ketoaldehydes (Tanaka et al. 1992), thus, resembling the carbonyl reductases. 

Carbonyl reductase-like 20β-HSD with substrate specificities similar to that of pig testicular 

20β-HSD was also found in ovaries of fish (Tanaka et al. 2002, Sreenivasulu and Senthilkumaran 

2009), where it plays a key role in the process of final oocyte maturation. By reducing 

17α-hydroxyprogesterone, ovarian 20β-HSD produces 17α,20β-dihydroxyprogesterone which is 

an oocyte maturation inducing hormone in most species of fish (Nagahama 1997). In addition, 

another type of 20β-HSD, which is very specific for steroid hormone cortisone, was recently 

found in fish (Tokarz et al. 2012). By reducing cortisone into 20β-hydroxycortisone this 

20β-HSD is proposed to be involved in the regulation of the stress response in fish (Tokarz et al. 

2013). 

3β(20α)-HSD (EC=1.1.1.210) catalyze a reversible NAD(P)H-dependent reduction of 

17β-hydroxy-5α-androstan-3-one into 5α-androstan-3β,17β-diol. The enzyme was isolated and 

characterized from ovine blood (Chen et al. 1987) as well as erythrocytes of fetal lamb (Chen et 

al. 1989) and fetal calf (Sharaf and Sweet 1982). In addition to 3-ketosteroid reductase activity, 

the enzyme also shows 20-ketosteroid reductase activity: it catalyzes the reduction of 

progesterone to its 20α-hydroxymetabolite (Sharaf and Sweet 1982, Chen et al. 1989). This 

activity could be important for the clearance of progesterone produced by the pregnant mother 

from the blood of the developing fetus (Chen et al. 1989). 

Estradiol 17β-dehydrogenase (EC=1.1.1.62) catalyzes a reversible NAD(P)-dependent reduction 

of estrone into 17β-estradiol. Originally, the enzyme was purified from human placenta (Jarabak 

et al. 1962). The 17β-dehydrogenase in placenta and ovaries catalyze the final step in the 

biosynthesis of estrogen by converting estrone (a weak estrogen) into 17β-estradiol (a potent 

estrogen) (Penning 1997). The enzyme purified from human placenta was found to catalyze, in 

addition, a reversible reduction of progesterone into 20α-hydroxyprogesterone (Strickler et al. 
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1981). 17β-HSD/17-ketosteroid reductase and 20α-HSD/20-ketosteroid reductase activities were 

shown to reside at the single active site of the enzyme (Strickler et al. 1981). Today multiple 

isozymes of estradiol 17β-dehydrogenases are known in humans (Penning 1997), and several of 

these enzymes were shown to possess 20-ketosteroid reductase and/or 20-HSD activities (Wu et 

al. 1993, Dufort et al. 1999, Andersson and Moghrabi 1997). 

1.4.1.2 20-HSDs from gut microbiota 

Gut microbiota is the population of microorganisms living in the gastrointestinal tract (GI) of 

warm-blooded organisms. In the second part of the 20th century, the first evidence appeared that 

gut microbiota produces enzymes possessing 20-ketosteroid reductase activity. In 1975 

Bokkenheuser et al. (1975) showed that Bacteroides species isolated from fecal flora of healthy 

human subjects were able to metabolize 11-deoxycorticosterone into the 20-hydroxysteroid 

metabolite. Later Winter et al. (1982) demonstrated that Bifidobacterium adolescentis isolated 

from fecal flora of rats and humans transformed cortisol into 20β-dihydrocortisol and 

Clostridium scindens isolated from human feces converted corticosterone into 

20α-dihydrocorticosterone (Winter et al. 1984). Based on these findings it was hypothesized that 

gut microbiota produces 20-HSDs that might play important roles in the metabolism of steroid 

hormones of the host. 

The number of studies dealing with the identification and characterization of the enzymes 

possessing 20-HSD activity in the gut microbiota is, however, very limited. The best-known 

example is 20α-HSD from Clostridium scindens. The characteristics of 20α-HSD from 

C. scindens, such as spectrum of substrates and requirement for cofactors, were first described in 

the crude cell extract (Krafft et al. 1987) and only later the properties of homogenous enzyme 

preparation were investigated (Krafft and Hylemon 1989). It was found that 20α-HSD is a 

NADH-dependent oxidoreductase that efficiently reduces steroid substrates such as cortisone, 

cortisol, 11-deoxycortisol and 5β-dihydrocortisol (Krafft and Hylemon 1989). The determined 

amino-terminal sequence of the purified enzyme suggested that this enzyme might belong to 

glyceraldehyde 3-phosphate dehydrogenase gene family (Krafft and Hylemon 1989). More than 

a decade later a gene encoding 20α-HSD from C. scindens was finally identified (Ridlon et al. 

2013). It was shown that the desC gene (GenBank accession number EDS07887.1) encodes 

20α-HSD of C. scindens that has characteristics of previously purified enzyme (Krafft and 
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Hylemon 1989) and belongs to the zinc-containing alcohol dehydrogenase family (Ridlon et al. 

2013). 

1.4.1.3 Other microbial 20-HSDs 

A 20β-HSD was purified from a gram-positive soil bacterium Streptomyces hydrogenans 

(Hubener et al. 1959). It was shown to reduce C20 carbonyl group of various 20-ketosteroids to 

the corresponding 20β-hydroxysteroid compounds in a NADH-dependent manner (Allner and 

Eggstein 1976). The biosynthesis of steroids is not known to occur in S. hydrogenans, but the 

exogenous steroids such as 11-deoxycortisol were found to induce the expression of 20β-HSD 

(Hubener et al. 1959) in this microorganism. The physiological role of 20β-HSD is not clear and 

the natural endogenous substrates of this enzyme remain to be found. Despite that, 20β-HSD 

catalyzed conversions of steroids gained a lot of attention and were extensively studied by 

enzymologists. In addition to the C20 carbonyl position, the enzyme was found to catalyze 

reversible reduction of C3 carbonyl groups of 5α-androstane and 5α-pregnane compounds 

producing 3α-hydroxysteroids (Gibb and Jeffery 1973). It was proposed that the same active site 

is responsible for the bifunctional activity of the enzyme (Sweet and Samant 1980). It was 

suggested that the 20β and 3α-HSD activities of the enzyme might be due to the alternative 

binding of the steroid substrates at the same active site of the enzyme (Sweet and Samant 1980). 

The native form of 20β-HSD was shown to be a tetramer (Blomquist 1973) and the formation of 

tetramers was found to be essential for enzyme’s activity (Pasta et al. 1980, Carrea et al. 1989). 

The crystal structure of the native tetramer of 20β-HSD from S. hydrogenans was solved by 

Ghosh et al. (1991, 1994). It was the first described three-dimensional structure of 

dehydrogenase belonging to the short-chain dehydrogenase/reductase protein superfamily. 

In addition to 20β-HSD, 20α-HSD was also found in S. hydrogenans (Rimsay et al. 1988). The 

partially purified enzyme with the MW of 48 kDa was shown to catalyze the NADH-dependent 

reduction of progesterone, cortisone and cortisol to the corresponding 20α-hydroxysteroids 

(Rimsay et al. 1988). The gene encoding this enzyme, however, remains to be identified. 

The 20α-HSD was purified from eukaryotic microorganism Tetrahymena pyriformis. The 

enzyme with the MW of 68 kDa was shown to catalyze the NADPH-dependent reduction of 

17α-hydroxyprogesterone into 17α,20α-dihydroxypregn-4-en-3-one (Inazu et al. 1994). In 

addition, the enzyme catalyzed the reduction of various non-steroidal aldehydes and ketones 
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(such as isatin, D-glyceraldehyde, phenylglyoxal); thus, authors concluded that it resembles 

pluripotent carbonyl reductases (EC=1.1.1.184) and might be responsible for the detoxification 

of xenobiotic chemicals in this organism (Inazu et al. 1994). Although Tetrahymena does not 

contain endogenous steroid hormones, the exogenously supplied steroid hormones affect the 

growth, phagocytic capacity, and chemotaxis of this organism (Csaba 2012). Based on the 

determined N-terminal sequence of the enzyme it was suggested that it might belong to the 

aldo-keto-reductase protein superfamily (Inazu et al. 1994). 

1.4.2 Miscellaneous enzymes possessing 20-ketosteroid reductase activity 

In addition to HSDs, 20-ketosteroid reductase activity was also reported for other enzymes. 

Carbonyl reductases are enzymes which catalyze the reduction of various carbonyl compounds 

including aldehydes, ketones, and quinones, in the presence of NAD(P)H. Carbonyl reductases 

reduce xenobiotic carbonyl compounds such as drugs and environmental chemicals as well as 

endogenous prostaglandins, steroids and retinoids (Oppermann 2007). Reduction of xenobiotic 

carbonyls produces more soluble compounds, which can be conjugated and excreted 

(Oppermann 2007). Several carbonyl reductases (EC=1.1.1.184) from Chinese hamster were 

shown to possess detectable 20-ketosteroid reductase activity against 5β-pregnan-3α-ol-20-one 

(Terada et al. 2001, Terada et al. 2003). Similarly, multiple aldo-keto reductases were cloned 

recently from rabbit and were discovered to catalyze C20 carbonyl reduction of ketosteroids, in 

addition to the reduction of a broad spectrum of xenobiotic carbonyl compounds (Endo et al. 

2014). 

An aldehyde reductase (EC=1.1.1.21) from bull testis was shown to be capable of reducing 

17α-hydroxyprogesterone at C20 position into 20α-hydroxymetabolite, in addition to reducing 

classical aldehyde reductase substrates including benzaldehyde, glyceraldehyde and glucose 

(Warren et al. 1993). Moreover, a prostaglandin-E2 9 reductase was purified from rabbit and was 

shown to reduce progesterone into 20α-hydroxyprogesterone as well as prostaglandin E2, 

methylglyoxal, DL-glyceraldehyde and quinones (Wintergalen et al. 1995). 

Indanol dehydrogenase (EC=1.1.1.112) purified from monkey liver was shown to possess 

20-ketosteroid reductase activity in addition to 1-indanol dehydrogenase, 3α/20α-HSD and 

3-ketosteroid reductase activities. This enzyme was shown to reduce 5β-pregnan-3α-ol-20-one 

into 5β-pregnan-3α,20α-diol (Hara et al. 1989). 
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1.5 Short-chain dehydrogenases/reductases and aldo-keto-reductases 

The majority of enzymes that possess 20-ketosteroid reductase activity can be classified into one 

of the two big protein superfamilies, namely, short-chain dehydrogenases/reductases (SDRs) and 

aldo-keto-reductases (AKRs). 

1.5.1 Short-chain dehydrogenases/reductases (SDRs) 

Historically the short-chain dehydrogenase/reductase protein superfamily was established based 

on the discovery that insect alcohol dehydrogenases (Thatcher 1980) are different from 

mammalian alcohol dehydrogenases, such as horse liver alcohol dehydrogenase (Brändén et al. 

1973, Jörnvall et al. 1981). In contrast to mammalian classical Zn-containing alcohol 

dehydrogenases, which are now grouped into the protein superfamily of the medium-chain 

alcohol dehydrogenases/reductases (MDR) (Persson et al. 2008), the enzymes from Drosophila 

melanogaster were found to be smaller in size and not dependent on metal cofactors (Thatcher 

1980, Persson et al. 1991). 

As of 2010, the SDR protein superfamily contained over 47,000 primary structures and more 

than 300 crystal structures (Kallberg et al. 2010). SDR proteins are found in all three domains of 

life (Kallberg et al. 2010). The majority of SDR members have quite low pairwise sequence 

identity (around 25 %) (Persson et al. 1991) but their three-dimensional structures are highly 

homologous (Oppermann et al. 2003). The majority of the members of SDR superfamily were 

classified into 314 different families (Kallberg et al. 2010). Based on these families a 

nomenclature system for SDRs was proposed (Persson et al. 2009). 

A typical SDR is a one-domain NAD(P)H-dependent enzyme of about 250-350 residues. The 

cofactor binding region is located at the N-terminal part of the polypeptide, whereas the 

substrate-binding part is located at the C-terminal part of the sequence (Ghosh et al. 1994). SDRs 

may have transmembrane domains or signal peptides, or be a part of multienzyme complexes 

(Kallberg et al. 2002). Most SDRs function as homodimers or homotetramers (Ghosh et al. 1994, 

Ghosh et al. 1995, Tanaka et al. 1996). The substrate spectrum of SDRs includes alcohols, 

prostaglandins, steroids, sugars, xenobiotics, and aromatic compounds. The majority of SDRs are 

oxidoreductases (EC=1.x.x.x), however, several isomerases (EC=5.x.x.x) and lyases 

(EC=4.x.x.x) were also found to belong to SDR superfamily (Persson et al. 2003). 
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Based on conserved sequence motifs, SDR proteins were grouped into five families: ‘classical’, 

‘extended’, ‘intermediate’, ‘divergent’ and ‘complex’ (Persson et al. 2003). The members of the 

‘classical’ SDR family contain conserved cofactor binding motif sequence composed of 

TGxxx[AG]xG and the conserved active site motif sequence YxxxK, where x depicts any amino 

acid residue and residues shown in the brackets might be present or absent (Kavanagh et al. 

2008). The members of other four SDR families have slight variations in the conserved sequence 

of cofactor binding motif and/or active site motif in comparison to the ‘classical’ SDRs 

(Kavanagh et al. 2008). Most of the members of the ‘classical’ SDR family are oxidoreductases 

(EC=1.x.x.x) (Persson et al. 2003). 

The first crystal structure of SDR was solved by Ghosh et al. in 1991. It was shown that 

20β(3α)-HSD from S. hydrogenans is composed of four identical subunits that adopt a 

single-domain globular α/β structure (Ghosh et al. 1991). After the crystal structures became 

available for many other SDR enzymes it turned out that the three-dimensional folds of SDR 

enzymes are highly homologous and can be superimposed, except for the C-terminal region 

(Favia et al. 2008, Nobeli et al. 2009). The variable loops at the C-terminal region account for 

the shape and size of the substrate-binding cleft of different SDRs, explaining the wide substrate 

spectrum of this enzyme superfamily (Kallberg et al. 2010). In most of SDR enzymes, a substrate 

binding loop is formed by more than 20 residues which are located at the C-terminal part of the 

enzyme. This loop covers the active site and becomes well ordered after substrate binding 

(Hwang et al. 2013, Tanaka et al. 1996). The substrate binding loop is often found to be 

disordered in SDR crystal structures without bound substrate (Yamazawa et al. 2011). 

The N-terminal part of SDR adopts a ‘Rossmann-fold’ dinucleotide cofactor binding motif. The 

Rossmann-fold structural element is composed of a central, twisted parallel β-sheet consisting of 

6-7 β-strands flanked by 3-4 α-helices from each side (Kavanagh et al. 2008). The cofactor 

binding region has a variable glycine-rich motif (GxxxGxG) which enables the binding of the 

pyrophosphate portion of a cofactor molecule and is critical for structural integrity (Kavanagh et 

al. 2008). 

It was proposed that SDR reaction proceeds through an ordered ‘bi-bi’ mechanism with a 

cofactor molecule binding first and leaving last (Betz and Warren 1968, Ueda et al. 2004). Three 

conserved catalytic residues: Tyr, Lys, and Ser were identified in the active site of SDR enzymes 
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(Ghosh et al. 1994, Tanaka et al. 1996). The Tyr residue acts as a catalytic acid/base and 

donates/abstracts a proton to/from the substrate molecule (Tanaka et al. 1996). The adjacent Lys 

residue lowers the pKa of the hydroxyl group of catalytic Tyr (Tanaka et al. 1996). The ε-amino 

group of lysine binds nicotinamid ribose and the active site serine stabilizes and polarizes the 

carbonyl group of the substrate molecule. The simplified reaction mechanism of SDR 

oxidoreductase is shown in Fig. 1.3. In addition to the conserved catalytic triad, recently an 

additional catalytic residue (Asn) was identified in several SDRs (Filling 2002, Carius et al. 

2010). 

 

Fig. 1.3 A reaction mechanism of dehydrogenase of SDR protein superfamily. The part of a substrate which is 

modified by the enzyme, the catalytic residues (Ser, Tyr and Lys), and the nicotinamide nucleoside moiety of NAD+ 

(or NADH) are shown. The figure was adapted from publication of Tanaka et al. (1996). 

The vast majority of SDRs do not need a metal cofactor. However, several SDRs, such as 

galactitol dehydrogenase from Rhodobacter sphaeroides D and R-alcohol dehydrogenase from 

Lactobacillus brevis (Schneider et al. 1995, Niefind et al. 2003) were found to require divalent 

metal ions for the activity. A Ca2+ ion was found at the active site of D-gluconate 

5-dehydrogenase from Streptococcus suis (Zhang et al. 2009). It was proposed that bound Ca2+ 

ion may contribute to the formation of the active site of an enzyme by retaining and orienting 

both the nicotinamid ring of cofactor molecule and molecule of substrate D-gluconate (Zhang et 

al. 2009). In the crystal structure of homotetramer of galactitol dehydrogenase from 

R. sphaeroides D, two Mg2+ ions were found to be coordinated each by the two opposing 

C-termini (Carius et al. 2010), and, therefore, might be involved in the stabilization of an active 

tetrameric form of an enzyme. Similarly, two ‘structural’ Mg2+ ions were found in the 

homotetramer of R-alcohol dehydrogenase from L. brevis (Niefind et al. 2003). 

The analysis of the three-dimensional structure of a homotetrameric 20β-HSD from 

S. hydrogenans (Ghosh et al. 1994) revealed the structural motifs that are involved in the subunit 
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association of tetrameric SDR enzymes (Tanaka et al. 1996) (Fig. 1.4a-c). The oligomerization 

of subunits of 20β-HSD occurs across the three axes. One type of oligomerization that is strictly 

conserved among SDRs (Ghosh and Vihko 2001) occurs across a so-called Q-axis and involves 

association of α-helix E and α-helix F of each of the two subunits resulting in the formation of a 

bundle of four helices. This type of association involves extensive hydrophobic interactions, and 

is important for the formation of the active site cleft (Ghosh and Vihko 2001), and activity of the 

enzyme (Puranen et al. 1997, Hoffmann and Maser 2007). The second type of monomer 

association occurs across the so-called P-axis by an antiparallel association of β-strand G and 

α-helix G of each subunit (Ghosh et al. 1994, Tanaka et al. 1996). This type of oligomerization 

involves less hydrophobic interactions in comparison to Q-axis interface. The third type of 

monomer association is across the R-axis. The R-axis interface is created by the 1.5 α-helical 

turns of each subunit. The interaction across the R-axis is the weakest of the three (Ghosh et al. 

1994) and is not observed in some tetrameric SDRs (Tanaka et al. 1996). 

 

Fig. 1.4 Structure of a 20β-HSD from Streptomyces hydrogenans. (a) Folding topology of 20β-HSD. α-Helices are 

shown as circles and β-strands as triangles, cylinder represents a short α-helix. The region between the αG-helix and 

the βF-strand forms a substrate-binding loop (indicated with an arrow). The illustration was adapted from 

publication of Tanaka et al. (1996). (b) The structure of a homotetramer of the 20β-HSD. The individual subunits 

are colored in yellow, light yellow, blue and light blue, the bound cofactor molecule NAD+ is shown in red. (c) The 

structure of a subunit of the 20β-HSD with depicted conserved structural elements involved in oligomerization. αE 

and αF helices involved in oligomerization across Q-axis interface are depicted in light blue, whereas the βG-strand 

and αG-helix, involved in the oligomerization across the P-axis interface, are depicted in orange. The bound cofactor 

molecule NAD+ is shown in red. Illustrations were produced with PyMOL program using 2HSD PDB file of crystal 

structure of 20β-HSD from S. hydrogenans (Ghosh et al. 1994). 
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1.5.2 Aldo-keto-reductases (AKRs) 

Aldo-keto-reductases (AKRs) are a group of structurally related proteins of common ancestry, 

expressed in prokaryotes and eukaryotes (Barski et al. 2008, Penning 2004). Most AKRs convert 

carbonyl and aldehyde compounds into secondary and primary alcohols, respectively. AKRs 

have a broad spectrum of substrates that overlaps with the substrates of SDRs. In addition to 

endogenous substrates, such as sugar aldehydes, steroid hormones, prostaglandins and 

lipid-derived aldehydes, AKRs also convert exogenous substrates, such as drugs and other 

xenobiotic compounds (Jin and Penning 2007). 

Typically AKRs are monomeric NAD(P)H-dependent oxidoreductases with a size of 34-37 kDa 

(Jin and Penning 2007). Several dimeric (Kozma 2002, Kavanagh et al. 2002) AKRs were also 

described. The number of AKRs is considerably lower in comparison to SDRs: as of 2009 there 

are over 150 AKRs that are grouped into 15 families based on the amino acid comparison 

(Mindnich and Penning 2009). 

From the available crystal structures of AKRs it is clear that all AKRs adopt a conserved 

(α/β)8-barrel structure with three large associated loops (Jez et al. 1997). In the (α/β)8-barrel 

structure α-helix and β-strand repeats itself eight times in alternating manner (Penning 2004). 

The β-strands form the core of the barrel, whereas α-helices surround the core structure. The 

substrate binding cavity is formed by the residues in the loops at the back of the barrel. The size 

and shape of a substrate binding pocket is defined by these variable loops, explaining the 

observed broad substrate selectivity of AKR superfamily proteins (Jez et al. 1997). The cofactor 

binding site and active site are highly conserved across AKR superfamily. In contrast to SDR 

superfamily, AKRs bind cofactor without the ‘Rossmann fold’ structural motif. 

Similarly to SDRs, reactions of AKRs follow an ordered ‘bi-bi’ mechanism in which cofactor 

binds first and leaves last (Mindnich and Penning 2009, Askonas et al. 1991). At the active site 

AKRs contain a catalytic tetrad: Tyr, Asp, Lys, and His. Tyr residue functions as a general 

acid/base catalyst, whereas Asp and Lys lowers pKa of catalytic Tyr (Schlegel et al. 1997). In 

contrast to SDRs, AKRs catalyze the transfer of ‘4-pro-R’ hydride from the NAD(P)H cofactor 

to the carbonyl of substrate (Askonas et al. 1991, Jez et al. 1997). 
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1.6 Examples of applications of 20-ketosteroid reductases in biocatalysis 

The use of 20β-HSD from S. hydrogenans for the large-scale biocatalytic preparation of 

20β-hydroxysteroids was first described by Cremonesi et al. in 1975. In order to overcome the 

problem of low steroid solubility in water, Cremonesi et al. (1975) used two-phase water/organic 

solvent system, for an efficient reduction of cortisone, prednisone, cortisol, deoxycorticosterone, 

and prednisolone to respective 20β-hydroxysteroids. The selective enzymatic reductions of 

20-ketosteroids were coupled with the alcohol dehydrogenase-catalyzed dehydrogenation of 

ethanol for an efficient regeneration of NADH (Cremonesi et al. 1975). 

In addition, De Amici et al. (1991) described the use of 20β-HSD from S. hydrogenans in the 

chemoenzymatic synthesis of several muscarines, which are agonists of a physiological 

neurotransmitter acethylcholine. Moreover, previously this enzyme was used for the gram-scale 

enantioselective reduction of a series of bicycloheptenones, which are widely used synthons in 

organic chemistry (Davies et al. 1986). 

Naumann et al. (2010) produced human 20α-HSD whole-cell biocatalyst by overexpressing 

human 20α-HSD in fission yeast Schizosaccharomyces pombe. The obtained recombinant strain 

was used for reduction of progesterone to 20α-hydroxyprogesterone and dydrogesterone, to 

20α-hydroxydydrogesterone (Naumann et al. 2010, Naumann et al. 2011). Biocatalytically 

produced steroid metabolites are important for toxicity studies and development of drugs 

(Naumann et al. 2010). 

1.7 Unidentified 20-ketosteroid reductase in Escherichia coli and a whole-cell biocatalysis 

Escherichia coli is a gram-negative bacterium originally discovered by Theodor Escherich and 

found in the lower intestine of warm-blooded organisms. Hannemann et al. (2007) showed that a 

laboratory strain of E. coli can transform 11-deoxycorticosterone (11-DOC) into 

4-pregnen-20,21-diol-3-one (Fig. 1.5). The molecular structure of the produced steroid 

compound (4-pregnen-20,21-diol-3-one) was solved using mass spectrometry and carbon-13 

nuclear magnetic resonance (NMR) method. It clearly indicated that the cells of E. coli transform 

11-DOC by catalyzing a selective reduction of carbonyl group at C20 position of 11-DOC. The 

20-ketosteroid reductase activity was observed in E. coli for the first time and it suggested that 

E. coli contains a 20-ketosteroid reductase which remains to be identified and characterized 

(Hannemann et al. 2007). 
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Fig. 1.5 Transformation of 11-deoxycorticosterone with E. coli cells as described by Hannemann et al. (2007). 

E. coli, like most of prokaryotic microorganisms does not produce mammalian steroid hormones 

such as 11-DOC, but it is able to transform them. Yoshimoto et al (1991) purified and 

characterized a 7α-hydroxysteroid dehydrogenase (7α-HSD) which is the only E. coli 

oxidoreductase that was shown to metabolize eukaryotic steroids so far (Yoshimoto et al. 1991). 

This enzyme catalyzes a reversible stereoselective reduction of carbonyl group at C7 position of 

bile acids and plays an important role in the bile acid metabolism in the human intestinal tract 

(Ridlon et al. 2006). In contrast to 7α-HSD, the role of 20-ketosteroid reductase activity in 

E. coli and other prokaryotic microorganisms remains to be obscure. In order to find out if E. coli 

20-ketosteroid reductase could be involved in the metabolism of 20-ketosteroids in the intestinal 

tract of human host, it would be important to identify the enzyme possessing 20-ketosteroid 

reductase activity in this microorganism and determine its affinity towards eukaryotic 

20-ketosteroids. 

Despite the unknown biological function of E. coli 20-ketosteroid reductase, this enzyme might 

have high potential for biotechnological applications. Most of the enzymes possessing 

20-ketosteroid reductase activity such as hydroxysteroid dehydrogenases and carbonyl 

reductases are substrate promiscuous enzymes (Maser 1995). The enzyme’s property to convert a 

broad range of substrates could be used in organic chemistry for the synthesis of building blocks 

as well as for the production of novel drug derivatives. 

Hannemann et al. (2007) used cells of E. coli containing unidentified 20-ketosteroid reductase as 

a whole-cell biocatalyst for the efficient conversion of 11-DOC into 4-pregnen-20,21-diol-3-one, 

which was found to be a potent and selective inhibitor of human 5α-reductase type II, a drug 

target for the treatment of prostate diseases in men. The half maximal inhibitory concentration 
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(IC50) of produced 20-hydroxysteroid derivative for the human 5α-reductase type II was 

determined to be 1.56 µM. The 20-ketosteroid reductase activity was detected in the cytosolic 

fraction of E. coli suggesting that the unidentified reductase is a soluble cytosolic enzyme 

(Hannemann et al. 2007). The transformation of 11-DOC into 4-pregnen-20,21-diol-3-one was 

thus possible with whole E. coli cells because the substrate and product molecules due to their 

lipophilic nature were able to pass the cell envelope of E. coli. Outer membranes of various 

Gram-negative bacteria including E. coli were found to be quite permeable to very hydrophobic 

steroid molecules (Plesiat and Nikaido 1992). Diffusion of these molecules occurs mainly 

through the lipid bilayer regions of the membrane (Plesiat and Nikaido 1992). In contrast, 

charged steroids penetrate the bacterial cell much slower in comparison to uncharged steroid 

compounds (Plesiat and Nikaido 1992). In addition, recently it was shown that several 

multiple-drug efflux (MDE) pump proteins are involved in the efflux of mammalian steroid 

hormones such as estradiol and progesterone in E. coli (Elkins and Mullis 2006). In the 

efflux-deficient E. coli that contains mutations in several MDE pumps, steroid 

hormone-dependent growth suppression is observed (Elkins and Mullis 2006). Thus, it was 

proposed that MDE pumps are essential for the survival of E. coli under conditions where 

steroids are present, such as in the gastrointestinal tract (Elkins and Mullis 2006). 

A limited uptake and active efflux of steroid substrates by E. coli cells might significantly 

decrease the efficiency of E. coli whole-cell biocatalysts that utilize intracellularly expressed 

enzymes for the transformation of the steroid substrate molecule into desired steroid product. 

One way to overcome this problem is to use alternative whole-cell biocatalysts that are based on 

the expression of the enzyme of interest on the surface of E. coli cell (Jose et al. 2012). 

1.8 Autodisplay 

Autodisplay is the recombinant surface display of proteins or peptides by means of an 

autotransporter protein in any Gram-negative bacterium (Jose and Meyer 2007). Autotransporter 

proteins represent a large protein superfamily with over 1500 members identified in genomes of 

diverse Gram-negative bacteria (Celik et al. 2012). These proteins play important roles in the 

pathogenesis of invasive Gram-negative bacteria as well as survival of non-invasive 

environmental bacterial species (van Ulsen et al. 2013). Gram-negative bacteria use several 

well-characterized secretion systems (I-VI) to excrete molecules across the barrier of the cell 
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wall, which is composed of the inner-membrane, periplasm with peptidoglycan layer, and the 

outer membrane (Filloux 2013, Desvaux et al. 2009). Classical monomeric autotransporters, 

which were classified as type V secretion system, represent one of the simplest secretion systems 

in Gram-negative bacteria (Benz and Schmidt 2011). 

The autotransporter secretion system is used by bacteria to transport proteins to the surface of a 

cell or secrete proteins to the extracellular space (Jose and Meyer 2007). The autotransporter 

secretion pathway was first described for IgA1 protease from Neisseria gonorrhoeae (Pohlner et 

al. 1987). Proteins transported by this pathway have similar structural organization. As proposed 

for the IgA1 autotransporter (Pohlner et al. 1987), a classical autotransporter is synthesized in the 

cytoplasm as a precursor protein, which is composed of an N-terminal signal peptide, followed 

by an N-terminal passenger domain, a linker region, and a C-terminal translocator domain. The 

signal peptide directs the translocation of the precursor protein across the inner membrane. Upon 

arrival at the periplasm, the signal peptide is removed by the specific proteases and the 

C-terminus of the precursor protein forms a porin-like structure, called β-barrel, within the outer 

membrane. The N-terminal passenger domain is then translocated to the cell surface across the 

outer membrane. A linker region is required for an efficient exposure of the passenger domain on 

the surface of the cell. A simplified mechanism for secretion of classical autotransporter is 

illustrated in Fig. 1.6. 
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Fig. 1.6 Secretion mechanism of a classical autotransporter. (a) The structure of a precursor protein synthesized in 

the cytoplasm of the cell of a Gram-negative bacterium. (b) The transport of a passenger domain to the surface of 

the cell. The N-terminal signal peptide (SP) directs the translocation of the precursor protein across the inner 

membrane. After the cleavage of the signal peptide in the periplasm, the C-terminal part of the protein folds into 

β-barrel into the outer membrane. The passenger domain is translocated across the outer membrane with the aid of 

the β-barrel in unfolded state. Surface translocation is supported by the folding of the passenger domain on the 

surface of the cell. The illustration was adapted from the publication of Jose et al. (2012). 

The secretion of autotransporter proteins is not autonomous as it was previously thought, but is 

rather dependent on the action of other proteins (Leyton et al. 2012). The translocation of 

classical autotransporter precursor proteins through the inner membrane is dependent on the Sec 

machinery (Benz and Schmidt 2011). The incorporation of the β-barrel into the outer membrane 

is assisted by the Bam complex (β-barrel assembly machinery) (Rossiter et al. 2011). Moreover, 

periplasmic chaperones, such as Skp, SurA, and DegP were also shown to be important for the 

secretion of the autotransporters (Purdy et al. 2007). The exact translocation mechanism of the 

passenger domain across the outer membrane is still not well understood at the molecular level 

(Gawarzewski et al. 2013). Currently a so-called alternative model mechanism for the passenger 

translocation across the outer membrane was proposed (Gawarzewski et al. 2013). According to 

this model, the autotransporter forms a stable intermediate in the periplasm by interacting with 

periplasmic chaperone Skp. This intermediate with the linker domain incorporated in the pore of 

the prefolded β-barrel is targeted to the outer membrane with a help of assisting proteins. The 

prefolded β-barrel is integrated into the outer membrane and the passenger domain is transferred 

across the outer membrane with the help of assisting proteins. Upon arrival at the cell surface 

passenger domain adopts its fully folded conformation (Gawarzewski et al. 2013). 
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An E. coli autotransporter protein AIDA-I (the adhesin involved in diffuse adherence of 

enteropathogenic E. coli) (Benz and Schmidt 1989) was used for the development of the 

Autodisplay technology in the E. coli host (Jose and Meyer 2007). The AIDA-I-based 

Autodisplay technology uses the linker and a β-barrel region of AIDA-I autotransporter, whereas 

the natural passenger domain of AIDA-I is replaced by the protein/peptide of interest, and the 

signal peptide is most often originating from the cholera toxin B subunit (CtxB) (Jose and Meyer 

2007). 

The AIDA-I-based Autodisplay technology allows the expression of more than 105 molecules of 

a recombinant protein on the surface of a single E. coli cell (Jose et al. 2001, Jose and von 

Schwichow 2004). Due to the motility of the β-barrel domain within the outer membrane, the 

dimerization (Jose et al. 2001, Jose and von Schwichow 2004) and multimerization (Detzel et al. 

2013) of the recombinant passenger proteins can easily occur. 

The AIDA-I based Autodisplay technology was used for successful recombinant expression of 

numerous functional enzymes, such as nitrilase (Detzel et al. 2013), organophosphate hydrolase 

(Li et al. 2008), cytochrome P450 monooxygenases (Schumacher et al. 2012, Schumacher and 

Jose 2012), lipase (Kranen et al. 2014), sorbitol dehydrogenase (Jose and von Schwichow 2004), 

and esterases (Schultheiss et al. 2002, Schultheiss et al. 2008). Each of these functional 

whole-cell biocatalysts can be used in specific applications, such as synthesis of fine chemicals 

and building blocks, degradation of environmental pollutants, or in the studies of drug 

metabolism. 

The autotransporter based Autodisplay technology offers several advantages, which make it an 

attractive alternative for the use of pure enzymes in biocatalysis. The Autodisplay technology 

provides a protein immobilization platform, which may stabilize and, therefore, increase the 

activity of the enzyme. The whole-cell biocatalyst can be reused without a significant loss of 

activity. The biocatalyst can be removed from the reaction mixture by a simple centrifugation 

step, which simplifies the downstream processes associated with the isolation of the product 

(Jose and Meyer 2007, Jose et al. 2012). 

In addition, Autodisplay based whole-cell biocatalysts offer several advantages over alternative 

whole-cell systems, which are based on the intracellular expression of a recombinant enzyme. 
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The Autodisplay based biocatalyst can be used to catalyze the transformations of a broader 

spectrum of substrates, such as compounds or polymers, which are not able to pass the cell wall 

barrier. In this case, undesirable side-reactions, which arise from the enzymatic activities within 

the cell and can modify the substrate or the product, could also be avoided. 

1.9 Aims of the work 

The cells of Escherichia coli are able to transform the eukaryotic-type steroid hormone 

11-deoxycorticosterone (11-DOC) into valuable bioactive steroid derivative, 

4-pregnen-20,21-diol-3-one (Fig. 1.5), which was previously found to selectively inhibit the 

human 5α-reductase type II with a half maximal inhibitory concentration (IC50) of 1.56 µM 

(Hannemann et al. 2007). The observed 20-ketosteroid reductase activity, however, was not 

annotated to any gene product of E. coli. 

The current work aimed to: 

 identify the gene encoding 20-ketosteroid reductase in E. coli; 

 characterize the biochemical properties of the enzyme; 

 investigate the applicability of Autodisplay technology for the design of E. coli 

20-ketosteroid reductase whole-cell biocatalyst for efficient regioselective reduction of 

steroids and related compounds. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Instruments 

Instrument Source 

1-D protein electrophoresis system (Mini-Protean Tetra Cell) Bio-Rad Laboratories GmbH, München, Germany 

ÄKTA FPLC (UPC-900, P920) GE Healthcare Europe GmbH, Freiburg, Germany 

Analytical balance (CP124S) Sartorius AG, Göttingen, Germany 

Autoclave (VX-95) Systec GmbH, Wettenberg, Germany 

Balance (BP1200) Sartorius AG, Göttingen, Germany 

Centrifuge 5417R Eppendorf, Hamburg, Germany  

Chemiluminescence imaging system (ChemoCam imager) INTAS Science Imaging Instruments GmbH, Göttingen, 

Germany 

Cooling centrifuge (Sorvall RC-5C Plus) Thermo Fisher Scientific, Waltham, MA, USA  

Cooling centrifuge (Universal 320R) Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany 

Cooling microcentrifuge (Mikro 200R) Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany 

Electroporator (Eporator) Eppendorf, Hamburg, Germany 

Eppendorf Biospectrometer Kinetics Eppendorf, Hamburg, Germany 

Freezer (Forma 900 Series) Fisher Scientific GmbH, Schwerte, Germany 

Gel documentation system (Gel Imager) INTAS Science Imaging Instruments GmbH, Göttingen, 

Germany 

Horizontal DNA gel electrophoresis system (Sub System 150) Labnet, Edison, NY, USA 

HPLC-System Hitachi LaChrom Elite (organizer, diode array 

detector L-2455, pump L-2130, autosampler L-2200, column 

oven L-2300) 

VWR, Radnor, PA, USA 

Ice flaker (Scotsman AF 100) Hubbard Ice Systems, Ipswich, UK 

Incubation shaker (Infors HT Minitron) Infors AG, Basel, Switzerland 

Incubator (Heratherm) Fisher Scientific GmbH, Schwerte, Germany 

Microcentrifuge (MiniSpin) Eppendorf, Hamburg, Germany 

Microplate reader Mithras LB 940 Berthold Technologies GmbH & Co. KG, Bad 

Wildbach, Germany 

Milli-Q academic water purification system EMD Millipore, Billerica, MA, USA  
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Nanophotometer (Pearl) Implen Gmb 

pH-Meter (inoLab) WTW GmbH, Weilheim, Germany 

Pipettes (Pipetman P2, P10, P20, P200, P1000) Gilson, Middleton, WI, USA 

Power supply (Power Pac HC) Bio-Rad Laboratories GmbH, München, Germany 

Rotors (SS-34, SLA-1500, Sorvall) Thermo Fisher Scientific, Waltham, MA, USA 

Spectrophotometer (Genesys 10S UV-Vis) Thermo Fisher Scientific, Waltham, MA, USA 

Thermocycler (Mastercycler Gradient) Eppendorf, Hamburg, Germany 

Thermomixer Eppendorf, Hamburg, Germany 

Ultrasonic processor UP200S  Hielscher Ultrasound Technology 

Ultrasonic unit (Transsonic 420) Elma Hans Schmidbauer GmbH & Co. KG, Singen, 

Germany 

Vacuum pump ABM Greiffenberger, Marktredwitz, Germany 

Vortex mixer (Vortex Genie 2) Scientific Industries, Bohemia, NY, USA 

2.1.2 Software 

Name Source 

EzChrom elite Agilent Technologies, Santa Clara, CA, USA 

GraphPad Prism 6 GraphPad Software, Inc., La Jolla, CA, USA 

Unicorn V4.00.16 GE Healthcare Europe GmbH, Freiburg, Germany 

2.1.3 Chemicals and Reagents 

Name Source 

1,2-Propanediol Merck, Darmstadt, Germany 

1,4-Dithiothreitol (DTT) Applichem GmbH, Darmstadt, Germany 

11-Deoxycorticosterone (11-DOC) Sigma-Aldrich, St. Louis, MO, USA 

11-Deoxycortisol (RSS) Sigma-Aldrich, St. Louis, MO, USA 

2,5-Hexanedione Alfa Aesar GmbH & Co KG, Karlsruhe, Germany 

21-Hydroxypregnenolone  Sigma-Aldrich, St. Louis, MO, USA 

2-Hydroxyacetophenone Sigma-Aldrich, St. Louis, MO, USA 

2-Mercaptoethanol (2-ME) Roth, Karlsruhe, Germany 

2-Propanol Sigma-Aldrich, St. Louis, MO, USA 
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3,4-Hexanedione Alfa Aesar GmbH & Co KG, Karlsruhe, Germany 

3-Bromopyruvic acid Fisher Scientific GmbH, Nidderau, Germany 

5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium 

(BCIP/NBT) 

Sigma-Aldrich, St. Louis, MO, USA 

Acetic acid Fisher Scientific GmbH, Schwerte, Germany 

Acetonitrile, chromasolv gradient-grade Sigma-Aldrich, St. Louis, MO, USA 

Acetylacetone Sigma-Aldrich, St. Louis, MO, USA 

Agar Roth, Karlsruhe, Germany 

Agarose Roth, Karlsruhe, Germany 

Ammonium chloride Grüssing GmbH Analytika, Filsum, Germany 

Ammonium persulfate (APS) Merck, Darmstadt, Germany 

Ammonium sulfate Honeywell Speciality Chemicals Seelze GmbH, Seelze, 

Germany 

Calcium chloride dehydrate Sigma-Aldrich, St. Louis, MO, USA 

Carbenicillin disodium salt Roth, Karlsruhe, Germany 

Casamino acids (N-Z Amine A) Sigma-Aldrich, St. Louis, MO, USA 

Chloroform Sigma-Aldrich, St. Louis, MO, USA 

Coomassie brilliant blue R250 Serva, Heidelberg, Germany 

Corticosterone Sigma-Aldrich, St. Louis, MO, USA 

Cortisol Sigma-Aldrich, St. Louis, MO, USA 

Cortisone acetate Sigma-Aldrich, St. Louis, MO, USA 

D-fructose Sigma-Aldrich, St. Louis, MO, USA 

D-galactose Merck, Darmstadt, Germany 

D-glucose Sigma-Aldrich, St. Louis, MO, USA 

D-mannitol Sigma-Aldrich, St. Louis, MO, USA 

D-mannose Merck, Darmstadt, Germany 

Doxorubicin Applichem GmbH, Darmstadt, Germany 

D-sorbitol Merck, Darmstadt, Germany 

Ethanol VWR Prolabo, Dublin, Ireland 

Ethylenediaminetetraacetic acid (EDTA) Applichem GmbH, Darmstadt, Germany 

Glutathione, oxidized (GSSG) Sigma-Aldrich, St. Louis, MO, USA 



39 

 

Glutathione, reduced (GSH) Sigma-Aldrich, St. Louis, MO, USA 

Glycerol Applichem GmbH, Darmstadt, Germany 

Glycine Roth, Karlsruhe, Germany 

Glyoxal Sigma-Aldrich, St. Louis, MO, USA 

HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid) Applichem GmbH, Darmstadt, Germany 

Hydrochloric acid, concentrated Sigma-Aldrich, St. Louis, MO, USA 

Hydroxyacetone Alfa Aesar GmbH & Co KG, Karlsruhe, Germany 

Imidazole Sigma-Aldrich, St. Louis, MO, USA 

Inositol Applichem GmbH, Darmstadt, Germany 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Fisher Scientific GmbH, Schwerte, Germany 

Kanamycin sulfate Roth, Karlsruhe, Germany 

L-arabinose Roth, Karlsruhe, Germany 

Lauric acid Sigma-Aldrich, St. Louis, MO, USA 

Lithium dihydroxyacetone phosphate Sigma-Aldrich, St. Louis, MO, USA 

Luminol reagent Santa Cruz Biotechnology, Heidelberg, Germany 

Magnesium chloride Sigma-Aldrich, St. Louis, MO, USA 

Magnesium sulfate  Sigma-Aldrich, St. Louis, MO, USA 

Manganese (II) chloride tetrahydrate Sigma-Aldrich, St. Louis, MO, USA 

Methanol Sigma-Aldrich, St. Louis, MO, USA 

Methanol, chromasolv gradient-grade Sigma-Aldrich, St. Louis, MO, USA 

Myristic acid Sigma-Aldrich, St. Louis, MO, USA 

Oxaloacetic acid Sigma-Aldrich, St. Louis, MO, USA 

Peptone/tryptone from casein Roth, Karlsruhe, Germany 

Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich, St. Louis, MO, USA 

Potassium 5-keto-D gluconate Sigma-Aldrich, St. Louis, MO, USA 

Potassium hydroxide Sigma-Aldrich, St. Louis, MO, USA 

Potassium phosphate dibasic Merck, Darmstadt, Germany 

Potassium phosphate monobasic Merck, Darmstadt, Germany 

Potassium chloride Merck, Darmstadt, Germany 

Pregnenolone  Sigma-Aldrich, St. Louis, MO, USA 
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Progesterone  Sigma-Aldrich, St. Louis, MO, USA 

Proteose-peptone Becton Dickinson, Heidelberg, Germany 

Rotiphorese acrylamide gel 30 (37.5:1) Roth, Karlsruhe, Germany 

Roti-Quant reagent Roth, Karlsruhe, Germany 

Rubidium chloride Sigma-Aldrich, St. Louis, MO, USA 

Sodium dodecyl sulfate (SDS) Serva Electrophoresis GmbH, Heidelberg, Germany 

Sodium acetate Sigma-Aldrich, St. Louis, MO, USA 

Sodium chloride Sigma-Aldrich, St. Louis, MO, USA 

Sodium D-gluconate Applichem GmbH, Darmstadt, Germany 

Sodium hydroxide Sigma-Aldrich, St. Louis, MO, USA 

Sodium phosphate dibasic anhydrous Merck, Darmstadt, Germany 

Sodium phosphate dibasic heptahydrate Merck, Darmstadt, Germany 

Sodium phosphate monobasic Merck, Darmstadt, Germany 

Sodium pyruvate Boehringer Mannheim, Mannheim, Germany 

Sodium 2-oxobutyrate Sigma-Aldrich, St. Louis, MO, USA 

Sucrose Merck, Darmstadt, Germany 

Tetramethylethylenediamine (TEMED) Roth, Karlsruhe, Germany 

Testosterone propionate Sigma-Aldrich, St. Louis, MO, USA 

Trifluoroacetic acid, HPLC grade Applichem GmbH, Darmstadt, Germany 

Tris base Roth, Karlsruhe, Germany 

Tris-HCl Roth, Karlsruhe, Germany 

Triton X-100 Applichem GmbH, Darmstadt, Germany 

Tween 20 Roth, Karlsruhe, Germany 

Urea Merck, Darmstadt, Germany 

Yeast extract Roth, Karlsruhe, Germany 

Zinc chloride Merck, Darmstadt, Germany 

Zulkowsky starch Merck, Darmstadt, Germany 

β-Nicotinamide adenine dinucleotide (NAD+) Applichem GmbH, Darmstadt, Germany 

β-Nicotinamide adenine dinucleotide reduced disodium salt 

(NADH) 

Applichem GmbH, Darmstadt, Germany 
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2.1.4 Kits 

Name Source 

Low molecular weight gel filtration calibration kit GE Healthcare Europe GmbH, Freiburg, Germany 

High molecular weight gel filtration calibration kit GE Healthcare Europe GmbH, Freiburg, Germany 

GeneJET Genomic DNA Purification kit Fisher Scientific GmbH, Schwerte, Germany 

In-Fusion HD EcoDry cloning kit Clontech, Saint-Germain-en-Laye, France 

Topo TA cloning kit (pCR2.1) Life Technologies GmbH, Darmstadt, Germany  

QIAquick PCR purification kit Qiagen, Hilden, Germany 

QIAquick gel extraction kit Qiagen, Hilden, Germany 

QIAprep Spin Miniprep Kit Qiagen, Hilden, Germany 

2.1.5 Antibodies 

Name Source 

6xHIS epitope tag mouse monoclonal antibody  Fisher Scientific GmbH, Schwerte, Germany 

Goat anti-mouse IgG (H+L) antibody labeled with the alkaline 

phosphatase 

KPL, Gaithersburg, USA 

PEYFK epitope tag mouse monoclonal antibody Produced by hybridoma technology in our lab 

Rabbit anti-mouse IgG (H+L) antibody conjugated with the 

horseradish peroxidase 

Antibodies-online GmbH, Aachen, Germany 

2.1.6 Enzymes and proteins 

Name Source 

Aprotinin Roth, Karlsruhe, Germany 

BamHI restriction endonuclease NEB, Ipswich, USA 

BglII Fast Digest restriction endonuclease Fisher Scientific Germany GmbH, Schwerte, Germany 

Bovine serum albumin (BSA) Roth, Karlsruhe, Germany 

BspHI restriction endonuclease NEB, Ipswich, USA 

DNase I Roth, Karlsruhe, Germany 

IgA1 protease Mobitech GmbH, Göttingen, Germany 

KOD DNA polymerase Merck KGaA, Darmstadt, Germany 

Lysozyme from chicken egg white Roth, Karlsruhe, Germany 

Milk powder Roth, Karlsruhe, Germany 
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NcoI restriction endonuclease NEB, Ipswich, USA 

PageRuler prestained protein ladder Fisher Scientific Germany GmbH, Schwerte, Germany 

PageRuler unstained protein ladder Fisher Scientific Germany GmbH, Schwerte, Germany 

Phusion High-Fidelity DNA polymerase NEB, Ipswich, USA 

Proteinase K from Tritirachium album Sigma-Aldrich, St. Louis, MO, USA 

T4 DNA ligase NEB, Ipswich, USA 

Taq DNA polymerase Fisher Scientific Germany GmbH, Schwerte, Germany 

XbaI Fast Digest restriction endonuclease Fisher Scientific Germany GmbH, Schwerte, Germany 

2.1.7 Oligonucleotides 

DNA oligonucleotides were synthesized by Eurofins MGW Operon (Ebersberg, Germany). 

Table 2.1 Oligonucleotide sequences 

Name Sequence (5'→3') 

AT001 AGA AGG AGA TAT ACC ATG ATT TTA AGT GCA T  

AT002 TAG CAG CCG GAT CCG TTA ACG CGC CAG CCA AC  

AT003 AGA AGG AGA TAT ACC ATG TTT AAT TCT GAC A 

AT004 TAG CAG CCG GAT CCG TTA ATT GAG CTC CTG T 

AT009 GGT ATA TCT CCT TCT TAA AGT TAA ACA AAA TT 

AT010 CGG ATC CGG CTG CTA ACA AAG CCC GAA AGG A 

AT011 AGA AGG AGA TAT ACC ATG ACT ACT ATT GTT G 

AT012 TAG CAG CCG GAT CCG TTA CAG CGC AGC CAC A 

AT018 GGT GAT GTT CTG CGG AGT ACC GTG AGC GTA AGC AGA GG 

AT019 ATT GAG GGC CGC ATC CCG GAA TAC TTT AAA CTG AC 

AT020 
CCG CAG AAC ATC ACC CAC CAC CAT CAC CAT CAT ATG ATT TTA AGT GCA TTT 

TCT CTC GA 

AT021 GAT GCG GCC CTC AAT ACG CGC CAG CCA ACC GCC ATC C 

AT023 CAT CAC CAT CAT ATG ATT TTA AGT GCA TTT TC 

AT024 CAT ATG ATG GTG ATG GTG GTG CAT GGT ATA TCT CCT TC 

AT025 AGA AGG AGA TCT AGA ATG CAC CAC CAT C 

AT027 CCG CCA GAA CCA CCA CCA CCA GCA CGA CGA GCA CGC GCC AGC C 

AT028 TGG TGG TTC TGG CGG TGG CGG TTC CGG CGG CGG CGG CAG CAT TGA GGG CCG C 

AT029 GAA ATA TTC AGG AGA TCT ACG CGC CAG CCA AC 

AT030 AGA TCG TGG AGA AGG TGG ACC TTT G 

AT031 CCT TCT CCA CGA TCT CTT CCC ACA TCT GAT AC 

ATseq2 AAG GGG TTA TGC TAG TTA TTG CTC 

DB010 CCT CCC ATA ATC CCT AAG GTA AAA TCA CCC AGT TG 

E132_for GGC AGG GTG TCA TGA GCA GCA ATA CA 

E132_rev CCT TTT GTA GGA TCC TTA TTC TCG CGA 
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Table 2.2 Oligonucleotides used for DNA sequence analysis of plasmids. 

* - The sequence of the oligonucleotide is provided in the Table 2.1 above. 

2.1.8 Plasmids 

Name Antibiotic resistance Source 

pET-11d Carbenicillin Merck KGaA, Darmstadt, Germany 

pET-SH3-SDH08 Carbenicillin (Jose and von Schwichow 2004) 

pMT005 Kanamycin (Teese et al., unpublished)  

pET-11d-ydbC Carbenicillin This study 

pET-11d-kduD Carbenicillin This study 

pET-11d-His-kduD Carbenicillin This study 

pET-11d-hdhA Carbenicillin This study 

pET-11d-uxuB Carbenicillin This study 

pAT002 Carbenicillin This study 

pAT004 Carbenicillin This study 

pMATE-AT001 Kanamycin This study 

pMATE-AT002 Kanamycin This study 

FB001 AAA AAT AGG CGT ATC ACG AGG 

MT013 CTT ACC GTC AAC GTG GAT CAA C 

MT014 CGC CTT TCA CCG TAT TAT CG 

pTF CTC GAA AAT AAT AAA GGG AAA ATC AG 

pTR TGG TAG TGT GGG GAC TC 

SH002 CAC CAC CAG ACG GTC CGT AAG TG 

SH011 CAG CAT ATG CAC ATG GAA CAC C 

T7 promoter TAA TAC GAC TCA CTA TAG GG 

Plasmid Sequencing primers* 

pET-11d-ydbC T7 promoter, FB001 

pET-11d-kduD, pET-11d-His-kduD, pET-11d-hdhA, pET-11d-uxuB T7 promoter, ATseq2 

pAT002 SH002, SH011 

pAT004 T7 promoter, ATseq2, DB010 

pMATE-AT001, pMATE-AT002 pTF, pTR, MT013, MT014 
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2.1.9 Bacterial strains 

Escherichia coli strain Genetic markers Reference/Source 

BL21 (DE3) B, Fˉ, dcm, ompT, lon, hsdS(rBˉ mBˉ), gal, λ(DE3) (Studier and Moffatt 

1986) 

BL21 B, Fˉ, dcm, ompT, lon, hsdS(rBˉ mBˉ), gal (Studier and Moffatt 

1986) 

ClearColiTM BL21 (DE3) F– ompT hsdSB (rB- mB-) gal dcm lon λ(DE3 

[lacI lacUV5-T7 gene 1 ind1 sam7 

nin5]) msbA148 ΔgutQΔkdsDΔlpxLΔlpxMΔpagPΔlpxPΔeptA 

Lucigen, Middleton, 

USA 

DH5α Fˉ, φ80dlacZΔM15, Δ(lacZYA-argF)U169, deoR, recA1, 

endA1, hsdR17(rKˉmK+), phoA, supE44, λ-, thi-1, gyrA96, 

relA1 

(Bethesda Research 

Labs, 1986) 

F470 F⁻, met⁻, his⁻, pro⁻, mtl⁻, (Strʳ) (Schmidt et al. 1970) 

F515 F⁻, met⁻, his⁻, pro⁻, mtl⁻, (Strʳ) (Schmidt et al. 1970) 

JK321 (DE3) ΔompT, proC, leu-6, trpE38, entA, zih12::Tn10, dsbA::kan 

λ(DE3) lysogen 

(Jose et al. 1996, 

Handel 2003) 

StellarTM F–, ara,Δ(lac-proAB) [Φ80d lacZΔM15], rpsL(str), thi, 

Δ(mrr-hsdRMS-mcrBC), ΔmcrA, dam, dcm 

Clontech, Saint-

Germain-en-Laye, 

France  

Top10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 

recA1 araD139 Δ(ara-leu)7697 galU galK rpsL (StrR) 

endA1 nupG  

Life Technologies 

GmbH, Darmstadt, 

Germany 

UT5600 (DE3) Fˉ, ara-14, leuB6, secA6, lacY1, proC14, tsx-67, Δ(ompT-

fepC)266, entA403, trpE38, rfbD1, rpsL109(Strr), xyl-5, mtl-

1, thi-1, λ(DE3) 

(Earhart et al. 1979, 

Jose and von 

Schwichow 2004)  

UT5600 Fˉ, ara-14, leuB6, secA6, lacY1, proC14, tsx-67, Δ(ompT-

fepC)266, entA403, trpE38, rfbD1, rpsL109(Strr), xyl-5, mtl-

1, thi-1 

(Earhart et al. 1979) 

2.1.10 Media 

Media used for the cultivation and storage of E. coli as well as buffers used for the preparation of 

competent E. coli cells were sterilized by autoclaving (121 ºC, 20 min). The heat-labile 

components, such as antibiotics, as well as glucose were filter-sterilized. 

LB medium : 5 g/l yeast extract, 10 g/l tryptone, 10 g/l NaCl, pH 7.0. 

LB agar: 5 g/l yeast extract, 10 g/l tryptone, 10 g/l NaCl, 16 g/l agar, pH 7.0. 

M9 medium: 6 g/l Na2HPO4, 3 g/l KH2PO4, 0.5 g/l NaCl, 1 g/l NH4Cl, 0.6 % glucose (w/v), 2 mM MgSO4, 

0.1 mM CaCl2, pH 7.0. 
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M9Cas medium: 12.8 g/l Na2HPO4x7H2O, 3 g/l KH2PO4, 0.5 g/l NaCl, 1 g/l NH4Cl, 2 g/l casamino acids, 

0.4 % glucose (w/v), 2 mM MgSO4, 0.1 mM CaCl2, pH 7.0. 

SOC medium: 20 g/l tryptone, 5 g/l yeast extract, 0.5 g/l NaCl, 2.5 mM KCl, 20 mM D-glucose, 10 mM MgCl2, 

pH 7.0.  

PPM medium: 15 g/l Proteose-peptone, 5 g/l NaCl, 1 g/l Zulkowsky starch, 1 g/l KH2PO4, 0.8 g/l K2HPO4, 

25 % glycerol (w/v). 

2xYT medium: 16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, pH 7.0. 

2.1.11 Buffers and other solutions 

Buffers for preparation of competent E. coli cells 

TMF buffer: 100 mM CaCl2, 50 mM RbCl, 40 mM MnCl2. 

Mg2+-solution: 0.5 M MgCl2, 0.5 M MgSO4. 

10 % glycerol solution: 10 % glycerol (v/v). 

KduD purification buffers 

Buffer A: 20 mM Tris-HCl pH 8.0, 1 mM EDTA. 

Buffer B: 1 M NaCl in buffer A. 

Buffer C: 50 mM potassium phosphate pH 7.0. 

Buffer D: 5 mM NADH in buffer C. 

Buffer E: 20 mM sodium phosphate pH 6.6. 

Buffer F: 1 M NaCl in buffer E. 

Buffer G: 20 mM Tris-HCl, 150 mM NaCl, pH 8.0. 

Buffer H: 50 mM NaH2PO4 pH 0.8, 300 mM NaCl, 10 mM imidazole, pH 8.0. 

KduD storage buffer: 20 mM Tris-HCl, 2 mM DTT, pH 8.0. 

TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA. 

Buffers for DNA electrophoresis 

TAE buffer: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA (pH 8.0). 
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6x DNA loading dye (Fisher Scientific GmbH, Schwerte, Germany): 10 mM Tris-HCl (pH 7.6), 0.03% 

bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol, 60 mM EDTA. 

DNA staining solution: GelGreen dye (10,000x, Biotium, Hayward, CA, USA) diluted in water to the final 

concentration of 1x. 

Buffers for SDS-PAGE 

2x protein electrophoresis sample buffer: 100 mM Tris-HCl, pH 6.8, 4 % SDS, 0.2 % bromophenol blue, 

0.2 M DTT, 20 % glycerol. 

SDS-running buffer: 3 g/l Tris-base, 18.8 g/l glycine, 1 g/l SDS. 

Acrylamide solution: 30 % acrylamide, 0.8 % bisacrylamide (Roth, Karlsruhe, Germany). 

4x Stacking gel solution: 6.06 g/100 ml Tris-base, 0.4 g/100 ml SDS, 0.4 g/100 ml tetramethylethylenediamine 

(TEMED), pH 6.8. 

4x Separating gel solution: 18.17 g/100 ml Tris-base, 0.4 g/100 ml SDS, 0.4 g/100 ml TEMED, pH 8.8. 

Ammonium persulfate (APS) solution: 10 % APS (w/v). 

Protein staining solution: 2 g Coomassie Brilliant blue G-250, dissolved in 500 ml methanol, 100 ml acetic acid, 

400 ml H20. 

Gel destaining solution: 10 % acetic acid (v/v). 

Western blot buffers 

Transfer buffer: 25 mM Tris-base, 192 mM glycine, 20 % methanol (v/v), pH 8.3-8.4. 

TBS buffer (1x): 25 mM Tris-base, 140 mM NaCl, 2.7 mM KCl, pH 7.4. 

Membrane protein isolation buffers and solutions  

Tris-HCl buffer: 0.2 M Tris-HCl, pH 8.0. 

Sucrose solution: 1 M sucrose. 

EDTA solution: 10 mM EDTA, pH 8.0. 

Lysozyme solution: 10 mg/ml lysozyme. 

Phenylmethanesulfonyl fluoride solution (PMSF): 100 mM PMSF in isopropanol. 
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Aprotinin solution: 10 mg/ml aprotinin dissolved in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer (pH 8.0). 

DNAse I solution: 1 mg/ml DNAse I. 

Proteinase K solution: 5 mg/ml proteinase K. 

Fetal calf serum (FCS) solution: 10 % FCS. 

Extraction buffer: 50 mM Tris-HCl, 10 mM MgCl2, 2 % Triton-X-100, pH 8.0. 

PCR buffers and solutions 

Phusion DNA polymerase buffer: 5x Phusion HF buffer (NEB, Ipswich, USA). 

10x KOD polymerase buffer (Merck, Darmstadt, Germany): 1.2 M Tris-HCl, 100 mM KCl, 60 mM (NH4)2SO4, 1 % 

Triton X-100, 0.01 % BSA, pH 8.0. 

10x Taq DNA polymerase buffer (Fisher Scientific Germany GmbH, Schwerte, Germany): 100 mM Tris-HCl 

(pH 8.8), 500 mM KCl, 0.8 % Nonidet P40 (v/v). 

25 mM MgCl2 (Merck, Darmstadt, Germany). 

dNTP mix solution: 10 mM each dNTP (Fisher Scientific – Germany GmbH, Schwerte, Germany).  

DNA ligation buffer 

10x T4 DNA ligase reaction buffer (NEB, Ipswich, USA): 500 mM Tris-HCl, 100 mM MgCl2, 10 mM ATP, 

100 mM DTT, pH 7.5. 

DNA digestion buffers 

10x Fast Digest Green buffer (Fisher Scientific GmbH, Schwerte, Germany). 

10x NeBuffer 4 (NEB, Ipswich, USA): 500 mM potassium acetate, 200 mM Tris-acetate, 100 mM magnesium 

acetate, 10 mM DTT, pH 7.9. 

IgA1 protease reaction buffer 

IgA1 protease reaction buffer: 50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.5. 

Other buffers 

Sodium acetate buffers: 1 M pH 5.0 and pH 5.5. 

Potassium phosphate buffers: 1 M pH 6.1, pH 7.0, pH 8.0. 
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Tris-HCl buffers: 1 M pH 8.5, pH 9.0. 

Glycine-NaOH buffers: 1 M pH 9.0, pH 9.5, pH 10.0, pH 10.5. 

2.1.12 Protein chromatography media 

Name Source 

Blue sepharose 6 fast flow GE Healthcare Europe GmbH, Freiburg, Germany 

Ni-NTA agarose Qiagen GmbH, Hilden, Germany 

Poros HS 20 Applied Biosystems, Foster City, USA 

Q-sepharose fast flow GE Healthcare Europe GmbH, Freiburg, Germany 

Superdex 200 GE Healthcare Europe GmbH, Freiburg, Germany 

2.1.13 Other materials 

Name Source 

96 Well microplate, PS, F-bottom Greiner Bio-One GmbH, Frickenhausen, Germany  

Amicon molecular weight cut-off (MWCO) columns Ultracel 10k Merck KGaA, Darmstadt, Germany 

Centrifugal tubes (15 and 50 ml) Sarstedt, Nümbrecht, Germany 

Cryovials VWR International GmbH, Darmstadt, Germany 

Disposable cuvettes for OD measurements  GML alfaplast, München, Germany 

Durapore membrane filters (HVLP, pore size 0.45 µm) Merck Darmstadt, Germany 

Glass beads Marienfeld-Superior, Lauda-Königshofen, Germany 

LiChrosphere 60 RP-select B HPLC column Merck Darmstadt, Germany 

Microtubes (0.2, 1.5 and 2 ml) Sarstedt, Nümbrecht, Germany 

Minicolumn (Econocolumn) Bio-Rad Laboratories GmbH, München, Germany 

Petri dishes Greiner Bio-One GmbH, Frickenhausen, Germany 

Pipette tips (10 µl) Gilson, Middleton, WI, USA  

Pipette tips (200 amd 1000 µl) Sarstedt, Nümbrecht, Germany 

Polyvinylidene fluoride (PVDF) membrane Macherey-Nagel, Düren, Germany 

Protein dialysis clips Spectrum Europe, Breda, Netherlands  

Quartz suprasil (QS, 200-2500 nm) absorption cell, 10 mm Hellma GmbH & Co. KG, Muellheim, Germany 

Syringe filter units (Millex-GP, 0.22 µm) Merck KGaA, Darmstadt, Germany 

Syringes (Omnifix 10 and 20 ml) B. Braun medical Inc., Bethlehem, PA, USA  
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Vacuum filtering apparatus Duran Group GmbH, Wertheim, Germany 

Visking Dialysis Tubing (MWCO 12,000-14,000, pore diameter 

25 Å) 

Serva Electrophoresis GmbH, Heidelberg, Germany 
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2.2 Methods 

2.2.1 Partial purification of E. coli steroid reductase 

E. coli DH5α cells were grown in two liters of LB medium (4 x 2 l flasks with 500 ml of LB 

medium) at 37 °C overnight with vigorous shaking. Bacterial cells were collected by 

centrifugation (10 min, 4,300 g, 4 °C). All protein purification steps including cell disruption, 

centrifugation and column chromatography were conducted at 4 °C. Chromatography steps were 

carried out with an ÄKTA FPLC, using flow rates recommended by the manufacturer for each 

appropriate media and fraction volumes of 0.4 to 5 ml. 

Preparation of cell-free extract 

Wet cell biomass (11 g) was resuspended in 11 ml of buffer A containing 1 mM PMSF and 

disrupted by sonication (6 cycles of 20 s on and 20 s off, amplitude 60%, UP200S Hielscher 

Ultrasound Technology). The cell debris was removed by centrifugation (14,000 g, 30 min). In 

total 12.5 ml of cell-free extract were obtained. 

Ammonium sulfate precipitation 

Ammonium sulfate was added to the 12.5 ml of cell-free extract to a final concentration of 40% 

(w/v). After one hour incubation at 4°C, the precipitate was removed by centrifugation (14,000 g, 

30 min). Ammonium sulfate was then added to the supernatant to a final concentration of 80% 

(w/v). After one hour incubation at 4°C the sample was centrifuged and the protein pellet 

resuspended in buffer A. This sample was dialyzed against buffer A overnight to remove salts 

before anion exchange chromatography.  

Anion exchange chromatography 

The enzyme solution was loaded on a Q sepharose fast flow column (1.2 x 28 cm), equilibrated 

with buffer A. The enzyme was eluted with linear gradient (0-100%) of buffer B. All fractions 

were tested for 11-DOC C-20 carbonyl reductase activity using the HPLC assay described 

below. The active fractions were combined and concentrated to 10 ml with molecular weight 

cut-off (MWCO) columns (Ultracel 10k, Amicon), and dialyzed against buffer C. 
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Blue sepharose chromatography 

Blue sepharose chromatography media can be used to purify NADH-dependent enzymes. The 

enzyme solution was loaded on a Blue sepharose 6 fast flow column (1.2 x 7.7 cm), equilibrated 

with buffer C. Proteins were eluted with linear gradient (0-100%) of buffer D. The fractions 

containing 11-DOC reductase activity were mostly found in the flowthrough, suggesting that the 

enzyme responsible did not bind the media. These fractions were combined and proteins 

concentrated to 12 ml with MWCO columns as described above, and dialyzed against buffer E. 

Cation exchange chromatography 

The enzyme solution was loaded on a Poros HS 20 column (1.2 x 7.7 cm), equilibrated with 

buffer E. Proteins were eluted with linear gradient (0-100%) of buffer F. The fractions containing 

11-DOC C20 reductase activity were mostly found in the flowthrough, suggesting that the 

enzyme responsible did not bind the media. These fractions were combined and concentrated to 

0.55 ml with MWCO columns as described above. 

Size exclusion chromatography 

A Superdex 200 column (1.0 x 30 cm) was equilibrated with buffer G. The enzyme was loaded 

and proteins separated with a constant flow rate of 0.4 ml min-1 buffer G. The fractions 

containing 11-DOC C20 reductase activity were concentrated to 0.15 ml with MWCO columns 

as described above. Ferritin (Mw 440 kDa), conalbumin (Mw 75 kDa) and aprotinin 

(Mw 6.5 kDa) were used as molecular weight standards. 

2.2.2 Identification of proteins by mass spectrometry 

The partially purified 11-DOC C20 carbonyl reductase after size exclusion chromatography was 

digested with trypsin and analyzed by the Core Unit Integrated Functional Genomics of the 

Interdisciplinary Center for Clinical Research of the Medical Faculty of the University of 

Münster. Tryptic peptides were separated with C18 reversed phase chromatography, and 

nanoUPLC-MS/MS and MSE was conducted as previously described (Pakkianathan et al. 2012) 

with a Q-TOF Premier (Waters Corporation). Data were searched against all E. coli sequences in 

public databases. Stringent validation settings were applied. Only proteins identified with high 

confidence were considered. 
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2.2.3 Enzyme and protein assays 

The assay mixture for steroid reductase activity comprised, in 0.1 ml, 100 mM potassium 

phosphate buffer (pH 7.0), 0.4 mM NADH, 0.4 mM 11-DOC (from 100 mM stock solution in 

methanol) and an appropriate amount of enzyme (0.020-0.376 mg ml-1 of protein). Samples were 

incubated at 37 °C for 2 hours, then heated at 99 °C for two minutes and cooled on ice. After 

addition of 0.15 mM of 11-deoxycortisol (internal standard, 10 mM stock solution in methanol), 

steroid compounds were extracted with an equal amount of chloroform. Extracted compounds 

were dissolved in 50 μl of acetonitrile and were analyzed by HPLC as described below (2.2.4). 

One unit of enzyme activity was defined as the amount of enzyme catalyzing the reduction of 

1 μmol of 11-DOC per minute under the assay conditions. 

In order to investigate cofactor specificity, 29.1 mg of partially purified enzyme (after 

purification with Poros Sepharose) was incubated in 0.2 ml of 100 mM potassium phosphate 

buffer (pH 7.0) with 0.4 mM 11-DOC for 24 hours at 30 °C. These samples contained either 

0.4 mM NADH, 0.4 mM NADPH or 0.4 mM NADH+20 mM EDTA. After incubation, the 

steroid products were extracted and analyzed as described above. 

Protein concentration was measured with a Bradford assay (Roti-Quant reagent) calibrated with 

bovine serum albumin as a standard. 

2.2.4 Analytical HPLC 

Reaction products were analyzed with VWR HPLC-System LaChrom Elite equipped with a 

diode array detector L-2455. A reversed phase column (125 mm x 4 mm internal diameter), 

filled with LiChrosphere 60 RP-select B 5 µm diameter particles) was used to separate 11-DOC 

conversion products, which were detected at 240 nm. A flow rate of 1 ml min-1, a constant 

column temperature (22 °C) and a mobile phase consisting of water and acetonitrile (60:40, v/v) 

were used. The areas under the peaks were calculated with the associated software (EzChrom 

elite). The concentration of products was calculated using a standard curve of 11-DOC. 

All other steroids were analyzed as described above with a few modifications. Conversion 

products of 11-deoxycortisol (RSS), corticosterone, testosterone propionate, progesterone, 

cortisone acetate and cortisone were detected at 240 nm, of pregnenolone and 

21-hydroxypregnenolone at 196 nm, and of cortisol at 245 nm. The isocratic mobile phase 
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consisted of water and acetonitrile (v/v) 70:30 for separation of conversion products of RSS, 

corticosterone and pregnenolone, 60:40 for 21-hydroxypregnenolone, 40:60 for testosterone 

propionate, 50:50 for progesterone and 65:35 for cortisone acetate and cortisone. In the case of 

cortisol a gradient of water and acetonitrile (v/v) from 85:15 to 50:50 was used. 

Doxorubicin and its metabolites were detected at 480 nm, using a mobile phase consisting of 

water (+0.1 % trifluoroacetic acid) and acetonitrile (77:23, v/v). 

2.2.5 Cloning and expression of ydbC gene 

The ORF of ydbC was amplified by polymerase chain reaction (PCR) from genomic DNA of 

E. coli DH5α (whole-cells were used in PCR as a DNA template) with high-fidelity KOD DNA 

polymerase using a pair of primers: E132_for and E132_rev containing BspHI and BamHI 

restriction endonuclease recognition sites, respectively (Table 2.1). The PCR fragment was 

subcloned into PCR2.1-TopoTA vector using TopoTA cloning kit, then excised with BspHI and 

BamHI and cloned into the NcoI/BamHI-digested pET-11d using T4 DNA ligase. Recombinant 

proteins were overexpressed in E. coli strain BL21 (DE3). Cells were grown in LB medium with 

0.05 mg ml-1 carbenicillin at 37 °C until the OD600 reached 0.6-0.8. Protein expression was then 

induced by the addition of 1 mM IPTG. The induced cells were cultured at 30 °C for a further 

two hours. Afterwards, cells were collected by centrifugation (4 °C, 3,880 g, 5 min), 

concentrated in the fresh LB medium to the final concentration of OD600=10, and were used 

directly in a whole cell biotransformation assay. After addition of 11-DOC (50 mg ml-1 stock 

solution in ethanol) to the final concentration of 1.5 mM, 700 µl of concentrated cell suspensions 

were incubated at 30 ºC for 20 h. Then, steroids were extracted with an equal amount of 

chloroform. Extracted compounds were dissolved in 700 μl of acetonitrile and analyzed by 

HPLC as described above (2.2.4). 

Recombinant overexpression of the YdbC oxidoreductase in E. coli BL21 (DE3) cells was 

monitored by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of 

proteins from whole cells. E. coli cell suspensions with an OD600=10 in TE buffer were mixed 

with an equal volume of 2x protein electrophoresis sample buffer, boiled for 5 min, and analyzed 

on 10 % polyacrylamide gels. 
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2.2.6 Cloning and expression of kduD, hdhA and uxuB genes 

To determine which of the three oxidoreductases from DH5α (KduD, HdhA and UxuB) was 

responsible for the C20 ketosteroid reductase activity, all three were cloned and overexpressed in 

E. coli with their native start and stop codons. Genomic DNA of E. coli strain DH5α was isolated 

using GeneJET Genomic DNA Purification Kit. The ORFs of kduD, hdhA and uxuB were 

amplified by PCR with Phusion High-Fidelity DNA polymerase from genomic DNA of 

E. coli DH5α using the following pairs of primers: AT001 and AT002 for kduD, AT003 and 

AT004 for hdhA, and AT011 and AT012 for uxuB (Table 2.1). The backbone of the pET-11d 

vector was amplified with the primers AT009 and AT010 (Table 2.1). The two PCR products 

(the amplified kduD, hdhA or uxuB gene, and amplified vector backbone) were combined to form 

a plasmid using In-Fusion HD EcoDry cloning kit as per the manufacturer’s instructions. 

Recombinant proteins were overexpressed in E. coli strain UT5600 (DE3). Cells were grown in 

LB medium with 0.1 mg ml-1 carbenicillin at 37 °C until the OD600 reached 0.6-0.8. Protein 

expression was then induced by the addition of 1 mM IPTG. The induced cells were cultured at 

30 °C for a further three hours. Afterwards, cells were collected by centrifugation (4 °C, 3,880 g, 

5 min), concentrated in the fresh LB medium to OD600 = 25, and were used directly in a whole 

cell biotransformation assay. 

Recombinant overexpression of the three NADH-dependent oxidoreductases in E. coli 

UT5600 (DE3) cells was monitored by SDS-PAGE of proteins from whole cells. E. coli cell 

suspensions with an OD600=10 in TE buffer were mixed with an equal volume of 2x protein 

electrophoresis sample buffer, boiled for 5 min, and analyzed on 10 % polyacrylamide gels. 

2.2.7 Whole cell biotransformation assay 

Concentrated cell suspensions (200 μl) of E. coli UT5600 (DE3) expressing the oxidoreductase 

were incubated with 0.4 mM of 11-DOC (10 mM stock solution in methanol) 14 h at 30 °C, 

followed by heating at 99 °C for one minute. An internal standard (11-deoxycortisol, 10 mM 

stock solution in methanol) was added to a final concentration of 0.15 mM and steroids were 

extracted with an equal amount of chloroform. Extracted compounds were dissolved in 50 μl of 

acetonitrile and analyzed by HPLC as described above (2.2.4). 
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2.2.8 Evaluation of an effect of 11-DOC on the expression level of KduD in E. coli 

E. coli DH5α and E. coli UT5600 (DE3) cells were grown in LB medium at 37 °C until the 

OD600 reached 0.5-0.6. Then, 0.1 % (v/v) of 11-DOC (100 mM solution in methanol) or pure 

methanol was added and cells were cultured at 37 °C overnight. The cell-free extracts were 

prepared from 100 ml of overnight cell cultures as described in previous section (2.2.1). Enzyme 

and protein assays were performed as described in previous section (2.2.3). 

2.2.9 Cloning, expression and affinity purification of KduD 

In order to obtain pure protein, KduD was overexpressed in E. coli UT5600 (DE3) with an 

N-terminal 6xHis tag and purified by affinity chromatography. To insert the 6xHis, the kduD 

gene was amplified from pET-11d-kduD by PCR with the primers AT023 and AT002 

(Table 2.1). The backbone of pET-11d vector was amplified with the primers: AT024 and 

AT010 (Table 2.1). The two PCR products were combined to form a plasmid using 

In-Fusion HD EcoDry cloning kit (Clontech). Recombinant 6xHis-KduD was overexpressed in 

E. coli UT5600 (DE3). Cells were grown in 500 ml of LB medium with 0.1 mg ml-1 of 

carbenicillin at 37 °C with vigorous shaking (200 rpm) until the OD600 reached 0.6-0.8. Protein 

expression was then induced by the addition of 1 mM IPTG. The induced cells were cultured at 

30 °C for a further two hours. Afterwards, cells were collected by centrifugation (4 °C, 3,880 g, 

10 min). The cells (0.72 g of wet cell biomass) were resuspended in 7 ml of buffer H containing 

1 mM PMSF and 10 mM imidazole. Cells were sonicated and cell debris was removed by 

centrifugation as described above. The obtained supernatant was loaded on minicolumn filled 

with 1 ml of Ni-NTA agarose pre-equilibrated with buffer H. The column was then washed with 

buffer H containing 20 mM imidazole to remove unbound proteins. The recombinant enzyme 

was eluted from the column with buffer H containing 250 mM imidazole. The purified enzyme 

was dialyzed against the KduD storage buffer. SDS-PAGE and assays of protein concentration 

and steroid reductase activity were conducted as described above. 

2.2.10 Determination of pH and temperature optimum 

The optimal temperature and pH was examined using 0.02 mg ml-1 of purified 6xHis-KduD. The 

optimal pH for the reduction reaction was determined with 0.4 mM 11-DOC as a substrate in 

100 mM sodium acetate, potassium phosphate, Tris-HCl or sodium glycine buffer containing 
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0.6 mM NADH. The samples were incubated at 37 ºC for 40 minutes and product formation 

analyzed by HPLC as described above (2.2.4). 

The optimal pH for oxidation reaction was determined with 100 mM D-gluconate as a substrate 

in 100 mM buffers containing 1 mM NAD+. The reaction was monitored spectrophotometrically 

with a reaction volume of 1 ml. The reaction was started by the addition of enzyme. The 

absorbance of reaction mixtures at 340 nm were recorded for three minutes at 37 ºC using a 

spectrophotometer (Eppendorf Biospectrometer Kinetics). For calculation of initial velocities, 

the molar extinction coefficient of NADH (6,220 M-1 cm-1) was used. The optimum temperature 

was determined with 0.4 mM 11-DOC as substrate in 100 mM potassium phosphate buffer 

pH 7.0 with 0.6 mM NADH. Samples were incubated one hour with shaking at temperatures 

ranging from 4 to 55 ºC (Thermomixer, Eppendorf) and product formation measured by HPLC 

as described above (2.2.4). 

2.2.11 Determination of substrate specificity 

The purified 6xHis-KduD was used as the enzyme source at a final concentration of 

0.02 mg ml-1. The reduction reactions were carried out in 100 mM potassium phosphate buffer 

pH 7.0, previously described as an optimal buffer for a closely related enzyme (Condemine et al. 

1984). The oxidation reactions were performed in 100 mM glycine-NaOH buffer pH 9.3, 

previously described as an optimal buffer for the oxidation reaction of 

2-keto-3-deoxy-D-gluconate (KDG) into 2,5-diketo-3-deoxygluconate (DKII) by E. coli KduD 

(Hantz 1977). Steroid compounds were dissolved in methanol to produce 10 mM stock solutions. 

Cortisone was prepared from commercial cortisone acetate by alkaline hydrolysis with 0.5 mM 

KOH at 25°C for 12 minutes followed by extraction with chloroform. The yield of cortisone was 

55.7 %. Due to low solubility in methanol, pregnenolone and cortisone acetate were dissolved in 

methanol/chloroform mixture (80:20, v/v). The enzyme was incubated with 0.4 mM of steroid 

compound in buffer containing 0.6 mM of NADH for 2 hours at 37 ºC. Product formation was 

measured by HPLC as described above (2.2.4). For pregnenolone and cortisone acetate, extracted 

steroids were dissolved in a mixture of acetonitrile/chloroform (80:20, v/v). 

Partially hydrolyzed doxorubicin sample (hDox) was prepared by incubating 3.4 mM 

doxorubicin (dissolved in water) with 0.5 M HCl at 37° C for four hours. KduD activities against 

prepared hDox and doxorubicin were investigated by incubating 0.02 mg ml-1 of KduD in 

100 mM potassium phosphate buffer (pH 7.0) with 0.6 mM NADH and 0.15 mM hDOX (or 
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0.4 mM doxorubicin) at 37° C for 16 hours. The samples of hDox conversions were analyzed by 

HPLC as described above (2.2.4). The samples of doxorubicin conversions were mixed with the 

equal volume of chloroform and the aqueous phases were subjected to HPLC analysis as 

specified above (2.2.4). 

A spectrophotometric assay was used to detect oxidation or reduction of non-steroid compounds. 

The final substrate concentration was typically 0.4 mM in buffer containing 0.6 mM NADH or 

1 mM NAD+. Absorbance was measured at 340 nm with a microplate reader or 

spectrophotometer at 37 ºC. 

2.2.12 Evaluation of effect of salts, reducing/oxidizing and denaturing agents 

An effect of various agents on the activity of KduD was tested for the D-gluconate oxidation 

reaction. The initial velocity of D-gluconate oxidation with KduD without an agent and in the 

presence of an agent was compared. The sample was composed of 100 mM glycine-NaOH 

buffer pH 9.3, 200 mM D-gluconate, 2 mM NAD+, 0.02 mg ml-1 KduD and variable 

concentration of effector molecules (1-100 mM of divalent metal ion salts (ZnCl2, MgSO4, 

CaCl2, MnCl2), 0.01-10 mM of 2-ME and DTT, 0.07-0.7 mM of GSH and GSSG, 0.03-0.2 M of 

urea, 0.01-1 mM of fatty acids, 1-10 % (v/v) of ethanol). Sample without a cofactor was 

pre-incubated at 37 °C for three minutes, then, reaction was started by addition of NAD+. The 

absorbance of reaction mixture at 340 nm was recorded for two minutes at 37 ºC using a 

spectrophotometer (Eppendorf Biospectrometer Kinetics). For calculation of initial velocities, 

the molar extinction coefficient of NADH (6,220 M-1 cm-1) was used. For evaluation of EDTA 

effect, 1.75 mg ml-1 of KduD was incubated in 100 mM potassium-phosphate buffer pH 7.0 with 

100 mM of EDTA at 4° C for three and a half hours. Afterwards, enzyme’s activity was 

measured as described above. 

2.2.13 Kinetic assays 

Oxidation of D-gluconate and 1,2-propanediol and reduction of 5-keto-D-gluconate and NAD+ 

were measured at 37 ºC at 340 nm with a spectrophotometer for at least three minutes. For 

calculation of initial rates the molar extinction coefficient of NADH (6,220 M-1 cm-1) was used. 

For reduction reactions 100 mM potassium phosphate buffer pH 7.0, 0.25 mM NADH and 

0.02 mg ml-1 of purified enzyme were used. A typical oxidation reaction mixture was composed 

of 100 mM glycine-NaOH buffer pH 9.5, 1 mM NAD+ and 0.02 mg ml-1 of the purified enzyme. 
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Kinetic parameters were obtained from initial-rate data measured at several constant levels of 

substrate: D-gluconate (10-450 mM), 1,2-propanediol (0.45-6.7 M), and 5-keto-D-gluconate 

(10-100 mM). Kinetic parameters for reduction of NAD+ were obtained at five constant levels of 

NAD+ (0.1-10 mM) in the presence of 100 mM of D-gluconate. 

Reduction of 11-DOC and RSS and oxidation of NADH were measured at 37 ºC. The reduction 

reaction contained 100 mM potassium phosphate buffer pH 7.0, 0.6 mM NADH and 

0.02 mg ml-1 of purified enzyme. The reactions were always started by addition of enzyme to the 

pre-heated reaction mixture. Reactions were stopped by heating the samples at 99 ºC for two 

minutes, followed by rapid cooling to 4 ºC and addition of equal volume of chloroform for 

extraction of steroids as described above (2.2.3). Initial-rate data was obtained by measuring the 

amount of product produced after one, two, six and eight minutes of reaction time using HPLC 

as described above (2.2.4). The data was obtained at several constant levels of substrate: 

11-DOC (0.01-0.8 mM) and RSS (0.01-0.5 mM). The data for oxidation of NADH was obtained 

at eight constant levels of NADH (0.02-4.8 mM) in the presence of 0.4 mM of 11-DOC.  

The kinetic data was analyzed with GraphPad Prism 6 using Michaelis-Menten equation, 

(v=vmax*[S]/(KM+[S]), where v is a reaction velocity, vmax – maximal velocity of reaction at 

saturating substrate concentrations, KM – Michaelis-Menten constant, and [S] concentration of 

the substrate. The turnover value (kcat expressed in min-1) for 6xHis-KduD was calculated on the 

basis of a molecular mass of 28 kDa using the following equation kcat=vmax/[E]0, where [E]0 is 

the enzyme concentration. 

2.2.14 Construction of pAT002, pAT004, pMATE-AT001 and pMATE-AT002 plasmids 

DNA fragment encoding N-terminally 6xHis-tagged KduD oxidoreductase was amplified by 

PCR with a Phusion high-fidelity DNA polymerase from pET-11d-His-KduD plasmid with 

primers AT025 and AT029 containing XbaI and BglII restriction endonuclease cleavage sites, 

respectively (Table 2.1). The amplified DNA fragment was digested with XbaI and BglII 

restriction endonucleases and cloned into XbaI/BglII-digested pET-SH3-SDH08 plasmid 

backbone using T4 DNA ligase. The correct DNA sequence of the resulting plasmid pAT002, 

encoding FP protein, was confirmed by DNA sequence analysis. 

The deletion of DNA fragment encoding a β1-domain of AIDA-I autotransporter was introduced 

in pAT002 plasmid using In-Fusion cloning. Briefly, a DNA fragment was amplified by PCR 



59 

 

with the Phusion high-fidelity DNA polymerase from the pAT002 plasmid using the pair of 

primers AT030 and AT031 (Table 2.1). The amplified DNA fragment (~7.5 kb) was 

self-circulated using In-Fusion HD EcoDry cloning kit and a protocol provided by the 

manufacturer. The correct DNA sequence of the constructed plasmid pAT004, encoding FPΔβ1 

fusion protein, was confirmed by DNA sequence analysis. 

The DNA fragment encoding KduD oxidoreductase was amplified by PCR with the Phusion 

high-fidelity DNA polymerase from the pET-11d-kduD plasmid and the pair of primers AT020 

and AT021 (Table 2.1). The backbone of pMT005 plasmid encoding CtxB signal peptide, the 

linker region and the β-barrel of EhaA autotransporter (Wells et al. 2008) (codon-optimized for 

expression in an E. coli host), was amplified by PCR with the Phusion high-fidelity DNA 

polymerase and the pair of primers AT018 and AT019 (Table 2.1). Two PCR fragments were 

combined to form a plasmid using In-Fusion HD EcoDry cloning kit. The resulting plasmid 

pMATE-AT001, coding for FP1 protein, was subjected to DNA sequence analysis and was 

confirmed to contain a correct DNA sequence. 

For construction of pMATE-AT002 plasmid, the backbone of the pMATE-AT001 plasmid was 

amplified by PCR with the Phusion high-fidelity DNA polymerase and the pair of primers 

AT027 and AT028 (Table 2.1). The amplified DNA fragment (~6.4 kb) was self-circulated 

using In-Fusion HD EcoDry cloning kit and a protocol provided by the manufacturer. The 

correct DNA sequence of the constructed plasmid pMATE-AT002, encoding FP2 fusion protein, 

was confirmed by DNA sequence analysis. 

2.2.15 Whole-cell activity assays with E. coli cells expressing FP, FPΔβ1, FP1 and FP2 

The recombinant E. coli strains carrying the plasmid pAT002, pAT004, pMATE-AT001 or 

pMATE-AT002 encoding FP, FPΔβ1, FP1 or FP2 fusion protein, respectively, were cultured 

routinely at 37 ºC in LB medium supplemented with 30 µg ml-1 of kanamycin or 50 µg ml-1 of 

carbenicillin (2.1.8). Cells were grown until optical density OD578 of 0.5-0.6 was reached. The 

protein expression was induced by adding IPTG to a final concentration of 1 mM and cells were 

cultured at 30 ºC for up to three hours or at 25 ºC for 20 hours. The E. coli BL21 and 

BL21 (DE3) strains carrying the expression plasmid were cultured at 37 ºC in M9 medium 

supplemented with 30 µg ml-1 of kanamycin or 50 µg ml-1 of carbenicillin (2.1.8). Cells were 

grown until optical density OD578 of 0.5-0.6 was reached. The protein expression was induced by 
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adding IPTG to a final concentration of 1 mM and cells were cultured at 30 ºC for another 

16 hours. 

For the whole-cell steroid transformation assays, E. coli cells were harvested by centrifugation 

(5 min, 3,850 g, 4 ºC), washed two times with 100 mM potassium phosphate buffer pH 7.0, and 

resuspended in the same buffer to the final optical density OD578=1, 10, 20 or 25. After addition 

of steroid substrate (11-DOC or RSS) and NADH to the final concentration of 0.4 mM and 

0.6 mM, respectively, cells were incubated at 37 ºC for two or 16 hours. Then, steroids were 

extracted with chloroform and analyzed by HPLC as described above (2.2.4). 

When D-gluconate substrate was used in the whole-cell activity assays, harvested E. coli cells 

were washed twice with 100 mM glycine-NaOH buffer pH 9.3 and resuspended in the same 

buffer to the final optical density OD578=20. After addition of D-gluconate and NAD+ to the final 

concentration of 200 mM and 1 mM, respectively, cells were incubated at 37 ºC for 0, 15, 30, 45 

and 60 min. At each time point cells were removed by centrifugation (3 min, 8,000 g, 4 ºC) and 

the absorbance of supernatants was measured at 340 nm using spectrophotometer. 

2.2.16 Preparation of membrane protein fraction 

The recombinant E. coli strains carrying the plasmid pAT002, pAT004, pMATE-AT001 or 

pMATE-AT002 encoding FP, FPΔβ1, FP1 or FP2 fusion protein, respectively, were cultured 

routinely at 37 ºC in LB medium supplemented with 30 µg ml-1 of kanamycin or 50 µg ml-1 of 

carbenicillin (2.1.8) and with 10 mM β-ME and 10 µM EDTA or without these additives. Cells 

were grown until optical density OD578 of 0.5-0.6 was reached. The protein expression was 

induced by adding IPTG to a final concentration of 1 mM and cells were cultured at 30 ºC for up 

to three hours or at 25 ºC for 20 hours. 

Cells were harvested by centrifugation (10 min, 3,850 g, 4 ºC, from 40 ml of cell culture), 

washed twice with 0.2 M Tris-HCl, pH 8.0, and subjected to rapid outer membrane protein 

isolation as described by Hantke (1981), except for few modifications. Briefly, cells were kept 

on ice and resuspended in 0.5 ml 0.2 M Tris-HCl pH 8.0. The following solutions were added in 

sequence and gently mixed with the cells: 1 ml 0.2 M Tris-HCl pH 8.0; 0.1 ml 1 M sucrose; 

0.1 ml 10 mM EDTA pH 8.0; 0.1 ml 10 mg ml-1 lysozyme; 3.2 ml H2O. The cells were kept 

10 min at room temperature to allow the formation of spheroplasts. Then, the following solutions 
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were added in sequence: 50 µl 100 mM PMSF, 10 µl 10 mg ml-1 aprotinin; 5 ml extraction 

buffer (2 % Triton X-100, 10 mM MgCl2, 50 mM Tris-HCl pH 8.0) and 100 µl 1 mg ml-1 

DNase I. The solution was mixed thoroughly and kept for 20-30 min on ice until it was no longer 

viscous. Then, the solution was centrifuged (5 min, 3,120 g, +4 ºC) to remove intact cells and 

large debris. The clarified bacterial lysate was centrifuged (10 min, 38,700 g, +4 ºC) and the 

supernatant containing soluble proteins was discarded. The resulting protein pellets were 

resuspended in 10 ml of water and centrifuged as above (10 min, 38,700 g, +4 ºC). This washing 

step was repeated, then, pellets were resuspended in 1 ml of H2O, transferred to an Eppendorf 

tube and centrifuged again (10 min, 15,000 g, +4 ºC). The protein pellet was resuspended in 

water (5-50 µl), mixed with an equal volume of 2x protein electrophoresis sample buffer, boiled 

for 15 min, and analyzed on 10 % polyacrylamide gels by SDS-PAGE. Proteins were stained 

with Coomassie brilliant blue R250 or analyzed by immunoblot analysis as described below 

(2.2.18). 

2.2.17 Protease assays 

2.2.17.1 Proteinase K assay 

E. coli cells were cultures as described above (2.2.16). Cells were harvested by centrifugation 

(10 min, 3,850 g, 4 ºC, from 40 ml of cell culture), washed twice with 0.2 M Tris-HCl, pH 8.0, 

and resuspended in 1 ml Tris-HCl pH 8.0 buffer. After addition of proteinase K to a final 

concentration of 0.0625 mg ml-1, cells were incubated at 37 ºC for one hour. In order to stop the 

reaction, cells were transferred on ice, 5 ml of 0.2 M Tris-HCl pH 8.0 with 10 % fetal calf 

serum (FCS) were added, cells were pelleted by centrifugation (5 min, 3,850 g, 4 ºC) and washed 

three times with 0.2 M Tris-HCl pH 8.0, then, subjected to the membrane protein isolation as 

described above (2.2.16). 

2.2.17.2 IgA1 protease assay 

The recombinant E. coli JK321 (DE3) cells carrying the plasmid pAT002, encoding FP, were 

grown at 37 ºC in M9Cas medium supplemented with 30 µg ml-1 of kanamycin and 50 µg ml-1 of 

carbenicillin. The E. coli JK321 (DE3) cells without a plasmid were grown in M9Cas medium 

supplemented with 30 µg ml-1 of kanamycin under the same conditions. Cells were grown until 

optical density OD578 of 0.5-0.6 was reached. The protein expression was induced by adding 

IPTG to a final concentration of 1 mM and cells were cultured at 30 ºC for up to three hours. 
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Cells were harvested by centrifugation (10 min, 3,850 g, 4 ºC), washed twice with an IgA1 

protease reaction buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA) and 

resuspended in the same buffer to the final optical density OD578=20. After addition of IgA1 

protease to a final concentration of 0.01 µg µl-1 or 0.05 µg µl-1 (total sample volume 50 µl), cells 

were incubated for 60 hours at 20 ºC with a gentle shaking. Afterwards, samples were 

centrifuged (5 min, 10,000 g, +4 ºC), supernatants were transferred to new Eppendorf tubes, and 

cell pellets were resuspended in the 50 µl of the same buffer as above. Samples of supernatants 

and cell pellets were mixed with an equal volume of 2x protein electrophoresis sample buffer, 

boiled for 20 min, and analyzed on 10 % polyacrylamide gels by SDS-PAGE. Proteins were 

stained with Coomassie brilliant blue R250 or analyzed by immunoblot analysis as described 

below (2.2.18). 

2.2.18 Immunoblot analysis 

For immunoblot analysis, proteins separated on SDS-PAGE gels were transferred on 

polyvinylidene fluoride (PVDF) membranes using standard electroblotting technique. 

Afterwards, the membranes were blocked in TBS buffer (25 mM Tris-base pH 7.4, 

140 mM NaCl, 2.7 mM KCl) with 0.1 % Tween 20 and 5 % milk powder for an hour at room 

temperature, followed by washing step in TBS buffer for five minutes. For immune detection, 

membranes were incubated overnight at +4 ºC with the primary anti-PEYFK mouse monoclonal 

antibody diluted 1:50 in TBS buffer with 0.1 % Tween 20 and 3 % BSA. Then, membranes were 

rinsed three times in TBS buffer with 0.1 % Tween 20 and 3 % BSA. Afterwards, membranes 

were incubated for two hours at room temperature with a secondary antibody, goat anti-mouse 

IgG (H+L) conjugated with alkaline phosphatase, diluted 1:5000 in TBS buffer with 

0.1 % Tween 20 and 3 % BSA. Then, membranes were rinsed once in TBS buffer with 

0.1 % Tween 20 and twice in TBS buffer. Antigen-antibody conjugates were visualized by a 

color reaction with BCIP/NBT reagent. 

A slightly different protocol was used for detection of anti-6xHis-tag. Briefly, the membranes 

were blocked in TBS buffer with 5 % milk powder for an hour at room temperature. For immune 

detection, membranes were incubated overnight at +4 ºC with the primary anti-6xHis mouse 

monoclonal antibody diluted 1:1500 in TBS buffer. Then, membranes were rinsed three times in 

TBS buffer with 0.1 % Tween 20. Afterwards, membranes were incubated for two hours at room 
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temperature with a secondary antibody, rabbit anti-mouse IgG (H+L) conjugated with a 

horseradish peroxidase (HRP), diluted 1:5000 in TBS buffer. Then, membranes were rinsed once 

in TBS buffer with 0.1 % Tween 20 and twice in TBS buffer. Afterwards, the membranes were 

treated with Luminol reagent and the antigen-antibody conjugates were detected with 

chemiluminescence imaging system (Intas). When the secondary antibody, goat anti-mouse IgG 

(H+L) conjugated with alkaline phosphatase (diluted 1:5000 in TBS buffer) was used, the 

antigen-antibody conjugates were visualized by a color reaction with BCIP/NBT reagent. 

2.2.19 LC-MS analysis of steroid conversions 

The steroid conversions were analyzed using micrOTOF-Q-II (Bruker Daltonics) coupled to 

Ultimate 3000 RS Dionex LC system (Dionex Softron). 

2.2.20 DNA sequence analysis 

The DNA sequences of the new plasmids, constructed in this study, were verified by SeqLab 

(Göttingen, Germany) and BMFZ (Biological-Medical Research Center, 

Heinrich-Heine University, Düsseldorf) using Sanger DNA sequencing method. 

2.2.21 Other basic methods 

DNA electrophoresis 

DNA samples were mixed with a 6x DNA loading dye and separated in 1 % TAE agarose gels in 

1xTAE electrophoresis buffer applying the voltage of 10 V/cm. Separated DNA was stained with 

1x GelGreen dye solution and was visualized with gel documentation system (Intas). 

Protein SDS-PAGE 

Protein samples were mixed with an equal volume of 2x protein electrophoresis sample buffer, 

boiled for 5-20 min, and ran on 10 % or 12.5 % polyacrylamide gels in 1x SDS-running buffer 

applying voltage of 120 V. Proteins were stained with Coomassie brilliant blue R250 solution for 

up to one hour, then, gels were destained with 10 % acetic acid solution. 

Polymerase-chain reaction (PCR) 

The standard PCR mixture with Phusion DNA polymerase contained: 1x Phusion HF buffer, 

0.2 mM dNTP mix, 0.5 µM forward primer, 0.5 µM reverse primer, template DNA (0.02 ng/µl 
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plasmid DNA or 2 ng µl-1 genomic DNA), 0.02 u µl-1 Phusion DNA polymerase. The standard 

thermocycling conditions were as follows: 98 ºC 30 s, [98 ºC 10 s, TA 15 s, 72 ºC 

20 s/1 kilobase]25 cycles, 72 ºC 10 min, where TA stands for a primer annealing temperature. 

The standard PCR mixture with KOD DNA polymerase contained: 1x KOD DNA polymerase 

buffer, 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.5 µM forward primer, 0.5 µM reverse primer, 

template DNA (0.02 ng µl-1 plasmid DNA or 2 ng µl-1 genomic DNA), 0.02 u µl-1 KOD DNA 

polymerase. The standard thermocycling conditions were as follows: 95 ºC 5 min, [95 ºC 30 s, 

TA 30 s, 72 ºC 1 min/1 kilobase]30 cycles, 72 ºC 5 min, where TA stands for a primer annealing 

temperature. 

A colony PCR was used routinely to screen for the recombinant E. coli clones containing the 

correctly cloned plasmid. A typical colony PCR mixture contained in 20 µl: 1x Taq DNA 

polymerase buffer, 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.5 µM forward primer, 0.5 µM reverse 

primer, biomass from a single E. coli clone (as a source of a template plasmid DNA), 

0.025 u µl-1 Taq DNA polymerase. The standard thermocycling conditions were as follows: 

95 ºC 5 min, [95 ºC 30 s, TA 30 s, 72 ºC 1 min/1 kilobase]33 cycles, where TA stands for a primer 

annealing temperature. 

Purification of plasmids, genomic DNA and PCR products 

Plasmids were routinely purified from 5 ml of recombinant E. coli overnight cultures (grown in 

LB medium at 37 ºC for 16 hours under vigorous shaking) using QIAprep Spin Miniprep Kit 

(Qiagen) and the protocol provided by the manufacturer. Genomic DNA was purified from 5 ml 

of E. coli DH5α overnight cell culture using GeneJET Genomic DNA Purification kit (Thermo 

Fisher Scientific) and the protocol provided by the manufacturer. 

QIAquick PCR purification kit (Qiagen) and QIAquick gel extraction kit (Qiagen) were used 

routinely to purify PCR products from the PCR mixtures and DNA fragments separated in 

agarose gels, respectively. 

DNA ligation reaction and In-Fusion cloning 

The typical ligation reaction mixture contained in 20 µl: 1x T4 DNA ligase buffer, 70 ng of 

purified DNA vector fragment, insert DNA fragment (3:1 molar ratio over vector fragment), 1 u 
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of T4 DNA ligase. The reaction mixture was incubated at room temperature (~22 ºC) for up to 

one hour. Then, up to 5 µl of reaction mixture were used for transformation of chemically 

competent E. coli cells. 

In-Fusion cloning was performed using In-Fusion HD EcoDry cloning kit and protocol provided 

by the manufacturer. 

DNA digestion with restriction endonucleases 

The standard reaction with FastDigest restriction endonucleases contained in 50 µl: 

1x FastDigest green buffer, DNA (2.5 µg of plasmid or 0.33 µg of purified PCR product) and 

2.5 u of FastDigest restriction endonuclease. The reaction was performed at 37 ºC for up to 25 

minutes. 

The standard reaction with conventional restriction endonucleases contained in 50 µl: 

1x NEBuffer 4, 1 µg of DNA and 10 u of conventional restriction endonuclease. The reaction 

was performed at 37 ºC for one hour. 

Preparation of competent E. coli cells 

Preparation of chemically competent cells 

E. coli cells were grown in LB medium overnight at 37 ºC with vigorous shaking. The 0.4 ml of 

overnight cell culture were transferred to 40 ml of fresh LB medium supplemented with 0.8 ml 

of Mg2+-solution and cells were cultivated until an optical density of OD578=0.5-0.8 was reached. 

Then, cells were transferred on ice and all following steps were performed at +4 ºC, using chilled 

solutions. Cells were harvested by centrifugation (5 min, 3,850 g, 4 ºC) and resuspended in 4 ml 

of TMF buffer. After addition of 1 ml of glycerol, cells were aliquoted and frozen using dry ice 

and ethanol bath. Cells were stored at -80 ºC. 

Preparation of electrocompetent cells 

E. coli cells were grown in 25 ml of LB medium overnight at 37 ºC with vigorous shaking. The 

25 ml of overnight cell culture were transferred to 500 ml of 2x YT medium and cells were 

cultivated at 37 ºC until an optical density OD578=0.35 was reached. Cells were stored on ice for 

20 minutes and all following steps were performed at +4º using chilled solutions. Cells were 
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harvested by centrifugation (1,000 g, 15 min, 4 ºC), resuspended in 100 ml of sterile cold water 

and centrifuged again (1,000 g, 20 min, 4 ºC). Afterwards, cells were resuspended in 100 ml of 

10 % glycerol solution and centrifuged as above. Then, cells were resuspended in 10 ml of 10 % 

glycerol solution and centrifuged as above. After final centrifugation step, cells were 

resuspended in 1 ml of 10 % glycerol solution and were aliquoted and frozen using dry ice and 

ethanol bath. Cells were stored at -80 ºC. 

Transformation of E. coli cells 

Protocol for chemically competent cells 

Transformation of commercial chemically competent E. coli cells (Top10, Stellar) was 

performed according to the protocols provided by the manufacturer. 

The aliquot of chemically competent E. coli cells (100 µl) was thawn on ice, then, 50-100 ng of 

plasmid DNA (0.5-2 µl) or ligation mixture (up to 5 µl) were added and cells were incubated on 

ice for 15 min. Afterwards, cells were transferred to 42 ºC heating block for 90 seconds, then, 

kept on ice for up to 60 seconds. Afterwards, 900 µl of LB medium were added and cells were 

incubated at 37 ºC for one hour under vigorous shaking. The 100 µl of cell suspension were 

spread on LB agar plate containing appropriate selection antibiotic and plates were incubated at 

37 ºC overnight. 

Protocol for electrocompetent cells 

Transformation of commercial electrocompetent E. coli cells (BL21 ClearColi (DE3)) was 

performed according to the protocol provided by the manufacturer. 

The aliquot of electrocompetent E. coli cells (50 µl) was thawn on ice, then, 1 ng of plasmid 

DNA (0.5-1 µl) was added and cells were transferred to cooled electroporation cuvette (0.1 cm 

gap between electrodes). The cuvette was transferred to the electroporator and was pulsed at 

1800 V for several milliseconds (4-6 ms). Afterwards, 450 µl of warm SOC medium (37 ºC) 

were added, cells were mixed gently by pipetting up and down and were transferred to the 

eppendorf tube and incubated for one hour at 37 ºC under vigorous shaking. Afterwards, 100 µl 

of diluted cells (10-1000x in LB medium) were spread on LB agar plates containing appropriate 

antibiotic. Plates were incubated at 37 ºC overnight. 
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Storage of recombinant E. coli strains 

The recombinant E. coli cells were cultured in LB medium for 16 hours at 37 ºC under vigorous 

shaking. Cells were harvested from 5 ml of overnight culture by centrifugation (5 min, 3,850 g, 

4 ºC) and resuspended in 1 ml of PPM medium. Cells were transferred to sterile cryovials filled 

with glass beads and were frozen using dry ice and ethanol bath. Recombinant E. coli strains 

were stored at -80 ºC. 
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3 Results 

3.1 Identification of 11-deoxycorticosterone reductase in Escherichia coli  

3.1.1 A bioinformatics approach 

The reaction catalyzed by an unidentified reductase from Escherichia coli DH5α, 11-DOC 

reduction into 4-pregnen-20,21-diol-3-one (Hannemann et al. 2007), was previously shown to be 

also performed by two hydroxysteroid dehydrogenases isolated from other organisms, 

3α,20β-hydroxysteroid dehydrogenase (20β-HSD) from microorganism Streptomyces 

hydrogenans (Allner and Eggstein 1976) and 20α-hydroxysteroid dehydrogenase (20α-HSD) 

from mammal Mus musculus (Hershkovitz et al. 2007). The protein sequences of these enzymes 

were used to search for homologous enzymes in the proteome database of E. coli. The genome 

sequence of E. coli DH5α, which is a derivative of E. coli K-12, is not available. Therefore, the 

search was performed against the proteome database of closely related E. coli K-12 strain 

derivative DH10B using the resources (HAMAP) of the Swiss Institute of Bioinformatics (SIB) 

and the BLAST network service (Altschul et al. 1997, Pedruzzi et al. 2013). In addition, the 

search was conducted against a proteome database of E. coli B strain derivative BL21(DE3) 

which was found to be incapable of converting 11-DOC into the 4-pregnen-20,21-diol-3-one 

(Fig. 3.1). 

In the proteome of E. coli DH10B in total eight aldo-keto reductases (AKRs) were found that 

share significant but low protein amino acid sequence identity (22-34 %) with 20α-HSD from 

M. musculus (Table 3.1). Seven out of these eight E. coli DH10B AKRs were found to be 

conserved in E. coli BL21 (DE3), sharing 99-100 % amino acid sequence identity with the 

respective homologous AKR in E. coli BL21 (DE3). One out of the eight AKRs of 

E. coli DH10B had no homolog in E. coli BL21 (DE3). (UniProt accession no. B1XDB9, 

Table 3.1). 
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Fig. 3.1 Investigation of 11-DOC reduction with whole cells of E. coli DH5α and E. coli BL21 (DE3). Peaks 

depicted with an asterisk (*) represent natural bacterial compounds that were co-extracted and absorbed at 240 nm 

but had maximum absorbance at 220 and 270 nm, IS – internal standard (RSS), 11-DOC – 11-deoxycorticosterone 

(maximum absorbance at 240 nm), P – 4-pregnen-20,21-diol-3-one (maximum absorbance at 240 nm). E. coli DH5α 

and BL21 (DE3) cells were cultured in LB medium at 37 ºC for 16 h. Whole-cell biotransformations were 

performed with concentrated cell suspensions (OD600=10) in 100 mM potassium phosphate buffer pH 7.0 in 

presence of 0.4 mM of 11-DOC at 37 ºC for 18 hours. 

A BLAST search with the protein sequence of 20β-HSD from S. hydrogenans in the proteome of 

E. coli DH10B revealed in total 16 short-chain dehydrogenases/reductases (SDRs) that share 

significant but low amino acid sequence identity (25-40 %) with dehydrogenase from 

S. hydrogenans (Table 3.2). In comparison to the search results in the proteome of E. coli 

DH10B, in addition to these 16 conserved homologous enzymes (sequence identity 95-100 %) 

E. coli BL21 (DE3) also contained an additional putative dehydrogenase not present in E. coli 

DH10B (UniProt accession no. C6ECE0, Table 3.2). 
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Table 3.1 AKRs from E. coli DH10B and E. coli BL21 (DE3) that share protein sequence similarity with 20α-HSD from M. musculus (UniProt accession no. 

Q8K023). 

* - UniProt accession number, 

** - the expect value (E) shows the number of hits expected to be found by chance when searching a database of a particular size. 

 

 

 

 

 

 

 

 

Protein name 

DH10B  BL21(DE3) 

Accession No.* E-value** Identity with Q8K023 (%) 
 

Accession No.* E-value** Identity with Q8K023 (%) 
 

2,5-diketo-D-gluconate reductase A B1XFG4 7e-40 34  C6EHY2 9e-40 34 

2,5-diketo-D-gluconate reductase B B1XD71 7e-30 29  C6EA83 4e-30 29 

Predicted oxidoreductase B1XGP1 3e-18 26  C6EC48 3e-18 26 

Aldo-keto reductase B1XFF5 1e-07 23  C6EHZ1 1e-07 23 

Predicted oxidoreductase, NAD(P)-binding B1XF07 2e-07 22  C6ELG5 2e-07 22 

Predicted oxidoreductase B1XGN2 4e-06 22  C6ECI6 2e-06 23 

Predicted oxidoreductase, NAD(P)-binding B1XDB9 2e-05 24   -  -  - 

Predicted oxidoreductase B1XFV8 5e-05 28  C6EDJ8 5e-05 28 
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Table 3.2 SDRs from E. coli DH10B and E. coli BL21 (DE3) that share protein sequence similarity with 20β-HSD from S. hydrogenans (UniProt accession no. 

P19992). 

Protein name 

DH10B    BL21(DE3) 

Accession 

No.* 
E-value** 

Identity with 

P19992 (%) 
 

Accession 

No.* 
E-value** 

Identity with 

P19992 (%)   

3-oxoacyl-[acyl-carrier-protein] reductase B1XA03 5e-26 38 

 

C6EHC1 3e-26 38 

Predicted oxidoreductase with NAD(P)-binding Rossmann-fold domain B1X7M6 4e-20 34 

 

C6EAH4 5e-20 34 

Predicted oxidoredutase, sulfate metabolism protein B1XA97 4e-20 37 

 

C6EL51 1e-19 36 

Predicted NAD(P)-binding oxidoreductase with NAD(P) domain B1XEI9 2e-19 40 

 

C6EIK6 2e-19 40 

2-deoxy-D-gluconate 3-dehydrogenase B1XED6 3e-18 36 

 

C5W8E6*** 9e-11 36 

5-keto-D-gluconate-5-reductase B1XEP5 5e-18 32 

 

C6EC85 6e-18 32 

Predicted deoxygluconate dehydrogenase B1XDI5 7e-18 32 

 

C6EJ99 1e-18 32 

7-alpha-hydroxysteroid dehydrogenase, NAD-dependent B1XF84 1e-17 32 

 

C6EDM8 1e-17 32 

2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase B1X5Z3 3e-15 30 

 

C6EK98 1e-14 31 

L-allo-threonine dehydrogenase, NAD(P)-binding B1XEC6 4e-15 30 

 

C6EDU7 5e-15 30 

Sorbitol-6-phosphate dehydrogenase B1XCN2 7e-12 30 

 

C6EJS6 8e-12 30 

Predicted oxoacyl-(Acyl carrier protein) reductase B1XBM0 2e-11 25 

 

C6EFW6 2e-11 25 

Predicted glutathionylspermidine synthase, with NAD(P)-binding domain B1XFF7 3e-10 29 

 

C6EHY9 3e-10 29 

Predicted oxidoreductase with NAD(P)-binding Rossmann-fold domain B1XEM9 7e-09 29 

 

C6ECA1 1e-08 29 

3-phenylpropionate-dihydrodiol/cinnamic acid-dihydrodiol dehydrogenase B1XB16 5e-08 32 

 

C6EKG6 6e-08 32 

Predicted oxidoreductase with NAD(P)-binding Rossmann-fold domain B1XFT0 3e-07 29 

 

C5W0E9**** 4e-07 29 

Putative oxoacyl reductase  -  -  -   C6ECE0 2e-07 28 

* - UniProt accession number 

** - the expect value (E) shows the number of hits expected to be found by chance when searching a database of a particular size. 

*** - a protein in BL21 (DE3) has a C-terminal truncation of 55 amino acids in comparison to homolog (B1XED6) in DH10B 

**** - an additional truncated protein form is found in BL21 (DE3) (accession no. C6EKX1, 13 amino acid truncation in comparison to C5W0E9) 
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3.1.1.1 Investigation of steroid reductase activity of enzyme encoded by ydbC gene 

In order to investigate if a putative uncharacterized oxidoreductase, which was found to be 

present only in E. coli DH10B but not in BL21 (DE3) (Table 3.1, UniProt accession no. 

B1XDB9), could be responsible for 11-DOC conversion into 4-pregnen-20,21-diol-3-one, a gene 

encoding this enzyme (ydbC) was amplified from the genomic DNA of E. coli DH5α and cloned 

for expression in E. coli BL21 (DE3). The apparent MW of overexpressed recombinant YdbC 

oxidoreductase in the SDS-PAGE gel was found to be a few kDa lower than the expected 

theoretical MW of this enzyme (30.7 kDa) (Fig. 3.2). Analysis of protein sequence of YdbC with 

SignalP 4.1 tool (Petersen et al. 2011) revealed that YdbC does not contain any signal peptide. 

 

Fig. 3.2 SDS-PAGE of E. coli BL21 (DE3) whole cells overexpressing YdbC oxidoreductase of E. coli DH5α. 

BL21 (DE3): whole-cell protein extract from E. coli BL21 (DE3) without expression plasmid, ydbC: whole-cell 

protein extract from E. coli BL21 (DE3) cells transformed with pET-11d-ydbC plasmid encoding YdbC enzyme 

under control of T7 promoter. The protein expression was induced with IPTG (+) at 30 ºC for two hours or not 

induced (-). The theoretical molecular mass of the protein encoded by ydbC gene is 30.7 kDa. The protein band 

corresponding to YdbC oxidoreductase is depicted with an asterisk. 

The activity of YdbC against 11-DOC was tested in whole-cell 11-DOC biotransformation assay. 

When BL21 (DE3) cells overexpressing YdbC oxidoreductase were incubated with 11-DOC, the 

formation of 4-pregnen-20,21-diol-3-one was not detectable (Table 3.3). It was a strong 

indication that this enzyme is not responsible for 11-DOC reduction in E. coli DH5α. 
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Table 3.3 11-DOC conversion into 4-pregnen-20,21-diol-3-one with whole cells of E. coli. 

E. coli strain 
Substrate conversion* 

(%) 

DH5α 78.4 

BL21 (DE3) 0 

BL21 (DE3)/pET-11d-ydbC (-IPTG) 0 

BL21 (DE3)/pET-11d-ydbC (+IPTG)** 0 

* - Conversion of 11-DOC into 4-pregnen-20,21-diol-3-one was calculated based on the areas under the substrate 

and product peaks in the HPLC chromatograms. The mean value of two experiments is shown. Whole-cell 

biotransformations were performed with concentrated cell suspensions (OD600=10) in LB medium in the presence of 

1.5 mM 11-DOC at 30 ºC for 20 hours. ** - the expression of YdbC oxidoreductase was induced with IPTG at 30 ºC 

for two hours. 

3.1.2 Partial purification of enzyme from E. coli DH5α 

The identification of 20-ketosteroid reductase in E. coli DH5α using bioinformatics approach 

was not successful. Thus, an attempt to purify the enzyme from E. coli DH5α has been 

undertaken. The purification of native 11-DOC reductase from E. coli DH5α was performed 

using traditional protein purification techniques. Active protein fractions were identified by 

monitoring 11-DOC reduction into 4-pregnen-20,21-diol-3-one using HPLC-based assay. 

3.1.2.1 Ammonium sulfate precipitation step 

Crude extract of soluble proteins of E. coli DH5α were fractionated using ammonium sulfate 

precipitation. The highest 11-DOC reductase activity was observed in 40-60 % saturated 

ammonium sulfate fraction (Fig. 3.3). 
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Fig. 3.3 Steroid reductase activity in ammonium sulfate fractions of soluble DH5α cytosolic extract. Protein 

fractions were incubated in 100 mM potassium phosphate buffer (pH 7.0) with 1 mM of 11-DOC and 

0.4 mM NADH for six hours at 30 ºC. The amount of formed product (4-pregnen-20,21-diol-3-one) was quantified 

using HPLC assay. The 11-DOC reductase activity was expressed as µmol of product formed by one milligram of 

protein per one hour. 

3.1.2.2 Column chromatography steps  

The 40-60 % ammonium sulfate precipitation fraction was subjected to four column 

chromatography steps: strong anion-exchange (Fig. 3.4), affinity (Fig. 3.5), strong 

cation-exchange (Fig. 3.6) and size-exclusion (Fig. 3.7). 
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Protein fraction [1-18] [19-24] [25-28] [29-34] [35-60] 

Activity (µmol h-1 mg-1) 0 21.6 36.5 1.9 0 

 

Fig. 3.4 FPLC profile of Q-sepharose chromatography step and 11-DOC reductase activity of protein fractions. 

Absorbance at 280 nm (blue curve), conductivity (brown curve), and gradient of buffer B (green curve) are shown; 

protein injection is marked with an arrow, and collected protein fractions are shown in red. Steroid reductase activity 

of collected fractions was measured in 100 mM potassium phosphate buffer (pH 7.0) in the presence of 

0.4 mM NADH and 1 mM 11-DOC at 30 ºC for 20 hours. The amount of formed product 

(4-pregnen-20,21-diol-3-one) was quantified using HPLC assay. The 11-DOC reductase activity was expressed as 

µmol of product formed by one milligram of protein per one hour. Protein fractions with the highest 11-DOC 

reductase activity (19-28) were subjected to the Blue sepharose step (Fig. 3.5). 
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Protein fraction 
Flowthrough 

(injection ) 

Flowthrough 

(wash) 
[1-6] [7-12] [13-18] [19-24] [25-30] 

Activity 

(µmol h-1 mg-1) 
36.0 38.0 29.2 29.6 16.7 6.3 6.0 

 

Fig. 3.5 FPLC profile of Blue sepharose chromatography step and 11-DOC reductase activity of protein fractions. 

Absorbance at 280 nm (blue curve) and gradient of buffer D (green curve) are shown; protein injection is marked 

with an arrow, and collected protein fractions are shown in red. Steroid reductase activity of collected fractions was 

measured in 100 mM potassium phosphate buffer (pH 7.0) in the presence of 0.4 mM NADH and 1 mM 11-DOC at 

30 ºC for 24 hours. The amount of formed product (4-pregnen-20,21-diol-3-one) was quantified using HPLC assay. 

The 11-DOC reductase activity was expressed as µmol of product formed by one milligram of protein per one hour. 

An unbound protein fraction and protein fractions comprising 1-12, which had the highest steroid reductase activity, 

were subjected to the Poros sepharose step (Fig. 3.6). 
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Protein fraction 
Flowthrough 

(injection ) 

Flowthrough 

(wash) 
[1-62] 

Activity 

(µmol h-1 mg-1) 
29.4 58.5 0 

 

Fig. 3.6 FPLC profile of Poros sepharose chromatography step and 11-DOC reductase activity of protein fractions. 

Absorbance at 280 nm (blue curve), conductivity (brown curve), and gradient of buffer F (green curve) are shown; 

protein injection is marked with an arrow, and collected protein fractions are shown in red. Steroid reductase activity 

of collected fractions was measured in 100 mM potassium phosphate buffer (pH 7.0) in the presence of 

0.4 mM NADH and 1 mM 11-DOC at 30 ºC for 18 hours. The amount of formed product 

(4-pregnen-20,21-diol-3-one) was quantified using HPLC assay. The 11-DOC reductase activity was expressed as 

µmol of product formed by one milligram of protein per one hour. The highest steroid reductase activity was found 

in an unbound protein fraction. This fraction was subjected to the Superdex 200 sepharose step (Fig. 3.7). 
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Protein fraction [1-32] [33] [34] [35] [36] [37] [38-42] 

Activity, µmol h-1 mg-1 0 8.3 101.5 144.8 200.0 137.6 37.3 

 

Fig. 3.7 FPLC profile of size-exclusion chromatography step and 11-DOC reductase activity of protein fractions. 

Absorbance at 280 nm (blue curve) is shown; protein injection is marked with an arrow, and collected protein 

fractions are shown in red. Steroid reductase activity of collected fractions was measured same as described in the 

caption of Fig. 3.6. The 11-DOC reductase activity was expressed as µmol of product (4-pregnen-20,21-diol-3-one) 

formed by one milligram of protein per one hour. The highest steroid reductase activity was found in fraction 36. 

After ammonium sulfate precipitation and four column chromatography steps, 11-DOC 

reductase activity was increased by only 9.9-fold from the cytosolic protein fraction of E. coli 

DH5α (Table 3.4). Only low fold purification was achieved because the enzyme did not interact 

with the two of the four protein chromatography columns that were used in this work (Fig. 3.5, 

Fig. 3.6). 
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Table 3.4 Summary of purification of 11-DOC reductase from E. coli DH5α. 

Purification step 

 

Total 

protein 

(mg) 

Total activity 

(10-3 U) 

Specific activity* 

(10-3U mg-1) 

Yield 

(%) 

Purification 

(fold) 

Crude extract 669.6 310.8 0.46 100.0 1.0 

Ammonium sulfate 376.1 253.2 0.67 81.5 1.5 

Q-Sepharose 91.6 121.9 1.33 39.2 2.9 

Blue Sepharose 49.2 69.0 1.40 22.2 3.0 

Poros Sepharose 9.0 24.2 2.69 7.8 5.8 

Superdex 200 0.4 2.0 4.61 0.6 9.9 

* - One unit (U) of enzyme activity was defined as the amount of enzyme catalyzing the reduction of 1 μmol of 

11-DOC per minute under the assay conditions. Steroid reductase activity was measured in 100 mM potassium 

phosphate buffer (pH 7.0) in the presence of 0.4 mM NADH and 0.4 mM 11-DOC at 37 ºC for two hours. The 

amount of formed product (4-pregnen-20,21-diol-3-one) was quantified using HPLC assay. 

The steroid reductase activity in crude protein extracts could only be detected in the presence of 

NADH. No activity was detectable when NADH was replaced with NADPH (Fig. 3.8) and the 

activity of the enzyme was not decreased in the presence of 20 mM EDTA (Fig. 3.8). This 

provided strong evidence that the 11-DOC reductase from E. coli DH5α was a NADH-dependent 

enzyme that did not require divalent metal-ions for activity. 
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Fig. 3.8 Effect of NADH, NADPH and EDTA on 11-DOC reductase activity. The partially purified steroid 

reductase from E. coli DH5α (after the Poros sepharose chromatography step) was incubated for 24 hours at 30 ºC in 

100 mM potassium phosphate buffer (pH 7.0) in the presence of 0.4 mM 11-DOC steroid substrate. (a): without a 

cofactor; (b): with 0.4 mM NADPH; (c): with 0.4 mM NADH; and (d): with 0.4 mM NADH and 20 mM EDTA. 

The size-exclusion chromatography was performed with a calibrated Superdex 200 

chromatography column in order to determine the molecular weight of native E. coli 

DH5α steroid reductase. The steroid reductase activity was found in fractions corresponding to a 

molecular weight of 100 kDa (Fig. 3.9). 

 

Fig. 3.9 Determination of molecular weight of native E. coli DH5α steroid reductase by gel filtration with calibrated 

Superdex 200 chromatography column. 
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3.1.3 Identification of NADH-dependent oxidoreductases in partially purified enzyme 

sample 

Protein mass spectrometry was used to identify the proteins within the partially purified sample 

of the steroid reductase obtained after the final size exclusion chromatography step (Fig. 3.7, 

protein fraction 36). As the E. coli DH5α genome was unavailable, the mass spectrometry data 

was searched against the E. coli K-12 protein database. In total 59 E. coli proteins were 

identified from the sample (summary is provided in Table 3.5, a list of all proteins is provided in 

the supplemental material Table S1). 

Table 3.5 Proteins identified by mass spectrometry in partially purified 11-DOC reductase sample 

Number of proteins matched to Escherichia coli K-12: 59 

Enzymes:                                      51 Other proteins:                                 8 

Transferases                                 18 Elongation factors                            4 

Lyases                                          10 DNA repair proteins                         1 

Ligases                                           2 Chaperones                                       3 

Hydrolases                                     5  

Isomerases                                     7  

Oxidoreductases: 

           NADH-dependent               3 

           NADPH-dependent             4 

           Other                                   2 

 

 

Nine of these were putative oxidoreductases that could have been responsible for the steroid 

reductase activity. To determine which of these 59 sequences in this list encoded the steroid 

reductase, candidates for overexpression in E. coli were chosen. As described above it could be 

shown that the 11-DOC reductase was NADH dependent (Fig. 3.8). The list contained three 

putative NADH-dependent oxidoreductases, namely 7α-hydroxysteroid dehydrogenase (HdhA), 

D-mannonate oxidoreductase (UxuB) and 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase 

(KduD). Functional studies have been carried out on all of these enzymes before (Yoshimoto et 

al. 1991, Hickman and Ashwell 1960, Hantz 1970), however, none of these enzymes were 

described to use 11-DOC as a substrate. 
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3.1.3.1 Investigation of 11-DOC reductase activity of NADH-dependent oxidoreductases 

In order to test which of the three putative NADH-dependent oxidoreductases can reduce 

11-DOC, kduD, hdhA and uxuB genes were amplified from the genomic DNA of E. coli DH5α 

and cloned for expression in E. coli UT5600 (DE3) (Fig. 3.10). 

 

Fig. 3.10 SDS-PAGE of E. coli UT5600 (DE3) whole cells overexpressing putative NADH-dependent 

oxidoreductases from E. coli DH5α. UT5600 (DE3): whole-cell protein extract of UT5600 (DE3) without 

expression plasmid; kduD, hdhA and uxuB: whole-cell protein extract of UT5600 (DE3) transformed with 

expression plasmid encoding KduD (27 kDa), HdhA (26.8 kDa) or UxuB (53.6 kDa) oxidoreductases, respectively. 

The protein expression was induced with IPTG (+) or not induced (-). The protein bands corresponding to 

overexpressed putative oxidoreductases are depicted with asterisks. 

E. coli expressing KduD, HdhA and UxuB were subjected to the whole-cell 11-DOC reductase 

assay. Only E. coli cells expressing KduD converted 11-DOC. The product of this conversion 

had the same retention time during HPLC as the product obtained with the native cells of E. coli 

DH5α (Fig. 3.11). The cells of E. coli UT5600 (DE3) host strain itself did not convert 11-DOC 

into the product (Fig. 3.11). 



83 

 

 

Fig. 3.11 Whole cell 11-DOC reduction assays with E. coli overexpressing KduD, HdhA and UxuB, to determine 

which gene encoded the steroid reductase from E. coli DH5α. E. coli UT5600 (DE3) whole-cells overexpressing 

putative NADH-dependent oxidoreductases as well as E. coli DH5α and UT5600 (DE3) cells not carrying the 

expression plasmid were concentrated in LB medium to the final OD600=25. After addition of 11-DOC (0.4 mM), 

cells were incubated at 30 ºC for 14 hours. Products of the reaction were analyzed by HPLC. Peaks depicted with 

asterisk (*) represent natural bacterial compounds that were co-extracted and absorbed at 240 nm. 
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11-DOC transformation with E. coli DH5α cells in LB medium resulted in relatively high yield 

of 4-pregnen-20,21-diol-3-one (Fig. 3.11), in contrast to 11-DOC transformation with E. coli 

DH5α cells in 100 mM potassium phosphate buffer (pH 7.0) (Fig. 3.1). The observed higher 

conversion of 11-DOC in LB medium than in potassium phosphate buffer could be due to the 

more efficient intracellular generation of NADH in E. coli DH5α cells incubated in the medium 

containing carbon source (LB). However, other factors such as higher concentration of E. coli 

DH5α cells used in 11-DOC transformation assay (OD600=25 in Fig. 3.11 and OD600=10 in 

Fig. 3.1) as well as lower reaction temperature (30 ºC in Fig. 3.11 and 37  ºC in Fig. 3.1) might 

have influenced the overall yield of the product. 

3.2 Characterization of KduD oxidoreductase 

3.2.1 Purification of KduD and optimization of reaction conditions 

In order to characterize KduD oxidoreductase, an N-terminal 6xHis version of the enzyme was 

overexpressed in E. coli UT5600 (DE3). The recombinant enzyme (28 kDa) was purified using 

Ni-NTA affinity chromatography to a purity of more than 99 % (Fig. 3.12). 

  

Fig. 3.12 Denaturing SDS-PAGE of the purified recombinant KduD. M: protein molecular weight marker, 1: 

purified KduD (4.4 µg) with an N-terminal 6xHis tag. 

In total 21 mg of recombinant enzyme were purified from 0.72 g of wet recombinant E. coli 

biomass. A protein concentration of purified enzyme sample was 17.46 mg/ml, specific activity 

was determined to be - 0.0598 U/mg. 
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In order to select the reaction conditions for characterization of recombinant KduD, the effects of 

enzyme, substrate (11-DOC) and cofactor (NADH) concentrations on the amount of formed 

reaction product (4-pregnen-20,21-diol-3-one) were investigated. A linear relationship between 

the amount of formed product and the concentration of enzyme in the reaction mixture was 

observed with up to 0.0218 mg m1-l of KduD (Fig. 3.13a). In the range of 0.1-0.4 mM of 

11-DOC the increasing amount of product was formed, however, in the presence of high 

concentration of substrate, such as 1 mM of 11-DOC, an inhibition of KduD was observed 

(Fig. 3.13b). The saturation of product formation was achieved in the presence of 0.4 mM of 

NADH, but no inhibition of KduD was observed with up to 1.2 mM of NADH in the presence of 

0.4 mM of 11-DOC (Fig. 3.13c). 
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Fig. 3.13 Effect of reaction conditions on amount of produced 4-pregnen-20,21-diol-3-one with recombinant KduD. 

Effect of enzyme concentration (a): various amounts of KduD were incubated in 100 mM potassium phosphate 

buffer (pH 7.0) with 0.4 mM of 11-DOC and 0.4 mM of NADH for two hours at 37° C. The mean values ± SD of 

three experiments are shown. Effect of substrate concentration (b): KduD (0.02 mg ml-1) was incubated in 

100 mM potassium phosphate buffer (pH 7.0) with 0.4 mM of NADH and various amounts of 11-DOC: 

0.1 mM (Δ), 0.2 mM (□), 0.4 mM (◊) or 1 mM (○), for 90 minutes at 37° C. Effect of cofactor concentration (c): 

KduD (0.02 mg ml-1) was incubated in 100 mM potassium phosphate buffer (pH 7.0) with 0.4 mM of 11-DOC and 

various concentrations of NADH for 30 minutes at 37° C. Formed product was quantified using HPLC assay as 

described in Materials and Methods. 

3.2.2 Determination of the substrate spectrum 

The activity of purified KduD was tested against a total of 9 potential steroid substrates, 10 

potential sugar substrates, and 12 other non-steroidal compounds. All sugar and non-steroid 

substrates were tested by a continuous spectrophotometric assay for NADH oxidation (or NAD+ 

reduction) for 30 minutes at 37°C. Turnover of steroid substrates was tested using HPLC assays, 

after incubation for up to two hours at 37°C. In addition to 11-DOC, five other steroid 

compounds (11-deoxycortisol, cortisol, corticosterone, cortisone and 21-hydroxypregnenolone) 
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were reduced by KduD (Fig. 3.14). In contrast, the turnover of pregnenolone, testosterone 

propionate, cortisone acetate, or progesterone was not detectable. The molecular masses of the 

steroid substrates and the products formed by KduD were confirmed by LC-MS. The obtained 

molecular masses were found to match the expected theoretical masses of the steroid substrates 

(20-ketosteroids) and their respective reduced forms (20-hydroxysteroids). Hannemann et al. 

(2007) showed that E. coli 11-DOC reductase, which was identified as KduD in this work, is a 

regioselective enzyme which catalyzes the reduction of only C20 carbonyl group of 11-DOC 

producing respective 20-hydroxysteroid (4-pregnen-20,21-diol-3-one). Results of mass 

spectrometry and carbon-13 nuclear magnetic resonance (NMR) clearly indicated that carbonyl 

group at C3 position and the double bond at C4-C5 position of 11-DOC were not reduced by 

E. coli 11-DOC reductase (Hannemann et al. 2007). Thus, based on the previous findings of 

Hannemann et al. (2007), KduD should reduce its 20-ketosteroid substrates only at C20 position 

producing respective 20-hydroxysteroid products. 

11-deoxycortisol served as the best substrate for KduD, whereas conversion of cortisol, 11-DOC 

and 21-hydroxypregnenolone by KduD was about two and a half fold lower in comparison to 

11-deoxycortisol (Fig. 3.14). In contrast, the activity of KduD against corticosterone was 

relatively low (only 6.3 % substrate conversion in two hours, Fig. 3.14). Steroid compounds that 

lack C21 hydroxyl group next to C20 carbonyl group (pregnenolone and progesterone) were not 

reduced by KduD (Fig. 3.14). In addition, cortisone acetate, which has the C21 hydroxyl group 

blocked with an acetyl group, was also not converted by KduD (Fig. 3.14). 
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Fig. 3.14 Reduction of steroid substrates by KduD. The amount of the substrate (in %) that is converted into the 

product by the recombinant enzyme after two hours (* five hours) incubation time is shown below the structure of 

the steroid substrate. Substrate conversion was calculated based on the areas under the substrate and product peaks 

in the HPLC chromatograms. The reaction was performed in 100 mM potassium phosphate buffer (pH 7.0) with 

0.02 mg ml-1 KduD, 0.6 mM NADH and 0.4 mM of steroid substrate at 37 ºC for two hours (* five hours). 

It was found that KduD can also reduce 5-keto-D-gluconate (tested at the concentrations of 

88 mM) and oxidize D-gluconate and 1,2-propanediol (both tested at the concentration of 

100 mM) (Fig. 3.15). 
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Fig. 3.15 Novel polyol substrates of KduD. KduD catalyzed reduction of 5-keto-D-gluconate (a), oxidation of 

D-gluconate (b) and oxidation of 1,2-propanediol (c) was measured using spectrophotometric microplate assay. The 

presented data are means ± SD from three measurements. The following reactions are shown: with enzyme and 

without a substrate (♦), with enzyme and with substrate (□), with substrate and without an enzyme (Δ). Reduction 

reaction was performed at 37 ºC with 0.02 mg ml-1 of KduD in 100 mM potassium phosphate buffer (pH 7.0) in 

presence of 0.6 mM of NADH and 88 mM of 5-keto-D-gluconate (a); oxidation reactions were performed at 37 ºC 

with 0.02 mg ml-1 of KduD in 100 mM glycine-NaOH buffer (pH 9.3) in presence of 1 mM NAD+, and 100 mM 

D-gluconate (b) or 1,2-propanediol (c). 

KduD did not show any detectable reduction of the following compounds: pyruvate, glyoxal, 

oxaloacetic acid, dihydroxyacetone phosphate, 2-oxobutyrate, 3-bromopyruvic acid, 

acetylacetone, 3,4-hexanedione, 2,5-hexanedione, D-gluconate (tested at the concentration of 

0.4 mM), D-(-)-fructose and hydroxyacetone (tested at the concentrations of 0.4-100 mM), 
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2-hydroxyacetophenone (tested at the concentrations of 1-100 mM). KduD did not show any 

detectable oxidation of the following compounds: D-(+)-glucose, D-(-)-fructose, 

L-(+)-arabinose, D-mannitol, inositol, D-(+)-galactose, D-mannose, D-sorbitol, 

5-keto-D-gluconate and glycerol when tested at the concentration of 20 mM at 37 °C. 

3.2.2.1 Reduction of doxorubicin and doxorubicinone by KduD 

Recent high-throughput protein-protein interaction studies suggested that KduD from E. coli 

K-12 interacts with NuoG protein (NADH-quinone oxidoreductase subunit G) in vivo 

(Arifuzzaman 2006). NuoG is a component of a multisubunit respiratory electron transport 

complex I, which is found in bacteria, archaea, mitochondria of eukaryotes, and chloroplasts of 

plants (Friedrich and Scheide 2000). In addition, another recent study showed that NADH 

dehydrogenase component (consisting of subunits nuoE, nuoF and nuoG) of respiratory 

complex I is involved in inactivation of anticancer drug doxorubicin in Streptomyces WAC04685 

(Westman et al. 2012). The doxorubicin inactivation pathway described by Westman et al. 

(2012) involves reductive deglycosylation of doxorubicin into 7-deoxydoxorubicinolone and 

subsequent reduction of 7-deoxydoxorubicinolone to 7-deoxydoxorubicinol by unidentified 

cytoplasmic carbonyl reductase as illustrated in Fig. 3.16. 

Molecules of doxorubicin and 7-deoxydoxorubicinolone share a common structural feature with 

steroid substrates of KduD. Both molecules have a carbonyl group at C13 position (equivalent to 

C20 carbonyl group of KduD substrate 11-DOC) and hydroxyl group at adjacent C14 position 

(equivalent to hydroxyl group at C21 position of 11-DOC). As a result, doxorubicin, 

7-deoxydoxorubicinolone and related compounds were predicted to be substrates of KduD. 
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Fig. 3.16 Doxorubicin inactivation in Streptomyces WAC04685. Scheme was adapted from the publication of 

Westman et al. (2012). 

The activity of KduD against doxorubicin was investigated under the same conditions as for 

steroids. Incubation of doxorubicin with KduD resulted in formation of a very small amount of a 

new product (Fig. 3.17, RT=6.5 min). It was assumed that doxorubicin is not an optimal 

substrate for KduD because of the bulky carbohydrate moiety present at the C7 position of 

doxorubicin molecule. 
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Fig. 3.17 HPLC chromatograms of doxorubicin conversions with KduD. Dox standard: doxorubicin standard, 

Dox-KduD: doxorubicin incubated without KduD in 100 mM potassium phosphate buffer (pH 7.0) in presence of 

NADH, Dox+KduD: doxorubicin incubated with KduD in 100 mM potassium phosphate buffer (pH 7.0) in presence 

of NADH. All samples, except Dox standard, were incubated at 37 ºC for 16 hours. Reaction was performed in 

100 mM potassium phosphate buffer (pH 7.0) with 0.02 mg ml-1 KduD, 0.6 mM NADH and 0.4 mM of doxorubicin. 

P: new product, Dox: doxorubicin, *: unidentified compound resulting from spontaneous degradation of 

doxorubicin. 

In order to test the hypothesis that the carbohydrate moiety in doxorubicin prevents KduD from 

reducing this compound, the activity of KduD against a doxorubicinone, a deglycosylated 

derivative of doxorubicin, was tested. Doxorubicinone was produced by the mild acidic 

hydrolysis of doxorubicin. Under these conditions, only approximately 1/3 of doxorubicin was 

deglycosylated into doxorubicinone (Fig. 3.18, RT=18.2 min) and 2/3 were left intact in the 

sample (Fig. 3.18, RT=11.0 min). When partially hydrolyzed doxorubicin sample was incubated 

with KduD oxidoreductase in the presence of NADH, a complete reduction of doxorubicinone 

into the new product (Fig. 3.18, RT=9.8 min) was observed. In addition to that, formation of a 

small amount of a second product (Fig. 3.18, RT=6.5 min), which was also previously detected 

in the sample of pure doxorubicin incubated with KduD (Fig. 3.17), was also observed. The 

LC-MS measurements showed that the new product that has a retention time of 9.8 min is 

produced by KduD catalyzed reduction of doxorubicinone, whereas the product that has a 

retention time of 6.5 min is generated by KduD catalyzed reduction of doxorubicin (Table 3.6). 
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Fig. 3.18 HPLC chromatograms of doxorubicinone conversion with KduD. Dox standard: doxorubicin standard, 

hDox: partially hydrolyzed doxorubicin sample obtained after mild acidic hydrolysis of doxorubicin, hDox-KduD: 

partially hydrolyzed doxorubicin sample incubated without KduD in 100 mM potassium phosphate buffer (pH 7.0) 

in presence of NADH, hDox+KduD: partially hydrolyzed doxorubicin sample incubated with KduD in 100 mM 

potassium phosphate buffer (pH 7.0) in presence of NADH. All samples, except Dox standard and hDox, were 

incubated at 37 ºC for 16 hours. Reaction was performed in 100 mM potassium phosphate buffer (pH 7.0) with 

0.02 mg ml-1 KduD, 0.6 mM NADH and 0.15 mM of hydrolyzed doxorubicin. Peak 1: doxorubicin, 2: 

doxorubicinone, 3: doxorubicinolone (predicted), 4: doxorubicinol (predicted). Identities of HPLC peaks were 

further investigated by LC-MS as summarized in Table 3.6. 

Table 3.6 Summary of LC-MS analysis of samples of hDox conversion by KduD. 

Peak number 1 2 3 4 

Retention time 

(minutes) 
11.0 18.2 9.8 6.5 

Expected 

compound 
Doxorubicin Doxorubicinone Doxorubicinolone Doxorubicinol 

Structure 

 

  

 
Molecular mass 543.52 414.36 416.38 545.52 

Ions detected by 

LC-MS 
[M+H]+=544.19 

[M+H]+=415.12 

[M+H]+-H2O=397.11 

[2M+Na]+=851.20 

[M+H]+=417.12 

[M+H]+-H2O=399.11 

[2M+Na]+=855.22 

[M+H]+=546.2 
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3.2.3 The pH and temperature optimum 

The pH optimum of KduD was tested for the reduction of 11-DOC and oxidation of D-gluconate. 

For the reduction reaction, the enzyme showed the highest activity at pH 7.0 in 

100 mM potassium phosphate buffer (Fig. 3.19a). In contrast, the oxidation reaction showed the 

highest activity at pH 9.5, in sodium-glycine buffer (Fig. 3.19b). The optimal temperature for the 

reduction of 11-DOC was found to be 37 °C (Fig. 3.19c). 

 

Fig. 3.19 pH and temperature optimum of KduD. (a) Reduction of 11-DOC at various pH values at 37°C. Reaction 

was performed with 0.02 mg ml-1 of KduD in the presence of 0.4 mM 11-DOC and 0.6 mM NADH in various 

buffers (100 mM): sodium acetate pH 5.0-5.5 (◊), potassium phosphate pH 6.1-8.0 (○), Tris-HCl pH 8.5-9.0 (Δ) and 

glycine-NaOH pH 9.5-10.5 (□) for 40 minutes. The amount of formed product (4-pregnen-20,21-diol-3-one) was 

quantified using HPLC. The activity is expressed as µM of product formed by KduD per one minute. (b) Oxidation 

of D-gluconate at various pH values at 37°C. The initial reaction velocity was monitored by the detection of formed 

NADH using spectrophotometer. Reaction was performed with 0.02 mg ml-1 of KduD in the presence of 100 mM 

D-gluconate and 1 mM NAD+ in various buffers (100 mM): potassium phosphate pH 7.0-8.0 (○), Tris-HCl pH 

8.5-9.0 (Δ) and glycine-NaOH pH 9.0-10.5 (□). The activity is expressed as an initial reaction velocity, which was 

calculated using molar extinction coefficient of NADH. (c) Reduction of 11-DOC at various temperatures. Reaction 
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was performed with 0.02 mg ml-1 of KduD in the presence of 0.4 mM 11-DOC and 0.6 mM NADH in 

100 mM potassium phosphate buffer (pH 7.0) for 60 minutes. The amount of formed product 

(4-pregnen-20,21-diol-3-one) was quantified using HPLC. The activity is expressed as µM of product formed by 

KduD per one minute. In (a) and (c) data are shown as means ± SD of three experiments. 

3.2.4 Effect of metal ions, salts and reducing agents 

An effect of various agents (divalent metal ions, EDTA, reducing, oxidizing compounds) on the 

activity of KduD was tested for the D-gluconate oxidation reaction. The initial velocity of 

D-gluconate oxidation with KduD without an effector and in the presence of an effector was 

compared. Divalent metal ions Zn2+, Mg2+, Ca2+ and Mn2+ at concentration of 1 mM did not 

show any significant stimulating effect on the activity of KduD. In contrast, at high 

concentrations of divalent metal ions (100 mM) the activity of KduD was reduced ~50-60 % 

(Mg2+, Ca2+) or inhibited completely (Zn2+) (Fig. 3.20). Preincubation of KduD with 100 mM of 

EDTA for three hours did not decrease the activity of KduD (Fig. 3.20). 

 

Fig.  3.20 The effect of divalent metal ions and EDTA on the activity of KduD. The initial velocity of oxidation of 

D-gluconate catalyzed by KduD was monitored by measuring the absorbance of formed NADH. The activity of 

KduD was expressed in % as a ratio of initial velocity of reaction with effector and initial velocity of reaction 

without an effector. The data shown are means of 2-3 experiments. Standard deviations (indicated by error bars) 

were calculated only for the data obtained from three experiments. 
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The inhibition of the activity of KduD was observed with NaCl at concentrations higher than 

10 mM (Fig. 3.21). In the presence of NaCl at concentrations higher than 0.5 M, the activity of 

KduD was inhibited completely (Fig. 3.21). The activity of KduD was investigated in the 

presence of various disulfide bonds reducing agents (dithiothreitol (DTT), 2-mercaptoethanol 

(2-ME) and glutathione (GSH)) and cysteines oxidizing agent glutathione disulfide (GSSG). At 

concentrations 0.01-0.1 mM DTT had no effect on the activity of KduD. It showed a slight 

inhibition at 1 mM and up to 50 % inhibition at 10 mM. Likewise, 2-ME showed inhibitory 

effect at 0.1 mM and higher concentrations. A 100 % inhibition of KduD activity was observed 

in the presence of 10 mM 2-ME. The GSH had no strong stimulating effect on the activity of 

KduD at concentration of 0.7 mM and showed slight inhibition at 7 mM. Similar results were 

obtained with GSSG, which also showed inhibitory effect on the activity of KduD (Fig. 3.22) at 

higher concentrations (7 mM). 

 

Fig. 3.21 The effect of NaCl on the activity of KduD. The initial velocity of oxidation of D-gluconate catalyzed by 

KduD was monitored by measuring the absorbance of formed NADH. The activity of KduD was expressed in % as 

a ratio of initial velocity of reaction with NaCl and initial velocity of reaction without NaCl. The data shown are 

means of 2-3 experiments. Standard deviations (indicated by error bars) were calculated only for the data obtained 

from three experiments. 

KduD oxidoreductase was found to be sensitive to common protein denaturing agents, ethanol 

and urea, and long-chain fatty acids (Fig. 3.23). The enzyme was completely deactivated in the 
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presence of 10 % of ethanol in reaction mixture (Fig. 3.23a). A decrease of activity of KduD 

with increasing concentrations of urea was observed. In the presence of 0.2 M of urea KduD 

activity decreased by approximately 30 % (Fig. 3.23a). Furthermore, no activity of KduD could 

be measured in the presence of 1 mM of lauric or myristic acids (Fig. 3.23b).  

 

 

Fig. 3.22 The effect of reducing and oxidizing agents on the activity of KduD. The initial velocity of oxidation of 

D-gluconate catalyzed by KduD was monitored by measuring the absorbance of formed NADH. The activity of 

KduD was expressed in % as a ratio of initial velocity of reaction with effector (2-ME: 2-mercaptoethanol, DTT: 

dithiothreitol, GSSG: glutathione disulfide, GSH: glutathione) and initial velocity of reaction without an effector. 

The data shown are means of 2-3 experiments. Standard deviations (indicated by error bars) were calculated only for 

the data obtained from three experiments. 
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Fig. 3.23 Effect of ethanol, urea, and fatty acids on the activity of KduD. The initial velocity of oxidation of 

D-gluconate catalyzed by KduD was monitored by measuring the absorbance of formed NADH. (a) Activity of 

KduD in the presence of ethanol and urea. The activity of KduD was expressed in % as a ratio of initial velocity of 

reaction with effector (ethanol or urea) and initial velocity of reaction without an effector. (b) Activity of KduD in 

the presence of fatty acids. The activity of KduD was expressed in % as a ratio of initial velocity of reaction with 

effector (lauric acid or myristic acid which were dissolved in ethanol and added to the reaction mixture to obtain the 

final ethanol concentration of 1 %) and initial velocity of reaction with 1 % of ethanol (without an effector). Data 

shown are means ± SD of three experiments. 

3.2.5 Kinetic analysis 

The kinetic constants for the KduD catalyzed reactions were calculated by plotting the initial 

reaction rate against the substrate concentration and using nonlinear regression of 

Michaelis-Menten equation as illustrated for 11-DOC reduction reaction in Fig. 3.24. 

 

 



99 

 

 

Fig. 3.24 Relationship between an initial reaction rate (v) and the concentration of the substrate of the reduction 

reaction of 11-DOC catalyzed by the KduD. The error bars represent the standard deviation obtained from three 

independent experiments. The data points were fitted into Michaelis-Menten equation using nonlinear regression in 

GraphPad Prism 6. 

The calculated kinetic constants are summarized in Table 3.7. In a reduction reaction, the KduD 

showed a ~802-971-fold higher KM towards the sugar substrate 5-keto-D-gluconate (184.5 mM, 

Table 3.7) than towards the two steroid substrates tested 11-DOC and RSS (0.230 and 

0.190 mM, respectively, Table 3.7). In the oxidation reaction, the KM of KduD towards 

D-gluconate and 1,2-propanediol was ~103-104-fold higher than towards the steroid substrates. 

The KM value for the cofactor of the enzyme in the reduction reaction (NADH) was determined 

with the substrate 11-DOC and was found to be 0.037 mM (Table 3.7). The KM of KduD 

towards D-gluconate and 1,2-propanediol in the oxidation reaction was in the same high 

millimolar range as for the reduction of 5-keto-D-gluconate, rather than the sub-millimolar range 

seen for the 11-DOC and RSS. The KM value for the cofactor of the enzyme in the oxidation 

reaction (NAD+) was determined with the substrate D-gluconate and was found to be 0.285 mM 

(Table 3.7), around 8-fold higher than the KM towards NADH. The kcat of KduD towards the 

sugar substrates (31-58 min-1) and 1,2-propanediol (18 min-1) was in approximately the same 

range as the kcat towards the steroid RSS (17 min-1), and only ~10-19-fold higher than the kcat 

towards 11-DOC (3.1 min-1). Due the lower KM values measured for the steroid substrates, the 

“specificity constant” (kcat/KM) was over ~81-1.5x104-fold higher for the steroid substrates than 

for the sugars or 1,2-propanediol (Table 3.7). 
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Table 3.7 Calculated kinetic constants of KduD. 

Compound 

 

vmax 

(10-3 mM min-1) 

KM 

(mM) 

kcat 

(min-1) 

kcat/KM 

(min-1 mM-1) 

11-DOCa) 2.4 ± 0.1 0.230 ± 0.055 3.1 13.5 

RSSa) 12.9 ± 0.7 0.190 ± 0.019 16.6 87.6 

D-gluconateb) 45.4 ± 7.7 544.8 ± 143.4 58.3 0.107 

5-keto-D-gluconateb) 23.9 ± 2.9 184.5 ± 23.2 30.7 0.166 

1,2-propanediolb) 14.2 ± 1.3 3,231 ± 305 18.3 0.006 

NADHa), c) 1.3 ± 0.1 0.037 ± 0.009 1.7 46.4 

NAD+b),d) 9.8 ± 0.2 0.285 ± 0.020 12.6 44.2 
a) the kinetics of the reaction was followed using HPLC-based assay, b) the kinetics of the reaction was followed 

using spectrophotometric assay,c) the kinetic constants were determined with 11-DOC as a substrate,d) the kinetic 

constants were determined with D-gluconate as a substrate. The vmax, KM and kcat data are the means ± standard 

deviations. 

3.3 Investigation of the effect of 11-DOC on the expression level of KduD in Escherichia coli 

The specific steroid C-20 reductase activity was measured and compared in cell-free extracts of 

E. coli DH5α and UT5600 (DE3) cells cultivated in LB medium with 11-DOC and without this 

steroid compound. Comparable specific activities of 20-ketosteroid reductase in the cell-free 

extracts of E. coli DH5α cells that were cultured in LB medium in the presence of 11-DOC and 

in the absence of this steroid were measured (Table 3.8). Moreover, the specific steroid 

reductase activity was not detected in the cell-free extracts of E. coli UT5600 (DE3) cells that 

were grown in LB medium with 11-DOC or without it (Table 3.8). 

Table 3.8 Comparison of specific steroid reductase activities in E. coli DH5α and UT5600 (DE3) cultured with and 

without 11-DOC**. 

E. coli strain Cultivation conditions Specific activity 

(10-3 U mg-1) 

DH5α   - 0.18 ± 0.01 

  +MeOH 0.17 ± 0.04 

  +11-DOC 0.15 ± 0.03 

UT5600 (DE3)  - 0* 

  +MeOH 0* 

  +11-DOC 0* 

**Cells were cultured under various conditions: in LB medium without 11-DOC or methanol (-), in LB medium 

supplemented with methanol (+MeOH), in LB medium supplemented with 11-DOC (+11-DOC). The specific 

activity data was obtained from three experiments (mean ± standard deviation), * - no product detectable under 

conditions as described in Materials and Methods. 
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3.4 Autodisplay based on AIDA-I autotransporter 

3.4.1 Design and expression of fusion protein FP 

For the surface expression of KduD oxidoreductase in E. coli host, the plasmid pAT002 was 

designed as described in Materials and Methods. The pAT002 plasmid codes for the fusion 

protein FP, which consists of N-terminal signal peptide, 6xHis-tagged KduD oxidoreductase and 

the translocator unit (linker region and β-barrel) of AIDA-I autotransporter protein as shown in 

Fig. 3.25. 

 

Fig. 3.25 The domain structure of FP fusion protein encoded by pAT002 plasmid. A gene encoding KduD 

oxidoreductase fused to N-terminal 6xHis-tag was amplified by PCR and inserted into pET-SH3-SDH08 plasmid 

using XbaI and BglII restriction endonuclease cleavage sites (shown in italics and underlined in DNA sequence) as 

described in Materials and Methods. In the protein sequence PEYFK-tag is underlined and IgA1 protease cleavage 

site is shown in italics. * - mutated signal peptide (SP) of cholera toxin B subunit (ctxB). In comparison to wild-type 

ctxB protein sequence (GenBank AED88285.1) mutated ctxB contains two point mutations: I2V and G21E 

(numbering according to the GenBank AED88285.1). Signal peptidase cleavage site was predicted by SignalP 4.1 

(Petersen et al. 2011). A start of a protein sequence derived from E. coli AIDA-I autotransporter (GenBank: 

Q03155.1, amino acids: 840-1286) is depicted with a broken arrow. In comparison to sequence of wild-type E. coli 

AIDA-I, the following point amino acid mutations are present in the linker and β-barrel region of pAT002 

plasmid-encoded fusion protein: A975T, K1008R, I1013R, R1210E, R1212S (numbering according to the 

GenBank: Q03155.1). 

The FP fusion protein encoded by pAT002 plasmid was expressed in E. coli JK321 (DE3) 

(ompT-, dsbA-) that has a knock-out of genes encoding outer membrane protease T (OmpT) and 
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thiol-disulfide interchange protein DsbA. This strain was previously described as a suitable host 

for the autotransporter protein mediated surface expression of recombinant passengers containing 

cysteine residues (Jose et al. 1996). The sequence analysis of KduD protein revealed that KduD 

oxidoreductase contains two cysteine residues (Cys18 and Cys35), which are unlikely to form 

the intramolecular disulfide bond as predicted by the DISULFIND server (Ceroni et al. 2006). 

The expression of a FP fusion protein with an expected MW of 78.6 kDa was observed in a 

membrane protein preparation from E. coli JK321 (DE3) cells transformed with a pAT002 

plasmid and induced with IPTG (Fig. 3.26). Only a single fusion protein band could be detected 

by SDS-PAGE and immunoblot analysis (Fig. 3.26). If an observed fusion protein band 

represents an unprocessed form (with unremoved signal peptide) or a fully-processed form 

(without a signal peptide) could not be judged from the given results due to a very small 

difference in MW of processed (78.6 kDa) and unprocessed (80.6 kDa) forms of the fusion 

protein. 

 

Fig. 3.26 Expression of a FP fusion protein in E. coli JK321 (DE3). SDS-PAGE (a) and anti-6xHis-tag immunoblot 

analysis (b) of membrane protein preparation from E. coli JK321 (DE3) transformed with pAT002 plasmid (1) and 

E. coli JK321 (DE3) (2). A recombinant protein expression was induced (+) or not induced (-) with 1 mM IPTG at 

30º C for one hour in the presence of 10 mM β-ME and 10 µM EDTA in LB medium. Cells were treated (+) or not 

treated (-) with protease K before the isolation of membrane protein fraction as described in Materials and Methods. 

Expected fusion protein is depicted with asterisk (*), 19 kDa OmpA degradation product is marked with double 

asterisk (**) and intact outer membrane proteins Omp F/C and Omp A are shown with arrows in SDS-PAGE gel. 

M - protein molecular weight marker. 
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The protease K accessibility test can be used for the investigation of the surface exposure of 

proteins in E. coli cells. Because the outer membrane of E. coli cells is not permeable to 

externally added protease K (28.9 kDa), degradation of a protein by protease indicates surface 

exposure of a protein (Maurer et al. 1997) on condition that E. coli cells are intact. The outer 

membrane protein A (OmpA) can be used as an indicator for the integrity of the outer membrane 

of the E. coli cells (Maurer et al. 1997). OmpA (35 kDa) has an N-terminal transmembrane 

domain (19 kDa) and a C-terminal globular periplasmic domain (16 kDa) (Ried et al. 1994, 

Arora et al. 2001). If the periplasm is accessible for externally added protease, the size of OmpA 

should decrease owing to the degradation of the periplasmic C-terminus and thus the amount of 

the full-size OmpA protein should decrease in comparison to the control cells not treated with 

the protease. When recombinant JK321 (DE3) E. coli cells overexpressing FP were treated with 

protease K before the isolation of membrane protein fraction, the disappearance of the FP band 

was observed in comparison to the membrane protein fraction isolated from recombinant E. coli 

cells, which were not treated with the protease (Fig. 3.26 ). In the membrane protein preparation 

from the cells overexpressing FP and treated with protease the OmpA protein band (35 kDa) 

could be detected in SDS-PAGE gel, though in much lower amounts than in the sample not 

treated with the protease (Fig. 3.26). In addition, only in the sample that was treated with 

protease K an additional band of ~19 kDa appeared; most likely corresponding to the membrane 

domain (19 kDa) of degraded OmpA, which is resistant to digestion with protease K (Fig. 3.26). 

Thus, these results suggest that the membrane of E. coli cells was not integral, and therefore, the 

degradation of OmpA and FP from the periplasmic side of the outer membrane could have 

occurred. 

The fusion protein FP encoded by pAT002 plasmid was also successfully expressed in E. coli 

BL21 ClearColi (DE3) strain that has a genetically modified lipopolysaccharide (LPS). The LPS 

of E. coli BL21 ClearColi (DE3) cells is composed of only lipid IVA and does not contain a 

complex polysaccharide that is typically attached to the lipid A in the natural LPS of E. coli cell. 

The expression of a fusion protein with an expected MW of 78.6 kDa was observed in a 

membrane protein preparation from E. coli BL21 ClearColi (DE3) cells transformed with a 

pAT002 plasmid (Fig. 3.27). Only a single fusion protein band could be detected by SDS-PAGE 

and immunoblot analysis (Fig. 3.27), same as in case of expression in E. coli JK321 (DE3) cells 
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(Fig. 3.26). The small amount of FP was also expressed in BL21 ClearColi (DE3) cells 

transformed with pAT002 plasmid but not induced with IPTG as detected by the Western-Blot 

analysis (Fig. 3.27b). In the pAT002 plasmid the expression of a target gene encoding FP is 

under control of T7 RNA polymerase promoter. The expression cassette of T7 RNA polymerase 

is integrated into genome of E. coli BL21 ClearColi under control of lacI regulated lacUV5 

promoter, which is known to allow a basal level transcription of T7 RNA polymerase in 

uninduced E. coli cells (Dubendorf and Studier 1991). 

 

Fig. 3.27 Expression of a FP fusion protein in E. coli BL21 ClearColi (DE3). SDS-PAGE (a) and anti-PEYFK-tag 

immunoblot analysis (b) of membrane protein preparation from E. coli BL21 ClearColi (DE3) transformed with 

pAT002 plasmid (2) and E. coli BL21 ClearColi (DE3) (1). A recombinant protein expression was induced (+) or 

not induced (-) with 1 mM IPTG for 20 hours at 25 ºC in LB medium. Cells were treated (+) or not treated (-) with 

protease K before the isolation of membrane protein fraction as described in Materials and Methods. Expected 

fusion protein is depicted with asterisk (*), 19 kDa OmpA degradation product is marked with double asterisk (**) 

and intact outer membrane proteins Omp F and Omp A are shown with arrows in SDS-PAGE gel (a). M - protein 

molecular weight marker. 

When recombinant E. coli BL21 ClearColi (DE3) cells overexpressing FP were treated with 

protease K before the isolation of membrane protein fraction, the complete degradation of the FP 

was observed in comparison to the membrane protein fraction isolated from recombinant E. coli 

cells, which were not treated with the protease (Fig. 3.27). This could be a hint that FP protein 

was exposed to the cell surface. A slight degradation of OmpA was however observed in the 
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membrane protein fraction isolated from E. coli BL21 ClearColi (DE3) expressing FP and 

treated with protease (Fig. 3.27). Moreover, an additional band of ~19 kDa appeared only in the 

sample that was treated with protease K, most likely corresponding to the membrane domain 

(19 kDa) of degraded OmpA, which is resistant to digestion with protease K (Fig. 3.27). This 

result indicates that not all recombinant E. coli cells had an integral outer membrane. Thus, the 

possibility that the degradation of FP occurred from the periplasmic side of the cell outer 

membrane should not be excluded. 

3.4.2 Investigation of the enzyme activity of FP 

Recombinant E. coli cells overexpressing FP protein were subjected to the whole-cell 11-DOC 

reduction assay in order to investigate if KduD oxidoreductase was expressed in its active form 

when fused to the translocator unit of the AIDA-I autotransporter protein. 

The expression of FP protein was induced in E. coli JK321 (DE3) cells with 1 mM IPTG at 

30° C for one hour in LB medium in the absence of EDTA and 2-ME. Then, cells were incubated 

at 37° C for 24 h in 100 mM potassium phosphate buffer (pH 7.0) with KduD substrate 

(11-DOC) in the presence of NADH. As shown in Fig. 3.28 the formation of the product was not 

observed with E. coli cells expressing FP. In contrast, under the same reaction conditions, the 

purified soluble KduD oxidoreductase reduced 11-DOC into the 4-pregnen-20,21-diol-3-one 

(Fig. 3.28). 
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Fig. 3.28 Investigation of a steroid reductase activity of E. coli JK321 (DE3) cells overexpressing FP by 

HPLC-based assay. (1) – E. coli JK321 (DE3) transformed with pAT002 and induced with IPTG, (2) - E. coli 

JK321 (DE3) transformed with pAT002 and not induced with IPTG, (3) - E. coli JK321 (DE3), (4) – reaction with 

pure KduD enzyme. FP expression was induced with 1 mM of IPTG in LB medium at 30 °C for one hour, 

whole-cell transformations were performed at 37° C for 24 hours in 100 mM potassium-phosphate buffer (pH 7.0) 

and a final concentration of cells corresponding to an OD578=1 (or 0.02 mg ml-1 of pure KduD in case of sample 4) 

in the presence of 0.4 mM 11-DOC and 0.6 mM NADH. In the HPLC chromatograms the peaks of 11-DOC, 

4-pregnen-20,21-diol-3-one (P) and internal standard (IS) are depicted. 

When higher densities of E. coli JK321 (DE3) cells expressing FP were used in the activity assay 

(OD578 up to 25), steroid reductase activity of KduD was also not detectable (data not shown). In 

addition, when different protein expression conditions were tested, such as expression at lower 

temperatures (23 ºC), expression for short (one hour) and longer times (up to three hours), as 

well as expression in LB medium supplemented with reducing agent (2-ME) and metalloprotease 

inhibitor (EDTA), an active KduD whole-cell biocatalyst was not obtained (data not shown). 

Similarly, inactive FP was also expressed in E. coli BL21ClearColi (DE3) cells (Fig. 3.29). In 

addition, expression of FP in E. coli BL21 (DE3) strain in the minimal medium M9 with 

1 mM IPTG at 30º C for 16 hours did not yield any active KduD whole-cell biocatalyst as tested 

in the standard 11-DOC reduction assay using high cell concentration (OD578=10) (data not 

shown). 
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Fig. 3.29 Investigation of a steroid reductase activity of E. coli BL21 ClearColi (DE3) cells overexpressing FP by 

HPLC-based assay. (1) – E. coli BL21 ClearColi (DE3) transformed with pAT002 and induced with IPTG, 

(2) - E. coli BL21 ClearColi (DE3) transformed with pAT002 and not induced with IPTG, (3) - E. coli 

BL21 ClearColi (DE3), (4) –reaction with pure KduD enzyme. FP expression was induced with 1 mM of IPTG in 

LB medium at 25 °C for 20 hours, whole-cell transformations were performed at 37° C for 2 hours in 100 mM 

potassium-phosphate buffer (pH 7.0) and a final concentration of cells corresponding to an OD578=20 (or 

0.02 mg ml-1 of pure KduD in case of sample 4) in the presence of 0.4 mM 11-DOC and 0.6 mM NADH. In the 

HPLC chromatograms the peaks of 11-DOC, 4-pregnen-20,21-diol-3-one (P) and internal standard (IS) are depicted. 

3.4.3 Design and expression of fusion protein FP∆β1 

AIDA-I translocator unit (linker and β-barrel, 847-1286 aa, according to the numbering of 

wild-type AIDA-I, GenBank: Q03155.1) has a two-domain organization: an N-terminal 

β1-domain (847-950 aa) and a C-terminal β2-domain (951-1286 aa) (Konieczny et al. 2001). The 

β2-domain forms a β-barrel that is embedded into the outer membrane of the cell, and a 

hydrophilic α-helix (965-980 aa) that resides within a pore of the β-barrel (Gawarzewski 2013). 

It was predicted that a β1-domain, which is exposed to the outside of the outer membrane, 

interacts with an extracellular side of a β2-domain (Gawarzewski 2013). 

Based on the knowledge of the structure of AIDA-I translocator unit (Gawarzewski 2013), the 

hypothesis was made that β1-domain might interfere with an assembly of a functional tetramer of 

the KduD passenger. It was previously shown that a modified AIDA-I translocator unit with 
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deleted β1-domain is capable of transporting a passenger domain to the surface of the E. coli cell 

and is the minimal essential transport unit of AIDA-I autotransporter (Maurer et al. 1999). 

The linker region corresponding to the β1-domain was deleted from pAT002 plasmid using 

In-Fusion cloning technique as described in Materials and Methods. The schematic structure of 

modified fusion protein (FP∆β1) encoded by designed pAT004 plasmid is shown in Fig. 3.30. 

 

Fig. 3.30 Comparison of a fusion protein (FP) encoded by pAT002 plasmid (a) and a modified fusion protein 

(FP∆β1) encoded by pAT004 plasmid (b). pAT004 plasmid encoding FP∆β1 that has a deletion of β1-domain 

within a linker (*) was constructed from pAT002 plasmid as described in Materials and Methods. Amino acid 

numbering is according to the protein sequence of E. coli AIDA-I autotransporter (GenBank: Q03155.1). In a 

protein sequence of a linker region of FP∆β1 a PEYFK-tag is underlined and an IgA1 protease cleavage site is 

shown in italics. SP - signal peptide of mutated cholera toxin B subunit (ctxB) as described in Fig. 3.25. A start of a 

protein sequence derived from E. coli AIDA-I autotransporter (GenBank: Q03155.1, amino acids: 955-1286) is 

depicted with a broken arrow in the protein sequence of FP∆β1. 

The expression of FP∆β1 with an expected MW of 66.6 kDa (fully processed form, after removal 

of a signal peptide) was observed in a membrane protein preparation from E. coli JK321 (DE3) 

cells transformed with a pAT004 plasmid. After an induction time of two hours in LB medium 

with 1 mM IPTG at 30 ºC only a small amount of FP∆β1 was produced (Fig. 3.31a-b). In 

contrast, when induction time was increased to three hours, a strong expression of FP∆β1 was 

observed (Fig. 3.31c). 
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Fig. 3.31 Expression of FP∆β1 in E. coli JK321 (DE3). SDS-PAGE (a and c) and anti-PEYFK-tag immunoblot 

analysis (b) of membrane protein preparation from E. coli JK321 (DE3) transformed with pAT004 plasmid (1) and 

E. coli JK321 (DE3) (2). A recombinant protein expression was induced (+) or not induced (-) by 1 mM of IPTG at 

30 ºC for two hours (a and b) or three hours (c) in LB medium. Cells were treated (+) or not treated (-) with 

protease K before the isolation of membrane protein fraction as described in Materials and Methods. Expected 

fusion protein band is depicted with asterisk (*) in SDS-PAGE gels (a and c) and with an arrow in immunoblot 

analysis (b); arrows in SDS-PAGE gels (a and c) indicate outer membrane proteins Omp F/C and Omp A. 

M - protein molecular weight marker. 

In order to investigate if FP∆β1 was exposed to the cell surface, protease K accessibility assay 

was performed. When recombinant E. coli JK321 (DE3) cells overexpressing FP∆β1 were 

treated with protease K, a complete degradation of the FP∆β1 was observed (Fig. 3.31a and c) in 

comparison to the cells that were not treated with the protease K (Fig. 3.31a and c). E. coli cells 

were intact as judged by the equal amount of the OmpA protein present in the membrane protein 

fractions isolated from the cells that were treated with the protease, and the cells that were not 

incubated with the proteolytic enzyme. Thus, this result is a strong indication that FP∆β1 was 

successfully translocated to the outer membrane of an E. coli cell and it was degraded by 

protease K from the outer surface of the cell. 

3.4.4 Investigation of the enzyme activity of FP∆β1 

Recombinant E. coli JK321 (DE3) cells overexpressing FP∆β1 protein were subjected to the 

whole-cell 11-DOC reduction assay in order to investigate if KduD oxidoreductase was 
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expressed in its active form when fused to the translocator unit of the AIDA-I autotransporter 

protein that contained the truncated linker region. 

The expression of FP∆β1 protein was induced in E. coli JK321 (DE3) cells in LB medium with 

1 mM IPTG at 30° C for one hour. Then, cells were incubated at 37° C for 24 h in 100 mM 

potassium phosphate buffer (pH 7.0) with KduD substrate (11-DOC) in the presence of NADH. 

As shown in Fig. 3.32, in contrast to purified soluble KduD reductase, the formation of the 

product was not observed with E. coli cells expressing FP∆β1. 

 

Fig. 3.32 Investigation of a steroid reductase activity of E. coli JK321 (DE3) overexpressing FP∆β1 by HPLC-based 

assay. (1) – E. coli JK321 (DE3) transformed with pAT004 and induced with IPTG, (2) - E. coli JK321 (DE3) 

transformed with pAT004 and not induced with IPTG, (3) - E. coli JK321 (DE3), (4) – reaction with pure KduD 

enzyme. FP∆β1 expression was induced with 1 mM of IPTG in LB medium at 30 °C for two hours, whole-cell 

transformations were performed at 37° C for 2 hours in 100 mM potassium-phosphate buffer (pH 7.0) and a final 

concentration of cells corresponding to an OD578=20 (or 0.02 mg ml-1 of pure KduD in case of sample 4) in the 

presence of 0.4 mM 11-DOC and 0.6 mM NADH. In the HPLC chromatograms the peak of 11-DOC, 

4-pregnen-20,21-diol-3-one (P) and internal standard (IS) are depicted. 

3.4.5 Digestion of FP with IgA1 protease 

IgA1 from Neisseria gonorrhoeae is a specific protease that cleaves a protein within a 

proline-rich sequence (PPXP, where X=T, S or A). This cleavage site is not commonly found in 

natural proteins except for a natural substrate of this protease immunoglobulin A1. The IgA1 

protease cleavage site (PPSP) was introduced into the linker region of FP protein encoded by 

pAT002 plasmid by genetic manipulation (Fig. 3.25) in order to investigate a specific protease 

mediated release of passenger domains (KduD) from the surface of E. coli cells. 
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The membrane protein preparation from E. coli JK321 (DE3) cells overexpressing FP was used 

as IgA1 protease substrate in order to optimize the conditions for a cleavage reaction. The 

cleavage of FP by IgA1 protease should result in a formation of 29.9 kDa and 48.7 kDa protein 

fragments if FP was fully processed (removed signal peptide). Otherwise, 32.0 kDa and 48.7 kDa 

FP fragments should be produced by IgA1 cleavage of unprocessed FP (with a signal peptide). A 

shorter protein fragment contains an N-terminal 6xHis-tag and a C-terminal PEYFK-tag and thus 

can be detected by immunoblot analysis. 

The digestion of FP with IgA1 protease resulted in formation of small amounts of expected 

protein fragments of about 30 kDa and 50 kDa in size (Fig. 3.33). Moreover, a band 

corresponding to a shorter fragment of FP (~30 kDa) was detected in immunoblot analysis using 

antibodies directed against an anti-6xHis-tag and anti-PEYFK-tag (Fig. 3.33b and Fig. 3.34). 

Only a single band of a shorter fragment of FP was detected with an apparent MW of about 

30 kDa rather than 32 kDa. Thus, it was a strong indication that FP was overexpressed in 

JK321 (DE3) cells in a fully processed form (with removed signal peptide). 
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Fig. 3.33 Digestion of FP with IgA1 protease. SDS-PAGE (a) and anti-6xHis-tag immunoblot analysis (b) of 

membrane protein preparation from recombinant E. coli JK321 (DE3) overexpressing FP. (1) - membrane protein 

preparation was incubated with IgA1 (+), (2) – membrane protein preparation was incubated without IgA1 (-). FP 

(78.6 kDa), a substrate of IgA1 protease, M - protein molecular weight marker. Protein bands corresponding to IgA1 

protease (106 kDa), Omp F/C and Omp A outer membrane proteins are depicted with arrows; two protein bands 

resulting from IgA1-cleaved FP (48.7 and 29.9 kDa in size) are depicted with asterisks in SDS-PAGE gel (a), an 

anti-6xHis-tag-containing protein band (29.9 kDa) resulting from FP cleavage by IgA1 is depicted with asterisk in 

immunoblot analysis (b). FP was incubated at 20° C with 0.01 μg μl-1 of IgA1 protease in optimal buffer for 

76 hours as described in Materials and Methods. 

Higher amounts of cleaved FP could be obtained when higher concentrations of IgA1 protease 

were used in the assay (Fig. 3.34), however, a full digestion of FP was not observed with a 

concentration of IgA1 protease as high as 0.05 μg μl-1 and long incubation times (60 hours at 

20° C) (Fig. 3.34). 



113 

 

 

Fig. 3.34 Incubation of whole E. coli cells with IgA1 protease. Anti-PEYFK-tag immunoblot analysis of 

supernatants (a) and cell pellets (b) of E. coli cell suspensions incubated with (+) and without (-) IgA1 protease. (1) 

E. coli JK321 (DE3) cells, (2) E. coli JK321 (DE3) cells transformed with pAT002 plasmid and expressing FP, (3) 

membrane protein preparation of FP from E. coli JK321 (DE3) expressing FP, (4) membrane protein preparation of 

FP from E. coli JK321 (DE3) expressing FP which was not incubated with IgA1 in order to evaluate possible 

unspecific degradation of FP over prolonged incubation times as described in Materials and Methods. FP – fusion 

protein, mFP – multimers of fusion protein. An expected 29.9 kDa anti-PEYFK-tag-containing FP fragment cleaved 

off by IgA1 protease is depicted with an asterisk, protein bands depicted with A, B and C are fragments of FP 

containing PEYFK-tag, M – protein molecular weight marker. Membrane protein preparation of FP, JK321 (DE3) 

cells and JK321 (DE3) cells overexpressing FP were incubated at 20° C with 0.05 μg μl-1 of IgA1 protease in 

optimal buffer for 60 hours as described in Materials and Methods. 

In order to investigate if E. coli JK321 (DE3) cells transformed with pAT002 plasmid 

overexpress FP in the outer membrane with a passenger domain (KduD) displayed on the surface 

of the cell, whole E. coli cells expressing FP were treated with IgA1 protease. If KduD is located 

on the surface of E. coli cells, the release of 29.9 kDa N-terminal fragment of FP should be 

detected in the supernatant of the cell suspension incubated with IgA1 protease. 

In contrast to control E. coli JK321 (DE3) cells, in the supernatant of recombinant E. coli 

JK321 (DE3) cells overexpressing FP and incubated with IgA1 protease a protein band with an 

apparent MW of around the size of the expected FP N-terminal fragment (29.9 kDa) could be 

detected by immunoblot analysis with antibody directed against the anti-PEYFK-tag (Fig. 3.34a 

band C). Surprisingly, two protein bands were detected in supernatant of cell suspension of 

E. coli JK321 (DE3) cells overexpressing FP but not treated with IgA1 protease (Fig. 3.34a 

protein bands A and B). These FP protein fragments (A and B) had a slightly higher apparent 
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MW than the protein fragment C detected in supernatant of the cell sample treated with IgA1 

protease, suggesting that FP is cleaved by unidentified E. coli proteases. Two protein fragments 

with the apparent MW similar to MW of protein fragments A and B were also detected in cell 

pellets obtained from suspensions of FP expressing E. coli JK321 (DE3) cells that were 

incubated with and without IgA1 protease (Fig. 3.34b). However, in the cell pellet obtained from 

the cell suspension that was incubated with IgA1 protease a much higher amount of a protein 

with the apparent MW similar to MW of fragment B (~31 kDa) was detected in comparison to 

cells not treated with IgA1 protease. This protein fragment could have resulted from a specific 

IgA1 protease mediated cleavage of FP on the surface of E. coli cell, however, due to unknown 

reasons it remained associated with the cell pellet and also migrated in SDS-PAGE gel with 

slightly higher apparent MW in comparison to expected 29.9 kDa N-terminal FP fragment 

(depicted with an asterisk in Fig. 3.34b). Most of the FP protein was, however, left intact by 

IgA1 protease as the thick protein band corresponding to the full length of FP protein (~80 kDa) 

and a protein band corresponding to the multimers of FP was detected in the cell pellet of 

JK321 (DE3) cells overexpressing FP and treated with IgA1 protease (Fig. 3.34b). The native 

form of KduD was shown to be a tetramer (Fig. 3.9). It is very likely that observed multimers of 

FP resulted from the dimerization or tetramerization of KduD molecules exposed to the surface 

of E. coli cell in a fully folded form. However, the expected efficient IgA1 protease catalyzed 

release of KduD passenger domains from the surface of E. coli JK321 (DE3) cells expressing FP 

protein was not observed, most likely due to the limited access of IgA1 protease to its cleavage 

site, which is located in the linker region of FP. 

3.5 Autodisplay based on EhaA autotransporter 

3.5.1 Design and expression of fusion proteins FP1 and FP2 

Plasmids pMATE-AT001 and pMATE-AT002 encoding recombinant fusion proteins FP1 and 

FP2, respectively, (Fig. 3.35a-b) were constructed using In-Fusion cloning technique as 

described in Materials and Methods. In both plasmids, the expression of recombinant fusion 

proteins is under control of a strong IPTG-inducible T5 promoter. In the 

pMATE-AT001-encoded FP1 protein at the N-terminus 6x-His-(N)-tagged KduD 

oxidoreductase is fused to a Sec signal peptide derived from CtxB protein, and at the C-terminus 

to a linker and a β-barrel region of EhaA autotransporter (Fig. 3.35a). In between the C-terminus 
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of KduD and N-terminus of the linker region of the EhaA autotransporter, two additional 

sequences, a specific protease factor Xa cleavage site and a PEYFK epitope, were inserted 

(Fig. 3.35a). In contrast, in the pMATE-AT002-encoded FP2 protein this region contains 

OmpT protease cleavage site, flexible glycine-serine (GGGGS)3 linker, factor Xa cleavage site 

and a PEYFK epitope (Fig. 3.35b). 

 

Fig. 3.35 Schematic representation of fusion proteins. Scheme of FP1encoded by pMATE-AT001 (a) and scheme of 

FP2 encoded by pMATE-AT002 (b). SP – signal peptide of cholera toxin B subunit (ctxB, GenBank AED88285.1). 

OmpT protease and factor Xa protease recognition sites are depicted in italics and cleavage sites are shown with the 

arrows. A flexible glycine-serine linker is shown in bold and PEYFK-tag is underlined. A start of a protein sequence 

derived from E. coli EhaA autotransporter (GenBank: AAG54657.1, amino acids: 862-1349) is depicted with a 

broken arrow. The DNA sequence encoding signal peptide of ctxB and linker and β-barrel region of EhaA 

autotransporter were codon optimized for an efficient overexpression in E. coli (Teese et al. unpublished data). 



116 

 

The fusion protein FP1 encoded by pMATE-AT001 plasmid was expressed in E. coli UT5600, 

F470 and F515 strains. The expression of the fusion protein that has an apparent molecular mass 

of less than 100 kDa was observed in membrane protein preparations from all three E. coli 

strains transformed with the pMATE-AT001 plasmid and induced with IPTG (Fig. 3.36a-c). The 

apparent molecular mass of the FP1 protein was higher as judged from the SDS-PAGE gel in 

comparison to the expected theoretical molecular mass, which is 82.9 kDa for processed FP1 

protein and 85.2 kDa for the unprocessed form. The anomalous migration of membrane proteins 

in SDS-PAGE gels is a common phenomenon (Rath et al. 2009). 
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Fig. 3.36 Expression of FP1 and FP2 in E. coli. Expression of FP1 in E. coli UT5600 (a). SDS-PAGE of membrane 

protein preparation from E. coli UT5600 transformed with pMATE-AT001 plasmid (1) and E. coli UT5600 (2). 

Expression of FP1 in E. coli F470 (b). SDS-PAGE of membrane protein preparation from E. coli F470 transformed 

with pMATE-AT001 plasmid (1) and E. coli F470 (2). Expression of FP1 and FP2 in E. coli F515 (c). SDS-PAGE 

of membrane protein preparation from E. coli F515 transformed with pMATE-AT002 plasmid (1), E. coli F515 

transformed with pMATE-AT001 plasmid (2) and E. coli F515 (3). A recombinant protein expression was induced 

(+) or not induced (-) with 1 mM IPTG at 30º C for three hours (a), two hours (b) or two and a half hours (c) in LB 

medium in the presence (a) or absence (b and c) of 10 mM β-ME and 10 µM EDTA. Cells were treated (+) or not 

treated (-) with protease K before the isolation of membrane protein fraction as described in Materials and Methods. 

Outer membrane proteins Omp F/C and Omp A are indicated with arrows. M - protein molecular weight marker. 

The protease K accessibility test was used in order to investigate the surface exposure of FP1 

fusion protein in recombinant E. coli cells. When recombinant E. coli cells (all three strains) 
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overexpressing FP1 fusion protein were treated with protease K before the isolation of 

membrane protein fraction, a decrease of the protein band corresponding to FP1 was observed in 

comparison to the membrane protein fraction isolated from recombinant E. coli cells, which were 

not treated with the protease (Fig. 3.36a-c). The membrane protein preparation from the cells 

overexpressing FP1 and treated with protease contained similar amounts of OmpA protein in 

comparison to the cells that were not treated with the protease. Thus, this result suggests that 

E. coli cells were intact and some of FP1 molecules were exposed to the cell surface. The 

observed incomplete digestion of FP1 might be an indication that not all FP1 molecules were 

displayed on the surface of E. coli cells (Fig. 3.36a-c). 

The fusion protein FP2 encoded by pMATE-AT002 plasmid was expressed in E. coli F515 strain 

(Fig. 3.36c). The expression of the fusion protein with an apparent molecular mass of less than 

100 kDa was observed in the membrane protein preparations from E. coli F515 transformed with 

the pMATE-AT002 plasmid and induced with an IPTG (Fig. 3.36c). An apparent molecular 

mass of the FP2 protein (Fig. 3.36c) was higher than the expected theoretical molecular mass, 

which is 84.2 kDa for processed FP2 protein and 86.6 kDa for unprocessed form. The FP2 

migrated in SDS-PAGE gel also anomalously like FP1. 

The protease accessibility test was performed with E. coli F515 cells overexpressing FP2 protein. 

Similarly to FP1, the incomplete digestion of FP2 with protease K was observed suggesting that 

not all molecules of FP2 were translocated to the outer membrane of the cell (Fig. 3.36c). 

3.5.2 Investigation of the enzyme activity of FP1 and FP2 

Recombinant E. coli UT5600 cells overexpressing FP1 protein were subjected to the whole-cell 

11-DOC reduction assay in order to investigate if KduD oxidoreductase was expressed in its 

active form when fused to the translocator unit of the EhaA autotransporter protein. 

The expression of FP1 protein was induced in E. coli UT5600 cells in LB medium with 1 mM 

IPTG at 30° C for two hours. Then, cells were incubated at 37° C for 16 hours in 100 mM 

potassium phosphate buffer (pH 7.0) with KduD substrate (11-DOC) in the presence of NADH. 

As shown in Fig. 3.37 the formation of the product was not observed with E. coli cells 

expressing FP1. In contrast, under the same reaction conditions, the purified soluble KduD 

oxidoreductase reduced 11-DOC into the 4-pregnen-20,21-diol-3-one (Fig. 3.37). 
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Modification of protein expression conditions, such as performing protein expression at lower 

temperatures, expression in LB medium supplemented with reducing agent (2-ME), and 

metalloprotease inhibitor (EDTA) did not yield an active KduD whole-cell biocatalyst (data not 

shown). 

Under several different reaction conditions that have been tested, the activity of KduD 

oxidoreductase could not be detected in the UT5600 cells overexpressing FP1 protein. No 

oxidoreductase activity was measured when concentration of the substrate, cofactor, and cells 

was varied in the activity assay (data not shown). In addition, the whole-cell biocatalyst was 

inactive against various KduD substrates (11-DOC, RSS, D-gluconate) as well as under different 

pH and temperature conditions tested (pH=7.0, 7.5, 8.0, 9.3, T=30° C, 37° C, 45° C) (data not 

shown). 

 

Fig. 3.37 Investigation of a steroid reductase activity of E. coli UT5600 cells overexpressing FP1 by HPLC-based 

assay. (1) – E. coli UT5600 transformed with pMATE-AT001 and induced with IPTG, (2) - E. coli UT5600, 

(3) - reaction with pure KduD enzyme. Expression of FP1 was induced with 1 mM of IPTG in LB medium at 30 °C 

for two hours, whole-cell transformations were performed at 37° C for 16 hours in 100 mM potassium-phosphate 

buffer (pH 7.0) and a final concentration of cells corresponding to an OD578=10 (or 0.02 mg ml-1 of pure KduD in 

case of sample 3) in the presence of 0.4 mM 11-DOC and 0.6 mM NADH. In the HPLC chromatograms the peaks 

of 11-DOC, 4-pregnen-20,21-diol-3-one (P) and internal standard (IS) are depicted, (*)-depicts bacterial compounds 

which copurified with steroids and absorbed at 240 nm, but had an absorbance maximum at 220 nm. 
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Similarly, E. coli F470 cells and E. coli F515 cells overexpressing FP1 protein were inactive, 

when tested for reductase and dehydrogenase activities against KduD substrates, RSS and 

D-gluconate, respectively (Fig. 3.38 and Fig. 3.39a). 

 

Fig. 3.38 Investigation of a steroid reductase activity of E. coli F470 cells overexpressing FP1 by HPLC-based 

assay. (1) – E. coli F470 transformed with pMATE-AT001 and induced with IPTG, (2) - E. coli F470 transformed 

with pMATE-AT001 and not induced with IPTG, (3) - E. coli F470, (4) – reaction with pure KduD enzyme. 

Expression of FP1 was induced with 1 mM IPTG in LB medium at 30 °C for one hour, whole-cell transformations 

were performed at 37° C for two hours in 100 mM potassium-phosphate buffer (pH 7.0) and a final concentration of 

cells corresponding to an OD578=10. (or 0.02 mg ml-1 of pure KduD in case of sample 4) in the presence of 

0.4 mM RSS and 0.6 mM NADH. In the HPLC chromatograms the peaks of 11-deoxycortisol (RSS) and 

4-pregnen-17,20,21-triol-3-one (P) are depicted. 

Recombinant E. coli F515 cells overexpressing FP2 protein were subjected to the whole-cell 

D-gluconate oxidation assay in order to investigate if KduD oxidoreductase was expressed in its 

active form when fused to the translocator unit of the EhaA autotransporter protein via 

glycine-serine (GGGGS)3 linker. As it is shown in Fig. 3.39b, in contrast to the pure soluble 

KduD oxidoreductase, whole E. coli F515 cells overexpressing FP2 protein were not able to 

oxidize KduD substrate D-gluconate. 
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Fig. 3.39 Investigation of activity of recombinant E. coli F515 cells expressing FP1 or FP2. (a) Investigation of 

oxidation of D-gluconate with E. coli F515 cells expressing FP1 by NADH-absorbance assay: E. coli F515 

transformed with pMATE-AT001 plasmid and induced by IPTG (○), E. coli F515 (Δ), pure KduD enzyme (♦). (b) 

Investigation of oxidation of D-gluconate with E. coli F515 cells expressing FP2 by NADH-absorbance assay: 

E. coli F515 transformed with pMATE-AT002 plasmid and induced by IPTG (○), E. coli F515 (Δ), pure KduD 

enzyme (♦). Data points are means of two experiments The expression of FP1 and FP2 was induced with 1 mM of 

IPTG in LB medium at 30 °C for 2.5 hours, whole-cell transformations were performed at 37° C in 100 mM 

glycine-NaOH buffer (pH 9.3) in presence of 0.2 M of D-gluconate, 1 mM of NAD+ and a final concentration of 

cells corresponding to an OD578=20 (or 0.02 mg ml-1 of pure KduD). 

Moreover, expression of FP1 and FP2 proteins in E. coli BL21 strain in the minimal medium M9 

with 1 mM IPTG at 30º C for 16 hours did not yield an active KduD whole-cell biocatalyst as 

tested in the standard 11-DOC reduction assay using high cell concentration (OD578=10) (data 

not shown). 
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4 Discussion 

4.1 Identification of steroid C20 reductase in Escherichia coli 

A BLAST search of homologs of characterized 20-hydroxysteroid dehydrogenases of 

mammalian or microbial origin against the genome of E. coli revealed a great number (8 

aldo-keto reductases (AKRs) and 17 short-chain dehydrogenases/reductases (SDRs)) of 

relatively low similarity hits (25-40 %). Among the identified proteins, many experimentally 

annotated enzymes were found next to the uncharacterized putative oxidoreductases. The 

biological roles of functionally annotated enzymes, however, were not related to the metabolism 

of steroids, except for 7α-hydroxysteroid dehydrogenase. This enzyme was previously purified 

from E. coli and was shown to catalyze a reversible reduction of C7 carbonyl group of several 

bile acids (Yoshimoto et al. 1991), but has never been reported to catalyze the reversible 

reduction of C20 carbonyl group of other steroid compounds. 

Annotation of 20-HSDs in bacteria using bioinformatics approaches remains to be a difficult task 

as recently reported by Kisiela et al. (2012) The bioinformatics models developed by the authors 

were not able to provide sensitive and specific tool for sequence based identification of 20α-HSD 

and 20β-HSD in bacteria (Kisiela et al. 2012). 

Oxidoreductases belonging to the protein superfamilies of AKR or SDR are known to catalyze 

oxidation-reduction reactions on a broad spectrum of substrates. Prediction of the substrate 

specificity of AKRs and SDRs solely based on the amino acid sequence of enzyme remains to be 

a great challenge. Therefore, identification of 11-DOC reductase in E. coli by bioinformatics 

approach would have required cloning and functional testing of all putative and annotated 

enzymes encoding genes identified by the BLAST search in this study (in total 25 genes). 

Based on the knowledge that 20-keto steroid reductase activity was found in E. coli K-12 

derivative DH5α and not in E. coli BL21 (DE3) it was hypothesized that a gene encoding 

11-DOC reductase was not present in E. coli BL21 (DE3). Indeed the comparison of 

oxidoreductases in E. coli DH10B (a K-12 derivative closely related to DH5α) and E. coli 

BL21 (DE3) revealed an ydbC gene-encoded putative AKR (YdbC oxidoreductase) that is 

present only in the genome of E. coli DH10B and not in BL21 (DE3). Recent studies showed 

that YdbC oxidoreductase can catalyze the oxidative breakdown of the synthetic compound 
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5-nitrobenzisoxazole (Khersonsky et al. 2011), but the natural substrates of this enzyme are 

unknown. In the present study, the activity of YdbC oxidoreductase was investigated against the 

steroid substrate 11-DOC. The YdbC oxidoreductase, however, did not have detectable reductase 

activity against 11-DOC. 

Comparison of SDRs from E. coli DH10B and BL21 (DE3) revealed that the enzyme encoded by 

kduD gene was truncated in the E. coli BL21 (DE3) strain. The kduD gene, therefore, codes for 

2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase (KduD oxidoreductase), which lacks part of 

the substrate binding loop in E. coli BL21 (DE3) strain. Because of this truncation, the KduD 

oxidoreductase is most likely inactive in E. coli BL21 (DE3) strain. The functional KduD 

oxidoreductase was purified from E. coli K-12 strain by Hantz (1977) and was shown to catalyze 

the conversion of carbohydrate derivative 2-keto-3-deoxygluconate (KDG) into 

2,5-diketo-3-deoxygluconate (DKII) (Fig. 4.1a). The substrate specificity studies performed by 

Hantz (1977) revealed that this enzyme is a narrow substrate oxidoreductase capable of 

converting only KDG and DKII, likewise, KduD orthologs characterized in other 

microorganisms, Erwinia chrysanthemi (Condemine et al. 1984) and Pseudomonas sp. (Preiss 

and Ashwell 1963). 

The protein mass spectrometry analysis of partially purified 11-DOC reductase from E. coli 

DH5α strain gave a clue that KduD oxidoreductase is the candidate responsible for the steroid 

C20 reductase activity in E. coli. By cloning the kduD gene from E. coli DH5α, and investigating 

reductase activity of purified recombinant KduD oxidoreductase against 11-DOC, it was possible 

to show unequivocally that kduD gene encodes the steroid C20 reductase previously identified in 

E. coli (Hannemann et al. 2007). 

4.2 Novel substrates of KduD 

KduD from E. coli catalyzed the reduction of the carbonyl group at C20 position of six C21 

steroids. The substrate range of the enzyme was limited to the steroid compounds that have a 

hydroxyl group at C21 position (11-DOC, RSS, corticosterone, cortisol, cortisone, 

21-hydroxypregnenolone). Steroids lacking this hydroxyl group (pregnenolone, progesterone, 

testosterone propionate, and cortisone acetate) were not converted. This suggests that C21 

hydroxyl group plays a crucial role in the binding and orientation of the substrate molecule 

within the active site of the enzyme. The carbonyl group at C3 position and unsaturated bond at 
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C4-C5 within the ring A of the steroid molecule does not appear to be critical for the substrate 

recognition by KduD, as judged by the efficient conversion of 21-hydroxypregnenolone. The 

spectrum of steroid substrates of KduD is similar to 20α-HSD of Clostridium scindens (Krafft 

and Hylemon 1989) and 20β-HSD of Streptomyces hydrogenans (Allner and Eggstein 1989) 

which were also demonstrated to reduce C20 carbonyl group of RSS, cortisol and cortisone. In 

contrast to the enzyme from S. hydrogenans, the 20-HSD from C. scindens like E. coli KduD 

oxidoreductase is not able to convert substrates without C21 hydroxyl group (Ridlon et al. 2013). 

However, in contrast to KduD oxidoreductase, the 20α-HSD from C. scindens is not active 

against steroid substrates lacking 17α-hydroxyl group (Ridlon et al. 2013). KduD from E. coli 

shows much lower affinity towards steroid substrates in comparison to the enzymes with 

20-ketosteroid reductase activity isolated from other microorganisms (Inazu et al. 1994, Krafft 

and Hylemon 1989) and higher eukaryotes (Ma and Penning 1999). However, these 

20-ketosteroid reductases share a very low protein sequence identity (only 9-13 %) with KduD 

from E. coli. 

4.3 Biological function of KduD in E. coli 

Although KduD was found in E. coli K-12 by Hantz (1977) more than 30 years ago, the native 

role of KduD in E. coli has not been studied in detail. It was shown to catalyze the reversible 

oxidation of KDG into 2,5-diketo-3-deoxygluconate DKII with a concomitant reduction of 

NAD+ (Fig. 4.1a) (Hantz 1977). Putative KduD orthologs in other bacterial species are 

implicated in the degradation of polygalacturonate (Condemine et al. 1984). The 

polygalacturonate, a component of the plant cell wall, is degraded by enzymes secreted by these 

bacterial species into oligogalacturonates, which are then transported into the cell and further 

metabolized. In the last step of polygalacturonate catabolism, DKII is converted by KduD to 

KDG, which after phosphorylation by KDG kinase enters the Entner-Doudoroff pathway 

(Condemine et al. 1984). Comparative genomics analysis performed by Rodionov et al. (2000 

and 2014) revealed that E. coli K-12 strain, in contrast to the polygalacturonate metabolizing 

bacterium E. chrysanthemi, lacks most of the enzymes of polygalacturonate degradation pathway 

(such as methyltransferases, pectate lyases, and oligogalacturonate lyases) as well as transporters 

for oligogalacturonates. Recently Rothe et al. (2013) showed that KduD is involved in the 

metabolism of hexuronates in E. coli under osmotic stress conditions. It was proposed that KduD 

catalyzes the reduction of tagaturonate and fructuronate (Fig. 4.1 b) into altronate and 
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mannonate, respectively, in E. coli cells exposed to the high osmolality environment. The in vitro 

activity of recombinant KduD as prepared here against tagaturonate and fructuronate remains to 

be investigated. 

 

Fig. 4.1 Substrates of KduD. (a) Reversible reduction of DKII into KDG catalyzed by KduD. Carbonyl group 

reduced by KduD is shown in blue. (b) KduD catalyzed reduction of two novel substrates of KduD (tagaturonate 

and fructuronate) as proposed by Rothe et al. (2013). Carbonyl group that was proposed to be reduced by KduD is 

shown in blue. (c) Structural similarities between KduD substrates: carbohydrate derivative DKII and steroid 

11-DOC. A molecule fragment that is identical in both substrates and contains carbonyl group that is reduced by 

KduD is shown in red. 

The present study showed for the first time that KduD from E. coli catalyzes the reduction of 

5-keto-D-gluconate and oxidation of D-gluconate. Two enzymes from E. coli are already known 

to reduce 5-keto-D-gluconate: gluconate 5-dehydrogenase (IdnO, EC 1.1.1.69) and 

L-idonate-5-dehydrogenase (IdnD, EC 1.1.1.264) catalyze the reversible reduction of 

5-keto-D-gluconate into D-gluconate and L-idonate, respectively (Bausch et al. 1998). In the 

present work it was not identified which of these two compounds was the product of KduD 

catalyzed reduction of 5-keto-D-gluconate. Further work is required before a biological role of 
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KduD in this conversion can be speculated. The affinity of recombinant KduD towards 

D-gluconate (KM 544.8 mM) and 5-keto-D-gluconate (KM 184.5 mM) is significantly lower than 

the affinity of the enzyme to KDG (30 mM) (Hantz 1977). It is therefore unlikely that KduD is 

involved in the metabolism of D-gluconate and 5-keto-D-gluconate in vivo. Surprisingly, the KM 

values of KduD of E. coli for the steroid substrates 11-DOC (0.230 mM) and RSS (0.190 mM) 

were found to be ~130 and ~158-fold lower than the KM for its proposed natural substrate KDG 

(Hantz 1977). This suggests that the in vitro binding affinity of KduD is significantly higher for 

steroids than sugars, despite the fact that sugar molecules are suggested to be the native 

substrates for this enzyme. This raises the question: are steroid compounds indeed the natural 

substrates of KduD in vivo? E. coli is found in the gastrointestinal tract of the warm-blooded 

organisms. These organisms produce glucocorticoids and minerallocorticoids (Black 1988, 

Taves et al. 2011). However, the physiological concentration of the steroid hormones (in the 

range of 10-9-10-12 M) is much lower than the KM of KduD for steroid substrates. This suggests 

that the 20-ketosteroid reductase activity of KduD does not convey any fitness advantage to 

E. coli in vivo. 

4.4 KduD is a short-chain dehydrogenase/reductase with a broad substrate spectrum 

E. coli KduD belongs to the short-chain dehydrogenase/reductase (SDR) protein superfamily. 

There is currently no crystal structure available for KduD from E. coli, but a protein sequence 

alignment of KduD with two microbial SDRs with available crystal structures reveals that KduD 

has a conserved GxxxGxG cofactor binding region and a conserved YxxxK active site motif 

(Fig. 4.2). This suggests KduD belongs to the “classical” SDR subfamily (Kavanagh et al. 2008). 

Classical SDRs typically have a protein length of about 250 amino acid residues, and are known 

to catalyze NAD(P)(H)-dependent oxidoreduction of hydroxyl/keto groups within a large array 

of small molecules such as steroids, alcohols, polyols, growth factors, xenobiotics and secondary 

metabolites (Kavanagh et al. 2008). Many SDRs were shown to have a broad spectrum of 

substrates (Asada et al. 2009, Powell et al. 2000, Wu et al. 2007). KduD from E. coli, however, 

appears to be a sole example of a SDR that is capable to convert both steroids and polyols 

(carbohydrate derivatives and 1,2-propanediol) with relatively high efficiency. 
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Fig. 4.2 Multiple amino acid sequence alignment of 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase (KduD) from 

E. coli, gluconate 5-dehydrogenase (Ga5DH) from Streptomyces suis (UniProt: A4VVQ2) and 

20β-hydroxysteroid dehydrogenase (20-HSD) from Streptomyces hydrogenans (UniProt: P19992). Residues 

conserved in all three enzymes are shown in grey background, glycine-rich cofactor binding motif is boxed, and 

residues forming conserved catalytic triad are marked by asterisks. Sequences were aligned using CLUSTALW. 

All KduD substrates share a common alpha-hydroxy ketone functional group which is reduced 

by the enzyme, or in the reverse reaction, a 1,2-dihydroxy functional group that is oxidized by 

the enzyme. Despite that, steroids and polyols are divergent substrates, thus KduD needs to be 

regarded as a substrate promiscuous enzyme. Even though KduD has a higher catalytic 

efficiency (kcat/KM) for 20-ketosteroids in comparison to polyols (5-keto-D-gluconate and 

D-gluconate), its activity towards 20-ketosteroids, unlike activity towards polyols, should be 

considered promiscuous because it is not a part of the E. coli physiology. In contrast to the 

20-ketosteroid reductase activity of KduD, role of which in E. coli is still unclear, another steroid 

converting enzyme from this microorganism, 7α-hydroxysteroid dehydrogenase (7α-HSD), was 

found to play an important role in the bile acid metabolism in the human intestinal tract (Ridlon 

et al. 2006). 

The substrate spectrum of KduD is not limited to polyols and steroids. In this work, it was shown 

that KduD can also catalyze the reduction of doxorubicinone. Thus, this bacterial oxidoreductase 

could be also an attractive enzyme for the biocatalytic preparation of expensive metabolites of 

doxorubicin. 
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The high affinity of KduD to the steroid substrates 11-DOC and RSS could be explained by the 

structural similarities of these molecules to the proposed natural substrate DKII. The molecule 

fragment comprising C5-C6 of DKII can be superimposed on C20-C21 of the steroid molecule 

(4.1 c). In addition to that, DKII might be bound in a substrate binding pocket of KduD in a 

conformation that facilitates the intramolecular cyclization of this molecule (by attack of C4-OH 

group on C1) resulting in the formation of a five-membered lactone that resembles a 

cyclopentane ring of the steroid molecule (4.1 c). 

4.5 Control of expression of kduD gene in E. coli 

Most strains of E. coli do not exhibit 20-ketosteroid reductase activity against steroid substrates 

such as 11-DOC, despite containing a full-length kduD gene. In this study, the detectable 

20-ketosteroid reductase activity was not observed in E. coli strains, including the expression 

strains BL21 (DE3) and UT5600 (DE3). Previous studies revealed that the transcription of kduD 

gene in E. coli is under control of KdgR repressor (Rodionov et al. 2000, Rodionov 2004). A 

unique feature of the DH5α strain, a derivative of K-12, is the disruption of the kdgR gene by an 

insertion element (IS5 disruption), a feature that is not found in the K-12 wild type strain W3110 

(Xia et al. 2011). The disruption of the kdgR gene leads to the constitutive expression of KduD in 

E. coli DH5α (Xia et al. 2011). It is proposed that this constitutive overexpression is the reason 

why KduD-mediated steroid metabolism was detectable in DH5α, and not in the other E. coli 

strains tested, such as E. coli K-12 derivative UT5600 (DE3). Interestingly, the expression strain 

E. coli BL21 (DE3) has an IS150 disruption directly in the kduD gene that most likely results in 

the expression of inactive KduD enzyme (Jeong et al. 2009), making it a good candidate for the 

recombinant expression and purification of untagged KduD in further studies. 

This study indicates that 11-DOC is not involved in the regulation of the expression of kduD 

gene in E. coli. The measured specific activities of 20-ketosteroid reductase in the cell-free 

extracts of E. coli DH5α cells that were cultured in LB medium in the presence of 11-DOC and 

in the absence of this steroid were similar. Moreover, the steroid reductase activity was not 

detected in the cell-free extracts of E. coli UT5600 (DE3) cells that were grown in LB medium 

with 11-DOC. 
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4.6 Biochemical properties of KduD from E. coli 

The KduD oxidoreductase has a higher pH optimum for the oxidation of D-gluconate (pH 9.5) 

than for the reduction of 11-DOC (pH 7.0). A similar effect has previously been shown for the 

KduD of Erwinia chrysanthemi, where the pH optimum for the oxidation of KDG (pH 10) was 

significantly higher than for the reduction of DKII (7.0-7.5) (Condemine et al. 1984). The pH 

optimum of E. coli KduD for the oxidation of KDG was previously reported as 9.3 (Hantz 1977). 

This correlates with the pH optimum that was measured for the oxidation of D-gluconate in this 

study. 

The KM of KduD for NAD+ was ~7.4-fold lower (0.285 mM) than the previously reported KM for 

the native E. coli enzyme (2.1 mM) (Hantz 1977). This difference could be due to the different 

substrates used (D-gluconate rather than KDG) or due to the presence of the 6xHis tag. Using 

KDG as a substrate, the KduD from E. chrysanthemi has previously been shown to have a KM for 

NAD+ of 0.4 mM (Condemine et al. 1984), a value that closely corresponds to that found in this 

study for the E. coli KduD. The KduD oxidoreductases from E. chrysanthemi and E. coli have an 

amino acid sequence identity of 80%. The KM values of KduD of E. coli for NADH (0.037 mM) 

was similar to the value previously reported for the putative ortholog from E. chrysanthemi 

(0.03 mM, determined with DKII) (Condemine et al. 1984). 

As shown in this study, KduD oxidoreductase from E. coli like the majority of short-chain 

dehydrogenases/reductases does not require metal ions for the activity. Only few SDRs were 

reported to be dependent on the metal cofactors. One example is the R-specific alcohol 

dehydrogenase from Lactobacillus brevis, which was shown to be strictly dependent on the 

presence of Mg2+ in its active site (Niefind et al. 2003). The second example is a 

gluconate 5-dehydrogenase from Streptococcus suis serotype 2 which has a Ca2+ ion bound in its 

active site (Zhang et al. 2009). Interestingly, the pairwise amino acid alignment of KduD from 

E. coli and gluconate 5-dehydrogenase from S. suis revealed that KduD has four conserved 

amino acid residues (Ser145, Met146, Pro188, Gly189) which were shown to be involved in the 

coordination of Ca2+ in the crystal structure of gluconate 5-dehydrogenase (Zhang et al. 2009). It 

was proposed that Ca2+ ion is important for the active site formation in 

gluconate 5-dehydrogenase (Zhang et al. 2009). In this study, the profound stimulating effect of 

Ca2+ on the activity of KduD was not observed as well as incubation of KduD with EDTA did 
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not decrease enzyme’s activity, therefore, it is very unlikely that Ca2+ ions are crucial for the 

active site formation of KduD. 

Some SDRs such as glucose dehydrogenase from Bacillus megaterium are known to be unstable 

and loose activity at pH above 9.0 without presence of high concentration of NaCl (2 M). NaCl 

stabilizes the active homotetrameric from of this enzyme by preventing its dissociation into 

inactive monomers (Maurer and Pfleiderer 1985). In order to find out if NaCl has a stabilizing 

effect on KduD, the activity of this oxidoreductase was investigated in the presence of varying 

concentrations of NaCl. The increasing concentrations of NaCl did not increase the activity of 

KduD. In contrast, in the presence of high concentrations of NaCl (1-3 M) the activity of KduD 

oxidoreductase was completely inhibited. 

The sequence analysis of KduD revealed that this oxidoreductase contains two cyteine residues 

(Cys18 and Cys35) at the N-terminal part of the protein. These cysteine residues are unlikely to 

form the intramolecular disulfide bond as predicted by the DISULFIND server (Ceroni et al. 

2006). In addition, in the homology model of KduD predicted by SWISS-MODEL (Arnold et al. 

2006) these cysteine residues were found to be located at the distance (12.5 Å) which does not 

favor the formation of the intramolecular disulfide bond (Fig. 4.3). Cys18 is found in the 

conserved GXXXGXG cofactor binding motif of KduD (Fig. 4.2). This cofactor binding motif is 

found in all classical-type SDRs (Kavanagh et al. 2008). Besides KduD, the cysteine residue 

within the cofactor binding region, analogous to Cys18 in KduD, is present in human 17β-HSD 

type 1 (Cys10) (Nashev et al. 2013) and human 11β-HSD type 2 (Cys90) (Atanasov et al. 2003). 

The cysteine residue in the cofactor binding region was shown to be essential for the activity of 

11β-HSD type 2 (Atanasov et al. 2003), and turned out to be important for the stability of 

17β-HSD type 1 (Nashev et al. 2013). The point mutation of Cys18 residue into Ser did not 

abolish the activity of KduD (data not shown), indicating that the Cys residue present in the 

cofactor binding site of KduD is not essential for the activity of KduD. 

Reducing agents such as DTT, 2-ME and GSH as well as oxidizing agent GSSG had no 

stimulating effect on the activity of KduD. This result gave no clue about the importance of the 

oxidative state of the cysteine residues for the activity of KduD. In contrast, in the presence of 

high concentrations of these agents (10 mM DTT, 0.1-10 mM 2-ME and 7 mM of GSH or 

GSSG) inhibition of KduD activity was observed which was likely resulting from the 
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competitive binding of these molecules at the active site of KduD. Further studies are required to 

explain the mechanism of observed inhibition of KduD. 

The activity of KduD was also inhibited in the presence of fatty acids. Lauric acid inhibited 

KduD oxidoreductase completely at 1 mM, whereas 50 % inhibition of KduD activity was 

already observed with 0.01 mM of myristic acid. Similarly, fatty acids were reported to inhibit 

activity of SDR, carbonyl reductase from rabbit heart (Imamura et al. 1999). Further studies are 

required to find out the inhibition mechanism of KduD with fatty acids. 

4.7 Design of the KduD whole-cell biocatalyst using Autodisplay 

4.7.1 Expression  

The Autodisplay technology emerged as an attractive tool for the generation of the whole-cell 

biocatalysts in the Gram-negative bacteria. For an efficient expression of recombinant proteins 

on the surface of E. coli cell, Autodisplay utilizes a simple secretion mechanism of 

autotransporter proteins. In the typical Autodisplay construct, the gene encoding a protein of 

interest (a passenger) which is desired to be displayed on the surface of E. coli cell, is placed 

between two DNA sequences, encoding Sec signal peptide and translocator unit of the 

autotransporter protein, at 5’ and 3’, respectively. Thus, in the typical Autodisplay plasmid 

encoded fusion protein the C-terminus of a passenger protein is fused to a linker region of the 

translocator unit, whereas, the N-terminus is fused to the Sec signal peptide, which is normally 

removed by the signal peptidase during transport to the periplasm of the cell. 

In this work two Autodisplay fusion proteins based on the two homologous autotransporter 

proteins (EhaA and AIDA-I, amino acid sequence identity 27.3 %, amino acid identity of 

translocator units – 36.5 %) were probed for the expression of functional KduD oxidoreductase 

in E. coli. 

With AIDA-I based Autodisplay technology two fusion proteins FP and FPΔβ1, which differ in 

the length of the linker region of AIDA-I translocator unit, were successfully expressed in 

various strains of E. coli. The surface exposure of FP in several strains of E. coli, such as 

JK321 (DE3) and BL21 ClearColi (DE3) could not be confirmed by the protease K accessibility 

test due to the observed damage of the outer membrane of the cells indicated by the noticeable 

degradation of OmpA protein. Moreover, when E. coli JK321 (DE3) cells overexpressing FP 
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protein were incubated with the specific protease IgA1, which has a cleavage site at the linker 

region of FP protein, specific release of passenger domain was not observed. This result 

suggested that either the FP protein was not expressed on the surface of E. coli cell or it was 

translocated to the surface of the cell but the IgA1 cleavage site was not accessible to the 

protease. In contrast to FP, the results of the protease K accessibility test indicated the surface 

exposure of FPΔβ1 in E. coli JK321 (DE3) strain. Nevertheless, additional alternative methods, 

such as whole-cell ELISA or FACS are required to confirm the surface exposure of FPΔβ1 as 

well as FP in E. coli unequivocally. 

When the EhaA-based Autodisplay technology was used, the successful expression of FP1 and 

FP2 proteins, which differ in the length of a linker region, was achieved in several different 

strains of E. coli. The incomplete digestion of FP1 and FP2 in protease accessibility assay, 

suggested that only ~60 % of the overexpressed FP1 and FP2 were likely localized at the surface 

of the cell, whereas the rest of the recombinant protein was most probably forming the inclusion 

bodies within a periplasm or cytosol. 

4.7.2 Activity 

The expression of KduD oxidoreductase fused to the translocator unit of either AIDA-I or EhaA 

autotransporter using Autodisplay technology resulted in inactive enzyme. KduD oxidoreductase 

is a cytosolic, metal-ion independent enzyme, which does not require any additional cofactors 

except NADH/NAD+ for its activity. Thus, in contrast to membrane anchored enzymes or 

enzymes that require the additional prosthetic groups for the activity, KduD oxidoreductase was 

not assumed to be a challenging passenger for the Autodisplay technology. If the KduD 

oxidoreductase is able to adopt its native functional structure on the surface of E. coli cell, it 

should be able to transform its substrates, such as 11-DOC or D-gluconate, in the presence of 

respective cofactor, NADH or NAD+. 

Although the crystal structure of E. coli KduD oxidreductase is not available, the homology 

model of KduD predicted by SWISS-MODEL (Arnold et al. 2006) suggests that KduD adopts 

the α/β fold, which is highly conserved among other SDR enzymes (Fig. 4.3). The results of a 

gel filtration experiment suggested that the native form of KduD is a homotetramer. Many other 

SDRs were shown to form homotetramers (Ghosh et al. 1994, Tanaka et al. 1996, Zhang et al. 

2009, Pampa et al. 2014). A recently solved crystal structure of KduD oxidoreductase from 
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T. thermophilus (33 % sequence identity in comparison to the KduD from E. coli) provides a 

clue of a probable tetrameric organization of KduD from E. coli (Pampa et al. 2014). The KduD 

oxidoreductase from T. thermophilus, likewise other SDRs, such as the 20β-HSD from 

S. hydrogenans (Ghosh et al. 1994) and gluconate-5 dehydrogenase from S. suis (Zhang et al. 

2009) forms a homotetramer in which each monomer is interacting with the two neighboring 

subunits in an inverse orientation. Several conserved structural elements are involved in 

oligomerization of subunits. The respective protein segments that are predicted to be involved in 

the oligomerization of KduD from E. coli are shown in Fig. 4.3. It was reported that the 

tetrameric form is crucial for the activity of 20β-HSD from S. hydrogenans (Pasta et al. 1980, 

Carrea 1989) and was suggested to be important for the activity of KduD from T. thermophilus 

(Pampa et al. 2014). Thus, it is very likely that formation of the tetramer is also crucial for the 

activity of KduD from E. coli. 

                                                              

Fig. 4.3 Homology model of KduD from E. coli as predicted by SWISS-MODEL (Arnold et al. 2006). Following 

elements are depicted: predicted substrate binding loop (194-210 aa, blue), two cysteine residues Cys18 and Cys35 

(orange), predicted catalytic triad Ser145, Tyr158 and Lys162 (red), structural elements predicted to be involved in 

subunit interaction: α-helices (106-132, 156-177 and 221-232 aa) and β-strand (243-246 aa) are depicted in pale 

green. The substrate binding loop, catalytic triad and structural elements involved in oligomerization were predicted 

based on the alignment of E. coli KduD protein sequence with two short-chain dehydrogenases/reductases: E. coli 

7α-HSD and S. hydrogenans 20β-HSD for which annotated 3D structures are available (Tanaka et al. 1996, Ghosh et 

al. 1994). 

The length of the linker region in AIDA-I based Autodisplay construct encoding FP protein 

should be sufficient for the proper oligomerization of the passenger domains as shown by the 

successful surface display of functional sorbitol dehydrogenase (SDH) from Rhodobacter 
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sphaeroides (Jose and von Schwichow 2004). The SDH from R. sphaeroides is a homodimeric 

SDR in which the dimerization of subunits occurs in the inverse orientation in a similar manner 

as predicted for the KduD from E. coli. 

The linker region of the translocator unit of AIDA-I autotransporter has an extracellular 

β1-domain, which was predicted to interact with the extracellular part of the β-barrel 

(Gawarzewski 2013, Gawarzewski et al. 2014). As shown by the autodisplay of ΔFP protein, 

which lacks the β1-domain in comparison to FP, the deletion of this domain did not help to 

obtain the active KduD passenger. Thus, it is unlikely that the presence of this domain could 

somehow interfere with the assembly of the functional KduD or inhibit the activity of this 

enzyme on the surface of E. coli cell. 

When KduD oxidoreductase was fused to the translocator unit of the EhaA autotransporter, the 

produced FP1 protein was expressed by the Autodisplay in an inactive form. Furthermore, 

introduction of a flexible glycine-serine spacer between the C-terminus of the KduD 

oxidoreductase and the N-terminus of the linker region of EhaA translocator did not produce 

functional FP2 protein. Taken all together, these results strongly indicate that the KduD 

oxidoreductase is inactive when fused to the translocator unit of either AIDA-I or EhaA 

autotransporter most probably not due to the suboptimal length of the linker region, which could 

prevent a proper assembly of a KduD tetramer. 

The conserved interaction interface of oligomeric (dimeric or tetrameric) SDR enzymes involves 

extensive hydrophobic and ion-ion contacts between the two neighboring subunits. The presence 

of these hydrophobic and charged regions within the polypeptide chain of SDR subunit might 

complicate the correct folding of the enzyme in the absence of the assisting cytosolic chaperons. 

Furthermore, the protein sequence of KduD oxidoreductase contains a set of possible 

amyloidogenic segments, which are characteristic for the proteins that form insoluble amyloid 

fibrils, as predicted by the AMYLPRED tool (Frousios et al. 2009). A misfolding of KduD 

oxidoreductase driven by these hypothetical amyloidogenic segments might be one of the 

reasons why KduD is inactive when expressed on the surface of the E. coli cell. 

The substrate binding pocket of SDR enzymes is located at the C-terminal part of the protein in 

the close proximity to the C-terminus. It was shown for several SDRs that the C-terminus of the 
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enzyme as well as the substrate-binding loop, which is localized at the C-terminal part of the 

enzyme, undergoes conformational changes upon binding of the substrate molecule (Hwang et 

al. 2013, Tanaka et al. 1996). In the Autodisplay technology used in this work, the KduD 

oxidoreductase was fused via C-terminus to the translocator unit of the autotransporter protein. 

As a result, the flexibility of the C-terminus of the KduD oxidoreductase could have been 

significantly restrained. Moreover, the polypeptide fused to the C-terminus of KduD 

oxidoreductase might have covered the substrate entrance to the active site of the enzyme. The 

significant reduction in activity was observed for the surface displayed dimeric SDR, SDH from 

R. sphaeroides. It was only 5 % in comparison to the free enzyme (Jose and Meyer 2007). 

Furthermore, the change in the substrate specificity was reported for the autodisplayed SDH in 

comparison to the free enzyme (Jose and von Schwichow 2004). Therefore, it should not be 

excluded that KduD expressed with Autodisplay technology was inactive against its classical 

substrates, such as 11-DOC, RSS or D-gluconate, due to the extreme change of the substrate 

specificity of the autodisplayed enzyme. It might as well be possible that fusion of the 

translocator unit of autotransporter protein to the C-terminus of KduD has a deleterious effect on 

oxidoreductase activity of this enzyme. 

The surface of E. coli cell is covered by the complex LPS layer, consisting of lipids and complex 

polysaccharide. The carbohydrate components of LPS, such as 

3-deoxy-D-manno-oct-2-ulosonic acid (KDO), D-glucose, D-mannose or D-galactose can 

theoretically act as the competitive inhibitors of sugars converting enzymes, such as KduD 

oxidoreductase from E. coli or SDH from R. sphaeroides. When KduD oxidoreductase was 

expressed with Autodisplay technology in several E. coli strains which have reduced amounts of 

sugars in LPS layer (F470, F515), or contain LPS made only of lipid IVa 

(BL21 ClearColi (DE3)), the activity of KduD was not detected. Thus, it is very unlikely that the 

polysaccharide of LPS layer plays a role in inactivation of KduD oxidoreductase. 
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5 Conclusions 

The following conclusions were drawn from the current study: 

 An enzyme that possesses 20-ketosteroid reductase activity in E. coli is encoded by the 

kduD gene. 

 KduD oxidoreductase is a NADH-dependent and metal ion independent broad substrate 

spectrum short-chain dehydrogenase/reductase that converts steroids and carbohydrate 

derivatives in vitro. 

 The expression of KduD oxidoreductase fused to the translocator unit of either AIDA-I or 

EhaA autotransporter protein using Autodisplay technology in E. coli host yields inactive 

KduD whole-cell biocatalyst. Thus, an Autodisplay technology is unsuitable for the 

design of a functional KduD whole-cell biocatalyst in E. coli. 
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7 Supplemental material 

7.1 Abbreviations 

11-DOC – 11-deoxycorticosterone 

2-ME – 2-mercaptoethanol 

AKR – aldo-keto reductase 

bla – a gene encoding beta-lactamase 

BSA – bovine serum albumin 

CtxB – cholera toxin B subunit 

DKII – 2,5-diketo-3-deoxygluconate 

DTT – dithiothreitol 

hdhA – gene encoding 7α-hydroxysteroid dehydrogenase (HdhA) 

HPLC – high-performance liquid chromatography 

IPTG – isopropyl β-D-1-thiogalactopyranoside 

KDG – 2-keto-3-deoxy-D-gluconate 

KduD – 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase 

kduD – a gene encoding 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase (KduD) 

lacI – gene encoding lactose operon repressor 

LC-MS – liquid chromatography-mass spectrometry 

MW – molecular weight 

ORF – open reading frame 

PMSF – phenylmethylsulfonylfluorid 
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RBS – ribosomal binding site 

RSS – 11-deoxycortisol 

SDR – short-chain dehydrogenase/reductase 

SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel electrophoresis 

uxuB – gene encoding D-mannonate oxidoreductase (UxuB) 

ydbC – gene encoding putative oxidoreductase YdbC 

FPLC - fast protein liquid chromatography 
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7.2 Plasmid maps 
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7.3 Supplementary tables 

Table S1. List of proteins identified by mass spectrometry in the sample of partially purified 20-ketosteroid 

reductase of E. coli DH5α. 

UniProt ID Protein name 

P0A6F9 10 kDa chaperonin 

P0A6Y8 Chaperone protein DnaK 

P0A850 Trigger factor 

P0A6M8 Elongation factor G 

P0A6P1 Elongation factor Ts 

P0CE47 Elongation factor Tu 1 

P0CE48 Elongation factor Tu 2 

P23909 DNA mismatch repair protein mutS 

P0AB78 Putative 8-amino-7-oxononanoate synthase/2-amino-3-ketobutyrate coenzyme A ligase 

P0A825 Pyridoxal-phosphate-dependent serine hydroxymethyltransferase 

P27302 Transketolase 1 

P33570 Transketolase 2 

P0A9D8 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyltransferase 

P0AB77 2-amino-3-ketobutyrate coenzyme A ligase 

P0A953 3-oxoacyl-[acyl-carrier-protein] synthase 1 

P37647 2-dehydro-3-deoxygluconokinase 

P0A6A3 Acetate kinase 

P0A6F3 Glycerol kinase 

P0A763 Nucleoside diphosphate kinase 

P76015 PTS-dependent dihydroxyacetone kinase, dihydroxyacetone-binding subunit dhaK 

P00509 Aspartate aminotransferase 

P06986 Histidinol-phosphate aminotransferase 

P23721 Phosphoserine aminotransferase 

P0ABP8 Purine nucleoside phosphorylase deoD-type 

P12758 Uridine phosphorylase 

P37769 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase 

P0AET8 7-alpha-hydroxysteroid dehydrogenase 

P39160 D-mannonate oxidoreductase 

P00350 6-phosphogluconate dehydrogenase, decarboxylating 

P0A9Q9 Aspartate-semialdehyde dehydrogenase 

Q46856 Alcohol dehydrogenase YqhD 

P06715 Glutathione reductase 

P69924 Ribonucleoside-diphosphate reductase 1 subunit beta 

P0AE08 Alkyl hydroperoxide reductase subunit C 

Q46938 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase 

P0A6T1 Glucose-6-phosphate isomerase 

P0AG07 Ribulose-phosphate 3-epimerase 

P0A858 Triosephosphate isomerase 

P09147 UDP-glucose 4-epimerase 

P0A8G3 Uronate isomerase 

P0A9L3 FKBP-type 22 kDa peptidyl-prolyl cis-trans isomerase 

P25516 Aconitate hydratase 1 

P36683 Aconitate hydratase 2 

P0A6L2 Dihydrodipicolinate synthase 

P37759 dTDP-glucose 4,6-dehydratase 1 

P0AB71 Fructose-bisphosphate aldolase class 2 

P0A9G6 Isocitrate lyase 

P24215 Mannonate dehydratase 
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P0A853 Tryptophanase 

P69908 Glutamate decarboxylase alpha 

P69910 Glutamate decarboxylase beta 

P0ABK5 Cysteine synthase A 

P0A7D4 Adenylosuccinate synthetase 

P21888 Cysteine-tRNA ligase 

P0A7A9 Inorganic pyrophosphatase 

P15288 Cytosol non-specific dipeptidase 

P04825 Aminopeptidase N 

P27298 Oligopeptidase A 

P21165 Xaa-Pro dipeptidase 
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